Received: 3 December 2021

Revised: 21 March 2022

Accepted: 26 June 2022

DOI: 10.1002/cac2.12332

ORIGINAL ARTICLE

Snail acetylation by autophagy-derived acetyl-coenzyme A
promotes invasion and metastasis of KRAS-LKB1
co-mutated lung cancer cells
Jang Hee Han1,2,3

Yong Keon Kim1,7

Myung Joon Oh1,7

Sang Bum Kim1

Hyun Ju Yoon1,7
Myung-Shik Lee1
Hyun Seok Kim1,4,7
1 Severance

Hakhyun Kim1,7
Minjee Kim1,7
John D. Minna5

Kook Hwan Kim1
Michael A. White6

Biomedical Science Institute, Yonsei University College of Medicine, Seoul 03722, Korea

2 Department

of Medical Science, Yonsei University Graduate School, Seoul 03722, Korea

3 Department

of Urology, Seoul National University Hospital, Seoul 03722, Korea

4 Checkmate
5 Hamon

Jooyoung Lee1,4

Therapeutics Inc., Seoul 07207, Korea

Center for Therapeutic Oncology Research, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA

6 Department
7 Graduate

of Cell Biology, University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA

School of Medical Science, Brain Korea 21 Project, Yonsei University College of Medicine, Seoul 03722, Korea

Correspondence
Hyun Seok Kim, Severance Biomedical
Science Institute, Yonsei University
College of Medicine, Seoul 03722, Korea.
Email: hsfkim@yuhs.ac
Funding information
Korea Health Technology R & D Project
through the Korea Health Industry
Development Institute, Grant/Award
Number: HI14C1324; National Research
Foundation of Korea, Grant/Award

Abstract
Background: Autophagy is elevated in metastatic tumors and is often associated
with active epithelial-to-mesenchymal transition (EMT). However, the extent to
which EMT is dependent on autophagy is largely unknown. This study aimed to
identify the mechanisms by which autophagy facilitates EMT.
Methods: We employed a liquid chromatography-based metabolomic approach
with kirsten rat sarcoma viral oncogene (KRAS) and liver kinase B1 (LKB1)
gene co-mutated (KL) cells that represent an autophagy/EMT-coactivated
invasive lung cancer subtype for the identification of metabolites linked to
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autophagy-driven EMT activation. Molecular mechanisms of autophagy-driven
EMT activation were further investigated by quantitative real-time polymerase
chain reaction (qRT-PCR), Western blotting analysis, immunoprecipitation,
immunofluorescence staining, and metabolite assays. The effects of chemical
and genetic perturbations on autophagic flux were assessed by two orthogonal
approaches: microtubule-associated protein 1A/1B-light chain 3 (LC3) turnover
analysis by Western blotting and monomeric red fluorescent protein-green
fluorescent protein (mRFP-GFP)-LC3 tandem fluorescent protein quenching
assay. Transcription factor EB (TFEB) activity was measured by coordinated
lysosomal expression and regulation (CLEAR) motif-driven luciferase reporter
assay. Experimental metastasis (tail vein injection) mouse models were used to
evaluate the impact of calcium/calmodulin-dependent protein kinase kinase 2
(CAMKK2) or ATP citrate lyase (ACLY) inhibitors on lung metastasis using IVIS
luciferase imaging system.
Results: We found that autophagy in KL cancer cells increased acetyl-coenzyme
A (acetyl-CoA), which facilitated the acetylation and stabilization of the
EMT-inducing transcription factor Snail. The autophagy/acetyl-CoA/acetylSnail axis was further validated in tumor tissues and in autophagy-activated
pancreatic cancer cells. TFEB acetylation in KL cancer cells sustained prometastatic autophagy in a mammalian target of rapamycin complex 1 (mTORC1)independent manner. Pharmacological inhibition of this axis via CAMKK2
inhibitors or ACLY inhibitors consistently reduced the metastatic capacity of KL
cancer cells in vivo.
Conclusions: This study demonstrates that autophagy-derived acetyl-CoA promotes Snail acetylation and thereby facilitates invasion and metastasis of KRASLKB1 co-mutated lung cancer cells and that inhibition of the autophagy/acetylCoA/acetyl-Snail axis using CAMKK2 or ACLY inhibitors could be a potential
therapeutic strategy to suppress metastasis of KL lung cancer.
KEYWORDS
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BACKGROUND

Lung cancer is the leading cause of cancer death worldwide, and its low survival rate is because approximately
80% of patients are initially diagnosed with regional or distant metastasis [1, 2]. KRAS-mutated non-small cell lung
cancer (NSCLC) exhibits heterogeneous biological characteristics and different therapeutic responses depending
on the accompanying co-mutations with other genes (e.g.,
tumor protein p53 (TP53), liver kinase B1 (STK11/LKB1,
hereafter LKB1), kelch like ECH associated protein
1 (KEAP1), cyclin dependent kinase inhibitor 2A/2B
(CDKN2A/CDKN2B) [3–6]. Specifically, patients harbor-

ing mutations in KRAS and the tumor suppressor gene
LKB1, two commonly mutated genes in NSCLC, develop
aggressive lung tumors, show a high frequency of metastasis and are refractory to the currently available therapies
[7, 8]. In our previous study, we found that KRAS-LKB1
co-mutated (KL) NSCLC cells displayed epithelial-tomesenchymal transition (EMT)-like molecular signatures
and exhibited highly elevated lysosomal/autophagosomelysosomal function [4]. EMT is required for the initiation
of metastasis by changing adherent epithelial cancer cells
into highly motile mesenchymal cells, thereby facilitating
invasion and metastasis [9]. Macroautophagy (autophagy
hereafter) is a lysosome-mediated catabolic process

HAN et al.

3

elevated in metastatic tumors and is often associated with
active EMT [10]. However, the extent to which EMT is
dependent on autophagy and the mechanism by which
autophagy facilitates EMT are largely unknown.
In the present study, we sought to dissect the mechanisms of autophagic activation in KL lung cancer cells and
the mechanisms by which autophagy enhances EMT and
invasion in this aggressive tumor subtype.

2
2.1

MATERIALS AND METHODS
Cell lines and cell culture

HBEC30KT cells are normal human bronchial epithelial cells immortalized with cyclin dependent kinase
4 (CDK4) and human telomerase reverse transcriptase
(hTERT). HBEC30KT-derived cancer progression cell lines
(HBEC30KT, abbreviated as hb30; HBEC30KT-shTP53,
abbreviated as hb30-P; HBEC30KT-shTP53/KRAS G12V,
abbreviated as hb30-KP; and HBEC30KT-shTP53/KRAS
G12V/shLKB1, abbreviated as hb30-KPL) were generated
as previously described [4]. Adenocarcinoma of lung-4
(ACL4) [RPMI-1640 medium (11875-093, Gibco, Waltham,
MA, USA), 2.05 mmol/L L-glutamine supplemented with
0.02 mg/mL insulin, 0.01 mg/mL transferrin, 25 nmol/L
sodium selenite, 50 nmol/L hydrocortisone, 10 mmol/L
hydroxyethyl piperazine ethane sulfonic acid (HEPES),
1 ng/mL epidermal growth factor (EGF), 0.01 mmol/L
ethanolamine, 0.01 mmol/L O-phosphorylethanolamine,
0.1 nmol/L triiodothyronine, 2 mg/mL bovine serum
albumin (BSA), and 0.5 mmol/L sodium pyruvate] supplemented with 2% fetal bovine serum (16000-044, Gibco)
and 1% penicillin-streptomycin (15140122, Gibco) was used
to culture the HBEC30KT progression series at 37◦ C with
5% CO2 . All NSCLC cell lines used in this study, except
the human lung squamous cell carcinoma cell line Calu1, which were purchased from the Korean Cell Line Bank
(Seoul, Korea), were established by our laboratory at the
National Cancer Institute (NCI) and Hamon Center for
Therapeutic Oncology Research (Dallas, TX, USA) [11].
For pancreatic cancer cell lines, the human pancreatic
ductal adenocarcinoma cell line Panc-1 was purchased
from the Korean Cell Line Bank, and human pancreatic
ducal adenocarcinoma cell lines KP4, KP4-1, and PK-59
were purchased from Riken (Tsukuba, Japan). NSCLC
cell lines and pancreatic cancer cell lines were maintained in RPMI-1640 medium supplemented with 5% (v/v)
and 10% (v/v) fetal bovine serum, respectively, and 1%
penicillin-streptomycin at 37◦ C in 5% CO2 . The luciferaseexpressing human lung adenocarcinoma cell line A549-luc
(#JCRB1414) was obtained from the Japanese Collection
of Research Bioresources Cell Bank (Tokyo, Japan). The

A549-luc cell line was maintained in minimum essential
medium (MEM) alpha (12561-056, Gibco) supplemented
with 10% (v/v) fetal bovine serum and 1% penicillinstreptomycin at 37◦ C in 5% CO2 . All cell lines were DNA
fingerprinted (PowerPlex 1.2 Kit, Promega, Madison, WI,
USA) and mycoplasma-free (e-Myco Kit, Boca Scientific,
Dedham, MA, USA). The KRAS G12C and LKB1 mutation statuses of the 11 NSCLC cell lines (A549, NCI-H157,
NCI-H460, NCI-H647, HCC44, NCI-H2030, NCI-H2122,
NCI-H1155, NCI-H358, NCI-H441, HCC461, Calu-1, NCIH1373 and HCC1171) used in this study are described
in Supplementary Table S1. We performed short tandem
repeat-based cell line authentication for cell lines used in
this study. Cell line authentication results are provided in
Supplementary Table S2.

2.2

Western blotting

Cells were harvested, washed with phosphate-buffered
saline (PBS) and lysed on ice with radioimmunoprecipitation assay buffer (R0278, Sigma, Burlington, MA, USA)
containing a protease and phosphatase inhibitor cocktail
(GenDEPOT) for 15 min. Then, the cell lysates were
centrifuged at 4◦ C for 10 min at 15,000 rpm. Protein concentrations were measured by a Bradford assay (500-0006,
Bio-Rad, Hercules, CA, USA). Equal amounts of total
protein were subjected to sodium dodecyl sulfate (SDS) gel
electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad). Membranes were
blocked with 5% skim milk for 1 h at 25◦ C and incubated
overnight at 4◦ C with a primary antibody against target
protein in buffer containing 0.1% Tween 20. Subsequently,
the membranes were washed three times with Tween-PBS
buffer and incubated with secondary antibody (anti-rabbit
IgG or anti-mouse IgG) diluted in blocking buffer containing 0.1% Tween 20 for 1 hour at 25◦ C. The membranes were
subsequently washed three times with Tween-TBS for
10 min each time. Signals of immunoreactive bands were
visualized with a Pierce enhanced chemiluminescence
(ECL) Western blotting substrate (32106, Thermo Fisher
Scientific, Waltham, MA, USA) or SuperSignal West Pico
PLUS chemiluminescent substrate (34578, Thermo Fisher
Scientific). The relative abundance of individual proteins
was measured by quantifying the intensities of individual
protein bands on the Western blots (relative to beta-actin
or heat shock protein 90 [HSP90]) using ImageJ software
(Bethesda, MD, USA). The following antibodies were used
at a 1:1000 dilution: rabbit monoclonal anti-acetyl-CoA
carboxylase 1 (ACC1) (#3676, Cell Signaling Technology,
Danvers, MA, USA, RRID: AB_2219397), rabbit monoclonal anti-Snail (#3879, Cell Signaling Technology, RRID:
AB_2255011), mouse monoclonal anti-Snail (#3895, Cell
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Signaling Technology, RRID: AB_2191759), rabbit polyclonal anti-acetyl-histone H3 (#06-599, Millipore, RRID:
AB_2115283), rabbit monoclonal anti-S6 (#2217, Cell
Signaling Technology, RRID: AB_331355), rabbit monoclonal anti-phospho-S6 (Ser235/236) (#4857, Cell Signaling
Technology, RRID: AB_2181035), rabbit polyclonal antiAMP-activated catalytic subunit alpha 1 (AMPK) (#2532,
Cell Signaling Technology, RRID: AB_330331), rabbit
monoclonal anti-transcription factor EB (TFEB) (#37785,
Cell Signaling Technology, RRID: AB_2799119), mouse
monoclonal anti-p53 (#48818, Cell Signaling Technology,
RRID: AB_2713958), mouse monoclonal anti-KRAS (#sc30, Santa Cruz, Santa Cruz, CA, USA, RRID: AB_627865),
rabbit monoclonal anti-LKB1 (#3047, Cell Signaling
Technology, RRID: AB_2198327), mouse monoclonal
anti-phospho-glycogen synthase kinase 3 beta (GSK3β)
(Y216) (#612313, BD Biosciences, San Jose, CA, USA,
RRID: AB_399628), rabbit monoclonal anti-GSK3β (#9315,
Cell Signaling Technology, RRID: AB_490890), rabbit
monoclonal anti-Slug (#9585, Cell Signaling Technology,
RRID: AB_2239535), rabbit monoclonal anti-zinc finger
E-box-binding homeobox 1 (ZEB1) (#3396, Cell Signaling
Technology, RRID: AB_1904164), mouse monoclonal
anti-Twist1 (#ab50887, Abcam, Cambridge, UK, RRID:
AB_883294), rabbit monoclonal anti-phospho-mitogen
activated protein kinase kinase 1/2 (MEK1/2) (Ser217/221)
(#9154, Cell Signaling Technology, RRID: AB_2138017),
rabbit polyclonal anti-MEK1/2 (#9122, Cell Signaling
Technology, RRID: AB_823567), mouse monoclonal anticalcium/calmodulin-dependent protein kinase kinase 2
(CAMKKβ) (#sc-271674, Santa Cruz, RRID: AB_10708844),
rabbit monoclonal anti-E-cadherin (#3195, Cell Signaling Technology, RRID: AB_2291471), rabbit monoclonal
anti-phospho-AMPK (Thr172) (#2535, Cell Signaling
Technology, RRID: AB_331250), rabbit monoclonal antiphospho-calcium/calmodulin-dependent protein kinase
II (CAMKII) (Thr286) (#12716, Cell Signaling Technology,
RRID: AB_2713889), rabbit monoclonal anti-NFE2-like
BZIP transcription factor 2 (NRF2) (#12721, Cell Signaling
Technology, RRID: AB_2715528), rabbit polyclonal antiunc-51 like autophagy activating kinase 1 (ULK1) (#4773,
Cell Signaling Technology, RRID: AB_2288252), rabbit
monoclonal K48-polyubiquitin (#8081, Cell Signaling
Technology, RRID: AB_10859893), rabbit monoclonal
non-phospho-beta-catenin
(Ser33/37/Thr41)
(#8814,
Cell Signaling Technology, RRID: AB_11127203), rabbit polyclonal anti-acetyl-lysine (#9441, Cell Signaling
Technology, RRID: AB_331805), rabbit polyclonal antiacetyl-lysine (#ab80178, Abcam, RRID: AB_1640674),
mouse
monoclonal
anti-phosphoserine/threonine
(#612549, BD Biosciences, RRID: AB_399844), rabbit
monoclonal anti-ATP citrate lyase (ACLY) (#13390,
Cell Signaling Technology, RRID: AB_2798203), rabbit
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monoclonal anti-CREB-binding protein (CBP) (#7389,
Cell Signaling Technology, RRID: AB_2616020), rabbit
monoclonal anti-sequestosome 1 (SQSTM1)/p62 (#8025,
Cell Signaling Technology, RRID: AB_10859911), rabbit
monoclonal anti-phospho-ULK1 (Ser555) (#5869, Cell Signaling Technology, RRID: AB_10707365), rabbit polyclonal
anti-autophagy related 5 (ATG5) (#2630, Cell Signaling
Technology, RRID: AB_2062340), rabbit monoclonal anticitrate synthase (CS) (#14309, Cell Signaling Technology,
RRID: AB_2665545), rabbit monoclonal anti-isocitrate
dehydrogenase 1 (IDH1) (#8137, Cell Signaling Technology,
RRID: AB_10950504), rabbit monoclonal anti-phosphoTFEB (Ser211) (#37681, Cell Signaling Technology, RRID:
AB_2799117), anti-phospho-p62 (S351) [gift from Dr.
Sue Goo Rhee (Yonsei University, Korea) and Masaaki
Komatsu (Juntendo University, Japan)] and mouse monoclonal anti-hemagglutinin (HA)-tag (#2367, Cell Signaling
Technology, RRID: AB_10691311). Rabbit monoclonal
anti-heat shock protein 90 (HSP90) (#4877, Cell Signaling
Technology, RRID: AB_2233307), mouse monoclonal antiβ-actin (#sc-47778, Santa Cruz, RRID: AB_2714189), rabbit
monoclonal anti-microtubule-associated protein 1 light
chain 3 alpha (LC3) (#3868, Cell Signaling Technology,
RRID: AB_2137707), rabbit monoclonal anti-Vimentin
(#5741, Cell Signaling Technology, RRID: AB_10695459)
were used at a 1:3000 dilution. Anti-rabbit IgG (#111-035144, Jackson ImmunoResearch, West Grove, PA, USA,
RRID: AB_2307391) and anti-mouse IgG (#115-035-146,
Jackson ImmunoResearch, RRID: AB_2307392) were used
at a 1:3000 dilution.

