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Background: PSGL-1 amino acid sequence that binds ERMs may be involved in signaling and rolling.
Results: Deletion or mutation of PSGL-1 ERM-binding sequence severely reduced leukocyte capture by selectins and abrogated

PSGL-1 signaling through ERK but did not affect Syk activation.

Conclusion: ERM-binding sequence regulates ERK activation and leukocyte recruitment by selectins.
Significance: Investigating leukocyte activation and recruitment is critical in understanding their trafficking.

P-selectin glycoprotein ligand-1 (PSGL-1) mediates the cap-
ture (tethering) of free-flowing leukocytes and subsequent roll-
ing on selectins. PSGL-1 interactions with endothelial selectins
activate Src kinases and spleen tyrosine kinase (Syk), leading to
oy 3, integrin-dependent leukocyte slow rolling, which pro-
motes leukocyte recruitment into tissues. In addition, but
through a distinct pathway, PSGL-1 engagement activates ERK.
Because ezrin, radixin and moesin proteins (ERMs) link PSGL-1
to actin cytoskeleton and because they serve as adaptor mole-
cules between PSGL-1 and Syk, we examined the role of PSGL-1
ERM-binding sequence (EBS) on cell capture, rolling, and sig-
naling through Syk and MAPK pathways. We carried out muta-
tional analysis and observed that deletion of EBS severely
reduced 32D leukocyte tethering and rolling on L-, P-, and E-se-
lectin and slightly increased rolling velocity. Alanine substitu-
tion of Arg-337 and Lys-338 showed that these residues play a
key role in supporting leukocyte tethering and rolling on selec-
tins. Importantly, EBS deletion or Arg-337 and Lys-338 muta-
tions abrogated PSGL-1-induced ERK activation, whereas they
did not prevent Syk phosphorylation or E-selectin-induced leu-
kocyte slow rolling. These studies demonstrate that PSGL-1 EBS
plays a critical role in recruiting leukocytes on selectins and in
activating the MAPK pathway, whereas it is dispensable to phos-
phorylate Syk and to lead to «; f3,-dependent leukocyte slow
rolling.

Leukocyte migration into inflammatory lesions is tightly reg-
ulated by adhesion receptors and mediators of inflammation.
Selectins play a critical role in initiating the leukocyte adhesion
cascade by mediating leukocyte tethering and rolling along
inflamed vascular endothelium or on adherent platelets/leuko-
cytes (1). P-selectin glycoprotein ligand 1 (PSGL-1) is expressed
by most leukocytes and functions as a common ligand for the
three selectins (2). Early in inflammation, PSGL-1 interacts
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with P-selectin on activated platelets/endothelium (3) and with
L-selectin on adherent leukocytes (4, 5), leading to the capture
of free-flowing leukocytes. PSGL-1 also cooperates with CD44
and E-selectin ligand-1 (ESL-1) to support leukocyte rolling on
endothelial E-selectin (6, 7). During leukocyte rolling on P-
and/or E-selectin, PSGL-1 engagement induces intracellular
signals that activate o 3,leukocyte integrin, which then adopts
an extended conformation, allowing slow rolling (8 -11). In
mice, slow rolling is dependent on the phosphorylation of Src
kinases Fgr, Hck, and Lyn, which activate the ITAM?-contain-
ing adaptors DAP12 and FcRy (9, 12). During rolling, PSGL-1
engagement by selectins induces the recruitment of the spleen
tyrosine kinase (Syk) into lipid rafts (13). Syk associates with
activated DAP12 and FcRvy (9, 12), leading to the successive
phosphorylation of Bruton’s tyrosine kinase (Btk), a member of
the Tec kinases, phospholipase Cy2, and p38 MAPK (10, 12,
14). Finally, p38 MAPK activates CalDAG-GEFI and Rap1 (Ras-
proximate-1), which primes «; 8, leukocyte integrin for slow
rolling on intercellular adhesion molecule-1 (ICAM-1) (14).
The role of Src family kinases (SFKs) DAP12/FcRy in Syk
activation has been well established (9, 12), but PSGL-1 amino
acid residues involved in this reaction as well as in ERK activa-
tion (15) have not been identified. Biochemical studies previ-
ously showed that the adaptor proteins ezrin, radixin, and moe-
sin (ERMs) can bind to PSGL-1 cytoplasmic domain and to Syk
through their ITAM-like motif (16, 17). Tyrosine phosphoryl-
ation of Syk and SRE-dependent transcriptional activity was
observed following PSGL-1 engagement (16). However,
whether PSGL-1 ERM-binding sequence (EBS) controls Syk
activation has not yet been examined. In addition, it is not
known whether EBS is specifically involved in controlling leu-
kocyte tethering and rolling. ERMs link the actin cytoskeleton
to several membrane glycoproteins, including CD43, CD44,

