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The effects of cyclic AMP (cAMP) on cell proliferation are cell type specific. Although the growth-inhibitory
effects of cCAMP have been well studied, much less is known regarding how cAMP stimulates proliferation. We
report that cAMP stimulates proliferation through both protein kinase A (PKA)-dependent and PKA-inde-
pendent signaling pathways and that phosphatidylinositol 3-kinase (PI3K) is required for cAMP-stimulated
mitogenesis. In cells where cAMP is a mitogen, cAMP-elevating agents stimulate membrane ruffling, Akt
phosphorylation, and p70 ribosomal S6 protein kinase (p70s6k) activity. cAMP effects on ruffle formation and
Akt were PKA independent but sensitive to wortmannin. In contrast, cAMP-stimulated p70s6k activity was
repressed by PKA inhibitors but not by wortmannin or microinjection of the N-terminal SH2 domain of the p85
regulatory subunit of PI3K, indicating that p70s6k and Akt can be regulated independently. Microinjection of
highly specific inhibitors of PI3K or Racl, or treatment with the p70s6k inhibitor rapamycin, impaired
cAMP-stimulated DNA synthesis, demonstrating that PKA-dependent and -independent pathways contribute
to cAMP-mediated mitogenesis. Direct elevation of PI3K activity through microinjection of an antibody that
stimulates PI3K activity or stable expression of membrane-localized p110 was sufficient to confer hormone-
independent DNA synthesis when accompanied by elevations in p70s6k activity. These findings indicate that
multiple pathways contribute to cAMP-stimulated mitogenesis, only some of which are PKA dependent.
Furthermore, they demonstrate that the ability of cAMP to stimulate both p70s6k- and PI3K-dependent

pathways is an important facet of cAMP-regulated cell cycle progression.

Cyclic AMP (cAMP) exerts differential effects on cell pro-
liferation. In many cells, including CHO cells, aortic smooth
muscle cells, and Rat-1 fibroblasts, cCAMP inhibits the mito-
genic response to growth factors (8). Growth-inhibitory effects
of cCAMP are mediated partly through activation of cAMP-
dependent protein kinase A (PKA), which interferes with Raf
activation and signaling (23). Less is known regarding how
cAMP stimulates growth, although accumulating evidence has
dissociated the mitogenic effects of cAMP from effects on
mitogen-activated protein kinase (MAPK) (37, 42, 76). In con-
trast, the effects of cAMP on p70s6k correlate with effects on
proliferation, and inhibition of p70s6k activation abolishes
cAMP-stimulated DNA synthesis (10). These results prompted us
to examine the role of phosphatidylinositol 3-kinase (PI3K)-de-
pendent signaling pathways in cAMP-stimulated proliferation.

Multiple isoforms of PI3K that vary in lipid substrate spec-
ificity and subunit structure have been identified (reviewed in
reference 71). Typically, mitogens that activate receptor tyro-
sine kinases stimulate PI3Ka/B whereas those that activate
G-protein-coupled receptors stimulate PI3Kry, although excep-
tions have been noted (36, 52, 66, 67). PI3K is required for the
mitogenic activity of many growth factors, including platelet-
derived growth factor, epidermal growth factor, and insulin.
Deletion of the platelet-derived growth factor receptor p85
binding site (22, 31), treatment with pharmacological inhibitors
(70, 73), or microinjection of PI3K-specific inhibitory antibod-
ies or proteins (25, 39, 56) impairs growth factor-stimulated
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mitogenesis. For most growth factors shown to require PI3K
activity, growth factor treatment stimulates lipid kinase activ-
ity. Although only inhibitory effects of cAMP on PI3K lipid
kinase activity have been reported, these studies were per-
formed in differentiated cells, i.e., adipocytes (48) and neutro-
phils (1), or in cells where cAMP fails to stimulate prolifera-
tion, such as bovine airway smooth muscle cells (61), B16
melanoma cells (9), and lymphoid cells (45). Whether cAMP
requires PI3K activity in cells where it is a mitogen was exam-
ined here.

Studies were conducted in a continuous line of Wistar rat
thyroid (WRT) cells. The physiologic regulator of these cells,
thyrotropin (TSH), stimulates proliferation through cAMP-
mediated pathways that require PKA activity (34). Elevation of
intracellular cAMP following treatment with cholera toxin,
forskolin, or cell-permeable cAMP analogs is sufficient to stim-
ulate DNA synthesis in these cells. Paradoxically, microinjec-
tion of the PKA catalytic subunit failed to stimulate DNA
synthesis (21, 40). Our results indicate that PI3K is required for
a mitogenic response to TSH or cAMP-elevating agents acting
downstream from the TSH receptor. The biological effects of
PI3K are mediated through downstream kinases such as PDK1
(reviewed in references 3, 15, and 20), Akt (5, 14, 26), and
p70s6k (reviewed in references 12 and 53). Racl is also acti-
vated downstream from PI3K, where it contributes to p70s6k
activation (13) and stimulates membrane ruffling (55, 57).
Racl is required for Ras-mediated transformation (32, 54) as
well as cell proliferation (27, 46, 49), including that stimulated
by cAMP as shown here. We discovered that cAMP-elevating
agents stimulate membrane ruffling, Akt, and p70s6k activity.
While the effects of CAMP on membrane ruffling and Akt are
PI3K dependent, cAMP-stimulated p70s6k activity is PI3K in-
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dependent. Furthermore, PKA is required for the effects of
cAMP on p70s6k, but not on membrane ruffling or Akt phos-
phorylation. Therefore, while multiple pathways are required
for cAMP-stimulated cell cycle progression, only some of these
pathways are PKA dependent.

