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(Background: The cytoskeleton contributes to receptor-initiated signaling and has been linked to force-regulated integrin
Results: Disrupting cytoskeletal interactions of PSGL-1 or «; 3, does not impair slow rolling of leukocytes on P-selectin and

Conclusion: The cytoskeleton is not required for PSGL-1-initiated signals to extend «; 3,.
Significance: Signals can “prime” integrins without the cytoskeleton.

J

In inflamed venules, neutrophils roll on P- or E-selectin,
engage P-selectin glycoprotein ligand-1 (PSGL-1), and signal
extension of integrin o f3, in a low affinity state to slow rolling
on intercellular adhesion molecule-1 (ICAM-1). Cytoskeleton-
dependent receptor clustering often triggers signaling, and it
has been hypothesized that the cytoplasmic domain links
PSGL-1 to the cytoskeleton. Chemokines cause rolling neutro-
phils to fully activate «; 3,, leading to arrest on ICAM-1. Cyto-
skeletal anchorage of «; 3, has been linked to chemokine-trig-
gered extension and force-regulated conversion to the high
affinity state. We asked whether PSGL-1 must interact with the
cytoskeleton to initiate signaling and whether o, 3, must inter-
act with the cytoskeleton to extend. Fluorescence recovery after
photobleaching of transfected cells documented cytoskeletal
restraint of PSGL-1. The lateral mobility of PSGL-1 similarly
increased by depolymerizing actin filaments with latrunculin B
or by mutating the cytoplasmic tail to impair binding to the
cytoskeleton. Converting dimeric PSGL-1 to a monomer by
replacing its transmembrane domain did not alter its mobility.
By transducing retroviruses expressing WT or mutant PSGL-1
into bone marrow-derived macrophages from PSGL-1-deficient
mice, we show that PSGL-1 required neither dimerization nor
cytoskeletal anchorage to signal 3, integrin-dependent slow
rolling on P-selectin and ICAM-1. Depolymerizing actin fila-
ments or decreasing actomyosin tension in neutrophils did not
impair PSGL-1- or chemokine-mediated integrin extension.
Unlike chemokines, PSGL-1 did not signal cytoskeleton-depen-
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dent swing out of the 3,-hybrid domain associated with the high
affinity state. The cytoskeletal independence of PSGL-1-initi-
ated, oy 3,-mediated slow rolling differs markedly from the
cytoskeletal dependence of chemokine-initiated, oy 3,-medi-
ated arrest.

During inflammation, flowing leukocytes roll on venular sur-
faces, arrest, spread, crawl to endothelial junctions, and migrate
into extravascular tissues (1). Selectin-ligand interactions initi-
ate rolling, whereas integrin-ligand interactions mediate arrest
and crawling (1-3). As neutrophils roll on P- or E-selectin
expressed on activated endothelial cells, they transduce signals
that partially activate integrin «; 3,, which binds reversibly to
intercellular adhesion molecule-1 (ICAM-1)? to decrease roll-
ing velocities (4, 5). Slow rolling facilitates neutrophil interac-
tions with endothelial cell-bound chemokines that fully activate
integrins, leading to arrest (6). Cooperative integrin activation
by selectins and chemokines maximizes neutrophil recruit-
ment into inflamed tissues (4).

To trigger slow rolling on ICAM-1, neutrophils rolling on
P-selectin engage P-selectin glycoprotein ligand-1 (PSGL-1)
(5), whereas neutrophils rolling on E-selectin engage PSGL-1 or
CD44 (4, 7). The earliest identified signaling event is activation
of the Src family kinases (SFKs) Fgr, Hck, and Lyn (7, 8). The
activated SFKs phosphorylate the immunoreceptor tyrosine-
based activation motifs on the adaptors DAP12 and Fc receptor
v (8). Spleen tyrosine kinase (Syk) docks to these motifs and is
activated by SFKs. Activated Syk propagates serial activation of
downstream mediators (7, 9, 10) that extend the ectodomain of

2The abbreviations used are: ICAM-1, intercellular adhesion molecule-1;
BMDM, bone marrow-derived macrophage; ERM, ezrin/radixin/moesin;
FRAP, fluorescence recovery after photobleaching; SFK, Src family kinase;
Syk, spleen tyrosine kinase; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hy-
droxymethyl)propane-1,3-diol; PE, phycoerythrin; TMD, transmembrane
domain; GpA, glycophorin A.
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integrin o 3, but do not convert the ligand-binding site to its
high affinity conformation (11).

The critical proximal events that enable PSGL-1 or CD44 to
activate SFKs as neutrophils roll on P- or E-selectin are
unknown. In particular, the role of the cytoskeleton in signaling
has not been examined. Both PSGL-1 and CD44 are enriched in
cholesterol-enriched membrane rafts (5, 7, 12). Sequestering
cholesterol blocks selectin-mediated activation of SFKs and
integrin-dependent slow rolling (7). In knock-in mice, PSGL-1
lacking its cytoplasmic domain mediates neutrophil rolling on
P- or E-selectin but does not activate SFKs or trigger slow roll-
ing on ICAM-1 (5, 7). In vitro, the PSGL-1 cytoplasmic domain
binds to ezrin/radixin/moesin (ERM) proteins (5, 13, 14). ERM
proteins link the cytoplasmic tails of some membrane proteins
to actin filaments, and they influence the architecture of
microvilli or filopodia (15). The actin cytoskeleton regulates
formation of lipid rafts (16, 17) and clustering of plasma mem-
brane proteins in both cholesterol-rich and cholesterol-poor
domains (18). Cytoskeleton-directed clustering of receptors is a
major mechanism to propagate signals (19, 20). Thus, neutro-
phils rolling on P- or E-selectin might exploit cytoskeletal
anchorage of PSGL-1 to cluster small membrane domains into
larger domains, increasing the local concentrations of SFKs and
other mediators to initiate signaling. Anchorage of PSGL-1
might be direct or indirect. PSGL-1 lacking its cytoplasmic
domain still targets to microvilli of resting neutrophils and
moves to the uropods of chemokine-stimulated polarized neu-
trophils (5). Nevertheless, cytoplasmic domain binding to
ERMs or other adaptors could anchor PSGL-1 to the cytoskel-
eton to facilitate signaling. PSGL-1 dimerizes through cooper-
ative interactions of its transmembrane and cytoplasmic
domains (21, 22), which might enhance interactions with ERM
proteins or other adaptors. Dimerization provides a structural
basis for some membrane proteins to form microclusters and to
activate SFKs associated with noncatalytic receptors (23, 24).

