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A Computational Screen for Regulators of Oxidative
Phosphorylation Implicates SLIRP in Mitochondrial RNA
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Abstract

The human oxidative phosphorylation (OxPhos) system consists of approximately 90 proteins encoded by nuclear and
mitochondrial genomes and serves as the primary cellular pathway for ATP biosynthesis. While the core protein machinery
for OxPhos is well characterized, many of its assembly, maturation, and regulatory factors remain unknown. We exploited
the tight transcriptional control of the genes encoding the core OxPhos machinery to identify novel regulators. We
developed a computational procedure, which we call expression screening, which integrates information from thousands of
microarray data sets in a principled manner to identify genes that are consistently co-expressed with a target pathway
across biological contexts. We applied expression screening to predict dozens of novel regulators of OxPhos. For two
candidate genes, CHCHD2 and SLIRP, we show that silencing with RNAI results in destabilization of OxPhos complexes and a
marked loss of OxPhos enzymatic activity. Moreover, we show that SLIRP plays an essential role in maintaining
mitochondrial-localized mRNA transcripts that encode OxPhos protein subunits. Our findings provide a catalogue of
potential novel OxPhos regulators that advance our understanding of the coordination between nuclear and mitochondrial
genomes for the regulation of cellular energy metabolism.
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Introduction

Mitochondrial oxidative phosphorylation (OxPhos) is central to
energy homeostasis and human health by serving as the cell’s
primary generator of ATP. The core machinery underlying
OxPhos consists of approximately 90 distinct protein subunits that
form five complexes residing in the inner mitochondrial
membrane. Complexes 1 through IV comprise the oxygen-
dependent electron transport chain responsible for driving the
generation of ATP by complex V. OxPhos is the only process in
the mammalian cell under dual genetic control: thirteen essential
structural subunits are encoded by mitochondrial DNA (mtDNA)
while remaining subunits are encoded by nuclear genes, and are
imported into mitochondria [1]. The biogenesis of OxPhos
requires many accessory factors responsible for replicating mtDNA
as well as transcribing and translating the mitochondrial mMRNAs
(mtRNA) [2,3]. Furthermore, the mtDNA-encoded subunits must
be coordinately assembled with the nuclear-encoded subunits and
metal co-factors to form functional complexes, a process likely
requiring far more assembly factors than are currently known [4].
Dysfunction in any of these processes or in the OxPhos machinery
itself may result in a respiratory chain disorder, a large class of
inborn errors of metabolism [5]. For approximately 50% of

patients with respiratory chain disorders, the underlying genetic
defect remains unknown, despite excluding obvious members of
the OxPhos pathway [4,6-8]. Many of these disorders are likely
due to genetic defects in currently uncharacterized OxPhos
assembly or regulatory factors.

The OxPhos structural subunits exhibit tight transcriptional
regulation that offers a strategy for identifying its non-structural
regulators based upon shared patterns of co-expression in micro-
array experiments [9,10]. In fact, our laboratory used this approach
to identify the gene LRPPRC, which encodes a critical regulator of
mtRNA and when mutated is the underlying cause of a respiratory
chain disorder called Leigh Syndrome French-Canadian variant
[11]. However, while successful in identifying LRPPRC, this
previous analysis used only one data set interrogating tissue-specific
gene expression [12,13]. Such co-expression analyses that rely upon
individual contexts are not ideal for functional prediction because
they are subject to inherent limitations of microarray experiments
including technical artifacts, experimental bias and real but
confounding correlations with functionally distinct pathways [14].

To overcome these limitations and to generalize our previous
approach, we reasoned that large-scale integration across many
independent microarray experiments, each surveying a different
biological context, would help distinguish genuine co-regulation from
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Figure 2. The OxPhos expression screen. (A) A schematic overview of mitochondrial OxPhos. The total number of protein subunits comprising
each complex is noted below the schematic. The number of subunits encoded by mitochondrial DNA that were excluded in the OxPhos expression
screen is indicated in parentheses. (B) Co-expression matrix from the OxPhos expression screen for the mouse MG-U74Av2 chip. Each value in the
matrix represents a gene’s (rows) co-expression with OxPhos within a microarray data set (columns). (C) Cross-validated receiver-operator curve
reporting the recovery of the query OxPhos genes. Blue line: full expression screen data integration (1,427 data sets). Arrow marks the 99.4%
specificity threshold recovering 85% of the OxPhos query genes. Red line: the single best data set. Gray line: a data set with median weight. (D)
Histogram of integrated co-expression probabilities from the OxPhos expression screen. Red line: OxPhos query gene set. Green line: non-oxphos
mitochondrial genes. Blue line: cytosolic ribosome genes. Black line: all other genes.

