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Abstract

Stimulation of human colonic epithelial T84 cells with the muscarinic receptor agonist carbachol, a
stable analog of acetylcholine, induced Akt, p70S6K1 and ERK activation. Treatment of T84 cells
with the selective inhibitor of EGF receptor (EGFR) tyrosine kinase AG1478 abrogated Akt
phosphorylation on Ser#”3 induced by either carbachol or EGF, indicating that carbachol-induced
Akt activation is mediated through EGFR transactivation. Surprisingly, AG1478 did not suppress
p70S6K1 phosphorylation on Thr389 in response to carbachol, indicating the G protein-coupled
receptor (GPCR) stimulation induces p70S6K1 activation, at least in part, via an Akt-independent
pathway. In contrast, treatment with the selective MEK inhibitor U0126 (but not with the inactive
analog U0124) inhibited carbachol-induced p70S6K1 activation, indicating that the MEK/ERK/RSK
pathway plays a critical role in p70S6K1 activation in GPCR-stimulated T84 cells. These findings
imply that GPCR activation induces p70S6K1 via ERK rather than through the canonical P1 3-kinase/
Akt/TSC/mTORC1 pathway in T84 colon carcinoma cells.
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INTRODUCTION

Hormones, neurotrasmitters and vasoactive peptides that signal through G protein-coupled
receptors (GPCRs) act as potent cellular growth factors for a variety of cell types [1-4].
Mitogenic signaling emanating from GPCRs is also implicated in abnormal biological
processes, including tumorigenesis [2-9]. In particular, GPCRs and their cognate agonists are
expressed by a variety of human cancer cells, as well as by mesenchymal cells in the
microenviroment of these tumors, leading to autocrine/paracrine loops that contribute to
stimulation of cell proliferation, migration, invasiveness and angiogenesis [for reviews see
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[2-9]]. Consequently, the elucidation of the intracellular pathways that mediate the biological
effects induced by GPCR agonists is of major importance because these studies may identify
novel strategies for therapeutic interventions.

The mTOR (Target Of Rapamycin) pathway is the focus of interest because it integrates signals
from growth factors, nutrients, cellular energy levels, GPCR agonists and stress conditions to
stimulate protein synthesis and cell growth [10]. Two distinct mTOR complexes, mTORC1
(mTOR complex 1) and mTORC2 (mTOR complex 2), have been characterized [11]. A major
downstream target of mMTORCL1 is p70S6K1, an enzyme implicated in the regulation of protein
synthesis and cell proliferation [12]. The activity of p70S6K1 is controlled by multi-site
phosphorylation [13], including phosphorylation at Thr38% by mTORC1 [14]. There have been
important advances in understanding how growth factors stimulate mTORC1 signaling via
tyrosine kinase receptors that stimulate the P13kinase/Akt signaling pathway. Akt contains a
PH domain and conserved residues (Thr3% and Ser#/3) which are critical for enzyme activation.
Specifically, Akt, translocated to the plasma membrane in response to products of Pl 3-kinase,
is activated by phosphorylation at Thr3%8 in the activation loop and by phosphorylation within
the carboxy-terminus at Ser4’3 [15]. Akt has been shown to phosphorylate the product of the
tuberous sclerosis complex (TSC) 2 gene which forms a heterodimer with TSC1 and represses
mTOR activity [16,17]. Phosphorylation of TSC2 by Akt is thought to alleviate this inhibitory
restraint on mTOR signaling, resulting in its activation. The prevalent model is that tyrosine
kinase receptor agonists induce p70S6K1 activation via the canonical Pl 3-kinase/Akt/TSC/
mTOR pathway. However, an indispensable role for Akt in p70S6K has been disputed in other
studies [4,18-23], suggesting the operation of alternative pathways. Activation of GPCRs
stimulates phosphorylation and activation of p70S6K1 in a variety of cell types [3,4,24-27]
but the precise mechanism that mediates GPCR-induced mTOR/p70S6K activation has
remained poorly defined.

Here, we examined the relationship of Akt activation to mTORCL activation, as revealed by
phosphorylation of p70S6K1 on Thr389, a site phosphorylated by mTOR in the context of
mTORC1. We report that stimulation of human colonic epithelial T84 cells with the muscarinic
GPCR agonist carbamylcholine (carbachol), a stable analog of acetylcholine, induces p70S6K1
phosphorylation on Thr38° via an ERK-dependent but Akt-independent pathway in T84 cells.
The results dissociate Akt from p70S6K1 activation in T84 colon cancer cells and imply that
GPCR activation induces p70S6K1 via ERK rather than through the canonical Pl 3-kinase/
Akt/TSC/mMTORC1 pathway in these cells.