It is also unknown whether the cytoskeleton regulates the
distal events of integrin activation that slow neutrophil rolling.
Integrin activation requires that talin bind to the f3 tail, disrupt-
ing interactions with the « tail (25). This causes the a and Blegs
to separate and the bent o and 3 ectodomains to extend the
headpiece that includes the ligand-binding site. The talin head
domain binds to integrin f3 tails, whereas the rod domain binds
to actin (25). Binding of the isolated head domain to the B tail is
sufficient to activate integrin oy,3; in membrane nanodiscs
(26). In cells, kindlins must also bind to B tails to fully activate
integrins (25). Furthermore, force influences the conforma-
tions and therefore the functions of integrins (27-30). Force
applied by flow promotes «o; B,-dependent arrest of chemo-
kine-stimulated lymphocytes on immobilized ICAM-1 or on
immobilized anti-a; B, mAbs that report ectodomain exten-
sion (31). Disruption of the actin cytoskeleton prevents lym-
phocyte arrest. It was proposed that chemokine stimulation
transiently induces the extended conformation of «; 3,. Force
applied to oy 3, bound to immobilized ligand induces and/or
stabilizes the high affinity conformation of the extended integ-
rin (31). Transition to the high affinity state involves swing out
of the hybrid domain from the 3, I domain, triggering serial
conformational changes in the 8, I domain and ¢; I domain
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(32). It was proposed that both extension and stabilization of
the high affinity state require prior anchorage of the integrin to
the cytoskeleton (31). Recent data indicate that cells activated
by chemokines or other agonists only modestly increase «o; 3,
affinity for ICAM-1 (33). Binding of “primed” o 3, to immobi-
lized, but not fluid-phase, ICAM-1 triggers energy-dependent
conversion of a; 3, to its high affinity state (33). These data
support a model in which the cytoskeleton exerts lateral force
on talin and/or kindlins to fully separate the integrin o and 8
tails and convert the extended ectodomain to the high affinity
state, if the primed integrin binds to immobilized ligand (34).
Signaling through PSGL-1 also primes «; 3,. However, PSGL-
1-primed «; 3, bound to immobilized ICAM-1 under flow does
not transition to a high affinity state (35). Whether PSGL-1-
primed «; 3, requires cytoskeletal anchorage to rapidly extend
and mediate slow rolling has not been explored. If «; 3, does
not attach to the cytoskeleton, forces are likely to be applied
axially but not laterally during rolling on ICAM-1.

Here, we tested these concepts by manipulating cytoskeletal
anchorage or dimerization of PSGL-1 and by depolymerizing
actin filaments or decreasing actomyosin tension. Remarkably,
PSGL-1 did not have to dimerize or attach to the cytoskeleton
to trigger «;f,-mediated slow rolling on P-selectin and
ICAM-1. Indeed, rapid extension of a; 3, in the low affinity
state by PSGL-1 signals and unexpectedly by initial chemokine
signals did not need actin filaments or actomyosin tension.
Additional chemokine signals, however, required actin fila-
ments and actomyosin tension to arrest rolling cells on ICAM-1
or on a mAb to an «; 3, conformation associated with high
affinity for ligand.

EXPERIMENTAL PROCEDURES

Reagents—Rat anti-murine PSGL-1 monoclonal antibody
(mAD, clone 4RA10), phycoerythrin (PE)-labeled rat anti-mu-
rine PSGL-1 mAb (clone 2PH1), and hamster anti-murine
CD54 mAb (clone 3E2) were from Pharmingen. FITC-labeled
rat anti-murine CD11a (¢ integrin subunit) mAb (clone M17/
4), rat anti-murine CD11a mAb (clone M17/4), FITC-labeled
rat anti-murine CD11b mAb (clone M1/70), rat anti-murine
CD11b mADb (clone M1/70), FITC-labeled rat anti-murine F4/
80 mADb (clone C1:A3-1), and FITC-labeled rat anti-murine
Ly6G/C mAb (clone RB6-8C5) were from BioLegend Inc. (San
Diego). Murine anti-human PSGL-1 mAb PL1 was generated as
described previously (36). Murine anti-human CD18 (B, integ-
rin subunit) (clone MEM148) was from Abcam (San Francisco).
Murine anti-human (3, integrin subunit (clone 1B4) was from
American Type Culture Collection (Manassas, VA). Murine
anti-human 2 integrin subunit (clone KIM127) was a gift from
Nancy Hogg (London Research Institute, London, UK). FITC-
labeled goat anti-mouse IgG, purified goat anti-human IgM,
10% n-dodecyl-B-p-maltoside, and Native-PAGE BisTris gel,
pZeoSV2(—) vector, and calcium phosphate transfection kit
were from Invitrogen. Murine anti-moesin mAb (clone 38/87)
and horseradish peroxidase-conjugated goat anti-murine IgG
were from Thermo Scientific (Fremont, CA). Horseradish per-
oxidase-conjugated goat anti-rat IgG was from Cell Signaling
Technology (Danvers, MA). Recombinant murine ICAM-1 Fc
chimera, recombinant murine CCL2, recombinant murine

VOLUME 287+NUMBER 23+JUNE 1, 2012



CXCL1, and recombinant human IL-8 were from R&D Sys-
tems (Minneapolis, MN). Piceatannol, filipin III, methyl-3-
cyclodextrin, a-cyclodextrin, latrunculin B, blebbistatin,
and Polybrene were from Sigma. 4-Amino-5-(4-chlorophe-
nyl)-7-(¢-butyl)pyrazolo[3,4-d]pyrimidine (PP2) and 4-
amino-7-phenylpyrazolo[lsqb]3,4-d]pyrimidine (PP3) were
from Calbiochem). Murine P-selectin-IgM chimeras were
described previously (37). F-actin visualization biochem kit
was from Cytoskeleton, Inc. (Denver, CO). All restriction
endonucleases and T4 DNA ligase were from New England
Biolabs (Ipswich, MA). PfuTurbo DNA polymerase was from
Stratagene (La Jolla, CA). pGEX-5X-3 vector was from GE
Healthcare. Retroviral vector MSCV-IRES-GFP (pMiG) (38)
was a gift from Jose Alberola-Ila (Oklahoma Medical
Research Foundation, Oklahoma City, OK). Phoenix™™ Eco
cells and Pway 20 vector containing cDNA encoding yellow
fluorescent protein (YFP) have been described (39). Colony-
stimulating factor-1-conditioned medium (40) was a gift
from Mark Coggeshall (Oklahoma Medical Research Foun-
dation, Oklahoma City, OK).

Mice—PSGL-1"'" mice were generated as described previ-
ously (37). C57BL/6] (B6, CD45.2) mice were purchased from
The Jackson Laboratory (Bar Harbor, ME). DAP12~/~/
FcRy ’~ and Hck /'~ /Fgr~/~/Lyn~/~ mice were gifts from
Clifford Lowell (University of California, San Francisco).
Btk™’~ mice were provided by Wasif Khan (Vanderbilt Univer-
sity). The original references for these mice have been cited (7).
All experiments were performed in compliance with protocols
approved by the Institutional Animal Care and Use Committee
of the Oklahoma Medical Research Foundation.

Generation of Recombinant Proteins—Recombinant proteins
were generated as described previously (5) with minor modifi-
cations. Briefly, constructs encoding GST fusion proteins were
generated using synthetic oligonucleotides encoding the WT or
mutated murine PSGL-1 cytoplasmic domains with BamHI and
EcoRlI sites appended, respectively, at the 5" and 3’ ends. Oligo-
nucleotides were ligated into the pGEX-5X-3 vector. Con-
structs were confirmed by DNA sequencing. BL21 Escherichia
coli (Stratagene) cells were transformed with vectors encoding
each construct. The GST fusion proteins were purified using
glutathione-Sepharose 4B resin (GE Healthcare) according to
the manufacturer’s instructions. GST fusion proteins attached
to the resins were stored in Buffer A (10 mm Hepes buffer, pH
7.5,150 mm KCI, 1 mm MgCl,, 1 mMEGTA, 1 mMDTT, 2 ug/ml
leupeptin) at 4 °C.

Pulldown Assay—Binding of moesin to GST fusion proteins
was measured as described previously (5).

Generation of PSGL-1 Constructs—A full-length ¢cDNA
encoding murine PSGL-1 in the vector pZeoSV2(—) (5) was
used as template for generating mutants. Residues in the jux-
tamembrane region of the cytoplasmic domain reported to
confer binding to ERM proteins were replaced with alanines by
PCR-based site-directed mutagenesis. To produce chimeras,
the transmembrane domain of PSGL-1 was swapped with that
of murine CD43 or glycophorin A by overlap extension PCR. To
prepare constructs for retroviral transduction, cDNAs encod-
ing WT or mutant PSGL-1 were cloned into the retroviral vec-
tor pMiG containing cDNA for GFP, with Xhol and Hpal sites
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at the 5" and 3’ ends, respectively. To prepare YFP fusion pro-
teins, all PSGL-1 constructs were subcloned into a pWay20
vector containing cDNA for monomeric YFP (41) with BamHI
and Smal sites at the 5" and 3’ ends, respectively. All constructs
were confirmed by DNA sequencing.

