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E-selectin, a selectin expressed on activated vascular endothelium, supports rolling and stable adhesion of leukocytes at sites of
inflammation. Previously, we have reported that leukocyte adhesion to cultured endothelial cells induces association of the cyto-
plasmic domain of E-selectin with cytoskeletal elements, suggesting that outside-in signaling may occur during E-selectin-mediated
adhesion. To investigate this potential signaling function of E-selectin, HUVEC activated with recombinant human IL-g (10 U/ml,

4 h) were labeled with f2P]orthophosphate, and E-selectin was immunoprecipitated using mAb H18/7. Autoradiography revealed
constitutive phosphorylation of E-selectin in these cells and time-dependent dephosphorylation following adhesion of HL-60 cells.
Cross-linking of cell surface E-selectin using H18/7 and a polyclonal secondary Ab induced E-selectin dephosphorylation, as did
adhesion of beads coated with recombinant P-selectin glycoprotein ligand-1 (PSGL-1), an E-selectin ligand. Using adenoviral
vector-mediated transfection in HUVEC of a tail-less E-selectin and phosphoamino acid analysis, we documented phosphorylation
occurring exclusively within the cytoplasmic domain and involving serine residues. Additional experiments using a series of
cytoplasmic domain mutants of E-selectin expressed in COS-7 cells localized the regions that were constitutively phosphorylated.
Preincubation with okadaic acid and sodium vanadate abrogated adhesion-induced dephosphorylation of E-selectin. Thus, E-
selectin, which is constitutively phosphorylated in cytokine-activated human endothelial cells, undergoes an enzymatically regu-
lated dephosphorylation following leukocyte adhesion. This process appears to be triggered by multivalent ligand binding and/or
cross-linking of cell surface E-selectin. Ligand-dependent regulation of the phosphorylation of E-selectin’s cytoplasmic domain
provides additional evidence for a transmembrane signaling function of this molecule during leukocyte-endothelial interactions.
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of vascular disease processes, such as acute and chror(it). Much attention has been directed to the function of the extra-

inflammation, ischemia-reperfusion injury, and athero- cellular portions of these molecules, in particular the lectin-like
sclerosis (1). A number of soluble factors (e.g., chemokines andiomains that bind complex carbohydrate ligands on the surface of
arachidonate products) and cell surface adhesion molecules, ekeukocytes and other cell types during their adhesive interactions
pressed by both the endothelial cell and the leukocyte, interact ifig, 7). In contrast, considerably less is known regarding the func-
a complex fashion to efficiently mediate leukocyte recruitment (2-tion(s) of the cytoplasmic domains of the selectins. These domains
4). E-selectin, one of three members of the selectin family of adshare little in the way of amino acid sequence homology among E-,
hesion molecules, has been shown to support the rolling of leukot - and P-selectin (8—10), but are generally well conserved across
cytes on activated endothelial cells (1) and may also participate ipecies for a given selectin family member. Such an evolutionary
the transition to stable adhesion that precedes transmigration (S¢onservation of sequence is often indicative of the importance of a
This family shares a unique mosaic structure consisting of an amiparticular protein domain in processes such as protein-protein in-
no-terminal lectin-like domain, followed by an epidermal growth teractions, regulation of protein turnover, and signal transduction,
factor-like domain, a variable number of complement regulatoryihat have broader functional significance in a particular cell or
tissue.
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) o o intracellular signal transduction. Perhaps the best characterized of
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I eukocyte-endothelial interactions contribute to a varietyrepeats, a transmembrane domain, and a short cytoplasmic domain
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and platelet/endothelial cell adhesion molecule-1 (PECANHM).  Cell culture
brain microvessel endothelial cells, ICAM-1 stimulates Src activ-ryo man kidney fibroblast cell line 293 was obtained from the American

ity and thereby induces the tyrosine phosphorylation of a numbetype Culture Collection (Rockville, MD) and grown in DMEM supple-
of Src substrates, including the actin binding protein cortactin (14) mented with 10% FBS, 100 U/ml penicillin, 1g@y/ml streptomycin, and
The cytoplasmic domain of PECAM-1 serves as a substrate for Sré MM L-glutamine. HL-60, a promyelocytic human leukocyte cell line, was

Al ; ; ;- qQbtained from American Type Culture Collection and grown in RPMI 1640
and, when tyrosine-phosphorylated, can bind the protein tyrosmr%]edium supplemented with 10% FBS, 100 U/ml penicillin, 10g/m|

phosphatase SH2-containing phosphatase-2 (SHP-2) (15, 16). Réteptomycin, and 2 mM-glutamine. HUVEC were isolated and estab-
cent data suggest that the selectins are also active participants lished in culture as previously described (23). Primary cultures were seri-
the process of signal transduction (6). To date, the best characteay passaged<(1:3 split ratio) and maintained in medium 199 buffered
ized family member in this respect has been L-selectin. The cytoWith 25 mmol/l HEPES and supplemented with 20% FBS, endothelial cell

. . . - rowth factor (25ug/ml), 100 U/ml penicillin, 100ug/ml streptomycin,
plasmic domain of L-selectin has been shown to be tyrosine phosgnd porcine intestinal heparin (5@g/ml). For experimental purposes,

phorylated (17), and ligation of L-selectin can lead to mitogen-HuvEC subcultured to passage 2 or 3 were used.
activated protein (MAP) kinase activation (17), association of ., .
P]Orthophosphate labeling of HUVEC

Grb2 and Sos (17), and actin polymerization dependent upon Rds
and Rac2 (18, 19) within leukocytes. Confluent monolayers (consisting of approximately 3.0-%.00° cells)

We have recently shown that leukocyte adhesion to vascula@f cytokine activated or adenoviral vector-transduced HUVEC in 35-mm
endothelium can induce a biochemical and biophysical associatioflture plates were preincubated in phosphate-free RPMI 1640 with 1%

. . . . ialyzed FBS for 1 to 2 h, and then metabolically labeled in the same
of the cytoplasmic domain of E-selectin with components of theadium supplemented with 33&Ci/ml of [*?P]orthophosphate for 90 min.

endothelial actin cytoskeleton, suchasctinin, vinculin, and fil-  The labeled monolayers were washed three times with regular RPMI 1640
amin, as well as certain regulatory elements, such as focal adh&4th 1% FBS and incubated with various reagents, as described below.
sion kinase (FAK) and its substrate paxillin (20), thus suggestingﬁe”s were then rapidly lysed in 0.25 ml ice-cold lysis buffer (0.1 M Tris-

. . . . . Cl,0.15 M NaCl, and 5 mM EDTA, pH 7.4) containing 1% Triton X-100,
a previously unrecognized signaling role for E-selectin. In the cur-; g Lig/ml leupeptin, 60 U/ml aprotinin, and 1 mM PMSF. In some exper-

rent study we have investigated the signaling function of E-selectifiments, HL-60 cells (2< 10%/35-mm dish) or H18/7 mAb to E-selectin (10
during leukocyte adhesion. We report here that E-selectin in actipg/35-mm dish) were added to the labeled monolayers before lysis. In
vated HUVEC in culture is constitutively phosphorylated on serinegther ?Xpegnz_entsyfﬂ:ﬁ e:’fett):tf ?jf phos?hatase i'?r:\ibitg'rs were in&/etStiQ(]f(t)%d
H EPRCI H H reincubation o € labeled monolayers with sodium vanaadate
r§S|dues \.Nlthm its cytoplasmlc domain, and that leukocyte e.ldhe_)llvlg)and/or okadaic acid (100 nM) for lg min before addition of HL-60.
sion can induce an enzymatically regulated dephosphorylation df
E-selectin. Interestingly, a similar pattern of dephosphorylation ofRecombinant PSGL-1 beads
E-selectin is observed when cell surface E-selectin is cross-linkeflecompinant PSGL-1 beads were prepared as follows. Recombinant
using a mAb directed to the extracellular ligand binding domainpSGL-1-human IgG Fc chimera was provided by Dr. Dale Cummings (Ge-
followed by a polyclonal IgG. Moreover, the binding of beads netics Institute). Tosyl-activated Dynabeads M-45(%0°% diameter, 4.5
coated with recombinant PSGL-1, a glycoprotein ligand for E-#m) were coated overnight with 1Q@g of protein A (Zymed, South San

selectin, to the endothelial cell surface can induce a similar patteralzﬁlnglicé)é %’25'2906} rgcgﬂgﬂgiﬂep%ugi’lmn? ;;]' I’gféelr:gvgﬁm%%amgg

of dephosphorylation of E-selectin. Thus, the interaction of leuko-agded to the beads and incubated for 1 h. The beads were washed twice
cytes, cross-linking Abs, or complex carbohydrate ligands with thewith DPBS containing 1% BSA (DPBS/1% BSA) and then blocked with

extracellular domain(s) of E-selectin can regulate the phosphory200 ug/mi of human IgGlx in DPBS/1% BSA. After washing once with

