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Originally identified as an antagonist of Ras action, Rap1 exhibits many Ras-independent effects, including
a role in signaling pathways initiated by cyclic AMP (cAMP). Since cAMP is a critical mediator of the effects
of thyrotropin (TSH) on cell proliferation and differentiation, we examined the regulation of Rap1l by TSH in
a continuous line of rat thyroid-like cells. Both cAMP and protein kinase A (PKA) contribute to the regulation
of Rapl activity and signaling by TSH. TSH activates Rap1 through a cAMP-mediated and PKA-independent
mechanism. TSH phosphorylates Rapl in a PKA-dependent manner. Interference with PKA activity blocked
phosphorylation but not the activation of Rapl. Rather, PKA inhibitors prolonged Rapl activation, as did
expression of a RaplA mutant lacking a PKA phosphorylation site. These results indicate that PKA elicits
negative feedback regulation on cAMP-stimulated Rap1 activity in some cells. The dual regulation of Rap1 by
cAMP and PKA extends to downstream effectors. The ability of TSH to stimulate Akt phosphorylation was
markedly enhanced by the expression of activated RaplA and was repressed in cells expressing a putative
dominant-negative RaplA mutant. Although the expression of activated RaplA was sufficient to stimulate
wortmannin-sensitive Akt phosphorylation, TSH further increased Akt phosphorylation in a phosphatidylino-
sitol 3-kinase- and PKA-dependent manner. The ability of TSH to phosphorylate Akt was impaired in cells
expressing a Rap1A mutant that could be activated but not phosphorylated. These findings indicate that dual
signals, Rap1 activation and phosphorylation, contribute to TSH-stimulated Akt phosphorylation. Rap1 plays
an essential role in cAMP-regulated differentiation. TSH effects on thyroid-specific gene expression, but not its
effects on proliferation, were markedly enhanced in cells expressing activated RaplA and repressed in cells
expressing a dominant-negative Rapl1A mutant. These findings reveal complex regulation of Rapl by cAMP
including PKA-independent activation and PKA-dependent negative feedback regulation. Both signals appear

to be required for TSH signaling to Akt.

A role for Rapl in cell signaling was first suggested by the
demonstration of forskolin-stimulated Rapl activity (1). It is
now evident that Rapl can be activated by a diverse array of
second messengers, including calcium, diacylglycerol, and cy-
clic AMP (cAMP) (reviewed in reference 52). The ability of
cAMP to activate Rapl, coupled with the recent discovery of
cAMP-regulated Rapl guanine nucleotide exchange factors
(GEFs), argues for an important role for Rapl in cAMP-
mediated signaling (12, 13, 25). This is further supported by the
findings that Rap1 proteins are substrates for protein kinase A
(PKA), although the significance of phosphorylation remains
unclear. In vitro phosphorylation of Rap1B was reported to
enhance guanine nucleotide exchange and inhibit membrane
binding, suggesting that PKA may regulate Rapl activation
and/or localization (26). Indeed, the treatment of intact plate-
lets with PGE1 or cAMP analogs induced translocation of
Rap1B from the membrane to the cytosol (21). More recently,
cAMP was found to have no effect on the partitioning of
RaplA between aqueous and detergent phases in HL60 cells
(33). Acting via PKA, cAMP phosphorylated Rap1A in human
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neutrophils, although in this case in vitro phosphorylation had
no effect on guanine nucleotide binding, exchange, or GTPase
activity (41). Two intriguing findings suggest that phosphory-
lation regulates Rapl association with other proteins. PKA-
phosphorylated Rap1A was shown to be impaired in its ability
to associate with cytochrome b558 (4) and Raf-1 (23). In the
latter case, Rapl phosphorylation also impaired its ability to
inhibit Ras-mediated activation of Raf-1. Our findings suggest
additional roles for PKA-mediated phosphorylation: negative
feedback regulation of Rapl activity and phosphatidylinositol
3-kinase (PI3K)-dependent signaling to Akt. These findings
reveal further complexity in cAMP effects on Rapl, which
appear to involve PKA-independent, as well as PKA-depen-
dent, pathways.

Because cCAMP is an essential mediator of hormone effects
on cell proliferation and differentiation, we investigated the
role of Rapl in Wistar rat thyroid (WRT) cells where TSH
stimulates proliferation and differentiated gene expression
through cAMP (30). We report that TSH activates Rapl
through a PKA-independent mechanism in WRT cells, similar
to reports in other cell types (13, 15, 33). Stable expression of
an activated RaplA mutant in WRT cells enhanced hormone-
mediated differentiation but not hormone-stimulated prolifer-
ation. The effects of Rapl in WRT cells directly oppose those
of Ras, where constitutive activation promotes proliferation at
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the expense of differentiation (17, 31, 32, 36). These data
suggest that the balance in the activity of Ras- and Rapl-
mediated signals may be an important determinant of the
highly specialized ability of hormones to regulate proliferation
and differentiation in their target cells.

