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Expression of the rm oncogene is thought to be one of the 
contributing events in the initiation of certain types of 
human cancer. To determine the cellular activities that are 
directly triggered by rm proteins, the early consequences 
of microinjection of the human H-rm proteins into quies- 
cent rat embryo fibroblasts were investigated. Within 30 
minutes to 1 hour after injection, cells show a marked 
increase in surface ruffles and fluid-phase pinocytosis. The 
rapid enhancement of membrane ru&g and pinocytosis 
is induced by both the proto-oncogenic and the oncogenic 
forms of the H-rm protein. The effects produced by the 
oncogenic protein persist for more than 15 hours after 
injection, whereas the effects of the proto-oncogenic 
protein are short-lived, being restricted to a 3-hour 
interval after injection. The stirnulatory effect of the ras 
oncogene protein on ru&g and pinocytosis is dependent 
on the amount of injected protein and is accompanied by 
an apparent stimulation of phospholipase A2 activity. 
These rapid changes in cell membrane activities induced 
by rm proteins may represent primary events in the 
mechanism of action of rm proteins. 

E SSENTW; TO THE UNDERSTANDING OF THE MECHANISM 

whereby rm proteins exert their effects on cell proliferation is 
the identification of molecular events that are directly modu- 

lated by these proteins. The mammalian rm family consists of three 
proto-oncogenes, H-rm, K-rm, and N-rm (I) ,  each of which can 
acquire oncogenic properties by single missense mutations usually at 
either codon 12 or codon 61  (2). The mutated forms of the rm genes 
are prevalent in human and rodent tumor cells and have been 
implicated in transformation in vitro and tumorigenesis in vivo (3). 

Mammalian rm genes encode homologous 21-kD proteins that 
are membrane-associated guanosine triphosphate-binding (GTP) 
proteins (4). The proteins have an intrinsic low guanosine triphos- 
phatase (GTPase) activity which, in certain cases, is impaired in the 
mutated oncogenic protein ( 5 ) .  The GTP hydrolytic activity is a 
common property of all known guanine nucleotide binding (G) 
proteins (6). Members of the G-protein family regulate the activities 
of their cellular target by a cycle of GTP binding and GTP 
hydrolysis. On the basis of an analogy between rm proteins and G 
proteins, it has been proposed that the reduction in GTPase activity 
which accompanies mutational activation of rm genes impairs the 
regulatory function of rm proteins, thereby leading to the derange- 
ment of cellular signals that control cell proliferation. While the 

specific biochemical function of rm proteins has not as yet been 
identified, several studies have indicated that rar proteins may 
participate in the molecular events initiated by growth factors (7). 
Elucidation of the role of rm proteins in the acquisition of the 
transformed phenotype has been hampered by the pleiotropic nature 
of the transformation process. As has been shown (8,9), microinjec- 
tion of the rm oncogene protein into quiescent cells results in the 
transient stimulation of proliferation. Therefore, the transforming 
properties of ras proteins are faithfully expressed in this assay. 
Furthermore, the microinjection approach offers the means by 
which oncogenic ras protein can be introduced abruptly into normal 
cells and therefore can allow identification of the immediate effects 
of rm proteins. 

H-ras proteins stimulate membrane r u a g  and fluid-phase 
pinocytosis. Confluent rat embryo fibroblasts (REF-52) have a 
flattened polygonal shape (Fig. 1A). The cell surface structure, as 
revealed by scanning electron microscopy, consists predominantly of 
short, slender extensions and small folds. As early as 30 minutes after 
microinjection of the human H-rm oncogene protein (Fig. lB), 
pronounced ruffling activity begins, as is indicated by the large 
lamellipodia that rise up along the periphery of the injected cells. 
Two hours after the cells are injected (Fig. lC) ,  large ruffles that 
form elaborate branching patterns are prominent on the dorsal 
surface. Ten hours after injection (Fig. lD) ,  the cells assume a 
partially rounded shape, and large regions of the membrane are now 
occupied by the surface ruffles. These sequential changes in surface 
morphology were reproducible both between different experiments 
and between the population of the injected cells in a given experi- 
ment. Microinjection of buffer alone or similar amounts of control 
protein (mouse immunoglobulin G, IgG) had no apparent effect on 
cell surface morphology. 

The occurrence of membrane ruf ing is closely associated with 
pinocytotic activity (1 0, 11). To test the effect of microinjection of 
the H-rm protein on fluid-phase pinocytosis, we monitored the 
uptake of fluorescein-conjugated dextran (FITC-dextran) by the 
injected cells. This substance meets the major criteria required for a 
marker of fluid-phase pinocytosis: it is readily soluble in aqueous 
medium, membrane-impermeable, stable within the intracellular 
milieu, and does not bind to the plasma membrane (12). Cells 
microinjected with the H-rm oncogene protein display a large 
number of intracellular vesicles containing the fluorescent marker, 
indicating a high rate of ongoing pinocytosis (Fig. 2B). The 
pinocytotic vesicles, are mostly formed in small groups and are 
found predominantly along the inner margin of well-developed 
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Fie. 1. Cell surfice ruWine induced bv miuoiniec- - 
ti& of the ras oncogen; protein. l b ~ - 5 2  ;ells 
(40) were grown in Dulbecco's m&ed Eagle's 
medium (DMEM) supplemented with fetal-bo- 
vine xrum (8 percent). Cultures werc maintained 
at 37°C in a h'umidifi'ed atmosphere (95 percent 
air and 5 percent COz). Ctlls were plated onto 
35-mm culture dishes and grown to confluency. 
The cells were either mock-injected (A) or inject- 
ed with the ras oncogene protein (2 mglrnl) (B, C, 
and D) (41). At 0.5 hour (B), 2 hours (C), or 10 
hours (A and D) after injection; the cells were I 