: ; ; ; PBS/1% BSA, the beads were kept in this buffer. For binding to IL-1-
lation state of the cytoplasmic domain O.f thl.s mplecqle. These datél)ctivated HUVEC monolayers, $®eads were used/35-mm dish.
suggest a novel transmembrane outside-in signaling role for E-

selectin that may have implications for the orchestration of endo!mmunoprecipitation and cell surface biotinylation

thelial cell responses in the leukocyte-endothelial adhes'oﬁ'otal cell lysates of labeled HUVEC monolayers were centrifuged at
cascade. 12,000x g for 20 min, and the supernatants were precleared with|50
cyanogen bromide-activated Sepharose beadsliat4°C. Mixtures were
centrifuged at 12,00 g for 5 min, and the supernatants were incubated
. with 2 or 3 g of mAb H18/7, directed against human E-selectinifd at
Materials and Methods 4°C. Fifty micrograms of goat anti-mouse IgG-coupled Sepharose beads,
Reagents preincubated with unlabeled HUVEC lysates, were then added to the H18/

) , ) . 7-lysate mixture and incubatedrft h at4°C. The beads were collected by
Medium 199 and Dulbecco’s PBS were obtained from M. A. Bioproducts oo pyifygation at 12,000 g for 5 min and washed twice each with three

(Walkersville, MD). FBS and DMEM were purchased from Life Technol- different washing buffers (600 mM NaCl, 0.1 M Tris-HCI, and 5 mM
ogies (Grand Island, NY). Fifteen- and thirty-five-millimeter diameter cul- nrp pH 7.4 containing 1% Triton X—lOb' 300 mM NaCl ' 0.1 M Tris-
ture plates and 96-well microtiter culture plates were purchased fron'HCl e{nd 5 mM EDTA, pH 7.4 containind 1% Triton X-lbO' 150 mM
Costar (Cambridge, MA). Endothelial cell growth factor was obtained from\2c1 0.1 M Tris-HCI. and 5 mM EDTA pH 7.4). Proteins were eluted
Biomedical Technologies (Stoughton, MA). Recombinant humanfL-1 .o "heads by boiIiné for 5 min in 3@L|’0f 0.5 M Tris-HCI (pH 6.8)

was a gift from Biogen (Cambridge, MA). mAbs H18/7 and W6/32 are ontaining 0.4% SDS and subjected to SDS-PAGE followed by
both of isotype lgG2a and were prepared as dgscribed previogsly (21, 22 utoradiography.

The recombinant PSGL-1-human IgG Fc chimera was provided by Dr."" 116 amount of cell surface E-selectin present during the various exper-
Dale Cummings (Genetics Institute, Cambridge, MA). Biscarboxyethyl- e nial manipulations was monitored by biotinylation of HUVEC surface
carboxyfluorescein acetoxymethyl ester was purchased from Moleculagyqieins; followed by immunoprecipitation of E-selectin from whole cell

< ;
Probes (Eugene, OR)?Plorthophosphate was obtained from New En- lysates as described above. Briefly, confluent HUVEC monolayers were

gland Nuclear (Boston, MA). Okadaic acid was purchased from Calbio-aghe three times with ice-cold DPBS before being incubated for 30 min

chem (La Jolla, CA). Fluorescein-conjugated goat anti-mouse 19G WaSyith 5 solution of 0.5 mg/ml of sulf¥-hydroxysulfosuccinimidyl biotin
purchased from Caltag (Burlingame, CA). (Pierce, Rockford, IL) on ice. This reaction was quenched by washing the
cells twice with cold DPBS containing 1 mg/ml lysine, followed by a single
wash with cold DPBS. The cells were lysed, and E-selectin was immuno-
precipitated and subjected to SDS-PAGE. Following SDS-PAGE, proteins
5 Abbreviations used in this paper: PECAM-1, platelet/endothelial cell adhesion mol- V€€ transferred_to poly\_/|nyl|dene difluoride membranes. Membranes were
ecule-1; MAP, mitogen-activated protein; FAK, focal adhesion kinase; PSGL-1, p-incubated fo 1 h in blocking buffer (DPBS/3% BSA/0.1% Tween-20) and
selectin glycoprotein ligand-1; DPBS, Dulbecco’s phosphate-buffered saline; RSvthen incubated with a streptavidin-horseradish-peroxidase conjugate (Am-
Rous sarcoma virus; wt, wild type; PP1, protein phosphatase-1. ersham, Arlington Heights, IL) diluted 1/1500 in blocking buffer for 1 h.
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The membranes were washed twice i blocking buffer, twice in 0.X A

blocking buffer, and twice in DPBS with 0.1% Tween-20 (5 min/wash).

Peroxidase was detected using enhanced chemiluminescence (Amersham) HL60 — 1 5 10min
according to the manufacturer’s protocols. adhesion

Phosphoamino acid analysis

HUVEC monolayers in 100-mm dishes were infected with the adenoviral m

E-selectin expression construct, ADRSV(wt-E). Forty-eight hours after in-

fection, the cells were washed free of virus and preincubated fo in

phosphate-free RPMI 1640 containing 1% dialyzed FBS. The HUVEC

were then incubated fo4 h (to maximize incorporation) with
[32P]orthophosphate at a concentration of 2@Ti/ml in 5 ml of phosphate-

free RPMI 1640 containing 1% dialyzed FBS. After incorporation of the

radiolabeled phosphate, the cells were washed three times with RPMI 1640
supplemented with 1% FBS and subjected to HL-60 adhesionX11®’

HL-60/100-mm dish) for 10 min. The cells were then quickly washed with

RPMI and lysed in 50Ql of ice-cold lysis buffer (0.1 M Tris-HCI, 0.15 M

NaCl, and 5 mM EDTA, pH 7.4) containing 1% Triton X-100, L@/ml

leupeptin, 60 U/ml aprotinin, and 1 mM PMSF. The lysates were clarified

and subjected to immunoprecipitation using the anti-E-selectin mAb

H18/7. The resulting immunoprecipitates were resolved by SDS-PAGE

and transferred to nitrocellulose. After a brief exposure to x-ray film, the B
bands corresponding to E-selectin were identified and excised from the
nitrocellulose membrane. Next, the membrane slices were incubated in 200 HL60 adhesion = 10 min.

wnl of 5.7 M HCI for 1 h at100°C to effect partial acid hydrolysis of the

radiolabeled E-selectin. The hydrolysis products were then lyophilized,

resuspended in 500! of dH,0, and lyophilized for a second time. The ‘ ‘

lyophilized material was resuspended inubof a solution containing 15

parts pH 1.9 buffer (2.2% formic acid and 1.4 M acetic acid, in@Hand % control 100 96

1 part nonradioactive phosphoamino acid standards (1.0 mg/ml each of

phosphoserine, phosphothreonine, and phosphotyrosine). Finally, the samiGURE 1. A, E-selectin is constitutively phosphorylated in activated
ples were resolved by two-dimensional, high voltage, thin layer eIeCtrOaa-:UVEC, and leukocyte adhesion induces its dephosphorylation. Cytokine-

phoresis at pH 1.9 in the first dimension and at pH 3.5 in the second, . ) )
dimension using a Hunter thin layer electrophoresis system (HTLE-7000 ctivated HUVEC were metabolically labeled witffif]orthophosphate

