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1. Summary

This thesis includes the work of four different projects | have been following during my
time as a PhD student; (1) the characterization of mTOR-associated signaling and
endothelial cell proliferation in response to hypoxia, and (2) identification of signaling
pathways responsible for HIF stabilization during hypoxia. A side project aimed at (3)
elucidating mechanisms of angiotensin ll-induced angiogenesis. Furthermore, | have

contributed to a review about antihypertensive drugs and microvascular rarefaction.

Hypoxia is the main stimulus for angiogenesis, the formation of new microvessels from
pre-existing ones. To maintain adequate metabolism and supply of energy, eukaryotic
cells adapt when oxygen levels drop. p-Oxidation is switched off while enzymes for
glycolysis are induced. In most cells, cell cycle is arrested to reduce the number of
oxygen consuming cells.

When oxygen levels are low for a longer period, erythropoiesis and angiogenesis are
induced to increase tissue oxygenation. Specialized cells such as vascular endothelial
cells (EC) and smooth muscle cells (SMC) are activated and increase proliferation and
gene expression in response to hypoxia. EC proliferation and angiogenesis in response
to hypoxia is, amongst others, rapamycin-sensitive. Thus, we hypothesized that
mammalian target of rapamycin (mTOR) is involved in the response to hypoxia in
endothelial cells. mTOR is central in regulating cell growth and proliferation, and
integrates signals from nutrients, growth factors, energy status and stress such as
hypoxia. Recent studies have identified two structurally distinct mTOR multi protein
complexes (MTORC1 containing raptor and mTORC2 containing rictor) with individual

downstream targets.

Study 1: In the first project, we have investigated mTOR-associated signaling
components under hypoxia and their role in cell proliferation in rat aortic endothelial cells
(RAECs). By analyzing mTOR and the distinct downstream targets of mTORC1 (S6
kinase) and mTORC2 (PKB/AKT), we found that hypoxia activates mTOR signaling in a
timed program, leading to early activation and late inhibition of mMTORC1 and a delayed
but sustained activation of mMTORC2. Raptor and rictor knock down demonstrated that
rictor (MTORC2) is essential for hypoxia-induced endothelial proliferation, whereas

raptor knock down only partially inhibited increased proliferation.



When studying the pathways directing the hypoxic stimulus to mTOR, we found that
hypoxia-induced cell proliferation is independent of regulation by TSC (tuberous
sclerosis complex). TSC is upstream of mMTORC1 and directs growth factor signals and
energy and nutrient status into this signaling pathway. Thus, hypoxia impinges on mTOR
TSC-independently; rapid mTOR phosphorylation under hypoxia rather suggests a direct
activation step. All together, our data suggest cooperating mechanisms between signals

from both mTOR complexes in the response to hypoxia in EC.

Study 2: To study potential downstream effectors of mTOR-dependent proliferation in
response to hypoxia we have focused on Hypoxia inducible factors (HIF). HIFs mainly
control transcription of genes for angiogenesis, erythropoiesis and glycolysis in response
to hypoxia. In normoxia HIF-a’s are constantly degraded. Degradation is prevented in
hypoxia, the HIF-a’s form heterodimers with HIF-B’s, translocate to the nucleus and
become transcriptionally active. HIF-1a stabilization in hypoxia was shown to be
rapamycin sensitive, and therefore to potentially require active mTOR signaling. How
mTORCs stabilize HIF-a’s is unclear.

In this study we have investigated the regulation and role of HIF1-a in hypoxia-induced
proliferation of aortic endothelial cells. Hypoxia and growth factor stimulation induced
stabilization and translocation of HIF-1a to the nucleus. By using siRNA constructs, we
found that HIF-1a knock down reduces RAEC proliferation in hypoxia. The pathways
potentially regulating HIF-1a have been investigated by using specific inhibitors of
signaling relay enzymes. We show that mTOR is required for HIF-1a accumulation
during hypoxia and growth factor stimulation, and is partially responsible for the
increased proliferation of RAECs in hypoxia. Inhibition of MEK1/2 signaling only affected
growth factor-induced HIF-1a stabilization under normoxia and endothelial proliferation
under normoxia and hypoxia to a similar extent, thus not specifically affecting the
hypoxic response. Knock down of raptor and rictor should answer the central question,
which of the two mTORCs is responsible for HIF-1a stabilization in hypoxia. These

experiments are ongoing.

Review: Hypertension and impaired angiogenesis are intrinsically linked. Angiogenesis
is impaired in most hypertensive patients, and microvascular rarefaction contributes to

hypertension-induced end organ damage. In the framework of a review we summarized



and discussed the effects of antihypertensive drugs on microvessel structure. Studies
done with diuretics, a- and - adrenergic receptor blockers and calcium antagonists are
inconclusive. Most promising for an induction of angiogenesis or normalization of
microvessel structure are angiotensin Il type1 receptor blockers (AT; receptor blockers,

ARBs) and ACE (angiotensin converting ezyme) inhibitors.

Study 3: ARBs and ACE inhibitors both influence the renin-angiotensin-aldosterone
system (RAAS). RAAS controls blood pressure by regulating vasodilation and
vasoconstriction. The vasoactive peptide Angiotensin Il (Ang Il) is generated by cleaving
Ang | by ACE. Ang Il causes vasoconstriction by activating the AT, receptor. The AT,
receptor is the other potential binding domain for Ang Il and can interact with the
bradykinin receptor B2 (BK-B2 receptor). Bradykinin binds the BK-B1 and BK-B2 -
receptors to up regulate nitric oxide, growth factors and was shown to induce
angiogenesis.

Using an angiogenesis assay in vitro and tissue from left ventricular myocardium of AT,
and AT, —knock out and wild type mice, we investigated the mechanism underlying the
angiogenic effects of angiotensin Il. AT, and AT, —receptors were expressed in normoxia
and hypoxia. Ang Il induced angiogenesis dose-dependently but only in hypoxia.
Induction of angiogenesis by Ang Il was dependent on the availability of the AT, and B2
receptor, as blockade or knock out of AT, inhibited angiogenesis in vitro. Also, Ang-II-
induced angiogenesis was nitric oxide (NO) dependent. Inhibiting the formation of
bradykinin with a specific kininogenase inhibitor completely abrogated Ang ll-induced
angiogenesis. Taken together, this study suggests an obligatory role of hypoxia in the
angiogenic effect of Ang Il via the AT, receptor through a mechanism that involves

bradykinin, its B2 receptor and NO as a downstream effector.

Angiogenesis occurs in physiological but also in pathological situations and may be
activated or inhibited in a therapeutic approach: Inhibiting hypoxia-driven tumor
angiogenesis may reduce cancer growth whereas stimulation of angiogenesis after
myocardial infarction may speed up tissue regeneration. Induction of microvessel growth
may also decrease peripheral resistance and thereby reduce hypertension.

Thus, mechanisms and pathways studied in this thesis are involved in the process of
angiogenesis and may contribute to the identification of potential targets to develop

drugs for modulating angiogenesis in patients.



2. Introduction

2.1. Hypoxia

Oxygen is essential for all eukaryotic organisms to drive oxidative phosphorylation for
generating energy. Therefore a constant oxygen supply, maintained by the vascular
system in mammals, is pivotal for most organs. The supply of oxygen to the tissue is
regulated by the number and function of blood vessels, whereas the number of cells in
the tissue regulates the demand. Hypoxia emerges when oxygen delivery does not meet
the demands of the tissue®. This can either occur in rapidly proliferating tissue or as a
result of occlusion of blood vessels, e.g. during embryonic development, tumor growth,
wound healing and ischemia (i.e. ventricular hypertrophy)°.

The physiologic oxygen concentration in different tissues varies from 14% in arterial
blood, to less than 10% in the myocardium, and to 8-2% in the liver, cartilage or bone
marrow. Experimental hypoxia (in cell culture) is routinely established by placing the
cultures to an incubator, containing oxygen concentrations in the gas phase of 0.5-
3.0%*°.

When oxygen concentrations drop below their physiological levels, distinct systems
respond to these environmental conditions. Energy production can be rapidly switched to
anaerobic glycolysis. Therefore enzymes like phosphofructokinase or glucose
transporter-1,3 are up-regulated by hypoxia to drive glycolysis”®. To further correct the
balance between O, demand and supply, the cell cycle of most cells is arrested and
addition of new cells into the tissue stops to reduce the number of oxygen consuming
cells*’®. Some specialized rescue cells, i.e. vascular endothelial cells (ECs), smooth
muscle cells (SMCs) and mouse embryonic fibroblasts increase their proliferation in

response to hypoxia'®"

, and participate in the formation of new microvessels to
increase oxygen concentrations in particular tissues®. Moderate hypoxia is not typically
toxic when sufficient nutrients and glucose are present. However, if energy is not
sufficient or even, anoxia occurs, most cells stop proliferation and eventually undergo
apoptosis'?.

The bad efficiency factor of glycolysis, the accumulation of lactate during glycolysis and
the need to avoid cell death induces mechanisms to maintain aerobic energy production.
To increase tissue oxygenation, hypoxia also induces regulation of a very complex
series of responses necessary to increase the number of red blood cells
(erythropoiesis), to relax existing- and to generate new blood vessels. Hypoxia induces

vasodilatory enzymes e.g. inducible nitric oxide synthase (iNOS) and pro-angiogenic



factors e.g. vascular endothelial growth factor (VEGF) or placental growth factor (PIGF)
and represses anti-angiogenic molecules’'*. Most hypoxia-induced genes are regulated

by hypoxia inducible transcription factors (see 2.5. and 4.2.).

2.2. The vasculature — vasculogenesis, angiogenesis and arteriogenesis

Hypoxia is the main stimulus to induce angiogenesis and stimulates the expansion and
remodeling of the existing vasculature to enhance blood flow in oxygen-deprived tissue.
The vascular network mediates the delivery of oxygen and nutrients to all cells of the
organism, removes metabolites and carbon dioxide, and maintains an adequate
hydrostatic pressure?.

Angiogenesis is a complex morphogenic process, that occurs in a stepwise fashion and
is primarily induced by hypoxia that induces a variety of positively- and negatively-acting
growth factors®.

In early development, oxygenation of a cell aggregate can be maintained by diffusion of
O,. At a critical tissue size a vascular system has to be developed to keep up O, supply
for each cell. The initial embryonal step for vascular development is called
vasculogenesis, the formation of new blood vessels when there are no pre-existing
ones. Angioblasts (vascular endothelial cells that have not yet formed a lumen)
proliferate, migrate and differentiate to subsequently form a primitive blood vessel and

the primary capillary plexus®'°.

After the primary vascular plexus is formed, endothelial cells form new capillaries by
sprouting or by splitting from their vessel of origin. This process is termed angiogenesis.
First, blood vessels dilate, partially induced by nitric oxide (NO). NO and VEGF increase
in vascular permeability, and cause pericytes, surrounding the vessels, to detach.
Degradation of the extracellular matrix (ECM) by matrix metalloproteinases (MMPs)
allows ECs to migrate in response to chemotactic growth factors. VEGF and
angiopoietins, together with fibroblast growth factor (FGF) and platelet-derived growth
factor (PDGF), guide the migration and proliferation of ECs to form migration columns.
Behind the migration columns, endothelial cells adhere to each other and create a
lumen, which is accompanied by basement-membrane formation and pericyte and SMC
attachment. Finally, blood-vessel sprouts will fuse with other sprouts to build new

circulatory systems. Non-sprouting angiogenesis occurs predominantly in the lung.



Endothelial cells proliferate inside a vessel, producing a wide lumen that can be split by

transcapillary pillars, or fusion and splitting of capillaries®*°.

Arteriogenesis describes the remodeling process of pre-existing arterio-arteriolar
anastomoses, where an increase in the luminal diameter will form large functional
arteries. Growth of these collateral arteries is triggered by physical forces, but does not
require hypoxia as a stimulus. Fluid shear stress or other mechanical forces trigger

proliferation of SMCs which surround the vessels to increase their stability’""*®.

Nature Reviews | Cancer

Figure 1. New blood-vessel formation. Blood vessels arise from pre-existing capillaries or post-
capillary venules in tumours (a). (b) First, pericytes (green) detach and blood vessels dilate
before the basement membrane and extracellular matrix is degraded. (c) This allows endothelial
cells (red) to migrate into the perivascular space towards angiogenic stimuli produced by the
tumour cells or host cells. (d) Endothelial cells proliferate, loosely following each other, and are
presumably guided by pericytes. (e) Behind the migration columns, endothelial cells adhere to
each other and create a lumen, which is accompanied by basement-membrane formation and
pericyte attachment. Finally, blood-vessel sprouts will fuse with other sprouts to build new
circulatory systems. Little is known about this fusion mechanism.

Figure by Bergers3.



2.3. Hypertension — impaired angiogenesis and microvascular rarefaction

Arterial hypertension can be primary or secondary. Secondary arterial hypertension
occurs only in 5-10% of hypertensive patients and can be a consequence e.g. of obesity,
alcoholism and hormonal disorders. Arterial hypertension can lead to left ventricular
hypertrophy, arthereosclerosis, myocardial infarction and other endorgan damages’®.
Reasons for primary hypertension are complex and not yet fully understood.
Interestingly, most forms of arterial hypertension are associated with decreased
numbers of microvessels. The arteriolar and microvascular circulation is important in
determining blood pressure. Microvascular rarefaction can further increase peripheral
resistance, raise blood pressure and therefore worsen hypertension?.

Rarefaction can be primary or secondary. Decreased capillaryzation antedates the raise
in blood pressure in primary rarefaction. Impaired angiogenesis, e.g. during
development, might lead to a reduced vascular system and therefore predispose to high
blood pressure®. Also, low birth weight can be accompanied with reduced formation of
microvascular networks and increased tendency towards developing hypertension #'.
Secondary rarefaction is a consequence of prolonged elevation of blood pressure and
might be caused by functional shut-off or destruction of existing capillaries®. Increased
sensitivity to vasoconstrictors could lead to reduced perfusion of microvessels to the
point of non-perfusion and therefore cause necrosis and apoptosis of these vessels®.
However, offspring of individuals with high blood pressure have fewer capillaries on the
dorsum of their fingers before the manifestation of hypertension®. Thus, capillary
rarefaction might antedate, rather than follow, sustained hypertension and microvascular

remodeling can be totally or partially blood pressure independent®*?’.

2.4. Anti hypertensive drugs and vascularization - the renin-angiotensin-
aldosterone system

Treatment with anti-hypertensive drugs to avoid multiple consequences of hypertension
can also normalize the microvascular system. Long-term and effective antihypertensive
treatment of non-diabetic hypertensive patients increases capillary density compared
with non-treated patients in a recent study?.

There is a broad range of different antihypertensive drugs. For most substance classes,
the influence on the microvasculature is unclear. Diuretics probably negatively influence
the microvasculature. They attenuate expression of angiogenesis related genes and

29-31

inhibit proliferation of endothelial cells in vitro“™". Reports on the effects of a- and -
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adrenergic receptor blockers on microvascular rarefaction are also inconclusive. The f3-
blocker nebivolol, but not metoprolol, inhibits endothelial sprout formation in vitro and
causes apoptosis of aortic and coronary ECs and SMCs (Petrimpol, M., unpublished)®.
a-Blockers can either inhibit microvascular formation (doxazosin, terazosin) or increase

total vascular area (prazosin)®**®

. Nifedipine, a calcium antagonist can raise VEGF
levels and induce capillary tube formation whereas an other calcium channel- and a
chloride channel blocker (mibefradil and NPPB) inhibit tube formation of microvascular
endothelial cells®*¥.

Influencing the renin-angiotensin-aldosterone system (RAAS) seems to be most
promising for improving the microvasculature in hypertensive patients?.

The RAAS is a main regulator for vasodilation, vasoconstriction and blood volume and
thus blood pressure. In addition, the RAAS affects expression of the angiogenic
molecules VEGF- and FGF levels and therefore angiogenesis®.

Renin, a protease, cleaves the protein angiotensinogen to produce the inactive peptide
angiotensin | (Ang 1). Angiotensin-converting enzyme (ACE) cleaves Ang | to produce
angiotensin Il (Ang Il), a vasoactive peptide. ACE also catalyses the breakdown of
bradykinin, a vasodilator that binds to the bradykinin receptors (BK-B; and BK-B; -
receptors) to induce NO and vasodilation, and the expression of VEGF and FGF. Ang I
can either bind the angiotensin Il receptor 1 (AT, receptor) inducing vasoconstriction,
thus elevating blood pressure, or the angiotensin Il receptor 2 (AT, receptor), inducing
vasodilation and angiogenesis via bradykinin and by up regulating growth factors®®. The
AT, receptor is ubiquitously expressed whereas the AT, receptor is expressed early
during development and after ischemic insult at lower levels in the adult®**°.

In some older studies ACE inhibition blocked microvessel formation or reduced aortic
and microvascular growth, suggesting anti-angiogenic properties for ACE inhibitors (or
pro-angiogenic properties for Ang I, ACE inhibition prevents the formation of Ang I1)*"3.
However the majority of studies support a pro-angiogenic role for ACE inhibitors (ACE-
Is). ACE-Is significantly increase myocardial capillary density and decrease ventricular

264447 Fyrthermore, several studies in ischemic hind limbs of mice and

hypertrophy
rabbits suggest a pro-angiogenic role for ACE-Is*****°_ AT, receptor blockers (ARBs)
prevent induction of vasoconstriction by Ang Il but still allow activation of the AT,
receptor. Several reports have demonstrated that ARBs increase capillary density®®®2.
The ARB losartan reversed rarefaction via induction of VEGF and increased

angiogenesis in a NO and bradykinin (B2 receptor) dependent manner®®*. In an earlier
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study in 70 hypertensive patients, losartan reduced vascular hypertrophy and rarefaction

{54

after three years of randomized, blinded treatment™. Thus, activation of AT, receptor

may be antiangiogenic, or, ARBs may reveal a proangiogenic role of the AT, receptor?.
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Figure 2. Angiotensin and bradykinin interact to induce angiogenesis. Bradykinin (BK), a potent
vasodilator involved in regulation of blood pressure, induces angiogenesis. BK upregulates
angiogenic molecules such as basic fibroblast growth factor (bFGF), via the BK B1 receptor and,
or VEGF and NO, via the BK B2 receptor. The BK B2 receptor can also activate the VEGF
receptor on endothelial cells. ACE inhibition results in BK accumulation and promotion of
neovascularization. Moreover, angiotensin |l activates the AT, receptor during AT, receptor
blockade, thereby upregulating BK and contributing to an angiogenic response. ATR, angiotensin
receptor. Figure by Battegay2

2.5. Hypoxia inducible factors (HIFs) - regulation and implication in angiogenesis
Hypoxia inducible factors (HIFs) are master regulators of O, homeostasis. The induction
of the hypoxia inducible factor family of transcription regulators is a primary effect of the
adaptive response to hypoxia in mammals. As mentioned in 2.1, these proteins activate
the expression of a broad range of genes, that mediate many of the responses to
decreased oxygen concentration: enhanced glucose uptake by up-regulation of glucose
transporter- and phosphofructokinase gene, increase in red blood cell production by
erythropoietin and the production of new blood vessels via angiogenesis (e.g.
VEGF)>"8%% Beside hypoxia, growth factors, Ang Il, thrombin and other hormones,
can induce HIF proteins®”*°. The hypoxic response and the HIF pathway are conserved
from C. elegans and Drosophila to mice and man®.

HIF proteins are members of a larger group of proteins known as bHLH-PAS (basic loop
helix-Per ARNT Sim) proteins. Per, ARNT (aryl hydrocarbon nuclear translocator) and
Sim were the three first proteins identified with such domains. Each member of this
family contains an N-terminal bHLH domain that mediates binding to consensus DNA

sequences, e.g. to the hypoxia response element (HRE), in the promoters of target
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genes®. HIF proteins heterodimerize via their HLH and PAS domains in the center of
each protein to form functionally active transcription factors®.

The HIF family is comprised of three a subunits that are encoded in three different genes
(HIF1A, EPASH, HIF3A)61: HIF-1a, also known as MOP1/PAS1, HIF-2a also known as
EPAS1 (endothelial PAS 1), MOP2 or HLF (HIF-1a-like factor), and HIF-3a also known
as MOP3 or IPAS (inhibitory PAS). There are also three 3 subunits: HIF-18 or ARNT,
ARNT2 and ARNT3. HIF-proteins form heterodimers of a and p subunits®. HIF-10/ARNT
and HIF-20/ARNT complexes have been shown to be primarily responsible for the
hypoxic induction of angiogenesis®*.

Expression of HIF-1a is ubiquitous in humans and mice whereas HIF-2a is
predominantly expressed in the endothelium, lung and highly vascularized organs®"®*.
Knockout studies in mice demonstrate that HIF-1a and HIF-2a play nonredundant roles.
This may result, in part, from differences in tissue-specificity and temporal patterns of
induction of each isoform’. HIF-3a. is also expressed in a variety of tissues and can also
dimerize with ARNT and bind to HREs®®. A splice variant of HIF-3a, called IPAS
(inhibitory PAS), interacts with HIF-1a to prevent its DNA binding. HIF-3a in this way can
act as a negative regulator to transcriptional responses to hypoxia®®’.

HIF-1a is constitutively transcribed and constantly degraded with a half-life of only 5
min®. Under hypoxia or through other stimuli, HIF-1a degradation is prevented, the
protein is stabilized and translocates from the cytoplasm to the nucleus, dimerizes with
HIF-1p and binds to an HRE-domain; the formed HIF complex becomes transcriptionally
active.