EXPERIMENTAL PROCEDURES

Cell culture

The human colon carcinoma cell line T84 was purchased from American Type Culture
Collection. Stock cultures of T84 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F12 media (1:1) supplemented with 10% fetal bovine serum. Cells
were cultured in an atmosphere of 5% CO5 at 37°C with medium changes every 3-4 days.

Cell stimulation and cell lysates

Cultures of T84 cells were washed twice with serum-free DMEM/Ham’s F12, equilibrated in
the same medium at 37°C for 3 h, and then treated with agonists and/or inhibitors as described
in the individual experiments. The stimulation was terminated by aspirating the medium and
lysing the cells in 200ul of 2x SDS-polyacrylamide gel electrophoresis sample buffer (20 mM
Tris/HCI, pH 6.8, 6% SDS, 2 mM EDTA, 4% 2-mercaptoethanol, 10% glycerol).
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Western Blotting

Materials

After SDS-PAGE, proteins were transferred to immobilon membranes. After transfer,
membranes were blocked using 5% nonfat dried milk in PBS, pH 7.2 and incubated overnight
at 4°C with the anti-phospho Akt Ser*’3 Ab (0.1 ug/ml), anti-phospho p70S6K1 Thr389 (0.1
pg/ml), anti-Akt Ab (0.1 pg/ml), anti-phospho-p44/42 MAP kinase(0.1 pug/ml) or anti-ERK2
(0.1 pg/ml) as indicated. The membranes were washed three times with PBS-0.1% Tween 20
and then incubated with secondary antibodies (horseradish peroxidase-conjugated donkey
antibodies to rabbit, NA 934V or Mouse, NA931V) (1:5000) for 1 h at 22°C. After washing
three times with PBS-0.1% Tween 20, the immunoreactive bands were visualized using
enhanced chemilumiescence (ECL) detection reagents.

Carbachol, U-0126, and U-0124 were purchased from Calbiochem (San Diego, CA). EGF was
obtained from Sigma (St. Louis, Mo). Horseradish peroxidase-conjugated donkey antibodies
to rabbit (NA 934V) or mouse (NA931V) and ECL reagents were from GE Healthcare
(Piscataway, NJ). Anti-ERK2 polyclonal antibody was from Santa Cruz Biotechnology Inc
(Santa Cruz, Ca). The phosphospecific polyclonal Abs to Akt Ser4’3, p70S6K1 Thr389 and
anti-phospho-ERK1/2 MAb were obtained from Cell Signaling Technology (Beverly, MA).
All other reagents used were of the purest grade available.

RESULTS and DISCUSSION

Carbachol induces Akt and tuberin phosphorylation in human colon carcinoma T84 cells

In order to determine whether GPCR agonists regulate Akt phosphorylation in human colon
carcinoma T84 cells, cultures of these cells were stimulated with the muscarinic agonist
carbachol (100 pM), which acts in these cells via a Gg-coupled M3 receptor subtype [28,29].
Akt activation was scored by Western blot analysis using an antibody that detects the
phosphorylated state of Akt on Ser473. As shown in Fig. 1 A, carbachol induced robust Akt
phosphorylation on Ser4’3 in a time-dependent fashion. A small increase was observed after
5 min of exposure to carbachol with maximal stimulation of Akt phosphorylation at Ser473
evident after 15 min of incubation. In addition, carbachol induced a marked increase in Akt
phosphorylation on Thr3%8 (results not shown).

p70S6K1, which is implicated in cell growth and G1 cell cycle progression, is considered a
major downstream target of the canonical Pl 3-kinase/Akt/TSC/mTORC1 pathway. To
determine whether carbachol activates p70S6K1 in T84 cells, lysates of these cells stimulated
with carbachol for various times (1-30 min) were subjected to Western blot analyses using an
antibody that detects p70S6K1 phosphorylated at Thr389, a site targeted by mTORC1 [13]. As
shown in Fig. 1B, carbachol induced a rapid and striking increase in p70S6K1 phosphorylation
in T84 cells. Itis noteworthy that an increase in p70S6K 1 phosphorylation at Thr389 was evident
within 1 min of carbachol stimulation, clearly preceding Akt phosphorylation (see Fig. 1 C).
These results showing that carbachol induces p70S6K1 activation more rapidly than Akt in
colonic T84 cells are inconsistent with the operation of a canonical Pl 3-kinase/Akt/TSC/
mTORC1 pathway leading to p70S6K1 in these cells.

