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Abstract

Background

Diabetes mellitus is linked to pancreatic cancer. We hypothesized a role for pancreatic stel-

late cells (PSC) in the hyperglycemia induced deterioration of pancreatic cancer and there-

fore studied two human cell lines (RLT-PSC, T3M4) in hyperglycemic environment.

Methodology/Principal Findings

The effect of chronic hyperglycemia (CHG) on PSCs was studied using mRNA expression

array with real-time PCR validation and bioinformatic pathway analysis, and confirmatory

protein studies. The stress fiber formation (IC: αSMA) indicated that PSCs tend to transdif-

ferentiate to a myofibroblast-like state after exposure to CHG. The phosphorylation of p38

and ERK1/2 was increased with a consecutive upregulation of CDC25, SP1, cFOS and

p21, and with downregulation of PPARγ after PSCs were exposed to chronic hyperglyce-

mia. CXCL12 levels increased significantly in PSC supernatant after CHG exposure inde-

pendently from TGF-β1 treatment (3.09-fold with a 2.73-fold without TGF-β1, p<0.05). The

upregualtion of the SP1 transcription factor in PSCs after CHG exposure may be implicated

in the increased CXCL12 and IGFBP2 production. In cancer cells, hyperglycemia induced

an increased expression of CXCR4, a CXCL12 receptor that was also induced by PSC’s

conditioned medium. The receptor-ligand interaction increased the phosphorylation of

ERK1/2 and p38 resulting in activation of MAP kinase pathway, one of the most powerful sti-

muli for cell proliferation. Certainly, conditioned medium of PSC increased pancreatic
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cancer cell proliferation and this effect could be partially inhibited by a CXCR4 inhibitor. As

the PSC conditioned medium (normal glucose concentration) increased the ERK1/2 and

p38 phosphorylation, we concluded that PSCs produce other factor(s) that influence(s) pan-

creatic cancer behaviour.

Conclusions

Hyperglycemia induces increased CXCL12 production by the PSCs, and its receptor,

CXCR4 on cancer cells. The ligand-receptor interaction activates MAP kinase signaling that

causes increased cancer cell proliferation and migration.

Introduction
Epidemiologic studies and their meta-analyses established a clear evidence for the association
between diabetes mellitus (DM) and pancreatic cancer (PaC) and concluded that DM is not
only an early manifestation, but also an etiologic factor of PaC.[1] Carstensen and co-workers
based on the data of more than 4 million person-years confirmed the association between type
1 DM (T1DM) and PaC and concluded that a major carcinogenic effect of exogenous insulin is
unlikely in T1DM. [2]. In the more prevalent type 2 DM (T2DM) the association with PaC is
also evident in the view of a meta-analysis of 36 studies [3].

A prospective cohort reported that elevated fasting plasma glucose (FPG) levels are risk fac-
tors for PaC [4]. In addition, a dose-response meta-analysis of data obtained from 2408 PaC
patients confirmed that every single mmol/L increase in FPG already above 4.1 mmol/L is asso-
ciated with a 25% increase in the rate of pancreatic cancer [5]. In a risk model to identify indi-
viduals at increased risk for pancreatic cancer, diabetes>3 years posed a similar degree of risk
than, family history of pancreatic cancer in the general population [6]. Pancreatic cancer, of
which 90% of cases are ductal adenocarcinoma, means a miserable prognosis with a 5 years
survival of 7% [7]. This means a uniquely high need for a better understanding of its molecular
pathology.

Despite the number of supporting epidemiologic studies the cellular and molecular mecha-
nisms for the evolution of this association between DM and PaC is less clear-cut. Therefore we
hypothesized that chronic hyperglycemia in addition to the direct effect on cancer cells may
also unfavourably alter the communication between cancer cells and the microenvironment,
especially with the pancreatic stellate cells that are the major cellular stromal elements in PaC.
The consequences of fibroblast activation—a process driven originally by transforming growth
factor beta (TGF-β) evolved to enhance wound healing—are unfavorable in cancer disease [8].
Experimental data suggested that antitumor immunity was suppressed by stromal cells ex-
pressing fibroblast activation protein (FAP) and an agent targeting FAP-expressing cells en-
hanced anti-tumoral immunity [9]. However, this concept has been recently challenged based
on observations with αSMA+ myofibroblast deleted transgenic mice in pancreatic cancer
model suggesting an even more complex regulation [10].

Pancreatic stellate cells (PSCs) upon activation trans-differentiate to myofibroblasts-like
cells that are the major source of the extracellular matrix (ECM) protein deposition during tis-
sue fibrosis [11–13]. Pancreatic ductal adenocarcinoma is characterized by an abundant des-
moplastic stroma as a result of PSC activation [14].

There is an intense communication between the tumor-associated PSCs and cancer cells.
Activated PSCs release a variety of growth factors, cytokines and chemokines that promote the
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malignant behavior of pancreatic tumor cells, playing an essential role in cancer development
and growth [15–18] Activated setllate cells also protect the pancreatic tumor from radiation—
and gemcitabine—induced apoptotic effects [19]. PSCs in indirect co-culture enhanced stem
cell-like phenotypes of cancer cells and induced the expression of cancer stem cell-related
genes, suggesting a role in cancer stem cell niche [20].

We assessed the response of human PSCs exposed to chronic hyperglycemia (CHG, 21
days), using a multi-step approach to identify the molecular pathways that may regulate PSC
activation. PaC cells were also directly assessed upon exposure to hyperglycemia or to condi-
tioned PSC culture medium (CCM).

Materials and Methods

Cell lines, cell cultures
In all experiments we used the RTL-PSC and T3M4 human cell lines. RLT-PSC is a human
pancreatic stellate cell line that was previously immortalized by transfection with SV40 large T
antigen and human telomerase (hTERT) and analyzed for stellate cell markers [13]. In addition
the T3M4 human pancreatic ductal adenocarcinoma cell line was used which was a kind gift
from the European Pancreas Center in Heidelberg [21].

PSC cells were cultured in DMEM (Dulbecco's Modified Eagle Medium, Sigma, St. Louis,
MO) with 1000 mg/L (5.5 mmol/L) glucose concentration, T3M4 cells were cultured in RPMI-
1640 medium (Sigma) both supplemented with 10% fetal bovine serum (FBS, Sigma) and 1%
Penicillin/Streptomycin (Sigma). Cells were cultured at 37 °C atmosphere containing 5% CO2
and passaged at 85–90% confluence using trypsin-EDTA solution (Sigma).

Growth factors and other compounds
Transforming growth factor-β1 (TGF-β1, Sigma) was added in 5 ng/mL final concentration to
the cells. AMD3100 octahydrochloride hydrate (2 μg/mL, Sigma) was used to inhibit CXCR4
receptor. During cell migration assessment cells were treated with Mitomycin C (10 μg/mL,
Sigma, Part No.: M4287) to prevent cell proliferation. BSA (bovine serum albumin, Sigma, Part
No.: A3294) was used for aspecific blocking in several methods.

