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Kindlin-2, a widely distributed cytoskel-
etal protein, has been implicated in integ-
rin activation, and its absence is embry-
onically lethal in mice and causes severe
developmental defects in zebrafish.
Knockdown of kindlin-2 levels in endothe-
lial cells resulted in defective adhesive
and migratory responses, suggesting that
angiogenesis might be aberrant even with
partial reduction of kindlin-2. This hypoth-
esis has now been tested in the kindlin-
2�/� mice. RM1 prostate tumors grown in
kindlin-2�/� mice had fewer blood ves-

sels, which were thinner and shorter and
supported less tumor growth compared
with wild-type littermates. The vessels
that did form in the kindlin-2�/� mice
lacked smooth muscle cells and peri-
cytes and had thinner basement mem-
branes, indicative of immature vessels.
VEGF-induced angiogenesis in matrigel
implants was also abnormal in the kindlin-
2�/� mice. Vessels in the kindlin-2�/� mice
were leaky, and BM transplantation from
kindlin-2�/� to WT mice did not correct
this defect. Endothelial cells derived from

kindlin-2�/� mice had integrin expression
levels similar to WT mice but reduced
�V�3-dependent signaling, migration, ad-
hesion, spreading, and tube formation.
Developmental angiogenesis was mark-
edly impaired by kindlin-2 morpholinos in
zebrafish. Taken together, kindlin-2 plays
an important role in pathologic and devel-
opmental angiogenesis, which arises from
defective activation of integrin �V�3.
(Blood. 2011;117(18):4978-4987)

Introduction

Although endothelial cells (ECs) are the primary cell type that
forms blood vessel tubes, other cell types, including BM-derived
cells, smooth muscle cells, and pericytes, are all engaged in
forming blood-bearing conduits. Growth factor–growth factor
receptor interactions are involved in initial recruitment of these
cells while other ligand-receptor systems govern migration of the
responding cells into angiogenic tissues (reviewed in Folkman1).
Among the cellular receptors that specialize in regulating the
adhesive and migratory responses of cells during angiogenesis are
members of the integrin family.2 Integrins of the �1 and �3
subfamilies on ECs have been implicated in angiogenesis in vivo
through knockout3 and inhibitor approaches4 and integrin �V�3
and �5�1 are targets of antiangiogenic drugs for cancer treatment
(reviewed in Avraamides et al5).

The regulation of integrin function in angiogenesis as well as
many other responses depends on their ability to undergo activa-
tion, a rapid transition from a low- to a high-affinity state for
recognition of their ligands. Particularly relevant to angiogenesis is
the ability of VEGF to activate integrin �V�3 and �5�1 by
engaging one of its EC receptors, VEGFR2.6 Indeed, VEGFR2 and
integrin �V�3 can form a physical complex in EC and influence
the functions of each other.6,7

Two sets of cytoskeletal proteins, the talins and the kindlins,
bind to the � cytoplasmic tails and are now known to be
involved in integrin activation.8-10 Talin has long been known to

be critical for integrin activation11 and more recent studies have
shown an obligatory requirement for the kindlins in integrin
activation in the context of intact cells and whole organisms.12-16

Three kindlin family members are found in vertebrates, are quite
homologous, and are sometimes expressed within the same cell
type.9,10,17 However, the kindlins cannot compensate for one
another; deficiencies of each kindlin in mice and/or humans
gives rise to a distinct phenotype.9,18 Deficiencies of kindlin-1
give rise to similar phenotypes in humans and mice,19,20 and
mutations in the Kindlin-3 gene in humans can give rise to
symptoms ranging from bleeding, to frequent infections and
osteopetrosis, resulting from an inability to activate integrins on
blood and BM cells.15,16

Kindlin-2 is the most widely distributed kindlin family
member. Inactivation of the Kindlin-2 gene in mice is peri-
implantation lethal, because of failed endodermal and epiblast
attachment.12,21 In vitro experiments performed with cells
derived from kindlin-2 deficient mice12 or siRNA knockdown
demonstrated defects in integrin activation despite the presence
of talin.13 One cell type in which kindlin-2 knockdown had a
profound functional effect was ECs, where knockdown of
kindlin-2 led to a defect in adhesion and migration on �3 but not
�1 integrin ligands.13,17 These findings suggested that kindlin-2
might regulate angiogenesis. To pursue this hypothesis in vivo,
we have tested the effects of down-regulation of Kindlin-2 gene
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expression in mice and zebrafish. The results establish that even
partial inactivation of the Kindlin-2 gene has a profound effect
on the formation and function of new blood vessels and assign a
previously unrecognized function to kindlin-2.

Methods

Mice

The development of kindlin-2�/� mice was previously described,12,21,22 and
8- to 12-week-old female and male mice were used in the experiments
described under animal protocols approved by the Lerner Research Institute
Institutional Animal Care and Use Committee.

Tumor angiogenesis

Male mice were injected subcutaneously with 1.5 � 106 RM1 prostate
cancer cells. Tumors were collected on day 10, weighed, and processed for
immunohistochemical staining with Abs specified in supplemental Methods
(available on the Blood Web site; see the Supplemental Materials link at the
top of the online article). Stained sections were analyzed using fluorescent
or bright-field imaging microscopy (Leica) and ImagePro Plus Capture and
Analysis software (Media Cybernetics). Angiogenesis was evaluated using
Matrigel plug assay as described in supplemental Methods.

