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ABSTRACT

The interplay between cyclic AMP (cAMP)-dependent protein kinase A
(PKA)- and p21@-mediated signaling pathways is expected to determine
further loss, maintenance, or modulation of differentiation and prolifer
ation of a particular cell. Therefore, the relationship and nature of the
cross-talk between these two major signaling systems are of utmost im
portance to the understanding of these processes in both normal and
neoplastic cells. In view of their paramount physiological importance, one

would expect the existence of a well-controlled bidirectional interaction
between these pathways, which would be more appropriate and in agree
ment with basic principles of cellular homeostasis. However, based on the
discovery that activated PKA may inhibit ms-mediated translocation of

c-Raf-1 to the plasma membrane, it is generally accepted that the cross
talk between cAMP/PKA and p21w-mediated signal transduction path
ways is unilateral, he., that the activation of PKA regulates growth factor
receptor protein tyrosine kinase-mediated signaling. To challenge the
validity of a unilateral approach, we decided to test the possible existence

of cross-talk of a bidirectional nature between the aforementioned signal
ing pathways at different stages of malignant differentiation. For that
purpose, we investigated the nature of the cross-talk existing between a
known receptor protein tyrosine kinase-epidermal growth factor receptor
(EGFR) and PKA In highly metastatic and nonmetastatic cloned variants
of a murine fibrosarcoma (T-lO). Our study revealed the existence of
principal differences in PKA activity between metastatic and nonmeta

static cloned fibrosarcoma variants that may be due to the differential
expression and membrane translocation of the p21@Â°@small mass G
protein. Most importantly, our experiments have demonstrated the exist
ence of a novel character of interactions between EGFR and PKA, because
the ligation of the EGFR by epidermal growth factor in the metastatic
variant induced a high activity of PKA. These findings are of prime
importance, because they reveal the existence of a new relationship be
tween two major signal transduction pathways in mammalian cells, i.e.,
the existence of a bilateral interaction between the nis- and cAMPIPKA
mediated signal transduction pathways. Furthermore, the fact that two
tumor cell variants originating in the same tumor and differing in their
metastatic capacity differ as well in the nature of the cross-talk between
major signal generation systems imposes new challenges for the future use
of biological response modulators to cure cancer and restrict metastatic
spread.

INTRODUCTION

Included among the major signal transduction systems of mamma
han cells are the heterotrimeric GPCRs3/cAMPIPKA and the tyrosine
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kina.se receptors/ras small mass G-protein-mediated systems. Both are

known to be determinative in the regulation of cellular morphology,
differentiation, and proliferation and are expected to maintain an
interactive and well-balanced cross-talk.

The stimulation of adenylate cyclase by heterotrimeric G-protein
coupled membrane receptors is followed by a rapid increase in the
concentration of a major second messenger molecule, cAMP. In
eukaryotic cells, the effects of cAMP are mainly mediated through the

cAMP-dependent PKA (1). PKA is a tetrameric protein composed of
two regulatory and two catalytic subunits. The binding ofcAMP to the
regulatory subunits leads to dissociation of the PKA tetramer, and the
free catalytic subunits, which are catalytically active serine/threonine
protein kinases, translocate to the nucleus and modify a number of
transcription factors that belong to the cAMP-responsive element

binding protein/activating transcription factor family that are respon
sible for the fine tuning of transcription of cAMP-responsive genes by
binding to a common cAMP-responsive element, TGACGTCA (2, 3).

Growth factor-induced mitogenic stimuli activate p2@ small mass
0-proteins by specific membrane-associated receptor tyrosine kinases
that, in the presence of specific adaptor and regulatory proteins,
increase their GDP/GTP exchange activity (4). Thus, the ligation of

EGF to its receptor activates a cascade of tyrosine residue phospho
rylation and recruits Grb2/Sos to the plasma membrane to activate

p21ra@ using the SH2 and SH3 domains. The activated GTP-bound

form of p21ras leads to the translocation and activation of serine/
threonine protein kinase Raf- 1 to the cell membrane (5). Activation of
Raf- 1 induces a cascade of phosphorylation events that stimulate
ERKs, a subgroup of MAP kinases (6). ERKs relay growth-regulatory
signals to the nucleus by phosphorylating a variety of transcription

factors such as p62-TCF, c-Fos, and c-Myc (7). Other subgroups of
MAP kinases closely related to ERKs were characterized by virtue of
their ability to phosphorylate the amino terminus of c-Jun. thereby
potentiating its transactivation capacity (c-Jun-NH2-kinases). Re

cently, the p2l'@5 family was found to be involved in the modulation
of c-Jun-NH,-kinases. Thus, the activity of MAP kinases integrates
mitogenic signals originating in different systems; therefore, it is not
surprising that the constitutive activation of each of the elements that
compose the MAP kinase signaling cascade can be associated with
malignant transformation and cancerogenesis (8, 9).

