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ABSTRACT The tumor microenvironment greatly influences cancer cell characteris-
tics, and acidic extracellular pH has been implicated as an essential factor in tumor
malignancy and the induction of drug resistance. Here, we examined the charac-
teristics of gastric carcinoma (GC) cells under conditions of extracellular acidity and
attempted to identify a means of enhancing treatment efficacy. Acidic conditions
caused several changes in GC cells adversely affecting chemotherapeutic treatment.
Extracellular acidity did inhibit GC cell growth by inducing cell cycle arrest, but did
not induce cell death at pH values down to 6.2, which was consistent with down-
regulated cyclin D1 and up-regulated p21 mRNA expression. Additionally, an acidic
environment altered the expression of atg5, HSPA1B, collagen XllI, collagen XXAl,
slug, snail, and zeb1 genes which are related to regulation of cell resistance to cyto-
toxicity and malignancy, and as expected, resulted in increased resistance of cells to
multiple chemotherapeutic drugs including etoposide, doxorubicin, daunorubicin,
cisplatin, oxaliplatin and 5-FU. Interestingly, however, acidic environment dramatically
sensitized GC cells to apoptosis induced by tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL). Consistently, the acidity at pH 6.5 increased mRNA levels of
DR4 and DR5 genes, and also elevated protein expression of both death receptors as
detected by immunoblotting. Gene silencing analysis showed that of these two re-
ceptors, the major role in this effect was played by DR5. Therefore, these results sug-
gest that extracellular acidity can sensitize TRAIL-mediated apoptosis at least partially
via DR5 in GCs while it confers resistance to various type of chemotherapeutic drugs.

INTRODUCTION

Tumor tissues are often exposed to acidic extracellular pH
since tumors produce high levels of lactic acid and H' by using
the anaerobic glycolytic pathway for energy production [1]. Such
extracellular acidification constitutes a stress to cells, and certain
mechanisms by which tumor cells adapt to this stressful environ-
ment may enhance their malignant characteristics. Accumulat-
ing evidence has revealed that extracellular acidity increases the

invasive behavior of cancer cells, including human malignant
glioma and human melanoma cells, and promotes their survival
by enabling evasion of apoptosis, consequently hindering tumor
treatment [2,3].

Despite the development of multiple drug combination pro-
tocols and new treatment strategies, chemoresistance remains a
major obstacle in cancer treatment [4]. Since the discovery that
environmental acidity is a critical contributor to elevated drug re-
sistance, various efforts have been and are currently being made
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to overcome acidity-induced chemoresistance such as the use of
proton-pump inhibitors that block cellular proton release into the
extracellular milieu [5-7].

Gastric cancer remains one of the leading causes of cancer-
related death in several countries in Asia, Latin America, and
Central and Eastern Europe [8,9]. Although surgical resection is
effective in the early stage of gastric carcinoma (GC), additional
treatment is necessary for advanced cases. However, despite con-
siderable improvements in therapeutic regimens, the effectiveness
of treatment and its benefit to survival have not significantly in-
creased.

Considering that the stomach is frequently subjected to low pH
due to the release of gastric acids, the diminished effectiveness
of chemotherapy for gastric cancer may be related to the physi-
ologically acidic environment found in this organ. It has recently
been noted that an extremely acidic environment due to excessive
secretion of gastric acids is often associated with the development
of gastric cancer. Furthermore, gastric hyperacidity has been
shown to promote GC cell invasion and induce chemoresistance
[7,10,11]. These results suggest that the characteristics of GC could
be greatly influenced by acidic environments. However, relatively
little study has been conducted concerning a means to overcome
the deleterious acidic effects. As a part of study to improve the
benefits of GC treatment under acidic condition, we attempted
to seek acidity-induced pro-apoptotic factors exerting a possible
role as a sensitizer, and found that acidic condition elevates TNF-
related apoptosis-inducing ligand (TRAIL) receptors, TRAIL-R1
(DR4) and TRAIL-R2 (DR5) in GC cells.

