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Mitochondrial dysfunctions activate retrograde signaling from mitochondria to the nucleus. To identify
transcription factors and their associated pathways that underlie mitochondrial retrograde signaling,
we performed gene expression profiling of the cells engineered to have varying amounts of mitochon-
drial DNA with an A3243G mutation (mt3243) in the leucine transfer RNA (tRNALeu), which reduces the
abundance of proteins involved in oxidative phosphorylation that are encoded by the mitochondrial
genome. The cells with the mutation exhibited reduced mitochondrial function, including compromised
oxidative phosphorylation, which would activate diverse mitochondrial retrograde signaling pathways.
By analyzing the gene expression profiles in cells with the mutant tRNALeu and the transcription factors
that recognize the differentially regulated genes, we identified 72 transcription factors that were potentially
involved in mitochondrial retrograde signaling. We experimentally validated that the mt3243 mutation in-
duced a retrograde signaling pathway involving RXRA (retinoid X receptor a), reactive oxygen species,
kinase JNK (c-JUN N-terminal kinase), and transcriptional coactivator PGC1a (peroxisome proliferator–
activated receptor g, coactivator 1 a). This RXR pathway contributed to the decrease in mRNA abundances
of oxidative phosphorylation enzymes encoded in the nuclear genome, thereby aggravating the dys-
function in oxidative phosphorylation caused by the reduced abundance of mitochondria-encoded en-
zymes of oxidative phosphorylation. Thus, matching transcription factors to differentially regulated
gene expression profiles was an effective approach to understand mitochondrial retrograde signaling
pathways and their roles in mitochondrial dysfunction.
ence
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INTRODUCTION

Impaired mitochondrial functions affect the amount of cytosolic Ca2+, re-
active oxygen species (ROS), or adenosine monophosphate (AMP), and
the changes in these cytosolic constituents can activate diverse retrograde
signaling pathways from the mitochondria to the nucleus. This mitochon-
drial retrograde signaling changes the activities of various nuclear tran-
scription factors (TFs; table S1) and, thus, the abundances of their target
genes, thereby affecting cellular processes, such as growth, proliferation,
apoptosis, metabolism, or mitochondrial biogenesis (1–6). The components
in retrograde signaling pathways that are activated by mitochondrial dys-
functions are mostly unknown.

Systems biology approaches have been used to investigate the complex
and diverse mitochondrial retrograde signaling mechanisms. Systems bi-
ology approaches involve the identification of genes and cellular processes
perturbed by mitochondrial dysfunctions and the generation of network
models for identifying retrograde signaling pathways activated by the per-
turbation (7). Gene expression analysis of muscle tissues from three dif-
1School of Interdisciplinary Bioscience and Bioengineering, Pohang Univer-
sity of Science and Technology, Pohang 790-784, Republic of Korea. 2De-
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ferent groups of patients with (i) mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes (MELASA3243G) associated with
the mitochondrial leucine transfer RNA (tRNALeu; A3243G) mutation
(mt3243 mutation); (ii) progressive external ophthalmoplegia (PEOA3243G)
associated with the mt3243 mutation; and (iii) PEO associated with mito-
chondrial DNA (mtDNA) macrodeletions showed that mRNA abundances
of 56 and 31 genes were changed by mt3243 and mtDNA macrodeletion
mutations, respectively (8). These genes are involved in oxidative phos-
phorylation (OXPHOS), protein biosynthesis, metabolism, transcription,
signal transduction, and cell cycle. However, these studies were unable
to identify retrograde signaling pathways through which these genes were
regulated.

Here, we present a systems biology approach to identify retrograde
signaling pathways. To demonstrate use of this approach, we performed
gene expression profiling of cells engineered with varying amounts of
mtDNAs with the mt3243 mutation, cells with none of the mutant mtDNA,
cells with some of the mutant mtDNA, and cells with only the mutant
mtDNA. The mt3243 mutation in the tRNALeu gene reduces protein syn-
thesis in mitochondria, leading to decreased abundances of mitochondrial-
encoded OXPHOS enzymes (9, 10), reduced OXPHOS, and activation of
diverse retrograde signaling pathways (3, 6). With the gene expression pro-
files, we identified 72 potential TFs involved in retrograde signaling in-
duced by the mt3243 mutation. We showed that retinoid X receptor a
(RXRA) participated in a retrograde signaling pathway induced by the
mt3243 mutation. This pathway also involved ROS, c-JUN N-terminal
kinase (JNK), and a peroxisome proliferator–activated receptor g, coac-
tivator 1 a (PGC1a) and contributed to the decrease in mRNA abundances
of nuclear-encoded OXPHOS enzymes, which would further aggravate
OXPHOS dysfunction caused by the mt3243 mutation. Although the neg-
ative regulation of RXRA abundance through JNK activated by ROS (11)
.SCIENCESIGNALING.org 26 February 2013 Vol 6 Issue 264 rs4 1
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and the interaction between RXRA and PGC1a (12) have been previously
reported, the connection of this pathway to mitochondrial retrograde
signaling has not. Here, we demonstrated that (i) mitochondrial dysfunctions
decreased RXRA abundance, (ii) the reduction in RXRA decreased the in-
teraction between RXRA and PGC1a, (iii) the reduced interaction contributed
to the decrease in mRNA abundances of OXPHOS and translation-related
genes, and (iv) the reduction of OXPHOS and translation-related genes
was reversed by the addition of retinoic acid (RA).
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RESULTS

