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Somatic cell homologs to the Xenopus laevis S6 protein kinases (referred to collectively as pp9osk) have
recently been identified and partially characterized. Here we examine alterations in pp9osk phosphorylation
and S6 phosphotransferase activity in response to regulators of multiple signal transduction systems: purified
growth factors, phorbol ester, changes in cyclic AMP (cAMP) levels, and sodium vanadate. All reagents tested
increased pp9(Wk serine and threonine phosphorylation, but only those agents that regulate cell proliferation
and sodium vanadate activated its S6 kinase activity. In addition to the cAMP-stimulated phosphorylation of
pp9(yk, a simple correlation between the extent of growth-regulated pp90ik phosphorylation and S6
phosphotransferase activity was not observed. Quantitative phosphorylation of pp991sk continued to increase
after its S6 kinase activity began its return towards basal levels. However, a close correlation between the
appearance and disappearance of a slow-mobility form of phosphorylated pp90isk (by electrophoresis) and
pp9orS activity was observed. In addition, pp9(yk was regulated by both protein kinase C-independent and
-dependent signaling mechanisms. The extent of protein kinase C participation, however, varied depending on
which growth factor receptor was activated. Furthermore, growth factor-specific differences in the temporal
regulation of pp90Vsk S6 phosphotransferase activity were also observed. These results support the notion that
the complex regulation of the rsk gene product constitutes one of the primary responses of animal cells to
mitogenic signals.

How protein-tyrosine kinases and other growth-regulating
agents modulate cell proliferation remains largely a mystery.
In addition to altered tyrosine phosphorylation, consistent
changes in protein-serine/threonine phosphorylation are ob-
served when quiescent cells are induced to enter the cell
cycle with growth factors or tumor promoters or following
expression of active oncogene products. One of the most
consistently observed changes associated with the GJG1
transition is the increased phosphorylation of the 40S ribo-
somal protein S6 at multiple serine residues. Preceding this
measured increase in S6 phosphorylation is the stimulation
of protein-serine kinase activity capable of phosphorylating
S6 in vitro (for a review, see reference 18). Mitogen-
stimulated S6 kinases have been purified from chicken
embryo fibroblasts (CEF) and Swiss 3T3 cells and exhibit
similar biochemical properties, including an estimated mo-
lecular size of 65 to 70 kDa (referred to here as pp70-S6K) (5,
16). Similar enzymes have also been purified from develop-
ing chicken embryos and bovine, rat, and rabbit liver (5, 13,
19, 21, 32).
S6 phosphorylation at multiple serine residues is also

stimulated during the progesterone- or insulin-induced mei-
otic maturation of Xenopus laevis oocytes to mature eggs
(10, 15, 22, 27). Activated Xenopus S6 protein kinases have
been identified that are immunologically related and possess
apparent molecular sizes of 90 to 92 kDa (11). One of these
has been cloned and sequenced (17). The cDNAs for chicken
and murine homologs have also been identified (1). These
genes have been given the acronym rsk for ribosomal S6
kinase, and the protein products are referred to as ppgosk.

* Corresponding author.

One of the distinguishing features of the predicted protein
sequence is the existence of structural information for two
distinct and separate protein kinase domains (1, 17). In
addition, greater than 80% homology at the protein level has
been predicted between the X. laevis, chicken, and murine
rsk gene products, suggesting a strong evolutionary pressure
to maintain this unique structure (1). It remains to be
determined whether one or both kinase domains are active
and if one or both possess S6 phosphotransferase activity.
Although several laboratories have purified biochemically

