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Proteins of the ras family of oncogenes have been implicated in signal transduction pathways initiated by
protein kinase C (PKC) and by tyrosine kinase oncogenes and receptors, but the role that ras plays in these
diverse signalling systems is poorly defined. The activity of ras proteins has been shown to be controlled in part
by a cellular protein, GAP (GTPase-activating protein), that negatively regulates p21°"™* by enhancing its
intrinsic GTPase activity. Thus, overexpression of GAP provides a tool for determining the step(s) in signal
transduction dependent on p21°" activity. In this paper, we report that overexpression of GAP blocks the
phorbol ester (tetradecanoyl phorbol acetate [TPA])-induced activation of p42 mitogen-activated protein kinase
(p42™P*), c-fos expression, and DNA synthesis. GAP overexpression did not block responses to serum or
fluoroaluminate. Moreover, not all biochemical events elicited by TPA were affected by GAP overexpression,
as increased glucose uptake and phosphorylation of MARCKS, a major PKC substrate, occurred normally.
Reduction of GAP expression to near normal levels restored the ability of the cells to activate p42™* in
response to TPA. These findings suggest that ras and GAP together play a key role in a PKC-dependent signal

transduction pathway which leads to p42™* activation and cell proliferation.

The c-ras proto-oncogene encodes a 21,000-Da guanine
nucleotide-binding protein (5, 11, 43) which is thought to be
involved in the regulation of cell growth (5, 11, 46), differ-
entiation (4, 6, 11, 31, 54, 64), and carcinogenesis (13, 21, 49,
56, 68). When microinjected into quiescent fibroblasts, the
p217*° proteins have been shown to be potent mitogens (46),
and when microinjected into pheochromocytoma PC12 cells,
they have been shown to induce neurite outgrowth (31, 54).
Activating point mutations in the p21™* protein have been
found in a large number of human tumors (1, 5, 19, 60), thus
implicating this protein in the biochemical and cellular
events involved in the pathogenesis of these malignancies.
Despite these advances, the function of p21°7** in the
regulation of normal cell growth, mitogenic signal transduc-
tion, and cell differentiation is still unknown.

It has been well established that the p21°"* protein
undergoes a cyclic association with guanosine nucleotides
(5, 11, 40, 43). The conversion from the active GTP-bound
form to the inactive GDP-bound form is catalyzed by the
intrinsic GTPase activity of the ras protein itself. Studies on
the effect of activating point mutations of ras on ras func-
tion led to the discovery of a cytosolic protein that could en-
hance the GTPase activity of the p21°"** protein (62). This
GTPase-activating protein (GAP) had no GTPase activity of
its own (42, 62), but it could stimulate the GTPase activity of
the normal c-ras gene product by over 100-fold. Since GAP
increased the rate at which p21°"** was converted from the
active GTP-bound state to the inactive GDP-bound state, it
could be considered to be a negative regulator of c-ras.
Studies that explore the function and activity of the ras/GAP
complex should, therefore, lead to a better understanding of
the role of ras in cell metabolism.

A characteristic response of quiescent mammalian cells
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triggered by a variety of mitogens to enter the cell cycle is
phosphorylation of proteins on tyrosine (12, 23, 30, 63). One
of these proteins is GAP (16, 28, 37, 44). Activation of
tyrosine kinase receptors, such as the platelet-derived
growth factor receptor or the epidermal growth factor recep-
tor, with the appropriate ligands, or transformation of cells
with the tyrosine kinase oncogene product pp60¥~", re-
sulted in the phosphorylation of GAP on tyrosine (16, 28, 37,
44), suggesting that the ras/GAP complex is a component of
or is regulated by the tyrosine kinase signal transduction
cascade. Anti-ras antibodies, when microinjected into the
appropriate cells, could block v-src-induced transformation
of fibroblasts (56) and v-src-induced differentiation of PC12
cells (31). We and others have previously shown that over-
expression of GAP could also block transformation of fibro-
blasts by v-src (13, 49). Furthermore, the tyrosyl-phosphor-
ylated GAP, unlike the unmodified protein, is found to
preferentially associate with the cell membrane (28, 44), the
normal cellular location for ras, src, and tyrosine kinase
receptors. Taken together, this evidence strongly supports
the concept that the ras/GAP complex plays an integral role
in the tyrosine kinase signal transduction cascade.

Several laboratories have presented evidence showing a
link between ras/GAP and protein kinase C (PKC)-mediated
signalling pathways (14, 32, 45, 64). It was recently shown
that treatment of T cells with tetradecanoyl phorbol acetate
(TPA) increased the relative amount of active GTP-bound
ras in the cell membranes (14). It was demonstrated that this
increase was due to a PKC-mediated reduction in GAP
activity. Expression of oncogenic ras has also been shown to
block TPA-induced neuronal differentiation of PC12 cells
(32), and expression of a dominant negative ras mutant was
shown to block TPA-induced DNA synthesis in fibroblasts
(10). There appears, therefore, to be a strong connection
between the PKC and the ras/GAP signalling pathways.