Transfected Cells—Transfected Chinese hamster ovary
(CHO) cells stably expressing core 2 GIcNAcT-I and FucT-VII
(42) were transfected with cDNAs encoding murine PSGL-1
constructs in the pZeoSV2(—) vector. Stable clones expressing
PSGL-1 constructs were selected with 600 ug/ml G418, 100
pg/ml hygromycin, and 250 ug/ml Zeocin. CHO cells not
expressing core 2 GIcNAcT-I and FucT-VII were transfected
with ¢cDNAs encoding YFP-fused PSGL-1 constructs in the
pWay20 vector. Stable clones expressing YFP-fused PSGL-1
constructs were selected with 600 ng/ml G418. Cells expressing
matched surface densities of PSGL-1 constructs or YFP fusion
proteins were isolated using anti-murine PSGL-1 mAb in the
cell sorting facility of the Oklahoma Medical Research
Foundation.

Fluorescence Recovery after Photobleaching (FRAP)—Stable
CHO cell lines expressing YFP-fused murine PSGL-1 con-
structs were seeded onto glass-bottomed tissue culture dishes
and allowed to grow overnight. Cells were imaged on an
inverted confocal laser scanning microscope equipped with a
37 °Cheated stage, a X63 objective, and a MET A detector (LSM
510, Zeiss, Germany). YFP fluorescence (527-580 nm) excited
by the argon/krypton 514 laser light and a 458/514 nm beam
splitter was detected with the META detector. After acquiring
overview images of single cells, regions of interest (12 or 41
wm?) were photobleached with 25 iterations of 75-100% max-
imum 514-nm laser power. Subsequently, time-lapse images
were collected at 1-5% laser power until the bleached signal
reached a stable level. With Zeiss imaging software, movies
were generated, and fluorescence recovery over time was quan-
tified as described previously (43). Briefly, FRAP curves from
five independent trials with 3—5 measurements per trial were
fitted to a function for monoexponential recovery of fluores-
cence using Igor Pro software (Version 5.04B, WaveMetrics
Inc., Portland, OR). This fitting was used to determine F__,,
which represents the fraction of recovery at infinite time and
therefore the mobile fraction of the molecule in the bleached
region, or, inversely, its immobile fraction, and 7, which is the
time constant for recovery and is inversely proportional to the
diffusion coefficient. Means = S.E. for 7 and F,,, derived by
curve fitting are reported in Table 1 and supplemental Table 1.

Retroviral Infections—Phoenix™ Eco cells were transfected
with 20 g of murine PSGL-1 constructs in the pMiG vector by
calcium phosphate precipitation. After 12 h, the culture
medium was replaced, and the cells were cultured for an addi-
tional 48 h. Virus particles released into the medium were con-
centrated by centrifugation at 19,500 X g for 2 h. Bone marrow-
derived macrophages (BMDMs) from WT or PSGL-1"/" mice
were generated as described previously (40). The concentrated
virus was added to BMDMs from PSGL-1"/" mice in the pres-
ence of 20 ug/ml Polybrene for 12 h. The medium was replaced,
and the cells were cultured for an additional 4 days.

Immunofluorescence—Murine bone marrow leukocytes,
BMDMs, or human neutrophils treated with DMSO or latrun-
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culin B were fixed and permeabilized with the buffer in the
F-actin visualization biochem kit. The cells were stained with
rhodamine-phalloidin following the manufacturer’s instruc-
tion and allowed to adhere to polylysine-coated coverslips.
Immunofluorescence was detected with a confocal laser scan-
ning microscope equipped with an argon/krypton laser light
(LSM 510, Zeiss, Germany).

SEK, Syk, and p38 Phosphorylation—The activation of SFKs,
Syk, and p38 in bone marrow leukocytes or BMDM:s plated on
P-selectin was measured as described previously (7).

Blue Native-PAGE—Blue native-PAGE was performed
according to the protocol from the manufacturer (Invitrogen).
Briefly, cells were lysed with 1% n-dodecyl-B-p-maltoside on
ice, and the lysates were centrifuged at 15,000 X g for 30 min at
4 °C. The supernatant was mixed with Native-PAGE sample
buffer. After electrophoresis, resolved proteins were trans-
ferred to polyvinylidene difluoride membranes and blotted
with anti-murine PSGL-1 mAb 4RA10.

Western Blots—W estern blots were performed as described
previously (37, 42).

Flow Cytometry—Flow cytometry was performed as
described previously (37, 42). In some experiments, human
neutrophils were preincubated with latrunculin B (1 um)
and/or blebbistatin (10 uM) or with control DMSO for 30 min
and then stimulated with 0.5 nm IL-8 for 5 min. The cells were
then incubated with 20 pug/ml mAb IB4, KIM127, or MEM148
and then with PE-conjugated anti-mouse IgG. In other experi-
ments, human neutrophils pretreated with DMSO or latruncu-
lin B were incubated with 50 ug/ml of human platelet-derived
P-selectin (44) for 30 min and then stained with 1B4, KIM127,
or MEM148.

Flow Chamber Assay—Adhesion of transduced BMDMs
under flow was measured with microfluidic flow chambers that
were fabricated from polydimethylsiloxane by photolithogra-
phy procedures described previously (45, 46). The microfluidic
channel had dimensions of 1 mm in width and 100 um in
height, and the microfluidic channel was sealed to a glass cov-
erslip by pretreatment of the polydimethylsiloxane with a high
frequency generator. To prepare the chamber, a mAb recogniz-
ing human IgM (10 ug/ml) was absorbed onto the glass floor of
the microfluidic chamber at room temperature for 1 h. In some
experiments, ICAM-1-Fc chimera (20 pg/ml) with or without
CCL2 (10 pg/ml) was also adsorbed. After blocking the cham-
bers with 2% human serum albumin for 2 h, murine P-selectin-
IgM was captured to the immobilized anti-human IgM mAb.

To study human neutrophils, murine bone marrow leuko-
cytes, and nontransduced BMDMs, we used a 35-mm culture
dish as described previously (7). For murine bone marrow leu-
kocytes or BMDMs, ICAM-1-Fc chimera (20 pg/ml) was
adsorbed with or without CXCL1 or CCL2 (10 ug/ml), respec-
tively. Murine P-selectin-IgM was captured to immobilized
anti-human IgM mAb. For human neutrophils, ICAM-1,
KIM127, or MEM 148 was coimmobilized with human P-selec-
tin with or without coimmobilized IL-8.

BMDMs, murine bone marrow leukocytes, or human neu-
trophils (10°/ml in Hanks” balanced salt solution with 0.5%
human serum albumin) were perfused over the substrates in
chambers at a wall shear stress of 1 dyn/cm®. In some experi-
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ments, chambers were pretreated with anti-ICAM-1 mAb (20
png/ml) or cells were pretreated with 20 ug/ml anti-o; 8, mAb,
anti-a,8, mAb, or isotype-matched control mAb. In other
experiments, cells were preincubated with the Syk inhibitor
piceatannol (20 um), the SFK inhibitor PP2, or its inactive ana-
log PP3 (20 um), the p38 inhibitor SB203580 (50 um), latruncu-
lin B (1 um), blebbistatin (10 uMm), or an equal volume of DMSO
as vehicle control. For some studies, membrane lipid rafts were
disrupted before perfusing cells over P-selectin (7). After 5 min,
velocities of rolling cells were measured over a 5-s interval using
a video microscope coupled to a digital analysis system on a
Silicon Graphics workstation.