2 The abbreviations used are: ITAM, immunoreceptor tyrosine-based activa-
tion sequence; mrv, median rolling velocity; ERM, ezrin-radixin-moesin;
EBS, PSGL-1 ERM-binding sequence; Syk, spleen tyrosine kinase; ICAM-1,
intercellular adhesion molecule-1; SFK, Src family kinase; SAA, PSGL-1
R337A/K338A; AAA, PSGL-1 S336A/R337A/K338A; AEBS, PSGL-1 mutant
exhibiting deletion of amino acid residues Ser-336 to Val-344.
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and PSGL-1 (17-20), and contribute to maintain the structure
of microvilli (21). Earlier studies showed that pharmacologic
inhibition of actin polymerization in cells expressing PSGL-1
inhibits rolling on P-selectin (18). These data indicate that
PSGL-1 anchorage to cytoskeleton is essential for leukocyte
recruitment on P-selectin (18). Because the stability of leuko-
cyte rolling is dependent on the formation of bonds to ligand(s)
and on the ability of microvilli to deform and generate tethers
(22-25), we hypothesized that altered interactions of PSGL-1
EBS with ERMs and actin may affect leukocyte recruitment and
stability of cell displacements.

PSGL-1 amino acids that interact with ERMs have been
revealed by crystal structure analysis and biochemical studies,
which showed the involvement of three highly evolutionarily
conserved amino acids: Ser-336, Arg-337, and Lys-338 (17, 26,
27). In preliminary experiments performed with CHO cells, we
observed that alanine substitution of these residues strongly
impaired cell recruitment on P-selectin. More detailed studies
were then performed with 32D murine leukocytes to examine
the involvement of the EBS in leukocyte tethering, rolling, and
signaling. Deletion or mutation of EBS strongly reduced leuko-
cyte capture and recruitment on selectins. Syk phosphorylation
and o 3,-dependent leukocyte slow rolling on E-selectin plus
ICAM-1 have not been affected either by deletion of EBS or by
alanine substitution of Ser-336, Arg-337, and Lys-338, indicat-
ing that they are not required to activate Syk. Because PSGL-1
engagement also activates MAPK pathway (15), we examined
whether ERK activation was affected by EBS mutations. Indeed,
ERK phosphorylation was abolished, whereas Syk activation
was not affected, revealing a crucial role for PSGL-1 EBS in
activating the MAPK pathway.

EXPERIMENTAL PROCEDURES

Antibodies, Chimeric Selectins, and Reagents—mAbs
CSLEX-1 (anti-sialyl Lewis x (sLe*), ATCC HB-10135), anti-
PSGL-1 mAbs PS5 and PS4, LAM1-3, and WAPS12.2 were
purified from hybridoma culture medium (28). Isotypic mouse
IgG1 control mAb, goat anti-mouse Ig-PE F(ab'),, FITC-la-
beled rabbit anti-human IgM, and goat anti-mouse Ig were pur-
chased from Dako. KPL1 was from BD Pharmingen. Antibodies
reacting with Syk were from Santa Cruz Biotechnology, Inc.
and Upstate; antibodies against phospho-Syk, ERK, and phos-
pho-ERK were from Cell Signaling. L-Selectin/IgM heavy chain
(L-selectin/w) and P- and E-selectin/w chimeras were produced
in CHOgp,  cells and used for immunostaining or cell rolling
assays as described (2, 28 —30). Recombinant human P-selectin
and recombinant mouse ICAM-1/Fc chimera were purchased
from R&D Systems. PD98059, methyl-B-cyclodextrin (mBCD),
and peroxidase-conjugated cholera toxin B subunit were from
Sigma-Aldrich, and PP2 and PP3 were from Calbiochem.

¢DNA Constructs and Transfectants—PSGL-1 S336A/
R337A/K338A (AAA) and PSGL-1 R337A/K338A (SAA)
mutant cDNAs (Fig. 14) were obtained using the QuikChange
site-directed mutagenesis kit (Stratagene), according to the
manufacturer’s instructions. Sequences of the forward and
reverse primers are listed in Table 1. Each primer pair was
annealed at 55°C. PSGL-1 deletion mutant devoid of EBS
(AEBS) cDNA was obtained using overlapping primers devoid
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TABLE 1
Sequences of primers used to generate PSGL-1 cytoplasmic mutants
Primer Sequence

SAA fw 5'-CGGTCCGCCTCTCCGCCGCGGGCCACATGTACC-3'
SAArev 5-GGTACATGTGGCCCGCGGCGGAGAGGCGGACCG-3’
AAA fw 5'-CGGTCCGCCTCGCCGCCGCGGGCCACATGTACC-3'
AAArev 5 -GGTACATGTGGCCCGCGGCGGCGAGGCGGACCG-3'
P1 fw 5'-AGCGGATCCCCACCATGCCTCTGCAACTCC-3’
P1 rev 5'-GCGCTCGAGCTAAGGGAGGAAGCTGTGC-3’
AEBSfw  5'-GCGGTCCGCCTCCGTAATTACTCCCCCACC-3'
AEBSrev 5'-GGAGTAATTACGGAGGCGGACCGCCAGCAC-3'

of the EBS. We amplified the region upstream to EBS with P1 fw
and AEBS rev and the region downstream with AEBS fw and P1
rev (annealing temperature of 54 °C for 10 cycles, followed by
20 cycles at 60 °C). Both PCR products were then used as tem-
plate for 40 PCR cycles using P1 fw and P1 rev primers to
amplify AEBS coding sequence. All constructs were verified by
DNA sequencing.

