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Abstract

Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive forms of human malignancy, often displaying limited therapeutic
response. Here, we examine the non-steroidal anti-inflammatory drug diclofenac (DCF) as a novel therapeutic agent in ESCC using comple-
mentary in vitro and in vivo models. DCF selectively reduced viability of human ESCC cell lines TE11, KYSE150, and KYSE410 as compared with
normal primary or immortalized esophageal keratinocytes. Apoptosis and altered cell cycle profiles were documented in DCF-treated TE11 and
KYSE 150. In DCFtreated TE11, RNA-Sequencing identified differentially expressed genes and Ingenuity Pathway Analysis predicted alterations
in pathways associated with cellular metabolism and p53 signaling. Downregulation of proteins associated with glycolysis was documented in
DCFtreated TE11 and KYSE150. In response to DCF, TE11 cells further displayed reduced levels of ATE pyruvate, and lactate. Evidence of mito-
chondrial depolarization and superoxide production was induced by DCF in TE11 and KYSE150. In DCF-treated TE11, the superoxide scavenger
MitoTempo improved viability, supporting a role for mitochondrial reactive oxygen species in DCFmediated toxicity. DCF treatment resulted in
increased expression of pb3 in TE11 and KYSE150. p53 was further identified as a mediator of DCFmediated toxicity in TE11 as genetic deple-
tion of p53 partially limited apoptosis in response to DCFE. Consistent with the anticancer activity of DCF in vitro, the drug significantly decreased
tumor burdene in syngeneic ESCC xenograft tumors and 4-nitroquinoline 1-oxide-mediated ESCC lesions in vivo. These preclinical findings iden-
tify DCF as an experimental therapeutic that should be explored further in ESCC.

Abbreviations: COX, cyclooxygenase; DCF, diclofenac; DMSO, dimethyl sulfoxide; ESCC, esophageal squamous cell carcinoma; FBS, fetal bovine serum; HIF,
hypoxia-inducible factor; IHC, immunohistochemistry; NSAID, non-steroidal anti-inflammatory drug; OCR, oxygen consumption rate; PBS, phosphate-buffered
saline; P, propidium iodide; gRT-PCR, quantitative real-time PCR; ROS, reactive oxygen species; STR, short tandem repeat.

Introduction subunit alpha (PIK3CA), cyclin D1 (CCND1), Notch receptor
1 (NOTCHT1), nuclear factor, erythroid 2 like 2 (NFE2L2)
and SRY-box transcription factor 2 (SOX2) (7-9). Despite re-
cent advances in our understanding of the biology underlying
esophageal carcinogenesis and improvements in clinical man-
agement of the disease, esophageal cancer remains one of the
most aggressive forms of human malignancy with a S-year
survival rate of <20% and a significant portion of patients
with advanced disease failing to respond to current standard
of care (10). Thus, there presently exists an urgent need to
identify novel approaches to treat ESCC.

Non-steroidal anti-inflammatory drugs (NSAIDs) have
been of great interest for their anticancer properties as epi-

Esophageal cancer is the tenth most prevalent cancer type
and the sixth-leading cause of cancer-associated mortality
worldwide (1). Across the globe, esophageal squamous cell
carcinoma (ESCC) is the predominate histological subtype
of esophageal cancer, accounting for ~80% of all esopha-
geal cancers (2,3). ESCC most often occurs in the upper
half of the esophagus, arising via malignant transformation
of esophageal keratinocytes, initiating with basal cell hyper-
plasia then progressing to intraepithelial neoplasia, and
eventually invasive carcinoma (4). The primary risk factors
for ESCC are alcohol consumption and tobacco use (5,6)
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types, including colorectal, breast, lung, bladder and prostate
cancers (11). NSAIDs act primarily on cyclooxygenase (COX)
enzymes COX-1 and COX-2, the rate limiting enzymes in
prostaglandin synthesis, to suppress inflammation. While
COX-1 is constitutively expressed in most tissues, COX-2 ex-
pression is associated with inflammation. Increased COX-2
expression has been found in primary and metastatic ESCC
lesions as compared with normal esophageal epithelium and
correlates with decreased patient survival (12-14). In ESCC
cells in vitro, inhibition of COX-2 by genetic depletion or
NSAID treatment reduces proliferation and induces apoptotic
cell death (15). Diclofenac (DCF), an NSAID that robustly
inhibits COX-2 (16), has shown therapeutic promise in ex-
perimental models of various cancers (17-19), but has yet to
be explored in the context of ESCC. In the current preclinical
study, we employ complementary i vitro and in vivo models
of ESCC to investigate therapeutic potential of DCF in this
deadly disease.

