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Resumo

Resumo

O factor de transcricdo HIF-1 (Hypoxia Inducible Factor 1) é maioritariamente
regulado pela degradacdo proteassomal da sua subunidade labil, o HIF-1a, num
mecanismo que depende de oxigénio. Neste estudo demonstramos que o HIF-1a
também é degradado no lisossoma, através da Autofagia Mediada por Chaperones
(AMC). O dominio KFERQ, identificado em todos os substratos da AMC, é necessario
para o direccionamento do HIF-la para o lisossoma, assim como para a sua
interaccdo com o receptor da AMC, a LAMP2A. O chaperone Hsc70, responsavel pela
entrega de substratos a AMC, também interage com o dominio KFERQ do HIF-1a.
Neste trabalho demonstramos ainda que o HIF-1a se localiza e é degradado em
lisossomas isolados de figado de rato positivos para a AMC, assim como compete
com substratos candnicos desta via pelo acesso aos lisossomas. Por outro lado, neste
trabalho demonstramos, pela primeira vez, que o co-chaperone CHIP é necessario
para o direccionamento do HIF-la para a AMC. Este novo mecanismo para a
degradacdo do HIF-1a ndo depende da presenca de oxigénio mas é activado pela
deprivagao de nutrientes. De facto, os niveis de HIF-1la presente nos lisossomas
positivos para a AMC aumentam significativamente em animais em jejum. Ao
mesmo tempo, a interaccdo entre o HIF-la e a LAMP2A também aumenta em
células submetidas a deprivacdo de nutrientes. A degradacdo excessiva de HIF-1a,
induzida pela sobreactivagao desta via, compromete a resposta adaptativa das
células a hipodxia. Este facto sugere que esta via pode ter importancia fisiopatoldgica

em situagcdes que combinem a hipéxia com a falta de nutrientes.






Abstract

Abstract

The transcription factor HIF-1 (Hypoxia Inducible Factor 1) is mostly regulated by the
oxygen dependent proteasomal degradation of the labile subunit HIF-1a. In this
study we show that HIF-1a is degraded in the lysosome and, more importantly, it is a
new substrate for Chaperone-Mediated Autophagy (CMA). The KFERQ-like motive
that has been identified in all CMA substrates is required to direct HIF-1la to the
lysosomes and for the subsequent interaction with the CMA receptor LAMP2A. The
chaperone Hsc70, that targets the substrates for CMA, also interacts with the
KFERQ-like motive of HIF-1a. Moreover, we show that HIF-1a binds to and is
translocated into intact CMA positive lysosomes, isolated from rat liver, competing
with canonical CMA substrates. In addition we show, for the first time, that the co-
chaperone CHIP is required to direct HIF-1la for CMA. This new pathway for
degradation of HIF-1a does not depend on the presence of oxygen and is activated in
response to nutrient deprivation such that the levels of HIF-1a bound to CMA+
lysosomes significantly increase in starved animals and the binding of HIF-1a to
LAMP2A clearly increases in response to nutrient deprivation. Excessive degradation
of HIF-1a by CMA compromises cells ability to respond to and survive under hypoxia,
suggesting that this pathway might be of pathophysiological importance in

conditions that combine hypoxia with nutrient deprivation.






Introduction

Chapter 1. Introduction

1.1 Proteolysis

The physicist Erwin Schroédinger wrote in his book “What is Life?” that “The
chromosome structures...are instrumental in bringing about the development they
foreshadow. They are law-code and executive power or, to use another simile, they
are architect's plan and builder's craft-in one.” (Schrédinger, 1962). He believed that
chromosomes were made up of an “aperiodic crystal” that contained genetic
information in the form of a code. Paradoxically, in his time, the crystals were
considered to be proteins rather than nucleic acids. Yet, these and other
considerations of his on several subjects regarding biological sciences were pivotally
influential in the future works of pioneering molecular biologist. (Dronamraju, 1999).
The groundbreaking discoveries made thereafter on DNA structure, code and
replication spawned an era where biologists focused their attention on how the
genetic code was transcribed into RNA and then translated onto proteins, or in other
words, how proteins were made (Ciechanover, 2006). Proteins were essentially
regarded as very stable cellular constituents, either subjected to minor “wear and
tear” that could eventually hamper their function, or as energy-providing fuel. The
paradigm in the field at that time was, (i) ingested proteins are completely digested
and the products are excreted and (ii) the structural proteins were stable and static
(Ciechanover, 2006). Paradigmatically, the concept of protein turnover had its
embryo in the 1930’s, through Rudolf Scheonheimer seminal studies. Using -
labed tyrosine in rats Scheonheimer realized that only ~50% of the administered
heavy amino acid was recovered from urine, while the rest was incorporated to
tissue proteins (Schoenheimer et al., 1939). They further discovered that only a
fraction was attached to the original carbon chain, namely to tyrosine, while the bulk
was distributed over other nitrogenous groups of the proteins (Schoenheimer et al.,

1939). These experiments demonstrated unequivocally that the body structural
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proteins are in a dynamic state of synthesis and degradation, and that even amino

acids are in a state of dynamic interconvertion (Schoenheimer et al., 1939)

1.2 Different pathways, the same end: Lysosome vs Proteasome

By the mid-1950’s several independent experiments had substantiated the idea
that cellular proteins are in a constant state of synthesis and degradation
(Ciechanover, 2006), so the discovery by Christian de Duve and his coworkers of an
organelle that contains a broad array of isolated proteases with different specificities
provided, for the first time, a machinery that could potentially mediate intracellular
proteolysis (de Duve, 2005). As a concept, a membrane sealed compartment that
prevented the actual proteases from escaping into the cytoplasm was attractive. It
confined proteolysis to a well-defined space, preventing random degradation of
protein substrates throughout the cell. De Duve called the newly discovered
compartment lysosome, Greek for “digestive body”.

The discovery of the lysosome happened by chance. Part of the biochemical work
that de Duve and coworkers had to perform consisted in distinguishing and
separating glucose 6-phosphatase from another liver phosphatase, the non-specific
acid phosphatase. This acid phosphatase showed abnormally low activities in the
homogenate and in the recovered fractions. When re-assayed, after the
preparations had been kept in a refrigerator for 5 days, the activity had risen to
normal value (de Duve, 2005). Further experiments indicated that acid phosphatase
was enclosed within a sac-like particle surrounded by a membrane that prevented
the enzyme from getting out and the substrate from getting in (Berthet et al., 1951).
The mere ageing at low temperature, allowed the enzyme and substrate to interact,
suppressing the latency of the enzyme.

The definition of lysosome has evolved over the years. As early as 1963 the
scientific community had recognized the presence of lysosomes in several cell types
and had found them to be involved in the digestion of extracellular material taken up
by endocytosis and of intracellular material segregated by autophagy (de Duve,
2005). Nowadays we recognize that the lysosomal system is a much more complex

digestive system that involves numerous stages of lysosomal maturation together
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with structures devoid of hydrolases as endosomes, multivesicular bodies and
autophagic vesicles. They mediate four different digestive processes, receptor
mediated-endocytosis, non-specific engulfment of cytosolic droplets containing
extracellular fluid or pinocytosis, phagocytosis and autophagy (micro-, macro- and
chaperone mediated) (Ciechanover, 2006).

After the initial discovery of the lysosome and throughout the first findings about
its functioning, the assumption was made that all intracellular protein degradation
was mediated by the lysosome. It seemed logical that, since proteolysis results from
direct interaction between substrate and protease, it would be impossible for
proteases to float freely in the cytosol. However this general theory for proteolysis,
even though gradually, was eventually challenged. More than the observations that
different proteins had different half-lifes (Goldberg and St John, 1976; Schimke and
Doyle, 1970) and that the alteration of cellular physiological conditions
heterogeneously influenced the rates of degradation of different proteins, there was
the evidence that general or specific lysosomal inhibitors had different effects on
different protein populations (Ciechanover, 2006). Lysosome inhibition had a strong
inhibitory effect on the proteolysis of endocytosed/pynocytosed extracellular
proteins, a partial inhibitory effect on long-lived cytosolic proteins and almost no
effect on short-lived cytosolic proteins (Knowles and Ballard, 1976; Neff et al., 1979).
Moreover proteolysis also requires energy, in the form of ATP, for the degradation of
proteins (Mandelstam, 1958; Simpson, 1953; Steinberg and Vaughan, 1956).

Proteolysis is an exergonic process and the thermodynamically paradoxical
energy requirement for intracellular proteolysis made researchers believe that
energy cannot be consumed directly by proteases or the proteolytic process per se,
and was instead used indirectly (Simpson, 1953). The prevailing theory argued that
energy was required for the transport of substrates into the lysosome or for the
maintenace of low intralysosomal pH (Steinberg and Vaughan, 1956). Nevertheless
bacteria (Goldberg and Dice, 1974; Goldberg and St John, 1976) and then
reticulocytes (Ciehanover et al.,, 1978; Etlinger and Goldberg, 1977), which lack
lysosomes, were still able to degrade proteins and still met the requirement for
energy. In the 1970s Hershko, Ciechanover and Rose managed to isolate two

different fractions of these extracts which were both required to reconstitute the
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energy-dependent proteolytic activity that was found in the crude extract
(Ciehanover et al.,, 1978; Etlinger and Goldberg, 1977). They purified the active
component from fraction | and found a small 8.5 kDa heat stable protein that was
designated ATP-dependent Proteolysis Factor 1 (APF-1) (Ciehanover et al., 1978).
APF-1 was later identified as ubiquitin. Further studies showed that fraction |
contained other components necessary for the degradation of substrates, but these
were not necessary for the reconstitution of the system at that time. Importantly,
multiple moieties of ubiquitin were covalently conjugated to the target substrate
when incubated in the presence of fraction Il, a modification that required ATP
(Ciechanover et al., 1980; Hershko et al., 1980). It was also found that the
modification was reversible, and ubiquitin could be removed from the substrate or
its degradation products (Hershko et al., 1980). These revealing first findings led, in
1980, to the proposal of a model according to which protein substrate modification
by multiple moieties of ubiquitin targeted it for degradation by a downstream, and
at that time yet unidentified protease, that couldn’t recognize the unmodified
substrate. Furthermore, following degradation, reusable ubiquitin was released
(Hershko et al., 1980).

Goldknopf and Busch (Goldknopf and Busch, 1975, 1977) as well as Hunt and
Dayhoff (Hunt and Dayhoff, 1977), found that ubiquitin was bound to the substrate
by a fork-like, branched isopeptide bond between the carboxy-terminal glycine of
ubiquitin (Gly76) and the &-NH, group of an internal lysine (Lys119). After the
addition of the first ubiquitin moiety the extension of the polyubiquitin chain was
made between Gly76 of one ubiquitin moiety and internal Lys48 of the previously
conjugated moiety. This conjugation reaction is mediated by three different
enzymes: (i) E1, the ubiquitin-activating enzyme, (ii) E2, the ubiquitin carrier protein,
and (iii) E3, the ubiquitin-protein ligase (Ciechanover et al., 1982; Hershko et al.,
1983). Soon after, Hough and colleagues partially purified and characterized a high-
molecular mass alkaline protease that degraded ubiquitin adducts of lysozyme but
not untagged lysozyme, in an ATP-dependent mode (Hough et al., 1986). This
protease was later called the 26S proteasome and provided all the necessary criteria

for being the specific proteolytic arm of the ubiquitin system.



Introduction

1.2.1 Ubiquitin-Proteasome System

Degradation of a protein via the ubiquitin-proteasome pathway involves two
discrete and successive steps: 1) tagging of the substrate by covalent attachment of
multiple ubiquitin molecules and 2) degradation of the tagged protein by the 26S
proteasome complex with release of free and reusable ubiquitin (Glickman and
Ciechanover, 2002). The proteasome is a large, 26S, multicatalytic protease that
degrades polyubiquitinated proteins to small peptides. It is composed of two
subcomplexes: a 20S core particle (CP) that carries the catalytic activity and a 19S
regulatory particle (RP). The 20S CP is a barrel-shaped structure composed of four
stacked rings, two identical outer-rings and two identical inner-rings. The function of
the 19S RP is to recognize ubiquitinated proteins and other potential substrates of
the proteasome (Glickman, 2000; Groll et al., 1997; Lowe et al., 1995).

Ubiquitin-mediated proteolysis of a variety of cellular proteins plays an
important role in many basic cellular processes. Among these are regulation of cell
cycle and division, differentiation and development, involvement in the cellular
response to stress and extracellular effectors, morphogenesis of neuronal networks,
modulation of cell surface receptors, ion channels and the secretory pathway, DNA
repair, transcriptional regulation, transcriptional silencing, long-term memory,
circadian rhythms, regulation of the immune and inflammatory responses, and
biogenesis of organelles (Glickman and Ciechanover, 2002).

The tagging of substrates requires what is designated as the ubiquitin
conjugation machinery, composed of the ubiquitin-activating enzyme (E1), the
ubiquitin-conjugating enzyme (E2) and the ubiquitin-protein ligase (E3) (Hershko et
al., 1983). E1 activates ubiquitin, via a two-step intramolecular and ATP-dependent
reaction, to generate a high-energy E1-thiol-ester ubiquitin intermediate. The
activated ubiquitin moiety is then transferred to E2 (Hershko et al., 1983). E2s
catalyze covalent attachment of ubiquitin to target proteins, or, when acting along
with HECT domain E3s, transfer of the activated ubiquitin moiety to a highenergy E3
ubiquitin intermediate (Hershko et al., 1983). They all share an active-site ubiquitin-
binding Cys residue and are distinguished by the presence of a UBC domain required

for binding of distinct E3s. Many E2s have been described in higher organisms.
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Typically, each E2 interacts with a number of ligases, thus being involved in targeting
numerous substrates. The E3s, which are responsible for the specific recognition of
the multitude substrates of the ubiquitin system, are the least defined components
of the pathway and display the greatest variety among its different components

(Glickman and Ciechanover, 2002).
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Figure 1. Schematic of the Ubiquitin-Proteasome System. Adapted from (Nalepa et al., 2006)

The ubiquitin ligase is a protein or a protein complex that binds to both the E2
and the substrate. Interaction with the substrate can be direct or via ancillary
proteins. In the RING finger domain E3s, the E3 serves as a scaffold that brings

together the E2 and the substrate to the proximity, allowing for efficient transfer of
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the activated ubiquitin moiety from the E2 to the substrate (Jackson et al., 2000;
Joazeiro and Weissman, 2000; Lorick et al., 1999; Yewdell and Bennink, 2001).

In other cases (HECT domain E3s), the activated ubiquitin is transferred from E2 to
an internal Cys residue on the E3 before conjugation of ubiquitin to an NH, group in
the target. Here, the E3 has a catalytic role. An additional subset of E3s (U-box
domain), much like RING E3s, serve as a scaffold aiding in the transfer of ubiquitin
from the E2 to a previously conjugated ubiquitin moiety, in effect elongating
polyubiquitin chains (Scheffner et al., 1993). Finally, ubiquitin is also a product of the
proteasome; ubiquitin, or ubiquitin attached to a residual peptide chain, is released
from the proteasome and recycled back into the ubiquitin pathway (Hough et al.,
1986; Hough and Rechsteiner, 1986; Swaminathan et al., 1999). A deubiquitinating
enzyme (DUB) must be associated with the RP to remove or edit these polyubiquitin
chains. The RP from a number of sources has been shown to contain an ubiquitin
hydrolase activity that can serve to edit these ubiquitin chains, or remove ubiquitin
from protein substrates. DUBs can also be associated with the E3-substrate complex
an edit ubiquitin chains (Eytan et al., 1993; Lam et al., 1997a; Laroia et al., 1999;
Layfield et al., 1999; Liakopoulos et al., 1998).

1.2.2 Lysosomes

1.2.2.1 Biogenesis

The knowledge gathered in the last 60 years on the lysosomal system allowed
the concept of protein degradation on this compartment to develop and expand. We
know now that Iysosomes receive their substrates through endocytosis,
phagocytosis and autophagy. But what we also know is that lysosome formation, or
more accurately lysosome biogenesis, is a collaborative effort of both the cellular
biosynthetic pathway and the endocytic pathway. The degradative endocytic
pathway is a gradual step-by-step process that starts at the endocytic vesicles and
ends in the lysosomes. This step-by-step process determines that the endocytosed
cargo passes through a range of endosomal intermediates that are distinguished by
their content, molecular makeup, morphology, pH and the kinetics by which

endocytic tracers reach them (Sachse et al., 2002). From beginning to end, lysosome
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biogenesis requires the constant exchange of incoming and outgoing membranes
and multiple fusion events. The net result is a gradual remodelling of an endosomal
intermediate into a later-stage endosome (Dunn and Maxfield, 1992; Futter et al.,
1996; Stoorvogel et al.,, 1991). Though it oversimplifies the complexity of the
endocytic pathway, endosomes are widely subdivided in early endosomes (EEs) and
late endosomes (LEs) (Sachse et al., 2002). The EEs are the main recipients of
incoming endocytic vesicles from the plasma membrane. Cargo received by the EEs
can both recycle back to the plasma membrane, as well as be transported further
along the endocytic pathway. At this early stage EEs will already start receiving
endogenous proteins from the Trans-Golgi Network (TGN), such as mannose-6-
phosphate receptors (M6PRs) carrying the lysosomal hydrolases (Klumperman et al.,
1993; Waguri et al.,, 2003). In the mildly acidic environment of EEs, lysosomal
hydrolases dissociate from M6PRs and remain in the endosomal lumen (Bonifacino
and Rojas, 2006). Moreover EEs contain a vacuolar part (also referred to as the
sorting endosome) from which a reticulum of multibranching tubules emerges
(Conus and Simon, 2008; Tooze and Hollinshead, 1991), referred to as the tubular
sorting endosome (TSE) (Peden et al., 2004; van Meel and Klumperman, 2008) or
tubular endosomal network (Bonifacino and Rojas, 2006; van Meel and Klumperman,
2008), that enables them to recycle proteins to the plasma membrane or to the TGN.
The EEs also have low levels of lysosomal membrane proteins LMPs (for example,
LAMP1, LAMP2 and CD63) that are destined for the lysosome (Peden et al., 2004).
The cargo that remains in the endosomal compartments is thereby destined to get
degraded in the lysosomal system. As the endosomal compartments maturate they
will contain almost no cargo to recycle back to the plasma membrane but instead
will be more enriched in lysosomal hydrolases (Geuze et al., 1988; Griffiths et al.,
1988), form fewer and less extensive tubular extensions and communicate further
with the TGN and other endosomal compartments rather than the plasma
membrane (Luzio et al., 2007). At this point the endosomal compartment will be
filled of globular vacuoles, forming what is designated as LE intermediates or
multivesicular bodies (MVBs) (Rink et al., 2005; Stoorvogel et al.,, 1991). As the
sorting events of the LEs and the TGN increase these compartments will progressive

attain an increased degradative capacity as well as a lower pH (Lubke et al., 2009;
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Woodman and Futter, 2008).

Hence, as a concept, the separation of the endocytic pathway from lysosome
biogenesis seems to be inaccurate. The endocytic pathway is best regarded as a
spatiotemporal continuum of vesicular intermediates, which continuously exchange
their content, while undergoing gradual molecular and structural remodelling and
functional transformation (Saftig and Klumperman, 2009). The other face of
lysosome biogenesis relies on the input, from the biosynthetic pathway, of newly
synthesized lysosomal proteins. As for the study of the pathway this adds further
complexity to the system. In fact, as lysosomal proteins are synthesized in the
endoplasmic reticulum (ER) and transported through the Golgi complex to the TGN,
they can follow the constitutive secretory pathway to the plasma membrane and
subsequently reach lysosomes by endocytosis. The best-characterized direct
intracellular pathway is the clathrin-dependent transport of lysosomal hydrolases by
MG6PRs (Saftig and Klumperman, 2009). On the other hand, lysosomal proteins can
move from the TGN to the endo-lysosomal system. The available literature suggests
that there are multiple pathways for both lysosomal hydrolases and lysosomal
membrane proteins (for example, lysosomal integral membrane protein 2-mediated
transport of B-glucocerebrosidase), which may enter the endo-lysosomal pathways
at distinct stages of maturation. Hence the delivery of lysosomal proteins to the
endosomal system is a multiple step process where the biosynthetic pathway
intersects the endocytic pathway in different endosomal intermediates (Saftig and

Klumperman, 2009).

1.2.2.2 Cargo delivery

As soon as the endosomes were identified it became well established that many
endocytosed macromolecules, such as low-density lipoprotein, were delivered to
lysosomes. What was surprising at that time was the sequential passage through
early and late endosomes towards the final destination, the lysosomes (Mellman,
1996; Storrie and Desjardins, 1996). Since that time other ligands such as epidermal
growth factor (EGF), that remain bound to their receptors and are soon after

endocytosed, showed us that receptors, and other plasma membrane proteins are
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internalized from the surface of the endosome into lumenal vesicles, go through late
endosomes and ended up in the lysosomes. This is how, to the best of our
knowledge, endocytosed cargo is delivered to the lysosome for degradation (White
et al., 2006). This sorting mechanism has become one of great interest for scientist in
the field and has been well studied throughout the years. Using yeast as a model,
researches were able to identify 12 soluble vacuolar protein sorting (Vps) proteins
organize into four ESCRT complexes (endosomal sorting complexes required for
transport) — ESCRT-0, -I, -1l and -lll — that are required for protein trafficking to the
vacuole (Bowers and Stevens, 2005; Gruenberg and Stenmark, 2004; Hurley and
Emr, 2006; Kostelansky et al., 2007; Slagsvold et al., 2006). One surprising
observation was that some of the endocytosed cargo required ubiquitination for the
intracellular sorting to the endosomal compartments, which was still mediated by
the ESCRT machinery (Bowers et al., 2006; Haglund et al., 2003; Huang et al., 2006).
This configured one of the first examples of substrate ubiquitination, were the
substrate was not delivered to the proteasome. It also showed that the formation of
Lys48 chains, or even chain formation for that matter (the first examples of
ubiquitinated endocytosed cargo, from the plasma membrane, were of covalent
attachment of single ubiquitin moieties to different amino acids or “multi-
monoubiquitination”) were not the only ubiquitin based post-transductional
modifications occurring.