MATERIALS AND METHODS

Reagents. Rapamycin, wortmannin, and H89 were purchased from Calbio-
chem. LY294002, PD98059, and Rp-adenosine-3',5'-cyclic monophosphothioate
(Rp-cAMPS) were obtained from BIOMOL Research Laboratories, New En-
gland Biolabs, and Research Biochemicals International, respectively. Fetal calf
serum (FCS) was from GIBCO Life Technologies. Bovine serum albumin (BSA)
was from Bayer Scientific. All other reagents, including crude bovine TSH (1
U/ml), forskolin, 8-bromo-cAMP (8BrcAMP), cholera toxin, and insulin were
purchased from Sigma (St. Louis, Mo.).

Cell culture. WRT cells and WRT.CRE cells (WRT cells stably transfected
with a cAMP response element [CRE]-regulated lacZ gene) were maintained in
3H medium as previously described (35) and rendered quiescent by starvation for
48 to 72 h (WRT) or 24 h (WRT.CRE) (41) in basal medium (Coon’s modified
Ham’s F-12 medium containing 0.3% BSA). For DNA synthesis assays, basal
medium was supplemented with insulin (0.5 pug/ml) to enhance the mitogenic
effects of TSH as described previously (10). Early-passage WRT cells were
cotransfected with pSG5 encoding Myc-tagged p110a-CAAX (33) and pDCR,
which confers neomycin resistance. Transfected cells were selected and main-
tained in 3H containing G418 at 300 and 150 wg/ml, respectively. Clonal popu-
lations were established from individual G418-resistant colonies, and pools were
generated from mass populations of drug-resistant cells. NIH 3T3 and REF52
cells were propagated in Dulbecco’s modified Eagle medium containing 10%
FCS and rendered quiescent by starvation in serum-free medium for 24 h. Swiss
3T3 cells were maintained as described previously (59), grown to 90% conflu-
ence, and starved in serum-free medium for 16 h. In all studies, the following
concentrations were used: 1 mU/ml for TSH, 1 mM for 8BrcAMP, 10 pg/ml for
cholera toxin, 10 uM for forskolin, and 0.5 pg/ml for insulin. Inhibitors were used
as follows: Rp-cAMPS, 250 to 500 uM; HS89, 25 to 50 pM; LY294002, 5 to 15
rM; wortmannin, 25 to 200 nM; rapamycin, 1 nM; and PD98059, 25 pM.

Microinjection. Glutathione S-transferase (GST) fusion constructs encoding
RacI™7, Cdc42N'7, Grb2, the Cdc42/Racl-interactive binding (CRIB) region of
PAK (GST-PAKCRIB; residues 67 to 150), and the N-terminal SH2 domain of
human p85a (GST-p85-N-SH2; residues 321 to 440) were expressed and purified
from Escherichia coli by affinity chromatography on glutathione agarose (42).
GST-Racl and Cdc42 proteins were expressed and purified in parallel and then
cleaved with thrombin, and the purified G proteins were injected into the cyto-
plasm at 2.0 mg/ml. Other proteins were injected at the following concentrations:
Grb2, 2.4 mg/ml; PAK-CRIB, 8.0 mg/ml; p85-N-SH2, 2.4 mg/ml; and GST, 3
mg/ml. Affinity-purified polyclonal antibodies to the N-terminal SH2 domain
(39) of human p85a (2.3 mg/ml) or the C terminus (residues 1054 to 1068) of
bovine p110a (2.1 mg/ml) generated by Mcllray et al. (39) or kindly provided by
S. Courtneidge (56) were injected at the concentrations indicated. All proteins
were coinjected with immunoglobulin G (IgG) to identify injected cells. Based on
an injection volume of 2 X 10~ !# liter, the number of molecules injected per cell
is approximately 220,000 to 390,000 (polyclonal antibodies), 850,000 (GST-p85-
N-SH2), 1.1 X 10° (RacI™7, Cde42N17, and Grb2), 1.4 X 10° (GST), or 1.6 X 10°
(GST-PAKCRIB).

DNA synthesis and S6 phosphorylation. For microinjected inhibitors, cells
were treated with cAMP-elevating agents at 1 h postinjection. Cell-permeable
inhibitors were added 10 min prior to treatment with cAMP-elevating agents or
microinjection of the p85-stimulatory antibody. Wortmannin experiments were
conducted in BSA-free basal medium, and the labile inhibitor was readded 12 to
16 h after cAMP treatment. For DNA synthesis studies, cells were labeled with
bromodeoxyuridine (BrdU) for 48 h, and DNA synthesis was monitored by
immunostaining (34). For S6 phosphorylation studies, cells were fixed for 20 min
in 5% acetic acid-ethanol, permeabilized in phosphate-buffered saline (PBS)-
0.1% Tween, and stained with fluorescein isothiocyanate-conjugated anti-sheep
IgG to detect injected cells and with an affinity-purified rabbit polyclonal anti-
body raised to a phosphorylated peptide of S6 (amino acids 232 to 249) followed
by Texas red-conjugated anti-rabbit IgG.

For DNA synthesis studies in cells expressing p110-CAAX, cells were plated
for 16 h, transferred to insulin- and BSA-deficient basal medium for 48 h to
remove TSH effects, and then labeled with BrdU for 48 h. Inhibitors were added
2 h prior to BrdU labeling. Wortmannin was readded at 12 to 16 h following
addition of BrdU.

CRE-regulated gene expression. WRT.CRE cells were stimulated with TSH (1
mU/ml) and 3-isobutyl-1-methylxanthine (1 mM) for 6 h and then fixed in 3.7%
formaldehyde—PBS for 5 min at room temperature. After fixation, the cells were
stained in a mixture of 5 mM K;Fe(CN),, 5 mM K, Fe(CN),, 2 mM MgCl,, and
1 mg of 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) per ml in
PBS for 16 h at 37°C to detect B-galactosidase.

