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Pancreatic adenocarcinomas express neurotensin receptors in up to 90% of cases, however,
their role in tumor biology and as a drug target is not clear. In the present study, a stable
neurotensin (NT) analog induced intracellular calcium release and intracellular alkaliniza-
tion in BxPC-3 and PANC-1 pancreatic cancer cells that was abolished by inhibitors of NT
receptor (NTR) and sodium-proton exchanger 1 (NHE1), amiloride and SR 142948, respec-
tively. Activation of NHE1 involved increased phosphorylation of dimethylfumarate-sensi-
tive mitogen- and stress-activated kinase 1/2 (MSK1/2). NTR signaling appears to promote
a metastatic phenotype in pancreatic cancer cells by induction of localized extracellular
acidification in normoxic cells, preceeding acidosis induced by hypoxia and switch to gly-
colysis in addition to increased expression of interleukin-8 (IL-8).

© 2009 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Ductal adenocarcinoma of the pancreas is one of the leading
causes of cancer deaths in the Western World since, due to
the lack of specific symptoms and highly aggressive tumor
progression, the disease is usually advanced at time of diagno-
sis (Ghaneh et al., 2007). A hallmark of exocrine pancreatic
cancer is the expression of neuropeptides and their cognate
receptors. For example, neurotensin (NT), bombesin, bradyki-
nin, cholecystokinin, and vasopressin were shown to stimu-
late DNA synthesis in pancreatic cancer cell lines (Ryder
et al., 2001). Neurotensin receptor (NTR) expression was dem-
onstrated for pancreatic cancer cell lines as well as more than
75-90% primary pancreatic carcinomas (Bozou et al., 1986;
Reubi et al.,, 1999). NT is a tridecapeptide with the amino
acid sequence pGlu'-Leu?-Tyr*-Glu*-Asn’-Lys®-Pro’-Argt-
Arg®-Pro'®-Tyr*'-lle'>-Leu™-OH that was primarily isolated

from bovine hypothalami and intestine (Carraway and Lee-
man, 1973; Kitabgi et al., 1976). It exerts dual physiological ef-
fects as neurotransmitter/neuromodulator in the central
nervous system and as circulating hormone in the periphery
and stimulates proliferation of normal intestinal epithelial
as well as cancer cells of the pancreas, lung, colon,
breast, and prostate (Nemeroff et al.,, 1982; Carraway and
Plona, 2006; Yamada et al., 1995; Iwase et al., 1997; Thomas
et al., 2003). Of the three known NTRs, NTR1 and NTR2 belong
to the superfamily of heterotrimeric G protein-coupled recep-
tors, whereas the type I receptor NTR3 (sortilin), homologous
to the yeast vacuolar sorting protein VPS10p, is mainly in-
volved in NT and NTR recycling (Kitabgi, 2002; Vincent et al.,
1999; Mazella, 2001; Dal Farra et al., 2001). Basically, agonist
binding to neuropeptide receptors stimulates phospholipase
Cp and triggers rapid mobilization of intracellular calcium
(Ca®") from endoplasmic reticulum stores, followed by
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activation of protein kinase C and extracellular signal-regu-
lated kinase 1/2 (ERK1/2) which eventually results in increased
gene transcription (Thomas et al., 2003; Heasley, 2001).

Ryder et al. showed intracellular Ca*>* mobilization and in-
creased DNA synthesis in response to NT in five pancreatic
cancer cell lines (Ryder et al., 2001; Ishizuka et al., 1993). Addi-
tionally, proliferation of MIA PaCa-2 pancreatic cancer cells
was reported to be stimulated in response to low concentra-
tions of NT, however, this observation was not made in
PANC-1 pancreatic cancer cells (Herzig et al., 1999). Growth
stimulatory effects of NT were furthermore reported for can-
cer cell lines derived from colon, prostate, breast, and small
cell lung cancer (SCLC) (Carraway and Plona, 2006). Most of
the effects of NT in the central nervous system and periphery
are mediated by NTR1 and can be selectively inhibited by the
nonpeptide antagonist SR 48692 (Gully et al., 1993). A second
nonpeptide antagonist, SR 142948, is less selective than SR
48692 since it does not discriminate between NTR1 and
NTR2 (Gully et al., 1997). Experimental animal models proved
inhibition of NT-stimulated growth of SCLC xenografts by SR
48692, however, basal proliferation of MIA PaCa-2 pancreatic
cancer as well as LoVo and SW480 colon cancer cell line xeno-
grafts was not impeded by this antagonist (Carraway and
Plona, 2006). Therefore, the authors of this study arrived at
the conclusion that NT was of primary relevance for prolifer-
ation at an early stage of tumor development, and that other
growth factors dominated at increasing cell densities and tu-
mor size later on. SR 48692 (Meclinertant®, Sanofi-Aventis)
was clinically tested in SCLC patients (NCI identifier
NCT00290953: “A Double Blind, Randomized, Phase II-1II Main-
tenance Study of SR 48692 Versus Placebo in Patients With Ex-
tensive Stage SCLC Following a First Line Chemotherapy With
Cisplatin + Etoposide”) and resulted in sporadic responses at
best which consequently led to discontinuation of further de-
velopment of this drug.