Treatment schedule of PSC and T3M4 cells
PSCs were exposed to CHG and TGF-β1 according to the following protocol:

In “control” conditions cells were cultured as described above. In case of “high glucose”
treatment cells were cultured in culture medium containing 15.3 mmol/L glucose for 3 weeks
(21 days), as preliminary experiments showed the best response of ECM protein production at
this time-frame. Subsequently, cells were starved for 24 hours in FBS-free medium and thereaf-
ter for 48 hours in FBS-free medium either with or without TGFβ1 to compare its effect to
CHG. Two biological parallels were used for each regimen.

Cells grown in T75 flasks were collected and used for mRNA and protein analysis, cell cul-
ture medium was collected for protein analysis. For immunocytochemistry the cells were
grown on coverslips in 6 well plates. Experiments were repeated three times.

T3M4 cells were grown to 80% confluency in T75 flasks, then starved overnight in FBS-free
RPMI. Subsequently culture medium, containing PSC-CCM and RPMI with 10% FBS in a
50%-50% ratio was added to the cells for 48 hours. As controls in the T3M4 experiments FBS-
free DMEM (with 5.5 and 15.3 mM glucose concentration) was added in parallel to the full-
FBS RPMI. After 48 hours of treatment, T3M4 cells and the cell culture supernatants were col-
lected for protein studies.
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Preparation of conditioned cell culture medium (CCM)
We prepared CCM from RTL-PSCs by culturing them in T75 flasks with 12 mL DMEM con-
taining 10% FBS for 3 days. DMEMwith 1000 mg/L (5.5 mmol/L) or with 2750 mg/L (15.3
mml/L) glucose was used. CCM was collected from each flask, steril filtered, and stored at—20°C
until use.

mRNA expression array
Total RNA was isolated (Mean RNA Integrity Number [RIN] = 9.2 ± SD 0.4) using the RNeasy
Kit (Qiagen, Hilden, Germany). Two biological duplicates were pooled within each group and
two technical duplicates were hybridized from each pooled sample group onto the GeneChip
PrimeView Human Gene Expression Array (Affymetrix, Santa Clara, CA). Biotinylated ampli-
fied RNA (aRNA) probes were synthesized from 200 ng total RNA using the 3’ IVT Express
Kit (Affymetrix). Labeled aRNAs were then purified and fragmented for the subsequent hy-
bridization. Fluorescent signals were scanned by GeneChip Scanner 3000 (Affymetrix). Data
were extracted from the CEL files using „R” surface with Bioconductor software packages. Ro-
bust Multichip Average (RMA) normalization was performed and data were converted to Log2
notation to make Feature selection by linear model and SAM using „limma” and „samtools”
packages. All microarray results are uploaded to Gene Expression Omnibus (GEO) database
repository (accession number: GSE59953).

Gene expression values on each treatment arm were ranked upon their differential expres-
sion compared to the samples isolated from ‘control’ PSCs. Two sets of genes, the top 100 and
300 were selected to provide the best separation. (p-value: 10–4, Statistica software release 8, T-
test).

Bioinformatics/Pathway analysis
MetaCore (Thomson Reuters) pathway database integrated software was used for functional
analysis of mRNA expression microarray data [22]. This analysis provided a preliminary rank
of signal transduction pathways that are most likely altered in PSCs after CHG exposure. We
have selected 14 differentially expressed genes from these orientational networks for further
real-time RT PCR validation, based on their potential association with diabetes or contribution
to PSC activation, islet specific fibrosis or pancreatic cancer.

Real-time RT PCR validation
First strand cDNA was synthesized from 1 μg RNA using the M-MLV Reverse Transcriptase
kit (Invitrogen by Life Technologies Carlsbad, CA, USA) under the conditions recommended
by the manufacturer. Real-time PCR were performed using ABI Gene Expression TaqMan As-
says (S1 Table.) and TaqMan Universal PCRMaster Mix (Part No. 4324018) in an ABI 7000
Sequence Detection System, all purchased from Applied Biosystems by Life Technologies
(Carlsbad, CA, USA) under conditions recommended by the manufacturer. Samples were run
in triplicates in 20 μl total volume containing 50 ng cDNA [cycle conditions: denaturation:
95°C (10 min) followed by 40 cycles: 95°C (15s), annealing+extension: 60°C (1min)]. Results
were standardized to 18S rRNA (Part No. 4319413E). Cycle threshold (CT) values were re-
corded and relative gene expressions were calculated using the 2-ΔΔCT method.

Enzyme-linked immunosorbent assay (ELISA)
Type-1 and type-3 collagen contents were assessed using an indirect ELISA system. Plates were
coated overnight with cell culture supernatant at 4°C. After blocking with 3% w/v BSA, primary
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antibodies were used overnight at 4°C. After washing with PBS, appropriate secondary anti-
body was applied. (Antibody specifications and dilutions applied are indicated in S2 Table.)
Signals were achieved by adding 3,30,5,50- tetramethylbenzidine (Sigma, Part No.: T0440), reac-
tion was stopped by 1.6N sulfuric acid. Absorbance was recorded at 450 nm (Labsystems Mul-
tiScan MS, Thermo Labsystems, Milford, MA, USA).

Quantification of CXCL12 and IGFBP2 in cell supernatant was performed by using a Solid
Phase Sandwich ELISA kit (Quantikine R&D Systems, Minneapolis, MN, USA, Cat. No.:
DSA00 and DGB200), according to the manufacturer’s instructions. Each sample was tested
in triplicates.

Fluorescent immunostaining
For detection of intracellular type-1 collagen, alpha smooth muscle actin (α-SMA) and vimen-
tin, immunocytochemistry were preformed. After grown on coverslips cells were fixed with
ice-cold methanol. Non-specific protein-protein interactions were blocked with 5% BSA for 30
minutes at RT, then cells were incubated with the primary antibody overnight at 4°C. For sec-
ondary antibodies Alexa Fluor 488 green at a 1:200 dilution were used for 1h. Cells were coun-
terstained with 40-60-diamidino-phenylindole (DAPI, Sigma, Part No.: D9542). All washing
steps were preformed with PBS. Pictures were taken by a Nikon Eclipse E600 microscope with
the help of Lucia Cytogenetics version 1.5.6 program. Details of antibodies and their appropri-
ate dilutions are found in S3 Table.

Western blot analysis
After cell lysis, protein concentration was measured by Bradford method. Twenty-five μg of de-
natured total protein were loaded onto a 10% polyacrylamide gel and were run for 30 min at
200 V. Proteins were transferred to PVDF membrane (Millipore, Billerica, MA, USA) for 1.5 h
at 100 V. Ponceau staining was applied to determine blotting efficacy. Membranes were
blocked with 3% w/v non-fat dry milk (Bio-Rad) in TBS for 1 h followed by incubation with
the primary antibodies at 4°C overnight. After the washing steps (0.05 v/v% Tween-20 in TBS),
appropriate secondary antibody was applied for 1 h, signals were detected by SuperSignal West
Pico Chemiluminescent Substrate Kit (Pierce/Thermo Scientific, Part No.: 34080), and visual-
ized by Kodak Image Station 4000MMDigital Imaging System. WB analyses were repeated 3
times. Ponceau staining was used to assess the equal loading of samples. Applied antibodies are
indicated in S4 Table.

