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Resumo

Resumo

A disfuncao vascular é uma das principais caracteristicas da diabetes, contribuindo para o
desenvolvimento de uma variedade de complicagdes, como retinopatia, nefropatia e doencas
cardiovasculares, e esta, em larga medida, associada a alteracdes na resposta celular e tecidular a
situacdes de isquemia.

A resposta celular face a situagbes de isquemia € regulada, principalmente, pelo factor de
transcrigado HIF-1 (hypoxia inducible factor-1). Este factor € um heterodimero composto por uma
isoforma nuclear estavel, o HIF-1B3, e uma forma citosdlica labil, o HIF-1a. Em condi¢cbes de
normoxia, dois residuos de prolina presentes no HIF-1a (P402 e P564) sao hidroxilados, o que
permite o seu reconhecimento por uma ligase de ubiquitina, designada por VHL (Von Hippel
Lindau). Esta interacgdo induz poliubiquitinagdo do HIF-1a e subsequente degradagéo pelo
proteassoma. Em condi¢cdes de hipoxia, o HIF-1a n&o é hidroxilado e, como consequéncia, nao é
degradado, acumulando-se no nucleo, onde activa mais de 70 genes envolvidos na resposta
celular a hipoxia.

Alguns estudos recentes sugerem que o0s niveis elevados de glicose na diabetes
comprometem a estabilidade e actividade do HIF-1a. Os mecanismos moleculares associados a
destabilizacdo deste factor de transcricdo, em condicdes de hiperglicemia, sado ainda
desconhecidos. No entanto, este trabalho mostra que niveis elevados de glicose conduzem a um
aumento da produgdo e acumulacao intracelular de metilglioxal (MGQO) que, por sua vez, induz
uma rapida degradagdo do HIF-1a, em condigdes de hipoxia (capitulo 4). Os resultados obtidos
mostram que essa degradacdo nao envolve a hidroxilagdo das prolinas P402/P564, nem o
recrutamento da proteina VHL. Neste trabalho é identificada a CHIP (carboxy terminus of Hsp70-
interacting protein) como sendo a ligase de ubiquitina envolvida no processo de degradagao do
HIF-1a na presenca de MGO. Os resultados mostram que o MGO aumenta a interac¢cao do HIF-1a
com os chaperones moleculares Hsp40/70, que por sua vez induzem recrutamento da CHIP, que
poliubiquitina e promove degradacao do HIF-1a pelo proteassoma. Neste trabalho, demonstra-se
ainda que a degradacgao do HIF-1a é inibida pela sobreexpressao de glioxalase | (GLO |), a enzima
envolvida na destoxificagdo do MGO nas células. As implicacdes da degradacdo do HIF-1a
incluem uma diminuicdo acentuada da actividade de transcricdo do HIF-1 e da expressao de
VEGF (vascular endothelial growth factor), um gene alvo do HIF-1 crucial na adaptagao celular e
tecidular a condi¢cbes de baixa pressao de O,.

Dados independentes mostram que o MGO se pode ligar ao co-repressor mSin3A
(mammalian Sin3 homolog A), levando a um aumento da expressao de Ang-2 (Angiopoietin-2).
Alguns estudos envolvendo modelos de tumores solidos, demonstraram que a Ang-2 € um factor
de crescimento que induz destabilizagdo dos capilares e vasos sanguineos, levando a sua
regressao na auséncia de factores pré-angiogénicos, como o VEGF. Tendo como base esses

estudos, este trabalho mostra que o aumento da produgao de Ang-2 e a diminuicao dos niveis de
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Resumo

VEGF, ambas induzidas pelo MGO, levam a um desequilibrio da relagdo VEGF/Ang-2 secretada
pelas células do epitélio pigmentado da retina para o meio extracelular. Os resultados obtidos
mostram que este desequilibrio induz apoptose e inibe a proliferacdo de células endoteliais da
retina (capitulo 5), duas caracteristicas importantes das complicagdes vasculares da diabetes e
que podem, pelo menos em parte, explicar a regressdo vascular e as complicagdes
microvasculares associadas a doenca.

Uma outra caracteristica fisiopatoldgica da diabetes induzida pelo MGO é a modificagao de
proteinas por processos de glicagédo e oxidagdo. Alguns estudos parecem indicar que o MGO pode
comprometer os mecanismos de controlo de qualidade proteica, levando a acumulagdo de
proteinas obsoletas e, potencialmente, toxicas na célula. No entanto, os mecanismos moleculares
subjacentes aos efeitos do MGO na via da ubiquitina-proteassoma e na estabilidade de
chaperones moleculares, envolvidos no controlo de qualidade proteica, continuam ainda por
esclarecer. Neste trabalho, mostra-se que o MGO compromete a actividade da via da ubiquitina-
proteassoma e induz alteracdo do eixo CHIP/chaperones moleculares, o que compromete o
controlo de qualidade proteico. Essas alteracbes sdo acompanhadas por uma acumulagdo de
proteinas modificadas e diminuicdo da viabilidade celular, o que pode contribuir para o
desenvolvimento de algumas alteragdes patoldgicas associadas a diabetes e que se caracterizam
pela acumulacdo de proteinas obsoletas e potencialmente toxicas para a célula. No entanto, o
stress celular e algumas das alteragbes induzidas pelo MGO parecem ser parcialmente
compensadas pela activacdo do factor de transcricdo Hsf-1 (heat-shock factor-1), crucial na
resposta e sobrevivéncia celular em situacdes de stress (capitulo 6).

Em resumo, este trabalho identifica dois novos mecanismos moleculares que podem
contribuir para uma melhor compreensao de duas das principais caracteristicas fisiopatologicas da
diabetes: a perda de resposta celular a hipoxia e a acumulagdo de proteinas modificadas nas
células. Este estudo cria, ainda, as condigbes para o desenvolvimento de novas estratégias de
prevencao e terapia das complicagBes celulares associadas a diabetes, baseadas na entrega
direccionada de material genético, através de vectores adenovirais, para silenciamento da CHIP ou

sobreexpressao da GLO I.
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Summary

Vascular dysfunction is a main feature of diabetes, contributing to the development of a
variety of complications, such as retinopathy, nephropathy and cardiovascular diseases. Diabetes-
related vascular complications can be caused by micro and macroangiopathy, display a significant
inflammatory and oxidative stress component and are, to a large extent, associated with
deregulation of cell and tissue response to ischemia.

Cell proliferation under hypoxia is, primarily, regulated by the transcription factor hypoxia-
inducible factor-1 (HIF-1). HIF-1 is a heterodimer that consists of a stable nuclear isoform HIF-13
and a cytosolic labile isoform HIF-1a. Under normoxia, two proline residues on HIF-1a (P402/P564)
are hydroxylated. This leads to recruitment of the ubiquitin ligase von Hippel Lindau protein (pVHL),
which induces HIF-1a polyubiquitination and its subsequent degradation by the proteasome. Under
hypoxia, HIF-1a is neither hydroxylated nor degraded and accumulates in the nucleus, where it
dimerizes with HIF-13 and activates the transcription of more than 70 genes involved in the cell
response to hypoxia.

Several data from the literature suggest that regulation of HIF-1a stability and activity may
be impaired in diabetes and that hyperglycaemia is likely to be the leading cause of such
deregulation. The molecular mechanisms associated with HIF-1a destabilization under high
glucose remain elusive. However, in this work it was found that high glucose leads to increased
production of methylglyoxal (MGO) by the cells and that increased levels of MGO are able to
induce a rapid and dramatic proteasome-dependent degradation of HIF-1a, even under hypoxic
conditions (chapter 4). Significantly, data indicates that this degradation does not require the
recruitment of pVHL protein nor does it require hydroxylation of the proline residues P402/P564 on
HIF-1a. More importantly, carboxy terminus of Hsp70-interacting protein (CHIP) was identified as
the E3 ligase that ubiquitinates HIF-1a in the presence of MGO. Data shows that increased
association of Hsp40/70 with HIF-1a induces CHIP recruitment, which promotes polyubiquitination
and subsequent degradation of HIF-1a. Moreover, MGO-induced degradation of HIF-1a can be
prevented by overexpression of glyoxalase | (GLO |), which is the rate-limiting enzyme of MGO
catabolism and responsible for the MGO detoxification in cells. Consistently, MGO-induced
destabilization of HIF-1a leads to a dramatic decrease both in HIF-1 transcriptional activity and
expression of vascular endothelial growth factor (VEGF), a target gene of HIF-1 that is crucial for
the cellular adaptation to low oxygen levels.

Recently, independent data further indicates that MGO can bind and modify the co-
repressor mammalian Sin3 homolog A (mSin3A), leading to increased expression of angiopoietin-2
(Ang-2). Based on models of solid tumours, Ang-2 is known to provide a key destabilizing signal for
vessels, leading to regression in the absence of pro-angiogenic factors, such as VEGF. Indeed,
data of this thesis show that increased production of Ang-2 and decreased levels of VEGF, induced

by MGO, lead to an imbalance on the VEGF/Ang-2 ratio secreted by retinal pigment epithelium
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cells. This imbalance was shown to induce apoptosis and decreased proliferation of retinal
endothelial cells (chapter 5), which are cardinal features of diabetes and are likely to be responsible
for the formation of acellular capillaries and microvascular abnormalities in diabetes.

Increased modification of proteins by MGO is another main feature of diabetes. MGO is
likely to account for impairment of the protein quality control, leading to accumulation of non-
functional, potentially toxic proteins. However, the effect of MGO in the function of the ubiquitin-
proteasome system and on molecular chaperones, involved in the protein quality control, remains
elusive. In this work it is provided evidence that MGO may exert noxious effects in cells by
impairing the ubiquitin-proteasome system, as well as the CHIP/chaperones-mediated protein
quality control axis. Consistently, this impairment is followed by the accumulation of obsolete
proteins and cell injury, which are cardinal features of many diabetic complications. However, some
of these MGO-induced changes appear to elicit a response from the heat shock factor-1 (Hsf-1)
system and seem to be partially compensated by the activation of this transcription factor, which is
a critical player in the cell adaptation and survival under stress conditions (chapter 6).

In summary, this work highlights two different and new molecular mechanisms that help to
elucidate and integrate in a common model two main features of diabetes: the loss of cell response
to hypoxia and the accumulation of obsolete and toxic proteins in affected cells. Moreover, this
work helps to envision new strategies for prevention and therapy of vascular diseases in diabetes,
based on the delivery of genetic material through adenoviral vectors, for example to silence CHIP

or overexpress GLO |.
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Introduction

Chapter 1. Introduction

1.1 Diabetes

Diabetes mellitus, often referred simply as diabetes, is a syndrome of dysfunctional
metabolism, resulting in hyperglycaemia or abnormal high blood glucose levels. When glucose is
ingested and reaches bloodstream, pancreas should produce the right amount of insulin that will
induce most of the body cells to take up glucose from the blood. However, diabetes is
characterized by a disturbance on the insulin secretion and/or action in the body. Basically,
diabetes develops due to a diminished production of insulin in the p-cells of the islets of
Langerhans located in the pancreas (type 1 diabetes), resistance to the insulin action (type 2
diabetes) or the combination of both (Rother, 2007). In patients with type 1, diabetes is due
primarily to an autoimmune reaction that mediates destruction of pancreatic islet B-cells, resulting in
dramatic insulin deficiency. Its frequency is very low in comparison with type 2 diabetes. Indeed,
type 2 diabetes comprises 90% of people with diabetes around the world, and is mainly the result of
obesity, physical inactivity, high blood pressure and elevated cholesterol levels.

The World Health Organization (WHQO) estimates that more than 180 million people
worldwide have diabetes and this number is likely to more than double by 2030. Diabetes is known
to cause about 5% of all deaths globally each year, meaning that approximately 2.9 million deaths
per year are attributed to diabetes.

Acute complications (hypoglycaemia, ketoacidosis or nonketotic hyperosmolar coma) may
occur if the disease is not adequately controlled. Serious long-term complications include
cardiovascular disease, chronic renal failure, retinal damage, nerve damage and vascular damage,
which may cause erectile dysfunction and poor wound healing. Poor healing of wounds, particularly
of the feet, can lead to gangrene, and possibly to amputation. According to WHO statistics, diabetic
retinopathy (DR) affects up to 80% of all patients who have had diabetes for 10 years or more,
while 50% of patients further develop diabetic neuropathy. Moreover, 10-20% of people with
diabetes die of kidney failure and 50% of diabetic patients die of cardiovascular disease (heart
disease or stroke).

Although the intensive research on the field, the molecular mechanisms that underlie cell
and tissue dysfunction on diabetes remain largely unclear. However, hyperglycaemia appears to be
the most critical factor in the aetiology of diabetes. The major complications of diabetes are
associated with macro and microangiopathies and high levels of glucose appear to be a driving
force in the development of such vascular complications. Multiple biochemical pathways have been
proposed to explain the pathogenesis of diabetes, all starting initially from hyperglycaemia. These
include increased polyol pathway, activation of protein kinase C (PKC), increased hexosamine

pathway flux and increased advanced glycation end products (AGEs) formation (Brownlee, 2005).
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1.1.1 Polyol pathway

The polyol pathway is characterized by the NADPH-dependent enzymatic reduction of
glucose to an acyclic polyol, such as sorbitol, by the aldose reductase (AR) enzyme. AR is
characterized by high enzymatic capacity, but low affinity (high Km) with respect to glucose;
therefore, at high glucose concentrations, the enzyme can be activated, resulting in intracellular
accumulation of sorbitol, with a concomitant decrease in the NADPH levels.

Activation of AR in hyperglycaemia has a number of detrimental effects, including sorbitol-
induced osmotic stress, decreased cytosolic NADPH levels and increased reduction of NAD" to
NADH, the last one being due to increased conversion of sorbitol to fructose by the sorbitol
dehydrogenase (SDH) enzyme. Consumption of NADPH depletes the intracellular reducing
potential leading to accumulation of oxidized glutathione (GSSG) and decreased levels of reduced
glutathione (GSH) (Brownlee, 2001), which is an important cellular antioxidant. On the other hand,
increased levels of NADH inhibits the activity of the enzyme glyceraldehyde-3-phosphate
dehydrogenase (GADPH), thus leading to an accumulation of triose phosphate (Williamson et al,
1993), which in turn may lead to increased production of methylglyoxal (MGO) and diacylglycerol
(DAG). Both MGO and DAG may induce typical diabetic cell damage.

1.1.2 Protein kinase C activation

Accumulation of intracellular glucose stimulates glycolysis, leading to accumulation of
glycolytic intermediates, including glyceraldehyde-3-phosphate (G3P). Accumulation of G3P
stimulates synthesis of DAG, which in turn activates PKC, through phosphorylation by the
phosphoinositide-dependent kinase 1. Through a variety of direct and indirect mechanisms,
activation of PKC contributes to the pathophysiology of several diabetic complications, such as DR
(Donnelly et al, 2004). PKC mediates changes in endothelial permeability, blood flow, leukocyte
adhesion to endothelial cells, capillary tonus and in the response to angiogenic growth factors
(Huang & Yuan, 1997; Park et al, 2000; Williams et al, 1997). Indeed, transcription of vegf (vascular
endothelial growth factor) gene is, in part, induced by PKC activation (Aiello et al, 1995; Williams et
al, 1997).

1.1.3 Hexosamine pathway

The inhibition of the GAPDH activity, by increased levels of NADH and hyperglycaemia-
induced mitochondrial superoxide overproduction, activates the hexosamine pathway by diverting
the upstream metabolite fructose-6-phosphate (F6P) from glycolysis to glucosamine formation (Du
et al, 2000). Through the hexosamine pathway, it is catalyzed the conversion of FG6P to

glucoseamine-6-phosphate, which is subsequently converted to UDP N-acetylglucosamine
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(GIcNAc). This compound is known to induce O-GIcNAcylation of serine and threonine residues of
several transcription factors, changing the gene expression profile. For example, increased
modification of the transcription factor Sp1 results in increased expression of transforming growth

factor-B1 (TGF-B1), involved in the regulation of cell cycle and apoptosis.

1.1.4 Advanced glycation end products formation

Glucose can react spontaneously with amino groups of a wide range of proteins to form
Schiff bases that, through multiple rearrangements, are transformed into irreversibly bound reactive
adducts. Indeed, the chemical and conformational modifications that follow glucose binding to
proteins appear to be sufficient to expose -SH groups. Oxidation of -SH residues can lead to
protein cross-linking and aggregation, as well as to inactivation of various enzymes (Stevens et al,
1978; Swamy & Abraham, 1987). Subsequent reactions, following glucose binding to amino groups
on proteins, result in the formation of the Amadori products. The Amadori products can also be
oxidized and undergo further reactions to produce a-ketoaldehydes, like 1- and 3-deoxyglucosones.
These products are usually more reactive than the initial monosaccharide and can further react with
proteins, yielding a heterogeneous mixture of fluorescent and coloured compounds that can
crosslink proteins (Brownlee et al, 1984). These compounds are known as Maillard products or
AGEs (Monnier, 1989).

The rate of AGEs formation from glucose is orders of magnitude slower than the rate of
AGEs formation from intracellular generated glucose-derived dicarbonyl precursors (Degenhardt et
al, 1998). It thus appears that hyperglycaemia is the primary initiating event in the formation of
AGEs. Indeed, AGEs can be originated from a number of pathways, including auto-oxidation of
glucose to glyoxal, decomposition of the Amadori products to 3-deoxyglucosone and fragmentation
of G3P and dihydroxyacetone-phosphate to MGO (Thornalley et al, 1999). These reactive
intracellular dicarbonyls (glyoxal, 3-deoxyglucosone and MGO) react with amino groups of proteins
to form AGEs (Thornalley, 1990). For example, MGO is known to modify arginine and lysine
residues leading to the formation of several adducts (Figure 1), such as N®-(5-hydro-5-methyl-4-
imidazolon-2-yl)-ornithine (MG-H1), Ne-carboxymethyl-lysine (CML), Ne-carboxyethyl-lysine (CEL),
Nw-carboxymethylarginine (CMA) and argpyrimidine (Kalapos, 1999; Kalapos, 2008; Thornalley,
2008). MGO may also modify nucleotides and phospholipids.

MGO-derived AGEs can be detoxified through the glyoxalase (GLO) system. The GLO
system catalyzes the conversion of reactive acyclic a-oxoaldehydes into the corresponding
a-hydroxyacids. It is composed of two enzymes, GLO | and GLO Il, and a catalytic amount of GSH.
GLO | enzyme catalyzes the isomerization of the hemithioacetal, formed spontaneously, from
a-oxoaldehyde and GSH, into S-2-hydroxyacylglutathione derivatives. GLO |l catalyzes the
conversion of S-2-hydroxyacylglutathione derivatives into a-hydroxyacids and re-forms GSH

consumed in the GLO I-catalyzed reaction step. The major physiological substrate for GLO | is
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MGO, and this one markedly accumulates when GLO | is inhibited by cell-permeable GLO |
inhibitors or by depletion of GSH (Thornalley, 2003a; Thornalley, 2003b).

arginine derived AGE products lysine derived AGE lysine + arginine
products derived AGE products
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Figure 1. Schematic representation of AGEs formed from the reaction between MGO and lysine or arginine

residues. Adapted from (Nemet et al, 2006).

AGEs formed from dicarbonyls (such as MGO) were shown to accumulate in cells and
tissues from diabetic patients or animal models of diabetes (McLellan et al, 1994; Oya et al, 1999;
Phillips et al, 1993). Indeed, in endothelial cells cultured under high glucose, it was demonstrated
that MGO is the major precursor of AGEs (Shinohara et al, 1998).

MGO irreversibly modifies a variety of proteins (Thornalley, 1990), which is closely
associated with cell toxicity. MGO selectively inhibits mitochondrial respiratory complexes, as well
as inactivates a number of other enzymes, such as membrane ATPases (Biswas et al, 1997;
Halder et al, 1993). Of significance for this thesis, MGO also modifies the corepressor mammalian
Sin3 homolog A (mSin3A), which increases the recruitment of O-GlcNAc-transferase, with
consequent increased modification of the Sp3 transcription factor (SP3) by O-linked
N-acetylglucosamine. This modification is known to decrease the binding of SP3 to a glucose-
responsive GC-box in the angiopoietin-2 (Ang-2) gene promoter, resulting in increased expression
of Ang-2 (Yao et al, 2007). In diabetic retinal and kidney capillaries, increased Ang-2 is associated
with pericytes loss and acellular capillary formation, accounting for an impairment of the angiogenic
response. Another recent study also shows that hypoxia-induced VEGF expression in fibroblasts is
reduced in hyperglycaemia conditions, through a mechanism that involves modification of the
hypoxia-inducible factor 1a (HIF-1a) by MGO, which inhibits its interaction with HIF-1 and impairs
the formation of a functional HIF-1 heterodimer (Ceradini et al, 2008).

In addition to direct modification of protein and enzymes, AGE-precursors may induce
further damage to cells by other mechanisms. For example, AGE-precursors are known to disrupt
interaction between extracellular matrix components and integrins. They also bind to AGE
receptors (RAGEs) in endothelial cells, inducing activation of the nuclear factor-xB (NF-«xB),

followed by alteration of the gene expression profile. Moreover, MGO is known to induce vascular
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dysfunction and increased cell death of pericytes and endothelial cells in diabetes, by
Ang-2-dependent and -independent mechanisms, which is ameliorated by the advanced glycation
inhibitor (£)-2-Isopropylidenehydrazono-4-oxo-thiazolidin-5-ylacetanilide (OPB 9195). Increased
levels of MGO have also been reported to have direct deleterious effects in a number of essential
signalling pathways implicated on diabetes, such as the epidermal growth factor receptor (EGFR),
the insulin-like growth factor 1 receptor (IGF1-R) and the protein serine/threonine kinase Raf-1
pathways. For example, in the case of Raf-1, MGO-mediated intracellular oxidation and UPP-
dependent proteolysis are involved in downregulation of Raf-1, which is a central switchboard
kinase in the transmission of many growth signals (Du et al, 2006).

The potential importance of AGEs in the pathogenesis of diabetic complications is indicated
by the observation that two structurally unrelated AGE inhibitors (aminoguanidine and OPB 9195)
partially prevent various functional and structural manifestations of diabetic microvascular disease
in retina, kidney and nerves (Du et al, 2002; Hammes et al, 1991; Nakamura et al, 1997).
Pyridoxine, an inhibitor of AGEs formation, has been further shown to induce protection against

many retinal vascular lesions in experimental models of diabetes (Stitt et al, 2002).

1.1.5 Production of superoxide by the mitochondrial electron-chain

For many years, the previously described mechanisms were considered independently to
explain modifications associated with pathogenesis of diabetes. However, during the last decade it
was found a common link, which can explain the cell damage in diabetes. The hyperglycaemia-
induced overproduction of superoxide by the mitochondrial electron transport chain is most likely
the crosstalk event between all the other mechanisms (Brownlee, 2001; Du et al, 2000; Nishikawa
et al, 2000) (Figure 2).

The mechanism whereby hyperglycaemia induces increased production of superoxide by
mitochondria appears to be related to the excessive production of electron donors (NADH and
FADH,) from the trycarboxylic acid cycle (TCA) (Du et al, 2001). Indeed, high glucose increases by
about 2.2 fold the flux through the TCA cycle in endothelial cells (Nishikawa et al, 2000), leading to
increased production of NADH and FADH,. These compounds enter the mitochondrial electron-
transport chain, which increases the electron flux and proton gradient, resulting in a significant
increase in the production of superoxide.

A number of experimental data appear to support this hypothesis. For example,
overexpression of manganese superoxide dismutase, the mitochondrial enzyme that dismutates
superoxide (Nishikawa et al, 2000), completely prevents increased activity of the polyol and
hexosamine pathways, increased intracellular AGEs formation and increased PKC activation in
endothelial cells (Brownlee, 2001). This effect is mainly due to the recovery of GAPDH activity,
which inhibits the accumulation of upstream glycolytic metabolites (F6P or G3P) and the activity of

the polyol pathway.
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Figure 2. Unifying hypothesis linking the four mechanisms of high glucose-induced cell damage. Adapted from

(Brownlee, 2001)

1.1.6 The VEGF paradox and cell response to hypoxia on diabetes

Diabetes is characterized by an “angiogenic paradox”, since both pro and antiangiogenic
conditions coexist in chronic diabetes. In some microvascular tissues, increased expression of
growth factors result in neovascularization and increased blood vessel permeability. This response
has a significant role in advanced stages of diabetic retinopathy, nephropathy and neuropathy
complications, which seem to be ameliorated upon angiogenesis inhibition. Conversely, decreased

expression of growth factors is associated with impairment of new blood vessels formation leading
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to poor wound healing and manifestation of diabetic skin ulcers. Moreover, impairment of the
arteriogenesis response in diabetes further results in reduced collateral artery growth and
maturation, which in turn leads to reduced myocardial perfusion and enhanced mortality. Indeed,
induction of growth factors release reduces clinical symptoms and tissue damage in coronary artery
and peripheral limb disease and ameliorates the wound healing process in diabetic patients. Thus,
two apparently diametric angiogenic responses occur in diabetes and generate an intriguing
paradox (Duh & Aiello, 1999).

Several reports suggest that VEGF plays a central role in mediating diabetic vascular
complications and is likely to be at the basis of the angiogenic paradox on diabetes. VEGF is a sub-
family of the growth factors family platelet-derived growth factor or PDGF. The most important
member is VEGF-A. Other members are VEGF-B, VEGF-C, VEGF-D and placenta growth factor or
PIGF (Figure 3).
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Figure 3. Schematic representation of the VEGF family and their receptor interactions. Adapted from (Yancopoulos
et al, 2000).

VEGF-A has been shown to stimulate endothelial cell mitogenesis and cell migration. It is
also a well known vasodilator factor, stimulates monocyte/macrophage migration and increases
microvascular permeability. The term 'VEGF' covers a number of proteins from two different groups
that result from alternative mRNA splicing from a single vegf gene composed by 8 exons. The two
groups are referred according to their terminal exon splice site - the proximal splice site (VEGF,)
or distal splice site (VEGF«b). The type of exon 8 splicing determines whether the proteins are
pro-angiogenic (proximal splice site) or anti-angiogenic (distal splice site). In addition, alternate
splicing of exon 6 and 7 alters their heparin binding affinity and amino acid number (in humans:
VEGF 121, VEGF21b, VEGF145, VEGF 45, VEGF465b, VEGF 19, VEGF05). All members of the VEGF
family bind to tyrosine kinase receptors (the VEGFRs). VEGF binding induces receptor

dimerization, which become activated through trans-phosphorylation. VEGF-A is known to bind to
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VEGFR-1 (FIt-1) and VEGFR-2 (KDR/FIk-1) (Figure 3). VEGFR-2 appears to mediate almost all of
the known cellular responses of VEGF (Yancopoulos et al, 2000).

On advanced stages of DR, it is clearly known that VEGF is a major mediator of intraocular
neovascularization, serving a pivotal role in the aetiology of DR. Many cell types within the eye
produce VEGF, including retinal pigment epithelium cells, retinal pericytes, Miller cells, ganglion
cells, glial cells and endothelial cells (Duh & Aiello, 1999). Furthermore, retinal microvascular
endothelial cells express large numbers of high-affinity VEGF receptors (Duh & Aiello, 1999;
Thieme et al, 1995). VEFG concentrations are markedly elevated in both vitreous and ocular
aqueous fluids of patients with active proliferative diabetic retinopathy compared with samples from
patients without diabetes, with nonproliferative DR or with quiescent proliferative DR (Aiello et al,
1994; Duh & Aiello, 1999).

Despite all the advances in the understanding of diabetic retinopathy, the nature and time
course of molecular changes in the diabetic retina are poorly characterized. Particularly, studies on
VEGF mRNA have produced conflicting results. For example, retinal VEGF mRNA levels have
been reported by independent studies to be unchanged at 3 months, increased at 6 months and
decreased at 6 months duration of streptozotocin (STZ)-induced diabetic rats (Brucklacher et al,
2008). However, a recent study, based on a gene expression profile, showed a consistent decrease
in VEGF mRNA expression at the retina of 1 and 3 month-aged STZ-induced diabetic rats
(Brucklacher et al, 2008). This work also shows that the decrease of the VEGF mRNA levels is
accompanied by increased vascular permeability and caspase-3 activity, two main features of the
early stages of DR, which are classically associated with high expression of VEGF, a fact that was
not corroborated by this study. Thus, it seems that there are multiple phases in the regulation of
vegf gene expression in DR and it seems imprudent to generalize its upregulation for all the stages
of DR.

The evidence that VEGF is involved in diabetic nephropathy and neuropathy is less
extensive and is, also, very controversial. In the case of nephropathy, it was shown that elevated
levels of VEGF increase glomerular permeability and contribute to diabetic proteinuria (Lee et al,
2006), while VEGF antibodies (that decrease available VEGF) improve renal function (Nakagawa et
al, 2006; Wirostko et al, 2008). However, other clinical studies have reported low levels of VEGF at
the renal glomeruli, contributing to podocyte cell death, diminished tissue repair and progression of
renal disease in diabetes (Baelde et al, 2007; Hohenstein et al, 2006). This controversy is also
common between several studies on diabetic neuropathy. For example, neural damage due to
ischemia typically results in increased VEGF levels in the plasma of diabetic animals, with
increased VEGF expression in axons and dorsal root glia. However, other studies showed that
supply of VEGF reverses diabetic peripheral neuropathy and preserve vascularity, blood flow and
nerve function (Carmeliet & Storkebaum, 2002; Wirostko et al, 2008).

VEGF also has a key role in the development of coronary heart disease in diabetic patients.

In preclinical diabetic studies, researchers observed diminished endothelial progenitor cell (EPC)
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mobilization following ischemia-reperfusion myocardium injury and lower VEGF levels compared to
controls (Fadini et al, 2006). mRNA levels and protein expression of VEGF and its receptors,
VEGFR1 and VEGFR2, in the myocardium were shown to be significantly decreased by 40% to
70% in both diabetic and insulin-resistant non-diabetic rats. Moreover, a two-fold reduction in VEGF
and VEGFR2 was observed in ventricles from diabetic patients compared with nondiabetic donors
(Chou et al, 2002). Additionally, VEGF supply via a plasmid vector was shown to decrease
apoptosis, as well as to improve EPC function, migration and capillary density (Yoon et al, 2005).
Therefore, progressive attenuation of myocardial VEGF expression seems to be a determining
event in diabetic cardiomyopathy.

Lymphatic and vascular aspects of defective wound healing in diabetic patients are also
associated with impaired VEGF production. Fibroblasts from diabetic mice exhibit a seven-fold
impairment in VEGF production compared with wild-type fibroblasts. Moreover, production of
VEGF, in wild-type fibroblasts, was shown to be increased three-fold in response to hypoxia,
whereas diabetic fibroblast production of VEGF was not upregulated in hypoxic conditions (Lerman
et al, 2003). Unlike the acute inflammatory phase in normal healing, diabetic patients have a
chronic moderate inflammation that reduces the number and hampers the function of activated
macrophages, and also leads to reduced secretion of VEGF, resulting in the impairment of
lymphatic vasculature repair and EPC dysfunction (Lerman et al, 2003). Consistently, reduced
VEGF production decreases the number of platelets at the wound, reducing the formation of
granulation tissue, which, in turn, further decreases VEGF secretion in areas of wound healing
(Asai et al, 2006; Verheul & Pinedo, 2007).

