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We have shown that the small GTPase Rap1b, a protein known to
antagonize the mitogenic and transforming activity of Ras, is
endowed with both mitogenic and tumorigenic properties. Rap1b
can be activated by cAMP, an intracellular message known to either
stimulate or inhibit cell proliferation. The oncogenic property of
Rap1b was revealed in a model system in which cAMP stimulates
cell proliferation and was linked to Rap’s ability to promote S phase
entry. We have now tested the significance of the mitogenic action
of Rap1b in a physiologically relevant model, the differentiated
thyroid follicular cells, a system that requires thyroid-stimulating
hormone (TSH), acting via cAMP, to mediate a full mitogenic
response. Here we report that cAMP-dependent hormonal stimu-
lation of DNA synthesis requires Rap1b in a manner dependent on
its phosphorylation by protein kinase A.

he GTPase Raplb is a GTP-binding protein that can be

activated by agonists that increase the intracellular levels of
cAMP, calcium, and diacylglycerol, as well as growth factors,
cytokines, and cell adhesion molecules (1). G proteins are
biochemical transducers that operate as allosteric regulatory
elements, switching between an inactive GDP-bound and an
active GTP-bound conformation (2). The rate-limiting step for
G protein activation is the dissociation of GDP, catalyzed by
several guanine nucleotide exchange factors (GEFs) (3). The
variety of Rap1-GEFs (1) might explain how numerous stimuli
activate Raplb, and points to a complex role for Raplb in
coordinating different incoming signals.

Raplb was originally isolated as a Ras revertant clone (4).
Subsequent studies involving sequence comparisons, mutagen-
esis, and structural analysis revealed that, although Rap1b shares
50% overall identity with Ras, their effector domains are
virtually identical (5). These and other studies demonstrated that
Rap1b interacted with proteins that are typical modulators or
effectors of Ras, without leading to their activation (6-12). Thus,
a model emerged where Rap1b forms nonproductive complexes
with Ras effector molecules, which has led to the current concept
that Rap1b is an antimitogenic protein that functions by antag-
onizing Ras action (13, 14).

Because agonists that increase intracellular cAMP rapidly
phosphorylate (15) and activate Raplb (16), we hypothesized
that Rap1 could mediate some of cAMP’s biological action (17).
It has long been known that cAMP can either stimulate or inhibit
cell proliferation (18, 19). Despite the recent emphasis given to
the inhibitory action of cAMP on cell proliferation (20), cAMP
enhances mitogenic activity in a large number of cells, particu-
larly in primary cultures and cell lines that retain some degree
of cellular differentiation (21). Interestingly, the reported neg-
ative effects of Raplb on mitogenesis are seen in systems where
cAMP inhibits cell proliferation (22). We asked whether cAMP
stimulation of mitogenesis could also be associated with Rap1b
activity, and hypothesized that Rap’s mitogenic action might
depend on cell-specific signal transduction programs, such that
Raplb, like cAMP, can either stimulate or inhibit cell prolifer-
ation (17).
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This apparent parallelism between the effects of Raplb and
cAMP was first tested in the Swiss 3T3 fibroblast model, a system
in which cAMP is a positive regulator of cell proliferation (23).
Exogenous expression of Raplb in Swiss 3T3 fibroblasts was
sufficient to endow these cells with both mitogenic and tumor-
igenic properties (17). In that report, we emphasized that the
mitogenic effects of Rap1b were linked to its ability to promote
S phase entry and introduced the hypothesis that Rap1lb can be
viewed as a conditional oncogene.

These findings raised several questions. First, can the mito-
genic effect of Rapl be recapitulated in a more differentiated
and physiologically relevant model, in which its mitogenic re-
sponse strictly depends on a trophic hormone that typically acts
via cAMP? Second, does the mitogenic response to such a
hormone require Rap1b? Third, is the PKA phosphorylation site
on Raplb essential for its mitogenic action? In this report, we
extend the notion that Raplb has mitogenic properties to the
thyroid follicular cell, a prototypical cAMP responsive system
that requires thyroid-stimulating hormone (TSH) for a full
mitogenic response (24). We provide evidence that in this
system, CAMP stimulation of DNA synthesis requires the action
of Rap1b in a manner dependent on its phosphorylation by PKA.

