JROTT

ST @WILEY .
(< InterScience®

DISCOVER SOMETHING GREAT

JOURNAL OF CELLULAR PHYSIOLOGY 209:1039—-1045 (2006)

Rap1 and p38 MAPK Mediate 8-Chloro-cAMP-Induced
Growth Inhibition in Mouse Fibroblast DT Cells
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8-Cl-cAMP, which is known to induce differentiation, growth inhibition, and apoptosis in various cancer cells, has been
investigated as a putative anti-cancer drug. Previously, we reported that 8-Cl-cAMP and its metabolite 8-Cl-adenosine induce
growth inhibition and apoptosis through p38 mitogen-activated protein kinase (MAPK) activation. To further investigate the signal
mechanisms that regulate the cellular effects of 8-Cl-cAMP, we focused on a small GTPase Rap1 that is known to be involved in
growth inhibition and reverse-transformation. 8-Cl-cAMP and 8-Cl-adenosine could increase Rap1 activity, which was blocked by
ABT702—an adenosine kinase inhibitor. This suggests that 8-Cl-cAMP-induced Rap1 activation is also dependent on the metabolic
degradation of 8-Cl-cAMP. Overexpression of a constitutively active mutant form of Rap1 (Rap1V12) attenuated cellular growth and
soft-agar colony formation, which was basically the same effect as that observed with the 8-CI-cAMP treatment. Furthermore, the
Rap1V12 transfectant showed a high level of p38 MAPK activation. However, 8-Cl-cAMP-induced Rap1 activation was not
diminished by SB203580, a p38 MAPK inhibitor, suggesting that Rap1 activation might act upstream of p38 MAPK activation during

8-Cl-cAMP-induced growth inhibition.

J. Cell. Physiol. 209: 1039-1045, 2006. © 2006 Wiley-Liss, Inc.

8-Chloro-cyclic AMP (8-Cl-cAMP) is a membrane-
permeable cAMP analogue that inhibits cellular pro-
liferation and induces apoptosis in various cancer cell
lines (Kim et al., 2001). Owing to its growth inhibitory
effects, 8-Cl-cAMP is undergoing clinical testing as a
potential anti-cancer therapeutic drug (Tortora et al.,
1995; McDaid and Johnston, 1999; Propper et al., 1999).
Previously, it was reported that the activities of 8-ClI-
cAMP were mediated by differential regulation of type I
and type II PKA (Cho-Chung et al., 1989). Type I PKA
activation or upregulation results in proliferation and
transformation; however, type II PKA is correlated with
growth arrest and differentiation (Beebe et al., 1989;
Cho-Chung et al., 1989). After treatment with 8-Cl-
cAMP, the expression level of the type I regulatory
subunit of PKA decreased, which was regarded as the
major cause of 8-Cl-cAMP-induced growth inhibition
(Rohlff et al., 1993; Noguchi et al., 1998).

However, some researchers have suggested that the
key molecule in the cytotoxic effect is not 8-Cl-cAMP but
its metabolite 8-Cl-adenosine. In a murine leukemia
L1210 variant lacking adenosine kinase that partici-
pates in the metabolic conversion of 8-Cl-cAMP, both 8-
Cl-cAMP and 8-Cl-adenosine could not induce growth
inhibition (Gandhi et al., 2001). Further, addition of
adenosine deaminase, which inactivates 8-Cl-adenosine
by deamination to 8-Cl-inosine, prevented the reduction
of nucleic acid synthesis and cellular proliferation
(Langeveld et al., 1997; Halgren et al., 1998). In addi-
tion, chemical inhibitors of adenosine kinase or adeno-
sine transporter attenuated the cytotoxicity induced by
both drugs (Halgren et al., 1998; Lamb and Steinberg,
2002). We previously reported that 8-Cl-cAMP-induced
growth inhibition and apoptosis is dependent upon its
metabolic conversion (Ahn et al., 2004) and is mediated
by PKC and p38 mitogen-activated protein kinase
(MAPK) activation (Ahn et al., 2005). In this report, we
investigated the upstream factor(s) that might trans-
duce the growth-inhibitory signal of 8-Cl-cAMP to p38
MAPK activation.