Mitochondrial dysfunctions in cybrid cells carrying
the mt3243 mutation
To investigate retrograde signaling pathways induced by the mitochon-
drial dysfunction caused by the mt3243 mutation, we generated three types
of cybrid cells using a mitochondria-mediated transformation method
(10). Cells lacking mtDNA were fused with mtDNAs with the mt3243
mutation isolated from platelets of a diabetic patient with sensorineural
hearing loss. We determined the proportion of wild-type and mutant mtDNA
of cybrid cells by polymerase chain reaction (PCR)–restriction fragment
length polymorphism (RFLP) analysis using mtDNA probe (Fig. 1A). We
then isolated three types of cybrid cells: W cells had wild-type mtDNA
(3243A homoplasmy), H cells had both the mutant and wild-type mtDNA
(3243A/G heteroplasmy) with 70% of the mtDNA containing 3243G, and
M cells had only mutant mtDNA (3243G homoplasmy). To confirm mito-
chondrial dysfunctions caused by the mt3243 mutation, we measured
O2 consumption and relative adenosine 5′-triphosphate (ATP) content in
the three types of cybrid cells. In H and M cells, both O2 consumption and
ATP content were significantly decreased compared to W cells (Fig. 1, B
and C), consistent with findings in previous studies (9, 10, 13). We also
examined the abundances of representative enzymes of the five OXPHOS
complexes (Fig. 1D). In H and M cells, the amounts of these enzymes
were reduced. Furthermore, the activity of cytochrome c oxidase in the
OXPHOS complex IV was decreased in the H and M cells (Fig. 1E). These
data indicate that the mt3243 mutation induced OXPHOS dysfunctions by
reducing both amounts and activities of OXPHOS enzymes.

Alteration of mRNA abundances caused by the
mt3243 mutation
The OXPHOS dysfunction caused by the mt3243 mutation activates ret-
rograde signaling pathways, resulting in alteration of nuclear gene expres-
sion. We performed gene expression profiling of the three types of cybrid
cells (W, H, and M cells) and then compared mRNA abundances between
the different types of cybrid cells—H versus W, M versus W, and M ver-
sus H. We identified 2404 differentially expressed genes (DEGs) with
false discovery rate (FDR) less than 0.05 and fold change larger than
1.46 (Materials and Methods) in at least one of the three comparisons
(Fig. 2A). These DEGs encode proteins that are involved in cellular pro-
cesses previously shown to be affected by the mt3243 mutation (fig. S1A).
Also, among the 56 genes previously reported to be affected by the
mt3243 mutation (8), 19 genes are shared with the 2404 DEGs (P <
10–6; fig. S1B). Large numbers of DEGs were identified from the com-
parisons of M versus W and M versus H (1687 and 1350 DEGs, re-
spectively), whereas only 540 DEGs were identified from the comparison
of H versus W. These data indicate that gene expression can be signifi-
cantly altered by the single point mutation in a mutation load–dependent
manner.

The mt3243 mutation primarily compromises OXPHOS, which can
then perturb multiple cellular processes (14–16). To systematically inves-
www
tigate these processes, we categorized the 2404 DEGs into 26 clusters
based on their differential expression patterns (tables S2 and S3). Among
the 26 clusters, we focused on 12 clusters (Fig. 2B), each of which includ-
ed at least more than 25 genes (1% of the total number of DEGs; table
S2). We identified cellular processes represented by the genes in the indi-
vidual clusters by performing enrichment analysis of Gene Ontology (GO)
Biological Processes using DAVID software (17) (Fig. 2C and table S4).
The analysis revealed that the genes affected by the mt3243 mutation are
mainly involved in mitochondrial processes (mitochondrial transport,
mitochondrion organization, OXPHOS, responses to ROS and oxidative
stress, and nitrogen compound biosynthetic process), protein homeostasis–
related processes (translation, ribosome biogenesis, protein transport, and
regulation of protein ubiquitination), and cell proliferation–related processes
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Fig. 1. Reduction of OXPHOS complex activity caused by the mt3243

