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Neurotensin (NT) is a neuropeptide that is important in a variety
of biological processes such as signal transduction and cell
growth. NT effects are mediated by a single class of cell-surface
receptors, known as neurotensin receptors (NTRs), which exhibit
structural features of the G-protein-coupled receptors super-
family. We investigated NTR signalling properties with Chinese
hamster ovary (CHO) cells stably transformed with human NTR
(hNTR). First, we showed that NTR stimulation by NT induced
the activation of the mitogen-activated protein kinases (MAPKs)
in time- and dose-dependent manners. Both p42 and p44 MAPK
isoforms were retarded in gel-shift assays, which was consistent
with their activation by phosphorylation. In addition we showed
that NT caused a prolonged activation of MAPK as measured by
in-gel kinase assay. Secondly, we demonstrated that NT induced
the expression of the growth-related gene Krox-24 at the protein
level, as assessed by Western-blot analysis, and at the trans-

criptional level, as demonstrated in CHO cells transfected with
hNTR and a reporter gene for Krox-24. Activation of MAPK
and induction of Krox-24 were both prevented by the NTR
antagonist SR 48692, confirming the specific action on NTR.
Furthermore we observed coupling of NTR to a mitogenic
pathway and Krox-24 induction in the human adenocarcinoma
cell line HT29, which naturally expresses NTRs. Considering
coupling pathways between NTR stimulation and MAPK ac-
tivation, we observed a partial inhibition by pertussis toxin
(PTX) and a complete blockade by the protein kinase C (PKC)
inhibitor GF 109203X. Taken together, these results suggest that
(1) stimulation of NTR activates the MAPK pathway by
mechanisms involving dual coupling to both PTX-sensitive and
PTX-insensitive G-proteins as well as PKC activation, and (2)
these effects are associated with the induction of Krox-24, which
might be a target of MAPK effector.

INTRODUCTION

Neurotensin (NT), discovered in bovine hypothalamus [1], is a
tridecapeptide found primarily within nerves of the central and
peripheral nervous systems and in endocrine cells of the pituitary
as well as in the small intestine. This peptide displays a wide
spectrum of biological activities, including roles in hypotension,
hyperglycaemia and regulation of vascular permeability. NT is
also an important hormone of the gut because it facilitates the
translocation of fatty acids to the proximal small bowel and
affects numerous aspects of gastrointestinal functions such as
secretion and motility.

In addition to the above-mentioned biological functions,
several investigators have reported that NT could stimulate cell
growth. For example, NT displays trophic effects in vivo on rat
pancreas [2] and intestinal mucosa [3]. A mitogenic effect was
also observed in vitro, on small-cell lung cancer cells [4], on
pancreatic tumour cells [5] and on the prostate cancer cell line
PC-3[6]. Furthermore it has been speculated that NT could exert
autocrine functions in small-cell lung cancer cells [4] as well as in
prostate cancer cells.

The various functions of NT involve its interaction with
specific NT receptors (NTRs) that belong to the family of the
GTP-binding protein-coupled receptors (GPCRs) [7,8]. The

biochemical events resulting from NTR stimulation include
protein kinase C (PKC) activation [9,10], production of cAMP
[11] and cGMP [12,13] as well as the induction of phospholipid
hydrolysis with subsequent Ca** mobilization.

An unresolved issue concerns the mechanism by which NT
might promote cell growth. Several studies have shown that the
activation of mitogen-activated protein kinases (MAPKs), also
known as extracellular-signal-regulated protein kinases (ERKs),
is a necessary event for mitogenesis [14]. The best understood
pathways of MAPK activation are those used by tyrosine kinase
receptors (RTK). However, the MAPK cascade can also be
activated by certain GPCRs [15]. The 42/44 kDa serine/
threonine MAPKs are key components of this activation cascade,
which occurs during the pre-replicative growth (G,) stage of the
cell cycle [16]. Once activated, MAPKs translocate to the nucleus,
phosphorylate and regulate nuclear proteins such as c-Myc
and p62”“*/Elk1 [16], which ultimately regulate the expression
of genes essential for proliferation, such as c-fos, Krox-24 and
c-jun.

Here we demonstrate that the binding of NT to its receptor
induces activation of MAPKSs. This activation is mediated by
PKC as an upstream regulator. Furthermore we show that NT
stimulates transcription of the immediate-early gene Krox-24,
which is a target of the MAPK cascade.