While anti-VEGF therapies appear very effective as a means to reduce microvascular
complications in the advanced stages of DR, pro-VEGF therapies appear to be equally promising to
increase collateral vascular formation and reduce macrovascular complications associated with
myocardial infarction and peripheral limb ischemia (Duh & Aiello, 1999). Thus, systemic treatment
of one complication may theoretically exacerbate another one.

The VEGF paradox that occurs in diabetes is most likely a consequence of a diametrically
opposed response to hypoxia in the several diabetic tissues. Capillary nonperfusion and loss of
retinal capillaries that occur in DR can lead to retinal ischemia. Apparently, acute hypoxia rapidly
activates retinal cells to release angiogenic growth factors, such as VEGF, leading to the formation
of new blood vessels, a main feature of advanced stages of DR. Indeed, increased levels of VEGF
in the vitreous and retina of diabetic patients are likely to be hypoxia-induced, since elevated levels
of VEGF protein and mRNA are present in the ischemic retina adjacent to the areas of
neovascularization. Moreover, in vitro hypoxia also induces expression of VEGF mRNA in retinal
cells and is reported to induce expression of VEGF receptors in endothelial cells, indicating that
sensitivity to VEGF is enhanced in the ischemic retina (Cai & Boulton, 2002).

However, it has also been shown that hyperglycaemia is a critical event implicated in the

loss of cell response to hypoxia and in destabilization of HIF-1 (Catrina et al, 2004; Fadini et al,
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2006; Gao et al, 2007), a key protein involved in the regulation of cell response to hypoxia. HIF-1 is
an oxygen-dependent transcription factor that activates the expression of several genes, which
helps cells and tissues to cope with hypoxia. Although VEGF is produced in response to a variety of
stimuli, one of the best known involves activation of HIF. Consistently, downregulation of HIF-1 in
response to hyperglycaemia is likely to account for decreased arteriogenic response triggered by
myocardial ischemia in diabetic patients (Abaci et al, 1999; Larger et al, 2004) and high glucose
was shown to reduce hypoxia- and HIF-induced VEGF expression in primary skin fibroblasts
(Ceradini et al, 2008). Moreover, blood glucose levels were shown to be in linear relation with fatal
outcome after an acute hypoxic challenge, suggesting a deleterious influence of hyperglycaemia on
the ability of tissues to adapt to low oxygen tensions (Malmberg et al, 1999). Additionally, HIF-1a
protein levels and VEGF mRNA levels are dramatically downregulated in skin wounds of diabetic
patients and animal models of diabetes, as compared to skin wounds that share the same hypoxic
environment but are not exposed to hyperglycaemia (Catrina et al, 2004; Sarkar et al, 2009;
Thangarajah et al, 2009). Consistently, adenovirus-mediated transfer of stable HIF constructs to
skin wounds demonstrated that stabilization of HIF-1a is necessary and sufficient for promoting
wound healing in a diabetic environment (Botusan et al, 2008; Sarkar et al, 2009).

A variety of evidence suggests that the cell and tissue dysfunctions associated with diabetes
are related, at least in part, with a differential cell response to hypoxia between the several diabetic

tissues, which may account for the angiogenic and VEGF paradoxes that occur in diabetes.

1.2 The Hypoxia-Inducible Factor System

In response to low oxygen levels, animals increase the glycolysis flux to compensate the
energy defective production due to decreased oxidative phosphorylation by the mitochondrial
electron-chain. Moreover, erythropoiesis and angiogenesis are upregulated to achieve more
efficient oxygen utilization. This adaptive response relies on a mechanism that uses oxygen deficit
as a signal to activate transcription of a plethora of genes important for these processes. This
mechanism comprises the regulation of the hypoxia-inducible factor system that plays an essential
role in the maintenance of oxygen homeostasis and allows cells to survive under oxygen
deprivation. Indeed, the HIF proteins upregulate the transcription of a variety of genes that helps
cells to cope with hypoxia. HIF is regulated by fine-tuning mechanisms that are dependent on
oxygen, both at the level of protein stability and transcriptional activity, which makes the protein
inactive under normoxia, but inducible under hypoxia conditions.

Investigation on erythropoietin (EPO) induction, one of the most prominent responses to
hypoxia, conducted to the first identification of HIF in 1992 (Semenza & Wang, 1992). In this study,
it was identified a nuclear factor that binds to the EPO gene enhancer, only under hypoxia. It soon
became obvious that the HIF system is a key regulator of a broad range of responses to hypoxia

and it has been extensively studied during the last two decades.
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1.2.1 The HIF family of proteins

HIF is transcriptional active only as a heterodimer and is composed of an oxygen-regulated
a subunit and a constitutively expressed 3 subunit. Both subunits are members of the basic helix-
loop-helix/Per-Arnt-Sim homology (bHLH/PAS) family of transcription factors (Wang et al, 1995),
since both of the proteins contain these two characteristic domains. These domains are known to

be involved in DNA binding and a/f heterodimer formation, respectively.

DNAbinding Dimerization Stability Transactivation
HIF-1a bHLH A PAS B ODD /A TAD 836 aa
HIF-20 bHLH A PAS B ODD TAD 874 aa
HIF-3a bHLH A PAS B ODD |7\ 662 aa
ARNT/
HIF-18 bHLH A PAS B TAD 789 aa

Figure 4. Schematic representation of HIF family member protein domains. Adapted from (Rankin & Giaccia, 2008).

There are three paralogues of the a subunit: HIF-1a, HIF-2a and HIF-3a (Figure 4). All are
encoded by distinct gene loci and further diversity is generated by alternative mRNA splicing.
HIF-1a and HIF-2a share similar domain structure and are regulated in a similar manner; however,
the tissue expression of HIF-2a seems to be more limited. Moreover, both paralogues are able to
heterodimerize with HIF-1 to form a functional HIF transcription factor (Chun et al, 2002; Gothie et
al, 2000; Maynard et al, 2003; Mazure et al, 2004; Weidemann & Johnson, 2008). HIF-3a is less
closely related and its role is not yet fully understood; however, HIF-3a is postulated to behave as a
negative regulator of HIF-mediated transcription and human HIF-3a has multiple spliced variants
(HIF-3a 1-6). HIF-3a gene lacks the C-terminal transactivation domain (C-TAD). A splicing variant
form of HIF-3a, known as inhibitory PAS domain protein (IPAS), was shown to prevent the
interaction between HIF-1a and HIF-1p3, since IPAS dimerizes with HIF-1B and sequestrates HIF-1B
from HIF-1a, which inhibits the transcription of the target genes (Makino et al, 2001; Makino et al,
2002). IPAS is induced by hypoxia and is likely to act as a negative feedback mechanism for the
regulation of HIF-1a.

The human HIF-1a is an 826-aminoacid (120 kDa) protein. In the N-terminal it contains the
bHLH domain (residues 17-71) and the PAS domain (residues 85-298), with PAS-A (residues
85-158) and PAS-B (residues 228-298) repeats (Wang et al, 1995; Zagorska & Dulak, 2004). Two
transactivation domains, N-terminal and C-terminal TADs (also termed NAD and CAD), are both

localized in the C-terminal half of HIF-1a (residues 531-575 and 786-826, respectively). Moreover,
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the C-terminal part contains a domain responsible for degradation of HIF-1a under normoxic
conditions (Zagorska & Dulak, 2004). This oxygen-dependent degradation domain (ODD at 401-
603 residues) contains two PEST-like motifs: sequences rich in proline (P), glutamic acid (E),
serine (S), and threonine (T) (residues 499-518 and 581-600), common between proteins with a
short half-life (less than 2 hours). Additionally, HIF-1a contains two nuclear localization signals:
N-NLS (residues 17-74) and C-NLS (residues 718-721). The C-terminal NLS is crucial in the
nuclear import of HIF-1a, whereas the N-terminal one seems to be less important (Zagorska &
Dulak, 2004) (Figure 4).

The human HIF-1B/ARNT protein has two isoforms (774 and 789 residues corresponding to
92 or 94 kDa, respectively) that differ by the presence of a 15 amino acid sequence encoded by a
45-bp alternative exon (Wang et al, 1995; Zagorska & Dulak, 2004).
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Figure 5. Schematic representation of the canonical HIF-1a degradation pathway. Adapted from (Harris, 2002).

1.2.2 Regulation of HIF-1a subunit by hydroxylation

Under normoxic conditions, HIF-1a subunit has a very short half-life, of less than 5 minutes
(Huang et al, 1996; Lisy & Peet, 2008; Yu et al, 1998). Cells continuously synthesize and degrade

the HIF-1a protein. However, under low levels of oxygen, the degradation of HIF-1a is inhibited
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(Jiang et al, 1996). The interface between oxygen and the HIF-1a protein is provided by
hydroxylation of two proline residues (Pro402 and Pro564 in human HIF-1a) in the ODD domain
(Huang et al, 1998; lvan et al, 2001; Jaakkola et al, 2001). This oxygen-dependent hydroxylation
regulates the interaction with the von Hippel-Lindau tumour suppressor protein (pVHL) and is
achieved by specific prolyl hydroxylase domain (PHD) enzymes. VHL is the recognition component
of an ubiquitin ligase complex that targets HIF-1a for proteolysis by the ubiquitin-proteasome
pathway under normoxia conditions (Maxwell et al, 1999; Ohh et al, 2000). Under hypoxic
conditions, prolyl hydroxylation is inhibited, which blocks HIF-1a degradation by the proteasome.
Thus, HIF-1a accumulates in the cell and is translocated into the nucleus, where it dimerizes with
HIF-1B. The HIF-1a/HIF-1B heterodimeric complex then binds to a core pentanucleotide sequence
(5-RCGTG-3) in the hypoxia-responsive elements (HREs) of the promoter or enhancer sequences
of the target genes (Chapman-Smith & Whitelaw, 2006; Kimura et al, 2001; Semenza & Wang,
1992) (Figure 5).

The transcriptional activity of HIF-1a is also regulated by another oxygen-dependent
mechanism and involves the hydroxylation of a C-terminal asparagine residue (Asn803 in human
HIF-1a). This hydroxylation is carried out by an asparagynil hydroxylase termed as factor-inhibiting
HIF (FIH) and this modification inhibits the interaction of HIF-1a with the co-activators p300/CREB
binding protein (CBP), preventing the transactivation activity of HIF-1 (Hewitson et al, 2002; Lando
et al, 2002a; Lando et al, 2002b). Thus, in contrast to the prolyl hydroxylation that enables protein-

protein interaction, the asparaginyl hydroxylation prevents protein recruitment (Figure 5).

1.2.3 The HIF partners

1.2.3.1 PHDs. HIF-prolyl hydroxylases, also known as prolyl hydroxylase domain proteins, form
an evolutionary conserved subfamily of dioxygenases that require oxygen and 2-oxoglutarate
(2-OG), as co-substrates, and iron and ascorbate as co-factors (Bruick & McKnight, 2001; Epstein
et al, 2001; Schofield & Ratcliffe, 2005). The use of iron by PHDs explains the observed hypoxia-
mimetic effects of iron chelators and iron antagonists, such as desferrioxamine and cobalt chloride,
respectively (Salnikow et al, 2004; Wang & Semenza, 1993; Yuan et al, 2003).

Mammals are known to have four PHD members (PHD1, PHD2, PHD3 and a recently
characterized protein named as P4H-TM). Both full-length PHD1 and PHD2 have about 400 amino
acid residues (407 and 426 in humans, respectively) and share a well-conserved hydroxylase
domain at the C-terminal. The N-terminal of PHD1 and PHD2 are more divergent and has poorly
characterized functions. Human PHD3, the shorter member with 239 amino acids, contains the
hydroxylase domain but only a short stretch of the N-terminal sequence (Epstein et al, 2001; Fong
& Takeda, 2008).

At the mRNA level, all three PHDs are widely distributed among different organs, although
PHD3 is the highest in the heart, whereas PHD1 is the highest in testes (Willam et al, 2006).
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However, at the protein level, PHD2 is the most abundant isoform in all mouse organs and in
different examined cell lines (Appelhoff et al, 2004; Berra et al, 2003). Studies using monoclonal
antibodies indicate that PHDs are mostly located in the cytoplasm (Soilleux et al, 2005).

Two proline residues in human HIF-1a (P402 and P564), located in the ODD domain
(Huang et al, 1998), have been shown to be hydroxylated and are part of a conserved consensus
sequence LXXLAP (Masson et al, 2001). Patches of hydrophobic amino acid residues within the
ODD domain are likely the most important elements in the recognition of the substrate. All PHDs
are more active on the LXXLAP core containing the P564 and, in particular, PHD3 is virtually
inactive on P402 LXXLAP core (Hirsila et al, 2003). In cultured cells, all three PHDs contribute to
the regulation of both HIF-1a and HIF-2a, but preferences do exist. PHD1 and PHD3 are more
active on HIF-2a than HIF-1a, whereas PHD2 preferentially hydroxylates HIF-1a (Appelhoff et al,
2004).

Oxygen is a key substrate for hydroxylation. All three PHDs have Km values for oxygen
within the range 230-250 uM, slightly above the oxygen concentration in aqueous solutions
saturated be ambient room air (Appelhoff et al, 2004). Since intracellular oxygen concentrations are
typically below these values (4-40 uM), high Km values ensure the dependence of hydroxylase
activity on oxygen when all other substrates and cofactors are present at adequate levels
(Figure 6).

Although the major function of PHDs is to regulate the stability of HIF-1a, themselves are
also regulatory targets. For instance, PHD1 and PHD3 are targeted for polyubiquitination and
proteasome-dependent degradation by Siah1a/2 (Nakayama et al, 2004). Interestingly, Siah2 itself
is strongly induced by hypoxia, which contributes to accelerated PHD degradation. Moreover,
PHD2 and PHD3 genes contain HREs and are induced by HIF-1a under hypoxia. Furthermore,
reactive oxygen species and nitric oxide, which levels increase during reduced availability of
oxygen, inhibit the PHDs activity by chelating and oxidizing PHD bound-Fe (II) and Fe (lll) (Metzen
et al, 2003b; Pan et al, 2007). Additionally, TCA cycle intermediates may activate or inhibit PHDs
activity. Indeed, 2-OG is an essential co-substrate for PHDs due to its role in Fe (ll) coordination in
the catalytic centre (Epstein et al, 2001). However, succinate and fumarate compete against 2-0G
for binding to the active site (Selak et al, 2005).

1.2.3.2 VHL. The human vhl/ gene is translated into two VHL proteins: pVHL19 and pVHL30.
VHL30 is a 213-aminoacid protein of about 24-30 kDa, while VHL19 is an 18-19 kDa isoform of 160
amino acids. VHL30 and VHL19 do not have redundant functions. Furthermore, both proteins were
shown to have different subcellular localizations. While pVHL30 is found in the nucleus, cytosol and
endoplasmic reticulum membrane, pVHL19 is only found in the nuclear and cytosolic fractions
(Blankenship et al, 1999; Schoenfeld et al, 1998; Sufan et al, 2004).

During the last few years, it has been shown that pVHL is a multitasking protein. However,

the best characterized function of pVHL is associated with HIF-1a regulation. VHL protein is the
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recognition subunit of an ubiquitin ligase complex that targets HIF-a for oxygen-dependent
degradation by the proteasome (Huang et al, 1998; Ivan et al, 2001; Jaakkola et al, 2001; Maxwell
et al, 1999; Ohh et al, 2000). pVHL is in a complex with elongin B, elongin C, cullin 2 (Cul2), Rbx1
and NEDDS8, forming an ubiquitin ligase complex called VBC (VHL-Elongin B-Elongin C) complex
(Sufan et al, 2004). Elongin C bridges pVHL to Cul2 (Stebbins et al, 1999). Cul2 associates with
elongin C, NEDD8 and Rbx1 (Pause et al, 1997). The RING (Really Interesting New Gene) finger
protein Rbx1 (also known as ROCK1) is thought to recognize a cognate E2, which is required for
the E3 ligase function of VBC complex (Ohta et al, 1999) (Figure 5). The crystal structure of the
VBC complex reveals that VHL has two structural domains, an N-terminal B-domain rich in B-sheets
structures and a C-terminal a-domain adopting a three-helix cluster structure (Stebbins et al, 1999).
The a- and B-domains are connected by two linkers and an extensive interface of hydrogen bonds,
indicating that are both rigidly connected. The VBC-HIF1a structure showed that the HIF-1a peptide
binds the B-domain of VHL. The hydroxyproline inserts into a gap in the VHL hydrophobic core,
precisely at the protein-binding site predicted by tumour-derived mutations. The 4-hydroxyl group of
the hydroxyproline is recognized by a pair of buried serine and histidine residues on VHL (Hon et
al, 2002; Min et al, 2002).

1.2.3.3 ARD-1. Arrest-defective-1 protein, a member of a large family of acetyltransferases, is
known to induce acetylation of lysine 532 in the ODD domain of HIF-1a, close to proline 564. This
post-translational modification appears to favour the recruitment of pVHL and degradation of
HIF-1a by the proteasome (Jeong et al, 2002). Thus, ARD1 acts as a negative regulator of HIF-1a
by making it less stable, like PHDs. Since N-acetyltransferases activity is not known to be
dependent on oxygen, it could be expected that this modification occurs under both normoxia and
hypoxia. However, the ARD-1 mRNA levels were found to slightly decrease under hypoxic
conditions, suggesting that the level of HIF-1a acetylation may decrease under low oxygen (Mazure
et al, 2004).

1.2.3.4 FIH-1. Factor-inhibiting HIF-1 is an asparaginyl hydroxylase that hydroxylates the
asparagine 803 of HIF-1a, preventing the binding of the transcriptional co-activators p300/CBP to
the HIF-1a C-terminal transactivation domain (Hewitson et al, 2002; Lando et al, 2002a; Lando et
al, 2002b; Mahon et al, 2001). In opposition to PHDs, a consensus sequence for asparagine
hydroxylation has not been identified, but the sequence around asparagine 803 is highly conserved
between species. Indeed, the adjacent residue valine 802 seems to have a crucial role in this
mechanism (Linke et al, 2004). This Val-Asn motif seems to be essential in the maintenance of the
interaction between p300/CBP and the HIF-1a C-TAD. FIH-1 does not influence the stability of
HIF-1a but, like the PHDs, FIH-1 requires 2-OG, Fe (ll), ascorbate and dioxygen for catalysis of
hydroxylation (Linke et al, 2004; Safran & Kaelin, 2003). However, unlike PHDs, FIH-1 is not
inhibited by TCA metabolites (Hewitson et al, 2007).
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FIH-1 protein expression has been detected at similar levels in all examined cell lines
(Bracken et al, 2006). Immunocytochemical analyses have shown predominant FIH-1 cytosolic
staining (Soilleux et al, 2005). Moreover, changes in the oxygen content do not appear to induce
changes in FIH-1 subcellular distribution (Metzen et al, 2003a).

FIH-1 has an absolute requirement for oxygen to maintain enzymatic activity. The estimated
Km value of FIH-1 for oxygen is approximately 90 pM (Koivunen et al, 2004). Given that
physiological oxygen concentrations are around 4-40 yM and below the estimated Km, it seems
that FIH-1 responds to relevant changes in the intracellular oxygen concentrations. Decreases in
oxygen tension are likely to induce a direct decrease in the catalytic activity of FIH-1, as well as of
PHDs (Lisy & Peet, 2008) (Figure 6).

FIH-1 has been shown to interact in vitro with pVHL; however the purpose of this interaction
is physiologically unclear (Mahon et al, 2001). Moreover, it has been shown that FIH-1 interacts
with another ubiquitin ligase, Siah-1 (Fukuba et al, 2007). Siah-1 induces polyubiquitination of

FIH-1, as well as of PHDs, but its functional relevance is poorly understood.
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Figure 6. Hypothesized sequential activation of the NAD and CAD in gradients of hypoxia, predicted from in vitro
derived Km values of PHDs and FIH for oxygen. Adapted from (Lisy & Peet, 2008).

1.2.3.5 P300/CBP. Nuclear p300 and CBP are homologous and ubiquitously expressed proteins
which possess histone acetyltransferase activity (Yuan & Giordano, 2002). They act as
transcriptional co-activators and are involved in the regulation of several transcription factors (Chan
& La Thangue, 2001). p300 binds to the C-TAD of HIF-1a through its cysteine-histidine rich domain
and increases transactivation of HIF-1, probably by increasing histone acetylation, which results in
local remodelling of chromatin structure and greater access of the transcription factor to DNA
(Carrozza et al, 2003). Inhibition of the interaction between p300/CBP and HIF-1a strongly
abrogates hypoxia-induced gene expression (Kung et al, 2000). Interestingly, it has been shown
that S-nitrosation on cysteine 800 of HIF-1a increases the interaction between p300 and HIF-1a,

increasing its transcriptional activity (Yasinska & Sumbayev, 2003).
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1.2.3.6 Other HIF-1 partners. The post-translational modifications of HIF-1a are rapidly and
precisely modulated by the cellular oxygen concentration through complexes of proteins. The
protein amplified osteosarcoma 9 (OS9) is another piece of the complex HIF-regulatory
mechanisms since it is an essential component of a multiprotein complex that regulates HIF-1a
levels in an O,-dependent manner. OS-9 is known to interact with HIF-1a and PHD2 and is
required for efficient hydroxylation and subsequent degradation of HIF-1a (Baek et al, 2005;
Flashman et al, 2005). Recently, spermidine/spermine-N1-acetyltransferase-2 or SSAT2 was also
shown to be an additional and essential component of the ubiquitin ligase complex VBC that binds
to HIF-1a, VHL and elongin C and plays a crucial role in the rapid HIF-1a ubiquitination by the
complex (Baek et al, 2007).

Deubiquitination, by reversing ubiquitination, has been recognized as an important
regulatory step in ubiquitination-related processes. It has been shown that pVHL-interacting
deubiquitinating enzyme 2 (VDU2 or Usp20), but not VDU1 (or Usp33), interacts with HIF-1a. Both
proteins belong to the ubiquitin specific protease (USP) subclass of deubiquitinating enzymes and
the enzymatic function is consistent with the presence of conserved Cys and His boxes in their
molecular structures. Mutagenesis studies have demonstrated that these two conserved domains
play important roles in the ubiquitin cleavage activity of both enzymes (Li et al, 2002a; Li et al,
2002b). In opposition to VDU1, VDU2 can specifically deubiquitinate and stabilize HIF-1a and
increases expression of HIF-1 target genes (Li et al, 2005). These findings suggest that
ubiquitination of HIF-1a is a dynamic process and that ubiquitinated HIF-1a might be rescued from
degradation by VDUZ2 through deubiquitination.

The half-life of HIF-1a is also regulated in an O,-independent manner by the competitive
binding of either heat shock protein 90 (Hsp90), which stabilizes HIF-1a, or the anchoring receptor
of the activated protein kinase C (RACK1), which interacts with elongin C, thereby promoting
HIF-1a ubiquitination and proteasomal degradation, independently of PHD2 and VHL (Liu et al,
2007). Moreover, it has also been shown that histone deacetylase proteins (HDACs 4, 6 and 7)
interact with HIF-1q, increasing the protein stability and transcriptional activity. Apparently, histone
deacetylase inhibitors (HDACI) induce VHL and ubiquitin-independent proteasomal degradation of
HIF-1a. Some authors have been shown that newly synthesized HIF-1a molecules interact with the
molecular chaperones Hsp70 and Hsp90 to complete maturation. However, HDACI treatment
apparently induces HDACs inhibition, resulting in hyperacetylation of Hsp90, accumulation of
immature HIF-1a/Hsp70 complex and degradation by the proteasome (Kong et al, 2006).
Nevertheless, the role of direct acetylation in the regulation of HIF-1a is controversial and poorly
understood.

Other reports have also been showing that p53 is able to destabilize HIF-1a by a pVHL-
independent mechanism. The regulation of HIF-1a by p53 is complex and still poorly understood.
Mechanistically, the interaction between HIF-1a and p53 is proposed to be either direct or to be

mediated by the p53 ubiquitin ligase murine double minute 2 (Mdm2). Consistently, there are
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reports indicating that p53 is able to target HIF-1a for Mdm2-mediated ubiquitination and
proteasomal degradation (Chen et al, 2003; Hansson et al, 2002; Ravi et al, 2000). However, the
biological significance of such process is still unclear.

HIF-1a is also regulated by phosphorylation signalling cascades in an oxygen-independent
manner. Both phosphoinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK)
pathways can regulate HIF-1a protein levels, as well as its transactivation. Increased expression of
HIF-1a via the PI3K signalling cascade may occur by gain-of-function mutations in upstream
positive regulators, such as receptor tyrosine kinases and Ras, or loss-of-function mutations in
tumour suppressors, such as phosphatase and tensin homolog (PTEN). The PI3K pathway can
also increase the translation of HIF-1a mRNA by both mammalian target of rapamycin (mTOR)-
dependent or -independent mechanisms (Maynard & Ohh, 2007). It is also known that
phosphorylation of HIF-1a by MAPK improves the recruitment of p300/CBP to the C-TAD of HIF-1a,
potentiating the transactivation of target genes (Sang et al, 2003). Phosphorylation of HIF-1a may
also protect this subunit for exportin-dependent nuclear export (Mylonis et al, 2006).

Another important protein involved in HIF-1 regulation is the small ubiquitin-related modifier
(SUMO), a member of the ubiquitin-like protein family. It has been shown that hypoxia induces
SUMOylation of the ODD domain of HIF-1a by the SUMO-conjugating enzyme Ubc9 (Rizos et al,
2005). Interestingly, Chen et al. (2007) reported that VHL also recognizes and ubiquitinates
SUMOylated HIF-1a. However, in the presence of the SUMO-specific isopeptidase SENP1, HIF-1a
is deSUMOylated, escapes degradation and activates transcription of target genes (Cheng et al,
2007). Nevertheless, these findings are opposed to previous studies implicating SUMO in the
activation of transcription, through HIF-1a stabilization. Indeed, recently was described a new
hypoxia-induced protein, the RWD-containing SUMOylation Enhancer (RSUME), which
overexpression enhances SUMO conjugation and has a stabilizing effect on HIF-1a (Carbia-
Nagashima et al, 2007). Another study also reported that hypoxia-induced SUMOylation of HIF-1a
reduces its transcriptional activity without affecting its half-life (Berta et al, 2007). Therefore, many
important questions regarding the function of SUMOylation and deSUMOylation of HIF-1a remain

unanswered.

1.2.4 HIF-1 target genes and biological functions

Many of the genes regulated by HIF-1, which are responsible for adaptation to low oxygen,
also promote tumourigenic phenotypes and immortality of cancers. HIF-1 upregulates more than 70
genes that are involved in a plethora of adaptation and survival mechanisms, such as
angiogenesis, anaerobic glucose metabolism, metastasis, cell motility, iron metabolism, growth,
survival, apoptosis, telomere maintenance and drug-export mechanisms.

The most notable and well-known target protein induced by HIF-1 is VEGF (Carmeliet et al,

1998; Forsythe et al, 1996), a potent endothelial cell mitogen crucial for the angiogenic process.
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HIF has also been shown to upregulate the expression of many other growth and survival factors
for proliferation of new blood vessels, including TGF-a, TGF-B3, leptin, endoglin, survivin,
cyclooxygenase-2, platelet-derived growth factor-@3, insulin-like growth factor and insulin-like growth
factor binding proteins 1-3 (Caniggia et al, 2000; Feldser et al, 1999; Grosfeld et al, 2002; Kaidi et
al, 2006; Sanchez-Elsner et al, 2002; Tazuke et al, 1998; Zhang et al, 2003). In addition, HIF-1
induces the expression of nitric oxide synthase 2, heme-oxygenase-1 and endothelin-1 (Hu et al,
1998; Lee et al, 1997; Palmer et al, 1998), which increase the permeability and dilation of the
vasculature. HIF further transactivates VEGFR-1 and -2 and the endothelial receptor tyrosine
kinase Tie-2 (Elvert et al, 2003; Weidemann & Johnson, 2008).

The formation of new blood vessels further requires activation of genes that regulate matrix
metabolism and remodelling, which increases the invasion potential of cells and changes the
extracellular environment to promote migration. Indeed, hypoxia and HIF-1 activation regulate key
players in this mechanism, such as autocrine motility factor, urokinase-type plasminogen activator
receptor, collagen prolyl-4-hydroxylases, matrix metalloproteinases, E-cadherin (negatively), lysyl
oxidase, tissue inhibitors of matrix metalloproteinases and the chemokine-receptor CXCR4 (Erler et
al, 2006; Esteban et al, 2006; Gunaratnam et al, 2003; Maynard & Ohh, 2007; Weidemann &
Johnson, 2008; Zagzag et al, 2005). The CXCR4-ligand stromal cell-derived factor-1 (SDF-1) is
also induced by hypoxia and regulates adhesion, migration and homing of CXCR4-expressing
EPCs. Increased expression and deposition of vimentin, an extracellular matrix component, is also
regulated by HIF-1 and is known to induce dedifferentiation of extracellular matrix, promoting
increased motility of cells (Maynard & Ohh, 2007).

To adapt to reduced oxygen availability and, subsequent, decreased oxidative
phosphorylation, HIF-1 regulates multiple enzymes responsible for shifting the metabolism toward
anaerobic glycolysis. Indeed, HIF-1 upregulates key glycolytic enzymes, such as phosphoglycerate
kinase-1, lactate dehydrogenase A and pyruvate dehydrogenase kinase (PDK). PDK inhibits the
enzyme pyruvate dehydrogenase by phosphorylation, which abrogates the conversion of pyruvate
into acetyl-CoA, preventing pyruvate entry into the TCA cycle. Consequently, the oxygen
consumption in the mitochondria decreases and the generation of reactive oxygen species under
hypoxia is attenuated. Interestingly, the glucose metabolites pyruvate and oxaloacetate appear to
regulate HIF-1a expression in cancer cell lines by inhibiting PHD-mediated hydroxylation of HIF-1q,
contributing for a positive feedback control. HIF-1 also upregulates a more efficient isoform of
cytochrome oxidase and the isoform predominant in normoxia is degraded by the HIF-1-regulated
Lon protease. Moreover, the HIF-1 transcription factor increases the expression of the glucose
transporters 1 and 3 and gluconeogenesis enzymes (Maynard & Ohh, 2007; Weidemann &
Johnson, 2008).

Considering that glycolysis increases intracellular lactic acid concentration, HIF-1 also
regulates intracellular pH. Indeed, HIF-1 has been demonstrated to regulate, at least, one member

of the H'/lactate co-transporter family, the monocarboxylate transporter that excretes lactic acid
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from the cytoplasm. In addition, H" ions are transported out through the HIF-1-reguted Na*/H*
exchanger NHE1. Furthermore, HIF-1 also activates the expression of carbonic anhydrases IX and
Xl that convert the metabolic generated CO, into carbonic acid, which further contributes to
intracellular alkalinization (Weidemann & Johnson, 2008).

Thus, HIF-1 mediates a wide range of developmental, physiological and cellular
mechanisms that promote oxygen delivery to cells and allow cells to survive under oxygen

deprivation.