similar, growth-regulated S6 protein kinases from several
somatic cell sources, none had identified pp9orsk as an S6
protein kinase, nor has pp7O-S6K been identified as an S6
kinase activated during the maturation of Xenopus oocytes.
Recently, by using antisera prepared against recombinant
chicken and Xenopus rsk gene products, somatic cell ho-
mologs to Xenopus S6 protein kinases have been identified in
CEF, Swiss 3T3 fibroblasts, and HeLa cells (8, 31). In
quiescent cultured cells, serum stimulates a rapid increase in
serine and threonine phosphorylation at multiple sites and a
concomitant increase in S6 phosphotransferase activity of
pp90rsk. Furthermore, these antisera do not immunoprecip-
itate pp70-S6 kinase purified from chicken embryos or se-
rum-stimulated CEF (8). One possible explanation of why
pp90rsk has not been identified previously as a mitogen-
stimulated S6 kinase in cultured cells is that serum-stimu-
lated pp9Orsk activity is already waning by the time cell
lysates are prepared, as described for purification proce-
dures reported previously (5, 8, 16). In addition, we have
found that in serum-stimulated (5 min) NIH 3T3 cells over-
expressing ppgrsk, greater than 70% of the total S6 phos-
photransferase activity in cytoplasmic extracts eluting from
DEAE resins is due to ppgorsk. However, measurement of
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S6 phosphotransferase activity by the direct cell lysate assay
does not reflect this difference between control NIH 3T3
cells and cells overexpressing ppgorsk (8). The biochemical
nature of this apparent inhibition or masking of pp9orsk
activity in cell lysates remains to be determined.

In this report we show that different mitogenic signals
originating from a variety of diverse signal transducers
converge rapidly, leading to the serine/threonine phosphor-
ylation of pp9orsk and activation of its S6 phosphotransferase
activity in Swiss 3T3 fibroblasts. The pp7O-S6 protein kinase
is also activated by these agents but with slower kinetics. All
reagents tested generated an oscillatory regulation of pp9orsk
and pp7O-S6 phosphotransferase activities. In addition, we
observed the contribution of protein kinase C-dependent and
-independent signals in the GJG1 regulation of pp9orsk to be
mitogen dependent. In contrast, regulation of pp7O-S6K
activity by all growth factors was in general less dependent
upon protein kinase C-mediated signal transduction. The
role of protein phosphorylation in the regulation of ppgorsk
activity is supported by the observed inactivation of the
mitogen-stimulated enzyme with protein phosphatase. How-
ever, a simple correlation between the amount of pp9orsk
phosphorylation and S6 phosphotransferase activity was not
observed, whereas a correlation between the appearance of
a slower-mobility form of ppgorsk on sodium dodecyl sulfate
(SDS)-polyacrylamide gels and activity was observed. This
unique pattern of growth-regulated phosphorylation may be
particularly significant in view of the unusual structure (two
distinct kinase domains) of ppgorsk. These data are consis-
tent with the regulation of ppgorsk by a complex series of
converging phosphorylation and dephosphorylation events.

MATERIALS AND METHODS

Cell culture and mitogen stimulation. Swiss 3T3 cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% heat-inactivated fetal calf serum
(GIBCO); cells for experiments were grown in DMEM plus
5% calf serum. Confluent cells were further cultured in
DMEM containing 0.5% calf serum and 20 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, pH
7.35) for 24 to 48 h prior to mitogen addition. The following
mitogens were used in these experiments: epidermal growth
factor (EGF; 25 ng/ml; IMCERA Products), recombinant
human basic fibroblast growth factor (FGF; 10 ng/ml; kindly
provided by Bradley B. Olwin, University of Wisconsin,
Madison), recombinant human platelet derived-growth fac-
tor-, (PDGF; S ng/ml; Amgen), phorbol myristate acetate
(PMA; 100 ng/ml; Sigma), sodium orthovanadate (500 uM;
Fisher), the cyclic AMP (cAMP) analog N6-2'-O-dibutyryl-
adenosine 3',5'-cyclic monophosphate (dibutyryl-cAMP; 0.5
mM in dimethyl sulfoxide [DMSO]; Sigma), and 3-isobutyl-
1-methylxanthine (IBMX; 0.5 mM in DMSO; Sigma). Mito-
gens were added for the times indicated in the figure legends
prior to preparation of cell lysates.

Assays for S6 protein kinase activity. Cell-free lysates from
quiescent cells or cells incubated with various mitogens for
the times indicated in the figure legends were prepared and
assays for pp7O-S6K were completed as described previ-
ously (3). Assays for pp9Orsk were completed with the
immune complex as described before (12).