Immunoblotting. Cells were lysed at 4°C for 20 min in a mixture of 10 mM
KPO,, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl,, 50 mM B-glycerophosphate,
2 mM dithiothreitol, 1% Nonidet P-40, 1 mM Na;VO,, 1 mM Pefabloc, and 10
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g each of aprotonin and leupeptin per ml. For detection of Myc-tagged p110-
CAAX, cell lysates (300 pg) were subjected to immunoprecipitation with a
monoclonal antibody to c-Myc (1 pg/sample; Calbiochem product no. OP10).
Immunoprecipitated or total protein lysates were denatured by boiling in Lae-
mmli sample buffer, resolved on sodium dodecyl sulfate-6.75% (p70s6k, Akt,
and Myc) or 10% (phospho-MAPK, phospho-Akt, and phospho-S6) polyacryl-
amide gels, and transferred to polyvinylidene fluoride membranes. Membranes
were blocked in PBS-5% (wt/vol) milk-0.1% Tween and then incubated for 2 h
with a monoclonal antibody to c-Myc (10 pg/ml; Calbiochem product no. OP10)
or polyclonal antibodies raised to p70s6k (1:250; Santa Cruz sc-230), the C
terminus of Akt-2 (peptide CDQTHFPQFSYSASIRE), phospho-specific Akt-1
(Ser473) (1:1,000; New England Biolabs product no. 9271), phospho-specific
MAPK (Thr183/Tyr185) (1:1,250; Promega product no. V6671), or a phosphor-
ylated peptide of S6. To compare relative effects on Akt and p70s6k, lysates were
run on the same gel and transferred to a polyvinylidene fluoride membrane, and
the membrane was cut in half and immunoblotted for phosphorylated Akt and
S6.

Ruffle formation. To monitor effects on the actin cytoskeleton, cells plated
onto laminin-treated coverslips were incubated in basal medium for 48 h and
then treated with cAMP-elevating agents. When used, inhibitors were added for
1 h before stimulation. After treatments, the cells were fixed in 3.7% formalde-
hyde-PBS and stained with rhodamine-phalloidin essentially as described in
reference 28.

RESULTS

cAMP activates Akt and p70s6k. The second messengers in
cAMP-stimulated proliferation have not been well defined.
TSH is a cAMP-dependent mitogen for thyroid cells. cCAMP-
elevating agents acting downstream of the TSH receptor, in-
cluding cholera toxin (activation of Gas), forskolin (activation
of adenylyl cyclase), and the cCAMP analog 8BrcAMP, mimic
the mitogenic activity of TSH. We previously reported that
p70s6k is essential for cAMP-stimulated cell cycle progression
(10). Because p70s6k functions downstream from PI3K in
many cells, we explored the role of additional PI3K-dependent
signals in cAMP-stimulated mitogenesis.

Akt is a serine/threonine-specific protein kinase that medi-
ates many of the effects of PI3K. To elucidate the effects of
cAMP on Akt activity, Akt phosphorylation was assessed fol-
lowing treatment with TSH, forskolin, or 8BrcAMP. All
cAMP-elevating agents stimulated Akt activity, as determined
by immunoblotting with an antibody that specifically recog-
nizes Aktl phosphorylated at Ser473 (65), a major growth
factor-regulated phosphorylation site required for activity (2)
(Fig. 1A). To confirm these results, Akt phosphorylation was
assessed by the appearance of an Akt2 mobility shift in cAMP-
treated cells (Fig. 1B). In comparison with insulin, the effects
of cAMP on Akt phosphorylation were modest. In contrast,
cAMP-stimulated p70s6k activity, as assessed by S6 phosphor-
ylation (Fig. 1A) or a p70s6k mobility shift (data not shown),
was comparable to that of insulin. cAMP effects on Akt were
not observed at 5 (Fig. 1B) or 15 (data not shown) min, and
maximal effects were observed at 30 to 45 min (Fig. 1B).
Although these kinetics are delayed compared to growth fac-
tor-stimulated Akt activity in other cells, they are similar to the
time course for cAMP-stimulated p70s6k activation in thyroid
cells (10). Additionally, in these cells, serum and insulin stim-
ulated Akt and p70s6k activity with kinetics similar to those for
the cAMP-elevating agents (data not shown).

In Swiss 3T3 fibroblasts, where cAMP also stimulates pro-
liferation, cAMP-elevating agents stimulated Aktl phosphor-
ylation (Fig. 1C) and an Akt2 mobility shift (data not shown).
In contrast, cAMP failed to stimulate Aktl phosphorylation or
an Akt2 mobility shift in REF52 (Fig. 1C) or NIH 3T3 (data
not shown) fibroblasts, cells which do not respond to cAMP
with proliferation. In close agreement with these results,
cAMP stimulated p70s6k activity in thyroid, Swiss 3T3, and rat
Schwann cells but not in NIH 3T3 or REF52 cells (10). These
results suggest that the ability of cAMP-elevating agents to
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FIG. 1. cAMP activates Akt in a cell-type-specific manner. (A) Quiescent
WRT cells (C) were treated for 45 min with TSH (1 mU/ml), forskolin (Fsk; 10
1M), 8BrcAMP (8Br; 1 mM), or insulin (Ins; 0.5 pwg/ml). Lysates were analyzed
by immunoblotting with phospho-specific S6 and Akt antibodies. Three to five
experiments were performed with similar results. (B) Quiescent WRT cells (C)
were treated for 5 or 45 min with TSH (1 mU/ml) or 8BrcAMP (1 mM), and
lysates were analyzed by immunoblotting with a polyclonal Akt2 antibody. Cells
treated with insulin (0.5 wg/ml) for 45 min were included as a control. Three
experiments were performed with similar results. (C) Quiescent Swiss 3T3 cells
(C) were treated for 30 min with forskolin (10 wM) or 20% FCS, and phosphor-
ylated Aktl was detected by immunoblotting. Similar results were obtained with
a polyclonal Akt2 antibody (not shown). (D) Quiescent REF52 cells (C) were
treated for 2, 5, 15, or 30 min with forskolin (10 wM) or for 30 min with 20%
FCS, and lysates were analyzed by immunoblotting with a phospho-specific Akt1
antibody or a polyclonal Akt2 antibody. cCAMP also failed to stimulate Akt
phosphorylation or an Akt mobility shift in NIH 3T3 cells. Four to five experi-
ments were performed with similar results. All studies were conducted in insulin-
deficient basal medium.

stimulate proliferation correlates with their ability to activate
Akt and p70s6k.

