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Abstract

Esophageal adenocarcinoma is increasing in the US and Western countries and frequent

gastresophageal reflux or gastresophageal reflux disease carrying gastric acid and bile acid could

contribute to esophageal adenocarcinogenesis. This study was designed to detect the expression of

gastric acid-inducing gene Na + /H + exchanger-1 (NHE-1) ex vivo and then to explore targeting

of NHE-1 expression or activity to control esophageal cancer cell viability in vitro and in nude

mouse xenografts. The data showed that NHE-1 was highly expressed in esophageal

adenocarcinoma tissues (66 of 101 cases [65.3%], but not in normal esophageal squamous cell

epithelium (1 of 26 cases [3.8%]). Knockdown of NHE-1 expression using NHE-1 shRNA or

inhibition of NHE-1 activity using the NHE-1 inhibitor amiloride suppressed viability and induced

apoptosis in esophageal cancer cells. Molecularly, amiloride inhibited expression of

cyclooxygenase-2 and matrix metallopeptidase-9 but not NHE-1 mRNA in esophageal cancer

cells. A combination of amiloride and guggulsterone (a natural bile acid receptor inhibitor)

showed more than additive effects in suppressing esophageal cancer cell growth in vitro and in

nude mouse xenografts. This study suggests that inhibition of NHE-1 expression or activity or

combination of amiloride and guggulsterone could be useful in control of esophageal

adenocarcinoma.
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Introduction

Esophageal adenocarcinoma accounts for more than two-thirds of esophageal cancer cases

in the United States, and its incidence is continuously increasing although esophageal

squamous cell carcinoma accounts for 95% of esophageal cancer cases worldwide (Blot,

1994; Chen and Yang, 2001; Spechler, 2005). Frequent gastresophageal reflux or
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gastresophageal reflux disease (GERD) carrying gastric acid, bile acid, and protease could

be responsible for esophageal adenocarcinoma development because this condition usually

results in Barrett esophagus (a premalignant lesion) and/or esophageal adenocarcinoma

(Blot, 1994; Chen and Yang, 2001; Menges et al., 2001; Spechler, 2005; Xu, 2009; Falk,

2009; Guan et al., 2013). Barrett esophagus is characterized by replacement of the squamous

cell epithelium with columnar epithelium (incomplete intestinal metaplasia with or without

dysplastic lesions) in the lower to middle esophagus (Fitzgerald et al., 1997, 1998; Yamada

et al., 1999; Xu, 2009). Thus, studying the role of gastric acid, bile acid, and protease in the

development of esophageal adenocarcinoma and targeting these risk factors could help us to

prevent or delay esophageal adenocarcinogenesis.

An acidic cell environment could induce expression of sodium-hydrogen exchanger 1

(NHE-1) (Slepkov and Fliegel, 2002; Putney et al., 2002; Masereel et al., 2003), a

ubiquitous and integral cell membrane protein that regulates cellular pH level. NHE-1

removes intracellular acid, exchanging a proton for an extracellular sodium ion. NHE-1 also

plays a role in cell proliferation, inhibition of apoptosis, cell migration, and promotion of

carcinogenesis. Expression and activity of NHE1 are mediated through response to acid,

growth factors, hormones, and osmotic stress. Activation of receptor tyrosine kinases

increases NHE1 activity through the Ras-mediated ERK cascade (Slepkov and Fliegel,

2002; Putney et al., 2002; Masereel et al., 2003). In esophageal cancer, expression of NHE-1

mRNA was shown to be increased from normal to Barrett esophageal and cancerous tissues

(Our search of Oncomine database).

Two major classes of pharmacological agents are currently used to inhibit NHE1 activity:

(1) amiloride and its 5′ alkyl-substituted derivatives and (2) the benzoylguanidine

derivatives. Amiloride was reported to suppress cancer development and metastasis in the

lungs, stomach, colon, and mammary glands (Sparks et al., 1983; Newell et al., 1992;

Tatsuta et al., 1993, 1997; Evans et al., 1998; Evans and Sloan Stakleff 2004; Li et al.,

2009). Amiloride was first approved for use in 1967 for the management of hypertension

and congestive heart failure (Slepkov and Fliegel, 2002; Putney et al., 2002; Masereel et al.,

2003). An effective inhibitor of NHE-1, amiloride has been used to inhibit cell growth in

various tumor cell lines (Slepkov and Fliegel, 2002; Putney et al., 2002) and is usually well

tolerated in the clinic (Official FDA information: Amiloride, side effects and usage. http://

www.drugs.com/pro/amiloride.html).

