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A novel phospholipase C specific for phosphatidyl-
choline has been shown to be activated by several
agonists. Also, recent evidence suggests that transfor-
mation mediated by the ras oncogene possibly involves
the activation of this novel phospholipid degradative
pathway which would account for the increased di-
acylglycerol levels associated with transformation.
Here we use a mutant of Ki-ras which is temperature-
sensitive for transformation to investigate the kinetics
of activation of the phosphodiesterase-mediated turn-
over of phosphatidylcholine. Upon shift to the permis-
sive temperature, products of the activated phospha-
tidylcholine-specific phospholipase C were detected by
30 min and reached maximal levels by 1-2 h. These
results suggest that the product of the ras oncogene
rapidly activates the phosphodiesteratic hydrolysis of
phosphatidylcholine. Furthermore, the fact that at
least 4 h are required for serum to activate this phos-
pholipase C strongly suggests that the ras oncogene
product might be involved in late steps of the mitogenic
signaling cascade,

The phospholipase C-mediated degradation of inositol
phospholipids has been shown to be an important step in the
signal transduction cascades triggered by several agonists
including growth factors (1-4). This pathway gives rise to two
putative second messengers (1), diacylglycerol (DAG)' and
inositol phosphates, which regulate protein kinase C (5) and
cytosolic Ca** levels (6), respectively. Protein kinase C acti-
vation has been shown to play a key role in the control of the
cell proliferative response (7, 8), which supports the notion
that DAG generation is an important step in mitogenic sig-
naling cascades. DAG has also been shown to be produced
rapidly after microinjection of Xenopus laevis oocytes with
the product of Ha-ras oncogene, ras p21 (9). These data are
in good agreement with previous reports showing that cells
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transformed by this and other oncogenes displayed increased
steady-state DAG levels (10-12).

The dramatic alterations in DAG levels after microinjection
of oocytes with ras p21 were accompanied by little change in
the products of phosphoinositide (PI) turnover (9). This,
together with the fact that cells stably transformed by the ras
oncogene did not show any increase in steady-state inositol
phosphate levels (12), strongly suggests that sources of DAG
other than PI turnover are activated by ras transformation.
It has recently been shown that phosphocholine (PCho},
which along with DAG is produced by the phosphodiesterase
hydrolysis of phosphatidylcholine (PC), is significantly in-
creased in cell lines stably transformed by ras oncogenes (13).
This indicates that ras transformation may be activating a
novel phospholipid degradative pathway which involves a PC-
specific phospholipase C. This cascade has been shown to be
triggered by several agonists (14-18).

Here we report kinetic data on the activation of the phos-
phodiesterase-mediated turnover of PC by the ras oncogene.
We took advantage of the existence of a mutant of Ki-ras
which is temperature-sensitive for transformation to under-
take this investigation. This cell line (ts-6-315) has been
shown to display a transformed phenotype at 32 °C whereas
it assumes a flat morphology at 40.5 °C (19, 20). The ts-Ki-
ras gene differs from the wild type by a single point mutation
at residue 43 of the encoded p21 (21). This mutation is
apparently responsible for the thermal instability of ts-p21 at
40.5 °C, which would explain the normal morphology of this
cell line at high temperatures (22).

The results shown here clearly indicate that the ras onco-
gene product rapidly stimulates the phosphodiesterase-me-
diated turnover of PC, most probably through a phospholipase
C. However, PCho release in response to serum was not
observed until at least 4 h after the addition of this mitogen.
The possible involvement of ras p21 in late steps of the
mitogenic signaling cascade stimulated by serum is discussed.

MATERIALS AND METHODS

Cell Lines—Normal or transformed rat fibroblasts were routinely
grown in Dulbecco’s modified Eagle’s medium supplemented with
10% (v/v) fetal bovine serum, penicillin (100 units/ml)/streptomycin
(100 pg/ml), and 2 mM L-glutamine in standard tissue culture flasks
in a humidified 95% air, 5% CO; incubator. ts-6-315 cells were grown
at 32 °C displaying a transformed phenotype.

