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W.-L. WENDY HSIAO, GERARD M. HOUSEY, MARK D. JOHNSON, anDp I. BERNARD WEINSTEIN*
Comprehensive Cancer Center and Institute of Cancer Research, Columbia University, New York, New York 10032

Received 5 October 1988/Accepted 27 February 1989

We recently developed rat fibroblast cell lines that stably overproduce high levels of the 8, form of protein
kinase C (PKC). These cells display several disorders in growth control and form small microscopic colonies
in agar. In the present study we demonstrate that one of these cell lines, R6-PKC3, is extremely susceptible to
transformation by an activated human bladder cancer c-H-ras oncogene (T24). Compared with control cell line
R6-C1, T24-transfected R6-PKC3 cells yielded a 10-fold increase in the formation of large colonies in agar. Cell
lines established from these colonies displayed a highly transformed morphology, expressed the T24-encoded
p21 ras protein, continued to express high levels of PKC, and were highly tumorigenic in nude mice. These
results provide genetic evidence that PKC mediates some of the effects of the c-H-ras oncogene on cell
transformation. Data are also presented suggesting that optimum synergistic effects between c-H-ras and PKC
require critical levels of their respective activities. These findings may be relevant to the process of multistage
carcinogenesis in tissues containing cells with an activated c-H-ras oncogene.

The enzyme protein kinase C (PKC) plays a central role in
signal transduction and mediates the tumor-promoting activ-
ity of 12-O-tetradecanoyl-phorbol-13-acetate (TPA), teleoci-
din, and related compounds (18, 25). The ability of TPA and
teleocidin to enhance the transformation of rodent fibro-
blasts induced by a transfected c-H-ras oncogene suggests
that PKC acts synergically with this oncogene in the process
of cell transformation (5, 10, 11). Furthermore, several
studies indicate that cellular levels of diacylglycerol (DAG)
are elevated in ras-transformed fibroblasts (6, 20, 23, 26). In
addition, microinjection of a ras p2l protein into frog
oocytes causes an increase in cellular levels of DAG (15).
Since DAG activates PKC (18), these findings suggest that
ras oncogenes may produce some of their effects through the
activation of PKC. Consistent with this idea are microinjec-
tion studies indicating that the mitogenic activity of H-ras
p21 is dependent on PKC (16).

Gene-cloning studies indicate that the mammalian genome
encodes at least six distinct forms of PKC (for a review, see
reference 19). By transduction of the Rat 6 fibroblast cell line
with a retrovirus-derived vector containing the coding se-
quence for the B, form of PKC, our laboratory recently
developed cell lines that stably overexpress high levels of
this specific form of PKC (9). One of these cell lines,
R6-PKC3, produces about 50 times more PKC than does a
control line, R6-C1, that carries the same vector but lacks
the PKCyg, insert (9). In this report, we employed this cell
system to address the question of whether cells that carry
high levels of a specific form of PKC are altered in their
susceptibility to transformation by an activated c-H-ras
oncogene.

MATERIALS AND METHODS

Transformation assays. The R6-C1 cells are a control cell
line that carries an integrated copy of the vector pMV7 but
lacks a PKCg, cDNA insert and has a normal level of PKC
activity (9). The R6-PKC3 cell line carries an integrated copy
of pMV7 with the PKC;; cDNA insert and produces about
50 times the normal level of PKC (9). On day 0. the
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respective cell lines were seeded as monolayer cultures at a
density of 5 x 10° cells per 90-mm plate. On day 1, these
cultures were transfected with 1 pg of plasmid T24 DNA,
containing the activated c-H-ras oncogene isolated from a
human bladder cancer (8) or with 20 pg of genomic DNA
from the normal Rat 6 fibroblast cell line, using previously
described procedures (11). On day 4, the cultures were
trypsinized, the cells were counted, and 2 x 10° cells were
then seeded into 5 ml of a 0.3% Bacto-Agar suspension
supplemented with Dulbecco modified Eagle medium plus
20% fetal bovine serum (Flow Laboratories, Inc.), in the
absence or presence of TPA (100 ng/ml) (9). This suspension
was overlaid above a layer of 10 ml of 0.5% agar in the same
medium on a 90-mm plate. Triplicate plates were set up for
each group. The cells were then refed every 4 days by
pipetting 5 ml of Dulbecco modified Eagle medium contain-
ing 20% fetal bovine serum onto the top layer of agar, with or
without TPA. At day 25, several large colonies were picked
randomly, isolated from the agar plates with a micropipette,
established as cell lines, and used as sources of DNA and
RNA. The remaining plates were stained with the vital stain
2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chlo-
ride hydrate (INT) (Sigma Chemical Co.) for 48 h at 37°C in
a 5% CO, incubator (21), and the number of colonies greater
than 0.4 mm in diameter observed with the naked eye were
counted. The numbers of small (less than 0.3 mm in diame-
ter) colonies present in the agar plates were also scored by
microscopy (magnification. x150).

