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AMPK-GSK3b signaling
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Abstract Mitochondrial dysfunction and epithelial-to-

mesenchymal transition (EMT) play important roles in

cancer development and metastasis. However, very little is

known about the connection between mitochondrial dys-

function and EMT. Tu translation elongation factor,

mitochondrial (TUFM), a key factor in the translational

expression of mitochondrial DNA, plays an important role

in the control of mitochondrial function. Here, we show

that TUFM is downregulated in human cancer tissues.

TUFM expression level was positively correlated with that

of E-cadherin and decreased significantly during the pro-

gression of human lung cancer. TUFM knockdown induced

EMT, reduced mitochondrial respiratory chain activity, and

increased glycolytic function and the production of reactive

oxygen species (ROS). Mechanistically, TUFM knock-

down activated AMPK and phosphorylated GSK3b and

increased the nuclear accumulation of b-catenin, leading to

the induction of EMT and increased migration and

metastasis of A549 lung cancer cells. Although TUFM

knockdown also induced EMT of MCF7 breast cancer

cells, the underlying mechanism appeared somewhat dif-

ferent from that in lung cancer cells. Our work identifies

TUFM as a novel regulator of EMT and suggests a

molecular link between mitochondrial dysfunction and

EMT induction.
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Abbreviations

EMT Epithelial-to-mesenchymal transition

TUFM Tu translation elongation factor, mitochondrial

GLUT1 Glucose transporter 1

GLUT4 Glucose transporter 4

LDHA Lactate dehydrogenase A

ECAR Extracellular acidification rate

2-DG 2-Deoxyglucose

AMPK AMP-activated protein kinase

GSK3b Glycogen synthase kinase 3b
ACC Acetyl-CoA carboxylase

AXIN2 Axis inhibition protein 2

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

CTCs Circulating tumor cells

Introduction

Mitochondria play essential roles in oxidative metabolism

and various other cellular processes and mitochondrial

dysfunction has been implicated in many human diseases,

including cancers [1, 2]. The activities and expression levels

of mitochondrial respiratory chain enzymes are downregu-

lated in many types of cancer and a high mutation rate in

mitochondrial DNA (mtDNA) and nuclear genes encoding

mitochondrial proteins has been reported [3, 4]. Epithelial-

to-mesenchymal transition (EMT) is an important process

that contributes to cancer metastasis. Cancer cells can detach
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from the primary tumor and intravasate into lymph or blood

vessels through EMT.Moreover, EMT can endow cells with

the ability to resist anoikis, senescence, and immune defense

[5]. EMT can be induced by many factors including oxida-

tive and hypoxic stresses [6–8]. Interestingly, both oxidative

and hypoxic stresses are highly linked to mitochondrial

dysfunction. It has also been reported that a decrease in the

content of mtDNA in human breast cancer cells induces

EMT [9]. Mitochondrial pyrimidine nucleotide carrier 1

(PNC1), which controls mitochondrial DNA replication and

the transcriptional ratio of mitochondrial genes relative to

nuclear genes, has been shown to be involved in the regu-

lation of EMT through a reactive oxygen species (ROS)-

dependent pathway [10]. Recent reports of suppression of

mitochondrial respiration by transforming growth factor

beta (TGF-b) and Wnt/Snail and the involvement of mito-

chondrial dysfunction in aldosterone-induced EMT in renal

tubular epithelial cells suggest that mitochondrial dysfunc-

tion and EMT are closely linked biological processes [11–

13]. However, whether mitochondrial dysfunction directly

contributes to the induction of EMT and the mechanism

underlying EMT regulation remain largely unknown.

Mitochondria possess their own genome and highly

specialized transcription, translation, and protein-assembly

machineries. It is well known that mtDNA-encoded pro-

teins are essential components of the mitochondrial

respiratory complexes. TUFM is a nuclear gene-encoded

protein that is critical for mitochondrial respiratory func-

tion. It is a key factor for the translation of mitochondrial

genes, which controls the amino acid elongation of

mtDNA-encoded peptides [14]. The protein levels of

TUFM were found to be decreased during TGF-b1-induced
EMT and apoptosis [15]. However, whether TUFM plays

an important role in regulating EMT and the invasive/

metastatic potential of cancer cells remains unknown. In

this study, we investigated the regulatory effect of TUFM

on EMT and the implications of this effect in lung cancer.

Our results indicate that TUFM is essential for maintaining

the epithelial phenotype of human lung cancer cells.

Downregulation of TUFM reduced mitochondrial respira-

tory chain activity and increased ROS production, which

induced EMT and the migration and invasion of lung

cancer cells via a mechanism involving activation of the

AMPK-GSK3b/b-catenin pathway.

