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THROMBOSIS AND HEMOSTASIS

Kindlin-2 regulates hemostasis by controlling endothelial
cell-surface expression of ADP/AMP catabolic enzymes via a
clathrin-dependent mechanism
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Kindlin-2, a widely distributed cytoskeletal protein, has been implicated in integrin
activation, and its absence is embryonically lethal in mice. In the present study, we tested

¢ Kindlin-2 regulates whether hemostasis might be perturbed in kindlin-2"/~ mice. Bleeding time and carotid
hemostasis in vivo by |imiting artery occlusion time were significantly prolonged in kindlin-2*~ mice. Whereas plasma
CD39 and CD73 expression concentrations/activities of key coagulation/fibrinolytic proteins and platelet counts
on the surface of endothelial and aggregation were similar in wild-type and kindlin-2*/~ mice, kindlin-2*/~ endothelial
cells. cells (ECs) showed enhanced inhibition of platelet aggregation induced by adenosine

e Kindlin-2 interacts directly 5’-diphosphate (ADP) or low concentrations of other agonists. Cell-surface expression of
. 2 enzymes involved in ADP/adenosine 5’-monophosphate (AMP) degradation, adenosine
with C_HC and controls triphosphate (ATP) diphosphohydrolase (CD39) and ecto-5'-nucleotidase (CD73) were
Clath”n'dependent CD39_ and increased twofold to threefold on kindlin-2*"~ ECs, leading to enhanced ATP/ADP
CD73 endocytosis/recycling catabolism and production of adenosine, an inhibitor of platelet aggregation.

in endothelial cells. Trafficking of CD39 and CD73 at the EC surface was altered in kindlin-2""~ mice.
Mechanistically, this was attributed to direct interaction of kindlin-2 with clathrin heavy
chain, thereby controlling endocytosis and recycling of CD39 and CD73. The interaction of kindlin-2 with clathrin was independent
of its integrin binding site but still dependent on a site within its F3 subdomain. Thus, kindlin-2 regulates trafficking of EC surface

enzymes that control platelet responses and hemostasis. (Blood. 2013;122(14):2491-2499)

Introduction

Kindlins are cytoskeletal-associated proteins that have recently
emerged as crucial regulators of integrin function.'* The kindlins,
along with talin, interact with the cytoplasmic tails of the 8 integrin
subunits, and both are required to promote efficient integrin activation
in vivo (reviewed in Plow et al® and Meves et al*). There are 3 kindlin
family members in vertebrates, which are quite homologous, and
sometimes even expressed within the same cell type.>>% However,
the kindlins do not compensate for one another; deficiencies of each
kindlin in mice and/or humans result in distinct phenotypes,
indicative of their unique functions.>*”

Kindlin-2 is the most widely distributed of the 3 kindlin
family members. Inactivation of the kindlin-2 gene in mice is
peri-implantation lethal by embryonic day 7.5 (E7.5).'%!" Cells
derived from kindlin-2—deficient mice'' or cells in which kindlin-
2 had been knocked down with small interfering RNA (siRNA)
are defective in their ability to activate their integrins and con-
sequently to adhere and migrate on integrin ligands.®'? Consistent
with these observations, even partial reduction of kindlin-2 in
kindlin-2""" mice gives rise to impaired angiogenesis and defective
activation of the B3 integrins in endothelial cells (ECs)."

Kindlin-2 is present in platelets'> but is incapable of supporting the
hemostatic functions of integrin allf3 in kindlin-3—deficient plate-
lets.'* Thus, when we analyzed the kindlin-2""" mice, we were sur-
prised to detect prolonged bleeding and vascular occlusion times. In
tracking the mechanism underlying defective hemostasis in these
mice, we found that a reduced kindlin-2 level greatly enhances EC
surface expression of 2 enzymes involved in adenine nucleotide ca-
tabolism: adenosine triphospate (ATP) diphosphohydrolase (CD39)
and ecto-5'-nucleotidase (CD73). The elevated expression of these 2
enzymes on ECs suppresses platelet aggregation. Unexpectedly, this
activity of kindlin-2 is independent of its integrin binding and is
attributable to a previously unknown activity of kindlin-2: its
capacity to regulate clathrin-dependent vesicle trafficking in ECs.

Methods
Kindlin-2*'~ mice

The kindlin-2"*"~ mice were previously described, have normal fertility and
litter sizes, and lack an overt phenotype.'®' Eight- to 12-week-old female
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and male mice were used, and kindlin-2""" littermates served as controls.
All procedures were performed under protocols approved by the Cleveland
Clinic Institutional Animal Care and Use Committee.