MATERIALS AND METHODS

Reagents. TSH, 8BrcAMP, forskolin, insulin, and Coon’s modified Ham’s F-12
medium were from Sigma (St. Louis, Mo.), and calf serum was from Gibco-BRL
(Gaithersburg, Md.). PKA inhibitors were from Calbiochem (La Jolla, Calif.),
LY294002 and wortmannin were from BioMol (Plymouth Meeting, Pa.), and
PD98059 was from Cell Signaling Technology (Beverly, Mass.). Rapl, p21,
ERK2, and horseradish peroxidase-conjugated antibodies were from Santa Cruz
(Santa Cruz, Calif.), phospho-specific (S473) Akt and Akt1 antibodies were from
Cell Signaling Technology, the thyroglobulin antibody was from Dako Corpora-
tion (Carpinteria, Calif.), and the bromodeoxyuridine (BrdU) antibody was from
Amersham (Piscataway, N.J.). The EE, NIS, and HA antibodies were generous
gifts from G. Walter (Department of Medicine, University of California, San
Diego), N. Carrasco (Albert Einstein College of Medicine), and J. Field (De-
partment of Pharmacology, University of Pennsylvania), respectively. Phospho-
specific S6 antibody was kindly provided by M. Birnbaum (Howard Hughes
Medical Institute, University of Pennsylvania).

Cell culture. Thyroid cells were propagated at 37°C in 5% CO, in 3H medium
(Coon’s modified Ham’s F-12 medium containing crude bovine TSH (1 mU/ml),
insulin (10 pg/ml), transferrin (5 wg/ml), and 5% calf serum. Incubation in
hormone-, growth factor-, and serum-free conditions was performed for 48 h in
basal medium (Coon’s modified Ham’s F-12 medium) for all experiments with
the exception of DNA synthesis, where insulin was included in the basal medium.
Stimulations were performed using TSH at 1 mU/ml, forskolin at 10 uM, and
8BrcAMP at 1 mM. H89 (10 uM), LY294002 (30 M), wortmannin (75 nM), and
PD98059 (50 wM) were added 60 min prior to stimulation. EE-tagged
Rapl1A63E and RaplA17N expression vectors have been described previously
(34). The Rap1AS180A mutant was made by PCR, sequenced, and subcloned
into the hygromycin B-resistant mammalian expression vector pPCGN-hygro (50).
Thyroid cells stably expressing wild-type and mutant forms of RaplA were
generated by Lipofectin-mediated transfection (10 ug of DNA/2 X 10° cells),
followed by selection in 3H medium containing Geneticin (300 pg/ml; for
RaplAG63E and Rapl1A17N) or hygromycin (150 wg/ml; for Rap1AS180A). Mul-
tiple clones expressing each construct were isolated and maintained in Geneticin
(150 pg/ml)- or hygromycin (75 pg/ml)-supplemented 3H medium.

Rapl activation. A glutathione S-transferase (GST) fusion of the Rap binding
domain (RBD) of RalGDS was expressed and purified as described previously
(35). Rapl activation was assessed essentially as described earlier (11) with
minor modifications. Cells were grown to 80% confluence, starved in basal
medium for 48 h, and stimulated with cAMP elevating agents and analogs or
vehicle for the indicated times. Following lysis in modified RIPA buffer (50 mM
Tris-HCI, pH 8.0; 150 mM NaCl; 0.5% deoxycholate; 1% NP-40; 0.1% sodium
dodecyl sulfate [SDS]; 10 mM NaF; 2 mM Na;VO,; aprotinin, leupeptin, and
Pefabloc [each at 10 pg/ml]) containing 50 pg of GST-RalGDS RBD per ml, the
protein concentrations were determined using a DC Protein Assay (Bio-Rad
Laboratories, Hercules, Calif.). Cell proteins (400 wg) were incubated with
glutathione-Sepharose beads for 1 h at 4°C. Following three washes in lysis
buffer, bound proteins were eluted in sample buffer, heated for 5 min at 95°C,
separated by SDS-polyacrylamide gel electrophoresis (PAGE) on a 12% poly-
acrylamide gel, and subjected to immunoblotting. In parallel, total cell lysates (20
ng) were analyzed by Western blot with a polyclonal Rapl-specific antibody.

Immunoblotting. Equal amounts of whole-cell lysates (20 to 30 pg) were
separated on 8% (for Nal symporter [NIS]), 6% (for thyroglobulin [Tg]) 10%
(for mitogen-activated protein kinase) gels by SDS-PAGE and then subjected to
Western blotting with the appropriate antibodies (7). p21 expression was ana-
lyzed in total cell extracts (20 pg) separated by SDS-12% PAGE. Akt and S6
phosphorylation were analyzed as described earlier (8). Primary antibodies (0.25
pg/ml) were incubated overnight at 4°C and secondary antibodies (1:3,000) for
0.5 h at room temperature. Bound antibodies were detected using enhanced
chemiluminescence (Amersham, Piscataway, N.J.). Densitometric analyses were
performed using ScanMaker 4 (Microtek) and NIH image software. Statistical
analyses were made by using the paired Student’s t test.

