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Abstract

Aktl is critical for many in vivo functions; however, the cell-specific substrates responsible
remain to be defined. Here, we examine the importance of endothelial nitric oxide synthase
(eNOS) as an Akt1 substrate by generating Akt1-deficient mice (Akt1™~ mice) carrying knock-in
mutations (serine to aspartate or serine to alanine substitutions) of the critical Aktl
phosphorylation site on eNOS (serine 1176) that render the enzyme “constitutively active” or “less
active.” The eNOS mutations did not influence several phenotypes in Akt1~~ mice; however, the
defective postnatal angiogenesis characteristic of Akt1™~ mice was rescued by crossing the
Akt1™~ mice with mice carrying the constitutively active form of eNOS, but not by crossing with
mice carrying the less active eNOS mutant. This genetic rescue resulted in the stabilization of
hypoxia-inducible factor 1a (HIF-1a) and increased production of HIF-1a-responsive genes in
vivo and in vitro. Thus, Aktl regulates angiogenesis largely through phosphorylation of eNOS and
NO-dependent signaling.
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Fig. S1 Generation of S1176D/Akt1~/~ and S1176A/Akt1 ™/~ mice.

Fig. S2. NO production in mouse lung endothelial cells.

Fig. S3. eNOS phosphorylation in tissue after hind-limb ischemia.

Fig. S4. PGC-1la—dependent pathways are not involved in ischemic recovery.
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INTRODUCTION

RESULTS

Understanding the physiological importance of specific kinase-substrate relationships is
difficult, especially for kinases that phosphorylate multiple substrates and for substrates that
are phosphorylated on a single site by multiple kinases. For example, the kinase Aktl
phosphorylates multiple substrates, such as forkhead transcription factors and glycogen
synthase kinase-3 (GSK-3p), on serine or threonine residues, several of which have been
linked to cell survival, growth, and morphogenesis (1, 2). In turn, the Akt substrate
endothelial nitric oxide synthase (eNOS) can be phosphorylated on serine 1176 (S1176;
murine isoform) by multiple kinases, including Akt, AMPK [adenosine monophosphate
(AMP)-activated protein kinase], PKA [protein kinase A,; also known as cyclic AMP
(cAMP)-dependent protein kinase], PKG [guanosine 3’,5’-monophosphate (cGMP)-
dependent protein kinase], and PKC (protein kinase C) (3). Biochemical and cellular
evidence supporting the functional role of kinase-substrate pairs has led to a plethora of
overlapping patterns of signaling pathways involving Akt, yet little is known about the
relative importance of specific kinase-substrate pairs in vivo.

Angiogenesis is the process of formation of new blood vessels from existing structures that
occurs during development and can be elicited postnatally by pathological events such as
wounding or tissue ischemia (4). Aktl is an important regulator of cardiovascular
homeostasis, including such pathophysiological angiogenesis (5, 6). The multitude of Aktl
downstream partners and their described effects on various cellular functions allows broad
speculation about the underlying mechanisms of how Aktl functions in most mammalian
cells including endothelial cells (ECs). For instance, Aktl could influence angiogenesis by
regulating EC survival through inhibition of caspase-9 (7) and BAD (Bcl-2-Bcl-XL—
associated death promoter) (8, 9), cell growth through TSC2 (tuberous sclerosis complex
protein 2) and mTORC1 (mammalian target of rapamycin complex 1) (10), metabolism
through GSK-3b (11), proliferation through inhibition of p21 and p27 (12, 13), migration
through girdin (14), or through a combination of any of the described pathways (2).
Additionally, Aktl can phosphorylate eNOS and thereby promote NO production (15, 16),
thus enhancing blood flow, cell survival, morphogenesis, and angiogenesis in the setting of
ischemia (17, 18).

Even though both Aktl and eNOS are important regulators of pathophysiological
angiogenesis, the in vivo relevance of this kinase-substrate relationship has not been
unequivocally demonstrated and the possible involvement of multiple Aktl targets in this
process cannot be eliminated. Here, using a previously undescribed genetic strategy, we
show that eNOS phosphorylation on the canonical Akt site, S1176, is critical for many of the
vascular actions of Akt in vivo.

