
Adhesion to Fibronectin Stimulates Inositol Lipid Synthesis 
and Enhances PDGF-induced Inositol Lipid Breakdown 
Helen P. McNamee,* Donald E. Ingber,* and Martin Alexander Schwartz§ 

* Program in Cell and Developmental Biology, Harvard Medical School; * Departments of Surgery, Children's Hospital and 
Pathology, Harvard Medical School; § Department of Cellular and Molecular Physiology, Harvard Medical School, 
Boston, Massachusetts 02115 

Abstract. The aim of these experiments was to inves- 
tigate whether inositol lipids might mediate some of 
the effects of extracellular matrix (ECM) on cellular 
form and functions. The lipid phosphatidylinositol 
bisphosphate (PIP2) plays a role in cytoskeletal regula- 
tion while its hydrolysis products, diaclyglycerol and 
inositol triphosphate, serve as second messengers. We 
therefore measured the effect of adhesion to fibronectin 
(FN) on PIP2 and its hydrolysis products, in the pres- 
ence and absence of the soluble mitogen PDGE 
PDGF induced a threefold increase in release of 
water-soluble inositol phosphates in C3H 101"1/2 
fibroblasts when cells were attached to FN, but had 
little effect in suspended cells. Suppression of inositol 
phosphate release in unattached cells was not due to 
dysfunction of the PDGF receptor or failure to acti- 
vate phospholipase C-3,; PDGF induced similar tyro- 
sine phosphorylation of PLC-~/under both conditions. 

By contrast, the total mass of phosphatidylinositol 
bisphosphate (PIP2), the substrate for PLC-3,, was 
found to decrease by ,080% when cells were detached 
from their ECM attachments and placed in suspension 
in the absence of PDGF. PIP2 levels were restored 
when suspended cells were replated on FN, demon- 
strating that the effect was reversible. Furthermore, a 
dramatic increase in synthesis of PIP2 could be mea- 
sured in cells within 2 min after reattachment to FN 
in the absence of PDGE These results show that FN 
acts directly to stimulate PIP2 synthesis, and that it 
also enhances PIP2 hydrolysis in response to PDGE 
The increase in PIP2 induced by adhesion may mediate 
some of the known effects of FN on cell shape and 
cytoskeletal organization, while regulation of inositol 
lipid hydrolysis may provide a means for integrating 
hormone- and ECM-dependent signaling pathways. 

T 
He inositol lipid pathway plays an important role in 
mediating the response of cells to a variety of hormones 
and growth factors. Hydrolysis of phosphatidylinosi- 

tol bisphosphate (PIP2), 1 by PIP2-specific phospholipase C 
(PLC) yields the second messengers diacylglycerol (DAG) 
and inositol triphosphate (IP3). DAG activates protein ki- 
nase C (PKC), while IP3 triggers increased cytoplasmic cal- 
cium due to release from intracellular stores. In addition to 
its role as a substrate for PLC, PIP2 itself binds to the 
cytoskeletal proteins profilin (Lassing and Lindberg, 1985), 
gelsolin (Janmey and Stossel, 1987) and cx-actinin (Fukami 
et al., 1992), causing release of actin by profilin and gelsolin, 
and enhanced binding of actin to c¢-actinin. 

Recent studies demonstrate that extracellular matrix 
(ECM) molecules also activate intracellular chemical signal- 
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ing pathways (reviewed in Hynes, 1992; Schwartz, 1992). 
Clustering of specific integrins by either immobilized ECM 
molecules or anti-integrin antibodies stimulates tyrosine 
phosphorylation (Guan et al., 1991; Kornberg et al., 1991), 
elevates intracellular calcium (Ng-Sikorski et al., 1991), and 
activates the Na÷/H ÷ antiporter (Schwartz et al., 1991). In 
some cases, these are direct affects that occur in the absence 
of soluble factors, but in other cases, synergisms between 
ECM and soluble agonists are evident. Examples where cel- 
lular responses to soluble factors are modulated by adhesion 
include cell growth in response to serum (Tucker et al., 
1981), neutrophil activation in response to cytokines (Na- 
than et al., 1989; Richter~:et al., 1990), and milk protein 
secretion in response to p~lactin (Emerman et al., 1977). 

