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ABSTRACT

Malignant melanoma atises from the pigment producing melanocytes in epidermis and is
the most aggressive type of skin cancer. The incidence of malignant melanoma is
increasing faster than any other type of cancer in white population worldwide, with a
doubling rate every 10-20 years. So far, the only identified external risk factor for
malignant melanoma is UV exposure. Elimination of photodamaged cells by apoptosis
(programmed cell death) is essential to prevent tumor formation. Melanocytes are
considered relatively resistant to apoptosis, however, the regulation of apoptosis in
melanocytes is still unknown.

The aim of this thesis was to investigate the apoptotic process following ultraviolet (UV)
irradiation in primary cultures of human melanocytes. Focus was on regulation of
mitochondrial stability by Bcl-2 family proteins and the possible participation of
lysosomal proteases, cathepsins. UV irradiation activated the mitochondrial pathway of
apoptosis, leading to cytochrome c release, caspase activation, and nuclear fragmentation.
No change in protein expression of Bax and Bcl-2 was observed in response to UV.
Instead, translocation of the Bcl-2 family proteins from cytosol to mitochondia was
important in the regulation of survival and death of melanocytes. The findings further
demonstrated permeabilization of the lysosomal membrane to occur eatly in the apoptotic
process, resulting in cathepsin release into the cytosol. The cathepsins were potent pro-
apoptotic mediators and triggered apoptosis upstream of Bax translocation and
mitochondrial membrane permeabilization. In response to both heat and UV irradiation,
there was a marked increase in expression of stress-induced heat shock protein 70
(Hsp70), which inhibited apoptosis by binding lysosomal and mitochondrial membranes
and counteracting the release of cathepsins and cytochrome c. Furthermore, UV
irradiation activated c-jun N-terminal kinase (JNK), which triggered apoptosis upstream
of cathepsins release from the lysosomes. In addition, JNK mediated apoptosis through
phosphorylation of pro-apoptotic Bim, which was released from anti-apoptotic Mcl-1, by
UV induced Mcl-1 depletion.

This thesis illustrates that permeabilization of mitochondria and lysosomes and release of
their constituents to the cytosol participates in UV induced apoptosis signaling in human
melanocytes 7z vitro. The process is regulated by a complex network of pro- and anti-
apoptotic proteins, exerting their effects through intracellular translocation and alteration
of protein expression.
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Abbreviations

AIF
Apaf-1
BH

Cr
DAPI
DED
FADD
GAPDH
Hsp
IAP
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MAPK
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RISC
siRNA
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TNF
TRAIL
uv
UVA
UVB
uvC
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ABBREVIATIONS

apoptosis-inducing factor

apoptotic protease activating factor 1
Bcl-2 homology domain

threshold cycle
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death effector domain

Fas-associated protein with death domain
glyceraldehyde-3-phosphate dehydrogenase
heat shock protein

inhibitors of apoptosis protein

lactate dehydrogenase

c-jun N-terminal kinase

mitogen activated protein kinase
melanocortin-1 receptor
B-N-acetylglucoseaminidase

nerve growth factor
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polymerase chain reaction

permeability transition pore

RNA inducing silencing complex

short interference RNA
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tumor necrosis factor

tumor necrosis factor related apoptosis-inducing ligand
ultraviolet

ultraviolet irradiation 320-400 nm
ultraviolet irradiation 280-320 nm
ultraviolet irradiation 100-280 nm
voltage-dependent anion channel
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Introduction

