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Endothelial dysfunction is associated with diverse cardiovascular
pathologies. Here, we show a previously unappreciated role for
the Abelson (Abl) family kinases (Abl and Arg) in endothelial
function and the regulation of angiogenic factor pathways impor-
tant for vascular homeostasis. Endothelial Abl deletion in Arg-null
mice led to late-stage embryonic and perinatal lethality, with mu-
tant mice displaying focal loss of vasculature and tissue necrosis.
Loss of Abl kinases led to increased endothelial cell apoptosis both
in vitro and in vivo, contributing to vascular dysfunction, infarc-
tion, and tissue damage. Mechanistically, we identify a unique
dual role for Abl kinases in the regulation of angiopoietin/Tie2
protein kinase signaling. Endothelial Abl kinases modulate Tie2
expression and angiopoietin-1–mediated endothelial cell survival.
These findings reveal a critical requirement for the Abl kinases in
vascular development and function, which may have important
implications for the clinical use of Abl kinase inhibitors.
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Disruption of vascular homeostasis plays a key role in patho-
logical conditions including atherosclerosis, cancer, diabetes

mellitus, and inflammatory arthritis (1, 2). Endothelial function is
regulated, in part, by a variety of vascular growth factors, including
vascular endothelial growth factor (VEGF) and the angiopoietins
(Angpt) (3). These factors signal through receptor tyrosine kinases
to support endothelial cell proliferation, survival, migration, and
vascular stability. The angiopoietins, of which Angpt1 and Angpt2
are best characterized, signal through the Tie2 (tyrosine kinase
with immunoglobulin and epidermal growth factor homology
domains-2) receptor. Angpt1 is the primary Tie2 stimulatory li-
gand, whereas Angpt2 functions as a context-dependent Tie2
antagonist or agonist (4, 5). Although VEGF signaling is necessary
for initial vasculogenesis, angiopoietin signaling is important for
subsequent vascular remodeling as well as for interaction of the
endothelium with supporting mural cells (6, 7). Vascular growth
factor signaling also functions to maintain homeostasis in the
quiescent vasculature (8, 9). Thus, delineating the intracellular
signaling mechanisms that mediate endothelial responses to these
factors has important implications for understanding vascular
homeostasis as well as cardiovascular diseases.
The Abl family of nonreceptor tyrosine kinases, which includes

the Abl (Abl1) and Arg (Abl2) kinases, has roles in diverse
cellular processes, including proliferation, survival, adhesion,
and migration (10). These kinases are activated transiently and
mediate cytoskeletal remodeling downstream of several growth
factor receptors and following cadherin and integrin engagement
(10, 11). Abl is activated constitutively as a result of the t(9;22)
chromosomal translocation that produces the BCR-ABL1 fusion
protein, the causal agent in chronic myelogenous leukemia
(CML) (12). Global Abl/Arg-null mice die by embryonic day 10.5
(E10.5), exhibiting hemorrhage and pericardial edema, suggest-
ing a role for these kinases in vascular development (13). It was
reported that long-term treatment with imatinib (Gleevec/
STI571), a pharmacological inhibitor of the Abl kinases (as well
as Kit and the platelet-derived growth factor receptor) caused
severe congestive heart failure in a subset of CML patients (14).
This cardiotoxicity was attributed to Abl inhibition in car-
diomyocytes, leading to endoplasmic reticulum stress and cell

death. Similarly, global Abl deletion (C57BL/6J genetic back-
ground) led to cardiomyocyte dysfunction, heart enlargement,
and perinatal lethality (15). However, cardiomyocyte-specific
restoration of Abl expression did not rescue viability, suggesting
a critical role for Abl kinase in additional cell types. Notably,
several case reports of patients treated with the second-generation
BCR-ABL1 kinase inhibitor nilotinib have detailed the occurrence
of vascular occlusive events (16, 17), suggesting potential vascular
dysfunction following Abl kinase inhibition. In vitro studies have
demonstrated a requirement for the Abl kinases in mediating both
endothelial barrier-promoting effects of sphingosine-1-phosphate
and barrier-disrupting effects of VEGF and inflammatory medi-
ators (18, 19). However, the role of the Abl kinases in the endo-
thelium has not yet been examined using genetic models.
Here, we demonstrate a crucial role for the Abl kinases in the

