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Integrin activation is crucial for numerous cellular responses,
including cell adhesion, migration, and survival. Recent studies in
mice have specifically emphasized the vital role of kindlin-3 in
integrin activation.Kindlin-3deficiency inhumans alsohas now
been documented and includes symptoms of bleeding, frequent
infections, and osteopetrosis, which are consequences of an
inability to activate �1, �2, and �3 integrins. To date, kindlin-3
was thought to be restricted to hematopoietic cells. In this arti-
cle, we demonstrate that kindlin-3 is present in human endothe-
lial cells derived from various anatomical origins. The mRNA
and protein for KINDLIN-3 was detected in endothelial cells by
reverse transcription-PCR and Western blots. When subjected
to sequencing by mass spectrometry, the protein was identified
as authentic kindlin-3 and unequivocally distinguished from
KINDLIN-1 and KINDLIN-2 or any other known protein. By
quantitative real time PCR, the level of kindlin-3 in endothelial
cells was 20–50% of that of kindlin-2. Using knockdown
approaches, we show that kindlin-3 plays a role in integrin-me-
diated adhesion of endothelial cells. This function depends
upon the integrin and substrate and is distinct from that of kind-
lin-2. Formation of tube-like structures in Matrigel also was
impaired by kindlin-3 knockdown.Mechanistically, the distinct
functions of the kindlins can be traced to differences in their
subcellular localization in integrin-containing adhesion struc-
tures. Thus, the prevailing view that individual kindlins exert
their functions in a cell type-specific mannermust now bemod-
ified to consider distinct functions of the different family mem-
bers within the same cell type.

The contributions of integrins to the adhesive responses of
cells depend upon the dynamic regulation of their activation
states. Integrin activation depends upon their engagement of
binding partners via their short cytoplasmic tails (1, 2). Kindlins
are a family of intracellular proteins that have been implicated
in bidirectional signaling across integrins. Kindlins link integrin
signaling to the actin cytoskeleton and localize to integrin adhe-
sion sites (3–5). They are evolutionary conserved with an

ortholog, UNC-112, present in Caenorhabditis elegans (6). In
mammals, there are three kindlin family members, each char-
acterized by a C-terminal FERM domain bisected by a pleck-
strin homology domain. The FERM domains of kindlins are
most closely related to the FERM domain of talin, which is also
involved in regulation of integrin signaling (7–11). Kindlins and
talin bind to the cytoplasmic tails of integrin� subunits via their
F3 (PTB) subdomains within their FERM domains. However,
the binding sites of talin and kindlins within the � cytoplasmic
tails do not overlap (5, 12), and the two interactions appear to
act cooperatively to optimize integrin activation (12, 13). Hence,
cells ormicewithdecreasedkindlin expression levels areunable to
properly activate their integrins.
Kindlin-1 (UNC-112 related protein 1) is expressed predom-

inantly in epithelial cells; and mutation in the kindlin-1 gene
causes Kindler syndrome in humans (14, 15), a rare disease
characterized by skin blistering, poikiloderma with frequent
intestinal complications. These phenotypes are recapitulated in
mice in which the kindlin-1 gene has been inactivated (16).
Kindlin-2 (Mig-2) is expressed in most tissues and in many
different cell types, and knock-out of kindlin-2 is lethal in mice
and zebrafish (13, 17). Mice in which the kindlin-3 gene has
been inactivated display defects in platelet (18) and leukocyte
(19) responses dependent on integrin activation and the mice
die by day 7 postnatally (18) from as yet undefined causes.
Recently, kindlin-3 mutations have been identified in humans
with a rare syndrome referred to as integrin activation defi-
ciency disease, leukocyte adhesion deficiency III, or LADI var-
iant (20–23). The manifestations of the kindlin-3 deficiency
include episodic bleeding, susceptibility to frequent infections,
and osteopetrosis, which are consequences of an inability to
activate �1, �2, and �3 integrins (21, 22).
To date, the original publication (4) and all reviews (24, 25)

have emphasized that kindlin-3 is restricted to hematopoietic
cells and the cellular defects in integrin activation deficiency
disease patients support the importance of kindlin-3 in blood
cell function. In the present study, using RT2-PCR, Western
blotting, and mass spectrometry approaches, we demonstrate
for the first time the presence of kindlin-3 in non-hematopoi-
etic cells. Kindlin-3 is an endothelial cell protein, and this point
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is demonstrated both in cultured endothelial cells from various
anatomic origins and in vivo. In fact, in some endothelial cells
the level of KINDLIN-3 mRNA is �50% of that of kindlin-2.
Furthermore, kindlin-3 knockdown in endothelial cells results
in impaired adhesion to integrin substrates, despite the pres-
ence of kindlin-2 in the same cells. These observations suggest
different and important roles of both kindlins in integrin sig-
naling in these vascular cells.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Rabbit polyclonal antibodies
against kindlin-3 were from ProSci Incorporated, mouse
monoclonal antibody against EGFP (JL-8) was from Clontech,
mouse fluorescein isothiocyanate-labeled monoclonal anti-
body against human �3 integrin was from BD Biosciences,
mousemonoclonal antibody against GAPDHwas fromAffinity
BioReagents, mousemonoclonal antibody against ICAM-1was
from R&D Systems, and rat monoclonal antibody against �1
integrin was from Transduction Laboratories. Mouse mono-
clonal antibody against kindlin-2 was provided by Dr. Chua-
nyue Wu (University of Pittsburgh School of Medicine, Pitts-
burgh, PA). Rabbit anti-kindlin-3 antibodies were prepared at
New England Peptide, Inc. by immunizing rabbits with the
GEVGEPAGTDPGLD peptide-keyhole limpet hemocyanin
conjugate. Because, these antibodies did not recognize mouse
kindlin-3 protein, second rabbit kindlin-3 antibodies were pre-
pared at Alpha Diagnostics International, by immunizing rab-
bits with ELDEDLFLQLTGGHEAF peptide-keyhole limpet
hemocyanin conjugate. Alexa-coupled secondary antibodies
and calcein-AMwere fromMolecular Probes.Horseradish per-
oxidase-conjugated secondary antibodies and protein A/G-
agarose were from Santa Cruz Biotechnology, ECL reagent was
from Roche Applied Science. Human recombinant TNF-� and
human recombinant vascular endothelial growth factor were
from R&D Systems, human fibrinogen was from Enzyme
Research Systems, human vitronectin, human laminin, and rat
collagenwere from Sigma. TRIzol reagent was from Invitrogen,
TITANIUMOne-Step RT-PCR kit was from Clontech, kindlin
2- and kindlin 3-specific and non-targeting siRNAs were from
Dharmacon, and the TOPO TA Cloning Kit for subcloning
from Invitrogen. RPMI, Dulbecco’s modified Eagle’s medium/
F-12, penicillin/streptomycin, and L-glutamine were from
Media Lab (Cleveland Clinic), EGM� Endothelial Cell Growth
Medium from Lonza, and fetal calf serum from Atlanta
Biologicals.
cDNA Constructs—EGFP-tagged kindlins were created by

