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Abstract   
 

 

Energy production in eukaryotic cells takes place inside mitochondria, small organelles 

of bacterial origin specialised in ATP production. Mitochondria have a compacted 

circular genome that encodes for 13 polypeptides, 22 tRNAs and 2 ribosomal RNAs. As 

in bacteria, the mitochondrial DNA is transcribed into long polycistronic transcripts that 

are processed to generate individual rRNAs, mRNAs and tRNAs. The RNA processing 

of mitochondrial transcripts follows the “tRNA punctuation model” since the 

mitochondrial tRNAs are strategically located at the start and at the end of the mt-mRNAs 

and mt-rRNAs. Specific ribonucleases bind the 5’ end and the 3’ end of the tRNAs 

generating the mRNAs that will be transcribed into proteins, the rRNAs that will assemble 

into the mitoribosome and the tRNAs that are used for protein synthesis.  

Defects in the mitochondrial RNA processing can impair mitochondrial function and 

consequently energy production. In humans this can lead to severe diseases or predispose 

to higher risk to develop pathological conditions with age. In this thesis I investigated the 

effects of altered mitochondrial RNA processing in vivo and its consequences on health 

using different mouse models.  

 

In the first study I investigated the risk associated with the presence of a missense 

mutation in the mitochondrial ribonuclease P protein 3 (Mrpp3) and the predisposition to 

metabolic disease. The mitochondrial ribonuclease P (MRPP3) is the catalytic subunit of 

the RNaseP complex. This complex is composed of other 2 subunits (MRPP1 and 

MRPP2) and it is responsible for the cleavage of the 5’ end of the mt-tRNAs during RNA 

processing. The polymorphism investigated in this work is particularly interesting 

because it was found in up to 19% of Europeans in whom it has also been indicated its 

possible role in predisposition towards metabolic diseases. In this study it was discovered 

that the Mrpp3 variant has mild effects on mitochondrial transcription, the effects are 
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tissue-specific and in mice involve mainly pancreas and liver with consequences on 

glucose metabolism. The mice carrying the Mrpp3 variant are more glucose tolerant when 

fed a normal diet as well as when fed on a diet rich in fats.  

 

In the second study the role of ElaC domain protein 2 (ELAC2) was investigated in vivo. 

ELAC2 is the mitochondrial RNase Z and is responsible for the cleavage of the 3’ end of 

the mt-tRNAs during RNA processing.  This study also elucidated the function of the 

enzyme in the processing of nuclear tRNAs since this protein is present in two isoforms: 

one with mitochondrial localisation and one with nuclear localisation. It was found that 

ELAC2 activity is essential for life and its conditional loss in the skeletal and cardiac 

muscle affects particularly the heart causing serious cardiomyopathy that leads to the 

mice death by 4 weeks of age.  

 

The third study was conducted on a mouse model of Duchenne muscular dystrophy. The 

study analysed the expression pattern of regulatory RNAs in the skeletal muscle of 

dystrophic mice treated with taurine. Taurine is fundamental for mitochondrial function 

since is incorporated into specific mitochondrial tRNA and it is essential for their correct 

folding and functioning. Defects in taurine modifications cause severe mitochondrial 

diseases such as MELAS (Mitochondrial encelophalopathy, lactic acidosis, and stroke-

like episodes) and MERRF syndrome (myoclonic epilepsy with ragged red fibres) and its 

administration to dystrophic mice reduces the severity of pathology. The study shows 

that, after a short term treatment with taurine, the levels of the taurine containing 

mitochondrial tRNAs leucine and tryptophan improve in the dystrophic mice. The 

improvement is tissue specific and involves the skeletal muscle but not the heart. 
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The fourth study examined the role of the PPR protein PTCD1 whose role was unknown.  

In this study I used a mouse model where PTCD1 was specifically knocked out to identify 

that its loss in the heart and skeletal muscle causes profound cardiomyopathy. My 

molecular studies identified that PTCD1 is required for the stability and maturation of the 

16S rRNA and the Nd6 mitochondrial mRNA. The molecular role of PTCD1 has 

significant implications for heart disease since recently mutations in the gene encoding 

PTCD1 have been shown to cause cardiomyopathy in infants and adults. Therefore the 

molecular role of PTCD1 could provide insight into future treatments and drug 

development for heart disease caused by mutations in this gene.
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1.1 Introduction 
 

 

Mitochondria are the small cytoplasmic organelles that provide eukaryotic cells with 

energy in the form of ATP (adenosine triphosphate) in order to sustain their metabolic 

needs and consequently their growth. Because of their endosymbiotic origin, 

mitochondria have a double membrane and have their own genome. The mitochondrial 

DNA (mtDNA) is a circular double stranded molecule of ~16.5 kb in animals, present in 

multiple copies in every mitochondrion. The mtDNA encodes for the core subunits (13 

polypeptides) of the respiratory chain complexes, 22 tRNAs and 2 ribosomal RNAs (mt-

rRNAs, 12S and 16S). The remaining OXPHOS subunits are encoded in the nucleus, 

translated in the cytosol and imported inside mitochondria where they associate in the 

inner mitochondrial membrane to form the five respiratory chain complexes: NADH 

dehydrogenase (complex I), Succinate dehydrogenase (complex II), Ubiquinol 

cytochrome c reductase (complex III), cytochrome c oxidase (complex IV) and F1F0-ATP 

synthase (complex V) ( Boczonadi and Horvath, 2014).  

The OXPHOS system is fed by electrons provided by NADH and FADH2. These are 

transported from Complex I to IV that finally releases them to molecular oxygen (O2) 

with production of water (H2O). The electron transport process is associated to 

translocation of protons from the mitochondrial matrix to the intermembrane carried out 

by Complexes I, III and IV. The proton gradient created is used by complex V (F1F0-ATP 

synthase) to generate ATP from ADP and inorganic phosphate (Abrahams et al., 1994).  

With evolution, mitochondria and the host cell have developed a symbiotic relationship 

that has reached high levels of specialisation (Lane and Martin., 2010). In mammals for 

example the number of mitochondria within a cell can vary depending on the cell type: 

high energy demanding tissues are provided with more mitochondria than the less energy 

demanding ones. In the same way, some metabolic pathways taking place inside these 

organelles are more enhanced than others in order to better “assist” with the tissue specific 
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needs (Mootha et al., 2003): fatty acids and ketones oxidation, heme biosynthesis, 

apoptosis regulation and calcium storage are only few examples. In exchange, the cell 

encodes and transcribes for about 1,500 between structural proteins and proteins involved 

in mitochondrial “housekeeping”: respiratory chain protein subunits, mitoribosomal 

proteins, proteins involved in the mitochondrial DNA replication and transcription or in 

the mitochondrial tRNA modification (Calvo and Mootha, 2010). 

 

1.2 Mitochondrial Gene Expression  
 

 

The mtDNA maintenance and gene expression rely on nuclear encoded proteins and have 

unique characteristics that differentiate it from the nuclear gene regulation and expression 

(Fig. 1). Alterations in mitochondrial gene expression are directly linked to development 

of pathologies in humans, so a clear understanding of the basic mechanism of this process 

is fundamental. 

 

The small mammalian mtDNA encodes for 37 genes and presents a non-coding region, 

the displacement loop, where are located regulatory sequences for mtDNA replication 

and transcription (Gensler et al., 2001; Brown, 2002). The abundance of mtDNA is 

regulated by the mitochondrial transcription factor A (TFAM) which determinates 

whether the mtDNA in the nucleoids is present in a compacted form or in a more relaxed 

form making it available for replication (Campbell et al., 2012). TFAM is not only a key 

protein for mtDNA replication, it is also crucial for the initiation of its transcription, since 

it recruits the mitochondrial RNA polymerase (POLRMT) at the promoter regions located 

both on the Heavy strand (HSP) and on the Light strand (LSP). The dual role of TFAM 

in mitochondrial replication and transcription is a way for mitochondria to ensure that 

replication is prioritised over transcription (Kühl et al., 2016).  
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The mtDNA transcription initiates only after the mitochondrial transcription factors B2 

(TFB2M) and the transcription elongation factor (TEFM) bind the TFAM/POLRMT 

complex and POLRMT synthesises the RNA primers required for the replication (Posse 

et al.,2014; Falkenberg et al., 2002; Hillen et al., 2018). POLRMT produces two 

polycistronic transcripts: the heavy strand transcript containing the 2 mt-rRNAs, 14 mt-

tRNAs and 10 mRNAs encoding for 12 proteins, (ND4/ND4L and ATP6/ATP8 are 

bicistronic) and the light strand transcript containing 1 mt-mRNA and 8 mt-tRNAs 

(Montoya et al., 1982; Lopez Sanchez et al., 2011). Next, the single RNAs molecules are 

released from the two long transcripts by recruiting the mitochondrial endoribonucleases 

RNase P and RNase Z. The endonucleases target respectively the 5’ end and the 3’end of 

the mt-tRNAs with the consequent cleavage of the tRNAs from the mRNAs and the 

rRNAs that they flank (Lopez Sanchez et al., 2011), while FASTKD5 (the fas-activated 

serine/threonine kinase 5) is thought to be involved in the processing of the non-canonical 

junctions mt-Nd5-cytb and mt-Atp8/6-Co3 (Antonicka et al., 2013). RNA processing 

events have been suggested to take place during transcription in the mitochondrial RNA 

granules (MRG). MRG are a localised area that associate with the nucleoids and that is 

dedicated to RNA processing and RNA modification processes as well as at the assembly 

of the mitoribosome (Jourdain et al., 2013; Jourdain et al., 2016).  

 

After being separated into single RNA molecules, the three classes of mtRNAs (mRNAs, 

tRNAs and rRNAs) undergo specific RNA maturation processes (Fig. 1). All 10 

mitochondrial mRNAs generated from the heavy strand are stabilised by the addition of 

a poly(A) tail at their 3’end catalysed by the mitochondrial poly(A) polymerase (mtPAP) 

(Tomecki et al., 2004). The ND6 mRNA generated from the light strand is the only 

mRNA that does not present a polyadenylated tail, but it is bound at multiple sites and 

stabilised by FASTK (Jourdain et al., 2015). In this phase of the mitochondrial gene 
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expression two PPR proteins have been found to play a fundamental role in mRNAs 

stability. The first is LRPPRC which associates in a complex with SLIRP and protects 

mRNAs from degradation controlling the Poly(A) tail stability (Spåhr  et al., 2016; Chujo 

2012). The second PPR protein is PTCD1 which is required for the stabilisation of the 

16S rRNA in association with FASTKD2 and RSPUD4 (Perks et al., 2018).  

 

Mitochondrial tRNAs undergo posttranscriptional modification (Fig. 1). The small 

compact mitochondrial genome does not contain the typical CCA sequence at the 3’end 

of the tRNAs genes. This sequence is required before the tRNAs are charged with their 

cognate amino acids by the mtARSs (mitochondrial aminoacyl-tRNA synthases) 

(Konovalova et al., 2013) and it is post transcriptionally added by the mitochondrial 

tRNA nucleotidyl-transferase (TRNT1) (Nagaike et al., 2001). Some of the mitochondrial 

tRNA have non-canonical secondary structure and in order to fold properly they require 

the presence of specific modifications such as: the 5-taurinomethyluridine (τm5U), the 5-

taurinomethyl-2-thiouridine (τm5s2U) and the 5-formylcytidine (f5C) (25). These tRNA 

modifications have not been found in the cytoplasmic tRNAs. 

 

The translation of the mitochondrial mRNAs is carried out on mitochondrial ribosomes 

also known as mitoribosomes (Fig. 1), a unique translation machinery contained within 

the mitochondrial matrix. Similarly to cytoplasmic ribosomes, these are composed of a 

large (39S) and a small (28S) subunit. Both subunits are characterised by an increased 

protein content and a reduced RNA content compared to the cytoplasmic ribosomes 

(Sharma et al., 2009). The reason of the presence of additional mitoribosomal proteins 

also known as supernumerary ribosomal proteins is still unclear as well as the mechanism 

that allows the mitoribosoms to recognise the mt-mRNAs in absence of 5’ UTR sequences 

(Perks et al., 2018; Rackham et al., 2016; Bogenhagen et al., 2018). The assembly of the 
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two subunits may be different to cytoplasmic and bacterial ribosomes. Some components 

of the large subunits bind the 16S rRNA in the very early stage of the mitoribosome 

assembly, whereas this may not be so for the 12S rRNA (Rackham et al., 2016). 

The mitoribosomes are closely associated to the inner mitochondrial membrane, a 

localisation that allows the direct insertion of the newly synthesised OXPHOS peptides 

directly in the lipid bilayer. MRPL45 (mitochondrial ribosome protein of the large subunit 

45) which is located at the polypeptide exit tunnel, has been hypothesised to interact with 

the translocase OXA1 located in the inner mitochondrial membrane and to mediate this 

association (Kummer et al., 2018; Greber et al., 2014).  

One last difference between cytoplasmic and mitochondrial transcription is with regards 

to the presence of translational activators. In mammalian mitochondria has been identified 

only one translational activator to date, TACO1, which regulates the translation of COXI 

by binding to the mt-mRNA Co1 and the small ribosomal subunits of the mature 

mitoribosome (Richman et al., 2016).  
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Figure 1:  

The mtDNA is transcribed in a polycistronic transcript which is processed by the 

RNase P and the RNase Z. The three classes of mtRNAs generated (mRNAs, tRNAs 

and rRNAs) undergo specific RNA maturation processes before the translation is 

carried out by the mitoribosomes.  The polypeptides generated associate in the IMM 

with the nuclear encoded subunits to assemble the OXPHOS complexes. Courtesy 

of (Lee et al., 2018). 
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1.3 Mitochondrial RNA Processing 
 

The RNA processing in mitochondria is a coordinated activity carried out by the RNase 

P complex and the RNase Z in a hierarchical fashion. There is, in fact, a specific order of 

processing of the polycistronic transcript. The RNase P complex acts first, recognising 

and cleaving the tRNAs 5’ends, and only after this step, the RNase Z is able to recognise 

and bind tRNA 3’ends (Rackham et al., 2016; Siira et al., 2018). A second unique feature 

of this process is that it is also coordinated with the early stage of the mitoribosome 

assembly and consequently translation affects the assembly of the small and large 

subunits differently (Rackham et al., 2016). While the small ribosomal subunit is 

dependent on the complete processing of the 12S rRNA for its proper assembly, the large 

subunit is co-transcriptionally assembled on an unprocessed 16S rRNA (Rackham et al., 

2016).  

 

1.3.1 Mitochondrial RNase P complex 
 

The Mitochondrial RNase P complex is responsible of tRNA 5’ends cleavage and in 

humans is composed of three subunits: MRPP1 (TRMT10C), MRPP2 (HSD17B10) and 

MRPP3 (Mitochondrial RNase P protein 3) (Holzmann et al., 2008) (Fig. 2A). MRPP1 

and MRPP2 form a stable subcomplex and can exert supplementary functions regardless 

of the binding with MRPP3. MRPP1 (or tRNA methyltransferase 10 C), methylates the 

ninth position on the mt-tRNAs (Vilardo et al., 2012), MRPP2 is a short-chain 

dehydrogenase/reductase also involved in fatty acid β-oxidation in vivo (Yang et al., 

2005). MRPP3 is the core subunit of RNAse P complex since it contains two essential 

domains to carry out the RNA processing: one RNA binding domain consisting of five 

pentatricopeptide repeats (PPR), and one metallonuclease domain responsible of the 

endonuclease cut (Holzmann et al., 2008) (Fig. 2B).  
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The specific role of the subunits MRPP1 and MRPP2 as part of the RNase P complex is 

still not clear, but in vitro studies have shown that they are required the stability and 

activity of the RNase P, so it is likely they can act as scaffolds for MRPP3. When the 

MRPP1/MRPP2 subcomplex binds MRPP3 this leads to a change in the protein 

conformation and to the consequent activation of the catalytic domain of MRPP3 

(Reinhard et al., 2015). 

Mutations in the RNase P complex can have consequences on health in vivo: mutations 

in MRPP1 and MRPP2 have been identified in multiple families as cause of mitochondrial 

diseases (Zschocke, 2012; Metodiev et al., 2016), while MRPP3 knock out is embryonic 

lethal in mice and cause a profound cardiomyopathy when the protein is conditionally 

knocked out in the heart (Rackham et al., 2016). 

 

 

               A 

 

               B 

 

Figure 2:  

A. Detail from Fig. 1 representing the RNaseP complex and the RNaseZ  

B. Schematic representation of Mitochondrial RNase P protein 3 (MRPP3)  
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1.3.2 Mitochondrial RNase Z (ELAC2)  
 

The mitochondrial 5’ tRNA processing presents two main different aspects from 3’tRNA 

processing. The first is that this step cannot take place until the tRNAs 3’end is made 

available by the RNase P action (Rackham et al., 2016) , and the second aspect is that this 

step is carried out by an RNase Z (ELAC2) with dual localization (Rossmanith et al., 

2011;Siira et al., 2018). The nuclear gene encoding for the ELAC2 protein, in fact, 

contains two translation initiation sites. The first AUG site includes a mitochondrial 

targeting sequence to the protein; the second AUG site gives origin to an alternative form 

of ELAC2 with nuclear localisation (Rossmanith et al., 2011). We investigated the role 

of ELAC2 in vivo and found that is responsible for the processing of all the mitochondrial 

tRNAs as well as most of the nuclear encoded tRNAs (Siira et al., 2018). The role of 

ELAC2 both in mitochondrial and nuclear RNA processing might explain the early onset 

and the severity of the cardiomyopathy that we observed in the mice where this nuclease 

is knocked out in the heart. The pathology is so severe to cause death by 4 weeks of age 

in mice (Rackham et al., 2016). Similarly mutations in ELAC2 in patients causes early 

onset mitochondrial disease with profound cardiomyopathy as a result of impaired RNA 

processing and reduced levels of mitochondrial tRNAs (Haack et al., 2013) 

 

1.3.3 Posttranscriptional modification of mitochondrial tRNAs 
 

Once the mitochondrial tRNAs are released from the polycistronic transcript they 

undergo posttranscriptional modification. These modifications include methylation, 

isomerisation and thiolations, and their main function is to ensure correct tRNA folding 

into the typical cloverleaf structure, which is essential for a correctly functioning tRNA 

(Helm et al., 1999). 

As already mentioned, the MRPP1/MRPP2 subcomplex of the RNase P is responsible for 

the base methylation of adenine in position 9 (A9) of human mt-tRNALys (Vilardo et al., 
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2012). In the absence of this modification the mt-tRNALys folds into a structure that the 

lysyl-tRNA synthetase is unable to recognise (Helm et al., 1998). The unavailability of 

aminoacylated tRNAs leads to premature termination of protein translation at the 

mitoribosomal level, with consequent production of truncated/not functional OXPHOS 

subunits.  

Another class of tRNA modifications involve the nucleotide uridine. It was discovered 

that depending on the nature of the modification in specific core domains, tRNAs tend to 

show a more flexible (dihydrouridine) (Dalluge  et al., 1996) or a more rigid 

(pseudouridine) (Davis et al., 1995) structure.  

In mammalian mitochondria, the wobble position at the tRNAs anticodon region is 

usually occupied by a uridine. This in some cases can present a taurine modification: 5-

taurinomethyluridine (τm5U), identified in the tRNAs for Leu (UUR) and Trp, and 5- 

taurinomethyl-2-thiouridine (τm5s2U) found in the tRNAs for Lys, Glu, and Gln (Suzuki 

et al., 2011).  Taurine modifications have been only found in mitochondria tRNAs, and 

because of their strategic localisation at the anticodon region, they prevent codon 

misreading assuring translation accuracy and fidelity (Kirino et al., 2004). Located at the 

wobble position of the tRNA Met there is another mitochondrial specific tRNA 

modification. This is a 5-formylcytidine (f5C) modification that allows the tRNA Met to 

read both the AUG and the nonuniversal AUA codons (Bilbille et al., 2011).  

It is clear that mitochondrial tRNA posttranscriptional modifications are not redundant 

and they can fall into two classes: one with effects on tRNA folding and structure, and 

one with effects on the core function of tRNAs as biological adaptors. In both cases, the 

absence of these modifications can impair mitochondrial protein synthesis.  
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1.3.4 Posttranscriptional modification of mitochondrial mRNAs and rRNAs 

Mitochondrial mRNAs and rRNAs undergo posttranscriptional modifications in order to 

increase their stability and overall facilitate the processes of protein translation carried 

out by the mitoribosomes. Unlike cytoplasmic mRNAs, mt-mRNAs lack introns and 5’ 

cap modifications, and the majority of them contain a short (45-55nt) polyadenylated tail 

at their 3′ ends (Hallberg et al., 2014). The polyadenylation of the 10 mt-mRNA, (mt-

ND6 that does not contain a poly(A) tail), is carried out by the mitochondrial poly(A) 

polymerase (mtPAP), localised in the mitochondrial RNA granules (Nagaike et al., 2005). 

Polyadenylation has two main functions identified so far: it is necessary for the generation 

of a stop codon at the transcript 3’end, and it increases the stability of some mRNAs (mt-

ND1, mt-ND2, mt-ND3, mt-ND5 and mt-CytB) (Rorbach et al., 2011; Wydro et al., 2010). 

This process is promoted by the PPR protein LRPPRC that, together with SLIRP, forms 

a complex that stabilises and protects the mRNAs from degradation by the action of 

polynucleotide phosphorylase (PNPase). The coordinated work between the mtPAP, 

LRPPRC and SLIRP is essential for maintaining a pool of non-translated mt-mRNAs as 

well as to facilitate mitochondrial protein synthesis (Ruzzenente et al., 2012). 

The correct folding of the mt-rRNAs 12S and 16S is required for the assembly of the 

small and the large subunits of the mitoribosome respectively. In order to fold properly, 

similarly to the mt-tRNAs, some mt-rRNA nucleotides need to be posttranscriptionally 

modified. The 12S rRNA contains five modified bases: one uracil, two cytosines and two 

adenosines. The two adenines located next to the stem-loop are dimethylated by TFB1M 

(Seidel-Rogol et al., 2003; Metodiev et al., 2009) while the NOP2/Sun domain containing 

family, member 4 (NSUN4) methylates the cytosine in position 911. NSUN4 is a dual 

function protein, its interaction with MTERF4, is required for mitoribosome assembly 

(Metodiev et al., 2014).  
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Similarly to 12S, 16S mt-rRNA contains modified nucleotides: one pseudouridylated 

base, and three ribose methylations (two guanosine and one uridine). The enzyme 

responsible for the ribose methylation of one guanine in position 1145 was identified in 

MRM1 (mitochondrial rRNA methyltransferase 1) (Leet and Bogenhagen, 2014), while 

RPUSD4 was recently identified as the enzyme responsible for the single 

pseudouridylation present on the 16S rRNA (Antonicka et al., 2016). The process also 

requires the presence of PTCD1 and FASTKD2 for the stabilization of the 16S rRNA 

(Perks et al., 2018). 

 

 

1.4 Mitochondria in Health and Disease  
 

 

1.4.1 Mitochondrial Diseases  
 

Mutations in the mtDNA or in nuclear encoded proteins are responsible for mitochondrial 

biogenesis and maintenance that can impair mitochondrial function and energy 

production. These conditions can compromise the normal function of tissues, particularly 

those with high energy demands such as the cardiovascular and nervous system leading 

to severe and multi-system pathologies (De Laat et al., 2012; Shoffner et al., 1990). 

Mitochondrial diseases (MD) are a heterogeneous group of genetic diseases characterised 

by defects in oxidative phosphorylation and with an estimated incidence of 1 in 5,000 live 

birth (Calvo et al., 2010).  

MD can have an early onset and lethal prognosis, while in other cases the symptoms to 

appear during the adulthood; they can affect a specific organ or multiple organs, and the 

same mutation can present diverse clinical symptoms (Rorbach et al., 2011; Wydro et al., 

2010) . The mitochondrial medicine field is relatively young, and began with the first case 

identified in a Swedish patient in 1959 (Vafai and Mootha, 2012). Today more than 200 

pathogenic mutations have been characterised, and the scientific knowledge on MD has 
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progressed remarkably with the advances of next generation sequencing (Gorman et al., 

2016). Nevertheless, MD diagnosis is still challenging due to the clinical variation 

observed in the patients, and cures or treatments for these diseases are still not available.  

mtDNA is present in multiple copies in human cells (between 100 in sperm and 150,000 

in mature oocytes), is characterised by a higher mutation rate than the nuclear genome 

and is maternally inherited. Mutations in the mtDNA can either be homoplasmic (present 

in all the mtDNA molecules) or heteroplasmic (present in a portion of the mtDNA 

molecules). Heteroplasmy can shift during cell division, when the content of 

mitochondria is redistributed between daughter cells. It is estimated that the biochemical 

defects caused by a pathogenic mutation manifest when the mutation overcomes the 

number of wild types molecules and its presence reaches about 60-80% of total mtDNA 

(DiMauro and Davidzon, 2005; Rossignol et al., 2003; Stewart and Chinnery, 2015). The 

level of heteroplasmy together with the nature of the mutation as well as the tissue 

involved contribute to create the heterogeneity of clinical manifestation typical of MD. 

Moreover, population studies have showed that it is not uncommon for mtDNA to harbour 

common polymorphisms that in association with other genetic or environmental factors 

can increase the risk of developing age-related or multifactorial diseases such as 

Parkinson disease and cancer (Stewart and Chinnery, 2015; Hudson et al., 2007; Hudson 

et al., 2014).  

MD can be inherited maternally if the mutations are located in mtDNA or in an autosomal 

recessive manner, if the mutations are located in the nDNA. Leigh syndrome, a paediatric 

progressive neurodegenerative disorder, is a typical example of mitochondrial disease 

that can be either maternally transmitted or inherited as an autosomal recessive character. 

Mutations in the nuclear genes causing Leigh syndrome include: the mitochondrial 

methionyl‐tRNA formyltransferase (MTFMT) gene (Hayhurst et al., 2019), Surfeit locus 

protein 1 (SURF1) (Tiranti et al., 2002), NDUFS8 subunit of complex I (Loeffen et al., 
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2002). Mutations identified in the mitochondrial genome include mutations in the ATP6 

gene (de Vries et al., 1993; Tatuch et al., 1992) and in the mitochondrial tRNATrp gene 

(Tulinius et al., 2003).  

Mutations in mitochondrial tRNA genes or dysfunction involving their biogenesis are 

also responsible for a significant number of mitochondrial diseases. Point mutations in 

mt-tRNALeu(UUR) (Goto et al., 1990) have been reported in patients with Mitochondrial 

encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS) while point 

mutations in mt-tRNALys  have been found responsible of myoclonic epilepsy with ragged 

red fibres (MERRF) (60). Mt-tRNALeu(UUR) and mt-tRNALys both contain a uridine on the 

anticodon wobble position. In normal conditions the uridine presents a taurine 

modification that plays a key role in the stabilization of the U:G wobble base pairing. 

Interestingly, both diseases share the loss of this post-transcriptional RNA modification 

(Kirino et al., 2004; Tsutomu et al., 2011). 

  

1.4.2 Mitochondrial dysfunction and metabolic diseases  
 

The impact of mitochondrial dysfunction can cause or contribute to many other common 

diseases where energy metabolism is impaired. Mitochondria are dynamic organelles able 

to adapt to external stimuli like nutrients availability and hormones in order to meet the 

cell energy demand. Macronutrients like amino acids, glucose and fatty acids (FAs) are 

introduced in our bodies with the diet and subsequently used by the cell as fuel for ATP 

production through cellular respiration and oxidative phosphorylation. While the first 

catabolic steps of the three classes of nutrients take place via separated pathways (mainly 

glycolysis and β-oxidation), they all ultimately converge in the generation of acetyl-CoA 

which, in the mitochondrial matrix, enters the tricarboxylic acid (TCA) cycle. Finally, the 

NADH and FADH2 generated from the TCA provides the electrons supporting the 

OXPHOS system and ATP production (Liesa and Shirihai, 2013).  
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The main hormone able to regulate mitochondrial biogenesis and consequently energy 

metabolism is insulin. Insulin is produced in the pancreatic beta cells where its release is 

triggered by changes in the ATP:ADP levels in the cytosol (Mulder, 2017). Once reached 

the target tissues (including muscle, liver, brain, adipose tissue), insulin binds the insulin 

receptors (IR) located on the cell membrane activating the Akt pathway. This results in 

the activation of PGC1A and the consequent transcription of nuclear genes involved in 

mitochondrial biogenesis such as TFAM (Ruegsegger et al., 2018). More studies in vivo 

showed that when insulin signalling is disrupted by deletion of the IR this affects the FA 

oxidation, mitochondrial respiration and ATP production (Franko et al., 2012; Boudina 

et al., 2009) .  

Reduction of insulin release or insulin sensitivity is the primary cause leading to 

development of type 2 diabetes (T2D), one of the most common metabolic diseases in 

humans. T2D is a chronic condition characterised by the inability of the body to maintain 

the sugar levels in the blood stream within a normal range. The persistence of this 

condition can lead to severe medical complications such as heart diseases and stroke, 

neurological symptoms and risk of developing Alzheimer disease (Youssef et al., 2019), 

kidney failure and hearing loss (Zimmet et al., 2001). Although genetic factors seem to 

play a major role in the predisposition to diabetes, factors like diet, physical activity and 

control of body weight are essential for its prevention. Aerobic exercise for example can 

both improve insulin sensitivity (Goodyear and Kahn, 1998) and stimulate mitochondrial 

respiration (Short et al., 2003), although it is still unclear if the two events are directly 

linked or occur independently. 

Similarly, while it seems there is an emerging a key role of insulin as modulator of 

mitochondrial activity, it is still unclear if mitochondrial dysfunction plays the role as the 

cause of insulin resistance or is one of the effects (Fig. 3).  
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Figure 3:  

Dysfunction in mitochondrial gene expression can compromise the insulin release 

mechanism increasing the risk to develop insulin resistance and metabolic diseases.  

 

1.5 Aim of Study  
 

 

Numerous studies to date have shown the importance of mitochondrial RNA processing 

for mitochondrial biogenesis (Rackham et al., 2016; Siira et al., 2018; Powell et al., 2015; 

Van Haute et al., 2016; Deutschmann et al., 2014). Defects in these processes, in fact, 

can impair mitochondrial protein synthesis with consequences on the functioning and or 

abundance of the OXPHOS complexes. Mutations in proteins involved in mitochondrial 

RNA processing have been identified as the genetic cause of mitochondrial diseases in 

humans (Haack et al., 2013; Xu et al., 2010). In other cases, variants of mitochondrial 

proteins have been associated with the predisposition to metabolic diseases and type 2 

diabetes (Hodgkinson et al., 2014). In both cases, unfortunately, the exact mechanism 
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that leads to the onset of the pathology remains unclear. Filling the gap of knowledge 

between the identification of the mutation and the manifestation of the disease is 

fundamental in order to develop effective cures or treatments for these pathologies. The 

aim of this work is to investigate in vivo the role of mitochondrial RNA processing in 

energy metabolism and disease with the use of different mouse models.  

 

In the first work I generated a mouse model carrying a homozygous point mutation in the 

Mrpp3 gene and it was studied how this mutation affects mitochondrial function, glucose 

metabolism and if it plays a role in the predisposition towards metabolic diseases in mice. 

MRPP3 is the catalytic subunit of the RNaseP complex and the mutation that I report in 

our study was previously identified as a variant of the MRPP3 gene in humans 

(Hodgkinson et al., 2014) . While the study by Hodgkinson et al. predicted a role in the 

predisposition of metabolic disease for this variant, the specific effects on RNA 

processing as well as the mechanism leading to the pathology were never investigated 

functionally.  

 

Unlike the RNaseP, the mitochondrial RNaseZ also known as ELAC2 is present in two 

isoforms in mammals, one isoform with nuclear localisation and one with mitochondrial 

localisation, and mutations and variants in ELAC2 were already identified in patients with 

oxidative phosphorylation disorders and cardiomyopathy (Haack et al., 2013; Xu et al., 

2010). Nevertheless the role of the two isoforms and their contribution to disease were 

not distinguished. In the second study the role of ELAC2, was investigated in vivo with 

the use of a conditional heart and skeletal muscle knockout mouse model. 

 

The correct function of the RNase P and Rnase Z allows the release of all the 22 

mitochondrial tRNAs from the polycistronic transcript. Mitochondrial tRNAs are unique 
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and undergo posttranscriptional modifications essential for their correct folding and 

function. Five mitochondrial tRNAs contain a taurine modification at the uridine in the 

anticodon region (Suzuki et al., 2011). Multiple studies (Huxtable, 1992; Hamilton et al., 

2006; Chamberlain and Chamberlain, 2017) have reported that the administration of 

taurine is beneficial for Mdx mice (a Duchenne muscular dystrophy mouse model), 

although the mechanism remains to be elucidated. In the third study I analysed the 

expression pattern of taurine containing mitochondrial tRNAs in order to clarify if the 

mechanism of action of taurine targets mitochondria function via tRNA 

posttranscriptional modification.  

 

Mitochondrial RNA metabolism is regulated by RNA-binding proteins and 

pentatricopeptide repeat proteins have been shown to play a major role in the regulation 

of mitochondrial gene expression from transcription, to tRNA processing and protein 

synthesis. All mammalian PPR proteins are located inside mitochondria and the role of 

most PPR proteins has been elucidated with the exception of PTCD1. Here using a heart- 

and skeletal muscle-specific knockout of the Ptcd1 gene I investigated the role of PTCD1 

and identified that is essential for rRNA stability and maturation. 
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CHAPTER 2:  

Materials and Methods  
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Animals and housing 
 

Mrpp3 het/het transgenic mice on a C57BL/6N background were generated by the 

Australian Phenomics Node (APN, Monash University). Male age- and littermate 

matched heterozygous (Mrpp3 het/het), wild type (Mrpp3 wt/wt) and homozygous mutant 

mice (Mrpp3 mut/mut) were housed in standard cages (45 cm x 29 cm x 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 and water were provided 

ad libitum. High fat diet feed was provided ad libitum for 14 weeks. The feed was 

provided by Rat & Mouse Chow, Specialty Feeds, Glen Forrest, Western Australia.  

 

Elac2 transgenic mice on a C57BL/6N background were generated by the European 

Mouse Mutant Archive, EMMA (Biomodels, Austria). The puromycin cassette was 

removed by mating Elac2+/loxP-neo mice with transgenic mice ubiquitously expressing Flp 

recombinase. The resulting Elac2+/loxP mice were mated with mice ubiquitously 

expressing Cre recombinase to generate heterozygous knockout Elac2+/- mice that were 

bred with each other to identify that the homozygous loss of Elac2 was embryonic lethal. 

Heart- and skeletal muscle-specific knockout mice were generated by crossing 

Elac2loxP/loxP mice with transgenic mice expressing Cre under the control of the muscle 

creatine kinase promoter (Ckmm-cre). Double heterozygous mice (Elac2loxP/+, +/Ckmm) 

were mated with Elac2loxP/loxP mice to generate heart-specific knockout (Elac2loxP/loxP, 

+/Ckmm) and control mice (Elac2loxP/loxP). 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.  
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Ptcd1 transgenic mice on a C57BL/6N background were generated by the Australian 

Phenomics Node (APN, Monash University). a homology-directed repair (HDR) 

template incorporating loxP sites, alterations to exons 3 and 4, and 1.3 kb of flanking 

homology at either end was synthesized 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 5′-GAACACAGACUAACUGGGCG-3′ and 5′-

GUUCU-GUUUCCUAAUGAAUC-3′ were synthesised from plasmid templates 

containing T7 promoters using the HiScribe T7 Quick High Yield RNA Synthesis Kit 

(NEB). RNAs were purified using the RNeasy Mini Kit (Qiagen). In vitro transcribed 

sgRNAs, Cas9-D10A Nickase (Sigma), and linearised 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; amplicons were cloned and Sanger 

sequenced to confirm the integrity of the introduced genetic modifications.  Heart- and 

skeletal muscle-specific knockout mice were generated by crossing Ptcd1loxP/loxP mice 

with transgenic mice expressing Cre under the control of the muscle creatine kinase 

promoter (Ckmm-cre). Double heterozygous mice (Ptcd1loxP/+, +/Ckmm) were mated with 

Ptcd1loxP/loxP mice to generate heart-specific knockout (Ptcd1loxP/loxP, +/Ckmm) and 

control mice (Ptcd1loxP/loxP). 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.  
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The studies were 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). 

 

Metabolic studies  

6 week old male mice were fed either a normal chow diet or a high fat diet for 14 weeks. 

During this time their body weight and food intake was monitored weekly. Intraperitoneal 

glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed after the 

mice were fasted for 5h. GTTs (2g/kg) were performed at week 12 and 18, ITTs (1U/kg) 

were performed at week 13 and 19.  Blood glucose levels were measured using a 

glucometer (Accu-Chek Informa II, Roche). Blood was sampled from the tail tips at 0, 

15, 30, 45, 60, 90, and 120 min after glucose or insulin injection. The area under the curve 

was calculated using the trapezoidal rule using Excel software (Microsoft 2007). Mice 

were humanely sacrificed at 20 weeks of age after 14 weeks on their respective diets. 

Methoxyflurane was used to anesthetise the mice to perform cardiac puncture and collect 

blood. The mice were subsequently euthanized by cervical dislocation and tissues were 

collected. Tissues were snap-frozen in liquid nitrogen and stored at -80°C. Tissues for 

histology analysis were either fixed in formalin or frozen in OCT embedding medium. 

For terminal insulin testing 20 week old mice were injected with insulin (1U/kg) and 

euthanized by cervical dislocation 5 min after the injection, and then proceeded with the 

tissue collection (snap freezing). SCFA profiling was performed as described previously 

(Caparrós-Martín et al., 2017) to measure the concentration of acetate, butyrate and 

propionate as nanomoles per microliter of serum.  
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Taurine treatment 

For the taurine study C57 (C57Bl/10ScSn, the parental strain for Mdx) and dystrophic 

Mdx (C57Bl/10ScSnMdx/Mdx) mice were used. For the 2-week time point, male and 

female pups were used and gastrocnemius and quadriceps muscles were pooled (due to 

small size): for the 4- and 6-week time points male mice were used and only 

gastrocnemius was analysed. For each group, n=4-8. Mice were sacrificed under terminal 

anaesthesia (2%v/v Attane isoflurane Bomac Australia) by cervical dislocation. Muscles 

were dissected and immediately snap frozen in liquid nitrogen before storing at -80°C. 

Taurine was obtained from Sigma Aldrich (St Louis, MO, USA). For the different age 

groups, taurine delivery was based on treatment methods used that have been shown to 

be most effective at increasing taurine content in skeletal muscle for those particular ages 

(Terrill et al., 2016; Terrill et al., 2016). Short-term taurine treatment of pre-weaned 

juvenile Mdx mice from 14 days, and sampled at 22 days: Mdx mice were treated with 

taurine from 14 days of age after birth (Terrill et al., 2016) well before the onset of 

dystrophinopathy and before weaning. Mothers and pups had access to soft chow at 14 

days, with taurine-treated Mdx mice receiving 4% taurine in their soft chow. Pups were 

sampled at 22 days of age and gastrocnemius muscles and hearts collected and snap 

frozen. Longer-term taurine treatment of Mdx mice from weaning (18 days) before 

sampling at 6 weeks: All pups were weaned at 18 days and then were given either no 

treatment or 2% taurine solution in drinking water for 24 days (Terrill et al., 2016). Mice 

were sampled at 42 days of age (6 weeks) and gastrocnemius muscles and hearts collected 

and snap frozen.  

 

ELISA assays 

Serum was analysed for circulating insulin levels using an insulin ELISA kit (EZRMI‐

13K; Millipore, Australia) and for IL-6 levels using the mouse IL-6 Quantitikine ELISA 
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kit (M6000B; R&D systems). All the tissues homogenates for ELISAs assays were 

prepared using a lysis buffer (10 mmol L−1 HEPES, 3 mmol L−1 MgCl2, 14 mmol 

L−1 KCl, 5% glycerol, 0.2% IPEGAL) containing PhosSTOP Phosphatase Inhibitor 

Cocktail (Roche) and EDTA-free Complete protease inhibitor cocktail (Roche). Pancreas, 

liver and skeletal muscle were analysed for insulin levels (EZRMI‐13K; Millipore, 

Australia); Liver, BAT and pancreas lysates were analysed for IL-6 levels (mouse IL6 

EK-0029;ELISAKit.com, Scoresby, Victoria, Australia). Data were analysed using an 

online software program (www.elisaanalysis.com). 

 

Histology  

Fresh liver tissue were frozen in Optimal Cutting Temperature (OCT) medium while all 

other tissues were fixed with 10% neutral buffered formalin for 24 h and stored in 

phosphate buffered saline or 70% ethanol. Tissues were then embedded in paraffin, cut 

in 5 or 10 µm sections 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%, 95%, 80%, 60%) before they were washed 

in distilled water. The Hematoxylin and Eosin and Oil Red O staining were performed as 

described before (Richman et al., 2015). Coverslips were attached using DPX mounting 

media (Scharlau) and images were acquired using a Nikon Ti Eclipse inverted microscope 

using a Nikon 10x and 20x objective. 

Mouse hearts were fixed with 10% neutral buffered formalin for 24 h and stored in 

phosphate buffered saline or 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%, 95%, 80%, 60%) before they were washed in distilled H2O (dH2O). The 

H&E staining was performed as described before (Richman et al., 2015). Skeletal muscle 
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was frozen in OCT, the tissue was sectioned and stained for Complex I and IV activity 

using NADH and cytochrome c oxidase as substrates. Coverslips were attached using 

DPX mounting media (Scharlau) and images were acquired using a Nikon Ti Eclipse 

inverted microscope using a Nikon 20x objective.  

 

Respiration / beta oxidation  

Mitochondrial respiration was evaluated as O2 consumption in isolated liver as previously 

described (Perks et al., 2017; Rackham et al., 2016). Mitochondria were supplemented 

with substrates 10mM glutamate/ 2mM malate (Sigma), 10 mM succinate /0.5 mM 

rotenone (Sigma), to measure ADP independent respiration activity (state 4). After 

addition of 1mM ADP (Sigma), state 3 respiration activity was measured. Respiration 

was uncoupled by successive addition of FCCP up to 3 mM to reach maximal respiration.  

Fatty acid oxidation was measured from isolated liver mitochondria from mice fasted for 

5 hours prior to sacrifice. Using the Oxygraph 2K respirometer (Oroboros Oxygraph-2K, 

Oroboros Instruments Corp, Innsbruck, Austria) as described by (Perevoshchikova, 

Quinlan, Orr, Gerencser, & Brand, 2013), and reviewed by (Ojuka et al., 2018). 

Respiration supported by palmitoyl carnitine, (PMC) was determined under state 4 

(PCM4) 5 mM malate (Sigma) and 1 mM palmitoyl carnitine (Sigma), state 3 (PCM3) 

respiration was measured using, 1 mM K-ADP (Sigma) and 10 mM K-succinate (Sigma) 

Inhibitors used included 0.5 mM oligomycin (Sigma) and 2.5 µM antimycin. Carbonyl 

cyanide p-trifluoro-methoxyphenyl hydrazone (FCCP) was used as a measure of 

uncoupling and maximal respiration rate) in titrations up to 3 µM. 

 

Tissue homogenate preparation 

3 mm x 3 mm tissue pieces (liver and pancreas) were homogenized in 200 μl of Cell 

Extraction Buffer (CEB; 100 mM Tris, 2 mM Na3VO4, 100 mM NaCl, 1% Triton X-100, 
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1 mM EDTA, 10% glycerol, 1 mM EGTA, 0.1% SDS, 1 mM NaF, 0.5% deoxycholate, 

20 mM Na4P2O7), pH 7.4, containing PhosSTOP Phosphatase Inhibitor Cocktail (Roche) 

and EDTA-free Complete protease inhibitor cocktail (Roche). The homogenate was first 

obtained using a bead beater, this was centrifuged at 9,000 g for 5 minutes 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 BSA as a standard. 