Aktl-knockout mice expressing gain- and loss-of-function eNOS alleles reveal the
importance of eNOS as an Aktl substrate

To investigate the relevance of eNOS as a specific Aktl target, we created genetically
altered knock-in mice (fig. S1, A and B) in which the endogenous eNOS gene was replaced
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with a mutated gene encoding a version of eNOS that either mimicked or abolished
phosphorylation at the Aktl phosphorylation site (5176 replaced with aspartate, S1176D, or
S1176 replaced with alanine, S1176A, respectively) (16). Expression of the mutated gene is
regulated by the endogenous eNOS promoter, so that it should show perfect fidelity of
expression and preserve all of the nuances of regulation of the native eNOS gene. The
knock-in approach eliminates the possible confounding factors of gene copy number or
insertion site effects inherent in transgenic approaches. The eNOS phosphomutant knock-in
mice were bred to mice with an Aktl-null background (19) to generate the following strains:
S1176D/Akt1 ™/~ mice and S1176A/Akt1 ™~ mice (fig. S1C).

To validate these mice as a system for examining eNOS function, we checked the amount of
phosphorylated eNOS (S1176) in mouse lungs after systemic administration of vascular
endothelial growth factor (VEGF) or phosphate-buffered saline (PBS). Basal and stimulated
eNOS S1176 phosphorylation was reduced by more than 50% in Aktl-deficient mice
(Akt1™~) compared to wild type (WT) and was undetectable in the phosphomutant, Akt1 ™/~
mice (Fig. 1, A and B). En face staining of endothelium from carotid arteries for eNOS and
phosphorylated eNOS S1176 showed that the localization and abundance of S1176D and
S1176A eNOS was similar to that of eNOS in WT or Akt1™~ mice (Fig. 1C). However,
acetylcholine (ACh)-induced cGMP production, a surrogate for NO production, was
decreased in aortic rings from Akt1™~ and S1176A/Akt1~/~ mice compared to WT mice,
whereas the S1176D/Akt1~/~ animals showed a marked increase in basal cGMP production
compared to WT mice (Fig. 1D). Similar data were obtained by measuring NO production
(assayed as the stable breakdown product nitrite, NO,™) in mouse lung endothelial cells
(MLEC:sS) isolated from these strains (fig. S2A), where basal and A23187-stimulated NO,™
accumulation (for 30-min accumulation) was reduced in Akt1~/~ cells; effects that were
rescued in S1176D/Akt1~/~ but not S1176A/Akt1~/~ cells. In addition, after 6 hours of
incubation, basal accumulation of NO,~ was markedly increased in S1176D/Akt1 ™~ cells
compared to WT (fig. S2B). These data show that Aktl is necessary for most of eNOS
phosphorylation on S1176 and NO release in vivo and that mutation of eNOS S1176 to
aspartate enables its production of NO (20) despite the loss of endogenous Akt1.

eNOS S1176 phosphorylation status does not affect the growth or fertility of Akt1~~ mice,
but does influence cell survival

Because Aktl can phosphorylate multiple substrates and regulate multiple cellular functions,
we examined Aktl substrate phosphorylation in ECs isolated from the different strains of
mice. Loss of Aktl decreased the phosphorylation of GSK-3p and Mdm-2, but not that of
FoxO1 (forkhead box O1); however, the expression of mutant eNOS in the Akt1-null
background did not appear to influence the total or phosphorylated amounts of these
substrates (Fig. 2A). As is typical (21), Aktl-null cells showed decreased cell proliferation, a
phenotype that could not be rescued by either mutant eNOS allele (Fig. 2B). Two other
phenotypes characteristic of Akt1-null mice are reduction in body mass and smaller litter
size (attributable to placental or maternal mam-mary defects) (19, 21). The presence of both
eNOS alleles in the Akt1-null background did not affect either of these phenotypes (Fig. 2,
C and D). Loss of Aktl promoted apoptosis [assessed by an increase in TUNEL (terminal
deoxynucleotidyl transferase—-mediated deoxyuridine triphosphate nick end labeling)-
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positive nuclei] in the endothelium of isolated aortae (Fig. 2, E and F), consistent with
Aktl's well-known prosurvival function (2); S1176D eNOS slightly reduced EC apoptosis,
consistent with the role of NO in promoting cell survival of ECs (3). These data suggest that
Aktl substrates other than eNOS mediate multiple phenotypes (decreased cell growth, body
mass, and litter size and increased apoptosis) associated with Aktl deficiency.

