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Stomatin-like protein 2 induces metastasis by regulating the
expression of a rate-limiting enzyme of the hexosamine
biosynthetic pathway in pancreatic cancer
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Abstract. Stomatin-like protein 2 (SLP-2) is associated with
poor prognosis in several types of cancer, including pancreatic
cancer (PC); however, the molecular mechanism of its involve-
ment remains elusive. The present study aimed to elucidate
the role of this protein in the development of PC. Human PC
cell lines AsPC-1 and PANC-1 were transfected by a vector
expressing SLP-2 shRNA. Analyses of cell proliferation,
migration, invasion, chemosensitivity, and glucose uptake were
conducted, while a mouse xenograft model was used to evaluate
the functional role of SLP-2 in PC. Immunohistochemical anal-
ysis was retrospectively performed on human tissue samples to
compare expression between the primary site (n=279) and the
liver metastatic site (n=22). Furthermore, microarray analysis
was conducted to identify the genes correlated with SLP-2.
In vitro analysis demonstrated that cells in which SLP-2 was
suppressed exhibited reduced cell motility and glucose uptake,
while in vivo analysis revealed a marked decrease in the
number of liver metastases. Immunohistochemistry revealed
that SLP-2 was increased in liver metastatic sites. Microarray
analysis indicated that this protein regulated the expression
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of glutamine-fructose-6-phosphate transaminase 2 (GFPT?2),
a rate-limiting enzyme of the hexosamine biosynthesis
pathway. SLP-2 contributed to the malignant character of PC
by inducing liver metastasis. Cell motility and glucose uptake
may be induced via the hexosamine biosynthesis pathway
through the expression of GFPT2. The present study revealed
a new mechanism of liver metastasis and indicated that SLP-2
and its downstream pathway could provide novel therapeutic
targets for PC.

Introduction

Pancreatic cancer (PC) is one of the most aggressive types
of cancer and its prognosis is particularly poor, among
gastrointestinal cancers (1). The main reasons for this are
late diagnosis and early recurrence, even after curative
resection (2,3). Our previous research demonstrated that,
among several types of recurrence, prognosis after peri-
toneal recurrence and liver metastasis was markedly poor
compared with other types of recurrence (3). Previous studies
have also revealed that these malignant recurrences may be
predicted by measuring the glucose activity of cancer cells
via the maximum standardized uptake values (SUVmax)
obtained from 18-fluorodeoxyglucose positron emission
tomography/computed tomography (18F-FDG PET/CT) (4,5).
The data suggest that high glucose uptake promotes metastasis
of PC cells, causing poor prognosis. However, the detailed
mechanism of metastasis remains unclear.

Stomatin-like protein 2 (SLP-2) is mainly located in the
mitochondrial inner membrane (6,7). It has been reported to
play important roles in regulating mitochondrial membrane
stability (7), the formation of mitochondrial respiratory
chain super-complexes (8), and in modulating mitochondrial
sodium-calcium exchange (9). SLP-2 is also required for
stress-induced mitochondrial hyperfusion (SIMH) and its
expression is upregulated under conditions of mitochondrial
stress (10). This stress condition stimulates mitochondrial
biogenesis and function (11), providing the energetic require-
ments of activation.
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Several previous studies have demonstrated that increased
SLP-2 expression induces poor prognosis (12-22). An
increasing number of studies have revealed that SLP-2 is
implicated in tumor progression and development. The deple-
tion of SLP-2 has been revealed to inhibit the capability of
cells to proliferate in colorectal cancer and esophageal squa-
mous cell carcinoma (15,23). Migration and invasion activities
have also been revealed to be inhibited after SLP-2 suppres-
sion in glioma and liver cancer (18,24). Furthermore, SLP-2
inhibited chemotherapy-induced apoptosis in cervical cancer
and in head and neck squamous cell carcinoma (22,25). These
findings indicated that the role and the mechanism of SLP-2
in inducing poor prognosis differs according to the origin of
the cancer.

It was previously reported by our research group that SLP-2
is a novel prognostic biomarker of PC, based on the results of
proteomic analysis (26). However, the function and molecular
mechanism of SLP-2 in PC had not been thoroughly explored
to date, and no other correlation between SLP-2 and PC had
been reported.

The aim of the present study was to explore the function
of SLP-2 in PC, using in vitro and in vivo assays. The level
of SLP-2 expression at metastatic sites compared to that at
primary sites was analyzed, to evaluate its metastatic potential.

