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Abstract

The alcohol metabolite acetaldehyde is a potent human carcinogen linked to esophageal squamous cell carcinoma (ESCC) initiation and develop-
ment. Aldehyde dehydrogenase 2 (ALDH2) is the primary enzyme that detoxifies acetaldehyde in the mitochondria. Acetaldehyde accumulation
causes genotoxic stress in cells expressing the dysfunctional ALDH2#% dominant negative mutant protein linked to ALDH2*2, the single nu-
cleotide polymorphism highly prevalent among East Asians. Heterozygous ALDHZ2*2 increases the risk for the development of ESCC and other
alcohol-related cancers. Despite its prevalence and link to malignant transformation, how ALDH2 dysfunction influences ESCC pathobiology
is incompletely understood. Herein, we characterize how ESCC and preneoplastic cells respond to alcohol exposure using cell lines, three-
dimensional organoids and xenograft models. We find that alcohol exposure and ALDH2*2 cooperate to increase putative ESCC cancer stem
cells with high CD44 expression (CD44H cells) linked to tumor initiation, repopulation and therapy resistance. Concurrently, ALHD2*2 aug-
mented alcohol-induced reactive oxygen species and DNA damage to promote apoptosis in the non-CD44H cell population. Pharmacological
activation of ALDH2 by Alda-1 inhibits this phenotype, suggesting that acetaldehyde is the primary driver of these changes. Additionally, we
find that Aldh2 dysfunction affects the response to cisplatin, a chemotherapeutic commonly used for the treatment of ESCC. Aldh2 dysfunction
facilitated enrichment of CD44H cells following cisplatin-induced oxidative stress and cell death in murine organoids, highlighting a potential
mechanism driving cisplatin resistance. Together, these data provide evidence that ALDH2 dysfunction accelerates ESCC pathogenesis through
enrichment of CD44H cells in response to genotoxic stressors such as environmental carcinogens and chemotherapeutic agents.
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Introduction

Alcohol consumption is a leading risk factor for esophageal
squamous cell carcinoma (ESCC), a deadly cancer common
worldwide (1,2). Alcohol is primarily absorbed in the stomach
and metabolized in the liver. Alcohol consumption also ex-
poses the esophageal mucosal surface to high concentrations
of ethanol (EtOH) and acetaldehyde, the chief metabolite of
EtOH (3,4). After alcohol drinking, acetaldehyde levels in
saliva are 10 times higher than in blood (5). Normal human
esophageal epithelial cells and ESCC cells can directly me-
tabolize EtOH to produce acetaldehyde via alcohol dehydro-
genase ADH1B and CYP2E1 (6,7). Additionally, EtOH or
acetaldehyde in circulation promotes ESCC xenograft tumor
growth in alcohol-fed mice (6). Understanding the effects of
alcohol exposure during the initiation of carcinogenesis and
the later stage of progression is equally important.

Acetaldehyde is a highly reactive compound that can
damage both mitochondria and DNA (8-10). Acetaldehyde
is detoxified by the mitochondrial enzyme aldehyde dehydro-
genase 2 (ALDH2) which catalyzes the oxidation of acetal-
dehyde into acetic acid (11). The ALDH?2 rs671 (ALDH2*2)
is a single nucleotide polymorphism carried by 35-45% of
East Asians and is the most common ALDH2 polymorphisms
worldwide. The dominant negative mutant ALDH2*2 allele
encodes for the E487K change in the ALDH2 protein, which
is associated with a dramatic decrease in enzymatic activity
compared with wild-type ALDH2*1 (12). Thus, acetaldehyde
clearance is delayed in carriers of ALDH2*2. The ALDH2*2
allele confers a higher risk of ESCC, and in particular, ex-
cessive alcohol consumption in heterozygous carriers of the
ALDH2*2 allele increases the risk for ESCC by ~14-fold, as
well as worse prognosis compared with those who develop
the disease without ALDH2*1 (13-15). How ALDH2*2 in-
fluences the ESCC pathogenesis remains elusive.

Among driving ESCC pathobiology are putative cancer
stem cells (CSC) characterized by high expression of CD44
(CD44H cells) that are highly proliferative, capable of
initiating tumors, metastatic and therapy resistant (16-22).
Within ESCC tumors, CD44H cells display self-renewal and

repopulation capabilities (i.e. maintenance of CD44H cells
and generation of less-tumorigenic cells with low CD44 ex-
pression or CD44L cells) (16,20). Alcohol exposure leads to
the enrichment of preexisting CD44H cells that tolerate ex-
cessive levels of alcohol-derived reactive oxygen species (ROS)
(6). How ALDH2 status influences CD44H cells remains elu-
sive. We hypothesize that ALDH2 dysfunction underlies the
observed CD44H cell enrichment.

To address this hypothesis, we leveraged our single cell-
derived three-dimensional (3D) esophageal organoid platform
that capture the functional, morphological and molecular fea-
tures of the original tissue (21,23-26). Key to this study, 3D
organoids harbor a distinguishable population of CD44H
cells that more readily form organoids compared with CD44L
cells (16,21,27) and resist chemotherapy (21). We demon-
strate that alcohol exposure leads to CD44H cell enrich-
ment to augment tumor growth in an ALDH2*2-dependent
manner. These deleterious effects are inhibited by restoring
ALDH?2 function by the extensively characterized pharmaco-
logical ALDH2 activator Alda-1 (28-31). Moreover, we show
that alcohol exposure generates ROS and DNA damage to
kill CD44L cells, which results in the enrichment of surviving
CD44H cells. We further demonstrate that the Aldh2*2 poly-
morphism modulates response to cisplatin, a commonly used
chemotherapeutic for the treatment of ESCC. Together, our
data unravel ALDH2 dysfunction as a key axis driving the
malignancy of a common and deadly disease.

