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Integrin-linked kinase (ILK) is a phosphoinositide 3-kinase-dependent serine/threonine kinase that inter-
acts with � integrins. Here we show that endothelial cell (EC)-specific deletion of ILK in mice confers placental
insufficiency with decreased labyrinthine vascularization, yielding no viable offspring. Deletion of ILK in zebra
fish using antisense morpholino oligonucleotides results in marked patterning abnormalities of the vasculature
and is similarly lethal. To dissect potential mechanisms responsible for these phenotypes, we performed ex vivo
deletion of ILK from purified EC of adult mice. We observed downregulation of the active-conformation of �1
integrins with a striking increase in EC apoptosis associated with activation of caspase 9. There was also
reduced phosphorylation of the ILK kinase substrate, Akt. However, phenotypic rescue of ILK-deficient EC by
wild-type ILK, but not by a constitutively active mutant of Akt, suggests regulation of EC survival by ILK in
an Akt-independent manner. Thus, endothelial ILK plays a critical role in vascular development through
integrin-matrix interactions and EC survival. These data have important implications for both physiological
and pathological angiogenesis.

Endothelial cells form the innermost single-cell-thick lining
of the cardiovascular system and are intimately involved in
vascular homeostasis and cellular trafficking. Factors that in-
fluence the balance between endothelial cell survival and death
have a profound impact on a host of biological processes,
including angiogenesis and the maintenance of vascular integ-
rity (6, 22, 35). Moreover, endothelial dysfunction without
overt cell death may constitute an early step in pathological
conditions such as atherosclerosis (18).

Integrins are a family of heterodimeric (��) transmembrane
cell surface receptors that mediate cell-cell adhesion as well as
cell-matrix contacts (4, 5, 14, 24). Integrin-ligand interactions
transduce signals that modulate the migration, proliferation,
differentiation, and survival of cells. Signals originating from
within the cell, in turn, can influence the avidity or affinity of
integrins for their extracellular ligands. Recent data from sev-
eral lines of investigation suggest that integrin-Linked kinase
(ILK) is a crucial binding partner of integrins (11, 23, 34). ILK
is a highly conserved serine/threonine protein kinase with

pleckstrin homology and ankyrin repeat domains. ILK was
identified in a yeast two-hybrid screen by virtue of its interac-
tion with the cytoplasmic domain of �1 integrins (23). ILK also
interacts with critical actin-binding proteins, such as paxillin,
CH-ILKBP, and affixin via its C-terminal kinase domain and
with the Lim-domain-only proteins, PINCH1 and -2, via its first
ankyrin domain (41). Several in vitro studies have suggested
that ILK confers key survival signals via its ability to phosphor-
ylate and activate Akt/protein kinase B (12, 32, 38). ILK also
plays a critical structural role in the formation of integrin
adhesion complexes. From a functional perspective, overex-
pression of ILK in epithelial cells confers anchorage-indepen-
dent cell growth and tumorigenicity in nude mice, and several
human tumors, including melanoma, ovarian cancer, and pros-
tate cancer, have marked overexpression of ILK (1, 10, 19).
ILK has also been implicated in the adhesion of leukocytes
(15).

To address more definitively the physiological role of ILK in
vivo, investigators have turned to genetic models. Deletion of
ILK in Caenorhabditis elegans leads to embryonic demise that
resembles the phenotype of �-integrin knockouts (27). Simi-
larly, complete knockout in mice confers peri-implantation
lethality, since ILK is critical for epiblast polarization (34).
More recent studies have shown that tissue-specific deletion of
ILK in chondrocytes leads to abnormalities in bone prolifera-
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tion and dwarfism (20, 37). For the present studies, we em-
ployed both the Cre-lox system with mice to specifically eval-
uate the role of ILK in endothelial biology and antisense
technology with zebra fish to study the effects of global defi-
ciency on vascular development. In vivo and in purified endo-
thelial cells, we found a critical role for ILK in vascular devel-
opment and in integrin-matrix interactions and cell survival.
The effects of ILK in these pathways may have important
implications for both endothelial cell homeostasis and vascular
pathology.