Materials and methods

Antibodies, reagents, and cell lines. Antibodies against
SLP-2 were purchased from ProteinTech Group, Inc.
(cat. no. 10348-1-AP); GAPDH from Cell Signaling
Technology, Inc. (product no. 2118S); GFPT2 from Abcam
(product code ab190966); and anti-rabbit IgG as a secondary
antibody (cat. no. A0545) was obtained from Sigma-Aldrich;
Merck KGaA. The cell lines AsPC-1, BxPC-3, SUIT-2, and
SW1990 were purchased from the American Type Culture
Collection. The cell line PANC-1 was obtained from RIKEN
and MIA-PaCa2 was provided from Cell Resource Center
for Biomedical Research, Institute of Development, Aging
and Center, Tohoku University (Sendai, Japan). Cells were
expanded within 3 passages after being purchased, and multiple
lots were stocked at -80°C. Mycoplasma contamination check
tests were performed using e-Myco plus Mycoplasma PCR
Detection Kit (iNtRON Biotechnology, Inc.). Cells were used
at least <20 passages, but were not independently authenti-
cated.

Transfection with short hairpin (sh)RNA. The sequences
of SLP-2 shRNAs are presented in Table SI. The shRNAs
were inserted into pBAsi-hU6 NEO plasmids (cat. no. 3227,
Takara Bio, Inc.), which carry a neomycin resistance gene.
Lipofectamine 2000 reagent (cat. no. 11668019; Thermo Fisher
Scientific, Inc.) was used for plasmid transfections into PANC-1
and AsPC-1, according to the manufacturer's protocol. In
short, 20 pg plasmids with 2 ml Opti-MEM (cat. no. 31985070;
Thermo Fisher Scientific, Inc.) and 30 ul Lipofectamine 2000
with Opti-MEM were produced. Then, these mediums were
combined at room temperature for 20 min. After mixture, this
medium was placed in a 10-mm dish and cells were cultured
at 37°C for 12 h. After exposure, the medium was changed
to RPMI-1640 medium supplemented with 1,000 mg/ml

Geneticin® (cat. no. 10131-027; Thermo Fisher Scientific, Inc.).
The blank pBAsi-hU6 NEO plasmid was also transfected as a
negative control. Transfected clones, on RPMI-1640 medium
supplemented with 1,000 mg/ml Geneticin®, were selected
over a period of 3 weeks, after which a single colony was
selected and cultured.

Reverse transcription-quantitative polymerase chain
reaction (RT-gPCR). Total RNA was isolated from cancer
cells using the Nucleospin RNA kit (cat. no. 740955; Takara
Bio, Inc.). Reverse transcription reactions were set up using
PrimeScript RT Master Mix (cat. no. RRO36A; Takara Bio,
Inc.), according to the manufacturer's protocol under the
following thermocycling conditions: 37°C for 15 min, followed
by 85°C for 5 sec, and the products were used as templates for
RT-qPCR. The gene products were amplified using TB Green
Premix Ex Taq II, ROX Plus (cat. no. RR82LR; Takara Bio,
Inc.) under the following thermocycling conditions: 95°C for
30 sec, followed by 40 cycles at 95°C for 5 sec for denaturation
and 60°C for 30 sec for annealing/extension. The expression
levels of each target gene were calculated using the 2-44¢4
method (27). Relative quantities were calculated after normal-
izing for GAPDH expression. The primers used in the present
study are presented in Table SI.

RNA preparation and microarray analyses. RNA isolates were
obtained from AsPC-1cont, AsPC-1shl, and AsPC-1sh2 cells
using the Nucleospin RNA kit and assessed for quality using a
NanoDrop spectrophotometer (Thermo Fisher Scientific, Inc.).
The GeneChip™ WT PLUS Reagent Kit (cat. no. 902281;
Thermo Fisher Scientific, Inc.) was used to prepare the
RNA samples; for whole-transcriptome expression analyses,
the Clariom™ S assay (cat. no. 902926; Thermo Fisher
Scientific, Inc.) was used. The GeneChip was analyzed using a
GeneChip™ Scanner 3000 7G system, while the gene expres-
sion was analyzed using a GeneTitan™ instrument (both from
Thermo Fisher Scientific, Inc.). The transcriptomic array data
set was analyzed using the Transcriptome Analysis Console
software Ver 4.0 (Thermo Fisher Scientific, Inc.). Genes
with fold-changes of <-20 or >20 and with a P-value <0.05
in comparisons between AsPC-lcont and AsPC-1shl or
AsPC-1sh2 were selected as candidate genes associated with
SLP-2 expression. The data of microarray analysis are avail-
able in Gene Expression Omnibus at https:/www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE162981.

