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Abstract Autophagy is a cellular self-eating process essential for stress response and main-
taining tissue homeostasis by lysosomal degradation of unwanted or damaged proteins and or-
ganelles. Here, we show that cells with defective mitochondria induce autophagy to promote
cell survival through activating the AMPK pathway. Loss of mitochondrial complex III protein
cytochrome b activates the AMPK signaling and induced autophagy. Inhibiting mitochondria en-
ergetics by mitochondria-targeted agents activates the AMPK signaling and induced autophagy.
Genetic inhibition of AMPK inhibits autophagy induction in cells with defective mitochondria,
while genetic inhibition of autophagy has no effect on AMPK activation. Mitochondria dysfunc-
tion has no effect of DNA repair of UV-induced DNA damage. However, mitochondria dysfunc-
tion sensitizes cells to apoptosis induced by UV radiation. Genetic inhibition of autophagy or
AMPK sensitized cells to apoptosis in cells with defective mitochondria. Our results demon-
strate that AMPK and autophagy senses mitochondria dysfunction and serves as a mechanism
for survival. Our findings may provide new insights into the interplay between mitochondria
function and autophagy process in maintaining tissue homeostasis, and suggest that this inter-
action may play important roles in diseases such as cancer and neurodegeneration.
Copyright ª 2015, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Introduction

Macroautophagy (hereafter autophagy) is a cellular self-
eating process, in which cellular proteins, cytoplasm, and
organelles are captured through a double-membrane
structure known as the autophagosome and then targeted
for proteolytic degradation in lysosomes.1,2 Dysfunction of
autophagy can affect susceptibility to multiple diseases,
including neurodegeneration, microbial infection, meta-
bolic diseases, cardiovascular diseases, aging, and can-
cer.2e4 Occurring at a low basal level, autophagy can be
induced to maintain tissue homeostasis in response to a
variety of physiological and pathological stresses,5

including energy starvation, DNA damage, and infections.
One of the energy-generating organelle is the mito-

chondrion via oxidative phosphorylation. Emerging evi-
dence support a critical role of mitochondria dysfunction in
the pathogenesis of several diseases, including neuro-
degeneration,6,7 diabetes,8 and cancer.9 In response to
diverse stresses including starvation, photodamage, and
persistent mitochondrial DNA damage, damaged or
dysfunctional mitochondria can be removed by a selective
autophagy pathway called mitophagy.10,11 However, it is
poorly understood how cells respond to mitochondrial
dysfunction.

Here we show that inhibiting mitochondrial function
genetically or by mitochondria-targeted antioxidant acti-
vates the AMPK signaling and induces autophagy. Induction
of autophagy is critical for cell survival, since inhibition of
autophagy sensitizes cells with defective mitochondria to
apoptosis.
Materials & methods

Cell culture

Human HaCaT keratinocytes (kindly provided by Dr. Fuse-
nig), AMPK wild-type (WT) and knockout (KO) mouse em-
bryonic fibroblast (MEF) cells,12 ATG5 WT and KO MEF cells
(kindly provided by Dr. Mizushima), and 143B WT and cy-
tochrome b null (CYTB KO) cells (kindly provided by Dr.
Chandel)13,14 were maintained in monolayer culture in 95%
air/5% CO2 at 37

�C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100 units per mL penicillin, and 100 mg per mL streptomycin
(Invitrogen, Carlsbad, California). Normal human epidermal
keratinocytes (NHEK) cells were obtained from Clonetics
(Lonza, Walkersville, MD) and cultured in KGM Gold Bul-
letKit medium (Lonza, Walkersville, MD) according to the
manufacturer’s instructions. MEF and HaCaT cells were
cultured for less than 20 passages. NHEK cells were cultured
for less than 4 passages. No authentication was done.

UV radiation

UV radiation was performed as described previously.15 Our
UV radiation was monitored every other week to measure
the exposure output and dose. Our UV system emits UVB
radiation (51%) and UVA (49%) but does not emit UVC
radiation.
Western blotting

Western blotting was performed as described previ-
ously.16,17 Antibodies used were as follows: Ampk, p-Ampk
(Thr172), LC3-I/II, ACC, p-ACC (Ser79), p4EBP1 (Ser65),
4EBP1, LC3-I/II (Cell Signaling), and PARP and GAPDH (Santa
Cruz). Cytosolic and nuclear proteins were isolated as
described previously.16

Determination of two major forms of UV-induced
DNA damage in genomic DNA by slot blot assay