Materials and methods

Cell culture

Human ESCC cell line TE11 and murine ESCC cell line
AKR were obtained from Anil K. Rustgi, MD and Hiroshi
Nakagawa, MD, PhD (Columbia University) in July 2017
with short tandem repeat (STR) analysis confirming their
identity. TE11 and AKR were cultured in Dulbecco’s modified
Eagle’s medium (10-013-CV, Corning) supplemented with
10% fetal bovine serum (FBS; PS-NB1, PEAK Serum) and
1% penicillin-streptomycin (pen-strep; 15140-122, Gibco).
KYSE150 (CSC-C0423) and KYSE410 (CSC-C6791]) were
purchased from Creative Bioarray in August 2021 with STR
profiling confirming the identity of the cell lines. KYSE150 and
KYSE410 were cultured in Roswell Park Memorial Institute
(RPMI)-1640 (SH30096.01, Cytiva) supplemented with
10% FBS and 1% pen-step. Primary esophageal keratino-
cytes (EPC203) were generated as described previously (20)
and received from Amanda Muir, MD (Children’s Hospital
of Philadelphia) in June 2018. EPC2-hTERT were obtained
from Anil K. Rustgi, MD and Hiroshi Nakagawa, MD, PhD
(Columbia University) in July 2017 with STR analysis con-
firming their identity. Primary esophageal keratinocytes and
EPC2-hTERT cells were cultured in keratinocyte-serum-free
medium (10724-011, Gibco) and supplemented with epi-
dermal growth factor (EGF; 10450-013, Gibco) and bovine
pituitary extract (BPE; 13028-014, Gibco) as described pre-
viously (20,21). All the cells were maintained in a humidified
incubator at 37°C with 5% CO,. Laxco LMI6000 inverted
microscope was used to image cells. Trypsin-EDTA (25-053-
CI, Corning) was used for cell detachment. Countess™ 3
Automated Cell Counter (Thermo Fisher Scientific) was used
to count cells with 0.2% Trypan Blue dye to exclude dead
cells. All cell lines were subjected to re-authentication by STR
in July 2022.

Cell viability assay

The antiproliferative activity of DCF (D6899, Sigma)
was assessed using CellTiter 96® Non-Radioactive Cell
Proliferation Assay (MTT; G4000, Promega), according
to the manufacturer’s instructions. Cells (TE11, KYSE150,
KYSE410, EPC2T-hTERT, Primary, AKR) were plated at a
density of 5 x 103 cells/well/100 pl media in 96-well plate
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and treated with vehicle [0.07% dimethyl sulfoxide (DMSO)]
or DCF (6.25, 12.5, 25, 50, 100 and 200 pM) for 72 h.
15 pl MTT reagent was added to each well and incubated
for 4 h. After addition of MTT solubilizing agent, absorb-
ance was measured at 560 nm using Modulus microplate
reader (Promega). Cell viability was determined as follows:
viability (%) = (absorbance of sample/absorbance of control) x 100%
. IC,, concentration was calculated using GraphPad Prism
version 9.0.

Flow cytometry

TE11 or KYSE150 cells were plated at a density of 3-5 x 10°
cells/well/3 ml media in 6-well plate and treated with vehicle
(0.07% DMSO) or DCF for 48 h. TE11 cells were treated
with 200 pM DCE KYSE150 were treated with 400 pM.
Apoptosis was examined with FITC Annexin V (Catalog no.
556419, BD Biosciences) and propidium iodide (PI) assay kit
(Catalog no. 556463, BD Biosciences). Cell cycle distribution
of DNA content was assessed with PI flow cytometry assay kit
(Catalog no. ab139418, Abcam). Mitochondrial membrane
potential was determined by staining cells with MitoTracker
Green (Catalog no. M7514, Thermo Fisher Scientific) at a final
concentration of 25 nM and MitoTracker Deep Red (Catalog
no. M22426, Thermo Fisher Scientific) at a final concentra-
tion of 100 nM. Mitochondrial superoxide production was
measured by staining cells with MitoSOX Red (Catalog no.
M36008, Thermo Fisher Scientific) at a final concentration
of 5 pM. Cells were washed with cold phosphate-buffered
saline (PBS; 10010-023, Gibco) and resuspended in Annexin
V binding buffer (Catalog no. 556454, BD Biosciences). Flow
cytometry was performed using LSR-II flow cytometer (BD
Biosciences) and data were analyzed with FlowJo version
10.0. Unstained controls for TE11 and KYSE are shown in
Supplementary Figure 1, available at Carcinogenesis Online.

RNA extraction

For RNA extraction, TE11 or KYSE cells were plated at
a density of 5 x 10° cells/well/3 ml media in 6-well plate
and treated with vehicle (0.07% DMSQO) or DCF for 48
h. TE11 cells were treated with 200 pM DCFE. KYSE150
were treated with 400 pM. Total RNA was extracted and
purified using RNA mini kit (Catalog no. 74104, Qiagen),
according to the manufacturer’s instructions. RNA quantity
and purity were assessed using Nanodrop™ 2000 (Thermo
Fisher Scientific, Waltham, MA), by measuring absorbance
ratios at 260/280 and 260/230. RNA integrity was also
verified using RNA 6000 nano kit (Agilent) and Agilent
bioanalyzer 2100. Only RNA of good quality with an ab-
sorbance ratio of at least 2.0 and RIN value of at least 9
was used for RNA-Sequencing and quantitative real-time
PCR (qRT-PCR) assays.

RNA-Sequencing and pathway analysis

c¢DNA library was constructed with NEBNext® Ultra™
II Directional RNA Library Prep Kit for Illumina® (New
England BioLabs). Next, pair-end 75 bp sequencing was
conducted using NextSeq 500 (Illumina, San Diego, CA).
Approximately, 26.5 million reads were generated per sample.
Ilumina reads were mapped to the reference mouse genome
(GRCm38) using Rsubread 2.09 and differentially expressed
genes were subsequently calculated via the DESeq2 1.34.0
packages on R. QIAGEN Ingenuity Pathway Analysis was
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performed on normalized count matrices and pathway plots
were generated with ggplot2 on R.

