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induced CA release. These data suggest that AChE inhibitors extend the sites of action of
endogenous ACh to the extra-synaptic regions of chromaffin cells.

In the exogenous ACh-induced CA release, AChE inhibitors enhanced the nicotinic
receptor-mediated Epi and NE release and the muscarinic receptor-mediated Epi release,
but did not affect the qualitative contribution of nicotinic or muscarinic receptors. On the
other hand, in the endogenous ACh-induced CA release, AChE inhibitors not only
enhanced the nicotinic receptor-mediated Epi and NE release, but also elicited the
muscarinic receptor-mediated Epi release. These results indicate that AChE inhibitor not
only elevates tissue ACh concentration by blocking decomposition of exogenous and
endogenous ACh, but also extends the site of action of endogenous ACh to the extra-
synaptic regions of chromaffin cells. This extension elicits the cholinergic transmission
mediated through extra-synaptic muscarinic receptors of Epi-storing chromaffin cells.

5. CONCLUSION

Microdialysis technique with high-performance liquid chromatography makes it
possible to continuously monitor Epi and NE release from in vivo rat adrenal medulla at
lmin-intervals. In the rat adrenal gland, muscarinic receptors are present on the extra-
synaptic region of the Epi-storing chromaffin cells, and AChE restricts this muscarinic
receptor-mediated cholinergic transmission. Thus, a decrease in cholinesterase activity
could not only enhance the nicotinic receptor-mediated Epi and NE release but also elicit
the muscarinic receptor-mediated Epi release.
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Sphingosine 1-phosphate (S1P), a ligand for endothe-
lial differentiation gene family proteins, is one of the
most potent signal mediators released from activated
platelets. Here, we report that S1P induces membrane
ruffling of human umbilical vein endothelial cells (HU-
VECSs) via the vascular endothelial growth factor recep-
tor (VEGFR), Src family tyrosine kinase(s), and the
CrkIl adaptor protein. S1P induced prominent phospho-
rylation of CrklIl in HUVECs, indicating that CrkIl was
involved in the S1P-induced signaling pathway. S1P-
induced Crkll phosphorylation was blocked by pertus-
sis toxin and overexpression of the carboxyl terminus of
B-adrenergic receptor kinase, indicating that the By
subunit of G; was required for the phosphorylation. No-
tably, the S1P-induced CrkII phosphorylation was also
abolished by inhibitors of VEGFR or Src family tyrosine
kinases. By using Picchu, a real time monitoring protein
for CrkIl phosphorylation, we found that S1P induced
rapid CrkII phosphorylation at membrane ruffles. Fi-
nally, we observed that expression of a dominant nega-
tive mutant of Crkil inhibited the S1P-induced mem-
brane ruffling and cell migration. These results
delineated a novel S1P signaling pathway that involves
sequential activation of G;-coupled receptor(s), VEGFR,
Src family tyrosine kinase(s), and the CrkiI adaptor pro-
tein, and which is responsible for both the induction of
membrane ruffling and the increase in cell motility.

Sphingosine 1-phosphate (S1P)' released from activated
platelets (1) is a potent angiogenic factor of vascular endothe-
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lial cells. Angiogenesis requires endothelial cell proliferation
and migration. S1P promotes proliferation and migration of
endothelial cells through the endothelial differentiation gene
(EDG) family of G protein-coupled receptors, EDG-1, -3, -5, -6,
and -8 (2-6). S1P induces cytoskeletal reorganization that in-
cludes cortical actin rearrangement (7), focal adhesion assem-
bly, and stress fiber formation (8, 9). In addition to these
cytoskeletal changes, membrane ruffling is a renowned char-
acteristic of migratory cells (10). Indeed, S1P reportedly pro-
motes cell migration in endothelial cells expressing EDG-1 and
-3 (11-13).

CrklII is an adaptor protein consisting of a Src homology 2
(SH2) domain and two SH3 domains (14). Alternative splicing
of the human crk gene generates two Crk proteins, designated
as Crkl and CrkIL. CrklI lacks the carboxyl-terminal SH3 of
CrklIl. The SH2 domain of CrkIl binds several phosphoty-
rosine-containing proteins, p130©°°, paxillin, and Cbl, whereas
the SH3 domain of CrklI binds to C3G, DOCK180, and Abl (15).
Recently, CrkIl associated with DOCK180 has received atten-
tion for its role in cell migration (16, 17).

The involvement of CrkII in cellular migration and the in-
duction of membrane ruffling has been studied extensively
both biochemically and genetically (15). The Crk-DOCK180-
Rac pathway is conserved from nematode to man and plays a
critical role in the regulation of membrane ruffling and cellular
migration. We have shown that one of the two major Crk
SH3-binding proteins, DOCK180, binds to and activates Racl
and Rac2 to induce membrane ruffling (18, 19). A defect in
ced-5, a homolog of DOCK180, inhibits migration of the distal
tip cells and phagocytosis of apoptotic bodies (20, 21). It has
been proven genetically that ced-5 is downstream from ced-2, a
homolog of erkIl, and upstream from ced-10, a homeolog of rac
(21). In Drosophila melanogaster, nonfunctional mutation in
myoblast city, a homolog of DOCK180, results in the failure of
dorsal closure (22), suggesting defective cell migration.

Crkll becomes phosphorylated on Tyr®?* upon stimulation by
the following growth factors: vascular endothelial growth factor
(VEGF) (23), epidermal growth factor (EGF) (24), nerve growth
factor (25), platelet-derived growth factor (PDGF) (26), and
insulin-like growth factor I (27). Among these growth factors,
VEGF induces the most prominent endothelial cell migration.
Notably, Crkll is also phosphorylated upon S1P stimulation in
NTH-3T3 cells (28), although the mechanisms by which Crkil is
regulated downstream from the EDG receptor and how Crkll is

PDGF, platelet-derived growth factor; PDGFR, PDGF receptor; PTX,
pertussis toxin; SH2 and SHS3, Src homology 2 and 3, respectively;
VEGPF, vascular endothelial growth factor; VEGFR, VEGF receptor.
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involved in cell migration have not yet been elucidated.

Among the many receptor tyrosine kinases, the VEGF recep-
tor (VEGFR) is the one most highly expressed in vascular
endothelial cells. VEGFR is required to develop a new vascu-
lature by inducing endothelial cell migration and proliferation
(29). The VEGFR family is composed of VEGER-1 (Flt-1),
VEGFR-2 (Flk-1 or KDR), and VEGFR-3 (Flt-4) (30).VEGFR-2
evokes a wide variety of biological responses, including endo-
thelial cell proliferation and migration and increased cell per-
meability via SH2-containing signaling molecules, such as Src
tyrosine kinase (31), phospholipase Cy (32), and phosphatidy-
linositol 3-kinase (33). Recently, it has been reported that
VEGFR-2 induces CrkII phosphorylation (23) and that
VEGFR-1 provides a potential Crkll binding site on Tyr'333
(34).

This study investigates the molecular mechanism of S1P-
induced endothelial cell migration. The results demonstrate
that S1P induces CrkII phosphorylation by the By subunits of
heterotrimeric G; protein (G,8vy)-mediated transactivation of
VEGFR followed by the activation of Sre family tyrosine ki-
nase(s) and that CrkIl is responsible for the membrane ruffling
and cell motility induced by S1P in human umbilical vein
endothelial cells (HUVECs).

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—The following were purchased from Cal-
biochem (La Jolla, CA): AG1478, an inhibitor of EGF receptor (EGFR)
kinase (35); AG1296, an inhibitor of PDGTF receptor (PDGFR) kinase
(36); AG1433 (37) and SU5614 (88), inhibitors of both PDGFR and
VEGFR-2; VEGFR kinase inhibitor, an inhibitor of both VEGFR-1 and
-2 kinases (39); PP2, an inhibitor of Src family tyrosine kinases (40);
and pertussis toxin (PTX). Recombinant human VEGF,; was pur-
chased from R&D systems (Minneapolis), S1P from Biomol (Plymouth,
PA), and basic fibroblast growth factor from Peprotech (London, UK).
All other reagents were from Sigma. Anti-phospho-pd4/42 mitogen-
activated protein kinase (ERK) antibody and anti-EGFR antibody were
from Cell Signaling Technology (Beverly, MA), anti-ERK antibody was
from Upstate Technology (Lake Placid, NY), anti-phospho-VEGFR-2
was from Oncogene Research Products (Cambridge, MA), and anti-Crk
antibody and anti-phosphotyrosine antibody (PY20) were from Trans-
duction Laboratories (Lexington, KY).

Plasmids and Virus—cDNA coding CrkI replaced either at Arg®® by
Val (hereafter, R38V) or at Trp*®® by Leu (hereafter, W169L) was
subcloned into the bicistronic promoter vector, pCXN2-FLAG-IRES-
EGFP (41, 42). We produced a recombinant adenovirus for the in vivo
CrklII phosphorylation-monitoring protein, Picchu (43), by means of an
Adeno-X expression system (CLONTECH). Briefly, Picchu consists of a
yellow emitting mutant of green fluorescent protein (YFP), Crkl], and a
cyan emitting mutant of green fluorescent protein (CFP) from the
amino terminus (43). Upon phosphorylation on Tyr in Picchu corre-
sponding to Tyr®** of CrkIl, SH2 binds to this phosphotyrosine, which
causes intramolecular folding of Picchu and results in an increase in
fluorescent resonance energy transfer from CFP to YFP. Adenovirus
expressing both FLAG-tagged CrkI-W169L and EGFP was produced in
a manner similar to that for adenovirus expressing Picchu. Recombi-
nant adenovirus for the carboxyl terminus of B-adrenergic receptor
kinase and for GFP was produced by the COS-TPC method as described
previously (44). Adenovirus for carboxyl-terminal Src kinase (CSK) was
obtained from 8. Tanaka (University of Tokyo, Japan) (45).

Cells—HUVECs and COS-1 cells were purchased from American
Type Culture Collection (Rockville, MD). HUVECs were cultured with
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bo-
vine serum, 2 mM L-glutamine, 0.1 mg/ml heparin, and 0.03 mg/ml
endothelial cell growth supplement from Sigma, and used for experi-
ments before passage 5. COS-1 cells were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine serum. HU-
VECs cultured on a collagen-coated 35-mm diameter glass base dish
(Asahi Techono Glass Co., Tokyo) were transfected with 3 pg of plasmid
DNA using Lipofect AMINE PLUS Reagent (Invitrogen Corp.) or in-
fected with adenovirus at the appropriate multiplicity of infection for
more than 24 h before the stimulation with reagents for imaging.

Immunoprecipitation and Immunoblotting—HUVECs in 10-cm
plates or COS-1 cells in six-well dishes were starved for 8 h and
stimulated with reagents with or without pretreatment as indicated in
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the figure legends. Cells were exposed to the reagents at 37 °C for the
time indicated in the figures, washed with buffered saline containing 10
mu Tris-HCl (pH 7.5) and 1 mM Na,VO,, and lysed in a lysis buffer (10
mM Tris-HCl (pH 7.5), 50 mM NaCl, 50 mum NaF, 19 Triton X-100, 5 mM
EDTA, 2 mM NagVO,, 0.1% bovine serum albumin, 20 ug/ml aprotinin,
1 mM phenylmethlysulfonyl fluoride), and cleared by centrifugation at
15,000 X g for 15 min. Aliquots of total cell lysate were subjected to
immunoblotting with antibodies as indicated in the figures. The re-
maining lysate was subjected to immunoprecipitation using antibodies
as indicated in the figures and protein A and G-Sepharose (Calbio-
chem), followed by SDS-PAGE and immunoblotting. Proteins reacting
with primary antibodies were visualized by the ECL system (Amer-
sham Biosciences, Buckinghamshire, UK) detecting peroxidase-conju-
gated secondary antibodies and analyzed with the LAS-1000 system
(Fuji Film, Tokyo). .