In normoxic conditions, two proline residues, located in the ODDD (oxygen dependent
degradation domain) of HIF-1a are hydroxylated by a prolyl hydroxylase (PHD). The
hydroxylated protein is now a target for the pVHL (van Hippel-Lindau) /E3 ubiquitin
ligase complex, ubiquitinated and rapidly degraded by the proteasome. The prolyl
residues targeted by the PHD are conserved in HIF-2o. and HIF-3a. Oxygen and iron
ions (Fe®") are absolutely required cofactors for PHD. In the absence of oxygen PHD is
inactive and HIF-1a cannot be hydroxylated and thus not be bound by pVHL and its
degradation is prevented®®®. PHDs might therefore act as direct oxygen sensors within
the cells’®.

Stabilization alone is not sufficient for full transcriptional activation of HIF-1. The second

major mechanism controlling HIF activity is through recruitment of transcriptional co-
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activators (e.g. CBP and p300) to HIFs’ C and N —terminal transactivation domains (C-
TAD, N-TAD). Under normoxia, a dioxygenase (factor inhibiting HIF-1 (FIH))
hydroxylates asparagine residues within HIFs’ TADs and prevents binding of the
coactivators. Since FIH requires oxygen for catalytic activity, HIFs’ TADs remain
unmodified under hypoxia and can interact with its cofactors to activate transcription of
its target genes. HIF is also modified by phosphorylation, acetylation, s-nitrosylatin and
sumoylation’’. The function of these modifications is not fully understood yet.
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Ang Il and hormones induce HIF-1a through the production of reactive oxygen species
(ROS)*"*8. ROS can influence Fe2+ availability and thereby PHD and FIH activity’2.
Expression of HIF-1$ is constitutive and not influenced by hypoxia; protein and mRNA
levels are maintained at constant levels”.

Also active mTOR (mammalian target of rapamycin) signaling has been shown to be
necessary to stabilize HIF-1a under hypoxia (HIF-1a carries a potential phosphorylation

site for mTOR)"*7°.
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2.6. mTOR signaling — central regulator of cell growth and proliferation

Control of cell growth and proliferation in yeast, plants or humans and in any
physiological context seems always to involve the same protein — the evolutionarily
conserved serine/threonine kinase mammalian target of rapamycin (mTOR, also known
as FRAP or RAFT) - and its signaling network (for reviews, see Harris and Lawrence,
2003 and Jacinto and Hall, 2003""). mTOR was discovered as the target for its specific
inhibitor”®, rapamycin, an immnuesuppressant and antibiotic, which was isolated from
the bacteria streptomyces hygroscopicus, from a soil sample of Rapa Nui (Easter

Island)™.

Two mTOR complexes

RNAi-technology brought evidence that rapamycin does not affect all mMTOR functions,
suggesting mTOR may be present in different (iso)forms or complexes. Indeed, two TOR
complexes, (M)TORC1 and (m)TORC2, have been identified in yeast and later in a
variety of eukaryotes®®®,

mTOR complex 1 (mTORCH1) is rapidly and specifically inhibited by FKBP12-bound
rapamycin. mTOR complex 2 (mTORC?2) is not acutely rapamycin-sensitive. However,
long-term treatment with rapamycin can avoid the formation of complex 2 in some cell
types, e.g., in endothelial cells®®. The newly synthesized mTOR-protein immediately
forms a complex with FKBP12-rapamycin, which prevents association with rictor®.
mMmTOR complex composition defines their function and identity. mTOR, Regulatory
associated protein of mTOR (Raptor, 150 kDa) and PRAS40 are functional parts of
TORC1. mLST8 is also present in mTORC1, but is probably not required for all of
mTORC1’s functions®®*® . Formation of mTORC2 requires mTOR to assemble the
rapamycin-insensitive companion of mTOR (Rictor) and mSIN1 (mammalian stress-
activated protein kinase [SAPK]-interacting protein). In mTORC2, mLST8 is a
functionally and structurally required component. The mTOR regulatory protein rictor
(also known as mAVOJ3) is a large protein (200 kDa) and contains no obvious catalytic

motifs, but repetitive domains, similar to mSIN1808488:89,
Upstream Regulators of the TOR Signaling Network

mTOR integrates various signals to regulate cell growth. Four major inputs have been

implicated in TOR signaling: growth factors, nutrients, energy, and stress®.
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Growth Factors

The mTOR pathway responds to growth factors via the PI3K pathway (Figure 4). Binding
of insulin or insulin-like growth factors (IGFs) to their receptors leads to recruitment and
phosphorylation of the insulin receptor substrate (IRS), and subsequent recruitment of
PI3K. PI3K bound to IRS converts phosphatidylinositol-4,5-phosphate (PIP2) in the cell
membrane to phosphatidylinositol-3,4,5-phosphate (PIP3). PIP3 accumulation is
antagonized by the lipid phosphatase PTEN. PIP3 co-recruits PDK1 and Akt to the
membrane, resulting in the phosphorylation and activation of Akt by PDK1. mTOR is
wired to the PI3K pathway through the tuberous sclerosis proteins TSC1 (hamartin) and
TSC2 (tuberin). TSC1 and TSC2 act as a heterodimer that negatively regulates mTOR
signaling. TSC2 is phosphorylated and functionally inactivated by Akt in response to

insulin (reviewed in Manning, 2004°%").

TSC1-TSC2 regulation of mTORC1

TSC2 acts as a GAP (GTPase-activating protein) for the small GTPase Rheb (reviewed
in Li et al., 2004%®). Rheb binds directly to the kinase domain in mTOR and activates
mTOR in a GTP-dependent manner®. Long et al. suggest that GTP loading of Rheb,
rather than mediating mTORC1 recruitment, enables Rheb to induce a conformational
change in mTORC1 leading to mTORC1 activation and phosphorylation of downstream
targets.

However, the significance of TSC2 phosphorylation by Akt may vary depending on
physiological context. Recently, PRAS40 was identified as a raptor binding protein that
potently inhibits mTORC1 kinase activity in vitro and mTORC1 signaling within cells.
Insulin-stimulated phosphorylation of PRAS40 by Akt suppresses its mTORC1 inhibitory
activity. It has been suggested that insulin activates mTORC1 through the coordinated
regulation of rheb, an mTORC1 activator, and PRAS40, an mTORC1 inhibitor®” .

Nutrients

Nutrients, especially amino acids, regulate mTORC1 signaling. Amino acid starvation, in
particular the absence of leucine, results in a rapid dephosphorylation of the mTORC1
effectors S6K1 and 4E-BP1, whereas readdition of amino acids restores S6K1 and 4E-
BP1 phosphorylation in an mTORC1-dependent manner®. The mechanism(s) by which
nutrient status is communicated to mTORC1 requires further study. Amino acids have

been shown to activate mTORC1 via inhibition of TSC1-TSC2 or, alternatively, via
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stimulation of Rheb. Gao et al. (2002)* have demonstrated that inactivation of TSC2
renders cells resistant to amino acid withdrawal, suggesting that the amino acids signal
via TSC1-TSC2. Other studies have proposed a model in which amino acids signal to
mMmTORC1 independently of TSC2. Amino acid withdrawal still downregulates mTORC1

signaling in TSC2-deficient cells®.

Energy

Cell growth (the accumulation of cell mass) depends on a high rate of protein synthesis
and consequently requires a high level of cellular energy. mTORC1 senses the energy
status of a cell through AMP-activated protein kinase (AMPK). AMPK is activated in
response to low cellular energy (high AMP/ATP ratio). Activated AMPK downregulates
energetically demanding processes like protein synthesis and stimulates ATP-generating
processes. The tumor suppressor LKB1 has been identified as an upstream kinase for
AMPK, suggesting that LKB1 is linked to the TSC-mTORCH1 signaling pathway®®.
Thus, upon energy deprivation LKB1 in conjunction with AMP activates AMPK, which in
turn phosphorylates and activates TSC2, resulting in the inhibition of mMTORCA1.

Stress and Hypoxia

Cells respond to environmental stress, such as hypoxia, or low energy by
downregulating energy-demanding processes and arresting growth. TOR has been
demonstrated to play a role in the response to stress. Upon hypoxia, TOR signaling is
inhibited and protein synthesis is thereby downregulated. Hypoxia is transduced to
mTORC1 via the two homologous proteins REDD1 and REDD2. The expression of
REDD is upregulated upon hypoxia by the transcription factor hypoxia-inducible factor 1
(HIF-1)",

However, stabilization of HIF-1a under hypoxia has been shown to depend on active
mTOR-signaling suggesting that hypoxia activates mTOR signaling’®. Furthermore,
hypoxia has been shown to increase proliferation of lung adventitial fibroblasts,
endothelial cells and of angiogenesis in vitro in a mTOR dependent way'>'".

It is therefore unclear how hypoxia can inhibit mTOR signaling in some processes and

activate it in others.

In summary, several upstream signaling cues, growth factors, energy, stress, and

possibly amino acids converge on TSC1-TSC2 to regulate mTORC1 signaling. The
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recent identification of mMTORC2 raises the question of how mTORC?2 is regulated. It has
been shown that unlike mTORC1, mTORC2 does not function downstream of Rheb'®.
Therefore one might assume that TSC1/TSC2 does not regulate mTORC2, although this

has not be firmly established and a role for TSC1/TSC2 in the regulation of mMTORC2
cannot be completely excluded'®.
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Figure 4. mTOR can be activated by growth factors, nutrients, energy and hypoxia. mTORC1
contains raptor, PRAS40 and mLST8. Downstream targets of mTORC1 are amongst others S6K

and 4E-BP1. MTORC2 contains rictor, mSIN1 and mLST8. Downstream target of mTORC2
amongst others is PKB'™,

Downstream effectors and functions

mTORC1 is highly rapamycin-sensitive and is essential for regulating cell growth in
response to both nutrients and growth factors. Signaling through mTORC1 promotes
protein synthesis through the inactivation of the translation repressor 4E-BP1 and
through the activation of S6 kinase (S6K1, phosphorylation at Thr389) (for review, see

Hay and Sonenberg, 2004%°). Raptor, a positive regulator of mTOR, appears to serve as
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an adaptor protein that recruits mTOR substrates'®'%. Raptor ko mice fail to increase
inner cell mass and die on around day E7 of embryonal development®.

mTORC2. Until recently, our knowledge of the functions of mMTORC2 lagged behind that
of mMTORCA1. Rictor knock out mice first develop normally, then exhibit growth arrest and
die as embryos around E11. Rictor knock out embryos show multiple defects in fetal
vascular system development. Rictor deficient MEFs have a reduced proliferation rate.
Thus mTORC2 function may be generally associated with cell proliferation and cell
viability®>1%°.

Several studies have shown that mMTORC2 can regulate the organization of the actin
cytoskeleton, but the results are divergent. Rictor or mSIN1 knockdown in HelLa leads to
an increase of actin fibers in the cytoplasm whereas rictor knockdown in NIH 3T3
decreases actin fibers in the cytoplasm®"#""% In rictor and mLST8 knockout MEFs
finally, actin distribution is not affected at all®*'%°.

The demonstration that mTORC2 phosphorylates Akt/protein kinase B (PKB) on Ser473
in a growth factor-dependent manner suggests that this complex may have some vitally

important functions'"'"2

. siRNA mediated knock down of rictor strongly decreases Akt
phosphorylation at Ser473 in adipocytes'''. Akt Ser473 phosphorylation is also strongly
reduced in rictor and mSIN1 knockout MEFs.

Akt, which is activated in a phosphatidylinositol 3-kinase (PI3K)-dependent manner, is a
key intracellular mediator of diverse cellular processes, including metabolism, gene
expression, cell migration, angiogenesis, proliferation, and cell survival'™>'". Full
activation of Akt requires phosphorylation at both Thr308 of the activation loop by
phosphoinositide-dependent kinase 1 (PDK1) and Ser473 in the hydrophobic motif (HM)
of the C-terminal tail by another kinase(s) tentatively named HM kinase or PDK2'".
Since mTORC1 is a downstream target of Akt, the finding that mTORC2 has HM kinase
activity suggests that the functional interactions between mTOR and the PI3K-Akt
pathway are both more significant and complex than previously thought. Different
degrees of Ser4d73 and Thr308 phosphorylation correlate with different degrees of
enzyme activity and thereby enable a fine-tuned response. This could explain that only
some downstream targets of Akt, such as FoxO but not GSK3 or TSC2 exhibit

decreased phosphorylation after rictor silencing®%.
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2.7. mTOR-related disease processes
Signaling through mTOR is essential for cell growth. It is not surprising that alteration of
many upstream and downstream components of mMTOR-signaling result in

developmental diseases, tumor formation and cardiovascular diseases.

When tumors reach a critical volume and mass, nutrient and oxygen supply can no more
be maintained by diffusion, and a vascular supply has to be generated by switching on
the process of angiogenesis. Rapamycin has been shown earlier to inhibit angiogenesis
and endothelial cell proliferation, whereas mTOR overexpression increased endothelial
proliferation under hypoxia'®. Clinical trials have demonstrated that mTOR inhibitors can
reduce tumor vascularisation and inhibit growth of many different tumor types. Moreover,
rapamycin is generally well-tolerated'"".

Unfortunately, some cell types, such as Hela increase Akt-Ser473 phosphorylation (Akt
activity) after rapamycin treatment®®. This is due to the disruption of a feedback loop in
which components downstream of mTORC1 and S6K1 (including IRS, see figure 4)

1819 |n situations were Akt-Ser473

block further activation of the PI3K-pathway
phosphorylation upregulates, rapamycin-treatment shoud be prevented or combined with
other drugs, because administration of rapamycin in combination with other drugs (e.g.
Akt-inhibitors, cis platin or VEGF blockers (Avastin)), leads to promising results in
treating multiple types of human cancers'?.

HIF is a central regulator for angiogenesis and also depends on mTOR activity (see 2.2.,
2.5.). Van Hippel-Lindau disease includes mutation of the VHL/E3 complex, thus
preventing degradation of HIF-1a and leading to malignant tumor formation'®'. HIF-1
inhibitors like YC-1 or PX-478 could effectively stop tumor growth in von Hippel-Lindau
syndrome patients and could potentially be interesting for a variety of angiogenesis-
related disease'**.

Cardiovascular disease is a leading Kkiller in the western world. Athereosclerosis
(narrowing of arteries) is a multifactorial disease and can result from dyslipidemia,
smoking or obesity. Arterial occlusions can be treated by stenting, i.e., opening and
supporting narrowed vessels. Although stenting brings long-term benefits to a majority of
patients, a substantial number of patients experience overgrowth of smooth muscle cells
surrounding the stent, i.e., restenosis, similar to scar tissue. Inhibition of SMC and EC
growth with mTOR inhibition by rapamycin-coated stents has been very effective in

preventing restenosis in humans'®.
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Left ventricular hypertrophy of the heart is one of the main risk factors for cardiac
morbidity and mortality, and there is strong evidence that hyperactivation of the PI3K-
mTOR pathway is one cause of cardiac hypertrophy. Recent studies have demonstrated

that rapamycin may be a therapeutic agent for established cardiac hypertrophy'?.
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3. Rationale & Aims

Hypoxia-induced endothelial proliferation

When oxygen levels are low for a longer period, erythropoiesis and angiogenesis are
induced to increase tissue oxygenation®. In contrast to e.g. cardiomyocytes, specialized
cells such as vascular endothelial cells (EC) and smooth muscle cells (SMC) are
activated and increase proliferation and gene expression in response to hypoxia in order
to form new vessels which supply oxygen to tissues'®. EC proliferation in response to
hypoxia was shown to be rapamycin-sensitive. Thus, we hypothesized that mammalian
target of rapamycin (mTOR) is involved in the response to hypoxia in endothelial cells®.
mTOR is central in regulating cell growth and proliferation and integrates signals from
nutrients, growth factors, energy status and stress. Recent studies have identified two
structurally distinct mTOR multi protein complexes (MTORC1 containing raptor and
mTORC2 containing rictor) with individual downstream targets. Reports on the effect of
hypoxia on mTOR are contradictive. On the one hand, hypoxia activates mTOR
signalling to enhance angiogenesis'®>. On the other hand, hypoxia inhibits mTOR
signalling to prevent protein synthesis'®. Further, it is unclear which of the distinct
mTOR complex-activities are affected by hypoxia

The major aim for this thesis was to elucidate the impact of hypoxia on mTOR signalling
and its contribution to increased proliferation of endothelial cells.

Therefore we specifically assessed:

1. mTOR phosphorylation (at Ser 2448 and Ser2481) in dependence of oxygen
concentration.

2. Time course of the levels of phosphorylation of mMTOR and of mTORC1- and
MmTORC2 specific downstream targets, S6K and Akt, in dependence of the time of
exposure to hypoxia.

3. Pathways involved in directing the hypoxia signal to mTOR.

4. The mTOR complex responsible for transducing hypoxic activation to increased EC

proliferation.

Signaling in Hypoxia-Inducible Factor stabilization

Hypoxia inducible factors (HIFs) regulate the majority of hypoxia-induced genes. HIF-1a
and HIF-2a are constantly degraded in normoxia. Degradation is prevented in hypoxia,
thus the HIF-a’s can form heterodimers with HIF-1p, translocate to the nucleus and

induce transcription. Stabilization of HIF-1 in hypoxia was shown to be rapamycin
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sensitive, and overexpression of mMTOR enhanced HIF-1a-dependent gene
transcription”. In the previous study we have shown that the inhibition of mTOR inhibits
angiogenesis in vitro, and that mMTORC1 and mTORC2 are required for hypoxia-
mediated proliferation of endothelial cells. Further we have shown that mTOR-stabilized
HIF-1a partially contributes to proliferation of mouse embryonic fibroblasts (MEFs) under
hypoxia'’. How mTORCs contribute to the stabilization of HIF-o’s is unclear.

The major aim for this project was to assess the regulation and role of HIF-a in hypoxia-
induced proliferation of aortic endothelial cells. Specifically we assessed whether:

1. HIF-a is stabilized in EC and whether this stabilization contributes to endothelial
proliferation in response to hypoxia.

2. Signalling through mTORC1, mTORC2, MEK1/2, Jun kinase or p38 are necessary to
stabilize HIF-1a and whether inhibition of these pathways affects proliferation of

endothelial cells in response to hypoxia.

The Renin-Angiotensin Aldosteron System (RAAS) in Angiogenesis

Impaired angiogenesis can result in microvascular rarefaction that may be accompanied
by arterial hypertension. The microvasculature supplies nutrients and oxygen to tissues,
removes metabolites and carbon dioxide, and maintains an adequate hydrostatic
pressure in tissue. Recent clinical studies with angiotensin-converting enzyme inhibitors
(ACE inhibitors) and angiotensin Il receptor 1 (ARBs) blockers demonstrate that long-
term antihypertensive treatment increases capillary density in the skin of hypertensive
patients®. The stimulatory effect on angiogenesis of these drugs can be mediated by
activation of bradykinin pathways, resulting in the generation of vascular endothelial
growth factor and nitric oxide.

The impact of antihypertensive drugs on microvessel structure were summarized and
discussed in form of a review entitled Effects of anti-hypertensive drugs on vessel
rarefaction®, included in this thesis. We discuss the theories behind the mechanisms of
primary or secondary microvascular rarefaction in hypertensive patients. Further, we
discuss the potential of different antihypertensive drugs (diuretics, a- and p-adrenergic
receptor blockers, ARBs, ACE inhibitors) to induce or block angiogenesis, with a main

focus on ARBs and ACE inhibitors, also with respect to tumor angiogenesis.
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The Role of Angiotensin Il in Angiogenesis in vitro of the heart

The vasoactive peptide Angiotensin Il (Ang Il) is a key regulator of blood pressure. Two
major subtypes of Ang Il receptors are expressed in the myocardium: Ang Il type 1 (AT,)
and Ang Il type 2 (AT,) receptors. Most of the effects of Ang Il on the cardiovascular
system, for example, vasoconstriction, are attributed to AT AT; is ubiquitously
expressed, whereas the AT, receptor is highly expressed early in development and at
lower levels in the adult®**. Interestingly, the AT, receptor is upregulated in response to
ischemia and inflammation suggesting a potential role in myocardial angiogenesis'?®'%’.
Previous studies have shown that the AT, receptor may interact with the bradykinin
receptor, the B2 kinin receptor (BK2), during signalling'?®.

In this in vitro study, using an angiogenesis assay from left ventricular myocardium of
AT, and AT, —knock out and wild type mice, we aimed at investigating the mechanism
underlying the angiogenic effects of angiotensin Il. Specifically we aimed at:

1. Studying the angiogenic potential of Ang II.

2. Investigating expression of AT4- and AT, receptors.

3. Studying the angiogenic role of AT4-, AT,- and bradykinin receptors

4. Assessing whether nitric oxide is a downstream effectors of Ang ll-induced

angiogenesis.
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4. Results

4.1. Hypoxia-Induced endothelial proliferation requires both mTORC1 and
mTORC2

Weimin Li,* Marco Petrimpol,* Klaus D. Molle, Michael N. Hall, Edouard J. Battegay, Rok
Humar; (Circ Res. 2007;100:79-87.); *both authors contributed equally to this work.

4.2. Role of mMTORC1 and mTORC2 in hypoxia-induced HIF-1a stabilization and
endothelial proliferation
Marco Petrimpol, Weimin Li, Lourdes Sanchez de Miguel, Edouard J. Battegay, Rok

Humar; in preparation.