doi:10.1371/journal.pgen.1000590.9g002

We applied the data integration procedure to identify genes
that are consistently co-expressed with OxPhos in the microarray
compendium (Table S5). As with the cholesterol biosynthesis
pathway, data integration better predicts known genes involved in
the OxPhos pathway when compared to the most predictive data
set alone (Figure 2C). At a specificity of 99.4%, we were able to
recover 85% of the OxPhos pathway (Figure 2C). The integration
procedure also lessens confounding correlations with functionally
distinct pathways. For example, OxPhos is frequently co-
expressed with other genes encoding mitochondrial proteins
during mitochondrial biogenesis and turnover, regardless of their
specific role in oxidative phosphorylation [30-32]. Additionally,
OxPhos gene expression may correlate with the expression of
other functionally distinct ““house-keeping” pathways, especially
the cytosolic ribosome, since genes involved in both pathways
share a similar set of conserved promoter elements and are
controlled by an over-lapping set of transcriptional regulators
[33,34]. In agreement with these findings, we observed significant
co-expression (median integrated probability p,=0.70) of the
cytosolic ribosome with the OxPhos subunits (Figure 2D).
However, integrating co-expression across all data sets in the
microarray compendium clearly distinguished the OxPhos
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pathway from other mitochondrial genes and components of
the cytosolic ribosome, demonstrating the specificity of expression
screening (Figure 2D).

We next examined the non-OxPhos genes exhibiting the highest
co-expression scores. To ensure that co-expression is conserved
among mammals, we required that a gene is co-expressed with
OxPhos when analyzing human and mouse microarray datasets
independently (,>0.70 in both species). The top 20 non-OxPhos
genes meeting this criterion are shown in Figure 3. Several of the
non-OxPhos genes listed in Figure 3 have known metabolic roles
in oxidative metabolism such as genes encoding Kreb’s cycle
enzymes, MDH?2 and SUCLGI, as well as several mitochondrial
ribosomal subunits necessary for translation of the OxPhos
subunits encoded by mtDNA. Other high-scoring genes have
never been functionally associated with OxPhos and most lack
orthologues in S. cerevisiae. 1t is notable that recent mass
spectrometry studies of highly purified mammalian mitochondria
have localized every protein present in Figure 3 to the
mitochondria with the exception of HINT1, TCEB2 and
MDH1, which are primarily cytosolic proteins [35-37].

Recently, two candidates identified by our expression screen,
Cl4orf2 and USMGS5, have been co-purified with complex V,
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Figure 4. Silencing CHCHD2 and SLIRP disrupts OxPhos function. (A) Oxygen consumption rate (OCR) of MCH58 human fibroblasts measured
at 10-14 days post-infection with empty vector, shRNA targeting GFP, or two independent shRNAs targeting each of five candidates from the OxPhos
expression screen. Values are reported as percent of empty vector sample’s OCR and represent means of 20 replicate wells. Error bars indicate the
95% normal confidence interval. (B) Western blot of cleared whole cell lysate harvested 10-14 days post-infection, subjected to SDS-Page and blotted
for labile markers of each OxPhos complex. shRNA targets are indicated below each lane and blotted proteins are indicated to the right with their
respective OxPhos complex in parentheses. EtBr represents a positive control sample from cells treated with 40 ng/ml ethidium bromide for 4 days.
(C, D) Assays for activity of complexes | and IV in whole-cell native protein harvested from MCH58 cells infected in triplicate with shRNAs targeting
SLIRP, CHCHD2 (two independent shRNAs each) or GFP. Values are reported as percent of activity for shRNA targeting GFP. Error bars represent

standard deviation. *, P<<0.05 (n=3, two-tailed unpaired t-test).
doi:10.1371/journal.pgen.1000590.9g004