Tail bleeding time and vascular occlusion analyses

Bleeding time and thrombosis assays were performed as previously described.'®
Tails were cut 3 mm from the tip and immersed in saline (37°C); the time it took
for bleeding to stop was recorded. Calcein-labeled platelets were injected
intravenously into syngeneic mice, and a 2 X 2 mm strip of filter paper saturated
with 10% FeCl; was applied to the surface of the carotid artery for 2 minutes.
The time from removal of the filter paper to complete flow cessation lasting for
>20 seconds was measured.

Flow cytometry

Mouse platelets were incubated with phycoerythrin (PE)-rat anti-mouse CD41,
fluorescein isothiocyanate (FITC)-rat anti-mouse P-selectin, PE-hamster anti-
CD61 (BD Biosciences), hamster anti-mouse CD49b (Millipore), mouse anti-
CD42b (Accurate Chemical). Mouse ECs were incubated with PE-conjugated
rat anti-mouse CD39-PE, rat anti-mouse CD73-PE (eBioscience), FITC rat
anti-mouse P-selectin, or isotype control antibodies (Abs), and analyzed on
a FACSCalibur flow cytometer using CellQuest software (BD Biosciences).

Modulation of kindlin-2 expression in MAECs

Mouse aortic ECs (MAECs) were transfected with wild-type (WT) or previ-
ously described deletion mutants of kindlin-2'? in a pEGFP-C2 construct
(Clontech) using HCAEC nucleofector kits (Lonza). To reduce expression of
kindlin-2, WT MAECs were transfected with siGenome SMARTpool
mouse PLEKHC1 siRNAs and nontargeting siRNA#2 (Thermo Scientific
Dharmacon) using Targefect human umbilical vein EC (HUVEC) reagents
(Targeting Systems) according to the manufacturer’s instructions. After 48
hours, the cells were subjected to fluorescence-activated cell sorter (FACS)
analysis or CD39/CD73 activity assays.

Endocytosis assays

WT or kindlin-2""~ ECs were incubated in N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) buffer (140 mM NacCl, 2.7 mM KCl, 0.1% BSA,
0.1% glucose, 3.8 mM HEPES, 1 mM MgCl,, | mM CaCl,, pH 7.5) with PE-
conjugated anti-CD39 or anti-CD73 Abs (eBioscience) for 30 minutes at 4°C.
Next, Abs were removed and cells were washed twice with ice-cold HEPES
buffer. Cells were placed at 37°C, incubated for O to 2 hours, fixed in 4%
paraformaldehyde and analyzed by FACS.

Immunoprecipitation

ECs lysates were precleared, incubated with anti-kindlin-2 monoclonal Ab
(mAb) overnight at 4°C and incubated with Protein A/G-Sepharose (Santa
Cruz Biotechnology) for 2 hours at 4°C. Sepharose beads were washed and
analyzed on western blots with anti—clathrin heavy chain (CHC) and
anti—kindlin-2 Abs. In some experiments, the kindlin-2 (583-604) peptide
(ELIGIAYNRLIRMDASTGDAI) and its scrambled version were added to
cell lysates, together with the anti-kindlin-2 Ab. To purify enhanced green
fluorescent protein (EGFP)-tagged kindlin-2—associated proteins, Chinese
hamster ovary (CHO) cell lysates were incubated with Chromotek GFP-Trap
Sepharose (AlleleBiotech Innovative Technology) for 2 hours at 4°C.
Sepharose-captured immunocomplexes were analyzed by western blot using
anti-CHC and anti-GFP.

Surface plasmon resonance

The construct expressing clathrin N-terminal domain (1-363) as glutathione
S-transferase (GST)—fusion protein was kindly provided by Dr Eileen Lafer
(The University of Texas Health Science Center, San Antonio, TX).!” GST-
fused kindlin-2 and its mutants were purified by glutathione chromatography.
Real-time protein-protein interactions were analyzed using a Biacore 3000
instrument. Clathrin N-terminal domain (CTD), upon removal of its GST tag,
was immobilized on CM5 biosensor chips.'8 Experiments were performed at
22°C in 10mM HEPES buffer, pH 7.4, containing 150mM NaCl and 0.005%
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Figure 1. Prolonged bleeding and blood vessel occlusion time in kindlin-2*"~
mice. (A) Total blood loss upon tail tip clip resection as measured by released
hemoglobin using Drabkin reagent (n = 10). (B) Tail bleeding time as estimated after
tail tip resection (n = 10 mice per group). (C) The time needed to form an occlusive
thrombus in the carotid artery was determined in 10 control and 12 kindlin-2"/~ mice
after topical injury with FeCls. (D) Tail bleeding time and (E) total blood loss in WT
recipients 6 weeks after bone marrow transplantation from WT or kindlin-2+/~ donors.

WT Kindiin2*"
WT  -WT

surfactant P20 (flow rate, 25 wL per minute). Surface plasmon resonance (SPR)
sensograms were obtained by injecting various concentrations of GST-tagged
kindlin-2 (1-680), kindlin-2 (1-105), kindlin-2 (95-680), kindlin-2 (281-541) over
immobilized clathrin CTD and reference flow cells. Association/dissociation
curves were determined after the subtraction of the reference surface values and
buffer binding at 5 selected concentrations. Sensograms were analyzed using
BlAevaluation software (version 4.01; GE Healthcare).