Blood vessel permeability

After intravenous injection of Evans blue dye (100 �L; Sigma-Aldrich)
mustard oil was applied to the dorsal and ventral surfaces of one ear, while
the other ear served as the control. Five minutes after Evans blue injection,
10 �L of VEGF (100 ng; R&D Systems) or PBS was injected intradermally
at adjacent locations in the flanks of the mice. After 30 minutes, skin
samples of similar size were removed, weighed, photographed, and Evans
blue was extracted with 1 mL of formamide overnight at 56°C with constant
shaking. The amount of extracted dye was measured spectrophotometri-
cally at 610 nm.

WT and kindlin-2�/� aortic ECs

Mouse aortic ECs were isolated from aortas of WT and kindlin-2�/� mice
as described.23 In adhesion assays, the cells were allowed to adhere to
fibrinogen (10 �g/mL for coating), vitronectin (2.5 �g/mL), fibronectin
(10 �g/mL), or collagen (10 �g/mL) for 45 minutes at 37°C in serum-free
DMEM F-12 medium. EC migration was assessed in serum-free DMEM
F-12 medium using Boyden chambers with 8 �m-pore filters (Corning)
with immobilized ligands on their lower surface at the concentrations used
in adhesion assays, and VEGF (500 ng/mL) in the lower chamber. ECs
(2 � 105) were added to the upper chamber and incubated for 6 hours at
37°C in 5% CO2. The number of adherent or migrated cells was quantified
using the Cyquant Cell Proliferation Assay Kit (Invitrogen). For spreading
assays, the cells adherent to integrin ligands for 1 hour at 37°C were fixed
with 4% paraformaldehyde and stained with Alexa 568–phalloidin. Cell
area was analyzed with ImagePro Plus Capture and Analysis software
(Media Cybernetics). Tube formation by WT and kindlin-2�/� ECs was
compared as described in supplemental Methods.

To assess integrin activation, ECs were incubated with selected
concentrations of soluble Alexa 488–labeled fibrinogen (Fg) and FITC-
labeled collagen Iin HBSS buffer containing 0.1% BSA, 0.5mM CaCl2,
MgCl2 for 1 hour at 37°C. To activate the integrins, the cells were pretreated
with VEGF (50 or 500 ng/mL) or PMA (100nM) for 20 minutes at 37°C
followed by addition of the ligands. Ligand binding was analyzed using a
FACSCalibur flow cytometer and CellQuest software (BD Biosciences).

In signaling experiments, equal numbers of ECs were treated with
VEGF (0-2 �g/mL), placenta growth factor (PLGF; 0-4 �g/mL) or PMA
(0-100nM) in serum-free DMEM F-12 for 10 minutes at 37°C and lysed in
Laemmli sample-loading buffer containing 1 tablet of phosphatase inhibitor
PhosStop and protease inhibitor cocktail (Roche). To analyze integrin-
dependent signaling, the cells were pretreated with VEGF (1 �g/mL) for
15 minutes and allowed to adhere to BSA, Fg, or fibronectin (Fn)
(100 �g/mL) for 15 minutes at 37°C. Adherent cells were lysed in 100 �L
of ice-cold RIPA buffer. Cell lysates were analyzed on Western blots using
anti-phospho-ERK1/2, phospho-p90RSK. and anti-total ERK 1/2 Abs (Cell
Signaling Technology).

Figure 1. Abnormal angiogenesis in kindlin-2�/� mice. (A) Representative images
of tumor sections stained with CD31 Ab (brown; left panel). Scale bars, 200 �m (top
panel), 50 �m (bottom panel). Image analysis shows decreased area of CD31-
stained vasculature in tumors grown in kindlin-2�/� mice compared with WT mice
(right panel). Data are representative of 3 independent experiments with 6 mice per
group. (B) Average weight of prostate tumors grown in kindlin-2�/� mice is lower than
in WT mice (left panel) and representative tumors are shown (right panel). Data are
means � SEM, (n � 7 mice per group) and are representative of 3 independent
experiments. (C) Angiogenesis in Matrigel implants in the presence of VEGF. (Left
panel) Hemoglobin content in Matrigel implants from kindlin-2�/� mice was higher
compared with WT mice. (Right panel) Representative images of Matrigel implant
sections stained with CD31 Ab (brown). Scale bars, 150 �m. All data are representa-
tive of 3 independent experiments including 6 mice per group. CD31-positive areas
were quantified in 5-10 independent fields per tumor implant or Matrigel plug and the
average area per field was determined from duplicate measurements of each of the
fields analyzed.
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Angiogenesis in zebrafish

AB strain zebrafish embryos were collected immediately after spawning and
injected at the 1-2 cell stage with 4.6 nL of morpholino. Control and kindlin-2
morpholinos (GeneTools LLC), described previously,21 were used at a concentra-
tion of 0.1mM. The kindlin-3 morpholino is a splice blocking morpholino
designed to exon 6 and used at 0.1mM and 0.2mM (sequence � TGCACCT-
CAAACACTTCTTACCTTAG). Embryos were examined by live microscopy
using a NikonAZ-100 at 24 hours postfertilization (hpf) and 48 hpf. Images from
48 hpf embryos were collected and quantitated using Nikon NIS Elements
software in combination with GraphPad Prism 3. For VEGF inducer treatment,
embryos were dechorionated at 6 hpf and incubated in GS4012 (Calbiochem) at
5 and 10 �g/mL.24 Angiogenesis of treated embryos was examined at 48 hpf.

Statistical analyses

All data from in vivo and ex vivo assays are presented as means � SEM
using SPSS software (Norusis SPSS Inc) for 2-sample t tests with a 2-tailed
significance set at 0.05. Calculated P values are reported for each test.