Slot blot assays of CPD and 6-4 PP were performed as
described previously.18 Briefly, cells were collected at
different time points post-UV and DNA was isolated using a
QIAamp DNA Mini Kit (Qiagen, 51304). The DNA concentra-
tion was calculated from the absorbance at 260 nm using
NanoDrop 1000 (NanoDrop products, Wilmington, DE). The
CPD and 6-4 PP in DNA were quantified by slot blot (Bio-Rad)
with antibodies (COSMO BIO Co., TDM-2 for CPD and 64 M-2
for 6-4 PP). For examining repair kinetics, the percentage
(%) of repair was calculated by comparing the optical
density at the indicated time to that of the corresponding
absorbance at time zero when there was no opportunity for
repair and 100% of CPDs (or 6-4PPs) were present post-UV.

Statistical analyses

Statistical analyses were performed using Prism 6 (Graph-
Pad software, San Diego, CA, USA). Data were expressed as
the mean of at least three independent experiments, and
analyzed by Student’s t-test. Error bars indicate the stan-
dard deviations of the means (S.D.). A p-value of <0.05 was
considered statistically significant.

Results

Loss of mitochondria function activates the AMPK
signaling

To determine the role of mitochondria dysfunction in
cellular response, we compared the difference in the mo-
lecular signaling between wild-type (WT) cells and cells
containing a loss-of-function mutation in electron transport
chain complex III (cytochrome b-c1 complex) (CYTB KO).
Despite the loss of mitochondrial respiration function, both
WT and CYTB KO cells proliferate at comparable rates.13,14

As compared with WT cells, however, CYTB KO cells showed
increased phosphorylation of AMPK (Thr 172) and ACC (Ser
79) (Fig. 1), a known AMPK target. These data indicate that
loss of mitochondria respiration activates the AMPK
signaling.

Inhibition of mitochondria function by
mitochondria-targeted antioxidants activates the
AMPK signaling

Mitochondria-targeted antioxidants including Mito-carboxy
proxyl (Mito-CP) have been shown to inhibit Cell prolifera-
tion and synergize with 2-deoxyglucose to trigger cell death
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Fig. 1 Loss of CYTB activates the AMPK signaling. Immuno-
blot analysis of p-AMPK (Thr 172), AMPK, p-ACC (Ser 79) and
GAPDH in 143B cells with wild-type (WT) or loss of CYTB (KO,
knockout).
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in breast cancer cells.19e21 Mito-CP together with 2-deoxy-
glucose (2-DG) inhibits cell proliferation and induces
apoptosis of pancreatic cancer cells via modification of
mitochondrial bioenergetics rather than its antioxidant
properties.21 Therefore Mito-CP can have effect similar to
loss of CYTB. Indeed, in both normal human epidermal
keratinocytes (NHEK) and HaCaT cells, Mito-CP treatment
increased the phosphorylation of AMPK (Thr 172) and ACC
(Ser 79) (Fig. 2A,B), indicating that Mito-CP activates the
AMPK signaling.

Mitochondria dysfunction induces autophagy

Autophagy is a cellular catabolic mechanism to promote
cell survival in response to diverse cellular stresses5

including energy stress and UV radiation.22,23 To deter-
mine whether mitochondrial defects affect autophagy, we
assessed the difference in LC3-II formation in cells with or
without defective mitochondria treated with vehicle or the
lysosome inhibitor bafilomycin A1 (BfA1). The conversion of
LC3-I e LC3-II is one of the distinctive hallmarks of auto-
phagy.24,25 Following lysosome inhibition, loss of CYTB
increased the formation of LC3-II, while WT cells showed no
change in LC3-II level (Fig. 3A). Similarly, Mito-CP increased
the LC3-II formation in HaCaT cells treated with bafilomycin
A1 (Fig. 3B). These results indicate that defective mito-
chondria induce autophagy.
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Fig. 2 Inhibition of mitochondria function by Mito-CP acti-
vates the AMPK signaling. (A, B) Immunoblot analysis of p-AMPK
(Thr 172), AMPK, p-ACC (Ser 79) and GAPDH in NHEK cells (A)
and HaCaT cells (B) treated with vehicle or Mito-CP (1 mM) for
24 h.
AMPK activation mediates autophagy induction in
cells with defect mitochondria

To determine the crosstalk between AMPK and autophagy in
response to mitochondria dysfunction, we compared the
effect of Mito-CP on the AMPK signaling in cells with or
without loss of the essential autophagy gene ATG5 (ATG5
KO), and on autophagy induction in cells with wild-type
(WT) or AMPK deficient cells (AMPK KO). Mito-CP increased
AMPK phosphorylation in both WT and ATG5 KO cells
(Fig. 4A), indicating autophagy does not affect Mito-CP-
induced AMPK activation. Mito-CP induced AMPK activa-
tion and autophagy in WT cells, while it had little effect on
autophagy induction in AMPK KO cells (Fig. 4B,C), indicating
that Mito-CP induced autophagy is mediated through AMPK
activation.