Proliferation and migration assays of T3M4 pancreatic cancer cells
The effect of PSC-CCM on T3M4 pancreatic cells was assessed using a sulforhodamine-B
(SRB) proliferation test. T3M4 cells were grown in 96 well plates (5000 cell/well) in 50% full-
FBS RPMI with 50% conditioned PSC supernatant/no-FBS DMEM. Cells were fixed with
10 w/v% trichloroacetic acid at 0, 24, 48, 72 and 96 hours. After washing, cells were incubated
with 0.4% sulphorodamine-B solution. Unbound SRB was eliminated with 1% acetic acid.
Bound SRB was reconstituted with 10 mM TRIS buffer, absorbance was measured at 570 nm
with microplate reader (LabsystemsMultiScan MS).

Migration of the T3M4 cells was examined using wound-healing assay. After plated in Petri
dishes, cells were grown to full confluence. Proliferation was inhibited by with Mitomycin C,
than the monolayer was wounded with a 100 μL pipette tip. After scratching cells were cultured
with 50% RPMI+50% DMEM/PSC-CCM for 20h and photographed.
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Statistical analysis
Shapiro-Wilks test was used to assess normality. Two-tailed T-test with independent variables
was used to compare means (normal distributions). ANOVA with Scheffe post-hoc test was
used for multiple comparisons. Statistica (release 7) software was used for these calculations.

Results

Glucose transporters (types-1, -2, and -3) are expressed on human
RLT-PSC and T3M4 cells
Types-1, -2 and -3 GLUTs, but not GLUT-4 were detected in RLT-PSC and T3M4 PaC cell ly-
sates by WB. (Fig 1).

Chronic hyperglycemia and TGF-β1 induces a PSC activation
Increased α-SMA and type-1 collagen protein expression was detected by immunostaining
after PSCs were exposed both to CHG and TGF-β1. Significantly higher type-1 and type-3 col-
lagen protein levels were observed upon TGF-β1 treatment, both with (3.61-fold and 2.08-fold,
p<0.05) and without (3.47-fold and 2.35-fold p<0.05) prior CHG exposure.

When PSCs were exposed only to CHG, a trend towards increased type-1 and -3 collagen
productions (1.41-fold and 1.40-fold) was observed (Fig 2). These results suggest that chronic
hyperglycemia may contribute to PSC activation and excessive ECM production.

mRNA expression profiles in PSCs after treatments
Based on the results of the mRNA expression array we ranked the potentially altered pathways
upon different treatments, and a set of differentially expressed genes was selected for further
validation by real-time RT PCR (CXCL12, VCAN, FOS, LTBP2, COL5a1, THBS1, PPARγ,
RND3, MMP1, DPP4). The biological plausibility in the view of the Metacore integrated path-
way ranks served as a basis for selecting genes for further validation. All of the 10 selected
genes displayed similar changes in real-time PCR validation as in the microarray.

Relative mRNA expression of CXCL12, FOS, LTBP2, THBS1 increased in PSCs after expo-
sure to CHG, and the effect of TGF-β1 alone was limited. However, when we applied

Fig 1. Western blot analysis of GLUT 1–4 on human RLT-PSC and T3M4 cells.GLUT-1, GLUT-2 and
GLUT-3 are expressed on both human RLT-PSC and T3M4 PaC cells. GLUT-4 was neither detected on
PSCs nor on T3M4 cells. Positive controls: hepatoma cell line HepG2 for GLUT-1 and GLUT-2,
medulloblastoma DAOY for GLUT-3 and RD-40 rhabdomyosarcoma cells for GLUT-4.

doi:10.1371/journal.pone.0128059.g001
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subsequently after CHG exposure, the TGF-β1 further augmented the up-regulation of
CXCL12, LTBP2, THBS1 gene expressions. PPARγ, RND3, and MMP1 mRNA expression de-
creased after CHG exposure. Steady state level of VCAN and Col5a1 mRNA increased only
after TGF-β1 treatment. Alterations gene expression at mRNA level in the human RLT-PSC
cells after different treatments are indicated on S1 Fig.

Increased CXCL12, IGFBP2 protein levels in RLT-PSC supernatants
CXCL12 levels increased significantly in PSC supernatant after RLT-PSC cells were exposed to
CHG regardless of subsequent TGF-β1 treatment (3.09-fold and 2.73-fold, p<0.05) (Fig 3A).

Fig 2. Immunocytochemistry (a) and ELISA assessment (b) of PSC activation. Increased α-SMA and type-1 collagen protein expression was found on
immunocytochemistry after PSCs were exposed both to 21 days of hyperglycemia or 48h of TGF-β1 (a). Increased type-1 and type-3 collagen levels were
observed in PSC cell culture supernatant in the ELISA studies, however the increases were statistically only significant after the TGF-β1 treatments both with
and without prior CHG exposure, but not after CHG exposure alone (b). Significant differences (p<0.05) are indicated *

doi:10.1371/journal.pone.0128059.g002
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Treatment of PSCs—kept previously in normal glucose concentration—with TGF-β1 for 48h
resulted in a 2.69-fold increase of CXCL12 levels.

When the TGF-β1 treatment was applied subsequently after that PSCs were exposed to
CHG it resulted in a significant (3.78 fold, p<0.05) IGFBP2 protein level elevation in the PSC
supernatant (Fig 3B).

Alteration of key signaling pathways in PSCs
WB analysis of PSCs exposed to CHG both with and without subsequent TGF-β1 treatment
demonstrated the most significant increase in the phosphorylation of ERK1/2 and p38 with
subsequent induction of CDC25a and SP-1 proteins. The protein expressions of p21waf1,
HIF1α, were also increased, while the amount of PPARγ decreased after PSCs were exposed to
CHG (Fig 4). In addition, the hexosamine pathway was also induced as indicated by the altered
β-O-linked N-acetylglucosamine (O-GlcNAc) protein modification patterns in PSCs exposed
to CHG. WB results with the relative density values (significant and moderate alterations) are
indicated on Fig 4. With the exception of marginal changes there were no conclusive, signifi-
cant or major alterations in the amount of FAK, PTEN, AKT, PKC-α, c-FOS proteins in PSCs
after different treatments. (S2 Fig)

Increased Proliferation and Migration of T3M4 cells and the effect of a
CXCR4 inhibitor
The proliferation of T3M4 cells significantly increased after 48h cultivation with CHG exposed
PSC/CCM showing almost two fold increase (10.48) when compared to other treatments
(DMEM-5.5: 6.58¸DMEM-15.3: 6.43, p<0.05) at 72h lasting throughout the experiment (96h).
This proliferation promoting effect could be partially inhibited using the CXCR4 inhibitor,
AMD3100 co-treatment (14.91 vs 17.54, p<0.05), but only after 96h of treatment (Fig 5A).