DNA synthesis and growth curves. For DNA synthesis studies, cells were
arrested in insulin (0.5 pwg/ml)-supplemented basal medium for 48 h since inclu-
sion of insulin potentiates the effects of TSH on DNA synthesis (6). DNA
synthesis was assessed by determining BrdU incorporation as previously de-
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FIG. 1. TSH activates Rapl through a cAMP-mediated pathway in
rat thyroid cells. Cells arrested in basal medium for 48 h were stimu-
lated with TSH or forskolin (FSK) for the times indicated (in minutes).
GTP-bound Rapl (Rap1GTP), assessed by a GST pulldown assay as
described in Materials and Methods) and total cellular Rap1 (Rapl)
were detected by immunoblotting with a polyclonal Rap1l-specific an-
tibody. In control experiments, Rap1 was not detected following incu-
bation of cell lysates with glutathione-Sepharose alone or with GST
immobilized on glutathione-Sepharose. The effects of cCAMP elevating
agents on Rap1 activity were not a consequence of alterations in Rap1
expression, which was similar in starved and cAMP-stimulated cells.
Similar results were observed in 10 experiments.

scribed (30). Growth curves were performed by plating 2 X 10° cells overnight in
3H medium. The following day, duplicate plates were harvested and trypsinized,
and the cell number that plated was determined by using a hemacytometer.
Replicate plates were refed each day, and duplicate plates were analyzed at 24,
48, and 72 h after plating essentially as described previously (36).

RESULTS

PKA-dependent and -independent pathways contribute to
cAMP-regulated Rapl activity. RaplGTP levels were exam-
ined in WRT cells arrested in TSH-, insulin-, and serum-defi-
cient basal medium and following acute treatment with TSH
(Fig. 1, Rap1GTP). Low levels of GTP-bound Rapl were re-
trieved from cells in basal medium. In the absence of all other
growth factors, TSH increased the proportion of GTP-bound
Rapl within 1 min of its addition to cells in basal medium.
Rap1GTP levels were maximal at 1 to 15 min and declined to
basal levels within 30 min following treatment. The effects of
TSH on Rapl activity were reproduced by forskolin (Fig. 1)
and 8BrcAMP (data not shown), indicating that they were
cAMP mediated, as are most TSH effects in WRT cells.

cAMP has been reported to activate Rapl through direct
effects on cAMP-regulated Rapl GEFs (12, 13), at least one of
which is highly expressed in human thyroid cells (25). Inclusion
of H89, a highly selective PKA inhibitor (9), did not impair
TSH-stimulated Rapl activation. Treatment with TSH for 5
min stimulated a twofold increase in GTP-bound Rap1 in the
absence or presence of H89 (Fig. 2A, RaplGTP). Although
Rapl proteins are substrates for PKA (26, 41, 46), the role of
PKA-mediated phosphorylation has remained enigmatic. TSH
stimulated Rap1 phosphorylation, leading to its slower migra-
tion on SDS-PAGE (Fig. 2A, Rapl). Phosphorylation was first
detected at 15 min and was maximal at 45 min following TSH
addition, times much later than the effects on Rapl activation.
As expected, pretreatment with H89 abolished Rapl phos-
phorylation, as indicated by the absence of a mobility shift at 15
and 45 min (Fig. 2A). This confirms the activity of H89 in these
cells and indicates that Rapl activation and phosphorylation
are mediated through distinct pathways. Pretreatment with
RpcAMPS, an independently acting PKA inhibitor (43), also
blocked phosphorylation but not activation of Rapl by TSH
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FIG. 2. cAMP activates Rapl in a PKA-independent manner. (A)
Cells arrested in basal medium were pretreated with H89 prior to
stimulation with TSH for the indicated times (in minutes). Rap1 acti-
vation (Rap1GTP) and expression (Rap1l) were examined. TSH stim-
ulated a Rap1 mobility shift that was first detected at 15 min and was
maximal at 45 min. Inclusion of H89 abolished the mobility shift
(Rapl) but not activation (Rap1-GTP). The numbers shown directly
above each lane indicate the fold activation of Rapl over basal levels
as determined by densitometry. Six experiments were performed with
similar results. (B) Rap1AS180A-expressing cells were incubated in
basal medium for 48 h and stimulated with TSH for the times indicated
(in minutes), and cell extracts were prepared and analyzed by Western
blotting. TSH induced a mobility shift of endogenous cellular Rapl
(Rap1-P) without affecting the mobility of transfected RaplAS180A
(HA-Rapl). The mobility of RapIAS180A was not affected by TSH in
10 experiments performed in five independent Rap1AS180A cell lines.
(C) Rap1AS180A-expressing cells were arrested in basal medium (for
48 h) and stimulated with TSH as indicated (min), and Rapl activity
was determined (pulldown, upper panel). The numbers above each
lane indicate the fold activation over basal levels of transfected
Rap1AS180A (HA-Rapl-GTP). Those shown below each lane indi-
cate the fold activation over basal levels of endogenous Rapl (Rapl-
GTP). Total cell extracts (CE) were analyzed in parallel. Similar re-
sults were obtained in eight experiments using three Rap1AS180A cell
lines.

(data not shown). RpcAMPS consistently increased basal lev-
els of GTP-bound Rap, suggesting that it may bind and activate
cAMP-RapGEFs in addition to its activity as a PKA inhibitor.