Mitochondria defects do not affect repair of UV-
induced DNA damage

Recently we have shown that AMPK activation and auto-
phagy promotes repair of UV-induced DNA damage.26,27 To
determine whether Mito-CP affect repair of UV-induced
DNA damage, we compared DNA repair kinetics between
cells with or without defective mitochondria. Neither Mito-
CP nor loss of CYTB had effect on repair of either cyclo-
butane pyrimidine dimer (CPD) or 6-4 photoproducts (6-
4 PP) (Fig. 5AeD), two major DNA damage products induced
by UV-irradiation. These data demonstrate that although
defective mitochondria induce AMPK activation and auto-
phagy, they do not affect UV-induced DNA damage repair.

Mitochondria dysfunction interacts with autophagy
and AMPK to promote cell survival

To determine the function of AMPK or autophagy in cellular
response to mitochondrial dysfunction, we assessed the
effect of mitochondria inhibition on apoptosis between
cells with or without AMPK inhibition or autophagy inhibi-
tion. Loss of CYTB sensitizes cells to UV-induced apoptosis
as indicated by PARP cleavage (Fig. 6A). Inhibiting auto-
phagy by its inhibitor 3-MA increased UV-induced apoptosis
(Fig. 6A). Mito-CP induced apoptosis in WT cells, while
CYTB-deficient cells were resistant to Mito-CP-induced
apoptosis (Fig. 6B). Autophagy deficiency sensitized cells
to Mito-CP-induced apoptosis (Fig. 6C). Loss of AMPK
Fig. 3 Mitochondria dysfunction activates autophagy. (A)
Immunoblot analysis of LC3-I/II and GAPDH in WT and CYTB KO
143B cells treated with vehicle or bafilomycin A1 (BfA1, 20 nM)
for 6 h. (B) Immunoblot analysis of LC3-I/II and GAPDH in
HaCaT cells pretreated with vehicle or bafilomycin A1 (BfA1,
20 nM) for 2 h and in combination with vehicle or Mito-CP (1 mM)
for 6 h.



Fig. 4 AMPK activation is required for autophagy induction in cells with defective mitochondria. (A) Immunoblot analysis of p-
AMPK (Thr 172), AMPK, LC3-I/II and GAPDH in mouse embryonic fibroblasts (MEF) with wild-type (WT) or ATG5 knockout (KO)
treated with vehicle or Mito-CP (1 mM) for 6 h. (B) Immunoblot analysis of p-AMPK (Thr 172), AMPK, LC3-I/II and GAPDH in MEF cells
with wild-type (WT) or AMPK knockout (KO) treated with vehicle or Mito-CP (1 mM) for 6 h. (C) Immunoblot analysis of LC3-I/II and
GAPDH in cells same as in (B) except treatment with bafilomycin A1 (BfA1, 20 nM) for 6 h.

Mitochondrial dysfunction induces autophagy 85
sensitized cells to Mito-CP-induced apoptosis (Fig. 6D).
These results demonstrate that AMPK activation and auto-
phagy induction promote cell survival.

Discussion

Autophagy is a cellular self-eating process. In response to
stresses, the cells can activate both autophagy and
apoptosis pathways. On one hand, autophagy induction can
suppress cell death such as apoptosis; on the other hand, it
can also lead to the alternative form of cell death, i.e.
autophagic cell death.28 In this study, we show that cells
with defective mitochondria induce autophagy to promote
cell survival through activating the AMPK pathway (Fig. 6E).
Mitochondria dysfunction has no effect of DNA repair of UV-
induced DNA damage. However, mitochondria dysfunction
sensitizes cells to apoptosis induced by UV radiation,
possibly due to reduced energy production. Genetic inhi-
bition of autophagy or AMPK sensitized cells to apoptosis in
cells with defective mitochondria. Our results demonstrate
that AMPK and autophagy senses mitochondria dysfunction
Fig. 5 Mitochondria dysfunction does not affect DNA repair follow
(A) and 6-4 PP (B) levels in HaCaT cells at 0, 6, and 24 h post UV-irra
(1 mM) for 1 h. (CeD) Slot blot analysis of CPD levels (C) and 6-4 PP (D
irradiation (20 mJ/cm2). The quantification of DNA repair in perce
and serves as a mechanism for survival. Our findings may
provide new insights into the connection between mito-
chondria function and autophagy process in maintaining
tissue homeostasis, and suggest that this interplay may play
important roles in diseases such as cancer and
neurodegeneration.