Materials and methods

Cell culture

A549, CCL64, NCI-H446, MCF7, MDA-MB-453, MDA-

MB-231 and 293T cells were originally purchased from the

American Type Culture Collection. A549, MDA-MB-453,

MDA-MB-231, and 293T cells were cultured in DMEM

(Thermo Scientific HyClone) containing 10 % FBS sup-

plemented with penicillin (100 units/ml) and streptomycin

(100 mg/ml; Life Technologies Gibco). NCI-H446 cells

were cultured in RPMI 1640 medium (Thermo Scientific

Hyclone) containing 10 % FBS supplemented with peni-

cillin (100 units/ml) and streptomycin (100 mg/ml). MCF7

cells were cultured in DMEM containing 10 % FBS sup-

plemented with penicillin (100 units/ml), streptomycin

(100 mg/ml) and insulin (0.01 mg/ml; Sigma). CCL64

cells were cultured in MEM (Thermo Scientific Hyclone)

containing 10 % FBS supplemented with penicillin (100

units/ml), streptomycin (100 mg/ml) and non-essential

amino acids. All cells were incubated at 37 �C in a

humidified atmosphere with 5 % CO2.

Reagents and antibodies

Human recombinant TGF-b1 was purchased from Chemi-

Con. The antibody against TUFM (#AP2918a) was pur-

chased from Abgent. The antibody against ZO-1 (#339100)

was purchased from Invitrogen. Antibodies against

E-cadherin (#610182), N-cadherin (#610921) and c-catenin
(#610254) were obtained from BD Biosciences. Antibodies

against vimentin (#sc-53464), actin (#sc-47778), PARP

(#sc-25780), tubulin (#sc-55529) and b-catenin (#sc-7693)

were obtained from Santa Cruz Biotechnology. Antibodies

against ACC (#3676), p-ACC (S79) (#3661), AMPKa
(#2532), p-AMPKa (T172) (#2535s), GSK3b (#9315),

p-GSK3b (S9) (#9323), LC3 (#3868) and snail (#3895)

were purchased from Cell Signaling Technology. The

antibody against fibronectin (#F3648), the N-acetyl cys-

teine (NAC) and Compound C were purchased from

Sigma.

Cell migration assays

Wound-healing and transwell assays were performed as

described previously [16].

Colony formation in soft agar

The base agar was made by mixing equal volumes of 1.2 %

agar and 29 DMEM. The top agar was made by mixing

equal volumes of 0.6 % agar and 2 9 DMEM. Then,

1 9 104 cells were seeded in the top agar of each dish.

Clones were counted after 2 weeks.

Cell cycle analysis

Cells were trypsinized, suspended in PBS, and fixed with

1 ml of 70 % ethanol overnight at -20 �C. After cen-

trifugation, cells were resuspended in 500 ll of PBS and
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digested with RNase A (0.1 mg/ml) for 1 h at 37 �C. Cells
were then stained with PI (0.1 mg/ml) for 30 min at room

temperature and protected from light. The DNA content of

cells was measured using flow cytometry (Becton–Dick-

inson FACSCalibur).

BrdU cell proliferation assay

Cell proliferation was examined using a BrdU cell prolif-

eration assay kit (Cell Signaling Technology) according to

the manufacturer’s instructions.

shRNAs and plasmids

shRNAs were inserted into the pLKO.1-TRC plasmid fol-

lowing the Addgene instructions. The following shRNA

sequences were used to target human TUFM: 50-CAGC
CAATGATCTTAGAGAAA-30; 50-GCTCACCGAGTTTG
GCTATAA-30. The following shRNA sequences were used

to target human b-catenin: 50-AAGCCACAAGATTAC
AAGAAA-30; 50-AAGTGAAGAATGCACAAGAAT-30.
The following shRNA sequence was used to target human

AMPKa: 50-AACTATGCTGCACCAGAAGTA-30. The

scrambled shRNA sequence used is 50-CCTAAGGT
TAAGTCGCCCTCG-30.

Western blotting and immunofluorescent staining

Western blotting and immunofluorescent staining were

performed as previously described [17].

Lentiviral transduction

Lentiviruses for gene knockdown were produced as pre-

viously described [18].

Measurement of mRNA by real-time PCR

Total RNA was extracted from cells using TRIzol reagent

(Tiangen) according to the manufacturer’s instructions.

mRNA was reverse transcribed for 30 min at 42 �C using

ReverTra Ace (Toyobo) according to the manufacturer’s

instructions. Real-time PCR was performed using qPCR

SYBR Green PCR Master Mix (Vazyme) with an Applied

Biosystems 7500 Fast Real-time PCR system. The fol-

lowing primers were used:

Analysis of glycolytic activity

Glycolytic activity was assessed by a Seahorse XF24

Extracellular Flux Analyzer (Seahorse Bioscience). A549

cells were cultured on Seahorse XF24 plates at a density of

30,000/well and glycolytic capacity was measured using

XF Glycolysis Stress Test Kit according to the manufac-

turer’s instructions (Seahorse Bioscience).

Measurement of cellular ROS

Cells were trypsinized, suspended in 0.5 ml serum-free

DMEM, and incubated with 10 lmol/L of 20,70-dichlo-
rofluorescein (DCFH) diacetate for 20 min at 37 �C. Then,
the cells were washed three times with serum-free DMEM.

The fluorescence of the cells was measured at 525-nm

wavelength with a flow cytometer (Becton–Dickinson

FACSCalibur).