 

Mitochondrial Isolation 

Mitochondria were isolated from homogenized heart, liver and pancreas and isolated by 

differential centrifugation as described previously (Rackham et al., 2016; Richman et al., 

2016). The mitochondrial protein concentration was quantified using the BCA assay 

using BSA as a standard. 

 

Immunoblotting 

Specific proteins were detected using the following rabbit monoclonal antibodies: 

Phospho-SAPK/JNK (Thr 183 / Tyr185, 4668), SAPK/JNK (9252), Phospho-Akt (Ser473, 

4060), Akt (9272), GAPDH (2118), LC3A/B (12741) Cell Signalling Technologies, 

diluted 1:1000, HSP60 (ab137706) Abcam diluted 1:1000. Rabbit polyclonal: GLUT2 

(54460), Abcam diluted 1:1000, GLUT4 (PA-1-1065), ThermoScientific, CPT2 

(OAAN00972), Aviva System Biology diluted 1:500, Letm1 (16024-1-AP), Proteintech, 

diluted 1:1000, MRPP2 (HPA001432) Sigma Prestige diluted 1:1000. Mouse 

monoclonal: Total OXPHOS Cocktail Antibody (ab110412), VDAC (ab14734), SDHA 

(ab14715) Abcam, diluted 1:1000. IRDye 800CW goat anti-rabbit immunoglobulin G 

(IgG) or IRDye 680LT goat anti-mouse IgG (LI-COR Biosciences) secondary antibodies 

were used and the immunoblots were visualized using an Odyssey infrared imaging 
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system (LI-COR Biosciences). Protein densitometry was determined using Image studio 

lite Software.   

Specific proteins for the ELAC2 study were detected using rabbit polyclonal antibodies 

against: POLRMT (produced in-house, diluted 1:1000), TFAM (ab131607), MRPP1 

(HPA036671 Sigma), MRPP2 (SAB1405920, Sigma), ELAC2 (10061-1-AP), LRPPRC 

(sc66844, Santa Cruz), MRPL44 (16394-1-AP), MRPL37 (15190-1-AP) (1:1000), 

MRPL12 (14795-1-AP) (1:500), MRPS35 (16457-1-AP) (1:1000), MRPS16 (16735-1-

AP) (Proteintech), Clpx (Sigma – Prestige Antibodies HPA040262, diluted 1:500), Lonp 

(15440-1-AP), YME1L1 (ab170123), OMA-1 (ab104316) Abcam, diluted 1:500) and 

mouse monoclonal antibodies against: -actin (ab8226), porin (ab15895), Total 

OXPHOS Cocktail Antibody (ab110412), NDUFA9 (ab14714), SDHA (ab14715), 

UQCRC2 (ab14745), COXI (ab14705), COXII (ab198286), COXIII (ab110259), COXIV 

(ab14744), ATP5a (ab14748), ATP Inhibitory Factor 1 (ab110277) (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). 

 

RNA isolation, northern blotting and qRT-PCR 

RNA was isolated from snap frozen tissues and pancreatic islets of Langerhans using the 

miRNeasy Mini kit (Qiagen) incorporating an on-column RNase-free DNase digestion to 

remove all DNA. RNA (5 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. 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 
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in 3x SSC, 5% SDS, 25 mM Na2HPO4, pH 7.5) by the Odyssey Infrared Imaging System 

(Li-Cor).  

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 

Corbett Rotorgene 6000 using SensiMix SYBR mix (Bioline) and normalized to 18S 

rRNA. 

 

BioID 

MRPP3 and its N434S mutant were cloned into the pMRPP3-BioID and pMRPP3-

N434S-BioID plasmids. The stable expression of plasmids and the mitochondrial 

localisation of the proteins were checked performing fluorescence cell microscopy as 

described by Richman et al., 2014. The BioID analysis was carried out as described by 

Matic et al., 2018.  

 

Pancreatic islets isolation  

Pancreatic islets were isolated by collagenase digestion (0.9 U/mL) of mouse pancreas. 

Collagenase P (Sigma) was dissolved in cold RPMI and filtered through a 0.45 µm filter 

before use. Mice were euthanised by cervical dislocation, the common bile duct was 

clumped at the junction with the duodenum, and 3 mL of collagenase were injected in the 

common bile duct using a syringe with a 30 G needle. Isolated pancreas was then 

incubated for 18 min in warm RPMI before being disrupted by hand shaking. Digested 

pancreas was passed through a 500 µm mesh before centrifugation at 193 g for 5 min. 

The pellet was resuspended in 10 mL of warm Histopaque-1077 (Sigma), overlayed with 

5mL of RPMI and then centrifuged at 433 g for 15 min with slow acceleration and without 

break in order to generate a density gradient. Islets were recovered at the interface 

between Histopaque-1077 and RPMI, transferred into 40 mL of RPMI and centrifuged at 
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433 g for 5 min. The pellet was suspended in 3 mL of CMRL media (ThermoFisher) 

supplemented with 10% FBS, 1% Penicillin and Streptomycin (Gibco 10,000 U/mL) and 

1% of 500X L-Glutamine and islets were plated in 60 mm Petri dishes. The next day the 

islets were dispersed into single cells by trypsinisation and plated in 24-well plates for 

measurement of intracellular Ca2+ levels. 

 

Calcium imaging  

Intracellular calcium was monitored using the fluorescent indicator fura‐2 as described 

previously (Viola, Arthur, & Hool, 2007). The fluorescence signal was measured on a 

Hamamatsu Orca ER digital camera attached to an inverted Nikon TE2000‐U 

microscope. Fluorescent images were taken at 1 min intervals with 50 ms exposure. 

Metamorph 6.3 was used to quantify the signal by manually tracing pancreatic islet cells. 

An equivalent region not containing cells was used as background and was subtracted. 

Calibrations were performed as previously described in 4 wt/wt and 4 Mrpp3N434S/N434S 

mice (Haworth & Redon, 1998). The medium was replaced with Ca2+‐free HBS 

supplemented with EGTA (3 mmol l−1) and ionomycin (5 μmol l−1) to obtain minimum 

340 nm/380 nm ratiometric fluorescence (Rmin). Rotenone (4 μm), carbonyl cyanide‐

4‐(trifluoromethoxy) phenylhydrazone (FCCP; 2 μm) and 5 mm Ca2+ were then added 

to produce maximum 340 nm/380 nm ratiometric fluorescence (Rmax). The 

340 nm/380 nm ratiometric fluorescence values recorded over 3 min before and 7 min 

after addition of 10 mM glucose were averaged and used to calculate [Ca2+]i pre‐ and 

post‐treatment. The [Ca2+]i was determined as described previously (Viola et al. 2007) 

according to the following equation: [Ca2+]i = Kd × b(R − Rmin)/(Rmax − R); where R = 340 

nm/380 nm ratiometric fluorescence, Rmin = 0.61 ± 0.04 (wt) or 0.74 ± 0.07 (cTnI‐

G203S), Rmax = 13.81 ± 3.38 (wt/wt) or 8.93 ± 0.54 (Mrpp3N434S/N434S), b (fluorescence 
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intensity during illumination at 380 nm with 0 mm Ca2+ and 5 mm Ca2+) = 8.08 ± 1.63 

(wt/wt) or 3.91 ± 0.42 (Mrpp3N434S/N434S), and Kd (dissociation constant) = 224 nm as 

determined previously (Haworth & Redon, 1998). 

 

Glucose stimulation of insulin secretion (GSIS) 

The GSIS assay was performed 24h after the pancreatic islets from mouse were isolated 

and cultured in complete CMRL media (10% FBS, 1% penicillin and streptomycin 

(Gibco 10,000 U/mL) and 1% of 500X L-Glutamine). 10 islets/mouse were picked and 

transferred into a 24 well plate where they were washed twice with 0.5 mL of pre-warmed 

Kerbs buffer pH7.4. (NaCl 137 mM, KCl 4.7 mM, KH2PO4 1.2 mM, MgSO4-7H2O 1.2 

mM, CaCl2-2H2O 2.5 mM, NaHCO3 25 mM, HEPES 10 mM, 0.25% fat-free BSA)  

After the wash, the islets were incubated for 1h at 370 C with 200μl of 5.5mM glucose. 

The supernatant was collected, centrifuged at 376 g for 5 min and stored for determination 

of basal insulin contain.  The islets were then washed twice with 0.5 mL of Krebs buffer 

and incubated for 1h at 370 C with 200μl of 16.7 mM glucose. The supernatant was 

collected, centrifuged at 376 g for 5 min and stored for determination of insulin secretion 

after glucose stimulation. The islets were then collected in 0.5mL of Krebs buffer spun at 

max speed for 5min and the pellet was stored for determination of insulin levels.  The 

insulin levels were determined by using a commercial ELISA kit (Merck Millipore, 

EZRMI-13K) and the data were analysed using an online software program 

(www.elisaanalysis.com). 

 

Sucrose gradient fractionation 

Sucrose gradient fractionation was carried out as described previously (Lagouge et al., 

2015; Metodiev et al., 2009; Ruzzenente et al., 2012) with some modifications. Briefly, 

isolated mitochondria at 10 mg/mL were lysed in 10 mM Tris-HCl, pH 7.5, 260 mM 

https://physoc.onlinelibrary.wiley.com/doi/full/10.1113/JP271681#tjp7249-bib-0015
http://www.elisaanalysis.com/
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sucrose, 100 mM KCl, 20 mM MgCl2 and 2 % digitonin in the presence of 40 U/mL 

RNase inhibitor and 1x Complete EDTA-free Protease inhibitor cocktail for 20 min. The 

lysate was centrifuged at 9,200 g for 45 min at 4˚C, the clarified lysate was loaded on a 

continuous 10-30% sucrose gradient (in 10 mM Tris-HCl, pH 7.5, 100 mM KCl, 20 mM 

MgCl2 in the presence of RNAse and protease inhibitors) and centrifuged at 71,000 g in 

an Optima Beckman Coulter preparative ultracentrifuge. Fractions were collected and one 

third of each fraction was precipitated with 0.02% sodium deoxycholate and 12% 

trichloroacetic acid (final concentration), washed twice with acetone, and the entire 

precipitate was resolved by SDS-PAGE. Protein markers of the mitochondrial ribosomal 

subunits were detected by immunoblotting, as described above. 

 

DNA quantification 

Real time PCR was conducted on 90 ng of DNA isolated from mouse hearts using primers 

for Rnr2 and -2 microglobulin to determine mitochondrial and nuclear DNA levels 

respectively (GeneWorks). Amplification was conducted using a Rotor-Gene Q (Qiagen) 

using SensiMix SYBR mix (Bioline). 

 

Translation assays 

To measure mitochondrial translation, 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 RIPA lysis buffer. Protein concentration was 
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measured and 50 µg of mitochondrial protein was resolved by SDS-PAGE and visualized 

by autoradiography. 

 

Blue native PAGE 

BN-PAGE was carried out using isolated mitochondria from hearts as described 

previously (Rackham et al. 2016). BN-PAGE gels were analysed by in-gel activity assays 

or by transferring to PVDF and immunoblotting against the respiratory complexes. 

 

Respiratory chain function and complex activity 

The mitochondrial oxygen consumption flux was measured with an Oxygraph-2k 

(Oroboros Instruments), as previously described (Mourier et al., 2014), at 37°C by using 

65 to 125 μg of crude mitochondria diluted in 2.1 mL of mitochondrial respiration buffer 

(120 mM sucrose, 50 mM KCl, 20 mM Tris-HCl, 4 mM KH2PO4, 2 mM MgCl2, 1 mM 

EGTA, pH 7.2). The oxygen consumption rate was measured using either 10 mM 

pyruvate, 5 mM glutamate and 5 mM malate, or 10 mM succinate and 10 nM rotenone. 

Oxygen consumption was assessed in the phosphorylating state with 1 mM ADP or non-

phosphorylating state by adding 2.5 μg/mL oligomycin. In the control mitochondria, the 

respiratory control ratio (RCR) values were >10 with pyruvate/glutamate/malate and >5 

with succinate/rotenone. Respiration was uncoupled by successive addition of carbonyl 

cyanide m-chlorophenyl hydrazone (CCCP) up to 3 μM to reach maximal respiration. 

Mitochondria, 15–50 μg, were diluted in phosphate buffer (50 mM KH2PO4, pH 7.4) and 

spectrophotometric analyses of isolated respiratory chain complex activities were 

performed at 37 °C by using a Hitachi UV-3600 spectrophotometer. Citrate synthase 

activity was measured at 412 nm (E = 13,600 M−1 cm−1) after the addition of 0.1 mM 

acetyl-CoA, 0.5 mM oxaloacetate and 0.1 mM 5,5′-dithiobis-2-nitrobenzoic acid 

(DTNB). SDH activity was measured at 600 nm (E = 21,000 M−1 cm−1) after the addition 
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of 10 mM succinate, 35 μM dichlorophenolindophenol (DCPIP) and 1 mM KCN. NADH 

dehydrogenase activity was determined at 340 nm (E = 6, 220 M−1 cm−1) after addition 

of 0.25 mM NADH, 0.25 mM decylubiquinone and 1 mM KCN, controlling for rotenone 

sensitivity. COX activity was measured by standard N,N,N′,N′-tetramethylphenylene-

1,4-diamine (TMPD) ascorbate assays, controlling for KCN sensitivity. All chemicals 

were obtained from Sigma-Aldrich. 
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CHAPTER 3:  

Genetic regulator of mitochondrial metabolism and insulin 

resistance 
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INTRODUCTION  

 

Insulin resistance is the main feature of type 2 diabetes, found in 90% cases of diabetes, 

which in turn is projected to be the seventh leading cause of death by 2030 (Gonzalez-

Franquesa and Patti, 2017). Mitochondrial energy metabolism and function are key 

processes underlying the pathophysiology of insulin resistance and predisposition to type 

2 diabetes. This is because mitochondria produce most of the energy required by our 

bodies. Impaired energy production, use of energy stores and mitochondrial dysfunction 

are major features in metabolic diseases. Nevertheless, it remains uncertain how 

mitochondrial dysfunction can cause, contribute to, or result in insulin resistance and 

metabolic diseases. Mutations and variations in genes encoding mitochondrial proteins 

have been shown to contribute significantly to common metabolic diseases such as type 

2 diabetes, insulin resistance, obesity and cancers resulting from metabolic dysfunction 

(Johnson et al., 2017; Knoll et al., 2013; Mercader et al., 2012). Furthermore there is 

growing evidence from genetic and genome wide-association studies that genetic 

variation in mtDNA contributes to these common metabolic diseases (Wallace, 2005), 

however there has been essentially no in vivo functional validation for these findings. 

Recently a missense variant (rs11156878, pAsn434Ser) was identified in the 

Mitochondrial ribonuclease P subunit 3 (MRPP3) gene, which encodes an RNA-binding 

protein that is the most significant factor responsible for 22% of mitochondrial 

epitranscriptome variation via tRNA methylation in up to 19% of the population, with 

likely consequences on metabolism in health and (Hodgkinson et al., 2014) The 

p.Asn434Ser variant is present at variable frequencies depending on the particular human 

population: in 3-6% of Africans, 6-11% of Asians and 15-19% of Europeans (gnomAD, 

1000 Genomes Project). The identified variant has not been functionally validated nor its 

role in metabolism. 
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Here, I used CRISPR/Cas technology to introduce this conserved variant in the mouse 

Mrpp3 gene and show that these mice develop insulin resistance on a high fat diet, 

indicating that variation in the nuclear gene encoding MRPP3 can predispose to metabolic 

dysfunction. 

 

RESULTS 

The Mrpp3 polymorphism causes insulin resistance in mice fed a high fat diet 

CRISPR/Cas technology was used to knock in the p.Asn434Ser variant into the Mrpp3 

gene in mice to investigate its effect on metabolism, mitochondrial biogenesis and energy 

production compared to the wild-type Mrpp3 gene. The mouse missense mutation was in 

an identical amino acid as in the human MRPP3 gene and in a highly conserved region 

of MRPP3. To understand the role of the polymorphism in metabolism mutant mice and 

their control littermates were fed either a normal chow diet (NCD) or a high fat diet (HFD) 

for 14 weeks. The Mrpp3N434S/N434S mice have a leaner phenotype with a constant lower 

body weight compared to their control littermates irrespective of their diet (Fig. 2). 

Glucose tolerance testing (GTT) and insulin tolerance testing (ITT) were performed at 

two time points, during the 14 weeks, to investigate changes in glucose metabolism in the 

Mrpp3wt/wt and Mrpp3N434S/N434S mice. The Mrpp3N434S/N434S mice were significantly less 

glucose tolerant regardless of their diet (Fig. 1 A,B,I) at the first time point (GTT-1), 

while at the second time point (GTT-2) the mice become significantly more glucose 

tolerant on both diets (Fig. 1 C,D,I).  

The ITT-1 showed that the Mrpp3N434S/N434S mice fed a NCD were significantly more 

insulin resistant than their controls while their littermates fed a HFD show no significant 

differences (Fig. 1E and F). The ITT at the second time point (ITT-2) showed no 

significant changes in insulin sensitivity for the mice fed a NCD, while I found that the 

HFD fed Mrpp3N434S/N434S mice were significantly more insulin resistant compared to their 
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control littermates (Fig. 1 G,H,I). These findings indicate that the p.Asn434Ser variant 

can predispose to insulin resistance on a high fat diet. 
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Figure 1. The Mrpp3N434S/N434S mice develop insulin resistance when fed on a high fat 

diet. 

The GTTs were carried out one week apart from the ITTs and at two time points. The 

first time point was set at 6 weeks (GTT-1) and 7 weeks (ITT-1) after the mice were fed 

a HFD.  The second time point was set at 12 weeks (GTT-2) and 13 weeks (ITT-2) into 

the diet.  

GTT-1 revealed that the Mrpp3N434S/N434S mice are significantly less glucose tolerant 

regardless of their diet (A,B,I), while at the second time point (GTT-2) the same mice 

show an opposite response (C,D,I), indicating that with the time the mice carrying the 

Mrpp3N434S/N434S become significantly more glucose tolerant either if fed a NCD or a HFD.  

The ITT-1 showed that the Mrpp3N434S/N434S mice fed a NCD were significantly more 

insulin resistant than their controls (E,I) while their littermates fed a HFD show no 

significant differences (F,I). The ITT at the second time point (ITT-2) showed no 

significant changes in insulin sensitivity for the mice fed a NCD (G,I), while the HFD fed 

mice appear to be significantly more insulin resistant compared to their controls (H,I)  

GTT and ITT performed at the first time point (GTT-1 and ITT-1) were performed on a 

minimum of n=5 and a maximum of n= 9 mice per group. GTT and ITT performed at the 

second time point (GTT-2 and ITT-2) were performed on a minimum of n=5 and a 

maximum of n= 9 mice per group. Quantitative values (I) are area under the curve (AUC) 

± SEM *P < 0.05, **P < 0.01, Student’s t-test.  
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Figure 2. The Mrpp3N434S/N434S mice have lower body weight compared to their 

control littermates. 

The weekly weight gain monitoring of the Mrpp3N434S/N434S mice fed a NCD (n=5) or HFD 

(n=5) compared to their respective controls (n=5 per diet) showed that the 

Mrpp3N434S/N434S mice have a leaner phenotype on both diets. Values are means ± SEM 

*P < 0.05 Student’s t-test. 

 

The p.Asn434Ser polymorphism lowers circulating insulin levels, increases 

pancreatic islet size and results in liver steatosis  

The effects of the polymorphism on a range of tissues involved in glucose stimulated 

insulin secretion and response were investigated by haematoxylin and eosin staining 

(H&E) (Fig. 3 A-E, H, I  and Fig. 4,) revealing that the pancreas and the liver had the 

most obvious morphological changes. The Mrpp3N434S/N434S mice fed a NCD had minor 

differences only in the pancreas (Fig. 3A and B), whereas when these mice were fed a 

HFD there were more dramatic differences in both the pancreas and liver. The pancreata 

of the Mrpp3N434S/N434S mice fed a HFD have a severe loss of acinar structure, acute 

necrosis likely due to the enzyme release, and larger islets of Langerhans (Fig. 3C, D, E). 

The increased pancreatic islets are consistent with the reduced circulating insulin levels 

in the Mrpp3N434S/N434S mice that were fed a HFD compared to controls (Fig. 3F), and 

consistent with previous findings that larger islets of Langerhans are associated with 
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lower insulin secretion (Huang, Novikova, Williams, Smirnova, & Stehno-Bittel, 2011). 

The control mice on HFD also show a mild necrosis but the general structure was 

maintained unaltered since the acini have normal appearance (Fig. 3C and D). The 

autophagy marker LC3A/B (Light Chain 3 isoform A and B) was increased both in the 

pancreata of the Mrpp3N434S/N434S mice compared to controls (Fig. 3G). H&E and Oil Red 

O staining revealed significant accumulation of lipid droplets in the liver, marker of liver 

steatosis in the Mrpp3N434S/N434S mice fed a HFD compared to controls (Fig. 3H and I and 

Fig. 5). Ectopic lipid storage in non-adipose tissue such as the liver has been identified in 

insulin resistance (Savage, Petersen, & Shulman, 2007) and is consistent with the insulin 

resistance of the Mrpp3N434S/N434S mice a high fat diet.  

 

Short chain fatty acids (SCFA) produced by the gut microbiota have been identified as 

markers of metabolic change. Butyrate and acetate are abundant SCFAs in the colon and 

increased levels of butyrate have been shown to protect from diet induced obesity and 

metabolic disorders (Lin et al., 2012; Tilg & Kaser, 2011). Therefore, the levels of 

circulating short chain fatty acids in serum of Mrpp3wt/wt and Mrpp3N434S/N434S mice fed 

either a NCD or HFD were measured (Fig. 3J). The levels of the beneficial SCFA butyrate 

were significantly decreased and acetate levels were increased in Mrpp3N434S/N434S mice 

fed a HFD (Fig. 3J), indicating that the polymorphism can have adverse effects on the gut 

microbiota. Reduction in butyrate and increase in acetate levels indicated that HFD alters 

the gut microbiota of the mutant mice and contributes to insulin resistance. 
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Figure 3. The N434S/N434S polymorphism in association with HFD results in larger 

islets of Langerhans, reduced insulin circulating levels and hepatosteatosis in mice.  

(A) Haematoxylin and Eosin (H&E) staining of pancreas sections from 20 week old mice 

fed NCD show light enzymatic necrosis of the acinar cells (yellow arrow) in the 

Mrpp3N434S/N434S mice due to the premature release of digestive enzymes. The blue arrow 

indicates an intralobular duct. The image was visualized at 10X magnification. Scale bar 

is 100 µm. Pancreas sections at 20X magnification is showed in (B).   

(C) Haematoxylin and Eosin (H&E) staining of pancreas sections were performed on 20 

week old mice fed a HFD. Yellow circles indicate areas of necrosis due to enzymatic self-

digestion. The Mrpp3N434S/N434S mice show loss of acini structure compared to the wt/wt 

mice as well as larger islets of Langerhans. The image was visualized at 10X 

magnification. Scale bar is 100 µm.  

The same section is showed in (D) at a 20X magnification where the blue arrows indicate 

the islets of Langerhans. Scale bar is 100 µm. 

(E) A detail of the Islets of Langerhans of different size at 40X magnification. Scale bar 

is 25 µm. 

(F) Serum of 20 week old Mrpp3N434S/N43 mice was analyzed for circulating insulin levels. 

The Mrpp3N434S/N43 mice fed a HFD show significantly reduced circulating insulin due to 

dysfunctional islets of Langerhans. The data are representative of results obtained from 

at least 5 mice from each genotype. Values are means ± SEM *P < 0.05, Student’s t-test.  

(G) LC3A/B levels are increased in the pancreas of the Mrpp3N434S/N43 mice in both diets. 

LC3A/B is an indicator of autophagy and can be induced by hormones and nutrients. 

GAPDH was used as a loading control. The data are representative of results obtained 

from at least 6 mice from each genotype. 
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(H) Haematoxylin and Eosin (H&E) staining of liver sections from 20 week old 

Mrpp3wt/wt and Mrpp3N434S/N434S mice fed a HFD show higher lipid accumulation in the 

Mrpp3N434S/N434S tissue. Magnification is 10X and the scale bar is 100 µm.  

(I) Oil red O stain on liver tissue confirms the high lipid contain in the Mrpp3N434S/N434S 

liver tissues of HFD fed mice. Magnification is 20X and the scale bar is 100 µm. All the 

histology analyses were performed on at least 6 mice per genotype and diet.  

(J) Serum of 20 week old Mrpp3N434S/N43 mice was analyzed for short chain fatty acids 

levels (SCFA) (acetate, butyrate and propionate). The Mrpp3N434S/N434S mice fed a HFD 

show significantly increased levels of acetate and significantly reduced levels of butyrate. 

The data are representative of results obtained from at least 5 mice from each genotype. 

Values are means ± SEM *P < 0.05, ***P < 0.001 Student’s t-test 

 

Figure 4. Differences in skeletal muscle, brown adipose tissue (BAT) and white 

adipose tissue (WAT) of the Mrpp3N434S/N434S mice.  
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Skeletal muscle, brown adipose tissue (BAT) and white adipose tissue (WAT) from 20 

week old wild type mice (wt/wt) and Mrpp3N434S/N434S (N434S/N434S) mice fed on NCD 

or HFD were stained with Haematoxylin and Eosin (H&E) and visualized at 20X 

magnification. The data in this figure are representative of results obtained from at least 

6 mice from each genotype.  (A) The muscle tissue of the Mrpp3N434S/N434S mice fed on a 

NCD show a slight increase in endomysial connective tissue and a mild presence of 

necrotic fibers, while no significant differences were identified in the muscle tissue of the 

mice fed on a HFD (B). (C) The BAT of the Mrpp3N434S/N434S mice fed a NCD show signs 

of inflammation and nodules. The BAT of the Mrpp3N434S/N434S mice fed a HFD (D) show 

some signs of inflammation but less signs of whitening compared to their wild type 

controls. The tissue preserves its structure and a higher BAT/WAT ratio is seen. The 

WAT from the Mrpp3N434S/N434S mice fed a NCD (E) show signs of inflammation while 

the WAT from the Mrpp3N434S/N434S mice fed a HFD presents increased adipocytes size 

(F). 

 

 

Figure 5. The Mrpp3N434S/N434S mice fed a NCD show no changes in lipid 

accumulation.  

H&E (A) and Oil Red O stain (B) on liver tissue confirm the absence of lipid 

accumulation in the Mrpp3N434S/N434S mice fed a NCD. The data in this figure are 

representative of results obtained from at least 6 mice from each genotype. 
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Akt signalling is altered in hepatosteatosis and increased glucose tolerance in the 

Mrpp3N434S/N434S mice  

The activation of the cellular insulin signalling pathway was investigated by 

immunoblotting against the serine/threonine protein kinase Akt and its activated form 

phospho-Akt (pAkt), and I found that in basal conditions the Akt phosphorylation is 

decreased in the liver of the Mrpp3N434S/N434S mice on NCD (Fig. 6A), while following 

terminal insulin treatment this shows an increased trend (Fig. 6B). Akt activation 

followed by insulin stimulation activates specific signalling pathways, including the 

translocation of the glucose transporter proteins (GLUTs) to the cell membrane to 

facilitate the influx of glucose, and the stimulation of glycogen and lipid synthesis 

(Whiteman et al., 2002), (Cross et al., 1995) , (Porstmann et al., 2005). I did not find 

differences in the abundance of the glucose transporters proteins GLUT2 in the liver or 

in the pancreas (Fig. 6C), indicating that insulin-dependent Akt activation does not 

increase the expression of GLUT2. Akt activation stimulates lipid synthesis in the liver, 

nevertheless I did not find changes in the pAkt levels in the livers of the Mrpp3N434S/N434S 

mice on HFD nor in basal condition or after insulin stimulation (terminal insulin) (Fig. 6 

A,B).  In contrast to the liver, I identified that the pAkt levels were increased in the 

pancreata of Mrpp3N434S/N434S mice fed a NCD under basal conditions compared to 

controls (Fig. 6A), while after insulin stimulation the pAkt levels were reduced (Fig. 6B). 

The GLUT2 levels were not changed in the pancreata of the mutant mice (Fig. 6B) 

indicating that altered Akt signalling does not affect the levels of GLUT2 and 

consequently glucose uptake is not the cause of insulin resistance. 

 

Next, I investigated if the lipid accumulation in the liver was associated with a preference 

towards the use of glucose over fatty acids as substrates for energy production and in 

response to the different diets. I measured both oxygen consumption via the S-linked 
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pathway by stimulating respiration using succinate, and beta-oxidation rates via the F-

linked pathway using palmitoylcarnitine in isolated liver mitochondria from control and 

Mrpp3N434S/N434S mice. Oxygen consumption via the S-linked pathway was not affected in 

the NCD fed mutant mice compared to controls (Fig. 7A). However there was a 

significant reduction in the oxygen consumption in the Leak (L) and OXPHOS (P) states 

in the F-linked pathway (Fig. 7B), indicating that fatty acid oxidation in the mutant mice 

is reduced. The HFD caused a significant increase in respiration via the S-linked pathway 

in the mutant mice (Fig. 7C) and stimulated fatty acid oxidation in both control and 

mutant mice as well as mild uncoupling of OXPHOS in the mutant mice (Fig. 7D). 

 

To understand if the changes in the NCD liver S linked pathway were driven by a 

decreased influx of long chain fatty acids (LCFA) inside mitochondria, I investigated 

possible changes in the levels of the carnitine palmitoyltransferase system (CPT), 

responsible for the transfer of LCFAs inside mitochondria, and specifically at the 

carnitine palmitoyltransferase II (CPTII) enzyme levels. The levels of CPTII were not 

altered in the livers of the control and Mrpp3N434S/N434S mice on either diet, suggesting that 

only the use but not the uptake of fatty acids in mitochondria was affected by the variant 

(Fig. 7E). Taken together with the oxygen consumption findings I show that liver 

mitochondria of Mrpp3N434S/N434S mice prefer to use glucose over fatty acids for ATP 

production, which likely contributes the development of liver steatosis. 
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Figure 6. Akt signalling pathway activation does not affect the expression of the 

glucose transporters in the liver 
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Liver and pancreas whole tissue lysate (30 µg) from 20 week old Mrpp3N434S/N434S mice 

and wt/wt mice was immunoblotted against antibodies to investigate the endogenous 

levels of Akt and its phosphorylated form (Ser473 ) under basal condition and (A) and 

following insulin exposure (Terminal Insulin) (B). For terminal insulin:  20 week old 

Mrpp3N434S/N434S and wt/wtmice either fed a NCD or HFD were injected with 1U/mL of 

insulin and euthanised after 5 min to proceed with the tissues collection.  

(C) Immunoblotting against the glucose transporter proteins (GLUT2) shows no 

significant differences in these tissues in regards to the diet GAPDH was used as a loading 

control. Relative abundance of proteins was measured using ImageJ software and 

normalized to GAPDH. All the data in this figure are representative of results obtained 

from at least 6 mice from each genotype. Error bars are SEM *P < 0.05. 
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Figure 7. Glucose oxidation is favoured over fatty acid oxidation in Mrpp3N434S/N434S 

liver mitochondria for energy production, causing lipid accumulation in the liver.  

Oxygen consumption for Leak State (L), OXPHOS capacity (P) and ET-capacity (ET) 

was measured in in mitochondria isolated from liver of 20 week old Mrpp3N434S/N434S and 

wt/wt mice either fed a NCD (A) or HFD (C). Oxygen levels were measured with an 

OROBOROS oxygen electrode using Succinate (S pathway control state) as substrate in 

presents of inhibitors and the uncoupler FCCP. The data represented is from at least 4 

mice from each genotype per each diet. Error bars are SEM *P < 0.05. Error bars are SEM 

*P < 0.05, **P < 0.01, Student’s t-test.  
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FAO controlled pathway oxygen consumption was measured in mitochondria isolated 

from liver of 20 week old Mrpp3N434S/N434S and wt/wt mice either fed a NCD (B) or HFD 

(D). Oxygen levels were measured with an OROBOROS oxygen electrode using 

palmitoyl carnitine as substrate in the presence of inhibitors to measure FAO Leak State 

(FL), FAO controlled OXPHOS Capacity (FP), FAO controlled OXPHOS Capacity in the 

presence of succinate (FSP) and FAO ET-capacity in the presence of succinate and FCCP 

(FSE). The data represented is from at least 4 mice from each genotype per each diet. 

Error bars are SEM *P < 0.05. Error bars are SEM *P < 0.05, **P < 0.01, *** P < 0.001 

Student’s t-test.  

(E) The levels of the mitochondrial located proteins CPTII were measured by 

immunoblotting in isolated mitochondria from liver and pancreas of 20 week old 

Mrpp3N434S/N434S and wt/wt mice either fed a NCD or HFD. Porin was used as a loading 

control. The data are representative of results obtained from at least 6 mice from each 

genotype. Error bars are SEM *P < 0.05. Error bars are SEM *P < 0.05, **P < 0.01, *** 

P < 0.001 Student’s t-test. 

 

DISCUSSION 

Recently, increasing number of studies have focussed on elucidating how variants in 

genes encoding mitochondrial proteins can alter metabolism. A study conducted on the 

Dutch and Danish population identified in a variant of the nuclear encoded gene for the 

leucyl tRNA synthetase (LARS2), a predisposition character for developing Type 2 

diabetes (Hart et al., 2005). The same group had previously reported that a point mutation 

in the mitochondrial tRNALeu(UUR) causes an hereditary form of non-insulin-dependent 

diabetes mellitus associated with deafness (van den Ouweland et al., 1994). Here, I 

generated a mouse model carrying a point mutation in the nuclear encoded Mrpp3 protein 

(the equivalent of the human missense variant rs11156878) to determine the effect of this 
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specific polymorphism on mitochondrial function as well as its possible effects on 

glucose metabolism in vivo. I studied the effect of the Mrpp3 variant in mice fed a NCD 

or HFD and found that this polymorphism is associated with general positive features in 

normal conditions such as improved glucose tolerance, while a HFD alters insulin release 

from the pancreas causing insulin resistance in mice.  

 

The Mrpp3 variant mice develop insulin resistance at 20 weeks of age but, unexpectedly, 

this condition is not associated with glucose intolerance. This is consistent with our 

findings that glucose uptake and its use in peripheral tissues such as the liver was not 

compromised. Furthermore, in the liver, glucose metabolism is favored over fatty acid 

oxidation for energy production (S linked pathway) and consequently, the excess 

nutrients are diverted towards lipid synthesis surprisingly not driven by Akt activation 

(Whiteman et al., 2002), (Hemmings et al., 2003) that culminates in accumulation of lipid 

droplets and hepatosteatosis.  
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CHAPTER 4:  

The molecular cause of insulin resistance  

  



64 

 

INTRODUCTION 

 

The mitochondrial genome is circular and compact in animals and mitochondrial genes 

encoding 11 mRNAs, 22 tRNAs and 2 rRNAs are transcribed as large polycistronic 

transcripts covering almost the entire length of each strand of the mitochondrial DNA 

(mtDNA) (Rackham, Mercer, & Filipovska, 2012). This differs significantly from nuclear 

gene transcription and requires several unique processing steps to form functional RNAs. 

In nearly all cases, genes encoding for protein or rRNA are interspersed by one or more 

tRNAs, which act as “punctuation” marks for processing (Rackham et al., 2012). This 

processing involves cleavage at the 5′ end of tRNAs by RNase P (Holzmann et al., 2008; 

Rackham et al., 2016) and cleavage of the 3′ end by the mitochondrial RNase Z, also 

known as ELAC2 (Siira et al., 2018). Impaired RNA processing has profound effects on 

mitochondrial and nuclear gene expression, the assembly of the protein synthesis 

machinery, and the overall level of translation, causing premature death (Metodiev et al., 

2016; Rackham et al., 2016; Siira et al., 2018). Processing is followed by maturation of 

the RNAs, the assembly of the rRNAs into mitochondrial ribosomes and translation of 

the mRNAs using tRNAs (Hallberg & Larsson, 2014; Rackham et al., 2012) 

 

The mitochondrial RNase P complex is composed of only three protein subunits, 

mitochondrial RNase P protein 1 (MRPP1), MRPP2 and MRPP3 (Rackham et al., 2016). 

The MRPP1 subunit of mitochondrial RNase P enzyme has a conserved guanine 

methyltransferase domain and modifies guanine or adenine at position 9 of mitochondrial 

tRNAs in addition to its role as a subunit of RNase P (Lopez Sanchez et al., 2011; Vilardo 

et al., 2012). MRPP2 is a member of the short-chain dehydrogenase superfamily, and is 

required for RNase P activity (Lopez Sanchez et al., 2011; Zschocke, 2012). MRPP3 

consists of a metallonuclease domain that carries out the endonuclease cleavage of tRNAs 

and pentatricopeptide repeat (PPR) RNA-binding domains (Rackham et al., 2016). All 
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three proteins, MRPP1, MRPP2 and MRPP3 are required for RNase P activity and 

dysfunction of any component of the RNase P can affect RNA processing. Mutations in 

RNase P components lead to severe multi-system disorders by disruption of 5′ tRNA 

processing (Metodiev et al., 2016; Zschocke, 2012). The influence of genetic variation 

on the mitochondrial transcriptome and how it can predispose to common metabolic 

disease has not been investigated by functional studies or by using in vivo models. In this 

chapter I investigated how a variant causes molecular changes that affect insulin levels 

and metabolic syndrome in the mice. 

 

The polymorphism in MRPP3 affects mitochondrial RNA processing 

To understand the metabolic differences between the control and Mrpp3N434S/N434S mice I 

investigated how the variant affects the molecular role of MRPP3. The variant Mrpp3 

mRNA is reduced in the pancreas and the liver in mice fed a NCD, and the HFD results 

in a significant increase of the Mrpp3 mRNA in the pancreas and normalised levels the 

liver compared to control mice on a HFD (Fig. 1A). Next I investigated the effects of the 

variant on mitochondrial RNA processing by measuring the levels of precursor transcripts 

in both liver and pancreas from control and Mrpp3N434S/N434S mice on both diets. 

Mitochondrial RNA processing is not as affected in the liver on both diets (Fig. 1B and 

C), whereas in the pancreas there is a significant enrichment of precursor transcripts in 

the Mrpp3N434S/N434S mice on both diets (Fig. 1D and E). This indicates that the variant has 

a greater effect in the pancreas that is consistent with the most significant changes found 

in the pancreas including increased islet size, reduced insulin levels and insulin resistance. 

Northern blotting confirmed that mature mitochondrial mRNAs and tRNAs were slightly 

decreased in Mrpp3N434S/N434S mice compared to controls on a NCD (Fig. 1F) and they 

were more profoundly affected when the mice were fed a HFD (Fig. 1G).  
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Figure 1.  RNA processing is affected by the polymorphism in MRPP3  

(A) Quantitative RT-PCR was used to measure the relative abundance compared to 

control of mRNAs encoding for MRPP3 in total liver and pancreas of 20 week old 

Mrpp3N434S/N434S mice. The data were normalized to 18S rRNA and are representative of 

results obtained from at least 3 mice from each genotype per diet. Error bars indicate 

SEM; *P < 0.05, **P < 0.01, *** P < 0.001 Student’s t test.  

The canonical mitochondrial RNA junctions were measured by quantitative RT-PCR in 

total liver of mice fed a NCD (B) and a HFD (C) and in pancreas tissue of mice fed a 

NCD (D) and a HFD (E). RNA was isolated from 20 week old mice and data was 

normalized to 18S rRNA. The data represents results obtained from at least 3 mice from 

each genotype per diet. Error bars indicate SEM; *P < 0.05, **P < 0.01, *** P < 0.001 

Student’s t test. The abundance of mature mitochondrial mRNAs, tRNAs and rRNAs, 

were analyzed by Northern blotting in the liver of 20 week old mice fed on a NCD (F) or 

HFD (G). 18S rRNA was used as a loading control. Relative abundance of RNA was 

measured using ImageJ software and normalized to 18S rRNA. Error bars are SEM *P < 

0.05, **P < 0.01, *** P < 0.001 Student’s t-test.  

 

To investigate the consequences of impaired RNA processing and lowered mature 

mtRNAs, I investigated the levels of the OXPHOS subunits by immunoblotting. The 

ATP5A subunit of complex V was significantly reduced in the livers of NCD fed 

Mrpp3N434S/N434S mice (Fig. 2A), but these levels return to normal with a HFD (Fig. 2B). 

In the pancreata of the Mrpp3N434S/N434S mice fed on a NCD there were no significant 

changes in the levels of the OXPHOS subunits (Fig. 2C). While in the HFD mice there 

was a specific increase of complex V. (Fig. 2D). 
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Figure 2. The HFD promotes mitochondrial biogenesis in the liver and the pancreas  

Mitochondrial proteins (30 μg) were isolated from livers (A, B) and pancreas (C, D) of 

20 week old mice either fed a NCD or HFD. These were immunoblotted against 

antibodies to investigate the steady-state levels of nuclear-encoded and mitochondrially-

encoded OXPHOS proteins. SDHA was used as loading control. Relative abundance of 

proteins was measured using ImageJ software and normalized to SDHA. The data are 

representative of results obtained from at least 6 mice from each genotype. Error bars are 

SEM *P < 0.05. Error bars are SEM *P < 0.05, **P < 0.01, Student’s t-test.  

 

MRPP3 associates with the calcium antiporter LETM1  

To identify proteins that are differentially associated with either the wild type or variant 

form of MRPP3 I performed a proximity-biotinylation assay (BioID) followed by affinity 

purification and mass spectrometry. Before proceeding with the assay I successfully 

assessed in 143B cells that the HA-tag bound to the MRPP3 and MRPP3 variant protein 
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did not interfere with the normal expression and localisation of the protein inside 

mitochondria (Fig. 3).  
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Figure 3. The MRPP3 and MRPP3 variant protein localise to mitochondria in equal 

levels. 143B cells were transiently transfected with pMRPP3-EGFP (A, B) or pMRPP3-

N434S-EGFP (C, D) to confirm the correct expression and the mitochondrial localisation 

for the wt and the variant MRPP3 protein respectively. Cells were incubated with 50 nM 

Mitotracker Orange and fixed. The overlay images (yellow) show the co-localisation for 

both MRPP3-EGFP and MRPP3-N434S-EGFP (green) within mitochondria (red). 

Images are representative of at least 3 independent experiments. 

(E) In the last image the plasmid backbone was used as a negative control. 

(F) Cell lysates were immunoblotted against MRPP3 and HA tag to confirm expression 

Non transfected cells (lane 1) and cells transfected with the plasmid backbone (lane 3) 

were used as negative controls. Porin was used as a loading control. Results are 

representative of at least 3 independent experiments.  

 

BioID identified that the variant of MRPP3 associated preferentially with the leucine 

zipper and EF-hand containing transmembrane protein 1 (LETM1) (Fig. 4A), a 

transmembrane protein located in the inner mitochondrial membrane. I analysed the 

levels of LETM1 liver and pancreas mitochondria by immunoblotting and found that 

LETM1 was reduced in the pancreata of Mrpp3N434S/N434S mice fed a NCD (Fig. 4B), and 

increased in the HFD Mrpp3N434S/N434S mice compared to controls (Fig. 4C). I analyzed 

the levels of MRPP2, that interacts with MRPP3 within the RNaseP complex, and found 

the same changes (Fig. 4B and C), suggesting that the levels of these proteins are 

dependent on each other as they associate closely together.  In the livers of the 

Mrpp3N434S/N434S mice the levels of LETM1 and MRPP2 were not affected on the NCD 

(Fig. 4D), however their levels were both reduced on the HFD (Fig. 4E). Pancreatic beta 

cells are specialised for insulin release that requires tight regulation of energy production 

and calcium levels, therefore it is possible that mitochondrial gene expression and calcium 
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signalling are coordinated as suggested by co-regulation of LETM1 and MRPP2 in 

response to different diets.   

