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Receptor tyrosine kinases activate mitogen-activated
protein (MAP) kinases through Ras, Raf-1, and MEK.
Receptor tyrosine kinases can be transactivated by G
protein-coupled receptors coupling to G; and G,. The
human G protein-coupled serotonin receptors 5-HT,,
and 5-HT,,, couple to G, and elevate intracellular
cAMP. Certain G,-coupled receptors have been shown to
activate MAP kinases through a protein kinase A- and
Rapl-dependent pathway. We report the activation of
the extracellular signal-regulated kinases (ERKs) 1 and
2 (p44 and p42 MAP kinase) through the human sero-
tonin receptors 5-HT,,,, and 5-HT,,, in COS-7 and hu-
man embryonic kidney HEK293 cells. In transfected
HEK293 cells, 5-HT-induced activation of ERK1/2 is sen-
sitive to H89, which indicates a role for protein kinase A.
The observed activation of ERK1/2 does not require
transactivation of epidermal growth factor receptors.
Furthermore, 5-HT induced activation of both Ras and
Rapl. Whereas the presence of Rap1GAP1 did not influ-
ence the 5-HT-mediated activation of ERK1/2, the acti-
vation of ERK1/2 was abolished in the presence of dom-
inant negative Ras (RasN17). ERK1/2 activation was
reduced in the presence of “dominant negative” Rafl
(RafS621A) and slightly reduced by dominant negative
B-Raf, indicating the involvement of one or more Raf
isoforms. These findings suggest that activation of
ERK1/2 through the human G.-coupled serotonin recep-
tors 5-HT,,) and 5-HT,,, in HEK293 cells is dependent
on Ras, but independent of Rapl.

Extracellular signals such as growth factors and hormones
regulate cell proliferation. In general, growth factors activate
receptor tyrosine kinases (RTKs),! whereas most hormones
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activate G protein-coupled receptors (GPCRs). Intracellular
cascades such as the mitogen-activated protein (MAP) kinase,
also called the extracellular signal-regulated kinase (ERK),
cascade, are mainly activated as a consequence of agonist stim-
ulation of RTKs. ERK1/2 are serine/threonine protein kinases
activated upon dual phosphorylation by the MAP kinase kinase
MEK (1), which is phosphorylated and activated by MAP ki-
nase kinase kinases of the Raf family (2). In mammals, all
three Raf isoforms expressed (A-Raf, B-Raf, and Raf-1) are
cytosolic in resting cells and become activated upon recruit-
ment to the plasma membrane by activated, small G proteins of
the Ras family (H-Ras, K-Ras, N-Ras, and Rapl). Ras, in its
active, GTP-bound conformation, may activate all isoforms of
Raf. The levels of GTP-bound Ras are controlled by the actions
of guanine nucleotide exchange factors and GTPase-activating
proteins (GAPs). The two major Ras-specific guanine nucleo-
tide exchange factors are Son of sevenless (SOS) (3) and Ras-
GRF1 (CDC25M™) (4). SOS is mainly thought to activate Ras as
a consequence of RTK stimulation, whereas Ras-GRF1 acti-
vates Ras in response to Ca?" signaling and GPCR-mediated
signals (5-8).

Serotonin (5-hydroxytryptamine (5-HT)) mediates its diverse
physiological effects through at least 14 different receptors, of
which 13 are GPCRs or so-called seven transmembrane-span-
ning receptors (9). The 5-HT receptors, each encoded by a
separate gene, have been grouped into families called 5-HT} to
5-HT,, with some of the families containing several members.
The human serotonin receptors 5-HT, and 5-HT; couple to the
heterotrimeric G protein G, and exist in multiple splice vari-
ants (10, 11). Stimulation of these receptors leads to activation
of adenylyl cyclase and a rapid increase in the formation of the
intracellular second messenger cAMP. Elevated levels of cAMP
have several intracellular effects, e.g. activation of cAMP-de-
pendent protein kinase (PKA) and exchange proteins directly
activated by cAMP (Epacs), guanine nucleotide exchange fac-
tors specific for Rap. Both mechanisms have been claimed to be
involved in cAMP-dependent activation of Rapl (12-14).

The main target for cAMP is PKA, which has cell type-
specific effects on the ERK1/2 cascade. In several cell types,
Ras-dependent ERK1/2 activation is antagonized by PKA
(15-18). In other cell types, PKA appears to activate the
ERK1/2 cascade via Rapl and B-Raf (12, 19). In human
embryonic kidney HEK293 cells, isoproterenol stimulation of
the endogenous Gg-coupled By-adrenergic receptor (B,-AR)
activates Ras and Rapl, but only Rapl is able to mediate
activation of ERK1/2 by recruiting B-Raf to the membrane
and thereafter activate MEK (20). However, at overexpressed
levels of B,-ARs, ERK1/2 can be activated through the GBy
subunits of pertussis toxin-sensitive G proteins, interpreted

lular signal-regulated kinase kinase; Epac, exchange protein directly
activated by cAMP; SH, Src homology.
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as a switch in coupling from G, to G; due to phosphorylation
of the B,-AR by PKA (21).

Upon stimulation of G;- (22) and G,-coupled (23) receptors,
activation of MAP kinases is induced by Gy subunits that me-
diate Ras activation through proteins such as the tyrosine kinase
c-Sre, Grb2, and SOS (24). Both phosphoinositide 3-kinase y (25)
and the calcium-sensitive kinase PYK2 (26) have been implicated
in the activation of c-Src. The Ge; and Ge, subunits may also
mediate ERK1/2 activation by binding to Rap1GAP1, a selective
Rapl GTPase-activating protein (27, 28). In these cases, active
Rapl antagonizes the function of Ras, and inhibition of Rapl
by Rap1GAP1 allows Ras to signal to ERK1/2. Furthermore, in
several cell types, GPCRs coupling to G; and G, have been re-
ported to transactivate the epidermal growth factor receptor
(EGFR) and thereby lead to activation of ERK1/2 (29-31).

