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Abstract
The major role of aldehyde dehydrogenase 2 family (ALDH2) is to detoxify acetaldehyde (ACE) to non-toxic acetic
acid. Many evidences suggest that ALDH2 dysfunction contributes to a variety of human diseases including
cancer. However, the biological function and molecular mechanism of ALDH2 in tumor progression remain
elusive. In this study, we found that ALDH2 repression was associated with poor prognosis in lung
adenocarcinoma. Overexpression of ALDH2 inhibited malignant features of lung adenocarcinoma cells, such as
proliferation, stemness and migration, whereas ALDH2 knockdown increased these features. Mechanistically,
ALDH2 repression led to accumulation of ACE; whereas ACE enhanced the migration features of lung
adenocarcinoma cells, which was associated with increased DNA damage. Importantly, accumulated ACE and
increased DNA damage were identified in Aldh2-knockout (KO) mouse lung tissues in vivo. Consistent with this
concept, treatment of lung adenocarcinoma cells with ALDH2 agonist Alda-1 suppressed the proliferation,
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stemness and migration features of lung adenocarcinoma cells. Thus, activating ALDH2, such as via its agonist,
may provide a novel strategy for treatment of lung cancer.

Neoplasia (2019) 21, 602–614
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ng cancer is the leading cause of cancer-related death worldwide [1,2].
he progression of lung cancer has been linked to increased genomic
stability, which could be induced by various factors including cigarette
oking,DNAdamaging, toxic chemicals, reactive oxygen species (ROS)
d cytotoxic metabolites [3,4]. However, the function of these factors in
mor progression remains unclear and the related studies are also limited.
entification of the roles and regulatory pathways of these factors in
mor progression may thus help to provide novel approaches for cancer
erapy.
Endogenous aldehydes and acetaldehyde (ACE) are abundant
olecules within cells, mainly produced by the cellular processing of
cohol and also as an intermediate in sugar metabolism [5].
ldehydes and ACE are highly reactive molecules, generating a
nge of DNA modification products including DNA strand
osslinks and DNA-protein crosslinks. Due to their toxicity,
dehydes are detoxified by enzymes such as aldehyde dehydrogenase
family (ALDH2), which oxidizes ACE to acetate [6]. ALDH2, a
itochondria enzyme, is a member of the aldehyde dehydrogenase
LDH) superfamily that has 19 ALDH subtypes, ALDH2 is mainly
sponsible for detoxification of ACE derived from ethanol
etabolism in the liver. ALDH2 can also detoxify reactive aldehydes
rived from drugs, food, spices, and from endogenous metabolism in
her tissues. Clinically, ALDH2 dysfunction contributes to a variety
human diseases including cardiovascular diseases, diabetes, neuro-
generative diseases, stroke, and cancer [7,8]. Repression of ALDH2
associated with the induction of cytotoxicity, DNA damage and
cogenic effects in several types of tumors [9,10]. Recently, it has
en shown that alcohol and endogenous aldehyde damage
romosomes and mutate stem cells [11]. Moreover, chromosomal
stability promotes cancer metastasis via cytosolic DNA derived
om genomic DNA rupture [12]. Taken together, these observations
ise a question whether ALDH2-deficiency affects the malignant
atures of lung cancers via accumulated ACE. However, the roles and
olecule mechanism of ALDH2 and ACE in lung cancer remain
known. In this study, we investigated the function of ALDH2 in
ng adenocarcinoma and found that ALDH2 repression led to
creased malignant features. Moreover, the migration capacity is
gulated by accumulated ACE and DNA damage.
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ALDH2 F: 5′-CCTCACCGCCCTCTATGTG-3′
R:5′-CGGCCAATCTCAGTGGAGC-3′

β-Actin F: 5′- GCTCTTTTCCAGCCTTCCTT-3′
R: 5′-CTTCTGCATCCTGTCAGCAA-3′
aterials and Methods