Rapl, a Ras superfamily of small G proteins, was
isolated as a revertant of the K-Ras-transformed
phenotype of fibroblasts (Kitayama et al., 1989). Rapl
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is known to be activated by signals that increase the
intracellular level of cAMP (Altschuler et al., 1995).
Further, Rapl stimulates cell growth under conditions
where cAMP exerts positive effects; however, it inhibits
cell growth under conditions where cAMP has a negative
effect on the growth of other cells (Stork and Schmitt,
2002). For example, Rapl has oncogenic potential in
Swiss 3T3 fibroblasts, a system in which cAMP is known
to be a positive regulator of cell growth (Altschuler and
Ribeiro-Neto, 1998). Additionally, Rapl is indispensable
in the process of cAMP-induced growth inhibition of
NIH3T3 cells (Schmitt and Stork, 2001). Furthermore,
one of the guanine nucleotide exchange factors (GEF's)
for Rapl, that is, exchange protein directly activated by
cAMP (Epac) was found to be another intracellular
cAMP-binding target (Kawasaki et al., 1998). Thus, the
cAMP-Epac-Rapl pathway has been regarded as an
alternative cAMP-signaling pathway to the cAMP-PKA
pathway, even though it is still debatable whether the
catalytic activity of PKA is necessary for Rap1 activation
(Schmitt and Stork, 2001, 2002; Mei et al., 2002;
Fukuhara et al., 2005).

Abbreviations: 8-Cl-cAMP, 8-chloroadenosine-3',5'-cyclic mono-
phosphate; GEF, guanine nucleotide exchange factor; Epac,
exchange protein directly activated by cAMP; MAPK, mitogen-
activated protein kinase; ERK, extracellular signal-regulated
kinase; JNK, Jun N-terminal kinase; NBTI, nitrobenzyl thioino-
sine; FBS, fetal bovine serum; Sp-8-Cl-cAMPS, 8-chloroadeno-
sine-3',5'-cyclic monophosphorothioate Sp-isomer; 8-CPT-2-Me-
cAMP, 8-(p-chlorophenylthio)-2'-O-methyl cAMP.
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Rapl is known to exert its effect by regulating
MAPKs. Growth hormone-stimulated Rapl activation
suppressed extracellular signal-regulated kinase (ERK)
activity and enhanced Jun N-terminal kinase (JNK)
activity (Cook et al., 1993; Ling et al., 2003). Rap1 is also
known to be involved in mechanical force-induced
fibroblast stretching (Sawada et al., 2001) and AMPA
receptor endocytotic trafficking in hippocampal synap-
ses (Huang et al., 2004) through the activation of p38
MAPK. In this study, we attempted to elucidate the roles
of Rapl during the 8-Cl-cAMP-induced growth inhibi-
tion and p38 MAPK activation.

MATERIALS AND METHODS

Chemicals and drugs

8-Cl-cAMP, 8-Cl-adenosine, 8-CI-AMP, 8-Cl-ATP, Sp-8-Cl-
cAMPS, Rp-8-Cl-cAMPS, and 8-CPT-2-Me-cAMP were pur-
chased from Biolog (Bremen, Germany). SB203580 (a p38
MAPK inhibitor) was obtained from A. G. Scientific (San Diego,
CA). A134974 and ABT-702 (adenosine kinase inhibitors), and
nitrobenzyl thioinosine (NBTI, an adenosine transporter
inhibitor) were purchased from Sigma-Aldrich (St. Louis,
MO). All the other chemicals used in this study were obtained
from Sigma-Aldrich.

Cell culture and transfection

DT (K-ras-transformed NIH3T3) cells were grown in
Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT),
and HL60 (human acute promyelocytic leukemia) cells were
cultured in RPMI 1640 medium (HyClone). The culture media
were supplemented with 10% fetal bovine serum (FBS,
HyClone), 100 units/ml penicillin G, and 100 pg/ml streptomy-
cin. For the heat-treated serum condition, FBS was heated to
58°C for 1 h. The cultures were maintained in a humidified
atmosphere of 5% CO5 at 37°C. Cell counting, MTT assay, and
soft-agar culture were performed as previously described (Ahn
et al., 2004). DT cells were transfected with Rap1V12 and N17
(obtained from Dr. P. J. S. Stork, Oregon Health Sciences
University, OR) that had been cloned into the pcDNA3 vector
(Invitrogen, Carlsbad, CA) using the FuGENE6™ reagent
(Roche, Basel, Switzerland), according to the manufacturer’s
protocol.