A Gg-coupled 5-HT receptor has been implicated in ERK
activation and LTP induction in Aplysia (32, 33). In mouse
cortical neurons, several monoamines including 5-HT, as well
as forskolin, activated ERK1/2 and increased the level of GTP-
bound Ras, but the 5-HT receptor involved was not character-
ized (34). In cultured rat hippocampal neurons, 5-HT activated
ERK1/2 through 5-HT, receptors, but the mechanism was not
characterized (35). In mammalian brain, both 5-HT, and 5-HT
receptors are found in the hippocampus (36, 37), and these
receptors are both believed to be important in learning and
memory (38). Thus, there is a need to determine whether 5-HT,
and 5-HT, receptors can activate ERK, as well as the mecha-
nism for such activation. We have previously characterized
activation of adenylyl cyclase by different splice variants of the
human G,-coupled 5-HT, (39) and 5-HT, (40) receptors. We
now demonstrate that both the human G,-coupled serotonin
receptors 5-HT,,, and 5-HT;(,), when transiently expressed in
HEK293 and COS-7 cells, activate ERK1/2 through a mecha-
nism dependent on Ras and independent of Rapl.

EXPERIMENTAL PROCEDURES

Materials—HEK293 and COS-7 cells were from American Type Cul-
ture Collection (Manassas, VA). Mouse monoclonal anti-phospho-
ERK1/2 was from Cell Signaling Technology (Beverly, MA), sheep poly-
clonal anti-mouse Ig-horseradish peroxidase and sheep anti-rabbit
IgG-horseradish peroxidase were from Amersham Biosciences, rabbit
polyclonal anti-ERK1/2 was from Upstate Biotechnology (Lake Placid,
NY), mouse monoclonal anti-Ras (IgG,) was from Transduction Labo-
ratories (BD Biosciences), and rabbit polyclonal anti-Raf-1 and rabbit
polyclonal anti-B-Raf were from Santa Cruz Biotechnology (Santa Cruz,
CA). 5-HT hydrochloride (serotonin), N-[2-(p-bromocinnamylamin-
o)ethyl]-5-isoquinolinesulfonamide dihydrobromide (H89), epidermal
growth factor (EGF), Dulbecco’s modified Eagle’s medium, and diethyl-
aminoethyl-dextran hydrochloride (DEAE-dextran) were from Sigma.
PD153035 was from Tocris Cookson Ltd. (Avonmouth, UK), and
PD98059 was from Calbiochem. Glutathione-Sepharose 4B and Hy-
bond-P (polyvinylidene difluoride) membrane were from Amersham
Biosciences. LipofectAMINE™ reagent and penicillin-streptomycin
were from Invitrogen. UltraCULTURE™ general purpose serum-free
medium and L-glutamine were from BioWhittaker Europe (Vervierse,
Belgium). Bio West extended duration chemiluminescent substrate was
from UVP (Upland, CA), and the BC assay protein quantitation kit was
from Uptima (Monticon, France).

Plasmids—The pcDNA3.1(—) vectors encoding the human 5-HT,,
and 5-HT;,, receptors were described previously (39, 40). The
pcDNAS3.1 vector encoding the dominant negative Rapl, RapN17, was
provided by Dr. Philip J. S. Stork (Oregon). Rap1GAP1, GST-Rafl-
RBD, and GST-RalGDS-RBD constructs were provided by Dr. Johannes
L. Bos (Utrecht, The Netherlands) (41, 43). The pCMV vectors encoding
the dominant negative Ras, RasN17, constitutively active Ras, RasV12,
dominant negative Rafl, RafS621A, and constitutively active Rafl,
Raf-CAAX, were from Clontech. The pcDNA3.1 vectors encoding the
dominant negative B-Raf, N-B-Raf, and constitutively active B-Raf,
CAAX-B-Raf, were provided by Dr. Roser Busca (Nice, France) and Dr.
Alain Eychene (Orsay, France) (42).

Cell Culture and Transfection—COS-7 cells were cultured in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum

3099

and 50 mg/liter gentamicin at 37 °C in a humidified atmosphere of 5%
CO, in air and transfected at 60—70% confluence with the 5-HT,, or
5-HT;,, receptors using DEAE-dextran according to the manufacturer’s
protocol. HEK293 cells were cultured in UltraCULTURE™ general
purpose serum-free medium with 2 mM L-glutamine and 100 units/ml
penicillin-streptomycin at 37 °C in a humidified atmosphere of 5% CO,
in air and transfected at 60—-70% confluence with the indicated cDNA(s)
using Lipofect AMINE according to the manufacturer’s protocol. When
necessary, empty vector (pcDNA3.1(—); Invitrogen) was included to
assure that each dish received the same amount of DNA (1.0 and 2.9 pg
of plasmid DNA per 35-mm and 60-mm dish, respectively). If not oth-
erwise indicated, cells were kept in serum-free medium as described
until treatment and lysis, ~48 h after transfection. When indicated,
cells were preincubated with 20 um H89 for 25 min, 5 um PD98059 for
20 min, or 1 um PD153035 for 18 h. Cells were stimulated with agonist
(10 uMm 5-HT or 5 nm EGF) for 5 min, if not otherwise indicated. All
experiments were carried out in doublets with at least three replicates,
if not otherwise indicated.

Western Blotting—Equal amounts of cell lysate proteins were sepa-
rated by SDS-PAGE and electroblotted onto polyvinylidene difluoride
membranes. The membranes were incubated with primary antibodies
(anti-phospho-ERK1/2, 1:2,000; anti-Ras, 1:1,000; anti-Rap1, 1:500) in
5% nonfat dry milk in phosphate-buffered saline-0.05% Tween and
thereafter incubated with corresponding horseradish peroxidase-conju-
gated secondary antibodies. The immobilized horseradish peroxidase-
conjugated secondary antibodies were visualized with Bio West chemi-
luminescent substrate and analyzed with a UVP BioChemie system.
After detection of phospho-ERK1/2, membranes were stripped by treat-
ment with 0.5 M NaOH for 5 min at room temperature and extensive
washing with distilled H,O and reprobed with anti-ERK1/2 antibodies
(1:10,000) to confirm equal loading.

