284 Biochemistry2003,42, 284—292

Activation of Phospholipase D by Bradykinin and Sphingosine 1-Phosphate in A549
Human Lung Adenocarcinoma Cells via Different GTP-Binding Proteins and
Protein Kinase C Delta Signaling Pathways

Elisabetta Meacci,Francesca Nuti,Serena CatarZiValeria Vastd, Chiara Donatf, Sylvain Bourgoin®
Paola Bruni,* Joel Mosd,and Martha Vaughdn

Dipartimento di Scienze Biochimiche, Warsitadi Firenze, Viale G.B. Morgagni 50, 50134 Firenze, Italy,

Centre de Recherche en Rheumatologie et Immunologie, Centre de Recherche de CHUL, Ste Foy, Quebec, Canada, and

Pulmonary-Critical Care Medicine Branch, National Heart, Lung, and Blood Institute, National Institutes of Health,
Bethesda, Maryland 20892

Receied June 25, 2002; Resed Manuscript Receéd Naember 11, 2002

ABSTRACT. Phospholipase D (PLD) is involved in the signaling by many extracellular ligands, and its
regulation appears to be quite complex. We investigated the signaling pathways initiated by bradykinin
(BK) or sphingosine 1-phosphate (S1P) in A549 cells to define molecular mechanisms responsible for
their additive effects on PLD activity. BK and S1P each elicited a sustained increase in phosphatidic acid
content through a rapid and transient activation of PLD. The two pathways demonstrated rapid homologous
downregulation, but heterologous desensitization was not observed. Action of both agonists required protein
kinase C (PKC) activation and &ainflux but was mediated by different heterotrimeric G proteins. In
membranes, inhibition of PK&by rottlerin enhanced BK activation of PLD but inhibited that by S1P.
Rottlerin inhibited activation of PLD in nuclei by both BK and S1P. By in situ immunofluorescence or
cell fractionation followed by immunoblotting, PLD1 was concentrated primarily in nuclei, whereas the
membrane fraction contained PLD2 and PLD1. Moreover, ®Kgxcifically phosphorylated recombinant
PLD2, but not PLD1. BK and S1P similarly enhanced RhoA translocation to nuclei, whereas BK was
less efficacious than S1P on RhoA relocalization to membranes. Effects of both agonists on the nuclear
fraction, which contains only PLD1, are compatible with a RhoA- and B4d€pendent process. In
membranes, which contain both PLD1 and PLD2, the stimulatory effect of S1P on PLD activity can best
be explained by RhoA- and PKcdependent activation of PLD1; in contrast, the effects of BK on RhoA
translocation and enhancement of BK-stimulated PLD activity by PKC inhibition are both consistent
with PLD2 serving as its primary target.

Agonist-induced hydrolysis of specific phospholipids is PLD activity is under complex regulation that appears to
crucial to many signaling pathways. In particular, phospho- be agonist- and cell-specific involving, in many instances,
lipase D (PLD} activation has been implicated in the action protein kinase C (PKC) anst20-kDa GTP-binding proteins,
of a number of hormones, growth factors, neurotransmitters, e.g., ARF, RhoA {—3). A role for C&" has also been
and cytokines 1—3) and in the control of important cell  suggested, although it remains a question whether the cation
functions such as mitogenesis, vesicular trafficking, and jg required for C&-dependent PKCs or affects PLD through
cytoskeletal reorganizatiori{3). Multiple PLD isoforms  other signaling pathways. PLD2 was initially characterized
are involved in these regulatory actions. Two mammalian as a constitutively active enzyme, insensitive to PLD acti-
PLD isoenzymes, PLD1 and PLD2, specific for phospha- yators such as PK& ARF, or RhoA, and regulated primarily
tidylcholine (PtdCho), have been cloned §). In addition,  py inhibitory factors residing in either the cytosol or cell
a phosphatidylethanolamine-specific PLD has been describednemprane 4). In this regard,a-synuclein, B-synuclein,

(6). fodrin, anda-actinin were identified as in vitro inhibitors

T This work was supported in part by grants from lItalian Telethon of PLD2 aCtIVIW ,Q’ 3,)' Rece.'f‘t evidence, however, _Squ_eStS
Foundation (no. 1086 to P.B.), the University of Florence, and the Ente that PLD2 activity is positively modulated by signaling

Cassa di Risparmio di Firenze (to P.B.). pathways/effectors, which regulate PLD1 activity (e.g., ARF,
*To whom correspondence should be addressed. Phone: PKCa) (7, 8)
++390554224258. Faxt+390554222725. E-mail: paola.bruni@unifi.it. v

* Universitadi Firenze. The mechanisms of PLD regulation by PKC are not well

® Centre de Recherche en Rheumatologie et Immunologie. understood: it has been reported that PLD1 directly associ-
'National Heart, Lung, and Blood Institute.

1 Abbreviations: PLD, phospholipase D; PtdCho, phosphatidylcho- ated with PK@, and phosphorylation by PKCactivated
line; PtdOH, phosphatidic acid; PtdPro, phosphatidylpropanol; PtdEtOH, the enzyme in caveolin-enriched microdomains within the

phosphatidylethanol; PLC, phospholipase C; PKC, protein kinase C; i i i
PTX, pertussis toxin; BK, bradykinin; S1P, sphingosine 1-phosphate; plasma membrane). Recently, in a human epithelial cell

ARF. ADP-ribosylation factor; TLC, thin-layer chromatography; PARP,  lin€, it was shown that PLD1 becomes phosphorylated via a
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although evidence for direct interaction between the two diacylglycerol were purchased from Sigma (Milan, Italy).
proteins was not providedl(). In other cell systems, Dulbecco’s Minimal Essential Medium (DMEM) was ob-
however, PLD1 appeared to be regulated by PKC throughtained from Life Technologies (Paisley, U.K.). S1P, GF
protein—protein interaction and not through phosphorylation 109203X, and rottlerin were purchased from Calbiochem (La
(11, 12). The regulation of PLD2 by PKC also appears to Jolla, CA). PTX was from List Biological Laboratories
be controversial. It has been reported that PLD2 was (Campbell, CA). Antisense phosphothioate oligodeoxyribo-
phosphorylated on its Ser/Thr residues and phosphorylationnucleotides were synthesized by MWG-Biotech (Ebersberg,
resulted in inhibition of catalytic activityl@, 14), suggesting Germany). Effectene transfection reagent was from Qiagen
that this isoform could be a negative effector of a Ser/Thr (Valencia, CA). Recombinant baculoviruses harboring cDNA

protein kinase. To the contrary, Han et dl5( reported that
PKCo mediates the phosphorylation-dependent activation of
PLD2 in PC12 cells.