Role of EGFR in carbachol-induced Akt and p70S6K1 phosphorylation in T84 cells

GPCRs stimulate EGFR tyrosine kinase in a variety of cell types, a process termed EGFR
transactivation [4]. Previous reports demonstrated that carbachol induces EGFR transactivation
in human colonic T84 epithelial cells [28,30,31]. Here, we determined whether EGFR
transactivation mediates Akt and p70S6K1 activation induced by carbachol in these cells.
Specifically, T84 cells were treated with or without the specific EGFR tyrosine kinase inhibitor
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AG1478 (1 uM) and subsequently challenged with either carbachol or EGF (as a control). The
increase of Akt phosphorylation at Ser4”3 induced by carbachol was comparable to that induced
by EGF in parallel cultures. As shown in Fig. 2A, treatment with AG1478 completely prevented
Akt phosphorylation on Ser4”2 induced by either carbachol or EGF in T84 cells. These results
indicate that stimulation with carbachol strikingly stimulates Akt activation through EGFR
tyrosine kinase in T84 cells.

In striking contrast to the results seen with Akt, treatment with AG1478 resulted in only a
modest attenuation of p70S6K1 phosphorylation on Thr389 induced by carbachol (Fig. 2B and
C). We verified that AG1478, under our experimental conditions, completely prevented
p70S6K1 phosphorylation on Thr38? induced by exogenous EGF, demonstrating the
effectiveness of the inhibitor at the concentration used in T84 cells. The results shown in Fig.
2 indicate that carbachol induces Akt activation via EGFR transactivation but, in striking
contrast, p70S6K1 phosphorylation in response to this agonist appears to be mediated by a
different pathway in human colonic T84 cells. This conclusion is in agreement with the kinetics
depicted in Fig. 1.

Role of ERK in carbachol-induced p70S6K1 phosphorylation in T84 cells

Recently, a novel mechanism of mMTORC1 activation involving the ERK pathway but separate
from Akt has been elucidated in response to phorbol esters [32] and expression of constitutively
active MEK1 [22,32]. To elucidate the mechanism(s) by which carbachol induces p70SK1
activation independently from Akt, we examined whether the ERKSs link the M3 GPCR to
p70S6K1 in carbachol-stimulated T84 cells. Initially, we examined the kinetics of carbachol-
induced ERK activation in T84 cells. As shown in Fig 3A, ERK activation in T84 cells was
detectable within 1 min of stimulation and reached a maximum within 5 min of carbachol
stimulation. These results indicated that the kinetics of ERK activation is comparable to that
of p70S6K1 phosphorylation at Thr389 and clearly faster than Akt phosphorylation on
Ser473, implying that ERKs could lead to p70S6K1 activation in carbachol-stimulated T84
cells.

In order to determine whether ERK activation mediates p70S6K1 phosphorylation at Thr38°
in response to carbachol in T84 cells, cultures of these cells were incubated for 1 h in the
absence or presence of U0126 and subsequently stimulated with carbachol. As shown in Fig.
3B, treatment with U0126 dramatically inhibited P70S6K1 phosphorylation at Thr389 induced
by carbachol. To substantiate the specificity of the inhibitory effects of U0126, we also
examined the effect of the structurally related but inactive compound U0124, at an identical
concentration. Treatment with U0124 did not produce any inhibitory effect on carbachol-
iduced p70S6K1 phosphorylation on Thr389, We verified that U0126 (but not U0124), at the
concentration used (10 uM), completely blocked carbachol-induced ERK signaling (Fig. 3 B).
These results imply that carbachol induces p70S6K1 activation via ERK rather than through
Akt.

