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Mammalian target of rapamycin (mTOR) is a serine/threonine kinase that regulates a diverse array of cellular processes, includ-
ing cell growth, survival, metabolism, and cytoskeleton dynamics. mTOR functions in two distinct complexes, nTORC1 and
mTORC2, whose activities and substrate specificities are regulated by complex specific cofactors, including Raptor and Rictor,
respectively. Little is known regarding the relative contribution of mTORCI versus mTORC?2 in vascular endothelial cells. Using
mouse models of Raptor or Rictor gene targeting, we discovered that Rictor ablation inhibited vascular endothelial growth factor
(VEGF)-induced endothelial cell proliferation and assembly in vitro and angiogenesis in vivo, whereas the loss of Raptor had
only a modest effect on endothelial cells (ECs). Mechanistically, the loss of Rictor reduced the phosphorylation of AKT, protein
kinase Ca (PKCat), and NDRG1 without affecting the mTORC1 pathway. In contrast, the loss of Raptor increased the phosphor-
ylation of AKT despite inhibiting the phosphorylation of S6K1, a direct target of mTORCI. Reconstitution of Rictor-null cells
with myristoylated AKT (Myr-AKT) rescued vascular assembly in Rictor-deficient endothelial cells, whereas PKCa rescued pro-
liferation defects. Furthermore, tumor neovascularization in vivo was significantly decreased upon EC-specific Rictor deletion in
mice. These data indicate that mTORC?2 is a critical signaling node required for VEGF-mediated angiogenesis through the regu-

lation of AKT and PKCa in vascular endothelial cells.

lood vessels supply oxygen and nutrients for tissue growth and

repair. In response to hypoxia, ischemia, or developmental
cues, new capillary sprouts are formed from preexisting vessels in
a complex process called angiogenesis. Critical steps for angiogen-
esis include endothelial tip cell migration, stalk cell proliferation,
vascular sprout coalescence into tubular structures, stabilization
of newly formed vessels by deposition of basement membrane,
recruitment of perivascular supporting cells, and initiation of
blood flow (reviewed in references 1-3). Each of these events is
tightly regulated at the molecular level during normal develop-
ment and tissue maintenance, and these same molecular regula-
tors are often exploited during angiogenesis-dependent diseases
such as cancer, inflammatory disorders, and retinopathy.

Angiogenesis is regulated by a complex interplay between
proangiogenic and antiangiogenic factors. A major signaling
event downstream of proangiogenic factors such as vascular
endothelial growth factor (VEGF) is the activation of AKT (4—
6), which is regulated by phosphoinositide-dependent kinase 1
(PDK1) and mammalian target of rapamycin (mTOR) com-
plex 2 (mTORC2). mTOR is a serine/threonine kinase that
regulates a diverse array of cellular processes, including cell
growth, survival, metabolism, and cytoskeleton dynamics (re-
viewed in references 7 and 8). mTOR functions in two distinct
complexes, mMTORCI and mTORC2, whose activities and sub-
strate specificities are regulated by complex specific cofactors,
including Raptor and Rictor, respectively. Targets downstream
of mTORCI regulate protein and lipid synthesis as well as en-
ergy metabolism. Key molecular targets of mTORCI include
4E-BP1, p70 S6K1, and mediators of lipid synthesis (8). In
contrast, much less is known about the mTORC2 signaling
pathway. mTORC2 phosphorylates a conserved hydrophobic
motif (HM) in each AKT isoform, serving as an AKT “S473”
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kinase (9). mTORC?2 also activates additional members of the
AGC subfamily of kinases, including SGK1 and protein kinase
Ca (PKCa), regulating cell viability and cytoskeletal organiza-
tion (10, 11).

Signaling of mTORCI and, to a lesser extent, mMTORC2 has
been extensively studied in metabolic diseases and cancer. How-
ever, very little is known regarding the relative contributions of
mTORC1 and mTORC2 signaling in vasculature. Phung et al.
showed previously that pathological angiogenesis induced by sus-
tained AKT signaling can be inhibited by rapamycin (12), demon-
strating the importance of mTOR signaling in neovascularization.
Moreover, hypoxia induces transient mTORCI activity but sus-
tained mTORC?2 activity in vascular endothelial cells (ECs), fur-
ther suggesting the relevance of mMTORC?2 activity in angiogenesis
(13). Accordingly, activated vasculature represents a good target
for mTOR inhibition. Rapamycin and its analogues (rapalogues)
have been associated with limited efficacy in cancer and other
diseases due to a relief of negative-feedback inhibition of several
oncogenic pathways (11, 14). As a result, mTOR kinase inhibitors
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that inhibit both mTORC1 and mTORC2 have been developed.
These compounds have been shown to reduce VEGF production
and angiogenesis in several animal models (15). However, the
specific impact of these agents on tumor vasculature cannot be
determined due to their simultaneous effects on both complexes
in both tumor and endothelial cells.

To understand the relative contributions of mTORCI and
mTORC2 function to angiogenesis, we analyzed conditional loss-
of-function models harboring floxed alleles encoding either the
essential mMTORCI subunit Raptor or the mTORC2 subunit Ric-
tor (16, 17). Rictor ablation inhibited endothelial cell proliferation
and assembly in vitro as well as subcutaneous angiogenesis and
tumor neovascularization in vivo. In contrast, the loss of Raptor
had only a modest effect on endothelial cells. Biochemical analysis
revealed that mTORC2 deficiency affected both AKT activity and
the phosphorylation of PKCa. Interestingly, constitutively active
AKT rescued vascular assembly but not proliferation defects in
Rictor-deficient endothelial cells, whereas PKCa led to a recipro-
cal outcome. Thus, we have identified that distinct mTORC2 tar-
gets can selectively regulate unique steps in angiogenic remodel-
ing, revealing an important branch point downstream of this
signal-transducing complex in vascular endothelial cells.

