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Abstract

In 2017, an estimated 17,000 individuals were diagnosed
with esophageal adenocarcinoma (EAC), and less than 20%
will survive 5 years. Positron emission tomography avidity
is indicative of high glucose utilization and is nearly uni-
versal in EAC. TXNIP blocks glucose uptake and exhibits
proapoptotic functions. Higher expression in EAC has been
associated with improved disease-specific survival, lack of
lymph node involvement, reduced perineural invasion, and
increased tumor differentiation. We hypothesized that
TXNIP may act as a tumor suppressor that sensitizes EAC
cells to standard chemotherapeutics. EAC cell lines and a
Barrett epithelial cell line were used. qRT-PCR, immuno-
blot, and immunofluorescence techniques evaluated gene
expression. TXNIP was stably overexpressed or knocked
down using lentiviral RNA transduction techniques. Murine
xenograft methods examined growth following overexpres-
sion of TXNIP. Apoptosis and DNA damage were measured

by annexin V and gH2AX assays. Activation of the intrinsic
apoptosis was quantitated with green fluorescence protein-
caspase 3 reporter assay. In cultured cells and an esophageal
tissue array, TXNIP expression was higher in Barrett epithelia
and normal tissue compared with EAC. Constitutive over-
expression of TXNIP decreased proliferation, clonogenicity,
and tumor xenograft growth. TXNIP overexpression
increased, whereas knockdown abrogated, DNA damage
and apoptosis following cisplatin treatment. An HDAC
inhibitor, entinostat (currently in clinical trials), upregu-
lated TXNIP and synergistically increased cisplatin-mediated
DNA damage and apoptosis. TXNIP is a tumor suppressor
that is downregulated in EACC. Its reexpression dramati-
cally sensitizes these cells to cisplatin. Our findings support
phase I/II evaluation of "priming" strategies to enhance
the efficacy of conventional chemotherapeutics in EAC.
Mol Cancer Ther; 17(9); 2013–23. �2018 AACR.

Introduction
Esophageal cancer ranks among the top causes of cancer-related

mortality worldwide. Squamous cell cancers predominate in Asia,
South America, and endemic areas in the Middle East and Africa.
Adenocarcinoma is the dominant subtype of esophageal cancer in
the United States, presently accounting for approximately 17,000
malignancies annuallywith anaverage yearly incidence increasing

6% (1). Despite intensive efforts to improve diagnosis and treat-
ment of esophageal adenocarcinomas (EAC), 5-year survival rates
remain less than 20% (2). These observations highlight the urgent
need for novel andmore efficacious therapeutic strategies for EAC.

Altered energymetabolismor "deregulating cellular energetics"
is a relatively recently accepted hallmark of cancer that was first
described by Dr. Warburg nearly a century ago (3, 4). Warburg
observed that cancer cells generate ATP not through oxidative
phosphorylation (OXPHOS) in the mitochondria, but rather
through aerobic glycolysis even under normal oxygen conditions.
This "Warburg effect," which decreases ATP production (2 vs. 36
per mole glucose) and increases lactate production, appears
counterintuitive; however, these metabolic alterations facilitate
biosynthesis of macromolecules such as proteins, nucleotides,
and lipids through the mitochondria (5, 6). Therefore, glycolysis
does not maintain energy demands secondary to defective mito-
chondria; rather, mitochondrial alterations such as substrate
oxidation, reactive oxygen species (ROS) production, or mito-
chondrial DNA mutations are necessary cellular adaptations for
malignant transformation (7–9).

In clinical settings, intratumoral glucose utilization ismeasured
by positron emission tomography (PET), which quantifies uptake
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of the radiolabeled tracer 2-deoxy-2-[18F]fluoro-D-glucose (FDG;
ref. 10). PET avidity is nearly universal in patients with EAC
indicating high glucose utilization; however, bioenergetic
demands require additional nutrients to sustain rapid tumor
growth. Increased rates of glycolysis result in the accumulation
of pyruvate which is converted to acetyl-CoA—a major substrate
for the tricarboxylic acid (Krebs) cycle. This process enables both
NADPH production and macromolecule biosynthesis (11–13).
As substrates for these pathways are extracted, glutamine is con-
verted to alpha-ketoglutarate, which replenishes the Krebs cycle to
maintain NADPH production—a process termed "glutamine
anapleurosis" (14). Nutrient deprivation studies have demon-
strated that some cancer types becomedependent on glutamine as
a mitochondrial fuel to maintain anapleurosis (12). This "gluta-
mine addiction" though present in many cancer types is not
universal to all malignancies (15). To date, the role of glutamine
in EAC has not been explored (5).