Southern and Northern (RNA) blot analyses and p21-
labeling studies. DNA and poly(A)* RNA were isolated from
some of the T24-transformed cell lines described above that
had been isolated from the agar plates, as well as from the
parental R6-C1 and R6-PKC3 cells. and examined by South-
ern and Northern blot analysis using previously described
methods (9. 11). Additional details are given in the legend to
Fig. 3. To analyze the c-H-ras p21 proteins, cell cultures (5
x 10° cells per 60-mm plate) were metabolically labeled for
4 h with [**S]methionine (250 wCi/ml) in methionine-free
medium or with [**P]phosphate (200 wCi/ml) in phosphate-
free medium. Cell extracts were prepared and immunopre-
cipitated with the ras p21 monoclonal antibody Y13-259 (7).
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FIG. 1. Growth in agar of R6-C1 and R6-PKC3 cells following transfection with either normal Rat 6 genomic DNA (-T24) or T24 DNA
containing an activated c-H-ras oncogene (+T24). For specific details. see Materials and Methods.

The immunoprecipitates were collected and analyzed by
electrophoresis in sodium dodecyl sulfate-polyacrylamide
(17.5%) and by autoradiography, as previously described (7).

RESULTS

Transformation of Rat 6 cells expressing a high level of PKC
by the activated human c-H-ras oncogene. In our initial
studies, we transfected R6-C1 or R6-PKC3 cells with plas-
mid T24 DNA containing the activated human c-H-ras
oncogene isolated from a human bladder cancer cell line (8).
grew the cells as monolayer cultures for 2 weeks. and then
scored the plates for transformed foci (11). With the R6-C1
cells, this yielded a few small transformed foci per plate.
These results are consistent with our previous evidence that
normal Rat 6 cells are not very susceptible to T24-induced
transformation in the absence of TPA or teleocidin (11).
With R6-PKC3 cells, however. the transfected cultures
developed highly transformed foci that were too numerous
to count. It was also difficult to precisely score these foci.
since at confluence this cell line forms dense clusters of cells
(9). We decided, therefore, to quantitate the effects of T24
transfection by transferring cells into a 0.3% agar suspension
on day 4 following the transfection procedure and then
scoring for large anchorage-independent colonies 4 weeks
later.

Figure 1 indicates that T24 transfection of the control
R6-C1 cells yielded a few colonies that grew to a large size
(>0.4 mm in diameter) in agar. With the high-PKC-expres-
sion cell line R6-PKC3. the yield of these large colonies

following T24 transfection was about 10 times that obtained
with the R6-C1 cells (Fig. 1 and Table 1). We have previ-
ously reported that R6-C1 cells do not form detectable
colonies, and that R6-PKC3 cells form numerous small
microscopically visible colonies (0.05 to 0.30 mm in diame-
ter). when grown in 0.3% agar (9). This background did not
interfere with scoring the large (0.4 to 1.2 mm in diameter)
macroscopically visible colonies that appeared in agar plates
containing cells previously transfected with the T24 onco-
gene (Fig. 2a). In the same study, a parallel set of cultures
was grown in agar that contained TPA (100 ng/ml). With the
T24-transfected R6-C1 cells. TPA resulted in about a 1.3-fold
enhancement in the yield of large colonies. On the other

TABLE 1. Effect of overproduction of PKCy, on the formation
of colonies in soft agar induced by c-H-ras oncogene T24

No. of large colonies”

Recipient TPA
cells treatment” —T24 +T24
R6-C1 - 0 681
+ 0 874
R6-PKC3 - 11 6.377
+ 0 392

“ Agar plates contained 100 ng of TPA per ml (+) or no TPA (-).