Labeling Protocol—When seeded for experiments, cells were incu-
bated at 40.5 °C (restrictive temperature) for 3 days in the presence
of serum. For the last 24 h, the cells were labeled with either 2 xCi/
ml [U-"C]glycerol (Amersham International; specific radioactivity,
50-60 mCi/mmol), 2 xCi/ml [methyl-'*C]choline (Amersham Inter-
national; specific radiactivity, 50-60 mCi/mmol), or 1 xCi/ml phos-
phorus-32, after which cells were shifted to serum-free label-contain-
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ing medium for 24 h. The medium was washed off, and fresh serum-
and label-free medium was added. After a 30-min equilibration period,
ts-6-315 cells were shifted to the permissive temperature, and phos-
pholipids were extracted and analyzed at different times. Some cul-
tures were incubated for different times in the presence of exogenous
phospholipase D from peanut (type III, Sigma).

Analysis of Products of Phospholipid Metabolism—Reactions were
stopped by removing the supernatants and adding ice-cold methanol
to the cells. Methanolic cell extracts were fractionated into chloro-
formic and aqueous phases as previously described (23). In cultures
labeled with [U-*C]glycerol, chloroformic extracts were split in two
halves, and DAG and phosphatidic acid content were quantified by
using thin layer chromatography with the following solvent systems:
hexane:diethyl ether:acetic acid (60:40:1, v/v/v) for DAG and the
upper phase of ethyl acetate:trimethyl pentane:acetic acid:water
(90:50:20:100, v/v/v/v) for phosphatidic acid and phosphatidyle-
thanol. For the quantification of PCho levels, the agueous phases
from methanolic extracts from [methyl-"*C]choline-labeled cell cul-
tures were fractionated by thin-layer chromatography (24), followed
by autoradiography of plates in which standards corresponding to the
different water-soluble metabolites were included. The corresponding
spots were scraped off, and radioactivity content was determined by
liquid scintillation counting.

[PH] Thymidine Incorporation Assays—Cells grown for 3 days at
40.5 °C were made quiescent by serum starvation for 24 h at the same
temperature. Afterward, dishes were shifted to the permissive tem-
perature and de novo DNA synthesis was determined, as previously
described (25), every 2 h by adding pulses of [*H]thymidine (2 xCi/
ml). In parailel experiments serum (10%) was added to normal
parental cells and an identical protocol was followed.

RESULTS

Activation of Phospholipid Metabolism in Cells Transformed
by a Ki-ras Temperature-sensitive Mutant—Cells transformed
with a temperature-sensitive mutant of Ki-ras were routinely
grown at 32 °C and were shifted to the restrictive temperature
(40.5 °C) for 3 days. By this time, a completely flat morphol-
ogy was observed (19-22). Afterward, cells were labeled with
[U-"“C]glycerol and made quiescent by serum starvation. La-
beled cells were shifted to the permissive temperature, and
lipids were extracted and DAG levels determined at different
times thereafter. Results shown in Fig. 1 clearly indicate that
as early as 30 min after temperature shifting a reproducible
increase in DAG was detected as compared with cultures
carried out in parallel at 40.5 °C. Maximum levels of DAG
were attained between 1 and 2 h after temperature shifting.

2 3 4 5 6 7 8
Time (1)

Fic. 1. Time course of the production of DAG in ts-6-315
cells after temperature shifting. ts-6-315 cells were labeled with
[U-"C]glycerol at the restrictive temperature (40 °C) under serum-
free conditions as described under “Materials and Methods.” After-
ward, the label was removed and cells were equilibrated for 1 h in
serum- and label-free medium after which cells were shifted to the
permissive temperature (32 °C) for different times (A), and reactions
were stopped and lipids extracted as described. Control dishes were
kept at 40 °C and reactions terminated at different times ((J). DAG
levels were determined after fractionation of total lipids by thin-layer
chromatography followed by autoradiography. The corresponding
spots were scraped off and radioactivity content determined by liquid
scintillation counting. Results are mean values +8.D. of three inde-
pendent experiments with incubations in duplicate.
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Increased levels of DAG were observed even 4 h after temper-
ature shifting, at which time a new plateau with a significantly
higher steady-state level of DAG was observed. These results
may indicate that ras p21 action is relatively proximal to the
stimulation of a phospholipase C and are in very good agree-
ment with recently reported data in Xenopus oocytes microin-
jected with ras p21 (9).