Thioredoxin-interacting protein (TXNIP) functions as a met-
abolic regulator in normal and malignant cells (16–22). Glu-
cose increases expression of TXNIP, which in turn inhibits
further glucose uptake. In contrast, glutamine inhibits TXNIP
expression, thus facilitating glucose uptake. As such, TXNIP
appears to link glucose utilization and glutamine anapleurosis.
In addition, by mechanisms that have not been fully elucidated,
TXNIP appears to function as a tumor suppressor in multiple
cancers (17, 23, 24). TXNIP expression in EAC has been
associated with higher tumor differentiation, lack of lymph
node metastases, and reduced perineural invasion. High TXNIP
expression also correlated with improved disease-specific sur-
vival in EAC patients receiving anthracycline-based chemother-
apy prior to esophagectomy (25, 26).

We hypothesized that glutamine is essential for EAC growth
and represses TXNIP expression. Additionally, we hypothesized
that TXNIP acts as a tumor suppressor in EAC that, if reexpressed,
could sensitize EAC to standard therapy.

Materials and Methods
Cell culture

NCI-SB-Esc1, -Esc2, and -Esc3 are EAC cell (EACC) lines estab-
lished in the laboratory of Dr. David S. Schrump. EACC lines
OE33 (JROECL33) and Flo-1 were purchased from European
Collection of Authenticated Cell Cultures via Sigma. CP-C (CP-
94251) is an hTERT-immortalized Barrett line fromATCC. All cell
lines were authenticated yearly with human leukocyte antigen
(HLA) analysis byNIH-HLA laboratory (Supplementary Table S1)
and tested for mycoplasma contamination every 6 months. Cells
were cultured in RPMI (ThermoFisher 11875-093) supplemented
with 10% fetal calf serum (Omega #FB-12) and 1% penicillin/
streptomycin (Gibco #15140-122). Glucose and glutamine with-
drawal experiments were conducted using DMEM (ThermoFisher
A1443001). Glucose (10 mmol/L) was diluted from 45%
D-(þ)-Glucose solution (Sigma G8769). Glutamine (2 mmol/
L) was diluted from 200 mmol/L L-glutamine solution (Gibco
25030-081).

Cell proliferation
Cell proliferation assays were performed using the CyQUANT

Cell Proliferation Assay Kit (Life Technologies; #C7026) using a
fluorescence spectrophotometer (Biotek Synergy H1 Microplate
Reader).

Immunohistochemistry
Immunohistochemical stains for TXNIP (rabbit monoclonal,

clone EPR14774, Abcam, catalog #ab188865, 1:500 dilution)
using standard immunohistochemical techniques for normal
esophageal and adenocarcinoma specimens were fixed with para-
formaldehyde, paraffin-embedded, and cut to 5 mm (US Biomax,
catalog #'s HuFPT041 and HuCat041, respectively). Sequential
xylenes deparaffinized histopathologic specimens. Sequential
ethanols rehydrated specimens. Antigen retrieval was performed
at 110�C for 10 minutes using Decloaking Chamber (BioCare
Medical). Endogenous peroxidases were quenched using 6%
hydrogen peroxide for 10 minutes. The primary antibody was
incubated for 60 minutes. For detection, the Vector ABC kit
(Vector Labs) was used with diaminobenzidine as chromogen
(Vector Labs). Counterstaining was accomplished using Harris
hematoxylin (Sigma-Aldrich).

Immunoblotting
Fractionated or immunoprecipitated proteins (5 mg) were

resolved in 4% to 20% SDS-polyacrylamide gels, electrotrans-
ferred onto nitrocellulose membranes, and blocked for 1 hour at
25�C in phosphate-buffered saline (PBS) containing 5% nonfat
dry milk and 0.1% Tween. Blots were incubated with antibodies
(Supplementary Table S2) for 1 hour at room temperature or 4�C
overnight, washed 3 timeswith PBS containing 0.05%Tween, and
incubated with horseradish peroxidase-conjugated secondary
antibodies for 1hour at room temperature. The blotswerewashed
5 to 6 times in PBS containing 0.05% Tween and the immuno-
complexes were detected using the SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo #34095). Western blot
quantification and normalization to actin following user guide by
Image Lab.

RNA extraction and quantitative RT-PCR
RNA was isolated using the RNeasy minikit (Qiagen,

#74104) and reverse transcribed with the iScript Bio-Rad iScript
cDNA Synthesis kit (Bio-Rad #1708890). Gene expression was
evaluated via quantitative reverse transcription PCR with
QuantStudio 6 Flex Real-Time PCR System (ThermoFisher
#4485697) in comparative Ct mode (primers: Supplementary
Table S2).

