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ABSTRACT Mechanistic target of rapamycin complex 1 (MTORC1) is a critical nega-
tive regulator of general autophagy. We hypothesized that MTORC1 may specifically
regulate autophagic clearance of damaged mitochondria. To test this, we used cells
lacking tuberous sclerosis complex 2 (TSC2�/� cells), which show constitutive MTORC1
activation. TSC2�/� cells show MTORC1-dependent impaired autophagic flux after
chemical uncoupling of mitochondria, increased mitochondrial-protein aging, and
accumulation of p62/SQSTM1-positive mitochondria. Mitochondrial autophagy (mi-
tophagy) was also deficient in cells lacking TSC2, associated with altered expression
of PTEN-induced putative kinase 1 (PINK1) and PARK2 translocation to uncoupled
mitochondria, all of which were recovered by MTORC1 inhibition or expression of
constitutively active forkhead box protein O1 (FoxO1). These data prove the neces-
sity of intact MTORC1 signaling to regulate two synergistic processes required for
clearance of damaged mitochondria: (i) general autophagy initiation and (ii) PINK1/
PARK2-mediated selective targeting of uncoupled mitochondria to the autophagic
machinery.
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Macroautophagy, referred to here as autophagy, is an essential process for cellular
homeostasis. Autophagy is a defense mechanism against acute stress, such as

starvation or infection (1, 2). It is also fundamental under basal conditions, where it
carries out cellular quality control by removing damaged proteins or organelles (3).

Multiple signaling pathways regulate this process, which ultimately leads to the
engulfment of the cargo to be degraded in a double membrane compartment (au-
tophagosome) that fuses with lysosomes to form autolysosomes with degradative
capacity.

One of the best-described nodes for autophagy regulation is mechanistic target of
rapamycin complex 1 (MTORC1). Inhibition of MTORC1 is a potent proautophagic
stimulus (4, 5), in part due to its interaction with the complex formed by UNC-51-like
kinase 1/2 (ULK1/2), ATG13, and FIP200 (6–8). We and others have shown that chronic
hyperactivation of MTORC1, by loss of tuberous sclerosis complex proteins 1/2 (TSC1/2)
(9, 10), causes accumulation of autophagic substrates (11) and autophagic impairment
upon nutrient starvation (12, 13). However, whether autophagy induction is also
impaired in cells lacking TSC2 (TSC2�/� cells) by other cellular stressors has been less
well studied. For example, cargo-selective autophagy can also occur under nutrient-rich
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conditions. In addition, TSC2/MTORC1 may be important in the regulation of the
specific autophagy of mitochondria (mitophagy) (12, 14–16), but the underlying mo-
lecular mechanism is not clear. Here, we describe the essential role of TSC2/MTORC1 in
general autophagy induction after acute uncoupling of oxidative phosphorylation by
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), as well as its importance in the
regulation of the PTEN-induced putative kinase 1 (PINK1)/parkin (PARK2) axis that
enables the targeting of uncoupled mitochondria for autophagic degradation.

RESULTS
TSC2-deficient cells show impaired CCCP-induced autophagic flux. Knockout of

TSC2 in pancreatic � cells causes MTORC1 hyperactivation and a parallel accumulation
of damaged mitochondria with collapsed mitochondrial membrane potential (Δ�m)
(12). Based on this result, we hypothesized that TSC2/MTORC1 is critical for normal
mitochondrial turnover. We used CCCP to chemically uncouple oxidative phosphory-
lation and induce mitophagy (17, 18). TSC2�/� and control cells did not show differ-
ences in CCCP sensitivity, lacking mitochondrial uptake of the Δ�m-sensitive probe
MitoTracker at any of the time points and CCCP doses used in the study (data not
shown; see Fig. S1 in the supplemental material). Increasing doses of CCCP reduced
MTORC1 activity, as indicated by less ribosomal protein S6 (RPS6) phosphorylation, in
control but not TSC2�/� cells (Fig. 1A). Next, we monitored autophagic flux by
treatment with the lysosomotropic autophagic inhibitor chloroquine (CQ) and found
that CCCP stimulation resulted in increased microtubule-associated protein 1 light
chain 3 beta II (LC3B-II) in control compared to TCS2�/� cells, which also showed
relatively increased levels of the autophagic adaptor protein p62 sequestosome 1
(p62/SQSTM1) (Fig. 1A). Similarly, we observed impaired autolysosome activity in basal
or CCCP-stimulated TSC2�/� cells stably expressing enhanced green fluorescent pro-
tein (EGFP)-LC3 (Fig. 1B). Rapamycin treatment enhanced autophagic flux in response
to CCCP in both control and TSC2�/� cells (Fig. 1C), indicating the key role of MTORC1
for autophagic induction after loss of Δ�m. Similar results were observed with another
chemical uncoupler, valinomycin, which also reduced RPS6 phosphorylation and in-
duced autophagy, but only in cells with intact TSC2 (Fig. 1D).