INTRODUCTION

THE SKIN

The skin is the largest organ in the body, with a mass of 4-5 kg, and the total surface area
of about 1.5-2 m? in an adult individual. The primary function of the skin is to act as a
protective shield against harmful environmental influence, such as irradiation, injury,
chemical agents, heat, and infection. It also regulates body temperature and protects the
body from excessive water loss. The skin can be divided into three layers (Figure 1). The
deepest layer, the subcutis, mainly consists of adipocytes, which provides insulation and
mechanical protection and also serves as energy storage. Blood vessels are situated at this
level and the subcutis binds the skin to underlying structures. The next layer is the
dermis, composed of fibroblasts, which produce an extracellular matrix with collagen and
clastin. Nerves, blood vessels and sweat glands are located in this layer. The top layer of
the skin is the epidermis, which mainly consists of keratinocytes, but also melanocytes
and Langerhans cells. The keratinocytes differentiate as they migrate from the basement
membrane, which separates epidermis from dermis, to the surface. Normally, this
migration takes about one month. The cells loose their nuclei and organelles as they reach
the top and will then constitute the corneocyte (horny) layer, which serves as the
protective barrier to the external environment.
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Figure 1. The three layers of the skin and an epidermal melanin unit, located at the basement

membrane of epidermis, are presented.
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EPIDERMAL MELANIN UNIT

A central function of the skin is to protect the body from harmful ultraviolet (UV)
irradiation. The UV induced damage is limited by chromophores in the skin, such as
DNA and proteins, which absorb the irradiation. In addition, the skin contains the
effective UV absorbing pigment, melanin, which in mammals exists in two types; the
brownish-black eumelanin, which is the main pigment type in dark-skinned individuals
and is considered to have the most effective protection against UV irradiation, and the
reddish-yellow pigment in fair-skinned individuals (Vincensi et al., 1998). The melanin
production, melanogenesis, takes place in the melanocytes, which originates from the
neural crest and migrates during embryogenesis to various sites in the body, primarily to
epidermis, eye and hair follicles (Goding, 2007). If all melanocytes in the body were
assembled to one unit, this “melanocyte organ” would represent a total size of 1.0-1.5
cm’ in an adult human, with the dominant part consisting of epidermal melanocytes
(Rosdahl and Rorsman, 1983). In the skin, the melanocytes are located at the basement
membrane in epidermis, with an average density of 1000-2000 melanocytes/mm? skin
(Szabo, 1954). The pigment cells were first described in squid in 1819 by Sangiovanni,
who called them “chromatophores”, and Henle was first to identify these cells in human
skin in 1837 (reviewed in Westerhof, 2006). The term “melanocyte” was introduced by
Meyerson in 1889. Furthermore, the melanin is packed in organelles, called melanosomes,
transferred, via the dendrites of the melanocyte, to neighboring keratinocytes, where they
form protecting caps above the nuclei of the keratinocytes (Seiji et al., 1961; Pathak et al.,
1971; Goding, 2007). Each melanocyte donates melanin to a group of approximately 36
keratinocytes, which together are termed an epidermal melanin unit (Fitzpatrick and
Breathnach, 1963) (Figure 1). In the keratinocytes, the melanosomes are packed
according to size, with several small melanosomes as complexes surrounded by a
membrane and the larger ones as single units (Toda et al., 1973; Rosdahl and Szabd,
1976). Differences in skin color between Caucasians and Negroids are not primarily due
to variation in the number of melanocytes (Szabo, 1967b). Instead it has been shown to
depend on type and amount of melanin and the size, packaging, distribution and
degradation of the melanosomes within the keratinocytes (Szab¢ et al., 1969).
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UV IRRADIATION

UV irradiation from the sun contains UVA (320-400 nm), UVB (280-320 nm), and UVC
(100-280 nm) (Figure 2). The atmospheric ozone layer absorbs all UVC rays and the
majority of the UVB (90%), which means that UV irradiation reaching the surface of
Earth is mainly in the UVA range and to a minor extent UVB. UVB irradiation is,
however, much more potent in generating sunburns, tanning and DNA damage, than
UVA (Abdulla et al., 2005). The amount of UV irradiation reaching the Earth varies
depending on many factors, such as time of the day, season, ozone layet, solar zenith
angle, clouds, air pollutions, and surface reflections (Godar, 2005). The depth of
penetration through the skin and biological effects differ between UVA and UVB
irradiation. UVB irradiation reaches epidermis and is directly absorbed by the DNA,
which might cause formation of UV photoproducts, such as cyclobutane pyrimidine
dimers and pyrimidine(6-4)pyrimidone photoproducts (Rosenstein and Mitchell, 1987;
Sarasin, 1999). These photoproducts might give rise to C to T or CC to TT transition
mutations (Sarasin, 1999). The more long-waved UVA penetrates deeper into the skin
and reaches dermis (Kadekaro et al., 2003). In contrast to UVB, UVA first reacts with
endogenous photosensitizers, which generate reactive oxygen species that in turn can
cause DNA damage, such as single-strand breaks (Wenczl et al., 1998; Wang et al., 2001).
Free oxygen radicals might also induce lipid peroxidation, which can result in protein and
membrane damage (Kadekaro et al., 2003).