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium, Dulbecco’s phosphate-buff-
ered saline (DPBS) with or without Ca2� and Mg2�, 1 M HEPES, penicillin-
streptomycin, nonessential amino acids, sodium pyruvate, L-glutamine, and tryp-
sin were purchased from BioWhittaker, Inc. Fetal bovine serum was obtained
from Gibco, and endothelial mitogen was obtained from Biomedical Technolo-
gies. Heparin and collagenase type II were purchased from Sigma.

Murine system. We employed a recently generated mouse strain carrying a
LoxP-flanked (floxed) ILK gene (ILKflox/flox) which has been previously de-
scribed in detail (37, 38). To delete ILK in vivo in endothelial cells, ILKflox/flox

mice were bred to transgenic mice expressing Cre recombinase under the direc-
tion of the tyrosine kinase Tek (Tie2) promoter/enhancer (Tie2-Cretg/�), which
provides expression in endothelial cells during embryogenesis and adulthood
(25).

Genotype determination for Tie2-Cre transgene and ILK alleles. Gene and
transgene designations are followed by genotype information in superscript text.
Superscript plus and flox indicate wild-type and floxed alleles, respectively. In
Tie2-Cre transgenic mice, superscript tg and plus indicate presence and absence
(wild type), respectively, of the transgene. DNA was obtained from digested tails
of adult mice and from yolk sacs of dissected embryos. Inheritance of the
Tie2-Cre transgene was determined by PCR using the following primers: for-
ward, 5�-GGTCGATGCAACGAGTGATGAGGT-3�; reverse, 5�-CAGCATTG
CTGTCACTTGGTCGTG-3�. ILK genotype was determined by PCR using two
primers, 5�-CCAGGTGGCAGAGGTAAGTA-3� and 5�-CAAGGAATAAGG
TGAGCTTCAGAA-3�, for simultaneous detection of wild-type, floxed, and
Cre-recombined alleles. The respective product sizes were 1.9 kb, 2.1 kb, and 230
bp. DNAs were amplified for 35 cycles (94°C for 45s, 55°C for 45s, 72°C for 2
min) in a thermal cycler.

Analysis of embryos. Timed matings were set up between male Tie2-Cretg/�:
ILKwt/flox mice and female mice either homozygous or heterozygous for the
ILK-floxed allele. Embryos and placentae were harvested between embryonic
day 9.5 (E9.5) and E12.5, fixed in paraformaldehyde in phosphate-buffered saline
(2% [vol/vol]) at 4°C for 2 h, and transferred to phosphate-buffered saline.
Embryos were photographed, and embryos and placentae were embedded in
paraffin, sectioned (6 �m), and stained with hematoxylin and eosin. Yolk sacs
were assessed by whole-mount PECAM immunostaining using a purified anti-
CD31 antibody (Pharmingen).

Zebra fish. All experiments were performed with the Top Longfin zebra fish
strain. Embryos obtained from natural spawnings were raised and maintained as
described previously (39). Embryos were staged according to morphological
criteria (somite number) and by timing in hours postfertilization. Transgenic
lines expressing green coral fluorescent protein (GCFP) under the control of the
flk-1 promoter [TG (flk1:GCFP)] were used to visualize vasculogenesis and
embryonic angiogenesis (9). The cDNA of the zebra fish ortholog of ILK-1 was
cloned, and antisense morpholino oligonucleotides were designed against the
splice donor sequences of exon 1. Morpholinos (Gene Tools, LLC), received as
sterile salt-free lyophilized solids, were resuspended in sterile water to a con-
centration of 1 mM. For injections, this stock solution was diluted to 120 uM with
1� Daniau’s solution [58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM
Ca(NO3)2, 0.5 mM HEPES (pH 7.6)] and injected in a volume of �5 nl. The
morpholino sequence was 5�-ATGCACTCACCCCTGGTTTAGGTC-3�. Mor-
pholinos were injected into one-cell-stage zebra fish embryos at the yolk/cyto-
plasm interface, using a Narishige micromanipulator connected to a pressure
injector (Eppendorf).