Results

Abnormal angiogenesis in kindlin-2�/� mice

In prior studies, we reported that 50%-70% knockdown of kind-
lin-2 in ECs with siRNAs led to significant defects in adhesive and
migratory responses of these cells in vitro.13 Based on these
observations, we reasoned that kindlin-2�/� mice with partial
reduction in kindlin-2 levels might provide an adult organism with
postnatal defects in angiogenesis. Accordingly, we injected murine
RM1 prostate tumor cells into the flanks of male WT and
kindlin-2�/� littermates. RM1 tumors that develop in WT mice at
day 10 are known to be highly vascularized, and tumor growth is
heavily dependent on angiogenesis.25 Staining of tumor sections
for ECs with CD31 showed significantly reduced vessel density
and vascular area in tumors grown in kindlin-2�/� mice compared

Figure 2. Neovasculature in kindlin-2�/� mice is imma-
ture. Immunohistochemistry and image analyses of RM1
prostate tumors implanted into WT and kindlin-2�/� mice.
(A) Costaining for SMA (green) and CD31 (red; top panel)
and for desmin (green) and CD31 (red; bottom panel) in
tumors from WT and kindlin-2�/� mice. Nuclei are stained
with DAPI. Arrowheads indicate SMA-positive vascular
structures. Scale bars, 150 �m (top panel) and 50 �m
(bottom panel). (B) Quantification of the data presented
in the bottom panel of panel A. (C) Laminin-stained blood
vessels in tumors grown in WT and kindlin-2�/� mice.
Scale bars, 19 �m. (D) Thickness of laminin-positive
basement membrane in microvessels formed in WT and
kindlin-2�/� mice. Data are expressed as mean � SEM
and are representative of 3 independent experiments
including 6-8 mice per group as indicated. (E) Costaining
for CD105 (red) and CD31 (green). Overlay of the images
reveals increased percent of CD105-positive blood ves-
sels (yellow fluorescence) in tumors grown in kindlin-2�/�

mice compared with WT mice. Scale bars, 150 �m. (F)
Costaining for CD31 (red) and the pericyte marker, NG2
(green), shows reduced recruitment of pericytes and their
interactions with blood vessels in tumors grown in kindlin-
2�/� mice compared with WT mice. Scale bars, 50 �m.
Five to 10 independent fields per tumor were examined.
The images are representative of 3 independent experi-
ments including 6-8 mice per group.
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with WT mice (4200 � 700 �m2 vs 15 700 � 4000 �m2,
P � .0186, n � 6; Figure 1A left and right panels). Blood vessels
in tumors within the kindlin-2�/� mice were shorter and thinner
than in WT mice (Figure 1A left panel). Consistent with the blunted
angiogenic response in the kindlin-2�/� mice, the tumors were
significantly smaller than those derived in WT mice: 151 � 68 mg
vs 382 � 62 mg, P � .042, n � 7 (Figure 1B).

In a second angiogenesis model, mice were injected subcutane-
ously with Matrigel or Matrigel � VEGF. After 8 days, there was
little angiogenesis in the plugs in either genotype without VEGF.
VEGF did induce an angiogenic response in both kindlin-2�/� mice
and WT mice, but based on CD31 staining showed the vessels to be
thinner and shorter in the kindlin-2�/� mice compared with WT
mice (Figure 1C right panel). The VEGF-containing plugs from the
kindlin-2�/� mice contained 3.5-fold more hemoglobin compared
with WT mice: 4.7 � 1.15 vs 1.12 � 0.14, P � .0149, n � 5
(Figure 1C left panel) which seem juxtaposed to the suppression of
tumor angiogenesis in the kindlin-2�/� mice. However, if the
vessels formed in the kindlin-2�/� mice were impaired, the

increased hemoglobin content of the plugs could be a result of
blood leakage from ill-formed vessels. Hence, we examined the
blood vessels from the kindlin-2�/� and WT mice in the tumor
model for differences in maturation and functional integrity.

The neovasculature in kindlin-2�/� mice is immature and leaky

Smooth muscle cells, an indicator of vascular maturity, were
reduced considerably in kindlin-2�/� mice as evaluated by smooth
muscle cell actin (SMA; Figure 2A top panel) and desmin (Figure
2A bottom panel) staining. In WT mice, 30% of total CD31� blood
vessels stained for SMA, whereas only 8% of blood vessels formed
in kindlin-2�/� mice expressed this indicator of maturation
(P � .0012, n � 6; Figure 2B). Immunostaining for laminin, an
independent indicator of vessel maturation, showed 	 50% reduc-
tion basement membrane thickness of blood vessels in kindlin-2�/�

mice (2.1 � 0.15 �m) compared with WT mice (5 � 0.5 �m,
P � 0001, n � 6; Figure 2C-D). In addition, the majority of
tumor-induced blood vessels in kindlin-2�/� mice were positive for