Recent findings raise the possibility that both the ras-coupled and
the heterotrimeric GPCR systems may complete and coordinate each
other in controlling determination of the cellular fate and differenti
ation-inducing pathways. G@y subunit dimers may mediate tyrosine
phosphorylation of Shc, leading to an increased functional association
between Shc, Grb2, and Sos and may activate ras, thereby providing
a strong activation of ERKs (10, 11). Thus, ras-dependent MAP
kinase activation that may result from the stimulation of either RPTKs
or GPCRs seems to integrate the MAP kinases activating stimuli from
both RPTKs and GPCRs, whereas the p2 lÂ°'@molecule serves as a

cyclic AMP; PMSF, phenylmethylsulfonyl fluoride; FGF, fibroblast growth factor, DDA,
2'.5'-dideoxyadenosine; IBMX, 3-isobutyl-3-methylxanthine; RPTK, receptor protein
tyrosine kinase.
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junction point for the integration of stimuli generated by either of the
aforementioned receptor systems.

Several reports have recently provided evidence for a possible

connection between the activation of PKA and growth signals trans
mifted through the p2lras pathway. PKA was found to interrupt the
mitogenic ras/raf/ERK cascade at the Raf-1 level by decreasing its

affinity to GTP-bound ms (12). PKA may also mediate its negative
effects on Raf-l via a ms-like GTPase, Rap-l (13, 14). These findings
may explain the antiproliferative and differentiation-promoting effects
of cAMP-mediated signaling and provide an attractive model for a
unidirectional cross-talk between ras/raf/ERK and cAMP-dependent

signaling cascades. Nevertheless, the evidence to support an opposite
direction of ras/cAMP/PKA cross-talk is poor thus far.

Therefore, we assumed that the elucidation of the relationship and
nature of cross-talk between these two pathways is of utmost impor

tance to the understanding of cellular differentiation and tumor pro
gression and the determination of the metastatic phenotype. For that
purpose, we decided to investigate the existence of possible differ
ences in the regulation of PKA and the nature of the cross-talk
between a typical protein tyrosine kinase receptor, i.e., EGFR, which
plays a pivotal role in the regulation of growth and differentiation of
mesenchymal elements, and PKA in highly metastatic and nonmeta
static cloned variants of a murine fibrosarcoma, T-10. Our experi
ments revealed the existence of principal differences in PKA activity
between these two cloned variants that may be the result of the

differential expression and membrane translocation of the p21 Ki-ras
small mass 0-protein. Most importantly, our experiments, which have

shown that an increase in cellular PKA activity can be induced by

EGF, are a first-time demonstration of the existence of a novel
relationship between a p-2P@-mediated EGFR protein tyrosine ki

nase- and the cAMPIPKA-associated signaling systems.

MATERIALS AND METHODS

Cell Lines. TheT-lOmurinefibrosarcomawas originallyinducedin (C3H/
EBJ X C57B1/6J)Fl mice by the injection of 3-methylcholanthrene in the tie
and was cloned in vitro. As a result, two clones, a metastatic and poorly
immunogenic clone (1E7) and a nonmetastatic and immunogenic clone (IC9),

were independently isolated and maintained in DMEM enriched by 10% FCS
(15). NIH3T3 490N3T cells were transfected with a recombinant pSV2neo

based construct that included the entire genome of the Harvey murine sarcoma
virus originating in plasmid pH-l (16). As a control, we used NIH3T3 490N3T

cells that were transfected with pSV2neo alone. The transfected cells were
maintained in DMEM enriched by 5% calf serum and Geneticin (G418), and
colonies resistant to G418 were isolated and propagated. The transformed cells
were subsequently cultivated in DMEM enriched by 10% FCS.