On the other hand, cargo delivery to the lysosome can also occur by lysosomal
fusion with phagosomes (phagocytosis) and autophagosomes (autophagy).
Phagocytosis is an essential process by which specialized cells engulf invading
pathogens, apoptotic cells and other foreign particles that are >0.5 um in diameter.
This often occurs by a zippering mechanism, in which pseudopods (actin-driven
protrusions of the plasma membrane) engulf a target by repeated receptor—ligand
interactions (Luzio et al., 2007). Thought canonically regarded as a simple
phagossome-to-lysosome fusion it is now widely accepted that the phagosome
‘matures’ by multiple transient interactions with endosomal compartments,
including lysosomes, to form a hybrid-like organelle termed the phagolysosome
(Desjardins, 1995). Hence phagosomes are capable of fusing with both early and late

endosomes and with lysosomes (Jahraus et al., 1998; Mayorga et al., 1991), as
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shown by various different assays that demonstrate these capabilities (Jahraus et al.,
1998; Mayorga et al., 1991; Peyron et al., 2001; Stockinger et al., 2006). The primary

function of the phagolysosome is to degrade the phagocytosed particle.

1.2.3 Autophagy

Autophagy — or to be more specific macroautophagy, microautophagy and
chaperone-mediated autophagy — are important mechanisms for the degradation of
cytoplasmic components, including organelles, and has long been known to involve
degradation by lysosomal enzymes. It is important in many physiological processes
(Levine and Klionsky, 2004), including the response to starvation, cell growth and
innate immunity. In macroautophagy, double-membrane vesicles called
autophagosomes sequester part of the cytoplasm and then fuse with lysosomes to
form hybrid-like organelles called autolysosomes. In microautophagy the
limiting/sequestering membrane is the lysosomal membrane itself, which
invaginates to form tubules or vesicles that pinch off into the lysosomal lumen
(Ahlberg and Glaumann, 1985). Studies on microautophagy during recent years
mainly focused on its characterization in yeast, where in addition to some genes
shared with macroautophagy, a separate subset of genes also participates
exclusively in this process (Tuttle and Dunn, 1995). However, microautophagy is still
very poorly understood in mammals, and in fact, it is possible that this process
actually takes place in late endosomes rather than in lysosomes and occurs through
the formation of the multivesicular bodies in this compartment (Fader and Colombo,
2009). Chaperone-mediate autophagy is a direct pathway for transporting cytosolic
proteins over the lysosomal limiting membrane and into the lysosome lumen for
degradation. The C-terminal tail of LAMP2A is implicated in the transport of cytosolic
substrates across the lysosomal limiting membrane as well as different chaperones
and co-chaperones being considered the most important amongst them Hsc70
(Cuervo and Dice, 1996). CMA is important for different biological processes, such as
the presentation of cytoplasmic antigens by MHC class Il molecules (Zhou et al.,
2005), cellular ageing (Zhang and Cuervo, 2008) and neurodegeneration (Cuervo et

al., 2004).
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Figure 2. Schematic of the Autophagy pathways. Adapted from (Bejarano and Cuervo, 2010)

1.2.3.1 Macroautophagy

In macroautophagy, a small part of the cytoplasm is sequestered by a membrane
sac, the so-called isolation membrane (also termed the phagophore), which results
in the formation of a double-membrane structure, the autophagosome. The
autophagosome matures and finally fuses with lysosomes. Following fusion, the
inner membrane and enclosed cytoplasmic materials are degraded by lysosomal
enzymes. The resultant degradation products, such as amino acids, can be reused for
many purposes (Mizushima et al., 2011). In addition to canonical macroautophagy,
special types of macroautophagy have been discovered. These include autophagy
directed to organelles, such as mitochondria (mitophagy) and peroxisomes
(pexophagy), to intracellular bacteria (xenophagy) (Klionsky et al., 2007) and to lipid
storages (lipophagy) (Singh et al., 2009). It is now also clear that autophagosomes
can even recognize certain soluble proteins, such as p62 (Johansen and Lamark,

2011; Kraft et al., 2010). Through these diverse modes, autophagy is involved in
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many physiological processes: generation of amino acids during starvation, quality
control of intracellular proteins and organelles (related to suppression of cellular
degeneration and tumorigenesis), regulation of expression levels of selective
substrates, degradation of pathogens, and antigen presentation (Cecconi and Levine,
2008; Deretic and Levine, 2009; Levine and Kroemer, 2008; Menzies et al., 2011;
Mizushima and Levine; Mizushima et al., 2008; Virgin and Levine, 2009; White et al.;
Wong and Cuervo).

The autophagosome is a unique organelle both in its structure and in its dynamic
regulation. The autophagosome is highly inducible; numbers can increase by more
than tenfold during starvation. Autophagosomes are rapidly consumed by fusion
with lysosomes, having a half-life of 10-25 minutes in the liver (Hailey et al., 2010;
Pfeifer, 1978; Schworer et al., 1981).

Elongation of the isolation membrane generates autophagosomes. However, the
source of this membrane, how it elongates, and how it completes sealing remain
unknown (Tooze and Yoshimori, 2010). As the ER is frequently observed in close
proximity to autophagosomes, to this day the ER is still regarded as the most
probable source of the autophagosome or the platform for autophagosome
formation. Nevertheless other sources for the autophagosome, like mitochondria or
the plasma membrane, are now been considered (Rubinsztein et al., 2012).

The molecular machinery responsible for the autophagossome formation in
autophagy came from yeast genetic studies, in which 35 autophagy-related (ATG)
genes have been identified (Nakatogawa et al., 2009). ATG genes consist of several
functional units: Atgl kinase and its regulators, the PI3K complex, Atg9, the Atg2-
Atg18 complex, and two ubiquitin-like conjugation systems (Mizushima et al., 2011)
Mammals contain counterparts for most yeast Atg proteins as well as some
additional factors that are specific to higher eukaryotes (Mizushima et al., 2011). The
hierarchical analysis among yeast Atg proteins suggested that two ubiquitin-like
conjugation systems function at a late step of autophagosome formation (Mizushima
et al, 2011). The two conjugation systems are Atgl2—-Atg5 and Atg8-PE
(phosphatidylethanolamine), Atg8 mammalian homologs are LC3, GABARAP, and
GATE-16 (GABARAPL2). These proteins are ubiquitin-like proteins that are

synthesized as precursors with additional sequences at their C termini, which are
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processed by the cysteine protease Atg4 (Kabeya et al., 2004; Kirisako et al., 2000).
The resulting C-terminal glycine-exposed form of Atg8 is activated by Atg7 (E1-like
enzyme), transferred to Atg3 (E2-like enzyme), and finally covalently linked to an
amino group of PE, a major membrane phospholipis (Ichimura et al., 2000). Atg4
functions also as a deconjugating enzyme and may regulate the level of free Atg8
(Kirisako et al., 2000). Atg8—PE localizes on both the isolation membrane and the
autophagosome (Kirisako et al., 1999). On the other hand, in the Atgl2 conjugation
system, Atgl2 is synthesized as a C-terminal glycine exposed form, is activated by
Atg7, is transferred to Atgl10 (E2-like enzyme), and finally forms a conjugate with the
sole target protein Atg5 (Mizushima et al.,, 1998). The Atgl2-Atg5 conjugate
interacts with Atgl6é (Atgl6L in mammals) to form a complex with a 2:2:2
stoichiometry via homodimerization of Atg16/Atg16L1 (Fujioka et al., 2010; Fujita et
al., 2008). The Atgl2 system has no deconjugating enzyme, and the Atgl2-Atg5-
Atgl6 complex is formed constitutively irrespective of nutrient conditions. In yeast,
Atg12-Atg5 conjugates reside on the pre-autophagossomal structure (PAS) but not
on the complete autophagosome (Suzuki et al., 2001b). Likewise, in mammals,
Atgl12—-Atg5-Atgl6L1l predominantly localizes on the outer surface of the isolation
membrane and dissociates from the membrane immediately before or after the
completion of autophagosome formation. Both conjugation systems serve as good
markers for the detection of membrane structures during autophagy; the Atgl12-Atg5
localizes specifically to the isolation membrane, whereas the Atg8-PE is useful in
tracing the whole process of autophagy including the formation of the
autophagosome and its fusion with lysosomes/vacuoles (Kabeya et al., 2000; Kirisako
et al., 1999; Mizushima et al., 2001)

Autophagosomes were thought to sequester cytosolic material nonspecifically.
Nonetheless, as a response to starvation, there is ample evidence for selective
autophagic degradation of various cellular structures, including protein aggregates,
mitochondria, and microbes (Xie and Klionsky, 2007). The mechanism of selective
autophagy is not well understood; however, the involvement of ubiquitin in this
process is evident: analogous to the proteasome, where ubiquitinated cargo is
delivered by Ub receptors (Elsasser and Finley, 2005; Husnjak et al., 2008),

autophagic clearance of protein aggregates requires the Ub-binding receptors p62

18



Introduction

and NBR1 (Kirkin et al., 2009; Komatsu et al., 2007; Pankiv et al., 2007). It is
envisaged that by simultaneous binding to both ubiquitin and the autophagosome
associated Ub-like (UBL) proteins (i.e., LC3/GABARAP proteins), these molecules can
mediate docking of ubiquitinated protein aggregates to the autophagosome, thereby
ensuring their selective degradation. The UBA domain of p62 can bind both K48-
linked and K63-linked Ub chains but with a higher affinity for K63 chains (Long et al.,
2008; Wooten et al., 2008). NBR1 binds Ub via its UBA domain with a bias toward the
K63-linked polyUb chains (Kirkin et al., 2009). Hence, rather surprinsingly, the
attachment of Ub moieties to various cellular cargos constitutes a universal
degradation signal, recognized by two major intracellular proteolytic systems: the
proteasome and macroautophagy.

In relation to its regulation, macroautophagy can be rapidly upregulated when
cells need to generate intracellular nutrients and energy, for example, during
starvation, growth factor withdrawal, or high bioenergetic demands. Autophagy is
also upregulated when cells are preparing to undergo structural remodeling such as
during developmental transitions or to rid themselves of damaging cytoplasmic
components, for example, during oxidative stress, infection, or protein aggregate
accumulation. Nutritional status, hormonal factors, and other cues like temperature,
oxygen concentrations, and cell density are important in the control of autophagy.
(Klionsky et al., 2007; Maiuri et al., 2007; Mizushima and Klionsky, 2007; Rubinsztein
et al., 2007). One of the key regulators of autophagy is the target of rapamycin, TOR
kinase, which is the major inhibitory signal that shuts off autophagy in the presence
of growth factors and abundant nutrients. The class | PI3K/Akt signaling molecules
link receptor tyrosine kinases to TOR activation and thereby repress autophagy in
response to insulin-like and other growth factor signals (Lum et al., 2005). Some of
the other regulatory molecules that control autophagy include 5’-AMP-activated
protein kinase (AMPK), which responds to low energy; the eukaryotic initiation
factor 2a (elF2a), which responds to nutrient starvation, double-stranded RNA, and
endoplasmic reticulum (ER) stress; BH3-only proteins that contain a Bcl-2 homology-
3 (BH3) domain and disrupt Bcl-2/Bcl-XL inhibition of the Beclin 1/class Il PI3K
complex; the tumor suppressor protein, p53; death-associated protein kinases

(DAPk); the ER-membrane-associated protein, Ire-1; the stress-activated kinase, c-
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Jun-N-terminal kinase; the inositol-trisphosphate (IP3) receptor (IP3R); GTPases;
Erk1/2; ceramide and calcium (Criollo et al., 2007; Maiuri et al., 2007; Meijer and
Codogno, 2006; Rubinsztein et al., 2007).

1.2.3.2 Microautophagy

The term microautophagy was first proposed by de Duve and Wattiaux more
than 40 years ago (De Duve and Wattiaux, 1966). At the time it referred to the
hypothetical notion that tiny portions of cytoplasm in mammalian cells could be
directly sequestered and subsequently engulfed by lysosomes. By contrast with the
more morphologically obvious process of macroautophagy, in microautophagy the
lysosomal membrane itself is envisaged as undergoing local
deformation/rearrangement to directly engulf portions of cytoplasm and any
constituents (Mijaljica et al., 2011). In subsequent investigations spanning some 30
years, other research groups have used the term microautophagy to describe
lysosomal uptake but without providing much, if any, mechanistic insight into the
process observed. (Ahlberg and Glaumann, 1985; Ahlberg et al., 1982; Mortimore et
al.,, 1973; Mortimore et al., 1989; Sakai et al., 1989) It is thus unclear whether these
investigators were describing the same process at a mechanistic level.

In the past two decades, the growth in our understanding of microautophagic
processes has come almost entirely from studies carried out in baker’s yeast,
Saccharomyces cerevisiae, and the methylotrophic yeasts, Pichia pastoris and
Hansenula polymorpha (Cuervo, 2004b; Dunn et al., 2005; Farre et al., 2009; Farre
and Subramani, 2004; Kiel; Kissova et al., 2007; Kunz et al., 2004; Manjithaya et al.,
2010; Roberts et al., 2003; Sakai et al., 1998; Sakai et al., 2006; Uttenweiler and
Mayer, 2008). Microautophagy-mediated degradation in yeasts can either be
nonselective or selective. (Kunz et al., 2004) Nonselective microautophagy (NSM) can
be regarded as being involved in degradation of randomly sequestered portions of
cytosol, whereas selective microautophagy (SM) is involved in the degradation of
specific organelles, (Farre et al., 2009) namely: (1) mitochondria (micromitophagy)
(Bhatia-Kissova and Camougrand, 2010; Farre et al., 2009; Kissova et al., 2007;

Nowikovsky et al.,, 2007; Tolkovsky, 2009) (2) the nucleus (piecemeal
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microautophagy of the nucleus (PMN) or micronucleophagy) (Krick et al., 2008; Krick
et al.,, 2009; Kvam and Goldfarb, 2007; Roberts et al., 2003) and (3) peroxisomes
(micropexophagy) (Dunn et al., 2005; Farre et al., 2009; Farre et al., 2008; Krick et al.,
2008; Krick et al., 2009; Kvam and Goldfarb, 2007; Manjithaya et al., 2010; Roberts et
al., 2003; Sakai et al., 1998; Sakai et al., 2006).

Little information from the studies done so far can be derived to establish how
the process of microautophagy is regulated. There are many unknowns regarding the
regulation of microautophagy and its mechanistic nature in mammalian cells, which
needs to be further investigated. Microautophagy in mammalian cells is
unresponsive to most commonly used autophagy induction conditions such as amino
acid and glucagons deprivation (Cuervo, 2004a, b; Mortimore et al.,, 1988).
Interestingly, some other stimuli such as short-term starvation (12h) induce changes
in the morphology of the lysosomes (e.g., intralysosomal vesicle sequestration; arm-
like membrane extension formation) in hepatocytes, but without clear consequences
in the overall rate of protein turnover (Cuervo, 2004a, b; Mortimore et al., 1988).

Textbook entries concerning autophagy in mammalian cells often present
electron microscopy images showing organelles such as mitochondria and
peroxisomes within lysosomes. What is not clear is the autophagic pathway(s) by
which such organelles were delivered to lysosomes, but presumably such organelle
delivery occurs by macroautophagy. Thus, there is little direct evidence for
microautophagy of peroxisomes or mitochondria in mammalian cells.

In face of the lack of evidence gathered so far it is obvious that currently we
know very little about the mechanisms and physiological relevance of
microautophagy in mammalian cells and that is hard to judge just how relevant the

yeast findings are to mammals.

1.2.3.3 Chaperone-mediated autophagy
In contrast to the in-bulk sequestration of cytosolic components characteristic of

macro and microautophagy, soluble cytosolic proteins can be targeted selectively for

degradation in lysosomes by CMA. In fact what distinguishes CMA from other forms
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of autophagy is the selective recognition of cargo by cytosolic chaperones and the
fact that substrates are not engulfed, but, instead, translocate across the lysosomal
membrane in a receptor-mediated manner (Chiang et al., 1989). As in the case of
macroautophagy, basal CMA activity can be detected in most types of mammalian
cells, but maximal activation of this pathway is triggered in response to stressors,
such as long-term starvation, oxidative stress, or exposure to toxic compounds that
induce abnormal conformational changes in cytosolic proteins (Massey et al., 2006)

Selectivity in CMA is conferred by the presence of a pentapeptide motif in the
amino acid sequence of the substrate proteins biochemically related to KFERQ that,
when recognized by a cytosolic chaperone, results in the targeting of substrates to
lysosomes (Dice, 1990). CMA substrates are recognized first in the cytoplasm by the
heat shock cognate protein of 70 kD (Hsc70), the constitutively expressed member of
the 70-kD family of chaperones (Chiang et al., 1989). This is actually the same
chaperone responsible for disassembly of clathrin from coated vesicles and for
folding of unfolded cytosolic proteins upon recognition of exposed hydrophobic
regions. It is unknown what determines the multiplicity of functions of the
chaperones, but the particular array of cochaperones that bind to Hsc70 in each
condition is probably behind the final fate of the substrate protein. A subset of
cochaperones, Hsp90, Hsp40, Bcl-2 associate athanogene 2 (Bag-1), Hsc70-Hsp90
organizing protein (Hop), and Hsc70-interacting (Hip), protein has been shown to
interact with the CMA substrate—chaperone complex at the lysosomal membrane.
Some of the cochaperones may not be directly involved in substrate targeting, but
rather participate in the unfolding step required before the substrate can translocate
across the lysosomal membrane (Dice, 2007).

Once at the lysosomal surface, the substrate—chaperone complex binds to the
membrane, and, after unfolding the substrate, is translocated into the lumen. At the
lysosomal membrane the lysosome-associated membrane protein type 2A (LAMP2A)
acts as the resident a CMA “receptor” (Cuervo and Dice, 1996). LAMP2A is a single-
span membrane protein with a very heavily glycosylated luminal region and a short
(12—amino acid) C-terminus tail exposed on the surface of the lysosomes, where
substrate proteins bind. LAMP2A is one of the three splice variants of the lamp2

gene, all of which contain identical luminal regions, but different transmembrane
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and cytosolic tails (Gough et al., 1995). The mechanisms behind the translocation of
substrate proteins across the lysosomal membrane are, as yet, poorly understood.
Much evidence supports direct translocation across the lysosomal membrane, rather
than engulfment by invaginations of the membrane. Invaginations have never been
observed when this transport is reproduced in vitro. On the other hand conjugation
or cross-linking of substrate proteins to bigger structures, such as gold particles,
prevents their uptake, and substrate proteins need to be completely unfolded
before reaching the lysosomal lumen (Cuervo and Dice, 1996; Cuervo et al., 1995a;
Cuervo et al., 1994; Terlecky and Dice, 1993). By analogy with other protein
translocation systems, involvement of a multispan membrane protein to create a
discontinuity in the lysosomal membrane is expected. However, to date, proteomic
analysis of proteins associated with LAMP2A at the lysosomal membrane has not
rendered any such multispan membrane proteins. Nevertheless evidences point to
the existence of a unique mechanism for translocation of substrate proteins across
the lysosomal membrane via CMA that involves multimerization of LAMP2A
(Bandyopadhyay et al., 2008). In fact, binding of substrate proteins to the cytosolic
tail of monomeric forms of LAMP2A drives its multimerization to form a 700-kD
complex at the lysosomal membrane (Bandyopadhyay et al., 2008). Moreover, the
presence of a lysosome-specific form of Hsp90 on the luminal side of the lysosomal
membrane is essential to preserve the stability of LAMP2A while it undergoes these
conformational changes at the lysosomal membrane (Bandyopadhyay et al., 2008).
Also, it seems that the CMA translocation complex forms only transiently and that,
once the substrate crosses the membrane, LAMP2A rapidly disassembles in a
process mediated by the Hsc70 present on the cytosolic side of the lysosomal
membrane (Bandyopadhyay et al., 2008). Cytosolic and lysosomal chaperones only
associate with lower-order complexes of substrate and LAMP2A, but are no longer
present in the 700-kD complex required for translocation. The regulation of CMA
through changes in lysosomal LAMP2A highlights the importance of lateral mobility
within the membrane, which has been shown to be determined by its dynamic
association with lysosomal lipid microdomains (Kaushik et al., 2006). In this context,
upon conditions of low CMA activity, part of LAMP2A is recruited into regions of

defined lipid composition, whereas the number of LAMP2A molecules in these lipid
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microdomains is markedly reduced when CMA is activated. Accordingly, an increase
in microdomain size, by augmenting lysosomal cholesterol results in reduced CMA,
whereas cholesterol-extracting drugs increase membrane levels of LAMP2A
activating CMA (Kaushik et al., 2006). In fact, the regulated degradation of LAMP2A
described above occurs in these lipid microdomains, as luminal cathepsin A
preferentially associates to the lysosomal membrane in these regions. By contrast,
binding of substrates to LAMP2A and its assembly into and disassembly from the
multimeric CMA translocation complex only pertains to LAMP2A molecules outside
these microdomains (Kaushik et al., 2006). Also, CMA activation includes not only the
relocation of LAMP2A outside the lipid microdomains as well as a luminal pool of
intact LAMP2A that can be retrieved to the lysosomal membrane upon CMA
stimulation (Cuervo and Dice, 2000). Intrinsic properties of LAMP2A are required to
modulate its membrane dynamics. In addition to the GxxG motif required for
multimerization (Bandyopadhyay et al., 2008), a proline residue that is present at the
interface between its transmembrane and luminal regions is absolutely required for
the mobilization of LAMP2A into the lipid microdomains (Kaushik et al., 2006). Other
components at the lysosomal membrane that modulate LAMP2A dynamics are the
intermediate filament protein glial fibrillary acidic protein (GFAP) and elongation
factor 1la (EFla), a pair of interacting proteins that modify the stability of the
multimeric LAMP2A complex and the association of LAMP2A with the lipid
microdomains in a GTP-dependent manner (Bandyopadhyay et al., 2010). A
lysosome specific variant of GFAP associates with LAMP2A multimers enhancing the
stability of the complex and counteracting the disassembly-promoting effect of
Hsc70. Lysosomal GFAP partitions into two subpopulations; unphosphorylated GFAP
that binds to multimers of LAMP2A and phosphorylated GFAP (GFAP-P), the latter of
which is usually bound to the GTP-binding protein EF1la. Unphosphorylated GFAP has
higher affinity for GFAP-P than for LAMP2A, but formation of GFAP-GFAP-P dimers is
usually prevented by the presence of EF1la bound to GFAP-P. In the presence of GTP,
EFla is released from the lysosomal membrane allowing the dissociation of GFAP
from the translocation complex and its binding to GFAP-P (Bandyopadhyay et al.,
2010). This dissociation favors the rapid disassembly of the LAMP2A multimeric

complex and its active mobilization to lipid microdomains for degradation. Changes
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in the levels of GFAP—-GFAP-P, EFla present at the lysosomal membrane, as well as
of intracellular GTP or intra-lysosomal Ca®* (facilitating association of cathepsin A to
lipid microdomains) can all contribute to modulation of CMA activity.

