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ABSTRACT. Phosphatidylinositol-specific phospholipase C (PLC) activity reflects a summation of the
activities of three families?, v, andd, each of which is regulated differently. In order to understand the
contribution of each family to cell proliferation signaling, expression of each family was suppressed by
use of an inducible expression vector for antisense PLC sequences in a single cell line, FTO-2B rat
hepatocytes. Activation of second messengers of PLC [diacylglycerol (DAG) and inositol 1,4,5-tris-
(phosphate) (1B)] was dramatically reduced, providing a strategy for probing the consequences of PLC
deficiency on cell function. Importantly, while one PLC family was suppressed, the other PLCs actively
responded to specific stimuli, suggesting parallel and independent signaling pathways for each PLC family
in FTO-2B cells. Selective suppression of each PLC family altered cell growth markedly and differentially.
The rank order for suppression of cell growth by loss of a PLC family wasd > 5. Exploration of
down-stream growth regulators revealed that losg @ind y, but notd, families was associated with
markedly reduced basahs and protein kinase C activity. Moreover, suppression of each of the three
PLC families caused remarkably reduced basal and stimulated MAP kinase activities. Interestingly, cellular
levels of PIB were increased and dramatically correlated with growth inhibition rate in the clones with
suppressed PLC activity, suggesting that JAitBelf can serve as a second messenger of cell growth

regulation.

Hormones, neurotransmitters, and growth factors induce strategies and different cell systems may explain some

the rapid hydrolysis of PP via their cognate receptor§,(
2). The hydrolysis of PIRis catalyzed by an inositol lipid-

discrepancies concerning the role of PLC isozymes in
mitogenesis. One strategy used to dissect the role PLC

specific PLC and is one of the most commonly used signal isozymes has been to create constitutively active receptors
transduction pathways in a wide range of cell types. PLCs or to overexpress receptors that constitutively activate PLC.

have been grouped into three major families (BL.ELCy,
and PL®) based on immunological and structural differ-
ences 8). Each family has been further classified into
subgroupsf1—4, y1—2, §1—4) that are encoded by separate
genes 4). All PLC enzymes hydrolyze PpRand generate
two second messenger molecules, DAG and. IFP;
mobilizes calcium from intracellular stores. DAG activates
protein kinase C (PKC), resulting in the phosphorylation of
a number of intracellular proteins. An additional level of
diversity exists among the PLC families in regulating their
activation. PL@ is activated by GTP-boundq family (G
all, 14, 16) angBy subunits of receptor activatedo@By
(5—8), whereas PL& is activated by receptor-associated and
nonreceptor tyrosine kinase3<12). The molecular mech-
anism of activation of PLE remains obscure.

Although the role of PLC has been widely investigated, it
is not clear whether activation of PLC isozymes is sufficient
to trigger a mitogenic response. Different experimental
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1 Abbreviations: Phosphatidylinositol-specific phospholipase C, PLC;
diacylglycerol, DAG; inositol 1,4,5-tris(phosphate) z1Phoshatidyli-
nositol 4,5-bisphosphate, BIProtein kinse C, PKC; mitogen activating
protein, MAP; or 8-[4-(chlorophenyl)thio]-cyclic AMP, CPT-cAMP;

hepatocyte growth factor, HGF/SF; epinephrine, EPI; sense, S; anti-

sense, AS.

A correlation between cell transformation and FL&xtiva-

tion was observed in Rat-1 and NIH3T3 cells overexpressing
Gq protein coupled receptors, specifically, adrenecgitB
(13), muscarinic {4), and serotonin 5HT-1C receptorEs

that couple to PL@B isozymes. The transforming potential
of PLCS was also correlated with a constitutively activated
Gg mutant in NIH3T3 cellsX6). However, expression in
Rat-1 cells of a constitutively activated Gq resulted in
increased PLC activity but no cell-transforming activity’).

In contrast, expression of ac@6 mutant in Swiss 3T3 cells
resulted in constitutive PLE activation and significant
inhibition of cell proliferation induced by bombesin, PDGF,
and serum 18). Experimental strategies using loss of
function receptor mutants have also created confusion
regarding the role(s) of PLC isozymes in controlling cell
growth. Mutant FGFs receptor unable to activate PLC
could still mediate FGF- stimulated DNA synthesi$). In
contrast, a PDGF receptor mutant expressed in HepG2 cells
failed to activate PL¢ and was unable to trigger DNA
synthesis20). When spontaneously hypertensive rat aorta

fwas compared to normal rat aorta, increased &hEtivity

was observed, suggesting that constitutive activation of PLC
might contribute to the hyperplasia observed in this disease
model @1).

An other approach used to study the role of PLC in cell
growth is overexpression of PLC enzymes. Overexpression
of PLCy did not alter mitogenesis induced by growth factors
(22) and was not sufficient to stimulate DNA synthesis in
Swiss 3T3 cellsZ3). Increased intracellular concentrations
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Antisense-p-PEPCK-PLC

PLCP (GCT)CGGCA(AG)TACTC(AG)GCCATCTT(TA)GC 01—

{CTHTGTC)TG

PLCY GTCACT(GT)AACATGTCTTC(CT)TC(AG)TA(CG)A X Herdprdfnd{y |—
C [—1

PLCS CTT(AG)GA(CG)A(AG)(GC)AGGTG(GT)A(CT)AG) 00—
TGGCGGTA(CAICC(CTITG =

Exon 102 265 182 204 188 163 225 132 96 1067

Intron i72 371 590 230 570 600 90 580 132

Ficure 1: Construction of sequences to express RNA antisense to mRNA gf,RikC-6 families. The antisense RNA target sequences
were chosen on the basis of the least homology among each PLC fghijy &ndd) the greatest homology among the PLC family
isozymes (e.g. 1, 2, 3). Both sense and antisense sequencd&cWihd Sal restriction sites were prepared with deoxyinosine substitution
on both strands of the construct within a first exon of pPCK-AS construct. The ds DNA fragment was ligatdohdild BanH fragment

to the 5.8 kb PEPCK gene and inserted into the PGM-72F vector (sense or antisense-p-PEPCK-PLC).