Phospho-ERK1/2 Assay—The cells were cultured in 35-mm dishes,
transfected and stimulated with agonist as described, lysed in ice-cold
cell lysis buffer (1% SDS, 1 mm Na;VO,, 50 mM Tris-HC], pH 7.4 at room
temperature), scraped with a rubber policeman, sheared through a
25-gauge syringe, and immediately snap frozen in liquid N,. The
thawed cell lysates were cleared at 13,000 X g at 4 °C, and the protein
concentrations in the supernatants were quantified using the BC assay
protein quantitation kit using BSA as standard. Equal amounts of
protein were prepared for separation by SDS-PAGE.

Pull-Down Experiments in HEK293 Cells—The cells were assayed as
described by van Triest et al. (43). Briefly, HEK293 cells were main-
tained in 60-mm dishes, transfected, and stimulated as described. The
cells were lysed in ice-cold pull-down lysis buffer (10% glycerol, 1%
Nonidet P-40, 50 mm Tris-HCI, pH 7.5 at room temperature, 200 mm
NaCl, 2 mMm MgCl,, 1 mM phenylmethylsulfonyl fluoride, 2 pg/ml apro-
tinin, 1 pg/ml leupeptin, and 10 ug/ml trypsin inhibitor). Equal
amounts of cleared cell lysates were incubated at 4 °C on a tumbler for
1 h with GST-Raf1-RBD or GST-RalGDS-RBD constructs precoupled to
glutathione-Sepharose beads for Ras or Rapl pull-down experiments,
respectively. The beads were pelleted and washed four times with
ice-cold pull-down lysis buffer. The proteins were eluted from the beads
by boiling for 5 min in 1X loading buffer. The protein samples were
loaded and resolved on 12.5% SDS-polyacrylamide gels. Western blot-
ting was performed as described.

RESULTS

ERK1/2 Activation via 5-HT,,, and 5-HT,,, Receptors in
COS-7 and HEK293 Cells—Initial experiments indicated that
treatment of COS-7 cells transiently transfected with G,-cou-
pled human 5-HT,,, or 5-HT;,, receptors with 10 um 5-HT
induced dual phosphorylation and thus activation of ERK1/2.
Similar results were obtained with HEK293 cells. Because
HEK293 cells do not express endogenous 5-HT receptors and
had a lower background of ERK1/2 phosphorylation, these cells
were selected for further study. Based on the potency of 5-HT to
stimulate adenylyl cyclase activity through human 5-HT,,
(39) or 5-HTY,, (40) receptors and 5-HT concentration-response
experiments with ERK1/2 phosphorylation (data not shown), a
concentration of 10 um 5-HT was chosen for the remaining
experiments. A high resolution time course showed that the
maximal 5-HT-induced phosphorylation of ERK1/2 through
5-HT,,, receptors occurred after 5 min (Fig. 14). Time courses
with more extended periods of stimulation showed that 5-HT-
induced activation of ERK1/2 through 5-HT,,, (data not
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A

Fic. 1. Activation of ERK1/2
through 5-HT,,, and 5-HT,,, recep-
tors. Time courses of activation of
ERK1/2 after 5-HT stimulation of
HEK293 cells transiently transfected
with the human 5-HT,,, (A) or 5-HT,,
(B) receptor. The cells were stimulated for
the indicated periods of time and assayed
for detection of phospho-ERK1/2 as de-
scribed under “Experimental Proce-
dures.” Proteins were separated on 10%
SDS-PAGE and electroblotted over to
polyvinylidene difluoride membranes be-
fore incubation with antibodies. A and B
show representative Western blots
probed with phospho-specific ERK1/2 an-
tibodies (ppERK1/2; top panels) and sub-
sequently probed with anti-ERK1/2 anti-
bodies (ERK1/2; bottom panels) to
confirm equal loading.

5-HT,,
—
-—

Time (min): C

5-HT,,
-
m—

Time (min): C

shown) and 5-HT,,, (Fig. 1B) receptors peaked after ~5 min
and then decreased. There was no second peak or sustained
activation of ERK1/2.

Activation of ERK1/2 through 5-HT,q, and 5-HT,,, Recep-
tors Is PKA- and MEK-dependent—All splice variants of the
human serotonin receptors 5-HT, and 5-HT, are Gg-coupled
receptors that upon agonist stimulation induce a rapid increase
in the formation of cAMP, leading to activation of PKA or Epac.
To examine the role of PKA in the signaling pathway, HEK293
cells transiently transfected with either 5-HT,, or 5-HT,,,
were preincubated with the PKA inhibitor H89. Pretreatment
with H89 led to a partial inhibition of 5-HT-induced activation
of ERK1/2, as shown in Fig. 24 for the 5-HT,,, receptor. How-
ever, a more efficient inhibition was observed when the tran-
siently transfected cells were maintained in serum-free Dul-
becco’s modified Eagle’s medium for 16—18 h before treatment
with 5-HT, as shown in Fig. 2B for the 5-HT,, receptor. MEK
plays a central role in the classical signaling pathway from cell
surface receptors to ERK1/2. Pretreatment with the selective
MEK inhibitor PD98059, as described under “Experimental
Procedures,” blocked 5-HT-induced activation of ERK1/2 in
cells transfected with 5-HT,,, receptors (data not shown) or
5-HT,,, (Fig. 2C). Taken together, the above data show that
5-HT-induced activation of ERK1/2 by human 5-HT,,,
and 5-HT,,, receptors is mediated through a pathway depend-
ent on MEK and at least partially dependent on PKA.

Activation of ERK1/2 through 5-HT,,, and 5-HT,,, Recep-
tors Does Not Require EGFR Phosphorylation—Several studies
have shown that G,-coupled receptors may transactivate RTKs
(29-31). Transiently transfected HEK293 cells were preincu-
bated with the EGFR kinase inhibitor PD153035 to determine
possible involvement of EGFR transactivation. The presence of
PD153035 did not influence the 5-HT-induced activation of
ERK1/2 through 5-HT,,, (data not shown) or 5-HT;,, recep-
tors (Fig. 3A). As a positive control, the presence of PD153035
was shown to completely eliminate activation of ERK1/2 by
EGF in nontransfected HEK293 cells (Fig. 3B). The above data
suggest that activation of ERK1/2 through 5-HT,,, and
5-HT,,, receptors does not require transactivation of EGFRs.

