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Background: In patients with gastric cancer, one of the greatest obstacles to effective
chemotherapy is the development of chemoresistance. It has been previously reported that
hypoxia-inducible factor-1 alpha (HIF-1a) is associated with acquisition of chemoresistance,
and more recent studies have also noted an association of pyruvate kinase muscle 1 (PKM1)
and chemoresistance. The purpose of this study was to identify the effect of HIF-1ct and PKM1
expression on the development of acquired chemoresistance using a paclitaxel (PTX)-resistant
gastric cancer cell line.

Materials and methods: A cancer cell line resistant to PTX was established from MKN45
cells by stepwise exposure to drug (rMKN45-PTX). The expressions of HIF-1c., apoptosis,
vascular endothelial growth factor (VEGF), multidrug transporters and glycolytic enzyme were
examined by Western blotting, enzyme-linked immunosorbent assay and immunohistochemistry.
We also assessed the tumor proliferation by subcutaneous tumor and peritoneal dissemination
of mouse xenograft model.

Results: The resistance index was 6.1 by determining as the ratio of the 50% growth inhibition
(IC,,)) of IMKN45-PTX/IC,, of MKN45. Expression of nuclear factor kappa B and HIF-1c.
was increased in rMKN45-PTX cells compared with the parent cells. Expression of Bax and
caspase-3 was significantly downregulated, whereas expression of Bcl-xL, P-glycoprotein, mul-
tidrug resistance-associated protein and VEGF was increased in rMKN45-PTX. The expression
level of PKM1 was upregulated in rMKN45-PTX, leading to an increase in the PKM1/PKM?2
ratio. Using xenograft models, we demonstrated that mouse subcutaneous tumors derived from
rMKN45-PTX were significantly larger than those derived from MKN45 cells.

Conclusion: Under the stress of chemotherapeutic agent exposure, high expression of HIF-1ot
affects various downstream genes. Although the underlying mechanism is unknown, our data
suggest that PKM1 is also a molecular target for gastric cancer treatment.
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Introduction
Gastric cancer is the fourth most commonly diagnosed cancer and the second leading
cause of cancer death worldwide.! Most patients in the advanced stages of disease are
treated with chemotherapy to prolong their survival. However, even if the regimen is
effective, the cancer becomes chemoresistant with repeated treatment? and new strate-
gies to counter chemoresistance in gastric cancer are therefore required.

Acquisition of chemoresistance is a complex and multifactorial phenomenon related
to the tumor microenvironment, and the mechanism has not been fully elucidated.
Cancer cell lines with resistance to anticancer drugs can provide valuable model systems
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to investigate the detailed molecular mechanisms. However,
to date there have been few reports about the establishment
of cancer cell lines resistant to anticancer drugs.>

Paclitaxel (PTX), a member of the taxane family, is a
diterpenoid compound obtained from Taxus brevifolia.” Tt
disturbs depolymerization of microtubules in malignant cells®
and thereby inhibits cell division and triggers apoptosis.’
Because PTX is one of the most commonly used therapeutic
agents in gastric cancer patients, it is necessary to develop
new methods of overcoming resistance to PTX in clinical
practice.

Previous experimental studies showed that hypoxia-
inducible factor-1 alpha (HIF-1o) may be a factor involved
in acquisition of chemoresistance.!*!¢ In various cancer,
HIF-1a is the aryl hydrocarbon receptor nuclear transloca-
tor that forms a functional complex with B subunits under
hypoxia, which transactivates more than 60 genes associated
with angiogenesis, apoptosis and cell proliferation.!!2

Furthermore, nuclear factor kappa B (NF-kB) also
may be linked to chemoresistance.”* The NF-kB family is
composed of the transcription factors that regulate the HIF
system (NF-xB/HIF-10 pathway).'* Liu et al demonstrated an
association between HIF-10 expression and activation of the
NF-xB signal pathway in chemoresistance acquisition using
the vincristine-resistant gastric cancer cell line SGC7901/
VCR.® It was recently noted that genes related to cancer
metabolism such as pyruvate kinase muscle 1 (PKM1) may
also play an important role in chemoresistance acquisition.'¢

The purpose of this study was to elucidate the molecular
mechanisms associated with HIF-1o. and PKM1 that lead to
acquired chemoresistance using a newly established PTX-
resistant gastric cancer cell line.