of PLC isozymes also have been achieved by microinjection cultured in 100 mm dishes in DMEM medium supplemented
of purified protein. Microinjection of either PLEL or with 10% FBS and 1% penicillin/ streptomycin. The cultures
PLCy1 stimulated DNA synthesis in growth-arrested fibro- were maintained at 37C in a humidified incubator with
blast cells 24). Microinjection has also been used to 5% CG.

introduce PLC-specific antibodies to inhibit PLC activity. Design and Construction of Vectors Expressing Antisense
Microinjection of antibodies to PLZinto serum-stimulated ~ RNA The selectivity of PLC knock out were optimized by
cells arrested cell growth2f). Coinjection of PLG'1 designing RNA sequences from catalytic domains (X or Y)

antibodies together with P& into NIH3T3 cells resulted  common to members within each PLC family (for example,
in inhibition of PLCy1-induced DNA synthesif). Smith among PL@1, -2, -3, and -4), but diverse enough among
et al (26) found that PL@1-induced mitogenesis was the families §, y, 3, see Figure 1) to ensure family-selective
inhibited by an antibody that did not inhibit the enzymatic suppression. Complimentary oligos of 35-40 bases in length
activity of PLCy. were synthesized on both strands, and the hybridized ds DNA
The diversity of structure and regulation of PLCs has made was then force-cloned into the first exon of the pPKC-AS
analysis of specific functions of families or individual construct originally described and provided by Moxham
members a formidable task. The main goal of this study al. (27). This construct utilizes the 5.8 kb PEPCK gene to
was to create stably transfected cell lines in which the express sense or antisense in a cAMP-inducible manner.
expression of all PLC isozymes in a single family was Fragments harboring the antisense (or sense) sequences were
suppressed and to use these loss-of-function mutants tdnserted into the pGEM-72F vector (designated pPEPCK-
determine the role of each PLC family in cell proliferation. PLC with AS and suffixes denoting antisense and sense
To this end, the antisense RNA sequences were designed t@onfigurations, respectively). pPEPCK-PLC-AS (or S) was
ensure that PLC suppression was family specific but then subcloned, and primary bacterial colonies were selected
complete within each family. The extent of the suppression by colony hybridization using specific antisense oligonucle-
achieved for PLC families was maximized by using a strong, otide probes for each individual PLC family member. The
inducible, liver specific promoter from the PEPCK ge@@&)( selected colonies were amplified and purified, and mixtures
in a rat hepatoma (FTO-2B) cell line. This cell line provided containing antisense (or sense) constructs to individual
a particularly useful system for screening, being competent members of each PLC family were used to stably transfect
for inducible and tissue-specific activation of the PEPCK rat hepatoma FTO-2B cells.
gene promoter. Moreover, these cells offered the advantage Transfection of FTO-2B CellsCells was transfected using
of expressing members of all three PLC families, thus jipofectin (BRL), according to the manufacturer’s protocol.
providing an excellent model system for comparing the Antisense or sense constructs was cotransfected with a
influence of suppression of each PLC family on cell growth. pjasmid that provided neomycin resistance as a selectable
Using this system, successful creation of loss-of-function marker. After transfection for 24 h, the cells were maintained
mutants for each of the three PLC families was achieved, yith the medium containing 10% fetal bovine serum (FBS)
and marked differences in the influence of each family on gnq the neomycin analogue G-418 (1.5 mg/mL). Clones
PLC-linked signaling pathways and FTO-2B cell growth ere visible 10 days after the addition of selection medium
were observed. and were maintained in long-term culture in 0.5 mg/mL

G-418 sulfate.
EXPERIMENTAL PROCEDURES .
Northern Blot Analysis Total RNA was prepared from

