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LKB1 is a tumor suppressor protein whose loss leads to
HIF1wa-mediated activation of a proangiogenic program in
intestinal polyps. LKB1 is also protein kinase regulator of AMP-
activated protein kinase (AMPK) signaling, which is essential
for endothelial cell responses to tissue ischemia. To discern
whether LKB1 signaling is either pro- or antiangiogenic, we
investigated ischemia-induced revascularization in mice that
were deficient for LKB1 in Tie2-Cre-expressing cells. Whereas
homozygous deletion of LKB1 led to embryonic lethality, het-
erozygous LKB1-knock-out (KO) (LkbF"**;Tie2"®*) mice
were viable. Unchallenged heterozygous LKB1-KO mice dis-
played normal capillary density, but the revascularization of
hind limb following ischemic surgery was significantly impaired
as evaluated by laser Doppler flow and capillary density mea-
surements. Reduction of LKB1 in cultured endothelial cells,
using either small interfering RNA or an adenovirus expressing
nonfunctional kinase-dead LKB1 protein, attenuated endothe-
lial proliferation, migration, and differentiation into network
structures on Matrigel that was accompanied by diminished
AMPK phosphorylation at Thr-172. Conversely, adenovirus-
mediated LKB1 overexpression (Ad-LKB1) augmented network
structure formation, and this was associated with elevated
AMPK phosphorylation. The augmented differentiation of
endothelial cells into network structures induced by Ad-LKB1
was abrogated by the co-transduction of a dominant negative
mutant of AMPK. These observations suggest that the LKB1-
AMPK signaling axis in endothelial cells is a positive regulator
of the revascularization response to tissue ischemia.

LKB1, a serine-threonine protein kinase that is ubiquitously
expressed in many organs, including liver, heart, and skeletal
muscle (1, 2). Clinically, LKB1 deficiency leads to Peutz-Jeghers
syndrome, a disease associated with gastrointestinal polyps and
an increased risk of cancers (1, 3). Heterozygous ablation of
LKB1 in mice leads to increased gastrointestinal polyps consis-
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tent with the human syndrome (4, 5). These LKB1-deficient pol-
yps up-regulate the HIFla transcription factor and its down-
stream targets (6). Homozygous ablation of LKBI1 results in
lethality at embryonic day 11, which is associated with disorga-
nized capillary network development and an up-regulation of vas-
cular endothelial growth factor signaling (7). Collectively, these
data indicate that LKB1 has an antiangiogenic function. Consis-
tent with this hypothesis, Xie et al. (8) recently reported that over-
expression of LKB1 in endothelial cells inhibits network formation
on a Matrigel surface in vitro, a surrogate angiogenesis assay.

On the other hand, it is conceivable that LKB1 has a proan-
giogenic activity within endothelial cells based upon its ability
to phosphorylate and activate AMP-activated protein kinase
(AMPK).* In this regard, AMPK signaling promotes endothelial
cell function and angiogenesis in response to hypoxic stress
(9-11), and tissue ischemia is a powerful activating stimulus for
AMPK signaling (12). AMPK phosphorylates eNOS at residue
Ser-1177 leading to the production of nitric oxide, a key deter-
minant of endothelial cell function (9, 13-15). Thus, it is plausi-
ble that LKB1 has a proangiogenic function via its ability to stim-
ulate AMPK/eNOS signaling in endothelial cells under ischemic
conditions. However, one cannot assume a priori that LKB1 is
functionally similar to AMPK because it is also likely to have
AMPK-independent functions. For example, LKB1 also targets
downstream regulators that are distinct from AMPK, including 12
protein kinases (BRSK1, BRSK2, NUAK1, NUAK?2, QIK, QSK,
SIK, MARK1, MARK2, MARK3, MARK4, and SNRK) (16). Fur-
thermore, in addition to LKB1, AMPK is regulated by other
upstream protein kinases, including Ca**/calmodulin-dependent
protein kinase kinase-3 (CaMKKp) and transforming growth fac-
tor-B-activated kinase 1 (TAK1) (17). In particular, studies in cul-
tured endothelial cells have provided evidence for a functionally
significant CaMKKB-AMPK signaling interaction (18). Thus, the
quantitative significance of the LKB1-AMPK signaling axis in
endothelial cells is not clear, nor is it known whether LKB1 has a
pro- or antiangiogenic function in this cell type.