5-HT-induced Activation of ERKI1/2 Is Independent of
Rapl—Activation of ERK1/2 by endogenous B,-ARs in HEK293
cells has been reported to be PKA-dependent and mediated
through a pathway independent of Ras. Although both Ras and
Rap1l were activated by isoproterenol treatment, only Rap1 was
capable of coupling to a Raf isoform and activating ERK1/2
(20). The Rapl interfering mutant, Rap1N17, and the Rapl-
specific GTPase-activating protein, Rap1GAP1, were used to
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Fic. 2. Activation of ERK1/2 is partly blocked by a PKA inhib-
itor and dependent on MEK. A and B, HEK293 cells transiently
transfected with 5-HT,,, (A) or 5-HT,, (B) were treated with 5-HT or
vehicle in the absence or presence of the PKA inhibitor H89 (20 um), as
indicated. The cells were harvested, and Western blotting was per-
formed as described under “Experimental Procedures.” C, HEK293 cells
transiently transfected with 5-HT;,, were pretreated with the MEK
inhibitor PD98059 (5 um) or vehicle before treatment with 5-HT or
vehicle. Representative Western blots shown in A-C were probed as
described in Fig. 1.

investigate the role of Rapl in the activation of ERK1/2
through 5-HT,,, and 5-HT;,, receptors in co-transfection ex-
periments. The presence of RaplN17 (data not shown) or
Rapl1GAP1 (Fig. 4A) did not influence the 5-HT-induced acti-
vation of ERK1/2, although activation of Rapl was abolished,
as evidenced by pull-down of activated Rapl (Rapl-GTP) with
the RBD of RalGDS (Fig. 4B).

5-HT Induces Ras Activation through 5-HT,,;, and 5-HT,,,
Receptors—GPCRs may activate the small GTPase Ras, which
plays a central role in the activation of ERK1/2 through several
different types of receptors. Therefore, the RBD of Rafl, which
only binds activated (GTP-bound) Ras, was used in pull-down
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Fi16. 3. Activation of ERK1/2 through 5-HT,,, receptors does
not require EGFR phosphorylation. A, HEK293 cells transiently
transfected with 5-HT,,, receptors were treated with 5-HT (10 um) or
vehicle in the absence or presence of PD153035 (1 uM) as indicated. B,
nontransfected HEK293 cells were treated with EGF (5 nM) or vehicle
in the absence or presence of PD153035. Representative Western blots
probed as described in Fig. 1 are shown in A and B.
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Fi16. 4. Activation of ERK1/2 through 5-HT,, and 5-HT,,, re-
ceptors is independent of Rapl. HEK293 cells were transiently
co-transfected with 5-HT,,, (A, top panels) or 5-HT,, (A, bottom pan-
els, and B) and Rap1GAP1 or empty vector (pcDNA3.1) and treated with
10 pum 5-HT or vehicle for 5 min. A, representative Western blots,
probed as described in Fig. 1, are shown. B, the Ras-binding domain of
RalGDS was used to pull down activated Rapl (Rapl-GTP) from cell
lysates, as described under “Experimental Procedures.” Representative
Western blots probed with anti-Rapl are shown to illustrate activated
(Rap1-GTP, top panel) and total (Rap1, bottom panel) Rapl. Note that
the presence of RaplGAP1 completely eliminated activation of Rapl.

experiments to test whether 5-HT could induce activation of
Ras. Such experiments documented activation of Ras by 5-HT
through both 5-HT,, receptors (data not shown) and 5-HTy,,
receptors (Fig. 5A). Nontransfected HEK293 cells were treated
with EGF as a positive control for Ras activation (Fig. 5A).
Activation of ERK1/2 through 5-HT,,;, and 5-HT,,, Recep-
tors Is Ras-dependent—Dominant negative and constitutively
active mutants of Ras were used to further investigate the role
of Ras in the 5-HT-induced activation of ERK1/2. Activation of
ERK1/2 through 5-HT,,, and 5-HT;,, receptors was highly
reduced in the presence of the dominant negative variant of
Ras, RasN17 (Fig. 5B). The data in Figs. 4 and 5 suggest that
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F16. 5. Activation of ERK1/2 through 5-HT,, and 5-HT,,, re-
ceptors is dependent on Ras. A, Ras pull-down experiments were
performed after stimulating 5-HT),, receptor-transfected HEK293 cells
with vehicle or 5-HT (10 uM) or nontransfected HEK293 cells with
vehicle or EGF (5 nM). Pull-down experiments were carried out in
single-dish experiments and repeated at least three times. A represent-
ative Western blot probed with anti-Ras antibodies is shown. B,
HEK293 cells co-transfected with 5-HT,, (fop panels) or 5-HT,,, (bot-
tom panels) and empty vector, RasN17, or RasV12 were stimulated with
vehicle or 5-HT (10 um) for 5 min. For each receptor, the panels in B
show representative Western blots probed as described in Fig. 1.
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the 5-HT-induced activation of ERK1/2 is dependent on Ras,
but independent of Rapl. When cells co-transfected with
5-HT,,, receptors and the constitutively active variant of Ras,
RasV12, were treated with 5-HT, an additional activation of
ERK1/2 was observed compared with the constitutive activa-
tion of ERK1/2 in these cells.