WT and mutant forms of human PSGL-1 cDNA sequences
were inserted into pcDNA3 vector (Invitrogen) and stably
expressed in CHO cells (ATCC catalog no. CRL 9096) coex-
pressing core-2 f1,6-N-acetylglucosaminyltransferase and
fucosyltransferase-VII ¢cDNA sequences (28, 31). 32D leuko-
cytes (DSMZ ACC 411) were nucleofected (Nucleofector,
Lonza AG) with WT or mutant PSGL-1 cDNAs. Stable trans-
fectants were selected by limiting dilution for matched PSGL-1,
sLe, and Syk expression (28) as assessed by flow cytometry. In
order to fuse GFP to the C terminus of Syk protein, human Syk
c¢DNA sequence was cloned into pmaxFP-Green-N vector
(Lonza AG) in which the neomycin resistance had been
replaced by the blasticidin resistance from pcDNA6/TR (Invit-
rogen). This construct was stably nucleofected in 32D cells
expressing human WT or mutant PSGL-1.

Cell Rolling Assays—Adhesion assays were performed under
flow conditions, as described (28). Briefly, cells were perfused
under constant shear stress in a parallel plate flow chamber
(GlycoTech Corp., Rockville, MD) mounted on a glass coverslip
coated with optimal concentration of selectins (28, 30). Cell
displacements were recorded by video microscopy and ana-
lyzed using a digital image analysis system (Mikado software
(GPL SA, Martigny, Switzerland) or Imaris (Bitplane Scientific
Software)) (28 —30). Cell displacements shown in Fig. 44 were
measured every 40 ms for at least 2 s (28, 30). Analyses of teth-
ering were performed on subsaturating concentrations of selec-
tins (32). Cells were perfused at 1.5 dynes/cm? on L- or P-selec-
tin and 1.0 dyne/cm? on E-selectin, and transient tethering was
defined as cells that rolled between 0.2 and 1.0 s at velocities of
<200 wm/s on L-selectin or <60 wm/s on P-selectin or E-selec-
tin/p chimera. Adhesion assays comparing leukocyte rolling
velocities on E-selectin and E-selectin plus ICAM-1 were per-
formed at 1.0 dyne/cm?®. Transfectants were perfused into the
flow chamber on glass coverslips coated with E-selectin/u (0.4
pg/ml) or E-selectin/u plus ICAM-1/Ig (3.0 ug/ml).

Cell Activation and Western Blot—32D cells (1 X 10°) stably
expressing matched densities of WT or mutant PSGL-1 were
incubated for various time periods at 37 °C with anti-PSGL-1
mAb PS4 and goat anti-mouse antibody (10 ug/ml). When
indicated, cells were treated with MAP kinase kinase (MEK)
inhibitor PD98059 (40 uM) for 15 min at 37 °C. Cells were then
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lysed in ice-cold 20 mMm Tris-HCl buffer, pH 7.5, containing 1%
Triton and protease/phosphatase inhibitors. After centrifuga-
tion, supernatants were boiled in buffer containing 5% B-2-
mercaptoethanol, subjected to 8.5% SDS-PAGE, and trans-
ferred to nitrocellulose membranes (Bio-Rad). Membranes
were blocked for 1 h at room temperature in 10 mm TBST
buffer, pH 7.4, containing 5% nonfat dry milk, washed, and
incubated with the indicated primary antibodies overnight at
4 °C. Antibody binding was revealed with horseradish peroxi-
dase (HRP)-conjugated secondary antibody and enhanced
chemiluminescence (ECL Plus, Amersham Biosciences). Den-
sitometric analyses were performed using an Amersham Bio-
sciences Image Scanner with LabScan ImageQuant TL soft-
ware. Phospho-ERK or phospho-Syk expression ratios were
calculated as activated samples relative to unactivated samples
after normalization to respective ERK or Syk proteins.

Syk Immunoprecipitation—32D cells (5 X 10°) were acti-
vated by PSGL-1 cross-linking, lysed, and centrifuged as
described above. Supernatants were incubated for 3 h with 1 ug
of anti-Syk antibody and 7 ul of protein G-agarose (GE Health-
care) under constant rotation at 4 °C. Beads were then washed
and analyzed by SDS-PAGE and Western blotting with anti-
phospho-Syk antibody followed by HRP-labeled secondary
antibody and reblotted with anti-Syk antibody. When indi-
cated, leukocytes were incubated with the SFK inhibitor PP2
(30 um) or its inactive analog PP3 (30 um) for 15 min at 37 °C
before PSGL-1 cross-linking. Lipid rafts were disrupted by cell
exposure to 12 mm mBCD for 30 min at 37 °C.

Lipid Raft Isolation and Cholera Toxin Assay—Detergent-
resistant membrane fractions were isolated as described (13).
CHO cells (14 X 10°) were lysed in 25 mm Tris-HCI, pH 7.6,
containing 0.5% Brij 58 and centrifuged for 18 hat2 X 10° X g
at 4 °C on discontinuous sucrose gradients. Fractions were col-
lected and analyzed by immunoblotting. HRP-conjugated chol-
era toxin binding to lipid raft fractions was detected by chemi-
luminescence (13).