Synergisms between adl~esion and specific second mes- 
sengers have also been observed. Analysis of the mechanism 
of antiporter activation in C3H 10"I"1/2 fibroblasts has shown 
that PDGF stimulates Na÷/~I + exchange in cells adherent to 
fibronectin (FN) but not i~ unattached cells (Schwartz and 
Lechene, 1992). Pharmaootogical inhibitors of PKC (e.g., 
calphostin C, staurosporirie) inhibit antiporter activation in 
adherent fibroblasts. FurtlCermore, the requirement for FN 
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can be bypassed by using phorbol esters to activate PKC. 
These results suggest that inositol lipid hydrolysis might re- 
quire both growth factors and adhesion to ECM. The obser- 
vation that the increase in intraceUular calcium normally 
triggered by PDGF in adherent fibroblasts was not observed 
in suspended cells (Tucker et al., 1990) supports this hy- 
pothesis. 

These findings led us to undertake a direct analysis of ino- 
sitol lipid turnover in response to FN. Our results show that 
adhesion to FN both increases the synthesis of PIP2 in the 
absence of soluble factors, and enhances the breakdown of 
PIP: in response to PDGE 

Materials and Methods 

Experimental System 
C3H 10TI/2 fibroblasts were passaged in DME containing 10% FCS, peni- 
cillin (100 U/ml) and streptomycin (100 U/mi). For overnight incubations 
in suspension, ceils were trypsinized and suspended in 1.5% methylcellu- 
lose (4,000 centipoise) in DME as previously described (Benecke et ai., 
1978). Cells were washed out of methylcellniose by dilution with PBS or 
medium followed by centrifugation at low speed To maintain cells in suspen- 
sion during experiments, they were placed on bacteriological dishes that 
were precoated with 0.19 mg/cm 2 poly-hydroxyethylmethacrylate (POly- 
HEMA) (Folkman and Moscona, 1978). To analyze the effects of attach- 
ment to FN, cells were plated onto bacteriological dishes which were coated 
with human plasma FN (Boehringer Mannheim Corp., Indianapolis, IN) 
at a saturating demity of 2.5 ~g/cm 2 as previously described (Ingber et al., 
1990). Nonspecific attachment sites were blocked using 1% BSA in PBS 
or PO4-free DME before use. Cells were stimulated with recombinant BB 
PDGF (Upstate Biotechnology, Saranac Lake, NY) at a concentration of 
25 ng/mi. 

Analysis of Water-soluble Inositol Phosphates 
Ceils were prelabeled to equilibrium with [SH]inositol by culturing cells 
for 3 d in inositol-free DME (Flow Laboratories, Irvine, CA) containing 
myo-(2-SH)inositol (4 t~Ci/mi; Amersham Corp., Arlington Heights, IL) 
and 10% dialyzed FCS. Then cells were trypsinized and plated onto either 
POly-HEMA or FN-coated dishes for 18 h in medium containing [sI-I]ino- 
sitol and 0.5 % FCS. LiC1 was added to the medium (10 mM final concentra- 
tion) 20 min before challenging the cells with PDGE After 45 rain in the 
presence of PDGF and LiCI, cells were washed and lysed in methanol/1 M 
HC1 (1:1). The precipitate formed was removed by centrifugation and as- 
sayed for DNA content as described (Burton, 1956). The supernatant was 
then analyzed for inositol phosphates essentially as described (Lapetina and 
Siess, 1987). The supernatants were extracted with a one-half vol of chloro- 
form, the aqueous fraction was removed to a new tube, dried under N2, 
redissolved in H20, and lyophilized. Samples were reconstituted in 7 mM 
Na Borate and applied to 1-ml columns of AGX-8 anion exchange resin (for- 
mate form; Bio Rad Labs, Hercules, CA) and the water soluble inositol 
phosphates separated using a gradient of ammonium formate. Fractions 
were mixed with scintillation fluid, (MonoFlow 4; National Diagnostics, 
Inc., Atlanta, GA) and counted using a scintillation counter. Inositol phos- 
phate values were normalized for cell number by comparing DNA concen- 
trations to a standard curve. 