Methods

Plasmids Construction, PCCL3 Cells, and Derived Cell Lines. All mu-
tations were introduced by PCR as described (15). PCCL3 cells
were routinely grown in Coon’s modified F-12 medium (Irvine
Scientific), supplemented with 5% FBS and the combination of
four hormones: TSH (1 mIU/ml; IU = international units),
insulin (1 pg/ml), transferrin (5 ug/ml), and hydrocortisone (1
nM). Cells were kept at 37°C in a 5% CO,/95% humidified air
environment. Cells were transfected in 6-well dishes (=4 X 103
cells per well, plated the day before) with the Tfx-20 reagent
(Promega) according to manufacturer’s instructions. For stable
expression, Raplb sequences were subcloned in frame into the
Emerald green fluorescent protein (Emd-GFP) vector (BioSig-
nal, Packard), containing a G418-resistance cassette. After
transfection, pools of G418-resistant cells were sorted, and
protein expression was analyzed by Western blotting and fluo-
rescence microscopy. For transient transfections, hemagglutinin
(HA)-tagged constructs were transfected as described and then
analyzed by immunofluorescence. In both transient and stable
expression, control cells (CL3) received empty vector.

Thymidine Incorporation and BrdUrd-Labeling Assays. Cells were
plated in 96-well dishes (=~2.5 X 10* cells per well) and grown for
2 days until confluency. After a 20-h starvation in Coon’s

Abbreviations: GFP, green fluorescent protein; HA, hemagglutinin; GST, glutathione S-
transferase; RBD, Rap1b-binding domain; WT, wild type; IU, international units.
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medium/0.2% BSA, cells were agonist-stimulated for 16 h and
labeled with thymidine (methyl-[*H]thymidine, Amersham
Pharmacia, 1 uM — 1 puCi/ml; 1 Ci = 37 GBq). Twenty-four
hours later, cells were collected (cell harvester), and filters were
counted by scintillation. G1/S entry was also evaluated by
BrdUrd incorporation as described (17). Briefly, for the tran-
sient assays, HA-Raplb or HA-Rap-GAP plasmids were trans-
fected into PCCL3 cells as described. The day after transfection,
cells were starved in Coon’s medium/0.2% BSA for 16-18 h.
Cells were agonist-stimulated for 24 h, and 100 uM BrdUrd was
added for the last 12 h of stimulation. After fixing, cells were
double stained for BrdUrd and HA by immunofluorescence as
described below. All statistical analysis was done with GRAPHPAD
PRISM. Error bars represent SD, n = 3.

Rap1b Activation Assay. The Raplb-binding domain (RBD) of
RalGDS fused to glutathione S-transferase (GST) was used to
isolate active Rap1b as described (25, 26). Cells were transfected
with HA-WT-Raplb (WT, wild type). On the next day, cells
were serum starved (20 h) and then stimulated with TSH (1
mIU/ml) at 37°C for the indicated time. Cells were lysed in an
Nonidet P-40-based buffer in the presence of purified GST-
RalGDS-RBD, and the Rapl-GTP/GST-RBD complex was
purified with glutathione-Sepharose beads. The beads were
rinsed four times with lysis buffer, and eluted proteins were
subjected to SDS/PAGE and Western blotting with HA anti-
bodies (HA11, BabCo, Richmond, CA).

Immunofluorescence. Cells grown on coverslips were washed at the
end of the experiment in PBS and fixed for 10 min in 4%
paraformaldehyde/PBS. Permeabilization was performed by incu-
bation with 0.5% Triton X-100/PBS for 5 min, followed by exten-
sive washes in 0.05% Tween 20/PBS and PBS. All incubations were
performed at 25°C. Primary and secondary antibody incubations
were performed for 30 min at 37°C in PBS/2% BSA as diluent. HA
antibody was diluted 1:250. Anti-BrdUrd antibody (BioDesign
International, Kennebunkport, ME) was used at 1:100 dilution in
solution containing RQ-1 RNase-free DNase (10 IU/ml, Promega).
Anti-thyroglobulin serum (Dako) was used at 1:200 dilution. All
secondary antibodies were Alexa-conjugated antibodies (Molecu-
lar Probes) and were used at 1:2,000 to 1:4,000 dilution. DAPI
(4',6-diamidino-2-phenylindole) was included for nuclear staining
(0.1 pg/ml). After extensive washes, cells were mounted in Per-
maFluor (Thomas Scientific) and analyzed by epifluorescence.