Differential sensitivity of Akt and p70s6k to PI3K inhibitors.
To determine whether cAMP effects on Akt and p70s6k were
mediated by PI3K, the effects of LY294002 and wortmannin on
TSH- and forskolin-stimulated Akt and S6 phosphorylation
were examined. Akt phosphorylation was reduced by the PI3K
inhibitors LY294002 (Fig. 2A; data not shown for forskolin)
and wortmannin (Fig. 2B), with maximal inhibition at 5 pM for
LY294002 and 200 nM for wortmannin. In striking contrast, at
the same inhibitor concentrations, cCAMP-stimulated S6 phos-
phorylation was largely unaffected by wortmannin and only
partially reduced by LY294002. The apparent dispensability of
PI3K was specific to cAMP-stimulated p70s6k activation, since
insulin-stimulated S6 phosphorylation was significantly and
progressively reduced by increasing concentrations of wort-
mannin (75 to 200 nM). Marked inhibition of cAMP-mediated
S6 phosphorylation was observed with higher concentrations of
LY294002 (10 to 15 pM), while higher concentrations of wort-
mannin (200 nM) had little effect. The effects of LY294002 at
higher concentrations may reflect inhibition of cellular targets
other than PI3K (7, 17, 19, 47). In vitro, the reported 50%
inhibitory concentration for inhibition of mammalian target of
rapamycin (mTOR) autokinase activity by LY294002 is 5 uM
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(7). Treatment with the mTOR inhibitor rapamycin abolished
cAMP-stimulated S6 phosphorylation, indicating that cAMP-
mediated activation of p70s6k is mTOR dependent (Fig. 2B).
In contrast, rapamycin failed to inhibit cAMP-stimulated Akt
phosphorylation; therefore, LY294002 effects on Akt are not
mediated by mTOR.

To further examine the role of PI3K in cAMP-stimulated S6
phosphorylation, we conducted microinjection studies using
GST-p85-N-SH2. S6 phosphorylation was monitored by immu-
nostaining with a phospho-specific S6 antibody. In the absence
of growth factors, less than 1% of the cells expressed phos-
phorylated S6 protein. Following treatment with TSH, phos-
phorylated S6 was detected in 95.3% = 1.7% (mean * stan-
dard error [SE]) of the cells (n = 4), and this was unaffected by
injection of GST-p85-N-SH2 (95.8% = 0.96% injected cells
express phosphorylated S6, n = 4 representing a total of 905
injected cells), although injection of GST-p85-N-SH2 abol-
ished TSH-stimulated DNA synthesis (see below). Together,
these results demonstrate that cAMP-stimulated Akt activa-
tion is PI3K-dependent but that cAMP effects on p70s6k acti-
vation are primarily PI3K independent. Importantly, these
data also show that activation of p70s6k can be uncoupled from
Akt.

cAMP stimulates PI3K-dependent membrane ruffling. To
further explore the role of PI3K in cAMP-mediated signaling,
we investigated cAMP effects on membrane ruffling, a PI3K-
dependent accumulation of cortical actin filaments induced by
many growth factors. As reported previously (43), WRT cells
exhibit abundant actin stress fibers in the absence of all growth
factors (Fig. 3). Treatment with TSH (data not shown) or
8BrcAMP (Fig. 3) for 45 min resulted in the elaboration of
membrane ruffles at cell-cell junctions and at the cell periph-
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B.
€ - Wm75 Wm200 rap
TSH
Fsk
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FIG. 2. cAMP effects on p70s6k and Akt are differentially sensitive to wort-
mannin. (A) Quiescent WRT cells (C) were treated for 45 min with TSH (1
mU/ml) alone or following pretreatment with 5, 10, or 15 pM LY294002 (LY).
Lysates were analyzed by immunoblotting with phospho-specific Akt and S6
antibodies. Three to four experiments were performed with the same results.
Similar results were obtained with 1 mM 8BrcAMP (data not shown). (B)
Quiescent WRT cells (C) were treated for 45 min with TSH (1 mU/ml), forskolin
(10 pM), or insulin (0.5 pg/ml) alone or following pretreatment with wortmannin
(Wm; 75 or 200 nM), or rapamycin (rap; 1 nM), and lysates were analyzed by
immunoblotting with phospho-specific Aktl and S6 antibodies. Three to five
experiments were performed with the same results. All studies were conducted in
insulin-deficient basal medium.



VoL. 19, 1999

PI3K AND cAMP-STIMULATED PROLIFERATION 5885

8Br

rap

Wm

FIG. 3. cAMP stimulates PI3K-dependent membrane ruffling. Quiescent WRT cells (C) were treated for 45 min with 8BrcAMP (8Br; 1 mM) alone or following
pretreatment with wortmannin (Wm; 75 nM), or rapamycin (rap; 1 nM). Membrane ruffles were visualized by phalloidin staining. Four to seven experiments, performed
in duplicate, yielded similar results. Similar results were obtained with TSH (not shown). All studies were conducted in insulin-deficient basal medium.

ery. At this time, actin stress fibers were no longer apparent in
cAMP-treated cells. Similar results were observed following
forskolin treatment (data not shown). The kinetics of ruffle
formation were similar to those for cAMP-stimulated Akt and
p70s6k activation.

Membrane ruffles are known to occur through the activation
of the small GTPase, Racl, and Racl activation in response to
many growth factors is PI3K dependent. To determine if
cAMP-stimulated ruffle formation was PI3K dependent, cells
were pretreated with wortmannin prior to stimulation with
TSH (data not shown) or 8BrcAMP (Fig. 3). Wortmannin
blocked cAMP-stimulated ruffle formation but not the disso-
lution of stress fibers. In contrast, rapamycin did not impair
ruffle formation and often enhanced ruffling. These results
demonstrate that cAMP activates PI3K-dependent signals
leading to Akt activation and membrane ruffling.

