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ABSTRACT Rat embryo fibroblasts (REF52) exhibit a
distinctive, transformation-sensitive distribution of a-protein
kinase C (a-PKC). Receptor-mediated activation of phospho-
lipase C (PLC)-y generates diacylglycerol, the major cellular
activator of PKC. Immunofluorescence techniques were used
to investigate the subcellular localization of two PLC isozymes
(PLC-y and PLC-6) in normal and simian virus 40-
transformed REF52 cells to determine (t) if PLC colocalizes
with a-PKC and (it) if PLC isozyme distribution is sensitive to
transformation. PLC-6 was not detected in either cell type. In
REF52 cells, PLC-y was associated with the actin cytoskeleton
and was evenly distributed along the length of the actin
microfilaments. PLC-y was coincident with a-PKC at the
points where the filaments are anchored to the membrane (i.e.,
the focal contacts). Cytoskeletal association of PLC-y was not
transformation sensitive, although the actin cytoskeleton was
more disordered in simian virus 40-transformed cells. In
REF52 cells, platelet-derived growth factor induced tyrosine
phosphorylation of both soluble and cytoskeletal PLC-Y. Ty-
rosine phosphorylation of PLC-y did not seem to be a deter-
minant of its subcellular localization, but there was a detectable
increase in cytoskeleton-associated PLC-Y in response to plate-
let-derived growth factor treatment.

Phospholipase C (PLC)-mediated inositol phospholipid me-
tabolism is a critical step in the transduction of a variety of
external stimuli across the cell membrane (1, 2). Agonist-
induced hydrolysis of phosphatidylinositol 4,5-bisphosphate
(PIP2) generates diacylglycerol and inositol trisphosphate
(1P3), both ofwhich have second messenger roles in cells. The
diacylglycerol activates protein kinase C (PKC), and IP3
mobilizes stores of intracellular calcium (3, 4). Individually
and synergistically these events regulate many short-term
cellular responses and also longer term events such as gene
expression and proliferation (5, 6).

Several PLC isoforms have been identified, three of which
(PLC-p8, -y, and -8) have been purified from bovine brain (7,
8). Monoclonal antibodies (mAbs) specific for each of these
subtypes were developed (9), and they have been used in a
variety of recent studies (10-14). A given tissue or cell type
may contain multiple forms of PLC (15), but the specific
functions of individual isozymes remain undefined. One
approach toward gaining a better understanding of the pur-
pose of PLC heterogeneity is to compare the subcellular
localization of the PLC isozymes present in cells. Two
studies that examined PLC distribution in rat brain sections
demonstrated differential regional distribution of PLC-13, -y,
and -8, indicating specific roles for these enzymes (16, 17).
However, no information is available on the localization of
PLC isozymes in single cells.

Previous work in this laboratory has shown that there are
three pools of a-PKC in REF52 rat embryo fibroblasts:
soluble, cytoskeletal (CSK), and nuclear (18). The CSK
a-PKC is associated with focal contacts in REF52 cells (18)
but not in simian virus 40 (SV40) transformants (19). The
discrete and transformation-sensitive distribution of a-PKC
in these cells makes them an interesting candidate for com-
paring PLC and a-PKC distribution.
Using type-specific monoclonal PLC antibodies, we have

examined the distribution of PLC-y in normal and SV40-
transformed REF52 cells and compared it with that ofa-PKC
in both cell types.

MATERIALS AND METHODS
Materials. Fluorescein- and rhodamine-conjugated second

antibodies were from Jackson ImmunoResearch and Sigma,
respectively. Rhodamine-conjugated phalloidin was from
Molecular Probes. Rabbit anti-talin was a kind gift from Keith
Burridge (Chapel Hill, NC). Platelet-derived growth factor
(PDGF) and anti-phosphotyrosine [Tyr(P)] mAb were from
Upstate Biotechnology (Lake Placid, NY). Alkaline phos-
phatase-conjugated anti-mouse IgG and alkaline phosphatase
substrates were from Promega. Amplify was from Amer-
sham. All other reagents were of the best grade available.