Statistical Analysis—Differences between groups were dis-
closed using Mann-Whitney test or Kruskal-Wallis nonpara-
metric analysis of variance followed by Dunn’s multiple com-
parisons test. p values of <0.05 were considered significant.

RESULTS

Previous biochemical studies performed with fusion proteins
of various mutant forms of PSGL-1 cytoplasmic domain (17)
and crystal structure analysis (26) indicated that the evolution-
arily conserved (27) residues Ser-336, Arg-337, and Lys-338 are
involved in ERM protein binding. To further investigate the
role of the EBS in cell rolling on selectins, we performed pre-
liminary experiments with CHO cells expressing a mutant form
of PSGL-1, in which Ser-336, Arg-337, and Lys-338 (SRK) were
substituted with alanines (PSGL-1 S336A/R337A/K338A; AAA
mutant) (Fig. 14). We compared the ability of CHO cells
expressing WT PSGL-1 or AAA mutant to bind to and roll on
P-selectin.

Additional experiments were then performed with 32D leu-
kocytes expressing 1) AEBS PSGL-1, devoid of Ser-336 to Val-
344 residues forming the EBS or 2) AAA mutant or SAA
mutant, the latter exhibiting alanine substitution of Arg-337
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and Lys-338 (Figs. 14 and 2). We confirmed with 32D transfec-
tants the involvement of EBS in leukocyte recruitment on P-se-
lectin and extended our observations to L- and E-selectin.
Using this leukocyte cell line, which was more appropriate than
CHO cells for signal transduction studies, we examined
whether EBS deletion or mutations 1) decrease leukocyte teth-
ering and rolling on L-, P-, and E-selectin, 2) reduce rolling
stability on L-selectin, 3) prevent slow rolling on E-selectin plus
ICAM-1, or 4) impair PSGL-1-induced Syk or ERK activation.

Mutation of SRK Amino Acid Residues of EBS Does Not Affect
PSGL-1 Binding to P-selectin/j. Chimera—As a prerequisite for
flow adhesion assays, we analyzed P-selectin/u chimera bind-
ing to CHO cells expressing WT PSGL-1 or AAA mutant to
ensure that EBS mutations did not affect selectin binding to
PSGL-1 N terminus (31). Flow cytometric analysis showed that
equivalent levels of P-selectin bound to WT PSGL-1 or AAA
mutant (Fig. 1C), which is consistent with unmodified P-selec-
tin binding activity.

SRK Mutations Impair CHO Cell Recruitment on P-selectin
without Affecting Cell Rolling Velocity—CHO cells expressing
matched surface levels of WT PSGL-1 or AAA mutant (Fig. 1B)
were compared side-by-side in rolling assays to assess cell
recruitment and rolling velocities under shear stress conditions
that mimic leukocyte-endothelial interactions in postcapillary
venules. CHO cells expressing WT PSGL-1 exhibited efficient
tethering and rolling between 1.0 and 2.0 dynes/cm?. The spec-
ificity of PSGL-1 interactions with P-selectin was demonstrated
by the abrogation of cell recruitment in the presence of block-
ingmAbs KPL1 or WAPS12.2, directed against PSGL-1 or P-se-
lectin, respectively. Mock-transfected cells did not interact
with P-selectin, and selectin-mediated rolling was abolished by
EDTA (data not shown).

Ala substitution of Ser-336, Arg-337, and Lys-338 residues in
AAA mutant inhibited CHO cell recruitment on P-selectin by
45% (Fig. 1D, p < 0.001). However, the median rolling velocity
(mrv) was not affected (6.3 versus 6.7 um/s for WT PSGL-1
versus AAA mutant, respectively; Fig. 1E). The lack of signifi-
cant effect of SRK mutations on rolling velocity is consistent
with the hypothesis that velocity is mainly determined by
receptor off-rate (33, 34), which here depends on the interac-
tions of PSGL-1 extracellular domain with P-selectin. Cell cap-
ture and subsequent cell recruitment on selectins is mainly
dependent on microvillar distribution of the receptor (34, 35)
or on its ability to bind ERMs and actin (35). Because PSGL-1
positioning on leukocyte microvilli is not dependent on its cyto-
plasmic domain (11), we performed supplementary experi-
ments with 32D leukocytes to determine whether deletion or
mutations in the EBS interfere with leukocyte tethering and
rolling on L-, P-, or E-selectin.