Generation of stable cells
Cells were transduced with commercially validated lentiviral

shRNA targeting TXNIP (Sigma #SHCLNV-NM_006472),
TXNIP (Sigma #SHCLND_006472.3-946s21c1), or sham
sequences (Sigma #SHC002V; Supplementary Fig. S1). To over-
express genes, cells were transduced with high titer lentivirus
containing pLenti-GIII-CMV TXNIP (ABM #LVP349505) or
Lenti-III-Blank Lentivirus (ABM #LVP587). Cells were trans-
fected with caspase 3 reporter plasmid. Stable pools were
expanded under puromycin (Sigma #P9620-10ML) selection
at 1 mg/mL concentration.

Murine xenografts
Esc2 cells transfected with Lenti-III-Blank Lentivirus control

and pLenti-GIII-CMV TXNIP were suspended in PBS at 1 � 106

cells/100 mL for flank injections. TXNIP-transduced or vector cells
were injected subcutaneously into female, athymic, nude mice.
The same number of cells with control vectors were injected in the
other flank (10 mice/20 flanks per experiment). Tumor size was
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measured every other day for tumor volumes (V¼ 1/2� L�W2 (L
indicates length (longest dimension);W indicates width (shortest
dimension))). Mice were euthanized at 25 to 30 days and eval-
uated for tumor take andmass. Animal procedures were approved
by theNationalCancer InstituteAnimalCare andUseCommittee.

Seahorse extracellular flux analysis
Oxygen consumption rates (OCR) and extracellular acidifica-

tion rates (ECAR) of live cells were measured using a SeaHorse
Bioscience XF96Extracellular FluxAnalyzer as described. Seahorse
programing consisted of four 3-minute baseline measurements
with 1-minute intervals which were repeated after each injection.
All values were normalized to DNA content of each well to
account for growth differences.

Glucose uptake, glutamate production, and lactate production
Cells were seeded in triplicate with corresponding triplicate

wells containing media only in 24-well plates. Twenty-four hours
after seedingmedia were removed, 500 mL of experimental media
was added to the blank and cell containing wells. After 3 to 5 days,
300 mL of media was removed and placed into 1.5 mL tubes. The
YSI 2950D Biochemistry Analyzer (YSI #52760) measured glu-
cose, glutamine, lactate, and glutamate content. All values were
normalized to DNA content.

Anchorage-independent growth
Cells were trypsinized to generate a single-cell suspension and

seeded in6-well plateswith underlayers of 0.70%agarose inRPMI
mediumwith 10%FCS. Soft-agar plates tested capacity for colony
growth. Cells were plated in triplicate at densities of 1 � 104 in 1
mL of 0.35% agarose over agar base. Cultures were fed every 7
days. After 3 weeks, media were removed, cells rinsed with PBS,
and 1 mL 1% crystal violet was added for 1 hour staining. More
than 50 cell colonies were counted.

Drug treatments
L-Glutamic acid g-(p-nitroanilide) hydrochloride (GPNA)

from Sigma-Aldrich (SKU G6133) was diluted in DMSO to
500mmol/L. Ninety-six-hour cell treatments withmedia changes
after 48 hours were performed in 2 mmol/L in RPMI. Treatments
with cisplatin (APP Pharmaceuticals NDC 63323-103-65) were
conducted at dilutions from 0.35 to 6 mg/mL for 48 hours.
Entinostat (Alternate name: MS-275 (N-(2-Aminophenyl)-
4-[N-(pyridin-3-ylmethoxycarbonyl)aminomethyl]benzamide)/
Selleckchem/S1053) at 10 mmol/L/1 mL DMSO stock concen-
tration was diluted to 1 mmol/L (27). Combination experiments
were performed concurrently for 48 hours. Apoptosis of control
and biochemically or pharmacologically manipulated cells was
quantitated using the Annexin V Apoptosis Assay (Takara cat#
630109) with a Calibur flow cytometer.

gH2AX
DNA double-strand breaks were assessed by gH2AX immu-

nofluorescence techniques as described with minor modifica-
tions. Briefly, cells were grown and treated on 18-mm glass
coverslips and then fixed using 5% paraformaldahyde, permea-
bilized using 0.5% Triton X-100, and counterstained with
Hoechst 33342 (Sigma #14533) at 10 nmol/L. Fixed cells were
then incubated for 1 hour with a gH2AX antibody (Cell Signal-
ing #54285; 1:200 dilution) followed by incubation for 1 hour at
room temperature with secondary anti-rabbit AF555 antibody

(Invitrogen #A-11034; 5 mg/mL) before counter staining. Images
were captured with a Zeiss LSM710 confocal microscope.