cloning full-length kindlin-1, kindlin-2, or kindlin-3 in-frame
with EGFP into pEGFP-C2 vector (Clontech) as previously
described (12).
Cells and Transfections—Human platelets were isolated by

collecting blood into 0.38% sodium citrate. Platelets were iso-
lated from platelet-rich plasma by gel filtration and resus-
pended at 1–2 � 109 platelets/ml in modified Tyrode buffer.
Human lymphocytes were separated by Ficoll density gradient
separation, washed twice, and resuspended at 2 � 107 cells/ml.
The human megakaryoblastic leukemic cell line Meg-01,
human monocytic cell line THP-1, and Chinese hamster ovary
(CHO) cells were from American Type Culture Collection.

Human umbilical vein endothelial cells (HUVEC) were pro-
vided by Dr. Paul DiCorleto (Cleveland Clinic) and maintained
in EGM Endothelial Cell Growth Medium. HUVEC were used
between passages 2 and 4. Transient transfections of CHO cells
were performedwithLipofectamine 2000.Targefect siRNA trans-
fection kit from Targeting Systems was used for delivery of
siRNAs.
Western Blotting—Human brain, human heart, and human

liver protein medleys were from Clontech. Cells were solubi-
lized in a Laemmli buffer containing 62.5 mMTris-HCl, pH 7.4,
2% SDS, 5% 2-mercaptoethanol, and 10% glycerol. Pellets were
solubilized by addition of 2� Laemmli buffer and subjected to
SDS-PAGE. Proteins were transferred to polyvinylidene difluo-
ride, and blots were probed with antibodies of interest, using
5%bovine serumalbuminasblockingagent. For assessmentof the
specificity of the kindlin-3 antibodies, as a negative control, kind-
lin-immunizing peptide was included in the blotting procedure.
Immunoprecipitation—For antibody-mediated precipitation

of endogenous kindlin-3 from Meg-01 and HUVEC, 1 � 106
cells per sample were lysed in 50 mM Tris-HCl, pH 7.4, 150 mM

sodiumchloride, 1%Nonidet P-40, 1mMcalciumchloride, con-
taining protease and phosphatase inhibitors. Lysates were held
on ice for 30 min prior to centrifugation at 12,000 � g for 15
min.Aliquots of the detergent-solublematerial were precleared
on protein A/G-agarose for 1 h in 4 °C. Precleared lysates were
incubated with 2 �l of antibodies or preimmune serum and
protein A/G-agarose for 16 h at 4 °C. Immunoprecipitated pro-
teins were solubilized in Laemmli buffer and analyzed onWest-
ern blots with kindlin-3 antibodies from ProSci Incorporated.
Mass Spectrometry—Endogenous kindlin-3 was immuno-

precipitated from HUVEC as described above. Polyacrylamide
gels were stained with Coomassie Blue to visualize bands. Pro-
teins were identified by sequencing tryptic peptides by tandem
in theMass Spectrometry Laboratory (ClevelandClinic). Thedata
were analyzed by submitting all of theCID spectra collected in the
LC-MS run to the data base search programMascot.
Immunofluorescence—HUVECs were plated on 20 �g/ml of

fibrinogen, 10�g/ml of fibronectin, 10�g/ml of collagen, or 2.5
�g/ml of vitronectin for 1 h, fixed, permeabilized with 0.1%
Triton X-100, blocked in horse serum, and stained with the
indicated antibodies for �18 h. Antigen-antibody complexes
were detected by staining with Alexa-coupled secondary anti-
bodies for 1 h. The specificity of the kindlin-3 antibodies was
examined by the use of preimmune serum or inclusion of
immunizing peptide in the primary antibody labeling step. Fro-
zen prostate cancer sections were fixed with 4% paraformalde-
hyde, permeabilized with 0.1% Triton X-100 diluted in 4%
paraformaldehyde, blocked with 5% goat serum for 1 h at 37 °C,
and stained with CD31 and kindlin-3 antibodies for �18 h.
Antigen-antibody complexes were detected by staining with
Alexa-coupled secondary antibodies for 1 h. The specificity of
the two kindlin-3 antibodies used in this studywas examined by
inclusion of the immunizing peptides in the primary antibody
labeling step.
Stained cells were visualized with a �40 or 63 � 1.4 oil