Quantitation of CrkIl Phosphorylation—The intensities of the phos-
phorylated slower migrating form and nonphosphorylated faster mi-
grating form of CrkIl (24) were measured with an LAS-1000 image
analyzer. Then, the percentage of the phosphorylated form was calcu-
lated for each sample. The ligand-induced increase in the phosphoryl-
ated CrkII was determined as the ratio to the control (prestimulation).
Data from at least three independent experiments were averaged, and
statistical significance was evaluated by Student’s ¢ test.

Fluorescent Resonance Energy Transfer Imaging—HUVECs infected
with adenovirus for Picchu on a collagen-coated 35-mm diameter glass
base dish were starved for 8 h and stimulated with 100 nM S1P. Cells
were imaged on an Olympus IX-70 inverted microscope with a 75-W
xenon arc lamp equipped with a MultiSpec Micro-Imager (Optical In-
sights, Santa Fe, NM) and a cooled CCD camera, CoolSNAP-HQ, con-
trolled by MetaFluor (Roper Scientific, Trenton, NJ). CFP and YFP
images were obtained simultaneously by a filter set consisting of an
XF1071 excitation filter and an XF2034 dichroic mirror (Omega Opti-
cal, Inc., Brattleboro, VT). The emission ratio of YFP to CFP and the
intensity of CFP were used for imaging of the phosphorylation of Picchu
in the intensity modulated display mode controlled by MetaFluor.

Time-lapse Imaging, Quantitative Analysis of Membrane Ruffling,
and Cell Motility Analysis—HUVECs transfected with either pCXN2-
FLAG-CrkI-W169L-IRES-EGFP or pCXN2-FLAG-CrkI-R38V-IRES-
EGFP were starved for 8 h and stimulated with S1P. A phase contrast
image and a fluorescence image were recorded first, and then a sequen-
tial phase-contrast image was obtained every 30 s. A series of time-
lapse images was converted to a video using MetaMorph 4.6 software
(Roper Scientific). S1P-induced membrane extension reflecting the
membrane ruffling was quantitated by measuring the cell size before
and after S1P stimulation. The cell size was analyzed by a region
measurement tool included in the MetaMorph 4.6 software. Cell motil-
ity was analyzed as described previously (46). Briefly, HUVECs labeled
with BCECF-AM (Molecular Probes, Eugene, OR) were spread on a
collagen-coated glass-base dish and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 1% fetal bovine serum for 2 h before
exposure to S1P in the presence or absence of AG1433. HUVECs in-
fected with either adenovirus expressing GFP or adenovirus expressing
both CrkI-W169L and EGFP were spread and stimulated with S1P,
Cells labeled with BCECF-AM or expressing EGFP were tracked by a
series of time-lapse images using fluorescent microscopy. The distance
between the point at which the cell attached and the end point to which
the cell moved was measured by tracing cells. The velocity was obtained
as the distance divided by the period during tracing of cells and was
analyzed by a cell tracking system included in the MetaMorph 4.6
software.

RESULTS

CrklI Is Phosphorylated upon S1P and VEGF Stimulation in
HUVECs—To explore the involvement of CrkII in S1P-induced
migration of HUVECs, we examined whether CrkIl became
phosphorylated when HUVECs were stimulated with S1P. We
have shown previously that the phosphorylated form of CrkII
migrates more slowly than the wild-type CrkIl on SDS-poly-
acrylamide gel (24). In the present study, we used this obser-
vation to detect the percentage of phospho-CrkIl by SDS-
PAGE, immunoblotting, and densitometry. In parallel, as a
second measure of S1P stimulation, we also examined the
S1P-induced activation of ERK by anti-phospho-ERK antibody.
100 nM S1P induced a statistically significant increase in level
of phosphorylation of CrkIl (p < 0.01) (Fig. 14), and this con-
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Fic. 1. CrkIl and ERK phosphorylation by S1P and VEGF in
HUVECs. A, HUVECs were stimulated at the concentration indicated
at the fop of the figure. Equal amounts of cell lysate were subjected to
SDS-PAGE and immunoblotted with antibodies as indicated on the left.
Phosphorylated CrkII (p-CRKII) and nonphosphorylated CrkII (CRKID)
were detected as slower and faster migrating forms of CrkIl on the
membrane probed with anti-Crk antibody. Relative CRK phosphoryla-
tion indicates the ratio of the poststimulation p-CrkII fraction of total
Crk (Crk + p-CrkII) to the prestimulation (control) p-CrkIl fraction.
The mean relative Crk phosphorylation is shown *+ the S.D. Each
immunoblot result is a representative of at least three independent
experiments. A significant difference from the control by ¢ test is indi-
cated as an asterisk (p < 0.05) or double asterisk (p < 0.01). B, cells were
exposed to 100 nM S1P for the duration indicated at the top of the figure
and analyzed as in A. C, HUVECs were exposed to a series of growth
factors as indicated at fop for 5 min and analyzed by immunoblotting as
in A. p-Erk, phospho-ERK; bFGF, basic fibroblast growth factor; HGF,
hepatocyte growth factor; PDGF-AB, platelet-derived growth factor
A-chain/B-chain heterodimer.

centration was used in subsequent experiments. Upon S1P
stimulation, phosphorylation of CrkIl and ERK reached a pla-
teau within 1 min and returned slowly to the basal levelin 1 h
(Fig. 1B). Both CrklIl and ERK were phosphorylated in a dose-
and time-dependent manner upon S1P stimulation in HU-
VECs. Because G protein-coupled receptors often transactivate
receptor-type tyrosine kinases, we searched for growth factors
that could induce CrkII phosphorylation in HUVECs. Among
VEGF, EGF, basic fibroblast growth factor, hepatocyte growth
factor, and PDGF, only VEGF induced significant CrkII phos-
phorylation (Fig. 1C). All growth factors except PDGF induced
ERK phosphorylation, suggesting that VEGFR might be the
tyrosine kinase receptor responsible for S1P-induced Crkil
phosphorylation in HUVECs.

CrklII Phosphorylation Is Gydependent in HUVECs—To test
which heterotrimeric G protein was involved in S1P-induced
CrkII phosphorylation in HUVECs, we treated HUVECs with
PTX before stimulation. Both CrklIl and ERK phosphorylation
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F16. 2. CrkIl and ERK are phosphorylated in a G;8y-depend-
ent manner upon S1P stimulation in HUVECs. A, HUVECs pre-
treated with 50 ng/ml PTX for 8 h then starved for 8 h were stimulated
with 100 nM S1P (left panel) or 30 ng/ml VEGF (right panel). Cell
lysates were analyzed by immunoblotting, as described in the legend of
Fig. 1. B, HUVECs infected with adenovirus expressing GFP (ddeno-
GFP) or the carboxyl terminus of -adrenergic receptor kinase (Adeno-
BARKct) for 24 h were stimulated with S1P (left panel) or VEGF (right
panel). Relative Crk phosphorylation was analyzed as described in the
legend of Fig. 1.

by S1P were abolished by PTX pretreatment (Fig. 24, left
panel), indicating that S1P induced phosphorylation of CrkII
and ERK via G,. As expected, VEGF-dependent phosphoryla-
tion of CrkIl and ERK was not affected by PTX (Fig. 24, right
panel). In addition, adenoviral-mediated overexpression of the
carboxyl terminus of B-adrenergic receptor kinase, which se-
questers By subunits (47), inhibited S1P-induced phosphoryla-
tion of CrkIl and ERK. Adenoviral GFP, as a negative control,
did not inhibit S1P-induced CrkIl and ERK phosphorylation
(Fig. 2B, left panel). Neither GFP nor the carboxyl terminus of
B-adrenergic receptor kinase affected VEGF-induced phospho-
rylation of Crkll and ERK (Fig. 2B, right panel). These data
indicated that both CrkIl and ERK were phosphorylated down-
stream from G;Bvyin HUVECs.

Src Family Tyrosine Kinases Are Involved in SIP-induced
CrkII Phosphorylation in HUVECs—It has been shown that
Src family tyrosine kinase(s) is required to transactivate EGFR
in COS cells (48). Therefore, we examined the involvement of
Src family tyrosine kinase(s) in S1P-induced CrkII phosphoryl-
ation in HUVECs by using a Src family tyrosine kinase inhib-
itor, PP2, and CSK, a tyrosine kinase that down-regulates Src
activity. Pretreatment of HUVECs with PP2 blocked S1P-in-
duced CrkII phosphorylation but not ERK phosphorylation
(Fig. 3A, left panel). That Src family tyrosine kinase(s) was
required for S1P-induced CrklII phosphorylation was confirmed
by the expression of CSK (Fig. 3B, left panel). Surprisingly,
VEGF-induced CrkII phosphorylation was also inhibited by
PP2 and CSK (Fig. 3, A, right panel and B, right panel). Thus,
Src family tyrosine kinase(s) appeared fo function downstream
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Fic. 3. Src family tyrosine kinases are involved in phosphoryl-
ation of Crkll but not in ERK activation upon S1P stimulation
in HUVECs. A, HUVECs were pretreated with 20 nM PP2 for 20 min
prior to stimulation with S1P (left panel) or VEGF (right panel) and
analyzed for Crkll and ERK phosphorylation, as described in the legend
of Fig. 1. B, HUVECs infected with adenovirus expressing GFP (Adeno-
GFP) or adenovirus expressing CSK (Adeno-CSK) for 24 h were starved
for 8 h and exposed to S1P (left panel) or VEGF (right panel). C, COS-1
cells pretreated with PP2 were exposed to S1P (left panel) or EGF (right
panel) and analyzed for CrklIl and ERK phosphorylation. Relative Crk
phosphorylation was analyzed as described in the legend of Fig. 1.

from VEGFR in S1P-induced CrkIl phosphorylation in HU-
VECs. In contrast to HUVECs, S1P did not induce CrkII phos-
phorylation (Fig. 3C, left panel), and Src family tyrosine ki-
nases were not involved in EGF-induced CrkII phosphorylation
(Fig. 3C, right panel) in COS-1 cells, although Src family tyro-
sine kinases were required for S1P-induced ERK phosphoryl-
ation (Fig. 3C, left panel).

EGFR Is Not Required for S1P-induced CrkII Phosphoryla-
tion in HUVECs—To exclude the involvement of EGFR in
S1P-induced CrkII phosphorylation in HUVECs, HUVECs
were pretreated with AG1478, an EGFR kinase inhibitor, be-
fore S1P stimulation. As expected, in the presence of AG1478
neither CrkIl nor ERK phosphorylation was inhibited upon
S1P stimulation in HUVECs (Fig. 44, left panel). The inhibi-
tion of EGFR by AG1478 in HUVECs was confirmed by exam-
ining the EGF-induced ERK phosphorylation (Fig. 44, right
panel). In COS-1 cells, S1P-dependent (Fig. 4B, left panel) and
EGF-dependent (Fig. 4B, right panel) phosphorylation of ERK
were abrogated by pretreatment with AG1478, consistent with
previous reports that EGFR is transactivated by G; to activate
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Fic. 4. EGFR-independent CrkIl and ERK phosphorylation by
S1P in HUVECs. A, HUVECs were pretreated with 10 nM AG1478 for
20 min prior to S1P (left panel) or EGF (right panel) stimulation, CrkIl
and ERK phosphorylation were analyzed as described in the legend of
Fig. 1. B, COS-1 cells were analyzed as in A.