Figure 3. New and preexisting vasculature is leaky in
kindlin-2�/� mice. (A) Fibrin content (brown) in tumors
grown in WT and kindlin-2�/� mice. Scale bars, 30 �m.
(B) Quantification of fibrin-positive area shown in panel A.
(C) Representative photographs of necrotic areas in
tumors grown in WT and kindlin-2�/� mice. Sections were
stained with hematoxylin and eosin. Scale bars, 200 �m
(top panel) and 150 �m (bottom panel). (D) Quantifica-
tion of necrotic areas showed increased necrosis in
tumors grown in kindlin-2�/� mice. All data are
mean � SEM and are representative of 3 independent
experiments, including 5-8 mice per group as indicated.
(E) Comparison of leakage from ear blood vessels in WT
and kindlin-2�/� mice on stimulation with mustard oil.
Blue ears of kindlin-2�/� mice indicate enhanced leakage
of Evans Blue dye from blood vessels (left panel).
Quantitative analysis revealed increased leakage from
ear blood vessels in kindlin-2�/� mice compared with WT
mice (right panel). (F) Representative photographs of
Evans blue leakage from dorsal skin vasculature of WT
and kindlin-2�/� mice on application of PBS or VEGF (left
panel). Quantification of dorsal skin vasculature perme-
ability (right panel). All vascular permeability data are
expressed as mean � SEM and are representative of
3 independent experiments with 5-6 mice per group as
indicated.

KINDLIN-2 AND ANGIOGENESIS 4981BLOOD, 5 MAY 2011 � VOLUME 117, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/18/4978/1337626/zh801811004978.pdf by guest on 02 June 2024



CD105, a marker of newly formed blood vessels (Figure 2E).
Costaining of tumor sections for CD31 and NG2 chondroitin
sulfate proteoglycan, a marker of pericytes-mural cells that stabi-
lize blood vessels, revealed decreased recruitment of these cells
into angiogenic niches; pericytes interacting with blood vessels in
tumors in the kindlin-2�/� mice were markedly reduced compared
with WT mice (Figure 2F).

With defective pericyte recruitment, reduced maturation, and
decreased laminin deposition, we considered whether the blood
vessels in the kindlin-2�/� mice might be defective. Plasma leakage
measured as an area positive for plasma-derived fibrin was twice as
great in tumors grown in kindlin-2�/� mice compared with WT
mice (7.8% � 2.0% vs 17.2% � 2.2%, P � .0006, n � 5; Figure
3A-B). Moreover, tumors grown in kindlin-2�/� animals had a
substantially larger necrotic core (
 25% � 4.5% of the total
tumor area), compared with tumors in WT mice (12.3% � 4.3%,
P � .0413, n � 8), suggesting that the vasculature formed does not
deliver bloodborne nutrients to support tumor growth in kindlin-
2�/� mice (Figure 3C-D). The permeability of preexisting blood
vessels in WT and kindlin-2�/� mice was examined. Baseline
permeability of vasculature in ear skin (without mustard oil) was
enhanced by 
 70% in kindlin-2�/� mice compared WT mice
(P � .01). Application of mustard oil, a proinflammatory stimulus,
on ear skin, enhanced permeability in WT mice by 
 75%
(P � .05) while it had a negligible effect in the kindlin-2�/� mice
(P � .159; Figure 3E). Similarly, when PBS was administered on
dorsal skin as a control, blood vessel permeability in kindlin-2�/�

mice was more than twice as great compared with WT mice
(P � .01). However, VEGF, a potent inducer of vascular permeabil-
ity, increased blood vessel permeability in WT mice by 
 80%
(P � .05), while the already highly permeable vessels in kindlin-
2�/� mice did not respond to VEGF (P � .78; Figure 3F). Thus,
baseline vascular permeability is high in kindlin-2�/� mice and
unresponsive to VEGF, indicating that not only newly formed but
also preexisting blood vessels are defective in kindlin-2�/� mice.

BM-derived cells are important contributors to angiogenesis.
Although kindlin-2 expression in hematopoietic cells is very low
compared with kindlin-3,15,26 we investigated whether BM-derived
cells might account for impaired angiogenesis and vascular leaki-
ness in kindlin-2�/� mice. BM was transplanted from kindlin-2�/�

mice to WT recipients (kindlin-2�/�3WT); and, as a control, from
WT to WT mice (WT3WT). After 6-8 weeks, angiogenesis in
prostate tumors and vascular permeability were assessed in both
groups of recipient mice. Vascular area, plasma-derived fibrin
content, and tumor growth were similar in (kindlin-2�/�3WT)
and (WT3WT) mice (supplemental Figure 1A-C). In addition,
vascular permeability in ear and dorsal skin was similar in
(kindlin-2�/�3WT) and (WT3WT) mice in the absence or
presence of permeability stimuli (supplemental Figure 1D-E).
Thus, dysfunctional EC rather than BM-derived cells appear to
contribute to abnormal angiogenesis and enhanced vascular perme-
ability in the kindlin-2�/� mice.

Knockdown of zebrafish kindlin-2 results in aberrant
angiogenesis

We next sought to understand the role of kindlin-2 during
developmental angiogenesis and turned to the zebrafish as a facile
model. We had previously reported on the ability of 2 independent
morpholinos to knockdown kindlin-2 expression in the developing
zebrafish and showed that kindlin-2 knockdown resulted in severe
cardiac and skeletal muscle abnormalities.21,22 To study the effect
of morpholino knockdown on vascular development, we used live

imaging of a special marker zebrafish line that expresses GFP in all
vascular ECs (GFP fused to the VEGF receptor promoter) and
DsRed in all blood cells (DsRed fused to GATA-1 promoter).27