TRAIL receptors, members of the TNF receptor superfamily
are membrane death receptors mediating TRAIL-induced apop-
tosis [12]. TRAIL is endogenous antitumor molecule and consid-
ered to be an attractive therapeutic agent since it is a potent and
selective apoptotic inducer in transformed cells. TRAIL, secreted
from natural killer cells initiates apoptosis by binding to and
thus, engaging DR4 or DR5 expressed on the surface of tumor
cells [12-15]. Following recruitment of the adaptor Fas-associated
death domain (FADD) and initiator procaspase-8 to the death
domains in the cytoplasmic tails of TRAIL receptors, the initiator
is cleaved, resulting in onset of extrinsic or intrinsic caspase cas-
cade, and finally triggering apoptosis [16].

In the present study, we observed that low pH contributes
to TRAIL sensitivity and suggest a useful action of TRAIL to
improve the effectiveness of GC treatment under acidic environ-
ment.

METHODS
Materials

SNU-601 and AGS human GC cells were obtained from the
Korean Cell Line Bank (Seoul, Korea) and American Type Cul-
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ture Collection (Manassas, VA), respectively. Cells were cultured
in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented
with 10% (v/v) fetal bovine serum and 1% PS at 37°C in an atmo-
sphere containing 5% CO,. Recombinant human tumor necrosis
factor (TNF)-related apoptosis-inducing ligand (thTRAIL) was a
gift from T. H. Kim of the Department of Biochemistry and Mo-
lecular Biology, Chosun University, Korea [17]. Oxaliplatin was
obtained from Boryung Pharmaceutical (Seoul, Korea), and cis-
platin was purchased from Sigma-Aldrich (St. Louis, MO). Unless
specified otherwise, drugs were purchased from Calbiochem (San
Diego, CA).

Assessment of cell growth, apoptosis, and lactate
dehydrogenase (LDH) release

Cells were incubated in growth medium adjusted to pH 74, 6.8,
6.5, or 6.2 for the indicated times (48 h if unspecified). To quan-
tify growth, cells were collected at each time point and counted
with a hemocytometer after being suspended and mixed with
trypan blue. A fluorometric method was used to identify apop-
totic cells. Briefly, treated cells were stained with 1 ug/ml Hoechst
33342 for 15 min, and both suspended and attached cells were
collected and centrifuged. The pooled cell pellets were washed
and fixed in 3.7% formaldehyde, and an aliquot of the suspension
was centrifuged in a Cytospin cytocentrifuge (Thermo Fisher Sci-
entific, Waltham, MA) for preparation of slides, which were then
observed under a fluorescence microscope (DM5000, Leica, Wet-
zlar, Germany) using excitation and emission wavelengths of 340
and 425 nm, respectively. Condensed or fragmented nuclei were
considered indicative of apoptosis. A total of 500 cells distributed
across random microscope fields of view were counted, and the
number of apoptotic and non-apoptotic cells was expressed as a
percentage of the total. To detect necrotic cell death, LDH release
was quantified using an LDH Cytotoxicity Assay Kit I (BioVision,
Mountain View, CA) according to the manufacturer’s protocol, as
described previously [18].

Cytotoxicity assays

EZ-cytox viability assay was performed as followed by manu-
facturer’s protocol. Briefly, cells were plated in the wells of a 96-
well plate at a density of 1-2x10" cells/well, cultured for 24 h, and
then incubated in the growth medium adjusted to pH 7.4 or pH 6.5
for 48 h with combinatorial treatment of various drugs. The EZ-
cytox solution (Daeillab, Korea) was added to the wells and in-
cubated at 37°C in a CO, incubator for the last 2 h of incubation,
and the plates were read using an enzyme-linked immunosorbent
assay plate reader at 405 nm. The absorbance of the untreated
cells was set as 100% and cell survival was expressed as a percent-
age of this value.
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Immunoblotting

Treated cells were lysed in either a whole-cell lysis buffer (50
mM Hepes, 150 mM Nacl, 1% Triton X-100, 5 mM EGTA, prote-
ase inhibitor cocktail), or non-mitochondrial cytosolic buffer (for
released cytochrome C, 75 mM NaCl, 8 mM Na,HPO,, 1 mM
NaH,PO,, 250 mM sucrose, 1 mM EDTA, 350 pg/ml digitonin),
and equal amounts of protein extracts were electrophoretically
separated using 10-12% SDS-PAGE and transferred to a nitrocel-
lulose membrane using a standard technique. Antibodies were
used to probe for DR4, DR5 (ProSci, CA), Fas (Cell Signaling
Technology, MA), and cytochrome C (Santa Cruz Biotechnol-
ogy, CA). Anti-g-tubulin (BioGenex, CA) was used as a loading
control. Signals were acquired using an Image Station 4000MM
image analyzer (Kodak, NY).