Immunoprecipitation and Immunoblotting 
Cells were suspended in 1.5% methylcellulose or plated onto FN for 18 h 
in DME/0.5% FCS. After 18 h, the suspended ceils were washed out of 
methylceilulose and plated on poly-HEMA or FN-coated dishes in DME/l% 
BSA. Cells were incubated at 37"C for 2 h before addition of PDGF. After 
7 rain, cells were washed with ice cold PBS, lysed in NP-40-containing im- 
munoprecipitation buffer, and immunoprecipitated with a specific antibody 
to PLC-3, (kindly provided by Tony Pawson) (Decker et al., 1990), accord- 
ing to published methods (Morrison et al., 1990). Immunoprecipitated pro- 
teins were separated on a reducing 7.5% SDS-PAGE minigel, transferred 
electrophoretically to nitrocellulose, and probed with a mAb to phos- 
photyrosine (gift of Tom Roberts). Anti-phosphotyrosine reactive bands 
were visualized using 125I-labeled sheep anti-mouse immunoglobulin 
(Amersham Corp.) followed by autoradiography. 

Determination of the Total Mass of Unlabeled PIP2 
In experiments investigating the effect of cell detachment on PIP2 mass, 
confluent cells were incubated in DME/0.5 % FCS for 18 h. Cells were then 
trypsinized and plated on dishes coated with FN or poly-HEMA in 
DME/I% BSA. To analyze the effects of cell attachment to FN, cells were 
either suspended in methylcellulose or plated on FN for 18 h in DME/0.5 % 
FCS. Suspended cells were washed out of methylcellulose and replated onto 
either POly-HEMA or FN for 2 h in 0.5% FCS. Cells adherent to FN were 
also incubated for an additional 2 h. To analyze the effects of cell detach- 
ment, confluent monotayers were incubated overnight in DME/0.5 % FCS, 
trypsinized and resuspended in DME/I% BSA, and plated on dishes coated 
with FN or poly-HEMA. After experimental manipulation, cells were washed 
in cold PBS, lipids were extracted, and PIP2 was qnantitated using a com- 
mercially available kit (Amersharn Corp.) based on an adaptation of the 
method of Chilvers (Chilvers et al., 1991). Briefly, the extracted lipids were 
hydrolyzed in 1 M KOH and the released IP3 was quantitated using a com- 
petitive binding assay. The total mass represented by the amount of IP3 
released was calculated based on the formula provided by the manufacturer. 
In this experiment, cell number was determined in duplicate samples using 
an assay based on quantitation of cellular acid phosphatase (Connolly et al., 
1986). 

Analysis of lnositol Lipid Synthesis 
Cells were maintained for 18 h in 1.5% methylcellulose culture in DME 
containing 10% FCS. The suspended ceils were collected and transferred 
to dishes coated with poly-HEMA in PO4-free DME (Flow Laboratories) 
containing 1% BSA and 20/zCi/ml 3:PO L After 2 h of labeling, cells were 
plated in dishes coated with either FN or poly-HEMA. In the experiment 
depicted in Fig. 3, cells were plated onto appropriately coated wells of a 
6-well dish and centrifuged briefly at low speed to synchronize attachment. 
At the indicated times, cells were lysed and lipids extracted as described 
(Lapetina and Siess, 1987). In brief, cells were washed with ice cold PBS, 
lysed in a 1:1 solution of methanol/l M HC1 and an equal volume of chloro- 
form was added. The organic phase was removed, reextracted with a solu- 
tion of 100 mM EDTA/methanol (0.9:1) and dried under a stream of N2 
gas. Lipids were separated by TLC using chloroform:methanol:4 M ammo- 
nium hydroxide (9:7:2). Radiolabeled lipids were detected by autoradiogra- 
phy and identified based on co-migration with radioactive PI, PIP, and 
PIP2 standards (Amersham Corp.). Lipid spots were scraped from the 
TLC plates and radioactivity was quantitated by liquid scintillation counting. 

For the ATP specific activity determination, cellular ATP levels were 
measured using a commercially available kit (Sigma Immunoehemicais, St. 
Louis, MO). Cells were lysed in the buffer provided at 200,000 per ml, and 
100 ttl of a 1:4 dilution was loaded into the sample chamber of a Wallac 
model 1251 luminometer. The luciferase/luciferin mixture (100 td of a 1:25 
dilution of the solution provided) was injected, and the light emission mea- 
sured from 2 to 32 s after injection. ATP levels were determined by compar- 
ison with a calibration curve. 