Fig 3. CXCL12 (a) and IGFBP2 (b) protein levels in RLT-PSC cell culture supernatant with ELISA assesment after exposure to hyperglycemia and/
or subsequent TGF-β1 treatment. CXCL12 level was significantly increased in PSC cell culture after exposure to CHG while 48h TGF-β1 treatment with
normal glucose concentration also resulted in more than 2-fold increase (a). IGFBP2 protein level was increased in the cell culture medium after exposure to
either CHG or TGF-β1. This alteration was only significant when PSCs were exposed to TGF-β1 subsequently after the CHG exposure. (b). Significant
differences (p<0.05) are indicated*

doi:10.1371/journal.pone.0128059.g003
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Migration of T3M4 tumor cells was assessed in a wound-healing assay. Both the exposure of
cancer cells to direct hyperglycemia (cancer cells incubated in 50% DMEM-high glucose and
50% RPMI in a glucose concentation of 13.2mM) and the exposure to PSC CCM-5.5 enhanced
migration after 20 hours compared to control cells. The most pronounced migration promot-
ing effect was detected when cancer cells were incubated with conditioned PCS medium with
high glucose content (CCM-15.3). (Fig 5B)

Fig 4. Series of Western blot experiments assessing key signalingmolecule proteins from cell lysates of RLT-PSC cells. PSCs were exposed to
CHG and/or to subsequent TGF-β1 treatment. Best representative images of key signaling molecules of the stellate cells are indicated in Western blot
membranes. Ponceau staining was used to assess the equal loading of gels. Significant (p<0.05)* and highly significant differences (p<0.001)**
are marked.

doi:10.1371/journal.pone.0128059.g004
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Alteration of key signaling pathways in the T3M4 cells
In T3M4 cells, a massive (more than 5-fold) increase in phosphorylated ERK1/2 in parallel with
a significant increase in p21 protein production were found after exposures both to hyperglyce-
mia and to the PSC-CCM, despite that the T3M4 is a KRAS-Wild type ductal PaC cell line. Sig-
nificant elevation in p-p38 was found in T3M4 cells exposed to both types of PSC-CCMs.
Hyperglycemia exposure decreased the amount of p(Thr)Akt and p(Ser)Akt in T3M4 cells, in
contrast, the exposure of cancer cells to PSC-CCM increased the amount of p(Ser)Akt (Fig 5C).
Both receptors of CXCL12, the CXCR4 and the CXCR7 were expressed on the T3M4 cells (Fig
5C). T3M4 cells exposed directly to hyperglycemia or to different conditioned PSC culture
media expressed increased amount of CXCR4, mostly after treatment of T3M4 cells with the
culture medium of PSCs that were previously exposed to CHG. In contrast, we found no alter-
ation in the CXCR7 protein expression on T3M4 cells after different treatments. WB results
with the relative density values are indicated on Fig 5C. Only a modest, non-significant increase
in c-FOS and in FAK proteins were found in T3M4 cells exposed to both types of PSC-CCMs
nor the protein expressions of PTEN and PKCα were significantly altered in the T3M4 cells
after different treatments. (S3 Fig)

Discussion
The epidemiologic link between DM and PaC [1–3, 6] motivated this line of research. We hy-
pothesized that CHGmight induce trans-differentiation (activation) of PSCs and contribute to
the development and progression of pancreatic fibrosis and cancer [15–18, 23]. The hypothesis
was assessed using human, immortalized RLT-PSC cell line [13] in a unique experimental
setup. A variety of PSC activating factors (e.g.: EtOH, TGF-β1, PDGF, TNFα, interleukines
[IL-1,-6,-13], ROS) were previously identified, but the role of chronic (i.e.>14 days) hypergly-
cemia in PSC activation has not been investigated to date.

Previous studies reported a hyperglycemia induced activation of rat PSCs, but only up to 72
hours and without a genome-wide approach.[24–26] We found that human PSCs increased
the cytoplasmic αSMAmicro-filament formation and tended to increase major ECM protein
constituents (type-1 and -3 collagens) upon exposure to CHG.

The genome-wide microarray approach was used to assess the glucose-induced alterations
in mRNA expression patterns. The MetaCore pathway database software was used for prelimi-
nary identification of diabetes associated pathways, after the selection of the top 300 differen-
tially expressed genes. Each molecular pathway was the result of the integration of multiple sets
of genes with altered mRNA expressions in the microarray (e.g.: CXCL12 was identified as an
integration of 12 genes with significantly altered mRNA expressions into a single signaling cas-
cade). Subsequently we validated the mRNA expressions for a selected set of genes using real-
time PCR. Key signaling molecules were then assessed at protein level in PSCs.

The phosphorylation of p38 was the most significant change in PSCs after exposure to
CHG. We could not provide a clear-cut upstream pathway for hyperglycemia induced in-
creased phosphorylation of p38 in PSCs, however similar results were reported in cultured
human peritoneal mesothelial cells exposed to high glucose concentration, indicating that the
p38 MAPK activation played a role in (the peritoneal) fibrosis development [27]. Activation of
p38 pathway was also essential in the high glucose concentration induced epithelial-mesenchy-
mal transition (EMT) of cultured human renal tubular epithelial cells [28] and EMT of acini in
the pancreas may contribute to the ultimate PSC population [29]. In addition, the p38 pathway
is activated during gluco-lipotoxicity induced apoptosis in insulin secreting INS-1 cells [30].

SP1 was selected for WB analysis due to that the proximal promoter of CXCL12 is occupied
by six putative SP1 binding motifs as confirmed by functional methods (in vitro mutagenesis)
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[31] and due to that SP1 transcription factor also binds to 200 bp upstream of the transcription
initiation site of IGFBP2. SP1 also induces the transcription of p21 and CDC25 genes [32, 33].
We found a significant increase in SP1 protein amount in PSCs after exposure to CHG and this
was independent from the effect of TGF-β1. SP1 overexpression in surgically resected human
PaC was associated with aggressive disease and poor prognosis [34] and SP1 was computation-
ally predicted to be the major regulator transcription factor in PaC [35]. We concluded that sig-
naling via the hexosamine pathway, and the CHG induced increase of p-p38 and p-Erk1/2
coordinately all regulated the activation of SP1 that eventually resulted in the increased tran-
scription of Sp1-dependent genes, including CXCL12, IGFBP2, CDC25a and p21 in PSCs
(Fig 6) [36–39].

PPARγ agonists had inhibitory effect on hepatic stellate cell growth in a hepatic fibrosis
model [40] and PPARγ ligand also inhibited the TGF-β-mediated lung myofibroblast differen-
tiation [41] suggesting that downregulation of PPARγmay be a profibrogenic signal. Accord-
ingly, the downregulation of PPARγ we first report here in human PSCs after CHG exposure
may contribute to the other signals resulting in islet-specific pancreas fibrosis in diabetic pa-
tients[24]. Prior data suggested that progressive renal fibrosis was dependent on p21WAF1 ex-
pression [42] and the ECM expansion is a feature of diabetic nephropathy. Increased p21
protein expression reported here in PSC after CHG exposure may also be the consequence of
the activation of SP1 binding to the p21 promoter region [32].