Statistical analysis

Values are expressed as means = SEM. Statistical significance was evaluated
using a 2-tailed unpaired Student test or by nonparametric Mann-Whitney
test for the intravital thrombosis experiments. Results were considered
statistically significant with P < .05.

Results

Kindlin-2*/~ mice have prolonged bleeding times and delayed
thrombus formation

Although platelets contain low levels of kindlin-2,'? it is not sufficient
to fulfill the role of kindlin-3 in platelet hemostatic responses as
kindlin-3 deficiency in mice and humans leads to significant bleeding
phenotypes.®®'* Thus, when we analyzed hemostasis in kindlin-2""~
mice with only a 50% reduction in kindlin-2 levels,'® we were
surprised to observe that total blood loss after tail tip resection,
measured by hemoglobin content of collected blood, was enhanced
by approximately fourfold in kindlin-2""~ mice compared with WT
littermates (P = .005, n = 10 per group) (Figure 1A), and bleeding
time was increased by ~70% in kindlin-2*"" animals (P = .024,n = 10
per group) (Figure 1B). Time to vessel occlusion, upon carotid
artery injury with FeCls, was prolonged by ~30% in kindlin-2"+"~
mice compared with WT controls (n = 10 WT and 12 kindlin-2*"~
mice, P = .003) (Figure 1C).
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Plasma levels of several hemostatic factors, tissue plasminogen
activator, plasminogen activator inhibitor-1, tissue factor pathway
inhibitor, fibrinogen, and Von Willebrand factor, were measured and
revealed no abnormalities in kindlin-2""" mice. Peripheral blood
platelet counts, platelet aggregation, and expression levels of key reg-
ulators of platelet activation also were similar in WT and kindlin-2""~
mice (supplemental Tables 1-3, available on the Blood website). Bone
marrow transplantation experiments confirmed that the hemostatic
defect in kindlin-2*/~ mice was not a reflection of an abnormality in
platelets or circulating coagulation factor interpretation; bleeding times
and total blood loss were similarin WT recipients that received bone
marrow either from WT or kindlin-2""~ donors (P > .05, n = 9 per
group) indicating that hematopoietic cells, including platelets, do not
contribute to bleeding in kindlin-2""~ mice (Figure 1D-E).

Kindlin-2*/~ ECs exhibit enhanced anti-platelet activity

We compared the capacity of ECs isolated from WT and kindlin-2""~
mice to regulate platelet aggregation'® by preincubating with in-
creasing numbers of WT or kindlin-2*"~ ECs in suspension with
platelets isolated from WT and kindlin-2*"~ mice followed by
addition of adenosine 5’-diphosphate (ADP). In control experiments,
we showed that (1) ECs gave a relatively stable baseline during a
10-minute incubation in the absence of platelets and (2) ECs from
both WT and kindlin-2*"~ mice did not interact spontaneously with
platelets from either genotype during this incubation time. Both WT
and kindlin-2""~ ECs inhibited ADP-induced platelet aggregation in
a cell number—dependent manner (Figure 2A-B). However, the
kindlin-2""~ ECs showed significantly enhanced platelet inhibitory
activity compared with WT ECs. For example, in the absence of ECs,
~70% = 7% platelets aggregated compared with 38% = 4% platelet
aggregation in the presence of WT ECs (1.4 X 10°) while, in the
presence of the same number of kindlin-2""~ ECs, only 8% =+ 2% of
platelets aggregated (Figure 2B left panel). There was no difference
in the susceptibility of WT and kindlin-2""" platelets to be inhibited
by ECs of either WT or kindlin-2"*"~ origin (Figure 2B). Kindlin-2"*"~
ECs also showed increased inhibitory activity on platelet aggregation
induced by low doses of other platelet agonists exemplified by collagen
(1 pg/mL) or thrombin (0.05 U/mL) (Figure 2C) at agonist concen-
trations where released ADP influences platelet responses to these
agonists.”® However, at high concentrations of these agonists (collagen,
2 wg/mL; thrombin, 0.5 U/mL), the differential inhibitory effect of WT
and kindlin-2""~ ECs on platelet aggregation was no longer observed
(Figure 2C).