Materials and methods

Antineoplastic agent

PTX was kindly provided by Bristol-Myers Squibb Co.
(Tokyo, Japan). PTX was reconstituted in distilled water at
appropriate concentrations and stored at —20°C until use. The
reagent was used as recommended by this supplier.

Cell lines and cell culture

The gastric cancer cell line used in this study was MKN45,
which was purchased from American Type Culture Collection
(Rockville, MD, USA). Cells were maintained in RPMI-
1640 medium supplemented with 10% fetal bovine serum,
penicillin (100 U/mL) and streptomycin (100 pg/mL). The
cells were maintained in a humidified atmosphere of 5%
CO,in air at 37°C.

Establishment of PTX-resistant cancer

cell lines

PTX-resistant cells were established by exposure to increas-
ing concentrations of PTX similar to the previously described
method.*¢ MKN45 cells were initially cultured in RPMI con-
taining PTX at a concentration of 0.1 nM and subsequently
subcultured with increasing concentrations of PTX. Once
surviving cells reached 80% confluence, they were passaged
twice in the same concentration of PTX, after which the pro-
cess was repeated with increasing doses of PTX until a cell
population was selected that demonstrated more than three
times of 50% growth inhibition (IC, ) to PTX than the paren-
tal cell line. The resultant cell line that grew under the high
concentrations of PTX was made as a drug-resistant gastric
cancer cell line and named rMKN45-PTX. rMKN45-PTX
used in this study was selected from a culture dish almost 1
year later. Experiments were performed after culturing for 2
weeks under the absence of PTX.

3-(4,5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay
The viability of cancer cells was determined by the MTT
assay. Cells were seeded at 4 x 10° per well in 96-well plates
and incubated overnight at 37°C in a humidified environ-
ment containing 5% CO,. PTX was dissolved in phosphate-
buffered saline (PBS) and added to the cell culture medium at
various concentrations (0—100 nM). After 48 h of treatment,
the supernatant was discarded and MTT solution was added
to each well (500 pg/mL final concentration) and incubated at
37°C for 3 h. Then, the supernatant was removed, and 150 uL
of DMSO (Wako, Tokyo, Japan) was added. The absorbance
of the solution was read at a wavelength of 535 nm using
a microplate reader (Bio-Rad 550; Bio-Rad, Hercules, CA,
USA). Cell viability was calculated as follows: viability =
(absorbance of experimental wells)/(absorbance of control
wells). All experiments were repeated at least three times.
The IC,, of each chemotherapeutic drug was determined as
the drug concentration showing 50% cell growth inhibition
compared with the control cell growth. The resistance index
(RI) was calculated as the IC,, of IMKN45-PTX/the IC,, of
MKN45. Chemoresistance of cancer cell lines was defined
by a RI of 3.0 or greater.

Flow cytometric analysis of cell cycle

distribution

Single-cell suspension was collected, washed with cold PBS
three times and fixed with 70% ethanol at 4°C overnight.
After centrifugation, the supernatant was discarded and
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the cells were washed twice with cold PBS. The cells were
then stained with propidium iodide. The sub-G0/G1, S and
G2/M phase fractions of 2 x 10* cells were determined by
flow cytometry using a FACS Caliber (Becton Dickinson).