Unexpectedly, Rapl activity was prolonged in the presence
of H89. In the absence of H89, the proportion of GTP-bound
Rapl decreased to near-basal levels at 15 min (1.4-fold over
basal) and 45 min (1.1-fold) following TSH treatment. In con-
trast, RaplGTP levels remained elevated at these times (2.6-
fold over the basal level at 15 min; 2-fold over the basal level
at 45 min) in the presence of H89. Indeed, Rap1GTP levels
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were increased over basal levels for as long as 90 min following
addition of TSH to H89-treated cells ([1.84 = 0.7]-fold in the
presence of H89 and [0.3 = 0.3]-fold in the absence of H89;
P < 0.05, n = 3). These results suggest that PKA activity
somehow impairs Rapl activity stimulated by TSH.

To further explore the role of PKA in the regulation of Rapl
activity, experiments were conducted in cells expressing a
RaplA mutant in which the single PKA phosphorylation site
was mutated to alanine (RaplAS180A). Unlike endogenous
Rapl in the same cells, transfected Rap1AS180A did not ex-
hibit a mobility shift following stimulation with TSH (Fig. 2B,
HA-Rapl). Despite the inability of PKA to phosphorylate this
mutant RaplA protein, TSH activated RaplAS180A (Fig. 2C,
top). This confirms the PKA-independent nature of cAMP-
stimulated Rapl activity in WRT cells. Expression of
Rap1AS180A increased the proportion of cellular Rapl that
was GTP-bound under basal conditions, thereby obscuring
TSH effects on the endogenous Rapl activity in these cells.
These results may be related to decreased expression of
Rapl1GAPI and/or Rapl1GAPII in these cells compared to
WRT cells (O. M. Tsygankova, unpublished results). Signifi-
cantly, activation of Rap1S180A by TSH was prolonged com-
pared to the activation of endogenous Rapl in parental cells
(HA-Rap1-GTP at 90 min, 2.8 = 1.1; P < 0.005, n = 5, from
three independent S180A cell lines). This effect was not seen in
cells transfected with cellular RaplA where cAMP activated
both transfected and endogenous Rap1A with kinetics similar
to those for endogenous RaplA activation in parental cells
(data not shown). These data further support the idea that
Rapl activity is subject to negative feedback regulation by
PKA and highlight the complexity of cAMP effects on Rapl
which appear to involve PKA-independent activation as well as
PKA-dependent negative feedback regulation.

Characterization of RaplA-expressing WRT cells. Because
WRT cells exhibit very low transfection efficiencies in transient
assays, stable cell lines expressing epitope-tagged cellular
RaplA and activated (RaplA63E) and putative dominant-
negative (RaplA17N) Rapl mutants were isolated. RaplA
was selected for these studies since WRT cells express detect-
able levels of RaplA but not RaplB (Tsygankova, unpub-
lished). The biochemical characteristics of the Rapl1 A mutants
have been characterized previously (28, 34). The GTPase-
deficient phenotype of RaplA63E was confirmed by assessing
the levels of GTP-bound Rap1A63E in cells in basal medium
and following treatment with TSH. Rap1 A63E-expressing cells
exhibited basally elevated levels of GTP-bound RaplA63E
compared to cells expressing similar levels of transfected
RaplA (Fig. 3, lower panel). Treatment with TSH or
8BrcAMP (data not shown) increased the proportion of GTP-
bound RaplA63E in these cells (Fig. 3, EE-Rapl-GTP in
upper panel). Similar effects have been reported for RaplB,
where cAMP elevation further increased GTP loading on a
Rapl1B12V mutant (1). In cells expressing equivalent levels
of RaplA17N, this mutant was not GTP bound under basal
conditions, nor did it become GTP-bound following treat-
ment with TSH (Fig. 3). Endogenous cellular Rapl was not
activated in either cell line (the faster-migrating minor band
in RaplAG63E cells does not comigrate with endogenous
Rapl). In contrast, endogenous Rapl was activated by TSH
in cells expressing transfected RaplA (data not shown), and
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FIG. 3. Rap activation in cells stably expressing activated and dom-
inant-negative RaplA mutants. Cell lines expressing activated (63E)
and dominant-negative (17N) RaplA mutants were arrested in basal
medium and stimulated with TSH for the times indicated (in minutes),
and the Rapl activity was assessed. RaplA63E cells exhibited in-
creased the levels of GTP-bound Rapl (EE-Rap1-GTP) in basal me-
dium compared to cells expressing equivalent levels of transfected
RaplA (bottom panel). TSH further increased GTP loading on trans-
fected RaplA63E. RaplA17N was not basally GTP bound, nor did
TSH increase GTP loading on this mutant RaplA protein. The faster-
migrating band observed in Rap1A63E cells did not comigrate with
endogenous Rap1l, whose migration is indicated by the arrow at the left
(Rap1-GTP). Similar results were obtained in five experiments.

endogenous Rapl was basally activated in cells expressing
Rap1AS180A (Fig. 2C). Based on the absence of detectable
cellular Rapl1 activity, cells expressing Rap1 A63E were used to
elucidate cellular effects elicited in response to expression of
activated RaplA, and cells expressing RaplA17N to deter-
mine cellular responses that require RaplA activity.

