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Extracellular acidity-induced expression of
Kallikrein-related peptidases 7 and 8 is involved in
increased invasiveness of gastric cancer cells
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Abstract. In several cancers, the acidic microenvironment
of cancer cells has been implicated in enhanced malignancy
and metastasis. In the present study, it was observed that
gastric cancer cell lines, SNU601 and AGS, exposed to an
acidic medium had increased invasiveness, as assessed using
Matrigel-coated Transwell analysis. The factors regulating
such acidity-mediated enhancement of invasiveness were
investigated and it was revealed that a low-pH environment
markedly increased kallikrein-related peptidase 7 (KLK7)
and kallikrein-related peptidase 8 (KLK8) expression.
Gene silencing assays confirmed that these peptidases were
involved in acidity-promoted invasion. Acidic conditions
also increased the expression of cyclooxygenases (COX), key
regulatory enzymes in the catalytic pathway of prostaglandin
production. Notably, these enzymes appeared to be involved
in the acidity-mediated expression of KLK7 and KLK8, as
revealed using COX inhibitors. Therefore, it was indicated
that tumor invasion enhancement by extracellular acidity is
regulated at least in part through the induction of the COX/
KLK7 and KLKS axis in gastric cancer cells.

Introduction

The ability to invade tissues and metastasize is the major cause
of cancer mortality (1-3). Although advances in understanding
cancer invasion and metastasis have revealed several important
potential molecular targets, treatment of cancer metastasis is
still limited. Metastasis occurs through a series of interrelated
steps of cell detachment, migration, invasion, and adhesion,
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and is controlled by multiple biochemical and signaling path-
ways. Metastatic processes have recently been suggested to be
significantly influenced by microenvironmental factors, such
as oxygen levels or pH.

Recent evidence has revealed that the pH of the micro-
environment of solid tumors is relatively acidic due to the
accumulation of lactic acid as a result of active aerobic and
anaerobic glycolysis (4). Such environmental acidity has been
reported to enhance malignant transformation, invasion, and
metastasis of several cancer cells. Exposure of melanoma
cells to acidic pH induced acid-resistant and invasive pheno-
types (5). Acidic environments also enhanced local invasion
and metastasis of human colon cancer cells (6,7). In addition,
acidity promoted the malignant progression, induction of
cancer stem cell phenotypes, and the epithelial-mesenchymal
transition in glioma and melanoma cells (8,9). Although
recent studies have revealed that acidity upregulate tran-
scription factors such as NF-kB and Twistl and is associated
with alterations in adherence junction proteins, including
E-cadherin, pl120-catenin, and p-catenin, the mechanism
by which acidity drives cancer cell invasion is not yet fully
understood (8,9).

Currently, multiple lines of evidence have revealed that
proteases are involved in cancer invasion and metastasis due
to their ability to cleave extracellular matrix components,
adhesion molecules, and cytokines (10). Kallikrein-related
peptidases (KLKs) are a subgroup of chymotrypsin-like
serine proteases composed of fifteen homologous members,
KLKs 1-15. KLKs regulate diverse essential physiological
processes, and certain KLK members act as signaling regu-
lators that control cell functions through specific membrane
receptors, the protease-activated receptors (PARs) (11-14).
Notably, several members have been reported to be overex-
pressed, and therefore, could serve as potential biomarkers for
diagnosis and prognosis, in various cancers including ovarian,
prostate, pancreatic and cervical cancer (15,16). Therefore,
KLKs have been extensively studied for their use as cancer
therapeutic targets (17). In the present study, it was revealed
that extracellular acidity markedly increased the expression
of KLK7 and KLKS in gastric cancer cell lines and the role
of these enzymes in the acidity-mediated invasiveness in these
cells was investigated.
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Materials and methods

Cell culture and pH adjustment. SNU-601 and AGS human
gastric cancer (GC) cells were obtained from the Korean
Cell Line Bank and the American Type Culture Collection,
respectively. Cells were cultured in RPMI-1640 medium
(Invitrogen; Thermo Fisher Scientific, Inc.) supplemented
with 10% (v/v) fetal bovine serum and 1% PS at 37°C in an
atmosphere containing 5% CO,. For preparation of acidic
pH medium, pH 7.4 RPMI-1640 medium containing 1% FBS
medium was prepared, and then adjusted to pH 6.5 or 6.2 by
adding 5SM HCl solution. Sulindac and NS398 were purchased
from Calbiochem; EMD Millipore. For Cox inhibition, cells
were exposed to pH 7.4, 6.5 and 6.2 in the presence of 20 uM
NS398 or 100 M sulindac for 72 h, and the treated cells were
harvested for western blot analysis or real-time PCR assay.