PI3Ka/B is required for cAMP-mediated DNA synthesis.
DNA synthesis stimulated by TSH or other cAMP-elevating
agents is repressed by wortmannin (Fig. 4A), implicating a role
for PI3K (10). Although a role for PI3K-y downstream from the
G-protein-coupled TSH receptor could be envisioned, there
are no data at present to support a role for By subunits in TSH
signaling. Therefore, we examined the role of PI3Ka/B iso-
forms in cAMP-stimulated cell cycle progression. Microinjec-
tion of GST-p85-N-SH2 markedly reduced DNA synthesis
stimulated by TSH (Fig. 4A), 8BrcAMP, and cholera toxin
(data not shown). These effects were not observed following
microinjection of GST or of GST-Grb2, which contains two
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FIG. 4. PI3K and Racl are required for cAMP-stimulated DNA synthesis.
(A) Quiescent WRT cells (C) were treated with TSH (1 mU/ml) alone (unla-
beled black bar) or following injection of anti-p110 (ap110) or GST-p85-N-SH2
(p85NSH2) or pretreatment with Wortmannin (Wm; 25 nM). IgG- and GST-
injected cells are shown as controls. Inhibitor results are mean *+ SE (SE of <1.0
are not shown) of two to six experiments representing 1,060 to 2,108 injected or
pretreated cells per condition. Similar results were obtained with 8BrcAMP and
cholera toxin (430 to 1,007 cells per condition). (B) BrdU incorporation in
TSH-treated WRT cells either alone (unlabeled black bar) or following injection
of RacIN'7, GST-PAKCRIB, or Cdc42N'7. Results are mean + SE of two to
eight experiments (SE of <1.0 are not shown) representing 952 to 1,236 injected
cells per condition. Levels of BrdU incorporation in quiescent and vector-trans-
fected cells were 8% * 4% and 9% =+ 2%, respectively. Similar results were
obtained with 8BrcAMP (360 to 1,011 injected cells per condition). In parallel
studies, Cdc42™N'7 reduced FCS-stimulated DNA synthesis by approximately
50% (from 85% BrdU-positive uninjected cells to 43% BrdU-positive injected
cells).
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SH2 domains (Fig. 4A and data not shown). cAMP-stimulated
DNA synthesis was also impaired by microinjection of a poly-
clonal antibody raised against the C terminus of p110« (anti-
p110a) but not by nonspecific IgG (Fig. 4A). p85-N-SH2 was a
more effective inhibitor than was the p110a antibody. Whether
this reflects a contribution from p110B, which is inhibited by
p85-N-SH2 but not by anti-p110a, a difference in the molar
ratios of these inhibitors to their respective cellular targets, or
other effects is not clear.

To further evaluate the role of PI3K in cAMP-stimulated
mitogenesis, other downstream targets of PI3K were exam-
ined. As described above (Fig. 3), cAMP induced membrane
ruffling, and presumably Racl activation, through a PI3K-de-
pendent pathway. Racl is required for Ras- and growth factor-
stimulated proliferation in other cells where it functions down-
stream from PI3K. To determine whether Racl was required
for cAMP-initiated DNA synthesis, a dominant negative Racl
mutant protein was used. Microinjection of Rac1™'” markedly
reduced DNA synthesis stimulated by TSH, cholera toxin, and
8BrcAMP (Fig. 4B and data not shown). Microinjection of
GST-PAKCRIB also reduced cAMP-mediated DNA synthe-
sis. In contrast, injection of Cdc42™'” had no effect on DNA
synthesis (Fig. 4B). These results indicate that the o and/or B
isoforms of PI3K, as well as one of its downstream targets,
Racl, are required for cAMP-stimulated mitogenesis.

cAMP stimulates ruffle formation, Akt, and p70s6k through
multiple signaling pathways. Although cAMP-elevating agents
stimulate PKA-dependent DNA synthesis in thyroid cells (34),
microinjection of the PKA catalytic subunit failed to stimulate
cell cycle progression (21, 40). Although many cAMP effects
are elicited through PKA, cAMP has additional targets. cAMP
binds directly to and activates ion channels and Rap-specific
guanine nucleotide exchange factors (GEFs) (18, 29). We
therefore examined whether cAMP effects on ruffle formation
and Akt and p70s6k activation were PKA dependent. Treat-
ment with the PKA inhibitor H89 blocked cAMP-stimulated
S6 phosphorylation (Fig. 5A) as well as p70s6k mobility shifts
(data not shown). Basal levels of S6 phosphorylation in quies-
cent cells (seen in longer exposures) were also reduced by the
PKA inhibitor. In contrast, treatment with H89 did not reduce
cAMP-stimulated ruffle formation or Akt phosphorylation, al-
though it abolished CRE-regulated gene expression (Table 1)
and DNA synthesis (data not shown). Rather, treatment with
H89 augmented basal and cAMP-stimulated Akt phosphory-
lation levels (Fig. 5A). Comparable effects were observed with
Rp-cAMPS (data not shown), a PKA inhibitor that acts by a
mechanism distinct from that of H89. Similarly, H89 enhanced
membrane ruffling in cells in basal medium (Fig. 5B, panel b)
and enabled the detection of membrane ruffles after only 5 min
treatment with TSH or 8BrcAMP (panels d and f), when mem-
brane ruffling is not normally observed (panels ¢ and €). These
results suggest that cAMP exerts stimulatory effects on Akt and
membrane ruffling which are PKA independent. Moreover,
PKA activity, even at basal levels, inhibits cAMP-stimulated
Akt activation and ruffling, and the outcome is a balance be-
tween these two competing pathways. Together with the dif-
ferential effects of wortmannin on membrane ruffling and Akt
versus p70s6k, these results demonstrate a divergence in
cAMP-mediated signaling pathways. cCAMP effects on mem-
brane ruffling and Akt are PKA independent but PI3K depen-
dent, while those on p70s6k require PKA but not PI3K activity.