4.3. Effects of anti-hypertensive drugs on vessel rarefaction
Edouard J Battegay, Lourdes Sanchez de Miguel, Marco Petrimpol, Rok Humar; (Curr
Opin Pharmacol. 2007;7:151-7)

4.4. Angiotensin Il induces angiogenesis in the hypoxic adult mouse heart in
vitro through an AT2-B2 receptor pathway

Veronica C. Munk, Lourdes Sanchez de Miguel, Marco Petrimpol, Nicole Butz, Andrea
Banfi, Urs Eriksson, Lutz Hein, Rok Humar, Edouard J. Battegay; (Hypertension.
2007;49;1178-1185).
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Hypoxia-Induced Endothelial Proliferation Requires
Both mTORC1 and mTORC2

Weimin Li,* Marco Petrimpol,*
Klaus D. Molle, Michael N. Hall, Edouard J. Battegay, Rok Humar;
(Circ Res. 2007;100:79-87.); *Both authors contributed equally to this work.
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Abstract

A central regulator of cell growth that has been implicated in responses to stress such as
hypoxia is mTOR (mammalian Target Of Rapamycin). We have shown previously that
mTOR is required for angiogenesis in vitro and endothelial cell proliferation in response
to hypoxia. Here we have investigated mTOR-associated signaling components under
hypoxia and their effects on cell proliferation in rat aortic endothelial cells (RAECs).
Hypoxia (1% 0O2) rapidly (30 minutes) and in a concentration-dependent manner
promoted rapamycin-sensitive and sustained phosphorylation of mMTOR-Ser2448
followed by nuclear translocation in RAECs. Similarly, hypoxia induced phosphorylation
of the mTORC2 substrate Akt-Ser4d73 (3 to 6 hours at 1% 0O2) and a brief
phosphorylation peak of the mTORC1 substrate S6 kinase—Thr389 (10 to 60 minutes).
Phosphorylation of Akt was inhibited by mTOR knockdown and partially with rapamycin.
mTOR knockdown, rapamycin, or Akt inhibition specifically and significantly inhibited
proliferation of serum-starved RAECs under hypoxia (P0.05; n4). Similarly, hypoxia
induced Akt-dependent and rapamycin-sensitive proliferation in mouse embryonic
fibroblasts. This response was partially blunted by hypoxia-inducible factor-1 knockdown
and not affected by TSC2 knockout. Finally, mTORC2 inhibition by rictor silencing,
especially (P0.001; n7), and mTORC1 inhibition by raptor silencing, partially (P0.05; n7),
inhibited hypoxia-induced RAEC proliferation. Thus, mTOR mediates an early response
to hypoxia via mTORC1 followed by mTORC2, promoting endothelial proliferation mainly
via Akt signaling. mTORC1 and especially mTORC2 might therefore play important roles

in diseases associated with hypoxia and altered angiogenesis.

Introduction

Hypoxia is associated with angina pectoris, myocardial infarction, heart failure, and
peripheral artery disease. Hypoxia and tissue ischemia are caused by either arterial
obstruction or functional and anatomical capillary rarefaction resulting from
hypertension’. Hypoxia occurs during rapid tissue growth, in organ and in tumor
development, and during chronic inflammation or exposure to high altitude’. Diminished
oxygen concentration induces programmed responses, such as endothelial
proliferation®® and angiogenesis, that ultimately relieve tissue hypoxia and contribute to
wound healing®.

We have reported that hypoxia requires mTOR (mammalian Target Of Rapamycin) to

induce angiogenesis and cell proliferation of the vascular wall in response to hypoxia®.
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The mTOR pathway is a key regulator of cell growth and proliferation, and increasing
evidence suggests that its dysregulation is associated with human diseases, including
cancer, diabetes, and cardiovascular disease®. The mTOR pathway integrates signals
from nutrients, energy status, and growth factors to regulate many processes, including
autophagy, ribosome biogenesis, and metabolism®. Recent work identified 2 structurally
and functionally distinct mTOR-containing multiprotein complexes’®. The first complex,

9 -13

mTORCH1, harbors raptor, is highly rapamycin sensitive , and specifically activates

13-15
2

protein synthesis via S6 kinase (S6K). The second complex, mTORC , is associated

with rictor and phosphorylates Akt on Ser473'®"

. mTORC2 phosphorylates and
activates Akt/protein kinase B, which promotes signaling pathways that ensure cell
survival and induce cell proliferation®.

Reports on the effects of hypoxia on mTOR are contradicting. On the one hand, hypoxia
activates mTOR signaling to enhance angiogenesis'®, cellular proliferation of lung
adventitial fibroblasts® and aortic wall cells®, or protein levels and activity of hypoxia-
inducible factor (HIF)-10, a major transcription factor for hypoxia-inducible genes?'. On
the other hand, hypoxia has also been reported to inhibit mTOR signaling in mouse
embryonic fibroblasts (MEFs), a process that dephosphorylates S6K1 and
downregulates protein synthesis?*™*. It is unclear how hypoxia can elicit both activation
and inhibition of mTOR signaling and how these signals contribute to increased
proliferation; Furthermore, it is currently not known whether hypoxia affects mTORC2
and mTOR-dependent Akt phosphorylation. This study further assesses the effects of
hypoxia on mTOR signaling in endothelial cells®. Here we examine activities of mTOR

under hypoxia in detail and translation of this signal into endothelial cell proliferation.

Results and Figures

Hypoxia Rapidly and Concentration-Dependently Promotes Phosphorylation of
mTOR-Ser2448 and mTOR Nuclear Translocation

To investigate direct effects of hypoxia on mTOR activity, we performed time-course
experiments in serum-deprived cultured aortic endothelial cells, in the absence of growth
factors. We determined phosphorylation of mTOR at Ser2448 and Ser2481 in the
presence and absence of rapamycin. As shown in Figure 1A, phosphorylation of
Ser2448 rapidly increased after exposure to hypoxia (1% 0O2), peaked after
approximately 3 hours of hypoxia, and remained at high levels during the period

investigated (24 hours). The effect of hypoxia on Ser2448 phosphorylation was reduced
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by rapamycin (Figure 1A). In contrast, phosphorylation of mMTOR Ser2481 increased only
slightly during hypoxic exposure and declined toward 24 hours of incubation. mTOR
protein levels were not affected by hypoxia (Figure 1A).

In mammalian organs, O2 concentration ranges from 14% to 0.5%, with 14% O2 in
arterial blood and 10% in the myocardium. During mild hypoxia, myocardial O2 drops to
1% to 3% or lower.28 To account for varying oxygen concentrations in the body, we
investigated the effect of different oxygen saturations on mMTOR Ser2448
phosphorylation. Quiescent RAECs were separately incubated under decreasing oxygen
saturations (20%, 11%, 6%, 3%, and 1% O2) for 12 hours. At normoxia (21% 02), faint
phosphorylation of MmTOR Ser2448 was detected, which increased when 02
concentration was lowered to 11% to 6% and augmented further with a maximum at 1%
to 3% O2 (Figure 1B). mTOR protein as well as -actin protein levels were not affected by
oxygen saturation. HIF-1a protein levels were used as a positive control for hypoxia and
increased linearly, peaking at 1% to 3% of O2 saturation (Figure 1B). Thus, mTOR
phosphorylation on Ser2448 is modulated in the pathophysiological O2 concentration
range.

An additional regulatory mechanism of mTOR signaling may occur via
cytoplasmic/nuclear shuttling®®. We examined whether severe hypoxia (1% 02)
influences cellular localization of mMTOR and mTOR-P-Ser2448. Under all tested
conditions, mTOR was localized predominantly in the cytosol, as shown by
immunostaining in Figure 1C. However, after quiescent RAECs were cultured in hypoxia
for 6 hours, mTOR protein also appeared in the nucleus and rapamycin treatment
inhibited nuclear localization (Figure 1C). Interestingly, mTOR-P-Ser2448 was only
detected in distinct nuclear structures after 6 hours of exposure to hypoxia.
Phosphorylation of mMTOR Ser2448 was not detected under normoxia and only a very
faint signal was detected under conditions of hypoxia with rapamycin treatment (Figure
1C). Similar results were obtained when assessing protein levels of mMTOR and mTOR-
P-Ser2448 by Western blotting. Serumdeprived RAECs were exposed to hypoxia (1%
02) for different periods of time (2 to 24 hours). At normoxia (time point, 0) basal levels
of HIF-1o. were detected in nuclear extracts, whereas the levels of mMTOR and mTOR-P-
Ser2448 were nearly undetectable (Figure 1D). mTOR and mTOR-P- Ser2448 protein
levels appeared in the endothelial nuclear fraction after 2 hours of incubation under 1%
02, increased slightly with time and were maximal after 24 hours of incubation under 1%

02 (Figure 1D). Thus, hypoxia rapidly and dose-dependently promotes phosphorylation
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of mMTOR- Ser2448 in a rapamycin-sensitive way and causes nuclear translocation of

phosphorylated mTOR.

Hypoxia Induces Rapid, but Short-Term, mTOR-Dependent Phosphorylation of
S6K1-Thr389 and Sustained Phosphorylation of Akt-Ser473

mTOR is present in 2 complexes, mMTORC1 and mTORC2. mTORC1 activity can be
measured by analyzing the phosphorylation of the direct downstream target S6K1 on
Thr389 or phosphorylation of ribosomal subunit S6°>*". mTORC2 phosphorylates Akt on

the primary phosphorylation site Ser473'®"’

. We therefore performed time-course
experiments, in which quiescent RAECs were exposed to hypoxia (1% O2) for short (10
minutes) to long (24 hours) term, and we analyzed phosphorylation of S6K1-Thr389 and
Akt- Ser374. As shown representatively in Figure 2A (first 3 panels), and as averaged
densitometric quantification of cumulative experiments in Figure 2B (top graph), S6K1
was highly phosphorylated at Thr389 between 10 minutes and 1 hour of hypoxic
exposure but dropped to undetectable levels after more than 3 hours of culture under
hypoxia. This phosphorylation step is highly rapamycin sensitive. Akt phosphorylation at
Ser473 slightly increased after 10 minutes but reached maximal levels after 3 hours of
hypoxic exposure before staying at a steady level for up to 24 hours. Total Akt levels
remained unchanged under hypoxia (Figure 2A, middle 4 panels). Phosphorylation of
Akt at Serd473 peaked after 3 hours of exposure to hypoxia as shown in Figure 2B (lower
graph), representing the ratio of Akt—P-Ser473 to total Akt. Akt phosphorylation was
partially inhibited by rapamycin, however, the effect of rapamycin increased with longer
incubation (averaged densitometric quantification of cumulative experiments in Figure
2B, bottom graph).

Akt phosphorylates Ser21 in Glycogen synthase kinase-3 (GSK3) a and Ser9 in GSK3p
and thereby inactivates GSK3 function®***. Furthermore Akt and GSK3 are implicated in
the regulation of cell cycle regulators Cyclin D1 and p21.** Similar to Akt
phosphorylation, GSK3p was phosphorylated after 60 minutes of exposure to hypoxia as
shown by Western blots of nuclear extracts in Figure 2A. Cyclin D1 protein gradually
accumulated after 30 minutes of hypoxia in the nuclear fraction, whereas cell cycle
inhibitor p21 protein levels decrease and totally disappear after 24 hours of RAEC
cultivation under hypoxia (Figure 2B).

To further examine the role of mMTOR on Akt—P-Ser473 under hypoxia, mTOR protein

expression was silenced by mTOR-specific siRNAs that were nucleofected into RAECs
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before starvation and exposure to hypoxia. Quiescent RAECs were then again exposed
to hypoxia (1% O2) for short (10 minutes) to long (24 hours) term and Akt-Ser374
phosphorylation was analyzed by Western blotting. mTOR silencing, as shown by the
Western blots in Figure 2C and averaged densitometric quantification of cumulative data
in Figure 2D, effectively blunted hypoxia-induced Akt-Ser374 phosphorylation.

Thus, hypoxia induces sustained phosphorylation of Akt-Ser473, peaking at
approximately 3 to 6 hours of hypoxia, that is blunted by rapamycin or mTOR silencing.
On the other hand, rapamycin-sensitive S6K1 phosphorylation on Thr389 peaks
between 10 minutes to 1 hour of exposure to hypoxia, but quickly drops to undetectable

levels with further culture under hypoxia.

Hypoxia-Enhanced Endothelial Proliferation Is mTORC1 and mTORC2 Dependent
We compared our previous findings® in rat aortic angiogenesis with an angiogenesis
assay of endothelial spheroids and endothelial proliferation assays using RAECs at
severe hypoxia (1% 0O2). Endothelial sprout formation under 1% Owas more than twice
as high when compared with the response under 21% O2 (Figure 3A). Rapamycin
selectively inhibited additional sprout formation observed under 1% O2 at a low
concentration (2 nmol/L) (Figure 3A). We have shown previously that hypoxia-enhanced
angiogenesis in vitro is mainly attributable to enhanced proliferation®. A similar response
was observed for RAEC proliferation under 1% O2. Hypoxia alone increased RAEC
proliferation when compared with diluent normoxic control to approximately 1.5-fold
(Figure 3B). Low concentrations of rapamycin (2 nmol/L) inhibited
proliferationspecifically under hypoxia (Figure 3B, top graph). Akt inhibition by Akt IV
inhibitor lowered overall proliferation at higher concentrations (Figure 3B, bottom graph).
Akt inhibitor was used within concentrations at which cytotoxicity was absent, as shown
by cytotoxicity test performed in RAECs (see the Figure in the online data supplement,
available at http://circres.ahajournals.org).

To further assess the role of mTOR in transducing hypoxia into endothelial proliferation,
we analyzed endothelial (RAEC) proliferation and mTOR-associated signaling after
mTOR silencing. mMTOR protein was consistently knocked down or reduced (up to 95%)
by mTOR siRNA, whereas control siRNA had no effect on mTOR protein, as shown by
Western blotting (Figure 2C). After silencing, quiescent endothelial cells were cultured
for 30 hours under 1% O2 and 21% O2 and proliferation was measured. mTOR silencing

significantly (P0.05, n4) decreased the proliferation response to hypoxia compared to
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transfection with control siRNA, whereas mTOR silencing had no significant (P0.05, n4)
effects on proliferation under normoxia when compared with proliferation in endothelial
cells that were transfected with control siRNA (Figure 3C).

To assess whether a specific mTOR complex is responsible for transducing hypoxia into
endothelial proliferation, we knocked down raptor, specific for mTORC1, or rictor,
specific for mTORC2", by nucleofection of RAECs with vectors containing specific
shRNAs. As shown in the top part of Figure 3D, shRNA silencing effectively inhibited
expression of raptor or rictor proteins as compared with negative control transfection.
Rictor but not raptor silencing also clearly decreased phosphorylation of mTORC2
downstream substrate Akt-Ser473 after 6 hours of incubation under hypoxia (Figure 3D).
At these time points, S6K1 phosphorylation at Thr389 is repressed (Figure 3D).
Importantly, inhibition of mTORC2 by rictor silencing effectively blunted hypoxia-induced
endothelial proliferation, with no effect on proliferation under normoxia (P0.001, n5). Also
raptor silencing decreased hypoxia-induced proliferation significantly (P0.05, n3),
however, not to the extent of rictor silencing. Thus, both mTORC1 and especially

mTORC2 silencing significantly reduce hypoxia-induced endothelial proliferation.

Tsc2 Knockout Does Not Blunt Hypoxia-Induced Proliferation in MEFs

To extend the validity of our data to other cell types that are commonly used in molecular
biology research, we have assessed MEF cells for their proliferative response under
hypoxia. The broad availability of transgene MEFs allows for rapid and easy
determination of the role of a specific gene.

Tsc2 has been implicated to regulate proliferation under hypoxia in MEFs?*. Tsc1 and
Tsc2 proteins form a physical and functional complex in vivo and inhibit mMTOR. Tsc2 is
inactivated by Akt-dependent phosphorylation or nutrient availability, which destabilizes
Tsc2 and disrupts its interaction with Tsc1***. We therefore investigated whether a
disrupted Tsc1/ Tsc2 complex in Tsc2-defective MEFs affects hypoxia-induced cell
proliferation when compared with wild-type MEFs or Tsc2-mutated MEFs with a
reintroduced Tsc2 wild-type gene. As shown in Figure 4A, proliferation was clearly
increased in TSC2/ MEFs (top), both under normoxia and hypoxia. Hypoxia-induced
proliferation was decreased by rapamycin and the Akt inhibitor, as demonstrated for
endothelial cells (Figure 4A, top). Importantly, proliferation in TSC2-defective MEFs was
enhanced under hypoxia to a ratio comparable to intact MEFs. No significant decrease

(P0.05, n3) was observed when comparing the ratio of proliferation indices under
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hypoxia to that under normoxia (Figure 4A, bottom graphs). These results suggest that
loss of Tsc2 generally increases proliferation but does not regulate the specific activating

effects of hypoxia on mTOR-mediated proliferation in MEFs.

mTOR Induces HIF-1a—-Dependent and —Independent Ways to Promote MEF
Proliferation Under Hypoxia

mTOR was shown to contribute to the stabilization of HIF-1a protein in cells exposed to
hypoxia and is thus a positive regulator of HIF-1— dependent gene transcription?'**%’.
We therefore asked whether HIF-1a, downstream of mTOR, is pivotal for increased cell
proliferation under hypoxia. For this purpose, we measured proliferation of wild-type
MEFs and those lacking the HIF-1a. gene. As shown in Figure 4B, hypoxia-induced
proliferation was only partially, though significantly (P0.05, n5), inhibited in HIF-1a™ cells
(open squares) as compared with wild-type cells under hypoxia (open circles). Both wild-
type (filled circles) and HIF-1o (filled squares) cells did not increase proliferation under
normoxia. Increased proliferation under hypoxia was rapamycin sensitive both in HIF-1a’
" cells and wild-type MEFs. To further assess whether mTOR requires HIF-1a to induce

" cells

proliferation under hypoxia, we overexpressed mTOR in wild-type and HIF-1a”
(Figure 4C, top) and measured proliferation (Figure 4C, bottom left). mTOR
overexpression increased overall proliferation in all conditions to approximately the same
levels when compared with corresponding mock-transfected cells; the ratios (Figure 4C,
bottom right) between proliferation under hypoxia and under normoxia were the same in
wild-type and in HIF-1a knockout MEFs. These results suggest that HIF-1a is a partial

but not crucial effector of mMTOR-dependent, hypoxia-induced proliferation in MEFs.

