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Beclin 1 deficiency is associated with increased

hypoxia-induced angiogenesis
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Beclin 1, a tumor suppressor protein, acts as an initiator of autophagy in mammals. Heterozygous disruption of Beclin
1 accelerates tumor growth, but the underlying mechanisms remain unclear. We examined the role of Beclin 1 in
tumor proliferation and angiogenesis, using a primary mouse melanoma tumor model. Beclin 1 (Becn1*) hemizygous
mice displayed an aggressive tumor growth phenotype with increased angiogenesis under hypoxia, associated with
enhanced levels of circulating erythropoietin but not vascular endothelial growth factor, relative to wild-type mice.
Using in vivo and ex vivo assays, we demonstrated increased angiogenic activity in Becn1* mice relative to wild-type
mice. Endothelial cells from Becn1*- mice displayed increased proliferation, migration and tube formation in response to
hypoxia relative to wild-type cells. Moreover, Becnl*- cells subjected to hypoxia displayed increased hypoxia-inducible
factor-2a (HIF-2a) expression relative to HIF-1a. Genetic interference of HIF-2a but not HIF-1a, dramatically reduced
hypoxia-inducible proliferation, migration and tube formation in Becn1* endothelial cells. We demonstrated that mice
deficient in the autophagic protein Beclin 1 display a pro-angiogenic phenotype associated with the upregulation of HIF-
2a and increased erythropoietin production. These results suggest a relationship between Beclin 1 and the regulation of
angiogenesis, with implications in tumor growth and development.

Introduction

Angiogenesis, a multistep process involving cell proliferation,
migration and maturation of neovessels, is required for tumor
progression.' Rapidly growing tumors outpace the growth of
their supporting vasculature and thereby lack oxygen and nutri-
ents.”* Inadequate blood supply results in tissue hypoxia, a driv-
ing force behind the neovascularization of solid tumors. Adaptive
responses to hypoxia are increasingly recognized as critical in
physiological and pathological processes, and play important

roles in tumor survival >¢

Hypoxia induces the production of pro-
angiogenic factors including vascular endothelial growth factor
(VEGF)”® and erythropoietin (EPO) .

Many cellular responses to hypoxia are regulated through
the activation of hypoxia-inducible factor(s) (HIFs), which are
heterodimers of the Per-Arnt-Sim (PAS)/basic helix-loop-helix
family ((HLH) of transcription factors. HIF-1 consists of a con-
stitutively expressed subunit (HIF-1B), and an oxygen sensitive
subunit (HIF-1a). HIF-1a is continuously degraded under nor-
moxia by the proteasome, which is facilitated by the action of HIF
prolyl hydroxylase and Von-Hippel Lindau E3: ubiquitin ligase.
Recently a second oxygen-regulated subunit of HIF (HIF-2a)
also known as endothelial PAS domain protein 1 (EPAS1), has

been implicated in the regulation of angiogenesis.'** Collectively,
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HIFs regulate the expression of genes involved in energy metabo-
lism, neovascularization, proliferation and cell migration, and
thus act as promoters of tumor growth.'>

Autophagy, a homeostatic program for organelle or protein
turnover and nutrient recycling, has recently been implicated as a
physiological response to hypoxia.” During this process, de novo
synthesized double-membrane vesicles encapsulate cytosolic
material, which is subsequently delivered to the lysosomes for
proteolytic digestion.'® A number of genes critical for the regula-
tion of autophagy (Azg) have been identified in mammals, each
with distinct roles in the regulation of the autophagic pathway.”
Of these, Beclin 1, the mammalian homolog of yeast Atg6, plays
a critical upstream regulatory function in the initiation of the
autophagic pathway. Beclin 1 forms a multiprotein complex that
includes class III phosphatidylinositol-3-kinase (PI3K) (yeast:
Vps34) and pl50 (yeasr: Vpsl5). Additional proteins that can
interact with this complex include the mammalian homolog of
Atgl4, the ultraviolet radiation resistance associated tumor sup-
pressor gene protein (UVRAG) and Bcl-2 family proteins.'®*!
Upon cellular stimulation, the increased production of phospha-
tidylinositol-3-phosphate by class III PI3K/Vps34 regulates the
formation of nascent autophagosomes.*

Beclin 1 is now recognized as a tumor suppressor pro-
which  inhibits  cell and tumorigenesis.”

tein, growth
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Figure 1. Heterozygous disruption of
Becnl enhances hypoxia-induced
tumor growth and angiogenesis.
B16F10 melanoma cells were injected
subcutaneously in Becn7*+ and
Becn1* mice which were subsequently
exposed to normoxia or hypoxia for

3 weeks. (A) Macroscopic appearance
and (B) volume of B16F10 tumors from
BecnT** and BecnT*- mice after