Nuclear extraction

Cells were washed with PBS and resuspended in 400 ll of
hypotonic buffer [10 mM HEPES (pH 7.9), 1.5 mM

Forward (50–30) Reverse (50–30)

GLUT1 TCTGGCATCAACGCTGTCTTC CGATACCGGAGCCAATGGT

GLUT4 TGGGCGGCATGATTTCCTC GCCAGGACATTGTTGACCAG

LDHA TTGACCTACGTGGCTTGGAAG GGTAACGGAATCGGGCTGAAT

Axin2 ACCAAGTCCTTACACTCCTT AGAAGTCTAAGGTATCCACG

GAPDH (homo) AGCCACATCGCTCAGACACCAT CAAGCTTCCCGTTCTCAGCCTT

GAPDH (mus) CGTCCCGTAGACAAAATGGTG GCTTCCCGTTGATGACAAGCT

Slug CGAACTGGACACACATACAGT CTGAGGATCTCTGGTTGTGGT

Twist CAAGAGGCGCAAACAAGCC GGTTGGCAATACCGTCATCC

Zeb2 CAAGAGGCGCAAACAAGCC GGTTGGCAATACCGTCATCC
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MgCl2, 10 mM KCl, 0.5 mM DTT and fresh protease and

phosphatase inhibitors]. After incubation for 10 min on ice,

cells were mixed with 10 ll of 10 % NP-40 and cen-

trifuged for 5 min at 5009g. The precipitate was washed

with hypotonic buffer 3 times and then resuspended in

hypertonic buffer [20 mM HEPES (pH 7.9), 1.5 mM

MgCl2, 420 mM NaCl, 0.2 mM EDTA and 25 % glycerol,

with fresh protease and phosphatase inhibitors] for 45 min

at 4 �C. The suspension was centrifuged for 10 min at

20,0009g, and the supernatant was collected as the nuclear

extracts.

ATP and NAD1/NADH quantification

The intracellular ATP content and the NAD?/NADH ratio

were examined using an ATP bioluminescent assay kit

(Beyotime) and a NAD?/NADH quantification kit

(BioVision) according to the manufacturer’s instructions.

Measurement of enzyme activity in complex I

and complex IV

The enzyme activities of cellular complexes I and IV were

determined using the enzyme activity assay kits for each

complex (Abcam) according to the manufacturer’s

instructions.

Tissue microarray immunohistochemistry

Human lung adenocarcinoma tissue microarrays were

purchased from the National Engineering Center for Bio-

chip at Shanghai, China. The product ID of the tissue

microarray used was Hlug-Ade060PG-01. The sections

were dewaxed, rehydrated and treated with H2O2. The

sections were incubated with TUFM antibody (1:150) and

E-cadherin antibody (1:500) at 4 �C overnight followed by

incubation with secondary antibody for 30 min at room

temperature. After washing, the antibody was visualized

using diaminobenzidine/H2O2 substrate, and the nuclei

were stained with hematoxylin.

Animal experiments

All animal experiments were performed in accordance with

the ethical guidelines of the Institute of Biochemistry and

Cell Biology (Shanghai Institutes for Biological Sciences,

Chinese Academy of Science). For the analysis of in vivo

tumor growth and invasion, 1 9 107 A549 cells in 200 ll
of DMEM were subcutaneously injected into each 4- to

6-week-old nude mouse (n = 5). At 7 weeks after injec-

tion, mice were euthanized, whole blood was collected, and

the tumors were surgically isolated and weighed. RNA

from the whole blood was extracted and reverse

transcribed. The human cancer cells in the mouse circu-

lating blood were examined using real-time PCR by

detecting the mRNA of human GADPH (glyceraldehyde-3-

phosphate dehydrogenase) which is expressed only in

human CTCs. The amount of human GADPH was nor-

malized to mouse GAPDH with the specific primers for

human and mouse GAPDH. For the analysis of in vivo

metastasis, 5 9 105 cells were injected into the tail veins of

8-week-old nude mice (n = 6 or n = 7). After 2 months,

the lungs of the nude mice were surgically isolated, and the

number of surface metastases per lung was determined

under a dissecting microscope.

Statistical analysis

For statistical analyses, quantitative data from at least three

experiments were compared and are expressed as the

mean ± SD. Statistical significance was determined using

Student’s t test or one-way ANOVA. P values\ 0.05 were

considered statistically significant (*P\ 0.05; **P\ 0.01).

Results

TUFM expression decreases during tumor

progression

To investigate the role of TUFM in EMT and tumor

development, we analyzed the expression levels of TUFM

in clinical tumor samples through the online database

Oncomine. Compared with normal tissues, TUFM levels

are significantly decreased in several types of cancer

(Fig. 1a). In addition, TUFM levels are positively corre-

lated with E-cadherin levels in human lung

adenocarcinoma tissues, as determined by immunohisto-

chemistry (Fig. 1b). A correlation between TUFM level

and EMT in breast cancer cells was also observed, as

assessed by cell morphology, EMT markers, and cell

migratory ability (Supplementary Fig. S1). Importantly, we

observed that TUFM levels decreased progressively with

the progression of lung adenocarcinoma (Fig. 1c). Fur-

thermore, TUFM protein level was lower in infiltrating

bladder urothelial carcinoma than in superficial bladder

cancer tissues (Supplementary Fig. S2). These data imply

that TUFM is involved in maintaining the epithelial phe-

notype and is downregulated in tumors.