33



Figure 1

A C

“= S~ S M M @y nT0RP-Sers

mTOR P-Ser2#
+RAP

™SR AN PN TOR P-Ser
X . . . R i

0 10 30 60 180 360 1440 Time(min} in1% 0O,

mTOR - mTOR-P-Ser?4

- T Ay Ry ™

1% 0,

=

i

o

&

g'a —e— Ser2448

il —0— Ser2448+RAPA
&5 2 —-¥%--5er2481

= —

2 FoFmo 1%0,
= =
[=8

0+ T T T T T T T
0 200 400 600 80O 1000 1200 1400

Time {minin 1% 0,)

N P P g . MTOR P-Ser?®

————— T TOR D
: nuclear

' “ ‘ L HIF-100 L I e e I . | mTOR P-Ser2#8

= t
oGNS Sn SNB e [-actin B i e’ B S s mTOR

1 3 6 11 21 0,4 .
. T — - e Geem @ O H|F-1c

0 2 4 6 8 12 24 Time (h)in1%0,

Hypoxia (1% O2) mediates rapid, dose-dependent, sustained phosphorylation of mTOR Ser
2448 and translocation to the nucleus in RAECs. A, Western blot (top) showing total cell lysates
of serum-deprived RAECs exposed to increasing duration of hypoxia (10 minutes to 24 hours)
and probed for phosphorylated Ser2448, phosphorylated Ser2481, and total mTOR in the
presence or absence of rapamycin (20 nmol/L). Averaged densitometric quantification (bottom)
shows rapid, sustained, and rapamycin-sensitive phosphorylation on Ser2448 relative to total
mTOR protein that was statistically significant after 30 minutes of hypoxia (P<0.001, n=4). Data
are given as meanzSEM. B, Quiescent primary RAECs were cultured for 12 hours under
normoxia (21% O2) and decreasing oxygen saturations (11%, 6%, 3%, 1% 02). Total cell lysates
were subjected to SDS-PAGE and protein levels of mTOR, mTOR Ser2448, HIF-1a hypoxia (B),
and hypoxia together with 20 nmol/L rapamycin (C). Cells were fixed and immunostained with
anti-mTOR (fluorescein iso-thiocyanate; green stain) and anti-mTOR phospho-Ser2448
antibodies (Cy3, red stain) and nuclear compartment (DAPI, blue stain). Rapamycin was included
during serum deprivation (24 hours). D, Western blot showing nuclear cell lysates of serum-
deprived RAECs exposed to increasing periods of hypoxia (2 to 24 hours) and probed for
phosphorylated Ser2448, HIF-1a, and total mTOR.
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Figure 2
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Hypoxia increases transient or prolonged activity of distinct mTOR downstream targets. A,
Western blots showing total cell lysates of serum-deprived RAECs exposed to increasing duration
of hypoxia (10 minutes to 24 hours) and probed for (numbering from top to bottom) (1)
phosphorylated S6K-Thr389, (2) phosphorylated S6K-Thr389 in the presence of 20 nmol/L
rapamycin, (3) total S6K, (4) phosphorylated Akt-Ser473, (5) total Akt, (6) phosphorylated Akt-
Ser473, and (7) total Akt in the presence of 20 nmol/L rapamycin. Nuclear extracts probed for (8)
phosphorylated GSK3-Ser21/9 and (9) total GSK3, (10) cyclin D1, and (11) p21. B, Top graph
represents ratios of S6K—P-Thr389 to total S6K protein levels with and without rapamycin.
Significant phosphorylation on S6K-Thr389 occurred within time points 10 to 180 minutes of
hypoxia (P<0.05, n=3). Bottom graph represents ratios of Akt—P-Ser473 to total Akt protein levels
with and without rapamycin as calculated from compiled densitometric quantification. Akt-Ser473
phosphorylation was significant after 30 minutes of hypoxia (P<0.01, n=3). Rapamycin treatment
resulted in significant reduction of phosphorylation after 180 minutes of hypoxia (P<0.05, n=3).
Data are given as meantSEM. C, Western blots showing total cell lysates of serum-deprived
RAECs transfected with negative control siRNA (+si-control) or siRNA directed against mTOR
(+si-mTOR) exposed to increasing duration of hypoxia (10 minutes to 24 hours) and probed for
(numbering from top to bottom) (1) total MTOR, (2) phosphorylated mTOR-Ser2448, (3) total Akt,
and (4) phosphorylated Akt-Ser473. D, Graphs represent ratios of Akt—P-Ser473 to total Akt
protein levels as calculated from compiled densitometric quantification. Phosphorylation on Akt
Ser473 was significant after 30 minutes of hypoxia (P<0.001, n=4). mTOR silencing significantly
inhibited Akt—P-Ser473 after 30 minutes of hypoxia (P<0.05, n=4). Data are given as meantSEM.
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Figure 3
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mTOR and downstream targets are required for hypoxia-induced endothelial cell
proliferation. A, Typical micrographs (x10) of rat aortic endothelial spheroids (2000 cells)
embedded in a fibrin gel after a 24-hour incubation under normoxia (21% 0O2) and hypoxia (1%
02), normoxia (21% 0O2) with 20 nmol/L rapamycin, and hypoxia (1% O2) with 20 nmol/L
rapamycin. An additional panel shows a x40 magnification of endothelial sprouts emerging into
the fibrin gel under hypoxia. B, Cell numbers of serum-deprived (for 30 hours) RAECs were
determined after 24-hour culturing under normoxia (21% O2) or hypoxia (1% O2) with inclusion of
the indicated concentrations of Akt IV Inhibitor and rapamycin. Y-axis represents the mean of cell
number, compiled from 3 experiments with octuplicate samples. Data are given as meantSD
(n=3). C, RAECs were nucleofected with control siRNA (si control) (filled columns) and siRNA
directed against rat mTOR (si mTOR) (hatched columns). Quiescent cells were exposed to
hypoxia for 30 hours, and proliferation was measured. Significance was calculated by repeated
ANOVA followed by pairwise comparison with the Bonferroni post test (ns indicates not
significant, P>0.05; *P<0.05; n=4). D, RAECs were nucleofected with control siRNA (c and black
columns) and vectors containing shRNA directed against raptor (rap) (lightly shaded columns) or
rictor (ric) (hatched columns). Western blots (top display) show efficiency of silencing and effects
on Akt-Ser473 and S6K-Thr389 phosphorylation after 6-hour incubation under hypoxia.
Quiescent cells were exposed to hypoxia for 30 hours, and proliferation was measured (bottom
display). Significance was calculated by repeated ANOVA followed by pairwise comparison with
the Bonferroni post test (*P<0.05, **P<0.001; n=5).
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Figure 4
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Hypoxia-induced proliferation in MEFs via mTOR does not depend on TSC2 and only
partially on HIF-1a. A, Cell numbers of serum-starved TSC2 knockout (TSC2-/-) and wild-type
(top) MEFs were determined after 30 hours of incubation under normoxia and hypoxia.
Rapamycin or Akt inhibitor was included 30 minutes before incubation under hypoxia (top
graphs). Bottom graph shows proliferation of wild-type, TSC2 mutated MEFs with a reintroduced
TSC2 wild-type gene (TSC2mt-wt-intro), and TSC2-mutated (TSC2mt) MEFs as ratio of
proliferation under hypoxia divided by proliferation under normoxia (ns indicates not significant,
P>0.05; n=3). B, Cell numbers of serum-starved HIF-1a knockout (squares) and wild-type
(circles) MEFs were determined after 30 hours of incubation under normoxia (filled symbols) and
hypoxia (open symbols). Rapamycin (2 to 200 nmol/L) was included 30 minutes before incubation
under hypoxia. Significance was calculated by 1-way ANOVA, followed by multiple comparison
with the Bonferroni post test (***P<0.001, **P<0.01, *P<0.01; n=7). C, HIF-1a knockout and wild-
type MEFs were transfected with mock and HA-tagged wild-type mTOR and expression verified
by Western blot (top). Cell numbers of serum-starved, mock-transfected (filled columns) and
mTOR-transfected (open columns) MEFs were determined after 30 hours of incubation under
normoxia and hypoxia. The ratios between proliferation under normoxia and hypoxia were
compared, and no statistical difference among all groups was observed as calculated by 1-way
ANOVA followed by multiple comparison with the Bonferroni post test (ns indicates not significant,
P>0.05; n=3).
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Discussion

In this report, we have investigated the mechanisms responsible for hypoxia-induced
proliferation of serum- and growth factor— deprived endothelial cells and found that
mTORC1 and mTORC?2, i.e., the large multidomain kinase mTOR and its regulator-
associated proteins raptor and rictor, mediate an early response to hypoxia promoting
endothelial proliferation via Akt signaling. Our results also clarify the apparent
contradiction in the mTOR field, arising from earlier observations that hypoxia activates

520 and HIF-1a stabilization®'

mTOR signaling®, resulting in angiogenesis'®, proliferation
and at the same time appears to inhibit mTOR signaling, as seen by deactivation of
mTORC1 substrate S6K1, 4E binding protein 1, and protein synthesis®*?*. Our data
suggest that both mTORC1 and mTORC2 participate in the response to hypoxia in a
cooperative and timed program that allows an early activation and late inhibition of
mTORC1 and delayed and maintained activation of mTORC2 (Figure 5).

We demonstrate that hypoxia (1% O2) induces phosphorylation of mTORC2
downstream target Akt-Ser473 (3 to 6 hours) and a short phosphorylation peak at
MTORC1 substrate S6K-Thr389 (10 to 60 minutes). Thus, hypoxia activates mTOR,
S6K1, and Akt in different ways. mTORC1 signaling appears to be activated only at a
very early stage and is inhibited with prolonged (3 hours) exposure to hypoxia. In
contrast, mMTORC?2 signaling is maintained; Akt-Ser473 phosphorylation increased under
hypoxia at more than 3 hours and was sustained in 1% O. Importantly, phosphorylation
of Akt was partially inhibited by rapamycin and strongly by mTOR silencing. It has
initially been reported that mTORC2, ie, the rictor/mTOR complex, is rapamycin
insensitive™'® However, later studies have shown that prolonged rapamycin treatment
inhibits mMTORC2 assembly and, as a consequence, Akt/protein kinase B in certain cell
types, including endothelial cells (HUVECs) in particular®.

In line with these phosphorylation studies, mTOR silencing, rapamycin, and Akt inhibition
all specifically and significantly inhibited proliferation of serum-starved RAECs under
hypoxia, and rapamycin also decreased endothelial sprout formation in endothelial
spheroids under hypoxia alone. Finally, rictor knock-down, and therefore inhibition of
mTORC2 signaling, clearly decreased hypoxia-induced phosphorylation on Akt-Ser473
and totally blunted hypoxia-induced endothelial proliferation. On the other hand, raptor
silencing, and therefore inhibition of mMTORC1, did not affect Akt phosphorylation and
partially, although significantly, reduced hypoxia-induced endothelial proliferation.

The differences of hypoxic activation of mTOR1 and mTORC2 hypothetically may
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involve distinct effects of hypoxia-induced phosphorylation of mMTOR at Ser2448. We
show that hypoxia rapidly (10 minutes) and concentration-dependently promotes
rapamycin-sensitive and sustained phosphorylation of mTOR-Ser2448 and mTOR
nuclear translocation in RAECs. Phosphorylation of mTOR-Ser2448 was modulated in
the physiological oxygen saturation range (1% to 11% 0O2) also covering moderate
hypoxic conditions. This is consistent with other responses to hypoxia to prevent or
delay the onset of more severe hypoxia®®. However, the functional significance of the
mTOR phosphorylation site in Ser2448 is still unknown. Phosphorylation of this site has
been suggested to be part of a feedback mechanism regulating mTOR activity*'.
However, it is still unclear whether this feedback loop is positive or negative and whether
it affects mMTORC1 or mTORC?2 to the same extent”*'. Further investigations assessing
whether hypoxia-induced nuclear mTOR-Ser2448 phosphorylation is associated with a
specific mTOR complex or function will therefore be necessary. As shown by
immunofluorescence, mMTOR-Ser2448 phosphorylation is localized to subnuclear
macromolecular structures resembling promyelocytic leukemia (PML) nuclear bodies.
These PML bodies represent distinct yet dynamic intranuclear structures involved in
apoptosis, proliferation, and senescence and also associate with nuclear phosphorylated
Akt.*? Indeed, very recently, PML was shown to be a novel suppressor of mTOR and
neoangiogenesis during ischemia'®.

Hypoxia also induces proliferation in lung adventitial fibroblasts®®, cardiac fibroblasts®,
and MEFs?*. To extend the validity of our data to other cell types, we have assessed
how MEF cells increase proliferation under hypoxia. In MEFs, a loss of Tsc2 confers a
growth advantage to hypoxic cells?*, suggesting that hypoxia inhibits mTOR via the
tuberous sclerosis complex (TSC). TSC, consisting of Tsc1 and Tsc2, is the main
upstream inhibitor of mTOR activity. The disruption of the complex by Tsc2
phosphorylation results in mTOR activation®®. Indeed, we confirm that disrupting the
Tsc2 gene increases proliferation under hypoxia. However, the same advantage is
present in wild-type MEFs or Tsc2-mutated MEFs with a reintroduced Tsc2 wild-type
gene. Increased proliferation to hypoxia, however, was specifically decreased by
rapamycin and Akt inhibitor. Based on these experiments, we conclude that mTOR
mediates hypoxia-induced cell proliferation independent of regulation by TSC. An
autonomous role of mTOR, in sensing and transducing oxygen saturation, was
suggested by recent work revealing that a redox-sensitive switch may contribute to the

43,44

regulatory mechanism that controls the mTOR pathway™ ™. Furthermore, oxidative
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capacity as displayed by mitochondrial activity was shown to regulate mTORCA1
assembly®.

The proliferation studies in HIF-1a knockout MEFs suggest that HIF-1a is a partial
downstream effector of mMTOR- dependent proliferation under hypoxia. However, mTOR
can promote hypoxia-induced proliferation also in the absence of HIF-1a, as shown by
overexpression of mTOR in HIF-1a knockout MEFs. Still, further studies will have to
assess the role of HIF-1a in mTOR-dependent proliferation in endothelial cells*®, as well
as the contribution of mMTORC1 and mTORC2 complexes to HIF-1a stability but also to
the activity of cell cycle regulators such as cyclin D1 and p21.

In conclusion (see Figure 5), hypoxia-induced proliferation in endothelial cells requires
signaling from both mTOR complexes, mTORC1 and mTORC2. mTOR activation by
hypoxia is monitored by an early and sustained rapamycin-sensitive phosphorylation and
nuclear translocation of mTOR, specifically phosphorylated at Ser2448. Activation of
mTORC2 is monitored by a sustained phosphorylation of Akt-Ser473, which is
decreased by mTOR and mTORC2 silencing and partially by prolonged rapamycin
treatment. On the other hand, mTORC1 (rapamycin)-dependent S6K1 phosphorylation
at early time points (3 hours) is likely involved in the early events that lead to hypoxia-
mediated endothelial proliferation, whereas at later time points (3 hours), mTORC1
signaling is repressed as seen by complete dephosphorylation of S6K-Thr389. Blunting
of hypoxia-induced endothelial proliferation by siRNA-mediated knockdown of raptor or
rictor demonstrates the importance of mTORC1 and especially mTORC2, respectively.
This indicates cooperating mechanisms between signals from both mTOR complexes in
the response to hypoxia in endothelial cells. Thus, mMTORC1 and specifically mTORC2
may be interesting novel targets to regulate hypoxia-induced endothelial cell proliferation
and angiogenesis for inhibition of tumor vascularization and potential induction of

reparative angiogenesis during ischemic cardiovascular disease.

Materials and Methods

Rat aortic endothelial cells (RAECs) were prepared, cultured, and characterized as
described previously®. Tsc2-defective MEFs were obtained from Michael Hall (Biocenter,
Basel, Switzerland), HIF-1a knockouts from Max Gassmann (University of Zirich,
Switzerland). Endothelial cell spheroids were generated as described elsewhere?®.
Predesigned short interfering RNAs (siRNAs) against rat mTOR (frap1_3 siRNA) were

purchased from Qiagen. Short hairpin RNAs (shRNAs) containing vectors against raptor
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[1]

and rictor are pKDM- 132, a pSuper.gfp/neo-based siRNA-expressing plasmid targeting
ctgtgaactagcacttcag in rictor mRNA; and pKDM-162, a pSuper.gfp/ neo-based plasmid
targeting ggacaacggccacaagtac in raptor mRNA. RAECs were transfected with
si/shRNA by AMAXA nucleofection. Cell numbers were assessed using Cell Proliferation
Reagent WST-1 (Roche Molecular Biochemicals) according to the specifications of the
manufacturer.

Cell lysis was prepared as described previously® and as described elsewhere®. Primary
chicken polyclonal anti-HIF-1a antibodies were provided by Max Gassmann (University
of Zurich, Switzerland), polyclonal anti-raptor and anti-rictor antibodies were generated
by Markus A. Riegg (Biocenter Basel, Switzerland). All other antibodies were
commercially available. Protein bands were analyzed by densitometric quantification by
Imaged 1.31v software (Wayne Rasband, NIH). Immunostaining was performed as
described previously?’.

Data (meanSEM) were analyzed for normal distribution (1-way or repeated-measures
ANOVA), followed by multiple or pairwise comparison with the Bonferroni post test using
the GraphPad software Prism. The number of single experiments compiled is indicated

by n. A value of P0.05 was considered as significant.
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Abstract

Hypoxia prevents degradation of hypoxia-inducible factor (HIF) a subunits, and therefore
facilitates heterodimerization with HIF-p subunits. HIF controls the adaptive response to
hypoxia by driving expression of genes for angiogenesis, erythropoiesis and glycolysis.
HIF-1a stabilization under hypoxia has previously been shown to be disturbed by
rapamycin suggesting requirement of active mTOR signaling.

Here we have investigated the regulation and role of HIF-1a and mTOR signaling in
hypoxia-induced proliferation of aortic endothelial cells (RAEC). As shown before in
other cell types, hypoxia and growth factor stimulation with PDGF-BB induces
stabilization and translocation of HIF-1o to the endothelial nucleus. Moreover, HIF-1a
knock down reduces RAEC proliferation in hypoxia. To investigate pathways potentially
regulating HIF-1a stabilization we used specific inhibitors of signaling relay enzymes
mTOR, MEK1/2, JunK and p38, that are involved in stress responses. mTOR inhibition
with rapamycin significantly reduced HIF-1a accumulation in response to hypoxia and
PDGF-BB stimulation, whereas MEK1/2 inhibition reduced HIF-1a accumulation only
during PDGF-BB stimulation under normoxia. Rapamycin dose dependently reduced
proliferation of RAEC during PDGF-BB stimulation under hypoxia and hypoxia alone.
MEK1/2 inhibition reduced proliferation under normoxia and hypoxia to similar extents,
thus not specifically affecting the hypoxic response. Inhibition of JunK and p38 did not
affect HIF-1a accumulation and RAEC proliferation in the tested conditions.

Here we demonstrate that mTOR signaling under hypoxia is partially required to stabilize
HIF-1a, and that HIF-1a is a co-effector of mTOR-dependent, hypoxia-induced
endothelial proliferation. HIF-1a stabilization and RAEC proliferation under hypoxia does
not depend on signaling by MEK1/2, Jun kinase and p38. Recent studies have identified
two structurally und functionally distinct mTOR multi protein complexes. Further ongoing
studies will determine the individual or cooperative contribution of the two mTORCs in

hypoxia-mediated stabilization of HIF-1a.

Introduction

Cellular hypoxia occurs when the demand for molecular oxygen necessary to generate
ATP levels sufficient to sustain cell function exceed the vascular supply. Hypoxia can
occur during development, is associated with various cardiovascular diseases such as

peripheral artery disease, myocardial infarction, and heart failure, and also with tumor
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growth or wound healing’?. As part of an adaptive response, cells and tissues react to
hypoxia and induce transcriptional changes that may lead to induction of genes that
improve tissue perfusion (i.e. in angiogenesis and vasodilation), a switch to anaerobic
energy winning in glycolysis, or to an increase in erythocyte count®. This is initiated in
part by upregulation of transcription factors such as the well-studied hypoxia-inducible
factors HIF-1 and HIF-2.

The HIF-1 nuclear transcription complex is ubiquitously expressed and consists of a
stably expressed component HIF-1 (ARNT) and a hypoxia inducible protein HIF-1a.
Under normoxic conditions HIF-1a subunits are hydroxylated by prolyl hydroxylase
domain containing proteins (PHDs), polybiquinated in a von Hippel-Lindau protein
(pVHL) dependent way and constitutively degraded by the proteasome®°. Hypoxia
prevents activity of the prolyl hydroxlases and thereby inhibits HIF-1a degradation.

We have shown previously that rapamycin, the inhibitor of mammalian target of
rapamycin (mTOR) inhibits angiogenesis in vitro, and that mTOR complex 1 (mTORCA1)
and -complex 2 (mTORC2) are required for hypoxia-mediated proliferation of endothelial
cells®’. Active mTOR signaling has been shown to stabilize HIF-1a under hypoxia®®.
Moreover, mTOR-stabilized HIF-1a partially contributes to proliferation of mouse
embryonic fibroblasts (MEFs) under hypoxia’. mTORC1 is highly rapamycin sensitive
and is a key controler of cell growth and size by its capacity to control protein synthesis
via S6K1/2 and 4E-BP1'°. The function of mTORC?2 is less clear, but involves regulation

of cell proliferation and phenotype modulation'*"*

. mTORC2 was also proposed to play
an important role in the formation of the vasculature'™, similarly as HIF-1a and VEGF®.
In this study we investigated whether signaling through mTORC1, mTORC2, MEK1/2,
Jun kinase and p38 are necessary to stabilize HIF-1a and whether the inhibition of these

pathways affects proliferation of endothelial cells in response to hypoxia.
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Results and Figures

Hypoxia and growth factor stimulation results in nuclear accumulation of HIF-1ca
protein.

To determine the effect of hypoxia and growth factor stimulation on HIF-1a, primary rat
aortic endothelial cells (RAECs) were stimulated with or without PDGF-BB for 4.5 h
under 21 % and 1 % O, (normoxia and hypoxia) and analyzed for HIF-1a protein
expression by immunofluorescence confocal microscopy (Fig 1A) and westernblot
analysis with consecutive densitometric quantification (Fig 1B). HIF-1a was almost
undetectable under normoxia, whereas stimulation with PDGF-BB and hypoxia and the
combination of both led to HIF-1a stabilization and nuclear accumulation (Fig 1A).
Stimulation by PDGF-BB under conditions of normoxia induced HIF-1a to 4.2 fold, and
hypoxic stimulation alone to 5.2 fold compared to normoxic controls. Stimulation of
RAEC by PDGF-BB under hypoxia boosted HIF-1a protein levesl to 11.9 fold compared
to normoxia (Fig. 1B), suggesting a slight synergistic effect of growth factor stimulation

and hypoxia.

HIF-1a silencing reduces hypoxia-induced proliferation of RAECs.

Angiogenesis depends on the coordination of several independent but temporally
orchestrated processes, which includes endothelial cell proliferation as a crucial
component®. We have shown previously that hypoxia increases proliferation in RAEC®.
In order to investigate the role of HIF-1a in RAEC proliferation in response to hypoxia,
HIF-1a protein was knocked down by siRNA silencing. HIF-1a protein was silenced to
more than 90 % (Fig. 2A). Hypoxia increased proliferation of RAEC significantly
compared to culturing under normoxia. Increased proliferation in response to hypoxia

was significantly reduced with HIF-1a knock down (Fig. 2B).

Nuclear HIF-1a accumulation and hypoxia-induced RAEC proliferation is sensitive
to rapamycin-mediated mTOR inhibition.

In PC-3 prostate cancer cells, rapamycin, the specific inhibitor of mTORC1, was shown
to decrease HIF-1a stabilization®, MEK1/2, Jun kinase and p38 were also reported to
contribute to the stability of HIF-10>">". We investigated whether mTOR, MEK1/2, Jun
Kinase or p38 contribute to the stabilization of HIF-1a in response to hypoxia and PDGF-

BB stimulation in RAEC. Starved RAECs were treated with rapamycin (5 — 500 nM),
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PD98059 (5 — 80 yM), JNK-Inhibitor-1l (5 — 200 nM) and SB203580 (0.1 — 3 yM) prior to
PDGF stimulation and incubation in normoxia and hypoxia for 4.5 h. Rapamycin
significantly, albeit incompletely reduced nuclear HIF-1a protein levels induced by
hypoxia and PDGF-BB stimulation to a similar degree at all rapamycin concentrations
tested. Inhibition of MEK1/2 by PD98059 reduced PDGF-BB-induced HIF-1a protein
levels under normoxia only and did not affect HIF-1a stabilization under hypoxia.
Inhibition of Jun Kinase with JNK-Inhibitor-Il and inhibition of p38 with SB203580 had no
effect on HIF-1a protein accumulation in any tested condition (Fig. 3A).