3 weeks normoxia or hypoxia. Scale
bar, 5 mm. The graph shows mean
tumor volume + SD, (*p < 0.05,
Student’s t-test), n = 7 mice per treat-
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ment group. (C) H&E and (D) CD31
staining of B16F10 tumor sections
from Becni** or BecnT* mice exposed
to hypoxia for 3 weeks. Scale bars,

10 wm. (E) Blood vessel density in
tumors from Becn1** or Becn1*" mice.
Vessel density was quantified by
counting the number of vessels per
mm?in CD31 stained sections. Data
represent the mean + SD, n =5-6
tumors per group (*p < 0.05, Student’s
t-test). (F) HMB45 staining of melano-
ma cells in lung sections from tumor-
bearing mice after 3 weeks of hypoxia
exposure. Red arrows indicate HMIB45
positive cells. Scale bars, 50 pum (left

CONormoxia
1l Hypoxia

. +4+ +/-

-

w B (3]
(=] o o

per mm?
N
o

Number of vessels

-
o

0
Becn1

Normoxia

F

Becn1**

3

10_&1__

No. of HMB-45
stained cells (mm?)

-

I o5t
a’e
1

Becn1+*-

2
L/
A

50 m suml[, 10

Beclin 1 heterozygous knockout mice (BecnI*") display increased
tumor formation in vivo."*" However, the specific mechanism
by which Beclin 1 serves as a tumor suppressor molecule is not
known.

In the current study we show increases in tumor growth and
angiogenesis of implanted melanoma tumors in BecnI*~ mice
relative to their wild-type counterparts. These phenotypic obser-
vations in BecnI*” mice were accompanied by differential expres-
sion of HIF-2a and increased levels of circulating erythropoietin
(EPO). A better understanding of how autophagic proteins can
regulate the angiogenic process may lead to novel therapeutic

strategies in the treatment of cancer or vascular disorders.
Results

Becnl* mice display enhanced growth, angiogenesis and
migration of implanted melanoma tumors. To examine the
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part) and 10 um (right part).

(G) Quantification of HMB45 stained
cells in lung tissues from B16F10-
injected Becn1** and BecnT* mice
exposed to normoxia or hypoxia for
3 weeks. Data represent mean + SD.
(*p < 0.05, Student’s t-test), n = 5-6
lungs per condition.
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20 underlying mechanism(s) by which
Beclin 1 inhibits tumorigenesis, we
monitored the primary growth of a
B16F10 melanoma tumor cell line
implanted subcutaneously in Beclin
I hemizygous knockout (BecnI*")
mice or their corresponding wild-type (Becn*"*) littermate mice.
In wild-type mice, hypoxia exposure (3 weeks) enhanced tumor
growth relative to normoxia (Fig. 1A). In contrast, tumor size and
volume were dramatically increased in BecnI*" mice relative to
BecnI*"* mice under hypoxic conditions (Fig. 1A and B). A mod-
est increase in tumor size was also observed in BecnI* mice rela-
tive to BecnI*"* mice under normoxic conditions (Fig. 1A and B).

To examine whether differential tumor angiogenesis can
account for these findings, we isolated BI6F10 tumor tissue sec-
tions from Becnl* or BecnI* mice after 3 weeks of hypoxia
exposure. Significant increases in vascularization were observed
in tumor tissue recovered from Becnl* mice relative to Becnl**
mice by hematoxylin and eosin (Fig. 1C) and immunofluores-
cence staining using an antibody against CD31 (platelet endothe-
lial cell adhesion molecule-1), a marker of endothelial cells (Fig.
1D and E). No significant differences in tumor vascularization

+/+

were observed between the strains under normoxic conditions.
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To evaluate the occurrence and proliferation of melanoma
cells in the lungs of tumor-bearing mice, we stained lung tissue
sections from Becnl*" or Becnl*'* mice for the melanoma-specific
marker HMB45 (Fig. 1F and G). The abundance of HMB45-
positive cells was greater in the lungs of BecnI*"" mice relative to
BecnlI*"* mice after 3 weeks of hypoxia. No significant differences
were observed between the strains under normoxic conditions.

Becnl*"- mice display enhanced erythropoietin production
during hypoxia. Hypoxia can stimulate the release of growth fac-
tors such as VEGF and EPO which stimulate vascular cell pro-
liferation and angiogenesis.”'* While circulating EPO levels were
increased in the plasma after hypoxic exposure, the production
of EPO was markedly elevated in the Becni*'" relative to Becnl*'*
mice (Fig. 2A). In contrast, no differences in the circulating lev-
els of VEGF were detected between the strains (Fig. 2B). Similar
results were observed in tumor bearing BecnI*" or BecnI** mice
exposed to hypoxia (Fig. 2C and D).