Rapl activity assay

Cells were lysed with RIPA buffer (100 mM Tris-Cl, pH 7.4;
150 mM NaCl; 2% NP-40; 1% sodium deoxycholate; 0.2% SDS;
1 mM PMSF; 1 ug/ml each of aprotinin, pepstatin A, antipain,
and leupeptin) on ice for 15 min. After centrifugation at
14,000g for 15 min at 4°C, supernatant was removed and used
asthe cell extract. Ten micrograms of RalGDS-RBD (a gift from
Dr.dJ. L. Bos, Utrecht University, The Netherlands) precoupled
to GSH-Sepharose beads (Amersham, Piscataway, NJ) was
added to the cell extract (0.5—1 mg) and incubated at 4°C for 2 h
with slight agitation. The beads were washed with RIPA buffer
and PBS, and the proteins were then separated on 12% SDS/
PAGE. Western blot analysis was performed using the anti-
Rap1 antibody (BD Transduction Laboratory, San Diego, CA).
The cell extract (50 pg) that had not been incubated with the
beads was also loaded on SDS/PAGE in order to measure the
total Rapl protein.

Western blot analysis

Cells were harvested by centrifugation and washed with
PBS. The cell pellet was suspended in an extraction buffer
(20 mM Tris-Cl, pH 7.4; 100 mM NaCl; 1% NP-40; 0.5% sodium
deoxycholate; 5 mM MgCly; 1 mM PMSF; 1 pg/ml each of
aprotinin, pepstatin A, antipain, and leupeptin; 1 mM NazVOy;
50 mM NaF; 10 mM pyrophosphate) and incubated on ice for
15 min. After centrifugation at 14,000g for 15 min at 4°C, the
supernatant was removed and used as the cell extract. The
extracts were separated on 10% SDS/PAGE and transferred
onto a PVDF membrane. The protein-bound membrane was
incubated with the appropriate antibodies followed by horse-
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radish peroxidase-conjugated anti-mouse or rabbit IgG anti-
body (Bio-Rad, Hercules, CA). The relevant protein bands were
then visualized using the ECL™ detection kit (Amersham).
The antibody against phospho-p38 was obtained from BD
Transduction Laboratories, while the p38 antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

RESULTS
8-Cl-cAMP induced growth inhibition through
its metabolite 8-Cl-adenosine

Treatment of mouse fibroblast DT cells (K-ras-
transformed NIH3T3 cells) with 8-Cl-cAMP inhibited
cellular proliferation. However, 8-Cl-cAMP did not
cause cell death or apoptosis (Kim et al., 2001; Ahn
et al., 2004). As previously reported (Ahn et al., 2004), 8-
Cl-cAMP began to induce growth inhibition in DT cells
2 or 3 days after the treatment (Fig. 1A) in a dose-
dependent manner (Fig. 1B). This growth inhibition did
not appear to be caused by 8-Cl-cAMP itself because an
adenosine kinase inhibitor (A134974, 10 uM) and an
adenosine transporter inhibitor (NBTI, 100 uM) could
completely block the effect of 8-Cl-cAMP (Fig. 1C). In
addition, 8-Cl-adenosine, a metabolite of 8-Cl-cAMP,
also induced growth inhibition, which was attenuated
by A134974 or NBTI co-treatment (Fig. 1C). These
results suggest that 8-Cl-cAMP is converted to 8-Cl-
adenosine in culture media, and then transported into
the cells. To further confirm the importance of the
metabolic conversion of 8-Cl-cAMP on the induction of
growth inhibition, DT cells were cultured in the media
supplemented with heat-treated serum. Heat treatment
might eliminate the enzymatic activity present in the
serum,; this enzymatic activity mediates the conversion
of 8-Cl-cAMP to 8-Cl-adenosine. As expected, 8-Cl-
cAMP could not induce growth inhibition of DT cells
cultured with heat-treated serum; however, 8-Cl-ade-
nosine could still exert its toxicity (Fig. 1C). In addition,
unhydrolyzable analogues of 8-Cl-cAMP, such as
8-chloroadenosine-3’,5'-cyclic monophosphorothioate,
Sp-isomer (Sp-8-Cl-cAMPS) and Rp-8-Cl-cAMPS (Rp-
isomer), which are not hydrolyzed by phosphodiester-
ases, had no effect on cellular proliferation (Fig. 1D).
Based on these data, it is plausible to state that 8-ClI-
cAMP should be converted to its metabolites in order to
induce growth inhibition.