Invasion assay. To assay cell invasiveness, Matrigel-coated
Transwell chambers (Costar; Corning Incorporated) were used.
Cells in the logarithmic phase were incubated in RPMI-1640
medium containing 1% FBS, adjusted to pH 7.4, 6.5 or 6.2,
for 72 h, after which the number of viable cells that corre-
sponded to the equal absorbance detected in a standard curve
for a viability assay were obtained from each pH condition and
suspended in 1% FBS/RPMI-1640 medium adjusted to each
pH condition (pH 7.4, 6.5 or 6.2). Then ~200 ul of the cell
suspension was added to the upper portion of the insert, and
medium containing 5% FBS was added to the lower portion of
the inset. After 8 h (for AGS) and 18 h (for SNU601) of incuba-
tion at 37°C in 5% CO,, noninvasive cells were removed from
the upper surface of the Transwell membrane with a cotton
swab, and the invaded cells on the lower layer surface were
fixed by 4% formaldehyde for 15 at RT and stained with 0.5%
crystal violet solution for 10 min RT. The numbers of invaded
cells were counted under high-power magnification (x200) or
the images were obtained by image analysis software (analysis
FIVE; Olympus Corporation).

Before the invasion assay, a standard curve for viability in
each pH medium was prepared since exposure to acidic pH
medium decreased the number of viable cells. The number
of viable cells was determined as follows: Cells cultured for
3 days at each pH were trypsinized, resuspended in normal
pH medium and further incubated for the time required for
invasion measurement, and a standard curve for viability was
prepared using an MTT assay. Following MTT incubation,
the purple formazan crystals were dissolved using dimethyl
sulfoxide and viability was subsequently analyzed at a wave-
length of 595 nm. Based on these survival curves, the number
of cells corresponding to the same absorbance was calculated
and used for this assay.

Western blot analysis. Treated cells were lysed in either
a whole-cell lysis buffer (50 mM Hepes, 150 mM NaCl,
1% Triton X-100, 5 mM EGTA, protease inhibitor cocktail).
Protein determination was performed by BCA method. Equal
amounts of protein extracts (50 ug of protein per lane) were
electrophoretically separated using 10-12% SDS-PAGE and
transferred to a nitrocellulose membrane using a standard
technique. Blocking was performed by incubation in 3%
skim milk/0.1%Tween Tris-buffered saline for 30 min at 4°C.
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Antibodies were used to probe for KLK7 (dilution 1:500;
cat. no. sc-514447; Santa Cruz Biotechnology, Inc.), cyclo-
oxygenase (COX)2 (dilution 1:200; cat. no. 160112; Cayman
Chemical), KLKS (dilution 1:1,000; cat. no. ab150395; Abcam),
COX1 (dilution 1:500; cat. no. ab695; Abcam) and a-tubulin
(dilution 1:2,000; clone no. B-5-1-2; cat.no. 32-2500; Invitrogen;
Thermo Fisher Scientific, Inc.). The secondary antibodies used
were: Anti-rabbit HRP (dilution 1:2,500; cat. no. sc-2030; Santa
Cruz Biotechnology, Inc.), anti-mouse HRP (dilution 1:2,500;
cat. no. sc-2031; Santa Cruz Biotechnology, Inc.) were used.
Anti-a-tubulin was used as a loading control. Protein bands
were visualized with the Super Signal West Pico chemilumi-
nescence kit (Pierce Biotechnology; Thermo Fisher Scientific,
Inc.). Protein blots were quantified using Alpha Ease FC
software version 4.0 (Alpha Innotech). Signals were acquired
using an Image Station 4000MM image analyzer (Kodak).