Raf Interfering Mutants Inhibit 5-HT-induced Activation of
ERK1/2—HEK293 cells express several effectors of activated
Ras, e.g. different isoforms of Raf. HEK293 cells were co-trans-
fected with a point-mutated variant of Rafl, RafS621A, which
interferes with Rafl-mediated signaling, or with the constitu-
tively active variant RafCAAX to investigate the role of Rafl in
the activation of ERK1/2 through 5-HT,,, and 5-HT,,, recep-
tors. The cells were incubated for 16—18 h in serum-free Dul-
becco’s modified Eagle’s medium before stimulation with 5-HT,
as described under “Experimental Procedures.” Expression of
RafS621A suppressed the activation of ERK1/2 mediated
through 5-HT,,, (Fig. 6A, top panels) and 5-HT,,, (Fig. 64,
bottom panels) receptors. When cells co-transfected with Raf-
CAAX and 5-HT,, (data not shown) or 5-HT,, (Fig. 6B)
receptors were treated with 5-HT, increased phosphorylation of
ERK1/2 was observed compared with the constitutive ERK1/2
phosphorylation in these cells.

To determine the role of B-Raf, HEK293 cells were co-trans-
fected with 5-HT;,, receptors and dominant negative (N-B-
Raf) or constitutively active (CAAX-B-Raf) B-Raf. The domi-
nant negative mutant of B-Raf corresponds to the N-terminal
region of quail B-Raf (amino acids 1-443) (42). In several
experiments, the presence of N-B-Raf had only a weak inhibi-
tory effect on 5-HT-induced activation of ERK1/2 (Fig. 7A). In
general, the inhibitory effect of N-B-Raf was weaker than that
of RafS621A. Additional activation of ERK1/2 was induced by
5-HT in the presence of CAAX-B-Raf, as was the case with
RafCAAX (Fig. 7A). Overexpression of RafS621A and N-B-Raf
was verified by Western blot analysis using anti-Rafl (Fig. 6C)
and anti-B-Raf (Fig. 7B) antibodies, respectively.
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Fic. 6. Raf-1 interfering mutants reduce the 5-HT-stimulated
activation of ERK1/2. A, HEK293 cells co-transfected with 5-HT,,,
(top panels) or 5-HT,,, (bottom panels) receptor and the interfering
Rafl mutant RafS621A or empty pcDNA3.1 vector as control were
stimulated and harvested for phospho-ERK1/2 assay as described un-
der “Experimental Procedures.” B, HEK293 cells were transiently co-
transfected with the 5-HT;,, receptor and constitutively active Rafl
(RafCAAX) or empty vector as control and stimulated with vehicle or
5-HT (10 pm) for 5 min. The Western blots shown in A and B were
probed as described in Fig. 1. C, overexpression of RafS621A in HEK293
cells co-transfected with 5-HT,,, receptors and RafS621A was con-
firmed by incubating Western blots with anti-Raf-1. The interfering
mutant RafS621A is clearly overexpressed compared with endogenous
levels of Raf-1 in cells transfected without RasS621A.

DISCUSSION

In this paper, we report the activation of ERK1/2 by 5-HT
through the human Gg-coupled serotonin receptors 5-HT,,
and 5-HT,, transiently expressed in COS-7 and HEK293 cells.
We also demonstrate that the pathway in HEK293 cells in-
volves Ras but not Rapl. Pretreatment of transiently trans-
fected HEK293 cells with H89 suppressed 5-HT-induced dual
phosphorylation of ERK1/2, indicating a role for PKA.

Intracellular signals from the large family of G protein-
coupled receptors are conveyed by a subunits (Ga) or 8 and y
subunits (GBvy) of heterotrimeric G proteins. Of the four main
classes of heterotrimeric G proteins (G, G;, G, and Gyg/13), G-
and G;-coupled receptors have been shown to mediate activa-
tion of ERK1/2 through free GBy subunits (44, 45). GBy sub-
units released upon stimulation of G, -coupled receptors have
not been shown to mediate activation of ERK1/2, possibly be-
cause cells contain far less G, than G; or G,. However, Ga,
activates adenylyl cyclase and thereby PKA, which has been
proposed to play an essential role in the ERK1/2 cascade (12,
20, 34). In line with this, we found that ERK1/2 activation
through the Gg-coupled receptors 5-HT,, and 5-HT,,, was
inhibited in cells pretreated with the PKA inhibitor H89.

In addition to activation of PKA, cAMP may lead to activa-
tion of Rapl through the Rapl-selective exchange factors
Epacl or Epac2 (13, 14, 46). The small GTPase Rapl is a Ras
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Fic. 7. Dominant negative B-Raf has little effect on 5-HT-stim-
ulated activation of ERK1/2. HEK293 cells co-transfected with
5-HT;,, receptor and the dominant negative B-Raf construct N-B-Raf
or the constitutively active B-Raf construct CAAX-B-Raf or empty vec-
tor as control were stimulated and harvested for phospho-ERK1/2 assay
as described under “Experimental Procedures.” A, the presence of N-B-
Raf barely reduced the 5-HT-mediated activation of ERK1/2. Treatment
of HEK293 cells co-transfected with 5-HT,,, receptor and CAAX-B-Raf
with 5-HT caused additional phosphorylation of ERK1/2 compared with
the constitutive level of activation of ERK1/2 in these cells. B, overex-
pression of N-B-Raf (N-terminal amino acids 1-443) was confirmed by
incubating Western blots with anti-B-Raf.

analogue, which upon isoproterenol stimulation of HEK293
cells has been reported to recruit B-Raf to the membrane and
thereby activate the ERK1/2 cascade (20). We determined the
role of Rap1 in the observed 5-HT-induced activation of ERK1/2
by co-transfecting HEK293 cells with either Rap1GAP1 or
Rap1N17 and 5-HT receptors. Even though Rap1N17 is not a
true dominant negative (47, 48), it has been used to inhibit
Rapl1 activity in several studies (12, 20, 49). Therefore, we used
RaplN17 to support the data obtained with RaplGAP1. The
observed 5-HT-induced activation of ERK1/2 in HEK293 cells
was not influenced by co-expression of either RaplGAP1 or
Rapl1N17, although Rapl activation was eliminated. Thus, the
G,-coupled 5-HT,, and 5-HT;,, receptors mediate activation
of ERK1/2 through a Rapl-independent pathway, in contrast to
what was reported for B,-ARs (20).