Enhanced expression of CD39 and CD73 contributes to
augmented anti-platelet activity of kindlin-2*/~ endothelium

ECs execute their anti-platelet properties via 3 distinct mecha-
nisms: endothelial nitric oxide synthase (eNOS)-dependent NO
production,'® biosynthesis of prostacyclins,?! or regulation of
ADP and adenosine levels via cell-surface NTPDase (CD39)?2 and
5'-ectonucleotidase (CD73).2%* We compared all 3 anti-platelet
pathways in WT and kindlin-2*’~ ECs. eNOS expression and
phosphorylation and prostacyclin release in ECs from both genotypes
were similar (data not shown), whereas FACS revealed significantly
increased (twofold to threefold) CD39 and CD73 expression on the
surface of kindlin-2""~ ECs compared with WT ECs (Figure 3A-B).
However, cell-surface expression of intercellular adhesion molecule- 1
(ICAM-1) and P-selectin was the same in WT and kindlin-2""~ ECs.

We next measured the activities of these adenine nucleotide
catabolic enzymes on WT and kindlin-2""~ ECs. The ADP-ase activity
of CD39 was measured as release of inorganic orthophosphate (P;)
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Figure 2. Kindlin-2*/~ ECs show enhanced inhibition of platelet aggregation. (A)
Representative tracings of platelet aggregation induced by ADP (10 wM) in the
absence or presence of increasing numbers of WT or kindlin-2*/~ ECs. Under the
same conditions, thrombin (0.5 U/mL) induced 100% aggregation. (B) ADP-induced
aggregation of WT and kindlin-2"/~ platelets in the presence of WT or kindlin-2*/~
ECs. The percentage of aggregated platelets was determined 4 minutes after addition
of ADP. Data are mean = SEM (n = 9) and are representative of 3 independent
experiments. (C) Effect of WT and kindlin-2*/~ ECs on aggregation of WT platelets
induced by collagen (1 and 2 ng/mL) or thrombin (0.05 and 0.5 U/mL). Data show the
percentage of aggregated platelets 5 minutes after agonist addition and are means +
SEM (n = 3) from 2 independent experiments.

from ADP into EC supernatants over time. To help ensure that P; was
released from ADP, the experiments were performed in the presence
of CD73 inhibitor adenosine 5’'-(a,B-methylene)diphosphate to
block P; cleavage from adenosine 5'-monophosphate (AMP) and
levamisole, the alkaline phosphatase inhibitor. In control samples,
when ECs were incubated in the absence of ADP, background levels
of P; were extremely low. At every time point, CD39 activity was
significantly augmented (twofold to threefold) on the surface of
kindlin-2""~ ECs compared with WT ECs (Figure 3C). To further
confirm that kindlin-2""~ ECs metabolized ADP more efficiently
than WT ECs, ADP was added to ECs, and at various times the
conditioned media was used to stimulate platelet aggregation, that is,
the residual ADP (not hydrolyzed by CD39) served as the platelet
agonist. The capacity of EC supernatants to induce platelet aggregation
decreased proportionally with cell number and ADP:EC incubation
time (Figure 3D). However, at every time point, the conditioned
medium from kindlin-2""~ ECs was twofold to eightfold less
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Figure 3. CD39 and CD73 expression levels and
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effective in triggering platelet aggregation than that from WT ECs
(Figure 3D). In control samples, EC-conditioned medium without
ADP added did not trigger platelet aggregation (Figure 3D).When
excess ADP (200 uM) was added to kindlin-2*"~ EC-conditioned
medium, the effect of increased ADP hydrolysis was overcome, and
platelet aggregation was restored to levels observed in samples
without ECs present (Figure 3E). Adenosine, the product of CD73-
mediated hydrolysis of AMP, reduced platelet aggregation induced by
WT EC-conditioned medium by 50%, confirming the inhibitory effect
of adenosine on platelet aggregation (Figure 3E). Next, CD73 activity
was measured using AMP as the substrate; the CD73 activity was also
approximately twofold higher on kindlin-2*/~ ECs than on WT ECs.
In control samples, when ECs were incubated in the absence of
adenine nucleotides, no P; was detected in the supernatants indicating
that the cells did not release P; (Figure 3F). Consistent with the
increase in CD73 levels on kindlin-2"/~ ECs, plasma adenosine
was significantly increased in kindlin-2*/~ mice (18.12 + 3.29in

*
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WT, 43.13 + 10.54 ng/mL in kindlin-2*"" mice, n = 10, P = .036)
(Figure 3G-H). However, ADP levels were similar in plasma of WT and
kindlin-2""" mice.