” Total number of large (0.4- to 1.2-mm diameter) colonies that were
macroscopically visible in agar plates containing cells that had been previ-
ously transfected with T24 DNA or control DNA (—T24). calculated per 5 X
10° transfected cells. Values on triplicate plates agreed with 10%. For
additional details. see Materials and Mcthods.
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FIG. 2. Microscopic view (magnification, x150) of an agar plate of T24-transfected R6-PKC3 cells in the absence or presence of 100 ng
of TPA per ml on day 28 following the transfection procedure. In both panels. a large colony of T24-transformed cells is seen, against a
background of numerous small colonies which are typical of the parental R6-PKC3 cell line. The latter colonies are larger and more numerous
in panel b, reflecting the effects of TPA. For additional details. see Materials and Methods.

hand, with the T24-transfected R6-PKC3 cells TPA caused a
marked inhibition (about 15-fold) in the yield of large colo-
nies (Table 1). TPA is not toxic to R6-PKC3 cells, since in
previous studies we found that the presence of TPA in the
agar increased the number and size of the microscopically
visible colonies (9). Microscopic examination of the R6-
PKC3 agar plates in the present studies revealed a similar
effect. Thus, with T24-transfected R6-PKC3 cells, TPA
inhibited formation of the large colonies, whereas at the
same time it stimulated the growth of the background of
small colonies (Fig. 2b and Table 1). The inhibition of growth
by TPA appears, therefore, to be specific to the R6-PKC3
cells that acquired the T24 sequence.

The studies described above indicate that cells that pro-
duce high levels of PKCg,, are extremely susceptible to
transformation by an activated c-H-ras oncogene. This effect

is not simply due to the fact that the R6-PKC3 cells are more
susceptible than R6-C1 cells to transfection per se, since we
found that both cell types gave approximately the same
number of colonies resistant to the drug hygromycin after
transfection with the bacterial drug resistance gene hph (data
not shown here). Nor were the differences observed due to
differences in cell density, since the same number of the two
cell types were plated in the agar medium following the T24
transfection procedure. Furthermore, the results obtained
are not peculiar to the agar selection procedure, since, as
described above, R6-PKC3 cells were also much more
susceptible to the induction of transformed foci by T24
transfection than were R6-C1 cells when both cell types were
studied in monolayer cultures.

Patterns of integration and expression of the transfected
c-H-ras gene in cells overproducing PKC. In further studies,
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FIG. 3. Southern and Northern blot analyses. R6-C1 and R6-
PKC3 cells were transfected with T24 DN A and grown in 0.3% agar,
as described in Materials and Methods and the legend to Fig. 1.
Several large colonies were picked form each group of agar plates
and established as clonal T24-transformed cell lines. DNA and
poly(A)* RNA were isolated from some of these cell lines, as well
as from the parental R6-C1 and R6PKC3 cells, and examined by
Southern and Northern blot analysis using previously described
methods (4, 13). (A and C) Southern blot analyses of DNA samples
digested with Sacl (A) or EcoRI (C) and hybridized to a *?P-labeled
probe for T24 or PKCy,, respectively. Each lane contained 20 pg of
DNA. Hindlll-digested A DNA was used as a size marker. Assigned
molecular sizes (in kilobases) are indicated. (B, D, and E) Northern
blot analyses of poly(A)* RNAs hybridized to a **P-labeled probe
for T24 (B), PKCg, (D), or neo (E). Each lane contained 5 pg of
poly(A)* RNA. The endogenous rRNAs (28 and 18S) revealed by
ethidium bromide staining were used as size markers. Lanes: 1 and
4, DNA or RNA samples from parental cell lines R6-C1 and
R6-PKC3, respectively; 2 and 3, samples from two T24-transformed
R6-C1 clones; 5 and 6, samples from two T24-transformed R6-PKC3
cell lines. The ethidium bromide staining revealed equal amounts of
RNA per lane in panels B, D, and E. The differences in band
intensities were confirmed by densitometry.