We searched for, but found no evidence of, stimulation of
PI turnover in ts-6-315 cells labeled with [*H]inositol and
shifted to the permissive temperature for different times,
either in the absence or in the presence of LiCl (data not
shown). Taken together these results indicate that a source
of DAG different from PI is activated by ras in ts-6-315 cells.

It has been shown in cell lines stably transformed by the
Ha-ras oncogene that a phospholipase C specific for PC could
account for the increased steady-state levels of DAG observed
in these transformants (13). Conceivably, shifting ts-6-315
cells from the restrictive to the permissive temperature would
activate the release of DAG from PC. To address this possi-
bility the following series of experiments was performed; ts-
6-315 cells labeled with [methyl-'*C]choline under restrictive
conditions were shifted to the permissive temperature for
different times. Reactions were then stopped, and levels of
water-soluble choline metabolites (choline and PCho) and PC
were determined. Results shown in Fig. 2 (@ and b) indicate
that temperature shifting in ts-6-315 cells leads to a prompt
release both of PCho and choline. The time course of PCho
release is compatible with the pattern of DAG production
cbserved in Fig. 1. Concomitant with these effects in PCho
and choline, a relatively rapid and transient decrease in PC
levels was observed (Fig. 2c).

It has recently been suggested that PCho production in
cells stably transformed by ras oncogene could be accounted
for by an increased action of choline kinase on basal choline
rather than by phospholipase C-mediated hydrolysis of PC
(26). If this were the case, concomitant with the increase in
PCho observed in ts-6-315 cells when shifted to the permissive
temperature, a decrease in choline levels should have been
detected. The fact that choline levels did not diminish but,
on the contrary, significantly increased after temperature
shifting strongly supports the notion that PCho changes in
ras transformants derived from the breakdown of PC rather
than synthesis from choline. Furthermore, we also measured
PCho synthesis in ts-6-315 cells incubated either at the re-
strictive or at the permissive temperature for different times
by labeling cells with {methyl-'*C]choline for 30 and 60 min
prior to termination of the reactions. It is noteworthy that by
using this experimental approach, the choline-containing
phospholipid pool was not significantly labeled and, more
importantly, no changes were detected in PCho labeling upon
the shift of ts-6-315 cells to the permissive temperature (data
not shown). This strengthens the idea that changes in PCho
levels in transformed ts-6-315 cells are due to PC breakdown
and not to PCho synthesis.

The fact that choline levels increased after the rise of PCho
in ts-6-315 cells stimulated by temperature shifting could
signify that choline derived by dephosphorylation of the PCho
released as a consequence of ras-induced PC-phospholipase C
activation. However, the stimulation by ras p21 of a PC-
specific phospholipase D is also a conceivable possibility. In
order to determine whether this enzymatic activity is stimu-
lated by ras in ts-6-315 cells, cultures were labeled either with
[U-"C]glycerol or [**P]phosphate and phospholipids ex-
tracted at different times after temperature shifting. Interest-
ingly, no changes in phosphatidic acid, which would be pro-
duced along with choline by phospholipase D activation, were



9024

80

™

1 60 (a)

S

X 40

2

&

20

0 e
0 1 2 3 45 6 7 8

Time (hr)

8

™M

16 (b)

o L

g

X 4

b3

&

2

] ; ¢ "
0 1 2 3 4 5 6 7 8

Time ()

340

(a2]

) (c)

2 320

X

5 300

a

[a]

280

260L—u

2 3 4 56 7 8
Time ()

Fic. 2. Time course of the production of PCho and choline
in ts-6-315 cells after temperature shifting. ts-6-315 cells were
labeled with [methyl-**C]choline as described under “Materials and
Methods,” and experiments were carried out as described in the legend
to Fig. 1. Cells were incubated either at 32 °C (A) or at 40.5 °C (O)
for different times after which reactions were terminated, and PCho
(a), choline (b), and PC (c) were determined by thin-layer chromatog-
raphy (21) followed by autoradiography of the aqueous and chloro-
formic phases of methanolic cell extracts. Results are mean values =
S.D. of three independent experiments with incubations in duplicate.