CBS Scientific, Del Mar, CA) (24). The positions of the nonradioactive é.md incubated for various time_s with HL-60, a human promye_locytic ce_II
phosphoamino acid standards were identified by spraying the thin layeline that demonstrates E-selectin-dependent adhesion. Following adhesion,
electrophoresis plate with ninhydrin followed by baking at 80°C for 10 the monolayers were lysed and subjected to immunoprecipitation using
min. The relative positions of the radiolabeled phosphoamino acids wer@nti-E-selectin mAb, H18/7. The relative amount &fFJorthophosphate
then localized by autoradiography. incorporated into E-selectin was quantified by densitometric analysis of the

. . . . autoradiograms and is displayed in the lower bar graph. These data are
Cons”u_c“on of wild-type and mutant E-selectin recombinant representative of two separate experimeB{sWestern blotting of total
adenoviral vectors cellular E-selectin during the time course of leukocyte adhesion. Cytokine-

Three replication-defective recombinant type 5 adenoviruses were use@ctivated HUVEC were treated identically to those Aq except for

in these studies: AJRSV(Wt-E), AJRSNCyto-E), and AdRS¥gal. [*2P]orthophosphate metabolic labeling. Following adhesion, the monolay-
AdRSVBgal was constructed as described previously (29). Both AdRS-ers were lysed, and the lysates were immunoprecipitated with H18/7. The
V(wt-E) and AdRSVACyto-E) use the pJM17 backbone, contain E1/E3 precipitates were resolved by SDS-PAGE and transferred to polyvinyli-
deletions, and were generated as follows. The cDNAs encoding either dene difluoride membranes, and E-selectin was detected by Western blot-

full-length human E-selectin (wt-E-selectin) or a cytoplasmic deletion mu-ting with H18/7 followed by chemiluminescent detection.
tant of E-selectin{Cyto-E-selectin) (20) were ligated into pAdRSV4 (pro-

vided by Dr. Beverly Davidson, University of lowa, Ames, |A) (25) be-

tween the RSV long terminal repeat and the SV40 polyadenylation signalcodon and arHpal site at their 3 ends to make mutated E-selectin cyto-
The resulting plasmids were cotransfected with the plasmid pJM17 in 29%lasmic domain fragments. In all cases, the amplified fragments were li-
cells (26). Plaques were isolated and characterized for protein expressia@ated into a TA cloning vector (Invitrogen, San Diego, CA), and the mu-
by a fluorescent immunobinding assay as described previously (27), usingited sequences were confirmed by the Sanger dideoxynucleotide chain
a saturating concentration of H18/7 (anti-E-selectin mAb) and FITC-con-termination method of sequencing. These fragments were prepared by di-
jugated F(ab), goat anti-murine IgG (Caltag, San Francisco, CA). Viruses gestion withHpal/EcoR| and were used to replace the corresponétpgl/

were propagated in 293 cells, purified by double cesium gradient centrifEcoRI fragments of the wild-type E-selectin cDNA in the expression vec-
ugation, and titrated by plaque assay in 293 cells as previously describei@r pCDM8 (Invitrogen).

(28). Stock titers ranged from 1Bto 10*? plaque-forming units/ml, with a

particle to plaque-forming unit ratio of approximately 10. HUVEC were Results

infected as described previously (29). E-selectin is constitutively phosphorylated in cytokine-activated
Construction of serial cytoplasmic deletion mutants of E-selectinHUVEC, and leukocyte adhesion induces its dephosphorylation

To generate serial deletion mutants of E-selectin cDNA, a PCR-directedMMmunoprecipitation of E-selectin fron?¥P]orthophosphate-la-
mutagenesis approach was used. A cytoplasmic deletion mut@ytd) beled, activated HUVEC revealed constitutive phosphorylation of

E-selectin construct was constructed as previously described (20). Threg-selectin in the absence of additional stimuli (Fi§.) 1Adhesion

new mutants (E1953, E1925, and E1899) were generated as follows (s ~ ; A ; ;
Fig. 4A). In the E1953 mutant, a stop codon was substituted in place o HL-60 cells induced a time-dependent dephosphorylation of this

Lys®, resulting in deletion of the cytoplasmic domain after #sinthe ~ molecule (Fig. ). Prolonged adhesion of HL-60 for up to 35 min
E1925 mutant, a stop codon was introduced af®lnn the E1899 mutant,  resulted in dephosphorylation of E-selectin comparable to that
a stop codon was substituted for E§$ A forward primer F2 (5-GGTT _ demonstrated at 10 min (data not shown). Radiolabeled HUVEC
;I'Seggg?_(r;fAT ggﬁ%ﬁgﬁé‘gﬁ_ﬂ ggcé gt];eAeSciufferResnt r(%Vgré‘é_ﬁ’_;'_”A"Xg_R‘l incubated in parallel in the absence of leukocyte adhesion demon-
TAGCAGCTGCTGGCAGG-3), and R6 (5-GéGTTACTATTGGTAGCT strated no sppntangous loss of the.|ncorpqra?é9];[).hosphate
TCCATCT-3), were used to amplify three fragments from E-selectin from E-selectin during the same periods of incubation (data not
cDNA. All three reverse primers (R4, R5, and R6) contained both a stopshown).
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H18/7 Wé/32 PSGL-1 I1g6G

beads beads

Primary mAb = + + + + + +

Crosslinking GAM = = 1min & 10 = 10 min

% control: 97 80 92 48 26 99

FIGURE 2. Ab cross-linking of cell surface E-selectin results in de-
phosphorylation of E-selectin in activated HUVEC. Cytokine-activated
HUVEC monolayers (10 U/ml IL-B, 4 h) were metabolically labeled with
[*2P]orthophosphate, then incubated with saturating amounts of murine
mAbs specific for either the extracellular domain of E-selectin (H18/7) or
that of HLA-A,B (W6/32), followed by a cross-linking polyclonal goat
anti-murine 1gG (GAM) for the times indicated. E-selectin was immuno-
precipitated from total cell lysates using mAb H18/7 and then subjected tqr|GURE 3. Binding of PSGL-1-coated beads to E-selectin induces de-
SDS-PAGE and autoradiography. The percentages of control values regshosphorylation of E-selectin in activated HUVEC. Activated HUVEC
resent the relative amounts P incorporation into E-selectin quantified \yere prelabeled with?fP]orthophosphate and incubated with PSGL-1-1gG
by densitometry. These data are representative of two separatghimera-coated beads or IgG-coated (control) beads for 10 min. The mono-
experiments. layers were lysed and subjected to immunoprecipitation using anti E-se-

lectin mAb, H18/7. The immunoprecipitates were resolved by SDS-PAGE

followed by autoradiography. The relative amounf®&? incorporated into

. . . E-selectin was quantified by densitometry and is displayed in the lower bar
The amount of cell surface E-selectin present during this prograph. The data are representative of two separate experiments.