several individual large colonies were randomly picked and
isolated from the agar plates containing T24-transfected
R6-C1 and R6-PKC3 cells and were established as clonal cell
lines. All of these clones displayed a highly transformed
morphology when grown in monolayer culture and also
retained their anchorage-independent growth. Total cellular
DNA was isolated from some of these clones and examined
for integrated copies of PKCg, and T24 DNA sequences by
Southern blot analysis. The DNAs were digested with Sacl
or EcoRlI, electrophoresed, and then hybridized to 32P-
labeled T24 or PKCg, probes, respectively (Fig. 3). All of the
T24-transformed clones carried integrated T24 DNA se-
quences, with a major band of 3.0 kilobases (kb), indicating
that they were not spontaneous transformants. Curiously,
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the abundance of T24 DNA sequences was much less in the
clones derived from the R6-PKC3 cells than in the clones
derived from the R6-C1 cells (Fig. 3A). This difference was
observed in several additional clones that we examined (data
not shown here). With the PKCg, probe a distinct pattern of
DNA bands (four major bands ranging in size from about 3 to
11 kb plus a fainter 1.5-kb band) was observed with the
EcoRI-digested genomic DNAs obtained from both R6-C1
and T24-transformed R6-C1 cells (Fig. 3C). Therefore, these
bands represent the endogenous genomic PKC;, DNA se-
quence. The R6-PKC3 cells also displayed these bands, as
well as an additional lower-molecular-size DNA band (about
2.4 kb) which represents the integrated PKCy; cDNA se-
quence that we originally introduced into these cells (9). As
shown in Fig. 3, the T24-transformed derivatives of R6-
PKC3 cells retained this integrated cDNA sequence (Fig.
30).

Poly(A)* RNAs were also isolated from the cell types
described above and examined by Northern blot analyses for
the expression of T24 and PKCg, homologous sequences.
The T24-transformed R6-C1 and R6-PKC3 cells expressed
high levels of the integrated T24 sequence, displaying a
major 1.2-kb transcript. The transformed R6-C1 cells con-
tained much higher levels of this transcript than did the
transformed R6-PKC3 cells (Fig. 3B), thus paralleling the
differences seen in the number of integrated T24 DNA
sequences (Fig. 3A). Neither the normal nor the T24-trans-
formed R6-C1 cells contained detectable levels of PKCyg,;
homologous RNA. This is consistent with recent evidence
that rodent fibroblasts normally express only the endoge-
nous PKC_, gene (12). As previously described (9), the
R6-PKC3 cells expressed high levels of a 6.6-kb PKC,,
homologous RNA, whose size is consistent with a full-length
long terminal repeat (LTR)-to-LTR transcript of the inte-
grated pMV7-PKC,, construct. The T24-transformed Ré6-
PKC3 cells continued to express high levels of this RNA
(Fig. 3D) and also high levels of PKC enzyme activity (data
not shown here).

It is of interest that the T24-transformed cells expressed
somewhat higher levels of PKCg; homologous RNA than did
the nontransformed R6-PKC3 cells (Fig. 3D). This finding
was even more apparent when the autoradiographs were
developed for a shorter period of time. In view of these
results, these same RNA samples were studied by Northern
blot analysis, using a probe to the neo DNA sequence (Fig.
3E), since this sequence occurs in the LTR-to-LTR tran-
script made in cells containing the pMV7 vector (9). With
both the R6-C1 cells and the R6-PKC3 cells, this transcript
was also much more abundant in the T24-transformed cells
than in their respective controls. Our finding that both the
T24-transformed R6-C1 and R6-PKC3 cells expressed higher
levels of transcripts from the integrated pMV7 constructs
than their nontransformed counterparts (Fig. 3) suggests that
expression of the ras oncogene enhanced the transcriptional
activity of the 5’ Moloney murine sarcoma virus LTR
sequence present in pMV7 constructs. Since this was seen
with both the R6-C1 and R6-PKC3 T24-transformed cells,
this effect is not dependent on the exogenous PKC,, se-
quence. We have also found that the levels of these tran-
scripts were increased about three- to fivefold when non-
transformed R6-C1 or R6-PKC3 cells were treated with TPA
(data not shown here). These results are consistent with
other studies indicating that both an activated c-H-ras onco-
gene and TPA can enhance the expression of Moloney
murine sarcoma virus LTR constructs in other cell systems
(17, 24). H-ras and TPA can also activate the polyomavirus
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FIG. 4. Analyses of c-H-ras p21 proteins produced by the paren-
tal R6-C1 and R6-PKC3 cell lines and T24-transformed clones
derived from these cells. Cell cultures were labeled with [**S]
methionine (**S) or [**P]phosphate (**P), immunoprecipitated, and
analyzed by gel electrophoresis, as described in Materials and
Methods. The position of migration of the c-H-ras p21 protein is
indicated.