MATERIALS AND METHODS

Mice, adenoviruses, and reagents. Rictor™! mice were provided by Mark
Magnuson (Vanderbilt University, Nashville, TN) (18). Raptor™™ mice
were generated in Sabatini laboratory and purchased from Jackson Labo-
ratories (Bar Harbor, ME) (19). Endothelial SCL-CreERT2 transgenic
mice were provided by Joachim Gothert (University Hospital Essen, Es-
sen, Germany) (20).

Ad5-CMV-AKT1 (myristoylated) (catalogue number 1020) (1 X 10*°
PFUml ') and Ad5-CMV-PKCa (catalogue number JMAd-68) (1 X 10°
PFU ml™") adenoviruses were purchased from Vector Biolabs and Seven
Hills Bioreagents, respectively. Cre adenovirus was generously provided
by Rebecca Cook (Vanderbilt University, Nashville, TN). Mouse recom-
binant VEGF protein (catalogue number 493-MV), basic fibroblast
growth factor (bFGF) (catalogue number 3139-FB-025), and human an-
giopoietin 1 (Angl) (catalogue number 923-AN-025) were purchased
from R&D Systems and used at 20 to 200 ng/ml, as indicated for different
assays. The AKT inhibitor 5J8/0360263-1 was a kind gift from Craig Lind-
sley (Vanderbilt University, Nashville, TN) and was described previously
(21). The mTOR inhibitor rapamycin was purchased from Calbiochem
(catalogue number 553211) and used at 5 nM. A phosphatase inhibitor,
calyculin A (catalogue number CAS 101932-71-2), was purchased from
Calbiochem and used at 50 ng ml~'. Tamoxifen (catalogue number
T5648) (15 mgml~ ') and fluorescein isothiocyanate (FITC)-labeled dex-
tran (catalogue number 74817) (150 kDa; 2%) were obtained from Sigma
and reconstituted in sunflower seed oil and 1X phosphate-buffered saline
(PBS), respectively.

Mouse monoclonal anti-Rictor (catalogue number 05-1471; Milli-
pore) and anti-B-tubulin (catalogue number T4026; Sigma) and rabbit
polyclonal anti-phosphorylated PKCa (anti-p-PKCa) (S657) (catalogue
number ab23513; Abcam), anti-p-PKCe (§729) (catalogue number SC-
12355; Santa Cruz), and anti-phospholipase C-y1 (anti-PLC-y1) (cata-
logue number SC-81; Santa Cruz) antibodies were purchased and used for
Western blotting at 1:1,000, 1:2,500, 1:1,000, 1:1,000, and 1:5,000 dilu-
tions, respectively. Rabbit polyclonal antibodies against Raptor (catalogue
number 2280), p-AKT (S473) (catalogue number 4060), total AKT (cat-
alogue number 2920), p-NDRG1 (T346) (catalogue number 5482),
p-S6K1 (T389) (catalogue number 9234), total S6K1 (catalogue number
9202), p-PLC-y1 (Y783) (catalogue number 14008), p-PKC3 (T505) (cat-
alogue number 9374), p-p38 (T180/Y182) (catalogue number 9211), total
p38 mitogen-activated protein kinase (MAPK) (catalogue number 9212),
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total PKCa (catalogue number 2056), p-PDK1 (S241) (catalogue number
3061), total PDK1 (catalogue number 5662), phosphorylated endothelial
nitric oxide synthase (p-eNOS) (S1177) (catalogue number 9571), and
total eNOS (catalogue number 9572) and rabbit monoclonal antibodies
against p-AKT (T308) (catalogue number 4056), p-4E-BP1 (T37/46) (cat-
alogue number 2855), total 4E-BP1 (catalogue number 9644), and total
NDRGI (catalogue number 9408) were purchased from Cell Signaling
Technology and used according to the manufacturer’s protocols.

Cell culture, viral transduction, and siRNA transfection. Murine
pulmonary microvascular endothelial cells (MPMECs) were isolated
from 1- to 3-month-old Rictor™™ or Raptor™ mice and maintained in
EGM-2 medium (Lonza) for <5 passages, as described in our previous
studies (22-25). For adenovirus-mediated expression of Cre (Ad-Cre) or
Ad-LacZ, MPMECs were seeded into 10-cm dishes at 70 to 80% conflu-
ence and infected with 107 PFU ml ™! virus for 48 h prior to biological
assays and Western blot analysis.

For assays involving PKCa silencing, 2 X 10> MPMECs were plated
onto a 6-cm plate at ~50% confluence and transfected with 50 pmol of
ON-TARGETplus SMARTpool small interfering RNA (siRNA) against
mouse PKCa (catalogue number L-040348-00-0005) or ON-TARGET-
plus Non-Targeting pool siRNA (catalogue number D-001810-10-05)
(Dharmacon), using Lipofectamine RNAIMAX transfection reagent (In-
vitrogen). Forty-eight hours after transfection, cells were serum starved
with EBM-2 medium containing 0.2% fetal bovine serum (FBS) overnight
and subjected to proliferation or vascular assembly assays as described
below.