Biosynthetic cell labeling, immunoprecipitation, and West-
ern immunoblot analysis. Serum-depleted confluent cells
were further cultured in 4 ml of serum- and phosphate-free
medium per 100-mm culture dish for 1 h, followed by
labeling for 2 h with 2 mCi of carrier-free 32p; (ICN) per dish.
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FIG. 1. Activation of pp9orsk activity by various mitogens. Cell
lysates were prepared from quiescent Swiss 3T3 cells or cells
incubated with various mitogens for 5 min and assayed for pp9orsk
activity by the immune complex protein kinase assay. Panel 1,
Quiescent cells; panel 2, fetal calf serum (10%, 10.2-fold activation);
panel 3, EGF (25 ng/ml, 11.6-fold); panel 4, recombinant human
basic FGF (10 ng/ml, 7.2-fold); panel 5, recombinant human PDGF
(5 ng/ml, 12.6-fold); panel 6, PMA (100 ng/ml, 11.3-fold); panel 7,
sodium orthovanadate (500 ,uM, 7.0-fold); panel 8, dibutyryl-cAMP
(0.5 mM, 1.7-fold). Lanes: a, immunoprecipitations with preimmune
serum; b, immunoprecipitations with antiserum raised against
recombinant chicken pp9orsk; c, immunoprecipitations with antise-
rum preincubated with 2 ,ug of recombinant chicken pp9orsk. The
position of S6 is indicated.

For the experiment shown in Fig. 4, mitogens were added for
the last 5 min of this period. For the experiment shown in
Fig. SB, the labeling time for all time points was 2 h, with
serum or sodium vanadate added for the indicated times.
Cells were then washed with STE (150 mM NaCl, 50 mM
Tris-Cl, 1 mM EDTA, pH 7.2), scraped into 0.5 ml of lysis
buffer, Dounce homogenized, and clarified by centrifugation
for 5 min at 10,000 x g. Supernatants were then adjusted to
1% SDS, denatured by heating to 85 to 90°C for 5 min, and
diluted with 10 volumes of RIPA buffer (10 mM Tris-Cl [pH
7.2], 150 mM NaCl, 1% deoxycholate, 1% Triton X-100,
0.1% SDS, 1 mM sodium orthovanadate, 40 ,ug of phenyl-
methylsulfonyl fluoride per ml). One-fourth of the cell ly-
sates from a confluent 100-mm culture dish was used for
immunoprecipitation analysis, and the rest was used for
phosphoamino acid analysis of immunoprecipitated pp9orsk.
The lysates were incubated with antiserum overnight at 4°C
and then incubated with Staphylococcus aureus for another
20 min. The immunocomplexes were then washed twice with
RIPA, twice with high-salt buffer, and once with STE (8).
The immunoprecipitated proteins were then solubilized by
heating at 90°C for 3 min in SDS-polyacrylamide gel electro-
phoresis (PAGE) sample buffer, resolved by SDS-7.5%
polyacrylamide gel electrophoresis, and visualized by auto-
radiography.
For Western blot analysis, immunoprecipitated rsk poly-

peptides were transferred to nitrocellulose (Schleicher &
Schuell; 0.45 ,um pore size), incubated with recombinant rsk
polyclonal antibody (1:250 dilution), and detected with 1251
labeled protein A (ICN).

RESULTS
Growth factor-stimulated activation of pp9OySk and pp7O-S6

kinase activities. We have recently shown that antibodies
prepared against recombinant chicken rsk S6 protein kinase
specifically immunoprecipitate pp9Orsk from Swiss 3T3 cells
and that S6 phosphotransferase activity can be monitored
through the use of an immunocomplex ppgorsk assay (8).
Using this assay and a direct cell-free lysate S6 phospho-
transferase assay (3), we analyzed the effect of a variety of
mitogenic agents on the activation state of both ppgorsk and
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FIG. 2. Activation and inactivation of pp9Orsk and pp70-S6K activities during the GWG1 cell cycle transition. Cell lysates were prepared
from quiescent Swiss 3T3 cells incubated with various mitogens (EGF, FGF, PDGF, and PMA) for 5, 10, 15, 20, 30, 45, 60, 75, 90, 120, and
240 min and assayed for pp9orsk (A) and pp7O-S6K (0) activities. Maximal activity during this time course is designated as 100%. These values
represent the average of two experiments for each mitogen.