2.3

Cell treatments

All cell lines were incubated at 37◦ C and maintained
in an atmosphere containing 5% CO2 . For inhibition of
autophagy, cells were treated with 50 μmol/L chloroquine
(CQ) (C6628, Sigma) or water for 12-24 h. For activation
of autophagy, cells were treated with 2 μmol/L rapamycin
(S1039, Selleck Chemicals, Houston, TX, USA) or dimethyl
sulfoxide (DMSO) for 5 h. Intracellular reactive oxygen
species (ROS) levels were modulated by treatment with
10 mmol/L n-acetyl cysteine (NAC) (A7250, Sigma), a
hydrogen peroxide solution (100-200 μmol/L) (216763,
Sigma) or water, or the NRF2 activator bardoxolone
methyl (CDDO-ME) (50 or 100 nmol/L) (S8078, Selleck
Chemicals) or DMSO for 4-24 h. Intracellular calcium
signaling was modulated by treatment with 20 μmol/L
1,2-bis(2-aminophenoxy)ethane-N,N,N’,N’-tetraacetic
acid tetrakis(acetoxymethyl) ester (BAPTA-AM) (A1076,
Sigma), 2.5 μmol/L calmidazolium chloride (C3930,
Sigma) or DMSO for 1 h. Cells were treated with the
CBP/p300 inhibitor C646 (25 μmol/L, SML0002, Sigma),
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the histone deacetylase (HDAC) inhibitor suberoylanilide
hydroxamic acid (SAHA) (3 μmol/L, S1047, Selleck Chemicals), or DMSO for 18-24 h to modulate Snail protein
acetylation. The GSK3β inhibitor CHIR-99021 (3 μmol/L,
SML1046, Sigma) or DMSO was added for 24 h to modulate
Snail protein phosphorylation. Cells were treated with
1 μmol/L FK506 (S5003, Selleck Chemicals) or DMSO for
1 h to modulate TFEB protein phosphorylation. For nutrient supplementation, cells were treated with 10 mmol/L
sodium acetate (S2889, Sigma), 8 mmol/L methyl pyruvate
(371173, Sigma), or 3 mmol/L dimethyl 2-oxoglutarate
(349631, Sigma) for 24 h. For ACLY inhibition, cells were
treated with ACLY inhibitors BMS-303141 (50 μmol/L,
S0277, Selleck Chemicals), NDI-091143 (1 μmol/L, S8878,
Selleck Chemicals), and SB-204990 (10 and 20 μmol/L,
15245, Cayman, Ann Arbor, MI, USA) for 24 h, 24 h,
and 2 h, respectively, or with DMSO as a counterpart.
For proteasomal inhibition, cells were co-treated with
20 nmol/L bortezomib (proteasome inhibitor) (S1013,
Selleck Chemicals) for the last 3-4 h of assay after treatment with CQ, STO-609, or BMS-303141. For promotion
of mitochondrial biogenesis, cells were treated with
the peroxisome proliferator-activated receptor gamma
(PPARγ) agonist rosiglitazone (200 μmol/L, S2556, Selleck
Chemicals) or DMSO for 24 h. For CAMKK2 inhibition,
cells were treated with the CAMKK2 inhibitor STO-609
(25 and 50 μmol/L) (S1318, Sigma) or DMSO for 24 h. For
KRAS G12C inhibition, cells were treated with the KRAS
G12C inhibitor AMG-510 (100 nmol/L or 1 μmol/L, 8830,
Selleck Chemicals) or DMSO for 48 h.
For small interfering RNA (siRNA) treatment, cells were
transfected with different siRNAs purchased from Genolution (Seoul, Korea) at concentrations of 40–50 nmol/L with
Lipofectamine RNAiMAX (13778150, Thermo Fisher Scientific) and were used for different experiments after 48–72 h.
All siRNA experiments were performed by pooling three
to four siRNAs of each gene as specified in Supplementary
Table S3. For the cDNA plasmid transfection assay, cells
were transfected with 1–2 μg of different expression vectors in 6-well plates with Lipofectamine 2000 (11668019,
Thermo Fisher Scientific) and were used for different
experiments after 24 h. Validation of the siRNA and expression vector efficiency was performed by Western blotting of
the target protein. siRNA and cDNA sequences are listed in
Supplementary Table S3.

2.4

Construction of plasmids

pGL4.70 5× CLEAR Renilla luciferase (Rluc) vectors were
constructed by inserting fragments with 5× repeated coordinated lysosomal expression and regulation (CLEAR) and
CMVmini promoter sequences into NheI/XhoI-digested

pGL4.70-Rluc vectors (E6881, Promega). For generation
of Lenti-5× CLEAR Rluc-CMV-mCherry-T2A-Puro vectors, 3-phosphoglycerate kinase-green fluorescent protein
(PGK-GFP) and elongation factor-1 alpha-multiple cloning
site (EF1-MCS) fragments of pCDH-EF1-MCS-PGK-GFPT2A-Puro vectors (CD813A-1, System Biosciences, Palo
Alto, CA, USA) were linked with AgeI/NruI-digested
CMV-mCherry and ClaI/NotI-digested MCS-Rluc fragments, respectively. Then, Lenti-5× CLEAR Rluc-CMVmCherry-T2A-Puro vectors were constructed by inserting
5× CLEAR fragments into NheI/XhoI-digested pCDHMCS-Rluc-CMV-mCherry-T2A-Puro vectors.
Snail constructs with a lysine (K)-to-arginine (R)
mutation were generated via site-directed mutagenesis
to introduce a sense mutation into the SNAI1-coding
sequence at Lys146 or Lys187. A wild-type Snail expression vector purchased from OriGene (Rockville, MD,
USA) was used as the template for mutagenesis. The
primer sequences were as follows: Snail K146R forward,
5′-CTCTGAGGCCAGGGATCTCCAGG-3′ and reverse, 5′AGCTGGGCCAGCTGCTTG-3′; Snail K187R forward, 5′AACCTGCGGGAGGGCCTTCTCTAG-3′ and reverse, 5′CCGCAGACGCAGGGCAGC-3′. All sequences were confirmed by DNA sequencing.

2.5

Immunoprecipitation (IP)

For IP, cell lysates were mixed with an equal amount of coimmunoprecipitation (Co-IP) buffer {40 mmol/L HEPES
(pH 7.4), 120 mmol/L NaCl, 2 mmol/L ethylenediaminetetraacetic acid (EDTA), 0.3% 3-[(3-cholamidopropyl)
dimethyl-ammonio]-1-propane sulfonate (10810118001,
Sigma), 10 mmol/L pyrophosphate (221368, Sigma),
10 mmol/L glycerophosphate (G9422, Sigma), 50 mmol/L
NaF, and a phosphatase and protease inhibitor cocktail}. Cell lysates (1 μg protein) were incubated with
R
Affinity Gel (A2220, Sigma) or
anti-FLAGM2
anti-acetyl-lysine antibody-coated agarose (ICP0388,
ImmuneChem Pharmaceuticals, Burnaby, BC, Canada)
overnight with gentle rocking at 4◦ C. The immunoprecipitates were then washed three times in IP buffer,
and the immunoprecipitated complexes were eluted
by boiling for 5 min in IP buffer. After sodium dodecyl sulfate polyacrylamide gel electrophoresis, protein
transfer to nitrocellulose membranes, and blocking,
the membranes were incubated overnight at 4◦ C with
primary antibodies, followed by three rounds of washing
with Tween-PBS buffer and then incubation with an
appropriate secondary antibody to detect intact IgG for 1 h
at 25◦ C. The following antibodies were used at a 1:1000
dilution: mouse monoclonal anti-Snail, rabbit monoclonal
anti-TFEB, rabbit polyclonal anti-acetyl-lysine, mouse
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monoclonal anti-phosphoserine/threonine, rabbit monoclonal anti-HSP90, VeriBlot for IP Detection Reagent
(HRP) (#ab131366, Abcam) and anti-mouse IgG for
IP (HRP) (#ab131368, Abcam). Mouse monoclonal
anti-β-actin was used at a 1:3000 dilution. Signals of
immunoreactive bands were visualized with a Pierce ECL
Western blotting substrate or SuperSignal West Pico PLUS
chemiluminescent substrate. The relative abundance of
individual proteins was measured by quantifying the
intensities of individual protein bands on the Western
blots using ImageJ software.

2.6
Acetyl-coenzyme A (CoA)
measurement
The intracellular acetyl-CoA level was calculated in the
picomolar range using the PicoProbe Acetyl-CoA Assay
Kit (K317, BioVision, Milpitas, CA, USA) according to
the manufacturer’s instructions. Briefly, cells were washed
with cold PBS and sonicated in acetyl-CoA assay buffer.
After centrifugation (10,000 × g, 4◦ C for 10 min) the
supernatant was deproteinized using spin columns with
a 10-kDa molecular weight cutoff. The filtrate was incubated with 10 μL of CoA quencher followed by 2 μL of
quencher remover. Fifty microliters of acetyl-CoA reaction
mixture containing the substrate mix, conversion enzyme,
enzyme mix and picoprobe was subsequently added and
incubated at 37◦ C for 30 min. Fluorescence was measured
(Ex/Em = 535/589 nm) with an Envision Multimode Plate
Reader (2105-0010, PerkinElmer, Waltham, MA, USA).
After correction for the matched background well (acetylCoA reaction mixture added without conversion enzyme)
of all readings, the values for each sample were normalized
to the protein concentration in each sample determined by
the Bradford protein assay.

2.7

Citrate assay

The intracellular citrate level was calculated in the picomolar range using a citrate assay kit (K655, BioVision) following the manufacturer’s instructions. After sonication of
cells harvested in citrate assay buffer, the supernatant was
deproteinized using spin columns with a 10-kDa molecular
weight cutoff and incubated with 50 μL of citrate reaction
mixture containing the enzyme mix, developer and citrate
probe for 30 min at 25◦ C. The citrate content was measured by determining the optical density (OD) at 570 nm
with an Envision Multimode Plate Reader. After correction
for the matched background well (citrate reaction mixture
added without enzyme mix) of all readings, the values for
each sample were normalized to the protein concentra-

tion in each sample determined by the Bradford protein
assay.

2.8

In vitro invasion assay

For analysis of two-demensional (2D) invasion, inserts
were precoated with 300 μg/mL Matrigel (354234, Corning,
Corning, NY, USA). After trypan blue staining (1450013,
Bio-Rad), 1 × 105 live cells of a series of cell lines derived
from HBEC30KT cells (hb30, hb30-P, hb30-KP, and hb30KPL cell lines) in 0.5% ACL4 medium were seeded in each
8-μm pore size cell culture insert (3422, Costar, Washington, DC, USA). Then, 10% ACL4 medium was added to the
chamber below the insert. For lung and pancreatic cancer cell lines, cells were seeded in 1% RPMI-1640 medium,
and 20% RPMI-1640 medium was added to the chamber
below the insert. Then, the plates were incubated at 37◦ C
for 24 h. After incubation, the inserts were fixed with 3.7%
formaldehyde for 10 min at 25◦ C, permeabilized with 100%
methanol for 10 min at 25◦ C, washed, and stained with
0.4% crystal violet for 30 min at 25◦ C. The top membrane
was cleaned, washed, and dried. The number of invaded
cells was quantified using ImageJ software.
A 3D spheroid cell invasion assay was performed using
the Cultrex 3D Spheroid Cell Invasion Assay (3500-096-K,
R&D Systems, Minneapolis, MN, USA) according to the
manufacturer’s instructions. Briefly, cells resuspended in
1× spheroid-forming extracellular matrix (ECM) solution
were seeded at a density of 4000 live cells per well in 96well plates and incubated at 37◦ C for 48 h to allow spheroid
formation. After the spheroids formed, they were embedded in an invasion matrix (3500-096-03, R&D Systems) and
supplemented with culture medium containing 25 μmol/L
STO-609 or DMSO at 37◦ C. The spheroids were treated
again after 3 days with 25 μmol/L STO-609 or DMSO
with medium replacement. The 3D spheroid invasion assay
plates were incubated for a total of 7 days at 37◦ C, and
spheroid invasion was quantified using ImageJ software.
Specifically, the lengths of three independent protrusions
with the longest length from the border of the spheroid
were calculated for each well and used to compare the
invasiveness of the spheroids. For the ATG5 knockdown
experiment, NCI-H157 cells were seeded in 96-well plates
after 24 h of transfection (siNC or siATG5) and incubated
for 5 days with spheroid-forming ECM solution and invasion matrix. Invasion length was analyzed in the same way
as in the STO-609 experiment.

2.9

Scratch wound healing assay

HBEC30KT progression series (hb30, hb30-P, hb30-KP,
hb30-KPL) were cultured for 24-48 h to achieve 100%
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confluence. A 200-μL sterile pipette tip was used to scratch
the cell monolayer. Cells were then incubated in fresh
ACL4 medium. For the drug treatment group, samples
were treated with the above-mentioned drugs for 24 h. The
scratch gap width at 24 h was measured at three different
positions and compared with the gap width at 0 h.

2.10

Immunofluorescence

Cells were seeded on coated glass coverslips and maintained in ACL4 medium for 48 h at 37◦ C. For fixation, cells
were washed three times with PBS, incubated for 10 min in
3.7% paraformaldehyde at 25◦ C, washed three more times
with PBS and permeabilized for 10 min at 25◦ C in PBS containing 0.1% Triton X-100. After additional washing (three
times) in PBS, the samples were blocked in PBS containing 0.1% Triton X-100 and 5% goat serum for 30 min at
25◦ C. The samples were first incubated with the indicated
primary antibodies (1:150) for 1 h at 25◦ C and then with
anti-rabbit/mouse Alexa Fluor 488/568 secondary antibodies (A-11001, 11004, 11008, 11011, Thermo Fisher Scientific)
for 45 min at 25◦ C. Then, the samples were mounted with
ProLong™ Gold Antifade Mountant with DAPI (P36931,
Thermo Fisher Scientific). Images were acquired with an
Axio Imager M2 microscope (Carl Zeiss, Stockholm, Sweden) equipped with a 63× oil objective and analyzed with
ZEN Version 3.0 software (Zeiss, Oberkochen, Germany).
For NRF2 staining, NRF2 antibody (#sc-13032, Santa Cruz,
Santa Cruz, CA, USA) was used. A significant shift in NRF2
distribution between cytosol and nuclei was measured
using “Cyt/Nuc” ImageJ macro [12].