Results and Discussion

A Physiological Model to Test the Notion That Rap1b Mediates the
Mitogenic Action of cAMP. TSH, acting via cAMP, induces prolif-
eration of thyroid follicular cells while maintaining their differen-
tiated state (27). The mitogenic responses induced by TSH and
cAMP require protein kinase A (PKA) activity (28). However,
microinjection of the PKA catalytic subunit is not sufficient to
stimulate mitogenesis in thyroid cells, suggesting that cAMP en-
gages events in addition to stimulation of PKA for its mitogenic
action (29, 30). A recently identified family of Ras and Rap guanine
nucleotide exchange factors can be activated by direct binding of
cAMP, independent of PKA action (31, 32). In fact, Ras can be
activated by cAMP in a PKA-independent manner and it seems to
be required for TSH action (28, 30, 33). However, expression of a
constitutively active Ras mutant does not fully mimic the mitogenic
action of TSH, but instead induces dedifferentiation (34-37). This
observation suggests that some other cAMP-dependent processes
must be active which, in collaboration with Ras action, should
amplify proliferation while maintaining the differentiated pheno-
type. In this way, Rap1b could represent a physiological effector in
the cAMP mitogenic response.

To explore this possibility, several Rap1b expression vectors were
constructed as GFP-fusion and HA-epitope-tagged proteins, and
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Fig. 1. PCCL3 cells as a model to test the notion that Rap1b mediates the
cAMP mitogenic response. (A) TSH-dependent G1/S progression. TSH dose
responses in the presence of insulin (1 wg/ml) or insulin plus FBS (Insulin +
FBS = 1 ug/mlinsulin/5% FBS) were used to assess TSH-dependent G;/S entry
by [3H]thymidine incorporation. Results are expressed as mean + SD (n = 3).
(B) TSH-dependent cell growth. Cell growth was assessed in complete medium
(+TSH) or same medium without TSH (—TSH) by cell counting. Fresh medium
was replaced daily. (C) TSH-dependent transient activation of Rap1b. PCCL3
cells were transiently transfected with HA-WT-Rap1b. Cells were starved for
16 h, and upon TSH stimulation, HA-Rap1-GTP was assessed with the RalGDS-
RBD pull down assay as described in Methods. (Inset) The actual HA blot on the
RBD pull down step.

were expressed into PCCL3 thyroid cells. This cell line retains many
of the differentiated and physiological properties of the thyrocyte
(27, 37), including a strict dependency on TSH and cAMP for
growth (Fig. 1 A and B). Moreover, stimulation of these cells with
TSH results in a rapid and transient activation of Raplb, as
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Fig. 2. Expression of Rap1b in thyroid cells is not accompanied by loss of
differentiation. (Top) Western blot of lysates from GFP-Rap 1b-expressing cells
after G418 selection visualized with an anti-GFP antibody. An Emd-WT sample
was enriched by a cycle of cell sorting (FITC channel). Arrow indicates the
position of the specific fusion protein (GFP-Rap1b). Numbers on the right
represent molecular masses (kDa). A nonspecific protein was observed in all
lanes (NS). (Middle) The typical perinuclear subcellular localization was ob-
served in all of the established cells by immunofluorescence of GFP or HA
staining. Representative images are shown. Forskolin treatment was for 20
min at 37°C. (Bottom) Thyroglobulin expression in parental or G12V-Rap1b-
expressing cells grown in TSH-containing medium was analyzed by indirect
immunofluorescence using a polyclonal anti-thyroglobulin serum, as de-
scribed in Methods.