Injection of a control morpholino into 1-2 cell stage embryos
resulted in normal vascular development at 24 and 48 hpf (Figure
4A). Injection of kindlin-2 morpholinos resulted in severe distur-
bances in embryonic vascular formation (Figure 4B-C). As de-
picted from 48 hpf morphant embryos, multiple abnormalities were
noted, including thin, foreshortened intersegmental vessels (ISVs),
aberrant branching of ISVs (double asterisks in Figure 4B-C), and
failure to form a continuous dorsal longitudinal anastomotic vessel
(DLAV). These abnormalities ranged in severity between morphant
embryos (Figure 4B-C), but 90% of embryos injected with
kindlin-2 morpholinos exhibited some degree of abnormal vessel
formation (n � 100). We quantitated the degree of vasculature
abnormality by measuring the length of ISVs at 48 hpf in control
and kindlin-2 morphant embryos and found that ISVs from
kindlin-2 embryos were significantly shorter (Figure 4D). In
contrast, dorsal arteries (DAs) and posterior cardinal veins (PCVs)
of kindlin-2 morphants were morphologically normal. Given that
these vessels form by vasculogenesis and not angiogenesis,28 these
findings indicate that the primary defect associated with kindlin-2
knockdown is in angiogenesis.

Figure 4. Morpholino mediated knockdown of zebrafish kindlin-2 results in
abnormal developmental angiogenesis. (A) Control morphant (CTL MO) embryo
examined by live microscopy at 48 hpf. Proper vessel formation was observed in all
control morphant embryos. ISV indicates intersegmental vessel; DLAV, longitudinal
anastamotic vessel; DA, dorsal aorta; and PCV, posterior cardinal vein. (B-C) Two
examples of kindlin-2 morphants (KIND2 MO). DLAVs were discontinuous and
absent in many places (**). ISVs were thin and short. Aberrant horizontal interconnect-
ing vessels were also frequently observed (arrows). Scale bar, 50 �m. (D) Quantita-
tion of total ISV length. ISVs were measured at 48 hpf in control and kindlin-2
morphants. Average values (in micrometers) were (CTL vs KIND2): 114 � 14 versus
71 � 10; P � .02. Four independent experiments were performed with 10 fish per
group.
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We further examined the dynamics of the abnormal vasculature
in kindlin-2 morphants using live imaging of DsRed-labeled blood
cells. In both control and kindlin-2 morphants, blood flow was
observed in the DA and the PCV (supplemental Videos 1 and 2).
However, little if any blood flow was observed in ISVs from
kindlin-2 morphants (supplemental Video 2), indicating that the
vasculature is not only morphologically but also functionally
abnormal. In the small number of kindlin-2 morphants with normal
cardiac appearance and heart rate, we found similar aberrations in
circulation through their ISVs (data not shown), indicating a
primary defect in angiogenesis independent of cardiac abnormalities.

In view of the abnormal angiogenic response of the kindlin-2�/�

mice to VEGF, we sought to address the effect of VEGF in the
zebrafish on kindlin-2 morphants. The VEGF inducer GS4012 has
been shown to rescue vasculature defects in certain zebrafish
genetic models with abnormal blood vessel formation.24 We treated
control and kindlin-2 morphant embryos using the previously
published methodology for this inducer.24 Unlike what has been
observed for these other models of abnormal vessel formation,
GS4012 did not alter the angiogenesis in the kindlin-2 morphants
(supplemental Figure 2), suggesting a role for kindlin-2 “down-
stream” of VEGF signaling.

To determine whether the abnormalities in angiogenesis were
specific for kindlin-2, we also examined the effect of kindlin-3
knockdown on vascular formation in zebrafish. Morpholinos to
kindlin-3 were injected in 1-2 cell stage embryos. General embry-
onic development was unaltered in kindlin-3 morphants. Analysis
of vasculature using the VEGFR-GFP/GATA1-DsRed zebrafish
line in kindlin-3 morphants did not reveal any abnormalities
(supplemental Figure 3). Thus, the defects observed are specific for
kindlin-2 knockdown.

Kindlin-2�/� endothelial cells exhibit impaired VEGF-mediated
signaling, integrin activation, and integrin-dependent functions

To consider the mechanisms resulting in abnormal blood vessel
formation and function in the kindlin-2�/� mice, we characterized
intracellular signaling induced by growth factors and phorbol esters
in ECs isolated from aortas of WT and kindlin-2�/� mice. The
kindlin-2�/� ECs grew slowly compared with WT cells but showed
no obvious morphologic differences. We verified that kindlin-2
expression was reduced in kindlin-2�/� ECs on Western blots of
EC lysates with anti-kindlin-2 and anti-actin Abs (Figure 5A).
When normalized to actin loading, kindlin-2 levels in the EC from
the kindlin-2�/� mice were 
 52% of those in WT ECs based by
densitometry. FACS analysis of WT and kindlin-2�/� ECs revealed
similar expression levels of �3 and �1 integrins and VEGFR2
(Table 1). Cells were exposed to soluble VEGF, a ligand of both
VEGFR2 and VEGFR1, to PLGF that interacts only with
VEGFR1,29 or to PMA, and ERK1/2 phosphorylation, which is
known to be induced by these activators in ECs, was assessed.
VEGF, PLGF, and PMA induced activation of ERK1/2 and its
downstream target p-90RSK in dose-dependent manner in WT ECs
while they failed to activate ERK1/2 in kindlin-2�/� ECs (Figure
5B). Although decreased kindlin-2 expression does not affect
VEGFR2 levels, it clearly impaired VEGFR2-dependent signaling.
Moreover, cellular signaling in kindlin-2�/� ECs was also blunted
to other stimuli tested. In these experiments, the cells were treated
in suspension with soluble growth factors. Because there is little
opportunity to integrins to engage ligand under these conditions,
these results indicate that ERK1/2 phosphorylation occurs down-
stream of growth factor receptors and suggest functions of kind-
lin-2 in this signaling that are independent of integrin activation,