Statistics—Data are expressed as mean * S.E. Comparisons
used the Student’s £ test.

RESULTS

Juxtamembrane Residues in the Cytoplasmic Domain of
PSGL-1 Restrain Its Membrane Mobility—ERM proteins bind
to the juxtamembrane regions of the cytoplasmic domains of
some membrane proteins. Early studies suggested that ERM
proteins rely on electrostatic interactions to bind to clustered
basic residues in the cytoplasmic domains (47). However, crys-
tal structures revealed that ERM proteins also dock to other
juxtamembrane residues that strengthen binding (48). We
expressed GST proteins fused to the murine WT PSGL-1 cyto-
plasmic domain or to two mutants that substituted alanines for
different groups of juxtamembrane residues (Fig. 14). One
mutant, termed SRKS, was based on a report that replacing the
targeted residues decreased binding of the PSGL-1 cytoplasmic
domain to moesin (13). The other mutant, termed MYVR, was
based on a crystal structure in which radixin contacted each of
the targeted residues in the PSGL-1 cytoplasmic domain (48).
We incubated GST alone or each GST fusion protein with
recombinant moesin, recovered bound complexes on glutathi-
one resin, and analyzed bound proteins by SDS-PAGE and
Western blotting with anti-moesin antibody. The WT and
MYVR PSGL-1 constructs pulled down moesin, whereas GST
alone or the SRKS PSGL-1 construct did not (Fig. 1B). These
results suggest that the SRKS residues in the PSGL-1 tail dom-
inate binding to moesin in this assay but do not exclude a role
for the MYVR residues in intact cells.

Binding of the cytoplasmic domain to ERM proteins or other
adaptors could anchor PSGL-1 to the cytoskeleton and restrict
its mobility in the plasma membrane. To address this possibil-
ity, we prepared full-length constructs of WT or mutant
PSGL-1, each fused to monomeric YFP (41) at the C-terminal
end of the cytoplasmic domain (Fig. 1C). Each construct was
stably expressed in transfected CHO cells. We used FRAP to
measure mobility of the fluorescent construct in a region of the
plasma membrane (41 um?) that was photobleached by a brief
laser pulse. Recovery of fluorescence by diffusion of PSGL-1-
YEP constructs into the bleached region was measured by
acquiring serial images. The initial photobleach destroys the
fluorescence in the mobile and immobile pools of the PSGL-1-
YFEP construct, and the maximal fluorescence recovery (F,

)
max.
indicates the mobile fraction. F_,, reflects the fraction of

X

PSGL-1-YFP proteins that dynamically bind to and unbind
from less mobile structures such as the cytoskeleton. The F, .
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FIGURE 1.Juxtamembrane residues in the cytoplasmic domain of PSGL-1
restrain its membrane mobility. A, schematic diagram of GST or GST fused
to the entire cytoplasmic domain of murine WT PSGL-1 or to the cytoplasmic
domain in which two groups of residues (SRKS or MYVR) implicated in binding
to ERM proteins were substituted with alanines. B, recombinant moesin was
incubated with GST or GST fusion proteins. Precipitated protein was eluted
and probed by Western blot (WB) with anti-moesin antibody under reducing
conditions. Equivalent loading was confirmed by Coomassie Blue staining of
GST or GST fusion proteins. Results are representative of three experiments.
Molecular weight standards are indicated. C, schematic diagram of YFP fusion
proteins. YFP was fused to the C terminus of WT murine PSGL-1 or PSGL-1 in
which two groups of cytoplasmic domain residues (SRKS or MYVR) implicated
in binding to ERM proteins were substituted with alanines. D, plot of normal-
ized fluorescence intensity values versus time after photobleaching a small
area of peripheral membrane (41 um?) of transfected CHO cells expressing
the indicated PSGL-1-YFP construct in the presence or absence of DMSO or
latrunculin B (Lat B). FRAP curves from five independent trials with 3-5 meas-
urements per trial were fitted to a function for monoexponential recovery of
fluorescence (see “Experimental Procedures”) to derive rand F,,,, as reported
in Table 1. The data represent the mean = S.E.

of WT PSGL-1-YFP was the same in untreated cells or in cells
treated with the vehicle control DMSO (Fig. 1D). In contrast,
the F,,,, of WT PSGL-1-YFP increased in cells treated with
latrunculin B, which depolymerizes actin by sequestering G
actin and preventing F-actin assembly (49). This result suggests
that the mobile fraction of WT PSGL-1 is restricted by interac-
tions with the actin-based cytoskeleton. The F, . of both
PSGL-1-YFP mutants was higher in untreated or DMSO-
treated cells and matched the F__,, of WT PSGL-1-YFP in

X

latrunculin B-treated cells (Fig. 1D and Table 1). Similar results
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TABLE 1

Kinetic analysis of FRAP in transfected CHO cells expressing PSGL-1-
YFP constructs

FRAP curves (see Figs. 1 and 2) from five independent trials with 3—5 measurements
per trial were fitted to a function for monoexponential recovery of fluorescence (see
“Experimental Procedures”) to derive T and F, .. The data represent the mean =
S.E.

PSGL-1/cell

treatment ™ Fra
s
wT 207 =19 0.6 =0.1
WT/DMSO 212 =20 0.6 = 0.1
WT/latrunculin B 93 + 13¢ 0.7 +0.1¢
SRKS 202 = 20 0.7 = 0.1¢
MYVR 84 + 13¢ 0.8 +0.1¢
CD43 TMD 226 + 17 05=*0.1
GpA TMD 213 £ 16 0.6 *0.1

“ tindicates the time constant for fluorescence recovery.

? F,ax indicates the maximum fluorescence recovery.
¢ p <0.01 compared with WT.