 

The MRPP3 variant causes retention of mitochondrial calcium and decreased 

potassium levels 

LETM1 is a mitochondrial calcium antiporter protein (Jiang, Zhao, & Clapham, 2009) 

and its yeast orthologue also affects mitochondrial protein synthesis (Durigon et al., 

2018). Pancreatic beta cells require calcium release for the exocytosis of insulin granules 

(Fu, Gilbert, & Liu, 2013) and since the Mrpp3N434S/N434S mice have reduced levels of 

circulating insulin I investigated how different LETM1 levels on the NCD and HFD 

would affect calcium levels. I measured calcium levels using Fura-2 in pancreatic islets 

isolated from control and Mrpp3N434S/N434S mice fed a NCD and HFD under basal 

condition and after glucose treatment to induce insulin release. I identified that on a NCD 

when the LETM1 levels are low the calcium levels were retained more significantly in 

the pancreatic islet cells of Mrpp3N434S/N434S mice both under basal and glucose-stimulated 

conditions (Fig. 4F). Treatment of pancreatic islet cells (isolated from mice fed on NCD) 

with the uncoupler FCCP caused an increase in calcium levels consistent with that 

observed in Figure 3F, indicating that mitochondrial calcium release contributed to the 

overall increased levels in calcium (Fig. 4G). The HFD normalised calcium levels in the 

Mrpp3N434S/N434S mice to those found in the control mice that correlates with the elevated 

levels of LETM1 (Fig. 4C), suggesting that LETM1 is required for calcium release that 

promotes insulin release. 
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Figure 4. The MRPP3 variant causes retention of mitochondrial calcium via its 

association with the calcium antiporter LETM1  

(A) BioID identified the association between the MRPP3 variant and the mitochondrial 

calcium channel LETM1.  

The levels of the mitochondrial located proteins MRPP2 and LETM1 were measured by 

immunoblotting in isolated mitochondria from pancreas (B, C) and liver (D, E) of 20 

week old mice either fed a NCD or HFD. Porin was used as a loading control. The data 

are representative of results obtained from at least 6 mice from each genotype. Error bars 

are SEM *P < 0.05. Error bars are SEM *P < 0.05, **P < 0.01, Student’s t-test. 

(F) Pancreatic beta cells were isolated from mice fed a NCD and a HFD and analysed for 

their cellular calcium levels using a Fura-2 imaging assay. The measurements were 

recorded both under basal conditions and after exposure to glucose. The basal calcium 

levels on the Mrpp3N434S/N434S mice are significantly increased in mice fed a NCD while 

no changes compared to the Mrpp3wt/wt were found for the mice fed a HFD.  The data are 

representative of results obtained from at least 4 mice from each genotype. Error bars are 

SEM *P < 0.05. Error bars are SEM *P < 0.05, **P < 0.01, *** P < 0.001 Student’s t-

test. 

(G) Pancreatic islets isolated from mice fed on NCD were analysed for their cellular 

calcium levels using a Fura-2 imaging assay. In this experiment the measurements were 

recorded both under basal conditions and after exposure to the mitochondrial membrane 

uncoupler FCCP.  The data are representative of results obtained from at least 4 mice 

from each genotype. Error bars are SEM *P < 0.05. Error bars are SEM *P < 0.05, 

Student’s t-test. 

 

To determine the effects of the variant on the chow and high fat diet circulating levels of 

albumin, the liver enzyme ALT, cholesterol, LDL, triacylglycerol and HDL levels in the 
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control and mutant mice were analysed (Fig. 5A-4G). Consistent with increased lipid 

content in the livers of the Mrpp3N434S/N434S mice there was increased albumin, ALT and 

cholesterol levels when they were fed a HFD (Fig. 5A-5C). In contrast, the levels of 

albumin, cholesterol and LDLs were decreased in the mutant mice when they were fed a 

NCD (Fig. 5A, 5C and 5E, respectively). More importantly, potassium levels were 

measured because LETM1 has been identified as a potassium channel and potassium 

levels are required for insulin secretion. The circulating levels of potassium were 

decreased in the Mrpp3N434S/N434S mice fed a HFD suggesting that like calcium, potassium 

levels are reduced that may cause reduced insulin secretion. 
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Figure 5. The MRPP3 variant results in an increase in markers of liver damage in 

mice fed a high fat diet.  

Circulating levels of albumin (A), ALT (B), cholesterol (C), TAGs (D), LDL (E), HDL 

(F), cholesterol/HDL ratio (G) and potassium levels (H) were measured in 20 week old 
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control and mutant mice either fed a NCD or HFD. The data were obtained from at least 

8 mice from each genotype. Error bars are SEM *P < 0.05, *** P < 0.001 determined 

using the Student’s t-test. 

 

The MRPP3 variant impairs insulin release from pancreatic islets 

I determined the insulin levels in pancreata, livers and skeletal muscle from control and 

mutant mice fed a NCD or HFD and found that the insulin levels were not different, 

suggesting that insulin production is not impaired as a result of the mutation (Fig. 6A-

6C). Next, I measured glucose stimulated insulin secretion (GSIS) in pancreatic islet cells 

isolated from control and mutant mice fed a NCD or HFD (Fig. 6D). I measured the 

effects of low and high glucose concentration on insulin secretion from the pancreatic 

islet cells and identified that although insulin levels were not changed between the control 

and mutant mice, insulin secretion was impaired in the mutant mice fed a HFD (Fig. 6D). 

Under low glucose conditions the variant is beneficial and contributes to increased insulin 

secretion (Fig. 6D), further indicating that the variant is a predisposition factor for 

metabolic change under high fat conditions. Finally, I measured the levels of insulin and 

glucagon in pancreata from control and mutant mice fed a NCD or HFD by 

immunocytochemistry and found that the insulin levels were not different (Fig. 6E), 

corroborating the findings from the insulin ELISA results in Fig. 6A and also the findings 

from the GSIS in the cell pellets where the levels of insulin were not changed (Fig. 6D). 

These results are consistent with the reduced circulating insulin levels and the reduced 

calcium and potassium levels that are required for insulin release.  
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Figure 6. The MRPP3 variant impairs insulin secretion but not insulin production. 
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Insulin levels were measured in pancreata (A), livers (B) and skeletal muscle (C) from 20 

week old control and mutant mice either fed a NCD or HFD using an ELISA kit. 

(D) GSIS was measured under low and high glucose conditions in pancreatic islets from 

20 week old mice either fed a NCD or HFD. Total insulin levels in pancreatic islets was 

measured in the pellets at the end of the experiment. The data are obtained from at least 

6 mice from each genotype. Error bars are SEM *P < 0.05, **P < 0.01, determined using 

the Student’s t-test. 

(E) Insulin and glucagon were immunostained in pancreata isolated from 20 week old 

control and mutant mice either fed a NCD or HFD and images were acquired using a 

fluorescence microscope. Hoechst staining was used to visualise the nuclei in the 

pancreatic islet cells. The data are representative of images taken from at least 5 mice 

from each genotype and treatment. 

 

DISCUSSION 

The variant MRPP3 affected pancreatic function most significantly, at a molecular level 

the efficiency of RNA processing was reduced compared to the wild-type MRPP3 which 

resulted in accumulation of RNA precursor transcripts and reduction of mature mtRNAs.  

In contrast, the liver was not as severely affected at a molecular level since RNA 

processing was not affected to the same extent. The downstream consequences of the 

pancreatic defects such as reduced insulin secretion resulted in increased lipid 

accumulation in the liver. Basal oxygen consumption via the S-linked pathway was not 

affected in the liver, consistent with the lack of mitochondrial biogenesis defects in this 

tissue. However, fatty acid oxidation was reduced in the liver as a result of lipid 

accumulation and decreased circulating insulin levels. The increased Akt activation 

reflects the increased insulin sensitivity of the Mrpp3 variant mice fed on a NCD. On the 

other hand, because I did not see changes in Akt activation in relation to the HFD, I can 
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conclude that the favoring of lipid synthesis over lipid consumption in the liver as well as 

the reduction of fatty acid oxidation, are independent by the Akt/pAkt pathway.   

I found that HFD affects mitochondrial gene expression both in the liver and in the 

pancreata of the Mrpp3 variant mice. Although mitochondrial biogenesis is upregulated 

this was not associated with improved metabolism in these mice. In the pancreas the 

increase of the islets is likely a compensatory response to the increase in nutrients in the 

HFD; while the wild type mice are able to increase the production of insulin in response 

to excess nutrient availability, the insulin levels in the Mrpp3 variant mice are not 

upregulated. Under normal diet conditions both control and Mrpp3 variant mice produce 

comparable levels of insulin, however the variant confers a predisposition to insulin 

resistance by the inability to increase insulin production when there are excess nutrients. 

This indicates that the energy and calcium availability required to trigger insulin are 

compromised in the insulin secreting beta cells of the Mrpp3 variant mice when faced 

with excess nutrients. In normal conditions and basal insulin levels, LETM1 is less 

abundant and calcium levels are significantly increased in the Mrpp3 variant mice to meet 

the demand for insulin secretion. However, a HFD stimulates the requirement for greater 

insulin release and increased calcium levels. The Mrpp3 variant mice attempt to increase 

the release of calcium from mitochondria via upregulation of the calcium antiporter 

LETM1, which is not sufficient, resulting in decreased circulating levels of insulin that 

ultimately results in insulin resistance and accumulation of lipids in the liver.  

The acquisition of variants in the human genome is essential for the adaptation to diverse 

nutritional availabilities and requirements. Extreme habitats like the Arctic region for 

example, led to the selection in the Inuit population of a pathological variant of the 

mitochondrially located protein CPT1A (Carnitine palmitoyltransferase), since this 

provides a selective advantage in the metabolism in diet rich in fat typical of this 

indigenous population (Clemente et al., 2014).  Similarly, the rs11156878 variant in 
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MRPP3 appears to have been selected in as high as 19% of the general population to 

provide advantage by upregulating glucose metabolism under normal diet conditions. 

However, this genetic variant predisposes to insulin resistance in a diet rich in fat (HFD), 

as mitochondria are unable to modulate the calcium levels in the pancreas and increase 

insulin release. MRPP3 associates with a mitochondrial calcium and potassium channel 

LETM1 in the inner membrane, and overexpression of this protein in the beta cells seems 

to be a compensatory effect in the attempt to adjust to excess nutrient availability. The 

reduced levels of intracellular calcium affect the insulin release mechanism in the 

pancreas, with consequent reduction of insulin circulating levels and development of 

insulin resistance in the Mrpp3 variant mice. This is associated with ectopic accumulation 

of lipids in the liver where mitochondria favors glucose utilization over lipid utilization 

for ATP production. Here I have functionally validated the MRPP3 variant as a factor 

predisposing to insulin resistance, which could help to manage the nutrition of individuals 

carrying it to prevent or delay the onset of insulin resistance and potential development 

of type 2 diabetes. 
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CHAPTER 5:  

Concerted regulation of mitochondrial and nuclear non‐
coding RNAs by a dual‐targeted RNase Z 
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INTRODUCTION 

Most biological processes require non-coding RNAs (ncRNAs): rRNAs and tRNAs are 

essential for protein synthesis and thereby life, small nuclear RNAs (snRNAs) catalyze 

pre-mRNA splicing, telomerase RNA prevents loss of genetic information from the ends 

of chromosomes, and a catalytic ncRNA is required for 5′ tRNA processing as part of the 

RNase P RNA-protein complex (Taft et al., 2010). There are many different species of 

ncRNAs in addition to the best known rRNAs and tRNAs, including long ncRNAs, 

miRNAs, small RNAs and piwi RNAs, that are important regulators of gene expression, 

and their impaired expression has been implicated in development and disease (Taft et 

al., 2010). Consequently, the regulation and production of ncRNAs are of particular 

interest and there is a growing body of knowledge about the different classes and 

regulators of ncRNAs, however mechanistic and genetic models that validate their 

molecular roles and origins in vivo are still rare.  

Eukaryotic nuclear tRNAs are transcribed as precursor transcripts by RNA polymerase 

III that contain 5′ leader and 3′ trailer sequences (Dieci et al., 2007). The 5′ leader of 

nuclear tRNAs is processed by the RNase P complex (Altman et al., 1995) and the 3′ 

trailer sequences are cleaved by an RNase Z enzyme in the nucleus (Chen et al., 2005). 

Nuclear tRNA processing by RNase P is well understood in different systems, however 

3′ RNA processing by RNaze Z, also known as ELAC2, is poorly understood in mammals 

(Maraia and Lamichhane, 2010). This is particularly important because tRNA and rRNA 

levels are compromised when 3′ RNA processing is impaired in yeast (Maraia and 

Lamichhane, 2010) but little is known about the consequences of RNase Z loss in 

mammals. This is likely to be important since there is evidence that 3′ RNA processing 

is important for the stability of precursor transcripts encoding tRNAs and generation of 

other regulatory non-coding RNAs, including MALAT1 (also known as Neat2) and 

sRNAs that are important for health (Lee et al., 2009). 
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In contrast to nuclear tRNAs, mitochondrial tRNAs (mt-tRNAs) in animals are 

transcribed as long polycistronic transcripts that span the entire heavy or light stand of 

the genome (Gustafsson et al., 2016) but do not contain 5′ leader and 3′ trailer sequences 

(Montoya et al., 1981). Instead mt-tRNAs are flanked by mRNAs or rRNAs, and the 

respective mitochondrial RNase P and RNase Z enzymes are responsible for their 

cleavage and hierarchical processing from the polycistronic transcripts (Brzezniak et al., 

2011; Holzmann et al., 2008; Lopez Sanchez et al., 2011; Rackham et al., 2016; Reinhard 

et al., 2017). I have shown that impaired processing of mitochondrial tRNAs at the 5′ end 

has profound effects on mitochondrial gene expression, the assembly of the protein 

synthesis machinery, and the overall level of translation (Rackham et al., 2016), but the 

mechanisms of 3′ end tRNA processing and consequences of its loss in vivo are still 

unclear. Understanding the role of RNA processing is important because all 

mitochondrial RNAs are produced from a large precursor transcripts and many diseases 

are caused by mutations in regulatory mtDNA encoded genes such as tRNAs and in 

nuclear encoded mitochondrial RNA-binding proteins that regulate mitochondrial RNA 

metabolism (Lopez Sanchez et al., 2011; Rackham et al., 2012).  

 

ELAC2 shares homology with ElaC enzymes that have RNase Z activity. The ELAC2 

mRNA has two different start codons that can produce a longer protein containing a 

mitochondrial targeting sequence and a shorter protein that lacks the targeting sequence 

and is localized to the nucleus (Rossmanith, 2011). In cells, ELAC2 has been shown to 

process the 3′ ends of mitochondrial tRNAs (Brzezniak et al., 2011; Lopez Sanchez et 

al., 2011), however its role and targets in the nucleus are not known. Conditional Elac2 

knockout mice were generated to understand the role of 3′ RNA processing in the nucleus 
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and mitochondria in vivo, and show that ELAC2 is essential for the balanced production 

of tRNAs, miRNAs and the C/D box snoRNAs that are required for protein synthesis.  

 

RESULTS 

Loss of ELAC2 causes dilated cardiomyopathy and premature death by 4 weeks 

A conditional knockout allele of the mouse Elac2 gene was generated by flanking exon 

8 with loxP sites in embryonic stem (ES) cells (Fig. 1A). Mice containing the germLine 

transmission of this allele (Elac2+/loxP-neo) were crossed with transgenic mice expressing 

the Flp recombinase to excise the neomycin cassette (Fig. 1A). The resulting Elac2+/loxP 

mice were crossed to mice expressing Cre recombinase under the control of the -actin 

promoter to generate heterozygous Elac2 knockout mice (Elac2+/-). Elac2+/- mice were 

intercrossed to produce Elac2+/- and Elac2+/+ mice in Mendelian proportions, however 

homozygous knockout mice (Elac2-/-) were not observed. Proteins involved in 

mitochondrial gene expression often exibit embryonic lethality at E8.5 (Cámara et al., 

2011; Metodiev et al., 2009; 2014; Park et al., 2007; Rackham et al., 2016; Ruzzenente 

et al., 2012), therefore I analyzed the embryos at this stage to identify that Elac2-/- 

embryos were not viable (Fig. 2A), indicating that ELAC2 is required for embryo growth 

and survival. 

Elac2+/loxP mice were crossed with transgenic mice expressing Cre recombinase under the 

control of the muscle creatine kinase promoter (Ckmm-cre) to produce heart- and skeletal 

muscle-specific Elac2 knockout mice (Elac2loxP/loxP, cre+). The ELAC2 mice with Ckmm-

cre-directed knockout have a short life span and die by 4 weeks with significant weight 

loss (Fig. 1B) and profound cardiomyopathy, determined by increased heart size, 

histology and echocardiography (Figs 1C-F and Fig 2B) as a result of ELAC2 loss (Fig. 

1D). In contrast, there were no dramatic defects in skeletal muscle (Fig. 2C). There were 

no changes in the mitochondrial and nuclear DNA levels (Fig. 2D). The early death of 
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these mice compared to mice that die by 11 weeks due to impaired 5′ tRNA processing 

as a result of loss of the mitochondria-specific RNase P catalytic subunit, MRPP3, 

indicated that this was a consequence of a combined effect on tRNA processing both in 

the nucleus and mitochondria. Therefore, the analyses focused on both nuclear as well as 

mitochondrial RNA metabolism and their functional consequences. 
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Figure 1. Heart-specific knockout of ELAC2 causes early onset cardiomyopathy. 
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A. Schematic showing the disruption of the Elac2 gene. LoxP sites flanking exon 8 of the 

Elac2 gene were inserted in the mouse genome by homologous recombination.  

B. Weight differences between control (L/L) and knockout mice (L/L, cre) at 4 weeks of 

age; L/L n=19, L/L, cre n=19. Error bars indicate SEM; *p<0.05, Student t-test. 

C. Heart weight to body weight ratio in control (L/L) and knockout mice (L/L, cre) at 4 

weeks; L/L n=15, L/L, cre n=15; photographic representation of size difference between 

L/L and L/L, cre hearts at 4 weeks of age. Error bars indicate SEM; **p<0.01, Student t-

test. 

D. Immunoblot showing the loss of ELAC2 in the L/L,cre mice compared to L/L, control 

mice. Porin was used as a loading control. An asterisk indicates a non-specific protein 

detected by the antibody. 

E. Hematoxylin and Eosin staining of hearts from control (L/L) and knockout mice (L/L, 

cre). Scale bar is 100 µm. 

F. Echocardiographic parameters for Elac2L/L (n = 5) and Elac2L/L,cre (n = 5) 4-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, **p < 0.01 and ***p < 0.001 compared with Elac2L/L, Student’s t test. 
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Figure 2. The effects of ELAC2 loss on survival and skeletal muscle.  

A. Morphology of the Elac2+/+ and Elac2-/- embryos at day E8.5. Scale bar, 1 mm. B. 

Hemotoxylin and eosin (H&E), and C. NADH and COX staining of skeletal muscle from 

control (L/L) and knockout (L/L, cre) mice. Scale bar is 100 µm. D. Changes in 

mitochondrial and nuclear DNA were determined by qPCR on DNA isolated from 4-

week old control (L/L, n=3) and knockout (L/L, cre, n=3) mouse hearts. Values are means 

± SEM. 

 

ELAC2 is essential for 3′ tRNA processing but not for 5′ tRNA cleavage in 

mitochondria 

ELAC2 has been shown to cleave the 3′ ends of mitochondrial tRNAs in vitro and by 

RNAi in cells (Brzezniak et al., 2011; Lopez Sanchez et al., 2011), however, the loss of 

ELAC2 has not been studied in vivo. Knockout of ELAC2 in vivo causes dramatic loss of 



89 

 

mature mitochondrial mRNAs such as mt-Co1, mt-Co2, mt-Atp8/6, mt-Nd4l/4 and mt-Cyt 

b by 4 weeks of age (Fig. 3A), as well as loss of mature tRNAs and rRNAs in 

mitochondria (Fig. 3A) and an increase in unprocessed tRNAs. I validated the loss of mt-

mRNAs and rRNAs in the Elac2 knockout mice relative to controls by qRT-PCR (Fig. 

3B). Interestingly, there was increased accumulation of the RNA19 processing 

intermediate, but loss of longer polycistronic transcripts for other mRNAs in the Elac2 

knockout mice relative to controls (Fig. 3A), suggesting that the precursor transcripts are 

already processed by the functional RNase P complex at the 5′ end of most tRNAs, except 

for tRNAPhe, tRNAVal and tRNALeu(UUR).  
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Figure 3. Loss of ELAC2 causes impaired mitochondrial tRNA processing. 

A. The abundance of mature mitochondrial mRNAs, tRNAs and rRNAs in hearts from 4-

week old control and knockout mice were analyzed by northern blotting. 18S rRNA was 

used as a loading control. The data are representative of results obtained from at least 8 

mice from each strain and three independent biological experiments. 

B. Mitochondrial RNAs were measured in total heart RNA from control (L/L) and 

knockout (L/L, cre) 4-week old mice by qRT-PCR and normalized to 18S rRNA. Values 
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are means ± SEM. All error bars are significant to p<0.01 determined using the Student 

t-test. 

 

Loss of ELAC2 causes impaired OXPHOS biogenesis and function 

Next, I investigated the effects of ELAC2 loss on de novo mitochondrial translation, that 

is downstream of RNA processing, by measuring 35S-methionine and cysteine 

incorporation to identify significant reduction in protein synthesis of all mitochondrially 

encoded proteins in the Elac2 knockout mice compared to controls (Fig. 4A). 

Immunoblotting of mtDNA- and nuclear-encoded polypeptide components of the 

electron translocating respiratory complexes revealed a significant decrease in their levels 

in the Elac2 knockout mice (Fig. 4B), consistent with the reduction of the abundance and 

integrity of the intact mitochondrial respiratory complexes that I determined by 

immunoblotting following blue native polyacrylamide gel electrophoresis (BN-PAGE) 

(Fig. 4C). Compromised OXPHOS biogenesis resulted in a significant reduction in 

mitochondrial oxygen consumption in the non-phosphorylated, phosphorylated and 

uncoupled respiration state of all three proton-pumping complexes in the Elac2 knockout 

mice (Fig. 4D). Therefore, loss of ELAC2 causes profound mitochondrial dysfunction 

through impaired OXPHOS biogenesis and oxygen consumption, further indicating that 

3′ tRNA processing is non-redundant in mitochondria and essential for energy production.  

 

Mitochondrial gene expression is predominantly regulated at the post-transcriptional 

level by RNA-binding proteins (Liu et al., 2013), and impaired 5′ tRNA processing in 

Mrpp3 knockout mice caused a significant increase in nuclear encoded mitochondrial 

RNA-binding proteins (mt-RBPs) (Rackham et al., 2016).  Interestingly, immunoblotting 

for mt-RBPs showed no change in response to impaired tRNA 3′ end processing between 

the Elac2 knockout and control mice (Fig. 5A), suggesting that the knockout mice are 
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dying prematurely from other defects in addition to mitochondrial dysfunction.  However, 

the levels of the mitochondrial proteases such as LONP1 and AFG3L2 were increased in 

the ELAC2 knockout mice (Fig. 5B), indicating that there is retrograde signaling to the 

nucleus to up-regulate these proteases in response to impaired OXPHOS biogenesis and 

function. These findings suggest that the initial stress response to imbalanced 

mitochondrial protein synthesis is increased protease activity, not upregulation of the 

mitochondrial gene expression machinery. 
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Figure 4. Loss of ELAC2 impairs mitochondrial biogenesis, mitoribosome assembly 

and function.  

A. In organello protein synthesis in heart mitochondria from 4-week old control and 

knockout mice was measured by pulse incorporation of 35S-labelled methionine and 

cysteine. Equal amounts of mitochondrial protein (50 µg) were separated by SDS–PAGE, 

stained with Coommassie to show equal loading and visualized by autoradiography. 

Representative gels of three independent biological experiments are shown. 

B. Mitochondrial proteins (25 µg) from 4- week old heart mitochondria from control and 

knockout mice were resolved on 4-20% SDS-PAGE gels and immunoblotted against 

antibodies to investigate the steady state levels of nuclear and mitochondrial-encoded 

proteins. SDHB was used as a loading control. 

 C. Heart mitochondria (75 µg) from 4- week old heart mitochondria from control and 

knockout mice were treated with 1% DDM, separated on a 4-30% BN-PAGE and the 

respiratory complexes were immunoblotted using the OXPHOS BN-PAGE-specific 

antibody.  

 D. Loss of ELAC2 causes profound reduction in mitochondrial respiration at Complex 

I, II-III and IV in the knockout mice compared to controls. Non-phosphorylating (state 

4), phosphorylating (state 3) and uncoupled respiration in the presence of 0.5 µM CCCP 

was measured in heart mitochondria using an OROBOROS oxygen electrode using either 

pyruvate, glutamate and malate or succinate as substrates in the presence of rotenone as 

indicated. L/L n=4, L/L, cre n=4; Values are means ± SEM; **p<0.01; ***p<0.001, 

Student t-test.  

E. A continuous 10-30% sucrose gradient was used to determine the distribution of the 

small and large ribosomal subunit and the monosome in the control and knockout mice. 

Mitochondrial ribosomal protein markers of the small (MRPS35 and MRPS16) and large 

(MRPL37 and MRPL12) ribosomal subunits were detected by immunoblotting with 



95 

 

specific antibodies. The data are representative of results from at least four independent 

biological experiments. 

F. The distribution of the mt-Co1 mRNA, 12S and 16S rRNAs and 12S-16S rRNA 

junctions in sucrose gradients from L/L (top) and L/L,cre (bottom) 4-week old mice were 

analyzed by qRT-PCR. The data are expressed as % of total RNA abundance and are 

representative of results from three independent biological experiments.  

 

 

Figure 5. The effects of ELAC2 loss on RNA-binding proteins.  

A. The levels of nuclear-encoded mitochondrial RNA-binding proteins, B. proteases  

and C. mitochondrial ribosomal proteins were measured by immunoblotting in heart 

mitochondria from 4- week old control (L/L) and knockout (L/L, cre) mice. Porin was 

used as a loading control. 
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Loss of 3′ tRNA processing impairs mitoribosome assembly 

Reduced mitochondrial protein synthesis in the Elac2 knockout mice prompted me to 

investigate the effects of ELAC2 loss on the steady state levels of mitoribosomal proteins 

(Fig. 5C).  Surprisingly the levels of both small and large ribosomal proteins were not 

different between the Elac2 knockout and control mice (Fig. EV2C), consistent with the 

levels of the mt-RBPs (Fig. EV2A). These findings are in contrast to the decreased levels 

of mitoribosomal proteins identified in Mrpp3 knockout mice, where 5′ tRNA processing 

was impaired (Rackham et al., 2016). Next, I analyzed how impaired 3′ tRNA processing 

affected the assembly and stability of the mitochondrial ribosome. I separated 

mitochondrial lysates on 10-30% sucrose gradients and analyzed the distribution of small 

and large ribosomal subunits by immunoblotting using specific antibodies (Fig. 4E). Loss 

of 3′ tRNA processing impaired assembly of 55S monosome, and the small and large 

ribosomal subunit proteins migrated closer to the top of the gradient in the Elac2 knockout 

mice (Fig. 4E). The migration of the small ribosomal subunit proteins was particularly 

disrupted, suggesting that these proteins cannot associate with the unprocessed 12S 

rRNA. In contrast, the large ribosomal subunit proteins still formed a large molecular 

weight complex indicating that a subcomplex of the large ribosomal subunit could form. 

This is consistent with a previous observation when 5′ tRNA processing was impaired 

upon MRPP3 loss in mice (Rackham et al., 2016), corroborating previous findings that 

the unprocessed 16S rRNA transcript could stimulate early assembling large ribosomal 

proteins to assemble a subcomplex, however the formation of the mature large subunit 

could not be finalized. 

Next, I investigated the distribution of mitochondrial transcripts within the ribosomal 

fractions by qRT-PCR of each fraction (Fig. 4F) to determine the distribution of the 

unprocessed transcripts within the sucrose gradient in control mice. The distribution of 

the 12S and 16S rRNA aligned with protein markers of the small and large ribosomal 
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subunits, respectively (Fig. 4F). Interestingly, the 16S rRNA was redistributed in the 

Elac2 knockout mice to less dense fractions of the sucrose gradient, which co-migrated 

with the unprocessed polycistronic transcripts that contain both the 12S and 16S rRNAs 

(Fig. 4F) and indicated reduced assembly of 55S ribosomes. In the control mice the mt-

Co1 mRNA was present in the pool of free mt-mRNAs in the earlier fractions of the 

gradient and with the ribosomal fractions, however upon ELAC2 loss mt-Co1 was re-

distributed to the top of the gradient because correctly assembled mitoribosome subunits 

that recruit mRNAs are lacking in these mice (Fig. 4F). In addition, the unprocessed 

transcript containing the 12S and 16S rRNA co-migrated with the large subcomplex 

detected in the sucrose gradient immunoblots from the Elac2 knockout mice (Fig. 4E), 

but this unprocessed transcript was lacking in the control mice (Fig. 4F). This finding is 

consistent with the large ribosomal subunit subcomplex that is assembled on the 12-16S 

rRNA precursor transcript when MRPP3 is lost in mice, validating published conclusions 

that the large subunit ribosome assembly is co-transcriptional (Rackham et al., 2016). 

 

Combined defects in nuclear and mitochondrial gene expression in the absence of 

ELAC2 cause early onset death 

Mutations in ELAC2 have been identified to cause severe mitochondrial disease involving 

cardiomyopathy by disruption of mitochondrial tRNA cleavage (Haack et al., 2013). 

However, the role of ELAC2 on nuclear RNA processing and their contribution to 

cardiomyopathy and disease have never been investigated, as it has been assumed that 

ELAC2 loss predominantly affects mitochondrial function. I showed the effects on 

mature nuclear tRNAs by northern blotting where there was significant decrease in the 

tRNAAsp(GTC), tRNAGly(GCC), but not for one member of the tRNALys(TTT) family (Fig. 6A), 

whereas other members and families such as the tRNALys(CTT) were significantly decreased 
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(Fig. 6A). These findings indicate that ELAC2 is a major enzyme required for 3′ end 

processing of most tRNAs in the nucleus.  

 

Impaired tRNA processing stimulates C/D box snoRNA production to compensate 

for decreased translation 

I investigated the consequences of reduced nuclear tRNA levels on cytoplasmic protein 

synthesis by de novo labelling using 35S cysteine and methionine, and found ~50% 

reduction in translation upon ELAC2 loss in vivo (Fig. 6B), indicating that this contributes 

to premature death of the mice by 4 weeks of profoundly dilated cardiomyopathy. Sucrose 

gradient separation of cytoplasmic ribosomes from cell lysates followed by northern 

blotting to identify the effects on translation and polysome formation further indicated 

that ELAC2 loss led to decreased protein synthesis because of reduced polysome 

formation (Fig. 6C), consistent with accumulation of precursor tRNAs that cannot be used 

for protein synthesis. 

Next, I investigated the changes in the small non-coding RNAs and identified that small 

nucleolar RNAs (snoRNA) and miRNAs were increased in the absence of ELAC2, 

whereas small nuclear RNAs (snRNAs) were decreased by northern blotting, showing 

that the levels of snoRNAs, involved in rRNA processing and modification, as well as 

specific miRNAs , were increased (Fig. 6D).  
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Figure 6. ELAC2 is required for nuclear tRNA processing and regulating the levels 

of regulatory ncRNAs. 

A. The abundance of nuclear tRNAs in hearts from 4-week old L/L and L/L,cre mice 

were analyzed by northern blotting similarly and 18S rRNA was used as a loading control.  

B. De novo cytoplasmic protein synthesis was measured in 4-week old L/L and L/L, cre 

mice using 35S-labelled cysteine and methionine and 15 µg of protein lysates were 

resolved by SDS-PAGE. Coomassie stained gels were used to show equal loading of 

protein lysates. 

C. Cytoplasmic ribosomes were resolved on 10-40% sucrose gradients and the RNAs 

associated with each fraction were used to detect the distribution of the 28S and 18S 

rRNAs by northern blotting. 

D. The abundance of snoRNAs in hearts from 4-week old L/L and L/L, cre mice as 

analyzed by northern blotting and 18S rRNA was used as a loading control. 

 

DISCUSSION 

I have for the first investigated the role of ELAC2 in vivo time to identify its molecular 

targets and consequences of its loss. The findings show that ELAC2 acts as the sole 

mitochondrial RNase Z and that it also has a major role in the processing of nuclear 

tRNAs in vivo. The specific deletion of ELAC2 in the hearts of mice caused a profound 

cardiomyopathy and premature death by 4 weeks of age. The dual localization of ELAC2 

in the nucleus and mitochondria and its activity in both evidently contributes to this 

premature death, since deletion of the mitochondria specific endonuclease subunit of the 

mitochondrial RNase P complex, MRPP3, which cleaves the 5′ of mt-tRNAs, causes 

cardiomyopathy and death by 11 weeks of age (Rackham et al., 2016). It is possible that 

a distinct mitochondrial RNase P enzyme has evolved to cope with the complexity of the 

polycistronic mitochondrial transcripts and extensive 5′ leaders, as 5′ tRNA processing 
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precedes 3′ tRNA processing (Rackham et al., 2016). While ELAC2 performs a similar 

function by cleaving the 3′ tRNA ends of already 5′-processed transcripts that are likely 

structurally similar to those in the nucleus. I showed that ELAC2 is required for the 

cleavage of all mt-tRNAs at their 3′ ends, although this process is preceded by the RNase 

P activity at the 5′ ends, since neither large polycistronic transcripts accumulating within 

mitochondria nor impairment of 5′ tRNA processing were observed. Impaired 3′ tRNA 

processing led to loss of mitochondrial protein synthesis in the absence of mature tRNAs 

and consequently the biogenesis and function of the mitochondrial ribosomes and 

OXPHOS system were severely diminished. Similar defects have been observed when 

Mrpp3 was deleted in mice (Rackham et al., 2016), but in contrast to this model of 

impaired 5′ tRNA processing, loss of ELAC2 did not alter the levels of mt-RBP nor 

mitoribosomal proteins, which were dramatically increased in the Mrpp3 knockout mice. 

This is likely because the mice die very young and there is insufficient time for the 

activation of retrograde responses to mitochondrial dysfunction, as identified in mice 

beyond 10 weeks (Perks et al., 2017). Alternatively, the combined consequences of 

impaired tRNA processing in both mitochondria and the nucleus may activate different 

pathways to those in the Mrpp3 knockout mice that do not require transcriptional 

upregulation of mitochondrial RBPs. 

ELAC2 is responsible for the processing of most nuclear encoded tRNAs and cleaves 

non-coding RNA as previously shown in vitro (Wilusz et al., 2008). Loss of ELAC2 leads 

to a profound increase in nuclear pre-tRNAs and a reduction in mature tRNAs that is 

sufficient to decrease cytoplasmic protein synthesis significantly and reduce polysomal 

formation. Interestingly, in response to impaired 3′ tRNA processing in the nucleus and 

reduced translation, there was a specific upregulation of C/D box snoRNAs as an alternate 

mode to attempt to compensate for impaired cytoplasmic protein synthesis. Their 

expression correlates with that of their host genes, all of which are increased to upregulate 
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protein synthesis and ribosomal assembly. This also likely contributes to the 

transcriptional upregulation of both cytoplasmic and mitochondrial translation factors and 

ribosomal proteins, all of which are incapable of overcoming the dramatic loss of mature 

tRNAs. Furthermore, our findings indicate that ELAC2 plays a downstream role in 

snoRNA-mediated RNA modification in the nucleolus. Loss of ELAC2 has a significant 

effect on the processing of pre-tRNAs into miRNAs which are important for regulating 

gene expression.  

In conclusion, RNA processing in vivo is essential for gene expression via the regulation 

of non-coding regulatory RNAs and the biogenesis of the nuclear and mitochondrial 

proteomes. The coordination between RNA processing and gene expression highlights 

the importance of miRNAs and snoRNAs for gene expression and survival. 
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CHAPTER 6:  

In vivo taurine requirements for mitochondrial tRNAs in 

skeletal muscle and heart of healthy and dystrophic mice  
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INTRODUCTION 

 

 

Duchenne Muscular Dystrophy (DMD) is a X-linked genetic disease characterised by the 

progressive degeneration of skeletal muscle and late onset of cardiomyopathy caused by 

absence/dysfunction of dystrophin (Chamberlain and Chamberlain 2017). Mdx mice are 

the standard model for studies in vivo on DMD, and while the mechanism of disease is 

still not fully understood, multiple studies have reported that the administration of taurine 

improves the condition of Mdx mice (Huxtable R J 1992; Hamilton et al. 2006; Warskulat 

et al. 2004) 

 

Taurine is a constituent of taurine-containing modified uridines (5-taurinomethyluridine 

and 5-taurinomethyl-2-thiouridine) in mitochondrial transfer RNAs (tRNAs), raising new 

insights into the functions and subcellular localization of taurine (T. Suzuki et al. 2002). 

In mammalian mitochondria, five tRNAs contain taurine modifications at the uridine in 

the anticodon region and the absence of these modifications can impair mitochondrial 

protein synthesis (T. T. Suzuki, Nagao, and Suzuki 2011). Taurine is critical for the 

maturation of transfer RNAs (tRNAs) in mitochondria that are essential for synthesis of 

mitochondrially encoded proteins. Therefore it was of interest to determine if taurine 

levels may affect the stability of mitochondrial tRNAs in juvenile Mdx mice that may 

affect the susceptibility to necrosis of growing dystrophic muscle in these mice. This is 

particularly relevant since DMD is a paediatric disease and energy requirements are 

higher for growing dystrophic muscles that appear especially vulnerable to myonecrosis 

(Grounds, 2008; Grounds and Shavlakadze 2011; Radley-Crabb et al. 2014) 

  

In this study I investigated the alterations in expression patterns of regulatory 

mitochondrial tRNAs, mRNAs and rRNAs, including the mitochondrial taurine 

containing tRNAs leucine and tryptophan, in Mdx mice in normal condition and after the 
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administration of taurine. I found that short-term taurine treatment improves the stability 

of the mt-tRNAs leucine and tryptophan in a tissue specific manner without affecting 

mtDNA replication. Taurine treatment specifically affected the skeletal muscle while no 

changes were found in the heart. I conclude that taurine might be exerting its effect 

through its role as an antioxidant rather than affecting gene expression directly.  

 

RESULTS 

Changes in mitochondrial tRNA levels in C57 and Mdx skeletal muscle and heart in 

the presence and absence of taurine 

I used northern blotting to investigate: (i) patterns of mitochondrial tRNA expression 

during early postnatal growth of muscle in control C57 mice compared with dystrophic 

Mdx mice from 2-6 weeks of age (throughout the transition from hyperplasia to 

hypertrophy combined with the acute onset of myonecrosis in Mdx muscles) and (ii) 

determined the impact of taurine treatment on these expression patterns in Mdx muscles 

at the onset of dystropathology (3 weeks) and after several bouts of myonecrosis and 

subsequent regeneration (6 weeks). 

Northern blotting showed significantly lower levels of mt-tRNAs containing taurine (mt-

T11, mt-Tw), and other mt-DNA encoded RNAs that do not contain taurine (mt-Co1, 12S 

rRNA) in dystrophic Mdx (compared with C57) muscles at 3 weeks of age. This indicates 

that mitochondrial RNA metabolism is generally lower in the very young Mdx skeletal 

muscles (Fig. 1). The reduced levels of tRNAs were pronounced at both 3 and 6 weeks in 

skeletal muscles of Mdx mice (compared with C57 mice). Interestingly, taurine treatment 

significantly increased levels of the mt-tRNAs (and recovered them close to normal C57 

levels at 3 weeks) following short-term treatment from 14 days to 3 weeks (Fig. 1A). 

Interestingly longer-term treatment with taurine from 18 days to 6 weeks (Fig. 1B) also 

improved the tRNA levels but not to the same extent as taurine treatment from 14 days.  
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Figure 1. Taurine treatment improves the stability of mitochondrial taurine-

containing tRNAs in young dystrophic Mdx skeletal muscles.  

The abundance of mature mitochondrial tRNAs mRNAs and rRNAs in skeletal muscle 

(A and B) and hearts (C and D) of control C57 and Mdx mice, and Mdx mice treated with 

taurine, sampled at 3 weeks (A and C) or 6 weeks (B and D) were analysed by northern 
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blotting: 18S rRNA was used as a loading control. The gels are representative of results 

obtained from at least 8 mice from each genotype and two independent biological 

experiments. Data were quantified using the Odyssey system and error bars indicate 

SEM; **p<0.01; ***p<0.001, Student’s t-test. 

 

Since mitochondria are also very important for cardiac function, the same RNAs were 

examined in heart in these groups of mice. However, taurine had no effect on tRNAs in 

the hearts of Mdx mice following treatment at 3 and 6 weeks (Figs. 1C and 1D), indicating 

a tissue specific difference and sensitivity to taurine supplementation. The levels of 

mitochondrial RNAs was analysed by northern blotting in the hearts of the 2- and 4-week 

old control and Mdx mice. It was interesting to note that the levels of mtRNAs are lower 

in the Mdx mice early in life and that by 4 weeks of age they recover and this is consistent 

with the lack of changes found in the hearts of these mice when treated with taurine. 

 

Figure 2. Taurine treatment improves the stability of mitochondrial taurine-

containing tRNAs in young dystrophic Mdx skeletal muscles.  

The abundance of mature mitochondrial tRNAs, mRNAs and rRNAs in hearts of control 

C57 and Mdx mice, and Mdx mice treated with taurine, sampled at 2 weeks or 4 weeks 

were analysed by northern blotting: 18S rRNA was used as a loading control. The gels 

are representative of results obtained from at least 8 mice from each genotype and two 

independent biological experiments.  
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The effects of taurine were at the tRNA level since this treatment did not affect mtDNA 

copy number in these mice (Fig. 3). Therefore, taurine treatment can have beneficial 

tissue specific effects to improve stability and normalise levels of mt-tRNAs especially 

in rapidly growing muscle of young Mdx. This is essential for the expression of proteins 

fundamental to biogenesis of the oxidative phosphorylation complexes, and consequently 

energy production.   

 

 

Figure 3. Taurine treatment had no effect on mitochondrial copy number measured 

by qPCR. 

 

DISCUSSION 

This study examined the effects of taurine and development on the expression of 

mitochondrial RNAs as well as nuclear non-coding RNAs (appendix) that were found to 

be differentially expressed between post-natal growth of normal C57 mice and Mdx mice.  

Studies have consistently shown benefits of taurine treatment on Mdx muscle. In this 

study in the Mdx mice treated with taurine from 14 days until the onset of necrosis at 3 

weeks in Mdx mice (Terrill et al. , 2016) there were no differences in levels of ncRNAs 

between untreated and treated Mdx mice. However, taurine increased the levels of 

mitochondrial tRNAs in the Mdx muscle, which appears to be an important finding with 
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many cellular benefits. It can be hypothesised that at this early stage of development, 

taurine may be exerting its effects through its role as an antioxidant and modifier of 

mitochondrial tRNA metabolism, rather than affecting gene regulation through ncRNAs. 

At 18, 22 and 28 days, Mdx muscle is not deficient in taurine (Terrill, et al., 2015, Terril 

et al., 2016), although taurine levels are much lower in Mdx plasma and liver, compared 

with C57 (Terrill et al., 2015). However, taurine administration increases taurine levels 

in muscle of these young Mdx (Terrill et al., 2015; Terrill et al., 2016) , and also in 6 

week old Mdx muscles, (Terrill et al. 2016) and, when taurine content is increased, 

markers of inflammation, oxidative stress and myonecrosis are greatly reduced (Barker 

et al. 2017; Terrill et al., 2015; Terril et al., 2016). Many studies conclude that oxidative 

stress and inflammation are key players in the incidence of myonecrosis, and thus it is 

important that a therapeutic intervention acts on all these aspects, and also improves 

muscle function (Terrill et al. 2016), as is consistently reported for taurine treatment of 

Mdx mice. In contrast, the developing heart did not have significant benefits from taurine 

treatment, which points to tissue specific responses to taurine treatment, and it would be 

interesting to investigate in the future to determine if taurine can be used as a muscle-

specific treatment for dysfunction involving cytoskeletal proteins. 
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CHAPTER 7:  

Identification of a new factor required for mitochondrial 

rRNA maturation 
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INTRODUCTION  

 

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 development 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 mtRNA metabolism 

(Ferreira et al., 2017); from transcription carried out by POLRMT (Kühl et al., 2017), 

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), PTCD3 (Davies et al., 2009) and MRPS27 (Davies et al., 2012), respectively. 