To assess the incorporation of radiolabel into ATE cells were labeled 
with 32PO~ as described above, and protein-free extracts prepared by lysis 
in 2% perchloric acid. Lysates were chilled for 20 min on ice, then cen- 
trifuged to remove the precipitated protein. Supernatants were brought to 
pH 8 by addition of 1 M K2CO3, and 5 ml samples spotted on polyethyl- 
eneimine-celhlose TLC plates (Baker Co., Sanford, ME) that had been 
prerun in distilled water. The plates were developed in 1 M LiC1/l M formic 
acid as described (Tones et al., 1988). 3:PO2 and 32pO4-ATP were run as 
standards. The labeling of the ATP was quantitated using a Molecular Dy- 
namics Phosphoimage system (Molecular Dynamics, Inc., Sunnyvale, CA). 

Results 

Adhesion Enhances PDGF-stimulated PIP~ Hydrolysis 
We first investigated whether regulation of inositol lipid hy- 
drolysis by a soluble agonist depends upon adhesion to 
ECM. The ability of PDGF to induce release of water- 
soluble inositol phosphates in C3H 10T1/2 fibroblasts that 
were either adherent to FN or in suspension was therefore 
assayed. Cells were grown to confluence in medium with 
[SH]inositol, then either plated on FN or put in suspension 
culture using dishes coated with the nonadhesive polymer, 
poly-hydroxyethylmethacrylate (poly-HEMA) as described 
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Figure 1. PDGF-induced release of water-soluble inositol phos- 
phates requires cell adhesion to FN. Cells were treated without (t3) 
or with (~z) PDGF at 25 ng/ml. Cells that had been prelabeled with 
[aH]inositol, were incubated for 18 h in 0.5% serum in DME con- 
taining [3H]inositol, either in suspension on dishes coated with 
the nonadhesive polymer polyHEMA, or on FN-coated dishes. 
PDGF was added in the presence of LiCI, and after 45 min the ino- 
sitol phosphates were analyzed. Inositol phosphate release was nor- 
malized to cell number based on DNA content and represents the 
sum of IP, 11)2, and 11)3. Units for inositol phosphate release are 
cpm per 10 3 cells. The experiment was performed in triplicate, 
and similar results were achieved in two experiments. Values are 
means + standard deviation. 

(Folkman and Moscona, 1978). As expected from previous 
studies, addition of PDGF induced a threefold increase in 
inositol phosphate release in adherent cells (Fig. 1). In con- 
trast, PIP2 hydrolysis appeared to be inhibited in suspended 
cells, since much less IP release could be measured after 
PDGF stimulation (Fig. 1). The level of water-soluble inosi- 
tol phosphates released in adherent cells in the absence of 
PDGF was only slightly elevated over that in unattached 
ceils, indicating that adhesion to FN had little direct effect 
on inositol lipid breakdown. These results demonstrate that 
anchorage-dependent fibroblasts must adhere to ECM to 
hydrolyze maximal amounts of PIP2 in response to PDGE 

A possible explanation for the diminished responsiveness 
in cells lacking contact with ECM is that either the PDGF 
receptor or PLC--y, the enzyme that hydrolyzes PIP2, could 
be absent or could fail to be activated in response to PDGE 
The possibility that the PDGF receptor was dysfunctional in 
suspended cells was unlikely since analysis of whole cell ex- 
tracts by immunoblotting with anti-phosphotyrosine anti- 
body showed that PDGF induced a similar protein phos- 
phorylation pattern in both suspended and adherent cells 
(not shown). To test whether PLC-q~ activation was inhibited 
in suspended cells, we measured the phosphorylation of 
PLC-3, on tyrosine, a modification that has been previously 
shown to be sufficient for enzyme activation (Kim et al., 
1991; Padeh et al., 1991). Immunoprecipitation of PLC-3,, 
followed by immunoblotting with anti-phosphotyrosine anti- 
bodies, revealed that PDGF induced phosphorylation of 

Figure 2. PDGF-induced phosphorylation of PLC-7 on tyrosine in- 
dependent of attachment to FN. Cells in suspension (1) or adherent 
to FN (2), were incubated with (+) or without ( - )  PDGF for 7 min. 
Cell lysates were immune precipitated with anti-PLC-~/antibody, 
and the precipitates analyzed by SDS-PAGE and immunoblotting 
with anti-phosphotyrosine antibody, followed by radiolabeled sec- 
ond antibody and autoradiography. 