measured by the RalGDS-RBD binding assay. Maximal Raplb
activation occurs within 1 min, returning to basal values 5 min after
stimulation (Fig. 1C). Interestingly, this kinetic profile contrasts
with our previous observations in NIH 3T3 cells (16), where cAMP
and Rap1b negatively modulate cell growth (38—40). In these cells,
cAMP stimulation of Rap1b shows an initial peak similar to the one
described here for thyroid cells, followed by a second wave of
sustained activation (16, 39). Whether this difference in the kinetics
of Raplb activation (transient vs. sustained) accounts for why
cAMP stimulates or inhibits mitogenesis in cells requires further
investigation. We have established PCCL3 cell lines expressing
GFP-Rap1b fusion proteins with the expected molecular mass and
at similar expression levels (Fig. 2 Top). There were no significant
morphological differences associated with the different pools of
established cells. GFP-Raplb immunofluorescence revealed the
typical perinuclear distribution as described for HA-Rap1 (15). No
significant differences were observed in the subcellular localization
pattern among cells expressing WT-Raplb, G12V-Raplb, or the
phosphorylation mutant G12V/S179A-Raplb constructs. More-
over, no significant changes were observed on stimulation of
Rap1b-G12V expressing cells with forskolin (20 min at 37°C) (Fig.
2 Middle). The data show that, at this level of resolution, expression
of Raplb mutants affecting either the nucleotide content (WT vs.
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Fig. 3. G12V-Rap1b increases G1/S progression in thyroid cells. (A) Stable

cells expressing GFP-G12V-Rap1b (G12V) were assayed for agonist-mediated
G1/S entry by [3H]thymidine incorporation, as described in Methods. Agonists
used were as follows: insulin (INS), 1 ug/ml; FBS, 5%; TSH, 1 mIU/ml; forskolin
(FK), 10 uM. (B) PKA is required for the TSH mitogenic response. PCCL3 and
stable cells expressing GFP-G12V-Rap1b (G12V) were assayed for agonist-
mediated (TSH+FBS) G1/S entry by [3H]thymidine incorporation, as described
in Methods. The PKA inhibitor H89 (25 uM) was included with the agonists
(1 mIU/ml TSH/5% FBS).

G12V) or its phosphorylation state (G12V vs. G12V/S179A), do
not significantly alter their subcellular localization. Although the
stoichiometry of Raplb/S179 phosphorylation is not known in
these experiments, the results may suggest that cAMP-mediated
activation and/or phosphorylation of endogenous Rap1b does not
significantly modify its subcellular localization.

Rap1b Enhances the Mitogenic Response to cAMP While Maintaining
Differentiation. Expression of TSH receptor and thyroglobulin are
routinely used as positive differentiation markers. The Rap1b cells
established here express the TSH receptor, as they are fully
responsive to TSH (see below). Thyroglobulin expression in pa-
rental and G12V-Raplb-expressing cells, grown in TSH-containing
medium, was assessed by indirect immunofluorescence. These cells
expressed similar levels of thyroglobulin and displayed an undis-
tinguishable subcellular pattern (Fig. 2 Bottom). Northern analysis
for thyroglobulin and thyroperoxidase mRNA also failed to show
differences between control and Rap1b expressing cells (data not
shown). Thus, unlike the expression of the active G12V-Ras mutant
(36), G12V-Raplb expression is not accompanied by a loss of a
differentiated phenotype.