mutation in cybrid cells. (A) Degree of heteroplasmy of the mutant (3243G)
mtDNA of three types of cybrid cells—W (0%), H (70%), and M (100%).
Data are representative of three independent experiments. Oligonucleotide
primers were designed to amplify mtDNA encompassing the mutated site
from 3130 to 3558 to generate 428-bp (base pair) PCR products. With the
treatment of Apa-I that cleaves specifically the A3243G mutation, the H
and M cells resulted in fragments of 315 and 113 bp, whereas the W
cells have the intact 428-bp PCR products. (B and C) Relative basal oxy-
gen consumption (B) and ATP content (C) of the three types of cybrid cells;
n = 3 independent experiments. (D) Abundances of representative en-
zymes in OXPHOS complexes I to V in three types of cybrid cells. Data
are representative of three independent experiments. (E) Activity of cyto-
chrome c oxidase in three types of cybrid cells; n = 3 independent experi-
ments. The data are shown as means ± SD; *P < 0.05 by one-way analysis
of variance (ANOVA) with Bonferroni correction (B, C, and E).
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(regulation of cell proliferation, DNA repair, regulation of apoptosis, regula-
tion of transcription, chromatin assembly or disassembly, and RNA pro-
cessing). The results showed that the mitochondrial dysfunction caused by
www
the single point (mt3243) mutation affects a broad spectrum of cellular pro-
cesses, likely reflecting the activation of diverse retrograde signaling path-
ways that alter these cellular processes.
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Fig. 2. Differentially regulated
genes and the 72 TFs impli-
cated in mitochondrial retrograde
signaling. (A) Relationships among
DEGs in three cybrid cells. Num-
bers in parenthesis, total numbers
of DEGs in each indicated com-
parison. (B) Differential expression
of genes in the 12 major clusters
from the original 26 clusters. Num-
ber of genes in each cluster is in-
dicated in parentheses (see table
S2 for complete list of clusters
and the numbers of genes in each;
see table S3 for a complete list of
genes in each cluster). (C) GOBio-
logical Processes enrichment of
genes in the indicated 12 clusters.
Color bar, gradient of −log10(P );
P, enrichment P value. (D) Seventy-
two TF candidates and the dis-
tributions of their targets in the
indicated 12 clusters. Color bar,
gradient of −log10(P ); P, signifi-
cance of each cluster being en-
riched in targets of individual TFs.
TFs written in red and green repre-
sent TFs that had increased or
decreased mRNA abundance,
respectively, in cells with higher mu-
tation loads, compared to cells
with lower mutation loads (that is,
H versusW, M versusW, or M ver-
sus H). Dendrograms show simi-
larity between TFs (or clusters)
based on their target distributions.
(E) A network model delineating
relationships between PGC1a-
interacting TFs (center peach-
shaded box) and their target genes
(green-shaded boxes). Edges, TF-
target (gray) and protein-protein
interactions (red). Color bar, gra-
dient of log2 fold changes inmRNA
abundance for the nodes inM ver-
susW. (FandG) qRT-PCRanalysis
of OXPHOS and translation-related
genes; n = 5 independent experi-
ments. Data are normalized against
expression of glyceraldehyde-
3-phosphate dehydrogenase
(GAPDH) and shown as means ±
SD; *P < 0.05 by one-way ANOVA
with Bonferroni correction.
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Potential TFs regulating alteration of mRNA abundances
by the mt3243 mutation
Several signaling pathways and their downstream TFs (table S1) have
been implicated in mitochondrial retrograde signaling. To investigate
retrograde signaling pathways activated by the mt3243 mutation, we
identified potential downstream TFs that could contribute to the alter-
ation of gene expression in the selected 12 clusters (Fig. 2B) (Materials
and Methods). Briefly, for the 799 TFs with reported targets, we counted
the numbers of their targets in the individual DEG clusters using the
223,665 TF-target interactions from MetaCore and five protein-DNA in-
teractome databases (table S5). We then selected the 72 TFs with signif-
icant numbers of targets (FDR < 0.01) in the 12 clusters as TF candidates
that could be involved in retrograde signaling (Fig. 2D and table S6A;
Materials and Methods). The large number of the candidates (72 TFs) in-
dicated that the mitochondrial dysfunction caused by the mt3243 mutation
induced diverse retrograde signaling pathways. Of 72 TFs, 26 are involved
in known retrograde signaling pathways (table S6B). Furthermore, the
mRNA abundances of 15 of 72 TFs were increased or decreased in cells
with higher mutation loads, compared to cells with lower mutation loads
(H versus W, M versus W, or M versus H): mRNA abundances of NR2F2,
ETS1, FOSB, FOS, E2F6, and MYC were increased, and the abundances
of HSF1, RXRA, MAZ, ELK1, ELF1, CREB1, EGR1, FOSL1, and JUNB
were decreased (table S6B). Among the 15 TFs, 7 (FOSB, FOS, MYC,
CREB1, EGR1, FOSL1, and JUNB) have been reported to be involved in
mitochondrial retrograde signaling (fig. S2 and table S6B).

Retrograde signaling TFs regulating mRNA abundances
of OXPHOS genes
Changes in the mRNA abundances of the genes encoding OXPHOS en-
zymes are a well-known feature of mitochondrial dysfunctions (18). De-
pending on the severity and types of mitochondrial dysfunctions, mRNA
abundances of OXPHOS genes may increase (8, 19) or decrease (20, 21).
Here, among the 46 OXPHOS genes altered by the presence of the mt3243
mutation, mRNA abundances of 44 were decreased (table S7). The de-
creased mRNA abundances resulted in the reduction in the protein abun-
dances of nuclear-encoded OXPHOS enzymes (Fig. 1D), which would
serve as a positive feedback loop to enhance the OXPHOS dysfunction
caused by the reduction in the abundances of mitochondrial-encoded
OXPHOS enzymes due to the mt3243 mutation. Thus, mitochondrial ret-
rograde signaling leading to the decrease in mRNA abundances of nuclear-
encoded OXPHOS genes contributed to the OXPHOS dysfunctions induced
by the presence of the mt3243 mutation.

The enrichment analysis of Gene Ontology Biological Processes (Fig.
2C) showed that, among the 12 clusters, genes associated with OXPHOS
were most significantly represented in cluster 17 (C17), and this included
the genes with mRNA abundances that were decreased in M cells, but not
in H cells (Fig. 2B). Among the 46 OXPHOS genes altered by the pres-
ence of the mt3243 mutation (table S7), 36 genes belonged to C17. To
identify the retrograde signaling pathways that altered the expression of
the genes in C17, we identified 52 candidate TFs that had significant num-
bers of targets in C17 (FDR < 0.01; Materials and Methods; table S6A and
Fig. 2D). Ten of the 52 TFs (AR, ESR1, ESRRA, HNF4A, NKFB1, NRF1,
REL, RELA, RXRA, and YY1) form transcriptional regulatory complexes
with PGC1a (PPARGC1A) (table S6B), a major regulator of OXPHOS and
mitochondrial biogenesis (22–24). The data indicated that PGC1a-TF
complexes can contribute to the decrease in mRNA abundances of the
genes in C17.

To investigate which of the processes represented by the genes in C17
(Fig. 2C) are regulated by the PGC1a-interacting TFs, we reconstructed a
network model using the PGC1a-interacting TFs and their target genes in
www
C17 (Fig. 2E). The network revealed that these 10 TFs primarily regu-
lated C17 target genes classified as mitochondrial processes, including
OXPHOS, and as translation. Among the 10 PGC1a-interacting TFs, only
the gene encoding RXRA, which is a gene in C17, exhibited decreased
expression in the presence of the mt3243 mutation. Ligand-stimulated
RXRA recruits PGC1a to RA response elements in the promoters of tar-
get genes, and PGC1a functions as a coactivator to promote the transcrip-
tional activity of RXRA (12, 25, 26). 9-Cis-RA induces expression of
mitochondria-related genes (27–29). Thus, we hypothesized that the de-
creased RXRA abundance could reduce the recruitment of PGC1a, leading
to the decrease in expression of OXPHOS genes and enhanced mitochon-
drial dysfunction (Fig. 2E, inset). To confirm the gene expression data, we
analyzed by quantitative reverse transcriptase PCR (qRT-PCR) analysis 19
of the OXPHOS genes (Fig. 2F) and 5 of the translation- and mitochon-
drial translation–related genes (Fig. 2G) in the network model (Fig. 2E)
and showed that their mRNA abundances were decreased in M cells, but
not in H cells, compared to W cells, consistent with the differential expres-
sion pattern of C17.