Mitochondrial uncoupling impairs cellular ATP production capability and induces an
AMP-activated protein kinase (AMPK) stress response (19, 20). As AMPK activation has
been shown to inhibit MTORC1 by direct phosphorylation of TSC2 and the MTORC1
scaffold protein regulatory-associated protein of MTOR (RAPTOR) (21, 22), we hypoth-
esized that CCCP-associated MTORC1 inhibition could be AMPK dependent. However,
although CCCP treatment indeed induced phosphorylation of AMPK substrates, such as
acetyl coenzyme A (acetyl-CoA)-carboxylase (ACAC) Ser79 or RAPTOR Ser792 (see Fig.
S2A in the supplemental material), CCCP was still able to block MTORC1 activity and
induce autophagic flux in AMPK �1/�2 double-knockout (DKO) mouse embryonic
fibroblasts (MEFs), which can be further increased by rapamycin (see Fig. S2B in the
supplemental material). Thus, we conclude that CCCP-induced inhibition of MTORC1
activity and stimulation of autophagy is TSC2 dependent but AMPK independent.

As a similar autophagic defect was observed in TSC2�/� cells after nutrient starva-
tion (13), we hypothesized that nutrient availability could fully explain our phenotype.
However, treatment with tunicamycin (an endoplasmic reticulum [ER] stressor) in
nutrient-rich medium potently inhibited MTORC1 signaling and induced autophagy
and autophagic flux in control but not TSC2-deficient cells (Fig. 1E), an effect reversed
by rapamycin. These data suggest that normal MTORC1 inhibition is critical for au-
tophagy stimulation in response to stimuli beyond nutrient- or energy-related stress.

MTORC1 regulates mitochondrial aging and accumulation of mitochondrial
autophagic cargo. Higher basal levels of p62/SQSTM1 in TSC2�/� cells were further
increased with CCCP stimulation (Fig. 1A and C). Thus, we hypothesized that MTORC1
inhibition might be necessary for loss of Δ�m-induced mitochondrial turnover. Indeed,
we found abundant perinuclear p62/SQSTM1 and translocase of outer mitochondrial
membrane 20 (TOMM20) double-positive mitochondrial structures in TSC2�/� cells (see
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FIG 1 MTORC1-dependent autophagy induction by CCCP. (A) Western blots from TSC2�/� or TSC2�/� MEFs treated with different doses of the mitochondrial
uncoupler CCCP for 15 h in the presence or absence of 10 �M CQ. (B) Western blots from TSC2�/� or TSC2�/� MEFs expressing the fusion protein EGFP-LC3

(Continued on next page)
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Fig. S3A in the supplemental material). Rapamycin treatment was able to reduce basal
p62/SQSTM1 in whole-cell lysates, as well as its colocalization with mitochondria in
TSC2�/� cells (see Fig. S3B). These data point to the accumulation of mitochondrial
autophagic substrates as a result of chronic MTORC1 activation. To further explore this
hypothesis, we utilized MitoTimer (23), which consists of mitochondrial-matrix-targeted
Timer, a fluorescent protein that shifts its fluorescence over time (from green to red),
to uncover mitochondrial-protein aging. After a doxycycline-induced pulse of Mito-
Timer, we found that TSC2�/� cells showed an increased red-to-green ratio 24 h after
MitoTimer induction (Fig. 2). This result revealed increased mitochondrial-protein aging
and suggested inefficient autophagic turnover of mitochondrial proteins.