Cell Culture FTO-2B cells obtained from Dr. Y. Hod cells in culture and Northern blot analyses were performed
(Department of Physiology at SUNY/Stony Brook) were using labeled isozyme specific antisense oligonucleotides as
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probes 28). Northern analysis of PLC-specific RNA from  dards were collected and transferred into scintillation vials
FTO-2B cells probed with oligonucleotides specific for for counting. The protein remaining at the interphase of step
PLCB, PLCy, or PLG) revealed major hybridizing transcripts  one was dried, solubilized in 10@L of 1 M NaOH, and
with approximate sizes of 28S, 28S, and8S, respectively.  assayed for protein content.
The amount of RNA in each of the samples was determined Proliferation Assay The doubling time of each clone was
by phosphorimager analysis. determined as an index of cell growth. Briefly, either wild-
Immunoprecipitations and Western Blotting=TO-2B type or FTO-2B cells stably transfected with the expression
cells at a density of X0cells/dish were lysed and then vector pPPEPCK-AS-PLC (both sense and antisense versions)
incubated with a g of a PLC-specific antibody overnight, were seeded a density of 3000 cells/well in medium DMEM
followed by a 1h-incubation with protein G-coupled Sephrose and 10% FBS. The following day the cells were washed
at 4°C. Monoclonal antibodies specific for P|3C, PLCy1, twice with phosphate-buffered saline (PBS) and the medium
and PL® were purchased from UBI. Polyclonal antibodies replaced with 0.1% BSADMEM. The cells were main-
specific for PLG2—3 and PL®1 were purchased from tained in this medium for 48 h, after which the media was
Santa-Cruz. Immune complexes were collected by centrifu- changed to DMEM with 10% serum, and CPT-cAMP was
gation, washed twice with lysis buffer, and then subjected added for every 24 h. Cells were harvested and counted
to polyacrylamide gel electrophoresis on 7.5% acrylamide each day with the use of a hemocytometer.
gels. The separated proteins were transferred to nitrocel- Tritiated-Thymidine Incorporatian Cells were seeded on
lulose for immunobloting and autoradiography. The nitro- 12-well plates at a density of % 10*—10° cells/well in
cellulose blots were blocked using 10% BSA and then DMEM containing 10% FBS and grown for 2 days. After
incubated with primary antibodiesfd h atroom temper- being washed with PBS, confluent cell layers were serum-
ature. Immune complexes of PLCs were detected by starved for 36 h in DMEM, then stimulated with drugs or
autoradiography or color reaction after sequential staining serum for 20 h in DMEM containing 0.5% FBS, and pulsed
with either ?3-labeled or calf alkaline phosphatase- for 4 h with 0.54Ci of [*H]thymidine. The incorporation
conjugated goat antimouse IgG for 1 h. Immunoblotting of of radioactive thymidine was terminated by placing the dishes
immunoprecipitated cell extracts of FTO-2B clones with PLC onice. The cells were washed twice with PBS, and the free
isozyme-specific antibodies or antisera revealed that wild- radioactivity released in a 0.5 mL extraction with 10%
type FTO-2B cells express PI&T (M, 150 kDa), PLG'1 trichloroacetic acid for 20 min on ice, followed by another
(145 kDa), and PL@ (85 kDa). Other PLC isozymes were wash with the same solution. Precipitates containing incor-
not detected in the FTO-2B cells. porated label were then hydrolyzed in 0.2 mL of 0.2 N
Measurement of Total Inositol Phosphate (IP) and Inositol NaOH, 0.2% SDS, and later neutralized with 0.2 N HCI.
1,4,5-Tris(phosphate) (JpFormation Total IP levels were  The incorporated radioactivity was quantified by scintillation
measured by the technigue of Martin, as modifiz@) ( Total counting.
inositol phosphates or tRvere isolated by chromatography Protein Kinase C (PKC) AssayActivation of PKC was
on Dowex AG1-X8 resin in the formate phase. The amounts performed as described by Haesley and John32n (PKC
of radioactivity incorporated into IP andJ®vas quantified activity was assayed by measuring the transfer 3é®]f
by scintillation counting. The mass ofdas determined  phosphate from 3fP]JATP to the PKC substrate peptide
by a competitive protein binding assay®f IP; using rabbit acylated myelin basic protein, Ac-MBR4{14), by the
cerebellar membrane as the; ilRceptor 80). method of Yashudat al (33). Samples were assayed in
Measurement of Intracellular Diacylglycerol (DAG) Con- duplicate in the presence and absence of PKC inhibitor
tent Intracellular DAG content was quantified by the peptide 9—36) or lipid mixture [100 uM phorbol 12-
method of Preiss31), based on the generation oPR]- myristate 13-acetate (PMA), 2.8 mg/mL phosphatidyl serine,
phosphatidic acid label of intracellular DAG in lipid extracts Triton X-100 mixed micelles] to determine the total PKC
of the cells by 2PJATP and DAG kinase. Briefly, quiescent activity.
cells were stimulated with epinephrine (for 30 s) or HGF/  Assay of ras Actiation. This assay was used to measure
SF (for 1 min) and then extracted with chloroform/methanol the GTP/GDP binding ratio toas (34). Briefly, cells in
(2:2). The samples from the chloroform phase of the cell 100 mm dishes were serum-starved for 12 h and then labeled
extraction or vehicle containing a known amount of DAG for 4 h with 60uCi/mL [3?P]orthophosphate in the phosphate-
were evaporated under M glass tubes. The lipid flmwas free DMEM. The cells were lysed and incubated with 200
solubilized in octyl3-p-glycoside/DOPG solution (7.5%:25 ng/mL monoclonatas antibody (Santa Cruz Biotech., Inc.).
mM) followed by incubation with reaction buffer (0.5 M The immune complexes were collected by centrifugation.
imidazole, pH 6.6, 0.21 g of LiG] 0.1 M EGTA, 1 mM The eluted nucleotides were separated on a polyethylenimine-
DTT, and 3.8ug/ uL of DAG kinase) at room temperature impregnated cellulose plates by thin-layer chromatography
for 15 min. The reaction was started by the addition of 2 in 0.75 M K;HPO, (pH 3.4). Nonradioactive GDP and GTP
uM [3?P]ATP. After mixing, the reaction proceeded for 30 standards were used to identify the labeled products.
min at room temperature. The reaction was stopped with Assay of Mitogen-Actated Protein (MAP) Kinase Act
the addition of chloroform/methanol (1:2) solution. After ity. This assay was adapted from previously described
two washes with chloroform, 0.5 mL of the chloroform phase methods 85). Briefly, quiescent cells were incubated with
was removed and dried under,.N The lipid film was epinephrine or HGF/SF at 3T for different time periods
dissolved in 5% methanol/95% chloroform and spotted on a or left untreated. After stimulation, the cells were lysed and
thin-layer chromatography plate. The plate was developedthen incubated with monoclonal mouse anti-MAPK antibody
with chloroform:acetone:methanol:acetic acid:water mixture (ERK1+2, Zymed, Lab. Inc., San Francisco, CA) af@
(10:4:3:2:1), air-dried, and subjected to autoradiography. The overnight. The cell lysates were mixed with Agarose beads
radioactive spots corresponding to phosphatidic acid stan-coupled to goat anti-mouse IgG and rotatedZd at 4°C.
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The immune complexes were collected by centrifugation. dently isolated clones were analyzed for each construct,