Isolation and culture of primary murine endothelial cells. Primary endothelial
cells were isolated and purified from the lungs of ILKflox/flox mice and wild-
type littermates as previously described (16, 17). This protocol employed a
two-step magnetic bead (Dynabead M-450, Dynal Corp.) purification with
rat anti-mouse ICAM-2 and PECAM-1 antibody (Pharmingen). Cells were

typically �92% pure as assessed by flow cytometry for CD31 (data not
shown).

Recombinant adenoviruses and endothelial cell transduction. The adenovi-
ruses carrying wild-type ILK (15), as well as the adenovirus control (AdGFP)
(30), constitutively active Akt (Admyr-Akt) (30), and Cre recombinase (AdCre)
(2) constructs have all been described previously in detail. Endothelial cells
grown to �70% confluence on 0.1% gelatin-coated six-well plates were trans-
fected with the indicated adenovirus construct at various concentrations in 500 �l
of complete medium for 4 h at 37°C, and the volume was then replaced with 2 ml
of fresh complete medium. Transfections were carried out for a total of 96 h. For
rescue experiments, endothelial cells were transfected with various adenovirus
constructs for 4 h prior to cotransfection with AdGFP or AdCre as described
above.

Antibodies. Studies employed antibodies to ILK (Upstate Biotechnology), Cre
(Novagen), phospho-Akt (S473), and total Akt (both from Cell Signaling), phos-
pho-Akt (T308) (Biomol), phospho-c-Jun N-terminal kinase (Cell Signaling),
phospho-glycogen synthase kinase 3 (phospho-GSK-3) and total GSK-3 (both
from Cell Signaling), phospho-extracellular signal-regulated kinases 1 and 2 (Erk
1/2) (Cell Signaling), total Erk 1/2 (Santa Cruz), and beta actin (Abcam). For
flow cytometry analysis, we used antibodies to CD31 (Pharmingen), active �-1
integrin (clone 9EG7; Pharmingen), total �1 integrin (anti-CD29; Pharmingen),
total �3 integrin (anti-CD61; Pharmingen), and the corresponding isotype-
matched controls (all from Pharmingen). For immunostaining we employed
F-actin phalloidin (Molecular Probes) and antivinculin (Sigma) in conjunction
with an Alexa-conjugated secondary antibody.

Western blotting and Akt kinase assay. Western analysis employing the indi-
cated antibody was performed as previously described in detail (15, 30). Akt
kinase activity was assessed using a nonradioactive assay kit (no. 9840; Cell
Signaling) according to the manufacturer’s instructions. Samples were analyzed
by Western blotting using an antibody specific for the sites phosphorylated by
Akt on the substrate peptide (anti-phospho-GSK-3 S21/S9).

Apoptosis assays. Endothelial cell apoptosis was assessed by cell death detec-
tion enzyme-linked immunosorbent assay (ELISA) measuring cytoplasmic his-
tone-associated DNA fragmentation (kit no. 1544675; Roche), by Western blot
analysis for caspases 3, 8, and 9 (Cell Signaling), and by Hoechst staining (33342;
Molecular Probes) according to the manufacturers’ instructions. Assays were
performed in the presence of serum and mitogens as described previously (16,
17).

Flow-cytometric analysis. Endothelial cells were harvested by gentle scraping
in their culture media and washed once with assay buffer (1� DPBS without
Ca2� and Mg2�–1% fetal bovine serum, 400 g, 5 min, room temperature). Cells
were resuspended in 100 �l of assay buffer and blocked with serum (1:10) for 5
min at room temperature. For analysis of the �1 integrin activation state, cells
were equilibrated with the indicated antibody for 5 min in the incubator (37°C,
5% CO2), followed by a 5-min period with or without manganese stimulation
(Mn at 2 mM). Reactions were stopped by addition of 3 ml of ice-cold assay
buffer followed by a second wash in the same volume. Cells were then stained
with the indicated primary and secondary antibodies in blocking buffer and fixed
in 3% paraformaldehyde, and flow cytometry was performed using a Becton
Dickinson FACSCalibur set to detect fluorescence, forward scatter, and side
scatter.