Direct elevation of PI3K activity confers hormone-indepen-
dent DNA synthesis. Together, these results suggest that PKA-
independent, PI3K-dependent signaling pathways are required
for cAMP-stimulated mitogenesis. Two approaches were used
to examine whether activation of PI3K was sufficient to stim-
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ulate proliferation. First, multiple pools of WRT cells stably
expressing a membrane-localized constitutively active form of
PI3K (p110-CAAX) (33) were isolated. Transgene expression
was documented by immunoprecipitating p110-CAAX with an
antibody raised to the Myc epitope tag followed by immuno-
blotting with the Myc antibody (Fig. 6A). Immunoblotting with
anti-p110 antibodies revealed that p110-CAAX was expressed
at levels below the endogenous protein in all drug-resistant
pools analyzed (data not shown). Chronic expression of p110-
CAAX has been reported to be toxic in some cells, perhaps
accounting for its low-level expression.

To determine if stable expression of p110-CAAX was suffi-
cient to confer TSH-independent proliferation, DNA synthesis
was measured over 48 h in the absence of all growth factors.
Strikingly, despite the modest level of p110-CAAX expression,
DNA synthesis was consistently greater in p110-CAAX cells
than in parental or vector-transfected controls (Fig. 6B). Treat-
ment with 100 nM wortmannin or 5 pM LY294002 (Fig. 6B)
abolished DNA synthesis, confirming that proliferation was
PI3K dependent. Like parental cells, proliferation in p110-
CAAX cells was inhibited by rapamycin, indicating a require-
ment for mTOR/p70s6k. Consistently, p110-CAAX cells ex-
hibited basally elevated levels of S6 phosphorylation (Fig. 6A)
and a p70s6k mobility shift (data not shown) in addition to
elevated levels of phosphorylated Aktl (Fig. 6A). MAPK ac-
tivity, as assessed by immunoblotting with a phospho-specific
antibody, was not detectably elevated in p110-CAAX cells
(Fig. 6A). In addition, treatment with PD98059, a MEKI1 in-
hibitor, had no effect on p110-CAAX-stimulated DNA synthe-
sis (Fig. 6B) although it abolished serum-stimulated MAPK
activity in parental cells (data not shown).

To examine acute effects of PI3K on cell proliferation, we
used a polyclonal antibody raised to p85-N-SH2 that increases
the activity of recombinant p85-p110 dimers threefold and
stimulates DNA synthesis in CHO cells (39). Microinjection of
the p85 antibody into quiescent cells consistently stimulated a
four- to fivefold increase in DNA synthesis (Fig. 6C). Like cells
expressing p110-CAAX, cells microinjected with the p85 anti-
body exhibited elevated levels of p70s6k activity (Fig. 6D).
Injection of control IgG had no effect on either DNA synthesis
(data not shown) or S6 phosphorylation. Treatment with rapa-
mycin impaired both S6 phosphorylation (data not shown) and
DNA synthesis (Fig. 6C) in anti-p85-N-SH2-injected cells. To-
gether, these results demonstrate that stable or acute activa-
tion of PI3K and its target p70s6k is sufficient to confer hor-
mone-independent DNA synthesis in thyroid cells.

DISCUSSION

Many hormones regulate proliferation and differentiation
through cAMP-mediated signaling pathways. Although cAMP
exerts many effects through PKA, cAMP also binds directly to
cardiac pacemaker and other ion channels and to Rapl-spe-
cific GEFs (18, 29, 30). We demonstrate that mitogenic signals
initiated by cAMP diverge to include PKA-dependent path-
ways leading to p70s6k and PKA-independent pathways that
regulate Akt and membrane ruffling (Fig. 7).

In WRT cells, cAMP-stimulated mitogenesis requires PKA
(34) and mTOR/p70s6k activity (10) whether stimulated by
activation of the TSH receptor or intracellularly following
treatment with cholera toxin, forskolin, or cell-permeable
cAMP analogs. Interference with PKA activity via microinjec-
tion of protein kinase inhibitor (34) or with p70s6k activation
by treatment with rapamycin (10) impaired cAMP-stimulated
DNA synthesis. Paradoxically, microinjection of the PKA cat-
alytic subunit failed to stimulate proliferation (21, 40), suggest-
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ing that additional PKA-independent signals contribute to
cAMP-stimulated cell cycle progression. Consistent with this
hypothesis, cAMP-elevating agents stimulate Akt activity
through a PI3K-dependent pathway distinct from the PKA-
dependent pathway leading to p70s6k. Treatment with H89 or
Rp-cAMPS, two independently acting PKA inhibitors, failed to
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FIG. 5. cAMP effects on Akt and membrane ruffling are PKA independent.
(A) Quiescent WRT cells (C) were treated for 45 min with TSH (1 mU/ml) or
8BrcAMP (8Br; 1 mM) alone (—) or following pretreatment with H89 (50 wM;
+), and lysates were analyzed by immunoblotting with phospho-specific Akt and
S6 antibodies. Two to four experiments were performed with similar results. H89
also increased Akt phosphorylation in cells treated for 5 min with TSH or
8BrcAMP (not shown). (B) Quiescent WRT cells (a) were treated for 5 min with
TSH (1 mU/ml; ¢ and d) or 8BrcAMP (1 mM; e and f) alone (—) or following
pretreatment with H89 (50 uM; +) and stained with rhodamine-phalloidin. Five
experiments were performed with similar results. All studies were conducted in
insulin-deficient basal medium.

impair cAMP-stimulated Akt activity, although these inhibitors
abolished S6 phosphorylation in the same lysates. Rather, PKA
inhibitors consistently enhanced cAMP-stimulated Akt phos-
phorylation. Moreover, while wortmannin abolished cAMP ef-
fects on Akt, it had no effect on cAMP-stimulated S6 phos-
phorylation. Consistently, microinjection of GST-p85-N-SH2
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TABLE 1. Effects of PKA inhibitors on CRE-regulated
gene expression

% B-Galactosidase-

Treatmen iti
eatment positive cells”

TSH-IBMX + H89 (25 uM).
TSH-IBMX + H89 (50 uM) ............