Kindlin-2 regulates CD39 and CD73 expression on the
endothelial surface

We sought to obtain direct evidence that kindlin-2 regulates
expression of CD39 and CD73 in ECs. Band densities from western
blots of EC lysates revealed that kindlin-2 expression was decreased
by ~50% to 60% in WT ECs treated with kindlin-2 targeting siRNA
compared with untreated or treated with control siRNA WT ECs.
Upon reduction, kindlin-2 expression in WT cells was similar to that
of kindlin-2""~ ECs (Figure 4A). The decrease of kindlin-2 ex-
pression in WT ECs resulted in a substantial increase (twofold to
threefold) in cell surface expression and enzymatic activities of both
enzymes in these cells. Control siRNA failed to affect CD39 and
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Figure 4. Reduction of kindlin-2 expression in WT ECs results in enhanced
CD39 and CD73 expression and activities. WT and kindlin-2"/~ ECs were either
untreated or treated with control or kindlin-2 siRNA. Untreated kindlin-2*/~ ECs
served as control. (A) Western blot analysis of EC lysates using anti—kindlin-2 mAbs
or Abs to actin as a loading control. (B) FACS analysis with anti-CD39 and anti-CD73
Abs reveal reduced CD39 and CD73 expression on kindlin-2 siRNA-treated WT ECs.
The data are mean = SEM of triplicate samples and are representative of 3
independent experiments. (C) CD39 (left panel) and CD73 (right panel) activities
were analyzed on the EC surface as described in Figure 3C. The data are mean +
SEM of quadruple samples of 3 independent experiments. NT, nontreated.

CD73 expression and activity (Figure 4B-C). When we attempted to
further inhibit kindlin-2 expression in kindlin-2""~ ECs and analyze
CD39 and CD73 activity, the cells detached and failed to exclude
trypan blue, likely a consequence of defective integrin function.

Altered clathrin-dependent trafficking enhances expression of
CD39 and CD73 on kindlin-2*/~ ECs

Western blot and reverse transcription—polymerase chain reaction
assays revealed that both messenger RNA and total protein levels of
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CD39 and CD73 are similar in WT and kindlin-2*"~ ECs (Figure 5A,
supplemental Table 4). These results suggest that higher CD39/CD73
expression on the surface of kindlin-2"*/~ ECs may result from altered
trafficking or recycling of these 2 enzymes. We compared the kinetics
of CD39 and CD73 internalization in WT and kindlin-2""~ ECs. Not
only did twofold to fourfold more CD39 and CD73 internalize into
WT ECs as compared with kindlin-2""~ ECs within the first 15
minutes, but also their recycling to the surface was much slower in
WT ECs (Figure 5B-C).

To identify the protein transport pathway involved in CD39 and
CD73 trafficking, we stained WT ECs for CD39 or CD73 and for
established markers of protein vesicular transport: clathrin, caveolin,
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Figure 5. Defective clathrin-dependent trafficking of CD39 and CD73 in kindlin-2*/~
ECs. (A) Western blot analysis of WT and kindlin-2*/~ EC lysates probed with Abs to CD39
and CD73 reveal similar total content of these enzymes in both mouse strains (top panel).
The blots were reprobed with Ab to actin to confirm equal protein loading (bottom panel).
(B-C) Comparison of kinetics of CD39 (B) and CD73 (C) internalization in WT and kindlin-2*~
ECs. The measurements were performed as described in “Methods.” The data are mean =
SEM of triplicate samples and are representative of 3 independent experiments. (D)
Kindlin-2 and clathrin colocalization in WT ECs. The cells were stained with mAbs to
kindlin-2 followed by Alexa 568—coupled goat anti-mouse IgG (red fluorescence)
and rabbit anti-clathrin Ab and Alexa 488—conjugated goat anti-rabbit IgG (green
fluorescence). Immuno-Fluore mounting medium (MPI Biomedicals) was used to mound
the slides, and the images were taken with a 63 X 1.4 oil objective using a Leica TCS-NT
laser scanning confocal microscope and Leica confocal software (version 2.5, build 1227).
Images are representative of 3 independent experiments (bar size, 20 wm). Arrows point
to focal adhesions. (E) Clathrin coimmunoprecipitates with kindlin-2 from EC lysates.
Kindlin-2 was immunoprecipitated from lysates of MAECs (left panel) and HUVECs (right
panel). Immunoprecipitates were analyzed on western blots with Abs to CHC and kindlin-2
as indicated. Images are representative of 3 independent experiments. (F) The CTD
(1-363) was immobilized on the CM5 sensor chip surfaces (500 RU). Sensograms obtained
for a concentration series of GST-kindlin-2 or GST protein (each concentration measured
twice and shown as colored lines) were fit to a 1:1 interaction model with a drifting baseline
(shown as black lines). Ig, immunoglobulin; IP, immunoprecipitation; RU, response units.
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and the endosomal markers Rab4, Rab5, and 11. Of these, clathrin
(red fluorescence) showed the strongest colocalization with both
enzymes (green fluorescence) in ECs (supplemental Figure 1A-B).
When chlorpromazine and methylamine, inhibitors of clathrin-
mediated endocytosis,”* were added, CD39 and CD73 expression on
the surface of WT and kindlin-2*/~ ECs was augmented by twofold
to 2.5-fold as compared with untreated cells. In contrast, brefeldin A,
which changes Golgi structure and inhibits recruitment of clathrin
adaptors into Golgi membranes,” had no effect on CD39 or CD73
expression in ECs (supplemental Figure 1C-D).