Mitochondria carry out diverse functions, producing ATP
and many biosynthetic intermediates. Mitochondrial
dysfunction is implicated in multiple common diseases,
including neurodegeneration, cardiomyopathies, metabolic
syndromes, cancer, and obesity.29 Mitochondria can be
degraded through autophagy pathway called mitophagy.
Inhibiting mitochondria respiration or bioenergetics induces
autophagy through AMPK. It is likely that depletion of ATP
triggered the activation of the energy-sensing AMPK
signaling, which subsequently induced autophagy.30

Autophagy has been demonstrated to mediate cell sur-
vival under stress conditions,5 including energy stress and
UV radiation.22,23 On one hand, autophagy defects in the
central nervous system lead to neurodegeneration in
mice.31,32 On the other hand, autophagy has been utilized
ing UV-induced damage. (A, B) Slot blot analysis of CPD levels
diation (20 mJ/cm2) after pretreatment with vehicle or Mito-CP
) levels in WT and CYTB KO 143B cells at 0, 6, and 24 h post UV-
ntage is shown below the corresponding slot blot assay.



Fig. 6 AMPK-mediated autophagy promotes cell survival in cells with defective mitochondria. (A) Immunoblot analysis of PARP
and GAPDH in WT and CYTB KO 143B cells at 24 h post-UV (20 mJ/cm2) after pretreatment with the autophagy inhibitor 3-MA (5 mM)
for 3 h. (B) Immunoblot analysis of PARP and GAPDH in WT and CYTB KO 143B cells treated with vehicle or Mito-CP (1 mM) for 24 h.
(C) Immunoblot analysis of PARP and GAPDH in WT and ATG5 KO MEF cells treated with vehicle or Mito-CP (1 mM) for 24 h. (D)
Immunoblot analysis of PARP and GAPDH in WT and AMPK KO MEF cells treated with vehicle or Mito-CP (1 mM) for 24 h. (E) Schematic
for the regulation of AMPK and autophagy by mitochondrial dysfunction in cell survival.
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by some cancer cells for metabolic and survival
advantages.4,33e35 We found that Mito-CP and genetic loss
of mitochondrial respiration induces autophagy to promote
cell survival. Indeed, a recent report demonstrated that
another mitochondria-targeted agent mitoquinone induces
autophagy in breast cancer cells; such autophagy induction
by mitoquinone is positively correlated with growth arrest
and cell death.36

Mitochondria-targeted agents including Mito-carboxy
proxyl (Mito-CP) has been synthesized and found as a
mitochondria-targeted antioxidant.37 Mito-CP also de-
creases ATP production. The effect of Mito-CP on cell pro-
liferation and apoptosis is found to be mediated through
inhibiting mitochondria bioenergetics rather than its anti-
oxidant function.21 Here, we found that Mito-CP activated
AMPK signaling and induced autophagy similar to genetic
loss of mitochondria respiration function. Cells with genetic
loss of CYTB were refractory to Mito-CP-induced apoptosis,
indicating that Mito-CP targeted mitochondria respiration.

Opposite to what we predicted, mitochondrial dysfunc-
tion did not affect DNA repair of UV-induced genomic
damage. We have recently shown that both AMPK and
autophagy positively regulates UV-induced DNA damage
repair.26,27 It is possible that induction of AMPK and auto-
phagy counteracted the potential negative regulation of
DNA repair in cells with defective mitochondria.

In conclusion, we have demonstrated that cells with
defective mitochondria induce autophagy to promote cell
survival through activating the AMPK pathway. AMPK and
autophagy senses mitochondria dysfunction and serves as a
mechanism for survival. Our findings may provide new in-
sights into the connection between mitochondria function
and autophagy process in maintaining tissue homeostasis,
and suggest important roles of mitochondria-autophagy
interplay in diseases such as cancer and
neurodegeneration.
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