Materials and methods

Aldh2*2 mutant mice and chemical carcinogenesis

Aldh2*2 (Aldh2F%¥7%) mutant mice carrying the Aldh2*2
knock-in homozygous alleles (Che-Hong Chen and Daria
Mochly-Rosen) (30) were crossed with parental C57BL/6
strain carrying wild-type Aldh2*1 homozygous alleles
(Aldh2*1 wild-type control mice) to generate mice carrying
both mutant and wild-type Aldh2 alleles in heterozygosity,
hereafter designated as Aldh2*2 mutant mice. Aldh2*1 and
Aldh2*2 mice were subjected to treatment with 100 mg/
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ml 4-nitroquinline-1-oxide (4NQO) (TCI NO250, Tokyo,
Japan) in drinking water for 16 weeks to induce ESCC
and intraepithelial neoplasia (IEN), the latter representing
a histologic precursor lesion of ESCC (24,32). Following
4NQO withdrawal, mice were killed and dissected at the
end of a 10-week observation period to collect esophagi for
histopathological examination (Andres Klein-Szanto) and
organoid culture. All mouse experiments were approved by
the Institutional Animal Care and Use Committee (IACUC)
at Columbia University.

3D mouse-derived organoid culture, treatments
and analyses

Mouse-derived organoid (MDO) were generated from
mouse esophagi according to detailed protocols published
by us (16,24). In brief, esophageal epithelial sheets were iso-
lated from 4NQO-treated mouse esophagi and subjected to
mechanical and enzymatic dissociation to prepare single-
cell suspensions in advanced DMEM/F12 (ThermoFisher
12634028)-based murine organoid medium (MOM) (24).
2 x 10* single cells were embedded in Matrigel® Basement
Membrane Extract (Corning 354234) in a 24 well plate
(ThermoFisher 12-556-006) and grown in 500 ul MOM
media added into each well and grown for 7-11 days.

Bright-field images of resulting MDOs were captured by
the Keyence Fluorescence Microscope BZ-X800 equipped
with Keyence software to determine the number and size of
organoids, defined as spherical structures 25000 pm? in size.
Organoid formation rate (OFR) was determined as the per-
centage of the number of organoids formed at day 11 per the
total number of cells seeded at day 0. Organoid morphology
was also determined via phase contrast imaging using the
Evos FL Cell Imaging System. Mature organoids were pas-
saged or collected for subsequent analyses as described (6,21).

Organoids were exposed to EtOH at the indicated final
concentration along with or without 20 pM Alda-1 (Tocris
4005) and incubated for the indicated time periods. One hun-
dred percent EtOH (Decon Labs) was added directly into the
media to a final concentration of 1 or 2%. To prevent the
evaporation of EtOH, plates were sealed with PARAFILM®
M (Sigma-Aldrich). To control for any off-target effects of
sealing plates, control wells (0% EtOH) were sealed as well.
Organoids were treated with cisplatin (Santa Cruz sc-200896)
for 72 h. Organoids were converted to monolayer culture by
seeding single cells suspended in MOM into 35 mm BioLite
Cell Culture Treated Dishes (Thermo 130180).

ESCC cell lines and organoid culture

ESCC cell lines TE11 and TE14 carrying a mutant ALDH2*2
allele and genetically modified derivatives TE11-RFP and
T14-RFP (6) were grown in monolayer culture for MitoSOX
assays as well as 3D organoids for all flow cytometry and
organoid formation assays utilizing RPMI-1640 supple-
mented with 10% fetal bovine serum as described previously
(6,21). TE11 and TE14 organoids were grown for 11 days
with media changes every 48 h and subjected to EtOH ex-
posure experiments as described above for MDOs.

Cell line authentication

TE11 (Cellosaurus Expasy CVCL_1761) and TE14 cells
(CVCL_3336) (33) were obtained in June 1993 as a gift of
Dr Tetsuro Nishihira, Tohoku University School of Medicine,
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Sendai, Miyagi, Japan. Both cell lines were authenticated by
short tandem repeat (STR) profiling (ATCC) prior to use in
experiments shown in this work. Upon completion of these
studies, both lines were re-authenticated by STR profiling
(TE11 in January 2023 and TE14 in March 2023) to en-
sure that no contamination had occurred during these ex-
periments. All murine lines were derived for the purposes
of this study. A board-certified pathologist (AKS) reviewed
organoid histology (Supplementary Figure 1, available at
Carcinogenesis Online) and diagnosed these lines as having
features consistent with preneoplastic IEN.

Immunohistochemistry and H&E staining

Mouse esophageal tissues and organoids were subjected to
paraffin embedding and formalin fixation immediately fol-
lowing harvesting as described (24,34). In brief, organoids
were treated as indicated, collected, centrifuged for 5-10 s at
2000x g and resuspended in 4% formaldehyde overnight at
4°C. Organoids were then embedded in 2% Bacto-agar (BD
214010) and 2.5% gelatin (ThermoFisher 35050061) prior to
being processed for routine paraffin embedding as described
previously (17). All samples were stained with hematoxylin
and eosin (H&E) as described (17). For immunohistochemistry
(IHC), organoids slides were incubated with anti-phospho-
histone H2Ax (Ser139) (Cell Signaling 9718) at 1:250. All
H&E and IHC data were evaluated by a board-certified path-
ologist (AJK).