The final step in substrate translocation into the lysosome appears to involve a
form of Hsc70 resident in the lysosomal lumen (lys-Hsc70) (Agarraberes et al., 1997).
Only those lysosomes containing Hsc70 in their lumen are competent for uptake of
CMA substrates. Interestingly, the percentage of Hsc70-containing lysosomes, which
is no more than 40% under resting conditions, escalates to 80% in liver under
conditions in which CMA is up-regulated, such as during prolonged starvation or mild
oxidative stress (Cuervo et al., 1997; Kiffin et al., 2004). The mechanism by which lys-
Hsc70 mediates substrate translocation remains unclear. This chaperone can act
either actively, by facilitating substrate internalization in an energy-dependent
manner, or passively, by binding the portion of substrate already translocated and
preventing its retrograde movement to the cytoplasm. Also unknown is the pathway
followed by lys-Hsc70 to reach the lysosomal lumen. It is possible that Hsc70 reaches
the lysosome through fusion with late endocytic compartments, where Hsc70 has
also been detected. Whether other luminal chaperones are required for substrate
translocation is currently unknown.

RNase A, the earliest CMA substrate identified (Dice et al.,, 1986), has a
pentapeptide shown to be critical in its degradation. This pentapeptide (KFERQ) is
shared by all substrate proteins identified to date. The pentapeptide motif is, as
most intracellular targeting motifs, relaxed and does not rely on the exact amino acid
composition, but rather on the charge of the residues in the sequence. Sequence
analysis of the cytosolic proteome has revealed that about 30% of cytosolic proteins
might be potential substrates for CMA (Dice, 1990). However, it is possible that this
amount is an underestimation, because particular post-translational modifications,
such as deamidation, phosphorylation, acetylation, etc., could provide the charge
missing in a four—amino acid sequence (Dice, 2007). This possibility of modulating
chaperone recognition of the substrates by post-translational modifications adds an
additional level of regulation to CMA. Another interesting fact is the existence of
substrates that can be degraded either by the proteasome or by the lysosome,

through CMA. Indeed, several proteasomal substrates were shown to have KFERQ
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motifs and, consequently, get degraded in the lysosome by CMA. These include
Huntingtin (Thompson et al., 2009), RCAN1 (Liu et al., 2007), a-Synuclein (Cuervo et
al., 2004) and IkappaB (Cuervo et al., 1998).
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Figure 3. Schematic of the Chaperone-Mediated Autophagy pathway. Adapted from (Cuervo and
Macian, 2012)

1.3-Protein Folding

Mammalian cells are crowded with proteins, tipically expressing around 10,000
different protein species (Bartlett and Radford, 2009; Dobson and Ellis, 1998).
Nascent proteins generally acquire a specific conformation, by “folding” into a three
dimentional architecture, or “native state” (Dunker et al., 2008). Only afterwards are
proteins able to perform their function. How this is accomplished and how cells
ensure the conformational integrity of their proteome in the face of acute and
chronic challenges constitute one of the most fundamental problems in biology.
Central to this problem is that proteins must retain conformational flexibility to
function, and thus are only marginally thermodynamically stable in their
physiological environment (Hartl et al., 2011). Strikingly, 20—30% of all the proteins
in a mammalian cell seem to be inherently devoid of any ordered three-dimensional
structure, adopting folded conformations only after interaction with binding
partners (Dunker et al., 2008). Thus, protein quality control and the maintenance of
proteome homeostasis (known as proteostasis) is crucial for cellular functioning.

Proteostasis is achieved by an integrated network of several hundred proteins
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(Powers et al., 2009), including, most prominently, molecular chaperones and their
regulators, which assist in de novo folding or refolding, and the
ubiquitin—proteasome system (UPS) and autophagy system, which mediate the
timely removal of irreversibly misfolded and aggregated proteins. Deficiencies in
proteostasis have been shown to facilitate the manifestation or progression of
numerous diseases, such as neurodegeneration and dementia, type 2 diabetes,
peripheral amyloidosis, lysosomal storage disease, cystic fibrosis, cancer and

cardiovascular disease (Hartl et al., 2011).
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Figure 4. Schematic representation of protein folding and degradation through the client protein-
chaperone binding and release cycle. Adapted from (Kampinga and Craig, 2010)

Due to the vast number of possible conformations, proteins (specially the large
ones) can adopt folding reactions that are highly complex and heterogeneous,
relying on the cooperation of many weak, non-covalent interactions. In the case of
soluble proteins, hydrophobic forces are particularly important in driving chain
collapse and the burial of non-polar amino-acid residues within the interior of the
protein (Skach, 2009). Therefore, it seems likely, that the fundamental requirement
for molecular chaperones arose very early during the evolution of densely crowded
cells, owing to the need to minimize protein aggregation during folding and maintain
proteins in soluble, yet conformationally dynamic states. Moreover, as mutations
often disrupt the ability of a protein to adopt a stable fold (Tokuriki and Tawfik,
2009), it follows that the chaperone system provides a crucial buffer, allowing the
evolution of new protein functions and phenotypic traits (Rutherford and Lindquist,

1998; Tokuriki and Tawfik, 2009).
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1.3.1 Major Chaperone Classes

We define a molecular chaperone as any protein that interacts with, stabilizes or
helps another protein to acquire its functionally active conformation, without being
present in its final structure (Hartl, 1996; Hartl and Hayer-Hartl, 2009). Several
different classes of structurally unrelated chaperones exist in cells, forming
cooperative pathways and networks. Members of these protein families are often
known as stress proteins or heat-shock proteins (Hsps), as they are upregulated
under conditions of stress in which the concentrations of aggregation-prone folding
intermediates increase. Chaperones are usually classified according to their
molecular weight (Hsp40, Hsp60, Hsp70, Hsp90, Hsp100 and the small Hsps). They
are involved in a multitude of proteome-maintenance functions, including de novo
folding, refolding of stress-denatured proteins, oligomeric assembly, protein
trafficking and assistance in proteolytic degradation. The chaperones that participate
broadly in de novo protein folding and refolding, such as the Hsp70s, Hsp90s and the
chaperonins (Hsp60s), are multicomponent molecular machines that promote
folding through ATP and cofactor-regulated binding and release cycles. They typically
recognize hydrophobic amino-acid side chains exposed by non-native proteins and
may functionally cooperate with ATP-independent chaperones, such as the small

Hsps, which function as ‘holdases’, buffering aggregation.

1.3.2 The Hsp70 and Hsp90 Systems

The constitutively expressed Hsc70 (also known as HspA8) and stress-inducible
form, Hsp70, are central players in protein folding and proteostasis control.
Increasing Hsp70 levels has also proven effective in preventing toxic protein
aggregation in disease models (Hartl et al., 2011). The ATP-dependent reaction cycle
of Hsp70 is regulated by chaperones of the Hsp40 (also known as Dnal) family and
nucleotide-exchange factors. Some of these factors are also involved in linking
chaperone functions with the UPS and autophagy for the removal of misfolded
proteins (Hartl et al., 2011). Binding and release by Hsp70 is achieved through the

allosteric coupling of a conserved amino-terminal ATPase domain with a carboxy-
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terminal peptide-binding domain. These chaperones recognize extended five to
seven-residue segments enriched in hydrophobic amino acids, preferentially when
they are framed by positively charged residues. Such segments occur on average
every 50-100 amino acids in proteins, and the exposure of these fragments
correlates with the aggregation propensity of the protein (Hartl et al., 2011). In the
ATP-bound state, the chaperone adopts an open conformation. Hydrolysis of ATP to
ADP is strongly accelerated by Hsp40, leading to chaperone closure and stable
peptide binding (Hartl et al.,, 2011). After ATP hydrolysis, a nucleotide-exchange
factor binds to the Hsp70 ATPase domain and catalyses ADP-ATP exchange, resulting
in substrate release (Hartl et al., 2011).

On the other hand, Hsp90 forms a proteostasis hub that controls numerous
important signalling pathways in eukaryotic cells (Taipale et al., 2010). These
pleiotropic functions include, among others, cell-cycle progression, telomere
maintenance, apoptosis, mitotic signal transduction, vesicle-mediated transport,
innate immunity and targeted protein degradation. Indeed, the evolution and
maintenance of these functional networks is thought to depend on the ability of
Hsp90 to buffer the effects of structurally destabilizing mutations in the underlying
protein complexes, thereby allowing the acquisition of new traits (Rutherford and
Lindquist, 1998). Hsp90 functions downstream of Hsp70 in the structural maturation
and conformational regulation of numerous signal-transduction molecules, such as
kinases and steroid receptors (McClellan et al., 2007; Taipale et al., 2010). It
cooperates in this process with several regulators and co-chaperones, many of which
use tetratricopeptide repeat (TPR) domains to dock onto Hsp90. For example, the
TPR protein Hop provides a direct link between Hsp70 and Hsp90, allowing substrate
transfer (Scheufler et al., 2000).

Hsp90 functions as a dimer of subunits that are assembled by their C-terminal
domains. An N-terminal domain binds and hydrolyses ATP and is joined to the C-
terminal domain by a middle domain. Similar to other chaperones, the Hsp90 dimer
undergoes an ATP-driven reaction cycle that is accompanied by considerable
structural rearrangement (Mayer, 2010). ATP binding leads to the dimerization of
the N-terminal domains, forming the Hsp90 ‘molecular clamp’. After hydrolysis, the

ATPase domains dissociate, and the Hsp90 monomers separate N-terminally.

29



Chapter 1

How Hsp90 recruits different types of substrate proteins with the help of various
co-chaperones remains enigmatic. Hsp90 appears to have several substrate-
interaction regions, and the binding strength seems to be strongly influenced by the
structural flexibility of the substrate (Wandinger et al., 2008), in line with the
proposed role of Hsp90 as an evolutionary capacitor in protecting mutated protein

variants from degradation (Rutherford and Lindquist, 1998).

1.4 CHIP: Coupling folding with degradation

Molecular chaperones and proteolytic pathways have for long been viewed as
opposing forces that control protein biogenesis. A common assumption was that
molecular chaperones are specialized in protein folding, whereas energy-dependent
proteases such as the proteasome and the lysosome, mediate efficient protein
degradation. Data collected over the years, however, suggests that molecular
chaperones directly cooperate with the ubiquitin/proteasome system and the
lysosomal system during protein quality control in eukaryotic cells. In the center of
this axis of protein refolding/degradation is the carboxyl terminus of Hsp70
interacting protein (CHIP). CHIP cDNA encodes a 34.5-kDa protein containing three
34-amino acid TPR domains (involved in interactions with several heat shock factors)
at its N-terminus (Ballinger et al., 1999) and a “U-box” domain (with E3-ligase
activity) at its C-terminus (Murata et al., 2001b). Separating the TPR and U-box
domains in CHIP is a central domain rich in charged residues and also containing two
possible nuclear localizing signals. This protein is nowadays considered to act as a tilt
from the folding-refolding machinery toward the degradative pathways as well as

serving as a link between the two.

1.4.1 CHIP chaperone-binding activity

CHIP is a bona fide interaction partner with the major cytoplasmic chaperones
Hsc70 and Hsp70, based on their interactions with CHIP in a yeast 2-hybrid screen
and in vitro binding assays (Ballinger et al., 1999). The TPR domain and an adjacent

charged region of CHIP (amino terminus residues 1 to 197) are necessary for its
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interaction with Hsp70 and Hsc70 (Ballinger et al., 1999). CHIP interacts with the C-
terminal domain of Hsc70 (residues 540 to 650 of Hsc70), which is known to contain
a TPR-acceptor site that also interacts with the TPR domain-containing cochaperone
Hop (Demand et al., 1998). Although the carboxy-terminal domain of the 70-kDa
heat shock proteins is the interaction domain for CHIP’s amino terminal TPR domain,
it is the amino terminal ATP-binding domain of Hsp70-Hsc70 that regulates substrate
binding in a nucleotide-dependent fashion. The molecular cochaperones Hip and
Hsp40 promote substrate binding by stabilizing the adenosine diphosphate (ADP)-
bound conformation and by enhancing the ATPase activity of Hsp70-Hsc70,
respectively (Hohfeld et al., 1995; Minami et al., 1996), On the other hand BAG-1
promotes substrate release by exchanging ATP for ADP (Hohfeld and Jentsch, 1997)
(Fig 1). In contrast, CHIP inhibits ATP hydrolysis of Hsp70-Hsc70 and, therefore,
attenuates substrate binding and refolding, resulting in inhibition of the “forward”
Hsp70-Hsc70 substrate folding-refolding pathway, at least in in vitro assays (Hohfeld
and Jentsch, 1997). The cellular consequences of this “antichaperone’” function are
not yet clear. This activity may provide a mechanism to slow the Hsc70 reaction cycle
under stressful conditions, or it may assist in “loading” misfolded proteins into the
ubiquitin-proteasome machinery, as described below.

Another chaperone that contains a TPR-acceptor site to interact with
cochaperones and that interacts with CHIP is Hsp90. Indeed, CHIP does interact with
Hsp90 with approximately equivalent affinity to its interactions with Hsp70 (Connell
et al., 2001). This interaction results in remodeling of Hsp90 chaperone complexes.
For example, the cochaperone p23 (which is required for the appropriate activation
of several Hsp90-dependent steroid receptors such as the glucocorticoid receptor
[GR]) is excluded. The mechanism for this activity is unclear—p23 and CHIP bind
Hsp90 through different sites—yet, the consequence of this action is predictable:
CHIP should inhibit the function of proteins that require Hsp90 for conformational
activation. Indeed, CHIP inhibits GR substrate binding and steroid-dependent
transactivation ability. Interistingly, this effect of CHIP is accompanied by decreased
steady-state levels of GR. Indeed, CHIP induceed ubiquitination of the GR in vivo and
in vitro and its proteasome-dependent degradation. This effect is both U-box and

TPR-domain dependent, suggesting that CHIP’s effect on GR require direct
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interaction with Hsp90 and direct ubiquitylation of GR and delivery to the
proteasome. These observations are not limited to GR. Other well studied example is
ErbB2, another Hsp90 client, that is also degraded by CHIP in a proteasome-
dependent fashion (Xu et al., 2002). Nor are they limited to Hsp90 clients; the cystic
fibrosis transmembrane conductance receptor, an Hsp70 client, undergoes CHIP-
dependent degradation that is Hsp70 dependent (Meacham et al., 2001), and
luciferase undergoes CHIP dependent ubiquitination in vitro when it is misfolded and
bound by Hsp70 (Murata et al., 2001a). In each case, the effects of CHIP are
dependent on both the TPR domain, indicating a necessity for interactions with
molecular chaperones, and the U-box, which suggests that the U-box is most likely
the “business end”” with respect to ubiquitination. Hence, the studies are consistent
in supporting a role for CHIP as a key component of the chaperone-dependent
quality control mechanism. CHIP efficiently targets client proteins, particularly when
they are partially unfolded (as is the case for most Hsp90 clients when bound to the
chaperone) or frankly misfolded (as is the case for most proteins binding to Hsp70

through exposed hydrophobic residues).

1.4.2 CHIP ubiquitination activity

Once the ubiquitination activity of CHIP was recognized, it was logical to
speculate that its U-box might function in a manner analogous to that of RING
fingers, which have been appreciated rather recently as key components of the
largest family of ubiquitin ligases. Indeed, CHIP utilizes its U-box for binding to E2
ubiquitin-conjugating enzymes of the Ubc4/5 family and acts as an E3 ubiquitin
ligase during the ubiquitination of known chaperone substrates (Demand et al.,
2001; Hatakeyama et al., 2001; Jiang et al., 2001; Murata et al., 2001b; Pringa et al.,
2001). As a consequence, elevating the cellular concentration of CHIP results in an
increased degradation of chaperone substrates by the proteasome (Connell et al.,
2001; Meacham et al., 2001). /n vitro reconstitution of CHIP-mediated ubiquitination
confirmed this conclusion. Efficient ubiquitination of heat-denatured firefly
luciferase by the CHIP/UbcH5 conjugation machinery was dependent on the

presence of either Hsp70 or Hsp90 and did not occur with native luciferase (Murata
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et al., 2001b). The chaperones apparently select substrates for CHIP-mediated
ubiquitination. However, a direct interaction between CHIP and the protein
substrate may contribute to the selection process, as CHIP is able to ubiquitinate at
least some protein substrates even in the absence of chaperones (Demand et al.,
2001) by directly recognizing certain regions of the substrate (He et al., 2004).
Moreover CHIP was also found to interact with the Ubc13-Uevla E2 complex in vitro,
to essentially produce K63 linked chains, in contrast with the K48 polyubiquitination
mediated by the CHIP-UbcH5 complex (Xu et al.,, 2008; Zhang et al., 2005). The
function and/or destination of these K63 polyubiquitin chains is still unknown. In any
case, the chaperone/CHIP complex may be viewed as a multi-subunit ubiquitin ligase
that contains either Hsp70 or Hsp90 as the main substrate recognition factor. The
complex thus resembles other multi-subunit ligases that are characterized by the
association of certain ubiquitin ligases and ubiquitin-conjugating enzymes with
substrate recognition factors, for example the Skpl1/cullin/F-box protein (SCF)
complex (Jackson et al.,, 2000; Zheng et al., 2002). During sorting of chaperone
substrates to the proteasome, CHIP may cooperate with the other chaperones or
cochaperones. For example, the nucleotide exchange factor of Hsp70 BAG-1, in
addition to the BAG domain that mediates Hsp70 binding and regulation, possesses
an ubiquitin-like domain within its primary structure. The presence of such a domain
is the defining feature of a family of diverse proteins, termed ubiquitin domain
proteins (UDPs) (Jentsch and Pyrowolakis, 2000). Similar to other UDPs, BAG-1
utilizes the integrated ubiquitin domain for an association with the proteasome
(Alberti et al., 2002; Luders et al., 2000a). Because the domain does not overlap with
the chaperone binding site of the cofactor, BAG-1 can act as a coupling factor
between Hsp70 and the proteasome. As a consequence, elevating BAG-1 levels
induced a proteasomal association of Hsp70 in cell culture experiments. The
isolation of CHIP/Hsp70 complexes also lead to the identification of cochaperones
that have an inhibitor effect on CHIP activity. Both BAG-2 and HspBP1 attenuate the
ubiquitin ligase activity of CHIP when complexed with Hsc70. As a consequence, they
interfer with the CHIP-induced degradation of specific substrates (Alberti et al.,
2004; Arndt et al., 2005). These findings indicate that the loading of chaperone-

bound substrates to the proteasome, mediated by CHIP, is a tightly regulated event
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that most probably will not only rely on CHIP and its ubiquitinating activity, but also

on the particular binding partners present on these complexes.

1.4.3 Quality control

The characterization of the CHIP cofactor challenges previous concepts regarding
the role of molecular chaperones in protein quality control. So far, a kinetic
partitioning of non-native polypeptides between chaperones and proteases was
proposed to underlie quality control (Wickner et al., 1999). Chaperone binding would
direct the non-native polypeptide towards the folded state, whereas an association
with components of the degradation machinery would result in polypeptide
destruction. This model infers a competition between chaperones and the
degradation machinery in substrate binding. The identification of CHIP now suggests
a different concept. Through association with the cofactor, molecular chaperones
are directly turned into protein degradation factors (Cyr et al., 2002; Sha et al.,
2000). Hence, the fate of the chaperone bound polypeptide would be determined to
a significant extent by the cofactors that associate with the chaperone/substrate
complex. Conceptually this means that the intracellular balance of the competing
and cooperating cofactors may therefore set the threshold between folding and
degradation.