were observed in a second set of experiments that reduced the
area of plasma membrane that was photobleached (12 wm?)
(supplemental Fig. 1 and Table 1). In those experiments, treat-
ing the cells with latrunculin B did not further increase the F,
values of the mutants (supplemental Fig. 1 and Table 1). This
suggests that each group of mutations impaired interactions of
PSGL-1 with the cytoskeleton, increasing the mobile fraction.
The time constant of recovery (7) is inversely proportional to
the rate of diffusion of the mobile protein, and thus reports the
relative molecular mobility of labeled protein in the plasma
membrane. 7T decreased when the photobleached area
decreased (compare Table 1 and supplemental Table 1), indi-
cating that recovery was due to diffusion in the membrane
rather than to nondiffusive processes such as trafficking from a
separate compartment (50). The 7 of MYVR PSGL-1-YFP was
much shorter and was similar to the 7 for WT PSGL-1-YFP in
latrunculin B-treated cells (Fig. 1D and Table 1). Treating the
cells with latrunculin B did not further decrease the Tof MYVR
PSGL-1-YFP (supplemental Fig. 1 and Table 1). This suggests
disrupted interactions of this mutant with the cytoskeleton,
causing its rate of diffusion to reach that in cells that lacked
intact actin filaments. In contrast, the 7 of SRKS PSGL-1-YFP
was similar to that of WT PSGL-1-YFP in untreated or DMSO-
treated cells (Fig. 1D and Table 1). Latrunculin B decreased the
7values of WT and SRKS PSGL-1-YFP to the same level (sup-
plemental Fig. 1 and Table 1). This implies weakened but not
completely disrupted interactions of SRKS PSGL-1-YFP with
the cytoskeleton, increasing its mobile fraction without affect-
ing its rate of diffusion. Collectively, these data demonstrate
that the membrane mobility of PSGL-1 is restrained by inter-
actions of its cytoplasmic domain with the actin cytoskeleton.
Two distinct sets of juxtamembrane mutations in the PSGL-1
cytoplasmic domain weaken and/or disrupt these interactions.
Dimerization of PSGL-1 Does Not Restrain Its Membrane
Mobility—Dimerization of membrane proteins can slow their
mobilities and favor formation of microclusters (23, 51). To
determine whether dimerization regulates the mobility of
PSGL-1, we expressed dimeric and monomeric forms of PSGL-
1-YFP (Fig. 24). PSGL-1 forms dimers through noncovalent
interactions of the transmembrane and cytoplasmic domains,
which are stabilized by a single extracellular disulfide bond (21,
22). Mutating the extracellular cysteine and replacing the trans-
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FIGURE 2. Dimerization of PSGL-1 does not restrain its membrane mobility. A, schematic diagram of YFP fusion proteins. YFP was fused to the C terminus
of WT murine PSGL-1 or PSGL-1 in which the transmembrane domain (TMD) was substituted with that of glycophorin A (GpA) or CD43.The CD43 TMD construct
also replaced the juxtamembrane cysteine 307 with alanine. B, lysates from transfected CHO cells expressing matched densities of the indicated PSGL-1
construct were resolved by native gel electrophoresis and probed by Western blot with anti-PSGL-1 mAb. Molecular weight standards are indicated. C, plot of
normalized fluorescence intensity values versus time after photobleaching a small area of peripheral membrane (41 um?) of transfected CHO cells expressing
the indicated PSGL-1-YFP construct. FRAP curves from five independent trials with 3-5 measurements per trial were fitted to a function for monoexponential
recovery of fluorescence (see “Experimental Procedures”) to derive Tand F,,,, as reported in Table 1. The data represent the mean *+ S.E.

membrane domain with the transmembrane domain of CD43
generates a monomeric form of PSGL-1 (CD43 TMD PSGL-1)
(21). Substituting the transmembrane domain of PSGL-1 with
that of glycophorin A creates an alternative dimeric form of
PSGL-1 (GpA TMD PSGL-1) (22). Each construct was stably
expressed in transfected CHO cells. Western blots of cell lysates
resolved by nondenaturing gel electrophoresis confirmed that
WT PSGL-1 and GpA TMD PSGL-1 migrate as dimers,
whereas CD43 TMD PSGL-1 migrates as monomers (Fig. 2B).
FRAP measurements revealed indistinguishable F, . and 7val-
ues for all three PSGL-1-YFP constructs (Fig. 2C and Table 1).
Thus, the mobilities of dimeric and monomeric PSGL-1 are
similar.

Cytoskeletal Anchorage of PSGL-1 Is Not Required to Trigger 3,
Integrin-mediated Slow Rolling on P-selectin and ICAM-1—
The data in Fig. 1 indicate that juxtamembrane residues in the
cytoplasmic domain tether PSGL-1 to the cytoskeleton. To
determine whether these interactions influence the signaling
functions of PSGL-1, we used BMDMs as a model system.
BMDMs are nontransformed cells of myeloid lineage that can
be transduced with retroviruses expressing recombinant pro-
teins (40). BMDMs expressed the myeloid markers Ly6G/
Lys6C and the macrophage marker F4/80 (supplemental Fig.
2A). Neutrophils express similar levels of integrins «; 8, and
B, (52), whereas BMDMs expressed more a,,3, than «; B,
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(supplemental Fig. 2B). BMDMs rolled on immobilized P-selec-
tin and rolled more slowly on P-selectin coimmobilized with
ICAM-1. The slower rolling was partially inhibited by mAb to
oy B, or a3, and was abrogated by mAb to ICAM-1 (Fig. 34)
or by mAbs to both «; B, and a3, (see Fig. 6B). Slow rolling of
BMDMs on P-selectin plus ICAM-1 was blocked by agents that
disrupt lipid rafts or by the SFK inhibitor PP2, the Syk inhibitor
piceatannol, or the p38 MAPK inhibitor SB202190 (Fig. 3,
B-D). Furthermore, slow rolling was not observed in BMDMs
from mice lacking the SFKs Fgr, Hck, and Lyn, lacking Bruton’s
tyrosine kinase, or lacking Fc receptor y and DAP12 (Fig. 3, C
and E). Like bone marrow leukocytes, BMDMs plated on
immobilized P-selectin activated Syk and p38, as measured by
Western blotting of cell lysates with antibodies to the phosphor-
ylated forms of these proteins (Fig. 3F). Kinase activation did
not occur in BMDMs plated on immobilized control protein or
on P-selectin in buffer containing EDTA to inhibit Ca®"-de-
pendent interactions between P-selectin and PSGL-1. Thus,
BMDMs trigger 3, integrin-dependent slow rolling on P-selec-
tin and ICAM-1 through a signaling cascade that is indistin-
guishable from that used by neutrophils. These data validate the
utility of BMDMs to study PSGL-1-mediated signaling in
neutrophils.

We transduced BMDMs from PSGL-1"/" mice with retro-
viruses expressing WT PSGL-1, SRKS PSGL-1, or MYVR
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FIGURE 3. Murine BMDM:s rolling on P-selectin use the same signaling cascade as murine bone marrow leukocytes to trigger f3, integrin-dependent
slow rolling on ICAM-1. A, velocities of WT BMDMs rolling on P-selectin with or without coimmobilized ICAM-1 in the presence or absence of the indicated
mAb. B, velocities of WT BMDMs rolling on P-selectin with or without coimmobilized ICAM-1 in the presence or absence of the vehicle control DMSO,
methyl-B-cyclodextrin (MBCD) or its inactive analog a-cyclodextrin (aCD), MBCD plus 15% serum (to restore membrane cholesterol), or filipin llI. C, velocities
of WT or Hck™/~/Fgr™/~/Lyn~/~ BMDMs rolling on P-selectin with or without coimmobilized ICAM-1 in the presence or absence of the vehicle control DMSO,
the Syk inhibitor piceatannol, the Src family kinase inhibitor PP2, or its inactive analog PP3. D, velocities of WT BMDMs rolling on P-selectin with or without
coimmobilized ICAM-1 in the presence of the vehicle control DMSO or the p38 inhibitor SB202190. £, velocities of WT, Btk ™/~ or FcRy ™/~ /DAP12~/~ BMDMs
rolling on P-selectin with or without coimmobilized ICAM-1. The wall shear stress in A~E was 1 dyn/cm? The data in A-F represent the mean * S.E.from at least
three experiments. ¥, p < 0.01. F, bone marrow leukocytes or BMDMs from WT mice were rotated on immobilized P-selectin-lgM in the presence or absence of
EDTA or on control CD45-IgM for 5 min. Lysates were probed by Western blotting with the indicated antibody. The data are representative of three
experiments.

PSGL-1. The transduced cells were sorted to match surface each recombinant PSGL-1 rolled significantly slower on P-se-

expression of each recombinant PSGL-1 to approximately the
same level as native PSGL-1 on BMDMs from WT mice (Fig.
4A). Mock-transduced PSGL-1"/~ BMDMs did not roll on
P-selectin (data not shown). Transduced PSGL-1"'~ cells
expressing each recombinant PSGL-1 rolled on P-selectin with
similar mean velocity as BMDMs from WT mice expressing
native PSGL-1 (Fig. 4B). Rolling was blocked by mAbs to P-se-
lectin or PSGL-1 (data not shown). Like WT BMDMs express-
ing native PSGL-1, transduced PSGL-1"/~ BMDM:s expressing
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lectin and ICAM-1 (Fig. 4B). These data demonstrate that
PSGL-1 need not attach its cytoplasmic tail to the cytoskeleton
to signal integrin-dependent slow rolling.