This is consistent with the observation that VEGF-dependent
ERK1/2 phosphorylation still occurs in �3-deficient ECs.30

To test the role of kindlin-2 in integrin-dependent responses of
ECs, we compared the adhesion of ECs from kindlin-2�/� and WT
to ligands recognized by �3 integrins, fibrinogen (Fg) and vitronec-
tin (Vn), or �1 ligands, collagen, and Fn. As shown in Figure 6A,
adhesion of the EC from the kindlin-2�/� mice was significantly
blunted on �3 but not �1 integrin substrates. In addition, migration

Figure 5. Comparison of receptor expression and intracellular signaling in WT
and kindlin-2�/� aortic endothelial cells. (A) Kindlin-2 expression is reduced by

 50% in kindlin-2�/� compared with WT ECs. Representative Western blots of EC
lysates probed with anti-kindlin-2 and anti-actin (loading control) Abs are shown.
Each band represents kindlin-2 or actin expression in ECs isolated from single
individual mouse. ECs from 5 WT and 7 kindlin-2�/� mice were analyzed in 1
experiment. (B) VEGF, PMA, and PLGF induce phosphorylation of ERK1/2 and
p90RSK in WT, but not in kindlin-2�/� ECs. The cells were incubated with increasing
concentrations of soluble activators for 10 minutes at 37°C and lysed as
described in “WT and kindlin-2�/� aortic ECs.” Western blots were probed with
Abs to phospho-ERK1/2, phospho-p90RSK, or total ERK1/2 (loading control).
The images are representative of 2 independent experiments.

Table 1. FACS analysis revealed similar expression levels of
VEGFR2 and the �3 and �1 integrins on WT and kindlin-2�/� ECs

Receptor WT ECs, MFI
Kindlin-2�/�

ECs, MFI

Integrin �3 subunit 105.58 � 22.12 113.57 � 23.12

Integrin �1 subunit 364.66 � 33.6 330.5 � 30.5

VEGFR2 32.2 � 7 25.4 � 5.8

KINDLIN-2 AND ANGIOGENESIS 4983BLOOD, 5 MAY 2011 � VOLUME 117, NUMBER 18

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/18/4978/1337626/zh801811004978.pdf by guest on 02 June 2024



of the EC from the kindlin-2�/� mice in response to VEGF was
blunted on �3 but not �1 substrates (Figure 6B). When integrin
dependent-ERK1/2 and p90RSK phosphorylation were compared
in adherent ECs, they were robustly activated in WT cells adherent
to Fg on VEGF stimulation while no increase was observed in
kindlin-2�/� EC (Figure 6C). In contrast, on Fn, a �1 ligand, and
control BSA, ERK1/2 activation was similar in ECs isolated from
both genotypes. The kindlin-2�/� ECs also showed reduced
spreading on Fg and Vn (by 50%-70%), whereas on collagen and
Fn it was similar to that observed with WT ECs (Figure 6D). Of
note, overexpression of kindlin-2 in the kindlin-2�/� EC overcame
the defective spreading on Vn (supplemental Figure 4) while
expression of a double mutant (QW/AA) form of kindlin-2, which
does not bind integrins, did not. Thus, in examining 3 integrin-
mediated responses, ECs derived from the kindlin-2�/� exhibited a
selective reduction in integrin �3- but not �1-mediated responses,
and the abnormalities in angiogenesis observed in the kindlin-2�/�

mice in vivo were also observed with ECs isolated from these mice.
Tube formation by kindlin-2�/� ECs was significantly impaired
compared with those developed by WT ECs. Although kindlin-2�/�

cells migrated into the substratum and accomplished the early steps
in tube formation, that is, they organized into structures resembling
tubes, the kindlin-2�/� EC failed to complete these tube-like
structures (Figure 6E).

To assess integrin-dependent functions of kindlin-2�/� ECs,
we quantified the ability of EC to bind soluble integrin ligands,
an interaction dependent on integrin activation/clustering. The
kindlin-2�/� and WT ECs did bind soluble Fg, a �3 integrin
ligand, in a dose-dependent fashion, but the kindlin-2�/� ECs
bound 2-fold less Fg than WT cells. Stimulation of the cells with
PMA, a potent inducer of integrin activation/clustering, in-
creased Fg binding to WT EC, but EC from the kindlin-2�/�

mice showed no increase in Fg binding in response to PMA
(Figure 7A). Moreover, VEGF stimulated soluble Fg binding to

Figure 6. Comparison of integrin-mediated functions
in WT and kindlin-2�/� ECs. The kindlin-2�/� aortic ECs
show suppressed adhesion (A) and migration (B) on
fibrinogen and vitronectin compared with WT ECs while
these responses are the same in both kindlin-2�/� and
WT EC on collagen I and fibronectin. Data are expressed
as means � SEM of quadruple samples and are repre-
sentative of at least 3 independent experiments of pooled
EC of 3-6 mice. (C) Reduced ERK1/2 and p90RSK
phosphorylation in VEGF-stimulated kindlin-2�/� cells
adherent to fibrinogen compared with WT ECs while it
was similar for both cell types on fibronectin and BSA.
Western blots were reprobed with Ab to total ERK1/2 to
demonstrate equal loading of proteins. The images are
representative of 2 independent experiments. (D right
panel) Representative images of WT and kindlin-2�/�

ECs spread on various integrin ligands for 1 hour at 37°C
(right panel). The cells are stained with Alexa 568–
phalloidin. Scale bar, 50 �m. (D) Quantitative analysis of
the data (left panel); reduced spreading of kindlin-2�/�

ECs on fibrinogen and vitronectin (right panel). The areas
of 
 200 cells per group from 2 independent experiments
were measured. (E) Impaired tube formation by kindlin-
2�/� ECs compared with WT ECs. Images of ECs
forming tubes taken at 1, 3, and 6 hours are shown and
are representative of 2 independent experiments includ-
ing 6 individual EC samples per group (6 mice per group).
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WT ECs, whereas it failed to enhance Fg binding to kindlin-2�/�

cells. In the presence of this stimulator, 3- to 4-fold less Fg
bound to kindlin-2�/� cells than to WT ECs (Figure 7B). Mn2�,
which activates integrins independent of inside-out signaling,
induced robust and similar soluble Fg binding to both WT and
kindlin-2�/� ECs, indicating that the �3 integrins in the ECs
from the kindlin-2�/� mice were not intrinsically defective in
their ability to bind ligand (Figure 7B). In contrast to the deficits
in Fg binding to nonstimulated or VEGF-stimulated ECs from
the kindlin-2�/� mice, these cells did bind collagen I to a similar
extent as WT ECs, suggesting that the 
 50% decrease in
kindlin-2 expression does not alter activation of �1 integrins
(Figure 7C).

Discussion

Our studies show that the integrin coactivator, kindlin-2,12,13,31 is
essential in pathologic and developmental angiogenesis. This
conclusion is supported by in vivo experiments performed in
kindlin-2�/� mice and in kindlin-2 morphant zebrafish. In kindlin-
2�/� mice, we observed impaired angiogenesis in tumor and
Matrigel models, and the few vessels that did form were disorga-
nized, immature, and leaky. These impairments led to smaller RM1
prostate tumors in kindlin-2�/� mice. Preexisting vessels also
showed increased permeability in the kindlin-2�/� mice and were
unresponsive to VEGF. Our studies also indicate that zebrafish with
a knockdown of kindlin-2 are unable to correct their defect in
angiogenesis in response to VEGF. Thus, the dependence of
angiogenesis on kindlin-2 has been documented in 2 difference
species, and, in both organisms, angiogenesis in response to VEGF
was defective.

The most extensively characterized function of kindlin-2 and
the other 2 kindlin family members are their roles in integrin
activation.9,10,12 The defects in angiogenesis observed in the
kindlin-2�/� mice are consistent with defective activation of �V�3.
The proangiogenic functions of �V�3 on ECs, include its role in
mediating adhesion, spreading, migration, and tube formation, are
well-documented5,32 and these functions were significantly reduced
in ECs derived from the kindlin-2�/� mice. Soluble Fg binding, an
interaction directly mediated by �V�3 and dependent on its
activation,32 was significantly blunted. Together, these observations
all point to a role of kindlin-2 in regulating �V�3 activation. The
pivotal role of kindlin-2–dependent �3 integrin activation in
angiogenesis is consistent with extensive evidence demonstrating
the importance of �V�3 in angiogenesis (reviewed in Avraamides
et al5) using Abs, peptides, small molecules, or antisense ap-
proaches in vitro33,34 and in vivo.4,35 Angiogenesis induced by
growth factors or tumors is also suppressed in knock-in mice
expressing Y747F/Y759F mutations in the �3 cytoplasmic tail of
�V�3.36

Despite these interrelationships between kindlin-2, �V�3 and
angiogenesis, the phenotype of the kindlin-2�/� mice does not
overlap with the �3-KO mice. The �3-deficient mice displayed
enhanced angiogenesis and increased tumor growth.30,37,38 This
phenotype has been ascribed to increased expression of VEGFR2
and enhanced VEGF-dependent signaling in the �3-KO ECs.30,38 In
contrast, in kindlin-2�/� ECs, VEGFR2 expression does not differ
from that in WT ECs. The defect in angiogenesis in the kindlin-
2�/� mice also appears to be more pronounced than observed in the
Y747F/Y759F knock-in mice, where angiogenesis is defective but
not as severely impaired. Despite similar VEGFR2 expression
levels in WT and kindlin-2�/� mice, downstream signaling from
occupancy of VEGFR2 was defective in kindlin-2�/� ECs and
vasculature as they are unresponsive to VEGF, indicating that
kindlin-2 plays a crucial role in VEGF-mediated integrin activa-
tion. This defect was corroborated in zebrafish, where a VEGF
inducer failed to rescue abnormal developmental angiogenesis in
the kindlin-2–deficient fish. These observations are in accord with
our previous studies demonstrating that VEGF is a potent stimula-
tor of the �V�3 activation and �V�3-dependent EC functions via
VEGFR2-dependent inside-out signaling.6,7 Thus, the kindlin-2�/�

phenotype demonstrates a critical role of �3 integrins in angiogen-
esis in vivo in the absence of compensatory increases in VEGFR2.
However, kindlin-2 also promotes the �3 integrin functions via
other inside-out signaling pathways, for example, PKC-dependent

Figure 7. Comparison of integrin activation in WT and kindlin-2�/� aortic
endothelial cells. (A) Dose-dependence of soluble Alexa 488–labeled Fg binding to
resting or PMA-stimulated ECs. Soluble Fg binding to kindlin-2�/� ECs is decreased
and independent on PMA stimulation. (B) Soluble Fg (50 �g/mL) binding to WT and
kindlin-2�/� ECs in the presence of VEGF and Mn2� ions. Fg binding to kindlin-2�/�

ECs is significantly reduced and independent on VEGF stimulation. (C) Soluble
FITC-collagen I (50 �g/mL) binding to WT and kindlin-2�/� ECs in the presence of
VEGF and Mn2� ions. Collagen I binding to WT and kindlin-2�/� ECs is the same in
the absence or presence of VEGF. All data are means � SEM of triplicate samples
and are representative of 3 independent experiments with pooled ECs from 4-6 mice.
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signaling.13 Because PMA, a potent PKC stimulator, enhances
integrin clustering, impaired PMA-induced Fg binding to kindlin-
2�/� ECs raises the possibility that kindlin-2 influences not only
integrin activation but also clustering; that is, affects affinity and/or
avidity modulation39 and might do so by direct binding to the
�-cytoplasmic tail or by participating in cytoskeletal rearrangements.