In Vitro PKA Assay. PKA activity was assayed after treatmentof cultures
maintained in DMEM supplied with 10, 0.1, and 0% FCS with bt2cAMP, 100
ng/ml EGF, 1 ng/mI FGF (Sigma Chemical Co., St. Louis, MO). For the
purpose of adenylate cyclase and phosphodiestherase inhibition, 10 pM DDA
and 100 @xMIBMX (both from Sigma Chemical Co.) were subsequently used
(17). The inhibition of the EGFR protein tyrosine kinase activity was achieved
by treatment ofthe cell culture with 30 @MAG18, a tyrphostine compound that

was found to inhibit the protein tyrosine kinase activity of EGFR (18). A dose
and time-response analysis was performed to select an optimal concentration
of each compound. Cells were rapidly lysed in buffer containing 25 m@i
HEPES (pH 7.6), 0.15 MNaCl, 1.5 mtviMgC12,0.2 mMEDTA, 0.5 mMDU,
1% Triton X-lOO, 0.2 M (3-glycerophosphate, 1 mM sodium vanadate, 1 mM

PMSF, 10 @.sg/m1aprotimn,and 10 pg/mi leupeptin.PKA phosphotransferase
activity was quantified by a phosphocellulose assay that uses a synthetic

heptapeptide Lou-Arg-Arg-Ma-Ser-Leu-Gly (Kemptide) as the phosphate ac
ceptor, as described previously (18). PKA activity was expressed in picomoles
per minute per milligram of protein.

Protein Extracts, Immunoprecipitation, and Immunoblotting. To char
acterize the pattern of tyrosine phosphorylation, the cells were cultivated in
DMEM deprived of FCS for 24 h, and then 100 ng/ml EGF were added to

cultures for 5, 15,and 30 mm. The cells were subsequently harvested and lysed
in RIPA buffer [25 mM HEPES (pH 7.5), 0.3 M NaCl, I .5 nmi MgCl2, 0.2 misi
EDTA, 0.5 mM DTT, 1% Triton X-lOO, 0.5 mM sodium deoxycholate, I mM

sodium vanadate, 1 p.M PMSF, 10 @ag/mlaprotinin, and 10 ,xg/ml leupeptinJ.
For the preparation of cell membrane-derived extracts, the cells were harvested
in the presence of I mM EGTA and lysed in lysis buffer containing 10 mM

HEPES (pH 7.6), 10 mMNaC1,2 mr@iEDTA, I mMPMSF, 10 @g/mlaprotinin,
and 10 ILWmI leupeptin. Nuclei and cell debris were separated by centrifuga
tion at 1,000 x g for 10 mm. Cytosolic fractions were separated by centrifu
gation at 100,000 x g for 30 mm, and the remaining membrane pellets were
extracted with RIPA buffer (19). EGFR was isolated by immunoprecipitation
from the total cell extract using an anti-EGFR monoclonal antibody (Trans
duction Laboratories, Inc., Lexington, KY). Fractions of the protein lysates or

the isolated immunoprecipitates were loaded and electrophoretically run in
10% SDS-polyacryamide gels, transferred to nitrocellulose membranes, and
immunobloued with corresponding anti-EGFR, anti-p2l'@'@'(Oncogene Sci
ence, Uniondale, NY), and antiphosphotyrosine (Santa Cruz Biotechnology,
Santa Cruz, CA) monoclonal antibodies. The results were visualized using
an enhanced chemiluminescence detection kit (Amersham Life Sciences,
Buckinghamshire, United Kingdom).

RESULTS

TheDifferentialInductionof PKAby an AgonisticAnalogueof
cAMP in 140 FibrosarcomaClonedVariantsIs Influencedby
Serum. As a first step in our experiments, we wanted to test the
possible existence of differences between the IE7 and IC9 T-lO

cloned variants in their basic PKA phosphotransferase activity and its
response to an agonistic analogue of cAMP, i.e., bt2cAMP, as de
scribed in â€œMaterialsand Methods.â€• As mentioned previously, we
assessed the PKA phosphotransferase activity using Kemptide as a
specific PKA substrate. From the data depicted in Fig. 1A, one can
clearly see the existence of a differential response of PKA to
bt2cAMP when the cells were cultivated in the presence of 10% FCS.

bt2cAMP was found to induce a severalfold increase in PKA activity

in the IE7 cloned variant but not in the IC9 cloned variant (compare
columns 1 and 2 to columns 3 and 4), as assessed by Kemptide
phosphorylation. We excluded the possibility that the observed dif
ferences in PKA activation by bt2cAMP do not reflect different
kinetics of activation by performing a time-course analysis (Fig. 1B).