In this study, we first assessed NHE-1 expression in esophageal adenocarcinoma vs. normal

tissues and then investigated the effects of amiloride in suppressing esophageal cancer cell

growth in vitro and in nude mouse xenografts. We then assessed the combined effects in

esophageal cancer cells of amiloride and guggulsterone, a natural inhibitor of the bile acid

receptor (farnesoid X receptor [FXR]).

Materials and methods

Immunohistochemical analysis

In this study, we obtained esophageal adenocarcinoma tissue specimens from 101

consecutive patients who had undergone esophagectomy without preoperative chemotherapy
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or radiotherapy between the years 1986 and 1997 at The University of Texas MD Anderson

Cancer Center. The tissue sections from each patient were prepared with use of paraffin

blocks and used for immunohistochemical analysis of NHE-1 expression according to our

previously described methodology (Guan et al., 2013). The anti-NHE-1 antibody was

obtained from Santa Cruz Biotechnologies (Santa Cruz, CA, USA) and used at 1:50 dilution

with phosphate-buffered saline (PBS). The sections were then reviewed and categorized

under a microscope as positive- or negative-stained (sections with ≥ 10% positively stained

tumor cells were considered to be positive-stained). The use of patient samples for this study

was approved by our Institutional Review Board.

Cell culture and cell viability MTT assay

Esophageal adenocarcinoma SKGT-4 and SKGT-5 cell lines and esophageal squamous cell

cancer TE-3 and TE-12 cell lines were grown in Dulbecco’s modified Eagle’s minimal

essential medium (DMEM) with 10% fetal bovine serum at 37°C in a humidified

atmosphere of 95% air and 5% CO2. For amiloride or guggulsterone treatment, the cells

were plated for 24 h in regular medium and then treated with either control medium

(containing the same amount of dimethyl sulfoxide [DMSO]) or medium containing

amiloride, guggulsterone, or a combination of both (Sigma Chemicals Co., St. Louis, MO,

USA) at various doses or for different periods of time. For the methyl thiazolyl tetrazolium

(MTT) assay, 20 μL of MTT (5 mg/mL, Sigma) was added to each well of the 96-well plates

and incubated for an additional 2 h, and the growth medium was replaced with 100 μL of

DMSO to dissolve MTT in the cells. The optical densities were measured with an automated

spectrophotometric plate reader at a single wavelength of 540 nm. The percentage of cell

growth was calculated by using the formula: % control = ODt/ODc × 100, where ODt and

ODc are the optical densities for treated and control cells, respectively.

NHE-1 shRNA transfection and immunocytochemical staining of Ki67 protein

Esophageal cancer SKGT-4 and SKGT-5 cells were grown in a monolayer overnight and

transiently transfected with either pCMS/EGFP (BD Clontech, San Diego, CA, USA) plus

negative-control shRNA vector or NHE-1 shRNA (Santa Cruz Biotechnology, Cat#

sc-37007 and sc-42650-SH, respectively) using Lipofectamine 2000 (Invitrogen, Carlsbad,

CA, USA). At 36 h after gene transfection, the cells were treated with 0.25 μg/mL

puromycin for an additional 24 h and then fixed with 4% paraformaldehyde for 10 min at

room temperature to preserve the green fluorescent protein (GFP) and permeabilized in

0.5% Triton X-100 for 20 min at room temperature. The cells were then immunostained

with anti-Ki67, as described previously (Guan et al., 2013). The Ki67 antibody was obtained

from Vector Laboratories (Burlingame, CA, USA) and diluted at 1:50 in PBS. The stained

cell sections were reviewed with use of fluorescence microscopy, and more than 200 cells in

10 of the 20× objective fields were counted for GFP staining (green) and then for Ki67

staining (red). The percentage of control of cell proliferation was calculated from the

equation: % control = NT/NV × 100, where NT and NV are the numbers of Ki67-positive

cells in GPF-positive cells of negative control shRNA or NHE-1 shRNA-transfected cells,

respectively.
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Reverse transcriptase–polymerase chain reaction (RT-PCR) and qRT-PCR