eNOS is a critical Akt substrate for pathological angiogenesis

We used wound healing assays to investigate the role of eNOS as a downstream target of
Aktl in postnatal, pathological angiogenesis. Wound healing—evoked angiogenesis is
impaired in Aktl knockout mice (6) and, consistent with impaired angiogenesis, the time to
complete healing was delayed in Akt1-null mice. This delay was prolonged in S1176A/
Akt1~/~ mice but was restored to the WT duration in S1176D/Akt1 ™~ mice (Fig. 3A).
Quantification of ECs with endothelial-specific isolectin B4 staining revealed that
revascularization was impaired after 4 days in Akt1~/~ and S1176A/Akt1™~ mice but was
comparable to that of WT in S1176D/Akt1 ™~ animals (Fig. 3, B and C). This suggests that
eNOS is downstream of Aktl in wound-healing angiogenesis.

In a second model of adaptive angiogenesis, we subjected mice to femoral artery ligation,
thereby inducing ischemia in the lower leg. eNOS phosphorylation was decreased in
ischemic muscle tissue of Akt1~/~ mice compared to that of WT animals (fig. S3). As
previously described (5), Aktl knockout mice, unlike WTanimals, did not recover blood
flow to the lower limb within 4 weeks, resulting in severe necrosis of the ischemic tissue and
eventual loss of the lower limb (Fig. 4, A to C) (5). Staining for isolectin B4 (Fig. 4, D and
E) and smooth muscle a-actin (as a marker for pericytes, Fig. 4, F and G) revealed that
failure to recover blood flow is caused by the lack of revascularization within the ischemic
tissue and by impaired pericyte recruitment, which occurs with angiogenic blood vessel
maturation. In the S1176D/Akt1~~ mice, however, blood flow recovery, clinical score,
revascularization, and pericyte recruitment were all comparable to that of WT mice (Fig. 4,
Ato G). The S1176A/Aktl~~ mice did not have a more severe phenotype than did the
Akt1™~ mice, suggesting that, in the setting of hind-limb ischemia, Akt1 is the main kinase
that phosphorylates eNOS on S1176, The restoration of wound angiogenesis and
revascularization after ischemic injury by phosphomimetic eNOS supports the idea that the
phosphorylation of eNOS on S1176 s the main pathway through which Aktl acts in
pathophysiological angiogenesis.

The abundance of HIF-1a,, but not that of PGC-1a, is regulated by the Akt1-eNOS axis

Deprivation of oxygen and nutrients during ischemia triggers an angiogenic response,
including increased production of angiogenic factors such as VEGF and up-regulation of its
receptors (4). In most ischemic scenarios, the stabilization and activation of hypoxia-
inducible factor 1a (HIF-1a) promotes many aspects of this angiogenic response, such as
enhancing VEGF production (22). However, a recent study suggests that activation of the
transcriptional coactivator PGC-1a [peroxisome proliferator—activated receptor y (PPARY)
coactivator 1a], rather than the stabilization of HIF-1a, triggers the production of VEGF
after ischemia and that genetic ablation of PGC-1a results in impaired recovery of blood
flow (23). Thus, both HIF-1a and PGC-1a can regulate ischemic revascularization. To see
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whether HIF-1a— or PGC-1a—-dependent pathways or both are involved in the eNOS-
mediated rescue of the Akt1 ™/~ phenotype, we elicited hind-limb ischemia in all four strains
of mice and isolated messenger RNA (mRNA) from the gastrocnemius muscle 6 and 24
hours after ischemia. Quantitative polymerase chain reaction (PCR) analysis revealed that
the expression of a set of HIF-1a-responsive genes, including those encoding VEGF-A,
VEGF receptor (FIk-1), and angiopoietin-like 4 protein (Angptl-4), was increased in WT
mice after ischemic injury. This increase in MRNA was not apparent in Akt1~/~ and
S1176A/Akt1~/~ mice but was present in S1176D/Akt1~/~ mice (Fig. 5A). Next, we
quantified HIF-1a protein abundance in ischemic gastrocnemius muscle extracts by
enzyme-linked immunosorbent assay (ELISA). We found that, whereas HIF-1a was
detectable after ischemia in WT and S1176D/Akt1 ™~ mice, it was not detectable (n.d.) in
Akt1~/~ or S1176A/Akt1~/~ mice or in the contralateral, nonischemic muscles of WT and
S1176D/Akt1~/~ mice (Fig. 5B).