A
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Figure 2. The irradiation spectrum of the sun light includes UV, visible,
and infrared wavelengths.
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SKIN CANCER

Skin cancer is the most common type of cancer in white population, living in countries
with much sun irradiation and can be divided into cutaneous malignant melanoma, which
originates from melanocytes, and non-melanoma skin cancers, involving basal and
squamous cell carcinomas, which originate from keratinocytes (de Gruijl, 1999).
Cutaneous malignant melanoma is the most aggressive tumor type appearing in the skin,
with high capacity to metastasize. About 4% of all skin cancer cases in USA are
represented by malignant melanoma, but this cancer causes as much as 79% of the skin
cancer deaths (Abdulla et al., 2005).

UV irradiation is considered to be the major external factor in the development of skin
cancer. The non-melanoma skin cancers have been associated with total lifetime UV
exposure (Gilchrest et al, 1999; Perlis and Herlyn, 2004). In contrast, malignant
melanoma has been considered to be linked to intense and intermittent sun exposure
(Walter et al., 1999; Perlis and Herlyn, 2004), but contribution of chronic daily low dose
UV cannot be excluded. In accordance, basal and squamous cell carcinomas are most
often found in continuously sun exposed areas of the body, like the face and back of
hands and forearms, while malignant melanoma most frequently occurs in sun-protected
areas that receive intermittent exposure (Gilchrest et al., 1999)

MALIGNANT MELANOMA

Historical aspect

Archaeological findings of nine pre-Colombian Inca mummies from Peru, approximately
2400 years old, showed diffuse melanoma metastases in the bones of the skull and
extremities, as well as rounded melanotic masses in the skin (reviewed in Urteaga and
Pack, 1966). The first known description of melanoma is from Hippocrates (460-375
B.C)). In several reports between 1650-1760, these pigmented malignant tumors were
referred to as ”fatal black tumors with metastases and black fluid in the body”. René
Laénnec used the word “la mélanose”, from the Greek word for black, “melas”, when
describing this type of tumor in 1806 and Robert Carswell first utilized the medical term
“melanoma” in 1838.

Incidence

Malignant melanoma is the most rapidly increasing type of cancer in white populations
worldwide, with a doubling rate every 10-20 years (Diepgen and Mahler, 2002; Lens and
Dawes, 2004). In USA, the cumulative lifetime risk for melanoma was 1:1500 in 1935,
while it had increased to 1:68 in 2002 (Lens and Dawes, 2004). The highest incidence has
been reported from Australia, where the lifetime risk is 1:25 (Diepgen and Mahler, 2002).

16
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In Europe, the highest incidence is found in Scandinavia and the lowest in the
Mediterranean countries (Lens and Dawes, 2004). In Sweden, the estimated risk for
developing melanoma during life is 1:67 (Cancer incidence in Sweden 2005).
Furthermore, melanoma affects about 2100 individuals and leads to 400 deaths each year
in Sweden (Cancer incidence in Sweden 2005, Causes of death 2004).