Total cellular RNA was extracted from the cells and subjected to RT-PCR and qRT-PCR

analyses of gene expression as described previously (Guan et al., 2013). GAPDH was used

as a loading control. The primers for NHE-1 were 5′-CCTTGTTTTTGGGGAGTCCT-3′

and 5′-GGTAAATCGGGAGGTGAAGG-3′ (to generate a 198-bp PCR product); COX-2,

5′-CCTTCTGCCTGACACCTTTC-3′ and 5′-GGTCAATGGAAGCCTGTGAT-3′ (to

generate a 194-bp PCR product); MMP-9, 5′-GCACGACGTCTTCCAGTACC-3′ and 5′-

GTTTGTATCCGGCAAACTGG-3′ (to generate a 224-bp PCR product); and GAPDH, 5′-

CCCTTCATTGACCTCAACTACATGG-3′ and 5′-CATGGTGGTGAAGACGCCAG-3′

(to generate a 192-bp PCR product).

DNA fragmentation assay

The cells were grown and treated with or without 200 μM amiloride, 25 μM guggulsterone,

or a combination of both (using a half of the individual dose) for 3 days; soluble DNA was

extracted from both floating and attached cells and then pelleted by centrifugation and

resuspended in Tris-EDTA buffer (pH 8.0). The cell pellets were lysed on ice with 400 μl

mixture of 10 mM Tris-HCl (pH 8.0), 10 mM EDTA, and 0.5% Triton X-100 for 30 min and

then centrifuged at 12000 × g for 15 min to separate soluble (fragmented) from pellet (intact

genomic) DNA. Next, soluble DNA was treated with RNase A (50 μg/mL) at 37°C for 1 h

and then with proteinase K (100 μg/mL) in 0.5% sodium dodecyl sulfate (SDS) at 50°C for

2 h. The residual material was extracted with phenol/chloroform, precipitated in ethanol,

electrophoresed on a 1.8% agarose gel, and stained with ethidium bromide. The gels were

then photographed with use of ultraviolet illumination.

Nude mouse experiments

This study was approved by our Institutional Animal Care and Usage protocol. In brief,

nu/nu nude mice (6 weeks old) were subcutaneously injected in the right flank through a 22-

gauge needle with 3 × 106 SKGT-4 cells in a total volume of 200 μL per mouse. Two days

before tumor injection, the mice were given an oral dose of 5 mg/kg amiloride, 50 mg/kg

guggulsterone, or a combination of both (at the same individual doses) for a total of 22 days.

The mice were monitored daily for tumor formation and growth. At the end of the

experiments, the mice were euthanized and tumor xenografts were removed, fixed in 4%

paraformaldehyde, weighted, and photographed.

Statistical analysis

The data were summarized from three independent experiments of the triplicate as mean ±

SD. Statistical analysis was performed by using the Student t-test with SPSS 11.5 software

(Chicago, IL, USA). A probability (p) value of less than 0.05 was considered statistically

significant.
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Results

Differential expression of NHE-1 protein in esophageal cancer tissues

In this study, we first detected NHE-1 expression in esophageal cancer tissue specimens

using immunohistochemistry. We found that NHE-1 was highly expressed in the cytoplasm

of esophageal adenocarcinoma tissues in 66 of 101 cases (65.3%) but not in distant normal

esophageal squamous cell epithelium (1 of 26 cases [3.8%]) (Fig. 1).

Inhibition of NHE-1 expression or activity in suppressing esophageal cancer cell viability
in vitro

We assessed whether inhibition of NHE-1 expression or activity could control viability and

gene expression of esophageal cancer cells by transfecting NHE-1 shRNA into esophageal

cancer cells or treating the cells with the NHE-1 inhibitor amiloride for different periods of

time and at various concentrations. We found that NHE-1 shRNA transfection reduced

tumor cell proliferation (detected by Ki67 immunostaining; Fig. 2A), whereas amiloride

treatment reduced tumor cell viability in a dose- and time-dependent manner (Fig. 2B and

2C). At the gene level, amiloride treatment inhibited expression of COX-2 and MMP-9

mRNA (Fig. 2D) but did not affect NHE-1 expression (Fig. 2D). qRT-PCR confirmed these

data (data not shown).

Since gastresophageal reflux carries bile, hydrochloric acid, and proteases that insult

esophageal epithelial cells, leading to the development of Barrett esophagus and/or

esophageal adenocarcinoma, we combined amiloride with guggulsterone, the natural bile

acid receptor FXR inhibitor, to treat esophageal cancer cell lines. The data showed that

amiloride and guggulsterone individually or in combination significantly reduced viability

of both esophageal adenocarcinoma and squamous cell carcinoma cell lines and induced

them to undergo apoptosis (Fig. 3).