Flow cytometry

Flow cytometric analysis of organoids was performed as de-
scribed previously (6). Briefly, dissociated organoid cells were
washed with PBS and resuspended in PBS containing 1% bo-
vine serum albumin (Sigma-Aldrich A7906). TE11 and TE14
cells were stained with phycoerythrin-conjugated CD44 anti-
body (1:10, BD Biosciences 555479 Clone G44-26) in dark
on ice. Murine cells were stained with an allophycocyanin-
conjugated CD44 antibody (BD Pharmingen 559250).
Apoptosis was assessed via the FITC-conjugated Annexin
V Apoptosis Detection Kit (ThermoFisher) according to
the manufacturer's instructions. Dead cells were detected
by staining for DAPI (ThermoFisher) or propidium iodide
(Biolegend 640914), the latter used in Annexin V assays. Data
were analyzed using FlowJo software v10.7.1 (Tree Star).
CD44H and CD44L cells were respectively defined as the top
10% and bottom 10% of cells with CD44 intensity within un-
treated organoids. The CD44 gate was set using these values
and applied to all experimental groups to determine CD44L
and CD44H cell content following the indicated treatment.

Mitochondrial superoxide assays

TE11 and TE14 cells were grown in monolayer culture as
described (10), subjected to the indicated treatments and
then incubated with 5 pM MitoSOX™ (M36008; Thermo
Fisher Scientific) and 20 pM Hoechst 33342 (ENZ-52401,
Enzo Life Sciences) for 30 min at 37°C in a humidified in-
cubator. MitoSOX and Hoechst fluorescence intensity was
assessed by imaging with a Keyence microscope and ana-
lyzed with Image]2 software (Version 2.9.0/1.53t). MitoSOX
fluorescent intensity was corrected for the background fluor-
escence and then normalized to the number of nuclei in the
sample. Aldh2*2 and Aldh2*1 MDOs were subjected to the
indicated treatments, collected and dissociated into single
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cells. Single cells were incubated with MitoSOX as above and
4’,6-diamindino-2-phenylindole (DAPI) to detect dead cells.
MitoSOX intensity was obtained via flow cytometry and cal-
culated as the average fluorescent intensity in live cells.

Xenograft transplantation

Xenografts were performed as described (6) with the ap-
proval of the TACUC at Columbia University. TE11-RFP
and TE14-RFP cells were grown in monolayer culture, col-
lected via trypsinization and suspended in 50% Matrigel®.
The cell suspension was implanted subcutaneously into the
dorsal flanks of 8-week-old athymic nu/nu mice (Taconic
Biosciences, Hudson, NY). Ten percent EtOH was given
via the drinking water ad libitum from week 2 to week 6
following transplantation. Tumor volume was measured
weekly with a digital caliper and calculated as follows:
Tumor volume (mm?) = [width (mm)]? x [length (mm)]* x 0.5.
During the EtOH treatment period, Alda-1 (20 mg/kg/day)
or vehicle control (40% polyethylene glycol/10% dimethyl
sulfoxide/50% water) was intraperitoneally injected two
times per day. At week 6, mice were killed and collected tu-
mors were dissociated into single cells and analyzed by flow
cytometry for CD44.

Statistical analyses

Data presented in Figures 1-4 were analyzed/graphed with
GraphPad Prism 8.0 software using the Student’s #-test. Data
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presented in Figure 5 were analyzed/graphed with the fol-
lowing: inkscape (1.2.1), matplotlib (3.4.3), numpy (1.22.4),
python (3.8.8), pandas (1.4.3), scipy (1.9.0), seaborn (0.12.1)
and statsannotations (0.4.4).

Results

ALDH2 dysfunction and EtOH cooperate to enrich
CD44H cells within established preneoplasia and
ESCC lesions

Aldh2 dysfunction promotes nitrosamine-induced liver car-
cinogenesis in Aldh2*2 mice (35). However, Aldh2*2 mice
and other rodent strains rarely, if any, develop ESCC or liver
cancer in response to alcohol exposure alone (35-37). To
evaluate how Aldh2*2 modulates ESCC pathobiology, we
treated isogenic Aldh2*2 (mutant) and Aldh2*1 (wild-type)
control mice with a potent esophageal carcinogen 4NQO (16).
Following 4NQO treatment, we collected esophagi from both
Aldh27*2 and Aldh2*1 mice and evaluated the histological
progression of ESCC. We observed no statistically significant
difference in ESCC progression in Aldh2*2 mice (n = 5) com-
pared with Aldh2*1 (n = 7) (Supplementary Figure 1A, avail-
able at Carcinogenesis Online). We then used the remaining
tissue to generate MDOs which retain the morphological fea-
tures of their tissue of origin (Supplementary Figure 1B, avail-
able at Carcinogenesis Online). We observed a statistically
significant increase in organoids with high-grade neoplastic
structures displaying moderate to severe nuclear atypia in
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Figure 1. ALDH2 dysfunction cooperates with alcohol in CD44H cell enrichment. IEN MDOs from the indicated genotype were treated with 1%

EtOH from day 7 to day 11 of culture. Organoids were collected, dissociated into single cells and then assessed for (A) secondary organoid formation
by bright-field microscopy, (B) CD44H cell content by flow cytometry. (C and D) Organoids from two ALDHZ2*2 human ESCC lines (TE11 or TE14) were
treated with 1% EtOH + 20 pM of the ALDH2 activator Alda-1 from day 7 to day 11 of culture, collected, dissociated into single cells and then subjected
to flow cytometry for detection of CD44H cell content. ns, not significant. *P < 0.05 relative to untreated control. #P < 0.05 relative to EtOH-treated
Aldh2*1 control (A and B) or EtOH-treated, Alda-1-untreated cells (C and D). Circles represent technical replicates (n = 3).


http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgad085#supplementary-data
http://academic.oup.com/carcin/article-lookup/doi/10.1093/carcin/bgad085#supplementary-data

S.Flashner et al.