TSH-IBMX + Rp-cAMPS (250 pM)..
TSH-IBMX + Rp-cAMPS (500 uM)

“ Quiescent WRT.CRE cells were treated for 6 h with TSH (1 mU/ml) and
3-isobutyl-1-methylxanthine (IBMX) (1 mM) alone or following pretreatment
with H89 or Rp-cAMPS and stained for B-galactosidase expression. Results
shown are from one representative experiment (at least 400 cells scored per
condition) of two to four experiments performed in duplicate with similar results.
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also failed to reduce cAMP-stimulated S6 phosphorylation al-
though it abolished cAMP effects on DNA synthesis. The dif-
ferential effects of inhibitors of PKA and PI3K on Akt and S6
phosphorylation provide strong support for a divergence in
cAMP-initiated signals through PKA-dependent pathways to
p70s6k and PI3K-dependent pathways to Akt. This view is
further supported by the finding that cAMP exerts robust ef-
fects on S6 phosphorylation and only modest effects on Akt
phosphorylation. Therefore, although published reports place
Akt upstream from mTOR and p70s6k (6, 62), in thyroid cells
these pathways appear to be regulated independently by
cAMP-elevating agents.

The effects of cCAMP on PI3K-dependent signaling were
further investigated by examining effects on membrane ruf-
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FIG. 6. Activated PI3K confers TSH-independent DNA synthesis. (A) To analyze expression of myc-p110-CAAX, lysates from p110-CAAX (p110) and vector-
transfected control cells (V) were immunoprecipitated and immunoblotted with a monoclonal c-Myc antibody (myc). Results for pool D are shown; similar results were
obtained with clone B4-1. To demonstrate activation of p70s6k and Akt, but not MAPK, in p110-CAAX cells, p110-CAAX and vector-transfected control cells were
transferred to insulin-deficient basal medium for 24 h, and lysates were analyzed by immunoblotting with phospho-specific antibodies to S6 (S6P), Akt (AktP), or MAPK
(MAPKP). For MAPK studies, FCS-treated vector-transfected cells (FCS) were included as a control. Results for pool D and clone B4-1 are shown. Three to four
experiments were performed with similar results. (B) TSH-independent DNA synthesis in p110-CAAX cells. Cells were transferred to insulin-deficient basal medium
for 48 h, and BrdU incorporation was measured alone (unlabeled black bar) or in the presence of wortmannin (Wm; 100 nM), LY294002 (LY; 5 wM), rapamycin (rap;
1 nM), or PD98059 (PD; 25 pM). Vector-transfected control cells (V) are included as a control. Results are the mean = SE of four to seven experiments. (C) BrdU
incorporation in cells injected with a stimulatory p85 antibody (p85 Ab) alone (black bar) or following pretreatment with rapamycin (rap). Results for control injections with
sheep IgG did not differ significantly from those for uninjected cells. Results shown are from one representative experiment of five to eight experiments (894 to 1,060 injected
cells per condition) performed with similar results. For comparison, TSH stimulated BrdU incorporation in 53% of treated cells in this experiment. (D) Representative fields
of cells injected with the p85 antibody. Immunostaining of injected cells (Inj) and S6 phosphorylation (S6P) are shown. The S6 photomicrographs were exposed for identical
times. Phosphorylated S6 was not observed in control cells injected with sheep IgG. Two experiments (549 p85 antibody-injected cells) were performed with similar results.
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FIG. 7. cAMP stimulates p70s6k and Akt through distinct pathways. cAMP
robustly activates p70s6k (bold arrow) through a PKA-dependent pathway. In
contrast, CAMP exerts modest effects on Akt and membrane ruffling (thin arrow)
which are PKA independent. Both PKA-dependent and -independent effectors
contribute to cAMP-stimulated mitogenesis, including mTOR/p70s6k, PI3K, and
Racl. cAMP effects on Akt and membrane ruffling are PI3K dependent, al-
though the mechanism of PI3K activation by cAMP has not been elucidated (X).
In contrast, cAMP effects on p70s6k are primarily PI3K independent, although
a weak PI3K-dependent contribution (dashed arrow) potentially mediated by
PDK1 or Akt may be present.

fling. cAMP-elevating agents stimulated the dissolution of ac-
tin stress fibers and the elaboration of prominent membrane
ruffles. The ruffles formed following treatment with TSH, forsko-
lin, and 8BrcAMP were qualitatively similar. Most commonly,
cAMP-stimulated ruffles were flat, scalloped ruffles that encir-
cled the entire cell and were found at cell-cell and cell-matrix
junctions. On occasion, cAMP-treated cells exhibited cytosolic
retraction without apparent membrane ruffling. Wortmannin,
at concentrations that abolished Akt phosphorylation, prevent-
ed ruffle formation in response to cAMP, evidence that cAMP
effects on ruffle formation are PI3K dependent. Importantly,
PKA inhibitors had no effect on cAMP-stimulated membrane
ruffling. Similar to the effects on Akt, pretreatment with H89
enhanced ruffle formation to a small extent in cells in basal
medium and to a larger extent in cAMP-treated cells.

We previously reported that cAMP-stimulated DNA synthe-
sis was impaired by interference with either PKA (34) or
p70s6k (10) activity. We now demonstrate that PI3K-depen-
dent signals are also required for cAMP-dependent mitogen-
esis. Microinjection of highly specific inhibitors of either PI3K
or Racl impaired cAMP-stimulated DNA synthesis. These
findings indicate that PI3K-dependent pathways to Akt and
Racl, as well as PKA-dependent pathways to mTOR and
p70s6k, contribute to the mitogenic activity of cAMP. These
findings may explain the paradox that PKA is insufficient to
stimulate thyroid cell proliferation, while cAMP-elevating
agents are mitogenic.