Twenty microliter aliquots were mixed with 20L of 50 yielding essentially identical results and eliminating possible
mM glycerophosphate, pH 7.2, 100M sodium vanadate, clonal aberrations from the results presented.
20 mM MgCl, 200uM [*?P]ATP, 50ug/mL PKA inhibitor Expression of RNA Antisense, but Not Sense, to PLC

peptide (IP20, TTYADFIASGRTGRRNAIHD), 1 MM EGTA,  pamjlies Suppressed Targeted RNAEhe ability of anti-
and 400uM EGFR-(662-681)-peptide (RRE'—VEP'—TF;S' sense RNA expression to suppress mRNA levels of targeted
GEAPNQALLR). After 15 min at 30°C, 10 mL of 20%  p| Cs was evaluated in cultures of stable transfectant clones
trichloracetic acid was added and 4b of the reaction mix challenged with 250 nM CPT-cAMP for-312 days (Figure
was spotted onto 2 cm squares of P-81 phosphocelluloseZA)_ Northern analysis with probes specific to P8.Gy,
paper (Whatman). The papers were washed in 0.75 M qr 5 families revealed a time-dependent loss of mMRNA of
phosphoric acid and allowed to dry, and radioactivity was the p|C targeted. Quantitation of the suppression of steady-
counted by liquid scintillation counting. state MRNA levels in FTO-2B clones demonstrated reduc-
Measurement of Phosphatidylinositol B_|s(phosphate)4)PIP tions of 70-80% after 12 days of induction for all PLC
PIP; and PI were assayed as described elsewh&8: (  ynRrRNAs evaluated. cAMP-induced loss of mRNA was most
_Brlefly, cells were malntalneq in 2 mL of RPMI (V\gthout rapid and profound for PLZand least for PL@. For PLG,
inositol supplement) and 8Ci (0.5 MBq) of myo[*H]- cAMP induced a 25% loss in mRNA levels within 3 days
inositol for 24 or 48 h prior to studies. No significant 5,4 an 85% suppression by 12 days. PLGRNA levels
difference was observed in the ratio of total mass of Pl or i, ~ontrast. were unaffected at day 3 and suppressed 70
PIP, comparing 24 and 48 h incubations of the cells with gno, by day 12 of induction. PLC mRNA levels in FTO-
3HTi i ini :
myo[*H]inositol. The phospholipids from FTO-2B cells  >g (jones expressing the sense counterparts, in contrast,

were extrfacted in 2 mL of chloroform:methanol (1:1) and yided the ideal control by which to measure suppression
0.5 mL of 10 mM EDTA, pH 7.4, was added. The lower b table to antisense RNA expression.

hase was separated and dried undestNoom temperature. ) .
P b dea P d Expression of RNA Antisense, but Not Sense, to PLC

For phopholipid separation, TLC chromatography was use = _
with a solvent system consisting of chloroform:methanol: Families Suppresses Targeted PLC Expressiba ascertain

acetic acid:water (25:15:4:2) which separated Pl from LP|. Whether the attenuation PLC mRNA levels were sufficient
PIP, and PI spots corresponding to standards were collected!C 'educe expression at the protein level, immunoblot analysis
(R for Pl is 0.66). Pl was isolated by chromatography on °f PLC expression was performed (Figure 2B). Expression
formaldehyde-treated paper with a solvent system consistingOf PLCSL, PLCy1, and PLG was analyzed in Wlld?type

of the upper phase of butanol:acetic acid:water:diethyl ether FTO-2B cells and stable transfectants harboring either the
(32:8:40:1) which separated Pl from other phospholipids SENS€ or antisense RNA vectors at 3, 6, or 12 days after
including PS. Lipid phosphorus was assayed according to challenge with CPT-cAMP. The expression of ke 150

the method of Rebecchi et ad) with slight modifications. ~ KPa@ PLGS1 was nearly undetectable by day 12 of CPT-
Briefly, the phospholipid spots were separated on TLC using CAMP treatment. Faster migrating, immunoreactive species

chloroform:methanol:acetic acid:water (25:15:4:2), visualized !IKely representing proteolytic fragments of the PLC were
by iodine staining, scraped, and extracted with several visible in the blots and the amount of these species declined

volumes of chloroform:methanol:water (5:5:1), and the also following induction of the antisense RNA construct. The

combined extracts were dried undes. NFor the phosphate ~ amount of PLG1 with M, 145 kDa, likewise, was reduced
release, the samples were digested with 70% of perchlorate MOré than 90% in clones harboring the RNA expression
After addition of color reagent (6 N4$Qy, 2.5% ammonium  Vector antisense, but not sense, to PLALCy expression
molybdate, 2.5% ascorbate, and water to 50 mL) to the In the wild-type cells or sense RNA containing stable
digested samples, the standards and samples were assayé@nsfectantg d|splayed normal levels of expression foIIO\_ng
with a spectrophotometer at 800 nm. The assay was lineart2 days of induction with CPT-cAMP. Clones harboring
up to 50 nmol of phosphate. The lower limit of sensitivity e RNA expression construct antisense to the &tzinily

was 0.015g of phosphorus/mL. displayed less than 10% of the cellular complement of the
PLC41 following a 12-day challenge with CPT-cAMP, while
RESULTS AND DISCUSSION clones harboring the sense construct displayed a level of

Establishment of Transfectants Stably Expressing S or ASPLCO1 indistinguishable from that of wild-type FTO-2B
PLC Construct The selectivity of suppression was opti- cells. These data demonstrate the success of the strategy to

mized by designing RNA sequences common to all three targ_et PLC families throughthe use of inducible RNA vectors_
PLC families but diverse enough among families to ensure d€signed to express antisense RNA sequences to the entire
suppression was family specific (Figure 1). The maximum family.

suppression for PLC families was achieved by using a strong, Suppression of PLC Expression Attenuates Basal and
inducible, liver-specific promoter (PEPCK) in the rat hepato- Agonist-Stimulated Pand DAG Formation Analysis at the

ma FTO-2B cell line. The PEPCK gene promoter is level of RNA and protein expression demonstrated successful
inducible by cAMP or 8-[4-(chlorophenyl)thio]-cyclic AMP  suppression of PLC families via the inducible antisense RNA
(CPT-cAMP), a stable analogue of cCAMP7. CPT-cAMP strategy. To investigate how suppression of specific PLCs
(250 nM) induces expression of the PEPCK gene promoterwould affect cell signaling, IiPand DAG formation was
without altering properties of wild-type FTO-2B cell mor- examined in clones harboring sense and antisense RNA
phology and growth (doubling time, 282 h in either the expression vectors for each of the PLC families. Total IP
absence or the presence of CPT-cAMP). For each constructaccumulation was decreased in unstimulated, stable trans-
stable transfectant clones were isolated that harbored eithefectant clones expressing RNA antisense to LG, or -0
sense or antisense RNA sequences. Two or more indepen{Figure 3A, right).
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(A) CPT-cAMP treatment
day 3 6 12 3 6 12 3 6 12
v Wl o
SAS S AS S AS SAS S AS S AS S AS S AS S AS
pPEPCK-PLCB pPEPCK-PLCy pPEPCK-PLCS
(8} CPT-cAMP treatment
day 12 12 12 6 3 12 12 12 6 3 12 12 12 6 3
150k0a — RS P YN DR — -
- s S5KDa M . — -
S AS AS AS S AS AS AS S AS AS AS
Wild pPEPCK-PLCB Wild pPEPCK-PLCy Wild pPEPCK-PLC3