As reported recently (23), PGC-1a mRNA abundance increased after ischemia in WT mice
(fig. S4A) and, like HIF-1a, this increase was absent in Aktl™~ knockout mice. Unlike the
HIF-1a-responsive genes, the abundance of PGC-1a mRNA remained low in S1176D/
Akt1™~ mice. Although there were differences in the effects of ischemia on mRNA
abundance of the HIF-1a—responsive genes in Akt1™~ and S1176 A/Aktl™~ mice, all four
strains showed equal changes in the expression of HSP-70 and HSP-90, which are hallmarks
of ischemic stress (fig. S4B). These data support the model that constitutively active eNOS
rescues the functional and molecular phenotypes observed in Akt1™~ mice to promote
angiogenesis.

These in vivo results suggest that Aktl regulates the HIF-1a—mediated angiogenic response
through activation of eNOS and subsequent increases in NO. To further investigate this
possibility, we performed in vitro experiments using ECs isolated from WT or Akt1-null
mice. Hypoxia (0.5%) increased the mRNA abundance of the HIF-1a-responsive genes
VEGF-A, glucose transporter 1 (GLUT-1), and ANGptl-4 in WT but not in Akt1~/~ cells
(Fig. 5C). Hypoxic gene induction in WT cells could be partially inhibited by incubation
with the NOS inhibitor NG-nitro-.-arginine (.-NNA) and responses to hypoxia could be
elicited in Akt1~/~ cells incubated with the NO donor (Z)-1-[2-(2-aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate (DETA-NONOate). Changes in HIF-1a
protein abundance measured by Western blot (Fig. 5, D and E) correlated with the changes
in VEGF-A, GLUT-1, and ANGptl-4 mRNA and DETA-NONOate increased HIF-1a
abundance in hypoxic Akt1~/~ cells. Thus, the in vitro data support the idea that Akt1
regulates HIF-1qa stability through activation of eNOS and thereby triggers the angiogenic
response.

Several potential mechanisms exist for how NO regulates HIF-1a abundance

Next, we investigated how NO may influence HIF-1a protein stability. HIF-1a can itself be
posttranslationally modified by NO through S-nitrosylation, thereby stabilizing HIF (24).
Therefore, we performed a biotin switch assay for nitrosylated proteins (25) in WT and
Akt1~/~ ECs under normoxic and hypoxic conditions. We could not detect nitrosylation of
HIF-1a protein, even though eNOS was nitrosylated [fig. S5A (26)].
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Reactive oxygen species (ROS) have also been implicated as playing a role in HIF-1a
stabilization (27, 28). Because NO can increase intracellular ROS through inhibition of
cytochrome c oxidase and subsequent uncoupling of the respiratory chain, we checked
whether alteration of intracellular ROS concentrations affected the degree of HIF-1a—
responsive gene expression. However, we could not detect differences in induction of
HIF-1a-responsive genes in WTor Akt1™~ cells in the presence of two ROS scavengers,
TEMPOL and pegylated catalase (PEG-CAT), or of the superoxide donor pyrogallol (fig.
S5B).

Finally, we determined whether alterations of prolyl hydroxylase (PHD) activity could
explain the mechanism of NO-dependent HIF-1a stabilization (29). The prolyl
hydroxylation of HIF-1a is necessary for the ubiquitin-dependent degradation of this
transcription factor; thus, a reduction in PHD activity may enhance HIF-1a abundance,
leading to increased HIF-1a—dependent gene expression. We found that treatment of WTand
Akt1~/~ ECswith the PHD inhibitor dimethyloxaloylglycine (DMOG) increased HIF-1a—
dependent gene induction in a similar manner in both WT and Aktl™~ ECs (fig. S5C).