We found an altered pattern of glycosylated (O-linked N-acetylglucosamine) products in
PSCs after exposure to CHG that may reflect the posttranslational modification of serine and
threonine residues of transcription factors in the nucleus (Fig 4) [37]. The hexosamine pathway
may also serve as a profibrogenic signal in PSCs such as in diabetic nephropathy. We conclud-
ed that chronic hyperglycemia may induce both profibrogenic stimuli (p-p38", p21", hexosea-
mine path", PPARγ#), and proliferative signals (pERK1/2"). In addition, the CHG exposure
altered the secretion profile of PSCs, in part mimicking a cancer-associated PSC secretion pro-
file (CXCL12", IGFBP2") and all of these three effects are likely to be evolved employing dis-
tinct intracellular pathways (Fig 6).

We first report that human PSCs express types 1, 2 and 3 glucose transporter proteins
(GLUT-1, GLUT2 and GLUT-3).

Although previous reports related the CXCL12-CXCR4 axis to development, progression
and recurrence of PaC [43–46], we first report that CHG is capable to increase the CXCL12
concentration in human PSC culture medium. Majority of PaC cell lines (co)express CXCR4
and CXCR7, the receptors of CXCL12.[43] Beta-arrestin-2 and K-Ras dependent pathways co-
ordinate the transduction of CXCL12 signals,[43] and the source of CXCL12 in PaC tissue is
the PSC that acts in a paracrine way on cancer cells. T3M4 cells express CXCR4 as the majority
of other pancreatic cancer cell lines[43] and we also report that direct hyperglycemia and both
types of PSC culture media exposures slightly increased the CXCR4 protein expression on
T3M4 cells. In addition the partial inhibition of the CHG exposed PSC/CCM induced cancer
cell proliferation by AMD3100, a specific CXCR4 blocker strongly refers to the functional role

Fig 5. Proliferation andmigration assays of T3M4 cells and theWestern blot analyses of key signalingmolecules: (a) Sulphorodamine B test.
Proliferation of T3M4 cells incubated with different conditioned PSC culture medium and the CXCR4 inhibitor AMD3100 after 24, 48, 72 and 96 hours of
treatment. T3M4 cell proliferation (solid line; untreated control) was increased significantly after incubation with PSC supernatant (dotted line) provided that
PSC were prior exposed to CHG. The presence of the CXCR4 inhibitor AMD3100 (dashed line) could partially antagonize this proliferation induction after
96h. (b)Migration of T3M4 cancer cells in a wound-healing assay. Substantial effect of hyperglycemia on the migration of cancer cells: a rapid direct
effect of elevated glucose level was found. There was no striking effect of conditioned PSC culture mediums on T3M4 cell migration. (c)Western blot
analyses of key signaling molecules in T3M4 cells.Cancer cells were exposed to hyperglycemia or different conditioned PSC culture medium. Best
representative images of key signaling molecules of the cancer cells are indicated in WBmembranes. Ponceau staining was used to assess the equal
loading of gels. Significant (p<0.05) differences are indicated.*

doi:10.1371/journal.pone.0128059.g005
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of the CXCL12-CXCR4 binding. The T3M4 cells also posessed CXCR7, a scavanger receptor
for CXCL12. Despite that in our system some of the previously reported key beta-arrestin de-
pendent signaling molecules (i.e.: CDK2 [47]) were not induced by the treatments, a role for
the CXCR7 receptor induction of the MAPK pathways (i.e.: p38) in the T3M4 cells may still
not be excluded.

We concluded that CHG influences the communication between PSCs and PaC cells and
the increased CXCL12 levels may contribute to the progression of PaC. IGFBP2 overexpression
was found in the pancreatic juice collected during ERCP in patients with PaC compared to
those with benign pancreatic lesions [48]. We report that CHG exposure with subsequent
TGF-β1 treatment significantly increases IGFBP2 protein production by PSCs. The increased
IGFBP2 levels may not only be biomarkers of PaC, but also may contribute to the development

Fig 6. Summary of signaling pathways induced by chronic hyperglycemia in human pancreatic stellate cells and PaC cells. These results suggest a
role of metabolic factors in PSC activation that may provide profibrogenic stimuli to a lesser extent proliferation signals in these stromal cells. Hyperglycemia
also induced a cancer-associated secretion pattern of PSCs that may alter the pancreatic tumor microenvironment. Increased p38 phosphorylation may play
an important role and CDC25/SP1 may convey the signals in the PSC nucleus that results in increased secretion of CXCL12 and IGFBP2 that may have an
effect on pancreatic cancer cells.

doi:10.1371/journal.pone.0128059.g006
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and progression of PaC via their RGD domain binding to integrins (α5β1, α8β1, αv, αIIbβ3)
[49].

The PSC-CCMmedium significantly induced the proliferation of cancer cells in the SRB test
after 72 hours, provided that PSCs were prior exposed to CHG. In addition to CXCR4-depen-
dent mechanisms other signals are likely to contribute to the cancer cell proliferation induced by
the PSC–CCM due to that AMD3100 could only partially antagonize this proliferation promot-
ing effect.

Hyperglycemia profoundly increased the migration of T3M4 cells both directly and also in-
directly via the alteration of PSC cell culture medium.

The GLUT-1 and GLUT-3 transporters that are expressed on T3M4 cells may indicate a po-
tentially increased glucose uptake occuring concomittantly to the Warburg effect in cancer
cells. It was reported that GLUT-1 is essential in the maintenance of self-renewal of the pancre-
atic cancer stem cell (CSC) population and the inhibition of GLUT-1 resulted in the inhibition
of the tumor initiating capacity of CSC, suggesting that increased glucose metabolism is essen-
tial for maintaining stemness character of CSC [50].

Increased expression of p21 was described as an early event in pancreatic intraepithelial neo-
plasia (PanIN lesions). Overexpression of p21 was found to be progressive (normal duct-PanIN
lesions-invasive carcinoma) [51]. Therefore the p21 increase reported here in T3M4 cancer cells
and also in PSCs could be a thus far unrecognized effect of hyperglycemia. Conditioned PSC me-
dium also increased p21 protein expression in K-Ras wild-type T3M4 PaC cells. We concluded
that these stimuli could induce similar molecular changes that were previously found character-
istic in early—PanIN—neoplastic lesions. We found that exposure of T3M4 cells both to hyper-
glycemia and to the PSC-CCM resulted in a striking increase in phosphorylation of ERK1/2
protein. These findings highlight the role of metabolic factors and the microenvironment in the
activation of the ERK1/2 path even in a KRAS wild-type ductal PaC cell line.

Conclusions
Our results suggest a role of metabolic factors in PSC activation vitiating the communication
between PSCs and PaC cells. CHG induced a cancer-associated phenotype and secretion profile
of PSCs that may alter the tumor microenvironment. This includes the induction of increased
CXCL12 production by human pancreatic stellate cells and upregulation of CXCR4 expression
on human cancer cells that in combination with the finding that hyperglycemia also directly
enhanced cancer cell migration, suggests that it may promote both the tumor growth and the
spread of pancreatic cancer. Furthermore, in the view that high glucose levels could induce mo-
lecular changes that are characteristic for PanIN lesions, this research may possibly refer to the
role of metabolic factors in early events of cancer development.