The molecular roles of the remaining two PPR proteins, PTCD1 and PTCD2 are less well 

understood. Recently, PTCD1 was shown to be essential for embryo development and 

protein synthesis (Perks et al., 2017). Studies to date of PTCD1 in cells (Lopez Sanchez 

et al., 2011) and in haploinsufficient mice that lack one Ptcd1 allele (Perks et al., 2017), 

have indicated that PTCD1 affects RNA processing and protein synthesis, 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 

resistance and glucose intolerance in response to reduced energy levels and altered mTOR 

signalling between differentiated and post-mitotic tissues (Perks et al., 2017). 
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Here, I analysed a heart and skeletal muscle specific Ptcd1 knockout mouse model created 

using CRISPR/Cas9 to elucidate its role in mitochondrial RNA metabolism. This unique 

model enabled me to identify that PTCD1 is required for 16S rRNA stability in heart and 

skeletal muscle. Loss of PTCD1 causes transcriptional upregulation of mitochondrial 

gene expression and cumulatively these defects 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  

Constitutive knockout of the Ptcd1 gene causes embryonic lethality in mice before E8.5 

(Perks et al., 2017), therefore a conditional knockout system for the Ptcd1 gene in mice 

was established 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, meaning that 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 the 

homology domain, repair donor DNA lox P sites were introduced to delete exon 3 and 

also two bases were moved from the 5′ end of exon 4 to the 3′ end of exon 3 to enable a 

frame shift upon conditional deletion of exon 3 by the Cre recombinase (Fig. 1A). The 

Ptcd1loxP/loxP mice were crossed with transgenic mice expressing a Cre recombinase under 

the control of muscle creatine kinase promoter (Ckmm-cre) to produce heart- and 

skeletal-muscle-specific Ptcd1 knockout mice (Ptcd1loxP/loxP, +/Ckmm-cre). The Ptcd1 mRNA 

levels were significantly decreased in both heart and skeletal muscle in the knockout mice 

determined by qRT-PCR (Fig. 1B) and consequently the PTCD1 protein was lost in the 

knockout mice identified by immunoblotting (Fig. 1C). 
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Figure 1. Engineered intron-exon boundaries enable the conditional knock out of 

mouse Ptcd1.  

(A) Schematic illustrating the CRISPR/Cas9 stimulated homologous recombination at the 

Ptcd1 locus. LoxP sites are introduced to enable the deletion of exon 3 by the Cre 

recombinase and two bases are moved from the 5′ end of exon 4 to the 3′ end of exon 3 

to enable a frameshift upon deletion of exon 3. Expression of Cre recombinase effectively 

knocks out Ptcd1 mRNA expression from the mutant allele, determined by qRT-PCR (B) 

and immunoblotting (C). Values are means ± SEM. ***p < 0.001, Student’s t-test. 
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PTCD1 is specifically required for 16S rRNA and mt-Nd6 stability 

PTCD1 has previously been implicated in mitochondrial RNA processing in cells (Lopez 

Sanchez et al., 2011) and haploinsufficiency of PTCD1 was shown to alter mitochondrial 

RNA metabolism and the steady-state levels of most mtRNAs (Perks et al., 2017). 

Northern blotting showed that loss of PTCD1 significantly increased most mtRNAs (Fig. 

2A-C and Fig. 2E) in both heart and skeletal muscle (Fig. 3A-C) compared to controls. 

The steady state levels of unprocessed mitochondrial transcripts such as RNA19, mt-

Atp6/8-Co3 and mt-Nd5-Cyb were also increased (Fig. 2A and 2B), as observed 

previously in cells (Lopez Sanchez et al., 2011; 2015) and in haploinsufficient Ptcd1 mice 

(Perks et al., 2017). The increase in mRNA levels prompted me to investigate the effects 

of PTCD1 loss on the 7S rRNA to find that this transcript was significantly increased in 

the knockout mice compared to controls (Fig. 2C and 2F), indicating a dramatic increase 

in transcription that explains the high levels of most mtRNAs and precursor transcripts. 

Further evidence of increased transcription in the Ptcd1 mice was provided by the high 

levels of non-coding RNAs compared to control mice (Fig. 2D and 2F). These findings 

were mirrored in skeletal muscle where PTCD1 was also knocked out (Fig. 3A and 3B). 

 

In contrast to all other mtRNAs, there was a significant decrease in the steady state levels 

of the 16S rRNA and, to a lesser degree, mt-Nd6 mRNA levels, both in heart (Fig. 2C and 

2D) and skeletal muscle (Fig. 3C). These findings revealed that PTCD1 is essential for 

the stability of 16S rRNA and mt-Nd6 mRNA. I corroborated these findings by measuring 

the abundance of mature mRNAs and tRNAs and precursor transcripts both in heart and 

skeletal muscle of control and knockout mice by qRT-PCR (Fig. 4A-D). All mtRNAs in 

both tissues were significantly enriched with the exception of the 16S rRNA and to a 

lesser degree the mt-Nd6 mRNA (Fig. 4A-D). There was also significant enrichment of 

most mitochondrial junctions, but a significant decrease in mt-Nd4l/4-Nd5 and mt-Nd6-



115 

 

Cyb in the absence of PTCD1 in both tissues (Fig. 4B and 4D), indicating that loss of 

PTCD1 and the 16S rRNA lead to upregulation of mitochondrial transcription.  
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Figure 2. PTCD1 is a required for 16S rRNA stability and its loss leads to increased 

mitochondrial transcription in heart. 

(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 analysed 

by northern blotting. 18S rRNA was used as a loading control. (E-F) Image J was used to 

quantitate the signals from the northern blots shown in panels A-D. All values are means 

± 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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Figure 3. PTCD1 is a required for 16S rRNA stability and its loss leads to increased 

mitochondrial transcription in skeletal muscle. 
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(A-D) The abundance of mature mitochondrial mRNAs (A), tRNAs (B), rRNAs (C) and 

non-coding mRNAs (D) in 10-week old skeletal muscle from L/L and L/L, cre mice were 

analysed by northern blotting. 18S rRNA was used as a loading control. Image J was used 

to quantitate the signals from the northern blots shown in panels A-D. All values are 

means ± 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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Figure 4. PTCD1 is a required for 16S rRNA and Nd6 mRNA stability in both heart 

and skeletal muscle. 

The canonical mitochondrial mRNAs (A, C) and RNA junctions (B, D) were measured 

in total heart (A, B) and skeletal muscle (C, D) RNA from 10-week old L/L and L/L, cre 

mice by qRT-PCR and normalized to 18S rRNA. All values are statistically significant 

means ± SEM with p < 0.05, Student’s t-test. The data are representative of results 

obtained from at least six mice from each genotype and three independent biological 

experiments. 

 

DISCUSSION 

The seven mammalian PPR proteins are indispensable for life through their diverse roles 

from transcription to translation (Kuehl et al., 2016; Perks et al., 2017; Rackham et al., 

2016; Ruzzenente et al., 2012), however the molecular function of one of these PPR 

proteins, PTCD1, has remained largely unknown.  The novel CRISPR/Cas9 mouse 

knockout model of PTCD1 revealed that PTCD1 binds the 16S rRNA to stabilize it and 

ensure its maturation.  

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 subunit/mitochondrial 

protein synthesis the mt-Nd6 mRNA is unstable, unlike the 10 other mtDNA-encoded 

mRNAs that are polyadenylated and hence more stable. Selective reduction in the 16S 

rRNA levels has been observed upon knockdown of FASTKD2 in cells (Antonicka and 
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Shoubridge, 2015), implicating this protein in its stability, although a complete 

CRISPR/Cas9 knockout of this protein in cells was not detrimental to cell survival 

(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 and MTERF3, 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. Therefore, PTCD1 stabilizes the 16S rRNA, allowing 

it to be matured by factors that are localized within the granule to allow modification and 

subunit assembly of the 39S mitoribosomal subunit. 

Increased transcription and accumulation of mature as well as unprocessed mtRNAs, as 

a consequence of rRNA loss and compromised protein synthesis, was observed 

previously (Cámara et al., 2011; Metodiev et al., 2009; Park et al., 2007). Increased 

transcription explains the increased processing defects that have been reported previously 

upon PTCD1 reduction in cells and heterozygous mice (Perks et al., 2017; Rackham et 

al., 2009). The accumulation of unprocessed mtRNAs indicates that excess de novo 

mtRNA can overwhelm the RNA processing machinery, further supporting 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 ribosomes, stimulating massively increased de novo 

transcription in response to decreased translation, which suggests coordinated but 

opposing transcriptional and translational regulation of mitochondrial gene expression.  
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In summary, PTCD1 is essential for stabilization and maturation of the 16S rRNA and 

future work will establish the exact signalling pathways that lead to disease that will 

provide further insight into coordinated mito-nuclear regulation. 
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CHAPTER 8:  

Discussion, Conclusions and Future Directions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  



124 

 

The successful relationship established between mitochondria and the cell is the result of 

billions of year of evolution and“optimisation” of dynamics between aα-proteobacteria 

and a eukaryotic cell. As part of this process, mitochondria have transferred most of their 

genes to the nuclear genome resulting in a modern organelle with a smaller and more 

compacted genome (only 16 kb) that is completely dependent on the host cell for its 

expression. Mitochondria rely on nuclear encoded proteins for a number of processes 

such as mtDNA replication (TFAM) and transcription (POLRMT), RNA processing 

(RNase P, RNase Z, FASTKD5) and maturation (LRPPRC, SLIPRP, PNPase), and 

protein translation (mitoribosomal proteins, TACO1) (Boczonadi and Horvath, 2014; 

Holzmann et al., 2008). Mutations in these nuclear encoded proteins can affect 

mitochondrial gene expression and cause severe diseases in humans. Although the 

mitochondrial medicine field is relatively recent (about 60 years), a large number of 

mutations in the nDNA have been characterised in patients with MD. Nevertheless, the 

correct diagnosis of MD can be particularly challenging, and this mainly for two reasons: 

(i) the large number of nuclear genes involved in mitochondrial function, (ii) the lack of 

knowledge about the mechanism leading to the pathology.  

Defects in RNA processing can significantly impair mitochondrial function, and 

mutations in proteins responsible for this process were found responsible of pathologies 

in humans. A missense variant of the MRPP1 subunit of the RNaseP was identified as 

responsible for lactic acidosis, hypotonia, and deafness in two unrelated patients. 

Mitochondrial function was so compromised by the defect in the 5’ mt-tRNA processing 

to cause premature death of the patients (Metodiev et al., 2016). Mutations in MRPP2 

were associated with both early and late onset of inherited diseases with different clinical 

features, including rare neurodegenerative disorders and progressive cardiomyopathy. 

Studies of mitochondrial activities in patient fibroblasts identified a complex I reduction, 

while in other cases the clear connection between mitochondrial dysfunction and the 
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mechanism leading to the manifestation of the pathology remains to be proven (Zschocke, 

2012).Medical evidence linking mitochondrial RNA processing and diseases were also 

found for the mitochondrial RNaseZ. Mutations in ELAC2 were identified in patients with 

infantile hypertrophic cardiomyopathy and complex I deficiency (Haack et al., 2013), 

while the connection between polymorphisms in the ELAC2 gene and predisposition to 

prostate cancer is still to be proven (Xu et al., 2010).  

The second study presented in this work aimed to elucidate the role in vivo of ELAC2, 

with the generation of a mouse model where Elac2 is conditionally knocked out in the 

heart and the skeletal muscle. I found that the loss of ELAC2 in heart and muscle is 

compatible with life and does not compromise skeletal muscle function, although the loss 

of this RNase protein in mice heart causes a dilated cardiomyopathy that leads to death 

by only 4 weeks of age. This finding was particularly interesting since we were able to 

compare the effect of the loss of the mitochondrial 3’ tRNA processing and the 5’ tRNA 

processing in vivo using a different mouse model where Mrpp3 is conditionally knocked 

out in the same tissues (Rackham et al., 2016). The loss of MRPP3 in the mouse, similarly 

to the loss of ELAC2, is not compatible with life, and its selective absence in the heart 

leads to a severe cardiomyopathy. The main clinical difference that emerged from our 

studies was the different life expectancy presented by the two mouse models, with the 

ability of the Mrpp3 knockout mice to live up to 7 weeks longer than the Elac2 knockout 

mice. The more severe phenotype presented by the Elac2 mice can be attributed to the 

dual localization of the RNaseZ in the nucleus and mitochondria, which increases the 

RNaseZ targets compared to the RNaseP, and at the possible synchronisation of 

mitochondrial and nuclear gene expression via the nuclear non-coding RNA generated by 

the RNase Z activity. However this is a new and attractive idea that needs future studies.  

The discovery of new or secondary functions for mitochondrial proteins is not 

uncommon. A recent study, based on ultra-deep sequencing (Hodgkinson et al., 2014), 
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identified a conserved missense mutation (22%) in MRPP3 in a human population and, 

for the first time, opened questions about the possible link between mitochondrial RNA 

processing and metabolic diseases. Common mitochondrial variants present in healthy 

people and conserved in specific populations are likely to play a role in complex genetic 

traits and in the predisposition toward multifactorial diseases, including metabolic 

diseases. 

Bioinformatic studies are a powerful tool for the analysis of big data as well as for the 

identification of new mutations, but in vivo works is still essential in order to provide a 

better understanding of biological processes, as well as a correlation with human 

phenotypes, genetics and physiology.  

By introducing the missense point mutation in the Mrpp3 gene in a mouse model, we 

were able to study the effects of this polymorphism in detail confirming that it plays a 

role in the predisposition to metabolic diseases when it is found in association with 

environmental factors such as a diet rich in fat (HFD).  

The principal changes that we identified in relation to the exposure of the Mrpp3N434S/N434S 

mice to HFD concern mainly the pancreas. The correct function of the pancreas is 

essential for insulin release and maintenance of normal glucose levels in the body that 

prevents the risk for metabolic conditions like T2D (Lillioja et al., 1993). The 

Mrpp3N434S/N434S mice have reduced circulating insulin levels, a condition that leads the 

mice to develop insulin resistance at a young age (5 month old). Insulin is secreted by 

beta cells located in the islets of Langerhans that, probably as a compensatory effect, are 

expanded. The release of the insulin vesicles is controlled by changes in the cytoplasmic 

levels of calcium induced by increased of mitochondrial ATP production (Mulder, 2017). 

The analysis of the abundance of specific mitochondrial calcium channels as well as 

differences in the calcium levels, measured with Fura 2 in pancreatic beta cells, showed 

differences that I was able to correlate with the altered circulating insulin levels reported 
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for the Mrpp3N434S/N434S mice. These findings indicate that the Mrpp3 variant, when is 

associated with a risk factor (HFD), affects the insulin release via regulation of the 

mitochondrial calcium levels.  

 

The correct processing of the mitochondrial polycistronic transcript carried out by the 

RNase P and the RNase Z is essential for the release of the 22 mt-tRNAs. The retention 

of mt-tRNAs due to defects in the RNA processing, as well as mutations altering the 

structure in these “adaptors”, can impair mitochondrial translation with consequences on 

health. The presence of taurine modifications in some mt-tRNAs assures the correct 

folding of tRNAs as well as translation accuracy, since they are strategically located at 

the tRNAs anticodon region. Further proof of the importance of this modification is its 

lack in some MELAS patients (Tsutomu et al., 2011). Multiple studies have found that 

when Mdx mice are treated with taurine, usually via oral administration, this improves 

their muscle conditions reducing the severity of the dystropathology.  

This aspect is of extreme interest from a mitochondrial biology point of view, because 

taurine is posttranscriptionally incorporated in five tRNAs: Leu (UUR) and Trp (τm5U), 

Lys, Glu, and Gln (τm5s2U). From this work emerged the observation that taurine 

administration was able to restore tRNA Leu (UUR) and Trp levels to normal in a tissue 

specific manner, with a specific effect in the skeletal muscle but not in the heart. Even 

though the specific mechanism of action of taurine is still unclear, this finding broadens 

the area of action and effects of mitochondrial RNA processing defects going beyond the 

common definition of mitochondrial diseases.  

 

Cardiomyopathies as a result of mitochondrial dysfunction are caused by mutations in 

genes encoding proteins required for the biogenesis of the oxidative phosphorylation 

(OXPHOS) system where energy is produced in the form of ATP. These include genes 
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encoding protein subunits of the respiratory complexes (Complex I, III, IV and V) (Marin-

Garcia et al., 1999), proteins involved in the assembly of these complexes (such as COA5, 

COA6, SCO2) (Huigsloot et al., 2011; Stroud et al., 2015; Papadopoulou et al., 1999), 

and proteins that are required for expression of mitochondrially encoded proteins 

(including mitochondrial ribosomal proteins such as MRPL44, MRPS22, MRPL3 

(Distelmaier et al., 2015; Smits et al., 2011; Galmiche et al., 2011) and aminoacyl-tRNA 

synthetases such as DARS2 and AARS2) (Seiferling et al., 2016; Sommerville et al., 

2019). In addition, mutations in mitochondrial genes such as tRNA genes (mt-

tRNALeu(CUN), mt-tRNALeu(UUR), tRNALys, tRNATyr) result in cardiomyopathy (Grasso et 

al., 2011; Zeviani et al., 1991; Santorelli et al., 1996; Scaglia et al., 2003). Recently WES 

has facilitated the identification of new mutations in genes encoding proteins that regulate 

mitochondrial gene expression such as LRPPRC, MRPP1, MRPP2 and ELAC2 (Oláhová 

et al., 2015; Saoura et al., 2019; Metodiev et al., 2016). Mutations in these proteins have 

been shown to cause general OXPHOS defects that lead to mitochondrial diseases where 

CM is the main cause of the patients’ deaths. Although the molecular role of LRPPRC in 

mitochondrial RNA stability (Ruzzenente et al., 2012) and MRPP1 (Lopez Sanchez et 

al., 2011; Vilardo et al., 2012), MRPP2 (Yang et al., 2005) and ELAC2 (Siira et al., 2018; 

Rossmanith, 2011; Haack et al., 2013) in the processing of tRNAs ends has been studied 

by several groups in cells and mouse models, their mode of pathogenicity is still not clear 

because the disease-causing mutations have only been studied in patient fibroblasts. 

Recently, collaborators from the UK (Taylor et al., 2014) and Sweden have used WES to 

identify PTCD1 as a disease gene that causes DCM or HCM in several families known 

to date. PTCD1 is one of the 7 mammalian RNA-binding proteins known as 

pentatricopeptide repeat proteins whose role was not known until my study. Here, I 

identified that PTCD1 affects the stability of the 16S rRNA, and thereby mitochondrial 

biogenesis and energy production, providing insight into the pathology of the cardiac 
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diseases caused by mutations in this gene. The next step would be to investigate the 

specific mutations in the PTCD1 gene to understand how changes in the stability of the 

16S rRNA can cause disease and how the pathology in the heart develops. Therefore 

future studies will focus on how changes in this gene can lead to different forms of 

cardiomyopathy. 

 

In the last decade transgenic mice have accelerated the characterization of the molecular 

role of proteins required for mitochondrial gene expression and heart function. Concerted 

efforts have identified that a reduction in PTCD1 levels in heterozygous mice (Ptcd1+/-) 

causes HCM (Perks et al., 2017) and a conditional knockout of Ptcd1 in the heart causes 

DCM (Perks et al., 2008). Therefore these two mouse models have provided ideal tools 

to: (i) identify the role of PTCD1 in heart disease and (ii) identify the molecular and 

pathological mechanisms that can cause different CM phenotypes.  

 

I also investigated the effects on health and metabolism of altered mitochondrial RNA 

processing in vivo, with the use of three different mouse models.  

Taken together, the findings presented provide new and interesting insights into RNA 

processing:  

(i) Defects in RNA processing can lead to pathological manifestations of varying severity, 

typical of MD;  

(ii) I described new functions for two mitochondrial proteins involved in the processing 

of the polycistronic transcript: (a) a role in both mitochondrial and nuclear RNA 

processing for ELAC2, and the identification of a new class of RNAs as its nuclear target, 

and (b) a role in the regulation of glucose metabolism for an Mrpp3 variant, enhanced by 

its association with risk factors such as a HFD;  
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(iii) The relevance of mitochondrial tRNAs modifications in pathological contexts 

different from MDs, like Duchenne muscular dystrophy.  

(iv) I identified a new factor required for the stability of the mitochondrial 16S rRNA and 

the Nd6 mRNA, required for muscle and heart function. This revealed the role and 

importance of RNA maturation in health and disease. 

My studies show that the use and creation of unique mouse models of disease provides 

significant advantages to elucidate the in vivo roles of proteins and their contribution to 

health and disease. Furthermore the genetic models and the pathologies caused by the 

mutation or knockout of specific genes provide preclinical models that can be used for 

future drug development and screens. 

 

8.1 Future Directions 

 
 

Mitochondrial dysfunction can affect differentiated cells in a highly tissue-specific 

manner, and patient fibroblasts or model cell lines do not always faithfully display the 

molecular defects seen in patients. The use of mouse models is preferable to investigate 

the physiological role of the defect in vivo. Therefore, in this work I have demonstrated 

that the use of mouse models can reveal valuable insight into metabolic changes in 

response to different diets, the molecular roles of mitochondrial proteins, and the 

physiological consequences from their loss, and help establish models to investigate 

different disease pathologies in vivo. Mouse models are effective pre-clinical tools to 

determine the effects of different drugs and treatments and future models based on my 

findings would involve the introduction of mutations to model human diseases. The genes 

that I have investigated in my work are all implicated in disease where mutations in the 

RNase P proteins, ELAC2, PTCD1, as well as in mt-tRNA genes, have been shown to 

cause profound mitochondrial diseases, cardiomyopathies and metabolic syndrome. 
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Therefore future mouse models would use CRISPR/Cas technologies to introduce 

pathological mutations in mice to create pre-clinical models for drug discovery and 

treatments. 

 

Future directions could examine how different mutations in the ELAC2 gene can cause or 

predispose to heart disease as well as prostate cancer. Models such as these will enable 

researchers to examine how different systems fail as a result of impaired production of 

regulatory RNAs. They will be useful to pinpoint the pathogenesis of heart disease or 

prostate cancer caused by mitochondrial RNA defects, but also understand how nuclear 

and mitochondrial genes can synergistically affect energy production in tumour 

formation. Creating clinically relevant disease models that can be used for screening 

drugs that improve energy metabolism, and diseases such as cancer that are governed by 

metabolic demands. This is of great importance in understanding the mechanisms 

underlying prostate cancer and may provide new avenues for therapeutic interventions. 

Furthermore, a functional genetics-guided path from validated model organisms to 

biomarker discovery holds great promise for personalized cancer treatment. Identifying 

the role of a new protein as a cancer biomarker and its role in tumorigenesis predisposition 

and progression would guide treatment choice in men with newly diagnosed prostate 

cancer, enabling the distinction between low-risk and high-risk disease. These new 

discoveries will allow medical professionals to establish different medical protocols in 

more aggressive prostate cancers and to perform preliminary screens in families 

considered at risk. 

 

Heart failure is the unavoidable consequence of different cardiovascular diseases 

including atherosclerosis, cardiomyopathy (CM), myocarditis and congenital 

malformations. We still lack knowledge to explain how heart disease develops, causes 
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heart failure, and distinguishing the causative factors and signaling pathways from 

nonspecific effects has proven difficult in the context of underlying heart disease. 

Investigating why and how single-gene mutations trigger heart failure provides an 

opportunity to define important molecules involved in this processes. Although these 

monogenic disorders account for a subset of overall heart diseases, insights into the 

responses caused by gene mutations will be relevant to more common etiologies of heart 

failure. Currently there is no clear understanding of the mechanisms that cause CM and 

the exact role of mitochondria in CM. The heart predominantly relies on OXPHOS and 

there are many reports indicating that mitochondrial dysfunction is present in patients 

suffering from cardiomyopathies. A significant hindrance to understanding 

cardiomyopathies is their heterogenic nature, and modeling these disorders in mice can 

help understand the onset, development and progression of the molecular and 

pathological phenotypes. The findings from my work on the Elac2 and Ptcd1 mice will 

enable future examination of how mitochondrial dysfunction leads to cardiomyopathy. 

 

The expression of mitochondrial genes is essential for energy production, and dysfunction 

of mitochondrial gene expression has been shown to cause many common diseases 

involving diminished energy production and contribute to other metabolic and 

neurodegenerative diseases. Significant hindrances to understanding the contribution of 

mitochondrial dysfunction to pathology are the clinical and genetic heterogeneity of the 

diseases, as well as the fact that they are often tissue-specific, which limits the use of cell 

culture, and warrants the creation of animal models that recapitulate molecular and 

physiological findings from patients. The advantages of mouse models include: 

reproducibility, control over environmental factors, accessibility of relevant tissues, 

accurate phenotyping, controlled genetic background, availability of a large number of 

exact biological replicates, and the possibility to experimentally follow up on specific 
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findings. My findings provided a unique position to examine how different systems fail 

as a result of altered mitochondrial energy production in specific tissues. This is of great 

importance in understanding the mechanisms underlying metabolic disease, and may 

provide new avenues for therapeutic interventions and drug discovery in the future.  
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Concerted regulation of mitochondrial and nuclear
non-coding RNAs by a dual-targeted RNase Z
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Abstract

The molecular roles of the dually targeted ElaC domain protein 2
(ELAC2) during nuclear and mitochondrial RNA processing in vivo
have not been distinguished. We generated conditional knockout
mice of ELAC2 to identify that it is essential for life and its activity
is non-redundant. Heart and skeletal muscle-specific loss of ELAC2
causes dilated cardiomyopathy and premature death at 4 weeks.
Transcriptome-wide analyses of total RNAs, small RNAs, mitochon-
drial RNAs, and miRNAs identified the molecular targets of ELAC2
in vivo. We show that ELAC2 is required for processing of tRNAs
and for the balanced maintenance of C/D box snoRNAs, miRNAs,
and a new class of tRNA fragments. We identify that correct
biogenesis of regulatory non-coding RNAs is essential for both
cytoplasmic and mitochondrial protein synthesis and the assembly
of mitochondrial ribosomes and cytoplasmic polysomes. We show
that nuclear tRNA processing is required for the balanced produc-
tion of snoRNAs and miRNAs for gene expression and that 30 tRNA
processing is an essential step in the production of all mature
mitochondrial RNAs and the majority of nuclear tRNAs.
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Introduction

Most biological processes require non-coding RNAs (ncRNAs): rRNAs

and tRNAs are essential for protein synthesis and thereby life, small

nuclear RNAs (snRNAs) catalyze pre-mRNA splicing, telomerase RNA

prevents loss of genetic information from the ends of chromosomes,

and a catalytic ncRNA is required for 50 tRNA processing as part of the

RNase P RNA–protein complex [1]. There are many different species

of ncRNAs in addition to the best-known rRNAs and tRNAs, including

long ncRNAs, miRNAs, small RNAs, and piwi RNAs, that are impor-

tant regulators of gene expression, and their impaired expression has

been implicated in development and disease [1]. Consequently, the

regulation and production of ncRNAs are of particular interest and

there is a growing body of knowledge about the different classes and

regulators of ncRNAs; however, mechanistic and genetic models that

validate their molecular roles and origins in vivo are still rare.

Eukaryotic nuclear tRNAs are transcribed as precursor transcripts

by RNA polymerase III that contain 50 leader and 30 trailer sequences
[2]. The 50 leader of nuclear tRNAs is processed by the RNase P

complex [3], and the 30 trailer sequences are cleaved by an RNase Z

enzyme in the nucleus [4]. Nuclear tRNA processing by RNase P is

well understood in different systems; however, 30 RNA processing

by RNase Z, also known as ELAC2, is poorly understood in

mammals [5]. This is particularly crucial because tRNA and rRNA

levels are compromised when 30 RNA processing is impaired in

yeast [5] but little is known about the consequences of RNase Z loss

in mammals. There is evidence that 30 RNA processing is important

for the stability of precursor transcripts encoding tRNAs and genera-

tion of other regulatory non-coding RNAs, including MALAT1 (also

known as Neat2) and sRNAs [6].

In contrast to nuclear tRNAs, mitochondrial tRNAs (mt-tRNAs) in

animals are transcribed as long polycistronic transcripts that span

the entire heavy or light stand of the genome [7] but do not contain

50 leader and 30 trailer sequences [8]. Instead, mt-tRNAs are flanked

by mRNAs or rRNAs and the respective mitochondrial RNase P and

RNase Z enzymes are responsible for their cleavage and hierarchical

processing from the polycistronic transcripts [9–13]. We have shown

that impaired processing of mitochondrial tRNAs at the 50 end has

profound effects on mitochondrial gene expression, the assembly of

the protein synthesis machinery, and the overall level of translation

[10], but the mechanisms of 30 end tRNA processing and conse-

quences of its loss in vivo are still unclear. Understanding the role of

RNA processing is essential because all mitochondrial RNAs are

produced from large precursor transcripts and many diseases are

caused by mutations in regulatory mtDNA-encoded genes such as
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tRNAs and in nuclear-encoded mitochondrial RNA-binding proteins

that regulate mitochondrial RNA metabolism [reviewed in 14].

ELAC2 shares homology with ElaC enzymes that have RNase Z

activity. The ELAC2 mRNA has two different start codons that can

produce a longer protein containing a mitochondrial targeting

sequence and a shorter protein that lacks the targeting sequence

and is localized to the nucleus [15]. In cells, ELAC2 has been shown

to process the 30 ends of mitochondrial tRNAs [11,12]; however, its

role and targets in the nucleus are not known. To understand the

role of 30 RNA processing in the nucleus and mitochondria in vivo,

we generated conditional Elac2 knockout mice and show that

ELAC2 is essential for the balanced production of tRNAs, miRNAs,

and the C/D box snoRNAs that are required for protein synthesis.

Results

Loss of ELAC2 causes dilated cardiomyopathy and premature
death by 4 weeks

A conditional knockout allele of the mouse Elac2 gene was generated by

flanking exon 8 with loxP sites in embryonic stem (ES) cells (Fig 1A).

Mice containing the germline transmission of this allele (Elac2+/loxP-neo)

were crossed with transgenic mice expressing the Flp recombinase to

excise the neomycin cassette (Fig 1A). The resulting Elac2+/loxP mice

were crossed to mice expressing Cre recombinase under the control of

the b-actin promoter to generate heterozygous Elac2 knockout mice

(Elac2+/�). We intercrossed the Elac2+/� mice to produce Elac2+/�

and Elac2+/+ mice in Mendelian proportions; however, the homozy-

gous knockout mice (Elac2�/�) were not observed. Proteins involved in

mitochondrial gene expression often exhibit embryonic lethality at E8.5

[10,16–20]; therefore, we analyzed the embryos at this stage to identify

that Elac2�/� embryos were not viable (Fig EV1A), indicating that

ELAC2 is required for embryo growth and survival.

We crossed Elac2+/loxP mice with transgenic mice expressing Cre

recombinase under the control of the muscle creatinine kinase

promoter (Ckmm-cre) to produce heart- and skeletal muscle-specific

Elac2 knockout mice (Elac2loxP/loxP,cre+). The Elac2 mice with

Ckmm-cre-directed knockout have a short life span and die by

4 weeks with significant weight loss (Fig 1B) and profound

cardiomyopathy, determined by increased heart size, histology, and

echocardiography (Figs 1C–F and EV1B) as a result of ELAC2 loss

(Fig 1D). In contrast, there were no dramatic defects in skeletal

muscle (Fig EV1C). There were no changes in the mitochondrial

and nuclear DNA levels (Fig EV1D). The early death of these mice

compared to mice that die by 11 weeks due to impaired 50 tRNA
processing as a result of loss of the mitochondria-specific RNase P

catalytic subunit, MRPP3, indicated that this could be a conse-

quence of combined effects on tRNA processing both in the nucleus

and in mitochondria. Therefore, our analyses focused on both

nuclear and mitochondrial RNA metabolism and their functional

consequences.

ELAC2 is essential for 30 tRNA processing but not for 50 tRNA
cleavage in mitochondria

ELAC2 has been shown to cleave the 30 ends of mitochondrial tRNAs

in vitro and by RNAi in cells [11,12]; however, the loss of ELAC2

has not been studied in vivo. Here, we show that knockout of ELAC2

in vivo causes dramatic loss of mature mitochondrial mRNAs such

as mt-Co1, mt-Co2, mt-Atp8/6, mt-Nd4l/4, and mt-Cyt b by 4 weeks

of age (Fig 2A), as well as loss of mature tRNAs and rRNAs in mito-

chondria (Fig 2A) and an increase in unprocessed tRNAs. We vali-

dated the loss of mt-mRNAs and rRNAs in the Elac2 knockout mice

relative to controls by qRT–PCR (Fig 2B). Interestingly, we observed

increased accumulation of the processing intermediates, including

RNA19, but loss of longer polycistronic transcripts for other mRNAs

in the Elac2 knockout mice relative to controls (Fig 2A), suggesting

that the precursor transcripts are already processed by the functional

RNase P complex at the 50 end of most tRNAs, except for tRNAPhe,

tRNAVal, and tRNALeu(UUR). Small RNA-Seq identified accumulation

of 30 uncleaved mt-tRNAs (Fig 2C), further identifying that ELAC2 is

indispensable for 30 tRNA processing.

Next, we carried out RNA-Seq using total heart RNA from three

control and three Elac2 knockout mice (Fig 3A) to identify the

processing sites of ELAC2 across the entire mitochondrial transcrip-

tome and the effects of impaired 30 processing on the 50 tRNA ends.

We used this technique to exclude short RNAs, such as mature

tRNAs, but instead to capture tRNAs that are part of unprocessed

transcripts and by analyzing reads that span processed regions in

the mitochondrial transcriptome we quantified regions that are

increased in the Elac2 knockout mice where processing was

impaired. In our RNA-Seq datasets, we found an enrichment of

reads across junctions that span all tRNA regions between the

mRNA and rRNA genes, indicating an increase in precursor RNAs

upon ELAC2 loss. Within the same datasets, we observed a signifi-

cant reduction in mature mt-RNAs (Fig 3A), validating our northern

blot, qRT–PCR, and small RNA-Seq findings (Fig 2A–C).

We identified impaired 30 end processing across every mt-tRNA

irrespective of its position on the heavy or light strand, but not at

▸Figure 1. Heart-specific knockout of ELAC2 causes early-onset cardiomyopathy.

A Schematic showing the disruption of the Elac2 gene. LoxP sites flanking exon 8 of the Elac2 gene were inserted in the mouse genome by homologous recombination.
B Weight differences between control (L/L) and knockout mice (L/L, cre) at 4 weeks of age; L/L n = 19, L/L, cre n = 19. Error bars indicate SEM; *P < 0.05, Student’s t-test.
C Heart weight-to-body weight ratio in control (L/L) and knockout mice (L/L, cre) at 4 weeks; L/L n = 15, L/L, cre n = 15; photographic representation of size difference

between L/L and L/L, cre hearts at 4 weeks of age. Error bars indicate SEM; **P < 0.01, Student’s t-test.
D Immunoblot showing the loss of ELAC2 in the L/L, cre mice compared to L/L control mice. Porin was used as a loading control. An asterisk indicates a non-specific

protein detected by the antibody.
E Hematoxylin and eosin staining of hearts from control (L/L) and knockout mice (L/L, cre). Scale bar is 100 lm.
F Echocardiographic parameters for Elac2L/L (n = 5) and Elac2L/L,cre (n = 5) 4-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, **P < 0.01, and ***P < 0.001 compared with Elac2L/L,
Student’s t-test.
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the 50 end, indicating that RNase P cleavage is unaffected by the loss

of ELAC2 (Fig 3B–D). This is particularly evident in specific exam-

ples of a single tRNA that spans two mRNAs (Fig 3B), several

tRNAs that span mRNAs (Fig 3C) or a tRNA encoded by the light

strand (Fig 3D); in each case, we found increased accumulation of

precursor transcripts at the 30 end side of the tRNAs but not at the 50

end. This is in stark contrast to the accumulation of precursor tran-

scripts that span both the 50 and 30 ends of tRNAs in the absence of

MRPP3 [10], providing reciprocal validation of our previous finding

that 50 tRNA processing precedes 30 tRNA cleavage.

Loss of ELAC2 causes impaired OXPHOS biogenesis and function

Next, we investigated the effects of ELAC2 loss on de novo mitochon-

drial translation, that is downstream of RNA processing, by measur-

ing 35S-methionine and cysteine incorporation to identify significant

reduction in protein synthesis of all mitochondrially encoded proteins

in the Elac2 knockout mice compared to controls (Fig 4A).

Immunoblotting of mtDNA- and nuclear-encoded polypeptide compo-

nents of the electron translocating respiratory complexes revealed a

significant decrease in their levels in the Elac2 knockout mice

(Fig 4B) consistent with the reduction of the abundance and integrity

of the intact mitochondrial respiratory complexes that we determined

by immunoblotting following blue native polyacrylamide gel electro-

phoresis (BN–PAGE) (Fig 4C). Compromised OXPHOS biogenesis

resulted in a significant reduction in mitochondrial oxygen consump-

tion in the non-phosphorylated, phosphorylated, and uncoupled

respiration state of all three proton-pumping complexes in the Elac2

knockout mice (Fig 4D). Therefore, loss of ELAC2 causes profound

mitochondrial dysfunction through impaired OXPHOS biogenesis and

oxygen consumption, further indicating that 30 tRNA processing is

non-redundant in mitochondria and essential for energy production.

Mitochondrial gene expression is predominantly regulated at the

post-transcriptional level by RNA-binding proteins [21] and

impaired 50 tRNA processing in Mrpp3 knockout mice caused a

significant increase in nuclear-encoded mitochondrial RNA-binding

proteins (mt-RBPs) [10]. Interestingly, immunoblotting for mt-RBPs

showed no change in response to impaired tRNA 30 end processing

between the Elac2 knockout and control mice (Fig EV2A), suggest-

ing that the knockout mice are dying prematurely from other defects

in addition to mitochondrial dysfunction. However, the levels of the

mitochondrial proteases such as LONP1 and AFG3L2 were increased

in the Elac2 knockout mice (Fig EV2B), indicating that there is retro-

grade signaling to the nucleus to upregulate these proteases in

response to impaired OXPHOS biogenesis and function. These find-

ings suggest that the initial stress response to imbalanced mitochon-

drial protein synthesis is increased protease activity, not

upregulation of the mitochondrial gene expression machinery.

Loss of 30 tRNA processing impairs mitoribosome assembly

Reduced mitochondrial protein synthesis in the Elac2 knockout mice

prompted us to investigate the effects of ELAC2 loss on the steady-

state levels of mitoribosomal proteins (Fig EV2C). Surprisingly, we

found that the levels of both small and large ribosomal proteins were

not different between the Elac2 knockout and control mice

(Fig EV2C), consistent with the levels of the mt-RBPs (Fig EV2A).

These findings are in contrast to the decreased levels of mitoribosomal

proteins identified in Mrpp3 knockout mice where 50 tRNA processing

was impaired [10]. Next, we analyzed how impaired 30 tRNA process-

ing affected the assembly and stability of the mitochondrial ribosome.

We separated mitochondrial lysates on 10–30% sucrose gradients and

analyzed the distribution of small and large ribosomal subunits by

immunoblotting using specific antibodies (Fig 4E). Loss of 30 tRNA
processing impaired assembly of the 55S monosome, and the small

and large ribosomal subunit proteins migrated closer to the top of the

gradient in the Elac2 knockout mice (Fig 4E). The migration of the

small ribosomal subunit proteins was particularly disrupted, suggest-

ing that these proteins cannot associate with the unprocessed 12S

rRNA. In contrast, the large ribosomal subunit proteins still formed a

◀ Figure 2. Loss of ELAC2 causes impaired mitochondrial tRNA processing.

A The abundance of mature mitochondrial mRNAs, tRNAs, and rRNAs in hearts from 4-week-old control and knockout 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 strain and three independent biological
experiments.

B Mitochondrial RNAs were measured in total heart RNA from control (L/L) and knockout (L/L, cre) 4-week-old mice by qRT–PCR and normalized to 18S rRNA. Values are
means � SEM. All error bars are significant to P < 0.01 determined using the Student’s t-test.

C Size distribution of 50 aligned reads from heart mitochondrial pre-tRNAs from three control (L/L; blue) and three knockout (L/L, cre; red) mice. Significant accumulation
of the 30 uncleaved pre-tRNAs was observed in the Elac2 knockout mice. The range of small mt-RNAs, mature mt-tRNAs (ranging from 58–75 nt), and precursor mt-
tRNAs are indicated.

Source data are available online for this figure.

▸Figure 3. Transcriptome-wide analyses of 30 tRNA cleavage sites by RNA-Seq.

A A complete map of changes in mitochondrial RNA abundance determined by RNA-Seq coverage (log2 fold change[KOmean/Ctrlmean]) from three control (L/L) and three
knockout (L/L, cre) mice, on heavy (outer track) and light (inner track) strands. Increases are shown in red and decreases in blue. The mitochondrial genome is
displayed in the central track; rRNAs are displayed in orange, mRNAs in green, tRNAs in blue and the non-coding region (NCR) in gray. The log fold change scale for
the heavy strand is �3 to 8.5 and for the light strand is �3.3 to 3.3.

B Genome browser view of the mean RNA-Seq coverage (log2 fold change[KOmean/Ctrlmean]) showing the 30 cleavage sites of mt-tRNAAsp and mt-tRNASerAGY by ELAC2.
Regions of interests are shown in green (for mRNAs) and blue (for tRNAs) boxes.

C Genome browser view of the mean RNA-Seq coverage (log2 fold change [KOmean/Ctrlmean]) showing the 30 cleavage sites of a cluster of tRNAs, mt-tRNAIle, mt-tRNAMet,
and mt-tRNAGln by ELAC2. Regions of interests are shown in green (for mRNAs) and blue (for tRNAs) boxes.

D Genome browser view of the mean RNA-Seq coverage (log2 fold change[KOmean/Ctrlmean]) showing the 30 cleavage site of mt-tRNAGlu by ELAC2. Regions of interests are
shown in green (for mRNAs) and blue (for tRNAs) boxes.
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large molecular weight complex indicating that a subcomplex of the

large ribosomal subunit could form. This is consistent with a previous

observation when 50 tRNA processing was impaired upon MRPP3 loss

in mice [10], corroborating our findings that the unprocessed 16S

rRNA transcript could stimulate early assembling large ribosomal

proteins to form a subcomplex; however, the formation of the mature

large subunit could not be finalized.

Next, we investigated the distribution of mitochondrial transcripts

within the ribosomal fractions by qRT–PCR of each fraction (Fig 4F)

to determine the distribution of the unprocessed transcripts within

the sucrose gradient in control mice. The distribution of the 12S and

16S rRNA aligned with protein markers of the small and large riboso-

mal subunits, respectively (Fig 4F). Interestingly, the 16S rRNA was

redistributed in the Elac2 knockout mice to less dense fractions of

the sucrose gradient that co-migrated with the unprocessed poly-

cistronic transcripts that contain both the 12S and 16S rRNAs

(Fig 4F) and indicated reduced assembly of 55S ribosomes. In the

control mice, the mt-Co1 mRNA was present in the pool of free mt-

mRNAs in the earlier fractions of the gradient and with the riboso-

mal fractions; however, upon ELAC2 loss, mt-Co1 was redistributed

to the top of the gradient because correctly assembled mitoribosome

subunits that recruit mRNAs are lacking in these mice (Fig 4F). In

addition, the unprocessed transcript containing the 12S and 16S

rRNA co-migrated with the large subcomplex detected in the sucrose

gradient immunoblots from the Elac2 knockout mice (Fig 4E), but

this unprocessed transcript was lacking in the control mice (Fig 4F).

This finding is consistent with the large ribosomal subunit subcom-

plex that is assembled on the 12-16S rRNA precursor transcript when

MRPP3 is lost in mice, validating our conclusions that the assembly

of the large ribosomal subunit is co-transcriptional [10].