One early signalling step common to both tyrosine kinases
and PKC is the activation of p42/mitogen-activated protein
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kinase (p42™ePk). p42™“P* is a serine/threonine protein ki-
nase that becomes activated following treatment of quies-
cent cells with a variety of mitogens, including insulin,
platelet-derived growth factor, epidermal growth factor,
fibroblast growth factor, thrombin, and phorbol esters (22,
34, 35, 51, 52). The enzyme is also activated following
treatment of nonmitogenic, differentiated cells with stimula-
tory agonists (17), suggesting that this enzyme plays a
fundamental role in several signal transduction pathways
(reviewed in references 11a and 59). p42™“P* becomes phos-
phorylated on both tyrosine and threonine during enzymatic
activation, and both phosphorylations are essential for max-
imal activity (3). p42™°P* is a member of a family which have
also been termed MAP kinases, ERKs, and MBP kinases
(reviewed in reference 11a).

Since the activity of p42™2* is regulated by activation of
both tyrosine kinases and PKC, and since the ras/GAP
complex has been shown to be involved in the transmission
of signals generated upon activation of tyrosine kinases and
PKC, we speculated that ras/GAP could be involved in
regulation of p42™ePk. Furthermore, since agonists that
activate p42™?P* and ras/GAP also induce cell proliferation,
we thought that a block or inhibition of the proposed
ras/GAP/p42™?P* pathway might result in a corresponding
block of DNA synthesis in response to the specific agonist.
To test this hypothesis, we used a cell line that overex-
presses GAP, the negative regulator of p21°7“*, and investi-
gated the ability of various agonists to phosphorylate
p42™°P* on tyrosine and to activate it.

In this paper, we report that overexpression of GAP
inhibits the tyrosyl phosphorylation of p42™“P* and its acti-
vation in response to TPA. Furthermore, overexpression of
GAP also blocks the mitogenic response of the cells to TPA
but not to serum. Phosphorylation and activation of p42™2P*
in response to TPA were restored when GAP levels were
reduced to nearly that observed in control cells. However,
the cells continued to be mitogenically refractory to TPA.
These results strongly suggest that ras/GAP participates in
the regulation of p42meP*,

MATERIALS AND METHODS

Materials. Sources of commercial products were as fol-
lows: myelin basic protein (MBP), TPA, deferoxamine me-
sylate, aluminum chloride, and sodium fluoride, Sigma
Chemical Co., St. Louis, Mo.; Tween 20, Bio-Rad, Rich-
mond, Calif.; bovine serum albumin (BSA) fraction V,
Boehringer Mannheim Biochemicals, Indianapolis, Ind.; fe-
tal bovine serum, HyClone Laboratories, Inc., Logan, Utah;
DES52 (DEAE cellulose), Whatman Biosystems Ltd., Maid-
stone, England; the phen%l-Superose column, Pharmacia-
LKB, Piscataway, N.J.; **I-labeled protein A, Amersham,
Arlington Heights, Ill.; and [32P2]H3P04 (9,000 Ci/mmol),
[y-**P]ATP (6,000 Ci/mmol), [a->’P]dCTP (3,000 Ci/mmol),
[’H]2-deoxyglucose, and [*H]thymidine, NEN-DuPont Re-
search Products, Wilmington, Del. Specific antiphosphoty-
rosine antibodies were generated in this laboratory as de-
scribed previously (26). Rabbit anti-GAP antiserum 637 (65),
generated against a peptide spanning residues 139 through
152 of the GAP protein, was the kind gift of J. B. Gibbs
(Merck Sharp & Dohme Research Laboratories, West Point,
Pa.), and rabbit anti-MARCKS protein antiserum 94 was the
kind gift of P. J. Blackshear (Duke University Medical
Center, Durham, N.C.).

Cell culture. 3T3GAP4 cells, which overexpressed bovine
GAP by about 100-fold (20), and control 3T3V8 cells were
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obtained from J. B. Gibbs. These cells were grown in
minimal essential medium alpha supplemented with 10%
dialyzed fetal calf serum (FCS; HyClone) and 1 pM sodium
methotrexate (Adria Laboratories). To downmodulate the
expression of GAP, 3T3GAP4 cells were cultured in Dulbec-
co’s modified Eagle medium supplemented with 10% de-
fined/supplemented bovine calf serum (HyClone) for 6 to 8
weeks before testing. This time was previously determined
as the period necessary for enough downmodulation of GAP
to allow transformation by v-src (49). Cells were rendered
quiescent by growing them to confluence.

Purification and analysis of p42™*, Prior to stimulation
with agonists, cells were cultured in the appropriate serum-
free medium for 1 h. The dishes were rinsed twice with
prewarmed KRB-N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid (HEPES) (51) (5 ml per rinse) and incubated
with 3 ml of KRB-HEPES containing 500 M deferoxamine
mesylate for 20 min at 37°C.

Agonists were added directly to the dishes, and the cells
were incubated at 37°C for a further 10 min; FCS was used at
a final concentration of 10%, TPA was used at 50 ng/ml, and
a freshly prepared stock solution of aluminum fluoride (10 .l
of 20 mM aluminum chloride plus 25.14 mg of sodium
fluoride in a total of 1 ml of KRB-HEPES) was used at 5
pl/ml. Agonist stimulation was stopped by rapidly chilling
the cells on ice and rinsing them twice with ice-cold phos-
phate-buffered saline.

The cells were lysed either by addition of hot 2x electro-
phoresis sample buffer for immediate electrophoresis or by
the method described by Ray and Sturgill (51). Cell lysates
obtained with the latter method were used to partially purify
p42maP* as described before (51, 52). The collected fractions,
except for 20 ul saved for enzyme assays, were precipitated
with deoxycholate-trichloroacetic acid (34, 35). The pre-
cipitates were dissolved in 1x hot (90°C) electrophoresis
sample buffer, resolved by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE), and Western
immunoblotted with antiphosphotyrosine antibodies (26) as
described before (35, 52).