Human umbilical vein endothelial cells (HUVECs) were purchased
from Lonza and maintained in EGM-2 medium (Lonza) for <10 pas-
sages. For signaling analysis, 2 X 10° HUVECs on 6-cm plates were trans-
fected with 50 pmol of siRNAs against Raptor (catalogue number
D-004107-03-0005; Dharmacon), Rictor (catalogue number D-016984-
01-0005; Dharmacon), or the no-target control by using Lipofectamine
RNAIMAX reagent. Forty-eight hours after transfection, cells were serum
starved overnight, stimulated with VEGF (20 ng ml ™ '), and harvested for
Western blotting. For signaling analysis involving adenovirus infection,
HUVECs were treated with control siRNA or siRNA against Rictor (siRic-
tor) for 24 h, followed by viral transduction (Ad-myristoylated AKT
[Myr-AKT] or Ad-PKCa) for another 24 h. Cells were then serum starved
and stimulated with VEGF for signaling analysis.

Western blot analysis. MPMECs transduced with either Ad-Cre or
Ad-LacZ were serum starved in EBM-2 medium containing 0.2% FBS
overnight and stimulated with recombinant VEGF (20 ngml ™ ") following
a time course. Cells were harvested and lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (50 mM Tris-Cl [pH 8.0], 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, protease inhibitor cocktail [Sigma],
and phosphatase inhibitor cocktail tablet [Roche]) for Western blot anal-
ysis. Thirty to fifty micrograms of proteins from clarified lysates was sep-
arated by SDS-PAGE and transferred onto nitrocellulose membranes.
Membranes were blocked in 5% nonfat dry milk in TBS-T buffer (50 mM
Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20) for 30 min, followed by
incubation with primary antibody in blocking buffer from 1 h to over-
night at room temperature. Blots were washed three times with TBS-T
buffer and then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies (Promega) for 1 h. Signals were detected by using Clar-
ity Western ECLSubstrate (Bio-Rad).

BrdU-labeled cell proliferation assay. MPMECs transduced with ei-
ther Ad-Cre or Ad-LacZ were grown on coverslips in EBM-2 medium
containing 0.2% FBS for 24 h, followed by incubation with the same
medium containing bromodeoxyuridine (BrdU) (10 ng ml™") in the
presence or absence of recombinant VEGF (20 ng ml ') for an additional
16 h. The incorporation of BrdU into proliferating cells was detected by
using the In Situ Cell Proliferation kit (Roche) according to the manufac-
turer’s instructions. Briefly, cells were fixed with 2% paraformaldehyde
for 20 min and permeabilized with 1% Triton X-100 in PBS for 5 min.
DNA was denatured by incubation with 2 N HCI for 30 min at 37°C,
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followed by five rinses in PBS to bring the pH back to 7.0. Cells on cover-
slips were blocked for 30 min by using 3% bovine serum albumin (BSA) in
PBS and then probed with a fluorochrome-conjugated anti-BrdU anti-
body (1:15; Roche) in a humidified chamber at 37°C for 60 min. After
several washes with PBS, coverslips were mounted onto slides by using
ProLong Gold antifade reagent containing 4',6-diamidino-2-phenylin-
dole (DAPI) (Invitrogen). Images were taken by using a 40X objective on
an Olympus inverted fluorescence microscope and processed by using the
Cellsens Dimension software program. BrdU-positive cells were quanti-
fied by counting >200 cells per sample, and the proliferation index was
calculated as the percentage of BrdU-positive nuclei/total nuclei.

In vitro vascular assembly assay. In vitro vascular assembly assays
were performed as described previously (22, 23). Briefly, 24-well plates
were coated with 100 .l of growth factor-reduced Matrigel (Becton-Dick-
inson) for 30 min at 37°C. MPMECs transduced with either Ad-Cre or
Ad-LacZ were serum starved in EBM-2 medium containing 0.2% FBS
overnight. A total of 3.5 X 10* cells were plated into each well of a 24-well
plate in the presence or absence of VEGF (20 ng ml™ ). Vascular assembly
into capillary-like structures was documented after 16 h. Images were
acquired on an Olympus CK40 inverted microscope through an Optron-
ics DEI-750C charge-coupled-device (CCD) video camera using the
Cellsens Dimension software program. The degree of assembly was quan-
tified by counting the number of intersections between branches in as-
sembled endothelial cell networks per 10X field in 3 independent fields in
each well, with triplicate samples per condition. In some experiments,
MPMECs were transduced with Myr-AKT (0.25 X 10”7 PFU ml™")- or
PKCa (0.25 X 10° PFU ml™')-expressing adenoviruses for 48 h prior to
assembly assays.

Endothelial cell in vitro permeability assay. An endothelial cell
monolayer permeability assay was performed as described previously (26,
27). Briefly, 1 X 10° MPMECs were plated onto one insert of a transwell
plate with 3.0-pwm pores (catalogue number 354575; Corning) in EGM-2
growth medium. Seeding of endothelial cells was repeated 24 h later. For-
ty-eight hours after the first seeding, cells were serum starved with EBM-2
medium containing 0.2% FBS for 4 h. VEGF (20 ng ml~ ') and FITC-
labeled dextran (70 kDa; 250 wg ml™!') (catalogue number 46945-
100MG-F; Sigma-Aldrich) were simultaneously added into the lower
chamber of each well. Twenty-microliter aliquots of medium were re-
moved from the upper inserts every 30 min and diluted in 80 pl water/well
in a 96-well assay plate. The fluorescence intensity of FITC-labeled dex-
tran that passed through the inserts was measured by using a Synergy HT
multiwell plate reader (Bio-TEK Instrument Inc.) with fluorescence set-
tings (485 nm for excitation and 520 nm for emission).