Restoration of OXPHOS genes by increasing
transcriptional activity of RXRA
To experimentally test if reduced RXRA abundance contributed to the de-
crease in OXPHOS gene expression, we confirmed both the decreased
mRNA and protein abundances of RXRA in M cells (Fig. 3A). To ex-
amine a functional role for RXRA in regulating mRNA abundances of
OXPHOS genes, we treated H and M cells with RA and found that both
O2 consumption and ATP content, which were decreased by the mt3243
mutation (Fig. 1, B and C), were significantly restored in RA-treated H
and M cells (Fig. 3B), although the restoration of O2 consumption did
not reach that of the control, untreated W cells. Furthermore, the abun-
dances of several OXPHOS enzymes were restored closely to those in W
cells (Fig. 3C).

Of the 564 genes in C17 that were decreased in M cells by the mt3243
mutation (Fig. 2B), we found that 163 genes were restored in their mRNA
abundances (FDR < 0.05) by RA treatment of M cells (Fig. 3D and
table S8). The enrichment analysis of GO Biological Processes of the
163 genes (Fig. 3E) showed that these are mainly associated with OXPHOS,
mitochondrial transport, and the response to oxidative stress (P < 0.05), in-
dicating that these processes were restored among the mitochondrial pro-
cesses represented by the genes in C17 (Fig. 2E). Among the 36 OXPHOS
genes in C17, 10 were restored in their mRNA abundances. To verify that
the OXPHOS genes were regulated by RXRA, we knocked down RXRA
with short-interfering RNA (siRNA) in W cells (fig. S3) and then measured
the mRNA abundances of the 10 OXPHOS genes. The mRNA abundances
of the 10 genes were decreased by knockdown of RXRA, indicating that
the 10 OXPHOS genes are regulated by RXRA (Fig. 3F). Thus, the de-
crease in RXRA contributed to the decrease in mRNA abundances of
OXPHOS genes.

Restoration of OXPHOS gene expression by increasing
the RXRA-PGC1a interaction
To investigate if the reduction in RXRA decreased the amount of RXRA-
PGC1a complexes and thus inhibited expression of OXPHOS genes, we
tested whether inducing the RXRA-PGC1a interaction would restore
mRNA abundances of OXPHOS genes. We measured the RXRA-PGC1a
interaction in cybrid cells after RA treatment using a proximity ligation
assay (PLA; Materials and Methods). In M cells, RA treatment increased
significantly RXRA-PGC1a interaction in the nucleus (Fig. 4A), where-
as RA treatment did not significantly change in the amount of the inter-
action in W or H cells, which is consistent with the finding that mRNA
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abundances of the OXPHOS genes in C17
were not altered in H cells (Fig. 2B). This
suggested that RXRA may act as a sensor
of the mitochondrial dysfunction caused by
the mutation load.

To test if the RXRA-PGC1a interac-
tion regulated the mRNA abundances of
OXPHOS genes, we transfected M cells with
FK506 binding protein (FKBP)–RXRA and
FKBP-rapamycin binding domain (FRB)
fusion vectors after silencing wild-type RXRA
in M cells using siRNA, as previously de-
scribed (30). FRB is localized to the plasma
membrane. Rapamycin treatment induces
the interaction between FKBP-RXRA and
FRB, thereby moving FKBP-RXRA to the
plasma membrane and thus reducing the in-
teraction of FKBP-RXRA with PGC1a in
the nucleus. When the interaction between
FKBP-RXRA and PGC1a was reduced by
rapamycin treatment, the RA treatment
failed to restore mRNA abundances of the
OXPHOS genes in M cells (Fig. 4B). The
RA-induced interaction data and the seques-
tration data are consistent with the model
that RA treatment induced an increase in
RXRA-PGC1a complexes, and this con-
tributed to the restoration of OXPHOS gene
expression in M cells.

Negative regulation of mRNA
abundance of RXRA through
JNK activated by ROS
Our data indicated that the reduction in
RXRA contributed to the decreased mRNA
abundances of the OXPHOS genes. Diverse
mitochondrial retrograde signaling pathways
initiated by mitochondrial dysfunction in-
volve changes in Ca2+, ROS, and AMP.
Among these mediators, ROS decreases both
mRNA and protein abundances of RXRA
in neonatal rat cardiomyocytes (11). Thus,
we measured the amounts of ROS in the
three types of cybrid cells. The relative amount
of ROS was increased in H and M cells
(Fig. 5A). To determine whether increased
ROS reduced the abundance of RXRA, we
measured mRNA and protein abundances
of RXRA after treating the cybrid cells
with ascorbic acid, an antioxidant that de-
creases the amount of ROS in cells (Fig.
5B). In M cells, both the mRNA and pro-
tein abundances of RXRA were restored,
and protein abundance exceeded that of
control W cells, indicating that the increased
ROS contributed to reducing the RXRA abun-
dance. In contrast, H cells, which did not
have much difference from W cells in the
abundance of RXRA protein (Figs. 3A and
5B), also did not show a significant change
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Fig. 3. Restoration of expression of OXPHOS genes by RA treatment. (A) qRT-PCR analysis and West-
ern blotting analysis of RXRAmRNA and protein abundance in three types of cybrid cells; n = 5 independent

experiments for RT-PCR and n = 3 independent experiments for Western blotting; *P < 0.05 by one-way
ANOVA with Bonferroni correction. (B) Relative oxygen consumption and ATP content of the three types
of cybrid cells with or without treatment with 10 mM RA for 24 hours; n = 5 independent experiments; *P <
0.05 by two-way ANOVA with Bonferroni correction. (C) Western blotting analysis of representative en-
zymes of OXPHOS complexes I to V in three types of cybrid cells with and without the RA treatment. Data
are representative of three independent experiments. (D) Gene expression patterns of 163 genes that ex-
hibited increased mRNA abundance in M cells treated with RA treatment. (E) GO Biological Processes
enrichment of the 163 genes. Count, number of genes involved in each process among the 163 genes;
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test. Quantified data are shown as means ± SD.
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in RXRA mRNA abundance in response to
ascorbic acid treatment (Fig. 5B and fig.
S4A). This may indicate that there is a
threshold amount of ROS required to affect
RXRA abundance (Fig. 5B).