estern Blot

To prepare whole-cell or tissue extracts, cells or tissues were lysed
RIPA lysis buffer (150 mM NaCl,1% Nonidet P-40, 0.1% SDS,
5% deoxycholate, 50 mM Tris (pH 8.0), 25 mM NaF, 2 mM
a3VO4, 5 mM PMSF and2 mg/mL of aprotinineen (0.2% v/v)
ntaining 5% bovine serum albumin (BSA). Antibodies against
LDH2 (Abcam, ab108306), vinculin (Santa, sc-73,264), γH2AX
ST, 9718P), CD44 (CST, 3570), STING (Abcam, ab92605) and
actin (MBL, PM053–7) were used. The secondary antibody
as goat anti-rabbit or anti-mouse horseradish peroxidase (HRP)-
njugated IgG. All antibodies were diluted according to manufac-
rers' instructions. ECL kit (Millipore) was used to detect the
otein bands.
ell Lines and Cell Culture
Human embryonic kidney cells (HEK293T) and Human lung
enocarcinoma cell lines were obtained from American Type
ulture Collection (ATCC) and were authenticated by DNA typing
Shanghai Jiao Tong University Analysis Core.
The HEK293T cells and 16HBE (Human bronchial epithelial
lls) cells were cultured in DMEM essential medium with 10%
tal bovine serum (FBS). HBEC cells were cultured with serum-
ee medium, and all other cells were cultured in RPMI-1640
sential medium supplemented with 10% FBS. All cells were
ltured in a humidified incubator (37°C, 5% CO2).
ransfections and Viral Infections
HEK293T cells were transfected with lenti-shALDH2 (or nonspecific
quence) plasmid or lenti-ALDH2 (or GFP) plasmid used for virus
oduction for ALDH2 knock down or overexpression. Lipofectamine
00 (plasmid: lipo2000 1:4) was used as transfection reagent. The
edium was replaced after 4-6 h. Then the lentivirus medium was
llected to infect lung adenocarcinoma cells after 48 h. The stably
ansfected cells were selected by puromycin (2 μg/ml) or blasticidin (10
/ml). Then, the cells were expanded and collected for subsequent
alysis.

uantitative Real-Time (Q)-PCR
Human lung cancer tissues were obtained from Shanghai Chest
ospital, Shanghai Jiao Tong University (Shanghai, CHINA). The
sue samples were lysed using Trizol. Then, total RNA was extracted
ith RNA Extract Kit (TIANGEN, Cat: #RK123) and cDNA were
epared from 1.5 μg total RNA using Fast Quant Kit. The Q-PCR
alysis was performed on ABI 7300 real-time PCR machine. All Ct
lues were standardized by β-actin's Ct value. And the following
imers were used:
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olony Formation Assay
Five hundred cells were seeded on 6 cm-dish in 3 mL culture
edium. After being cultured in 37°C for 15 days, the colonies were
ained with 0.1% crystal violet at room temperature for 1 h. Then
e dishes were photographed and the colony numbers were counted.
co
in
P
in
C
th
an

W

phere Culture Assay
The lung adenocarcinoma cells were resuspended in culture
edium and were put into low-adhered dishes in order to simulate a
culture room. Every well of 24-well plate were seeded 10,000

lls. The medium was changed every 3 days. The spheroids size
ould be taken care to avoid necrosis in the center of the spheres.
he spheres were photographed and counted under microscope
ikon ECLIPSE) after 2 weeks.
th
di
an
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umorigenicity in Nude Mice
Eight-week-old nude mice were injected subcutaneously with
549-sh-NS/sh-ALDH2 (1.0×106) cells combined with matrigel.
hree weeks later, the volume of tumors was measured three times
r week and further analyzed. The nude mice were obtained from
anghai Jiao Tong University, School of Medicine Animal Care
xperimental animal use permission No: SYXK (Shanghai)
08–0050] and were maintained in the specific pathogen-free
imal facility in the university. Aldh2 knockout (KO) mice were
tained from Aijun Sun's Lab. Animal studies were conducted
llowing the guidelines of the experimental animal ethics
mmittee of Shanghai Jiao Tong University School of Medicine
d were approved by the experimental animal ethics committee of
anghai Jiao Tong University School of Medicine (Shanghai,
hina).
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ide Population Assay
The cultured cells were detached with trypsin and resuspended in
PMI-1640 culture medium supplemented with 2% FBS, and the
ll suspension was adjusted to a density of about 1x106/ml. Samples
ere separated to the control group and the experimental group. All
mples were stained with Hoechst-33,342 (5 μg/ml). The control
oup was also added verapamil (50 μM) or Ko143 (5 μM) to inhibit
e efflux of the dye by blocking ABCB1 transporters or ABCG2
ansporters for gating SP cells. All samples incubated in water at 37°C
r 120 mins. In this period, shook the incubation tubes several times.
ext, the samples were immediately centrifuged at 4°C and
suspended in ice-cold Hank's Buffer. Propidium iodide (PI, 2 μg/
l) was added to gate out the dead cells. Then the cell suspension was
ltered through a 40 μm cell strainer (BD Biosciences, Franklin
akes, NJ, USA) to obtain a single suspension of cells. Flow
tometry analysis were conducted on Beckman Coulter CytoFLEX
gure 1. ALDH2 repression is associated with poor prognosis in human lung
mples and paired normal tissues in the Gene Expression Profiling Interactive An
LDH2 mRNA in tumor and normal tissues. LUAD (lung adenocarcinoma) an
alysis of ALDH2 in tumors and adjacent normal tissues of 16 lung adenocarcin
tients with low or high ALDH2 expression. mRNA data was obtained from the
LDH2, patients are classified as ALDH2 high expression group (n = 200) and A
he overall survival (%) curves of lung adenocarcinoma patients with low or high
nalysis of ALDH2 mRNA expression in lung adenocarcinoma tissues with differe
taset. t Test P = .0172 ("Stage I" vs. "Stage IV"); t test P = .0168 ("Stage I v
Hoechst-33,342 was excited by ultraviolet laser. Finally, the data
as analyzed in the CytExpert software.