Combined defects in nuclear and mitochondrial gene expression
in the absence of ELAC2 cause early-onset death

Mutations in ELAC2 have been identified to cause severe mitochon-

drial disease involving cardiomyopathy by disruption of mitochon-

drial tRNA cleavage [22]. However, the role of ELAC2 on nuclear

RNA processing and their contribution to cardiomyopathy and

disease have never been investigated, as it has been assumed that

ELAC2 loss predominantly affects mitochondrial function. Therefore,

we used RNA-Seq to analyze the differential nuclear gene expression

between Elac2 knockout mice compared to controls (Dataset EV1).

We used these datasets to dissect the differences in gene expression

of the dually targeted ELAC2 protein that regulates both nuclear and

mitochondrial tRNA processing and compared them to RNA-Seq

datasets from mice lacking the mitochondria-targeted MRPP3 protein

that regulates tRNA processing only in mitochondria (Appendix Figs

S1–S3). We identified the unique changes that are present in the

Elac2 or Mrpp3 knockout mice along with the genes that are

commonly altered between both Elac2 and Mrpp3 knockout mice

relative to their respective control mice, which are a result of global

OXPHOS dysfunction. Gene ontology analyses of the gene expression

changes that were unique to the Elac2 knockout mice were identified

for cellular compartments, biological processes, and molecular func-

tions. The unique major changes in the Elac2 knockout mice in the

cellular compartments GO are in the nucleus, cytosolic ribosomes,

nuclear, and spliceosomal snRNP complexes, consistent with its

localization in the nucleus. The changes that were in common with

the Mrpp3 knockout mice were in mitochondria-related genes

affecting OXPHOS function and mitochondrial morphology consis-

tent with ELAC2’s dual localization to mitochondria and the nucleus

(Appendix Fig S1).

The unique changes for biological processes in the Elac2 knockout

mice predominantly involved nuclear non-coding RNA metabolism,

RNA processing, and the biogenesis of ribonuclear complexes, consis-

tent with its nuclear localization where it is thought to also have a

role in tRNA processing. In contrast, the changes that were common

to both Elac2 and Mrpp3 knockout mice in biological processes were

all related to metabolic changes in catabolism, carbon one metabo-

lism, OXPHOS, apoptosis, and RNA regulation, in line with their role

in mitochondrial RNA processing and the dire consequence of its loss

on mitochondrial OXPHOS and biogenesis (Appendix Fig S2). The

changes for molecular function that were common to both the Elac2

and Mrpp3 knockout mice related to RNA-binding, nuclease activity,

and protein binding that relate to their core functions in RNA-binding

and processing and their association with other proteins as compo-

nents of granules or spliceosomal RNP complexes (Appendix Fig S3).

Taken together, we identified that ELAC2 loss results in significant

and unique defects in nuclear gene expression that are related to

nuclear RNA processing, splicing, and cytoplasmic translation, in

addition to changes in mitochondrial function that are a consequence

of OXPHOS defects and are commonly found in mouse models where

only mitochondrial RNA-binding proteins have been knocked out

[10]. Our results indicate that the combined defects in impaired RNA

◀ Figure 4. Loss of ELAC2 impairs mitochondrial biogenesis, mitoribosome assembly, and OXPHOS function.

A In organello protein synthesis in heart mitochondria from 4-week-old control and knockout mice was measured by pulse incorporation of 35S-labeled methionine and
cysteine. Equal amounts of mitochondrial protein (50 lg) were separated by SDS–PAGE, stained with Coomassie to show equal loading, and visualized by
autoradiography. Representative gels are shown of three independent biological experiments.

B Mitochondrial proteins (25 lg) from 4-week-old heart mitochondria from control and knockout mice were resolved on 4–20% SDS–PAGE gels and immunoblotted
against antibodies to investigate the steady-state levels of nuclear- and mitochondrial-encoded proteins. SDHB was used as a loading control.

C Heart mitochondria (75 lg) from 4-week-old heart mitochondria from control and knockout mice were treated with 1% DDM and separated on a 4–30% BN–PAGE,
and the respiratory complexes were immunoblotted using the OXPHOS BN–PAGE-specific antibody.

D Loss of the ELAC2 causes profound reduction in mitochondrial respiration at complex I, II-III, and IV in the knockout mice compared to controls. Non-phosphorylating
(state 4), phosphorylating (state 3), and uncoupled respiration in the presence of 0.5 lM CCCP was measured in heart mitochondria using an OROBOROS oxygen
electrode using either pyruvate, glutamate, and malate or succinate as substrates in the presence of rotenone as indicated. L/L n = 4, L/L, cre n = 4; values are
means � SEM; **P < 0.01; ***P < 0.001, Student’s t-test.

E A continuous 10–30% sucrose gradient was used to determine the distribution of the small and large ribosomal subunit and the monosome in the control and
knockout mice. Mitochondrial ribosomal protein markers of the small (MRPS35 and MRPS16) and large (MRPL37 and MRPL12) ribosomal subunits were detected by
immunoblotting with specific antibodies. The data are representative of results from at least four independent biological experiments.

F The distribution of the mt-Co1 mRNA, 12S and 16S rRNAs, and 12S-16S rRNA junctions in sucrose gradients from L/L (top) and L/L, cre (bottom) 4-week-old mice was
analyzed by qRT–PCR. The data are expressed as % of total RNA abundance and are representative of results from three independent biological experiments.
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processing of both nuclear and mitochondrial regulatory RNAs cause

the early-onset cardiomyopathy and death in our mice and possibly

in patients with ELAC2mutations.

ELAC2 loss impairs nuclear tRNA processing and causes
imbalanced levels of regulatory non-coding RNAs

The role of ELAC2 in nuclear RNA processing has not been investi-

gated in vivo previously. To identify the in vivo role of the dually local-

ized ELAC2 in nuclear-encoded RNA processing, we investigated how

its loss affected non-coding and regulatory RNA metabolism by small

RNA-Seq (sRNA-Seq). We also carried out microRNA sequencing

(miRNA-Seq) to identify changes in miRNAs, small RNAs, and tRNA

fragments (tRFs) (Fig 5). We identified that the largest changes were

in nuclear and mitochondrial DNA-encoded tRNAs, although there

were significant changes in other small RNA types including micro-

RNAs (miRNAs), small nuclear RNAs (snRNAs), and particularly in

small nucleolar RNAs (snoRNAs) (Fig 5A). Analyses of the tRNA

levels identified that most nuclear-encoded mature tRNA levels were

significantly decreased and their precursors were increased, identify-

ing ELAC2 as the major enzyme involved in processing of the 30 end
of nuclear tRNAs in vivo (Fig 5B). There was clear impairment of 30

end processing in nuclear tRNAs in the Elac2 knockout mice (Fig 5C).

Individual analyses of nuclear tRNAs identified the increase in the

majority of tRNA precursors (Fig 5D), such as that shown for tRNAAsp

(GTC) and tRNAGly(GCC) (Fig 5E), and a dramatic decrease in their

mature levels (Fig EV3A). We validated the effects on mature nuclear

tRNAs by northern blotting where we observed significant decrease in

the tRNAAsp(GTC), tRNAGly(GCC), but not for one member of the tRNALys

(TTT) family (Fig 5F), whereas other members and families such as the

tRNALys(CTT) were significantly decreased (Fig EV3A and Dataset

EV2). Investigation of precursor tRNAs identified significant accumu-

lation of tRNAs retaining their 30 trailer regions in the Elac2 knockout

mice (Fig 5G), indicating that ELAC2 is essential for their processing

in the nucleus. Our findings identify ELAC2 as a major enzyme

required for 30 end processing of most tRNAs in the nucleus. In addi-

tion, we show that ELAC2 is required for mascRNA processing from

the Malat1 transcript, as mascRNA is absent in the Elac2 knockout

mice (Fig EV3B), confirming that ELAC2 is essential for regulatory

ncRNA processing both in the nucleus and in mitochondria.

Impaired tRNA processing stimulates C/D box snoRNA production
to compensate for decreased translation

We investigated the consequences of reduced nuclear tRNA levels

on cytoplasmic protein synthesis by de novo labeling using 35S

cysteine and methionine to find ~50% reduction in translation upon

ELAC2 loss in vivo (Fig 6A), indicating that this contributes to the

premature death of the mice by 4 weeks of profoundly dilated

cardiomyopathy. Sucrose gradient separation of cytoplasmic ribo-

somes from cell lysates followed by northern blotting to identify the

effects on translation and polysome formation further indicated that

ELAC2 loss led to decreased protein synthesis because of reduced

polysome formation (Fig 6B), consistent with accumulation of

precursor tRNAs that cannot be used for protein synthesis.

Next, we investigated the changes in the small non-coding RNAs

and identified that small nucleolar RNAs (snoRNA) and miRNAs

were increased in the absence of ELAC2, whereas small nuclear

RNAs (snRNAs) were decreased (Fig 6C). We validated our findings

from the sRNA-Seq by northern blotting, showing that the levels of

snoRNAs, involved in rRNA processing and modification, as well as

specific miRNAs were increased (Fig 6D). Next, we examined the

effects of ELAC2 on the specific classes of snoRNAs and we identi-

fied a clear enrichment of the C/D snoRNAs but not H/ACA

snoRNAs (Fig 6E), suggesting that loss of ELAC2 affects their levels

and is important for pre-rRNA processing and methylation of C/D

snoRNA targets. Examination of the host genes of differentially

expressed C/D snoRNAs in our RNA-Seq datasets revealed that cyto-

plasmic ribosomal mRNAs along with ribosome biogenesis and

translation-related mRNAs are significantly upregulated in the Elac2

knockout mice (Figs 6F and EV3C), as a compensatory measure to

decreased cytoplasmic protein synthesis. We identified that the

expression of almost all large and small cytoplasmic ribosome

coding mRNAs is significantly increased (Fig 6G), while mRNAs

encoding mitochondrial ribosomal proteins have a less uniform

response (Fig EV3D), identifying a transcriptional upregulation of

cytoplasmic protein synthesis in response to decreased translation

as a consequence of impaired nuclear and mitochondrial tRNA

processing.

tRFs and termination-associated RNAs—novel transcripts
produced from pre-tRNAs

Next, we examined tRNA fragment (tRF) expression, as recent stud-

ies have shown that these sRNAs are abundant and can have impor-

tant functions in translation and mRNA stability [5]. They are

classified as primarily derived from the 50 ends of mature tRNAs

(tRF-5s), the 30 ends of mature tRNAs (tRF-3s), or the 30-trailers of

pre-tRNAs (tRF-1s). ELAC2 is known to generate a tRF-1, known as

tRF-1001, from tRNA-Ser-TGA [6]; however, the global importance

of ELAC2 in tRF production has not been examined before. In our

data (Dataset EV3), the pool of tRF-5s was dominated by 28- and

▸Figure 5. ELAC2 is required for nuclear tRNA processing.

A Scatter plot of the significance of small RNA differential expression changes (�log10 adjusted P-value).
B Volcano plot from the small RNA-Seq dataset (�log10 adjusted P-value versus log2 fold change) highlighting the mature and precursor tRNA mapping reads.
C Average relative abundance (normalized counts) of precursor tRNA mapping reads in L/L and L/L, cre mice (n = 3).
D Average length distribution of reads with 5ʹ ends mapped to the RNase P cleavage site of nuclear tRNAs in L/L and L/L, cre mice (reads per million, RPM; n = 3).
E Normalized read counts for precursor and mature mapped reads for tRNAAspGTC and tRNAGlyGCC in all samples.
F The abundance of nuclear tRNAs in hearts from 4-week-old L/L and L/L, cre mice was analyzed by northern blotting similarly as shown in Fig 2A, and 18S rRNA was

used as a loading control. Nuclear precursor tRNAs were too low to detect by northern blotting and were identified by RNA-Seq.
G Normalized coverage profile (reads per million, RPM) of pre-tRNAValTAC�1-1 demonstrating increased unprocessed transcripts in the knockout mice.

Source data are available online for this figure.
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31-nt 50 fragments of tRNA-Gly-GCC, with 30 cleavage sites located

within the anticodon stem and anticodon loop, respectively, which

were greatly reduced in the Elac2 knockout mice (Fig EV4A). tRF-

5s have been presumed to be produced from mature tRNAs;

however, they could in principle be derived from RNase P cleaved

pre-tRNAs without 30-end cleavage. Loss of ELAC2 and subse-

quent decrease in the majority of tRF-5s indicates that they are

produced from mature tRNAs (Fig 7A). Although the abundance

of most tRF-5s was reduced in the knockout mice, there were

particular fragments that instead showed robust increases, includ-

ing 23- and 32-nt fragments of tRNA-Val-AAC/TAC and 18-nt frag-

ments of tRNA-Ser-GCT, tRNA-His-GTG, and tRNA-Lys-TTT

(Dataset EV2). This indicates that either this subset of tRF-5s can

be derived from pre-tRNAs or that they are preferentially stabi-

lized in the stress conditions generated upon loss of ELAC2, possi-

bly via association with argonaute proteins as has been previously

observed [23].

In both the knockout and wild-type mice, 18- and 22-nt frag-

ments were the most abundant 30 tRNA fragments detected and,

surprisingly, the abundance of tRF-3 fragments was not altered as

much as the tRF-5s in the Elac2 knockout mice (Figs 7A and EV4A).

The robust presence of tRF-3s, which possess 30-CCAs acquired after

30 end processing, indicates alternative pathways exist that are

capable of 30 cleavage in an ELAC2-independent manner, which are

already known to exist in yeast [24], although these cannot compen-

sate for the loss of ELAC2 as the processing of the majority of

nuclear tRNAs is compromised. Further insights into this process

were found by analyzing the tRF-1 fragment distribution in the Elac2

knockout mice. The most abundant tRF-1s were predominantly 16,

20–21, and 29 nt in size and were mostly unchanged between the

knockout and control mice (Figs 7A and B, and EV4A). However,

there appear to be at least two cases where a pre-tRNA-encoded

miRNA has increased expression in the knockout mice. One is

located at the tRNA-Ile-TAT-2-1 locus (Fig 7C), which has been

previously identified as a Dicer-dependent miRNA cleaved from an

alternate conformation of the pre-tRNA [25]. The other is located

within the tRNAVal-TAC-1-1 locus, where there are two fragments:

a 21-nt fragment immediately downstream of the tRNA 30 end and

an internal 21-nt fragment of lower abundance. The latter fragment

may be a miRNA* product given its size (Fig 7C). Both of these

products have elevated abundance in the Elac2 knockout mice,

likely because in the absence of ELAC2, these pre-tRNAs are

processed by the miRNA-processing pathway.

There are several loci that produce an increased abundance of

small RNAs that resemble tRF-1s, in that they contain 30 poly(U)

motifs that align with the Pol III termination site, but have 50 ends
that do not align with the ELAC2 cleavage site. Some of these loci

have secondary downstream poly(T) stretches that appear capable

of terminating Pol III and producing long pre-tRNAs that we have

called termination-associated RNAs (taRNAs). We identified

increased levels of taRNAs while analyzing precursor tRNAs

(Fig 7D). For example, the tRNA-Asn-GTT-3-1 locus produces a

~200-nt pre-tRNA, as well as a 26- to 27-nt fragment at the second

downstream poly(T) region located ~110-nt downstream of the

tRNA 30 end (Fig 7E). Additionally, the Ser-AGA-2-3 locus produces

a pre-tRNA that spans over 300 nt (Fig EV4B), as observed with

RNA-Seq, in addition to tRF-5s, tRF-3s, and a 26- to 27-nt termina-

tion-associated RNA (taRNA) fragment at terminating at a down-

stream poly(T) site. Other pre-tRNAs produce taRNAs that include

sections of the 30 tRNA acceptor stem as well as the 30 pre-tRNA
trailer. For example, tRNA-Ser-AGA-2-2 expresses a 25- to 29-nt

fragment that contains a 30 poly(U) but its 50 terminal nucleotide

located 11 nt upstream of the tRNA 30 end (Fig 7E). Both of these

types of fragments are increased in abundance in the Elac2 knockout

mice presumably due to the increase in unprocessed pre-tRNA avail-

able resulting from loss of Elac2; however, their 50 ends must be

◀ Figure 6. ELAC2 regulates the levels of regulatory ncRNAs.

A De novo cytoplasmic protein synthesis was measured in 4-week-old L/L and L/L, cre mice using 35S-labeled cysteine and methionine, and 15 lg of protein lysates was
resolved by SDS–PAGE. Coomassie-stained gels were used to show equal loading of protein lysates.

B Cytoplasmic ribosomes were resolved on 10–40% sucrose gradients and the RNAs associated with each fraction were used to detect the distribution of the 28S and
18S rRNAs by northern blotting.

C Volcano plot from the small RNA-Seq dataset (�log10 adjusted P-value versus log2 fold change) of small RNA mapping reads, highlighting snRNAs (green), snoRNAs
(red), and miRNAs (blue).

D The abundance of snoRNAs in hearts from 4-week-old L/L and L/L, cre mice as analyzed by northern blotting and 18S rRNA was used as a loading control.
E Volcano plot from the small RNA-Seq dataset (�log10 adjusted P-value versus log2 fold change) of small RNA mapping reads, highlighting C/D box (red) and H/ACA

box (blue) snoRNAs.
F Volcano plot (�log10 adjusted P-value versus log2 fold change) of snoRNA host genes, highlighted according to function (ribosomal protein in red, ribosome

biogenesis in green, and translation regulation in blue).
G Large and small ribosomal subunit mRNAs and their relative abundance, differential expression, and significance.

Source data are available online for this figure.

▸Figure 7. Increased levels of specific pre-tRNAs drive the production of miRNAs and taRNAs.

A Scatter plot of the significance of tRF-5, tRF-3, and tRF-1 differential expression changes (�log10 adjusted P-value).
B Volcano plot (�log10 adjusted P-value versus log2 fold change) of differential expression changes for tRF-5s (red), tRF-3s (blue), and tRF-1s (green).
C Normalized coverage profile (reads per million, RPM) of pre-tRNAValTAC�1-1 in miRNA (top panel) and sRNA libraries (bottom panel) illustrating the presence of a

putative tRNA-derived miRNA and miRNA* product.
D Average length distribution of reads mapped to nuclear tRNA loci, including 100 nt up- and downstream, in L/L and L/L, cre mice (reads per million, RPM; n = 3).
E Normalized coverage profiles (reads per million, RPM) of pre-tRNAThrAGT�1-2, pre-tRNASerAGA�2-2, and pre-tRNAAsnGTT�3-1 from the small RNA-Seq dataset, illustrating

the presence of taRNAs with 50 ends up- and downstream of ELAC2 cleavage sites.
F Schematic diagram of the pathways producing tRFs and new taRNAs in L/L and L/L, cre mice.
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generated by another mechanism. All of these taRNAs have consis-

tent sizes (25–27 nt) and appear to be products of Pol III termination

due to the alignment of their 30 ends within poly(T) genomic

stretches. This suggests that they may be protein footprints of the

Lupus autoantigen (La) protein that binds at the 30 poly(U) stretch

at the ends of Pol III-generated transcripts (Fig 7F). The lack of

Elac2 may prevent the release of La from the pre-tRNA transcript,

resulting in the fragment seen at Ser-AGA-2-2; however, these RNAs

are also observed far downstream of tRNA30 ends indicating a

potential secondary function of Elac2 in La release. La protein has

previously been shown to stabilize pre-tRNA structure to prevent

refolding and processing via the miRNA pathway [26]; however,

our results indicate that in some circumstances it might also act as a

molecular ruler to direct cleavage in adjacent 50 regions.

Discussion

We have investigated the role of ELAC2 in vivo for the first time

to identify its molecular targets and consequences of its loss. Our

findings show that ELAC2 acts as the sole mitochondrial RNase Z

and that it also has a major role in the processing of nuclear

tRNAs in vivo. The specific deletion of ELAC2 in the hearts of mice

caused a profound cardiomyopathy and premature death by

4 weeks of age. The dual localization of ELAC2 in the nucleus and

mitochondria and its activity in both evidently contributes to this

premature death, since deletion of the mitochondria-specific

endonuclease subunit of the mitochondrial RNase P complex,

MRPP3, that cleaves the 50 of mt-tRNAs causes cardiomyopathy

and death by 11 weeks of age [10]. It is possible that a distinct

mitochondrial RNase P enzyme has evolved to cope with the

complexity of the polycistronic mitochondrial transcripts and

extensive 50 leaders, as 50 tRNA processing precedes 30 tRNA

processing [10]. ELAC2 performs a similar function by cleaving

the 30 tRNA ends of already 50-processed transcripts that are likely

structurally similar to those in the nucleus. We show that ELAC2

is required for the cleavage of all mt-tRNAs at their 30 ends,

although this process is preceded by the RNase P activity at the 50

ends, since we do not observe large polycistronic transcripts accu-

mulating within mitochondria nor impairment of 50 tRNA process-

ing. Impaired 30 tRNA processing led to loss of mitochondrial

protein synthesis in the absence of mature tRNAs, and conse-

quently, the biogenesis and function of the mitochondrial ribo-

somes and OXPHOS system were severely diminished. We

observed similar defects when we deleted Mrpp3 in mice [10], but

in contrast to this model of impaired 50 tRNA processing, loss of

ELAC2 did not alter the levels of mt-RBPs nor mitoribosomal

proteins, which were dramatically increased in the Mrpp3 knock-

out mice. This is likely because the mice die very young and there

is insufficient time for the activation of retrograde responses to

mitochondrial dysfunction, as identified in mice beyond 10 weeks

[27]. Alternatively, the combined consequences of impaired tRNA

processing in both mitochondria and the nucleus may activate dif-

ferent pathways to those in the Mrpp3 knockout mice that do not

require transcriptional upregulation of mitochondrial RBPs.

Here, we show that ELAC2 is responsible for the processing of

most nuclear-encoded tRNAs and validate that ELAC2 cleaves the

mascRNA from its Malat1 transcript as previously shown in vitro

[28]. Loss of ELAC2 leads to a profound increase in nuclear pre-

tRNAs and a reduction in mature tRNAs that is sufficient to decrease

cytoplasmic protein synthesis significantly and reduce polysome

formation. Interestingly, in response to impaired 30 tRNA processing

in the nucleus and reduced translation we identified a specific

upregulation of C/D box snoRNAs as an alternate mode to attempt

to compensate for impaired cytoplasmic protein synthesis. Their

expression correlates with that of their host genes, all of which are

increased to upregulate protein synthesis and ribosomal assembly.

This also likely contributes to the transcriptional upregulation of

both cytoplasmic and mitochondrial translation factors and riboso-

mal proteins, all of which are incapable of overcoming the dramatic

loss of mature tRNAs. Furthermore, our findings indicate that

ELAC2 plays a downstream role in snoRNA-mediated RNA modifi-

cation in the nucleolus.

Here, we show that the loss of ELAC2 has a significant effect on

the processing of pre-tRNAs into miRNAs and tRNA fragments, both

of which are important for regulating gene expression. 50 tRF from

tRNA-Val has been previously reported to be induced under multi-

ple stress conditions in HepG2 cells including nutrient deficiency,

heat shock, hypothermia, and hypoxia [29], and the 32-nt Val frag-

ment detected in our dataset contains the CU box motif (SCUBYC)

required for Ybx1 binding but lacks the 50 TOG motif needed for G-

quadruplex formation and stress granule production [30]. A tRNA-

His fragment has previously been observed bound to the ribosome

in yeast [31], and a 50 Lys fragment was increased upon respiratory

syncytial virus infection in A549 and small alveolar epithelial cells

[32]. No functions have been reported for tRF-5-Ser-GCT; however,

it has been reported that short 50 tRFs require a 30-GG dinucleotide

to inhibit translation in human cells [33], a feature present at the 30

ends of the Ser-GCT and His-GTG fragments. tRFs have also been

reported to associate with Argonaute proteins and appear to possess

the ability to silence gene expression at the RNA level [23]. The

coordinated upregulation of ribosomal and translation-related

mRNAs in the absence of ELAC2 may be the result of the loss of

tRF-mediated gene silencing or translation inhibition. This is an

attractive idea as it would constitute a signaling mechanism to coor-

dinate the expression of tRNAs with their cognate partners, the ribo-

some, and tRNA synthetases.

Our identification of a new class of tRNA fragments, the taRNAs,

is intriguing as their 50 ends appear to be primarily determined by

the distance from the Pol III termination site since they are of consis-

tent size whether they are derived from the distal ends of long pre-

tRNAs terminating at secondary downstream termination sites or at

primary termination sites of short pre-tRNAs. Their alignment to Pol

III transcript ends implicates Pol III termination and the La protein

in their biogenesis, in concert with as yet unknown nuclease to

generate the 50 ends. Alterations to La function, and particularly

release of La from precursor transcripts, may also be responsible for

the changes observed for snoRNA and miRNAs, since La is known

to associate with DGCR8 and participates in miRNA biogenesis [34],

and it is also reported to associate with RNase P to target the

exosome to snoRNAs for degradation [35]. It is possible that ELAC2

is also involved in snoRNA degradation, which could explain their

increased abundance upon ELAC2 loss. Alternatively, impaired

tRNA processing may be sequestering a proportion of La by prevent-

ing its removal from precursors, with downstream effects for non-

tRNA processes involving La.
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In conclusion, we identify that RNA processing in vivo is essen-

tial for gene expression via the regulation of non-coding regulatory

RNAs and the biogenesis of the nuclear and mitochondrial

proteomes. The coordination between RNA processing and gene

expression highlights the importance of miRNAs, snoRNAs, and

new taRNAs for gene expression and survival.

Materials and Methods

Animals and housing

Elac2 transgenic mice on a C57BL/6N background were generated by

the European Mouse Mutant Archive, EMMA (Biomodels, Austria).

The neomycin cassette was removed by mating Elac2+/loxP-neo mice

with transgenic mice ubiquitously expressing Flp recombinase. The

resulting Elac2+/loxP mice were mated with mice ubiquitously

expressing Cre recombinase to generate heterozygous knockout

Elac2+/� mice that were bred with each other to identify that the

homozygous loss of Elac2 was embryonic lethal. Heart- and skeletal

muscle-specific knockout mice were generated by crossing

Elac2loxP/loxP mice with transgenic mice expressing Cre under the

control of the muscle creatinine kinase promoter (Ckmm-cre).

Double heterozygous mice (Elac2loxP/+, +/Ckmm) were mated with

Elac2loxP/loxP mice to generate heart-specific knockout (Elac2loxP/loxP,

+/Ckmm) and control mice (Elac2loxP/loxP). 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 was 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 scien-

tific purposes, 8th Edition 2013).

Mitochondrial isolation

Mitochondria were isolated from homogenized hearts and isolated

by differential centrifugation as described previously [10,36].

Sucrose gradient fractionation

Sucrose gradient fractionation was carried out as described previ-

ously [10,36].

Immunoblotting

Specific proteins were detected using rabbit polyclonal antibodies

against: POLRMT (produced in-house, diluted 1:1,000), TFAM

(ab131607), MRPP1 (HPA036671 Sigma), MRPP2 (SAB1405920,

Sigma), ELAC2 (10061-1-AP), LRPPRC (sc66844, Santa Cruz),

MRPL44 (16394-1-AP), MRPL37 (15190-1-AP) (1:1,000), MRPL12

(14795-1-AP) (1:500), MRPS35 (16457-1-AP) (1:1,000), MRPS16

(16735-1-AP) (Proteintech), Clpx (Sigma—Prestige Antibodies

HPA040262, diluted 1:500), Lonp (15440-1-AP), YME1L1

(ab170123), OMA-1 (ab104316) Abcam, diluted 1:500), and mouse

monoclonal antibodies against: b-actin (ab8226), porin (ab15895),

total OXPHOS cocktail antibody (ab110412), NDUFA9 (ab14714),

SDHA (ab14715), UQCRC2 (ab14745), COXI (ab14705), COXII

(ab198286), COXIII (ab110259), COXIV (ab14744), ATP5a

(ab14748), ATP inhibitory factor 1 (ab110277) (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 visual-

ized using an Odyssey Infrared Imaging System (Li-Cor).

DNA quantification

Real-time PCR was conducted on 90 ng of DNA isolated from mouse

hearts using primers for Rnr2 and b-2 microglobulin to determine

mitochondrial and nuclear DNA levels, respectively (GeneWorks).

Amplification was conducted using a Rotor-Gene Q (Qiagen) using

SensiMix SYBR mix (Bioline).

RNA isolation, northern blotting, and qRT–PCR

RNA was isolated from total hearts or heart mitochondria using the

miRNeasy Mini kit (Qiagen) incorporating an on-column RNase-free

DNase digestion to remove all DNA. RNA (5 lg) was resolved on

1.2% agarose formaldehyde gels, then transferred to 0.45-lm
Hybond-N+ nitrocellulose membrane (GE Lifesciences), and hybri-

dized with biotinylated oligonucleotide probes specific to mouse

mitochondrial mRNAs, rRNAs, and tRNAs [37]. Hybridizations were

carried out overnight at 50°C in 5× SSC, 20 mM Na2HPO4, 7% SDS,

and 100 lg/ml heparin, followed by washing. The signal was

detected using streptavidin-linked infrared-labeled antibody (diluted

1: 2,000 in 3× SSC, 5% SDS, 25 mM Na2HPO4, pH 7.5) using an

Odyssey Infrared Imaging System (Li-Cor), respectively. Comple-

mentary 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 Rotor-Gene Q using SensiMix SYBR

mix (Bioline) and normalized to 18S rRNA.

RNA-Seq and alignments

Strand-specific RNA sequencing was performed on total RNA from

three control and three Elac2 knockout mice using the Illumina

NextSeq 500 platform, according to the Illumina TruSeq RNA-Seq,

small RNA-Seq, and miRNA protocols. We used RNA-Seq to investi-

gate nuclear and mitochondrial mRNA and rRNA changes using the

standard TruSeq library preparation and also to investigate precur-

sor RNA accumulation as we have previously [10]. RNA sequencing

libraries for small RNA-Seq were constructed using the Illumina

Small RNA Sample Prep Kit, with a size selection step for 15- to

100-nt RNAs and were used to analyze tRNAs and other non-coding

RNAs. miRNA libraries were constructed according to the Illumina

miRNA protocol and were used to analyze miRNAs, small RNAs,

and tRNA fragments. Although there are approaches used for tRNA

sequencing via demethylation of RNA prior to sequencing, this

method is no more quantitative than small RNA-Seq and we have

found that it is more effective to sequence small RNA-Seq libraries

to high depth without prior manipulation of the RNA samples. This

also enables matched RNA samples to be used for small RNA-Seq,

miRNA-Seq, and standard RNA-Seq in parallel, which enables reli-

able comparisons across different libraries.
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small RNA

Raw reads were trimmed of adapter sequences (50-AGATCGGAA
GAGCACACG-TCTGAACTCCAGTCAC-30) with cutadapt v1.14 [38],

discarding reads with a trimmed length of less than 15 nt. Only

reads with successfully trimmed adapters were retained for subse-

quent analysis. Trimmed reads for technical replicates were pooled

for each sample and alignment to the NumtS-masked mouse

genome (mm10) plus a set of mature tRNA sequences, using Bowtie

2 v2.2.9 [39] with the parameters: -D 20 -R 3 -N 0 -L 15 -i S,1,0.50 -k

100 (equivalent to the –very sensitive preset, with the seed substring

shortened to 15 nt and up to 100 alignments reported). The mature

tRNA sequences were derived from the genomic tRNA database

(GtRNAdb) [40], by removing intronic sequences, adding a 30-CCA
to each tRNA and a 50 G nucleotide to each histidine tRNA, and

collapsing the set to unique sequences. In addition, 11 tRNA loci

possessed genome-encoded CCA trinucleotides immediately down-

stream of what would be the discriminator base of the mature

sequence, as well as degenerate, or extremely proximal or distal

downstream Pol III transcription termination sites. Cleavage of

precursor tRNA 30 ends by mammalian RNase Z is inhibited by the

presence of a 30-CCA [41], particularly if the 30 trailer is very short

or very long, therefore these loci appear to be less likely of produc-

ing mature tRNAs. In addition, most of these loci have low scores

on gtRNAdb and several possess sequences that, if expressed and

successfully processed into mature tRNAs, would be identical to

other tRNAs in the set of unique sequences, making the set non-

unique, and as such, these tRNAs were excluded from the unique

mature set (but retained as part of the precursor annotations).

Prior to differential expression, a single alignment for each read

was retained according to the alignment scores of the highest scor-

ing primary and secondary alignments, and their mapping locations

(secondary alignments with scores lower than the primary were not

considered). All primary alignments with a higher alignment score

than any secondary alignments were retained. Primary alignments

with one or more secondary alignments with equal scores (ambigu-

ous multimappers) were retained if none mapped to precursor or

mature tRNA sequences, or the mitochondrial chromosome. Those

that did map to a tRNA sequence were retained according to their

mapping locations: if all alignments mapped either to precursor or

mature tRNA, then the primary precursor or mature alignment was

retained, respectively; if the alignments were mapped to both

precursor and mature tRNA, but nowhere else, then a mature tRNA

alignment was randomly selected (to improve the specificity of

precursor alignments); if the alignments mapped to a precursor or

mature tRNA and chrM, a mitochondrial alignment was randomly

retained (under the rationale that a mitochondrial tRNA is the most

likely source due to the high amount of mitochondrial RNA in

cardiomyocytes); if the equally scoring alignments mapped to multi-

ple locations on chrM, or if they mapped to other nuclear genomic

locations in addition to tRNAs, they were excluded from further

analysis. Gene-level read counts were produced using featureCounts

v1.5.1 [42] (–largestOverlap -s 1) with the GENCODE vM14 annota-

tion limited to small ncRNA annotations (miRNA, snoRNA, snRNA,

sRNA, scaRNA, scRNA, rRNA, and misc_RNA) combined with the

GtRNAdb-derived precursor and mature tRNA annotations, and an

in-house mitochondrial annotation. Differential expression was

performed with DESeq2 v1.16.1 [43] and visualized with ggplot2

[44] in the R statistical environment.

TruSeq RNA-Seq

Raw reads from technical replicates for each sample were pooled and

aligned to the NumtS-masked mouse genome (mm10) with HISAT2

v2.0.5 [45] using default parameters. Alignments were filtered to

retain only properly paired, primary alignments with SAMtools v1.5

[46]. Read pairs that aligned to the mitochondria were realigned to

the mitochondrial genome sequence with the –no-spliced-alignment

parameter enabled, to avoid introducing spurious splice junctions

into mitochondrial alignments. The mitochondrial and nuclear align-

ments were combined, and gene-level counts were produced with

featureCounts v1.5.1 [42] (–largestOverlap -s 2) using the GENCODE

vM14 annotation and an in-house mitochondrial annotation. Dif-

ferential expression analysis was performed with DESeq2 v1.16.1

[43] and visualized with ggplot2 v2.2.1 [44] and PathVisio v3.2.4

[47]. Mitochondrial genome coverage across both strands (raw and

normalized) of three Elac2 knockout (L/L, cre) and three control

(L/L) mice for the TruSeq library is shown in Dataset EV4.

tRF analysis

Raw paired-end reads from the miRNA sequencing library were

merged with BBMap v37.02 (sourceforge.net/projects/bbmap),

removing the adapter sequences, and technical replicates were

pooled. Merged and pooled reads with a length of at least 15 nt were

aligned the mouse genome (mm10) with Bowtie 2 v2.2.9 [39] with

the parameters: -D 20 -R 3 -N 0 -L 15 -i S,1,0.50 -k 100 (equivalent to

the –very sensitive preset, with the seed substring shortened to 15 nt

and up to 100 alignments reported). In order to account for the pres-

ence of non-template 30-CCA found on tRF-3s, all unaligned and non-

exactly aligning reads were extracted and cutadapt v1.1.4 used to

detect and trim up to a single -CCA triplet anchored at the 30 end.
Trimmed reads were subsequently aligned to the mouse genome and

filtered for exact alignments as above. Multimapping reads (those

with equally top scoring primary and secondary alignments) that

mapped to genomic tRNA loci were retained only if all equally scor-

ing secondary alignments were also mapped to tRNA loci from which

the primary alignment was retained. Primary alignments were also

retained for multimappers outside of tRNA loci and non-multimappers.

tRNA fragments were identified according to the mapped position

of their 50 and 30 terminal nucleotides: tRF-5s by the 50 terminal

nucleotide of a read mapping to the 50 end of a tRNA; tRF-3s by the

30 end from the CCA-trimmed data mapping to the 30 end of a tRNA;

and tRF-1s if the 50 end mapped to a tRNA 30+1 position. Reads from

these sets of alignments were extracted and collapsed by sequence to

identify the most abundant fragments, irrespective of mapping

location (ambiguous in the case of multimappers). Potential source

loci were identified by scanning tRNA sequences using the putative

tRF sequences with scan_for_matches and examining coverage of

these with the full set of exact alignments.

Translation assays

In organello translation, assays were carried out in isolated heart

mitochondria as described before [10,36].

Blue native PAGE

BN–PAGE was carried out using isolated mitochondria from hearts

as described previously [48]. BN–PAGE gels were analyzed by
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transferring to PVDF and immunoblotting against the respiratory

complexes.

Respiratory chain function and complex activity

The mitochondrial oxygen consumption flux was measured with an

Oxygraph-2k (Oroboros Instruments), as previously described [48]

[10,36].

Histology

Mouse hearts were fixed with 10% neutral-buffered formalin for

24 h and stored in phosphate-buffered saline or 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 decreas-

ing concentrations of ethanol (100, 95, 80, 60%) before they were

washed in distilled H2O (dH2O). The H&E staining was performed as

described before [49]. Skeletal muscle was frozen in OCT, and the

tissue was sectioned and stained for complex I and IV activity using

NADH and cytochrome c oxidase as substrates. Coverslips were

attached using DPX mounting media (Scharlau), and images were

acquired using a Nikon Ti Eclipse inverted microscope using a

Nikon 20× objective.

Echocardiography

Echocardiography was performed on mice under light methoxy-

flurane anesthesia with the use of an i13L probe on a Vivid 7

Dimension (GE Healthcare) as described previously [27].

Data availability

The transcriptomic data from this publication have been deposited

to the Gene Expression Omnibus database https://www.ncbi.nlm.

nih.gov/geo/ and assigned the identifier GSE111228.

Expanded View for this article is available online.
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A B S T R A C T

Post-natal skeletal muscle growth in mice is very rapid and involves complex changes in many cells types over
the first 6 weeks of life. The acute onset of dystropathology also occurs around 3 weeks of age in the mdx mouse
model of the human disease Duchenne Muscular Dystrophy (DMD). This study investigated (i) alterations in
expression patterns of regulatory non-coding RNAs (ncRNAs) in vivo, including miRNAs, lncRNAs and tRNAs,
during early growth of skeletal muscles in normal control C57Bl/10Scsn (C57) compared with dystrophic mdx
mice from 2 to 6 weeks of postnatal age, and revealed inherent differences in vivo for levels of 3 ncRNAs between
C57 and mdx muscles before the onset of dystropathology. Since the amino acid taurine has many benefits and
reduces disease severity in mdx mice, this study also (ii) determined the impact of taurine treatment on these
expression patterns in mdx muscles at the onset of dystropathology (3 weeks) and after several bouts of myo-
necrosis and regeneration (6 weeks). Taurine treatment of mdx mice only altered ncRNA levels when ad-
ministered from 18 days to 6 weeks of age, but a deficiency in tRNA levels was rectified earlier in mdx skeletal
muscles treated from 14 days to 3 weeks. Myogenesis in tissue culture was also used to (iii) compare ncRNA
expression patterns for both strains, and (iv) the response to taurine treatment. These analyses revealed intrinsic
differences in ncRNA expression patterns during myogenesis between strains, as well as increased sensitivity of
mdx ncRNA levels to taurine treatment.

1. Introduction

Non-coding RNAs (ncRNAs) have important regulatory roles during
development and aberrant ncRNA expression has been linked to disease
(Taft et al., 2010). The formation of skeletal muscle tissue is a complex
and tightly regulated process in utero (Buckingham et al., 2003) and
multinucleated muscle fibres (myofibres) undergo dramatic changes in
both size and function throughout the lifespan, especially during the
post-natal growth period (White et al., 2010). The expression of many
non-coding regulatory RNAs including microRNAs (miRNAs), long non-
coding RNAs (lncRNAs) and transfer RNAs (tRNAs) is crucial during the
formation and homeostasis of skeletal myofibres (Braun and Gautel,
2011; Nie et al., 2015); we recently showed striking differences in
ncRNA expression patterns during neonatal myogenesis and early post-
natal growth of normal muscles of young mice from 2 days to 12 weeks
after birth for lncRNAs (Butchart et al., 2016) and miRNAs (Lamon

et al., 2017).
In normal post-natal growth of mice, there is an initial phase of

hypertrophy combined with hyperplasia of nuclei within the myofibres
(fusion of myoblasts with existing myofibres) that occurs until 3 weeks,
and a second phase of hypertrophy alone (without addition of new
myonuclei), where increased net protein synthesis results in the in-
creased myofibre length and cross sectional area (hypertrophy) (White
et al., 2010). This transitional age of 3 weeks is also when pronounced
dystropathology first manifests, with an acute onset of myofibre ne-
crosis, in dystrophic skeletal muscles of the mdx mouse model of the
lethal childhood disease Duchenne Muscular Dystrophy (DMD); how-
ever, the precise reasons for this acute onset of dystropathology are
unclear (Radley-Crabb et al., 2014). Consequently, in mdx muscles the
‘hypertrophy only’ phase (from 3 weeks) is drastically altered, with
repeated bouts of necrosis and regeneration (including inflammation
and all aspects of new muscle formation) also occurring during this
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crucial time of intense muscle growth (Duddy et al., 2015). The com-
bination of many factors may account for this sudden onset of myo-
necrosis at 3 weeks including: changes in nutrition and metabolism
with a switch from lactation to solid feed, mobility, maturation of
neuromuscular junctions and innervation, and maturation of the vas-
culature (Butchart et al., 2016). Given the multi-regulatory roles of
ncRNAs during many aspects of development, this project investigated
differences in expression patterns of specific ncRNAs between normal
control C57Bl/10Scsn (C57) wild type and dystrophic mdx mouse
muscles across this crucial transition age.

For dystrophic muscles of mdx mice, the benefits of taurine (an
amino acid) have been widely documented since 1998, in over a dozen
papers by 3 groups and 2 reviews (De Luca et al., 2015). Recent studies
by our group confirmed the benefits of taurine administration to reduce
the severity of dystropathology, and we also described disturbed me-
tabolism of taurine in muscles, plasma and other tissues of mdx mice
(Terrill et al., 2015), identified related changes in the dystrophic dog
model of DMD (Terrill et al., 2016a; Terrill et al., 2015) and identified a
new potential mechanism for the benefits of taurine with a focus on
oxidative stress and neutrophils (Terrill et al., 2016a; Terrill et al.,
2015). We showed that taurine treatment during the period of peak
necrosis and regeneration (3–6 weeks) improves skeletal muscle func-
tion in mdx mice, and reduces markers of inflammation (Terrill et al.,
2016c) and, importantly, that increased taurine in pre-weaned mdx
mice (from 14 days of age) reduces the acute onset of myonecrosis
(Terrill et al., 2016b). However, the precise mechanisms for the pro-
tective effects of taurine on dystrophic muscle are still under in-
vestigation.

Taurine has now been identified as a constituent of novel taurine-
containing modified uridines (5-taurinomethyluridine and 5-taur-
inomethyl-2-thiouridine) in human and bovine mitochondrial transfer
RNAs (tRNAs), raising new insights into the functions and subcellular
localization of taurine (Suzuki et al., 2002). Taurine is critical for the
maturation of transfer RNAs (tRNAs) in mitochondria that are essential
for the expression of the mitochondrial genome, plus for translation of
mRNAs into proteins on ribosomes in the cytoplasm. Therefore we
proposed that changes in taurine levels may affect the stability of mi-
tochondrial tRNAs and thereby impair the biogenesis of the mi-
tochondrial respiratory chain that maintains most of the energy re-
quired by cells, plus affect the translation process; in juvenile mdx mice
such disturbances could contribute to the increased susceptibility to
necrosis of growing dystrophic muscles. This is particularly relevant
since DMD is a paediatric disease and energy requirements are higher
for growing dystrophic muscles that appear especially vulnerable to
myonecrosis (Grounds, 2008; Grounds and Shavlakadze, 2011; Radley-
Crabb et al., 2014). Therefore, levels of mitochondrial tRNAs in com-
bination with taurine administration were also analysed in this paper.