Measurement of cellular ATP

Cellular ATP was detected using CellTiter-Glo® 2.0 ATP
assay kit (G9241, Promega), according to the manufacturer’s
instructions. TE11 cells were plated at a density of 5 x
103 cells/well/100 pl media in 96-well plate and treated
with vehicle (0.07% DMSO) or 200 pM DCF for 48 h.
100 pl of CellTiter-Glo® 2.0 reagent was added to each
well and mixed for 2 min on a shaker to induce cell lysis.
Luminescence reading was recorded after 10 min of incuba-
tion at room temperature using Modulus microplate reader
(Promega).

Measurement of oxygen consumption rate

Oxygen consumption rate (OCR) was determined using
oxygen consumption rate assay kit (Catalog no. 600800,
Cayman Chemical) according to the manufacturer’s instruc-
tions. TE11 cells were plated at a density of 2 x 10* cells/
well/100 pl media in 96-well plate and treated with vehicle
(0.07% DMSO) or 200 pM DCEF for 48 h. Culture media was
removed and replaced with 160 pl fresh media containing
vehicle (0.07% DMSO) or 200 pM DCE. 10 ul of phosphor-
escent oxygen probe solution was added to each well and
100 pl of HS mineral oil was gently overlayed. Fluorescence
reading was recorded kinetically at excitation and emission
wavelengths of 380 and 650 nm, respectively, for ~2 h and
10 min using SpectraMax® i3x microplate reader (Molecular
Devices).

Measurement of pyruvate level

Pyruvate level was measured using pyruvate assay kit
(Catalog no. 700470, Cayman Chemical) according to the
manufacturer’s instructions. TE11 cells were plated at a
density of 3 x 107 cells/well/3 ml media in 6-well plate and
treated with vehicle (0.07% DMSO) or 200 M DCF for
48 h. 500 pl of supernatant vortexed with 500 pl of 0.5 M
MPA and placed on ice for 5 min. Then the mixture was
centrifuged at 10, 000g for 5 min at 4°C. The supernatant
was collected and diluted at 1:2 ratio. 50 pl of assay buffer,
50 ul of cofactor mixture, 10 ul of fluorometric detector, 20
pl of supernatant and 20 pl of enzyme mixture were added
to the 96-well plate. After 20-min incubation at room tem-
perature, fluorescence reading was recorded at excitation
and emission wavelengths of 530 and 585 nm, respect-
ively, using SpectraMax® i3x microplate reader (Molecular
Devices).

Measurement of lactate level

Lactate level was measured using glycolysis assay kit
(Catalog no. 600450, Cayman Chemical) according to the
manufacturer’s instructions. TE11 cells were plated at a
density of 5 x 103 cells/well/100 pl media in 96-well plate
and treated with vehicle (0.07% DMSO) or 200 pM DCF
for 48 h. The 96-well plate was centrifuged at 1000 rpm for
5 min and supernatant was collected. 90 pl of assay buffer
was added to a new plate and 10 pl of supernatant was trans-
ferred. 100 pl of reaction solution was added to each well
and the plate was incubated at room temperature on a shaker
for 30 min. The absorbance was recorded using Modulus
microplate reader (Promega).
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Mitochondrial reactive oxygen species inhibition

Mitochondrial reactive oxygen species (ROS) was inhibited
by mitochondrial ROS scavenger MitoTempo (SML0737,
Sigma). TE11 cells were plated at a density of 5 x 10° cells/
well/100 pl media in 96-well plate and pretreated with 100
and 200 pM of MitoTempo for 24 h. Cells were treated
with vehicle (0.07% DMSO) or 200 pM of DCF for 48
h. Cell viability was measured using CellTiter 96® Non-
Radioactive Cell Proliferation Assay (MTT; Promega) as de-
scribed above.

Quantitative real-time PCR

1 pg total RNA was cDNA using Maxima first strand cDNA
synthesis kit (Catalog no. K1642, Thermo Fisher Scientific).
Resulting cDNA was amplified with using primers listed in
Supplementary Table 1, available at Carcinogenesis Online
and PowerTrack™ SYBR™ green master mix (A46109,
Thermo Fisher Scientific). Thermocycling condition for qRT-
PCR was 95°C for 2 min, followed by 40 cycles of 95°C for 5
s and 60°C for 30 s. GAPDH was used as an internal control
gene. Relative quantification of the target gene was calculated
by comparative 2-*¢T method.

Immunoblotting

TE11 or KYSE150 cells were plated at a density of 3 x 10°
cells/well/3 ml media in 6-well plate and treated with vehicle
(0.07% DMSO) or DCF for 48 h. TE11 cells were treated
with 200 pM DCE KYSE150 were treated with 400 pM. Cells
were lysed in cell lysis buffer (Cat# 9830 S, Cell Signaling
Technology) containing protease/phosphatase inhibitor cock-
tail (Cat# 5872 S, Cell Signaling Technology). Protein concen-
tration was determined by Qubit™ protein assay kit (Cat#
Q33211, Invitrogen). Protein samples were solubilized in
NuPAGE™ LDS Sample Buffer (Cat# NP0007, Invitrogen)
and denatured with NuPAGE™ sample reducing agent (Cat#
NP0009, Invitrogen) containing 50 mM dithiothreitol. 30 pg
of denatured protein was fractionated on NuPAGE™ Bis-
Tris 4-12% gel (Cat# NP0335BOX, Invitrogen). Following
electrotransfer, Immobilon-P PVDF membranes (Cat#
IPVH00010, Millipore Sigma) were blocked in blocking
buffer containing 5% non-fat milk (Cat# LP0031B, Thermo
Fisher Scientific) in PBST (PBS and 0.1% Tween 20) for 1 h
at room temperature. Membranes were then incubated over-
night with primary antibodies diluted in blocking buffer and
then with the appropriate HRP-conjugated secondary anti-
body for 1 h at room temperature. 3-Actin served as a loading
control. A list of antibodies with dilutions used is provided in
Supplementary Table 2, available at Carcinogenesis Online.