In neonatal rat cardiomyocytes, the re-
duction of RXRA abundance by ROS is
mediated by a pathway involving JNK (11).
Thus, we examined the effect of a JNK inhib-
itor, SP600125 (anthrapyrazolone), on the
RXRA abundance. In M cells, inhibition
of JNK activity restored the mRNA abun-
dance and increased the protein abundances
of RXRA to the amounts in control W cells,
indicating that the JNK activity contributed
to the reduction of RXRA abundance (Fig.
5C and fig. S4B). Consistent with the lack
of effect of antioxidants, inhibition of JNK
activity didnot alterRXRAmRNAor protein
abundance in H cells. Consistent with ROS
and JNK participating in the same pathway in
the reduction of RXRA,W cells exposed to
theROShydrogenperoxideexhibited reduced
RXRA transcript and protein abundance, and
this reduction was partially alleviated by in-
hibition of JNK activity (fig. S4C).

To examine whether OXPHOS dysfunc-
tion caused by mitochondrial poisons also
reduced RXRA abundance and involved a
pathway with ROS and JNK, we treated W
cells with one of three OXPHOS inhibitors—
rotenone, antimycin A, or oligomycin—which
disrupt the activities of OXPHOS complexes
I, III, and V, respectively, leading to OXPHOS
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(RA−) treatment with 10 mM RA for 24 hours.
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(B) qRT-PCR analysis of OXPHOS genes in
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and FRB treated with RA with or without
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genes were measured; n = 5 independent ex-
periments. The data are normalized to that of
GAPDH and are shown as means ± SD. *P <
0.05 by two-way ANOVA with Bonferroni
correction.
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Fig. 5. Decrease of RXRA abundance through JNK activated by ROS. (A) (DMSO), 3 mM rotenone (R), 15 mM antimycin A (AM), or 12 mM oligomycin

Relative ROS amounts in the three types of cybrid cells; n = 3 independent
experiments. *P < 0.05 by two-way ANOVA with Bonferroni correction. (B)
qRT-PCR and Western blotting analyses of RXRA in three types of cells in
the presence or absence of 5 mM ascorbic acid (Asc) for 1 hour. See also
fig. S4A; n = 5 for qRT-PCR and n = 3 for Western blotting independent
experiments. *P < 0.05 by two-way ANOVA with Bonferroni correction.
(C) qRT-PCR and Western blotting analyses of RXRA in three types of cells
in the presence or absence of 10 mM SP600125 for 1 hour. See also fig.
S4B; n = 5 for qRT-PCR and n = 3 for Western blotting independent ex-
periments. *P < 0.05 by two-way ANOVA with Bonferroni correction. (D) Ef-
fects of OXPHOS inhibitors on RXRA abundance. Upper, Western blotting
analysis of RXRA in W cells after the treatment of dimethyl sulfoxide
www
(OM) for 18 hours; n = 3 independent experiments. *P < 0.05 by one-way
ANOVA with Bonferroni correction. Lower, the relative mRNA abundance
after the treatment of Asc or SP600125 was measured in cells exposed
to DMSO or the indicated OXPHOS inhibitors; n = 5 independent experi-
ments. *P < 0.05 by two-way ANOVA with Bonferroni correction. (E) qRT-
PCR analysis of translation-related genes in cells expressing FKBP-RXRA
and FRB treated with RA with or without 1 nM rapamycin (RM) for 20 min;
n = 5 independent experiments. *P < 0.05 by two-way ANOVA with Bonferroni
correction. (F) A model for a retrograde signaling pathway regulating
mRNA abundance of both OXPHOS and translation-related genes. Tran-
script abundance was normalized to that of GAPDH (B to E). The data in
(A) to (E) were expressed as means ± SD.
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dysfunctions. Exposure of the W cells to any of the OXPHOS inhibitors
resulted in a significant reduction in RXRA mRNA and reduced protein
abundance. The effects were prevented by the addition of ascorbic acid
to reduce ROS or a JNK inhibitor (Fig. 5D and fig. S4D). Thus, these data
indicated that mRNA abundance of RXRA is negatively regulated by JNK
activated by ROS, which was induced by mitochondrial dysfunction
due to the presence of the mt3243 mutation or the addition of OXPHOS
inhibitors.

Regulation of translation-related genes by the RXRA
retrograde signaling pathway
Processes classified as translation were among those affected by the pres-
ence of the mt3243mutation (Fig. 2C). Among the 2404 DEGs, 92 genes were
classified as involved in translation (table S9). Among the 92 translation-
associated genes, 44 were included in C17 and had decreased expression
in M cells (Fig. 2B). The network model (Fig. 2E) revealed that translation
can also be regulated by the RXRA-PGC1a complex. Gene expression
analysis of RA-treated M cells showed that 13 of the 44 translation-related
genes in C17 were restored in their mRNA abundances by RA treatment
(Fig. 3E). To confirm the gene expression data, we selected 5 genes from
the 13 genes and showed that in the rapamycin-induced sequestration as-
say with cells expressing FKBP-RXRA and FRB, induction of these
genes by RA was prevented, suggesting that the RXRA-PGC1a interac-
tion was required in their RA-mediated expression (Fig. 5E). Thus, all
these data are consistent with the model that RXRAwith PGC1a regulates
nuclear-encoded genes involved in cytosolic and mitochondrial translation,
in addition to OXPHOS genes, and that this is mediated by a pathway ac-
tivated in response to mitochondrial dysfunction caused by the presence of
the mt3243 mutation involving ROS-mediated activation of JNK (Fig. 5F).