In vivo sponge angiogenesis assay. All animals were housed under
pathogen-free conditions, and experiments were performed in accor-
dance with AAALAC guidelines and with Vanderbilt University Institu-
tional Animal Care and Use Committee approval. Rictor™? or Raptor?
animals were crossed to endothelial SCL-CreERT2 transgenic mice. Rap-
tor™? (wild type [WT]), SCL-CreERT2 Raptorﬂ/ fl (Raptor knockout
[KO]), Rictor® (WT), or SCL-CreERT2 Rictor™ (Rictor KO) mice were
given tamoxifen (3 mg/animal) every other day via intraperitoneal injec-
tion for 14 days. At day 7, each recipient animal received one VEGF (100
ng ml™')-impregnated surgical sponge and one PBS control sponge im-
planted in the contralateral flank, as described previously (22). A week
after implantation, the mice were injected with a 2% FITC-dextran—
phosphate-buffered saline solution to visualize host blood vessels (22, 23),
after which the sponges were collected and analyzed. Whole-mount im-
ages were acquired on an Olympus CK40 inverted microscope with an
Optronics DEI-750C charge-coupled-device video camera using the
Cellsens Dimension software program. Blood vessels within the sponges
were quantified by the FITC-dextran fluorescence pixel area (X 10 mag-
nification). Data represent results from five independent sponges under
each condition. Statistical significance was determined by a two-tailed,
paired Student ¢ test. Vessel identity was confirmed in paraffin sections
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prepared from sponges by costaining with the endothelial cell marker von
Willebrand factor (VWEF) (28-30).

Tumor allograft studies. To evaluate endothelial cell-specific roles of
Rictor in tumor growth, 8-week-old Rictor™? (wild-type control) or SCL-
CreERT2 Rictor™ mice were given tamoxifen (3 mg/animal) every other
day via intraperitoneal injection for 14 days. At day 10, 2 X 10° Lewis lung
carcinoma (LLC) cells were injected subcutaneously into SCL-CreERT2
Rictor™? or wild-type control recipient mice. Tumor progression was
monitored by palpation, and tumor size was measured by a digital caliper.
Tumor volume was calculated by using the following formula: volume =
length X width? X 0.52. At the end of the experiments, tumors were
harvested, and tumor sections were prepared for histological analyses.
Tumor cell proliferation was quantified by calculating the average per-
centage of PCNA-positive (PCNA™) nuclei relative to total nuclei (four
fields of at least five tumors per genotype or treatment condition were
assessed). Apoptosis assays were performed by using the Apoptag Red in
situ apoptosis detection kit according to the manufacturer’s protocol
(Chemicon International). Apoptosis was measured as the percentage of
terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling (TUNEL)-positive nuclei relative to the total number of nuclei
(four fields from at least five independent tumors per genotype or treat-
ment condition were assessed). Immunofluorescence staining for von
Willebrand factor was performed as described previously (28). Tumor
vessel density was determined by assessing the VWF ¥ vessels/pixels in four
fields per sample of at least five independent tumors per genotype or
treatment condition. Antibodies against the following proteins were used:
biotin-conjugated anti-PCNA (catalogue number 555567; Pharmingen),
vWF (catalogue number A0082; Dako Cytomation), and anti-rabbit an-
tibody—Alexa Fluor 594 (catalogue number A-110-12; Life Technologies).
Additionally, Retrievagen A (pH 6.0) (catalogue number 550524; BD
Pharmingen), streptavidin peroxidase reagents (catalogue number 51-
75477E; BD Pharmingen), and a liquid 3,3’-diaminobenzidine tetrahy-
drochloride (DAB) substrate kit (Zymed Laboratories) were used. Cyto-
seal XYL (Richard Allan Scientific) or ProLong Gold antifade reagent with
DAPI (Life Technologies) was used to mount slides.

RESULTS

Rictor is critical for endothelial cell proliferation and vascular
assembly. To investigate the relative contributions of Raptor and
Rictor in vascular endothelial cells, murine primary pulmonary
microvascular endothelial cells (MPMECs) were isolated from
Raptor™ or Rictor™ mice and transduced with either LacZ- or
Cre-expressing viruses to generate Rictor- or Raptor-deficient en-
dothelial cells. To analyze the role of mMTORC2 versus mTORCI in
angiogenic responses, we measured endothelial cell proliferation
and vascular assembly in Rictor-deficient and Raptor-deficient
MPMECs. The loss of Rictor inhibited VEGF-induced prolifera-
tion, whereas the loss of Raptor had only a modest effect on cell
proliferation (Fig. 1A). Next, we measured the effects of Rictor or
Raptor loss on endothelial cell assembly into interconnected tube-
like structures on a matrix (vascular assembly), a key step in the
angiogenic process. As shown in Fig. 1B, vascular assembly in
response to VEGF was significantly impaired in Rictor-deficient
MPMEQC:s relative to wild-type control cells. In contrast, VEGF-
induced assembly was increased in Raptor-deficient endothelial
cells. To test the effects of Raptor and Rictor on the regulation of
the flow of small molecules through endothelial monolayers, we
performed an in vitro vascular permeability assay. The loss of ei-
ther Raptor or Rictor reduced VEGF-induced cell permeability
(Fig. 1C). Collectively, these results indicate that mTORC2 func-
tion is required for VEGF-induced angiogenic responses, whereas
mTORCI has a relatively modest effect on vascular endothelial
cell function.
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FIG 1 Rictor is required for endothelial cell proliferation, vascular assembly, and permeability. Primary microvascular endothelial cells were isolated from
Rictor™ or Raptor™ mice, and targeted deletion of the Rictor or Raptor allele was induced by transducing cells with Cre- or control LacZ-expressing
adenoviruses. Cells were serum starved for 24 h and stimulated with VEGF (20 ng/ml). Data from three independent experiments were pooled and are presented
asmeans * standard errors of the means. Pvalues of <0.05 were considered to be statistically significant (two-tailed Student ¢ test). WT, wild type; KO, knockout.
(A) Cell proliferation was assessed by BrdU incorporation. Proliferation indices were calculated as the percentage of BrdU™ nuclei/total nuclei. Arrowheads
indicate BrdU-positive cells. (B) Vascular assembly on Matrigel was measured as described in Materials and Methods. The degree of assembly was quantified by
enumerating branching points of the assembled vascular network. (C) Cell permeability was assayed as described in Materials and Methods. Representative
kinetics of dextran-FITC that passed through the monolayer of endothelial cells with a Raptor or Rictor deletion are shown. *, P < 0.05; s, P < 0.01.