low Cytometry Analysis of CD44 Positive and CD24
egative Population
The lung adenocarcinoma cells cultured in 6 cm-dish were
llected and washed two times using PBS. Then the cells were
cubated in 400 μl RPMI-1640 containing 1% CD44-APC, CD24-
E (BD Pharmingen) at 4°C for 30mins, whereas the control were
cubated with IgG. The cells were suspended in 400 μl PBS for Flow
ytometry analysis after incubation. The gates were established using
e negative control cells stained with IgG. Finally, the data was
alyzed in the Flowjo 7.6.1software.

ound Healing Test
The same amounts of cells were seeded on six-well dishes. When
e cells were grown to 90%, scratched a wound at the bottom of the
shes using a pipette tip. Changed the medium and took pictures by
inverted microscope. Then the wounds were photographed every
h.

ranswell Assay
The A549-GFP and A549-ALDH2 cells were seeded on the top well
the transwell chambers (Costar) at a density of 2x104/well. A total of 1
l of the conditional medium was added in the bottom chamber.
llowing cultivation for 24 h, the top well surface of the filter was wiped
ith a cotton swab to remove the cells. Then themigrated cells were fixed
ith 4% paraformaldehyde for 20mins. Lastly, the cells were stained with
1% crystal violet for 1 h after washing. Themigrated cells were observed
d captured by an inverted microscope.

uantification of ACE
800 μl 80% acetonitrile and 200μl dinitrophenylhydrazine was added
lung tissue samples. Then the tissues were homogenized three times at
00 rpm for 20s using Bertin Precellys 24 Dual Multifunctional sample
mogenizer. After placed in −80°C for 1 h and in room temperature for
h, the tissue homogenate was derivatization. After centrifuged at 20000
for 10 mins, the supernatant was taken for vacuum drying. Finally, 200
l acetonitrile was added to reconstitute the samples for LC–MS (AB
IEX 4000) analysis. For the cell samples detection, 80%methanol was
ed as extraction reagent. The other steps are the same as the tissue
traction method.

omet Assay
The A549-GFP and A549-ALDH2 cells were treated with 4 mM
CE for two days. Then the cells were harvested and mixed with low-
elt agarose (0.5%) at a ratio of 1:10(v/v) and pipetted onto glass
ides. After placed at 4°C in the dark for 30mins, the slides were
mersed into lysis buffer(100 mM EDTA,2.5 M NaCl,10 mM
adenocarcinoma. A. The mRNA expression of ALDH2 across all tumor
alysis (GEPIA) dataset. The histogram represents the median expression of
d LUSC (lung squamous cell carcinoma) were marked in red. B. Q-PCR
oma patients. C. The overall survival (%) curves of lung adenocarcinoma
Cancer Genome Atlas (TCGA) dataset. According to the mRNA level of
LDH2 low expression group (n = 200). log-rank test p value = .0318. D.
ALDH2 expression from The Human Protein Atlas (THPA) dataset. E.

nt pathological stages in University of California Santa Cruz (UCSC) Xena
s. "Stage II"); t Test P = .0377 ("Stage I" vs. "Stage III") *P b .05.
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ris,1% Triton X-100, 10% DMSO) at 4°C for 1 h. Put the slides
to alkaline buffer solution (300 mM NaOH, 1 mM EDTA, pHN
) for 1 h to unwind DNA and then electrophoresed for 30mins in
V. Gently immersed slides into neutralizing buffer (0.4 M Tris,
A

B

C

E

D

7.5) for 5mins and then immersed into 70% ethanol for 5mins.
ried samples completely at room temperature overnight. Placed
BR Green onto each sample for 30mins. The slides were observed
d photographed by epifluorescence microscopy.

Image of Figure 1
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E Staining
Dewaxed the paraffin slices using xylene and gradient Ethanol.
hen immersed the slices into hematoxylin for 3-8mins to stain the
A

B

D

F

G H

EE

C

cleus and washed with water. Following stained with 0.6%
monia water, rinsed with running water. Next, put the slices into

osin staining solution for 1-3mins to stain cytoplasm. At last,

Image of Figure 2
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hydrated using gradient Ethanol and xylene and sealed with neutral
m. Acquiesced images and analyzed by an inverted microscope.

ft Agarose
2% agarose combined with RPMI-1640 containing 10% FBS (1:3
v; final concentration, 0.7%) was added to 24-well (0.5 ml per
ell), then the agarose solidified for 10 mins at 4°C. Lung
enocarcinoma cells (500 cells in 50 μl medium) were mixed in
e culture medium containing 0 nM, 100 nM, 350 nM or 1 μM
lda-1 (MCE, HY-18936) and putted on the solidified agarose. On
e top layer of the wells, 0.5 ml mixture of 2% agarose combined
ith RPMI-1640 containing 10% FBS (1:6 v/v; final concentration,
35%) along with matrigel (1:30 v/v) was added. The plate was
cubated in 37°C /5% CO2 incubator. After 2 weeks, established
lonies were counted and photographed.