It is important to note that in the presence of serum, the basic level
of PKA phosphotransferase activity was about twofold higher in the
nonmetastatic IC9 cloned variant than the one found in the metastatic

1E7 variant. bt2cAMP was found to up-regulate PKA phosphotrans
ferase activity in both IE7 and IC9 upon serum starvation (compare
Lanes 5 and 6 to Lanes 7 and 8). No significant difference in the basic
level of PKA activity was observed in starved cells. These data
indicate that serum-derived factors may differentially regulate PKA
activity in 1E7 and 1C9 cells.

EGF but not FGF Triggers PKA Activity in MetastaticIE7
Cells. Havingobservedthe influenceof serumfactors,our results
raised the possibility that growth factors, which ligated RPTKs, could
be responsible for the regulation of PKA activity. To test this assump
tion, we decided to examine the influence of EGF on PKA activity in
both IE7 and 1C9 cloned variants. Our data have demonstrated that
exposure to EGF leads to a severalfold increase in PKA activity in the

1E7 clone, whereas in 1C9 cells, an insignificant increase in PKA
activity was observed (Fig. 2). Interestingly, the application of an
immunoglobulin superfamily-related RPTK ligating growth factor,
i.e., FGF, to the cultures failed to cause a significant enhancement of
PKA activity in either of clones (Fig. 2).

EGF-induced Enhancement of PKA Activity Is Inhibited by a
Tyrphostine Inhibitor of EGFR. To test whether the observed in

duction of PKA by EGF involves the EGFR protein tyrosine kinase
associated activity, we decided to use a known and potent inhibitor of
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Fig. I. The differential induction of PICk by an
agonistic analogue of cAMP in T-10 fibrosarcoma
cloned variants is influenced by serum. A, tEl and
IC9 cells were grown in the presence of 10% FCS
or serum-starved for 24 h. After exposure to 100
pM bt2cAMP for 15 mm, cellular lysates were

prepared, and PKA phosphotransferase activity
was assayed as described in â€˜@Materialsand Meth
ods.â€•The data represents the mean of three mdc
pendent experiments Â±SE. Columns (from left to
right): 1â€”4.cultivation in the presence of 10%
senim; 5â€”8,serum starvation for 24%. Columns I
and 5, 1E7 control; columns 2 and 6,
1E7 + bt2cAMP; columns 3 and 7, 1C9 control;
columns 4 and 8 lC9 + bt2cAMP. B, time-course
analysis of PKA activity in serum-fed 1E7 and IC9
cells after treatment with 100 @tMbt2cAMP.

@. @u@s,*ks

mediated induction of PKA (compare columns 1 and 2 to columns 3
and 4), whereas the inhibition of cAMP degradation by the phosphodi
estherase inhibitor IBMX significantly potentiated the EGF-mediated
increase in PKA activity (compare columns 1 and 2 to columns 5 and

6). These results strongly suggest that EGFR ligation induces signals
through the activation of adenylate cyclase in 1E7 but seemingly not

through the inhibition of phosphodiestherase, as was previously re

ported in A-431 cells (20), because the treatment of the cells with

IBMX without EGF had no effect on PKA activity (compare column
1 to column 5). Preincubation of IC9 cells with a phosphodiestherase
inhibitor before stimulation by EGF did not result in an increase in
PKA activity (compare columns 7 and 8 to columns 9 and 10).

the EGFR protein tyrosine kinase, i.e., the tyrphostine AG18 (18). The
inhibition of the EGFR protein tyrosine kinase imposed by incubating
the cells in the presence of AG18 abrogated the EGF-triggered acti
vation of PKA (Fig 3).