To investigate whether HIF-1a-dependent, hypoxia-induced RAEC proliferation requires
mTOR, MEK1/2, JunK or p38, we pretreated the starved cells with the inhibitors
rapamycin, PD98059, SB203580 or JNK-inhibitor-ll respectively, and incubated RAECs
under normoxia and hypoxia for 28 h. As shown previously’ hypoxia induced a
significant increase in proliferation of RAEC compared to normoxia. In the absence of
growth factor stimulation, rapamycin reduced RAEC proliferation with increasing dose,
and significantly at a concentration of 200 nM and higher (Fig 3B) under hypoxia only.
The MEK1/2 inhibitor dose dependently and significantly lowered hypoxia-induced
RAEC proliferation at a concentration of 20 uM, but also lowered proliferation under
normoxia to a similar degree. JunK and p38 -inhibition did not affect RAEC proliferation
(Fig 3B).

Similar results were obtained when including PDGF-BB together with hypoxia to
stimulate RAEC, which significantly increased proliferation when compared to normoxia
plus PDGF-BB as shown earlier®. Under hypoxia, rapamycin significantly blunted RAEC
proliferation already at a concentration of 20 nM to levels when stimulated with PDGF-
BB only. Inhibition of MEK1/2, JNK and p38 had no significant effect on proliferation of
RAECs in response to PDGF-BB (Fig. 3B).

Thus, rapamycin-mediated reduction of HIF-1a levels is in parallel to rapamycin- and
HIF-1a knockdown-mediated reduction of RAEC proliferation in response to hypoxia
and/or growth factors. MEK1/2 mediated RAEC proliferation and contribution to HIF-1a.

stabilization occurs only under conditions of normoxia with PDGF-BB stimulation.
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Figure 1
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Hypoxia and growth factors induce nuclear accumulation of HIF-1a protein. A. Confocal
fluorescence image of RAEC, immune stained for HIF-1a, nucleus stained with Hoechst. Cells
were plated on cover slips, serum deprived, stimulated with or without PDGF-BB (10 ng/ml) and
incubated for 4.5 h in 21%- or 1% O,. B. Densitometric quantification of nuclear HIF-1a protein
levels detected by Western blot analysis. RAEC were serum starved, stimulated with or without
PDGF-BB (10 ng/ml) and incubated in 21%- or 1% O, for 4.5 h.
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Figure 2
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HIF-1a silencing reduces proliferation of RAEC. Serum starved RAEC were nucleofected with
HIF-1a siRNA or control siRNA and incubated for 30h in 1%- or 21% O,. Proliferation was
determined using WST-1 cell proliferation reagent.
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Figure 3A
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mTOR inhibition prevents nuclear accumulation of HIF-1a protein under hypoxia and
normoxia whereas inhibiton of MEK 1/2 only prevents an accumulation under normoxia.
Western blot analysis of nuclear HIF-1a. protein. Serum deprived RAEC were treated with mTOR
inhibitor (Rapamycin, 5 — 500 nM), MEK 1/2 inhibitor (PD98059, 5 — 80 uM), jun kinase inhibitor
(JNK-I-2, 5 — 200 nM), p38 inhibitor (SB203580, 0.1 — 3 uM) and incubated for 4.5 h in 21%- or
1% O in the presence or absence of PDGF-BB (10 ng/ml).
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Figure 3B
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mTOR inhibition lowers proliferation of RAEC under hypoxia whereas MEK 1/2 inhibition
reduces RAEC proliferation under normoxia. Serum starved RAEC were treated with inhibitors
similar to the cells in Figure 2. Proliferation rates were determined using WST-1 cell proliferation
reagent, after 30 h of incubation in 1%- or 21% O,
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Discussion
In this study we have investigated the signaling pathways mTOR, MEK1/2, JNK and p38

31516 _ for their contribution to HIF-1a

— pathways reported to respond to stress
stabilization and RAEC proliferation under hypoxia and growth factor (PDGF-BB)
stimulation.

We have confirmed, that hypoxia and PDGF-BB-stimulation induce nuclear
accumulation of HIF-1o (reviewed in Ke and Costa, 2006°)'®'°. Greater than additive
amounts of nuclear HIF-1o. were observed when stimulating with PDGF-BB under
hypoxia, suggesting a synergistic effect of hypoxia and PDGF-BB in HIF-1a stabilization.
Inhibition of MTOR by rapamycin significantly reduced nuclear HIF-1a levels under
hypoxia alone or when stimulating with PDGF-BB under hypoxia. In parallel, rapamycin
specifically reduced hypoxia-induced proliferation in RAECs but did not affect
proliferation under normoxia. Thus, HIF-1a stabilization under hypoxia is not only
negatively regulated by PHD but also positively by mTOR. PDGF-BB induced HIF-1a
stabilization under normoxia was rapamycin sensitive as well, suggesting that mTOR
signalling is also essential for growth factor-induced HIF-1a stabilization under normoxia.
Thus, mTOR signalling activated by growth factors or hypoxia is required for HIF-1a
stabilization.

In contrast MEK1/2 inhibition reduced HIF-1a levels when RAECs were stimulated with
PDGF-BB under normoxia and did not affect HIF-1a stabilization in hypoxic conditions.
MEK1/2 inhibition reduced proliferation of RAECs under normoxia and hypoxia to a
similar extent. Thus, we suggest that MEK1/2 is critical for HIF-1a stabilization and is
involved in regulating default proliferation of RAEC only by growth factor stimulation
under normoxia. The pharmacologic inhibition of JNK- and p38-signaling neither affected
HIF-1a stabilization nor proliferation of RAEC in response to hypoxia or growth factor
stimulation.

mTOR-signaling is required for hypoxic and PDGF-BB mediated proliferation of RAECs
and HIF-1a stabilization. In agreement, knock down of HIF-1a in RAECs inhibited
proliferation under hypoxia. This partial inhibition may be due to an incomplete knock
down of HIF-1a. However, MEFs completely lacking the HIF-1a gene reduced
proliferation under hypoxia also to a similar degree’, thus, not completely. We therefore
speculate, that HIF-1a is a co-effector of mMTOR-dependent, hypoxic proliferation of

endothelial cells.
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mTORC1 is rapamycin-sensitive, and rapamycin destabilizes HIF-1a under hypoxia. Is
mTORC1 therefore the pivotal mTOR complex for hypoxia- or growth factor mediated
HIF-1a stabilization? In endothelial cells, prolonged (~24 hr) treatment of rapamycin can
also prevent formation of mMTORC2. We have also shown that both mTORCs are
required to promote proliferation of RAECs under hypoxia’. It remains therefore to be
elucidated which of the two mTOR complexes is responsible for HIF-a accumulation.
Multiple pathways for HIF-1a regulation under hypoxia could potentially integrate
different regulatory signals for different conditions and ensure that HIF-1a is only up-
regulated if all criteria for e.g. cell growth were fulfiled. mMTOR as an integrator of stress,
energy, nutrient and growth factor signals and major controller of cell growth therefore
absolutely copes with this concept. Interestingly, HIF-1a carries a potential
phosphorylation site for mTOR?®, thus further studies are required to determine whether
hypoxia-activated mTOR could serve as a directly acting kinase for HIF-1a
phosphorylation and stabilization.

Thus, HIF-1a is a major and directly oxygen-sensing factor in determining the cellular
response to hypoxia. A significant number of secondary pathways such as mTOR-
signaling may additionally modulate HIF-1a but also other cellular effectors and

transcriptional responses.
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MATERIALS & METHODS

Cells & culture conditions

Rat aortic endothelial cells (RAEC) were derived from adult male Sprague-Dawley rat
(Charles River Laboratories, France) or WISTAR rats (RCC Ltd, Iltingen) and
characterized as described previously’. RAECs were cultured in DMEM (Oxoid AG,
Basel, Switzerland) complemented with 10% fetal calf serum (FCS, Oxoid AG), 1%
sodium pyruvate (Oxoid AG), 1% non-essential amino acids (Oxoid AG), 1% penicillin-
streptomycin (GIBCO™, Invitrogen AG, Basel, Switzerland). At 70% confluence, cells
were washed twice in PBS (Oxoid AG) and starved in serum-free DMEM for 30 h.

Reagents, Antibodies and Plasmids

Inhibitors of cell signaling used were: Rapamycin 5 mM stock, PD98059 10 mM stock,
JNK-Inhibitor Il 10 mM stock, SB203580 10 mM stock, all inhibitors were dissolved in
DMSO (Calbiochem, Laufelfingen, Switzerland). PDGF-BB was from R&D systems
Europe Ltd., Abingdon, UK.

Following primary antibodies for western blotting were used: chicken polyclonal anti-HIF-
1o (kindly provided by M. Gassmann, Clinic for Small Animal Internal Medicine,
University of Zirich, Switzerland). Secondary antibodies were HRP-conjugated anti
chicken (Transduction Laboratories, San Diego, CA). Antibodies used for for immune
fluorescence (confocal microscopy) were goat polyclonal IgG against HIF-1a (Santa
Cruz, California, USA), anti-goat Cy2-conjugated IgG (LabForce AG, Nunningen,
Switzerland). Nuclei were stained with TOTO-3 (Juro Supply GmbH, Lucerne

Switzerland).

Angiogenesis assay in vitro of endothelial spheroids

Endothelial cell spheroids of defined cell number were generated as described
elsewhere %. The spheroid containing fibrin bilayer was overlaid with serum-free DMEM
and stimulated according to experimental protocol for 24 h. Sprouts emerging from

spheroids were analyzed and quantified as described elsewhere?"?.
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Cell proliferation assay

To determine proliferation rate, 5500 cells/well (if transfected 11000 cells/well) were
seeded into 96-well plates, after 24 h the normal culture medium was replaced with
serum-free DMEM for 30 h. In all experiments using inhibitors and PDGF-BB, inhibitors
were added 30 min, PDGF-BB 5 min before incubation for 28 h at 21% O, and at 1% O..
Each condition was tested in octuplicates. Cell numbers were assessed using Cell
Proliferation Reagent WST-1 (Roche Molecular Biochemicals, Rotkreuz, Switzerland)

according to the manufacturer’s specifications.

Immunoblotting and transfections

Cells were seeded in a confluency of ~70 % and after 24 h starved in serum free DMEM
for 30 h. Inhibitors were added 30 min, growthfactors 5 min prior to incubation at 1% O..
Cells were lysed with RIPA lysis buffer. To obtain nuclear extracts for HIF-1a protein
alnalysis cells were lysed with high and low -salt buffer as described elsewhere®. 15 g,
for HIF-1a blots 20 ug —protein respectively were subjected to SDS-gel electrophoresis
and blotted on nitrocellulose membrane (Schleicher & Schuell GmbH, Dassel,
Germany). 5 % skim milk /TBST was used for blocking. Antibodies were diluted in 5 %
skim milk/TBST or according to manufacturers protocol. Protein bands appearing on X-

ray films were quantified by Image J software (Wayne Rasband, NIH, USA).

Immunofluorescence microscopy

RAECs were seeded on cover slips at a density of 4.0 x 10%/well in 24 well tissue culture
plates. At 70% confluence, cells were starved in serum-free DMEM for 30 h. After 4.5 h
of culturing in different conditions (x 10 ng/ml PDGF-BB under 21% O, or 1% O) cells
were rinsed and fixed with 4% Paraformaldehyde for 15 min at RT. Samples were
blocked with goat serum (Fluka Chemie GmbH, Buchs, Switzerland) in PBS with 0.25%
BSA. Fixed cells were probed with primary goat polyclonal 1IgG against HIF-1a and
secondary anti-goat Cy2-conjugated. TOTO-3 was used for nuclear DNA staining. Cover
slips with cells were embedded on microscope slides with FluorSave reagent
(Calbiochem, Laufelfingen, Switzerland) and analyzed by confocal laser scanning
microscopy (LSM 510, Carl Zeiss AG, Feldbach, Switzerland).
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Statistical analysis

Data (mean £ SD) were analyzed for normal distribution (one-way ANOVA), followed by

Bonferroni posttest with multiple or pair wise comparison using GraphPad Prism 4.0a

software (GraphPad Software Inc., San Diego, USA).
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Summary

The microcirculation largely determines peripheral vascular resistance and substantially
contributes to arterial hypertension. In both human arterial hypertension and animal
models of hypertension, genetic, fetal and other mechanisms associated with
hypertension can reduce the formation and number of microvessels (i.e. parallel-
connected arterioles and capillaries). Impaired formation of microvessels (impaired
angiogenesis) and microvascular rarefaction can, on the other hand, contribute to
increased peripheral resistance and raise blood pressure. Interestingly, drugs targeting
the renin-angiotensin-aldosterone system (i.e. angiotensin-converting enzyme inhibitors
and AT, receptor blockers) induce angiogenesis in vivo in the majority of animal studies.
Furthermore, recent clinical studies demonstrate that long-term antihypertensive
treatment increases capillary density in the skin of hypertensive patients without
diabetes. These effects of angiotensin-converting enzyme inhibitors and AT, receptor
blockers can be mediated by activation of bradykinin pathways, resulting in the
generation of vascular endothelial growth factor, nitric oxide and, consequently,
angiogenesis. In conclusion, specific antihypertensive drugs can induce angiogenesis
and reduce or even reverse microvascular rarefaction. This might improve target organ

damage in, and slow the development of, hypertension.

Introduction

The microvasculature supplies nutrients and oxygen to tissues, removes metabolites
and carbon dioxide, and maintains an adequate hydrostatic pressure in tissues. The
microcirculation is extremely important in determining blood pressure via peripheral
resistance, vasoconstriction and vasodilatation. Hydrostatic pressure drops largely in this
microcirculation, sinking gradually from small arteries to capillaries without a specific,
single site of resistance control. Capillaries further contribute to resistance because of
their narrow caliber and their contractility. The number of capillaries, and therefore their
combined luminal area, also affects peripheral resistance. Stressors such as hypoxia
and inflammation can induce microvessels to dynamically form and, after reversal of the
stressors, to functionally or anatomically disappear. Similarly, factors associated with
vasodilatation and vasoconstriction can affect the formation of microvessels (i.e.
angiogenesis). Most forms of human and experimental arterial hypertension are
associated with decreased numbers or densities of microvessels. This microvascular

rarefaction can further increase peripheral resistance, raise blood pressure and therefore
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aggravate hypertension and hypertension-induced target organ damage (Figure 1).
This review aims to explore the role of angiogenesis and its mechanisms in relation to
arterial hypertension. It also describes the effects of antihypertensive drugs on

angiogenesis and microvascular rarefaction in hypertension.
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Figure 1. Microvascular rarefaction contributes to increased peripheral resistance and high blood
pressure. In most studies of human hypertensives and in animal studies of hypertension, there
are less microvessels in hypertensives versus normotensives. Microvascular rarefaction can be
caused by either predisposition or an impaired angiogenic reponse. The reduction in total luminal
microvascular diameter results in increased peripheral resistance and could contribute to
elevated blood pressure in essential hypertension.

Microvascular rarefaction in hypertension

Several theories explain microvascular rarefaction in hypertension. Rarefaction can be
either primary (i.e. it antedates the onset of hypertension) or secondary (i.e. it occurs as
a consequence of prolonged elevation of blood pressure). Secondary rarefaction might
be caused by functional shut-off or destruction of existing capillaries Primary rarefaction,
by contrast, might result from impaired angiogenesis and microvascular network
formation'. In patients with essential hypertension, anatomic rather than functional
rarefaction reduces the density of capillaries in the skin of the dorsum of the fingers'?.
Increased blood pressure can also lead to microvascular rarefaction (for review, see?);
however, resistance vessel and microvascular remodeling can be totally®>® or partially’
blood pressure independent. Patients with borderline essential hypertension have skin
capillary densities that are as equally low as, or even lower than, patients with
established hypertension, and capillary density does not correlate with blood pressure®.

Moreover, impaired microvascular vasodilatation and capillary rarefaction are associated
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with a familial predisposition to essential hypertension®. Offspring of individuals with high
blood pressure have fewer capillaries on the dorsum of their fingers before the onset of
definitive hypertension'®. Thus, capillary rarefaction might antedate, rather than follow,
sustained hypertension'®. Therefore, impaired angiogenesis during development or early
in life might predispose to high blood pressure®. In addition, deficient embryonic vascular
development, low birth weight and impaired postembryonic vascular growth could

impede the formation of microvascular networks".

Mechanisms of formation and upkeep of new microvessels

During fetal growth, the vascular bed expands by sprouting and matures into a network
of stable vessels. When tissues grow beyond the limit of oxygen diffusion, hypoxia can
lead to the formation of new vessels in every mature tissue, triggering vessel growth by
signaling through hypoxia-inducible transcription factors'?>. These factors upregulate
several angiogenic genes, such as the gene encoding vascular endothelial growth factor
(VEGF); VEGF stimulates physiological and pathological angiogenesis'®>. A hypoxic
microenvironment also controls many other factors and modulates signaling pathways to

12-14

promote angiogenesis <. Endogenous VEGF upholds vascular homeostasis, and

insufficient VEGF levels initiate apoptotic pathways in mouse skeletal muscle.

Effects of antihypertensive drugs in human clinical studies

Clinical studies in hypertensive patients have focused on lowering blood pressure,
vasodilation and vasoconstriction, vascular rheology, vascular stiffness and reversal of
target organ damage in the heart, kidney, brain and arteries. Only very few studies have
explored the effects of antihypertensive drugs on the microvasculature. Interestingly,
long-term and effective antihypertensive treatment of non-diabetic hypertensive patients
increased capillary density compared with non-treated patients in a recent study'®. In an
earlier study in 70 hypertensives, losartan reduced vascular hypertrophy and rarefaction
after three years of randomized, blinded treatment when compared with atenolol'.
However, further clinical prospective studies are needed to explore the anatomical

effects of anti-hypertensive treatment on the microvasculature.
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Effects of antihypertensive drugs in animals or in vitro

Angiotensin-converting enzyme inhibitors

Angiotensin-converting enzyme inhibitors (ACE-Is) lower blood pressure and reduce the
media-to-lumen ratio of big arteries by blocking the conversion of angiotensin | to the
vasoconstrictive and trophic decapeptide angiotensin Il, and by blocking the breakdown
of the vasodilator peptide bradykinin. In addition, ACE-Is substantially change

820 In some studies, ACE-Is blocked microvessel

microvessel structure and density
formation: captopril reduced aortic and microvascular growth in hypertensive and
normotensive rats?’ and the capillary-fiber ratio in ischemic hind limbs of rats®’. The
ACE-I benazepril reduced both arteriolar density and small venule density in dorsal
microcirculatory chambers of spontaneously hypertensive rats (SHRs)?. In these
studies, suppression of the renin-angiotensin system promoted microvascular
rarefaction, suggesting that angiotensin Il might powerfully induce angiogenesis®'*.
Conversely, ACE-Is significantly have been shown to increase myocardial capillary
density in several studies. This effect correlates with the decrease in ventricular
hypertrophy seen after treatment of SHRs and Wistar-Kyoto rats with captopril®.
Moreover, ACE-Is increased myocardial capillary density in SHRs®, in in vivo models of
hind limb ischemia of the rabbit®, in stroke-prone SHRs?’, and in different rat models of
obesity?®®. Furthermore, several studies designed to investigate the induction of
angiogenesis in ischemic hind limbs of mice?** and rabbits®® suggest a pro-angiogenic
role for ACE-Is.

However, although the majority of studies supports a pro-angiogenic role for ACE-Is, it is
not entirely clear why the results from some studies, mentioned earlier, contradict this
viewpoint. It is possible that captopril, with its reactive sulfhydryl group, exerts additional
anti-angiogenic effects in studies that depend upon inhibition of metalloproteinases
rather than ACE-Is®. Most other ACE-Is, which differ from captopril chemically, might
not possess these specific anti-angiogenic properties. Furthermore, ACE-Is might exert
distinct effects depending upon the specific tissue and model investigated (see below).
Inhibition of the breakdown of bradykinin, rather than angiotensin-ll-mediated effects,
most likely accounts for the pro-angiogenic effects of ACE-Is*. Knockout of the
bradykinin B, receptor blunted ACE-Il-induced vascularization of mouse ischemic legs®.
In a model of myocardial infarction-induced heart failure, icatibant, an antagonist of the
B, receptor, prevented the increase in heart vessel density that had been induced by

both high and low doses of an ACE-I°>®. Interestingly, icatibant itself did not show any
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83 |t is possible that kinin levels are too low to affect vessel

effect on angiogenesis
density without ACE-Is, or that blockade of the renin-angiotensin system is necessary for
kinins to affect vessel density®>. Bradykinin per se also required the B, receptor pathway,
as shown both by our own studies in an in vitro model of angiogenesis in the heart and
by the use of corresponding knockout animals (Sanchez de Miguel L et al., abstract in
Microcirculation 2006, 13:145,). Thus, ACE inhibition leads to angiogenesis via the

bradykinin B, receptor pathway (Figure 2).
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Figure 2. Angiotensin and bradykinin interact to induce angiogenesis. Bradykinin (BK), a potent
vasodilator involved in regulation of blood pressure, induces angiogenesis. BK upregulates
angiogenic molecules such as basic fibroblast growth factor (bFGF), via the BK B, receptor7°'71,
or VEGF and NO, via the BK B, receptor72. The BK B, receptor can also activate the VEGF
receptor on endothelial cells”. ACE inhibition results in BK accumulation and promotion of
neovascularization®®****%*_ Moreover, angiotensin |l activates the AT, receptor during AT,
receptor blockade, thereby upregulating BK and contributing to an angiogenic response (Munk et
al., unpublished)74'75. ATR, angiotensin receptor.