munohistochemistry (IHC)
The method was as described previously [13]. The γH2AX
tibody was diluted to 1/500(v/v)in PBS.

esults

LDH2 Repression is Associated with Poor Prognosis of
uman Lung Adenocarcinoma
To investigate the relationship between ALDH2 and tumor
ogression, we analyzed the expression of ALDH2 mRNA in normal
d tumor tissues from various cancer using the Gene Expression
ofiling Interactive Analysis (GEPIA) dataset. The analysis showed
at ALDH2 expression level was lower in tumor tissues as compared
normal tissues in most types of cancers, including lung

enocarcinoma (LUAD) and lung squamous cell carcinoma
USC) (Figure 1A). To validate the ALDH2 expression in human
UAD, we measured the mRNA levels of ALDH2 in 16 paired
imary lung adenocarcinoma tissues and their adjacent normal
ssues via Q-PCR analysis. The result showed that mRNA of
LDH2 was down-regulated in lung adenocarcinoma tissues as
mpared to their adjacent normal tissues in almost all of cases
igure 1B). Next, we analyzed the survival rate of lung adenocar-
noma patients with low or high ALDH2 expression using the
ancer Genome Atlas (TCGA) dataset. Importantly, we found that
e overall survival rate (%) of patients with ALDH2-low expression
as significantly lower than that of patients with ALDH2-high
pression (Figure 1C). The similar result was observed in analysis of
taset from the Human Protein Atlas (THPA) (Figure 1D).
oreover, repression of ALDH2 was associated with tumor stages,
LDH2 mRNA expression was significantly suppressed in tumor
mples of tumor stage II to IV as compared to stage I (Figure 1E).
hese results suggest that ALDH2 repression is a predictive marker
r the poor prognosis of lung cancer. We also analyzed ALDH2
otein expression via IHC staining from data of THPA. Consistent
ith mRNA expression, ALDH2 protein level is low in lung tumor
gure 2. ALDH2 over-expression suppresses the malignant features o
pression in human lung adenocarcinoma cell lines as indicated. B.W
LDH2 cells. C. Clone formation assay of A549-GFP and A549-ALDH2 c
5. D.Western blot showing ALDH2 expression in H1299-GFP, H1299-
LDH2 cells. Histogram showed the colonies number in each group, *P
-sphere formation from the H1299-GFP, H1299-ALDH2 cells in 3D c

549-shNS and A549-shALDH2 cells. H. Nude mice were injected wit
atrigel, and the tumor volumes of each group were measured as ind
sues as compared to that in normal lung tissues (data not shown).
aken together, ALDH2 repression is associated with the progression
human lung adenocarcinoma.

LDH2 Overexpression Inhibits the Malignant Features of
ung Adenocarcinoma Cells
To determine the roles of ALDH2 in lung adenocarcinoma cells, next
e examined ALDH2 expression in a set of human lung adenocarcinoma
ll lines via Western blot analysis. ALDH2 expression was high in
mortalized normal human lung epithelial cells (HBEC). But ALDH2
pression were down-regulated in most of human lung adenocarcinoma
ll lines, includingH1795, A549,HCC827,Calu-1,H1299, compared
that in HBEC; in comparison, only two human lung adenocarcinoma
ll lines (H661, H1792) were expressed relatively high level of ALDH2
d two human lung adenocarcinoma cell lines (H441, H460) were
pressed similar level ALDH2 as HBEC (Figure 2A). Thus, ALDH2 is
wn-regulated in most of lung adenocarcinoma cells.
To characterize the biological functions of ALDH2 in lung
enocarcinoma, we established ALDH2-overexpression transfectants
lung adenocarcinoma cell lines A549 and H1299 (Figure 2, B andD),
silenced ALDH2 using short hairpin (sh) RNA in A549 cells (Figure
). Then, we assayed the activities of these cell lines in colony
rmation, and 3D-sphere formation [14–17]. The results showed that
549-ALDH2 andH1299-ALDH2 cells exhibited significantly reduced
lony forming capacity as compared to A549-GFP and H1299-GFP
lls in colony formation assay (Figure 2, C and E). In addition, H1299-
LDH2 cells exhibited significantly reduced number of 3D-spheres as
mpared to H1299-GFP, although the size of 3D-spheres in two cell
es appeared similar (Figure 2F). Next, we investigated the biological
nctions of ALDH2 in vivo. A549-shNS and A549-shALDH2 cells
x106) were subcutaneously injected into flanks of nude mice (n = 5).
umor volumes were measured three times per week after tumor sizes
ere above 5x5mm.The result showed that the tumor volumes of A549-
ALDH2 were significantly larger than those of A549-shNS
igure 2H). Taken together, these results suggest that ALDH2
erexpression inhibits the malignant features of lung adenocarcinoma
lls, whereas ALDH2 repression enhances them.