RNA interference (RNAi). For the RNAI experiment, siRNAs
of KLK7, KLK8, COX1 and COX2, and a scrambled siRNA
control were purchased from Bioneer Corporation. Cells were
individually transfected with siRNA oligonucleotides using an
Amaxa™ Transfection System (Lonza Bioscience) and grown
for 24 h prior to exposure to acidic pH medium.

Real-time reverse transcription-polymerase chain reaction.
Real-time PCR was performed with the Light Cycler 2.0
(Roche Diagnostics) using the Fast Start DNA Master
SYBR-Green I Kit (Roche Diagnostics). 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 designed as follows: For
B-actin, 5-GACTATGACTTAGTTGCGTTA-3' and 5'-GCC
TTCATACATCTCAAGTTG-3', for COX1, 5-GGCGGG
TACATTTCTCCATC-3' and 5-CCTCATGTTTGCCTTCTT
TGC-3', for COX2, 5-AACACAACAGAGTATGCGA-3' and
5-GTGTTAAATTCAGCAGCAATACG-3". Primers of KLK7
(product no. P106933), KLKS8 (product no. P178536), matrix
metalloproteinase 7 (MMP7) (product no. P310408) and
matrix metalloproteinase 9 (MMP9) (product no. P323207)
were purchased from Bioneer Corporation. PCR was
conducted at 95°C for 10 min, followed by 45 cycles of 95°C for
15 sec, 60°C for 5 sec, and 72°C for 7 sec. Melt curve analysis
was performed to confirm that a single product was present.
Negative controls without template were included in each run.
Data were analyzed using Light Cycler software version 4.0
(Roche Diagnostics). The 224% method was used for analysis
of relative gene expression (18).

Detection of KLKs in cell culture supernatants. Cells were
incubated in RPMI-1640 medium containing 1% FBS,
adjusted to pH 7.4, 6.5 or 6.2, for 72 h, after which culture
medium was obtained and release of KLK7 and KLK8
from cells was assessed using a specific sandwich-type
ELISA assay according to established procedures with some
modifications (19). Briefly, 96-well polystyrene plates were
coated with 500 ng/well of a specific capture antibody. After
overnight incubation, the plates were washed and 50 ul of
culture supernatant or standard and an equal volume of assay
buffer were added and incubated for 2 h. Plates were washed
and biotinylated antibodies were subsequently added. After
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Figure 1. Acidic culture conditions increase invasion of GC cells. (A and B) SNU601 and (C and D) AGS cells exposed to normal (pH 7.4) or acidic (pH 6.5
and 6.2) medium for 3 days were seeded in the Matrigel-coated inner wells of Transwell plates. After 18 h for SNU601 and 8 h for AGS, invaded cells were
detected (A and C) under a microscope or (B and D) the number of invaded cells were counted. (E and F) SNU601 and (G and H) AGS cells exposed to growth
medium adjusted to pH 7.4, 6.5 or 6.2 for 3 days were harvested and the mRNA expression of the genes encoding (E and G) MMP7 and (F and H) MMP9 was
analyzed by real-time PCR. "P<0.05, “P<0.01 vs. pH 7.4. GC, gastric cancer. MMP7, matrix metalloproteinase 7; MMP9, matrix metalloproteinase 9.

incubation and washing, alkaline phosphatase-conjugated
streptavidin was added. Then, diflunisal phosphate stock
solution and terbium-based detection solution were added, and
fluorescence was assessed with a fluorometer (Perkin-Elmer).
Calibration and data reduction were performed automatically.

Statistical analysis. All numerical data are presented as
the mean + SE of at least three independent experiments.
Student's t-test was used for simple comparisons, and one-way
ANOVA with Tukey's post hoc test was applied for multiple
comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Incubation in acidic culture medium increases GC cell
invasion. Previous research has revealed that extracellular
acidity induces tumor growth, invasion, and metastasis. It was
observed that incubation of gastric cancer cell lines AGS and
SNUG60LI in an acidic pH medium triggered increased invasion
of the cells compared to those cultured in normal-pH medium.
To detect invasiveness, cells were cultured in culture medium
adjusted to pH 7.4, 6.5, and 6.2 for 72 h, then the same number
of viable cells were obtained and added onto the upper portion
of Transwell plates which were coated with Matrigel. After
8 h for AGS and 24 h for SNU601 cells, the number of cells
that invaded to the lower chamber was counted. The results
revealed that the number of cells invading to the lower portion
of the Transwell plates increased in the acidic environment
(Fig. 1A-D). In addition, the mRNA levels of proteolytic

enzymes MMP7 and MMP9, which are known to be involved
in cancer cell invasion, were increased, as assessed by real-time
PCR (Fig. 1E-H).