RNA interference (RNAI)

For the RNAj experiment, siRNA of DR4, 5°-CUG
GAAAGUUCAUCUACUU(dtdt)-3’ (sense) and 5-AAGUA
AUGAACUUUCCAG(dtdt)-3’ (anti-sense), DR5, 5°-CA
GACUUGGUGCCCUUUG(dtdt)-3’ (sense) and 5-UCAAAG
GGCACCAAGUCUG(dtdt)-3’ (anti-sense), 5-control siRNA,
5-CCUACGCCACCAAUUUCGU(dtdt)-3" (sense) and 5-AC
GAAAUUGGUGGCGUAGG (dtdt)-3’ (anti-sense) were pur-
chased from Bioneer (Daejeon, Korea). Cells were individually
transfected with siRNA oligonucleotides using an Amaxa Trans-
fection System™ (Basel, Switzerland) and grown for 24 h prior to
the treatment.

Real-time reverse transcription-polymerase chain
reaction (PCR)

Real-time PCR was performed with the Light Cycler 2.0
(Roche) using the Fast Start DNA Master SYBR Green I Kit
(Roche). For verification of the correct amplification product,
PCR products were analyzed on a 2% agarose gel stained with
ethidium bromide. The sequences of the primers were as fol-
lows: for B-actin, 5- for Fas, 5-TGGCACGGAACACACCCT
GAGG-3’ and 5-GAGGGTCCAGATGCCCAGCATG-3, for
DR5, 5-GCCTCATGGACAATGAGATAAAGGTGGCT-3
and 5-CCAAATCTCAAAGTACGCACAAACGG-3, for
DR4, 5-ATGGCGCCACCACCAGCTAGAG-3’ and 5-CCC
GCCTCGTGGTTCAATCCTC-3, for cyclin D1, 5-CAT GTT
CGT GGC CTC TAA G-3 and 5-GGA GAG GAA GTG TTC
AAT GAA A-3, for p21, 5-CGATGGAACTTCGACTTTGT
CAC-3’ and 5-GGG CTT CCT CTT GGA GAA GAT CA-
3 for atg5, 5-TGA GAT ATG GTT TGA ATA TGA AGG C-3
and 5-AGC TTC AAT TGC ATC CTT AGA-3’ for HSPA1B,
5-CGACCTGAACAAGAGCAT-3’ and 5-GATCAGGGCAGT-
CATCAC-3,, for COL13A1, 5-TGGACCAAGTGGACCTC-3’
and 5-TCACCCTTCATCCCAGC-3’, for COL20A1, 5-ACCTAT
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GTGTCCAGCGA-3 and 5-GGAGCTTTCTTGGTGGTC-3,
for slug, 5-TTTGCCTCTCTTGCTTTGTTT-3" and 5-TAG
CAGATGCAGCTAATGTTG A-3’, for snail, 5-GGCTCCTTC
GTCCTTCT-3" and 5-GGCTGAGGTATTCCTTGTT-3 and for
zebl 5-GCACTTGTCTTCTGTGTGA-3 and 5-ACTAGGAGA
CAAATTGCCAT-3". Melting curve analysis was performed to
confirm production of a single product. Negative controls without
template were produced for each run. Data were analyzed using
Light Cycler software version 4.0 (Roche, Switzerland).

Caspase-8 activity assay

The caspase-8 activity assay was carried out using a FADD-like
IL-1B-converting enzyme (FLICE) colorimetric assay kit (BioVi-
sion), according to the manufacturer’s protocol. Briefly, 200 ug
protein lysates in a 50-ul volume was mixed with reaction buffer,
mixed with IETD-pNA substrate, incubated for 90 min and the
absorbance at 405 nm was measured. Fold increase in FLICE ac-
tivity was determined by comparing the results of treated samples
with the level of the untreated control.

