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Transfection of insulin-producing cells with a transforming
c-Ha-ras oncogene stimulates phospholipase C activity
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Pancreatic islet fl-cells and insulin-producing RINm5F cells were electroporated in the presence of the c-Ha-
ras oncogene, to assess the possible involvement of the encoded product in coupling extracellular receptors
to phospholipase C. After two days the c-Ha-ras-transfected cells increased their expression of c-Ha-ras
mRNA. These cells were also found to contain more [3H]InsP3, suggesting an increased basal (non-ligand-
activated) phospholipase C activity. In addition, the transfected cells were unable to respond to ligand
(bombesin) activation of phospholipase C. The ras-transfected insulin-producing cells showed enhanced
phosphorylation of a 200 kDa substrate crossreacting with an antibody to an 80 kDa protein kinase C
substrate. The phorbol ester 12-O-tetradecanoyl 13-acetate and bombesin also induced phosphorylation of
the 200 kDa substrate. All of these changes occurred without changes in the rates of [3H]thymidine
incorporation. The results suggest that the mutated c-Ha-ras oncogene directly or indirectly stimulates the
basal phospholipase C activity of these cells.

INTRODUCTION
The recent discovery of oncogenes and their normal

cellular counterparts, the proto-oncogenes, has signifi-
cantly increased our understanding of many cellular
processes, such as cell replication, gene expression and
ionic fluxes [1-3]. Despite this, the exact mechanisms by
which the products of oncogenes or proto-oncogenes
operate remain elusive. An example is given by the ras
group of proteins which have been found to bind and
hydrolyse GTP [4,5]. These proteins are thought to serve
as signal transducers at the plasma membrane [3],
although their putative targets have not yet been clearly
identified. It has been suggested that the ras proteins
regulate the activity of phospholipase C [6], an enzyme
involved in the regulation of many cellular processes,
including cell proliferation [2]. This suggestion is sup-
ported by the findings that phospholipase C is regulated
by a GTP-binding protein [7], that cells transfected with
N-ras respond to bombesin with increased InsP. pro-
duction [6], and that a phorbol ester mimics the effects of
ras on gene expression [8]. Other studies have failed to
demonstrate consistent stimulatory effects of ras on
phospholipase C [9,10]. However, such discrepancies
could reflect differences between various cell types or
compensatory mechanisms which inhibit this enzyme.
We have recently described a system for studying the

effects of oncogene constructs transfected into insulin-
producing pancreatic fl-cells by means of electroporation
[11]. It was observed that certain oncogenes (src and myc
plus ras) stimulated [3H]thymidine incorporation, and
that the src oncogene was expressed at elevated levels in
a high proportion (> 50 %o) of the islet cells three days
after the transfection. Since these studies were performed
on primary cells three days after electroporation, effects
secondary to clonal selection and transformation are not
likely to be observed.

Although the exact physiological role ofphospholipase
C in insulin secretion is unknown, this enzyme can be
activated by stimulating insulin-producing cells with
various agonists. So far, no G-protein has been identified
that might couple the actual receptors to phospholipase
C. By investigating the effects of the G-protein encoded
by the mutated c-Ha-ras oncogene [12], we have now
attempted to obtain more detailed information con-
cerning the mechanisms whereby phospholipase C is
regulated in insulin-producing cells. The results suggest
that the ras protein stimulates the phospholipase C
activity of these cells in the absence of ligand activation.

EXPERIMENTAL
Materials

[32P]Orthophosphate, [methyl-3H]thymidine, [a-32P]-
deoxycytidine triphosphate, myo-[2-3H]inositol, an oligo-
nucleotide labelling kit and Hyperfilm were from Amer-
sham International, Amersham, Bucks., U.K. Biolyte
ampholytes were from Bio-Rad Laboratories, Rich-
mond, CA, U.S.A. Genescreen was purchased from New
England Nuclear, Boston, MA, U.S.A. Ficoll 400 and
protein A-Sepharose were obtained from Pharmacia,
Uppsala, Sweden. pSP64 was from Promega Biotech,
Madison, WI, U.S.A. Nu-serum was obtained from
Collaborative Research Inc., Bedford MA, U.S.A.