1.3 The Ubiquitin-Proteasome Pathway

Before the discovery of the ubiquitin-proteasome system (UPS), proteolysis in cells was
thought to rely primarily on lysosomes, which are membrane-bound organelles with an acidic lumen
containing proteolytic enzymes that are able to degrade and/or recycle exogenous proteins, as well
as aged and damaged organelles. Between the 1960s and 1980s, protein degradation was a
neglected issue, considered to be a non-specific and dead-end process. Although it was known that
proteins turn over, apparently by high specific processes, and that distinct proteins have half-lives
that range from few minutes to several days, it was not widely appreciated. However, the discovery
of the complex ubiquitin pathway revolutionized the field. Work on ATP-dependent protein
degradation in reticulocytes, which lack lysosomes, suggested the presence of another intracellular
degradation mechanism (Ciehanover et al, 1978). Subsequent work on post-translational
modifications led to the identification of an unanticipated covalent modification of the histone 2A
protein by a branched bond between a histone lysine residue and the C-terminal glycine residue of
a protein called ubiquitin, which had no known function (Goldknopf & Busch, 1977). It was then
found that a previously-identified protein associated with proteolytic degradation, known as ATP-
dependent proteolysis factor 1 or APF-1, was the same protein as ubiquitin.

Much of the early work leading to the discovery of UPS occurred in the 1970s and early
1980s at the Technion (Israel Institute of Technology) in the laboratory of Avram Hershko, where
Aaron Ciechanover worked as a graduate student. Hershko had spent a sabbatical year at the
laboratory of Irwin Rose at the Fox Chase Cancer Centre, which provided key insights to the
discovery. The three researchers shared the 2004 Nobel Prize in Chemistry for their work in
discovering the UPP.

It is clear now that degradation of cellular proteins is a highly complex and regulated
process that plays major roles in a variety of basic pathways, such as: 1) rapid removal of proteins;
2) regulation of gene transcription; 3) regulation of cell cycle; 4) protein quality control, through
elimination of abnormally folded or damaged proteins; 5) function of the immune system, by
involvement in the antigen presentation on MHC class | molecules; 6) source of amino acids; 7)
inflammatory response, by NF-kB regulation; 8) cancer and cell survival, by p53 and HIF-1a

regulation (Lecker et al, 2006). Therefore, with the innumerable UPS substrates and the myriad of
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processes that UPS is involved, it is not surprising that abnormalities in the pathway are implicated

in the pathogenesis of many diseases (Glickman & Ciechanover, 2002).
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Figure 7. Schematic representation of the ubiquitin-proteasome pathway. Adapted from the Cell Signaling

Technology website (www.cellsignal.com).

Degradation of a protein by UPS involves two distinct and successive steps: (i) covalent
attachment of multiple ubiquitin molecules to the target protein; and (ii) degradation of the tagged
protein by the 26S proteasome (Ciechanover, 1998; Glickman & Ciechanover, 2002; Myung et al,
2001). Conjugation of ubiquitin to the substrate occurs through a three step-mechanism. Initially,
ubiquitin is activated in its C-terminal glycine (Gly 76) by the ubiquitin-activating enzyme, E1. This
reaction involves hydrolysis of ATP to PPi (pyrophosphate) and generates a high-energy thiol ester
intermediate. Following activation, ubiquitin is transferred by a transacylation reaction to the thiol
group of the active site (a specific Cys residue) of an E2 enzyme (ubiquitin-carrier proteins or
ubiquitin-conjugating enzymes, UBCs). Finally, E2 shuttles ubiquitin to a substrate either by itself or
in cooperation with an ubiquitin-protein ligase (E3). The E3 enzyme catalyzes the last step in the
conjugation process and it can occur either directly or indirectly. Some E3 enzymes directly
mediate the covalent attachment of ubiquitin to the substrate, while other E3 enzymes function as a

recognition/adaptor protein between the E2 enzyme and the substrate. In both situations, ubiquitin
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is transferred to an e-NH, group of a Lys residue of the substrate to generate an isopeptide bond. In
successive reactions, a polyubiquitin chain is synthesized by transfer of additional ubiquitin
moieties to Lys48 (K48) of the previously conjugated molecule. The chain serves as a recognition
signal for the proteasome degradation (Ciechanover, 1998; Glickman & Ciechanover, 2002; Myung
et al, 2001; Vernace et al, 2007) (Figure 7).

Together with K48, there are seven lysine residues in ubiquitin that can be used to form
polyubiquitin chains: K6, K11, K27, K29, K33, K48 and K63. The least common of the 'linkage' sites
are K27 and K29. K63 chain has an important role in several pathways, apparently independent on
the degradation by the proteasome, including cell signalling, ribosomal function, DNA repair,
activation of the NF-kB signalling complex and mitochondrial morphogenesis (Figure 8). K29 has
similar characteristics as K48, while K6 chains seem to counteract proteasomal degradation
(Shang et al, 2005; Vernace et al, 2007).

Endocytosis, endosomal sorting, histone

MonoUb | K] regulation, DNA repair, virus budding,

nuclear export
P99

MultiUb | K K K | Endocytosis

PolyUb K63 K DNA repair, endocytosis, activation of

protein kinases, ribosome modification
Oy P
@ a

PolyUb K48 K Proteasomal degradation

Figure 8. Schematic representation of the main ubiquitin chain formations.

Ubiquitination may also be regulated by deubiquitinating enzymes (DUBs), which cleave
ubiquitin isopeptide linkages, remove ubiquitin molecules from ubiquitin-tagged proteins, recycle
free ubiquitin in the cell and participate in the processing of ubiquitin precursors. DUBs can be
grouped into, at least, five subfamilies based on their sequence similarities and mechanisms of
action. Four of the subfamilies are cysteine proteases, while the fifth group is a zinc-dependent
metalloprotease. The largest group of the cysteine proteases is the ubiquitin-specific protease
(USPs) subfamily, which contains two well-conserved motifs, named Cys and His boxes, at the
active site pocket. This subfamily can process ubiquitin precursors, remove ubiquitin from protein
conjugates and disassemble ubiquitin chains. The second cysteine DUB subfamily is made up of
the ubiquitin carboxy-terminal hydrolases (UCHSs), which catalyze the removal of peptides or small

molecules from the C-terminus of ubiquitin. Most UCHs cannot generate monomeric ubiquitin from
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polyubiquitin chains. The remaining two cysteine protease subfamilies were discovered recently
and include the ovarian tumour-related proteases (OTU) and the Machado-Josephin domain (MJD)
group (Amerik & Hochstrasser, 2004).

The structure of the ubiquitination cascade appears to be hierarchical: apparently, a single
E1 activates ubiquitin required for all conjugation reactions and transfers it to all known E2s. Each
E2 acts with one or several E3s, and usually, most of E3s are found to interact with several
different protein substrates via similar recognition motifs (Ciechanover, 1998; Glickman &
Ciechanover, 2002; Hershko & Ciechanover, 1998) (Figure 9). However, this hierarchy is more
complex and cannot be seen simply as a pyramid structure, but rather as a complex network of
overlapping interactions between multiple components. For instance, specific E3s can often interact
with more than one E2 and some substrates can be targeted by more than one E3. Moreover, each

ubiquitinated substrate may also be targeted by several DUB enzymes.

Ubiquitin-activating enzyme E1

/I\

Ubiquitin-conjugating enzymes (UBCs) E2a

Ubiquitin-protein ligases | E35

/ /l\/l\/l\/l\/l\
Cellular substrates E |E|.. EI.@'EIE”EI II

Figure 9. Schematic representation of the hierarchical structure of the ubiquitin system. Adapted from
(Ciechanover, 1998).

1.3.1 The ubiquitin-conjugating machinery: E1, E2 and E3

1.3.1.1 E1 (ubiquitin-activating enzyme, UBA). E1 activates ubiquitin, via a two step
intramolecular and ATP-dependent reaction, to generate a high-energy E1-thiolester~ubiquitin
intermediate. The activated ubiquitin is then transferred to E2 (Hershko et al, 1983). Virtually, a
single E1 appears to be responsible for the activation of ubiquitin required for all known
ubiquitination processes. The yeast genome encodes for only one ubiquitin-activating enzyme,
UBA1. Its deletion is lethal in yeast (McGrath et al, 1991) and mutation of the putative active-site

Cys residue abolishes its ubiquitin-activation activity (Hatfield & Vierstra, 1992).

1.3.1.2 E2 (ubiquitin-conjugating enzymes, UBCs). The activated ubiquitin is transferred from

E1 to a Cys residue of an E2 enzyme, generating another thiolester intermediate. Subsequently,
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E2s catalyze covalent attachment of ubiquitin to target proteins or the transfer of the activated
ubiquitin moiety to high-energy E3~ubiquitin intermediates when acting along with HECT [E6-
associated protein (E6-AP) carboxyl terminus] homologous E3 proteins. They all share an ubiquitin-
binding Cys residue active-site and are distinguished by the presence of a ~130 amino acid
sequence (UBC domain) required for binding of distinct E3s. Mutation of the active-site Cys residue
abolishes the UBC activity. Many E2s have been identified; at least, 13 in yeast (UBC 1-13) and
many more in higher organisms (Glickman & Ciechanover, 2002; Hochstrasser, 1996; Myung et al,
2001).

1.3.1.3 E3 (ubiquitin-protein ligases). The E3 enzyme is a protein or a complex of proteins that
interact both with the substrate and the E2 enzyme. The binding to the target substrate can occur
either directly or indirectly, via ancillary proteins. In most cases, E3 acts like a scaffold that brings
together the E2 and the substrate, facilitating the transfer of the activated ubiquitin-moiety from E2
to the substrate. In other cases, the activated ubiquitin is transferred from E2 to an internal Cys
residue on E3 before conjugation of ubiquitin to an amine group in the target. Since the target
proteins bind to the ubiquitin ligases prior to conjugation, E3s are key players in determining the
high specificity of the UPP system (Ciechanover, 1994; Glickman & Ciechanover, 2002; Hershko &
Ciechanover, 1998; Myung et al, 2001).

Although it has become clear that E3s are heterogeneous, they can be classified into three
major groups: HECT domain family, RING finger family and U box-containing proteins (Figure 10).

In the HECT-domain E3s, the activated ubiquitin is transferred from E2 to a Cys residue on
E3 before conjugation of ubiquitin to an &NH2 group of the target protein (Glickman &
Ciechanover, 2002) (Figure 10). These E3 enzymes contain a 350-amino acid residue sequence
homologous to the C-terminal sequence of E6-AP (Huibregtse et al, 1995). EG-AP is an associating
protein of the E6 oncoprotein produced by human papillomavirus and was found to ubiquitinate the
“‘genome guardian”, p53. This sequence contains a conserved Cys residue to which the activated

ubiquitin is transferred from E2.
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Figure 10. Schematic representation of the HECT-domain and Ring-finger domain E3 enzymes.

The RING finger domain E3s serve as a scaffold that brings together the E2 and the

substrate and allows efficient transfer of the activated ubiquitin from E2 to the substrate (Jackson et
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al, 2000; Joazeiro & Weissman, 2000). RING finger have been defined by a pattern of conserved
Cys and His residues that form a cross-brace structure that binds two Zn* ions (Glickman &
Ciechanover, 2002). The RING finger E3 family is composed of two distinct groups, single and
multisubunit proteins (Figure 10). Certain members, such as Mdm2 (Geyer et al, 2000) and Parkin
(Shimura et al, 2000), are monomers or homodimers and contain both the RING finger domain and
the substrate-binding/recognition site in the same molecule. Many others are part of multisubunit
complexes. Among them are the anaphase-promoting complex or APC (Page & Hieter, 1999)
involved in degradation of cell cycle regulators, the pVHL-elonginB-elonginC-Cul2-Rbx1 complex
(lwai et al, 1999) involved in the degradation of HIF-1a and the Skp1-Cullin/Cdc53-F-box protein
(SCF) complex involved in degradation of phosphorylated proteins involved in cell signalling and
cell cycle (Deshaies, 1999). In the case of VBC, the RING finger domain component, Rbx1/Hrt1/
Roc1, is involved in E2 recruitment and assembly of other components of the complex, but not in
substrate recognition (Glickman & Ciechanover, 2002). A different subunit, the pVHL subunit,
carries out the substrate recognition function. The VBC appears to exhibit ubiquitin ligase activity
only with E2s of the UbcH5 family (Glickman & Ciechanover, 2002).

The third family of E3 enzymes, the U box-containing proteins, are a modified version of the
RING finger proteins, which lack the metal-chelating residues of the RING finger motif (Aravind &
Koonin, 2000). Most of the conserved Cys residues of the RING finger are not conserved in the
U-box. The structure is likely to be stabilized by hydrogen bonds and salt bridges (Glickman &
Ciechanover, 2002). The molecular mechanisms by which U box-enzymes carry out ubiquitination
and ubiquitin-chain elongation remain elusive. It is also unclear how behaves the E2-E3-substrate
complex and the mechanism of ubiquitin transfer from E2 to the substrate. An interesting member
of the family is CHIP (carboxy terminus of Hsc70-interacting protein) or STUB-1 (STIP1 homology
and U-Box containing Protein-1), which binds abnormal or misfolded proteins that are recognized
by molecular chaperones, leading to their degradation by the proteasome (Hoppe, 2005; Murata et
al, 2003).

1.3.2 The structure of the proteasome

The proteasome holoenzyme (also known as the 26S proteasome) is a ~ 2.5MDa complex
and recognizes specifically ubiquitin-tagged proteins. The overall structure can be divided into two
major subcomplexes: the 20S core particle (CP) that contains the protease subunits and the 19S
regulatory particle (RP) that regulates the function of the 20S CP (Glickman et al, 1998a; Groll et al,
1997). The size of the proteasome is about 150 angstroms (A) by 115 A and is relatively conserved
between species. The interior chamber is about 53 A wide and the entrance can be as narrow as
13 A, suggesting that substrate proteins must be, at least partially, unfolded to enter inside the CP
(Nandi et al, 2006) (Figure 11).
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1.3.2.1 The 20S CP. The resolution of the crystal structure of the yeast 20S proteasome was an
important advance in the studies of the 26S proteasome (Groll et al, 1997). The structure of the
20S is well conserved in virtually all organisms ranging from archaebacteria to humans (Myung et
al, 2001): a hollow and barrel shape consisting of four stacked heptameric rings, forming a central
chamber between both tips. Each ring is composed of seven subunits, which may be classified into
two groups: the a-subunits (the outer two rings) and the B-subunits (the inner two rings). Thus, the
general structure of the complex is a47317B81.7017 (Ciechanover, 1998; Glickman & Ciechanover,
2002; Myung et al, 2001). The two B-inner rings contain the proteolytic active sites (chymotrypsin-,
trypsin- and caspase- or post-glutamyl peptidyl hydrolytic-like sites) facing inward into the
proteolytic chamber (Orlowski & Wilk, 2000). The catalytic inactive a-chains play an essential role in
stabilizing the two-ring structures of the B-chains and also play a role in the binding of the 19S cap
regulatory complexes. The NH, termini of the a-subunits obstruct the access to the proteolytic
chamber, suggesting that the proteasome channel is gated. The entry of substrates into the CP and
the exit of the proteolytic products are blocked by the NHy-terminal residues, which must be
dislocated and rearranged in order to allow entrance and discharge of proteins/peptides
(Ciechanover, 1998; Glickman & Ciechanover, 2002; Myung et al, 2001).

Figure 11. Electron-microscopy image of a 26S proteasome from S. cerevisiae and schematic representation of

the 26S proteasome structure. Adapted from (Ciechanover, 2005).

1.3.2.2 The 19S RP. The 19S (also known as P700) serves multiple roles in regulating
proteasomal activity: selecting substrates, preparing them for degradation, opening the 20S CP
gated channel and translocating the unfolded substrates into the CP. In contrast to the ancestral
proteasome found in archaebacteria, the eukaryotic proteasome contains an additional 19S
regulatory complex, consisting of a lid and a base that binds to the 20S particle to form the 26S
proteasome. The lid is known to recognize ubiquitinated substrates with high fidelity, whereas the
base unfolds protein substrates and translocates them into the catalytic chamber of the 20S
particle, in an ATP-dependent manner (Ciechanover, 1998; Glickman & Ciechanover, 2002; Myung
et al, 2001). The base contains six ATPase subunits and caps the end of the 20S CP.
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1.3.3 The mechanism of proteasome action

1.3.3.1 Ubiquitin recognition. After a protein has been ubiquitinated, it is recognized by the 19S
RP in an ATP-dependent binding step. Chains containing at least four molecules of G76-K48
isopeptide-linked ubiquitin are necessary for efficient binding to the proteasome (Thrower et al,
2000). The relationship between binding to the proteasome and chain length is not proportionally
cumulative, since chains of four ubiquitin molecules bind 100 times better than chains of two
ubiquitins, whereas there is only 10-fold increase when eight more ubiquitin molecules are added to
the chain (Glickman et al, 1998b; Rubin et al, 1998). Apparently, it is the surface provided by the
four-subunit structure of a polyubiquitin chain that is recognized by the proteasome. The quaternary
structure of ubiquitin polymers and the exact spatial relationship between each ubiquitin molecule is
also critical for their ability to target substrates for degradation by the proteasome. Modification of
proteins by polyubiquitin chains linked via Lys63 does not target proteins for proteasomal
degradation, while polyubiquitin chains linked via Lys6, Lys11 and Lys48 all bind to the
proteasomal subunit Rpn10 with similar affinities (Glickman & Ciechanover, 2002; Pickart, 2000;
Thrower et al, 2000).

1.3.3.2 Substrate binding. It is plausible that all eight components of the base may engage in
direct interactions with the substrates. The substrate must be properly positioned to be unfolded by
the base and translocated into the CP; the distal positioning of the lid ensures that the ubiquitin
chain on the substrate does not occlude access of the target protein to the channel.

Proteolysis of proteins by the proteasome is strictly ATP-dependent. It is likely that
hydrolysis of ATP, cycles the RP between high- and low-affinity states, alternatively binding and
releasing substrate (DeMartino et al, 1994; Glickman & Ciechanover, 2002; Hershko et al, 1984).

1.3.3.3 Unfolding, gating and translocation. The conformational changes associated with the
ATPase cycle can be used in three processes: (i) gating the channel defined by the NH, termini of
the a-ring subunits of the CP; (ii) unfolding the substrate; (iii) translocating the unfolded substrate
through the channel into the lumen of the CP (Glickman & Ciechanover, 2002; Glickman et al,
1998b). Apparently, unfolding of protein substrates is required, since the estimated inner diameter
of the CP channel is too narrow for proteins to enter in their naive state (Groll et al, 2000).
Moreover, the passage of the unfolded substrate into the core requires prior deubiquitination of the
substrate. The extent to which substrates must be unfolded before translocation is not known, but

tertiary structure and some interactions, such disulfide bonds, are sufficient to inhibit degradation.

1.3.3.4 Deubiquitination. The polyubiquitin chain must be removed from the substrate by the RP
before the substrate can be translocated via the narrow channel into the proteolytic chamber of the

CP. Moreover, ubiquitin is also a product of the proteasomal degradation mechanism; ubiquitin is
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released from the proteasome and recycled back into the ubiquitin pathway. The RP has been
shown to contain an ubiquitin hydrolase that can act as deubiquitinating enzyme, removing ubiquitin
from the substrates (Eytan et al, 1993; Holzl et al, 2000; Lam et al, 1997a; Lam et al, 1997b).

1.3.3.5 Proteolysis. In most cases, proteasomes cleave protein substrates into small peptides,
varying between 3 and 23 amino acids in length, (Kisselev et al, 1999) and the proteins are
hydrolyzed to the final products before the next substrate enters into the lumen. The peptide
products of the proteasome are short lived and do not accumulate in the cell. Most of these
peptides are rapidly hydrolyzed by downstream proteases and aminopeptidases (Glickman &
Ciechanover, 2002).

The three B-subunits of the 20S CP, with proteolytic activities, preferentially cleave after
different amino acids: 1 subunit (caspase-activity) cleaves after acidic or small hydrophobic amino
acids, B2 (trypsin-activity) cuts after basic or small hydrophobic amino acids, while B5
(chymotrypsin-activity) hydrolyzes the peptide bond after hydrophobic residues containing aromatic
rings (Dick et al, 1998). The mechanism of proteolysis by the B subunits of the 20S CP occurs
through a threonine-dependent nucleophilic attack. This mechanism depends on a water molecule

for deprotonation of the reactive threonine hydroxyl group.

1.3.4 Proteasome inhibitors

Most of the currently available inhibitors of the ubiquitin-proteasome pathway directly target
and inhibit the 20S proteasome, the core of the proteolysis machinery, rather than the upstream
ubiquitination and/or recognition of ubiquitinated protein substrates. These proteasome inhibitors
are broadly categorized into two groups: synthetic analogs and natural products (Myung et al, 2001;
Nalepa et al, 2006). Synthetic inhibitors are peptide-based compounds with diverse
pharmacophores. These include peptide benzamides, peptide a-ketoamides, peptide aldehydes
(ex. MG132, PSI), peptide a-ketoaldehydes, peptide vinyl sulfones (ex. NLVS, YLVS) and peptide
boronic acids (ex. MG262, PS341). In contrast, natural proteasome inhibitors display a variety of
core structures, as well as of pharmacophores. Known natural proteasome inhibitors include linear
peptide epoxyketones (ex. epoxomicin), peptide macrocycles, y-lactam thiol esters (ex. lactacystin)
and the epipolythiodioxopiperazine toxin.

Peptide aldehydes have been widely used as inhibitors for both serine and cysteine
proteases. Given that the aldehyde functional group is readily subjected to a nucleophilic attack by
hydroxyl or thiol groups and that the proteasome uses the hydroxyl group of the amino terminal
threonine as a nucleophile, it is not surprising that the commercially available peptide aldehydes
were the first proteasome inhibitors to be identified. MG132, MG115 and PSI are all cell permeable
and potent aldehyde inhibitors of the chymotrypsin-like activity, being widely used in studying the

role of the proteasome in several cellular processes (Myung et al, 2001). Lactacystin and
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epoxomicin are also frequently used in laboratory research and are the best known natural product
inhibitors of the 20S proteasome (Dick et al, 1996; Meng et al, 1999). In opposition to MG132 and
lactacystin, which show non-target specificity, epoxomicin is highly specific for the 20S proteasome.

Proteasome inhibitors have effective anti-tumour activity in cell culture, inducing apoptosis
by disrupting the regulated degradation of pro-growth cell cycle proteins. This approach of selective
induction of apoptosis in tumour cells has been shown to be highly effective in animal models and
human trials. Bortezomib, a molecule developed by Millennium Pharmaceuticals and
commercialized as Velcade, is the first proteasome inhibitor to reach clinical use as a
chemotherapy agent. Bortezomib is used with high efficiency in the treatment of multiple myeloma
(Hideshima et al, 2001).

1.4 CHIP-Dependent Protein Quality Control

Appropriate protein folding is crucial for optimum protein performance and normal cellular
function. The protein quality control is a posttranslational mechanism whereby the molecular
chaperones fold newly synthesized proteins and either refolds or degrades polypeptides that fail to
reach or maintain a native structure, avoiding cellular impairment. This quality control system is
essential because it prevents the accumulation of misfolded polypeptides with exposed
hydrophobic surfaces that cause toxic-protein aggregation events. The inability to degrade obsolete
proteins is frequently associated with some neurodegenerative disorders, such as Alzheimer’s and
Parkinson’s disease (Cyr et al, 2002; McDonough & Patterson, 2003). The central players in the
protein quality control are the molecular chaperones and the proteases. Indeed, chaperones bind
exposed hydrophobic patches on proteins and facilitate the folding of nascent polypeptide chains,
prevent protein aggregation and refold stress-damaged proteins. However, when an obsolete
protein is not properly folded, it is somehow recognized as misfolded and degraded by the
ubiquitin-proteasome pathway. It has been shown that the U-box containing protein CHIP is a
crucial player in this quality control mechanism.

The heat-shock proteins 70 and 90 are major components of the cytosolic quality control
machinery and assist both protein folding and degradation (Frydman, 2001; Hohfeld et al, 2001). To
correctly fold proteins, both chaperones function together with other folding factors, termed as co-
chaperones. Co-chaperones are known to regulate ATP hydrolysis, recognize non-native proteins
and allow their interaction with the polypeptide-binding domains of Hsp70 and Hsp90. The most
common co-chaperones that assist Hsp70 in protein folding include the Hsp40 proteins (Hdj1/Hdj2),
Hip and Hop (Frydman, 2001; Hohfeld et al, 2001). On the other hand, Hsp90 is regulated by
co-chaperones that include Hop, cyclophilins and p23 (Caplan, 1999; Young et al, 2001). In some
cases, Hsp70 and Hsp90 function, sequentially, to fold the same substrate and Hop acts as a link
between both chaperones. Conversely, to degrade proteins, Hsp70 and Hsp90 appear to interact

with a set of co-chaperones that have degradation functions, such as Bag-1 and CHIP (Hohfeld et
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al, 2001). However, Hsp40 is also a crucial component of the degrading machinery. Apparently,
domains within these co-chaperones enable them to interact both with chaperones and with
components of the ubiquitin-proteasome system (Figure 12). For instance, the choice between
folding and degradation has become to be known as “molecular triage” (McDonough & Patterson,

2003), which relies both in different and common molecular players.
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Figure 12. Schematic representation of the Hsp70 chaperone machines. Binding of distinct co-chaperones to Hsp70
may give rise to distinct chaperone machines involved in protein folding or protein degradation. Adapted from (Hohfeld et
al, 2001).

The correct folding of nascent proteins involves the sequential action of multiple molecular
chaperones and this process can take many minutes or even longer, and may often be
unsuccessful (Frydman, 2001; Goldberg, 2003; Hartl & Hayer-Hartl, 2002). A large fraction of newly
synthesized proteins is rapidly degraded. Over 30% of nascent proteins in eukaryotes are not
properly folded and undergo rapid degradation (Goldberg, 2003; Schubert et al, 2000). Even when
proteins are normally folded into the tertiary structure, the high density of protein molecules in the
cytosol increases the spontaneous denaturation, which increases the probability of off-pathway
reactions, such as aggregation. In addition, environmental stresses, such as heat, oxidation,
glycation, high salt concentrations and ultraviolet, can result in the production of damaged proteins
(Murata et al, 2001). However, these proteins with non-native or incorrect structures are rapidly
removed inside the cell by the proteolytic systems (Goldberg, 2003; Murata et al, 2001; Wickner et

al, 1999), which often rely on CHIP-mediated degradation mechanisms.
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1.4.1 Characterization of CHIP

The CHIP cDNA encodes a 34.5 kDa protein containing three 34 amino-acid TPR
(tetratricopeptide) domains at the N-terminal (Ballinger et al, 1999) and a U-box domain at the
C-terminal (Murata et al, 2001) (Figure 13). The TPR domains bind molecular chaperones, such as
Hsp70 and Hsp90 (Ballinger et al, 1999; Connell et al, 2001; Cyr et al, 2002; Scheufler et al, 2000),
while the U-box domain plays a role in targeting proteins for ubiquitination and subsequent
proteasome-dependent degradation. Between the TPR and U-box domains exists a central domain
containing a high content of charged residues and two putative nuclear localizing signals
(McDonough & Patterson, 2003).

Hsp70/Hsp90 E3 ubiquitin
binding ligase activity

Figure 13. Schematic representation of the CHIP protein domains. Adapted from (Hohfeld et al, 2001).

CHIP homology studies across species indicate that human CHIP shares 98% amino acid
similarity with mouse and 60% similarity with Drosophila. Significantly, the most highly conserved
region is present at the U-box domain, having 87% homology among these species (Ballinger et al,
1999; McDonough & Patterson, 2003).

The tissue distribution of CHIP mRNA reveals that CHIP is ubiquitous expressed, being
detected in the pancreas, lung, liver, placenta, kidney, skeletal muscle, heart and brain
(McDonough & Patterson, 2003). However, CHIP is most highly expressed in tissues with high
metabolic activity and protein turnover, such as heart, brain and skeletal muscle. CHIP can also be
detected in most cell lines and primary cell cultures (Ballinger et al, 1999). CHIP is mainly localized
at the cytosol, but it is also present in the nucleus (Meacham et al, 2001). Apparently, CHIP may
undergo intracellular trafficking in response to cellular stress.

Through a yeast two-hybrid screening and in vitro binding assays, CHIP was shown to be a
bona fide interaction partner with the major cytoplasmic chaperones, Hsc70 (constitutive isoform)
and Hsp70 (inducible isoform) (Ballinger et al, 1999; McDonough & Patterson, 2003). The TPR
domain and an adjacent charged region of CHIP (1-197 amino acids) are necessary for interaction
with both proteins. CHIP interacts with the C-terminal domain of Hsc70 (540-650 amino acids
region), which is known to contain a TPR-acceptor site that also interacts with the co-chaperone
Hop through a TPR domain (Demand et al, 1998). However, is the N-terminal ATP-binding domain
of Hsc70/Hsp70 that regulates substrate binding in a nucleotide-dependent manner. The molecular
co-chaperone Hip promotes substrate binding by stabilizing the ADP-bound conformation (Hohfeld

et al, 1995; Minami et al, 1996), whereas Bag-1 promotes substrate release by exchanging ATP for
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ADP (Hohfeld & Jentsch, 1997). In contrast, CHIP inhibits the hydrolysis of ATP, which attenuates
the substrate binding and refolding, leading to inhibition of the folding-refolding pathway dependent
on Hsp70-Hcs70. This activity may provide a way to slow down the Hsp70 reaction cycle, under
stressful conditions, or it may assist in targeting misfolded proteins to the UPP (McDonough &
Patterson, 2003).

CHIP is also known to interact with Hsp90 and this interaction has approximately equivalent
affinity as the interaction between CHIP and Hsp70 (Connell et al, 2001). However, in this case,
CHIP seems to inhibit the function of proteins that require Hsp90 for conformational activation. For
example, CHIP inhibits GR (glucocorticoid receptor) binding to Hsp90 and steroid-dependent
transactivation ability. This effect of CHIP is accompanied by decreased steady-state levels of GR
due to increased polyubiquitination and proteasome-dependent degradation of GR. This effect is
both dependent on the U-box and TPR domains, suggesting that CHIP directly interacts with Hsp90
and directly induces ubiquitination of GR and its delivery to the proteasome (McDonough &
Patterson, 2003). These interactions are not limited to GR; ErbB-2, another Hsp90 client protein, is
also degraded by CHIP in a proteasome-dependent manner (Xu et al, 2002). However, these
interactions are not limited to Hsp90 client proteins; cystic fibrosis transmembrane conductance
regulator (CFTR), an Hsp70 client protein, undergoes CHIP-dependent degradation (Meacham et
al, 2001) and luciferase undergoes CHIP-dependent ubiquitination in vitro, when it is misfolded and
interacts with Hsp70 (Murata et al, 2001). In all the cases, the effects of CHIP are dependent on
both the TPR and the U-box domains (McDonough & Patterson, 2003). However, the means by
which ubiquitination occurs is not clear. In the case of ErbB-2, ubiquitination depends on the
transfer of the client protein from Hsp90 to Hsp70 (Xu et al, 2002), indicating that the final
ubiquitination complex consists of CHIP, Hsp70 and ErbB-2.