ERK (48, 49).

VEGFR but Not EGFR Is Transactivated in S1P-stimulated
HUVECs—We examined whether the EGFR and the VEGFR
were phosphorylated upon SI1P stimulation in HUVECs. Only
VEGFR-2 was phosphorylated upon S1P stimulation in HU-
VECs (Fig. 5, top and middle panel). Although VEGFR-1 and -2
are expressed in HUVECs (29), we could not test whether
VEGFR-1 was phosphorylated because there was no specific
and sensitive antibody to VEGFR-1 available for this analysis.
In contrast to VEGFR-2, EGFR was phosphorylated in S1P-
stimulated COS-1 cells (Fig. 5, bottom panel) but not in S1P-
stimulated HUVECs (Fig. 5, top panel), suggesting that the
S1P-induced EGFR activation was cell type-specific.

VEGFR Is Required for S1P-induced CrkII Phosphoryla-
tion—We further confirmed that VEGFR was responsible for
the S1P-induced CrkII phosphorylation by the use of three
VEGFR inhibitors. AG1433 and SU5614 inhibit the tyrosine
kinase activity of VEGFR-2 and PDGFR, whereas VEGF-tyro-
sine kinase inhibitor is a specific inhibitor for VEGFR-1 and -2.
As expected, all of these inhibitors blocked S1P-induced phos-
phorylation of CrkII but not that of ERK (Fig. 64, upper panel).
VEGF-induced ERK phosphorylation in HUVECs was com-
pletely inhibited by the VEGFR inhibitors (Fig. 64, lower pan-
el), demonstrating the effectiveness of these compounds. As an
additional control, we also tested AG1296, an inhibitor specific
for PDGFR, which would not be expected to inhibit S1P signal-
ing to ERK and CrklIl (Fig. 1C). As expected, AG1296 did not
abrogate phosphorylation of either ERK or CrkIl upon S1P
stimulation (Fig. 6B, left panel). The inability of AG1296 to
inhibit VEGFR signaling was also confirmed (Fig. 6B, right
panel). Therefore, although we cannot exclude the involvement
of VEGFR-1 without a VEGFR-1-specific inhibitor, S1P-in-
duced CrkII phosphorylation required VEGFR-2. In contrast to
CrklII phosphorylation, SIP-induced ERK phosphorylation was
mediated mostly by VEGFR-independent pathway(s).

CrklII Phosphorylation at the Membrane Ruffling—To exam-
ine where and when CrkII was involved in S1P-induced mem-
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Fi1G. 5. Transactivation of VEGFR by S1P but not EGFR in
HUVECs. HUVECs (top and middle panels) and COS-1 cells (bottom
panel) stimulated as indicated at the top of the-figure were immuno-
precipitated (IP) with PY20 followed by immunoblotting (IB) with anti-
EGFR antibody (top panel), anti-phospho-VEGFR-2 antibody (middle
panel), and anti-EGFR antibedy (bottom panel), respectively. Immuno-
blots are representative of at least three independent experiments.
LPA, lysophosphatidic acid.

brane ruffling, we used the phosphorylation indicator of the
Crk chimeric unit, Picchu, for monitoring CrkII phosphoryla-
tion on Tyr??! in living HUVECs. Phosphorylation of CrkIl,
shown by red hues, was most prominent at membrane ruffles in
HUVECs after S1P stimulation (Fig. 7A and supplemental
material). Similar phosphorylation of Crkil at membrane ruf-
fles was also observed in VEGF-stimulated HUVECs (Fig. 7B
and supplemental material). The intensity of Picchu, which
reflects the concentration of Crkll, was increased at membrane
ruffles. These observations indicated that CrkIl was recruited
to and phosphorylated at membrane ruffles upon SI1P
stimulation.

VEGFR Is Required for S1P-induced Membrane Ruffling and
Cell Motility—To examine the requirement of VEGFR, we
tested the effect of AG1433, an inhibitor for VEGFR kinase, on
membrane ruffling and cell motility upon S1P stimulation (Fig.
8). HUVECs responded to S1P and showed prominent mem-
brane ruffling (Fig. 84, upper panel, and supplemental mate-
rial), whereas HUVECs pretreated with AG1433 showed less
membrane ruffling upon S1P stimulation (Fig. 84, lower panel,
and supplemental material). Because S1P-induced membrane
ruffling was accompanied by spreading of the peripheral
plasma membrane, we quantitated the effect of AG1433 by
measuring the area of cells. S1P increased cell size by about
30%. This S1P-induced increase in cell size was completely
inhibited by AG1433 (Fig. 84, right panel). Furthermore, we
examined the effect of AG1433 on S1P-induced cell motility of
HUVECs stimulated with S1P (Fig. 8B). S1P accelerated the
migratory velocity of HUVECs (Fig. 8B, left and center panel);
however, this acceleration was inhibited by pretreatment with
AQG1433 (Fig. 8B, right and center panel). These results sug-
gested that VEGFR was required for S1P-induced membrane
ruffling and cell motility.

CrklIl Is Required for S1P-induced Membrane Ruffling and
Cell Motility—To examine whether CrkIlI was required for S1P-
induced membrane ruffling and cell motility, we used dominant
negative mutants of Crkl, CrkI-W169L and CrkI-R38V. Crkl is
a splicing variant of CrklI and lacks the carboxyl-terminal SH3
domain, CrkI-W169L consists of an intact SH2 and a nonfunc-
tioning SH3 domain. CrkI-R38V consists of a nonfunctioning
SH2 and an intact SH3 domain. We have shown previously
that CrkI-W169L and CrkI-R38V work as dominant negative
mutants for Crkl/II (42, 50). Phosphorylation of CrkII upon
S1P stimulation was abolished by adenovirus-mediated over-
expression of CrkI-W169L (Fig. 9A, left panel). In addition,
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VEGF-induced CrkII phosphorylation was completely inhib-
ited by overexpression of CrkI-W169L (Fig. 9A, right panel),
suggesting that Crk functioned downstream from VEGFR. Fur-
thermore, HUVECs transfected with CrkI-W169L did not show
any membrane ruffling after S1P stimulation (Fig. 9B and
supplemental material). Overexpression of CrkI-R38V also in-
hibited S1P-induced membrane ruffling (data not shown). Fi-
nally, we examined the effect of overexpression of CrkI-W169L
on cell motility of HUVECs. S1P accelerated the migratory
velocity of HUVECs infected with the control adenovirus, Ad-
eno-GFP (Fig. 9C, left and center panel); however, the S1P-
induced acceleration of migration was completely abolished by
the adenovirus carrying the dominant negative CrkI-W169L
gene (Fig. 9C, center and right panel). These observations in-
dicated that CrkIl was required for S1P-induced membrane
ruffling and cell migration.

DISCUSSION

Angilogenesis, which is observed in wound repair, tumorigen-
esis, and tissue ischemia, is an integral feature of vascular
sprouting, branching, and remodeling and is coordinated by
endothelial cells, vascular smooth muscle cells, and mesenchy-
mal cells (51). VEGF, angiopoietin, and ephrin have been
shown to be key molecules in the promotion of angiogenesis via
activation of the VEGFR, Tie, and Eph expressed on vascular
endothelial cells, respectively (51). Recently, S1P has been
identified as another potent angiogenic factor because it pro-
motes prominent endothelial cell migration (11, 52, 53). How-
ever, despite these extensive studies, the molecular mechanism
of S1P-induced endothelial cell migration is not yet clearly
understood. In this study, we delineate a novel signaling path-
way required for S1P-triggered cell migration via sequential
activation of G;By, VEGFR, Src family tyrosine kinase(s), and
CrkIl.

Our data support the idea that Crkll is involved in the
S1P-stimulated signaling pathway in HUVECs. CrkIl was
phosphorylated upon S1P stimulation in HUVECsS, indicating
that CrkIl functions downstream from the EDG receptor in
HUVEQCs, just as it functions downstream from nerve growth
factor receptors in PC12 cells and EGFR in NRK cells in re-
sponse to nerve growth factor and EGF, respectively (24, 25).
To explore where and how CrklII functions, we monitored CrkII
phosphorylation in S1P-stimulated HUVECs by Picchu, which
reflects CrkII phosphorylation on Tyr??%, Our data showed that
CrklIl was phosphorylated at the site of membrane ruffling.
CrkII was also localized in newly assembling focal complexes at
the leading edge, where CrkII was likely to bind to p130Ces
upon S1P stimulation.? In addition, it has been reported that
p13099s and CrkII are colocalized at membrane ruffles upon
S1P stimulation (9) and that the CrkIl and p130°°S complex
functions as a critical molecular switch in directing the mem-
brane ruffling and cell migration (16). Our results together
with these reports suggest that Crkll is involved in S1P-in-
duced membrane ruffling in HUVECs. Furthermore, the inhi-
bition of S1P-induced membrane ruffling and cell motility by
the dominant negative mutant of Crkll supports our proposal.
Because Rac activation via the CrkII'DOCK180 complex has
already been demonstrated both biochemically and genetically
(18, 20, 21), our finding connects the S1P signal transduction
cascade to the actin reorganization machinery via Rac.

The present study is the first to demonstrate transactivation
of VEGFR and thereby to link Gj-coupled EDG receptors to
CrkIl phosphorylation. S1P-induced Crkll phosphorylation is
dependent upon PTX and By subunits. This observation sug-
gests that among the eight EDG family proteins, those coupled

2 A. Endo and N. Mochizuki, unpublished results.
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Fic. 6. VEGFR-mediated CrkIl phos-
phorylation upon SI1P stimulation in
HUVECs. A, HUVECs pretreated with a
tyrosine kinase inhibitor, 20 umM AG1433,
10 um SUB614, or 5 uM VEGF-TKI, were
exposed to S1P (upper panel) or VEGF
(lower panel) and analyzed as described in
the legend of Fig. 1. VEGF-TKI is an inhib-
itor of both VEGFR-1 and -2. B, HUVECs
pretreated with 10 uM AG1296, a PDGF-
specific inhibitor, were exposed to S1P (left
panel) or VEGF (right panel) and analyzed
as in A.
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with G; are responsible for the CrkII phosphorylation in HU-
VECs. Such candidates in HUVECs are EDG-1 and -3 (11, 54).
Many Gj-coupled receptors are known to transactivate EGFR
and PDGFR in various cell types and in response to a wide
variety of ligands (49, 55). These two tyrosine kinase receptors
are, to the best of our knowledge, the only two receptors iden-
tified in G;-mediated transactivation. The transactivation of
EGFR was first reported in Rat-1 fibroblasts stimulated with
endothelin-1, lysophosphatidic acid, or thrombin (56). PDGFR
is also transactivated by angiotensin II in vascular smooth
muscle cells (57) and by dopamine in CHO-K1 cells (58).