mTORC1 and mTORC2 signaling in wild-type, Rictor-defi-  phorylation levels of AKT at both residues S473 and T308 (Fig.
cient, or Raptor-deficient primary endothelial cells in response to  2B). S473 of AKT is a major downstream target of mTORC2,
VEGF stimulation was assessed by Western blot analyses. The and decreased phosphorylation levels at S473 validate that the
loss of Rictor did not affect the expression of Raptor, a key loss of Rictor impairs mTORC2 signaling. Although T308 is
component of mTORCI, but significantly decreased the phos- not a direct target of mTORC2, reduced phosphorylation at
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mice, and targeted deletion of the Rictor or Raptor allele was induced by transducing cells with Cre- or control LacZ-expressing adenoviruses, as described in the
legend to Fig. 1. Raptor KO (A), Rictor KO (B), or WT control cells were serum starved overnight and stimulated with VEGF (20 ng/ml) for 0, 5, 15, or 30 min,
and lysates were harvested for signaling analysis using the indicated antibodies. Experiments were repeated 2 to 3 times, and representative blots for each signaling

component are shown.

T308 upon Rictor ablation suggests that it can be indirectly
regulated by mTORC2. However, despite the decreased phos-
phorylation of AKT at T308, phosphorylation of S6K1 (T389),
a key signaling component downstream of mTORC1, was not
affected significantly (Fig. 2B). In contrast, the phosphoryla-
tion of NDRGL1 (T346), a downstream target of SGK1, and the
phosphorylation of PKCa (S657) were markedly decreased
(Fig. 2B), suggesting that the loss of Rictor attenuates mTORC2
signaling without affecting mTORCI signaling. In comparison,
the loss of Raptor reduced the phosphorylation of S6K1 with-
out affecting the phosphorylation of PKCa and NDRG1, indi-
cating an inhibition of mTORCI but not mTORC?2 signaling
(Fig. 2A). However, the phosphorylation of AKT at both the
$473 and T308 sites was increased upon the loss of Raptor, consistent
with previously reported findings that an inhibition of mMTORCI sig-
naling alone leads to a relief of negative-feedback inhibition (11).
Other signaling molecules known to be regulated by VEGF, such as
PKCS, PKCe, extracellular signal-regulated kinase 1/2 (ERK1/2),
PLC-y, and p38 MAPK, were not affected by Rictor or Raptor defi-
ciency in endothelial cells (Fig. 2).

To address whether the mTORC2 signaling changes upon Ric-
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tor ablation in angiogenesis are specific to VEGF stimulation, we
also treated cells with bFGF or angiopoietin 1 (Angl) (Fig. 3).
Stimulation with either bFGF or Angl induced largely similar re-
sults for endothelial cell signaling in Rictor-null and Raptor-null
cells, relative to VEGF stimulation, suggesting that mTOR is a
common signaling node for proangiogenic factors.

Myr-AKT rescues vascular assembly in Rictor-deficient en-
dothelial cells without affecting cell proliferation. AKT is known
to regulate cell growth, survival, and motility in many cell types.
Because AKT (S473) phosphorylation levels were markedly de-
creased in Rictor knockout endothelial cells (Fig. 2B), we investi-
gated whether activated AKT can rescue growth and/or assembly
phenotypes in Rictor-deficient endothelial cells. We used consti-
tutively activated myristoylated AKT (Myr-AKT), which bypasses
the physiological role of PH domain-mediated binding to PIP3
(31). While Myr-AKT rescued the defects in vascular assembly in
Rictor KO cells (Fig. 4B), surprisingly, it had no effect on cell
proliferation (Fig. 4A), indicating that activated AKT alone is not
sufficient for endothelial cell proliferation. Accordingly, we exam-
ined two other downstream targets of mTORC2. As shown in
Fig. 4C, the expression of Myr-AKT rescued phosphorylation lev-
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els of NDRG1 but not PKCa in Rictor-deficient endothelial cells,
suggesting that PKCa may represent a distinct signaling arm
downstream of mMTORC2 that may be required for proliferation in
vascular endothelial cells.