DISCUSSION

This study shows that despite the growing list of possible substrates for Akt1,
phosphorylation of eNOS on S176 appears critical for the actions of Akt in promoting
angiogenesis. Genetic loss of either eNOS or Aktl does not affect embryonic vascular
development but leads to impaired ischemic angiogenesis and wound healing (5, 6, 18, 30);
here, we show that introduction of S1176D eNOS mimicking a “gain of function,” but not
S1176A eNOS, rescues the impairment in angiogenesis seen in Aktl-deficient mice.
Because other kinases (AMPK, PKA, and PKG) that phosphorylate eNOS on S1176 are
presumably active in Akt1 ™/~ mice, the allele-specific rescue of the Akt1™/~ phenotypes by
the “phospho-” versus “dephospho-" status of S1176 implies the critical importance of Aktl
and this residue in limb recovery and wound healing. To our knowledge, this is a rare
instance in which a highly specific relationship between a particular kinase and substrate can
be identified in a complex in vivo system.

Previous studies identifying critical roles of specific Akt substrates in biological processes
have relied on overexpression, dominant-negative strategies, and knockdown approaches in
cultured cells, as well as genetic knockouts of individual Akt isoforms and specific point
mutations of key substrates in vivo (2, 31). Most Aktl substrates are expressed in all
mammalian cells, whereas eNOS is specifically expressed in ECs; thus, the coupling of Aktl
to eNOS provided a model in which to investigate the specificity of kinase-substrate
relationship.

In intact lung tissues, we found that treatment with VEGF increased eNOS phosphorylation
on S1176 and that this was reduced, but not eliminated, in Akt1™~ mice, arguing that indeed
other kinases contribute to eNOS phosphorylation at this site. However, this residual
phosphorylation in Akt1~~ mice was not sufficient to promote blood flow recovery and
tissue healing, arguing that Akt phosphorylation of eNOS plays a critical role in adaptive
angiogenesis. The roles of Akt in pathophysiological angiogenesis appear temporally
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distinct; Akt 1 is necessary for protection against atherosclerosis, ischemic angiogenesis, and
wound healing (5, 6, 32, 33), but in models where Akt is persistently activated (using
myristoylated and constitutively activated Akt), Akt signaling may promote cell senescence,
enhance vascular leakage, and retard or promote angiogenesis through an apparently eNOS-
independent, rapamycin-sensitive pathway (34-36). Our results in wound healing and limb
ischemia point toward eNOS being downstream of Akt in these more acute models;
however, additional experiments are required to uncover the substrates responsible for
phenotypes after sustained Akt activation.

In our studies in ischemic tissue in vivo and in cultured ECs, Aktl seems to be required for
HIF-1a stabilization and the activation of its target genes by means of eNOS-derived NO.
The idea that Akt regulates HIF-1a signaling in cancer is accepted (37-40), and this
relationship has begun to emerge in ischemic settings as well (41). The effects of NO on
HIF-1a stability have been intensely investigated. NO can either stabilize or destabilize
HIF-1a depending on the cells, the duration and degree of hypoxia, and mitochondrial
function (29, 42—-45). At least three putative mechanisms may explain this effect: NO may
directly modify HIF-1a through nitrosylation; NO may increase ROS, which stabilize
HIF-1a; and NO may inhibit HIF PHDs through NO binding the iron cofactor required for
PHD activity (30). Our results with cultured ECs support the idea that NO may inhibit PHD
activity, because we could not detect nitrosylation of HIF-1a protein or identify an
involvement of ROS; however, inhibition of PHD activity normalized differences in
HIF-1a— dependent gene expression in WT and Akt1~/~ ECs. However, it is feasible that all
these mechanisms may operate in vivo.