PLC--y equally well in suspended and adherent ceils (Fig. 2). 
A protein band that migrated with an apparent molecular 
mass of ,~145 kD, the expected molecular weight of PLC-7, 
was recognized by the anti-phosphotyrosine antibody in im- 
munoprecipitates from cells stimulated with PDGE A sec- 
ond tyrosine-phosphorylated band appeared at ~185 kD, the 
expected molecular weight of the PDGF receptor. This 
finding is consistent with previous studies that demonstrated 
coprecipitation of the PDGF receptor with phosphorylated 
PLC-7 (Morrison et al., 1989) and supports our contention 
that the PDGF receptor remains functional in both adherent 
and suspended cells. Taken together, these results indicate 
that both the PDGF receptor and PLC-'y remain present and 
responsive to PDGF in suspended cells. The data therefore 
suggest that adhesion to FN must alter inositol lipid hydroly- 
sis by acting at some point other than PLC activation. 

PIP2 Mass Decreases in Unattached Cells 

We then examined whether FN had any direct effects on the 
inositol lipid pathway in the absence of PDGE The effect of 
adhesion to FN on the levels of cellular PIP2, the substrate 
for PLC-% was determined using a commercially available 
assay for total PIP2 mass that does not require metabolic 
labeling, and therefore avoids any possible labeling artifacts 
(Chilvers et al., 1991). The assay involves hydrolysis of 
PIP: to IPa, and measurement of the I1)3 by a competition 
binding assay similar to a radioimmunoassay. Fig. 3 b shows 
that the total mass of PIP2 rapidly decreased after cells 
were detached from the substratum and held in suspension. 
Replating suspended cells onto FN in serum- and growth 
factor-flee medium resulted in a fivefold increase in the total 
amount of cell-associated PIP2, that occurred over several 
hours (Fig. 3 a). Cells that had been labeled to equilibrium 
with [3H]inositol demonstrated a similar decrease in PIP2 
upon detachment, and a similar increase upon reattachment 
(data not shown). These experiments also revealed that the 
total [3H]inositol incorporated into lipid, which is predom- 
inantly PI, was unaffected by adhesion, (0.76 and 0.78 
cpm/cell in suspended and adherent cells, respectively). 
Thus, the changes measured in PIP2 are not the result of 
general changes in inositol lipid metabolism. These results 
demonstrate that the quantity of cellular PIP2 is specifically 
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Figure 3. (a) Attachment to FN induces an increase in the mass of PIPE. Cells were held in suspension for 18 h, then plated onto dishes 
coated with polyHEMA for 2 h (0 h on FN), or onto FN for 2 h. Some cells were plated onto FN at the start (20 h on FN). PIP2 mass 
per cell was determined by measuring IP3 concentration after alkaline hydrolysis of cellular lipids, using a competitive binding assay as 
described in Materials and Methods. The experiment was done in triplicate, and values are means ± standard deviations. Two experiments 
gave similar results. (b) Detachment of cells induces a decrease in the mass of PIPE. Cells were trypsinized and held in suspension (0) 
or replated on FN (e). At various times, levels of PIP2 were determined as in (a). The point at T = 0 was taken immediately after tryp- 
sinization. The experiment was done in duplicate, and values are means ± standard deviation. 

and reversibly regulated by adhesion to FN in the absence 
of  growth factors. 

Addition of  PDGF to cells either in suspension or at the 
time of  plating on FN did not result in any change in the mass 
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Figure 4. Attachment to FN stimulates synthesis of PIPE. Incorpo- 
ration of 3EpOi i n t o  PiP2 was measured in cells in suspension (o) 
and in cells plated onto FN (e). PIPE synthesis is expressed as the 
percent of total lipid-soluble radioactivity incorporated into PIPE. 
Cells were prelabeled with 3 2 p o i  to equal levels prior to plating. 
Similar two- to fivefold increases were observed in five separate ex- 
periments. 

of PIP2 4 h later (data not shown). This result shows that 
PDGF-induced changes in the rate of  PIP2 formation are 
sufficient to replace any PIP2 hydrolyzed in response to 
P D G E  but that FN is the pr imary determinant of PIPE 
mass. PDGF was observed to cause a decrease in the mass 
of PIPE 15 min after addition to adherent cells, but no such 
decrease could be detected in cells in suspension (not 
shown). These results are consistent with previous work 
showing that PDGF induces a transient decrease in PIPE 
levels in adherent cells followed by a return to initial levels 
at later times (Rana and Hokin, 1990), and also support the 
data suggesting that little PIP2 breakdown occurs in sus- 
pended cells. 