pp7O-S6 kinase (Fig. 1 and 2). Both enzyme activities were
stimulated severalfold within 5 min after addition of serum
(10% [vol/vol]), EGF (25 ng/ml), FGF (10 ng/ml), PDGF (5
ng/ml), PMA (100 ng/ml), and sodium orthovanadate
(Na3VO4, 500 ,uM). Only a relatively small effect on ppgorsk
S6 phosphotransferase activity was seen after intracellular
concentrations of cAMP were raised by incubation with 0.5
mM dibutyryl-cAMP and 0.5 mM IBMX; similar results
were seen with 0.5 mM 8-bromo-cAMP and 20 ,uM forskolin.
Immunoprecipitation of pp9orsk activity was blocked by
preincubation of immune sera with recombinant chicken rsk
gene product (Fig. 1, lanes c), and immunoprecipitable S6
phosphotransferase activity was not detected with preim-
mune serum (Fig. 1, lanes a).
Maximal stimulation of pp90sk immunocomplex activity

was observed by 5 to 10 min, and this was followed by a
return to basal levels by 2 to 4 h (Fig. 2). Maximal stimula-
tion of pp7O-S6K activity lagged just behind that of ppgorsk.
Furthermore, pp7O-S6 protein kinase remained partially ac-
tivated after the observed decline in pp9orsk activity. Inter-
estingly, we have consistently observed, with every reagent
tested, a reproducible, mitogen-stimulated oscillation of
both S6 protein kinase activities. In general, the initial
stimulated pulse of pp9Orsk activity was the greatest (5 to 10
min), followed by two or three rapidly diminishing additional
pulses.

pp90ysk and pp7O-S6 kinase are differentially regulated by
protein kinase C-dependent and -independent signalling path-

ways. Our results clearly indicate that activation of protein
kinase C leads to the stimulation of pp9orsk activity. To
determine whether protein kinase C is required for activation
of pp9orSk by growth factors or sodium vanadate, immuno-
complex pp9orsk activity was measured in cells depleted of
protein kinase C as a result of prolonged treatment with
phorbol ester. In these experiments we also wanted to
determine whether protein kinase C was required at different
stages of the observed oscillating activation process. Recent
studies have suggested that regulation of pp7O-S6 protein
kinase activity in Swiss 3T3 fibroblasts can be divided into
two distinct phases; the early phase does not require protein
kinase C, whereas the later phase is completely dependent
on it (29).
Based on our detailed kinetic analysis of the regulation of

both pp%0rsk and pp7O-S6 protein kinase activities following
growth factor addition, we analyzed the regulation of both
enzymes at several distinct points of the activation curve in
normal Swiss 3T3 cells and PMA-treated cells. In contrast to
the recent study mentioned above (29), we have been unable
to consistently demonstrate a significant dependence on
protein kinase C for pp7O-S6K activation at the later portion
of the activation curve for all factors tested (Fig. 3), support-
ing earlier findings (4, 24). However, regulation of pp9orsk
activity by PDGF or sodium vanadate did appear to be
significantly attenuated at later points of the GJG1 activation
process, whereas stimulation of pp9Orsk activity by EGF and
FGF was not significantly and reproducibly altered by
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FIG. 3. Regulation of pp9orsk and pp7O-S6K activities by protein
kinase C-dependent and -independent pathways. Quiescent Swiss
3T3 cells were untreated (-) or incubated with PMA (100 ng/ml) (+)
for 20 h prior to the addition of various mitogens for the indicated
times (minutes). The pp7O-S6K and ppgorsk activities were then
measured. VN, Sodium orthovanadate.

protein kinase C downregulation. At present it is difficult to
interpret the partial stimulation or attenuation of kinase
activity in protein kinase C-downregulated cells after growth
factor or vanadate addition; however, it is clear that the
agents tested can modulate pp7O-S6 kinase and ppgorsk
kinase activities throughout the activation process by both
protein kinase C-independent and -dependent mechanisms.