Phosphatidic acid (PtdOH), produced by PLD-catalyzed
hydrolysis of PtdCho X—3), can function as a messenger
and mediate some of the effects of PLD activation. Indeed,
PtdOH activates important regulatory proteins in vitro [e.g.,
Raf-1 kinase, phosphatidylinositol 4-phosphate 5-kinase,
phospholipase C (PLC)-(reviewed in refl6)] including a
novel phosphatidate-dependent protein kindsg. Of note,

a direct interaction with PtdOH is responsible for agonist-
dependent Raf-1 translocatiob8] and mTOR activation in
mitogenic signaling 19).

Previous studies had implicated PLD in signaling by the
proinflammatory peptide bradykinin (BK) via mechanisms
that involve C&" influx, PKC activation, and the monomeric
GTPase RhoAl(5, 20—-23). Several reports have documented
the ability of sphingosine 1-phosphate (S1P) to initiate PLD
signaling 3—26), but its mechanism of action has not been
clearly defined. In this regard, stimulation of PLD by S1P
may be dependent on internalization of the bioactive lipid
and its subsequent action as intracellular media@y; (in
other instances, however, S1P stimulation of PLD activity
was triggered by interaction of the lipid with its specific
receptors Z5, 26). In skeletal muscle cells, S1P activation
of PLD was mediated by multiple regulators [e.g., RKC
PKCd, Rho, C&" (25, 28, 29)], whereas in a human epithelial
cell line, S1P action was dependent exsclusively on ®KC
(20).

We had reported that, in human lung adenocarcinoma
A549 cells, BK and S1P stimulate PLD activity in an additive

manner through mechanisms that involve, in both cases,

RhoA activation 23).
We then investigated the signaling pathways triggered by

BK or S1P to define the molecular mechanisms responsible

for their additive effects on PLD activity. The effects of BK
and S1P appear to be mediated by, respectively, pertuss
toxin (PTX)-insensitive and -sensitive pathways, which are
notable for their rapid downregulation and the absence of
heterologous desensitization. For both agonistg;Cand
PKC-dependent pathways are involved in PLD activation.
However, the preferential localization of PLD1 in the nuclear
fraction, the different role of PK& in PLD isoform
regulation and the differences in translocation of RhoA to
membrane and nuclear fractions in response to BK and S1P
support the view that, in A549 cells, S1P activates primarily
PLD1 via RhoA and PKG@, whereas BK activates PLD1
but inhibits PLD2 via a PK@-dependent pathway.

EXPERIMENTAL PROCEDURES

Materials Biochemicals, cell culture reagents, BK,
nifedipine, human recombinant PKWCphospholipids, and

IS

encoding for human PLD1 or mouse PLD2 were a generous
gift of Prof. M. Frohman (Stony Brook University, Stony
Brook, NY). Antibodies against PKé&Cand calnexin were
from Transduction Laboratories (Lexington, KY). PLD1 and
PLD2 anti-peptide antibodies were generated as described
(30—32). Rat monoclonal anti-mouse PLD2 antibodies and
recombinant Flag-PLD2 were kindly provided by Dr. Y.
Kanaho (Tokyo Metropolitan Institute of Medical Science,
Tokyo, Japan). Mouse monoclonal anti-RhoA and anti-p58
antibodies, rabbit polyclonal anti-poly(ADP-ribose)poly-
merase, and secondary antibodies (goat anti-rat or anti-mouse
or anti-rabbit immunoglobulin G1 conjugated to horseradish
peroxidase) for Western analysis were from Santa Cruz
(Santa Cruz, CA). Secondary antibodies (goat anti-rat or anti-
rabbit immunoglobulin G1 conjugated, respectively, with
fluorescein or rhodamine-B) were from BioSource (Cama-
rillo, CA). Organic solvents and Silica Gel 60 TLC plates
were obtained from Merck (Darmstadt, Germany)3ig-
Glycerol (14.2 Ci/mmol)L-a-dipalmitoyl-[choline-methyl-
SH]phosphatidylcholine (50uCi/mmol) and [-3?P]JATP
(800Ci/mol) were purchased from New England Nuclear
(Dreiech, Germany). Standard lipids were from Avanti Polar
Lipids (Alabaster, AL).

Cell Culture. Human lung adenocarcinoma A549 cells
(ATCC, Manassas, VA) were routinely grown in DMEM
containing 10% fetal calf serum, penicillin (100 units/mL),
and streptomycin (10&g/mL) at 37°C in a humidified
atmosphere of 5% COFor radiolabeling studies, cells were
grown to confluence in six-well 35-mm plates, medium was
changed to DMEM containing 0.1% BSA, and cells were
labeled as described.

