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SUMMARY

The regulation of mitochondrial RNA life cycles and
their roles in ribosome biogenesis and energy meta-
bolism are not fully understood. We used CRISPR/
Cas9 to generate heart- and skeletal-muscle-specific
knockout mice of the pentatricopeptide repeat
domain protein 1, PTCD1, and show that its loss
leads to severe cardiomyopathy and premature
death. Our detailed transcriptome-wide and func-
tional analyses of these mice enabled us to identify
the molecular role of PTCD1 as a 16S rRNA-binding
protein essential for its stability, pseudouridylation,
and correct biogenesis of the mitochondrial large
ribosomal subunit. We show that impaired mito-
ribosome biogenesis can have retrograde signaling
effects on nuclear gene expression through the
transcriptional activation of the mTOR pathway and
upregulation of cytoplasmic protein synthesis and
pro-survival factors in the absence of mitochondrial
translation. Taken together, our data show that
impaired assembly of the mitoribosome exerts
its consequences via differential regulation of mito-
chondrial and cytoplasmic protein synthesis.

INTRODUCTION

Oxidative phosphorylation (OXPHOS) is carried out by the

mitochondrial electron transfer chain that is composed of poly-

peptides that are encoded by two genomes, the mtDNA and

the nuclear DNA (nDNA). Therefore, coordinated expression of

both genomes is important for the biogenesis of the OXPHOS

complexes and energy production. The mitochondrial genome

encodes 11 mRNAs, 22 tRNAs, and 2 rRNAs, and regulation

of its expression is largely mediated by RNA-binding proteins
This is an open access article under the CC BY-N
immediately from nascent transcription, when the RNA

polymerase produces polycistronic RNAs that span the entire

genome from each strand. The mtDNA in animals lacks inter-

genic non-coding sequences or introns, so that the tRNAs act

as ‘‘punctuation’’ marks signaling the recruitment of the RNase

P complex and RNase Z to cleave at the 50 and 30 ends of tRNAs
to release individual transcripts from the polycistronic RNAs

(Brzezniak et al., 2011; Holzmann et al., 2008; Rackham et al.,

2016; Sanchez et al., 2011). The maturation and stability of mito-

chondrial RNAs are mediated by a suite of modifying enzymes

and RNA-binding proteins, some of which are yet to be discov-

ered (reviewed in Hällberg and Larsson, 2014; Rackham et al.,

2012). Mitochondrial-RNA-binding proteins (mtRBPs) are

essential for the regulation of transcription, RNA processing,

RNA maturation, stability and translation of mtDNA-encoded

genes, and for energy production and cell survival (Rackham

et al., 2012). Loss of mtRBPs in mouse models has identified

the importance of these proteins for biogenesis of the

OXPHOS system during the early stages of embryo develop-

ment and survival (Cámara et al., 2011; Metodiev et al., 2009,

2014; Park et al., 2007; Perks et al., 2017; Rackham et al.,

2016; Ruzzenente et al., 2012).

Pentatricopeptide repeat (PPR) domain proteins recognize

and bind RNA in a sequence-specific manner (reviewed in

Filipovska and Rackham, 2012). In mammals, there are seven

PPR proteins that are all localized within the mitochondrial

matrix, where they carry out essential and indispensable roles

in the regulation of mitochondrial RNA (mtRNA) metabolism

(Ferreira et al., 2017); from transcription carried out by POLRMT

(K€uhl et al., 2017) to RNA processing carried out by MRPP3

(Holzmann et al., 2008; Rackham et al., 2016), to regulation of

RNA stability and translation by LRPPRC (Ruzzenente et al.,

2012; Siira et al., 2017), pentatricopeptide repeat domain

protein 3 (PTCD3) (Davies et al., 2009), and MRPS27 (Davies

et al., 2012). The molecular roles of the remaining two PPR pro-

teins, PTCD1 and PTCD2, are less well understood. We recently

identified that PTCD1 is essential for embryo development and
Cell Reports 23, 127–142, April 3, 2018 ª 2018 The Author(s). 127
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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
Figure 1. Engineered Intron-Exon Boundaries Enable the Conditional K

(A) Schematic illustrating the CRISPR/Cas9-stimulated homologous recombinatio

by the Cre recombinase and two bases are moved from the 50 end of exon 4 to

(B) Sanger sequencing of wild-type Ptcd1 genomic DNA and cDNA, showing sp

(C) Sanger sequencing of genomic DNA and cDNA from a homozygous Ptcd1

nevertheless, canonically spliced to produce an mRNA that is identical to the wi

(D) The levels of Ptcd1 mRNA are unaffected in the CRISPR/Cas9-modified con

(E and F) Expression of Cre recombinase effectively knocks out Ptcd1 expressio

Values are reported as means ± SEM. ***p < 0.001, Student’s t test.
Cre recombinase under the control of muscle creatinine kinase

promoter (Ckmm-cre) toproduceheart- andskeletal-muscle-spe-

cific Ptcd1 knockout mice (Ptcd1loxP/loxP, +/Ckmm-cre). The Ptcd1

mRNA levels were significantly decreased in both heart and skel-

etal muscle in the knockout mice (Figure 1E); consequently, the

PTCD1 protein was lost (Figure 1F).

The knockout mice were viable at birth but died at 10 weeks of

age. The weight of the knockout mice was significantly reduced

by 10 weeks (Figures 2A and 2B), and heart-to-tibia length mea-

surements showed a significant increase in heart size (Figure 2C).