Western blotting

Approximately 5 x 10 cells were lysed in RIPA buffer con-
taining 1% protease inhibitor cocktail (Sigma-Aldrich Co.).
The protein concentration of each sample was measured using
a BCA protein assay kit (Pierce Biotechnology, Waltham,
MA, USA). In total, 20 pg of protein from each sample was
loaded onto 12.5% SDS-PAGE gels and subjected to electro-
phoresis. Proteins were transferred to polyvinylidene fluoride
membranes (Bio-Rad Laboratories Inc., Hercules, CA, USA)
and blocked with commercial gradient buffer (0.1% Tween-
20; EZ Block; ATTO Corporation, Tokyo, Japan) at room
temperature for 30 min. Blots were incubated overnight at
4°C with each primary antibody (see following text) and then
incubated for 1 h with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies. The antibody—anti-
gen complexes were detected with an ECL Western blotting
detection kit (GE Healthcare Japan Ltd., Japan) and a Light-
Capture system (ATTO Corporation, NY, USA). To ensure
equal protein loading, B-actin levels were measured using
an anti-B-actin monoclonal antibody. We performed Western
blot analysis by using same cell lysate. Primary antibodies
against the following proteins were used: HIF-1a (rabbit
polyclonal IgG, diluted 1:500; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), Bax (rabbit monoclonal IgG, diluted
1:200; Abcam, Cambridge, UK), Bcl-xL (rabbit monoclonal
IgG, diluted 1:1000; Abcam), caspase-3 (rabbit polyclonal
IgG, diluted 1:1000; Abcam), multidrug resistance-associated
protein (MRP; mouse polyclonal IgG, diluted 1:500; Abcam),
P-glycoprotein (P-gp; rabbit polyclonal IgG, diluted 1:1000;
Abcam), PKM1 (rabbit polyclonal IgG, diluted 1:500; Novus
Biologicals), PKM2 (rabbit polyclonal IgG, diluted 1:1000;
Abcam), vascular endothelial growth factor (VEGF; rabbit
polyclonal IgG, diluted 1:1000; Santa Cruz Biotechnology,
Inc.) and B-actin (mouse monoclonal IgG, diluted 1:10,000;
Sigma-Aldrich Co.).

Enzyme-linked immunosorbent assay

(ELISA)

Serum-free conditioned media (SF-CM) was prepared from
rMKN45-PTX and MKN45 cells as previously reported.!”
Briefly, 1.0 x 10° cells were seeded into 100 mm tissue culture
dishes with 10 mL RPMI supplemented with 10% FBS and
incubated at 37°C for 3 days. To obtain SF-CM, the cells were

washed twice with PBS and then incubated for 2 days with 5
mL of serum-free RPMI. SF-CM was harvested, centrifuged
at 1500 x g for 5 min and passed through a filter (pore size:
0.45 pm). The concentration of VEGF was measured by
ELISA (Quantikine; R&D Systems, Wiesbaden, Germany)
according to the manufacturer’s instructions.

Mouse xenograft model

All animal experiments were performed according to standard
guidelines of Kanazawa University. All procedures followed
were in accordance with the ethical standards of the respon-
sible committee on human experimentation (institutional and
national) and with the Helsinki Declaration of 1964 and later
versions. The study was approved by the Research Ethics
Committee of Kanazawa University. Female immunocom-
promised BALB/c-nu/nu mice (Charles River Laboratories
Inc., Yokohama-shi, Japan) aged 4—6 weeks were maintained
in a sterile environment. For the subcutaneous model, a total
of 5 x 10° MKN45 and rMKN45-PTX cells in 100 pL of
RPMI were subcutaneously injected into the dorsal side of
each mouse on day 0. The left dorsal side was injected with
MKN45 and the right side was injected with IMKN45-PTX.
Animals were carefully monitored and tumors of five sample
were measured every 4 days. The tumor volume (V) was
calculated according to the formula V' = AB?%/2, where A4 is
the length of the major axis and B is the length of the minor
axis. For the peritoneal dissemination model, 5 x 10° cells in
1,000 pL of RPMI were intraperitoneally injected into nude
mice on day 0. After 14 days, mice were anesthetized with
diethyl-ether and sacrificed, and the tumors and abdominal
organs were excised together. Tumor specimens were then
collected for immunohistochemical examination.

Immunohistochemistry

Tumor specimens were fixed in 10% neutral buffered for-
malin and embedded in paraffin. The expression levels of
NF-kB p65 (mouse monoclonal IgG, diluted 1:100; Santa
Cruz Biotechnology, Inc.), VEGF (rabbit polyclonal IgG,
diluted 1:100; Santa Cruz Biotechnology, Inc.), Ki-67 (mouse
monoclonal IgG, diluted 1:100; DakoCytomation, Glostrup,
Denmark), PKM1 (rabbit polyclonal IgG, diluted 1:500;
Novus Biologicals) and PKM2 (rabbit polyclonal IgG, diluted
1:1000; Abcam) were assessed immunohistochemically.
Deparaffinized sections were pretreated by autoclaving in
10% citric acid buffer (pH 8.0) at 120°C for 15 min. Fol-
lowing treatment with protein block serum (DakoCytoma-
tion, Kyoto, Japan) for 10 min and incubation with 2% skim
milk for 30 min to block non-specific reactions, sections
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were incubated with primary antibody at 4°C overnight.
The Envision-polymer solution (horseradish peroxidase,
DakoCytomation) was then applied for 1 h. Sections were
examined using a fluorescence microscope (Olympus, Tokyo,
Japan). The Ki-67 index was calculated as a percentage of
expression within the whole section in all samples using a
BZ-9000 BZII microscope (Keyence, Osaka, Japan).