>

(-) EtOH

99

(+) EtOH

Aldh2*1/*1

L | L |
10’ 102

‘103

o

Annexin V

103

= 40 IEN MDOs
T #
o 30 *
z
> 20-
k-
2 10 *
c
< *
 8.59% EtOH () () (¥) (+)
0 108 Aldh2 *1 *2 *1 *2
= 60 |EN MDOs
iy *
a B
E 40
£ #
% 201 *
s ¥
< 0
- CD44 Low Low High High
o Aldh2 *1 *2 *1 *2
72h EtOH

Figure 2. ALDH2 dysfunction cooperates with alcohol in CD44H cell enrichment by promoting CD44L cell apoptosis. Cells dissociated from IEN MDOs
from the indicated genotype were grown in monolayer culture, treated with 2% EtOH for 72 h, collected and assessed for apoptosis by flow cytometry
for Annexin V/PI. (A) representative dot plot of AnnexinV and PI staining, (B) quantification of (A). (C) Apoptosis was measured in CD44H and CD44L

cells by flow cytometry. *P < 0.05 compared with Aldh2* 1 controls (B) or with Aldh2* 17 CD44L cells (C) #P < 0.05 compared with Aldh2*2 control (A) or

with Aldh2*2 CD44L cells (C). Circles represent technical replicates (n = 3).

the Aldh2*2 condition compared with Aldh2*1 organoids
(Supplementary Figure 1C, available at Carcinogenesis
Online), suggesting that the single cell-derived organoid
system has a high sensitivity to detect neoplastic cells with
a higher proliferative capacity that may predominate over
normal and less abnormal neoplastic cells ex vivo, in the
absence of other constraining factors in vivo such as tumor
immunity. In line with the preneoplastic nature, these MDOs
did not form xenograft tumors when subcutaneously trans-
planted in immunodeficient mice (data not shown). We next
evaluated Aldh2 expression in these MDOs. Importantly,
Aldh2 levels are significantly lower in Aldh2*2 compared
with Aldh2*1 MDOs (Supplementary Figure 1D, available
at Carcinogenesis Online), which is consistent with reports
that this Aldh2 variant has a significantly decreased stability
compared with wild-type Aldh2 (30,35,38). Together, we es-
tablished a tractable organoid model of ESCC pathogenesis in
the context of Aldh2 dysfunction.

Osei-Sarfo et al. reported that alcohol advanced the 4NQO-
induced preneoplastic IEN (dysplasia) lesions in C57BL/6
mice (36). We next leveraged this 3D organoid system to de-
termine how Aldb2*2 influences the ESCC pathogenesis in
concert with alcohol exposure. To capture the salient changes
that occur during ESCC initiation, we used Aldh2*1 and
Aldh2*2 MDOs with histological features consistent with
IEN, the ESCC precursor lesion. Using this model, we first

determined how Aldh2*2 may alter secondary organoid for-
mation (OFR), a surrogate readout of tumor-initiating cap-
ability (6). To do so, we exposed these Aldh2*1 and Aldh2*2
MDOs representing IEN lesions to 1% EtOH for 96 h, which
we have determined previously to be a physiologically rele-
vant treatment strategy that mimics EtOH exposure in vivo
(6,7). Furthermore, we confirmed that 1% EtOH treatment
only modestly decreases IEN MDO viability, which enhances
the number of live cells required for the organoid formation
assay (Supplementary Figure 2, available at Carcinogenesis
Online). We then dissociated these organoids into single
cells, passaged these cells and measured their ability to form
organoids. We found that EtOH induced a nearly 3-fold in-
crease in OFR in Aldh2*2 organoids compared with a modest
~1.2-fold change in Aldh2*1 organoids (Figure 1A). We next
considered whether these changes in OFR were due to the
enrichment of the CD44H cell population within each MDO
line. To address this possibility, we treated organoids with
EtOH as before, collected single cells and performed flow
cytometry for CD44H content. Consistent with our OFR re-
sults, we observed a nearly 4-fold increase in CD44H cells in
the Aldh2*2 organoids following EtOH exposure, compared
with a 2-fold increase in the Aldh2*1 organoids (Figure 1B).
Together, these results indicate that EtOH exposure results
in the enrichment of CD44H cells in the context of Aldh2
dysfunction.
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Figure 4. ALDH2 dysfunction accelerates ethanol-stimulated ESCC tumor growth and CD44H cell enrichment. TE14-RFP cells were injected into the
flanks of nu/nu mice. 10% EtOH was included in the drinking water ad libitum from week 2 to week 6 following transplantation. During the EtOH
treatment period, Alda-1 (20 mg/kg) or vehicle control was intraperitoneally injected twice daily. (A) Tumor volume was measured weekly. (B) At week
6, tumors were dissociated into single cells and analyzed by flow cytometry for CD44. ns, not significant. *P < 0.05 compared with EtOH (-)/Alda-1 (-).
#P < 0.05 compared with EtOH (+)/Alda-1 (-). Circles and squares represent technical replicates (n > 4) for both (A) and (B).

We next addressed whether our findings translated to es-
tablished human ESCC tumors. We used ESCC cell lines TE11
and TE14, both carrying ALDH2*2. To isolate the effect of
ALDH?2 dysfunction using these models, we restored ALDH2
function with the extensively characterized pharmacological
activator Alda-1 (28-31). Binding to the AIDH2*2-encoded

mutant ALDH2 enzyme (i.e. ALDH257%) " Alda-1 restores
its activity by acting as a structural chaperone (29); however,
Alda-1 has no effect on the activity of other cytoplasmic or
mitochondrial ALDHs (ALDH1, ALDH3A1, ALDHA4A1,
ALDHSA1 and ALDH7A1) or alcohol dehydrogenase ADH1
(28,30).
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(n=3).