Confocal microscopy. Endothelial cells were washed once with 1� DPBS with
Ca2� and Mg2� and fixed with 3.7% formaldehyde in DPBS for 10 min at room
temperature. Monolayers were permeabilized for 5 min with 0.1% Triton X-100
at room temperature and blocked for 30 min at 37°C with blocking buffer (1%
bovine serum albumin in DPBS). Following incubation with the indicated pri-
mary and secondary antibodies, cells were washed with DPBS and examined with
a Nikon TE300 inverted fluorescence microscope fitted with a Bio-Rad 1024
confocal laser.

Statistical analysis. Data are expressed as means 	 standard deviations.
Statistical comparison of means was performed by using the two-tailed unpaired
Student t test. The null hypothesis was considered to be rejected at P values of

0.05.

RESULTS

We first bred recently generated ILKflox/flox mice (37, 38) to
transgenic mice expressing Cre recombinase under the direc-
tion of the tyrosine kinase Tie2 promoter/enhancer, which
provides expression in endothelial cells during embryogenesis
and adulthood (25). Matings of Tie2-Cretg/�:ILKflox/� males to
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ILKflox/flox females generated 56 Tie2-Cretg/�:ILKflox/� prog-
eny, 36 Tie2-Cre�/�:ILKflox/flox progeny, and 40 Tie2-Cre�/�:
ILKflox/� progeny. At birth, approximately 25% of these pups
were expected to show ILK deleted in an endothelium-specific
manner (Tie2-Cretg/�:ILKflox/flox). However, to date we have
obtained no such progeny among 132 viable offspring, suggest-
ing that endothelial ILK deficiency results in embryonic lethal-
ity (P 
 0.0001 by �2 analysis).

Subsequent analysis revealed that viable Tie2-Cretg/�:
ILKflox/flox embryos were present at midgestation but displayed
marked overall growth retardation by E9.5 (Fig. 1A), which
coincides temporally with expected Tie2 promoter/enhancer-
driven Cre expression in the embryo (13). Because vascular-
ization of the placental labyrinth is a critical determinant of
continued fetal development at this stage, we postulated that
gross retardation resulted from failure of chorioallantoic pla-
cental circulation (21, 33). Examination of wild-type E9.5 pla-

centae revealed chorioallantoic apposition, well-formed umbil-
ical vessels, and the presence of major placental tissue layers
(decidua, trophoblast giant cells, spongiotrophoblast, and
chorionic epithelium). However, placentae of Tie2-Cretg/�:
ILKflox/flox mice had much smaller chorioallantoic plates and
greatly diminished labyrinthine vasculature, with a more than
sevenfold diminution of organized endothelial-cell-lined vas-
cular networks (Fig. 1B). We did not observe the normally
robust allantoic vessel extension into the chorion or signif-
icant branching morphogenesis of chorionic epithelium in
placentae of Tie2-Cretg/�:ILKflox/flox mice. Taken together,
these observations indicated that ILK deficiency in fetal
endothelium leads to ineffective allantoic vessel-chorion in-
teraction, failed branching morphogenesis of chorionic epi-
thelium, and placental labyrinth insufficiency. Similarly, there
was a striking failure of yolk sac vascularization evident by
E10.5, in which the fine network of branching capillaries was

