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Although exercise is linked with improved health, the specific
molecular mechanisms underlying its various benefits require
further clarification. Here we report that exercise increases the
nuclear localization and activity of p53 by acutely down-regulat-
ing coiled-coil-helix-coiled-coil-helix domain 4 (CHCHD4), a
carrier protein that mediates p53 import into the mitochondria.
This response to exercise is lost in transgenic mice with con-
stitutive expression of CHCHD4. Mechanistically, exercise-
induced nuclear transcription factor FOXO3 binds to the
CHCHD4 promoter and represses its expression, preventing the
translocation of p53 to the mitochondria and thereby increasing
p53 nuclear localization. The synergistic increase in nuclear p53
and FOXO3 by exercise can facilitate their known interaction in
transactivating Sirtuin 1 (SIRT1), a NAD*-dependent histone
deacetylase that mediates adaptation to various stresses. Thus,
our results reveal one mechanism by which exercise could be
involved in preventing cancer and potentially other diseases
associated with aging.

The nuclear transcriptional activities of p53, well established
to play a critical role in tumor suppression, are dynamically
regulated by multiple factors, including posttranslational mod-
ifications and protein-protein interactions (1-3). Accumulat-
ing evidence also shows that p53 localization in non-nuclear
subcellular compartments, such as the cytosol and mitochon-
dria, can regulate cellular processes like autophagy and metab-
olism (4-6). Although stress-mediated p53 translocation to
the mitochondria and its role in cell death have been well delin-
eated, the effect of p53 translocation into mitochondria under
normal states is less clear (7, 8). Thus, understanding the regu-
lation of p53 partitioning into the mitochondria under physio-
logic conditions may provide new insights into its tumor-sup-
pressive functions.

We reported previously that CHCHD4,? the mammalian ho-
molog of the yeast mitochondrial disulfide relay system carrier
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Mia40, interacts with p53 and mediates its translocation into
mitochondria (9). Unlike other mechanisms by which proteins
can be imported into mitochondria, the disulfide relay system is
coupled to respiration, perhaps reflecting a homeostatic mech-
anism by which the import of p53 can be regulated by mito-
chondrial activity (10, 11). Subsequently, p53 import into
mitochondria by CHCHD4 facilitates the repair of oxidative
mtDNA damage, complementing the nuclear role of p53 in reg-
ulating mitochondrial respiration (9, 12, 13). However, these
observations also raise questions regarding the physiological
significance of the partitioning of p53 between the nucleus and
mitochondria and whether such a mechanism can be demon-
strated in vivo under normal conditions.

Exercise elicits many complex physiological responses,
including the induction of specific transcription factors such as
PGC-1a and peroxisome proliferator-activated receptors, which
transactivate mitochondrial biogenesis genes (14, 15). As a
mitochondrial protein import carrier, CHCHD4 is necessary
for mitochondrial biogenesis. Therefore, we hypothesized that
exercise may regulate CHCHD4 with subsequent effects on the
subcellular distribution of p53. To test this hypothesis, we gen-
erated a CHCHD4 transgenic mouse model to investigate how
the interaction between CHCHD4 and p53 is regulated by
exercise.

Results

CHCHD4 Prevents Nuclear Localization and Transcriptional
Activities of p53 in Vivo—To investigate the physiological sig-
nificance of our previous finding that CHCHD4 mediates the
import of p53 into mitochondria (9), we created a CHCHD4
transgenic (Tg) mouse line that overexpresses the mouse
CHCHD# gene under control of the mouse ROSA26 promoter.
Confocal immunofluorescence of CHCHD4 in cross-sections
of gastrocnemius skeletal muscle revealed an intense green fluo-
rescence signal in CHCHD4 Tg mice that co-localized with the
red fluorescence signal of COX4 as a mitochondrial marker
(Fig. 1A). The merged fluorescence signal pattern was consis-
tent with the overexpression of CHCHD4 in a largely subsarco-
lemma mitochondrial pattern surrounding the myofibrils and
the Hoechst 33324-stained blue nuclei. The specificity of the
immunofluorescence signal was supported by the increase in
CHCHD4 mRNA and protein levels in the gastrocnemius skel-