Binding of CHIP and BAG-1 would lead to degradation, whereas attempts to fold the
bound polypeptide would occur upon binding of folding cofactors, such as Hip and
Hop. The diverse cofactors apparently define functionally distinct Hsp70 chaperone
machines. For example, CHIP and Hop compete in chaperone binding as both
cofactors seem to utilize the same docking site at the carboxyl terminus of Hsp70
and Hsp90, respectively (Brinker et al., 2002; Scheufler et al., 2000). A similar
competition of cofactors is observed at the amino-terminal ATPase domain of Hsp70,
where the proteasome recruitment factor BAG-1 competes with the folding-

stimulating cofactor Hip (Hohfeld and Jentsch, 1997; Takayama et al., 1999).
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Figure 5. Schematic representation of CHIPs role in folding versus degradation Adapted from
(Hohfeld et al., 2001; Kampinga and Craig, 2010).

1.4.4 New roles for CHIP

The number of cellular events where chaperones are found to be involved has
expanded over the years. Thus, not surprisingly, CHIP has surfaced as a binding
partner in previously unanticipated molecular mechanisms. These new roles
substantiate CHIP as more than a molecular switch between the folding and
degradation machinery. Most probably CHIP is also an important bridge between
different degradation pathways. CHIP was found to be a component of Lewy bodies
in the human brain, where it colocalizes with a-synuclein and Hsp70 (Shin et al.,
2005). a-Synuclein is a major component of Lewy bodies, the pathological hallmark
of Parkinson disease, dementia with Lewy bodies, and related disorders (Dickson and
Yen, 1989; Spillantini et al.,, 1998a; Spillantini et al., 1998b). In this model

overexpression of CHIP inhibits a-synuclein inclusion formation and reduces a-
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synuclein protein levels (Shin et al., 2005). Also authors demonstrated that CHIP
could mediate a-synuclein degradation by two discrete mechanisms that can be
dissected using deletion mutants; the tetratricopeptide repeat domain was critical
for proteasomal degradation, whereas the U-box domain was sufficient to direc a-
synuclein toward the lysosomal degradation pathway (Shin et al., 2005). Though the
authors do not discart the traditional model of a functional interaction between CHIP
and Hsp70, which combines chaperone-mediated refolding and degradation in the
proteasome, to modulate o-synuclein aggregation, they also observed that CHIP
could degrade a-synuclein when the E3 ubiquitin ligase activity-conferring domain is
deleted (Shin et al., 2005). This suggests that an additional degradation pathway for
CHIP-mediated degradation of a-synuclein exists. This hypothesis was supported by
the fact that CHIP-mediated deagradation of a-synuclein was not reversed by
proteasome inhibitors (Shin et al., 2005). In fact CHIP could mediate a-synuclein
degradation via the lysosome in a process where the U-box domain was required.
Hence the CHIP E3 ubiquitin ligase activity was involved in the lysosomal degradation
pathway. Authors also hypothesize that probably CHIP was ubiquitinating the
substrates with K63 linked chains (Shin et al., 2005), that at the time were already
known to target proteins to the lysosome (Aguilar and Wendland, 2003; Hicke and
Dunn, 2003).

Several years later, based on the characterization of the Drosophila
melanogaster cochaperone Starvin (Stv), the ortholog of human co-chaperone BAG-
3, a conserved chaperone machinery was found to be involved in Z disk maintenance
in the flies muscle tissue (Arndt et al., 2010). This machinery, instead of keeping Z
disk proteins in a folded conformation, facilitated the degradation of damaged
components, such as filamin, not by the proteasome but through what authors
defined as chaperone assisted selective autophagy (CASA) (Arndt et al., 2010). Stv
coordinated with Hsc70, the small heat shock protein HspB8 and CHIP, during
disposal of the Z disks, a protein assembly essential for actin anchoring in striated
muscles, which is subjected to mechanical, thermal, and oxidative stress during
contraction (Frank et al., 2006). Furthermore, CHIP mediated ubiquitination was

recognized by the autophagy adaptor p62, that binds both LC3 and ubiquitin.
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Impaired CASA resulted in Z disk disintegration and progressive muscle weakness in
flies, mice, and men (Arndt et al., 2010).

On the other hand, CHIP seems to be involved in the degradation of misfolded
proteins in the plasma membrane in what was coined as the peripheral protein
quality control (PPQC) (Okiyoneda et al., 2010). Using the F508 mutant, the most
prevalent mutation in the cystic fibrosis transmembrane conductance regulator
(CFTR), that causes a temperature-sensitive folding of immature protein, it was
possible to separate F508 CFTR degraded in the ERAD process, which is almost all the
synthesized protein, of the mutant protein degraded after going to the plasma
membrane (PM) (Okiyoneda et al., 2010). In fact, CHIP has for long been identified as
one of the key components of the ERAD machinery as well as on the ERAD mediated
degradation of F508 CFTR (Meacham et al., 2001; Younger et al., 2004). The arrival of
the folding defective protein to the PM was achieved by decreasing the temperature
to 262C and them increasing it again to 372C. At 262C the mutant CFTR folding defect
is rescued and the protein can then travel to the PM. At 372C the cytoplasmic region
of conformationally defective PM CFTR was selectively recognized by Hsc70 in
concert with DNAJA1 (JA1) and, possibly by the Hsp90/HOP/Ahal machinery
(Okiyoneda et al., 2010). Prolonged interaction with the chaperone/co-chaperone
complex recruited CHIP-UbcH5, leading to ubiquitination of conformationally
damaged PM CFTR (Okiyoneda et al., 2010). Ubiquitinated non-native PM CFTR was
rapidly endocytosed, possibly by clathrin-mediated internalization upon recruitment
of Ub-binding endocytic adaptors (Okiyoneda et al., 2010). Depending on the folding
propensity of the cargo molecule and the proteostasis network state, dynamic
interaction with chaperones and co-chaperones may favor the client protein
refolding, deubiquitination and subsequent recycling to the PM. Alternatively,
irreversible unfolding of the PM CFTR would lead to persistent ubiquitination by
CHIP-UbcH5, providing efficient sorting signals for ESCRT-dependent cargo
concentration, intraluminal budding and multivesicular endosome formation for

delivery into the degradative lysosomal compartment.
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1.5 Cellular adaptation to hypoxia: Hypoxia Inducible Factor

1.5.1 Hypoxia Inducible Factor Family

Adaptation to low oxygen tension (hypoxia) in cells and tissues leads to the
transcriptional induction of a series of genes that participate in angiogenesis, iron
metabolism, glucose metabolism, and cell proliferation/survival. The primary factor
mediating this response is the hypoxia inducible factor-1 (HIF-1) (Ke and Costa,
2006). HIF-1 is a heterodimer composed of two subunits: HIF-1a (or its paralogs HIF-
2a and HIF-3a) and HIF-1B (Gradin et al., 1996). While HIF-1B is constitutively
expressed, the other subunits are oxygen regulated

HIF-1 was discovered by the identification of a hypoxia response element (HRE;
5’-RCGTG-3’) in the 3’ enhancer of the gene for erythropoietin (EPO), a hormone
that stimulates erythrocyte proliferation and undergoes hypoxia-induced
transcription (Goldberg et al., 1988; Semenza et al., 1991). These proteins belong to
the basic helix-loop-helix-Per-ARNT-Sim (bHLH-PAS) protein family (Wang et al.,
1995). The bHLH and PAS motifs are required for heterodimer formation between
the HIF-1a and HIF-1B subunits, and the downstream basic region affords specific
binding to the HRE DNA sequence (Crews, 1998). Two transactivation (stimulation of
transcription) domains, N-terminal (N-TAD) and C-terminal (C-TAD), were identified
later (Ruas et al., 2002). The C-TAD in particular has been shown to interact with
coactivators such as CBP/p300 to activate gene transcription (Lando et al., 2002b).
HIF-1a also contains an oxygen-dependent degradation domain (ODDD) that
mediates oxygen-regulated stability (Pugh et al., 1997). Later work revealed that HIF-
la is ubiquitously expressed in human and mouse tissues and has a general role in
multiple physiological responses to hypoxia, such as erythropoiesis, glycolysis and
angiogenesis, which quickly counteract oxygen deficiency (Semenza, 1998).

Shortly after the cloning of HIF-1a, a closely related protein, HIF-2a [also termed
endothelial PAS protein, HIF-like factor (HLF), HIF-related factor (HRF), and member
of the PAS superfamily 2 (MOP2)] was identified and cloned (Ema et al., 1997,
Flamme et al.,, 1997; Hogenesch et al., 1997; Tian et al., 1997). HIF-2a shares 48%
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amino acid sequence identity with HIF-1a and accordingly shares a number of
structural and biochemical similarities with HIF-1a (for instance, heterodimerization
with HIF-1B and binding HREs). In contrast to ubiquitously expressed HIF-1a, HIF-2a
is predominantly expressed in the lung, endothelium, and carotid body (Ema et al.,
1997; Tian et al., 1998; Tian et al., 1997).

HIF-3a, which was discovered later, is also expressed in a variety of tissues,
dimerizes with HIF-1B, and binds to HREs (Gu et al., 1998). In addition, a splice
variant of HIF-3a, inhibitory PAS (IPAS), which is predominantly expressed in the
Purkinje cells of the cerebellum and corneal epithelium, was subsequently
discovered (Makino et al., 2001). IPAS possesses no endogenous transactivation
activity. Rather, it interacts with the amino-terminal region of HIF-1a and prevents
its DNA binding, acting as a dominant-negative regulator of HIF-1 (Makino et al.,
2001). However, IPAS can also be induced by hypoxia in the heart and lung,
contributing to a negative feedback loop for HIF-1 activity in these tissues (Makino et
al., 2002). HIF-1a and HIF-2a have been more extensively studied, whereas research

on HIF-3a and other HIF isoforms is relatively scarce.

DNA

Binding Dimerization Stability Transactivation
HIF-1a bHLH A PAS B oDD TAD Il:Pl 836aa
HIF-2a bHLH A PAS B oDD TAD TAD 874 aa
HIF-3a bHLH A PAS B OoDD TAD 622 aa
HIF-1B bHLH A PAS B TAD Bg:EEE]

Figure 6. .Schematic of HIF family members and their respective domains. Adapted from (Rankin and
Giaccia, 2008)

1.5.2 HIF-1 regulation

Although HIF-1o protein stability is regulated in an oxygen-dependent manner,
stabilization alone is not sufficient for full transcriptional activation of HIF-1. The

second major mechanism controlling HIF-1a. activity is through the modulation of its
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transactivation domains N-TAD and C-TAD. These domains function by recruiting
transcriptional coactivators such as CBP/p300, SRC-1, and NCOA2 (Arany et al., 1996;
Carrero et al., 2000; Ebert and Bunn, 1998; Ema et al., 1999; Kallio et al., 1997).
Under normal oxygen tension, hydroxylation of the asparagines residue 803
(Asn803) in the C-TAD of HIF-1a by factor inhibiting HIF-1o (FIH-1) prevented the
interaction of HIF-1o. with CBP/p300 (Hewitson et al., 2002; Lando et al., 2002b; Sang
et al., 2002). Hypoxia abrogates asparagine hydroxylation, which allowes the C-TAD
of HIF-1a to efficiently interact with CBP/p300 therein, activating the transcription of
the respective target genes (Lando et al., 2002a).

In addition, it has been reported that FIH-1 binds VHL, forming a ternary complex
with HIF-1a (Mahon et al., 2001). Although interaction with VHL was not required for
FIH-1 activity, histone deacetylases recruited by VHL interfered with the
transcription processes, facilitating FIH-1 to modulate HIF-1a (Hewitson et al., 2002;
Sang et al., 2002). FIH-1 is mainly located in the cytoplasm, but a fraction of it is likely
to reside in the nucleus as well (Metzen et al., 2003). The transcription of FIH-1 is
independent of the oxygen concentration, and it does not influence HIF-1a stability
(Metzen et al., 2003). Like the PHDs, the asparaginyl hydroxylase FIH-1 is a 2-OG-
dependent dioxygenase that also requires Fe?* and ascorbate as cofactors (Lando et
al., 2002a). Utilization of oxygen as a substrate allows FIH-1 to serve as a second
oXygen sensor.

Furthermore, phosphorylation of HIF-1a by the mitogen-activated protein kinase
(MAPK) pathway has been reported to play a role in the transcription factor
regulation (Minet et al., 2001; Richard et al., 1999; Sodhi et al., 2000). It has been
shown that the MAP kinases p42/44 and p38 kinase phosphorylated HIF-1a. in vitro
(Richard et al., 1999; Sodhi et al., 2000). In addition, inhibitors of p42/44 and p38
blocked HIF-1a-mediated reporter gene expression (Hur et al., 2001). Moreover, HIF-
1o, transactivation during hypoxia required p42/44 MAPKs (Conrad et al.,, 1999;
Hofer et al., 2001; Hur et al., 2001) Taking these findings into account, it could be the
case that HIF-1f binds preferentially to the phosphorylated form of HIF-1a (Suzuki et
al., 2001a).

In addition to the post-translational modification of HIF-1a described above,

40



Introduction

SUMOylation also negatively regulates the transcriptional activity of HIF-1a, because
SUMO-deficient HIF-1a increases HRE-dependent transcription (Berta et al., 2007).
This contradicts an earlier report claiming that SUMOylation increases HIF-1a-
mediated transcription in the same cell line. The earlier finding, however, appears
questionable, in that global overexpression of SUMO-1 was used to examine the
impact of SUMO modification of HIF-1a (Bae et al., 2004). In yet another case, S-
nitrosation on cysteine 800 of HIF-1a has been shown to increase its transactivation
through its interaction with CBP/p300 (Yasinska and Sumbayev, 2003).

Besides hypoxia, HIF-1c is also regulated in an oxygen-independent manner.
Cytokines, growth factors, environmental stimuli, and other signaling molecules have
been implicated in controlling HIF-1o. under normoxic conditions (Feldser et al.,
1999; Gorlach et al., 2001; Hellwig-Burgel et al., 1999; Richard et al., 2000; Salnikow
et al., 2000). Although complex and cell-type dependent, some have been shown to
stimulate HIF-1a transactivation or synthesis by activation of the MAPK or the
phosphatidylinositol 3-kinase (PI3K) signaling pathways (Li et al., 2004; Zelzer et al.,
1998).

1.5.3 HIF-1 transcriptional activity

Since cells, tissues and organs need to adapt to changes in oxygen supply, it is
not surprising that a significant amount of the HIF-1c target genes are regulated in a
tissue-specific manner. To date, there are more than one hundred HIF-1la
downstream genes identified. Moreover, DNA microarrays found that more than 2%
of all human genes are regulated by HIF-1a in arterial endothelial cells, directly or
indirectly (Manalo et al., 2005). Also in response to hypoxia, the capacity of red
blood cells to transport oxygen is up-regulated by the expression of genes involved
in erythropoiesis and iron-metabolism. For example hypoxia increases the
expression of EPO, which is required for the formation of red blood cells (Semenza et
al., 1991). Since iron-metabolizing is a rate-limiting step of heme production, it is
logical that hypoxia also up-regulates transferrin, which transports Fe*" into cells
(Rolfs et al., 1997); the transferring receptor, which binds transferring and enables

cellular transferrin uptake (Bianchi et al., 1999; Lok and Ponka, 1999; Ponka and Lok,
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1999; Tacchini et al., 1999); and ceruloplasmin (also known as a ferroxidase), which
is required to oxidize ferrous (Fe*) to ferric (Fe**) iron (Lok and Ponka, 1999;
Mukhopadhyay et al., 2000). Increasing the transcription of these genes supports
iron supply to erythroid tissues (Rolfs et al., 1997).

In the same way, not only HIF-1a. increases the production of red blood cells but
also enhances the transport of oxygen to tissues through angiogenesis. A large
number of genes involved in different steps of angiogenesis have been shown to
increase by hypoxia challenge (Berra et al., 2000; Bunn and Poyton, 1996; Forsythe
et al., 1996; Giordano and Johnson, 2001; Levy et al., 1995; Semenza, 2002). Among
them, the vascular endothelial cell growth factor (VEGF), which is the most potent
endothelial-specific mitogen, directly participates in angiogenesis by recruiting
endothelial cells into hypoxic and avascular areas and stimulates their proliferation
(Conway et al.,, 2001; Josko et al., 2000; Neufeld et al., 1999). Therefore, the
induction of VEGF and various other proangiogenic factors leads to an increase in the
vascular density and consequently to a decrease in the oxygen diffusion distance. In
addition, HIF-1a regulates genes involved in governing the vascular tone such as
nitric oxide synthase (NOS2) (Melillo et al., 1995), heme oxygenease 1 (Lee et al.,
1997), endothelin 1 (ET1) (Hu et al.,, 1998), adrenomedulin (ADM) (Nguyen and
Claycomb, 1999), and the 1B-adrenergic receptor (Eckhart et al., 1997). Moreover,
hypoxia induces genes involved in matrix metabolism and vessel maturation such as
matrix metalloproteinases (MMPs) (Ben-Yosef et al., 2002), plasminogen activator
receptors and inhibitors (PAls) (Kietzmann et al.,, 1999), and collagen prolyl
hydroxylase (Takahashi et al., 2000).

Low oxygen supply poses a challenge for cellular metabolism. To adapt to this
condition cells often switch their glucose metabolism pathway away from the
oxygen-dependent tricarboxylic acid (TCA) cycle to the oxygen-independent
glycolysis (Dang and Semenza, 1999; Seagroves et al., 2001). With only 2 ATP
molecules from each glucose molecule produced by glycolysis, instead of 38 ATP
provided by TCA cycle, hypoxic cells elevate their ability to generate ATP by
increasing the glucose uptake. This is achieved by up-regulating the expression of

glycolytic enzymes and glucose transporters (Wenger, 2002). Hypoxia and HIF-1a
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increase virtually all the enzymes in the glycolytic pathway, as well as the glucose
transporters 1 and 3 (GLUT1, GLUT3) (Chen et al., 2001). Furthermore, the glycolysis
metabolic products, such as lactate and pyruvate, have been reported to cause HIF-
la accumulation under normoxia and at the same time regulate hypoxia-inducible
gene expression, establishing a potential positive feedback loop (Lu et al., 2002).

Under these challenging conditions it is somewhat counterintuitive the existence
of evidences showing that HIF-1la can induce growth factors, such as insulin-like
growth factor-2 (IGF2) and transforming growth factor (TGF-f) (Feldser et al., 1999;
Krishnamachary et al.,, 2003). Binding of such growth factors to their cognate
receptors activates signal transduction pathways that lead to cell proliferation
and/or survival and stimulates the expression of HIF-1a itself (Semenza, 2003). It s,
nevertheless, also true that hypoxia can lead not only to cell survival but also to cell
death, though in very specific circumstances. For example hypoxia has been shown
to induce apoptosis, where HIF-1a plays a complex role (Carmeliet et al., 1998).
Genetic studies using embryonic stem cells harboring a deletion of HIF-1a showed
decreased apoptosis compared with wild type when challenged with low oxygen
(Carmeliet et al., 1998). Activation of caspase-3 and Apaf-1- mediated caspase-9, and
the release of cytochrome ¢, have been reported in several cell types under hypoxic
conditions (Brunelle and Chandel, 2002; McClintock et al., 2002). It has also been
demonstrated that the expression of HIF-1a significantly correlated with apoptosis
and the proapoptotic factors, such as caspase-3, Fas, and Fas ligand (Volm and
Koomagi, 2000). Moreover, hypoxia depressed the antiapoptotic protein Bcl-2
(Carmeliet et al., 1998), whereas the proapoptotic protein Bcl-2/adenovirus EIB 19-
kDa interacting protein 3 (BNip3) and its homolog Nip3-like protein X (NIX) were up-
regulated in a HIF-dependent manner (Bruick, 2000). Some genes involved in cell
cycle control, such as p53 and p21, were also found to be HIF-dependent (Carmeliet
et al.,, 1998). In addition, p53 has been implicated in regulating hypoxia-induced
apoptosis through induction of apoptosis-related genes such as Bax, NOXA and
PUMA (Schuler and Green, 2001).

To make the overall picture even more confusing, in addition to the above

classes of genes, HIF-1a is also regulates many other target genes implicated in
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diverse processes such as adipogenesis (Yun et al., 2002), carotide body formation
(Kline et al., 2002), B lymphocyte development (Kojima et al., 2002), and immune

reactions (Hellwig-Burgel et al., 2005).

1.5.4 Proteolysis of HIF-1a

HIF-1a is virtually undetectable under normoxia, since it is a substrate for the
ubiquitin-proteasome system (UPS) (Salceda and Caro, 1997). Under normoxia, HIF-
la is hydroxylated on proline residues 402/564 by specific prolyl hydroxylases (PHD
2 mainly), that use oxygen and a-ketoglutarate as substrates (lvan et al., 2001;
Jaakkola et al., 2001). Once hydroxylated, HIF-1a is recognized by the Von Hippel
Lindau (VHL) protein. VHL interacts with Elongin C and thereby recruits an ubiquitin
ligase complex (Kamura et al., 2000; Kelly et al., 2003). The protein SSAT2, which
interacts with HIF-1a, VHL, and Elongin C, stabilizes the interaction of VHL with
Elongin C, thereby facilitating ubiquitination of HIF-la (Baek et al., 2007a).
Ubiquitination marks HIF-1a for degradation by the proteasome (Salceda and Caro,
1997). When oxygen becomes limiting HIF-1a hydroxylation is inhibited, the protein
escapes degradation and is translocated into the nucleus, where it dimerizes with
HIF-1B and binds to hypoxia-responsive elements (HRE) (Semenza et al., 1996). HIF-
la activates the expression of numerous hypoxia responsive genes that help cells to
survive under low oxygen (Semenza, 1999).