LDH2 Expression Inhibits the Stem-Like Features in Lung
denocarcinoma Cells
To determine the mechanisms involved, we next examined the side
pulation of A549-GFP, A549-ALDH2 and H1299-GFP, H1299-
LDH2 cells, the side population is widely considered as a stem cell-like
pulation [18]. The results showed that the side population of A549-
LDH2 cells (4.79%) was decreased as compared to that of A549-GFP
lls (8.76%) (Figure 3A). In this experiment, Ko143, an inhibitor of
BCG2, was used as a blocker. Similar results were obtained in the assay
ing Verapamil, an ABCB1 inhibitor, as blocker (Supplemental data
gure 1A). As the percentage of side population inH1299 cells is too low
detect, the analysis of side populationwas not performed inH1299 cell
f lung adenocarcinoma cells. A. western blot analysis of ALDH2
estern Blot analysis of ALDH2 expression in A549-GFP and A549-
ells. Histogram showed the colonies number in each group, *P b
ALDH2 cells. E. Clone formation assay of H1299-GFP and H1299-
b .05. F. Representative images and quantitative analysis of the
ulture, *P b .05. G. Western blot showing ALDH2 expression in
h A549-shNS/shALDH2 cells (1.0×106 cells, n = 5) mixed with
icated. P b .0001. Error bars represent SEM.
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Figure 3. ALDH2 expression inhibits the stem-like features of lung adenocarcinoma cells.A. Identification of side population andmain population in
A549-GFP,A549-ALDH2cells byFACSusingKo143 (5μM)asan inhibitor ofABCG2bindingcassette.B.FACSanalysisof theCD44+/C24-population
ofA549-GFPandA549-ALDH2cells.C.FACSanalysisof theCD44+/C24-populationofH1299-GFPandH1299-ALDH2cells.D.ROSanalysisofA549,
A549-ALDH2cells by FACS.E.ROSanalysis ofH1299,H1299-ALDH2cells by FACS. F.ROSanalysis ofH1299,H1299-ALDH2cells treatedwithACE
for 2 days by FACS. G.Western blot analysis of CD44 in H1299-GFP cells, H1299-ALDH2 cells, H1792-shNS cells and H1792-shALDH2 cells.
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e. For further characterization, CD44+/CD24− population, which is
idely considered as stem cell population in many cancers, including
n-small-cell lung cancer, was also measured via Fluorescence Activated
ell Sorting (FACS) analysis [19,20]. The results showed that the
D44+/CD24− population in A549-ALDH2 cells (4.10%)was reduced
compared to that of A549-GFP cells (5.14%) (Figure 3B). Similarly,

Image of Figure 3
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erexpression of ALDH2 in H1299 cells also decreased the CD44+/
D24− population (from 2.4% to 0.935%) (Figure 3C). Again, these
sults demonstrate that ALDH2 overexpression suppresses the stem cell-
e population.
ROS affects stem cell-like population, whereas ALDH2 expression
implicated to downregulate ROS via detoxify ACE [21] [11], which
turn affect the stem cell-like population. So, we examined the ROS
vels in A549 and A549-ALDH2 cells by FACS analysis. The results
owed that the ROS level in A549-ALDH2 was significantly lower
compared to that in A549 (Figure 3D). Thus, ALDH2 expression
ppresses ROS in A549 cells. The basal levels of ROS in H1299-
LDH2 and H1299 cells were similar (Figure 3E). However, when
ogenous ACE was added to H1299 and H1299-ALDH2 cells, the
OS level was significantly lower in H1299-ALDH2 cells as
mpared to that in H1299 cells (Figure 3F). This suggests that
1299-ALDH2 cells have an enhanced capacity in detoxifying ACE-
duced ROS, compared to H1299 cells. In conclusion, ALDH2
erexpression reduces ROS level and stem cell population in lung
enocarcinoma cells. Consistently, overexpression of ALDH2 inhibited
D44, the stem cell-likemarker, inH1299-ALDH2 cells as compared to
1299-GFP cells in 3D culture, and depletion of ALDH2 increased
D44 expression in H1792-shALDH2 as compared to H1792-shNS
lls (Figure 3G). Taken together, ALDH2 overexpression inhibits the
em-like features in lung adenocarcinoma cells.