We treated organoids made with TE11 and TE14 cells with
1% EtOH for 96 h in the presence or absence of Alda-1.
We then dissociated the organoids into single cells and per-
formed flow cytometry for CD44. Consistent with our results
in MDOs, short-term EtOH exposure increased CD44H cells
within organoids as determined by flow cytometry (Figure
1C and D). Alda-1 partially inhibited CD44H enrichment,
suggesting that ALDH2 dysfunction potentiates the tumor-
promoting effects of EtOH on human ESCC pathobiology
(Figure 1C and D).

ALDH2 dysfunction cooperates with alcohol to
promote CD44L cell apoptosis and enrich surviving
CD44H cells

We evaluated the mechanisms underlying CD44H cell enrich-
ment. We hypothesized that CD44H cells may be more re-
sistant to elevated EtOH-induced genotoxic stress that occurs
in the context of Aldh2 dysfunction. To determine if such a
mechanism was driving CD44H cell enrichment in this model,
we first confirmed that EtOH exposure results in increased
apoptosis in Aldh2*2 cells. To maximize the number of apop-
totic cells for this assay, we increased the dose of EtOH from

1 to 2% (Supplementary Figure 2, available at Carcinogenesis
Online). Importantly, 2% is still within physiologically rele-
vant range for mimicking EtOH exposure in vitro (6,7). We
grew Aldh2*1 and Aldh2*2 cells in monolayer culture, treated
with 2% EtOH for 72 h, collected single cells and performed
flow cytometry for Annexin V and Propidium Iodide (PI). We
observed a significant increase in Annexin V positive/PI nega-
tive early apoptotic cells in the Aldh2 *2 organoids exposed to
EtOH compared with Aldh2*1 organoids (Figure 2A and B).
To confirm that this change was driving the observed CD44H
cell enrichment (Figure 1B), we repeated this experiment and
measured early apoptosis in CD44H and CD44L cells. We
found that EtOH exposure resulted in a significant increase
in early apoptotic CD44L cells compared with CD44H cells
(Figure 2C). This effect was most pronounced in Aldh2*2
cells. Together, these data indicate EtOH exposure promotes
CD44H cell enrichment in the context of Aldh2 dysfunction
by promoting apoptosis in CD44L cell populations.

We then addressed whether Aldh1 is involved in EtOH-
mediated CD44H cell enrichment. To do so, we evaluated
whether 4-diethylaminobenzaldehyde (DEAB), an Aldh1
inhibitor, mediates alcohol-induced CD44L cell apoptosis
and CD44H cell enrichment. We treated IEN MDOs with
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2% EtOH in the presence or absence of 1.5 pM DEAB, col-
lected single cells and measured Annexin V, PI and CD44 by
flow cytometry. We observed a moderate increase in Annexin
V positive/PI negative cells in both Aldh2*1 and Aldh2*2
IEN MDOs treated with EtOH (Supplementary Figure 3A,
available at Carcinogenesis Online). This increase in early
apoptotic cells appear to originate from CD44L cells: DEAB
increased Annexin V positive/PI negative population of
CD44L, but not in CD44H cells (Supplementary Figure 3B,
available at Carcinogenesis Online). Importantly, this increase
in apoptosis in DEAB-treated organoids is modest. In con-
trast, Aldh2 dysfunction generates a dramatic difference in
this phenotype (Figure 2A and B), indicating that Aldh2 dys-
function is the primary driver of this phenomenon.

ALDH2 dysfunction potentiates ethanol-derived
ROS accumulation and DNA damage

We considered how alcohol may promote CD44H cell enrich-
ment in the context of Aldh2 dysfunction. We hypothesized
that Aldh2 dysfunction potentiates EtOH-induced ROS ac-
cumulation, driving death of CD44L cells while enriching for
CD44H cells (Figure 2C). We therefore assessed whether ROS
accumulates in Aldh2 *2 organoids. We treated organoids with
1% EtOH for 96 h, dissociated organoids into single cells
and then measured mitochondrial ROS using the mitochon-
drial super oxide assay. We found that EtOH exposure results
in a significant increase in mitochondrial ROS in Aldh2*2
organoids compared with EtOH-treated Aldh2*1 organoids
(Figure 3A). Furthermore, untreated Aldh2*2 organoids ex-
hibit a modest increase in mitochondrial ROS compared with
Aldh2*1 controls, highlighting the potentially deleterious ef-
fects of Aldh2 dysfunction independent of EtOH exposure.
Together, these results indicate that Aldh2 dysfunction aug-
ments ROS production following EtOH exposure.

We next evaluated the effect of increased ROS accumu-
lation on genome integrity in preneoplastic IEN MDOs. To
do so, we performed IHC for the DNA double-strand break
marker y-H2AX in IEN MDOs treated with 1% EtOH for
96 h. Consistent with the results of our mitochondrial super-
oxide assay, we found that EtOH exposure results in a sig-
nificant increase in the percentage of y-H2AX positive cells
in the context of Aldh2 deficiency, with ~80% of cells posi-
tive for y-H2AX in Aldh2*2 organoids treated with EtOH
compared with <20% rate in untreated controls (Figure 3B
and C). Furthermore, we observed a modest significant in-
crease in y-H2AX positivity in Aldh2*1 cells, indicating that
EtOH exposure influences ROS and DNA damage in the
context of Aldh2 competency, albeit to a lesser extent than
in the Aldh2*2 organoids. Together, these data support our
hypothesis that ALDH2 limits the accumulation of CD44H
cell-enriching ROS following EtOH exposure.