Abbreviations used: CHO, Chinese hamster ovary; CHO-hNTR, CHO cells stably transformed with human NTR; CHO-NTR-KL, CHO-hNTR cells
transfected with Krox-24/luciferase; ERK, extracellular-signal-regulated kinase; FCS, fetal calf serum; MAPK, mitogen-activated protein kinase; MBP,
myelin basic protein; MEM, minimal essential medium; NT, neurotensin; NTR, neurotensin receptor; PKC, protein kinase C; PMA, phorbol 12-myristate
13-acetate; PTX, pertussis toxin; GPCR, GTP-binding protein-coupled receptors.
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EXPERIMENTAL
Reagents

NT, bovine myelin basic protein (MBP), PMSF, sodium ortho-
vanadate, pertussis toxin (PTX) and anti-rabbit IgG conjugated
with peroxidase were purchased from Sigma Chemicals (Saint-
Quentin-Fallavier, France). Phorbol 12-myristate 13-acetate
(PMA) was obtained from Gibco BRL (Eragny, France). The
bisindolylmaleimide (GF 109203X) and N-2-(methylamino)-
ethyl-5-isoquinoline sulphonamide (H8) were from Calbiochem
(Meudon, France). SR 48692 was synthesized at the Chemistry
Department, Sanofi Recherche (Montpellier, France). [**P]JATP
(3000 Ci/mmol) was from Amersham (Les Ullis, France). Anti-
p44 (C-16, anti-ERK-1), anti-p42 (C-14, anti-ERK-2) rabbit
polyclonal antibodies and anti-Krox-24 antibody were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.).

Cell lines and culture conditions

CHO wild-type cells were routinely grown as monolayers at
37 °C in a humidified atmosphere containing 59, CO, in alpha
minimal essential medium (MEM; Gibco BRL) supplemented
with 59, (v/v) fetal calf serum (FCS), 60 xg/ml Tylocine (Gibco
BRL) and 20 pg/ml gentamycin. CHO cells stably transformed
with human NTR (CHO-hNTR) and CHO-hNTR cells trans-
fected with Krox-24/luciferase (CHO-NTR-KL) were grown in
MEM supplemented with 59%, (v/v) dialysed FCS, 40 ug/ml L-
proline, | mM sodium pyruvate, 60 xg/ml Tylocine and 20 xg/ml
gentamycin. The human colon adenocarcinoma HT-29 cell line
was obtained from the American Type Culture Collection
(Rockville, MD, U.S.A.). HT29 cells were cultured at 37 °C in
Dulbecco’s modified Eagle’s medium containing 109, (v/v)
FCS, 60 ug/ml Tylocine, 25 mM Hepes and 2.5 mM sodium
pyruvate. Cells were maintained in 0.59%, (v/v) FCS for 24 h
before stimulation.

Generation of stable transformants
Plasmids

The cDNA coding for ANTR [8] was inserted into the expression
plasmid p7055 [17] in place of the interleukin-2 cDNA. The
resulting hNTR expression vector was called pl274. The
pUT112/Krox-24 expression vector was constructed by cloning
the Xbal fragment containing the —395 to + 65 sequence of the
murine Krox-24 promoter isolated from the pBL395 CAT vector
into the Spel site of pUT112 (Eurogentech, Seraing, Belgium),
upstream of the firefly luciferase coding sequence.

Obtaining CHO-hNTR cells

The expression vector p1274 was used to transfect CHO dihydro-
folate reductase-negative cells [18] by a modified calcium phos-
phate precipitation method [19]. Clones grown in selective
medium were isolated 12-14 days later by Bellco glass-cylinder
cloning and then screened by assaying the binding of NT on
whole cells as previously described [8]. Clones stably expressing
high density levels of receptors were subcloned by limiting
dilution and further characterized. The established cell line
1274.20.5, expressing 421000+39000 receptors per cell, was
selected for further analysis.