enhancer in a myeloma cell line (24). The fact that this
oncogene and TPA share these effects is consistent with the
hypothesis that H-ras exerts its cellular effects, at least in
part, through PKC.

In view of the marked differences in the abundance of T24
transcripts seen between T24-transformed R6-C1 and R6-
PKC3 cells, it was of interest to examine the levels of the
c-H-ras-encoded p2l protein, using immunoprecipitation
with a monoclonal antibody to the p21 protein and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (7). Fig-
ure 4 (left) indicates that when prelabeled with [**S]me-
thionine the non-T24-transformed R6-C1 and R6-PKC3 cells
displayed only a faint radioactive p21 band. This band was
more intense in the T24-transformed derivatives of these
cells (Fig. 4, left), reflecting expression of the transfected
T24 sequence. It was particularly intense in the R6-C1 cells.
which is consistent with the high level of T24 RNA seen in
these cells (Fig. 3). In parallel studies, the same cells were
labeled with **P,. When immunoprecipates were prepared
using an H-ras-specific antiserum and the proteins were
resolved by gel electrophoresis. as described in Fig. 4, no
radioactivity was detected in the p21 protein band obtained
from normal or T24-transformed R6-C1 or R6-PKC3 cells
(Fig. 4, right). Thus, overproduction of PKCg4; does not
appear to enhance T24 transformation simply by increasing
phosphorylation of the p21 ras protein, at least within the
limits of sensitivity that could be detected in the present
study. Other investigators have reported that ras p21 pro-
teins are substrates for in vitro phosphorylation by PKC
(13), but this does not appear to be the case in Rat 6 cells.
Our findings are consistent with previous studies indicating
that although TPA treatment resulted in phosphorylation of
the c-K-ras p21 protein in a mouse adrenocortical cell line
that expressed high levels of p21, this was not the case with
the c-H-ras or v-H-ras proteins (1). Studies are in progress to
identify other phosphoproteins that may play a role in the
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synergistic interaction between PKC and H-ras in the pro-
cess of cell transformation.

The fact that the T24-transformed R6-PKC3 clones con-
tained fewer integrated copies of the T24 DNA sequence,
and had lower levels of T24 RNA and its encoded p21
protein, than did the corresponding T24-transformed R6-C1
cells (Fig. 3 and studies on additional clones not shown here)
might be explained by two alternative mechanisms. The first
is that, since the R6-PKC3 cells are more sensitive to T24
transformation than the R6-C1 cells, the former cells become
transformed with fewer copies of T24 DNA. The second is
that when cells express high activity of PKC, high expres-
sion of T24 is actually cytotoxic. This would explain why we
did not obtain any clones that expressed high levels of both
PKC and the H-ras oncogene. The latter explanation is
consistent with the results shown in Table 1 indicating that
TPA treatment. which activates PKC (18), inhibited the yield
of T24-transformed cells obtained with R6-PKC3, but this
was not the case with the R6-C1 cells. In additional studies,
the growth in agar of two T24-transformed R6-C1 clones and
two T24-transformed R6-PKC3 clones was studied in the
presence and absence of TPA (100 ng/ml) (Fig. 5). We found
that TPA markedly inhibited (by about 70%) the colony-
forming ability of the latter clones but had little or no effect
on the former clones. Although further studies are required,
these results favor the second explanation mentioned above.
We suggest that optimum synergistic interactions between
PKC and an activated c-H-ras oncogene require a proper
balance between their respective functions. If this is true,
then during multistage carcinogenesis, cellular levels of PKC
and its endogenous activator(s) may be important determi-
nants of their response to a mutated c-H-ras oncogene.