FIG. 1. Endothelium-specific deletion of ILK in mice. Embryos, placentae, and yolk sac were harvested at E9.5 to E10.5. (A) Images of whole
embryos of Tie2-Cre�/�:ILKflox/� and Tie2-Cretg/�:ILKflox/flox genotypes. (B) Hematoxylin and eosin-stained section from placentae of Tie2-
Cre�/�:ILKflox/� and Tie2-Cretg/�:ILKflox/flox embryos. Chorionic/labyrinthine vessels (indicated by red outline), filled with nucleated red cells
generated in the embryos, were counted from control (15.3 	 7.6) and mutant (2.5 	 0.0.87) placentae (n � 4; P � 0.024), below. S,
spongiotrophoblast; L, labyrinth. (C) Whole-mount stained yolk sacs, using anti-PECAM antibody. (D) Hematoxylin and eosin-stained embryo
sections from head region. Vessels are indicated with asterisks.
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entirely absent (Fig. 1C), resulting in extreme friability of tis-
sues. Finally, there appeared to be pleiotropic effects of ILK
deficiency in the embryos themselves. The major axial vascu-
lature, including the dorsal aortae, cardinal veins, and their
branches, was abnormal. Vessels were smaller and fewer in
number seen in the context of disorganized surrounding tissue
(Fig. 1D). Notable was the incomplete closure of the neural
tube in multiple ILK-deficient mutants; however, whether
this represents a primary defect in the embryo or occurs as
a consequence of the placental/yolk sac abnormalities re-
mains to be defined. Together these abnormalities resulted
in embryonic demise and resorption by approximately E11.5
to 12.5.

To complement the analysis in the mice and circumvent
placental confounders, we turned to parallel studies in the
zebra fish model, employing antisense morpholino oligonucle-
otides. In ILK knockdown fish (�95% decrease in mRNA
compared to the wild type; data not shown), we saw striking

evidence of disordered patterning of those trunk vessels that
are formed by angiogenesis. This patterning was investigated
using the morpholino in fish transgenic for GCFP under the
direction of the flk-1 promoter (Fig. 2) (9). The normal net-
work of intersegmental vessels was absent for a variable num-
ber of thoracic segments, usually extending caudally from the
second or third somite. In segments flanking the areas of com-
plete vessel loss there were regions where intersegmental ves-
sels from the dorsal aorta fused with the intersegmental vessels
from the adjacent intersomitic boundary, rather than extending
to the dorsal longitudinal anastomotic vessel. These aberrant
vessels consistently joined their neighbors at the next inter-
somitic boundary at one of two locations: at the level of the
parachordal vessels (lateral to the horizontal myoseptum) or at
the level of the vertebral arteries (between the notochord and
the neural tube).

To dissect the mechanisms that might be contributing to
lethality in the knockout animals, we isolated primary endo-

FIG. 2. Knockdown of ILK in zebra fish. Morpholinos were injected into one-cell-stage zebra fish embryos as described in Materials and
Methods. Patterning was investigated by using the morpholino in fish transgenic for GCFP under the direction of the flk-1 promoter. Fluorescence
microscopy reveals loss of the normal regular network of intersegmental and parachordal vessels for a variable number of thoracic segments,
usually extending caudally from the second or third somite. Other regions of the intersegmental vasculature exhibited patterning defects as
described in the text. WT, wild type.
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thelial cells from homozygous ILKflox/flox mice. We transduced
the purified endothelial cells from ILKflox/flox mice with a re-
combinant adenovirus encoding Cre recombinase (2). As seen
in Fig. 3, AdCre transduction conferred a dose-dependent
increase in Cre protein expression in this system (Fig. 3B).
Consequently, we observed a dose-dependent excision of the
ILK gene (Fig. 3A) with marked diminution of ILK protein
expression 4 days after transfection (Fig. 3B). As expected,
overexpression of Cre recombinase in endothelial cells isolated
from wild-type mice did not induce any changes in ILK protein
levels (Fig. 3C).

Deletion of ILK induced dramatic changes in purified adult
endothelial cells (Fig. 4). Phase-contrast microscopy revealed
that many ILK-deficient endothelial cells rounded up and de-
tached from the previously intact endothelial cell monolayer.
Since data for other systems suggest a role for ILK in stabiliz-
ing the actin cytoskeleton (40, 41), we then analyzed endothe-
lial cells lacking ILK for changes in focal adhesion formation
using confocal microscopy. In staining for F-actin (phalloidin),
we saw a dramatic reorganization of the actin cytoskeleton
with loss of stress fibers in the intracellular cytoplasmic area
and marked peripheral accentuation (Fig. 4, middle panel).