Obtaining a double transformant for NTR and Krox-24/luciferase

CHO-hNTR cells were stably transformed with the pUT112/
Krox-24 expression vector by electroporation (250 uF, 450 V)

with the Bio-Rad Gene pulser. Selection was achieved in MEM
enriched with 20 9, (v/v) FCS, essential and non-essential amino
acids and 1 mM sodium pyruvate and supplemented with
20 ug/ml phleomycin. Clones of transfected cells (CHO-
NTR-KL) were screened 2 weeks later for the expression of NT-
induced Krox-24/luciferase.

Luciferase assay

Cells were seeded at 10* cells per well in white 96-well microplates
for luminescence in MEM supplemented with 59, (v/v) FCS.
After 24 h the culture medium was replaced by medium con-
taining 0.59%, (v/v) FCS and cells were further incubated for
24 h. Cells were then stimulated for 5 h with various doses of NT.
After stimulation, cell extracts were prepared and intracellular
luciferase contents were determined by using the Luciferase
Assay System (Promega, Charbonnieres, France) in accordance
with the supplier’s instructions. Luminescence was detected by a
charge-coupled device camera (MTP Reader; Hamamatsu
Photonics, Hamamatsu, Japan). Quantification of light emission
was made by accumulation of photon counting, and mean values
from triplicates were expressed as fold induction, defined by the
ratio of values in stimulated and unstimulated cells.

Immune-complex kinase assay

MAPK activity was determined as described by Frodin et al.
[20]. Briefly, cells grown to 80 9, confluence in 24-well plates were
placed in medium containing 0.59%, (v/v) FCS for 24 h before
stimulation. Cells were then washed twice in buffer A [50 mM
Hepes (pH 7.5)/150 mM NaCl/10 mM Na,P,0,/100 mM
NaF/10 mM EDTA/20 mM glycerophosphate/1 mM EGTA/
2 mM Na,VO,] and lysed for 15 min in buffer A containing 1 9%,
(v/v) Triton X-100, 100 units/ml aprotinin, 20 #M leupeptin and
0.2 mg/ml PMSF. Solubilized cell extracts were clarified by
centrifugation at 14000 g for 15 min and then incubated for 3 h
with the agarose-coupled antibodies anti-ERK1 (C-16) and anti-
ERK2 (C-14). After immunoprecipitation, pellets were washed
three times with solubilization buffer and twice with buffer B
[50 mM Hepes/150 mM NaCl/10 9%, (v/v) glycerol/0.1% (v/v)
Triton X-100/0.2 mM Na,VO,], then air-dried and resuspended
in 50 ul of buffer B supplemented with 100 units/ml aprotinin,
20 uM leupeptin and 0.2 mg/ml PMSF. Phosphorylation of
MBP was initiated by the addition of 10 xl of a 6 x mixture of
150 pg/ml MBP, 10 mM magnesium acetate, | mM dithiothreitol
and 5uM [y-**P]ATP (3000 Ci/mmol). The phosphorylation
reaction was performed for 30 min at 30 °C (linear assay con-
dition) and was stopped by spotting samples on Whatman P-81
filter papers, which were then dropped into a solution of 0.1 9,
(v/v) orthophosphoric acid solution. The paper sheets were
soaked in this solution, rinsed with ethanol and air-dried; the
radioactivity incorporated into MBP was determined by liquid-
scintillation counting.

Gel-shift assay

Phosphorylation of p42 (ERK-2) and p44 (ERK-1) MAPKs was
determined by electrophoretic mobility shift assay as described
[21,22]. Briefly, quiescent cells were incubated in six-well plates at
37 °C for various durations, then washed once in ice-cold buffer
containing 50 mM Hepes (pH 7.4) and 0.2 mM sodium ortho-
vanadate before being lysed in Laemmli’s loading buffer con-
taining 6 M urea. Samples were heated for 10 min at 95 °C and
proteins were separated by SDS/PAGE on 119, (w/v) acryl-
amide gels. Proteins were then transferred to nitrocellulose filters
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in 25mM Tris, 0.19 M glycine and 209%, (v/v) methanol.
Membranes were blotted in TN buffer (20 mM Tris/120 mM
NaCl, pH 7.5) containing 109, (w/v) dried milk powder. The
blots were then incubated with the anti-p42 and anti-p44
antibodies at a concentration of 0.25 ug/ml in blotting solution
for 3 h at room temperature. After extensive washes in TN buffer
containing 0.19, (v/v) Tween-20, the second antibody, a per-
oxidase-labelled anti-rabbit IgG antibody, was added for 45 min
at room temperature. After additional washes, immunostained
MAPKSs were revealed with the enhanced chemiluminescence
detection (ECL) system in accordance with the instructions of
the supplier (Amersham).