6 x 4  and processed for scanning electron micros- 
copy as follows. The cells were rinsed twice with . 
ph&Phate-buffered saline (PBS) and were fixed in 
2 cmcent caccdvlate-buffered elutaraldehvde (bH 
7.2) containing'4.5 percent sGrose. ~he'sam~les 
were then postfixed in 1 percent osmium tetrox- P 
ide, dehyhted through gkded &anol, and criti- 
cal-point dried in a Bomar SPC 900-EX with 
ethanol as the transitional fluid. Specimens were 
sputter-coated with mld and observed with a 
&arming electron &croscope (Amray 1000). 
Photographs were taken at 20 kV. Note the - .  
induction of membrane d e s .  initiating at the 
cell periphery (B) and over th; dorsal 
surface of the cells (C and D) following the 
injection of the ras oncogene protein. ( X  1400) $>r 

rullled membranes (visible as a dark rim with many folds in Fig. 2A, 
arrowheads). In contrast, the level of pinocytotic uptake of FITG 
dextran in cells that were microinjected with the control protein 
(Fig. 2, C and D) is very low and is comparable to that observed in 
buffer-iniected cells or A iec t ed  cells. The stimulatorv effect of ras 
oncogene protein on membrane ruWing and pinocytosis was not 
restricted to the particular cell type used because we found that 
microinjection of the protein into normal rat kidney cells similarly 
results in the enhancement of ru%ling and pinocytosis. Comparison 
between the rates of uptake of FITC-dextran in ras-injected cells and 
in bdkr-injected cells, as determined by the rate of formation of 
pinocytotic vesicles, is shown in Fig. 3 ~ .  The number of vesicles 
containing FITC-dextran increases linearly with time of expure  of 
cells to the fluorescent marker. These are the kinetics predicted for 
FITC-dextran uptake by fluid-phase pinocytosis (12). Furthermore, 
the rate of pinocytotic activity is ten times higher in cells that were 
injected with ras oncogene protein than in cells that were injected 
with buffer (Fig. 3A). 

In view of the difference in both the biochemical ~ro~er t ies  and 
the biological effects between the proto-oncogenic kdLoncogenic 
ras proteins, we compared their effects on fluid-phase pinocytosis 
after microinjection into quiescent fibroblasts. Both proteins induce 
rapid stimulation of fluid-phase pinocytosis (Fig. 3B). This stimula- 
tory &ect is apparent within 0.5 to 1 hour after injection. Thereaf- 
ter, the pinocytotic activity of cells injected with the ras oncogene 
protein increases steadily to reach a maximum 3 hours after injection 
and is maintained at this level for more than 15 hours. In contrast, 
the stimulatory effect of the ras proto-oncogene protein is transient 
and is no longer apparent 5 hours afkr injection. Likewise, the ras 
proto-oncogene protein induces a rapid but transient increase in 
membrane ruwing. Using immunofluorescence microscopy, we 
fbund that both proteins could be detected in comparable amounts 
and in the same apparent intracellular dismbution even 20 hours 
after injection (13). Therefore, the difference between the ras 
oncogene protein and the proto-oncogene protein in promoting and 
sustaining the increased membrane ruWing and pinocytosis most 
likely is not attributable to a difference in turnover rates of the 
injected proteins. 

In previous cytochemical studies, various markers for fluid-phase 
pinocytosis were used to demonstrate that these materials are 
interiorized into membrane-bound, electron-transparent vesicles 
(10,14,15). An uninjected cell (which gave the same appearance as 
a cell injected with a control protein or buffer alone) contains few 
cytoplasmic vesicles (Fig. 4, A and C). In contrast, a cell that had 
been injected with the ras oncogene protein exhibits an increase in 
the number of electron-transparent intracdular vesicles (Fig. 4, B 
and D). To determine the pinocytic origin of these vesicles, injected 
cells were exposed to horseradish peroxidase, a cymchemical marker 
that is used for monitoring fluid-phase pinocytosis. Pinocytic vesi- 
cles containing the enzyme are clearly visualized in the ras-injected 
cell (Fig. 4D, inset). These pinocytic vesicles have electron-transpar- 
ent centers and a peripheral rim of reaction product. In addition, the 
surface of an uninjected cell is relatively smooth (Fig. 4 4 ,  while the 
surface of the injected cell is irregularly contoured (Fig. 4B). This 
surface appearance probably reflects membrane invaginations that 
may give rise to the membrane-bound pinocytotic vesicles. Overall, 
the ultrastructural changes induced by microinjection of the mas 
oncogene proteins are consistent with the stimulation offluid-phase 
pinocytosis. 

Characterization of ras oncogcne pmteidnduccd pinocymds 
audits relation to proliferation. The extent of stimulation offluid- 
phase pinocytosis by the ras oncogene protein depends on the 
amount of protein introduced into the cells. A threshold concentra- 
tion of protein (>0.1 mg/ml in the needle, which corresponds to 
approximately lo5 molecules of  ras protein injected per cell) is 
required to initiate the stimulatory effect on pinocytosis (Fig. 5C), 
and maximal stimulation (Fig. 5A) is produced by microinjection of 
the protein at a concentration of 2 rnglml (approximately 2 x lo6 
m o l d e s  of ras protein per cell). Injection of intermediate concen- 
trations of the protein produces an intermediate stimulation (Fig. 
5B). The amounts of injected ras proteins that we used are within 
the range of those expressed in various ras transformed cells. 