Dimerization of PSGL-1 Is Not Required to Trigger 3, Integ-
rin-mediated Slow Rolling on P-selectin and ICAM-1—We
transduced BMDMs from PSGL-1"/" mice with retroviruses
expressing WT PSGL-1, CD43 TMD PSGL-1, or GpA TMD
PSGL-1. The transduced cells were sorted to match surface
expression of each recombinant PSGL-1 to approximately the
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FIGURE 4. Cytoskeletal anchorage of PSGL-1 is not required to trigger f3,
integrin-mediated slow rolling on P-selectin and ICAM-1. A, flow cytomet-
ric analysis of BMDMSs from WT or PSGL-1"/~ mice incubated with PE-labeled
isotype control mAb or anti-PSGL-1 mAb. BMDMSs from PSGL-1~/~ mice were
mock-transduced or transduced with retroviruses expressing WT PSGL-1,
SRKS PSGL-1, or MYVR PSGL-1. The data are representative of at least three
experiments. B, velocities of WT BMDM:s or of transduced PSGL-1~"~ BMDMs
expressing WT PSGL-1, SRKS PSGL-1, or MYVR PSGL-1 rolling on P-selectin
with or without coimmobilized ICAM-1 in the presence or absence of block-
ing mAb to ICAM-1. The wall shear stress in all experiments was 1 dyn/cm?.
The data represent the mean = S.E. from at least three experiments. *, p <
0.01.

same level as native PSGL-1 on BMDMs from WT mice (Fig.
5A). Transduced cells expressing each recombinant PSGL-1
rolled on P-selectin with similar mean velocity as BMDMs
expressing native PSGL-1 (Fig. 5B). Rolling was blocked by
mADbs to P-selectin or PSGL-1 (data not shown). Furthermore,
BMDMs expressing each recombinant PSGL-1 rolled signifi-
cantly slower on P-selectin and ICAM-1 (Fig. 5B). These data
demonstrate that dimerization of PSGL-1 is not required to
signal integrin-dependent slow rolling.

Neutrophils or BMDMs Do Not Require an Intact Actin Cyto-
skeleton to Initiate Signaling and Induce 3, Integrin-mediated
Slow Rolling on P-selectin and ICAM-1—The cytoplasmic
domain mutations increased the mobile fraction of PSGL-1 to

19592 JOURNAL OF BIOLOGICAL CHEMISTRY

A Transduced BMDMs from PSGL-1"- mice
190 CD43 TMD 190 GpA TMD

80 80

60 60

40
20 20

T . 0 T
1038 1047109 10!
Anti-PSGL-1-PE

Relative cell number
iy
=)

102 10 104

B
144
w
E 124
210/
2>
e
2 61
£ 4
g2
e - o
Immobilized P-selectin
protein: ICAM-1
Anti-ICAM-1: =
-I- -/-
BvDM: __WT PSGL-1 wT PSGL-1
CD43 GpA CD43 GpA
Transduced WT TMD TMD WT D R

PSGL-1 construct:

FIGURE 5. Dimerization of PSGL-1 is not required to trigger 3, integrin-
mediated slow rolling on P-selectin and ICAM-1. A, flow cytometric analy-
sis of transduced BMDMs from PSGL-1"/~ mice expressing the indicated
PSGL-1 construct. The cells were incubated with PE-labeled anti-PSGL-1 mAb.
The data are representative of at least three experiments. B, velocities of WT
BMDM:s or transduced PSGL-1"/~ BMDMs expressing the indicated PSGL-1
construct rolling on P-selectin with or without coimmobilized ICAM-1 in the
presence or absence of blocking mAb to ICAM-1. The wall shear stress in all
experiments was 1 dyn/cm? The data represent the mean = S.E.from at least
three experiments. *, p < 0.01.

that of WT PSGL-1 in transfected cells treated with latrunculin
B to depolymerize actin filaments. Because BMDM:s expressing
the PSGL-1 mutants triggered integrin-dependent slow rolling,
the cytoplasmic tail need not directly attach to the cytoskeleton
to initiate signaling. However, the cells might require the actin-
based cytoskeleton to assemble kinases or other mediators that
cause 3, integrins to extend to slow rolling. To test this hypoth-
esis, we treated human neutrophils or bone marrow leukocytes
or BMDMs from WT mice with vehicle control DMSO or with
latrunculin B. Immunofluorescence microscopy confirmed
that latrunculin B markedly decreased phalloidin staining of
actin filaments along the plasma membrane (supplemental Fig.
3, A and B). Latrunculin B did not alter the surface density of
PSGL-1 on murine neutrophils or BMDM:s (supplemental Fig.
4). When plated on immobilized P-selectin, both DMSO- and
latrunculin B-treated human neutrophils and murine bone
marrow leukocytes activated SFKs, as measured by Western
blotting of cell lysates with antibody to the phosphorylated
forms of these proteins (Fig. 64). Kinase activation did not
occur in leukocytes plated on immobilized control protein or
on P-selectin in buffer containing EDTA to inhibit Ca®"-de-
pendent interactions between P-selectin and PSGL-1. Over
90% of murine bone marrow leukocytes that roll on P- or E-se-
lectin are neutrophils (5, 7). At the shear stresses tested, latrun-
culin B treatment did not alter the velocities of murine BMDMs
or neutrophils rolling on P-selectin or on P-selectin plus
ICAM-1 (Fig. 6, B and C). These results demonstrate that nei-
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The wall shear stress in Band Cwas 1 dyn/cm?. *, p < 0.01. The data represent the mean = S.E. from at least three experiments.

ther murine BMDMs nor neutrophils require an intact actin
cytoskeleton to roll on P-selectin or to activate (3, integrins to
slow rolling on ICAM-1.

Depolymerizing Actin Filaments in Suspended Neutrophils
Does Not Prevent [3, Integrin Extension by Soluble P-selectin or
Chemokine but Impairs Hybrid Domain Swing Out by Soluble
Chemokine—The mAb KIM127 binds to an epitope near the
genu (knee) in the human 3, subunit, which is exposed only
after integrin extension (53). The mAb MEM 148 reports “swing
out” of the hybrid domain from the human 3, I domain in an
extended conformation often associated with high affinity for
ligand (54). Soluble human P-selectin induced epitopes for
KIM127 but not for MEM148 on suspended DMSO- or latrun-
culin B-treated human neutrophils (Fig. 7A). Soluble P-selectin
did not alter binding of mAb IB4 to an activation-insensitive
epitope on the B, subunit. Blocking Ca®>*-dependent binding of
soluble P-selectin to PSGL-1 with EDTA prevented integrin
extension, confirming its specificity (Fig. 7A). Immunofluores-
cence microscopy documented altered phalloidin staining in
latrunculin B-treated human neutrophils (supplemental Fig.
3C). Latrunculin B treatment did not affect global expression of
PSGL-1 (supplemental Fig. 4). Thus, ligand engagement of
PSGL-1 at zero force triggers integrin extension without exter-
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nal force applied by bound antibody and with little or no inter-
nal force from the cytoskeleton.

Soluble chemokine IL-8 induced epitopes for both KIM127
and MEM148 on suspended human neutrophils (Fig. 7B). IL-8
did not alter binding of mAb IB4 to its activation-independent
epitope. Treating neutrophils with latrunculin B did not affect
IL-8-stimulated binding of KIM127 but significantly decreased
IL-8-stimulated binding of MEM148. We observed similar
effects in neutrophils treated with blebbistatin, which inhibits
energy-dependent myosin II ATPase activity and reduces acto-
myosin tension without depolymerizing actin filaments (Fig.
7B) (55). Thus, soluble chemokine triggers 3, integrin exten-
sion and hybrid-domain swing out without external force
applied by bound antibody. Unlike integrin extension, hybrid
domain swing out requires intact actin filaments and actomyo-
sin tension.