Western-blot analysis

After stimulation, cells were washed and lysed. Proteins were
extracted, subjected to SDS/PAGE and blotted on nitrocellulose
filters as described above. Blots were incubated with the anti-
Krox-24 antibody for 3 h at room temperature. After washes,
Krox-24 proteins were detected by the peroxidase conjugate of
anti-rabbit IgG and the enhanced chemiluminescence system.

Gel kinase assay

Quiescent CHO-hNTR cells were stimulated with 10 nM NT for
various periods, lysed in the Laemmli buffer and analysed for
MAPK activity with an in-gel kinase assay as previously de-
scribed [23]. Samples were subjected to SDS/PAGE [10 9, (w/V)
gel] containing 0.2 mg/ml MBP. Gels were incubated once in
buffer I [50 mM Tris/HCl (pH 8)/5 mM 2-mercaptoethanol]
containing 20 %, (v/v) methanol for 20 min, once in buffer I for
30 min, twice in buffer I containing 6 M guanidinium chloride
for 30 min, twice in buffer I containing 0.04 9, (v/v) Tween-20 at

4 °C for 16 h, once in buffer I containing 100 1M Na, VO, and
2 mM MgCl, for 30 min, and once in buffer I containing 100 M
Na,VO,, 2 mM MgCl,, 50 uM ATP, and 50 xCi of [y-**P]ATP
for 2 h at 30 °C. The reaction was stopped by extensive washes
of the gels in 59, (v/v) trichloroacetic acid. Finally gels were
dried and subjected to autoradiography.

RESULTS
MAPK activation after NT stimulation

To study the signal transduction induced by NT on growth-
related activities, we derived a CHO cell line stably expressing
hNTR. A Scatchard plot analysis revealed a dissociation constant
(K, of 0.72+£0.12nM and a maximal binding (B,,.) of
421000439000 sites per cell. We investigated whether stimu-
lation through NTR could result in the activation of MAPK.
Growth-arrested CHO-hNTR cells were exposed to NT for
various periods of time, proteins were extracted and MAPKs
were immunoprecipitated with anti-ERK-2 (anti-p42) and anti-
ERK-1 (anti-p44) antibodies. The immune complexes were
assayed for kinase activity with MBP as the substrate. Quiescent
cells displayed a slight constitutive MAPK activity, which was
markedly enhanced by treatment with agonist (Figure 1A). This
effect was measurable after 2 min of stimulation, reached a
maximum between 6 and 10 min, then slowly declined. MAPK
activity returned to the basal level only after 1 h (results not
shown). Activation was also determined by the appearance of
more slowly migrating forms that resulted from phosphorylation
on specific threonine and tyrosine residues [21]. Treatment of
cells with NT stimulated both 42 and 44 kDa proteins as judged
by the upward mobility shift (Figure 1B). The appearance of the
more slowly migrating forms was time-dependent and fitted with
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Time course of NT stimulation of MAPK activity in CHO-hNTR

(R) MAPK activity in CHO-hNTR cells after stimulation with NT. Quiescent CHO-hNTR cells were
stimulated with 10 nM NT for the indicated periods of time. MAPK activity was determined as
described in the Experimental section. Each data point is the mean+ S.E.M. for triplicate
samples and experiments were repeated twice. (B) Western blot analysis of MAPK in growth-
arrested CHO-hNTR cells treated with 10 nM NT for the indicated periods. Total protein (7 xg)
was loaded in each lane. (C) Detection of MAPK activity. CHO-hNTR cells were stimulated as
indicated in (B) and 30 g of protein extracts were subjected to SDS/PAGE in the presence
of MBP. Kinase actitity was determined after protein renaturation in the gel.

the activation pattern depicted in Figure 1A. An additional
confirmation of the observed phosphorylation of MBP by
MAPKSs was obtained by the in-gel kinase assay performed with
proteins extracted from NT-treated cells and subjected to SDS/
PAGE: asillustrated in Figure 1(C), intact MBP protein, trapped
in the polyacrylamide gel, was efficiently phosphorylated by
42-44 kDa MAPKSs, and the kinetics of stimulation was similar
to the kinetics of kinase activation observed in whole extracts
with the MBP peptide as the substrate.