2.11
Monomeric red fluorescent protein
(mRFP)-green fluorescent protein
(GFP)-LC3 tandem fluorescent protein
quenching assay
Autophagic flux was measured in cells transfected with
the autophagy tandem sensor mRFP-GFP-LC3 [13], hb30KPL cells (2.5 × 105 ) were seeded on 12-well plates with
coated glass coverslips and maintained for 24 h at 37◦ C
in ACL4 medium. The next day, the cells were transfected
with 1 μg of mRFP-GFP-LC3 plasmid with 3 μL of Lipofectamine 2000. After 6–8 h of transfection, the medium
was replaced with medium with or without drug compounds (NAC, STO-609, acetate and SAHA). After a total of
30 h, fluorescence images were captured using an LSM 700
confocal microscope (Carl Zeiss) and analyzed with ZEN
Version 3.0 software. The autophagosomes (yellow dots)
and autolysosomes (only red dots) were counted from 2-3
independent experiments.

2.12

qRT-PCR

Total RNA was isolated from cells with the RNeasy
miniprep kit (74134, Qiagen, Hilden, Germany) 72 h
after siRNA transfection or 12-24 h after chemical treatment. cDNA was synthesized with the TOPscript™ cDNA
Synthesis Kit (EZ0054, Enzynomics, Daejeon, Korea),
and qRT-PCR for the indicated genes was performed
with TOPreal™ qPCR 2X PreMIX [SYBR Green with
low carboxy-X-rhodamine (ROX)] (RT501M, Enzynomics).
GAPDH and beta-actin were used to normalize RNA input.
qRT-PCR was performed with a StepOne Plus instrument (Applied Biosystems, Waltham, MA, USA). The fold
change in expression was calculated using ΔΔCt, with
the indicated reference genes (ACTB and GAPDH) as
endogenous controls. Primer sequences for each gene are
specified in Supplementary Table S4.

2.13
Ultraperformance liquid
chromatography/quadrupole time-of-flight
mass spectrometry (LC-MS)
Transfection of ATG5 siRNA or negative control siRNA
was performed in five 100-cm2 dishes per group using
hb30-KPL cells. After 48 h of incubation at 37◦ C, culture
medium was aspirated, and the cells were washed with
5 mL of cold PBS (Mg2+ /Ca2+ -free) on dry ice. After the
aspiration of PBS, metabolites were extracted by immediately adding 1 mL of 80% methanol (−80◦ C) to each dish
and incubating for 5 min on dry ice, and the lysate was
collected with a cell scraper and transferred to an Eppendorf tube on dry ice. After the sample was vortexed for
10 min in a 4◦ C cold room, insoluble debris was removed
via centrifugation at 13,300 × g for 10 min (4◦ C). The supernatant was transferred to a new Eppendorf tube on dry ice,
and pooled extracts were stored at −80◦ C before LC-MS
analysis.
Ultraperformance liquid chromatography (UPLC) was
performed using a Waters ACQUITY™ Ultra Performance LC system (Waters MS Technologies, Manchester,
UK). Chromatographic separation was carried out on an
ACQUITY UPLC BEH C18 column (100 mm × 2.1 mm,
1.7 μm) at a column temperature of 40◦ C. The mobile
phase consisted of solvent A (0.1% formic acid in water,
v/v) and solvent B (0.1% formic acid in methanol, v/v).
The optimized UPLC elution conditions were as follows:
0.0–1.5 min, 1% solvent B; 1.5–6.5 min, 10%–20% solvent
B; 6.5–9.0 min, 20%–70% solvent B; 9.0–12.0 min, 70%–
99% solvent B; 12.0–16.0 min, 99% solvent B; 16.0–17.0 min,
99%–1% solvent B; and 17.0–20.0 min, 1% solvent B. The
flow rate was set at 0.3 mL/min. The injection volume
was 5 μL. The effluent was infused into a SYNAPT™
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G2 quadrupole time-of-flight (Q-TOF) mass spectrometer
(Waters). For the positive electrospray mode, the capillary
and cone voltages were set at 3.1 kV and 40 V, respectively. For the negative electrospray mode, the capillary
and cone voltages were set at -2.5 kV and 40 V, respectively. The desolvation gas flow rate was set to 800 L/h
at 350◦ C, the cone gas flow rate was set to 50 L/h, and
the source temperature was set to 120◦ C. Discriminating
metabolites between two groups were defined as variable
importance in the projection (VIP) values greater than 1,
P values less than 0.05, and q values of false discovery
rate (FDR) less than 0.1. Peaks were then identified using
the Human Metabolome Database (HMDB, version 3.0)
(https://hmdb.ca/) with 10 ppm mass tolerance.

the STO-609 efficacy experiment, mice were intravenously
injected via the lateral tail vein with 4.5 × 106 A549-luc
cells and orally administered 150–200 μL of vehicle control or STO-609 (100 mg/kg) via oral gavage once daily for
4 weeks beginning on the day of cell injection. For the
BMS-303141 efficacy experiment, mice were intravenously
injected via the lateral tail vein with 3 × 106 A549-luc
cells and orally administered 150–200 μL of vehicle control or BMS-303141 (100 mg/kg) via oral gavage once daily
for 3 weeks beginning on the day of cell injection. After
drug treatment, metastatic burden was monitored by bioluminescence imaging as described above, and upon CO2
euthanasia, the lungs were harvested and analyzed for
metastatic nodules as described above.

2.14

2.15

Animal studies

All animal procedures for this study were approved by the
Institutional Animal Care and Use Committee (IACUC)
of Yonsei University (Seoul, Korea). Seven- to 9-week-old
BALB/c-nu Slc female mice were purchased from SLC,
Inc. (Shizuoka, Japan). Mice were housed in individualventilation cages with a computerized environmental control system (Techniplast, Varese, Lombardia, Italy). The
animal room temperature was maintained at 22 ± 2◦ C with
a relative humidity of 50 ± 10%. The animals were allowed
at least 1 week to adapt to their laboratory housing environment before they were used in experiments. The animal
experiments included two parts.
The first was the shSNAI1 tail vein metastasis experiment. Mice were intravenously injected via the lateral tail
vein with 3 × 106 A549-luc cells with shRNA-mediated
knockdown of SNAI1 or shControl in 150 μL of PBS.
After 4 weeks, the animals were anesthetized with 1%–
3% isoflurane via a nose cone, and the metastatic burden
was monitored by bioluminescence imaging as described
previously [14]. Briefly, D-luciferin (75 mg/kg) (122799,
PerkinElmer) was intraperitoneally administered, and an
IVIS Imaging System (IVIS 200, PerkinElmer) was used to
acquire images of mice in the prone position 15 min after
injection. A region of interest was drawn around the thoracic cavity, and the total photon flux was calculated for
each animal. Upon CO2 euthanasia, the lungs were harvested at 4 weeks after tail vein injection, inflated with
10% neutral buffered formalin, dissected into five lobes,
and fixed for 24–48 h. Subsequently, the lung lobes were
paraffin-embedded, sectioned (5 μm), and stained with
H&E. Images were analyzed using commercially available
software (ImageScope; Aperio Technologies, Vista, CA,
USA).
The second part involved STO-609 and BMS-303141
drug treatment in tail vein metastasis experiments. For

Luciferase reporter assays

An hb30-KPL cell line stably expressing a CLEAR
motif-driven luciferase reporter construct was generated
by transducing cells with lentiviral particles expressing Lenti-5× CLEAR Rluc-CMV-mCherry-T2A-Puro and
then performing 3 μg/mL puromycin selection. A Renilla
Luciferase Assay System (E2810, Promega) was used to
detect luciferase activity after the designated treatments
based on the protocol provided by the manufacturer. For
comparison of TFEB reporter activity among cell lines
(hb30, hb30-KP, and hb30-KPL), the pGL4.70 5× CLEAR
Rluc and pGL4.14-firefly luciferase (Fluc) vectors (E6691,
Promega) were transiently co-transfected at the same time
with Lipofectamine 2000, and normalized luciferase activity (calculated by dividing the luminescent signal from the
Renilla reporter gene by the firefly luminescent signal) was
R Reporter Assay System
assessed with a Dual-Luciferase
(E1910, Promega) based on the protocol provided by the
manufacturer.

2.16

ROS assays

Intracellular ROS were detected using chloromethyl
dichlorodihydrofluorescein diacetate, acetyl ester (CMH2DCFDA) (C6827, Thermo Fisher Scientific) according
to the manufacturer’s instructions. Briefly, 5000 hb30-KP
and hb30-KPL cells were initially seeded per well in a
96-well plate. The next day, the cells were stained with
5 μmol/L CM-H2DCFDA at 37◦ C for 30 min, and the
medium was replaced with Earle’s balanced salt solution
(EBSS) (Welgene, Gyeongsan, Korea). Fluorescence was
measured (Ex/Em = 485/535 nm) with a Varioskan Flash
4.00.53 Spectral Scanning Multimode Reader (Thermo
Fisher Scientific). After correction for the background of
all readings (subtracting the value in the background well
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without DCFDA from the value in the sample well with
DCFDA), the values for each sample were determined and
normalized to the value of estimated live cell content using
CellTiter-Glo Luminescence Cell Viability assay (G7570,
Promega).
Mitochondrial ROS were detected using the MitoSOX
mitochondrial superoxide indicator (M36008, Thermo
Fisher Scientific) according to the manufacturer’s instructions. Briefly, 3000–7000 K cells (NCI-H1155, NCI-H358,
NCI-H441, HCC461) and KL cells (A549, HCC44, NCIH157, NCI-H647) were initially seeded per well in a 96-well
plate. The next day, the cells were stained with MitoSOX
at 37◦ C for 20 min, and the medium was replaced with
EBSS. Fluorescence was measured (Ex/Em = 510/580 nm)
with a Varioskan Flash 4.00.53 Spectral Scanning Multimode Reader. After correction for the background of all
readings (subtracting the value in the background well
without MitoSOX from the value in the sample well with
MitoSOX), the values for each sample were determined
and normalized using CellTiter-Glo Luminescence Cell
Viability assay.

2.17
Multiplex fluorescence
immunohistochemistry (IHC)
Paraffin sections of human lung adenocarcinoma (LUAD)
tissues from a tumor tissue microarray (TMA) containing
92 lung cancer samples and 88 matched normal tissues
(HLugA180Su03, US Biomax, Derwood, MD, USA) were
were deparaffinized in Bond dewax solution (AR9222,
Leica Biosystems, Baden-Wurttemberg, Germany) and
rehydrated in absolute ethanol (1.07017, Merck, Burlington, MA, USA), and antigen retrieval was performed by
boiling in 10 mmol/L sodium citrate (pH 6) for 20 min.
Epitope retrieval was performed using BOND Epitope
Retrieval Solution 2 kits (AR9640, Leica Biosystems).
Immunofluorescence signals were visualized using an
OPAL 7-Color Automation IHC Kit (NEL82100KT, Akoya
Biosciences, Marlborough, MA, USA): tyramide signal
amplification (TSA) dyes 520 (1:1200, #HPA029100, rabbit
polyclonal anti-lysosomal associated membrane protein 2
(LAMP2), Atlas Antibodies, Bromma, Stockholms, Sweden, RRID: AB_10795022), 690 (1:400, rabbit polyclonal
anti-acetyl-lysine), 620 (1:300, #HPA069985, rabbit polyclonal anti-Snail, Atlas Antibodies, RRID: AB_2732146)
and spectral DAPI. Briefly, the slide was incubated with
primary antibody for LAMP2 for 30 min, followed by detection using Polymer HRP Ms+Rb (ARH1001EA, Akoya
Biosciences) for 10 min. Visualization was accomplished
using Opal 520 TSA (dilution 1:150) for 10 min, and
treatment with Bond Epitope Retrieval 1 (AR9961, Leica
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Biosystems) for 20 min was performed. In a serial fashion,
the slide was stained with two more primary antibodies for
acetyl-lysine and Snail and visualized with Opal 690 TSA
and Opal 620 TSA, respectively. The slide was subsequently
R
visualized with DAPI, coverslipped using HIGHDEF
IHC fluoromount (ADI-950-260-0025, Enzo, FarmingR
dale, New York, USA) and scanned using a Vectra
3.0 Automated Quantitative Pathology Imaging System
(PerkinElmer). Color separation, cell segmentation, and
cell phenotyping were performed with inForm Advanced
Image Analysis software (version 2.2, PerkinElmer) to
extract image data. For analysis, we assigned each core
a representative value by multiplying the percentage and
the median intensity of positively stained cells for each
marker.

2.18

IHC for metastatic tumor samples

Tumors were fixed in 10% neutral formalin for 24 h. Fixed
tissues were cleared with xylene and embedded in paraffin to make slide sections (4 μm). Unstained paraffin slides
were dewaxed and rehydrated. Antigen retrieval was performed with proteinase K (#S3020, DAKO, Carpinteria,
CA, USA) for 10 min, and endogenous peroxidase was inactivated with 3% hydrogen peroxide (3059, Duksan, Ulsan,
Korea) for 10 min. After being washed in TBS, slides were
incubated for 1 h at 25◦ C with anti-Snail antibody (1:100,
#NBP1-80022, Novus Biologicals, Littleton, CO, USA). This
was followed by incubation for 20 min with anti-rabbit IgG
antibody (#k4003, DAKO). The slides were subsequently
washed with TBS, covered with diaminobenzidine (DAB)
(#k3468, DAKO), and counterstained with hematoxylin for
10 min. After dehydration with ethanol and xylene, the
slides were mounted.

2.19
Normalization and preprocessing
of public gene expression data
Gene expression data for samples in The Cancer Genome
Atlas (TCGA)-LUAD cohort were directly downloaded
using the TCGA biolinks R package (https://bioconduc
tor.org/packages/release/bioc/html/TCGAbiolinks.html).
Fragments per kilobase of transcript per million
mapped reads (FPKM) values were transformed into
log2(FPKM + 1) values and converted into z scores across
samples. Gene expression microarray datasets [Gene
Expression Omnibus (GEO) accession numbers GSE41271
and GSE72094] were downloaded, and values were log2
transformed.
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Public cancer cell line data

Mutation and metabolomic data of LUAD cell lines in
the cancer cell line encyclopedia (CCLE) were directly
downloaded from the CCLE data portal (https://portals.
broadinstitute.org/ccle). Cell lines bearing any missense
mutation in KRAS and any nonsilent mutation in LKB1
were denoted “KL”. Cell lines with a KRAS mutation but no
LKB1 mutation were denoted “K”. Several cell lines, such
as HCC2108, were assigned to either KL or K group based
on protein evidence from previous researches [15, 16].

2.21
Inference of transcription factor
activity
We collected information on transcription factors for target genes from various sources: SNAI1 [17], SNAI2 [18],
TWIST1 [19], ZEB1 [18], and ZEB2 [20]. Only genes exhibiting a significant correlation (P < 0.05, Spearman rank
correlation test) with the expression level of each transcription factor in TCGA-LUAD samples were considered
targets. Genes with a positive correlation were considered upregulated, and genes with a negative correlation
were considered downregulated. For each sample, we conducted a modified version of gene set enrichment analysis
(GSEA), single-sample GSEA (ssGSEA) [21], with target
genes of transcription factors. The activity of each transcription factor was calculated by subtracting the ssGSEA
score of the downregulated genes from the ssGSEA score
of the upregulated genes.

2.22

Survival analysis

We collected clinical data from TCGA-LUAD, GSE41271,
and GSE72094 datasets. Based on the ssGSEA score of each
sample, we classified the samples into the low and high
ssGSEA score groups with varying threshold of ssGSEA
score, estimated their prognoses by Kaplan-Meier survival
estimators and assessed the significance of differences
by log-rank tests. The survival time since initial diagnosis was used for TCGA-LUAD and GSE72094, while the
survival time after surgery was used for GSE41271. The
hazard ratio (HR) was calculated to define the effect on
prognosis.
For TMA-based survival analysis, the total or nuclear
Snail protein intensity values were obtained by multiplex fluorescence IHC. These values were used as the
threshold for dividing patients into the low and high Snail
protein expression subgroups. With varying threshold of
Snail expression score, we estimated their prognoses by
Kaplan-Meier survival estimators. Differences in the over-

all survival after surgery of the low and high expression
groups were estimated by the log-rank test.