Ficure 2: (A) Expression of RNA antisense, but not sense, to PLC families suppressed targeted RNAs. FTO-2B clones were treated with
CPT-cAMP (250 nM) for different time periods (3, 6, 12 days) to induce antisense or sense RNA expression. Total RNA (id/land)

from each cell clone was size fractionated by electrophoresis on 1% agarose gels containing formaldehyde and MOPS and then transferred
to nitrocellulose membrane for Northern blot analysis as described in the Experimental Procedures. The results shown are representative of
three independent experiments for each FTO-2B clone. Total cellular RNA was prepared from sense and antisense RNA-expressing clones
at each time point shown. The samples were paired and subjected to electrophoresis and Northern analysis. The amount of RNA in each
of the samples was determined by phosphorimager analysis. (B) Expression of RNA antisense, but not sense, to PLC families suppressed
targeted PLC expression. FTO-2B clones were treated with CPT-cAMP (250 nM) for different time periods (3, 6, 12 days) to induce
antisense or sense PLC expression. Steady state levels of specific PLC isozymes were determined by immunoblot analysis as described in
the Experimental Procedures. Briefly, cultured FTO-2B cell§ ¢Hlis/dish) were washed twice with cold PBS and harvested. Cell lysates

were prepared and incubated with PLC antibodieggRovernight followed i a 1 hincubation with protein-G Sephrose at 4C. Immune

complexes were collected and washed two times with solubilization buffer and subjected tPBB& on 7.5% acrylamide gels. The
separated proteins were transferred to nitrocellulose and subjected to immunobloting and autoradiography. The results shown are representative
of three independent experiments for each FTO-2B clone.

PLCS can be stimulated in response to epinephrine via a antisense to PLE PLCy, or PLG as compared to wild-
G-protein-coupledp-adrenergic receptorl®) that is ex- type FTO-2B cells (Figure 3B, right) or clones expressing
pressed in liver cells3{7). Expression of constitutively active  the sense RNA (data not shown). Epinephrine-stimulated
o-1B adrenergic receptors results in persistent activation of DAG accumulation was diminished by 70% in the clones
PLCS and IR formation (L3). Epinephrine was selected to  expressing RNA antisense to PECFor the clones express-
activate the receptetGg—PLCS pathway in the FTO-2B  ing RNA antisense to PLZ, stimulation by HGF/SF (100
cells. Challenge of either wild-type or sense RNA-express- ng/mL) resulted in a markedly blunted DAG accumulation,
ing PLCy clones with epinephrine (100M) stimulated IR reduced to less than 30% of the wild-type response (Figure
accumulation, whereas clones expressing RNA antisense ta@3B, left). These data demonstrate that the loss-of-function
PLCg displayed a markedly blunted response over the time- mutants all displayed reduced basal or stimulated levels of
course studied (Figure 3A, left). PLC activity as measured by either;1&r DAG accumula-

Hepatocyte growth factor (also known as scatter factor; tion.

HGF/SF) induces mitogenesis and cell dissociation upon Experiments were designed to determine if the suppression
binding to the protein-tyrosine kinase receptor encoded by of the one PLC family influenced the signalings linked to
c-met in rat and human hepatocyt88,(39). HGF/SF also other PLC families naturally expressed in the FTO-2B cell
activates PL@, ras, and phosphoinositol-3 kinaselQ). line. IP; and DAG accumulation was assayed in clones
Challenge of FTO-2B clones with HGF/SF (100 ng/mL) expressing RNA sense and antisense to one of the three PLC
stimulated IR accumulation in sense RNA-expressing BLC  families in response to agonists that activate two PLC (®LC
clones, as shown in the time-course in the left-hand paneland PLG) pathways. Activation of IP and DAG in

of Figure 3B. IR accumulation in response to HGF/SF was response to epinephrine was absent in the fRH€ficient
decreased more than 70% in the clones expressing RNAclones, but not in the PLEZ or PLCo-deficient clones.
antisense to PLEZ (Figure 3B, left). Activation of these two molecules in response to HGF/SF

Activation of PLC generates an endogenous activator of was absent in the clones lacking PL,Mut not PLG and
protein kinase C, DAG, in addition to P Basal DAG PLCS (Table 1). These data clearly shows that selective
accumulation was diminished in the clones expressing RNA suppression of a specific PLC family did not alter the
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@ - sPicp 20000 0O wid Table 1. Suppression of Targeted PLC Does Not AlterdPDAG
—§ssrcp iy Formation Induced by Activation of Other PLC Isozyrhes
2 - ey W rsmcs epinephrine HGF/SF
_g —d-ssecy T cell clones basal (100uM) (200 ng/mL)
% T * IP; Accumulation (pmol/10cells)
'% 100 = 10000 PLCS
£ s sense 855 135+ 8 125+ 10
8 e antisense 69 5* 88 + 8* 120+ 8
A PLCy
80 sense 837 12848 12848
S antisense 68 7* 130+5 90+ 10*
PLCo
80——r—T——7— 0 . sense 86t 4 125+ 8 117410
o v oz 3 (“;‘in) 5 68 antisense 6% 10* 132+ 8 123+ 8
DAG Accumulation (pmol/10cells)
(B) PLCB
300 20000 sense 98- 8 262+ 8 230+ 10
e 0 wi antisense 6% 5* 85 + 8* 225+ 8
B AsPicp
250 A omc ASPLCY PLC}’
= B WA H B asecs sense 8@ 10 255+ 8 237+ 10
L E —I— antisense 6% 7* 257+5 1314 10%
° 200 E * . . PLC(S
E = v
4 g sense 92+ 10 260+ 8 225+ 10
S 150 § 10000 antisense 6% 10* 255+ 8 220+ 10
]
g % a|P; or DAG formation were detected and quantified as described
o in Experimental Procedures. The results are representative of three
g independent experiments obtained from each group of cell clone (mean
sof + SEM). t, significant difference from basg & 0.05). *, significant
difference from senseg(< 0.05).
o 3 5 e
Time (min) O