In the �3-KO mice, macrophage recruitment into tumors was
significantly reduced, which attenuated the immune response and
led to enhanced tumor growth.37 However, transplantation of
kindlin-2�/� BM cells into WT mice did not affect tumor growth or
angiogenesis indicating that abnormal neovascularization in kindlin-
2�/� mice is attributed to dysfunctional endothelium/subendothe-
lial matrix. In addition, neutrophil and macrophage content in
tumors and in tumor-surrounding tissues was similar in WT and
kindlin-2�/� mice (data not shown). Indeed, kindlin-2 expression
both at mRNA and protein level is very low in cells of hematopoi-
etic origin where kindlin-3 appears to be the primary kindlin
involved in integrin activation.15,26

Additional prominent features of the kindlin-2�/� vasculature
were its immaturity and leakiness, which may also be attributable
to dysfunctional �V�3. Although maintenance of endothelial
barrier function is a complex process regulated by multiple
receptors and signaling molecules, that build tight and adherens
junctions (reviewed in Mehta and Malik40), numerous lines of
evidence point to the importance of endothelial focal adhesions
containing �3 integrins in forming these junctions.41,42 Focal
adhesions not only provide structures for anchoring the endothe-
lium to its surrounding matrices in the vascular wall, but also
transmit forces and biochemical signals between the cells and their
matrix. Direct evidence that underscores the physiologic signifi-
cance of integrin-matrix interactions in vascular integrity comes
from the studies showing that disruption of integrin-ECM interac-
tion with RGD peptides increases venular permeability by 2- to
3-fold in vivo43 and reduces the barrier properties of endothelial
monolayers.44 In mature EC cultures, �V�3 also localizes to and
maintains the integrity of the junctions45 and decreased �3
expression with siRNA increases permeability.46 Mechanistically, it
has been suggested that this integrin collaborates with other
intercellular molecules to form lateral junctions and specifically
participates in formation of adherens junctions. In addition, integrin-
associated signaling molecules, such as FAK, ILK, paxillin, and
Rac-1, increase expression and assembly of E- and N-cadherins in
various cells, which mediate cell-cell adhesions.47 Junctional
adhesion molecule C (JAM-C) associates with the �3 integrins and
inhibits its activation resulting in enhanced permeability.46 How-
ever, while there are many interconnections between known
functions of �V�3 and the ability of kindlin-2 to control activation
of this integrin in EC, at this point we do not exclude that
integrin-independent mechanisms of kindlin-2 may also contribute
to control of intercellular permeability. In this regard, it is
noteworthy that kindlin-2 has been shown to colocalize with
E-cadherin along the lateral and apical plasma membrane of basal
keratinocytes.48,49

Recruitment and adherence of mural cells to forming vessels
were severely impaired in kindlin-2�/� mice. Pericytes interact
with ECs, stabilize newly formed tubes, modulate blood flow and

vascular permeability, and regulate EC functions.50 Pericyte abnor-
malities, especially the partial dissociation of pericytes from
endothelium, lead to vascular fragility and leakiness, tumor hyp-
oxia, apoptosis, and death (reviewed in Lu and Sood50). PDGFs
secreted by ECs and PDGFR-� on pericytes are key players in
pericyte recruitment, and EC:pericyte contacts are mediated by the
interactions between EC �5�1 and pericyte VCAM-1. However,
we found no evidence for abnormal expression or activation of the
�1 integrins on kindlin-2�/� ECs. Further studies are needed to
delineate mechanism by which kindlin-2 regulates recruitment and
adhesive interactions of mural cells.

Our ex vivo data indicate that kindlin-2�/� ECs show sup-
pressed �V�3 activation and responses to the �V�3-specific
substrates, whereas activation of the �1 integrins and �1-dependent
EC functions are normal. Although kindlin-2 has been shown to
have differential effects on the activation of �1 and the �3
integrins,31 at this juncture we cannot exclude that 50% expression
of kindlin-2 is sufficient to support �1 integrin activation and the
role of these integrins in angiogenesis. Similarly, our recent studies
show that kindlin-2 knockdown in HUVECs reduced cellular
responses to the �3-integrin–specific ligands while inhibition of
kindlin-3 attenuated �1-mediated cell spreading. In addition,
kindlin-2 colocalized with the �3 integrin in focal adhesions, while
kindlin-3 did not, suggesting distinct functional specificities.17,13

However, in platelets it is kindlin-3 that interacts and regulates
integrin �IIb�3 activation.15,51 Interestingly, knockdown of kind-
lin-2, but not of kindlin-3, resulted in abnormal angiogenesis in
zebrafish. Thus, the present study supports the emerging concept
that different kindlin family members exhibit selectivity in their
support of different integrins in specific cell types.
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