Although the PHD2-VHL pathway is the critical mechanism regulating HIF-1a
stability in response to changes in O, concentration, studies have revealed that there
are Oy-independent mechanisms for the degradation of HIF-1a. The RACK1 protein
can bind to HIF-1a and interact with Elongin C, thereby recruiting an E3 ubiquitin-
protein ligase complex (Liu et al., 2007). RACK1 can substitute VHL to promote
ubiquitination and degradation of HIF-1a, with the critical distinction that RACK1-
HIF-1a interaction is not O,-regulated. Furthermore, heat shock protein 90 (Hsp90)
which is known to bind and stabilize HIF-1a, competing with RACK1 for binding to

the transcription factor (Liu et al., 2007).
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Figure 7. Schematic representation of canonical HIF-1 pathway. Adapted from (Harris, 2002)

In turn Hsp90 inhibitors, which have been shown to inhibit tumor growth, induce
proteasomal degradation of HIF-1a, even in cells lacking VHL (Isaacs et al., 2002). The
protein SSAT1, which shares 46% amino acid identity with SSAT2, also binds to HIF-
1la and promotes its ubiquitination and degradation (Baek et al., 2007b). However, in
contrast to SSAT2, which stabilizes the interaction of VHL and Elongin C and thereby
promotes O,-dependent ubiquitination (Baek et al., 2007b), SSAT1 acts by stabilizing
the interaction of HIF-1a with RACK1. Thus the paralogs SSAT1 and SSAT2 play
complementary roles in promoting O,-independent and O,-dependent degradation
of HIF-1a, respectively.

CHIP (carboxyl terminus of Hsc70-interacting protein), has also been found to be
involved in the degradation of HIF-1a. HIF-1a interacts with Hsp70 that, through
recruiting the ubiquitin ligase CHIP, promotes the ubiquitination and proteasomal
degradation of the transcription factor, thereby inhibiting HIF-la-dependent gene
expression. Disruption of Hsp70-CHIP interaction blocks HIF-1la degradation and
attenuates the decay of HIF-1a levels during prolonged hypoxia (Luo et al., 2010). On
the other hand, CHIP was also involved in a mechanism whereby methylglyoxal

(MGO), which accumulates in high-glucose conditions, led to a rapid proteasome-
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dependent degradation of HIF-1a under hypoxia (Bento et al., 2010). Data showed
that increased association of Hsp40/70 with HIF-1a led to recruitment of CHIP, which
promoted polyubiquitination and degradation of HIF-1a. Moreover, MGO-induced
destabilization of HIF-1a led to a dramatic decrease in HIF-1 transcriptional activity,
suggesting that accumulation of MGO is likely to be the link between high glucose
and the loss of cell response to hypoxia in diabetes. There have been also reports of
P53 regulation of HIF-1a stability. Loss of p53 in tumor cells enhances HIF-1a levels
and augments HIF-1-dependent transcriptional activatity. In this case Mdm2 (murine
double minute 2) mediates ubiquitination and proteasomal degradation of the HIF-
la (Ravi et al., 2000).

On the other side of ubiquitin-mediated degradation is deubiquitination. The
pVHL-interacting deubiquitinating enzyme 2 (USP20) (Li et al., 2002a; Li et al., 2002b)
interacts with HIF-1a (Li et al., 2005). USP20 can specifically deubiquitinate and
stabilize HIF-1a. These findings suggest that ubiquitination of HIF-1a is a dynamic
process and that ubiquitinated HIF-1a might be rescued from degradation by USP20
through deubiquitination. Although pVHL functions as a master control for HIF-1a
stabilization, as pVHL-E3 ligase mediates the ubiquitination of both HIF-1a and
USP20 (Li et al., 2002a), the balance between the pVHL-mediated ubiquitination and
USP20-mediated deubiquitination of HIF-1a provides another level of control for
HIF-1a stabilization.

Another important pathway in HIF-1a stability is SUMOylation. HIF-1a can
undergo modification with SUMO-1, -2 and -3. Interestingly, hypoxia upregulates the
expression of SUMO-1, which participates in HIF-1a sumoylation (Shao et al., 2004).
SUMOylation was reported to promote HIF-la degradation via a proteosomal
pathway, suggesting cooperation between SUMOylation and ubiquitination (Cheng
et al.,, 2007). In stark contrast, several other groups demonstrated that SUMO
modification stabilizes HIF-1a (Bae et al., 2004) (Carbia-Nagashima et al., 2007) or
even that HIF-1a turnover rate was not affected by sumoylation in vivo (Berta et al.,
2007). Inversely, in the presence of the sumo-specific isopeptidase SENP1, HIF-1a is
deSUMOylated and escapes degradation (Cheng et al., 2007). In the presence of such
facts, one can only conclude that more detailed analyses are required to resolve

these controversies.
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Chapter 2. Objectives

Selective protein degradation has emerged as a key regulatory mechanism involved
in virtually every aspect of cell biology. For many years, the ubiquitin-proteasome
system (UPS) remained the single pathway for selective degradation of soluble
proteins in cells. More recently, a new form of selective protein degradation was
identified, which can degrade soluble substrates in the lysosome. Substrates
targeted to chaperone mediated autophagy (CMA) are first recognized by a cytosolic
chaperone, the heat shock cognate protein of 70kDa (Hsc70), and subsequently
targeted to the lysosomal membrane where they bind to lysosome associated
membrane protein type 2A (LAMP2A), that acts as a receptor for this pathway. The
target protein is then translocated into the lysosomal lumen where it is completely
degraded by lysosomal proteases. A generalized assumption has prevailed where
proteolytic pathways are mechanistically separated events. However, it is becoming
apparent that proteolytic systems rely upon complex molecular machines and
functional supramolecular assemblages that may, through specific players, crosstalk
in unexpected ways. This study explores the possibility that a crosstalk exists
between two proteolytic systems: UPS and CMA, enabling degradation of specific
substrates through both pathways. Data will show that HIF-1a, a typical substrate of
UPS, can be diverted to CMA by virtue of its ability to bind to and be ubiquitinated by
CHIP. CHIP (carboxyl terminus of the Hsc70-interacting protein) is a unique regulator
since it has an ubiquitin-ligase domain (U-box) and is able to bind chaperones
through its TPR motif. Because of this dual function, CHIP is able to switch
chaperone-activity from protein folding to protein degradation. This study shows
that CHIP and its associated supramolecular-complexes can shuttle HIF-1a to CMA.
Data will also show that HIF-1a degradation is more complex than anticipated and
that different stimuli may influence HIF-1a stability and consequently HIF-1a activity

in previously unexpected ways.
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Chapter 3. Methods

3.1 Animals and Cells: We used male wistar rats (200-250g). We also used the
ARPE-19 cells (LGC Promochem, Teddington, UK), the renal carcinoma cell line RCC4
VHL-/- (American Type Culture Collection (ATCC), Manassas, VA, USA), the NIH-3T3
cell line, kindly provided by Dr. A. M. Cuervo (Albert Einstein Coledge of Medicine,
Yeshiva University, New York, USA) and both HIF-1a +/+ and HIF-1a -/- MEFs, kindly

provided by Dr. Roland H Wenger (University of Zurich, Switzerland)

3.2 Cell culture and Treatments: The ARPE-19 cells (LGC Promochem,
Teddington, UK) were 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
glutamine. The renal carcinoma cell line RCC4 VHL-/- (American Type Culture
Collection (ATCC), Manassas, VA, USA), was grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% FBS, antibiotics and glutamine. The NIH-3T3 cell
line was grown in Dulbecco’s modified Eagle’s medium supplemented with 10% FBS,
antibiotics and glutamine. HIF-1 +/+ and HIF-1 -/- MEFs, were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS, antibiotics and glutamine All
media and glutamine were purchased from Invitrogen (Carlsbad, CA, USA). When
appropriate, cells were treated with the following agents: 300 uM cobalt chloride
(CoCl,, Sigma-Aldrich, St. Louis, MO, USA), 20 uM MG132 or Z-LLL-CHO (Calbiochem,
San Diego, CA, USA), 200 uM chloroquine (Sigma-Aldrich, St. Louis, MO, USA), 100
MM leupeptin (Sigma-Aldrich, St. Louis, MO, USA), 20 mM ammonium chloride
(NH4CI, Sigma-Aldrich, St. Louis, MO, USA), 10 mM 3-methyladenine (3-MA, Sigma-
Aldrich, St. Louis, MO, USA). An incubator Nuair N4950E (Nuaire, Plymouth, MN,
USA) was used to perform the hypoxic treatments (2% O,, 5% CO,, 372C) Transient
transfection of cells was performed with lipofectamine 2000 (Invitrogen, Carlsbad,

CA, USA), according to manufacturer’s recommendations.
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3.3 Antibodies and reagents: The following antibodies were used: mouse anti-
HIF-1a clone mgc3, dilution of 1:500 (western blot) 1:100 (immunocytochemestry)
(Thermo Scientific, Waltham, MA, USA); rabbit anti-HIF-1la clone PA1-16601,
dilutions of 1:1000 (Thermo Scientific, Waltham, MA, USA); rabbit anti-HIF-2a/EPAS1
(PAB12124), dilution of 1:200 (Abnova, Taipei City, Taiwan); rabbit anti-Hydroxyp564
(PAB9964), 1:200 (Abnova, Taipei City, Taiwan); rabbit antiHIF-1a Hydroxyproline
402 (Q16665), dilution of 1:200 (Millipore, Billerica, MA, USA); rabbit anti-LC3 (PA1-
16931), dilution of 1:1000 (Thermo Scientific, Waltham, MA, USA); mouse anti-actin
clone C4, dilutions of 1:1000 (Millipore-Chemicon, Billerica, MA, USA); rat anti-Hsc70
clone 1B5, dilution of 1:1000 (Stressgen, Ann Arbor, MI, USA); mouse anti-Hsc70
clone 13D3, dilution of 1:4000 (Novus Biologicals, Cambridge, UK); mouse anti-c-myc
clone 9E10, dilution of 1:500 (Zymed-Invitrogen, Carlsbad, CA, USA); rabbit anti-
LAMP2A, dilution of 1:2000 (Igp96), dilution of 1:1000 (Zymed-Invitrogen, Carlsbad,
CA, USA); rabbit anti-LAMP2A (ab18528), rabbit anti-LAMP2A (ab18528) dilution of
1:500 (western blot) dilution of 1:100 (immunocytochemestry) (Abcam, Cambridge,
UK); mouse anti-LAMP2 clone H4B4, dilution of 1:1000 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); mouse anti-LAMP1 clone LY1C6 (Stressgen, Ann Arbor, MI,
USA); rabbit anti-P21 clone H-164, dilution of 1:1000 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA); mouse anti-GAPDH clone 6C5, dilution of 1:2000 (Abcam,
Cambridge, UK), goat anti-Cathepsin B clone S-12, dilution of 1:500, and horseradish
peroxidase-conjugated secondary goat anti-mouse, goat anti-rabbit and rabbit anti-
goat, dilution of 1:5,000 (Bio-Rad, Hercules, CA, USA). Alexa Fluor 568-conjugated
goat anti-mouse and green-conjugated Alexa Fluor anti-rabbit dilution of 1:100
(Invitrogen, Carlsbad, CA, USA). Protein G—Sepharose (GE Healthcare Bio-Sciences,
Uppsala, Sweden). Polyvinylidene fluoride (PVDF) membranes (GE Healthcare Bio-
Sciences, Uppsala, Sweden). ECL (GE Healthcare Bio-Sciences, Uppsala, Sweden).
Glycergel (Dako, Glostrup, Denmark). Hydroxyprobe TM-1 Plus Kit (Millipore,
Billerica, MA, USA). Cell Proliferation ELISA, Brdu (colorimetric) (Penzberg, Upper
Bavaria, Germany). Quantikine mouse VEGF immunoassay (ELISA) (R&D Systems,
Minneapolis, MN, USA.). MTT Formazan Powder M2003 (Sigma-Aldrich, St. Louis,
MO, USA).
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3.4 Plasmids: For this work we used the following plasmids: pcDNA3.1 c-myc-
CHIP wt, pcDNA3.1 c-myc-CHIP K30A, pcDNA3.1 c-myc-CHIP H260Q (Xu et al., 2002);
pcDNA3 HIF-1a wt-V5 and pcDNA3 HIF-1a (P402A and P564A)-V5 (Hagen et al.,,
2003). To originate the KFERQ mutant HIF-1a we used the pcDNA3 HIF-1a wt-V5. We
mutated the aminoacids N529 and E530 both to A using the 5'-
ACTATCCACATAAAAACAATATTCACT-3’ and the 5-
GATATGGTCGCTGCATTCAAGTTGGAA-3’ primers. The mutation was verified by DNA

sequencing.

3.5 Isolation of Lysosomal Fractions: Male Wistar rats were fasted for 48 hr
before sacrifice for lysosomal isolation. Lysosomes were isolated from a light
mitochondrial fraction in a discontinuous metrizamide density gradient (Wattiaux et
al., 1978) by the shorter method (Aniento et al., 1993). Fractions from the top layer
(fraction 1) and the 26.3/19.8% metrizamide interface (fraction 2) were collected
separately, diluted five times with 0.3 M sucrose, and sedimented at 37,000 x g for
10 min in a Sorvall centrifuge (rotor SS-34; DuPont Instruments, Herts, UK).
Lysosomes from fractions 1 and 2 were resuspended in 0.3 M sucrose and
centrifuged again at 10,000 x g for 5 min in a Heraeus Biofuge 28RS (rotor HFA 22.1;
Heraeus Sepatech, Osterode, Germany) to separate pellets (P1 and P2, respectively).
For the isolation of the cytosolic and the endoplasmic reticulum fractions liver
homogenates were centrifuged at 6800g for 5 minutes and the supernatant was

centrifuged at 77000g for 1 hour (rotor TLA-110, Beckman-Coulter, Brea, CA, USA).

3.6 Binding and uptake assay. Following isolation, lysosomal integrity was
verified by measuring the activity of R-hexosaminidase (Cuervo et al., 1997).
Preparations with more than 10% broken lysosomes after isolation were discarded.
Substrate proteins were incubated with freshly isolated rat liver lysosomes 10 mM 3-
(N-morpholino) propanesulfonic acid (MOPS), pH 7.3, 0.3 M sucrose for 20 min at

37°C in the presence or absence of a cocktail of proteinase inhibitors (Cuervo et al.,
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1997). At the end of the incubation lysosomes were collected by centrifugation,

washed and subjected to SDS-PAGE.

3.7 Viral shRNA Production and Infection: For shRNA targeting of human CHIP,
the oligonucleotides were annealed and ligated into pENTR/U6 according to
manufacturers’ instructions. The following oligonucleotides were used: shRNA1
forward 5-CACCGGAGATGGAGAGCTATGATGACGAATCATCATAGCTCTCC ATCTCC-3’;
shRNA1 reverse 5'- AAAAGGAGATGGAGAGCTATGATGATTCGTC
ATCATAGCTCTCCATCTCC-3’; shRNA2  forward 5’-CACCGGCTATGAAGGAGG
TTATTGACGAATCAATAACCTCCTTCATAGCC-3; shRNA2 reverse 5’-AAAAG
GCTATGAAGGAGGTTATTGATTCGTCAATAACCTCCTTCATAGCC-3'. All plasmids were
verified by DNA sequencing. Site-specific recombination between pENTR286 attL
sites and pAd/BLOCKIT-DEST attR sites was performed using LR clonase Il (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instructions. Pacl-digested
recombinant packaging vector was then transfected into a producer cell line
HEK293A and recombinant viral particles were harvested after lysis of infected cells
8-10 days later (Hume et al., 2006). The term “mock” in the gene silencing figures
refers to a control with a scrambled shRNA sequence. The lentiviral vectors
containing shRNA targeting mouse LAMP2A (Kaushik et al., 2008), ATG7 and the
control empty vector were kindly provided by Dr. A. M. Cuervo (Albert Einstein

College of Medicine, Yeshiva University, New York, USA).

3.8 Measurement of 20S proteasome activity. Cells were washed twice with
PBS, lysed with a Tris buffer (50 mM Tris pH 7.4, 1 mM DTT) and sonicated. After
centrifugation (16,000 x g for 10 minutes at 49C), protein concentration was
determined using the Coomassie method and 40 pg of protein was incubated with
the following fluorogenic substrates: 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, for periods of 5

minutes (excitation wavelength at 380 nm; emission wavelength at 460 nm).
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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).

3.9 Quantitative Real-Time PCR. Following the relevant treatments, total RNA
was purified with Qiagen RNeasy mini kit (Qiagen, Valencia, CA, USA), according to
manufacturer’s specifications, and treated with RNase-free DNase | (GE Healthcare
Bio- Sciences, Uppsala, Sweden). SuperScript Il Reverse Transcriptase (Invitrogen,
Carlsbad, CA, USA) and random hexadeoxynucleotide primers were used to
synthesize cDNA. For the cDNA-real-time PCR the SYBR Green PCR master mix (Bio-
Rad, Hercules, CA, USA) was used according to the manufacturer's instructions, and
the cDNA amplification was performed using the following sets of primers:

e hHIF-1alpha forward 5'-CTACTAGTGCCACATCATCAC-3';
e hHIF-1alpha reverse 5'-CTAGTATCTTTGGATTTAGTTCTT-3';
e mHIF-1lalpha forward 5'-CAGAAATGGCCCAGTGAGAAAAGG G-3;
e mHIF-1lalpha reverse 5'-ATGGCCCGTGCAGTGAAGCAC-3';
e mGLUT-1 forward 5'-ATCCCAGCAGCAAGAAGGTGACG-3';
e mGLUT1 reverse 5'-TGGTGGATGGGATGGGCTCTCC-3';
e mVEGF forward 5'-ATGCCAAGTGGTCCCAGGCTGC-3';
e mVEGF reverse 5'-ATCGGACGGCAGTAGCTTCGC-3;
e 18SrRNA forward 5'-GTCTGCCCTATCAACTTTC-3';
e 18SrRNAreverse 5'-TTCCTTGGATGTGGTAGC-3".
The real-time PCR analyses were conducted on an ABI Prism 7000 quantitive PCR

system (Applied Biosystems, Foster City, CA, USA).

3.10 Morphological analysis. MEF cells were trypsinized and centrifuged at
200xg for 5 min. 0.3x10° cells were then resuspended in 30 pl of FBS and placed on a
slide for microscopic analysis. The cells were stained upon incubation for 5 min with
May—Griinwald solution (0.3% v/v in methanol) (Sigma, St. Louis, MO, USA), diluted
in distilled water at 1:1 (v/v) ratio and then stained with Giemsa solution (0.75% w/v

in glycerol/methanol 1:1) (Sigma, St. Louis, MO, USA) previously diluted in distilled
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water (8x). After rinsing with distilled water, the cells were left to dry at room
temperature. The cells were imaged by confocal microscopy using a Zeiss LSM710

system (Carl Zeiss AG, Oberkochen, Germany).

3.11 Determination of VEGF concentration in the media The concentration of
diffusible VEGF in the cell culture supernatants was measured by Quantikine
enzyme-linked immunosorbent (ELISA) assay kits using monoclonal antibodies
directed against mouse VEGF, according to 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. Wells were then incubated with a horseradish-
peroxidase (HRP)-conjugated polyclonal antibody against VEGF or Ang-2 and
incubated with the substrate solution. 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).

3.12 Brdu colorimetric proliferation assay. Cells seeded onto a 96-well plate
were incubated with 5-bromo-2’-deoxyuridine labeling solution to a final
concentration of 10 uM for 6 hours at 372C. Subsequently, labeling FixDenat was
added to the cells for 30 minutes at room temperature. 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, substrate solution tetramethyl-benzidine (TMB) was
added. Cells were incubated at room temperature until color development was
sufficient for photometric detection (5 - 30 minutes). Absorbance was measured at
370 nm (reference wavelength at 492 nm) on a Biotek Synergy HT
spectrophotometer (Biotek, Winooski, VT, USA).

3.13 MTT cell viability assay. After the treatments, 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,

54



Methods

USA] in Krebs buffer (130 mM NacCl, 4 mM KCl, 1.5 mM MgCl2, 1 mM CaCl2, 6 mM
glucose, 10 mM HEPES, pH 7.4) for 2 hours at 37°C. Subsequently, supernatants were
removed and the precipitated dye was dissolved in 300 pl 0.04 M HCl (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).
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Chapter 4. HIF-1a is a substrate for Chaperone-Mediated
Autophagy

4.1 Introduction

Hypoxia-Inducible Factor 1 (HIF-1) is a heterodimer composed of two subunits:
HIF-1a and HIF-1B (Gradin et al., 1996). While HIF-1p is constitutively expressed, HIF-
la is virtually undetectable under normoxia, since it is a substrate for the ubiquitin-
proteasome system (UPS) (Salceda and Caro, 1997). Under normoxia, HIF-1a is
hydroxylated on proline residues 402/564 by specific prolyl hydroxylases, that use
oxygen and a-ketoglutarate as substrates (lvan et al., 2001; Jaakkola et al., 2001).
Once hydroxylated, HIF-1a is recognized by the Von Hippel Lindau (VHL) protein,
which is part of an ubiquitin ligase complex that targets HIF-1la for
polyubiquitinylation and subsequent degradation by the proteasome (Maxwell et al.,
1999). When oxygen becomes limiting HIF-1a hydroxylation is inhibited, the protein
escapes degradation and is translocated into the nucleus, where it dimerizes with
HIF-18 and binds to hypoxia-responsive elements (HRE). HIF-1 activates the
expression of numerous hypoxia-responsive genes that help cells to survive under
low oxygen (Semenza, 1999).

Recent evidence suggests that the degradation of HIF-1a may also occur through
alternative pathways. For example the RACK1/Elongin-C/Elongin-B complex (Liu et
al., 2007) and the co-chaperone CHIP (Bento et al., 2010; Luo et al., 2010) were both
shown to mediate the ubiquitinylation and subsequent proteasomal degradation of
HIF-1a in an oxygen-independent manner. Moreover, a recent report (Olmos et al.,
2009) began to unveil a role for the lysosome in the degradation of HIF-1a in a renal
carcinoma cell line after incubation with 15-Deoxy-Delta (12,14)-prostaglandin-J(2)
(Olmos et al., 2009).