Becnl*" mice are compromised for hypoxia-inducible auto-
phagy. The Becnl*"" mice were analyzed for Beclin 1 phenotype
and activation of autophagy in the lung in response to hypoxia.
Beclin 1 expression was moderately increased by hypoxia in wild-
type mice. In contrast, the Becnl*" mice displayed decreased
expression of Beclin 1 in the lung under basal conditions, as
well as after hypoxia stimulation, relative to Becnl*'* mice (Fig.
3A). Interestingly, BecnI* mice also displayed reduced expres-
sion and activation of the autophagic protein LC3B, as indicated
by decreased accumulation of LC3B-I and its faster migrating,
lipid-conjugated active form LC3B-II, under both normoxic
and hypoxic conditions, relative to wild-type mice (Fig. 3A).
Autophagosome formation was increased in the lung tissue of
hypoxia exposed wild-type animals. In contrast, BecnI*" mice
had markedly reduced autophagosome formation in lung tissue
relative to wild-type mice (Fig. 3B).

BecnI* vascular cells display enhanced proliferation,
migration and tube formation in vitro. We examined whether
Beclin 1 can influence the angiogenic activity of endothelial cells.
Mouse lung endothelial cells (mLEC) isolated from BecnI*" or
Becnl*'* mice were cultured under normoxia or hypoxia and
assayed for proliferation. Under normoxic conditions, there was
no apparent difference in cellular proliferation between Becni*
mLEC and Becnl** mLEC (Fig. 4A). The Becnl* mLEC
exhibited greater proliferation under hypoxia than the Becni*"*
mLEC (Fig. 4B and C). We also evaluated the role of Beclin 1
in pulmonary vascular cell proliferation. Stimulation with endo-
thelin-1 (ET-1, 40 nM) or PDGF-BB (20 ng ml") for 48 hrs dur-
ing hypoxia increased cell proliferation in PAEC (Fig. 4D) and
PASMC (Fig. 4E), respectively. Infection with Becnl-specific
siRNA further increased hypoxia and mitogen-dependent cell

Figure 3. Decreased autophagy phenotype in Becn1* mice. The
Becn1** and BecnT*- mouse were exposed to hypoxia or normoxia for
3 weeks. (A) Lung tissue homogenates were analyzed for the expres-
sion of LC3B-1/-Il and Beclin 1 by western immunoblot analysis. B-actin
served as the standard. (B) Lung tissue sections were fixed in glutar-
aldehyde and analyzed by electron microscopy forimmature (AVi) or
degradative (AVd) autophagosome formation. Total autophagosome
formation per 100 wm? area is quantitated from N = 15 sections.
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Figure 2. Beclin 1 deficiency results in enhanced levels of EPO produc-
tion during hypoxia exposure in mice. Quantification of (A) VEGF and
(B) EPO production in BecnT** and Becn1*- mouse plasma was deter-
mined by Quantikine™ ELISA after hypoxia exposure for 3 weeks. Data
are means £ SEM. (*p < 0.05, Student’s t-test), (n = 10 per group).

(Cand D) Circulating levels of VEGF and EPO from the plasma of B16F10-
injected mice exposed to hypoxia for 3 weeks. (*p < 0.05, Student’s

t-test), n =7 per group.
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Student’s t-test).

Figure 4. Heterozygous disruption of Becnl promotes hypoxia-induced endothelial cell prolifera-
tion, migration and tube formation. (A) The proliferation of Becn1** and Becn1* mLECs exposed to
normoxia was assessed by crystal violet staining. (B and C) Proliferation indices of mLECs exposed to
hypoxia (1% O,) were assessed by crystal violet and Trypan blue exclusion methods. Data represent
means + SEM from experiments in triplicate (*p < 0.05, Student’s t-test). (D and E) PAECs or PASMC
were transfected with control or BecnT siRNA. Western (inserts) shows validation of Beclin 1 expres-
sion levels following control or Becn1 siRNA treatment. 3-actin served as the standard. (D) Following
addition of ET-1 (40 nM), PAEC cultures were exposed to hypoxia or normoxia for an additional 48 h.
Data represent means = SEM in triplicate experiments. (*p < 0.05, Student’s t-test). (E) Following addi-
tion of PDGF-BB (20 ngml™) siRNA transfected PASMC cultures were exposed to hypoxia or normoxia
for an additional 48 h. Data represent means + SEM from three independent experiments. (*p < 0.05,

stress response or pro-inflammatory
mediators. Cultured Becnl*- mLEC
displayed

Nrf-2, a master regulator of stress-

increased expression of
gene expression, under normoxic or
hypoxic conditions, relative to wild-
type mLEC (Fig. 7A). Conversely, the
expression levels of Keap-1, the cyto-
plasmic anchor of Nrf-2, were reduced
in Becnl*” mice under normoxic or

proliferation relative to control siRNA-infected cells (Fig. 4D
and E). Furthermore, BecnI*” mLECs displayed enhanced
hypoxia-induced cell migration relative to BecnI** mLECs (Fig.
5A and B). The function of Beclin 1 in the morphological dif-
ferentiation of mLECs was investigated using a two-dimensional
Matrigel assay. When plated on growth factor-reduced Matrigel,
BecnI*"* mLEC formed an incomplete tube network under nor-
moxic conditions relative to BecnI*" mLEC. Hypoxia exposure
stimulated extensive tube networks in BecnI*~ mLECs, and a
greater number of cell connections relative to BecnI*'* mLECs
(Fig. 5C and D).