Microinjection of the ras oncogene protein in the presence of the 
protein synthesis inhibitor cycloheximide (15 @ml) does not 
impair the ability of the protein to stimulate pinocytosis (compare 
Fig. 6D to 6A). Under these conditions, the enhanced pinocytotic 
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activity is maintained for approximately 5 hours after injection. This 
indicates that the induction process that links injection of the ras 
oncogene protein to the subsequent increase in pinocytosis does not 
depend upon newly synthesized protein. 

Previous studies (10,14,16) have shown that cell surface d l i n g  
and fluid-phase pinocytosis are stimulated as a result of the addition 
of serum or purified growth factors (epidermal growth tactor, EGF, 
or platelet-derived growth factor, PDGF) to cells maintained in 
serum-free medium. It was therefore possible that the stimulation of 
fluid-phase pinocytosis by the ras oncogene protein is functionally 
coupled to the action of serum growth factors. To test this 
possibility, we injected ras oncogene protein into cells maintained in 
serum-free medium for 24 hours (Fig. 6B). The ras oncogene 
protein can stimulate pinocytosis in the absence of serum to a 
level comparable to that observed in the presence of serum (Fig. 
6A). 

In recent years it has become increasingly evident that a large 
number of membrane-triggered cellular responses, some of which 
involve the stimulation of d l i n g  and pinocytosis, are mediated by 
calcium-dependent mechanisms. Well-documented examples in- 
dude stimulus-secretion coupling in secretory cells (17) and mito- 
genic stimulation of lymphocytes (18) and fibroblasts (19). The 
calcium requirement for the fluid-phase pinocytosis activated by the 
ras oncogene protein was examined by removing calcium from the 
extracellular medium before microinjection. The ras oncogene pro- 
tein failed to stimulate pinocytosis in cells that were incubated in 
calcium-free medium for 2 hours before injection (Fig. 6C). Similar 

results were obtained with EDTA-containing medium. In contrast, 
p inocpis  was stimulated by the ras oncogene protein if the cells 
were injected within 15 minutes of changing to calcium-free medi- 
um. This stimulatory effect was maintained, however, only for the 
initial 2 hours after injection. The relation of intracellular calcium to 
the ras-induced pinocytosis was studied with the use of TMB-8, a 
compound that inhibits mobilization of intracellular calcium (20). 
Pinocytotic activity induced by ras oncogene protein was suppressed 
in cells treated with TMB-8 only during the first 1 to 2 hours after 
injection (Table 1). Therdbre, the calcium requirement fbr the 
stimulation of pinocytosis by ras oncogene protein is time-depen- 
dent; the initial stimulation appears to be mediated by calcium 
mobilized fiom intracellular stores, and the further stimulation 
seems to be controlled by the availability of extracellular calcium. 

Microinjection of the ras oncogene protein stimulates DNA 
synthesis and cell proliferation (8). In an attempt to assess the causal 
role of fluid-phase pinocytosis in ras-induced mitogenesis, we 
examined the correlation between pinocytotic activity and the 
proliferative response induced by the injection of ras oncogene 
protein. Injection of ras oncogene protein leads to stimulation of 
DNA synthesis and cell proliferation only under conditions that 
tavor the stimulatory effect of the injected protein on pinocytosis 
(Table 1). We have not as yet identified a case in which the ras 
protein fails to induce stimulation of pinocytosis and maintains its 
ability to stimulate DNA synthesis and cell prolifaation. Further- 
more, the proliferative response induced by ras oncogene protein 
appears to correlate with the sustained enhancement of pinocytosis, 

Fig. 2. Stimulation of fluid-phase pinocytosis by the *ns oncogene protcin. living cells (a 4 0 ~  water immersion lens attached to a Zciss PMIII was 
Confluent REF-52 cells were injected with either the *as oncogene protein used). (A and C), Phase contrast micrographs; (B) and (D), fluomcent 
(2 mglml) (A and B) or control protein (I@, 3 mglml) (C and D). Four micrographs c o r n  ndin to the same field, respectively. The arrowheads 
hours rher injection, F C - d a m a  (I  mglml) was added m the medium. indicate the coincigce o f  membrane ruffling (A) and pinccytotic vesicles 
The cells were incubated for I0 minutes, washed with PBS, and examined as (B). 
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whereas no stimulation of DNA synthesis is observed when the rm 
oncogene protein induces transient stimulation of fluid-phase pino- 
cytosis. These results point toward the possibility that the mecha- 
nisms by which the ras oncogene protein stimulates pinocytosis may 
contribute directly to the mitogenic activity exhibited by this 
protein. 