Recently, it has been reported that homozygous ablation of
LKBI in cells expressing Cre from the Tiel promoter also

“The abbreviations used are: AMPK, AMP-activated protein kinase; eNOS,
endothelial nitric-oxide synthase; KO, knock-out; Ad, adenovirus; kd,
kinase-dead; dn, dominant negative; LDBF, laser Doppler blood flow;
siRNA, small interfering RNA; HUVEC, human umbilical vein endothelial
cell; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-
end labeling; ca, constitutively active; B-gal, B-galactosidase; m.o.i., multi-
plicity of infection; ACC, acetyl-CoA carboxylase; HIF-1¢, hypoxia-inducible
factor-1a; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe-
nyl)-2-(4-sulfophenyl)-2H-tetrazolium.
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results in embryonic lethality (19). Analysis of LkbF"*/%%;
Tiel™" embryos revealed bloodless yolk sacs and pericardial
swelling, and blood vessels within these embryos appear dilated
and congested with blood. Although these phenotypes show
that LKB1 is an important regulator of proper vascular devel-
opment, nothing is known about the function of LKB1 in the
adult vascular cells nor whether LKB1 has a pro- or antiangio-
genic function in this context. To address these issues, we gen-
erated a mouse model of partial LKB1 reduction by mating
LkbP"*7* mice with Tie2-Cre transgenic mice to produce
heterozygous LKB1-KO mice. Analyses of these mice revealed a
partial reduction in LKB1 expression in vascular endothelial
cells, and this was associated with impaired ischemia-induced
angiogenic responses. A series of in vitro studies further suggest
that endothelial cell LKB1 exerts proangiogenic activities via an
AMPK-dependent pathway.

EXPERIMENTAL PROCEDURES

Materials—Mouse CD31 antibody was purchased from BD
Pharmingen. Antibodies LKB1 and eNOS were purchased from
Santa Cruz Biotechnology. Antibodies phospho-AMPK (Thr-
172) and phospho-eNOS (Ser-1177) were purchased from Cell
Signaling Technology (Beverly, MA). Phospho-ACC (Ser-79)
antibody was purchased from Upstate Biotechnology. Tubu-
lin antibody was purchased from Oncogene (Cambridge, MA).
Antibody CD45 was purchased from R&D. Adenovirus vectors
containing the gene for B-galactosidase (Ad-B-gal), the « sub-
unit of LKB1 (Ad-LKB1), kinase-dead LKB1, which expresses
the Asp to Ala mutation at position 194 in the kinase domain of
human LKB1 (Ad-kd-LKB1), constitutive active AMPK and
dominant negative AMPKa2 (Ad-dn-AMPK) were described
previously (9, 20-22).

Mouse Model of Angiogenesis—Lkb V"> *; Tie2"¥* mice and
littermate control mice (LkbV™*;Tie2*'") in the FVB/N
background were used for this study. The floxed LKB1 strain
was described previously (23). Mice expressing Cre recombi-
nase under control of the Tie2 gene promoter (Tie2-Cre) were
purchased from Jackson Laboratory. Lkb F"*'*;Tie2"®* mice
were interbred with Lkb /%, Tie2™/* littermates to gener-
ate endothelial cell-specific LKB1 diminished mice (LkbF"*™;
Tie2™®*") and littermate control mice (LkbP"**;Tie2™'™).
Study protocols were approved by the Institutional Animal
Care and Use Committee at Boston University. Mice at the ages
of 8 —11 weeks were subjected to unilateral hind limb surgery to
remove the left femoral artery and vein under anesthesia (10,
24, 25). Prior to surgery, body weight and systolic blood pres-
sure were determined using a tail cuff pressure analysis system
on conscious mice.

Laser Doppler Blood Flow Analysis—Hind limb blood flow
was measured on postoperative days 0, 3, 7, 14, and 28 using a
laser Doppler blood flow (LDBF) analyzer (Moor LDI; Moor
Instruments). LDBF was assessed quantitatively as changes in
the laser image using different color pixels. To avoid mouse to
mouse and experiment to experiment variations, hind limb
blood flow was expressed as the ratio of left (ischemic) to right
(nonischemic) LDBF signal.

Capillary Density Analysis—Capillary density within the
thigh adductor muscle was quantified in histological sections.
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Muscle samples were imbedded in OCT compound (Miles),
snap frozen in liquid nitrogen, and cut into 5-um slices. Capil-
lary endothelial cells were identified by immunohistostaining
for CD31 (PECAM-1; BD Biosciences). Fifteen randomly cho-
sen microscopic fields from three different sections in each tis-
sue block were examined for the presence of capillary endothe-
lial cells for each mouse specimen. Capillary density was
expressed as the number of CD31-positive cells/muscle fiber.