LDH2-Deficiency Leads to Accumulated ACE and Increased
NA Damage Both In Vitro and In Vivo
The major function of ALDH2 is to detoxify ACE [11].
epression of ALDH2 is likely to result in accumulated ACE. To
termine the effect of ALDH2 repression on endogenous ACE level,
e measured the amount of ACE in A549-shNS and A549-
ALDH2 cells. ALDH2 repression indeed resulted in an increased
vel of endogenous ACE in A549-shALDH2 cells as compared to
at in control, A549-NS cells (Figure 4A). A recent study showed
at increased level of ACE and ROS could induce DNA damage
1]. This suggests that increased endogenous ACE that resulted from
LDH2 repression could be a cause for increased genetic instability
d malignant phenotypes. To determine this possibility, we
amined DNA damages in A549-GFP and A549-ALDH2 cells via
met assay. The results showed that, although the basal level of
NA damage in A549-GFP and A549-ALDH2 cells were
detectable, addition of exogenous ACE induced intensive DNA
mage in A549-GFP cells, but not A549-ALDH2 cells (Figure 4B).
is likely that ALDH2 overexpression detoxifies exogenous ACE and
NA damage in A549-ALDH2 cells.
To determine the cellular response to DNA damage, we examined
H2AX, a DNA-damage response protein, in these cells with or
ithout treatment of ACE. Without treatment, A549-GFP and
549-ALDH2 cells, H1299-GFP and H1299-ALDH2 cells exhib-
ed similar levels of γH2AX (Figure 4, C and D). However, under
CE treatment, A549-ALDH2 cells exhibited reduced γH2AX as
mpared to control cells A549-GFP (Figure 4C). Similar results were
tained in H1299-ALDH2 cells vs. H1299-GFP cells (Figure 4D).
aken together, ALDH2 overexpression confers the capacity to
duce ACE -mediated DNA damage.
To determine the roles of Aldh2 in vivo, we then measured the
vel of endogenous ACE in the lung tissues from wild-type (WT) and
ldh2-KO mice. As expected, the endogenous ACE level was
gnificantly higher in Aldh2-KO mouse lungs than that in wild-type
es (Figure 4E). To extend the functional relationship further, we
xt examined the endogenous ACE level of mouse lungs following
traperitoneal injection of Ethanol. Administration of exogenous
thanol slightly increased endogenous ACE level in wild-type mice,
ggesting that endogenous Aldh2 in wild-type mouse lungs is
pable to detoxify ACE. Of notion, administration of exogenous
thanol drastically increased the endogenous ACE level in Aldh2-KO
ouse lungs (Figure 4E), indicating that Aldh2 deficiency leads to
cumulated ACE in vivo. Thus, Aldh2 is essential for detoxification
ACE in mouse lungs in vivo. Consistent with in vitro assay, we
amined γH2AX in lung tissues via Western blot and immunoblot
alysis, the level of γH2AX was significantly increased in Aldh2-KO
ouse lungs as compared to that in WT mouse lungs (Figure 4, F
d G), suggesting an increased DNA damage response in Aldh2-KO
ouse lungs. In addition, we found that the lung tissues from Aldh2-
O mice exhibited increased inflammatory characters compared to
ild-type ones, including increased alveolar lesions and pulmonary
ema, vascular wall thickness, perivascular leukocyte-rich inflam-
ation and interstitial inflammation (Figure 4H). These changes
ggest that Aldh2-KO mouse lungs suffer severe injury, probably
idative stress or DNA damage stress. Moreover, these results
ggest that Aldh2 deficiency leads to increased ACE and DNA
mage in lung tissues in vivo. To correlate this observation, we
alyzed the data from TCGA. We found that lung adenocarcinoma
mples with low ALDH2 expression exhibited higher genetic
utations than those with high ALDH2 expression (Figure 4I).
aken together, ALDH2 overexpression confers the capacity to
duce ACE-mediated DNA damage.

CE Increases Migration in Lung Adenocarcinoma Cells
Recent evidences demonstrate that chromosome instability or DNA
mage generate cytosolic DNA, further promotes the metastatic
atures of cancer cells [12]. Because ALDH2 deficiency leads to
creased ACE and DNA damage, we assumed that these alterations
fectedmetastatic capacity of lung adenocarcinoma cells. To determine
is function, we compared the migration activities of A549-GFP and
549-ALDH2 cells in presence and absence of exogenous ACE. The
sults showed that A549-ALDH2 cells had reduced migration activity
compared to that of A549-GFP cells (Figure 5A). Importantly,
dition of exogenous ACE increased the migration of A549 cells, but
t A549-ALDH2 cells (Figure 5A), suggesting that A549-ALDH2
lls are capable to metabolize ACE whereas A549-GFP cells are not.
milar results were obtained by migration assay in transwell assay
igure 5, B and C). These data indicate that ALDH2 dysfunction and
ogenous ACE promote migration of lung adenocarcinoma cells,
hich could be abrogated by ALDH2 overexpression. Mechanistically,
tosolic DNA is implicated to promote metastasis in a STING-
pendent manner [12]. Thus, we also examined STING expression
d found that STING was decreased in A549-ALDH2 cells as
mpared to A549-GFP cells (Supplemental data Figure 1B). This
plies that ALDH2 repression or ACEmay affect migration in a DNA
mage- and STING-dependent manner.

