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The Journal of Immunology

Talin-1 and Kindlin-3 Regulate a4b1 Integrin-Mediated
Adhesion Stabilization, but Not G Protein-Coupled
Receptor-Induced Affinity Upregulation

Sharon J. Hyduk,*,† Jacob Rullo,*,† Adrianet Puig Cano,*,† Haiyan Xiao,*,†

Mian Chen,*,† Markus Moser,‡ and Myron I. Cybulsky*,†

Chemokine/chemoattractant G protein-coupled receptors trigger an inside–out signaling network that rapidly activates integrins,

a key step in inflammatory leukocyte recruitment. Integrins mediate leukocyte arrest and adhesion to endothelium through

multivalent binding, and they transmit outside–in signals to stabilize adhesion and coordinate cell spreading and migration. In

the present study, we used RNA interference in the U937 monocytic cell line to investigate the role of talin-1, kindlin-3, and

a-actinin-1 in the fMLF- and SDF-1a–induced upregulation of a4b1 integrin affinity and consequent adhesive events. Affinity

upregulation of a4b1 integrin was not impaired by small interfering RNA knockdown of talin-1, kindlin-3, or a-actinin-1. Only

kindlin-3 knockdown increased flow-induced detachment from VCAM-1–coated surfaces in response to fluid flow, whereas

knockdown of either talin-1 or kindlin-3 increased detachment from ICAM-1–coated surfaces. Biochemical analyses revealed

that a4b1 expression was highly enriched in U937 cell microridges and murine lymphocyte microvilli. Kindlin-3 was present

throughout the cell, whereas talin-1 was largely excluded from microridges/microvilli. The subcellular colocalization of a4b1 and

kindlin-3 in microridges may explain why kindlin-3 rapidly associates with a4b1 after G protein-coupled receptor signaling and

contributes to adhesion strengthening. Talin-1 contributed to a4b1-dependent chemotaxis, suggesting that it participates in a later

stage of the leukocyte adhesion cascade when the leukocyte cytoskeleton undergoes dramatic rearrangement. The Journal of

Immunology, 2011, 187: 4360–4368.

D
ynamic regulation of adhesive contacts with endothelium
is required for the coordinated and rapid migration of
leukocytes from the blood into tissues. Integrins are

important mediators of these dynamic adhesive events and as such
must be able to regulate their adhesive capacity. Binding of che-
moattractants or chemokines to G protein-coupled receptors
(GPCRs) activates integrins by rapid triggering of a complex in-
side–out signaling network. Integrin activation by chemokines is
a key step that results in the arrest of rolling leukocytes (1) and in
the recruitment of specific leukocytes from the blood. Integrin
activation can occur via conformational changes that increase the
intrinsic affinity of the integrin for its ligands or through increased
valency (an increase in the number of cotemporaneous integrin/
ligand bonds) (2–4). Rapid chemokine-induced upregulation of
a4b1 integrin affinity is required for monocyte arrest mediated by

VCAM-1 (5, 6). T lymphocyte arrest through interactions with
ICAM-1 is dependent on aLb2 integrin affinity modulation and
multivalent binding (7, 8). Subsequent to arrest, integrins mediate
the stable adhesion of leukocytes to endothelium through multi-
valent binding and they transmit signals into the cell (outside–in
signaling) to stabilize adhesion and coordinate cell spreading and
migration. Our understanding of the molecular mechanisms that
regulate these integrin activities under physiologic conditions
relevant to migration is still limited.
An early step in the chemokine/chemoattractant GPCR inside–

out signaling cascade is activation of phospholipase C and calcium
signaling, which are required for the induction of high-affinity
a4b1 integrin and monocyte arrest following GPCR stimulation
(6) and LFA-1 activation and adhesion of T lymphocytes (9).
Downstream of calcium signaling, the small GTPases and their
guanine nucleotide exchange factors and effectors have been
shown to play an important role in b2 integrin extension, arrest,
and adhesion stabilization (9, 10), but this has not been established
in a4b1 affinity upregulation or adhesion. Interaction of integrin-
binding proteins with the integrin cytoplasmic tail is thought to
be the terminal event that leads to conformational change and
increased ligand-binding affinity. Subsequent to ligand binding,
integrin-associated proteins mediate the outside–in signaling events
that contribute to stabilization of adhesion. Integrin cytoplasmic
tails bind to a number of proteins, including talin, a-actinin, and
members of the kindlin family.
Talin-1 is an∼240-kDa protein composed of a 47-kDa N-terminal

head domain and 190-kDa C-terminal rod domain (11). The head
domain contains the major integrin-binding site in the FERM-3
domain, and the rod domain contains actin-binding sites. In non-
hematopoietic cells, it is increasingly evident that talin provides a
key link between integrins and the actin cytoskeleton and regulates
integrin adhesive and signaling functions (12). Overexpression of
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the integrin-binding head domain of talin activates integrins (13),
and short hairpin RNA against talin inhibits soluble ligand and ac-
tivation reporter Ab binding to b1 and b3 integrins (14).
The Drosophila aPS2bPS integrin is not regulated by talin, either

in its native environment or when expressed in mammalian cells,
although Drosophila talin is able to activate mammalian aIIbb3

integrin (15). A recent report showed that binding of the talin head
domain to the cytoplasmic tail of aIIbb3 integrin did not upregu-
late affinity as measured by binding of a monovalent ligand, but it
did induce binding of a multivalent ligand (Pac-1 Ab), suggesting
that talin may induce integrin clustering (16). However, talin head
domain activated aIIbb3 integrin, leading to molecular extension
and Pac-1 binding in the absence of other membrane proteins in
nanodiscs bearing a single lipid-embedded integrin (17).
Kindlins are FERM domain-containing proteins that interact