Phosphorylation of pp90Ok in Swiss 3T3 cells. The mitogens
examined above were further analyzed for their ability to
stimulate the phosphorylation of pp9Orsk (Fig. 4). Quiescent,
32P-labeled confluent 3T3 monolayers were incubated with
each factor for 5 min prior to cell lysis and immunoprecipi-

90 kDa

WI3qMIW *_88 kDa

5 kDa
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FIG. 4. Phosphorylation of ppgorsk in response to various mito-

gens. Quiescent Swiss 3T3 cells were labeled with 32Pi and incubated
with various mitogens as described in the legend to Fig. 1 for 5 min.
pp9orsk was then immunoprecipitated from these cells and analyzed
by SDS-7.5% polyacrylamide gel electrophoresis. Lane 1, Quies-
cent cells; lane 2, serum (10%); lane 3, EGF (25 ng/ml); lane 4, FGF
(10 ng/ml); lane 5, PDGF (5 ng/ml); lane 6, PMA (100 ng/ml); lane 7,
sodium vanadate (500 ,M); lane 8, dibutyryl-cAMP and IBMX (0.5
mM each). The molecular masses of pp9Orsk are indicated.

tation. These results demonstrate a rapid increase in ppgorsk
phosphorylation, as indicated by both the altered mobility
(higher apparent molecular weight on SDS-polyacrylamide
gels, which is consistent with an increase in protein phos-
phorylation) and the overall increase in incorporation of 32P
into ppgorsk following growth factor addition. Phosphoamino
acid analysis revealed a large increase in serine phosphory-
lation, a smaller increase in threonine phosphorylation, and
no apparent changes in tyrosine phosphorylation. Like the
serum-stimulated enzyme (8), pp9orSk activated in quiescent
cells incubated with EGF, FGF, PDGF, PMA, or sodium
vanadate (Fig. 1) was inactivated following incubation with
potato acid phosphatase (not shown). Since pp9orsk is phos-
phorylated at multiple serine and threonine sites, as deter-
mined by two-dimensional phosphopeptide mapping (8, 11),
it remains to be determined whether dephosphorylation of
one or more sites is responsible for the inactivation of S6
phosphotransferase activity.
An increase in cellular levels of cAMP also stimulated the

phosphorylation of ppgorsk. However, the change in mobility
was not as great as seen with serum, EGF, FGF, PDGF,
PMA, or sodium vanadate. These results suggest that acti-
vation of cAMP-dependent protein kinase (PKA) results in
phosphorylation of ppgorsk but with an apparent lower
stoichiometry and/or at different sites. This phosphorylation
does not result in significant activation of ppgorsk S6 phos-
photransferase activity (Fig. 1, lane 8b), and this correlates
with the inability of cAMP alone to act as a mitogen in these
cells.