Becnl*" mice display enhanced angiogenesis in vivo. We
investigated whether Beclin 1 regulates neovascularization in vivo
by injecting Matrigel as subcutaneous plugs into BecnI*'* and
BecnI*- mice (Fig. 6A). Significant blood vessel formation and
inflammartory infiltrate were apparent in cross-sections of Matrigel
plugs recovered from both normoxia and hypoxia treated mice 14
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hypoxic conditions, relative to wild-
type mLEC (Fig. 7A). Furthermore, Becnl*~ mLEC displayed
increased levels of the phospho-form of the p65 subunit of NFkB,
a master regulator of inflammatory responses, under normoxic or
hypoxic conditions, relative to wild-type mLEC (Fig. 7B).

Enhanced expression and stability of hypoxia-inducible
HIF-2a protein in Becnl*" endothelial cells. Since HIFs are
critical regulators of hypoxia-dependent gene expression,*”*
we examined the kinetics of HIF-law and HIF-2a expression in
response to hypoxia in tumors and vascular cells derived from
BecnI*" or Becnl*'* mice.

In tumor tissue recovered from BecnI*" or BecnI*'* mice, there
was no apparent difference in HIF-la or HIF-2a expression
between the strains (Fig. 8A). In mLEC isolated from Becnl*"
mice, hypoxia (1% O,) time-dependently increased HIF-1a but
not HIF-2a expression (Fig. 8B). In contrast, hypoxia increased
the level of HIF-2« relative to HIF-1a in Becni*- mLEC. This
preferential activation of HIF-2a in BecnI*~ mLEC was also

Volume 7 Issue 8
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Figure 5. (A) Chemotactic motility of mLECs induced by hypoxia after 12 h of incubation. (Scale bar, 2 mm). (B) Quantification of EC migration through
the transwell. Data represent means + SEM in triplicate experiments. (*p < 0.05, Student’s t-test). (C) mLECs were plated on Matrigel-coated wells at a
density of 1.8 x 10° cells/well with hypoxia. After 20 h, photomicrographs were taken. (Scale bar, 50 um). (D) Graphs show mean capillary-like network
on the Matrigel. Images were quantified with ImageJ software. Data are means + SEM in triplicate experiments. (*p < 0.05, Student’s t-test).

evident after 24 h exposure to 5% O,, though the magnitude of
the response was much weaker (Fig. 8C). The forced expression
of Beclin 1 suppressed the hypoxia-dependent increase of HIF-2a
expression in BecnI*- mLECs, but did not affect the expression of
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HIF-1a (Fig. 8D). The differences in HIF-2a expression between
the strains were not attributable to differences in transcriptional
regulation. There was no apparent difference in Hif*2ae mRNA
levels between BecnlI*” or BecnI** mLECs under normoxic or

Hypoxia Hypoxia + EPO

CONormoxia
B Hypoxia
1 *

m

Becn1*-

No. of vessel sprouting
(% of control)

Becn1 +/+ +/-

Figure 6. Becn1*- mLEC display increased hypoxia-induced angiogenesis in vivo and vessel sprouting ex vivo. (A) Representative Matrigel plugs were
photographed. (B) Plugs were stained for infiltrating ECs using an anti-CD31 antibody. (C) Quantitative assessment of CD31 positive ECs. Data are
means + SEM (*p < 0.05, Student’s t-test), n = 7 per group. (D) Representative photographs of endothelial cell sprouts formed from the margin of vessel
segments. Aortic rings harvested from Becn1** and Becn1* were embedded in Matrigel and cultured under normoxia or hypoxia for 10 days. (E) Vessel
sprouting was quantified by counting the number of vascular sprouts that directly originated from the mouse aorta. Data are means + SEM (*p < 0.05,

Student’s t-test), n = 8 per group.
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Figure 7. Western blot analysis of (A) Nrf-2 and Keap1 or (B) phospho
(p)-p65 and IkBa levels in Becn1** and Becn1*- mLEC exposed to hypoxia
(1% 0,) for the indicated times. The immunoblot shown is representa-
tive of three independent experiments. 3-actin served as the standard.

hypoxic conditions (Fig. 8E). In the presence of the translational
inhibitor cycloheximide, the half-life of HIF-2a protein during
hypoxia exposure was increased in Becnl*" relative to that of
Becnl*"* mLECs (Fig. 8F).