8-Cl-cAMP increased Rapl activity

Rapl, a small GTPase, is known to be a mediator
involved in growth inhibition caused by cAMP signals
(Schmitt and Stork, 2001; Stork and Schmitt, 2002).
Therefore, we decided to study whether Rapl also has
any significant roles in the process of 8-Cl-cAMP-
induced growth inhibition. To measure Rapl activity
after 8-Cl-cAMP treatment, the GST-pull down assay
was performed using the Rapl-binding domain of
RalGDS as the bait for the activated (GTP-bound)
Rapl (Franke et al., 1997). The activated form of Rapl
increased in time- and dose-dependent manners after
treatment with 8-Cl-cAMP (Fig. 2A,B). However, more
than 2 days were required for 8-Cl-cAMP to augment
Rapl activity; this incubation time is slightly longer
than that required for other Rapl-activating signals
(Posern et al., 1998; Sawada et al., 2001; Schmitt and
Stork, 2001; Mei et al., 2002; Huang et al., 2004). Based
on this time gap, it can be surmised that 8-Cl-cAMP
might induce Rapl activation via an indirect route
instead of direct binding to Epac (Kawasaki et al., 1998;
Qiao et al., 2002; Fukuhara et al., 2005; Gupta and
Yarwood, 2005).
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Fig. 1. 8-Cl-cAMP- and 8-Cl-adenosine-induced growth inhibition.  conditions or with heat-treated serum. After this treatment, the MTT

A,B: Cell counting after 8-Cl-cAMP (8Cl) treatment. DT cells were
seeded at a concentration of 1 x 10° per well on 6-well plates. In part
A, 10 pM of 8-Cl-cAMP was added for the indicated times. In part B,
the cells were incubated with 0, 0.5, 1, 2, 5, and 10 uM of 8-Cl-cAMP for
4 days. After the treatment, the cell numbers were measured using a
Coulter counter. Graphs denote the cell number (mean + SD, n=3),
and asterisks represent the differences from the control group
(P <0.01, two-tailed ¢-test). C: The MTT assay after 8-Cl-cAMP (8Cl)
and 8Cl-adenosine (Ado) treatment. DT cells were seeded at a
concentration of 3 x 10* per well on 24-well plates, and 8-Cl-cAMP
(10 pM) and 8-Cl-adenosine (2 uM) were then added in combination
with NBTI (100 uM) or A134974 (10 pM) for 3 days under normal

As mentioned above, 8-Cl-cAMP induces growth
inhibition and apoptosis through its metabolites. To
test whether metabolic degradation is also indispensa-
ble for 8-Cl-cAMP to increase Rapl activity, DT cells
were treated with the metabolites of 8-Cl-cAMP, and
Rapl activity was then measured (Fig. 2C,D). Similar
to the results of the cell growth test and phospho-p38
Western blotting (Ahn et al., 2004, 2005), 8-Cl-adeno-
sine and 8-Cl-AMP could activate Rapl, and Rapl
activation caused by 8-Cl-cAMP or 8-Cl-adenosine was
blocked by co-treatment with another adenosine kinase
inhibitor ABT-702 (10 uM, Fig. 2C). Moreover, Sp-8-Cl-
cAMPS had no effect on Rap1 activation (Fig. 2D). These
data clearly support the hypothesis that 8-Cl-cAMP
induces Rapl activation through its metabolites.

8-Cl-cAMP-induced growth inhibition was
mediated by Rapl activation

It has been reported that Rapl activation resulted
in the inhibition of cellular growth or suppression of
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assay was carried out. Bars denote the cell numbers normalized to the
control group (mean+ SD, n=4). Asterisks (*) represent the differ-
ences from the control group, and sharp (#) represents the difference
from the 8-Cl-cAMP-treated group under normal conditions (P < 0.01,
two-tailed ¢-test). D: Cell counting after treatment with the 8-Cl-cAMP
analogues. DT cells were seeded at a concentration of 5 x 10* per well
on 12-well plates. Each culture was treated with 10 uM of 8-Cl-cAMP
(8CD), Sp-8Cl-cAMPS (Sp-8Cl), or Rp-8Cl-cAMPS (Rp-8C)) for 3 days,
and the cell number was then counted as in part A. Bars denote the
cell numbers normalized to the control group (mean+ SD, n=3).
Asterisk represents the difference from the control group (P <0.01,
two-tailed ¢-test).