Mouse Lung Endothelial Cell Isolation—Mouse lung endo-
thelial cells were isolated from 8-week-old Lkb "™ ; Tie2"®*
heterozygous LKB1-KO and Lkb"**;Tie2"'* control mice
as described previously (25). Mice were killed by CO, inhala-
tion. The lungs were excised, minced, and digested with 0.1%
collagenase in phosphate-buffered saline for 45 min. The digest
was homogenized by multiple passages through a 14-gauge
needle and then filtered through a 100-wm tissue sieve. The cell
suspension was isolated by immunoselection with CD31-con-
jugated (BD Pharmingen) magnetic beads (Invitrogen). When
plated cells reached confluence, a second immunoisolation was
performed by ICAM-2-conjugated (BD Pharmingen) magnetic
beads (Invitrogen).

RNA Interference—The siRNAs targeting LKB1 were pur-
chased from Dharmacon (ON-TARGET plus SMART Pool
Human STK11, L-005035-00). Control cultures were trans-
fected with unrelated siRNAs (Dharmacon, ON-TARGET plus
Control Pool Nontargeting pool). HUVECs were transfected
for 48 h with siRNAs by using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions.

Assessment of Endothelial Cell Responses—Migration activity
was measured under basal conditions in the absence of angio-
genic-stimulatory growth factors using a modified Boyden
chamber assay as described previously (15). Serum-deprived
HUVECs were resuspended in endothelial cell growth medi-
um-2 with 0.5% fetal bovine serum. Cell suspension (250 pul,
2.0 X 10* cells/well) were placed to the Transwell fibronectin-
coated insert (6.4-mm diameter, 3.0-um pore size, BD Bio-
sciences). Migrated cells on the lower surface of the membrane
were fixed and stained with Giemsa stain solution, and eight
random microscopic fields/well were quantified. The forma-
tion of network structures by HUVECs on growth factor-re-
duced Matrigel (BD Biosciences) was performed as described
previously (26). Twenty four-well culture plates were coated
with Matrigel according to the manufacturer’s instructions.
Serum-deprived HUVECs were seeded on coated plates at 5 X
10* cells/well in endothelial cell basement medium-2 with 0.5%
fetal bovine serum and incubated at 37 °C for 18 h. The degree
of cell network formation was quantified by measuring the net-
work area in three randomly chosen fields from each well using
Image] software. Each experiment was repeated three times.

Cell Proliferation—Cell proliferation was assessed by direct
cell counting using a hemocytometer and the CellTiter 96
AQ,e0us kit (Promega) according to the manufacturer’s instruc-
tions with MTS reagent. Briefly, in direct cell counting,
HUVECs were plated at 10,000 cells/cm? on 24-well plates and
incubated in endothelial cell basal medium-2 with 2% fetal
bovine serum. HUVECs were transfected with siRNAs accord-
ing to the manufacturer’s instructions. After 48 h, cell number
was assessed by a hemocytometer. In the assay using the Cell-
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Titer 96 AQ,ous kit, HUVECs were plated at a density of 0.5 X
10* cells/well in a 96-well plate and incubated in endothelial cell
basal medium-2 with 2% fetal bovine serum for 48 h. The
490-nm absorbance was measured after 1-h incubations with
MTS.

Assessment of Endothelial Cell Apoptosis—Apoptosis was
assayed by a terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labeling (TUNEL) staining method with a com-
mercial kit (Roche) (27). The mean number of apoptotic
(TUNEL-positive) cells from three random fields (X100) in
each well was calculated.

Western Blot Analysis—Tissue samples were homogenized
in lysis buffer containing 20 mm Tris-HCI (pH 8.0), 1% Nonidet
P-40, 150 mm NaCl, 0.5% deoxycholic acid, 1 mM sodium
orthovanadate, and a protease inhibitor mixture (Sigma).
Immunoblot analysis was performed with antibodies at a
1:1000 dilution, followed by incubation with a secondary anti-
body conjugated with horseradish peroxidase at a 1:5000 dilu-
tion. An ECL Plus Western blotting detection kit (Amersham
Biosciences) was used.