MTORC1 has also been shown to increase peroxisome proliferative activated recep-
tor gamma coactivator 1 alpha (PPARGC1A) to regulate mitochondrial biogenesis (24,
25), which in turn is sufficient to increase expression of mitofusin 2 (MFN2), leading to
mitochondrial elongation (26, 27). As alteration of mitochondrial complexity has been
shown to affect autophagic clearance of damaged mitochondria (28), we evaluated the
influence of MTORC1 in mitochondrial complexity as an explanation for altered mito-
chondrial turnover. Consistent with the above-described data, TSC2�/� cells showed a
rapamycin-sensitive increase in Ppargc1a and Ppargc1b mRNA and PPARGC1A protein
levels (Fig. 3A and B and data not shown). Surprisingly, genes involved in fusion (Mfn1
and Mfn2, encoding mitofusin 1/2), fission (Dnm1l and Fis1), and reorganization of
cristae (Opa1, encoding optic atrophy 1) were all increased in TSC2�/� cells and
partially regulated by rapamycin treatment (Fig. 3C), leading to an overall unchanged
ratio of fission/fusion genes by MTORC1 hyperactivation or inhibition. Further, the rapid
mitochondrial fragmentation that occurs after CCCP exposure was unchanged in
TSC2�/� cells (Fig. 3D). These data suggest that an alteration in mitochondrial com-

FIG 1 Legend (Continued)
stimulated with CCCP for the indicated times. As EGFP is more resistant to lysosomal hydrolases than LC3B, the appearance of free EGFP is indicative of
autolysosome activity. (C) Western blots from TSC2�/� or TSC2�/� MEFs stimulated with CCCP with or without CQ in the presence or absence of 20 nM
rapamycin (Rapa), with densitometric quantification of p62/SQSTM and LC3-II. (D) Western blots from TSC2�/� or TSC2�/� MEFs stimulated for 15 h with 1
�M valinomycin (Val) with or without CQ in the presence or absence of Rapa, with densitometric quantification of LC3-II. The values represent means and
standard deviations (SD); n � 3 independent experiments. (E) Western blots from TSC2�/� or TSC2�/� MEFs stimulated for 15 h with 2 �g/ml tunicamycin
(Tun) with or without CQ in the presence or absence of Rapa. The values represent means and SD; n � 3 independent experiments. *, P � 0.05; **, P � 0.01
compared to the indicated control.

FIG 2 TSC2-deficient cells show increased mitochondrial aging. (A) Representative images of TSC2�/� and TSC2�/� MEFs,
stably expressing rtTA3, transfected with the doxycycline-inducible MitoTimer probe and then pulsed with doxycycline prior
to visualization after 24 h. Ratiometric images representing the red/green ratio (MitoTimer fluorescence shifts from green to
red with time) are also shown; the value of the ratio is represented as intensity and color coded as indicated in the scales. The
numbers represent the specific ratios of the images shown. (B) Quantification of the red/green ratios 12 and 24 h after
doxycycline pulse. The values represent means and SD (n � 3 independent experiments). *, P � 0.05 compared to the
indicated control.
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plexity is unlikely to explain the differences in mitochondrial-protein aging and CCCP-
induced accumulation of autophagic substrates in TSC2�/� cells.

Role of TSC2/MTORC1 in CCCP-induced mitophagy. As CCCP-induced general
autophagy is impaired in TSC2�/� cells, we hypothesized that mitophagy might be
similarly impaired. Mitochondria with collapsed Δ�m are rapidly targeted by the
autophagic machinery and degraded in autolysosomes in a manner dependent on the
translocation of the E3 ubiquitin ligase PARK2 to mitochondria (18). For this experiment,
we took advantage of the complete dependence on mitophagy for degradation of
mitochondrial matrix proteins, such as hydroxyacyl-CoA dehydrogenase (HADHA),
whereas outer mitochondrial membrane (OMM) proteins, such as TOMM20, are de-
graded by the proteasome after mitochondrial damage in an autophagy-independent
manner (29). Exogenous PARK2 expression is required to experimentally detect mi-
tophagy in fibroblast models (30–34). We generated TSC2�/� and control cell lines