Knockdown of TUFM induces EMT in lung cancer

cells

Further investigation showed that knockdown of TUFM in

A549 and H446 human lung cancer cells induced mor-

phologic changes from a square-like to a spindle-like shape
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(Fig. 2a). Immunofluorescent assays revealed F-actin

rearrangement in A549 cells (Fig. 2b). Consistent with

these findings, decreased levels of epithelial marker pro-

teins (ZO-1 and E-cadherin) and increased protein levels of

mesenchymal markers (N-cadherin, fibronectin, and

vimentin) were detected in A549 cells. In addition,

expression of Snail was induced. Knockdown of TUFM in

H446 cells also induced EMT, as shown by decreased

levels of ZO-1 and E-cadherin and increased expression of

fibronectin (Fig. 2c). H446 is a lung cancer cell line that

has a relatively strong mesenchymal phenotype, and the

basal levels of mesenchymal marker proteins N-cadherin

and vimentin are correspondingly higher than in A549

cells. In addition, the basal level of Snail is also relatively

high in H446 cells. In these cells, TUFM knockdown could

not further increase the levels of mesenchymal marker

proteins N-cadherin and vimentin, and there was only a

weak increase in the level of Snail. Changes in the cellular

levels and distribution of E-cadherin and fibronectin in

A549 cells induced by TUFM knockdown were determined

Fig. 1 Decreased TUFM levels are correlated with tumor progres-

sion. a Oncomine box plots of TUFM expression levels in multiple

advanced human cancers, showing the number of samples and

P values. b Three representative lung cancer tissue samples with high

and low expression levels of TUFM and E-cadherin were examined

by immunohistochemistry (upper). Statistical data are shown in the

table (bottom). c Immunohistochemical analysis of expression levels

of TUFM in three representative lung cancer tissue samples at

different pathologic stages
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Fig. 2 Knockdown of TUFM induces EMT. a TUFM-knockdown-

induced morphologic changes in lung cancer cell lines. Cells were

photographed at 9200 magnification. Scr, scramble control (shRNA

against a scrambled sequence). b TUFM-knockdown-induced F-actin

rearrangement was detected by immunofluorescent staining. c Protein

levels of EMT marker proteins ZO-1, E-cadherin, fibronectin,

N-cadherin, vimentin, Snail were examined by immunoblotting.

d Immunofluorescent staining of E-cadherin and fibronectin in A549

cells. e Relative mRNA levels of Slug, Twist, and Zeb2 in control and

TUFM-knockdown A549 cells were quantified using real-time PCR.

f Levels of E-cadherin and c-catenin in MCF7 cells were examined by

immunoblotting
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using immunofluorescent assays (Fig. 2d). Increased

mRNA level of EMT-inducing factors such as Slug, Twist,

and zeb2 was also observed in A549 cells (Fig. 2e). In

addition, overexpression of mouse TUFM abolished the

changes induced by TUFM knockdown in A549 cells

(Supplementary Fig. S3A–C). However, TUFM overex-

pression could not induce mesenchymal-to-epithelial

transition (MET) in H1299 and H1650 lung cancer cells,

which exhibited a relatively strong mesenchymal pheno-

type (Supplementary Fig. S3D, E). TUFM knockdown also

induced EMT in MCF7 breast cancer cells, as determined

by decreased expression levels of E-cadherin and c-catenin
(Fig. 2f). These results indicate that TUFM plays a role in

maintaining the epithelial phenotype of cancer cells.

Knockdown of TUFM promotes lung cancer cell

migration, invasion, metastasis, and anchorage-

independent growth

Because EMT is associated with the invasive growth and

metastasis of cancers, we also examined the effects of

TUFM knockdown on the migration, invasion, and

metastasis of lung cancer cells. Wound-healing (Fig. 3a)

and transwell (Fig. 3b) assays showed that TUFM knock-

down significantly increased the migratory ability of A549

cells. The ability of TUFM-knockdown A549 cells to

invade from the primary tumor into blood vessels was also

significantly increased in vivo, as determined by the pres-

ence of circulating tumor cells in a mouse xenograft model

(Fig. 3c). To examine whether TUFM knockdown enhan-

ces the metastasis of lung cancer cells in vivo, we injected

control or TUFM-knockdown A549 cells into the tail veins

of nude mice and found that knockdown of TUFM sig-

nificantly promoted the formation of metastatic nodules in

lungs (Fig. 3d–f). Moreover, TUFM knockdown signifi-

cantly increased the survival of tumor cells in the blood

(Supplementary Fig. S4) and increased colony formation of

A549 cells in soft agar (Fig. 3g). These results suggest that

TUFM knockdown increased the ability of lung cancer

cells to resist anoikis.