RNA interference and transfection

siRNA sequences directed against TP53 (J-003329-14,
J-003329-15, J-00329-16, J-003329-17; Dharmacon) or
a non-targeted (NT) control sequence (D-001810-01-
05; Dharmacon) were transfected with Lipofectamine®
RNAIMAX reagent (13778-150, Thermo Fisher Scientific),
as described previously (22). Briefly, 2.5 pl of TP53 siRNA
or NT siRNA and 5 pl of Lipofectamine® RNAIMAX re-
agent were mixed with 492.5 pl of OPTI-MEM® I (31985-
062, Thermo Fisher Scientific), added in 6-well plate and
incubated for 20 min at room temperature. TE11 cells were
plated at a density of 2.5 x 10° cells/well/2 ml media without
pen-strep and incubated for 72 h. TP53 knockdown was
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verified by immunoblotting method described above. TP53
depleted or NT control TE11 cells were treated with 200
pM DCEF for 72 h and cell viability was determined using
Countess™ 3 Automated Cell Counter (Thermo Fisher
Scientific) by staining cell with 0.2% Trypan Blue dye. In
addition, TP53 depleted or NT control TE11 cells were
treated with 200 pM DCF for 48 h. Annexin V/PI flow
cytometry, RNA extraction, and qPCR was performed as
described above.

Murine models of ESCC

Syngenetic transplantation of murine ESCC cells and
4-nitroquinoline 1-oxide (4-NQO)-mediated ESCC ex-
periments were carried out under a protocol approved by
the Temple University Institutional Animal Care and Use
Committee. Both male and female mice (in equal num-
bers) were used for 4-NQO treatment and as recipients
for tumor cell transplantation studies. For transplantation
studies, the murine ESCC cell line AKR (23), a generous
gift from Anil K. Rustgi, MD and Hiroshi Nakagawa,
MD, PhD (Columbia University), was used. Sample sizes
for groups were projected based upon previous xenograft
studies then adjusted following acquisition of data in ini-
tial experiment. Animals were randomized by cages upon
arrival. Investigators were informed of groups during
the treatment phase of experiments. AKR cells were sus-
pended in media and implanted subcutaneously into the
dorsal flanks of 10- to 12-week-old C57BL6 mice. When
tumor volume reached ~125 mm?, mice were subjected to
intraperitoneal (i.p.) injection of DCF (15 mg/kg), or vehicle
(7% DMSO) according to a 3 days on/2 days off regimen
for 11 days. Tumor volume was monitored using digital
calipers and volume was calculated using the formula:
tumor volume (mm?) = [width (mm)]* x length (mm) x 0.5
. Tumor weight was measured following tumor dissection.
Sample sizes for groups were projected based upon pre-
vious xenograft studies (24). For 4-NQO studies, C57BL6
mice were randomized by cage and administered 4-NQO
(100 pg/ml) for 16 weeks via drinking water. 4-NQO was
then withdrawn for a period of 6 weeks. Mice were sub-
jected to i.p. injection of DCF (15 mg/kg), or vehicle (7%
DMSO) according to a 3 days on/2 days off regimen for
2 weeks. Esophagi were dissected and imaged using the
MVX10 microscope (Olympus) then processed for hist-
ology. Tumor area was measured by Image] (NIH). For all
murine studies, sample sizes for groups were projected based
upon previous studies (24). Investigators were informed of
groups during the treatment phase of experiments. Upon
processing, mouse-derived materials were given a unique
identifier to blind investigators during analyses and outcome
assessments.

Histological analysis

Whole esophagi were dissected and fixed with 4%
paraformaldehyde for 12 h at 4°C. Tissues were washed
with PBS then stored in 70% ethanol at 4°C prior to par-
affin embedding. Slides were subjected to hematoxylin and
eosin (H&E) staining and immunohistochemistry (IHC)
for p53 (CM-5; P53-CMSP-L; Leica) at 1:200 dilution and
EDTA antigen retrieval for 64 min using Ventana Autostainer
(Roche). A pathologist (A.J.K.-S.) blinded to treatment
parameters scored p53 labeling index. Slides were imaged
using Leica DM 1000 LED microscope.
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Statistical analyses

All data were analyzed as mean = SD except in vivo data
which were analyzed as mean + SEM. Differences between
groups were determined by #-test or ANOVA with indicated
post hoc test using GraphPad Prism 9.0 software. P< 0.05
was considered significant.