Supporting Information
S1 Fig. Alterations in gene expressions in cells from the human RLT-PSC cell line after dif-
ferent treatments at mRNA level (microarray validation in real-time PCRs).
(PDF)

S2 Fig. Proteins produced without significant alterations in RLT-PSC cells after TGF-β1
and CHG treatment (Western blot, Ponceau staining for loading control).
(PDF)

S3 Fig. Proteins produced without significant alterations in T3M4 cells after incubation
with PSC supernatant (Western blot, Ponceau staining for loading control).
(PDF)

Effect of Hyperglycemia on Pancreatic Stellate and Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0128059 May 26, 2015 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s003


S1 Table. Genes assessed in real-time PCR validation assays after the microarray experi-
ment, with their major functions and TaqMan assay Ids used.
(PDF)

S2 Table. Antibodies used for measurements of type-1 and-3 collagen in ELISAssays.
(PDF)

S3 Table. Antibodies used in immunocytochemistry.
(PDF)

S4 Table. Antibodies used in the Western blot experiments.
(PDF)

Acknowledgments
Authors are grateful for Barna Wichmann (Molecular Medicine Research Unit, Hungarian
Academy of Sciences) for his support in the statistical analysis, Dr. Moe H Kyaw (Digestive
Diseases Centre, University Hospitals of Leicester, UK) for his contribution to the English lan-
guage editing of the manuscript.

Author Contributions
Conceived and designed the experiments: IK GF. Performed the experiments: KK KB S.Spisák
GF. Analyzed the data: KK IK RJ GF. Contributed reagents/materials/analysis tools: RJ JML S.
Szanyi AZ IK GF. Wrote the paper: KK RJ JML ZT IK GF. Suggested hypothesis: GF.

References
1. Ben Q, Xu M, Ning X, Liu J, Hong S, HuangW et al. Diabetes mellitus and risk of pancreatic cancer: A

meta-analysis of cohort studies. Eur J Cancer. 2011; 47:1928–1937. doi: 10.1016/j.ejca.2011.03.003
PMID: 21458985

2. Carstensen B, Friis S, Harding J, Magliano DJ, Sund R, Keskimäki I et al. Cancer occurrence in type 1
diabetes patients: a 4-country study with 8800 cancer cases in 3.7 mio person-years. Diabetologia.
2014; 57:S110: A245.

3. Huxley R, Ansary-Moghaddam A, Berrington de Gonzalez A, Barzi F, Woodward M. Type-II diabetes
and pancreatic cancer: a meta-analysis of 36 studies. Br J Cancer. 2005; 92:2076–2083. PMID:
15886696

4. Jee SH, Ohrr H, Sull JW, Yun JE, Ji M, Samet JM. Fasting serum glucose level and cancer risk in Kore-
an men and women. JAMA. 2005; 293:194–202. PMID: 15644546

5. LiaoWC, Tu YK, Wu MS, Lin JT, Wang HP, Chien KL. Blood glucose concentration and risk of pancre-
atic cancer: systematic review and dose-response meta-analysis. Bmj. 2015; 349:g7371. doi: 10.1136/
bmj.g7371 PMID: 25556126

6. Klein AP, Lindstrom S, Mendelsohn JB, Steplowski E, Arslan AA, Bueno-de-Mesquita HB et al. An ab-
solute risk model to identify individuals at elevated risk for pancreatic cancer in the general population.
PloS one. 2013; 8:e72311. doi: 10.1371/journal.pone.0072311 PMID: 24058443

7. Society AC. Cancer Facts & Figures 2013. Atlanta: American Cancer Society; 2013. 2013.

8. Löhr M, Schmidt C, Ringel J, Kluth M, Muller P, Nizze H et al. Transforming growth factor-beta1 induces
desmoplasia in an experimental model of human pancreatic carcinoma. Cancer research. 2001;
61:550–555. PMID: 11212248

9. Kraman M, Bambrough PJ, Arnold JN, Roberts EW, Magiera L, Jones JO et al. Suppression of antitu-
mor immunity by stromal cells expressing fibroblast activation protein-alpha. Science. 2010; 330:827–
830. doi: 10.1126/science.1195300 PMID: 21051638

10. Ozdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng X, Wu CC, Simpson TR et al. Depletion of carci-
noma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas can-
cer with reduced survival. Cancer cell. 2014; 25:719–734. doi: 10.1016/j.ccr.2014.04.005 PMID:
24856586

Effect of Hyperglycemia on Pancreatic Stellate and Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0128059 May 26, 2015 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0128059.s007
http://dx.doi.org/10.1016/j.ejca.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21458985
http://www.ncbi.nlm.nih.gov/pubmed/15886696
http://www.ncbi.nlm.nih.gov/pubmed/15644546
http://dx.doi.org/10.1136/bmj.g7371
http://dx.doi.org/10.1136/bmj.g7371
http://www.ncbi.nlm.nih.gov/pubmed/25556126
http://dx.doi.org/10.1371/journal.pone.0072311
http://www.ncbi.nlm.nih.gov/pubmed/24058443
http://www.ncbi.nlm.nih.gov/pubmed/11212248
http://dx.doi.org/10.1126/science.1195300
http://www.ncbi.nlm.nih.gov/pubmed/21051638
http://dx.doi.org/10.1016/j.ccr.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24856586


11. Apte MV, Haber PS, Applegate TL, Norton ID, McCaughan GW, Korsten MA et al. Periacinar stellate
shaped cells in rat pancreas: identification, isolation, and culture. Gut. 1998; 43:128–133. PMID:
9771417

12. BachemMG, Schneider E, Gross H, Weidenbach H, Schmid RM, Menke A et al. Identification, culture,
and characterization of pancreatic stellate cells in rats and humans. Gastroenterology. 1998; 115:421–
432. PMID: 9679048

13. Jesnowski R, Furst D, Ringel J, Chen Y, Schrodel A, Kleeff J et al. Immortalization of pancreatic stellate
cells as an in vitro model of pancreatic fibrosis: deactivation is induced by matrigel and N-acetylcys-
teine. Lab Invest. 2005; 85:1276–1291. PMID: 16127427

14. Fujita H, Ohuchida K, Mizumoto K, Nakata K, Yu J, Kayashima T et al. alpha-Smooth Muscle Actin Ex-
pressing Stroma Promotes an Aggressive Tumor Biology in Pancreatic Ductal Adenocarcinoma. Pan-
creas. 2010.