In staining for the focal adhesion protein vinculin, we also
observed redistribution to the cellular periphery and the for-
mation of coarse granules consistent with the disruption of
focal adhesions (Fig. 4, lower panel).

We then explored the mechanisms that might be contribut-
ing to abnormal cell-matrix interactions in the ILK-deficient
endothelium. Since ILK associates with � integrins, we ana-
lyzed �1 integrins using an antibody that reliably detects the
ligand-bound conformation of �1 integrins that correlates with
integrin activation (3, 26). We consistently found a significant
downregulation of the active conformation of �1 integrins in
ILK-deficient endothelial cells, compared to uninfected and
control AdGFP-transduced cells (Fig. 5A). Treatment of en-
dothelial cells with manganese (Mn), which locks integrins in
high-affinity states, triggered significant increases in the �1
integrin activation state in untransduced, AdGFP-transduced,
and AdCre-transduced endothelial cells. Thus, the integrins in
ILK-deficient cells could still be activated (Fig. 5B). Impor-
tantly, our analysis excluded nonviable cells, and total levels of
surface �1 and �3 integrins were unchanged after loss of ILK
(Fig. 5C and D).

We next analyzed apoptosis of ILK-deficient endothelial

FIG. 3. Effects of Cre recombinase on ILK expression in endothelial cells. (A) Endothelial cells were isolated from ILKflox/flox mice, transfected
with adenoviruses encoding either green fluorescent protein (AdGFP) or Cre recombinase (AdCre) at the indicated doses, and cultured for 96 h.
PCR for the ILK gene and presence of excision product were assessed as described in Materials and Methods. (B) Protein expression of ILK and
Cre was assessed by Western blot analysis in the same endothelial cells. (C) Western analysis was performed on transduced endothelial cells from
wild-type littermates. Representative data from one of four independent experiments are shown.
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cells using multiple independent methods. Using a cell death
ELISA assaying for cytoplasmic histone-associated DNA frag-
mentation, we found a �4-fold increase of DNA fragmenta-
tion in endothelial cells lacking ILK, compared to results with
uninfected and control AdGFP-transduced cells (Fig. 6A).
Furthermore, we saw a dose-dependent increase in the cleav-
age product of caspase 3 using Western blot analysis (Fig. 6B).
Interestingly, analysis upstream of caspase 3 revealed that cell
death was associated with activation of caspase 9 (Fig. 6C), the
apical caspase in mitochondrial apoptosis, but not caspase 8
(not shown), the proximal caspase in death receptor-mediated
apoptosis. Multiple analyses of ILK-deficient cells by using
Hoechst, annexin V, and propidium iodide staining reveal
that approximately 16 to 25% are apoptotic 96 h after trans-
duction with AdCre. This range is comparable to what we
observe following 6 h of cycloheximide treatment (40 �cg/
ml, 6 h, 37°C), a commonly used trigger of cell death (data

not shown). Importantly, transfection of wild-type endothe-
lial cells with AdCre did not lead to any changes in cell
survival (Fig. 6A and B) or to structural changes (data not
shown).

In vitro, ILK can serve as a membrane-proximal upstream
modulator of signaling molecules involved in cell survival reg-
ulation, such as Akt and GSK-3 (12). Therefore, we examined
whether targeted deletion of ILK in endothelial cells impacts
downstream signaling pathways implicated in cell survival, as
seen in Fig. 7. Using Western blot analysis, we found that the
mitogen-activated protein kinase pathway (as assessed by Erk
1/2 phosphorylation) and GSK-3 signaling [as assessed by
GSK-3�(S9) phosphorylation] were unchanged in ILK-defi-
cient endothelial cells. C-Jun NH2-terminal kinase, focal ad-
hesion kinase, and Rac 1 activity were similarly unaffected
(data not shown). In contrast, we observed a reproducible
decrease in phosphorylation of Akt on the activating phos-

FIG. 4. Microscopic analysis of ILK-deficient endothelial cells. Endothelial cells were purified from ILKflox/flox mice and transduced with either
AdGFP or AdCre as described above or left uninfected. Phase-contrast microscopy shows rounded shape and subsequent detachment of
ILK-deficient cells. F-actin phalloidin staining (middle panel, arrows) demonstrates typical stress fibers in untransduced and green fluorescent
protein-transduced endothelial cells, with marked loss and peripheral accentuation in ILK deletion cells. Antivinculin staining (lower panel,
arrows) shows atypical coarse granules, suggestive of disrupted focal adhesions in ILK-deficient endothelial cells. Results shown are representative
of one of three independent experiments.