Cell Culture. Normal and SV40-transformed REF52 cells
(originally obtained from D. B. McClure, Eli Lilly) were
grown in a 3:1 mixture of Dulbecco's modified Eagle's
medium (DMEM) and Ham's F-12 containing 10% fetal
bovine serum (20). The normal cells were used only between
passages 10 and 20.
mAbs to PKC and PLC. The preparation and characteris-

tics of M4 and M6 mAbs specific for a-PKC have been
described (21). The isolation of mAbs to PLC-y and PLC-8
has also been detailed (9). Each mAb is specific for the
isozyme against which it was made. Unless otherwise stated,
anti-PLC-y mAb refers to a mixture of six anti-PLC-y mAbs.

Preparation of CSKs. Cells grown on coverslips (12 mm)
were washed twice with a modified microtubule stabilization
buffer [MSB; 0.1 M Pipes (pH 6.9), 2 M glycerol, 1 mM
EGTA, and 1 mM magnesium acetate] as described (18). The
soluble proteins were extracted (4-min incubation in MSB
containing 0.2% Triton X-100, aprotinin at 10 ,ug/ml, and
leupeptin at 10 ,g/ml), and the samples were washed twice
more in MSB. Fixation and staining ofthese preparations was
as for whole cells (described below).
Immunofluorescence. Cells grown on coverslips were

washed twice in either phosphate-buffered saline (PBS) (con-

Abbreviations: CSK, cytoskeleton; mAb, monoclonal antibody;
PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C;
PDGF, platelet-derived growth factor; PDGF-R, PDGF receptor(s);
PLC, phospholipase C; Tyr(P), phosphotyrosine; SV40, simian virus
40; IP3, inositol trisphosphate.
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taining Ca2' and Mg2+) or MSB, for cells or CSK prepara-
tions, respectively. Cells or CSKs were fixed for 10 min in
3.7% formaldehyde in PBS or MSB and washed twice in PBS
or MSB, respectively. After permeabilization in methanol at
-20'C for 6 min, the samples were washed twice in PBS and
then washed for 30 min in PBS containing 1% bovine serum
albumin (PBA). The coverslips were incubated with first
antibody (diluted in PBA) for 1 hr, washed three times (5 min
each) with PBA, and incubated with second antibody for a
further 30 min. Fluorescein- and rhodamine-conjugated sec-
ond antibodies were diluted 1:300 and 1:1000, respectively.
Rhodamine-conjugated phalloidin was diluted 1:30,000 in
PBA. The M6 a-PKC mAb (ascites fluid or ammonium sulfate
fraction from hybridoma conditioned medium) was diluted
1:20, and the purified M4 mAb was used at 30-100 gg/ml.
The M6 and M4 mAb preparations produced identical results.
Anti-PLC-y and -8 mAbs were used at 50 and 53 pg/ml,
respectively. Coverslips were examined with a Nikon Op-
tiphot microscope (x60 objective), and photomicrographs
were taken on Kodak T Max 400 film.

Immunoprecipitation. REF52 cells were grown in 75-cm2
tissue culture flasks. After a 1-hr incubation in methionine-
free DMEM (containing 1% fetal bovine serum, 10 mM
Hepes, and 2 mM glutamine), cells were labeled overnight (18
hr) with 3 ml of methionine-free DMEM containing 100 uCi
(1 Ci = 37 GBq) of [35S~methionine. Soluble proteins were
extracted in 0.75 ml of MSB containing 0.2% Triton X-100,
aprotinin at 10 ,ug/ml, leupeptin at 10 ,ug/ml, 1 mM phenyl-
methylsulfonyl fluoride, 50 mM NaF, and 1 mM Na3VO4.
The CSKs were washed once with 0.75 ml of cold MSB,
which was combined with the soluble protein extract, and the
sample was made 1x with respect to RIPA (1% deoxycho-
late/1% Triton X-100/0.1% SDS/0.15 M NaCI/1 mM EDTA
in 50 mM Tris Cl, pH 7.4). CSKs were scraped directly into
RIPA (1 ml). Samples were precleared by incubation with
formalin-fixed Staphylococcus aureus for 1 hr. After pre-
clearing, the samples (300 Il) were shaken for 1 hr with a
mixture of either three or six anti-PLC-ymAbs (2.9 or 0.5 ,ug,
respectively) or mouse IgG (0.4 ,ug). This was followed by a
1-hr incubation with protein A-Sepharose that had been
previously equilibrated with rabbit anti-mouse IgG. All in-
cubations were performed at 4°C. Immunocomplexes were
collected and washed several times. Pellets were boiled in
sample preparation buffer and electrophoresed on SDS/7.5%
polyacrylamide gels according to Laemmli (22). Gels were
stained, destained, treated with Amplify, dried, and exposed
to film (Kodak X-OMAT AR) at -70°C for 3 days.
PDGF Treatment of REF52 Cells. REF52 cells were grown