FIG 3 MTORC1-dependent expression of genes involved in mitochondrial dynamics. (A) Western blots from TSC2�/� and
TSC2�/� MEF lysates. (B and C) qPCR analysis of TSC2�/� or TSC2�/� MEFs treated with Rapa or vehicle for 15 h. (D) TOMM20
staining in TSC2�/� and TSC2�/� MEFs stimulated with CCCP for 3 h. The values represent means and SD (n � 3 to 5
independent experiments). *, P � 0.05; **, P � 0.01; ***, P � 0.001 compared to the indicated control.
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stably expressing hemagglutinin (HA)-tagged PARK2; in resting cells, PARK2 localizes in
the cytoplasm, and no PARK2-positive mitochondria were observed in control cells or
TSC2�/� or rapamycin-treated cells (Fig. 4A). CCCP or valinomycin stimulation induced
PARK2 localization to mitochondria in control cells, but to a much lesser degree in
TSC2�/� cells (Fig. 4B and C; see Fig. S4A in the supplemental material), which could
be rescued by rapamycin pretreatment (Fig. 4B and C). Thus, mitochondrial degradation
after prolonged CCCP treatment is impaired in TSC2�/� cells or if autophagy is
inhibited with chloroquine (Fig. 5A and B). Consistent with our confocal microscopy
results, we observed accumulation of both p62/SQSTM1 and the mitochondrial matrix
protein HADHA by Western blotting in CCCP-treated TSC2�/� cells, which was reversed
by concomitant rapamycin treatment (Fig. 5C and D). A similar accumulation of
p62/SQSTM1-positive mitochondrial structures in basal TSC2�/� cells, as well as in
chloroquine-treated control cells, was further confirmed by confocal imaging (Fig. 5E),
indicating poor clearance of mitochondria that are targeted as an autophagic substrate.
Interestingly, some TSC2�/� cells showed PARK2 in mitochondria after prolonged CCCP
treatment, which points to a relative as opposed to absolute defect in PARK2 translo-
cation (see Fig. S4B in the supplemental material).

MTORC1 inhibition facilitates PINK1 expression. We next assessed whether
altered PINK1, known to be sensitive to Δ�m and critical to regulating PARK2 recruit-
ment to the OMM (35), could explain inefficient PARK2 mitochondrial recruitment in
TSC2�/� cells. As expected, CCCP treatment resulted in rapid full-length PINK1 accu-
mulation in control cells, but this accumulation was blunted in TSC2�/� cells (Fig. 6A).

FIG 4 Impaired PARK2 mitochondrial translocation in TSC2-deficient cells. (A and B) Representative images of
PARK2-HA localization in TSC2�/� and TSC2�/� MEFs with or without 3 h of CCCP exposure and/or 15 h of Rapa
pretreatment. Bars, 20 �m; bars in magnified images, 50 �m. DMSO, dimethyl sulfoxide; DAPI, 4=,6-diamidino-2-
phenylindole. (C) Quantification of cells with PARK2-positive mitochondria in CCCP-treated cells from the exper-
iment shown in panel B. The values represent means and SD (n � 3 independent experiments). *, P � 0.05; **, P �
0.01 compared to the indicated control.
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TSC2 reconstitution into TSC2�/� cells was able to recover PINK1 accumulation after
CCCP treatment (Fig. 6B). This regulatory effect of MTORC1 is likely transcriptionally
mediated, as TSC2�/� cells showed a dramatic reduction of basal and CCCP-stimulated
Pink1, which was partially salvaged by rapamycin cotreatment (Fig. 6C). Finally, to test
whether exogenous PINK1 could rescue the PARK2 translocation defect in TSC2�/�

cells, we generated cells stably expressing PINK1-V5 (Fig. 6D). We observed that both
control and TSC2�/� cells showed abundant PARK2-positive labeled mitochondria
upon CCCP exposure (Fig. 6E and F), suggesting that the PINK1 deficiency in cells with

FIG 5 Impaired mitophagy in TSC2-deficient cells. (A) PARK2-HA-expressing TSC2�/� and TSC2�/� MEFs were
stimulated with CCCP with or without CQ and/or Rapa for 20 h and then assayed for mitochondria by staining of
the mitochondrial matrix protein HADHA. (B) Quantification of the percentages of cells with few or no mitochon-
dria. (C) Western blots from PARK2-HA-expressing TSC2�/� and TSC2�/� MEFs stimulated with CCCP with or
without Rapa for the indicated times. (D) Densitometric analysis of HADHA/ACTB, represented as change from the
basal value. AU, arbitrary units. (E) Representative confocal images of mitochondria (HADHA) and p62/SQSTM1 in
PARK2-HA-expressing TSC2�/� and TSC2�/� MEFs stimulated with CCCP for 20 h. The values represent means and
SD (n � 3 independent experiments). *, P � 0.05; **, P � 0.01; ***, P � 0.001 compared to the indicated control.

MTORC1-Dependent Regulation of Mitophagy Molecular and Cellular Biology

December 2017 Volume 37 Issue 23 e00441-17 mcb.asm.org 7

 on A
pril 25, 2019 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org
http://mcb.asm.org/


MTORC1 hyperactivity expression is the likely cause of defective PARK2 mitochondrial
translocation.