2.23

Analysis of proteomic data

Protein abundance and mutation data from the clinical
proteomic tumor analysis consortium (CPTAC) cohort [22]
were used for the analysis. Tumors bearing KRAS mutations with nonsynonymous or frameshift mutations in
LKB1 and/or mono- or biallelic loss of the LKB1 locus were
denoted as KL. KRAS-mutated tumors other than KRASLKB1 co-mutated tumors were denoted as K. Tumors without KRAS mutations were denoted as Others. Two-tailed
Wilcoxon rank-sum test was used to compare two groups.
Correlation P values were calculated by Spearman’s test.

2.24

Statistical analyses

All statistical tests were performed using the statistical
software package R (ver. 4.0.0) (R foundation, Vienna,
Austria). We performed two-tailed Student’s t-tests and
used the Spearman rank correlation test to assess correlations between two variables. P < 0.05 was considered statistically significant. R version 4.0.0 [(2020-04-24), platform:
x86_64-w64-mingw32/x64 (64-bit), operating system: Windows 10 × 64 (build 18363)] was used.

3

RESULTS

3.1
Snail drived invasion and was
associated with therapeutic resistance
in KL cells
As previous studies have demonstrated that high levels of EMT-related signaling underlie the invasive and
metastatic behavior of KL NSCLC [4, 23], we first examined
the expression of EMT-related proteins and the behaviors
of various lung cancer cell lines. Western blotting of a series
of cell lines derived from normal human bronchial epithelial cells (HBEC30KT abbreviated as hb30) that model
cancer progression with stepwise stable suppression of
TP53 (HBEC30KT-shTP53; abbreviated as hb30-P), stable expression of KRAS G12V (HBEC30KT-shTP53/KRAS
G12V; abbreviated as hb30-KP), and stable suppression of
LKB1 (HBEC30KT-shTP53/KRAS G12V/shLKB1; abbreviated as hb30-KPL) (Supplementary Figure S1A) [4, 24]
demonstrated that hb30-KPL cells expressed vimentin
(a mesenchymal marker) but not E-cadherin (an epithelial
marker) (Supplementary Figure S1B). Moreover, hb30KPL cells showed elevated levels of the EMT-inducing
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transcription factors Snail and Twist (Supplementary
Figure S1B). Additionally, hb30-KPL cells showed the most
prominent invasion and migration (Figure 1A, Supplementary Figure S1C). As Snail, Slug, Zeb1, and Twist
are the best-known EMT transcription factors in lung
cancer [25], we compared their expression levels in various KRASmut/ LKB1wt (abbreviated as “K”) lung cancer
cell lines (NCI-H1155, NCI-H358, NCI-H441, HCC461) and
KRASmut /LKB1mut (abbreviated as “KL”) lung cancer cell
lines (A549, NCI-H157, NCI-H647, HCC44, NCI-H460) by
Western blotting. Among these transcription factors, Snail
expression showed the strongest elevation in the KL and
hb30-KPL cell lines as compared to the K and hb30-KP cell
lines, respectively (Figure 1B, Supplementary Figure S1B).
Increased Snail activity was also observed in LUAD tumor
tissues from both the TCGA cohort and the CPTAC cohort:
decreased CDH1 (E-cadherin), the most well-known transcriptional repression target of Snail [26], in KL tumors in
TCGA data and a positive correlation between LKB1 and
E-cadherin protein levels in CPTAC data (Supplementary
Figure S1D). In addition, the degree of invasiveness significantly differed between K and KL cell lines (Figure 1C),
suggesting that there may be a positive trend between Snail
levels and invasiveness.
Consistent with this finding, the high SNAI1 target gene
expression was strongly associated with short overall survival in three independent LUAD patient cohorts (TCGA,
GSE72094, and GSE41271) (Figure 1D), while other transcription factors showed inconsistent or even opposite
results (Supplementary Figure S1E). Based on these data,
KL lung cancer cell lines expressed high levels of Snail,
which was associated with aggressive behavior in vitro and
poor patient survival.
We next examined how KRAS-LKB1 co-mutation
affected Snail expression and thus the behavior of KL
cancer cells. We knocked down the expression of KRAS
or ectopically expressed LKB1 and examined the protein
levels of Snail. Both KRAS knockdown and ectopic expression of LKB1 led to reductions in Snail protein expression
(Supplementary Figure S1F). Moreover, compared with
knockdown of other EMT factors, SNAI1 knockdown
most significantly suppressed the invasion of KL cell lines
(Figure 1E). A tail vein injection model of experimental
metastasis demonstrated that the BALB/c-nude mice
injected with SNAI1-knockdown KL A549 cells showed
significantly less metastasis than the control mice injected
with empty vector-harboring A549 cells (Figure 1F and
G). These data suggest that a KL-driven increase in Snail
is required for the metastasis of KL cells.
Accumulating evidence suggests that co-mutation of
LKB1 in KRAS-mutated cancers confers therapeutic resistance [8, 27, 28]. Considering these results and the finding
that EMT-activated KRAS-mutated cancers were resistant
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to the depletion of oncogenic KRAS [5], we evaluated
the sensitivity of three KL NSCLC cell lines (HCC44,
H2122 and H2030), carrying the KRAS (G12C) mutation
and with elevated Snail expression (Figure 1B, Supplementary Figure S1G), to a KRAS (G12C) inhibitor AMG-510
[29]. We observed complete resistance of H2122 cells to
all tested concentrations (0.01–10 μmol/L) and cytostatic
or minor cytotoxic effects on HCC44 cells (Supplementary Figure S1H). Intriguingly, in addition to exhibiting
reduced efficacy in KL cell lines, AMG-510 treatment
showed enhanced invasion of HCC44 and H2122 cells
accompanied with elevated Snail expression (Supplementary Figure S1I-S1J). These data suggest that KRAS G12C
inhibitors may have limited therapeutic value and may
even facilitate metastasis in at least some KL tumors.
Overall, these results indicate that in KL cancer cells,
elevated Snail expression drives invasion and may be
related to therapeutic resistance.

3.2
LKB1 loss impaired antioxidant
defenses, resulting in increased ROS levels
and Snail stabilization in KL cells
To identify effective treatment strategies for the KL patient
subgroup, we aimed to further elucidate the molecular
mechanisms driving Snail accumulation. As LKB1 loss has
been shown to cause ROS accumulation [30–32], we examined the ROS levels in K and KL lung cancer cell lines by
performing CM-H2DCFDA and MitoSOX assays. Indeed,
the hb30-KPL and KL cell lines exhibited higher ROS levels
than the hb30-KP and K cell lines, respectively (Figure 2A
and B). Moreover, the expression of most of the assayed
antioxidant genes was significantly lower in the hb30-KPL
and KL cell lines than in the hb30-KP and K cell lines,
respectively (Supplementary Figure S2A-S2B), suggesting
that the increased ROS levels in these cell lines resulted
from the decreased expression of antioxidant genes. Thus,
the addition of an LKB1 mutation in a KRAS-mutated background appears to result in an increase in ROS levels due
to reduced expression of antioxidant genes.
NF-E2-related factor 2 (NRF2) is the master regulator
of antioxidant responses [33], competing with p62 to bind
Keap1 under oxidative stress conditions, thereby being protected from the Keap1-mediated proteasomal degradation
[33–35]. In hb30-KPL cells, LKB1 loss caused defects in
the induction of p62 and the antioxidant enzyme HMOX1 in response to increased ROS stress (Figure 2C). Even
under steady-state growth conditions, hb30-KPL cells had
lower phospho-p62 (Ser351) protein levels and nuclear
NRF2 protein levels than hb30-KP cells (Figure 2D), suggesting that p62 downregulation impairs NRF2 stability in
hb30-KPL cells. This trend was also observed in LUAD
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F I G U R E 1 Snail drives invasion and is associated with therapeutic resistance in KL lung cancer cells. (A) Matrigel invasion assay of
HBEC30KT-derived cell lines (HBEC30KT abbreviated as hb30, HBEC30KT-shTP53 abbreviated as hb30-P, HBEC30KT-shTP53/KRAS G12V
abbreviated as hb30-KP, HBEC30KT-shTP53/KRAS G12V/shLKB1 abbreviated as hb30-KPL) in the progression series. Representative
bright-field micrographs (20×) of cells that invaded through Matrigel-coated Transwell membranes are shown in the left panel, and
quantification data of invaded cell numbers are shown in the right panel. (B) Steady-state accumulation of the indicated proteins was assessed
by Western blotting of whole-cell lysates from the indicated KRAS-mutated (K) and KRAS-LKB1 co-mutated (KL) lung cancer cell lines.
Beta-actin was used as the loading control. se, short exposure; le, long exposure. (C) Matrigel invasion assay of K and KL cell lines.
(D) Kaplan-Meier estimates of overall survival with three independent LUAD cohorts (TCGA, GSE41271, and GSE72094) divided by low and
high ssGSEA scores of the SNAI1 target genes indicated by arrowheads in Supplementary Figure S1E. Comparison of survival was based on
the log-rank test. (E) Matrigel invasion assay of four KL cell lines (A549, NCI-H157, NCI-H647, and HCC44) treated with the indicated
siRNAs. Relative invaded cell numbers are expressed as the fold change relative to the siNC-treated cells. (F) Effect of SNAI1 knockdown on
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tissues from the CPTAC cohort, wherein decreased p62
and glutathione peroxidase 1 (GPx1) (NRF2 target) levels
were observed in KL tumors and these two proteins were
positively correlated with LKB1 protein levels (Supplementary Figure S2C). Collectively, these data indicate that ROS
are maintained at high steady-state levels in hb30-KPL
cells due to the suppression of p62, which impairs the
NRF2-dependent antioxidant response.
Elevated oxidative stress activates AMPK to limit mitochondrial ROS production through various mechanisms
[36]. We therefore examined whether the increased levels of ROS in KL lung cancer cells might activate AMPK
by promoting phosphorylation of Thr172 within the activation loop [37]. Indeed, we observed higher phospho-AMPK
T172 levels in hb30-KPL cells than in hb30-KP cells
(Figure 2E). Furthermore, we observed that AMPK knockdown in hb30-KPL cells reduced invasion (Figure 2F),
indicating that ROS-driven AMPK activation enhances
invasion in hb30-KPL cells.
Next, we investigated whether modulating steady-state
ROS levels in hb30-KPL cells affects AMPK activation.
AMPK phosphorylation at T172 was increased by H2 O2
treatment, whereas it was decreased by NAC treatment
(Figure 2G). Moreover, concordant changes in the Snail
level were observed in response to the same perturbations (Figure 2H). We further confirmed that the KEAP1
antagonist CDDO-ME stabilized NRF2, thereby decreasing phospho-AMPK T172 and Snail (Figure 2I), and that
p62 overexpression destabilized Snail (Figure 2J). Thus,
ROS was sufficient to drive AMPK activation and the
consequent increase in Snail in hb30-KPL cells.
AMPK activation during cellular energy stress is mediated by LKB1 [38]. It has also been shown that ROS-driven
AMPK activation occurs through CAMKK2 activation via
increased intracellular calcium levels [39]. Therefore, we
hypothesized that activated CAMKK2 may be responsible
for the activation of AMPK and the increase in downstream Snail in KL cells and examined this process by
Western blotting. Indeed, hb30-KPL cells showed a higher
level of phospho-CAMKII T286, a biomarker correlated
with intracellular calcium levels [40], than hb30-KP cells
(Figure 2K). The inhibition of calcium signaling in hb30KPL cells by either BAPTA-AM, a calcium chelator, or
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calmidazolium chloride, a calmodulin inhibitor, decreased
AMPK phosphorylation as well as the Snail levels (Supplementary Figure S2D), further supporting this hypothesis.
We also observed that both CAMKK2 knockdown and
chemical CAMKK2 inhibition with the inhibitor STO609 reduced the phospho-AMPK T172 and Snail levels
in hb30-KPL and KL cell lines, similar to the effects of
ROS or calcium signaling inhibition (Figure 2L and M,
and Supplementary Figure S2E-S2F). Intriguingly, STO609 effectively suppressed the aberrant activation of AMPK
and the increase in Snail by exposure to AMG-510 in
KL cancer cell lines (Supplementary Figure S2G). Finally,
CAMKK2 inhibition reduced the 2D and 3D invasion and
migration of hb30-KPL and H157 (KL) cells (Figure 2N and
O, Supplementary Figure S2H-S2I). Taken together, these
results indicate that ROS elevation due to the impaired
antioxidant defense capacity in KL lung cancer cells causes
the activation of the ROS/Ca2+ -CAMKK2-AMPK pathway, which leads to elevated Snail levels and an invasive
phenotype.

3.3
CAMKK2-AMPK-dependent
activation of autolysosomes drived invasion
through GSK3β-independent Snail
stabilization
AMPK functions in various aspects to maintain energy
balance during metabolic stress [37], including activation
of autophagy through phosphorylation of ULK1 [41]. We
previously reported that lysosomal activity was specifically increased in KL cells [4], and thus, we hypothesized
that Snail stabilization by AMPK activation may occur
through the autophagy-lysosomal pathway. To assess the
role of the ROS-CAMKK2-AMPK pathway in driving
autophagy in KL cells, we investigated whether perturbations of the pathway affect microtubule-associated protein
1A/1B-LC3 turnover and delivery of mRFP-GFP-LC3 to
lysosomes. In hb30-KPL cells, 81% of LysoTracker-positive
vesicles colocalized with LC3 (Figure 3A), indicating
that the majority of these vesicles were autolysosomes.
Indeed, inhibiting lysosomal function with CQ resulted
in increased levels of LC3-II, and the CQ+/CQ− LC3-II

tumor metastasis in the A549-luc tail vein injection model. A549-luc cells with or without SNAI1 knockdown were injected into nude mice via
the tail vein (8 mice per group). Bioluminescence images of the mice in each group at 4 weeks post-injection are shown (left). The total
metastatic burden was estimated by measuring the photon flux (right). The data are presented as the mean ± SEM. (G) Representative images
of H&E staining of lung sections from the control group and SNAI1-knockdown group (left). Number of metastatic nodules in the lung for
each group (right). All experiments were performed in triplicate unless otherwise indicated. The data are presented as mean ± SD, unless
otherwise indicated. Significant differences between groups were determined by a two-sided unpaired Student’s t-test. *P < 0.05, **P < 0.01,
***P < 0.001. Abbreviations: LKB1, liver kinase B1; ZEB1, zinc finger E-box binding homeobox 1; LUAD, lung adenocarcinoma; TCGA, The
Cancer Genome Atlas; ssGSEA, single sample Gene Set Enrichment analysis; NC, negative control; SEM, standard error of the mean; H&E,
hematoxylin and eosin
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F I G U R E 2 LKB1 loss impairs antioxidant defenses, resulting in increased reactive oxygen species (ROS) levels and Snail stabilization in
KL cells. (A) ROS levels detected using the CM-H2DCFDA probe in hb30-KP and hb30-KPL cells. (B) Mitochondrial ROS levels in four K and
four KL cell lines. The bar plots show the mean ± SD of four independent experiments. (C) Real-time PCR analyses of the relative expression
of the indicated genes in hb30-KP and hb30-KPL cells exposed to 150 μmol/L H2 O2 for 6 h (2 RNA samples from each cell line). All data are
presented as the fold change ± SD compared to control cells without H2 O2 exposure. (D) Steady-state accumulation of the p62, phospho-p62
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ratio indicated that hb30-KPL cells had higher basal
autophagic flux than hb30-KP cells (Figure 3B). This
elevated autophagic flux in hb30-KPL cells was decreased
by treatment with NAC or STO-609, as evidenced by the
decreased CQ+/CQ− LC3-II ratios in the LC3 turnover
assay (Supplementary Figure S3A) and the decreased
autophagosome (mRFP+/GFP+) and autolysosome
(mRFP+/GFP−) numbers in the mRFP-GFP-LC3 lysosome delivery assay (Supplementary Figure S3B). Thus,
increased autophagic flux in hb30-KPL cells is driven by
ROS/CAMKK2 signaling.
The CLEAR network regulates lysosomal biogenesis
and participates in macromolecule clearance via lysosomeassociated processes, including autophagy [42]. TFEB
directly binds to specific E-box sites at CLEAR gene network promoters [43] and transactivates CLEAR network
genes [44]. Thus, we speculated that activated autophagy
in the KL context might be at least partly due to CLEAR
activation via TFEB. To test this hypothesis, we evaluated TFEB activity by transfection of a CLEAR motifdriven luciferase reporter construct. We confirmed that
the activated autophagic flux in hb30-KPL cells was at
least partially due to increased CLEAR activity based
on TFEB activity (Figure 3C). We found that AMPK or
KRAS knockdown and ectopic expression of LKB1 resulted
in a reduction in TFEB levels (Supplementary Figures
S1F and S3C). As measured by TFEB activity, inhibition
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of either ROS or CAMKK2 decreased CLEAR activity
(Figure 3D and E). Collectively, these data indicate that
the activation of the ROS/Ca2+ -CAMKK2-AMPK signaling pathway induces autophagy at least partially through
the TFEB-mediated activation of the CLEAR network.
Next, we sought to examine whether the activated
autophagy-lysosomal system in KL cells increases Snail
protein expression. We found that knockdown of crucial autophagic mediators (ULK1, ATG5 or TFEB) or
autophagic inhibition by CQ decreased the Snail protein levels (Figure 3F and G) but not mRNA levels
(Supplementary Figure S3D), indicating that autophagy
stabilizes the Snail protein. Co-treatment with the proteasome inhibitor bortezomib rescued CQ- and STO-609induced Snail depletion (Figure 3H and I). Accordingly,
we observed that Snail ubiquitination increased upon
autophagic inhibition (Supplementary Figure S3E), indicating that the Snail protein is stabilized by autophagy. The
ubiquitin-mediated proteasomal degradation of Snail was
regulated by Snail phosphorylation, which is in turn mediated by GSK3β [45, 46]. Given the above results, we sought
to determine whether Snail protein stability regulated by
autolysosomal activity is dependent on GSK3β activity.
Since GSK3β was fully activated through phosphorylation
of Y216 [46], we first examined whether the total protein
level or phosphorylation of GSK3β is regulated by autolysosomes. The levels of neither total GSK3β nor active GSK3β