EGF Stimulates PKA via Adenylate Cyclase.The aforemen
tioned results raised the possibility that EGF triggers PKA activity by

activating the cAMP-generating system. Therefore, to test whether the
ligation of EGFR by EGF indeed generates signals that activate PKA . !@ @.TheEGF-inducedenhancementof PKAactivityis inhibitedby a tyrphostine

. . . inhibitor of EGFR. 1E7 cells were serum-starved for 24 h and, after incubation with 30 ,.@M

through adenylate cyclase, we preincubated the IE7 cells with either tyrphostine AGI8 for 1 h, were exposed to 100 ng/ml EGF for 15 mm. Cell lysates were
a potent adenylate cyclase inhibitor, DDA, or a phosphodiestherase prep@@,and PKAphosphotransferaseactivitywasassayedas describedin â€œMaterials

inhibitor, IBMX, before EGF stimulation. As depicted in Fig. 4, the @u@m left toriglu):l,!E7control;@ 1E7+EGF;3,1E7Â±AG18; and 4,
inhibition of adenylate cyclase significantly abrogated the EGF- 1C9+ EGF+ AG18.
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EGFR Expressionin 1E7 and IC9 Cloned Variants.The ob
served differences in the regulation of PKA activity by EGFR in IE7
and 1C9 cells can be the result of either an impaired interpathway
cross-talk or a differential membrane expression of EGFR. To distin
guish between these possibilities, we tested the expression of EGFR

protein in both T-l0 cloned variants. Indeed, our data, depicted in Fig.

5A, show that 1E7 cells are characterized by a relatively higher
membrane expression of EGFR than IC9. When testing for tyrosine
phosphorylation in response to EGF, it is clearly seen that both clones
were responsive to EGF. However, the pattern of phosphorylation was
different in 1E7 and 1C9 cells (Fig. 5B); namely, a more rapid and
possibly more intense tyrosine phosphorylation was observed in the
1C9 clone.

p21@ Is Involvedin PKA Regulation.p2l@ moleculesplaya
pivotal role in PTKR signal transduction. Therefore, it was of partic
ular interest to investigate whether p2lras may indeed be involved in
the activation of PKA activity by EGF ligation, and whether the
observed differences may be the result of differences in p21 Ki-ras
expression known to exist between 1E7 and 1C9 cells. As reported
previously for Ki-ras, significantly higher levels of Ki-ras mRNA
were found in the IC9 clone as compared to the IE7 clone (21). For
that purpose, we tested the p21Ki-rasin membrane fractions of both
clones. As depicted in Fig. 6A, p21@as was found to be exclusively
expressed in large amounts on membrane in IC9 cells, a result that
strongly confirms our previous observations. To confirm the possibil

ity that members of the p2lras family may be involved in cAMP/PKA

modulation, we have used NIH3T3 490 cells that were transfected
with pSV2neo carrying the@ oncogene
(NIH3T3ras). Indeed, the expression of v-ras in these cells, which
possess a transformed phenotype and are highly malignant in immune
intact mice, was found to have a significant influence on the response
of PKA to bt2cAMP (Fig. 6B). When cultivated in the presence of
10% FCS, PKA induction of lesser extent by bt2cAMP was observed
in NIH3T3ras cells as compared to NIH3T3 cells transfected with
pSV2neo control plasmid (NIH3T3neo). Serum deprivation resulted
in some decrease in the PKA response to bt2cAMP in NIH3T3neo
cells, whereas the entire picture did not change significantly.

DISCUSSION

It is logical to assume that signals that regulate major events in the
life of cells, namely differentiation, locomotion, proliferation, and
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Fig. 5. EGFR expression in IE7 and 1C9 cloned variants. A. 1E7 and IC9 cells were
serum-starved for 24 h and lysed, and EGFR was immunoprecipitated with anti-EGFR
monoclonal antibody. Immunocomplexes were subjected to Western blotting analysis
with anti-EGFR monoclonal antibody. B, 1E7 and IC9 cells were serum-starved for 24 h
and exposed to 100 ng/ml EGF for 5, 15, and 30 mm. Cell lysates were prepared and
subjected to Western blotting analysis with antiphosphotyrosine monoclonal antibody.
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Fig. 4. EGF stimulates PKA via adenylate cyclase. 1E7 and lC9 cells were serum
starved for 24 h and, after incubation with either 10 @ssiDDA or 100 @siIBMX for 1 h,
were exposed to 100 ng/ml EGF for 15 mm (DDA-mediated effect on 1C9cells was not
tested). Cell lysates were prepared, and PKA phosphotransferase activity was assayed as
desenbed in â€œMaterialsand Methods.â€•The data represent the mean of three independent
experiments Â±SE. Columns (from left to right): 1, 1E7 control; 2, 1E7 + EGF; 3,
tEl + DDA; 4, 1E7 + EGF + DDA; 5. tEl + IBMX; 6, 1E7 + EGF + IBMX; 7, 1C9
control; 8, IC9 + EGF; 9, 1C9 + IBMX; and 10, 1C9 + EGF + IBMX.
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apoptosis, must be the result of an integration between signal-gener
ating systems elicited in different and divergent pathways by a variety
of ligands.