Kindlin-2 colocalizes and interacts directly with the CTD

When WT ECs were stained for kindlin-2 (red fluorescence) and
clathrin (green fluorescence), the 2 proteins colocalized not only at
focal adhesions (shown by arrows) but also in proximity to clathrin-
coated vesicles (Figure 5D). Furthermore, CHC coimmunopreci-
pitated with kindlin-2 from the lysates of murine and human ECs,
indicating that clathrin and kindlin-2 coassociate (Figure 5E). To
determine whether kindlin-2 interacts directly with the N-terminal
domain of CHC (CTD), the major binding site for most of its adaptor
and accessory proteins during clathrin-coated pits formation,?**” we
performed SPR. Kindlin-2 interacted with CTD (GST tag removed)
immobilized on the biosensor chip in a concentration-dependent
manner (Figure SF). The interaction between GST alone and CTD
was negligible. From the progress curves of the kindlin-2:CTD
interaction, we estimated a Ky = 1.3 X 1077 M. This value was
derived by fitting the kinetic data to a 1:1 global Langmuir model, and
the stoichiometry observed at ligand saturation was 1:1, suggesting
that the single binding site model was appropriate.

To determine which region(s) of kindlin-2 interacts with CTD,
kindlin-2 fragments N terminus kindlin-2 (1-105), kindlin-2 (95-680),
and kindlin-2 (281-541) were expressed as GST-tagged proteins,
purified, and used in SPR studies. As shown in Figure 6A, kindlin-2
(95-680) bound CTD as efficiently as the full-length kindlin-2 (1-680)
while the kindlin-2 (281-541) fragment did not bind, locating a major
CTD binding site to the 542-680 region containing the F3 subdomain.
The kindlin-2 (1-105) fragment also bound CTD but to a much lesser
extent than F3, suggesting that the N-terminal aspect of kindlin-2 may
assist in CTD recognition (Figure 6A). Sequence analysis of the
kindlin-2 (542-680) fragment predicted a putative clathrin binding
sequence (593)LIRMD(597), similar to a clathrin box motif, LOX®PD/E,
which is composed of polar amino acid residues (PX®) flanked by
hydrophobic (L) and acidic amino acid residues (D/E).?%27 To deter-
mine whether this putative clathrin binding site in kindlin-2 is func-
tional, we expressed kindlin-2 deletion mutants lacking individual
subdomains (AF0,AF1,AF2, and AF3), a clathrin box deletion mutant
lacking residues 593-597 (A593-597) within the F3 subdomain, and
a Q%"W®'5/AA mutant that cannot bind integrin 3 subunits.'* These
mutant forms of kindlin-2 were immunoprecipitated with anti-GFP
from CHO cell lysates and analyzed by western blots with Abs to
CHC and GFP. WT kindlin-2 and most of its mutants coimmuno-
precipitated with CHC, with the exception of mutants lacking either
the F3 subdomain(A567-652) or the clathrin box LIRMD motif
(A593-597) (Figure 6B).

These studies were extended using a synthetic peptide correspond-
ing to residues 584-604 of kindlin-2 containing the putative clathrin
box motif. When added to EC lysates, the kindlin-2 peptide reduced
the association of CHC with kindlin-2 in a dose-dependent fashion
(Figure 6C). By densitometry, S0uM peptide reduced CHD pull-
down with anti—kindlin-2 by >96%, whereas a scrambled control
peptide reduced coimmunoprecipitation by <10% (Figure 6C).
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Figure 6. Clathrin interacts with clathrin box sequence within the F3 domain of
kindlin-2. (A) Representative binding of 1 concentration (1.6 uM) of the following full-
length kindlin-2 (1-680) and kindlin-2 fragments: (1-105), (95-680), and (281-541) to
clathrin TD domain (1-363). The clathrin TD domain was immobilized on the CM5
sensor chip surfaces (~500 RU). (B) EGFP-tagged WT and mutants of kindlin-2 were
immunoprecipitated from lysates of CHO cells transfected with the respective kindlin-2
constructs (as shown) using GFP-Trap Sepharose. The binding of clathrin to kindlin-2
mutants was analyzed on western blots with Abs to CHC. Kindlin-2 expression levels
are revealed with anti-GFP Ab. The results are representative of 3 independent
experiments. (C) Kindlin-2 was immunoprecipitated from WT ECs in the absence or
presence of a peptide corresponding to residues 584-604 of kindlin-2 or its scrambled
version followed by western blot analysis with anti-CHC and anti—kindlin-2 Abs. The
images are representative of 2 experiments. (D-E) Overexpression of AF3 or
A(LIRMD) deletion mutants of kindlin-2 does not reduce surface expression of CD39
and CD73 in kindlin-2*/~ ECs. The cells were transfected with the EGFP constructs of
WT, QW/AAS'S, deletion mutants of kindlin-2, or empty EGFP vector as indicated.
Cell-surface expression of CD39 (D) and CD73 (E) were measured using PE-
conjugated anti-CD39 and anti-CD73 Abs by FACS analysis of the EGFP* cell
population. The data represent mean = SEM of triplicate samples and are
representative of 3 independent experiments.