In contrast to other cell types, there was no evidence that the
EGFR and the PDGFR are involved in S1P signaling in HU-
VECs. EGFR was not tyrosine-phosphorylated upon S1P stim-

ulation. The EGFR inhibitor AG1478 did not abrogate either
CrkiIl phosphorylation or ERK activation upon S1P stimula-
tion. In addition, PDGFR may not be expressed in HUVECS, as
suggested by the findings that ERK was not activated by PDGF
stimulation and that S1P-stimulated CrkII phosphorylation
was not abrogated by a PDGFR inhibitor. Recently, heparin-
binding EGF, a membrane-bound EGF-like ligand, has been
shown to transactivate EGFR in COS cells stimulated with
lysophosphatidic acid (55) and in vascular smooth muscle cells
stimulated with angiotensin II (59). If this is a general mech-
anism for the transactivation of recepter tyrosine kinases,
VEGF, which is the only inducer for CrkII phosphorylation
tested in this study, may be released from the cell membrane of
S1P-stimulated HUVECs.
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Fic. 7. Spatio-temporal imaging of phosphorylation of Crkil
upon S1P stimulation in HUVECs. 4, HUVECs infected with ade-
novirus expressing Picchu were stimulated with 100 nM S1P. The emis-
sion ratio of YFP to CFP and the intensity of CFP were used for imaging
of phosphorylation of Picchu in the intensity modulated display mode.
Red and blue hues indicate high and low emission ratio, respectively.
The intensity of each hue reflects the intensity of the fluorescence from
CFP of Picchu. B, HUVECs expressing Picchu were stimulated with
VEGF, and the membrane ruffles were magnified. Representative in-
tensity modulated display images are shown.
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Fic. 8. VEGFR is required for S1P-promoted membrane ruf-
fling and cell motility. 4, HUVECs were stimulated with 100 nM S1P
for 20 min in the absence or presence of 20 uM AG1433, an inhibitor for
VEGFR kinase. Cells were imaged before and after S1P stimulation
(left panels). The percent increase in cell size was analyzed by meas-
uring the cell area before and after S1P stimulation in the absence or
presence of AG1433 using a measurement tool included in the Meta-
Morph 4.6 software (right bar graph). B, HUVECs labeled with fluores-
cein were unstimulated (left panel), stimulated with S1P (center panel),
or stimulated with S1P in the presence of AG1433 (right panel). 100
cells were monitored for 6 h afier stimulation, and their velocities were
calculated using a cell tracking program. Cells moving faster than 1.5
wm/min are shown in the black column. Cell labeling and velocity
calculation were performed as described under “Experimental
Procedures.”

We have shown that activation of VEGFR and subsequent
activation of Src family tyrosine kinase(s) are required for
S1P-induced CrkIl phosphorylation in HUVECs. We have not
identified which of the VEGFR family proteins plays the prin-
cipal role in the CrkII phosphorylation because antibodies
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F16. 9. Crk is required for S1P-promoted membrane ruffling
and cell motility of HUVECs. A, HUVECs infected with either ade-
novirus expressing GFP (Adeno-GFP) or both CrkI-W169L and EGFP
(Adeno-CRKI DN) were stimulated with 100 nM S1P (left panel) or 30
ng/ml VEGF (right panel) and analyzed as described in the legend of
Fig. 1. B, HUVECs transfected with pCXN2-FLAG-CrkI-W168L-IRES-
EGFP (indicated by the arrows) and untransfected HUVEC were stim-
ulated with 100 nM S1P. The phase contrast image and epifluorescent
image for EGFP are shown overlaid at time 0 (min). Cells were exposed
to S1P for the period indicated at the bottom of the figure. A represent-
ative overlaid image before SIP stimulation and phase contrast images
after S1P stimulation are shown. Arrowheads indicate the membrane
ruffling. C, HUVECs infected with adenovirus expressing GFP were
unstimulated (left panel) or stimulated with S1P (center panel). Those
infected with adenovirus expressing both CrkI-W169L and EGFP were
stimulated with S1P (right panel). 150 cells were monitored for 6 h after
stimulation, and their velocities were calculated using a cell tracking
program included in the MetaMorph 4.6 software. Cells moving faster
than 1.5 pm/min are shown in the black column.

highly specific to each of the VEGFR family proteins are not yet
available. VEGFR-2 was phosphorylated by S1P, and CrkII
phosphorylation was abolished by VEGFR-2 inhibitors. In ad-
dition, CrkIl phosphorylation upon either VEGF or S1P stim-
ulation was inhibited by CSK and PP2, indicating that VEGFR
indirectly induces Crkll phosphorylation. Furthermore, S1P-
promoted membrane ruffling and cell motility were diminished
by an inhibitor for VEGFR-2. This is consistent with the pre-
vious finding that VEGFR-2 is responsible for migration of
HUVECs (60). Thus, among VEGFR family proteins, VEGFR-2
appears to be a candidate for S1P-induced CrkII phosphoryla-

~ tion and increase in motility of HUVECs.

In conclusion, we have delineated a novel S1P signaling
pathway involving a sequential activation of G;-coupled recep-
tor(s), VEGFR, Src family tyrosine kinase(s), and the CrkII
adaptor protein. Furthermore, we have demonstrated that this
novel signaling pathway is responsible for the membrane ruf-
fling and for the increase in cell motility.
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Evidence is accumulating that bile acids induce apoptosis
in colomic cells. Therefore, it becomes important to study
the underlying molecular mechanisms and the role of this
phenomenon in tumor promotion. Minutes after exposure
of HCT 116 and HT-29 cells to deoxycholate (DCA), DNA
damage, measured using the COMET assay, was evident.
Caspase-3 was rapidly activated in HCT 116 cells exposed
to DCA, whereas in HT-29 cells, caspase-3 activation
was delayed. Using transient transfections with reporter
constructs, we showed that the transcription factors
activator protein-1 (AP-1) and NF-kB were increased in
HCT 116 cells, in a dose-dependent fashion, by DCA COX-
2 promoter activity was also induced by DCA and using
mutant COX-2 promoter plasmids, we showed that the
ability of DCA to induce promoter activity was partly
dependent upon a functional NF-kB and C/EBP site, and
completely dependent on a functional ¢-AMP response
element site. DNA damage thus appears to be the initiating
eveat in DCA-induced apoptosis. In conclusion, the bile
acid, DCA, has a major impact on apoptotic mechanisms
in coionje cells and this may be contributing to its effect
as a tumor promoter.

Introduction

in colorectal cancer. genetic (1) and environmental factors
contribute (o the malignant transformation of colorectal epithe-
lial cells. Epidemiological data implicate diet as a major
environmental factor in colorectal carcinogenesis (2). A high
fat consumption, seen in western societies, is associated with
an increase in risk for colon cancer, as observed in many
studies (3). One mechanisi underlying this conncction has
been postulated fo be increased levels of bile acids in the
coton (4). Unconjugated deoxycholic acid (DCA) and cheno-
deoxycholic acid (CDCA) have been shown to be tumor
promioters in animals (3.6) and higher levels of these bile acids
have been veported in patients with adenomatous polyps and
colon cancer (7,8). Earlier studies measured bile acids in total
feces and attempted to correlate the levels to risk for colon
cancer. However, more recently there has been a shift in focus
towards the role of the aqueous phase of human feces (fecal
water) in studies examining the mechanisms underlying the

Abbreviations: APC. adenomatous polyposis coli: AP-1. activator protein-1:
CRE. ¢c-AMP response element: COX. cyclooxygenase: DCA. deoxycholic
acid: DMEM. Dulbecca’s modified Eagle's medium: FBS. fetal bovine serum:
PARP. poly-ADP-ribose polymerase: PKC. protein kinase C: TRE, TPA
response element.
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dietary etiology of colon cancer. The motivation for this is
that components of this fecal fraction are more likely to be
able to exert untoward effects on the cells of the colonic
epithelium than components bound to food residues and the
hacterial mass. The mechanism by which bile acids exert their
tumor-promoting effect is poorly understood, although in recent
years, many of the binlogical effects of bile acids at ihe
molecular level are being clarified. Bile acids have, for
example, been shown to activate protein kinase C (PKC)
signaling pathways (9) involved in regulating cell prolifera-
tion, apoptosis and differentiation (10). DCA also induces
COX-2 promoter activity, which leads to the formation of the
cyclooxygenase (COX)-2 enzyme and consequent increases in
prostaglandin production (11). In animal studies, blocking
COX-2 chemically or by mutation causes a marked decrease
in colon cancer development (12,13). COX-2 is therefore a
potential target for therapeutics.

In this paper, we have further investi gated some DCA effects
upen cultured colonic cells and studied some of the mechanisms
underlying the stress response it induces in the cell. This was
done by studying the effect of DCA upon transcription factors,
such as activator protein-1 (AP-1) and NF-kB and the inducible
gene, COX-2. We demonstrate that DCA induces apoptosis in
colonic cells, and that caspase-3 activation differs rnarkedly
between different colonic cells. This process can be inhibited
by blocking p38 or by binding up calcium in the cell. Protecting
the DNA with spermine also reduces the activation of caspase-
3, induced by DCA. Cells exposed to DCA show severely
damaged DNA. The DNA damage precedes the apoptosis in
time and may be the reason why the cell enters apoptosis (14).

Material and methods

Chemicals

All chemicals were purchased from Calbiochem (Darmstadt. Germany) unless
otherwise specified. DCA was prepared as stock solutions (0.1 mol/l) in water.
SB 203580. BAPTA. PD98059, bisindalylmalemide, GO 6976, curcumin and
apigenin were dissolved in dimethylsuifoxide. Spermine was dissolved in water.

Cells and vulture

HT-29 and HCT 116 cell lines were purchased frum ATCC (Rockville. MD)
and used between passages 3 and 25 for all uxperiments. The HT-29 cell line
is derived from a moderately well differentiated grade 1L human adenocarcin-
oma and is epithelial like. It harbors & mutated APC and expresses a truncased
APC protein (15). HCT 116 cells are epithelial like and derived from a human
carcinoma and harbor a normal APC gene (16). Both cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS). 2 mmol/l t-ghitamine. 100 U/ml penicillin and 100 pg/mi
streptomycin. in a humidified atmosphere of 95% air. 5% CO; ar 37°C. They
were subcultivated every week and given fresh medium every other day. To
obtain quiescent cells for the procedures outlined below, cultures were serum
starved [0% FBS. 0.2% lacto albumin hydrolysate (LAH)] for 24 h.

Assay fur DNA damage
COMET assay

The method was basically that of Klaade et al. (17) with minar modifications.
Clear microscope slides (Mentzel supzr frost. Kebo. Sweden) were pre-treated
with 40 pl of 0.3% low melting point {LMP) agarose (iype Vil Sigma. St
Louis. MO) and allowed to air-dry. The cells were incubated with the test
substance for 15 min at 37°C in & 5% CO; atmosphere. Ten microliters of
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el suspension (0.5-1 X100 cells/ml) was mixed with 150 pl of LMP agarose
(0.73% in PRY kept al 37°C). A Flexi-Strip spatula was used to distribute the
mixture on the pre-coated slides, which were thereafter left to set on an ice
tray. After solidification, the slides were treated as follows. Lysis was
performed in darkness for I h with an ice-cold freshly prepared solution
containing 2 M NaCl, 25 mM EDTA. 20 mM Tris and 0.5% Triton X-100
pH 10. The slides were then placed in an electrophoresis buffer (0.3 M NaOH
and | mM EDTA) in darkness at raom temperature for 45 min. Electrophoresis
was performed at room temperature. in darkness, in a Bio-Rad (Munich,
Germany) subcell GT unit containing the same buffer, for 30 min at 0V
(0.67 Viem). After electrophoresis. the slides were ncutralized in
0.4 M Tris pH 7.4. air-dried. fixed in methanol and stored in a dry and dust
free box until analysis. The DNA was stained with ethidium bromide (10 g/
ml in TAE) for 5 min followed by destaining for 5 min in TAE. The comets
were examined in a fluorescence microscope (Olympus BH2 with a 20X
apochromatic oil immersion objective). using the program Comet Assay Il
{Perceptive Instruments, Liverpool. UK). Images of 50 randomly selected
cells were analyzed from each sample and tail moment was determined as
described previously (18). Cell viability was assessed before and after the
incubation by trypan blue exclusion.