Despite slightly differences between the several CHIP-triggered mechanisms, all of them
are consistent with a role for CHIP as a key component of the protein quality control mechanism
dependent on molecular chaperones, which targets modified, misfolded and/or damaged proteins
to the proteasome (McDonough & Patterson, 2003). Indeed, several lines of evidence suggest that
CHIP participates in substrate “delivery” to the proteasome. For example, CHIP interacts with the
S5a proteasome subunit, in yeast two-hybrid and GST pull-down assays, and the HC8 particle of
the proteasome is detected in CHIP immunoprecipitates. Moreover, CHIP was shown to co-localize
with the proteasome in cells treated with proteasome inhibitors. Thus, these and other evidences
provide further support for the model that CHIP may participate in the delivery of misfolded and
ubiquitinated proteins to the proteasome for degradation (McDonough & Patterson, 2003;
Meacham et al, 2001; Murata et al, 2001).

Canonically, it is accepted that the ubiquitin ligase activity of CHIP depends on interactions
with a specific family of E2 enzymes, the UBC4/UBC5 family, which in humans comprises the E2s
UbcH5a, UbcH5b and UbcH5c (Jiang et al, 2001; Murata et al, 2001). Interestingly, the

UBC4/UBC5 family members are “stress-activated” ubiquitin-conjugating enzymes (Seufert &
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Jentsch, 1990). However, CHIP was also found to interact with the E2 UbcH13/Uev2a complex
(Zhang et al, 2005). Moreover, it has been shown that the type of ubiquitin chain generated by
CHIP mostly depends on the E2 associated. For example, purified CHIP with UbcH5 can form
polyubiquitin chains containing all the seven (Lys®, Lys'', Lys?’, Lys®, Lys® Lys* and Lys®)
isopeptide linkages (Kim et al, 2007); however, K48 and K63 chains are the most abundant
linkages formed by the CHIP/UbcH5 complex. In the case of the CHIP/UbcH13/Uev2a complex, it
only has the ability to form Lys® linkages (Kim et al, 2007; Zhang et al, 2005). However, the finding
that CHIP can form polyubiquitin chains that contain all possible linkages and bifurcations raises a

question about the biological significance of these novel chains.
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Chapter 2. Objectives

An increasing body of literature indicates that increased production of methylglyoxal (MGO)
has an important role in the onset and development of many diabetic complications. For example,
MGO is known to induce vascular dysfunction and increased cell death of pericytes and endothelial
cells on diabetes. Moreover, increased levels of MGO have deleterious effects in proteins involved
in a number of essential signalling pathways, such as the epidermal growth factor receptor (EGFR),
the insulin-like growth factor 1-receptor (IGF1-R) and the protein serine/threonine kinase Raf-1
pathways. Therefore, the main goal of this study was to elucidate critical molecular mechanisms
that underlie MGO-induced cell dysfunction on diabetes.

A main feature of diabetic complications is the impairment of the cell response to hypoxia,
which is associated with vascular dysfunction and cell death. The cell response to low oxygen is
primarily regulated by the transcription factor HIF-1 (hypoxia-inducible factor-1), which is
responsible for the activation of protective and adaptive mechanisms that help cells to cope with
hypoxia. Therefore, any mechanism that destabilizes HIF-1 is likely to have a negative impact on
cell adaptation to hypoxia. Recently, it has been shown that hyperglycaemia leads to
downregulation of HIF-1 and that the blood glucose levels are in linear relation with fatal outcome
after an acute hypoxic challenge, suggesting a deleterious influence of hyperglycaemia on the
ability of tissues to adapt to low oxygen. However, the molecular mechanisms involved in
destabilization of HIF-1 by high glucose remain elusive. In this work, we hypothesize that increased
production of MGO is the link between hyperglycaemia and destabilization of HIF-1 in diabetes.
Therefore, one of the main purposes of this work was to investigate the molecular mechanisms
implicated in destabilization of HIF-1 by high glucose or increased levels of MGO.

Considering that, as an indirect effect of downregulation of HIF-1, MGO may decrease the
levels of VEGF (vascular endothelial growth factor) secreted by cells and that MGO increases the
expression of Ang-2 (angiopoietin-2), through inactivation of the Ang-2 gene co-repressor mSin3A
(mammalian Sin3 homolog A), we further aimed to study the effect of the crosstalk between these
two events in endothelial cell function. Ang-2 is known to be a key destabilizing signal for vessels,
leading to their regression in the absence of pro-angiogenic factors, such as VEGF. Therefore, we
hypothesize that a MGO-induced imbalance between these two growth factors may lead to
endothelial cell death and vascular regression, which are main features of diabetes.

Finally, this study also aimed to address the role of MGO in the function of protein quality
control system, since diabetes is characterized by the accumulation of modified and toxic proteins
and impairment of critical components of this system.

Altogether, this study aimed at understanding the central role of MGO in critical features of
many diabetic complications, such as the loss of cell response to hypoxia and the accumulation of

obsolete and toxic proteins, both contributing to cell damage and endothelial dysfunction. By
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understanding these molecular mechanisms, it might be possible to envision new therapeutic
approaches to diabetes and to generate new animal models that may help to elucidate critical

aspects of the disease.
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Chapter 3. Material and methods

3.1 Cell culture and treatments

The retinal pigment epithelium cell line ARPE-19 (LGC Promochem, Teddington, UK) was
cultured in Dulbecco’s modified Eagle’s medium/Ham’s F12 (DMEM:F12) (1:1) supplemented with
10% fetal bovine serum (FBS), antibiotics (100 U/ml penicillin, 100 pg/ml streptomycin and
250 ng/ml amphotericin B) and GlutaMax (1x). The renal cell carcinoma cell line RCC4 VHL
(kindly provided by Dr. C. Buys from the University Medical Centre of Groningen) was grown in
RPMI (Roswell Park Memorial Institute) 1640 medium also supplemented with 10% FBS, antibiotics
and glutamine. The conditionally immortalized rat retinal endothelial cell line TR-iBRB (Hosoya et
al, 2001) was maintained at 33°C under 5% CO, in Dulbecco’s modified eagle medium (DMEM)
with low glucose (5.5 mM), supplemented with 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin. All media, GlutaMax and antibiotics were purchased from Invitrogen (Carlsbad, CA,
USA). When appropriated, cells were treated with the following agents: 10 yM epoxomicin (Boston
Biochem, Cambridge, MA, USA), 20 pM MG132 or Z-LLL-CHO (Calbiochem, San Diego, CA,
USA), 10 uyM MG262 or Z-Leu-Leu-Leu-B(OH), (Boston Biochem, Cambridge, MA, USA), 250 uM
cobalt chloride (CoCly; Sigma-Aldrich, St. Louis, MO, USA), 1 - 3 mM methylglyoxal (MGO; Sigma-
Aldrich, St. Louis, MO, USA), recombinant VEGFs5 (R&D Systems, Minneapolis, MN, USA) and
recombinant Ang-2 (R&D Systems, Minneapolis, MN, USA). An incubator Nuaire N4950E (Nuaire,
Plymouth, MN, USA) was used to perform the hypoxic treatments (2% O,, 5% CO,, 37°C). For the
treatments of TR-iIBRB cells with the pre-conditioned media of ARPE-19 cells, Centricon centrifugal
filter devices (Millipore-Chemicon, Billerica, MA, USA) with a 10 NMWL membrane were used to
eliminate MGO that might remain in the media following the treatments of ARPE-19 cells. The
components of the pre-conditioned media (3 ml of total volume) were concentrated to a volume of
100 pl and subsequently resuspended to a final volume of 3 ml with fresh medium. Levels of MGO
in the media were assessed by HPLC through MGO derivatization with 1,2-diamino-4,5-
dimethoxybenzene reagent (DDB; Invitrogen, Carlsbad, CA, USA), as mentioned below. Levels of
MGO that remained in the culture medium after centrifugation and resuspension were virtually

undetectable (at least, lower than the detection limit of the HPLC system).
3.2 Animal models

Male diabetic Goto-Kakizaki (GK) and control Wistar rats (6 months old) were obtained from
local breeding colonies maintained at the animal facility of the Faculty of Medicine — University of

Coimbra by the group of Dr. Raquel M. Seiga (Physiology Group). The animals were subjected to a

constant daily cycle of 12 hours of light and 12 hours dark with constant temperature (22 - 24°C)
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and humidity (50 - 60°C). Rats were given free access to water and to standard commercial pellet
chow diet (AO4; Panlab, Barcelona, Spain). After anesthetization and sacrifice, eyes were
enucleated and retinas isolated. Retinas were frozen in liquid nitrogen or in OCT tissue embedding
matrix (Thermo Scientific, Waltham, MA, USA) at -45°C for subsequent cryosectioning. All
procedures involving animals were performed in accordance with the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision
Research. Retinas used for Western Blot (WB) or HPLC were homogenized with a Potter Elvehjem
homogenizer in 300 ul of lysis buffer [50 mM Tris-HCI pH 7.4, 250 mM NaCl, 1% NP-40 and
1x protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA)], incubated for 1 hour
on ice and briefly sonicated. Cell lysates were centrifuged at 16,000 g for 10 minutes at 4°C, the
supernatants were transferred to new tubes and used to determine protein concentration through
the BCA method (Pierce-Thermo Scientific, Waltham, MA, USA). In the case of lysates used for
HPLC, 100 pl of sample (at 1 pg/pl) were mixed with 100 uyl 0.2 M HCI and all other procedures
were performed as explained below. In the case of samples used for WB, they were denaturated
with 2x Laemmli buffer and boiled at 100°C for 5 minutes. Samples were then separated by SDS-
PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes and immunoblotted for several

proteins, as mentioned on the WB method (below).

3.3 Measurement of the blood glucose and glycated haemoglobin levels

Rat blood samples were collected after overnight fasting from the tail vein. Fasting
glycaemia and glycaemia at 2 hours after intraperitoneal glucose administration (1.8 g/kg) were
determined through the glucose oxidase method using an Elite Glucometer (Bayer, Berlin,
Germany). The percentage of glycated hemoglobin in the plasma was determined using a DCA

2000+ Analyzer (Bayer, Berlin, Germany).

3.4 In-vivo Evans blue staining of retinal vessels

Animals were anesthetized [ketamine chloride (75 mg/kg, im, Parke-Davis, Ann Arbor, MI,
USA) and chlorpromazine chloride (2.65 mg/kg, im, LabVitoria, Amadora, Portugal)] and injected
through the jugular vein with an Evans blue (Sigma- Aldrich, St. Louis, MO, USA)-PBS solution
(100 mg/Kg of body weight). Evans blue is a dye that combines with plasma albumin, allowing for
detection of vessel leakage sites. Thirty minutes later, the animals were killed by cervical dislocation
and the eyes were enucleated. Retinal whole flat mounts were prepared. Briefly, the retina was
dissected after vitreous removal and spread on clean glass slides and mounted in medium under
coverslips. Retinal flat mounts were analyzed by a Leica DFC350 FX fluorescence microscopy

(Leica-Microsystems, Bannockburn, IL, USA) to evaluate the capillary leakage sites.
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3.5 Western blot analysis

After appropriate treatments, cells were washed twice in phosphate-buffered saline (PBS)
solution, denatured with 2x Laemmli buffer, boiled at 100°C for 5 minutes and sonicated. Whole cell
extracts were resolved by SDS-PAGE and electrophoretically transferred onto polyvinylidene
fluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk in TBS-T (20 mM
Tris, 150 mM NaCl,0.2% Tween 20, pH 7.6) and probed for several proteins, using specific primary
and horseradish peroxidise (HRP)-conjugated secondary antibodies. The antibodies used for this
work are listed in Table 1. Immunoreactive bands were visualized with an ECL (enhanced

chemioluminescence) system (GE Healthcare Bio-Sciences, Uppsala, Sweden).

3.6 Nuclear extract preparation

Cells were washed twice in PBS and lysed with 4 packed cell volumes of Buffer A (10 mM
HEPES, 10 mM KCI, 0.1 mM EDTA, 0.4% NP-40, 1 mM DTT, 2 mM PMSF and 1x protease
inhibitor cocktail) and incubated on ice for 30 minutes. Cell lysates were centrifuged at 16,000 g at
4°C for 5 minutes. Nuclear pellets were resuspended in 3.5 packed cell volumes of Buffer B
(20 mM HEPES, 0.4 M NaCl, 1 mM EDTA, 10% Glycerol, 1 mM DTT, 2 mM PMSF and 1x protease
inhibitor cocktail), incubated for 1 hour on ice and briefly sonicated. After centrifugation at 16,000 g
for 5 minutes at 4°C, supernatants containing the nuclear proteins were used to perform
immunoblot against HIF-1a and Lamin-B. Protein concentration was determined using the BCA
method (Pierce-Thermo Scientific, Waltham, MA, USA).

3.7 Pulse-chase assays

ARPE-19 cells cultured in 60 x 15 mm plates were incubated in methionine- and cysteine-
free DMEM for 40 minutes and subsequently washed twice with ice-cold PBS. L-[**S] methionine/
cysteine (PerkinElmer, Waltham, MA, USA) were then added to a final concentration of 100 uCi/ml
and cells were incubated for 4 hours under hypoxic conditions. After metabolic labelling, the
radioactive medium was removed and cells were washed twice with PBS. Cells were then
recultured in complete medium containing ten fold excess of methionine/cysteine and treated as
mentioned in the respective figures. Cells were harvested at different time points in 100 ul of 0.5%
NP-40 lysis buffer (50 mM Tris-HCI pH 7.4, 150 mM NaCl, 10 mM 10D, 2 mM PMSF, 20 mM
NazMoO, and 1x protease inhibitor cocktail). Samples were pre-cleared with 25 ul of Protein G
Sepharose (GE Healthcare Bio-Sciences, Uppsala, Sweden) for 30 minutes and then HIF-1a was
immunoprecipitated as described below. Proteins were resolved by SDS-PAGE, the gels were

dried and radiolabelled HIF-1a protein was assessed by autoradiography.
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Table 1. List of primary and secondary antibodies used for Western Blot.

Antibody Host Clone/Cat.# h‘(ll\:;:\)l Dilution Company/Supplier
Anti-HIF-1a Mouse H1alpha67 120 1:500 Abcam, Cambridge, UK
Anti-Actin Mouse C4 43 1:1,000 Millipore-Chemicon, Billerica, MA, USA
Anti-V5 tag Mouse 2F11F7 PMW +2.8| 1:2,000 Invitrogen, Carlsbad, CA, USA
Anti-Ubiquitin Mouse FK1 * 1:1,000 Biomol, Farmingdale, NY, USA
Anti-Ubiquitin Mouse P4D1 o 1:1,000 Covance, Princeton, NJ, USA
Anti-c-myc tag Mouse 9E10 PMW +1.2| 1:500 Zymed- Invitrogen, Carlsbad, CA, USA
Anti-Hsp70 Mouse C92F3A-5 70 1:300 Stressgen, Farmingdale, NY, USA
Anti-CML Mouse CMS-10 - 1:500 TransGenic INC., Kumamoto, Japan
Anti-Argpyrimidine Mouse - - 1:500 Dr. K. Uchida, Nagoya University
Anti-Bcl-2 Mouse C-2 28 1:300 Santa Cruz Biotechnology, Santa Cruz, CA, USA
Anti-Lamin B Mouse 101-B7 68 1:500 Calbiochem, San Diego, CA, USA
Anti-Nrf2 Mouse 383727 70 1:1,000 R&D Systems, Minneapolis, MN, USA
Anti-MG-H1 Mouse - - 1:500 Dr. M. Brownlee, A.Einstein C.Medicine, NY, USA
Anti-Hsf-1 Rat 10H8 85 1:1,000 Stressgen, Farmingdale, NY, USA
Anti-Hsp90 Rat 16F1 90 1:1,000 Stressgen, Farmingdale, NY, USA
Anti-Hsc70 Rat 1B5 73 1:2,000 Stressgen, Farmingdale, NY, USA
Anti-VEGFA (Ab4) Rabbit PC315 # 34-50 1:400 Calbiochem, San Diego, CA, USA
Anti-Ang-2 Rabbit Ab65835 # 75 1:300 Abcam, Cambridge, UK
Anti-BAX (A21) Rabbit sc-6236 # 23 1:300 Santa Cruz Biotechnology, Santa Cruz, CA, USA
Anti-Ki67 Rabbit SP6 359 1:300 Abcam, Cambridge, UK
Anti-HA tag (SG77) Rabbit 715500 # PMW +2.2| 1:200 Zymed-Invitrogen, Carlsbad, CA, USA
Anti-Hsp40 Rabbit SPA-400 # 40 1:2,000 Stressgen, Farmingdale, NY, USA
Anti-STUB1/CHIP Goat ab2482 # 35 1:500 Abcam, Cambridge, UK
Anti-Mouse-HRP Goat 626520 # - 1:7,500 Bio-Rad, Hercules, CA, USA
Anti-Rat-HRP Goat - - 1:7,500 Bio-Rad, Hercules, CA, USA
Anti-Rabbit-HRP Goat 656120 # - 1:7,500 Bio-Rad, Hercules, CA, USA
Anti-Goat-HRP Rabbit 611620 # - 1:7,500 Bio-Rad, Hercules, CA, USA

PMW — Protein molecular weight

* FK1 antibody — only recognizes polyubiquitinated proteins; does not recognize monoubiquitination or free ubiquitin.

** P4D1 antibody — recognizes free ubiquitin (8 kDa), polyubiquitin and ubiquitin-conjugated proteins.

Clone/Cat. # — Clone designation or catalog number of the antibodies.

Note: Antibodies with no specified MW correspond to antibodies that may immunoblot several modified proteins across

the membrane.
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3.8 Immunoprecipitation

ARPE-19 cells cultured in 60 x 15 mm plates were washed twice with PBS, scraped off the
dishes and collected in ice-cold PBS. Pellets were resuspended in 100 ul of lysis buffer (50 mM
Tris-HCI pH 7.4, 150 mM NaCl, 10 mM 10D, 2 mM PMSF, 20 mM NazMoO,, 0.5% NP-40 and
protease inhibitor cocktail), incubated for 30 minutes on ice and briefly sonicated. Following
centrifugation at 16,000 g for 10 minutes, 20 pul of the supernatants were denaturated with 2x
Laemmli buffer (input). The remaining supernatants (80 ul) were transferred to new tubes and
2.5 ug of anti-HIF-1a or anti-c-myc antibodies were added. Subsequently, 300 ul of lysis buffer, with
no NP-40, were added to the mixture and the samples were incubated overnight at 4°C with gentle
agitation. Thereafter, 50 ul of protein G-Sepharose (GE Healthcare Bio-Sciences, Uppsala,
Sweden) were added to the samples and incubations proceeded at 4°C for 2 hours. Beads were
washed 3 times with lysis buffer and the immunoprecipitated proteins were eluted with 2x Laemmli
buffer and boiled at 100°C. Eluted samples were loaded on SDS-PAGE and western blot analyses
were performed using anti-ubiquitin, anti-HIF-1a, anti-Hsp70, anti-Hsp40, anti-V5 or anti-c-myc

antibodies.

3.9 Derivatization of carbonyl-containing proteins

After the treatments, ARPE-19 cells cultured in 60 x 15 mm plates were washed twice with
ice-cold PBS and lysed in 100 pl of lysis buffer (50 mM Tris-HCI pH 7.6 supplemented with 1%
NP-40 and protease inhibitor cocktail). For derivatization of carbonyl-containing proteins, equal
amounts of protein were mixed with equal volume of 10 mM 2,4-dinitrophenylhydrazine (DNPH,;
Invitrogen, Carlsbad, CA, USA) in 10% trifluoroacetic acid and incubated at room temperature for
15 minutes. The reaction was stopped by precipitation of proteins with 20% trichloroacetic acid. The
pellet was washed with ethylacetate:ethanol (1:1) to remove free DNPH. Subsequently, the pellet
was solubilized with Laemmli buffer. Samples were resolved by SDS-PAGE and transferred to
PVDF membranes. Membranes were probed with an antibody against dinitrophenylhydrazone

derivatives (Dako, Glostrup, Denmark).

3.10 High performance liquid chromatography (HPLC)

ARPE-19 cells (7 x 10° cells) cultured and treated in 60 x 15mm plates were washed with
ice-cold PBS, scraped in 100 ul acetic acid (0.1 M) and homogenized by sonication. The
intracellular concentration of MGO was determined according to a modification of a previously
reported method (Schalkwijk et al, 1999). Briefly, 50 ul of sample were mixed with 200 ul of 0.1 M
potassium phosphate buffer pH 7.0, 200 ul of ethanol and 50 pl of freshly prepared 20 mM DDB
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(dissolved in 10 mM HCI). The mixture was incubated at room temperature for at least four hours
and then centrifuged during 10 minutes at 16,000 g. Subsequently, MGO was determined through
reverse-phase HPLC. The HPLC system consisted of a L-6200A Intelligent Pump, a F-1080
Fluorescence Detector (Hitachi, Tokyo, Japan) and a Waters pBondapak™ C18 column (10 uM, 3.9
x 300 mm) (Waters, Milford, MA, USA). Mobile phase A was a mixture of 10mM potassium
phosphate buffer (pH 3.0) and acetonitrile (90/10, v/v). Mobile phase B consisted of a mixture of
acetonitrile and water (70/30, v/v). Samples (20 ul) were injected and separation was performed
with a linear gradient from 0-100% mobile phase B over 28 minutes. The flow rate was set at 1.0
ml/min and fluorescence detection was performed with excitation and emission wavelengths of 352
nm and 385 nm, respectively. MGO was determined by integration of peak areas (Figure 14) using

appropriate external standards.
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Figure 14. Examples of HPLC profiles used for quantification of intracellular MGO levels. (A) Profile of a pure MGO
external standard at 166.5 nM. (B) Profile of a cell or tissue extract. The peaks signed with an asterisk (*) correspond to
the MGO elution and detection.

3.11 Immunocytochemistry

Cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) for 10 minutes, while
retina frozen sections (5 - 7 um thickness) were fixed with ice cold-acetone for 10 minutes. The
fixed samples were permeabilized with 1% Triton X-100 (v/v) for 10 minutes and blocked with goat
serum (1:10) for 20 minutes prior the incubation with primary antibodies (Table 2) for 1 hour at
room temperature (cells) or overnight at 4°C (retina). The samples were then rinsed three times
with 0.02% Bovine Serum Albumin (BSA) in PBS and incubated with 1:5,000 DAPI (Invitrogen,
Carlsbhad, CA, USA) and 1:100 FITC/Texas Red-conjugated goat anti-mouse or anti-rabbit
(Invitrogen, Carlsbad, CA, USA) for 1 hour at room temperature. The coverslips were then washed
with 0.02% BSA and mounted with Glycergel (Dako, Glostrup, Denmark). The samples were

imaged by confocal microscopy and/or fluorescence microscopy using a confocal image system
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MRC600 Bio-Rad, Hercules, CA, USA) and a Leica DFC350 FX fluorescence microscope (Leica-

Microsystems, Bannockburn, IL, USA), respectively.

Table 2. List of primary and secondary antibodies used for immunocytochemistry.

Antibody Host Clone/Cat.# | Dilution Company/Supplier
Anti-HIF-1a Mouse H1alpha67 1:100 Abcam, Cambridge, UK
Anti-Ubiquitin Mouse FK1 1:200 Biomol, Farmingdale, NY, USA
Anti-Bcl-2 Mouse C-2 1:50 Santa Cruz Biotechnology, Sta. Cruz, CA, USA
Anti-VEGFA (Ab4) Rabbit PC315# 1:50 Calbiochem, San Diego, CA, USA
Anti-Ang-2 Rabbit ab65835 # 1:50 Abcam, Cambridge, UK
Anti-BAX (A21) Rabbit sc-6236 # 1:50 Santa Cruz Biotechnology, Sta. Cruz, CA, USA
Anti-HA tag (SG77) Rabbit 715500 # 1:100 Zymed-Invitrogen, Carlsbad, CA, USA
Anti-VWF Rabbit 1S527 # 1:100 Dako, Heverlee, Belgium
Anti-Mouse-Texas Red Goat T862 # 1:100 Zymed-Invitrogen, Carlsbad, CA, USA
Anti-Rabbit-FITC Goat 656111 # 1:100 Zymed-Invitrogen, Carlsbad, CA, USA

3.12 Measurement of the 20S proteasome activities

Cells cultured in 60 x 15 mm were washed twice with PBS, lysed with 100 pl of 50 mM Tris
pH 7.6, 1 mM DTT and briefly sonicated. After centrifugation (16,000 g for 10 minutes at 4°C), the
protein concentration was determined using the Coomassie method (Pierce-Thermo Scientific,
Waltham, MA, USA) and 40 pg of protein were incubated with the following fluorogenic substrates
in a 96-well plate: 100 uM Suc-LLVY-MCA/ for the chymotrypsin-like activity (Biomol-Enzo Life
Sciences, Farmingdale, NY, USA); 25 uM Boc-LRR-MCA for the trypsin-like activity (Biomol-Enzo
Life Sciences, Farmingdale, NY, USA); 150 uM Z-LLE-MCA for the caspase-like activity
(Calbiochem, San Diego, CA, USA). The proteasome activities were monitored during 1 hour at
37°C, in periods of 5 minutes (excitation wavelength at 380 nm; emission wavelength at 460 nm).
Absorbance was measured on a Biotek Synergy HT spectrophotometer (Biotek, Winooski, VT,
USA), using the Gen 5 software to monitor the results (Biotek, Winooski, VT, USA).

3.13 Quantitative real-time PCR

Following the treatments, total RNA from ARPE-19 cells cultured in 60 x 15 mm plates was
purified according to the manufacturer’'s specifications of Qiagen RNeasy mini kit (Qiagen,
Valencia, CA, USA) and quantified at 260 nm according to the following formula [RNA] = 44 ug/ml x

Ao X dilution factor. Total RNA samples were then treated with RNase-free DNase | (GE
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Healthcare Bio-Sciences, Uppsala, Sweden), to avoid genomic DNA contamination. SuperScript Il
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) and random hexadeoxynucleotide primers
were used to synthesize the first cDNA strand.

Pre-developed and inventoried TagMan assays (Applied Biosystems, Foster City, CA, USA)
for human HIF-1a (Assay ID Hs00936368_m1 FAM/MGB probe) and eukaryotic 18S rRNA
endogenous control (Assay ID 4310893E VIC/TAMRA probe) were used to perform multiplex Real-
Time Quantitative PCR for HIF-1a. Briefly, 10 yl of 2xTagMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) were mixed with 7 ul of Rnase-free water, 1 ul of human HIF-1a

assay, Ol eukaryotic r an orc a n Oor each muitiplex reaction).
y, 1 ul of eukaryotic 18S rRNA and 1 pl of cDNA at 200 ng/pl (f h multipl tion)

Table 3. Pairs of primers used for RT-PCR.

Gene/ Accession N.° Primer Sequence [ 1(nM)
hVEGFA Sense 5-CAGAATCATCACGAAGTG-3 300
NM_001025366.1 Antisense 5-TCTGCATGGTGATGTTGGAC-3 300
hHspB1 Sense 5-GCTGACGGTCAAGACCAAGG-3’ 300
NM_001540.3 Antisense 5-GGGGGCAG CGTGTATTTCC-3’ 300
hHspB2 Sense 5-CGAGTACGAATTTGCCAACC-3’ 300
NM_001541.3 Antisense 5-AGTAGCCATGGTAGAGTGTG-3 300
hHsc70 Sense 5-ATACCTCCTGCACCCCGAG-3 300
NM_006597.3 Antisense 5-TTGCTCAAACGGCCCTTGTC-3 300
hHsp70 Sense 5-GTGCAGTTGCCTACAGGATTAAC-3’ 300
NM_002154.3 Antisense 5-TCGGCTGTCTCCTTCAGTTTG-3’ 300
hHsp90 Sense 5-TTCCACGTCTCTGCATTCC-3 500
NM_001017963.2 Antisense 5-CTTGGGTCTGGGTTTCCTC-3’ 500
18S rRNA Sense 5-GTCTGCCCTATCAACTTTC-3 100
NR_003286.2 Antisense 5-TTCCTTGGATGTGGTAGC-3’ 100

For human VEGF, HspB1, HspB2, Hsc70, Hsp70 and Hsp90 mRNA quantification, the
SYBR Green PCR master mix reagent (Bio-Rad, Hercules, CA, USA) was used and cDNA
amplification was performed according to the manufacturer’s protocols. 18S rRNA was used as
endogenous control and the set of primers represented in Table 3 were used for single
amplification reactions. Briefly, 12.5 ul of 2x SYBR Green PCR reagent were mixed with the sense
and antisense primers (to the final concentrations indicated in Table 3), cDNA (200 ng for VEGF
RTPCR or 100 ng for HSPs RTPCR) and RNase-free water in a final reaction volume of 25 pl (per
each single reaction). Control reactions, in which no reverse transcription took place (RT minus),

were used to exclude DNA contamination occurrence.
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All the Real-Time PCR analyses were conducted on a ABI Prism 7000 quantitative PCR
system (Applied Biosystems, Foster City, CA, USA). cDNA amplification was performed according
to the standard program of the ABI Prism system - Step 1: 50°C for 2 minutes; Step 2: 95°C for
10 minutes; Step 3 (40 cycles) each cycle: ramp 1 — 95°C for 15 seconds (denaturation); ramp 2 —
60°C for 1 minute (annealing and extension). Relative quantification was performed based on the
AACt method, which relies on direct comparison of Ct values, which represent the cycle number at
which the amplification plot crosses the threshold and there is a significant detectable increase in
fluorescence. The normalized target gene expression level in samples was calculated by using the
formula: 22*°T, where AAC; = ACt (sample) - ACr (calibrator) and ACy is calculated as ACy = Ct

target gene (i.e. HIF-1a; VEGF) - Crreference gene (i.e. 18S rRNA).

3.14 Human CHIP short-hairpin RNA (shRNA) production

Five different sets of complementary oligonucleotides (encoding shRNA target sequences)
were designed using the BLOCK-iT ™ RNAI Designer (Invitrogen, Carlsbad, CA, USA), against the
open-reading frame (ORF) region of human STUB-1 gene (NM_005861.2). The RNA interference

target sequence, represented in Table 4, is underlined and the loop of the short-hairpin is bolded.

Table 4. Pairs of oligonucleotides used for the production of shRNAs against human CHIP.

shRNA | Strand |Sequence

A Top 5'-CACCGGCCTTGTGCTACCTGAAGATCGAAATCTTCAGGTAGCACAAGGCC-3'

Bottom | 5-AAAAGGCCTTGTGCTACCTGAAGATTTCGATCTTCAGGTAGCACAAGGCC-3'

B Top 5'-CACCGGAGATGGAGAGCTATGATGACGAATCATCATAGCTCTCCATCTCC-3'

Bottom 5'-AAAAGGAGATGGAGAGCTATGATGATTCGTCATCATAGCTCTCCATCTCC-3'

C Top 5'-CACCGAAGCGCTGGAACAGCATTGACGAATCAATGCTGTTCCAGCGCTTC-3'

Bottom 5'-AAAAGAAGCGCTGGAACAGCATTGATTCGTCAATGCTGTTCCAGCGCTTC-3'

D Top 5'-CACCGGCTATGAAGGAGGTTATTGACGAATCAATAACCTCCTTCATAGCC-3'

Bottom 5'-AAAAGGCTATGAAGGAGGTTATTGATTCGTCAATAACCTCCTTCATAGCC-3'

E Top 5'-CACCGCATTCATCTCTGAGAATGGCCGAAGCCATTCTCAGAGATGAATGC-3'

Bottom 5'-AAAAGCATTCATCTCTGAGAATGGCTTCGGCCATTCTCAGAGATGAATGC-3'

The oligonucleotides of each pair were annealed according the BLOCK-IT™ pENTR/U6
entry vector Kit protocol (Invitrogen, Carlsbad, CA, USA). Annealed primers were separated by 3%
agarose electrophoresis, visualized by staining with ethidium bromide (EB) and purified using the
QIAquick PCR purification kit (Qiagen, Valencia, CA, USA). Subsequently, the purified annealing

products (double stranded oligonucleotide) were cloned into linearized pENTR/UG vector through a
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ligation reaction using a T4 DNA ligase (1 U/ul). The ligation products were used to transform One
Shot® TOP10 competent E.coli cells (Invitrogen, Carlsbad, CA, USA), which were spread on LB
agar plates containing 50 ug/ml kanamycin and incubated overnight at 37°C. Eight kanamycin-
resistant colonies were analyzed per each ligation reaction to confirm the cloning efficiency. The
screening was done by PCR using the U6 forward (5-GGACTATCATATGCTTACCG-3’) and M13
reverse (5-CAGGAAACAGCTATGAC-3’) primers.