Cell preparation
Pancreatic islets were isolated from male NMRI mice

(Anticimex, Stockholm, Sweden) by collagenase digestion
[13]. The crude digests were partially purified on Ficoll
gradients [14], and isolated islets were transferred manu-
ally to dishes for culture in 5 % CO2 in RPMI 1640
(11 mM-glucose) plus 10% bovine serum and antibiotics
[15]. For the determinations of islet phospholipase C
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activity, 2000-3000 islets were dispersed into cellular
aggregates 12 h before electroporation as described in
detail by Welsh et al. [11]. RINm5F cells [16] at a passage
number of about 70 were kept in culture in RPMI 1640
plus 1000 fetal bovine serum in 5 0o CO2. Before electro-
poration, such cells were detached by gentle trypsin/
EDTA treatment and washed in Hanks' solution.

Transfection by means of electroporation
The electroporation was carried out exactly as de-

scribed [11] using pSP64 or pRI-7 as control and
pUCEJ6.6RI as the plasmid containing mutated c-H-ras
sequences. This plasmid also contains sequences from
the rat insulin II promoter [11].

Phospholipase C activity
Electroporated islet and RINm5F cells were cultured

for 2 or 1 days, respectively, before replacing the media
with [2-3H]inositol-containing media [17]. After 24 h, the
labelling media were discarded, the cells were washed
and incubated for 30 min in a Hepes-buffered medium
with Cl- as the sole anion [18], and containing 11 mM-
glucose, before termination of the incubation by the
addition of trichloroacetic acid to a final concentration
of 100%. In some experiments bombesin was added to a
final concentration of 0.1 JtM five minutes before the
addition of trichloroacetic acid. Phosphoinositide-
specific phospholipase C activity was determined as the
contents of [3H]InsP3 as described [17] assuming no
differences in the specific activities of relevant [3H]inositol
phospholipid pools after the 24 h equilibration period
and constant rates of InsP3 breakdown. A 3 h labelling
period has previously been reported to be sufficient to
obtain steady state levels of [3H]inositol phospholipids in
islet cells [19]. For the DNA determinations, the contents
of the culture dishes were sonicated for 15 s after the
addition of trichloroacetic acid, and aliquots of the
suspensions were taken for further analysis [20].

13HjThymidine incorporation
Adult islet cells were electroporated in the presence of

pSP64 or pSV2.26RI [11], and the incorporation of
[3H]thymidine was determined during the fourth day of
culture in RPMI 1640 plus 100 fetal bovine serum with
or without the addition of 10 /tM-carbamylcholine to the
media during the last two days. Alternatively, RINm5F
cells were electroporated in the presence of pSP64 or
pUCEJ6.6RI. After two days, the cells were incubated
for 4 h in 0.5 uCi of [3H]thymidine/ml as described [11].

Immunoprecipitation of 32P-labelled proteins
RINm5F cells were in some cases electroporated and

maintained for two days in culture. The cells were labelled
with 32p (1 mCi/ml) for 3 h in a Hepes-buffered Krebs-
Ringer bicarbonate salt solution (KRBH) (0.01 mM-
phosphate) containing 17 mM-glucose and 1 00 fetal calf
serum at 37 °C in 50 CO2. The cells were then washed
with ice-cold KRBH, scraped off the dishes and lysed
in 100 ,l of 150 mM-NaCl/50 mM-Tris, pH 7.4/0.500
NP-40/0.1 00 SDS/5 mM-EDTA/0.0200 NaN3/100 ku
of trasylol/ml/ 10 mM-benzamidine. Nuclei were pelleted
and the supernatants were pre-cleaned with 20 ,tl of 500
(v/v) protein A-Sepharose in the lysis buffer described
above with the further addition of 2.500 bovine serum
albumin. After pelleting the Sepharose, the supernatants
were immunoprecipitated as described [21] with an anti-

body directed against a protein kinase C substrate [21].
The immunoprecipitated products were subjected to two-
dimensional gel electrophoresis as described [22] before
autoradiography and densitometric analysis.
Determination of c-Ha-ras mRNA
RINm5F cells were electroporated and then kept in