cedure was monitored by surface biotinylation of HUVEC fol-

lowed by immunoprecipitation of E-selectin from whole cell ly-
sates using mAb H18/7. This labeled cohort of cell surfaceindicate that Ab-induced cross-linking of cell surface E-selectin on
E-selectin did not significantly change during the time course ofHUVEC is a selective stimulus for its dephosphorylation.
these experiments (up to 30 min) and was not influenced by leu- ) o
kocyte adhesion (100% at time zero, 99.7% at 1 min, $307%  Binding of beads coated with an E-selectin ligand (PSGL-1)
at 5 min, 83+ 8% at 10 min, and 11G= 27% at 15 min). In induces dephosphorylation of E-selectin in activated HUVEC
parallel, total cellular E-selectin was examined by Western blotting=inally, we examined the ability of natural ligand binding to in-
and also was observed not to change significantly during theluce E-selectin dephosphorylation. The glycoprotein PSGL-1
course of leukocyte adhesion (FidB)L Taken together, these data bears the carbohydrate moiety sialyl-Lewis X ($L.and has been
suggest that the observed reduction of phosphorylation illustrateceported to bind both P- and E-selectin (30). A recombinant chi-
in Figure 1 reflects changes in the phosphorylation state of celmeric form of PSGL-1 was chosen to test whether ligand-depen-
surface E-selectin induced by HL-60 adhesion rather than eithedent interaction with the extracellular domain of E-selectin can
spontaneous loss of phosphate or changes in the amount of Biduce dephosphorylation of its cytoplasmic tail. The PSGL-1-1gG
selectin protein at the cell surface. chimera was coupled to tosyl-activated magnetic beads, and hu-
o ) man 1gG-coupled beads were used as a negative control. FACS
Ab crqs;-llnklng induces dephosphorylation of cell surface E- analysis of the PSGL-1-coated beads using an anti-PSGL-1 mAb
selectin in HUVEC confirmed that the recombinant protein had uniformly coated the
To better understand the nature of the stimulus required to induckeads at a relatively high density (data not shown), and when ex-
dephosphorylation of E-selectin, we next examined the effect ofmined in a parallel plate flow chamber, the PSGL-1-coated beads
cross-linking cell surface E-selectin with mAb. We incubated rolled on and adhered to activated HUVEC in a fashion similar to
[*2P]orthophosphate-labeled, IlBdactivated HUVEC with H18/7  leukocytes (31). These beads were added to cytokine-activated
(mAb to E-selectin) in the absence or the presence of a secondaljUVEC metabolically labeled with*fP]orthophosphate. After 10
goat anti-mouse polyclonal IgG. H18/7 binds to the extracellularmin of static adhesion, the phosphorylation state of E-selectin was
lectin domain of E-selectin and is capable of blocking a significantexamined as described above. As shown in Figure 3, incubation
proportion of leukocyte adhesion (21). As shown in Figure 2, thiswith PSGL-1 beads for a comparable period induced dephosphor-
Ab alone did not induce dephosphorylation of E-selectin (97% ofylation of E-selectin on activated HUVEC (43% of control). This
control). However, addition of goat anti-mouse 1gG (to physically result is similar in magnitude to the dephosphorylation observed
cross-link E-selectin at the cell surface) for 10 min induced de-after both leukocyte adhesion (see Fi§) and mAb cross-linking
phosphorylation of E-selectin to a comparable extent (48% of con{see Fig. 2). As anticipated, the negative control IgG-coated beads
trol) as HL-60 adhesion (see FigAl As was observed with leu- failed to induce dephosphorylation of E-selectin.
kocyte adhesion, the biotinylated cohort of cell surface E-selectin . . . o
was also not significantly altered by Ab-mediated cross-linking '€ regulation of E-selectin phosphorylation occurs in its
(100% at time zero, 91.5 12% at 5 min, 95.0- 13% at 10 min, _ cytoplasmic domain
and 93.0+ 10% at 15 min). As a control for the specificity of this To investigate the functional significance of the cytoplasmic do-
stimulus, the effect of W6/32 (a mAb to HLA-A,B), either by itself main in dephosphorylation of E-selectin, we generated two adeno-
or cross-linked, was also examined. The binding of this Ab and itsviral vectors: one (AdRSV(wt-E)) containing the wt E-selectin and
cross-linking at the endothelial surface had no effect on the state dhe other (AdRSVACyto-E)) a deletion mutant cDNA of E-selec-
E-selectin phosphorylation/dephosphorylation (Fig. 2). These dattin (ACyto) lacking a cytoplasmic domain. These constructs were




The Journal of Immunology 937

A munoprecipitated from total cell lysates using anti-E-selectin mAb
H18/7. As shown in Figure B, wt-E-selectin, but noACyto-E-
selectin, incorporatedfP]phosphate, thus confirming that the cy-
toplasmic domain of E-selectin was the locus of phosphorylation
in cultured HUVEC, and that phosphorylation of E-selectin could

B Esekain occur in the absence of cytokine activation. The adhesion of HL-60

ICAM cells to wt-E-selectin-transduced HUVEC monolayers induced a

[] HLA elass1 pattern of dephosphorylation similar to that observed in cytokine-
activated HUVEC monolayers (see FigA)l while adhesion of
comparable numbers of HL-60 cells was without effect on the
ACyto-E-selectin monolayers. These data indicate that both con-
stitutive and regulated phosphorylation/dephosphorylation of E-

| selectin take place in its cytoplasmic domain.

WT-E ACyto-E LacZ To better define the region of the E-selectin cytoplasmic domain
containing the phosphorylation site(s), we constructed a series of

B WT ACyto truncation mutant cDNAs of E-selectin (FigAh These mutants

were cloned into a mammalian expression vector, pCDM8, and

transfected into COS-7 cells. Comparable surface expression lev-
els of the transfected mutants of E-selectin were again confirmed
“" i by fluorescence immunoassay. These COS-7 cells transfectants

were metabolically labeled witiffP]Jorthophosphate, and E-selec-

%control: 100 78 35 tin was immunoprecipitated using H18/7. As shown in FiguBe 5

FIGURE 4. A, Surface expression of E-selectin on HUVEC transduced constitutive phosphorylation was observed with Wt E-selectin and

with recombinant adenoviral vectors AJRSV(wt-E) and AdR&Cfto- the E1953 mytant. However, the mutant E-§electlns E1925' E1899,

E). HUVEC plated in a 96-well microtiter plate were infected with either NdACyto failed to show any phosphorylation, suggesting that the

AdRSV(Wt-E) or AdRSVACyto-E) (each at 2.5-4.6 1¢° plaque-form-  Cytoplasmic region from Gfi?°to GIn°°* (containing three serines

ing units/well), or with the AdRSYgal construct (also at 2.5-40 10° and one tyrosine) contains the E-selectin phosphorylation site(s).

plaque-forming units/well) as a negative control. To assay E-selectin sur-

face expression, a fluorescence immunobinding assay was performed 48Hrselectin is phosphorylated exclusively on serine residues

postinfection, using three different murine mAbs (H18/7, E-selectin

Hu5/3, ICAM-1; and W6/32, HLA-A,B). Immunobinding data are ex-

1500

Fluorescence intensity

HL- 60 adhesion: - 5min 10 min - 5 min 10 min

' The adenoviral construct, AARSV(wt-E) was used to infect quies-
pressed as the relative fluorescence intensity and are derived from WeI%ent HUVEC‘ resulting in a high Ieyel of expressmn_ of wt E-
plated in triplicate (mean- SD). These data are representative of three selectin. These cells were then radiolabeled and subjected to 10
separate experiments, The cytoplasmic domain of E-selectin expressed Min of HL-60 adhesion. The E-selectin from these HUVEC was
by adenoviral transduction is constitutively phosphorylated and is dephosimmunoprecipitated using the specific mAb H18/7, and subsequent
phorylated by HL-60 adhesion. Quiescent HUVEC were infected with ei-autoradiography revealed adhesion-dependent dephosphorylation
ther AARSV(wt-E) (full-length E-selectin) or AdRSXCyto-E) (cytoplas-  analogous to that demonstrated with endogenous E-selectin. Phos-
mic domain truncation of E-selectin). Between 48 and 72 h pOSIinfectionphoamino acid analysis of this immunoprecipitated material re-
these cells were metabolically labeled wifEF[]orthophosphatt_e. Following  yealed that only phosphoserine was present in E-selectin, both
labeling, they were subjected to 5 or 10 min of HL-60 adhesion.A®gto preadhesion (Fig./) and postadhesion (FigB§, even though the

mutant failed to incorporate any radiolabeled phosphate, while the full- . K . - :
length E-selectin not only incorporated phosphate but also was dephosc_ytoplasmlc domain of the protein contains two tyrosines that

phorylated by HL-60 adhesion in a time-dependent manner. might have served as potential phosphorylation sites.