Western blotting. Cells were lysed with RIPA buffer
(Thermo Fisher Scientific, Inc.), and the concentrations of
protein samples were evaluated using a BCA kit (Thermo Fisher
Scientific, Inc.). A total of 20 ug of proteins were separated
on SDS-PAGE gels (4-15%) and subsequently transferred
onto PVDF membranes (Bio-Rad Laboratories, Inc.). The
membranes were then blocked at room temperature for 1 h
using Western Blocking Reagent (Thermo Fisher Scientific,
Inc.) and incubated with primary antibodies (SLP-2 and
GFPT-2) at room temperature for 1 h at dilutions of 1:2,000.
PVDF membranes were then incubated with secondary anti-
bodies at room temperature for 30 min (HRP-conjugated)
at dilutions of 1:5,000, and signals were detected using the
Clarity ECL Western Substrate (cat. no. 1705062; Bio-Rad
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Laboratories, Inc.). Protein bands were visualized using an
ImageQuant LAS 4000 mini system (GE Healthcare; Cytiva).

Cell proliferation assay. A total concentration of 5x10° cells
was seeded in 96-well plates and cultured with 100 ul of
RPMI-1640 medium with 10% FBS, 1% penicillin, and
1,000 mg/ml geneticin. The MTS assays were performed
using CellTiter 96-well assay reagent (cat. no. G358B; Promega
Corporation), according to the manufacturer's recommenda-
tions. The absorbance was measured at a wavelength of
490 nM. The experiment was performed in triplicate.

Wound-healing assay. Cells grown on petri dishes were
starved in serum-free medium for 24 h and then scratched with
the tip of a sterile 10-ul pipette. Following this, the cultured
cells were rinsed and incubated with RPMI-1640 medium
containing 10% FBS, 1% penicillin, and 1,000 mg/ml geneticin.
After 12 h, the wound-closure distances were measured at three
independent wound sites per group using a light microscope,
and the average was calculated. The data are expressed as a
relative index considering the differences in wound length at
the initial time-point. The assays were performed in triplicate.

Transwell cell migration and invasion assay. Transwell
assays were performed using the QCM 24-well Fluorometric
Cell Migration Assay kit (cat. no. ECM509; EMD Millipore)
for the migration assay and the QCM 24-well Cell Invasion
Assay kit using Matrigel®-coated Transwell chambers
(cat. no. ECM554; EMD Millipore) for the invasion assay.
The cells were pretreated with serum-free medium for 24 h,
and then harvested in a serum-free medium. Then, 300-ul
cell samples were transferred to the upper chambers of the kit
(1x10%/ml), and 500 pl of medium containing 10% FBS for the
migration assay and 20% FBS for the invasion assay was added
to the lower chamber. After incubation for 24 h, the cells were
dislodged using 225 ul of cell detachment solution from the
underside of the upper chamber for 30 min at 37°C. Thereafter,
the samples were stained with sufficient lysis buffer/dye solu-
tion for 15 min at 20-25°C. The results were quantified using
a fluorescence plate reader fitted with a 480/520 nm filter.
The data are expressed using a relative index, by setting the
migrated or invasive control cells to 100%. This assay was
performed in triplicate.

Cyrotoxicity assay. Cells were plated at 5x10° cells/well in
96-well plates. After 24 h, the medium was replaced by another
containing from 1x10** to 1x10* uM gemcitabine hydrochlo-
ride (FUJIFILM WAKO Pure Chemical Corporation). Cells
were cultured for 120 h and then cell viability was measured
by MTS assays using the CellTiter 96-well assay reagent
(Promega Corporation), as recommended by the manufacturer.
The absorbance was measured at a wavelength of 490 nM.
Each test was carried out in triplicate.