vasculature, using endothelial Abl knockout mice. Loss of en-
dothelial Abl kinases resulted in lethality at late embryonic and
perinatal stages of development, with focal regions of vascular
loss and tissue necrosis/apoptosis. Further, we demonstrate in-
creased endothelial cell apoptosis in these embryos, as well as in
Abl/Arg-knockdown endothelial cells in vitro. Notably, our studies
reveal an unexpected link to angiopoietin/Tie2 signaling, with loss
of endothelial Abl kinases leading to decreased Tie2 expression,
diminished Tie2 receptor signaling, and loss of Angpt1-mediated
survival. Further, we find that Abl kinases are activated by Angpt1/
Tie2 signaling. Together, these findings reveal bidirectional sig-
naling linking Abl kinases and Tie2, which is critical for endo-
thelial cell survival and function.

Results
Embryonic Lethality of AblECKO; Arg−/− Mice. To evaluate the vas-
cular function of the Abl kinases, we generated mice with en-
dothelial inactivation of the Abl kinase by crossing mice carrying
a floxed Abl allele (Ablflox/flox mice) on an Arg−/− background to
Tie2-Cre mice. A near-complete loss of both Abl mRNA and
protein was observed in endothelial cells of both embryos and
adult mice (Fig. S1 A–D). No Cre-mediated recombination or
Abl depletion was observed in nonendothelial/nonhematopoietic
cells (Fig. S1 B–D). Strikingly, loss of the endothelial Abl kinases
resulted in significant lethality. Most endothelial Abl/Arg-null pups
(Ablflox/flox; Arg−/−; Tie2-Cre+/−, hereafter referred to as AblECKO;
Arg−/− or mutant) died at birth, with 90% mortality by the end of
postnatal day 1 (Fig. 1A). Further, the total number of AblECKO;
Arg−/− mice born was reduced (6.5%) compared with the ex-
pected Mendelian ratio (12.5%), suggesting that ∼50% died
during embryonic development. Although mutant embryo viability
largely was unaffected at earlier stages of cardiovascular develop-
ment, a decreased number of AblECKO; Arg− /− embryos was
observed at later stages (E17.5–E18.5), and mutant embryo viability
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was decreased (Fig. 1B). Surviving late-stage mutant embryos
were indistinguishable from wild-type (Ablflox/flox; Arg+/+; Tie2-
Cre−/−) littermates, with no defects in gross vascular morphology
(Fig. S1E). In addition, no changes in overall vascular patterning
were observed in the heart or lungs (Fig. S1 F and G), nor was
smooth muscle cell coverage of vessels affected (Fig. S1H).
However, over 50% (42 of 77) of AblECKO; Arg−/− embryos dis-
played focal areas of hepatic necrosis of varying severity, typically
localized to the periphery of the lobes (Fig. 1 C and D). Cos-
taining of liver sections for the endothelial marker CD31 [platelet
endothelial cell adhesion molecule (PECAM-1)] and apoptosis
marker cleaved caspase-3 showed dramatic reduction in vascular
density and extensive apoptosis in the peripheral necrotic areas
(Fig. 1E), suggesting a loss of vascular perfusion in these regions.
As Tie2-Cre also drives Abl inactivation in hematopoietic cells,

we additionally examined hematopoietic progenitor cells in
mutant fetal livers. No differences in percentages of lineage-
negative (Lin−)/Kit+ hematopoietic progenitors or erythroid
marker TER-119/CD71 double-positive progenitors were ob-
served in mutant embryos compared with wild-type littermates
(Table S1). Thus, together our data suggest that loss of Abl
kinases in endothelial cells results in lethality linked to loss of
vascular function late in development.

Cardiac Enlargement and Scarring in AblECKO; Arg+/− Mice. To ex-
amine the role of endothelial Abl kinases in vascular structure
and function in adult mice, we used endothelial Abl-deficient mice
on an Arg+/− background (Ablflox/flox; Arg+/−; Tie2-Cre+/−, hereafter
referred to as AblECKO; Arg+/−), which survive to adulthood.
Approximately 15% (17 of 118) of these AblECKO; Arg+/− mice
were severely runted (body weights less than 75% of Ablflox/flox;