real-time PCR; DBE, DNA binding element; CCCP, carbonyl cyanide p-chlo-
rophenylhydrazone; TM, triple mutant.
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FIGURE 1. CHCHD4 regulates p53 subcellular localization and nuclear activity in vivo. A, confocal immunofluorescence images of CHCHD4 (green)
expression in cross-sections of skeletal muscle of WT and CHCHD4 Tg mice. Immunofluorescence labeling of cytochrome c oxidase subunit 4 (COX4) (red) and
Hoechst 33342 (blue) staining served as mitochondrial and nuclear markers, respectively. B, mRNA and protein expression of CHCHD4 and p21 in skeletal
muscle of WT and CHCHD4 Tg mice. n = 4. C, mRNA expression of p53-regulated mitochondrial biogenesis genes in skeletal muscle of WT and CHCHD4 Tg
mice.n = 4. D, relative mRNA expression (Tg versus WT) of p53-regulated genes analyzed by screening RT-PCR array in skeletal muscle. n = 4. E, comparison of
p53 protein in the mitochondrial (mito) and nuclear fractions of skeletal muscle and liver of WT and CHCHD4 Tg mice treated with doxorubicin for 18 h. VDAC
and histone H3 (Hist. H3) served as mitochondrial and nuclear protein loading controls, respectively. Shown is a representative immunoblot image of four
independent experiments used for quantification. Values are mean = S.E. *, p < 0.05; **, p < 0.01; ***, p < 0.001. Scale bar = 20 um.

etal muscle of CHCHD4 Tg relative to wild-type control mice
(Fig. 1B). The overexpression of CHCHD4 mRNA and protein
was also confirmed in multiple skeletal muscle groups and tis-
sues of CHCHD4 Tg mice (supplemental Fig. S1).

We next examined whether the increased expression of
CHCHD4 in vivo would promote the translocation of p53 into
mitochondria, thereby decreasing nuclear p53 localization and
activity. The levels of p21 mRNA and protein, encoded by the
prototypical p53 target gene CDKN1A, were decreased in skel-
etal muscle and other tissues of CHCHD4 Tg mice (Fig. 18 and
supplemental Fig. S1). Interestingly, the expression of three
p53-regulated mitochondrial biogenesis genes, p53R2, TFAM,
and PGCla, was also decreased in CHCHD4 skeletal muscle
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(Fig. 1C). To more broadly assess p53 nuclear transcriptional
activity, a screening real-time PCR (RT-PCR) array of 84 p53-
regulated genes showed a baseline pattern of diminished activ-
ity in the skeletal muscle of CHCHD4 Tg compared with wild-
type mice (supplemental Table S1). Of the 34 genes with
expression changes of at least 1.5-fold, 30 genes showed decreased
expression in CHCHD4 Tg mice, consistent with our previous
finding that CHCHD4 overexpression in cells decreases p53
nuclear activity (Fig. 1D) (9). Notably, among the four genes having
increased expression in CHCHD4 Tg mice, IL6 transcription has
been reported to be repressed by p53 (Fig. 1D) (16).

To demonstrate that the decrease in p53 nuclear activity of
CHCHD4 Tg mice is due to its selective subcellular partition-
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ing, we examined p53 protein levels in the mitochondrial and
nuclear fractions. p53 protein was first induced by doxorubicin
treatment because of low endogenous wild-type p53 levels.
Under this condition, the levels of p53 were higher in both the
skeletal muscle and liver mitochondria of CHCHD4 Tg mice
compared with wild-type mice, whereas this pattern was
reversed in the nuclear fraction (Fig. 1E). As a positive control,
CHCHD4 overexpression increased the level of the mitochon-
drial protein translocase of inner mitochondrial membrane 9
(TIMMDO), a protein known to be imported into the intermem-
brane space by CHCHD4 (Fig. 1E) (11). Taken together, these
results demonstrated that the overexpression of CHCHD4 in
vivo can increase the translocation of p53 into mitochondria,
thereby decreasing the levels of p53 protein and its activity in
the nucleus (Fig. 1, B-D).