Statistical Methods—Data are presented as mean * S.E. Dif-
ferences between groups were evaluated by the Student’s £ test
or analysis of variance with Fisher’s protected least significant
difference test. A p value <0.05 denoted the presence of a sta-
tistically significant difference. All calculations were performed
by using StatView for Windows, version 5.0.

RESULTS

Decreased LKB1 Expression in Endothelial Cells Isolated from
Lkb P *;Tie2"™®" Mice—To investigate the role of LKB1 in
angiogenesis in vivo, we produced conditional LKB1 knock-out
mice using Cre-loxP system. Lkb"**/** mice were crossed
with Tie2-Cre transgenic (Tie2"™®*) mice. An examination of
226 F2 offspring revealed that Lkb"*/°%; Tie2"®* (homozy-
gous-KO) mice were not generated by this cross (sup-
plemental Table 1). This result indicates that homozygous Lkb1
ablation with Tie2-Cre leads to embryonic death, and this is
consistent with the findings of Londesborough et al. (19), who
utilized a Tiel-Cre mouse system to ablate this gene.

LKB1 expression levels were examined in mouse lung endo-
thelial cells isolated from LkbP"*";Tie2"¥* (heterozygous
LKB1-KO), Lkb1™**;Tie2*’* (control), and LkbI"o~"ox
Tie2"'" mice. LKB1 expression was decreased in endothelial
cellsisolated from Lkb F"**'*; Tie2"®* mice by ~50% compared
with those from LkbP"**;Tie2*'" and LkbF"*/* Tie2*'*
mice (Fig. 1). Correspondingly, Cre expression was detected
only in mouse lung endothelial cells from heterozygous
LKB1-KO but not control mice (Fig. 1). As expected from the
expression of Tie2-Cre in hematopoietic cells (28), LKB1
expression was also reduced in spleen, but expression was
largely maintained in liver and kidney (supplemental Fig. 1).

Impaired Ischemia-induced Angiogenesis in Heterozygous
LKBI-KO Mice—To evaluate in vivo effects of LKB1 deficiency
in Tie2-Cre-expressing cells, hind limb ischemia surgery was
performed on LkbF"**;Tie2*’" (control) and heterozygous
LKB1-KO mice. Prior to the operation, there were no signifi-
cant differences in body weight, systolic blood pressure, heart
rate, and fasting plasma glucose levels between these mice at 8
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FIGURE 1. Reduced LKB1 expression in endothelial cells isolated from
Lkb1°¥/*;Tie2™* (heterozygous LKB1-KO) mice. Upper, Western blot
analysis for LKB1, Cre, and a-tubulin in endothelial cells isolated from lung of
Lkb 17X+ Tie2 ™'+, Lkb179* Tie2™9*  and Lkb17/foX:-Tie2*/* mice. Lower,
histogram indicating LKB1 expression reproducible in isolated lung endothe-
lial cells from Lkb 1%+ ,Tie2™* mice (n = 6 in each group).

weeks of age (supplemental Table 2). Fig. 24 shows represen-
tative laser Doppler images of hind limb blood flow before sur-
gery and at different time points after surgery. Consistent with
prior reports (10, 24, 25), ischemic hind limb blood flow perfu-
sion increased to 80% of the nonischemic limb by day 28 in
control mice (Fig. 2B). In contrast, blood flow in heterozygous
LKB1-KO mice was significantly less than that in control mice,
particularly at 14 and 28 days after surgery.

To examine revascularization at the microcirculatory level,
capillary density was measured in nonischemic and ischemic
muscle by immunohistological staining of CD31. Fig. 2C shows
representative photos of adductor muscle tissue immuno-
stained with CD31. Quantitative analysis revealed that the fre-
quency of CD31-positive cells was greater in ischemic muscles
than in nonischemic muscles in control mice at day 28 after
ischemic surgery, but the proportion of CD31-positive cells in
ischemic limbs was significantly less in heterozygous LKB1-KO
mice compared with control mice (Fig. 2D). Staining with the
leukocyte marker CD45 revealed ~100-fold fewer positive cells
(supplemental Fig. 2). The capillary density of nonischemic
muscle did not differ statistically between the two groups.
These data show that a reduction of LKB1 expression results in
impaired revascularization in response to ischemia.