Because increased vascular assembly in Raptor-null endothe-
lial cells was associated with increased phosphorylation levels of
AKT at both the T308 and S473 sites (Fig. 2A), we investigated if
upregulated AKT activity was responsible for the increased vascu-
lar network morphogenesis in Raptor knockout cells using an al-
losteric AKT inhibitor, 5J8/0360263-1 (21). As expected, the in-
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hibitor significantly abrogated the phosphorylation of AKT in
endothelial cells (Fig. 5A). It also abolished vascular assembly in
both WT and Raptor knockout endothelial cells (Fig. 5B). In ad-
dition, treatment of endothelial cells with rapamycin decreased
AKT phosphorylation at S473 (Fig. 5A) and rescued the assembly
phenotype in Raptor-null cells (Fig. 5C). Collectively, these data
suggest that AKT plays a central role in vascular network forma-
tion in endothelial cells.

Expression of PKCa rescues proliferation defects in Rictor-
null cells. To test if PKCa, alone or in combination with AKT, is
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required for proliferation in vascular endothelial cells, Rictor-de-
ficient endothelial cells were transduced with viruses expressing
PKCa either alone or in combination with Myr-AKT. Overex-
pression of PKCa alone did not affect phosphorylation levels of
AKT or another mTORC2 downstream target, NDRG1, but did
increase the phosphorylation of PKCa at S657. The expression of
both PKCa and Myr-AKT upregulated the phosphorylation of
AKT (5473), NDRG1 (T473), and PKCa (S657) (Fig. 6C). In con-
trast to Myr-AKT, PKCa alone had no effect on vascular assembly,
but the addition of Myr-AKT restored vascular assembly in Ric-
tor-deficient cells (Fig. 6B), consistent with our above-described
finding that AKT plays an important role in vascular network
formation (Fig. 4). Interestingly, PKCa alone or with Myr-AKT
partially rescued the proliferation defects in Rictor-deficient en-
dothelial cells (Fig. 6A). To complement our PKCa expression
studies in Rictor-null cells, we knocked down PKCa via siRNA in
wild-type endothelial cells. The depletion of PKCa significantly
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inhibited cell proliferation but had no effect on vascular assembly
(Fig. 6D). Together, these results suggest that PKCu is critical for
endothelial cell proliferation downstream of mTORC2.

Rictor is required for angiogenesis in vivo. To analyze the role
of mTORC1 and mTORC2 in angiogenesis in vivo, we initially
crossed Rictor or Raptor floxed mice with transgenic animals ex-
pressing endothelial cell-specific Tie2-Cre. Analysis of ~100 pups
failed to identify Rictor-null animals, indicating embryonic lethal-
ity (Table 1). Likewise, the loss of Raptor also appeared to result in
embryonic death (Table 1). These results suggest that both Rictor
and Raptor play critical roles in embryonic angiogenesis.

To assess the role of Rictor or Raptor in adult tissue angiogen-
esis, we crossed Rictor floxed mice with inducible endothelial
SCL-CreERT?2 transgenic animals (20). Tamoxifen was adminis-
tered to Rictor™ or SCL-CreERT?2; Rictor™ mice to induce LoxP
recombination. After 7 days of tamoxifen treatment, surgical
sponges were impregnated with either VEGF or the PBS vehicle
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control into the opposing dorsal flanks of Rictor™ (WT) or SCL-  dothelial cells isolated from KO mice relative to WT animals.
CreERT2; Rictor™™ (KO) recipient mice. One week following im-  Sponges harboring VEGF stimulated a robust angiogenic re-
plantation, FITC-dextran was injected intravenously to visualize  sponse in WT mice, with a significant increase in the number of
and quantify blood vessels in the sponge. As shown in Fig. 7A, FITC-positive surface blood vessels (green), relative to sponges
tamoxifen treatment abolished Rictor expression in primary en-  containing the vehicle alone. In contrast, VEGF failed to induce
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TABLE 1 Raptor or Rictor deletion in endothelial cells causes
embryonic lethality in mice®

No. of mice % of mice with

Genotype genotyped genotype
Raptor conditional knockout

Raptor™f/Tie2-Cre 0 0

Raptor/! 29 44.6

Raptor™*/Tie2 15 23.1

Raptor/™ 21 323

Total 65 100
Rictor conditional knockout

Rictor¥/Tie2-Cre 0 0

Rictor™" 31 29.5

Rictor™ */Tie2-Cre 36 34.3

Rictor”* 38 36.2

Total 105 100
@ Wild-type female mice (Raptor™ or Rictor™) were mated with male transgenic mice

(Raptor*/Tie2-Cre or Rictor™ */Tie2-Cre) to generate offspring with the Raptor or
Rictor allele deleted in endothelial cells. Genotypes of pups were determined by PCR
analysis, and the distribution of each genotype was calculated as a percentage of the

robust angiogenesis in EC-specific Rictor KO mice. To analyze
vessels that infiltrated the sponges, paraffin sections prepared
from sponges were stained with von Willebrand factor (VWF)
(28-30), an endothelial cell marker, confirming that the FITC-
positive structures observed were functional blood vessels. Collec-
tively, these data suggest that mTORC?2 function is required for
adult tissue angiogenesis in vivo.

To compare the roles of Rictor and Raptor in adult angio-
genesis, we also crossed Raptor floxed mice with inducible en-
dothelial SCL-CreERT2 transgenic animals. However, Raptor
expression was only modestly reduced in endothelial cells, as
judged by Western blot analysis (Fig. 7B). Accordingly, we did
not observe significant changes in VEGF-induced angiogenesis
in vivo (Fig. 7B), suggesting that further studies are required to
determine the role of Raptor in adult tissue angiogenesis.