Cells cultured in acidic medium increase expression of
KLK7 and KLKS. Proteases play crucial roles in cancer inva-
sion and metastasis due to their proteolytic activity to cleave
extracellular matrix and adhesion molecules. Although
MMPs are known to be essential proteases mediating cell
invasion, a possible involvement of other proteases in cancer
cell invasion under an acidic environment was explored.
Notably, it was revealed that the levels of KLK7 and KLK8
were significantly increased in acidic culture conditions.
Acidic pH culture conditions significantly increased the
mRNA levels of KLK7 and KLKS in both gastric cancer cell
lines (Fig. 2A-H). To assess whether increased mRNAs of
KLK?7 and KLKS led to increased protein levels, immunoblot
assays were performed using cell lysates. When the cells
were incubated in acidic medium, the protein levels of KLKS
increased but those of KLK7 decreased (Fig. 2I and J). Since
KLKs are proteases mainly secreted into the extracellular
space, the protein levels of KLK7 and KLK8 released into
the medium were also examined using an ELISA assay.
As the pH decreased, the amounts of KLK7 and KLKS
proteins released into the medium significantly increased
(Fig. 2K and L). Thus, acidity induced the expression and
secretion of KLK7 and KLKS.

Elevation of KLK7 and KLKS is linked to acidity-induced
invasion. Since KLK family members have been revealed
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Figure 2. Acidic culture conditions increase expression of KLK7 and KLKS. (A-D) SNU601 and (E-H) AGS cells exposed to normal (pH 7.4) or acidic (pH 6.8,
6.5 and 6.2) medium for (A, C, E and G) 48 h or (B, D, F and H) 72 h were harvested and the mRNA expression of the genes encoding (A, B, E and F) KLK7
and (C, D, G and H) KLK8 was analyzed by real-time PCR. SNU601 and AGS cells exposed to pH 7.4, 6.8, 6.5 and 6.2 for 72 h were collected and total
protein extracts were prepared by cell lysis and analyzed by (I and J) immunoblotting with antibodies against KLK7 and KLK8 or medium was subjected
to (K and L) ELISA assay to assess secreted KLK7 and KLKS8. “P<0.05, “P<0.01 vs. pH 7.4. KLK7, kallikrein-related peptidase 7; KLK8, kallikrein-related

peptidase 8.

to be involved in malignant phenotypes of certain cancers, it
was hypothesized that increased KLK7 and KLKS in acidic
environments would play a role in the acidity-mediated inva-
sion of these cancer cells. To examine this, cells treated with
siRNAs specifically silencing KLK7 or KLKS8 were exposed to
acidic medium. Cells in which KLK7 or KLK8 were silenced

exhibited low invasiveness after incubation in acidic (pH 6.5)
culture medium (Fig. 3A and B). The silencing efficiency of
the KLK7 and KLK8 siRNAs was confirmed by decreased
protein levels (Fig. 3C and D). Thus, increased expression of
KLK7 and KLKS appears to be linked to the enhanced inva-
siveness of gastric cancer cells.
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Figure 3. Knockdown of KLK7 and KLKS decreases acidity-induced migration and invasion. (A and C) SNU601 and (B and D) AGS cells transfected with
scrambled small interfering RNA (siCTL), siKLK?7, or siKLK8 were exposed to pH 6.5-adjusted medium for 72 h. (A and B) Equal amounts of viable cells
were placed into the inner wells of Matrigel-coated Transwell plates, and the invaded SNU601 and AGS cells were detected after further incubation for 18 h
and 8 h, respectively. (C and D) The silencing effect of each siRNA was confirmed by immunoblot analysis after transfection followed by incubation at pH 6.5
for 48 h. “P<0.05 vs. siCTL. KLK7, kallikrein-related peptidase 7; KLKS8, kallikrein-related peptidase 8.
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Figure 4. Acidic culture conditions increase the expression of COX1 and COX2. Cells exposed to medium adjusted to pH 7.4, pH 6.5, or pH 6.2 for (A and B) 48 h
or (C) 72 h were harvested and the mRNA expression of the genes encoding COX1 and COX2 was analyzed by (A and B) real-time PCR or by (C) immunoblot-
ting with antibodies against COX1 and COX2. "'P<0.05, “P<0.01 vs. pH 7.4. COX, cyclooxygenase.