culture for two days. Total cellular RNA was isolated
according to Chirgwin et al. [23]. Approx. 15 ,ug of RNA
was denatured with glyoxal and subsequently subjected
to agarose (1.20°0) gel electrophoresis according to
Thomas [24]. After transfer of the RNA to Genescreen
transfer membranes, the blots were hybridized in 5000deionized formamide to a [32P]oligonucleotide-labelled
0.6 kb Pst I-Sst I fragment of the human c-Ha-ras gene
(commercially available from Oncor Inc., Gaithersburg,
MD, U.S.A.) as described [24]. The blots were washed
three times for 30 min each at 50 °C in the 15 mM-
NaCl/1.5 mM-sodium citrate/0.1 0, SDS before auto-
radiography.
Measurements of cytoplasmic free Ca2+ concentration

Following electroporation in the presence of pSP64 or
pUCEJ6.6RI, the RINm5F cells were cultured for two
days in RPMI 1640 medium containing 10 00 NU-serum.
After the culture period the cells were detached from the
culture flask by mild trypsinization. The cell suspensions
were then incubated at 37 °C, pH 7.4, for 45 min in a
similarly composed culture medium supplemented with
5 ,aM-quin 2/AM, which gave a quin 2 loading of
about 0.40 nmol per 106 cells. This value was obtained
from calculations based on fluorescence maximum and
extracellular quin 2 values at the beginning of each
experiment, assuming that 1 mg of dry weight corres-
ponds to 3.6 x 106 cells [25]. To avoid attachment of the
cells to the culture flask during incubation, the sus-
pensions were shaken gently. After the loading period
the cell suspensions were washed twice at 37 °C in a
Hepes buffer, pH 7.4, physiologically balanced in cations
with Cl- as the sole anion [18] containing 11 mM-glucose,
0.1 00 (w/v) bovine serum albumin and 1.28 mM-Ca2 .
The cells were then resuspended in 1.5 ml of a similar
Hepes buffer in 1 cm polystyrene cuvettes, and measure-
ments were performed at 37 °C in an Aminco-Bowman
spectrofluorimeter, slightly modified to allow constant
stirring. The excitation and emission wavelengths were
340 nm and 490 nm, respectively. Calibration was done
essentially as described by Hesketh et al. [26]. In each
experiment, 50S,M-D-600 was added to block possible
Ca2" channels. Additions of bombesin were made from a
200 x concentrated stock solution.

RESULTS
Expression of the c-Ha-ras-genes
To evaluate the efficiency of the electroporation pro-

cedure, c-Ha-ras mRNA was determined two days after
electroporation of RINmSF cells in the presence of
pUCEJ6.6RI (ras) or pSP64 (control). Densitometry of
Northern blots revealed a 520 increase in the amounts
of c-Ha-ras mRNA, using a probe detecting both normal
and mutated Ha-ras mRNA, after transfection with
pUCEJ6.6RI (ras) as compared to controls (Fig. 1).

Phospholipase C activity
When islet cell phospholipase C activity (measured as

the [3H]-InsP3 content/,tg of DNA) was determined, ras-
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Table 1. Effect of pUCEJ6.6RI (ras) on 13HIInsPI contents of
insulin-producing cells

Phospholipase C activity was measured as d.p.m. of
[3H]InsP3/,tg of cellular DNA and was determined in adult
mouse islet cells three days after transfection with pSP64
or pUCEJ6.6RI. Means+S.E.M. are given, as well as the
average percent increase with ras. Similar experiments
were performed using RINm5F cells two days after
electroporation. Means + S.E.M. are given. ** denotes
P < 0.01 using a paired Student's t-test. The percentage
increase with ras for each cell line is given in parentheses.