The small GTPase Ras is the best characterized and serves
as the main activator of the ERK1/2 cascade by linking RTKs
and all isoforms of Raf. RTK-mediated activation of Ras
involves a series of SH2- and SH3-dependent protein-protein
interactions between tyrosine-phosphorylated receptor, the
adapter proteins Shc and Grb2, and the Ras-guanine nucle-
otide exchange factor SOS (50, 51). Certain GPCRs coupling
to G; and G, mediate activation of Ras through free GBy
subunits, e.g. by stimulation of Shc (44, 45, 52). Isoproterenol
stimulation of endogenous B,-ARs in HEK293 cells was re-
ported to activate both Rapl and Ras, but only Rapl was
implicated in the activation of ERK1/2 (20). The mechanism
of Ras activation was not addressed. Stimulation of HEK293
cells transiently transfected with 5-HT ,,, or 5-HT,,, recep-
tors also increased the amount of GTP-bound Ras, and, in
addition, 5-HT-induced activation of ERK1/2 was inhibited
by expression of the dominant negative mutant of Ras,
RasN17. Thus, activation of ERK1/2 through G,-coupled
5-HT,y, and 5-HT;,, receptors in HEK293 cells is
Ras-dependent.

Since the original manuscript was submitted for publication,
two papers have been published that support the finding of
Rapl-independent activation of ERK1/2 through G,-coupled
receptors (53, 54). Furthermore, in accordance with our finding
in HEK293 cells of a Ras-dependent mechanism for activation
of ERK1/2, Enserink et al. (54) report a Ras-dependent activa-
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tion of ERK1/2 in Chinese hamster ovary cells subsequent to
elevation of intracellular cAMP.

Transactivation of RTKs has been proposed as an alternative
mechanism for activation of Ras through GPCRs (55). The
signal will pass the membrane three times, and activation of
Ras and the ERK1/2 cascade will subsequently take place as by
direct stimulation of RTKs, e.g. EGFR. Activation of ERK1/2
through 5-HT,, and 5-HT,,, receptors was not inhibited in
the presence of the EGFR kinase inhibitor PD153035, indicat-
ing that EGFR transactivation is not required.

The effects of cAMP on the ERK1/2 cascade are cell type-
specific. In some cell types, PKA was found to inhibit RTK-
mediated activation of ERK1/2 (15-18). Raf is the main target
for cAMP-mediated regulation of the ERK1/2 cascade. The
serine residues 43, 259, and 621 have all been suggested to be
involved in the regulation of Rafl activity (56). Phosphoryla-
tion of serine 43 does not inhibit the catalytic activity of Rafl,
but it has been proposed to disrupt the normal Ras-Raf asso-
ciation and Rafl activation (15). Furthermore, even though
B-Raf does not have a phosphorylation site analogous to serine
43 in Rafl, elevation of intracellular cAMP levels by forskolin
inhibited the EGF-dependent activation of B-Raf (57). The ser-
ine 621 residue of Rafl has been suggested as PKA phospho-
rylation site. Rafl phosphorylated at this site exhibited re-
duced affinity for activated Ras as well as impaired catalytic
activity (58). Furthermore, mutation of serine 621 to alanine
resulted in loss of catalytic activity. Thus, a serine 621 to
alanine mutant, RafS621A, has been used as a “dominant
negative” variant of Rafl. However, recent reports have shown
that the list of residues involved in the PKA-dependent regu-
lation of Rafl activity may also include serine residues 233 and
338 (59, 60). Based on the literature concerning cAMP-medi-
ated regulation of Rafl, RafS621A cannot be considered a true
dominant negative. Still, we found that the Ras-dependent,
5-HT-induced activation of ERK1/2 was partly inhibited by
co-expression of the Rafl interfering mutant RafS621A, impli-
cating Rafl in the pathway. In melanocytes, dominant negative
B-Raf has been used to show that Ras and B-Raf were involved
in cAMP-mediated activation of ERK1/2 (42). We found only
little or no effect of co-expression of dominant negative B-Raf
under conditions where RafS621A caused more pronounced
reduction of ERK1/2 activation by 5-HT. Whether RafS621A is
a true dominant negative or only a partial inhibitor of Rafl
activation, these data suggest that one or more isoforms of Raf
are involved in the activation of ERK1/2 through 5-HT,,) and
5-HT,,, receptors in HEK293 cells.

The immediate upstream activator of ERK1/2 is MEK (61),
which is involved in most pathways described for activation of
ERK1/2. The presence of the MEK-specific inhibitor PD98059
inhibited 5-HT-induced activation of ERK1/2 through 5-HT
and 5-HTy,, receptors. These results suggest that the 5-HT-
induced activation of ERK1/2 is MEK-dependent.

The high number of publications concerning activation of
MAP kinases via G,-coupled receptors illustrates the complex-
ity of this field. Several publications have shown that activa-
tion of Ras may occur after stimulation of G,-coupled receptors.
However, little is known about how these receptors or agents
that elevate intracellular levels of cAMP mediate activation of
Ras. Src or a Src-like kinase has been suggested to be involved
in the activation of ERK1/2 subsequent to stimulation of the
G,-coupled A, ,-adenosine receptor (53). However, this may not
account for the 5-HT-induced Ras-dependent activation of
ERK1/2 in HEK293 cells because the Src-dependent mecha-
nism was observed in Chinese hamster ovary, PC12, and
NIH3T3 cells, but not in HEK293 cells. To our knowledge, a
Ras-specific exchange factor activated by cAMP, analogous to
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Epac for Rapl, has not been published. This does not mean that
a Ras-specific exchange factor directly activated by cAMP or
PKA phosphorylation does not exist. Alternatively, there may
be more indirect actions of PKA via known or unknown pro-
teins that mediate activation of Ras.

The biological significance of the observed activation of
ERK1/2 by 5-HT, and 5-HT; receptors is unknown. The biolog-
ical effects of 5-HT are mediated by at least 14 different recep-
tors, and there is hardly a target cell for 5-HT that expresses
only one type of 5-HT receptor. Based on current knowledge
about signal transduction mechanisms and ERK activation,
other 5-HT receptors than 5-HT, and 5-HT, would be expected
to play a more important role in ERK activation. However,
examples of biological systems exist where ERK activation by
G,-coupled serotonin receptors may be important. In Aplysia,
activation of mitogen-activated protein kinases by serotonin is
implicated in memory formation and occurs through a G-
coupled 5-HT receptor (32, 33). In mammalian brain, 5-HT,
and 5-HT; receptors are both found in the hippocampus (36,
37), and 5-HT, receptors were recently shown to activate ERKs
in cultured hippocampal neurons (35). The importance of ERK
activation for the involvement of these receptors in learning
and memory (38) remains to be determined.