TSH, insulin/insulin-like growth factor 1, or FBS show very
low mitogenic activity when tested as the sole stimulant of
mitogenesis, whereas TSH exerts a strong synergistic effect when
tested in combination with insulin and/or FBS (Fig. 3). If Rap1b
is able to transduce the cAMP mitogenic signal, an increase in
its cellular concentration ought to enhance the synergistic com-
ponent of the mitogenic response. Expression of Rap1b strongly
increased the maximal response whether the mitogenic stimuli
were insulin, FBS, or both and, irrespective if the cAMP-
elevating agent used was TSH or forskolin (Fig. 34). This
response appears to require PKA activity because it is blocked
by treatment with a specific PKA inhibitor (Fig. 3B). Interest-
ingly, both the mitogenic (Fig. 3B) and the antimitogenic prop-
erties of Raplb require PKA (39). In contrast to our results, a
recent report found that microinjection of GST-Raplb in pri-
mary dog thyroid cells, alone or in combination with PKA, failed
to induce an effect on either proliferation or differentiation (41).
This difference may be a consequence of different model systems
used (primary dog vs. established rat cells) or improper targeting
of GST-Raplb and/or PKA on microinjection. Other reports
have suggested that Rapla expression in Wistar Rat thyroid
(WRT) cells promotes differentiation without affecting cell
proliferation (42). Nevertheless, the present results are consis-
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Fig. 4. The active Rap1b-G12V mutant increases the maximal cAMP mito-

genic response. The effect of varying concentrations of forskolin on [3H]thy-
midine incorporation in the presence of 5% FBS (Right) was assessed in
TSH-responsive cells (Left) to test for a synergistic role of CAMP in the action
of Rap1bto promote G1/S entry. Results are means = SD of three independent
experiments, each assayed in triplicate. Note the presence of marked synergy
(ratio) between cAMP (forskolin) and G12V (@).

tent with our previous observation using Swiss 3T3 cells (17) and
extend the mitogenic effect of Rap1b to a differentiated system,
the thyroid cell, where cAMP physiologically acts as a bona fide
comitogen. In this model, Raplb enhances the mitogenic re-
sponse while maintaining differentiation.

Rap1b Is a Physiological Effector for the Mitogenic Action of cAMP.
The key feature of cAMP in mitogenesis is to interact synergis-
tically with other mitogens (43, 44). If Rap1b is able to transduce
the mitogenic signal of cAMP, a synergisitc interaction should be
evident between Rap1lb and cAMP generated by either forskolin
or TSH. For this, forskolin dose-response curves were per-
formed at a saturating concentration of a comitogen such as
FBS. Basal thymidine incorporation in cells expressing the active
mutant G12V-Rap1b in the presence of 5% FBS was increased
by about 2-fold over control cells. Addition of varying concen-
trations of forskolin markedly increased the effect of G12V-Rap,
which peaked at 10-fold over control between 0.2 and 0.4 uM
forskolin, and then gradually decreased to values similar to those
seen without forskolin (Fig. 4). The TSH dose-response curves
were similar to those obtained for forskolin with the maximal
effects of G12V observed at low TSH concentrations (Fig. 54,
ratios). These responses were blunted in the presence of the PKA
inhibitor H-89 (data not shown). These results indicate that
Raplb is able to transduce the cAMP mitogenic signal. We
propose that Rap1b is a genuine physiological effector for cAMP
and PKA actions on mitogenesis.

Phosphorylation of Rap1b Is Required for Its Mitogenic Action. Rap1b
can be phosphorylated by PKA both in vivo an in vitro on residue
S179 (15). To determine whether Raplb phosphorylation is
required for its mitogenic effect, a G12V-S179A mutation was
made and stable cells were established for mitogenic assays. The
phosphorylation-deficient Raplb mutant, expressed at levels
that were similar to those of G12V (Fig. 2 Top), was unable to
enhance the mitogenic response, regardless whether the comi-
togen used was TSH (Fig. 54) or forskolin (data not shown). The
ability of G12V to enhance G;/S transition was confirmed by
single cell BrdUrd staining experiments, excluding any potential
differences in specific activity of [*H]thymidine and/or cell
number. In these experiments, the effect of a phosphomimetic
mutant G12V-S179E was also investigated, showing similar
results as the phosphodeficient G12V-S179A construct (Fig. 5B).
Thus, at least with respect to G;/S entry, both phosphodeficient
and phosphomimetic constructs behave as loss-of-function mu-
tants. These results suggest that reversible phosphorylation of
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Raplb is required for its ability to enhance the mitogenic
response to agents that act via cAMP.