Dainage ageinst DNA in vitro

¢-DNA from a PCR reaction was incubated (37°C, 30 min) with PBS only
or with DCA at increasing concentrations. The products were loaded onto an
agarose gel stained with ethidium bromide (10 pg/ml in TAE) and subjected
to electrophoresis for | h. The fluorescence from the bands was quantified in
an imager (FUJT LAS 1000. Fuji. Stackholm. Sweden).

Cuspuse-3 assay

HCT 116 and HT-29 cells were grown to near confluence in 10 em
Petri dishes. Cells were washed with PBS and trypsinized. The pellet
was resuspended in DMEM medium (0.1% FBS) and DCA at different
concentrations was added and incubated for indicated time periods. After
incubation.” cells were centrifuged and the pellet was lyzed in a cell lysis
buffer (10 mM Tris-HCI. 10 mM NaH,PO,/NaHPO, pH 7.5. 130 mM NaCl.
1% Triton X-100, 10mM NaPP;). Protein concentration of the cell extract
after centrifugation was measured with the Bradford method at 595 nm.

A 20 pi cell extract from each treatment was added Lo new tubes containing
250 pl HEPES buffer (40 mM HEPES pH 7.5, 20% glycerol. 4mM DTT)
and 2.5 ytl fluorogenic marker. DEVD-AMC [N-acetyl-Asp-Glu-Val-Asp-AMC
(7-amina-4-methylcoumarin). Pharmingen. San Diego. CAJ. After incubation
for 1 I at 37°C. the mixture was exciled at 380 nm in a spectrofluorometer
and civission was detected at 400 nm,

Western blotting

HCT 116 and HT-29 cells weve treated with DCA for indicated time periods.
To study if poly-ADP-ribose polymerase (PARP) had been cleaved in the
cells after DCA exposure, 20 ptg whole cell extracts were subjected to SDS-
polyacrylamide gel electrophoresis. which was performed under reducing
conditions on 8% polyacrylamide as described by Laemmli (19). The resolved
proteins were transferred to a nitrocellulose sheet as detailed by Towbin ¢f al.
(20) and subjected to Ponceaus staining. The nitrocellulose membrane was
then incubated with mouse monoclonal antibodies against PARP (Pharmingen.
San Diego. CA). The blots were probed with the corresponding secondary
antibodies to 1gG (Dakopatts. Stockholm. Sweden. 1:3000 dilution) conjugated
to horseradish peroxidase. The ECL western blot detection system (Amersham.
Buckinghamshire. UK) was used according to the manufacturer’s instructions.
The resulting bands were confirmed by comparing the size of the protein
in the cell extract with known molecular markers (Bio-Rad Laboratories.
Munchen. Germany).

Plasmid prepararion

The COX-2 promoter constiucts (—1432/+59. -327/+59. ~220/+59. -52/
+59. CRM, KBM, ILM) were a kind gift from Drs Inous and Tanabe
{National Cardiovascular Center Research Institute. Osuka. Japan) (21.22).
The reperter plasmids [TRE (TPA response elementijatkLuc and (NF-kB)z
tkLue were a gift from Dr Sam Okret (Karolinska Institute. Swedem
(23). The plasmid DNA was purified from bacteria cultures as described
previously {24).

Transfection and luciferase assay

HCT 116 cells were grown to 50% confluence in a 75 em? culture dish. The
medium was removed and the cells were washed with PBS. OPTIMEM (Life
Technologies. Gibco, Scotland. UK). 2 ug/ml plasmid DNA and 10 ug/mi
Lipofectin reagent (Life Technologies) were added to the culture dish. After
6 h of transfection. the transfection mixture was removed and the cells were
washed with PBS and trypsinized. Full growth medium (DMEM 10%) was
then added to the cells to inhibit the trypsin, dnd the cells were pelleted by
centrifugation at 2000 r.p.m. Cells (30X 10%) were seeded out in a 24 well
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plate. and DMEM 10% was added to each well and incubated overnight. The
cells were then starved in DMEM (0.2% LAH) for 24 h. before being
incubated with DCA for an additional 15 h. The medium was removed and
the cells were washed with PBS. Lysis buffer (100 pl. 25 mmol/l trisphosphate
pH 7.8. 15% glycerol. 2% CHAPS. 1% lecithin. 1% bovine serum albumin,
0.1% EGTA pH 8.0. 8 mmol/l MgCl,. | mmol/l dithiothreitol and 0.4 mmol/
1 phenylmethylsulfony! fluoride) was added to each well and the cells lysed
during 30 min. A total of 50 ) of the cell lysates was transferred to a non-
transparent 96 well plate and lucifierin mix (100 ubh (GenGlow, Bioorbit,
Turku. Finland) was added per well. Assay for luciferase activity was
performed in the automatic luminometer Lucy | (Anthos Labtec Instruments.
Salzburg. Austria) according to the manufacturer’s instruciions. Luciferase
activity was expressed per microgram of protein in the ceil lysate. The
fuciferase activity of the untreated coatrol cells in each experiment was set to
100% and the resulting activities for the test agents were calculated in relation
(percent) to the control cells.

Cytotoxicity assay

Cell proliferation/toxicity using the HT-29 and HCT 116 cells was measured
using the Celltiter 96 proliferation kit (Promega. Madison.Wl; as described
previously (24).

TUNEL assuy -~

Apoptosis was evaluated using the TUNEL [Tdt (terminal deoxynucleotidyl
transferase)-mediated dUTP-x (x = biotin, fluorescein) mick end Iabeling]
assay (Boerhinger-Manheim. indianapolis, IN) and flow cytometry analysis.
Apoptotic DNA cleavage may yield single-stranded as well as double-stranded
DNA breaks (nicks). Both types of breaks can be detected by labeling the 3°-
OH termini with modified nucleotides (for example, fluorescein-dUTP) in an
enzymatic reaction. Thus. 0.5% 10° freshly harvested cells (attached + floating)
were washed with PBS and fixed in 2% formaldehyde in PBS (1 ml) for
15 min at room temperature. Cells were washed with PBS and incubated with
0.1% saponine in balanced salt solution (4 mi) for 3 min. Subsequently. the
cells were incubated with the TUNEL reaction mixture. 50 pi of enzyme
solution (Tdt) and 450 pl of label solution (fluorescein d-UTP) for | h at
37°C in the dark in a bumidified atmosphere. During this incubation period,
Tdt catalyzes the addition of fluorescein-dUTP to free 3'-OH groups in single
and double-stranded DNA. Omission of Tdt from the staining protocol
constituted the negative control. After washing the cells with PBS. the fabel
incorporated into the damaged sites of DNA was measured using 2 FACSean
flow cytometer (Becton Dickinson. Mountain View, CA). For every experiment
10 000 cells were analyzed.

Statistics

In order to analyze changes in induction of COX-2 promoter activity, AP-1-
and NF-kB-dependent gene transcription. Student’s r-test (Iwo-tailed) was
used. Pearson correlation was used tc analyze correlations between variables.
Descriptive and graphical methods were also used to characterize the data.
Al tests were performed with the software package STATISTICA 5.0 (Statsoft,
Tulsa. OK) and the P-value is aziven for comparisons (*P << 0.05,
=P < 0,01, ®#P < 0.001)

Results

DCA induces DNA damage in intact cells but not on naked DNA

HCT 116 and HT-29 cells were exposed to DCA for |5 min
at 37°C and analyzed for DNA damage using the single cell
electrophoresis method. As seen in Figure 1A, DCA caused a
significant increase in DNA strand breaks which were 3-fold
higher (2 < 0.001) than untreated cells for both HCT 116 and
HT-29 cells. There was no difference in the DNA damage
response between HT-29 and HCT 116 cells treated with DCA.
In Figure 1B, DCA was incubated with naked DNA. for
30 min at 37°C, and the DNA products visualized on an
agarose gel were quantified in an imager. DCA at 50-1000 uM
did not have the capacity to break intact DNA in vitro.
Caspase-3 activation in HCT 116 and HT-29 cells dfter
exposure to DCA

We and others, have shown previously that DCA induces
apoptosis in cultured colonic cells (25.26). In order to further
investigate how fast the apoptotic process is initiated we
compared the activation of caspase-3 in two different cell
lines, HCT 116 and HT-29. The cells were exposed to DCA
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Fig. 1. (A) Measurement of DNA strand breaks in HCT 116 and HT-29
cells after exposure to DCA 500 pM (15 min). Bars represent mean tail
moment * SD (1 = 50). (B) Intact DNA exposed to DCA (0--1000 uM)
for 30 min at 37°C and visualized on an agarose gel. L. Ladder: lane 1.
untreated DNA: lane 2. DCA 50 uM: lane 3. DCA 250 uM; lane 4. DCA
500 pM: Jane 5. DCA 1000 uM: lane 6. positive contrcl. 0.4% ammonium
persulfate: lane 7. positive control. 0.8% ammoniunt persulfate.
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Fig. 2. (4) Dose-dependent effects of DCA on caspase-3 activity in HCT
116 and HT-29 cells after short-term treatment. HCT 116 cells: DCA 50 uM
(triangle), DCA 250 pM (circle). DCA 500 uM (square): HT-29 celis: DCA
500 M (cross®. (B) Dose-dependent effects of DCA on caspase-3 activity
in MCT 116 and HT-29 cells after long-term treatment. HCT 1H6: DCA

250 uM (squares). HT-29: DCA 230 puM (triangle).

at 50-500 UM from O to 75 min (Figure 2A). HCT 116 cells
exposed 1o 50 tM DCA did not show any significant caspase-
3 activity over the time period studied. DCA (250 uM) induced
a dose-dependent activation of caspase-3 after 15 min, reaching
a maximum after 60 min (800% above untreated cells).
DCA (500 uM) induced a higher dose-response activation of
caspase-3 and a maximum was reached after 45 min exposure
(1800% above control). In HT-29 cells, no significant activation
of caspase-3 was observed during this short-term exposure (0
DCA regardless of concentration used (50, 250 or 500 uM).
In Figure A, only DCA 500 uM is plotted for the HT-29
cells. In Figure 2B, HCT 116 and HT-29 cells were treated
with 250 1M DCA for 0.5, 1, 2, 4. 6, 8 and 24 h and activation
of cagpase-3 was studied. HCT 116 cells responded, as seen
previously, with a rapid increase in caspase-3 activity, which
reached a maximum after 60 min and then rapidly declined to
“basal levels after 24 h of treatment. In HT-29 cells, on the
other hand, only a weak caspase-3 activity was observed after
exposure to DCA for the earlier time points. However, after
long-term exposure (24 h), the caspase-3 activity increased
significantly (>300% above control, P < 0.001). The activa-
tion of caspase-3 by DCA in HT-29 cells was significantly
detayed compared with HCT 116 cells, which may explain
why HCT. 116 cells are more sensitive to DCA than HT-29
cells {the numbers of surviving cells after 24 h exposure to

Deoxycholic acid causes DNA damage in colonic cells
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Fig. 3. Western blot. showing PARP protein (1 16 kDa) from cell extracts
(HCT 116 cells) treated with DCA (250 uM) for 15-75 min. Lane 1,
untreated 75 min: lane 2. 15 min trecament: lane 3. 30 min: lane 4. 45 min
treatment: lane 5. 60 min treatment: lane 6, 75 min. wreatment. The lower
band appearing in lanes 4-6 represent cleaved PARP (85 kDaj.