Once identified the positive entry-clones, were chosen 3 positive-clones per each set of
double stranded oligonucleotide pair. The selected clones were inoculated into 5 ml of LB
containing 50 pg/ml kanamycin and grown overnight at 37°C and 180 RPM. Plasmid DNA from
each clone was purified using the QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA) and
spectrophotometric quantified at 260 nm. Purified DNA was used to transfect 293-FT cells and the
knockdown efficiency was determined by western blot against CHIP/STUB-1. The most efficient
clones were selected and DNA was used to continue the protocol.

Subsequently, a LR recombination reaction, between pAD/BLOCK-iT™ DEST (containing
attR sites) and the selected pENTR ™/U6 entry vectors (containing attL sites), was performed using
the LR Clonase Il enzyme (Invitrogen, Carlsbad, CA, USA), to generate expression clones. TOP10
competent E.coli cells were transformed with 3 pl of the LR recombination reaction and positive-
clones were screened as mentioned before, using the PCR primers pAd forward (5-GACTTTGACC
GTTTACGTGGAGAC-3’) and pAD reverse (5-CCTTAAGCCACGCCCACACATTTC-3).

Two positive-colonies from shRNA B and shRNA D were used to proceed. All plasmids
were verified by DNA sequencing. Produced and purified pAd/BLOCK-iT-DEST expression vectors
were digested with Pac | enzyme (New England Biolabs, Ipswich, MA, USA), according the
manufacturer’s instructions, which allows exposure of the left and right viral inverted terminal
repeats (ITRs) and removal of the bacterial sequences (i.e. pUC origin). Digested plasmid DNA
was purified using phenol/chloroform extraction followed by ethanol precipitation. Purified DNA was
subsequently resuspended in TE buffer pH 8.0.

Pac |-digested pAd/BLOCK-iT-DEST plasmids were use to transfect 293A cells that allows
adenovirus production from the E1-deleted pAd/BLOCK-iT-DEST vector. This cell line supplies the
E1 proteins in trans that are required for expression of adenoviral late genes, and thus viral
replication. Cells were trypsinized 48 hours post-transfection and transferred to a sterile 10 cm
tissue culture plate containing complete culture medium. The culture medium was replaced by fresh
medium every 2 - 3 days, until visible regions of cytophathic effect (CPE) were observed (typically
7 - 10 days post-transfection). Infections proceeded until approximately 80% CPE was observed
(typically 10 - 13 days post-transfection). The adenovirus-containing cells were squirted off the
plate and were harvested, together with the media, in a sterile capped tube. After the harvesting
process, adenovirus-containing cells and media were frozen and thawed several times (repeated
freeze/thaw cycles), followed by centrifugation. The freeze/thaw cycles allow cell lysis and release

of intracellular viral particles. The supernatant obtained from centrifugation was stocked at -80°C in
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cryovials. Before proceeding with transduction of mammalian cells to express the shRNAs, the
adenoviral stocks were tittered and optimal multiplicity of infection (MOI - defined as the optimal

number of virus particles per cell) was determined according to the manufacturer’s protocol.

3.15 Polymerase chain reaction (PCR)

For DNA amplification, all the reagents were combined in PCR-tubes in a final reaction
volume of 25 pl [10x DNA polymerase buffer (1x), 2.5 yl of 2 mM dNTPs (200 pM), 1 yl of 25 mM
MgCl, (1 mM), 1 pl of 100 uM forward primer (250 nM), 1 pl of 100 uM reverse primer (250 nM),
16-17 pl of sterile ddH,O, 0.1 ul of 5 U/pl Taq Polymerase (Takara Bio, Shiga, Japan), template
DNA (1 pl of plasmid DNA at 0.1-1 ng/pl or pick a colony from a Luria Broth (LB) agar plate and dip
it into the PCR mixture)]. DNA amplification in a thermal cycler was performed according to the
following program — Cycle 1: 95°C for 2 minutes; Cycles 2 - 32 (each cycle): ramp 1- 95°C for
1 minute; ramp 2- annealing temperature appropriate for each primers pair for 30 seconds; ramp 3-
72°C for the necessary time to occur complete DNA sequence extension (Tag Polymerase - 35/100
nucleotides per second); Final Cycle: 72°C for 10 minutes. The PCR products were separated by

1-3% agarose electrophoresis and visualized by staining with EB.

3.16 Plasmids

Human CHIP/STUB1 (GeneBank accession number NM_005861) was amplified by PCR
from a human leukocyte cDNA library using the following flanking primers containing EcoRI and
Sall restriction sites: forward primer 5-GCGCGAATTCATGAAGGGCAAGGAGGAGAAGGAGGG-
3’; reverse primer 5-GCAGGTCGACTCAGTAGTCCTCCACCCAGCCATTCTC-3. Human GLO |
(GeneBank accession number NM_006708) was PCR-amplified from the pCMS-EGFP hGLOI
vector (Miller et al, 2006) using the following flanking primers containing EcoRI and Sall restriction
sites: forward primer 5-CAGCGAATTCATGGCAGAACCGCAGCCCCCGTC-3’; reverse primer
5-TCTCGTCGACCTACATTAAGGTTGCCATTTTGTT-3'. Both amplified sequences were cloned
into pENTRV5-C2 (Hume et al, 2006; Lopes et al, 2007) to generate pENTR/V5-hCHIP and
pENTR/V5-hGLOI. In order to produce hCHIP and hGLOI adenovirus, these vectors were
recombined with the pAd/BLOCKIT-DEST adenoviral vector from Invitrogen (Carlsbad, CA, USA)
using Gateway technology according to manufacturers’ instructions. For this work, we have also
used the following plasmids: pcDNA3 hHIF-1a wt-V5 and pcDNA3 hHIF-1a (P402A and P564A)-V5
(provided by Dr. T. Hagen - University of Nottingham) (Hagen et al, 2003); pcDNA6 hHdj1/Hsp40
wt-V5 (provided by Dr. B. Y. Ahn - Korea University) (Sohn et al, 2006); pcDNA3 HA-hHIF1a wt
(provided by Dr. F. Bunn - Brigham and Women’s Hospital - Harvard) (Huang et al, 1998);
pcDNA3.1 c-myc-hCHIP wt, pcDNA3.1 c-myc-hCHIP K30A, pcDNA3.1 c-myc-hCHIP H260Q
(originally provided by Dr. C. Patterson - North Carolina University) (Xu et al, 2002); pT81 HRE-
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luciferase (provided by Dr. S. Catrina - Karolinska Institute) (Catrina et al, 2004); pGL4.23 HSE wt
(x4)-Luciferase, pGL4.23 HSE mut (x4)-Luciferase (provided by Dr. Ueli Schibler - University of
Geneva) (Reinke et al, 2008).

3.17 Transient transfection

One day before transfection, cells were seeded in 60 x 15mm plates so that the cells were
90% confluent at the time of transfection. For each transfection sample, 4 ug of plasmid DNA were
diluted in 100 pl of Opti-MEM | Reduced Serum Medium (Invitrogen, Carlsbad, CA, USA).
Subsequently, 10 pl of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) transfection reagent
were diluted in 100 pl of Opti-MEM | Medium and incubated for 5 minutes at room temperature.
After 5 minutes of incubation, diluted DNA and diluted Lipofectamine were combined and incubated
together for 20 minutes at room temperature. Meanwhile, the culture medium of each well was
removed, cells were washed twice with PBS and cultured in 2 ml of Opti-MEM | Medium. After the
incubation, the DNA/Lipofectamine complexes (total volume 200 ul) were added to each well. The
wells were mixed gently and cells were incubated at 37°C in a CO, incubator for 24-30 hours prior
to test for transgene expression. Opti-MEM | Medium was replaced by full DMEM:F12 medium
(with FBS) after 6 hours of DNA/Lipofectamine incubation.

3.18 Reporter-luciferase gene assay

ARPE-19 cells were plated in 24-well plates at subconfluent density and transfected with
pT81 HRE-luciferase, pGL4.23 HSE wt (x4)-Luciferase or pGL4.23 HSE mut (x4)-Luciferase, using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The plasmid pT81/HRE-luciferase contains
three tandem copies of the erythropoietin hypoxia response element (HRE) in front of the herpes
simplex thymidine kinase promoter (Catrina et al, 2004). The plasmids pGL4.23 HSE-Luciferase
contain four copies of the wild-type or mutated form of a heat shock element (HSE) and a minimal
promoter upstream of a firefly luciferase reporter gene (Reinke et al, 2008). The mutant form does
not bind the transcription factor Hsf-1 or heat shock factor-1. Twenty-four hours after transfection
cells were treated as mentioned and then assayed for luciferase activity. Briefly, the culture medium
was removed and cells were washed twice with PBS. Cells were then lysed with 100 pl of lysis
buffer (8 mM MgCl,, 1 mM DTT, 1 mM EDTA, 15% Glycerol, 1% Triton X-100 (v/v), 25 mM Tris-
phosphate pH 7.6). The cell lysates were incubated for 30 minutes on ice and then centrifuged at
16,000 g for 10 minutes. The protein concentration of the samples was determined through the
BCA method and all the samples were normalized for the same protein concentration. For
evaluation of the luciferase activity, an ATP buffer (8 mM MgCl,, 1 mM DTT, 1 mM EDTA, 15%
Glycerol, 2 mM ATP, 25 mM Tris-phosphate pH 7.6) and a 167 uM D-luciferin (Sigma-Aldrich, St.

Louis, MO, USA) solution were used, both automatically injected by the luminometer injector

66



Material and methods

system into an opaque 96-well plate, containing 30 pug of protein lysates. Measurements were
performed using a LMax |l 384 ROM v1.04 reader and SoftMax Pro 5 software (Molecular Devices,

Sunnyvale, CA, USA), as described by the manufacturer’s protocol.

3.19 Determination of VEGF and Ang-2 levels in supernatants

The concentrations of diffusible Ang-2 and VEGF .1, 165 in the cell culture supernatants were
measured by Quantikine enzyme-linked immunosorbent (ELISA) assay kits using monoclonal
antibodies directed against human Ang-2 or human VEGF, according the manufacturer’s protocol
(R&D Systems, Minneapolis, MN, USA). Briefly, cell culture supernatant samples or standards were
added to a 96-well plate, previously coated with a mouse monoclonal antibody against VEGF or
Ang-2, and incubated for 2 hours at room temperature. Subsequently, samples were aspirated and
wells washed three times. In the last wash step, plate was inverted and blotted it against clean
paper towel to efficiently dry the wells. Wells were then incubated with a horseradish-peroxidase
(HRP)-conjugated polyclonal antibody against VEGF or Ang-2 for 2 hours at room temperature.
After incubation, wells were aspirated and washed three times, as mentioned before. Subsequently,
wells were incubated with the substrate solution, which is a 1:1 mixture of a hydrogen peroxide
solution and a tetramethylbenzidine (TMB) chromogen solution, for 20 minutes at room temperature
and protected from light. The reaction was stopped by adding 2 N H,SO,. Absorbance was
measured at 450 nm, with wavelength correction at 570 nm, on a Biotek Synergy HT
spectrophotometer (Biotek, Winooski, VT, USA), using the Gen 5 software to monitor the results
(Biotek, Winooski, VT, USA).

3.20 BrdU incorporation colorimetric assay

Cells seeded onto a 96-well plate were incubated with 5-bromo-2’-deoxyuridine (BrdU;
Roche Applied Science, Indianapolis, IN, USA) labelling solution to a final concentration of 10 uM
for 6 hours at 37°C. Subsequently, labelling solution was removed by taping-off the plate and
200 pl of FixDenat was added to the cells for 30 minutes at room temperature. FixDenat induces
cell fixation and DNA denaturation, making BrdU accessible for binding to an anti-BrdU antibody.
Thirty minutes later, FixDenat was removed and 100 pl of peroxidase-conjugated anti-BrdU
antibody (1:100 dilution) was added per well. Antibody was incubated for 90 minutes at room
temperature. Subsequently, cells were washed three times and the substrate solution tetramethyl-
benzidine (TMB) was added. Cells were incubated at room temperature until colour development
was sufficient for photometric detection (5 - 30 minutes). The entire procedure was performed as
described by the manufacturer's protocol (Roche Applied Science, Indianapolis, IN, USA) and
absorbance was measured at 370 nm (reference wavelength at 492 nm) on a Biotek Synergy HT
spectrophotometer (Biotek, Winooski, VT, USA).
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3.21 MTT cell viability assay

After the treatments, ARPE-19 cells seeded onto 24-well plates were washed twice with
PBS and incubated with 0.5 mg/ml MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide; Invitrogen, Carlsbad, CA, USA] in Krebs buffer (130 mM NaCl, 4 mM KCI, 1.5 mM MgCl,,
1 mM CaCl,, 6 mM glucose, 10 mM HEPES, pH 7.4) for 2 hours at 37°C in a cell culture incubator.
Subsequently, supernatants were removed and the precipitated dye was dissolved in 300 ul 0.04 M
HCI (in isopropanol) and quantified at a wavelength of 570 nm, with wavelength correction at

620 nm, using a Biotek Synergy HT spectrophotometer (Biotek, Winooski, VT, USA).

3.22 Caspase-3 cleavage activity colorimetric assay

TR-IiBRB cells cultured in 100 x 20 mm were lysed according to the manufacturer’s protocol
(R&D Systems, Minneapolis, MN, USA) and protein concentration was determined and normalized
using the BCA method (Pierce-Thermo Scientific, Waltham, MA, USA). To 50 pl of protein lysate
(2-4 mg/ml) was added 50 pul of 2x Reaction Buffer/DTT and 5 pl of a specific caspase-3 substrate
that is conjugated to the colour reporter molecule p-nitroanaline (DEVD-pNA; R&D Systems,
Minneapolis, MN, USA), in a 96-well plate. The reaction was incubated for 2 hours at 37°C. The
assay was performed as described by the manufacturer’s protocol (R&D Systems, Minneapolis,
MN, USA) and the cleavage of the DEVD-pNA peptide was spectrophotometric quantified at a
wavelength of 405 nm using a Biotek Synergy HT spectrophotometer (Biotek, Winooski, VT, USA).

3.23 Fibrin gel in-vitro angiogenesis assay

This angiogenesis assay is based on the use of fibrin gels formed in culture dishes by
mixing fibrinogen and thrombin. To obtain these fibrin gel matrix, 30 pl of fibrinogen solution was
added per well of a 96-well plate. Subsequently, 20 pl of thrombin was added and the plate was
immediately and gently shacked. The plate was placed at 37°C for 15 - 60 minutes to allow
polymerization. In the meanwhile, TR-iBRB cells, resuspended in positive control media or test
media, were embedded within the fibrinogen/thrombin polymerized gels at a final density of
5 x 10* cells/ml, as described by the manufacture’s protocol (Millipore-Chemicon, Billerica, MA,
USA). Cells were incubated overnight at 37°C in a cell culture incubator. On the next day, the
culture medium was removed, as much as possible without disturbing the gel (i.e. inverting the
plate onto sterile gauze), and was added a new layer of fibrinogen (30 ul) and thrombin (20 pl), as
mentioned before, in order to cover the cells. After 5 minutes of gel polymerization at 37°C, the test
media or the positive control media were added and cells were incubated during 24, 48 and
72 hours at 37°C in a cell culture incubator. Phase-contrast images were taken using an inverted

light microscope at 100 and 200 X of magnification.
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3.24 Statistical analysis

Data are reported as the mean + standard deviation (SD) or standard error of the mean
(SEM) of at least three independent experiments. Comparisons between multiple groups were
performed by one-way analysis of variance test (ANOVA) with the Dunnet’'s or Tukey’s multiple
comparison tests, while comparisons between two groups were performed using t test analysis
[GraphPad Prism 5.0 software (GraphPad Software, La Jolla, CA, USA)]. In all cases, p < 0.05 was

considered significant.
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Methylglyoxal-induced degradation of HIF-1a

Chapter 4. The chaperone-dependent ubiquitin ligase CHIP targets HIF-1a for

degradation in the presence of methylglyoxal

4.1 Abstract

The hypoxia-inducible factor-1 (HIF-1) plays a key role in cell adaptation to low oxygen and
stabilization of HIF-1 is vital to ensure cell survival under hypoxia. In this work, it is identified a new
molecular mechanism whereby methylglyoxal (MGO), which accumulates in diabetes, leads to a
rapid proteasome-dependent degradation of HIF-1a. Significantly, MGO-induced degradation of
HIF-1a does not require the recruitment of the canonical ubiquitin ligase von Hippel Lindau (pVHL)
nor does it require hydroxylation of the proline residues P402/P564 on HIF-1a. Moreover, we
identified CHIP (carboxy terminus of Hsp70-interacting protein) as the E3 ligase that ubiquitinates
HIF-1a in the presence of MGO. Consistently, silencing of endogenous CHIP or overexpression of
glyoxalase | (GLO 1) both stabilize HIF-1a under hypoxia in the presence of MGO. Data shows that
increased association of Hsp40/70 with HIF-1a leads to recruitment of CHIP, which promotes
polyubiquitination and degradation of HIF-1a. Moreover, MGO-induced destabilization of HIF-1a
leads to a dramatic decrease in HIF-1 transcriptional activity, as well as to decreased expression of
the vascular endothelial growth factor (VEGF).

Altogether, data is consistent with a new pathway for degradation of HIF-1a in response to
intracellular accumulation of MGO. Moreover, it is suggested that MGO accumulation is the link

between high glucose and the loss of cell response to hypoxia in diabetes.

4.2 Introduction

Cell response to ischemia is primarily regulated by the transcription factor HIF-1 (Semenza
& Wang, 1992) that triggers protective and adaptive mechanisms, promoting cell survival under
hypoxia. Therefore, any mechanism that destabilizes HIF-1 has a negative impact on the cellular
adaptation to low oxygen.

HIF-1 is a heterodimer composed of two subunits: a labile HIF-1a subunit and a stable
HIF-18 subunit. Under normoxia, HIF-1a is hydroxylated in prolines 402 and 564 in the oxygen
dependent degradation domain by specific prolyl hydroxylases. Once hydroxylated, HIF-1a binds to
the VHL protein, which is part of an ubiquitin ligase complex, resulting in HIF-1a polyubiquitination
and subsequent degradation by the proteasome (Huang et al, 1998; Ivan et al, 2001; Jaakkola et
al, 2001). In addition, the asparagine 803 is also hydroxylated inhibiting the interaction of HIF-1a
with the co-activator p300, which induces repression of HIF-1 transcriptional activity (Kallio et al,
1998). When oxygen becomes limiting, the proline residues are not hydroxylated and HIF-1a

escapes degradation, accumulating in the cell. Then, it is imported into the nucleus, where it
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dimerizes with HIF-1 and binds to hypoxia responsive elements (HREs), enabling transcriptional
activation of more than 70 genes that help cells to cope and survive under hypoxia, such as VEGF
(Kimura et al, 2001; Semenza & Wang, 1992).

Recently, it was shown that diabetes and hyperglycaemia leads to downregulation of HIF-1
and to an impairment of the cell response to hypoxia (Catrina et al, 2004; Liu et al, 2008; Semenza,
2009). For example, downregulation of HIF-1 in response to hyperglycaemia is likely to account for
the decreased arteriogenic response triggered by myocardial ischemia in diabetic patients (Abaci et
al, 1999; Larger et al, 2004). Consistently, blood glucose levels were shown to be in linear relation
with fatal outcome after an acute hypoxic challenge, suggesting a deleterious influence of
hyperglycaemia on the ability of tissues to adapt to low oxygen (Malmberg et al, 1999). In addition,
levels of HIF-1 are dramatically downregulated in skin wounds and ulcers of diabetic patients and
animal models of diabetes as compared to venous ulcers that share the same hypoxic environment
but are not exposed to hyperglycaemia (Catrina et al, 2004; Liu et al, 2008; Sarkar et al, 2009).
These and other evidences strongly suggest that cell and tissue dysfunction associated with
diabetes is related, at least in part, with a loss of cell response to hypoxia. However, the molecular
mechanisms underlying this dysfunction remain to be elucidated.

In this work, it is hypothesized that increased production of MGO is the link between high
glucose and destabilization of HIF-1 in diabetes. MGO is a highly reactive a-oxoaldehyde formed
as a by-product of glycolysis (Kalapos, 1999; Ramasamy et al, 2006). Indeed, high glucose leads to
intracellular accumulation of MGO in several tissues and increased concentration of MGO in cells
and tissues has been implicated in the pathophysiology of a variety of diseases, including several
diabetic complications (Kalapos, 1999; Ramasamy et al, 2006). MGO is known to react with free
amino groups of lysine and arginine residues of proteins, leading to the formation of advanced
glycation end products (AGEs) (Kalapos, 1999), and increased levels of MGO have deleterious
effects in a number of essential signalling pathways (Du et al, 2006; Portero-Otin et al, 2002). Of
significance, AGEs were shown to impair the angiogenic process in a model of ischemia-induced
retinopathy (Stitt et al, 2005) .

Herein, it is shown that MGO-induced modification of HIF-1a recruits Hsp40/70, which in
turn recruit CHIP, leading to increased polyubiquitination of HIF-1a and its proteasome-dependent

degradation, accounting for impairment of the cell response to hypoxia.

4.3 Results

4.3.1 High glucose induces intracellular accumulation of MGO, leading to decreased half-
life of HIF-1a

Hyperglycaemia was shown to be involved in the loss of cell response to hypoxia in

diabetes, through a mechanism that is likely to involve downregulation of HIF-1a. Indeed, data
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show that levels of HIF-1a are downregulated under hypoxia in cells treated with high glucose over
a period of 10 days, as compared to cells maintained in basal glucose concentration (Figure 15A).

In this study, a retinal pigment epithelium cell line (ARPE-19) was used to investigate the
role of high glucose in regulation of HIF-1. RPE cells are a good model to evaluate cell response to
hypoxia and regulation of HIF-1 since these cells are extremely sensitive to variations in oxygen
(Yu & Cringle, 2005) and glucose concentrations (Coffe et al, 2006) and are a major source of
VEGEF in the retina, a gene well known to be upregulated by hypoxia and HIF-1 (Kimura et al, 2001;
Slomiany & Rosenzweig, 2004).
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Figure 15. High glucose destabilizes the HIF-1a protein under hypoxia and leads to intracellular accumulation of
MGO. (A) ARPE-19 cells were grown in 15 mM (basal DMEM: F12 medium) or 40 mM of D-glucose during 10 days.
During the last 6 hours of incubation, cells were exposed to hypoxia (2% O-). After the treatments, proteins were
separated by SDS-PAGE, transferred to PVDF membranes and probed against HIF-1a and actin. The results represent
the mean + SD of at least three independent experiments. * p < 0.05, significantly different from control (one-way
ANOVA). (B) ARPE-19 cells were grown in DMEM: F12 medium containing 15 mM or 40 mM of D-glucose during
10 days. Cells were then lysed in 0.1 M acetic acid and the intracellular levels of MGO were determined by HPLC after
derivatization with DDB. The results represent the mean + SD of at least three independent experiments.

* p < 0.05, significantly different from control (t test).

To further emphasize the relevance of high glucose-induced downregulation of HIF-1a, the
intracellular levels of MGO following exposure of ARPE-19 cells to high glucose were assessed.
Data show that after 10 days of incubation with high glucose (40 mM), the intracellular levels of
MGO increased about 23%, reaching the concentration of 0.45 + 0.024 uM (Figure 15B).
Consistently, Figures 16A and 16B show that treatment of cells with MGO induces destabilization of
HIF-1a that has previously accumulated under hypoxia, in a dose and time-dependent manner.
After 30 minutes of incubation with 3 mM MGO there is a decrease of about 50% in the levels of
HIF-1a, whereas after 3 hours of incubation HIF-1a is virtually undetectable (Figure 16B).
Consistently, immmunofluorescence data shows that hypoxia leads to a remarkable accumulation of
HIF-1a in the nucleus, while MGO induces a marked decrease in the levels of HIF-1a present in the

nuclear region (Figure 16C). As a control, it is shown that the effect of MGO cannot be generalized
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to all transcription factors. Indeed, MGO does not downregulate other transcription factors, such as
NF-E2 related factor 2 (Nrf-2) (Figure 16D). Moreover, incubation of RPE cells with 3 mM MGO for
30 minutes or for 3 hours resulted in an intracellular accumulation of MGO of 1.54 + 0.246 uM or
0.96 + 0.247 uM, respectively (Figure 16E). The decrease of MGO after 3 hours of incubation
probably reflects the scavenging by glyoxalases (Ceradini et al, 2008; Miller et al, 2006), as well as
irreversible binding of MGO to proteins and other cell components (Ramasamy et al, 2006). These
concentrations are within the physiological range reported in pathological conditions, such as
diabetes (Beisswenger et al, 1999; Han et al, 2007).
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Figure 16. MGO destabilizes the HIF-1a protein under hypoxia. (A and B) ARPE-19 cells were exposed to hypoxia
(2% O) for 6 hours and MGO (1 mM or 3 mM) was added for 30 minutes or 3 hours. The cell lysates were analyzed by
WB using antibodies against HIF-1a and actin. (C) ARPE-19 cells were subjected to hypoxia (2% O2) for 6 hours either in
the absence or presence of MGO (3 mM for 90 minutes). The subcellular distribution of HIF-1a was assessed by
immunofluorescence (400 x of magnification). (D) ARPE-19 cells were treated with different MGO concentrations (100 uM
to 3 mM) for 2 hours. The cell lysates were analyzed by WB using antibodies against Nrf-2 and actin. (E) ARPE-19 cells
were treated with 3 mM of MGO for 30 minutes or 3 hours. Cells were then lysed in acetic acid (0.1 M) and the
intracellular levels of MGO were determined by HPLC after derivatization with DDB. The results represent the mean + SD
of at least three independent experiments. * p < 0.05 and ** p < 0.01, significantly different from control (one-way ANOVA

with the Dunnet’'s comparison test).
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Figure 17. MGO leads to decreased half-life of HIF-1a protein under hypoxia. (A) After metabolic labelling with
L-[353] methionine/cysteine under hypoxia, ARPE-19 cells were maintained under hypoxia, either in the absence or the
presence of 3 mM MGO. Cells were harvested at 0, 10, 30, 60 and 90 minutes in 0.5% NP-40 lysis buffer. HIF-1a was
immunoprecipitated and radiolabelled HIF-1a protein was assessed by SDS-PAGE and autoradiography. (B) ARPE-19
cells were subjected to hypoxia (2% Oz) for 6 hours in absence or presence of 3 mM MGO for 1 hour. HIF-1a mRNA and
18S rRNA levels were quantified through RT-PCR. The results represent the mean + SD of at least three independent

experiments. * p < 0.05, significantly different from control (one-way ANOVA, Dunnet’s comparison test).

Pulse-chase experiments clearly show that MGO decreases the half-life of HIF-1a by about
two fold, from 98 minutes to 47 minutes (Figure 17A). This indicates that MGO indeed
downregulates HIF-1a by promoting increased degradation of the transcription factor. Levels of
mRNA for HIF-1a decrease under hypoxia, as well as in the presence of MGO (Figure 17B). The
difference on the levels of HIF-1a mRNA between hypoxia and hypoxia plus MGO is not statistically
significant (p > 0.05). It should be noted that the decrease in mRNA for HIF-1a does not necessarily
translate into a decrease in the abundance of the protein. In fact, hypoxia leads to a 2.5 fold
decrease in mMRNA levels of HIF-1a (Figure 17B), whereas the levels of protein dramatically
increase (Figure 16A). The decrease in mRNA for HIF-1a under hypoxia has been widely reported
and reflects the complex regulatory process of cell response to low oxygen, which includes
induction of a natural antisense RNA of HIF-1 (aHIF) (Thrash-Bingham & Tartof, 1999; Uchida et al,
2004). Based on this and other reports, as well as on our observation that MGO induces a
decrease in the half-life of HIF-1qa, it is clear that reduction on the levels of HIF-1a can be
predominantly ascribed to an increase in protein degradation.

Of significance, overexpression of GLO | prevents intracellular accumulation of MGO
(Figure 18A) and promotes stabilization of HIF-1a under hypoxia following treatment either with
high glucose (Figure 18B) or with MGO (Figure 18C).
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Figure 18. GLO | overexpression stabilizes HIF-1a under high glucose or MGO treatment. (A) ARPE-19 cells were
infected with pAD hGLOI adenovirus for 48 hours. By the end of the infection, cells were treated with 3 mM of MGO for
3 hours. The intracellular levels of MGO were determined by HPLC. The results represent the mean + SD of at least three
independent experiments. *** p < 0.001, significantly different from Mock; i
MGO3h (one-way ANOVA with the Tukey’s multiple comparison test). (B) ARPE-19 cells were grown in 15 mM (basal

DMEM: F12 medium) or 40 mM of D-glucose during 10 days. After 8 days of incubation, cells were infected with pAD

p < 0.001, significantly different from Mock +

hGLOI adenovirus for 48 hours. During the last 6 hours of incubation, cells were subjected to hypoxia and subsequently
lysed. Whole cell lysates were analyzed by WB against HIF-1a and actin. (C) ARPE-19 cells were infected with pAD
hGLOI adenovirus for 48 hours. During the last 6 hours of incubation, cells were subjected to hypoxia in the presence or
absence of MGO (3 mM for 3 hours). Subsequently, cells were lysed and the proteins were separated by SDS-PAGE,

transferred to PVDF membranes and probed against HIF-1a and actin.