in 100-mm dishes to 80% confluence. After overnight incu-
bation in medium [3:1 (vol/vol) mixture ofDMEM and Ham's
F-12] containing 0.1% fetal bovine serum, the cells were
treated with PDGF (30 ng/ml) for 10 min at 37°C. Medium
was aspirated, and the dishes were washed twice with 5 ml of
ice-cold MSB, followed by a 4-min incubation (with shaking)
in 1 ml of MSB containing 0.2% Triton X-100, aprotinin at 10
,g/ml, leupeptin at 10 ,ug/ml, 1 mM phenylmethylsulfonyl
fluoride, 50 mM NaF, and 1 mM Na3VO4. The extracts were
removed; CSKs were washed twice with 1 ml of cold MSB
and then scraped into 1 ml of RIPA. PLC-y and Tyr(P)-
containing proteins were immunoprecipitated from 1 ml of
sample as described above (except that the soluble extracts
were not made lx in RIPA) by using 0.5 ,ug and 5 gtg of
anti-PLC-y and anti-Tyr(P) mAbs, respectively. Immuno-
complexes were collected, and bound proteins were eluted by
boiling in sample preparation buffer for electrophoresis.
Equal volumes ofeach sample were applied to separate lanes
for detection of PLC-y and Tyr(P) on separate blots. The
nitrocellulose blots were blocked in 5% instant milk in 50mM
Tris Cl (pH 7.4) containing 0.5 M NaCl (TBS), washed three
times in TBS, and incubated for 1 hr with either anti-PLC-y

mAb (4 Ag/ml) or anti-Tyr(P) mAb (3.3 ;Lg/ml) diluted in TBS
containing 1% bovine serum albumin (TBA). PLC-y and
Tyr(P) were detected after sequential incubations in alkaline
phosphatase-conjugated anti-mouse IgG (133 ng/ml in TBS
containing 1% bovine serum albumin, 30 min), TBS (three
washes), and alkaline phosphatase substrate.

RESULTS
Immunoprecipitation of PLC-y in REF52 Cells. The spec-

ificity of PLC-y mAbs in REF52 cells was verified by
immunoprecipitation and immunoblotting of PLC-y from
REF52 cell extracts (Fig. 1). PLC-y was specifically detected
in the soluble and CSK fractions of REF52 cells.
Immunofluorescence of a-PKC, PLC-y, and PLC-8 in

REF52 Cells. REF52 cells and detergent-extracted prepara-
tions (CSKs) stained with PKC and PLC antibodies are
shown in Fig. 2. The most striking aspects of a-PKC distri-
bution are its localization in the nucleus and at the focal
contacts (Fig. 2 A and B; see ref. 18).