Tumorigenicity studies were also done in nude mice by
injecting 10° cells subcutaneously, in quadruplicate sites, for
each cell type. With R6-C1 cells, no tumors were detected up
to 150 days postinjection. With R6-PKC3 cells tumors did
occur, but only after about 38 days. With both T24-trans-
formed R6-C1 and T24-transformed R6-PK3 cells, tumors
(about 1 cm in diameter) were apparent within 9 days. When
the T24-transformed cells were injected at 10° cells per site,
it was apparent that the T24-transformed R6-PKC3 cells
grew more rapidly than the T24-transformed R6-C1 cells.

DISCUSSION

Although previous studies (6, 15, 16, 20, 23, 26) suggested
a synergistic interaction between ras oncogenes and PKC,
the present studies provide the first genetic evidence for this
synergy, in a stable cell transformation system. We are quite
confident that the increased susceptibility of the R6-PKC3
cells to transformation by an activated c-H-ras oncogene is
due to their high level of expression of PKCy,, rather than to
fortuitous clonal variations, for the following reasons. (i) In
parallel studies, this cell line displayed a 10-fold-greater
frequency in c-H-ras-induced transformation than either the
parental Rat 6 cells or a randomly picked vector control line
R6-C1 (Table 1 and additional studies not shown here). (ii)
The R6-PCKS cell line, which expresses a much lower level
of PKCg, (9). did not show this increased susceptibility (data
not shown here). It may also be significant that R6-PKC3
cells have lost the normal refractory response to TPA
treatment but R6-PKCS5 cells retain this response (9). (iii)
The c-H-ras-transformed derivative of R6-PKC3 cells con-
tinued to express high levels of PKC, suggesting a syner-
gistic interaction between the ras oncogene and PKC in
maintenance of the transformed state. Furthermore, this
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FIG. 5. Soft-agar cultures of isolated T24-transformed clones grown in the absence (—) or presence (+) of TPA (100 ng/ml). Two
T24-transformed R6-C1 clones (a and b) and two T24-transformed R6-PKC3 clones (c and d) were seeded separately at 2 X 10* cells per 60-mm
plate in a 2-ml suspension of 0.3% Bacto-Agar in growth medium. Cells were fed twice a week by overlaying the agar with 2 ml of the growth
medium with or without the addition of TPA. The plates were stained and photographed on day 14. For additional experimental details, see

Materials and Methods.

interaction is not confined to the rat fibroblast system, since
in recent studies we have found that two clonal derivatives
of rat liver epithelial cells that express high levels of PKCyg,
are also much more susceptible to transformation by the
activated c-H-ras oncogene than are the parental rat liver
epithelial cells (L. L. Hsieh, S. Hoshina, and 1. B. Wein-
stein, unpublished studies).

It is difficult to formulate the exact mechanism by which a
high level of PKC enhances ras-induced cell transformation,
since the biochemical function in mammalian cells of the p21
proteins encoded by ras oncogenes is not known. These
proteins display significant sequence homology with the «
subunits of known regulatory G proteins and also share
certain functional similarities with these proteins, since they