Glucose uptake assay. The Glucose Uptake-Glo Assay
(cat.no.J1342; Promega Corporation) was applied to cells grown
in 96-well plates. Glucose-free media were used throughout
the steps of this assay. A total of 50 ul of 1 mM 2-deoxyglu-
cose was added to each well to initiate the assay. The uptake
reaction was stopped according to the manufacturer's protocol,

after 2 h of incubation. The luminescence was recorded using
1-sec integration on a luminometer. These experiments were
performed in triplicate.

In vivo experiments. The Institutional Animal Experiment
Committee of Tohoku University (Sendai, Japan) approved the
present study protocol on September 20, 2017. AsPC-1 stable
cells (blank or shRNA-transfected) were harvested from
80% confluent culture dishes, resuspended in PBS, and main-
tained on ice. Six-week-old SCID mice (C.B-17/Icr-scid/scid
Jcl; male; weight, 23 g) were used for this experiment. A
triple-mixed anesthetic was prepared, consisting of medeto-
midine (I mg/ml), midazolam (5 mg/ml), and butorphanol
(5 mg/ml); this solution was injected intraperitoneally into
the mice (0.1 ml per 10 g body weight per mouse). An inci-
sion was made to exteriorize the spleens, to inject 5x10° cells
per 100 ul slowly into them. A cotton swab was held over the
injection site for at least 5 min to avoid leakage and bleeding.
After confirming that the bleeding had stopped, the spleens
were returned into the peritoneal cavities, and the abdominal
wounds were closed. Six weeks after the injection, the mice
were sacrificed using 60 pl of pentobarbital (50 mg/ml), and
their livers were removed. The number of metastatic sites on
the liver surface was counted. Three biological replicates were
used for each experiment.

Immunohistochemistry. All specimens for immunohistochem-
istry were fixed for 24 h in 10% formalin and embedded in
paraffin wax. Two specialists from the Department of Pathology
of Tohoku University performed the SLP-2 immunostaining
procedures and scored the immunoreactivity. The staining
intensity combined with the positive cell percentages were
used to obtain a semiquantitative analysis of immunoreactivity.
The staining intensity was scored as O (negative), 1 (weak), 2
(moderate), or 3 (strong) (Fig. S1); the positive cell percentage
was scored as 0 (0%), 1 (<10%), 2 (10-50%), 3 (51-80%), or
4 (>80%). The staining intensity and positive cell percentages
were multiplied to evaluate the immunoreactive scores (IRS),
which ranged from 0 to 12.

Clinical data concerning 279 patients (166 male and
113 female patients; aged 27-88 years old; median age,
67 years) with pancreatic ductal adenocarcinoma, who
underwent surgical resection between January 1, 2006
and December 31, 2014, were obtained from records at our
institute on January 1, 2020. The study included resectable
to unresectable PDAC, NAC and non-NAC as well as RO to
R2 patients. Radiographic resection status was defined by
the National Comprehensive Cancer Network guidelines for
pancreatic cancer, Version 1 (2020) (28) and pathological
status was diagnosed by the Union for International Cancer
Control TNM classification (7th edition) (29). The Institutional
Review Board of Tohoku University (Sendai, Japan) approved
the present study design on May 25, 2016 (2016-1-151). As
this was a retrospective study, the requirement for informed
consent was waived and an opt-out method was used instead.
The present study was conducted in accordance with the
STROBE guidelines (www.strobe-statement.org) (30).

Statistical analysis. Statistical analysis was conducted
on the JMP pro software vl4 (SAS Institute). Data are
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Figure 1. SLP-2 expression in PC cells. (A) SLP-2 expression in PANC-1,
MIA-PaCa2, AsPC-1, BXPC-3, SUIT-2, and SW1990 cells were evaluated
by RT-qPCR. Relative expression level was calculated after normalizing
to GAPDH expression. (B and C) SLP-2 expression suppressed by
shRNA transfection in both AsPC-1 and PANC-1 cells. (B) RT-qPCR and
(C) western blotting. GAPDH was an internal control. RT-qPCR and western
blotting were performed thrice. “"P<0.001. SLP-2, stomatin-like protein 2;
PC, pancreatic cancer; RT-qPCR, reverse transcription-quantitative
polymerase chain reaction; cont, control; sh, short hairpin.

expressed as the mean + standard deviation (SD). Student's
t-test was used to compare the means of two groups, while
ANOVA followed by Dunnett's post hoc test were used to
compare the means of multiple experimental groups. The
binomial variables of clinicopathological factors were
compared using Pearson's chi-square test. P-values <0.05
were considered to indicate a statistically significant differ-
ence.