with integrin b-chain cytoplasmic tails. Kindlins activate b1, b2,
and b3 integrins and have been implicated in integrin activation,
leukocyte arrest, and adhesion (18–20). Recent studies have impli-
cated kindlin-3 in leukocyte adhesion deficiency III, also known
as leukocyte adhesion deficiency I variant (21–23). Kindlin-3
binds to integrin b tails (18) and has been shown to regulate
integrin activation (24), integrin-dependent adhesion (20), and
platelet aggregation (18). Kindlin-3 and talin associate with b tails
independent of each other at membrane distal and proximal sites,
respectively (18). Kindlin-3–deficient effector T cells derived
from leukocyte adhesion deficiency III patients exhibited normal
adhesion strengthening on VCAM-1 despite reduced basal ex-
pression of a b1 integrin activation epitope (25).
a-Actinins are actin-binding proteins that bundle actin filaments

in cytoskeleton frameworks. They are found at adhesion sites,
where they associate with integrins and a number of cytoskeletal
and signaling molecules. a-Actinins associate directly with the
cytoplasmic tail of b1- and b2-chains (26, 27), but they may also
appear in integrin/cytoskeletal complexes as a binding partner of
actin and regulate lymphocyte migration (28, 29). The presence
of a-actinin at adhesion sites has been shown to correlate with
adhesion strengthening (30, 31). In fibroblasts, a-actinin-1 is not
found in newly formed adhesions or small integrin clusters, but it is
found in mature focal adhesions (30, 31). Knockdown of a-actinin
in T cells increased initial attachment and decreased migration on
ICAM-1, but it did not alter LFA-1 activation (extension). Coim-
munoprecipitation studies revealed that a-actinin associates with
low- and/or intermediate-affinity, but not high-affinity, LFA-1 (29).
Pavalko and colleagues (28) proposed that following fMLF stim-
ulation of neutrophils the a-actinin binding site on b2 integrin
is revealed following a conformational change, suggesting that
a-actinin binding occurs secondary to integrin activation.
Earlier reports indicate that integrin functions can be modulated

by talin, kindlin, and a-actinin; however, their role in GPCR-
induced upregulation of a4b1 integrin affinity in leukocytes has
not been established. Most of these studies focused on LFA-1, and
much less is known about a4b1. The a4b1 integrin has a different
subcellular distribution than does LFA-1, and it therefore may be
regulated by distinct cytoskeletal proteins (32, 33). In the present
study, we investigated the role of talin-1, a-actinins, and kindlin-3
in key steps of the leukocyte adhesion cascade that are mediated
by a4b1 integrin binding to VCAM-1. We found that these mol-
ecules were involved in a4b1 integrin-dependent adhesion or che-
motactic migration, but not upregulation of affinity.

Materials and Methods
Leukocytes

The myelomonocytic U937 cell line transfected with human formyl peptide
receptor (U937-FPR) was cultured in RPMI 1640 supplemented with 10%

heat-inactivated FBS and 500 mg/ml Geneticin (5). U937-FPR cells were
used since they are readily transfectable and mirror a4b1 integrin biology
of peripheral blood monocytes, including expression of a4b1 with rela-
tively low basal affinity that is rapidly and transiently upregulated by
GPCR signaling (5, 6).

Lymphocytes were harvested from the spleens of mice by passage
through a 0.117-mm wire mesh. Lymphocytes were concentrated by cen-
trifugation at 300 3 g at 4˚C for 5 min and resuspended in PBS containing
0.5% FBS (PBS-FBS). Mice were bred and housed under pathogen-free
conditions at the University Health Network Animal Facility. All experi-
ments were performed according to institutional guidelines, as well as
Canadian federal and provincial laws for animal protection.

Small interfering RNA-mediated gene silencing and
transfection of DNA constructs

Gene silencing was achieved by nucleofection of small interfering RNA
(siRNA) oligonucleotides using the Amaxa Nucleofector device and cell
line Nucleofector kit V (Lonza, Walkersville, MD). Twenty-one–nucleotide
siRNAs targeting exon 6 of talin-1 (ID no. 5552), exon 3 of a-actinin-1 (ID
no. 9416), exon 9 of kindlin-3 (ID no. s38130), and a negative control (no.
1) were obtained from Ambion (Austin, TX). Transfected U937-FPR cells
were maintained in RPMI 1640/10% FBS for 48–72 h prior to use in
functional assays. Gene expression was monitored by real-time PCR and/
or Western blotting of cell lysates and normalized to actin expression.
Cells were transfected with 2 mg phosphatidylinositol phosphate kinase
type I g (PIPKIg-90)-GFP construct (obtained from Dr. P. De Camilli, Yale
University School of Medicine) or a control GFP construct (Lonza) as
described for siRNA silencing. Expression of transfected constructs was
determined by flow cytometry.