In summary, these data indicate that NT plays a minor role
as growth factor of tumors, however, it may be significant for
processes involved in tumor progression. Definitely, there is
increasing evidence that the NT-NTR signaling pathway is
linked to tumor metastasis via stimulation of invasion and mi-
gration in association with cytokines like interleukin-8 (IL-8)
and matrix metalloproteinases (MMPs), as demonstrated for
head and neck squamous cell carcinoma (HNSCC) (Shimizu
et al., 2008). Accordingly, high expression of NT and NTR1
was found to correlate with shorter disease-free survival in
patients with HNSCC. Furthermore, IL-8 constitutes an impor-
tant factor implicated in invasion and metastasis of pancre-
atic cancer as well (Kuwada et al., 2003; Li et al., 2008).

In the present study involving pancreatic cancer cell lines
we investigated the effects of a stable analog of NT on intracel-
lular pH (pH;) and expression of IL-8. Several growth factors
have been reported to affect cellular pH homeostasis and are
furthermore expected to be implicated in the selection of
a highly metastatic phenotype of cancer cells (Bianchini
et al,, 1997). In addition, we screened for NT analog-induced
variations of the phosphorylation pattern of kinases and the
transcription factor cAMP response element binding protein
(CREB) and investigated the putative involvement of particular
protein kinases in NT-induced alteration of pH; by application
of signal transduction inhibitors.

2. Results

2.1. Release of intracellular Ca®" in response to Lys®-y-
Lys°NT(8-13)

To prove the presence of functional NTR1, cells were stim-
ulated with the stable NT analog Lys®-¢-Lys®NT(8-13) and
changes in intracellular Ca®' recorded by ratiometric mea-
surement of fura-2 fluorescence in spectrofluorimetry. Ad-
dition of Lys®-y-Lys®NT(8-13) to the three pancreatic
cancer cell lines BxPC-3, PANC-1, and MIA PaCa-2 resulted
in a rapid and transient increase of free intracellular Ca®".
Basically, optimal responses were obtained at concentra-
tions ranging from 100-400 nM Lys®-¢-Lys®NT(8-13). In
a typical experiment as indicated in Figure 1, BxPC-3 cells
revealed maximal intracellular Ca?" concentrations of ap-
proximately 535nM (basal intracellular Ca®*: 80 nM), and
MIA PaCa-2 cells 410nM (basal intracellular Ca®":
220 nM), respectively, in response to 100nM Lys®-¢-
Lys®NT(8-13). Elevation of intracellular Ca®*" was more
prolonged in BxPC-3 cells. Similar results were obtained
for PANC-1 as well as for NTR1-expressing HT-29 colon
cancer cells (data not shown). The Lys®-¢-Lys°NT(8-13)-in-
duced Ca®" response was completely abrogated when cells
were pretreated with 20 uM NTR antagonist SR 142948
(Figure 1).
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Figure 1 — NT analog-induced Ca>" response in pancreatic cancer
cells. Typical experiments showing alterations of intracellular Ca™ in
response to Lyss—q)—Lys‘)NT(S—l:i) in (A) BxPC-3 and (B) MIA PaCa-
2 cells. The solid line represents stimulation with Lys®-¢-Lys’NT(8-
13), the dotted line indicates sequential addition of NTR-inhibitor
SR 142948 and Lys®-¢-Lys’NT(8-13). Application of Lys®-¢-
Lys’NT(8-13) or SR 142948 are marked by black or grey arrows,
respectively.
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2.2.  Modulation of intracellular pH (pH;) in response to
Lys®-y-Lys°NT(8-13)

To investigate whether Lys®-y-Lys°NT(8-13) affects intracel-
lular pH (pH;) cells were stimulated with the NT analog and
changes of BCECF fluorescence were monitored spectro-
fluorimetrically. Typical experiments are shown in Figure 2.
In detail, BxPC-3 cells stimulated with 100nM Lys®-¢-
Lys®NT(8-13) exhibited rapid intracellular alkalinization
(Figure 2A) of ApH;+0.197 +£0.089 (n=12) on average. In
general, the pancreatic cancer cells revealed optimal pH;

A s

Lys®-y-Lys°NT(8-13)

Intracellular pH

BxPC-3

0 1('30 260 3(')0 4(')0 500

W

Lys®-y-Lys®
NT(8-13)

amiloride

Intracellular pH

A S

BxPC-3

0 300 600 900 1200 1500

(@)

7.8
7.6
7.4 1 Lys®-yp-Lys°NT(8-13)

CAL
7.2 4

7 4
6.8 4
6.6 -
6.4 MIA PaCa-2
6.2

Intracellular pH

0 100 200 300 400 500 600 700
Time (sec)

Figure 2 — NT analog-induced pH; response in pancreatic cancer
cells. (A) Changes in pH; in BxPC-3 cells treated with Lyss—q;—
LysgNT(8—13) and (B) the same cells exposed to amiloride prior to
stimulation with Lyss-q}-LysgNT(S—lS). (C) Course of pH; in Lyss-q)-
Lys’NT(8-13)-treated MIA PaCa-2 cells is shown for comparison.
Addition of compounds is indicated by arrows (HEP, HEPES-
buffered Ringer solution; CAL, calibration).