Risk factors

Individuals exhibiting large amounts of pheomelanin and small amounts of eumelanin
have the characteristic phenotype of fair skin, red or blond hair, and a tendency to
sunburn, that is associated with a significant increased risk for melanoma development
(Gilchrest et al., 1999). Excessive recreational exposure to sunlight (Westerdahl et al.,
1992; Gilchrest et al., 1999; Lens and Dawes, 2004), childhood sunburns (Whiteman et
al., 2001), increased number of nevi (Augustsson et al., 1991; Bauer and Garbe, 2003), use
of sunbeds (Walter et al., 1999; Westerdahl et al., 2000a), and depletion of the ozone
layer, resulting in that more UVB reaches the Earth (Mettlin, 2001), are factors that have
been reported to contribute to higher skin cancer risk. Furthermore, some studies have
found a protective effect of sunscreens, while others show an increased risk of melanoma
development with the use of suncreens, due to prolonged duration of exposure to the
sun (Espinosa Arranz et al., 1999; Westerdahl et al., 2000b; Bastuji-Garin and Diepgen,
2002).

Genetics

Of all melanoma cases, approximately 10% have been reported to have a hereditary
predisposition for the disease (Platz et al., 2000). About 40% of individuals with familial
melanoma, display mutations or deletions of the tumor suppressor gene CDKN2A
(cyclin-dependent kinase inhibitor 2), which encodes the p16 protein (Hussussian et al.,
1994; Piepkorn, 2000). p16 normally inhibits the cell cycle by interaction with cyclin-
dependent kinases 4 or 6 (Piepkorn, 2000). Loss of its function by mutation, results in
escape from cell cycle arrest, which might lead to incomplete DNA repair. Recently,
BRAF, which primarily is implicated in growth regulation, was found to be mutated in
66% of the melanoma cell lines and tumors investigated (Davies et al, 2002). A
melanoma specific V599E missense mutation was found to result in activation of BRAF
kinase activity (Brose et al., 2002). This mutation was also detected in 82% of the
melanocytic nevi tested (Pollock et al., 2003), suggesting BRAF mutation to have an eatly
involvement in melanocyte transformation. Another melanoma susceptibility gene is the
melanocortin-1 receptor (MCIR), which is highly polymorphic. A loss-of-function
mutation of MC1R alleles has been shown to be associated with red hair phenotype and a
higher risk for melanoma (Palmer et al., 2000; Rees, 2000).
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MELANOCYTE HOMEOSTASIS

Several studies demonstrate that repeated UV irradiation induces a several folded increase
in the population density of epidermal melanocytes in both mice (Sato and Kawada,
1972; Rosdahl, 1978; Rosdahl and Szabd, 1978) and humans (Quevedo et al., 1965;
Stierner et al., 1989). In addition, repeated UV exposures result in a rise in the number of
melanocytes in shielded unirradiated areas (Rosdahl, 1979; Stierner et al., 1989). A high
mitotic activity might increase the risk for tumor development in both exposed and
shielded skin (Stierner et al., 1989). After the initial increase, the cell population is
reported to slowly revert to its original number (Szabd, 1967a; Rosdahl, 1979). With such
a proliferative response and wide range in melanocyte population density in the skin, an
efficient control system for homeostasis is essential. Apoptosis might therefore have a
key function, but an apoptotic loss of melanocytes iz vivo is seldom reported in response
to UV exposure (Gilchrest et al.,, 1999). The general opinion is that melanocytes are
resistant to apoptosis, suggesting that these cells have powerful anti-apoptotic
mechanisms, triggering the survival.