Statistical analysis

Values are expressed as mean = SD. Comparisons were made
using one-way analysis of variance or Student’s #-test using
SPSS statistical software, version 11.0 (SPSS). In all analy-
ses, P < 0.05 indicated statistical significance.

Results
Establishment of PTX-resistant gastric

cancer cell line

To obtain a PTX-resistant cell line, MKN45 cells were treated
with increasing concentrations of PTX up to 20 nM. The IC,
value of PTX for MKN45 was 5.9 nM. By contrast, the IC_
level for IMKN45-PTX was 36 nM. RI calculated as the
ratio of the IC, level of IMKN45-PTX/IC50 of MKN45 was
6.1 (Figure 1, Table 1). Since the RI of IMKN45-PTX was
greater than 3.0, this cell line was successfully established
as a chemoresistant cancer cell line and was used for further
investigation. Regarding morphologic appearance under a
light microscope, rMKN45-PTX formed spheroid bodies,
in contrast to MKN45 (Figure 2).

1.2
1 MKN45
> 0.8 rMKN45-PTX
%
206
3
0.4
0.2
0
0 1 5 10 30 50 100

PTX concentration (nM)

Figure | Drug sensitivity of rMKN45-PTX and MKN45 by MTT assay.
Note: Results are mean values from five experiments.
Abbreviations: MTT, 3-(4,5-dimethylthiazol-2-yl)-2,
bromide; PTX, paclitaxel.

5-diphenyltetrazolium

Cell cycle distribution

Our results showed no significant differences between
rMKN45-PTX and the parent cell line in the proportion of
cells in GO/G1 phase (66.2% vs. 58.6%, N.S.) and G2/M
phase (17.3% vs. 21.4%, N.S.) (Figure 3). Results are rep-
resentative data of three different experiments.

Expression of HIF-1o and

chemoresistance-related proteins

Western blotting results revealed that the expression level
of HIF-1o in rIMKN45-PTX was significantly higher than
that in MKN45 as shown in Figure 4. rMKN45-PTX cells
showed upregulation of the antiapoptotic protein Bcl-xL
and downregulation of the proapoptotic protein Bax and the
effector enzyme caspase-3 in comparison with the parental
cells (Figure 5A). Also, the expression of P-gp, MRP and
VEGF was increased in rMKN45-PTX compared with the
parent cells (Figure 5A). We also used ELISA to measure
the level of VEGF in the culture media and showed that
rMKN45-PTX had elevated levels of VEGF compared
with MKN45 (Figure 5B). The expression level of PKMI
was upregulated in rMKN45-PTX compared with the par-
ent cells. By contrast, the expression level of PKM2 was
almost identical to that of the parent cells (Figure 6A). As a
result, the PKM1/PKM2 ratio was significantly increased in
rMKN45-PTX (Figure 6B). B-Actin was used as an internal
control loading in each lane. Results are representative data
of three different experiments.

Table | Establishment of drug-resistant cancer cell line

Cell line IC,, Final concentration RI
MKN45 59 - -
rMKN45-PTX 36 20 nM 6.1

Notes: Rl = IC,  of rIMKN45-PTX/IC,  of MKN45. “~” indicates data not available.
Abbreviations: ICSO. 50% growth inhibition; PTX, paclitaxel; Rl, resistance index.

A B

MKN45 rMKN45-PTX

Figure 2 Morphologic differences between MKN45 (A) and rMKN45-PTX (B)
under light microscope.

Note: rMKN45-PTX formed spheroid bodies (magnification x40).

Abbreviation: PTX, paclitaxel.
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Figure 3 Cell cycle distribution.
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Notes: There were no significant differences in the percentage of cells in GO/G| phase (A) and G2/M phase (C) between rMKN45-PTX and MKN45 compared with S phase

(B). Results are the mean of three experiments.
Abbreviation: PTX, paclitaxel.