Rictor deficiency impairs tumor growth and tumor vessel
density in vivo. To directly determine the in vivo role of Rictor in
pathological angiogenesis, we transplanted Lewis lung carcinoma
(LCC) cells into Rictor-deficient animals. Compared to wild-type
mice, tumor growth in Rictor-deficient mice was greatly reduced
(Fig. 8A). Tumor cell proliferation, as measured by PCNA immu-
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FIG 7 Rictor is required for angiogenesis in vivo. (A) Rictor™"" mice were crossed to endothelial SCL-CreERT2 transgenic animals. Tamoxifen (3 mg/mouse) was
administered by intraperitoneal injection for 14 days to induce LoxP recombination. Deletion of Rictor alleles in isolated primary vascular endothelial cells was verified
by Western blot analysis. Surgical sponges impregnated with either VEGF or the vehicle were implanted in WT or EC-specific Rictor-deficient hosts subcutaneously in
the dorsal flanks. Seven days after transplantation, FITC-dextran was injected via the tail vein, and sponges were harvested. Angiogenesis was quantified by measuring the
fluorescent pixel area on the surface the sponge. Internal vessels were assessed by vVWF staining in paraffin sections derived from sponges. Experiments were repeated 2
times, and data were pooled and analyzed statistically. Arrows indicate dextran-perfused functional blood vessels, and arrowheads indicate VWF-positive endothelial cells
in the sponges. AU, arbitrary units. (B) Raptor™? mice were crossed to endothelial-SCL-CreERT2 transgenic animals as described above for panel A. Raptor-deficient or
control wild-type mice were subjected to a sponge angiogenesis assay as described above for panel A (n = 7/genotype). #+, P < 0.01; N.S., not significant.
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nohistochemistry, was significantly decreased in the endothelial
cell-specific Rictor-deficient host (Fig. 8B), whereas tumor cell
apoptosis, as measured by TUNEL staining, was unchanged (Fig.
8C). There was also a significant decrease in the number of tumor
microvessels in situ, as judged by immunofluorescence detection
of vWF to visualize endothelial cells (Fig. 8D). Collectively, these
results show that endothelial Rictor is required for tumor growth
and tumor neovascularization.

DISCUSSION

The serine/threonine kinase mTOR is a major signaling target
downstream of growth factors and cytokines. However, the role of
mTOR signaling in the vascular endothelium during angiogenic
responses had remained undefined. Surprisingly, in this report,
we have shown that mTORC2 is a major regulator of angiogenic
processes in adult primary endothelial cells, whereas mTORC1
has only a modest effect. Dissection of the mTORC2 effects on
proliferation and vascular assembly revealed an unexpected sig-
naling hierarchy of this complex. Rictor-deficient primary endo-
thelial cells display decreased cell proliferation and vascular as-
sembly when stimulated with VEGF in vitro. Phosphorylation of
AKT at S473, a direct target of mMTORC2, and at T308, a target of
PDKI1, was attenuated in Rictor-deficient endothelial cells. In ad-
dition, the loss of Rictor inhibited the phosphorylation of PKCa
and NDRGI, an SGK1 target. Activated AKT restored the phos-
phorylation of NDRG1 and vascular assembly but did not restore
PKCa activity or proliferation. In contrast, activated PKCo re-
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sulted in reciprocal effects, restoring proliferation without signif-
icantly affecting vascular assembly. These data suggest that the
primary role of mMTORC2 in endothelial cells is to regulate prolif-
eration and vascular assembly through two distinct signaling ef-
fectors, PKCa and AKT, respectively.

mTORCI was originally identified as the key target of rapamy-
cin, an immune suppressant that was subsequently found to in-
hibit tumor growth and angiogenesis (32). Although mTORC2
does not bind to rapamycin, prolonged treatment with rapamycin
also inhibits mTORC2 (33, 34), probably due to the sequestration
of mTOR in rapamycin-binding mTORC]1, thereby reducing the
availability of mTOR for mTORC2. Thus, the chronic effects of
rapamycin or its analogues (rapalogues) on angiogenesis might be
attributable to either mTORC1, mTORC2, or both. In addition,
the recent development of mTOR kinase inhibitors that block
both mTORCI1 and mTORC2 (15) makes it difficult to distinguish
the relative contributions of these distinct complexes in vascular
endothelial cells. Using a mouse model of endothelial cell-specific
gene targeting, we show that mTORC2 is critical for both cell
proliferation and vascular assembly. Rictor-dependent angiogenic
responses appear to be mediated dichotomously by the mTORC2
targets AKT and PKCa. While this study focuses on the role and
signaling mechanism of mMTORC2, mTORCI likely contributes to
VEGF-dependent angiogenesis independently. Indeed, cell prolif-
eration is moderately decreased in Raptor-deficient endothelial
cells (Fig. 1A), as is VEGF-induced cell permeability (Fig. 1C).
Further studies are required to determine Raptor’s role in adult
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tissue angiogenesis, as we were unable to achieve a complete dele-
tion of Raptor in vascular endothelial cells in our conditional
knockout model (Fig. 7B). In addition, knockdown of Raptor has
also been shown to affect the viability of rat aortic endothelial cells
in endothelial spheroids (13), and knockdown of S6K1 inhibited
VEGF-induced angiogenesis in vivo (35). However, our studies
provide a direct comparison between Rictor- and Raptor-defi-
cient cells in vitro, where deletion is complete (Fig. 1), or between
Rictor and Raptor knockdown in HUVECs (36) and demon-
strated the essential role of mTORC2 in primary vascular endo-
thelial cells.