We then assessed whether EtOH exposure results in a
similar level of ROS induction in human Aldh2*2 ESCC cell
lines. We treated TE11 and TE14 cell lines grown in mono-
layer with 1% EtOH and 20 pM Alda-1 for 24 h and meas-
ured mitochondrial ROS via the mitochondrial superoxide
assay. We observed a significant increase in ROS in these
ALDH2-dysfunctional cell lines following EtOH exposure,
which was reversed following ALDH2 activation by Alda-1
(Figure 3D). These results are consistent with our above-
described findings in IEN MDOs. Together, these data cor-
roborate our findings in IEN MDOs that EtOH exposure
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promotes CD44H cell enrichment and ROS accumulation
during ESCC pathogenesis.

ALDH2 dysfunction accelerates ethanol-stimulated
ESCC tumor growth and CD44H cell enrichment

We addressed the translational significance of our findings.
How the Aldh2*2 polymorphism influences the pathobiology
of established tumors following alcohol consumption is
undefined. We previously demonstrated that alcohol con-
sumption promotes the growth of xenograft tumors in mice
bearing the ESCC cell line TE14 (6). We therefore evaluated
whether ALDH2 dysfunction is underlying this phenom-
enon by subcutaneously transplanting TE14 into the flanks
of athymic nu/nu mice. We treated mice with drinking water
containing 10% EtOH and 20 mg/kg/day Alda-1 for 6 weeks.
We observed a statistically significant increase in tumor size
in the EtOH-treated mice compared with vehicle controls
(Figure 4A). We next harvested these tumors and performed
flow cytometric analysis of their CD44H cell content. We ob-
served a statistically significant increase in the percentage of
CD44H cells in EtOH-exposed mice, which was inhibited
following treatment with Alda-1 (Figure 4B). Together, our
work demonstrates that ethanol exposure promotes tumor
growth and CD44H cell enrichment in the context of ALDH2
dysfunction.

Aldh2 dysfunction potentiates cisplatin-induced
CD44H cell enrichment

We assessed how Aldh2 status may influence response to other
genotoxic agents. Cisplatin is a commonly used chemotherapy
for the treatment of ESCC. Since both acetaldehyde and cis-
platin induce both ROS and DNA interstrand crosslinks
(39,40), we hypothesized that Aldh2*2 cells may respond to
cisplatin in a similar manner as they respond to EtOH. To
address this hypothesis, we evaluated cisplatin sensitivity in
Aldh2*1 and Aldh2*2 MDOs. We collected cisplatin-treated
organoids, dissociated into single cells and measured cell via-
bility, CD44 levels and mitochondrial ROS by flow cytometry.
We found that the Aldh2*2 organoids were more sensitive
to cisplatin, with ~90% of cells dying following treatment
with 80 uM cisplatin compared with ~12% of Aldh2*1 cells
(Figure 5A). Moreover, cisplatin increased ROS in Aldh2*2,
but not Aldh2*1, MDOs in a dose-dependent manner (Figure
5B). Finally, we evaluated whether Aldh2 dysfunction pro-
moted CD44 cell enrichment as observed upon ethanol ex-
posure. We observed a significant increase in CD44H cell
levels in Aldh2*2 MDOs following exposure to any dose
of cisplatin (Figure 5C). A modest increase in CD44H cells
also occurred among cisplatin-surviving cells within Aldh2*1
MDOs. Together, these data suggest that Aldh2*2 may in-
crease cisplatin toxicity to ESCC cells while permitting
CD44H cell enrichment to promote therapy resistance, thus
indicating that Aldh2 status influences response to commonly
used chemotherapy for the treatment of ESCC.

Discussion

Ethanol-related ESCC is a common and deadly disease, par-
ticularly in patients heterozygous for ALDH2*2 (15,41).
Understanding how ethanol influences ESCC pathogenesis in
the context of ALDH2 dysfunction is therefore paramount
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to identifying the factors underlying the poor prognosis of
these patients and identifying new therapeutic strategies to
ameliorate the burden of this disease. Here, we demonstrate
that ALDH2 dysfunction cooperate with alcohol to aug-
ment tumor growth through the enrichment of CD44H cells
despite ROS accumulation and DNA damage that promote
apoptosis of CD44L cells. These changes are probably driven
by the accumulation of acetaldehyde, the EtOH metabolite
that is detoxified by ALDH2. Moreover, we find that ALDH2
dysfunction modulates the response to a commonly used
chemotherapy, cisplatin. Together, these data indicate that the
common ALDH2*2 single nucleotide polymorphism accel-
erates tumor growth of alcohol-related ESCC and influences
response to cisplatin therapy via a similar mechanism permit-
ting CD44H cell enrichment.

Our data further the understanding of how the Aldh2*2
polymorphism promotes malignant transformation following
ethanol exposure. The preponderance of studies focus on
how ethanol exposure promotes malignant transformation
by inducing DNA damage, genome instability and changes
in gene expression (36,42). In this model, ethanol-induced ac-
tivation of oncogenes or inactivation of tumor suppressors
drives ESCC tumorigenesis. We augment this understanding
by demonstrating that brief exposure to ethanol (24-96 h in
culture or 6 weeks in xenograft models) induces a dramatic
change in the composition of a tumor or pre-malignant le-
sion. We demonstrate that ethanol enriches CD44H cells in
preneoplastic IEN MDOs, ESCC organoids and xenograft
tumors (Figures 1 and 4). We confirm that cells positive for
the CSC marker CD44H recapitulate the hallmark features of
CSCs. In this study, organoid/cell populations with increased
CD44H content form larger xenograft tumors (Figure 4),
form organoids at a higher rate (Figure 1) and are enriched
following treatment with chemotherapeutic agents (Figure
5) than cell populations with low levels of CD44 (i.e. non-
CSCs). These findings are all consistent with known features
of CSCs, which can form more aggressive and faster-growing
tumors that are resistant to a variety of chemotherapies.