Results

DCF inhibits cell viability, induces apoptosis, and
alters cell cycle in ESCC cells in vitro

We first examined the effect of DCF on viability in ESCC
cell lines as well as normal control cells using MTT assays.
DCF markedly inhibited the viability of TE11, KYSE150 and
KYSE410 ESCC cells in a dose-dependent manner (Figure 1a).
The drug’s effect was most potent in TE11 with a reduction
of cell viability to ~25% and an IC,; concentration of 70.47
pM. IC,; concentrations for KYSE150 and KYSE410 were
167.3 and 187.9 pM, respectively. In contrast, respective IC,
concentrations of 354.6 and 874.7 pM were observed in im-
mortalized normal EPC2-hTERT cells and primary normal
esophageal keratinocytes. In TE11 and KYSE 150, diminished
viability in response to DCF was associated with induction of
apoptosis (Figure 1b—e; Supplementary Figure 2, available at
Carcinogenesis Online). DCF treatment also impacted cell cycle
in both TE11 and KYSE150 (Figure 1f-i). In TE11, a robust in-
crease in the proportion of cells in the G1 phase of the cell cycle
along with significant reduction of S and G2M phase popula-
tions was observed (Figure 1f and g). In KYSE150, a portion of
which are polyploid, a significant reduction of both the S phase
and polyploid fractions was observed (Figure 1h and i).

In order to examine the molecular mechanisms underlying
DCF-mediated impairment of viability in ESCC cells, we per-
formed transcriptomic profiling in TE11 cells treated with DCF
or vehicle. RNA-Sequencing revealed that DCF significantly
altered the expression of 2786 genes in TE11 at a cutoff fold
change (FC) value of 1.50 (P < 0.05) (Supplementary File S1).
Ingenuity Pathway Analysis (IPA) ranked the canonical path-
ways based on -log(P-value) and predicted their activation
z-score (Supplementary File S1). DCF significantly modulated
63 canonical pathways in TE11 (P < 0.05). Top 20 pathways
with —log(P-value) and activation z-score are shown in Figure
2a. IPA predicted DCF-mediated activation of p53 signaling
as well as inhibition of metabolic pathways oxidative phos-
phorylation, glycolysis I, tRNA charging and gluconeogenesis.
Although IPA could not predict the activation state of mitochon-
drial dysfunction, this was also among the most significantly
altered canonical pathways in DCF-treated TE11 cells. We
further performed IPA upstream regulator analysis to identify
transcription regulators and kinases predicted to be activated
or inhibited in TE11 cells treated with DCF. IPA ranked tumor
suppressor TP53 and oncogene MYC as the top transcription
factors predicted to be, respectively, activated or inhibited
in DCF-treated TE11 cells (Figure 2b). IPA further ranked
MAP4K4 and STK11 (LKB1) as the top kinases predicted to be,
respectively, activated or inhibited in DCF-treated TE11 cells
(Supplementary Figure 3, available at Carcinogenesis Online).

Alterations in metabolic pathways contribute

to DCF-mediated cytotoxic activity inTE11 and
KYSE150 ESCC cells

As three of the top 5 pathways predicted by IPA to impacted
by DCF treatment in TE11 cells were related to metabolism
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Figure 1. DCF inhibition of cell viability is associated with apoptosis and cycle alterations. (a) Cell viability was measured by MTT assay in ESCC cell
lines (TE11, KYSE150, and KYSE410), normal immortalized esophageal keratinocyte cell line EPC2-hTERT, and primary esophageal keratinocytes

treated with DCF at indicated doses for 72 h. Dose-response curves are indicated for respective cells. (b—i) TE11 or KYSE150 cells were treated for 48
h with 200 or 400 uM DCF, respectively. Apoptosis was measured by Annexin-V/PI flow cytometry with representative dot plot in (b, d) and bar chart
summarizes date from three independent experiments in (c, e). (f-i) Cell cycle was analyzed by PI flow cytometry with representative dot plot in (f, h)
and bar chart summarizes date from three independent experiments in (g, i). Data in (c, e, g, i) shown as mean + SD; *P < 0.05; ***P < 0.001; ****P <
0.0001 by t-test; n=3.



M.FKabir et al.

d

Sirtuin Signaling Pathway-

Oxidative Phosphorylation+

Glycolysis | 1

Mitochondrial Dysfunction 1

HIF1a Signaling

tRNA Charging 1

Bladder Cancer Signaling 1

Hepatic Fibrosis/Hepatic Stellate Cell Activation 1
Axonal Guidance Signaling 1
Gluconeogenesis | 1

Synaptogenesis Signaling Pathway

Epithelial Adherens Junction Signaling-

GABA Receptor Signaling

Ethanol Degradation IV

Whnt/B-Catenin Signaling 1

Endocannabinoid Cancer Inhibition Pathway 1
Cell Cycle Control of Chromosomal Replication 1
Methylglyoxal Degradation Ill

GADDA45 Signaling?

Complement System-

Cell Cycle Regulation by BTG Family Proteins 1
Ovarian Cancer Signaling

AMPK Signaling-

Remodeling of Epithelial Adherens Junctions

P53 Signaling

187

Z-score

| ]

2

-2

TP53 -
ATF4-
MYC -
MYCN -
SNAI1 -
E2F3 -
CEBPD -
CEBPA -
PDX1-
MRTFB -
E2F2-
JUNB
SMARCAA4 -
JUN -
SMARCB1 -
KDM5A -
MED1
TBX2 -
EGR1 1
OTX2 -

°
o

25 5.0

—log(p-value)

y 1] |||“

5

o

10

—log(p-value)

Z-score

.-

25
0.0

.,
-5.0

Figure 2. IPA of transcriptomic changes in DCF-treated TE11 cells. TE11 cells were treated with 200 um DCF for 48 h then subjected to transcriptomic
profiling by RNA-Sequencing. IPA predicted changes in canonical pathways in (a) and transcriptional regulators in (b). IPA ranking of top canonical
pathways and transcription factors is based on —log(P-value). IPA predicted activation state is based on zscore with positive value indicating activation
and negative value indicating inhibition of respective pathways. No activation state is available for the canonical pathways with gray colored bar.