Depolymerizing Actin Filaments or Decreasing Actomyosin
Tension in Rolling Neutrophils Does Not Prevent P-selectin- or
Chemokine-mediated Neutrophil Arrest on KIM127 but pre-
vents Chemokine-mediated Neutrophil Arrest on MEM148 or
ICAM-1—Human neutrophils rolling on P-selectin rapidly
arrested on coimmobilized KIM127 but arrested on coimmo-
bilized ICAM-1 or MEM148 only with coimmobilized IL-8

JOURNAL OF BIOLOGICAL CHEMISTRY 19593


http://www.jbc.org/cgi/content/full/M112.361519/DC1
http://www.jbc.org/cgi/content/full/M112.361519/DC1
http://www.jbc.org/cgi/content/full/M112.361519/DC1

Cytoskeletal Independence of PSGL-1 Signaling

A Human neutrophils
P-selectin .
P-selectin
P-selectin N /DMSO/EDTA
Isotype  /LatB/EDTA  lsotype -selectin Isotype -
| : I /Lat B/EDTA P-selectin
5 contro . P-selectin contro| Lat B control /DMSO
2 120 P-selectin /Lat B P-selectin
g /DMSO/EDTAT /b selectin P-selectin /Lat BIEDTA
= 80 ; /BMSO s P-selectin
8 L -
® A DMSO
> 407 i Lat B : P-selectin
s /DMSO
[0 o = o o "y . R
o O~ ¥ t | s
100 107 102 103 104 100 10! 102 103 104100 101 102 103 104
IB4-PE KIM127-PE MEM148-PE

B Human neutrophils

Isotype Isotype Isotype

control 120~control DMSO 120 control 1L-8/Blebb

DMSO 80
’/IL-8/Lat B

Relative cell number
=

t/

IL-8

DMSO,
y IL-8/Blebb 807 : y /P

IL-8

40 - 40 ,.'\‘hu IL-8/Lat B 40
0 5 %, 0 A ol - 0 bt ’
100 107 102 103 104 100 107 102 103 104 100 10! 102 103 104
IB4-PE KIM127-PE MEM148-PE
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with mAb IB4, KIM127, or MEM148 and then with PE-conjugated anti-mouse IgG, and analyzed by flow cytometry. The data are representative of three

experiments.

(Fig. 84). Treatment with latrunculin B or blebbistatin did not
prevent human neutrophils rolling on P-selectin from arresting
on KIM127 with or without coimmobilized IL-8. Thus, immo-
bilized P-selectin and/or chemokine triggers 3, integrin exten-
sion without an intact actin cytoskeleton. In contrast, both
treatments prevented human neutrophils rolling on P-selectin
from arresting on ICAM-1 or MEM148 coimmobilized with
IL-8. Furthermore, latrunculin B prevented murine neutrophils
or BMDMs rolling on P-selectin from arresting on ICAM-1
coimmobilized with murine chemokine CCL2 or CXCLI,
respectively (Fig. 8, B and C). Thus, neutrophils expressing
chemokine-primed extended f3, integrins require intact actin
filaments and actomyosin tension to arrest on MEM148, which
reports hybrid domain swing out, or ICAM-1, which requires
conversion of 3, integrins to their high affinity conformations.

DISCUSSION

Neutrophils rolling on P- or E-selectin trigger PSGL-1-me-
diated signals that activate integrin «; 3, to slow rolling on
ICAM-1. Our results provide insights into both upstream and
downstream aspects of this process (Fig. 9). Receptor interac-
tions with the actin cytoskeleton commonly enhance signaling
(18-20, 23, 24). However, we found that PSGL-1 requires nei-
ther direct nor indirect interactions with the cytoskeleton to
initiate signaling. Integrin-cytoskeleton interactions are closely
linked to integrin activation (25, 31, 34). However, we found
that a; B,-dependent slow neutrophil rolling on P-selectin and
ICAM-1 requires neither intact actin filaments nor actomyo-
sin-mediated tension. The cytoskeletal independence of PSGL-
1-initiated, a; B,-mediated slow rolling contrasts sharply with
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the cytoskeletal dependence of chemokine-initiated, o 3,-me-
diated arrest.

Because the PSGL-1 cytoplasmic domain binds to ERM pro-
teins in solution (13, 14), it was assumed, but never verified, that
ERM proteins link PSGL-1 to the actin cytoskeleton in cells.
Our FRAP measurements provide the first direct evidence that
the cytoplasmic domain interacts with the cytoskeleton to limit
the lateral mobility of PSGL-1. Because the implicated jux-
tamembrane residues reportedly bind ERM proteins in
solution, our data suggest that ERM proteins link the PSGL-1
tail to actin filaments. Nevertheless, the discordant effects of
mutating the SRKS and MYVR residues on moesin binding in
solution and PSGL-1 mobility in cells raise caution in assigning
cellular defects solely to altered binding to ERM proteins.
Membrane interactions influence the structures of cytoplasmic
domains (56) and may limit access of the more proximal SRK
residues in the PSGL-1 tail to ERM proteins. This could explain
why mutating these residues markedly reduced binding in solu-
tion but did not alter PSGL-1 mobility in cells, although it did
increase the mobile fraction. In contrast, the more distal MYVR
residues may dominate binding to ERM proteins in cells but not
in solution. Alternatively or in addition, sequences in the jux-
tamembrane PSGL-1 tail could bind to other adaptor proteins
that interact with actin filaments. Remarkably, dimerization of
PSGL-1 did not alter membrane mobility, distinguishing it
from other membrane proteins that augment cytoskeleton-de-
pendent clustering by dimerizing (23, 24).

The PSGL-1 tail mutations did not inhibit the numbers or
velocities of transduced BMDMs rolling on P-selectin. Our
results do not support a recent report that similar mutations in
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FIGURE 9. Schematic contrasting the cytoskeletal independence of PSGL-1 or chemokine-receptor signaling that partially activates integrin o, 3, with
the cytoskeletal dependence of chemokine-receptor signaling that fully activates integrin ¢, 3,. Cytoskeletal anchorage restrains the lateral mobility of
dimeric or monomeric PSGL-1. Disrupting anchorage by mutating the PSGL-1 cytoplasmic domain, by depolymerizing actin filaments with latrunculin B, or by
blocking actomyosin tension with blebbistatin does not prevent PSGL-1 signaling that extends o, 3,, exposes the epitope for mAb KIM127, and enables slow
neutrophil rolling on ICAM-1. Neither latrunculin B nor blebbistatin prevents chemokine-receptor signaling that extends ¢ 3,, but both inhibitors block swing
out of the hybrid domain, exposure of the epitope for mAb MEM148, and neutrophil arrest on ICAM-1. See “Discussion” for details.

the putative ERM-binding site of PSGL-1 markedly reduce the
number of transfected CHO or murine 32D cells rolling on
P-selectin (57), although both studies agree that cells express-
ing WT or mutant PSGL-1 roll with similar velocities. Our data
are consistent with previous observations that deleting the
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entire PSGL-1 tail does not impair the numbers or velocities
of neutrophils from knock-in mice or transfected CHO cells
rolling on P-selectin in vitro (5). Indeed, despite an ~90%
reduction in PSGL-1 surface density, neutrophils expressing
tail-less PSGL-1 roll on P-selectin in vivo in greater numbers
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than predicted by the in vitro data with transfected 32D
cells (5).