Chromatin immunoprecipitation (ChIP)
Cells were crosslinked with 1% formaldehyde, lysed, and

sonicated on ice to generate DNA fragments with an average
length of 200 to 800 bp. After preclearing, 1% of each sample
was saved as input fraction. Immunoprecipitation was performed
using antibodies specifically recognizing H3K27ac (ab177178,
Abcam), H3K27me3 (ab6002, Abcam), and H3K4me3 (ab8580,
Abcam), or IgG control (Upstate). DNA was eluted and purified
from complexes, followed by PCR amplification of the target
promoters using primers listed in Supplementary Table S2 and
conditions as described.

Statistical analysis
All experiments were conducted in triplicate with quantitative

data presented as means � SEM. P values were calculated with
two-tailed Student t tests. Results with P < 0.05 were considered
statistically significant (�). Analysis performed with GraphPad
Prism 6.0.

Results
Glutamine is required for proliferation and represses TXNIP

Initial experiments were performed to evaluate proliferation of
EAC and Barrett cells cultured in the presence or absence of
glucose, glutamine, or both. Glucose depletion had relatively
limited growth-inhibitory effects (Fig. 1A). In contrast, glutamine
depletion significantly decreased proliferation regardless of the
presence or absence of glucose. Next, we asked whether blocking
glutamine uptake would have effects similar to glutamine with-
drawal. GPNA, an inhibitor of the cell membrane glutamine
transporter, SLC1A5, decreased proliferation in a manner similar
to glutamine withdrawal (Fig. 1B).

Given that EAC exhibit high glucose uptake in patients, yet
EACC appear more dependent on glutamine, we asked whether
glutamine impacts the utilization of glucose. Based on previous
studies,we testedwhether TXNIP linked glutaminedependence to
glucose uptake in EACC. Initially, we utilized a tissue microarray
and immunohistochemistry techniques to examine TXNIP
expression in normal esophageal tissues and EAC specimens.
TXNIP expression was significantly decreased in 13 of 20
(65%) of primary EAC (Fig. 1C; representative IHC results
depicted on the right). Immunoblot experiments demonstrated
reduced TXNIP protein levels in 6 of 9 (66%) EACC relative to
immortalized Barrett epithelial cell lines (Fig. 1D). Next, we
examined the effects of glucose and glutamine on TXNIP expres-
sion in EACC. As expected, glucose induced TXNIP expression in
these cells (Fig. 1E). However, glutamine almost completely
abrogated glucose-mediated induction of TXNIP. These changes
were consistent with epigenetic activation and repressionmarks at
the TXNIP promoter (Supplementary Fig. S1). Consistent with
these findings, GPNA also increased TXNIP levels in EACC (Sup-
plementary Fig. S2).

TXNIP was associated with modest glycolytic inhibition
Additional experiments were performed to examine the effects

of TXNIP expression on glycolysis in EACC. TXNIP was either
constitutively overexpressed or knocked down. ECARs and
OCR were evaluated using the SeaHorse techniques. Preliminary
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qRT-PCR and immunoblot experiments confirmed overexpres-
sion or knockdownof TXNIP.Overexpression of TXNIP decreased
ECAR in Flo-1 but not Esc2 (Fig. 2A). Additionally, knockdown of
TXNIP in Esc2 did not alter ECAR (Supplementary Fig. S3).
Consistent with results of SeaHorse experiments, TXNIP over-

expression significantly (albeit relatively modestly) decreased
glucose uptake in Flo-1 but not Esc2 cells (Supplementary Fig.
S4). However, TXNIP expression decreased lactate secretion in
Flo-1 and Esc2 cells, indicating a global decrease in glycolysis (Fig.
2B). Despite changes in lactate secretion, the expression levels of

Figure 1.

Glutamine is required for proliferation EACC. TXNIP is higher in esophageal adenocarcinoma samples and is repressed by glutamine. A, Flo-1, Esc2, OE33, and CP-C
were cultured in DMEM with 1 mmol/L pyruvate. 10 mmol/L glucose (G) and/or 2 mmol/L glutamine (Q) are added as indicated. Cells were grown in 96-well
plates; proliferation was measured using CyQUANT DNA quantification kits. B, Flo-1, Esc2, OE33, and CP-C were treated for 72 hours with L-glutamic acid g-(p-
nitroanilide) hydrochloride (GPNA). Cells were grown in 96-well plates, and proliferation was measured using CyQUANT DNA quantification kits at day 5.
C, Samples were categorized into 4 levels of expression patterns. Twenty-two normal esophageal tissues were compared with 20 EAC samples from a US Biomax
microarray. The brown staining indicates TXNIP expression in a representative sample. The top row ismagnified by 4� and the bottom rowby 10�.D, Immunoblot of
TXNIP in EACC lines and Barrett esophageal cell lines. E, qRT-PCR and immunoblot normalized to b-actin measured TXNIP mRNA and protein expression
after proliferation with glucose only, glutamine only, or both.
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the rate-limiting enzyme in glycolysis, hexose kinase 2, and the
lactate producing enzyme, lactate dehydrogenase-A (LDH-A) was
unchanged (Supplementary Fig. S5). These results suggest that
TXNIP decreases glycolysis in EACC, but the effects are relatively
modest and cell line dependent.