Exercise Decreases CHCHD4 Expression and Increases p53
Nuclear Activity—Given the important role of CHCHD4 on
mitochondrial biogenesis and p53 on exercise capacity, we next
examined how exercise affects CHCHD4-p53 interaction in
skeletal muscle (17-19). Mice were submaximally exercised on
a treadmill for 60 min, and then hind limb skeletal muscles were
harvested at the indicated time points. In contrast to PGC-1«
mRNA, which served as an exercise-induced mitochondrial
biogenesis marker, CHCHD4 mRNA levels declined in a time-
dependent manner, plateauing at ~12 h after exercise (Fig. 2A4).
Although unexpected, given the earlier observation that
CHCHD4 can decrease p53-induced mitochondrial biogenesis
genes (Fig. 1C), the decrease in CHCHD4 expression by exer-
cise would be consistent with the effect of exercise in promoting
mitochondrial biogenesis. The functional consequence of in-
hibiting CHCHD4 expression was also reflected by a decrease
in the mitochondrial level of its substrate TIMMY (Fig. 2A).
Based on our previous iz vitro observation, the acute decrease
in CHCHD4 expression with exercise would be predicted to
increase the nuclear levels of p53 and its transcriptional activity
(9). Indeed, skeletal muscle p21 mRNA and protein levels were
increased with exercise stimulation in a p53-dependent man-
ner (Fig. 2B). The increase in p53 nuclear activity was also sup-
ported by an increase in the mRNA levels of another p53 target
gene, GADD45A (supplemental Fig. S2).

To detect endogenous p53 protein in the absence of DNA
damage, we investigated whether a mutant p53 protein, which
is overexpressed because of loss of negative feedback activity
but retains interaction with CHCHDA4, could demonstrate the
subcellular partitioning of p53 in response to exercise (9). Mice
with homozygous knockin of the p53 R172H mutation
(p53RI72H/RIZZH) - homologous to the human p53 R175H Li-
Fraumeni syndrome mutation, were exercised for 60 min on a
treadmill, and their skeletal muscles were harvested after 12 h.
As observed in wild-type mice, p53%72H/R172H mice also dis-
played a significant reduction in the expression of CHCHD4
mRNA and protein with exercise stimulation (Fig. 2C).
Although loss of wild-type activity by the p53 R172H mutation
precluded assessing p21 mRNA levels, the nuclear and mito-
chondrial fractions of unexercised control and 12 h post-exer-
cise mice were examined for p53 protein levels. Exercise stim-
ulation did not change the total level of skeletal muscle p53
protein; however, there were reciprocal changes in the mito-
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FIGURE 2. Exercise decreases CHCHD4 expression and increases p53
nuclear localization and activity. A, relative mRNA levels of CHCHD4 and
PGC-1« in skeletal muscle of WT mice in the unexercised control state (CTL)
and at the indicated time points after 60 min of submaximal treadmill exer-
cise (Post-exercise). Bottom panel,immunoblot of CHCHD4 protein and its sub-
strate TIMM?9 in skeletal muscle mitochondria at 12 h post-exercise (+) com-
pared with unexercised control (—). VDAC served as a mitochondrial protein
loading control. n = 3. B, relative p21 mRNA level in skeletal muscle of unex-
ercised control and post-exercise WT (p53™/") and p53~/~ mice. Bottom
panel,immunoblot of p21 protein at 12 h post-exercise (+) muscle compared
with unexercised control (—). Tubulin served as protein loading control.n = 3.
C, relative CHCHD4 mRNA level in skeletal muscle of unexercised control (—)
and 12 h post-exercise (+) mutant p53 R172H (p537772#/172H) knockin mice.
Right panel, immunoblots of the indicated proteins in total skeletal muscle
tissue and its nuclear and mitochondrial fractions. GAPDH, histone H3, and
VDAC served as total, nuclear, and mitochondrial fraction protein loading
controls, respectively. Shown is a representative immunoblot image of three
independent experiments used for quantification. Values are mean = S.E. %,
p < 0.05; %%, p < 0.01; ***, p < 0.001.