CSC enrichment occurs in alcohol-exposed preneoplastic
I[EN MDOs. While CD44H cells are appreciated to emerge
during the pre-malignant stages of ESCC pathogenesis (43),
this work is the first to demonstrate that this enrichment
occurs in response to ethanol exposure in the context of
ALDH2 dysfunction. Furthermore, we find that treatment of
IEN MDOs with chemotherapy enriches for CSCs (Figure 5),
which tolerate higher levels of cisplatin in other cancer con-
texts and drive resistance to the drug (44-46). The presence
of this aggressive and putatively drug-resistant subset of cells
in a pre-malignant lesion (Figure 1B) highlights the need for
earlier detection of ESCC pathogenesis. While CD44 is a well-
characterized CSC marker, it should be noted that CSCs are
heterogeneous, thus warranting to explore the role of EtOH
and ALDH2 dysfunction in cell populations defined by other
CSC markers such as CD90 and CD133.

Apart from EtOH-induced CD44H cell enrichment, un-
treated Aldh2*2 MDOs contained a modest but significantly
more CD44H cells than Aldh2*1 MDOs (Figure 1B). These
data indicate that ALDH2 dysfunction may have both EtOH-
dependent and EtOH-independent roles in esophageal car-
cinogenesis. Our gene expression profiling data comparing
CD44H and CD44L cells of transformed human esophageal
cell line EPC2T (GSE37993) indicates that there is no sig-
nificant difference in the expression of CYP2E1, ADH1B and
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most ALDH family members including all ALDH1 isoforms.
In response to EtOH exposure, esophageal epithelial cells
undergo mitochondrial dysfunction and ROS production via
CYP2E1 (7). CYP2E1 has a pivotal role in esophageal car-
cinogenesis through the production of acetaldehyde as well
as ROS (47-49). CYP2E1 induction and ALDH2 dysfunction
are both implicated in DNA adducts formation and aber-
rant proliferation in the esophageal epithelium in response to
chronic alcohol exposure (8,47). In the absence of EtOH ex-
posure, Aldh2*2 MDO displayed slightly more mitochondrial
superoxide (ROS) production than Aldh2*1 MDO (Figure
3A). We suspect that Aldh2*2 cells may have a higher level of
endogenous aldehydes (50) related to active DNA replication
or cell metabolism related to aberrant proliferation.

We further determined that Aldh1 and its isoform Aldhlal
are disrupted in Aldh2*2 mice: Aldhlal protein levels are
downregulated relative to Aldh2*1 controls (Supplementary
Figure 1D, available at Carcinogenesis Online). The function-
ality of this downregulation is unclear. Treatment with the
Aldh1 inhibitor DEAB produces a significant but modest
change in apoptosis in [EN MDOs (Supplementary Figure
3, available at Carcinogenesis Online). In contrast, Aldh2
dysfunction dramatically alters apoptosis relative to Aldh2
wild-type IEN MDOs (Supplementary Figure 3, available at
Carcinogenesis Online). Moreover, treatment with Alda-1, an
Aldh2-specific activator that has no effect on Aldh1 (28,30),
can rescue EtOH-induced CD44H cell enrichment (Figure
1C and D), mitochondrial ROS (Figure 3C and D), tumor
growth and tumor CD44H cell content (Figure 4A and B) in
ALDH2*2 ESCC cell or organoid lines. Together, these data
support our conclusions that ALDH2 dysfunction is the pri-
mary driver of EtOH-mediated ESCC progression in samples
harboring the ALDH2 polymorphism.

We previously confirmed that the Aldh2*2 mice have dis-
rupted acetaldehyde metabolism: Aldh2 protein levels and en-
zymatic activity are reduced in liver homogenate of Aldh2*2
mice compared with Aldh2*1 mice (30). In addition, alcohol
exposure results in increased blood acetaldehyde levels in
Aldh2*2 mice compared with Aldh2*1 mice, highlighting the
specificity of this mouse model to disrupted ethanol metab-
olism. Furthermore, Alda-1 is an extensively characterized
pharmacological activator of ALDH2 (28-31). Alda-1 res-
cues the deleterious effects of alcohol exposure in the context
of Aldh2 dysfunction: in ALDH2*2 knock-in mice, Alda-1
reduces EtOH-induced esophageal DNA damage and DNA
adduct formation with concurrent restoration of hepatic
mitochondrial Aldh2 (31). However, despite this compelling
evidence characterizing Aldh2 activity in a variety of tissues
and our included data demonstrating that Aldh2 is expressed
in esophageal IEN MDOs, we are unable to directly measure
Aldh2 activity using our organoids. This is a known chal-
lenge: we previously reported that we were unable to measure
ALDH2 enzyme activity in esophageal tissues and keratino-
cytes using modern ALDH2 activity assays (8). We purified
the mitochondrial fraction of the mouse liver to measure the
ALDH2 activity (0.9 = 0.22 nmol/min/mg protein), but not
in the mouse esophagus and human esophageal keratino-
cytes, owing to very low ALDH2 expression compared with
the liver. This inability to directly quantify changes in acet-
aldehyde metabolism constitutes a central limitation to our
study. Nevertheless, given our extensive indirect evidence
demonstrating that this ALDH2 polymorphic variant is dys-
functional when expressed throughout the organism, we are
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confident that the phenotypes reported in this manuscript are
due to ALDH2 dysfunction.