Our data support a critical role of AKT downstream of mTORC2
in VEGF-induced endothelial cell assembly. The loss of Rictor mark-
edly decreased vascular assembly in response to VEGF stimulation,
accompanied by a decrease in the phosphorylation of AKT at both
residues S473 and T308. These defects were rescued by constitutively
activated Myr-AKT (Fig. 4B), suggesting that AKT activity is neces-
sary and sufficient for VEGF-induced endothelial cell assembly
downstream of Rictor-dependent mTORC2. This model is sup-
ported by data derived from direct targeting of AKT1 in endothelial
cells, which showed that a loss of AKT1 impairs VEGF-induced en-
dothelial cell migration and angiogenesis (6). Furthermore, increased
vascular assembly in Raptor-null endothelial cells was inhibited by an
AKT kinase inhibitor (Fig. 5B), suggesting a central role of AKT in
vascular network formation. Interestingly, despite its known role in
regulating cell growth, constitutively activated Myr-AKT alone does
not appear to be sufficient to rescue proliferation defects in Rictor-
null cells (Fig. 4A). Another mTORC2 target, PKCa, is required to
rescue proliferation in Rictor-deficient endothelial cells (Fig. 6A).

It has been reported that critical roles of AKT and PKCa in
angiogenesis can be mediated by their downstream effector eNOS
(37, 38). Accordingly, impaired nitric oxide (NO) synthesis could
account for the defect in proliferation and vascular assembly ob-
served upon Rictor deletion. We investigated the effects of the
Rictor or Raptor deficiency on eNOS phosphorylation in response
to VEGF stimulation. As shown in Fig. 9, the loss of Rictor or
Raptor markedly inhibited the phosphorylation of eNOS, which
could be rescued by the reexpression of Myr-AKT or PKCa in
Rictor-null cells, confirming that eNOS is one of the downstream
effectors of AKT and PKCa.. However, because p-eNOS levels are
decreased in both Rictor- and Raptor-deficient cells, which have
very different phenotypes, it is unlikely that the change in eNOS
alone accounts for the observed defects in endothelial cell prolif-
eration and vascular assembly in Rictor KO cells.

It is well established that S473 of AKT is a direct substrate of
mTORC2, whereas T308 is phosphorylated by PDK1. Therefore,
it is surprising that the loss of Rictor also reduced the phosphor-
ylation of the T308 site on AKT in endothelial cells. Similar results,
however, were reported previously, demonstrating that the phos-
phorylations of S473 and T308 are often coregulated (39—41). We
did not find significant changes in levels of activated PDK1, sug-
gesting that upstream signaling was not altered. Both protein
phosphatase 1 (PP1) and PP2A are known to associate with AKT
and have been implicated in its dephosphorylation (42-47).
Treatment of Rictor KO cells with a PP1/PP2A phosphatase inhib-
itor, calyculin A, markedly increased the phosphorylation of AKT
at T308 and S473 (Fig. 10). While these data confirmed that PP1/
PP2A can dephosphorylate AKT, it remains to be determined
whether PP1/PP2A is regulated by Rictor.

The data presented in this study showed that a loss of Rictor in
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cated antibodies.

vascular endothelial cells inhibits mTORC?2 signaling and endo-
thelial cell function. However, we cannot exclude a role of Rictor
in mTORC2-independent function in endothelial cells. For exam-
ple, Rictor can interact with integrin-linked kinase (ILK) to regu-
late AKT phosphorylation and cancer cell survival (48). More-
over, a second mTOR-independent Rictor function has been
discovered in Dictyostelium, where Rictor regulates cell migration
by suppressing Rho-GDP dissociation inhibitor 2 (RhoGDI2)
(49). Further studies are needed to determine the mTORC2-de-
pendent and -independent functions of Rictor in vascular endo-
thelial cells.

Our study on the mTORC2 function in vascular endothelial
cells and VEGF-induced angiogenesis has broad implications for
vascular diseases and cancer therapeutics. Allosteric inhibitors of
mTORCI, rapamycin and rapalogues, have been developed.
However, these drugs have limited efficacy due to the relief of

mcb.asm.org 1311


http://mcb.asm.org

Wang et al.

negative-feedback inhibition of several receptor tyrosine kinase
pathways (14, 50). Understanding the role of mTORCI versus
mTORC2 will allow more precise strategies to maximize efficacy
and minimize toxicity while selectively “fine-tuning” vascular re-
sponse characteristics. Furthermore, despite the promise of
mTOR kinase inhibitors and mTOR-AKT dual inhibitors, these
agents affect diverse signaling networks as well as energy metabo-
lism in the body, which may have long-term and currently un-
known effects on human health. Targeting mTORC2 specifically
may offer an independent therapeutic approach with potentially
fewer inherent toxicities. Such inhibitors could have an enhanced
therapeutic window while avoiding perturbation of the mTORCI-
dependent negative-feedback loops. Because there are currently no
specific inhibitors of mMTORC2 that do not affect mTORCI, genetic
ablation of Rictor allows us to model mTORC?2 inhibition specifically
in the vascular endothelium during tumorigenesis and progression.
These studies provide a rationale for the development of mTORC2-
specific inhibitors.
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