In summary, our results provide an example of in vivo context-specific, kinase-substrate
specificity. We found that eNOS was the predominant Akt substrate necessary for
angiogenesis; however, it was less critical in promoting Akt-dependent growth, fertility and
pregnancy, and survival. S1176D eNOS, but not S1176A eNOS, rescued the angiogenic
phenotypes elicited by loss of Aktl, arguing against major roles of other Akt substrates,
such as girdin, FoxO1, and GSK-3p, in the models investigated. Moreover, the other kinases
that phosphorylate eNOS on S1176 do not appear to play a major role in the vivo systems
used in our study. Mechanistically, we suggest that phosphorylation of eNOS at S176 py
Aktl and the subsequent increase in NO production contributes to revascularization, in part,
by preserving blood flow, and by stabilizing HIF-1a and thereby promoting HIF-1a—
dependent gene expression or both. Such a dual function of eNOS-derived NO may explain
the critical role of this pathway in postnatal angiogenesis.

MATERIALS AND METHODS

Materials

The HIF-1a ELISA kit was from R&D Systems. The Cell Death Detection kit was from
Roche. The cGMP Biotrak Enzyme assay kit was from Amersham. VEGF was a gift from
Genentec. Ceramide was from Calbiochem. DETA-NONOate, isolectin B4, .-NNA,
isobutylmethylxantine (IBMX), ACh, and antibodies directed against -actin and smooth
muscle a-actin were from Sigma. Antibodies against HIF-1a and vascular endothelial
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cadherin (VE-cadherin) were from Santa Cruz Biotechnology. Antibodies against eNOS and
p-eNOS were from BD Transduction. All other antibodies were from Cell Signaling.

Isolation of MLECs

MLECs were isolated and immortalized as described before (5). Cell growth was analyzed
by seeding equal numbers of cells per well and counting at indicated time points.

Generation of eNOS S1179A and S1179D knock-in mice

Knock-in mice carrying the S1176A and S1176D mutations in the endogenous eNOS locus
were generated by homologous recombination. Within exon 26, the TCT codon for S1176
was replaced with GCT for the S1176A mutation and with GAT for the S1176D mutation.
The targeting construct carries these mutations in exon 26, flanked by homologous regions
on either side. It also includes a neomycin resistance gene adjacent to the mutation to allow
positive selection. The neomycin resistance gene is flanked by lox P sites, facilitating its
removal in one step by Cre recombinase. Although the eNOS gene does not have a typical
polyadenylation site (AATAAA), it does have a potential alternative site (CATAAA). We
avoided placing the neomycin resistance gene near this site. A thymidine kinase (TK) gene
is incorporated at one end of the construct to allow negative selection; the TK gene is not
incorporated into the genome.

Using J1 embryonic stem cells, we generated chimeric mice with germline transmission of
these mutations. Mice were mated with Ella-Cre transgenic mice to delete the neomycin
resistance gene between the loxP sites. This leaves one copy of the loxP site and the targeted
mutation (S1176D or S1176A). Once back-bred, eNOS S1176D or S1176A mice were bred
to congenic Aktl-deficient mice (19) and littermates were used as WT controls.

eNOS phosphorylation in vivo

VEGF (80 pg per kilogram of body weight) was injected into 8- to 12-week-old male mice
as described (46). After 5 min, the mice were perfused with cold PBS containing
phosphatase inhibitors; the lungs were harvested, homogenized, and lysed in SDS-sample
buffer and lysates were used for Western blot analysis.

En face staining of carotid arteries

Carotid arteries of 8- to12-week-old male mice were dissected, cut open, and pinned with
surgical needles. Specimens were fixed with 4% paraformaldehyde (10 min, 4°C),
permeabilized with 0.3% Triton X-100 [30 min, room temperature (RT)], and antigens were
blocked in 5% fetal bovine serum (FBS) (30 min, RT). After incubation with primary (rabbit
antibody against eNOS and mouse antibody against phospho-eNOS) and secondary
antibodies, specimens were analyzed by indirect immunofluorescence.