4.3.2 MGO decreases the transcriptional activity of HIF-1a

The downregulation of HIF-1a following exposure to MGO consistently leads to a decrease
in HIF-1 transcriptional activity. HIF-1 binds to HREs of target genes and initiates transcription of a
number of genes, including VEGF. Data represented in Figure 19A shows that hypoxia leads to a
significant increase in HIF-1a transcriptional activity as evaluated by an HRE-luciferase associated
reporter gene assay. Incubation with MGO dramatically decreases the activity of luciferase,
suggesting a strong decrease of the HIF-1 transcriptional activity. Consistent with this decrease in
the transcriptional activity, the levels of VEGF mRNA also decrease in the presence of MGO as
compared to hypoxic cells in the absence of MGO (Figure 19B). The levels of VEGF secreted into

the culture medium also decrease as compared to cells subjected only to hypoxia (Figure 19C).
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Downregulation of HIF-1 transcriptional activity can also be detected under normoxia
following treatment with MGO, which can be ascribed to low, but detectable, levels of HIF-1a in

controls (as revealed by longer exposure of WB films).
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Figure 19. MGO decreases the transcriptional activity of HIF-1 and the release of VEGF121/165 into the culture
medium. (A) ARPE-19 cells were transiently transfected with the pT81 HRE-luciferase vector and were subjected to
hypoxia (2% O) for 6 hours in the absence or presence of MGO (1 mM for 4 hours). Subsequently, the luciferase activity
was determined and the values were expressed as fold induction over control. The results represent the mean + SD of at
least three independent experiments. *** p < 0.001, significantly different from control; b p < 0.001, significantly different
from hypoxia (one-way ANOVA, Tukey’s multiple comparison test). (B) ARPE-19 cells were subjected to hypoxia (2% O3)
for 6 hours either in the absence or the presence of MGO (1 mM for 4 hours). Total RNA was used to synthesize cDNA,
which, in turn, was used as template to quantify VEGF mRNA and 18S rRNA through RT-PCR. The results represent the
mean + SD of at least three independent experiments. ** p < 0.01, significantly different from control; # p < 0.01,
significantly different from hypoxia (one-way ANOVA, Tukey's multiple comparison test). (C) ARPE-19 cells were
subjected to hypoxia (2% O>) for 6 hours either in the absence or in the presence of MGO (1 mM for 4 hours). The
concentration of the diffusible VEGF121 and VEGF+g5 isoforms were determined by ELISA using a monoclonal antibody
against human VEGF121165. The results represent the mean + SD of at least three independent experiments.
*** p < 0.001, significantly different from control; b p < 0.001, significantly different from hypoxia (one-way ANOVA,

Tukey’s multiple comparison test).
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4.3.3 MGO induces ubiquitination and proteasome-dependent degradation of HIF-1a

Methylglyoxal has recently been shown to modify HIF-1a in arginine residues (Ceradini et al,
2008), probably leading to changes in protein conformation. Indeed, immunoprecipitation
experiments show that MGO modifies lysine and arginine residues of HIF-1a, increasing its
immunoreactivity against Ne-carboxymethyl-lysine (CML) and Na-acetyl-N&-(5-hydro-5-methyl)-
4-imidazolone (MG-H1) antibodies, respectively (Figure 20). Thus, we hypothesized that
modification by MGO might stimulate proteasome-dependent degradation of HIF-1a, as a result of

post-translational modifications.
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Figure 20. MGO modifies HIF-1a leading to the formation of MG-H1 and CML-adducts. ARPE-19 cells were
subjected to hypoxia (2% O3) for 6 hours and, subsequently, incubated with MGO (3 mM) for 40 and 70 minutes. HIF-1a

was immunoprecipitated and the immunoprecipitates were probed against CML and MG-H1.

Treatment of cells with proteasome inhibitors, following incubation with MGO, results in the
accumulation of high molecular weight bands that immunoreact with anti-HIF-1a antibodies (Figure
21A). It should be noted that the effect of MGO under hypoxia is quite different from the effect
under proteasome inhibition (compare lane 2 with lane 4 on Figure 21B). Indeed, under hypoxia
and MGO, HIF-1a is readily degraded, whereas in the presence of MG132 there is an apparent loss
of HIF-1a (120 kDa), but accumulation of high molecular weight forms of the protein that
correspond to ubiquitinated forms of HIF-1a, as confirmed by immunoprecipitation experiments
(Figure 21C). This suggests that proteasome inhibition prevents degradation whereas ubiquitination
of HIF-1a is still maintained and that MGO-induced degradation of HIF-1a is proteasome-
dependent and involves ubiquitination of the protein. Immunofluorescence data further confirm
these results. Data show that proteasome inhibition per se decreases the levels of polyubiquitin
conjugates in the nucleus, consistent with previous reports (Mailand et al, 2007; Takeshita et al,
2009). However, addition of MGO changes the distribution of ubiquitin in the cell, strongly
increasing the nuclear co-localization between ubiquitin conjugates and HIF-1a (Figure 21D). It is

further shown that proteasome inhibitor MG132 (or epoxomicin) prevents MGO-induced
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degradation of HIF-1a and extends the half-life of the protein by about 1.7 fold (Figure 21E). Taken
together, these observations indicate that HIF-1a is modified by MGO and that such modification

results in ubiquitin-dependent degradation of the protein.
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Figure 21. MGO induces polyubiquitination and degradation of HIF-1a. (A and B) ARPE-19 cells were treated with
MG132 (20 uM) for 4 hours or subjected to hypoxia (2% O) for 6 hours and then incubated with MGO (3 mM) for
30 minutes and 90 minutes (A) or 3 hours (B). The cell lysates were analyzed by WB against HIF-1a and the PVDF

*k

membranes were overexposed to reveal higher molecular weight bands; * HIF-1a of 120 kDa; posttranslational
modified HIF-1a (with higher molecular weights). (C) ARPE-19 cells were treated with MG132 (20 uM) for 4 hours either
in the presence or absence of 3 mM MGO (for the last 90 minutes of incubation). HIF-1a was immunoprecipitated and
immunoprecipitates were probed against HIF-1a and ubiquitin (P4D1). (D) ARPE-19 cells cultured in coverslips were
transfected with HA tagged HIF-1a. Subsequently, cells were treated with MG132 (20 uM) for 4 hours in the absence or
presence of 3 mM MGO for 90 minutes. Cells were fixed with 4% PFA for 10 minutes and used for immunocytochemistry
using specific antibodies directed against HA and ubiquitin (FK1) (630 x of magnification). (E) ARPE-19 cells were
incubated with L-[358] methionine/cysteine under hypoxia. After metabolic labelling, cells were maintained under hypoxia,
in the presence of 3 mM of MGO and either in the absence or presence of MG132 (20 uM). Cells were harvested at 0, 10,
40 and 70 minutes in 0.5% NP-40 lysis buffer. HIF-1a was immunoprecipitated and radiolabelled HIF-1a protein was

assessed by SDS-PAGE and autoradiography.

However, because proteasome inhibitors do not fully prevent HIF-1a degradation, it seems
reasonable to suggest that other degradation pathways are likely to be involved in HIF-1a

degradation induced by MGO. An alternative explanation is that, even in the presence of inhibitors
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such as MG132, a residual proteasomal activity is maintained (Figure 22), which might be sufficient

to sustain some level of degradation of HIF-1a in the presence of MGO.
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Figure 22. MGO does not increase the 20S proteasome activity and MG132 does not completely inhibit the
proteolytic activity of the proteasome. Cells were treated with the proteasome inhibitor MG132 (20 uM) for 4 hours,
either in the absence or presence of MGO (3 mM for 3 hours). The 20S proteasome activities were determined by in vitro
fluorogenic assays, using specific substrates for each activity: Suc-LLVY-MCA (chymotrypsin-like activity), Z-LLE-MCA
(caspase-like activity) and Boc-LRR-MCA (trypsin-like activity). The values reported in the graph correspond to

measurements after 30 minutes of activity.
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Figure 23. Destabilization of HIF-1a induced by MGO is independent on VHL. (A and B) ARPE-19 cells were
transiently transfected with HIF-1a wt-V5 or HIF-1a (P402A/P564A)-V5 plasmids. Cells were subsequently subjected to
hypoxia (2% O_) for 6 hours (A) or treated with MG132 (20 uM) for 4 hours (B), in the absence or presence of MGO
(3 mM for 3 hours). The cell lysates were immunoblotted against HIF-1a and V5. (C) RCC4 VHL™ cells were treated with
MGO (3 mM for 3 hours) and cell lysates were analyzed by WB for HIF-1a and actin.
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4.3.4 Destabilization of HIF-1a induced by MGO is independent on pVHL and HIF-1a proline
hydroxylation

The canonical pathway for HIF-1a degradation requires recruitment of the ubiquitin ligase
pVHL and prior hydroxylation of prolines 402 and 564 on HIF-1a. ARPE-19 cells were transfected
with a mutant HIF-1a where the proline residues 402 and 564 were mutated to alanine
(P402A/P564A). Results presented in Figure 23A show that mutant HIF-1a is readily degraded in
the presence of MGO indicating that prolines 402 and 564 are not required for MGO-induced
degradation of HIF-1a. Moreover, both wild-type and mutated HIF-1a accumulate as high molecular
weight bands in the presence of proteasome inhibitors, indicating that the mechanism whereby
mutant HIF-1a is degraded in the presence of MGO does not require proline hydroxylation but is
still dependent on the proteasome (Figure 23B). To further confirm that this new pathway is
independent on pVHL, a VHL deficient cell line (RCC4 VHL™) was treated with MGO. Results in
Figure 23C show that in untreated cells, HIF-1a is inherently stable, whereas treatment with MGO

results in destabilization and rapid degradation of the protein.

4.3.5 CHIP is the ligase that ubiquitinates HIF-1a in the presence of MGO

MGO is likely to destabilize HIF-1a by inducing post-translational modification of the
transcription factor, thus we suggest that ligases that target post-translational modified proteins are
likely candidates to promote HIF-1a ubiquitination. Because CHIP is a chaperone-binding ubiquitin
ligase that bridges between the ubiquitin-proteasome pathway and molecular chaperones (Connell
et al, 2001; Marques et al, 2006; Murata et al, 2001), we investigated whether CHIP is the ligase
responsible for HIF-1a ubiquitination in the presence of MGO. ARPE-19 cells were transfected with
c-myc CHIP and subsequently treated with the proteasome inhibitor MG132 (or epoxomicin) in the
presence or in the absence of MGO. Data in Figure 24A show that treatment with MGO increases
the association between CHIP and HIF-1a. In the absence of MGO there is also evidence for
limited interaction between both proteins, suggesting a potential role for CHIP in degradation of
HIF-1a under normoxia. To further investigate this possibility, ARPE-19 cells overexpressing a
stable HIF-1a mutant (P402A/P564A) were co-transfected with increasing amounts of CHIP. Data
consistently show a significant decrease in the levels of HIF-1a (Figure 24B). However, under
physiological conditions and normoxia, the majority of HIF-1a in cells is presumably degraded via
VHL and the physiological function of CHIP-mediated degradation of HIF-1a, in these conditions, is
not clear.

Following treatment with MGO and proteasome inhibitors, HIF-1a that co-precipitates with
CHIP migrates at higher molecular weights (Figure 24C), consistent with ubiquitinated forms of the
transcription factor. Significantly, overexpression of CHIP in the presence of MGO reveals an

accumulation of polyubiquitinated forms of HIF-1a (Figure 25A). Moreover, CHIP mutants that

83



Chapter 4

either do not bind chaperones (K30A) or do not present ubiquitin ligase activity (H260Q) decrease
the ubiquitination of HIF-1a (Figure 25B) and partially stabilize the protein (Figure 25C), above the
levels observed in control. Moreover, data consistently show that CHIP K30A does not co-
immunoprecipitate with HIF-1a, while both wild type CHIP and the mutant CHIP H260Q bind to and
co-precipitate with HIF-1a (Figure 25B).
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Figure 24. MGO increases the interaction between HIF-1a and CHIP. (A) ARPE-19 cells were transiently transfected
with CHIP wt c-myc plasmid and treated with MG132 (20 uM) for 4 hours in the absence or presence of MGO (3 mM for
40 or 70 minutes). HIF-1a was immunoprecipitated and the immunoprecipitates were probed against c-myc and HIF-1a.
(B) ARPE-19 cells were transfected with the HIF-1a (P402A/P564A)-V5 plasmid simultaneously with increasing amounts
(1, 2 and 4 ug DNA) of CHIP wt c-myc. Proteins were separated by SDS-PAGE, transferred to PVDF membranes and
probed with monoclonal antibodies against V5 and actin. (C) ARPE-19 cells were transiently transfected with c-myc
tagged CHIP wt plasmid and treated with MG132 (20 uM) for 4 hours in the absence or presence of MGO (3 mM for 40 or

70 minutes). C-myc was immunoprecipitated and the immunoprecipitates were probed against HIF-1a and c-myc.

Simultaneous overexpression of the two mutants is more effective in stabilizing HIF-1a, than
individual overexpression (Figure 25C). In consistence with our model, this is likely to reflect the
need for both ubiquitin ligase activity and binding of chaperones to trigger CHIP-mediated
degradation of HIF-1a in the presence of MGO. One may speculate that the synergistic effect of the
two mutants is related to their specific mechanisms of action and competition with endogenous
CHIP. For example, in the presence of both mutants, CHIP H260Q may block access of
endogenous CHIP to its binding site on HIF-1a, thus contributing to stabilize the transcription factor.
On the other hand, CHIP K30A may sequester the E2 or other cofactors required for the activity of
endogenous CHIP. In addition, overexpression of mutant CHIP is likely to account for the formation
of non-functional CHIP dimmers with endogenous CHIP (Nikolay et al, 2004). These hypotheses
may justify the greater stabilization of HIF-1a in the presence of both mutants.

The observation that the mutant K30A CHIP is unable to bind and ubiquitinate HIF-1a
suggests that binding to chaperones is essential for CHIP-dependent targeting and ubiquitination of

HIF-1a. Indeed, results in Figure 26A show that treatment with MGO increases the association
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between Hsp40/70 and HIF-1a. We further observed that simultaneous overexpression of Hsp40
and Hsp70 increases the levels of CHIP associated with HIF-1a in the presence of MGO,
suggesting that CHIP/HIF-1a association is mediated by Hsp40/Hsp70 (Figure 26B). Interestingly,
binding of Hsp40 appears to be dependent on prior association of Hsp70 to HIF-1a (Figure 26B).

It should be noted that MGO-induced degradation of HIF-1a under hypoxia is extremely
rapid (Figure 17A) and HIF-1a protein-protein interactions are virtually undetectable in these
conditions. Considering that data clearly shows that MGO-induced degradation of HIF-1a is
independent on VHL and that proteasome is still involved in CHIP-dependent degradation of HIF-1a
in the presence of MGO, we have performed a number of experiments using proteasome inhibitors,
since this increases the half-life of HIF-1a (Figure 21E), allowing for detection of HIF-1a interactions
with its binding partners, such as CHIP, Hsp40 and Hsp70 (Figures 24, 25 and 26).
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Figure 25. CHIP polyubiquitinates HIF-1a in the presence of MGO. (A) ARPE-19 cells were transfected with CHIP wt
c-myc or with a combination of the mutants CHIP K30A c-myc and CHIP H260Q c-myc and treated with MG132 (20 uM)
for 4 hours in the absence or presence of MGO (3 mM for 70 minutes). HIF-1a immunoprecipitates were immunoblotted
against HIF-1a and ubiquitin (P4D1). (B) ARPE-19 cells were transfected with CHIP wt c-myc or with the dominant
negatives CHIP K30A c-myc and CHIP H260Q c-myc, simultaneously or separately, and treated with MG132 (20 uM) for
4 hours in the absence or presence of MGO (3 mM for 70 minutes). HIF-1a was then immunoprecipitated and the
immunoprecipitates were blotted against HIF-1a, c-myc and ubiquitin (P4D1). (C) ARPE-19 cells were transfected with
CHIP wt c-myc, CHIP K30A c-myc or/and CHIP H260Q c-myc dominant negatives, either simultaneously or individually,
and subjected to hypoxia for 6 hours in the absence or presence of MGO (3 mM for 70 minutes). Proteins were separated
by SDS-PAGE, transferred to PVDF membranes and probed against HIF-1a and actin.
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Figure 26. MGO induces interaction between HIF-1a and the molecular chaperones Hsp40 and Hsp70. (A)
ARPE-19 cells were treated with MG132 (20 uM for 4 hours) either in the presence or in the absence of MGO (3 mM for
40 or 70 minutes). HIF-1a was immunoprecipitated and the immunoprecipitates were probed using antibodies against
HIF-1a, Hsp70 and Hsp40. (B) ARPE-19 cells were transfected with CHIP-c-myc simultaneously with V5-tagged Hsp40
and/or HA-tagged Hsp70. Cells were subsequently treated with MG132 (20 uM) for 4 hours and MGO (3 mM) for the last
70 minutes of incubation. HIF-1a was immunoprecipitated and the immunoprecipitates were blotted against HA, V5 and

c-myc.

Loss of function studies, by silencing CHIP with shRNAs (Figures 27A and 27B), clearly
show a biological function for this new degradation pathway. Indeed, depletion of endogenous
CHIP by shRNAs leads to decreased accumulation of high molecular weight bands that cross-react
with anti-HIF-1a antibodies (Figure 27C). In addition, silencing of CHIP results in decreased
ubiquitination of HIF-1a and stabilization of the protein under hypoxia in the presence of MGO
(Figure 27D). Significantly, silencing of CHIP prevents degradation of HIF-1a under high glucose
and hypoxia (Figure 27E), emphasizing the physiological relevance of CHIP-mediated degradation
of HIF-1a induced by MGO and high glucose.

Altogether, data is consistent with a model in which MGO-induced modification of HIF-1a
recruits Hsp40/70, which in turn recruit CHIP, leading to increased polyubiquitination of HIF-1a and
its proteasome-dependent degradation (Figure 28). Moreover, we show that MGO-induced
degradation of HIF-1a is independent on VHL, proline hydroxylation and oxygen availability.
However, this alternative mechanism is likely to contribute to the pathophysiology of diseases, in
which stabilization of HIF-1a is vital to ensure cell survival under hypoxia, such as several diabetic

complications.

4.4 Discussion

In this study, it is elucidated a new pathway for degradation of the a subunit of the

transcription factor HIF-1. Data here presented is consistent with a molecular mechanism in which
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HIF-1a modification by MGO leads to increased association with the molecular chaperones
Hsp40/70 which, in turn, recruit CHIP, leading to polyubiquitination and proteasome-dependent
degradation of HIF-1a. It is further shown that this mechanism is independent on the recruitment of

pVHL and does not require HIF-1a proline hydroxylation.
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Figure 27. CHIP-silencing stabilizes HIF-1a in the presence of MGO. (A) ARPE-19 cells were co-infected with pAd
V5-hCHIP and pAd shRNA-hCHIP for 24 hours. The cell lysates were analyzed by western blot using anti-V5 and anti-
actin antibodies. (B) ARPE-19 cells were infected with pAd shRNA-hCHIP for 24 and 48 hours. Cells were subsequently
lysed and protein extracts were immunoblotted against endogenous CHIP and actin. (C and D) ARPE-19 cells were
infected with pAd shRNA-hCHIP for 24/48 hours and during the last 6 hours of incubation, cells were subjected to hypoxia
in the presence of MG132 (20 uM for 4 hours) and MGO (3 mM for the last 40 or 70 minutes). Cell lysates were
immunoblotted against HIF-1a and actin (C) or used to immunoprecipitate HIF-1a and probe the immunoprecipitates
against HIF-1a and ubiquitin (P4D1) (D). The graph data represent the mean + SD of at least three independent
experiments. ** p < 0.01, significantly different from control (one-way ANOVA with the Dunnet’s comparison test) (D). (E)
ARPE-19 cells were grown in 15 mM (basal DMEM: F12 medium) or 40 mM of D-glucose during 10 days. After 8 days of
incubation, cells were infected with pAd shRNA-hCHIP for 48 hours. During the last 6 hours of incubation, cells were

subjected to hypoxia and subsequently lysed. Proteins were blotted against HIF-1a and actin.
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Figure 28. Proposed model for HIF-1a degradation induced by MGO. MGO induces modifications on
HIF-1a protein (formation of MG-H1 and CML-adducts) and promotes increased association of Hsp40/70 to HIF-1a. This
association leads to recruitment of CHIP, which promotes polyubiquitination and proteasomal degradation of HIF-1a.

MGO-induced degradation of HIF-1a is activated under high glucose and is inhibited by overexpression of GLO I.

The new mechanism here reported is triggered by accumulation of MGO and is likely to
have a significant physiological impact in conditions of high availability of glucose, such as
diabetes. Indeed, we show that exposure of cells to high glucose leads to a sustained increase in
the intracellular levels of MGO, which are sufficient to activate degradation of HIF-1a. Moreover,
scavenging of intracellular MGO by overexpressing glyoxalase | prevents degradation of HIF-1a
under high glucose. Consistently, MGO-induced degradation of HIF-1a leads to decreased
transcriptional activity of HIF-1 and decreased expression of VEGF under hypoxia. The reduction
on VEGF expression under high glucose and in response to hypoxia was also described before
(Ceradini et al, 2008; Thangarajah et al, 2009). The authors suggest that increased levels of MGO
under hyperglycaemia induce HIF-1a (Ceradini et al, 2008) and p300 modifications (Thangarajah et
al, 2009), which are sufficient to disrupt the interaction between HIF-1a/HIF-18 and HIF-1a/p300,
leading to loss of HIF-1 transcriptional activity and poor response to hypoxia. Although this and
other modifications induced by MGO cannot be excluded and are likely to account for the plethora
of noxious effects of MGO in cells, this study provides robust data that elucidates a new molecular
mechanism for degradation of HIF-1a in the presence of MGO. Moreover, MGO-induced
degradation of HIF-1a is likely to account for the loss of cell response to hypoxia under high
glucose.

In the canonical mechanism for activation of HIF-1, HIF-1a is believed to be inherently
stable under hypoxia and pVHL is thought to be virtually the only ubiquitin ligase targeting HIF-1a
for proteasomal degradation under normoxia. Over the last five years, a number of reports have
suggested that HIF-1a might be destabilized under hypoxia and that interaction of HIF-1a with
specific ancillary proteins might promote its degradation. In many instances the mechanism and
molecular events that underlie HIF-1a targeting for pVHL/oxygen-independent degradation are not

well understood. Nevertheless, a few proteins were shown to interact with HIF-1a promoting its
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proteasome-dependent degradation and some proteins were recently identified as putative
components of ubiquitin ligase complexes that are able to ubiquitinate HIF-1a, promoting its
proteasomal degradation. These include SMURF2, p53/Mdm2 complex, RACK1 and HAF
(Hansson et al, 2002; Koh et al, 2008; Liu et al, 2007; Ravi et al, 2000; Tang & Lasky, 2003). Of
significance for the results discussed here, is the report that p53 is not involved in destabilization of
HIF-1a under high glucose, since destabilization of HIF-1a is still observed in cells deficient in p53
when exposed to hyperglycaemia (Catrina et al, 2004). More recently, it was also shown that
HIF-1a can be destabilized by a mechanism that is independent on both pVHL and p53 (Kong et al,
2006). This pathway is activated in response to histone deacetylase inhibitors (HDACIs) and
appears to involve destabilization of the Hsp70/90 chaperone axis, resulting in proteasomal
degradation of HIF-1a (Kong et al, 2006).

To the best of our knowledge, there are very few studies elucidating unequivocal ubiquitin
ligases that target HIF-1a to degradation in a VHL-independent manner. However herein, we do
elucidate an entirely novel mechanism for ubiquitination and degradation of HIF-1a in a VHL-
independent manner. Significantly, this alternative pathway is activated in response to intracellular
accumulation of MGO and involves recruitment of Hsp70/40 and ubiquitination of the transcription
factor by the E3 ligase CHIP. However, we do not exclude the possibility that this pathway might be
activated by other forms of stress nor do we exclude a function for CHIP-dependent degradation of
HIF-1a under normal physiological conditions.

CHIP has a critical role in protein quality control by ubiquitinating misfolded or otherwise
damaged proteins through interaction with molecular chaperones (Ballinger et al, 1999; Murata et
al, 2003). The observation that CHIP is also able to ubiquitinate HIF-1a reveals a new function for
CHIP and an unanticipated association between, high glucose, ubiquitin-proteasome pathway and
cell response to hypoxia.

It is conceivable that the mechanism reported in this manuscript is involved in MGO-induced
downregulation of other cellular proteins. However, based on the present data and on the current
state of art it seems prudent neither to generalize the mechanism nor to restrict it to HIF-1a. For
example, MGO was shown to downregulate the phosphorylation of STAT3 and decrease its
transcription activity (Lee et al, 2009). Moreover, MGO was also shown to modify the co-repressor
mSin3A, which results in increased recruitment of O-GIcNAc-transferase, with consequent
increased modification of the transcription factor Sp3 by O-linked N-acetylglucosamine (Yao et al,
2007). MGO is also known to suppress TNF-a-induced NF-kB activation by inhibiting NF-xB/DNA
binding (Laga et al, 2007). To the best of our knowledge, the effect of MGO on these and other
transcription factors does not result in increased protein degradation. Consistently, we observed
that the transcription factor Nrf-2 is not downregulated by MGO. However, it is still possible that
some transcription factors or other proteins may be downregulated in response to MGO. Indeed,
there are few examples where treatment with MGO was shown to lead to proteasome-dependent

degradation of selected substrates. For example, it was shown that Raf-1 protein-serine/threonine
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kinase is degraded by an ubiquitin-proteasome-dependent mechanism in response to MGO (Du et
al, 2006). Moreover, CML-modified proteins in glyoxal-treated cells were shown to be substrates for
ubiquitin conjugation and eventually for degradation by the 26S proteasome (Bulteau et al, 2001).
These observations raise the possibility that the ubiquitin-proteasome pathway might be implicated
in degradation of proteins modified by MGO and presumably by other glycation products, which
typically accumulate in diabetes.

The results reported in this chapter are consistent with a number of sparse results and
provide a rational for observations such as that hyperglycaemia inhibits hypoxia-induced
stabilization of HIF-1a. Moreover, it is identified CHIP as the ubiquitin ligase that promotes
proteasomal degradation of HIF-1a in the presence of MGO. Significantly, loss of function studies,
have clearly shown that endogenous CHIP is required to target HIF-1a for proteasomal degradation
in the presence of MGO. This observation highlights the importance of this pathway under
physiological conditions, as well as on pathologies associated with high glucose and/or disruption

of cell response to hypoxia, such as diabetes.
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VEGF/Ang-2 imbalance induced by methylglyoxal

Chapter 5. Methylglyoxal induces endothelial dysfunction by disrupting the balance
between VEGF and Ang-2

5.1 Abstract

Deregulation of angiogenesis, vasodegeneration and endothelial dysfunction are all cardinal
features of various diabetic complications, accounting, for example, for reduced heart collateral
vessel development, impaired wound healing, retinal damage and renal failure. Methylglyoxal
(MGO) has been implicated in the molecular events that lead to endothelial dysfunction in diabetes.
In this study, we hypothesize that increased levels of MGO, both in cell cultures and animal models
of diabetes, disrupts the balance between VEGF (vascular endothelial growth factor) and Ang-2
(angiopoietin-2) secreted by retinal epithelial cells. We further suggest that this imbalance is a key-
destabilizing signal leading to apoptosis and decreased proliferation of endothelial cells.

Indeed, we show that MGO increases the levels of Ang-2 and decreases the levels of VEGF
secreted by retinal pigment epithelium (RPE) cells in response to hypoxia. VEGF downregulation is
likely to be related both to decreased HIF-1a protein levels and decreased HIF-1 transcriptional
activity. Data further shows that MGO-induced imbalance in the ratio VEGF/Ang-2 significantly
changes the levels of BAX and Bcl-2 in endothelial cells exposed to pre-conditioned medium
obtained from RPE cells. Moreover, this imbalance is accompanied by an increase of caspase-3
activity and decreased proliferation of endothelial cells. The data obtained in cell culture systems
was shown to be consistent with observations in the retinas of an animal model of diabetes (GK
rat), where increased levels of MGO is associated with changes in cellular distribution and protein
levels of HIF-1a, VEGF, Ang-2, BAX and Bcl-2, as well as with increased vascular permeability.

In conclusion, MGO-induced imbalance in the ratio between VEGF and Ang-2 secreted by
epithelial cells activates the apoptotic cascade and decreases proliferation of endothelial cells,

possibly contributing to endothelial and vascular dysfunction in diabetes.

5.2 Introduction

Vascular dysfunction is a main feature of diabetes and involves both micro and
macroangiopathy (Cooper et al, 1997). Progressive and long-term vascular complications of
diabetes include cardiovascular disease, chronic renal failure, retinal damage, neuropathy and poor
wound healing. The majority of these vascular complications are associated, in a more or less
obvious way, with impaired angiogenic response (Shoji et al, 2006). For example, although late
stages of diabetic retinopathy (DR) are associated with choroidal neovascularization, endothelial
cell damage, extensive capillary regression and widespread inner retinal ischemia are at the origin
of the disease (Cai & Boulton, 2002; Engerman, 1989; Hammes et al, 2002). Indeed, studies in
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retinal capillaries revealed that the loss of pericytes and formation of acellular capillaries are early
morphologic changes in a diabetic retina (Cai & Boulton, 2002; Engerman, 1989; Hammes et al,
2002). However, the molecular mechanisms that underlie endothelial dysfunction in diabetes are
still unclear.

Among the plethora of hyperglycaemia-mediated mechanisms proposed to induce vascular
dysfunction in diabetes, there is increasing evidence that accumulation of MGO and formation of
advanced glycation end products (AGEs) may contribute for impaired angiogenic response (Stitt et
al, 2005). MGO is a highly reactive a-oxoaldehyde formed as a by-product of glycolysis and its
production is enhanced by high levels of glucose (Kalapos, 1999; Ramasamy et al, 2006). MGO is
associated with the formation of acellular capillaries and pericytes dropout in diabetic rats
(Hammes, 2003; Hammes et al, 2003). Moreover, it has been shown that AGEs attenuate the
angiogenic response in vitro (Teixeira & Andrade, 1999), while in vivo inhibition of AGEs formation,
in diabetic mice, can restore ischemia-induced angiogenesis in peripheral limbs (Tamarat et al,
2003). Interestingly, MGO increases the expression of Ang-2 (Hammes et al, 2004; Yao et al, 2007)
in diabetic retinas, which in the absence of pro-angiogenic factors induce vessel destabilization and
regression (Holash et al, 1999; Maisonpierre et al, 1997; Yancopoulos et al, 2000). Indeed, the
function of Ang-2 appears to be highly dependent on the presence of VEGF (Feng et al, 2008;
Holash et al, 1999; Maisonpierre et al, 1997; Oshima et al, 2004). For example, in models of solid
tumours, increased levels of Ang-2 in the presence of low concentrations of VEGF were shown to
result in endothelial cell death and vessel regression, whereas in the presence of high levels of
VEGEF there is increased endothelial proliferation and angiogenesis is stimulated.

In this study, we show that treatment of RPE cells with MGO results in decreased secretion
of VEGF. Conversely, data shows that MGO leads to an increase in the levels of Ang-2 secreted by
these cells. The net result is a dramatic decrease in the ratio between VEGF and Ang-2 secreted
into the culture medium. This, in turn, leads to a significant decrease in proliferation, as well as to
increased activity of caspase-3 in endothelial cells incubated with pre-conditioned media of RPE

cells or incubated with different ratios of recombinant VEGF/Ang-2.

