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FIG. 7. Northern blot analysis of 5 pLg 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 32P-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 (SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% SDS and rehybridized
with 32P-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 p42maPk.
The recovery of TPA-induced p42maPk 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 [3H]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

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
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FIG. 8. Analysis of glucose transport in 3T3V8, 3T3GAP4, and
3T3GDM cells. Glucose transport was measured by [3H]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.
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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 p42paPk 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 AIF4-treated (AIF4)
3T3GDM cells. (B) p42maPk activity as measured by 32p incorpora-
tion, using MBP as an exogenous substrate.

cells with respect to TPA or FCS induction of [3H]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 p42maPk by rasIGAP. In this report, we
demonstrate that tyrosyl phosphorylation and enzymatic
activation of p42raP by phorbol esters, which activate PKC,
are regulated through p21cras. p42maPk 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

enzymatic activation of p42maPk is dependent on phosphor-
ylation on both tyrosine and threonine residues (3). Re-
cently, it has been reported that p42maPk also exhibits an
ability to autophosphorylate on tyrosine residues (55, 67). A
number of reports indicate that p42maPk is an important
member of a signal transduction pathway involved in regu-
lation of cell proliferation (lla, 22, 52, 59). Hence, in order
to understand mitogenic signalling, it is important to eluci-
date the regulation of p42maPk.
Treatment of mammalian cells with phorbol esters such as

TPA results in a number of biochemical responses, including
activation of PKC (47) and p42maPk (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 p42maPk in response to TPA.
When agonists that could activate the PKC-independent
signalling pathways, such as FCS, were used, phosphoryla-
tion and activation of p42maPk were comparable to those
observed in the control 3T3V8 cells (Fig. 6). Moreover, the
inhibitory effects of GAP on p42maPk activation could be
overcome by prolonged (approximately 1 h) treatment with
high concentrations (>1 ,ug/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
p42maPk 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 p42maPk 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 p42maPk, thereby supporting our hypothesis. Hence, in
normal cells, TPA activates p42maPk in a PKC- and p2lc-ras-
dependent manner with GAP as a negative regulator of the
system. Whether PKC directly activates p21cras (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 p42maPk 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 tyrosyl
phosphorylation and enzymatic activation of p42raP, 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 p42maPk in response to a variety of mitogens
(22, 35, 51, 52). These studies suggested that p42maPk may
play an important role in regulation of cell proliferation.
Since PKC-mediated activation of p42maPk 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 [3H]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

response to TPA, indicated by a decrease in [3H]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 p42maPk and induction of c-fos 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 p42maPk.
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 p42maPk was not sufficient
for induction of mitogenesis since in 3T3GDM cells, p42?Pk
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 p42maPk activation.
Hence, our results are consistent with the possibility that
activation of p42maPk 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 p2lcras for its transmission. We have also established
that a member of this pathway is p42maPk, a molecule
implicated in playing a central role in cell proliferation and
other cell functions. As studies on the regulation of p42maPk
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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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