4.
Phospholipase C activity
(d.p.m. of [3H]InsP3/ug

of cellular DNA)

Transfection conditions
Islet cells RINm5F cells
(n = 4) (n = 9)

Control (pSP64)
Ras (pUCEJ6.6RI)

Table 2. Effects of electroporation in the presence of
pUCEJ6.6RI (ras) on RINm5F cell I3HIInsP3 contents
with or without the addition of bombesin

Fig. 1. Effect of electroporation of RINm5F cells in the presence
of pUCEJ 6.6RI (ras) on the expression of the c-Ha-ras
genes

RNA was isolated two days after electroporation with
pSP64 (control, lane a) or pUCEJ 6.6RI (ras, lane b),
glyoxylated, electrophoresed on a 1.20 agarose gel, trans-
ferred to Genescreen filters and hybridized to a c-Ha-ras
probe. The position of a 1.4 kb DNA marker is indicated
by the arrow.

transfection (pUCEJ6.6RI) increased the activity of
the enzyme (Table 1). Also in the RINm5F cells, ras-

transfection produced a significant increase in phospho-
lipase C activity (Table 1). When 0.1 tM-bombesin was

added to control transfected RINm5F cells, there was an
increase in the production of [3H]InsP3 (Table 2). Fur-
thermore, the ras-transfected RINm5F cells again
showed an increased basal phospholipase C activity,
whereas the addition of bombesin exerted no further
effect.

Protein phosphorylation
Constitutive activation of phospholipase C would be

expected to elevate the release of diacylglycerol in the
plasma membrane with an increase in the activity of
protein kinase C as a consequence [2]. To test this
hypothesis, RINm5F cells electroporated with ras

(pUCEJ6.6RI) or control (pSP64) were labelled with 32p
and immunoprecipitated with a serum directed against a

widely distributed substrate for protein kinase C [21].
Figs. 2(a) and 2(b) show autoradiographs of two-dimen-
sional gels after this procedure. In control transfected
cells, phosphorylation of a 80 kDa, pl = 4 protein is
consistent (arrow 1). Futhermore, other phosphorylated
products are present of which a faint 200 kDa, pl = 6
(arrow 2) product is reproducibly immunoprecipitated.

The activity of phosphoinositide-specific phospholipase C
was determined in 4-5 separate experiments two days after
electroporation of RINm5F cells in the presence of pSP64
or pUCEJ6.6RI as d.p.m. of [3H]InsP3/,pg of cellular
DNA. Means+ S.E.M. are given. * Denotes P < 0.05 when
tested against basal control with a paired t-test. The
bombesin effect as a percentage of basal [3H]InsP1 content
is also shown in parentheses for each cell line.

Phospholipase C activity
(d.p.m. of [3H]InsP3/,ug

of cellular DNA)

Transfection conditions

pSP64 (control)
pUCEJ6.6RI (ras)

Basal + 0.1 aM bombesin

361+148 501+285* (132+10%)
452+ 156* 404+ 202 (97 + 8 o)

Ras-transfected RINm5F cells (Fig. 2b) showed de-
creased phosphorylation (46 + 33 °/, n = 2) of the
80 kDa substrate (arrow 3), as did the control cells.
However, the 200 kDa substrate was phosphorylated
to a greater extent (arrow 4) than in the control group
(584 + 216 0, n = 2). Other 32P-labelled proteins showed
no difference in their labelling in the two groups.
RINm5F cells treated with the phorbol ester TPA
(0.1 aM) for 10 min after the 32P-labelling period showed
enhanced phosphorylation of both the 80 and 200 kDa
substrates (324 + 138 and 337 + 49 o of control,
n = 3; Fig. 3b versus Fig. 3a) whereas other 32P-labelled
proteins were not affected. Similarly, 0.1,IM-bombesin
stimulated the phosphorylation of both the 80 kDa and
200 kDa substrates under these conditions (results not
shown). Neither of the 80 or 200 kDa substrates was

precipitated by normal rabbit serum (results not shown),
suggesting that the 200 kDa protein is an antigenically
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Fig. 2. Effects of electroporation of RINm5F cells in the presence of pSP64 (control, a) or pUCEJ6.6RI (ras b) on protein
phosphorylation two days later

Electroporated RINm5F cells were labelled with 32P and immunoprecipitated with an antibody for a protein kinase C substrate
[21]. The products were subjected to two-dimensional gel electrophoresis and autoradiography. The left arrows (1 and 3) indicate
the positions of the 80 kDa substrate and the right arrows (2 and 4) indicate the positions of a 200 kDa phosphorylated product
which is immunoprecipitated with the 80 kDa substrate antibody. The positions of molecular weight markers (in kDa) and
isoelectric points are indicated.
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Fig. 3. Effects of TPA on protein phosphorylation in RINm5F cells