RaplA and cAMP-mediated proliferation and differentia-
tion. Thyroid cells are one of the few cellular models where
cAMP stimulates cell proliferation. Given that cAMP activates
Rapl in these cells, together with a report that ectopic expres-
sion of RaplB enhanced cAMP-stimulated proliferation in
Swiss 3T3 cells (2), we determined whether expression of ac-
tivated RaplA enhanced cell cycle progression. Cells were
incubated in insulin-supplemented basal medium for 2 days,
conditions wherein parental cells are quiescent and subsequent
TSH treatment stimulates maximal levels of DNA synthesis
(6). Basal levels of DNA synthesis were consistently repressed
in RaplA63E-expressing cells compared to parental cells or
cells expressing RaplA17N (Fig. 4A). Addition of TSH or
8BrcAMP (data not shown) stimulated DNA synthesis to sim-
ilar levels in all cell lines.

To further explore the effects of Rap1A on cell proliferation,
the growth rates of RaplA63E-and RaplA17N-expressing
cells were determined. Cells expressing modest levels of
RaplAG63E (clone 4) grew at the same rate as parental cells
(Fig. 4B). Cells expressing higher levels of Rap1A63E (clone
10) increased in number more slowly than did the parental
cells. These cells also exhibited a higher death rate than pa-
rental cells (A. Saavedra, submitted for publication). Cells
expressing modest levels of RaplA17N (equivalent to
Rap1AG63E expression in clone 4) exhibited a growth rate sim-
ilar to that of parental cells (Fig. 4B). For both RaplA63E and
RaplA17N cell lines, proliferation remained TSH dependent
(data not shown).
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TSH regulates the expression of thyroid-specific genes, in-
cluding the TSH receptor (reviewed in reference 29), Tg, and
the NIS (reviewed in references 16 and 38). To elucidate the
effects of RaplA on thyroid-specific gene expression, the abil-
ity of TSH to stimulate Tg and NIS expression in cells express-
ing various Rap1A mutants was analyzed. Cells were incubated
in the absence of TSH for 7 days to abolish preexisting Tg and
NIS protein. Under these conditions, Tg and NIS expression
were undetectable (Fig. S5A, lane 0). TSH and 8BrcAMP (data
not shown) stimulated Tg and NIS expression in parental cells,
an effect that was strikingly enhanced in Rap1A63E cells. In
contrast, the ability of TSH to stimulate Tg (Fig. 5B) and NIS
expression (data not shown) was impaired in Rapl1A17N cells.
Inclusion of the PI3K inhibitor LY294002 abolished the effects
of TSH on Tg expression in parental cells and reduced Tg
expression in Rap1A63E cells (Fig. 5C). Taken together, these
results indicate that Rap1 and PI3K contribute to the effects of
TSH on Tg expression.

To gain insight into the potential mechanism(s) through
which RaplA regulates thyroid-specific gene expression, the
expression of p21WVAFYCIPL wag analyzed since its expression is
known to increase during differentiation (19, 20, 24, 37, 47).
TSH stimulated a modest increase in p21 expression at 24 to
48 h in parental cells (Fig. 6A), a time that correlates well with
its effects on Tg and NIS expression (Fig. 5). The effects of
TSH on p21 expression were markedly enhanced in Rap1A63E-
and RaplA-expressing cells. Expression of p21 was also dra-
matically increased in Rapl1A63E cells in the absence of TSH
(Fig. 6B), a finding that may be related to the decreased levels
of DNA synthesis observed in these cells under these condi-
tions (Fig. 4A). The expression of RaplA and Rap1A63E had
no effect on MAPK expression, indicating that ectopic RaplA
expression does not globally stimulate gene expression. As for
Tg expression, TSH stimulated p21 expression through a PI3K-
dependent pathway (data not shown).

TSH and Rapl regulate Akt phosphorylation. TSH stimu-
lates PI3K-dependent effects on Akt phosphorylation (8).
Therefore, the regulation of Akt phosphorylation was exam-
ined in cells expressing RaplA mutants. Under basal con-
ditions, Rap1AG63E cells exhibited increased Akt phosphor-
ylation (Fig. 7A). The ability of TSH to stimulate Akt
phosphorylation was markedly enhanced in RaplA63E- and
RaplA-expressing cells, suggesting that Rapl contributes to
the regulation of Akt phosphorylation in thyroid cells. As in
parental cells (8), Akt phosphorylation was not detectable until
30 to 45 min following TSH addition (Fig. 7B). This time
course was substantially delayed compared to TSH effects on
Rapl activity (Fig. 1) but similar to the time course for Rapl
phosphorylation (Fig. 2A). As PKA phosphorylates Rapl, the
role of PKA in the regulation of Akt phosphorylation was
examined. Inclusion of 10 uM H89 abolished TSH-stimulated
Akt phosphorylation in parental cells and reduced Akt phos-
phorylation to basal levels in Rap1A63E and RaplA cells (Fig.
7A). The effects of H89 were specific for PKA in that 10 pM
HS89 did not impair insulin- or serum-stimulated Akt phos-
phorylation (data not shown). These data suggest that both
Rap1 and PKA contribute to Akt phosphorylation, effects that
are mediated through PI3K since wortmannin impaired TSH-
stimulated Akt phosphorylation in RaplA-transfected cells
(Fig. 7C).
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To gain additional support for this idea, Akt phosphoryla-
tion was examined in cells expressing Rapl mutants that can-
not be activated (RaplA17N) or phosphorylated (Rap1AS180A).
As shown in Fig. 8A, the ability of TSH to stimulate Akt
phosphorylation was impaired in both RaplAS180A- and
RaplA17N-expressing cells. These effects were specific for Akt
since TSH-stimulated S6 phosphorylation, an indicator of
p70S6k activity, was not impaired in these cells, nor was it
enhanced in cells expressing Rap1A63E (Fig. 8B and C). Col-
lectively, these data support the idea that both Rapl activity
and phosphorylation contribute to the regulation of Akt. Ex-
pression of activated RaplA is sufficient to stimulate a PI3K-
dependent increase in Akt phosphorylation in cells in basal
medium. Treatment with TSH further increases Akt phosphor-
ylation, an effect that is markedly enhanced in Rap1A63E- and
RaplA-expressing cells and impaired in RaplAS180A- and
RaplA17N-expressing cells.

