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Cyclic AMP-mediated growth suppression and MAPK
phosphorylation in thyroid papillary carcinoma cells
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Abstract. The main regulating systems of thyroid growth are
the mitogen-activated protein kinase (MAPK) signaling
pathway and the cAMP signaling pathway. Thyroid papillary
carcinoma frequently involves mutations in BRAF or RET/
PTC without overlap, which are expected to constitutively
activate MAPK signaling. On the other hand, it has been
reported that cAMP signaling acts in an inhibitory manner on
the proliferation of papillary carcinoma cell lines, although
the cAMP pathway physiologically promotes the proliferation
of normal follicular cells as well as hormonogenesis. The
effect of cAMP on proliferation is attributed to crosstalk with
MAPK signaling. However, this phenomenon has not been
clearly established in papillary carcinoma with BRAF or
RET/PTC mutations. In order to elucidate whether activated
cAMP signaling inhibits cell proliferation and affects MAPK
signaling in papillary carcinoma, we performed in vitro
experiments using two representative cell lines, K1 and
TPC-1, which have a BRAF and an RET/PTC mutation,
respectively. Elevated cAMP caused by an adenylate cyclase
activator suppressed the proliferation of both K1 and TPC-1
cells. Examining the crosstalk between cAMP and MAPK
signaling, K1 and TPC-1 cells showed opposite responses to
cAMP activation. These responses were blocked by an
inhibitor of the cAMP-dependent protein kinase (PKA). In K1
cells, B-Raf might predominate over Raf-1, and the elevated
cAMP is thought to promote MAPK phosphorylation through
the PKA-mediated activation of Rapl. On the other hand, in
TPC-1 cells Raf-1 might predominate and could be inhibited
by activated Rapl, resulting in the suppression of MAPK
phosphorylation. In conclusion, the proliferation of both
papillary carcinoma cell types was significantly suppressed
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by cAMP signaling, regardless of whether MAPK signaling
was activated or inactivated by the PKA-mediated cAMP
signaling pathway. There could, however, be other mechanisms
by which cAMP signaling inhibits the growth of papillary
carcinoma cells.

Introduction

The main regulators of thyroid growth are thyroid-stimulating
hormone (TSH) and growth factors. Developmentally and
physiologically, TSH promotes follicular proliferation as well
as hormone synthesis by binding to the thyroid-stimulating
hormone receptor (TSHR) and activating the cAMP-mediated
signaling pathway. Growth factors act through tyrosine kinase
receptors and specifically activate signaling pathways such as
RAS/mitogen-activated protein kinase (MAPK) (1). It is
generally known that the cascade mediated by the tyrosine
kinase receptor plays an important role in tumor progression.
The constitutive activation of molecules upstream of the
MAPK signaling pathway is sufficient for tumorigenesis (2).

The role of TSH and the cAMP signaling pathway in the
proliferation of thyroid tumor cells is not well understood.
Previous in vivo studies reported that well-differentiated
thyroid carcinoma expressed TSHR, and there is a clear
inverse relationship between the expression of TSHR or
adenylate cyclase activity and the degree of differentiation of
thyroid carcinoma (3.4). In vitro studies have revealed that the
stimulation of TSHR is mediated through a heterotrimeric Gs
protein, which activates the adenylate cyclase-cAMP-cAMP-
dependent protein kinase (PKA) cascade (5). cAMP could
have either mitogenic or anti-mitogenic effects depending on
the cell type (6). In thyroid follicular cells, cCAMP stimulates
proliferation, although the participation of other factors, such
as IGF-1, EGF or those present in serum, are required for
cAMP to display full mitogenic activity (7,8). The effect of
cAMP on thyroid carcinoma growth is somewhat contro-
versial. In papillary carcinoma, it has been shown by using
many culture cell lines (HTC transfected TSHR, hPTC, NP,
BHP2-7, BHP7-13, BHP10-3, BHP18-21, BHP17-10 and K1)
that cAMP is anti-mitogenic and acts as a growth inhibitor in
a dose-dependent manner (9-13). On the other hand, in a
follicular carcinoma cell line (FTC 133), it was reported that
cell proliferation was promoted by low-dose TSH treatment
and inhibited by high-dose TSH treatment (14).
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Recent years have been marked by dramatic developments
in the understanding of the molecular basis of thyroid
carcinogenesis. Mutations of BRAF and RET/PTC in papillary
carcinoma, expected to lead to the activation of the MAPK
signaling pathway, are found in more than 70% of cases with
practically no overlap. This provides genetic evidence that
constitutive signaling along the RET-RAS-RAF-MAPK
pathway is key to the development of papillary carcinoma
(15).