RINm5F cells were labelled with 32P after which the cells were control- (a) or TPA- (b) incubated for 10 min, after which the
proteins were immunoprecipitated and electrophoresed as in Fig. 2. In (d), the RINm5F cells were exposed to 0.1 ,IM-TPA for
24 h before 32p labelling, during which TPA was also-present. The corresponding control is shown in (c). The arrows indicate
the same positions as in Fig. 2. Note that (c) and (d) have been electrophoresed for a shorter time in the second dimension than
(a) and (b). The positions of molecular weight markers (in kDa) and isoelectric points are given.
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related form of the 80 kDa protein kinase C substrate
[21] which also serves as a substrate for protein kinase C.
Pretreatment of RINm5F cells with 0.1 aM-TPA 24 h
before the 32P-labelling period resulted in a phosphoryl-
ation pattern very similar to that observed after ras-
transfection, i.e. the phosphorylation of the 80 kDa
substrate was slightly decreased (48 + 21 %, n = 2) where-
as the phosphorylation of the 200 kDa substrate was
enhanced (Figs. 3c and 3d) (570+ 180 '/, n = 2) com-
pared with the control-transfected cells. The inhibition of
phosphorylation of the 80 kDa substrate after long-term
activation of protein kinase C is probably due to down-
regulation of this substrate, as has been observed in other
cells t27].

Cytoplasmic free Ca2+ concentration
As evident from Fig. 4(a) there was a rapid and

transient increase in cytoplasmic free Ca2+ concentration
when 0.5 ,uM-bombesin was added to RINm5F cells
electroporated in the presence of pSP64 (control). How-
ever, RINm5F cells transfected with the c-Ha-ras onco-
gene (pUCEJ6.6RI) displayed no increase in free cyto-
plasmic Ca2` when exposed to bombesin (Fig. 4b), indi-
cating that RINm5F cells transfected with the mutated
c-Ha-ras oncogene lose their ability to activate phospho-
lipase C in response to ligands. No difference in the basal
free cytoplasmic Ca2+ concentration was observed after
transfection with pUCEJ6.6RI. However, this does not
contradict a role of the c-Ha-ras oncogene in activation
of phospholipase C, since the intracellular release of Ca2+
in response to InsP3 is only transient in islet cells [17].

I3HlThymidine incorporation
When the incorporation of [3H]thymidine was de-

termined in adult islet cells, the presence of 10 /tM-
carbamylcholine during days three and four after electro-

Bombesin

[Ca2"]
(nm)
210.-

130_

(a)

(b)
200-

1 20

2 min

Fig. 4. Effects of transfection of RINm5F cells with pUCEJ
6.6RI (ras) on free cytoplasmic Ca21 in response to
bombesin

RINm5F cells were electroporated in the presence of

pUCEJ6.6RI (ras, b) or pSP64 (control, a). Free cyto-
plasmic Ca2" was determined two days later. The arrow

indicates the time of addition ofbombesin. This experiment
is a representative of three separate experiments.

poration resulted in no effects on [3H]thymidine in-
corporation when added to control (pSP64) electro-
porated cells in three experiments (I106+ 12 Ge). Similarly,
myc (pSV2.26RI) exerted no effect (105 + 1200 of ccn-
trol). However, the addition of carbamylcholine to the
myc-electroporated cells significantly (P < 0.05) stimu-
lated [3H]thymidine incorporation (212 + 2600 of control
electroporated cells) to a degree very similar to that of
pUCEJ6.6RI (ras) when transfected together with myc
into islet cells [11]. The [3H]thymidine incorporation of
RINm5F cells transfected with pUCEJ6.6RI was
91 + 290 of control electroporated cells (pSP64) in three
experiments.

DISCUSSION
The ras family of proteins consists of very similar

proteins with GTP-binding and GTP-hydrolysing pro-
perties [4,5]. These proteins are of importance for cell
proliferation, since cells microinjected with ras antibodies
cease to divide [28]. Furthermore, certain point mutations
in the ras genes render these highly oncogenic, with the
ability to transform cells [12]. Such mutated ras-proteins
have been implicated in oncogenesis in tumours from
various tissues [12,29,30]. Point mutations in the ras
proteins cause changed GTP-binding and hydrolysing
properties [31-33]. Although it is difficult to see a simple
pattern of how these mutations affect the properties of
ras proteins, it is clear that many ras mutants show
decreased GTP-binding and GTP-hydrolysing activities
without a loss of the transforming capability.