DCA (250 M) are 48 = 9 and 96 = 15% for HCT 116 and
HT-29, respectively, absorbance of untreated cells was set to
100%]. We also measured totai cell death (cytotoxicity assay)
in HT-29 cells exposed to DCA for 72 h and determined to
what extent this was due to apoptosis (TUNEL assay). There
was a linear correlation between total cell death and apoptosis
(r = 0.96, P << 0.001) and the majority of the cell death was
due to apoptosis (data not shown).

PARP cleavage in HCT i16 and HT-29 cells after DCA exposure

In order to study if protein substrates for caspase-3 in the cell
are cleaved as rapidly as was observed in the in vitro system
above, western blots on the same cell extracts (HCT 116, DCA
250 pM, 0-75 min) were performed and the membrane was
probed with an antibody directed against the PARP protein.
The result (Figure 3) shows PARP cleavage in the cell extracts
(116 and 85 kDa) which correlates with cleavage of the
fluorogenic marker, DEVD-AMC in vitro seen in Figure 2A.
The protein fragment of PARP (85 kDa) was visible in cells
which were treated with DCA (250 pM) for 45 min. In HT-
29 cells, no cleavage of PARP was seen after these early time
periods (075 min, data aot shown). However, long-term
exposure (up to 72 h) of HT-29 cells to DCA results in
cleavage of PARP, which we have demonstrated previously
(26).

Blocking of caspase-3 activation by inhibitors

Inhibitors were used in order to test if caspase-3 activity
induced by DCA (500 pM) in HCT 116 cells could be
prevented and to give some information about the signal
transduction pathways involved. HCT 116 cells were used in
these and subsequent experiments because of the larger and
more rapid caspase response to DCA in these cells and the
greater practical difficulties in transfecting the HT-29 cells.
All inhibitors were pre-incubated for 15 min, before exposure
to DCA. In Figure 4A, a dose-dependent inhibition of caspase-
3 activity was observed when the cells had been pre-incubated
with the antioxidant curcumin (10-50 uM). In a similar
manner. the internal calcium chelator, BAPTA, was able to
prevent caspase-3 from being activated. The PKC blocking
agent (GO 6976. 50 nM; had no significant inhibitory effect on
caspase-3 activity (Figure 4B). However, bisindolylmalemide .
(100 nM) had a partial blocking effect on caspase-3 activation
by DCA. Interestingly, by blocking the stress-related map
kinase. p38 (SB 203580, 30 uM), a complete suppression of
caspase-3 activity was observed. Blocking MEKI1/2 using
PDS980S9 (10 puM) had, however, no effect on caspase-3
activation. The DNA protective amine, spermine (I mM) could
partially block induction of caspase-3 activation. Fifty percent
of the actual apoptosis induced by DCA (500 uM) in HT-29
cells could be blocked by cell-permeable caspase-3 (Z-DEVD-
FMK) and caspase 6 (Z-VEID-FMK) inhibitors at 100 uM
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% Casprne 3 activity

Fig. 4. (4} Caspase-3 activity in HCT 116 celis. treated with DCA

(300 ud) fer 30 min. with and without pre-weatment of inhibitors. CUR
10-CUR 50, curcumin 10~50 utM: BP 10-30. BAPTA 10-30 uM.

(B) BIS, bisindolylmalemide 100 aM: GO. GO 6976 50 nM: PD. PD 98059
(16 uM): $B. 3B 203580 {30 pM): SPER. spermine (i mM). Bars represent
mean = SD (n = 2).

(A.Haza, Department of Medical Karolinska
Institutet, personal communication).

Effects on NF-kB-dependent gene transcription by DCA

It has been reported previously that NF-kB is induced under
cellular stress and NF-kB inhibitory effects on caspases have
been described (27). It therefore became important to study if
DCA induced NF-kB in HCT 116 cells.

HCT 116 cells were transiently transfected with a NF-kB-
tk-luc plasmid and exposed to DCA at different concentrations
for 15 h. Luciferase activity (Figure 5) was quantified and
showed a dose-dependent increase in NF-kB-dependent gene
transcripticn from 180% (£ << 0.05) at DCA (100 uM) up
o 300% induction (P < 0.05) at DCA (300 uM). DCA
concentrations <100 pM did not induce the NF-kB-dependent
genc transcription. TNF-a0 (400 U) was used as a positive
control for inducticn of NF-kB-dependent gene transcription
(Figure 5). )
Inhibition of AP-1-dependent gene transcription induced by
DCA
HCT 116 celis were transfected with a TRE-plasmid and
exposed to DCA (250 uM) with and without inhibitors. The
AP-1-dependent gene transcription was increased in HCT 116
cells in a dose-dependent fashion by DCA (Figure 6). Pre-
treatment with GO 6976 (50 nM) had no significant effect
upon AP-l-dependent gene transcription induced by DCA
(250 uM) and neither had the MEK /2 inhibitor. PD98059
(10 uM) or apigenin (20 uM). However, blocking the stress-
related map kinase, p38, using SB 203380 (30 uM) totally
abolished the AP-1-dependent gene transcription induced by
DCA. Binding up calcium in the cell, using BAPTA (30
M), also prevented AP-1 induction. Blocking PKC with
bisindolyimalemide (100 nM) could partly prevent induction
of AP-1. Curcumin (40 puM) completely abolished AP-1
induction induced by DCA.

Response elements in COX-2 promoter involved in trans-
activation by DCA

We have shown previously that DCA induces the COX-2
promoter in HCT 116 cells (28). The purpose of the present
experiment was to understand what response elements in the
COX-2 promoter are involved in DCA induced transactivation.
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Fig, 5. Effects of DCA on NF-kB-dependent gene transcription in HCT 116
cells exposed to increasing concentrations of DCA for 15 h. before assay
of luciferase activity. TNF-ct, positive control. Bars represent mean = SD
(n = 4).
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Fig. 6. Effects of DCA (250 uM) with and without inhibitors on AP-1-
dependent gene transeription in HCT 116 cells. GO. GO 6976 50 nM: PD,
PD 98059 10 pM: SB. SB 203580 30 pM: BP. BAPTA 30 uM: BIS.
bisindolylmalemide 10 nM: APL apigenin 20 pM: CUR. curcumin 40 pM.
Bars represent mean & SD (n = 4),

Different lengths of the COX-2 promoter plasmid were transi-
ently transfected into HCT 116 cells and the cells were exposed
to DCA 250 mM for 15 h. In Figure 7A. the full length COX-2
promoter construct (-1432/+59), containing sites for SPI,
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Fig. 7. (A} Deletion mutants of the COX-2 promoter. transiently transfected
into HCT 116 cells and exposed to DCA 250 pM for 15 h. ~1432/459
represents the COX-2 plasmid. with 1432 bases upstream from the
transcription start site of the COX-2 promoter. (B) Mutants of the COX-2
promoier plasmid. transiently transfected into HCT 116 cells and exposed to
DCA 250 pM. KBM, represents the -327/+59 COX-2 plasmid, with a
mutation in the NF-kB site. ILM. represents the ~327/+59 COX-2 plasmid.
with a mutation in the C/EBP site. CRM represents the -327/+59 COX-2
plasmid. with a mutation in the CRE site. Bars represent mean = SD
{n=8).

GRE. GATA, NF-kB, PEA3, SPI, NF-kB, AP-2, C/EBP and
n-AMP respouse element (CRE) (29) induced a luciferase
activity of 533 * 33% above control (100%). The response
of the deleted construct (=327/459), containing sites for SP1.
NF-kB. AP-2. C/EBP, CRE was of the same magnitude, 588
3 32%. A clear reduction in response was observed with the
(=220/+59) construct (AP-2, C/EBP, CRE), which gcave an
induction of 284 =+ 80%. The shortest construct (~52/+39),
lacking all response elements gave no induction compared
with untreated cells (control).

In Figure 7B. the wild-type (-327/+59) plasmid, -and
mutated forms of the (-=327/+59) plasmid were transfected
into HCT 116 cells and exposed to DCA 250 uM. Using the
KBM plasmid (~327/+59, NF-kB site mutated), resulted in a
significant reduction in luciferase response compared with
wild-type (-327/+59), 167 = 17 and 588 = 32%, respectively.
Using the IL.M plasmid (C/EBP mutation), a 50% reduction
(269 = 40%) was observed compared with the wild-type
{~327/+59) construct. Comparing the CRM plasmid (CRE
mutation) with the wild-type plasmid, a complete suppression
of promoter activity was observed, 75 * 38%. '

Discussion

The precise mechanisms by which bile acids act as tumor
promoters are not fully understood. Much work has focused
upon the ability of bile acids to induce apoptosis in colonic
cells. as a possible mechanism to explain its tumor-promoting
effect in the colon (30). In this paper, we have studied the
molecular effects resulting from exposure to DCA in the
colonic cell lines HCT 116 and HT-29. The concentrations of
DCA employed in the present study may seem to be high, but
such concentrations have been reported to occur in the fecal
water of risk groups for colon cancer (31,32). Shortly after
exposure of these cells to DCA. when no cell death is evident,
DNA damage can be detected. The mechanism behind damage
of DNA after DCA exposure is not known. The fact that
caspase-3 is rapidly induced in association with DNA damage
and could be inhibited by DNA protective agents like spermine,
supports the hypothesis that DNA damage may be inititating
the apoptosis program. The antioxidant curcumin also reduced
caspase-3 activity, which may indicate that DCA is provoking
a free radical process in the cells that may lead to damage of

Deoxycholic acid causes DNA damage in colonic ceils

the DNA. Stultz-Washo er «!. (33) have shown that reactive
nitrogen species are formed (peroxynitrite. coming from nitric
oxide and superoxide) in HT-29 cells after DCA exposure
(500 pM). The work by Craven er of. (34) has earlier shown
that bile salt increases reactive oxygen production iz vive. Qur
observation that DCA did not have the capacity to induce
damage to naked DNA in witro also suggests that it is not
DCA per se which is responsible for the damage, but rather a
DCA-induced cellular process such as those mentioned above.

The activation of caspase-3 in HCT 116 and HT-29 cells
differed markedly between the two cells after DCA exposure.
There was a rapid and transient induction of caspase-3 activa-
tion upon DCA treatment (250 and 500 4M) in HCT 116 cells,
and a delayed response (24 h) in HT-29 cells. This may be
one explanation for our observation that HT-29 cells were
more resistant than HCT 116 cells to cell death after 24 h
exposure to DCA, despite equal damage to DNA induced by
the bile acid. It is interesting to note that HCT 116 cells harbor
normal APC and p53 genes (15.35), both of which are mutated
and non-functional in HT-29 cells (16,35). Both these genes
are important for the initiation of the apoptosis program, and
may contribute to explaining the difference observed between
the two cell lines in the apoplosis response to DCA treat-
ment {14,36).

DCA is inducing stress in the cells, and the stress-related
map kinase, p38 is phosphorylated as shown previously (37).
Interestingly, in our system blocking p38 could prevent caspase-
3 activation induced by DCA. The activation of caspase-3
after DCA exposure seems to be calcium dependent, as the
activation of caspase-3 could also be prevented by pre-
incubation with BAPTA, an internal calcium chelator.