In whole cells stained with PLC-y antibodies, perinuclear
cytoplasmic and fiber-associated staining were found (Fig.
2C). PLC-y was only weakly detected in the nucleus. A
significant portion of PLC-y was stable to detergent extrac-
tion (Fig. 2D) and was associated with large fibers. Whole
cells and CSKs stained with PLC-8 antibody were very
similar to controls (which were not incubated with first
antibody), suggesting that a very small amount (if any) of
PLC-3 is present in REF52 cells.
Immunocytochemical Colocalization of PLC-y and CSK

Proteins in REF52 Cells. The staining pattern observed for
PLC-y suggested that this isozyme was associated with the
actin CSK in these cells. Double labeling of CSK prepara-
tions with anti-PLC-y antibody and rhodamine-conjugated
phalloidin, which stains filamentous actin, revealed that
PLC-y colocalized with the actin microfilaments, also known
as stress fibers (Fig. 3A and B). PLC-y was evenly distributed
along the length of the fibers. The ends of the stress fibers are
known to be anchored to the membrane at sites known as
focal contacts (23-25). To determine ifPLC-y is a component
of focal contacts, CSKs were double-stained with antibodies
to PLC-y and talin, a focal contact protein (Fig. 2 C and D).
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FIG. 1. Immunoprecipitation and immunoblotting of PLC-y in
REF52 cell extracts. (A) PLC-y was immunoprecipitated from sol-
uble (Sol) and CSK fractions. Samples were treated either with a
mixture of three PLC-y mAbs (2.9 ,ug, lanes 1 and 4), with a mixture
of six mAbs (0.5 j.g, lanes 2 and 5), or with mouse IgG (0.4 E&g, lanes
3 and 6) to detect nonspecific binding. The positions of molecular
mass markers (in kDa) are shown on the left. PLC-y is indicated by
a y. The intensity of the high molecular mass band relative to PLC-y
is diminished in lane 5 compared to lane 4, although the immuno-
fluorescence pattern observed with these antibody mixtures is sim-
ilar. This high molecular mass protein may be a coimmunoprecipi-
tating protein because it is not apparent in immunoblots of soluble
(SOL) and CSK fractions stained with the mixture of six mAbs (B).
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FIG. 2. Immunofluorescence of a-PKC, PLC-y, and PLC-8 in
REF52 cells. Whole cells and CSKs were prepared and stained.
Samples were treated with first antibodies specific for a-PKC (A and
B), PLC-y (C and D), and PLC-8 (E and F).

CSK-associated PLC-y was coincident with talin at discrete
points along the stress fibers, implying that PLC-y is indeed
present although not concentrated in focal contacts.
Immunofluorescence of a-PKC and PLC-y in SV40-

Transformed REF52 Cells. The immunofluorescence of
a-PKC was markedly different in transformed cells (compare
Fig. 4 A and B with Fig. 2 A and B; see ref. 19). The nuclear
staining pattern in these cells was similar to normal cells (Fig.
2 A and B), but the focal contact staining was lost. Most of
the diffuse extranuclear a-PKC in whole cells (Fig. 4A) was
detergent soluble, and what little remained in CSK prepara-
tions was randomly distributed (Fig. 4B). Thus, a-PKC is
associated with focal contacts in normal but not SV40-
transformed REF52 cells.
The distribution of PLC-y in SV40-transformed REF52

cells (Fig. 4 C and D) was similar to normal cells in that it was
apparently actin fiber-associated and was only weakly de-

A _B_

C

FIG. 3. Immunocytochemical colocalization of PLC-y and CSK
proteins in REF52 cells. REF52 CSKs were prepared as described in
Materials and Methods. They were double-stained by incubating
with anti-PLC-y mAb (A and C) followed by either rhodamine-
conjugated phalloidin (B) or rabbit anti-talin (D). In C and D, second
antibodies were a mixture of fluorescein isothiocyanate-conjugated
anti-mouse and tetramethylrhodamine isothiocyanate-conjugated
anti-rabbit antibodies.

FIG. 4. Immunofluorescence of a-PKC and PLC-y in SV40-
transformed REF52 cells. The preparation and staining ofwhole cells
and CSKs is detailed in Materials and Methods. Particular subtypes
of PKC and PLC were detected by using antibodies specific for
a-PKC (A and B) and PLC-y (C and D).

tected in the nucleus. The fibrous staining pattern was more
apparent in CSKs than in whole-cell preparations (Fig. 4D).
The brightly staining perinuclear PLC-vy found in whole-cell
preparations ofREF52 cells (Fig. 2C) was less apparent in the
transformed cells. Again, PLC-8 was not detectable (data not
shown).
Colocaltion of PLC-y with CSK Proteins in SV*