Relative mRNA

|eJO} snajonu

chondrial and nuclear levels of p53 consistent with its subcel-
lular partitioning to the nucleus by CHCHD4 down-regulation
(Fig. 2C, right panel).
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FIGURE 3. Overexpression of CHCHD4 blocks exercise-induced p53 nuclear activity. A, p21 mRNA and protein levels in skeletal muscle of WT and CHCHD4
Tg mice in unexercised control (—) and 12 h post-exercise (+) states. Tubulin and VDAC served as protein loading controls for whole tissue (total) and the
mitochondrial fraction, respectively. n = 4. B, mRNA expression of p53-regulated genes analyzed by RT-PCR array in skeletal muscle of WT and CHCHD4 Tg mice
12 h after a 60-min period of submaximal treadmill exercise. Of the 84 p53 target genes, 26 were induced 2.5-fold or higher only in WT mice after exercise.
Color-coded -fold change in gene expression after exercise compared with non-exercised controls is shown (red, induced; green, repressed). n = 3. C,
confirmation of some representative exercise-induced p53-regulated genes identified by RT-PCR array. n = 3. Values are mean = S.E. *, p < 0.05; **, p < 0.01.

Constitutive CHCHD4 Expression Blocks Exercise-induced
p53 Activation—Given the in vivo partitioning of p53 by exer-
cise-regulated CHCHD4, we speculated that the constitutive
expression of CHCHD4 would block the nuclear localization
and activation of p53 in response to exercise. Indeed, in con-
trast to wild-type mice, CHCHD4 Tg mice showed no p21
induction at both the mRNA and protein levels in skeletal
muscle after 60 min of submaximal exercise (Fig. 34). Con-
sistent with blunted p21 induction by exercise in CHCHD4
Tg mice, the reciprocal changes in the nuclear and mito-
chondrial levels of p53 were no longer evident after exercise
in transgenic mice (supplemental Fig. S3). Furthermore, the
RT-PCR array of p53-regulated genes showed a pattern of
increased expression in wild-type control mice after exer-
cise, whereas the induction of these same genes by exercise
in CHCHD4 Tg mice was globally diminished (Fig. 3B). Indi-
vidual RT-PCR of representative p53 target genes, such as
GADD45A, BNIP3, and SIRT1, confirmed the pattern
observed in the screening assay (Fig. 3C).
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FOXO03 Mediates the Regulation of CHCHD4 by Exercise—
The relatively early time course of decreased CHCHD4 mRNA
levels after exercise suggested a mechanism involving its tran-
scriptional regulation. Examination of the promoter regions 5’
from the start codon of both mouse (—2080 and —1298 bp)
and human (—3708, —2364, and —2278 bp) CHCHD4 genes
revealed the conserved FOXO3 DNA binding elements (DBEs)
(G/C)(T/C)AAA(C/T)A. This was notable, as FOXO3 is a
known adaptive stress response gene that can be induced
directly by exercise (20, 21). The time course of increase in the
total cellular levels of FOXO3 in skeletal muscle after exercise
was relatively modest (Fig. 4A4). However, measuring the
nuclear fraction of FOXO3 protein revealed a more marked
increase at 12 h after exercise, suggesting a larger role for its
regulation by subcellular redistribution as also observed with
p53 (Figs. 44 and 2C, right panels). To demonstrate an interac-
tion between the FOXO3 protein and CHCHD4 gene, FOXO3
was induced in HCT116 cells by treatment with the mitochon-
drial uncoupler CCCP, and its interaction with FOXO3 DBEs
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FIGURE 4. Exercise-induced FOXO3 protein interacts with the FOXO3 DBE
of the CHCHD4 gene. A, FOXO3 immunoblot of wild-type mouse skeletal
muscle in the unexercised state (control, CTL) and post-exercise state at the
indicated time points. Whole tissue and nuclear fraction samples are shown.
GAPDH and lamin B1 served as total and nuclear protein loading controls,
respectively. B, schematic of the three putative FOXO3 DBEs on the human
CHCHD4 promoter relative to the start codon. Shown is the ChIP analysis of
the interaction between FOXO3 and the DBEs of the CHCHD4 gene in HCT116
cells treated with CCCP for 6 h to induce FOXO3. Input DNA samples were
diluted 1:20 for the agarose gel image. n = 3., luciferase activity of CHCHD4
promoter constructs containing wild-type or mutated (mut) DBE2 sequence.
HCT116 cells were treated with CCCP to induce FOXO3 protein after transfec-
tion with the constructs. Control is without CCCP treatment. n = 4. D, effect of
the constitutively active triple phosphorylation mutant FOXO3 (FOXO3-TM)
on DBE2 promoter construct activity. HCT116 cells were co-transfected with
FOXO3-TM cDNA 36 h prior to the luciferase assay. Control is without
FOXO03-TM co-transfection. n = 4. Values are mean = S.E. *, p < 0.05; **, p <
0.001.

was examined by ChIP assay (Fig. 4B) (22). FOXO3 specifically
bound to DBE2 (—2364 bp) of human CHCHD4 with a 12-fold
enrichment in amplification after immunoprecipitation versus
the nonspecific IgG antibody control (Fig. 4B).