MKN45  rMKN45-PTX
HIF-1o; —
BACIN  — —

Figure 4 Western blot analyses of HIF-1c.. B-Actin was used as an internal control.
Note: Increased expression of HIF-10 was observed in rMKN45-PTX cells.
Abbreviations: PTX, paclitaxel; HIF-10., hypoxia-inducible factor-1 alpha.

A MKN45 rMKN45-PTX B *
Bax 23,000
22500
Bel-xL s
S 2,000
©
Caspase-3 £1 500
£1,
o
P-gp § 1,000
L
MRP a 500
> 0
VEGF MKN45  rMKN45-PTX
B-Actin

Figure 5 (A) Western blot analysis of Bax, Bcl-xL, caspase-3, P-gp, MRP, VEGF
and B-actin in MKN45 and rMKN45-PTX. Expression of Bax and caspase-3 was
significantly downregulated, whereas expression of Bcl-xL, P-gp, MRP and VEGF was
increased in rMKN45-PTX. The average signal intensity was standardized to that of
B-Actin. (B) VEGF levels in gastric cancer cells were measured by an ELISA system.
Notes: Values represent mean = SD (n = 3). *P < 0.05.

Abbreviations: P-gp, P-glycoprotein; MRP, multidrug resistance-associated
protein; VEGF, vascular endothelial growth factor; PTX, paclitaxel.

Tumor proliferation and progression

To examine proliferation and carcinogenesis of the drug-
resistance cell line, we used a mouse xenograft model
and evaluated the subcutaneous tumor volume. The time
course of tumor growth is shown by the quantification of
volume (Figure 7A and B). Tumors derived from rMKN45-
PTX cells were significantly larger than those derived

MKN45 rMKN45-PTX PKM1/PKM2
PKM1 *
25
PKM2 2.0
2
B-Actin 15
1 1
0.5
0

MKN45 rMKN45-PTX

Figure 6 (A) Western blot analysis of PKM| and PKM2. B-Actin was used as an
internal control. (B) PKMI/PKM2 ratio calculated based on densitometric values of
PKMI and PKM2.

Notes: The PKMI/PKM2 ratio is presented relative to that of MKN45 cells (taken
as 1.0). *P < 0.05.

Abbreviations: PKM, pyruvate kinase muscle; PTX, paclitaxel.

from MKN45 cells when measured at day 28 (P < 0.05).
As shown in Figure 8, the number and size of peritoneal
dissemination nodules tended to be larger in rMKN45-
PTX-injected mice than in MKN45-injected mice. Both
tumor number and weight were significantly higher in
rMKN45-PTX mice.

Histological examination of xenograft

tumors

NF-xB immunoreactivity was increased in rMKN45-PTX
tumors compared with MKN45 tumors (Figure 9A). VEGF
expression in subcutaneous tumors derived from rMKN45-
PTX cells was significantly higher than that in tumors from
MKN45 cells (Figure 9A). Tumors from rMKN45-PTX
exhibited increased expression of Ki-67 (Figure 9A and B)
and PKM1, although the expression of PKM2 was almost
the same in both tumors (Figure 9A). Peritoneal dissemina-
tion tumors showed the same pattern of expression (data
not shown).
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MKN45

28

MKN45rMKN45-PTX

Figure 7 (A) Growth of tumors derived from rMKN45-PTX and MKN45. Tumor volume was measured every fourth day. (B) Representative images depicting the

macroscopic appearance of the tumors at day 28.
Notes: Results are expressed as the mean + SD (n = 5). *P < 0.05.
Abbreviation: PTX, paclitaxel.

MKN45 rMKN45-PTX

Number of total tumor

w

N
[

N
o

-
[¢)]

-
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1.4

1.2

0.8

0.6

0.4

Weight of total tumor (g)

0.2

MKN45 MKN45-PTX MKN45 MKN45-PTX

Figure 8 (A) Representative images depicting the macroscopic appearance of the tumors at day 14. Tumors were present in the peritoneal cavity (arrow). (B) Number and

(C) weight (g) of disseminated nodules.
Notes: Results are mean + SD of five experiments. *P < 0.05.
Abbreviation: PTX, paclitaxel.