LDV-FITC binding assays

The binding of a monomeric soluble ligand is dependent on individual
integrin/ligand interactions and can be used to assess integrin affinity (34).
FITC-conjugated peptide 4-((N9-2-methylphenyl)ureido)-phenylacetyl-L-
leucyl-L-a-aspartyl-L-valyl-L-prolyl-L-alanyl-L-alanyl-L-lysine (LDV-FITC)
(35) was synthesized by Commonwealth Biotechnologies (Richmond,
VA) and used as a ligand for a4b1 integrin. The LDV-FITC binding assay
was performed as previously described (6). Briefly, U937-FPR cells (0.53
106 cells in 50 ml) suspended in HBSS (with 1 mM Ca2+Mg2+) supple-
mented with 20 mM HEPES and 0.5% FBS (assay buffer) were incubated
with LDV-FITC (3 nM) for 30 min at 37˚C. Cells were stimulated at
37˚C with fMLF (100 nM, 2 min), SDF-1a (500 ng/ml, 2 min), PMA (50
nM, 30 min), or MnCl2 (1 mM, 5 min), diluted with 1 ml HBSS, and
immediately fixed by adding 1 ml 2% paraformaldehyde at 22˚C to fix
bound LDV-FITC. Cells were washed with HBSS and bound LDV-FITC
was detected using biotin-conjugated anti-FITC followed by streptavidin-
PE (or allophycocyanin) (Jackson ImmunoResearch Laboratories, West
Grove, PA). The FITC signal from the bound LDV-FITC was quenched
by the anti-FITC Ab. Cells were analyzed by flow cytometry using a
Cytomics FC500 (Beckman Coulter, Fullerton, CA). Consistent with pre-
vious studies (5, 6, 35), U937-FPR cells had low a4b1 integrin affinity, and
treatment with 1 mMMnCl2, a positive control that increases a4b1 integrin
affinity for ligand by association with divalent cation binding sites (36),
induced maximal LDV-FITC binding. Affinity was upregulated by fMLF,
SDF-1a (GPCR-dependent), or PMA (GPCR-independent), and the data
are expressed as percentage of maximal stimulation by Mn2+ (Fig. 1). In
our experience, the LDV-FITC assay is more robust than binding of Abs
that detect conformational changes in the b1-chain. Furthermore, these Abs
are difficult to use in the rapid time frame of GPCR-induced a4b1 integrin
affinity, and they may detect occupancy of the ligand-binding pocket (37).
The specificity of LDV-FITC for a4 integrin was shown previously (35).

Parallel plate flow chamber assays

Leukocyte arrest and detachment assays were performed using parallel plate
flow chambers (Glycotech, Rockville, MD) as described previously (5, 6).
Human VCAM-1/Fc or ICAM-1/Fc chimeric proteins (R&D Systems,
Minneapolis, MN) and SDF-1a (PeproTech, Rocky Hill, NJ) were im-
mobilized where indicated to 35-mm polystyrene tissue culture dishes as
previously described (5). Briefly, goat anti-human IgG F(ab9)2 was in-
cubated for 60 min at 22˚C (10 mg/ml for VCAM-1/Fc or 100 mg /ml for
ICAM-1/Fc) followed by SDF-1a at 20 mg/ml (90 min at 22˚C). Non-
specific binding sites were blocked with 5% FBS, and the coated area
was incubated with VCAM-1/Fc (5 mg/ml) or ICAM-1/Fc (20 mg/ml) for
60 min. The coating density using this method was determined to be
544 VCAM-1 molecules or 2400 ICAM-1 molecules/mm2 (6). Adhesion
molecule-coated dishes served as the bottom surface, and a silicone gasket
formed a 0.254-mm-high and 2.5-mm-wide flow path. Flow chambers
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were maintained at 37˚C with a stage heater. Cells were observed with
a Diaphot 300 inverted phase contrast microscope (Nikon, Melville, NY),
recorded with a Sony DXC-151A video camera and Sony SVT-S3100
time-lapse video cassette recorder, and analyzed manually offline.

For arrest assays, U937-FPR cells in assay buffer were infused with
a programmable syringe pump (Kent Scientific) at a wall shear stress of 0.8
dyne/cm2. The number of accumulated (stationary) leukocytes was de-
termined in six nonoverlapping high-power fields after 2 min of flow. In-
dividual adhesive events were further classified in a single field by the
duration and type of adhesive interactions. Tethers were defined as adhe-
sions lasting,1 s, and arrest events were subdivided into adhesions of 1–5 s
or .5 s. It was unusual for cells that were adherent for .5 s to detach
subsequently.

For detachment assays, U937-FPR cells were injected via the outflow
port into inverted flow chambers and allowed to settle for 2 min under static
conditions once chambers were overturned. Shear stress of 1, 2, 4, 10, and
20 dynes/cm2 at 20-s intervals was applied by pulling assay buffer through
chambers with a programmable syringe pump. The number of U937 cells
remaining attached after each interval was determined and expressed as
a percentage of originally settled cells. Cells were pretreated with 100 nM
fMLF (2 min at 22˚C) or 50 nM PMA (30 min at 37˚C) prior to in-
troduction into the flow chamber.

Cell lysis, isolation of microridges/microvilli, and
immunoprecipitation

An equal volume of 23 ice-cold lysis buffer was added to a suspension
of U937 cells. Cell lysis buffer (23) contained 40 mM Tris, 300 mM NaCl,
20 mM EDTA, 2 mM sodium orthovanadate, 2 mM NaF, 2% Triton X-100,
0.1% Tween 20, 1 mM PMSF, and other protease inhibitors (Complete
Mini protease inhibitor mixture; Roche, Laval, QC, Canada). Phalloidin
(10 mM) was included in the lysis buffer to stabilize actin and actin-
containing complexes. Lysates were centrifuged at 12,000 3 g for 15 min
at 4˚C to remove nuclei and insoluble cytoskeleton.

To purify the microridge/microvillus-enriched fraction, cells were passed
six times through a 27-gauge needle (22˚C) to shear cell surface processes.
Low-speed centrifugation (2,500 3 g, 5 min, 4˚C) was used to pellet cells,
and sheared microvilli and microridges from the supernatant were col-
lected by high-speed centrifugation (16,000 3 g, 40 min, 4˚C). Microvilli
were washed with PBS and lysed in 13 lysis buffer. Trypan blue exclusion
determined that cells subjected to shearing remained viable. They were
washed, lysed, and the nuclei and insoluble cytoskeleton were removed by
centrifugation.