To evaluate the regulation of candidate effectors down-
stream of LKB1 in the revascularization response, the phosphor-
ylation level of eNOS at Ser-1177 was examined in ischemic
skeletal muscles of heterozygous LKB1-KO and control mice.
Quantitative Western blot analysis revealed that ischemic sur-
gery significantly increased the phosphorylation levels of eNOS
in ischemic muscles of control mice, but this up-regulation was
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FIGURE 2. Impaired ischemia-induced revascularization in Lkb17°**;Tie2™ * (heterozygous LKB1-KO)
mice. A, representative LDBF images showing decreased perfusion in ischemic limbs of Lkb 11X+ Tie2T9/*+
mice. A low perfusion signal (blue) was observed in the ischemic hind limbs of Lkb 1%+ ;Tie2™" mice, whereas
a high perfusion signal (white to red) was detected in Lkb 17+ ,Tie2™/* on postoperative day 28. B, quantitative
analysis of the ischemic/nonischemic LDBF ratio of Lkb17°*,Tie2*/* (open circles) and Lkb 1%+, Tie2™'* (filled
circles) mice on postoperative days 0, 3, 7, 14, and 28 (n = 6). *, p < 0.05 for Lkb1"*,Tie2*/* mice. C, repre-
sentative immunostaining of nonischemic and ischemic muscle tissues with anti-CD31 antibody (brown) on
postoperative day 28. D, quantitative analyses of capillary density in nonischemic and ischemic muscles of
Lkb 1%+ Tie2™'* and Lkb 17+ Tie2™* mice on postoperative day 28 (n = 6 in each group). Capillary density
was expressed as the number of capillaries/muscle fiber. £, Western blot analysis of phosphorylated eNOS at
Ser-1177 (P-eNOS), total eNOS (eNOS), and a-tubulin (Tubulin) in nonischemic and ischemic muscles of
Lkb 172+ Tie2*/* and Lkb 17", Tie2™" mice on postoperative day 7. F, quantitative analysis of Western blots.
* p < 0.05 versus Lkb17* Tie2*/* (n = 4 in each group).

level. As shown in Fig. 34, endo-
thelial cells isolated from heterozy-
gous LKBI-KO mice exhibited
lower levels of network formation
than those from Lkb "%, Tie2 ™'+
and Lkb V"% Tie2™'*, To cor-
roborate these observations, LKB1
knockdown experiments were per-
formed with HUVECs. Transduc-
tion of HUVECs with siRNA target-
ing LKB1 led to a dose-dependent
reduction in LKB1 protein expres-
sion (Fig. 3B). Accordingly, increas-
ing levels of LKB1-siRNA led to a
dose-dependent reduction in the
ability of HUVEC:s to differentiate
into network structures on Matrigel
(Fig. 3B). We also examined the
consequences of LKB1 loss of func-
tion using an adenoviral vector
expressing kinase-dead LKB1 (Ad-
kd-LKB1). Treatment of HUVECs
with Ad-kd-LKB1 at a m.o.i. of 50
also abrogated polyphenol-induced
phosphorylation of AMPK by 80%
(data not shown). Under these
transduction conditions, Ad-kd-
LKB1 significantly diminished the
ability of HUVEC:s to form cell net-
works relative to HUVECs treated
with a control vector (Fig. 3C). Con-
versely, the gain of LKB1 function,
via transduction of an adenoviral
vector expressing the « subunit of
wild-type LKB1 (Ad-LKB1), aug-
mented the morphogenesis of
HUVECs on Matrigel (Fig. 3D).
Endothelial cell migration and
proliferation contribute to the an-
giogenic response. Thus, the effects
of decreased LKBI1 signaling on
these parameters were also investi-
gated. Using a modified Boyden
chamber method, we found that
siRNA targeting LKB1 led to a
reduction in endothelial cell migra-
tion (Fig. 3E). Similarly, treatment
with siRNA targeting LKB1 signifi-
cantly diminished endothelial cell
proliferation compared with unre-
lated siRNA treatment using an
MTS-based assay and direct cell
counting (Fig. 3, F and G).

significantly abrogated in the muscle of heterozygous To test the prosurvival effect of LKB1, HUVECs were
LKB1-KO mice on postoperative day 7 (Fig. 2, E and F). deprived of serum in the presence of siRNA directed against

LKBI Regulates Angiogenic Cell Responses in HUVECs—En- LKB1 or unrelated sequence. After 48 h, TUNEL staining
dothelial cell differentiation into network structures on Matri- was performed. Quantitative analysis revealed that treat-
gel was employed to examine LKB1 signaling at a mechanistic = ment with LKB1 siRNA significantly increased the fraction
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producing 3-galactosidase (Ad-B-gal) in HUVECs (50 m.o.i. each, n = 4 in each group). D, transduction with an adenovirus expressing the « subunit of LKB1
promotes endothelial cell morphogenesis relative to control HUVEC cultures transduced with Ad-B-gal. E-H, treatment with siRNA targeting LKB1 decreased
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staining method. The mean number of apoptotic (TUNEL-positive) cells from three random fields (X 100) in each well was calculated (n = 4 in each group).