Analysis of whole cell lysates. Lysates of cells treated in a
manner identical to that used for purification of p42™°P* were
made by using hot electrophoresis sample buffer. Lysates of
sister plates were made in CIPA (49) for protein determina-
tion (41). Equal amounts of total cell protein (75 pg) from
each lysate were resolved by SDS-PAGE and Western
blotted onto nitrocellulose filters (7). The filters were then
immunoblotted for detection of either GAP, using rabbit
antiserum 637 (65), or of tyrosyl phosphorylated proteins,
using affinity-purified rabbit antiphosphotyrosine antibodies
(26), as described before (49).

Cytoplasmic RNA analysis. Cells from several confluent
100-mm? tissue culture dishes were harvested, and the
cytoplasmic RNAs were extracted by the guanidinium iso-
thiocyanate-cesium chloride method (39). Five micrograms
of RNA was loaded into each well and separated by electro-
phoresis through an agarose-formaldehyde gel (39). The
RNA was transferred to a Nytran (Schleicher & Schuell)
nylon membrane, immobilized, and hybridized with a DNA
probe in buffer containing 50% formamide. The filter was
rinsed free of excess probe, dabbed dry, sealed in Saran
Wrap, and visualized by autoradiography. The 28S and 18S
rRNAs, clearly visible under shortwave UV light, were
used as internal size markers. The probe for c-fos was the
2-kb Ncol-Xhol fragment of pc-fos (mouse)-3 from the
American Type Culture Collection (catalog no. 41041), and
that for chicken glyceraldehyde-3-phosphate dehydrogenase



938 NORI ET AL.
- 200

p120GAP »

.»
il

FIG. 1. GAP levels in control cells (3T3V8; lane 1), cells over-
expressing GAP (3T3GAP4; lane 2), and cells that have downmod-
ulated GAP expression (3T3GDM; lane 3). Whole cell extracts (75
ng) were subjected to SDS-PAGE, electroblotted onto nitrocellu-
lose, and probed with rabbit anti-GAP antiserum 637 and [**I]pro-
tein A. Sizes in kilodaltons are indicated on the right.

(GAPDH) was the 1.1-kb Pstl fragment isolated from
pGAD28 (15). Both probes were radioactively labeled with
[«-**P]dCTP by nick translation (39).

Analysis of PKC activity. The PKC activity in cells was
determined by the level of phosphorylation of the MARCKS
protein in response to various agonists. MARCKS protein
phosphorylation was determined by a modification of the
method described by Lobaugh and Blackshear (38). Prior to
labeling, confluent dishes of the various cell lines were made
quiescent by first rinsing them with warm (37°C) serum-free
medium and then culturing them for 1 h in the appropriate
serum-free medium supplemented with 1% BSA. The cells
were then rinsed three times with warm (37°C) KRB-HEPES
and then incubated with KRB-HEPES supplemented with
1% BSA and containing [**P]JH;PO, (1.39 mCi/ml) for 1 h at
37°C. Agonists, at the concentrations described above for
activation of p42’"“”“, were added directly to the dishes, and
the cells were incubated at 37°C for a further 10 min. Agonist
stimulation was stopped by rapidly chilling the cells on ice
and rinsing them three times with ice-cold KRB-HEPES.
The cells were lysed with cold lysis buffer (38). The lysates
were passed 10 times through a tuberculin syringe fitted with
a 23-gauge needle to break up the membrane fragments and
then cleared by centrifugation at 50,000 rpm (Beckman Ti 50
rotor) for 30 min at 4°C. An aliquot (3 pl) of cach cell extract
supernatant was precipitated with ice-cold trichloroacetic
acid. Volumes corresponding to equal numbers of trichloro-
acetic acid-precipitable counts from cach cell extract were
used for immunoprecipitation of the MARCKS protein (58).
The immunoprecipitates were resuspended in electrophore-
sis sample buffer (33) and analyzed by 10% SDS-PAGE. The
gel was fixed, dried, and visualized by autoradiography.

Other methods. The mitogenic responses of various cell
populations to differcnt stimuli were analyzed in a [*H]thy-
midine incorporation assay (8). The increase in 2-deoxyglu-
cosc uptake was measured as described before (66).

RESULTS

Inhibition of TPA-induced DNA synthesis. To establish that
the 3T3GAP4 cells used here overexpressed GAP, cqual
amounts of protein from whole cell extracts were resolved
by SDS-PAGE and subjected to Western immunoblotting
(7), using rabbit anti-GAP antiserum 637 and ['**I|protein A
to detect GAP (Fig. 1). The 3T3GAP4 cells exhibited about
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FIG. 2. Mitogenic responses of 3T3V8, 3T3GAP4, and 3T3GDM
cells to no mitogen (C), 50 ng of TPA per ml (T), or 10% FCS (F) as

measured by [*H]thymidine incorporation. Each bar represents the
mean of five experiments, each performed in triplicate.

3T3v8

100-fold more GAP (lane 2) than did the control 3T3VS cells
(lane 1), as described earlicr (20, 49).