0

detected with either labeling protocol (data not shown). This
may indicate that ras p21 is not activating a phospholipase D
and that the increase in choline observed after temperature
shifting of ts-6-315 cells could probably be due to dephospho-
rylation of the PCho generated by phospholipase C-mediated
hydrolysis of PC. However, a rapid and therefore undetectable
activation by ras p21 of phospholipase D could have occurred.
This, together with a very active PA phosphohydrolase could
theoretically account for the release of DAG observed in
transformed ts-6-315 cells. If this were actually the case,
treatment of ts-6-315 cells with propranolol (a very well
established inhibitor of PA-phosphohydrolase (27) should
inhibit the production of DAG by temperature shifting and
favor the hypothetical accumulation of PA. When [U-**C]
glycerol-labeled ts-6-315 cells were shifted to the permissive
temperature in the presence of up to 200 uM propranolol, no
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changes were detected in the production either of DAG or in
the levels of PA (Table I). As a control, the exogenous addition
of phospholipase D to [U-**C]glycerol-labeled ts-6-315 cells
at the permissive temperature led to the release of PA by 1
min and to the production of DAG by 10 min (Table I).
Results shown in Table I also indicate that the presence of
propranolol inhibited the production of DAG and promoted
the accumulation of PA originated as a consequence of the
exogenous addition of phospholipase D. Therefore, all these
results argue against the idea of activation by ras p21 of
phospholipase D-mediated degradation of PC. In order to
further substantiate this notion, the following experiment was
carried out. **P-Labeled ts-6-315 cells were stimulated by
temperature shifting either in the absence or in the presence
of 0.5% ethanol. The addition of this alcohol to cell incuba-
tions in which a phospholipase D has been activated leads to
the accumulation of the metabolically stable phosphatidyl-
ethanol (PEt) (28). If PA was actually being originated as a
consequence of transformation in ts-6-315 cells, PEt should
be detected in those incubations performed in the presence of
ethanol at the permissive temperature. Our results (Table II)
clearly indicate that PEt is not formed in 3P-labeled ts-6-315
cells upon a shift to the permissive temperature in the pres-
ence of 0.5% ethanol. As a control, the exogenous addition of
phospholipase D to **P-labeled ts-6-315 cells led to the release
of PA by 1 and 10 min (Table II). The presence of ethanol
(0.5%) during the stimulation with phospholipase D promoted
the appearance of PEt and significantly decreased the pro-
duction of PA by phospholipase D (Table II). Taken together
all these results strongly support a model whereby ras trans-
formation is associated with the activation of PC breakdown,
most probably through the stimulation of a phospholipase C.

The responses observed in ts-6-315 cells after shifting from
the restrictive to the permissive temperature were not de-
tected when either the normal parental cells or cells trans-
formed by the wild-type Ki-ras gene were temperature-shifted
(data not shown).

Evidence That the ras Oncogene May Be Involved in Late
Steps of the Mitogenic Cascade Stimulated by Serum—1It has
long been known that ras p21 is an important intermediary
in the mitogenic pathway(s) stimulated by serum. It has been
shown that microinjection of a neutralizing anti-ras antibody

TABLE |

Effect of propranolol on diacyiglycerol and phosphatidic acid levels of
ts-6-315 cells activated by temperature shifting and after the addition
of phospholipase D

[U-"*C]Glycerol-labeled ts-6-315 cells were either maintained at
the restrictive temperature or shifted to the permissive temperature
for 30 min or 2 h, either in the absence or in the presence of 200 uM
propranolol (Prop). Exogenous phospholipase D (PLD, 5 units/ml)
was added to parallel cultures either 1 or 10 min prior to termination
of the reactions. Afterward, reactions were stopped, and DAG and
PA levels were determined as described under “Materials and Meth-
ods.” Results are expressed as -fold stimulation over control which
consisted of dishes kept at 40.5 °C in the absence of propranolol or
phospholipase D. Control values were 950 + 25 dpm/well for DAG
and 2200 + 250 dpm/well for PA. Results are mean + S.D. of three
independent experiments with incubations in duplicate.