(Figure 5A), while the mtDNA copy-number was unaffected
(Figure 5B). The most pronounced mtRNA reduction was seen for
transcripts encoding complex IV subunits as well as the bi-cistronic
transcript encoding the ND4 and NDAL subunits of complex I,
which is concordant with the specific complex | and IV
biochemical defects shown in Figure 4. The effect of SLIRP
depletion upon mtRNA appears specific to the protein-encoding
mtRNA transcripts since it did not affect the expression of the 725
or 765 mitochondrial rRNAs (Figure 5A), even though these
rRNAs are encoded on the same primary poly-cistronic transcript
that contains all but one of the mitochondrial MRNAs. To assess
whether this regulation of mtRNA by SLIRP is conserved among
mammals, we also silenced the gene encoding the mouse ortholog
of SLIRP in C2C12 myoblasts. We again observed down-
regulation of all three complex IV-encoding mtRNAs (Figure S3).

Since SLIRP is proposed to be alternatively localized to the
nucleus, we wondered whether it might affect mtRNA expression
indirectly by regulating the nuclear expression of known mtDNA
transcription factors or mtRNA regulators. However, shRNA
targeting SLIRP did not significantly alter the expression of known
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nuclear-encoded mtRNA regulators TFAM, TFBIM, and TFB2M,
nor did it affect the expression of the nuclear-encoded OxPhos
subunit UQCRC1, further suggesting that SLIRP acts within the
mitochondria to regulate mtRNA abundance (Figure S4). Finally,
we investigated whether over-expression of SLIRP would be
sufficient to boost mtRNA abundance in the cell. Over-expressing
SLIRP for 48 hours did not alter mtRNA abundance, but over-
expression did rescue the down-regulation of mtRNA resulting
from knock-down of SLIRP in human cells. Besides demonstrating
that the over-expression construct is functional and that the
shRNA is on-target, this indicates that SLIRP is not a limiting
factor for mtRNA abundance in wild-type cells (Figure 5C).

The SLIRP protein depends upon mtRNA for its own
stability

Since adequate expression of SLIRP is essential for maintaining
MtRNA levels, we asked whether SLIRP is transcriptionally
regulated in response to a depletion of mtRNA. We used ethidium
bromide (EtBr), a DNA-intercalating agent that is selectively
absorbed by mitochondria and reduces mtDNA copy-number
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Figure 5. SLIRP maintains mitochondrial MRNA.  (A) Expression levels of mitochondrial transcripts in MCH58 cells measured by qPCR 10 days
post-infection with either control sShRNA (shGFP) or shRNA targetfBglRPValues are reported as fold change over shGFP-treated cells, in each case
normalized toHPRTs an endogenous control, and represent means (n=3). All values excépSand 12Swere significantly decreased compared to

shGFP (P .05, two-tailed unpaired t-test). (B) mtDNA copy-number per cell measured by gPCR using genomic DNA from the samples in (A). Values
represent mean mtDNA/nuclear DNA ratio (n=3). (CDXlexpression measured by gPCR in MCH58 cells infected with shSLIRP or shGFP. Labels LacZ
and SLIRP indicate cells transfected with constructs to over-express LacZ or human SLIRP, respectively. Values reported are mean ratios over
LacZshGFP (n=3). Error bars indicate standard deviation. *,.B5 (two-tailed unpaired t-test).

doi:10.1371/journal.pgen.1000590.g005

and mtRNA expression in the cell [43]. Following treatment with drop in SLIRP protein abundance, likely indicating a mutual
EtBr for four days, we did not observe any compensatory increase ipartnership between SLIRP and mtRNA where each is responsible
SLIRP expression as mtDNA and mtRNA were depleted in a for the other’s stability within the mitochondria (Figure 6D).
concentration-dependent manner (Figure 6A). Surprisingly, how-