The activation of MAPK by NT was dose-dependent, with
noticeable effects on CHO-hNTR cells at 0.1 nM and maximal
effects at 10 nM, whereas no effect was observed on CHO wild-
type cells (Figure 2A). The EC,, was in the nanomolar range,
which was in accordance with the K, for NT. The specific
involvement of NTR was further demonstrated by experiments
where CHO-hNTR cells were exposed to NT and SR 48692
together: SR 48692, which by itself had no effect, potently
antagonized NT action (Figure 2B). Taken together, these results
provide strong evidence that NT-induced activation of p42/p44
MAPKSs is specifically mediated by NTRs.

MAPK activation in HT29 cells

It is not unusual for cloned receptors expressed in large amounts
by foreign cell lines to couple to transduction systems that might
not be relevant to receptors endogenously expressed. We there-



148 C. Poinot-Chazel and others
6
A
5 |
>z CHO-hNTR
2 F 4+
gz
o 37
& = 34
g £
£
o 4
y 2
=
141 —a , o —= —8 g
CHO-wt
0 T T T T
0.1 1 10 100
Neurotensin (nM)
120
B
CHO-hNTR
2 90 |
2
8
o F 60
£ 3
2w
= < 304
<
=
0
T T T T
1 10 100 1000

SR 48692 (nM)

Figure 2 Specificity and dose-dependent effects of NT on MAPKs

(R) Growth-arrested CHO-hNTR (@) and wild-type CHO (Il) cells were treated for 6 min with
the indicated concentrations of NT. MAPK activity was determined as described in the
Experimental section. (B) Effect of the antagonist SR 48692 on NT-induced MAPK activity in
CHO-hNTR. Quiescent cells were treated for 6 min with 1 nM NT and the indicated
concentrations of SR 48692. MAPK activity was determined as described in the Experimental
section. Results are the means of triplicate determinations in three independent experiments.
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Figure 3 Effect of NT on MAPK activation in HT-29 cells

Quiescent HT-29 cells were treated with 10 nM NT for the indicated periods and MAPK activity
was measured as described in the Experimental section. Each data point is the mean + S.E.M.
for triplicate samples and experiments were repeated twice.

fore examined whether the above results obtained by using an
overexpressed receptor system could be extended to a human cell
line such as the human colon carcinoma cell line HT29, which
expresses NTRs as do cells from normal intestinal mucosa [24].
As shown in Figure 3, stimulation of NTR in HT29 cells also
induced a rapid and marked increase in MAPK activity, although
in a lower range than in CHO-hNTR cells. HT29 cells exhibit
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Figure 4 Induction by NT of Krox-24 expression in CHO-hNTR cells

(R) Kinetics of induction of Krox-24 in CHO-hNTR cells. Quiescent CHO-hNTR cells were
stimulated with 10 nM NT for the indicated periods. Proteins were extracted and 7 g per lane
was fractionated by SDS/PAGE. Western blots were incubated with the anti-Krox-24 antibody.
(B) Effects of the antagonist SR 48692 (SR) on NT-induced Krox-24 expression in CHO-hNTR
cells. Quiescent cells were treated as indicated for 90 min, proteins were extracted and treated
as above: lane 1, untreated cells; lane 2, 1 nM NT; lane 3, 20 ng/ml PMA; lane 4, 1 nM
NT+1 1M SR 48692; lane 5, 20 ng/ml PMA+1 uM SR 48692.
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Figure 5 Induction by NT of Krox-24 expression in HT29 cells

(A) Kinetics of induction of Krox-24 in HT29 cells. Quiescent HT29 cells were stimulated with
10 nM NT for the indicated periods. Proteins (14 xg) were fractionated by SDS/PAGE, and
Western blots were incubated with the anti-Krox-24 antibody. (B) Effects of the antagonist SR
48692 (SR) on NT-induced Krox-24 expression in HT29 cells. Quiescent cells were treated as
indicated for 90 min, proteins were extracted and treated as above: lane 1, untreated cells; lane
2,1 nM NT; lane 3, 20 ng/ml PMA; lane 4, 1 nM NT+1 xM SR 48692; lane 5, 20 ng/ml
PMA+1 uM SR 48692.