DISCUSSION

Mitochondrial retrograde signaling contributes to the alteration of cellular
processes related to mitochondrial diseases. Thus, understanding of mito-
chondrial retrograde signaling pathways is critical to developing therapeu-
tic options to treat diseases caused by mitochondrial disorders. Here, we
used a systems approach to analyze the gene expression profiles of cybrid
cells carrying the mt3243 mutation, which is associated with complex
clinical phenotypes, and matched those profiles to candidate transcription-
al regulators. We identified 72 potential TFs that could be involved in
retrograde signaling resulting from the mitochondrial dysfunction caused
by the mutation. Among genes affected by the mt3243 mutation, we found
decreased mRNA abundances of OXPHOS genes, a key pathological fea-
ture in mt3243-related diseases (14–16), and translation-related genes. We
provided evidence for a pathway involving ROS generated by mitochon-
drial dysfunction, which activated JNK and reduced the abundance of
RXRA, which would decrease the formation of the transcriptional regula-
tory complex RXRA-PGC1 and reduce expression of the OXPHOS and
translation-associated genes (Fig. 5F). This pathway formed a transcrip-
tional feedback loop that would further reduce the abundance of OXPHOS
enzymes and ribosomal proteins, thereby aggravating mitochondrial dys-
functions (Fig. 5F). Therefore, our gene expression profiling, TF matching,
and network-building approach identified retrograde signaling pathways that
contributed to the alteration of cellular processes associated with mitochon-
drial disorders.

The presence of the mt3243 mutation resulted in changes in the mRNA
abundances of thousands of genes involved in various cellular processes
and potentially targeted by 72 TFs. Although 26 of the 72 TFs, such as
CREB (cAMP response element–binding protein) and EGR1, are known
to participate in mitochondrial retrograde signaling (tables S1 and S6B),
www
most of the TFs have been rarely studied in association with mitochondrial
retrograde signaling. Among the 72 TFs, the expression of 15 was increased
or decreased by the presence of the mt3243 mutation. Among the 15, we
focused on the role of RXRA in the decrease of OXPHOS genes as a key
retrograde signaling TF. There are other interesting TFs that could be in-
volved in mitochondrial retrograde signaling. For example, the mRNA abun-
dance of ETS1, a TF associated with cancers, was increased by the presence
of the mt3243 mutation (Fig. 2D). ETS1 regulates hypoxia-inducible genes
and also key enzymes involved in glycolysis, fatty acid metabolism, and
antioxidant defense in cancer cells (31, 32). Our data indicated a potential
link between ETS1 and several mitochondrial processes perturbed by the
mt3243 mutation. In addition to the 15 identified in the 72 candidate TFs,
the mRNA abundances of another 165 TFs (including FOXO1 and FOXO3)
were altered by the presence of the mt3243 mutation (table S10), although
they were not selected as mitochondrial retrograde signaling TF candidates,
which may be due to the lack of information about their targets. Thus, ad-
ditional study of these TFs, the expression of which is altered by the presence
of the mt3243 mutation, may further extend the list of potential mitochon-
drial retrograde signaling TFs and reveal their associated retrograde signaling
pathways and their roles in controlling the mt3243-related cellular processes
and clinical phenotypes.

In conclusion, we show that the approach of transcriptional profiling,
combined with matching regulated gene targets with TFs and then construc-
tion of regulatory networks, provides an effective method to systematically
identify mitochondrial retrograde signaling TFs and their associated path-
ways activated by mitochondrial dysfunctions. Understanding of these
retrograde signaling pathways that contribute to the alteration of processes
related to mitochondrial diseases can help discover strategies for pre-
venting the mitochondrial diseases for which there are currently no ther-
apeutic options.
MATERIALS AND METHODS

Cell culture and platelet-mediated transformation of
human mtDNA-lacking cells
The rho0 cells derived from human 143B osteosarcoma cells rendered de-
fective in thymidine kinase activity by long-term exposure to ethidium
bromide were a gift from Y.-H. Wei from the National Yang-Ming Univer-
sity in Taiwan. The cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 5-bromo-2′-deoxyuridine (100 mg/ml)
(Sigma-Aldrich), uridine (50 mg/ml) (Sigma-Aldrich), and 10% fetal bo-
vine serum (FBS). Southern blot analysis and PCR amplification of mtDNA
target sequences confirmed the absence of residual mtDNA. With the use of
platelets as mtDNA donors, cybrid cells were produced as described previ-
ously (33). Briefly, the platelet-rich fraction was separated by centrifugation
from the blood sample of a diabetic patient with sensorineural hearing loss
and harboring mutated mitochondrial tRNALeu (A3243G), and 143B rho0

cells were added to this fraction. Fusion was carried out in the presence of
42% polyethylene glycol 1500 (Sigma-Aldrich). By limiting dilution of
cellular fusion products, we isolated cybrid clones with 3243A homoplasmy
(W), 3243G homoplasmy (M), and 3243A/G heteroplasmy (H). These
clones were confirmed by PCR-RFLP analysis and direct sequencing. To
assure a complete repopulation of mtDNA, we carried out functional assess-
ment of the selected clones after 3 months of successive subcultivation. For
consistent analysis, we used cybrid cells in passages 16 to 18.

To determine the amount of mutant DNA in the cybrid cells, we mixed
wild-type and mutant DNA to generate heteroplasmic samples of 0, 20,
40, 60, 80, and 100%; quantified the intensities of the band in individual
heteroplasmic samples by densitomety; and then generated a standard
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curve with the mutant DNA percentages and their intensities. Using the
standard curve, we quantified the mutant DNA percentage for the mea-
sured intensity in cybrid cells.