Arg+/−; Tie2-Cre−/− littermate controls) and displayed dramatic
cardiovascular phenotypes by 2–3 mo of age. The hearts of these
mice were enlarged, typically with prominent dilation of the left
atrium (Fig. 2 A and B). Histological analysis of cardiac tissue
sections demonstrated localized regions of collagen deposition
and scarring in the left ventricle (Fig. 2C). Although overall
capillary density in the heart and skeletal muscle of AblECKO;
Arg+/− mice was not significantly different from Arg+/− controls
(Fig. S2 A and B), a near-complete loss of blood vessels was
observed in the scarred regions (Fig. 2D). These findings are
consistent with the localized loss of vasculature observed in the
livers of AblECKO; Arg−/− embryos (Fig. 1E) and suggest a critical
role for the Abl kinases in vascular maintenance and function.
Interestingly, these AblECKO; Arg+/− mice also displayed thick-
ening of the right ventricular wall, which correlated with car-
diomyocyte hypertrophy (Fig. S3 A and B).

Lung Fibrosis and Thrombosis in AblECKO; Arg+/− Mice. As right
ventricular hypertrophy may occur as a consequence of altered
pulmonary circulation and hypertension (20), we examined the
lungs of AblECKO; Arg+/− mice. The lungs of these mice were
enlarged and dense, with prominent white fibrous areas (Fig. S3
C and D). Histological analysis of pulmonary structure showed
extensive interstitial fibrosis (Fig. S3E), along with fibrin de-
position in the airways (Fig. S3 F and G), indicating prior
hemorrhage and defective pulmonary vascular integrity. We also
observed a dramatic loss of vascular density, as assessed by
staining for the endothelial marker von Willebrand factor (vWF)
(Fig. S3G). An abundance of hemosiderin-laden macrophages
was detected in the lungs of AblECKO; Arg+/− mice (Fig. S3H); the
presence of these cells has been associated with heart failure
(21). Thus, defective left ventricular function may contribute to
the observed lung abnormalities, by producing congestion of the
lung vasculature, with resulting leakage of red blood cells. In-
terestingly, no overt cardiac and pulmonary phenotypes were
observed in E18.5 AblECKO; Arg−/− embryos (Fig. S4 A and B),
suggesting that these defects develop later in adult AblECKO; Arg+/−

mice, potentially as a result of cumulative injury or stress in the
adult vasculature. Importantly, Arg protein levels were compa-
rable in Arg+/− control and AblECKO; Arg+/− mice (Fig. S5 A and B),
and no cardiac hypertrophy or pulmonary fibrosis was observed in

Fig. 1. Embryonic lethality of AblECKO; Arg−/− mice. (A) Survival of AblECKO;
Arg−/− (mutant) mice compared with Ablflox/flox; Arg+/+; Tie2-Cre−/− (wild-
type, WT) and Ablflox/flox; Arg+/−; Tie2-Cre+/− (AblECKO; Arg+/−) littermates
(n = 462 total pups examined). P0, postnatal day 0 (birth). (B) Survival of
mutant embryos at various stages of gestation, relative to expected Men-
delian frequency (12.5%, indicated by the dashed line). (C) E18.5 mutant
liver, displaying peripheral necrosis (arrow). (D) H&E-stained sections of
E18.5 WT and AblECKO; Arg−/− livers, demonstrating necrotic areas in mutant
liver (arrows). Scale bar: 100 μm. (E) E18.5 mutant liver section costained for
CD31 (endothelial cell marker, red) and cleaved caspase-3 (apoptosis marker,
green). Scale bar: 50 μm.

Fig. 2. Cardiac enlargement and scarring in AblECKO; Arg+/− mice. (A) Ste-
reoscopic image of hearts from 8-wk-old Arg+/− control (Ablflox/flox; Arg+/−;
Tie2-Cre−/−) and AblECKO; Arg+/− mice, demonstrating heart enlargement and
a dilated left atrium in an AblECKO; Arg+/− mouse. Scale bar: 1 mm. (B)
Quantification of weights of hearts from Arg+/− control and AblECKO; Arg+/−