(i.e. oxidative phosphorylation, glycolysis and mitochondria
dysfunction) (Figure 2a), we continued to explore the effect
of DCF on metabolism in ESCC cells. DCF-treated TE11 cells
displayed a dramatic decrease in ATP level as compared with

vehicle-treated controls (Figure 3a). Consistent with dimin-
ished energy production in response to DCF, we identified re-
duction in OCR (Figure 3b) as well as decreased lactate and
pyruvate levels in DCF-treated TE11 cells (Figure 3¢ and d).
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We also evaluated expression of glycolysis-associated genes
and proteins in TE11 and KYSE150 cells. DCF significantly
reduced the expression of the glycolysis-associated enzymes,
pyruvate kinase M (PKM2) and lactate dehydrogenase
A (LDHA) in both cell lines (Figure 3e-h). Expression of
hexokinase (HK)2, which catalyzes the first step in glucose
metabolism, was diminished at the protein level in both TE11
and KYSE150 (Figure 3f and h); however, decreased HK2

RNA in response to DCF was only found in TE11 (Figure
3e). In KYSE150, a significant induction of HK2 RNA was
detected (Figure 3g).

We continued to evaluate effects of DCF on mitochondria
in ESCC cells. DCF promoted membrane depolarization in
TE11 and KYSE150 cells (Figure 4a—d). As IPA predicted
increased synthesis, production, and metabolism of ROS
(Supplementary Figure 4, available at Carcinogenesis Online),
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we next measured mitochondrial superoxide (O*) radical
levels in DCF-treated ESCC cells. DCF elevated mitochon-
drial O? radical production in TE11 and KYSE150 as evi-
denced by a significant increase the percentage of cells with
high fluorescence for the O* indicating dye MitoSOX (Figure
4e-h). Moreover, expression of antioxidant genes SOD1/2,
CAT and GPX1/2/3 was decreased in DCF-treated TE11
cells (Figure 4i). We continued to pretreat TE11 cells with the
mitochondrial antioxidant MitoTempo to determine if mito-
chondrial dysfunction contributes to the anticancer activity of
DCE Cell viability was significantly increased in DCF-treated
TE11 cells after MitoTempo pretreatment (Figure 4j). Taken
together, these findings identify metabolic dysfunction as a
mechanism contributing to ESCC cell death in response to
DCE.

p53 plays a role in DCF-mediated apoptosis of TE11
cells

As IPA predicted activation of p53 signaling in TE11 cells
treated with DCF (Figure 2a and b) and p53 is a critical
player in ESCC biology, we continued by exploring the
role of p53 in DCF-mediated cytotoxicity. p53 induction at
the level of RNA was detected in response to DCF in both
TE11 and KYSE150 cells (Figure 5a and b). Additionally,
increased expression of various p53 target genes was iden-
tified in TE11 (Figure 5c). Among p53 target genes, DCF
upregulated those associated with cell cycle arrest (e.g.
CDKN1A, GADD45A/B/G, SFN), and apoptosis (e.g. TP53,
TPS3INP1, TP5S3AIP1, TP5313, BAX, BBC3, PMAIPI,
FAS, PERP, PIDD) while downregulating those associated
with cell cycle progression (e.g. CCND1, CDK4) (Figure 5c).
To functionally investigate the role of p53 signaling in the
TE11 response to DCF, we knocked down p353 expression
(Figure 5d and e). With p53 knockdown, we observed in-
creased viability of DCF-treated TE11 cells (Supplementary
Figure 5, available at Carcinogenesis Online) coupled with
reduced apoptotic cell death (Figure 5f and g). Notably,
p53 depletion did not fully suppress DCF-mediated cell
death (Supplementary Figure 6, available at Carcinogenesis
Online), indicating that other pathways are involved in the
cytotoxicity of DCFE. These findings suggest that DCF acti-
vates p53 signaling to inhibit proliferation and induce apop-
tosis of TE11 cells.

DCF inhibits ESCC cell growth in vivo

Given the apparent antitumor activity of DCF in ESCC cells
in vitro, we finally aimed to determine how this drug impacts
ESCC in vivo. To investigate the antitumor activity of DCEF,
a mouse syngeneic ESCC tumor model was employed. DCF
reduced the viability of the murine ESCC cell line AKR cells
in a dose-dependent manner iz vitro with an IC_ concentra-
tion of 126.0 pM (Figure 6a). We then examined the effect of
DCF on established AKR cells i1 vivo using a syngeneic xeno-
transplantation model (Figure 6b). DCF significantly reduced
tumor growth and weight in this model system (Figure 6¢ and
d). IHC for p53 failed to reveal a significant difference be-
tween AKR xenograft tumors in mice treated with vehicle or
DCEF (Figure 6e). Finally, we evaluated the impact of DCF on
tumorigenesis in the 4-NQO carcinogen-driven ESCC model
(Figure 6f) which mimics the effects of tobacco. Mice were
treated with 4-NQO for 16 weeks followed by an 8-week
wash out period. At week 22 of this protocol, mice were
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treated with DCF or vehicle control. After 2 weeks of treat-
ment, DCF-treated mice displayed a marked decrease in tumor
burden as compared with their vehicle-treated counterparts
(Figure 6g and h). p53 staining was also not significantly al-
tered in 4-NQO-treated mice upon DCF treatment (Figure 6i;
Supplementary Figure 7, available at Carcinogenesis Online).
These studies confirmed potent iz vivo anticancer activity of
DCEF as a single agent using two independent murine ESCC
models. In contrast to studies with ESCC cell lines iz vitro,
DCEF failed to impact p53 in these two in vivo ESCC models.