Both cell lines were also tested for the ability to synthesize
DNA in response to various mitogens as previously de-
scribed (8). The results (Fig. 2) showed that the control
3T3V8 cells exhibited a 7-fold increase in [*H]thymidine
incorporation in response to TPA, whereas the cells overex-
pressing GAP, 3T3GAP4, consistently cxhibited a 7- to
10-fold inhibition of [*H]thymidine incorporation compared
with unstimulated controls. When FCS was used as the
agonist, the 3T3GAP4 cells showed almost a 12-fold increase
in [*H]thymidine incorporation (Fig. 2), indicating that they
were not completely defective in the ability to respond to
mitogens. Under the same conditions, the control 3T3V8
cells exhibited a 25- to 30-fold increase in [*H]thymidine
incorporation. The possible reasons for this difference in the
responses of the two cell lines to FCS will be discussed
below.

Phosphorylation and activation of p42™**. Acute (10-min)
treatment with TPA at 50 ng/ml induced tyrosyl phosphory-
lation of a 42-kDa band in the control 3T3V8 celis (Fig. 3,
lane 2) but not in cells overexpressing GAP, 3T3GAP4 (lane
5), as detected by using antiphosphotyrosine antibodies to
immunoblot whole cell lysates separated by SDS-PAGE.
The untreated control 3T3V8 and 3T3GAP4 cell lysates are
shown in lanes 1 and 4, respectively. This 42-kDa band has
been previously identified by us as p427“’* (52).

The lack of rapid tyrosyl phosphorylation of pp42 in
TPA-treated 3T3GAP4 cells is specific to this agonist, since
treatment of both cell lines with FCS induced tyrosyl phos-
phorylation of p42“’* (Fig. 3, lanes 3 and 6). However, the
magnitude of the response of 3T3GAP4 cells (lane 6) was less
than that of 3T3V8 cells (lanc 3). This decreased phosphor-
ylation of pp42 in 3T3GAP4 cells treated with FCS compared
with similarly treated 3T3V8 cells probably reflects the fact
that phosphorylation of pp42 is at least partially dependent
on PKC, even when the stimulating agent is FCS (35). These
results indicate that pp42 is present in 3T3GAP4 cells but
that the portion of its tyrosyl phosphorylation that is depen-
dent on PKC-mediated signalling is defective.

The p42"“P* enzyme can be partially purified from agonist-
stimulated cells by sequential anion-exchange and hydro-
phobic-interaction chromatography (52). The partially puri-
fied preparation has been shown to phosphorylate MBP (18)
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FIG. 3. Phosphorylation of a 42-kDa protein in control cells
(3T3V8) and cells overexpressing GAP (3T3GAP4). Whole cell
extracts (75 pg) prepared from untreated (C), TPA-treated (T), or
FCS-treated (F) cells were subjected to SDS-PAGE, electroblotted
onto nitrocellulose, and probed with affinity-purified rabbit an-
tiphosphotyrosine antibodies and [**I]protein A. Sizes in kilodal-
tons are indicated on the right.

and to migrate as a 42-kDa tyrosyl-phosphorylated protein in
one-dimensional SDS-PAGE (52). Under the conditions
used, p42™°P* is the only kinase and the only phosphoprotein
in the peak fractions (50). p42™°P* was thus purified from
untreated and TPA-, FCS-, or AlF,-treated 3T3V8 (Fig. 4)
and 3T3GAP4 (Fig. 5) cells. AlIF, has been shown to be
capable of activating heterotrimeric G proteins in a ligand-
independent (57, 61) manner, and it does not activate small
GTP-binding proteins, e.g., p21"** (24). Column fractions
were separated by SDS-PAGE and immunoblotted with
antiphosphotyrosine antibodies (Fig. 4A and 5A) and were
also assayed for MBP kinase activity (Fig. 4B and 5B).
Activated p42™P* elutes from phenyl-Superose between
fractions 24 and 30 under our conditions. Treatment of cells
with TPA, FCS, or AIF, stimulated phosphorylation and
enzymatic activation of p42™°P* as well as an earlier-eluting
protein of 44 kDa, which may be the related p44™*P*/ERK1
(53).

In the cells overexpressing GAP, unstimulated cultures
displayed an early-eluting tyrosyl-phosphorylated 42-kDa
protein that displayed little or no MBP kinase activity (Fig.
5A). Stimulation of these cells with FCS or AIF, increased
the tyrosyl phosphorylation and MBP kinase activity of the
p42mPk fractions, but treatment with TPA had no effect (Fig.
5). These results demonstrated that in cells that overexpress
GAP, p42™P* was present and activatable by both growth
factor-dependent and -independent pathways. Furthermore,
they also suggest that the TPA-induced phosphorylation and
activation of p42™* was specifically blocked in these cells.

To facilitate direct comparison of the responses of the
different cell lines to the various agonists, the results ob-
tained in the MBP kinase assays were replotted as a histo-
gram (Fig. 6), using the aggregate of kinase activities from
fractions 22 to 30. The values were normalized for each cell
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FIG. 4. Activation of purified p42™°* in 3T3V8 cells. (A) An-
tiphosphotyrosine Western immunoblots of phenyl-Superose-eluted
fractions of extracts prepared from untreated (C), TPA-treated
(TPA), FCS-treated (FCS), and AlF,-treated (AIF,) 3T3V8 cells. (B)
p42maPk activity as measured by 3?P incorporation, using MBP as an
exogenous substrate.

line, with the response to AlF,, an agonist that does not
activate p21°7*°, given the value of 100%. The results show
that the relative MBP kinase activity induced by FCS in
3T3GAP4 cells was similar to that observed in 3T3V8 cells to
the same agonist. On the other hand, the relative basal MBP
kinase activity in 3T3GAP4 cells was severely reduced
compared with that of 3T3V8 cells. Furthermore, in cells
overexpressing GAP, there was no increase over relative
basal activity in response to treatment with TPA. By con-
trast, in 3T3V8 cells, TPA induced an increase in relative
MBP kinase activity better than did even AlF,.