18
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APOPTOSIS

There are generally two principal mechanisms of cell death; necrosis and apoptosis (also
called programmed cell death) (Figure 3). Cells undergoing necrosis swell, due to
increased osmotic pressure, and will finally lyse, with release of cellular contents into the
surroundings, which might induce inflaimmation (Hetts, 1998). Apoptosis is a more
controlled process. Cells committing apoptotic cellular suicide rapidly shrink and lose
their normal intercellular contacts. Other morphological changes associated with
apoptosis include blebbing of the plasma membrane, nuclear condensation, DNA
fragmentation, and segregation of the cell into a number of apoptotic bodies that are
phagocytosed by macrophages (Kerr et al., 1972). Since nothing is released from the cell
into the surrounding tissue, inflammation is not triggered. The word apoptosis is derived
from the Greek word for “falling off” and was first described by Kerr and colleagues in
1972 (Kerr et al., 1972). This physiological cell death is important for the homeostasis of
tissues and to eliminate potentially dangerous cells. In addition, apoptosis plays an
essential role in the embryonic development. Dysregulation of the apoptotic process may
result in a wide range of pathological conditions (Thompson, 1995). Cancer is one
consequence of impaired apoptotic mechanisms that lead to an insufficient removal of
damaged cells. In contrast, degenerative diseases are associated with inappropriate
increase in apoptosis. Thus, it is highly important to understand the molecular
mechanisms behind the regulation of apoptosis and which proteins that are involved in
this process.

APOPTOSIS

“ \'I NECROSIS

\W Uﬂ_,oo

Figure 3. Cells die through either of two distinct processes; apoptosis or necrosis.
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CAENORHABDITIS ELEGANS

The nematode Caenorhabditis elegans has served as a model organism for investigating
apoptosis. Genetic studies have identified gene products essential for the regulation and
execution of apoptosis; CED-3, CED-4, and EGL-1, which are required for the death of
cells during worm development, and CED-9 with anti-apoptotic capacity (Ellis and
Horvitz, 1986; Hengartner and Horvitz, 1994; Conradt and Horvitz, 1998). EGL-1
triggers apoptosis by binding anti-apoptotic CED-9 and prevent it from sequester the
CED-4 protein. Free CED-4 then binds and activates CED-3, which promotes apoptosis
(Ellis and Horvitz, 1986; Chinnaiyan et al., 1997; Conradt and Horvitz, 1998) (Figure 4).
Corresponding mammalian proteins have been identified, but the apoptotic pathways in
mammals are more complex, with a larger amount of proteins involved.

(o] [ — =0 — =0 — B

Figure 4. Pathway of cell death in Caenorbabditis elegans.

CASPASES

Most of the morphological changes observed during apoptosis are caused by caspases,
which are homology proteins to CED-3 in C. elegans (Yuan et al., 1993). “c” in the term
caspase stands for cysteine protease and “aspase” reflects its ability to cleave substrates
after aspartic acid residues (Alnemri et al, 1996). The caspases are synthesized
catalytically inactive and are usually converted to active enzymes by proteolytic removal
of their prodomains (Thornberry and Lazebnik, 1998). Activated caspases then, in a
cascade, cleave and activate each others’ precursors. The constitutively expressed
procaspases consist of three domains; an NH»-terminal pro-domain and a large (~20
kDa) and a small (~10 kDa) subunit (Figure 5). When processed, the two subunits will
associate and form a heterodimer. Caspase mediated cleavages of specific substrates
might lead to both initiation and execution of apoptosis. The overall loss of shape in an
apoptotic cell is, for instance, depended on cleavage of cytoskeleton proteins and nuclear
shrinking is caused by cleavage of nuclear lamins (Hengartner, 2000).

In mammals, the apoptotic caspases can be divided into two groups, the initiator caspases
(e.g. caspase-2, -8, -9, and -10) and the effector caspases (e.g. caspase-3 and -7) (Boatright
and Salvesen, 2003). In response to an apoptotic stimulus, initiator caspases are first to be
activated, which in turn activate effector caspases by cleavage. The initiator caspases are,
in contrast to effector caspases, auto-activated through protein-protein interactions
(Muzio et al., 1998; Boatright and Salvesen, 2003). As procaspases, they exist as inactive
monomers, and become activated by dimerization, a process that might require
involvement of specific adaptor molecules, which bring the caspases together (Stennicke
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et al., 1999; Boatright and Salvesen, 2003; Donepudi et al., 2003). The exact regulation of
Initiator caspase auto-activation is, however, still not fully elucidated.

catalytic sites

N
I YY) —
pro 20kDa 10 kDa

Figure 5. Procaspases consist of three domains; an NHo-terminal pro-domain and a large (~20 kDa) and
a small (~10 kDa) subunit. Upon cleavage and activation the two subunits will associate and form a

heterodimer.