Echocardiography revealed that 10-week-old knockout mice

had altered cardiac morphology and function consistent with

the development of dilated cardiomyopathy. This included a sig-

nificant decrease in fractional shortening and a significant in-

crease in LVEDD (left ventricular end diastolic diameter) and

LVESD (left ventricular end systolic diameter) (dilated chamber

size) compared to those in control mice (Figure 2D). H&E staining

showed an increase in cardiomyocyte size, cellular disarray, and

increased presence of necrotic foci in 10-week-old hearts from

knockout mice, indicative of cardiomyopathy (Figure 2E). Gomo-

ri’s trichrome staining confirmed the presence of necrotic foci,

increased fibrosis, and fibrotic tissue formation (Figure 2F). Skel-

etal muscle H&E staining indicated only a mild pathology in the

knockout mice (Figure 2E), and Gomori’s trichrome staining

confirmed the presence of increased fibrosis in the skeletal mus-

cle of the knockout mice (Figure 2F). Staining for cytochrome c

oxidase (COX) and NADH showed decreased activity in both

the slow and fast fibers of skeletal muscle in the knockout

mice (Figures 2G and 2H). Mitochondria in the muscle fibers

from knockout mice were enlarged and elongated (Figure 2G

and 2H, inset), potentially due to the increased energetic burden

from PTCD1 loss.

PTCD1 Is Required for Protein Synthesis, Biogenesis
of the Mitochondrial Ribosome, and OXPHOS
We measured de novomitochondrial protein synthesis of the 13

mtDNA-encoded respiratory complex subunits and showed a

dramatic loss of translation in the Ptcd1 knockout mice

compared to controls in both tissues (Figures 3A and S1A), indi-

cating that PTCD1 is essential for mitochondrial protein synthe-

sis. Immunoblotting and mass spectrometry analyses of mito-

chondria- and nuclear-encoded OXPHOS subunits showed

loss in the mitochondria-encoded COXI and COXII subunits,

although levels of nuclear-encoded subunits of the proton trans-

locating complexes were reduced, such as NDUFB8 from com-

plex I, UQCRC2 from complex III, COXIV from complex IV, and

ATP5A from complex V in the Ptcd1 knockout mice (Figure 3B;

Figures S2A and S2G). Complex II is entirely composed of
nockout of Mouse Ptcd1

n at the Ptcd1 locus. LoxP sites are introduced to enable the deletion of exon 3

the 30 end of exon 3 to enable a frameshift upon deletion of exon 3.

licing between exons 3 and 4.

mutant mouse, showing the engineered exon-3 and -4 junctions, which are,

ld-type mRNA.

trol L/L mouse, as determined by qRT-PCR (n = 3).

n from the mutant allele, determined by qRT-PCR (E) and immunoblotting (F).
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Figure 2. Heart- and Skeletal-Muscle-Specific Ptcd1 Knockout Mice Develop Severe Dilated Cardiomyopathy, Develop Mild Muscle

Myopathy, and Die by 10 Weeks of Age

(A) Body weight of control (L/L) and knockout (L/L, cre) at different ages. L/L n = 13, and L/L, cre n = 13 at 4, 6, 8, and 10 weeks.

(B) Difference in body weight for L/L and L/L, cre mice at 10 weeks of age.

(C) Left: ratio of heart weight to tibia length in 10-week-old control L/L and L/L, cremice. Right: photographic representation of size difference between 10-week-

old L/L and L/L, cre mice.

(legend continued on next page)
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nuclear-encoded subunits, and the levels of the SDHA and

SDHB subunits were not particularly different between control

and knockout mice (Figure 3B; Figure S2G; Table S1), indicating

that PTCD1 is required for the expression of mitochondria-en-

coded OXPHOS proteins and, thereby, overall stability of the

OXPHOS system. This finding was corroborated in skeletal

muscle (Figure S1B).

Blue native (BN)-PAGE followedby immunoblotting further indi-

cated that loss of PTCD1 affected the assembly and stability of

the proton-translocating OXPHOS complexes, but not complex

II, in heart and skeletal muscle (Figure 3C; Figure S1B). We also

observed the disassembly of complex V and the release of the

ATPase inhibitory factor 1 (ATPIF1) (Figure 3C; Figure S2B), which

binds to b-F1-ATPase in response to cellular and pH changes and

inhibits the hydrolysis of ATP to conserve energy use (Mourier

et al., 2014). Similar changeswere observed in the skeletalmuscle

of Ptcd1 knockout mice (Figure S1C). Consistent with impaired

biogenesis of the OXPHOS system, oxygen consumption in mito-

chondria from thePtcd1 knockoutmicewas significantly reduced

in the phosphorylated, non-phosphorylated, and uncoupled

states compared to that in control mice (Figure 3D). These find-

ings indicate that PTCD1 is required for the assembly of the res-

piratory complexes andOXPHOS, providing further evidence that

mitochondrial gene expression is essential for the coordinated

biogenesis and function of the OXPHOS system.

PTCD1 Is Required for the Stability of Large Ribosomal
Subunit Proteins
We investigated how loss of PTCD1 may affect the mtDNA- and

RNA-binding proteins that regulate transcription, RNA process-

ing, and stability (Figure 3E). We identified that loss of PTCD1

causes a significant increase in POLRMT levels but does not

affect TFAM abundance, indicating that loss of PTCD1 causes

an increase in transcription (Figures 3E and S2C). We observed

a significant increase in MRPP2 but a reduction in another sub-

unit of the RNase P complex, MRPP1, in the Ptcd1 knockout

mice, suggesting that PTCD1 loss and imbalanced RNA meta-

bolism can impact on the levels of RNA-binding proteins (Fig-

ure 3E). LRPPRC levels were increased in the Ptcd1 knockout

mice (Figures 3E and S3G), which may be consistent with the in-

crease in transcription and, therefore, mRNA abundance for

which LRPPRC is required to relax the secondary structures

(Siira et al., 2017) and facilitate poly(A) tail maintenance (Ruzze-

nente et al., 2012). Interestingly, the levels of FASTKD2,

RPUSD4, and—to a lesser extent—NGRN, which can affect

the stability of the large mitoribosomal subunit via their associa-

tionwith the 16S rRNA (Antonicka and Shoubridge, 2015; Popow

et al., 2015), were significantly decreased in the knockout mice
(D) Echocardiographic parameters for L/L (n = 8) and L/L, cre (n = 8) 10-week-old m

systolic diameter; FS, fractional shortening; LVDPW, left ventricular posterior wa

tricular septum in diastole; IVSS, intraventricular septum in systole; HR, heart rat

(E) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) a

(F) Heart and skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and

100 mm.