Effect of phosphatase inhibitors on E-selectin dephosphorylation
used to infect cultured HUVEC, which were then used for exper-
imentation 48 to 72 h postinfection. As shown in Figuie #oth
these adenovirus constructs (AdRSV(wt-E) and AdRSIA(to-

E)) resulted in the expression of comparable levels of immunore
active E-selectin protein in infected HUVEC, as confirmed by flu-

orescence immunoassay, while a third construct, Adpgal, trum inhibitor of protein tyrosine phosphatases, or 100 nM okadaic

containing thelacZ gene (29), did not lead to E-selectin expres- acid, a specific inhibitor of the serine/threonine phosphatases PP1 and

ston. These cell surface levels of E-selectin were sw_mlar N Magppoa. Both phosphatase inhibitors completely blocked the leukocyte
nitude to those observed after standard IL-1 stimulation of

. . adhesion-induced dephosphorylation of E-selectin in activated
HL#V EtC ICtAL\A'lf fr)]( prﬁzsil/clnzncv:/jas_ also danaly_zeld to tmonlt?jr_ tchHUVEC (shown in Fig. 7). This strongly suggests that the observed
activation state ot the H.7 uring adenoviral vector-mediate dephosphorylation of E-selectin was dependent upon the action of an
transfection. The expression level of ICAM-1 was marginally, but

significantly, increased by adenoviral infection (6614 relative intracellular phosphatase(s)
fluorescence units in cells expressing E-selectin constructs vs 18 _ . .
3 relative fluorescence units in AdRBgal-infected cellsp = Discussion
0.05; Fig. 4\), suggesting that this method of gene transductioninterestingly, although significant homology exists among the ex-
did not significantly activate cultured HUVEC. In addition, ex- tracellular domains of the selectins, there is little homology among
pression of VCAM-1 and elaboration of IL-8 were not detected intheir cytoplasmic domains (8—10). However, the latter are well
these E-selectin-transfected HUVEC (data not shown) (29). conserved across species for each selectin family member, sug-
The wt- andACyto-E-selectin transduced HUVEC were meta- gesting divergent but evolutionarily conserved functions. Such
bolically labeled with $2P]orthophosphate, and E-selectin was im- putative functions probably include roles in signal transduction,

The effect of phosphatase inhibitors also was examined to determine
whether the observed leukocyte adhesion-induced dephosphorylation
of E-selectin was enzymatically regulated®HJorthophosphate-la-
beled, IL-13-activated HUVEC were incubated for 10 min before
HL-60 adhesion with either 100M sodium vanadate, a broad spec-
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FIGURE 5. A, Cytoplasmic deletion A
mutants of E-selectin. The complete WT
amino acid sequence of the E-selectin cy-

toplasmic domain (single letter code) and

the cytoplasmic sequences of the E-selec- E1953
tin truncation mutants. Asterisks indicate

potential phosphorylation site®, Phos-

phorylation of cytoplasmic deletion mu- E1925
tant E-selectin in COS-7 transfectants. Cy-

toplasmic deletion mutants of E-selectin

and full length wt E-selectin were tran- E1899
siently transfected into COS-7 cells and
metabolically labeled with *EPJortho-

phosphate as described Materials and ACYTO |
Methods Immunoprecipitation using anti-
E-selectin mAb (H18/7) followed by SDS-
PAGE and autoradiography revealed that
32p incorporation was observed in wt and
E1953 mutant E-selectin, but not in the
E1925, E1899, and\Cyto mutant E-se-
lectin molecules.

Ak k k ki & &
RICLRKAKKFVPASSCOSLESDGSYIQKPSYIL

k& & X A%
RRCLRKAKKFVPASSCOSLESDGSYQ

*%
RKCLRKAKKFVPASSC

protein-protein interactions, subcellular localization, post-translahistidines) (8) appears to be important in trafficking to storage
tional processing, and protein turnover. Of the selectins, the begranules ¢-granules in platelets, Weibel-Palade bodies in endo-
characterized to date in terms of its cytoplasmic domain functiorthelial cells) (35, 36) or to the lysosomal compartment and, ulti-
has been L-selectin. Based on domain swapping experiments amdately, in degradation (37). During cell activation, phosphoryla-
deletion analysis, the cytoplasmic domain of L-selectin (consistingion of the cytoplasmic domain of P-selectin is rapidly increased
of 17 amino acids, with three potential phosphorylation sites: twoon serine, threonine (38), and tyrosine residues (39). Recently, a
serines and one tyrosine) (10) appears to be important for the honmovel histidine phosphorylation pathway was identified for P-se-
ing of lymphocytes to high endothelial venules in vivo (32) and lectin (40), although the significance of this is as yet unclear.
participates in the selective localization of this molecule on mi- We recently have demonstrated that the cytoplasmic domain of
crovilli at the leukocyte surface (33). Ligation (with or without E-selectin (consisting of 32 amino acids, including six serines and
cross-linking) of the extracellular domain of L-selectin by either two tyrosines) is important for biomechanical linkage to the cy-
monoclonal Ab or sulfated glycolipids induces tyrosine phosphor-toskeleton during adhesive interactions mediated by its extracel-
ylation of both L-selectin itself and MAP kinases and associationlular (in particular, lectin) domain. Certain actin-associated pro-
of Grb2 and Sos with L-selectin (17, 18), thus indicating propa-teins, includinga-actinin, filamin, vinculin, FAK, and paxillin,
gation of an outside-in signal. Additionally, the cytoplasmic do- copurified with E-selectin when the latter was selectively immu-
main of L-selectin appears to be constitutively associated witoextracted using Ab-coated magnetic beads (20). A mutant of
a-actinin in leukocytes (34). The cytoplasmic domain of P-selectinE-selectin ACyto) lacking a cytoplasmic tail failed to support
(consisting of 35 amino acids, including seven potential phosphorthese associations. Thus, we concluded that E-selectin interacts
ylation sites: two serines, two threonines, one tyrosine, and twavith the cytoskeleton directly via its cytoplasmic domain, rather
than through an undefined auxiliary protein (or analogous lipid or
carbohydrate partner). The association of FAK and paxillin with

the cytoplasmic tail of E-selectin also raised the question of an
outside-in signaling function for E-selectin during leukocyte-en-
- free PO, & free PO, dothelial adhesion.
__—Pp-Ser _— b-Ser
‘-f'.* =—p=Th tesy — p-Thr
p-Tyr ‘.'.‘p p-Tyr — %2 no  okadaic sodium
L o inhibitor  acid  vanadate
WT E-selectin WT E-selectin +

HL- 60 adhesion

FIGURE 6. Phosphoamino acid analysis of E-selectin. Quiescent ~ - * - “

HUVEC monolayers were infected with the adenoviral construct AdRS- % of control: -~ 31 100 100 100 100

V(wt-E) to obtain abundant expression of E-selectin, then labeled with

[*2P]orthophosphate, and some were bound with HL-60 for 10 min. E-FIGURE 7. Effects of phosphatase inhibitors on E-selectin dephosphor-
selectin was immunoprecipitated, subjected to partial acid hydrolysis, anglation. Cytokine-activated HUVEC were metabolically labeled with
then analyzed by two-dimensional thin layer electrophorésft pane) [*2P]orthophosphate and incubated with either okadaic acid (100 nM) or
wt-E-selectin expressed in untreated (i.e., no cytokine activation) HUVEC sodium vanadate (100M) for 10 min before addition of HL-60. The cells
Right panel wt-E-selectin after 10 min of HL-60 adhesion. The positions were lysed and subjected to immunoprecipitation using H18/7, followed by
of the origin (+), free phosphate (PQ) phosphoserine (p-Ser), phospho- SDS-PAGE and autoradiography. Bars above lanes indicate 10 min of
threonine (p-Thr), and phosphotyrosine (p-Tyr) are indicated. HL-60 adhesion.
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In this study, we have demonstrated that E-selectin is constitupattern of phosphorylation in the absence of cytokine activation
tively phosphorylated in its cytoplasmic domain both when in-similar to that observed in cytokine-activated HUVEC. Con-
duced by cytokine activation in cultured HUVEC and when ex- versely, HUVEC transduced with an E-selectin mutant lacking a
pressed as a recombinant protein by adenovirally mediatedytoplasmic domainXCyto) failed to show any phosphorylation
transduction in unactivated HUVEC. Furthermore, we have showrafter metabolic labeling witt?fP]orthophosphate (FigB). Given
that this phosphorylation occurs exclusively on the amino acidhat theACyto mutant was expressed at levels comparable to those
serine (Fig. 6). The constitutive phosphorylation of E-selectin isof the full-length E-selectin, we conclude that the cytoplasmic do-
rapidly and significantly decreased in response to stimuli that inmain of E-selectin is not required for targeting of the protein to the
teract with the extracellular domain of this molecule. These stim-q| surface.
uli, which may result in E-selectin clustering in the plane of the  aAghesjon of HL-60 induced dephosphorylation of the adenovi-
cell membrane, include 1) leukocyte adhesion, 2) mAb-mediatedy)y transduced wt E-selectin in a time-dependent fashion (Fig.
cross-linking of cell surface E-selectin, and 3) the binding of bead%B). The truncated E-selectin mutadiCyto, which was not phos-
coated with an E-selectin glycoprotein ligand, namely PSGL-1. Inphorylated, did not appear to be affected by HL-60 adhesion. As

conjunction with our previously reported data regarding the assoy, - o previously reported, both wt aA@yto-E-selectin-trans-

ciation of E-selectin with cytoskeletal proteins (20), these Obse_r'fected HUVEC support HL-60 adhesion to the same extent (20).