Because normal mitochondrial function is important for

cell growth, we also examined the influence of TUFM

knockdown on the cell proliferation rate. Knockdown of

TUFM inhibited cell proliferation as examined with a BrdU

incorporation assay (Fig. 4a). As shown in Fig. 4b, TUFM

knockdown caused significant arrest at the G2/M phase,

which is consistent with a previous report that mitochon-

drial respiration activity is required for cells to proceed

through the G2/M transition [19]. To investigate whether

TUFM knockdown impairs the growth of xenografted lung

cancer cells, we subcutaneously injected TUFM-knock-

down A549 cells and control cells into nude mice and

examined tumor growth using photography and surgical

isolation. As shown in Fig. 4c–f, TUFM knockdown sig-

nificantly reduced the tumor growth rate in vivo (Fig. 4e,

f). These results indicate that TUFM is important for the

growth of lung cancer cells. Thus, TUFM knockdown

induced EMT and increased cell migration, invasion and

metastasis, but reduced the rate of cell proliferation.

TUFM knockdown reduced mitochondrial

respiratory chain activity and increased glycolysis

and reactive oxygen species production in lung

cancer cells

Because TUFM is essential for normal mitochondrial

function, we next investigated whether TUFM knockdown

affected mitochondrial respiratory chain activities. Con-

sistent with a previously published report [20], TUFM

knockdown decreased the expression levels of COX1

(cytochrome c oxidase 1) and COX2, which are encoded by

mtDNA, indicating that TUFM knockdown suppressed the

translation of mtDNA (Fig. 5a). In addition, the enzymatic

activities of mitochondrial respiratory complex I and

complex IV, which contain several mtDNA-encoded pro-

teins, were significantly decreased by TUFM knockdown

(Fig. 5b, c). Complex I is an essential respiratory enzyme

that catalyzes NADH oxidation, and TUFM knockdown

significantly decreased the NAD?/NADH ratio in whole

cell extracts (Fig. 5d). ATP is a major product of the

mitochondrial respiratory chain, and TUFM knockdown

also significantly decreased the cellular ATP levels

(Fig. 5e). These results suggest that TUFM knockdown

impairs mitochondrial respiratory chain activity. Inhibition

of mitochondrial oxidation has been shown to increase

levels of ROS [21, 22] and, accordingly, TUFM knock-

down significantly increased ROS levels in A549 cells

(Fig. 5f). As EMT can be associated with increased gly-

colysis, and impaired mitochondrial function can increase

glycolysis in cancer cells [12, 23], we examined whether

TUFM knockdown affected glycolytic function. The

extracellular acidification rate (ECAR) reflects the gly-

colytic function of cells. Strikingly, TUFM knockdown

increased glycolysis of lung cancer cells (Fig. 5g) and

markedly induced the expression of the glycolytic genes

glucose transporter 1 (GLUT1), glucose transporter 4

(GLUT4), and lactate dehydrogenase A (LDHA) (Fig. 5h).

These results confirmed that impaired mitochondrial

function could promote glycolysis.

AMPK plays a role in TUFM-knockdown-induced

EMT

AMP-activated protein kinase (AMPK) is a highly con-

served serine/threonine protein kinase that plays an

important role in the regulation of cellular energy
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metabolism and other biological functions. AMPK is typ-

ically activated in response to cellular stresses such as a

high AMP: ATP ratio, hypoxia, and oxidative stress [24,

25]. Because TUFM knockdown significantly decreased

the ATP level and increased ROS production in lung

cancer cells, we examined whether the effects of TUFM

knockdown are associated with AMPK activation. Indeed,

TUFM knockdown significantly activated AMPK in A549

and H446 cells, as shown by phosphorylation of AMPKa
and its downstream target acetyl-CoA carboxylase (ACC)

(Fig. 6a). Treatment of cells with H2O2 significantly

induced AMPK activation (Fig. 6b), whereas NAC treat-

ment reduced the AMPK activation induced by TUFM

knockdown (Fig. 6c). These data suggest that ROS are

important in AMPK activation mediated by TUFM

knockdown. AMPK activation has been previously shown

to be required for TGF-b1-induced EMT in mouse hepa-

tocytes [26] and we observed that TGF-b1 activated

AMPK during EMT induction in A549 cells (Supplemen-

tary Fig. S5A). Inhibition of AMPK activation by

Compound C or AMPKa knockdown suppressed TGF-b1-
induced EMT in A549 cells (Supplementary Fig. S5B, C).

Notably, as shown in Supplementary Fig. S6, the AMPK

activator AICAR had no obvious effect on TGF-b-induced
EMT in A549 cells, as determined by cell morphology and

expression levels of E-cadherin and N-cadherin

bFig. 3 Effects of TUFM knockdown on cell migration, invasion, and

metastasis. a Cell migration was examined by wound-healing assays.

Scr, scramble control (shRNA against scrambled sequence); shTu,

TUFM knockdown. Cell morphology was examined at the indicated

time points after scratching. Data shown are a representative result of

three independent experiments (left) with statistical analysis (right).

b Cell migration was examined by transwell assays. Data shown are a

representative result of three independent experiments (left) with

statistical analysis (right). c At 7 weeks after subcutaneous injection

of control or TUFM-knockdown A549 cells, the levels of circulating

tumor cells in the blood were determined by real-time PCR. Statistical

data for three independent experiments are presented. d Lungs of

nude mice were surgically isolated and photographed 2 months after

tail vein injection of control or TUFM-knockdown A549 cells. Lung

surface metastatic nodules are indicated by black arrows. e Histologic

analysis by hematoxylin and eosin staining of lungs 2 months after

tail vein injection. f The number of surface metastases per lung was

determined using a dissecting microscope, and statistical analysis is

presented. g The effect of TUFM knockdown on anchorage-indepen-

dent growth of A549 cells was determined by a colony formation

assay in soft agar. Data shown are a representative result of three

independent experiments (left) with statistical analysis (right)