30 min at 32 °C 2hat32°C
Treatment

DAG PA DAG PA

-fold over control -fold over control
None 2.0x0.1 1.0 5.0x0.2 1.0
Prop 22+02 1.0x0.1 48+03 1.0=x0.1
PLD (1 min) 21402 3102 52x02 32x0.3
PLD (1 min) + Prop 2202 32+0.2 48+03 34+04
PLD (10 min) 41+03 5205 72+05 53+0.7
PLD (10 min) + Prop 2.7+ 03 82+1.0 51+02 83+08
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TaBLE II

Effect of ethanol on phosphatidic acid and phosphatidylethanol levels
of ts-6-315 cells activated by temperature shifting and ofter addition
of phospholipase D

32p_Labeled ts-6-315 cells were either maintained at the restrictive
temperature or shifted to the permissive temperature for 30 min or 2
h, either in the absence or in the presence of 0.5% ethanol (EtOH).
Exogenous phospholipase D (PLD, 5 units/ml) was added to parallel
cultures either 1 or 10 min prior to termination of the reactions.
Afterward, reactions were stopped, and PA and PEt were determined
as described under “Materials and Methods.” Results are expressed
as dpm/well and are means + S.D. of three independent experiments
with incubations in duplicate. The control consisted of dishes kept at
40.5 °C in the absence of ethanol or phospholipase D. Control values
were 2150 + 125 dpm/well for PA and 1540 *+ 115 dpm/well for PEt.

30 min at 32 °C 2hat32°C
Treatment

PA PEt PA PEt

dpm X 1073 /well dpm X 10~ /well
None 204011501 21x£02 14+£0.1
EtOH 20£01 16+02 20£01 1.7+0.2
PLD (1 min) 6504 1702 63£07 15+02
PLD (1 min) + EtOH 4.1+03 34+02 4.0+04 35£03
PLD (10 min) 10208 1.7+0.2 10909 1.7x0.2

PLD (10 min) + EtOH 6.7+ 05 57+ 04 65+06 59 0.6

10 12 14 15
Time (hr)

FiG. 3. Time course of the production of PCho in normal
rat fibroblasts stimulated by 10% serum. Normal rat fibroblasts
labeled with [methyl-**C]choline as described were either unstimu-
lated (O) or treated with 10% serum (A) for different times, after
which reactions were stopped and PCho levels determined. Results
are mean values +8.D. of three independent experiments with incu-
bations in duplicate.

02 4 8

blocks the ability of serum to induce DNA synthesis in
fibroblasts (29). Therefore, if the PCho release stimulated by
a ras oncogene is an important event in mitogenic signaling,
serum should activate this phospholipid degradative pathway.
It has also been reported that a small increase in PCho occurs
shortly after the addition of certain growth factors (14).
Results shown in Fig. 3 demonstrate that little or no change
in PCho levels was observed until 4 h after the addition of
serum to normal fibroblast cultures. A maximal increase in
PCho production (4-fold) was attained by 12 h. These results
suggest that PC hydrolysis is a late event in the signal
transduction pathway triggered by serum. Since ras p21 stim-
ulation of the phosphodiesteratic hydrolysis of PC is a rapid
event (see above), these results would suggest that ras might
be acting late in the mitogenic signaling cascade. To address
whether this has any significance on the ability of ras p21 to
couple the signals leading to DNA synthesis, the following
experimental approach was carried out. The time course of
[*H]thymidine incorporation was measured in the normal
parental cell line in response to 10% serum. Results shown in
Fig. 4a indicate that for serum to induce DNA synthesis at
least 10 h of stimulation are required. If ras p21 is acting late
in the cascade activated by serum, as the PCho data suggest,
DNA synthesis induced by ras p21 should require much less
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Fic. 4. DNA synthesis in ts-6-315 cells after temperature
shifting and in normal rat fibroblasts in response to serum. q,
quiescent normal rat fibroblasts were either unstimulated (O) or
treated with 10% serum for different times (A), and DNA synthesis
was determined by the addition of 2 xCi/ml [*H]thymidine 2 h prior
to the termination of the reactions. b, quiescent ts-6-315 cells were
either kept at 40.5 °C (0) or shifted to 32 °C (4) for different times,
and DNA synthesis was determined as described above. Results are
mean values £S.D. of three independent experiments with incuba-
tions in duplicate.