To test the transcriptional regulation of CHCHD4 by DBE2,
a luciferase reporter construct was made using an ~4-kb
CHCHD¢4 gene fragment that contained either wild-type DBE2
or its mutated sequence (Fig. 4C). These constructs were trans-
fected into HCT116 cells and then treated with the mitochon-
drial uncoupler CCCP to induce FOXO3 for 6 h. FOXO3 mark-
edly suppressed the activity of the luciferase reporter driven by
the promoter containing wild-type DBE2 but not that contain-
ing mutated DBE2 (Fig. 4C). Furthermore, the transient expres-
sion of a constitutively active triple mutant of FOXO3
(FOXO3-TM) inhibited the activity of the CHCHD4 promoter
fragment containing wild-type but not mutated FOXO3 DBE2
sequence (Fig. 4D). These data suggested that mitochondrial
stress-activated FOXO3 can suppress the expression of
CHCHD4 at the transcriptional level.

To assess whether FOXO3 is sufficient to suppress CHCHD4
expression, we modulated FOXO3 expression and examined its
effects on CHCHD4 and nuclear p53 levels. The transient
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FIGURE 5. FOXO3 represses CHCHD4 expression. A, expression levels of
CHCHD4 and p21 in HCT116 cells transfected with the FOXO3-TM plasmid.
n = 3. B, p53 immunoblot of nuclear fraction and total cell extract of HCT116
cells transfected with the FOXO3-TM plasmid. C, representative confocal im-
munofluorescence images of p53 (red) in FOXO3-TM-transfected cells. DAPI
stain (blue) shows nuclei. Values are mean + S.E. *, p < 0.001. Scale bar = 10

um.

transfection of constitutively active FOXO3-TM into HCT116
cells dose-dependently decreased CHCHD4 mRNA and pro-
tein levels while concomitantly increasing p21 expression (Fig.
5A). We further confirmed that FOXO3-TM can increase
nuclear p53 localization by subcellular fractionation and immu-
nofluorescence imaging studies (Fig. 5, B and C). We next
examined whether suppressing FOXO3 by shRNA would pre-
vent the inhibition of CHCHD4 expression. Stable transduction
of HCT116 cells with FOXO3 shRNA markedly attenuated
mitochondrial depolarization-induced FOXO3 levels and pre-
vented both the down-regulation of CHCHD4 and induction of
p21 mRNA and protein levels (Fig. 6A4). As another demonstra-
tion of this mechanism, FOXO3 induced by serum starvation
also decreased CHCHD4 and increased p21 expression,
whereas there was marked blunting of these effects by FOXO3-
specific ShRNA (Fig. 6B). Nuclear fractionation and immuno-
fluorescence imaging studies were performed to ensure corre-
sponding changes in the subcellular localization of p53 (Fig. 6, C
and D). Together, these observations indicated that FOXO3 is
both necessary and sufficient for suppressing CHCHD4 expres-
sion and further validated the specific translocation mechanism
by which exercise can regulate nuclear p53 activity, as summa-
rized in Fig. 7.