(G) Skeletal muscle sections, cut to 5-mm thickness, from L/L (n = 6) and L/L, cre

(H) Skeletal muscle sections, cut to 10-mm thickness, from L/L (n = 6) and L/L, c

All values are reported as means ± SEM. *p < 0.05; ***p < 0.001; ****p < 0.0001,
(Figures 3E and S2C). This suggests that the levels of these three

proteins are co-regulated with those of PTCD1 and MRPP1,

possibly through their association within the granules that have

been found to be important sites of RNA processing and early

ribosome assembly (Antonicka and Shoubridge, 2015; Zaganelli

et al., 2017). These findings indicate that PTCD1 loss has a sig-

nificant effect on the abundance of mtRBPs; therefore, we next

investigated how its loss and consequent decrease in FASTKD2

and RPUSD4 affects the levels of mitochondrial ribosomal pro-

teins, since we identified dramatic reduction in protein synthesis.

Nuclear-encoded mitochondrially targeted ribosomal proteins

make up the small (28S) and large (39S) ribosomal subunits that

are assembled to form the 55S mitochondrial ribosome (re-

viewed in Rackham and Filipovska, 2014). Immunoblotting of

the small ribosomal subunit proteins MRPS16, MRPS34, and

MRPS35 showed that they were significantly increased in the

Ptcd1 knockout mice in heart (Figures 3F and S2D) and skeletal

muscle (Figure S1D). In contrast, the steady-state levels of the

large ribosomal subunit proteins such as MRPL23, MRPL37,

and MRPL44 were significantly decreased in the knockout

mice (Figures 3F and S2D), suggesting that PTCD1 plays an

important role in the stability of the large ribosomal subunit.

Next, we investigated whether the imbalance in ribosomal pro-

teins was sufficient to cause an unfolded protein response that

would activate mitochondrial proteases to clear the excess of

these proteins within mitochondria. Immunoblotting for the mito-

chondrial proteases LonP1, ClpX, and AFG3L2 identified that

loss of PTCD1 and concomitant increase in mtRBP can stimulate

the increase of these proteases in the knockout mice (Figure 3G;

Figures S2E and S3), likely in an effort to restore the balance in

mitochondrial ribosomal proteins. Furthermore, the inner mem-

brane proteases metalloendopeptidase OMA1 and YME1L1

were reduced, along with their substrate OPA1 in the immuno-

blots (Figures 3H and S2F), indicating that the mitochondrial

morphology is compromised in Ptcd1 knockout mice in response

to severe OXPHOS dysfunction, consistent with our findings in

our haploinsufficient PTCD1 mice (Perks et al., 2017).

PTCD1 Is Specifically Required for 16S rRNA
and mt-Nd6 mRNA Stability
PTCD1 has previously been implicated in mtRNA processing in

cells (Sanchez et al., 2011), and haploinsufficiency of PTCD1

wasshown toaltermtRNAmetabolismand the steady-state levels

ofmostmtRNAs (Perks et al., 2017).Northernblottingshowed that

loss of PTCD1 significantly increased most mtRNAs (Figures 4A–

4C and S3) in both the heart and skeletal muscle (Figure S4),

compared to controls. The steady-state levels of unprocessed

mitochondrial transcripts such as RNA19, mt-Atp6/8-Co3, and
ice. LVEDD, left ventricular end diastolic diameter; LVESD, left ventricular end

ll in diastole; LVSPW, left ventricular posterior wall in systole; IVDS, intraven-

e.

nd L/L, cre (n = 6) mice were stained with H&E. Scale bars, 100 mm.

L/L, cre (n = 6) mice were stained with modified Gomori’s trichrome. Scale bars,

(n = 6) mice were stained with NADH. Scale bars, 100 mm and 20 mm.

re (n = 6) mice were stained with COX. Scale bars, 100 mm and 20 mm.

Student’s t test.
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Figure 3. Loss of PTCD1 Impairs Mitochondrial Biogenesis and Protein Synthesis

(A) Levels of de novo protein synthesis were measured in heart mitochondria isolated from L/L and L/L, cremice by pulse incorporation of 35S-labeled methionine

and cysteine. Equal amounts of mitochondrial protein (50 mg) were separated by SDS-PAGE and visualized by autoradiography. Representative gels from three

independent biological experiments are shown.

(B) Mitochondrial proteins (25 mg) from isolated heart mitochondria of L/L and L/L, cre mice were resolved on 4%–20% SDS-PAGE gels and immunoblotted

against antibodies to investigate the steady-state levels of OXPHOS proteins. Porin was used as a loading control.

(legend continued on next page)
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mt-Nd5-Cyb were also increased (Figures 4A and 4B), as

observed previously in cells (Sanchez et al., 2011, 2015) and in

haploinsufficient Ptcd1 mice (Perks et al., 2017). The increase in

POLRMT levels (Figure 3E) prompted us to investigate the effects

ofPTCD1 losson the7S rRNAtofind that this transcriptwassignif-

icantly increased in the knockout mice compared to controls (Fig-

ures 4C and S3B), indicating a dramatic increase in transcription

that explains the high levels of most mtRNAs and precursor tran-

scripts. Further evidence for increased transcription in the Ptcd1

mice was provided by the high levels of non-coding RNAs

compared to that in control mice (Figure 4D). These findings

weremirrored in skeletal muscle where PTCD1was also knocked

out (Figure S4).