time than by serum. Results shown in Fig. 4b demonstrate
that this is exactly the case, measurable [*H]thymidine incor-
poration is detected as early as 2 h after temperature shifting
in ts-6-315 cells and reaches the maximal level by 6 h. This
finding is more remarkable when one considers that temper-
ature-shifted ts-6-315 cells are metabolizing more slowly at
32 °C than serum-stimulated normal fibroblasts at 37 °C.

Taken together, all these results strongly suggest that ras
p21 may be controlling the mitogenic response to serum as a
late step in the signal transduction cascade. Also these results
suggest that ras might be performing such a role through the
activation of a PC-phospholipase C.

DISCUSSION

The fact that microinjection of X. laevis oocytes with trans-
forming ras p21 triggered the prompt release of DAG with
little changes in inositol phosphates (9) strongly suggested
the notion that ras p21 rapidly activates a source of DAG
distinct from PI turnover. Evidence that chronic ras-trans-
formed cells exhibit increased DAG and PCho levels (13) led
to the speculation that ras p21 may influence PC turnover at
the level of phospholipase C. However, stably transformed
cells are not adequate when a detailed kinetic relationship
between oncogene action and mitogenic signal transduction
mechanisms is to be established. First, the use of stable
transformants precludes the investigation of any temporal
relation between oncogene function and phospholipid metab-
olism. Furthermore, it is possible that cells stably transformed
may have devised means to compensate for initial alterations
in mitogenic signaling cascades which, together with the pleio-
tropic actions of transformation events, make difficult the
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interpretation of coupling issues in this system.

The ts-6-315 cell line is a suitable system in which to carry
out investigations on the kinetics of ras-induced alterations
in phospholipid-mediated signal transduction pathways. First,
ts-6-315 is a fibroblast cell line; mitogenic signaling pathways
subverted by oncogenes in fibroblasts are being progressively
unveiled. Second, ras-mediated transformation is rapidly trig-
gered upon temperature shifting (19).

The results reported here using this temperature-sensitive
transformation mutant clearly show that ras action and the
stimulation of a PC-specific phospholipase C are proximal
events. The exact mechanism used by ras to activate this
novel phospholipid degradative pathway remains unclear. We
and others have recently demonstrated that the stimulation
of PC-phospholipase C by receptor-dependent mechanisms is
mediated by a G protein (17, 30). The ras oncogene product
belongs to this class of coupling proteins (31). A possible
model could be that ras p21 may act as the G protein that
couples certain ligands to this novel phospholipase C. How-
ever, recent studies suggest that the activation by Ha-ras p21
of PC-phospholipase C may require protein kinase C activa-
tion (32). Undoubtedly, further work is necessary to clarify
the exact mechanism utilized by ras to trigger PC turnover.

The activation by serum of PC hydrolysis takes place at
least 4 h after the agonist stimulus (Fig. 3), which indicates
that PC-phospholipase C is a late event in the signal cascade
activated by this mitogen. Taken together, these results sug-
gest the possibility that ras p21 might be coupling late steps
in mitogenic signal pathways. The fact that significant DNA
synthesis is detected 2 h after temperature shifting in ts-6-
315 cells whereas the addition of serum to normal fibroblasts
induces measurable DNA synthesis by 10 h strongly supports
the notion that ras may be acting late in the mitogenic
cascade. As far as we know this is the first report suggesting
the involvement of ras oncogene in late steps of the route
leading to DNA synthesis. Other oncogenes, like pp60°*, may
also be involved in the coupling of not only early signals (33)
but also in very late events in the mitotic pathway, namely at
the G2/M point of control in the cell cycle (34-36). But, unlike
to pp60°, late actions of ras take place before detectable DNA
synthesis (compare Figs. 2a and 4b), which would suggest that
this oncogene, possibly through the activation of PC hydrol-
ysis, may act by relieving restrictions to S-phase entry.
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