Cell Fractionation.Serum-starved A549 cells were incu-
bated with or without «M S1P or 1uM BK for 30 s prior
to Western analysis, whereas in PLD experiments, 2%
ethanol was added to the medium, and the cells incubated
for 10 min. Medium was then removed and cells were
washed twice with ice-cold PBS, scraped in buffer A (50
mM Tris/HCI, pH 7.5, 10 mM NaCl, 1 mM KCI, 2 mM
MgCl,) containing 300 mM sucrose and protease inhibitors
(1 mM AEBSF, 0.34M aprotinin, leupeptin, 1&g/mL and
pepstatin A, 10ug/mL), and homogenized (Dounce, 80
strokes). Lysates were centrifuged (10 min, @b@articulate
fraction, including heavy and light membrane fractions, was
prepared from the supernatant by centrifugation at 209000
for 1 h. Nuclei were prepared in three successive steps: the
cell pellet from the centrifugation at 7§0was gently
dispersed in buffer A containing 300 mM sucrose and 0.5%
Triton X-100, incubated at 4C overnight, and centrifuged
(750, 10 min). Use of the nonionic detergent Triton X-100
eliminates the outer nuclear membrane, leaving the morphol-
ogy of nuclei similar to that of nuclei in intact cells. For
further purification by sucrose gradient centrifugation, a
sample of the low-speed pellet suspended in buffer A (100
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uL) containing 300 mM sucrose was layered over 1.5 mL mounted on Mowoil (Aventis, Strasbourg, France), viewed
of 45% sucrose in 10 mM Hepes, pH 7.4, 1 mM EGTA, 1 with a Nikon confocal microscope equipped with appropriate
mM EDTA, and centrifuged (20@f) 30 min) to separate filters, and scanned with SCANware program.
adherent membranes from the nuclgB) The pellet was Western Blot AnalysiCells grown in 100-mm dishes,
dispersed in buffer A containing 2.2 M sucrose and centri- incubated without or with agonists, were washed in PBS,
fuged (50000, 1 h). The supernatant was discarded, and scraped in buffer A, and processed as described for “Cellular
the pellet of purified nuclei suspended in buffer A was used Fractionation”. Samples in Laemmli’'s SDS-sample buffer
for Western analysis and activity assay. were applied to polyacrylamide gels and subjected to
Contamination of the nuclear fraction with endoplasmic electrophoresis for 90 min at 100 mA, before transfer of
reticulum was evaluated by measuriogglucosidase type  proteins to nitrocellulose membranes, which were incubated
Il activity according to Little et al. 34). Briefly, extracts overnight at room temperature with 20 mM Tris, pH 7.5,
were incubated with 1 mM 4-methylumbelliferyd-p- 150 mM NaCl containing 0.1% Tween 20 and 0.5% I-block
glucoside in 100 mM sodium phosphate, pH 7.0/0.1% Triton (Tropix, Bedford, MA). After rinsing, membranes were
X-100 for 15 min at 37°C, quenched with 10 vol of ice- incubated fo 1 h with antibodies against PLD1, PLD2,
cold 250 mM potassium glycine, pH 10.3, and released PKCd, RhoA, calnexin, or PARP. Bound antibody was
4-methylumbelliferone was measured using a Shimadzudetected using chemiluminescence reagents (ECL, Amer-
RF5000 spectrophotofluorimeter (Ex 360 nm, Em 446 nm). sham, Milan, Italy).
o-Glucosidase activity per milligram of protein in nucleiwas  Oligodeoxyribonucleotide Administratiofor inhibition
8.0+ 1.1% (= 3) of that in endoplasmic reticulum. Purity  of protein expression, oligodeoxyribonucleotides (ODN) were
of nuclear fraction was also assessed by Western analysigesigned with nonconserved, nonrepetitive sequence corre-
using antibodies against calnexin, a specific marker of sponding to the region of translation initiation of PK('-
endoplasmic reticulum, and poly(ADP-ribose)polymerase gcgccatggtggggectgcd)3As a control, a scrambled ODN
(PARP), a specific nuclear marker. (5'-ttttccgaggtagtaccgtgBwvas used. Cells were loaded with
Measurement offH]PtdOH Levels.Confluent cells were ~ ODN (2 uM) using Effectene transfection reagent, medium
incubated with {H]glycerol (5uCi/mL) for 24 h and then  was replaced, and cells were incubated for 32 h, before
with agonist for the indicated time. Lipids were extracted processing for PLD assay as described above. The effect of
essentially as described by Bligh and Dy8&b)(except that ODN on PKG protein was evaluated by quantitative
1 M NacCl replaced water3H]PtdOH was isolated by TLC  immunoblot analysis.
with chloroform/methanol/acetic acid (9:1:1). Positions of  Phosphorylation of PLD Isoforms by PKCin Vitro.
lipids were compared with those of authentic standards afterHuman recombinant PK& was used for in vitro phos-
staining with iodine vapor. phorylation of PLD isoforms36). Sf9 cells were infected
Measurement of*H]Phosphatidyl Alcohol Formation in  with the recombinant baculoviruses harboring the cDNA
Cells. [®H]Phosphatidylpropanol (PtdPro) ofH{]phospha- encoding for human PLD1 or mouse PLD2 and propagated
tidylethanol (PtdEtOH) formation was chosen as measure as described( 5). Lysates of Sf9 cells overexpressing PLD1
of PLD activity since the enzyme can catalyze a transphos-or PLD2 or lysates of COS7 cells overexpressing mouse
phatidylation reaction which preferentially utilizes primary Flag-PLD2 were incubated (3@, 20 min) in 20 mM Hepes
alcohols instead of water. Confluent cells had been incubated(pH 7.4), 10 mM MgC}, 0.1 mM EGTA, 10 mM MgATP,
for 24 h with PH]glycerol (5uCi/mL) followed by stimula- 2 uCi ATP[y®2P] (800 Ci/mol), 200ug/mL phosphatidyl-
tion in the presence of 2% 1-propanol or ethanol. Incubations serine, 2Qug/mL diacylglycerol, 0.03% Triton X-100, and
were performed at 37C and terminated by washing cells 0.5ug of human recombinant PKiGwithout or with rottlerin.
twice with ice-cold PBS, followed immediately by addition Reaction was stopped by adding trichloroacetic acid (final
of 1 mL of ice-cold methanol. For determination of total concentration 25%) After 16 h at20 °C, proteins were
PLD activity in lysates, cells were scraped in ice-cold collected by centrifugation (14.0905 min), dissolved in
methanol; for quantification offH]phosphatidyl alcohol in  Laemmli buffer, and separated by SBBAGE; the gel was
subcellular fractions, cells were scraped in homogenization dried and exposed to Kodak film.
buffer and differential centrifugation of homogenates was To assess the effect of PK&atalyzed phosphorylation
performed as described above. Lipids were then extractedon PLD2 activity, lysates of Sf9 cells overexpressing PLD2
and PH]PtdPro or fH]PtdEtOH was separated by TLC and were incubated as described above, except that unlabeled
quantified as describe@3J). ATP was used. Samples (O of protein) were utilized
Indirect ImmunofluorescenceFor indirect immuno- for PLD activity in vitro assay according to Brown et al.
fluorescence experiments, A549 cells grown on sterile glass(37). Briefly, lysates were mixed on ice in 50 of 50 mM
coverslips or purified nuclei were fixed in 2% paraform- Na-HEPES, pH 7.5, 3 mM EGTA, 80 mM KCI, 1 mM DTT,
aldehyde in PBS for 30 min at room temperature before 3 mM MgCl, and 2 mM CaCl The substrate was added in
permeabilization by a 30 min incubation with 0.05% saponin the form of phospholipid vesicles composed of phospha-
and 1% BSA, in PBS without Ca and Mg*. Cells fixed tidylethanolamine, phosphatidylinositol 4,5-bisphosphate,
on coverslips were incubated overnight with polyclonal and dipalmitoyl-phosphatidylcholine in a molar ratio of
antibodies against PLD1 (antiserum 4 and 41), monoclonal 16:1.4:1, respectively-o-Dipalmitoyl-[choline-methyFH]-
antibodies against PLD2 or polyclonal antibodies against phosphatidylcholine was included to give about 50 000 cpm/
PLD2 (antiserum 42), washed four times, and incubated for assay. Vesicles (10L) were added to the samples (final
1 h with goat anti-rabbit fluorescein- or rhodamine B- concentration of PtdCho was 8:8M), and activity was
conjugated immunoglobulin G (IgG). After washing in PBS measured at 37C for 15 min. Reactions were stopped by
containing 0.05% saponin and 1% BSA, coverslips were the addition of 20QuL of 10% trichloroacetic acid and 100
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A Table 1: PLD Activation by BK and S1P in A549 Cells:

9 Homologous Desensitization and Absence of Cross-Desensitization
. additions PLD activity

o first second [3H]PtdPro/fH]PtdCho

g | /i —< \ - - 0.21+0.03

g ——— . BK - 1.1840.05

& I \® BK BK 1.26+0.08

2 / \X BK S1P 1.84+ 0.05*%

5 | I S1P - 0.88+ 0.08

Z S1P S1P 0.98 0.09

E B S1P BK 1.90+ 0.08*

& Ko—o—o— oo

a Cells were incubated for 2 min with/M BK or 1 uM S1P (first
addition) in the presence of 2% 1-propanol and washed twice with PBS.

%o 02 o4 06 08 10 20 Medium containing 2% 1-propanol was added and cells were incubated
for further 2 min without or with the second addition. Data are means
time (min) + SEM from one experiment representative of at least three. (*)

Significantly different from the stimulation of BK or S1P alone
(Student’st-test; p < 0.05).

m

kinase inhibitor R59949 or phosphatidate phosphohydrolase
inhibitor propranolol, indicating that these enzymatic activi-
ties did not contribute significantly to PtdOH levels in A549
cells (data not shown). Hence, the effects of both BK and
S1P are attributable to agonist-induced PLD activity. To
examine the time course of PLD activation, 2% 1-propanol
was added for 30 s periods (Figure 1B). Both agonists
induced rapid and transient enzyme activation, which was
maximal within the first 30 s, declined thereafter, and was

PLD activity (% PtdPro/PtdCho)

_ 7 R almost undetectable after 60 s. Therefore, the rapid agonist-
0-30 30-60 60-90 90-120 induced activation of PLD followed rapidly by its deactiva-
time (sec) tion produced a prolonged increase in PtdOH levels. Both

Ficure 1: Time-course of the effects of BK and S1P é]PtdOH BK and S'lP activateq PLD in a poncentration-dependent
levels and PLD activity in A549 cells. (APH]Glycerol-labeled manner with half-maximal effects induced by 3 nM BK or
cells (5 x 10°) were incubated for the indicated time withuM 12 nM S1P (data not shown).

BK (@, O) or 1uM S1P (&, A) without (@, A) or with (O, ) 2% Absence of Cross-Desensitization of BK- and S1P-Induc-
1-propanol. Data are meank half the range of values from tion of PLD Actvation. In a previous study aimed at

duplicate assays in one experiment representative of three. Increasd h le of GTP-bindi
in [3H]PtdOH levels induced by BK or S1P after 15 s of stimulation 0iSS€cting the role of monomeric inding proteins in

was significantly different by-test from controlsgf < 0.05). Where agonist-stimulated PLD activity in A549 cells, BK and S1P
not shown, error bars lie within the symbol. (BH]Glycerol- stimulated PLD activity in an additive manne23j. To
labeled cells (5« 1C°) were incubated with LM BK (filled bar) ~ ynderstand the molecular basis of the observed additivity,
or 1uM S1P (hatched ban). 1-Propanol (2%) was present during pq 416g0us and heterologous desensitization experiments

the indicated 30 s interval to measure PLD activity during that e
period after addition of agonist. Lipids were then extracted and Were performed utilizing M BK and 14M S1P capable