Measurement of oxygen consumption
The suspension of 1 × 105 cells in DMEMwas added to 96-well BD Oxygen
Biosensor System plate (BD Biosciences). The plate was incubated for
30 min at 37°C in 5% CO2 incubator. The oxygen consumption was mea-
sured by VICTOR3 Multilabel Plate Reader (PerkinElmer) with an exci-
tation wavelength of 485 nm and an emission wavelength of 630 nm.

Assays for ATP production and cytochrome c oxidase
We seeded 1 × 104 cells into microplates and incubated them overnight.
The ATP abundance was measured with the ATPLite kit (PerkinElmer)
according to the manufacturer’s instruction. Cytochrome c oxidase activity
was assayed as described in (34). The activity was performed by Beckman
DU 650 spectrophotometer.

Microarray experiment
Gene expression profiles of cybrid cells were generated with HumanHT-
12 v3 BeadChip (Illumina), which includes 49,896 probes corresponding
to 25,202 annotated genes. According to the Illumina protocols, three
biological triplicates of each type of cybrid cells were analyzed. Total
RNA (500 ng) was isolated from cybrid cells with the RNeasy Mini Kit
(Qiagen GmbH). RNA integrity number was in the range of 9.2 to 10 when
measured with an Agilent 2100 Bioanalyzer. RNAwas reversely transcribed
and amplified with the Illumina TotalPrep RNA Amplification Kit (Ambion).
In vitro transcription was then carried out to prepare complementary RNA
(cRNA). The cRNAs were hybridized to the array and then labeled with
Cy3-Streptavidin (Amersham Bioscience). The fluorescent signal on the
array was measured with the BeadStation 500 System (Illumina).

Statistical analysis of gene expression data
The probe intensities from the arrays were converted to log2 intensities.
The log2 intensities were then normalized with the quantile normalization
method (35). The probes were annotated with Lumi 1.8.3. The expressed
genes were identified as previously described (36). To identify DEGs, in-
tegrative statistical hypothesis testing was performed (36). Briefly, Student’s
t test and log2 median ratio test were performed to compute T values and
log2 median ratios for all the genes; empirical distributions of the null hy-
pothesis (that is, a gene is not differential expressed) were estimated by
performing all possible combinations of random permutations of samples
and then by applying the Gaussian kernel density estimation method to T
values and log2 median ratios resulted from the random permutations (37);
the adjusted P values of each gene for the individual tests were computed by
the two-tailed test with the empirical null distribution; the P values from the
two tests were then combined with the Stouffer’s method (38); FDRs for the
combined P values were then computed with the Storey method (39); and
an initial set of the DEGs were identified as the genes with FDR ≤ 0.05.
Among the initial set of DEGs with FDR ≤ 0.05, we then selected a final
set of DEGs that have absolute log2 fold changes larger than a cutoff (0.55;
1.46-fold change), the mean of 0.5th and 99.5th percentiles of the null
distribution of log2 fold changes.

Enrichment analysis of GO Biological Processes
For the enrichment analysis of GO Biological Processes for a list of genes,
we obtained a list of the genes to be used in the analysis for each GO
Biological Process. For OXPHOS, we used the genes obtained from both
the “oxidative phosphorylation” GO term (GO:0006119) and the “oxida-
tive phosphorylation” KEGG pathway (hsa00190), which increased the
www
set of genes for the analysis. For the other GO Biological Processes, we
used the genes obtained from the corresponding GO terms only. With the
use of these lists of the genes for GO Biological Processes, P value was
calculated for the genes in individual clusters (Fig. 2B) as described in
DAVID (17). Finally, GO Biological Processes enriched within the genes
in each cluster were identified as the ones with P < 0.05.

Identification of potential retrograde signaling TFs
To identify potential retrograde signaling TFs, we collected 223,665 TF-
target interactions (table S5). Using the TF-target information, for each
TF, we counted the number of targets in the 12 clusters and then selected
72 TFs that had statistically significant numbers of targets (FDR < 0.01) in
the 12 DEG clusters with the following method: For each TF, we first
randomly sampled 100,000 times the same number of genes as that of
the DEGs in each cluster from the pool of genes spotted on the array
and then counted the number of targets of the TF in the randomly sampled
genes; for each cluster, we then estimated an empirical distribution for the
numbers of targets of the TF from the 100,000 random samplings with
Gaussian kernel density estimation (37); and with the empirical distribu-
tion, we computed an FDR for the observed number of targets of the TF in
the corresponding cluster with the Storey method (39). This procedure
results in FDRs for each TF in the 12 clusters. We then selected 72 potential
retrograde signaling TF candidates with the following criteria: FDR < 0.01
in more than four different clusters (25% of 12 clusters), and where wi is the
number of DEGs in cluster i divided by the total number of 2404 DEGs,
and Ii is 1 if FDR < 0.01 in cluster i, but 0 otherwise. These stringent
criteria would result in a list of reliable TF candidates, reducing the rate
of false positives.

siRNA injection
Cells were transiently transfected with the OneDrop Microporator MP Kit
(Invitrogen) according to the manufacturer’s instructions after siRNA syn-
thesis. Briefly, 1 × 105 cells were resuspended in 100 ml of resuspension
buffer and transfected with 100 nM siRNA (RXRA; Thermo Scientific
Dharmacon RNAi Technologies, L-003443-00-0005). After transfection,
the cells were transferred to a six-well plate (Nunc) containing fresh pre-
warmed DMEM and maintained for 72 hours at 37°C and 5% CO2. Then,
the mRNA abundance for specific transcripts was monitored by qRT-PCR.