DISCUSSION

Given the important role for cAMP in the regulation of
Rapl activity, we examined cAMP effects on Rapl in WRT

Ni/No
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FIG. 4. RaplA and cell proliferation. (A) DNA synthesis was as-
sessed in cells arrested in insulin-supplemented basal medium and
following stimulation with TSH for 48 h. Parental cells (WRT) are
shown in black bars, Rapl1A63E cells in gray bars and Rap1A17N cells
in white bars. The bars indicate the mean = the standard error of the
mean from five experiments. Similar results were observed in three
Rap1AG63E cell lines and in two Rap1A17N cell lines. (B) Growth rates
were determined in WRT cells and in two Rap1A63E (clones 4 and 10)
and Rap1A17N (p20, 200/n) cell lines. Rap1A17N pool 20 (p20) was
derived from a mass population of transfected cells, while 20o/n is a
clonal line. Expression of transfected RaplA17N in these lines was
similar to that of Rap1A63E in clone 4. The bars indicate the mean *
the standard error of the mean from four independent experiments.
Ni/No is the ratio of the cell number at each day (Ni) over the number
of cells plated at day 0 (No).

WRT

Days

cells, in which hormone-stimulated proliferation and differen-
tiated gene expression proceed through cAMP. TSH rapidly
activated Rapl, an effect that was reproduced by cAMP ele-
vating agents, but PKA independent. TSH also phosphorylated
Rapl in a PKA-dependent manner, although with delayed
kinetics compared to Rap1 activation. The mechanistic aspects
of activation have not been explored; however, it is tempting to
speculate that cAMP-regulated GEFs mediate this effect, par-
ticularly given their robust expression in human thyroid tissue
(25). Although PKA contributes to cAMP-stimulated Rapl
activity in PC12 (51) and IGF-1 receptor-overexpressing NIH
3T3 cells (1), in many instances PKA is not required for cAMP-
stimulated Rapl activity (13, 15, 25). Despite this, Rapl pro-
teins are PKA substrates, supporting an important, albeit un-
known role for phosphorylation. Our findings suggest two
novel roles for PKA-mediated phosphorylation: negative feed-
back regulation of Rap1 activity and the stimulation of Rap1-
dependent Akt phosphorylation. Lastly, our data revealed that
Rapl plays an important role in hormone-mediated differen-
tiation, effects that are in direct opposition to those of Ras.
TSH elicited a rapid and transient activation of endogenous
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FIG. 5. RaplA and thyroid-specific gene expression. (A) WRT,
RaplA- and RaplA63E-expressing cells were arrested in basal me-
dium for 7 days and then stimulated with TSH for the times indicated
(in hours), and whole-cell lysates were prepared and subjected to
Western blotting with Tg- and NIS-specific antibodies. Five experi-
ments were performed with similar results. Tg and NIS expression
were enhanced in three independent Rap1AG63E cell lines. (B) TSH-
stimulated Tg expression was compared in WRT and in RaplA17N-
expressing cells as described above. In order to detect Tg expression in
RaplA17N cells, the Western blots shown here were exposed for
longer times than those in panel A, which is why the Tg expression
appears to be higher in WRT cells in this panel. Similar results were
obtained with two independent Rapl1A17N cell lines in four experi-
ments. (C) WRT and Rap1AG63E cells were pretreated with LY294002
or PD98059 before stimulation with TSH for 24 h. Cell extracts were
subjected to Western blotting with an anti-Tg antibody. Two experi-
ments were performed with similar results.

Rapl, which we believe to be RaplA. Rapl activity was in-
creased within 1 min of stimulation, and decreased to basal
levels 15 to 30 min after treatment. The kinetics of Rapl
activation were shared by multiple cAMP elevating agents and
analogs and are quite similar to those reported for cAMP-
stimulated Rapl activity in HL60 cells where cGMP regulates
differentiation (33). Two findings support a role for PKA-
mediated phosphorylation in negative feedback regulation of
Rapl activity. Pretreatment with PKA inhibitors prolonged
cAMP-stimulated Rapl activity. Consistent with these find-
ings, activation of a mutant RaplA protein lacking a PKA
phosphorylation site (Rap1AS180A) by cAMP was substan-
tially prolonged compared to the activation of endogenous
Rapl. The ability of RaplASI80A to be activated provides
further evidence that Rap1 activation and phosphorylation are
separable in WRT cells. Feedback regulation of Rapl activity
may be particularly important in cells where cAMP is a critical
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FIG. 6. RaplA enhances p21 expression. (A) WRT and RaplA-
transfected cells were starved and stimulated as described in legend to
Fig. 5, and lysates were subjected to Western blotting with a p21-
specific antibody. Similar results were obtained in three independent
RaplA and Rap1AG63E cell lines in five independent experiments. (B)
p21 and MAPK expression in cells arrested for 48 h in basal medium.
Similar results were obtained in three independent RaplA63E cell
lines in six experiments.