In conclusion, we demonstrate activation of ERK1/2 by 5-HT
through the human G,-coupled 5-HT,;,) and 5-HTy,,, receptors
in COS-7 and HEK293 cells. In HEK293 cells, the observed
ERK1/2 activation was Ras-dependent but Rapl-independent
and involved one or more Raf isoforms. Therefore, we suggest
the following pathway for activation of ERK1/2 by 5-HT
through 5-HT,;,, and 5-HT,,, receptors: G,-coupled 5-HT re-
ceptor->— cAMP— PKA—— Ras— Raf— MEK— ERK1/2. The
unknown pathway from cAMP/PKA to Ras activation remains
a challenge for future research.

Acknowledgments—We thank Drs. Johannes L. Bos, Philip J. S.
Stork, Roser Busca, and Alain Eychene for generating and providing
necessary plasmids.

REFERENCES

1. Robinson, M. J., and Cobb, M. H. (1997) Curr. Opin. Cell Biol. 9, 180-186
2. Moodie, S. A., Willumsen, B. M., Weber, M. J., and Wolfman, A. (1993) Science
260, 1658-1661
3. Bowtell, D., Fu, P., Simon, M., and Senior, P. (1992) Proc. Natl. Acad. Sci.
U.S. A 89, 6511-6515
4. Shou, C., Farnsworth, C. L., Neel, B. G., and Feig, L. A. (1992) Nature 358,
351-354
5. Farnsworth, C. L., Freshney, N. W., Rosen, L. B., Ghosh, A., Greenberg, M. E.,
and Feig, L. A. (1995) Nature 376, 524527
6. Shou, C. C., Wurmser, A., Ling, K., Barbacid, M., and Feig, L. A. (1995)
Oncogene 10, 1887-1893
7. Zippel, R., Orecchia, S., Sturani, E., and Martegani, E. (1996) Oncogene 12,
2697-2703
. Mattingly, R. R., and Macara, I. G. (1996) Nature 382, 268—272
. Hoyer, D., Clarke, D. E., Fozard, J. R., Hartig, P. R., Martin, G. R.,
Mylecharane, E. J., Saxena, P. R., and Humphrey, P. P. A. (1994) Pharma-
col. Rev. 46, 157-203
10. Bender, E., Pindon, A., van Oers, 1., Zhang, Y. B., Gommeren, W., Verhasselt,
P., Jurzak, M., Leysen, J., and Luyten, W. (2000) J. Neurochem. 74,
478-489
11. Heidmann, D. E., Metcalf, M. A., Kohen, R., and Hamblin, M. W. (1997)
J. Neurochem. 68, 1372-1381
12. Vossler, M. R., Yao, H., York, R. D., Pan, M. G., Rim, C. S., and Stork, P. J. S.
(1997) Cell 89, 73—82
13. de Rooij, J., Zwartkruis, F. J. T., Verheijen, M. H. G., Cool, R. H., Nijman,
S. M. B., Wittinghofer, A., and Bos, J. L. (1998) Nature 396, 474—-477
14. Kawasaki, H., Sprihtgett, G. M., Toki, S., Canales, J. J., Harlan, P.,
Blumenstiel, J. P., Chen, E. J., Bany, I. A., Mochizuki, N., Ashbacher, A.,
Matsuda, M., Housman, D. E., and Graybiel, A. M. (1998) Proc. Natl. Acad.
Sci. U. S. A. 95, 13278-13283
15. Wu, J., Dent, P., Jelinek, T., Wolfman, A., Weber, M. J., and Sturgill, T. W.
(1993) Science 262, 1065-1069
16. Graves, L. M., Bornfeldt, K. E., Raines, E. W., Potts, B. C., Macdonald, S. G.,
Ross, R., and Krebs, E. G. (1993) Proc. Natl. Acad. Sci. U. S. A. 90,
10300-10304
17. Sevetson, B. R., Kong, X., and Lawrence, J. C., Jr. (1993) Proc. Natl. Acad. Sci.
U. S. A. 90, 10305-10309
18. Cook, S. J., and McCormick, F. (1993) Science 262, 1069-1072
19. Wan, Y., and Huang, X. Y. (1998) J. Biol. Chem. 273, 14533-14537
20. Schmitt, J. M., and Stork, P. J. (2000) J. Biol. Chem. 275, 25342—-25350

© o



3104

21.
22.

23.
24.

25.
26.

27.

28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.

40.

Daaka, Y., Luttrell, L. M., and Lefkowitz, R. J. (1997) Nature 390, 88-91

van Biesen, T., Luttrell, L. M., Hawes, B. E., and Lefkowitz, R. J. (1996)
Endocr. Rev. 17, 698-714

Budd, D. C., Rae, A., and Tobin, A. B. (1999) «J. Biol. Chem. 274, 12355-12360

Hawes, B. E., Luttrell, L. M., van Biesen T., and Lefkowitz, R. J. (1996) J. Biol.
Chem. 271, 12133-12136

Lopez-Ilasaca, M., Crespo, P., Pellici, P. G., Gutkind, J. S., and Wetzker, R.
(1997) Science 275, 394-397

Lev, S., Moreno, H., Martinez, R., Canoll, P., Peles, E., Musacchio, J. M.,
Plowman, G. D., Rudy, B., and Schlessinger, J. (1995) Nature 376, 737-745

Mochizuki, N., Ohba, Y., Kiyokawa, E., Kurata, T., Murakami, T., Ozaki, T.,
Kitabatake, A., Nagashima, K., and Matsuda, M. (1999) Nature 400,
891-894