Enhanced proliferation, migration and tube formation in
Becnl1*" endothelial cells is dependent on HIF-2aw. To determine
the functional effects of HIF-1oe and HIF-2 o in hypoxia-inducible
angiogenesis, we transfected Becnl*'* and Becnl*~ mLECs with
Hifloa and Hif*2a siRNA (Fig. 9A) and examined their effects
on hypoxia-induced proliferation (Fig. 9B), migration (Fig. 9C)
and capillary-like tube formation (Fig. 9D). Interestingly Hif*Ia
siRNA inhibited these responses in Becnl** mLECs whereas
Hif2a siRNA preferentially inhibited these responses in Becnl*
mLECs (Fig. 9B-D).

Discussion

Allelic loss of BECNI occurs with high frequency in human

b H d 29-32
reast, ovarian and prostate cancers.

Enhanced tumorigenesis
in BecnI*"" mice has been attributed to genomic instability result-
ing from increased metabolic stress and impaired autophagy.®®
The mechanism by which BecnI* mice exhibit increased tumori-
genesis is not known.” Using BecnI*"" mice and mLECs derived
from these mice, we demonstrate that Beclin 1 plays a crucial
role in regulating tumorigenesis by suppressing angiogenesis. We
observed that hypoxia-induced tumor growth and neovascular-
ization were upregulated in BecnI*” mice compared to Becnl*"*
mice. Beclin 1 may regulate angiogenic responses by several dis-
tinct mechanisms. Although our data demonstrate that Beclin
1 deficiency in mice results in the enhanced production of the
circulating factor EPO in vivo, they also implicate a regulatory
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role for Beclin 1 in the angiogenic response of endothelial cells.
Our results show that BecnI*- mLECs displayed increased angio-
genic activity under hypoxia, including capillary formation ex
vivo, proliferation and endothelial cell migration. Recent studies
have reported that endogenous anti-angiogenic molecules such
as endostatin and angiostatin, induce autophagy in endothelial
cells by modulating Beclin 1 and B-catenin levels.*** These
studies were suggestive of an association of Beclin 1 with the
regulation of angiogenesis. Autophagy as a response to hypoxia
has also been recently implicated in the regression of hyaloid ves-
sels in early developing retina.*® Here, we conclude that Beclin
1 is associated with the suppression of angiogenesis. However,
it remains unclear whether active autophagy is required for the
anti-angiogenic effects of Beclin 1, or whether the results reflect
a regulatory signaling function of Beclin 1 that is independent of
autophagy. The BecnI*"~ mice displayed reduced autophagosome
formation in the lung during hypoxia exposure relative to wild-
type mice. Interestingly, the BecnI*'"~ mice also showed reductions
in the expression and activation of autophagic protein LC3B in
both normoxic and hypoxic conditions. These observations,
taken together, suggest that the BecnI*"~ mice are at least partially
compromised in autophagic function. Additional investigation to
examine the relationship between autophagic flux and the regula-
tion of angiogenesis may shed further light on this question.

Previous studies have shown that autophagy defects may
increase cellular generation of ROS. For example, embryonic
fibroblasts derived from Azg5-deleted mice have enhanced mito-
chondrial ROS generation in the context of viral infection.”
Recently we have shown that macrophages derived from Becni*
mice exhibit an enhanced production of mitochondrial ROS
under basal conditions.?® Furthermore, previous studies have
shown that autophagy defects can promote activation of tran-
scription factors (i.e., Nrf-2) and pro-inflammatory regulators
such as NFkB.>?¢ In agreement with these observations, we also
find that Becnl*" are primed for pro-inflammatory and stress-
related responses, as suggested by elevations in the expressions
of Nrf-2 and phospho-p65 (NFkB). Nrf-2 regulated genes (e.g.,
heme oxygenase-1) as well as NFkB-regulated cytokines can
potentially impact angiogenic processes.”’’ Thus, the stress-
primed phenotype of Becnl*" mice may contribute considerably
to the pro-angiogenic balance.

In our study, the differential angiogenic response in Becnl*"
mLEC was also associated with a switch from a HIF-1a to HIF-2«
dominant phenotype in response to hypoxia. The mechanism for
this alteration of the balance of HIF isoforms expression remains
unclear. The stabilization of HIF-1a is known to be regulated by
reactive oxygen species (ROS) tone.*’ In light of these observa-
tions, the changes in HIF isoform expression evident in Becnl*"
mLEC during hypoxic stimulation may be related to differential
ROS production and/or pro-inflammatory signaling in endothe-
lial cells and this warrants further investigation.