The results with the PKC inhibitors indicate that the induc-
tion of caspase-3 activity by bile acid is mediated, at least in
part, by specific isoforms of PKC. Interestingly, blocking
MEK1/2 had no effect on induction of caspase activity.

We measured the total cell death in HT-29 cells exposed to
DCA atincreasing concentrations, and in addition we quantified
the number of apoptotic cells using the TUNEL staining. The
result showed that there was a good correlation between the
total cell death and apoptosis. At higher concentrations of
DCA (>250 uM), the cell death was due to bath necrosis and
apoptosis: however, the majority of the cells were undergoing
apoptosis. Evidence that DCA induces apoptosis in vivo under
normal physiological conditions does exist. Perfusion studies
in the rat colon have demonstrated that DCA has the capacity
to induce the cell death referred to above (38).

Transfection of a NF-kB-tk-luc into HCT 116 cells and
exposure (15 h) to increasing concentrations of DCA resulted
in a dose-dependent increase of reporter gene activity,
indicating that exposure to bile acid led to NF-kB activation.
It is interesting. that the caspase-3 activity in the HCT 116
cells already after 15 h exposure to DCA had returned to basal
levels. This becomes interesting, as it has been reported
previously that NF-kB can inhibit caspase-3 activity via
IAP activation (27). This may be interpreted as a survival
mechanism, and is part of the cells response to the stress
provoked by DCA. In transient transfection studies with a
TRE-tk-luc plasmid in HCT 116 cells, DCA exposure resulted
in a dose-dependent increase in AP-1-dependent gene transcrip-
tion. This activation of AP-1 could be prevented by blocking
p38, binding up calcium in the cells, as well as by the
antioxidant curcumin. Blocking MEK1/2 had no effect, and
results with PKC inhibitors indicated that the AP-1 activation
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was mediated. at least in part, by specific PKC isoforms. There
is a good correlation regarding the inhibitors that are needed
to block activation of caspase-3- and AP-I-dependent gene
transcription, which indicates that they are both part of the
same stress response,

COX-2 is also involved in the stress response, and activity
of COX-2 results in production of prostaglandins, which can
make the cells more resistant to apoptosis (39). In order
to elucidate the main transactivation domain in the COX-2
promoter, we transfected the HCT 116 cells with different
lengths of the COX-2 promoter (luciferase reporter
constructs) and exposed them to DCA. We observed that for
the longer (~1432/+59) and the shorier (=327/+59) plasmid
construct, there was no difference in reporter gene
activity induced by DCA. However, between the (~327/+59)
and (-220/+59) plasmid construct, there was a significant
decrease in reporter gene activity. The difference between
these: two promoter constructs is that the (—220/+59) form
lacks the NF-kB response element. Use of the shortest plasmid
construct, (-52/+59), which only contains a TATA box, resulted
in no induction by DCA compared with untreated cells. Using
mutant (-327/4+59) plasmids, we could demonstrate that a
mutation in the NF-kB binding site significantly reduced the
reporter gene activity compared with the response using wild-
type (-327/+59). Mutation of the C/EBP binding site resulted
in a 50% decrease in reporter gene activity. Finally, mutation
of the CRE (c-AMP response element) totally abolished the
reporter gene activity induced by DCA. In summary, the results
indicate that DCA induction of the COX-2 gene is complex,
and involves multiple transcription factors binding to NF-kB,
C/EBP and CRE clements. It is interesting to note that the
CRE in the COX-2 promoter is similar to a TRE element, and
may bind AP-1 transcription factors as well as CREB factors/
ATF (40). In addition, it has been demonstrated that C/EBP
factors can also dimerize with AP-1 transcription factors (41).
Our results are in agreement with those of Zhang et al.
(1) who showed that DCA treatment of esophageal adeno-
carcinoma cells resulted in activation of the COX-2 promoter.
However, our results hopefully extend our understanding of
bile acid induced signaling by mapping the response elements
in the COX-2 promoter that are required for full activation of
gene transcription in colonic cells.

In conclusion, DCA induces apoplosis in HCT 116 and HT:
29 cells, and cell death is delayed in HT-29 cells, which
correlates with delayed activation of caspase-3. The activation
of caspase-2 is dependent upon active p38 and normal calcium
signaling. Cells undergoing DCA-induced apoptosis, but which
are still viable have reduced caspase-3 levels and NF-kB and
AP-1 arc induced. In these cells, COX-2 promoter activity is
also induced, and mapping of the main transactivation domain,
indicates that full activation of the promoter needs functional
NF-kB, C/EBP and CRE elements located in the —327 bases
up from start of transcription. Which transcription factors bind
_ to these elements of the COX-2 promoter when the cells are
exposed to DCA is not fully elucidated and requires further
investigation. Finally, the bile acid, DCA, has a major impact
on the apoptotic machinery in colonic cells but the role of this
effect in tumor promotion requires further work.
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Transcriptional and Posttranscriptional Regulation of
Cyclooxygenase-2 Expression by Fluid Shear Stress in
Vascular Endothelial Cells

Hiroyasu Inoue, Yoji Taba, Yoshikazu Miwa, Chiaki Yokota, Megumi Miyagi, Toshiyuki Sasaguri

Objective—Fluid shear stress induces cyclooxygenase (COX)-2 gene expression in vascular endothelial cells. We

investigated the underlying mechanism of this induction.

Methods and Results—Exposure of human umbilical vein endothelial cells to laminar shear stress in the physiological
range (1 to 30 dyne/cm?) upregulated the expression of COX-2 but not COX-1. a constitutive isozyme of COX. The
expression of COX-2 mRNA began to increase within 0.5 hour after the loading of shear stress and reached a maximal
level at 4 hours. Roles of the promoter region and the 3'-untranslated region in the human COX-2 gene were evaluated
by the transient transfection of luciferase reporter vectors into bovine arterial endothelial cells. Shear stress elevated
luciferase activity via the region between —327 and 59 bp. Mutation analysis indicated that cAMP-responsive element
(—59/—53 bp) was mainly involved in this response. On the other hand, shear stress selectively stabilized COX-2
mRNA. Moreover, shear stress elevated luciferase activity when a 3'-untranslated region of COX-2 gene containing 17
copies of the AUUUA mRNA instability motif was inserted into the vector. _

Conclusions—Transcriptional activation and posttranscriptiondl mRNA stabilization contribute to the rapid and sustained
expression of COX-2 in response to shear stress. (Arterioscler Thromb Vasc Biol. 2002;22:1415-1420.)

Key Words: shear stress m vascular endothelial cells @ cyclooxygenase-2 & posttranscriptional regulation

Vascular endothelial cells are always exposed to a wide
variety of biochemical and biomechanical stimuli, in-
cluding fluid shear stress caused by blood flow. Shear stress
modulates several endothelial functions, such as control of
vascular tone, maintenance of antithrombotic surfaces, regu-
lation of inflammation, protection against oxidative stresses,
and regulation of endothelial cell proliferation and apoptosis.!

Cyclooxygenase (COX), a rate-limiting enzyme for pros-
taglandin (PG) biosynthesis, comprises 2 isozymes, COX-1
and COX-2.23 COX-1 is constitutively expressed in most cell
species, whereas COX-2 is an inducible enzyme whose
expression is regulated differently among cell types. Growing
evidence indicates that COX-2 plays a key role in several
biological processes, such as inflammation, tumorigenesis,
development, and atherogenesis.*-® Laminar shear stress
upregulates COX-2 gene expression.!? COX-2 is involved in
lipopolysaccharide-stimulated production of prostacyclin
(PGL) in endothelial cells!! and is also involved in PGI,
biosynthesis in healthy humans.!? Previously, we have re-
ported that shear stress promotes the production of PGD, in
endothelial cells by stimulating the expression of lipocalin-
type PGD, synthase (L-PGDS), whereas PGI, synthase was
constitutively expressed but did not respond to shear stress.!3

Therefore, the induction of COX-2 expression by shear stress
may be involved in the production of PGIL, and PGD, in
endothelial cells.

Three cis-acting elements, namely, the nuclear factor
(NF)-«B binding site. the NF-interleukin-6 (NF-IL6) binding
site, and the cAMP-responsive element (CRE). reside in the
region between base pairs —327 and +59 (—327/+59) in the
human COX-2 gene promoter. Their involvement in COX-2
gene transcription varies among cell species.!#-2* Recently,
the COX-2 gene has been reported to be posttranscriptionally
regulated through its 3'-untranslated region (3’-UTR) con-
taining 17 copies of the AUUUA motif, which is assumed to
promote mRNA degradation.?s -3 However. the mechanism
underlying shear stress-induced COX-2 gene expression
remains to be elucidated, although it has been recently
reported that shear stress stimulates the transcription of the
COX-2 gene in murine osteoblastic MC3T3-E1 cells that
produce PGE, but not PG, or PGD,.2*

In the present study, we investigated the molecular mech-
anism for the shear stress—induced expression of COX-2 in
vascular endothelial cells. The gene expression of COX-2
was more sensitive to shear strength than that of L-PGDS. We
found that shear stress induces COX-2 expression not only at
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the transcriptiona} level but also at the posttranscriptional
fevel through the 3’-UTR, which would make it possible to
rapidly and persistently induce COX-2 expression in response
to shear stress.

Methods
Cell Culture

Human umbilical vein endothelial cells (HUVECS) were isolated and
cultured as described.®* Bovine arterial cndothelial cells (BAECs)
were grown in DMEM supplemented with 10% FCS (Flow), 100
“U/mL penicillin. and 100 pg/mL streptomycin.i®

Shear Stress Apparatus

HUVECs and BAECs were plated on a gelatin-coated polyester sheet
(Plastic Suppliers), and [low experiments were performed in a
paralicl-plate flow chamber as described.®

Western Blot Analysis and Electrophoretic
Mobility Shift Assay

Western blot analysis and clectrophoretic mobility assay were
performed as described. 623

RNA Analysis

Total RNA was isolated by using the acid guanidinium thiocyanate
procedure. RNAs were then subjected to electrophoresis. The cDNA
probes for COX-1. COX-2. and GAPDH have been described
previously.'® The levels of mRNA and 28S rRNA were calculated on
the basis of hybridization signals and ethidium bromide-staining
intensities as measured with the imaging analyzers Fujix BAS 2500
and FLA 2000. respectively (Fuji Photo Film Co).