Further support for involvement of the kindlin-2 in clathrin-
mediated regulation of CD39 and CD73 surface expression was
derived from experiments in which EGFP-tagged kindlin-2 mutants
were expressed in kindlin-2*'~ ECs. When the kindlin-2*"~ ECs
were transfected with WT kindlin-2, FACS analysis of EGFP-
positive cells revealed that cell-surface expression of CD39 and CD73
was reduced to levels detected on WT ECs (Figure 6D-E). Several
other mutants of kindlin-2, AF0, AF1, and AF2 also caused a similar
reduction in CD39 and CD73 expression. In contrast, the kindlin-2
mutants lacking the F3 subdomain (AF3) or the residues 593-597
(A593-597) failed to rescue the phenotype and did not decrease CD39/
CD73 expression in kindlin-2""~ ECs. Furthermore, even though the
Q%'*WO!5/A A kindlin-2 mutant does not bind to integrin,'*'® it was as
effective as WT kindlin-2 in decreasing CD39 and CD73 levels
(Figure 6D-E). The integrin independence of CD39/CD73 expression
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was further corroborated by FACS. CD39 and CD73 levels were
similar on ECs isolated from WT mice and mice deficient in 33
integrin (supplemental Figure 2).

Discussion

Our studies show that kindlin-2 is crucial in hemostasis. This con-
clusion is supported by in vivo experiments performed in kindlin-2+"~
mice where we observed enhanced bleeding upon tail resection and
prolonged occlusion time upon FeCl; injury. Perturbations of
hemostasis are most frequently assigned to abnormalities in the
concentration or function of key coagulation and fibrinolytic proteins
or to suppression in platelet number and responses, but these were
normal in kindlin-2*"~ mice. Instead, it was ECs that showed
a dysfunction. The capacity of ECs to inhibit platelet activation and
intravascular thrombosis is well established (reviewed in Robson'?).
Kindlin-2*"~ ECs displayed an enhanced capacity to inhibit platelet
aggregation induced by ADP and low doses of other agonists. This
dysfunction arose from enhanced expression of CD39 and CD73
leading to accelerated removal of the platelet agonist, ADP, and
increased production of an aggregation inhibitor, adenosine. Mea-
surement of P; using malachite green supported this conclusion.
Even though this assay was performed under conditions that favored
ADP and AMP as the source of the P;, we cannot fully exclude that
the P; might also be generated by other substrates.

The phenotype of kindlin-2"*"~ mice with increased CD39 activity is
consistent with that of transgenic mice overexpressing human CD39
which also display prolonged bleeding times and reduced thrombus
formation, 283 Paradoxically, CD3 9~/ mice have a bleeding phenotype
similar to that of kindlin-2""" mice, but this has been attributed to
defective platelet aggregation caused by desensitization of purinorecep-
tors.>! We found no evidence of a defect in kindlin-2""~ mouse platelets.
We did not detect reduced levels of plasma ADP in kindlin-2""~
mice, and reduced ADP levels were also not noted in CD39-deficient
mice,” suggesting that it is probably the ADP within the immediate
milieu of the injured endothelium that regulates platelet responses. The
phenotype of CD73 ™"~ mice is attributable to low adenosine levels and,
as expected, is the opposite of that observed in kindlin-2""" mice.*
Consistent with enhanced CD73 expression, adenosine levels were
significantly increased in plasma of kindlin-2""" mice. As enhanced
adenosine was also detected in plasma of transgenic mice over-
expressing human CD39, ADP may be rapidly converted to adenosine
and it is probably the high levels of adenosine that are primarily
responsible for the bleeding and anti-thrombotic phenotype of kindlin-
2% mice.”?

Kindlin-2""~ ECs showed an enhanced capacity to inhibit platelet
aggregation induced by ADP and low doses of thrombin and collagen,
but not by high concentrations of these 2 agonists. It is known that
low-dose thrombin and collagen induce ADP secretion from platelets,
which enhances fibrinogen binding and platelet aggregation®’; at high
agonist concentrations, platelet aggregation becomes ADP indepen-
dent.*® The ability of higher agonist concentrations to overcome
the inhibitory effect of ECs is consistent with the greater effect
of kindlin-2""~ ECs with their enhanced ectonucleotidase activities at
the lower doses of agonists. However, we cannot exclude that factors
other than ADP released from platelets may also influence the
aggregation response.