mice (lines indicate mean values, n = eight mice per genotype; *P < 0.05). (C)
Trichrome staining of AblECKO; Arg+/− heart, displaying scarring in the left
ventricle (magnified in Inset, arrow). Scale bar: 50 μm. (D) CD31 staining
(green) of AblECKO; Arg+/− left ventricle. A complete loss of capillaries was
observed in the scarred region (above red dotted line, arrow). Scale bar: 20 μm.
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adult Arg−/− mice (Fig. S4 C–G), suggesting that the observed car-
diovascular phenotypes result from endothelial Abl rather than Arg
depletion in AblECKO; Arg+/− adult mice.
The occurrence of liver necrosis in AblECKO; Arg−/− embryos

and left ventricular scarring in adult AblECKO; Arg+/− mice sug-
gests that loss of endothelial Abl kinases results in localized
defects in tissue perfusion, with infarctions leading to tissue
death and scarring. In this regard, we observed sporadic thrombi
in lung and liver microvessels of AblECKO; Arg+/− adult mice,
which were not seen in vessels of Arg+/− control mice. These
thrombi stained positively for vWF, fibrin (Fig. S6A), and the
platelet marker CD41 (integrin αIIb) (Fig. S6B). Importantly,
these thrombi were observed in mice without any outward car-
diac pathology, suggesting that their occurrence is not a second-
ary effect of compromised cardiac function. Histological analysis
revealed abnormally swollen endothelial cells adjacent to a lung
thrombus (Fig. S6C, Right), consistent with endothelial injury
contributing to thrombosis. These findings suggest that loss of

Abl kinases perturbs vascular function as a result of endothelial
cell damage or death.

Increased Apoptosis Following Loss of Endothelial Abl Kinases.
Global Abl/Arg knockout mice displayed increased apoptosis in
all tissues (13), suggesting that the Abl kinases may have an
important prosurvival function. Thus, we examined whether loss
of Abl kinases affected endothelial cell viability in vivo. Indeed,
a significant increase in cleaved caspase-3–positive cells, as well
as numerous CD31/cleaved caspase-3 double-positive endothelial
cells, was observed in AblECKO; Arg−/− embryo lungs (Fig. 3 A–C),
demonstrating that loss of endothelial Abl kinases led to in-
creased apoptosis. This finding is consistent with the extensive ap-
optosis detected in AblECKO; Arg−/− embryo livers (Fig. 1E). To
confirm that the observed endothelial cell apoptosis represented
a cell-autonomous phenotype, we examined the role of the Abl
kinases in endothelial cell survival in vitro. Treatment of primary
human umbilical vein endothelial cells (HUVECs) with the Abl

Fig. 3. Increased apoptosis following loss of endothelial Abl kinases. (A and B) Staining of lung sections from E18.5 Ablflox/flox; Arg+/+; Tie2-Cre−/− (wild-type,
WT) and AblECKO; Arg−/− (mutant) embryos for cleaved caspase-3 (green), revealing an increased number of apoptotic cells in mutant lungs, quantified in B
(lines indicate mean values, n = six embryos per genotype). Scale bar: 100 μm. (C) Costaining of E18.5 mutant lungs for CD31 (red) and cleaved caspase-3
(green), demonstrating double-positive apoptotic endothelial cells (arrows). Scale bar: 20 μm. (D) Viability of primary HUVECs serum starved (untreated, UT)
or supplemented with bFGF (10 ng/mL) in serum-free medium, with or without imatinib (10 μM). Values are expressed relative to viability of bFGF-treated cells
24 h after serum starvation. Data are presented as means ± SD (n = 3). (E and F) Analysis of cleaved caspase-3 levels (apoptosis) in HUVECs serum starved and
either left untreated (UT) or supplemented with VEGF (100 ng/mL) or bFGF (10 ng/mL), or maintained in serum-containing medium (serum), with or without
imatinib. Cleaved caspase-3 levels in imatinib-treated HUVECs are quantified in F, relative to levels in vehicle-treated cells (UT). Data are presented as means ±
SD (n = 6). (G and H) Assessment of Abl kinase activation, as determined by phospho-CrkL(Y207) levels, following stimulation of serum-starved HUVECs with
either (G) VEGF or (H) bFGF with or without imatinib. Results are quantified in the bottom panels; data are presented as means ± SD (n = 3). (I) Analysis of
caspase-3/7 activity in HUVECs expressing control or Abl/Arg miRNAs either maintained in serum-containing medium (+ serum) or serum starved (− serum) for
24 h. Data are presented as means ± SD (n = 3). (J) Assessment of Abl/Arg knockdown upon miRNA expression in HUVECs. *P < 0.05; **P < 0.01; ***P < 0.001.
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pharmacological inhibitor imatinib decreased cell viability and
increased levels of apoptosis following serum starvation (Fig. 3
D–F). The prosurvival effects of both VEGF and basic fibroblast
growth factor (bFGF) also were decreased in the presence of the
Abl inhibitor. Treatment with either VEGF or bFGF led to in-
creased Abl kinase activation, as assessed by the phosphorylation
of CrkL at Y207, an Abl-specific phosphorylation site (22) (Fig. 3
G and H), suggesting that the Abl kinases might modulate pro-
survival signaling downstream of the VEGF and bFGF recep-
tors. Interestingly, imatinib treatment did not increase apoptosis
in HUVECs maintained in serum-containing medium (Fig. 3 E
and F), suggesting that the Abl kinases may support survival
specifically under stress conditions such as nutrient deprivation,
as well as downstream of proangiogenic factors. Similarly,
microRNA (miRNA)-mediated Abl/Arg knockdown in HUVECs
led to increased apoptosis in response to serum-starvation stress
(Fig. 3 I and J). These findings demonstrate an important pro-
survival role for the Abl kinases in endothelial cells.