Constitutively active FoxO restores PINK1 expression and PARK2 translocation.
We next turned our attention to the mechanism of reduced Pink1 in TSC2�/� cells.
Unrestrained activity of MTORC1/S6K in TSC2�/� cells generates a well-described

FIG 6 MTORC1-dependent PINK1 expression. (A and B) Western blots from TSC2�/� and TSC2�/� MEFs stimulated with CCCP for the indicated times (A)
or with reconstituted TSC2 (B). (C) qPCR in TSC2�/� and TSC2�/� MEFs pretreated with Rapa for 24 h and then exposed to CCCP for 15 h. (D) Western
blots from TSC2�/� and TSC2�/� MEFs stably expressing PINK1-V5 and treated with CCCP for 3 h. (E) PARK2 localization in TSC2�/� and TSC2�/� MEFs
stably expressing PARK2-HA and PINK1-V5 and treated with CCCP for 3 h. (F) Quantification of cells with PARK2-positive mitochondria. The values
represent means and SD (n � 3 to 5 independent experiments). *, P � 0.05; ***, P � 0.001; ns, not significant compared to the indicated control.
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negative-feedback loop on phosphatidylinositol 3-kinase (PI3K)–Akt signaling (36). The
insulin-repressible family of forkhead box protein O (FoxO) transcription factors have
been shown to induce Pink1 expression (37, 38). Consistently, we found that FoxO1
occupancy on the Pink1 promoter increased in response to CCCP treatment in control
but not TSC2�/� cells, which was partially recovered after MTORC1 inhibition (Fig. 7A).
This suggests that FoxO1 function may be altered with MTORC1 hyperactivity; indeed,
while Foxo1 expression was unchanged (Fig. 7B), we noted constitutive nuclear FoxO1
localization in TSC2�/� cells as opposed to the normal cytosolic-nuclear shuttling in
response to CCCP-induced stress in TSC2�/� and rapamycin-treated TSC2�/� cells (Fig.
7C and D). Next, we determined if exogenous FoxO1 is sufficient to rescue Pink1
expression in TSC2�/� cells. For this experiment, we transduced cells with a constitu-
tively active (i.e., insulin-insensitive) FoxO1-ADA mutant in an effort to reconstitute
“normal” FoxO function in TSC2�/� cells (39) and found that FoxO1-ADA enhanced
basal and CCCP-induced Pink1 mRNA in both control and TSC2�/� cells (Fig. 7E).
FoxO-ADA also rescued CCCP-induced mitochondrial PARK2 translocation in TSC2�/�

cells (Fig. 7F and G), suggesting that chronic disruption of normal insulin-FoxO signal-
ing in TSC2�/� cells causes reduced Pink1 expression and thus impaired PARK2
translocation to mitochondria.

DISCUSSION

Although MTORC1 has been shown to be a critical inhibitor of autophagy, our study
proves that normal TSC2/MTORC1 action is required for not just general autophagy
induction but also mitophagy after acute uncoupling of oxidative phosphorylation by
CCCP. These data may be relevant to a host of pathophysiologic metabolic and
neoplastic conditions that have been linked to both abnormal MTORC1 signaling (40)
and mitochondrial function (41) or uncoupling (42). Although we did not explore the
signals upstream of TSC2/MTORC1, which might be required for loss of Δ�m-mediated
MTORC1 inhibition, including BNIP3L (42, 43) and REDD1 (44), we found that TSC2 is
critically required for CCCP-induced MTORC1 inhibition and autophagy induction,
independent of AMPK.