Protein concentration in lysates was determined using a DC protein
assay kit (Bio-Rad). For precipitations, 2 mg total lysatewas precleared with
mouse IgG and protein G-agarose beads for 30 min at 4˚C. Anti-a4 integrin
(HP2/1; Serotec, Raleigh, NC) was incubated with the precleared lysates
for 2 h followed by protein G-agarose (Invitrogen, Burlington, ON, Can-
ada) overnight (4˚C with rocking). Beads were washed three times in PBS
containing protease inhibitors and boiled in SDS-PAGE sample buffer.
Equal amounts of each fraction were subjected to electrophoresis.

SDS-PAGE and Western blotting

SDS-PAGE was carried out using 8% acrylamide gels (100 V, 22˚C), and
proteins were transferred to polyvinylidene difluoride membrane (22 V,
4˚C, 18 h). Membranes were probed with primary Abs, HRP-conjugated
secondary Abs (Jackson ImmunoResearch Laboratories) and developed
using the ECL system (Amersham Pharmacia Biotech, Baie d’Urfé, QC,
Canada). Abs against the following proteins were used for Western blotting:
talin (Chemicon), a4 integrin (Santa Cruz Biotechnology, Santa Cruz, CA),
P-selectin glycoprotein ligand-1 (PSGL-1; R&D Systems), kindlin-3 (M.
Moser, Max Planck Institute of Biochemistry), a-actinin (clone BM 75.2;
Sigma-Aldrich), and actin (Sigma-Aldrich). Blots were stripped in 100 mM
2-ME, 2% SDS, and 62.5 mM Tris-HCl (pH 6.7) prior to reprobing.

Scanning electron microscopy

For electron microscopic analysis, U937-FPR cells (10 ml at a concentra-
tion of 1.0 3 106 cells/ml) were allowed to adhere for 15 min to 40-mm
glass coverslips coated with poly-L-lysine (150,000–300,000 kDa molec-
ular mass). Cells were fixed with 2.5% glutaraldehyde and 2.0% formal-
dehyde in 0.1 M phosphate buffer (pH 7.4) for 1 h at 22˚C. After washing,
coverslips were postfixed with 1% osmium tetroxide in 0.1 M phosphate
buffer (pH 7.4) for 1 h. Samples were dehydrated through an ascend-
ing graded ethanol series, infiltrated with a graded hexamethyldisilizane
(Sigma-Aldrich) in absolute ethanol, and allowed to dry overnight in a
fume hood. Coverslips were mounted on aluminum stubs and sputter
coated with gold-palladium (Bal-Tec SCD 050) and examined using a

Hitachi S-2500 scanning electron microscope operated at 15 kV. Digital
images were acquired using a frame grabber and Quartz PCI software.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (GraphPad
Software, La Jolla, CA). A Student t test was used to compare two groups,
and an ANOVAwith the Bonferroni post hoc test was used for comparisons
of multiple groups. Significant differences (p , 0.05) were indicated.

Results
Talin-1 and kindlin-3 are not involved in chemokine-induced
a4b1 integrin affinity upregulation

In nonhematopoietic cells, talin is an important regulator of inte-
grin adhesive and signaling functions. To investigate the role of
talin in a4b1 integrin affinity upregulation we used siRNA-medi-
ated gene silencing to suppress talin-1 expression in U937-FPR
cells. Maximal knockdown of talin protein expression was ach-
ieved with 2 mg siRNA (Supplemental Fig. 1A). Relative to
negative control siRNA, suppression of talin protein expression
ranged from 60 to 95%, with an average of 76%. The Ab used to
detect talin levels by Western blotting (TD77) detects both talin-1
and talin-2 and therefore detects all remaining talin expression by
the cells. Expression of a4b1 integrin on the cell surface was not
altered by siRNA knockdown of talin-1 (Supplemental Fig. 1C).
Talin-1 siRNA had no effect on basal or Mn2+-induced LDV-

FITC binding (data not shown). Significant differences in
the induction of LDV-FITC binding following stimulation with
fMLF, SDF-1a, or PMA were also not observed when comparing
untransfected (data not shown), control siRNA-treated (Fig. 1, Fig.
2A), or talin-1 siRNA-treated cells (Fig. 2A). The relationship
between the extent of talin knockdown and inhibition of fMLF-
induced affinity change did not reveal a positive correlation (Fig.
2B). These results suggest that talin does not regulate basal,
fMLF-, SDF-1a–, or PMA-induced a4b1 integrin affinity.
An alternative approach was used to assess talin function. U937-

FPR cells were transfected with a GFP-tagged fragment of PIPKIg-
90, which binds to the F3 domain of talin in a region that overlaps
with the integrin binding site and consequently competes with
integrins for talin binding (38). No differences in LDV-FITC
binding were observed in unstimulated, Mn2+-, fMLF-, or PMA-
stimulated cells gated for high, low, or negative PIPKIg-90-GFP
expression, and the induction of LDV-FITC binding following
stimulation with fMLF or PMA was similar (Fig. 2C). Similar
results were obtained with cells transfected with GFP alone (not
shown).
A recent study demonstrated that kindlin-3 is critical for LFA-1

but not a4b1 integrin adhesive functions in human lymphocytes
(25). Therefore, we investigated the role of kindlin-3 in the reg-
ulation of a4 integrin affinity. siRNA knockdown of kindlin-3
reduced mRNA levels by 84% and resulted in undetectable re-
sidual kindlin-3 protein levels (Supplemental Fig. 1B). Expression
of a4b1 integrin on the cell surface was not altered by siRNA
knockdown of kindlin-3 (Supplemental Fig. 1C). Kindlin-3
knockdown did not affect fMLF- or SDF-1a–induced a4 integ-
rin affinity upregulation (GPCR-induced signaling); however,
PMA-induced affinity upregulation was inhibited by 50% (Fig.
2D).