The important role of PI3K and p70s6k in thyroid cell pro-
liferation was underscored in experiments where PI3K was
overexpressed. Stable expression of an activated form of p110a
or acute microinjection of an antibody to p85a that elevates
PI3K activity in vitro (39) was sufficient to confer TSH-inde-
pendent DNA synthesis. However, in both cases, DNA synthe-
sis was repressed by rapamycin, indicating an important con-
tribution of p70s6k to cell proliferation. Indeed, elevated levels
of phosphorylated S6 were detected both in p110-CAAX cells
and in cells injected with the p85a antibody. Although these
findings place PI3K upstream from p70s6k, our results indicate
that cAMP stimulates these activities through separable path-
ways. While we cannot exclude the possibility that cAMP stim-
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ulates a modest PI3K-dependent activation of p70s6k compa-
rable in magnitude to its effects on Akt (Fig. 7), such an effect
would be obscured by the more robust p70s6k activation elic-
ited by a PI3K-independent pathway (Fig. 7). Both PI3K-de-
pendent and -independent pathways to p70s6k have been re-
ported (38, 44, 45, 64, 75). PI3K-independent pathways to Akt
have also been noted (60). Indeed, growth factor-stimulated
activation of PI3K does not necessarily lead to a similar acti-
vation of all its downstream effectors (72). As in the case for
cAMP, increased intracellular calcium stimulates a robust
p70s6k activation accompanied by only minor effects on PI3K
and Akt activity. In this instance, unlike cCAMP effects in thy-
roid cells, calcium effects on p70s6k were abolished by wort-
mannin (16). Where activation of p70s6k is PI3K independent,
phospholipase Cy, PKC (reviewed in references 12 and 53),
and Raf-1 (38) have been implicated in the regulation of
p70s6k activity. In thyroid cells, cAMP-stimulated p70s6k ac-
tivity was not affected by the MEK inhibitor; therefore, we do not
believe that Raf-1 contributes to p70s6k activity in these cells.

The PI3K-dependent effects of cAMP on Akt and mem-
brane ruffles suggest that cAMP regulates PI3K activity and/or
localization. Although previous studies have reported only in-
hibitory effects of cAMP-elevating agents on lipid kinase ac-
tivity, these studies were conducted in differentiated cells (1,
48) or in cells where cCAMP fails to stimulate mitogenesis (9,
45, 61). Our data indicating that both PI3K and Racl are
required for cAMP-stimulated proliferation, together with the
stimulatory effects of cCAMP on Akt and membrane ruffling,
strongly support the idea that cAMP stimulates PI3K activity.
cAMP-elevating agents stimulated Akt phosphorylation in thy-
roid and Swiss 3T3 cells, where cAMP is a mitogen, but not in
NIH 3T3 or REF52 cells, where cAMP lacks mitogenic activity.
These results agree with our previous findings that cAMP
stimulates p70s6k activity selectively in cells where it is mito-
genic (10). These results imply the existence of cell-type-spe-
cific mechanisms for the activation of p70s6k, Akt, and pre-
sumably PI3K. Therefore, it is likely that the mechanism
through which cAMP regulates PI3K activity is distinct from
that used by serum growth factors. Interestingly, unlike its
effects on Akt and p70s6k, cAMP effects on ruffle formation
were not restricted to cells where cAMP is mitogenic. Treat-
ment of REF52 cells with forskolin or 8BrcAMP stimulated
ruffles qualitatively similar to those stimulated by cAMP in
thyroid cells. Both stimulatory (24, 74) and inhibitory (51)
effects of cAMP on membrane ruffling have been described.

Insulin is an important cofactor for the mitogenic activity of
cAMP, although insulin alone is not a mitogen in WRT cells.
The DNA synthesis studies in parental cells were performed in
cells arrested in the presence of 0.5 g of insulin per ml, which
raises the possibility that the inhibitory effects on DNA syn-
thesis observed in the presence of the PI3K and Rac inhibitors
are a consequence of effects on basal levels of insulin-stimu-
lated PI3K activity. While this issue cannot be rigorously ad-
dressed at the level of DNA synthesis in parental thyroid cells,
it is important to note that cAMP effects on all of the signaling
molecules examined here were observed in cells arrested in the
absence of insulin. Therefore, insulin does not appear to be
required for cAMP effects on ruffle formation or Akt phos-
phorylation. These results are consistent with our earlier re-
port that cAMP stimulates p70s6k activity in an insulin-inde-
pendent manner (10). Furthermore, in cells expressing p110-
CAAX, proliferation was insulin independent, demonstrating
that elevations in PI3K and p70s6k activity are sufficient to
stimulate cell cycle progression in the absence of exogenous
insulin.

How cAMP stimulates cell-type-specific effects on prolifer-
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ation remains enigmatic. The ability of cAMP to stimulate Akt
through a PKA-independent, cell-type-dependent manner sug-
gests the existence of unique signaling circuits in these cells
that couple cAMP to the activation of PI3K-dependent signals.
Whether these include cAMP-regulated Rap GEFs (18, 29) is
not yet known, although it is intriguing that cAMP-GEFT is
highly expressed in thyroid tissue. Furthermore, cCAMP acti-
vates Rapl in many cells, including thyroid cells (69) and
cAMP-responsive Swiss 3T3 cells, where Rapl acts as a mito-
gen (77) and an oncogene (4). It is possible that cAMP-regu-
lated GEFs for other small G proteins, perhaps expressed in a
cell-type-dependent manner, remain to be discovered. cAMP
effects on p70s6k, which are also cell type dependent (10), are
PKA dependent. Cell-type-dependent PKA effects could be
exerted through the expression of specific PKA isozymes (58)
and/or through differential effects on PKA localization medi-
ated by specific anchoring proteins (reviewed in reference 50),
activated cell surface receptors (63, 68), and other protein
kinases, including PDK1 (11). Thus, there may be multiple
ways in which cAMP elevation is translated into cell-type-
specific effects on proliferation.
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