A putative crosstalk between the UPS and the lysosomal Chaperone-Mediated
Autophagy (CMA) remains poorly understood. Although the two pathways share

common traits of specificity towards substrates, they are mechanistically different.
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The UPS relies upon a series of enzymes (E1, E2 and E3) that conjugate ubiquitin to
the substrate targeting it for proteasomal degradation (Hershko et al., 1983). CMA,
on the other hand is a form of selective autophagy (Massey et al., 2004) whereby
substrates containing a targeting motif biochemically related to the pentapeptide
KFERQ are recognized by the chaperone, Heat Shock Cognate of 73 kDa (cyt-Hsc70)
(Chiang et al., 1989) and degraded in the lysosome (Cuervo and Dice, 1996). At the
lysosomal membrane, the substrate interacts with the Lysosomal Associated
Membrane Protein 2A (LAMP2A) (Cuervo and Dice, 1996) which acts as a CMA
receptor.

The major goal in this study is to investigate the molecular mechanism whereby
the canonical UPS substrate HIF-1a is degraded by CMA, thus helping to elucidate

the putative crosstalk between these two proteolytic pathways.

4.2 Results

4.2.1 Lysosomal inhibitors, but not macroautophagy inhibitors, induce
the accumulation of HIF-1a

To investigate the role of the lysosome in the degradation of HIF-1a, we first
assessed the effect of lysosome inhibitors on the stabilization of the transcription
factor. Human retinal pigmented epithelial cells (ARPE-19) were treated with the
lysosomal inhibitors leupeptin and the weak bases chloroquine and NH,Cl. Data
presented in Fig.8A shows that HIF-1a accumulates in the presence of the lysosomal
inhibitors, with both chloroquine and NH4Cl having a stronger effect than leupeptin.
Furthermore, treatment with both chloroquine and MG-132 showed a cumulative
effect in the stabilization of HIF-1a (Fig.8B). However, incubation of cells with
chloroquine failed to stabilize HIF-2a (Fig.8C), indicating that lysosomal degradation
of HIF-1a is specific and does not occur for all HIF-a isoforms.

Based on these results, chloroquine was used as the lysosome inhibitor of choice

for most experiments. To exclude that the accumulation of HIF-1a results from a
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putative inhibitory effect of chloroquine on the proteasome, cells were incubated
with chloroquine for 8 hours and the proteasome activity was assessed by using
specific fluorogenic substrates. Results show that chloroquine does not significantly
inhibit any of the three proteolytic activities of the proteasome (Fig.9A).

Moreover, RT-PCR experiments show that neither MG-132 nor chloroquine
significantly altered the mRNA levels of HIF-1a (Fig.9B).

To exclude that chloroquine might act by inhibiting the activity of prolyl
hydroxylases (PHDs), both RCC4 (a renal carcinoma cell line deficient in VHL) (Fig.9D)
and ARPE-19 cell lysates (Fig.9C) were incubated with chloroquine and no changes
were observed in the activity of PHDs, as revealed by their ability to hydroxylate HIF-

la proline residues 402 and 564.
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Figure 8. HIF-1a is stabilized by lysosome inhibitors. (A,B,C) ARPE-19 cells incubated either in the
presence or absence of 100 uM leupeptin, 20 mM NH,CI, 200 uM chloroquine, 20 uM MG-132 for 8
hours (A) Western blot for HIF-1a and actin. All lysosome inhibitors tested stabilized HIF-1a in ARPE-
19 cells. (B) Western blot for HIF-1a and actin. Incubation of ARPE-19 cells with both MG-132 and
choloroquine had a cumulative effect in HIF-1a stabilization. (C) Western blot for HIF-2a, HIF-1a and
actin. Lysosomal inhibitors failed to stabilize HIF-2a. (D) All the results represent the mean + SD of at
least three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001)
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This was true even when chloroquine was used at a concentration ten times
higher that the standard concentration to treat cells. Furthermore, incubation of
ARPE-19 cells with chloroquine and with the hypoxia probe pimidazole (Fig.10A),
allowed to exclude that chloroquine is inducing an “acidic hypoxia”, as demonstrated
by the absence of pimidazole adducts in cells incubated with chloroquine. (Haq et al.,
2005). There are a number of pathways through which substrates can be targeted
for lysosomal degradation, being macroautophagy one of the best characterized. To
assess whether macroautophagy is the mechanism involved in HIF-1a degradation,
cells were incubated with the macroautophagy inhibitor 3-methyladenine (3-MA).
Alternatively, macroautophagy was inhibited in a mouse cell line by silencing ATG7
(Autophagy-Related protein 7), which is essential for the formation of the
autophagosome membrane (Singh et al., 2009). Incubation of ARPE-19 cells with 3-
MA, or silencing of ATG7 in NIH-3T3 cells, both failed to stabilize HIF-1a when
compared to controls (Fig.10B, C and D), suggesting that macroautophagy is not the
mechanism responsible for the lysosome-dependent degradation of HIF-1a.

Alltogether the results clearly demonstrate that HIF-1la is degraded by the
lysosome through a mechanism that is not mediated by macroautophagy. These
observation led us to hypothesize that CMA could be the proteolytic pathway

involved in the lysosomal mediated degradation of HIF-1a.

4.2.2 The KFERQ-like motif of HIF-1a is required for the lysosomal
degradation of the protein

All CMA substrates identified so far have a pentapeptide consensus sequence,
often referred to as a KFERQ-like motif. Significantly, following recently established
criteria (Cuervo, 2010), we identified the non-canonical KFERQ motifs, 5,9NEFKLs33
and 4,7VTKDNe30, in human and rat HIF-1a respectively (Fig.11A, highlighted in pink)
and two canonic KFERQ motifs in mouse HIF-1a: 51;ERLLQs516 and 634aRVIEQgss
(Fig.11A, highlighted in yellow). However, the presence of a KFERQ motif on a
substrate is not sufficient to prove that it is a bona fide CMA substrate. To show that

the pentapeptide sequence found in HIF-1a is indeed required for its lysosomal
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degradation, the first two aminoacids of the sequence of human HIF-1a were

mutated to alanine (AAHIF-1a).
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Figure 9. Chloroquine does not change HIF-1a mRNA levels nor does it inhibit proteasome activity
or HIF-1a hydroxylation. ARPE-19 or RCC4 VHL -/- cells were incubated either in the presence or
absence of 200uM of chloroquine, 20uM of MG-132 and either 300uM of CoCl, or 2% O, for 8 h and
harvested. (A) Cell extracts were homogenized and protein concentration was determined. 40 ug of
each sample were incubated with the following fluorogenic substrates, in order to assess the different
proteolytic activities of the proteasome: Z-LLE-MCA for monitoring the caspase-like activity, Suc-LLVY-
MCA for the chymotrypsin-like activity, and Boc-LRR-MCA for the trypsin-like activity. Chloroquine
does not inhibit any of the three proteasomal activities. (B) Cells were lysed and total RNA was
purified. Quantitative Real-Time RT-PCR analysis was performed and levels of HIF-1la mRNA were
determined for the different experimental conditions. Neither chloroquine nor MG-132 altered the
levels of mRNA of HIF-1a. (C) Pull-down of recombinant GST-HIF-1a incubated in ARPE-19 cell lysates
in the presence or absence of 300 uM CoCl,, 200 uM chloroquine and/or 2000 uM chloroquine and
probed for HIF-1a hydroxyprolines 402 and 564. Incubation of cell lysates at a concentration of
chloroquine of 2000 uM did not inhibit PHD activity. (D) Western blot for HIF-1a, actin and HIF-1a
hydroxyproline 402 or 564 in RCC4 cells. Chloroquine does not induce any obvious change in the
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hydroxylation of either prolines 402 or 564. All the results represent the mean * SD of at least three
independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 10. Chloroquine does not induce an “acidic hypoxia” and macroautophagy inhibition fails to
stabilize HIF-1a. (A) Immunocytochemestry for the hypoxia probe pimidazole. ARPE-19 cells were
incubated in the presence or absence of 200uM of chloroquine or 2% O, for 8 hours and with 200uM
pimidazole for the last 2 hours of incubation. The samples were probed with an antibody specific for
protein-pimidazole adducts (FITC-Mab-1). Chloroquine does not induce hypoxia as detected by the
hypoxia probe. (B) ARPE-19 cells incubated either in the presence or absence of 100 uM leupeptin, 20
mM NH,4CI, 200 uM chloroquine, 20 UM MG-132 or 10 mM 3-MA for 8 hours. Western blot for HIF-
la and actin. Pharmacological inhibition of macroautophagy failed to stabilize HIF-1a. (C,D) NIH-3T3
cells transduced with an empty lentiviral vector or a lentiviral vector encoding for ATG7 shRNA for 7
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days at 372C and incubated in the presence or absence of 100 uM chloroquine for 8 hours. Cell
extracts were probed for HIF-1a and for actin (C). Alternatively the ratio of LC3-II/LC3-l was
determined (D). Silencing of ATG7 did not lead to stabilization of HIF-1a. All the results represent the
mean * SD of at least three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01;
**% p<0.001).

Data presented in Fig.11B shows that this mutation rendered the protein
insensitive to lysosomal inhibition, indicating that a functional pentapeptide motif is
necessary for targeting HIF-1a to the lysosome. Incubation of cells under hypoxia
(2% 0,) clearly shows stabilization of both wild type and mutant HIF-1a (Fig.11C).
Moreover, the levels of AAHIF-1a mutant that accumulate in response to hypoxia are
about two times higher than the wild type form of HIF-1a, reflecting the increased
stabilization of the protein following mutation of the CMA-targeting pentapeptide
(Fig.11C).

The stabilization of AAHIF-1a under hypoxia also suggets that the mutant AAHIF-
la retains the ability to be hydroxylated under normoxia. To further confirm this
possibility V5-HIF-1la was immunoprecipitated and probed for hydroxylated
P402/P564. Fig.11D shows that both wtHIF-1a and AAHIF-1a are hydroxylated to a
comparable extent. Since wtHIF-1a degradation in normoxia is known to be
preceded by hydroxylation, data in Fig.11C and D discards the possibility of the HIF-
la KFERQ mutation affecting HIF-1a hydroxylation.

4.2.3 The KFERQ-like motif is required for HIF-1a interaction with Hsc70
and the CMA receptor LAMP2A

A requirement for all CMA substrates is the ability to bind to the CMA receptor
LAMP2A and, through the KFERQ-like motif, to Hsc70. Thus, the ability of HIF-1a to
interact with LAMP2A in ARPE-19 cells was evaluated by co-immunoprecipitation
experiments. Because all the available antibodies against LAMP2A recognize an
epitope in the C-terminus of the protein, which can be masked by the binding of
substrates as they reach the lysosome (Bandyopadhyay et al., 2008), we chose to use

an antibody raised against all LAMP2 isoforms.
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Figure 11. HIF-1a has a KFERQ-like pentapeptide sequence. (A) Alignment of human, mouse and rat
HIF-1a. The human HIF-1a contains a non-canonical KFERQ-like pentapeptide 5,sNEFKLss3 (purple
box). The mouse HIF-1a contains two canonical KFERQ-like pentapeptide sequences 51,ERLLQs:6 and
68aRVIEQggo (yellow boxes). The rat HIF-la contains one non-canonical KFERQ-like pentapeptide
627VTKDNg3 (purple box). (B,C,D) Western blot for V5-tag and actin of ARPE-19 cells transfected either
with wtHIF-1a or AAHIF-1a (both tagged with V5) and incubated either in the presence or absence of
200 uM chloroquine, 20 uM MG-132 or 2% O,. (B) The AAHIF-1a mutant was more stable than wtHIF-
la and it was insensitive to lysosome inhibitiors. (C) Similarly to wtHIF-1a the mutant AAHIF-1a is
stabilized under hypoxia. (D) Immunoprecipitation of V5-tagged wtHIF-1a and AAHIF-1a. AAHIF-1a is
hydroxylated in prolines 402/564 similarly to wtHIF-1a and, in both cases, hypoxia prevents its
hydroxylation. The results represent the mean * SD of at least three independent experiments. (n.s.
non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

Data presented in Fig.12A shows that immunoprecipitation of LAMP2 resulted in
the co-precipitation of HIF-1a. Consistently, immunoprecipitation of HIF-1a also
resulted in the co-precipitation of LAMP2A (Fig.12B). Interestingly, not only lysosome
inhibition, but also proteasome inhibition resulted in increased co-precipitation of
HIF-1a with LAMP2 (Fig.12A and B). This interaction is specific for LAMP2A, since
neither the LAMP2B nor the LAMP2C isoforms co-immunoprecipitate with HIF-1a
(Fig-5E).
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Figure 12. HIF-1a has a KFERQ-like pentapeptide sequence and interacts with both LAMP2A and
Hsc70. (A,B) ARPE-19 cells were incubated either in the presence or absence of 200 uM chloroquine
or 20 uM MG-132 for 8 hours. (A) Immunoprecipitation of LAMP2 resulted in the co-precipitation of
the LAMP2A isoform and wtHIF-1a. (B) The LAMP2A isoform co-precipitated with wtHIF-1a. (C,D)
Immunoprecipitation of HIF-1a-V5. (C) Hsc70 co-precipitated with wtHIF-1a-V5 but not with the
mutant AAHIF-1a-V5. (D) wtHIF-1a-V5 but not AAHIF-1a-V5 co-precipitated with LAMP2. (E)
Immunoprecipitation of HIF-1a. NIH 3T3 cells were incubated either in the presence or absence of
200uM chloroquine or 20uM MG-132 for 8 h and harvested. Immunoprecipitates were blotted for all
three LAMP2 isoforms. HIF-1a only interacts with the LAMP2A isoform. (NA) no antibody.
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To assess whether Hsc70 interacts with the KFERQ-like motif of HIF-1o ARPE-19
cells were transfected with V5-tagged wild-type or mutant HIF-1a (AAHIF-1a) and
subsequently treated with either lysosome or proteasome inhibitors. Data presented
in Fig.12C shows that mutation of the KFERQ-like sequence of HIF-1a abrogated its
interaction with Hsc70. Consistently, data presented in Fig.12D shows that mutation
of the KFERQ-like motif also prevents the association of HIF-1la with the CMA
receptor LAMP2A, as revealed by the failure of AAHIF-1a to co-immunoprecipitate

with LAMP2A.

4.2.4 HIF-1a localizes in lysosomes positive for CMA and is transported
into intact lysosomes

Immunofluorescence of ARPE-19 cells (Fig.13A) shows increased co-localization
of LAMP2A with HIF-1a in the presence of proteasome inhibitors (MG-132), and
even more so in the presence of the lysosome inhibitor chloroquine. To prove that
HIF-1a localizes specifically to CMA competent lysosomes we isolated lysosomal
fractions.

As previously reported (Cuervo et al., 1994), not all lysosomes support CMA and
it is possible to isolate CMA positive lysosomes (containing lys-Hsc70) that show
higher efficiency in degrading CMA substrates such as glyceraldehydes-3-phosphate
dehydrogenase (GAPDH) and Ribonuclease A. In Fig.13B we show that HIF-1a
localizes only in the lysosomal fraction positive for Hsc70 and for the CMA substrate
GAPDH (CMA+ lysosomes). Consistently, purified HIF-1a was translocated into intact
isolated lysosomes and degraded, since the concomitant addition of protease
inhibitors (PI) increased the levels of recombinant HIF-1a present in the lysosomes
(Fig.13C).

Furthermore, within 20 minutes of addition, more than 80% of the total
recombinant HIF-1a was degraded by the lysosomes (Fig.13C). To test if the binding
and uptake of HIF-1la was CMA-dependent we added a 2 M excess of the CMA
substrate GAPDH. GAPDH competed with the transcription factor and inhibited the
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binding and uptake of the protein into intact lysosomes whereas ovalbumin, which is

not a CMA substrate, failed to do so (Fig.14).
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Figure 13. HIF-1a localizes to CMA+ lysosomes and is transported into intact lysososmes. (A) ARPE-
19 cells were incubated either in the presence or absence of 200 uM chloroquine or 20 uM MG-132
for 8 hours. Cells were fixed and immunostained with anti-LAMP2A (green) and anti-HIF-1a (red)
antibodies. Images are representative of at least three independent experiments. (B) Western blot of
lysosomal and other sub-cellular fractions obtained from liver of starved rat. HIF-1a localizes into the
same lysosomal fraction (CMA positive) as Hsc70 and GAPDH. (C) Western blot of lysosomes
incubated either in the presence or absence of recombinant HIF-1a, GAPDH, ovalbumin and protease
inhibitor cocktail. Values represent the mean * SD of at least three independent experiments. HIF-1a
binds to the lysosomal membrane (in the absence of protease inhibitors we measured the binding of
HIF-1a to the lysosomal membrane) and is translocated into lysosomes (in the presence of protease
inhibitors we measured the binding and uptake of HIF-1a by the lysosome). Lysosomes degrade =80%

of recombinant HIF-1a.

4.2.5 Silencing of the CMA receptor LAMP2A stabilizes HIF-1a

Silencing of the CMA receptor LAMP2A acts as a specific form of inhibiting CMA.
LAMP2A was depleted from mouse NIH-3T3 cells by infection with lentiviral vectors

containing a shRNA directed against the mouse LAMP2A sequence (Kaushik et al.,
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2008). shRNAs against ATG7 were used as a control for macroautophagy inhibition.
As shown in Fig.15A, after seven days of infection, LAMP2A levels were significantly
reduced. In addition, depletion of LAMP2A, but not of ATG7, led to a substantial
stabilization of HIF-1a, further reinforcing that HIF-1a is a specific substrate for CMA,
but not for macroautophagy. As shown in Fig.15B, while depletion of ATG7
decreased the LC3-1I/LC3-I ratio, depletion of LAMP2A had no effect on this ratio,

indicating that silencing of LAMP2A did not affect macroautophagy.
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Figure 14. HIF-1a is transported into intact lysososmes. Incubation of lysosomes with 2M excess of
GAPDH inhibits HIF-1a binding and uptake, whereas incubation with ovalbumin fails do to so. Uptake
was calculated by subtracting the protein associated to lysosomes in the presence (protein bound to
the lysosomal membrane and taken up by lysosomes) and absence (protein bound to the lysosomal
membrane) of inhibitors of lysosomal proteases. Results are represented as percentage of inhibition.
The results represent the mean + SD of at least three independent experiments. (n.s. non-significant;
* p <0.05; ** p<0.01; *** p <0.001).

Depletion of LAMP2A, however, induced a significant decrease in the levels of
HIF-la. mRNA (Fig.15C), in agreement with previous reports showing that
accumulation of HIF-1a during prolonged hypoxia induces the expression of a natural
antisense against HIF-1a (Uchida et al., 2004) ultimately leading to the degradation
of the mRNA. Altogether data is consistent with a model where HIF-1a is a specific

substrate for CMA.
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Figure 15. Silencing of LAMP2A stabilizes HIF-1a. (A,B) Western blot of HIF-1a, LAMP2A, LC3 and
actin of NIH-3T3 cells transduced with an empty vector, ATG7 shRNA or LAMP2A shRNA and
maintained for 7 days at 372C. (A) Depletion of LAMP2A, but not of ATG7, induced the accumulation
of HIF-1a. (B) The ratio LC3-1l/LC3-l was determined as an indicator of macroautophagy. Depletion of
LAMP2A had no effect on macroautophagy activation. (C) Quantitative Real-Time RT-PCR analysis was
performed and levels of HIF-la. mRNA were determined for the different experimental conditions.
Cells depleted of LAMP2A show a decrease in HIF-1a mRNA levels. The results represent the mean +
SD of at least three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p <
0.001).

4.2.6 Inhibition of the proteasome up-regulates CMA-dependent
degradation of HIF-1a

Several studies have suggested the existence of a crosstalk between proteasomal
and lysosomal degradation. One example is the up-regulation of autophagy when
the proteasome is inhibited (Pandey et al., 2007). To investigate the effect
proteasomal inhibition on CMA activity, ARPE-19 cells treated with proteasomal

inhibitors were immunoprecipitated with antibodies directed against LAMP2. Data
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presented in Fig.16A shows that inhibition of the proteasome led to a time-

dependent increase in the amount of HIF-1la and Hsc70 that co-precipitated with

LAMP2.
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Figure 16. Inhibition of the proteasome up-regulates CMA-dependent degradation of HIF-1a. (A,B,C)
ARPE-19 were incubated either in the presence or absence of 20 UM MG-132 or 200 uM chloroquine
for the depicted time periods. (A) Immunoprecipitation of LAMP2. Proteasome inhibition led to a
time-dependent increase in the interaction of Hsc70 and HIF-la. NA (no antibody).
Immunoprecipitation of LAMP2 (B) or HIF-1a (C). Both proteasome and lysosome inhibitiors increased
Hsc70 and HIF-1a interaction with LAMP2A.

Moreover, inhibition of the lysosome for 8h increased the co-precipitation of Hsc70
with both HIF-1a and LAMP2 (Fig.16B and C). To verify that proteasome inhibition
specifically leads to CMA-dependent HIF-1a degradation we assessed the interaction
of LAMP2A with P21 (cyclin dependent kinase P21/WAF). As with HIF-1a, P21 is also
an UPS substrate (Cayrol and Ducommun, 1998) but does not have a KFERQ-like

pentapeptide sequence, being an unlikely substrate for CMA. Data presented in
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Fig.16A clearly shows that while P21 readily accumulated in the presence of
proteasome inhibitors, co-precipitation of P21 with LAMP2 was virtually

undetectable
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Chapter 5. CHIP as a molecular switch of HIF-1a for Chaperone-
Mediated Autophagy

5.1 Introduction

Selective protein degradation has emerged as a key factor in the regulation of
virtually every aspect of cell biology. The molecular regulation of protein degradation
is currently an area of very active research, however much remains to be clarified.
Indeed, it appears that many recent observations do not entirely fit into currently
accepted models for regulation of protein degradation. For example, a generalized
assumption has prevailed, where proteolytic pathways are mechanistically separated
events, each pathway acting upon specific substrates. However, recently it was
shown that blockage of one-degradation pathway leads to functional alterations in
other proteolytic pathways (Massey et al., 2008). This suggests the occurrence of an
unanticipated crosstalk between different proteolytic pathways in the cell. The
ubiquitin-proteasome system (UPS) and Chaperone-mediated autophagy (CMA) are
major pathways for selective degradation of proteins, in eukaryotic cells.