Results

Cloning a stable SLP-2 silencing cell line. SLP-2 expression
was evaluated thrice in six types of PC cell lines (PANC-1,
MIA-PaCa2, AsPC-1, BXPC-3, SUIT-2, and SW1990)
(Fig. 1A). SLP-2 expression in AsPC-1 and PANC-1 cells was
relatively high compared with that in other cell lines; hence,
these cell lines were selected for further analysis.

The designed shRNA was inserted into the pBAsi-hU6
NEO plasmid and transfected into AsPC-1 and PANC-1
cells. By RT-qPCR (Fig. 1B) and western blotting
(Figs. 1C and S2A), it was revealed that SLP-2 expression was
significantly decreased in shRNA-transfected cells.
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SLP-2 silencing reduces cell migration and invasion abilities.
To evaluate the effect of SLP-2 expression on cell motility,
in vitro wound-healing assays were performed (Fig. 2A and B).
The results revealed that wound widths were decreased in
AsPC-1shl (P=0.017) and AsPC-1sh2 (P<0.001) compared
with the widths observed in AsPC-1cont cells. Similar results
were also revealed in PANC-1shl (P<0.001) and PANC-1sh2
(P<0.001) cells. In addition, Transwell cell migration assays
also demonstrated that the migration abilities of AsPC-1shl
and AsPC-1sh2 cells were decreased to 30.0% (P<0.001) and
34.2% (P<0.001), respectively, in comparison with the corre-
sponding migration ability of AsPC-1cont cells (Fig. 2C). The
same results were also demonstrated in PANC-1 cells, with
migration abilities decreased to 41.6% (P<0.001) in PANC-1sh1
and 51.8% (P<0.001) in PANC-1sh2 cells. Furthermore, the
results of invasion assay using Matrigel®-coated Transwell
chambers revealed that the invasive activity of AsPC-1shl
and AsPC-1sh2 cells was decreased to 67.2% (P=0.002) and
67.9% (P=0.002), respectively, compared to the corresponding
activity level in control cells (Fig. 2D). The results in PANC-1
cells also confirmed a decrease in activity to 35.8% (P<0.001)
in PANC-1shl1 cells and 44.7% (P<0.001) in PANC-1sh2 cells.

Inhibition of SLP-2 expression reduces the glucose uptake
in PC cells. Glucose uptake was evaluated in different
SLP-2-expressing PC cells. As revealed in Fig. 3A, compared to
AsPC-1cont cells, glucose uptake was significantly decreased
to 75.6% in AsPC-1shl (P=0.042) and 75.0% in AsPC-1sh2
cells (P=0.038). The same was observed in PANC-1 cells;
it was decreased to 46.3% in PANC-1sh1 (P<0.001) and to
35.3% in PANC-1sh2 cells (P<0.001) (Fig. 3B).

SLP-2 does not affect cell proliferation and chemosensitivity
to gemcitabine. An MTS assay demonstrated that the cell
growth curves were almost identical regardless of the expres-
sion of SLP-2 in both AsPC-1 and PANC-1 cells. Additionally,
no significant differences were found in the four-day growth
rate of cells among AsPC-Icont, AsPC-1shl and AsPC-1sh2
cells (P=0.944) (Fig. S3A). Similar results were revealed
among PANC-Icont cells, PANC-1shland PANC-1sh2 cells
(P=0.532) (Fig. S3B).

To investigate whether SLP-2 affects the chemosensitivity
of PC, cells were treated with different doses of gemcitabine.
The present findings revealed no significant differences in the
1C,, values of AsPC-1cont (0.069 yM), AsPC-1shl1 (0.066 uM),
and AsPC-1sh2 cells (0.090 pM) (P=0.713) (Fig. S4A). No
significant differences were also observed in the ICs, values
of PANC-Icont cells (0.053 uM), PANC-1shl (0.053 M), and
PANC-1sh2 cells (0.053 uM) (P=0.989) (Fig. S4B).