LDH2 Agonist Alda-1 Inhibits the Malignant Features of
ung Adenocarcinoma Cells
Since ALDH2 overexpression inhibits the malignant features of
ng adenocarcinoma cells, we then wondered whether activation of
LDH2 via its agonist could achieve the similar effects as ALDH2
erexpression. Next, we examined the effect of Alda-1 (N-(1,3-
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Figure 5. ACE increases migration of lung adenocarcinoma cells. A. The migration capacity of A549-GFP and A549-ALDH2 cells that were
treated with or without 1 mM ACE for two days was analyzed by a wound healing assay. B. C. Transwell assay for migration capacity of
A549-GFP and A549-ALDH2 cells that were treated with or without 1 mM ACE. *P b .05.
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nzodioxol-5-ylmethyl)-2,6-dichlorobenzamide), a selective agonist
ALDH2 [22], on lung adenocarcinoma cells. A549 cells were

eated with Alda-1 at various concentrations for 2 days, followed by
alysis of side population via FACS. The results showed that the cells
eated with Alda-1, exhibited significantly reduced side population as
mpared to the untreated group (Figure 6A). Consistently, the ratio
CD44+/CD24− population of H1299 was also significantly
gure 4. ALDH2-deficiency leads to accumulated ACE and increased
ALDH2 cells by Mass spectrometry, *P b .05. B. Comet assay of A54
M ACE for 2 days. C. Western blot assay of γH2AX and ALDH2 in A54
M ACE for 2 days. D.Western blot assay of γH2AX and ALDH2 in H12
mM ACE for 2 days. E. Relative quantification of ACE by Mass sp
traperitoneally injected with or without Ethanol (28% v/v in saline). Res
estern blot assay of γH2AX and ALDH2 in lung tissues of WT and Aldh
sues from WT and Aldh2-KO mice. H. HE staining of lung tissues
pression and mutation burden in lung adenocarcinoma tissues using
duced following Alda-1 treatment (Figure 6B). Thus, activation of
LDH2 by agonist Alda-1 inhibits the stem cell-like population in
man lung adenocarcinoma cells.
Next, we examined the effect of Alda-1 on colony formation of
549 cells in soft agarose assay. The colony numbers of Alda-1-
eated A549 cells in soft agarose were significantly reduced as
mpared to those of untreated ones (Figure 6C). Similar results were
DNA damage. A. ACE quantification of A549-shNS and A549-
9-GFP and A549-ALDH2 cells that were treated with or without 4
9-GFP and A549-ALDH2 cells that were treated with or without 4
99-GFP and H1299-ALDH2 cells that were treated with or without
ectrometry of WT and Aldh2-KO mice lung tissues that were
ults are themean (S.E.M.) of triplicate samples. t Test P b .0001. F.
2-KO mice. G. IHC staining and the score count of γH2AX in lung
from WT and Aldh2-KO mice. I. Correlation analysis of ALDH2
TCGA data.
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served in H1299 cells in 3D-sphere formation assay (Figure 6D).
f notion, Alda-1-induced inhibition on 3D-sphere formation was
ore drastic in H1299-ALDH2 cells than in H1299-GFP cells
igure 6D). This suggests that ALDH2 overexpression amplifies
lda-1-induced effects. To determine the effects on cell migration, we
amined the migration of A549-GFP and A549-ALDH2 cells. Alda-

Image of Figure 6
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Figure 7. Graphic abstract representing a proposed model of ALDH2 repression-mediated tumor progression.
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treatment inhibited the migration of A549-GFP cells (Figure 6E),
ggesting activation of endogenous ALDH2 by agonist Alad-1
hibits the migration of A549 cells. However, Alda-1 induced effect
as not further enhanced in A549-ALDH2 cells (Figure 6E). Taken
gether, these observations demonstrate that activation of ALDH2
agonist, acting similarly as ALDH2 overexpression, inhibits the

alignant features of lung adenocarcinoma cells.

iscussion
this study, we found that ALDH2 was suppressed in human lung
enocarcinoma. ALDH2 suppression led to accumulated ACE, which
duced DNA damage and promoted the malignant features in lung
enocarcinoma cells. Moreover, accumulated ACE and increased DNA
mage have been identified in Aldh2-KO mouse lung tissues in vivo.
portantly, activation of ALDH2 with its agonist inhibited the
alignant features of lung adenocarcinoma cells. Thus, targeting
LDH2 may provide a novel strategy for lung cancer therapy.
ALDH2 is mainly responsible for metabolism of ACE to acetate
3]. ACE is a highly reactive compound that could interact with
NA to form many kinds of adducts [24], leading to genetic
utations for carcinogenesis. However, the research about ALDH2
tumor progression is limited. A recent study suggests that ALDH2
nctions as an inhibitor of the metastasis in liver cancer cells [9]. The
nction and mechanism of ALDH2 and ACE on lung cancer
ogression has not been studied thoroughly. In this study, we firstly
und that the malignant features of ALDH2-low expressing lung
gure 6. ALDH2 agonist Alda-1 alleviates malignant features of lung ad
pulation in A549 cells that were treated with Alda-1for different concen
hibitor of ABCG2 binding cassette.B. Identification of CD44+/C24- popula
, 100 nM, 1 μM) by FACS analysis. C. Representative images and quant