effector of hormone effects on proliferation, differentiation,
and survival. Indeed, other examples of negative feedback reg-
ulation by TSH have been reported. TSH stimulates not only
cAMP accumulation but also PKA-dependent increases in
phosphodiesterase activity, thereby ensuring that cAMP eleva-
tion is transient (39).

Several lines of evidence indicate that Rapl mediates TSH
effects on Akt phosphorylation. The expression of an activated
RaplA mutant was sufficient to stimulate basal levels of Akt
phosphorylation, documenting that Rap1 activation can lead to
Akt phosphorylation. In addition, the ability of TSH to stim-
ulate Akt phosphorylation was markedly enhanced by ectopic
expression of cellular or activated RaplA. Importantly, the
ability of TSH to stimulate Akt phosphorylation was severely
impaired in cells expressing a RaplA mutant (Rap1A17N) that
could not be activated. These findings implicate PI3K as a
putative effector for Rapl, a result that is consistent with the
inhibitory effects of wortmannin on TSH- and RaplA-stimu-
lated Akt phosphorylation.

As for Rapl activity, both cAMP and PKA apparently con-
tribute to the regulation of Akt phosphorylation. Acting
through cAMP, TSH activates Rapl, an event sufficient to
increase Akt phosphorylation. However, unlike its effects on
Rapl activity, TSH-stimulated Akt phosphorylation requires
PKA activity. In addition, the time course for Akt phosphor-
ylation most closely matched that of TSH-stimulated phos-
phorylation rather than the activation of Rap1l. Both Rap1 and
Akt phosphorylation were observed at 45 min after TSH treat-
ment, whereas TSH activated Rap1 within 1 min of its addition
to cells. Notably, TSH-stimulated Akt phosphorylation was
impaired in cells expressing a Rap1AS180A, a mutant lacking
a PKA phosphorylation site, just as it was in cells expressing a
RaplA mutant (RaplA17N) that could not be activated. Col-
lectively, the data argue that cAMP-stimulated Akt phosphor-
ylation is regulated by two Rapl-dependent signals: activation
and phosphorylation.

The precedent for PKA-mediated phosphorylation acting as
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FIG. 7. TSH and Rapl activity regulate Akt phosphorylation. (A)
Cells arrested in basal medium for 48 h were pretreated with H89 and
then stimulated with TSH for 45 min. Cell lysates were subjected to
Western blotting with an antibody to active phosphorylated (Ser473)
Aktl (Akt-P). Similar results were obtained in three Rapl1A63E cell
lines in six experiments. (B) Lysates prepared from cells arrested as
described above and treated with TSH for the times indicated (in
minutes) were analyzed by Western blotting with the phospho-specific
Akt antibody. The expression of cellular or mutant RaplA constructs
had no effect on the total levels of Aktl expression (data not shown).
Three experiments in three independent RaplA63E cell lines were
performed with similar results. (C) Cells in basal medium were pre-
treated with wortmannin, stimulated with TSH for 45 min, and sub-
jected to Western blotting with the phospho-specific Aktl antibody.
Equal protein loading in panels A, B, and C was confirmed by Western
blotting with an anti-MAPK?2 antibody (data not shown). Three exper-
iments using three independent Rap1A and Rapl1A63E cell lines were
performed with similar results.

a regulatory step to modulate association of Rap1 with other
proteins has been previously established. PKA-mediated phos-
phorylation was shown to negatively regulate association of
Rap1A with cytochrome b (4) and Raf-1 (22, 23). Our findings
extend these observations to include positive effects of phos-
phorylation on Rapl signaling to Akt. In this regard, cAMP
effects on Rapl may be similar to its effects on Ras, where
cAMP impairs signaling to Raf-1 and enhances signaling to
other effectors, for example, RalGDS (27). The mechanism
through which phosphorylation regulates Rapl activity and
signaling to Akt is under investigation. Phosphorylation may
increase the ability of Rapl to stably interact with PI3K, al-
though we have been unable to detect association between
Rapl and PI3K, studies hampered by our inability to tran-
siently overexpress these molecules. However, Rap1 has been

cAMP AND PKA REGULATE Rapl 1927

reported to bind to PI3K in vitro (14). Whatever the mecha-
nism, this interaction is temporally correlated with Rap1 inac-
tivation through a mechanism that remains to be identified.
Upon initial inspection, the requirement for PKA in TSH-
stimulated Akt phosphorylation was different from our earlier
findings, where TSH stimulated Akt phosphorylation in a
PKA-independent manner (8). In our previous report, H89
was used at 25 wM, the lowest concentration sufficient to abol-
ish CREB phosphorylation in WRT cells. Since that time we
discovered that chronic treatment with H89 stimulates apopto-
sis when used at this concentration, an effect accompanied by
increased levels of Akt phosphorylation (Saavedra, unpub-
lished). Based on these findings, H89 was used at 10 wM in the
present studies. At this concentration, H89 failed to stimulate
Akt phosphorylation and blocked the effects of TSH on Rapl
and Akt phosphorylation in parental and RaplA-transfected
cells. These results support the idea that PKA activity is re-