EBS Deletion Impairs Leukocyte Capture and Subsequent
Rolling on Selectins—To further examine EBS function, AEBS
cDNA was stably expressed in 32D leukocytes. Transfectants
with matched expression of WT PSGL-1 or AEBS mutant (Figs.
1A and 2A) bound equivalent levels of L- or P-selectin/u chi-
mera (Fig. 2, B and C). Compared with WT PSGL1 transfec-
tants, the recruitment of leukocytes expressing AEBS mutant
was reduced by 43% on L-selectin, 77% on P-selectin, and 85%
on E-selectin (Fig. 34; p < 0.001), and the mrv increased by
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FIGURE 1. SRK mutations inhibit CHO-PSGL-1 transfectant rolling on P-selectin but do not affect P-selectin/u chimera binding and cell rolling velocity.
A, schematic representation of WT and mutant PSGL-1 used in this study. The dashed box represents the signal peptide and propeptide. TM, transmembrane
domain. The EBS is boxed on WT PSGL1. Residues are numbered according to the PSGL-1 amino acid sequence reported by Sako et al. (42). B and C, flow
cytometric histograms of CHO transfectants showing matched expression levels of WT PSGL-1 and AAA mutant detected by anti-PSGL-1 mAb PS5 (B) and
P-selectin/w chimera binding (gray histograms) (C). White histograms indicate immunostaining with isotype-matched control mAb (B) or complete inhibition of
staining with 10 mm EDTA (C). Mean fluorescence intensity is indicated in each histogram. D, CHO cells expressing matched levels of WT PSGL-1 or AAA mutant
were perfused at 1.5 dynes/cm? on recombinant P-selectin. Cell recruitment was assessed by video microscopy, and results represent the mean =+ S.E. (error
bars) of 11 experiments. E, cumulative rolling velocity of CHO transfectants on P-selectin. The number of analyzed rolling cells (n) and the mrv are indicated in
the bottom table (***, p < 0.001 compared with WT).
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PSGL-1. EBS deletion decreased tethering efficiency by 54% on
L-selectin, 89% on P-selectin, and 77% on E-selectin (Fig. 3C;
p < 0.001), consistent with the hypothesis that PSGL-1 inter-
actions with ERMs and actin play a key role in leukocyte capture
by selectins.

EBS Deletion Impairs Leukocyte Rolling Stability—Because
EBS deletion increased leukocyte rolling velocity on L-selectin
(Fig. 3B), we analyzed cell displacements on L-selectin to deter-
mine whether it also affected rolling stability. Leukocytes were
tracked within successive video frames (40 ms) for 2 s (Fig. 4A4);
peaks correspond to acceleration, and valleys correspond to
deceleration (28). Dashed lines indicate mrv, which was
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FIGURE 2. EBS deletion or mutations do not impair L- or P-selectin bind-
ing to 32D leukocytes. Flow cytometric histograms showing that 32D trans-
fectants express matched levels of PSGL-1 (A) and are bound by L-selectin/u
(B) and P-selectin/u chimera (C) similarly (gray histograms). Immunostaining
with isotype-matched control mAb or inhibition of selectin binding with 10
mm EDTA is indicated by white histograms. The figure illustrates one of three
representative experiments. Mean fluorescence intensity is indicated in each
histogram.
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included within percentiles 40 and 60 of the velocity curves
illustrated on Fig. 3B. The stability of rolling velocity is indi-
cated by the mean S.D. = S.D. of tracked cell velocities (28). Cell
displacements are the most stable, with low peaks and shallow
valleys, for WT transfectants, which displayed a mean stability
of rolling velocity on L-selectin of 30.7 = 8.6 (Fig. 44, left). By
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FIGURE 4. ERMs stabilize PSGL-1-dependent rolling on L-selectin. A, illustration of 1 of 20 representative 32D cells expressing WT PSGL-1 or AEBS or AAA
mutants tracked each 40 ms for 2 s; mrv is indicated by a dashed line. B, distribution of distances traveled by 32D transfectants during successive 40 ms time

lapses (mrd, mean rolling distance; ***, p < 0.001 compared with WT).

contrast, cells expressing AEBS mutant rolled faster and signif-
icantly less stably (mean S.D. = S.D.,53.9 * 16.7; p < 0.001; Fig.
4A, middle).

The distribution of distances traveled by all examined 32D
leukocytes illustrates how unstable displacements are corre-
lated with longer rolling distances (Fig. 4B). Indeed, 86% of WT
PSGL-1 cells traveled less than 4 wm on L-selectin within 40-ms
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periods, whereas only 48% of cells expressing AEBS mutant did.
These results indicated that PSGL-1 EBS contributes to stabi-
lize leukocyte rolling.

SRK or RK Mutations Impair Leukocyte Recruitment on
Selectins—Additional flow adhesion assays were performed to
determine whether SRK mutations 1) affect 32D leukocyte
recruitment and 2) mimic the effects of EBS deletion. The
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FIGURE 5. SRK or RK mutations inhibit leukocyte recruitment and tethering on L-, P-, and E-selectin but do not affect slow rolling on E-selectin plus

ICAM-1. A, 32D cell recruitment; B, cumulative rolling velocity; C, tethering on

L-, P-, and E-selectin. Transfectants expressing matched levels of WT PSGL-1 or

SAA or AAA mutants (0.5-1 X 10° cells/ml) were perfused under constant shear stress on selectins. Results represent the mean =+ S.E. (error bars) of 3-9
independent experiments (**, p < 0.01; ***, p < 0.001, compared with WT PSGL-1). D, mrv of 32D leukocytes expressing WT PSGL-1 or AEBS or SAA mutants on
E-selectin or E-selectin plus ICAM-1 (***, p < 0.001, compared with mrv on E-selectin alone). Results represent the mean = S.E. of at least three independent

experiments.

recruitment of transfectants expressing AAA or SAA mutants
was strongly impaired on L-selectin (AAA or SAA: 29 or 40%
inhibition, respectively; p < 0.001, AAA or SAA compared with
WT), P-selectin (58 or 47% inhibition; p < 0.001), and E-selec-
tin (77 or 58% inhibition; p < 0.001). A key role was observed for
Arg-337 and Lys-338, whose substitution by Ala inhibited cell
recruitment on L-, P-, and E-selectin to a similar extent as SRK
substitution (Fig. 54). However, compared with transfectants
expressing AEBS PSGL-1, the recruitment on L-, P-, or E-selec-
tin of AAA or SAA transfectants was less affected (p < 0.01),
suggesting that SRK or RK mutations are not as efficient as EBS
deletion at inhibiting selectin-dependent rolling.