Fig. 4 TUFM knockdown reduces cell proliferation and xenograft

tumor growth. a Cell proliferation was examined by BrdU incorpo-

ration assay. The inhibitory effect of TGF-b (5 ng/ml, 24 h) on

CCL64 cells was used as a positive control. Data shown represent

statistical analysis of three independent experiments. b The percent-

age of cells in different cell cycle phases was examined using FACS,

and statistical analysis is shown. c, d At 7 weeks after subcutaneous

injection of control or TUFM-knockdown A549 cells, nude mice were

photographed (c), and tumors from each mouse were surgically

isolated (d). e Control and TUFM-knockdown tumors were weighed

after surgical isolation. Data shown are the statistical analysis of three

independent experiments. f The diameters of control and TUFM-

knockdown tumors were measured at the indicated time points.

Statistical data of three independent experiments are presented
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(Supplementary Fig. S6A, S6B). The same results were

observed with overexpression of AMPKa or a constitu-

tively activated AMPKa mutant (CA-AMPKa)

(Supplementary Fig. S6C, S6D). Consistent with these

findings, AMPK activator or AMPK overexpression had no

feedback effect on the phosphorylation of Smad2 and

Fig. 5 TUFM knockdown reduces mitochondrial oxidative phospho-

rylation and increased reactive oxygen species (ROS) production and

glycolysis in lung cancer cells. a Protein levels of COX1 and COX2

in the indicated cells were examined by immunoblotting. b, c Effects

of TUFM knockdown on the enzymatic activities of complex I (b) and
complex IV (c) in A549 cells. Data shown are the statistical analysis

of three independent experiments. d, e Effects of TUFM knockdown

on cellular NAD?/NADH ratios (d) and ATP levels (e) in A549 cells.

Data shown are the statistical analysis of three independent exper-

iments. f ROS levels in control and TUFM-knockdown A549 cells

were detected by FACS. Data shown are statistical analysis of three

independent experiments. g Kinetic chart of Seahorse XFe24

glycolysis stress analysis. Cells were incubated in the absence of

glucose for 1 h, and then glucose (10 mM), oligomycin (1 lM), and

2-DG (100 mM) were added. Glycolytic function was assessed by

measuring the extracellular acidification rate (ECAR). h Relative

mRNA levels of GLUT1, GLUT4, and LDHA in control and TUFM-

knockdown A549 cells were quantified using real-time PCR. Data

shown are statistical analysis of three independent experiments
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Fig. 6 AMPK activation is essential for EMT induction by TUFM

knockdown. a TUFM-knockdown-induced AMPK activation was

assessed by examining the levels of p-AMPK (T172) and p-ACC in

A549 and H446 cells by immunoblotting. b A549 cells were treated

with H2O2 at the indicated concentrations for 2 h and the expression

levels of AMPK and p-AMPK (T172) were determined by

immunoblotting. c Effect of NAC treatment (2 h) on AMPK and

p-AMPK (T172) levels in control and TUFM-knockdown A549 cells.

d–g Inhibition of AMPK activation by AMPKa knockdown sup-

pressed the induction of EMT by TUFM knockdown, as determined

by immunoblotting (d) and immunofluorescent staining of EMT

marker proteins (e), immunofluorescent staining of F-actin (f), and
cell morphologic changes (g). h Cell migration of control and TUFM-

knockdown A549 cells with or without AMPKa knockdown was

examined by the wound-healing assay
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Smad3 (Supplementary Fig. S6E, S6F). These results

imply that the background expression level of AMPK is

sufficient for TGF-b-induced EMT. The fact that AMPK

activation is essential for TGF-b1-induced EMT in human

lung cancer cells prompted us to examine whether AMPK

activation is necessary for TUFM-knockdown-induced

EMT. Downregulation of AMPK (AMPKa) abolished the

TUFM-knockdown-induced EMT, as assessed by levels of

E-cadherin, N-cadherin, and fibronectin (Fig. 6d, e), rear-

rangement of F-actin (Fig. 6f) and cell morphologic

changes (Fig. 6g). Knockdown of AMPKa also suppressed

TUFM-knockdown-induced cell migration in a wound-

healing assay (Fig. 6h). These results suggest that AMPK

is required for the induction of EMT by TUFM

knockdown.