Although bleeding in kindlin-2"*/~ mice is relatively modest, it
is similar to that observed in P-selectin—, FXI-, and FXII-deficient
mice.>** Like the kindlin-2%"~ mice, these mice do not bleed

KINDLIN-2 REGULATES HEMOSTASIS = 2497

spontaneously but have prolonged bleeding times and reduced
thrombosis when challenged. It should also be emphasized that the
hemostatic defect in kindlin-2*’~ mice is caused by only a 50%
reduction in kindlin-2 levels.'> Many mouse strains with severe
bleeding associated with full gene deletion (eg, TF) exhibit no
bleeding in the hemizygous state.*®

In seeking a mechanism for the enhanced expression of CD39/
CD73 on kindlin-2""~ ECs, we noted that the internalization and
recycling of these enzymes was impaired, thereby increasing their
cell-surface expression. Very limited information is available on the
protein transport pathways regulating CD39 and CD73 trafficking.
Our implication of clathrin in their surface expression was un-
expected; it had been suggested that CD39 localized to caveolae®’
and, as a glycosylphosphatidylinositol-anchored protein, CD73
trafficking would be clathrin independent. Nevertheless, CD39 does
contain a common clathrin-dependent internalization signal within its
cytoplasmic domain, and our colocalization of CD73 with clathrin-
coated vesicles is consistent with the clathrin-dependent transport of
several other proteins lacking cytoplasmic domains.*®*** Furthermore,
well-accepted inhibitors of clathrin-mediated transport, chlorproma-
zine and methylamine, enhanced expression of CD39 and CD73 at the
EC surface. We do not exclude that the transport of these enzymes to
the cell surface may also involve clathrin-independent pathways,
including pathways not regulated by kindlin-2. The clathrin inhib-
itors enhanced surface expression of CD39 and CD73 on both WT
and kindlin-2""~ ECs. This may reflect the suboptimal concen-
trations of the inhibitors or the contributions of these other pathways.
The basis for the differential expression of CD39 and CD73 on both
WT and kindlin-2""~ ECs treated with the clathrin inhibitors remains to
be resolved in future experiments, as does the question as to whether
kindlin-2 regulation of clathrin-dependent internalization is limited only
to CD39 and CD73. As an initial look at this latter issue, we examined
the expression levels of the major ADP receptor on ECs, the
G-protein—coupled P2Y1 receptor. By FACS, its expression was also
enhanced by twofold to threefold on the surface of kindlin-2*"~ EC
as compared with WT cells (supplemental Figure 3). Thus, the role of
kindlin-2 in trafficking of membrane proteins may be quite broad.

Kindlin-2 not only colocalized and immunoprecipitated with
clathrin in ECs but also interacted directly with the N-terminal
domain of CHC, which provides binding sites for most of its adaptor
and accessory proteins. The clathrin binding site in kindlin-2 mapped
to the F3 subdomain. During formation of clathrin-coated pits and
vesicles, clathrin cannot interact directly with plasma membrane or
cargo proteins and uses a variety of adaptor and accessory proteins to
be recruited to the plasma membrane and bind cargo. The majority of
these proteins bind to the N-terminal domain of clathrin and recruit
clathrin to the membrane phospholipid bilayer through their PIP2
(PtdIns(4,5)P,) binding domains.”®*! Kindlin-2, which engages its
F3 subdomain to regulate clathrin-dependent CD39/CD73 transport
and has the capacity to interact with the membrane phosphoinositides
via its pleckstrin homology domain and additional lipid binding
sites,**** conforms in properties to most clathrin adaptor/accessory
proteins. How kindlin-2 participates in clathrin vesicle formation
will require future investigations.

The most extensively characterized function of the kindlins is their
role in integrin activation.>>!! Both kindlin-2*"~ and 33 integrin-KO
mice show enhanced bleeding and reduced thrombosis. However, the
mechanisms accounting for these overlapping phenotypes are
different. Impaired platelet aggregation leads to bleeding in the (33-
KO mice,44 while in kindlin-2*"~ mice platelets are normal and EC
dysfunction confers anti-platelet activity. Although activation of the
B3 integrins is reduced in kindlin-2*"~ ECs," this defect is not
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responsible for enhanced CD39/CD73 expression because (1) ECs
isolated from 33-KO and WT mice have similar CD39/CD73 surface
expression/activity and (2) the kindlin-2 QW®'*/AA mutant did not
suppress CD39/CD73 expression in kindlin-2*/~ ECs. The bleeding
phenotype in kindlin-2"*"~ mice appears to be the first clear demon-
stration of an integrin-independent role of kindlin-2 in vivo.

Enhanced CD39 activity, either by overexpression of human
CD39 or administration of soluble CD39, conferred resistance to
systemic thromboembolism, inhibited platelet aggregation, and re-
duced cerebral infarct volumes in mice.”®>%**¢ Qur studies of
kindlin-2*"" mice suggest that even partial inhibition of kindlin-2
may blunt platelet hyperreactivity and therefore represents a poten-
tial therapeutic target.
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