objective using a Leica TCS-NT laser scanning confocal
microscope (Imaging Core, Cleveland Clinic). Laser intensi-
ties were adjusted to eliminate cross-talk between channels
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and images collected using Leica Confocal Software (version
2.5 Build 1227).
RT-PCR—Total RNA was isolated from HUVEC, human

aortic endothelial cells, human dermal microvascular endothe-
lial cells, human neutrophils, and human lymphocytes with
TRIzol reagent according to the manufacturer’s protocol.
Human smooth muscle total RNA and human skeletal muscle
total RNA were purchased from Clontech. The TITANIUM
One-Step RT-PCR kit was used for first strand DNA synthesis
and to amplify specific cDNA fragments using following prim-
ers: KINDLIN-2 forward, 5�-CTG GGA AAT CAA AAT GGT
CAC CGT AGA GT-3�; KINDLIN-2 reverse, 5�-GCC CTG
GAT AGC TTT AAA ATA GAT GG-3�; KINDLIN-3 forward,
5�-TCA AGG GCA GCA GGA AAG ACG A-3�; KINDLIN-3
reverse, 5�-GGGGTATCAGCCTCAGCCACTCAGAC-3�;
GAPDH forward, 5�-TGA AGG TCG GAG TCA ACG ATT
TGG T-3�; GAPDH reverse, 5�-CAT GTG GGC CAT GAG
GTC CAC CAC-3�. cDNA fragments were cloned into pCR2.1
TOPO-TA vector, sequenced with an Applied Biosystems
3730xl DNA analyzer in our Genomics Core (Cleveland Clinic)
and the resulting sequences were analyzed using BLAST.
Quantitative Real Time PCR—Total RNA (�4 �g) was

reverse transcribed using the SuperScript III First-Strand Syn-
thesis System for RT-PCR (Invitrogen) and random hexamers,
according to the manufacturer’s protocol. Real time quantita-
tive PCR of the cDNA template was performed in an iCycler
(Bio-Rad).GAPDH,KINDLIN-2, andKINDLIN-3 primers were
from SuperArray. The PCR contained 150 ng of cDNA, 10 �M

forward and reverse primers, and 12.5 �l of 2� RT2 Real Time
SYBRGreen PCRMaster mix (SuperArray) in a total volume of
25 �l. All PCR were performed in duplicate. Results were cal-
culated as expression of the target gene relative to expression of
the reference gene (GAPDH).
RNA Interference—To knockdown endogenous kindlins in

HUVEC, siRNAs targeting kindlin-2 or kindlin-3 or control,
non-targeting siRNA were transfected into cells using Target-
fect siRNA transfection kit according to the manufacturer’s
protocol. The level of suppression and specificity of kindlin-3
siRNA was evaluated by Western blotting with antibodies
against kindlin-2 and kindlin-3 andGAPDHantibody as a load-
ing control.
Adhesion Assays—Non-transfected HUVECs or HUVECs

transfected with kindlin-2, kindlin-3, or control siRNA were
incubated with immobilized integrin ligands (fibrinogen, 20
�g/ml; fibronectin, 10 �g/ml; vitronectin, 2.5 �g/ml), in tripli-
cate, for 30 min at 37 °C. After extensive washing with PBS, the
adherent cells were fixed with 4% paraformaldehyde and
stained with Alexa 568 phalloidin and DAPI. The cells were
photographedwith a�20 objective, and the adherent cells were
counted from 12 randomly selected fields.
Endothelial Cell Tube Formation—The ability of non-trans-

fected HUVECs or HUVECs transfected with kindlin-2, kind-
lin-3, or control siRNA to form tubes in vitro was assessed on
Matrigel. 12-Multiwell culture plateswere coatedwith 500�l of
growth factor-reduced Matrigel (BD Biosciences), containing
10 �g/ml of bovine fibronectin (Sigma), and incubated at 37 °C
for 30 min. siRNA-transfected HUVECs were seeded at a den-
sity of 2.5 � 105 cells per well on polymerized Matrigel in the

presence of vascular endothelial growth factor (10 ng/ml). Live
time-lapse photography was performed for 12 h, using 5-min
intervals on a Leica DMIRB Inverted Microscope equipped
with a Roper Scientific CoolSNAP HQ Cooled CCD camera,
temperature controller, and CO2 incubation chamber. Snap-
shots were taken usingMetaMorph software and videos of tube
formation were created in ImageJ.
THP-1 Cell Adhesion to HUVECs—Non-transfected or

siRNA-transfected HUVECs were plated in 24-well tissue cul-
ture plates 24 h after transfection, allowed to spread and
become confluent and serum-starved for 3 h. ICAM-1 expres-
sion was induced with 10 ng/ml of human recombinant TNF-�
for 16 h. 5 � 105 HUVECs was resuspended in 50 �l of Hanks’
balanced salt solution with 0.1% bovine serum albumin and
incubated with 2 �l/sample of ICAM-1 monoclonal antibody
for 30 min on ice. Cells were washed, resuspended in 50 �l of
Hanks’ balanced salt solution, and incubated with 10 �g/ml of
Alexa 488-conjugated secondary antibody. HUVECs were
washed with PBS and fixed with 2% paraformaldehyde. Anti-
body binding to HUVECs with or without stimulation was
determined by BD Biosciences FACScan. THP-1 cells were
washed twice with PBS and resuspended in PBS at 1 � 106
cells/ml. The cells were labeled with calcein-AM at a final con-
centration of 1 �M for 30 min at 37 °C. Cells were washed twice
by centrifugation and resuspended in PBS containing 0.5%
bovine serum albumin. Immediately before the assay, HUVECs
were washed twice with PBS. Calcein-AM-labeled THP-1 cells
(1� 105 or 2� 105/well) were added toHUVECs and incubated
for 1 h at 37 °C. To remove non-adherent cells, wells were
washed twice with PBS. Relative fluorescence was read using
CytoFluor II fluorescence plate reader (Applied Biosystems),
using unlabeled cells as a negative control.
Statistical Analysis—Two-tailed Student’s t tests were per-

formed where indicated in the text using SigmaPlot 11. Signif-
icance was considered when p � 0.05.