responses at 100-800 nM Lys®-¢-Lys®NT(8-13) persisting for
more than 30min (data not shown). PANC-1 as well as
AsPC-1 pancreatic cancer and HT-29 colon cancer cells
yielded increases in pH; in response to Lys®-¢-Lys®NT(8-
13) similar to BxPC-3, namely ApH;+0.144 +0.031 (PANC-
1), +0.130+0.004 (AsPC-1), and +0.120 +0.023 (HT-29), re-
spectively (n=23). Similar results were obtained using the
native tridecapeptide NT (data not shown). Under the ex-
perimental conditions used here, the main active cellular
pH regulator is the sodium-proton exchanger 1 (NHE1),
and Lys®-¢-Lys®NT(8-13)-induced intracellular alkaliniza-
tion was sensitive to 1 mM amiloride (Figure 2B). Amiloride
blocks NHE1, consequently leading to intracellular acidifica-
tion, and in presence of this inhibitor, Lys®-¢-Lys°NT(8-13)
had no effect on pH;. Preincubation of BxPC-3 cells with
10 uM SR 142948 prevented intracellular alkalinization
(ApH; 4 0.040 units) when Lys®-¢-Lys°NT(8-13) was added
subsequently (data not shown). In contrast to BxPC-3,
PANC-1, AsPC-1, and HT-29, MIA PaCa-2 cells developed
slight intracellular acidification of ApH; -0.010+0.009
(n=5) on average (Figure 2C).

2.3.  Effects of Lys®-y-Lys’NT(8-13) on phosphorylation
of kinases and the transcription factor CREB

In order to investigate putative signaling pathways mediating
the pH; effect of Lys®-¢-Lys°NT(8-13), BxPC-3 cells exhibiting
pronounced intracellular alkalinization and MIA PaCa-2 cells
showing slight cytoplasmic acidification in response to the
NT analog were compared. Therefore, the phosphorylation
status of certain effector proteins following treatment of cells
with Lys8-4-Lys®NT(8-13) was assessed by a protein kinase ar-
ray that detects specific phosphorylation of a total of 46 sites.
Since intracellular alkalinization induced by Lys®-¢-Lys°NT(8-
13) continued over a minimum period of 30 min, cells were in-
cubated with 200 nM Lys®-¢-Lys°NT(8-13) under serum-free
conditions for 15 min. As shown in Figure 3, BxPC-3 and MIA
PaCa-2 exhibited differing patterns of protein phosphoryla-
tion: BxPC-3 cells showed enhanced phosphorylation of
ERK1/2 (+12.3 +3.3%), p38a mitogen-activated protein kinase
(p38a. MAPK; +16.3 + 0.8%), mitogen- and stress-activated ki-
nase 1/2 (MSK1/2; +46.2+7.2%), c-Jun N-terminal kinase
(NK; +67.6+12.4), and CREB (+20.5 +3.2%), whereas phos-
phorylation of p90 ribosomal S6 kinase (RSK1/2/3;
—23.8+8.0%) was decreased (Figure 3A). Elevated phosphory-
lation of MSK1/2 in response to Lys®-¢-Lys’NT(8-13) was
proved for NTR1-positive HT-29 colon cancer cells as well
(data not shown). By contrast, MIA PaCa-2 cells exhibited
increased phosphorylation of RSK1/2/3 (+18.5+2.2%) in
response to Lys®-¢-Lys’NT(8-13), while phosphorylation of
p38s MAPK (—26.9+20.0%), JNK (+0.1+8.1), and CREB
(—4.8 £2.6%) was not significantly affected (Figure 3B). The
amount of phosphorylated ERK1/2 (—4.9 + 1.0%) and MSK1/2
(—44.5 + 16.8%) was decreased.

2.4. Inhibition of putative kinases mediating the Lys®-y-
Lys°NT(8-13)-induced pH; effect

To investigate a possible functional involvement of protein ki-
nases identified by the kinase arrays in regulation of pH;
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Figure 3 — NT analog-induced changes in phosphorylation of selected
kinases and substrates. Pixel intensities shown correspond to the
phosphorylation level of affected proteins in Lysg—¢—Lys9NT(8—13)—
treated (A) BxPC-3 and (B) MIA PaCa-2 cells, respectively,
compared to untreated cells. ERK1/2, extracellular signal-regulated
kinase; p38at, p38a mitogen-activated protein kinase; RSK1/2, p90
ribosomal S6 kinase; MSK1/2, mitogen- and stress-activated kinase
1/2; JNK, c-Jun N-terminal kinase; CREB, cAMP response element
binding protein. Data are presented as mean = SD of duplicate

measurements (*p < 0.05; n.s., nonsignificant).