(Ser351) and NRF2 proteins was assessed by Western blotting analysis of whole-cell lysates from hb30-KP and hb30-KPL cells. Beta-actin was
used as the loading control (left). Detection of steady-state NRF2 protein in hb30-KP and hb30-KPL cells by immunofluorescence (scale bar,
50 μm) (middle). Analyses were performed with anti-NRF2 antibody (green). DAPI was used to visualize nuclei. The bar plots show the
nuclear to cytosolic ratio of NRF2 protein intensity, quantified by ImageJ software (three independent experiments). (E) Steady-state
accumulation of the phospho-AMPK protein was assessed by Western blotting analysis of whole-cell lysates from hb30-KP and hb30-KPL
cells. HSP90 was used as the loading control. (F) The effects of AMPK knockdown in hb30-KPL cells on the accumulation of Snail and 2D
invasion were evaluated by Western blotting (left) and Matrigel invasion assays (right), respectively. (G and H) Proteins from hb30-KPL cells
that were untreated or treated with H2 O2 or NAC for 6 h were analyzed by Western blotting for phospho-AMPK, total AMPK (G), and Snail
(H). Beta-actin was used as the loading control. (I) Effects of treatment with the NRF2 activator CDDO-ME for 24 h on the expression of the
indicated proteins in hb30-KPL cells, as determined by Western blotting. Beta-actin was used as the loading control. (J) The effects of ectopic
p62 expression on the Snail protein levels in hb30-KPL cells were determined by Western blotting 24 h post-transfection. Beta-actin was used
as the loading control. (K) Steady-state accumulation of phospho-CAMKII protein was assessed by Western blotting analysis of whole-cell
lysates from hb30-KP and hb30-KPL cells. HSP90 was used as the loading control. (L) Effects of CAMKK2 knockdown by shRNA on the
expression of the indicated proteins in hb30-KPL cells, as determined by Western blotting. HSP90 was used as the loading control. (M and N)
The effects of treatment with the CAMKK2 inhibitor STO-609 for 24 h on Snail accumulation and 2D invasion in hb30-KPL cells were
evaluated by Western blotting (M) and Matrigel invasion assays (N). Beta-actin was used as the loading control. (N) The bar plots on the
bottom left show the mean relative invaded cell number ± SD, while bar plots on the bottom right show the mean relative live cell count ± SD
of three independent experiments. (O) Effects of STO-609 (25 μmol/L) for 7 days on the invasion of spheroids generated from the indicated KL
cell line under 3D culture conditions. The bars indicate the mean ± SD of six invasion lengths in two spheroids per group. DMSO was used as
a vehicle control. All experiments were performed in triplicate unless otherwise indicated. The data are presented as mean ± SD, unless
otherwise indicated. Significant differences between groups were determined by a two-sided unpaired Student’s t-test. *P < 0.05, **P < 0.01,
***P < 0.001, NS: not significant. Abbreviations: ROS, reactive oxygen species; CM-H2DCFDA, chloromethyl dichlorodihydrofluorescein
diacetate, acetyl ester; PCR, polymerase chain reaction; CTG, CellTiter Glo; NRF2, NF-E2-related factor 2; DAPI,
4′,6-diamidino-2-phenylindole; NAC, N-acetyl cysteine; AMPK, AMP-activated protein kinase, CDDO-ME, bardoxolone methyl; CAMKII,
Calcium/Calmodulin-dependent Protein Kinase II; CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; 2D, two-dimensional;
3D, three-dimensional; HSP90, heat shock protein 90; DMSO, dimethyl sulfoxide
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F I G U R E 3 CAMKK2-AMPK-dependent activation of autolysosomes drives invasion through GSK3β-independent Snail stabilization.
(A) Detection of steady-state lysosomes and autophagosomes in hb30-KPL cells by immunofluorescence (scale bar, 50 μm). LC3 (green dots)
represents autophagosomes, and LysoTracker (red dots) represents lysosomes. DAPI was used to visualize nuclei. Arrows indicate cells with
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(phospho-GSK3β Y216) were increased in hb30-KPL cells
compared to hb30-KP cells (Figure 3J), indicating that the
KRAS-LKB1 co-mutation does not affect GSK3β activity. In
addition, the phospho-GSK3β Y216 level did not increase
upon autophagic inhibition (Supplementary Figure S3F),
indicating that autophagy does not affect GSK3β in KL
cells. Moreover, the GSK3β inhibitor CHIR-99021 did not
rescue the Snail protein level when autophagy was inhibited by CQ treatment but rescued the level of activated
β-catenin, another GSK3β substrate used as a control to
show inhibitory activity of CHIR-99021 (Figure 3K). These
results indicate that the regulation of Snail protein stability via autolysosomal activity is not dependent on GSK3β
activity.
Based on the relationship between autophagy and
Snail, we next investigated whether autophagy plays a
pro-tumorigenic role in KL cells by promoting invasion.
To examine this, we dissected the causality between
autophagy and invasion using various genetic and chemical perturbations. Autophagic inhibition by various drugs
or knockdown of autophagy genes (ATG5 and TFEB)
decreased the invasiveness and migration of hb30-KPL
and KL cancer cell lines (Figure 3L–N, Supplementary
Figure S3G-S3I). However, autophagic activation with
rapamycin (an mTOR inhibitor) resulted in increased
invasiveness of hb30-KP cells (Figure 3O), indicating
that autophagy is necessary and sufficient to drive the
invasive phenotype. Taken together, these data demon-
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strate that the CAMKK2-AMPK-dependent activation of
autolysosomes drives the invasiveness of KL cancer cells
by stabilizing Snail.

3.4
Acetyl-CoA supplied by autophagy
underlied the enhanced invasion of KL
cells
We next examined how autophagy may drive the enhanced
invasion of KL cells by examining differences in metabolite levels in K and KL cells. By analyzing a CCLE
metabolomic dataset [47], we found that 14 KL cancer cell
lines had higher levels of 11 of the 225 detected metabolites
than 31 K cancer cell lines (Figure 4A). LC-MS revealed
that among these metabolites, the levels of glutathione,
gamma-aminobutyric acid (GABA), citrate, and dimethylglycine were significantly decreased in hb30-KPL cells
upon autophagic inhibition by ATG5 knockdown (Supplementary Figure S4A), suggesting that these metabolites are
supplied by enhanced autophagy in KL cells.
Citrate is a precursor of acetyl-CoA, and accumulating evidence indicates that acetyl-CoA mediates invasion
and metastasis in prostate cancer [48], breast cancer [49],
and hepatocellular carcinoma [50]. Thus, we hypothesized that citrate supplied by autophagy may increase the
intracellular acetyl-CoA level to support KL cell invasion. To test this hypothesis, we compared the citrate

co-localized LC3 and LysoTracker puncta. (B) Western blotting of LC3 proteins in hb30-KP and hb30-KPL cells in response to treatment with
50 μmol/L CQ for 6 h. Beta-actin was used as the loading control. Values obtained from a quantitative densitometric analysis of LC3-II relative
to beta-actin are shown underneath the LC3 blots. (C) Steady-state relative luciferase activity in hb30, hb30-KP and hb30-KPL cells transiently
transfected with a CLEAR motif-driven luciferase reporter construct. Relative luciferase intensities are expressed as the fold change relative to
the hb30 control cells. (D-E) Effects of treatment with NAC (D) or 50 μmol/L STO-609 (E) for 24 h on the relative luciferase activity in
hb30-KPL cells stably transfected with a TFEB-luciferase reporter construct. (F-G) The effects of genetic suppression of autophagy with the
indicated siRNAs (F) or inhibition by the indicated concentrations of CQ for 12-48 h (G) on Snail protein accumulation were determined by
Western blotting analysis of whole-cell lysates from hb30-KPL cells. Beta-actin and HSP90 were used as the loading control. (H and I) Effects
of treatment with CQ (50 μmol/L for H) or STO-609 at the indicated concentrations for 12 h in the presence or absence of 20 nmol/L
bortezomib for the last 4 h on Snail protein accumulation in hb30-KPL cells. Beta-actin was used as the loading control. Values obtained from
a quantitative densitometric analysis of Snail relative to beta-actin are shown underneath the Snail blots. (J) Steady-state accumulation of the
indicated proteins was assessed by Western blotting of whole-cell lysates from hb30-KP and hb30-KPL cells (left). Beta-actin was used as the
loading control. (K) Effect of treatment with the GSK3β inhibitor CHIR-99021 (3 μmol/L for 5 h) in the presence or absence of 50 μmol/L CQ
on Snail protein accumulation in hb30-KPL cells. HSP90 was used as the loading control. Activated beta-catenin was used as the positive
control GSK3β substrate. (L,M,O) Effects of the indicated drugs: CQ (lysomotropic weak base) 25 μmol/L, bafilomycin A1 (BafA1: V-ATPase
inhibitor) 10 nmol/L, wortmannin (Wort: PI3K inhibitor) 1 μmol/L, saliphenylhalamide (Sali: V-ATPase inhibitor) 10 nmol/L and rapamycin
(mTORC1 inhibitor) 2 μmol/L for 24 h (L, O) or knockdown with the indicated siRNAs (M) on Matrigel invasion of hb30-KPL cells (L-M) or
hb30-KP cells (O). Quantified data of cells that invaded through Matrigel-coated Transwell membranes are shown. (N) Effects of ATG5
knockdown on the invasion of spheroids generated from the indicated KL cell line under 3D culture conditions. The bars indicate the mean ±
SD of nine invasion lengths in three spheroids per group. All experiments were performed in duplicate unless otherwise indicated. The data
are presented as mean ± SD, unless otherwise indicated. Significant differences between groups were determined by a two-sided unpaired
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: LC3, microtubule-associated protein 1A/1B light chain 3; DAPI,
4′,6-diamidino-2-phenylindole; CQ, chloroquine; CLEAR, coordinated lysosomal expression and regulation; NAC, N-acetyl-l-cysteine; NC,
negative control; TFEB, transcription factor EB; TFEB RE, TFEB reporter; ULK1, Unc-51-like kinase; ATG5, autophagy related 5; GSK3β,
glycogen synthase kinase 3 beta; HSP90, heat shock protein 90, 3D, three-dimensional; DMSO, dimethyl sulfoxide
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F I G U R E 4 Acetyl-CoA supplied by autophagy underlies the enhanced invasion of KL cells. (A) Volcano plot of 225 metabolites
compared between 14 KL and 31 K lung cancer cell lines under steady-state growth conditions based on the CCLE metabolomic data (left).
Metabolites with statistically significant differences between the two sets of cells (P < 0.05, two-sided Wilcoxon rank sum test) are shown as
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and acetyl-CoA levels in hb30-KP and hb30-KPL cells
and examined whether modulation of autophagic activity affects intracellular citrate and acetyl-CoA levels. In
support of this hypothesis, we found that hb30-KPL cells
had higher citrate and acetyl-CoA levels than hb30-KP
cells (Figure 4B). We also confirmed that the inhibition
of autophagy (by siRNA or CQ) or CAMKK2 (by shRNA
or STO-609) decreased citrate and acetyl-CoA levels in the
hb30-KPL and KL cell lines (Figure 4C, Supplementary
Figure S4B-S4D).
Intracellular citrate is synthesized mainly from two
major carbon sources, pyruvate and α-ketoglutarate [51].
To further confirm that autophagy supplies citrate to
generate acetyl-CoA and stabilize Snail in KL cells,
we examined whether supplementation with citrate precursors could rescue the citrate and Snail levels upon
autophagic inhibition. We found that the delivery of
their cell-permeable forms [methyl pyruvate (MP) and
dimethyl-2-oxoglutarate (MOG), respectively] almost com-
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pletely reversed the effects of CQ on the citrate levels,
while rosiglitazone, an inducer of mitochondrial biogenesis, did not have this effect (Figure 4D). Consistent
with this result, autophagic activation by rapamycin in
hb30-KP cells increased the citrate and acetyl-CoA levels
(Figure 4E). Collectively, our data indicate that KL cells
maintain increased levels of acetyl-CoA through citrate
supplied by enhanced autophagy.
Metabolic pathways for the synthesis and degradation
of citrate and acetyl-CoA are summarized in Figure 4F.
To validate the causal link between citrate/acetyl-CoA
and KL cell invasiveness, we evaluated KL cell invasiveness after siRNA-mediated knockdown of the expression
of enzymes in these pathways. Either ACLY or acetylCoA synthetase short chain family member 2 (ACSS2)
knockdown reduced acetyl-CoA levels (Figure 4G) and
hb30-KPL and KL cell invasion (Figure 4H and Supplementary Figure S4E). Acetate treatment enhanced
hb30-KPL cell invasion, which was reversed by ACSS2