RESULTS AND DISCUSSION

KINDLIN-3 mRNA Is Present in Endothelial Cells—Kind-
lin-3 deficiencies in humans, variably referred to as leukocyte
adhesion deficiency III, LADI variant, or integrin activation
deficiency disease (20, 22, 26, 27), and in mice (18, 19) give rise
to defects in platelet and leukocyte responses dependent on
integrin activation. The severity of the bleeding following
minor trauma in our integrin activation deficiency disease
patients led us to test whether this kindlinmight also be present
in endothelial cells and not entirely restricted to hematopoietic

FIGURE 1. Expression of KINDLIN-3 mRNA in endothelial cells. 200 ng of
total RNA was subjected to RT-PCR, using KINDLIN-2- and KINDLIN-3-specific
primers. GAPDH was used as a loading control.
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cells. As a first step to address this possibility, we analyzed for
the presence of KINDLIN-3mRNA in HUVEC from three dif-
ferent donors as well as human aortic endothelial cells, and
humandermalmicrovascular endothelial cells.KINDLIN-2was
used as a positive control because it is expressed abundantly in
endothelial cells (12). Total RNA was isolated and 200 ng was
subjected to RT-PCR using primers specific for KINDLIN-2

and KINDLIN-3 transcripts. The primers used to amplify
KINDLIN-3 were designed to amplify a 590-bp RT-PCR prod-
uct that spans exon 14 to 15 of the KINDLIN-3 gene, and,
therefore, prevents amplification from possible contaminating
genomicDNA. Expression ofKINDLIN-3 aswell asKINDLIN-2
was detected in all five RNAs analyzed (Fig. 1). TheKINDLIN-3
product was of its predicted 590 bp size. TheKINDLIN-2 prod-
uct was distinct, at its predicted size of 510 bp, and was also
present in all five endothelial cell isolates tested. Sequencing of
the KINDLIN-2- and KINDLIN-3-derived PCR products from
all the cells revealed 100% identity to humanKINDLIN-3 aswell
as the kindlin-2 mRNAs, respectively (data not shown). To
provide insight into the relative levels of KINDLIN-2 and
KINDLIN-3 mRNAs in HUVECs, real time quantitative PCR
was performed using total RNA from different preparations of
HUVEC. The analyses were also performed with total RNA
from blood neutrophils and lymphocytes as hematopoietic

cells, which are known to express
high levels of KINDLIN-3 but low
levels of KINDLIN-2 (4). The data
shown in Table 1 reveal that: 1)
in hematopoietic cells, KINDLIN-2
mRNA was barely detectable,
whereas KINDLIN-3 mRNA was
abundant (KINDLIN-3/KINDLIN-2
ratio was 380- and 1449-fold in lym-
phocytes and neutrophils, respec-
tively); 2) KINDLIN-2 mRNA was
�30–40-fold higher in HUVECs
than in hematopoietic cells; 3)
HUVECs expressed 20–50 times
less KINDLIN-3mRNA than hema-
topoietic cells; and 4) HUVECs
express only 2–5-fold less KINDLIN-3
thanKINDLIN-2mRNA (kindlin-2/
kindlin-3 ratios were 1/0.22 and
1/0.51 for two different HUVEC
preparations).
Kindlin-3 Protein Is Present in

HUVECs—Knowing that KINDLIN-3
is present in endothelial cells at the
mRNA level, next we examined
whether kindlin-3 protein is present
and focused on HUVECs where iso-
lates from several different donors
were available. The polyclonal anti-
bodies raised against a kindlin-3-
specific peptide sequence readily
recognized the EGFP-kindlin-3
fusion protein expressed in CHO
cells (Fig. 2A, upper blot). The anti-
bodies did not recognize EGFP-
tagged kindlin-1 and kindlin-2,
which were expressed at similar
levels in CHO cells (Fig. 2A, lower
blot). Western blot analysis of the
total HUVEC lysates from three dif-
ferent donors revealed the presence

FIGURE 2. Identification of kindlin-3 protein in endothelial cells by Western blotting and immunopre-
cipitation. A, Western blots of CHO cells expressing EGFP-tagged kindlin-1, kindlin-2, or kindlin-3 cell lysates
were probed with kindlin-3 antibodies (upper panel) or EGFP monoclonal antibody (lower panel). The specificity
of the anti-kindlin-3 anti-peptide antibody is demonstrated. B, Western blots of HUVECs, Meg-01, platelet, and
lymphocyte cell lysates were probed with the anti-peptide kindlin-3 antibodies. Identical results were obtained
in three independent experiments. C, Western blots of HUVEC and platelet lysates were developed with the
anti-peptide kindlin-3 antibodies and GAPDH antibodies. D, Western blots of HUVEC, brain, heart, and liver
extracts were probed with the anti-peptide kindlin-3 antibodies and GAPDH antibodies. E, Western blots of
HUVECs and CHO cells expressing EGFP-kindlin-3 cell lysates were probed with anti-peptide kindlin-3 antibod-
ies in the absence (left-hand panel) or presence (right-hand panel) of the immunizing peptide. F, HUVECs or
Meg-01 cell lysates were immunoprecipitated with kindlin-3 antibodies. Preimmune serum was used as neg-
ative control. Immunoprecipitates were analyzed on Western blots with a second kindlin-3 antibody. Identical
results were obtained in three independent experiments.