Although HIF-lae and HIF-2a both heterodimerize with
HIF-1B, and recognize the same core element NCGTG in the
promoter regions of target genes, these isoforms may regulate
distinct transcriptional targets. The factors that govern the spec-
ificity and transcriptional activity of these factors with respect
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Figure 8. Hypoxia-induced angiogenesis is mediated by a selective increase in HIF-2a expression in
BecnT* mLECs. (A) Tumor-bearing Becn1** and BecnT* mice were subjected to hypoxia or normoxia

lot shown is representative of three independent experiments. B-actin served as the standard. (C)
Western blot analysis of total HIF-1a and HIF-2a levels in Becn1*+ and Becn1* mLEC exposed to mild

X . hypoxia (5% O,) for the indicated times. The positive control (lane 9) represents lysate from Becn1**
ible autophagy through activation mLEC exposed to 24 h hypoxia at 1% O,. B-actin served as the standard. (D) The Becnl** and Becn1*
of the BNIP3 pathway.15 In contrast, mLECs were transfected with Beclin 1 expression vector or vector control (pCMV) and then exposed to
HIF2« downregulates autophagy in hypoxia (1% O,) or normoxia for 24 h. Western blot analysis was performed to detect the levels of HIF-
1a, HIF-2a and Beclin 1. The immunoblot shown is representative of three independent experiments.
B-actin served as the standard. (E) The Becn1** and Becn1*- mLECs were subjected to hypoxia (4 h) and
analyzed for Hif-2ae mRNA levels by qRT-PCR. Data are expressed as fold difference over normoxic wild-

However, it should be noted that the

tumor growth phenotype of BecnI*'~ mice also contains a signifi-
cant normoxic component as shown in Figure 1A, which is not
evident in the in vitro assays of angiogenesis and cell proliferation
as described in this paper. This normoxic component of tumor
growth in Becnl*"- mice may be attributed to regulatory effects of
Beclin 1 on tumor cell growth that are independent of vascular
effects. On the other hand, the regulatory effects of Beclin 1 on

tumor growth during hypoxia stimulation appear to involve ele-
vated stress responses and differential regulation of HIF isoforms
in host tissues with consequences on the production of circulat-
ing angiogenic factors and the regulation of angiogenesis.

In conclusion, the results of our study are the first to show
an association between the autophagic protein Beclin 1 and
the regulation of angiogenesis, with implications in tumor
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Figure 9. (A) mLEC were infected with siRNA corresponding to Hif-1a and Hif-2a or control, and then assayed for HIF-1a and HIF-2a protein expression
by western immunoblot analysis. B-actin served as the standard. (B-D) BecnT** and Becn1* mLEC were infected with siRNA corresponding to Hif-1a
and Hif-2a or control, and then exposed to hypoxia or normoxia. Graphs indicate the quantification of (B) relative cell proliferation (C) migration and
(D) tube formation. Data represent means + SEM from three independent experiments. (*p < 0.05, Student’s t-test).

growth and development. We show that Becni*"- vascular cells
have elevated indices of stress and pro-inflammatory responses,
which could account for in part, the pro-angiogenic phenotype
of the corresponding mice. Among these changes, Becn* dis-
play alterations in HIF-dependent signaling involving differ-
ential expression of the a-subunits of HIF. The mechanism(s)
by which the expression of HIF-2a is altered in Becnl*~ mice
remain unclear, but may involve the regulation of protein sta-
bility. Further experiments are warranted to determine whether
Beclin 1 protein can directly regulate the DNA binding activ-
ity of functional HIF-1a/HIF-1B3 or HIF-2at/HIF-1B heterodi-
mers. The resolution of Beclin 1-dependent anti-angiogenic
mechanisms may lead to new treatments for vascular diseases
and cancer.

Methods

Chemicals and reagents. We purchased the monoclonal anti-
body to HIF-la and HIF-2a from Novus (NB100-134 and
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NB100-122), antibodies to HIF-13 and HMB-45 from Abcam
(Ab2771 and Ab732), antibodies to Beclin 1 (sc-11427), Nrf-2
(sc-722) and IkBa (sc-371) from Santa Cruz, antibody to B-actin
from Sigma (A2228); and the antibody to PECAM from BD
Biosciences (557355). Enhanced chemiluminescence reagent was
purchased from Thermo Scientific (1859674). All siRNA reagents
were purchased from Santa Cruz. Cyclohexamide (C4859), and
all other reagents were from Sigma.

Animals and in vivo hypoxia exposure. All animals were
housed in accordance with the guidelines from the American
Association for Laboratory Animal Care. The Animal Research
Committee of Brigham and Women’s Hospital approved all
protocols. BecnI*~ mice (8-12 weeks old) (obtained from B.
Levine),” and their corresponding age-matched wild-type litter-
mates were placed in a Plexiglas chamber maintained at 10% O,
(hypoxia group), or in a chamber open to room air (normoxic
group) for 3 wks with a 12 h:12 h lighe-dark cycle. The oxygen
concentration in the chamber was verified by an oxygen sensor
calibrated for low oxygen tension.
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Primary tumor growth. We performed tumor-bearing experi-
ments using BI6F10 mouse melanoma cells (American Type
Culture Collection, CRL-6475). BI6F10 cells were cultured in
complete DMEM medium (Invitrogen, 11965) containing 10%
FBS (Invitrogen, 10437) and penicillin/streptomycin (Invitrogen,
15140). B16F10 cells were harvested for tumor inoculation by dis-
ruption with trypsin/EDTA solution (Invitrogen, 25300), washed
with HBSS (Invitrogen, 14175) and centrifuged for 5 min at 400x
g. Cells were resuspended in PBS (Invitrogen, 10010) and single
subcutaneous injections of 3 x 10° B16F10 cells were administered
into the flanks of the mice in a volume of 100 pl. We exposed
the inoculated mice to 10% hypoxia for 3 weeks and monitored
tumor growth daily. Primary tumor size was determined by
measuring two orthogonal axes with a caliper and tumor weight
was determined by the formula: Tumor volume (mm?) = (width
+ length)/2 x width x length x 0.5236.° Metastatic lesions were
monitored by immunohistochemical staining.