subjected to TLC as described in the Experimental Procedéis. [  to elicit the maximal effect (Table 1). A second addition of
PtdPro formed is reported as percentage of total labeled PtdCho.S1P did not further |ncreasé|-[]Pthro in cells previously
Data are means- SEM of values from triplicate assays in one  exposed to S1P for 2 min. Similar homologous desensitiza-
experiment representative of at least three. tion was observed with BK. Cells previously stimulated with
S1P or BK, however, were responsive to subsequent treat-
ment with BK or S1P, respectively (Table 1), indicating an
absence of cross-desensitization, consistent with the additive
effects on PLD activity. Similarly, wherfi]PtdOH levels
were measured, homologous, but not heterologous desensi-
RESULTS tization, to the two agonists, was observed, excluding the
possibility that PtdOH accumulation per se resulted in PLD
Effect of BK or S1P on Aatation of PLD and fH]PtdOH inhibition (data not shown).
Generation in A549 Celldn A549 cells, BK or S1P induced Involvement of Heterotrimeric G Proteins, PKC, and*Ca
a rapid and sustained 2-fold increase in radiolabeled PtdOH,in Agonist-Induced PLD Actation. Incubation of cells with
which reached a maximum within 1 min, persisted with little  PTX (100 ng/mL) for 20 h abolished subsequent activation
change for 15 min, and was still significantly higher than of PLD by S1P (Figure 2), consistent with a receptor-
basal at 30 min.3H]PtdOH generation was prevented by mediated action of the bioactive lipid, involving hetero-
incubation of the cells with 2% 1-propanol, which is trimeric GTP-binding proteins of the Gi/Go family. Toxin
preferentially utilized instead of water by PLD in a trans- treatment did not, however, affect BK action, consistent with
phosphatidylation reaction (Figure 1A). PtdOH levels in PLD activation via a PTX-insensitive type of heterotrimeric
agonist-stimulated cells were unaffected by the diacylglycerol G protein (e.g., Gq).

uL of 10 mg/mL bovine serum albumin. Precipitated lipids
and protein were sedimented by centrifugation (3)Q®
min, 4°C). Sample of the supernatant (0.3 mL) was removed
and analyzed by liquid scintillation spectroscopy.
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Ficure 2: Effect of inhibition of Gi/Go, C&" chelation, and
inhibition of PKC on PLD activation by BK and S1PH]glycerol-

labeled cells (5x 1CP) were incubated for 20 h with 100 ng/mL anti-PLD1 anti-PLD?2
PTX, for 30 min with 10uM GF 109203X or 5«M rottlerin, for o .
5 min with 2.5 mM EGTA, or for 10 min with 10@M nifedipine. Ficure 3: Subcellular localization by Western analysis of PLD1

1-propanol (2%) was then added for 5 min followed by incubation a@nd PLD2. (A) Proteins (2Qig) in lysates of Sf9 cells over-
with 1 uM BK or 1 4M S1P for 10 min. The inhibitors had no ~ €xpressing PLD1 (S1) or PLD2 (S2) or mammalian cells over-
effect on basal incorporation of radioactivity inteH]PtdPro in expressing Flag-PLD2 (F2) were separated by SBSGE,

the absence of agonists. Data are me&rS8EM of at least three electroblo.tted to nitrocellulose, and hybrldlzed with rabb]t pqu-
independent experiments performed in duplicate. Effects of potential ¢lonal anti-PLD1 or rat monoclonal anti-mouse PLD2 antibodies.

inhibitors on activation of PLD by BK or S1P were significant [(*)  (B) Proteins (23.g) in cytosol (C), total membrane (M), and nuclear
p < 0.05 byt-test]. PLD activation is reported relative to that (N) fractions from A549 cells were subjected to Western analysis

produced by BK or S1P in the absence of potential inhibiters @S in panel A using polyclonal anti-PLD1 and monoclonal anti-
100%. PLD2 antibodies as described in the Experimental Procedures. Data

are from one experiment representative of four.

_The stimulatory action of BK or S1P on PLD activity was o hut only slightly in cytosol and nuclear fractions (Figure
significantly reduced by 1@M GF 109203X, an inhibitor  3g) These results were confirmed by indirect immuno-
of classical and novel PKC isoforms (Figure 2). Rottlerin, a jyorescence. PLD1 was detected primarily in nuclei whereas
bisindolylmaleimide kinase inhibitor, selective for PEC  p| po was found diffusely distributed in intracellular districts,
also reduced, although to a lesser extent, the effects of bothy ;t ot in nuclei. PLD2 isoform partially colocalized with
agonists, suggesting a role for the?Gandependent PKC  44i apparatus as demonstrated by the merging with the
isoform in the regulation of PLD activity in AS49 cells  gpecific protein marker p58 whereas PLD1 localization in
(Figure 2). Golgi was less evident (Figure 4, right panel).

Similarly, addition of EGTA to the medium or treatment Subcellular Distribution of JH]PtdEtOH Generated by
with nifedipine, a C&" channel blocker, markedly decreased PLD Activity. To characterize further whether additive effects
the effects of BK and S1P, indicating that influx of of BK and S1P on PLD were detectable in subcellular
extracellular C& was needed for the activation of PLD by  fractions, A549 cells were labeled witBH]glycerol and
S1P or BK (Figure 2). Moreover, in cells incubated for 15 jncubated with ethanol without or with agonist followed by
s with BK or 30 s with S1P, a significant accumulation of = cell membrane fractionation. Purity of membrane and nuclear
inositol phosphates was observed, consistent with activationfractions was tested by Western analysis. As shown in Figure
of PLC and generation of diacylglycerol, a physiological 5A, PARP, a marker for nuclei, was present only in the
PKC activator (data not shown). Thus, @Gdependent step,  nuclear fraction, whereas calnexin, a specific marker for
which likely involves the activity of conventional isoforms  endoplamic reticulum, was detected only in total membrane
of PKC, was required for BK and S1P enhancement of PLD fractions. Thea-glucosidase activity typically present in
activity. endoplasmic reticulum was also measured in both subcellular