Discussion

Improving the efficacy of chemotherapy will require a better
understanding of the mechanisms by which tumors become
chemoresistant and development of strategies to overcome
this resistance. The primary approach to this problem has
been the establishment of chemoresistant cancer cell lines
and identification of the underlying resistance mechanisms.
In the present study, we established a PTX-resistant gastric
cancer cell line (rMKN45-PTX) by stepwise exposure to
PTX. The cell cycle distribution was similar in resistant
and parental cell lines, but NF-xB and HIF-1o. were over-
expressed in rMKN45-PTX under normoxic conditions.
Furthermore, we showed that the growth factor VEGF, the

antiapoptosis marker Bcl-xL, multidrug transporters P-gp and
MDR, and the glycolytic enzyme PKM1 were upregulated in
rMKN45-PTX. Consequently, IMKN45-PTX-derived tumors
showed significantly enhanced proliferation and progression
in subcutaneous and peritoneal dissemination models.

Our study showed that the cell cycle distribution was not
related to acquisition of PTX resistance. Wang et al reported
that cell cycle distribution may be an integral part of mecha-
nisms responsible for chemoresistance.* Furthermore, previous
studies demonstrated that alteration of cell cycle distribution
might be associated with chemoresistance to specific drugs
including oxaliplatin and irinotecan, although no studies have
demonstrated an association between taxan and cell cycle
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NF-xB

VEGF

Ki-67

PKM1

PKM2

MKN45

rMKN45-PTX

70 *

Ki-67 index (%)
N N w N [é)] [e)]
o o o o o o

o

MKN45 MKN45-PTX

Figure 9 (A) Immunohistochemical examination of NF-kB, VEGF, Ki-67, PKMI and PKM2 in subcutaneous xenograft tumors (original magnification x400). (B) The Ki-67

index is shown as a percentage.
Notes: Results are mean + SD of five experiments. *P < 0.05.

Abbreviations: NF-xB, nuclear factor kappa B; VEGF, vascular endothelial growth factor; PKM, pyruvate kinase muscle; PTX, paclitaxel.

distribution.!® These findings suggest that there may be a dif-
ferent mechanism underlying acquisition of PTX resistance.

In the present study, we showed that NF-xB and HIF-1a
expression was increased during exposure of the parent cell
line to PTX. Previous studies suggested that HIF-1o might
be a contributor to chemoresistance acquired by hypoxia and
in part explain the increased level of intracellular HIF-1o
associated with resistance to therapy in head and neck, ovar-
ian, esophageal, prostate and gastric cancer.!*!°22 However,
HIF-1o expression is induced not only in hypoxic condi-
tions but also in non-hypoxic conditions and in response to
other stressors such as chemotherapy and radiation.>?* Also,
Montagut et al demonstrated that NF-xB activation was sig-
nificantly correlated with chemoresistance and the number of
breast cancer patients with NF-kB activation increased after
chemotherapy exposure.'?

HIF-1a is known to transcriptionally upregulate VEGF
expression.!®?* In this study, we showed that VEGF was
overexpressed in rIMKN45-PTX cells by Western blotting,
ELISA and immunohistochemistry. VEGF is a multifunc-
tional cellular factor that can induce neovascularization and
increase capillary permeability.>>? As a result, the tumor
vasculature shows an abnormal structure that is inefficient
for oxygen and drug delivery.”’ Moreover, VEGF is one of the
major factors that contributes to metastasis in various cancers,
and VEGF overexpression has been associated with tumor
progression and poor prognosis.'®*3° We demonstrated

that rIMKN45-PTX-derived tumors showed significantly
enhanced tumor proliferation and progression in a subcutane-
ous model and a peritoneal dissemination model. In our clini-
cal experience, patients with failure of cancer chemotherapy
often rapidly develop tumor progression.

Apoptosis is an important mechanism for cell death
following treatment with various types of chemotherapy.
Caspase-3 is a proapoptotic effector enzyme that interacts
with caspase-8 and caspase-9. Bax is a proapoptotic member
of the Bcl-2 family that plays a key role in the induction of
mitochondria-dependent apoptosis. By contrast, Bcl-xL is
an antiapoptotic family member that can neutralize Bax
function in the initiation of cell death. Overexpression of
Bcl-xL protein occurs in many types of cancer cell and pre-
vents cell death induced by anticancer drugs and radiation.’!
Our findings demonstrated that the expression of Bel-xL
was markedly increased in rMKN45-PTX, which is in line
with previous studies.’>* The involvement of HIF-1a in
chemoresistance acquisition is possibly due to its role in the
regulation of some apoptosis-related genes.