Effect of microinjection of m s  oncogene protein on phospho- 
lipid metabolism. A common characteristic of cell surface stimuli 
that trigger membrane-related events is their ability to alter phos- 
pholipid metabolism (21). We therefore decided to test whether the 
effects of rm proteins on membrane ruffling and pinocytosis are 
accompanied by changes in phospholipid metabolism. The phos- 
pholipid composition of the rm-injected cells was analyzed as 
described in Fig. 7. The cells injected with buffer alone showed the 
same phospholipid composition as mock-injected cells. Figure 7A 
shows the migration pattern on an oxalate-impregnated thin-layer 
chromatography (TLC) plate of 32~-labeled phospholipids from 
buffer-injected cells or rm-injected cells at 30 minutes (track 2) and 1 
hour after injection. Injection of the rm oncogene protein had no 
apparent effect on the levels of 32~-labeled phosphatidylcholine, 
phosphatidylethanolamine, phosphatidylinositol, and phosphatidic 
acid at this level of resolution. Our attempts to quantify the levels of 
3 2 ~  incorporated into the polyphosphoinositides PIP and PIP2 were 
hampered by the very low net phosphorylation signal caused by the 
rapid turnover of the phosphates in these phospholipid species. 
Using an acidic TLC solvent system to analyze the lipid extracts 
(Fig. 7B), we have observed that the levels of lysophosphatidylcho- 
line and lysophosphatidylethanolamine in rm-injected cells (tracks 2 
and 3) are reproducibly one to one-and-a-half times higher than in 
buffer-injected cells (track 1).  This increase is detectable as early as 
30 minutes after injection and becomes more apparent by 1 hour 
after injection. Lpsophospholipids are the products of phospholi- 
pase A2 activity. This enzyme catalyzes the hydrolysis of fatty acid 
ester bonds at the 2 position of 1,2-diocyl-sn-phosphoglyceride, 

INCUBATION TIME WITH TIME POST INJECTION ( h r s l  
FITC-DEXTRAN ( m ~ n i  

Fig. 3. Kinetics of the stimulation of pinoqosis by the rm oncogene 
protein. In (A), confluent REF-52 cells were injected with either the rm 
oncogene protein (A) or buffer alone (A). Four hours after injection the cells 
were incubated with FITC-dextran (1 mglml) for the times indicated. The 
cells were washed with PBS and examined by fluorescence microscopy. For 
the quantification of FITC-dextran uptake, the number of fluorescent 
vesicles per injected cell was determined. Every fluorescent vesicle, regardless 
of size, was identified as a pinocytotic vesicle. Each value shown is the 
average of 15 counted cells. The number of pinocytotic vesicles per cell was 
consistent within the opulation of the injected cells counted (SD <3). In 
(B), confluent REF-& cells were injected with either the rm oncogene 
protein (A), the rm proto-oncogene protein (0) or buffer alone (A). At the 
indicated times after injection the cells were incubated for 10 minutes with 
FITC-dextran (1  mglml), and the number offluorescent vesicles per injected 
cell was determined as described above. 

thereby producing two products: free arachidonic acid and lyso- 
phospholipids. Therefore, the increase in lysophosphatidylcholine 
and lysophosphatidylethanolamine detected in cells injected with the 
ras oncogene protein is an indication that the activity of phospholi- 
pase A2 was stimulated in these cells (22). 

Activation of phospholipase A2 accompanies in several distinct 
types of responses triggered by ligands (23). The magnitude of the 
effect produced by microinjection of rdc oncogene protein is similar 
to that observed upon ligand-induced activation of phospholipase 
A2 (24). The activity of the enzyme is calcium-dependent (25) and 
leads to the release of arachidonic acid, which provides the precursor 
for the formation of prostaglandins and other metabolites (26). Free 
arachidonic acid, moreover, may partition into membranes and alter 
their structural properties by virtue of its effect on bilayer fluidity 
(27). Likewise, lysophospholipids, formed as a consequence of 
phospholipase A2 activation, can exert profound effects on cell 
surface organization by virtue of their detergent-like properties. 
Since membrane ru63ing and pinocytosis are inevitably associated 
with dynamic changes in cell surface properties, the activation of 
phospholipase A2 by microinjection of the ras oncogene protein may 
be directly involved in the rm-induced stimulation of these cell 
surface activities. 

The rs ,  proteins and membrane dynamics. The search for the 
function of rm proteins has recently focused on the possibility that 
rm proteins map mediate the transduction of mitogenic signals that 
originate at the cell surface. This hypothesis appears attractive 

Table 1. Effects of rm proteins on fluid-phase pinocytosis, initiation of DNA 
synthesis, and stimulations of cell proliferation under various incubation 
conditions. ND, not detected. 

- - -  

Stimulation of 
pinocytosis* 
(hours after Mitogenic effects 

Protein Amount injection) 
injected (mglml) 

DNA Cell 
2 12 syn- prolif- 

thesis: eration* 

Normal growth medium 
None (buffer) - 

Control (IgG) 3 - 
rm oncogene 2 + 
rm oncogene 0.2 + 
rm oncogene 0.06 - 
vm proto-oncogene 2 + 