This study used real time quantitative PCR (RT-qPCR) and northern
blotting to: (i) investigate patterns of ncRNA expression in vivo (in-
cluding miRNAs, lncRNAs and tRNAs) during early postnatal growth of
muscles in normal control C57 compared with dystrophic mdx mice
from 2 to 6 weeks of age (throughout the transition from hyperplasia to
hypertrophy combined with the acute onset of myonecrosis in mdx
muscles) and (ii) determine the impact of taurine treatment on these
expression patterns in mdx muscles at the onset of dystropathology (3
weeks) and after several bouts of myonecrosis and subsequent re-
generation (6 weeks). Furthermore, to overcome the complexity of the
in vivo situation where changes during the growth phase involve many
different cell types and tissues, we (iii) examined myogenesis in tissue
culture, using satellite cells isolated from single myofibres derived from
C57 and mdx muscles; here the ncRNA expression patterns during
myoblast proliferation, differentiation/fusion and myotube maturation
were analysed. These primary cultures were also used to (iv) assess the
impact of taurine on myogenesis of both strains in vitro.

2. Materials and methods

2.1. Animal procedures

All experiments were carried out on non-dystrophic normal C57
(C57Bl/10ScSn, the parental strain for mdx) and dystrophic mdx
(C57Bl/10ScSnmdx/mdx) mice. All mice were obtained from the
Animal Resource Centre, Murdoch, Western Australia, and maintained
at the University of Western Australia on a 12 h light/dark cycle, under
standard conditions, with free access to food and drinking water. All
animal experiments were conducted in strict accordance with the
guidelines of the National Health and Medical Research Council Code of
practice for the care and use of animals for scientific purposes (2004),
and the Animal Welfare act of Western Australia (2002), and were
approved by the Animal Ethics committee at the University of Western
Australia.

2.2. Study 1: time course of normal C57 and mdx ncRNA expression in
mice

For the 2-week time point, male and female pups were used and
gastrocnemius and quadriceps muscles were pooled (due to small size):
for the 4- and 6-week time points male mice were used and only gas-
trocnemius was analysed. For each group, n= 4–8. Mice were sacri-
ficed under terminal anaesthesia (2%v/v Attane isoflurane Bomac
Australia) by cervical dislocation. Muscles were dissected and im-
mediately snap frozen in liquid nitrogen before storing at −80 °C.

2.3. Study 2: the effect of taurine treatment on ncRNA expression in mdx
mice

All litters of mice contained approximately equal proportions of
males and females, with no observable differences between sexes (data
not shown). Taurine was obtained from Sigma Aldrich (St Louis, MO,
USA). For the different age groups, taurine delivery was based on
treatment methods used in our laboratory that are shown to be most
effective at increasing taurine content in skeletal muscle for those
particular ages (Terrill et al., 2016b; Terrill et al., 2016c).

2.3.1. Study 2a
Short-term taurine treatment of pre-weaned juvenile mdx mice from

14 days, and sampled at 22 days: Mdx mice were treated with taurine
from 14 days of age after birth (Terrill et al., 2016b) well before the
onset of dystropatholgy and before weaning. Mothers and pups had
access to soft chow at 14 days, with taurine-treated mdx mice receiving
4% taurine in their soft chow. Pups were sampled at 22 days of age and
gastrocnemius muscles and hearts collected and snap frozen (as for
Study 1).

2.3.2. Study 2b
Longer-term taurine treatment of mdx mice from weaning (18 days)

before sampling at 6 weeks: All pups were weaned at 18 days and then
were given either no treatment or 2% taurine solution in drinking water
for 24 days (Terrill et al., 2016c). No significant differences were ob-
served in the amount of water ingested for any group (data not shown).
Mice were sampled at 42 days of age (6 weeks) and gastrocnemius
muscles and hearts collected and snap frozen (as for Study 1).

2.4. Study 3: tissue culture comparison of ncRNA expression during
myogenesis for mdx and C57 primary cells

Primary cell cultures were obtained from the extensor digitorum
longus (EDL) muscles of 6-week old male C57 and mdx mice. Mice were
sacrificed by cervical dislocation while under terminal anesthesia (2%
v/v Attane isoflurane Bomac Australia) and the whole EDL muscle was
dissected out as per previous studies to obtain cultures of single
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myofibres (Shefer and Yablonka-Reuveni, 2005). Myofibres were grown
in Matrigel coated T75 flasks in 10% horse serum/20% fetal calf serum
in DMEM for 5 days to allow satellite cells to proliferate. Cells were
then trypsinized and plated out in Matrigel coated 6-well plates or
coverslips in DMEM with 10% HS/20% FCS. Proliferating myoblasts
were dosed with 20mM taurine in DMEM for 24 h before RNA ex-
traction. Remaining cultures were allowed to reach 80% confluence
before changing medium to 2% HS in DMEM for differentiation and
fusion to form myotubes: at this time half were dosed with 20mM
taurine. Medium was replaced every 2 days (+/− taurine) and myo-
tube cultures were frozen for RNA extraction after 2, 4 and 6 days of
differentiation (without or with taurine).

2.5. RNA extraction and analysis

All reagents were obtained from Qiagen unless otherwise stated.

2.5.1. Isolation of RNA from whole muscles
For the in vivo analyses, gastrocnemius and quadriceps muscles were

pooled for 2-week old mice (due to their small size) whereas only
gastrocnemius muscles were used at older ages. The frozen muscles
were homogenized under liquid nitrogen before lysis in Qiazol using a
TissueRuptor homogeniser. RNA extraction (including small RNAs) was
performed using the miRNeasy Mini kit according to the manufacturer’s
instructions.

2.5.2. Isolation of RNA from cultured muscle cells
For the in vitro analyses, cells were washed with PBS before lysis in

Qiazol that was added to the 6 well plates. Cells were dissociated using
a cell scraper and the resulting lysate was mixed before RNA extraction
as above.

RT-qPCR was performed on a Rotor-Gene 6000 using a Quantitect
SYBR Green PCR Kit and either QuantiTect or miScript Primer assays
(Table 1) or Primer-BLAST designed primers manufactured by Gene-
works (Table 2). Results were standardised to the geometric mean of
Hs_SNORD96A_1 and Hs_RNU6-2_1 (conserved between species).

All RNA levels are shown as relative values (and the use of arbitrary
values is stated on the Y-axis).

2.6. Northern blotting and RT-qPCR for mitochondrial RNAs

RNA (1.5 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 tRNAs (mt-Tl1, mt-Tw), rRNAs (12 S
rRNA) and mRNAs (mt-Co1 and 18 Ss rRNA) (Rackham et al., 2009).
Hybridizations were carried out overnight at 50 °C in 5x SSC, 20mM
Na2HPO4, 7% SDS and 100 μgml−1 heparin, followed by washing. The
signal was detected using either streptavidin-linked horseradish per-
oxidase or streptavidin-linked infrared-labelled antibody (diluted 1:
2000 in 3x SSC, 5% SDS, 25mM Na2HPO4, pH 7.5) by enhanced che-
miluminescence (GE Lifesciences) or using an Odyssey Infrared Imaging
System (Li-Cor), respectively. Mitochondrial DNA (mtDNA) copy
number was determined by RT-qPCR as previously described (Duff
et al., 2015).

3. Results

3.1. Changes in non-coding RNA levels during post-natal growth

We compared abundance of 12 ncRNAs to identify differences in
regulatory RNA expression between growing normal C57 and dys-
trophic mdx muscles. Six of the lncRNAs showed no significant changes
in their abundance in mdx muscles across the post-natal growth span of
2, 4 and 6 weeks (Fig. 1); these include LncMyoD (Fig. 1A) Neat1_v1 (B),
Tug1 (C), Munc (D), and Malat-1 (E). Additionally, all of these ncRNAs
except for Neat1_v2 (F) showed no significant differences in levels be-
tween age-matched C57 and mdx muscles. However, in C57 muscles
Neat1_v2 levels gradually increased with age, with a significant increase
observed between 2 and 6 weeks (p=0.0128). In contrast, in mdx
muscles significantly lower Neat1_v2 levels were seen (compared with
age matched C57) at 6 weeks, after the major onset and resolution of
necrosis and regeneration (Fig. 1F). The relatively stable levels of these
lncRNAs between C57 and mdx muscles (with the exception of
Neat1_v2) suggest that they are unlikely to be involved in the dystro-
pathology. Neat1_v2 may be involved in late stages of regeneration and
dystropathology resolution in mdx.

Interestingly, the remaining ncRNAs levels were significantly dif-
ferent between normal and dystrophic muscles (Fig. 1G–L). These
variations were seen in two distinct phases: either during the active
necrosis and regeneration phase in mdx mice from 4 to 6 weeks
(Fig. 1G–I), or at 2 weeks in the pre-necrotic phase before the acute
onset of dystropathology (Fig. 1J–L). NcRNAs that differed in their le-
vels between C57 and mdx muscles during the phase of active necrosis
and regeneration that occurs only in mdx mice, include Linc-MD1
(Fig. 1G), miR-1 (Fig. 1H) and miR-133a (Fig. 1I). While Linc-MD1
(Fig. 1G) levels were similar in C57 and mdx mice at 2 weeks of age, in
normal C57 muscles the levels of this ncRNA were significantly de-
creased by 4 weeks and remained stable from 4 to 6 weeks. The op-
posite occurred in dystrophic mdx muscles at 4 weeks (Fig. 1G), with
Linc-MD1 levels markedly increased (2-fold) and levels remained sig-
nificantly higher at 6 weeks during the phase of necrosis and re-
generation (p= < 0.0001).

Two miRNAs also showed significant differences between C57 and
mdx muscles after 2 weeks. In C57 muscles, miR-1 (Fig. 1H) and miR-
133a (Fig. 1I) were both increased between 2 and 4 weeks and re-
mained high from 4 to 6 weeks. In mdx muscles, both of these miRs had
consistent levels throughout the post-natal growth period. Accordingly,
at 6 weeks, miR-1 (Fig. 1H) was significantly lower in mdx compared
with C57 mice, while miR-133a (Fig. 1I) was significantly lower in mdx
mice during the entire period of necrosis and regeneration (4–6 weeks).
The significant changes in these ncRNAs suggest that they could be
important for the regeneration of mdx muscles after 3 weeks of age.

Interestingly, 3 ncRNAs showed different regulation between C57

Table 1
RT-qPCR primers obtained from Qiagen for miRNAs and lncRNAs.

Primer name Catalogue number

miRNA primers miR-1 MS00005873
miR-133 MS00001869
miR-206 MS00032305

lncRNA primers Sra QT00120022
Meg3 QT00161658

Table 2
Designed primer sequences for other lncRNAs (GeneWorks).

LncRNA Primer sequence

Linc-MD1 Forward: 5′ -GCA AGA AAA CCA CAG AGG AGG -3′
Reverse: 5′ -GTG AAG TCC TTG GAG TTT GAG -3′

LncMyoD Forward: 5′-CTG AAG GAC ACA AGG TGG CTT-3′
Reverse: 5′- AAC TGA GGC TCC CAG TAA GA-3′

Malat-1 Forward: 5′ -ATG TCT CCA TGG GGA ATG AG-3′
Reverse: 5′ -TAT GCA GCT TTT CAT CAG TAG GA-3′

Munc Forward: 5′ -CCA CAT CCA TCG GCA GCA TA-3′
Reverse: 5′-GGG ACA CGA AGA CCA GCA TA-3′

Neat1_v1 Forward: 5′ -ACC CTT TTT CAT GGG GGT AG-3′
Reverse: 5′ -GCT GGA TGG AGG CTT GTT TA-3′

Neat1_v2 Forward: 5′-GCT CTG GGA CCT TCG TGA CTC T-3′
Reverse: 5′-CTG CCT TGG CTT GGA AAT GTA A-3′

Tug1 Forward: 5′ -AAG TGA ACT ACG TCC CGT GC-3′
Reverse: 5′ -TGG TCC ACT GGA ATG GTG TC-3′
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and mdx muscles at 2 weeks, before the onset of necrosis (Fig. 1J–L).
Although in both strains Meg3 expression was significantly reduced
between 2 and 4 weeks and subsequently remained stable from 4 to 6
weeks (Fig. 1J), Meg3 was notably lower (∼40%) in mdx muscles at 2
weeks (compared with C57) (p=0.0062). Similar to Meg3, miR-206
levels were significantly decreased between 2 and 4 weeks post-natally
in both strains (Fig. 1K), and remained stable between 4 and 6 weeks
post-natally: however, at 2 weeks, miR-206 was significantly higher
(∼55%) in mdx muscles (compared with C57) (p= 0.0204). LikeMeg3,
the lncRNA Sra (Fig. 1L) was significantly lower (∼50%) at 2 weeks in

mdx compared with C57 muscles (p= 0.0028). However, at 4 weeks
Sra levels were comparable for both strains, as the levels were reduced
in C57 muscles, while mdx levels remained constant between 2 and 4
weeks. At 6 weeks, Sra levels increased compared with 4 weeks for both
strains: for C57 mice levels returned to those at 2 weeks, while mdx
levels increased significantly for the first time in the post-natal growth
period (compared with both 2 and 4 weeks of age). This indicates that
Meg3, miR-206 and Sra may be useful readouts of transcriptional
changes prior to the first appearance of myonecrosis at 3 weeks post-
natally.

Fig. 1. Relative ncRNA expression during post-natal growth of hind limb muscles sampled from normal WT C57 (white bars) and mdx mice (black bars) at 2, 4 and 6
weeks post-natally. All data are mean ± sem, significant differences indicated by * or # or ^ (i.e. p < 0.05, 2 way ANOVA, Fisher’s LSD). indicates significant
differences between age-matched C57 and mdx muscles, # indicates significant differences compared to 2 week old mice of the same strain, ^ indicates significant
differences compared to 4 week old mice of the same strain. Relative expression levels of ncRNAs are labelled from A to L, and can be grouped into 3 general
expression patterns: no significant differences between C57 and mdx at any age across the growth period (A–E); significantly different expression between C57 and
mdx during the period of necrosis and regeneration from 4 to 6 weeks (F–I); and finally significantly different expression between C57 and mdx before the onset of
dystropathology at 2 weeks post-natally (J–L). Expression patterns for each ncRNA are described fully in text. For each group, n=. 4–6.
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3.2. The effect of taurine treatment on ncRNA expression at the onset (3
weeks) and stabilisation (6 weeks) of myonecrosis

The early administration of taurine to very young mdx mice from 14
days of age (Exp 2a) did not affect levels of the 12 ncRNAs in mdx
muscles sampled at 22 days (3 weeks) of age (Fig. 2A–L). Furthermore,
levels for 10 of the 12 ncRNAs were not significantly different between
C57 or mdx muscles at 3 weeks of age (Fig. 2A–J), with the exception of

miR-1 and miR-133a where levels in the mdx muscle (untreated and
taurine-treated) were significantly lower (∼50%) compared with un-
treated C57 muscles (Fig. 2K and L respectively).

When taurine was administered for 3 weeks from 3–6 weeks of age
(throughout the period of necrosis and regeneration), it significantly
affected the levels of all ncRNAs examined (Fig. 2B–L), with the ex-
ception of Malat-1 (Fig. 2A). Malat-1 was not differentially expressed
between any strain, treatment or age group; its stable levels were

Fig. 2. Impact of taurine treatment of mdx mice on relative ncRNA expression in hind limb muscles. Data for two cohorts of untreated C57 (white bars), untreated
mdx (black bars), and taurine treated mdx mice (grey bars) at 3 and 6 weeks of age are presented. All data are mean ± sem, significant differences indicated by * or
# (i.e. p < 0.05, 2 way ANOVA, Fisher’s LSD). * indicates significant differences between age-matched controls, # indicates significant differences compared to 3
week old animals of the same strain and treatment. The various patterns of expression are grouped from A to L and can be generally grouped according to the effect of
taurine treatment on mdx ncRNA expression levels. Taurine either: had: no effect (A); decreased mdx expression of ncRNAs that were not significantly different
between C57 and mdx at 6 weeks (B–F); increased mdx expression of ncRNAs that were not significantly different between C57 and untreated mdx at 6 weeks
((G–H)); caused a decrease in ncRNAs that were significantly higher in untreated mdx compared to C57 at 6 weeks ((I–J)), or caused a significant increase in
expression of ncRNAs that were suppressed in untreated mdx compared to C57. Expression of each ncRNA and the effects of taurine are described fully in text. For
each group, n= 4–6 mice.
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consistent with results seen across the post-natal period in the time
course study (Fig. 1E). Data for the ncRNAs that showed changes with
taurine treatment are grouped together, and discussed below, depen-
dent on the observed pattern of changes in their abundance (Fig. 2B–L).

The levels of five ncRNAs, Tug1, Munc, both isoforms of Neat1, and
Sra1 were all increased in muscles at 6 weeks for untreated C57 and
mdx mice, compared with their 3 week counterparts (Fig. 2B–F), with
similar levels for the untreated C57 and mdx muscles at 6 weeks.
However, taurine treatment of mdx mice (from 3 to 6 weeks) drama-
tically prevented the age-related increase, and levels for these ncRNAs
were not changed from those of all mice aged 3 weeks (Fig. 2B–F).
Inverse changes were seen for 2 ncRNAs, LncMyoD and miR-206
(Fig. 2G and H). Levels in untreated C57 and mdx mice were both
significantly decreased at 6 weeks compared with 3 weeks. However
taurine treatment of mdx mice (for 3 weeks) maintained both these
ncRNAs at 6 weeks at levels comparable to those in the juvenile (C57
and mdx) mice aged 3 weeks, resulting in significantly higher expres-
sion than both C57 and untreated mdx at 6 weeks (Fig. 2G and H).

There were only 2 lncRNAs, Meg3 and Linc-MD1 that were appre-
ciably different between untreated C57 and mdx mice at 6 weeks; both
were significantly increased in mdx when compared with C57 muscles
(Fig. 2I and J). Meg3 levels were increased in both untreated strains at 6
weeks compared with 3 weeks, although this increase was much higher
in the mdx muscles (Fig. 2I). In contrast, there were no changes in the
Linc-MD1 levels of untreated C57 muscle between 3 and 6 weeks, while
mdx levels of this ncRNA were increased 2-fold (Fig. 2J). Taurine
treatment of mdx mice had a striking impact on reducing levels of both
Meg3 and Linc-MD1 at 6 weeks; the effects of taurine were more pro-
nounced for Meg3, with levels in treated mdx mice reduced to much
lower than C57 muscles at 6 weeks and actually being more similar to
3-week old mice. However, the reduction in levels of Linc-MD1 with
taurine treatment in mdx was less drastic, and actually restored levels
of this ncRNA to those seen in normal C57 skeletal muscles at 6 weeks
(Fig. 2J).

Only 2 ncRNAs, miR-1 and miR-133a, were differentially abundant
between C57 and mdx mice at 3 weeks of age; their levels were reduced
in mdx muscles and there was no effect of taurine at 3 weeks, as in-
dicated above (Fig. 2K and L). Between 3 and 6 weeks, levels of miR-1
and miR-133a were significantly reduced in both C57 and mdx muscles,
but abundance of these miRNAs was comparable in both strains at 6
weeks. However, taurine treatment increased miR-1 in mdx muscles to
levels that were significantly higher than untreated mdx of the same
age, but only slightly higher than the levels in the control C57 mice
(Fig. 2K). The levels of miR-133a were reduced between 3 and 6 weeks
and this was more pronounced in mdx compared with C57 muscles,
resulting in levels that were significantly lower than age matched C57
muscles (Fig. 2L); the taurine treatment of mdx mice increased the le-
vels of miR-133a to levels comparable to untreated C57 muscles at 6
weeks.

3.3. Changes in mitochondrial tRNA levels in C57 and mdx skeletal muscle
and heart in the presence and absence of taurine

Northern blotting of skeletal muscles showed significantly lower
levels of mt-tRNAs containing taurine (mt-T11, mt-Tw), and other mt-
DNA encoded RNAs that do not contain taurine (mt-Co1, 12S rRNA) in
dystrophic mdx (compared with C57) skeletal muscles at 3 weeks of
age; this indicates that mitochondrial RNA metabolism is generally
lower in the very young mdx skeletal muscles (Fig. 3). The reduced
levels of tRNAs were pronounced at both 3 and 6 weeks in skeletal
muscles of mdx mice (compared with C57 mice). Interestingly, taurine
treatment significantly increased levels of the mt-tRNAs following
short-term (one week) treatment of mdx mice (Study 2A) from 14 days
to 3 weeks (Fig. 3A). Longer-term (∼4 weeks) treatment with taurine
(Study 2B) from 18 days to 6 weeks (Fig. 3B) also improved the tRNA
levels, but not to the same extent as for the younger mdx mice.

Since mitochondria are also very important for cardiac function, the
same RNAs were examined for heart muscles in these groups of mice.
Levels of all mt-RNAs examined, including tRNAs, were lower in mdx
heart muscle at 6 weeks, but not 3 weeks, compared with C57 mice,
However, taurine had no effect on tRNAs in the hearts of mdx mice at
either age (Fig. 3C and D), indicating a tissue specific difference and
sensitivity to taurine supplementation. The effects of taurine were at the
tRNA level since this treatment did not affect mtDNA copy number in
these mice (Supplementary Fig. 1). We conclude that taurine treatment
can have beneficial tissue specific effects to improve stability and in-
crease levels of mt-tRNAs especially in the rapidly growing young mdx
skeletal muscles (where necrosis occurs).

3.4. NcRNA expression patterns during myogenesis in primary muscle cells
from normal C57 and dystrophic mdx muscles

To test whether the skeletal muscle specific response of mdx mice to
taurine directly involves myogenesis (or may relate to other cellular
events during this complex growth period combined with the onset of
dystropathology associated with necrosis and regeneration in vivo), we
generated primary cultures of skeletal muscle ‘satellite cells’ derived
from both C57 and mdx muscles and examined myoblasts and also
maturing myotubes aged 2, 4 and 6 days after differentiation.

Levels of the lncRNA Linc-MD1 were significantly lower (∼50%) for
mdx myoblasts, although were similar for C57 and mdx cultures
throughout the period of myotube formation and maturation (Fig. 4A).
A similar pattern was seen for LncMyoD that was also significantly
lower in only mdx myoblasts (Fig. 4B). In contrast in vivo, Linc-MD1
expression was significantly increased during the period of necrosis and
regeneration (Fig. 1G), whereas LncMyoD levels were unchanged
(Fig. 1A).

A group of 4 ncRNAs showed generally lower levels for mdx cells
throughout myogenesis (Fig. 4(CeF)). MiR-206 was present at sig-
nificantly lower levels in mdx myoblasts, as seen for Linc-MD1 and
LncMyoD (compared with C57 cultures). In addition, miR-206 levels
were significantly lower in young myotubes (Fig. 4C), as was also the
case for Malat1, miR-1 and miR-133a (Fig. 4D, E and F respectively).
The low levels of miR-1 and miR-133a in mdx myotubes reflect similar
patterns in vivo during necrosis and regeneration from 4 to 6 weeks
post-natally (Fig. 1H and I).

Levels of the lncRNA Meg3, were similar in C57 and mdx cells until
the maturation of myotubes at 4 and 6 days where Meg3 was sig-
nificantly higher, being > 10 fold more for 6 day mdx myotubes while
the levels for C57 rapidly declined (Fig. 4G). Sra did not show any
significant differences between C57 and mdx cells until 6 day myo-
tubes, when levels were significantly reduced in mdx myotubes com-
pared with C57 myotubes (Fig. 4H). It is noted that in vivo levels for
both Meg3 and Sra were significantly lower at 2 weeks of age in mdx
compared with C57 skeletal muscles (Fig. 1J and L).

3.5. The impact of taurine on ncRNA changes during myogenesis in primary
muscle cells from normal C57 and mdx skeletal muscles

On the whole, the ncRNAs we examined in primary muscle cultures
were unaffected by taurine treatment. In addition, taurine did not affect
myoblast proliferation capacity nor differentiation indices measured
within each strain with taurine treatment (Supplementary Fig. 2 and 3
respectively). Any ncRNAs that showed different levels between un-
treated C57 and mdx cells during myogenesis in tissue culture (Study 3)
were not affected by taurine treatment (data not shown). However,
taurine increased levels of 3 ncRNAs only in mdx cells: miR-1, miR-133a
and Meg3. This response was not seen in C57 cultures. While levels of
the 2 myoMiRS, miR-1 and miR-133 were similar in C57 and mdx
myoblasts, taurine treatment significant increased (≈2-fold and ≈3-
fold respectively) these ncRNAs in myoblasts (Fig. 5A and B). It is noted
that both of these muscle-specific miRs were increased at 6 weeks after
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taurine treatment in vivo (Fig. 2K and L) suggesting that taurine may
have been increasing their expression in myoblasts during regeneration
required to replace necrotic dystrophic myofibres.

Meg3 expression was not significantly different between C57 and
mdx myoblasts nor myotubes up to 4 days post-differentiation: how-
ever, taurine significantly increased levels of Meg3 in mdx myotubes at
2 and 4 days (Fig. 5C). In contrast, taurine treatment in vivo of mdx
mice resulted in a very large reduction of Meg3 in mice sampled at 6
weeks of age (Fig. 2I) suggesting that this ncRNA is particularly sensi-
tive to the effects of taurine.

These combined tissue culture studies indicate that while there are
intrinsic differences between C57 and mdx muscle cells for ncRNA le-
vels during myogenesis (Study 3); taurine treatment does not affect
their expression levels in vitro. Instead, taurine is altering the expression

of ncRNAs that are not different between genotypes during myogenesis,
and mdx cells appear to be more sensitive to taurine.

4. Discussion

The complex roles for ncRNAs are now starting to be considered in
the context of many diseases, including DMD that manifests in young
boys (Ballarino et al., 2016). Our novel study analysed the expression
patterns of ncRNAs, especially lncRNAs and tRNAs, during the critical
phases of postnatal growth related to severity of dystropathology in
mdx mice, combined with the impact of the beneficial effects of taurine.
Key results are summarised here and discussed in detail below.

1 Inherent transcriptional differencesin vivo for 3 ncRNAs (Meg3, miR-

Fig. 3. Taurine treatment improves the stability of mitochondrial
taurine-containing tRNAs in young dystrophic mdx skeletal mus-
cles. The abundance of mature mitochondrial tRNAs mRNAs and
rRNAs in skeletal muscle (A and B) and hearts (C and D) of control
C57 and mdx mice, and mdx mice treated with taurine, sampled at
3 weeks (A and C) or 6 weeks (B and D) were analysed by northern
blotting: 18 S rRNA was used as a loading control. The gels are
representative of results obtained from at least 8 mice from each
genotype and two independent biological experiments. Data were
quantified using the Odyssey system and error bars indicate SEM;
**p < 0.01; ***p < 0.001, Student’s t-test.

L.C. Butchart et al. International Journal of Biochemistry and Cell Biology 99 (2018) 52–63

58104



206 and Sra) shown for dystrophic mdx muscles at 2 weeks of age,
compared with normal C57 age-matched controls, are of particular
interest as this time point precedes overt dystropathology in mdx
muscles.

2 Taurine administeredin vivo to mdx mice from 18 days to 6 weeks of
age (during the period of acute necrosis and regeneration) altered
ncRNA expression patterns (and a few were normalised) in mdx
muscle.

3 There were lower levels of taurine dependent tRNAs (mt-T11, mt-
Tw) in dystrophic skeletal muscle, but not heart, of young mdx mice
aged 3 weeks. Importantly, taurine treatment normalised the tRNA
levels in mdx skeletal muscle at 3 and 6 weeks (with no effect on
hearts), indicating anotherin vivo mechanistic benefit of taurine.

4 In vitro studies showed differences in ncRNA levels between C57 and

mdx primary myogenic cultures, indicating intrinsic differences in
molecular regulation during myogenesis for these strains. Taurine
did not normalise expression of these ncRNAs in mdx cultures.

For normal C57Bl/6J mouse muscles during postnatal growth, we
have previously shown that ncRNA expression differs between the
phases of hyperplasia of myonuclei (up to 3 weeks) and the subsequent
switch to hypertrophy of juvenile myofibres (Butchart et al., 2016).
These analyses are extended in the present studies to examine the ex-
pression patterns for ncRNAs in juvenile dystrophic mdx limb muscles
during this same critical time of neonatal growth, that are increasingly
complicated after 3 weeks of age by the acute onset of bouts of myo-
necrosis, and consequent regeneration, as indicated for the in vivo si-
tuation in Fig. 6.

Fig. 4. NcRNA expression patterns during the
proliferation of myoblasts and differentiation
and fusion of myotubes in primary cultures of
C57 and mdx skeletal muscle cells. Data pre-
sented are relative levels of ncRNAs in C57
(white bars) and mdx (black bars) myoblasts,
and for myotubes formed 2, 4 and 6 days post
induction of fusion. All data are mean ± sem,
significant differences indicated by *, #, ^ and $
(i.e. p < 0.05, 2 way ANOVA, Fisher’s LSD). *
indicates significant differences between geno-
types at the same time point, # indicates sig-
nificant differences compared to myoblasts of
the same genotype, ^ indicates significant dif-
ferences to 2 day myotubes of the same geno-
type, $ indicates significant differences to 4 day
myotubes of the same genotype. NcRNA ex-
pression is grouped according to similar
changes: (A–B) significant differences in ex-
pression between genotypes in proliferating
myoblasts; (C–F) significant differences in ex-
pression between genotypes in differentiating
and fusing myotubes; and (G–H) significant
differences in expression between genotypes in
mature myotubes. Individual ncRNA expression
patterns are described fully in text. For each
group, n= 3.
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Our comparison of the in vivo time course for ncRNA expression
levels in normal C57 and dystrophic mdx muscles revealed no sig-
nificant differences between strains or ages for LncMyoD, Neat1_v1,
Malat1, Munc, and Tug1, indicating that their roles in skeletal muscle
are either minimal, or unrelated to myogenesis and dystropathology.

4.1. Differences between C57 and mdx muscles at 4 and 6 weeks of age

In contrast, several ncRNAs, including Linc-MD1 showed differences
between the growing C57 and mdx muscles at 4 and 6 weeks (i.e. after
the onset of necrosis/regeneration in mdx muscles that occurs around 3
weeks). It is reported that Linc-MD1 is expressed at low levels in mature,
differentiated myofibres, but upregulated in dystrophic muscle in newly

regenerated myofibres (Cesana et al., 2011). This lncRNA is thought to
control late differentiation of myogenic cells through its ‘sponging’
action of miR-133 and miR-135, miRNAs that stimulate myoblast pro-
liferation through repression of the 2 myogenic factors MAML and
MEF2C that are required for differentiation (Cesana et al., 2011). Our
results show that indeed, in normal muscle Linc-MD1 expression is
significantly lower during the hypertrophy only phase of growth (4–6
weeks) during which no differentiation of myoblasts would be required.
However in mdx mice after 3 weeks, myoblasts are required to differ-
entiate and fuse to replace damaged myofibres: therefore it is not sur-
prising that Linc-MD1 expression is significantly higher in the dys-
trophic muscles, compared with normal C57 muscles. Additionally,
Linc-MD1 can stabilise the expression of HuR protein and HuR mRNA is
another target of miR-133. HuR protein itself is responsible for stabi-
lising many mRNAs, including the mRNAs of many muscle regulatory
factors (MRFs) such asMyoD andMyoG (von Roretz et al., 2011) as well
as other ncRNAs (Legnini et al., 2014). Therefore high Linc-MD1 ex-
pression may allow for increased production of HuR protein, which in
turn stabilises many mRNAs required for continued myogenesis in mdx
muscle.

The muscle-specific miRNAs, miR-1 and miR-133a were also differ-
entially expressed between C57 and mdx muscles at 4 and 6 weeks. We
have previously shown that levels of these ncRNAs are significantly
higher in the hypertrophy-only phase of normal myofibres from 4 to 6
weeks, compared with the combined hyperplasia and hypertrophy
phase at 2 weeks (Butchart et al., 2016) and this was confirmed by our
colleagues (Lamon et al., 2017); however, this increase is lost in mdx
muscle, with levels of both miRNAs remaining constant across the
growth span. Given the complexity of their roles, and the multiple
targets that they both regulate (Horak et al., 2016), this apparent loss of
normal expression is likely due to the complexity of overlapping bouts
of necrosis and regeneration occurring in mdx muscles, resulting in a
mix of proliferating and differentiating myogenic cells in the whole
muscle (Dadgar et al., 2014).

4.2. Differences in ncRNAs in pre-necrotic muscles at 2 weeks

Particularly intriguing are 3 ncRNAs, Meg3, miR-206 and Sra, which
showed differential expression in very young mdx muscles (at 2 weeks)
before the visible onset of necrosis (with no differences at the later
ages), since these suggest inherent differences in molecular regulation
for the young dystrophic muscles before the complications of overt
dystropathology.

Meg3 is known to have tumour suppression functions, acting as an
inhibitor of cellular proliferation (Zhou et al., 2012). This lncRNA was
significantly lower in mdx skeletal muscle at 2 weeks, when compared
with normal C57, which might indicate that young mdx muscle tissue
has an enhanced proliferative capacity although dystrophic myofibres
are reported to be smaller with fewer myonuclei at this pre-necrotic age
and thus these myonuclei are not incorporated in myofibres (Duddy
et al., 2015). Mdx mice are known to have impaired glucose tolerance
(Stapleton et al., 2014), and independently, the downregulation of
Meg3 has been shown to impair glucose tolerance (You et al., 2016).
Given that Meg3 expression is not significantly different between any
other ages of mdx and age matched wild type, this may indicate that
perturbed metabolism before the onset of myonecrosis plays some role
in the dystropathology.

The other lncRNA that was dysregulated in pre-necrotic mdx muscle
was Sra. We originally investigated the expression of Sra lncRNA as it is
a co-activator of MyoD (Caretti et al., 2006). However, our results
showed significantly lower expression of Sra in mdx muscles at 2 weeks
of age, despite the fact that MyoD expression is similar between mdx
and C57 animals before the onset of myonecrosis (Beilharz et al., 1992).
This is likely due to the fact that Sra interacts with a host of other
factors besides MyoD (reviewed in (Leygue, 2007)). Dystrophic muscle
is known to have an increased concentration of glucocorticoid receptors

Fig. 5. Effects of taurine treatment on relative expression of 3 ncRNAs in pri-
mary muscle cultures. Relative expression of ncRNAs in untreated C57 (white
bars) and mdx (black bars) muscle cultures, plus 20mM taurine treated cultures
(black diagonal bars) for myoblasts and myotubes formed at 2, 4 and 6 days
post induction of fusion. All data are mean ± sem, significant differences in-
dicated by * and # (i.e. p < 0.05, 2 way ANOVA, Fisher’s LSD). * indicates
significant differences between C57 and mdx of the same treatment at the time
same point, # indicates significant differences between untreated and taurine
treated cells of the same genotype at the same time point. Taurine treatment
increased expression of miR-1 and miR-133a only in cultures of proliferating
myoblasts obtained from mdx muscle (Figs. A and B respectively). Taurine
treatment increased expression of Meg3 only in cultures of differentiating
myotubes 2 and 4 days post induction of fusion (Fig. 5C).
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(Dubois and Almon, 1984), and Sra is known to regulate steroid hor-
mone receptor-mediated transcription, hence its name Steroid receptor
RNA Activator (Lanz et al., 1999). Therefore, lower levels of Sra seen in
very young mdx muscles implies that these dystrophic muscles may
have ineffective and hence aberrant transcription with pathways con-
trolled by steroid hormones; Sra knockdown is known to affect insulin
sensitivity and glucose uptake (Foulds et al., 2010; Xu et al., 2010). This
can in turn affect mitochondrial activity and the production of reactive
oxygen species (ROS) (Vadlakonda et al., 2013).

The skeletal muscle specific myoMiR, miR-206, was significantly
higher in mdx muscle at 2 weeks post-natally, compared with normal
C57 muscle. This myoMiR stimulates terminal myogenic differentiation
as well as inhibiting Pax7 expression, resulting in satellite cell differ-
entiation (Kim et al., 2006; McCarthy, 2008).

This miRNA has previously been localized to regenerated fibres in
mdx skeletal muscle (Cacchiarelli et al., 2010; Liu et al., 2012). Our
results show that miR-206 was expressed at slightly higher levels in mdx
during the necrosis/regeneration phase (4–6 weeks) but the lack of
significance may be due to the fact that we are obtaining general
readouts of widespread expression in muscle, and this miRNA may be
highly expressed only. in pockets of regenerating foci in mdx muscles.

4.3. Effect of taurine treatment on ncRNA expression in vivo

From our findings, it appears that the ncRNAs we examined that are
differentially expressed between post-natal growth of normal C57 mice
and mdx mice are involved in either myogenesis/differentiation, or
glucose metabolism and insulin sensitivity. Many studies have

Fig. 6. Diagram of growing myofibres in juvenile mice showing
the markedly different events between normal C57 and dystrophic
mdx muscles, plus experimental design. At 3 weeks of postnatal
age (A) in normal C57 myofibres, the satellite cells become
quiescent and further growth is mainly by hypertrophy only (A1).
Both C57 and mdx myofibres appear ‘intact’ before 3 weeks of age
(A2). However, in mdx mice the acute onset of dystropathology
manifests after 3 weeks as myonecrosis associated with an influx of
inflammatory cells that remove cell debris and increase oxidative
stress, and re-activate satellite cells and myogenesis to regenerate
the necrotic myofibres (A3). These processes occur initially from 3
to 6 weeks in mdx muscles, with chronic ongoing bouts of necrosis
and regeneration thereafter throughout life (indicated in B).
Therefore our study (B) examined ncRNA expression before,
during and after the acute onset of myonecrosis in C57 and mdx
muscles, at 2,4 and 6 weeks respectively (white crosses); as well as
for mdx mice after treatment with taurine with muscles sampled at
3 and 6 weeks (black crosses).
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consistently shown benefits of taurine treatment on mdx muscles, as
indicated in the Introduction In the present study using mdx mice
treated with taurine from 14 days until the onset of necrosis at 3 weeks
of age (Terrill et al., 2016b), there were no differences in levels of most
ncRNAs between untreated and treated mdx mice. However taurine
increased the levels of mitochondrial tRNAs in the mdx muscle: this is a
novel and important finding with many cellular benefits, since these
mt-tRNAs are essential for the expression of proteins fundamental to
biogenesis of the oxidative phosphorylation complexes, and energy
production. The taurine treatment could improve the stability of mi-
tochondrial tRNAs that require taurine modification of their residues
for their folding and function. It is possible that during differentiation a
burst of energy is required and improving mitochondrial biogenesis
through stabilisation of mitochondrial tRNAs could improve myocyte
function. We hypothesise that at this early stage of development,
taurine may be exerting its effects through its role as an antioxidant and
modifier of mitochondrial tRNA metabolism, rather than affecting gene
regulation through ncRNAs.

At 18, 22 and 28 days, mdx muscle is not actually deficient in
taurine (Terrill et al., 2015; Terrill et al., 2016b) although taurine levels
are much lower in mdx plasma and liver, compared with C57 (Terrill
et al., 2015). However, taurine administration increases taurine levels
in these young mdx muscles (Terrill et al., 2015; Terrill et al., 2016b),
and also in 6 week old mdx muscles (Terrill et al., 2016c) and, when
taurine content is increased, inflammation, oxidative stress and asso-
ciated myonecrosis are greatly reduced (Barker et al., 2017; Terrill
et al., 2015; Terrill et al., 2016b). Many studies conclude that oxidative
stress and inflammation are key players in the incidence of myonecrosis
of dystrophic muscle and thus a therapeutic intervention that inhibits
these, and subsequently improves muscle function (as consistently re-
ported for taurine treatment) could prove to be a useful intervention for
DMD (Terrill et al., 2016c).

While the majority of the ncRNAs examined did not differ between
C57 and untreated mdx mice, taurine treatment of mdx mice altered
expression of many ncRNAs. We postulate that these ncRNAs may not
be involved in the dystropathology, and that taurine treatment is al-
tering their expression in pathways independent of muscle differentia-
tion/proliferation/development.

However, there were 4 ncRNAs whose levels in response to taurine
treatment were restored to those in C57 mice. Meg3 RNA interacts with
and aids accumulation of p53 protein (He et al., 2014; Zhu et al., 2015)
and also regulates p53 target genes: therefore decreased levels of Meg3
can result in decreased levels of p53 and hence increased cell pro-
liferation. While high levels of p53 are associated with cessation of cell
proliferation and maintenance of the quiescent state, genetic ablation of
p53 has no apparent effect in vivo on myogenesis of skeletal muscles
(White et al., 2002). Decreased levels ofMeg3 can also increase levels of
Bcl-xL protein associated with apoptosis (Liu et al., 2015); although the
consequences of apoptosis within multinucleated myofibres are more
complex than for the fate of mononucleated cells. In addition, increased
Meg3 is associated with insulin resistance through upregulation of
FOXO1 (Zhu et al., 2016). These diverse functions associated with Meg3
provide a range of options to possibly contribute to the benefits of
taurine on dystrophic muscles, ranging from cell proliferation to cell
death and metabolism, in a complex environment.

Taurine treatment of mdx mice also decreased levels of the lncRNA
Linc-MD1 to those seen in normal C57 controls. As this ncRNA has been
identified in newly regenerated myofibres (Cesana et al., 2011), the
lower levels in taurine treated muscles appear to confirm the capacity
of taurine to reduce necrosis and hence the need for regeneration. Two
of the myoMiRs, miR-1 and miR-133a were both restored to control C57
levels in taurine treated mdx mice, likely due to decreased myogenesis
in these dystrophic muscles, that would also reflect reduced necrosis
due to the protective effects of taurine.

4.4. Tissue culture studies of myogenesis and effects of taurine

When we removed the confounding effects of the many non-muscle
cell types in vivo and examined ncRNA expression during myogenesis
alone, we found significantly different levels of ncRNAs between C57
and mdx primary cultures. The same ncRNAs that showed differential
abundance levels in vivo also showed altered levels in vitro, although
interestingly the changes were often opposite to those observed in vivo.
However, none of the ncRNAs that were reduced in mdx cultured
myogenic cells (compared with C57) were restored to normal (C57)
levels with taurine treatment. This suggests that either long-term
taurine treatment is required, or that taurine is not affecting underlying
genetic components of the mdx muscles directly. Given that taurine
inhibits the production of oxidants produced by immune cells, in an in
vitro environment where immune cells are not present, it is perhaps
unsurprising that taurine does not have a direct genetic effect.
Additionally, mdx myogenic cells (specifically myoblasts) showed al-
tered ncRNA expression for 2 myoMiRs with taurine, despite the fact
that mdx and C57 levels were comparable. This indicates that mdx
myogenic cells may have a different sensitivity to taurine treatment,
and that taurine may affect pathways in myogenic cells that are not
related to the in vivo dystropathology.

4.5. Summary

Using ncRNAs as molecular readouts, this study provides new in-
sights into the molecular regulation of complex cellular interactions in
the dynamic in vivo environment of young growing dystrophic muscles,
with identification of intrinsic differences between normal (C57) and
dystrophic (mdx) muscles before the onset of overt histopathology. In
mdx muscles, the in vivo impact of taurine treatment on levels on var-
ious ncRNAs, implicate new pathways and mechanisms that remain to
be more fully explored.

Of particular interest are the reduced levels of tRNAs described for
the first time in the young mdx skeletal muscles (this seems of parti-
cular relevance to young growing DMD boys) and these tRNA levels in
skeletal muscles were increased by the taurine treatment (with no
equivalent differences seen for heart tissue from the same mice). These
tRNAs present a very novel target for taurine with many metabolic and
cellular implications.