Transformed REF52 Ceils. As in REF52 cells, PLC-y*
peared to be associated with fibers in SV40-transformed
REF52 cells (Fig. 4D). To determine if these were micrdfil-
aments, PLC-y and phalloidin staining were compared in a
double-label experiment (Fig. 5 A and B). Although the actin
fibers were smaller and less organized than in REP52 cells,
PLC-y still colocalized with actin fibers in the SV40 trans-
formants. The PLC-y and talin distribution were also com-
pared in the SV40-transformed REF52 cells (Fig. 5 C and D),
and it appeared that PLC-y was also a focal contact protein
in these cells, although the focal contacts were smaller and
more peripheral than in normal REF52 cells.

Effect of PDGF on the Subceflular li on of PLC-y in
REF52 Cells. We compared the subcellular distribution of
PLC-y in control and PDGF-treated cells to ascertain
whether tyrosine phosphorylation of PLC-y may be a deter-
minant of subcellular location. PDGF caused increased ty-
rosine phosphorylation of PDGF receptors (PDGF-R) and

A B

CD

FIG. 5. Colocalization of PLC-v with CSK proteins in SV40-
transformed REF52 cells. CSKs were prepared and double-stained to
examine PLC-y (A and C) distribution with respect to that of actin
(B) and talin (D) in the same preparations. Samples were treated as
described in Materials and Methods except for those double-stained
for PLC-v and actin (A and B), which were p'ermeabilized using
ethanol instead of methanol.
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FIG. 6. Effect of PDGF on the subcellular localization of PLC-y
in REF52 cells. REF52 cells (100-mm dishes) were incubated with or
without PDGF (30 ng/ml) for 10 min at 370C. Soluble (SOL) and CSK
fractions were collected, and duplicate samples were immunopre-
cipitated with mAbs to PLC-y or Tyr(P). Equal volumes of precip-
itates were loaded in separate lanes of an SDS/7.5% polyacrylamide
gel. After electroblotting, the samples were probed for either Tyr(P)
(A) or PLC-^y (B). PLC-y is indicated by a ;y; the putative PDGF-R
is indicated by a star. The positions of molecular mass markers (in
kDa) are shown on the left.

PLC-Y in the soluble fractions. PDGF increased the Tyr(P)
content of soluble PLC-y because (i) PLC-y was immuno-
precipitated with anti-Tyr(P) mAb from PDGF-treated cells
but not control cells (Fig. 6, lanes 1 and 2), and (ii) PLC-y was
effectively precipitated from control and PDGF-treated cells
with anti-PLC-y mAb (Fig. 6B, lanes 3 and 4); however, only
PLC-y from the treated cells was recognized by the anti-
Tyr(P) mAb (Fig. 6A, lanes 3 and 4). In fact, the staining
intensity of PLC-y was very similar in immunoblots stained
with anti-Tyr(P) and anti-PLC-Y mAbs (compare lanes 2 and
4 in Fig. 6A with their corresponding lanes in Fig. 6B),
indicating that a large fraction of the total soluble PLC-y
contained Tyr(P). PDGF-R coimmunoprecipitated with
PLC-y after PDGF treatment, whether anti-Tyr(P) (Fig. 6A,
lane 2) or anti-PLC-y mAb (Fig. 6A, lane 4) was used. Much
less PDGF-R was recovered with the anti-PLC-y mAb,
implying that a relatively small fraction of the total soluble
PDGF-R pool is coupled to PLC-y upon stimulation.
PDGF increased the total amount of CSK-associated

PLC-v (Fig. 6B, lanes 7 and 8). Immunoblots of the PLC-y
immunoprecipitates were stained with anti-Tyr(P) mAb,
demonstrating that the CSK pool of PLC-y was tyrosine
phosphorylated (Fig. 6A, lane 8). However, CSK-associated
PLC-y was not precipitated with the anti-Tyr(P) mAb (Fig. 6,
laneg 6). This apparent discrepancy may be attributed to the
high detergent concentrations in the CSK preparations,
which are required to solubilize the CSK proteins.