Differential phosphorylation and modulation of pp90,sk ac-
tivity. In Swiss 3T3 cells, ppgorsk is rapidly phosphorylated
at serine and threonine residues in response to serum (8), a
variety of growth factors, and sodium vanadate (Fig. 2).
Interestingly, quantitative phosphorylation of immunopre-
cipitated ppgorsk in response to serum growth factors (Fig.
5B) continued to increase after its S6 phosphotransferase
activity began to decline (Fig. 5A). This increase however,
occurred in the faster-migrating (on SDS-polyacrylamide
gels) species, whereas the slower-migrating phosphoprotein
(apparent greater molecular size) disappeared. Thus, the
appearance and disappearance of the slower-migrating spe-
cies correlate with the regulation of pp9orsk S6 kinase
activity. This correlation is also evident when examining
pp9orsk phosphorylation and S6 phosphotransferase activity
following addition of sodium vanadate to quiescent Swiss
3T3 cells. With sodium vanadate, pp9orsk S6 kinase activities
at 1 to 4 h after treatment were significantly enhanced (Fig.
5A) compared with the results obtained with growth factors
or PMA (Fig. 2). Indeed, sodium vanadate-stimulated
ppgorsk exhibited a reproducible activation (0 to 10 min),
inactivation (20 min), and reactivation of its S6 phospho-
transferase activity in Swiss 3T3 cells. The slower-migrating
rsk phosphoprotein also appeared (5 min), disappeared (20
min), and reappeared (1 to 4 h) in parallel with pp9Orsk S6
kinase activity. During this time, the phosphorylation of the
faster-migrating species (-88 kDa) continued to increase, as
seen following serum addition. The appearance and disap-
pearance of a slow-mobility form of ppgorsk as detected by
Western analysis (Fig. SC, indicated with arrow) further
support the observations with 32P-labeled ppgorsk (Fig. SB)
and regulation of S6 phosphotransferase activity (Fig. SA). A
correlation between S6 kinase activity and hyperphosphory-
lation has also recently been observed in insect cells coin-
fected with recombinant baculovirus expressing pp60v-src
and Xenopus pp9orsk (33).
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FIG. 5. Correlation between hyperphosphorylation and regula-
tion of pp9Orsk S6 phosphotransferase activity. Quiescent Swiss 3T3
cells were incubated with serum or sodium orthovanadate for 5 min
to 4 h. (A) Serum-stimulated pp70-S6K (O), serum-stimulated
pp90rsk (A), and vanadate-stimulated pp9orsk (A) activities were
measured as described in the text. Maximal activity during these
time courses is designated as 100o. (B) The autoradiogram repre-
sents biosynthetically 32P-labeled pp9orsk immunoprecipitated from
quiescent cells stimulated with serum or vanadate. Lane 1, serum, 2
h; lane 2, serum, 5 min; lane 3, quiescent control; lane 4, vanadate,
5 min; lane 5, vanadate, 20 min; lane 6, vanadate, 1 h; lane 7,
vanadate, 2 h; lane 8, vanadate, 4 h. (C) In a separate experiment,
quiescent 3T3 cells were incubated with serum for various times,
immune complexes were formed, and pp9"sk polypeptides were
analyzed by SDS-PAGE followed by transfer to nitrocellulose and
Western analysis. Lane 1, Quiescent cells; lanes 2 to 7, serum added
for 2, 5, 15, 30, 60, and 120 min, respectively. The arrow indicates
the appearance of the slow-mobility form of pp9orsk that correlates
with the activation of its S6 phosphotransferase activity.

DISCUSSION

In this study we have examined the regulation of somatic
cell pp0rSk by a variety of mitogenic agents. Addition of
FGF, EGF, PDGF, PMA, cAMP-elevating reagents, or
Na3VO4 to quiescent Swiss 3T3 cells results in increased
serine and threonine phosphorylation of ppgorsk. All but
increases in cAMP levels significantly stimulated pp9Orsk S6
phosphotransferase activity as detected in a specific im-
mune-complex protein kinase assay. Although pp9orsk acti-
vated by serum, purified growth factors, and phorbol ester is
inactivated by protein phosphatase (8; data not shown), a
simple increase in phosphorylation alone may not account
for the stimulation of pp9OrSk S6 kinase activity, as we
present evidence for distinct posttranslational pp9Qrsk phos-
phorylation events. It appears that phosphorylation of
ppgo9 k by a coordinately regulated rsk kinase (resulting in a
slower-migrating pp9orsk phosphoprotein) is required for
activation. In the accompanying article (8a), we present
evidence for the existence of a distinct, coordinately regu-
lated protein kinase that phosphorylates a recombinant rsk
gene product in vitro. Its relationship to other potential
ppgorsk cofactor-independent protein kinases is discussed.

In addition, our data provide evidence for the existence of
a second growth-regulated protein kinase that is responsible
for the continued phosphorylation of pp9orsk and perhaps its
inactivation. Alternatively, a site-specific, mitogen-regulated

protein phosphatase may be activated, and this may account
for the partial dephosphorylation and inactivation of pp9orsk
activity. Under these conditions, the inactivation of a single
putative rsk kinase activity might not be necessary for the
inactivation of pp9orsk, and it could continue phosphorylat-
ing pp9orsk at the sites not involved in regulating S6 phos-
photransferase activity. These and other possibilities are
currently being examined, as well as the possibility that this
second phosphorylation event could play a role in the
regulation of the second ATP-binding and catalytic domain
of pp90