The pro-angiogenic effect of bradykinin on vessel density might also require nitric oxide
(NO) and VEGF and/or prostaglandins®. Myocardial capillary rarefaction in obese rats
was accompanied by decreased expression of VEGF and endothelial NO synthase®.
Similarly, increased microvascular density in ischemic rat hind limbs after treatment with
ACE-Is was associated with upregulation of endothelial NO synthase®. Decreased NO
bioavailability also contributed to microvessel rarefaction in skeletal muscle of obese
Zucker rats, a model of the metabolic syndrome®. In a rat model of secondary
hypertension with inhibition of NO biosynthesis, the development of vascular connective
tissue was substantially reduced; however, this effect was not seen in a different model

with a NO-independent mechanism of secondary hypertension®’.
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Angiotensin Il receptor blockers

Angiotensin Il type 1 receptor blockers (ARBs) block the effects of angiotensin Il at the
AT, receptor and thus decrease blood pressure and many of the other damaging trophic
effects of angiotensin Il on target organs. Several reports have demonstrated that ARBs
increase capillary density®*“°. When ARBs block AT, receptors, angiotensin Il can still
exert effects via AT, receptors. Plasma renin and angiotensin |l levels also increase
when the AT, receptor is blocked*': therefore, the effects of angiotensin Il on the AT,
receptor might include the release of kinins and NO** — molecules that mediate
angiogenesis.

Both the AT, and the AT, receptor subtypes have been implicated in angiogenesis; in a
model of renal peritubular capillary rarefaction in Sprague-Dawley rats, the ARB losartan
reversed rarefaction via induction of VEGF expression, and the AT, blocker PD123319
increased capillary density via upregulation of the VEGF receptor, as well as
angiopoietin and its receptor Tie-1°®. The ARB losartan completely attenuated the
decrease in rat coronary capillary density seen during angiotensin-ll-induced
hypertrophy®®. By contrast, the ARB valsartan had no effect on the microcirculation of

the cutaneous maximus muscle of young SHRs?.

Diuretics

The few studies performed with diuretics do not allow us to draw a conclusion on their
effects on the microcirculation. A randomized clinical trial in 40 hypertensive patients
showed that hydrochlorothiazide did not affect indices of endothelial damage/dysfunction
and angiogenesis®. In vitro, furosemide, a loop diuretic, attenuated expression of
angiogenesis-related genes in the ischemic rat kidney**. Spironolactone, a potassium-
sparing diuretic that antagonizes the mineralocorticoid aldosterone, inhibited proliferation
of endothelial cells** and basic fibroblast growth factor-induced angiogenesis in the

rabbit corneal assay*®.

a- and B-adrenergic receptor blockers

Reports on the effects of a- and B-adrenergic receptor blockers on microvascular
rarefaction are inconclusive. Nebivolol, a B-blocker that also induces release of NO,
reduced proliferation and caused apoptosis of aortic and coronary endothelial cells*’.
Similarly, nebivolol (but not metoprolol) inhibited endothelial sprout formation of the heart

in vitro (Petrimpol, unpublished).
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The as-adrenergic receptor doxazosin inhibited human vascular endothelial cell
adhesion, migration and invasion®®, whereas terazosin inhibited the proliferation and
tube formation of endothelial cells*®. However, the aq-adrenergic receptor blocker
prazosin increased total vascular area and capillary density both in the rabbit ear

I*° and in a rat hindlimb model of ischemia®'.

chamber mode
Calcium antagonists

Reports on the effects of calcium antagonists on microvascular rarefaction are again
inconclusive. Nifedipine and amlodipine raised VEGF levels and thereby induced
capillary tube formation of human coronary artery endothelial cells in vitro®® and
increased total capillary density in the dilated cardiomyopathic hamster heart™.
Mibefradil and the chloride channel blocker NPPB [5-nitro 2-(3-phenylpropylamino)

benzoate] inhibited tube formation of rat microvascular endothelial cells®*.

Angiogenesis and hypertension in human clinical studies

Increased VEGF levels during hypertension

In early hypertension, myocardial microvascular remodeling is accompanied by
increased oxidative stress, inflammation and VEGF expression®*°. Plasma levels of
VEGF are increased in hypertensive patients when compared with normotensives (for
review, see®’). Raised VEGF levels would imply that angiogenesis is stimulated in these
hypertensive patients. Additionally, these findings might question whether capillary
rarefaction is associated with hypertension®. Alternatively, functional rarefaction (i.e.
vasoconstriction) and anatomical microvascular rarefaction might lead to an increase in
shear stress of microvessels and the subsequent activation of angiogenic pathways (for
review, see”). Furthermore, hypertensive subjects might not respond adequately to
angiogenic growth factors, displaying defects in VEGF-associated signaling

6061 and endothelial dysfunction of newly formed microvessels®>*®. Moreover,

cascades
in a mouse ear model of angiogenesis, a defined dose of VEGF in the presence of
platelet-derived growth factor-B dimer (PDGF-BB) induced stable, non-leaky, pericyte-
covered normal capillaries. Conversely, the same does of VEGF in the absence of
PDGF-BB induced aberrant vascular structures that developed into hemangiomas®.
Thus, increased plasma VEGF levels, induced by endothelial dysfunction, shear stress
or local hypoxia, might not necessarily lead to a denser or functional parallel-connected

capillary network.
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ACE inhibition and tumor angiogenesis

ACE-Is and their associated potential pro-angiogenic effects have raised concerns about
a possible increased risk of cancer. Theoretically, induction of angiogenesis by ACE-Is
to reverse microvascular vascular rarefaction in hypertension might stimulate growth of
dormant non-vascularized tumors®®*. Reassuringly, neither data in animal tumor models
in vivo®**® nor a retrospective cohort study based on the records of 5207 patients®’,
nor post-marketing surveillance, suggests tumorigenicity for ACE-Is or other
antihypertensive drugs. Potentially, the local microenvironment could influence the final
biological response; however, distinct effects of ACE-Is on reparative angiogenesis in

the heart versus tumor angiogenesis have yet to be fully elucidated.

Anti-VEGF anti-angiogenic tumor therapy and hypertension
Fascinatingly, new anti-angiogenic therapies to treat cancer using an anti-VEGF
antibody (bevacizumab; Avastin®) result in hypertension in a significant proportion of

patients®®°

, possibly resulting from the blockage of vasodilation induced by VEGF.
Hypothetically, use of anti-VEGF antibodies might also reduce microvascular networks in

hypertension. However, this still needs to be investigated.

Conclusions

Recent clinical studies have shown that long-term antihypertensive treatment can
prevent microvascular rarefaction in hypertensive patients. ACE inhibition increases
microvascular density in many animal models of hypertension; this effect is mostly
mediated by activation of bradykinin pathways, resulting in stimulation of VEGF
formation and increased NO bioavailability. In animal models of hypertension and tissue
ischemia, these molecules act locally to enable the formation of stabilized and perfused
microvessels.

It will be important to better understand the mechanisms of microvascular rarefaction
and, generally, to prospectively investigate the impact of antihypertensive therapy on
microvascular rarefaction in clinical studies. Drugs with a potent anti-remodeling effect or
the potential to induce new microvessels might be more desirable if structural rarefaction
precedes the onset of hypertension or is found in hypertension-induced target organ
damage. By preventing microvascular rarefaction, hypertension and/or hypertension-

induced target organ damage might be reversed. Further studies on the genetics of
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impaired angiogenesis during development should add to our understanding of the

predisposition to hypertension.

Acknowledgements

This work was supported by grants from the Swiss National Science Foundation (3200-
067155), the Swiss Cancer League (OCS 01160-09-2001) and the Swiss Heart
Foundation. Furthermore, experiments in the laboratory were partially supported by a
Medical School Grant of Merck Sharp and Dhome. The contribution from Dr Sanchez de

Miguel was supported by a grant from the Ministerio de Educacion y Ciencia from Spain.

References and recommended reading

Papers of particular interest, published within the annual period of review, have been
highlighted as:

» of special interest

+« of outstanding interest

B.l. Levy, G. Ambrosio, A.R. Pries and H.A. Struijker-Boudier, Microcirculation in hypertension: a
new target for treatment?, Circulation 104 (2001), pp. 735-740.

E.H. Serne, R.O. Gans, J.C. ter Maaten, G.J. Tangelder, A.J. Donker and C.D. Stehouwer,
Impaired skin capillary recruitment in essential hypertension is caused by both functional and
structural capillary rarefaction, Hypertension 38 (2001), pp. 238-242.

T.F. Antonios, D.R. Singer, N.D. Markandu, P.S. Mortimer and G.A. MacGregor, Structural skin
capillary rarefaction in essential hypertension, Hypertension 33 (1999), pp. 998-1001.

R. Humar, T.J.R. Resink and E.J. Battegay, Vascular Remodeling in Hypertension. In: E.J.
Battegay, G.L. Bakris and G.Y.H. Lip, Editors, Hypertension: Principles and Practice Vol 1,
Marcel Dekker, New York (2005), pp. 85-97.

S. Takeshita, H. Tomiyama, N. Yokoyama, Y. Kawamura, T. Furukawa, Y. Ishigai, T. Shibano, T.
Isshiki and T. Sato, Angiotensin-converting enzyme inhibition improves defective angiogenesis in
the ischemic limb of spontaneously hypertensive rats, Cardiovasc Res 52 (2001), pp. 314-320.

P. Gohlke, I. Kuwer, A. Schnell, K. Amann, G. Mall and T. Unger, Blockade of bradykinin B2
receptors prevents the increase in capillary density induced by chronic angiotensin-converting
enzyme inhibitor treatment in stroke-prone spontaneously hypertensive rats, Hypertension 29
(1997), pp. 478-482.

J.L. le Noble, G.J. Tangelder, D.W. Slaaf, H. van Essen, R.S. Reneman and H.A. Struyker-
Boudier, A functional morphometric study of the cremaster muscle microcirculation in young
spontaneously hypertensive rats, J Hypertens 8 (1990), pp. 741-748.

T.F. Antonios, F.E. Rattray, D.R. Singer, N.D. Markandu, P.S. Mortimer and G.A. MacGregor,
Maximization of skin capillaries during intravital video-microscopy in essential hypertension:
comparison between venous congestion, reactive hyperaemia and core heat load tests, Clin Sci
(Lond) 97 (1999), pp. 523-528.

J.P. Noon, B.R. Walker, D.J. Webb, A.C. Shore, D.W. Holton, H.V. Edwards and G.C. Watt,
Impaired microvascular dilatation and capillary rarefaction in young adults with a predisposition to
high blood pressure, J Clin Invest 99 (1997), pp. 1873—1879.

70



[10]

[11]

[12]
[13]

[14]

[15]

[162]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]
[26]

[27]

[28]

T.F. Antonios, F.M. Rattray, D.R. Singer, N.D. Markandu, P.S. Mortimer and G.A. MacGregor,
Rarefaction of skin capillaries in normotensive offspring of individuals with essential hypertension,
Heart 89 (2003), pp. 175-178.

P. Pladys, F. Sennlaub, S. Brault, D. Checchin, |. Lahaie, N.L. Le, K. Bibeau, G. Cambonie, D.
Abran and M. Brochu et al., Microvascular rarefaction and decreased angiogenesis in rats with
fetal programming of hypertension associated with exposure to a low-protein diet in utero, Am J
Physiol Regul Integr Comp Physiol 289 (2005), pp. R1580-R1588.

P. Carmeliet, Angiogenesis in health and disease, Nat Med 9 (2003), pp. 653—660.

R. Humar, F.N. Kiefer, H. Berns, T.J. Resink and E.J. Battegay, Hypoxia enhances vascular cell
proliferation and angiogenesis in vitro via rapamycin (mTOR)-dependent signalling, FASEB J 16
(2002), pp. 771-780.

W. Li, M. Petrimpol, K.D. Molle, M.N. Hall, E.J. Battegay and R. Humar, Hypoxia-induced
endothelial proliferation requires both mTORC1 and mTORC2, Circ Res 100 (2007), p. 79.

K. Tang, E.C. Breen, H.P. Gerber, N.M. Ferrara and P.D. Wagner, Capillary regression in
vascular endothelial growth factor-deficient skeletal muscle, Physiol Genomics 18 (2004), pp. 63—
69.

H. Debbabi, L. Uzan, J.J. Mourad, M. Safar, B.l. Levy and E. Tibirica, Increased skin capillary
density in treated essential hypertensive patients, Am J Hypertens 19 (2006), pp. 477-483.

This first observational clinical study highlights the importance of correcting the microcirculatory
abnormalities in hypertension.

M.H. Olsen, E. Fossum, A. Hoieggen, K. Wachtell, E. Hjerkinn, S.D. Nesbitt, U.B. Andersen, R.A.
Phillips, C.L. Gaboury and H. Ibsen et al., Long-term treatment with losartan versus atenolol
improves insulin sensitivity in hypertension: ICARUS, a LIFE substudy, J Hypertens 23 (2005),
pp. 891-898.

H.A. Struijker Boudier, J.L. le Noble, M.W. Messing, M.S. Huijberts, F.A. le Noble and H. van
Essen, The microcirculation and hypertension, J Hypertens Suppl 10 (1992), pp. S147-S156.
N.K. Thybo, N. Stephens, A. Cooper, C. Aalkjaer, A.M. Heagerty and M.J. Mulvany, Effect of
antihypertensive treatment on small arteries of patients with previously untreated essential
hypertension, Hypertension 25 (1995), pp. 474-481.

D. Rizzoni, M. Castellano, E. Porteri, G. Bettoni, M.L. Muiesan, A. Cinelli and E.A. Rosei, Effects
of low and high doses of fosinopril on the structure and function of resistance arteries,
Hypertension 26 (1995), pp. 118-123.

D.H. Wang and R.L. Prewitt, Captopril reduces aortic and microvascular growth in hypertensive
and normotensive rats, Hypertension 15 (1990), pp. 68-77.

H.J. Nelissen-Vrancken, H.A. Boudier, M.J. Daemen and J.F. Smits, Antihypertensive therapy
and adaptive mechanisms in peripheral ischemia, Hypertension 22 (1993), pp. 780-788.

K.J. Scheidegger, J.M. Wood, H. van Essen and H.A. Struijker-Boudier, Effects of prolonged
blockade of the renin angiotensin system on striated muscle microcirculation of spontaneously
hypertensive rats, J Pharmacol Exp Ther 278 (1996), pp. 1276-1281.

F.A. Le Noble, J.W. Hekking, HW. Van Straaten, D.W. Slaaf and H.A. Struyker Boudier,
Angiotensin Il stimulates angiogenesis in the chorio-allantoic membrane of the chick embryo, Eur
J Pharmacol 195 (1991), pp. 305-306.

C.A. Canby and R.J. Tomanek, Role of lowering arterial pressure on maximal coronary flow with
and without regression of cardiac hypertrophy, Am J Physiol 257 (1989), pp. H1110-H1118.

J.E. Fabre, A. Rivard, M. Magner, M. Silver and J.M. Isner, Tissue inhibition of angiotensin-
converting enzyme activity stimulates angiogenesis in vivo, Circulation 99 (1999), pp. 3043-3049.
K. Rakusan, N. Cicutti, A. Maurin, D. Guez and P. Schiavi, The effect of treatment with low dose
ACE inhibitor and/or diuretic on coronary microvasculature in stroke-prone spontaneously
hypertensive rats, Microvasc Res 59 (2000), pp. 243-254.

T. Sugawara, S. Fujii, T. Akm Zaman, D. Goto, T. Kaneko, T. Furumoto, H. Togashi, M.
Yoshioka, T. Koyama and A. Kitabatake, Coronary capillary remodeling in non-insulin-dependent
diabetic rats: amelioration by inhibition of angiotensin converting enzyme and its potential clinical
implications, Hypertens Res 24 (2001), pp. 75-81.

71



[29]

[30°]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

J.S. Silvestre, S. Bergaya, R. Tamarat, M. Duriez, C.M. Boulanger and B.l. Levy, Proangiogenic
effect of angiotensin-converting enzyme inhibition is mediated by the bradykinin B(2) receptor
pathway, Circ Res 89 (2001), pp. 678-683.

T.G. Ebrahimian, R. Tamarat, M. Clergue, M. Duriez, B.l. Levy and J.S. Silvestre, Dual effect of
angiotensin-converting enzyme inhibition on angiogenesis in type 1 diabetic mice, Arterioscler
Thromb Vasc Biol 25 (2005), pp. 65-70.

This paper nicely describes the pro- and anti-angiogenic features of ACE-Is in one animal model.

O.V. Volpert, W.F. Ward, M.W. Lingen, L. Chesler, D.B. Solt, M.D. Johnson, A. Molteni, P.J.
Polverini and N.P. Bouck, Captopril inhibits angiogenesis and slows the growth of experimental
tumors in rats, J Clin Invest 98 (1996), pp. 671-679.

F.N. Kiefer, S. Neysari, R. Humar, W. Li, V.C. Munk and E.J. Battegay, Hypertension and
angiogenesis, Curr Pharm Des 9 (2003), pp. 1733-1744.

Y.H. Liu, X.P. Yang, V.G. Sharov, O. Nass, H.N. Sabbah, E. Peterson and O.A. Carretero, Effects
of angiotensin-converting enzyme inhibitors and angiotensin Il type 1 receptor antagonists in rats
with heart failure. Role of kinins and angiotensin Il type 2 receptors, J Clin Invest 99 (1997), pp.
1926-1935.

H.M. Siragy, A.A. Jaffa and H.S. Margolius, Bradykinin B2 receptor modulates renal
prostaglandin E2 and nitric oxide, Hypertension 29 (1997), pp. 757-762.

J.E. Toblli, G. Cao, G. DeRosa, F. Di Gennaro and P. Forcada, Angiotensin-converting enzyme
inhibition and angiogenesis in myocardium of obese Zucker rats, Am J Hypertens 17 (2004), pp.
172-180.

J.C. Frisbee, Reduced nitric oxide bioavailability contributes to skeletal muscle microvessel
rarefaction in the metabolic syndrome, Am J Physiol Regul Integr Comp Physiol 289 (2005), pp.
R307-R316.

F.N. Kiefer, H. Misteli, N. Kalak, K. Tschudin, J. Fingerle, M. Van der Kooij, M. Stumm, L.T.
Sumanovski, C.C. Sieber and E.J. Battegay, Inhibition of NO biosynthesis, but not elevated blood
pressure, reduces angiogenesis in rat models of secondary hypertension, Blood Press 11 (2002),
pp. 116-124.

H. Kitayama, Y. Maeshima, Y. Takazawa, Y. Yamamoto, Y. Wu, K. Ichinose, K. Hirokoshi, H.
Sugiyama, Y. Yamasaki and H. Makino, Regulation of angiogenic factors in angiotensin Il infusion
model in association with tubulointerstitial injuries, Am J Hypertens 19 (2006), pp. 718-727.

A. Sabri, J.L. Samuel, F. Marotte, P. Poitevin, L. Rappaport and B.l. Levy, Microvasculature in
angiotensin Il-dependent cardiac hypertrophy in the rat, Hypertension 32 (1998), pp. 371-375.

B. Schieffer, A. Wirger, M. Meybrunn, S. Seitz, J. Holtz, U.N. Riede and H. Drexler, Comparative
effects of chronic angiotensin-converting enzyme inhibition and angiotensin Il type 1 receptor
blockade on cardiac remodeling after myocardial infarction in the rat, Circulation 89 (1994), pp.
2273-2282.

S. Whitebread, M. Mele, B. Kamber and M. de Gasparo, Preliminary biochemical characterization
of two angiotensin Il receptor subtypes, Biochem Biophys Res Commun 163 (1989), pp. 284—
291.

N. Seyedi, X. Xu, A. Nasijletti and T.H. Hintze, Coronary kinin generation mediates nitric oxide
release after angiotensin receptor stimulation, Hypertension 26 (1995), pp. 164-170.

N.A. Chung, D.G. Beevers and G. Lip, Effects of losartan versus hydrochlorothiazide on indices
of endothelial damage/dysfunction, angiogenesis and tissue factor in essential hypertension,
Blood Press 13 (2004), pp. 183—189.

N. Aravindan and A. Shaw, Effect of furosemide infusion on renal hemodynamics and
angiogenesis gene expression in acute renal ischemia/reperfusion, Ren Fail 28 (2006), pp. 25—
35.

S. Guggino, D. Weltin, D. Chapelon, J.L. Imbs and D. Stephan, Anti-angiogenesis effects of
aldosterone antagonist diuretics, Arch Mal Coeur Vaiss 95 (2002), pp. 727-731.

N. Klauber, F. Browne, B. Anand-Apte and R.J. D’Amato, New activity of spironolactone.
Inhibition of angiogenesis in vitro and in vivo, Circulation 94 (1996), pp. 2566—-2571.

72



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]
[62]
[63]
[64]

[65]

[66]

B.R. Brehm, S.C. Wolf, D. Bertsch, M. Klaussner, S. Wesselborg, S. Schuler and K. Schulze-
Osthoff, Effects of nebivolol on proliferation and apoptosis of human coronary artery smooth
muscle and endothelial cells, Cardiovasc Res 49 (2001), pp. 430—439.