CcGMP production assays from aortae

Aortae from 8- to 12-week-old male mice were dissected, freed from fat, and cut into 1- to
2-mm pieces and placed into Dulbecco's modified Eagle's medium (DMEM) containing

antibiotics for 3 hours. Afterwards, aortic pieces were stimulated for 5 min with 1 uM ACh
(to elicit increases in cGMP) in the presence of the phosphodiesterase inhibitor IBMX (200
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UM), snap-frozen in liquid nitrogen, and homogenized. Preincubation with IBMX was used
to inhibit phosphodiesterase activity, thus allowing for quantification of cGMP accumulation
under various conditions. All values shown were calculated by taking the original value and
subtracting the average of the control groups that were pretreated with IBMX and the NOS
inhibitor .-NNA and stimulated with ACh. Thus, we measure NOS-dependent increases in
cGMP as a surrogate for eNOS activation. Homogenates were processed according to the
manufacturer's protocol (cGMP Enzymeimmunoassay Biotrak System, Amersham).

En face TUNEL assay

Aortas of 8- to 12-week-old male mice were dissected, cut into 1- to 3-mm pieces, and
rinsed with DMEM, and apoptosis was stimulated with 50 pM ceramide for 16 hours.
Afterwards, pieces were cut open and pinned with surgical needles. Specimens were fixed
with 4% paraformaldehyde (10 min, 4°C) and permeabilized with 0.3% Triton X-100 (30
min, RT), and antigens were blocked in 5% FBS (30 min, RT). Specimens were stained for
VE-cadherin and apoptotic nuclei with the Cell Death Detection kit (Roche).

Wound healing assays

Twelve-week-old male mice were anesthetized and two wounds (6-mm diameter) were
punched into the back skin. Wound size was monitored until complete closure. For assessing
wound angiogenesis, mice were killed after 4 days; wounded skin was excised, fixed in 4%
paraformaldehyde, paraffin-embedded, and sectioned, and ECs were stained with isolectin
B4 and analyzed by indirect immunofluorescence.

Hind-limb ischemia assays

Hind-limb ischemia assays and analysis of the angiogenic response in the ischemic muscle
sections were carried out as described (5, 18). Blood flow was measured with a deep
penetrating laser Doppler and the following clinical scoring system was used to discern the
extent of tissue ischemia: 0, normal appearance; 1, reddish foot; 2, black toes present; 3,
necrotic muscle tissue present; 4, >50% of the foot is necraotic; 5, complete foot necrosis.

Quantitative reverse transcription PCR analysis

Samples from tissue or cell culture were resuspended and homogenized with Trizol. Total
RNA was isolated with the RNAEasy kit (Qiagen) and transcribed into complementary
DNA with the use of the TagMan protocol (Applied Biosystems). Quantitative PCRs were
carried out on an iCycler (Biorad) with specific primers against the genes of interest,
SYBRgreen (Biorad) ready mix.

Analysis of HIF-1a protein

HIF-1a protein abundance from muscle homogenates was determined by specific ELISA
with the DuoSet IC kit (R&D Systems). HIF-1a protein abundance from cell lysates was
analyzed by Western blot and subsequent quantification by ImageJ Software.
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Statistical analysis

Data are expressed as mean + SEM. Statistical significance was determined by one-way or
two-way analysis of variance (ANOVA) followed by a Bonferroni's t test for multiple
comparisons or by a Student's t test with the GraphPad (San Diego) Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Cr?aracterization of eNOS status in mutant mice. (A) Wild-type (WT), Akt1-null (Akt17"),
activated, phosphomimetic eNOS mice lacking Aktl (S1176D/Akt1 "), and
nonphosphorylatable eNOS mice lacking Aktl (S1176A/Akt1 ") received injections of
VEGF through the jugular vein. Samples were analyzed by Western blotting for eNOS,
phospho-eNOS (p-eNos, S1176), Aktl, and HSP-90 proteins and (B) the relative ratio of p-
eNOS (S1176) to total eNOS was quantified (n = 3 mice per group). (C) En face
immunofluorescent staining of carotid arteries for total eNOS (green, top), p-eNOS (1176)
(red, middle), and merged images [blue, DAPI (4’,6-diamidino-2-phenylindole), bottom].
(D) cGMP assays were performed on aortic rings pretreated with IBMX and stimulated with
ACh (1 uM, black bars) or vehicle (control, white bars). In (B) and (D), error bars indicate
SEM; *P < 0.05 compared to control, *P < 0.05 compared to WT stimulated, and **P
compared to WT basal using a two-way ANOVA.
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Akt1-/- $1176D/ S1176A/
Akt1-/- Akt1-/-
Akt1-/-  S1176D/ S1176A/
Akt1-/- Akt1-/-