PLD Isoform Immunolocalizatiorsiven that two different  fractions (Figure 5A): the lowa-glucosidase activity in
isoforms, PLD1 and PLD2, may account for PLD activity, nucleiindicated a high level of purity of this fraction. In the
subcellular localization of endogenous proteins in A549 cells same figure the subcellular distribution of baskl]PtdEtOH
was examined by Western analysis and indirect immuno- formation is shown. Approximately one-fourth of the total
fluorescence. First, the specificity of polyclonal anti-PLD1 labeled-phosphatidyl alcohol was associated with the nuclear
and anti-PLD2 antibodies and rat monoclonal anti-mouse fraction, whereas a lesser amount of phosphatidyl alcohol
PLD2 antibodies was tested using lysates from Sf9 cells or was associated with the cytosolic fraction. As illustrated in
mammalian cells overexpressing PLD isoforms. As shown Figure 5B, S1P and BK significantly affected PLD activity
in Figure 3A, polyclonal anti-PLD1 and monoclonal anti- in cytosol, membrane, and nuclear fractions. Moreover, the
PLD2 antibodies were able to detect the PLD isoform with effects of both together were greater than that of either alone
high specificity. Analogous results were obtained using in each fraction, but possibly not strictly additive, for reasons
polyclonal anti-PLD2 antibodies (data not shown). Western that are unclear. A possible explanation for this finding is
analysis of PLD1 and PLD2 in A549 cell fractions showed the preferential activation by one or both agonists of PLD
that PLD1 was clearly detectable in membrane and nuclearisoforms with different subcellular distributions.
fractions, while it was less evident in cytosolic fraction; Effect of BK or S1P on RhoA Translocati¢tarticipation
PLD2 was instead predominantly found in membrane frac- of RhoA in PLD activation by BK and S1P has been
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Ficure 4: Immunolocalization of endogenous PLD1 and PLD2 in A549 cells. A549 cells grown on coverslips were fixed and processed
for immunofluorescent staining using polyclonal anti-PLD1 or monoclonal anti-PLD2 as primary antibodies followed by rhodamine-B- or

fluorescein-conjugated anti-rabbit or anti-rat IgG1, respectively. Coverslips were mounted on Mowoil and examined with a Nikon confocal
microscope. Experiment shown is representative of four.

PLD1 merge

PLD2 merge

demonstrated 23). To investigate this point further, we To provide further evidence of the different roles of RKC
examined RhoA translocation within cells following incuba- in the regulation of PLD activity by BK in nuclear and total
tion with agonists for 30 s. As shown in Figure 6, the amount membrane fractions, the antisense RNA technology was used.
of RhoA present in membrane fractions was markedly Figure 8 (inset) shows that cell treatment with antisense
increased by S1P and to a lesser extent by BK, whereas the®?KCoé ODN significantly reduced PK& expression. The
amount present in nuclear fractions was increased similarly specificity of ODN for PK®@ was evaluated from immuno-
by both agonists. blot analysis of PK@, which was already implicated in PLD
Role of PK® in PLD Regulation by BK and S1P in regulation in_othe_r cell system_S,(Q, 25) (data not shown).
Different Subcellular FractionsRecently, PLD2 regulation ~ Results obtained in cells in which PKQvas downregulated
by BK through a PK@-dependent pathway in PC12 cells conflrmed previous findings ol_)talned in th('a.presfence of
was reported 45). To understand better the molecular rottlerin: total membrane-associated PLD activity s_tlmulated
mechanisms responsible for additive stimulation of PLD by by BK was enhanced, whereas nuclear-associated BK-
BK and S1P, the role of PKEwas investigated further. stimulated PLD1 activity was markedly decreased (Figure
Treatment of A549 cells with S1P or BK for 30 s signifi- 8). Since membrane-associated PLD activity includes both
cantly increased translocation of PEKCto membranes, PLD2 and PLD1 and BK-stimulated PLD1 is inhibited by
indicating that both agonists activated P&Qdata not rottlerin, it seems likely that rottlerin enhances the BK effect
shown). PLD1 and PLD2 were tested as possible substrate®" PLD2.
for PKCo. In in vitro experiments, recombinant PLD2

synthesized in Sf9 cells was phosphorylated by BKhich DISCUSSION

did not modify recombinant PLD1. The PK&atalyzed In the studies reported here, signaling pathways leading
phosphorylation of recombinant PLD2 did not affect PLD to PLD activation by BK and S1P in A549 lung epithelial
activity in vitro assay (85t 12 pmol versus 108- 22 pmol cells were investigated. Additive stimulation of PLD by the

choline released in control and PKéncubated lysates, two agonists was consistent with the involvement of different
respectively). Moreover, addition of rottlerin prevented the pathways triggered by BK and S1P through interaction with
phosphorylation of PLD2 by PK&(Figure 7). Rottlerin also  their specific receptors coupled, respectively, to PTX-
reduced the accumulation of PtdEtOH in the nuclear fraction insensitive and -sensitive heterotrimeric GTP-binding pro-
from A549 cells induced by both agonists (Figure 7), similar teins. These findings are in agreement with our previous
to the effect observed in whole lysates (Figure 2), suggestingobservation in skeletal muscle cel®y, a study performed
the involvement of PK@ in the regulation of PLD1, which  in CFNPE90c epithelial cells 26), and, in part, with findings

is the PLD isoform exclusively represented in nuclei. in NIH3T3 fibroblasts 88), where, unlike our findings, S1P
Surprisingly, opposite effects of PKCon BK- and S1P-  activated PLD v& a G protein(s) distinct from Gi. The notion
stimulated PLD activity in total membranes were observed. that BK and S1P activate PLD through separate signaling
Indeed, while rottlerin significantly decreased the effect of pathways is further supported by the demonstrated absence
S1P, it greatly enhanced stimulation of PLD by BK. of cross-desensitization by the two agonists. Despite signaling
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Ficure 5: Subcellular distribution ofSH]PtdEtOH generated by
PLD activity. (A) Cytosolic, total membrane, and nuclear fractions
prepared fromJH]glycerol-labeled A549 cells were assayed for
PLD activity as described in Experimental Procedures. Data are
means+ SEM of values from six independent experiments
performed in duplicate. (Inset) Samples (&f) of total membrane
(M) or nuclear (N) fractions from S1P-treated cells were analyzed
for calnexin and PARP immunoreactivity by immunoblotting. The
same fractions were analyzed for the presence-gfucosidase
activity. Data are representative of three experiments. (B) Cytosolic
(C), total membrane (M), and nuclear (N) fractions prepared from
A549 cells incubated for 10 min with AM BK (filled bar), 1 uM

S1P (empty bar), or BK plus S1P (hatched bar) were assayed for

PLD activity as described in the Experimental Procedures. Data
are meanst SEM of values from duplicate assays in one
experiment representative of at least three. Significantly different
from the stimulation of BK or S1P alone. [Student&st; (*)p <

0.05; (**) p < 0.005].

to PLD through different pathways, BK and S1P effects
involved at least some common molecular mechanisms (e.g.
C&" influx). The present results confirm the role of&an

the regulation of PLD by BK, previously observed in airway
smooth muscle20) and are in accordance with the participa-
tion of Ca&" in the signaling of S1P to PLD as we had
defined in skeletal muscle cell29). In contrast, stimulation

of PLD by S1P in CFNPE9ocells was independent of an
increase in cytosolic Ca (10).