Discussion

In this study, we have demonstrated the physiological signif-
icance of the subcellular partitioning of p53 by the mitochon-
drial disulfide relay carrier protein CHCHD4. Mechanistically,
we have shown that exercise-induced FOXO3, a well known
adaptive stress response transcription factor, can directly
repress CHCHD4 expression and effectively promote the
nuclear localization of p53 (Fig. 7). The in vivo specificity of this
mechanism is highlighted in the CHCHD4 transgenic mouse,
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FIGURE 7. Summary of exercise regulation of p53 subcellular partition-
ing. The exercise-induced transcription factor FOXO3 represses CHCHD4
expression, thereby preventing the translocation of p53 into the mitochon-
dria and increasing its nuclear level and activity.

whereby the constitutive expression of CHCHD4 in skeletal
muscle can abolish the increase in nuclear p53 activity induced
by exercise. The subcellular partitioning of p53 is likely to have
profound effects on cellular activities that mediate not only the
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effects of exercise but also of other stresses such as caloric re-
striction or even chemotherapy. For example, the down-regu-
lation of CHCHDA4 can increase the apoptotic response of can-
cer cells to 5-fluorouracil, a commonly used treatment for
various human cancers, and decrease cell proliferation (supple-
mental Fig. S4).

Physical exercise has been associated with numerous health
benefits, including cancer prevention, but the pleiotropic
nature of its effects has made it difficult to delineate specific
molecular mechanisms (23). Compromised exercise capacity in
p53-null mice and the effect of mutated p53 on skeletal muscle
oxidative metabolism in a human translational study have under-
scored the importance of this tumor suppressor in exercise phys-
iology (13, 17, 18, 24). A number of studies have explored the
effects of exercise on p53. In mouse models, increases in both
nuclear and mitochondrial p53 have been reported within 0-3 h
after exercise stimulation (19, 25, 26). In humans, nuclear p53 and
phosphorylation of p53 Ser-15 have been reported to be increased
in skeletal muscle 3 h after a bout of endurance exercise (27, 28).
Although the time course of this study is different from these prior
publications, it may provide insights into further delineating the
specific underlying molecular mechanisms.
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The negative regulation of CHCHD4 by FOXO3 in response
to exercise is unexpected because exercise is generally thought
to promote mitochondrial biogenesis. FOXO genes can act as
regulators of cellular redox homeostasis under conditions of
stress such as exercise (29, 30). In this regard, the partitioning of
p53 to the nucleus may be important for initiating mitochon-
drial biogenesis as well as antioxidant responses, which can
be tumor-suppressive (31). Interestingly, FOXO3, a putative
tumor suppressor (32), requires nutrient-sensitive physical
interaction with p53 to transactivate SIRT1 at its promoter (33).
Therefore, exercise-induced FOXO3 and the subsequent trans-
location of p53 to the nucleus may have a synergistic effect on
promoting the expression of SIRT1, an established mediator of
mitochondrial biogenesis and the benefits of caloric restriction
(34). Taken together, it is tempting to speculate that the regu-
lation of CHCHD4-mediated p53 translocation may play pro-
found roles not only in exercise biology but also in cancer and
other age-associated diseases.

Experimental Procedures

Cell Culture—The HCT116 cell line (wild-type p53) was
obtained from the American Type Culture Collection and cul-
tured in McCoy’s 5A medium with 10% FBS.

Mice—Wild-type and p53 ™/~ mice (The Jackson Laboratory)
and p53+7R172H mice (strain 01XL9, NCI, National Institutes of
Health, Frederick Mouse Repository) were of the C57BL6 strain
or backcrossed at least five generations into the C57BL6 back-
ground. All mice were maintained and handled in accordance
with the NHLBI, National Institutes of Health Animal Care and
Use Committee protocol.

CHCHD4 Transgenic Mice—A full-length untagged cDNA
encoding mouse CHCHD4 was subcloned into the HindIII and
EcoR I sites of the pPBROAD3 vector (InvivoGen, San Diego,
CA), which contains the mouse ROSA26 promoter and the rab-
bit B-globin polyadenylation sequence for overexpressing
CHCHD4 ubiquitously. The cloning vector was removed
from the transgenic construct (pBROAD3-CHCHD4) by
Pacl digestion, and the transgene alone was microinjected in
the pronuclei of C57BL6 zygotes. After culturing overnight
in M16 medium (EMD Millipore), embryos that reached the
two-cell stage of development were implanted into the ovi-
ducts of pseudopregnant surrogate mothers. Offspring born
to these foster mothers was genotyped by analyzing tail tip
DNA using PCR.