These results demonstrate that a phosphorylation-dependent
step is required for Rap1b signaling events leading to a TSH-FBS
mediated G1/S entry. Phosphorylation might exert its effects on
agonist-dependent Raplb activation, Raplb targeting/
localization, and/or effector coupling/activation. Rap1 activa-
tion is mediated by a number of exchange factors responding to
specific incoming signals (1). Of these, the effects of Rapl
phosphorylation were reported only for the cAMP-dependent
Epac, an exchange factor highly enriched in thyroid (45). Results
from that study showed no role of Rapl phosphorylation on
Epac-dependent Rapl GTP binding activity (31). Moreover,
experiments performed with the mutant S17N/S179A-Raplb
showed the same inhibitory effects as S17N on TSH-dependent
G1/S entry (see below). This result suggests that, regardless of
the exchange factor involved, Raplb phosphorylation does not
play a major role in the activation step. GFP-Rap immunoflu-
orescence revealed that intracellular localization of the phos-
phorylation mutant is similar to WT and constitutively active
Raplb forms (Fig. 2 Middle). Furthermore, the subcellular
localization of G12V-Raplb, which display significant GTP-
binding activity on cAMP stimulation (16, not shown) was
unchanged by treatment of cells with forskolin. Another possi-
bility is that Raplb phosphorylation might be involved at the
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Fig. 5. Phosphorylation-dependent mitogenic effects of G12V-Rap1b in
thyroid cells. (A) TSH dose-response (constant 5% FBS) was used to analyze the
role of Rap1b phosphorylation in the TSH-FBS synergistic behavior on G1/S
entry, as assayed by [3H]thymidine incorporation. The observed effect of G12V
cellsis lost in the phosphorylation-deficient mutant Rap1b-G12V-S179A. Note
the presence of Rap1b-G12V markedly enhanced the TSH-FBS synergy as
indicated by the ratio G12V/CL3 (@). (B) Single-cell G1/S entry assessment by
transient transfection of HA-constructs and BrdUrd labeling. Results are ex-
pressed as %BrdUrd/HA on double immunofluorescence staining as described
in Methods. A representative experiment is shown.
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Fig. 6. Rap1bis required for the TSH mitogenic effect. (A) PCCL3 cells were
transiently transfected with HA-Rap1b WT (control), S17N (dominant nega-
tive), with HA-Rap1-GAP. TSH dose-responses were evaluated by BrdUrd
labeling and double-immunofluorescent staining (BrdUrd and HA) as de-
scribed in Methods. Results are means of %BrdUrd/HA + SD of three inde-
pendent experiments in each of which 500 cells were scored per point. (B) A
representative field of cells with negative, single positive (BrdUrd), and dou-
ble positive cells (BrdUrd+HA). DAPI staining was used to reveal all of the
nuclei in the same field. Arrowheads denote BrdUrd+, HA+ cells; triangles
denote BrdUrd+, HA— cells; and the stars represent BrdUrd—, HA+ cells.