As observed in preliminary experiments performed with
CHO cells on P-selectin, neither SRK nor RK mutations signif-
icantly affected leukocyte rolling velocity of 32D cells on the
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three selectins (Fig. 5B). Finally, in contrast with results
obtained with AEBS mutant, SRK mutations did not affect leu-
kocyte rolling stability (mean S.D. = S.D. of rolling velocities;
WT versus AAA, 30.7 = 8.6 versus 28.6 + 7.8; Fig. 4A), indicat-
ing that additional residues within the EBS may play a role in
stabilizing leukocyte rolling. Moreover, rolling distances of
AAA transfectants were not significantly different from those
traveled by WT PSGL-1 cells (Fig. 4B, right).

Further analyses were performed to determine whether SRK
or RK mutations impair leukocyte capture by L-, P-, or E-selec-
tin. Compared with 32D cells expressing WT PSGL-1, the teth-
ering efficiency of transfectants expressing AAA or SAA
mutant was diminished by 33 or 44% on L-selectin (p < 0.001),
68 or 72% on P-selectin (p < 0.001), and 72 or 47% on E-selec-
tin, respectively (p < 0.001) (Fig. 5C). All together, these data
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indicate that SRK residues of the EBS play a key role in support-
ingleukocyte capture by all three selectins and that the decrease
in the recruitment of SAA or AAA transfectants results mainly
from diminished tethering efficiency.

EBS Deletion or Mutations Do Not Impair Integrin-depen-
dent Slow Rolling—Several studies showed that leukocyte roll-
ing on E-selectin induces o 3, integrin-mediated slow rolling
on ICAM-1, which is dependent on SFK and Syk activation (9,
10, 12, 14). Because ERMs can act as adaptor molecules
between Syk and PSGL-1 (16), we examined whether EBS dele-
tion or mutations prevent E-selectin-induced slow rolling on
ICAM-1. Flow adhesion assays performed with 32D leukocytes
expressing WT PSGL-1 or AEBS or SAA mutants revealed a
significant decrease in rolling velocities of all transfectants on
E-selectin plus ICAM-1, compared with E-selectin alone (p <
0.001; Fig. 5D). As expected (9, 12), pretreatment of transfec-
tants with SFK inhibitor PP2 prevented «; 3, integrin-depen-
dent slow rolling, whereas its inactive analog PP3 or MEK
inhibitor PD98059 did not (data not shown). These results indi-
cate that ERM protein binding to PSGL-1 is not required to
activate o 3, integrin and induce slow rolling on ICAM-1.

PSGL-1 EBS Is Involved in ERK Phosphorylation but Is Dis-
pensable for Syk Activation—Several studies indicated that
PSGL-1 engagement by mAbs or by P- or E-selectin induces
ERK phosphorylation (15), SFK, and Syk activation (9, 10, 12).
Because PSGL-1 amino acid residues involved in ERK activa-
tion are not known, we examined if the EBS is implicated.
Experiments were performed with 32D leukocytes stably
expressing matched levels of WT or mutant PSGL-1. Cross-
linking of WT PSGL-1 with mAb induced a rapid and transient
activation of ERK, which peaked between 2 and 5 min, followed
by its dephosphorylation after 10 min (Fig. 6A). The depend-
ence of ERK activation on MEK activity was confirmed by its
abrogation after pretreatment with MEK inhibitor PD98059
(Fig. 6B). Moreover, crucial involvement of the EBS in MAPK
pathway activation was indicated by the absence of ERK phos-
phorylation in 32D leukocytes expressing AEBS mutant (Fig.
6A). A key role was disclosed for Arg-337 and Lys-338 because
alanine substitution of these residues was sufficient to abrogate
ERK phosphorylation induced by PSGL-1 engagement (Fig.
6C). These results reveal for the first time the role of PSGL-1
EBS in ERK activation. In addition, to determine whether leu-
kocyte interactions with selectins are dependent on ERK activ-
ity, we prevented its activation by pharmacologic inhibition of
MEK. Neither leukocyte recruitment nor leukocyte velocity
was impaired by 32D leukocyte pretreatment with PD98059,
suggesting that ERK does not regulate leukocyte rolling (data
not shown).