Immunocytochemistry
Cells were grown on Lab-Tek II Chamber Slide (Nunc) and treated with
RA for 24 hours. The cells were rinsed in phosphate-buffered saline
(PBS), fixed in methanol for 20 min, and rinsed again in PBS. Cells were
incubated overnight with antibodies (table S11) against RXRA (rabbit,
Santa Cruz, sc-553) or PGC1a (mouse, Santa Cruz, sc-13067) and a mito-
chondrial marker (mouse, Abcam, ab3298) at 4°C. Cells were rinsed with
PBS and then incubated for 1 hour at room temperature with secondary
antibodies, Alexa Fluor 555 donkey anti-rabbit immunoglobulin G (IgG)
(Invitrogen, A31572) and IgG (Invitrogen, A21427). See concentration in-
formation in table S11. For counterstaining of the nucleus, cells were in-
cubated with DAPI (1 mg/ml; Sigma-Aldrich) for 40 s. After washing with
PBS, coverslips were mounted on glass slides, with VECTASHIELD
mounting media (Vector Laboratories), and analyzed with LSM 710 con-
focal microscope (Carl Zeiss).

Proximity ligation assay
PLAwas performed in each type of cybrid cells with and without the RA
treatment to visualize the RXRA-PGC1a interactions. Cells were washed
with chilled PBS and incubated overnight with antibodies (table S11)
against RXRA (rabbit, Santa Cruz, sc-553) or PGC1a (mouse, Santa
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Cruz, sc-13067) at 4°C. Proximity ligation was performed, according to
the manufacturer’s protocol, with the Duolink detection kit (Olink Bio-
science). Hoechst staining was performed during the detection reaction
to visualize nuclei. Specimens were mounted with VECTASHIELD mount-
ing media (Vector Laboratories) and analyzed with LSM 710 confocal mi-
croscope. The number of in situ PLA signals per cell was counted by
semiautomated image analysis with BlobFinderV3.0.

FRB assay
Cells were transiently transfected with the OneDrop Microporator MP Kit
(Invitrogen) according to the manufacturer’s instructions after plasmid
DNA synthesis. For qRT-PCR, 5 × 105 cells were resuspended in 100 ml
of resuspension buffer and transfected with 10 mg of plasmids containing
FKBP-RXRA and FRB. For PLA assay, 1 × 104 cells were resuspended in
10 ml of resuspension buffer, placed in a well of a glass-bottomed dish
(Nunc) with fresh prewarmed DMEM, transfected with 1 mg of each plas-
mid containing FKBP-RXRA and FRB, and maintained for 72 hours at
37°C and 5% CO2. Then, the cells were incubated at room temperature for
20 min with 1 nM rapamycin, and the interaction between RXRA and PGC1a
was measured by PLA assay. The mRNA abundance of specific tran-
scripts was monitored by qRT-PCR.

Exposure of cells to RA, ascorbic acid, JNK inhibitor,
or mitochondrial poisons
Cells were grown in DMEM with high glucose supplemented with 10%
FBS and incubated at 37°C and 5% CO2. The cells were treated with
10 mM 9-cis-RA (Sigma, R4643) for 24 hours. The cells were exposed
to 5 mM ascorbic acid (Sigma-Aldrich, A4403) or 10 mM SP600125 (JNK
inhibitor, Sigma-Aldrich, S5567) for 1 hour. For cells exposed to ascorbic
acid or SP600125 and mitochondrial poisons, the cells were treated for
1 hour with 5 mM ascorbic acid or 10 mMSP600125, and then 3 mM rotenone
(Sigma-Aldrich, R8875), 15 mM antimycin A (Sigma-Aldrich, A8674), or
12 mM oligomycin (Sigma-Aldrich, O4876) was added and the cells were
incubated for 18 hours at 37°C and 5% CO2. The cells were then har-
vested for Western blotting and qRT-PCR.

Quantitative RT-PCR
RNA was isolated with TRIzol reagent (Invitrogen Corp.), pooled, and
then subjected to first-strand complementary DNA synthesis with Reverse
Transcription System (Takara) according to the manufacturer’s protocol.
qPCR primer sequences were designed by Primer Express (Applied Bio-
systems; table S12). The qRT-PCR was performed with 7900HT Fast
Real-Time PCR System (Applied Biosystems). Threshold cycle number
and reaction efficiency were determined with the software in GeneAmp
7900HT Sequence Detection System (PerkinElmer Corp.). The following
profile was used: at 95°C for 10 min, and then 40 cycles of 95°C for 15 s
and 60°C for 60 s. Expression was normalized by that of GAPDH.

Western blotting analysis
Cell lysates (50 mg) were subjected to 12% SDS–polyacrylamide gel elec-
trophoresis and transferred onto nitrocellulose membranes. The mem-
branes were incubated with primary antibodies. After washing, the blots
were incubated with horseradish peroxidase–conjugated secondary antibodies.
The blots were developed with SuperSignal West Pico Chemiluminescent
Substrate (Pierce). The primary antibodies used in this study are listed in
table S11.

Measurement of intracellular ROS
Cells were treated with 2′,7′-dichlorohydro-fluorescein diacetate (Invitrogen)
in DMEM supplemented with 10% FBS for 15 min. Fluorescence was de-
www
tected by VICTOR3 Multilabel Plate Reader (PerkinElmer) with an excita-
tion wavelength of 485 nm and an emission wavelength of 535 nm.

Statistical analysis
All data were normalized by the mean values of the replicate data in un-
treated W cells (control) and expressed as means ± SD. For comparisons
of two groups (for example, with and without siRNA treatments), we used
the two-tailed Student’s t test. Also, for comparisons among multiple groups
of one variable (for example, O2 consumption, ATP content, mRNA, and
protein abundances of RXRA in W, H, and M cells), we used one-way
ANOVAwith Bonferroni correction as a post hoc test. Finally, for compar-
isons among multiple groups of two variables (for example, mutational load
and treatments), we used two-way ANOVAwith Bonferroni correction as a
post hoc test. The criterion of significance was set as P < 0.05 in all cases.
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