Role of NHE-1 inhibition in suppressing the growth of esophageal cancer cell xenografts

We performed nude mouse xenograft experiments to investigate the effects of NHE-1

inhibition in vivo. We treated the nude mice with daily oral amiloride (5 mg/kg),

guggulsterone (50 mg/kg), or a combination of both for 2 days before subcutaneous SKGT-4

cells injection and then continuously treated these mice for an additional 20 days. At the end

of the experiments, we resected, weighed, and photographed the xenografts. The data

showed that amiloride, guggulsterone, and a combination of both significantly suppressed

tumor xenograft formation and growth in nude mice (Table 1 and Fig. 4).

Discussion

Clinically, frequent gastresophageal reflux carrying acid and bile acid–containing juice will

damage the distal esophagus, causing normal squamous cells around the gastresophageal

junction to undergo metaplastic changes with various degrees of incomplete intestinal

metaplasia and dysplasia. The metaplastic changes cause cells to become more resistant to

acid- and bile-caused injuries; however, Barrett esophagus is thus formed (Chen and Yang,

2001). Acid and bile reflux variably affect Barrett esophagus and may cause dysplasia or
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adenocarcinoma (Menges et al., 2001; Chen and Yang, 2001). In previous studies, acid and

bile acid were found to induce ERK activity, PPAR-γ expression, and cell proliferation in

normal esophageal epithelial cells (Jiang et al., 2006). Our previous study demonstrated that

bile acid exposure induced FXR and COX-2 expression but suppressed RAR-β2 expression

(Guan et al., 2013), whereas other studies have shown that bile acid caused phosphatidyl-

inositol-3-kinase–mediated proliferation in Barrett adenocarcinoma cells (Jaiswal et al.,

2004) and that deoxycholic acid at neutral pH activated nuclear factor-kappaB (NF-κB) and

induced interleukin-8 expression in esophageal cells in vitro (Jenkins et al., 2004).

In our current study, we found that expression of NHE-1 protein was upregulated in

esophageal adenocarcinoma tissues compared with that in normal esophageal squamous cell

mucosae. This finding suggests that NHE-1 may be responsible for acid-induced altered

gene expression in esophageal adenocarcinomas. Our study further demonstrated that

targeting of NHE-1 expression or activity can effectively inhibit esophageal cancer cell

proliferation and induce tumor cell apoptosis. In addition, we found that a combination of

the NHE-1 inhibitor amiloride and the natural FXR inhibitor guggulsterone significantly

suppressed esophageal cancer cell growth in vitro and in nude mice. The data from our

current study suggest that inhibition of NHE-1 expression or activity and the combination of

amiloride with guggulsterone should be further evaluated as a novel strategy in future

control of esophageal adenocarcinoma.

Previous studies also showed that acid was able to modulate colon cancer HT29 cell growth

and differentiation in an in vitro model for Barrett esophagus (Fitzgerald et al., 1997),

whereas altered sodium-hydrogen exchange activity is a mechanism for acid-induced

hyperproliferation in Barrett esophagus (Fitzgerald et al., 1998). However, the initial

induction of NHE-1 expression is a self-defense mechanism of esophageal epithelium

against acid insult; indeed, a previous study showed the role of epidermal growth factor

(EGF) and NHE-1 in esophageal epithelial defense against acid-induced injury (Fujiwara et

al., 2006). Fujiwara et al. showed that EGF protected esophageal epithelial cells against acid

injury in a dose-dependent manner and that the cytoprotective effect of EGF was completely

blocked by treatment with NHE-1 inhibitors. Expression of NHE-1 mRNA was increased in

esophagitis and upregulated in rats with sialoadenectomy (Fujiwara et al., 2006).

Various growth factors (such as EGF) can activate NHE-1 (Fliegel et al., 1993). NHE-1-

dependent intracellular alkalinization is an early event in malignant transformation and plays

an essential role in the development of subsequent transformation-associated phenotypes

(Reshkin et al., 2000); other studies showed that overexpression of NHE-1 was directly

associated with cellular transformation, invasion, and metastasis (Slepkov and Fliegel, 2002;

Putney et al., 2002; Masereel et al., 2003). These observations have heightened the interest

in NHE-1 as a promising novel drug target for more effective and selective anticancer

therapeutics (Loo et al., 2012). A number of studies showed that NHE-1 inhibitors

suppressed development and metastasis of lung, gastric, colon, and breast cancers (Sparks et

al., 1983; Newell et al., 1992; Tatsuta et al., 1993, 1997; Evans et al., 1998; Evans and Sloan

Stakleff 2004; Li et al., 2009). For example, suppression of NHE-1 expression using NHE-1

antisense cDNA inhibited proliferation and caused induction of apoptosis in drug-resistant

human small cell lung cancer cells (Li et al. 2009). Consistent with these previous studies,
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our current data showed amiloride suppression of esophageal cancer cell growth in vitro and

in nude mouse xenografts.