TSC2 ablation has also been reported to increase mitochondrial biogenesis (24, 25).
Autophagic turnover of mitochondria is also dependent on the mitochondrial dynamics
and complexity of the mitochondrial network (28). We did find evidence of increased
mitochondrial complexity in � cell-specific TSC2�/� mice (12), but on the whole,
TSC2-deficient MEFs showed balanced mitochondrial fusion and fission and no defect
in CCCP-induced mitochondrial fragmentation. Enhanced expression of Mfn1 and Mfn2
in MTORC1-hyperactive cells is consistent with previous reports that link MTORC1 to the
master regulator of mitochondrial biogenesis, PPARGC1A (24), also found to regulate
the expression of mitochondrial fusion genes (27, 45). However, we did not expect
concomitant MTORC1-dependent expression of other genes, such as Dnm1l, Opa1, and
Fis1, similarly observed in PPARGC1A/B-deficient models, which display coordinated
downregulation of all mitochondrial complexity genes (46). Further, although we did
not explicitly focus on mitochondrial transport, also shown to regulate mitochondrial
turnover (47) and potentially regulated by TSC in neurons (16), we found no differences
in perinuclear clustering of PARK2-positive mitochondria. Nevertheless, coupled with
increased mitochondrial-protein aging in TSC2�/� cells, as revealed by a mitochondrial
time-sensitive probe, we conclude that MTORC1 may act as a master regulator of the
mitochondrial life span by integrating mitochondrial biogenesis, complexity, and clear-
ance by mitophagy.

Damaged mitochondria with collapsed Δ�m accumulate full-length PINK1 and recruit
PARK2, which leads to recognition and processing by the autophagic machinery (32, 34,
35, 48). We showed that MTORC1 inhibition enhances PARK2 translocation in control
cells while CCCP-mediated PARK2 translocation to mitochondria and mitophagy are
severely impaired in TSC2�/� cells but recovered by rapamycin treatment. Interestingly,
this effect recapitulates the previously observed MTORC1 dependence of clearance of
dysfunctional mitochondria resulting from mitochondrial DNA (mtDNA) mutations by
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FIG 7 FoxO-ADA rescues Pink1 expression and PARK2 translocation to mitochondria. (A) ChIP, using
anti-FoxO1 or IgG control, in TSC2�/� and TSC2�/� MEFs stimulated with CCCP or vehicle for 15 h with or
without Rapa pretreatment, followed by qPCR for the Pink1 promoter region. (B) qPCR in TSC2�/� and
TSC2�/� MEFs. (C and D) Representative images of FoxO1 localization (C) and percentages of cells with
nuclear FoxO1 (D) in TSC2�/� and TSC2�/� MEFs stimulated with CCCP or vehicle for 15 h, with or without
Rapa pretreatment. (E) qPCR in TSC2�/� and TSC2�/� MEFs transduced with adenovirus encoding GFP or
FoxO-ADA, with or without 15 h of exposure to CCCP. (F and G) Representative images of PARK2
mitochondrial localization (arrowheads) (F) and percentages of cells with PARK2� mitochondria (G) in
TSC2�/� and TSC2�/� MEFs stably expressing PARK2-HA and transduced with LacZ or FoxO-ADA and then
treated for 3 h with CCCP. The values represent means and SD (n � 3 to 5 independent experiments). *,
P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant compared to the indicated control. (H) Model in

(Continued on next page)
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the autophagic machinery (14) and is also consistent with recent observations on the
beneficial effects of MTORC1 inhibition on mitochondrial myopathies in mice (49). Our
data also point to severe impairment of PARK2-dependent mitophagy by MTORC1
hyperactivation, but not complete inhibition. PARK2 translocation to mitochondria and
accumulation of p62/SQSTM1-positive mitochondrial clusters were evident in TSC2�/�

cells with chronic CCCP treatment long after full mitochondrial clearance in control
cells. These results resemble the effects observed from the expression of several
pathogenic PARK2 mutants (33), which also results in a highly delayed translocation of
PARK2 after loss of Δ�m.

We found that MTORC1 hyperactivity represses Pink1 expression and that reconsti-
tuted PINK1 is sufficient to rescue PARK2 translocation in TSC2�/� cells. These data are
consistent with the critical role of PINK1 in PARK2 recruitment for mitochondria (35). We
hypothesize that loss of Pink1 in TSC2�/� cells may result from compromised insulin
signaling in the chronic MTORC1 hyperactive state (36). Thus, whereas CCCP led to
FoxO1 nuclear translocation and Pink1 expression in control cells, consistent with the
role of FoxO transcription factors to shuttle from cytosol to nucleus in stress to activate
expression of cellular protection machinery (50), TSC2�/� cells showed simultaneous
constitutive FoxO1 nuclear confinement yet incompetent binding to the Pink1 pro-
moter. This odd pairing suggests that in the absence of functional insulin-Akt signaling
in TSC2�/� cells, FoxO1 might undergo posttranslational modifications that render it
ineffectual despite nuclear localization, as transactivation of Pink1 can be rescued by
exogenous FoxO1. These findings highlight the importance of intact insulin-FoxO
signaling for mitochondrial homeostasis and are in agreement with reports that link
mitochondrial dysfunction with either chronic insulin resistance (51) or FoxO deficiency
(52).