K. Keledjian, J.B. Garrison and N. Kyprianou, Doxazosin inhibits human vascular endothelial cell
adhesion, migration, and invasion, J Cell Biochem 94 (2005), pp. 374—388.

S.L. Pan, J.H. Guh, Y.W. Huang, J.W. Chern, J.Y. Chou and C.M. Teng, Identification of
apoptotic and antiangiogenic activities of terazosin in human prostate cancer and endothelial
cells, J Urol 169 (2003), pp. 724-729.

S. Ichioka, M. Shibata, K. Kosaki, Y. Sato, K. Harii and A. Kamiya, In vivo measurement of
morphometric and hemodynamic changes in the microcirculation during angiogenesis under
chronic alpha1-adrenergic blocker treatment, Microvasc Res 55 (1998), pp. 165-174.

G. Fulgenzi, L. Graciotti, M.G. Collis and O. Hudlicka, The effect of alpha 1 adrenoceptor
antagonist prazosin on capillary supply, blood flow and performance in a rat model of chronic
muscle ischaemia, Eur J Vasc Endovasc Surg 16 (1998), pp. 71-77.

S. Miura, M. Fujino, Y. Matsuo, H. Tanigawa and K. Saku, Nifedipine-induced vascular
endothelial growth factor secretion from coronary smooth muscle cells promotes endothelial tube
formation via the kinase insert domain-containing receptor/fetal liver kinase-1/NO pathway,
Hypertens Res 28 (2005), pp. 147-153.

H. Kumamoto, H. Okamoto, M. Watanabe, H. Onozuka, K. Yoneya, |I. Nakagawa, S. Chiba, S.
Watanabe, T. Mikami and K. Abe et al., Beneficial effect of myocardial angiogenesis on cardiac
remodeling process by amlodipine and MCI-154, Am J Physiol 276 (1999), pp. H1117-H1123.
V.G. Manolopoulos, S. Liekens, P. Koolwijk, T. Voets, E. Peters, G. Droogmans, P.l. Lelkes, E.
De Clercq and B. Nilius, Inhibition of angiogenesis by blockers of volume-regulated anion
channels, Gen Pharmacol 34 (2000), pp. 107-116.

M. Rodriguez-Porcel, X.Y. Zhu, A.R. Chade, B. Amores-Arriaga, N.M. Caplice, E.L. Ritman, A.
Lerman and L.O. Lerman, Functional and structural remodeling of the myocardial
microvasculature in early experimental hypertension, Am J Physiol Heart Circ Physiol 290 (2006),
pp. H978-H984.

X.Y. Zhu, E. Daghini, A.R. Chade, M. Rodriguez-Porcel, C. Napoli, A. Lerman and L.O. Lerman,
Role of oxidative stress in remodeling of the myocardial microcirculation in hypertension,
Arterioscler Thromb Vasc Biol 26 (2006), pp. 1746—-1752.

D.C. Sane, L. Anton and K.B. Brosnihan, Angiogenic growth factors and hypertension,
Angiogenesis 7 (2004), pp. 193-201.

D.C. Felmeden, C.G. Spencer, F.M. Belgore, A.D. Blann, D.G. Beevers and G.Y. Lip, Endothelial
damage and angiogenesis in hypertensive patients: relationship to cardiovascular risk factors and
risk factor management, Am J Hypertens 16 (2003), pp. 11-20.

B.M. Prior, H.T. Yang and R.L. Terjung, What makes vessels grow with exercise training?, J Appl
Physiol 97 (2004), pp. 1119-1128.

S. Jesmin, Y. Hattori, H. Togashi, K. Ueno, M. Yoshioka and |. Sakuma, Age-related changes in
cardiac expression of VEGF and its angiogenic receptor KDR in stroke-prone spontaneously
hypertensive rats, Mol Cell Biochem 272 (2005), pp. 63—73.

F. Feihl, L. Liaudet, B. Waeber and B.l. Levy, Hypertension: a disease of the microcirculation?,
Hypertension 48 (2006), pp. 1012-1017.

A. Banfi, G. von Degenfeld and H.M. Blau, Critical role of microenvironmental factors in
angiogenesis, Curr Atheroscler Rep 7 (2005), pp. 227-234.

G. Bergers and L.E. Benjamin, Tumorigenesis and the angiogenic switch, Nat Rev Cancer 3
(2003), pp. 401-410.

P. Carmeliet and R.K. Jain, Angiogenesis in cancer and other diseases, Nature 407 (2000), pp.
249-257.

H. Yoshiji, S. Kuriyama, R. Noguchi and H. Fukui, Angiotensin-l converting enzyme inhibitors as
potential anti-angiogenic agents for cancer therapy, Curr Cancer Drug Targets 4 (2004), pp. 555—
567.

R. Yasumatsu, T. Nakashima, M. Masuda, A. Ito, Y. Kuratomi, T. Nakagawa and S. Komune,
Effects of the angiotensin-l converting enzyme inhibitor perindopril on tumor growth and

73



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

angiogenesis in head and neck squamous cell carcinoma cells, J Cancer Res Clin Oncol 130
(2004), pp. 567-573. View Record in Scopus | Cited By in Scopus

A.F. Lever, D.J. Hole, C.R. Gillis, I.R. McCallum, G.T. Mclnnes, P.L. MacKinnon, P.A. Meredith,
L.S. Murray, J.L. Reid and J.W. Robertson, Do inhibitors of angiotensin-l-converting enzyme
protect against risk of cancer?, Lancet 352 (1998), pp. 179-184.

R.J. Ignoffo, Overview of bevacizumab: a new cancer therapeutic strategy targeting vascular
endothelial growth factor, Am J Health Syst Pharm 61 (2004) (Suppl 5), pp. S21-S26.

D.H. Johnson, L. Fehrenbacher, W.F. Novotny, R.S. Herbst, J.J. Nemunaitis, D.M. Jablons, C.J.
Langer, R.F. DeVore 3rd, J. Gaudreault and L.A. Damico et al., Randomized phase Il trial
comparing bevacizumab plus carboplatin and paclitaxel with carboplatin and paclitaxel alone in
previously untreated locally advanced or metastatic non-small-cell lung cancer, J Clin Oncol 22
(2004), pp. 2184-2191.

L. Morbidelli, A. Parenti, L. Giovannelli, H.J. Granger, F. Ledda and M. Ziche, B1 receptor
involvement in the effect of bradykinin on venular endothelial cell proliferation and potentiation of
FGF-2 effects, Br J Pharmacol 124 (1998), pp. 1286—1292.

A. Parenti, L. Morbidelli, F. Ledda, H.J. Granger and M. Ziche, The bradykinin/B1 receptor
promotes angiogenesis by up-regulation of endogenous FGF-2 in endothelium via the nitric oxide
synthase pathway, FASEB J 15 (2001), pp. 1487-1489.

A.J. Knox, L. Corbett, J. Stocks, E. Holland, Y.M. Zhu and L. Pang, Human airway smooth
muscle cells secrete vascular endothelial growth factor: up-regulation by bradykinin via a protein
kinase C and prostanoid-dependent mechanism, FASEB J 15 (2001), pp. 2480-2488.

D. Thuringer, L. Maulon and C. Frelin, Rapid transactivation of the vascular endothelial growth
factor receptor KDR/FIk-1 by the bradykinin B2 receptor contributes to endothelial nitric-oxide
synthase activation in cardiac capillary endothelial cells, J Biol Chem 277 (2002), pp. 2028-2032.
D.H. Munzenmaier and A.S. Greene, Chronic angiotensin Il AT1 receptor blockade increases
cerebral cortical microvessel density, Am J Physiol Heart Circ Physiol 290 (2006), pp. H512—
H516.

J.P. Forder, D.H. Munzenmaier and A.S. Greene, Angiogenic protection from focal ischemia with
angiotensin Il type 1 receptor blockade in the rat, Am J Physiol Heart Circ Physiol 288 (2005), pp.
H1989-H1996.

74



Angiotensin Il induces angiogenesis in the hypoxic
adult mouse heart in vitro through an AT,—B2

receptor pathway

Veronica C. Munk, Lourdes Sanchez de Migue, Marco Petrimpol, Nicole Butz, Andrea
Banfi, Urs Eriksson, Lutz Hein, Rok Humar and Edouard J. Battegay
(Hypertension. 2007;49;1178-1185)

75



Abstract

Angiotensin Il is a vasoactive peptide that may affect vascularization of the ischemic
heart via angiogenesis. In this study we aimed at studying the mechanisms underlying
the angiogenic effects of Angll under hypoxia in the mouse heart in vitro.

Endothelial sprout formation from pieces of mouse hearts was assessed under normoxia
(21% O;) and hypoxia (1% O,) during a 7-day period of in vitro culture. Only under
hypoxia, angiotensin Il dose-dependently induced endothelial sprout formation, peaking
at 107 mol/L of angiotensin Il. AT, receptor blockade by losartan did not affect
angiotensin ll-induced sprouting in wild-type mice. Conversely, the AT, receptor
antagonist PD 123319 blocked this response. In hearts from AT,” mice, angiotensin II-
elicited sprouting was preserved but blocked again by AT, receptor antagonism. In
contrast, no angiotensin ll-induced sprouting was found in preparations from hearts of
AT, mice. Angiotensin Il-mediated angiogenesis was also abolished by a specific
inhibitor of the B2 kinin receptor in both wild type and AT," mice. Furthermore,
angiotensin |l failed to induce endothelial sprout formation in hearts from B2 mice.
Finally, nitric oxide inhibition completely blunted sprouting in hearts from wild type mice,
while nitric oxide-donors could restore sprouting in AT,” and B2” hearts. This in vitro
study suggests the obligatory role of hypoxia in the angiogenic effect of angiotensin Il in
the mouse heart via the AT, receptor through a mechanism that involves bradykinin, its

B2 receptor and nitric oxide as a downstream effector.

Introduction

Ischemic heart disease and left ventricular hypertrophy are characterized by impaired
cardiac function caused, amongst others, by inadequate blood supply to the
myocardium. In order to relieve this condition, blood flow to the myocardium needs to be
restored by remodeling of pre-existing unused collateral blood vessels (arteriogenesis)
and by the growth of new microvessels (angiogenesis). This process may also prevent
the death and promote regeneration of damaged myocardial tissue.

Angiogenic stimuli are generated by hypoxia through activation of endothelial cell
signalling’ and gene transcription of key angiogenic molecules such as Vascular
Endothelial Growth Factor (VEGF)?. In mice, activation of pre-existing collateral
vascularization that restores blood flow to the acutely ischemic heart was shown to be
induced by Angiotensin Il (Ang 11)°, a key regulator of blood pressure and the main

effector of the renin angiotensin aldosterone system (RAAS)*. During ischemia or
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cancer, Ang Il was shown to induce angiogenesis®. Two major subtypes of Ang Il
receptors are expressed in the myocardium®, AT; and AT, receptors”®. Most of the Ang
Il cardiovascular effects, e.g. vasoconstriction, are attributed to AT.°. AT, is an
ubiquitous receptor which presents two subtypes in rodents of a high homology (ATqa
and AT:b)". On the other hand, AT, receptor is highly expressed early in development
and at lower levels in the adult®. Interestingly, AT, receptor is upregulated in response to
ischemia and inflammation suggesting a potential role in myocardial angiogenesis''.
Previous studies have shown that the AT, receptor may interact with the bradykinin
receptor, the B2 kinin receptor (B2) during signalling'.

In the present study we have investigated the mechanism of angiogenesis in response
to Ang Il in an in vitro model of sprout formation in the mouse heart under conditions of
normoxia (21% O;) and severe hypoxia (1% O3) by dissecting the role of AT receptor

subtypes and identifying the downstream effectors.

Results and Figures

Ang Il induces vascular sprouting of the adult mouse heart under hypoxia.

We analyzed the effect of Ang Il in an in vitro model of angiogenesis of the heart'* both
under normoxia (21% O;) and hypoxia (1% O;). Under normoxia neither Ang Il, nor the
angiogenic growth factor VEGF'® that was used as positive control elicited an angiogenic
response (Figure 1A and 1B) in the mouse heart. However, under hypoxia Ang II,
bradykinin and VEGF elicited a significant angiogenic response (Figure 1A and 1B) of a
similar magnitude (2.2-, 1.9- and 2.4-fold increase respectively, compared to negative
control p<0.05). Staining with fluorescently-labelled antibodies (Figure 1C) revealed that
Ang Il induced sprouts typically consist of endothelial cells aligned with smooth muscle
cells/pericytes.

Since hypoxia was confirmed to be a prerequisite for in vitro angiogenesis of the adult

mouse heart (see also') all following experiments were performed in hypoxia.

Ang Il induces dose-dependent sprouting through the AT, receptor.

Stimulation of heart explants with a wide concentrations range of Ang Il (10"°mol/L to 10°
®mol/L) showed that endothelial sprouting induced by Ang Il was dose dependent over at
least a 1000-fold range of concentrations, and was maximal at 10" mol/L (2.2 £ 0.3, n=5,
p<0.05) (Figure 2).
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Next, we evaluated the contribution of AT, and AT, receptors in Ang ll-mediated sprout
formation. The selective AT, agonist CGP-42112 induced an angiogenic response
similar to that observed in Ang ll-stimulated hearts (2.0 fold increase with 10"mol/L
CGP-42112, p<0.05 versus control) (Figure 2). AT, and AT, receptor inhibitors
corroborated these results (Figure 3): Losartan, a specific AT; inhibitor, did not affect
Ang ll-induced sprout formation; PD 123319, a selective AT, antagonist, significantly
reduced Ang ll-induced sprout formation to control levels (p<0.05). The combination of
both antagonists elicited a response very similar to that seen with PD 123319 alone
(p<0.05). CGP-42112-induced sprout formation was inhibited by PD123319 but not by
losartan (data not shown). Taken together, these results suggest that the AT, receptor
subtype mediates the angiogenic effect induced by Ang Il in the mouse heart under

hypoxia.

Ang Il does not induce sprouting in AT, animals.

To confirm these latter findings we examined hearts from AT1a'/' and ATz'/' mice. Ang Il
could not induce sprouting above control levels in heart explants from adult AT,” mice
under hypoxia (Figure 4), either alone or after blocking the AT, receptor with losartan.
However, VEGF induced a significant level of sprout formation compared to controls (2.6
fold increase, p<0.05) suggesting that VEGF-induced angiogenesis in vitro is
independent of AT, signalling. On the other hand, Ang Il induced sprout formation in
heart explants from AT;a” mice as efficiently as in wild type hearts (1.9 fold increase,
p<0.05) (Figure 4). In these mice, Ang Il also elicited sprouting in the presence of
losartan, which inhibits both ATia and AT+b receptors, excluding the possibility that the
observed angiogenic effect could be mediated by the ATb receptor still present in the
AT:a” mice. On the other hand, PD 123319 completely inhibited sprout formation
(p<0.05) in the AT," heart explants. These results clearly demonstrate the exclusive role
of the AT, receptor in Ang ll-mediated angiogenesis in adult hypoxic mouse heart

explants.

AT, and AT, receptor expression under hypoxia.
To exclude the possibility that AT,-dependent Ang ll-induced sprout formation could be
due to the down-regulation of AT, receptor in hypoxia, we determined AT, and AT,

receptor protein and mRNA expression in wild type mouse heart explants. As shown in
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figure 5, both AT, and AT, were expressed confirming that both pathways are available

for signalling.

Ang Il induces sprouting via an AT, —B2 receptor pathway.

To analyze the role of the B2 receptor, we stimulated hypoxic mouse heart explants with
Ang Il in both wild type and AT;”" animals in the presence of HOE 140, a selective B2
antagonist (Figure 6A). We found an Ang ll-induced angiogenic response (wt: 3.5 fold
increase, AT;": 3.3 fold increase versus control, p<0.05) that was completely abolished
by HOE 140 (p<0.05). Bradykinin per se (107 mol/L) induced sprout formation both in
wild type and ATz'/' mouse heart (wt: 1.44 fold increase, ATz'/': 1.5 fold increase versus
control, p<0.001). To confirm that Ang ll-induced angiogenesis requires the B2 receptor,
heart explants from B2” mice were assessed. Neither Ang Il nor VEGF induced
significant sprouting in B2” mice (Figure 6B). To clarify whether accumulation of
bradykinin was the intermediate step in Ang ll-induced sprouting, we treated the heart
explants with a specific kininogenase inhibitor, PKSI-527 (10 mol/L) that blocks the
conversion of kinins into bradykinin. PKSI-527 completely inhibited Ang ll-induced
angiogenesis in wild type mouse heart (Figure 6C). Therefore, we conclude that Ang Il is
angiogenic in the mouse heart under hypoxia via a pathway involving both the AT, and

the B2 receptors linked by activation of bradykinin production.

Ang ll-induced sprouting requires NO release.

Since stimulation of the AT, receptor is associated with increased generation of
bradykinin'’, NO and cyclic GMP (cGMP)'® | we tested whether the angiogenic effects of
Ang Il may also require NO. As expected, Ang Il (10"mol/L) and bradykinin (10"mol/L)
significantly increased NO production as measured by nitrite accumulation in the
medium after 7 days of incubation (in 10°xmol/L, control: 90+5; bradykinin: 121+5; Ang
II: 11415, n=3, p<0.05, ANOVA). We then inhibited NO generation using NO synthase
inhibitors, i.e., SMT, L-NIO, L-NAME and 1400W. Ang II- and CGP-42112-induced
angiogenesis were completely blunted by NO inhibition (Figure 7A). Heart explants
derived from wild type, ATz'/' and BK2" mice were then incubated with two different NO
donors, GSNO (S-nitrosoglutathione,10®° mol/L) and PAPA NONOate (NONO-ate 10°
*mol/L) (figure 7B). Both NO donors induced angiogenesis (GSNO; wt: 1.7 fold increase,
ATz'/' 1.7 fold increase, BK2" 1.6 fold increase versus control, p<0.05). These results

demonstrate that NO is a key mediator of angiogenesis in the hypoxic mouse heart and
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is a required downstream effector of Ang ll-induced sprout formation.
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Figure 1
A

Control Angiotensin Il VEGF,, Bradykinin
i

Normoxia

Hypqxiq

@ Hypoxia
7TONormoxia

Ll
o un o
1 ]

_%

mﬁ =l

- Ang Il BK VEGF

Angiogenic Index
S = = M N
o uv o wu
1 1 1 1 1

S
o

Smooth Muscle/
Pericyte

-"-
v

.Jh%fﬁ*“"“ Endothelial Cell
PN S e N

&

Ang Il induces endothelial sprouts in a heart angiogenesis assay in vitro.

A. Mouse hearts stimulated with 10”7 mol/L Ang II, 107 mol/L bradykinin, 10 ng/mL VEGF'®* or
diluent control after 7 days in culture under 21% O, (normoxia) or 1% O, (hypoxia). B. Ang Il (10'7
mol/L), bradykinin (10'7 mol/L) or VEGF'® (10 ng/mL) increased sprouting only under hypoxia. A
standardized scale indicates the degree of cellular outgrowth (angiogenic index). Data points
represent the mean of 5 independent experiments + SEM. C. Fixed Ang ll-induced sprout stained
for endothelial cells by fluorescein conjugated GSL-1B,4 (green), for pericytes or smooth muscle
cells by Cy3 conjugated aSMA (red), and for nuclei by Hoechst-dye (blue).
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Figure 2
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Ang Il induces dose-dependent sprouting in vitro in adult mouse hearts in hypoxia. Pieces
of mouse heart were stimulated with Ang Il from 107 to 10° mol/L (left) or AT, agonist CGP-
42112 from 10° to 10° mol/L (right) and incubated under hypoxia for 7 days. Data points
represent the mean of 5 independent experiments + SEM.*p<0.05 vs negative control.
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Figure 3
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AT, is not required for Ang Il induced sprouting. Pieces of mouse heart were incubated with
Ang I (10'7 mol/L) alone or in combination with Losartan (10'6 mol/L) and/or PD 123319 (10
6moI/L) under hypoxia for 7 days. The AT, inhibitor (PD123319) but not the AT, blocker Losartan
significantly decreases Ang ll-mediated sprout formation. Data points represent the mean of 5
independent experiments + SEM. *p<0.05 vs negative control.
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Figure 4
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Ang ll-induced angiogenesis is impaired in hearts from AT,” but not from AT," mouse.
Pieces of mouse heart from AT,” (left side of the figure) and AT, mice (right side of the figure)
were stimulated with Ang Il (10 mol/L) alone or in combination with Losartan (10'6 mol/L) or PD
123319 (10'6 mol/L) and incubated under hypoxia for 7 days. VEGF'® (10 ng/mL) was used as a
positive control. Data points represent the mean of 5 independent experiments + SEM. *p<0.05
vs VEGF (left side) and *p<0.05 vs negative control (right side).
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Figure 5
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AT; and AT, mRNA and protein expression of the mouse heart in vitro under hypoxia.
Pieces of heart from wild type mice were incubated under 21%0O, or 1%0O, during 24 hours, lysed

and protein and mRNA extracted. Westernblotting and RT-PCR analysis show that both the AT,
and the AT, receptor are expressed under normoxia and hypoxia.
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Figure 6
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Ang ll-induced sprouting in WlId type and AT; KO mice requ:res the B2 receptor. A. Pieces
of heart from wild type or AT;" mice stimulated with Ang I (10 mol/L) alone or in combination
with the specific B2 receptor antagonist, HOE 140 (10 mol/L) and incubated under hypoxia
during 7 days. HOE140 significantly ( p<0.05 vs negative control) decreased Ang ll-induced
sprout formation in wild type- and AT, mlce compared to Ang ll-treated heart pieces without the
inhibitor. B. Pieces of hearts from B2” mice stimulated with Ang I (10 mol/L ) alone or in
combination with PD123319 (10 mol/L) were incubated in culture medium containing 5% FCS
under hypoxia for 7 days. VEGF'® (10 ng/mL) was used as a positive control. *p=ns. Data points
represent the mean of 5 independent experiments + SEM. C. Pieces of heart from wild type mice
were stimulated with Ang I (10 mol/L) alone or in combination with kininogenase specific
inhibitor PKSI-527 (10 mol/L) were incubated in culture medium containing 5% FCS under
hypoxia for 7 days. VEGF'® (10 ng/mL) was used as a positive control. Data points represent the
mean of 3 independent experiments + SEM. *p<0.05 vs control.
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Figure 7
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NO mediates Ang ll-induced sprouting under hypoxia. A. Pieces of heart from wild ty?e mice
stimulated with Ang I (10'7 mol/L) (left side) or with the AT, agonist (CGP-42112, 10" mol/L)
(right side) alone or in the presence of different NO synthase inhibitors (10'7 mol/L) and incubated
in culture medium containing 5% FCS under hypoxia for 7 days. *p<0.05 vs control. Data points
represent the mean of 5 independent experiments + SEM. B. Pieces of heart from wild type, AT,
and B2 mice were stimulated with two different NO donors: GSNO (10'5 mol/L) and PAPA
NONOate (10'5 mol/L) and incubated in culture medium containing 5% FCS under hypoxia for 7
days. *p<0.05 vs control. Data points represent the mean of 5 independent experiments + SEM.
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Discussion

Here we show that Ang Il induces angiogenesis in the adult mouse heart specifically
under hypoxia, signalling through the AT, but not the AT, receptor. The mechanism
requires generation of bradykinin with activation of the B2 receptor, and leads to NO
biosynthesis as the downstream effector.