The AMPK-GSK3b/b-catenin pathway is involved

in TUFM-knockdown-induced EMT

The GSK3b/b-catenin pathway has been reported to be

involved in the regulation of glycolytic metabolism and

EMT of cancer cells [27, 28]. To further investigate the

mechanism by which TUFM regulates EMT, we examined

the possible involvement of GSK3b in this process. TUFM

knockdown significantly increased GSK3b phosphoryla-

tion (Fig. 7a) and the mRNA level of Axin2, a downstream

gene in GSK3b signaling (Supplementary Fig. S7A). Fur-

ther examination showed that inhibition of AMPK using

Compound C suppressed both GSK3b phosphorylation

(Fig. 7b) and the increased Axin2 level induced by TUFM

knockdown (Supplementary Fig. S7B). Downregulation of

AMPKa also abolished the GSK3b phosphorylation

induced by TUFM knockdown (Fig. 7c). These results

indicate that TUFM-knockdown-mediated AMPK activa-

tion plays an important role in modulating GSK3b
signaling.

b-catenin can translocate from the cytoplasm to the

nucleus, where it binds to transcription factors to regulate

the expression of EMT-related genes [29]. Since active

GSK3b can interact with b-catenin, promoting its phos-

phorylation and degradation, inactivation of GSK3b by its

phosphorylation can increase the levels of cytosolic and

nuclear b-catenin. Nuclear extraction (Fig. 7d)

immunofluorescent staining (Fig. 7e) assays showed that

TUFM knockdown significantly increased the level of

nuclear b-catenin in A549 cells. Knockdown of TUFM also

increased the level of nuclear b-catenin in H446 cells

(Supplementary Fig. S8A). However, TUFM knockdown

did not significantly affect the location of b-catenin in

MCF7 cells (Supplementary Fig. S8B). This discrepancy is

probably due to differences in the cell type and context

between the MCF7 breast cancer cells and the lung cancer

cells that we used. Because AMPK can stimulate GSK3b

phosphorylation, we hypothesized that AMPK functions in

TUFM-knockdown-induced EMT by increasing the nuclear

accumulation of b-catenin. Consistent with this hypothesis,

inhibition of AMPK activation via AMPKa-knockdown
suppressed the increase in nuclear b-catenin levels induced

by TUFM knockdown (Fig. 7f). To determine whether

GSK3b/b-catenin is involved in TUFM-knockdown-in-

duced EMT, we knocked down endogenous b-catenin in

A549 cells. Knockdown of b-catenin inhibited the TUFM-

knockdown-induced EMT, as shown by E-cadherin levels

(Fig. 7g), cell morphology (Fig. 7h), and F-actin rear-

rangement (Fig. 7i). In addition, b-catenin knockdown

abolished its accumulation in the nuclei (Supplementary

Fig. S9) and suppressed the increase in Axin2 expression in

TUFM-knockdown cells (Fig. 7j), suggesting that the

nuclear translocation of b-catenin induced by TUFM

knockdown is important for increased transcriptional

activity of its target genes. Taken together, these results

suggest that the AMPK/GSK3b/b-catenin signaling path-

way is involved in the TUFM-knockdown-mediated

induction of EMT.

Discussion

Although mitochondrial dysfunction in human cancers has

been documented in many reports, the mechanism by

which mitochondrial dysfunction contributes to tumor

progression remains unclear. EMT is a critical process for

the invasion and metastasis of cancers; however, whether

regulation of EMT is a link between mitochondrial dys-

function and cancer progression is not clear. The

mitochondrial genome encodes several genes that are

essential for mitochondrial function. Because TUFM is

involved in the control of mitochondrial gene translation,

Fig. 7 TUFM knockdown activates the AMPK/GSK3b/b-catenin
pathway. a The effect of TUFM knockdown on GSK3b phosphory-

lation (S9) in A549 cells was examined by immunoblotting. b The

effect of various doses of Compound C (24 h) on the levels of

phosphorylated GSK3b (S9) in control and TUFM-knockdown A549

cells was examined by immunoblotting. c Inhibition of AMPK

activation by AMPKa knockdown inhibited GSK3b phosphorylation

induced by TUFM knockdown, as detected by immunoblotting.

d Isolation of the cytoplasmic and nuclear fractions of control and

TUFM-knockdown cells. Tubulin and PARP were used as loading

controls for the cytoplasmic and nuclear fractions, respectively.

e Immunofluorescent staining of b-catenin in control and TUFM-

knockdown cells. f Cytoplasmic and nuclear fractions of the indicated

cells were isolated. Tubulin and PARP were used as loading controls

for the cytoplasmic and nuclear fractions, respectively. g–i shRNA

targeting b-catenin suppressed TUFM-knockdown-induced EMT, as

assessed by the level of E-cadherin (g), cell morphologic changes (h),
and F-actin rearrangement (i). j Relative mRNA levels of Axin2 in the

indicated cells were quantified using real-time PCR

c
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changes in TUFM levels affect mitochondrial respiratory

chain activity. TUFM-knockdown-mediated inhibition of

the translation of mtDNA-encoded proteins in lung cancer

cells induces both mitochondrial dysfunction and EMT,

suggesting that abnormal mitochondrial gene expression

plays an important role in the induction of EMT. Inter-

estingly, TFAM and PNC1, which control the replication

and transcription of mtDNA, have also been reported to

suppress EMT [9, 10]. These results implicate regulation of

mitochondrial gene expression at multiple levels in the

control of EMT.

EMT plays a critical role in tumor progression, not only

because of its roles in invasion and metastasis, but also

because of its effect on the ability of cancer cells to resist

anoikis. EMT inducers such as TGF-b and Snail have been

shown to inhibit mitochondrial respiration [11, 12],

implying that the induction of EMT is associated with

suppression of mitochondrial oxidative phosphorylation.