Ultimately, the work herein augments our current under-
standing of how ethanol and Aldh2*2 influence ESCC patho-
genesis. We demonstrate that these factors interact to alter
the fundamental makeup of these tumors by supporting the
enrichment of CSCs associated with poor patient prognosis
and response to chemotherapy.

We hypothesize that the ethanol- and cisplatin-induced ROS
accumulation and genotoxic stress represent selective pres-
sures that enrich existing CSCs in the tumor or pre-malignant
microenvironments. We have previously demonstrated that
ROS or genotoxic stress mediates CD44H enrichment in a
variety of cancer contexts (6,16,18). Moreover, cisplatin is
known to cause CSC enrichment in other cancer contexts (46)
as well as ROS accumulation in the context of Aldh2 dys-
function (51). Supporting our hypothesis, ethanol exposure
results in apoptosis in CD44L, but not CD44H cells (Figure
2C and D). How CSCs survive elevated ROS/genotoxic stress
is unclear. We have previously demonstrated that CD44H
cells activate autophagy to clear ROS that arises from various
sources, including alcohol (6,17). In other contexts, CD44H
cells survive otherwise cytotoxic levels of ROS by upregulating
antioxidants such as SOD2 (18) and NRF2 (52) and other
redox regulatory mechanisms (22,53). Alternatively, CD44L
cells may be converted to CD44H cells via epithelial-to-
mesenchymal transition under oxidative stress (16). Precisely
how CSCs survive elevated genotoxic stress induced by al-
cohol or cisplatin is unclear and represents a limitation of
this study.

That ethanol exposure results in increased ROS in
the context of ALDH2 dysfunction is well documented.
ALDH2*2 carriers cannot efficiently metabolize acetalde-
hyde, allowing its accumulation following ethanol exposure.
Acetaldehyde can directly induce ROS (54). However, how
Aldh2 dysfunction results in increased ROS accumulation
following cisplatin exposure is not known. One potential
explanation is that ALDH2*2 carriers harbor basal levels
of mitochondrial damage arising from the inability to me-
tabolize endogenous aldehydes. This increased basal level
of ROS may render cells susceptible to increased cisplatin-
mediated ROS. Our data support this hypothesis. We ob-
serve a modest but significant increase in mitochondrial
ROS in untreated Aldh2*2 organoids compared with
Aldh2*1 organoids (Figure 3A). This increase may further
explain the elevated CD44H cell content that we observed
in untreated Aldh2*2 organoids compared with Aldh2*1
organoids (Figure 1B).

These findings may be applicable to other cancer types in
addition to ESCC. ESCC and head and neck squamous cell
carcinomas (HNSCC) may develop concurrently or independ-
ently in chronic alcohol users heterozygous for ALDH2*2
(55). Furthermore, HNSCC Aldh2*2 patients who consume
alcohol have a significantly worse prognosis than Aldh2*1
patients (56). Moreover, 4NQO and EtOH treatment resulted
in increased risk for head and neck squamous cell carcinoma
pathogenesis which is accompanied by elevated oxidative
stress and reduced Aldh2 expression (57,58). We therefore
predict that ALDH2 dysfunction will accelerate HNSCC
pathogenesis in habitual alcohol users through similar mech-
anisms related to this paper. Supporting this hypothesis, we
have recently demonstrated that CSCs are enriched following
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alcohol exposure in HNSCC PDOs (6). Additionally, the
ALDH2*2 polymorphism is associated with increased risk
of colorectal cancer, gastric cancer and breast cancer (59).
Although ethanol consumption has been demonstrated to
enrich CSCs in these cancers, how ALDH2 status influences
these phenomena is unclear (60). Finally, Aldh2 dysfunction
promotes hepatocarcinogenesis in mice following ethanol ex-
posure (35,61).

Our findings may be translationally relevant. We pro-
vide proof-of-concept that pharmacological ALDH2 ac-
tivation can reverse alcohol-enhanced tumor growth
(Figure 4). Therefore, these activators may have efficacy
as single agents. Of note, a next-generation ALDH2 ac-
tivator, FP-045, is currently in phase 2 clinical trials to
treat patients with Fanconi Anemia (FA) (Trial Identifier:
NCT04522375), a rare genetic disorder featuring bone
marrow failure, leukemia and young-onset HNSCC and
ESCC (62). Given that Alda-1 was effective to reduce tumor
growth and CD44H cell enrichment in mice drinking al-
cohol (Figure 4), Alda-1 and FP-045 may be useful to treat
ESCC patients who fail to abstain from drinking alcohol
against medical advice.

In conclusion, we demonstrate that a common SNP ac-
celerates ESCC pathogenesis in response to a common risk
factor of the disease. ALDH2 dysfunction promotes CSC
enrichment and tumor growth following short-term al-
cohol exposure. This phenomenon emerges in pre-malignant
cells, highlighting its importance during disease progression.
Furthermore, ALDH2 dysfunction modulates response to a
commonly used frontline chemotherapy, cisplatin. Both cis-
platin and alcohol-mediated CSC enrichment occur concomi-
tantly with ROS accumulation, a well-established driver of
this process. Treatment with a pharmacological activator of
ALDH2 inhibits these deleterious phenotypes, demonstrating
the therapeutic potential of our findings. Together, these data
establish a link between ALDH2 dysfunction, CSC enrich-
ment and the progression of ESCC.
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