Talin-1 and kindlin-3 differentially regulate postadhesion
strengthening on VCAM-1

Chemokine-induced a4b1 integrin-mediated leukocyte arrest is
dependent on integrin affinity upregulation (5, 6). Consistent with
these and the above data that talin is not involved in fMLF-
induced upregulation of integrin affinity, the accumulation of in-
fused U937-FPR cells on a surface with coimmobilized VCAM-1
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and SDF-1a was not significantly inhibited by siRNA suppression
of talin-1 or kindlin-3 expression (Fig. 3A). A closer examination
of the adhesive contacts made by talin-1– or kindlin-3–deficient
cells revealed that contacts tended to be of shorter duration. A
significant increase in the number of tethers of ,1 s and a trend
toward fewer arrest events were observed (Fig. 3B).
We then investigated the role of talin-1 and kindlin-3 in integrin-

mediated adhesive functions that occur after the initial binding to
VCAM-1 and performed detachment assays that model the ad-
hesion strengthening step of the leukocyte adhesion cascade. U937-
FPR cells were allowed to adhere for 2 min to VCAM-1/Fc–coated
surfaces in parallel plate flow chambers prior to introduction of
fluid flow with incremental increases in shear stress. Unstimulated
U937-FPR cells adhered very weakly to VCAM-1, in that ,1% of
cells remained adherent after very low shear stress (1 dyne/cm2)
was induced (data not shown). siRNA knockdown of talin-1 did
not affect this weak basal adhesion to VCAM-1. Stimulation of
cells in solution with fMLF or through surface coimmobilized
SDF-1a induced significant adhesion of U937-FPR cells that
resisted detachment even at high fluid shear stresses. Cells trans-
fected with control or talin-1 siRNA showed a similar resistance to
detachment (Fig. 4A). Even when talin expression was suppressed
by 90%, no inhibition of adhesion was observed. In contrast,
siRNA-mediated knockdown of talin-1 significantly attenuated
fMLF-induced adhesion strengthening on ICAM-1 (Fig. 4C).

Kindlin-3 knockdown diminished the ability of U937-FPR cells
to resist detachment from both VCAM-1– and ICAM-1–coated
surfaces after stimulation of GPCRs (Fig. 4B, 4D). Both talin-1
and kindlin-3 contribute to PMA-induced resistance to detachment
on VCAM-1 (Fig. 4A, 4B).

FIGURE 2. Talin-1 and kindlin-3 do not mediate fMLF- or PMA-in-

duced a4b1 integrin affinity upregulation. A, siRNA silencing of talin-1 did

not inhibit fMLF-, SDF-1a–, or PMA-induced binding of LDV-FITC

peptide (mean 6 SEM; n = 8 for fMLF, n = 4 for SDF-1a and PMA). B,

The relationship between the extent of talin knockdown and fMLF-induced

affinity change is plotted. Each of eight individual experiments (s) and the

calculated mean (d) are shown. C, U937-FPR cells were transfected with

a GFP-tagged fragment of PIPKIg90, which binds to the F3 domain of

talin and competes with integrins for talin binding. LDV-FITC binding

(detected with anti–FITC-biotin and streptavidin-allophycocyanin) was

analyzed on cells gated for high, low, or negative PIPKIg90-GFP ex-

pression. Differences in stimulated LDV-FITC binding were not observed

(mean 6 SEM, n = 3). D, siRNA silencing of kindlin-3 did not inhibit

fMLF- or SDF-1a–induced LDV-FITC binding to U937-FPR cells, but

inhibited PMA-induced binding by ∼50% (mean 6 SEM, n = 5). *p ,
0.05. NS, p $ 0.05.

FIGURE 1. Measurement of a4b1 integrin affinity upregulation with

LDV-FITC. A, U937-FPR cells were stimulated with fMLF (2 min, 100

nM), PMA (30 min, 50 nM), or MnCl2 (5 min, 1 mM) in the presence of

LDV-FITC peptide. After fixation with paraformaldehyde, bound LDV-

FITC was detected with biotin-anti–FITC and streptavidin-PE by flow

cytometry. B and C, To standardize for variability between multiple

experiments, fMLF- and PMA-induced LDV-FITC binding was normal-

ized to untreated and MnCl2-treated cells.
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Talin-1 is required for a4b1 integrin-dependent migration

Following adhesion to inflamed endothelium, leukocytes undergo
intravascular crawling, diapedesis across the vascular endothe-
lium, and they migrate into extravascular tissues. We therefore
examined the role of talin-1 in a4 integrin-dependent chemotaxis
through VCAM-1–coated filters using fMLF as a chemoattractant.
fMLF induced a 10-fold increase in migration compared with
basal (unstimulated) migration (Supplemental Fig. 2). Migration
was dependent on a4 integrins, as was demonstrated by pre-
incubating cells with a function-blocking anti-a4 integrin Ab
(Supplemental Fig. 2). fMLF-induced migration of U937-FPR
cells transfected with talin-1 siRNA was significantly impaired
(Supplemental Fig. 2).