In the far simpler in vitro situation, studies using ‘pure satellite cell’
primary cultures from C57 and mdx mice indicate that taurine may
have lesser effects during myogenesis per se. However, the ncRNAs in
the mdx cultures appeared more responsive to taurine, again indicating
inherent differences in molecular regulation between the dystrophic
mdx and normal C57 strains. These studies pave the way for further
investigations into the molecular regulation and interactions related to
the rapidly expanding field of ncRNAs for normal and diseased muscles.
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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

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
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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

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

Figure 1. Engineered Intron-Exon Boundaries Enable the Conditional Knockout of Mouse Ptcd1

(A) Schematic illustrating the CRISPR/Cas9-stimulated homologous recombination at the Ptcd1 locus. LoxP sites are introduced to enable the deletion of exon 3

by the Cre recombinase and two bases are moved from the 50 end of exon 4 to the 30 end of exon 3 to enable a frameshift upon deletion of exon 3.

(B) Sanger sequencing of wild-type Ptcd1 genomic DNA and cDNA, showing splicing between exons 3 and 4.

(C) Sanger sequencing of genomic DNA and cDNA from a homozygous Ptcd1 mutant mouse, showing the engineered exon-3 and -4 junctions, which are,

nevertheless, canonically spliced to produce an mRNA that is identical to the wild-type mRNA.

(D) The levels of Ptcd1 mRNA are unaffected in the CRISPR/Cas9-modified control L/L mouse, as determined by qRT-PCR (n = 3).

(E and F) Expression of Cre recombinase effectively knocks out Ptcd1 expression from the mutant allele, determined by qRT-PCR (E) and immunoblotting (F).

Values are reported as means ± SEM. ***p < 0.001, Student’s t test.
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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

(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

(D) Echocardiographic parameters for L/L (n = 8) and L/L, cre (n = 8) 10-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, intraven-

tricular septum in diastole; IVSS, intraventricular septum in systole; HR, heart rate.

(E) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and L/L, cre (n = 6) mice were stained with H&E. Scale bars, 100 mm.

(F) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and L/L, cre (n = 6) mice were stained with modified Gomori’s trichrome. Scale bars,

100 mm.

(G) Skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and L/L, cre (n = 6) mice were stained with NADH. Scale bars, 100 mm and 20 mm.

(H) Skeletal muscle sections, cut to 10-mm thickness, from L/L (n = 6) and L/L, cre (n = 6) mice were stained with COX. Scale bars, 100 mm and 20 mm.

All values are reported as means ± SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001, 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).

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

(C) Isolated heart mitochondria (80 mg) from 10-week-old mice were treated with 1% n-dodecyl b-D-maltoside, resolved on 4%–16% Bis-Tris gels, and im-

munoblotted using the with the blue-native-OXPHOS cocktail antibody.

(D) Phosphorylating (state 3) and uncoupled respiration in the presence of 2 mM FCCP was measured in heart mitochondria from L/L and L/L, cre 10-week-old

mice using an OROBOROS oxygen electrode using either pyruvate, glutamate and malate, or succinate as substrates in the absence and/or presence of

mitochondrial inhibitors.

(E–H) The levels of mtRNA-binding proteins (E), mitochondrial ribosomal proteins (F), proteases (G), and morphology proteins (H) were measured by immuno-

blotting in heart mitochondria from L/L and L/L, cre 10-week-old mice. Porin was used as a loading control.

All values are reported as means ± SEM. *p < 0.05; **p < 0.01, 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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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.
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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

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.
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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

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

(B) Pseudo-Seq analysis of CMC-induced deletions surrounding the 16S rRNA pseudouridinylated position at 2509. Tracks show the average from L/L (n = 3) and

L/L, cre (n = 3) mice.

(C) Pseudo-Seq quantification of the decrease in deletion frequency at position 2509 in Ptcd1 knockout mice.

(D) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts, followed by immunoblotting to detect the immunoprecipitated proteins. The data

are typical of results from three independent biological experiments.

(E) BioID of BirA*-tagged PTCD1 expressed in HeLa cells, followed by mass spectrometry analyses to detect the associated proteins. Mitochondrial-targeted

BirA* (mt-BirA*) was used as a control. The data are results from five independent biological experiments, and all significantly enriched proteins are shown in

black, blue, green, and red with 0.01% false discovery rate (FDR) significance.

(F) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts and control, followed by qRT-PCR, normalized to 18S rRNA.

All values are reported as means ± SEM. *p < 0.05.
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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-

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

(C) ThemTOR pathway was assessed by immunoblotting using specific antibodies upstream and downstream of mTOR in heart lysates from L/L and L/L, cre 10-

week-old mice, using GAPDH as a loading control.

(D) Immunoblotting was used to measure the abundance of the phosphorylated (Thr172) and nonphosphorylated forms of AMPKa and ACC.

All values are reported as means ± 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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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.

EXPERIMENTAL PROCEDURES

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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K.K.A., Richman, T.R., Mattick, J.S., Rackham, O., and Filipovska, A. (2011).

RNA processing in human mitochondria. Cell Cycle 10, 2904–2916.

Sanchez, M.I., Shearwood, A.-M.J., Chia, T., Davies, S.M.K., Rackham, O.,

and Filipovska, A. (2015). Estrogen-mediated regulation of mitochondrial

gene expression. Mol. Endocrinol. 29, 14–27. https://doi.org/10.1210/me.

2014-1077.
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Stress signaling and cellular proliferation reverse
the effects of mitochondrial mistranslation
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Abstract

Translation fidelity is crucial for prokaryotes and eukaryotic
nuclear-encoded proteins; however, little is known about the role
of mistranslation in mitochondria and its potential effects on
metabolism. We generated yeast and mouse models with error-
prone and hyper-accurate mitochondrial translation, and found
that translation rate is more important than translational accuracy
for cell function in mammals. Specifically, we found that mito-
chondrial mistranslation causes reduced overall mitochondrial
translation and respiratory complex assembly rates. In mammals,
this effect is compensated for by increased mitochondrial protein
stability and upregulation of the citric acid cycle. Moreover, this
induced mitochondrial stress signaling, which enables the recovery
of mitochondrial translation via mitochondrial biogenesis, telom-
erase expression, and cell proliferation, and thereby normalizes
metabolism. Conversely, we show that increased fidelity of mito-
chondrial translation reduces the rate of protein synthesis without
eliciting a mitochondrial stress response. Consequently, the rate of
translation cannot be recovered and this leads to dilated
cardiomyopathy in mice. In summary, our findings reveal mamma-
lian-specific signaling pathways that respond to changes in the
fidelity of mitochondrial protein synthesis and affect metabolism.
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synthesis; stress response
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Introduction

Mitochondria are metabolic hubs of cells and house critical path-

ways for generating energy, purines, pyrimidines, ketone bodies,

sex hormones, and iron–sulfur clusters, as well as being necessary

for maintaining calcium and nitrogen balance (Pagliarini & Rutter,

2013). Consequently, the physiological function of mitochondria

requires the production and folding of over 1,000 different proteins

(Calvo & Mootha, 2010). 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) (Small et al, 2013). 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 (Moehle et al, 2018).

Mitochondrial damage and loss of function are hallmarks of aging,

neurodegeneration, and myopathies (Vafai & Mootha, 2012; Riera

et al, 2016). Mitochondria have their own, distinct, protein quality

control systems that are poorly understood to date (Moehle et al,

2018). The proteins produced from the mitochondrial genome are

indispensable for cellular energy production, and as such, mitochon-

drial 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 neuro-

logical disorders (Murphy & Hartley, 2018). In contrast, decline in

mitochondrial translation can induce a mitochondrial stress

response and extend lifespan (Houtkooper et al, 2013). When the

levels of unfolded mitochondrial proteins rise, they initiate a stress
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response that signals to the nucleus in an effort to recover mito-

chondrial function (Higuchi-Sanabria et al, 2018). 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-accurate mitochondrial ribosomes (mitoribosome) 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 (Wohlgemuth et al, 2010). At each codon, the

ribosome must screen numerous non-cognate and near-cognate

tRNAs via kinetic proofreading to find the correct cognate tRNA

(Zaher & Green, 2009). 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 (Zaher & Green, 2009). 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 opti-

mized for all conditions (Mohler & Ibba, 2017).

A surprising theme that has emerged in recent years is that

mistranslation can be beneficial and is actively induced in some

situations (Moura et al, 2009). What could the benefits of mistrans-

lation 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 (Moura et al, 2009; Mohler &

Ibba, 2017). The second benefit of mistranslation is that it can acti-

vate 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 greater number of methionine residues can protect mammalian

cells from oxidative stress (Netzer et al, 2009). 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 (Zhang & Ignatova, 2010).

Surprisingly, little is known about the role of translational fidelity

in mitochondrial protein synthesis. Interestingly, a number of patho-

genic mtDNA mutations have been proposed to impact the fidelity

of translation (Suzuki et al, 2011); in particular, the A3243G muta-

tion in mitochondrial tRNALeu associated with mitochondrial

encephalopathy, lactic acidosis, and stroke-like episodes syndrome

enables normal rates of translation but produces very unstable

nascent chains, due to amino acid misincorporation (Sasarman

et al, 2008). A recent study reported the introduction of error-prone

and hyper-accurate mutations into the yeast mitoribosome and

found that the error-prone mutants produced greater levels of reac-

tive oxygen species and cytoplasmic protein aggregates that

activated a general stress response (Suhm et al, 2018). In contrast,

the yeast with hyper-accurate mitoribosomes were protected from

stresses. Here, we examined altered mitochondrial translation fide-

lity in mammals and found tissue-specific effects on the production

of mitochondrial proteins and that, surprisingly, mitochondrial

mistranslation can be compensated for by increased cellular prolifer-

ation and mitochondrial function could be restored with age. In

contrast, high-fidelity translation could not be compensated for and

resulted in cardiomyopathy.

Results

Hyper-accurate translation in yeast reduces
mitochondrial function and de novo protein synthesis of
mitochondria-encoded proteins

The mitoribosome 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

(Greber & Ban, 2016). 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 (Agarwal et al, 2011). These were discovered via random muta-

genesis of the rpsL gene, encoding the S12 protein of the small ribo-

somal 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, respec-

tively (Agarwal et al, 2011). These mutations affect amino acid posi-

tions that are completely conserved in the homologous proteins of

the yeast and mammalian mitoribosomes, known as mitochondrial

ribosomal protein of the small subunit 12 (MRPS12) or uS12m

(Fig EV1A) (Greber & Ban, 2016). 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 mitoribosomes

revealed that the loop containing these mutations forms a struc-

turally conserved element of the decoding center in these ribo-

somes, as it does in bacteria, indicating that the mechanism of

decoding is conserved (Fig 1A) (Amunts et al, 2015; Greber et al,

2015; Desai et al, 2017). To understand the effect of altering the

fidelity of mitochondrial protein synthesis in yeast, we introduced

both error-prone (ep, K72I) and hyper-accurate (ha, K71T) muta-

tions into the Saccharomyces cerevisiae MRPS12 gene via homolo-

gous recombination (Fig EV1B).

We used a survival assay to determine whether alterations in

translation fidelity in yeast affect the growth of yeast on different

carbon sources. We found that the growth of MRPS12-K72I (ep)

yeast on both fermentable and non-fermentable carbon sources was

equal to that of MRPS12-WT yeast, suggesting that these yeast have

intact mitochondrial respiration (Fig EV1C). In contrast, MRPS12-

K71T (ha) yeast showed reduced growth with lactose and no growth

with either glycerol or ethanol as carbon sources (Fig EV1C). This

shows that MRPS12-K71T (ha) yeast are unable to use non-fermen-

table carbon sources, suggesting that they have impaired
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Figure 1. Models of error-prone and hyper-accurate mitochondrial translation.

A Structural comparison of the Escherichia coli, yeast mitochondrial, and mammalian mitochondrial ribosomes.
B Schematic representation of the generation of the error-prone (Mrps12ep/ep) and hyper-accurate (Mrps12ha/ha) mouse models.
C MRPS12 protein levels were determined in mitochondria isolated from livers and hearts from Mrps12+/+, Mrps12ep/ep, and Mrps12ha/ha 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.

Data information: In (C), data are presented as mean � SD. The data are representative of results obtained from six mice from each genotype.
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mitochondrial respiration. Next, we used de novo pulse labeling to

determine whether alterations in translation fidelity affect the rate of

translation of newly produced polypeptides in yeast. We found no

difference in the rate of protein synthesis in MRPS12-K72I (ep) yeast

compared with MRPS12-WT yeast (Fig EV1D), while MRPS12-K71T

(ha) yeast had reduced protein synthesis (Fig EV1D). The impaired

rate of mitochondrial protein synthesis due to the MRPS12-K71T

(ha) mutation likely explains their reduced growth on non-fermen-

table 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 mitochondrial translation and hyper-accurate
mitochondrial translation in mice are compatible with life

To further understand consequences of altered fidelities of mito-

chondrial protein synthesis on mitochondrial function and physiol-

ogy in vivo, we generated error-prone (ep, K72I) and hyper-accurate

(ha, K71T) mouse models. Because these mutations significantly

alter the growth rate of E. coli (Agarwal et al, 2011) 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. There-

fore, we produced conditional alleles, where the exon containing

the point mutations was duplicated and placed after the transcrip-

tion termination and polyadenylation signals of the native gene,

such that it was not expressed (Fig 1B). 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 Mrps12ep and Mrps12ha 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+/ep

or Mrps12+/ha animals. Intercrossing Mrps12+/ep or Mrps12+/ha

mice produced Mrps12+/+, heterozygote, and Mrps12ep/ep or

Mrps12ha/ha pups in Mendelian proportions (genotyped pups n =

224, Mrps12+/ep n = 133, Mrps12+/+ n = 39, and Mrps12ep/ep n =

52; genotyped pups n = 48, Mrps12+/ha n = 24, Mrps12+/+ n = 10,

and Mrps12ha/ha 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 Mrps12ep/

ep or Mrps12ha/ha mice showed that homozygous mice have no dif-

ferences in the levels of the MRPS12 protein compared with controls

(Fig 1C). 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 mitochondria-encoded proteins

We investigated if error-prone mitoribosomes affect the rate of

protein synthesis in mice using de novo pulse and chase labeling.

We examined 10- and 30-week-old animals because they represent

adolescence and mature adulthood in mice. We found decreased

translation of all mitochondria-encoded proteins in liver (Fig 2A)

and heart mitochondria (Fig EV2A) of 10-week-old Mrps12ep/ep mice

compared with controls, where the liver was more severely affected.

This was not due to impaired mitoribosome biogenesis, as the abun-

dance of the protein constituents of the small and large mitoriboso-

mal subunits was not altered (Fig EV3A), nor was it due to

impaired assembly or subunit association of the mutant mitoribo-

somes, as sucrose gradient fractionation profiles from livers of

Mrps12ep/ep and Mrps12+/+ mice were identical (Fig EV3B). Inter-

estingly, although the mitochondrial translation initiation factors

MTIF2 and MTIF3 were equally abundant in wild-type and

Mrps12ep/ep mice, the COXI-specific translational activator TACO1

was decreased in the liver at 10 weeks of age (Fig EV3C) but was

increased at 30 weeks of age (Fig EV3C), indicating that translation

fidelity has a specific impact on the efficiency of mitochondrial

protein synthesis. To provide further evidence for the effect of the

Mrps12 mutation on translational accuracy, we performed pulse and

chase in organello translation assays in the presence or absence of

gentamicin, an antibiotic whose binding impairs translational proof-

reading. In mitochondria from error-prone (Mrps12ep/ep) mice,

gentamicin had a strongly additive effect on inhibition of protein

synthesis with the mutation compared with control mice

(Fig EV3D). These results make sense in light of a compound defect

when genetically induced mistranslation and drug-induced mistrans-

lation are combined in Mrps12ep/ep mitochondria, and confirm the

underlying molecular effects on mitochondrial translation.

Slower cytoplasmic translation in yeast can destabilize mRNAs,

resulting in reduced protein production (Presnyak et al, 2015).

Northern blotting of mitochondrial mRNAs revealed that their levels

were increased in the liver by the altered translation in Mrps12ep/ep

mice (Fig 2B); while levels of mitochondrial tRNAs were increased

at 10 weeks of age in the hearts of Mrps12ep/ep mice (Fig EV2B). In

E. coli, reduced protein synthesis results in a rapid drop in tRNA

abundance (Svenningsen et al, 2017); 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 (Park et al, 2007; Cámara

et al, 2011; Ruzzenente et al, 2012; Perks et al, 2018). Surprisingly,

in aged, 30-week-old mice, mitochondrial translation had largely

recovered and there was only a subtle reduction in the translation of

all mitochondria-encoded proteins in the liver (Fig 2C) and heart

mitochondria (Fig EV2C) of Mrps12ep/ep mice compared with

controls. This was accompanied by a concomitant normalization of

mRNA and tRNA levels in the liver and heart, respectively, at

30 weeks of age (Figs 2D and EV2D). This shows that the liver is

more affected by the consequences of error-prone translation but

that with age the defects in the rate of translation of mitochondria-

encoded proteins are ameliorated.

Error-prone translation in mice affects the steady-state levels of
mitochondria-encoded proteins

We investigated the effects of mistranslation on mitochondria- and

nuclear-encoded oxidative phosphorylation (OXPHOS) proteins by

immunoblotting in both liver and heart mitochondria. We observed

a reduction in the steady-state levels of NDUFB8 and the mitochon-

dria-encoded COXI and COXII in the livers (Fig 2E) of 10-week-old

Mrps12ep/ep mice compared with Mrps12+/+ mice, while there were

no differences in the steady-state levels of OXPHOS polypeptides in

the heart mitochondria (Fig EV2E) of young Mrps12ep/ep mice
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Figure 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 Mrps12ep/ep mice was measured by pulse and chase
incorporation of 35S-labeled methionine and cysteine. Mitochondrial proteins were separated by SDS–PAGE, stained using Coomassie Brilliant Blue to show equal
loading, and visualized by autoradiography.

B The steady-state levels of mature mitochondrial mRNAs, tRNAs, and rRNAs in liver of young (10-week-old) Mrps12+/+ and Mrps12ep/ep 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.

C De novo protein synthesis in mitochondria isolated from the livers of aged (30-week-old) Mrps12+/+ and Mrps12ep/ep mice was measured by pulse and chase
incorporation of 35S-labeled methionine and cysteine, as described in (A).

D The steady-state levels of mature mitochondrial mRNAs, tRNAs, and rRNAs in liver of aged (30-week-old) Mrps12+/+ and Mrps12ep/ep mice were analyzed by
northern blotting, as described in (B).

E, F Mitochondria isolated from livers of young (10-week-old, E) and aged (30-week-old, F) Mrps12+/+ and Mrps12ep/ep mice were examined by immunoblotting using
antibodies to investigate the steady-state levels of nuclear- and mitochondria-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.

Data information: In (A, C), autoradiographs and stained gels are representative of results obtained from six mice from each genotype. In (B, D, E, F), data are presented
as mean � SD. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (two-tailed paired Student’s t-test). These data are representative of results obtained from eight mice from
each genotype.
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compared with controls. This shows that overall error-prone trans-

lation affects the synthesis of proteins but the steady-state protein

levels are only decreased in the liver, which is more severely

affected. The fact that the impact on the steady-state levels of mito-

chondrial respiratory complex subunits was not as severe as the

defects on de novo protein synthesis indicates that these complexes

were stabilized in an attempt to limit the impact of the defect in

mitochondrial translation. In older, 30-week-old Mrps12ep/ep mice,

we found no differences in the abundance of OXPHOS proteins in

the liver (Fig 2F) and heart mitochondria (Fig EV2F). This provides

a further indication that with age Mrps12ep/ep mice are able to

correct for the decreased rate of translation caused by the error-

prone mitoribosomes.

To understand the impact of error-prone translation on mito-

chondrial function and biogenesis, we measured oxygen consump-

tion in liver and heart mitochondria to determine whether

mitochondrial respiratory function was affected due to alterations

in translation fidelity. Respiration was decreased in the liver but

was not significantly decreased in heart mitochondria of 10-week-

old mutant mice (Figs 3A and EV4A), consistent with the

decreased protein synthesis rate and levels of mitochondria-

encoded OXPHOS subunits. Mitochondrial oxygen consumption

was recovered in 30-week-old Mrps12ep/ep mice compared with

controls (Figs 3A and EV4A). Next, we analyzed the levels of the

mitochondrial respiratory complexes by blue native polyacry-

lamide gel electrophoresis (BN–PAGE) followed by immunoblot-

ting for each respiratory complex. We observed reduced levels of

OXPHOS complexes and significantly reduced levels of Complex

IV in the liver mitochondria from 10-week-old Mrps12ep/ep mice;

however, there were no changes in the levels of respiratory

complexes in the heart mitochondria and the levels normalized in

the livers of 30-week-old Mrps12ep/ep mice, compared with

controls (Figs 3B and EV4B).

Altered respiratory complex assembly but not protein quality
control in response to mitochondrial mistranslation

Next, we used de novo pulse labeling followed by BN–PAGE to

determine whether alterations in translation fidelity affect the rate of

assembly of newly synthesized respiratory complexes. We observed

a decrease in the rate of assembly of mitochondria-encoded respira-

tory complexes in the liver of 10-week-old Mrps12ep/ep mice

compared with controls (Fig 3C), indicating that the reduced synthe-

sis of mitochondria-encoded proteins reduces the assembly of respi-

ratory complexes but that an increase in their stabilities enables the

maintenance of their steady-state levels. These data indicate that the

alternations in translation fidelity affect the OXPHOS levels and

function early in life but these recover by 30 weeks of age.

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 (Quirós et al, 2015). We used

immunoblotting to determine the steady-state levels of proteases

from the liver and heart mitochondria of Mrps12ep/ep and Mrps12+/+

mice in response to altered translation fidelity. There were no dif-

ferences in the steady-state levels of proteases in the liver and heart

mitochondria of Mrps12ep/ep mice compared with Mrps12+/+ mice

(Figs 3D and EV4C). The lack of a response in mitochondrial

proteases is congruent with the increased stability of the mitochon-

dria-encoded proteins and complexes.

Increased cellular proliferation and telomerase expression are
activated by mitochondrial stress signaling

We examined the livers of 10- and 30-week-old Mrps12ep/ep mice to

explore how the translational defect could be recovered over time.

We noted that the overall body weight and liver weight of the

Mrps12ep/ep mice tended to be increased compared with control

mice but this was not significant (Fig 4A). Hematoxylin and eosin

staining of the hearts of Mrps12ep/ep mice at 10 and 30 weeks of age

did not reveal any abnormalities (Fig EV4D), while histology of the

livers revealed a dramatic increase in polyploid cells in the 30-week-

old Mrps12ep/ep mice by hematoxylin and eosin staining as well as

Gomori trichrome staining (Fig 4B). We confirmed these observa-

tions by Hoechst 33342 fluorescent staining of nuclei in Mrps12ep/ep

liver sections (Fig 4C). Hepatocyte polyploidy has been hypothe-

sized 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

(Celton-Morizur et al, 2010). Immunohistochemistry of Ki67 as a

proliferation marker revealed much greater cellular proliferation in

the 30-week-old Mrps12ep/ep liver sections (Fig 4C). These data

show that mitochondrial mistranslation stimulates increased poly-

ploidy 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 prolifera-

tion. Total SAPK and the phosphorylated form were unchanged, but

phospho-AKT levels were increased in the 30-week-old Mrps12ep/ep

livers compared with controls, consistent with the increase in hepa-

tocyte proliferation but lack of inflammation (Fig 4D). The steady-

state and phosphorylated form of mTOR was also unaffected in the

30-week-old Mrps12ep/ep livers compared with controls (Figs 4D and

EV4D), although its targets, S6 and phospho-S6 levels, and phos-

pho-EBP1 were decreased in 30-week-old hearts of Mrps12ep/ep mice

(Fig EV4E).

We used qRT–PCR to examine the levels of mRNAs encoding

proteins involved in liver proliferation and found an increase in

mRNAs encoding b-catenin (Ctnnb1) and GSK3b (Gsk3b) (Fig 4E).

Unlike most cells in adult organs, a sub-population of liver cells

expresses Tert, which encodes the catalytic subunit of telomerase,

and these cells are responsible for liver maintenance and renewal

(Lin et al, 2018). We found that Tert abundance was significantly

increased in the 30-week-old Mrps12ep/ep liver (Fig 4E), providing

an explanation for the increased cellular proliferation we observed

in these mice. To understand how mitochondrial dysfunction stimu-

lates an increase in telomerase, we examined the expression of all

transcription factors that are known to act on the Tert gene (Gladych

et al, 2011). Although unchanged in the 10-week-old mutants, the

expression of CEBPb, RELA, SP1, and HIF1a (encoded by Cebpb,

Rela, Sp1, and Hif1a) was significantly increased in the 30-week-old

Mrps12ep/ep livers (Fig 4E). The increase in transcription factors

which act on the Tert gene explains the upregulation of Tert expres-

sion and cell proliferation.

Interestingly, one of CEBPb’s best characterized roles is as an

initiating transcription factor of the mitochondrial stress response
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Figure 3. Error-prone mitochondrial translation reduces the rate of respiratory complex assembly and respiration but does not alter the levels of proteins
involved in proteolysis.

A Non-phosphorylating (state 4), phosphorylating (state 3), and uncoupled respiration in the presence of 2 lM FCCP was measured in liver mitochondria isolated from
Mrps12+/+ and Mrps12ep/ep 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 or 30 weeks of age.

B Isolated liver mitochondria were resolved by BN–PAGE and immunoblotted using the blue native OXPHOS antibody cocktail. Relative abundance of proteins was
measured using Li-Cor Odyssey Classic software normalized to Complex II.

C The rates of respiratory complex assembly were measured by pulse incorporation of 35S-labeled methionine and cysteine. Equal amounts of mitochondrial protein
were separated by BN–PAGE, stained using Coomassie Brilliant Blue to show equal loading, and visualized by autoradiography.

D Proteins from liver mitochondria of young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ep/ep mice were immunoblotted using 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.

Data information: In (A), data are presented as mean � SD. *P ≤ 0.05 (Student’s t-test). The data are representative of results obtained from eight mice from each
genotype. In (B, D), data are presented as mean � SD. **P ≤ 0.01 (Student’s t-test). The data are representative of results obtained from six mice from each genotype. In
(C), the autoradiograph and stained gel are representative of results obtained from six mice from each genotype.
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(Zhao et al, 2002). We examined the downstream effectors of the

mitochondrial stress response, CHOP, ATF4, and TFAM, and found

that they also significantly increased in expression (Fig 4E). TFAM

abundance is typically found to correlate with mtDNA levels

(Ekstrand et al, 2004; Jiang et al, 2017), which we also found to be

increased in the 30-week-old Mrps12ep/ep mice (Fig 4F). 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.

Citric acid cycle activity is altered in response to
mitochondrial mistranslation

We performed metabolite profiling of Mrps12ep/ep liver mitochon-

dria from 10- and 30-week-old mice and found significant increases

in citric acid cycle intermediates, including citrate, isocitrate, succi-

nate, and malate as well as certain fatty acids, compared with

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 mitochon-

dria from 10-week-old Mrps12ep/ep mice (Fig 5A), which may

result from the increased levels of citrate, as has been observed

previously (Parlo & Coleman, 1984). However, by 30 weeks of age

Mrps12ep/ep mitochondria have normalized levels of citric acid

cycle intermediates and cholesterol, indicating that the recovery of

mitochondrial translation also enables the normalization of mito-

chondrial metabolism.

To understand the mechanisms that enable error-prone transla-

tion to be compensated for at the molecular level, we performed

proteomic analyses of wild-type and Mrps12ep/ep liver mitochon-

dria. Gene ontology enrichment analyses revealed that the most

affected proteins included those important for mitochondrial meta-

bolic processes involved in ATP production, and that these alter-

ations were dampened at 30 weeks of age (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 dehy-

drogenase (IDH3G), fumarylacetoacetate hydrolase (FAH),

succinyl-CoA:glutarate-CoA transferase (SUGCT), succinate dehy-

drogenase (SDHA, SDHB), and malate dehydrogenase (MDH1)

were altered in abundance in Mrps12ep/ep liver mitochondria

(Fig 5C). Many subunits of the respiratory chain complexes were

decreased in the 10-week-old Mrps12ep/ep mice (Fig 5C); however,

by 30 weeks of age the levels of the majority of these had normal-

ized in Mrps12ep/ep mitochondria relative to controls, further con-

firming the recovery of mitochondrial translation and respiratory

complex assembly.

High-fidelity mitochondrial translation in mice progressively
reduces de novo protein synthesis of mitochondria-encoded
proteins and causes cardiomyopathy

Given the physiological impact of error-prone mitochondrial transla-

tion, 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 labeling. We found that the

level and rate of translation of mitochondria-encoded proteins in

heart and liver mitochondria of 10-week-old Mrps12ha/ha mice were

only subtly affected compared with controls (Figs 6A and EV5A). At

30 weeks of age, we observed mild defects in the synthesis and

stability of mitochondria-encoded proteins in the heart (Fig 6A) but

not the liver mitochondria of Mrps12ha/ha mice compared with

controls (Fig EV5A). This shows that hyper-accurate translation has

a more subtle effect on protein synthesis and stability in young mice

in comparison with error-prone translation. In addition, the effect of

gentamicin addition was almost entirely buffered in pulse labeling

of hyper-accurate (Mrps12ha/ha) mitochondrial translation,

compared with the error-prone translation that was almost comple-

tely eliminated (Fig EV3D), confirming the hyper-accurate pheno-

type of the Mrps12ha/ha ribosomes.

The minor changes in de novo translation in the Mrps12ha/ha

mice did not significantly alter the steady-state levels of mitochon-

dria-encoded proteins in liver (Fig EV5B) and heart (Fig 6B) mito-

chondria of 10-week-old Mrps12ha/ha mice compared with controls;

◀ Figure 4. Error-prone mitochondrial translation stimulates liver proliferation via a transcriptional response that induces telomerase expression and
mitochondrial biogenesis.

A The body, heart, and liver weights of Mrps12+/+ and Mrps12ep/ep mice at 5, 10, 15, and 30 weeks of age.
B Liver sections from young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ep/ep mice were stained with hematoxylin and eosin (H & E) or Gomori’s

trichrome and visualized at 20× magnification. Scale bar is 100 lm.
C Liver sections from 30-week-old Mrps12+/+ and Mrps12ep/ep mice were stained with Hoechst 33342 dye or against an antibody to Ki67 and visualized using

fluorescence microscopy at 20× magnification; the scale bar is 100 lm. Merged images were taken at 40× magnification, and the scale bar is 20 lm. Normal liver
and tumor sections were used as negative and positive controls, respectively. Percent of fluorescent positive area within sections was calculated using NIS Elements
AR software (Nikon).

D Cellular proteins from the livers of 30-week-old Mrps12+/+ and Mrps12ep/ep mice were immunoblotted to investigate the steady-state levels of SAPK, AKT, and mTOR
signaling proteins and their phosphorylated forms. GAPDH was used as a loading control, and the relative abundance of phosphorylated proteins was measured using
Li-Cor Odyssey Classic software normalized to total protein, relative to the loading control.

E Quantitative RT–PCR was used to measure the abundance of mRNAs encoding proteins involved in liver proliferation, the catalytic subunit of telomerase (Tert),
transcription factors that regulate Tert expression, and proteins that regulate mitochondrial biogenesis (Tfam, Atf4, Chop). The data were normalized to 18S rRNA.

F Mitochondrial DNA (mtDNA) was measured using quantitative PCR, and values were normalized to the b-2-microglobulin (B2m) gene.

Data information: In (A), data are presented as mean � SD of results obtained from 10 mice from each genotype. In (B, C), images are representative of results obtained
from six mice from each genotype. In (C–F), data are presented as mean � SD of results obtained from six mice of each genotype. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
(two-tailed paired Student’s t-test).
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however, these levels were reduced in the hearts of 30-week-old

Mrps12ha/ha mice (Fig 6B). Similarly, there were no significant

changes in mitochondrial respiration in the livers of 30-week-old

Mrps12ha/ha mice (Fig EV5C) and the body and liver weights of

these mice did not differ from wild-type controls (Fig EV5D and

E). However, there was significant decrease in oxygen consump-

tion in heart mitochondria from 30-week-old Mrps12ha/ha mice

compared with controls (Fig 6C) and the sizes of their hearts were

significantly decreased (Fig 6D–F). Echocardiography revealed that

30-week-old Mrps12ha/ha mice had altered cardiac morphology and

function consistent with the development of dilated cardiomyopa-

thy (Fig 6G). This included a significant decrease in fractional

shortening, and a significant increase in diastolic and systolic

diameters, as well as dilated chamber size, compared with control

mice. Hematoxylin and eosin staining showed an increase in

cardiomyocyte size, cellular disarray, and increased presence of

necrotic foci in 30-week-old hearts from Mrps12ha/ha mice

(Fig 6H), further demonstrating the development of cardiomyopa-

thy in these mice.

Unlike the error-prone (Mrps12ep/ep) mice, in the hyper-accurate

(Mrps12ha/ha) mice the disease phenotype progressed with age and

did not reverse. Therefore, we examined cellular signaling path-

ways to understand the differences between the two responses to

altered mitochondrial translation fidelity. Total AKT was unaltered

in the hearts of Mrps12ha/ha mice but was increased in their livers;

however, the phosphorylated form of AKT was unchanged in the

heart (Fig EV5F). The mTOR target, S6, and phospho-S6 were

decreased in both the hearts and livers of 30-week-old Mrps12ha/ha

mice (Fig EV5F). Since these changes in S6 were seen in tissues

without disease, they are unlikely to be critical to the pathology.

However, the Mrps12ha/ha mice did not mount the same transcrip-

tional response as the error-prone mice (Fig EV5G). Notably, the

expression of mitochondrial stress response genes Chop, Atf4, and

Tfam was not upregulated (Fig EV5G) and the mtDNA levels did

not change (Fig EV5H). Proteomic analyses of wild-type and

Mrps12ha/ha heart mitochondria revealed that proteins involved in

cardiac and mitochondrial metabolic processes were most enriched

(Fig EV5I). Subunits of the respiratory chain complexes were

significantly decreased in the 30-week-old Mrps12ha/ha mouse

hearts (Fig EV5J), confirming the defects in synthesis of mitochon-

dria-encoded proteins, and the downstream consequences for

complexes consisting of these, in mice with hyper-accurate mito-

chondrial translation. The lack of a full transcriptional mitochon-

drial stress response likely underlies the inability of the heart to

recover from the translational dysfunction imposed by the

Mrps12ha/ha mutation.

Discussion

The protein sequences encoded in our genomes have been exten-

sively honed by evolution since life began over 3.5 billion years

ago. Therefore, maintaining the accuracy of these sequences during

DNA replication, transcription, and translation is critical to the func-

tion of all biological systems. DNA replication is highly accurate,

with errors only occurring every 1 in 108 nucleotides, while tran-

scription (1 error every 105 nucleotides) and translation (1 error

every 103–105 amino acids) are much more error prone (Mohler &

Ibba, 2017). In fact, on average, about 14% of all synthesized

proteins are estimated to contain at least one missense amino acid

substitution (Parker, 1989). 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 (Agarwal et al, 2011). However,

unlike the E. coli mutants and the yeast model, error-prone mito-

chondrial protein synthesis in mice causes a dramatic reduction in

the rate of translation of proteins in both liver and heart mitochon-

dria.

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 cause 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

mitochondria-synthesized proteins (Kummer et al, 2018), 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 transcripts are increased, likely in an

attempt to compensate for the reduction in newly synthesized

polypeptides. Due to the alteration in mitochondrial translation and

despite the increase in mitochondria-encoded RNA, we found that

the steady-state levels of mitochondria-encoded OXPHOS polypep-

tides 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

◀ Figure 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 normalizes with age.
B Proteomic analyses of samples from 10- and 30-week-old Mrps12+/+ and Mrps12ep/ep mice revealed an enrichment in proteins that are involved in citric acid cycle-

related biological processes, by gene ontology analyses. Detailed CirGO graphs (Kuznetsova et al, 2019) of enriched biological processes are provided in
Appendix Figures S1 and S2.

C Respiratory chain subunit proteins and citric acid cycle enzymes that were altered in abundance are labeled in green and black, respectively, within a heatmap of all
significantly altered proteins within the proteomic dataset.

Data information: In (A), data are presented as box plots of the fold change (x-axis) of metabolites; horizontal middle lines represent the mean, and the box ranges are
the upper and lower quartiles, with the whiskers showing the highest and lowest observations of results obtained from five to six mice from each genotype. Only
metabolites whose abundance was significantly changed between Mrps12+/+ and Mrps12ep/ep mice, after Benjamini–Hochberg correction (FDR 0.01), are graphed.
Samples were normalized according to median signal intensity. In (B, C), data are results obtained from five mice of each genotype, with averages presented in (C).
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significantly altered in these models (Bao et al, 2016; Kühl et al,

2017). 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 normalization of protein synthesis, mitochondrial RNA abun-

dance, and steady-state protein levels by 30 weeks of age. We found

that this is due to a compensatory response initiated by a transcrip-

tional activation of the mitochondrial stress response master regula-

tor CEBPb, which acts to increase mitochondrial biogenesis in

concert with ATF4 and CHOP via TFAM but also by increasing cellu-

lar 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 path-

ways that increase mitochondrial biogenesis in response to energy

demands (Morita et al, 2013) or that upregulate telomerase in

response to increased mitochondrial biogenesis (Wang et al, 2018),

as both of these act via the mTOR pathway, that is not 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 poten-

tially better suited to improve the stability of mitochondrial function

over a longer timeline.

CEBPb, ATF4, and CHOP are also key activators of the mitochon-

drial unfolded protein response (mtUPR) (Higuchi-Sanabria et al,

2018; Moehle et al, 2018); however, we did not observe significant

upregulation of mitochondrial proteases in the Mrps12ep/ep 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 mito-

chondrial translation (Rackham et al, 2016; Seiferling et al, 2016;

Perks et al, 2018), and impaired mitochondrial translation can

induce mtUPR in worms and mammalian cell culture (Houtkooper

et al, 2013). In contrast, loss of the Lon protease in flies activates

mtUPR and inhibits mitochondrial translation (Pareek et al, 2018)

◀ Figure 6. Hyper-accurate mitochondrial mistranslation reduces mitochondrial respiration and results in a progressive dilated cardiomyopathy.

A De novo protein synthesis in mitochondria isolated from the hearts of young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ha/ha mice was measured by
pulse and chase incorporation of 35S-labeled methionine and cysteine. Mitochondrial proteins were separated by SDS–PAGE, stained using Coomassie Brilliant Blue to
show equal loading, and visualized by autoradiography.

B Mitochondrial proteins from the hearts of young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ha/ha mice were immunoblotted using antibodies to
investigate the steady-state levels of nuclear- and mitochondria-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.

C Non-phosphorylating (state 4), phosphorylating (state 3), and uncoupled respiration in the presence of 2 lM FCCP was measured in heart mitochondria isolated from
Mrps12+/+ and Mrps12ha/ha mice using an OROBOROS oxygen electrode using succinate in the presence of rotenone at 30 weeks of age.

D Differences in heart weight between Mrps12+/+ (n = 10) and Mrps12ha/ha (n = 10) mice at 10 and 30 weeks of age. Values are also shown relative to tibia length.
E Images of representative hearts from Mrps12+/+ and Mrps12ha/ha mice at 10 and 30 weeks of age.
F Histology of hematoxylin and eosin (H & E) stained heart cross-sections from young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ha/ha mice,

visualized at 10× magnification, and individual images were assembled using Adobe Photoshop.
G Echocardiographic parameters for Mrps12+/+ (n = 8) and Mrps12ha/ha 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.

H Heart sections cut to 5-lm thickness were stained with H & E from young (10-week-old) and aged (30-week-old) Mrps12+/+ and Mrps12ha/ha mice and visualized at
20× magnification. Scale bar is 100 lm.

Data information: In (A), autoradiographs and stained gels are representative of results obtained from six mice from each genotype. In (B, C), data are presented as
mean � SD of results obtained from six mice from each genotype. In (D), data are presented as mean � SD of results obtained from 10 mice from each genotype. In (E,
F, H), images are representative of results obtained from six mice from each genotype. In (G), data are presented as mean � SD of results obtained from eight mice of
each genotype. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 (two-tailed paired Student’s t-test).

Figure 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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and the downstream targets of mtUPR include mitochondrial trans-

lation in mammalian cell culture (Münch & Harper, 2016). 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 dif-

ferent stresses.

Interestingly, the recovery of mitochondrial function in the liver is

accompanied by an increase in polyploidy. Polyploidy is a distinctive

phenomenon in the liver that occurs during post-natal development

as an age-dependent process, but is also a hallmark of repair in

response to injury and in response to various stress stimuli. Although

not associated with membrane fission, polyploidy occurs due to

substantial DNA replication followed by nuclear fusion and results in

increased biosynthetic activity, hence the significant increase in Ki67

staining revealing DNA replication that would result in hyperplasia

and/or hypertrophy, with either increasing the metabolic capacity of

the liver. In most other tissues, this would result in increased cell

numbers but in liver this can result from proliferation (karyokinesis)

without membrane division (cytokinesis). Recent studies have shown

that polyploid hepatocytes increase the expression of most genes

associated with RNA metabolism, with protein and RNA transport, as

well as genes involved in biosynthesis of purine nucleotides, ribo-

somes, amino acids, and fatty acids (Kreutz et al, 2017). Therefore,

the unique properties of the liver might provide an advantage to

recover from mitochondrial dysfunction.

Cell proliferation appears to be one of the responses that rescues

mitochondrial dysfunction in response to mitochondrial mistransla-

tion; however, post-natal proliferation does not occur in many

tissues. Therefore, tissues such as the heart, that are mainly post-

mitotic, could be more sensitive than the liver to minor mitochon-

drial dysfunction, explaining the progressive disease seen in the

hyper-accurate mitochondrial translation mutant mice. In addition,

the metabolic function of the liver, whose mitochondria are hubs for

more diverse reactions that involve the citric acid cycle, might

enable the increased citric acid cycle metabolites found in the early

disease phenotype seen in the error-prone mitochondrial translation

model. The citric acid cycle in liver is not intimately linked to b-
oxidation, since excess acetyl-CoA can be used to make ketones and

non-oxidative pathways can be used for gluconeogenesis, lipogene-

sis, and ureagenesis (Owen et al, 2002). Therefore, reduced respira-

tory capacity could increase fluxes in the citric acid cycle, as we

observed during the peak of mitochondrial dysfunction in the error-

prone mitochondrial translation mice. Although the unique meta-

bolic properties of liver mitochondria may enable the rewiring of

the citric acid cycle in an attempt to compensate for mitochondrial

dysfunction, it would not provide an ideal solution to the problem

as increased flux through the citric acid cycle would likely result in

oxidative stress, and this cannot explain the subsequent recovery of

mitochondrial function as the citric acid cycle metabolites normalize

in the 30-week-old mice.

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 (Suhm et al, 2018). 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 harboring the error-prone

MRPS12 mutation could not compensate for the mitochondrial

translation defect and exhibited concurrent failure of cytoplasmic

proteostasis that decreased their lifespan (Suhm et al, 2018). The

disparate phenotypes observed in yeast and mice highlight the

diverse signaling and transcriptional responses available in mamma-

lian systems compared with 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 tempera-

ture stress (Görner et al, 2002; Hasan et al, 2002; Kandror et al,

2004). 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 prolifera-

tion, and potentially harnessing tissue-specific programs such as

polyploidy of the liver.