tumorigenesis (Lin et al., 2000; Schmitt and Stork, 2001;
D’Silva et al., 2003). Accordingly, it was necessary to
check whether augmentation of Rapl activity was also a
critical event during 8-Cl-cAMP-induced growth inhibi-
tion. For this, we transfected DT cells with either a
constitutively active (Rap1V12) or a dominant-negative
(Rap1N17) mutant form of Rapl (Fig. 3A,D) (Lou et al.,
2002; Ling et al., 2003; Gupta and Yarwood, 2005).
Compared with the parental DT cells or the pcDNA3
vector-transfected cells, the RaplV12 transfectant
exhibited growth retardation (Fig. 3B). In soft-agar
cultures, the ability for colony formation, a measure of
transformed cell phenotype, was also reduced by
RaplV12 overexpression, suggesting that Rapl has
reverse-transforming activity (Fig. 3C). Furthermore,
the enforced expression of RaplN17 attenuated the
growth inhibitory effect of 8-Cl-cAMP (Fig. 3D),
although the effect was not 100%. These results imply
that Rapl activation plays a significant role in 8-ClI-
cAMP-induced growth inhibition.
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D: Rapl activity after treatment with the metabolites of 8-Cl-cAMP.
The cells were treated with 8-Cl-cAMP (8Cl, 10 uM), 8-Cl-adenosine
(Ado, 2 uM), 8-C1-AMP (AMP, 10 uM), 8CI-ATP (ATP, 10 uM), or Sp-8-
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Fig. 3. Rapl activation mediated the growth inhibition. A: The Rap1l
activity assay was performed on the Rap1V12 transfectant. Rap1V12
transfection increased Rapl activation. B: Cell growth rate of the
Rap1V12 transfectant. DT cells transfected with the vector (pcDNA3)
or Rap1V12 were seeded at a concentration of 1 x 10° per well on
6-well plates, and the cell numbers were counted daily for 5 days. Bars
denote the cell numbers (mean + SD, n=3) and asterisks represent
the differences from the parental DT cells (P < 0.01, two-tailed #-test).
C: The soft-agar colony formation assay carried out on the Rap1V12
transfectant. Top agar (0.3%) medium containing 5 x 10* cells (DT,
vector, and RaplV12) was layered over 1 ml of 0.8% bottom agar
medium in a 35-mm culture dish. After 7 days, the colonies were
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stained overnight with nitro blue tetrazolium and then photographed
under a microscope. The graph shows the number of colonies with a
diameter larger than 100 um that were counted under the microscopic
field (mean+SD, n=3). D: The MTT assay after treatment of the
Rapl1N17 transfectant with 8-Cl-cAMP. DT, pcDNA3-transfected, or
Rap1N17-transfected cells were seeded at a concentration of 3 x 10*
per well on 24-well plates, and 8-Cl-cAMP was then added at the
indicated concentrations for 3 days. Rap1N17 significantly attenuated
8-Cl-cAMP-induced growth inhibition. Asterisks represent the differ-
ences from the parental DT cells (P <0.01, two-tailed ¢-test). The
immunoblot in the inset shows the expression level of Rapl in each
cell.
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Rapl activation caused p38
MAPK activation

Previously, we found that 8-Cl-cAMP and 8-Cl-
adenosine could activate p38 MAPK while exerting a
growth-inhibitory effect in HL60 cells (Ahn et al., 2005).
In DT cells, 8-Cl-cAMP could also activate the p38
MAPK (Fig. 4A), and 8-Cl-cAMP-induced growth inhibi-
tion was attenuated by SB203580 (10 uM), a p38 MAPK
inhibitor (Fig. 4B). It has been reported that many
cellular functions of Rapl are associated with the
activation of MAPKSs (Sawada et al., 2001; Schmitt and
Stork, 2001; Ling et al., 2003; Huang et al., 2004; Dillon
et al., 2005). Thus, we tried to investigate the influence
of Rapl activation on p38 MAPK during 8-Cl-cAMP-
induced growth inhibition. First, p38 MAPK phosphor-
ylation was measured in a RaplV12 transfectant
(Fig. 4C). The level of phospho-p38 MAPK was greatly
increased as a result of Rap1V12 overexpression, which
indicates that Rapl activation might evoke p38 MAPK
activation. Next, the Rap1 activity assay was carried out
after the treatment with 8-Cl-cAMP or 8-Cl-adenosine
along with SB203580 (10 pM) treatment. Rapl activa-
tion was not affected by the presence of the p38 MAPK
inhibitor (data not shown). These results suggest that
Rapl might regulate p38 MAPK activation at an
upstream step during the course of 8-Cl-cAMP-induced
growth inhibition.