5.3 Results

5.3.1 MGO increases the levels of Ang-2 and decreases the levels of VEGF secreted by

retinal pigment epithelial cells

It was recently shown that MGO increases the expression of Ang-2 by a mechanism
dependent on the modification of the corepressor mammalian Sin3 homolog A (mSin3A) (Yao et al,
2007). Moreover, considering prior data, it is anticipated that MGO further decreases the levels of
VEGF secreted by cells under hypoxia, since VEGF is a target gene of HIF-1. Indeed, through

immunoblot we observed that MGO increases the levels of Ang-2 and decreases the levels of

94



VEGF/Ang-2 imbalance induced by methylglyoxal

VEGF (Figure 29A), thus leading to a dramatic change in the balance VEGF/Ang-2. Consistently,
MGO increases the levels of Ang-2 and strongly decreases the levels of VEGF secreted by RPE

cells to the culture medium in response to hypoxia (Figure 29B).
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Figure 29. MGO disrupts the balance between VEGF and Ang-2 produced and secreted by retinal epithelial cells.
(A) ARPE-19 cells were exposed to hypoxia (2% O3) for 6 hours and treated with 3 mM MGO for 90 minutes. The cell
lysates were analyzed by western blot using anti-VEGF, anti-Ang-2 and anti-actin antibodies. (B) ARPE-19 cells were
subjected to hypoxia (2% O>) for 12 hours either in the absence or in the presence of 1 mM MGO. The concentration of
diffusible Ang-2 and VEGF121/165 isoforms secreted into the culture medium was determined by ELISA using specific
monoclonal antibodies against human VEGF and Ang-2. The results represent the mean + SD of at least three
independent experiments. § < 0.05 and *** p < 0.001, significantly different from control; £ p < 0.05 and i p < 0.001,

significantly different from hypoxia (one-way ANOVA with the Tukey’s multiple comparison test).

5.3.2 Pre-conditioned medium from retinal epithelial cells, treated with MGO, activates

apoptosis and decreases proliferation of retinal endothelial cells

VEGF/Ang-2 imbalance is likely to induce endothelial dysfunction. Here, it is hypothesized
that this imbalance induced by MGO in RPE cells leads to activation of apoptosis and decreases
proliferation of endothelial cells. To evaluate this hypothesis, retinal endothelial cells (TR-iBRB)
were treated with pre-conditioned media obtained from ARPE-19 cells subjected to hypoxia in the
presence or in the absence of MGO.

Considering that ARPE-19 cells are derived from human (Homo sapiens) and TR-iBRB cells
are derived from rat (Rattus norvegicus), the homology of VEGFA and Ang-2 between both species

was analyzed before proceeding.
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A.

1 50
hVEGFA (1) MTDRQTDTAPSPSYHLLPGRRRTVDAAASRGQGPEPAPGGGVEGVGARGV
rVEGFA (1) MTDRQTDTAPSPSAHLLAGGQPTVDAAASREQEPKPAPGGGVEGVGARGI

51 100
hVEGFA (51) ALKLFVQLLGCSRFGGAVVRAGEAEPSGAARSASSGREEPQPEEGEEEEE
rVEGFA (51) ARKLFVQLLGSSLSGVAVVCAAGGKPIGAGRSASSGLEKPGPEK-RGEKE

101 150
hVEGFA (101) KEEERGPQWRLGARKPGSWTGEAAVCADSAPAARAPQALARASGRGGRVA
rVEGFA (100) KEEERGPOWALGSREPGSWTGEAAVCADSAPAARAPQAPARASVPEGRGA

151 200
hVEGFA (151) RRGAEESGPPHSPSRRGSASRAGPGRASETMNFLLSWVHWSLALLLYLHH
rVEGFA (150) RQGAQESGLPRSPSRRGSASRAGPGRASETMNFLLSWVHWTLALLLYLHH

201 250
hVEGFA (201) AKWSQAAPMAEGGGONHHEVVKFMDVYQRSYCHPIETLVDIFQEYPDEIE
rVEGFA (200) AKWSQAAPTTEGE-QKAHEVVKFMDVYQRSYCRPIETLVDIFQEYPDEIE

251 300
hVEGFA (251) YIFKPSCVPLMRCGGCCNDEGLECVPTEESNITMQIMRIKPHQGQOHIGEM
rVEGFA (249) YIFKPSCVPLMRCAGCCNDEALECVPTSESNVTMQIMRIKPHQSQOHIGEM

301 350
hVEGFA (301) SFLOHNKCECRPKKDRARQEKKSVRGKGKGOKRKRKKSRYKSWSVYVGAR
rVEGFA (299) SFLQHSRCECRPKKDRTKPEKKSVRGKGKGQKRKRKKSRFKSWSVH-—---—

351 400
hVEGFA (351) CCLMPWSLPGPHPCGPCSERRKHLEVQDPQTCKCSCKNTDSRCKARQLEL
rVEGFA  (345) -—-————-———-———- CEPCSERRKHLEVQDPQTCKCSCKNTDSRCKARQLEL

401 412
hVEGFA (401) NERTCRCDKPRR
rVEGFA (382) NERTCRCDKPRR

B.

1 50
hAng-2 (1) MWQIVFFTLSCDLVLAAAYNNFRKSMDSIGKKQYQVQHGSCSYTFLLPEM
rAng-2 (1) MWQIVFLTFGCDLVLASAYNNFRKSVDSTGRRQYQVONGPCSYTFLLPET

51 100
hAng-2 (51) DNCRSSSSPYVSNAVQRDAPLEYDDSVQRLOVLENIMENNTQWLMKLENY
rAng-2 (51) DSCRSSSSPYMSNAVQRDAPLDYDDSVQRLOVLENILENNTQWLMKLENY

101 150

hAng-2 (101) IQDNMKKEMVEIQONAVONQTAVMIEIGTNLLNQTAEQTRKLTDVEAQVL
rAng-2 (101) IQDNMKKEMVEIQONVVONQTAVMIEIGTSLLNQTAAQTRKLTDVEAQVL
151 200
hAng-2 (151) NQTTRLELQLLEHSLSTNKLEKQILDQTSEINKLQDKNSFLEKKVLAMED
rAng-2 (151) NQTTRLELQLLQHSISTNKLEKQILDQTSEINKLQDKNSFLEKKVLDMED
201 250
hAng-2 (201) KHIIQLQSIKEEKDQLQVLVSKONSIIEELEKKIVTATVNNSVLOKQQHD
rAng-2 (201) KHSVQLQSMKEQKDQLQVLVSKQSSVIDELEKKLVTATVNNSVLQKQQHD
251 300
hAng-2 (251) LMETVNNLLTMMSTSNSAKDPTVAKEEQISFRDCAEVFKSGHTTNGIYTL
rAng-2 (251) LMETVNSLLTMMSSPDYKSSVAVPKEEKTTFRDCAEIFKSGLTTSGIYTL
301 350
hAng-2 (301) TFPNSTEEIKAYCDMEAGGGGWTIIQRREDGSVDFQRTWKEYKVGEFGNPS
rAng-2 (301) TFPNSTEEVKAYCDMDMGGGGWTVIQHREDGSVDFQRTWKEYKEGFGSPL
351 400
hAng-2 (351) GEYWLGNEFVSQLTNQQRYVLKIHLKDWEGNEAYSLYEHFYLSSEELNYR
rAng-2 (351) GEYWLGNEFVSQLTSGHRYVLKIQLKDWEGSEAHSLYEHFYLSGEESNYR
401 450
hAng-2 (401) IHLKGLTGTAGKISSISQPGNDFSTKDGDNDKCICKCSQMLTGGWWEDAC
rAng-2 (401) IHLTGLTGTAGKISSISQPGSDFSTKDSDNDKCICKCSQMLTGGWWEDAC
451 496
hAng-2 (451) GPSNLNGMYYPQRONTNKENGIKWYYWKGSGYSLKATTMMIRPADF
rAng-2 (451) GPSNLNGQYYPQKONTNKENGIKWYYWKGSGYSLKATTMMIRPADF

Figure 30. VEGF (A) and Ang-2 (B) sequence alignments between Homo sapiens and Rattus norvegicus species.
F — non-similar; M — Identical; A — Block of similar; KE — Receptor-binding interface. Sequences were obtained from the
US National Center for Biotechnology Information (NCBI) databases. Alignments and homology studies were performed
using the Vector NTI 10 software (Invitrogen, Carlsbad, CA, USA) and the NCBI alignment tools available in the website

www.ncbi.nlm.nih.gov/.
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As observed in Figure 30, the sequences of both VEGFA and Ang-2 are highly conserved
between both species; human VEGFA (NP_001020537.2) shares 84% of consensus positions with
rat VEGFA (NP_114024.2), while human Ang-2 (NP_001138.1) shares 90.7% of consensus
positions with the rat Ang-2 protein (NP_604449.1). Moreover, data published in NCBI databases
mention that the VEGFA binding interface comprises the 230-233, 267, 269-272, 287-290 residues,
while the F468A/Y474A/Y475A and K467E/K472E Ang-2 mutants do not bind Tie2 (Barton et al,
2005) (Barton, Structure 2005). VEGF and Ang-2 sequence alignments show that the previously
mentioned residues (underlined in Figure 30) are fully conserved between both species. Thus, this
homology study excludes incompatibility between human VEGFA and Ang-2 with rat VEGFR and
Tie-2 receptors, respectively.

After the homology studies and the validation of our pre-conditioned cell culture system, the
levels of BAX and Bcl-2 in endothelial cells were determined by immunoblot. It is well established
that BAX/Bcl-2 ratio determines the response to a death signal (Oltvai et al, 1993), being a marker
of activation of apoptosis. Moreover, induction of BAX expression is known to initiate death in the
absence of any additional signal (Xiang et al, 1996), resulting in a downstream program of
mitochondrial dysfunction, as well as activation of caspases. In this study, we observed that the
pre-conditioned medium of ARPE-19 cells subjected to hypoxia strongly increases the Bcl-2 levels
in endothelial cells (Figure 31). Conversely, the pre-conditioned medium of ARPE-19 cells
simultaneously subjected to hypoxia and MGO decreases the Bcl-2/BAX ratio (Figure 31) in
TR-iBRB cells, suggesting activation of apoptosis. We further observed that incubation of
endothelial cells with this pre-conditioned medium decreases the levels of the proliferation marker
Ki67 (Figure 32A and 32B) and decreases the incorporation of BrdU, a synthetic thymidine-

analogue, in DNA (Figure 32C), indicating decreased proliferation of endothelial cells.
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Figure 31. Pre-conditioned medium from retinal epithelial cells treated with MGO activates apoptosis in retinal
endothelial cells. ARPE-19 cells were exposed to hypoxia (2% O>) for 12 hours either in the absence or in the presence
of 1 mM MGO. The pre-conditioned media was used to incubate TR-iBRB cells for 24 hours. The cell lysates were
analyzed by western blotting using specific antibodies against BAX, Bcl-2 and actin. The results represent the mean + SD
of at least three independent experiments. ** p < 0.01 and *** p < 0.001, significantly different from control; b p < 0.001,

significantly different from hypoxia (one-way ANOVA with the Tukey’s multiple comparison test).
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5.3.3 Ang-2, in the presence of low levels of VEGF, decreases proliferation and activates

apoptosis of retinal endothelial cells

Hypoxia and MGO are likely to change the levels of several growth factors and cytokines
released by RPE cells, possibly leading to changes in the BAX/Bcl-2 ratio and compromising
survival of endothelial cells. To specifically assess the role of VEGF and Ang-2 in the proliferation
and survival of endothelial cells, we treated TR-iBRB cells with recombinant VEGF and Ang-2
within the same ratios of VEGF/Ang-2 as those that were released by ARPE-19 cells following
treatment with MGO and/or hypoxia. We observed that Ang-2, in the presence of high levels of
VEGF (a condition that “mimics” hypoxia), strongly decreases the levels of BAX (Figure 33A) in
endothelial cells. On the other hand, we found that Ang-2, in the presence of low levels of VEGF (a
condition that “mimics” hypoxia and MGO treatment), induces a strong decrease in the Bcl-2 levels
(Figure 33A), dramatically altering the BAX/Bcl-2 ratio and presumably leading to apoptosis. To
further confirm this hypothesis, we determined the proteolytic activity of caspase-3, a key
executioner of apoptosis (Cohen, 1997; Porter & Janicke, 1999; Smulson et al, 1998), by using a
specific caspase-3 substrate. Indeed, data shows that in the presence of low levels of VEGF, Ang-2

significantly increases caspase-3 activity (Figure 33B).
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Figure 32. Pre-conditioned medium from RPE cells treated with MGO decreases proliferation of retinal
endothelial cells. (A and B) TR-iBRB cells, incubated on pre-conditioned media of ARPE-19 cells, were used to assess
the protein levels (A) and the cellular distribution (B) of the proliferation marker Ki67, by WB and immunofluorescence,
respectively. (C) TR-iIBRB cells, incubated on pre-conditioned media of ARPE-19 cells, were incubated with BrdU and
detection of BrdU incorporated into DNA was assessed according to the manufacturers’ instructions. The results
represent the mean + SD of at least three independent experiments. *** p < 0.001, significantly different from control;

i p < 0.001, significantly different from hypoxia (one-way ANOVA with the Tukey’s multiple comparison test).
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Consistently, we also observed that this condition decreases the incorporation of BrdU in
DNA (Figure 34A), indicating decreased cell proliferation. In order to further assess the role of the
VEGF/Ang-2 ratio in proliferation of retinal endothelial cells, it was performed a fibrin gel in-vitro
angiogenic assay to assess the ability of cultured cells to form tube-like structures. When cultured
within a fibrin gel and subjected to angiogenic signals, endothelial cells rapidly align and form
interconnecting networks. By using different ratios of VEGF/Ang-2, we observed that Ang-2 in the
presence of high levels of VEGF induce accentuated cell proliferation (Figure 34B). Moreover,
endothelial cells align, forming closed polygons and a network of proto-tubes. However, Ang-2 in
the presence of low levels of VEGF does not favour the formation of proto-tubes or closed
polygons, but rather induces isolated-growing cells and few emergent tubes with low complexity
(Figure 34B).
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Figure 33. In the presence of low levels of VEGF, Ang-2 activates apoptosis in retinal endothelial cells.
(A) TR-iIBRB cells, cultured in DMEM without serum, were incubated with the following concentrations of recombinant
VEGF1e5 and Ang-2 for 24 hours: | — 6 ng/ml VEGF + 4 ng/ml Ang-2; Il — 20 ng/ml VEGF + 4 ng/ml Ang-2; Ill — 0.5 ng/ml
VEGF + 7 ng/ml Ang-2. Subsequently, the cell lysates were analyzed by western blot against BAX, Bcl-2 and actin. The
results represent the mean + SD of at least three independent experiments. ** p < 0.01 and *** p < 0.001, significantly
different from condition | (one-way ANOVA with the Dunnet’'s multiple comparison test). (B) TR-iBRB cells, incubated as
previously described, were used to determine the caspase-3 cleavage activity by spectrophotometry. The results
represent the mean + SD of at least three independent experiments. * p < 0.05, significantly different from condition |

(one-way ANOVA with the Tukey’s comparison test).

5.3.4 The retinas of diabetic rats present increased levels of MGO and changes in the

expression and distribution of HIF-1a, VEGF and Ang-2

In this study, we found that MGO destabilizes HIF-1a under hypoxia and imbalances the
ratio VEGF/Ang-2 secreted by RPE cells, activating apoptosis and decreasing proliferation of
endothelial cells in culture. In order to assess the relevance of these data in a more physiological
context, we investigated whether some of the cardinal MGO-induced modifications in cell culture
systems would also be present in retinas of an animal model of diabetes. For this purpose, it was
used the Goto-Kakizaki (GK) animal model of diabetes (Goto et al, 1976). GK rats are
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characterized by increased fasting glycaemia, glycaemia after 2 hours of glucose administration

and glycated hemoglobin (Table 5), all of them being cardinal features of diabetes.
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Figure 34. In the presence of low levels of VEGF, Ang-2 decreases proliferation of retinal endothelial cells.
(A) TR-iIBRB cells, cultured in DMEM without serum, were incubated with the following concentrations of recombinant
VEGF1e5 and Ang-2 for 24 hours: | — 6 ng/ml VEGF + 4 ng/ml Ang-2; Il — 20 ng/ml VEGF + 4 ng/ml Ang-2; Ill — 0.5 ng/ml
VEGF + 7 ng/ml Ang-2. Subsequently, cells were used to determine the proliferation activity through BrdU incorporation in
DNA. The results represent the mean + SD of at least three independent experiments. * p < 0.05, significantly different
from condition | (one-way ANOVA with the Tukey’s comparison test). (B) TR-iBRB cells were embedded within fibrinogen/
thrombin polymerized gels and incubated with recombinant VEGF+ss and Ang-2 proteins, as mentioned before. Phase-

contrast images were taken using an inverted light microscope 48 hours following embedding.

Table 5. GK rats present a biochemical diabetic phenotype. Body weight, overnight fasting glycaemia, glycaemia after
2 hours of glucose administration and plasma glycated hemoglobin levels of 6-month aged GK and Wistar rats. The
results represent the mean + SEM and are representative of each group, composed of at least ten animals. * p < 0.05,

p < 0.001, significantly different from control (unpaired t test) (data kindly provided by Dr. Raquel Seiga, Physiology
Group — IBILI, Faculty of Medicine, University of Coimbra, Portugal).

Parameter Wistar GK
Body Weight (g) 400 + 22.1 357+84*
Fasting Glycaemia (mg/dL) 66 + 2.3 99+33"
Glycaemia at 2 hours (mg/dL) 83+ 3.1 303 £ 9.2 ***
Glycated Hemoglobin (%) 3.5+0.12 52+0.08*

Data shows that the retinas of GK rats have increased levels of MGO as compared to age-
matched control Wistar retinas (Figure 35). It was further observed important changes in the
expression and distribution of some of the key proteins studied in the cell culture systems. For
example, it was observed by immunoblot that diabetic retinas present decreased levels of HIF-1a
and VEGF and increased levels of Ang-2 as compared to non-diabetic retinas (Figure 36A). By
immunohistochemistry, we further observed that HIF-1a protein is less abundant in the retina of

diabetic rats and is mostly expressed at the retinal pigment epithelium (RPE) and outer plexiform
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(OPL) layers of non-diabetic animals (Figure 36B). Consistent with our model, data also shows that
VEGF expression is lower in diabetic retinas as compared to non-diabetic retinas. Indeed, VEGF is
highly expressed at the retinal pigment epithelium (RPE) and ganglion cell (GCL) layers of Wistar
animals (Figure 36C). Moreover, data shows that Ang-2 is more abundant in the retina of GK rats
(Figure 36D). Taken together, these changes are likely to contribute to a general imbalance

between VEGF and Ang-2 across the retina of diabetic animals.
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Figure 35. GK retinas have increased levels of MGO as compared to Wistar retinas. GK and Wistar retinas were
lysed and used to determine the levels of MGO by HPLC after derivatization with DDB. The results represent the mean +
SD and are representative of each group, composed of at least three animals. * p < 0.05, significantly different from

control (unpaired t test).

Immunohistochemistry data further shows changes in the expression and distribution of
BAX and Bcl-2 between retinas of diabetic and non-diabetic animals (Figure 37A and 37B). For
example, GK rats appear to have low levels of Bcl-2 and higher levels of BAX, which may result in
an increased amount of apoptotic endothelial cells and, consequently, vessel regression, which
would translate in less staining for VWF, a specific marker of endothelial cells (Figure 37C).

Interestingly, data also shows increased vessel permeability in the retina of GK rats as
compared to Wistar retinas, as observed by in-vivo staining of the retina vasculature with Evans
blue (Figure 38). Evans blue dye is known to combine with plasma albumin and is a well
characterized tool to monitor vessel leakage. This increased vascular permeability is a main feature
of diabetes and is a consequence of increased capillary fenestration and formation of gaps
between endothelial cells, by disruption of tight junctions (Harhaj & Antonetti, 2004). Indeed, in the
early stages of DR, increased capillary leakage is involved in the blood-retinal barrier breakdown.

Altogether, data obtained in animals are consistent with in vitro cell culture data and
supports a model in which increased levels of MGO decreases the ratio between VEGF and Ang-2
released by active secretory cells, such as RPE cells, leading to apoptosis and decreased

proliferation of neighbouring endothelial cells.

101



Chapter 5

A. 240 -
© ok
WG - .
B S HFe 5 20
Fa
©
—— —— VEGF £ 1907
2
©
Actin K] :. m\Wistar
d>> *
2 g - GK
c
5
S 40 |
o
0
HIF-1a VEGF Ang-2
B. DAPI
GCL
oPL Wistar
RPE
GCL
OPL
RPE
C. D

GCL

Wistar

oPL Wistar

RPE

GCL

OPL GK

RPE

Figure 36. GK retinas have changes in the expression and distribution of HIF-1a, VEGF and Ang-2 as compared
to Wistar retinas. (A) Wistar and GK retina extracts were immunoblotted against HIF-1a, VEGF, Ang-2 and actin.
Western blots are representative of each group, composed of at least three animals. The results represent the mean +
SD; * p < 0.05, significantly different from Wistar (unpaired t test). (B, C and D) Cryosectioned GK and Wistar retinas were
fixed and used to perform immunohistochemistry using antibodies against HIF-1a (A), VEGF (B) and Ang-2 (C). Retinas
were imaged by fluorescence microscopy and images are representative of each group of animals (100 x of

magnification). GCL - ganglion cell layer; OPL - outer plexiform layer; RPE - retinal pigment epithelium.
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Figure 37. GK retinas present changes in the distribution of BAX, Bcl-2 and vVWF as compared to Wistar retinas.
(A, B, C) GK and Wistar retinas were frozen in OCT tissue embedding matrix and subsequently cryosectioned. Retina
slices with 5-7 um thickness were fixed with ice cold-acetone and used to perform immunohistochemistry using specific
antibodies against BAX (A), Bcl-2 (B) and VWF (C). Retinas were imaged by fluorescence microscopy and images are
representative of each group of animals (100 x of magnification). GCL - ganglion cell layer; OPL - outer plexiform layer;

RPE - retinal pigment epithelium.

5.4 Discussion

Hyperglycaemia appears to be a critical factor in the aetiology of diabetes and initiates a
number of downstream events, such as pericyte dropout, vascular obstruction and capillary non-
perfusion (Waltenberger, 2001), which culminate in tissue ischemia. Cell response to hypoxia is a
fairly complex process that involves activation of HIF-1, a critical step to help cells and tissues to

survive and adapt to low oxygen. However, hyperglycaemia was shown to disrupt, at least in part,
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the ability of tissues to respond and adapt to hypoxia (Abaci et al, 1999; Catrina et al, 2004; Kido et
al, 2005; Malmberg et al, 1999) and destabilization of HIF-1a by high-glucose appears to be at the
origin of the loss of cell response to hypoxia in diabetes (Catrina et al, 2004). Indeed, in chapter 4 it
is shown that high-glucose induces degradation of HIF-1a by a mechanism dependent on
increased production and intracellular accumulation of MGO, establishing a new molecular link
between hyperglycaemia and destabilization of HIF-1a. Data also suggests that impairment of the
cell and tissue response to hypoxia, in situations of increased availability of MGO, is related, at

least in part, with downregulation of VEGF, a crucial pro-survival and pro-angiogenic factor.
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Figure 38. GK retinas present increased vascular permeability as compared to Wistar retinas. GK and Wistar rats

were injected with an Evans blue solution through the jugular vein 30 minutes before animal kill. Flat-mounted retinas
were imaged by fluorescence microscopy and images are representative of each group of animals (A — 100 x of

magnification; B — 200 x of magnification); arrows - leakage sites.

Several lines of evidence suggest that an imbalance between the levels of a variety of
growth factors might be associated with the development of diverse vascular complications and
impairment of the angiogenic response in diabetes. Vascularization is regulated by complex
context-dependent interactions between, among others, Ang-2 and VEGF. Changes in the
regulation of either factor are likely to be involved in alterations of the angiogenic remodelling
program. Diabetes induces a significant increase in retinal expression of Ang-2 in rats (Hammes et
al, 2004), while diabetic Ang-2*" mice present both decreased pericyte loss and reduced acellular
capillary formation, as compared to diabetic wild-type strain Ang-2"* (Hammes et al, 2002).
Moreover, experimental evidence suggests that decreased levels of VEGF might be associated
with wound-healing disorders in diabetic patients (Altavilla et al, 2001) and simvastatin-induced
VEGF expression or topical VEGF application ameliorates impaired wound-healing (Bitto et al,
2008; Galiano et al, 2004; Singh et al, 2007). Consistently, following an ischemic insult, VEGF
levels in diabetic hearts remain significantly lower than those in nondiabetics (Marfella et al, 2002;

Marfella et al, 2004). Of significance, myocardial ischemia-induced VEGF expression is significantly
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impaired in diabetic patients (Tuo et al, 2008) and some of these changes can be reversed by
decreasing the levels of Ang-2. These and other observations highlight the critical role for the
VEGF/Ang-2 balance in the regulation of angiogenesis, myocardial injury (Tuo et al, 2008) and in
other pathophysiological complications associated with diabetes.

Accumulation of MGO has been implicated in the development of many vascular
complications of diabetes (Kalapos, 1999). Significantly, increased retinal levels of MGO in diabetic
rats are associated with the formation of acellular capillaries, pericytes dropout (Hammes, 2003;
Hammes et al, 2003) and deregulation of angiogenesis (Berlanga et al, 2005), which are major
structural lesions of DR. For example, MGO was shown to increase the expression of Ang-2, a key
destabilizing factor involved in the initiation of the angiogenic remodelling program (Yao et al,
2007). Consistently, in this work we show that MGO increases the levels of Ang-2 produced and
secreted by RPE cells and decreases the levels of VEGF secreted by these cells. The resulting
imbalance in the ratio VEGF/Ang-2 leads to increased endothelial cell death and decreased
proliferation, which are likely to account for vascular regression and deregulation of the angiogenic
response in diabetes.

Diabetes has been characterized by an “angiogenic paradox”, since both pro- and anti-
angiogenic conditions coexist in chronic diabetes. Some microvascular tissues are associated with
increased expression of growth factors resulting in neovascularization. This response has a
significant role in advanced stages of DR, which seems to be ameliorated upon angiogenesis
inhibition. Conversely, decreased expression of pro-angiogenic factors is associated with
impairment of new blood vessels formation leading to poor wound healing, coronary artery and
peripheral limb disease, which is ameliorated by induction of growth factors release. Thus, two
apparently diametric angiogenic responses occur in diabetes and generate an intriguing paradox
(Duh & Aiello, 1999).

Several reports suggest that VEGF plays a central role in mediating these diabetic vascular
complications and is likely to be at the basis of the angiogenic paradox on diabetes. In the specific
case of DR, it is clearly known that VEGF is a major mediator of intraocular neovascularization,
serving a pivotal role in the aetiology of advanced stages of DR. Indeed, VEFG concentrations are
markedly elevated in both vitreous and ocular aqueous fluids of patients with active proliferative DR
compared with samples from patients without diabetes, with nonproliferative DR or with quiescent
proliferative DR (Aiello et al, 1994; Duh & Aiello, 1999). However, early stages of DR are
characterized by opposite phenotypes, mainly associated with formation of acellular capillaries,
pericytes dropout, impairment of the angiogenic response and increased vessel permeability,
accounting for blood-retinal barrier breakdown.

Despite all the advances in the understanding of DR, the nature and time course of
molecular changes in the diabetic retina are poorly characterized and studies on VEGF mRNA
have produced conflicting results. For example, retinal VEGF mRNA levels have been reported by

independent studies to be unchanged at 3 months, increased at 6 months and decreased at
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6 months duration of streptozotocin (STZ)-induced diabetic rats (Brucklacher et al, 2008).
Moreover, a recent study, based on a gene expression profile, shows a consistent decrease in
VEGF mRNA expression at the retina of 1 and 3 month-aged STZ-induced diabetic rats
(Brucklacher et al, 2008). This work also shows that the decrease of the VEGF mRNA levels is
accompanied by increased vascular permeability and caspase-3 activity, two main features of the
early stages of DR, which are classically associated with high expression of VEGF, a fact that was
not corroborated by the study. Indeed, in the work here reported it is shown that increased vessel
permeability and apoptosis susceptibility are accompanied by decreased levels of VEGF in a
6-month aged GK diabetic rat. Thus, it seems that there are multiple phases in the regulation of
vegf gene expression in DR and it is not prudent to generalize its upregulation for all the stages of
this diabetic complication.

In conclusion, the results reported in this study are consistent with a number of diverse
observations that implicate the VEGF/Ang-2 crosstalk in the vascular complications observed on
diabetes. In this study, we suggest that high glucose, by increasing the intracellular levels of MGO,
is likely to disrupt the balance between VEGF and Ang-2, resulting in the development of cardinal
features of the early stages of diabetic vascular complications, such as endothelial cell death and

vascular regression.
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Chapter 6. Methylglyoxal impairs critical components of the protein quality control

6.1 Abstract

Increased production and accumulation of methylglyoxal (MGO), as well as increased
modification of proteins by glycoxidation are hallmarks of normal aging and diabetes. MGO was
shown to modify proteins and to contribute to the accumulation of obsolete proteins that can be
toxic to cells. However, the effect of MGO on the cell systems responsible for repairing or degrading
damaged proteins is still unclear. In this study, the effect of MGO on the function of the ubiquitin-
proteasome system (UPS) and on molecular chaperones — two cooperative mechanisms
associated with protein quality control, was investigated. Here, it is shown that treatment of cells
with MGO leads to accumulation of ubiquitin conjugates and depletion of free ubiquitin. Moreover,
MGO significantly decreases the proteolytic activity of the 20S proteasome. Data further show that
MGO decreases the levels of the molecular chaperones Hsc70 and Hsp90 and induces the
formation of CHIP-, Hsp40- and ubiquitin-containing aggregates. The formation of large aggregates
containing CHIP is a consequence of its binding to misfolded proteins and to molecular
chaperones. Moreover, dysfunction of the chaperones/CHIP/UPS axis is associated with
accumulation of oxidized and argpyrimidine-modified proteins, which is likely to be associated with
decreased cell viability and proliferation. Interestingly, data further show that the cellular stress
induced by MGO is counteracted, at least in part, by the activation of heat shock factor-1 (Hsf-1),
the main transcription factor involved in the regulation of the expression of heat shock proteins
(HSPs) and response to cellular stress. Indeed, in this work it is shown that MGO induces
oligomerization of Hsf-1 and increases its transcriptional activity.

Altogether, data indicates that MGO induces cellular stress and disrupts the protein quality
control system by impairing the activity of the UPS, by disrupting the levels of several molecular
chaperones and by inducing the accumulation of modified proteins in the cell. However, these
MGO-induced changes seem to be sensed by the Hsf-1 system, which is crucial to help cells to

cope with cellular stress.

6.2 Introduction

MGO is a highly reactive a-oxoaldehyde that is formed in cells primarily from the triose
phosphate intermediates of glycolysis, dyhydroxyacetone phosphate and glyceraldehyde
3-phosphate (Ramasamy et al, 2006). This by-product of glycolysis induces rapid and non-
enzymatic modification of free amino groups of lysine and arginine residues of proteins, leading to
the generation of advanced glycation end products (AGEs) (Shinohara et al, 1998). The
posttranslational modification of proteins by MGO is known to contribute to normal aging, as well as

to a number of diseases, including cancer, diabetes and other disorders (Ramasamy et al, 2006).
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Indeed, hyperglycaemia triggers enhanced production of MGO on diabetes (Brownlee, 2005;
Ramasamy et al, 2006), leading to vascular dysfunction (Hammes, 2003), while AGEs exacerbate
and accelerate a number of characteristics of many age-related diseases (Brownlee, 1995; Tian et
al, 2005).