in response to Lys®-¢-Lys®NT(8-13), the inhibitors SC 68376
(p38« MAPK), dimethylfumarate (DMF; MSK1/2), and PD
98059 (mitogen-activated protein kinase kinase; MEK1/2)
were applied in experiments using BxPC-3 cells. The presence
of 20 uM SC 68376 alone resulted in a decrease of cytoplasmic
pH of ApH;—0.021, and sequential application of Lys®-¢-
Lys°NT(8-13) led to further acidification of another
ApH; — 0.009 (data not shown). Similarly, as demonstrated in
Figure 4, addition of 140 uM DMF alone caused significant in-
tracellular acidification of approximately ApH;—0.045, and
subsequent stimulation with Lys®-¢-Lys?NT(8-13) markedly
reduced the increase in cytoplasmic pH (ApH; + 0.037) com-
pared to BxPC-3 cells not preexposed to DMF (Figure 2A). How-
ever, pH; following application of Lys®-y-Lys°NT(8-13) was
more acidic (ApH; — 0.069) compared to DMF treatment of cells
alone. The presence of 5uM PD 98059 alone induced an
increase in cytosolic pH of ApH; +0.074 and inhibited Lys®-¢-
LysNT(8-13)-induced intracellular alkalinization (maximal
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Figure 4 — Effects of inhibitors of MEK1/2 or MSK1/2 on NT
analog-induced intracellular alkalinization. BxPC-3 cells were
pretreated with (A) PD 98059 or (B) DMF, respectively, and
subsequently stimulated with Lys®-¢-Lys’NT(8-13). Addition of
inhibitors or Lys®-¢-Lys’NT(8-13) is marked by arrows (DMF,
dimethylfumarate).

ApH; + 0.020; data not shown). Application of DMF to MIA
PaCa-2 cells triggered slight acidification of the cytoplasm
and, as observed in MIA PaCa-2 cells not pretreated with
DMF, Lys®-¢-Lys®NT(8-13)-induced pH; response was absent
(data not shown).

2.5. NTR1 protein expression in dependence of
extracellular pH (pH,)

Increased cellular efflux of protons from the cytosol by NHE1
leading to intracellular alkalinization is expected to result in
localized extracellular acidosis. To investigate whether differ-
ing extracellular pH conditions affect cell surface expression
of NTR1, cells were incubated in media of pH 7.1, 7.4, and
7.8, respectively, and analyzed by flow cytometry. As shown
in Figure 5A, BxPC-3 and PANC-1 cells revealed upregulation
of NTR1 surface expression at pHe 7.1 and downregulation at
PHe 7.8, respectively, compared to the physiological pHe of
7.4. By contrast, NTR1 expression in MIA PaCa-2 was signifi-
cantly lower at all and declined with decreasing extracellular

PH (PHe)-
2.6. Cell proliferation in dependence of pH,

Cell numbers counted following incubation of cells in media
of pH 7.1, 7.4, and 7.8, respectively, revealed increased
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Figure 5 — Dependence of NTR1 expression and cell proliferation on
extracellular pH. Modulation of (A) protein expression of NTR1 and
(B) cell proliferation under acidic, normal, and alkaline extracellular
conditions in BxPC-3, PANC-1, and MIA PaCa-2 cells. Data are
presented as mean * SD of duplicate measurements of relative
fluorescence intensities and cell numbers, respectively. In both tests,
all differences of values at acidic and alkaline pH, to normal pH, are
statistically significant, with exception of expression of NTR1 in MIA
PaCa-2 cells.

proliferation under acidic conditions and reduced cell growth
at pH, 7.8 for all three pancreatic cancer cell lines (Figure 5B).

Compared to the physiological pHe of 7.4, BXxPC-3 exhibited
augmented proliferation by 190.2+10.1% at low pH. and
growth inhibition to 67.0 + 8.5% at alkaline conditions, while
PANC-1 cells revealed a slight increase of cell numbers by
116.3+2.0% at pHe 7.1 and a decrease to 70.2 +1.8% at pHe
7.8. Proliferation of MIA PaCa-2 cells was enhanced by
162.2+7.8% under acidic conditions and impaired to
71.5 +9.4% at pH, 7.8 in comparison to normal pHe.

2.7. Cellular release of IL-8

Constitutive and Lys®-¢-Lys°NT(8-13)-induced production of
IL-8 in BxPC-3, PANC-1, and MIA PaCa-2 cells was quantified
in cell culture supernatants following incubation under se-
rum-free conditions for 7 h. Furthermore, amiloride was
used to elucidate a potential influence of the pH regulator
NHE1 on cellular IL-8 production (Figure 6). For BxPC-3 cells,
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Figure 6 — NT analog-induced IL-8 production in dependence on
NHEL1. Constitutive and Lys®--Lys’NT(8-13)-triggered 1L-8
release of (A) BxPC-3, (B) PANC-1, and (C) MIA PaCa-2 cells in the
presence or absence of the NHE1 inhibitor amiloride, respectively.
Data are presented as mean + SD of duplicate measurements (all

differences significant, except those marked n.s. for nonsignificant).