Inhibition of c-fos gene expression. Since overexpression of
GAP blocked DNA synthesis in response to TPA, the
3T3GAP4 cells were tested for their ability to exhibit induc-
tion of c-fos, as a representative immediate-early gene, in
response to various mitogens. Whole cell RNA was isolated
from untreated cells and cells treated with TPA or FCS for
30 min and subjected to Northern (RNA) blot analysis (39)
using either a c-fos probe or a chicken GAPDH probe as a
control for the amount of RNA loaded. In both 3T3V8 and
3T3GAPA cells, c-fos was induced within 30 min of treatment
with either TPA or FCS (Fig. 7, upper panels). However, the
level of c-fos induction in response to TPA was much lower
in 3T3GAP4 cells than in 3T3V8 cells. In the GAP overex-
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FIG. 5. Activation of purified p42”“* in 3T3GAP4 cells. (A)
Antiphosphotyrosine Western immunoblots of phenyl-Superose-
eluted fractions of extracts prepared from untreated (C), TPA-
treated (TPA), FCS-treated (FCS), and AIlF, treated (AIF,)
3T3GAP4 cells. (B) p42™“r* activity as measured by **P incorpora-
tion, using MBP as an exogenous substrate.

NUMBER

pressers, the ability of FCS to induce c-fos expression was
partially blunted, but the induction was readily apparent.
The lower panels of Fig. 7, showing the GAPDH mRNA
levels, indicate that for a given cell line, similar amounts of
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FIG. 6. Relative MBP kinase activities of p42"“”* purified from
different cell lines. The aggregate of kinase activities from column
fractions 22 to 30 was determined for untreated (C), TPA-treated
(T), FCS-treated (F), and AlF,-treated cells. The results for each
cell line were normalized to the response to AlF, as 100%.
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RNA were loaded in the different lanes. These results, taken
together with those presented above, strongly indicate that
overexpression of GAP preferentially blocked PKC-medi-
ated responses of cells, since agonists that either bypassed
PKC or utilized alternate pathways continued to clicit re-
sponscs in cclls overexpressing GAP that were comparable
to those clicited in control cells.

TPA-induced glucose transport and PKC activation. To
determine whether PKC, or the PKC signalling pathway,
was complctely defective in the 3T3GAP4 cells, TPA induc-
tion of [*H]J2- deoxyglucose uptake and phosphorylation of
MARCKS protein, a major in vivo substrate for PKC, were
measurcd. TPA induced over a fivefold increase in [*H]2-
deoxyglucose uptake in 3T3GAP4 cells and almost a three-
fold increasc in 3T3V8 cells (Fig. 8). Similar trcatment with
FCS, at a final concentration of 10%, clicited a three- to
fourfold increase in 2-deoxyglucose uptake in both cell lines.

Whole cell lysates were prepared from *?P-labeled un-
treated, TPA-treated, or FCS-treated cells. The lysates were
subjected to immunoprecipitation with rabbit anti-MARCKS
antiserum 94 (38) and analyzed by SDS-PAGE as described
above. In both 3T3V8 and 3T3GAP4 cells, there was in-
crcased MARCKS protein phosphorylation in response to
cither TPA or FCS (Fig. 9). There was no difference in the
responses of cither cell line to cither agonist. These results,
along with the results obtained for [*H]2-deoxyglucose up-
take (Fig. 8), indicate that PKC activity and at least some
early PKC-mediated responses are intact in the 3T3GAP4
cells and that the blockage in tyrosyl phosphorylation of
pp42 and mitogenesis does not reflect a gencralized paralysis
of PKC-mediated signalling in these cells.

Partial restoration of TPA-induced responses by downmod-
ulation of GAP. The 3T3GAP4 cclls were derived from NIH
3T3 cells by transfecting a plasmid carrying both the bovine
GAP genc and a mutant dihydrofolate reductase gene on the
same piece of DNA and selecting with methotrexate (20). By
removing the selective pressure, it should be possible to
deamplify the plasmid, resulting in reduced GAP expression.
The success of this method of downmodulation of GAP gene
expression was determined by analyzing whole cell extracts
in an SDS-PAGE/immunoblot assay using rabbit anti-GAP
antiserum 637 (65) and ['**I]protein A (Fig. 1). GAP protein
expression was reduced considerably from that observed in
3T3GAP4 cells (lane 2; from over 100-fold compared with
control 3T3V8 cells [lane 1]) to approximately 7-fold in the
downmodulated cells, termed 3T3GDM (lanc 3). Expression
of the GAP protein did not decreasc any further despite
prolonged culture in the absence of methotrexate (data not
shown).