approx. 2 x 10* NTR sites per cell, as determined by binding
experiments (results not shown), and this lower level of expression
could explain the differences observed between the two cell types.
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Figure 6 Dose response of Krox-24 reporter induction by NT

CHO-hNTR cells stably expressing the Krox-24/luciferase gene were cultured in medium
containing 0.5% (v/v) FCS 24 h before stimulation with increasing concentrations of NT; 5 h
after stimulation, cell extracts were prepared. Luciferase activities were measured and
means + S.EIM. for triplicates were calculated. Results were expressed as fold induction,
defined as the ratio of values from stimulated and unstimulated cells. The experiment was
repeated three times with similar results.

Krox-24 activation in response to NTR stimulation

MAPKSs play a role in the control of gene transcription by
phosphorylating transcription factors, which in turn modulate
the expression of target genes. One of these genes encodes a zinc-
finger transcription factor, the early growth response gene 1 (egr-
1) also called Krox-24, NGFI-A or zif/ 268 [25]. We first examined
whether the activation of NTR was associated with induction of
Krox-24 protein in CHO-hINTR cells by Western blot analysis
with anti-Krox-24 antibodies. NT treatment induced the expr-
ession of Krox-24 protein in a time-dependent manner, with
maximum levels observed after 90 min (Figure 4A). The NT
antagonist SR 48692 completely prevented this increase, whereas
it had no effect on PMA-induced Krox-24 expression (Figure
4B). A similar enhancement of Krox-24 protein was also observed
in HT29 cells after stimulation with NT and reversed by the NT
antagonist (Figures SA and 5B).

Secondly, we examined whether the increase in Krox-24 protein
level reflected an increase in the transcriptional activity of the
Krox-24 gene. For this purpose, CHO-hNTR cells were stably
transformed with an expression vector (pUT112/Krox-24) con-
taining the —395 to +65 sequence of the Krox-24 promoter
located upstream of the luciferase reporter gene. As shown in
Figure 6, when CHO-NTR-KL cells were treated with NT, a
dose-dependent increase in luciferase activity was observed.
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Figure 7 Effects of PTX and GF 109203X on NT-induced MAPK activity in
CHO-hNTR cells

CHO-hNTR cells were treated as described in Table 1 and MAPK phosphorylation was analysed
by electrophoretic mobility shift assay as described in the Experimental section. Lane 1,
untreated; lane 2, 10 nM NT; lane 3, 10 nM NT+100 ng/ml PTX; lane 4, 100 ng/ml PTX;
lane 5, 10 nM NT+5 xM GFX; lane 6, 5 «M GFX. Each lane was loaded with 7 xg of total
protein.
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Figure 8 Effects of PTX and GF 109203X on NT-induced Krox-24 expression

CHO-hNTR cells were treated as indicated for 90 min. Protein were extracted and 7 zg per lane
was submitted to electrophoretic mobility shift assay. Lane 1, untreated; lane 2, 10 nM NT; lane
3,10 nM NT+100 ng/ml PTX; lane 4, 100 ng/ml PTX; lane 5, 10 nM NT+5 M GFX; lane
6, 5 uM GFX.

NT induces MAPK activation and Krox-24 expression via a PKC-
dependent transduction pathway

To investigate which receptor-linked effector pathway might be
responsible for MAPK activation, we first examined the effect of
PTX. PTX treatment partly inhibited the NT-induced MAPK
activation measured either by the MAPK activity (Table 1) or by
Western blotting (Figure 7). This indicated that both a PTX-
sensitive component and a PTX-insensitive component were
involved in MAPK activation through NTR stimulation.

As NTRs were shown to activate PKC [9,10], which is known
to represent an upstream regulator of the MAPK cascade [26],
we explored this pathway by using the non-toxic PKC-specific
inhibitor, bisindolylmaleimide (GF 109203X) [27]. Table 1 and
Figure 7 show that treatment of CHO-hNTR cells with GF
109203X markedly decreased NT-stimulated MAPK activity,
suggesting the involvement of PKC in MAPK phosphorylation.

The effects of PTX and GF 109203X were also analysed on
Krox-24 protein expression levels by Western blotting (Figure 8).