Additional SeaHorse experiments were performed to exam-
ine the effects of TXNIP on mitochondrial respiration in EACC.
Overexpression of TXNIP had no effect on OCR in Flo-1, Esc2,
and OE33-cells (Supplementary Fig. S6). Additionally, knock-
down of TXNIP in Esc2 did not alter OCR (Supplementary
Fig. S7). Because TXNIP is an inhibitor of thioredoxin (Trx), the
oxidative stress mediator that scavenges ROS, we evaluated the
effects of TXNIP on ROS production. As anticipated, glutamine
withdrawal significantly lowered ROS production in EACC
(Fig. 2C).

TXNIP as a tumor suppressor
Given that glutaminemarkedly represses TXNIP expression and

significantly inhibits EACC proliferation, we asked whether
TXNIP acts primarily as a tumor suppressor rather than a meta-
bolic regulator in EACC. TXNIP overexpression significantly
inhibited proliferation and decreased soft-agar colony formation
in EACC (Fig. 3A and B). The antiproliferative effects of TXNIP
were particularly dramatic in Esc2 cells. In contrast, knockdownof
TXNIP had no effect on proliferation of Esc2 cells (Supplementary

Fig. S8). Clonogenicity assays using Esc2 cells were not performed
because previous experiments had demonstrated that these EACC
do not form colonies.

Because Flo-1 cells normally exhibit low tumorigenicity in
athymic nude mice, we evaluated the effects of TXNIP on growth
of EACC in vivo using Esc2 cells. Esc2 had previously shown
reliably to form xenografts. As shown in Fig. 3C–E, volumes and
masses of subcutaneous xenografts established from Esc2-over-
expressing TXNIP were significantly smaller than tumors derived
from vector control cells. qRT-PCR analysis confirmed high-level
TXNIP expression was maintained in xenografts (Fig. 3F).

Given that even low levels of ROS can induce phenotypic
changes, we tested proliferation and clonogenicity in Esc2 and
Flo-1 cells overexpressing TXNIP, respectively, when treated with
N-acetyl-cysteine (NAC; Supplementary Fig. S9). NAC did not
affect phenotypic changes associated with TXNIP, which suggest
that although TXNIP has been reported to block removal of ROS
by Trx, the effects of TXNIP on ROS in EACC are minimal at best.
Given that EAC can grow under hypoxia conditions, we tested
proliferation, clonogenicity, and lactate secretion in EACC cells in
5% O2 and noted that the effects of TXNIP occurred in both
normoxic and hypoxic conditions (Supplementary Figs. S10–
S12). Finally, we performed transcriptomic analysis of differen-
tially regulated genes in Flo-1 and Esc2 presented in Supplemen-
tary Tables S3 and S4.

Figure 2.

TXNIP overexpressionwas associatedwithmodest glycolytic inhibition.A,Real-time SeaHorse extracellular flux analysis of ECARmeasures glycolytic activity based
on sequential glucose, oligomycin (oligo), and 2-DG injections at the time points indicated. ECAR is measured in Flo-1 and Esc2 with TXNIP-overexpressing
cells versus controls.B,YSI analyzermeasured lactate secretion over a 5-day period in Flo-1 and Esc2with overexpression of TXNIP.C,ROSproductionwasmeasured
using DCFDA kit with a Calibur flow cytometer after glutamine withdrawal.
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TXNIP expression increases effectiveness of platinum-based
chemotherapy

In light of observations that TXNIP expression in gastroesoph-
ageal carcinomas has been associated with improved survival in
patients treated with induction chemotherapy prior to esopha-

gectomy, we queried whether standard therapy modulated the
expression of TXNIP. Because platinum-based chemotherapy is
first-line treatment for the vast majority of esophageal cancer
patients in the United States, our experiments focused on the
effects of cisplatin (CDDP) on TXNIP expression in EACC. Briefly,

Figure 3.