Statistical analysis

All numerical data are presented as the mean+SE. All data
represent the results of at least three independent experiments.
Student’s t-test was used to evaluate the differences in means
between control and treatment group, and one-way ANOVA was
applied to analyze differences caused by gene silencing or com-
bined treatment. Significant difference was assumed at p<0.05.

RESULTS
Acidic environments reduce GC cell growth

To clarify the effect of acidic environments on the growth of
GC cells, SNU-601 and AGS cells were counted after having been
cultured for up to 72 h in medium adjusted to a normal (7.4) or
acidic pH (6.8, 6.5, or 6.2). Although environmental acidity has
been shown to induce the proliferation of several cancer cell
types, in the present study, the growth rate of both GC cell lines
decreased as culture medium acidity increased (Figs. 1A and B).
In order to establish whether this reduction in cell number was
due to cell death, the occurrence of apoptotic and non-apoptotic
death was detected by monitoring apoptotic body formation (Fig.
1C) and LDH release (Fig. 1D), respectively. As shown in Figs. 1C
and D, acidic culture conditions down to pH 6.2 induced only a
negligible increase in apoptotic and non-apoptotic death, despite
significant declines in the numbers of cells of both lines. Cell
cycle analysis by flow cytometry revealed an increased propor-
tion of cells in the GI phase in lower-pH cultures, implying that
cell cycle arrest may have contributed to the decreased cell counts
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Fig. 1. GC cell growth was inhibited in acidic culture medium. (A, B) AGS and SNU-601 cells were cultured in growth medium adjusted to the indi-
cated pH for 24, 48, or 72 h, and counted at each time point. (C-E) Cells were incubated for 48 h in normal growth medium (pH 7.4) or acidic medium
adjusted to pH 6.8, 6.5, or 6.2. Then cells are collected and stained with Hoechst 33342 to assess apoptotic cell death (C) or cells are fixed and stained
with propidium iodide and analyzed by fluorescence-activated cell sorting analysis (E). Cell-free culture supernatants were subjected to an LDH re-

lease assay (D). *p<0.05 vs. pH 7.4.

noted under acidic conditions (Fig. 1E).

Acidity alters the expression of numerous genes
associated with the cell cycle, viability, and
malignancy

Acidity is known to modify the expression of various genes,
and the phenotype of tumor cells in acidic environments may be
dependent on patterns of gene expression. Thus, better under-
standing of acidity-mediated gene regulation may facilitate the
identification of effective therapeutic strategies for gastric cancers
exposed to acidic conditions. In this study, we selected several
genes involved in regulation of the cell cycle, cell viability, resis-
tance to apoptosis, and cancer progression, and explored changes
in their expression levels in AGS cells under acidic culture condi-
tions using real-time polymerase chain reaction (PCR) (Fig. 2).

Expression of the genes encoding cyclin D1, which plays a
central role in progression of the cell cycle, and p21, a cell cycle
inhibitor, was suppressed and elevated, respectively, under acidic
culture conditions (pH 6.5) compared to pH 7.4, implying sup-
pression of cell cycle progression in acidic environments (Figs. 2A
and B). Culture at acidic pH values also resulted in upregulation
of genes encoding an inducer of autophagy (ATG5), a molecu-
lar chaperone (HSPAIB), and the extracellular matrix (ECM)

Korean J Physiol Pharmacol 2018;22(5):513-523

components collagen XIII and collagen XXA1 (Figs. 2C-F). In-
duction of autophagy or heat shock protein (HSP) expression is
often related to the inhibition of apoptosis in response to various
stressors [19-22], and upregulation of collagen expression has
been linked to mechanisms of cell resistance to cytotoxic condi-
tions [23,24]. Hence, these results may support an anti-apoptotic
role for environmental acidity through various mechanisms. As
reported in previous studies, acidity also led to raised expression
of several genes related to metastasis, including SNAIL and ZEBI,
which may be responsible for the heightened tumor malignancy
observed in acidic environments, although SLUG mRNA lev-
els were not significantly increased (Figs. 2G-I). Interestingly,
however, it was found that low-pH conditions also upregulated
apoptosis-inducing genes, including FAS, DR4, and DR5 (Figs. 2J-
L). Therefore, the acidic microenvironment appears to stimulate
both cell survival and death mechanisms, as seen in response to
other stresses.