One of the possible mechanisms for the anti-mitogenic
effect of cCAMP in papillary carcinoma is an attenuation of
the MAPK signaling pathway. Although it is widely accepted
that the cell type-specific effects of cAMP on proliferation are
largely attributed to crosstalk between cAMP and the MAPK
signaling pathway (16,17), the crosstalk has not yet been
clearly established in papillary carcinoma. In addition, whether
or not the BRAF and RET/PTC mutations found in papillary
carcinoma influence this crosstalk has not been investigated.
If the cAMP signaling pathway inhibits MAPK phosphor-
ylation in papillary carcinoma, this pathway may be one of
the mechanisms which can explain the slow proliferation of
papillary carcinoma.

In the present study, we hypothesized that the activation
of cAMP signaling acts in a suppressive manner on the cell
proliferation of papillary carcinoma. With the BRAF and
RET/PTC mutations, we performed in vitro experiments using
two representative culture cells of thyroid papillary carcinoma
in order to elucidate whether the cAMP signaling pathway
inhibits cell proliferation and affects the MAPK signaling
pathway.

Materials and methods

Cell lines and culture conditions. We used two established cell
lines of thyroid papillary carcinoma: K1 cells, which possess
the activating point mutation of the BRAF gene resulting in
V600E, and TPC-1 cells, which have rearrangements of RET/
PTC (18). We selected these two cell lines since they contained
the two mutations representatively found in most in vivo
papillary carcinomas. Neither of the cell lines expressed
TSHR, which was confirmed by RT-PCR (data not shown).
Both cell types were routinely maintained in DMEM/HamF-12
(1:1) supplemented with 10% FBS, 1% ITS+1 (Sigma) and
antibiotics at 37°C under 5% CO,. For all experiments, cells
were initially cultivated in regular growth medium for at least
48 h. As appropriate for individual experiments, cells were
then shifted to medium containing 2.5% FBS without ITS+1
for 24-48 h prior to analysis.

MTT assay. Cells were seeded at a density of 2x103 cells/well
into 96-well plates and incubated for 48 h under O, 1, 5 and
10 ng/ml IGF-1 (PeproTech, Rocky Hill, NJ) stimulation with
or without 10 M forskolin (Biomol, Plymouth Meeting, PA),
which is an activator of adenylate cyclase. At the indicated
time points, MTT (500 pg/ml) was added to each well, and
the cells were incubated for 4 h at 37°C. The cells were then
lysed and solubilized with extraction buffer (up to 20% SDS
dissolved in 50% dimethylsulfomaide solution) for 2 h at
37°C with gentle shaking. Absorbance was measured at
750 nm with a microplate reader (BioRad Model 680).
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Figure 1. Effect of IGF-1 and forskolin on the proliferation of K1 and TPC-1
cells. MTT assays were performed on K1 (A) and TPC-1 (B) cells. Both cell
lines (2x103 cells/well) were incubated for 48 h under 1 ng/ml IGF-1
stimulation with or without 10> M forskolin treatment. Data are expressed
as the mean = SD of 8 replicates. “p<0.05 when compared with control
values; 'p<0.05 when compared with cells treated with IGF-1.

Statistical analysis was performed using the Student's t-test,
with p<0.05 considered to be statistically significant.