Attachment  to F N  Stimulates a Rapid Increase 
in PIP2 Synthesis 

FN could affect the level of PIP2 via modulation of  its syn- 

Figure 5. PIP is phosphory- 
lated to PIPE. Autoradiograph 
of an experiment similar to 
the one shown in Fig. 4. Cells 
labeled with 32p0~ were 
plated on polyHEMA or FN, 
then extracted lipids analyzed 
by thin layer chromatography 
and visualized by autoradiog- 
raphy. The increased labeling 
of PIPE is reproducibly ac- 
companied by a decrease in 
PIP. 
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Table L Analysis of 32P-ATP Pools 

Radiolabel in ATP* ATP levels~; 
Cells (% control) (% control) 

Suspended 100 100 
OnFN20min 112 + 15 97 + 11 

* Cells were radiolabeled with 32POi for 2 h in suspension as described for 
Fig. 4, then either plated on FN or maintained in suspension as in Fig. 4. After 
20 rain, the cells were lysed, and the amount of radioactivity in ATP deter- 
mined. The samples were done in duplicate, and two experiments yielded idea- 
tical results. Data are shown as means -I- range. 
~: Suspended cells were plated on FN or maintained in suspension as in Fig. 
4. After 20 min, they were lysed, and cellular ATP levels assayed. Samples 
were done in quadruplicate, and data are shown as means 5: standard 
deviation. 

thesis, or by altering rates of hydrolysis or dephosphoryla- 
tion. To address this question, synthesis of PIPs was as- 
sayed by measuring the incorporation of 3sPOi into lipids. 
Suspended ceils were prelabeled for 2 h with 32poi in the 
absence of serum or growth factors, and then transferred to 
dishes coated with either FN or poly-HEMA. Cell attach- 
ment to FN stimulated a rapid increase in incorporation of 
32po~ into PIPs which was detectable by 2 min after plating 
(Fig. 4). This elevated rate of PIP2 synthesis persisted for at 
least 18 h in attached cells (not shown). In addition, we con- 
sistently observed that the increase in PIPs occurred con- 
currently with a decrease in labeled phosphatidylinositol 
phosphate (PIP) (Fig. 5). This result suggests that a PIP ki- 
nase was stimulated by cell adhesion to FN. 

To ensure that the effects of FN o n  3 s p o ~  incorporation 
into PIPs were due to changes in the rate of phosphoryla- 
tion and not in the specific activity of the 32p-ATP pools, we 
measured both the levels and the incorporation of radioactiv- 
ity into the cellular ATE As shown in Table I, cellular levels 
of ATE as determined by a luciferase assay, did not change 
upon adhesion. Incorporation of label into the ATP pool 
showed a slight (12%) increase after plating for 20 min, but 
this change was not statistically significant (p>0.5), and is 
unable to account for the threefold increase in PIPs labeling 
seen at 20 rain (Fig. 4). 

Discussion 

To summarize, our data show that adhesion to FN both in- 
duces PIPs synthesis and modulates PIPs hydrolysis in re- 
sponse to PDGE This second point confirms previous work 
showing that PDGF fails to activate PKC (Schwartz and 
Lechene, 1992) or trigger calcium release in suspended cells 
(Tucker et al., 1990). 