In contrast to all other mtRNAs, we observed a significant

decrease in the steady-state levels of the 16S rRNA and, to a

lesser degree, mt-Nd6 mRNA levels (Figures 4A and 4C). Our

findings identify that PTCD1 is essential for the stability of the

16S rRNA and the mt-Nd6 mRNA. We corroborated these find-

ings by measuring the abundance of mature mRNAs and tRNAs

and of precursor transcripts both in the heart and skeletal muscle

of control and knockout mice by qRT-PCR (Figure 4E and 4F;

Figure S4). All mtRNAs in both tissues were significantly en-

riched, with the exception of the 16S rRNA and, to a lesser de-

gree, themt-Nd6 mRNA (Figure 4E; Figure S4E). We also identi-

fied significant enrichment of most mitochondrial junctions but a

significant decrease in mt-Nd4l/4-Nd5 and mt-Nd6-Cyb in the

absence of PTCD1 in both tissues (Figure 4F; Figure S4F), indi-

cating that loss of PTCD1 and the 16S rRNA lead to upregulation

of mitochondrial transcription.

PTCD1 Is Essential for the Assembly of the Large
Ribosomal Subunit
Since PTCD1 is specifically required for the stability of the 16S

rRNA, and since, in its absence, the large ribosomal proteins

were selectively degraded, we investigated whether PTCD1

associates with the mitochondrial ribosome. We resolved the ri-

bosomal subunits and assembled ribosomes using 10%–30%

sucrose gradients and immunoblotted against PTCD1. Although

PTCD1 was absent in the gradient from the Ptcd1 knockout

mice, we found that it localized to the upper fractions of the su-

crose gradient in the control mice (Figure 5A), indicating that

PTCD1 does not co-migrate with the mitochondrial ribosome

or its subunits. FASTKD2 and RPUSD4 also co-migrated in the

same fractions as PTCD1, indicating that these proteins may

exist together in a higher molecular structure, since loss of

PTCD1 in the knockout mice resulted in decreased levels of

these proteins and their redistribution to the first two top frac-

tions of the gradient (Figure S5A).
(C) Isolated heart mitochondria (80 mg) from 10-week-old mice were treated wi

munoblotted using the with the blue-native-OXPHOS cocktail antibody.

(D) Phosphorylating (state 3) and uncoupled respiration in the presence of 2 mM

mice using an OROBOROS oxygen electrode using either pyruvate, glutamate

mitochondrial inhibitors.

(E–H) The levels of mtRNA-binding proteins (E), mitochondrial ribosomal protein

blotting in heart mitochondria from L/L and L/L, cre 10-week-old mice. Porin wa

All values are reported as means ± SEM. *p < 0.05; **p < 0.01, Student’s t test. T

genotype and three independent biological experiments.
Next, we found that PTCD1 loss and concomitant loss of the

16S rRNA specifically impaired the assembly of the large ribo-

somal subunit, but not the assembly and migration of the small

ribosomal subunit (Figure 5A). Instead, we observed increased

levels of the small ribosomal subunit, likely as a compensatory

response to the impaired assembly of the large subunit and,

thereby, the 55S ribosome, which also has been found when

the assembly of the large ribosomal subunit has been impaired

in other models (Cámara et al., 2011; Metodiev et al., 2014; Wre-

denberg et al., 2013).

We also investigated the distribution of mitochondrial rRNAs

within the ribosomal fractions, using qRT-PCR of each fraction

(Figure 5B), and confirmed that the 16S rRNA is largely absent

in the Ptcd1 knockout mice, whereas the 12S and 16S rRNAs

co-migrate with their respective small and large ribosomal sub-

units and the 55S ribosome within the sucrose gradient fractions

from the immunoblots in the control mice (Figure 5B).

PTCD1 Stabilizes the 16S rRNA to Enable Its
Pseudouridylation
We used RNA sequencing (RNA-seq) of total heart RNA from

three control and three Ptcd1 knockout mice to identify the con-

sequences of PTCD1 loss across the entire mitochondrial tran-

scriptome and the effects on RNA transcription, processing,

and stability (Figure 6A).We used this technique, as we have pre-

viously (Rackham et al., 2016), to exclude short RNAs, such as

mature tRNAs, to capture tRNAs that are part of unprocessed

transcripts, and to quantify RNAs most affected in the PTCD1

knockout mice. In our RNA-seq datasets, we identified a pro-

found, statistically significant reduction of the mature 16S

rRNA, confirming our northern blotting and qRT-PCR findings

(Figure 6A). We identified that, overall, the transcriptome was

significantly enriched, further validating that there is increased

transcription in response to the loss of protein synthesis. One

exception to this was the mt-Nd6 RNA, which was decreased,

indicating that this transcript is unstable in the absence of active

translation. The increased rate of transcription likely contributes

to the observed enrichment of reads across junctions that span

all tRNA regions between the mRNA and rRNA genes, suggest-

ing that the processing machinery cannot deal with this excess

RNA (Figure 6A).