TABLE 1
The relative expression levels of KINDLIN-2 and KINDLIN-3 in
different cell types
Total RNA from human lymphocytes, neutrophils and different preparations of
HUVECs was reverse transcribed, and 150 ng of cDNA was used for PCR. All PCR
were performed in duplicate. Results were calculated as expression of the target
gene relative to expression of the reference gene (GAPDH).

Lymphocytes Neutrophils HUVEC-1 HUVEC-2

KINDLIN-2 1 0.18 30.9 42.4
KINDLIN-3 1.03 1 0.018 0.058
KINDLIN-2/KINDLIN-3 0.0026/1 0.00069/1 1/0.22 1/0.51
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of the single�72-kDa band reactive
with the kindlin-3 anti-peptide anti-
body (Fig. 2B). The antibody also
recognized a single 72-kDa band in
hematopoietic cells, such asMeg-01
(a human megakaryocytic cell line),
human platelets, and human lym-
phocytes, used as positive controls,
further confirming the specificity of
the antibody for kindlin-3. Quanti-
tation of the kindlin-3 band intensi-
ties in platelets, lymphocytes, and
HUVECs revealed that platelets
and lymphocytes expressed �40–50
times more kindlin-3 protein than
HUVECs (Fig. 2C and data not
shown). Ussar and colleagues (4)
failed to detect kindlin-3 protein in
mouse tissues, such as heart, liver,
and brain, and we analyzed com-
mercially available human brain,
liver, and heart lysates for the pres-
ence of kindlin-3. Our anti-kind-
lin-3 antibodies readily recognized
kindlin-3 band in HUVEC total
lysates (Fig. 2D); however, it failed
to recognize kindlin-3 in extracts of
these other human tissues.Wewere
able to detect very faint bands at a
molecular weight for kindlin-3 in
brain, liver, and heart extracts after
prolonged blot exposure (data not
shown); but the kindlin-3 expres-
sion levels were substantially lower
than in HUVEC (�1% in brain, 4%
in heart, and 12.6% in liver when
normalized toGAPDH loading con-
trol). As further evidence that the
band reactive with the antibody was
authentic kindlin-3, this reaction
was neutralized in HUVECs and
CHO cells by expressing EGFP-
kindlin-3 when the immunizing
peptide was added to the blotting
reagents (Fig. 2E).
To further confirm the presence

of kindlin-3 in HUVECs, additional
approaches were used. First, kind-
lin-3 was immunoprecipitated from
HUVECs and Meg-01 cell lysates
with the kindlin-3 anti-peptide anti-
body, and immunoprecipitates were
analyzed on Western blots with a
different (commercially available)
kindlin-3 antibody. Anti-kindlin-3,
but not the preimmune serum, used
as a negative control, immunopre-
cipitated a single �72-kDa band
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detected with the second kindlin-3 antibody (Fig. 2F). Second,
the 72-kDa band immunoprecipitated by the anti-peptide anti-
bodywas subjected to identification bymass spectrometry. The
kindlin-3 peptide antibody was used to immunoprecipitate the
72-kDa band from HUVEC cell lysates, and the immunopre-
cipitates were resolved on polyacrylamide gels and stained with
Coomassie Blue to visualize bands. The 72-kDa band, which
was readily detected, was excised from the gel, digested with
trypsin, and the tryptic peptideswere subjected to tandemmass
spectrometry sequencing. Mascot program analysis of the data
confirmed that the 72-kDa band was the human kindlin-3 pro-
tein (Fig. 3A). Altogether, 23 peptides showing 100% homology
to human kindlin-3 were sequenced, distributed throughout
the entire kindlin-3 protein, and accounted for 41% of the total
kindlin-3 sequence (see Fig. 3A). Furthermore, when subjected
to BLAST search against the non-redundant human protein
data base, these peptides resulted in several hits with 100%
identity to the human kindlin-3 but did not match well to kind-
lin-1, kindlin-2, or protein sequences other than kindlin-3 in
the human genome (not shown). Third, immunofluorescent
staining ofHUVECswas performedwith the anti-peptide kind-
lin-3 antibody. One representative ofmultiple fields is shown in
Fig. 3B and indicates that kindlin-3 is expressed in all and not
just a subpopulation of the HUVECs. Neutralization of the
staining by the immunizing peptide establishes specificity. Pre-
immune serum, used at the same concentration as kindlin-3
antibodies gave weak nuclear staining, as did anti-kindlin-3
serum after neutralization (Fig. 3C). However, this staining
was very weak when compared with kindlin-3 peptide anti-
body alone, showing that the apparent nuclear staining
obtained with kindlin-3 antibodies is specific. Nuclear local-
ization of kindlin-1 and kindlin-2 has been previously
observed by others (28, 29).
Kindlin-3 Is Present in Endothelial Cells in Vivo—The results