Acidic culture conditions confer resistance to
induction of death by various chemotherapeutic
drugs

Environmental acidity has been shown to affect the responses
of cancer cells to anticancer drugs. To confirm that this also ap-
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Fig. 2. Extracellular acidity altered the expression of various genes. AGS cells were incubated for 48 h in growth medium adjusted to pH 6.5, and
mRNA expression of the genes encoding cyclin D1 (A), p21 (B), ATG5 (C), HSP70 (D), collagen XIII (E), collagen XXA1 (F), SLUG (G), SNAIL (H), ZEB1 (1),
FAS (J), DR4 (K), and DR5 (L) was analyzed by real-time PCR. *p<0.05, **p<0.01 vs. pH 7.4.

plies to GC cells, we compared the cytotoxicity of various drugs
towards SNU-601 cells at normal and acidic pH (6.5) using an
EZ-cytox assay. It has been suggested that low extracellular pH
hinders cellular uptake of weakly basic drugs. In keeping with
this, the cytotoxicity of doxorubicin and daunorubicin, classified
as weakly basic drugs, was significantly lower in acidic culture
medium than medium of a normal pH (Figs. 3A and B). Further-
more, under our experimental conditions, the cytotoxicity of var-
ious drugs was lower in acidic culture medium regardless of their
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pH. The cytotoxic effect of the alkylating agents; cisplatin and
oxaliplatin, the topoisomerase inhibitor etoposide and the weakly
acidic drug 5-fluorouracil on GC cells was decreased in medium
of pH 6.5 (Figs. 3C-F). Consistent with these results, caspase-3
cleavage and cytochrome c release, indicative of apoptosis, were
also reduced in acidic culture condition (Figs. 3G-L). Thus, extra-
cellular acidity appears to render tumor cells resistant to multiple
types of chemotherapeutic agents, not only weakly basic drugs.
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Fig. 3. Extracellular acidic conditions decreased GC cell sensitivity to various chemotherapeutic drugs. SNU-601 cells were cultured for 24 h in
growth medium adjusted to pH 7.4 or 6.5, and subsequently exposed for 48 h to the indicated concentration of doxorubicin, daunorubicin, oxalipla-
tin, cisplatin, etoposide, or 5-fluorouracil in each pH-adjusted medium. The cells were then subjected to an EZ-cytox assay for measurement of cell
viability (A-F), orimmunoblotting of total protein extracts (for caspase-3 and a-tubulin) or cytosolic protein extracts (for released cytochrome c) (G-L).

Acidic culture conditions sensitized GC cells to TRAIL-
induced apoptosis

Our analysis of gene expression patterns under acidic condi-
tions revealed elevated expression of pro-apoptotic membrane
death receptors in GC cells cultured at pH 6.5, although acidity is
thought to be associated with anti-apoptotic and drug resistance
mechanisms. To further examine the effect of acidity on the ex-
pression of death receptors, transcriptional levels of FAS, DR4,
and DR5 were assessed at various acidic pH values. SNU-601 and

Korean J Physiol Pharmacol 2018;22(5):513-523

AGS cells were cultured for 48 h in normal growth medium (pH
74) or acidic medium adjusted to pH 6.8, 6.5, or 6.2, and mRNA
levels were analyzed by real-time PCR. As shown in Figs. 4A-F,
relative expression of FAS, DR4, and DR5 was increased in low-
pH conditions. In particular, DR5 exhibited higher basal mRNA
levels and its expression was considerably raised at low pH values.
The protein levels of these death receptors were also measured by
immunoblotting. Moderate and very low basal levels of DR5 and
DR4 were noted, respectively. Under acidic conditions, levels of
the former were strongly raised, whereas only a slight increase in
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Fig. 4. Expression of TRAIL-Rs in GC cells was upregulated in acidic culture conditions. AGS and SNU-601 cells were exposed for 48 h to growth
medium adjusted to pH 7.4, 6.8, 6.5, or 6.2. The treated cells were collected and mRNA expression of the genes FAS, DR4, and DR5 was analyzed by
real-time PCR (A-F) or total protein extracts were prepared by cell lysis and analyzed by immunoblotting with antibodies against the corresponding

proteins and a-tubulin as a loading control (G, H). *p<0.05, **p<0.01 vs. pH 7.4.

those of the latter was observed. FAS protein was rarely detected
under normal or acidic conditions (Figs. 4G-H).