V?tlon.s prowdg the first exper_lmental ewdencz_a for an OUtSId.e "Since the HUVEC were not activated by adenovirus infection and
signaling function for E-selectin. Such a function may have im- . - DR
S ) f yet dephosphorylation of the wt E-selectin did occur, it is likely
portant implications for the orchestration of endothelial cell re- . . . .
that this adhesion-dependent dephosphorylation does not require

sponses during leukocyte-endothelial interactions involving E-se- . . . .
lectin-dependent adhesion. the milieu of a cytokine-activated endothelial cell. Thus, the phos-

Smeets et al. have previously reported that in cultured HUVECphatase responsible for dephosphorylation of the serine(s) of E-

TNF-a-induced E-selectin was constitutively phosphorylated (41)_’selectin appears to be constitutiyely expresged in endothglial cells.
To investigate the effects of leukocyte adhesion mediated via E- Based upon our results using adenoviral transduction as a
selectin on its phosphorylation state, we conducted experiment@ethOd of gene transfer, it is clear that this is a particularly pow-
using HL-60, a promyelocytic leukocyte cell line that expresseserfl“ technique for analysis of E-selectin function. The infection of
E-selectin ligands (30). As shown in Figura, \adhesion of HL-60 HUVEC is highly efficient, resulting in up to 90% of cells express-
induced a time-dependent dephosphorylation of E-selectin in cying E-selectin or the E-selectin mutants (data not shown). This is
tokine-activated HUVEC. This is the first demonstration that leu-a stark contrast to the difficulties encountered when using more
kocyte adhesion can modulate the phosphorylation of E-selectitraditional methods of gene transfection (e.g., calcium phosphate
expressed on endothelial cells. Dephosphorylation of E-selectigoprecipitation, lipofectin, or electroporation) with HUVEC. Ad-
was again observed when cell surface E-selectin was cross-linkeditionally, infection with these adenovirus constructs does not ap-
by binding of a specific mAb (H18/7) and polyclonal anti-mouse pear to significantly perturb the basal state of cultured HUVEC, as
IgG (Fig. 2). We also demonstrated that dephosphorylation of Ejudged by the lack of induction of the endogenous E-selectin gene
selectin can be induced by the binding of PSGL-1-coated micro{a sensitive indicator of activation in HUVEC) as well as other
spheres (Fig. 3), suggesting that a physiologically relevant ligandnducible genes, including VCAM-1 and IL-8 (29) (FigA%}(J.-M.
could also trigger this process. In parallel, we observed that a bikiely, unpublished observations), thus allowing us to dissociate
otinylated cohort of cell surface E-selectin did not change duringactivation-dependent and activation-independent phenomena.
the time course of either adhesion or cross-linking, nor was the Using transient transfection in COS-7 cells, we also tested a
tOtal Ce||u|al’ E-SeleCtin content altered by these Stlmu“ The Ob'series of truncation mutants to estabnsh the importance of a par-
served decrease in the phosphate content of E-selectin therefogig|ar region as a potential phosphorylation site in the E-selectin
presumably reflects a biochemical modification of this protein i”cytoplasmic domain. As shown in Figur@5only the E1953 mu-
response to ligation _and/or cross-linking, as opposed tq an ineant was phosphorylated, following?PJorthophosphate labeling,
creased rate of protein turnover and/or cell surface shedding. AGy 4 extent similar to full-length E-selectin. The E1953 mutant
ditionally, we found it interesting that the dephosphorylation of contains six potential phosphorylation sites: five serines and one

e e e oot yosine (7 . None ofhe femiing runcaton mutants, i

(] . . . . . .
) . i cluding E1925 with its two serines, incorporated any appreciable
(Figs. 1, 2, 3, andB). There are at least two potential explanations 9 P y app

> : . . )
for this. First, certain of the phosphorylated amino acid residues oi’;lmount of P*Plorthophosphate. Thus, a site(s) of E-selectin phos

. . o . y
E-selectin may be regulated by dephosphorylation, while Otherghorylatlon must lie between Giff and GIIF**. Candidate resi

H H H 99 02
may not. Second, while cell surface E-selectin is subject to adhe(-jues in this region are S¥, Sef*", and Sef® Bas%%:}?:yns?#r

sion/cross-linking and subsequent dephosphorylation, the intrace?a-x'Stlng plata we cannotgletermme whatrole, if any, )
lular cohort of E-selectin molecules (i.e., nascent molecules, etc_?-selectm phosphorylation. Currently, we are exploring the rela-

is not directly exposed to these input stimuli. Either of these mech!lV€ importance of the phosphorylation state of these candidate
anisms alone or in conjunction could account for the results thafesidues for E-selectin association with the endothelial cytoskele-

we observed. ton and other leukocyte adhesion-mediated processes.

Using adenoviral vectors to transduce E-selectin into cultured 1he modulation of protein phosphorylation states plays a central
HUVEC, we determined that phosphorylation of E-selectin is oc-role in the regulation of numerous cellular processes, including cell
curring within the cytoplasmic domain of the protein (Fig)4As growth, differentiation, cell cycle progression, and cytoskeletal re-
shown in Figure A, adenoviral gene transduction per se did notorganization (42). Protein kinases and protein phosphatases are the
significantly activate endothelial cells, as judged by expression ofnzymes that mediate this process of phosphorylation/dephosphor-
the activation-responsive adhesion molecule ICAM-1. Previouslyylation. The constitutive serine phosphorylation of E-selectin (Fig.
we have also shown that adenoviral gene transduction in HUVE®) and its ligation-induced dephosphorylation led us to investigate
does not up-regulate expression of either E-selectin or VCAM-1the potential effect of protein serine/threonine phosphatases. As
(29). HUVEC transduced with wild-type E-selectin exhibited a shown in Figure 7, the phosphatase inhibitors okadaic acid and
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sodium vanadate both prevented the dephosphorylation of E-sén intracellular architecture, including perinuclear condensation of
lectin. Okadaic acid is a specific inhibitor of both protein phos- microtubules and F-actin (49). The extent to which E-selectin
phatase-1 (PP1) and protein phosphatase-2A (PP2A), although tiphosphorylation/dephosphorylation impacts upon the behavior of
concentration of okadaic acid that we used (100 nM) was in theendothelial cell cytoskeletal components is the subject of ongoing
effective range for inhibition of PP1 (i of 10—15 nM) (43). On  investigation.
the other hand, sodium vanadate is a broad spectrum inhibitor of Our current observations suggest that biochemical and structural
protein tyrosine phosphatases. Little information is available re-changes induced in and by E-selectin may propagate signals im-
garding the action of sodium vanadate on PP1 or PP2A, althoughortant for co-ordinating endothelial responses in the leukocyte-
PP2A is known to be activated by tyrosine dephosphorylation (44)endothelial adhesion cascade. For example, initial leukocyte ad-
The results of sodium vanadate inhibition of dephosphorylationhesion-induced E-selectin clustering in the membrane (reflecting
would thus favor PP1 as a candidate instead of PP2A. Anothelocalized association with the cortical cytoskeleton) could dynam-
possibility is that the dephosphorylation of E-selectin is accom-ically regulate the avidity of subsequent leukocyte adhesion
plished via the action of a dual specificity protein tyrosine phos-events. Alternatively, ligation of E-selectin at the apical endothe-
phatase, such as either MAP kinase phosphatase-1 (MKP-1) or tHial surface could trigger events that might influence lateral cell-
vaccinia Hl-related human dual specificity phosphatase (VHREell junctional permeability, perhaps by altering the phosphoryla-
(45, 46). These enzymes are capable of hydrolyzing not only théion state of protein components of adherens junctions (i.e., VE-
phosphate groups of tyrosines but also those of serines and threomiadherin,3-catenin, plakoglobin, and p120) or of tight junctions
nes. This might, then, account for the effectiveness of both okadai@.e., occludin, cingulin, Zonula occludens-1 (ZO-1), and Zonula
acid and sodium vanadate as inhibitors of E-selectin dephosphopccludens-2 (ZO-2). Finally, an E-selectin-transduced signal might
ylation. Our results using phosphatase inhibitors thus favor a phodead ultimately to gene activation, perhaps through MAP kinase
phatase with a specificity similar to that of PP1. Its activity may besignaling intermediates or via downstream interactions in the
secondarily regulated by tyrosine phosphorylation, or it may be &AK-paxillin cascade. These putative E-selectin-mediated func-
dual specificity enzyme. Currently, efforts are in progress to detions would have important implications for the role of this vas-
termine the identity of the phosphatase that is responsible for decular selectin in the integrated pathophysiologic response of en-
phosphorylation of E-selectin and to define the events required fodothelial cells at sites of inflammation.
its activation.