APOPTOTIC PATHWAYS

Apoptosis is generally described to be mediated through two major pathways, the death
receptor (extrinsic) pathway and the mitochondrial (intrinsic) pathway (Figure 6).

Death receptor pathway

The death receptor pathway of apoptosis is involved in the elimination of cells during
development and in the immune system (Osborne, 1996; Boatright and Salvesen, 2003).
The pathway is initiated at the cell surface by activation of a trans-membrane death
receptor of the tumor necrosis factor (TNF) receptor family (e.g. Fas, TNFRI1)
(Ashkenazi and Dixit, 1998) (Figure 6). When a ligand binds the Fas receptor (also called
CD95 or Apo-1), which is one of the best characterized death receptors, it leads to
clustering of the death effector domains (DEDs) of the receptors at the cell membrane,
which allows recruitment and binding of the adaptor molecule FADD (Fas-associated
protein with death domain) (Chinnaiyan et al., 1995; Ashkenazi and Dixit, 1998). FADD
further recruits procaspase-8 molecules by interaction with their DEDs (Ashkenazi and
Dixit, 1998) and in this death-inducing signaling complex (DISC), the initiator caspase-8
becomes activated and released into the cytosol, where it further will trigger the cell to
apoptosis (Boatright and Salvesen, 2003).
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Mitochondrial pathway

The mitochondrial pathway of apoptosis is involved in elimination of cells in response to
stress stimuli, such as irradiation and chemotherapeutic drugs. Early events observed
following a death signal are decreased mitochondrial membrane potential and changes in
the mitochondrial permeability (Liu et al, 1996), leading to release of several pro-
apoptotic proteins located in the mitochondrial intermembrane space, including
cytochrome ¢, smac/DIABLO (second mitochondria-detived activator of caspase/direct
IAP binding protein with low pl), Omi/Htra2, apoptosis-inducing factor (AIF) and
endonuclease G (Tsujimoto, 2003) (Figure 6). Smac/DIABLO and Omi/Htra2 facilitate
caspase activation by binding to and neutralizing the anti-apoptotic activity of inhibitors
of apoptosis proteins (IAPs), which is a family of potent caspase inhibitors (Du et al.,
2000; Verhagen et al., 2000; Suzuki et al., 2001; Hegde et al., 2002; Martins et al., 2002).
AIF and endonuclease G induce caspase independent DNA condensation and
fragmentation (Susin et al., 1999; Li et al., 2001). Once in the cytosol, cytochrome ¢ binds
the CED-4 corresponding protein Apaf-1 (apoptotic protease activating factor 1) and
induces a conformational change and oligomerization of the protein (Li et al., 1997; Zou
et al.,, 1999). This recruits and activates procaspase-9, which in turn cleaves caspase-3 and
other key substrates in the apoptotic death process (Li et al.,, 1997; Pan et al., 1998; Zou
et al.,, 1999). The complex formed, comprising cytochrome ¢, Apaf-1, procaspase-9, and
ATP is known as the apoptosome (Zou et al., 1999). The mitochondrial pathway of
apoptosis is controlled and regulated by members of the Bcl-2 protein family (see below).
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Crosstalk between the apoptotic pathways

Activated caspase-8 processes the pro-apoptotic Bel-2 family protein Bid, generating a
truncated Bid (tBid) fragment (Li et al., 1998; Luo et al., 1998). This fragment translocates
to the mitochondria, activates other pro-apoptotic Bcl-2 family proteins, which in turn
trigger release of cytochrome ¢ and downstream activation of effector caspases,
ultimately leading to cell death (Desagher et al., 1999; Gross et al., 1999; Eskes et al.,
2000). Thus, cleavage of Bid by caspase-8 constitutes a connecting link between the death
receptor and mitochondrial pathways of apoptosis (Figure 0).
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Figure 6. Apoptosis is generally reported to be mediated through two major pathways; the mitochondrial
pathway and the death receptor pathway. Cleavage of the pro-apoptotic Bcl-2 family protein Bid
constitutes a link between the two pathways.
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BCL-2 FAMILY