TXNIP acts as a tumor suppressor in EACC. A, After selection, EACC overexpressing TXNIP were grown in nonpuromycin growth media for 5 days, and proliferation
was quantified using CyQUANT DNA measurement kits. DNA measurements were translated into cell numbers by a standard curve. Flo-1 and Esc2 cells were
seeded at 1,500 and 1,000 cells per well, respectively. B, Colonies of EACC overexpressing TXNIP in soft agar were stained with crystal violet, photographed, and
counted (mean � SD). C, Esc2 overexpressing TXNIP versus control cells were injected subcutaneously into flanks of nude mice (10 mice/20 flanks per
experiment). Tumor growth curve in nude mice were measured by caliper (mean � SEM). D, Mice were sacrificed and tumors harvested 30 days after injection.
Photographs of each harvested tumors derived from both groups are displayed. The upper row is tumors from control cells, and the bottom row is tumors
from cells overexpressing TXNIP. E, Tumor weight was measured (mean� SEM). F, RNAwas extracted from emulsified fragments of each tumor, and TXNIP mRNA
expression was quantified using qRT-PCR normalized to b-actin.
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EACC (all of which are p53 mutant) were cultured in absence or
presence of CDDP at varying doses for 72 hours and harvested for
analysis. The dosages were established based on IC50 of CDDP in
the various EACC. CDDP mediated a dose-dependent induction
of TXNIP mRNA levels in Flo-1, Esc2, and OE33 (Fig. 4A). CDDP
also increased TNXIP protein levels in EACC. Additional qRT-PCR
experiments demonstrated that CDDP significantly upregulated
TXNIP expression even further in EACC constitutively expressing
TXNIP (Fig. 4B). Additionally, knockdown of TXNIP significantly
attenuated CDDP-mediated induction of TXNIP in EACC (Fig.
4C). These findings show that cisplatin robustly induces TXNIP
regardless of its baseline expression in EACC.

Given recent observations that TXNIP expression enhances
sensitivity of pancreatic cancer cells to CDDP, we asked whether
TXNIP expression increases CDDP-mediated toxicity in EACC.
gH2AX assays demonstrated that as anticipated, CDDP induced
DNA damage. TXNIP expression alone did not induce DNA
damage. However, TXNIP overexpression significantly increased
DNA double-strand breaks induced by CDDP in EACC (Fig. 4D).
The effects were so robust in Esc2 that the scale of average gH2AX
foci/cell had to be changed to staining intensity because of the
dense and overlapping foci in Esc2 cells preventing counting of
individual foci. Additionally, annexin V assays demonstrated that
TXNIP overexpression alone did not increase apoptosis in EACC.
However, TXNIP overexpression significantly sensitized EACC to
CDDP-mediated apoptosis (Fig. 4E). Consistent with these obser-
vations, knockdown of TXNIPmarkedly attenuated CDDP-medi-
ated apoptosis in EACC (Fig. 4F).

Combined entinostat and cisplatin treatment is associatedwith
TXNIP induction and increased apoptosis

Results described thus far demonstrate that EACC are depen-
dent on glutamine, and that glutamine represses TXNIP expres-
sion in these cells. TXNIP expression is decreased in a significant
percentage of cultured EACC and primary EAC. Restoration of
TXNIP expression markedly inhibits growth of EACC in vitro and
in vivo and sensitizes these cells to CDDP-mediated DNA damage
and apoptosis. Given that targeting the glutamine pathway is
difficult, and that transduction of TXNIP is not practical in EAC
patients, we sought a clinically actionable method to recapitulate
our laboratory findings. TXNIP expression has been shown pre-
viously to be modulated by opposing actions of histone acetyl-
transferases and histone deacetylases; therefore, we examined
whether entinostat, an HDAC inhibitor (HDACi) currently in
clinical trials, could recapitulate thefindings of TXNIP overexpres-
sion in EACC. qRT-PCR and immunoblot experiments (Fig. 5A)
demonstrated that entinostat alonehadminimal effects onTXNIP
expression; however, entinostatmarkedly enhancedCDDP-medi-
ated upregulation of TXNIP in EACC. Consistent with these
findings, treatment of EACC with cisplatin and entinostat syner-
gistically increasedDNAdamage (Fig. 5B) and apoptosis (Fig. 5C;
Supplementary Fig. S13). Given the fact that entinostat by itself
did not induce TXNIP, yet appeared to augment TXNIP upregula-
tion and cytotoxicity mediated by CDDP, additional experiments
were performed to examine whether the proapoptotic effects of
entinostat-CDDP were TXNIP dependent. Indeed, knockdown of
TXNIP significantly abrogated the induction of apoptosis by the
combination of CDDP and entinostat (Fig. 5D; Supplementary
Fig. S14). These results are consistent with increases in the acti-
vationmark, H3K27Ac, at the TXNIP promoter when treated with
the combination of drugs (Supplementary Fig. S15).