The signaling functions of adhesion molecules have drawn Acknowledgments
great deal of attention in recent years. Of particular interest have ) ] o )
been the integrins, the cadherins, and the Ig superfamily of adheVe thank Dr. Dale Cummings for kindly providing the PSGL-1-1gG chi-
sion proteins. Integrin receptors have been extensively charactef2eric protein, Drs. Thomas Michel and Gordon Li for their invaluable help

with phosphoamino acid analysis, and William J. Atkinson and Kay Case

ized with respect to their outside-in and inside-out signaling func‘for their expert assistance with tissue culture. We also gratefully acknowl-

tions in varlolusl cell types (including endqthe"al .Ce”S) as aedge Drs. Francis W. Luscinskas and Douglas Goetz for their technical
response to blndlﬂg to counter-receptors on interacting _09”5 Or t@dvice and assistance with the preparation of PSGL-1-coated beads.
extracellular matrix ligands (11, 12). Signaling via the integrins
can activate kl_nase _cascgd_gs, induce cytqskeletal _reorganlzatlerferences
and modulate integrin affinities and adhesive functions (11, 12).
; _ ; : 1. Bevilacqua, M. P., R. M. Nelson, G. Mannori, and O. Cecconi. 1994. Endothelial-
The Cadhe”nsf’ expressed at Ce”, .borders and cell-cell J.unct.lons, leukocyte adhesion molecules in human diseAsgu. Rev. Med. 45:361.
regulate both junctional permeability and cellular transmigration. 2. ey, K., and T. F. Tedder. 1995. Leukocyte interactions with vascular endothe-
The cytoplasmic domain of VE-cadherin, for example, has been lium: new insights into selectin-mediated attachment and rolihgmmunol.
: P f B ; P 155:525.
_Shown _to be_ an aCtIV? part|C|pant_|n SIQnaI transduction via its 3. Butcher, E. C. 1991. Leukocyte-endothelial cell recognition: three (or more) steps
interaction withg-catenin, plakoglobin, and p120 (13). PECAM-1, to specificity and diversityCell. 67:1033.
a member of the Ig superfamily of adhesion molecules, has beerf- Springer, T. ﬁ\ 199|4. Traffic signals {Ior lymphocyte recirculation and leukocyte
. e . . _ emigration: the multistep paradigr@ell. 76:301.
re(;ently reported to play a role in tran.smlttlng S|gn§1Is via mOdu 5. Milstone, D. S., D. Fukumura, R. C. Padgett, P. E. O’'Donnell, V. M. Davis,
lation of the phosphorylation state of its cytoplasmic domain. In 0. J. Benavidez, W. L. Monsky, R. J. Melder, R. K. Jain, and M. A. Gimbrone,
fact, PECAM-1 is a substrate of the tyrosine kinase, Src, and when Jr. 1998. Mice lacking E-selectin show normal numbers of rolling leukocytes but
. h h | d bind th . . h h reduced leukocyte stable adhesion to cytokine-activated microvascular endothe-
tyrosine p _o§p orylated can bind the protein tyrosine phosphatase, lium. Microcirculation. In press.
SH2-containing phosphatase-2 (SHP-2) (15, 16). 6. Kansas, G. S. 1996. Selectins and their ligands: current concepts and controver-
It is becoming apparent that cell surface E-selectin is capable of Sies.Blood 88:3259. _ _
. . . . 7. Varki, A. 1997. Selectin ligands: Will the real ones please standJugZin.
transducing a transmembrane signal in the endothelial cell. Our " |, est 99:158.
previous data indicated that E-selectin can establish a direct mo-. Bevilacqua, M. P., S. Stengelin, M. A. Gimbrone, Jr., and B. Seed. 1989. Endo-
i thelial leukocyte adhesion molecule-1: an inducible receptor for neutrophils re-
leCUIa.'r linkage tO. the Cytos.keleton (20) Among the CYtOSk.eletal lated to complement regulatory proteins and lectBsience 243:1160.
proteins found to interact with E-selectin were the tyrosine kinase, 9. jonnston, G. I, R. G. Cook, and R. P. McEver. 1989. Cloning of GMP-140, a
FAK, and its substrate paxillin, which themselves have been granule membrane protein of platelets and endothelium: sequence similarity to

P ; ; ; ; ; proteins involved in cell adhesion and inflammati@ell. 56:1033.
shown to participate in signaling cascades involving Cas, Grb2 0. Ord, D. C., T. J. Ernst, L. J. Zhou, A. Rambaldi, O. Spertini, J. Griffin, and

Crk, Ras, and MAP kinase (47). The present study extends this ™ T £ Tedder. 1990. Structure of the gene encoding the human leukocyte adhesion
concept of a signaling function for E-selectin by demonstrating  molecule-1 (TQ1, Leu-8) of lymphocytes and neutrophilsBiol. Chem. 265:
o : . . = 7760.

cqnstltutlve s_erlne phosphoryla}tlon of the E-selectin CytOplasmlcll. Wei, J., L. M. Shaw, and A. M. Mercurio. 1997. Integrin signaling in leukocytes:

tail. Enzymatic dephosphorylation, as demonstrated by our phos- |essons from thex, integrin. J. Leukocyte Biol. 61:397.

phatase inhibitor data, provides a potential explanation for the regl2: JShcaF”' |S J., ar;golvll. H. Ginsberg. 1997. Integrin signaling in vascular biology.

. - A . . Clin. Invest. 1.

ulation of E-selectin’s association with CytOSke.letal cpmponent§13_ Dejana, E. 1996. Endothelial adherens junctions: implications in the control of

In platelets, for example, PP1 and PP2A are differentially associ- vascular permeability and angiogenesisClin. Invest. 98:1949.

ated with the cytoskeleton depending upon whether the platelets* Eugeuéﬂaut";afl%g 40'i tN- C”h?"effgh S. Cazﬁuboln’ 1A- ?- t?'tfo,deefgx at';d
. . . . O. Couraud. . Intercellular adnesion molecule activation inauces ty-

have been activated by thrombin (48). As a second example, in- rosine phosphorylation of the cytoskeleton-associated protein cortactin in brain

hibition of PP1 in unactivated HUVEC results in marked changes  microvessel endothelial celld. Biol. Chem. 269:12536.



The Journal of Immunology

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Lu, T. T., M. Barreuther, S. Davis, and J. A. Madri. 1997. Platelet-endothelial cell
adhesion molecule-1 is phosphorylatable by c-Src, binds Src-Src homology 2

domain, and exhibits immunoreceptor tyrosine-based activation motif-like prop-32.

erties.J. Biol. Chem. 272:14442.
Jackson, D. E., C. M. Ward, R. Wang, and P. J. Newman. 1997. The protein-

tyrosine phosphatase SHP-2 binds platelet/endothelial cell adhesion molecule-33.

(PECAM-1) and forms a distinct signaling complex during platelet aggregation:
evidence for a mechanistic link between PECAM-1 and integrin-mediated cel-
lular signaling.J. Biol. Chem. 272:6986.

Waddell, T. K., L. Fialkow, C. K. Chan, T. K. Kishimoto, and G. P. Downey.
1995. Signaling function of L-selectin: enhancement of tyrosine phosphorylation
and activation of MAP kinasel. Biol. Chem. 270:15403.

Brenner, B., E. Gulbins, K. Schlottman, U. Koppenhoefer, G. L. Busch, 35.

B. Walzog, M. Steinhausen, K. M. Coggeshall, O. Linderkamp, and F. Lang.
1996. L-selectin activates the Ras pathway via the tyrosine kinase p56tk.