Western blot analysis. Cells were solubilized in lysis buffer
[62.5 mM Tris/HCI (pH 6.8), 2% sodium dodecylsulfate
(SDS), 10% glycerol, 50 mM DTT and 0.01% bromophenol
blue] at 3, 5 and 10 min following incubation with 1 ng/ml
IGF-1 with or without 10> M forskolin stimulation. In exper-
iments using a selective PKA inhibitor, H-89 (Biomol), cells
were pretreated with 50 M H-89 for 5 min prior to stimu-
lation. Total cell lysates (20-30 pug protein per lane) were
separated by 12.5% SDS-polyacrylamide gel electrophoresis
(PAGE) and transferred to nitrocellulose membranes
(Schleicher and Schuell, Keene, NH). The resulting blots
were blocked for 1 h at room temperature with 5% skim milk
dissolved in phosphate-buffered saline (PBS) and then
probed with antibodies anti-p44/42 MAPK and anti-phospho-
MAPK (Cell Signaling Technology, Beverly, MA) according
to the manufacturer's recommendations. After five washes
in PBS/Tween, the membranes were incubated for 30 min
with peroxidase-labeled secondary antibody (Amersham
Biosciences, Buckinghamshire, UK) diluted 1:5000 at room
temperature. After three additional washes, immunoblots were
developed using the enhanced chemiluminescence detection
system (Western Lightning, PerkinElmer Life Sciences).
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Figure 2. Effect of IGF-1 and forskolin on MAPK activation under IGF-1
stimulation. Cells were treated with 1 ng/ml IGF-1 with or without 10° M
forskolin. The level of MAPK phosphorylation was examined at different
time points in K1 (A) and TPC-1 (B) cells by Western blotting.

Results

Suppressed proliferation by adenylate cyclase activator. The
effect of forskolin, an activator of adenylate cyclase that rapidly
elevates intracellular cAMP level, on cellular proliferation
was assayed by means of MTT. Both cell lines incubated in
forskolin exhibited a significant reduction in cell number
compared with the control (Fig. 1). In addition, to clarify the
effect of forskolin on IGF-1-induced proliferation, cells were
treated with IGF-1 (1, 5 and 10 ng/ml) alone or in the presence
of forskolin. However, IGF-1 (1 ng/ ml) by itself did not
significantly influence the growth of either of the cell lines
compared with the control (Fig. 1), neither did stimulation with
5 and 10 ng/ml IGF-1 show a significant difference in growth
(data not shown). However, under IGF-1 stimulation (1 ng/ml
in K1 cells; 1 and 5 ng/ml in TPC-1 cells), the inhibitory
effect of forskolin was also significant compared to the control

(Fig. ).

Effects of adenylate cyclase activator on MAPK phos-
phorylation. MAPK phosphorylation was measured to
determine whether IGF-1 induced MAPK and to evaluate the
effect of forskolin-induced elevations in intracellular cAMP
levels on MAPK activity. Therefore, we analyzed MAPK
phosphorylation stimulated by IGF-1 in the presence or
absence of forskolin by Western blot analysis. In K1 cells,
IGF-1 stimulation alone slightly increased phospho-MAPK
expression, and IGF-1 with forskolin appreciably increased
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Figure 3. Effect of H-89 on IGF-1- or forskolin-induced MAPK phos-
phorylation. Analysis was performed at the time point when apparent
differences in MAPK phosphorylation levels between IGF-1 and IGF-1 as
well as forskolin treatment were detected in Fig. 2 [K1 cells (A) 3 min and
TPC-1 cells (B) 10 min after stimulation].

its expression in the absence of a significant change in total
MAPK, with a maximal effect being detected 3 min after
addition (Fig. 2A). In TPC-1 cells, forskolin blocked IGF-1-
induced MAPK phosphorylation, detectable 5-10 min after
addition (Fig. 2B).

The role of PKA in crosstalk between the cAMP and MAPK
signaling pathways. To investigate the involvement of PKA in
crosstalk between the cAMP and MAPK signaling pathways,
we examined the effect of H-89, a selective inhibitor of PKA,
on MAPK phosphorylation. H-89 alone slightly reduced basal
MAPK phosphorylation in K1 cells (Fig. 3A). On the other
hand, H-89 increased basal MAPK phosphorylation in TPC-1
cells (Fig. 3B). Furthermore, we evaluated whether H-89
affected forskolin-induced activation or inhibition of the
MAPK signaling pathway under IGF-1 stimulation. H-89 was
able to reverse the effect of forskolin in both cell lines (Fig. 3).
These results proved that the crosstalk between the cAMP and
MAPK signaling pathways was mediated by PKA, regardless
of whether MAPK was phosphorylated or not.