bind GTP and GDP and have GTPase activity (for a review,
see reference 4). The GTPase activity is enhanced by a
recently identified ras p21-binding protein designated GAP
(3, 22). Several studies indicate that ras-transformed cells
have increased cellular levels of DAG (6, 20, 23, 26). Since
phospholipase C, the enzyme that generates DAG, appears
to be regulated by a G protein, it has been suggested that ras
p21 proteins may function by regulating the activity of
phospholipase C (2). There is, however, no direct evidence
for this hypothesis. The effect of ras oncogenes on cellular
levels of DAG could be secondary to the process of cell
transformation, since cells transformed by other oncogenes
can also display increased levels of DAG (26). Nevertheless,
even if the c-H-ras oncogene increases cellular levels of
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DAG via an indirect effect, this could explain the findings in
the present study, since increased levels of DAG would lead
to activation of the excess PKCg,;, molecules present in
R6-PKC3 cells, thus resulting in a synergistic effect. This
formulation is consistent with the fact that normal Rat 6 cells
have low levels of PKC (9) and display a low frequency of
transformation when transfected with T24 DNA (11). It is
also consistent with the finding that flat revertants of ras-
transformed NIH 3T3 cells (which continue to express the
mutant p21 ras protein) have subnormal levels of PKC (14).
Presumably, in the latter cells there is insufficient PKC
activity to optimally support the action of ras. We should
emphasize, however, that the present data do not exclude
other explanations for the synergy between PKC and H-ras.
For example, a study by Yu et al. (27) suggests that ras
oncogenes may act downstream from PKC. It is possible,
therefore, that PKC alters the expression of other cellular
genes that synergize with the H-ras p21 protein to produce
cell transformation.

Hopefully, the present system will facilitate further stud-
ies on the mechanism of action of the ras oncogenes and the
role of PKC in mediating cell transformation. Since PKC is
a multigene family (19), it will be of interest to determine
whether overexpression of other specific forms of PKC also
synergizes with an activated H-ras oncogene and whether or
not cells that overexpress various forms of PKC are more
susceptible to transformation by other types of oncogenes.

ACKNOWLEDGMENTS

This research was supported by Public Health Service grant CA
02656 from the National Institutes of Health to 1.B.W.

We thank Michael Wigler for providing the pT24 plasmid. Mark
Furth for providing the Y13-259 antibody, Kevin O’Driscoll for
valuable assistance in the p21 immunoassays. and Nancy Mojica
and Sheila M. Washington for assistance in the preparation of this
manuscript.

LITERATURE CITED

1. Ballester, R., M. E. Furth, and M. J. Resen. 1987. Phorbol ester-
and protein kinase C-mediated phosphorylation of the cellular
Kirsten ras gene product. J. Biol. Chem. 262:2688-2695.

2. Berridge, M. J. 1987. Inositol trisphosphate and diacylglycerol:
two interacting second messengers. Annu. Rev. Biochem. 56:
159-193.

3. Cales, C., J. F. Hancock, C. J. Marshall, and A. Hall. 1988. The
cytoplasmic protein GAP is implicated as the target for regula-
tion by the ras gene product. Nature (London) 332:548-551.

4. De Vos, A. M., L. Tong, M. V. Milburn, P. M. Matias, J.
Jancarik, S. Noguchi, S. Nichimara, K. Miura, E. Ohtsuka, and
S.-H. Kim. 1988. Three-dimensional structure of an oncogene
protein: catalytic domain of human c-H-ras p21. Science 239:
888—893.

5. Dotto, G. P., L. F. Parada, and R. A. Weinberg. 1985. Specific
growth response of ras-transformed embryo fibroblasts to tumor
promoters. Nature (London) 318:472—475.

6. Fleischman, L. F., S. B. Chahwala, and L. Cantley. 1986.
Ras-transformed cells: altered levels of phosphatidylinositol 4.5
bisphosphate and catabolites. Science 231:407-410.

7. Furth, M. E., L. J. Davis, B. Fleurdelys, and E. M. Scolnick.
1982. Monoclonal antibodies to the p21 products of the trans-
forming gene of Harvey murine sarcoma virus and of the cellular
ras gene family. J. Virol. 43:294-304.

8. Goldfarb, M., K. Shimizu, M. Perucho, and M. Wigler. 1982.
Isolation and preliminary characterization of a human trans-

TRANSFORMATION BY ACTIVATED H-ras ONCOGENE

10.

11.

13.

14.

15.

16.

17.

18.

19.

21.

22.

24.

25.

26.

2647

forming gene from T24 bladder carcinoma cells. Nature
(London) 296:404—409.

. Housey, G. M., M. D. Johnson, W.-L. W. Hsiao, C. A. O’Brian,

J. P. Murphy, P. Kirschmeier, and I. B. Weinstein. 1988. Over-
production of protein kinase C causes disordered growth control
in rat fibroblasts. Cell 52:343-354.