Abl Kinases Regulate Tie2 Expression and Signaling. To determine
the pathways whereby Abl kinases affect endothelial cell sur-
vival, we examined gene expression differences in HUVECs
following Abl/Arg knockdown, using a real-time RT-PCR array.
Although mRNA expression of most of the endothelial recep-
tors analyzed was unchanged, Abl/Arg knockdown led to a
greater than twofold reduction in Tie2 (also known as Tek)
mRNA levels (Fig. 4A). Given the important role of Angpt1/
Tie2 signaling in mediating endothelial cell survival and vascular
integrity (23, 24), we examined the effects of Abl/Arg loss of
function on this pathway. Using two Abl/Arg knockdown con-
structs, we confirmed by real-time RT-PCR (Fig. S7A) and
Western blot analyses (Fig. 4B) that both Tie2 mRNA and
protein levels were markedly decreased following Abl/Arg
knockdown. Interestingly, levels of Angpt2 were increased fol-
lowing loss of Abl/Arg (Fig. 4B and Fig. S7C), whereas Angpt1
mRNA levels were decreased (Fig. S7D). No consistent differ-
ence in Tie1 receptor expression was observed in cells lacking Abl

kinases (Fig. S7B). Importantly, decreased levels of Tie2 protein
also were observed in AblECKO; Arg−/− embryo liver tissue (Fig.
4C), as well as in liver endothelial cells from E18.5 AblECKO;
Arg−/− embryos (Fig. 4D), whereas VEGF receptor 2 levels were
unchanged (Fig. 4C). Moreover, a similar decrease in Tie2 ex-
pression was observed in primary endothelial cells isolated from
Ablflox/flox; Arg+/+: Tie2-Cre−/− mice following Arg knockdown and
in vitro Abl depletion by adenoviral Cre transduction (Fig. S7E).
To evaluate the physiological consequences of Tie2 down-

regulation in endothelial cells lacking Abl kinases, we examined
the activation of downstream cellular signaling pathways. As
expected, treatment of control HUVECs with angiopoietin-1 led
to tyrosine phosphorylation of the Tie2 receptor, along with
activation of Akt and Erk pathways (Fig. 5 A and B); activation
of the phosphoinositide 3-kinase (PI3K)/Akt pathway is required
for Angpt1-mediated survival (25). Notably, the Abl kinases also
were activated following Angpt1 treatment, as evidenced by in-
creased phospho-CrkL (Y207) levels (Fig. 5A, lanes 1 and 7).
Abl kinase activation also was observed following Angpt1 stim-
ulation of both immortalized human microvascular endothelial
cells (HMVECs; Fig. S8A, lanes 1 and 4) and polyoma middle T
antigen (PyMT)-immortalized mouse embryo endothelial cells
(Fig. S8B, lanes 1–6). These findings suggest a potential role for
the Abl/Arg kinases in mediating downstream Tie2 signaling. In
this regard, activation of Akt by Angpt1 was dramatically re-
duced in Abl/Arg-knockdown cells (Fig. 5A, lanes 7–9). Erk ac-
tivation also was decreased to a lesser extent by Abl/Arg depletion.
Similarly, Abl/Arg knockdown diminished Angpt1-mediated Akt
activation in HMVECs, whereas Erk activation was unchanged
(Fig. S8A, lanes 4–6). Importantly, although Angpt1 inhibited
apoptosis following serum starvation in control HUVECs, the
prosurvival effects of Angpt1 were decreased in Abl/Arg knock-
down cells (Fig. 5C). Thus, down-regulation of Tie2 receptor
levels following Abl/Arg knockdown decreased both Angpt1-
mediated signaling and downstream antiapoptotic responses.
Single Abl and Arg knockdowns demonstrated that loss of either
kinase was sufficient to impair both Angpt1-mediated signaling