Membrane microridges of U937-FPR cells and mouse
splenocytes contain a4b1 integrin, but not talin

Leukocyte microvilli and microridges mediate the initial adhe-
sive interactions with vascular endothelial cells during emigration
from blood into tissues. PSGL-1 and a4 integrins are predomi-
nantly expressed on leukocyte microvilli, whereas b2 integrins are
not (32, 33). These distinct cell surface patterns of a4 and b2

integrin expression could account for their differential regulation.
We used scanning electron microscopy to evaluate the cell surface
topology of U937-FPR cells and observed abundant microridges
(Fig. 5A). Thus, we adapted a method to isolate lymphocyte mi-
crovilli by subjecting cells to high fluid shear stress (39), and we

isolated membrane microridges from U937-FPR cells and freshly
isolated mouse splenocytes. Protein expression profiles in the
microridge-enriched fraction were compared with lysates from
sheared cells. Western blotting revealed a relative abundance of a4

integrin in the microridge fraction (Fig. 5B), consistent with ex-
pression on microvilli. In contrast, talin was not detected in this
fraction but was abundant in lysates of cells that were subjected to
shearing. Fluid shear stress removed only a fraction of microridges
(determined by scanning electron microscopy), and the protein
expression profile of these cells was identical to untreated U937
cells (data not shown). Kindlin-3 was detected in the microridge
fraction but was relatively more abundant in the cell lysate. PSGL-
1 was highly abundant in the microridge fraction, whereas actin
and a-actinin-1 were present in both fractions. A similar distri-
bution was observed in microridges isolated from wild-type U937
cells (data not shown).

Talin and kindlin-3 associate with a4b1 integrin following
stimulation of chemoattractant receptors

Because siRNA suppression revealed that talin-1 and kindlin-3 are
involved in migration and adhesion, we evaluated their association
with a4b1 integrin before and after stimulation with fMLF. In
unstimulated U937-FPR cells, the basal association of talin with
a4 integrin was low, and stimulation with fMLF induced a time-
dependent association that was maximal at 3 min and persisted
at 20 min (Fig. 5C). The predominant talin band that coimmu-
noprecipated with a4b1 integrin had a high molecular mass (.200
kDa), suggesting that full-length talin (240 kDa) was associated
with a4b1 integrin in both basal and stimulated conditions. The
amount of talin that associated with the a4b1 integrin was only a
very small fraction relative to the total amount of talin present in
the cell lysates. Kindlin-3 association with a4b1 integrins in
unstimulated U937-FPR cells was minimal, but it increased rap-
idly and transiently upon stimulation of U937-FPR cells with
fMLF (Fig. 5C). Evaluation of the kinetics suggested that the
maximal association of kindlin-3 preceded talin. These data are
consistent with the participation of these proteins in a4b1 integrin-
mediated adhesion and migration, respectively.

a-Actinin is not involved in a4b1 integrin affinity upregulation
or adhesion to VCAM-1

The cytoskeletal protein a-actinin can associate with the cyto-
plasmic tails of b1 and b2 integrins, and this association is induced
by stimulating cells with a chemoattractant (28). T cell migration,
but not adhesion to ICAM-1, is dependent on the association of
a-actinin with both the actin cytoskeleton and the integrin cyto-
plasmic tails (29). U937 cells express a-actinin isoforms 1 and 4
(determined by real-time PCR; data not shown). We investigated
the role of a-actinin-1 by transfecting U937-FPR cells with
siRNA. This resulted in 86% (63.5%) knockdown of a-actinin-1
at 48 h (Supplemental Fig. 1). siRNA targeting of a-actinin-1 also
resulted in 40–60% knockdown of a-actinin-4 mRNA levels (data
not shown). Knockdown of a-actinin-1 did not inhibit fMLF- or
PMA-induced a4 integrin affinity upregulation (Fig. 6A). In de-
tachment assays, a-actinin knockdown did not have significant
effects on adhesion to VCAM-1 induced by fMLF, SDF-1a, or
PMA, or adhesion to ICAM-1 induced by fMLF (Fig. 6B). siRNA
targeting of a-actinin-4 resulted in a 70% selective knockdown
of a-actinin-4 mRNA levels, but no inhibition of fMLF-induced
LDV-FITC binding (data not shown).

Discussion
Integrin activation is critical for a variety of pathological events
such as thrombosis, inflammation, angiogenesis, and tumor meta-

FIGURE 3. Silencing of talin-1 or kindlin-3 reduces the duration of

adhesive contacts with VCAM-1 under shear flow. A, Cells were infused at

0.8 dyne/cm2 into parallel plate flow chambers in which the adhesion

surface was cocoated with VCAM-1/Fc and SDF-1a. The mean 6 SEM of

cells accumulated during 2 min of flow in six independent microscopic

fields is shown. siRNA to talin-1 or kindlin-3 did not significantly reduce

the total number of accumulated cells. B, The adhesive events observed

during 1 min of flow in a single microscopic field were categorized by

duration and type of contact. Silencing of talin-1 and kindlin-3 signifi-

cantly increased the proportion of cells that made tethers of ,1 s (p ,
0.05, n = 7 assays in three independent experiments). The absolute number

of adhesive events was not significantly different between groups (mean 6
SEM; control siRNA, 16.3 6 2.7; talin-1 siRNA, 13.1 6 2.5; kindlin-3

siRNA, 11.1 6 2.5; ANOVA, p . 0.05).
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stasis. During leukocyte recruitment from the blood to extravas-
cular sites of inflammation, modulation of leukocyte integrin ad-
hesive functions is essential for the coordinated arrest, adhesion

stabilization, and migration on and through the endothelial cell
monolayer. This modulation of integrin functions is complex and
involves chemokine GPCR inside–out signaling that triggers rapid

FIGURE 4. siRNA knockdown of kindlin-3,

but not talin-1, impairs SDF-1a– and fMLF-

induced a4b1 integrin-mediated resistance to

detachment. Detachment assays using adhe-

sion surfaces coated with VCAM-1/Fc (A, B) or

ICAM-1/Fc (C, D) were performed with U937-

FPR cells transfected with control (A–D), talin-

1 (A, C), or kindlin-3 (B, D) siRNA. Cells were

allowed to adhere for 2 min under static con-

ditions in a parallel plate flow chamber prior

to the introduction of flow with incrementally

increasing shear rates, and the percentage of

cells remaining attached at each shear rate was

determined. SDF-1a was coimmobilized with

VCAM-1/Fc or, alternatively, cells were pre-

treated with PMA (50 nM) for 30 min or

stimulated in suspension with fMLF (100 nM)

immediately prior to infusion into flow cham-

bers. Means 6 SEM are plotted. *p , 0.05.