15. Löhr JM, Jesnowski R. Pancreatic stellate cells and pancreatic carcinoma: an unholy alliance. JOP.
2009; 10:472–473. PMID: 19581762

16. BachemMG, Zhou S, Buck K, SchneiderhanW, Siech M. Pancreatic stellate cells—role in pancreas
cancer. Langenbecks Arch Surg. 2008; 393:891–900. doi: 10.1007/s00423-008-0279-5 PMID:
18204855

17. Xu Z, Vonlaufen A, Phillips PA, Fiala-Beer E, Zhang X, Yang L et al. Role of pancreatic stellate cells in
pancreatic cancer metastasis. Am J Pathol. 2010; 177:2585–2596. doi: 10.2353/ajpath.2010.090899
PMID: 20934972

18. Vonlaufen A, Joshi S, Qu C, Phillips PA, Xu Z, Parker NR et al. Pancreatic stellate cells: partners in
crime with pancreatic cancer cells. Cancer research. 2008; 68:2085–2093. doi: 10.1158/0008-5472.
CAN-07-2477 PMID: 18381413

19. Al-Assar O, Demiciorglu F, Lunardi S, Gaspar-Carvalho MM, McKennaWG, Muschel RM et al. Contex-
tual regulation of pancreatic cancer stem cell phenotype and radioresistance by pancreatic stellate
cells. Radiotherapy and oncology: journal of the European Society for Therapeutic Radiology and On-
cology. 2014; 111:243–251.

20. Hamada S, Masamune A, Takikawa T, Suzuki N, Kikuta K, Hirota M et al. Pancreatic stellate cells en-
hance stem cell-like phenotypes in pancreatic cancer cells. Biochemical and biophysical research com-
munications. 2012; 421:349–354. doi: 10.1016/j.bbrc.2012.04.014 PMID: 22510406

21. Dovzhanskiy DI, Arnold SM, Hackert T, Oehme I, Witt O, Felix K et al. Experimental in vivo and in vitro
treatment with a new histone deacetylase inhibitor belinostat inhibits the growth of pancreatic cancer.
BMC cancer. 2012; 12:226. doi: 10.1186/1471-2407-12-226 PMID: 22681698

22. Shmelkov E, Tang Z, Aifantis I, Statnikov A. Assessing quality and completeness of human transcrip-
tional regulatory pathways on a genome-wide scale. Biology direct. 2011; 6:15. doi: 10.1186/1745-
6150-6-15 PMID: 21356087

23. Apte MV, Pirola RC, Wilson JS. Pancreatic stellate cells: a starring role in normal and diseased pancre-
as. Front Physiol. 2012; 3:344. doi: 10.3389/fphys.2012.00344 PMID: 22973234

24. Hong OK, Lee SH, Rhee M, Ko SH, Cho JH, Choi YH et al. Hyperglycemia and hyperinsulinemia have
additive effects on activation and proliferation of pancreatic stellate cells: possible explanation of islet-
specific fibrosis in type 2 diabetes mellitus. Journal of cellular biochemistry. 2007; 101:665–675. PMID:
17212361

25. Nomiyama Y, Tashiro M, Yamaguchi T, Watanabe S, Taguchi M, Asaumi H et al. High glucose acti-
vates rat pancreatic stellate cells through protein kinase C and p38 mitogen-activated protein kinase
pathway. Pancreas. 2007; 34:364–372. PMID: 17414061

26. Ko SH, Hong OK, Kim JW, Ahn YB, Song KH, Cha BY et al. High glucose increases extracellular matrix
production in pancreatic stellate cells by activating the renin-angiotensin system. Journal of cellular bio-
chemistry. 2006; 98:343–355. PMID: 16408293

27. Xu ZG, Kim KS, Park HC, Choi KH, Lee HY, Han DS et al. High glucose activates the p38 MAPK path-
way in cultured human peritoneal mesothelial cells. Kidney international. 2003; 63:958–968. PMID:
12631076

28. Lv ZM, Wang Q, Wan Q, Lin JG, Hu MS, Liu YX et al. The role of the p38 MAPK signaling pathway in
high glucose-induced epithelial-mesenchymal transition of cultured human renal tubular epithelial cells.
PloS one. 2011; 6:e22806. doi: 10.1371/journal.pone.0022806 PMID: 21829520

29. Erkan M, Adler G, Apte MV, BachemMG, Buchholz M, Detlefsen S et al. StellaTUM: current consensus
and discussion on pancreatic stellate cell research. Gut. 2012; 61:172–178. doi: 10.1136/gutjnl-2011-
301220 PMID: 22115911

30. Zhou L, Cai X, Han X, Ji L. P38 plays an important role in glucolipotoxicity-induced apoptosis in INS-1
cells. Journal of diabetes research. 2014; 2014:834528. doi: 10.1155/2014/834528 PMID: 24734256

Effect of Hyperglycemia on Pancreatic Stellate and Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0128059 May 26, 2015 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/9771417
http://www.ncbi.nlm.nih.gov/pubmed/9679048
http://www.ncbi.nlm.nih.gov/pubmed/16127427
http://www.ncbi.nlm.nih.gov/pubmed/19581762
http://dx.doi.org/10.1007/s00423-008-0279-5
http://www.ncbi.nlm.nih.gov/pubmed/18204855
http://dx.doi.org/10.2353/ajpath.2010.090899
http://www.ncbi.nlm.nih.gov/pubmed/20934972
http://dx.doi.org/10.1158/0008-5472.CAN-07-2477
http://dx.doi.org/10.1158/0008-5472.CAN-07-2477
http://www.ncbi.nlm.nih.gov/pubmed/18381413
http://dx.doi.org/10.1016/j.bbrc.2012.04.014
http://www.ncbi.nlm.nih.gov/pubmed/22510406
http://dx.doi.org/10.1186/1471-2407-12-226
http://www.ncbi.nlm.nih.gov/pubmed/22681698
http://dx.doi.org/10.1186/1745-6150-6-15
http://dx.doi.org/10.1186/1745-6150-6-15
http://www.ncbi.nlm.nih.gov/pubmed/21356087
http://dx.doi.org/10.3389/fphys.2012.00344
http://www.ncbi.nlm.nih.gov/pubmed/22973234
http://www.ncbi.nlm.nih.gov/pubmed/17212361
http://www.ncbi.nlm.nih.gov/pubmed/17414061
http://www.ncbi.nlm.nih.gov/pubmed/16408293
http://www.ncbi.nlm.nih.gov/pubmed/12631076
http://dx.doi.org/10.1371/journal.pone.0022806
http://www.ncbi.nlm.nih.gov/pubmed/21829520
http://dx.doi.org/10.1136/gutjnl-2011-301220
http://dx.doi.org/10.1136/gutjnl-2011-301220
http://www.ncbi.nlm.nih.gov/pubmed/22115911
http://dx.doi.org/10.1155/2014/834528
http://www.ncbi.nlm.nih.gov/pubmed/24734256


31. Garcia-Moruja C, Alonso-Lobo JM, Rueda P, Torres C, Gonzalez N, Bermejo M et al. Functional char-
acterization of SDF-1 proximal promoter. Journal of molecular biology. 2005; 348:43–62. PMID:
15808852

32. Gartel AL, Goufman E, Najmabadi F, Tyner AL. Sp1 and Sp3 activate p21 (WAF1/CIP1) gene transcrip-
tion in the Caco-2 colon adenocarcinoma cell line. Oncogene. 2000; 19:5182–5188. PMID: 11064455

33. Haugwitz U, Wasner M, Wiedmann M, Spiesbach K, Rother K, Mossner J et al. A single cell cycle
genes homology region (CHR) controls cell cycle-dependent transcription of the cdc25C phosphatase
gene and is able to cooperate with E2F or Sp1/3 sites. Nucleic acids research. 2002; 30:1967–1976.
PMID: 11972334

34. Jiang NY, Woda BA, Banner BF, Whalen GF, Dresser KA, Lu D. Sp1, a new biomarker that identifies a
subset of aggressive pancreatic ductal adenocarcinoma. Cancer epidemiology, biomarkers & preven-
tion: a publication of the American Association for Cancer Research, cosponsored by the American So-
ciety of Preventive Oncology. 2008; 17:1648–1652.