Mouse Studies—Male mice (~10 weeks old) were acclimated
to a treadmill (10% incline) for 5 days as follows: days 1 and 2, 10
min at 10 m/min; days 3-5, 10 min at 10 m/min followed by
another 10 min at 15 m/min. Submaximal exercise was per-
formed on day 7 for 60 min, starting at 12 m/min and increasing
the speed by 2 m/min every 20 min. To induce and detect
endogenous wild-type p53 protein in tissues, mice were
injected with doxorubicin (20 mg/kg, i.p.) 18 h prior to sample
collection.

Antibodies and Immunoblot Analysis—The following anti-
bodies were used: CHCHD4 (polyclonal antibody H107,
5¢-98628, Santa Cruz Biotechnology), FOXO3 (2497, Cell Sig-
naling Technology), GADPH (Ambion), histone H3 (ab1791,
Abcam), lamin B1 (ab16048, Abcam), human p21 (OP64, Cal-
SASBMB
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biochem), mouse p21 (OP76, Calbiochem), p53 (monoclonal
antibody DO-1, sc-126, Santa Cruz Biotechnology), TIMM9
(11479-1-AP, Proteintech), tubulin (A11126, Invitrogen), and
VDAC (Rockland). Proteins were resolved and subjected to
immunoblot analysis using standard SDS/PAGE and ECL (GE
Healthcare).

Immunofluorescence Imaging—Gastrocnemius skeletal mus-
cle was fixed overnight in 10% formalin and embedded in par-
affin. After antigen retrieval with citrate buffer (pH 6), paraffin
sections were blocked with 10% goat serum at room tempera-
ture for 30 min, followed by incubation with rabbit polyclonal
anti-CHCHD4 or mouse monoclonal anti-COX4 primary anti-
body at 4 °C overnight. The sections were then incubated with
goat anti-rabbit secondary antibody conjugated with Alexa
Fluor 488 or goat anti-mouse secondary antibody conjugated
with Alexa Fluor 555 at room temperature for 1 h and counter-
stained with Hoechst 33342. For cell imaging studies, HCT116
cells were transfected with the indicated constructs for 48 h,
fixed in 4% paraformaldehyde/PBS (Electron Microscopy Sci-
ences), and permeabilized in 0.1% Triton X-100/PBS. Immuno-
fluorescence labeling was performed by blocking with 5% goat
serum at room temperature and incubating in p53 primary
antibody at 4 °C overnight, followed by Alexa Fluor 555-labeled
secondary antibody (Invitrogen) for 37 °C for 1 h. Cell nuclei
were stained with DAPI. Both tissue and cell images were cap-
tured using a confocal laser-scanning microscope (Zeiss LSM
780).

Tissue Dissection and Subcellular Fractionation—The gas-
trocnemius muscle was used as skeletal muscle in most exper-
iments because of its relatively large volume. Mitochondria
were isolated from mouse tissues after perfusion with ice-cold
PBS as described previously (35). Nuclear fractions were pre-
pared from freshly isolated skeletal muscle and liver after per-
fusion using a commercially available nuclear extraction kit
(Pierce, NE-PER™),

Real-time PCR—RT-PCR was performed using the HT7900
real-time PCR thermal cycler (ABI) as described previously
(36). The average cycle threshold of the respective genes (see
“Primer Sequences”) was normalized to the housekeeping gene
translation initiation factor EIF3S5 (TIF). The mouse p53 sig-
naling pathway screening RT> PCR array was obtained from
Qiagen.

Gene Knockdown and Overexpression—For knockdown
experiments, plasmids containing sequences of nonspecific
or human FOXO3-specific sShRNA (see “Primer Sequences”)
were obtained from Open Biosystems, and shRNA lentivirus
was prepared according to the instructions of the manufac-
turer (Sigma-Aldrich). Cells were incubated with virus (mul-
tiplicity of infection, ~1) for 24 h, followed by selection in 2
pg/ml puromycin. Constitutively active mutant FOXO3
(FOXO3-TM), containing three consensus AKT/PKB phos-
phorylation sites mutated to alanine and known to localize to
the nucleus (37), was used for FOXO3 overexpression
experiments.

Luciferase Assay—The ~4-kb human CHCHD4 fragment
containing the putative FOXO3 DBE sequences was cloned
into the pGL4.71-luciferase vector (Clontech). After treatment
with CCCP (6 h) to induce FOXO3 or co-transfection with
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FOXO3-TM, transactivation was measured in HCT116 cells
36 h after transfection with the pGL4.74 construct containing
the TK promoter and Renilla luciferase as a transfection effi-
ciency control. The QuikChange II kit (Stratagene) was used to
introduce point mutations into the CHCHD4 promoter (see
“Primer Sequences”).