Although the prevailing idea establishes that cells rely on two separate
proteolytic pathways to target and selectively degrade specific substrates recent
studies have shown evidences that a crosstalk exists between the two pathways. In
support of this hypothesis is the observation that early blockage of CMA leads to a
transient decrease in proteasome activity (Massey et al., 2008). Also, CMA can
specifically degrade some subunits of the 20S proteasome (Cuervo et al., 1995b).
Moreover, results presented in the previous chapter of this work suggest that
proteasome inhibition can direct HIF-1a to CMA. Thus it is conceivable that following
inactivation of one pathway and/or other specific conditions, substrates can be
shuttled from one pathway to the other. We further hypothesize that chaperone and
co-chaperone complexes containing CHIP (Carboxyl terminus of the Hsc70-
Interacting Protein) are more likely to be shuttled between the two pathways. CHIP

is an E3 ubiquitin ligase containing three TPR domains at its amino-terminal and an
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U-box domain at its carboxy-terminal. The U-box domain plays a key role in targeting
proteins for ubiquitination and subsequent proteasome-dependent degradation. The
ubiquitin ligase activity of CHIP depends on interactions with specific E2 ubiquitin-
conjugating enzymes, the UBC4/UBC5 family (Xu et al., 2008; Zhang et al., 2005),
which are “stress-activated” ubiquitin-conjugating enzymes. On the other hand, CHIP
is known to be a bona fide interaction partner of the major cytoplasmic chaperones
Hsc70 and Hsp70, through its TPR domain (Goldberg, 2003; Murata et al., 2001b).
CHIP has been shown to target several substrates for the UPS, including immature
CFTR, GR, ErbB2 and a-synuclein. In the case of a-synuclein, it was shown to be a
target protein of CHIP-induced ubiquitination and CHIP is able to mediate
degradation decisions, between proteasomal and lysosomal pathways for this
protein (Shin et al., 2005). Thus, data suggests that CHIP is likely to be a molecular
switch between UPS and other proteolytic pathways, shuttling substrates between

them.

5.2 Results

5.2.1 The co-chaperone CHIP is required to target HIF-1a for CMA-
dependent degradation

Recently it was reported that the E3 ligase CHIP is involved in the proteasomal
degradation of HIF-1a (Bento et al., 2010; Luo et al., 2010). Furthermore, CHIP is
known to interact with elements of the molecular chaperone machinery (including
Hsc70) (Ballinger et al., 1999; Connell et al., 2001; Petrucelli et al., 2004). To address
if CHIP is involved in the shuttling of HIF-1a to CMA degradation, ARPE-19 cells were
transfected with plasmids encoding CHIP fused to a myc tag. Data presented in Fig.
10A and B indicates that CHIP associates with HIF-1a in control conditions and that
this interaction is increased in the presence of either proteasome or lysosome
inhibitors (compare lane 2 with lanes 3 and 4 of Fig.17A and B). Furthermore, the
amount of LAMP2 that co-precipitated with either HIF-1a (Fig. 17A) or CHIP (Fig.17B)

also increased in the presence of proteasome or lysosome inhibitors. In Fig.17C we
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show that CHIP, altought it does not have a KFERQ-like motif, localizes only in the
lysosomal fraction positive for Hsc70 and for the CMA substrate GAPDH (CMA+
lysosomes). The data above is consistent with a model in which CHIP and Hsc70, are
part of a macromolecular complex directing HIF-1a for CMA-dependent degradation,
by a process that requires subsequent interaction with LAMP2A. To further address
this hypothesis, we evaluated the levels of interaction between HIF-1a and LAMP2A

in ARPE-19 cells infected with a shRNA directed against CHIP.
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Figure 17. CHIP interacts both with LAMP2A and HIF-1a and localizes in CMA+ lysosomes. (A,B)
ARPE-19 cells were transfected with CHIP-myc and incubated either in the presence or absence of 200
UM chloroquine, 20 uM MG-132 (A) Immunoprecipitation of myc-tagged CHIP. ARPE-19 cells were
transfected with CHIP-myc. CHIP interacted with LAMP2A and with HIF-1a. (B) Immunoprecipitation
for HIF-1a with a specific antibody. HIF-1a interacted with LAMP2A and with CHIP. (C) Western blot of
lysosomal and other sub-cellular fractions obtained from liver of starved rat. CHIP localizes into the
same lysosomal fraction (CMA positive) as Hsc70 and GAPDH.
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Silencing of CHIP results in an increase in the total levels of HIF-1a both under
normoxia (compare lane 1 with lanes 2 and 3 in Fig.18A) or chemical hypoxia
(compare lane 4 with lanes 5 and 6 in Fig.18A).

Moreover, treatment of cells with either MG-132 or chloroquine, following
silencing of CHIP, did not produce any obvious change in the levels of HIF- 1a (Fig.
11B). Interestingly, and perhaps more importantly, silencing of CHIP dramatically
reduced the levels of HIF-1a that co-immunoprecipitate with LAMP2 (Fig.18A and B),
suggesting that CHIP is required for the interaction between LAMP2A and HIF-1a. To
further investigate the mechanism involved in CHIP-dependent targeting of HIF-1a to
CMA, ARPE-19 cells were transfected with two mutant forms of CHIP: one that does
not have a functional TPR domain (K30A-CHIP), and therefore is unable to bind
chaperones, and a second mutant that does not have ubiquitin ligase activity

(H260Q-CHIP) (Xu et al., 2002).
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Figure 18. CHIP is a critical player in the CMA-dependent degradation of HIF-la. (A,B)
Immunoprecipitation of LAMP2. ARPE-19 cells were transduced with two different adenoviral vectors
encoding shRNAs targeting CHIP or mock shRNA for 48 hours. Silencing of CHIP decreased HIF-1la
interaction with LAMP2A. (C) ARPE-19 cells were transduced with two different adenoviral vectors
encoding shRNAs targeting CHIP or with an adenoviral vector coding for a mock shRNA. Tranduction
proceeded for 48 h after which the cells were harvested and the whole cell extracts were analyzed by
Western blot, using anti-CHIP and anti-actin antibodies. CHIP levels were normalized for actin
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expression and the results were plotted. The results represent the mean + SD of at least three
independent experiments. (D) Immunoprecipitation of LAMP2. ARPE-19 cells were transfected either
with the K30ACHIP-myc mutan or the H260QCHIP-myc mutant. Chaperone-binding activity of CHIP
was required for the interaction between HIF-1a and LAMP2. NA (no antibody).

Data presented in Fig.18D shows that the K30A mutant of CHIP, but not the
H260Q mutant, fails to co-immunoprecipitate with LAMP2. Similarly, overexpression
of K30A CHIP mutant abrogated the interaction of HIF-1a with LAMP2 (Fig.18D),
while with the H260Q mutant is still possible to detect some interaction.
Nevertheless, the mutant H260Q-CHIP did not completely abrogate the interaction
between HIF-1a and LAMP2 but largely reduced it (Fig.19A), suggesting that CHIP
mediated ubiquitination might be involved in the degradation of HIF-1a by CMA. To
further address the role of ubiquitinylation on targeting of HIF-1a to CMA, cell
lysates enriched in ubiquitinylated proteins were obtained using recombinant GST

bound Tandem Ubiquitin Binding Entities (GST-TUBEs).
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Figure 19. CHIP ubiquitination activity has a role in the CMA-dependent degradation of HIF-1a.
ARPE-19 cells were transfected with CHIP-myc and incubated either in the presence or absence of 200
UM chloroquine, 20 uM MG-132 or 2% O, for 8 hours or. (A) Immunoprecipitation of LAMP2. ARPE-
19 cells were transfected either with the H260QCHIP-myc mutant or with wtCHIP. The ubiquitin ligase
activitiy of CHIP only partially inhibited the interaction between HIF-la and LAMP2. (B) HIF-1a
immunoprecipitation of GST-TUBEs-bound ubiquitinated proteins. ARPE-19 cells were transduced for
48 hours with an adenoviral vector encoding shRNAs targeting CHIP. Ubiquitinylated proteins were
pulled-down with GST-TUBEs. After elution from the beads, ubiquitinated HIF-la was
immunoprecipitated. CHIP depletion inhibited the ubiquitination of HIF-1a, stabilized by chloroquine
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or by hypoxia as well as prevented the co-precipitation of LAMP2A with HIF-1a. NT (no TUBEs), NA
(no antibody).

The ubiquitinated fraction of HIF-la was further evaluated following
immunoprecipitation of HIF-1a HIF-1a was subsequently immunoprecipitated from
this fraction. Data on Fig.19B (Lane 4) shows that incubation not only with MG-132
or 2% 0,, but also with chloroquine increased levels of ubiquitinylated HIF-1aq,
whereas depletion of CHIP strongly reduced the levels of ubiquitinylated HIF-1a for
all treatments (compare Lanes 3, 4, 5 and 6 with Lanes 7, 8, 9 and 10). Furthermore,
levels of LAMP2A that co-precipitate with HIF-1a are reduced in cells depleted of
CHIP. Interestingly, both the chaperone binding activity and the ubiquitin ligase
activity of CHIP are required for an effective interaction of HIF-1a with LAMP2A,
suggesting that CHIP might also act as a molecular switch, directing HIF-1a towards

CMA-mediated degradation.
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Chapter 6. Biological relevance of CMA-dependent degradation
of HIF-1a

6.1 Introduction

Accumulation of HIF-1la under hypoxia and consequent activation of HIF-1
transcriptional activity are critical to ensure cell survival under low oxygen. Thus, it is
not surprising that downregulation of HIF-1a response and destabilization of HIF-1a
will have a great impact on a variety of biological processes that critically affect a
number of human diseases. In some circumstances, excessive accumulation of HIF-
1o and the resulting neovascularization are vital for cell and tissue survival, such as
in myocardial infarction and diabetic critical limb ischemia. On other circumstances,
accumulation of HIF-1a can have severe noxious effects by stimulating pathological
neovascularization, such as in diabetic retinopathy, or by supporting growth and
progression of many types of solid tumors. The formation of new microvascular
networks, in solid tumors, display a broad range of structural and functional
abnormalities that in turn lead to irregular and poor blood flow, which culminates in
deficient supply of oxygen to the tumor cells and the formation of hypoxic or even
anoxic areas. This reduces oxygen availability and induces HIF-1, which regulates the
transcription of genes that help cells to survive under low oxygen by regulating cell
immortalization, glucose and energy metabolism, vascularization, invasion and
metastasis, resistance to chemotherapy and radiation therapy (Harris, 2002;
Semenza, 2010). Indeed, HIF-1o induction allows tumor cells to successfully adapt to
or overcome their oxygen-deprived state and to survive in a hostile environment.
Consistently, mutations in VHL that are associated with renal cell carcinoma (RCC)
and cerebral haemangiogblastomas render the E3 ligase complex incapable of
ubiquitinate HIF-1a, resulting in an accumulation of HIF-1o. and continuous
activation of hypoxia responsive genes (Harris, 2002; Semenza, 2010).

In this section we aimed at evaluating the biological relevance of CMA-

dependent degradation of HIF-1a.
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6.2 Results

6.2.1 CMA-dependent degradation of HIF-1a is independent on oxygen

Previous results presented in this work showed that inhibition of CMA by
LAMP2A depletion resulted in HIF-1a stabilization. Furthemore, results suggested
that HIF-1a degradation by CMA was did not required oxygen or VHL mediated
proteasomal degradation. To further assess if proline hydroxylation was required for
HIF-1a degradation through CMA we used a mutant HIF-1a, in which prolines
402/564 were mutated to alanines (PPHIF-1a). Data presented in Fig.20A and Fig.20B
shows that the mutant HIF-1a accumulates under normoxia which is likely to reflect
the inability of VHL to target the protein for proteasomal degradation.

However, the mutant PPHIF-1a still co-precipitated with LAMP2A (Fig.20A) and
still retained the ability to interact with Hsc70 (Fig. 13B). Moreover, incubation of
ARPE-19 cells in hypoxia (2% O,) (Fig.20C and Fig.20D) or the hypoxia mimetic agent
CoCl, (Fig.20E and F) induced accumulation of endogenous HIF-1a but did not
disrupt the interaction of HIF-la with LAMP2A, as revealed by co-
immunoprecipitation experiments (Fig.20C, D, E and F), suggesting that CMA might
mediate degradation of HIF-1la in hypoxic conditions, when VHL-mediated
proteasomal degradation of HIF-1a is not involved. The above data also indicates
that CMA-dependent degradation of HIF-1a is not dependent on the hydroxylation
of prolines 402/564 of HIF-1a.

6.2.2 Starvation is the stimuli that activates CMA-dependent
degradation of HIF-1a

It is widely accepted that starvation is an activator of macroautophagy and that
prolonged starvation can also activate CMA (Cuervo et al., 1995a). Hence we
incubated NIH-3T3 cells (either transduced with an empty vector or with the shRNA

for LAMP2A) under hypoxia (2% O,) in the presence or absence of serum.
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Figure 20. CMA-dependent degradation of HIF-1a is independent on oxygen. ARPE-19 cells were
incubated either in the presence or absence of 200 uM chloroquine, 20 uM MG-132, 2% O, or 300 uM
of CoCl, for 8 hours. (A, B) Immunoprecipitation of LAMP2 (A) or V5 tag (B). ARPE-19 cells were
transfected either with a V5-tagged wtHIF-1a or PPHIF-1a. Both wtHIF-1a and PPHIF-1a interacted
with LAMP2A and Hsc70. Immunoprecipitation of LAMP2 (C) or HIF-1a (D). Hypoxia did not alter the
ability of HIF-1a to interact with LAMP2A. NA (no antibody). (E,F) Inhibition of HIF-1a proline
hydroxylation by CoCl, did not alter the ability of HIF-1a to interact with LAMP2A. NA (no antibody).

Depletion of LAMP2A did not affect activity of PHDs (Fig.21A) nor did it affect
the activity of the proteasome (Fig.21B). Likewise, serum deprivation did not affect
proteasome activity (Fig.21B). In cells expressing normal levels of LAMP2A, 6 hours
of serum deprivation was sufficient to induce a decrease in the levels of HIF-1a that
could be reverted by inhibiting the lysosome (Fig.22A). Conversely, in cells where
LAMP2A was silenced, the levels of HIF-1a did not change significantly following
prolonged starvation (Fig.22A). The same results were obtained with chemical

hypoxia by using CoCl, (Fig.22B and C).
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Figure 21. LAMP2A depletion does not inhibit PHDs or the proteasome. NIH-3T3 cells were

transduced either with an empty vector or LAMP2A shRNA and maintained for 1 month at 379C.

Subsequently cells were incubated in the presence or absence of 2% O, and serum for 24 hours. (A)

Western blot for HIF-1a, actin and HIF-1a hydroxyproline 564 and p65. Depletion of LAMP2A does not

induce alterations in the hydroxylation of proline 564 nor on the stabilization of p65. (B) Cell extracts

were homogenized and protein concentration was determined. Samples of each extract were
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incubated with the following fluorogenic substrates, in order to assess the different proteolytic
activities of the proteasome: Suc-LLVY-MCA for the chymotrypsin-like activity, Z-LLE-MCA for
monitoring the caspase-like activity and Boc-LRR-MCA for the trypsin-like activity. Neither LAMP2A
depletion nor serum deprivation inhibited any of the proteasomal activities. The results represent the
mean = SD of at least three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01;

*** p <0.001).
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Figure 22. Starvation acts as a stimuli for CMA-dependent degradation of HIF-1a and is independent
on prolyne hydroxylation. (A) Western blot of HIF-1a, LAMP2A and actin. NIH-3T3 cells were
transduced with either an empty vector or LAMP2A shRNA and maintained for one month at 372C.
Subsequently, cells were incubated in 2% of O, for 6, 12 and 24 hours in the presence or absence of

serum and 200 uM chloroquine. Serum deprivation decreases the levels of HIF-1a and this decrease
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can be reverted by lysosomal inhibition (200 uM of chloroquine). HIF-1a is stabilized upon starvation
in cells depleted of LAMP2A. (B,C) Western blot of HIF-1a, LAMP2A and actin. NIH-3T3 cells were
transduced either with an empty vector or LAMP2A shRNA and maintained for 1 month at 372C.
Subsequently cells were incubated in the presence of 300 uM CoCl, for 6 hours in the presence or
absence of serum. (C) LAMP2A knock-down further increases the stabilization of HIF-1a. (D) Serum
deprivation decreases the levels of HIF-1a and this decrease can be reverted by lysosomal inhibitors
(200 uM of chloroquine). HIF-1a does not decrease upon starvation in cells depleted for LAMP2A. The
results represent the mean + SD of at least three independent experiments, (n.s. non-significant; * p <

0.05; ** p < 0.01; *** p <0.001).

These results demonstrate that degradation of HIF-1a upon serum deprivation is
mediated by CMA. A comparable decrease in HIF-1a levels after serum deprivation
was also observed in RCC4 cells (compare lane lane 1 and lane 3 in Fig.16B),
suggesting that this pathway is not cell type specific. Furthermore, NIH-3T3 cells
depleted of LAMP2A under hypoxia (2% of O,) showed increased stabilization of HIF-
la at 12 and 24 hours (Fig.22A).

To further confirm CMA-dependent degradation of HIF-1a under starvation, we
evaluated the effect of serum deprivation on the KFERQ mutated HIF-1a.
Consistently, we showed that AAHIF-1a is insensitive to serum deprivation under
hypoxia (Fig.23A). In agreement with the data gathered so far, we also showed that
serum deprivation increased the co-precipitation of HIF-1a with LAMP2A, both in
normoxia (21% 0O,) and in hypoxia (2% of O;) (Lane 3 and Lane 8 in Fig.23B).
Furthermore, we evaluated the physiological relevance of starvation-induced
degradation of HIF-1a at an organism level. For this purpose we determined the
levels of HIF-1a localized in CMA+ lysosomes obtained from fed or starved livers. The
results presented in FIG.23C show that HIF-1a was increased in lysosomes isolated
from starved rat livers (Fig.23C) indicating that CMA-dependent degradation of HIF-
la occurs in living animals and not only in cell cultures. Importantly, also GAPDH, a
well stablished CMA substrate, localizes only in the CMA+ lysosomes of starved

animals.
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Figure 22. Starvation induces HIF-1a degradation in the liver and HIF-1a localization only in CMA+
lysosomes. (A) Western blot for V5-tag and actin of ARPE-19 cells transfected either with wtHIF-1a or
AAHIF-1a (both tagged with V5). Cells were incubated in 2% O, in the presence or absence of serum
for 8 hours. AAHIF-1a is insensitive to serum deprivation. (B) Immunoprecipitation of LAMP2. RCC4
cells were incubated either in normoxia (21% O,) or under hypoxia ( 2% 0O,) in the presence or
absence of serum and 200 uM chloroquine for 8 hours and harvested. Serum deprivation decreases
total levels of HIF-1a but increases the co-precipitation of HIF-1a with LAMP2A, both in normoxia and
in hypoxia. (C) Subcellular fractions of rat liver probed for relevant proteins as indicated in the figure.
HIF-1a localizes into the same lysosomal fraction (CMA positive fraction) as Hsc70 and GAPDH only in
starved rats. Starvation decreases the levels of HIF-1a in the the cytosolic fraction. The results
represent the mean + SD of at least three independent experiments, (n.s. non-significant; * p < 0.05;
** p<0.01; *** p < 0.001).

Moreover, the increased association of HIF-1la with lysosomes isolated form rat
livers does not result from increased synthesis of HIF-1a but rather appears to be
due to the selective targeting of cytosolic HIF-1a to the lysosomes as indicated by
the decrease on levels of HIF-1a from the total liver homogenates and the cytosolic
fraction of starved animals (Fig.23C).

Overall, data is consistent with a model in which CMA can be activated by
starvation in animals (rat) and by serum deprivation in various cell lines leading, in

both cases, to increased lysosomal degradation of HIF-1a.
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Figure 23. Inhibition of CMA results in the increase of GLUT-1 and VEGF mRNA levels. NIH-3T3 or
HIF-1a +/+ or HIF-1a-/- MEFs cells were transduced with an empty vector or a vector containing
LAMP2A shRNA and maintained for one month at 372C. Subsequently cells were incubated in the
presence or absence of 2% O, for 6, 12 or 24 hours. Quantitative Real-Time RT-PCR analysis of GLUT-1
and VEGF in normal or LAMP2A depleted NIH-3T3 cells. The mRNA levels of both GLUT-1 and VEGF in
LAMP2A depleted cells significantly increase in hypoxic conditions, in the presence or absence of
serum. mRNA levels of GLUT-1 are also increase in LAMP2A depleted cells in normoxic conditions. The
results represent the mean + SD of at least three independent experiments. (n.s. non-significant; * p <
0.05; ** p < 0.01; *** p <0.001).