Hsiao, W.-L. W., S. Gattoni-Celli, and I. B. Weinstein. 1984.
Oncogene-induced transformation of C3H 10T1/2 cells is en-
hanced by tumor promoters. Science 226:552-555.

Hsiao, W.-L. W., T. Wu, and I. B. Weinstein. 1986. Oncogene-
induced transformation of a rat embryo fibroblast cell line is
enhanced by tumor promoters. Mol. Cell. Biol. 6:1943-1950.

. Huang, F. L., Y. Yoshida, H. Nakabayashi, J. L. Knopf, W. S.

Young, and K. P. Huang. 1987. Immunochemical identification
of protein kinase C isozymes as products of discrete genes.
Biochem. Biophys. Res. Commun. 149:946-952.

Jeng, A. Y., S. K. Srivastava, J. C. Lacal, and P. M. Blumberg.
1987. Phosphorylation of ras oncogene product by protein
kinase C. Biochem. Biophys. Res. Commun. 145:782-788.
Kamata, T., N. F. Sullivan, and M. W. Wooten. 1987. Reduced
protein kinase C-activity in ras-resistant cell line derived Ki-
MSYV transformed cells. Oncogene 1:37-46.

Lacal, J. C., P. De La Pena, J. Moscat, P. Garcia-Barreno, P. S.
Anderson, and S. A. Aaronson. 1987. Rapid stimulation of
diacylglycerol production in Xenopus oocytes by microinjection
of H-ras p21. Science 238:533-536.

Lacal, J. C., T. P. Fleming, B. S. Warren, P. M. Blumberg, and
S. A. Aaronson. 1987. Involvement of functional protein kinase
C in the mitogenic response to the H-ras oncogene product.
Mol. Cell. Biol. 7:4146-4149.

Lebkowski, J. S., M. A. McNally, T. B. Okarma, and L. B.
Lerch. 1987. Inducible gene expression from multiple promoters
by the tumor-promoting agent, PMA. Nucleic Acids Res. 15:
9043-9055.

Nishizuka, Y. J. 1988. The molecular heterogeneity of protein
kinase C and its implications for cellular regulation. Nature
(London) 334:661-665.

Ono, Y., T. Fujii, K. Ogita, U. Kikkawa, K. Igarashi, and Y.
Nishizuka. 1987. Identification of three additional members of
rat protein kinase C family 8-, e-, and {- subspecies. FEBS Lett.
226:125-128.

. Preiss, J., C. R. Loomis, W. R. Bishop, R. Stein, J. E. Neidel,

and R. M. Bell. 1986. Quantitative measurement of sn-1,2-
diacylglycerols present in platelets, hepatocytes. and ras- and
sis-transformed normal rat kidney cells. J. Biol. Chem. 261:
8597-8600.

Schaeffer, W. 1., and K. Friend. 1976. Efficient detection of soft
agar growth colonies using tetrazolium salt. Cancer Lett. 2:259-
262.

Trahey, M., and F. McCormick. 1987. A cytoplasmic protein
stimulates normal N-ras p21 GTPase. but does not affect onco-
genic mutants. Science 238:542-545.

. Wakelam, M. J. O., S. A. Davies, M. D. Houslay, I. McKay,

C. J. Marshall, and A. Hall. 1986. Normal p21N" couples
bombesin and other growth factor receptors to inositol phos-
phate production. Nature (London) 323:173-176.

Wasylyk, C., J. L. Imler, J. Perez-Mutul, and B. Wasylyk. 1987.
The c-H-ras oncogene and a tumor promoter activate the
polyoma virus enchancer. Cell 48:525-534.

Weinstein, I. B. 1988. The origins of human cancer: molecular
mechanisms of carcinogenesis and their implications for cancer
prevention and treatment. Cancer Res. 48:4135-4143.
Wolfman, A., and 1. G. Macara. 1987. Elevated levels of
diacylglycerol and decreased phorbol ester sensitivity in ras-
transformed fibroblasts. Nature (London) 325:359-361.

. Yu, C.-L., M.-H. Tsai, and D. W. Stacy. 1988. Cellular ras

activity and phospholipid metabolism. Cell 52:63-71.