To determine whether PTCD1 plays a role in site-specific

mtRNA post-transcriptional modifications, total heart RNA

from three control and three Ptcd1 knockout mice was treated

with or without N-cyclohexyl-N0-(2-morpholinoethyl)carbodii-

mide metho-p-toluenesulfonate (CMC), and pseudouridine

sequencing (Pseudo-Seq) analyses were performed. We

normalized the levels of RNA so that we could validate
th 1% n-dodecyl b-D-maltoside, resolved on 4%–16% Bis-Tris gels, and im-

FCCP was measured in heart mitochondria from L/L and L/L, cre 10-week-old

and malate, or succinate as substrates in the absence and/or presence of

s (F), proteases (G), and morphology proteins (H) were measured by immuno-

s used as a loading control.

he data are representative of results obtained from at least six mice from each
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Figure 4. PTCD1 Is Required for 16S rRNA Stability, and Its Loss Leads to Increased Mitochondrial Transcription

(A–D) The abundance of mature mitochondrial mRNAs (A), tRNAs (B), rRNAs (C), and non-coding mRNAs (D) in 10-week-old hearts from L/L and L/L, cre mice

were analyzed by northern blotting. 18S rRNA was used as a loading control.

(E and F) The canonical mitochondrial mRNAs (E) and RNA junctions (F) were measured in total heart RNA from 10-week-old L/L and L/L, cremice by qRT-PCR

and normalized to 18S rRNA.

All values are reported as means ± SEM. The data are representative of results obtained from at least six mice from each strain and three independent biological

experiments.
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Figure 5. Loss of 16S rRNACauses Impaired Ribosome Stability and

Assembly of the Large Ribosomal Subunit

(A) Continuous 10%–30% sucrose gradients were used to determine the

distribution of the small and large ribosomal subunits and themonosome in L/L

and L/L, cremice. PTCD1 and the mitochondrial ribosomal protein markers of

the small (MRPS35, MRPS34, and MRPS16) and large (MRPL12, MRPL23,

and MRPL37) ribosomal subunits were detected by immunoblotting with

specific antibodies. The data are representative of results from four indepen-

dent biological experiments.

(B) The distribution of the 12S and 16S rRNAs in sucrose gradients was

analyzed by qRT-PCR. The data are expressed as a percentage total of

RNA abundance and show results from three independent biological

experiments.
modifications between control and knockout samples and

identified that loss of PTCD1 precludes pseudouridine (J) modi-

fication on the 16S rRNA at position 2509 (Figures 6B and 6C),

which was recently identified to be carried out by the RPUSD4

pseudouridinase (Antonicka et al., 2017; Zaganelli et al., 2017).

Our finding identifies PTCD1 as essential for 16S rRNA stability

and pseudouridine modification. Immunoprecipitation of FLAG-

tagged PTCD1 expressed inmouse hearts, followed by immuno-

blotting of the eluates, showed that PTCD1 associates with

FASTKD2 and RPUSD4 (Figure 6D), and this was confirmed by

BioID, which also identified these two proteins as highly enriched

(Figure 6E; Table S2) when the mitochondria-localized PTCD1-

BirA* was used as bait (Figure S5B). These two independent

findings suggest that these two proteins associate with PTCD1

and are required for 16S rRNA stability and its maturation, since

the stability of the 16S rRNA is compromised in their absence

(Figure 4C) (Antonicka et al., 2017; Antonicka and Shoubridge,

2015).

We investigated whether PTCD1 binds the 16S rRNA in vivo by

immunoprecipitation of FLAG-tagged PTCD1 expressed in

mouse hearts followed by qRT-PCR. Our data identify that the

16S rRNA is the most enriched transcript associated with

PTCD1 (Figure 6F). Next, we used recombinant PTCD1 lacking

its mitochondrial targeting sequence to probe an RNA tiling array

to determine whether PTCD1 binds to 16S rRNA directly. The

array was designed to scan themouse 16S rRNA in 36-base suc-

cessive increments; an 18-bp shift per measurement was used

to conduct a coarse scan initially (Figures S5C andS5D), and sin-

gle-base-pair shifts were then used for a high-resolution scan of

the 16S rRNA (Figures S5E and S5F). PTCD1 bound many RNA

sequences strongly at both 1 nM and 10 nM concentrations,

demonstrating that the protein has very high affinity for RNA,

and many probes in the 16S rRNA were bound more tightly

than control cytoplasmic and nuclear RNAs. Multiple EM for

Motif Elicitation (MEME) of the most tightly bound 5% of probes

identified that PTCD1 has a preference for adenine-rich se-

quences (Figure S5G). This specificity was confirmed by testing

the affinity of RNA homopolymer binding by PTCD1, where

poly(A) was bound more strongly than poly(G), poly(C), and

poly(U) (Figure S5H).

PTCD1 Affects Transcriptional Regulation of Signaling
Pathways
Next, we investigated how loss of PTCD1 and mitochondrial

dysfunction caused by impaired ribosomal assembly can have

downstream consequences on nuclear gene expression. Tran-

scriptome-wide analyses of gene expression in 10-week-old

Ptcd1 knockout mice, compared to their littermate control

mice, identified changes in 4,967 transcripts. Gene Ontology an-

alyses of cellular compartments identified that over 70% of

affected genes were associated with mitochondria, and the re-

maining were associated with the respiratory chain and ribonu-

clear complexes (Mendeley Dataset Figure 1), consistent with

the role of PTCD1 in mitochondrial ribosome assembly and

downstream effects on mitochondrial OXPHOS and biogenesis.

Gene Ontology analyses of the molecular function further vali-

dated the role of PTCD1 in ribonuclear complex assembly,

RNA binding, and changes in oxidative-reductive and metabolic
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Figure 6. PTCD1 Binds to the 16S rRNA to Facilitate Pseudouridinylation and, Thereby, Stability

(A) A complete map of changes in mtRNA abundance determined by RNA-Seq coverage from L/L (n = 3) and L/L, cre (n = 3) mice, on heavy (outer track) and light

(inner track) strands. Increases are shown in red, and decreases are shown in blue (log2 fold change[KOmean/Ctrlmean]). Themitochondrial genome is displayed

in the central track, with the nucleotide position in base pairs displayed across the exterior; rRNAs are indicated in orange, mRNAs are indicated in green, tRNAs

are indicated in blue, and the non-coding region (NCR) is indicated in gray.