We examined whether CDDP and entinostat activated the
intrinsic (mitochondrial) pathway of apoptosis, and therefore
"primed" the mitochondria for apoptosis. We observed that the
induction of cleaved caspase 3 was minimal with either cisplatin
or entinostat alone; however, the combination resulted in robust
induction (Fig. 5E). The results were more robust for Flo-1 than
Esc2; therefore, we transfected a construct that links a ubiquitin
(Ubi) domain to a green fluoresce protein (GFP) by a caspase 3
cleavage site. When the site is not cleaved, the Ubi domain results
in proteasome degradation of GFP, whereas, if caspase 3 site is
cleaved, then GFP will not be degraded and is detectable. As
expected, controls with the proteasome inhibitor, MG132, and
with a drug that blocks an antiapoptotic protein, ABT-137, both
increased GFP detection (Fig. 5F). We observed that the combi-
nation of entinostat and cisplatin significantly increased GFP
compared with either treatment alone. These results indicate that
the combined effect of CDDP and entinostat induceDNAdamage
and apoptosis through the mitochondrial apoptotic pathway.
These data provide a strong rationale for the utilization of epi-
genetic agents to prime EAC.

Discussion
The last decade has seen rapid advancements in targeting

specific oncogenic drivers in multiple cancers. However, a single,
targetable mutation or driver such as a tyrosine kinase receptor or
a rearranged fusion protein is not present in many cancers. Even
when present, development of resistance is a nearly universal
phenomenon. Additionally, cancers such as EAC acquire thou-
sands of somatic mutations prior to frank tumor development;
therefore, targeting one mutation or pathway is often overcome
by bypass pathways and additional mutations rendering targeted
therapy ineffective (28). In contrast, tumor-associated changes in
"cellular energetics" may not initiate carcinogenesis, but may be
critical to sustain energy demands required for a growing tumor
(3). Additionally, these pathways may be targetable independent
of mutational burden. "Cellular energetics" are tightly linked to
the mitochondria and glycolysis as originally noted by Dr. War-
burg (4). Moreno-Sanchez and colleagues observed that mito-
chondrial impairment does not seem to apply in nonhypoxic,
oxidative tumors, rather, the mitochondria fulfills other require-
ments such as macromolecule synthesis (9). When glucose is
utilized by glycolysis such as in highly PET-avid EAC, the mito-
chondria often requires glutamine to sustain macromolecule
synthesis. Indeed, we noted that EACC were critically dependent
on glutamine. Therefore, we asked whether exploring glutamine
utilization would reveal potentially targetable energetic pathways
and noted that TXNIP was highly regulated by glutamine.

TXNIP has been reported as both a negative regulator of
glycolysis, glucose uptake, and glycolytic gene expression as well
as a tumor suppressor in multiple cancers (29–31). Consistent
withobservations of TXNIP inbreast andprostate cancer cell lines,
we noted modulation of TXNIP by both glucose and glutamine,
indicating that glycolysis and OXPHOS are tightly linked in EAC
(16–18, 32, 33). Ji and colleagues demonstrated that overexpres-
sion of TXNIP reduced both glycolysis andOXPHOS in pancreatic
cancer cell lines PANC-1 and SW1990 (34). We noted a decrease
in glycolysis and lactate secretion, but no effects on OXPHOS or
the glycolytic enzymes. Given that the metabolic effects were not
particularly robust in EACC, we explored whether TXNIP func-
tioned more as a tumor suppressor in EAC.
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Figure 4.

Platinum-based chemotherapy increased TXNIP expression, and overexpression of TXNIP enhanced the effectiveness of this therapy. A, Cells were treated with
cisplatin for 72 hours at the concentrations indicated. qRT-PCR and immunoblots of TXNIP expression were normalized with b-actin. B, Flo-1 overexpressing
TXNIP were treated with 4 mg/mL of cisplatin, and Esc2 overexpressing TXNIP were treated with 1.0 mg/mL of cisplatin for 24 hours. qRT-PCR and immunoblots
of TXNIP expression were normalized with b-actin. C, Esc2 cells with lentiviral shRNA knockdown of TXNIP were treated with 1.5 mg/mL of cisplatin for
24 hours. qRT-PCR and immunoblots of TXNIP expressionwere normalizedwithb-actin.D,Cell lineswere treatedwith the same time and concentrations as inB, after
which gH2AX immunofluorescent staining was performed. In Flo-1, puncts were counted in 50 cells from each group. Esc2 had very high gH2AX uptake, and
so levels were categorized based on percent staining intensity. E–F, Annexin V Apoptosis Assay was performed after cisplatin treatment as described in B.
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Kwon and colleagues reported that TXNIP was decreased in
over 60% of 19 patients with hepatocellular carcinoma (HCC;
ref. 35). They also observed an increase in chemically-induced
HCC in TXNIP knock-out mice. Butler and colleagues noted
that higher TXNIP levels were associated with longer metasta-
sis-free survival among 788 patients with node-negative breast
cancer (36). Additionally, they found that overexpression of
TXNIP in the breast cell line, MCF-7, induced senescence.
Woolson and colleagues reported that higher TXNIP was asso-
ciated with improved disease-specific survival among 228
patients with gastroesophageal carcinoma (26). These results
were consistent with the expression data from our esophageal
tissue array that revealed significantly lower TXNIP in EAC
versus normal esophagus. We also observed that overexpres-