constitutive levels of 68.9+4.2 pg/ml IL-8 were found, and
100 nM Lys®-¢-Lys’NT(8-13) stimulated production of IL-8 by
+42.7 £6.8% (Figure 6A). Amiloride inhibited constitutive
and Lys®-¢-Lys®NT(8-13)-triggered IL-8 secretion in a dose-de-
pendent manner. PANC-1 cells revealed constitutive IL-8
levels of 130.6+7.6 pg/ml that was stimulated by Lys®-¢-
Lys°NT(8-13) by +75.3+10.1% (Figure 6B). Constitutive IL-8
production and, to a larger extent, the proportion of Lys®-¢-
Lys®NT(8-13)-induced IL-8 were impaired by amiloride dose-
dependently. MIA PaCa-2 cells exhibited also considerably
high expression of IL-8 (166.8 + 2.9 pg/ml) relatively insensi-
tive to Lys®-¢-Lys°NT(8-13) but dependent on an active NHE1
(Figure 6C). 10 uM SR 142948 repressed both constitutive
(—2.8+4.8%) and NT analog-induced IL-8 secretion
(—40.2 +7.5%) in BxPC-3 cells (data not shown).
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3. Discussion

Pancreatic adenocarcinoma is characterized by highly aggres-
sive tumor growth resulting in dismal prognosis in patients.
Several tumor growth factors including the epidermal growth
factor (EGF) are involved in the biology of this disease and ac-
cordingly, the monoclonal antibody cetuximab, directed to the
epidermal growth factor receptor (EGFR), or erlotinib, an in-
hibitor of EGFR, in combination with gemcitabine improved
survival in clinical trials (Ghaneh et al., 2007). Although pro-
duction of NT and expression of NTR have been described
for up to 90% of pancreatic tumors and cell lines, the role of
NT-NTR signaling in growth and metastasis of this tumor is
still not clear (Carraway and Plona, 2006). Therefore, the pres-
ent study aimed at further characterization of functional ef-
fects of NT in pancreatic cancer cell lines and identification
of affected signal transduction pathways.

Since NT is rapidly cleaved by endogenous enzymes, a sta-
ble C-terminus hexapeptide analog comprising Lys residues in
a reduced peptide bond in place of Arg, Lys®-¢-Lys®NT(8-13),
was used in the present study (Kitabgi, 2006; Lugrin et al.,
1991). Addition of this analog triggered SR 142948-sensitive in-
creases of intracellular Ca?" in BxPC-3, PANC-1, and MIA PaCa-
2 cells in good accordance with the literature for full-length
NT (Ryder et al,, 2001; Thomas et al., 2003; Heasley, 2001).
Transient elevations of intracellular Ca>* were reported to ac-
tivate NHE1 via different pathways in response to growth fac-
tors and hypertonicity (McSwine et al., 1996). Our experiments
revealed for the first time that, with the exception of MIA
PaCa-2, stimulation of BxPC-3, PANC-1 and other pancreatic
cancer cell lines with Lys®-¢-Lys®NT(8-13) triggered pro-
nounced intracellular alkalinization. Under the experimental
conditions used, NHEL1 is the predominant cellular pH regula-
tor and accordingly, the Lys®-¢-Lys’NT(8-13)-induced in-
crease in cytosolic pH proved to be sensitive to the NHE1
inhibitor amiloride. Activity of NHE1 is known to be subject
to modulation by intracellular acidosis and growth factors
by increased protein expression and/or modification of regu-
latory sites within the C-terminus, for example through phos-
phorylation of several Ser and Thr residues by the protein
kinases RSK1/2/3, ERK1/2, and p38a MAPK (Chiang et al.,
2008; Khaled et al., 2001; Fliegel, 2005; Slepkov et al., 2007;
Smith et al., 2005). Cytosolic alkalinization in response to ex-
posure to bases was reported to increase JNK and p38 MAPK
activities by a calcium-independent mechanism (Shrode
et al,, 1997).

We screened Lys®-¢-Lys’NT(8-13)-induced alterations in
signaling pathways using protein kinase arrays that detect
specific phosphorylation of a total of 46 sites. In BxPC-3, as
well as NTR1-expressing HT-29 colon cancer cells, the NT
analog enhanced phosphorylation of MSK1/2 and JNK to
a major extent and of ERK1/2, p38s MAPK, and CREB signifi-
cantly, whereas phosphorylation of RSK1/2/3 was decreased.
In contrast, MIA PaCa-2 cells lacking Lys®-¢-Lys°NT(8-13)-in-
duced intracellular alkalinization, exhibited increased phos-
phorylation of RSK1/2/3 in response to Lys®-y-Lys®NT(8-13),
while ERK1/2 and CREB were only slightly affected and phos-
phorylation of p38x MAPK, and MSK1/2 was markedly
decreased.

In a next step, the effects of NT-NTR signal transduction
mediators putatively involved in Lys®-¢-Lys’NT(8-13)-induced
mediators alkalinization were investigated. Preincubation of
BxPC-3 cells with SR 142948, PD 98059 or SC 68376, inhibitors
of NTR1/2, MEK1/2 and p38a MAPK, respectively, eliminated
Lys®-¢-Lys’NT(8-13)-induced alkalinization. Furthermore, sig-
nificant intracellular acidification and suppression of NT ana-
log-induced  alkalinization were observed following
application of the MSK1/2 inhibitor DMF (Gesser et al., 2007).
Therefore, inhibition of kinase MSK1/2 or the upstream effectors
MEK1/2 or p38x MAPK abolishes the Lys®-¢-Lys’NT(8-13)-in-
duced increase in pH;.