SLP-2 expression was significantly positively correlated
with liver metastasis in PC. To investigate the role of SLP-2
during liver metastasis, different SLP-2-expressing PC cells
were injected into the spleen of SCID mice. A previous study
revealed that only AsPC-1 could cause liver metastasis in
SCID mice, among several PC cell lines such as PANC-1,
MIA PaCa-2, AsPC-1, and BxPC-3 (31). In agreement with the
previous study, PANC-1 cells did not cause liver metastasis,
even in control cells (data not shown). Therefore, AsPC-1 cells
were used to evaluate the potential of SLP-2 to cause liver
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Figure 2. SLP-2 suppression inhibits cancer cell migration and invasion activities. (A and B) Migration activities were assessed by scratch assay using AsPC-1
and PANC-1 cells. The wound closure distances were measured, and the average was calculated. (A) Migrated cancer cells and (B) the relative migration rate
of control cells. Scale bar, 20 ym. (C and D) Transwell assays were also performed to evaluate the migration and invasion activities related to SLP-2 expression.
(C) Migrated cells and (D) invasive cells were stained with lysis buffer/dye solution and quantified with a fluorescence plate reader using a 480/520 nm filter.

Data are expressed as the mean + SD. All experiments were performed thrice. "P<0.05, “P<0.01 and
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Figure 3. SLP-2 suppression inhibits glucose uptake ability. The glucose uptake ability was evaluated using the Glucose Uptake-Glo Assay kit in different
SLP-2-expressing PC cells. (A and B) SLP-2 silencing reduced the glucose uptake in (A) AsPC-1 cells and (B) PANC-1 cells. Data are expressed as the mean + SD.
All experiments were performed thrice. "P<0.05 and *“P<0.001. SLP-2, stomatin-like protein 2; PC, pancreatic cancer; cont, control; sh, short hairpin.

metastasis. Six weeks after the injections, the mean number
of liver metastases was significantly decreased from 22 in the
AsPC-1cont cells, to 2.3 (P<0.001) in AsPC-1shl, and 1.6 in
AsPC-1sh2 (P<0.001) (Fig. 4A and B).

To validate the results of the in vivo analysis, SLP-2
expression level was measured from the primary sites and
liver metastatic sites in PC tissue samples from patients,
using immunohistochemistry. First, the SLP-2 expression of
the two tissues from the group without neoadjuvant chemo-
therapy (non-NAC) was compared. The IRS was significantly
increased in the metastatic site compared with that at the
primary site (8.9 vs. 5.9; P=0.021) (Fig. 4C). Next, the IRS
of the two sites was compared in patients after neoadjuvant
chemotherapy (the NAC group). Similarly, the IRS was

significantly increased at the metastatic site compared with
that at the primary site (9.6 vs. 7.0; P=0.008) (Fig. 4D).

SLP-2 expression is associated with the expression of GFPT2.
To define the SLP-2-associating factor in PC cells, a microarray
analysis was performed using AsPC-1cont cells and AsPC-1sh1
or AsPC-1sh2 cells. The data of microarray analysis are avail-
able in Gene Expression Omnibus at https:/www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE16298]1. It was determined
that 8 candidate genes were overexpressed by >20-fold and
7 genes were downregulated by >20-fold in AsPC-Icont
cells compared with the corresponding expression levels of
the genes in SLP-2-suppressed cells (Fig. 5A). In the present
study, the expression of glutamine-fructose-6-phosphate
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(n=126) (9.6 vs. 7.0; P=0.008). SLP-2, stomatin-like protein 2; PC, pancreatic cancer; cont, control; sh, short hairpin; H&E, hematoxylin and eosin staining;

THC, immunohistochemical analysis; NAC, neoadjuvant chemotherapy.
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Table I. Distribution between non-NAC and NAC patients.

Distribution between non-NAC and

NAC patients
Total non-NAC NAC P-value
Clinical/pathological variables (n=279) (n=153) (n=126)
Resectability Resectable 117 88 29 <0.001
Borderline 138 64 74
Resectable
Unresectable 24 1 23
Pretreatment CA19-9 (U/ml) >100 119 71 48 0.163
<100 160 82 78
Tumor position ph 195 102 93 0.196
pbt 84 51 33
Tumor size (mm) >30 138 69 69 0.108
<30 141 84 57
UICC-T 12 14 9 5 0.141
3 265 144 121
UICC-N 0 77 37 40 0.371
1 202 116 86
UICC-M 0 224 125 99 0.176
1 55 28 27
Residual cancer RO 244 134 110 0.944
R1,2 35 19 16

The UICC-N category describes the presence of regional lymph node metastasis. The UICC-M category describes the presence of distant
metastasis. NAC, neoadjuvant chemotherapy; UICC, Union for International Cancer Control. The UICC-T category describes the status of

primary tumor.

transaminase 2 (GFPT2) as a new candidate gene associated
with SLP-2 expression was evaluated; this is because, from the
literature (32-34), it appears that only GFPT2 could regulate
cell motility and glucose uptake activity. Expression of the
GFPT2 gene was confirmed in PANC-1 cells using RT-qPCR
and western blotting and was revealed to be downregulated in
SLP-2-suppressed cells (Figs. 5B and C, and S2B).