Furthermore, since frequent gastresophageal reflux carries both acid and bile acid that

damages the distal esophagus, induces formation of Barrett esophagus, and promotes

esophageal dysplasia or adenocarcinoma, targeting of these risk factors could more

effectively control esophageal cancer cell growth. Thus, we combined amiloride and

guggulsterone to treat esophageal cancer cells in vitro and in nude mouse xenografts. We

found that their combination had more than additive effects on the suppression of

esophageal cancer cell growth in vitro and in nude mouse xenografts. Indeed, previous

studies have used combination of amiloride with other agents (such as radiation or

morphine) to control glioblastoma or pain (Tang et al., 2013; Ouyang et al., 2012). Thus,

future study is needed to further explore the activity of these combined agents in controlling

esophageal cancer.
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Figure 1.
Differential expression of NHE-1 expression in normal and esophageal cancer tissue

specimens, which were immunostained with anti-NHE-1 antibody and then viewed and

categorized as positive- or negative-stained in each case. A, Normal esophageal squamous

cell epithelium; B and C, Esophageal adenocarcinoma. Magnification ×200 (the insert,

×400).
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Figure 2.
Effect of NHE-1 knockdown or inhibition on regulation of esophageal cancer cell viability

and gene expression. A, Immunocytochemical analysis of Ki67 expression. The control

shRNA or NHE-1 shRNA plasmid plus pCMS/EGFP was transiently transfected into

SKGT-4 and SKGT-5 cells. After Ki67 immunostaining, approximately 200 green

fluorescent protein (green)-positive cells from these transfections were counted and then

assessed for Ki67 expression (red). The data were summarized as mean ± SD and calculated

as % of the control shRNA-transfected cells. *p < 0.05 compared with control cells. B, Cell

viability MTT assay. Esophageal cancer cells TE-3, TE-12, SKGT-4, and SKGT-5 were

grown and treated with various doses of amiloride for 5 days and then subjected to the MTT

assay. *p < 0.05 compared with control cells. C, Cell viability MTT assay. Esophageal

cancer cells TE-3, TE-12, SKGT-4, and SKGT-5 were grown and treated with 200 μM

amiloride for up to 5 days and then subjected to the MTT assay. *p < 0.05 compared with

control cells. D, RT-PCR. SKGT-4 and SKGT-5 cells were grown and treated with 200 μM

amiloride for 3 days and then for RNA isolation and RT-PCR analysis of gene expression.

We also performed qRT-PCR and the data were similar to RT-PCR data.
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Figure 3.
Effect of NHE-1 or FXR inhibition on regulation of esophageal cancer cell viability and

apoptosis. A, MTT assay. Esophageal cancer cells TE-3, TE-12, SKGT-4, and SKGT-5

were grown and treated with 200 μM amiloride, 25 μM guggulsterone, or a combination of

both (a half dose of the individual drug dose) for 5 days and then subjected to the MTT

assay. *p < 0.05 compared with control cells. B, DNA fragmentation assay. Esophageal

cancer TE-12 and SKGT-4 were grown and treated with 200 μM amiloride, 25 μM

guggulsterone, or a combination of both (a half dose of the individual drug dose) for 5 days

and then subjected to the DNA fragmentation assay to detect tumor cell apoptosis.
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Figure 4.
Effect of NHE-1 and FXR inhibition in suppression of growth of nude mouse xenografts.

The mice were treated with 5 mg/kg amiloride, 50 mg/kg guggulsterone, or a combination of

both (as the same individual dose) for 2 days before they were subcutaneously injected with

3 million SKGT-4 cells. After that, the mice were continuously given oral 5 mg/kg

amiloride, 50 mg/kg guggulsterone, or a combination of both (as the same individual dose)

daily. Tumor formation and growth were monitored daily. At the end of the experiments, the

mice were euthanized and the tumor xenografts were resected, fixed in 4%

paraformaldehyde, weighed, and photographed.
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