Ca2+-free medium, 2 hours before injection 
rm oncogene 2 - 

Caz+-free medium at time of injection 
rm oncogene 2 + 

TMB-8 (50 pM at time of injection)§ 
rm oncogene 2 - 

Serum-free medium (24 hours before injection) 
rm oncogene 2 + 

*Flu~d-phase yino.~rosls Induced h! micro~njecuon of rac prorcins  as monlrored b\. 
the uorakc or FITC-dextran as described earher. Pinoo'tot~c activln. that aa s  at least 
threefold hi her than the activi measured in buffer-injected cells 6r in cells injected 
with contro? protein was scorer as plus. +DNA synthesis was measured by 'H- 
thvmidine incorporation and emulsion autoradiography. ['Hlthymidine (1 ~Cilml)  
was added to the medium within 1 hour after injection, and the cells were further 
incubated for 24 hours under the indicated conditions. After the incubation r i d ,  the 
cells were fixed, coated with Nuclear Track Emulsion (NTB-2, Kodak), anGrocessed 
for emulsion autoradiographv (exposure, 48 hours). In uninjected confluent REF-52 
cells as well as in cells that were injected with buffer alone or with control protein, 'H- 
thymidine labeling was observed in 2 percent of the cells. Initiation of DNA synthesis 
was scored as plus when more than 60 percent of the injected cells showed 'H- 
thymidine labelmg. *The mitotic index in confluent monolayers of REF-52 cells 
(determined b the percentage of metaphase to late telophase cells) was il percent. 
Stimulation o r  cell roliferation was scored as plus when the mitotic index in the 
injected area was >PO percent 20 hours after injection. $3,4,5-trimethoxybenzoic 
acid 8-(diethy1amine)octyI ester. 
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because of (i) the membrane localization of ras proteins, (ii) the 
structural and biochemical similarities between ras proteins and G 
proteins, and (iii) the well-documented growth promoting activity 
of rus oncogene proteins. However, the molecular events subserving 
the biological activity of rus proteins are as yet unknown. Our data 
show that microinjection of ras proteins into quiescent fibroblasts 
results in a marked stimulation of membrane ruWing and fluid-phase 
pinocytosis. These effects are manifested rapidly (within 30 minutes 
afier injection), do not require protein synthesis, and are dependent 
on the amount of rus protein injected into the cells. These findings 
indicate that rus proteins are directly responsible for the stimulation 

of membrane rufbng and pinocytosis. Further support comes from 
the observation that NRK cells transformed by v-K-rus oncogene 
show enhanced rulEng and pinocytotic activity compared to normal 
NRK cells (13). 

A similar series bf membrane responses follows the interaction of 
certain hormones, mitogens, and immunomediators with their 
receptors. For example, the binding of EGF (14), PDGF (16), NGF 
(nerve growth factor) (28), and insulin (29) to target cells is 
followed by the enhancement in membrane ruWlng and pinocytosis. 
In the immune system, binding of chemotactic peptides to neutro- 
phi1 membrane receptors similarly stimulates ruWlng and pinocyto- 

Fig. 4. Ultrastructural changes induced by injection of the r r  oncogene 
protein. REF-52 cells were injected with either b&r alone (A and C) or the 
mr oncogene protein (B and D). Ten hours after injection, the cells were 
fixed and processed for transmission electron microscopy as described for 
scanning elecaon microscopy except that aftcr ethanol dehydration, cells 
were embedded in Epon, cut, and stained with uranyl acetate and lead 
citrate. Electron micrographs were taken at 40 or 80 kV (Philips 201 
electron microscope). Numerous cytoplasmic vesicles are seen in the cell 
injected with the mr oncogene protein (B). The electron transparent 

appearance of these pinocytotic vesicles is apparent at higher maptication 
(D). For comparison, a buffer-injected cell is shown at similar magmfication 
(C). For the histochemical localization of horseradish peroxidase (HRP), 
cells were injected with the rus oncogene protein and 2 hours after injection 
exposed for 30 minutes to HRP at 1 mglml. Cells were then washed quickly, 
fixed, and processed to localize cell-bound enzyme with the diaminobenzi- 
dine hydrogen peroxide substrate mixture. The inset in (D) shows the 
location of HRP in a cell injected with the mr oncogene protein. The section 
was not stained with heavy metals. Nu, nudeus; bars, 2 pm. 
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Fig. 5. Dose-dependence of the stimulation of 
pinocytosis by the ras oncogene protein. Conflu- 
ent REF-52 cells were microinjected with the rar 
oncogene protein at 2 mglml (A), 0.2 m@ml (B), 
and at 0.06 mglml (C). Four hours after injection, 
the cells were incubated with FlTC-dextran (1 
mglml) for 10 minutes and examined by fluores- 
cence mia06copy (40x lens) as described above. 
The boundaries of the cells are delineated on the 
fluorescent micrographs by the hand-drawn bro- 
ken lines. 

sis (30). While the membrane events that are triggered by m protein 
and ligand binding are similar, several features of the ras-induced 
response deserve special consideration. 

1) Membrane r d n g  and pinocytosis induced by ligand bin- 
occur within minutes after exposure of cells to ligands (28,30,31), 
whereas the same membrane responses when induced by ras pro- 
teins are first detected approximately 30 minutes after injection. The 
ras proteins that we use for microinjection have been expressed in 
E s c h h  tdi and, therefore, lack posttranslational modifications. 
Since lipidation is essential for the membrane binding and the 
transforming activity of ras proteins (32), injected ras proteins 
presumably have to undergo acylation in order to exert their 
biological effects. Therefore, the interval between microinjection of 
ras proteins and the observed membrane responses may correspond 
to the time required for the acylation and subsequent association 
with the membrane of the injected ras proteins. 

2) The stimulation of membrane r d n g  and pinocytosis by ras 
proteins occurs under serum-fiee conditions indicating that the ras- 
induced effects are not mediated by external ligands. By analogy to 
the proposed mechanism of action of ras oncogene proteins in 
obviating the requirements for mitogenic growth factors, it is 
possible that ras proteins bypass the requirements for external ligand 

for the induction of membrane r d n g  and pinocytosis. While the 
growth-promoting activity of ras oncogene proteins is well docu- 
mented, recent studies have demonstrated that ras oncogene pro- 
teins can promote the differentiation of PC-12 cells in a manner 
similar to the differentiation process induced by NGF (7). The 
capacity of ras proteins to affect-diverse cellular pathways controlling 
cell proliferation or differentiation may be attributed to the ability of 
ras proteins to initiate cell surface events similar to those triggered 
by both "proliferation factors" (such as PDGF and EGF) and 
"differentiation factors" (such as NGF). 