GTP-binding proteins have been implicated as signal
transducers in many systems. Thus a search for a target
of the ras-proteins in mammalian cells has focused on the
regulation of phospholipase C [34], since this enzyme is
controlled by a GTP-binding protein [7] and is also
closely related to cellular growth among other processes
[2]. Many reports indicate that the ras proteins exert a
positive control of phospholipase C. For example, this
was suggested by the experiments demonstrating that
cells transfected with N-ras responded to bombesin with
increased production of InsP3 [6], that ras and TPA
exerted similar effects on gene expression [8], that certain
cells display elevated phospholipase C activity after
transfection with activated Ha-ras [35], and that ras-
transformed fibroblasts showed elevated levels of diacyl-
glycerol [36,37]. However, other studies have obtained
contradictory results as to whether ras proteins stimulate
phospholipase C [9,10,38,39]. Many of these discrep-
ancies might be explained by differences between
different cells. Furthermore, one could hypothesize that
constitutive activation of phospholipase C induces
compensatory down-regulatory mechanisms which in
turn make it difficult to detect effects on phospholipase
C activity. An example of such a compensatory
down-regulatory mechanism could be TPA-stimulated
phosphorylation of the c-Ki-ras product [40], which via
activation of protein kinase C would phosphorylate and
control the ras proteins, the hypothesized regulators of
phospholipase C. Furthermore, it has been reported that
addition of TPA decreases the sensitivity in the response
of phospholipase C to stimulators [41].
The pancreatic fl-cells as well as the clonal insulin-

producing RINm5F cells can serve as cells in which
signal transmission involves receptors coupled to
phospholipase C. However, the extent to which the ras
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proteins serve as thegeneral coupling factorsbetween extra-
cellular receptors and phospholipase C is at the moment
not known. We have defined a system for transfecting
primary fl-cells with oncogenes and then studying cellular
responses 2-4 days later. The gene products were
efficiently expressed in a high number of the cells [11].
Transfection of islet cells with a mutated c-Ha-ras
oncogene isolated from a human bladder carcinoma [12]
alone resulted in no effects on islet cell replication,
whereas the combination myc- plus ras-stimulated islet
cell replication [11]. Subsequent to transfection with the
c-Ha-ras oncogene we were presently able to detect an
increased phospholipase C activity both in fl-cell-rich
islets, and in the insulin-producing RINm5F cells. The
observed stimulation of phospholipase C was further
supported by the observation of increased phosphoryl-
ation in vivo of a 200 kDa substrate which was also
phosphorylated in response to the protein kinase C
activator TPA. This substrate was also immunopre-
cipitated with an antiserum against a protein kinase C
substrate, suggesting a structural resemblance between
these proteins which makes them both substrates for
protein kinase C. Constitutive stimulation of phospho-
lipase C would result in activation of protein kinase C,
since one of the products of phospholipase C action is
diacylglycerol, the major physiological stimulator of
protein kinase C [2]. Down-regulation of the 80 kDa
substrate after long-term activation of protein kinase C
has been observed in other cells [27] making the
phosphorylation of this substrate unsuitable as a marker
for protein kinase C activity in RINmSF cells. The effects
of ras on phospholipase C occurred without a con-
comitant increase in cell replication, suggesting that
such an activation in the insulin-producing cells is not
secondary to increased DNA replication. Moreover,
since these effects occurred 2-3 days after transfection,
it is unlikely that they reflect clonal outgrowth of a
subpopulation of cells.