Activation could also be mediated by second messenger-
regulated protein kinases such as the cAMP-dependent
protein kinases and members of the protein kinase C family.
Raising cAMP levels within cells results in increased pp9orsk
phosphorylation. However, the cAMP-mediated increase in
pp9orsk phosphorylation appears to occur to a lower stoichi-
ometry than mitogen-stimulated ppgorsk phosphorylation, as
judged by its faster migration on SDS gels (Fig. 4). Further-
more, an increase in cellular cAMP levels does not result in
significant activation of pp9Qrsk activity (Fig. 1). At present,
the physiological significance of the cAMP-mediated phos-
phorylation is unknown. It is also not known whether
ppgorSk is directly phosphorylated by cAMP-dependent pro-
tein kinase within the cell; however, PKA poorly phospho-
rylates recombinant rsk gene product in vitro (8a). It is worth
noting that activated PKA in Xenopus oocytes prevents
progesterone-induced maturation and S6 phosphorylation,
whereas the activation of PKA in the experiments described
here does not prevent the mitogen-stimulated activation of
pp%rsk (not shown). These results may indicate species
differences in the regulation of the rsk gene product or
differences in the regulation of ppgorsk during meiosis versus
mitosis.

Protein kinase C clearly participates in the activation of
pp9orsk after addition of PMA to quiescent cells (Fig. 1 to 3).
Regulation of ppgorsk activity by FGF and EGF can proceed
via protein kinase C-independent mechanisms. Our results
indicate that signal transduction by the PDGF receptor and
sodium vanadate, with regard to the activation of ppgorsk,
exhibits a greater dependence upon an active protein kinase
C (Fig. 3). Interestingly, growth factors, phorbol ester, and
sodium vanadate generate a reproducible series of recurring
bursts (cycling) of both ppgorSk and pp7O-S6K activities
during the GJG1 transition. The significance of the oscillat-
ing pp7O-S6K and ppgorsk activities is unclear at this time. A
similar observation has been described for the regulation of
c-src protein-tyrosine kinase activity following the addition
of EGF to cultured cells (20). The oscillatory behavior of
pp9orsk is also reminiscent of the oscillation of Ca2` fluxes in
fibroblasts in response to mitogenic signals (for reviews, see
references 2 and 26). Since Ca2+ ionophores can activate
pp7O-S6K (6, 23) and ppgo9Sk (unpublished) in cultured cells,
future studies will examine the ability of Ca2+- and calmod-
ulin-dependent protein kinases to reactivate dephosphory-
lated pp9orsk in vitro.

Biphasic stimulation of EGF-regulated pp7O-S6 kinase
activity as measured in cell-free lysates has also been
reported (29). The first peak is protein kinase C-independent,
whereas stimulation of the second peak of S6 kinase activity
is dependent upon protein kinase C and is required for
mitogenesis. Sweet et al. (30) have suggested that the first
peak is due to pp9orsk and the second to pp7O-S6K. As
shown in Fig. 2, we observed both protein kinases to exhibit
reproducible fluctuations in activity in response to PMA,
EGF, FGF, and PDGF. However, we have been unable to
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reproducibly demonstrate an absolute requirement for pro-
tein kinase C for the primary, secondary, or tertiary stimu-
lations of pp7O-S6K activity (Fig. 3). Thus, we are also
presently unable to unambiguously determine the require-
ment or the need for multiple stimulations of pp7O-S6 protein
kinase activity for mitogenesis, as suggested by Susa et al.
(29). Additionally, PMA rapidly activates protein kinase C
when added to cultured fibroblasts (14, 25), and we have
observed similar kinetics of PMA- and growth factor-stimu-
lated activation of both S6 kinases in Swiss 3T3 cells (Fig. 2),
in contrast to the much slower activation of S6 kinase
activity by phorbol ester described recently (29). It is possi-
ble that these conflicting observations are due to 3T3 clonal
cell line differences and/or differences in experimental cell
culture techniques. Protein kinase C downregulation does
result in partial attenuation of sodium vanadate- and PDGF-
activated stimulation of ppgorsk activity, whereas activation
of pp9orsk by EGF or FGF results in small changes in
activity. Further characterization of these observations is
necessary. However, it is clear that different growth factor
receptors rapidly generate independently and differentially
regulated signals that rapidly converge upon the activation of
pp9orsk. Future experiments will be aimed at purifying the S6
kinase-protein kinases and identifying additional down-
stream targets of the pp7O-S6 kinase- and pp9Orsk-mediated
signalling processes.
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