A
WRT S180A 17N
TSH T + T + - =
e * Akt-P
——iea
B
WRT 63E 17N
TSH - + - + -
: —  S6-P
C
WRT S180A
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o -  S6-P

FIG. 8. RaplA phosphorylation and activation are required for
TSH-stimulated Akt phosphorylation. (A) WRT, Rap1AS180A, and
RaplA17N cells were arrested in basal medium for 48 h and stimu-
lated with TSH for 45 min, and cell lysates were subjected to immu-
noblotting with phospho-specific Aktl (Akt-P) and Aktl (Akt) anti-
bodies. Similar results were obtained in five experiments. (B and C)
WRT and RaplA mutant-transfected cells were arrested in basal me-
dium and stimulated with TSH for 45 min, and cell lysates were
analyzed for S6 protein phosphorylation (S6-P), an indicator of
p70S6K activity, using a phospho-specific S6 antibody. Five experi-
ments using two independent isolates of Rap1A63E, Rap1A17N, and
Rapl1AS180A cell lines yielded similar results. Equal protein loading
was confirmed by Western blotting for MAPK?2 (data not shown).
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quired for TSH effects on Akt phosphorylation, an effect that
was masked by H89-stimulated Akt phosphorylation in our
previous report.

Recent studies indicated that RaplA17N does not form a
stable complex with C3G, suggesting that this mutant may be
inactive rather than dominant negative in disrupting C3G sig-
naling (3). Whether RaplA17N forms a stable complex with
cAMP-Rap1GEFs has not been reported. When expressed at
modest levels in WRT cells, CAMP elevating agents did not
activate Rap1A17N under conditions where GTP loading was
observed on an activated Rapl A mutant. This finding, together
with the inhibitory effects of RaplA17N on cAMP-stimulated
gene expression (48), PKA-stimulated B-Raf activity (49), su-
peroxide production (18, 34), and several other phenotypes (5,
42) supports the notion that RaplA17N can impair Rapl-
mediated signals stimulated by some agents, including cAMP
and PKA.

The physiologic roles of Rapl are poorly understood. The
most striking effect of RaplA in WRT cells was its marked
enhancement of thyroid specific gene expression regulated by
cAMP. The expression of activated RaplA enhanced TSH
effects on Tg and NIS expression, markers of thyroid differen-
tiation. In contrast, expression of RaplA17N impaired the
expression of these genes by TSH. These results were obtained
in cells overexpressing these mutant RaplA proteins and
therefore must be interpreted with caution. However, the level
of ectopic RaplA expression in these lines was modest and,
with the exception of Rap1A63E clone 10, less than endoge-
nous Rapl. These data support the notion that Rapl plays an
essential role in thyroid differentiation. Similar to these find-
ings, Rap1B has been reported to contribute to cAMP-depen-
dent differentiation in PC12 cells (49). A role for appropriately
processed RaplA in cyclic nucleotide-dependent differentia-
tion in HL60 cells has been suggested (33, 44). All of these
findings are consistent with those reported in Drosophila,
where Rapl plays a critical role in morphogenic differentia-
tion, including terminal differentiation of eye imaginal disks.
The effects of Rapl on differentiation appear to be cell type
selective since inhibitory effects of Rapl on myogenic differ-
entiation have been reported (40).

We identified p21 as a target of RaplA in thyroid cells.
Intriguingly, genetic analysis in Drosophila identified Dacapo, a
protein highly homologous to rat p21, as a target of Rap1 (10).
Similarly, a yeast two-hybrid screen identified the putative tu-
mor suppressor Kritl, an ankyrin repeat protein with homol-
ogy to pl6-p15INK4 proteins, as a specific binding partner for
Rapl (45). Bacterially expressed Dacapo inhibited cyclinE-
cdk2 kinase activity in vitro and antagonized S-phase entry in
imaginal disk cells. These results are not dissimilar from those
in WRT cells, where expression of activated RaplA was ac-
companied by a marked increase in p21 expression and a
significant repression in DNA synthesis under basal conditions.
Collectively, our findings indicate that Rapl activity must be
regulated in order for TSH to coordinately stimulate prolifer-
ation and differentiation.

In summary, our findings reveal an intricate and complex
regulation of Rapl by cAMP. cAMP elicits dual effects on
Rapl1 activity: PKA-independent activation followed by PKA-
dependent negative feedback regulation. In addition to its neg-
ative modulatory role, PKA appears to direct Rapl-mediated
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signals to discrete effector pathways, at least one of which
includes Akt. Such complex regulation of Rapl activity and
signaling may be particularly important in endocrine cells
where cAMP is a critical regulator of cell proliferation, differ-
entiation, and survival.
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