Ficure 3: (A) Suppression of PLC expression attenuates basal and ool 8 S-PLCB
agonist-stimulated WPaccumulation Cells were maintained in 2 OF  (as-pLCp

mL of RPMI (without inositol supplement) with 0.5% FBS and 8 S-PLCy
uCi (0.5 MBq) of myo[3H]inositol for 24 h prior to studies. Total 8o} AAS-PLCV
IP and IP3 accumulation were detected and quantified as described B srcs
in the Experimental Procedures. Basal total IP (right) and agonist- 70l [aspics

stimulated IR accumulation (left) were attenuated in the all
antisense RNA clones. The agonists used were epinephrine (100
uM) for antisense/sense PCGclones and HGF/SF (100 ng/mL)

for antisense/sense PiQlones. The results were representative
of three independent experiments obtained from each group of cell
clone (meant SEM). Asterisks (*) indicate a significant difference
from wild FTO-2B cells p < 0.05). (B) Suppression of PLC
expression attenuates basal and agonist-stimulated DAG accumula-
tion. DAG accumulation was detected and quantified as described

in the Experimental Procedures. Basal DAG (right) and agonist- 0l
stimulated DAG formation (left) were attenuated in the all cell T
clones transfected with antisense constructs. The agonists used were

epinephrine (10@M) for antisense/sense PEC&lones and HGF/ 20

SF (100 ng/mL) for antisense/sense Biclones. The results were

representative of three independent experiments obtained from each CPT-cAMP treatment (days)

group of cell clone (meat: SEM). “Tee” () indicates a significant  FIGURe 4: Suppression of PLC expression inhibits cell growth. Cell

difference from antisense PLC clonp & 0.05). Asterisks (*) clones were seeded at 3000 cells/well in DMEM supplemented with

indicate a significant difference from wild FTO-2B celfs € 0.05). 10% serum for 24 h. CPT-cAMP (250 nM) was replenished and
cells were counted every day. The doubling time of cells [wild

signaling molecules (lPand DAG) of the other PLC type cells and sense (S) and antisense (AS) clones] was determined
families. by cell counting.

Suppression of PLC Expression Inhibits Cell Growth greatest increase in cell doubling time, from 26 to 80 h, was
stably transfected rat hepatoma cell clones, the loss ofPLC observed in the cells deficient in PC Loss of PLQ
-y, and ¢ families resulted in a profound effect on cell increased doubling time the least (58 h). Loss of BLC
growth (Figure 4). The doubling time for wild-type cells vyielded an intermediate doubling time of 65 h.
and those clones stably expressing the sense version of the DNA synthesis was also measured independently using
vector was about 26 h. Induction of the expression vector the incorporation of tritiated thymidine as an index (Figure
with 250 nM CPT-cAMP did not alter the doubling time of 5). Basal levels of thymidine incorporation were reduced
these clones, whereas induction of the expression vectorssignificantly (o < 0.05) for the cells deficient in PLE
which suppress PLC families by antisense RNA sequencesPLCy, or PLG). Epinephrine (10Q«M) or HGF/SF (100
significantly increased the cell doubling times. Decreased ng/mL) was used to stimulate DNA synthesis in wild-type
cell growth rates by day 12 of induction were not uniform FT0—2B cells. The epinephrine response was antagonized
among the PLC families targeted for suppression. The by theol-antagonist prazosin ¢(iM), whereas the HGF/SF

60

50

Cell proliferation (Doubling time)
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FicUrRe5: DNA synthesis was reduced in PLC-deficient cefisl]{
Thymidine incorporation was assayed in the wild FTO-2B cells
and cell clones. The confluent cell layers were starved for 48 h in
DMEM containing 0.1% BSA, stimulated with drugs for 20 h in
DMEM containing 0.1% BSA, and pulsedrfd h with 0.54Ci of
[®H]thymidine. The agonists used were epinephrine (@01 for
antisense/sense PB@xpressing cell clone and HGF (100 ng/mL)
for antisense/sense PkGexpressing cell clone 3] Thymidine
incorporation was detected and quantified as described in the

Experimental Procedures. The results shown are representative o

four independent experiments obtained from wild type FTO-2B cells
and sense (S) and antisense (AS) clones (meSEM).

response was blocked by genistein (L00), demonstrating

the contribution from the G-protein-mediated and tyrosine
kinase receptor-mediated pathways, respectively. Suppres
sion of PL@Q3 (AS-PLCB) abolished the response to epi-
nephrine (Figure 5), as was noted for the; thd DAG
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FIGURE 6: Activation of PKC is attenuated by suppression of BLC
and PLG, but not PLG. PKC activity was assayed as described

in the Experimental Procedures. The agonists used were epinephrine
(100uM for 30 s) for antisense/sense PR@xpressing cell clone

and HGF (100 ng/mL for 1 min) for antisense/sense PLC
expressing cell clone. The results were representative of four
independent experiments obtained from wild type FTO-2B cells
and sense (S) and antisense (AS) clones (MeSEM).