PLD1 and PLD2 are widely distributed in mammalian
tissues {—3). Several studies show that PLD1 and PLD2
activities are modulated via common and specific regulators
that can affect enzymatic activity directly or indirectly.

Meacci et al.
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Ficure 6: Effect of BK or S1P on RhoA translocation. Proteins
(20 ug) in total membrane and nuclear fractions from A549 cells
incubated without or with kM BK or 1 uM S1P were subjected

to Western analysis for RhoA, using mouse monoclonal anti-RhoA
antibodies for immunodetection. Data are from one experiment
representative of three. Band intensity is reported as percentage
(%) relative to control (no addition, 100%; standard deviation was
less than 15%).

3007 1234

121 KDa =

1 81 KDa =

PLD activity (% of stimulation)

M

Ficure 7: Effects of rottlerin on phosphorylation of PLD1 or PLD2

by PKGH and on activation of PLD by BK and S1P in subcellular
fractions of A549 cells. Total membrane (M) and nuclear (N)
fractions prepared from A549 cells incubated for 30 min with 5

uM rottlerin and stimulated with kM BK (M) or 1 uM S1P ()

were assayed for PLD activity. Activities are reported as the increase
produced by each agonist in the presence of rottlerin expressed
relative to that produced by the same agonist in its abser@0%.

Data are meang: half the range of values from duplicate assays
in one experiment representative of at least three. In the absence
of rottlerin, BK stimulation was 127% of that by S1P. Dashed line
indicates those values set to equal 100% for each. All effects of
rottlerin were statistically significant [(*p < 0.05; (**) p < 0.01

by t-test]. (Inset) Proteins (20g) in lysates of Sf9 cells over-
expressing PLD1 (1, 2) or PLD2 (3, 4) were incubated for 20 min
at 30°C with 0.5ug of recombinant human Pk&Cand [/32P]ATP
without (1, 3) or with rottlerin (2, 4) as described in Experimental

Procedures and separated by SIPRGE. The dried gel was

exposed to Kodak film.

Although studies performed with recombinant PLD2 ap-
peared to show that the enzyme was constitutively active
and regulated solely by inhibitory factor3, 39), structure-
function analysis of PLD2 revealed that it may be positively
regulated by well-characterized activators of PLD1, such as
ADP-ribosylation factors40, 41) and PKGy (42). Many
studies have shown that PLD1 is regulated in vitro and in
vivo by the~20-kDa GTP-binding protein RhoAL{-3, 42);
conversely, no evidence for PLD2 regulation by RhoA has
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Ficure 8: Effect of PKG)-specific antisense oligodeoxynucleotides
on BK activation of PLD in A549 cells. Total membrane (M) and
nuclear (N) fractions prepared from A549 cells previously loaded
with scrambled {) or PKC)-specific antisense (AS) ODNH) and
incubated without (empty bar) or with/AM BK (filled bar) were
analyzed for PLD activity as described in the Experimental
Procedures. Data are meatisSEM of values from four experi-
ments. Effects of antisense ODN on BK stimulation were significant
[(*) p < 0.05; (**) p < 0.01 byt-test]. (Inset) Coomassie staining
and Western analysis of protein (20) in total membrane fraction
from A549 cells loaded with scrambled-) or PKCo-specific
antisense (AS) ODN+). Monoclonal anti-PK@ antibodies were
used for immunodetection. Amounts of PBCguantified by
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in subcellular fractions. Remarkably, the effectiveness of
rottlerin to reduce nuclear PLD1 activation by BK and S1P
strongly suggests the involvement in the process of ®KC
a Ca&t-independent PKC isoform, reported to play an
important role in cell differentiation and growth inhibition
(48). In this regard, it must be noted that other enzymes,
such as PK@ and calmodulin-dependent protein kinase llI,
are known to be efficaciously blocked by rottlerid9j,
however, unlike PK@, they have never been implicated in
PLD regulation. Regarding the molecular mechanisms in-
volved in PKG) activation by the two agonists, the increase
in inositol phosphate level induced by BK and S1P was not
paralleled by appreciable diacylglycerol accumulatisg) (
suggesting that the lipid plays a marginal role, if any, in
PKCo activation. It can be postulated that the already
demonstrated dependence of RKttanslocation/activation
on tyrosine-phosphorylation events) takes place also in
this cellular setting. In membrane fractions, PK®ad
different effects on BK and S1P signaling to PLD. Inhibition
of PKCO enhanced BK-stimulated PLD activity, while it
reduced the S1P effect. Experimental evidence has already
been provided for a positive role of PK@n S1P-stimulated
PLD activity (10, 25). However, our data obtained in
preparations of total membranes with inhibition of PKC
by rottlerin or antisense ODN are evidence of a role for
PKCo as negative regulator of PLD activation by BK in
A549 cells. These observations are in agreement with a report
that rottlerin enhanced basal PLD activity in rat fibroblasts
(13). Information on the mechanisms involved in the RKC
effects on PLD activity is controversial. Multiple in vitro
experiments have shown that PLD can interact directly with
various PKC isoforms 1—3), including PKG (51), and
becomes activated in an ATP-independent manner through

densitometry were recorded relative to control (scrambled ODN) protein—protein interactionsi(1). However, given that the

= 100.