3) The stimulatory effects of external ligands on membrane 
ruWing and pinocytosis are transient and generally last only for 
minutes up to 1 to 2 hours after the interaction of a ligand with cell 
surface receptors (29, 31). In contrast, membrane r d n g  and 
pinocytosis induced by the ras oncogene protein persist for more 
than 15 hours. These activities diminish onlv shortlv before the 
injected cells enter mitosis, a finding in agreement with previous 
studies (33) showing that many cell surface activities including 
membrane ru&g and pinocytosis are reduced during mitosis. The 
ability of m oncogene proteins to produce persistent stimulation of 
d i n g  and pinocytosis does not simply reflect the continuous 
presence of the protein in the injected cells. This notion is supported 

Fig. 6. Effect of serum, extracellular Ca2+ or 
cydoheximide on the stimulation of pinocytosis 
by the rus onmgcnc protein. Confluent REF-52 
cells were maintained in normal medium (A), 
--free medium for 24 hours (B), Ca2+-free 
medium for 2 hours (C), or n o d  medium plus 
cydoheximide at 15 p@ml for 1 hour (D); the 
cells were then injected with the ras oncogene 
protein. Four hours after injection, the cells were 
mcubated with FITC-dextran (1 mglml) in the 
indicated media for 10 minutes and examined by 
phase-contrast or fluorescence microscopy ( 4 0 ~  
ens) as described above. The fluorescent micro- 
graphs of the respective areas are shown, with the 
cell boundaries delineated by the hand-drawn 
broken lines. 
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Fig. 7. Effect of microinjection of the rar oncogene protein on the A 
co~~posiuon of 32P-labeled phospholipids. (A) Confluent REF-52 cells 
grown on glass chips (<I  mm2) (100 cells per chip) were labeled with PE - ( ~ 1  
[32P]Pi (carrier free, Amersham; 10 mcilml) in phosphate-fire medium for 2 
hours. The chips were washed free of excess label and transferred to n o d  
medium. All the cells on a given chip were injected with either b&r alone 
(track 1) or with rar oncogene protein (tracks 2 and 3). At 30 minutes (track 
2) and 60 minutes (tracks 1 and 3) after injection, phospholipids were PI - 
extracted. Chromatographic separation of the major phospholipid subclasses PA - 
was carried out on TLC plates impregnated with 1 percent potassium oxalate 
and activated for 15 minutes at 115"C, with the solvent system of chloro- 
form, methanol, ammonia, and water (45 :30:3 :5, by volume). (B) For the 
separation of lysophosphatidylcholine and lysophosphaadylethanolamine 
TLC plates were developed in a solvent system of chloroform, methanol, 
acetic acid, and water (75 :45 : 12: 3). Lysophosphatidylserine and lysophos- 
phatidylinositol run together with phosphatidylcholine in this system. The 
2P-labeled phospholipids were visualized by autoradiography and identified 

by co-chromatography with standards detected with iodine vapor. The TLC 
plates were exposed to film for 12 hours (A and B) or for 2 days (B, insets). 
Quantification of 32P incorporated into phospholipids was determined by P 
scraping the labeled phospholipids off the plates and liquid scintillation 
counting. Total 32P incorporation into lipids was approximately 50,000 cpm 
under all conditions. Radioactivity applied at the origin of the TLC plates 
(15,000 cpm per track) was used as a measure of total 32P-labeled phospho- 
lipids. Results are the average of two determinations from a single repre- 
sentative experiment. Similar relative values of the levels of 32P-phospholip- 
ids were obtained in two independent experiments. PE, phosphatidylethano- 
lamine; PC, phosphatidylcholine; PS, phosphatidylserine; PI, phosphatidy- 
linositol; PA, phosphatidic acid; PIP, phosphatidylinositol &phosphate; B 
PIP,, phosphatidylinositol4,S-bisphosphate; LysoPE, lysophosphatidyleth- 
anolarnine; LysoPC, lysophosphatidylcholine. i .w) 

w p m  
by the observation that the same effects when produced by the 
proto-oncogenic rm protein are transient. Therefore, it appears that, 
while the proto-oncogenic and oncogenic rm protein share a 
common cellular target, the regulatory function of rm oncogene LysoPE - 
protein is deranged thereby leading to the constitutive stimulation 
of membrane ruWing and pinocytosis. If these membrane activities 
are linked to the transforming activity of rm proteins, this could 
account for the observation that either mutational activation or 
overexpression of the normal rm genes (34) can induce the trans- I 

2 C 
formed phenotype. 

We have found that the formation of lysophosphatidylcholine and 
lysophosphatidylethanolamine is stimulated in response to microin- 

PC- 4 
jection of rm proteins. Since these phospholipids are the products of 
phospholipase A2 activity (25), our observations indicate that 
microinjection of ras oncogene protein results in the stimulation of 
phospholipase A2 activity. From our in vivo experiments it is LysOPC- 

impossible to determine if rm proteins have a direct role in the 
stimulation of phospholipase A2 activity. This possibility is inmgu- 
ing in view of the recent evidence implicating guanine nucleotide- 0 

binding protein in the regulation of Ca2+-dependent phospholipase - - 

: :Al l lL C Y ~ E  LysoPC 

A2 activity (35, 36). In this context, both the membrane and the 
proliferative responses induced by ras proteins appear to be mediat- 
ed by ca2+-dependent mechanism. Moreover, the stimulation of plasma membrane recycling (38) and internalization of fluid-phase 
phospholipase A2 activity has been implicated in the initiation of cell components (39), alterations in the rate of pinocytosis may exert 
proliferation by serum and a number of other growth factors (37). profound effects on intracellular processes controlling cell prolifera- 
Thus, the apparent effects of ras protein on the activity of phospholi- tion. Therefore, the stimulation of ruWing and pinocytosis may be a 
pase A2 may reflect a critical aspect of the mitogenic activity of rm primacy event in the chain of cellular responses triggered by ras 
proteins. proteins, eventually leading to cell proliferation. Furthermore, iden- 