Accumulating evidence has shown that the mechanisms
responsible for chemoresistance are associated with overex-
pression of two ATP-dependent drug transporter proteins,
P-gp and MRP.*77 These proteins act as ATP-dependent
outward transport pumps and decrease the intracellular accu-
mulation of drugs by reducing the cotransport mechanism
of glutathione.® In particular, Sparreboom et al showed that
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P-gp at the luminal side of the intestinal epithelium appears
to be an important component of the defense against PTX,
and P-gp was therefore associated with chemoresistance
acquisition.** Furthermore, a previous study showed that
HIF-10 expression is correlated with MDR 1/P-gp expression
in colon carcinoma tissue and a colon cancer cell line.** We
found that both P-gp and MRP were expressed in rMKN45-
PTX, indicating that both P-gp and MRP were induced by
HIF-1o and play an important role in PTX transportation.
In the present study, we examined the association of pyru-
vate kinase muscle (PKM) and chemoresistance acquisition.
PKM has two splicing variants: PKM1 is expressed in most
normal tissues, whereas PKM2 is expressed in the embryonic
stage cells and cancer cells.*! Recently, it was noted that cancer
metabolism-related genes play an important role in chemore-
sistance acquisition. Especially, the Warburg effect has been
reported in cancer cells.*? This phenomenon is that cancer
cells use glycolysis for energy for energy production even
when an adequate amount of oxygen is present.*> A previous
study showed that PKM2 promotes the Warburg effect; the
coordinated control of metabolism and proliferation by PKIM2
is essential for tumorigenesis.** As a result, it was previ-
ously thought that inhibitors and activators of PKM?2 are well
underway to evaluate their anticancer effects and suitability.*
On the other hand, PKM1 promotes oxidase phosphorylation
(OXPHOS).**6 It was also reported that metabolic switching
from glycolysis to OXPHOS contributes to chemoresistance
acquisition.*’ Taniguchi et al reported that PKM2 was expressed
in both parent and chemoresistant cells, whereas PKM1 was

commonly upregulated in various chemoresistant cells, and
knockdown of PKM1 sensitized chemoresistant cells to chemo-
therapy.'¢ They concluded that PKMI1 plays important roles in
the chemoresistance acquisition of cancer cells.'¢ In the present
study, we similarly demonstrated that PKM 1 was upregulated
in IMKN45-PTX cells in vivo and in vitro, although PKM?2
was expressed in both cells. Their results suggested that PKM 1
expression at the same time as PKIM2 might be one of the key
regulators of chemoresistance acquisition in gastric cancer.

There were several limitations to our study. First, we only
evaluated one cell line and one chemotherapeutic agent. It is
therefore necessary to evaluate other gastric cancer cell lines,
other cancer types and other anticancer drugs. Second, we
have no data on HIF-10o. knockdown in parental and chemore-
sistant cells using si-RNA specific for HIF-1o. Third, we did
not study the associated with HIF-1o. and PKM1 expression
under conditions of chemotherapy. Nevertheless, this study
demonstrated HIF-1o expression in our chemoresistant
cancer cell line and showed a relationship between PKM1
expression and chemoresistance.

Conclusion

rMKN45-PTX cells showed overexpression of HIF-1c and
enhanced tumor proliferation and progression. HIF-1at is a
key molecule in chemoresistance acquisition, most likely
through its impact on angiogenesis, cell proliferation,
apoptosis and multidrug transporters (Figure 10). Further-
more, PKM1 might also be important in chemoresistance
acquisition. Further research into the relationship between
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Figure 10 Scheme illustrating a chemoresistance mechanism involving HIF- I o

Abbreviations: HIF- 10, hypoxia-inducible factor-1 alpha; HRE, hypoxic response element; NF-kB, nuclear factor kappa B.
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chemotherapy and chemoresistance may provide additional
novel treatment strategies. In addition to inhibition of
HIF-10, our data suggest that PKM1 might also be a target
for tumor-specific molecular-based therapy.
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