The 3T3GDM cells were tested for their ability to respond
to TPA with respect to pd42”“’* activation. Like the
3T3GAP4 cells (Fig. 5A) from which they were derived, the
3T3GDM cells exhibited a low basal level of pP42 phosphor-
ylation (Fig. 10A) and a basal level of p42™“"* activity (Fig.
10B). However, unlike the 3T3GAP4 cells, the 3T3GDM
cells showed a marked increase in both pp42 phosphoryla-
tion (Fig. 10A) and p42”“"* activity (Fig. 10B) in responsc to
acute treatment with TPA for 10 min. The restoration of the
TPA-induced p42™”* (MBP kinase) activity in 3T3GDM
cells is easily seen in the direct comparison among the three
cell lines in Fig. 6. By comparison, the relative responses to
FCS are similar in all three cell lines. Since the only apparent
difference between the 3T3GAP4 cells and the 3T3GDM
cells was in the expression of the GAP protein, these results
strongly suggested that overcxpression of GAP was respon-
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FIG. 7. Northern blot analysis of 5 pg of whole cell RNA isolated from 3T3V8, 3T3GAP4, and 3T3GDM cells. RNA was isolated from
either untreated cells (C) or cells treated with 50 ng of TPA per ml (T) or 10% FCS (F) for 30 min. The filters were hybridized to a 3?P-labeled
c-fos probe. Excess label was washed off, and the hybridized RNA was visualized by autoradiography as described previously (39). Filters
were stripped of bound label by boiling for 10 min in 0.1x SSC (SSCis 0.15 M NaCl plus 0.015 M sodium citrate}-0.1% SDS and rehybridized
with 3?P-labeled chicken GAPDH to control for the amount of RNA loaded. The 28S and 18S rRNAs were used as internal size markers.

sible for the inability of the parental 3T3GAP4 cells to
phosphorylate and activate p42™°P*,

The recovery of TPA-induced p42™°P* phosphorylation
and activation in 3T3GDM cells raised the possibility that
these cells had also recovered their TPA-induced mitogenic
response. To test this possibility, the 3T3GDM cells, with
the 3T3V8 cells as controls, were assayed for [*H]thymidine
incorporation in response to TPA or FCS (Fig. 2). The
control 3T3V8 cells exhibited a TPA-induced sevenfold
increase of thymidine incorporation. However, the 3T3GDM
cells, like the parental 3T3GAP4 cells, were still not stimu-
lated into DNA replication by a similar treatment and
exhibited a TPA-induced sevenfold inhibition of thymidine
incorporation. The response to FCS was also similar to that

2—-DEOXYGLUCOSE UPTAKE
Ratio cpm treated/cpm control

3T3GAP4

3T3GDM

FIG. 8. Analysis of glucose transport in 3T3V8, 3T3GAP4, and
3T3GDM cells. Glucose transport was measured by [*H]2-deoxy-
glucose uptake (counts per minute per microgram of protein) in
response to either no agonist (C), 100 ng of TPA per ml (T), or 10%
FCS (F) for 6 h. Each bar represents the mean of two experiments,
each performed in triplicate.

of the 3T3GAP4 cells and lower than that observed for the
3T3V8 cells. These results suggest that despite approxi-
mately a 10-fold reduction in GAP expression compared with
3T3GAP4 cells, the higher basal level of GAP expression in
3T3GDM cells than in control 3T3V8 cells was sufficient to
block TPA-induced mitogenic responses. The lower re-
sponse to FCS further supported the idea that the PKC-
dependent mitogenic pathway was either blocked or defec-
tive even in the GAP-downmodulated cells. These results
will be treated in greater detail in Discussion.

As before, to ensure that the defect or block was not in all
TPA-induced, PKC-dependent responses, the 3T3GDM
cells were tested for the ability to exhibit increased c-fos
gene expression, 2-deoxyglucose uptake, and MARCKS
protein phosphorylation upon TPA treatment. There was
little or no difference between 3T3GDM cells and 3T3V8

3T3V8 3T3GAP4 3T3GDM

(o SN = SH o115 ETLE = M o i el
5 3 H ¢ B %

80 MARCKS —» o S - :
p Lo G - Gmp—
- 43

FIG. 9. Analysis of MARCKS protein phosphorylation in
3T3V8, 3T3GAP4, and 3T3GDM cells. MARCKS protein phosphor-
ylation was determined in response to either no agonist (C) or
treatment of the cells with 50 ng of TPA per ml (T) or 10% FCS (F)
for 10 min. Sizes in kilodaltons are indicated on the right.
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FIG. 10. Activation of purified p42™* in 3T3GDM cells. (A)
Antiphosphotyrosine Western immunoblots of phenyl-Superose-
eluted fractions of extracts prepared from untreated (C), TPA-
treated (TPA), FCS-treated (FCS), and AlF,-treated (AlF,)
3T3GDM cells. (B) p42™?P* activity as measured by >?P incorpora-
tion, using MBP as an exogenous substrate.

cells with respect to TPA or FCS induction of [*H]2-
deoxyglucose uptake (Fig. 8) or MARCKS protein phos-
phorylation (Fig. 9), indicating that PKC activity and at least
part of its signalling pathway were unaffected by manipula-
tions of GAP expression. Furthermore, TPA induction of the
c-fos gene expression was largely restored in the 3T3GDM
cells (Fig. 7), suggesting that part of the blockage of the
PKC-dependent signalling mechanism was relieved by the
reduction in GAP expression.

The results reported in this paper strongly support the idea
that the ras/GAP complex plays a central role in TPA-
induced, and hence PKC-dependent, mitogenic responses.
However, not all responses to TPA were equally affected by
overexpression of GAP, suggesting that there were some
TPA-induced effects that were independent of or less sensi-
tive to ras/GAP.