1flox/+;

of TUNEL-positive cells compared with that of unrelated
siRNA (Fig. 3H).

LKBI Regulates Angiogenic Cell Responses via an AMPK-de-
pendent Pathway—To investigate the signaling pathways
downstream of LKB1 in endothelial cells, Western blot analyses
were performed on cells treated with siRNA targeting LKB1 or
an unrelated siRNA. Knockdown of LKB1 by siRNA decreased
phosphorylation levels of AMPK at Thr-172 and ACC at Ser-79
under basal conditions (Fig. 44). Whereas the ablation of LKB1
by siRNA had little or no effect on eNOS phosphorylation at
Ser-1179 under basal conditions, the knockdown of LKB1
diminished metformin-induced phosphorylation of eNOS in
HUVECSs (Fig. 4B). To examine the consequences of LKB1 gain
of function, HUVECs were transduced with Ad-LKB1 leading
to a 2-fold overexpression of the a-subunit of LKB1 (Fig. 4C).
Overexpression of LKB1 led to an increase in the phosphoryla-
tion levels of ACC, AMPK, and eNOS (Fig. 4C).

To investigate whether LKB1 overexpression promotes an in
vitro angiogenic response through the activation of AMPK,
HUVECs were co-transduced with an adenovirus producing

JULY 16, 2010+VOLUME 285+NUMBER 29

dominant negative AMPK (Ad-dn-AMPK) or a control vector
expressing 3-galactosidase (Ad-B-gal). Treatment of HUVECs
with Ad-LKB1 resulted in enhanced LKB1 expression and
phosphorylation of ACC, a downstream kinase of AMPK (Fig.
5A). Transduction with Ad-dn-AMPK abolished Ad-LKB1-
stimulated phosphorylation of ACC (Fig. 5A). The increase in
network formation induced by Ad-LKB1 was significantly
abrogated by co-transduction with Ad-dn-AMPK (Fig. 5A).
Furthermore, the increase in endothelial cell proliferation
induced by Ad-LKB1 was significantly reduced by co-transduc-
tion with Ad-dn-AMPK (supplemental Fig. 3).

To explore the LKB1-AMPK signaling axis in endothelial
cells further, we tested whether the impairment in network for-
mation in HUVECs treated with siRNA targeting LKB1 could
be rescued by treatment with an adenovirus expressing consti-
tutively active AMPK (Ad-ca-AMPK). Ad-ca-AMPK treatment
increased phosphorylation of ACC both in the presence and
absence of LKB1 (Fig. 5B). Whereas LKB1 knockdown dimin-
ished network formation on Matrigel, transduction with Ad-
ca-AMPK reversed the effect of LKB1 ablation (Fig. 5B).

JOURNAL OF BIOLOGICAL CHEMISTRY 22295


http://www.jbc.org/cgi/content/full/M110.123794/DC1

Role of Endothelial Cell LKB1 for Revascularization

A

siRNA Unrelated LKB1

Tubutin [N

siRNA Unrelated LKB1

S n
LKB1 ~~ ;’1.2 §1_
pAcc MR B Co 5 19
P——— £ 0s
pAMPK % 0.6 *k E 0.6}
AMPK S srm— g o <04
) S 02
X 5,

o ©
N

siRNA Unrelated LKB1

to promote angiogenic responses
under hypoxic conditions (9). Thus,
itis conceivable that the angiogen-
ic-regulatory properties of LKB1
are cell type-specific, resulting in
different regulatory responses in
vascular versus parenchymal cells.