ith different concentrations of Alda-1 (0 nM, 100 nM, 1 μM) in soft
epresentative images and quantitative analysis of 3D-spheres formed fr
ithout 1μMAlda-1. Results are themean (S.E.M.) of triplicate samples.E.T
ated with different concentrations of Alda-1 (0 nM, 350 nM, 1 μM) was
enocarcinoma cells could be reversed by ALDH2 overexpression.
iologically, ALDH2 reduction not only increased the proliferation
d stemness of lung adenocarcinoma cells, but also enhanced DNA
mage and migration. This is important for tumor progression since
mor relapse, drug-resistance and metastasis are strongly correlated
ith increased cancer stem cell or the stem-like features [10,25]. It
so has been reported that the increased ratio of XRCC1, a base
cision repair protein, and ALDH2 levels was indicative for poor
erall survival in lung and liver cancer patients, but not those with
ophageal cancers [26]. This suggests that ALDH2 dysfunction is
portant in lung tumor and liver tumor although not in esophageal
ncer. Thus, the oncogenic roles of ALDH2 dysfunction may be
llular context-dependent.
Chromosomal instability is a hallmark of cancer. A recent study
ows that chromosomal instability promotes metastasis by sustaining
tumor cell-autonomous response to cytosolic DNA [12]. In this
udy, we found that ALDH2 deficiency led to increased ACE and
NA damage in lung adenocarcinoma cells. Moreover, exogenous
CE significantly increases the migration capacity of lung adenocar-
noma cells. Importantly, a functional link from accumulated ACE
increased DNA damage has been identified in Aldh2-KO mouse
ngs in vivo. Consistent with increased DNA damages, Aldh2-KO
ouse lungs exhibited drastically increased inflammation, injury as
mpared to those in wild-type ones. In addition, the same study
dicates that chromosomal instability and DNA damage lead to
ptured genomic DNA spilling into the cytosol, it further promotes
enocarcinoma cells. A. Identification of side population and main
trations (0 nM, 350 nM,5 μM) by FACS using Ko143 (5 μM) as an
tion in H1299 cells treatedwith Alda-1 for different concentrations (0
itative analysis of colonies formed from A549 cells that were treated
agarose. Results are the mean (S.E.M.) of triplicate samples. D.
om H1299-GFP and H1299-ALDH2 cells that were treated with or
hemigration behavior of A549-GFPandA549-ALDH2cells thatwere
analyzed by a wound healing assay.
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etastasis in a STING-dependent manner [12]. In our study, we also
served the reduction of STING in A549-ALDH2 cells as compared
A549-GFP cells. However, whether ALDH2 and ACE affects the
igration of lung adenocarcinoma cells via DNA damage-dependent
d STING-dependent pathway requires further determination.
In this study, administration of ALDH2 activator Alda-1 [22]
duced the stem-like and metastatic features of lung adenocarcinoma
lls. The observation is expected, since it is consistent with the roles
ALDH2 in lung adenocarcinoma cells. Interestingly, disulfiram, an
LDH2 inhibitor, has also been found to inhibit the proliferation of
riety tumors [27–29]. This observation appears to be contradictive
what is studied in this article. The discrepancy may be due to the
llowing reasons: 1. Cancer cells may be addictive to certain
cogenic signaling, such as ACE and ROS in ALDH2-deficient
ncer cells. Inhibition of ALDH2 by disulfirm could further increase
e level of ROS, which could be highly cytotoxic in ALDH2-
ficient cancer cells. However, normal cells are expressing relatively
gh ALDH2, which is sufficient for ACE metabolism. Thus, the
fect of disulfirm in normal cells is limited. 2. Disulfiram exerts
mor inhibition effects by forming diethyldithiocarbamate (Cu
ETC)2) complex. Whether the complex plays its role via the
gulation to ALDH activity is still unknown. 3. Disulfiram is an
tivity inhibitor of various subtypes of ALDH, not specifically act on
LDH2. It is therefore possible that disulfiram exert its tumor
hibition effects via action on other subtypes. However, these
potheses need more researches to verify.
In summary, we propose that ALDH2 repression promote
oliferation and stemness of lung adenocarcinoma cells. It also
ads to ACE accumulation, which induces DNA damage and
etastatic features in lung adenocarcinoma cells (Figure 7).
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.03.008.
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