Of particular interest is the interrelationship and mechanisms of
cross-talk between two major signaling systems, i.e., the RVFK/ras/
raffMAP kinases and the seven repeat receptors/heterotrimeric 0-

protein/cAMP-dependent system. It is anticipated that a bidirectional

interaction should exist between these two important systems, which
determine the proliferation and/or differentiation of different cells. In
our present investigation, an attempt was made to test whether the
ligation of the tyrosine kinase receptor exerts regulatory signals in the
cAMPIPKA signal-generating system, and whether these relationships

may diverge in cancer cells at different stages of malignancy that
differ in the metastatic capacity.

We have found that the highly metastatic 1E7 cloned variant and the
nonmetastatic IC9 variant differ in their ability to respond to agonistic
analogues of PKA, i.e., bt2cAMP. This response may be influenced
by the exposure to serum-derived factors, because, upon starvation,
both cloned variants responded to bt2cAMP in a similar manner (Fig.
1). The influence of serum-derived factors is further substantiated by
the fact that the addition of EGF to the culture medium resulted in a
significant increase in the PKA activity in IE7 but not in the IC9
cloned variant (Fig. 2). Another growth factor essential for the growth
and differentiation of mesenchymal elements, FOF, failed to up
regulate PKA in both variants (Fig. 2), despite the fact that both clones
possess an FGF receptor that can be phosphorylated when ligated by
FGF.4 This finding raises the intriguing possibility that the immuno
globulin superfamily RPTKs may regulate the differentiation and
proliferation of fibroblastoid cells by a cascade that may use different

intermediates than an EGF-induced cascade. The observed increase in
PKA activity in IE7 cells as the result of EGFR stimulation seems to

4 L. Galitzki, unpublished results.
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A.

p@Z1r@@

be mediated by the activation of adenylate cyclase, because the
inhibition of this enzyme by DDA significantly diminished the EGF
mediated induction of PKA. Conversely, the application of the inhib
itor of PDE, IBMX, was shown to potentiate the EGF-mediated
induction of PKA (Fig. 4). These results strongly suggest that EGFR
stimulation by EGF induces PKA in IE7 cells by elevating the
cytosolic pool of cAMP and not simply through the inhibition of
phosphodiestherase, as was previously reported in A-431 cells (20).
Our results are supported by and clarify previously reported findings
that have shown that EGF causes the accumulation of cAMP in heart
muscle cells via a process involving G@aand the EGFR (22, 23), and
an EGFR-dependent increase of cytoplasmatic cAMP was shown to
be mimicked by a peptide corresponding to the juxtamembrane region
in the cytosolic domain of the rat EGFR (24). This finding may

suggest a direct specific interaction between activated EGFR and
membrane-associated adenylate cyclase. The activation of PKA by
EGF seems to be dependent in 1E7 on the tyrosine kinase activity of
the catalytic part of the EGFR, because inhibition of tyrosine kinase
activity of the receptor by a tyrphostine compound, AG18, abolished
the EGF-induced activation of PKA in 1E7 cells (Fig. 3). This finding
is compatible with previous observations, which have shown that the

EGFR protein tyrosine kinase phosphorylates G5a and activates this
protein, which again supports the existence of a positive direct inter

action of this receptor with the adenyl cyclase-dependent signaling
system (25). At present, we did not address the question of whether
stimulated EGFR actually does phosphorylate G.cr in 1E7 cells. Re
cently, another mode of RPTK-mediated positive regulation of a
cAMP-generating system was proposed. Thus, the platelet-derived
growth factor, which is a well-known member of the immunoglobulin
superfamily, stimulated PKA through a MAP kinase-dependent path

way in human arterial smooth muscle cells (26). The fact that platelet
derived growth factor stimulates PKA in arterial smooth muscle cells
but not in transformed malignant fibroblastoid cells may suggest that
RPTK-induced activation of PKA activity may be dependent on the
cell type and on its stage of differentiation. No increment in PKA
activity was observed after exposure to bt2cAMP of IC9 cells when
cultivated in 10% serum and to EGF when serum-starved. This failure
could be a consequence of several factors: (a) we have found that 1E7