Fig. 4. Decreased Tie2 expression following Abl/Arg knockdown. (A) Real-time RT-PCR array analysis of gene expression in HUVECs expressing control or Abl/Arg
miRNAs. mRNA expression levels in Abl/Arg-knockdown HUVECs are shown, relative to levels in cells expressing control miRNA. AGTR1, angiotensin II receptor,
type 1; EDNRA, endothelin receptor type A; FLT1, VEGF receptor 1; KDR, VEGF receptor 2; NPR1, natriuretic peptide receptor 1. (B) Analysis of Tie2 and Angpt2
protein levels in HUVECs expressing control miRNA or either of two Abl/ArgmiRNAs, quantified at Right (means ± SD, n = 9). (C) Analysis of levels of Tie2 protein in
livers from three pairs of Ablflox/flox; Arg+/+; Tie2-Cre−/− (wild-type, WT) and AblECKO; Arg−/− littermate E18.5 embryos, quantified at Right (means ± SD, normalized
to lamin B levels, n = three mice per genotype). (D) Flow cytometric analysis of Tie2 levels in CD31+/CD45− endothelial cells from E18.5 WT and AblECKO; Arg−/−

livers, quantified at Right (means ± SD, normalized to CD31 levels, n = three mice per genotype). *P < 0.05; **P < 0.01; ***P < 0.001.
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(Fig. S8C) and survival (Fig. S8D). Interestingly, expression of
exogenous Tie2 in Abl/Arg-knockdown cells largely restored
Angpt1-mediated signaling (Fig. 5A, lanes 10–12) and partially
rescued the antiapoptotic effects of Angpt1 (Fig. 5C). These
findings suggest that the increased apoptosis observed upon
loss of Abl kinase expression may partly be the result of down-
regulation of Tie2 signaling.

Discussion
Our findings have uncovered a crucial role for the endothelial
Abl kinases in the vasculature, as loss of endothelial Abl/Arg
kinase expression resulted in embryonic and perinatal lethality.
Loss of endothelial Abl kinases had an adverse impact on vas-
cular function, resulting in localized loss of vascular density and
resultant cell death in affected tissues (necrosis/apoptosis). In-
terestingly, even partial loss of endothelial Abl kinase expression

produced focal loss of cardiac vasculature and myocardial injury.
The localized nature of the observed vascular loss and tissue
damage, along with the normal overall vascular density, branching,
and patterning observed in AblECKO; Arg−/− mice, suggests that
loss of endothelial Abl/Arg kinases likely adversely affects vas-
cular maintenance and stability, rather than vessel formation.
Given that Tie2-Cre–mediated recombination occurs in most
endothelial cells by E9.5 (26), it is possible that subtle structural
defects during vessel formation might contribute to the phe-
notypes observed later in development in mutant embryos.
However, our finding that loss of the Abl kinases sensitizes
endothelial cells to stress-induced apoptosis in vitro suggests
that the sporadic and focal nature of the observed phenotypes
may result from vascular damage due to localized endothelial
apoptosis in response to cumulative vascular stresses in the
absence of the Abl kinases.