DISCUSSION
The association of PLC-y with the actin CSK may help to
explain the sequence homology of PLC-y with other seem-
ingly unrelated proteins. PLC-y (but not PLC-a, -/, and -8)
contains an SH3 domain similar to that found in the regula-
tory domain of nonreceptor tyrosine kinases (26, 27), trans-
locatable 47- and 67-kDa cytosolic factors required for
NADPH oxidase activation (28, 29), myosin lA and 1B, an
actin-binding protein from yeast, and other proteins (30, 31).
One common property of proteins containing the SH3 region

is their association with the actin CSK. Our observation
hsubstantiates the hypothesis that the SH3 domain acts as an
actiin binding site (31).

P1 ( '-y also contains two SH2 domains. These domains
rgilal e pirolein-protein interactions, including association
wil gowth lfactor receptors (32, 33). Some sites ofepidermal
giiowtlh Itclor-induced tyrosine phosphorylation of PLC-y

are close to the SH2 regions (34, 35), and tyrosinc phip.hbo
ylation has recently been shown to increase the catalyl,
activity of PLC-y in A431 cell immunoprecipitates (30). We
examined the effect of PDGF-induced tyrosine phosphory-
lation of PLC-y to determine if this modification affcctcdl its
subcellular localization. PDGF treatment increased tyrosine
phosphorylation of soluble PLC-y and its association with the
PDGF-R, as previously shown (10, 11). PDGF also increased
the total amount of PLC-y in the CSK. This may correlate
with a recent report that epidermal growth factor caused
rapid redistribution of PLC-y from a soluble to a particulate
fraction in epidermal growth factor-treated A431 cells (37).
Although we did not detect a corresponding loss of soluble
PLC-y, this is most likely because our methods were not
designed to detect a small decrease in the large soluble PLC-y
pool, whereas an increase in the relatively small CSK pool
was readily apparent. Given that both the soluble and CSK
pools ofPLC-yfrom PDGF-treated cells contained Tyr(P), it
appears that tyrosine phosphorylation of PLC-y is not a
sufficient signal for association with the CSK.
Could CSK-associated PLC-y play a role in receptor-

mediated signal transduction? Inositol phospholipids play an
important role in regulating the polymerization/depolymer-
ization state of actin. Several actin binding proteins, such as
profilin, gelsolin, cofilin, and destrin, have been shown to
interact with PIP2 (38-40). Association of PIP2 with the actin
capping protein, profilin, disrupts the profilin-actin complex,
thus increasing the concentration of monomeric actin avail-
able for filament elongation (38). It has recently been shown
that PIP2-associated with profilin is a good substrate for
phosphorylated, but not unphosphorylated, PLC-y (41).
Thus, activation of receptor tyrosine kinase activity and
phosphorylation of PLC-y would trigger hydrolysis of PIP2-
associated profilin. This would promote formation of the
profilactin complex, thus preventing nucleation and filament
elongation. Furthermore, the accompanying IP3-mediated
increase in intracellular calcium activates actin-severing and
barbed end nucleating proteins, such as gelsolin. All of these
events favor actin depolymerization (42). Changes in cell
shape observed after addition of growth factors may thus be
a function of increased PIP2 hydrolysis by CSK-associated
PLC-y.
Both a-PKC and PLC-y were found in focal contacts of

normal cells. Possibly, colocalization correlates with their
strongly adherent and stationary phenotype because focal
contacts of the less adherent and more migratory SV40-
transformed cells contain PLC-y but not a-PKC. Relative
changes in a-PKC distribution between. normal and trans-
formed cells suggest that appropriate a-PKC localization is
important in the normal functioning of the cell. The way in
which focal contact PLC-y activity, in the absence ofa-PKC,
might contribute to maintenance of the transformed pheno-
type remains unknown. It is possible that the suggested
ability of PKC to limit receptor-mediated increases in PLC-y
activity (43-45) might be very important in normal cells. The
presence of PLC-y, a-PKC, Tyr(P)-containing proteins, and
other regulatory proteins in focal contacts suggests that these
structures have a major role in transmembrane signaling.
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