Plasmid Construction

The following control vectors were uscd: for luciferase (Luc),
pGV-C (Toyo); for B-galactosidase (B-gal), pCMV-Bgal: and for
areen [uorescent protein (GFP), pEGFP-N1 (Clontech).'* The hu-
man COX-2 genomic clone AhPESII95 was digested by EcoRl. and
then these {ragments were subcloned into pBluescript 11 SK(+).
Digestion of the subclone 7k1-2 with Mrol and EcoRI yiclded a
fragment containing part of the coding region (57 bp) and the
full-length 3'-UTR, which contains 17 copies of the ATTTA motif
followed by 3 copies of the polyadenylation signal (AATAAA).
This fragment was blunted and ligated into the blunted-P/IM 1 site of
pGV-C, which is located downstream from the Luc coding region. In
this clone. designated pG-3UCOX2, Luc mRNA is expressed under
the control of the SV40 enhancer/promoter and the 3-UTR of the
human COX-2 gene. Construction of other COX-2 reporters has
been described previously.'t'®

Transcription Assays

Transfection of BAECs with plasmids has been described previous-
ly.1" In this experiment, 200 pL. DMEM containing 2 pg COX-2 Luc
reporter vector, 0.2 pg pCMV-Bgal, and 0.1 pg pEGFP-NI was
mixed with 200 uL DMEM containing 10 ul Trans IT-LT-1 (Pan
Vera) and incubated at room temperature for 15 minutes. This
DNA/freagent complex was added to semiconfluent BAECs growing
in a 90-mm dish containing 8§ mL complete growth medium that was
changed | day before the transfection. After 5 hours of transfection,
cells were incubated with new complete growth medium for 19 hours
and placed in the flow shear stress chamber. After incubation in the
chamber for 24 hours. cells were subjected to fluid shear stress for 5
or 17 hours by using the apparatus described above. The cells were
lysed in Reporter lysis buffer (Promega) to release Lhe Luc and B-gal
for their activity assays. The numerical readings from the Luc assay
were normalized 1o those of the B-gal assay.'®

September 2002

Statistical Analysis ‘

Results are expressed as mean®SD. Statistical significance was
assessed by the Student 1 test.

Results

Laminar Shear Stress Induces COX-2 Expression
in HUVECs )

To determine the effect of shear stress on the expression of
COX genes. we performed Western and Northern blot anal-
yses with the use of protein and RNA extracted from
HUVECs. COX-2 protein was expressed after the loading of
shear stress (15 dyne/cm?) for 24 hours but not in cells
cultured under static conditions (please see online Figure 1A,
available at http://atvb.ahajournals.org). As shown in Figure
1A, the expression levels of COX-2 mRNA were very low
under static conditions. Exposure of the cells to shear stress
(15 dyne/cm?) for the periods indicated led to an increase in
the amount of COX-2 mRNA. On the other hand, COX-1
mRNA was constitutively expressed independently of shear
stress. Because the expression level of COX-2 mRNA
reached an almost maximal value at 6 hours, we further
examined the time course of COX-2 induction immediately
after loading shear stress (Figure 1B and online Figure IB).
The level of COX-2 mRNA began to increase within 0.5
hours and reached a plateau at 4 hours.

Figure 2 shows the dependence of the expression of
COX-2 mRNA on the strength of shear stress. The expression
of COX-2 mRNA was maximally upregulated even at 5
dyne/cm®, which corresponds to the level of shear stress in
veins. Therefore, we performed an additional experiment to
determine whether shear stress <5 dyne/cm?® is able to
stimulate COX-2 expression. As shown in Figure 2A, shear
stress as low as 1 dyne/em® significantly upregulated the
expression.

Laminar Shear Stress Activates COX-2 Promoter
To examine whether shear stress stimulates the human
COX-2 promoter, we used phPES2 (—327/+359), a plasmid
that expresses firefly Luc under the control of the human
COX-2 gene promoter (—327/+59). Because DNA transfec-
tion efficiency was much higher in BAECs than in HUVECs,
phPES2 (—327/+59) was transfected into BAECs. Online
Figure ITA (available at http://atvb.ahajournals.org) demon-
strates BAECs transfected with pEGFP-N1, a GFP expression
plasmid. The transfection efficiency seemed to be sufficient,
and shear stress induced cell elongation along with the flow
direction, which indicated that shear stress was successfully
loaded on the cells. Moreover, that bovine COX-2 mRNA
expression is also inducible in response to shear stress was
confirmed by Northern blotting, as shown in online Figure
1IB. Bovine COX-2 mRNA was induced by shear stress after
5 and 17 hours in duplicate experiments with independent
materials. However, bovine COX-1 mRNA was not induced,
again similar to human COX-1. As shown in online Figure
1IC, the promoter activity of phPES2 (—327/+59) was
markedly elevated by shear stress-loaded for 5 and 17 hours.
The human COX-2 promoter region (—327/+59) contains
3 cis-acting elements, namely, an NF-«B binding site, an
NF-IL6 binding site, and a CRE, all of which have been
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shown to be involved in the regulation of COX-2 gene
transcription. When we destroyed all of the 3 consensus
sequences as shown in Figure 3A, the shear stress~induced
elevation of the promoter activity completely disappeared.
suggesting that the elements responsive to shear stress are in
these 3 consensus sites. To identify the elements, we then
destroyed each of the 3 motifs as shown in Figure 3B. A
mutation in CRE (—59/—53) markedly reduced the basal and
shear stress—induced promoter activities. Mutations at the
NF-«B site (—223/—214) or NF-1L6 site (—132/—-124) did
not affect the response to shear stress compared with effects
of the CRE, although the basal promoter activity was signif-
icantly reduced by the NF-IL6 mutation and tended to be
reduced by the NF-«B mutation. Electrophoretic mobility
shift assay showed that proteins specifically binding to the
CRE (—59/—-53) were enhanced by the shear stress (see
online Figure III, available at http://atvb.ahajournals.org).
These data suggest that the CRE (—59/-53) is mainly
involved in the shear stress—increased COX-2 promoter
activity.

Laminar Shear Stress Stabilizes COX-2 mRNA
Through 3'-UTR

To examine whether posttranscriptional mechanisms are in-
volved in shear stress—induced COX-2 expression, we chased
the decay of COX-2 mRNA after the addition of actinomycin
D, an inhibitor of transcription. As shown in Figure 4, COX-2
mRNA increased by shear stress loaded for 2 hours was
almost completely degraded 2 hours after the addition of
actinomycin D in the absence of stress. However, when shear
stress was loaded simultaneously with actinomycin D, the
decay of COX-2 mRNA was significantly delayed, and the

Imaging-exposure times for panels A and
B were 1 day and 5 days, respectively.
C, Data obtained in panel A were quanti-
fied. Expression levels of COX-2 and
COX-1 mRNAs normalized with those of
GAPDH mRNA were standardized to the
value obtained at 0 hour and are shown
as fold increases. Similar results were
obtained by 2 additional experiments.

COX-1

enhanced expression was still retained at 4 hours after the
addition of actinomycin D.

The entire 3'-UTR of the human COX-2 gene contains 17
copies of the ATTTA motif, which is found in many
immediate-early genes and has been shown to promote
mRNA degradation.®-35 To determine whether the 3’-UTR of
COX-2 mediates shear stress—induced mRNA stabilization,
we examined the effect of the insertion of the COX-23'-UTR
into the Luc expression vector. As shown in Figure S,
transfection of pG-3UCOX2 resulted in an =50% reduction
in the promoter activity compared with that of pGV-C in cells
cultured under static conditions. suggesting that the 3'-UTR
of COX-2 destabilized the Luc mRNA. Shear stress did not
influence the Luc activity in cells transfected with pGV-C,
whereas it markedly elevated the activity by 2.8-fold in cells
transfected with pG-3UCOX2. This suggested that exposure
to laminar shear stress prevented Luc mRNA breakdown
through the 3’-UTR of the COX-2 gene.

Discussion
The present study demonstrated for the first time that laminar
shear stress within the physiological range induces COX-2
gene expression through transcriptional and posttranscrip-
tional mechanisms in vascular endothelial cells. Shear stress
as low as 1 dyne/cm® was able to induce COX-2 mRNA
expression in HUVECs, as in murine osteoblastic MC3T3-E|
celis.* However, it was not able to stimulate COX-1 mRNA
expression in either HUVECs or BAECs. A similar result, ie,
that laminar shear stress induced COX-2 but not COX-1
expression, has been reported in a study using HUVECs,}?

“although higher shear stress (24 dyne/cm?®) has been reported

to induce COX-1 mRNA in HUVECs and mechanical
cyclic strain also has been shown to induce COX-1 in human
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Figure 2. Effect of shear strength on induction of COX-2 mRNA
expression in HUVECs. A, HUVECs were exposed to various
levels of shear stress (0 to 30 dyne/cm?) for 24 hours. Total cel-
jular RNAs (10 ug per lane) were analyzed by RNA blot analysis
for COX-2 and GAPDH. Imaging-exposure times for the left and
right parts were 1 day and 5 days, respectively. B, Data
obtained in panel A was quantified. Expression levels of COX-2
normalized to those of GAPDH mRNA are shown as the fold
increase against the value obtained at time 0. Similar results
were obtained by 2 additional experiments.

vascular smooth muscle cells.?” COX-2 has been reported to
have a higher affinity for arachidonate than COX-1,** and
moreover, COX-2 preferentially cooperates more with PGl,
synthase than with COX-1.* When these findings are taken
together, COX-2 but not COX-1 appears to be mainly
involved in PGI, formation in blood vessels loaded with
laminar shear stress in the physiological range. This assump-
tion is consistent with recent studies reporting that selective
COX-2 inhibitors suppress the systemic biosynthesis of PGI,
in healthy humans'? and in patients with atherosclerosis. ¢
There has been a report that glucocorticoids do not depress
the excretion of urinary PGl, metabolite.*! We found that
COX-2 expression was not suppressed by dexamethasone,
especially in vascular endothelial cells, because of the lower
expression of the glucocorticoid receptor.!! There are variable
reports of COX-2 expression ex vivo in endothelial cells. It
will be difficult to evaluate the precise expression levels of
COX-2 ex vivo after postmortem examination because
COX-2 mRNA and protein are very unstable.

We reported that laminar shear stress also induces the
expression of L-PGDS.!* However, the induction of gene
expression by shear stress was more rapid and sensitive for
COX-2 than for L-PGDS, whose mRNA expression increases
depending on shear strength between 5 and 30 dyne/cm?. PGl,
synthase is constitutively expressed in endothelial cells, and
its expression level is not influenced by shear stress.!?
Therefore, we hypothesize that there are 2 steps in COX-2-
mediated arachidonate metabolism in endothelial cells. Step
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1, which operates under low shear stress conditions. predom-
inantly produces PGL,, and step 2. which operates under high
shear stress conditions, produces not only PGI, but aiso
PGD,. In this context, PGD, may also play a role in
preventing the formation of atherosclerotic lesions by being
converted to 15-deoxy-A'*"-PGl,, which has been reported
to display several antiatherogenic effects on cultured vascular
cells.#?

In the mean time, macrophages were reported to express
augmented levels of COX-2 in atherosclerotic lesions. 3+
This abnormally elevated COX-2 expression in macrophages
may be related to inflammation in the lesions. Because the
PGs produced in macrophages are different from those
produced in endothelial cells, the regulation of COX-2 and
downstream enzymes should be very different between en-
dothelial cells and macrophages. In this context, we have
recently reported that COX-2 expression is negatively regu-
lated by nuclear receptor peroxisome proliferator—activated
receptor-y and its ligand candidate 15-deoxy-A"™"-PGJ, in
macrophages but not in endothelial cells.?* Whether changes
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Figure 3. Site-specific mutation of the COX-2 promoter region
in response to shear stress. The human COX-2 gene promoter
(~327/+59) was mutated at each putative transcriptional regula-
tory element. Lowercase letters in the upper sequence of each
promoter indicate mutated bases, and the lower sequence
shows wild-type bases. BAECs were transiently transfected with
the wild-type and mutated constructs along with pCMV-Bgal
and pEGFP-N1. The transfected cells were subjected or not to
shear stress at 15 dynes/cm? for 17 hours and then assayed for
Luc and B-gal activities. The Luc activity was normalized to the
B-gal activity and presented as the fold increase against the
value obtained without shear stress of phPES2 (—327/+59).
Data are mean=SD of 3 or 4 experiments. *F<0.05 vs static
control; *P<0.01 vs static control.
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