Effects of PTX and GF 109203X on NT-induced MAPK activity in CHO-hNTR cells

Cells were treated for 18 h with PTX or for 3 h with GFX before the addition of NT for 6 min. Fold increase is the ratio of values in stimulated and non-stimulated cells. Results are expressed

as means + S.E.M.; the experiment was repeated twice with similar results.
Abbreviation: n.d., not determined.

Control GF 109203X (5 M) PTX (100 ng/ml)
Stimulation c.p.m. Fold increase c.p.m. Fold increase c.p.m. Fold increase
None 7703 4284 140.037 53154168 1+40.032 5539+ 37 1+0.0067
NT (10 nM) 42212 +1496 5.4840.194 10424 +302 1.96 4 0.057 20918 +284 3.7840.051
PMA (20 ng/ml) 2540041095 334014 5119495 0.96 +0.018 n.d. n.d.
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Results show a partial but significant decrease in production of
Krox-24 after treatment with PTX and a more marked effect of
GF 109203X, which is in accordance with the results obtained
for MAPK assays.

DISCUSSION

In the present study, using CHO cells stably transformed with
human NTR, we have characterized novel aspects of biochemical
signals induced by NT.

NTR stimulation induces MAPK activation

In this study we first provide several lines of evidence for MAPK
activation by NT: (1) NT induced a time- and dose-dependent
activation of MAPKSs towards the MBP peptide as substrate; (2)
Western blotting analysis revealed that p42/p44 MAPK proteins
exhibited an upward mobility shift, suggesting the phosphoryl-
ation of MAPKSs, which is part of their mechanisms of activation
[28] after NT stimulation; and (3) p42/p44 were shown to be
responsible for the increased MBP peptide kinase activity meas-
ured in NT-stimulated cells, as assessed by a kinase renaturation
assay.

It has previously been shown that receptors expressed in
foreign hosts can couple to different signal transduction systems
depending on the cell type [29]. This was shown for example for
dopamine D2 receptors, which have different effects on adenylate
cyclase activity, intracellular Ca** concentrations and inositol
phosphates production, when expressed in different hosts [30].
With the human colon carcinoma cell line HT29, which naturally
expresses NTRs, we showed that MAPKs were also activated
after NT stimulation, although at lower levels than in CHO-
hNTR cells. To our knowledge these results are the first to
demonstrate that NT mediates MAPK activation in transfected
but also in cells naturally expressing NTR.

Transduction pathway between NTR and MAPKs

Although the molecular mechanisms located downstream of the
G-protein and leading to MAPK activation by NT still remain
unclear, some elements can be offered by the present study. We
showed that PTX partly blocked MAPK activation. PTX is
known to induce ADP-ribosylation of G,/G,-type G-proteins,
thus preventing the dissociation of their « and £/y subunits [31].
Our findings are consistent with two independent pathways
mediated by GTP-binding proteins, one G,/G -dependent and
one G,/G, -independent, both leading to the activation of the
MAPK cascade. Maximal responsiveness is obtained when both
pathways are used. This situation is similar to that reported in
mouse neuroblastoma N1E115 cells, where NT effects on inositol
phosphate production were partly inhibited by PTX [32].

It was shown that stimulation of CHO-hNTR cells with NT
induces a dose-dependent increase in the level of cAMP [33]. We
indeed found that NT increased cAMP levels in CHO-hNTR
cells (results not shown). Because hydrolysis-resistant cAMP
analogues such as dibutyryl cAMP or 8-Br-cAMP, which main-
tain high cellular levels of cAMP, are able either to prevent or to
increase the MAPK level, depending on the cell type [34], we
examined whether MAPK activation could be related to cAMP
metabolism. In CHO-hNTR cells, cCAMP analogues alone did
not significantly affect this activity. Moreover, the protein kinase
A inhibitor H8 did not affect the NT-stimulated MAPKs in
CHO-hNTR cells (results not shown). Together these results
argue against the possibility that MAPK activation is secondary
to a G-protein-mediated stimulation of cCAMP levels, and suggest

that NT stimulates cAMP production and MAPK cascade
through independent pathways.