effector-coupling step. The simplest likely scenario is that phos-
phorylation of Rap1b might influence the affinity of binding to
effector(s) involved in the mitogenic response. The protein
kinase c-Raf is a known Rap target (46, 47) and, phosphorylation
of Rapla by PKA reduces its affinity for c-Raf and blocks its
ability to inhibit Ras-dependent Raf activation (48). On the
other hand, a recent report suggests that phosphorylation of
Raplb is necessary for activation of another known Rap target,
B-Raf (49). These proteins are involved in the activation of
mitogen-activated protein kinases (MAPKs). However, in thy-
roid, the effects of TSH and cAMP on mitogenesis appear to be
unrelated to MAPK activation (27, 50, 51). Recently, a role for
Rapla phosphorylation in negative feedback regulation of its
GTP binding activity was also suggested (42). Even though the
effectors involved in the phosphorylation-dependent responses
described in this study are unknown, it is tempting to propose the
hypothesis that Raplb phosphorylation might represent a mo-
lecular switch mediating the dynamics of specific effector-
coupling. This hypothesis is consistent with the lack of effect of
the phosphomimetic mutant in G;/S entry (Fig. 5B), despite its
ability to affect the interaction between Rapla and Raf in vitro
(48). This scenario raises a new challenge to identify effector
molecule/s that mediate the phosphorylation-dependent Rap1b
effects in mitogenesis.
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Rap1b Is Required for the Mitogenic Effects of TSH and cAMP. We
examined whether Rap1b is required for the mitogenic actions
of TSH and cAMP. A transient approach was used because
establishment of stable cell lines expressing a dominant negative
Rap1b construct (S17N-Raplb) was unsuccessful. HA-epitope
tagged S17N-Raplb was transiently transfected into cells, and its
effect on the mitogenic activity of TSH monitored by BrdUrd
staining, and compared with HA-WT-Rapl1b, that did not show
any mitogenic effect and was therefore used as control. Expres-
sion of S17N-Raplb considerably inhibited TSH activity at all
doses tested, approximately 75% at maximal TSH concentration
(Fig. 6). Essentially identical results to those seen with S17N-
Rap1b were obtained on expression of a dominant negative and
phosphodeficient double mutant SI7N/S179A-Rap1b (data not
shown). That S17N-Raplb did not completely block the TSH
effect may be explained by the complexity of the recently
identified family of Rapl-specific exchange factors, some of
them resistant to the inhibitory effect of the S17N mutation (52,
53). Likewise, Raplb-mediated G;/S entry activity was also
reduced (50% of control) by expression of Rap1-GAP (Fig. 6).
Similar results to those with TSH were obtained when forskolin
was used as a cAMP-elevating agent (data not shown). There-
fore, because inhibition of an upstream activator and expression
of a negative regulator, both inhibited cAMP-dependent G;/S
entry, we conclude that Raplb activity is required for the
mitogenic response induced by TSH and cAMP in thyroid cells.

The results from the present work demonstrate that Raplb
enhances the maximal mitogenic response to cAMP-elevating
agents and that the cAMP synergistic effect requires Raplb and
its PKA phosphorylation site. It follows from these findings that
activation of Raplb, as measured solely by GTP loading, is not
sufficient for the transduction of the cAMP signal, because
Raplb is required on its active and phosphorylated forms. The
characteristic action of cAMP in mitogenesis is to act in synergy
with other comitogens that do not alter the cellular levels of
cAMP (43). It is this fundamental aspect of the cAMP mitogenic
action that is affected by Rap1b, because its expression markedly
increased the maximal mitogenic response without significantly
altering the apparent ECsy for cAMP-elevating agents (Figs. 4
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and 5). Because the mitogenic action of the comitogens used in
this work depends on Ras, the results suggest that Raplb
synergizes with Ras signals for a full mitogenic response. Al-
though it is widely believed that Rap1b is an antimitogenic and
antitransforming protein that antagonizes the actions of Ras
(14), we have provided a rationale and experimental evidence
suggesting that such a view is too restrictive. We had previously
proposed that Rap1b effects on mitogenesis might be conditional
to the role that cAMP has in cell proliferation and, thus, Raplb
would act in synergy with or as an antagonist to the action of
other mitogens (17). Half of this equation was recently con-
firmed, as Rap1lb mediates the cAMP-dependent inhibition of
cell proliferation in NIH 3T3 cells (39). Our studies with Swiss
3T3 fibroblasts first, and now with thyroid cells, extend and
complement the notion that Rap1b also mediates the mitogenic
effects of cAMP, thus lending a strong support to the theory that
Raplb is a conditional mitogen (17). Fig. 7 summarizes our
hypothesis on regulation of mitogenesis by cAMP via Rap1b. It
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highlights the dual role of cAMP in Rap1b action (via Epac and
PKA), and its cooperation with comitogens acting via tyrosine
kinase receptors (RTKs) and via the Ras GTPase instead of
Raplb.

We propose that the mitogenic action of Rap1b might not be
restricted only to Swiss 3T3 (17) or thyroid cells, as demonstrated
in the present work. Indeed, it may occur in all cells in which
cAMP acts as comitogen. An important consequence of this
reasoning is to emphasize, as presented in Fig. 7, that some
effects of cAMP may be critically dependent on the cooperative
action of Rapl and Ras.
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