AS-PLCY S-PLCS  AS-PLCS

and HGF/SF-induced PKC activity. Interestingly, the loss
of PLCO (AS-PLG)) did not alter the basal level of PKC
activity in these cells. Thus, PlZCand PLG families
gppear to contribute to basal levels of PKC activity in
unstimulated cells, since their suppression was associated
with the decrease in basal PKC activity. For Ry, Mss of
activity does not appear to influence basal level of PKC
activity. PKC activity measured in the presence of PMA
was equivalent for wild-type and stably transfected clones
{200—-230 pmol/min per 19cells), irrespective of whether
RNA sense or antisense to PBC-y, or -0 families was
expressed. Northern analysis of PK@GRNA and immu-

response to epinephrine (Figure 3). The response to HGF/noblotting of PKC protein (data not shown) indicated that

SF was abolished in the Ph/&eficient cells (Figure 5),
much like the IR and DAG response to HGF/SF. Serum
(10%)-induced DNA synthesis (1.75-fold over control in wild
type) was reduced in clones deficient in R2.(20%), PLG/
(54%), or PLG® (45%) as compared with their sense or wild-
type cell lines, suggesting that signals occur through all three
families in response to serum. This data clearly indicate that
suppression of specific families of PLC has distinct and
profound effects on cell growth.

Activation of PKC Is Attenuated by Suppression of BLC
and PLC but Not PLG. Signaling pathways implicated
in cell growth were explored in an effort to define the link
between the loss-of-function of a PLC family and the
associated growth reduction. PLC activation generates DAG,
thereby activating PKC. PKC has been shown to contribute
cell growth @1, 42) in many cells. In view of its position
as a down-stream element in PLC action, PKC and its role
in FTO-2B cell growth was investigated. Direct measure-
ment of PKC activity in stably transfected clones and wild-
type FTO-2B cells was informative (Figure 6). In wild-type
cells, epinephrine (10@M at 30 s) and HGF/SF (100 ng/
mL at 1 min) stimulated peak activation of PKC activity
(data not shown). Suppression of FEAS-PLC3) resulted
in a reduction in the basal PKC activity as well as a dramatic
blunting of the epinephrine-induced activation. Suppression
of PLCy (AS-PLCy) resulted in a similar reduction in basal

PKCoa expression was unaffected by altered PLC expression.
Reduction of PKC activity by suppression of specific PLC
families did not correlate with the cell growth inhibition in
each of the three PLC family deficient cells.

Suppression of PLEand PLCy, but Not PL®), Blunts
ras Signaling In light of the central role ofasin regulating
cell growth @3), we explored the status oés signaling in
the clones whose growth was severely blunted by PLC
suppression (Figure 7). The activation statera$ was
assayed by measuring GTP/GDP binding in the unstimulated
basal state as well as in response to epinephrine or HGF/
SF. Stimulation ofas GTP binding was maximal within 5
min of challenge by either agent. In the Pg@eficient,
but not PLG- or PLGS-deficient, cells, the ability of
epinephrine to activates GTP binding was abolished. The
HGF/SF-induced response was abolished in the jRLC
deficient cells, but not PLE or PLCS-deficient cells.
Whereas the suppression of either L& PLCy families
resulted in a marked reduction in the amountras GTP
binding in the basal state, suppression of Blvzas without
effect on basalas GTP binding (Figure 7, Table 2). Again,
suppression of one family influenced only its associated
signaling pathway, while signaling pathways stimulated by
other PLC families remained unaltered. These data also
show that in rat hepatoma cells, activatiorras via tyrosine
kinase receptors like the HGF/SF receptor or via G-protein-
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FiIGURe 7: Suppression of PL€and PLG but not PLG) blunts 0
ras signaling. The time course afs activity was performed in 35
the cell clones in response to agonists. The agonists used were 3
epinephrine (10Q«M) for antisense/sense PGCexpressing cell
clone and HGF (100 ng/mL) for antisense/sense Pe&pressing 0 \.__,/._"
1 T T

cell clone. The change in GTP/GDP ratio of bound guanine
nucleotide toras was determined by the method described in the
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Experimental Procedures. The results shown are representative of IGURE8: MAP kinase activity is attenuated in PLC-deficient cells.
four experiments obtained from sense (S) and antisense (AS) clones he time course of MAP kinase activity in the wild (A) and clones

(mean+ SEM).

Table 2. Selective Suppression of a Specific PLC Family Did Not
Alter Significantly the Signaling viaas and MAP Kinase by the

Nontargeted PLCs

ras GTP binding

(GTP/GTP+ GDP) x 100

MAP kinase activity
(pmol/min per 10 cells)

cell clones basal epi HGF/SF  basal epi HGF/SF
S-PLG 18+3 35+3 40+3 28+5 95+5 110+6
AS-PLCS 12+2 18+2 38+3 17+5 40+8 112+38
S-PLCY 24+3 4145 39+£3 38+5 98+9 125+ 8
AS-PLCy 13+2 35+3 16+3 15+5 95+9 37+8
S-PLG 24+3 38+3 39+3 35+5 94+8 125+38
AS-PLC 22+2 35+3 42+3 20+5 95+8 111+6

aMAP kinase activity andas GDP/GTP binding were determined i g ; - S
as described in the Experimental Procedures. The results are representaffecting signaling via other PLC families that were not

tive of three independent experiments obtained from sense (S) ortargeted by the construct (Table 2).

antisense (AS) PLC cell clone (meanSEM).

mediated receptors requires PE@Gnd PLG activation,

respectively.