ever, we did observe a dramatic reduction in SLIRP at the proteinDjscussion

level, in a manner depending on the concentration of EtBr

(Figure 6B). This suggests that the stability of SLIRP depends upon TO predict novel OxPhos regulators we have developed a
either mtDNA copy-number or mtRNA abundance. A similar method called expression screening, which utilizes the inherent
phenomenon has been previously reported for TFAM, a criticalstrong  transcriptional co-expression of the known OxPhos
regulator of both mitochondrial DNA and RNA [30]. TFAM coats Structural subunits to identify other genes sharing similar
the mtDNA to protect it from degradation but TFAM is also expression profiles in a compendium of microarray data. While
dependent upon mtDNA for its own protein stability [44]. We co-expression analysis alone cannot fully distinguish functionally
wondered whether SLIRP, being an RNA-binding protein, dependsrelevant co-regulation from mere correlation, we have demon-
exclusively upon mtRNA for its stability. To assess whether mtRNAstrated that the integration of evidence from hundreds of biological
rather than mtDNA quantity is important for stabilizing SLIRP we contexts significantly enhances predictive power. In this manner,
used shRNA to deplete cells of LRPPRC, a mitochondrial proteinwe were able to build a reliable classifier for membership in the
necessary for maintaining mtRNA expression but not mtDNA OxPhos pathway that will be a useful resource for prioritizing
copy-number [45] (Figure 6C). We again observed a substantiadandidate genes in patients with respiratory chain disorders.
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Cell culture and media

MCH58 immortalized human fibroblasts were kindly donated
by Eric Shoubridge [66]. 293T and C2C12 cells were received
from the American Type Culture Collection (CRL1772 &
CRL11268). Unless otherwise indicated, all experiments were
carried out in DMEM, 4.5 g/L glucose, 10% FBS (Sigma #2442)
supplemented with 2 mM glutamine, 100 .U Penicillin and
100 ug/ml Streptomycin.

shRNA lentivirus production and infection

Lentiviral vectors for expressing sShRNA (pLKO.1) were received
from the Broad Institute’s RNAi Consortium or from Open
Biosystems. Unique identifiers of each shRNA construct can be
found in Figure S1. Procedures and reagents for virus production
are adapted from the Broad Institute’s RNAi Consortium protocols
[67]. Briefly, 400,000 293T cells were seeded in a 24-well dish and
12 hr later triple-transfected with pLKO.1-shRNA, a packaging
plasmid (pCMV-d8.91) and a pseudotyping plasmid (pMD2-VSVg)
using Fugene6 reagent at 3:1 (reagent:DNA) (Roche
#11815091001). Media was refreshed 18 hr post-transfection,
supplemented with 1% BSA and virus collected 24 h later. For
infection, 30,000 cells were seeded in a 24-well dish. 30 ul viral
supernatant was added to cells for a final volume of 500 ul media
containing 8 ug/ml polybrene (Sigma #H9268). The plates were
spun 800rcf for 30 min at 32°C, returned to 37°C and 24 h post-
infection were selected for infection with 2 ug/ml puromycin
(Sigma #P9620). RNA for assessing knock-down efficiency was
isolated 7-10 days post-infection.

cDNA and gPCR

RNA was isolated using the RNeasy system (Qiagen #74106)
with two repetitions of DNAse digestion to remove mtDNA and
genomic DNA from the sample. 1 ug of RNA was used for 1°-
strand cDNA synthesis using a mix of poly(dT) and random
hexamer primers (SuperScript I1, Invitrogen, #18080). Genomic
DNA used for the analysis of mtDNA quantity per cell was isolated
using Qiagen DNeasy system. 1 ng genomic DNA was used for
multiplex gPCR analysis to simultaneously measure nuclear DNA
and mtDNA (See Table S6 and [68]). gqPCR of cDNA and
genomic DNA was performed using the 96-well AB17500 gPCR
system in 20 ul reactions prepared with 26 master-mix (ABI
#4369510), the appropriate 206 ABI tagman assay (Table S6)
and diluted cDNA sample.

SLIRP over-expression

A pDONR-221 Gateway clone for SLIRP, used previously by
our laboratory for cellular localization studies [35], was sequence
verified and cloned into a pcDNA destination vector in-frame with
a C-terminal V5-His tag (pDEST40, Invitrogen #12274-015).
293T cells were infected with validated shRNAs targeting either
SLIRP or GFP as described above. Seven days post-infection,
400,000 cells were seeded in a 24-well dish and transfected with
either peDNA-LacZ-V5-His or peDNA-SLIRP-V5-His. 48 hrs post-
transfection, cells were harvested for downstream analyses.