Natl. Acad. Sci. USA 93:15376.

Brenner, B., E. Gulbins, G. L. Busch, U. Koppenhoefer, F. Lang, and
O. Linderkamp. 1997. L-selectin regulates actin polymerisation via activation of
the small G-protein RacBiochem. Biophys. Res. Commun. 231:802.

Yoshida, M., W. F. Westlin, N. Wang, D. E. Ingber, A. Rosenzweig, N. Resnick,
and M. A. Gimbrone Jr. 1996. Leukocyte adhesion to vascular endothelium in-
duces E-selectin linkage to the actin cytoskelethrCell Biol. 133:445.

Bevilacqua, M. P., J. S. Pober, D. L. Mendrick, R. S. Cotran, and

M. A. Gimbrone, Jr. 1987. Identification of an inducible endothelial-leukocyte 39.

adhesion moleculeRroc. Natl Acad. Sci. USA 84:9238.
Pober, J. S., M. A. Gimbrone, Jr., L. A. Lapierre, D. L. Mendrick, W. Fiers,

R. Rothlein, and T. A. Springer. 1986. Overlapping patterns of activation of 40.

human endothelial cells by interleukin 1, tumor necrosis factor, and immune
interferon.J. Immunol. 137:1893.

Bevilacqua, M. P., J. S. Pober, M. E. Wheeler, R. S. Cotran, and M. A. Gimbrone41.

Jr. 1985. Interleukin 1 acts on cultured human vascular endothelium to increase
the adhesion of polymorphonuclear leukocytes, monocytes, and related leukocyte
cell lines.J. Clin. Invest. 76:2003.

Boyle, W. J., P. van der Geer, and T. Hunter. 1991. Phosphopeptide mapping art®.

phosphoamino acid analysis by two-dimensional separation on thin-layer cellu-
lose platesMethods Enzymol. 201:110.

Davidson, B. L., E. D. Allen, K. F. Kozarsky, J. M. Wilson, and B. J. Roessler.
1993. A model system for in vivo gene transfer into the central nervous system
using an adenoviral vectoNat. Genet. 3:219.

McGrory, W. J., D. S. Bautista, and F. L. Graham. 1988. A simple technique for44.

the rescue of early region | mutations into infectious human adenovirus type 5.
Virology 163:614.

Nagel, T., N. Resnick, W. J. Atkinson, J. C. F. Dewey, and M. A. Gimbrone, Jr. 45.

1994. Shear stress selectively upregulates intercellular adhesion molecule-1 ex-
pression in cultured human vascular endothelial calllin. Invest. 94:885.
Graham, F. L., and L. Prevec. 1991. Manipulation of adenovirus vectdgene
Transfer and Expression ProtocoE. J. Murray, ed. Humana Press, Clifton, NJ,
pp. 109-128.

Gerszten, R. E., F. W. Luscinskas, H. T. Ding, D. A. Dichek, L. M. Stoolman, 47.

M. A. Gimbrone, Jr., and A. Rosenzweig. 1996. Adhesion of memory lympho-

cytes to vascular cell adhesion molecule-1-transduced human vascular endothé8.

lial cells under simulated physiological flow conditions in vit@irc. Res. 79:
1205.
Asa, D., L. Raycroft, L. Ma, P. A. Aeed, P. S. Kaytes, A. P. Elhammer, and

J. G. Geng. 1995. The P-selectin glycoprotein ligand functions as a commor#9.

human leukocyte ligand for P- and E-selectiisBiol. Chem. 270:11662.
Goetz, D. J., D. M. Greif, R. T. Camphausen, S. Howes, K. M. Comess,
K. R. Snapp, G. S. Kansas, and F. W. Luscinskas. 1997. Isolated P-selectin

34.

36.

37.

38.

43.

46.

941

glycoprotein ligand-1 dynamic adhesion to P- and E-seledti@ell. Biol. 137:

509.

Kansas, G. S., K. Ley, J. M. Munro, and T. F. Tedder. 1993. Regulation of
leukocyte rolling and adhesion to high endothelial venules through the cytoplas-
mic domain of L-selectind. Exp. Med. 177:833.

von Andrian, U. H., S. R. Hasslen, R. D. Nelson, S. L. Erlandsen, and
E. C. Butcher. 1995. A central role for microvillous receptor presentation in
leukocyte adhesion under flowZell. 82:989.

Pavalko, F. M., D. M. Walker, L. Graham, M. Goheen, C. M. Doerschuk, and
G. S. Kansas. 1995. The cytoplasmic domain of L-selectin interacts with cy-
toskeletal proteins via-actinin: receptor positioning in microvilli does not re-
quire interaction witha-actinin. J. Cell Biol. 129:1155.

Koedam, J. A, E. M. Cramer, E. Briend, B. Furie, B. C. Furie, and D. D. Wagner.
1992. P-selectin, a granule membrane protein of platelets and endothelial cells,
follows the regulated secretory pathways in AtT-20 cellsCell Biol. 116:617.
Subramaniam, M., J. A. Koedam, and D. D. Wagner. 1993. Divergent fates of P-
and E-selectin after their expression on the plasma membkéoie Biol. Cell.
4:791.

Green, S. A, H. Setiadi, R. P. McEver, and R. B. Kelly. 1994. The cytoplasmic
domain of P-selectin contains a sorting determinant that mediates rapid degra-
dation in lysosomesl. Cell Biol. 124:435.

Fujimoto, T., and R. P. McEver. 1993. The cytoplasmic domain of P-selectin is
phosphorylated on serine and threonine residBésod 82:1758.

Crovello, C. S., B. C. Furie, and B. Furie. 1993. Rapid phosphorylation and
selective dephosphorylation of P-selectin accompanies platelet activatBiol.
Chem. 268:14590.

Crovello, C. S., B. C. Furie, and B. Furie. 1995. Histidine phosphorylation of
P-selectin upon stimulation of human platelets: novel pathway for activation-
dependent signal transductioBell. 82:279.

Smeets, E. F., T. de Vries, J. F. M. Leeuwenberg, D. H. van den Eijnden,
W. A. Buurman, and J. J. Neefjes. 1993. Phosphorylation of surface E-selectin
and the effect of soluble ligand (sialyl Lewis X) on the half-life of E-selediur.

J. Immunol. 23:147.

Tonks, N. K., and B. G. Neel. 1996. From form to function: signaling by protein
tyrosine phosphataseSell 87:365.

Suganuma, M., H. Fujiki, S. Okabe, S. Nishiwaki, D. Brautigan, T. S. Ingebritsen,
and M. R. Rosner. 1992. Structurally different members of the okadaic acid class
selectively inhibit protein serine/threonine but not tyrosine phosphatase activity.
Toxicon 30:873.

Begum, N., and L. Ragolia. 1996. cAMP counter-regulates insulin-mediated pro-
tein phosphatase 2A inactivation in rat skeletal muscle c&lBiol. Chem. 271:
31166.

Sun, H., C. H. Charles, L. F. Lau, and N. K. Tonks. 1993. MKP-1 (3CH134), an
immediate early gene product, is a dual specificity phosphatase that dephospho-
rylates MAP kinase in vivoCell 75:487.

Denu, J. M., G. Zhou, L. Wu, R. Zhao, J. Yuvaniyama, M. A. Saper, and
J. E. Dixon. 1995. The purification and characterization of a human dual-specific
protein tyrosine phosphatask.Biol. Chem. 270:3796.

Hanks, S. K., and T. R. Polte. 1997. Signaling through focal adhesion kinase.
BioEssays 19:137.

Toyoda, H., K. Nakai, S. B. Omay, H. Shima, M. Nagao, H. Shiku, and
M. Nishikawa. 1996. Differential association of protein Ser/Thr phosphatase
types 1 and 2A with the cytoskeleton upon platelet activafidmomb. Haemost.
76:1053.

Shinoki, N., M. Sakon, J. Kambayashi, M. lkeda, E. Oiki, M. Okuyama,
K. Fujitani, Y. Yano, T. Kawasaki, and M. Monden. 1995. Involvement of pro-
tein phosphatase-1 in cytoskeletal organization of cultured endothelial cells.
J. Cell. Biochem. 59:368.