been provided. Moreover, in recent studies, PLD did not co-

immunoprecipitate with RhoA and did not interact with it

S1P effect, as well as BK action in nuclei, was reduced by
rottlerin which inhibits kinase activity, phosphorylation-
dependent events may be involved in agonist-induced activa-

in two-hybrid assays or become activated by it, consistent tion of PLD in A549 cells. This hypothesis is supported by

with the view that PLD2 is not responsive to Rho#l(43).
Regarding the subcellular localization of PLD, in cells

the recent finding in CFNPE9oepithelial cells that PLD1
becomes phosphorylated via a P&k@ependent mechanism

overexpressing the two isoforms, PLD1 was found in a in response to S1P1(). The molecular basis for the

perinuclear distribution4, 44), with PLD2 primarily in the
plasma membraned) or adjacent vesicular compartments

inhibitory effect of PKG@ on BK stimulation of PLD in
membranes is also unknown. It seems likely that PLD2 is

(45). Remarkably, we present evidence here that a significantthe isoform whose activation is inhibited by PECsince

percentage of total basal PLD activity in cells is in nuclei,
and that PLD1 is the only isoform present in nuclei. In

PKCS had a stimulatory effect on enzymatic activity in
nuclei, where only PLD1 is found. We reported, in agreement

contrast, PLD2 was the predominant isoform found in the with Han et al. 15), that PLD2 was phosphorylated by PEC

membrane fraction.
In our study, nuclear PLD activity was enhanced by BK

in vitro. Although PLD2 may be directly phosphorylated by
PKCo, PLD2 activity did not change after phosphorylation.

and S1P, consistent with a report that nuclear PLD activity Then, it remains to be determined whether phosphorylation-

was stimulated by thrombir). Altogether, these findings

support a role for PLD in nuclear envelope signal transduc-

tion. In light of the presence of PLD1, but not PLD2, in
nuclei, A549 cells may be a useful system for further
investigation of PLD function in nuclear lipid remodeling,
which may be associated with cell divisioA7].

induced conformational changes affect PLD2 catalytic activ-
ity in A549 cells or whether the phosphorylated-PLD2
isoform interacts differently with its positive or negative
regulator(s). Notably, recombinant PLD1 was not a substrate
for PKCS in in vitro experiments, strongly suggesting that
the PKG)-dependent activation of PLD reported here, as well

Previous studies in this laboratory described a mechanismas the similar findings obtained in CFNPE9oells (10),

of PLD activation in A549 cells by BK and S1P that involves
RhoA, is insensitive to brefeldin A, and is likely localized
in a specific subcellular compartmer23j. Further insights

into S1P- and BK-initiated signaling pathways are now
provided by evaluation of agonist-induced PLD activation

involve PKG only indirectly and rely on a putative protein
kinase downstream of PKC

In our study, BK and S1P differed also in their effects on
distribution of RhoA. Both S1P and BK had similar effects
on RhoA accumulation in nuclei, whereas S1P enhanced
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RhoA translocation to membranes to a much greater extent 22. Vasta, V., Meacci, E., Romiti, E., Farnararo, M., and Bruni, P.

than did BK. The observations that RhoA-sensitive PLD1 __ SzggfEcr\‘}g‘s-taBic\’/phl{ﬂsdoﬁggnl?gsogozéi D Bruni P Mose
was the only isoform present in A549 cell nuclei and RhoA =™ 3204\ 2t ohan "M (1999) Biol. Chem. 27418605-18612.

was translocated to this compartment in response to BK or 24. pesai, N. N., Zhang, H., Olivera, A., Mattie, M. E., and Spiegel,
S1P, are consistent with our previous finding on the role of S. (1992)J. Biol. Chem. 26723122-23128.

RhoA in agonist-stimulation of PLD in these cel]. They 25. Meacci, E., Vasta, V., Donati, C., Farnararo, M., and Bruni, P.
aI;o implicaf[e nuclei as the subcellular compartment in which 26. 8323)2’55,;'5:& :?i@ﬁﬁj:ellgéls., Van Brocklyn, J. R., Spiegel,
this regulation occurs. A role for RhoA in the control of S., and Rugolo, M. (2000rch. Biochem. Biophys. 3769—77.
basal PLD activity in isolated nuclear fractions has been 27.VvanBrocklyn, J. R, Lee, M. J., Menzeleev, R., Olivera, A., Edsall,
reported 62, 53). In membranes, on the other hand, the L., Cuvillier, O., Thomas, D. M., Coopman, P. J., Thangada, S.,
coexistence of PLD1 and PLD2, the different effects of 'é'f(’).c' H., Hla, T., and Spiegel, S. (1998) Cell Biol. 142 229~
agonists on translocation of RhoA, and the opposing effects 2g. Meacci, E., Donati, C., Cencetti, F., Oka, T., Komuro, ., Farnararo,
of PKCJ on stimulation of PLD activity by BK and S1P are M., and Bruni, P. (2001ell. Signalling 13 593-598.

all consistent with different PLD isoforms as targets of the 29- Meacci, E., Becciolini, L., Nuti, F., Donati, C., Cencetti, F.,

. . . . . Farnararo, M., and Bruni, P. (200EEBS Lett 521, 200-204.
two agonists. In particular, S1P signaling leading to PLD 30. Marcil, J., Harbour, D., Naccache, P. H., and Bourgoin, S. (1997)

activation in membranes is compatible with the stimulation J. Biol. Chem 272, 20060-20064.
of PLD1, through RhoA- and PK&dependent pathways, 31. Houle, M. G., and Bourgoin, S. (1998jochim. Biophys. Acta
whereas the stimulatory effect of BK on PLD activity can 1439 135-150.

; ; 32. Freyberg, Z., Sweeney, D., Siddhanta, A., Bourgoin, S., Frohman,
best be explained by a different target, perhaps PLD2. Our M.. and Shields, D. (2001)lol. Biol. Cell 12 943955,

observations in A549 airway epithelial cells extend the 33 Hockenbery, D., Nunez, G., Milliman, C., Schreiber, R. D., and
understanding of molecular targets of BK and S1P that Korsmeyer, S. J. (199QYature 348 334—-336.

participate via alternative GTP-binding protein- and RPKC 34. Little, L., Alcouloumre, B., Drotar, A. M., Herman, S., Robertson,
dependent signaling pathways to regulation of PLD in R. Yeh, R. Y., and Miller, A. L. (1987Biochem. J. 248151~
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