Fig. 6. p21ras is involved in PKA regulation. A,
1E7and IC9 cells were grown in the presence of 10%
FCS and lysed. and membrane fractions were sub
jected to Western blotting analysis with anti-p21K,.
â€˜a.monoclonal antibody. B, NIH3T3ras and
NIH3T3neo cells were grown in the presence of 10%
FCS or starved in 0.1% FCS. After exposure to 100
@LMbt2cAMP for 15 mm, cellular lysates were pre

pared, and PKA phosphotransferase activity was as
sayed as described in â€œMaterialsand Methods.â€•The
data represent the mean of three independent exper
iments Â±SE. Columns (from left to right): 1â€”4,
cultivation in the presence of 10% FCS; and 5â€”8.
cultivation in the presence of 0. 1% FCS. Columns I
and 5, NlH3T3neo control; columns 2 and 6,
NIH3T3neo + bt2cAMP, columns 3 and 7,
NIH3T3ras control; and columns 4 and 8.
NIH3T3ras + bt2cAMP.
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5 Unpublished results.
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and 1C9 cloned variants differ significantly in the membrane concen
tration of the EGFR (higher in 1E7 and lower in IC9), although EGFR
was found to be functional in both clones, as demonstrated by EGF
dependent PTK activity (Fig. 5, A and B); and (b) we would like to
suggest the possible involvement of an activated p2l@ major com
ponent of EGF-mediated signaling in this unresponsiveness, as men
tioned above. IC9 cells are characterized by a high level of membrane
expression of p2lK@@ that was found to be mutated and constitutively
activated.5 This assumption is supported by previous findings that
have shown that v-Ki-ras up-regulates cAMP levels in a tissue
specific manner in steroidogenic cells of adult rats (27). To test the
possibility that p2lras may serve as a modulator of PKA activity, we
have transfected NIH3T3 cells with a p21-v-Ha-ras-encoding plasmid
construct. Indeed, bt2cAMP was found to elicit a less potent PKA
response in NIH3T3ras cells than in NIH3T3neo control cells. The
basic PKA activity in NIH3T3ras cells was relatively higher than that
in NIH3T3neo control cells (Fig. 6A). The observed phenomena were
partially consistent with data obtained in IC9 cells, but no senini
dependence was observed in NIH3T3ras cells (compare Fig. 6B to
Fig. 1). In light ofthis, we suggest that p21'@is essential but is not the
sole key molecule responsible for PKA modulation. p2l@ may affect
c-AMP via subunits of heterotrimeric 0-proteins (28). Recently,
p2lv@I@@i@ was found to dedifferentiate thyroid cells by altering the

localization and expression of PKA (18). This observation, taken

together with our findings, supports the existence of a different and
novel pathway by which a mutated oncogene p2lras may impair
differentiation at early steps of tumor progression. Based on our
unpublished results, we think that signaling molecules working down
stream from p2l@ (e.g., Raf-l) are unlikely candidates for its effects
on the cAMP/PKA system.

Our results are a first-time demonstration that R.PTKligand, namely
EGF, stimulates PKA activity through a pathway affecting cAMP
generating machinery. Signals elicited by various ligands are trans
miued to the nucleus by cooperation between RPTK and cAMP
signaling systems that are finally integrated at the level of transcrip
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tion factors. We suggest that the signaling cross-talk between these
major signaling pathways may influence the exact composition and
controlled function of a multiprotein transcription complex, thus af
feeling the expression of distinct subsets of target genes responsible
for long-term changes and the determination of the malignant pheno

type.
Recently, PKA was found to be involved in the modulation of

interactions between the tumor and the extracellular matrix and to
regulate tumor locomotion from the primary tumor site (29). In view
of these observations and the known involvement of PKA in nuclear
localization and activity of several transcription factors, one may
attribute special significance to our findings. Thus, the fact that
principal differences in cAMP-directed signaling were found between
metastatic and nonmetastatic variants originating in the same tumor is

of vital importance and must be considered in future strategies of
cancer therapy.
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