Previous reports indicated that interaction of ERMs with Syk
mediates signaling by PSGL-1 (16). However, in vivo studies
performed later with gene-deficient mice demonstrated that
Syk activation was dependent on PSGL-1 signaling through
SFKs and ITAM adaptors DAP12 and FcRy (9, 12, 14). Thus,
whether ERMs play a role in activating Syk has remained con-
troversial for several years (36). The potential role of EBS in Syk
activation was examined using AEBS, AAA, or SAA transfec-
tants. Cross-linking of WT or AAA PSGL-1 induced a rapid
phosphorylation of Syk, which was, as expected (9, 12, 14),
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FIGURE 6. PSGL-1 signaling on ERK is dependent on the EBS and on lipid
raft integrity. A-C, 32D leukocytes expressing WT PSGL-1 or AEBM, SAA, or
AAA mutants were incubated with anti-PSGL-1 mAb at 37 °C for the indicated
times and then lysed. Equivalent amounts of lysates were analyzed by West-
ern blotting with antibody directed against phospho-ERK (P-ERK) followed by
ERK antibody. When indicated, transfectants expressing WT PSGL-1 were pre-
treated with vehicle or MEK inhibitor PD98059. D, THP1 cells exposed to
mpBCD or vehicle were incubated and immunoblotted as indicated in A-C. E,
detergent-insoluble fractions of CHO cells expressing WT or AAA PSGL-1 were
isolated by centrifugation on a sucrose gradient and analyzed by immuno-
blotting with anti-PSGL-1 PS5 mAb (bottom panels). Phospho-ERK or phos-
pho-Syk expression ratios were calculated as described under “Experimental
Procedures.” Lipid raft-containing fractions were identified with HRP-labeled
cholera toxin (top panels). Data are representative of at least three independ-
ent experiments.

abrogated by leukocyte pretreatment with the SFK inhibitor
PP2 but not by its inactive control PP3 (Fig. 7A). Although ERK
phosphorylation was abolished in leukocytes expressing AEBS,
AAA, or SAA mutants, Syk activation was not affected (Fig. 7, A
and B), indicating that it is not dependent on ERM binding to
PSGL-1.

PSGL-1-induced Activation of ERK and Syk Is Dependent on
Lipid Rafts—Lipid raft disruption, induced by the exposure of
THP1 cells to mBCD (13), abrogated ERK phosphorylation
(Fig. 6D) and, as expected (11, 12), Syk activation (Fig. 7C).
These observations reveal an essential role for lipid rafts in acti-
vating MAPK pathways. To examine whether the EBS is
involved in partitioning PSGL-1 into lipid rafts, CHO cells
expressing WT PSGL-1 or AAA mutant were treated with Brij
58 and fractionated on sucrose gradients (13). As expected (12),
both WT PSGL-1 and AAA mutant were detected in lipid rafts
containing fractions (Fig. 6E), indicating that ERM binding to
PSGL-1 is dispensable for its localization in lipid rafts.

DISCUSSION

In this study, we examined the contribution of PSGL-1 EBS
in 1) recruiting leukocytes on L-, P-, and E-selectin and 2) acti-
vating the MAPK pathway. Because earlier studies showed that
ERMs serve as adaptors between the cytoplasmic tail of PSGL-1
and Syk (16), additional experiments were performed to clarify
(36) whether PSGL-1 binding to ERMs is required to activate
Syk. Our results show that the EBS strongly contributes to cap-
ture and recruit leukocytes on selectins. In addition, we dem-
onstrate that it plays a crucial role in activating ERK upon
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FIGURE 7. PSGL-1 binding to ERMs is not required to activate Syk. A and B,
32D leukocytes expressing WT PSGL-1, AEBS, SAA, or AAA mutants were incu-
bated with anti-PSGL-1 mAb at 37 °C for the indicated times and then lysed.
Equivalent amounts of lysates were immunoblotted with antibody directed
against phospho-Syk (P-Syk) and then Syk. When indicated, leukocytes were
incubated with the SFK inhibitor PP2 or its inactive analog PP3 before PSGL-1
cross-linking. Data are representative of 3-6 independent experiments. C,
THP1 cells exposed to mBCD or vehicle were incubated and immunoblotted
as indicated in A and B. Data are representative of at least three independent
experiments.

PSGL-1 engagement, whereas it is dispensable for Syk
activation.

Flow adhesion assays show that EBS is required to efficiently
capture leukocytes (Figs. 3C and 5C) and to stabilize cell dis-
placements (Fig. 4A4). These observations reveal that EBS bind-
ing to ERMs and actin cytoskeleton (37) plays a key role in
supporting leukocyte capture by selectins.

Previous studies performed with transfectants expressing
chimeric L-selectin/CD44 molecules demonstrated that leuko-
cyte tethering on endothelium (34) or PSGL-1 (35) is depend-
ent on the distribution of L-selectin on leukocyte microvilli (34,
35) and on the binding of L-selectin cytoplasmic domain to
ERMs and actin cytoskeleton (35). By contrast, leukocyte roll-
ing velocity was not affected by the topographic distribution of
L-selectin (34, 35). Most probably, the impairment of leukocyte
tethering observed in our study (Figs. 3 and 5) does not result
from an alteration in the positioning of mutant PSGL-1 on
microvilli because deletion of the whole cytoplasmic tail does
not impair its distribution at leukocyte cell surface (11). Thus,
the impaired capture of leukocytes by selectins is probably due
to defective binding of cytoplasmic tail to ERMs and actin.