In contrast to error-prone mitoribosomes, hyper-accurate mitori-

bosomes in mice cause only a small reduction in mitochondrial

protein synthesis in the heart, consistent with the E. coli mutants

and yeast models (Agarwal et al, 2011; Suhm et al, 2018). 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 mito-

chondrial translation rate where the error-prone mutants activate

the observed stress response that is not reached by the hyper-accu-

rate 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 (Suhm et al, 2018), while

hyper-accurate mitochondrial translation has a greater physiological

impact in mice. Mice carrying a V338Y mutation in the Mrps5 gene

have also been recently shown to have increased mitochondrial

mistranslation; interestingly, these mice exhibited enhanced anxiety

and were more susceptible to noise-induced hearing loss (Akber-

genov et al, 2018). Taken together, these studies demonstrate that

the effects of altered translation fidelity differ between organisms

and may highlight the distinct systems that have developed in these

rapidly evolving organelles between yeast and mammals. Future

studies could take advantage of the distinct stress responses

between mitochondria of different organisms to elucidate the cell

signaling molecules and networks that enable different mitochon-

drial defects to be compensated for, paving the way for targeted

therapies for mitochondrial diseases and disorders where mitochon-

drial dysfunction is a key contributor.

Materials and Methods

Yeast strains

Saccharomyces cerevisiae CK (MATa, 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 sulfate, 0.004% w/v adenine sulphate and

2% agar). A homology-directed repair (HDR) template was
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generated by cloning the S. cerevisiae MRPS12 ORF and 100 bp of 30

flanking sequence into the SalI and XbaI sites 50 of the kanMX

expression cassette of pUG6. The resulting plasmid was subse-

quently used to clone 192 bp of MRPS12 30 flanking sequence 30 of
the kanMX cassette via SacI and SacII. K72I and K71T mutations

were introduced into the HDR template using QuikChange mutagen-

esis. 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

(2006). 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

Overnight cultures of yeast were resuspended in Tris–EDTA (TE)

buffer (10 mM Tris, 1 mM EDTA, pH 8) at 1 OD600 unit/ml. Each

yeast suspension was used to make 1/10 serial dilutions in TE

buffer, and five microliters of each dilution was inoculated as stand-

ing droplets on yeast peptone (YP) agar plates containing either 2%

glucose, 3% acetate, 2% lactose and 0.1% glucose, 2% lactose, 2%

glycerol, or 2% ethanol as carbon sources. The plates were imaged

after 2–3 days of growth at 30°C.

Yeast mitochondrial isolation and de novo translation assays

Yeast were grown in YPAD medium, and mitochondria were

isolated as described by Glick and Pon (1995). 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 (2008).

Transgenic mice

ES cells with an Mrps12ep 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 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 bred

with wild-type C57BL/6N mice to generate germline F1 heterozygote

mice, as verified by PCR and Sanger sequencing.

Mice carrying the Mrps12ep conditional allele (Mrps12+/ep-neo)

were used to produce a Mrps12ha conditional allele via CRISPR-

mediated homologous recombination. A homology-directed repair

(HDR) template oligonucleotide was designed to repair the Mrps12ep

point mutation while simultaneously introducing the Mrps12ha point

mutation and incorporating 60 nt of flanking homology at either

end (50-CCACAGAGGGCCGGCCCCAGCTGAAGGGTGTGGTGTTGC
GCACATTCATCCGAAAGCCGACCAAGCCCAACTCCGCCAACCGCAA

GTGCTGCCGAGTCCGCCTCAGCACAGGCAAAGAGGCTGTC-30) was

obtained from IDT. A single-guide RNA (gRNA) with the protospacer

element sequence 50-ACTTGCGGTTGGCGGAGTTG-30 was synthe-

sized 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+/ep-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 integ-

rity of the introduced genetic modification.

The neomycin cassette was removed by mating Mrps12+/ep-neo

and Mrps12+/ha-neo mice with transgenic mice ubiquitously express-

ing Flp recombinase. The resulting Mrps12+/ep and Mrps12+/ha

mice were mated with mice ubiquitously expressing Cre recombinase

to generate heterozygous mutant Mrps12+/ep-Cre and Mrps12+/ha-Cre

mice that were bred with each other to generate homozygous

mutant mice without the Rosa26-Cre transgene and to identify that

the homozygous mutation of Mrps12 was not embryonic lethal.

Age- and litter-mate-matched wild-type (Mrps12+/+) and homozy-

gous (Mrps12ep/ep or Mrps12ha/ha) 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 was provided ad libitum. All animals were

euthanized by cervical dislocation in the morning (between 8 and

9 am) to avoid circadian variation. 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).

Mitochondrial isolation

Mitochondria were collected from homogenized hearts and livers

and isolated by differential centrifugation as described previously

(Rackham et al, 2016) with some modifications. Livers were homog-

enized in buffer containing 250 mM sucrose, 5 mM Tris, and 1 mM

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, and 0.1 mM EDTA

pH 7.4 with EDTA-free Complete protease inhibitor cocktail (Roche)

before differential centrifugation. The mitochondrial protein concen-

tration was quantified using the BCA assay using BSA as a standard.

Proteomics

Mitochondrial proteins (100 lg) were resuspended in lysis buffer

(6 M guanidinium chloride, 2.5 mM tris(2-carboxyethyl)phosphine

hydrochloride, 10 mM chloroacetamide, and 100 mM Tris–HCl).

After lysis, samples were diluted 1:10 in 20 mM Tris–HCl pH 8.0

and 100 lg of protein was mixed with 1 lg of Trypsin Gold

(Promega) and incubated overnight at 37°C to achieve complete

digestion. Peptides were cleaned with home-made STAGEtips

(Empore Octadecyl C18; 3M) and eluted in 60% acetonitrile/0.1%

formic acid buffer. Samples were dried in a SpeedVac apparatus
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(Eppendorf concentrator plus 5305) at 45°C, and the peptides were

suspended with 0.1% formic acid; 1.2 lg of peptides was analyzed

by LC-MS/MS.

For mass spectrometric analysis, digested peptides were loaded

onto a trapping column (PepMap 100, C18, 100 mm × 2 cm) at a

flow rate of 8 ll/min with 0.1% formic acid in water for 8 min

before being separated on an analytical column (EASY-spray

PepMap C18 column 75 lm × 50 cm, 2 mm bead diameter column;

Thermo Fisher Scientific) using a Dionex UltiMate 3000 Nano-

UHPLC system (Thermo Fisher Scientific). The column was main-

tained at 50°C. Buffers A and B were 0.1% formic acid in water and

0.1% formic acid in acetonitrile, respectively. Peptides were sepa-

rated on a segmented gradient from 3 to 10% buffer B for 8 min,

from 10 to 25% buffer B for 44 min, from 25 to 40% buffer B for

10 min, and from 40 to 95% buffer B for 12 min and equilibration

(3% B) for 12 min, at 300 nl/min. Eluting peptides were analyzed

on an Orbitrap Fusion Mass Spectrometer (Thermo Fisher Scien-

tific). The instrument was operated in a data dependent, “Top

Speed” mode, with cycle times of 2 s. The “Universal Method”

template was used with some modifications. Peptide precursor

mass-to-charge ratio (m/z) measurements (MS1) were carried out at

60,000 resolution in the 300–1,500 m/z range. The MS1 AGC target

was set to 1e6 and maximum injection time to 300 ms. Precursor

priority was set to “Most intense”, and precursors with charge states

2–7 only were selected for HCD fragmentation. Fragmentation was

carried out using 27% collision energy. The m/z of the peptide frag-

ments was measured in the orbitrap using an AGC target of 5e4 and

40 ms of maximum injection time.

Data from the Orbitrap Fusion (v 3.0.2041) were processed using

Proteome Discoverer software, version 2.3 (Thermo Scientific).

Peptide and protein identification was performed using Sequest HT

against the UniProtKB Mus musculus database (UP00000589,

release-2018_11). Sequest HT parameters included trypsin as a

proteolytic enzyme, two missed cleavages allowed, minimum

peptide length 6, peptide mass tolerance of 10 ppm, and a fragment

mass tolerance of 0.02 Da. Peptide spectral match error rates were

determined using the target-decoy strategy coupled to Percolator

modeling of positive and false matches. Data were filtered at the

peptide spectral match level to control for false discoveries using a

q-value cut off = 0.01, as determined by Percolator. The normaliza-

tion parameters in the Proteome Discoverer workflow were selected

as follows: (i) The “normalization mode” was “total peptide

amount”; (ii) “scaling mode” was “none”; (iii) “protein abundance

calculation” was the “summed abundances”; (iv) “protein ratio

calculation” was “protein abundance based”; and (v) “hypothesis

test” was “ANOVA (individual proteins)”. The resulting file

contained normalized master protein abundance values, where

proteins with P-value < 0.05 were considered significant. In order to

categorize the identified proteins, enriched Gene Ontology terms

were identified using DAVID v.6.8 and summarized with REVIGO

(Huang et al, 2009; Supek et al, 2011). Protein abundance results

were visualized with Pheatmap v1.0.12 (R v. 3.5.3; 2019-03-11),

where biological replicate values were averaged (Kolde, 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 lM], 13C6-Leucine [6 lM], and 13C6-

Sorbitol [6 lM]) was added. Samples were homogenized by cryo-

genic grinding using a precellys bead mill with a cryolys attachment

(Bertin Technologies). Metabolites were extracted by adding 100 ll
chloroform to each 400 ll of homogenate, and insoluble material

was removed by centrifugation at 16,100 g (Beckman Coulter Micro-

fuge 22R refrigerated microcentrifuge) for 10 min and the super-

natant transferred to fresh tube. One hundred microliters of each

supernatant was dried completely using a SpeedVac vacuum

concentrator at 37°C (Christ RVC 2-33). Methoxyamine hydrochlo-

ride (20 ll; 30 mg/ml in pyridine) and 20 ll of BSTFA + 1% TMCS

(Thermo Fisher Scientific) were used to derivatize the samples.

Samples were analyzed by targeted multiple reaction monitoring

(MRM) methodology from the Shimadzu Smart Metabolites Data-

base, which contains MRM transitions for 475 metabolites using a

GC-QQQ (TQ8040, Shimadzu Corporation) MS platform. Pooled

biological quality controls (PBQC) were created for quality control

monitoring during MS analysis by pooling extracts (50 ll) from indi-

vidual study samples, and 100 ll was dried to make each PBQC.

PBQCs were run at intervals of every five samples, while the order

of all other samples was randomized. A total of 139 metabolites,

including the three internal standards, were detected. Samples were

normalized 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 (Richman et al, 2016). 1 mg of mitochondria was lysed in

1% n-dodecyl b-D-maltoside (Sigma). Lysates were loaded on 10–

30% sucrose gradients and separated by centrifugation overnight as

previously described (Ruzzenente et al, 2012; Rackham et al, 2016).

Gradient fractions were collected as 750 ll aliquots and precipitated

with trichloroacetic acid, resolved by SDS–PAGE, and ribosome-

containing fractions were detected by immunoblotting using anti-

bodies specific for individual proteins as described below.

RNA isolation and northern blotting

Total RNA was isolated from livers and hearts using the Qiagen

miRNeasy Mini kit incorporating an on-column RNase-free DNase

digestion to remove all DNA. RNA (4 lg) was resolved on 1.2%

agarose formaldehyde gels, followed by transfer to 0.45 lm
Hybond-N+ nitrocellulose membrane (GE Lifesciences) and

hybridization with biotinylated oligonucleotide probes that specifi-

cally detect mouse mitochondrial mRNAs, rRNAs, and tRNAs (Rack-

ham et al, 2016). All hybridizations were performed overnight at

50°C in 5× SSC, 20 mM Na2HPO4, 7% SDS, and 100 lg/ml heparin,

followed by three 10-min washes. Hybridized oligos were detected

using a streptavidin-linked infrared-labeled antibody (diluted

1:2,000 in 3× SSC, 5% SDS, 25 mM Na2HPO4, pH 7.5) using an

Odyssey Infrared Imaging System (Li-Cor).

Immunoblotting

Proteins (50 lg) were resolved on 4–12% Bis-Tris gels, and specific

proteins were detected using rabbit monoclonal antibodies against:
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MRPS34 (HPA042112-100 ll) and MRPL12 (HPA042112-100 ll;
Sigma – Prestige Antibodies, diluted 1:1,000); MRPS12 (14795-1-

AP), MRPS35 (16457-1-AP), MRPL44 (16394-1-AP), MRPL37

(15190-1-AP), and MRPS16 (16735-1-AP; Proteintech, diluted

1:1,000); GAPDH (14C10), S6 ribosomal protein (5G10), phospho-

S6 ribosomal protein (Ser235/236) (2F9), mTOR (7C10), phospho-

mTOR (Ser2448) (D9C2), and 4E-BP1 (53H11); and phospho-4E-BP1

(Thr37/46) (236B4), SAPK, phosphor-SAPK (Thr183/Tyr185)

(81E11), AKT (C67E7), and phospho-AKT (Thr308) (244F9; Cell

Signaling Technologies, diluted 1:500). Specific rabbit polyclonal

antibodies were used against: LONP1 (15440-1-AP) and TACO1

(21147-1-AP; Proteintech, diluted 1:500); ClpX (HPA040262, Sigma

– Prestige Antibodies, diluted 1:500); MTIF2 (LS-C164664/56970,

LSBio, diluted 1:1,000); and MTIF3 (14219-1-AP, Proteintech,

diluted 1:1,000). Specific mouse monoclonal antibodies used were

as follows: Total OXPHOS Cocktail Antibody (ab110413, Abcam,

diluted 1:5,000); porin (ab14734) and SDHA (ab14715; Abcam,

diluted 1:1,000); and COXI (ab14705) and COXII (ab198286;

Abcam, diluted 1:500). Antibodies were incubated in Odyssey

Blocking Buffer (Li-Cor), and IR Dye 800CW Goat Anti-Rabbit IgG or

IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) secondary antibodies

were used for detection, and the immunoblots were visualized using

an Odyssey Infrared Imaging System (Li-Cor).

Blue native PAGE

Isolated mitochondria (80 lg) were treated with 1% n-dodecyl b-D-
maltoside and resolved on blue native 4–16% Bis-Tris gels, as

described previously (Mourier et al, 2014). BN–PAGE gels were

analyzed by transferring to PVDF and immunoblotting against respi-

ratory complexes.

Respiration

Mitochondrial respiration was evaluated as oxygen consumption in

isolated liver and heart mitochondria as previously described (Rack-

ham et al, 2016). 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 lM rotenone (Sigma)

to measure ADP-independent respiration activity (state 4). The addi-

tion of 1 mM ADP (Sigma) to the recording chamber was used to

measure state 3 respiration activity. Respiration was uncoupled by

successive addition of FCCP up to 3 lM to reach maximal respiration.

Echocardiography

Echocardiography (ECG) was performed on mice under light

methoxyflurane anesthesia with the use of an i13L probe on a Vivid 7

Dimension (GE Healthcare) as described before (Perks et al, 2017).

Histology

Fresh isolated hearts and livers were immediately incubated in 10%

neutral buffered formalin for 24 h, followed by washing in phos-

phate-buffered saline and stored in 70% ethanol. Heart and liver

tissues were embedded in paraffin and sectioned using a microtome,

and the tissue sections were transferred to positively charged slides.

The slides were heated for 2 h at 60°C and treated with xylene,

xylene and ethanol (1:1), and decreasing concentrations of ethanol

(100, 95, 80, 60%) before they were washed in distilled H2O. The

H & E staining was performed as described before (Richman et al,

2015). Coverslips were mounted on slides using DPX mounting

media (Scharlau), and images were acquired using a Nikon Ti

Eclipse inverted microscope using a Nikon 20× objective.

Translation assay

In organello translation assays were carried out in isolated heart and

liver mitochondria as described before (Rackham et al, 2016).

Briefly, 500 lg mitochondria were incubated in 750 ll 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 lM
GTP, 6 mM creatine phosphate, 60 lg/ml creatine kinase, and

60 lg/ml of all amino acids except cysteine and methionine). Mito-

chondria were supplemented with 150 lCi of 35S cysteine and

methionine (PerkinElmer) for 60 min at 37°C. For chase experi-

ments, after labeling, mitochondria were washed three times and

incubated for 1 h at 37°C in translation buffer including cysteine

and methionine. After labeling or chase, mitochondria were washed

in translation buffer and suspended in 1% Triton X-100. Protein

concentration was measured, and 50 lg for liver and 25 lg for heart

of mitochondrial protein were resolved by SDS–PAGE and visual-

ized by autoradiography.

Statistical analyses

All immunoblots were quantified using the Li-Cor Odyssey Classic

software. All data with the exception of metabolomic data were

statistically evaluated by a two-tailed paired Student’s t-test and at a

significance level of *P ≤ 0.05, **P ≤ 0.01, or ***P ≤ 0.001 using

Excel (Microsoft) and presented as mean � standard deviation.

Metabolomic data were subjected to statistical analysis where the

metabolites’ abundance was measured as area under the observed

peak that defines a metabolite. These data were pre-treated before

statistical analysis to account for biological, experimental, and

instrument variations by performing a natural log-transformation

followed by normalizing the data to the median metabolic abun-

dance of each sample and are presented as the mean, interquartile

range, and the highest and lowest observations. In addition,

Benjamini–Hochberg correction was applied to correct for the false

positives with a false discovery rate of 0.01. The above statistical

tests were performed using an in-house Metabolomics R package

and MetaboAnalyst.

Data availability

Proteomics data are available from PRIDE with project accession

number PXD015456 (https://www.ebi.ac.uk/pride/archive/projects/

PXD015456).

Expanded View for this article is available online.
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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 trigger the onset or 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
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genetic mitochondrial disorders and the avoidance or treatment of influencing environmental

factors is vital in the management of MD.

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 infection groups compared to their respective control mice. This

reduction 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

analysed 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

infection groups compared to their respective control mice (Fig 3A). This reduction of com-

plex 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 respira-

tory complexes in the heart (Fig 3A). Complex IV levels were reduced in both infected and

non-infected Taco1mut/mut mice compared to control mice, however the infection did not
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exacerbate levels 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 infection with MCMV exacerbate the isolated complex IV defect in heart mito-

chondria of Taco1 mutant mice.

Murine MCMV 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 mammalian target of

rapamycin (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 differ-

ent in the hearts of uninfected 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 differ-

ences 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 indi-

cate that the isolated complex 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 phosphoS6 levels found in the hearts of

the mutant mice were blunted in the liver and not different to the control mice (Fig 5). Consis-

tent with decreased levels of phosphorylated mTOR and S6, the infection caused reduction in

the phosphorylated levels of 4EBP1 in the livers of the control mice relative to uninfected con-

trol mice as well as in infected mutant mice relative to uninfected control and mutant mice

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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(Fig 5). These findings indicate that in the liver an isolated complex IV defect leads to downre-

gulation 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

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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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

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
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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 exac-

erbate 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 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 it is chronic viral infection that can further

promote the Complex IV deficiency. Oxygen consumption measurements 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 oxygen consumption rate with reduced

basal respiration, ATP production, proton leak, maximal respiration, non-mitochondrial respi-

ration and spare capacity compared to Taco1wt/wt mice (S1B Fig). This shows that energy pro-

duction is impaired as a consequence of the Taco1 mutation, as it has been observed previously

[4]. Interestingly in the infected mice, we also found that Taco1mut/mut mice had increased pro-

ton leak compared to control mice and uninfected mutant mice (S1 Fig) indicating that MCMV

infection exacerbates the damage to the mitochondrial 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 analysed 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

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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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 mus-

cles. 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 the 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

the human cytomegalovirus can itself disrupt cellular metabolism to cause metabolic repro-

gramming 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

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.
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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 neu-

rological 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 Syn-

drome patients [3]. In addition, we show that infection with cytomegalovirus exacerbates neuro-

degeneration. 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 structure of CNS neurons

including the retraction/alignment of their dendritic arbors [20], which along with effects on neu-

ral stem cells and progenitor cells in the brain, can result in brain disorders (reviewed in [21]).

Pseudorabies virus and herpes simplex virus type 1 (HSV-1) infections have been shown to dis-

rupt 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 nervous system and may have similar effects

on mitochondrial function within axons, exacerbating the defects caused by reduced levels of

Complex IV. We therefore provide a potential pathogenic link between the development of mito-

chondrial disease and the onset of neurological 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 dis-

ease 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 pathophysiologi-

cal mechanisms in which environmental stresses impact mitochondrial disease and to establish

treatments to alleviate clinical symptoms of both the infection and mitochondrial 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

Fig 7. Mutations 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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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.

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 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 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 three animals was used for each genetic and MCMV infection group. The gas-

trocnemius 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 staining with 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
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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 pre-

terminal axons 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), and

4E-BP1 (53H11) (CST, 9644), 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)

secondary antibodies were used and the immunoblots were visualized using an Odyssey Infra-

red 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.

Viral infection exacerbates mitochondrial disease

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008604 March 4, 2020 14 / 17
158

https://doi.org/10.1371/journal.pgen.1008604


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].

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 Taco1wt/

wt and Taco1 mut/mut mice. (A) Complex IV activity was measured in heart and liver mito-

chondria 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

electrode using glutamate, malate and pyruvate as substrates under basal conditions followed

by the sequential addition of rotenone, antimycin, oligomycin and FCCP. All data are repre-

sentative 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 indi-

cate 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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Leigh syndrome (LS) is a progressive mitochondrial neurodegenerative disorder, whose symptoms most
commonly include psychomotor delay with regression, lactic acidosis and a failure to thrive. Here we describe
three siblings with LS, but with additional manifestations including hypertrophic cardiomyopathy,
hepatosplenomegaly, cholestatic hepatitis, and seizures. All three affected siblingswere found to be homoplasmic
for an m. 5559ANG mutation in the T stem of the mitochondrial DNA-encoded MT-TW by next generation
sequencing. The m.5559ANGmutation causes a reduction in the steady state levels of tRNATrp and this decrease
likely affects the stability of other mitochondrial RNAs in the patient fibroblasts. We observe accumulation of an
unprocessed transcript containing tRNATrp, decreased de novo protein synthesis and consequently lowered
steady state levels of mitochondrial DNA-encoded proteins that compromise mitochondrial respiration. Our
results show that the m.5559ANG mutation at homoplasmic levels causes LS in association with severe multi-
organ disease (LS-plus) as a consequence of dysfunctional mitochondrial RNA metabolism.

© 2015 Elsevier B.V. and Mitochondria Research Society. All rights reserved.

1. Introduction

Mitochondrial diseases are the most common form of inherited
metabolic disorders (Skladal et al., 2003), andmost often affectmultiple
tissues and organswith high-energy demands such as the brain, skeletal
muscle and the heart. These diseases are a result of mitochondrial
dysfunction,whichmanifestswith awide range of clinical presentations
including neurodegeneration, cardiomyopathies, visual impairment,
muscle defects and exercise intolerance (Chinnery and Schon, 2003;
Taylor and Turnbull, 2005; Vafai and Mootha, 2012). Mitochondrial
diseases may be caused by mutations in mitochondrial DNA (mtDNA)
or nuclear DNA encoding mitochondrial proteins, resulting in defective

oxidative phosphorylation (OXPHOS) and energy metabolism. There
are numerous downstream pathological effects as well, such as
changes in cell signaling, increased oxidative damage and initiation
of cell death (Montoya et al., 1981; Taylor and Turnbull, 2005;
Vafai and Mootha, 2012). The mtDNA is a compact, circular,
double-stranded genome encoding only 11 mRNAs that direct the
synthesis of 13 electron transport chain protein subunits, 2 rRNAs
and 22 tRNAs (Gardner et al., 2007; Montoya et al., 1981). Point
mutations in the mtDNA can affect tRNA genes, mitochondrial poly-
peptide genes or rRNA genes causing diseases such as mitochondrial
encephalomyopathy, lactic acidosis, and stroke-like episodes,
maternally inherited Leigh syndrome or aminoglycoside-induced
non-syndromic deafness, respectively. In addition, mtDNA deletions
or rearrangements can cause Kearns-Sayre syndrome, diabetes and
deafness (Dimauro and Schon, 2003). MtDNA and consequently
diseases caused by mutations in mtDNA are maternally inherited and
like mutations in nuclear genes encoding mitochondrial proteins can
cause a range of disorders with varying age of onset and severity
(Vafai and Mootha, 2012).
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Leigh syndrome is an early-onset progressive neurodegenerative
disorder with a characteristic neuropathology consisting of focal,
bilateral lesions in one or more areas of the central nervous system,
including the brainstem, thalamus, basal ganglia, cerebellum, and
spinal cord (Rahman et al., 1996). The most common underlying
cause is a defect of oxidative phosphorylation (OXPHOS). The symp-
toms of LS vary but most commonly include severe developmental
delay presenting in infancy with regression, central hypotonia and
failure to thrive. Lactic acidosis, dysphagia, optic disk abnormalities,
dystonia, ataxia and peripheral neuropathy are also common fea-
tures. The condition is severe and usually results in death in early
childhood (Baertling et al., 2014). Mutations in nuclear genes
encoding mitochondrial proteins account for approximately 75% of
LS and the remaining cases are a result of mutations in the mtDNA
(Rahman et al., 1996). Mutations in MT-ATP6 are the most frequent
cause of mitochondrial DNA inherited LS (Thorburn and Rahman,
2014). However mutations in other mitochondrial mRNA coding
genes (MT-ND2, MT-ND3, MT-ND4, MT-ND5 and MT-ND6 genes)
and tRNA genes (MT-TV, MT-TV1, MT-TW and MT-TK genes) also
have been reported (Thorburn and Rahman, 2014).

Mitochondrial ribosomes (mitoribosomes) decode the 11 mt-
mRNAs using tRNA adaptor molecules. In animals the full complement
of mt-tRNAs is encoded by the mtDNA providing the minimum set of
tRNAs required for all sense codons, whereas the mitochondrial gene
expression machinery is encoded on nuclear genes and imported into
mitochondria post-translationally (reviewed in Suzuki et al., 2011;
Rackham et al., 2012). The genetic code is established by aminoacyl-
tRNA synthetases, which load specific amino acids onto the 3´ end of
tRNAs.Modifications of tRNA residues, particularly at thefirst anticodon
position (wobble position), are crucial for tRNA decoding (Suzuki et al.,
2011). Mutations in mitochondrial tRNA genes cause a variety of
mitochondrial diseases with over 260 different identified pathogenic
mutations (Dimauro et al., 2013) affecting the stability of tRNAs,
modification of tRNA bases, aminoacylation or processing of polycis-
tronic transcripts (Suzuki et al., 2011) where the cleavage of tRNAs
enables the release of mRNAs and rRNAs (Brzezniak et al., 2011;
Lopez Sanchez et al., 2011).

Mutations in MT-TW have been associated with mitochondrial
myopathy, LS, neurogastrointestinal syndrome, myoclonic epilepsy,
encephalomyopathy and a separate phenotype characterized by
dementia, chorea, deafness and ataxia, as a result of combined complex
I, III and IV deficiencies caused by a general mitochondrial translation
defect and reduced OXPHOS complex assembly (Barić et al., 2013;
Mkaouar-Rebai et al., 2009; Smits et al., 2010). There is only a single
report of LS caused by an m.5559ANG mutation in MT-TW with a 43%
load of the mutant mtDNA compared to wild type mtDNA, a state
known as heteroplasmy. Although in silico prediction has suggested
this mutation may cause secondary structure disruption of the tRNA
(Mkaouar-Rebai et al., 2009), no further studies beyond the identifica-
tion of the mutation have been carried out and functional studies on
the effects of the m.5559ANG MT-TWmutation are lacking.

Here we have identified three siblings who are homoplasmic for the
m.5559ANG mutation in MT-TW resulting in decreased tRNATrp levels
and generalized reduction of de novo mitochondrial protein synthesis.
The siblings have LS associatedwith reduction in respiratory complexes
and decreased OXPHOS. Interestingly we identify that the stability of
mitochondrial RNAs is reduced and the mutation causes the accumula-
tion of an unprocessed RNA intermediate containing tRNATrp.

2. Materials and methods

2.1. Approval

All sample collection and experimentation was performed with
appropriate informed consent according to approvals given by the
Human Research Ethics Office at the University of Western Australia.

2.2. Mitochondrial genome sequencing

MtDNA was extracted from patient blood using a Qiagen DNA
extraction kit and amplified in two overlapping fragments using the
following primer pairs (Tang et al., 2010): Fragment 1: forward 5′-
AACCAAACCCCAAAGACACC-3′ and reverse 5′-GCCAATAATGACGTGA
AGTCC-3′. Fragment 2: forward 5′-TCCCACTCCTAAACACATCC-3′ and
reverse 5′-TTTATGGGGTGATGTGAGCC-3′ using an Expand LR kit
(Roche) following manufacturers recommended protocols. The two
fragmentswere combined in equimolar amounts for library preparation
and sequencing on an IonTorrent sequencer (Life Technologies) at the
Lotteries West State Biomedical Facility, Genomics node (LSBFG).
Sequences were aligned to the mitochondrial genome (NC_012920)
and variants called using the IonReporter software suite. Pyrosequenc-
ing was performed by the Australian Genome Research Facility (AGRF,
Perth Node) according to the manufacturer's protocol and quantifica-
tion of the heteroplasmy level was carried out using the PyroMark
Q24 Method 012 that compared the peak heights at the wild-type and
mutant nucleotides at position 5559.

2.3. Cell culture

Fibroblasts were obtained from a skin biopsy of patient (II-3) and
a control subject and were cultured at 37 °C under humidified 95%
air/5% CO2 in Dulbecco's modified Eagle's medium (DMEM, Gibco,
Life Technologies) containing glucose (4.5 g/l−1), 1 mM pyruvate,
50 µg/ml uridine, 2 mM glutamine, penicillin (100 U/ml−1), strepto-
mycin sulfate (100 μg/ml−1) and 10% fetal bovine serum (FBS).

2.4. Mitochondrial isolation

Mitochondria were prepared from 107 cells grown overnight in
15 cm2 dishes and isolated as described previously (Rackham et al.,
2009), with some modifications. Mitochondria were lysed for 30 min
in buffer containing 250 mM sucrose, 100 mM KCl, 20 mMmagnesium
acetate, 10 mM Tris–HCl pH 7.5, 0.5% Triton X-100 and EDTA-free
Complete protease inhibitor cocktail (Roche).

2.5. Immunoblotting

Specific proteins were detected usingmousemonoclonal antibodies
against: β-actin, porin, NDUFA9 (a subunit of Complex I), Complex II
subunit 70, Complex III subunit core 2 (UQCRC2), COX1, COXII, COXIV
and ATP synthase subunit alpha (ATP5A) (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).

2.6. Quantitative RT-PCR

The abundance of mitochondrial RNAs and unprocessed transcripts
was measured on RNA isolated from cells using the miRNeasy RNA
extraction kit (Qiagen). Levels of mitochondrial transcripts were
measured from RNA isolated from cells or purified mitochondria.
cDNA was prepared using the QuantiTect Reverse Transcription Kit
(Qiagen) and used as a template in the subsequent PCR that was
performed using a Corbett Rotorgene 6000 using SensiMix SYBR mix
(Bioline) and normalized to 18S rRNA.

2.7. Northern blotting

RNA (5 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 mitochondrial mRNAs, rRNAs and tRNAs. The hybridizations
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were carried out overnight at 50 °C in 5× SSC, 20 mM Na2HPO4, 7% SDS
and 100 μg/ml−1 heparin, followed by washing. The signal was detected
using either Streptavidin-linked horseradish peroxidase or Streptavidin-
linked infrared antibody (diluted 1: 2000 in 3× SSC, 5% SDS, 25 mM
Na2HPO4, pH 7.5) by enhanced chemiluminescence (GE Lifesciences)
or using an Odyssey Infrared Imaging System.

2.8. Mitochondrial protein synthesis

Cells were grown in six-well plates until 80% confluent and de novo
protein synthesis was analyzed as described previously (Davies et al.,
2009).

2.9. OXPHOS enzyme assays and respiration

Spectrophotometric enzyme assays assessing mitochondrial
OXPHOS activity in skeletal muscle and liver biopsies were performed
as described previously (Frazier and Thorburn, 2011). Mitochondrial
respiration was measured in permeabilized cells according to
Kuznetsov et al. (2008).

3. Results

The affected familymembers are twomales and one femalewith dif-
ferent fathers. The mother, who is heteroplasmic for the identified mu-
tation, is clinically unaffected.

3.1. Patient II-1

The proband in this family was a newbornmale born prematurely at
34 weeks gestation weighing 1150 g. Pregnancy was complicated by
illicit drug and alcohol use and symmetrical intrauterine growth retar-
dation (IUGR) throughout gestation. The infant demonstrated a failure
to thrive, with height and weight consistently under the 3rd percentile.
He had cholestatic jaundice and progressive hepatosplenomegaly from
birth. Blood lactate levels were elevated to a maximum of 4.1 mmol/L.
Magnetic resonance imaging (MRI) of the brain at 10weeks showed oe-
dema within the parietal and occipital white matter and increased lac-
tate peak in the basal ganglia (Fig. 1A–C). A further MRI of the brain
aged 3 years showed an increased T2 signal within the white matter
bilaterally and increased bilateral thalamic signal, corresponding with
lactate peaks on MR spectroscopy (MRS). Several seizures have been
documented and although no epileptic discharges were recorded on
EEG, there was an abnormal background rhythm. A liver biopsy at 4
months showed active hepatitis with non-specific cholestasis. Respira-
tory enzyme analysis of liver tissue indicated low activity of complexes
I, III and IV (Supplementary Table 1). Liver function tests showed some
improvement by 5 years of age. There was global developmental delay,
especially in the area of speech. Neuropsychometric testing placed his
intellectual functioning at the extremely low range. At 8 years of age
there is an absence of speech, however he is able to useMakaton signing
to communicate a few words.

3.2. Patient II-2

The male sibling of patient II:1 was born at 35 weeks gestation
weighing 1300 g. Again there was illicit substance abuse and IUGR
throughout pregnancy. Blood lactate levels were recorded at levels up
to 4.3 mmol/L. Hypospadias and bilateral undescended testes were
present at birth. Assessment at 13 months showed severe global devel-
opmental delay again with speech being the most distinctive area of
delay. An MRI of the brain showed reduced white matter in the frontal
regions, posterior corpus callosum, caudate nucleus and thalami. An
MRS demonstrated a significant lactate peak at the level of the thalami.
Cholestatic hepatitis with abnormal liver function resulting in cirrhosis
was present. The right kidney was malformed with a Pelvi-ureteric

junction (PUJ) obstruction, resulting in hypertension. A right nephrecto-
mywas performed at 5 years of age. Hypertrophic cardiomyopathywas
diagnosed at 3 years of age. Respiratory enzyme analysis of liver and
muscle tissue indicated low activity of complexes I, III and IV (Supple-
mentary Table 1).

3.3. Patient II-3

The female sibling of these two males was born at 30 weeks
gestation with a birth weight of 996 g. Again there was severe IUGR
and drug and alcohol use throughout pregnancy. Blood lactate levels
were measured several times with a maximum result of 27.5 mmol/L
(ref range b2.1 mmol/L). Psychomotor assessment at 13 months
demonstrated a severe developmental delay, with hypotonia. There is
a severe persisting failure to thrive, with all measurements well below
the 3rd percentile. At the age of 10 months liver function was within
normal.

3.4. A homoplasmic m.5559ANGmutation in the MT-TW gene causes Leigh
syndrome

To identify the disease causing mutation in this family with LS, we
carried out next generation sequencing of the mitochondrial genome
of one affected sibling in two overlapping fragments of 7 kb and 9 kb.
Dataset analysis identified a previously reported (Mkaouar-Rebai
et al., 2009) mutation m.5559ANG in the MT-TW gene that affects the
A48 residue in the T-stem of tRNATrp. We confirmed that the identified
mutation was homoplasmic in all three affected siblings, by Sanger and
pyrosequencing, and heteroplasmic in the asymptomatic mother (Fig.
1C). The mutation was homoplasmic in the blood of all three patients,
in the liver of II-1 and also in fibroblasts from II-3 (Fig. 1D), indicating
that different tissues maintained the homoplasmic mutation.

3.5. Mutation in MT-TW affects mitochondrial RNA metabolism processing
and abundance

We investigated the consequences of them.5559ANGMT-TWmuta-
tion onmitochondrial function in fibroblasts frompatient II-3 relative to
control fibroblasts. Investigation of the abundance ofmature and unpro-
cessed mitochondrial transcripts by northern blotting showed that the
m.5559ANG mutation causes a significant loss of the mature tRNATrp

and enrichment in the unprocessed polycistronic transcript containing
this tRNA (Fig. 2A). In addition, we observe a varying decrease in
other mitochondrial DNA encoded RNAs including other tRNAs, some
mRNAs such asMT-CO1, but no change in the two rRNAs (Fig. 2A), likely
as a consequence of the dramatic reduction in tRNATrp (Fig. 2A) that
may have downstream effects on overall mitochondrial RNA stability.
We investigated if the mutation affects the processing of mitochondrial
polycistronic transcripts by qRT-PCR across the entire mitochondrial
transcriptome andwe showaccumulation of an intermediate transcript,
ND2-tRNAAla, that contains the unprocessed tRNATrp in the patient
compared to control cells (Fig. 2B). We do not observe significant accu-
mulation of other pre-processed intermediates suggesting that the
m.5559ANG mutation causes a specific processing defect for this
tRNA. Furthermore we observe that there is a slight decrease in some
mt-mRNAs indicating decreased stability of these mRNAs (Fig. 2C),
likely as a consequence of decreased protein synthesis given the
mutation is in a tRNA.

3.6. The m.5559ANG mutation leads to reduced mitochondrial protein
synthesis and oxygen consumption

We investigated the effect of the mutation on translation of mt-
mRNAs by 35S-labeled de novo incorporation of methionine and cys-
teine into mitochondrial DNA encoded proteins. We observed an
overall decrease of mitochondrial protein synthesis in the patient
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compared to control, albeit to varying levels (Fig. 3A). Immunoblot-
ting against mitochondrial DNA encoded polypeptides that form the
OXPHOS complexes showed a decrease in their abundance, but not
in nuclear encoded components of these complexes (Fig. 3B). We
observed a slight increase in the nuclear encoded complex II subunit
in the patient, likely in response to lowered mitochondrial DNA
encoded proteins. Interestingly we observed an increase in mtDNA
copy number in the patient cells compared to control (Fig. 3C), likely
as a compensatory response to decreased mitochondrial gene ex-
pression and biogenesis.

The effect of the m.5559ANG mutation on mitochondrial oxygen
consumption was measured in digitonin-permeabilized patient and

control cells. Mitochondrial oxygen consumption from substrates enter-
ing at complexes I, III and IV was significantly lowered when compared
to control cells (Fig. 4), likely as a direct consequence of decreased
mitochondrial protein synthesis and consequent reduction in the
protein components of the OXPHOS system.

4. Discussion

Here we used next generation sequencing of mtDNA to identify an
m.5559A N G mutation in a family with LS-plus and investigated the
functional consequences of the mutation on mitochondrial function. The
mutation is at residue A48 that is part of the mitochondrial tRNATrp T-

Fig. 1.Mutation in m.5559ANG causes LS in three siblings. (A) MRI of II-2 aged 3.5 years, showing symmetrical increased signal within the thalami bilaterally, corresponding to lactate
peaks on spectroscopy (B); and a pattern of leukoencephalopathy (C). (D) Sanger sequencing chromatograms showing the heteroplasmic load of them.5559ANGmutation in themother
and homoplasmic distribution of the same mutation in the three siblings. (E) Mutation load of the m.5559ANG mutation in different tissues determined by pyrosequencing.
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stem. Thismutation has been reported previously at 43% heteroplasmy in
a single affected child with psychomotor delay, vomiting and lactate aci-
dosis and symmetric hyperintense signal on MRI of the head of the cau-
date nucleus and putamen (Mkaouar-Rebai et al., 2009). In our study,
the 3 affected individualswere homoplasmic and their unaffectedmother
was 70% heteroplasmic for the mutation. The mutated residue is highly

conserved in mammals and the predicted effect on the tRNA is a loss of
the T-stem and disruption of the secondary structure and function.

There is only one pathogenic mutation, m.3302ANG in tRNALeu(UUR),
shown to date that causes accumulation of a specific pre-processed
transcript, RNA19, in patients with mitochondrial myopathy and
decreased OXPHOS (Bindoff et al., 1993). Our findings indicate that

Fig. 2. Them.5559ANGmutation causesmisprocessing of tRNATrp. (A) The abundance of mitochondrial RNAswas analyzed by northern blotting and 18S rRNAwas used as a loading con-
trol. (B) The processing intermediates andmitochondrialmRNA levels (C)weremeasuredbyqRT-PCR and expressed as fold change relative to control fibroblasts. Datawere normalized to
18S rRNA levels and are means ± SD of three separate experiments.

Fig. 3. The m.5559ANGmutation affects mitochondrial protein synthesis. (A) Mitochondrial translation was measured by de novo pulse incorporation of 35S-labeledmethionine and cys-
teine. Equal amounts of cell lysate protein (50 μg) were separated by SDS–PAGE and visualized by autoradiography using Coomassie staining as a loading control. (B) Immunoblotting of
mitochondrial proteins in patient and control cells. (C) MtDNA copy number wasmeasured by qPCR and expressed as a ratio to the nuclear encoded β-globin gene in patient and control
cells.
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the m.5559ANG mutation causes a significant decrease of tRNATrp but
also impaired processing of the polycistronic transcript that contains
tRNATrp suggesting that changes in the secondary structure of this
tRNA may obscure the processing site required for excision of this
tRNA. In silico structural predictions for tRNATrp containing the
m.5559ANG mutation suggest the formation of a larger loop in the T-
stem (Mkaouar-Rebai et al., 2009), which may affect the 3´ processing
site required for cleavage by the ELAC2 enzyme (Brzezniak et al.,
2011; Lopez Sanchez et al., 2011). Therefore our work describes an
additional pathogenic mutation that causes a processing defect in
another mitochondrial RNA processing intermediate.

Furthermore we observed a varied decrease in the stability of other
mitochondrial transcripts in the patient cells, which may be a down-
stream effect of the mutation, possibly a consequence of reduced mito-
chondrial protein synthesis. Decreased protein synthesis resulted in
reduced steady state levels ofmitochondrial DNA encoded polypeptides
and significant reduction of oxygen consumption at the three electron
pumping complexes, confirming thatmutation of tRNATrp causes gener-
al OXPHOS dysfunction. This defect is a key feature of mitochondrial
diseases, including the Leigh syndrome identified in this family. Similar
OXPHOS defects have been identified in patients carrying mutations at
different positions in the MT-TW gene, indicating that functional tRNATrp

is required for OXPHOS complex biogenesis and function (Barić et al.,
2013; Smits et al., 2010). Based on the findings in this study and
the additional independent report of this mutation (Mkaouar-Rebai
et al., 2009) we conclude that the this mutation is definitely pathogenic
with a score of 15 according to the pathogenicity scoring system
(Blakely et al., 2013; Yarham et al., 2011).

The functional analyses in our study provide mechanistic support
that the m.5559ANGmutation identified previously in a single affected
individual (Mkaouar-Rebai et al., 2009) and in our three patients, is a
disease-causing mutation. Furthermore, the clinical features described
in our family are more widespread. All three patients have typical
features of LS, but in addition, organs such as liver, kidney, and heart
are affected. This more widespread involvement is most likely due at
least in part to the homoplasmy detected in the affected tissues of the
children in this family, compared to the 43% heteroplasmy detected in
the affected individual described previously (Mkaouar-Rebai et al.,
2009). The liver dysfunction observed in the three individuals with
the m.5559ANG mutation is noteworthy as hepatopathies have been
identified in many mitochondrial disorders, commonly involving
defects in the mitochondrial translational system, although usually in
nuclear genes rather than mtDNA (Sasarman et al., 2011; Schara et al.,
2011; Zeharia et al., 2005). Many mutations in nuclear genes that
encode protein components of the mitochondrial translational machin-
ery result in compromised biogenesis of specific or all mitochondrial
OXPHOS complexes and lead to decreased OXPHOS. Some of these
have been shown to cause accumulation of lipids in hepatocytes
(Boczonadi and Horvath, 2014; Lee and Sokol, 2007), including a

mouse model of mitochondrial dysfunction that involves hepatic
steatosis (Richman et al., 2015).

5. Conclusions

Identification and functional validation ofmutations inmitochondri-
al disease remains an important priority to enable the correct diagnosis
and management of the disease. Next generation sequencing has
facilitated faster identification of DNA variants, however the functional
analyses of these variants remain an important priority for validation
of disease pathogenicity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mito.2015.10.008.
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