Fig. 5. Abl kinases modulate Tie2 signaling and angiopoietin-1–mediated survival. (A and B) Assessment of Angpt1-mediated activation of intracellular
signaling pathways in HUVECs infected with control or Abl/Arg miRNA lentiviruses, with or without exogenous hTie2 expression, quantified in B. Cells were
serum starved for 6 h, then left unstimulated (UT) or treated with Angpt1 (200 ng/mL, 15 min). (B) pAkt and pErk levels (normalized to total Akt and Erk
protein) are shown as means ± SD, relative to levels in Angpt1-stimulated control miRNA-expressing cells (n = 4). (C) Analysis of levels of apoptosis in HUVECs
infected with Tie2 retrovirus and Abl/Arg miRNAs following 24-h serum starvation in the presence of Angpt1 (200 ng/mL). Values are expressed as percent
inhibition of apoptosis by Angpt1 relative to serum-starved (nonsupplemented) control cells. Data are presented as means ± SEM (n = 3). (D) Model for the
dual role of the Abl family kinases in angiopoietin/Tie2 signaling. The Abl kinases positively regulate Tie2 (Tek) mRNA expression and are required for
maximal Angpt1-mediated prosurvival signaling primarily through the PI3K/Akt and, to a lesser extent, Erk signaling pathways. The Abl kinases also are
activated downstream of the Tie2 receptor. *P < 0.05; **P < 0.01; ***P < 0.001.
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Our demonstration of a critical requirement for the Abl kinases
in the vasculature is particularly notable considering the cardio-
toxicity previously observed in a subset of patients upon chronic
Abl kinase inhibition using imatinib (14, 27, 28). Additional case
reports detail instances of interstitial lung disease of unknown
origin in some imatinib-treated cancer patients (29). Although
the incidence of these events appears low and imatinib generally
is well tolerated, our findings demonstrate a crucial role for the
Abl kinases in normal vascular development and function, which
may have implications for the clinical use of Abl kinase inhibitors
such as imatinib and nilotinib.
Unexpectedly, the current study also reveals bidirectional links

between the Abl kinases and angiopoietin/Tie2 signaling in the
endothelium. Loss of endothelial Abl/Arg kinase expression de-
creased Tie2 receptor levels and led to a shift in angiopoietin
levels, with enhanced Angpt2 levels and decreased Angpt1 levels.
Consequently, loss of Abl kinases decreased Angpt1/Tie2 sig-
naling and diminished the prosurvival effects of Angpt1. Our
finding that Abl kinases are activated following Angpt1 stimu-
lation supports a dual role for Abl kinases in the regulation of
angiopoietin/Tie2 signaling, through the control of receptor/li-
gand expression, as well as the modulation of downstream pro-
survival signaling pathways (Fig. 5D). Loss of Tie2 impairs
endothelial cell survival in vivo (23). Angpt1/Tie2 signaling also
supports vascular stability and inhibits inflammatory endothelial
barrier dysfunction and adhesion molecule expression (30).
Taken together, our findings support an important role for the
Abl kinases in Angpt1/Tie2-mediated vascular homeostasis. As
alterations in the angiopoietin/Tie2 pathway have been impli-
cated in diverse vascular pathologies (31–33), a potential role for
the Abl family kinases in modulating Tie2 signaling during the
progression of these disorders merits further investigation.

Materials and Methods
Additional experimental details are provided in SI Materials and Methods,
including reagents and procedures for endothelial cell culture and viability/

apoptosis assays, isolation and characterization of mouse endothelial and
fetal liver cells, viral transduction, immunohistochemistry, immunoblotting,
and real-time PCR analysis.

Generation of Abl Endothelial Conditional Knockout Mice. Both Ablflox/flox mice
and Tie2-Cre mice were described previously (26, 34). Ablflox/flox mice were
crossed into an Arg−/− background (13) and backcrossed six generations onto
the C57BL/6 genetic background. AblECKO; Arg−/− (mutant) embryos were
obtained from timed matings of Ablflox/flox; Arg+/−; Tie2-Cre+/− males to
Ablflox/flox; Arg+/−; Tie2-Cre−/− females. The presence of a vaginal plug was
considered to be E0.5. All animal procedures used in this study were
reviewed and approved by the Duke University Institutional Animal Care
and Use Committee.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism 5 software. Comparisons of two groupswere performed using Student t
tests (two-tailed). Comparisons involving multiple groups were evaluated
using one-way ANOVA, followed by Bonferroni posttests. Two-way ANOVA,
followed by Bonferroni posttests, was used to evaluate differences in HUVEC
survival between drug treatments over time, as well as changes in mRNA
expression in control vs. Abl/Arg knockdown cells. Survival of embryos of
various genotypes was evaluated by log-rank (Mantel–Cox) test. For all tests,
P < 0.05 was considered statistically significant.
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