described above show the presence of kindlin-3 in cultured
endothelial cells. To determine whether kindlin-3 is expressed
in endothelial cells in vivo, first we assessed its presence in a
prostate tumor as a highly vascularized tissue. Frozen sections
of prostate tumor were used for immunostaining (Fig. 4A).
Double staining of prostate cancer frozen sections with anti-
bodies against the endothelial cell marker CD31 and kindlin-3
revealed the presence of well developed blood vessels that
stained positively for both CD31 and kindlin-3 (Fig. 4A, right-
hand panel, double-positive cells marked with arrows). Inter-
estingly, kindlin-3 was present in CD31-negative cells as well,
suggesting that kindlin-3 might be present in other non-hema-
topoietic cells (Fig. 4A, left-hand panel). Verifying the specific-
ity of immunofluorescence staining, inclusion of the immuniz-
ing peptide during the primary antibody reaction with the
sections (Fig. 4A, left-hand panel) resulted in complete loss of
kindlin-3 staining. Although the above analyses focused on

kindlin-3 in human endothelial cells, we developed a second
anti-peptide antibody to a kindlin-3 sequence conserved in the
human andmouse protein and found that the antibody reacted
with kindlin-3 inmouse platelets (Fig. 4B, left-hand panel). Fur-
ther evidence for specificity of the antibody was demonstrated
by neutralization of its reactivity when immunizing peptidewas
included in primary antibody step (Fig. 4B, right-hand panel).
By immunostaining, this antibody reacted with CD31-positive
cells in normal mouse skeletal muscle tissue (Fig. 4C, left-hand
panel), suggesting the presence of kindlin-3 in endothelial cells
present in normal as well as pathological tissue samples. This
reactivity also was neutralized by the peptide immunogen (Fig.
4C, right-hand panel).
Kindlin-3 andKindlin-2 LocalizeDifferently during Endothe-

lial Cell Spreading on Integrin Substrates—Our previous study
had established that kindlin-2 associates dynamically with �3
integrin during spreading (12), with �3 integrin and kindlin-2
colocalizing in lamellipodium, and in focal adhesions in fully
spread cells. Here, we sought to determine kindlin-3 localiza-
tion in HUVECs and whether kindlin-2 and kindlin-3 localiza-
tion differed during HUVEC adhesion on various �1 and �3
integrin ligands. To ensure that our anti-kindlin-3 antibody
reacted with fixed cells in a specific manner, we stained
HUVECs spread on fibrinogen (Fig. 3B) and confirmed that
staining was abolished by preincubation of the antibody with
the immunizing peptide. To determine kindlin-3 distribution
in HUVECs, cells were allowed to spread on vitronectin, fibrin-
ogen, fibronectin, and collagen for 1 or 2 h, fixed, and stained
with kindlin-2, kindlin-3, and integrin-specific antibodies. In
cells spread on �3 or �1 integrin substrates, integrins localized
to lamellipodia at the edges of spreading cells and in focal adhe-
sions (Fig. 5,A andB). Staining for kindlin-3 revealed that it was
highly concentrated at the regions of extending membranes
where it colocalized with �3 and �1 integrins (Fig. 5, A and B,
large arrows). Kindlin-3 was noticeably absent from �3-con-
taining and �1-containing focal adhesions (Fig. 5, A and B,
small arrows). In contrast, whereas kindlin-2 also was present
with integrins at themembrane extensions, it was found in focal
adhesions (Fig. 5, A and B, double arrows) where kindlin-3 was
absent. To assess more clearly the differences in kindlin-2 and
kindlin-3 distribution on the integrin substrate, the merge of
kindlin-2 and kindlin-3 staining was created (Fig. 5C). The
areas of kindlin-2 staining (focal adhesions) are marked with
boxes and kindlin-3 is absent from these areas. Ussar et al. (4)
had previously reported that kindlin-2 and kindlin-3 showed
different localization pattern cells when the proteinswere over-
expressed as EGFP fusion proteins in cells. Our data demon-
strates such differences at the level of the endogeneous proteins
expressed and in non-hematopoietic cells not previously
known to express the two kindlins.

FIGURE 3. Detection of kindlin-3 in endothelial cells by mass spectrometry and immunofluorescence. A, endogenous kindlin-3 was immunoprecipitated
from HUVEC with peptide antibodies. The 72-kDa band was excised from the gel and subjected to mass spectrometry sequencing. Peptide coverage is shown,
matched peptides shown in red. Peptide coverage was 41%. B, HUVECs spread on fibrinogen for 30 min were fixed, permeabilized, and stained with peptide
antibodies to detect kindlin-3, followed by Alexa 568 anti-rabbit IgG and DAPI to visualize all the cells (upper panels). The specificity of the anti-kindlin-3 peptide
antibodies was examined by inclusion of immunizing peptide in the primary antibody labeling step (lower panels). C, HUVECs spread on vitronectin for
1 h were fixed, permeabilized, and stained with peptide antibodies to detect kindlin-3, followed by Alexa 568 anti-rabbit IgG and phalloidin-Alexa 633 to visualize all
the cells (upper panels). Preimmune serum from the same rabbit was used for staining to establish background staining (lower panels). Bars � 40 �m.
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Kindlin-3 KnockdownBlunts Integrin-dependent Adhesion in
HUVECs—To determine whether kindlin-3 plays a role in inte-
grin function in endothelial cells, we performed RNA interfer-
ence experiments. In our previous study, we have shown that