8-Cl-cAMP induces not only growth retardation but
also cell death in HL60 cells (Ahn et al., 2005). To
determine whether Rap1 activity also increased during
8-Cl-cAMP-induced apoptosis, HL60 cells were incu-
bated with 8-Cl-cAMP for 3 days (Fig. 4D). Similar to the
tests performed on DT cells, 8-Cl-cAMP began to induce
Rapl activation in HL60 cells after 2 days of incubation.
This activation was also blocked by ABT-702 (Fig. 4E)
but not by SB203580 (data not shown), which was the
same as the result presented above using DT cells, that
is, Rap1 acts upstream of p38 MAPK.
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DISCUSSION

A small G protein Rapl was first isolated as one of the
cDNA expression library clones that has the potential to
suppress the transformed phenotype associated with
activated ras (Ki-ras) genes in mouse fibroblast DT cells
(Kitayama et al., 1989; Noda et al., 1989). These authors
selected flat revertants from a DT cell population
transfected with a human fibroblast cDNA expression
library and then obtained the cDNA clones. 8-Cl-cAMP
is also known to possess the reverse-transforming
activity, that is, when transformed NIH3T3 cells were
treated with 8-Cl-cAMP, it induced growth inhibition
and a morphological change to a flat non-transformed
shape (Tagliaferri et al., 1988; Budillon et al., 1995;
Ahn et al., 2004). In this report, we intended to
investigate the possibility of whether Rapl plays a
meaningful role during 8-Cl-cAMP-induced growth
inhibition in mouse fibroblast DT cells. As expected,
8-Cl-cAMP could activate Rapl (Fig. 2A,B), and this
activation resulted in the activation of p38 MAPK
(Fig. 4) as well as growth inhibition (Fig. 3).

Many other researchers reported that the modulation
of cellular proliferation by cAMP is mediated by Rapl
(Altschuler et al., 1995; Altschuler and Ribeiro-Neto,
1998; Schmitt and Stork, 2001; Stork and Schmitt,
2002). As a signaling linker between cAMP and Rapl,
Epac has drawn attention since it was identified as a
new intracellular cAMP receptor and a GEF for Rapl
(Kawasaki et al., 1998; Mei et al., 2002; Schmitt and
Stork, 2002; Fukuhara et al., 2005). cAMP can directly
bind to Epac and induce its GDP/GTP exchange activity.
Epac then converts Rapl to a GTP-bound activated
state. However, due to the following reasons, it might
not be plausible to believe that Epac is a mediator for
Rapl activation in the 8-Cl-cAMP-induced growth
inhibition system presented in this study. First, the
time interval between the 8-Cl-cAMP treatment and
Rapl activation required 2 days or more (Fig. 2A); thisis
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Fig. 4. Rapl regulated p38 MAPK activation at an upstream step. A:
p38 Western blotting after 8-Cl-cAMP treatment. The phosphorylated
(active) or total p38 protein level was measured by immunoblotting
using a specific antibody. p38 phosphorylation was increased in a
time-dependent manner after 8-Cl-cAMP treatment. B: The MTT
assay after 8-Cl-cAMP treatment in the presence or absence of the p38
inhibitor (SB203580, 10 uM). Co-treatment of SB203580 attenuated 8-
Cl-cAMP-induced growth inhibition. Asterisks represent the differ-
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ences from the control (—SB203580) group (P < 0.01, two-tailed ¢-test).
C: p38 Western blotting performed with the Rap1V12 transfectant.
p38 protein level was measured as in part A. p38 phosphorylation was
greatly increased after Rap1V12 transfection. D,E: Rapl activity after
8-Cl treatment of HL60 cells. In part D, 8-Cl-cAMP (10 uM) was added
to HL60 cells for the indicated number of days. In part E, 8-Cl-cAMP
(8CD) was added with or without ABT-702 (10 uM) for 3 days. After the
treatment, Rapl activity was measured as described above.
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unusually longer than that of other experimental
systems, which do not require more than 5 min to elicit
Rapl activation (Posern et al., 1998; Sawada et al., 2001;
Schmitt and Stork, 2001; Mei et al., 2002; Huang et al.,
2004). Second, a novel Epac-specific cAMP analogue
8-CPT-2-Me-cAMP (8-(p-chlorophenylthio)-2’-O-methyl
cAMP) (Enserink et al., 2002) could not exert a growth
inhibitory effect on mouse fibroblasts (data not shown).
Finally, it was not 8-Cl-cAMP itself but its metabolites
that could increase Rapl activity because 8-Cl-adeno-
sine was also able to activate Rapl, and an adenosine
kinase inhibitor completely blocked 8-Cl-cAMP-induced
Rapl activation (Fig. 2C). Therefore, GEFs other than
Epac might mediate Rapl activation by 8-Cl-cAMP
treatment.