Conclusions and Implications

While the role and mechanism of activation of the canonical Pl 3-kinase/Akt/mTOR/p70S6K1
pathway in signal transduction linked to cell division, survival, and tumorigenesis by tyrosine
kinase receptors are well recognized in many cell types, the operation of this pathway in the
action of GPCR agonists in epithelial intestinal cells has been much less explored. The
experiments presented here were designed to determine pathways leading to Akt and p70S6K1
activation in human colonic epithelial T84 cells stimulated via an endogenously expressed Gg-
coupled receptor, the muscarinic subtype 3 receptor (M3R). Our results produced several lines
of evidence indicating that carbachol induced p70S6K1 activation independently of Akt and
EGFR transactivation: 1) Kinetic experiments showed that p70S6K1 phosphorylation on
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Thr389 could be detected earlier than Akt phosphorylation on Ser4’3. Indeed, at early time-
points (1-2.5 min) p70S6K1 phosphorylation occurred in the absence of any detectable Akt
activation. 2) Cell treatment with the specific EGFR tyrosine kinase inhibitor AG1478
completely prevented Akt activation in response to carbachol. In contrast, p70S6K1 activation
was still evident in cells with suppressed EGFR tyrosine kinase activity. Thus, these kinetic
and pharmacological results dissociate Akt from p70S6K1 activation in T84 colon cancer cells.
3) Further results show that carbachol induces p70S6K1 in these cells via MEK/ERK rather
than through the canonical Pl 3-kinase/Akt/TSC/mTOR pathway.

Studies on mechanisms of M3R-induced signaling in colon cancer cells assume an added
relevance in view of recent reports showing that muscarinic receptor activation stimulates colon
cancer cell proliferation in vitro and in vivo and by the fact that a substantial number of human
colon cancers display increased expression of muscarinic receptors [29,33,34]. Our results
showing the operation of an ERK/p70S6K1 pathway independently of Akt in the context of
GPCR signaling in colon cancer cells may have important implications for identifying
combinations of inhibitors of signal transduction pathways that provide novel strategies for
therapeutic interventions.
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Figure 1. Carbachol induces Akt phosphorylation on Ser473 and p70S6K phosphorylation on
Ser389ina time-dependent fashion in T84 cells

Cultures of T84 cells grown on 35 mm dishes were stimulated with 100 uM carbachol for the
indicated times. All cultures were lysed with 2xSDS-PAGE sample buffer and analyzed by
SDS-PAGE and immunoblotting with antibodies that detect either Akt phosphorylated on
Ser473 (panel A) or p70S6K phosphorylated on Ser389 (panel B). Antibodies that detect total
Akt or p70S6K were used to verify equivalent loading of the gel. Autoluminograms were
quantified by densitometric scanning. The results shown are the mean + S.E.M. n=3 and are
expressed as percentage of the maximum increase induced by treatment with carbachol for
either AKT pSer473 closed symbols or p70S6K pSer389 open symbols (panel C).
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Figure 2. Carbachol induced Akt phosphorylation on Ser4’3 is EGFR-dependent but p70S6K
phosphorylation on Ser389 s EGFR-independent

A and B. T84 cells were incubated in the absence or presence of the EGFR inhibitor AG1478
(1 uM) for 1 h prior to stimulation of the cells with 100 uM carbachol (carb) or 50 ng/ml EGF
for 10 min. The cultures were lysed with 2xSDS-PAGE sample buffer and analyzed by SDS-
PAGE and immunoblotting with phospho Akt Ser473 and total Akt in panel A and phospho
p70S6K Ser389 and total p70S6K to verify equal loading in panel B. Shown here are
representative autoluminograms; similar results were obtained in 3 independent experiments.
Autoluminograms were quantified by densitometric scanning. The results shown are the mean
+ S.E.M. n=3 and are expressed as percentage of the maximum increase induced by treatment
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with carbachol, in cells preincubated in the absence (open bars) or the presence (closed bars)
of AG1478 (panel C).
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Figure 3. Carbachol induced p70S6K phosphorylation through an ERK-dependent pathway

A. Cultures of T84 cells were stimulated with 100 uM carbachol for the indicated times, lysed
with 2xSDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting with
phospho-ERK antibody (pERK1/2). Shown here are representative autoluminograms; similar
results were obtained in 3 independent experiments. B, T84 cells were incubated in the absence
or presence of the MEK1/2 inhibitor U0126 (10 uM) or the inactive analogue U0124 for 1 h
prior to stimulation of the cells with 100 uM carbachol (carb) for 10 min. The cultures were
lysed with 2xSDS-PAGE sample buffer and analyzed by SDS-PAGE and immunoblotting with
the following antibodies: phospho ERK1/2, p70S6K Ser389 and total p70S6K. Shown here are
representative autoluminograms; similar results were obtained in 3 independent experiments.
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