Since exposure of GC cells to acidity elevated expression of
DR4 and DR5 proteins, we explored whether the susceptibility of
such cells to TRAIL-induced apoptosis was heightened in acidic
environments. To this end, we pretreated GC cells with normal
growth medium or media of various acidic pH values for 48 h,
before exposing them to low concentrations of rhTRAIL for 6 h
and subsequently assessing apoptotic body formation. Treatment
with rthTRAIL at pH 7.4 only slightly elevated the rate of apopto-
sis, but thTRAIL-induced apoptosis was enhanced under acidic
conditions (Fig. 5). This promotion of apoptosis seemed to be at
least partially caused by upregulation of DRS5, since silencing of
this death receptor partly but significantly reduced the TRAIL-
associated increase in apoptosis, as detected by apoptotic body
formation (Fig. 6A) and caspase-8 and -3 activation (Figs. 6C
and D). However, DR4 knockdown had no significant effects on
acidity-promoted rhTRAIL-induced apoptosis, as assessed in the
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same manner (Figs. 6A-D).

DISCUSSION

It has been suggested that environmental acidity is a crucial
factor driving the development of incurable drug-resistant tumor
phenotypes. In this study, we attempted to elucidate the biology
of tumor cells under acidic extracellular conditions and sought a
strategy to overcome the detrimental effects of acidity on cancer
treatment. Extracellular acidity per se suppressed cell growth by
arresting cell cycle progression at the G1 phase, but did not signif-
icantly increase cell death. However, it also significantly affected
the cytotoxicity towards GC cells of multiple chemotherapeutic
drugs, as documented in other cancers [5].

In general, chemoresistance is associated with multifactorial
processes, such as inhibition of drug uptake, deletion or mutation
of receptors, alteration of metabolic processes targeted by drugs,

Korean J Physiol Pharmacol 2018;22(5):513-523
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of apoptotic cells is expressed as a percentage of the total number of cells counted. p<0.05 vs. pH 7.4.

and suppression of cell death mechanisms.

Although acidic microenvironment was reported to hinder the
uptake of weakly basic drugs, the cytotoxicity of all of the various
chemotherapeutic drugs used in this study was reduced, regard-
less of their ionic status in aqueous solution. Thus, it appears that
the reduced effectiveness of such drugs under low-pH conditions
is not only caused by decreased drug uptake, but also by other
factors, such as overexpression of cytoprotective proteins, includ-
ing HSPs, or induction of cell cycle arrest [25,26]. Indeed, extra-
cellular acidity altered the expression of multiple genes associated
with cell cycle regulation, apoptosis, and cancer malignancy in
the present study. Decreased cyclin DI and increased p21 mRNA
levels suggested suppression of cell cycle progression, and this was
confirmed by flow cytometric analysis, which revealed increased
numbers of cells in the G1 phase. In addition, extracellular acid-
ity led to elevated expression of genes encoding the autophagy
inducer ATG5 and molecular chaperone HSPA1B. In many cases,
induction of autophagy plays a role in preventing apoptosis [19-
21], and overexpression of molecular chaperones such as HSP72 is
related to cell survival and resistance to different environmental
stresses [22]. Acidity also resulted in upregulated expression of
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genes encoding the ECM components collagen XIIT and collagen
XXAL. Raised collagen expression in response to environmental
conditions is known to heighten resistance to cell death [23,24].
Therefore, these results appear to support the idea that envi-
ronmental acidity exerts anti-apoptotic effects through various
mechanisms. Acidity also induced expression of several genes
associated with metastasis, including SNAIL and ZEBI [27,28],
consistent with acidic environments exerting an oncogenic influ-
ence.