MAP Kinase Actiity Is Attenuated in PLC-Deficient Cells
Analysis of the loss-of-function PLC mutants revealed roles of PLG3 and PLG to basal rates of cell growth.
for PKC andras signaling in the cell growth noted in these

clones.

expressing antisense/sense RNA for BL®), PLCy (C), and
PLCS (D) was determined as described in the Experimental
Procedures. The agonists used were epinephrine (D for
antisense/sense P@xpressing cell clone and HGF/SF (100 ng/
mL) for antisense/sense Pik@xpressing cell clone. The results
were representative of three independent experiments obtained from
wild type FTO-2B cells and sense (S) and antisense (AS) clones
(mean+ SEM).

response to epinephrine was absent in the fRH€Eficient
clones, whereas the response to HGF/SF was absent in the
clones lacking PL§. These changes nasand MAP kinase
reflect changes in activity, not abundance, as shown by
immunoblot analysis (data not shown). In response to
stimulation, clones expressing RNA antisense to a PLC
family displayed markedly reduced signaling, while not

Loss of B.Gor
example, abolished stimulation of MAP kinase in response
to epinephrine, but not HGF/SF. Together these observations
suggest that the mitogenic potential of the cells lacking
PLC3, -y, or -0 families was not globally compromised by
PLC deficiency and clearly indicate differential contributions

Suppression of PLC Expression Ed¢es PIRB and PI. To

A common point of convergence for all three explore whether the loss of a specific family of PLC would

parameters is MAP kinase, which is regulated by a cascadeinfluence the levels of either Pl or BiRells were metaboli-
of serine/threonine kinases and modulates transcription factorcally labeled for 24 and 48 h, and a total cell lipid extraction
activity (44). MAP kinase activity was dramatically reduced
in clones deficient in PL@, -y, or -0 families (Figure 8);
basal levels were reduced460% (Table 1). The reduced
basal activity of MAP kinase in response to RL8uppres-
sion was unexpected in view of its lack of effectrais GTP
binding, suggesting that PldCcontributes to basal MAP
kinase activity in FTO-2B cells. MAP kinase activity was

stimulated acutely by treating FTO-2B cells with either

epinephrine or HGF/SF. Activation of MAP kinase in

was performed. Specific activity determinations revealed no
effect of the loss-of-function mutants on Pl or PEpecific
activity (data not shown). In fact, levels of Pl and pPirere
significantly elevated (Figure 9), suggesting that when PLC
expression is suppressed, Pl or Pl#¥els increase propor-
tionally to the degree to PLC suppression. Pl levels
increased 25%, 37%, and 55% over controls in clones
deficient ind, B, andy PLC families, respectively. For PiP
levels, deficiency in PL§ yielded the most profound effect,
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FIGURE 9: Suppression of PLC expression attenuates the metabo-

lism of PIR. Cells were maintained in 2 mL of RPMI (without
inositol supplement) with 0.5% FBS and«€i (0.5 MBq) of myo
[®H]inositol for 24 h prior to studies. Pl and Rifass and specific

activity were detected and quantified as described in the Experi-

mental Procedures. Basal Pl (left) and P(ight) were increased
in the PLC-deficient cell clones. The specific activity for Pl and

PIP, was not changed in the clones expressing antisense RNA for

each of PLC families (the ratio of specific activity of antisense
(AS)/sense (S) clones was 1.034 0.03). The results were
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increased levels PjRhat directly correlated with the rank
order of the inhibition of FTO-2B cell cloney (> 6 > ).

It is possible that PIPdirectly suppressed MAP kinase
activity, but such an effect has not been noted previously.
The observation that PLC suppression had a profound effect
on the intracellular levels of P§Rs quite surprising in light

of reports that PIRis synthesized on demand§ 47). The
present study shows that PLC activation is important not only
in the regulation of cell proliferation, but also in the
regulation of basal PlPlevels. PIR production is one of
the early events stimulated by many growth factors and
mitogens. Suppression of each of three PLC families resulted
in significantly increased PlPlevels that might directly
contribute to controlling the growth rate of FTO-2B cells.
The fluctuation in the concentration of Blevels itself could
play a messenger role, as RIR known to serve as a
regulator of actin-binding proteins4®), as a molecule
responsible for the localization of many proteins containing
pleckstrin domains at the membrane surfa¢®,(and as a
cofactor for phosholipase [5(). Recently, PIRhas been
shown to enhance the receptor-kinase-medigtadrenergic
receptor desensitization by facilitating membrane association
of the receptor kinase5(). Collectively, these results

representative of three independent experiments obtained from eactSuggest that PHmight be important for localizing proteins

group of cell clones (meatt SEM).

increasing the complement of BI88% over controls. Both
PLCS- and PLG-deficiencies yielded an increase-560%

in PIP, levels. These data suggests PLC is rate-limiting for
Pl or PIR hydrolysis. All three families contribute to PI or

PIP, hydrolysis in these cells, and the suppression of one

family is not compensated for by increased activity in other
families. The increased levels of Pl or RiBuggest a lack

of negative feedback mechanisms to regulate their levels.
Their increased levels in the face of decreased cell growth

suggest that IPand DAG production by PLE and PLG
families are critical ina-adrenergic and growth factor

receptor pathways, respectively. Interestingly, the rank order

of PLC deficiency with respect to inhibition of cell growth
and elevation of PIPlevels were very similar.

Conclusions This study demonstrates that suppression of
each of the three PLC families leads to a disruption of a
subset of cytoplasmic signals that ultimately contribute to
the growth rate of FTO-2B cells. Suppression of each of
the three PLC families led to decreased; thd DAG,

suggesting that activation of any PLC family generates these 5.
two second messenger molecules, consistent with previous 6.

studies B). Prominent among the elements in growth
signaling are PKCyras, and MAP kinase, all of which
displayed differential sensitivity to the loss of specific PLC
families. Interestingly, suppression of P&Qinlike the other
PLC families, did not alter PKC aras activity in FTO-2B
cells. Thus, although PKC ands are critical in the control

of cell growth, they were not sufficient to compensate for
the decrease in basal growth rate observed indt€ficient
cells. MAP kinase is activated in many cells following
mitogenic stimuli 44), operating largely via tyrosine kinase
receptors and G-protein-linked receptots,(@6). Suppres-
sion of the each of the three PLC families differentially
reduced MAP kinase activity in FTO-2B cells, suggesting
that attenuation of MAP kinase activity may mediate the
growth inhibition of PLC-deficient cells. Interestingly,
suppression of each of the three PLC family resulted in

containing pleckstrin domains at the membrane surface, and
increased levels of PyPoy suppression of PLC families
might prevent the translocation of many proteins from the
membrane surface, thereby altering FTO-2B cell growth.
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