35. Shi C, Hruban RH, Klein AP. Familial pancreatic cancer. Archives of pathology & laboratory medicine.
2009; 133:365–374.

36. D'Addario M, Arora PD, McCulloch CA. Role of p38 in stress activation of Sp1. Gene. 2006; 379:51–61.
PMID: 16797880

37. Issad T, Kuo M. O-GlcNAc modification of transcription factors, glucose sensing and glucotoxicity.
Trends in endocrinology and metabolism: TEM. 2008; 19:380–389. doi: 10.1016/j.tem.2008.09.001
PMID: 18929495

38. Lu S, Archer MC. Sp1 coordinately regulates de novo lipogenesis and proliferation in cancer cells. Inter-
national journal of cancer. Journal international du cancer. 2010; 126:416–425. doi: 10.1002/ijc.24761
PMID: 19621387

39. Milanini-Mongiat J, Pouyssegur J, Pages G. Identification of two Sp1 phosphorylation sites for p42/p44
mitogen-activated protein kinases: their implication in vascular endothelial growth factor gene transcrip-
tion. The Journal of biological chemistry. 2002; 277:20631–20639. PMID: 11904305

40. Sun K, Wang Q, Huang XH. PPAR gamma inhibits growth of rat hepatic stellate cells and TGF beta-in-
duced connective tissue growth factor expression. Acta pharmacologica Sinica. 2006; 27:715–723.
PMID: 16723090

41. Kulkarni AA, Thatcher TH, Olsen KC, Maggirwar SB, Phipps RP, Sime PJ. PPAR-gamma ligands re-
press TGFbeta-induced myofibroblast differentiation by targeting the PI3K/Akt pathway: implications
for therapy of fibrosis. PloS one. 2011; 6:e15909. doi: 10.1371/journal.pone.0015909 PMID: 21253589

42. Megyesi J, Tarcsafalvi A, Li S, Hodeify R, Hti Lar Seng NS, Portilla D et al. Increased expression of
p21WAF1/CIP1 in kidney proximal tubules mediates fibrosis. American journal of physiology. Renal
physiology. 2014:ajprenal 00489 02014.

43. Heinrich EL, LeeW, Lu J, Lowy AM, Kim J. Chemokine CXCL12 activates dual CXCR4 and CXCR7-
mediated signaling pathways in pancreatic cancer cells. J Transl Med. 2012; 10:68. doi: 10.1186/1479-
5876-10-68 PMID: 22472349

44. Marchesi F, Monti P, Leone BE, Zerbi A, Vecchi A, Piemonti L et al. Increased survival, proliferation,
and migration in metastatic human pancreatic tumor cells expressing functional CXCR4. Cancer re-
search. 2004; 64:8420–8427. PMID: 15548713

45. Bachet JB, Marechal R, Demetter P, Bonnetain F, Couvelard A, Svrcek M et al. Contribution of CXCR4
and SMAD4 in predicting disease progression pattern and benefit from adjuvant chemotherapy in re-
sected pancreatic adenocarcinoma. Ann Oncol. 2012; 23:2327–2335. doi: 10.1093/annonc/mdr617
PMID: 22377565

46. Gao Z, Wang X, Wu K, Zhao Y, Hu G. Pancreatic stellate cells increase the invasion of human pancre-
atic cancer cells through the stromal cell-derived factor-1/CXCR4 axis. Pancreatology. 2010; 10:186–
193. doi: 10.1159/000236012 PMID: 20484957

47. Rajagopal S, Kim J, Ahn S, Craig S, Lam CM, Gerard NP et al. Beta-arrestin- but not G protein-mediat-
ed signaling by the "decoy" receptor CXCR7. Proceedings of the National Academy of Sciences of the
United States of America. 2010; 107:628–632. doi: 10.1073/pnas.0912852107 PMID: 20018651

48. Chen R, Pan S, Yi EC, Donohoe S, Bronner MP, Potter JD et al. Quantitative proteomic profiling of pan-
creatic cancer juice. Proteomics. 2006; 6:3871–3879. PMID: 16739137

49. Srichai MB, Zent R. Integrin Structure and Function (Chapter 2) in Cell-Extracellular Matrix Interactions
in Cancer 2010:19–41.

50. Shibuya K, Okada M, Suzuki S, Seino M, Seino S, Takeda H et al. Targeting the facilitative glucose
transporter GLUT1 inhibits the self-renewal and tumor-initiating capacity of cancer stem cells. Oncotar-
get. 2015; 6:651–661. PMID: 25528771

Effect of Hyperglycemia on Pancreatic Stellate and Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0128059 May 26, 2015 17 / 18

http://www.ncbi.nlm.nih.gov/pubmed/15808852
http://www.ncbi.nlm.nih.gov/pubmed/11064455
http://www.ncbi.nlm.nih.gov/pubmed/11972334
http://www.ncbi.nlm.nih.gov/pubmed/16797880
http://dx.doi.org/10.1016/j.tem.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18929495
http://dx.doi.org/10.1002/ijc.24761
http://www.ncbi.nlm.nih.gov/pubmed/19621387
http://www.ncbi.nlm.nih.gov/pubmed/11904305
http://www.ncbi.nlm.nih.gov/pubmed/16723090
http://dx.doi.org/10.1371/journal.pone.0015909
http://www.ncbi.nlm.nih.gov/pubmed/21253589
http://dx.doi.org/10.1186/1479-5876-10-68
http://dx.doi.org/10.1186/1479-5876-10-68
http://www.ncbi.nlm.nih.gov/pubmed/22472349
http://www.ncbi.nlm.nih.gov/pubmed/15548713
http://dx.doi.org/10.1093/annonc/mdr617
http://www.ncbi.nlm.nih.gov/pubmed/22377565
http://dx.doi.org/10.1159/000236012
http://www.ncbi.nlm.nih.gov/pubmed/20484957
http://dx.doi.org/10.1073/pnas.0912852107
http://www.ncbi.nlm.nih.gov/pubmed/20018651
http://www.ncbi.nlm.nih.gov/pubmed/16739137
http://www.ncbi.nlm.nih.gov/pubmed/25528771


51. Biankin AV, Kench JG, Morey AL, Lee CS, Biankin SA, Head DR et al. Overexpression of p21(WAF1/
CIP1) is an early event in the development of pancreatic intraepithelial neoplasia. Cancer research.
2001; 61:8830–8837. PMID: 11751405

Effect of Hyperglycemia on Pancreatic Stellate and Cancer Cells

PLOS ONE | DOI:10.1371/journal.pone.0128059 May 26, 2015 18 / 18

http://www.ncbi.nlm.nih.gov/pubmed/11751405