Isolation of mouse lung endothelial cells. Mouse lung endo-
thelial cells (mLECs) were isolated from BecnI*'* and Becnl*"
mouse lung as previously described in reference 51. Briefly mouse
lung was digested in collagenase and filtered through 100 pm
cell strainers, centrifuged and washed twice with medium. Cell
suspensions were incubated with a CD31 monoclonal antibody
(rat anti-mouse) against platelet endothelial cell adhesion mol-
ecule-1 (PECAM) for 30 min at 4°C. The cells were washed
twice to remove unbound antibody and resuspended in a binding
buffer containing washed magnetic beads coated with sheep anti-
rat immunoglobulin G (Invitrogen, 111.35). Attached cells were
washed four to five times in culture medium, and then digested
with trypsin/EDTA to detach the beads.

Vascular cell culture. Human pulmonary artery endothelial
cells (PAEC) were purchased from Lonza (cc-2530). PAEC at
passages 5—-8 were grown to ~80% confluence in endothelial
cell growth medium-2 (EGM-2) supplemented with EGM-2
SingleQuots™ and 2% FBS (Lonza, cc-3162). Human pul-
monary artery vascular smooth muscle cells (PASMC) (Lonza,
cc-2581) at passages 7—10 were grown to ~80% confluence in
smooth muscle cell growth medium-2 (SmGM2) supplemented
with SmGM2 SingleQuots™ and 5% FBS (Lonza, cc-3182). The
mLEC were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS), 6.32 g/liter
HEPES (Sigma, H7523) and 16.6 mg/liter of endothelial cell
growth supplements (ECGS) (BD Biosciences, 356006). Cells
were cultured in humidified incubators at 37°C containing 95%
air, 5% CO, at 37°C. Cells were grown in 100 mm dishes and
detached with 0.05% trypsin, resuspended in complete growth
medium and seeded into 35 mm, six-well and 12-well plates
for individual experiments. PAECs and mLECs were placed in
an airtight Modular Incubator Chamber (Billups-Rothenberg,
MIC-101), flushed continuously (10 min) with a premixed gas
(1% O,, 5% CO,, 94% N,) (Airgas, NI19422000132) and then
incubated for the indicated intervals. Corresponding normoxic
controls were maintained for equivalent times in humidified
incubators in an atmosphere of 95% air, 5% CO,.

Western immunoblotting,
ELISA. Western immunoblot analyses were performed as

immunohistochemistry and
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previously described in reference 51. For western blotting, protein
concentrations of cell lysates and frozen tissue homogenates were
determined using Coomassie plus protein assay (Thermo Fischer
Scientific, 1856210) and were resolved by SDS/PAGE using
NuPage Novex Bis-Tris 4—12% polyacrylamide gels (Invitrogen,
NP0323BOX). Formalin-fixed lung tissue sections were paraffin-
embedded for immunohistochemical staining. For ELISA assays,
mouse plasma samples were normalized by volume. The levels of
VEGF and EPO were determined using the commercially avail-
able Quantikine™ kits (R&D Systems) according to the manu-
facturer’s instructions.

Real-time PCR. Total RNA was extracted from cells using
TRIZOL reagent (Invitrogen, 5346994) and converted to cDNA
using high-capacity ¢cDNA archive kit (Applied Biosystems,
4368814). Quantitative RT-PCR was performed as described in
reference 52. Primers for Hif:2a (Mm01236112) and TagMan
Master Mix for gene expression assays (4369016) were purchased
from Applied Biosystems. Gene expression was analyzed by the
comparative threshold cycle (Ct) method, using GUS-B (Applied
Biosystems, Mm03003537) as the internal standards.

Aortic ring sprouting assay. Aortic ring sprouting analyses
were performed as previously described in reference 53. Aortas
were harvested from 8-week-old Becnl*'* and Becnl* mice and
sectioned into several pieces (aortic rings). Cell culture plates (96
well) were coated with 60 pl Matrigel (BD Biosciences, 354230).
After gelling, the rings were placed in the wells and added 40 pl
Matrigel. As a control, aortic rings in endothelial basal medium
(EBM) (Lonza, cc-3124) alone and VEGF-containing EBM were
assayed. The plates were incubated at 37°C and medium were
changed every 2 days for 2 weeks. The angiogenic sprouting from
aortic rings was examined in 8 rings per group (N = 5). Each
aortic ring was photographed and sprouting was quantified by
counting the number of vascular sprouts that directly originated
from mouse aorta. We took photomicrographs of individual
explants and quantified microvascular sprouting by measuring
the area covered by outgrowth of the aortic ring with Image]
software.