NTRs are coupled to phospholipase C through G-proteins.
Activation of phospholipase C by NT is followed by the
hydrolysis of PtdIns(4,5)P,, generating two second messengers,
Ins(1,4,5)P, and diacylglycerol. Subsequently, Ins(1,4,5) P, mobil-
izes the intracellular Ca®* whereas diacylglycerol activates PKC
[7,9,10]. Many types of receptor signalling involve PKC as
effectors of MAPKSs [35,36]. We showed, by using the protein
kinase inhibitor GF 109203X, that a PKC lies on the route
between G-protein and MAPKs. Among the molecular mech-
anisms that could be suggested, an interesting possibility would
be that PKC activates the Ras/Raf/MAPK cascade through the
activation of p21" [37]. However, in HT29 cells we observed
that MAPK activation by NT was not affected by GF 109203X,
suggesting that in these cells NT does not operate through PKC
(results not shown).

NTR stimulation induces Krox-24 gene expression

MAPKs phosphorylate a variety of intracellular substrates
including transcription factors, which in turn modulate the
expression of target genes implicated in cell growth [16,25]. To
investigate further the involvement of MAPK in NT-induced cell
growth, we explored whether the activation of NTR was associ-
ated with such gene induction. We have chosen the induction
of the Krox-24 gene as an endpoint because the activation of
MAPK has been correlated with an increase in its transcription
[38] and also because its induction is a ubiquitous correlate of
mitogenic stimulation [39]. Krox-24 expression is independent
of protein synthesis and appears within minutes of mitogenic
stimulation [40,41]. Our results showed a massive accumulation
of Krox-24 protein on stimulation with NT in both CHO-hNTR
and HT29 cells. The NT antagonist SR 48692 completely blocked
this effect, which unequivocally demonstrated that induction of
Krox-24 expression is mediated by NTRs. Furthermore, by
generating double stable transformants for hNTR and a reporter
gene for Krox-24, we showed a dose-dependent stimulation of
Krox-24 expression by NT, which indicates that the regulation is
imposed at the transcriptional level.

Importantly, we showed that stimulation of Krox-24 by NT
was parallel to MAPK stimulation in several aspects: (1) both
stimulations were selectively blocked by the SR 48692 antagonist;
(2) the responses were similar in their sensitivities towards PTX;
(3) the inhibition of MAPK activity by a PKC inhibitor was
associated with a concomitant decrease in Krox-24 expression,
indicating that the two responses were PKC-linked ; and (4) both
pathways were PKA-independent (results not shown). Thus it
seems that MAPK might participate in NTR stimulation of the
early response gene Krox-24.

The pivotal link between MAPK and Krox-24 could be
p62TCF/Elk1, a member of the Ets family that has been shown
to be phosphorylated by MAPK [42,43] and binds with high
affinity to specific ETS motifs of which three copies are located
in the Krox-24 promoter, two of them being necessary for
transcriptional activity [38,44].

We propose that the action of NT involves the coupling of
NTR to Krox-24 induction through the MAPK cascade. This
can be supported by the following points: (1) studies with
dominant-negative MAPK have provided evidence that this
pathway can lead to the stimulation of DNA synthesis [45], (2)
Krox-24 induction is an early response event to all cell division
signals examined so far [46-49], and (3) studies with anti-sense
oligonucleotides have demonstrated that the induction of Krox-
24 in lymphocytes is necessary for cell proliferation to occur
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[49,50]. This is presumably accomplished by the induction of a
second wave of function-related genes that are controlled by
Krox-24. Indeed, Krox-24 is a member of the Krox family, which
contain three zinc-finger DNA-binding domains and act as
transcriptional factors. Gene activation by Krox-24 is observed
after high-affinity binding to the consensus regulatory element
GCG(G/T)GGGCG in a zinc-dependent manner. Although
only few target genes of Krox-24 have been characterized so far,
the thymidine kinase gene seems to represent a physiologically
relevant target for Krox-24 in mitogenesis, because it is involved
in cell cycle progression from the G, to the S phase [51].

Concluding remarks

These findings have several implications. First, the increase in
Krox-24 gene expression can be used as a marker for studying the
molecular events associated with NTR stimulation. Secondly, we
recently published results demonstrating the involvement of the
GPC cannabinoid receptors in Krox-24 activation mediated by
MAPK [52]. The results reported here provide an additional
example of a GPCR that can activate Krox-24. Thirdly, these
results strengthen the notion that NT could be important in the
regulation of cell growth.
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