Despite the recent emphasis on surface events that may control tification of the molecular mechanisms that mediate the effect of r a ~  

cell proliferation, little is known about the extent to which mem- proteins on membrane ruWing and pinocytosis should provide 
brane-related events conmbute directly to the phenotypic differ- insight into the biochemical function of these proteins. 
ences between normal and transformed cells. The a b i h  of ras REFERENCES 
oncogene protein to stimulate cell proliferation, concomitant with a 

1. C. J. Dcr, T. G. Krontiris, G. M. Coo r, Pmc. Nntl. Acnd. Sci. U.S.A. 79, 3637 persistent erhancement in ruWing and pinocytosis, suggests that the (1982); L. F. Parada, C. J. Tabin, C. Sgh, R. A. Weinberg, Nanrn (,%don) 297, 
proliferative effects of r a ~  proteins may be closely associated with 474 (1982); K. Shirnizu ct d., Pm. Nntl.Acad. Sci. U.S.A. 80,2112 (1983). 

2. K. Shirnizu et d., Nnture (London) 304,497 (1983); C.  J. Tabin ct d., ibid. 300, these cell surface activities. In that ~inoc~tosis is a 143 (1982); E. P. Reddy, R. K. Reynolds, E. Santos, M. Barbacid, ibid., p. 149; 
pnxess in maintenance of cell homeostasis, particularly in relation to D. J. Capon ct d., ibid. 304,507 (1983). 

j SEPTEMBER 1986 RESEARCH ARTICLES 1067 



3. D. J .  Slamon, J. B. deKernion, I. M. Verma, M. J. Cline, Science 224,256 (1984); 
H. Zarbl, S. Sukumar, A. V. Arthur, D. Martin-Zanca, M. Barbacid, Nature 
(London) 315, 382 (1985). 

4. E. M. Scolnick, A. G. Papageorge, T. Y. Shih, Proc. Natl. Acad. Sci. U.S.A. 76, 
5355 (1979); M. C. Willingham, I. Pastan, T. Y. Shih, E. M. Scolnick, Cell 19, 
1005 (1980). 

5. R. W. Sweet etd.,Nature (London) 311,273 (1984); J .  P. McGrath, D. J. Capon, 
D. V. Goeddel, A. D. Levinson, ibid. 310,644 (1984); J.  C. Lacal, S. K. Srivasta, 
P. S. Anderson, S. A. Aaronson, Cell 44, 609 (1986); J. B. Gibbs, I. S. Sigal, M. 
Poe, E. M. Scolnick,Proc. Natl. Acad. Sci. U.S.A. 81, 5704 (1984); W. W. Colby, 
J. S. Hayfllck, S. G. Clark, A. D. Lenison, Mol. Cell. Bwl. 6, 730 (1986). 

6. A. G. Gilman, Cell 36, 577 (1984). 
7. T. Kamata and J. R. Feramisco,Nature (Londonj 310, 147 (1984); L. S. Mulcahy, 

M. R. Smith, D. W. Stacey, ibid. 313, 241 (1985); S. D. Balk,T. M. Riley, H. S. 
Gunther, A. Morisi, Pvoc. Natl. Acad. Sci. U.S.A. 82, 5781 (1985); D. Bar-Sagi 
and J. R. Feramisco, Cell42, 841 (1985); M. Noda etal.,Nature (Londonj 318,73 
(1985); A. Kasid, M. E. Li pman, A. G. Papageorge, D. R. Lowy, E. P. Gelmann, 
Science 228. 725 (1985); I-! Hagat: S H a l p  M Viola, Nature (London) 319, 
680 (1986); L. F. Fleischman, B. Ch wala, L. Cantley, Science 231, 407 
/198(rl 
\-'--,' 

8. J. R. Feramisco, M. Gross, T. Kamata, M. Rosenberg, R. W. Sweet, Cell 38, 109 
( 1  984) ,-. - - J '  

9. D. W. Stacey and H.-F. Kung, Natuve (London) 310, 508 (1984). 
10. U. Brunk, J. Schlellens, B. Westermark, Exp. Cell Res. 103, 295 (1976). 
11. R. M. Steinman, J. M. Silver, 2. A. Cohn, J. Cell Bwl. 63, 949 (1974). 
12. J. M. Oliver, R. D. Berlin, B. H. Davis, MethodsEnzymol. 108, 336 (1984). 
13. D. Bar-Sagi and J. R. Feramisco, unpublished observations. 
14. H. T. Haigler, J. A. McKanna, S. Cohen, J. Cell Bwl. 83, 82 (1979). 
15. G. Daukas, D. A. Ladenburger, S. Zigrnond, ibid. 96, 1642 (1983). 
16. P. F. Davies and R. Ross, ibid. 79, 663 (1978). 
17. S. Cockroft, J. P. Bennet, B. D. Gompert, Bwchem. J. 200, 501 (1981); H. M. 