Tumor cells with repressed mitochondrial oxidation have

been shown to be more resistant to anoikis [30, 31], sug-

gesting that repression of mitochondrial respiration is

involved in the EMT-associated anoikis resistance. Our

findings that decreased TUFM expression impaired the

expression of mitochondrial gene-encoded proteins and

induced EMT provide novel evidence for a link between

regulation of EMT and mitochondrial dysfunction in lung

cancer cells.

The observation that TUFM knockdown reduced the cell

proliferation rate is consistent with the fact that EMT

induction is usually associated with some degree of growth

inhibition [32–34]. TUFM knockdown strongly reduced

xenograft tumor growth in vivo and significantly inhibited

the proliferation of lung cancer cells in vitro. Glucose

concentrations in tumors are generally much lower than

those in normal tissues [35, 36]. The mitochondrial dys-

function caused by mtDNA mutation can increase the

sensitivity of cancer cells to glucose limitation [37], and we

observed that TUFM knockdown significantly decreased

the resistance of lung cancer cells to low glucose condi-

tions (Supplementary Fig. S10). The concentration of

glucose is much higher in the in vitro culture conditions

than in the growth environment of xenograft tumor cells.

Thus, the growth inhibitory effect of TUFM knockdown

may vary according to glucose availability. TUFM

knockdown significantly reduced the growth of xenograft

lung cancer cells, but increased the migration, anchorage-

independent growth, and anoikis resistance of these cells,

thus promoting their invasion and metastasis. As mito-

chondrial dysfunction can be linked with cancer

progression, the finding that mitochondrial dysfunction

caused by impaired TUFM expression induced EMT pro-

vides insight into the potential mechanism underlying

regulation of EMT.

Although the nuclear and mitochondrial genomes are

relatively independent of one another, communication

between the genomes is essential for various biological

processes [38–40]. TUFM, which is encoded by a nuclear

gene, synthesized in the cytoplasm, and imported into the

mitochondria, regulates expression of the mitochondrial

genome by controlling the translation of mtDNA-encoded

proteins. These phenomena indicate that nuclear gene

products can modulate the expression of mitochondrial

genes. Decreased expression of mtDNA induces mito-

chondrial dysfunction and cellular stresses such as ATP

deficiency and ROS production, which trigger AMPK

activation and the subsequent regulation of nuclear gene

expression and EMT. These results suggest that AMPK is a

critical signal transducer in the communication between the

mitochondrial genome and nuclear genes, and imply that

bidirectional regulation of the mitochondrial and nuclear

genomes is involved in the control of EMT.

AMPK can function as a sensor of cellular redox states

and plays a key role in regulating energy homeostasis. Our

finding that TUFM knockdown induces AMPK activation

is consistent with the observation that TUFM knockdown

induces cellular energy and oxidative stress. The fact that

AMPK activation is critical for the survival of tumor cells

[41] may explain why TUFM knockdown facilitated the

survival of tumor cells in circulating blood. Although a role

of AMPK in regulation of EMT has recently been reported

[26], the underlying mechanism remained unclear. The

present study shows that AMPK can regulate GSK3b
phosphorylation and b-catenin nuclear translocation, which

is essential for TUFM-knockdown-mediated EMT, thus

suggesting that AMPK may regulate EMT by modulating

the GSK3b/b-catenin pathway. It has been reported that

inhibition of GSK3b and activation of b-catenin are

involved in the regulation of aerobic glycolysis and

expression of glycolytic genes [27, 42]. TUFM knockdown

activated the AMPK-GSK3b/b-catenin pathway, promoted

glycolysis, and induced expression of GLUT1 and LDHA.

These data suggest that AMPK can modulate glycolytic

metabolism through regulation of GSK3b. Importantly, the

inhibitory phosphorylation of GSK3b by AMPK has been

shown to protect cells against oxidative stress [43, 44],

further suggesting a role of AMPK-mediated GSK3b
phosphorylation in EMT and related cell behaviors.

Autophagy is a catabolic process by which cellular

material is delivered to lysosomes for degradation [45].

Autophagy is also known to be linked to different types of

cell death [46]. AMPK has been shown to play an impor-

tant role in surveillance of mitochondrial damage and

induction of autophagy [47]. TUFM knockdown impaired

mitochondrial function and activated AMPK, suggesting

that TUFM knockdown may be able to induce autophagy.

Indeed, we observed that TUFM knockdown promoted
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autophagic induction as determined by the conversion of

LC3I to LC3II (supplementary Fig. S11). Importantly, it

has been reported that autophagy can promote the invasion

of hepatocellular carcinoma cells through activation of

EMT [48], implying that autophagic induction might be a

component of the EMT-related events induced by TUFM

knockdown.

In summary, our data show that TUFM plays a critical

role in maintaining the epithelial cell phenotype and

therefore the control of EMT. Loss of TUFM induces EMT

and metastasis of lung cancer cells via a mechanism

involving activation of the AMPK/GSK3b/b-catenin
pathway (Fig. 8). These results provide a molecular link

between mitochondrial dysfunction and EMT, which is

implicated in lung cancer progression.
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