SLP-2 expression is increased after NAC. Table I reveals
the clinicopathological characteristics of both the non-NAC
and NAC groups. The distribution between the two groups
revealed a significant difference in resectability status. This
is because borderline resectable or unresectable cases usually
underwent preoperative treatment before surgical resection.
To evaluate whether SLP-2 expression differed according to
tumor progression, SLP-2 expression was analyzed for each
resectability status. For patients in the non-NAC group, the
mean IRS did not exhibit significant differences among the
three groups (R vs. BR vs. UR, 6.1 vs. 5.8 vs. 6.0; P=0.839)
(Fig. S5A). The same results were also revealed in the NAC
group (R vs. BR vs. UR, 6.3 vs. 7.1 vs. 7.3; P=0.534) (Fig. S5B).
These results demonstrated that SLP-2 expression did not differ
according to the resectability status. However, when the SLP-2
expression profile of the non-NAC group was compared with
that of the NAC group, the IRS was significantly higher in the

NAC group (5.9 vs. 7.0; P=0.019) (Fig. S5C). All these results
demonstrated that NAC itself may increase SLP-2 expression.

Gemcitabine exposure increases SLP-2 expression in PC
cells. To evaluate the hypothesis that NAC itself promotes
the expression of SLP-2, its expression was evaluated after
exposure to gemcitabine. SLP-2 expression was significantly
increased in PANC-1 cells after exposure to 100 or 1,000 M
gemcitabine (Fig. 6A). Next, the effect of SLP-2 on GFPT2
expression was analyzed. GFPT2 expression was also signifi-
cantly enhanced after gemcitabine exposure, and inhibition
of SLP-2 suppressed the expression of GFPT2 (Fig. 6B).
These results demonstrated that gemcitabine promoted
SLP-2 expression in PC cells, and subsequently increased the
expression of GFPT2. Suppression of SLP-2 could also inhibit
gemcitabine-induced GFPT2 expression.

Discussion

In the present study, with regard to PC, suppression of SLP-2
did not alter the cell proliferation or chemosensitivity to
gemcitabine. Conversely, it reduced cell migration and inva-
sion activities. Suppression of SLP-2 significantly decreased
the number of liver metastases in the mouse xenograft model.
Furthermore, immunohistochemical results revealed that
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SLP-2 expression was increased at the site of liver metastasis.
This confirmed that SLP-2 expression plays an important role
in liver metastasis and that increased SLP-2 expression is
linked to liver metastasis in PC, which may explain the poor
prognosis.

SLP-2 has been revealed to regulate cell migration and
invasion activities in several types of cancer. Dowling et al
revealed that SLP-2 is one of the 16 most upregulated
proteins in extremely invasive cancer cells, implying that
SLP-2 may be active during cancer metastasis (35). However,
the signaling pathway affecting cell migration and inva-
sion activities differs according to the type of cancer. In
liver cancer, SLP-2 expression was revealed to promote
EMT progression (18). SLP-2 facilitated migration activity
via regulating the Wnt/f-catenin pathway in colorectal
cancer (15). In glioma and liver cancer, SLP-2 was revealed
to regulate cell motility via the NF-xB pathway, targeting
MMP2 or MMP9 (17,24). In the present study, to elucidate the
mechanism in PC cells, microarray analyses were performed
using SLP-2-suppressed PC cells. Among 15 candidate
genes selected by the expression level of SLP-2, only GFPT2
was associated with cell death and glucose uptake activity.
Therefore, GFPT2 was selected as an optimal new candidate
genes regulated by SLP-2 expression to promote cell migra-
tion and invasion activities in PC cells.