colored dots. The red dots in the box enclosed by dashed lines represent statistically significantly upregulated metabolites in KL cells
(delta>0), whereas the blue dots represent downregulated metabolites (delta<0) with a P value < 0.05. Delta values were obtained by
subtracting the mean levels of a metabolite in K cell lines from the mean levels in KL cell lines. The black highlighting indicates metabolites
downregulated upon ATG5 knockdown in hb30-KPL cells, as shown in Supplementary Figure S4A. The heatmap depicts the cell line-specific
levels of 11 metabolites significantly upregulated in KL cells (right) (B) Steady-state levels of citrate in hb30 cells, hb30-KP cells, and hb30-KPL
cells. Relative absorbance is expressed as the fold change relative to the hb30 control cells (left). Steady-state acetyl-CoA levels in hb30-KP
and hb30-KPL cells. Relative absorbance is expressed as the fold change relative to the hb30-KP (right). The data are shown as the mean ± SD
of two and four independent experiments, respectively. (C) Acetyl-CoA level in hb30-KPL cells with the indicated genetic knockdown as a
fold change relative to the control cells. (D) Levels of citrate in hb30-KPL cells treated with 8 mmol/L MP, 3 mmol/L MOG or 200 μmol/L
rosiglitazone for 24 h in the presence or absence of 50 μmol/L CQ. (E) Western blotting of the indicated proteins in hb30-KP cells treated with
2 μmol/L rapamycin for 5 h. Beta-actin was used as the loading control (left). Increased conversion of LC3-I (upper band) to LC3-II (lower
band) indicates autophagic activation. The levels of citrate and acetyl-CoA under the same conditions (right). (F) Schematic of acetyl-CoA
metabolism in mammalian cells. Citrate is synthesized by two independent pathways via mitochondrial citrate synthase (CS) and cytosolic
isocitrate dehydrogenase 1 (IDH1). Acetyl-CoA is synthesized from citrate by ATP citrate lyase (ACLY) or from acetate by acetyl-CoA
synthetase 2 (ACSS2). Acetyl-CoA is then used as a precursor for synthesizing lipid molecule synthesis or as an acetyl group donor for protein
acetylation. Blue text indicates enzymes. (G-H) Effects of ACLY or ACSS2 knockdown on the acetyl-CoA level (measured by fluorescence
intensity) (G) and Matrigel invasion (H) in hb30-KPL cells. (I) Effect of 10 mmol/L acetate treatment for 24 h on the Matrigel invasion of
hb30-KPL cells (left). Matrigel invasion of hb30-KPL cells with or without ACSS2 knockdown and 10 mmol/L acetate treatment for the last
24 h (right). (J) Effects of CS or IDH1 knockdown on citrate in hb30-KPL cells. (K) Effects of CS or ACLY knockdown in the presence or
absence of 8 mmol/L MP (left) or CS, IDH1, or ACLY knockdown in the presence or absence of 3 mmol/L MOG (right) on Snail accumulation
in hb30-KPL cells, as determined by Western blotting. HSP90 was used as the loading control in both blots. Values obtained from a
quantitative densitometric analysis of Snail relative to HSP90 are shown underneath the Snail blots. (L) Effect of IDH1 knockdown and
treatment with 50 μmol/L CQ in the presence or absence of 3 mmol/L MOG for 24 h on Snail accumulation in hb30-KPL cells. HSP90 was
used as the loading control. (M) Effects of ACACA knockdown on the Matrigel invasion and migration of hb30-KPL cells (left) and indicated
KL cell lines (right). (N) Effect of CREBBP knockdown on Matrigel invasion in hb30-KPL cells (left) and the indicated KL cell lines (right).
(O) Effect of treatment with the CBP inhibitor C646 (25 μmol/L) for 24 h in the presence or absence of 10 mmol/L acetate on Matrigel
invasion. All experiments were performed in duplicate unless otherwise indicated. The data are presented as mean ± SD, unless otherwise
indicated. Significant differences between groups were determined by a two-sided unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P <
0.001, NS: not significant. Abbreviations: CCLE, Cancer Cell Line Encyclopedia; NC, negative control; ATG5, autophagy related 5; TFEB,
transcription factor EB; CAMKK2, calcium/calmodulin dependent protein kinase kinase 2; MP, methyl pyruvate; MOG,
dimethyl-2-oxoglutarate; Rosi, rosiglitazone; CQ, chloroquine;TCA, tricarboxylic acid cycle; Cyto, cytoplasm; Mito, mitochondria; Rapa,
rapamycin; LC3, microtubule associated protein 1 light chain 3 alpha; ACLY, ATP citrate lyase; ACSS2, acetyl-CoA synthase short chain family
member 2, CS, citrate synthase; IDH1, isocitrate dehydrogenase 1; CREBBP, CREB-binding protein; ACACA, Acetyl-CoA carboxylase alpha;
HSP90, heat shock protein 90
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knockdown (Figure 4I), indicating that acetate should be
converted to acetyl-CoA via ACSS2 to induce an invasive
phenotype.
Citrate is synthesized by two independent pathways via
mitochondrial CS and cytosolic IDH1 (Figure 4F) [52].
We further observed that both CS and IDH1 knockdown
reduced the citrate levels to a similar degree in hb30-KPL
cells (Figure 4J), indicating that both the mitochondriadependent (through CS) and mitochondria-independent
routes (through IDH1) contribute to the citrate pool in
KL cells. As Snail levels were also reduced by both CS
and IDH1 knockdown (Figure 4K), we examined whether
MP (a direct substrate of CS) or MOG (a direct substrate of IDH1 and an indirect substrate of CS) could
rescue the reduced Snail level. We observed that while
MP did not produce a meaningful increase in Snail levels the CS-depleted cells, MOG rescued Snail levels in
the IDH1-depleted cells (Figure 4K), suggesting that MOG
bypassed IDH1 through the mitochondrial TCA cycle,
whereas the ability of MP to bypass CS was limited.
The same rescue pattern was observed with CQ treatment (Figure 4L), indicating that CQ did not affect the
mitochondria-dependent MOG to citrate flux. However,
even in the MOG-supplemented condition, if ACLY was
depleted, the Snail level was not restored (Figure 4K), suggesting that citrate must be converted into acetyl-CoA via
ACLY to increase Snail protein levels. Taken together, these
data indicate that both acetate and citrate, independent of
their synthesis routes, are sources of acetyl-CoA in KL cells
and that acetyl-CoA is the key metabolite that enhances
the invasion of KL cells.
We then investigated the downstream mechanisms of
acetyl-CoA. Acetyl-CoA is mainly used for fatty acid
synthesis and protein acetylation. To determine whether
acetyl-CoA-mediated fatty acid synthesis is the main driver
of cell invasion, we knocked down acetyl-CoA carboxylase
alpha (ACACA), which may increase the level of acetylCoA by suppressing its conversion to malonyl-CoA [49],
increased the invasion of hb30-KPL and KL cell lines
(Figure 4M), indicating that fatty acid synthesis is not
the main driver of the invasive phenotype. However, the
knockdown of CREB-binding protein (CREBBP), which is
involved in transferring acetyl groups from acetyl-CoA to
lysine side chains of target proteins [53], reduced invasion in the hb30-KPL and KL cell lines (Figure 4N),
and chemical inhibition of CBP acetyltransferase activity
with C646 diminished the effect of acetate on invasion
(Figure 4O, Supplementary Figure S4F). Taken together,
these data indicate that activated autophagy generates
precursors for acetyl-CoA, which enhances the invasiveness of KL lung cancer cells through target protein
acetylation.
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3.5
Autophagy-derived acetyl-CoA
enhanced KL cell invasion via
CBP-mediated Snail acetylation
As the Snail level was found to be highly associated
with invasiveness of KL cancer cells (Figure 1E) and concordantly changed with perturbation of citrate pathways
(Figure 4K), we hypothesized that acetyl-CoA-induced
invasiveness is mediated by Snail. To test this hypothesis, we first examined changes in the Snail level following
changes in acetyl-CoA abundance. Both acetate supplementation and ACACA knockdown increased the Snail
protein level without affecting its mRNA level (Supplementary Figure S5A-S5B). We further observed a concurrent increase in the acetylated Snail level upon acetate
supplementation (Supplementary Figure S5C), whereas
ACLY knockdown decreased global protein acetylation
and acetylated Snail levels (Supplementary Figure S5D).
In support of our hypothesis, the ACLY inhibitors BMS303141, SB-204990 and NDI-091143 reduced Snail level
and cell invasion, and co-treatment with the proteasome
inhibitor bortezomib rescued BMS-303141-induced Snail
depletion (Figure 5A).
Consistent with these observations, hb30-KPL cells
showed increased global protein acetylation and acetylated Snail levels compared to hb30-KP cells (Figure 5B).
As activated autophagy supplies acetyl-CoA in the context of KRAS-LKB1 co-mutation, chemical inhibition
of the upstream mediator CAMKK2 decreased acetylated Snail levels in hb30-KPL cells (Supplementary
Figure S5E). Similarly, direct inhibition of autophagy by
CQ or siATG5/TFEB produced the same effect (Figure 5C
and D), while autophagic activation by mTOR inhibition in hb30-KP cells increased global protein acetylation (Supplementary Figure S5F), histone H3 acetylation
(Supplementary Figure S5G), a representative protein
responsive to the nucleocytoplasmic acetyl-CoA level [54],
and Snail acetylation (Supplementary Figure S5H). Furthermore, ACLY-depleted hb30-KPL cells did not show
elevated Snail expression upon autophagic activation
(Figure 5E). Collectively, these data indicate that acetylCoA supplied by activated autophagy increases Snail
acetylation.
We next sought to identify enzymes that mediate Snail
acetylation and their roles in regulating Snail stability
and invasiveness in KL cells. The acetyltransferase CBP
acetylates Snail using acetyl-CoA, while HDAC class I
and II enzymes deacetylate Snail [55]. Consistent with
this, chemical inhibition and siRNA-mediated depletion
of CBP (siCREBBP) decreased the Snail protein levels in
hb30-KPL and KL cell lines, and this effect was partially
due to a decrease in protein stability, as evidenced by the
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F I G U R E 5 Autophagy-derived acetyl-CoA enhances KL cell invasion via CBP-mediated Snail acetylation. (A) Effect of exposure to
BMS-303141, NDI-091143 and SB-204990 (ACLY inhibitor) at the indicated concentrations for 24 h, 24 h, and 2 h in the presence or absence of
20 nmol/L bortezomib for the last 3 hours (BMS-303141) on Snail protein accumulation in hb30-KPL cells, as determined by Western blotting.
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lack of obvious change in Snail mRNA levels (Figure 5F
and G), while the HDAC inhibitor SAHA increased acetylated Snail levels (Figure 5H) and cell invasion, which
was reversed by SNAI1 knockdown (Figure 5I), indicating that the increase in cell invasion induced by HDAC
inhibition is Snail-dependent. In addition, the treatment
of hb30-KPL cells with cycloheximide, which inhibits protein synthesis, reduced the Snail protein levels, but this
effect was partially reversed by treatment with SAHA
(Supplementary Figure S5I), suggesting that Snail stabilization was at least partially mediated by Snail acetylation.
Moreover, Snail depletion induced by CQ was rescued by
SAHA (Figure 5J), further indicating that autophagy drives
Snail acetylation. We observed that the K cells expressing acetylation-deficient Snail mutants (Snail-K146R and
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Snail-K187R) showed significantly lower invasiveness than
the Snail-WT cells (Figure 5K), indicating that Snail acetylation confers invasiveness in KL cells. The reduced acetylation of wild-type Snail induced by the CBP inhibitor
C646 increased Snail phosphorylation, accompanied by
increased polyubiquitination (Figure 5L and M, left), while
the increased acetylation of wild-type Snail induced by
SAHA decreased Snail phosphorylation, accompanied by
decreased polyubiquitination (Figure 5L and M, right).
Moreover, C646 or SAHA impacted the phosphorylation
or acetylation of Snail K146R to a lesser degree than that
of wild-type Snail (Figure 5L and M). Taken together,
these data indicate that acetyl-CoA produced by autophagy
enhances the invasion of KL cells via CBP-mediated Snail
acetylation.

Beta-actin and HSP90 were used as the loading controls (left panels). Acetyl histone H3 was used as a control to represent intracellular
acetyl-CoA levels. The effect of exposure of hb30-KPL cells to 50 μmol/L BMS-303141 for 24 h, 1 μmol/L NDI-091143 for 24 h and 20 μmol/L
SB-204990 for 2 h on Matrigel invasion. Quantified data of cells that invaded through Matrigel-coated Transwell membranes are shown in the
right panels. The bar plots show the mean ± SD of three independent experiments. (B) Steady-state levels of total protein acetylation in
hb30-KP and hb30-KPL cells (left) and immunoprecipitation-Western blotting analysis of acetylated Snail levels in hb30-KP and hb30-KPL
cells (right). Beta-actin was used as the loading control. se, short exposure; le, long exposure. (C-D) Immunoprecipitation-Western blotting
analysis of acetylated Snail levels upon treatment with 50 μmol/L CQ for 24 h (C) or ATG5 or TFEB knockdown (D) in hb30-KPL cells. Values
obtained from a quantitative densitometric analysis of acetylated Snail relative to beta-actin are shown underneath the Snail blots. (E) The
effect of 2 μmol/L rapamycin (for 5 h) with or without ACLY knockdown on Snail protein accumulation was assessed by Western blotting
analysis. Values obtained from a quantitative densitometric analysis of acetylated Snail relative to beta-actin are shown underneath the Snail
blots. (F) Effect of the CBP inhibitor C646 (25 μmol/L) for 2 h on the levels of the indicated proteins in hb30-KPL (left) and KL cell lines (right),
as determined by Western blotting. Real-time PCR analyses of relative SNAI1 gene expression in hb30-KPL cells after exposure to 25 μmol/L
C646 for 2 h (middle; 2 RNA samples). The schematic shows the modes of action of the tested compounds. (G) The effects of hb30-KPL (left)
and KL cell line (right) treatment with CREBBP-specific siRNA for 72 h on Snail protein accumulation were assessed by Western blotting
analysis. HSP90 was used as the loading control. (H) Effect of the 3 μmol/L HDAC inhibitor SAHA for 15 h on the levels of the indicated
proteins in hb30-KPL cells (left). Immunoprecipitation-Western blotting analysis of acetylated Snail levels in hb30-KPL cells upon treatment
with 3 μmol/L SAHA for 15 h (right). Beta-actin and HSP90 were used as the loading controls. Values obtained from a quantitative
densitometric analysis of acetylated Snail relative to HSP90 are shown underneath the Snail blots. (I) Matrigel invasion assay of hb30-KPL
cells with SNAI1 knockdown with or without 3 μmol/L SAHA treatment for the last 15 h. Representative bright-field micrographs (20×) of
cells that invaded through Matrigel-coated Transwell membranes are shown in the left panel, and quantification data of invaded cell numbers
are shown in the right panel. (J) The effect of exposure of hb30-KPL cells to a combination of 3 μmol/L SAHA and 50 μmol/L CQ for 24 h on
Snail protein accumulation was assessed by Western blotting. Beta-actin was used as the loading control. (K) The effects of ectopic expression
of wild-type or acetylation-deficient Snail (K146R or K187R) on Snail protein levels in the indicated K cell lines were determined by Western
blotting analysis at 24 h post-transfection. HSP90 was used as the loading control (left). Representative images of Matrigel invasion under the
above conditions are shown in the middle panels, and quantified data are shown in the right panels. (L) Immunoprecipitation-Western
blotting analysis of phosphorylated/acetylated Snail in A549 cells transfected with wild-type Snail (pFLAG-Snail WT) or an
acetylation-deficient Snail mutant (pFLAG-SnailK146R) with or without 25 μmol/L C646 treatment for 2 h (left) or 3 μmol/L SAHA treatment
for 5 h (right). Flag was immunoprecipitated from 1-μg samples of cell lysates with 40 μL of anti-Flag M2 Affinity gel and Western blotted with
the indicated antibodies. HSP90 was used as the loading control. Phospho-Ser/Thr, phosphorylated serine/threonine. (M)
Immunoprecipitation-Western blotting for analysis of polyubiquitinated Snail in A549 cells co-transfected with HA-ubiquitin and wild-type
Snail (pFLAG-Snail WT) or an acetylation-deficient Snail mutant (pFLAG-SnailK146R) with or without 25 μmol/L C646 treatment for 2 h
(left) or 3 μmol/L SAHA treatment for 5 h (right). Flag was immunoprecipitated from 1-μg samples of cell lysates with 40 μL of anti-Flag M2
Affinity gel and Western blotted with the indicated antibodies. HSP90 was used as the loading control. All experiments were performed in
duplicate unless otherwise indicated. The data are presented as mean ± SD, unless otherwise indicated. Significant differences between
groups were determined by a two-sided unpaired Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, NS: not significant. Abbreviations: ACLY,
ATP citrate lyase; HSP90, heat shock protein 90; DMSO, dimethyl sulfoxide; CQ, chloroquine; NC, negative control; ATG5, autophagy related
5; TFEB, transcription factor EB;; HDAC, histone deacetylase; SAHA, suberoylanilide hydroxamic acid; PCR, polymerase chain reaction;
CREBBP, CREB Binding Protein; IB, immunoblot; IP, immunoprecipitation; HA, hemagglutinin; UB, ubiquitin
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3.6
Elevated TFEB acetylation triggered
a positive feedback loop to activate
autophagy
The enhanced CLEAR activity in KL cells was unexpected
because mTORC1, which is activated due to LKB1 loss in
the KL background [31], is known to suppress CLEAR
activity through inhibitory phosphorylation of TFEB [44,
56, 57]. Thus, we speculated that enhanced CLEAR activity in KL cells might be associated with acetylation of
TFEB. To examine the effect of TFEB acetylation on its
transcriptional regulatory activity, we overexpressed wildtype TFEB and acetylation-deficient TFEB[4KR] mutant
and measured CLEAR activity. Indeed, the expression of
the acetylation-deficient TFEB[4KR] mutant significantly
reduced CLEAR activity measured by luciferase reporter
assays in hb30-KPL cells (Figure 6A, left). Furthermore,
the TFEB activity levels in the hb30-KPL cells expressing the TFEB[4KR] mutant were less responsive to SAHA
treatment than those in the cells expressing wild-type
TFEB (Figure 6A, right). These data indicate that acetylation contributes to TFEB activation in the context of active
mTORC1.
Considering that global protein acetylation was
increased in hb30-KPL cells (Figure 5B), we hypothesized that high acetyl-CoA levels may also promote
TFEB acetylation, overriding the negative regulatory
effect of mTORC1 and resulting in increased activity
of the autophagy-lysosomal pathway. In support of this
hypothesis, although we observed a higher level of TFEB
phosphorylation at Ser211 in hb30-KPL cells than in
hb30-KP cells, the level of acetylated TFEB was also
higher in hb30-KPL cells (Figure 6B). To further investigate the consequences of these seemingly conflicting
compound modifications of TFEB, we compared the
localization of TFEB between hb30-KP and hb30-KPL
cells. Intriguingly, hb30-KPL cells showed a higher
level of nuclear-translocated TFEB (Figure 6C), which
was in accordance with the increased CLEAR activity
(Figure 3C). Consistent with these data, both acetate and
SAHA increased the level of nuclear TFEB (Figure 6D) and
CLEAR activity (Figure 6E) and increased autophagic flux
in hb30-KPL cells, as shown by the increased CQ+/CQ−
LC3-II ratio in the LC3 turnover assay (Figure 6F)
and the increased number of both autophagosomes
(mRFP+/GFP+) and autolysosomes (mRFP+/GFP−) in
the mRFP-GFP-LC3 lysosome delivery assay (Figure 6G).
Notably, both acetate and SAHA also increased the
acetylated TFEB, phosphorylated TFEB and total TFEB
protein levels without significantly changing the TFEB
mRNA level (Figure 6H–J), suggesting that acetylated
TFEB is protected from proteasomal degradation. The
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constant phospho-RPS6 (p-S6) level under acetate and
SAHA treatment further indicated that the increase in
phosphorylated TFEB was independent of mTORC1
activity (Figure 6H and I).
As TFEB phosphorylation and acetylation occur simultaneously (Figure 6B, H and I), we modulated each
modification in different ways and evaluated changes in
TFEB activity by CLEAR luciferase assays. We observed
a decrease in the acetylated TFEB level in response to
ACLY knockdown in hb30-KPL cells (Figure 6K, lower
left). Under this condition, rapamycin, which inhibits
TFEB phosphorylation, did not rescue CLEAR activity
(Figure 6K, lower right). In contrast, calcineurin inhibition (a phosphatase recognizing TFEB [58]) by FK506
decreased CLEAR activity by increasing the level of
phospho-TFEB in hb30-KPL cells (Figure 6L, left). Under
these conditions, both acetate and SAHA treatment overcame the effect of FK506, resulting in increased CLEAR
activity (Figure 6L, right). Collectively, these data suggest
that while phosphorylation mainly functions by regulating TFEB activity through cytosolic retention as opposed to
nuclear translocation, acetylation controls TFEB function
by stabilizing it to resist proteasomal degradation, resulting in simultaneous increases in both active (nuclear)
and nonactive (cytosolic) TFEB levels. As the former is
dominant over the latter in terms of TFEB activity [56],
enhanced TFEB acetylation may activate the autophagylysosomal pathway even when TFEB phosphorylation
increases.
Next, we examined whether autophagic inhibition disrupts this positive feedback loop. STO-609 effectively
reduced acetylated TFEB levels (Figure 6M). Conversely,
acetate and SAHA partially rescued the reduction in TFEB
protein levels under CQ treatment (Figure 6N). These
results are consistent with previous observations that
TFEB acetylation was involved in maintaining the total
TFEB protein level (Figure 6H–J). Taken together, these
results indicate that autophagy-supplied acetyl-CoA contributes to further autophagic activation through TFEB
acetylation.