Despite the ras stimulation of basal f-cell and
RINm5F cell phospholipase C activity, bombesin was
unable to activate phospholipase C. Thus, it appears that
ligand coupling is not generally enhanced by ras-trans-
fection, contrary to a previous report [6], in which ligand-
activated phospholipase C was stimulated by N-ras
despite the lack ofeffects ofN-ras on basal phospholipase
C activity. Such a discrepancy might be explained by the
use of a mutated c-Ha-ras oncogene in the present study.
However, we cannot exclude that in some specific cases
the c-Ha-ras oncogene promotes the ligand coupling to
phospholipase C in insulin-producing cells. Curiously,
ras increases the activity of phospholipase C in cells in
which phospholipase C, indirectly or directly, primarily
appears to play a role for the regulation of exocytotic
processes. In agreement with this, culture of islet cells in
the presence of carbamylcholine alone failed to affect
[3H]thymidine incorporation rates. Nevertheless, islet
cells transfected with myc plus ras [11] markedly increased
their [3H]thymidine incorporation rates, as did the myc-
transfected cells cultured in the presence of carbamyl-
choline, suggesting a role of islet phospholipase C for
cell replication when combined with another growth-
promoting agent or condition.
The possibility exists that our observed effects of a

mutated c-Ha-ras oncogene on insulin-producing cell
phospholipase C activity are secondary to other changes
occurring in these cells. Alternatively, our observed

effects of ras on phospholipase C may reflect 'pro-
miscuous' behaviour of the product of the mutated Ha-
ras oncogene, in these cells, and thus the main target(s)
for ras action could be other enzymes involved in
phospholipid metabolism ultimately causing activation
of protein kinase C. In support of this, others have
observed elevated levels of diacylglycerol after ras trans-
formation [36,37] without an increase in InsP3. Never-
theless, our observed increase in phospholipase C activity
may be a significant component of the action of the
mutated Ha-ras oncogene in insulin-producing cells.

We are grateful to Ing-Britt Hallgren and Eva Tornelius for
expert technical assistance and to Agneta Snellman and Maria
Sj6berg for typing the manuscript. Discussions and suggestions
from Drs. C.-H. Heldin, A. Andersson and C. Hellerstr6m are
gratefully acknowledged. Dr. K. Albert kindly supplied us with
antibodies against the 80 kDa substrate. The work was
supported by the Juvenile Diabetes Foundation International,
the Swedish Medical Research Council (Grants 12X-8273, 13P-
08441, 12X-109, 12X-562, 19X-00034), the Swedish Diabetes
Association, the Swedish Hoechst Foundation, Novo Industry,
the Nordic Insulin Fund, the Clas Groschinsky and Ernfors
Family Foundations, the Magnus Bergvalls Foundation, the
Swedish Society of Medicine, the Tore Nilsons Foundation for
Medical Research, the Aage Louis-Hansens Memorial Founda-
tion and the Bank of Sweden Tercentenary Foundation.

REFERENCES
1. Heldin, C.-H. & Westermark, B. (1984) Cell 37, 9-20
2. Berridge, M. J. (1984) Biochem. J. 220, 345-360
3. Bishop, J. M. (1985) Cell 42, 23-38
4. Finkel, T., Der, C. J. & Cooper, G. M. (1984) Cell 37,

151-158
5. Gibbs, J. B., Ellis, R. W. & Scolnick, E. M. (1984) Proc.

Natl. Acad. Sci. U.S.A. 81, 5704-5708
6. Wakelam, M. J. O., Davies, S. A., Houslay, M. D.,

McKay, I., Marshall, C. J. & Hall, A. (1986) Nature
(London) 323, 173-176

7. Cockcroft, S. & Gomperts, B. D. (1985) Nature (London)
314, 534-536

8. Wasylyk, C., Imler, J. L., Perez-Mutul, J. & Wasylyk, B.
(1987) Cell 48, 525-534

9. Parries, G., Hoebel, R. & Racker, E. (1987) Proc. Natl.
Acad. Sci. U.S.A. 84, 2648-2652

10. Newmark, P. (1987) Nature (London) 327, 101-102
11. Welsh, M., Welsh, N., Nilsson, T., Arkhammar, P.,

Pepinsky, R. B., Steiner, D. F. & Berggren, P.-O. (1988)
Proc. Natl. Acad. Sci. U.S.A. 85, 116-120

12. Tabin, C. J., Bradley, S. M., Bargmann, C. I., Weinberg,
R. A., Papageorge, A. G., Scolnick, E. M., Dhar, R.,
Lowy, D. R. & Chang, E. H. (1982) Nature (London) 300,
143-149