Korchak, L. E. Rutherford, G. Weissman, J. Bwl. Chem. 259,4070 (1984). 
18. A. H. Lichtman, G. B. Se el, M. A Lichunan, Blood 61, 413 (1983). 
19. N. E. Owen and M. L. Viireal, J .  dell~/yiol. 117,23 (1983); W. H. Moolenaar, 

L. G. J ,  Tertoolen, S. W. DeLaat, J. Bwl. Chem. 259, 8066 (1984). 
20. C. Y. Chiou and M. H.  Malagodi, BY. J. Pharmacol. 53, 279 (1975). 
21. M. J. Berridge, Bwchem. J.  220, 345 (1984). 
22. Using the same experimental approach, we are currently investigatin the effect of 

microinjection of the vm proto-oncogene protein on phospholipi!metabolism. 
Preliminar). observations suggest that microinjection of the ras proto-oncogene 
protein results in the apparent stimulation of phospholipase A2 acuvity, albeit to a 
esser extent than the oncogenic protein. 

23. M. J. Berridge, in Calcium and Cell Function, W. Y. Cheung, Ed. (Academic Press, 
New York, 1982), vol. 3, p. 1-36. 

24. M. L. McKean, J. B. Smi& M. J. Silver, J. Bbl. Chem. 256, 1522 (1981). 
25. H. Van den Bosch, Bwchim. Biophyr. Acta 604, 191 (1980). 
26. W. E. M. Lands, Annu. Rev. Phyrwl. 41, 633 (1979). 
27. M. J. Karnovsky et al., J. Cell Bwl. 94, 1 (1982). 

28. J. L. Comolly, L. A. Greene, R. R. Viscarello, W. D. Riley, ibid. 82,820 (1979). 
29. K. Goshima, A. Masuda, K. Owanbe, ibid. 98, 801 (1984). 
30. B. H. Davis, R. J. Walter, C. B. Pearson, E. L. Becker, J. M. Oliver,Am. J. Pathol. 

108, 206 (1982). 
31. M. Chinkers, J. M. McKanna, S. Cohen, J. CellBhl. 83, 260 (1979). 
32. B. M. Willumsen, A. Christensen, N. L. Hubbert, A. P. Papageorge, D. R. Lowy, 

Nature (London) 310, 583 (1984). 
33. R. E. Berlin, J. M. Oliver, R. J. Walter, Cell 15, 327 (1978); J. M. Oliver, J. C. 

Seagrove, J. R. Pfeiffer, M. L. Feibi , G. G. Deanin, J. CellBiol. 101,2156 (1985). 
34. E. H. Chang, M. Furth, E. M. Scogick, D. R. Lowy, Nature (London) 297, 479 

11987l ,----,' 
35. G. M. Bokoch and A. G. Gilman, Cell 39, 301 (1984). 
36. T. Nakamura and M. Ui, J. Bwl. Chem. 260, 3584 (1985). 
37. W. T. Shier and J .  P. Durkin, J. Cell. Physwl. 112, 171 (1982); L. M. Vincentini, 

R. J. Miller, M. L. Villereal, J. Bwl. Chem. 259, 6912 (1984). 
38. R. Duncan and M. K. Pratten. I. Them. Bwl. 66. 727 11977). 
39. A. C. Allison and P. Davies, SYmpp. Soc. Exp. B$: 28, 419 (1974). 
40. D. B. McClure, M. J.  Hi htower, W. C. Topp, Cold Spw'ng Harbm Confwence on 

Cell Prolij2ration 9,  345 (f982). 
41. Microinjections were erformed with glass needles drawn to a tip diameter of < l  

pm as described [K. &ang, J .  R. Feramisco, J. F. Ash,MethodsEnzymol. 85, 514 
(1982)l. Cells to be injected were marked by an ink circle on the bottom of the 
culture dish. The proto-oncogenic and the oncogenic forms of the human H-rm 
proteins were produced in an E. coli expression system and purified as described 
[M. Gross et al., Mol. Cell. Bwl. 5, 1015 (1985)]. The proteins used for 
microinjection were dissolved in 20 mM tris-OAC (pH 7.4), 20 mM NaCI, 1 mM 
MgCI2, 100 pJ4 ATP, 0.1 mM EDTA, and 5 mM 2-mercaptoethanol. Approxi- 
matelv 5 x 10-14 liter of the indicated solutions were introduced into each 
cell. 

42. Chips were transferred into individual tubes containin 0.5 ml of DMEM and lo4 
unlabeled cells as carrier. Phospholipids were extraaetby the addition of 1.83 ml 
of an ice-cold mixture of methanol, chloroform, and HCI (100: 50 : 1, by volume). 
Samples were then vortexed, and phases were separated by the addition of 0.6 ml 
each of chloroform and 2M KCI. The organic and aqueous phases were separated 
b brief centrifugation. The lower (or a ~ c )  phase was removed, and the aqueous 
Lase was reextracted with 0.4 ml of choroform. Pooled organic phases were then 

[ackwashed twice with 0.35 rnl of a mixture of methanol and UI HCI (1:1, by 
volume) to reduce back round radioactivi from water-soluble metabolites. The 
organic phase was driea under nitrogen, %solved in chloroform and methanol 
(2: 1) and ap lied to silica gel LK6D TLC plates. 

43. We thank 7 .  8. Watson for discussions throughout the course of this work and W. 
J. Welch for advice; J. P. Suhan for preparmg the transmission electron micro- 
graphs, J. Gwinnea from SUNY at Stony Brook for assistance with the scanning 
electron microscopy analysis, P. Rema for photographic assistance, and M. 
Szadkowski for reparing the manuscript. Supported by National Institutes of 
Health grants ~ h 2 . 8 2 7 7  and CA39811 and postdoctoral fellowship CA07896. 

17 April 1986; accepted 28 July 1986 

SCIENCE, VOL. 233 