Deletion of the EBS decreased the stability of leukocyte dis-
placements on L-selectin (Fig. 44). These results are in agree-
ment with biophysical studies showing that loss of PSGL-1
anchorage to cytoskeleton decreases the ability of leukocytes to
elongate microvilli and form tethers (25, 38). They are also con-
sistent with the concept that the stability of cell rolling is
dependent on the ability of microvilli to deform (25). Thus, the
EBS plays a crucial role in stabilizing cell rolling velocity.
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Impairment of this process does not allow the formation of
prolonged adhesive bonds at high physiological shear stresses,
which are required to stabilize cell displacements and allow
optimal leukocyte capture by selectins (23, 24). These proper-
ties are central features of immune defense because maintain-
ing rolling velocity more or less constant improves immune
surveillance by enabling uniform leukocyte exposure to proin-
flammatory molecules along vessels.

L-selectin and PSGL-1 share similarities in their interactions
with ERMs. Two basic residues of L-selectin cytoplasmic tail,
Arg-357 and Lys-362, bind to ERMs and regulate L-selectin
shedding and leukocyte tethering on PSGL-1 (32). Substitution
of these residues with alanines strongly reduces leukocyte teth-
ering efficiency and recruitment on PSGL-1 (32), suggesting
that they may be necessary for microvillar positioning of L-se-
lectin (32). However, more recent data showed that they are not
sufficient (35) and that the transmembrane domain is also
required to allow L-selectin sorting to microvilli (35). As
observed for L-selectin, alanine substitution of Arg-337 and
Lys-338 on PSGL-1 also strongly reduced tethering efficiency
and leukocyte recruitment on selectins (Fig. 5, A and C). Thus,
for both L-selectin and PSGL-1, two basic residues play a key
role in ERM binding and leukocyte tethering on PSGL-1 or
selectins.

PSGL-1 engagement simultaneously induces ERK (15) and
Syk activation (9, 12). ERK phosphorylation results from Ras
activation, which may successively activate Raf, MEK, and ERK
(15). Syk activation is dependent on signaling through SFKs and
leads to o 3, integrin activation and slow rolling on ICAM-1 (9,
12). ERK and Syk activation are transient and occur within the
first minutes of PSGL-1 engagement. The abrogation of ERK
phosphorylation in leukocytes exhibiting deletion of EBS or ala-
nine substitution of Arg-337 and Lys-338 indicates that ERMs
may contribute to activate the MAPK pathway. How they are
involved in generating signals that activate ERK following
PSGL-1 engagement remains to be elucidated, and whether
ezrin and moesin play redundant or specific roles is not yet
known either.

We previously reported that PSGL-1 is expressed in signaling
platforms called lipid rafts (13). Data presented here further
show that their integrity is required to activate the MAPK path-
way (Fig. 6D) and, as previously reported (11), Syk. In addition,
SRK mutation did not affect PSGL-1 distribution in lipid rafts
(Fig. 6E). Although it is well established that PSGL-1 signaling
through SFKs and Syk activates «; 3, integrin and slows down
rolling on ICAM-1 (Fig. 5D) (9, 10, 12, 14), little is known about
the role of ERK activation induced by PSGL-1 engagement. The
importance of the MAPK pathway in regulating cell prolifera-
tion and differentiation may suggest that PSGL-1 signaling
through ERK may also play a role in these processes, which is
consistent with recent observations showing that bone marrow
microenvironment interactions with PSGL-1 regulate multiple
myeloma cell proliferation (39).

Previous studies showed that ERMs may serve as adaptor
molecules between Syk and PSGL-1 (16). To elucidate the role
of ERMs in PSGL-1-mediated activation of Syk, we examined
whether ERM binding to PSGL-1 is required to activate Syk.
Data presented here show that despite deletion or mutation of
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the EBS, Syk is rapidly phosphorylated following PSGL-1
engagement. As expected (9, 12), this reaction is prevented by
leukocyte exposure to SFK inhibitor PP2 (Fig. 7A). In addition,
deletion of the EBS did not prevent slow rolling on E-selectin
plus ICAM-1 (Fig. 5D). Taken together, these data demonstrate
that ERM binding to PSGL-1 is not necessary for Syk activation
or slow rolling.

Our results indicate that distinct amino acid sequences are
involved in PSGL-1-induced activation of SFKs and the MAPK
pathway. Little is known about the mechanisms that initiate the
activation of SFKs following PSGL-1 engagement (9, 12, 40).
SFKs are in a dynamic equilibrium between inactive and active
conformation (41). The access to their catalytic site is prevented
by the phosphorylation of a C-terminal tyrosine residue that
interacts with the Src homology 2 domain of the involved
kinase. The recovery of a full kinase activity requires dephos-
phorylation of the C-terminal tyrosine by a phosphatase. Fur-
ther investigations are needed to examine whether phosphata-
ses are activated following PSGL-1 engagement and if they
activate SFKs. They may provide important insight into the
molecular mechanisms that initiate slow rolling on ICAM-1
and may reveal novel target(s) for anti-inflammatory therapy.
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