In vivo matrigel plug assay. The Matrigel plug assay was per-
formed as described in reference 54. In brief, 8-week-old Becni*"*
and Becnl*"- mice were injected subcutaneously with 0.6 ml of
Matrigel containing 1 pg/ml erythropoietin (R&D systems,
959-ME-010) and 10 units of heparin. The injected Matrigel
rapidly formed a single, solid gel plug. After 14 days, the skin of
the mouse was pulled back to expose the Matrigel plug, which
remained intact. To identify infiltrating ECs, immunohisto-
chemistry was performed with anti-CD-31 antibody.

Proliferation, migration and tube formation. Cell prolifera-
tion was determined by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay (Sigma, M5655).
Cell counts were performed using a hemocytometer and viable
cells were visualized with Trypan blue (Invitrogen, 15250).
Migration assays were performed as previously described in refer-
ence 53. Briefly, the chemotactic motility of Becnl*"* and Becnl*
mLECs was assayed using Transwell plates (VWR, 29442-120)
with 6.5 mm-diameter polycarbonate filters (8 wm pore size).
The lower surface of the filter was coated with 10 g of gelatin.
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Fresh DMEM containing 15% FBS and ECGSs were placed in
the lower wells. Both mLECs were trypsinized and suspended at
a final concentration of 1 x 10 cells/ml in DMEM containing
1% FBS. The chamber was incubated with 1% hypoxia at 37°C
for 8 h. After incubation, the cells were fixed and stained with
hematoxylin and eosin. Nonmigrating cells were mechanically
removed from the upper surface of the filter and migration was
observed using an inverted microscope. Images were captured
with digital camera and cells were quantified by counting the
cells that migrated to the lower side. The formation of tube-like
structures by mLECs on growth factor-reduced Matrigel was
performed as previously described in reference 53. Tissue cul-
ture plates (24 well) were coated with Matrigel according to the
manufacturer’s instructions. The cells were plated onto the layer
of Matrigel at a density of 2.0 x 10° cells/well, and then exposed
to room air or hypoxia. After 20 h, imaging of tube formation
was performed on an Axiovert-25 inverted microscope equipped
with a digital camera (Carl Zeiss) and the area covered by the
tube network was quantified using Image] software (National
Institutes of Health).

Small interfering RNA and overexpression. Human PAEC or
mLEC were transiently transfected with human BECNI siRNA
(Santa Cruz, sc-29797) or mouse Becnl siRNA (Santa Cruz,
$¢-29798), mouse Hif-Ia siRNA (Santa Cruz, sc-35562), mouse
Hif2a siRNA (Santa Cruz, sc-35317) respectively, or control-
siRNA (Santa Cruz, sc-108060) as directed by the manufacturer.
PAEC at passages 6—8 were seeded at 5 x 10* cells per well in
12-well dishes. After 24 h each well was approximately 80-90%
confluent. The media was changed to transfection media (Santa
Cruz, sc-108062) for 2 h. 10 nM siRNA was incubated with
transfection reagent (Santa Cruz, sc-108061) for 1 h and then
added to each well. After 4-6 h, the media was aspirated and
complete media replaced in each well.

Beclin 1 was overexpressed in mLECs by lipofectamine-
mediated transfection of a pCMV vector (Origene, SC117750)
containing ¢cDNA encoding mouse Beclin 1. Lipofectamine
transfection of pCMV vector (Origene, pCMV6XL5) served
as control. Treatment with hypoxia was initiated 24 h to 48 h
post-transfection.

Electron microscopy and imaging. For electron microscopy,
tissue sections were fixed in 2.5% glutaraldehyde in PBS after
experimental manipulations. These tissues were photographed
using a JEOL JEM 1210 transmission electron microscope
(JEOL) at 80 or 60 kV onto electron microscope film (ESTAR
thick base; Kodak) and printed onto photographic paper. For
microscopy, lung tissue sections were fixed in formalin and
embedded in paraffin. Imaging of tube formation, migration and
HMB45 immunofluorescence was performed on an Axiovert-25
inverted microscope equipped with a digital camera (Carl Zeiss).
Confocal imaging of CD31 (PECAM) which is endothelial
marker was performed on an LSM510 meta inverted microscope
equipped with an oil immersion lens at 40x objective, with a
confocal laser scanning head (Carl Zeiss). Digital images were
acquired for analysis (SPOT, Diagnostic Instruments, Inc.).

Statistical analyses. Data are presented as mean plus or minus
SD. Statistical comparisons between groups were performed by the
use of one-way analysis of variance followed by the Student t-test.
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