According to our data, MSK1/2 instead of the closely related
RSK1/2/3 is the dominant kinase activating NHE1 in BxPC-3
pancreatic cancer cells, as proved by specific inhibition of
MSK1/2 with DMF as well as dependence of this kinase on acti-
vation by both ERK1/2 and p38a MAPK and the differing protein
phosphorylation patterns in BxPC-3 and MIA PaCa-2 cells. Ac-
tivation of MSK1/2 by stress or mitogenic stimuli as a result
of phosphorylation by ERK1/2 and p38« MAPK and autophos-
phorylation of Ser®’® was reported in the literature (Deak
etal., 1998; Dunn et al., 2005). Substrates of MSK1/2 are transla-
tion factors, nuclear proteins, CREB, activating transcription
factor 1, and nuclear factor-«B (NF-«B), among others (Wiggin
et al., 2002; Deak et al., 1998; Liu et al., 2002; Soloaga et al.,
2003; Arthur and Cohen, 2000; Vermeulen et al., 2003). The
MSK1/2 inhibitor DMF is the most active compound currently
used empirically for the treatment of psoriasis where it down-
regulates p38a MAPK- and MSK1/2-activated NF-«kB/Rel tran-
scription factors specifically, resulting in decreased
production of IL-8 and IL-20 (Gesser et al., 2007). Furthermore,
DMF was demonstrated to possess antiproliferative and proa-
poptotic effects on melanoma cells in vitro and to delay growth
and spread of melanoma xenografts in experimental animal
models (Loewe et al., 2006).

Hypoxic and acidic conditions play an important role in the
progression of a benign tumor to invasive cancer (Fang et al.,
2008; Brahimi-Horn and Pouyssegur, 2007). Acidic regions are
frequently found in solid tumors with insufficient or intermit-
tent supply of oxygen, and acidosis has been linked to induc-
tion of a highly malignant phenotype. Lactate produced
during anaerobic or aerobic glycolysis has been considered
to be the main source of intratumoral acidity (Gatenby et al.,
2007). Melanoma cells selected under acidic extracellular con-
ditions exhibited permanently enhanced heterogeneity
among cells and increased rates of invasion (Moellering
et al., 2008). In particular, NHE1 has been implicated in these
processes in a number of tumors. In the malignant transfor-
mation of cells, NHE1-dependent intracellular alkalinization
was reported to be an early event preceeding increased prolif-
eration, serum- and anchorage-independent growth, and gly-
colysis (Reshkin et al., 2000). Chiang et al. showed that NHE1
protein levels were higher in malign tissues of cervix cancer
patients with dismal prognosis and could be stimulated by
EGF in cervix cancer cells (Chiang et al., 2008). The importance
of NHE1 in the growth and malignancy of human gastric car-
cinoma cells was furthermore shown by antisense gene trans-
fection (Liu et al., 2008). This downregulation of NHE1 resulted
in significantly decreased pH;, growth inhibition, cell cycle
arrest in G1/0 phase, and increased apoptosis, concomitant
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with impeded tumorigenicity. All three pancreatic cancer cell
lines studied here exhibited highest proliferation at low pHe.
Furthermore, BxPC-3 and PANC-1 cells showed highest NTR1
protein expression under acidic extracellular conditions. Con-
sequently, enhanced NHE1-mediated proton efflux resulting
in localized extracellular acidification of the microenviron-
ment may be a further important factor contributing to acido-
sis in solid tumors, independently of increased glycolysis
caused by hypoxic conditions. It may be concluded that the ef-
fects mediated by NT-NTR signaling described here have
greatest impact in small tumor cell aggregates, hence provid-
ing an explanation for the observation that NTR antagonists
are largely ineffective to stop the growth of larger tumors in
experimental animal models (Carraway and Plona, 2006).