DISCUSSION

Regulation of p42™*#* by ras/GAP. In this report, we
demonstrate that t{rosyl phosphorylation and enzymatic
activation of p42™?" by phorbol esters, which activate PKC,
are regulated through p21°7%5. pd2™aP* is a 42-kDa serine/
threonine protein kinase that becomes phosphorylated on
tyrosine and activated in cells treated with a wide variety of
mitogens (22, 34, 35, 51, 52). It has been shown that
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enzymatic activation of p42™* is dependent on phosphor-
ylation on both tyrosine and threonine residues (3). Re-
cently, it has been reported that p42™%* also exhibits an
ability to autophosphorylate on tyrosine residues (55, 67). A
number of reports indicate that p42™%* is an important
member of a signal transduction pathway involved in regu-
lation of cell proliferation (11a, 22, 52, 59). Hence, in order
to understand mitogenic signalling, it is important to eluci-
date the regulation of p42™P*,

Treatment of mammalian cells with phorbol esters such as
TPA results in a number of biochemical responses, including
activation of PKC (47) and p42™eP* (34, 35), increase in
glucose metabolism (9), induction of various early-response
genes, e.g., fos (36), and DNA synthesis (8, 47). Downward
and coworkers (14) recently reported that in T cells, phorbol
ester-activated PKC was able to inactivate GAP, thus in-
creasing the amount of active, GTP-bound c-ras and result-
ing in a metabolic signal. We hypothesized, therefore, that it
should be possible to identify the c-ras-dependent, phorbol
ester-inducible responses by titrating out the PKC inactiva-
tion of GAP with sufficient overexpression of GAP.

To test this hypothesis, we used a cell line, 3T3GAP4,
which expresses GAP at 100-fold-greater levels than does
the control cell line, 3T3V8. Both the basal and platelet-
derived growth factor-induced levels of active GTP-bound
c-ras are threefold lower in 3T3GAP4 cells than in similarly
treated control 3T3V8 cells (20). Hence, c-ras is predomi-
nantly in the inactive GDP-bound state in cells overexpress-
ing GAP.

As expected, overexpression of GAP inhibited the phos-
phorylation and activation of p42™@* in response to TPA.
When agonists that could activate the PKC-independent
signalling pathways, such as FCS, were used, phosphoryla-
tion and activation of p42™%P* were comparable to those
observed in the control 3T3V8 cells (Fig. 6). Moreover, the
inhibitory effects of GAP on p42™2P* activation could be
overcome by prolonged (approximately 1 h) treatment with
high concentrations (>1 pg/ml) of TPA, consistent with the
idea that the high level of GAP in 3T3GAP4 cells was
responsible for the block in TPA responsiveness (data not
shown). These results supported our hypothesis and identi-
fied tyrosyl phosphorylation and enzymatic activation of
p42™?P* as components of a PKC-mediated, c-ras-dependent
signal transduction pathway.

A prediction of this hypothesis is that decreasing the
expression of GAP should restore the PKC-mediated re-
sponse. We have previously shown that the level of GAP
expression could be reduced to near that seen in the control
cells by culturing the 3T3GAP4 cells in the absence of
methotrexate (49). The reduction of GAP expression also
restored the susceptibility of these cells to transformation by
v-src (49). By culturing the 3T3GAP4 cells in the absence of
methotrexate, we obtained a cell line, 3T3GDM, that ex-
pressed considerably lower levels of GAP. Although the
level of GAP expression was over 10-fold lower than that in
the parental 3T3GAP4 cells, we were unable, even after
prolonged culture, to lower the GAP levels to those of the
control 3T3V8 cells (data not shown). The 3T3GDM cells
used in these experiments retained GAP levels five- to
sevenfold higher than those in the 3T3V8 cells. The signifi-
cance of the higher basal levels of GAP expression in the
3T3GDM cells will be discussed later.

As predicted, the 3T3GDM cells exhibited TPA-induced
phosphorylation and activation of p42™“P* similar to that
seen with the control 3T3V8 cells. Since the only apparent
difference between the 3T3GDM cells and the 3T3GAP4
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cells from which they were derived was in the level of GAP
expression, we inferred that overexpression of GAP was
responsible for blocking the phosphorylation and activation
of p42™Pk thereby supporting our hypothesis. Hence, in
normal cells, TPA activates p42™°P* in a PKC- and p21°7**-
dependent manner with GAP as a negative regulator of the
system. Whether PKC directly activates p21°7* (14) or
whether ras is required in some other way for aspects of
PKC-mediated signalling remains to be determined.

Although our hypothesis is that overexpression of GAP
caused an arrest of signals derived from activated PKC, the
observations presented above could also result from a defect
in TPA-induced activation of PKC or a general paralysis of
PKC-mediated signalling. To test this possibility, we exam-
ined other cellular responses to TPA in the GAP overex-
pressers. The 3T3GAP4 cells showed TPA-induced glucose
transport and MARCKS protein phosphorylation at levels
that were comparable to those observed in control cells.
Similar results were also obtained from cells in which GAP
expression levels were reduced, 3T3GDM, indicating that
these signals were mediated in a ras/GAP-independent man-
ner. These results strongly suggested that there was no
significant difference between the control cells and those
overexpressing GAP with respect to expression of PKC and
its activation by TPA.