For A, n = 9 for SDF-1a, n = 7 for fMLF and

PMA; for B, n = 8 for SDF-1a, n = 6 for fMLF

and PMA; for C and D, n = 8. (The data in C

and D are from the same series of experiments

and the same control siRNA data series is

presented.)

FIGURE 5. Biochemical studies showing distinct

subcellular localization of a4b1 integrin, kindlin-3,

and talin, as well as rapid association of kindlin-3 with

a4b1 after stimulation with fMLF. A, A representative

scanning electron micrograph of a U937-FPR cell

reveals the presence of abundant membrane micro-

ridges and microvilli. Scale bar, 4.3 mm. B, Protein

lysates (10 mg protein per lane) isolated from micro-

ridges and sheared cells were resolved by PAGE and

subjected to repeated Western blotting with the in-

dicated Abs. Representative blots (one of three in-

dependent experiments) are shown. C, fMLF stimu-

lation induces the association of kindlin-3 and talin

with a4b1 integrin. U937-FPR cells were stimulated

with fMLF (100 nM) for the indicated period of time

prior to lysis and immunoprecipitation (IP) of cell

lysates with anti-a4 integrin (HP2/1). Shown are

representative Western blots (one of three independent

experiments) probed for talin and a4 integrin (upper

panels) or for kindlin-3 and a4 integrin (lower pan-

els). In parallel, the relative abundance of each protein

in whole cells was determined by Western blotting

(right lane, 10 mg protein). Talin was very abundant in

the whole cell lysate relative to the a4 integrin IP

lanes, whereas a4 integrin was barely detectable.
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and transient upregulation of integrin affinity, as well as outside–
in signaling upon ligand binding. Thus, distinct inside–out and
outside–in signaling pathways are interrelated in the context of
integrin-mediated cell adhesion. We studied inside–out GPCR
signaling by directly measuring a4b1 integrin affinity using a sol-
uble monomeric ligand (LDV-FITC) binding assay. Cell adhesion

and chemotactic migration were also studied, in which outside–in
signaling undoubtedly contributes to a4b1 integrin functions.
Microvilli and microridges are actin-rich cell surface protrusions

whose molecular structure is organized to provide a favorable
platform for adhesion of leukocytes in flowing blood. Expression
of L-selectin on tips of microvilli is required for efficient tethering
of leukocytes (40). Consistent with previous reports (39), we found
enrichment of the selectin ligand PSGL-1 in microridges isolated
from U937-FPR cells. a4b1 integrin was enriched in microridges/
microvilli from U937 cells and mouse splenocytes. Microvilli
isolated from peripheral blood T cells contain relatively abundant
cytoskeletal proteins such as actin and ERM family members
(ezrin, radixin, moesin), but not talin (39). We also demonstrated
an enrichment of actin and a-actinins in U937 microridges. De-
spite the colocalization of a4b1 and a-actinins in microridges,
knockdown of a-actinins had no effect on GPCR-induced a4b1

affinity upregulation or adhesion to VCAM-1 or ICAM-1. These
data are consistent with reports that a-actinin participates in mi-
gration of T cells on ICAM-1 but not LFA-1 activation (29). We
found that kindlin-3 was present in microridges from U937 cells
and mouse splenocytes, but talin was essentially excluded. Con-
sistent with these data, kindlin-3 associated rapidly and transiently
with a4b1 integrin upon fMLF stimulation, whereas maximal talin
association appeared at later time points and to a lesser extent.
Perhaps this explains why kindlin-3, but not talin-1, functions to
stabilize a4b1-mediated adhesion in detachment assays.
Despite associating with a4b1 integrin upon GPCR signaling,

neither kindlin-3 nor talin-1 was required for affinity upregulation.
This suggests that kindlin-3 and talin-1 function primarily in ad-
hesion strengthening, cell spreading, and motility, events that
occur subsequent to rapid chemokine-induced a4b1 integrin af-
finity changes and arrest. In this case, their role may be to promote
outside–in signaling though a4b1 integrin clustering and to en-
hance or stabilize the linkage of integrins to the actin cytoskele-
ton, which is critical for integrin function, as was demonstrated by
observations that deletion of the b-chain cytoplasmic tail disrupts
normal integrin–ligand interactions (41).
Both kindlin-3 and talin-1 contribute to fMLF-induced adhesion

to ICAM-1. This suggests that the regulation of a4b1 and aLb2
integrin functions is not identical. Regulation of the same integrin
in different cell types may also be distinct. For example, kindlin-
3–deficient effector T cells exhibited impaired adhesion to ICAM-
1, but normal adhesion to VCAM-1 (25).
The rapid upregulation of integrin affinity triggered by GPCR

signaling may involve mechanisms distinct from those that regulate
integrin functions in cells with prolonged integrin activation, such
as Ag-activated T cells and PMA-treated cells, as well as cells that
express integrins with constitutively high affinity, such as the Jurkat
T cell line. Knockdown of talin-1 in Jurkat cells reduced basal a4b1