Discussion

In the current study, we demonstrate the anticancer activity
of DCF in ESCC using complementary iz vitro and in vivo
model systems. Our iz vitro studies indicated that DCF more
efficiently impairs viability of human and murine ESCC cell
lines as compared with normal human primary or immor-
talized esophageal keratinocytes. As current standard of
care in advanced ESCC includes neoadjuvant chemo- and/
or radiotherapy (235), both of which have off-target effects,
the observed selectivity of DCF for ESCC cells makes this
drug an attractive candidate for further investigation. Our
in vivo studies revealed that DCF effectively reduces tumor
growth in syngeneic ESCC xenograft tumors and in the
4-NQO-induced murine model of ESCC. Several studies
have evaluated the relationship between the use of aspirin,
which inhibits both COX-1 and COX-2, and ESCC incidence
as well as progression in human patients with both positive
and negative associations reported (26-29). However, effects
of DCF use in ESCC patients have yet to be explored to the
best of our knowledge. It must be noted that the selective
COX-2 inhibitor Celecoxib (200 mg, twice daily) failed to
show chemopreventative activity in individuals with mild
or moderate esophageal dysplasia in a randomized placebo-
controlled study (30). The authors of this study note that
dosage and timing of Celecoxib treatment may account for a
lack of chemoprevention in their study as 400 mg twice daily
Celecoxib was demonstrated to be required to reduce colonic
neoplasia (31) and COX-2 expression increases with ESCC
progression (32). The DCF dosing regimen that we employed
was based upon published studies exploring the drug’s ef-
fects in mouse models of cancer (33); however, DCF dosage
should be carefully considered in future studies. In humans,
daily dose of NSAIDs routinely used in clinical practice is
1.0-2.5 mg/kg which is significantly lower than the 15 mg/
kg DCF dose employed in our studies. Anecdotally, we did
not observe gross signs of toxicity associated with DCF
treatment in these model systems; however, future studies
will carefully evaluate effects of DCF on the intestine, kid-
neys, and cardiovascular system as toxicity at these sites is
associated with NSAIDs (11) and may complicate translation
of our findings into ESCC patients. Should DCF treatment
move into clinical trials, the use of a slurry may provide a po-
tential means to increase exposure of the drug to esophageal
mucosa. Furthermore, while the current study provides evi-
dence that DCF has antitumor activity in the context of es-
tablished ESCC lesions and cell lines, it is possible that DCF
may also influence ESCC development, progression, and/or
response to therapy.

While DCF has been shown to have antitumor properties
in experimental systems of several cancer types (17-19), the
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Figure 5. p53 contributes to DCF-mediated cytotoxicity in TE11 cells. TE11 or KYSE150 cells were treated for 48 h with 200 or 400 uM DCEF, respectively.
RNA level of p53 was evaluated by gPCR relative to vehicle-treated control cells in TE11 in (a) or KYSE150 in (b). (¢) INTE11 cells, RNA level of
indicated p53 target genes was evaluated by gPCR relative to vehicle-treated control cells. (d) Protein level of p53 in TE11 cells was determined by

immunoblotting 3 days following transfection of siRNA oligos targeting p53 or non-targeting siRNA oligos. -Actin was used as a loading control. TE11

cells transfected with indicated siRNA oligos were treated with 200 uM DCF for 72 (e) or 48 (f, g) h. Cells were assessed for RNA level of TP53 by
gPCR in (e), and apoptosis by Annexin V/PI flow cytometry with representative FACS dot plots shown in (f) with dot plots summarizing data from three
independent experiments in (g). Data in (a, b, d, ¢, e, g) shown as mean = SEM; *P < 0.05; **P < 0.01; **P < 0.005; ****P < 0.001 by t-test; n= 3.
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mechanisms underlying these effects have yet to be fully eluci-
dated and are likely to vary by tissue and cell type. In the current
study, RNA-Sequencing in DCF-treated TE11 cells identified
alterations in cellular metabolism as a potential contributor
to the drug’s toxicity. In response to DCF, TE11 cells displayed
reduction in ATP, lactate, and pyruvate levels. Additionally,
both TE11 and KYSE150 cells demonstrated downregulation
of several glycolytic enzymes in response to DCF treatment.
These findings suggest that impaired glycolysis accompanies
DCF-mediated cytotoxicity in ESCC cells which is consistent
with evidence of enhanced glycolysis, potentially contributing
to the Warburg effect, in ESCC. Gene expression profiling in
Asian ESCC patients displayed enrichment of the glycolysis
pathway (34). Upregulation of HK2, PKM2, and LDHA has
been demonstrated in ESCC tumors with HK2 and PKM2
expression negatively correlating with disease progression, in-
vasion, and survival (35,36). Additionally, LDHA depletion in
ESCC cells suppressed growth and migration in vitro as well
as xenograft tumor growth in vivo (36). DCF-treated TE11
and KYSE150 cells also exhibited evidence of mitochondrial
dysfunction. A functional role for mitochondrial superoxide
in DCF-mediated cytotoxicity was indicated in TE11 as the
superoxide scavenger MitoTempo rescued cell viability in re-
sponse to DCE. DCF-mediated induction of cell death and cell
cycle arrest has also been linked to mitochondrial dysfunc-
tion in colon and liver cancer cells (18,19). Our own work
has demonstrated that autophagy serves as a critical mech-
anism to limit mitochondrial dysfunction and oxidative stress
during epithelial-mesenchymal transition (EMT)-mediated
generation of ESCC cancer stem cells (CSCs) defined by
high expression of CD44 (CD44H cells) (21). As DCF has
been shown to limit expression of CD44 in colorectal cancer
cells and to impair autophagy flux in hepatocytes (37,38), it
is tempting to speculate that DCF-mediated suppression of
ESCC may involve suppression of autophagy and subsequent
depletion of CD44H CSCs.