MGO is known to induce aggregation and structural modifications in proteins through cross-
linking and formation of chemical adducts (Biswas et al, 2008; Monnier et al, 1996). In eukaryotic
cells, the proteasome contributes to prevent the accumulation of non-functional, potentially toxic
proteins. This proteolytic system is of particular importance in protecting cells against harsh
conditions, such as heat shock, glycation or oxidative stress (Goldberg, 2003), and is an important
player in the protein quality control system in eukaryotic cells. However, when the generation of
obsolete proteins exceeds the capacity of the cell to degrade them, there is a progressive
accumulation of damaged proteins, which often become insoluble over time and are potentially
toxic to cells (Goldberg, 2003). Accumulation of damaged proteins, ultimately, occurs when the
proteolytic systems and molecular chaperones, which normally prevent aggregation (for example,
Hsc70 and Hsp90) (Frydman, 2001; Hartl & Hayer-Hartl, 2002), cannot keep up with the rate of
production of misfolded or otherwise damaged proteins.

The carboxy terminus of the Hsc70-interacting protein (CHIP) is a key player in protein
quality control since it is a molecular link between chaperones and the UPS. Indeed, CHIP has both
a tetratricopeptide repeat (TPR) motif and a U-box domain (Ballinger et al, 1999). The TPR motif
associates with chaperones, such as Hsp40, Hsc70 and Hsp90, while the U-box domain has
ubiquitin ligase activity. Thus, CHIP has a critical role in protein quality control by ubiquitinating
misfolded or post-translationally modified proteins through interaction with molecular chaperones
(Murata et al, 2003).

It has been suggested that the activity of the proteasome can be compromised upon aging
(Vernace et al, 2007) and diabetes (Portero-Otin et al, 1999). For example, the levels of the
proteasome activator PA28 are decreased in muscle extracts of diabetic rats (Merforth et al, 2003),
which might result in accumulation of glycated and toxic proteins, typically observed in diabetic
tissues. Furthermore, formation of amyloid-aggregates in B-cells, on type 2 diabetes, is highly
enhanced by MGO (Chen et al, 2006) and this is known to impair the UPS, leading to apoptosis
(Casas et al, 2007). On the other hand, it has been suggested that UPS activity decreases with
aging, which may further account for the accumulation of modified and toxic proteins in cells,
contributing to cell injury and death (Vernace et al, 2007). There is also increasing evidence
showing that molecular chaperones, such as a-crystallin and Hsp27 (Satish Kumar et al, 2004;
Schalkwijk et al, 2006), are themselves major targets of MGO-induced modification and
aggregation. These and other evidences indicate that age- and diabetes-dependent accumulation
of MGO is likely to account for impairment of the protein-quality control mechanism. However, the

effect of MGO in the function of UPS and on molecular chaperones is still not clear.
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Herein, it is shown that increased levels of MGO lead to accumulation of ubiquitin
conjugates and depletion of free ubiquitin in the cell. The accumulation of ubiquitin conjugates is
presumably due to both MGO-induced impairment of UPS and MGO-induced disruption of
chaperones. Data presented, in this chapter, further shows that MGO downregulates Hsc70 and
Hsp90 and promotes the formation of large aggregates containing Hsp40, CHIP and ubiquitin.
Consistently, the effects of MGO lead to accumulation of modified proteins in the cell and to
decreased cell viability. Moreover, increased activation of Hsf-1 is also observed, which is likely to

be a counteracting mechanism to the MGO-induced cellular stress.

6.3 Results

6.3.1 MGO impairs the 20S proteasome activity and leads to accumulation of ubiquitin

conjugates

Increased production and accumulation of MGO has been associated with cell and tissue
dysfunction in diabetes and aging (Ramasamy et al, 2006), both characterized by decreased
proteasome activity (Merforth et al, 2003; Vernace et al, 2007). However, the putative effect of

MGO on proteasome activity and on the accumulation of obsolete proteins remains to be clarified.

A. B.
10000 4
m
£ » b
c
3 8000 o (\"‘6(50\&@0%@6\@
£ r N W
§ | T3 H - o
s 6000 T = Control !. Ubu_:|mt|l;|
> . conjugates
Z 4000 | T Meo ]
S f ' - . ' Free Ubiquitin
L
% 2000 - w—— wame s e Anti-actin
(]
s
a 0
Chymotrypsin Caspase Trypsin

Figure 39. MGO decreases the 20S proteasome activity, depletes free ubiquitin and leads to accumulation of
ubiquitin conjugates. (A) ARPE-19 cells were treated with 3 mM MGO for 3 hours and the cell extracts were used to
measure the proteolytic activities of the 20S proteasome (chymotrypsin-like, caspase-like and trypsin-like activities) using
specific fluorogenic substrates. The results correspond to the measurement at 30 minutes of activity and represent the
mean + SD of at least three independent experiments. ** p < 0.01, significantly different from control; t test. (B) ARPE-19
cells were treated with 1mM MGO, 3mM MGO or 20 yM MG132 for 3 hours and the proteins were separated by SDS-

PAGE, transferred to PVDF membranes and probed with monoclonal antibodies against ubiquitin and actin.

To evaluate the effect of MGO on the proteasome activity, we used a human retinal pigment
epithelium cell line (ARPE-19). This cell type represents an appropriate model for this study, since it

has a very active and functional UPS (Obin et al, 1994; Shang et al, 2005). Moreover, the retinal
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pigment epithelium has a high rate of glucose consumption and its ubiquitin-proteasome system
has been shown to be affected during aging and diabetes (Brownlee, 1995; Coffe et al, 2006; Tian
et al, 2005). Indeed, accumulation of MGO during aging is associated with accumulation of
lipofuscin aggregates and drusen’s formation (Tian et al, 2005).

To assess 20S proteasome activity, ARPE-19 cells were treated with MGO and the cell
extracts were used to measure the three peptidase activities of the 20S proteasome using
fluorogenic substrates. Figure 39A shows that MGO significantly decreases the chymotrypsin-like
(p < 0.01) and caspase-like (p < 0.01) activities of the 20S proteasome. Western blot analysis of
ARPE-19 cell extracts treated with MGO revealed that MGO increases the accumulation of
ubiquitin conjugates and decreases the levels of free ubiquitin (Figure 39B). This result is
comparable to data obtained in the presence of a proteasome inhibitor (such as MG132) and

suggests that MGO does induce proteasome inhibition.
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Figure 40. MGO decreases the levels of Hsc70 and Hsp90. (A, B, C) ARPE-19 cells were treated with 1 mM MGO or
3 mM MGO for 3 hours and the cell lysates were analyzed by western blotting using anti-Hsc70 (A), Hsp90 (B) and anti-
actin antibodies. The quantified results represent the mean + SD of at least three independent experiments.
***p <0.001, i p <0.01, b p < 0.001, significantly different from control; one-way ANOVA (Dunnet’s post hoc test) (C).

6.3.2 MGO decreases the levels of Hsc70 and Hsp90

MGO is known to induce modification of proteins by glycoxidation (Kang, 2006; Lee et al,
1998; Rondeau et al, 2008; Shinohara et al, 1998; Thornalley, 2008). Accumulation of damaged
proteins can be toxic and interfere with normal cell function. Therefore, repair or elimination of
MGO- or otherwise-damaged proteins is critical to ensure proper cell function and survival. This
function is supported by a complex quality control mechanism that relies on molecular chaperones
and UPS, which can either refold damaged proteins or direct them to proteasomal degradation. The
molecular chaperones Hsc70 and Hsp90 bind to unfolded proteins and both contribute to regulate
protein quality control (Connell et al, 2001; Goldberg, 2003; Murata et al, 2001; Park et al, 2007).

Therefore, it is likely that destabilization of these chaperones may compromise protein quality
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control. Data obtained in this study show that in addition to inhibiting the proteasome, MGO induces

a decrease in the levels of Hsc70 and Hsp90 proteins (Figure 40A and 40B).

6.3.3 MGO induces the formation of CHIP- and Hsp40-containing aggregates

Hsp40 and CHIP are crucial regulators of the protein quality control (Connell et al, 2001;
Marques et al, 2006; Murata et al, 2001). Damaged proteins are often recognized and bound to
Hsp40, which in turn recruits Hsc70. Hsp40 functions in cooperation with the co-chaperone CHIP,
which has ubiquitin ligase activity and, therefore, is able to ubiquitinate damaged proteins,
promoting their UPS-dependent degradation (Goldberg, 2003). Data represented in Figures 41A,
40B and 40C shows that MGO strongly increases, in a time- and dose-dependent manner, the
accumulation of bands with high molecular weights that present immunoreactivity for CHIP/STUB-1

and Hsp40 antibodies.
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Figure 41. MGO induces formation of large aggregates containing ubiquitin, CHIP and Hsp40. (A) ARPE-19 cells
were treated with 1 mM MGO or 3 mM MGO for 3 hours and the cell lysates were analyzed by western blotting using
specific antibodies against STUB-1/CHIP and actin. (B) ARPE-19 cells were transfected with c-myc-CHIP wt and treated
with 3 mM MGO for 15, 30, 50, 79 and 90 minutes. Proteins were separated by SDS-PAGE, transferred to PVDF
membranes and probed against c-myc and actin. (C) ARPE-19 cells were treated with 1 mM MGO or 3 mM MGO for
3 hours. The cell lysates were used to immunoprecipitate Hsp40 and immunoblot the immunoprecipitates against

ubiquitin.

Moreover, we observed that MGO increases the ubiquitination of Hsp40- and CHIP- positive
aggregates (Figure 41C and 42A). However, ubiquitination on its own does not fully explains the
posttranslational modification of CHIP-containing aggregates, since MG132 strongly increases
ubiquitination of the protein and does not induce accumulation of bands with high molecular
weights, consistent with CHIP-containing aggregates. We suggest that these high molecular weight
bands correspond to ubiquitinated substrates that undergo MGO-induced post-translational

modifications, ending up in large aggregates containing ubiquitinated proteins, chaperone and co-
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chaperone complexes, including Hsp40 and CHIP. This could be a result of the cooperative action
of chaperones and UPS in rescuing or degrading misfolded and/or post-translational modified
substrates. It is conceivable that some of these aggregates will become insoluble, accounting for
age- and diabetes-related cell damage. To further pursue this issue, ARPE-19 cells were
transfected with a mutant CHIP that cannot bind chaperones (CHIP K30A) or with a mutant CHIP
with no ubiquitin ligase activity (CHIP H260Q). Data shows that the accumulation of bands with
high molecular weight, with reactivity for CHIP, decreases when CHIP does not contain chaperone-
binding affinity (Figure 42B). Conversely, accumulation of high molecular weight complexes is
potentiated by overexpression of CHIP with no ubiquitin ligase activity (Figure 42B). This suggests
that the accumulation of CHIP-containing high molecular weight complexes is dependent on both
activities of CHIP and is likely to be a consequence of CHIP being trapped in ubiquitinated

complexes containing molecular chaperones and obsolete/misfolded proteins.
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Figure 42. Accumulation of CHIP-containing high molecular weight complexes is dependent on both activities of
CHIP. (A) ARPE-19 cells were transfected with c-myc-CHIP wt and treated with 3 mM MGO for 3 hours. C-myc (CHIP)
was immunoprecipitated and the immunoprecipitates were probed using a monoclonal antibody against ubiquitin. (B)
ARPE-19 cells were transfected with c-myc CHIP wt, c-myc CHIP K30A or c-myc CHIP H260Q. Cells were subsequently

treated with 3 mM MGO for 3 hours and the cell lysates were immunoblotted against c-myc and actin.

6.3.4 MGO leads to the accumulation of modified proteins and decreases cell viability

Considering that MGO impairs the UPS and disrupts the chaperones axis, we suggest that
MGO is likely to disrupt the protein quality control system in the cell, leading to a potentially toxic
accumulation of damaged proteins. Indeed, we observed that MGO strongly increases the levels of
modified and oxidized proteins (Figure 43A). Moreover, we further observed increased
accumulation of AGEs in the presence of MGO, as revealed by increased immunoreactivity of
whole protein extracts against an anti-argpyrimidine antibody (Figure 43B). This indicates that MGO

may exert its noxious effects at different levels: by direct modification of cell proteins (glycoxidation)
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or by disrupting the protein quality control systems in the cell, including UPS and molecular
chaperones. In addition, the impairment of protein quality control and protein modifications induced
by MGO are likely to lead to the accumulation of obsolete and toxic proteins, which is accompanied

by a significant decrease in cell viability (Figure 43C) and decreased proliferation (Figure 43D).
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Figure 43. MGO induces accumulation of oxidized and argpyrimidine-modified proteins and decreases cell
proliferation and viability. (A) ARPE-19 cells were treated with 1 mM MGO or 3 mM MGO for 3 hours and the cell
lysates were used to derivatize proteins with DNPH. Derivatized proteins were separated by SDS-PAGE, transferred to
PVDF membranes and probed with an antibody against dinitrophenylhydrazone derivatives. (B) ARPE-19 cells were
treated with 1mM or 3 mM MGO for 3 hours and the cell lysates were immunoblotted against argpyrimidine and actin.
(C) ARPE-19 cells were treated with 1 mM MGO or 3 mM MGO for 3 hours and used to assess cell viability through the
MTT colorimetric assay. The results represent the mean + SD of at least three independent experiments.
* p < 0.05, significantly different from control; one-way ANOVA (Dunnet's post hoc test). (D) ARPE-19 cells cultured in a
96-well plate were incubated with BrdU and simultaneously treated with 1 mM MGO or 3 mM MGO for
3 hours. BrdU incorporated in DNA was measured using a specific antibody against BrdU conjugated with peroxidase.
The quantified results represent the mean + SD of at least three independent experiments. * p < 0.05, *** p < 0.001,
significantly different from control; one-way ANOVA (Dunnet’s post hoc test).

6.3.5 Activation of Hsf-1 counteracts the MGO-induced decrease in molecular chaperone

levels

Stimuli that induce cellular stress and protein damage normally activate sensing
mechanisms and stress responses, which often include a dramatic change in the pattern of gene
expression and increased synthesis of molecular chaperones. Increased expression of heat-shock
proteins generally result in repair of obsolete proteins and survival of the cell (Pirkkala et al, 2001).
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The inducible expression of HSPs is mainly regulated by Hsf-1, which acquires DNA binding activity
and induces transcription of the heat shock genes.

As previously shown, MGO constitutes a potent stressor by impairing UPS activity and
leading to the accumulation of damaged and modified proteins in the cell. Considering that Hsf-1 is
crucial for cell response against damage and stress, the involvement of Hsf-1 in the cellular

response to the noxious effects induced by MGO was tested.
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Figure 44. MGO-induced stress activates Hsf-1 through increased oligomerization and DNA-binding activity.
(A) ARPE-19 cells were treated with 1 mM MGO for 3, 5 or 8 hours and the cell lysates were analyzed by western blot
using specific antibodies against Hsf-1 and actin. * Monomeric Hsf-1 (~ 80 kDa); ** Dimeric Hsf-1 (~ 160 kDa);
*** Trimeric Hsf-1 (~ 230 kDa). (B) ARPE-19 cells were transiently transfected with the HSE wt (x4)-luciferase or HSE mut
(x4)-luciferase vectors and were treated with 1 mM MGO for 3, 5 or 8 hours. Subsequently, the luciferase activity was
determined by luminescence. The quantified results represent the mean + SD of at least three independent experiments.

** p < 0.01, significantly different from control; one-way ANOVA (Dunnet’s post hoc test).

Oligomerization of Hsf-1 and gain of DNA binding activity are well characterized indicators of
activation of the Hsf-1-dependent stress response. Indeed, in this study it is shown that Hsf-1 is
mostly present in the monomeric/inactive form under normal conditions. However, MGO induces
the formation of Hsf-1 homodimers, followed by the formation of Hsf-1 homotrimers (Figure 44A),
which suggests Hsf-1 activation. To further evaluate the activation of Hsf-1 by MGO-induced stress,
we examined the ability of Hsf-1 to bind heat-shock elements (HSE) on DNA and activate
transcription of the genes under the control of this conserved sequence. Indeed, through an HSE-
luciferase reporter gene assay, we observed that MGO specifically increases the transcriptional
activity of Hsf-1 (Figure 44B). Moreover, mRNA and protein levels of several molecular chaperones
(HspB1, HspB2, Hsp70, Hsp90, Hsc70), which are regulated by Hsf-1, further emphasize the
activation of Hsf-1 by MGO and the existence of a heat-shock response against MGO-induced
stress (Figure 45). In an initial phase (after 3 hours of incubation with 1 mM MGO), MGO decreases
the mRNA and protein levels of these proteins, compromising the ability of cells to cope with stress.
However, this response is reverted for longer periods of incubation with MGO (8 hours), suggesting

a cellular response against stress, which is likely to be triggered by Hsf-1. Of great significance, we
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observed that activation of Hsf-1 and increased expression of molecular chaperones is
accompanied by an increase in cellular viability, which becomes statistically significant after
10 hours of incubation with 1 mM MGO (as compared to shorter periods of incubation; p < 0.05,

one-way ANOVA), which suggests adaptation against the noxious effects induced by MGO (data

not shown).
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Figure 45. The mRNA and protein levels of several molecular chaperones increase for longer periods of MGO
incubation. (A) ARPE-19 cells were treated with 1 mM MGO for 3, 5 or 8 hours. Total RNA was used to synthesize
cDNA, which, in turn, was used as template to quantify HspB1, HspB2, Hsc70, Hsp70 and Hsp90 mRNA and 18S rRNA
through RT-PCR. The quantified results represent the mean + SD of at least three independent experiments.” p < 0.05,

** p <0.01, ™ p < 0.001, significantly different from the respective control; b p <0.01 and i

p < 0.001, significantly
different from the corresponding “MGO 3h” condition; § p < 0.05, §§ p < 0.01, significantly different from the
corresponding “MGO 5h” condition; one-way ANOVA (Tukey’s post hoc test). (B) ARPE-19 cells were treated with 1 mM
MGO for 3, 5 or 8 hours and the cell lysates were analyzed by western blot using anti-Hsc70, Hsp90 and anti-actin
antibodies. The quantified results represent the mean + SD of at least three independent experiments.
*p <0.05, ** p <0.01 and *** p < 0.001, significantly different from the respective control; one-way ANOVA (Tukey’s post

hoc test); " p < 0.01, significantly different from the corresponding “MGO 5h” condition; one-way ANOVA (Tukey'’s test).
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6.4 Discussion

Increased production of methylglyoxal, increased modification of proteins by glycoxidation
and accumulation of damaged proteins are all hallmarks of normal aging and of a number of
diseases, such as diabetes and cancer (Brownlee, 1995; Ramasamy et al, 2006). MGO is known to
be toxic and to interfere with a plethora of critical mechanisms in the cell. For example, MGO
impairs the mitochondria-respiratory chain and increases the production of reactive oxygen
species, particularly the anion superoxide, contributing to increased oxidation of proteins (Ray et al,
1994; Rosca et al, 2002; Rosca et al, 2005). On the other hand, MGO reacts with free e-NH, groups
of basic amino acid residues, through glycation, altering the structure and function of proteins
(Bulteau et al, 2001). These and other posttranslational modifications induce exposure of
hydrophobic patches of the proteins and loss of secondary and tertiary structure (Bulteau et al,
2001; Friguet et al, 1994). These changes were proposed to act as a recognition signal for
degradation by the proteasome (Ferrington et al, 2001; Grune et al, 1997; Lasch et al, 2001).
Canonically, the recognition of the exposed hydrophobic domains of modified proteins is mediated
by molecular chaperones, such as Hsc70 and Hsp90. Binding of chaperones is often suggested to
recruit the ubiquitin ligase CHIP, which ubiquitinates the modified proteins and targets them for
proteasomal degradation (Goldberg, 2003). However, the function of the proteasome has also been
reported to be impaired upon aging, which may account for inefficient removal of damaged proteins
(Bulteau et al, 2001; Friguet et al, 2000; Petropoulos et al, 2000). For example, oxidative
inactivation of the proteasome was reported in many types of cells and proteasome activity was
shown to decrease in glyoxal-treated cells as compared to controls (Bulteau et al, 2001).
Consistently, in this study we show that MGO impairs the ubiquitin-proteasome pathway and
destabilizes several molecular chaperones that are crucial for protein quality control. These
impairments are likely to contribute for the accumulation of modified proteins and decreased cell
proliferation and viability.

In fact, a number of independent studies have shown that MGO modifies and destabilizes
several molecular chaperones, such as Hsp27 and a-crystallin (Kumar et al, 2007; Nagaraj et al,
2003; Oya-lto et al, 2006; Sakamoto et al, 2002; Satish Kumar et al, 2004; Schalkwijk et al, 2006).
Despite some controversial studies, it is becoming increasingly clear that molecular chaperones
and co-chaperones constitute a group of proteins that can be critically affected by MGO. Indeed, in
this work, it is observed that Hsp40, Hsc70, Hsp90 and CHIP are all destabilized by MGO. The
protein levels of Hsc70 and Hsp90 decrease in the presence of MGO. On the other hand, CHIP and
Hsp40 become aggregated following treatment with MGO. These findings lead us to hypothesize
that, in addition to other established toxic effects, MGO acts by disrupting the protein quality control
system. Indeed, we show that treatment of cells with MGO leads to formation of Hsp40- and CHIP-
containing ubiquitinated aggregates and that the overexpression of a ligase-dead CHIP increased

the levels of CHIP-positive aggregates. Moreover, the overexpression of a mutant CHIP, which
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does not bind chaperones, suggests that formation of these aggregates is mediated by ancillary
chaperones that bind to CHIP. These findings lead us to suggest that CHIP is being trapped in
aggregates of modified proteins, which are recognized by the chaperone-binding site of CHIP and
are, at least, partially targeted for degradation by the ubiquitin ligase activity of this protein. These
data also emphasize the dual role of CHIP in the recognition of damaged proteins and in the
targeting of these proteins for degradation. However, data also shows that CHIP overexpression is
not sufficient to entirely compensate for the accumulation of modified proteins, thus accounting for
increased cell toxicity. Indeed, we show that impairment of UPS and destabilization of molecular
chaperones is accompanied by decreased proliferation and decreased cell viability. Consistently,
high levels of MGO and accumulation of aggregates induced by MGO have been extensively
correlated with the loss of cell viability and cell death (Denis et al, 2002; Jan et al, 2005; Miller et al,
2006).

This works emphasizes the critical role of MGO in the damage of proteins, which accounts
for cell injury and cell death. Hsf-1 has been identified as a key player in the response to cellular
stress, mediating stress-induced heat shock gene expression on the basis of its ability to display
inducible DNA binding activity, oligomerization and nuclear localization in response to
environmental stressors (Pirkkala et al, 2001; Voellmy, 2004). Indeed, this study shows that Hsf-1
is activated in the presence of increased levels of MGO, as observed by increased trimerization
and increased transcriptional activity. Ultimately, the stress induced by MGO appears to be, at
least, partially compensated by the activation of Hsf-1, which increases the expression of several
inducible heat shock proteins, known to improve refolding of damaged proteins, protein quality
control and cell survival. This response shows that cells have finely tuned sensing mechanisms that
counteract, at least in part, abnormal changes induced by stress-inducers. However, these
mechanisms are virtually fallible and can be compromised under acute and highly severe stresses
or chronic mild stresses. This may explain the inefficiency of cells to properly respond to stress in
some pathological states or diseases, such as some neurodegenerative disorders and diabetes,
both characterized by severe impairment of cellular viability and accumulation of damaged and,
even, aggregated proteins.

Altogether, data lead us to suggest that MGO-induced post-translational modifications in
proteins lead to recruitment of molecular chaperones, in an attempt to repair the misfolded proteins.
CHIP is subsequently recruited and acts as a switch, directing substrates from protein refolding to
protein degradation. However, our observations suggest that formation of CHIP- and chaperones-
containing large ubiquitinated aggregates may become difficult to process by either pathway
(refolding or degradation), particularly if the proteasome is also inhibited, leading to the
sequestering of CHIP and molecular chaperones in these protein aggregates.

The data gathered suggest that accumulation of MGO, which occurs in a variety of
situations, such as diabetes and aging, impairs both the ubiquitin-proteasome system and the

protein quality control dependent on CHIP and molecular chaperones, leading to accumulation of
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toxic aggregates and increased cell death. However, these MGO-induced changes also appear to
elicit a response from the Hsf-1 system, which is crucial to help cells to cope with cellular stress and

to re-establish homeostasis.
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General conclusions

Chapter 7. General conclusions

The major complications of diabetes are associated with micro and macroangiopathies and
high levels of glucose appear to be a driving force in the development of such vascular
complications. Multiple biochemical pathways have been proposed to account for the pathogenesis
of diabetes (Brownlee, 2005). Increased production and intracellular accumulation of methylglyoxal
(MGO) is one of the central pathways that is likely to be a molecular link between hyperglycaemia
and a number of pathological changes associated with diabetes, including endothelial dysfunction.

Endothelial dysfunction in diabetes is, to a large extent, associated with deregulation of the
cell and tissue response to ischemia. Despite being an area of very active research, the link
between hyperglycaemia and endothelial dysfunction, including the loss of cell response to hypoxia
and destabilization of the hypoxia inducible factor-1 (HIF-1), has remained elusive. The data
presented in this thesis show that increased production of MGO might be a link between both
events and highlights a new model for the loss of cell response to hypoxia and endothelial
dysfunction in diabetes.

The canonical pathway for degradation of HIF-1a under normoxia involves the targeting of
the protein by the Von Hippel Lindau ubiquitin ligase (pVHL). To the best of our knowledge, there
are only a very few recent studies to propose that HIF-1a may be targeted for degradation by
pathways that do not require pVHL. However, the vast majority of such studies do not elucidate the
molecular mechanisms involved nor do they identify the E3 ligases that target HIF-1a for
degradation. This work shows an entirely new mechanism for degradation of HIF-1a that is
activated in response to hyperglycaemia-induced accumulation of MGO. This finding is a novel and
important contribution since it provides insight into a new molecular mechanism that promotes
destabilization of an important transcription factor, which is likely to have a strong impact across a
number of diseases, such as diabetes.

Data presented in chapter 4 shows that MGO modifies the HIF-1a protein, leading to the
formation of Ne-carboxymethyl-lysine (CML) and Na-acetyl-Nd-(5-hydro-5-methyl)-4-imidazolone
(MG-H1) adducts, which induces a rapid proteasome-dependent degradation of HIF-1a (Figure 46).
The degradation of HIF-1a requires its prior ubiquitination through a mechanism independent on
the ubiquitin ligase VHL and on proline hydroxylation. Significantly, data shows that the carboxy
terminus of Hsp70-interacting protein (CHIP) is the E3 ligase that ubiquitinates HIF-1a in the
presence of MGO. Consistently, silencing of endogenous CHIP and overexpression of glyoxalase |
stabilize HIF-1a under hypoxia in the presence of MGO. Data further shows that increased
association of the heat shock proteins Hsp40/70 with HIF-1a leads to recruitment of CHIP, which
promotes polyubiquitination and proteasomal degradation of HIF-1a (Figure 28). Moreover, MGO-
induced destabilization of HIF-1a leads to a dramatic decrease in HIF-1 transcriptional activity and

expression of the vascular endothelial growth factor (VEGF) (Figure 46), which may explain the
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loss of cell response to hypoxia and endothelial dysfunction in situations of increased availability of
MGO, such as diabetes.

Independent data indicates that MGO modifies the co-repressor mammalian Sin3 homolog
A (mSin3A), leading to increased expression of angiopoietin-2 (Ang-2) (Yao et al, 2007), which is
known to be a key destabilizing signal for vessels, leading to regression in the absence of pro-
angiogenic factors, such as VEGF. For example, diabetes induces a significant increase in retinal
expression of Ang-2 (Hammes et al, 2004), while diabetic Ang-2*" mice present both decreased
pericytes loss and reduced acellular capillary formation, as compared to the diabetic wild-type

+/+

strain Ang-2"" (Hammes et al, 2002). Moreover, decreased levels of VEGF are associated with
some angiogenesis and arteriogenesis disorders in diabetic patients, which are attenuated by
decreasing the levels of Ang-2 (Altavilla et al, 2001; Tuo et al, 2008). Based on these and other
evidences, we suggest that MGO destabilizes the levels of Ang-2 and VEGF, leading to cell death
and decreased proliferation of endothelial cells, which are likely to account for vascular dysfunction
(Figure 46). Consistently, data presented in this thesis shows that MGO imbalances the ratio
between VEGF and Ang-2 secreted by epithelial cell. This imbalance was shown to induce
apoptosis and decreased proliferation of endothelial cells (chapter 5), which characterize a number

of microvascular complications on diabetes.
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Figure 46. Working model for the endothelial dysfunction in diabetes. High glucose in diabetes leads to increased
production and intracellular accumulation of MGO. MGO destabilizes HIF-1a under hypoxia, leading to decreased
expression of VEGF and impairment of the angiogenic response. In addition, MGO is known to modify the co-repressor
mSin3A, which culminates in increased expression of Ang-2. The imbalance in the ratio between VEGF and Ang-2
induces apoptosis and decreased proliferation of endothelial cells, which may account for the formation of acellular

capillaries and endothelial dysfunction associated with diabetes.

Data presented in this thesis further shows that MGO may also compromise cell function
and viability by impairing the ubiquitin-proteasome system and molecular chaperones involved in
the protein quality control, leading to accumulation of modified, obsolete and potentially toxic
proteins. Indeed, data presented in chapter 6 shows that MGO induces accumulation of ubiquitin
conjugates, depletion of free ubiquitin and decreases the proteolytic activity of the 20S proteasome.
Moreover, MGO decreases the levels of molecular chaperones (HSPs), induces the formation of
CHIP-, Hsp40- and ubiquitin-containing aggregates and leads to accumulation of modified proteins,

accounting for decreased cellular viability. Interestingly, data further shows that the cellular stress
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induced by MGO is counteracted, at least in part, by the activation of heat shock factor-1 (Hsf-1),
the main transcription factor involved in the regulation of the expression of heat shock proteins and

response to cellular stress (Figure 47).
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Figure 47. Working model for the MGO-induced events involving critical components of the protein quality
control system. MGO leads to accumulation of ubiquitin conjugates, depletion of free ubiquitin and decreases the 20S
proteasome activity. In parallel, MGO decreases the levels of molecular chaperones and increases the accumulation of
CHIP-, Hsp40- and ubiquitin-containing aggregates, as well as of modified proteins, which is accompanied by decreased
cellular viability. Interestingly, these MGO-induced changes appear to elicit a response from the Hsf-1 system, which is
crucial to help cells to cope with cellular stress. Indeed, Hsf-1 is likely to be involved in the upregulation of mMRNA and

protein levels of several molecular chaperones that will re-establish the protein quality control system and cellular viability.

Altogether, this work elucidates two novel molecular mechanisms that may hopefully shed
the foundation for a better understanding of two main features of diabetes: the loss of cell response
to hypoxia and the accumulation of obsolete and toxic proteins in affected cells. In this respect, this
work may also constitute an important and solid foundation for future approaches to further clarify
the molecular mechanisms of cell dysfunction in diabetes. Moreover, this work may help to envision

new strategies for prevention and therapy of cell dysfunction in diabetes.
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