3.7
The autophagy/acetyl-CoA/acetylSnail axis underlied the enhanced invasion
of KRAS-mutated pancreatic cancer cells
KRAS-mutated pancreatic ductal adenocarcinoma is characterized by increased dependence on autophagy and
macropinocytosis [59]. Thus, we hypothesized that our
model may be applicable for KRAS-mutated pancreatic cancer cell lines with physiological characteristics similar to those of KL lung cancer cell lines.
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F I G U R E 6 Elevated TFEB acetylation triggers a positive feedback loop to activate autophagy. (A) Effect of ectopic expression of
wild-type TFEB or acetylation-deficient TFEB[4KR] for 24 h on the relative luciferase activity in hb30-KP cells transiently co-transfected with
a CLEAR motif-driven luciferase reporter construct (left). Relative luciferase activity after the addition of 3 μmol/L SAHA for the last 5 h
under identical conditions (right). (B) Steady-state levels of TFEB and phospho-TFEB (Ser211) in hb30-KP and hb30-KPL cells, as determined
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As expected, citrate levels were significantly higher
in 41 pancreatic cancer cell lines than in 710 nonpancreatic and non-lung cancer cell lines based on
CCLE metabolomic data [47] (Supplementary Figure S6A).
Autophagic inhibition by CQ effectively reduced acetylCoA levels, total/acetylated Snail levels, and cell invasion (Supplementary Figure S6B-S6E). This hypothesis
was further supported by the observation of reduced
Snail expression and invasion upon ACLY knockdown
(Supplementary Figure S6F-S6G). Finally, we observed
that pancreatic cancer cells expressing an acetylationdeficient Snail mutant (Snail-K146R or Snail-K187R)
showed reduced invasiveness compared to cells expressing wild-type Snail (Supplementary Figure S6H-S6I).
Thus, the autophagy/acetyl-CoA/acetyl-Snail axis was
also observed in KRAS-mutated pancreatic cancer cell
lines.
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3.8
The autophagy/acetyl-CoA/acetylSnail axis was validated in tumor tissues,
and pharmacological inhibitors suppressed
the metastasis of KL cells in vivo
Finally, we clinically validated the autophagy/acetylCoA/acetyl-Snail axis using a LUAD patient TMA with
associated survival data. Consistent with the findings
from the analysis of large-scale gene expression-based
cohort data (TCGA, GSE72094, and GSE41271) (Figure 1D,
Supplementary Figure S1E), the high intensities of both
nuclear Snail and total Snail were significantly associated with poor overall survival in the TMA cohort
(Figure 7A, Supplementary Figure S7A). Moreover, tumor
tissues with higher nuclear Snail or total Snail intensities
showed significantly higher LAMP2 (a marker of autolysosomes [60]), nuclear acetyl-lysine (a marker of nuclear

by Western blotting (left) and immunoprecipitation-Western blotting analysis of acetylated TFEB in hb30-KP and hb30-KPL cells (right).
Beta-actin was used as the loading control. (C) Detection of steady-state TFEB expression in hb30-KP and hb30-KPL cells by
immunofluorescence (scale bar, 50 μm). Analyses were performed with anti-TFEB antibody (green). DAPI was used to visualize nuclei (left).
The bar plots show the numbers of hb30-KP and hb30-KPL cells with nuclear TFEB (four independent experiments, right). (D) Detection of
TFEB expression in hb30-KPL cells upon treatment with 10 mmol/L acetate for 24 h or 3 μmol/L SAHA for 5 h by immunofluorescence (scale
bar, 50 μm). Analyses were performed with anti-TFEB antibody (green). DAPI was used to visualize nuclei. Arrows indicate cells with
nuclear-localized TFEB. (left). The bar plots show the number of hb30-KPL cells with nuclear TFEB (four independent experiments, right).
(E) Effect of treatment with 10 mmol/L acetate for 24 h or 3 μmol/L SAHA for 5 h on relative luciferase activity in hb30-KPL cells stably
transfected with a CLEAR motif-driven luciferase reporter construct. The bar plots show the mean ± SD of three (left panel) and two (right
panel) independent experiments. (F) The influence of treatment with 10 mmol/L acetate for 24 h or 3 μmol/L SAHA for 5 h with or without
50 μmol/L CQ for the last 3 h on LC3-II accumulation in hb30-KPL cells was assessed by Western blotting. Beta-actin was used as the loading
control. Values obtained from a quantitative densitometric analysis of LC3-II relative to beta-actin are shown underneath the LC3 blots. se,
short exposure; le, long exposure. (G) mRFP-GFP-LC3 lysosome delivery assay in hb30-KPL cells in response to 10 mmol/L acetate for 24 h
(left) or 3 μmol/L SAHA treatment for 15 h (right). Representative GFP-LC3, RFP-LC3 and overlay images are shown. The number of red
puncta (mRFP+/GFP−) and yellow puncta (mRFP+/GFP+) per cell was quantified (15–30 cells/treatment). (H) The effect of exposure of
hb30-KPL cells to 10 mmol/L acetate for 24 h on the accumulation of the indicated proteins was determined by Western blotting. Beta-actin
was used as the loading control (left). Immunoprecipitation-Western blotting analysis of acetylated TFEB under the same conditions in
hb30-KPL cells (right). (I) The effect of exposure of hb30-KPL cells to 3 μmol/L SAHA for 18 h on the accumulation of the indicated proteins
was determined by Western blotting. Beta-actin was used as the loading control (left). Immunoprecipitation-Western blotting analysis of
acetylated TFEB under identical conditions in hb30-KPL cells (right). (J) Real-time PCR analyses of relative TFEB gene expression in
hb30-KPL cells exposed to 10 mmol/L acetate (2 RNA samples) for 24 h or 3 μmol/L SAHA (3 RNA samples) for 5 h. (K) ImmunoprecipitationWestern blotting analysis of acetylated TFEB upon ACLY knockdown in hb30-KPL cells (lower left). The effect of 2 μmol/L rapamycin (for
5 h) with or without ACLY knockdown on relative luciferase activity in hb30-KPL cells stably transfected with a CLEAR motif-driven
luciferase reporter construct (lower right). The schematic in the upper panel shows the mode of action of the tested compounds. (L) The effect
of exposure of hb30-KPL cells to 1 μmol/L FK506 (last 1 h) with or without 10 mmol/L acetate and 3 μmol/L SAHA for 15 h on the
accumulation of the indicated proteins was determined by Western blotting (left). Beta-actin was used as the loading control. The relative
luciferase activity in hb30-KPL cells stably transfected with a CLEAR motif-driven luciferase reporter construct was measured under the same
conditions (right). (M) Immunoprecipitation-Western blotting analysis of acetylated TFEB in hb30-KPL cells upon treatment with 50 μmol/L
STO-609 for 24 h. Beta-actin was used as the loading control. (N) The effect of exposure of hb30-KPL cells to a combination of 10 mmol/L
acetate or 3 μmol/L SAHA and 50 μmol/L CQ for 24 h on TFEB protein accumulation was determined by Western blotting. Beta-actin was
used as the loading control. All experiments were performed in duplicate unless otherwise indicated. The data are presented as mean ± SD,
unless otherwise indicated. Significant differences between groups were determined by a two-sided unpaired Student’s t-test. *P < 0.05,
**P < 0.01, ***P < 0.001, NS: not significant. Abbreviations: TFEB, transcription factor EB; CLEAR, coordinated lysosomal expression and
regulation; TFEB RE, TFEB reporter; DAPI, 4′,6-diamidino-2-phenylindole; SAHA, suberoylanilide hydroxamic acid; CQ, chloroquine;
mRFP, monomeric red fluoresecnet protein; GFP, green fluorescent protein; LC3B, microtubule-associated protein 1A/1B-light chain 3B; PCR.
polymerase chain reaction; IP, immunoprecipitation; IB, immunoblot; Rapa, Rapamycin; ACLY, ATP citrate lyase; HDAC, histone
deacetylase; HSP90, heat shock protein 90; DMSO, dimethyl sulfoxide
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F I G U R E 7 The autophagy/acetyl-CoA/acetyl-Snail axis is validated in tumor tissues, and pharmacological inhibitors suppress the
metastasis of KL cells in vivo. (A) The prognostic effect of nuclear Snail level in a LUAD tissue microarray. Patients were classified into two
groups based on the nuclear Snail protein expression score (multiplying the percentage and the median intensity of positively stained cells).
The X-axis in the plot indicates the varying threshold of Snail protein expression score. Differences in survival between the low and high
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acetyl-CoA), and total acetyl-lysine (a marker of intracellular acetyl-CoA [61]) intensities (Figure 7B and C, Supplementary Figure S7B), indicating that the autophagy/acetylCoA/acetyl-Snail axis is intact in human lung tumor
tissues.
To evaluate the pro-metastatic role of the autophagy/
acetyl-CoA/acetyl-Snail axis in vivo, we used an experimental mouse model of metastasis in which lung metastasis was induced by tail vein injection of luciferaseexpressing A549 (KL background) cells [62]. Based on our
observations that CAMKK2 inhibition effectively attenuated 2D invasion by reducing autophagic flux and acetylCoA levels in hb30-KPL cancer cells (Supplementary
Figures S3A-S3B, S4D, and Figure 4C), we first evaluated CAMKK2 as an anti-metastatic target. We confirmed
that STO-609 effectively decreased the level of acetylated
Snail in the A549-luc cell line in vitro (Figure 7D). The
mice in the STO-609 treatment groups showed a reduced
total metastatic burden (Figure 7E) as well as a significant
reduction in the number of lung metastases compared to
the mice in the vehicle-treated group (Figure 7F and G).
We further found that Snail-expressing cells in metastatic
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tumor foci were commonly observed in the vehicle-treated
group, whereas they were rare in the STO-609-treated
group (Supplementary Figure S7C). Also, we found that
the ACLY inhibitor BMS-303141 robustly reduced the total
metastatic burden (Figure 7H–J). These results indicate
that inhibition of the autophagy/acetyl-CoA axis consistently demonstrated an anti-metastatic effect in vivo.
Taken together, the study results indicated that
autophagy-derived acetyl-CoA and subsequent Snail
acetylation are the key mechanisms of metastasis and
aggressive behavior not only in KL lung cancer but
also possibly in other autophagy-activated tumor types,
including pancreatic cancer (Figure 7K). Furthermore,
pharmacological inhibition of this axis could be a
promising therapeutic strategy for various metastatic
tumors.