(legend continued on next page)
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enzyme function (Mendeley Dataset Figure 2). The analyses of

the biological processes of the differentially expressed genes

between the knockout and control mice identified classes of

genes involved in carbon and purine metabolism and in RNA

and ribosomal regulation, as well as protein quality control, all

consistent with respiratory defects, increased levels of the pro-

tein quality enzymes, and overall cellular metabolism (Figure 7A).

We compared the transcriptome changes in the Ptcd1 knockout

mice to another model of heart failure where in vivo loss of

LRPPRC causes cardiomyopathy at a similar age (K€uhl et al.,

2017) by compromising mitochondrial mRNA (mt-mRNA) polya-

denylation and the coordination of protein synthesis (Ruzzenente

et al., 2012; Siira et al., 2017). The shared gene expression

changes predominantly affect OXPHOS biogenesis and function

as we have found for previous models of impaired mitochondrial

gene expression (K€uhl et al., 2017). However, PTCD1 loss

caused unique changes in the expression of 1,392 genes related

to upregulation of nuclear and mitochondrial gene transcription,

alterations in fat metabolism that we have also observed to be

disrupted in our heterozygous Ptcd1 mice (Perks et al., 2017),

and stress response (Figures S6A and S6B; Table S3). Further-

more, comparison between the mitochondrial proteomes of

these two models identified common changes predominantly

affecting metabolism and OXPHOS function but also corrobo-

rated our immunoblotting findings that the mitochondrial ribo-

somal proteins of the large subunit are specifically destabilized

and lost in the Ptcd1 knockout mice, but not in the Lrpprc

knockout mice (Figures S6E and S6F; Table S4).

Haploinsufficency of PTCD1, and consequent decreased

mitochondrial biogenesis, results in impaired insulin and fatty

acid metabolism, as well as differential regulation of mTOR

signaling (Perks et al., 2017). In our transcriptomic data, we iden-

tified significant increases in mTOR levels as well as the mRNAs

of its downstream substrates: the ribosomal protein S6 and the

eukaryotic translation initiation factor 4E-binding protein 1 (4E-

BP1), upon PTCD1 loss (Figure 7B; Figure S7). Interestingly,

many genes that are components of a number of other important

pathways that affect mTOR signaling were significantly

increased, including cytoplasmic translation, mitogen-activated

protein kinase (MAPK), insulin receptor signaling, and cytokine

pathways, (Figure 7B); all of which promote cell survival. The

most significantly increased transcripts were those encoding

ATF4 and FGF21 (Figure S7), which have been suggested to

act as biomarkers of mitochondrial dysfunction, commonly

found in cardiac diseases (Dogan et al., 2014; Rackham et al.,

2016). We analyzed the mTOR changes by immunodetection

of the phosphorylated and non-phosphorylated components of
(B) Pseudo-Seq analysis of CMC-induced deletions surrounding the 16S rRNA ps

L/L, cre (n = 3) mice.

(C) Pseudo-Seq quantification of the decrease in deletion frequency at position 2

(D) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts, foll

are typical of results from three independent biological experiments.

(E) BioID of BirA*-tagged PTCD1 expressed in HeLa cells, followed by mass spe

BirA* (mt-BirA*) was used as a control. The data are results from five independe

black, blue, green, and red with 0.01% false discovery rate (FDR) significance.

(F) Immunoprecipitation of FLAG-tagged PTCD1 expressed in mouse hearts and

All values are reported as means ± SEM. *p < 0.05.
this pathway and identified an increase in mTOR levels that

was further amplified in the phosphorylated state in the knockout

mice (Figure 7C). This was consistent with the decreased phos-

phorylation status of AMPK in the hearts of Ptcd1 knockout mice

compared to controls (Figure 7C). Akt phosphorylation was

significantly increased in the knockout mice, which leads to

decreased steady-state levels of Akt, indicating defects in the in-

sulin signaling pathway (Figure 7C). Both steady-state and phos-

phorylated levels of the mTOR substrates S6 and 4E-BP1 were

significantly increased in the knockout mice, consistent with

increased phosphorylation of mTOR (Figure 7C) and likely in

response to the significant reduction in mitochondrial protein

synthesis. Our findings indicate that OXPHOS dysfunction in

response to impaired mitochondrial translation can upregulate

the mTOR pathway and, thereby, cytoplasmic protein synthesis

in an effort to promote cell survival in the absence of OXPHOS.

This is consistent with our transcriptomic studies showing that

the mTOR substrates, the cytoplasmic translation machinery,

and pro-survival factors were upregulated in the Ptcd1 knockout

mice. Next, we investigated the abundance of acetyl-coenzyme

A (CoA) carboxylase (ACC), whose levels can be affected

in response to changes in AMPK and depleted energy levels.

Phosphorylated ACCwas increased significantly in the knockout

mice relative to controls (Figure 7D), consistent with decreased

OXPHOS function and lowered AMPK levels, indicating that

this change is regulated at the metabolic level. Taken together,

our findings indicate that mitochondrial dysfunction caused by

impaired protein synthesis can cause retrograde transcriptional

upregulation of the mTOR pathway, which is then amplified

post-translationally via phosphorylation to rescue compromised

energy metabolism by upregulation of cytoplasmic protein syn-

thesis and pro-survival genes.

DISCUSSION

The seven mammalian PPR proteins are indispensable for life

through their diverse roles from transcription to translation

(K€uhl et al., 2016; Perks et al., 2017; Rackham et al., 2016; Ruz-

zenente et al., 2012); however, the molecular function of one of

these PPR proteins, PTCD1, has remained largely unknown.