Discussion

In this study, we used forskolin to activate adenylate cyclase
and to elevate intracytoplasmic cAMP because the available
cell lines of papillary carcinoma did not express TSHR. We
demonstrated that activated cAMP signaling suppresses the
proliferation of K1 and TPC-1 cells derived from thyroid
papillary carcinoma, which is quite compatible with previous
studies (9-13). It seems reasonable to suppose that elevated
cAMP by itself plays a key role in the inhibitory effect of
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TSH-cAMP signaling on the cell proliferation of papillary
carcinoma. However, a knowledge of far more complex
mechanisms could be required to understand the alternative
effects of cAMP; i.e., its mitogenetic effect on normal
follicular cells and anti-mitogenetic effect on papillary
carcinoma cells.

Examining the crosstalk between the cAMP and MAPK
signaling pathways and K1 and TPC-1 cells with mutations of
BRAF and RET/PTC, respectively, showed opposite responses
to adenylate cyclase activation. These responses were blocked
by an inhibitor of cAMP-dependent protein kinase (PKA). The
activated cAMP signaling, producing elevated intracellular
cAMP, activated PKA and prompted MAPK phosphorylation
in K1 cells, although it resulted in growth inhibition. On the
contrary, PKA-mediated cAMP signaling suppressed MAPK
phosphorylation in TPC-1 cells. These findings indicate that
MAPK is not directly phosphorylated by PKA. The MAPK
signaling pathway is tightly regulated by crosstalk with other
signaling pathways, and the cAMP signaling pathway is one
of the best-characterized signals by which the activation of
MAPK is regulated. cAMP inhibits the growth of many types
of cells with little B-Raf expression, such as fibroblasts
(19,20), smooth muscle cells (21) and adipocytes (22), by
blocking the binding of Raf-1 to Ras (23) and thus suppressing
the MAPK pathway. On the contrary, in endocrine cells, such
as pheochromocytoma PC12 cells, cAMP induces phosphor-
ylation of MAPK through PKA-mediated activation of the
Ras-related small G protein, Rapl (24). Activated Rapl is
both a selective activator of B-Raf and an inhibitor of Raf-1.
Thus, the net effect on MAPK activation depends on the
predominance of either B-Raf or Raf-1 (16,17,24-28). Our
results can also be explained by the widely-accepted model
mentioned above. Namely, B-Raf might predominate over
the inhibition of Raf-1 in K1 cells with mutated BRAF, and
MAPK could be phosphorylated through the elevated cAMP-
and PKA-mediated activation of Rapl. On the other hand,
Raf-1 might predominate and could be inhibited by activated
Rapl in TPC-1 cells, resulting in the suppression of MAPK
phosphorylation.

Because the proliferation of both K1 and TPC-1 cells
was suppressed regardless of the phosphorylation state of
MAPK, there may be another mechanism, besides a MAPK-
dependent one, by which cAMP inhibits the growth of
papillary carcinoma cells. Several other mechanisms have
been proposed to explain the antiproliferative effects of cAMP
on various other cells and tissues, including increasing the
amount of p21 (29) and decreasing the expression level of
cyclin D1 (30). These mechanisms are probably related to the
induction of immediate early genes such as c-jun, which is
known to transactivate the cyclin D1 promoter and is regulated
by TSH (31,32). In thyroid follicular cells, the catalytic unit
of PKA (PKA-C) is activated by cAMP to translocate to the
nuclear compartment from the cytoplasm. PKA-C phosphor-
ylates the cAMP response element binding protein (CREB),
which has several splicing variants with alternative functions
to either activate (33,34) or inactivate (35-37) the transcription
of many cAMP-responsive genes that regulate cell division,
such as c-jun, c-fos and c-myc, within 15-30 min of TSH
induction (38). It is noteworthy that, contrary to the results of
this study, our previous report (13) demonstrated forskolin-
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induced MAPK suppression in K1 cells at different time
points, 30-60 min follwing IGF-1 stimulation under the 48-h
pretreatment with forskolin. This finding may be related to the
regulation by alternative splicing of CREB, corresponding to
the immediate response of the early inducible genes of DNA
synthesis.

In conclusion, we demonstrated that an adenylate cyclase
activator inhibits the proliferation of two thyroid papillary
carcinoma cell lines, K1 and TPC-1, which have the repre-
sentative mutations BRAF and RET/PTC, respectively. The
proliferation of both cell types was significantly suppressed
by cAMP signaling, regardless of whether MAPK signaling
was activated or inactivated by the PKA-mediated cAMP
signaling pathway.
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