Because nothing is known about
the function of endothelial cell LKB1
in the postnatal revascularization

o i

*%

siRNA Unrelated LKB1

P-ACC/Tubulin (Fold Change)
N

o © 2 2 2 =~ =

B T P<0.01 P<0.01 response to tissue ischemia, we ana-

E 5 " | lyzed the consequences of acute hind

LKB1 — — ; . 1T gn;b ischerfnia 11]1 I:?}i;ilt mice that were

Ees o eficient for expression in

PACC s ‘ " c 3 Tie2-Cre-expressing cells. In the

P-eNOS i sl s g ) present study, no viable pups were

Tubulin “ = produced from matings intended to
o 1 i

SRNA o et o vt 5| | [ B o ot

Metformin — — 4 4+ siRNA  Unrelated LKB1 Unrelated LKB1 findings are consistent with the

Metformin == == == == recent report of embryonic lethality

when a different transgenic Cre-ex-

C LKBA * _ _ pressing line (Tiel-Cre) was used to

°g’) *% é"» *% ablate the floxed LKB1 allele (19).

P-ACC | W we J g Consequently, we utilized het-

P-AMPK — % 4 z ‘ erozygous LKBI1-KO mice for

| —— e 3 e 3 the hind limb ischemia study.

AMPK £, 8 5 Although Lkb 1" *;Tie2™" mice

P-eNOS - 2 1 s 1 exhibit approximately half the

cNOS | S é . § level of‘LKBl prote%n in lung

Tubulin i Adfgal AdiLKBY g Ad-p-gal Ad-LKB1 endothelial cells, their vascular

Ad-B-gal Ad-LKB1

FIGURE 4. Transduction with siRNA targeting LKB1 diminished an AMPK signaling in HUVECs. A, LKB1 is
required for full AMPK signaling. Western blot analysis for LKB1, phosphorylated ACC at Ser-79 (pACC),
phosphorylated AMPK at Thr-172 (pAMPK), total AMPK (AMPK), and a-tubulin (Tubulin) is shown. Right
panel shows quantification of LKB1, pAMPK, and pACC. *, p < 0.05 versus unrelated siRNA (n = 3 in each
group). HUVECs were treated with siRNA targeting LKB1 for 48 h. B, LKB1 is required for metformin-
stimulated eNOS phosphorylation. Western blot analysis for LKB1, phosphorylated ACC, phosphorylated
eNOS (P-eNOS), and a-tubulin is shown. HUVECs were treated with siRNA targeting LKB1 for 48 h followed
by treatment with metformin (2 mm) or vehicle for 3 h. A representative Western immunoblot is shown.
C, LKB1 overexpression activates AMPK signaling and leads to an increase in eNOS phosphorylation.
Western blot analysis for LKB1, phosphorylated-ACC at Ser-79, phosphorylated-AMPK at Thr-172, total
AMPK, phosphorylated-eNOS at Ser-1177, total eNOS, and a-tubulin is shown. HUVECs were infected with
Ad-B-gal or Ad-LKB1 for 24 h. Right panels show quantitative Western blot analyses for P-AMPK and

P-eNOS. **, p < 0.01 versus Ad-B-gal treatment (n = 3 in each group).

Transduction of Ad-ca-AMPK alone also increased network
formation in this assay.

DISCUSSION

LKBL1 is a tumor suppressor (29 -31), and enhanced expres-
sion of LKB1 in cancer cells results in attenuated tumor growth,
invasion, and metastasis, at least in part, through its ability to
inhibit tumor angiogenesis (32). Consistent with these observa-
tions, whole body, homozygous LKB1 ablation results in an
embryonic lethal phenotype that is associated with increased
vascular endothelial growth factor expression and abnormal
capillary development (7). Based on these observations, LKB1
has been viewed as an antiangiogenic factor. However, AMPK,
a downstream effector of LKB1, functions in endothelial cells
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network is indistinguishable from
control mice under nonstress con-
ditions. However, this reduction
in LKB1 expression in Tie2-Cre-
expressing cells led to an impaired
revascularization response to tis-
sue ischemia that was associated
with reductions in ischemia-in-
duced eNOS phosphorylation in
the tissue. The diminished tis-
sue reperfusion in heterozygous
LKB1-KO mice was consistent
with anatomic evidence of a
reduction in capillary density in the limbs that were recov-
ering from ischemia. Collectively, these results show that a
partial reduction of LKB1 signaling in vascular endothelial
cells impairs the revascularization response to ischemic con-
ditions in adult mice.