integrin affinity and inhibited unstimulated and chemokine-induced
arrest and adhesion (42). However, a4b1 integrins on unstimu-
lated Jurkat cells mediate arrest on VCAM-1-coated surfaces
without a requirement for GPCR signaling. Thus, Jurkat cells do
not model circulating leukocytes that express low-affinity a4b1

integrins. Talin-1 also regulates T cell adhesion to ICAM-1 (43) but
not LFA-1 affinity (43). Overexpression of the talin-1 head domain
results in separation of LFA-1 cytoplasmic tails, which is also
observed following chemokine stimulation and correlates with
integrin conformational change and activation (44). However,
studies suggest that talin induces an intermediate-, but not a high-,
affinity LFA-1 conformation (45). Talin-1 knockdown in Jurkat
and peripheral blood T cells greatly reduced adhesion and LFA-1
clustering induced by TCR crosslinking or PMA stimulation, but
did not inhibit LFA-1 affinity changes induced by TCR crosslinking

FIGURE 6. siRNA knockdown of a-actinin-1 does not inhibit fMLF- or

PMA-induced a4b1 integrin affinity upregulation or a4b1 integrin-medi-

ated resistance to detachment induced by SDF-1a, fMLF, or PMA. U937-

FPR cells were transfected with control or a-actinin-1 siRNA. The means6
SEM are plotted. A, LDV-FITC binding assays (n = 5, NS indicates p $

0.05). B and C, Detachment assays performed with adhesion surfaces

coated with VCAM-1/Fc (B) or ICAM-1/Fc (C). For VCAM-1: SDF-1a,

eight assays from three independent experiments; fMLF, six assays from

two independent experiments; PMA, eight assays from three independent

experiments. For ICAM-1: eight assays from three independent experi-

ments. Significant differences were not observed between cells transfected

with control and a-actinin-1 siRNA.
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and had a small but significant inhibitory effect on PMA-induced
affinity (46). Although the above reports suggest that talin can
activate leukocyte integrins and may play a role in prolonged
integrin activation and adhesion, our data show that talin is not
essential for the rapid and transient GPCR-induced activation of
a4b1 integrin. However, we confirm that talin-1 is involved in
mediating GPCR-induced adhesion to ICAM-1.
Although kindlin-3 was not required for fMLF- or SDF-1a–

induced upregulation of a4b1 integrin affinity, knockdown of
kindlin-3 reduced PMA-induced affinity upregulation and adhesion
to VCAM-1. Phorbol esters, such as PMA, activate PKC and have
been shown to activate integrins (6, 7). Previously, we demon-
strated that PMA induces a gradual and sustained up-regulation of
a4b1 integrin affinity, with kinetics that were distinct from che-
mokine GPCR-induced affinity changes, and that protein kinase C
(PKC) signaling was not required for GPCR-induced a4b1 affinity
changes (6). The different signaling pathways involved in PMA-
and GPCR-induced affinity changes may explain why knockdown
of kindlin-3 inhibited only PMA-induced and not GPCR-induced
upregulation of a4b1 integrin affinity. Knockdown of neither talin-
1 nor a-actinin-1 had an effect on upregulation of a4b1 integrin
affinity by PMA. PMA induces LFA-1 affinity for ICAM-1, but
chemokine-induced b2 integrin affinity is independent of PKC
activity (8), and the arrest of SDF-1–stimulated peripheral blood
leukocytes on ICAM-1 is unaffected by inhibitors of PKC (43).
Knockdown of talin-1 inhibited PMA- but not GPCR-induced
U937 cell adhesion to VCAM-1, whereas knockdown of kindlin-3
inhibited adhesion to VCAM-1 after stimulation with either
PMA or GPCR agonists. fMLF-induced adhesion to ICAM-1 was
dependent on both talin-1 and kindlin-3. In contrast, kindlin-3–
deficient effector T cells exhibited normal adhesion strengthening
on VCAM-1, but impaired adhesion to ICAM-1 (25).
Numerous signaling events contribute to the regulation of leu-

kocyte motility. Cell motility involves changes in integrin affinity,
valency of binding, as well as major remodeling of the actin cy-
toskeleton, each of which may involve distinct or overlapping
signaling molecules. Integrin interactions with the actin cyto-
skeleton regulate avidity by directing clustering and lateral dif-
fusion in the plane of the cell membrane (47). Cytoplasmic tail
deletions of a4 integrin restrict lateral mobility and abrogate cell
adhesion to VCAM-1 without changing a4b1 integrin affinity for
soluble ligand (48). Because talin was largely excluded from
U937 cell microridges and its subcellular localization was distinct
from a4b1 integrin, it is not surprising that this cytoskeletal pro-
tein does not participate in the rapid affinity upregulation induced
by GPCR signaling. With time, chemoattractant GPCR signaling
induces leukocyte cytoskeletal reorganization (49), which may
favor talin interactions with a4b1 integrin during migration.
In summary, we showed that talin-1, kindlin-3, and a-actinins

are not involved in chemokine-induced affinity upregulation of
a4b1 integrin in monocytic cells. Binding of ligands to chemo-
kine or chemoattractant GPCRs activates numerous signal trans-
duction cascades (50); however, only activation of phospholipase
C and calcium signaling are involved in upregulation of a4b1

integrin affinity (5, 6). The signaling cascade downstream of
calcium/calmodulin (6) remains to be elucidated. Kindlin-3 and,
to a lesser extent, talin-1 bind to a4b1 integrin after GPCR sig-
naling and function in a4b1-mediated adhesion strengthening
and/or chemotactic migration.
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