GFPT?2 is the first, and rate-limiting, enzyme of the hexos-
amine biosynthesis pathway (HBP). HBP is a branch of glucose
metabolism that usually consumes approximately 2-5% of total
glucose (36). It has also been revealed that GFPT?2 is correlated
with glucose uptake and is associated with glucose-driven
metabolic pathways (32). Thus, increased GFPT2 expression
could activate HBP by supplying the glucose itself and also
by modulating the glucose substrate to this pathway. The
HBP contributes to the provision of a substrate for glycosyl-
ation modification and has a wide range of effects on cellular
function (32). Uridine diphosphate N-acetylglucosamine
(UDP-GIcNAc), an end-product of the HBP, is catalyzed by

O-GIcNAc transferase to form O-GlcNAc, which binds to
serine/threonine residues of the target proteins in glycosylation
modification (33). Increased O-GlcNAcylation can activate
various cancer-related factors such as f-catenin (33), pS3 (37),
or c-Myc (38). In particular, O-GlcNAcylation of B-catenin
enhances intranuclear B-catenin expression and facilitates
signal activation, including EMT promotion and cancer
invasion (33). Several previous studies have also demonstrated
that GFPT2 can regulate cell migration and invasion activities
by activating the EMT mechanism (32,34). Therefore, high
SLP-2 expression may promote cell motility by regulating
HBP through GFPT2 expression. However, the present study
presented no evidence of the HBP modulation in vitro or
in vivo; hence, further metabolic studies are warranted to
evaluate the role of SLP-2 in affecting the GFPT2 downstream
pathway in HBP.

SLP-2 has been reported to be localized in mitochondria
and upregulated under several conditions of mitochondrial
stress (7). This increased expression plays an important role
in SIMH, which promotes mitochondrial ATP production
and leads to stress resistance in cells (39). Exposure to high
concentrations of cisplatin was revealed to increase SLP-2
expression and induce an anti-apoptotic effect on cells (25).
This response is one possible mechanism for stress-resistant
regulation of SLP-2 expression. The present study revealed
that SLP-2 expression was increased after NAC. When PC
cells were exposed to gemcitabine, expression was increased
for SLP-2 and GFPT2. Furthermore, GFPT2 expression
was decreased in SLP-2-suppressed cells, even in a stressed
condition (such as exposure to anticancer drug gemcitabine).
All these data indicated that SLP-2 expression may be
increased by chemotherapy itself; additionally, this increase
may induce activation of the HBP through upregulation of
GFPT2. Recently, several studies have raised the possibility
of chemotherapy-induced metastasis (40) and have suggested
that cancer cells tend to become metastatically aggressive
following exposure to chemotherapy (41). Although SLP-2
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suppression did not alter chemosensitivity to gemcitabine,
increased expression of SLP-2 after NAC may contribute to
promoting liver metastasis. Further study should be conducted
to investigate this hypothesis.

The present study has several limitations. First, only the
function of SLP-2 was evaluated by inhibiting its expression.
SLP-2 suppression did not significantly change the prolifera-
tion and chemosensitivity of PC cells to gemcitabine unlike
previous findings (24,42). Overexpression of SLP-2 increased
the ability of cells to produce ATP, which is necessary for
proliferation and resistance to stress (11,23). Exposure of PC
cells to gemcitabine also increased the expression of SLP-2,
which may be a response to stress. Considering these data,
overexpression may lead to diverse effects on cell functions.
Second, the present study used G418 (geneticin) to select
shRNA-transfected PC cells, and this agent may influence the
growth and metabolism of cell lines (43). However, several
examinations were performed, using two types of cell lines
and two types of shRNA-transfected cell lines, to mitigate the
effects of G418 and minimize this bias.

In conclusion, to the best of our knowledge, the present
study is the first to analyze the effects of SLP-2 in PC. The
results obtained herein demonstrated the involvement of
SLP-2 in liver metastasis via regulation of the migration and
invasion activities of PC cells. Furthermore, SLP-2 expression
promoted glucose uptake activity and may regulate HBP, a
branch of glucose metabolism, which can contribute to the
activation of cancer cell motility. Furthermore, SLP-2 expres-
sion was increased under cytotoxic stress, implying that the
aforementioned functions may be enhanced under the cellular
stress caused by chemotherapy treatments. All these results
indicated that the poor prognosis of high SLP-2 expression
was caused by activated metastatic potential. Further investi-
gations on HBP activation and its promotion of metastasis are
warranted to determine whether these signals could provide
novel therapeutic targets for PC.
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