We have reported parallel results in studies using a fibro-
blast cell line that was isolated for its inability to respond
mitogenically to TPA (8, 48). These cells, called 3T3-TNR9,
were also defective in their ability to phosphorylate and
activate p42™?P* in response to TPA (35). Furthermore, like
the 3T3GAP4 cells (49), the 3T3-TNR9 cells were refractory
to transformation by v-src but not v-ras (48). The results
reported in this paper, along with our previous results with
3T3-TNR9 cells (35, 48) and those reported by other groups
(10, 14, 25, 32), strongly support the model that there is a
subset of PKC-initiated signals, one of which is tzlrosyl
phosphorylation and enzymatic activation of p42™?P%, that
are dependent on c-ras and which can be blocked by
overexpression of GAP.

Regulation of phorbol ester-induced DNA synthesis. There
are several reports showing tyrosyl phosphorylation and
activation of p42™°P* in response to a variety of mitogens
(22, 35, 51, 52). These studies suggested that p42™?"* may
play an important role in regulation of cell proliferation.
Since PKC-mediated activation of p42™?* could be regu-
lated by GAP, we speculated that PKC-dependent mitogen-
esis and immediate-early gene expression may be similarly
regulated. On the basis of the model suggested above, we
predicted that TPA-induced DNA synthesis and c-fos gene
expression would be blocked in cells overexpressing GAP.

We found that overexpression of GAP inhibited both c-fos
gene expression and TPA-induced DNA synthesis in these
cells. Both responses were induced by FCS, indicating that
the cells were defective only in a PKC-dependent pathway
for these responses. The mitogenic response of 3T3GAP4
cells to FCS was also lower than that seen in the control
3T3V8 cells, suggesting that the mitogenic response of
3T3GAP4 cells to FCS was due solely to PKC-independent
mechanisms and that the PKC-dependent pathways were
blocked.

According to the model, DNA synthesis in response to
TPA treatment should be blocked by overexpressing GAP;
i.e., there should be no difference in [*H]thymidine incorpo-
ration in 3T3GAP4 cells treated with TPA compared with
untreated cells. Our results show that there was not only a
prevention of DNA synthesis but an inhibition of mitogenic
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response to TPA, indicated by a decrease in [*H]thymidine
incorporation in the 3T3GAP4 cells treated with TPA com-
pared with untreated cells. Furthermore, there was no
restoration of TPA-induced mitogenic response when GAP
levels were reduced. TPA-induced DNA synthesis in
3T3GDM cells was still impaired and comparable to that
observed in the parental 3T3GAP4 cells. These results
suggested two possibilities: (i) that the level of GAP expres-
sion was still high enough to inhibit the mitogenic response
of 3T3GDM cells to TPA (although low enough for activation
of p42™°P* and induction of cfos mRNA), or (ii) that there
was another mutation in the 3T3GAP4 cells that was respon-
sible for the inhibition of mitogenic response to TPA. In
either case, there is an implied existence of a TPA/PKC-
specific mitogenic signal that is separate from induction of
glucose transport, MARCKS protein phosphorylation, im-
mediate-early gene expression, and activation of p427P.
The nature of such a mitogenic signal is completely un-
known. The first possibility suggests that GAP can interact
with such a signal and behave not just as a negative regulator
but as an inhibitor of the signal; the second possibility
suggests that the mutation was independent of GAP and was
a dominant inhibitor specific to the PKC-mediated mitogenic
signal. Neither possibility can be ruled out at present.
Furthermore, the observations reported in this paper
strongly suggest that activation of p42™P* was not sufficient
for induction of mitogenesis since in 3T3GDM cells, p42™P*
could be activated by TPA in the absence of DNA synthesis.
So far, there have been no observations reported of induc-
tion of DNA synthesis in the absence of p42™?P* activation.
Hence, our results are consistent with the possibility that
activation of p42™?P* is a necessary intermediate for mito-
genic responses.

There is at least one additional possible explanation for the
observations reported in this paper. There have been several
reports implicating the src-homology 2 (SH2) regions of
proteins in intermolecular interactions (2, 27, 29). The SH2
peptide fragments have been shown to mimic the protein-
protein interactions exhibited by the intact protein (2, 29),
and mutations in the SH2 regions have been shown to block
such interactions (27). The amino-terminal half of GAP has
two such SH2 regions, while the GTPase-activating property
resides in the carboxy-terminal half of the protein. There-
fore, a formal possibility could be that when GAP is highly
overexpressed, as in 3T3GAP4 cells, a portion of the over-
expressed GAP acts as a negative regulator of c-ras and the
rest acts as an SH2 peptide serving to interfere in and inhibit
SH2-dependent protein-protein interactions. However, our
own results (unpublished data) and those reported by De-
Clue et al. (13) suggest otherwise. Overexpression of the
amino-terminal half of GAP, which contains the SH2 do-
mains, did not block transformation by v-src, whereas
overexpression of the carboxy-terminal half of GAP, which
contains the GTPase-activating activity, did (13). These
results strongly support our belief that the overexpressed
GAP is acting primarily as a negative regulator of c-ras and
not as an SH2 sink. Hence, we conclude that GAP, by
blocking c-ras activity, is also blocking the arms of the
tyrosine kinase and PKC signal transduction pathways that
are dependent on c-ras.

In this paper, we have proposed a model for a PKC-
derived signal transduction pathway that is dependent on
active p21°" for its transmission. We have also established
that a member of this pathway is p42™%*, a molecule
implicated in playing a central role in cell proliferation and
other cell functions. As studies on the regulation of p42™P*
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proceed, opportunities should arise to investigate biochem-
ically the roles of c-ras and GAP in this process.
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