Jordan, J. D., Carey, K. D., Stork, P. J., and Iyengar, R. (1999) J. Biol. Chem.
274, 21507-21510

Daub, H., Weiss, F. U., Wallasch, C., and Ullrich, A. (1996) Nature 379,
557-560

Prenzel, N., Zwick, E., Daub, H., Leserer, M., Abraham, R., Wallasch, C., and
Ullrich, A. (1999) Nature 402, 884—888

Eguchi, S., Numaguchi, K., Iwasaki, H., Matsumoto, T., Yamakawa, T.,
Utsunomiya, H., Motley, E. D., Kawakatsu, H., Owada, K. M., Hirata, Y.,
Marumo, F., and Inagami, T. (1998) JJ. Biol. Chem. 273, 8890—-8896

Martin, K. C., Michael, D., Rose, J. C., Barad, M., Casadio, A., Zhu, H., and
Kandel, E. R. (1997) Neuron 18, 899-912

Michael, D., Martin, K. C., Seger, R., Ning, M. M., Baston, R., and Kandel,
E. R. (1998) Proc. Natl. Acad. Sci. U. S. A. 95, 1864-1869

Ambrosini, A., Tininini, S., Barassi, A., Racagni, G., Sturani, E., and Zippel, R.
(2000) Mol. Brain Res. 75, 54—60

Errico, H., Crozier, R. A., Plummer, M. R., and Cowen, D. S. (2001) Neuro-
science 102, 361-367

Markstein, R., Matsumoto, M., Kohler, C., Togashi, H., Yoshioka, M., and
Hoyer, D. (1999) Naunyn-Schmiedeberg’s Arch. Pharmacol. 359, 454—459

Thomas, D. R., Middlemiss, D. N., Taylor, S. G., Nelson, P., and Brown, A. M.
(1999) Br. J. Pharmacol. 128, 158-164

Barnes, N. M., and Sharp, T. (1999) Neuropharmacol. 38, 1083-1152

Bach, T., Syversveen, T., Kvingedal, A. M., Krobert, K. A., Brattelid, T.,
Kaumann, A. J., and Levy, F. O. (2001) Naunyn-Schmiedeberg’s Arch.
Pharmacol. 363, 146-160

Krobert, K. A., Bach, T., Syversveen, T., Kvingedal, A. M., and Levy, F. O.
(2001) Naunyn-Schmiedeberg’s Arch. Pharmacol. 363, 620—632

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

PKA and Ras-dependent ERK Activation by 5-HT

Rubinfeld, B., Crosier, W. J., Albert, L., Conroy, L., Clark, R., McCormick, F.,
and Polakis, P. (1992) Mol. Cell. Biol. 12, 4634—4642

Busca, R., Abbe, P., Mantoux, F., Aberdam, E., Peyssonnaux, C., Eychene, A.,
Ortonne, J. P., and Ballotti, R. (2000) EMBO J. 19, 2900-2910

van Triest, M., de Rooij, J., and Bos, J. L. (2001) Methods Enzymol. 333,
343-348

Crespo, P., Xu, N., Simonds, W. F., and Gutkind, J. S. (1994) Nature 369,
418-420

Pace, A. M., Faure, M., and Bourne, H. R. (1995) Mol. Biol. Cell 6, 1685-1695

Ebinu, J. O., Bottorff, D. A., Chan, E. Y. W, Stang, S. L., Dunn, R. J., and
Stone, J. C. (1998) Science 280, 1082-1086

van den Berghe, N., Cool, R. H., Horn, G., and Wittinghofer, A. (1997) Onco-
gene 15, 845-850

Seidel, M. G., Klinger, M., Freissmuth, M., and Holler, C. (1999) JJ. Biol. Chem.
274, 25833-25841

Katagiri, K., Hattori, M., Minato, N., and Kinashi, T. (2002) Mol. Cell. Biol. 22,
1001-1015

Buday, L., and Downward, J. (1993) Cell 73, 611-620

Li, N., Batzer, A., Daly, R., Yajnik, V., Skolnik, E., Chardin, P., Barsagi, D.,
Margolis, B., and Schlessinger, J. (1993) Nature 363, 85—88

van Biesen, T., Hawes, B. E., Luttrell, D. K., Krueger, K. M., Touhara, K.,
Porfiri, E., Sakaue, M., Luttrell, L. M., and Lefkowitz, R. J. (1995) Nature
376, 781-784

Klinger, M., Kudlacek, O., Seidel, M., Freissmuth, M., and Sexl, V. (2002)
J. Biol. Chem. 277, 32490-32497

Enserink, J. M., Christensen, A. E., de Rooij, J., van Triest, M., Schwede, F.,
Genieser, H. G., Dgskeland, S. O., Blank, J. L., and Bos, J. L. (2002) Nat.
Cell Biol. 4, 901-906

Leserer, M., Gschwind, A., and Ullrich, A. (2000) Life 49, 405—-409

Morrison, D. K., Heidecker, G., Rapp, U. R., and Copeland, T. D. (1993) J. Biol.
Chem. 268, 17309-17316

Sidovar, M. F., Kozlowski, P., Lee, J. W., Collins, M. A., He, Y. Q., and Graves,
L. M. (2000) J. Biol. Chem. 275, 28688 -28694

Mischak, H., Seitz, T., Janosch, P., Eulitz, M., Steen, H., Schellerer, M.,
Philipp, A., and Kolch, W. (1996) Mol. Cell. Biol. 16, 5409-5418

Dumaz, N., Light, Y., and Marais, R. (2002) Mol. Cell. Biol. 22, 3717-3728

Dhillon, A. S., Pollock, C., Steen, H., Shaw, P. E., Mischak, H., and Kolch, W.
(2002) Mol. Cell. Biol. 22, 3237-3246

Zheng, C. F., and Guan, K. L. (1993) J. Biol. Chem. 268, 11435-11439



	Ras-dependent ERK Activation by the Human Gs-coupled Serotonin Receptors 5-HT4(b) and 5-HT7(a)
	EXPERIMENTAL PROCEDURES
	RESULTS
	DISCUSSION
	Acknowledgments
	REFERENCES