8140 FRIEDRICH ET AL. MOL. CELL. BIOL.



phorylation site, Ser 473, which has been shown to be phos-
phorylated by ILK. Phosphorylation of Thr 308 of Akt, a res-
idue which is not a reported target of ILK, was unaltered by
ILK excision.

We then examined whether it was possible to rescue ILK-
deficient endothelial cells from increased apoptosis by cotrans-
fection with adenovirus constructs encoding the wild-type ILK
molecule (AdWT-ILK) (15) and a constitutively active Akt
construct (Admyr-Akt) (30). As seen in Fig. 8 (top), cotrans-
fection of AdCre-transduced ILKflox/flox endothelial cells with
AdWT-ILK reversed the phenotype and reduced apoptosis
back to baseline levels seen in uninfected and control AdGFP-
transduced cells. This was accompanied by restoration of phos-
phorylation on Ser 473 of Akt (Fig. 8, middle). However,
cotransfection with an adenovirus encoding a constitutively
active Akt molecule (Admyr-Akt) markedly enhanced kinase
activity in the endothelial cells (Fig. 8, bottom) but was not
sufficient to overcome increased endothelial cell death from

lack of ILK. Thus, our data suggest that while there may be
alterations in Akt signaling upon deletion of ILK, there are
clearly Akt-independent pathways, likely involving ILK inter-
actions with integrins and/or cytoskeletal constituents, that are
critical for endothelial cell survival.

DISCUSSION

Our in vitro and in vivo genetic studies extend prior inves-
tigations of ILK. The integrins �v�3, �v�5, and �5�1 are all
important regulators of endothelial cell function and survival
(4, 5, 14, 24). ILK was originally described for its ability to bind
the carboxyl tail of �1 and �3 integrins (23). Our studies, using
an available murine integrin activation epitope reagent, show
that the activation state of �1 integrins was consistently down-
regulated in ILK-deficient cells. Our working hypothesis is that
loss of endothelial cell adhesion to the extracellular matrix
leads to the induction of apoptosis specifically through activa-

FIG. 5. Flow-cytometric analysis of �-integrin expression and activity in ILK-deficient endothelial cells. ILKflox/flox endothelial cells were either
left uninfected (U) or transduced with AdGFP or AdCre. Flow-cytometric analysis was performed by using an antibody specific for the active
conformation of �1 integrins before (A) and after (B) manganese stimulation (Mn, 2 mM, 5 min, 37°C). We observed a 26% decrease in mean
fluorescence intensity (MFI) in AdCre-transduced, as opposed to uninfected or AdGFP-transduced, endothelial cells. Addition of Mn enhanced
�1-integrin activation by 39% in uninfected endothelial cells, 49% in AdGFP-transduced endothelial cells, and 72% in AdCre-transduced
endothelial cells. Surface expression of total �1 and �3 integrins as determined by flow cytometric analysis was unchanged (C and D, respectively).
Analysis was limited to the viable cell population as determined by propidium iodide staining. Representative data from one of five independent
experiments are shown.
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tion of caspase 9. Recently, investigators have also described a
process known as “integrin-mediated death” in which unli-
gated integrins promote apoptosis through membrane recruit-
ment of caspases (7). ILK might play a role in such a process
as well, though our findings would suggest involvement of
mitochochondrial or stress-induced pathways. Importantly, an-
giogenesis inhibitors, such as endostatin and tumstatin, have
been shown to function by inhibiting integrin function and
signaling (28, 29). Assessment of the effects of endothelium-
specific ILK deletion in adult mice in vivo, particularly in the
context of tumor angiogenesis, will likely be a fruitful ave-
nue for investigation. Indeed, recent studies employing a bio-
chemical inhibitor of ILK activity show inhibition of pros-
tate tumor angiogenesis and suppression of tumor growth
(36).