We found transduced BMDMs to be a robust model for
studying adhesion-dependent signaling in nontransformed
myeloid cells. By the many criteria examined, BMDMs and neu-
trophils rolling on P-selectin employed the same signaling
pathway to induce (3, integrin-dependent slow rolling on
ICAM-1. BMDMs used both a,,, and «; 3, to slow rolling, in
accordance with the higher expression of «,,£3, on these cells.
Although neutrophils primarily use o; 8, to slow rolling, they
sometimes use a,,f3, as well (52). We expressed altered forms
of PSGL-1 in BMDMs from PSGL-1-deficient mice. This strat-
egy revealed that PSGL-1 tail mutations that disrupt cytoskel-
etal interactions do not impair PSGL-1-triggered slow rolling
on P-selectin and ICAM-1. Our data agree with the failure of
similar mutations in the human PSGL-1 tail to inhibit slow
rolling of transfected 32D cells on E-selectin and ICAM-1 (57).
However, this study did not address whether 32D cells, a
murine myeloid cell line, express endogenous murine PSGL-1,
CD44, or other E-selectin ligands that may also activate (3,
integrins to decrease rolling velocities on ICAM-1. Some 32D
cells do express such ligands (58, 59). Cross-linking WT or
mutated human PSGL-1 with intact primary and secondary
antibodies was found to equivalently activate Syk in transfected
32D cells (57). However, no controls excluded engagement of
Fc receptors by the intact antibodies. Fc receptor engagement
would activate the Fc receptor vy chain, a central component of
the PSGL-1 signaling cascade (8).

Disrupting direct interactions of the PSGL-1 tail with the
cytoskeleton did not impair signaling. Indirect interactions
with the cytoskeleton may distribute tail-less PSGL-1 to
microvilli of resting neutrophils and to the uropods of chemo-
kine-stimulated, polarized neutrophils (5). However, latruncu-
lin B-treated neutrophils triggered o; B,-dependent slow roll-
ing on P-selectin and ICAM-1, demonstrating that PSGL-1
signaling does not require an intact cytoskeleton. How does
PSGL-1 initiate signaling in rolling neutrophils with depoly-
merized actin filaments? Cholesterol-enriched membrane
rafts, which concentrate many signaling proteins, may be
important (60). Chelating or sequestering cholesterol blocks
PSGL-1-mediated signaling (7). Actin filaments are important
raft organizers (16, 17), but cholesterol-dependent raft integrity
was sufficient for PSGL-1 to trigger signaling in neutrophils or
BMDMs treated with latrunculin B. Although phalloidin stain-
ing confirmed that latrunculin B substantially disrupted actin
filaments, remnants of the membrane cytoskeleton might clus-
ter rafts. Alternatively, rolling neutrophils without actin fila-
ments may coalesce small membrane domains into larger
domains through reversible PSGL-1 bonds with P-selectin.
Indeed, lack of cytoskeletal restraints might favor clustering of
PSGL-1. In knock-in mice, neutrophils expressing PSGL-1
lacking the entire cytoplasmic domain do not signal while roll-
ing on P- or E-selectin (5, 7), even though tail-less PSGL-1 still
associates with lipid rafts (5). Therefore, portions of the cyto-
plasmic domain other than the ERM-binding sequence must
propagate signals without requiring direct linkage to the
cytoskeleton.
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Both soluble and immobilized P-selectin triggered integrin
extension in human neutrophils, measured by binding of mAb
KIM127, even when the cells were treated with inhibitors to
depolymerize actin filaments or prevent actomyosin contrac-
tion. Therefore, PSGL-1-mediated extension of ¢; 3, in sus-
pended or rolling neutrophils does not require prior integrin
attachment to an intact cytoskeleton or actomyosin contrac-
tion. Furthermore, extensive cytoskeletal anchorage of a; 8, is
not needed to withstand the axial forces applied to «;f3,-
ICAM-1 bonds during rolling. The “traction” model proposes
that cells activated by chemokines or other agonists prime
integrins to states with intermediate affinity for ligand. Transi-
tion to the high affinity state requires an energy-dependent
cytoskeleton that exerts lateral force (traction) to fully separate
the wand B tails. Traction develops only if the integrin binds to
immobilized ligand (34). We found that PSGL-1 signaling
primes ¢ 3, to an extended state that is subjected to axial forces
during rolling but not to the cytoskeleton-dependent lateral
forces predicted by the traction model. Single particle tracking
has identified a subset of mobile, “closed” (bent rather than
extended) oy B, molecules in the plasma membranes of resting
leukocytes (61). PSGL-1 signaling might preferentially act on
this subset. Neither soluble nor immobilized P-selectin induced
swing out of the hybrid domain in the extended 3, subunit,
measured by binding of mAb MEM148. PSGL-1-mediated sig-
naling may cause the talin head domain to bind to the 3, tail,
weakening interactions with the «; tail and extending the «; 3,
ectodomain (62). The talin rod domain might not interact with
actin, limiting oy 3, tail separation and preventing hybrid
domain swing out. Consistent with this possibility, overex-
pressing the talin head domain in transfected cells separates the
oy and f3, tails (63) but may not fully activate oy 3, (64). Alter-
natively, actin filaments bound to the S, integrin tail could
resist energy-dependent contraction by myosin. Failure to
recruit kindlins to the 3, tail may also impair cytoskeletal inter-
actions (62).

Immobilized, but not soluble, chemokine was reported to
induce integrin «; B, extension in human lymphocytes (31).
Depolymerizing actin filaments with cytochalasin B prevented
chemokine-mediated integrin extension (31). In contrast, we
found that either soluble or immobilized IL-8 triggers integrin
extension and hybrid domain swing out in human neutrophils.
Latrunculin B treatment did not affect integrin extension but
markedly inhibited hybrid domain swing out. These data dem-
onstrate that a; 8,, at least in neutrophils, need not anchor to
the cytoskeleton to extend in response to chemokine signals. In
suspended neutrophils lacking an intact actin cytoskeleton,
IL-8-triggered binding of talin and kindlin may transiently
induce swing out of the hybrid domains in a small number of
extended «; B, molecules, which are stabilized by saturating
concentrations of MEM148. In contrast, immobilized chemo-
kine did not induce latrunculin B-treated neutrophils rolling on
P-selectin to arrest on coimmobilized ICAM-1 or MEM148.
Immobilized chemokine likely fully primes only a few integrins
on rolling neutrophils. Without an intact cytoskeleton, these
integrins may revert to low affinity conformations too rapidly to
attach to ICAM-1 or MEM148.

VOLUME 287+NUMBER 23+JUNE 1, 2012



Dimerization and cytoskeleton-dependent clustering of
receptors commonly initiate signaling. Yet PSGL-1 required
neither mechanism to signal as it engaged P-selectin despite the
short force-regulated bond lifetimes of rolling neutrophils
under flow (2). It will be important to unravel the novel early
steps by which PSGL-1 engagement triggers signals. Neutro-
phils rolling on E-selectin engage PSGL-1 or CD44 to induce
a; B,-mediated slow rolling on ICAM-1 (7). Although neutro-
phils rolling on P- or E-selectin appear to use the same overall
signaling pathway, E-selectin might rely more on oligomeriza-
tion or cytoskeletal interactions of its ligands during the earliest
signaling steps. The downstream consequence of selectin-me-
diated signaling is rapid extension of integrin «; 3,, which inter-
acts reversibly with ICAM-1 to slow rolling velocities. That
rapid extension and slow rolling occurred independently of
most actin filaments has implications for how talin, kindlin, and
mechanical forces regulate o; 3, conformation and function as
leukocytes roll and arrest on vascular surfaces.
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