Induction of COX1 and COX?2 is involved in acidity-mediated
KLK7 and KLKS expression. To understand the regulatory
mechanisms involved in acidity-mediated KLK7 and KLKS8
expression, potential upstream regulators were examined.
Previously, acidity was revealed to stimulate inflammatory
responses via the cyclooxygenase (COX) pathway. Consistent
with a previous study, acidic culture conditions elevated mRNA
and protein levels of COX2 in both GC cell lines (20). In addi-
tion, the mRNA and protein expression of COX1, a constitutive
isoform, increased (Fig. 4). Thus, the role of COXs in KLK
induction was examined by assessing the effect of COX inhibi-

tors on the expression of KLK7 and KLKS. Upon exposure
to sulindac, a broad COX inhibitor, acidity-induced mRNA
expression of KLK7 and KLK8 was reduced. In contrast,
exposure to selective COX2 inhibitor NS398 had little effect
on the level of these peptidases (Fig. SA-D). Likewise, the
effect on cellular invasion at acidic pH was partially reduced
by sulindac, but not by NS398 (Fig. SE and F). This indicated
that the COX pathway is involved in acidity-induced KLK7 and
KLKS8 expression, and that COX1 plays a more important role
than COX2 in the expression of KLK7 and KLKS. To confirm
this, cells transfected with siRNAs silencing COX1 or COX2
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Figure 5. General COX inhibitor, sulindac reduces acidity-induced KLK7 and KLKS8 expression, and invasion of GC cells. (A-D) Cells were exposed to pH 7.4,
6.5 and 6.2 in the absence or presence of 20 M NS398 or 100 M sulindac for 72 h, and the mRNA expression of the genes encoding KLK7 and KLK8 was
analyzed by real-time PCR. (E and F) Cells exposed to pH 6.5 in the absence or presence of 20 xM NS398 or 100 M sulindac for 72 h was counted and equal
amounts of viable cells were placed into the inner wells of Matrigel-coated Transwell plates, and the invasive ability was assessed by counting cells invading
through the membrane after further incubation of 18 h for SNU601 and 8 h for AGS cells. "P<0.05 vs. vehicle. COX, cyclooxygenase; KLK7, kallikrein-related

peptidase 7; KLKS, kallikrein-related peptidase 8.

were exposed to acidic culture medium, and the silencing effi-
ciency was confirmed by decreased protein levels (Fig. 6C).
Knockdown of COX1, but not COX2 partially reduced the
mRNA expression of KLK7 and KLKS (Fig. 6A and B).

Discussion

Previously, we reported that acidic culture conditions are
associated with a decrease in cell growth and an increase in

chemoresistance of gastric cancer cells (20). In the present
study, it was demonstrated that gastric cancer cells surviving
in low-pH environments (pH 6.5 and 6.2) were more inva-
sive than cells cultured at normal pH, in line with previous
studies revealing that extracellular acidity can enhance
carcinogenesis and cancer progression by promoting local
invasion and metastasis of the tumor (6,7). Although, mild
acidic pH ranges were selected to focus on the acidic pH that
is formed inside solid cancer tissue in this study, in future
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studies the effect of lower pH, such as that in the stomach,
will be investigated.

An acidic environment can affect the expression of multiple
genes in tumor cells. In searching for factors contributing to
acidity-mediated invasion, it was revealed that the expres-
sion of certain proteases was induced by acidity. Evidence
collected over the past several years has revealed that prote-
ases play an essential role in invasion and metastasis of tumor
cells because they break bonds with surrounding cells or
tissues and degrade the extracellular matrix, thereby allowing
tumor cells to penetrate through physical barriers (21). Thus
far, various proteases, including cathepsin B, cathepsin D,
the urokinase-type plasminogen activator, and several matrix
metalloproteases, have been revealed to be involved in tumor
invasion and metastasis (22,23). In the present study, it was
revealed that GC cells exposed to acidic culture medium had
markedly increased expression of KLK family members KLK7
and KLK8, and a considerable amount of these peptidases was
secreted into extracellular space. Through siRNA-based gene
silencing, it was revealed that these peptidases are involved
in the promotion of acidity-mediated migration and invasion.