13. Howell, S. L. & Taylor, K. W. (1968) Biochem. J. 108,
17-24

14. Lernmark, A., Nathans, A. & Steiner, D. F. (1976) J. Cell.
Biol. 71, 606-623

15. Andersson, A. (1978) Diabetologia 14, 397-404
16. Oie, H. K., Gazdar, A. F., Minna, J. D., Weir, G. C. &

Baylin, S. F. (1983) Endocrinology (Baltimore) 112, 1070-
1075

17. Nilsson, T., Arkhammar, P., Hallberg, A., Hellman, B. &
Berggren, P.-O. (1987) Biochem. J. 248, 329-336

18. Hellman, B. (1975) Endocrinology (Baltimore) 97, 392-398
19. Montague, W., Morgan, N. G., Rumford, G. M. & Prince,

C. A. (1985) Biochem. J. 227, 483-489
20. Kissane, J. M. & Robins, E. (1958) J. Biol. Chem. 233,

184-188

1989

706



Transforming c-Ha-ras stimulates phospholipase C in islet cells

21. Albert, K. A., Walaas, S. I., Wang, J. K.-T. & Greengard,
P. (1986) Proc. Natl. Acad. Sci. U.S.A. 83, 2822-2826

22. Perdew, G. H., Schaup, H. W. & Selivonchick, D. P. (1983)
Anal. Biochem. 135, 453-455

23. Chirgwin, J. M., Przybyla, A. E., MacDonald, R. J. &
Rutter, W. J. (1979) Biochemistry 18, 5294-5299

24. Thomas, P. S. (1980) Proc. Natl. Acad. Sci. U.S.A. 77,
5201-5205

25. Lernmark, A. (1974) Diabetologia 10, 431-438
26. Hesketh, T. R., Smith, G. A., Moore, I. P., Taylor, M. V.

& Metcalf, I. C. (1983) J. Biol. Chem. 258, 4876-4882
27. Wolfman, A., Wingrove, T. G., Blackshear, P. J. &

Macara, I. G. (1987) J. Biol. Chem. 262, 16546-16552
28. Mulcahy, L. S., Smith, M. R. & Stacey, D. W. (1985)

Nature (London) 313, 241-243
29. Sukumar, S., Notario, V., Martin-Zanca, P. & Barbacid,

M. (1983) Nature (London) 306, 658-661
30. Forrester, K., Almoguera, C., Han, K., Grizzle, W. E. &

Perucho, M. (1987) Nature (London) 327, 298-303
31. Walter, M., Clark, S. G. & Levinson, A. D. (1986) Science

233, 649-652

32. McGrath, J. P., Capon, D. J, Goeddel, D. V. & Levinson,
A. D. (1984) Nature (London) 310, 644-649

33. Der, C. J, Pan, B.-T. & Cooper, G. M. (1986) Mol. Cell
Biol. 6, 3291-3294

34. Hanley, M. R. & Jackson, T. (1987) Nature (London) 328,
668-669

35. Hancock, J. F., Marshall, C. J., McKay, I. A., Gardner,
S., Houslay, M. D., Hall, A. & Wakelam, M. J. 0. (1988)
Oncogene 3, 187-193

36. Wolfman, A. & Macara, I. (1987) Nature (London) 325,
359-361

37. Lacal, J. C., Moscat, J. & Aaronson, S. A. (1987) Nature
(London) 330, 269-272

38. Benjamin, C. W., Tarpley, W. G. & Gorman, R. R. (1987)
Biochem. Biophys. Res. Commun. 145, 1254-1259

39. Seuwen, K., Lagarde, A. & Pouyssegur, J. (1988) EMBO J.
7, 161-168

40. Ballester, R., Furth, M. E. & Rosen, 0. M. (1987) J. Biol.
Chem. 262, 2688-2695

41. Brown, K. D., Blakeley, D. M., Hamon, M. H., Laurie,
M. S. & Corps, A. N. (1987) Biochem. J. 245, 631-639

Received 30 August 1988/30 December 1988; accepted 5 January 1989

Vol. 259

707