Our RNA-Sequencing data also predicted activation of
p33 signaling in TE11 cells treated with DCE. Gene ex-
pression analysis confirmed that DCF-induced expression
of TP53 in TE11 and KYSE150 cells. Expression of p53
target genes, including TPS3INP1, TP5313, TP53AIP1,
GADD45A/B/G and BBC3, was further documented in
TE11 cells. These genes have been associated with reduced
cell proliferation and induction of cell death in cancer cells
(39-42). Genetic depletion of p53 in TE11 cells limited
cell death in response to DCE, supporting a role for p53 in
DCF-mediated cytotoxicity. TE11 cells have a missense mu-
tation in exon 4 of TP53 (43). TP53 is mutated in 83% of
ESCC patients (44) and mutant p53 been shown to promote
malignant features of ESCC, including invasion and metas-
tasis (24,45-47). DCF-mediated toxicity does not appear to
be dependent upon the presence of mutant p53, however, as
the drug limited viability in KYSE150 and KYSE410 ESCC
cells both of which have wild-type p53 (43). Notably, TE11
cells were more sensitive to DCF than either KYSE150 or
KYSE410, raising the possibility that mutant p53 may aug-
ment response to the drug. It will also be of interest to
determine if p53 plays a role in the suppression of gly-
colysis and induction of mitochondrial dysfunction that
we identified in TE11 cells. However, as DCF-associated
cytotoxicity in TE11 cells is not fully abrogated with p53
knockdown, metabolic alterations may contribute to cell
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death independent of p53. In the oral cavity/tongue, 4-NQO
induces p53 even in the absence of histologic changes and
pS3 mutation is detectable in hyperplastic and dysplastic
lesions (48). Interestingly, DCF failed to impact p53 level
in either of two murine immunocompetent ESCC models
employed in the current study, perhaps as p53 activation
was already present at the time of DCF treatment. It is pos-
sible DCF impacts the spectrum of p53 targets rather than
expression; however, further experiments are necessary to
investigate this. Alternatively, p53 may not be required for
ESCC response to DCF in vivo. DCF-mediated inhibition of
COX-2 is likely to have effects on the inflammatory tumor
microenvironment. Moving forward, the described animal
models will facilitate delineation of immune-mediated mech-
anisms as well as the functional role of p53 (both mutant
and wild-type) in the antitumor effects of DCE. Xenografts
and 3D organoids derived from ESCC patients will also be
employed to define the impact of DCF on human esopha-
geal cells, both malignant and non-malignant (49,50).

Beyond effects on metabolism and p53, our RNA-
Sequencing data are hypothesis-generating, identifying canon-
ical pathways, transcriptional regulators and kinases that may
contribute to DCF-mediated cytotoxicity in ESCC. Sirtuin
signaling pathway and hypoxia-inducible factor (HIF)-1a
signaling are among the top 5 canonical pathways predicted
to be associated with response to DCF in TE11 ESCC cells
(Figure 2a). Members of the Sirtuin family have been linked
to ESCC with cancer-promoting roles suggested for SIRTT1, 2,
3 and 6 (51). HIF-1a has also been shown to promote ESCC
via mechanisms that include induction of EMT and activa-
tion of Wnt/B-catenin signaling (52-54). SIRT1-mediated
deacetylation of p53 inhibits its transcriptional activity (55),
providing a potential mechanism through which SIRT1 may
limit p53-mediated cytotoxicity in DCF-treated ESCC cells.
Moreover, HIF-1a signaling has been linked to activation of
the COX-2—prostaglandin E synthase—prostaglandin—-E2 axis
in esophageal keratinocytes upon exposure to hypoxia (56).
Thus, it is possible that activation of Sirtuins and HIF-1a
signaling may represent mechanisms of resistance to DCF-
mediated ESCC cell death. Should this be the case, inhibition
of these pathways may augment DCF-mediated antitumor
activity. In addition to p53, IPA predicted upregulation of
transcriptional factor ATF4 (Figure 2b), which is a critical
mediator of endoplasmic reticulum (ER) stress pathway along
with PERK (EIF2AK3), the latter of which is a kinase pre-
dicted to be upregulated in DCF-treated TE11 cells. As such,
it will be of interest to determine if ER stress contributes to
DCF-mediated toxicity in ESCC.

Taken together, the current study presents DCF as a prom-
ising experimental therapeutic agent that effectively targets
ESCC in vitro and in vivo. Mechanistically, the anticancer ac-
tivity of DCF in ESCC cells iz vitro is associated with activa-
tion of p353 signaling and suppression of energy metabolism
pathways. Furthermore, DCF exhibits potent antitumor ef-
fects in vivo that is not associated with increased p53 expres-
sion. In sum, these preclinical findings provide a foundation
to support further exploration of the therapeutic potential of
DCEF in ESCC.

Supplementary material

Supplementary data are available at Carcinogenesis online.
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