Akt1--  S1176D/Akt1-/- S1176A/Akt1-/-

eNOS alleles do not rescue impaired growth, proliferation, or litter size in Akt™~ mice. (A)
EC lysates were analyzed for phosphorylation of the Akt targets GSK-3f, Mdm2, and
FoxO1 by Western blot. (B) Proliferation of MLECs from the respective genotypes was
performed. (C) Body weight of 12-week-old mice was analyzed. (D) Litter sizes from 8- to
27-week-old females were measured on the day of birth. (E) Cell survival ex vivo was
analyzed by inducing apoptosis in carotid artery sections with ceramide and subsequent en
face TUNEL staining for apoptotic nuclei (green, TUNEL staining; red, VE-cadherin, used
to delineate the endothelial cell plasma membrane; blue, DAPI). (F) Results from (E) were
quantified by counting TUNEL-positive nuclei out of a total of 100 nuclei. (B and C) n = 10;
(D) n=6; (F) n=4; error bars indicate SEM. (B and F) *P < 0.05 compared against

Aktl™"; (C and D) *P < 0.05 compared to WT by two-way ANOVA.
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Fig. 3.

Ac?tivated eNOS, but not S176A eNOS, rescues impaired wound healing in Akt1-deficient
mice. (A) Wound closure time was monitored in mice from all groups. (B) Density of ECs
was analyzed by immunofluorescent staining with isolectin B4 (red). (C) Blood vessel
density in the wound tissue was quantified with ImageJ software. (A) n =5 mice repeated in
two different experiments; (C) n =3 mice per group with five pictures per mouse averaged;
(A and C) data are the mean + SEM.*P < 0.05 compared to WT; (C) *P < 0.05 compared to
wounded WT by two-way ANOVA.
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Fig. 4.
Activated eNOS, but not S1176A eNOS, rescues impaired blood flow in Akt1-deficient

mice. (A) Hind-limb ischemia was performed in the four groups of mice as described and
blood flow in the lower leg was monitored over 4 weeks. (B) Representative pictures of
control (left) and ischemic legs (right) after 4 weeks. (C) Clinical score was assessed over 4
weeks. Angiogenic endothelium (D) and pericyte recruitment (F) in ischemic muscle were
analyzed by immunofluorescent staining with isolectin B4 or smooth muscle a-actin,
respectively, and quantified in (E) and (G). (A and B) n=5 mice per group; (C, E, and G) n
=4, five slides were averaged per experiment; data are mean + SEM. (A and C) *P < 0.05
compared to WT and S1176D/Akt1™/~; (E and G) *P < 0.05 compared to control, *P < 0.05
compared to WT ischemic tissue by two-way ANOVA.
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Fig. 5.
Activated eNOS rescues induction of HIF-1a—responsive genes caused by Aktl deficiency.

(A) Mice were subjected to hind-limb ischemia and total RNA prepared for examination of
HIF-1a-responsive gene induction by quantitative reverse transcription PCR (qRT-PCR)
from gastrocnemic muscles 6 or 24 hours after ischemia. (B) HIF-1a protein in
gastrocnemius muscle extracts was quantified 6 hours after ischemia (n.d., not detectable).
(C) WT and Akt1~/~ MLECs were subjected to 0.5% oxygen for 12 hours in the presence
and absence of .-NNA or DETA-NONOate and induction of HIF-1a-responsive genes was
analyzed by gRT-PCR. (D) WT and Aktl™~ MLECs were subjected to 0.5% oxygen for 3
hours in the presence and absence of --NNA or DETA-NONOate. Cell lysates from three
independent experiments were analyzed for HIF-1a, Aktl, and -actin by Western blot. (E)
HIF-1a levels from the cell lysates were quantified and expressed relative to actin. (A, B, C,
and E) n = 3, error bars indicate SEM. (A) *P < 0.05 compared to WT. (C) *P < 0.05
compared to WT cells. (E) *P < 0.05 compared against normoxia in the respective genotype
of cells by two-way ANOVA.
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