Here, we have created a CRISPR/Cas9 mouse knockout model

of PTCD1 to identify that PTCD1 binds the 16S rRNA to stabilize

it and ensure its pseudouridinylation. Loss of PTCD1 impairs the

biogenesis of the large ribosomal subunit and the mitoribosome

and blocks protein synthesis, leading to combined OXPHOS de-

fects and early-onset death by dilated cardiomyopathy andmus-

cle dysfunction. Mitochondrial ribosomes are unique in that they
eudouridinylated position at 2509. Tracks show the average from L/L (n = 3) and

509 in Ptcd1 knockout mice.

owed by immunoblotting to detect the immunoprecipitated proteins. The data

ctrometry analyses to detect the associated proteins. Mitochondrial-targeted

nt biological experiments, and all significantly enriched proteins are shown in

control, followed by qRT-PCR, normalized to 18S rRNA.
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Figure 7. Loss of PTCD1 Causes Upregulation of mTOR Pathway Transcription and Signaling and Cell-Survival Mechanisms

(A) Gene Ontology summary of all the biological processes that are significantly changed in the Ptcd1 knockout mice compared to controls.

(B) Transcriptional regulation ofmTOR and its upstream and downstream targets and pathways in thePtcd1 knockoutmice. The log fold difference is shown in the

first box (blue/white/red gradient), followed by its significance (adjusted p value; green) and the mean expression level across all samples (red gradient).

(legend continued on next page)
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have a higher protein-to-RNA ratio compared to that of bacterial

and cytoplasmic ribosomes in eukaryotes (Richman et al., 2014).

This decrease of the rRNA scaffold is not simply compensated

for by an increased number of mitochondria-specific ribosomal

proteins (Suzuki et al., 2001) and likely has necessitated addi-

tional specific factors like PTCD1 for the stability, modification,

and correct folding of the rRNA to ensure the fidelity of mitochon-

drial ribosome biogenesis and function.

The dramatic and selective loss of the 16S rRNA in the

absence of PTCD1 affected the stability of the mt-Nd6 mRNA,

the least abundant mt-mRNA (Mercer et al., 2011) that lacks a

poly(A) tail. Reduced stability of the mt-Nd6 mRNA has been

observed previously upon knockout of proteins required for the

assembly of the large ribosomal subunit/mitochondrial ribosome

(Cámara et al., 2011; Popow et al., 2015; Wredenberg et al.,

2013), indicating that, in the absence of the large ribosomal sub-

unit/mitochondrial protein synthesis, themt-Nd6mRNA is unsta-

ble, unlike the 10 other mtDNA-encoded mRNAs that are polya-

denylated and, hence, more stable. Selective reduction in the

16S rRNA levels has been observed upon knockdown of

FASTKD2 in cells (Antonicka and Shoubridge, 2015), implicating

this protein in its stability, although a complete CRISPR/Cas9

knockout of this protein in cells was not detrimental to cell sur-

vival (Popow et al., 2015), suggesting that the requirement for

FASTKD2 may be downstream of PTCD1. In addition, deletion

of Mterf3 in mice has also been shown to reduce the levels of

the 16S rRNA (Park et al., 2007) but not as dramatically as that

found in the Ptcd1 knockout mice. Both FASTKD2 andMTERF3,

like PTCD1, and the more recently identified cluster of proteins,

including NGRN, WBSCR16, and the pseudouridinylases

TRUB2, RPUSD4, and RPUSD3, are required for the assembly

of the large ribosomal subunit (Arroyo et al., 2016), as well as

the 16S rRNA-specific helicase DDX28 (Tu and Barrientos,

2015), indicating that its assembly requires a large number of

factors in addition to the ribosomal proteins. Arroyo et al. had

not reported PTCD1 as part of this cluster, although we found

that PTCD1 associated with FASTKD2 in this study—it was

also observed in a previous immunoprecipitation experiment

(Antonicka et al., 2017)—and was also co-localized to granules

where FASTKD2, along with the processing enzyme MRPP1

and the pseudouridinylase RPUSD4, are found (Zaganelli et al.,

2017). mtRNA granules and nucleoids have been found to

contain numerous post-transcriptional processing, ribosomal,

and ribosome assembly proteins and have been described as

the compartmentalized centers for RNA processing and mitori-

bosome biogenesis (Antonicka and Shoubridge, 2015; Jourdain

et al., 2013). Mitoribosome assembly occurs co-transcriptionally

(Rackham et al., 2016), with incorporation and assembly of ribo-

somal proteins occurring in concert with mt-rRNA processing

and nucleotide modification (Bogenhagen et al., 2014; Rackham

et al., 2016). Here, we show that PTCD1 stabilizes the 16S rRNA,

allowing it to be matured by the remaining factors that are local-
(C) ThemTOR pathway was assessed by immunoblotting using specific antibodie

week-old mice, using GAPDH as a loading control.

(D) Immunoblotting was used to measure the abundance of the phosphorylated

All values are reported as means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, Stude

from each genotype and three independent biological experiments.
ized within the granule to allow pseudouridylation and subunit

assembly of the 39S mitoribosomal subunit.

RPUSD4 has been shown to pseudouridylate the 16S rRNA at

position 2509, and its knockdown causes reduction in the 16S

rRNA (Antonicka et al., 2017; Zaganelli et al., 2017). Here, we

show that PTCD1 is required for the modification of this position

by RPUSD4 and for the stability of this enzyme, suggesting that

PTCD1may play a role in the docking and stabilization of the 16S

rRNA for modification at this site through association with

FASTKD2 and RPUSD4. Interestingly, although recombinant

PTCD1 bound preferentially to adenine-rich RNA, it recognized

multiple sites in the 16S rRNA. The co-migration of PTCD1 with

RPUSD4 and FASTKD indicates that these proteins associate

together in a higher molecular weight complex that is disrupted

upon PTCD1 loss, showing that they are dependent on each

other for their stability as well as the stability and modification

of the 16S rRNA and, thereby, biogenesis of the large ribosomal

subunit. Whether PTCD1 binds with greater specificity in vivo

through its association with the pseudouridine synthase module,

which includes FASTKD2, RPUS4, and NGRN or whether func-

tional specificity is achieved through the fact that RPUSD4 can

only modify one particular residue at a single site in the 16S

rRNA remains to be determined.