kindlin-2 knockdown impairs �v�3-
mediated adhesion and migration
in HUVECs (12), and therefore
kindlin-2 siRNA was used as a con-
trol in the subsequent experiments.
Because kindlin-2 and kindlin-3
mRNAs show partial homology, it
was important to establish that
kindlin-3 or kindlin-2 knockdown
does not show an off-target effect on
expression of each other. HUVECs
were transfected with siRNAs spe-
cific to kindlin-2 or kindlin-3, or a
non-targeting siRNA as a control.
The levels of expression of kindlin-2
and kindlin-3 were analyzed on
Western blots (Fig. 6A). Control
siRNA did not have an effect on
expression of either kindlin (Fig. 6A,
lane 2 of kindlin-2 and kindlin-3
blots). In three experiments, the lev-
els of expression of kindlin-2 and
kindlin-3 in cells treated with the
control siRNA were 97.3 � 9.3 and
94.3 � 11.49%, respectively, com-
pared with the untreated cells.
Kindlin-2 and kindlin-3 siRNAs
effectively inhibited the expression
of their respective target proteins,
but did not exhibit off-target effects
(Fig. 6A, lanes 3 and 4 of kindlin-2
and kindlin-3 blots), confirming
the specificity of each siRNA. Kind-
lin-2 siRNA decreased kindlin-2
protein expression by 69.3 � 17.3%,
whereas kindlin-3 expression re-
mained at 99.2 � 10.6% (values rel-
ative to non-transfected cells in
three independent experiments).
Kindlin-3 siRNA decreased kind-
lin-3 expression by 61.1� 16.3% but
did not affect kindlin-2 expression.
None of the siRNAs used affected
the expression of �1 and �3 inte-
grins as assessed by immunofluores-
cence and Western blotting (data
not shown).
To assess the function of kind-

lin-3 in integrin-mediated cell adhe-
sion, non-transfected and siRNA-
transfectedHUVECswere plated on
integrin �1 and �3 ligands. Con-
sistent with our previous results
(12), kindlin-2 knockdown had an

inhibitory effect on cell adhesion to the�v�3 ligand, vitronectin
(Fig. 6B), but not to the�5�1 ligand, fibronectin (Fig. 6C). Kind-
lin-3 knockdown did not have an effect on cell adhesion on
vitronectin (Fig. 6A); however, cell adhesion to fibronectin was

FIGURE 4. Kindlin-3 is present in endothelial cells in vivo. A, frozen tissue sections of human prostate cancer
were stained for kindlin-3 (green) and CD31 (red) and mounted in DAPI containing medium. Endothelial cells
positive for CD31 and kindlin-3 are marked with arrows. The kindlin-3 immunizing peptide used to raise the
antibodies was included as specificity controls. B, Western blots of mouse and human platelet and human
lymphocyte cell lysates were probed with the anti-peptide kindlin-3 antibodies in the absence (left-hand panel)
or presence (right-hand panel) of the immunizing peptide. C, frozen tissue sections of mouse skeletal muscle
were stained for kindlin-3 (green) and CD31 (red) and mounted in DAPI containing medium. Endothelial cells
positive for CD31 and kindlin-3 are marked with arrows. The kindlin-3 immunizing peptide used to raise the
antibodies was included as specificity controls. Bars � 20 �m.
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blunted significantly (52% decrease in adhesion, p � 0.001) in
cells transfected with kindlin-3 siRNA (Fig. 6C). Thus, in the
absence of an integrin activating stimulus, the two kindlins
exhibited selective effects on the functions of different
integrins.
Effect of Kindlin-3 Knockdown on Complex Endothelial Cell

Responses—To begin to consider how kindlin-3 might influ-
ence HUVEC responses beyond cell adhesion, we analyzed the
effects of kindlin-3 knockdown on: 1) endothelial cell-mono-
cyte interaction, and 2) formation of tube-like structures in
Matrigel. For the effects on leukocyte interaction, HUVECs
were transfected with non-targeting, kindlin-2 or kindlin-3
siRNA, plated in a 24-well tissue culture vessel, and treatedwith
or without 10 ng/ml of TNF-�. Calcein-AM-labeled THP-1

monocytoid cells, a cell line that has been used extensively to
study the interaction of cells of the monocytoid lineage with
endothelial cells (30–32) were then coincubated with HUVEC
for 1 h, and adherence of THP-1 cells was determined by mea-
suring fluorescence intensity. There was minimal adhesion of
THP-1 cells to HUVEC that had not been treated with TNF-�.
The fluorescence intensity increased only �50% over the con-
trol (non-fluorescent THP-1 cells) and examination of thewells
under a microscope revealed that only a few THP-1 cells
adhered to the HUVEC monolayer. TNF-� treatment pro-
moted an �15 increase in the adherence of THP-1 monocytes
to the HUVEC, and this was associated with an �10-fold
increase of ICAM expression as determined by fluorescence-
activated cell sorter. However, there was no significant differ-

FIGURE 5. Kindlin-3 distribution in HUVECs spread on integrin substrates. HUVECs spread on vitronectin (VN) and fibrinogen (FIB) (A) for 1 h or fibronectin
(FN) and collagen (COL) (B) for 2 or 1 h, respectively, were fixed, permeabilized, and stained with antibodies to detect kindlin-2, kindlin-3, �3 integrin, and �1
integrin followed by Alexa 633 anti-mouse IgG, Alexa 568 anti-rabbit IgG, and Alexa 488 anti-rat IgG. Kindlin-3 colocalized with integrins at the sites of
membrane extensions (large arrows) but not in the focal adhesions (small arrows). Kindlin-2 colocalized with integrins at sites of membrane extension and in
focal adhesions (double arrows). C, merge of kindlin-2 and kindlin-3 staining from A is shown. Areas rich in kindlin-2 and devoid of kindlin-3 are marked with
boxes. Bars � 20 �m. The images shown are representative of 12–15 independent scans for each integrin ligand.
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ence in the adhesion of THP-1 cells to non-targeting siRNA or
kindlin-2 or kindlin-3 siRNA-transfected HUVECs. Adhesion
of THP-1 cells to kindlin-2 siRNA-transfected cells was 99%
and kindlin-3 siRNA-transfected cells was 110% when com-
pared with adhesion of THP-1 cells to HUVECs transfected
with non-targeting siRNA. Based on the work of Moser et al.
(19), these data suggest that the role of kindlin-3 on leukocyte-
endothelial cell interactions depends primarily on leukocyte
rather than endothelial cell kindlin-3.
To begin to consider whether kindlin-3 might be involved