During the course of this study, it was found that low pH also
caused upregulation of apoptosis-inducing membrane death
receptors, including DR4 and DR5 both in mRNA and protein
levels in GC cells. Death receptors are members of the TNF re-
ceptor superfamily, and are activated upon interaction with their
ligand TRAIL [12]. TRAIL is currently being evaluated as a good
candidate for use as an effective and safe therapeutic agent. Pre-
clinical studies in mice have shown that TRAIL induced apopto-
sis of tumor xenografts without apparent toxicity [14]. Moreover,
it showed less toxicity than other members of apoptosis-inducing
death ligands such as TNFq, and Fas Ligand, which cause severe
side-effects such as endotoxin-induced septic shock and ERK1/2-
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Fig. 6. TRAIL-R2/DR5 plays an essential role in acidity-promoted rhTRAIL-induced apoptosis. (A, B) SNU-601 cells transfected with scrambled
small interfering RNA (CTL RNAI) were exposed to normal growth medium (pH 7.4) and those transfected with CTL RNAi, DR5 RNAi, or DR4 RNAi
were exposed to acidic culture medium (pH 6.5) for 42 h, before addition of 2 ng rhTRAIL and incubation for a further 6 h. The treated cells were then
stained with Hoechst 33342, and apoptotic bodies were counted under a fluorescence microscope (A). The silencing effect of each small interfering
RNA was confirmed by immunoblotting analysis of cells not administered rhTRAIL (B). (C, D) SNU-601 cells transfected with CTL RNAi, DR5 RNAi, or
DR4 RNAI were exposed to growth medium at pH 6.5 for 42 h, before addition of 2 ng rhTRAIL and incubation for a further 4 h. The treated cells were
subjected to a caspase-8 assay (C) and -3 activity assay (D). ‘p<0.05 vs. CTL RNAi- and rhTRAIL-treated cells.

related oncogenic activities [29,30]. However, recent studies
reveal that many primary cancer cells are resistant to TRAIL-
induced apoptosis due to various mechanisms, hindering its use
as an effective therapeutic agent [31]. Indeed, clinical trials did
not prove efficacy of TRAIL-based therapy, such as administra-
tion of recombinant TRAIL or agonistic monoclonal antibodies
targeting to the death receptors [32]. Thus, significant effort is
currently ongoing to seek a strategy to reverse this resistance.
One of common mechanisms of TRAIL resistance is improper
regulation of the death receptor signaling. Hence, a combination
of TRAIL or TRAIL receptor agonists with a sensitizer making
up for the defect has been evaluated as a strategy to overcome this
limitation. So far, various natural and synthetic compounds have
been screened for the activity as a potential TRAIL sensitizer, and
multiple candidates including quercetin, genistein, curcumin,
andrographolide and alkyllysophospholipid have been identified
[33-35]. One of their action mechanisms was shown to be upregu-
lation of the death receptor signaling either by suppressing the
inhibitory factors, such as c-FLIP or by elevating the death recep-
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tor expression [36,37]. Given this, we took notice of the ability of
acidity to upregulate the death receptor expression, and explored
whether this phenomenon influences TRAIL sensitivity. As ex-
pected, addition of rhTRAIL to acidic culture medium markedly
promoted apoptosis of GC cells. The TRAIL-sensitizing effect
of acidity was significantly affected by silencing of DR5 but not
DR4, indicating that the major role in this effect was played by
DR5. It may be due to the big difference in the expression levels of
these death receptors.

On the other hand, this acidity-induced DR upregulation ap-
pears to be a tissue-specific mechanism, since it has previously
been shown that extracellular acidity does not elevate DR expres-
sion in DU145 cells [38]. Interestingly, however, the researchers
that made this observation noted that extracellular acidity does
augment TRAIL-induced apoptosis, but through stimulation
of the mitochondrial apoptotic pathway. Therefore, their report
agrees with our present study, in that in both investigations,
TRAIL enhanced the apoptosis of tumor cells exposed to acidic
extracellular conditions, although the details of the mechanisms
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involved may differ.

Based on the findings of the present study, we propose that
TRAIL represents a promising local therapeutic option for gastric
cancers exposed to acidic environments, though further ad-
vanced studies are required.
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