As noted above, endothelial cells lacking ILK had marked
disruption of stress fibers and accumulated F-actin aggregates
at the plasma membrane. Focal adhesions were also perturbed,

as evidenced by abnormal vinculin staining. These cytoskeletal
abnormalities we observed could have further hindered �1
integrin activation by diminishing integrin clustering and avid-
ity. ILK may play a critical role in actin organization via its
interactions with �- and �-parvin, which are members of a new
family of actin binding proteins which have been shown to be
important in the formation of focal adhesion and stress fibers
in in vitro systems (31). ILK can also bind paxillin, which
interacts with the focal adhesion protein vinculin. More re-
cently, ILK has been shown to bind the Pinch 1 and 2 proteins
(40), which in turn interact with Nck2, a SH2/SH3-containing
adapter protein. Nck2 is present at cell adhesion sites and
interacts with critical cytoskeleton-related signaling molecules
including Wiskott-Aldrich syndrome protein and Pak (p21-
activated serine/threonine kinase). Future studies must deter-
mine which of these ILK interactions are functionally relevant
in terms of actin stability and focal adhesion formation specif-
ically in endothelial cells.

FIG. 6. Effects of targeted deletion of ILK on endothelial apoptosis. As described above, endothelial cells were transduced with AdGFP or
AdCre or left uninfected. (A) Programmed cell death in endothelial cells was assessed after 96 h by specific cell death detection ELISA (n � 5;
�, P 
 0.001 versus uninfected and AdGFP-transduced cells). Endothelial cell apoptosis was quantified by Western blot analysis probing for cleaved
caspase 3 (B) and caspase 9 (C) (representative data from six independent experiments are shown).
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Our studies with endothelium have also revealed alterations
in phosphorylation of Akt on the activating phosphorylation
site, Ser 473, but not in the basal phosphorylation state of
GSK-3, Erk 1/2, c-Jun N-terminal kinase, or focal adhesion
kinase. However, apoptosis was not rescued by a constitutive
active Akt construct. It must be noted that other studies have
shown abnormal Akt signaling in models of ILK deficiency that
lead to direct effects on cell survival (37, 38). Undoubtedly, the
conflicting results from these various studies reflect cell-spe-
cific ILK function in the face of diverse stimuli. Thus, condi-
tional ILK deletion can now be employed to parse out ILK
signaling in specific tissues and in specific physiological con-
texts. How abnormalities in integrin signaling independent of
Akt signaling lead to mitochondrial or stress-induced apoptosis
remains a subject for future studies.

Data from several groups, including our own, suggest that
ILK may also be important in cell spreading and movement (8,
15, 42). Thus, abnormal endothelial chemotaxis may have also
contributed to the vascular abnormalities we noted in intact
organisms. The marked apoptosis we noted in vitro may have
been abrogated somewhat in vivo by other prosurvival signals,
and our data do not preclude multiple roles of ILK in endo-
thelial cell biology. Interestingly, the patterning defects we
observed in the developing zebra fish were restricted to
specific regions of the vasculature, suggesting that heteroge-
neous mechanisms may regulate vascular development, per-
haps presaging adult vessel heterogeneities. Variability of ves-
sel abnormalities from ILK deletion was also observed in the
mice. Such differential effects might reflect heterogeneity in
the requirements for and consequences of endothelial integrin
signaling in different vascular beds and may be confirmed in
adults by temporally regulated, endothelium-restricted gene
inactivation.

In summary, our genetic studies with two vertebrate organ-
isms demonstrate a role for ILK in integrin-matrix interactions
and endothelial cell survival. These pleiotropic effects clearly
contribute in critical ways to endothelial cell and vascular de-

velopment and may have important implications as well for
vascular pathology.
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