sion of TXNIP significantly decreased proliferation, clonogeni-
city, and tumorigenicity suggesting that TXNIP functions as a
tumor suppressor in EACC. Given that TXNIP acted as strong
tumor suppressor in EACC, we asked whether TXNIP sensitized
EACC to chemotherapy. We found that cisplatin alone
increased expression of TXNIP in parental EACC and further
augmented its levels in EACC stably overexpressing TXNIP.
Furthermore, TXNIP overexpression was associated with both
increased DNA damage and apoptosis whereas knockdown of
TXNIP was protective against apoptosis. These results suggest
that TXNIP sensitizes EACC to cisplatin.

Next, we asked whether a clinically feasible strategy could
induce TXNIP to serve as a chemotherapeutic sensitizer. Kaadige
and colleagues report that glutamine inhibits transcription of

Figure 5.

Combined entinostat and cisplatin treatment is associated with TXNIP induction and increased DNA damage and apoptosis. A, Flo-1 cells were treated with
1 mmol/L entinostat and 1 mg/mL cisplatin for 48 hours. Esc2 cells were treated with 1 mmol/L entinostat and 0.35 mg/mL cisplatin for 48 hours. qRT-PCR and
immunoblots of TXNIP expressionwere normalizedwith b-actin.B,After treatment conditions as described inA, gH2AX immunofluorescent stainingwas performed.
gH2AX levels were categorized based on percent staining intensity. C, After treatment conditions as described in A, cellular apoptosis was analyzed with
annexin V assays. D, After treatment conditions as described in A, cellular apoptosis was analyzed with annexin V assays for Esc2 cells with lentiviral shRNA
knockdownof TXNIP versus controls.E,After treatment conditions as described inA, caspase 3 and cleaved caspase3 levelswere quantifiedbasedby immunoblot.F,
Flo-1 cells were treated with the proteasome inhibitor, MG132, and the anti-bcl-2 drug, ABT-137, as positive controls. A cleaved caspase 3 GFP reporter
assay was generated with cells transfected with a GFP-labeled reporter attached to a ubiquitin domain by a caspase 3 site. Cells were treated in conditions as
described in A. Pictures were obtained with a fluorescent microscope at 4� magnification.
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TXNIP by recruitment of a histone deacetylase-dependent core-
pressor (17). Malone and colleagues reported that the HDACi,
vorinostat, in combination with mTOR inhibitors synergistically
killed malignant peripheral nerve sheath tumors and KRAS-
mutant non–small cell lung cancer (NSCLC; ref. 37). Importantly,
transcriptional profiles of cells treated with the combination of
HDACi and mTOR inhibitor significantly upregulated TXNIP.
They ablated the TXNIP gene by using the CRISPR/cas9 system.
Loss of TXNIP prevented cell death from the combination
therapy, suggesting that TXNIP upregulation is critical for cell
death. Vendetti and colleagues demonstrated that in NSCLC,
epigenetic priming with entinostat prior to irinotecan sensi-
tized A549 xenografts and enhanced tumor response in a
patient-derived xenograft model (38, 39). We evaluated enti-
nostat in EACC because it is currently in non-EAC clinical trials
and feasibly could be introduced in EAC trials (40–42). We
noted that entinostat in combination with cisplatin induced
TXNIP expression much more robustly than cisplatin or enti-
nostat alone. Furthermore, entinostat sensitized EACC to cyto-
lytic therapy with cisplatin as noted by increased DNA damage
and apoptosis. This sensitization was at least partially mediated
through TXNIP given that knockdown of TXNIP abrogated the
synergistic apoptotic effects. Additionally, the combination
significantly increased caspase activity, which implies that
apoptosis occurred through the intrinsic pathway of the mito-
chondria; therefore, entinostat primed the mitochondrial of
EACC for treatment with standard therapy.

We provide evidence that glutamine is required for EACC
proliferation and that glutamine suppresses TXNIP. In EACC, we
report that TXNIP acts as a tumor suppressor and can sensitize
these cells to chemotherapeutics. The HDACi, entinostat, phe-
nocopied the effects of TXNIP overexpression. Our findings
support a phase I/II evaluation of entinostat to test whether it
can synergistically increase the efficiency of chemotherapy in
patients with EAC. Further work with entinostat is under way in
preparation for an early-phase clinical trial.
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