One GEF candidate that influences 8-Cl-cAMP-
induced Rapl activation is C3G, a Crk SH3 domain-
binding guanine nucleotide-releasing factor. C3G was
shown to stimulate the nucleotide exchange reaction of
Rap1 (Gotoh et al., 1995), and the enforced expression
of active C3G in transformed fibroblasts provoked a
reverse-transformation similar to the results observed
upon 8-Cl-cAMP treatment or Rap1V12 overexpression
(Gotoh et al., 1995; Guerrero et al., 2004). However,
whether 8-Cl-cAMP could influence the C3G-Rapl
signaling pathway is a point that requires further
investigation.

It has been established that Rapl could bind to Raf-1
such that it can interfere with the association of Ras and
Raf-1, which caused the inhibition of ERK activation
and cellular proliferation (Schmitt and Stork, 2001). In
this study, we have shown another mechanism of MAPK
regulation by Rapl during cAMP-induced growth
inhibition, namely, Rapl can activate p38 MAPK—an
important MAPK participating in the inhibition of
proliferation and the induction of apoptosis (Brenner
et al., 1997; Assefa et al., 2000; Zhang et al., 2006). In
fact, Rapl activation could also be observed upon
induction of apoptosis by 8-Cl-cAMP in HL60 cells
(Fig. 4D,E).

Overexpression of a Rapl dominant-negative mutant
(Rap1N17) mitigated the effect of 8-Cl-cAMP; however,
it could not completely reverse the growth inhibition
(Fig. 3D). It is possible that the expression of Rap1N17is
not sufficient for complete ablation of wild-type Rapl.
Therefore, residual Rapl may take over the function of
growth inhibition. Another possible explanation for this
result is that in addition to Rapl activation, other
signaling mechanisms might become operational after
treatment with 8-Cl-cAMP, such as the differential
modulation of PKA isozymes (Rohlff et al., 1993;
Noguchi et al., 1998).

Previously, we reported that 8-Cl-cAMP-induced
growth inhibition through its metabolites (Ahn et al.,
2004, 2005). In this report, we reconfirmed that 8-Cl-
cAMP should be modified in order to induce the growth
inhibitory signal. NBTI, an adenosine transporter
inhibitor, blocked 8-Cl-cAMP-induced growth inhibi-
tion, which implies that 8-Cl-cAMP is converted to 8-Cl-
adenosine in the culture medium and then enters the
cells through the adenosine transporter (Fig. 1C).
Furthermore, when the enzymatic activity present in
the serum, which might be important for the conversion
of 8-Cl-cAMP, was ablated by heat treatment, 8-Cl-
cAMP lost its growth inhibitory effect (Fig. 1C).

In summary, we have shown that 8-Cl-cAMP could
activate Rapl and this activated Rapl transmitted the
signal to p38 MAPK, thereby causing inhibition of
cellular growth. Further, this Rapl activation by 8-Cl-
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cAMP was also mediated by its metabolites such as 8-Cl-
adenosine. The precise mechanisms by which 8-Cl-
cAMP provides an impetus to the GEFs for Rapl
activation and the manner in which Rapl induces
the p38 MAPK signaling pathway still remain to be
elucidated.
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