Although many studies have used the Tie2-Cre model for
gene ablation in vascular endothelial cells, it is documented that
these Tie2-Cre transgenic mice also express Cre in hematopoi-
etic cells (28). Because hematopoietic cells are important for a
revascularization response (33, 34), we analyzed LKB1 expres-
sion levels in spleen, which contains many hematopoietic cells.
LKBI expression in spleen was reduced in the heterozygous
LKB1-KO mice compared with control mice. Therefore, LKB1
signaling in hematopoietic derived cells, such as macrophages
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FIGURE 5. LKB1 overexpression enhances endothelial cell morphogenesis in an AMPK-dependent man-
ner in HUVECs. Twenty-four hours after infection with adenoviral constructs encoding B-galactosidase (Ad-
B-gal), LKB1 (Ad-LKB1) (100 m.o.i.), network formation assays were performed in HUVECs. A, left panels show
representative photographs of endothelial cell differentiation into network structures. Right upper panels show
representative Western blots for phosphorylated-ACC (Ser-79) and LKB1. Right lower panel shows quantitative
analysis of network area under treatment with adenovirus producing dominant negative AMPK (Ad-dn-AMPK)
(10 m.o.i.) for 24 h. n = 4 in each group. B, left panels show representative photographs of endothelial cell
differentiation into network structures. Right upper panels show representative Western blots for phosphory-
lated-ACC (Ser-79) and LKB1. Right lower panel shows quantitative analysis of network area with 24-h stimula-
tion by adenovirus producing constitutive active AMPK (Ad-ca-AMPK) (50 m.o.i.) under 48-h treatment with

siRNA targeting LKB1 (1 nm) (n = 4 in each group).

or vascular progenitor cells, may also contribute to this
impaired vascularization phenotype.

The in vivo findings in the murine ischemic hind limb model
were corroborated by a series of in vitro experiments that exam-
ined the behavior of cultured endothelial cells. Reductions in
LKB1 expression in HUVECs using siRNA ablation led to
reductions in the ability of these cells to proliferate, migrate,
and differentiate into network structures on Matrigel. LKB1
ablation also exacerbated endothelial cell apoptosis under condi-
tions of serum deprivation. Similarly, LKB1 inactivation using an
adenoviral vector expressing kinase-dead LKB1 (Ad-kd-LKB1)
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gluconeogenesis (23). Liver-specific
LKB1 deficiency results in impaired
responses to metformin, an antidi-

+ —

| +

-+

+

— abetic drug that activates AMPK
Ad- Ad- (23). Skeletal muscle-specific LKB1
B-gal CA-AMPK deficiency also leads to reduced

AMPK phosphorylation at basal
and AICAR- or phenformin-stimu-
lated conditions (36, 37). Finally,
ablation of LKB1 in the heart leads
to hypertrophy that is associated
with a reduction in AMPK signaling
(38).

It is well established that Akt sig-
naling functions downstream of
growth factors in endothelial cells to promote angiogenesis
(39). Whereas hypoxia will activate AMPK signaling in endo-
thelial cells (40), these conditions will lead to a reduction in Akt
signaling (9, 41). Thus, we speculate that hypoxia-induced
AMPK activation serves to promote a vascularization response
under conditions of stress and nutritional deprivation when
Akt signaling is down-regulated. This proposed revasculariza-
tion function of AMPK is consistent with the widely recognized
cytoprotective role of this kinase in fuel preservation while the
tissue recovers from the ischemic injury. The data reported
here support the notion that the LKB1-AMPK signaling axis

JOURNAL OF BIOLOGICAL CHEMISTRY 22297



Role of Endothelial Cell LKB1 for Revascularization

promotes proangiogenic responses in cultured endothelial
cells, including proliferation, migration, survival, eNOS activa-
tion and differentiation into network structures. Furthermore,
its expression in Tie2-Cre-expressing cells is essential for a
robust revascularization response to ischemia in vivo. In con-
trast to these findings, another group recently reported that
adenovirus-mediated overexpression of LKB1 inhibits the for-
mation of networks by HUVECs on Matrigel (8). The reasons
for these disparate findings are not clear, but they indicate the
need for further in vitro and in vivo investigations to appreciate
more fully the role of endothelial cell LKB1 in angiogenesis.

In summary, we demonstrated for the first time that the het-
erozygous deficiency of LKB1 expression in Tie2-Cre-express-
ing cells leads to an impaired revascularization response to tis-
sue ischemia in vivo. These results were corroborated by a
series of in vitro studies showing that reductions in LKB1
impair endothelial cell morphogenesis, whereas the overex-
pression of LKB1 stimulates this process. These data indicate
that LKB1 plays a role in stress-induced tissue revascularization
through its ability to regulate AMPK signaling in postnatal vas-
cular endothelial cells.
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