Live-cell oxygen consumption measurements

Live-cell oxygen consumption readings (OCR) were performed
using a 24-well Seahorse XF24 Bioflux analyzer. MCH58 cells
were seeded at a density of 30,000/well in unbuffered media
(4.5 g/L glucose, 4 mM glutamine, 1 mM pyruvate in DMEM,
pH 7.4). The XF24 analyzer was set to read OCR/well as an
average of four 3 min measurements with a 1 min mixing interval
between measurements. Each plate contained four different
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samples of five replicates each with one sample always being the
SshRNA vector control (pLKO.1) that was used for normalization
and comparison between experiments. Each ‘“batch” of four
samples was measured on four different plates summing to 20
replicates per sample. Samples were randomized within each plate
to avoid plate-position effects and experiments were repeated
multiple times to ensure reproducibility. To correct for cell seeding
errors, we measured the total protein content per well after each
experiment (BCA method) and normalized the OCR per well by
dividing by the corresponding protein concentration.

Immunoblotting

5 ug of cleared whole cell lysate isolated in RIPA buffer was
used per lane on a 4-12% Bis-Tris gel (Invitrogen, #NP0321) and
blotted on a PVDF membrane (Invitrogen, #LC2005) using a
semi-dry transfer apparatus (Bio-Rad), 15 V, 20 min. Membranes
were blocked for 2 hr at room temperature in tris-buffered-saline
solution (Boston BioProducts #BM300) with .1% Tween-20 and
5% BSA (TBS-T-BSA). Primary antibodies were incubated with
the membrane overnight at 4°C in TBS-T-BSA at the dilutions
reported in Table S7. Secondary sheep-anti-mouse (GE-Health-
Care, #na931v) or sheep-anti-rabbit (GE-HealthCare, #na934v)
antibodies were incubated with the membrane at a 1:5,000
dilution in TBS-T-BSA for 45 min at room temperature. The
membrane was developed using Super Signal West Pico (Pierce,
#34077).

OxPhos Complex | and IV activity measurements

Complex | and Complex IV Dipstick activity assays were
performed on 20 ug and 25 ug cleared whole cell lysate,
respectively, according to the manufacturer’s protocol (Mitos-
ciences #MS130 and #MS430). 30 ul of lysis buffer A was used
per 500,000 cells for lysis and solubilization.

Supporting Information

Figure S1 Validation of data set weighting. ROC curve
comparing the original formulation of expression screening for
the cholesterol gene set (blue line) versus a screen using uniform
weights (red line).

Found at: doi;10.1371/journal.pgen.1000590.s001 (0.34 MB PDF)

Figure S2 Validation of gene silencing by RNAi. mRNA
expression in MCH58 human fibroblasts infected with lentivirus
to over-express shRNAs targeting each candidate gene (see
Materials and Methods). RNA was isolated 5-7 days post-infection
and used to produce cDNA for measuring RNAI efficiency by
gPCR (see Materials and Methods). Each column represents an
independent shRNA hairpin targeting the indicated gene.
Hairpins are labeled by their official Broad Institute RNAI
consortium identifiers. Reported values are normalized to RNA
from uninfected cells. Error bars represent the range of the
duplicate measurements. Arrows indicate the best two shRNAs for
each gene which were used for downstream experiments.

Found at: doi:10.1371/journal.pgen.1000590.5002 (0.56 MB PDF)

Figure S3 Silencing the SLIRP homologue in mouse cells
reduces mtRNA expression. (A) mRNA expression levels of
C2C12 mouse myoblasts infected with sShRNA targeting different
regions of 7810035L17Rik, the mouse homologue of SLIRP. RNA
was isolated five days post-infection and 78710035L17Rik mRNA
abundance was measured by gPCR. Error bars represent the
range of duplicate measurements. (B) mRNA levels for Actn,
1810035L17Rik, COXI1, COX2, and COX3 in C2C12 mouse
myoblasts infected with ShRNA TCRNO0000103890 targeting
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