ChIP Assay—The chromatin immunoprecipitation assay was
carried out using ChIP-IT Express (Active Motif) according to
the protocol of the manufacturer. Briefly, HCT116 cells were
treated with CCCP for 6 h, fixed in 1% formaldehyde containing
complete medium at room temperature for 10 min, and soni-
cated to obtain the nuclear lysates. Rabbit control IgG serum
or polyclonal anti-FOXO3 antibody (10 pg/ml) was used to
immunoprecipitate the fixed chromatin for PCR amplification.

Annexin V and Propidium Iodide Staining—HCT116 cells
were treated with 5-fluorouracil (50 ug/ml) for 24 h and then
stained with Annexin V (BD Pharmingen) and propidium
iodide (Invitrogen) according to the protocols of the manufac-
turer. The cells were analyzed by flow cytometry (LSRII instru-
ment, BD Biosciences).

Colony Formation Assay—HCT116 cells were transduced
with nonspecific or CHCHDA4-specific shRNA, plated at the
indicated densities, cultured for 7 days, and stained with crystal
violet solution for quantification.

Primer Sequences—CHCHD4 transgenic mice genotyping
primers were as follows: 5'-GATGACCCCAATGATCCCT-
ATG-3" (forward) and 5'-CTGTAGTGGAAGCAGGAG-
AAG-3' (reverse). Human CHCHD4 gene putative FOXO3
DNA binding elements were as follows: DBE1, 5'-CAAACAG-
TGGCTGAGCTTTC-3’ (forward) and 5'-CCTCTGTGTGA-
CCTTCTAGTATTG-3' (reverse); DBE2, 5'-TGGGCAGTG-
ACATGACAAA-3' (forward) and 5'-AGATCCTTTATGAT-
CCTCCATGTT-3' (reverse); DBE3, 5'-CACACATTATATA-
AACACACACACACAC-3' (forward) and 5'-ACTCATTGC-
TCATTTCTTCTAAGTCC-3' (reverse); and human FOXO3
shRNA, 5'-TGCGAAGCATCACGTTCCG-3'. Human mRNA
quantification primers were as follows: CHCHD4, 5'-GCTTG-
GCTGTTCCTTGTTATTC-3' (forward) and 5'-GTTTCCT-
CTCTTGCTGCTACTC-3' (reverse); FOXO3, 5'-AGAGCT-
GAGACCAGGGTAAA-3' (forward) and 5'-GACAGGCTTC-
ACTACCAGATTC-3' (reverse); and p21, 5'-CCCGTCTCA-
GTGTTGAGCCTT-3' (forward) and 5'-GTTCCGCTGCTA-
ATCAAAGTGC-3' (reverse). Mouse mRNA quantification
primers were as follows: BNIP3, 5'-CTGATGGGTATGGAG-
AAGGAGG-3’ (forward) and 5'-CCAACTTCAGCCATCTG-
CTCTTC-3' (reverse); CHCHD4, 5'-CGCTGCCTCTGCGA-
GCTGCAG-3' (forward) and 5'-TCTGTGCTGTAGTGGAA-
GCAG-3' (reverse); FOXO3, 5'-AGTGGATGGTGCGCTG-
TGT-3" (forward) and 5'-CTGTGCAGGGACAGGTTGT-3'
(reverse); GADD45A, 5'-CCACGCTGATGCAAGGATTA-3’
(forward) and 5'-TTCTTCAGGCTCACCTCTCT-3' (reverse);
p21,5'-AGGGCAACTTCGTCTGGGAG-3’ (forward) and 5'-
TTGGAGACTGGGAGAGGGCA-3' (reverse); PGC-1a, 5'-
ACGGTTTACATGAACACAGCTGC-3' (forward) and 5'-
CTTGTTCGTTCTGTTCAGGTGC-3' (reverse); and SIRT]I,
5'-GGAACCTTTGCCTCATCTACA-3’ (forward) and 5'-
CACCTAGCCTATGACACAACTC-3' (reverse).
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