KLK family members are known to be involved in
the regulation of various physiological and pathological
processes in human tissues, and certain KLKs play roles in
releasing cell-cell adhesion through proteolytic cleavage
of junctional proteins, such as desmosomal cadherins (24).
Alteration of KLK7 levels is known to be linked to several
skin disorders, including dermatitis, psoriasis, and Netherton
syndrome (25-27). Notably, overexpression of KLKs is often
linked to aggressive phenotypes in multiple cancers. A recent
study revealed that an increased KLK7 level was linked to
increased proliferation of colorectal cancer cells and associ-
ated with poor prognosis or short survival in colon, ovarian
and pancreatic cancers (28-30). Furthermore, KLK7 has
been described as being potentially involved in metastasis

in colorectal and pancreatic cancer, and melanoma (31-34).
KLKS, found in numerous normal tissues as well as in body
fluids, is also implicated in a variety of malignant tumors,
including ovarian, cervical, salivary gland, and lung cancers
when aberrantly expressed (35-39). In addition, overexpression
of KLKS is considered to be a potential independent prognostic
indicator for CRC. The study on KLK7 and KLKS is still in
the beginning step, and to the best of our knowledge, this is
the first study revealing that KLK7 and KLKS8 are involved
in acidity-mediated gastric cancer cell invasion. Although the
link between gastric cancer and KLK7 and KLKS8 has not
been reported, a previous study indirectly supported the tumor
promoting role of KLK7 in gastric cancer, in which inhibition
of the growth of transplanted gastric cancer by cisplatin was
accompanied by reduction of KLK7 expression (40).

Nevertheless, some studies have demonstrated the opposite
effect of KLK7 and KLKS8 on cancer. For example, high levels
of KLK7 were linked to decreased proliferation in melanoma
and a favorable prognosis in melanoma patients (41,42).
Increased KLK8 was associated with either a favorable prog-
nosis or no effect on patient outcomes in ovarian cancer (43,44).
Since the invasion process requires protease activity to cleave
tumor cells from surrounding cells or the extracellular matrix,
regulation of cancer cell invasion by KLK may be directly
linked to the action of the downstream substrates of KLKs,
such as E-cadherin, fibronectin, laminin, IGFBP3, and
midkine. Thus, these discrepancies are likely explained by the
dominant substrates available for KLK7 or KLK8 in specific
environments, although the exact roles of KLK7 and KLKS in
specific cancer tissues and pH environments requires further
investigation through in vivo studies.

Although various important functions of KLKs have been
identified, regulatory mechanisms involving KLK expres-
sion have not yet been elucidated. In the present study, it was
observed that acidic pH conditions increased the expression
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of COX1 and COX2 in GC cells. It was hypothesized that the
acidity would regulate KLK7 and KLK8-mediated invasive-
ness through COX induction. Previously, acidity-induced
COX2 expression was also observed in oral cells (45). COX
is well established to play a crucial role in a wide range
of inflammatory responses, in which acidity also plays
roles. Extracellular acidity triggers activation of immune
responses in multiple immune cells, endothelial cells, and
fibroblasts (46-48), and many chronic inflammatory diseases
involve acidic pH regions (49). Notably, the inflammatory
response acts as a critical factor affecting carcinogenesis and
cancer progression. Therefore, the present study may provide
an explanation for the induction of inflammatory responses
and the increase in tumor invasion in acidic environments, and
in further study, a more specific link between acidity-mediated
inflammation and tumor invasiveness is under investigation
by evaluating the expression of inflammatory-related genes
including interleukin 8 and c-Myc.

In the present study, it was demonstrated that an acidic
environment could increase COX1-regulated KLK7 and KLKS8
expression, and this event contributed to the acidity-induced
promotion of GC cell invasion. This study indicates KLK7 and
KLKS as potential targets for anticancer therapies in acidic
tumor microenvironments.
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