in angiogenesis, we studied the ability of kindlin-3 siRNA-
transfectedHUVECs to form tube-like structures inMatrigel, a
widely used in vitro model of the angiogenic response. When
the cells were seeded on growth factor-reduced Matrigel, in
non-transfected cells, and non-targeting siRNA-transfected
cells, formation of an interconnected network of endothelial
cells took place between 1 and 6 h after seeding (Fig. 7 and
see supplemental Movie 1 for non-transfected cells and
supplemental Movie 2 for non-targeting siRNA-transfected
cells) and this was observed in three independent experiments.
As shown in Fig. 7, bottom panels, and supplemental Movie
3, kindlin-3 siRNA-transfected cells showed a significantly
impaired ability to form tubes onMatrigel compared with non-
transfected and non-targeting siRNA-transfected HUVECs. A

significant inhibition of tube forma-
tion in the kindlin-3 siRNA-trans-
fected HUVECs was observed at all
time points studied (Fig. 7 and
supplemental Movies 1–3). The dif-
ference was most visible at 6–12 h
(frames 72–144 in supplemental
Movies 1–3) when a tubular network
of interconnecting branches was
well developed in non-transfected
and non-targeting siRNA-trans-
fected HUVECs samples, whereas
very few contacts between cells
with short protrusions only and
few branches were observed in the
kindlin-3 siRNA-transfected sam-
ples. These data indicate that
kindlin-3 markedly influences the
development of tube-like struc-
tures by endothelial cells on
Matrigel.
In summary, using RT-PCR,

Western blotting, and mass spec-
trometry, we demonstrate the pres-
ence of kindlin-3 in non-hema-
topoietic cells. Kindlin-3 is an
endothelial cell protein.KINDLIN-3
mRNA is present in HUVEC as well
as human aortic endothelial cells
and human dermal microvascular
endothelial cells. Moreover, kind-
lin-3 protein is present in HUVEC
isolated from multiple donors, as
assessed with Western blotting and

immunoprecipitation. Mass spectrometric sequencing of the
band immunoprecipitatedwith kindlin-3 antibodies confirmed
it to be authentic kindlin-3. Furthermore, kindlin-3 knockdown
in endothelial cells results in impaired adhesion to integrin sub-
strates, despite the presence of kindlin-2 in the same cells. This
observation suggests important but different roles of both kind-
lins in integrin signaling in these vascular cells. This interpre-
tation is supported by differences in the distribution of kind-
lin-2 and kindlin-3 as endothelial cells spread on integrin
substrates. Although the literature suggests similar residues
with integrin � subunits are involved in kindlin-2 and kindlin-3
binding, our data indicate that their recognition of integrins
cannot be identical. In HUVEC, knockdown approaches impli-
cate kindlin-2 in regulation of integrin �v�3 function, engage-
ment of vitronectin (33), whereas kindlin-3 knockdown sup-
presses recognition of the �5�1 ligand fibronectin (34). These
ligand and integrin selective effects of knockdown of either
kindlin further suggest that they cannot fully compensate for
one another. Our results also lay the groundwork for examining
the effects of kindlin-3 in more complex endothelial cell
responses, such as angiogenesis. Our initial results showing a
suppression of formation of tube-like structures in Matrigel by
HUVECs in which kindlin-3 was knocked down support this
possibility and will now need to be pursued in in vivo analyses.

FIGURE 6. Kindlin-3 knockdown inhibits integrin-mediated adhesion in HUVECs. A, siRNA suppression of
kindlin-3 expression in HUVECs. Expression of kindlin-2 and kindlin-3 in non-transfected cells (NT), kindlin-2
(Kin2), kindlin-3 (Kin3), and non-targeting siRNA (C) transfectants were analyzed by Western blotting with
kindlin-2, kindlin-3, and GAPDH antibodies. B and C, non-transfected or HUVECs transfected with kindlin-2
(Kin2), kindlin-3 (Kin3), or non-targeting siRNA (C) were used in adhesion assays. The cells were fixed, stained
with DAPI and Alexa 568-phalloidin, and counted. The error bars are mean � S.E. of three independent
experiments.

FIGURE 7. Kindlin-3 knockdown inhibits formation of tube-like structures in vitro. Non-transfected, non-
targeting siRNA-transfected or kindlin-3 siRNA-transfected HUVECs were seeded on growth factor-reduced
Matrigel containing 10 �g/ml of fibronectin and 10 ng/ml of vascular endothelial growth factor. The figure
shows representative fields of three separate experiments, each performed in triplicate. Bar � 200 �m.
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In describing kindlin-3 knock-out mice, Moser et al. (18)
observed that the phenotype of global kindlin-3 inactivation
was more severe than in bone marrow chimeras (irradiated
wild-type mice transplanted with kindlin-3 null fetal liver),
suggesting an important role of kindlin-3 in non-bonemarrow-
derived cells. The present results suggest that the role and func-
tion of kindlin-3 should be examined in other non-hematopoi-
etic cell types aswell. The extent of knockdownof kindlin-2 and
kindlin-3 we obtained with siRNA was only partial but yet had
detectable functional effects on endothelial cell adhesion and
tube formation. These observations lead to the prediction that
humans with reduced levels of kindlins could also exhibit
abnormal functions of endothelial cells as well as other non-
hematopoietic cells.
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