6.2.3 Degradation of HIF-1a by CMA contributes to poor cell response to
hypoxia and increased cell death

To address the biological implications of degradation of HIF-1a by CMA, we
began by asking whether the HIF-1a that accumulates in cells that are incompetent
for CMA (depleted of LAMP2A) is transcriptionally active. We focused on two major
genes that are well established to be regulated by HIF-1a: the vascular endothelial
growth factor (VEGF) (Levy et al., 1995) and the glucose transporter-1 (GLUT-1)
(Ebert et al.,, 1995). NIH-3T3 cells depleted of LAMP2A exhibit an increased
expression of VEGF and GLUT-1 mRNA, both in hypoxic or hypoxic and serum
deprived cells (Fig.24). Furthermore, and consistent with the increased levels of
mMRNA, in cells depleted of LAMP2A, GLUT-1 protein levels are further increased in

hypoxia, with the levels of GLUT-1 protein peaking at 12 hours of hypoxia (Fig.25A).
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Figure 24. Inhibition of CMA results in the stabilization of GLUT-1 and VEGF. NIH-3T3 or HIF-1a +/+
or HIF-1a-/- MEFs cells were transduced with an empty vector or a vector containing LAMP2A shRNA
and maintained for one month at 372C. Subsequently cells were incubated in the presence or absence
of 2% O, for 6, 12 or 24 hours (A) NIH-3T3 or (C) HIF-1a +/+ or HIF-1a-/- MEFs. (B) LAMP2A depleted
cells show a more significant increase in the levels of GLUT-1 in hypoxic conditions at 6, 12 and 24
hours. (B) HIF-1a +/+, but not HIF-1a-/- MEFs depleted of LAMP2A show increased GLUT-1 protein
levels when compared to cells transduced with an empty vector. (C) ELISA for the secreted VEGF of
NIH-3T3 and HIF-1a +/+ or HIF-1la-/- MEFs. NIH-3T3 cells depleted of LAMP2A show increased
secretion of VEGF only at 24 hours of hypoxia, with or without serum as well as in normoxia without
serum. HIF-1a +/+, but not HIF-1a-/-, MEFs depleted of LAMP2A show increased secretion of VEGF in
to the media in hypoxic conditions with or without serum. The results represent the mean + SD of at
least three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

As a control experiment, to confirm that the observed effects are mediated by HIF-
la, we used either wild-type (HIF-1a +/+) or HIF-1a knocked-out (HIF-1a -/-) mouse
embryonic fibroblasts (MEFs), that have a severely impaired cellular response to
hypoxia (Carmeliet et al., 1998; Hu et al., 2006). Consistent with a role of HIF-1a in
the accumulation of GLUT-1 in cells with compromised CMA, HIF-1a -/- MEFs
depleted of LAMP2A failed to up-regulate the expression of GLUT-1, whereas HIF-1a
+/+ depleted of LAMP2A further up-regulated GLUT-1 in response to hypoxia
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(Fig.25B) indicating that by knocking down CMA, cells were able to accumulate

transcriptionally active forms of HIF-1a.
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Figure 26. Inhibition of CMA results in the stabilization of HIF-1a and improved cell response and
survival to hypoxia. (A) Bromodeoxyuridine DNA incorpotation assay (Brdu) for NIH-3T3 and HIF-1a
+/+ or HIF-1a-/- MEFs. NIH-3T3 cells depleted for LAMP2A display increased proliferation at 12 hours
in hypoxia -Serum, and at 24 hours in hypoxia +Serum as well as hypoxia and normoxia —Serum. HIF-
la +/+, but not HIF-1a-/- MEFs depleted for LAMP2A at 24 hours of treatment show increases in the
proliferation rate similar to NIH-3T3s cells in the same conditions. (B) MTT cell viability assay for NIH-
3T3, HIF-1a +/+ or HIF-1a-/- MEFs. Cells were transduced either with an empty vector or LAMP2A
shRNA and maintained for one month at 372C and incubated in normoxia or hypoxia and with or
without serum for 12 and 24 hours (NIH-3T3) or 24 hours (MEFs). NIH-3T3 show a decrease in cell
viability after serum deprivation that was partially reverted in LAMP2A depleted cells incubated with
2% 0, for 24 hours. HIF-la +/+ MEFs depleted for LAMP2A show increased viability with no
treatments as well as in hypoxia either in the presence or absence of serum. Cells that do not express
HIF-1a (HIF-1a -/-) show poor viability . The results represent the mean + SD of at least three
independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p < 0.001).

Consistent with these observations, NIH-3T3 cells depleted of LAMP2A showed
increased secretion of VEGF at 24 hours of hypoxia. As observed for GLUT-1,
silencing of LAMP2A in HIF-1a +/+ MEFs increased VEGF secretion under hypoxia. On
the other hand, HIF-1a -/- LAMP2A depleted cells failed to further up-regulate levels
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of VEGF in response to hypoxia when compared with the HIF-1a -/- MEFs transduced

with empty vector (Fig.25C).
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Figure 25. Stabilization of HIF-1alpha, by inhibiting CMA, results in increased cell survival. May—
Griinwald and Giemsa solution staining of HIF-1a +/+ or HIF-1a-/- MEFs. Cells were transduced either
with an empty vector or LAMP2A shRNA and maintained for 1 month at 372C and incubated under
hypoxia (2% O,) or normoxia (21% O,) in the presence or absence of serum for 24 hours. Both HIF-1a
+/+ and HIF-1a -/- MEFs show increased cell death by necrosis, characterized by loss of plasma
membrane integrity, cell and organelles swelling, and frequent release of cytosolic content into the
extracellular space after serum deprivation. Depletion of LAMP2A in HIF-1a +/+, but not in HIF-1a -/-,
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MEFs rescues necrotic cell death in hypoxic conditions. The results represent the mean + SD of at least
three independent experiments. (n.s. non-significant; * p < 0.05; ** p < 0.01; *** p <0.001).

Both NIH-3T3 and HIF-1a +/+ MEF cells depleted of LAMP2A show increased DNA
incorporation of the proliferation marker bromodeoxyuridine (Brdu), the more
robust effect being observed in hypoxic cells (Fig.26A). Conversely, depletion of
LAMP2A on HIF-1a -/- MEFs does not have a significant effect on incorporation of
Brdu and cell proliferation. On the other hand, depletion of LAMP2A in hypoxic NIH-
3T3 cells deprived of serum for 24 hours, significantly increased cell viability
(Fig.26B). In HIF-1a +/+ MEFs, reduced levels of LAMP2A improve cell viability in
hypoxia or normoxia, but serum deprived cells only show increased viability when
incubated in 2% O,. HIF-1a -/- MEFs depleted for LAMP2A show no increase in cell
viability (Fig.26B). In addition, after 24 hours of hypoxia and serum deprivation,
necrotic cell death of HIF-1la +/+ LAMP2A-depleted MEFs is reduced by 25%
compared to HIF-1a -/- LAMP2A-depleted MEFs, as assessed by May—Griinwald and

Giemsa solution staining (Fig.27).
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Chapter 7. Discussion

A number of sparse and indirect evidences suggest that lysosome might indeed
be involved in regulation of HIF-1a. For example, it was shown that cathepsin B, a
lysosomal protease, can regulate the levels of HIF-1a protein in primary endothelial
cells (Im et al., 2005) as well as in a renal carcinoma (RCC4) cell line deficient in VHL
(Olmos et al., 2009). In this study we show, for the first time, that HIF-1a, a well-
established substrate of the UPS, can also be targeted for degradation in the
lysosome by CMA. In fact, data shows that HIF-1a is stabilized by lysosome
inhibitors. In addition, the human, mouse and rat HIF-1a all have the pentapeptide
sequence biochemically related to the KFERQ motif, which is a well established
requirement for a protein to be a substrate for CMA (Cuervo, 2010). Significantly, the
mutation of the non-canonical KFERQ motif of human HIF-1a, 5,9NEFKLs33, is
sufficient to render the protein insensitive to lysosome inhibitors. Moreover, KFERQ-
mutated HIF-1a does not associate with LAMP2A nor does it associate with Hsc70,
two key molecular players in CMA. We further show that HIF-1a is selectively
present in rat liver lysosomes that are positive for CMA and that it is selectively
transported into intact lysosomes, as described for other canonical CMA substrates,
including GAPDH and Ribonuclease A. Interestingly, the human and rat KFERQ-like
motif and at least one of the mice KFERQ-liKe motifs (51,ERLLQs1¢) of HIF- 1a localize
within the oxygen-dependent degradation (ODD) domain. This domain consists of
about 200 amino acids and is thought to be responsible for the oxygen-dependent
degradation of HIF-1a by the proteasome (Huang et al., 1998). Indeed, it was
reported that the HIF-ODD domain, under physiological conditions, is highly
unstructured. This could contribute to the versatility of this region and its ability to
interact with various proteins (Sanchez-Puig et al., 2005), namely Hsc70.
Data presented in this study shows that proteasome inhibition leads to an increased
association between the CMA receptor LAMP2A and both HIF-1la and Hsc70.
However indirect, these and other observations suggest that inhibition of the
proteasome might up-regulate CMA such that some UPS substrates (e.g. HIF-1a) are

targeted for degradation in the lysosome. It was shown that blockage of CMA by
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silencing LAMP2A can lead to an accumulation of polyubiquitinated substrates
(Massey et al., 2008), suggesting that a crosstalk may exist between proteasomal
degradation and CMA.

Reports on VHL independent pathways for degradation of HIF-1a are not without
precedent. However, data presented here shows that regulation of HIF-1a
degradation is likely to be more complex than anticipated and that the lysosome
plays an important role in this process. An exciting possibility, consistent with this
hypothesis, is that cells might have a number of “dual-pathway substrates” that can
be degraded either by the proteasome or by the lysosome, through CMA. Indeed,
several proteins were shown to be degraded both by the proteasome and the
lysosome. These include Huntingtin (Thompson et al., 2009), RCAN1 (Liu et al., 2007),
EGFR and ErbB2 (Sha et al., 2009), a-Synuclein (Cuervo et al., 2004) and lkappaB
(Cuervo et al., 1998). By analogy, it is conceivable that HIF-1a may also be a “dual-
pathway” substrate, being degraded both by the UPS and CMA.

The molecular players involved in targeting HIF-1la for CMA are not yet fully
elucidated, although they appear to involve the chaperone (Hsc70) and CMA-
receptor (LAMP2A), as previously described for other CMA substrates. In addition,
we show, for the first time, that the co-chaperone CHIP is also involved in targeting
HIF-1a for CMA. Indeed, data presented in this work suggests that CHIP is likely to be
a key player in targeting HIF-1a for CMA. Whether or not CHIP participates in the
targeting of other substrates for lysosomal degradation remains to be elucidated.
CHIP is a unique protein, in that it has both ubiquitin ligase activity and the ability to
bind chaperones, making it a putative molecular switch between CMA and UPS.
Consistently, CHIP was shown to direct a—synuclein for degradation both in the
proteasome and in the lysosome (Shin et al., 2005). More recently, CHIP was
reported to assist in the disposal of damaged Z disk proteins through autophagy
(Arndt et al., 2010). Data presented here shows that the ability of CHIP to bind to
chaperones is strictly required for the targeting of HIF-1la for CMA-dependent
degradation whereas the ubiquitin ligase activity of CHIP contributes, to a lesser
extent, to the targeting of HIF-1a to the lysosome through CMA.

Indeed, our data also provides clues to suggest that the ubiquitin ligase activity of

CHIP is likely to play a role in directing substrates to CMA. The role of ubiquitination
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in such a process is still unknown, however it should be noted that a specific
deubiquitinating enzyme (UCH-L1) is present at the surface of the lysosome,
presumably bound to the CMA receptor LAMP2A (Kabuta et al., 2008). The function
of this enzyme remains to be elucidated however it might serve to increase the
affinity of conjugated substrates to the lysosomal membrane, acting as a docking
point for ubiquitinated substrates. If CMA degrades ubiquitinated substrates perhaps
deubiquitinating enzymes would have here a function similar to that present in the
proteasome caps, editing ubiquitin chains before the substrates are degraded (Lam
et al.,, 1997a; Lam et al.,, 1997b; Voges et al.,, 1999). Moreover, a recent report
showed that CHIP ability to bind chaperones and to ubiquitinate substrates is
important in the degradation on filamin by macroautophagy, supporting a model
where CHIP participates in the degradation of substrates not only through the
proteasome but also in the lysosome (Arndt et al., 2010).

CHIP complexes typically contain the chaperones Hsc70, Hsp90, the co-chaperones
BAG1, BAG2 and HspBP1 and the proteasomal subunits S1 and C8 (Arndt et al.,
2005). BAG1, BAG2 and HspBP1 are present in ternary complexes with Hsc70 and
CHIP. The cochaperone BAGl1 was shown to stimulate the CHIP-mediated
degradation of the glucocorticoid hormone receptor (Demand et al., 2001) and has
the ability to associate with the proteasome through its ubiquitin-like domain and to
act as a substrate release factor of Hsc70 in the vicinity of the proteasome (Alberti et
al., 2002; Luders et al., 2000a; Luders et al., 2000b). On the other hand, BAG2
inhibits ubiquitin ligase activity of CHIP by abrogating the CHIP/E2 cooperation
(Arndt et al., 2005). Moreover, HspBP1 acts by inducing conformational changes of
the chaperone complex, which interfere with CHIP-mediated ubiquitination (Alberti
et al.,, 2004). Thus, a cooperation of CHIP with other co-chaperones of Hsc70
emerged as a regulatory principle. Although BAG1 and BAG2 might be viewed as
antagonistic regulators of the CHIP ubiquitin ligase, differences in substrate
specificity have to be taken into account. For example, BAG2 is an essential
component in CFTR maturation, whereas BAG1 does not affect the CHIP-mediated
degradation of the ion channel (Meacham et al., 2001). The two co-chaperones may
thus cooperate with Hsc70 in the biogenesis of distinct sets of chaperone substrates.

Importantly, co-chaperone cooperation not only provides a means to stimulate
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chaperone assisted degradation but also to interfere with it (Arndt et al., 2005).
Taking into account our data it is reasonable to hypothesize that complexes that
predominantly contain, in addition to CHIP and Hsc70, the co-chaperones HspBP1
and BAG2, are likely to divert complexes to the CMA pathway. Conversely, CHIP-

associated complexes containing BAG1 would preferentially divert targets to UPS.
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Figure 26. Tentative model for the degradation of HIF-1a by CMA. I) HIF-1a KFERQ-like motif is
recognized by a complex of chaperones and co-chaperones. Il) The co-chaperone CHIP interacts with
the complex through its TPR domain. This interaction is essential for HIF-1a degradation by CMA and
can account, at least, for HIF-1a interaction with LAMP2A. 11I) Nevertheless, CHIP can also ubiquitinate
HIF-1a, an event that increases HIF-1a affinity for LAMP2A. IV) At the lysososmal membrane HIF-1a
interacts with LAMP2A and the ubiquitin chain is recognized by a DUB enzyme that acts as a receptor,
increasing the affinity of the complex for the lysosomal membrane. V) After recognition of the
ubiquitin chain, the DUB enzyme removes it from HIF-1a. VI) The chaperone and co-chaperone

complex separates from HIF-1a. VII) LAMP2A oligomerization allows the transfer of HIF-1a into the
lysosomal lumen with the subsequent degradation of the transcription factor.

Data also suggests that HIF-la undergoes lysosomal degradation in both
normoxic and hypoxic conditions and that both prolonged serum deprivation or
starvation act as a stimuli triggering CMA-dependent degradation of HIF-1a in cell
cultures and in vivo respectively. Prolonged serum deprivation and starvation were

both shown to activate CMA in cultured cell lines and in liver hepatocytes (Cuervo
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and Dice, 1996; Cuervo et al., 1997). Data presented here show that after 48h of
starvation the levels of HIF-1a decrease in rat livers and that the transcription factor
is targeted to CMA positive lysosomes for degradation. We also show that serum
deprivation, a well established stimuli for CMA activation in cell lines, also induced a
decrease in protein levels of HIF-1a. Moreover, cells that were depleted of LAMP2A
failed to degrade HIF-1a following serum deprivation.

Although serum deprivation, in cell culture, reproduces the hallmarks of CMA
activation following long-term starvation in animals (Bandyopadhyay et al., 2008;
Cuervo and Dice, 2000; Cuervo et al., 1997), there are other stimuli that might
activate CMA in the liver, resulting in increased lysosomal degradation of HIF-1a. For
example, ketone bodies were also show to induce CMA in fibroblasts in a manner
that is similar to serum deprivation (Finn and Dice, 2005). Interestingly, this is likely
to be of physiological relevance in the liver as synthesis and accumulation of ketone
bodies was shown to occur following prolonged starvation (Laffel, 1999; Lowell and
Goodman, 1987; Russell et al., 1997). The ketone bodies-induced activation of CMA
would lead to increased degradation of HIF-1a. The effect of ketone bodies on cell
types that do not utilize ketone bodies for energy, as the hepatocytes, is of
increasing protein breakdown in times of nutritional stress (Finn and Dice, 2005) and
as we observed, of decreasing HIF-1a protein levels. In further support of our
hypothesis, that activation of CMA leads to increased lysosomal degradation of HIF-
la, is the report showing that food restriction leads to a decrease of both the
protein levels of HIF-1a and the mRNA levels of the hypoxia-responsive genes HO-1,
VEGF, EPO and iNOS in the liver (Kang et al., 2005). Many of these genes lead to
increased glucose uptake (Park et al., 2007; Roth et al., 2004a; Roth et al., 2004b)
and glycolysis (Semenza, 1999). In this context HIF-1a, by activating the expression
of numerous glycolisis related genes, as well as increasing the expression of proteins
that help cells capture glucose, is an inducer of glycolisis. Since the liver is the major
contributor of blood glucose, it is reasonable to hypothesize that the decrease in HIF-
la protein levels in the liver under starvation underlie a liver adaption to a
gluconeogenic state (Yabaluri and Bashyam, 2010). Hence, our findings are
consistent with a model in which CMA has an important contribution in starvation-

induced liver metabolic stress.
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On an opposing model, high fat diet was recently reported to have an inhibitory
effect in CMA activity (Rodriguez-Navarro et al., 2012). Interestingly, high fat diet
also induces accumulation of HIF-la on mouse livers (Ochiai et al.,, 2011).
Furthermore, mice lacking HIF-1a in hepatocytes show aggravated glucose
intolerance when fed with high fat diet, as well as elevated blood glucose and
decreased levels of glucokinase (GK) (Ochiai et al., 2011). GK is known to facilitate
glucose uptake from the blood and induce its accumulation in the liver as glycogen
(Roth et al., 2004a). Taking this into consideration, it is conceivable that HIF-1a
accumulation in the liver upon high fat diet is, at least in part, due to a decreased
degradation of HIF-1a by CMA. Thus, it is possible that the regulation of HIF-1a by
CMA has an important role in controlling blood glucose levels. Moreover, lipidomic
analysis of lysosomal membranes of high fat diet fed animals showed substantial
guantitative and qualitative changes in the lipid composition of liver lysosomes,
which in turn decreased LAMP2A stability (Rodriguez-Navarro et al., 2012).
Apparently, it is the reduction in the levels of LAMP2A that leads to the inhibition of
CMA (Rodriguez-Navarro et al., 2012). Similar alterations on the lipid membranes of
liver lysosomes are observed in aged animals, concomitantly with a decrease in
LAMP2A stability and CMA activity (Rodriguez-Navarro et al., 2012; Zhang and
Cuervo, 2008). In accordance with these observations and with our data, aged rats
show increased levels of HIF-1a in hepatocytes as well as increased expression of the
hypoxia-responsive genes HO-1, VEGF, EPO and iNOS, but no increase in the mRNA
levels of HIF-1la (Kang et al., 2005). Consistently and in further support of our
observations, a restriction in food intake of 60% was shown to decrease both the
protein levels of HIF-1a and the mRNA levels of the above hypoxia-responsive genes
(Kang et al., 2005).

On the other hand, this new pathway for the degradation of HIF-1a is likely to
impact on a variety of biological processes and on a number of pathophysiological
conditions where cells are under both prolonged hypoxia and nutrient deprivation.
For example, solid tumors often have a core characterized by a hypoxic environment
and increased transcriptional activity of HIF-1a. In addition to hypoxia, many solid
tumours also endure nutrient deprivation due to limited blood supply (Jain, 2005).

The biological consequences of the stabilization of HIF-1a by inhibiting CMA, under
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hypoxia and serum deprivation, include increased cell viability, increased cell
proliferation and decreased cell death. The findings described in this study are likely
to greatly impact on our understanding of the molecular mechanisms that regulate
tumour cell survival. In fact, our data is consistent with previous reports showing a
decrease of HIF-1la upon serum removal, as well as an absence of HIF-1a in the
hypoxic perinecrotic regions of solid tumours (Sobhanifar et al., 2005). Although the
authors did not identify the mechanism through which serum removal decreases
HIF-1a levels, they clearly relate the loss of HIF-1a of hypoxic regions with the lack of
nutrients in the core of the solid tumours (Sobhanifar et al., 2005). In addition, a
recent report shows that the embryonic M2 isoform of pyruvate kinase (PKM2), a
pyruvate kinase isoform commonly expressed in tumors, is a substrate for CMA (Lv
et al., 2011). Also, very recently it was also shown that CMA may have an important
role in tumorigenesis affecting tumor growth, survival and metastatic potential (Kon
et al., 2011). However, the exact impact of this pathway on tumorigenesis most likely
depends on the type of tumor and on the specific substrates that are targeted for
degradation. Data presented here support a model where CMA could be responsible
for the degradation of HIF-1a in nutrient deprived tissues, albeit the low oxygen
concentrations these tissues might be enduring. These findings may also provide
clues on new molecular targets, including components of CMA, for innovative

therapies in a variety of solid tumours that heavily rely on HIF-1a for survival.
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