The change in PIPs synthesis induced by cell binding to 
FN was both rapid (within minutes) and dramatic, represent- 
ing a three- to fivefold increase when measured by either 
radiolabeling techniques or nonradioactive methods. ~98 % 
of the PIPs synthesized in response to FN was confirmed by 
HPLC to be the classical isomer, PI(4,5)P2, with <2% be- 
ing PI(3,4)P2 (KapeUer, R., H. McNamee, D. Ingber, L. 
Cantley, and M. Schwartz, unpublished data), a novel lipid 
which is not a substrate for PLC (Serunian et al., 1991). Ino- 
sitol lipid measurements also revealed a decrease in the 
amount of 32pOz-labeled PIP minutes after cell binding to 
FN-coated dishes. Taken together, these results suggest that 
adhesion to FN acts specifically to increase the activity of 

the PIP 5-kinase, the enzyme that phosphorylates 4-PIP to 
4,5-PIP2. The data are inconsistent with a general increase 
in inositol lipid turnover or in overall cellular lipid metab- 
olism. 

One possible model that is consistent with our data is that 
FN regulates inositol lipid breakdown in response to soluble 
mitogens by controlling the amount of PIPs available for 
hydrolysis. In this model, PDGF does not stimulate maximal 
release of the second messengers DAG and IP3 in nonadher- 
ent cells because the level of PIPs is low. Data indicating 
that PIPs synthesis can be rate limiting for inositol lipid hy- 
drolysis has been obtained in several systems (Urumow and 
Wieland, 1986; Taylor et al., 1984; Chahwala et al., 1987). 
Furthermore, given the magnitude of the changes in PIP2 
mass due to adhesion, and the fact that cells usually contain 
significant pools of PI lipids that are not available for hydrol- 
ysis by hormone-sensitive PLC (Inokuchi and Imboden, 
1990), it is not unreasonable that the change in total cellular 
PIP2 could represent a complete loss of hormone-sensitive 
PIP2. Under those conditions, the reduction in PIP2 could 
be sufficient to explain the greatly reduced hydrolysis of 
PIP2 in response to PDGF in suspended cells. However, 
whether or not this model is the correct one remains to be 
determined. Additional explanations for the failure of PLC-'y 
to hydrolyze PIPs, such as incorrect localization or com- 
partmentalization of PLC-~/in the cell, cannot be excluded 
by the current data. 

Whatever the mechanism, the result that both FN and a 
soluble agonist are required for maximal PIPs hydrolysis 
may provide, at least in part, a molecular basis for the obser- 
vation that optimal growth of normal cells requires both an- 
chorage and soluble mitogens. Additionally, there are a num- 
ber of cell systems in which cell differentiation or activation 
is modulated by adhesion to ECM in combination with solu- 
ble hormones or cytokines (Nathan et al., 1989; Jhabvala 
and Bixby, 1990; Emerman et al., 1977). In some cases, the 
requirement for ECM can be filled by exogenous activation 
of PKC using phorbol esters (Nathan et al., 1989; Jhabvala 
and Bixby, 1990), consistent with an effect of adhesion on 
inositol lipid hydrolysis. Thus, the effect observed here could 
be relevant to systems where ECM regulates cell growth, 
differentiation or other functions. 

It also seems likely that induction of PIPs synthesis by 
FN may mediate some of the effects of adhesion on the actin 
cytoskeleton. PIPs binds to and regulates the activity of 
gelsolin, profilin and ot-actinin (Fukami et al., 1992; for re- 
view see Stossel, 1989). Binding of PIPs to gelsolin in- 
duces dissociation of gelsolin from actin, leaving free barbed 
actin filament ends. PIPs binding to profilin leads to dis- 
sociation of the profilactin complex and an increase in free, 
polymerization-competent actin. Binding of PIP2  t o  ot-actinin 
leads to enhanced actin binding, and may be of particular rel- 
evance, since ct-actinin appears to serve as a link between ac- 
tin and the cytoplasmic domain of the integrin /3~ chain 
(Otey et al., 1990; Pavalko and Burridge, 1991). Increased 
synthesis of PIPs would therefore be predicted to increase 
actin polymerization and possibly promote the association of 
actin with integrins, consistent with the known effects of cell 
adhesion to FN. 

Finally, it has generally been thought that turnover of ino- 
sitol lipids is regulated primarily by agents that promote 
their hydrolysis, whereas their synthesis is constitutive, or 
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occurs after depletion by hydrolysis. Our results show that 
synthesis and breakdown of PIP2 can be regulated by dis- 
tinct extracellular agents. A complete understanding of the 
inositol lipid cycle and its role in regulating cell functions 
will therefore require further investigation into the control of 
inositol lipid synthesis by integrins. 
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