A central player of metastasis is IL-8, an autocrine/para-
crine factor that affects several cellular processes and, impor-
tantly, triggers release of MMPs or uroplasminogen activator
from cells (Xie, 2001). These enzymes with a pH optimum at
acidic conditions degrade components of the extracellular ma-
trix to promote tissue invasion and metastasis (Duffy et al.,
2008). Upregulation of IL-8 in solid tumors like colon and pan-
creatic cancer is known to be stimulated by the hypoxic and
acidic environment, and a mild decrease in extracellular pH
to 6.9-7.4 was shown to stimulate activator protein 1 and NF-
B (Xie, 2001; Yuan et al., 2005). Furthermore, NT-NTR signaling
in HNSCC was found to correlate with expression of IL-8 and
MMP-1 as well as formation of distant metastases in associa-
tion with reduced survival in patients (Shimizu et al., 2008).
In addition, NT stimulates IL-8 production and migration of hu-
man colon cancer cells and exerts autocrine mitogenic effects
on melanoma cell lines, colon cancer and pancreatic cancer
cells and may predict adverse outcome in cancer patients
(Xie, 2001; Wangetal., 2006). IL-8 mRNA was substantially over-
expressed in 11 of 14 (79%) clinical pancreatic adenocarcinoma
samples compared with that in their surrounding normal tis-
sues (Li et al., 2008). Maximal IL-8 expression was shown to
be the result of a combination of stimulation of gene transcrip-
tion by NF-kB and JNK signaling pathways, derepression of the
IL-8 gene promoter by histone acetylation, and IL-8 mRNA sta-
bilization by the p38 MAPK pathway. Our experiments clearly
demonstrate that Lys®-y-LysNT(8-13) induced secretion of
IL-8 in BxPC-3 and PANC-1 cells that concomitantly exhibited
intracellular alkalinization in response to the NT analog. By
contrast, MIA PaCa-2 cells did not alter IL-8 production in re-
sponse to the NT analog. This cell line seems to constitute a dif-
ferent phenotype exhibiting growth in the form of scattered
single cells and absence of Lys®-¢-Lys’NT(8-13)-induced intra-
cellular alkalinization, in contrast to NT analog-responsive
BxPC-3 and PANC-1 cells that form dense confluent mono-
layers. Constitutive and, to a greater extent, Lys®-¢-Lys°NT(8-
13)-induced IL-8 expression in BxPC-3 and PANC-1 cells were
sensitive to amiloride, pointing to the preferential involvement
of NHE1 in the NT analog-induced stimulation of IL-8 release.
Enhanced phosphorylation of CREB and the upstream kinase
MSK1/2, as we found for Lys®-¢-Lys’NT(8-13)-treated BxPC-3
cells, may furthermore contribute to overexpression of IL-8
(Iourgenko et al., 2003). Therefore, it may be concluded that
the NT signaling pathway diverges at the point of MSK1/2 in
BxPC-3 cells in which this kinase stimulates NHE1 on the one
hand and, on the other hand, phosphorylates and activates

the transcription factor CREB and increases IL-8 production.
MIA PaCa-2 cells were reported to be highly tumorigenic in
mouse xenograft models (Carraway and Plona, 2006).

In conclusion, NT-NTR signaling in pancreatic cancer cells
seems to promote induction of a metastatic phenotype by ac-
tivation of distinct signal transduction pathways, generation
of intracellular alkalinization/extracellular acidification and
increased expression of IL-8, in contrast to its varying effects
on tumor cell proliferation. Growth factors like NT and EGF
seem to have the capability to stimulate NHE1 and to promote
an acidic extracellular microenvironment favoring tumor cell
invasion at a very early stage of tumor development, prior to
acidosis linked to a metabolic switch to glycolysis in larger
cancers. The results of this study suggest that MSK1/2 may
be of high significance as drug target in pancreatic cancer.

4, Experimental procedures
4.1. Cell culture

Unless otherwise noted, all chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Cell lines were obtained
from the American Type Culture Collection (ATCC; Rockville,
MD, USA) and cultured in RPMI-1640 bicarbonate medium
(Seromed, Berlin, Germany) supplemented with 10% heat-
inactivated fetal bovine serum (Seromed), 4 mM r-glutamine,
50 units/ml penicillin, 50 pg/ml streptomycin, and 100 pg/ml
neomycin in a humidified incubator (Heraeus Cytoperm,
Hanau, Germany; 5% CO,, 37 °C, 95% humidity). Cell culture
media yielding pH values of 7.1, 7.4, and 7.8 under tissue cul-
ture conditions were prepared by supplementation of bicar-
bonate-free RPMI-1640 medium with 10, 25, and 45 mM
sodium bicarbonate, respectively. Cells were subcultured by
trypsination with 0.05% trypsin solution containing 0.02% eth-
ylene diamine tetraacetic acid three times a week and
checked for mycoplasma contamination (Mycoplasma PCR
ELISA, Roche Diagnostics, Vienna, Austria). Cell numbers
were counted using a microcellcounter (CC110, Sysmex TOA,
Tokyo, Japan).

4.2. Spectrofluorimetric measurement of intracellular Ca®*

Intracellular Ca** was quantified monitoring the fluorescence
intensity of cells loaded with the dye fura-2 acetoxymethyl es-
ter (fura-2-AM; Molecular Probes, Eugene, OR, USA). There-
fore, cells in medium were labeled with 0.625 mM fura-2-AM
at 37 °C for 30 min. Fura-2 fluorescence intensity ratios were
recorded in HEPES-Ringer solution (150 mM NaCl, 2.5 mM
KH,PO4, 1mM CaCl,, 1mM MgSO,, 10 mM glucose, and
20 mM HEPES; pH = 7.4) at room temperature (RT) under stir-
ring in a cuvette-based spectrofluorimetric system (Quanta-
Master and Felix32 software, Photon Technology
International, PTI, New Jersey, NY, USA) with alternating exci-
tation wavelengths of 345 and 380 nm and an emission wave-
length of 510 nm, respectively. Maximal and minimal fura-2
ratios (Rmax and Rmin) Were recorded in the presence of 5%
Nonidet P-40 and 10 mM ethylene glycol tetraacetic acid, re-
spectively. Intracellular Ca>" was calculated according to
Grynkiewicz equation Ca?" = K4 x (R — Rmin)/(Rmax — R), Where
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Ris the fluorescence intensity ratio at the unknown intracellu-
lar Ca®* concentration and K4 denotes the apparent dissocia-
tion constant of the fura-2-Ca®* complex (Grynkiewicz et al.,
1985). K4 was previously determined using the calcium cali-
bration buffer kit #1 (Molecular Probes). The stable NT analog
Lys®-y-Lys’NT(8-13) was obtained from Bachem (Weil am
Rhein, Germany) and the NTR-inhibitor SR 142948 from Tocris
(Tocris Cookson, Bristol, UK).