The RAAS is an important system in regulating vascular homeostasis. However, the
precise role of the RAAS and the AT/AT, receptor pathway in angiogenesis is unclear.
Clinical data has shown that blocking the AT, receptor preserves cardiac function after
myocardial infarction’®. Our results showing that Ang ll-induced angiogenesis in the
mouse heart under hypoxia is mediated exclusively by the AT, receptor may explain
some beneficial effects of AT, blockade treatment in the heart. In fact, AT, blockade may
unmask beneficial properties due to preferential AT, stimulation.

The role of the AT, and AT, receptor in angiogenesis is controversial. Ang ll-induced
angiogenesis was shown to be mediated via both the AT and the AT, receptor in the
mesenteric vasculature of Ang ll-infused rats® or specifically via the AT, receptor in
tumor angiogenesis in mice?’. High AT, expression was associated with reduced
myocardial vessel density in rats®. In contrast, others have shown AT;-dependent
angiogenesis in the ischemic hindlimb of mice®® whereas AT, appeared to be
antiangiogenic in the same animal model**. Tumor angiogenesis was impaired in AT;"
receptor mice®. Thus, the role of AT, and AT, receptors in angiogenesis is not clear and
may vary upon model, tissue and conditions investigated. In particular, the vasculature
of the heart has not been investigated in models of controlled hypoxia. Our model of
angiogenesis in vitro of the mouse heart provides this possibility and demonstrates the
key role of hypoxia in Ang ll-induced cardiac angiogenesis.

Hypoxia can lead to the formation of new vessels in mature tissue, triggering vessel
growth by signalling through hypoxia-inducible transcription factor (HIF-1)%.
Interestingly, Ang Il induces HIF-1a?"?. Hypoxia may also modulate the expression of
AT4 and/or AT, receptors3°. In our experiments both AT, and AT, receptors were present
under normoxia and hypoxia. Still, further studies investigating other tissues, receptor
expression and intracellular signalling pathways may reveal whether AT,-dependent
angiogenesis is specific for the hypoxic heart.

The AT, receptor might exert downstream effects via the B2 receptor'?. We clearly show
that Ang Ill-induced angiogenesis is abrogated when the B2 receptor is

pharmacologically inhibited or knocked out. B2 activation by bradykinin induces
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vasodilation®” which is also a prerequisite for initiation of angiogenesis®. AT,
overexpressing mice blocked Ang ll-induced vasopressor effects through B2 receptor>.
Importantly, bradykinin was shown to induce angiogenesis via B2 receptor* or as shown
by using a model of hindlimb-induced ischemia in B2” mice®. Collectively, these data
suggest a mechanism by which a vasopressor molecule, such as Ang Il, can also
mediate vasodilator and angiogenic effects specifically by AT, receptor-dependent
signalling leading to B2 kinin receptor activation®. Ang Il-dependent activation of B2
could be achieved in different ways. A direct interaction between AT, and B2 leading to
nitric oxide production has recently described® although the precise nature of this
interaction has not been fully clarified. Others have pointed out an Ang ll-mediated pH

increase that may release kininogens to produce bradykinin®*?®

. In our study, the
angiogenic effect of B2 receptor was dependent on bradykinin synthesis since
kininogenase inhibition blocked Ang ll-induced angiogenesis. Bradykinin induced
angiogenesis in hypoxic heart explants only from both wild type and AT2” mice. Ang II,
however, as mentioned before, failed to induce angiogenesis in hearts from BK2" mice.
We conclude that angiogenesis induced by Ang Il requires signalling through the AT,
receptor and is mediated by an increase in bradykinin production.

Endothelium derived NO synthase is crucial for angiogenesis in vitro and in vivo®. In
fact, NO inhibition blocked Ang ll-induced endothelial sprout formation in our model of
angiogenesis of the heart in vitro. Increased nitrite accumulation in the medium of Ang Il-
stimulated heart explants was also observed. Accordingly, NO-donors directly induced
angiogenesis in pieces of heart either from wild type, B2 and AT,” mice. Our results
are in agreement with previous reports, showing that Ang Il can induce renal production
of bradykinin, NO and cGMP via the AT, receptor*’. These data suggest that an increase
in NO bioavailability downstream of AT, and B2 receptors is the final effector of Ang II-

induced angiogenesis in the hypoxic heart.

Perspectives

The present study provides evidence for the significant role of the AT,/B2 pathway in the
Ang ll-induced angiogenesis in vitro in the adult mouse heart under hypoxia. In clinical
studies, AT, blocker treatment of hypertension has revealed additional cardioprotective
effects beyond the lowering blood pressure*'*?. A potential advantage of AT, blockers
over ACE inhibition is the preservation of the AT,-mediated pathway. Here we describe

that Ang ll-induced angiogenic effects through AT./B2 may provide some explanation for
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these beneficial effects. Studies on neovascularization of the heart in hypertensive
animals and patients after AT, treatment are needed to test the clinical relevance of our
mechanisitic results. This may help to understand and to uncover novel therapeutic
effects of AT, receptor blockers for patients with left ventricular hypertrophy, ischemic

heart disease or myocardial infarction.

Methods

Animals

Experiments were performed with hearts of C57BI/6: wild type-, AT;a™ - (The Jackson
Laboratory, Maine USA) and B2” mice (Jackson Laboratories). FVB/J AT," mice were a
gift from Prof. Hein and have been previously described'. The animals were euthanized
and the hearts immediately transferred to PBS. Within half an hour post mortem, small
pieces (1mm?®) of the mouse myocardium (left ventricle) were cut and embedded in fibrin
gel. All experiments were conducted in accordance with the Swiss Federal Act on
Animal Protection (1998) and were approved by the Veterinary Department of the
Kanton of Basel (Switzerland). We used between 5 and 9 mice for every experiment.

The age of mice ranged from 12 to 14 weeks.

Angiogenesis in vitro assay

A three-dimensional in vifro assay of heart angiogenesis was established in our
laboratory as described in detail previously'. Briefly, 0.5 - 1mm?® cubes from the left
ventricular myocardium of the mouse heart were placed onto fibrin-gels (Sigma-Aldrich)
with 500 pl DMEM plus 5%FCS (Biochrom). Heart explants were incubated under
normoxia (21% O,) or hypoxia (1% O,) for 7 days. Stimulants/inhibitors were added
every other day: hr VEGF™ (R&D systems); HOE140 (Sigma-Aldrich AG); Ang II
Acetate (Sigma-Aldrich); Losartan (MSD), CGP-42112 (Bachem), PD123319 (Fluka) and
PKSI-527 (Wako Chemicals); Nitric oxide (NO) inhibitors and donors (Sigma-Aldrich).
Inhibitors were added freshly 20 minutes before stimulants. After 7 days endothelial
sprouts were photographed digitally (ColorView II-Soft Imaging System) on an inverted
light microscope (Olympus 1X50). The extent of sprout formation was determined as
previously detailed™. Briefly, we used octuplicates for each condition and sprout
formation was calculated and averaged by two independent investigators by comparison
with a standardized scale (angiogenic index). The angiogenic index was defined with the

help of an image analysis software (AnalySIS Pro, Soft Imaging System) as [sprouting
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area/total area]X10 where total area corresponds to the sprouting area plus tissue area.
Sprouting was computed from the area that was actually occupied by endothelial sprouts
and not the space between the cells. Sprouting and tissue area were computed by
AnalySIS Pro and the angiogenic index was rounded to the nearest integer and handled

as a scored value.

Characterization of cells & tissue

Characterization of outgrowing cells and sprouts was performed by using specific cell
markers GSL | — IB4 (20 ug/ml; Rectolab) for endothelium and Cy3-conjugated anti-a-
smooth muscle actin (1:100; SMA; Fluka Chemie) for smooth muscle cells/pericytes and
Hoechst dye (Polysciences Europe) for visualization of cell nuclei as described

previously ™.

NO production assay

NO concentrations were measured by the fluorometric nitrite assay'® with the NO Assay
Kit (Calbiochem). Briefly, pieces of mouse heart were incubated in phenol-free DMEM.
The supernatants were collected, nitrite was detected by fluorescence and concentration
(nanomoles/L) calculated according to a calibration curve in each experiment.

Western blotting

Heart tissue was lysed in RIPA buffer as described before'. After SDS-PAGE, proteins
were transferred onto Polyvinylidene fluoride membrane (Millipore). The membrane was
blocked with 4% skim milk powder in TBS-Tween solution and probed with polyclonal
anti-AT{(N-10) and anti-AT, (C-18) from Santa Cruz Biotechnology. HRP-conjugated
IgGs from Cell Signaling Technology were used to visualize the proteins by a

chemiluminescence reaction (Amersham).

Reverse transcription polymerase chain reaction (PCR)

Total RNA was isolated with TRIzol Reagent (Invitrogen), quantified and reverse-
transcribed with M-MLV reverse transcriptase system (Promega).

The cDNA (1ul) was amplified in 35 cycles polymerase chain reactions. The following
primer sequences were used; for mouse AT; receptor sense: 5'-
TGAGAACACCAATATCAC TG-3, and antisense: 5-TTCGTAGACAGGCTTGAG-3';
mouse AT, receptor sense: 5-CCTTGGCTGACTTACTCCTT-3', and antisense 5'-
GAACTACATAAGATGCTTGCC-3"; mouse 18S ribosomal RNA sense: 5'-
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CCTGGATACCGCAGCTAGGA-3', and antisense 5-GCGGCGCAATACGAATGCCCC-

3'. Specific PCR annealing temperatures were: 49°Carq, 52°C a2 and 57°Cygs.

Statistical analysis

All results depicted represent experiments repeated using at least five different heart
explants. Each single condition was performed in octuplicate wells. Data points
represent the mean = SEM. Statistical analysis was performed with SPSS for Mac OS X
(SPSS Inc.). Statistical significance (p < 0.05) was computed using non-parametric

analysis; Kruskal-Wallis and Mann-Whitney tests were performed accordingly.
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5. General discussion

Hypoxia is a direct cause of a lack of adequate microvessel supply, but appears to be at
the same time an essential stimulus to induce the formation of new microvessels by
induction of angiogenesis. How is hypoxia sensed by endothelial cells, what are the
signalling pathways that transduce the hypoxia signal, and what are the effector
molecules that may finally lead to increased endothelial proliferation and angiogenesis?
In this thesis, | have investigated these questions in three related experimental projects
and discuss the interrelated and common findings below.

Detailed discussions of the individual projects are located in chapter 4.

EC proliferation is an important step in the process of angiogenesis since it provides the
building blocks for nascent microvessels. We have shown previously that ECs increase
proliferation in response to hypoxia. The increased proliferation was rapamycin sensitive
and or could be further increased by mTOR overexpression'. In the study “Hypoxia-
Induced Endothelial Proliferation Requires Both mTORC1 and mTORC2” we
scrutinized the mechanism of EC activation under hypoxia. By analyzing mTOR and the
distinct downstream targets of mMTORC1 (S6 kinase 1) and mTORC2 (PKB/AKT), we
found that hypoxia activates mTOR signalling O,-concentration dependently and in a
timed program, leading to an early activation and a late inhibition of mMTORC1 and a
delayed but sustained activation of mTORC2. Raptor and rictor knock down by siRANA
demonstrated that rictor (MTORC2) is essential for hypoxia-induced endothelial
proliferation, whereas raptor knock down only partially inhibited hypoxia-increased
proliferation. By studying the pathways potentially directing the hypoxic stimulus to
mTOR, we found that hypoxia-induced cell proliferation is independent of regulation by
TSC. TSC is an upstream negative regulator of mTOR and directs signals triggered by
growth factors, energy and nutrients. Thus, mTOR is a central and maybe directly
activated regulation point to integrate signals from hypoxia to induce EC proliferation

under hypoxia.

HIF-1a is stabilized under hypoxia and activates many genes involved in the process of
angiogenesis. HIF-1a degradation is initiated by prolyl hydroxlases (PHD). PHD activity
is oxygen-dependet and tags HIF-1a for proteasomal degradation only under
normoxia®>®®. In this study with the working title “Role of mTORC1 and mTORC2 in
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hypoxia-induced HIF-1a stabilization and endothelial proliferation” we have studied
signalling pathways that are known to be induced by stress responses for their role in
HIF-1a stabilization. We could exclude MEK1/2, Jun kinase and p38 for being
responsible to modulate HIF-1a stability under hypoxia. We identified mTOR as an
essential factor for HIF-1a stabilization under hypoxia. Interestingly, HIF-1a. has been
shown to carry a potential phosphorylation site for mTOR-kinase and HIF-1a
stabilization under hypoxia was shown to be rapamycin sensitive’®. Thus, HIF-1a
stabilization under hypoxia is not only negatively regulated by PHD but also positively by
mTOR. PDGF-BB induced HIF-1a stabilization under normoxia was rapamycin sensitive
as well, suggesting that mTOR signalling is also essential for growth factor-induced HIF-
1a stabilization under normoxia. Thus, mTOR signalling activated by growth factors or
hypoxia is required for HIF-1a stabilization. We hypothesize that multiple hypoxia-
activated pathways for HIF-1a regulation could integrate different regulatory signals for
specific conditions. This might ensure, that HIF-1a is only activated if all criteria for cell
growth are fulfilled such as available energy or amino acids.

Knock down of HIF-1a in RAECs inhibited proliferation under hypoxia only partially. This
may be due to an incomplete knock down of HIF-1a. However, MEFs completely lacking
the HIF-1a gene reduced proliferation under hypoxia to a similar degree, thus, not
completely. We speculate, that HIF-1a is not the only mTOR effector responsible for
increased proliferation of RAECs and MEFs under hypoxia.

mTORC1 is rapamycin-sensitive, and rapamycin destabilizes HIF-1a under hypoxia.
Thus, is mMTORC1 the pivotal mTOR complex for hypoxia- or growth factor mediated
HIF-1a stabilization? In endothelial cells, prolonged (~24 hr) treatment of rapamycin can
also prevent formation of mMTORC2. We have also shown that both mTORCs are
required to promote proliferation of RAECs under hypoxia. Therefore the answer, which
of the two mTOR complexes is responsible for HIF-a accumulation is not clear yet.
RNAi-mediated knockdown of raptor and rictor in endothelial cells and Cre-inducible
knockout of raptor and rictor in MEFs are currently carried out in our lab, and HIF-1a

detection in those cells will potentially reveal the responsible mTOR complex.

In our study “Angiotensin Il induces angiogenesis in the hypoxic adult mouse heart
in vitro through an AT2-B2 receptor pathway” we studied the angiogenic role of

Angiotensin Il in an in vitro model of angiogenesis of the heart. Ischemia, thus a hypoxic
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environment with a lack of nutrients and excess of metabolites, often occurs in
cardiovascular complications such as in angina pectoris, left ventricular hypertrophy or
after myocardial infarct.

We realized that Angiotensin Il, Bradykinin or even the classic angiogenic molecule
VEGF could not induce angiogenesis from hearts cultured under normoxia. Incubation in
hypoxia was necessary to induce angiogenesis that could be increased with the addition
of VEGF, bradykinin or Ang Il. This result highlights the role of hypoxia as a pro-
angiogenic condition in the heart. Further, by using pharmacological agonists and
antagonists of AT4, AT, and BK2 receptor signalling and heart tissue from corresponding
knockout mice, we determined that Ang Il induces angiogenesis in vitro via the AT,
receptor. Moreover AT, induces angiogenesis via Bradykinin release and activation of
the BK2 receptor. Ang Il induced angiogenesis was also nitric oxide dependent.
Bradykinin induces NO and VEGF, both essential factors to promote angiogenesis®. Ang

Il also was shown to induce HIF-1¢°"%°

and HIF-1a controls the expression of iINOS
(inducible nitric oxide synthase; produces NO) and VEGF**'®. Thus Ang Il induced

angiogenesis might also be partially mediated via HIF-1.
In conclusion, these studies help us to understand the concepts, mechanisms and

interactions in hypoxia-mediated or dependent-responses that ultimately lead to

endothelial proliferation and formation of new microvessels.
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6. Outlook

Follow up on project “Hypoxia-Induced Endothelial Proliferation Requires Both
mTORC1 and mTORC2”

To assess whether VEGF, Bradykinin, and Angiotensin Il require mTORC1 or
mTORC2 to induce angiogenesis in vitro.

To assess whether FoxO transcription factors are downstream of mTORC2 and
Akt and are required for angiogesis in vitro in response to hypoxia or angigenic
molecules.

To characterize the role of mMTORC1 and mTORC2 in angiogenesis in vivo by
induction of Cre-mediated excision of the loxed raptor and rictor gene in adult
mouse endothelium. Angiogenesis and vascular morphology will be assessed
after injection of myoblasts expressing distinct concentrations of VEGF in the

mice ear.

Follow up on project “Role of mMTORC1 and mTORC2 in hypoxia-induced HIF-1a

stabilization and endothelial proliferation”

To identify the mTOR complex responsible for HIF-1a stabilization by using
raptor- and rictor knockout MEFs and raptor and rictor silenced RAECs.

To identify the mTOR complex responsible for HIF-1a-mediated transcription by
using Hypoxia-Response Element (HRE) containing Luciferase reporter plasmids
in raptor- and rictor knockout MEFs and RNAi-mediated silencing of raptor and
rictor in RAECs.

To investigate role of HIF-2/3a. in endothelial cells.

Follow up on project “Angiotensin Il induces angiogenesis in the hypoxic adult

mouse heart in vitro through an AT2-B2 receptor pathway”

To investigate mechanisms of AT, and B2 receptor interaction.

To investigate the dominant role of B2 receptor in AT,, B1- and VEGF-induced
angiogenesis.

To analyse if mTOR (and HIF) is involved in Ang Il and Bradykinin-induced

angiogenesis (see also 6.1).
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7. Abbreviations

ACE

ACE-I

AMPK

Ang |

Ang

ARBs

ARNT

AT4 Receptor
AT, Receptor
bHLH-PAS
B1

B2

BK Receptor
C-TAD, N-TAD C
ECM

ECs

EPAS1

FGF

FIH

GF

HRE

iINOS

IPAS

MMPs
mSIN1

mTOR
ODDD
PDGF
PHD
RAAS
RAEC
Raptor

Angiotensin Converting Enzyme

ACE Inhibitor

AMP -Activated Protein Kinase
Angiotensin |

Angiotensin I

AT4 Receptor Blockers

Aryl Hydrocarbon Nuclear Translocator
Angiotensin Il Receptor 1

Angiotensin Il Receptor 2

Basic Loop Helix-Per ARNT Sim Proteins
Kinin Receptor B1

Kinin Receptor B2

Bradykinin Receptor

C and N —terminal Transactivation Domains
Extracellular Matrix

Endothelial Cells

Endothelial PAS 1

Fibroblast Growth factor

Factor Inhibiting HIF-1

Growth Factors

Hypoxia Response Element

Inducible Nitric Oxide Synthase
Inhibitory PAS

Matrix Metalloproteinases

Mammalian Stress-Activated Protein Kinase [SAPK]-
Interacting Protein

Mammalian Target of Rapamycin
Oxygen Dependent Degradation Domain
Platelet-Derived Growth Factor

Prolyl Hydroxylase
Rennin-Angiotensin-Aldosterone-System
Rat Aortic Endothelial Cells

Regulatory Associated Protein of mMTOR
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Rictor
ROS
SMC
TORC
TSC
VEGF

The Rapamycin-Insensitive Companion of mTOR
Reactive Oxygen Species

Smooth Muscle Cell

TOR Complex

Tuberous Sclerosis Complex

Vascular Endothelial Growth Factor
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