Increased transcription and accumulation of mature as well as

unprocessed mtRNAs, as a consequence of rRNA loss and

compromised protein synthesis, has been observed previously

(Cámara et al., 2011; Metodiev et al., 2009; Park et al., 2007).

Increased transcription explains the increased processing de-

fects that we have reported previously upon PTCD1 reduction

in cells and heterozygous mice (Perks et al., 2017; Rackham

et al., 2009). The accumulation of unprocessed mtRNAs indi-

cates that excess de novo mtRNA can overwhelm the RNA-

processing machinery, further supporting our previous findings

that RNA processing is co-transcriptionally coupled to ribosome

assembly (Rackham et al., 2016). Mice in which Mterf3, Tfb1m,

Mterf4, and Ptcd1 have been deleted all lack fully assembled ri-

bosomes, stimulating massively increased de novo transcription

in response to decreased translation, which suggests coordi-

nated transcriptional and translational regulation of mitochon-

drial gene expression. Furthermore, loss of the large ribosomal

subunit in the Ptcd1 knockout mice resulted in accumulation of

the small ribosomal subunit, similarly to that found in the Mterf3

and Mterf4 knockout mice (Cámara et al., 2011; Wredenberg

et al., 2013). Conversely, the loss of the small ribosomal subunit

in mice lacking TFB1M causes an increase in the 39S ribosomal

subunit, indicating that impaired coordination of mitoribosome

assembly results in compensatory increases of ribosomal pro-

teins whose assembly is not precluded. This transcriptional

regulation of RBPs required for mitochondrial gene expression

is further supported by the changes in the core components of

this machinery observed in the Ptcd1 knockout mice. Increased

levels of POLRMT, MRPP2, and LRPPRC are consistent with the
s upstream and downstream of mTOR in heart lysates from L/L and L/L, cre 10-

(Thr172) and nonphosphorylated forms of AMPKa and ACC.

nt’s t test. The data are representative of results obtained from at least six mice
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increased rate of transcription, processing, and stability in an

effort to copewith the newly producedmtRNAs, as a compensa-

tory response to impaired 39S subunit assembly and 16S rRNA

loss. The reduction in MRPP1, FASTKD2, RPUSD4, and NGRN

levels suggests that their stabilities are dependent on the pres-

ence of PTCD1, possibly as part of the granules where they

are all co-localized (Antonicka and Shoubridge, 2015; Zaganelli

et al., 2017).

Transcriptome-wide analyses in response to PTCD1 loss

revealed a complex network of changes that affect transcripts

encoding mitochondrial proteins, particularly the ribosomal pro-

teins, OXPHOS subunits, and themitochondrial gene expression

machinery, consistent with the molecular role of PTCD1 in mito-

chondria. However, we identified a number of factors that are

activated in response to mitochondrial dysfunction and impaired

mitochondrial biogenesis, including ATF4 and FGF21, which

have increased expression and have acted as biomarkers for

other models of cardiac and muscle-related diseases (Dogan

et al., 2014; Rackham et al., 2016). Importantly, we identified a

significant upregulation at the transcription level of the mTOR

pathway and factors that are upstream and downstream of the

mTOR signaling cascade. Growth in response to nutrient avail-

ability is coordinated by mTOR, which stimulates cytoplasmic

protein synthesis via phosphorylation of ribosomal protein S6 ki-

nases and 4E-BP1. Here, we show that severe mitochondrial

dysfunction can upregulate mTOR expression, likely in an effort

to overcome defects in OXPHOS through the activation of pro-

tein synthesis and cell-survival pathways.

Transcriptional upregulation of the mTOR pathway resulted in

increased steady-state levels of mTOR and its substrates,

although phosphorylation of mTOR and its downstream sub-

strates was increased in the knockout mice, indicating that these

pathways were regulated both at the transcriptional and post-

translational levels. Severe mitochondrial dysfunction has previ-

ously been found to activate the mTOR pathway via phosphory-

lation of its substrates (Johnson et al., 2013); however, in our

model, we show that mTOR is regulated at the transcriptional

level as well as the post-translational level as a retrograde

response to impaired mitoribosome biogenesis. Increased acti-

vation of Akt is consistent with upregulation of mTOR signaling

and cell-survival pathways, indicating that both the MTORC1

and MTORC2 pathways may be increased to provide as much

energy as possible to promote survival in the absence of

OXPHOS. AMPK levels were decreased in the absence of

PTCD1, likely due to the high increase in mTOR levels, which

can inhibit AMPK signaling. Clearly, AMPK signaling is not able

to overcome the dramatic loss in energy levels, possibly reflect-

ing the need for mTOR upregulation.

In summary, we show that PTCD1 is essential for mitochon-

drial ribosome biogenesis and translation via stabilization and

maturation of the 16S rRNA. We identify that mitochondrial

dysfunction is a retrograde signal for transcription upregulation

of cell-survival mechanisms as a compensatory measure in

response to defects in mitoribosomal assembly. Future work

will establish the exact signaling cascades to provide further

insight into coordinated mito-nuclear regulation and how these

can be exploited to develop treatments for diseases involving se-

vere mitochondrial dysfunction.
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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.



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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