In summary, our data describe a mechanistic link between MTORC1 and mitochon-
drial turnover and highlight the need for proper regulation of autophagy for aspects of
cellular homeostasis, such as preservation of mitochondrial quality, well beyond the
oft-documented necessity of autophagy to allow cell survival under nutrient stress.
MTORC1 integrates the molecular cues that control not only autophagy initiation but
also the PINK1/PARK2 axis that primes the damaged organelle for cargo-specific
autophagy of mitochondria (Fig. 7H). These data suggest that therapeutic interventions
that regulate mitochondrial turnover may prove useful in the vast array of metabolic
and neoplastic disorders related to inappropriate MTORC1 activation.

MATERIALS AND METHODS
Antibodies and chemicals. We used antibodies directed against ACAC (number 3662), phosphor-

ylated ACAC (P-ACAC) (number 3661), AMPK (number 2352), P-AMPK (number 2531), LC3B (number
4108), RAPTOR (number 4978), P-RAPTOR (number 2083), RPS6 (number 2217), phosphorylated ribo-
somal protein S6 kinase polypeptide 1 (P-RPS6KB1) (number 9205), RPS6KB1 (number 9202), TSC2
(number 3612), and TUBA1A (number 2144), all from Cell Signaling Technology; HADHA (number
ab54477; Abcam); TOMM20 (number sc-11415) and green fluorescent protein (GFP) (number sc-9996)
from Santa Cruz Biotechnology; SQSTM1 (number GP62; Progen); PINK1 (number BC100-494; Novus
Biologicals); P-RPS6 (number MA5-15140; Thermo Scientific); HA (number 12CA5; Roche); actin beta
(ACTB) (number A5316; Sigma); and V5 (number R960-25; Thermo Fisher). The antibody dilutions used
are specified in Table S1 in the supplemental material. We also used rapamycin (Merck; number 553210)
and blasticidin S-hydrochloride, chloroquine, CCCP, doxycycline, tunicamycin, and valinomycin (Sigma;
numbers 15205, C6628, C2759, D9891, T7765, and V0627, respectively).

Cell culture and stable cell lines. TSC2�/� and TSC2�/� MEFs were kindly provided by David
Kwitakowski (Harvard Medical School, Boston, MA). AMPK-DKO and control MEFs were provided by
Arkaitz Carracedo (bioGune, Spain). Cells stably expressing PARK2-HA were generated by infection with
retrovirus generated using Phoenix cells and pMXs-IP HA-Parkin (Addgene; number 38248) (29), a gift
from Noboru Mizushima (University of Tokyo, Tokyo, Japan). Stable cells were selected with puromycin
(5 �g/ml) for 2 weeks, subcloned, and assayed for expression of PARK2-HA. Three different clones with

FIG 7 Legend (Continued)
which loss of Δ�m leads to TSC2-dependent MTORC1 inhibition, fundamental to coordinating two
synergistic MTORC1-dependent processes—autophagy initiation and labeling of the cargo to be
degraded, enabling its recognition by the autophagic machinery—to execute the clearance of dam-
aged mitochondria.
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similar expression levels were pooled for subsequent work. For PINK1-V5 stable expression, lentiviral
particles were generated with pLenti6-DEST PINK1-V5 wild type (WT) (Addgene; number 13320) (53), a
gift from Mark Cookson (NIH), and packaging plasmids, using 293T cells, as previously described (54). The
cells were infected with PINK1-V5 lentivirus and selected with blasticidin (10 �g/ml) for 2 weeks, and a
pool of resistant cells was used for subsequent experiments.

Adenovirus infection and lipofection. Adenovirus encoding murine FoxO1-ADA (T24A S253D
S316A) and various controls (GFP or LacZ) were previously described (55, 56). EGFP-LC3 (Addgene;
number 11546) plasmid (57) was a gift from Karla Kirkegaard (Stanford School of Medicine). Cells were
transfected with Lipofectamine 3000 (Thermo Fisher; L3000015), with experiments performed 24 h after
transfection unless otherwise indicated.