4.3. Spectrofluorimetric measurement of pH;

Cells were precultured in Leighton tubes (Costar, Cambridge,
MA, USA), loaded with 10 pM BCECF-AM (Molecular Probes)
in HEPES-buffered Ringer solution in the dark at RT for
30 min and mounted in a cuvette-based spectrofluorimeter
(PTI). Emission was recorded at 525 nm following excitation
of cells to alternating wavelengths of 440 and 490 nm, respec-
tively (Felix software, Photon Technology). At the end of each
experiment, cells were transferred to calibration buffer
(140 mM KCl, 1.3 mM MgSO,4, 2mM CaCl,, 12mM glucose,
20 mM HEPES, 10 pM nigericin) and 490/440 nm ratios were
obtained for four different declining pH; = pH, values covering
the range of pH 7.8-6.5 by stepwise addition of 0.1 M HCl
(Wenzl et al., 1989). The signal transduction inhibitor PD
98059 was purchased from Calbiochem (Merck Chemicals,
Darmstadt, Germany).

4.4. Protein kinase array

Profiles of 46 phosphorylation sites of selected protein kinases
and their substrates were obtained using a Phospho-Kinase Ar-
ray Kit (Proteome Profiler Antibody Array, ARY003, R&D Sys-
tems, Minneapolis, MN, USA) according to the manufacturer’s
instructions. Cells cultivated in 162 cm? tissue culture flasks
were serum-starved (RPMI-1640 medium, 4 mM r-glutamine)
for 24 h. Control and treated cells were rinsed with phosphate-
buffered saline (PBS), solubilized in lysis buffer at 1 x 107 cells/
mlunder constant shakingat4 °C for 30 min and aliquots stored
frozen at —80 °C. Membranes of the assay with spotted catcher
antibodies were incubated with diluted cell lysates at 4 °C over-
night. Thereafter, cocktails of biotinylated detection antibodies
were added atRT for 2 h. Finally, phosphorylated proteins were
revealed using streptavidin-horseradish peroxidase (HRP)/
chemiluminescence substrate (SuperSignal West Pico, Thermo
Fisher Scientific, Rockford, IL, USA). The resulting spots on films
(Amersham Hyperfilm ECL, GE Healthcare Life Sciences, Buck-
inghamshire, UK) were scanned and images quantified using
ImageQuant TL v2005 (Amersham Biosciences, Buckingham-
shire, UK) and Microsoft Excel software. In detail, the phosphor-
ylation sites of the proteins covered in this study were residues
Thr®®%Tyr*® and Thr*®/Tyr'® of ERK1/2, Thr*®/Tyr*®? of p38u
MAPK, Ser®*® of RSK1/2/3, Ser®’%/Ser’®® of MSK1/2, Thr'®¥/
Tyr'® and Thr**/Tyr**® of JNK, and Ser**® of the transcription
factor CREB, respectively.

4.5. Flow cytometry
For detection of NTR1, harvested cells (4 x 10°) were incubated

with anti-NTR1 monoclonal antibody clone B-N6 (dilution
1:100, Cell Sciences, Canton, MA, USA) in microtiter plates at

4 °C overnight, stained with anti-mouse IgG-FITC conjugate
and analyzed using the Cytomics FC500 flow cytometer (Beck-
man Coulter, Fullerton, CA, USA). Antigen expression was cal-
culated as relative fluorescence intensity (mean fluorescence
antibody/mean fluorescence control).

4.6. Determination of IL-8

Cellular IL-8 production was detected using the Strakine Tool
Box ELISA Kit (Strathmann Biotec, Hamburg, Germany)
according to the manufacturer’s instructions. Briefly, the
catcher antibody in 0.1 M carbonate/bicarbonate buffer (pH
9.6) was coated to the wells of a microtiter plate overnight. Un-
specific binding sites were blocked and, following washes with
0.05% Tween 20 in PBS, standards and samples were added to
the plate and incubated at RT for 60 min. Subsequent to wash-
ing, biotinylated antibody was applied and the plate incubated
at RT for another 60 min. Detection was accomplished using
streptavidin-HRP conjugate (RT, 30 min) and 3,5,3',5'-tetrame-
thylbenzidine substrate solution. Reaction was stopped with
1.8 M sulphuric acid and optical density read at 450 nm. The
concentration of IL-8 in the samples was calculated according
to the standard curve (0-240 pg/ml IL-8).

4.7.  Statistics
Values are demonstrated as mean =+ SD. Statistical analysis

was done using Student’s t-test. Differences with p <0.05
were regarded as statistically significant.
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