4

DISCUSSION

Using lung cancer cell line models and tumor specimens,
we demonstrated that enhanced autophagy in KL cancers

nuclear Snail protein expression score groups were estimated by the log-rank test. The dashed line indicates a P value < 0.05. The red and blue
circles indicate hazard ratios of >1 (high nuclear Snail protein expression score group with worse prognosis) and ≤1 (high nuclear Snail
protein expression score group with better prognosis), respectively (right). Kaplan-Meier estimates of overall survival after surgical resection
in 87 patients with LUAD divided into low and high nuclear Snail expression groups (left) defined by the arrowhead in the right panel.
Comparison of survival was based on the log-rank test. (B) Total and nuclear acetyl-lysine, total and nuclear Snail, and LAMP2 protein levels
in 87 LUAD tissues were analyzed by IHC. Representative IHC images from two tumor tissues are shown. Scale bars, 20 μm and 100 μm.
(C) Comparison of nuclear acetyl-lysine and LAMP2 expression measured by quantification of IHC analysis between the groups with high
and low nuclear Snail levels defined in Figure 7A. P values were calculated with a two-sided unpaired Wilcoxon rank-sum test. The numbers
of samples in the low and high nuclear Snail expression groups were 53 and 34, respectively. The box-and-whisker plots show the medians
(middle line), first quartiles (lower bound line), third quartiles (upper bound line) and ±1.5× interquartile ranges (whisker lines); the raw data
are overlaid. (D) Immunoprecipitation-Western blotting analysis of acetylated Snail in the A549-luc cell line after treatment with 50 μmol/L
STO-609 for 24 h. Beta-actin was used as the loading control. (E) Effect of STO-609 on tumor metastasis in the A549-luc tail vein injection
model. A549-luc cells were intravenously injected into nude mice (8 mice per group). The mice were treated with vehicle or STO-609
(100 mg/kg) for 28 days beginning on the day of cell injection. Bioluminescence images of each group at 4 weeks post-injection are shown.
The data are presented as the mean ± SEM values. (F) Representative images of H&E staining of lung sections from the vehicle and STO-609
treatment groups are shown. Red arrows in lung lobes point to metastatic nodules. Scale bars, 4 mm. (G) Number of lung metastatic nodules
(left) and total metastatic burden, represented by total photonic flux (right) in the vehicle and STO-609 treatment groups. Data are shown as
the mean ± SD and mean ± SEM, respectively. (H) Effect of BMS-303141 on tumor metastasis in the A549-luc tail vein injection model.
A549-luc cells were intravenously injected into nude mice (10 mice per group). The mice were treated with vehicle or BMS-303141 (100 mg/kg)
for 20 days beginning on the day of cell injection. Bioluminescence images of each group at 3 weeks post-injection are shown.
(I) Representative images of H&E staining of lung sections from the vehicle and BMS-303141 treatment groups are shown. Red arrows in lung
lobes indicate metastatic nodules. Scale bars, 2 mm. (J) The total metastatic burden was estimated by measuring the photon flux. The data are
presented as the mean ± SEM values. (K) Proposed model of autophagy-derived tumor metastasis in lung cancer. ROS induces
CAMKK2-AMPK-dependent autophagy in LKB1-deficient KRAS-mutated lung cancer cells. Acetyl-CoA supplied by autophagy drives
invasion and metastasis through Snail acetylation. Acetyl-CoA is further used to acetylate the TFEB protein, creating a positive feedback loop
to sustain high levels of autophagy. Significant differences between groups were determined by a two-sided unpaired Student’s t-test.
*P < 0.05, **P < 0.01, ***P < 0.001. Abbreviations: LUAD, lung adenocarcinoma; LAMP2, lysosomal Associated Membrane Protein 2; IP,
immunoprecipitation; IB, immunoblot; DMSO, dimethyl sulfoxide; SEM, standard error of the mean; H&E, hematoxylin and eosin; LKB1,
liver kinase B1; ROS, reactive oxygen species; CAMKK2, calcium/calmodulin-dependent protein kinase kinase 2; AMPK, AMP-activated
protein kinase; ULK1, unc-51 like autophagy activating kinse 1; TFEB; transcription factor EB; ACLY, ATP citrate lyase; ACSS2, acly-coa
synthetase short chain family member 2; CBP, CREB binding protein
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supplied intracellular citrate and acetyl-CoA, thereby facilitating cancer cell invasion and metastasis through the
CBP-dependent activation of Snail acetylation. Furthermore, using lung tumor tissues, we showed that patients
with short overall survival exhibited elevated levels of
LAMP2, acetyl-lysine and nuclear Snail. Concurrent TFEB
acetylation created a positive feedback loop to maintain
elevated autophagic flux by overcoming negative regulation by mTORC1. Inhibition of the autophagy/acetyl-CoA
axis by targeting CAMKK2 or ACLY effectively reduced
invasion and metastasis in vitro and in vivo. We also
demonstrated that the autophagy/acetyl-Snail axis was
preserved in oncogenic KRAS-driven pancreatic cancers,
where, similar to KL lung cancers, autophagy was elevated
and required for tumor progression [63]. Conceptually,
these findings advanced our understanding of the mechanisms of how autophagy in early metastatic cancers
contributes to EMT activation.
Recent studies have indicated that autophagy was
upregulated during metastasis, as evidenced by increased
punctate staining or expression of microtubule associated protein 1 light chain 3 beta (LC3B) in various
metastatic tumors [64–68]. However, how these tumors
utilize autophagy to promote EMT and metastasis is
largely unknown. Metastatic cancer cells increase ATP
synthesis to support motility by augmenting mitochondrial
activity and promoting catabolic metabolism, including
autophagy [69, 70]. A more direct connection between
autophagy and EMT activation has been demonstrated in
hepatocellular carcinoma, where autophagy was required
for transforming growth factor-β (TFG-β)-induced EMT
[71], and during invasion of a RAS-transformed cancer cell
line, where autophagy was required for the production
of the pro-invasive cytokines interleukin-6 (IL-6), matrix
metalloproteinase-2 (MMP-2) and Wnt family member
5A (WNT5A) [72]. Very recently, Yamamoto et al. [73]
demonstrated that autophagy degraded major histocompatibility complex class I (MHC-I) in pancreatic cancer to
promote immune evasion. The present study first uncovered a direct regulatory mechanism of autophagy for the
EMT transcription factor Snail. Snail plays an essential
role in migration, metastasis, relapse, and immune evasion via various mechanisms [9, 55, 74–80]. However, Snail
was highly unstable with a short half-life mediated by
phosphorylation by GSK3β [81] and polycystin 1 (PKD1)
[82] or by direct binding with E3 ligases, such as F-box
and leucine rich repeat protein 14 (FBXL14) [83]. We
demonstrated that autophagy-derived acetyl-CoA acetylates Snail, thereby blocking its inhibitory phosphorylation
and subsequent proteasomal degradation. This finding was
in line with previous reports indicating that Snail acetylation increased its stability by suppressing its ubiquitination
[55, 83, 84]. The present study newly identified autophagy
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as a main supplier of metabolite precursors of acetylCoA needed for Snail acetylation and provided alternative
reversal strategies either by suppressing the upstream
autophagy-inducing kinase CAMKK2 or by inhibiting the
downstream acetyl-CoA producer ACLY.
Increasing evidence indicates that autophagy is tightly
coupled to mitochondrial function [85–88]. Moreover,
cytosolic citrate, an immediate precursor of acetyl-CoA,
is mainly supplied by mitochondria. Thus, it is important to determine whether the increased acetyl-CoA in
KL cells is directly attributed to mitochondria rather than
autophagy. Our data indicated that cell-permeable MP or
MOG, two major carbon sources for citrate biosynthesis in
mitochondria-dependent and mitochondria-independent
manners, respectively (Figure 4F), rescued citrate levels
in the presence of CQ, while the PPARγ agonist rosiglitazone, which facilitates mitochondrial biogenesis, did not
(Figure 4D). These data demonstrated that KL cancer cells
depended on autophagy to supply metabolites for acetylCoA synthesis rather than directly activating mitochondrial function or increasing mitochondrial mass. Moreover, mitochondria-dependent Snail rescue was observed
even under autophagic inhibition conditions (Figure 4L),
indicating that mitochondria were still functional upon
autophagic inhibition, thus supporting the pro-metastatic
function of autophagy.
Our data indicated that the autophagy-driven increase
in acetyl-CoA established a positive feedback loop of
autophagic activation through TFEB acetylation. TFEB is
a master regulator of lysosomal function and autophagy.
TFEB is phosphorylated by mTORC1, resulting in cytosolic
retention and decreased transcriptional activity of CLEAR
network genes [56, 57]. The increased CLEAR network
activity observed despite increased mTORC1 signaling as
a consequence of LKB1 loss led us to hypothesize that
an additional mTORC1-independent pathway regulated
TFEB in the KL context. In this regard, we postulated that
acetylation, another post-translational modification that
enhances TFEB transcriptional activity [89], might underlie this seemingly paradoxical observation. This study
demonstrated that TFEB acetylation increased the stability
of total TFEB (both phosphorylated and dephosphorylated
forms), thereby resulting in elevated levels and activity
of nuclear TFEB. This finding may explain how these
metastatic tumors had sustained autophagic activity. If
so, one potential method to blunt this pro-metastatic
autophagy is to disrupt the acetyl-CoA supply, thereby
restoring mTORC1-mediated inhibition of TFEB activity.
Further study is needed to elucidate the mechanism by
which acetylation increases TFEB stability. One possibility
is that acetylation of TFEB may inhibit its targeting by E3
ubiquitin ligases and subsequent proteasomal degradation.
In support of this hypothesis, a recent study demonstrated
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that TFEB was also degraded via the ubiquitin-proteasome
pathway by binding to the STUB1 chaperone-dependent E3
ubiquitin ligase [90].
Due to the low probability of overlapping targetable
alterations [e.g., epidermal growth factor receptor (EGFR),
anaplstic lymphoma receptor tyrosine kinase (ALK), ROS
proto-oncogene 1, receptor tyrosine kinase (ROS1), B-Raf
proto-oncogene (BRAF) V600E, MET exon 14, and neutrophic receptor tyrosine kinase (NTRK)], the presence
of KRAS mutations identified patients who are unlikely
to benefit from further molecular testing [91]. Although
immune checkpoint inhibitor-induced tumor regression
was recently observed in a group of patients with KRAS
mutations [92], patients with NSCLC harboring mutations in both KRAS and LKB1 exhibited resistance to
immunotherapy [8]. Likewise, we observed that the KRAS
G12C inhibitor AMG-510 exhibited limited cytotoxicity
and aberrantly facilitated Matrigel invasion through Snail
upregulation in KL cells. Based on our findings that STO609 (a CAMKK2 inhibitor) and BMS-303141 (an ACLY
inhibitor) effectively reduced tumor metastasis in vivo, we
speculated that these agents complement existing treatment modalities for KL lung cancer and beyond. Of
these, CAMKK2 inhibitors, to the best of our knowledge,
have not been evaluated in clinical trials as anticancer
agents. Importantly, CAMKK2-knockdown mice displayed
no gross physical or behavioral abnormalities [93, 94], suggesting that targeting CAMKK2 may have a high safety
margin. To date, CAMKK2 inhibitors have been mainly
investigated for the treatment of metabolic diseases, such
as nonalcoholic fatty liver disease, neurological diseases,
and skeletal diseases [95, 96]. Thus, repositioning this
drug as an anti-metastatic agent might be clinically very
attractive.
We expect that a CAMKK2 inhibitor may be applicable as adjuvant therapy in high-risk patients after surgical
resection to prevent metastasis or as combination therapy
with classical cytotoxic anticancer drugs. More specifically, we propose that the utility of CAMKK2 inhibitors is
threefold. First, we believe that CAMKK2 inhibitors could
be used as neoadjuvant or adjuvant therapies in earlystage cancer patients who have a high risk of metastasis
and recurrence based on characteristics such as margin
positivity, vascular invasion, wedge resection, tumors >
4 cm, visceral pleural involvement, and unknown lymph
node status (defined as the high-risk group according
to NCCN guidelines) [91]. The current regimen for this
group is platinum-based therapy [91]. Considering the
results of the 3D invasion assay (Figure 2O) and in vivo
experimental metastasis model (Figure 7E–G), we speculated that CAMKK2 inhibitors would effectively block
the initiation of invasion, aiding in the acquisition of safe
surgical margins or reducing the metastasis of postsur-
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gical residual tumors. Furthermore, we expect that the
combination of CAMKK2 inhibitors with platinum-based
drugs would be feasible without additive cytotoxicity. Second, we believe that CAMKK2 inhibitors could be used in
the advanced metastatic patient group. The current therapeutic strategy for this patient group is a combination
of platinum-based drugs, pemetrexed and pembrolizumab
(a PD-1 inhibitor). Although immunotherapy is ineffective
in KL tumors [8], combination treatment with CAMKK2
inhibitors might overcome the resistance via cancer cell
autonomous suppression of EMT programs as well as activation of CD8+ T cells in the tumor microenvironment
based on a recent report indicating that CAMKK2 signaling in tumor-associated macrophages suppressed T cell
antitumor activity [97]. The anti-metastatic effect demonstrated in this study may also affect circulating tumor
cells, the cellular origin of micrometastasis, which also
relied on activated autophagy to survive [98]. Furthermore, a CAMKK2 inhibitor is believed to have a novel
impact on reducing resistance to platinum- and taxanebased current chemotherapy, which was driven by Snail via
various mechanisms [99]. Therefore, the combination of
a CAMKK2 inhibitor with other chemotherapeutic agents
and immune checkpoint blockade may effectively induce
the regression of colonized solid tumors (both primary
and metastatic tumors). Third, we believe that CAMKK2
inhibitors could be effective in combination with KRAS
G12C inhibitors, particularly for KL tumors. KRAS G12C
inhibitors, such as AMG-510 and MRTX849, are currently
showing clinical promise in KRAS G12C NSCLCs; however, approximately half of patients showed a poor clinical
response [100]. Related to this finding, Adachi et al. [101]
revealed that EMT was a cause of both intrinsic and
acquired resistance to KRAS G12C inhibitors in NSCLC.
As Snail drives EMT, we speculated that elevated activity of the autophagy/acetyl-CoA/acetyl-Snail axis could
be a cause of resistance of KRAS G12C/LKB1 co-mutated
lung cancers to AMG-510. One possible explanation for
why KRAS G12C inhibitor treatment upregulated Snail
and increased invasion (Supplementary Figure S1I-S1J) is
that KRAS G12C inhibition attenuated mTORC1 signaling [102], which may activate autophagy through TFEB
dephosphorylation. The upregulation of Snail by AMG510 treatment was effectively suppressed by the CAMKK2
inhibitor STO-609 (Supplementary Figure S2G), suggesting that inhibition of the autophagy/acetyl-CoA/acetylSnail axis could be an effective strategy to prevent resistance to AMG-510 treatment among KRAS G12C/LKB1
co-mutated cancers. Further studies are needed to assess
the clinical implications of the proposed strategies.
Among the four KL cell lines used in the study, three cell
lines except H157, had the following mutations in KEAP1:
A549 (G333C), HCC44 (F211C) and H647 (G523W) [103].
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The other four K cell lines are KEAP1 wild-type. Therefore, a limitation of this study was that LKB1 mutation
status in our test panel largely overlapped with KEAP1
mutation status. As loss-of-function mutation in KEAP1 is
known to promote anti-oxidant gene expression through
activation of NRF2, KEAP1-mutated cell lines were predicted to have high anti-oxidant gene expression and
low mitochondrial ROS levels. However, in this study,
we found that KL cell lines had relatively higher mitochondrial ROS levels (Figure 2B) and lower expression
of anti-oxidant genes than K cell lines (Supplementary
Figure S2B). These data indicated that factors other than
KEAP1 mutation might affect anti-oxidant gene expression and ROS levels in KL cell lines. We demonstrated
that KL context-specific p62 suppression led to impaired
anti-oxidant responses, potentially mediated by decreased
NRF2 (Figure 2D and Supplementary Figure S2A). One
of the possible explanations for these conflicting observations is that KEAP1 mutations of the corresponding KL
cell lines might have a hypomorphic characteristic rather
than a complete loss-of-function characteristic, and thus,
NRF2 binding to Keap1 might be affected by the levels of
p62 and p-p62. Alternatively, LKB1 loss might involve a
Keap1-independent mechanism for impairing NRF2 activity. Further research is needed to fully understand the
NRF2 regulatory mechanisms in the context of LKB1 loss
and KEAP1 mutation.

5

CONCLUSIONS

In conclusion, cancer cell-intrinsic autophagy driven by
ROS-CAMKK2-AMPK in KRAS-LKB1 co-mutated lung
cancer supports tumor invasion and metastasis via Snail
acetylation and is further sustained through TFEB acetylation. Targeting the autophagy/acetyl-CoA/acetyl-Snail
axis could be a promising treatment strategy for metastatic
cancer with activated autophagy.
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