Western blotting and quantitative PCR. Cell lysates were resolved by SDS-PAGE, followed by
Western blotting and visualization using an ECL Western blotting detection kit (GE Healthcare Bio-
Sciences; RPN2106). Densitometric quantification of blots was performed with NIH ImageJ (https://imagej
.nih.gov/ij/), using the Analyze/Gels tools and the rolling-ball algorithm for background subtraction
(radius set to 25 pixels). RNA was isolated with TRIzol (Invitrogen; 15596-026), cDNA was obtained with
a high-capacity cDNA reverse transcription kit (Applied Biosystems; 4368813), and quantitative PCR
(qPCR) was performed using Power SYBR master mix (Applied Biosystems; 4367659) as described
previously (58). The primer sequences used are detailed in Table S2 in the supplemental material.

Immunofluorescence and confocal imaging. For immunofluorescence assays, cells were seeded on
glass coverslips. For MitoTracker experiments, cells were incubated for 30 min in serum-free Dulbecco’s
modified Eagle’s medium (DMEM) with 500 nmol/liter MitoTracker Orange CMTMRos (Thermo Fisher;
M-7510). After fixation and permeabilization, standard techniques were used for multiple staining
procedures. For confocal microscopy imaging, Axio Observer Z1 with an LSM 700 scanning module
(Zeiss) was used. Images were collected using a 63� Zeiss Plan-Apochromat oil objective (numerical
aperture � 1.4). All images were obtained in a 1,024- by 1,024-pixel format. For microscope operation
and image gathering, ZEN2 (Zeiss) software was used. The images were processed with ZEN2, and no
further processing was performed. For quantification of single cell events (presence of PARK2-positive
mitochondria and degradation of all mitochondria), at least 300 cells per condition were assayed in at
least three independent experiments.

MitoTimer experiments. TSC2�/� and TSC2�/� stable cell lines expressing a tetracycline-dependent
reverse transcriptional transactivator were generated. Lentiviruses were generated with pLenti cytomeg-
alovirus (CMV) rtTA3 BLAST (Addgene; number 26429), a gift from Eric Campeau (University of Massa-
chusetts Medical School), and packaging plasmids, using 293T cells, as previously described (54). The cells
were subjected to blasticidin selection (10 �g/ml) for 2 weeks. The cells were transfected with pTRE-
Tight-MitoTimer (Addgene; number 50547) (23), a gift from Roberta Gottlieb (Cedars-Sinai Heart Insti-
tute), using Lipofectamine 3000 (Thermo Fisher; L3000015). Twenty-four hours after transfection, the cells
were exposed for 1 h to doxycycline (1 �g/ml), extensively washed with complete medium, and then
fixed for 12 to 24 h prior to confocal imaging as described above. Images were processed with Fiji
(http://fiji.sc/Fiji). Background was subtracted by using a rolling-ball algorithm (50-pixel radius). To
eliminate the pixel shift between red and green channel images, a registering plugin was used
(TurboReg). A threshold was set on the “numerator” image (red channel) to cover the mitochondrial
region (all other pixels were discarded), and ratiometric images were generated by the division of pixel
intensities (red by green), using the RatioPlus plugin. The mean intensity of the resulting images was
used for quantification of the red/green ratio. The ratiometric images shown as examples were obtained
after thresholding the intensity of the pixels shown between 0 and 8 and applying the Rainbow RGB
look-up table. Twenty randomly selected individual cells were quantified per condition in three inde-
pendent experiments. The Fiji macros for image processing and analysis are available on request.

Chromatin immunoprecipitation (ChIP). Cells grown to confluence in three 100-mm2 cell culture
dishes were fixed with 1% formaldehyde for 10 min, and chromatin was isolated with a Magna ChIP A
kit (Merck-Millipore; 17-610) according to the instructions provided by the manufacturer. DNA was
sheared by sonication, using 24 cycles of 30 s on, 30 s off (high setting) in a Bioruptor sonicator
(Diagenode) on ice. Twenty-five micrograms of sheared chromatin was used for immunoprecipitation,
with 2 �g Anti-FOXO1 (Abcam; number ab39670) or 2 �g of normal rabbit IgG (Cell Signaling; number
2729). The immunoprecipitated DNA was assayed by qPCR with primers for the Pink1 promoter
(5=-AGATCTAAGCCCCGGAACCT-3=; 5=-GTTCACACTGCCCTGGCTAT-3=) region previously determined to
contain a FoxO-binding element (37). The results are presented as fold enrichment above control (IgG)
calculated with the following formula: 2(ΔCT IP � ΔCT control).
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Supplemental material for this article may be found at https://doi.org/10.1128/MCB
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