The Bcl-2 family includes proteins that both induce and suppress apoptosis and they all
contain one or several highly conserved domains, known as Bcl-2 homology domains
(BH1-BH4) (Adams and Cory, 1998; Tsujimoto, 2003; Er et al., 20006). The Bcl-2 protein
family can be subdivided into three main groups, based on their anti- or pro-apoptotic
action and which BH domains they possess (Figure 7). The anti-apoptotic members (e.g.
Bcl-2, Bcl-Xr, Mcl-1) contain all four domains (Er et al., 2006), of which BH4 seems to
be important for their anti-apoptotic capacity (Huang et al., 1998). The pro-apoptotic
proteins are further divided into two groups; the multidomain proteins, such as Bax, Bak,
and Bok, which have BH1-3, and the BH3-domain-only proteins, such as Bid, Bim, Bad,
and Bmf (Cory and Adams, 2002; Er et al., 20006). The Bcl-2 proteins appear to regulate
each others function by forming homo- and hetero-complexes (Oltvai et al., 1993; Yin et
al., 1994; Sedlak et al, 1995; Yang et al, 1995). Bcl-2 (B-cell lymphoma-2), the first
member of the protein family to be identified, was initially defined as a proto-oncogene,
located at the breakpoint of a translocation between chromosomes 18 and 14 in human
follicular B-cell lymphomas (T'sujimoto et al., 1985). The anti-apoptotic Bcl-2 proteins are
similar to CED-9 in C. elegans (Hengartner and Horvitz, 1994). Furthermore, the first pro-
apoptotic member of the Bcl-2 family to be found was Bax (Bcl-2-associated protein X)
(Oltvai et al., 1993).
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Figure 7. Classification of the members of the Bcl-2 protein family. Bcl-2 homology (BH) domains and
transmembrane domains (TM) are presented.
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Bcl-2 family proteins in the induction of cytochrome c release

The multidomain pro-apoptotic Bcl-2 family proteins, Bax and Bak play a crucial role in
the mitochondrial pathway of apoptosis. Cells deficient in both Bax and Bak are
completely resistant to apoptosis, induced by a wide range of stimuli, known to trigger
mitochondtial-dependent apoptosis (Wei et al., 2001). Cells lacking one of these two
proteins are, however, still sensitive for apoptotic signals.

Most of the Bcl-2 family members contain a hydrophobic transmembrane domain at the
C-terminal (Cory and Adams, 2002; Er et al., 2006), which serves as an anchor that
facilitates protein targeting and interaction with intracellular membranes (Nguyen et al.,
1993), including the mitochondrial outer membrane, the endoplasmic reticulum, and the
nuclear membrane (Hockenbery et al., 1990; Krajewski et al., 1993; Akao et al., 1994;
Lithgow et al., 1994). Bax is predominantly located in the cytosol in healthy cells (Hsu et
al., 1997), while Bak normally is integrated in the mitochondrial outer membrane
(Griffiths et al., 1999). During healthy conditions, both C- and N- terminal domains of
Bax are masked, allowing the protein to remain cytosolic (Lucken-Ardjomande and
Martinou, 2005). Following an apoptotic signal, a conformational change of Bax and an
unmasking of the domains occur. This induces Bax translocation to the mitochondria and
insertion into the membrane (Hsu et al, 1997; Wolter et al, 1997). The normally
monometic forms of Bax and/or Bak now form oligomers and induce permeabilization
of the mitochondrial outer membrane (Gross et al., 1998; Antonsson et al., 2000;
Korsmeyer et al,, 2000; Antonsson et al., 2001). The changes in the mitochondrial
membrane permeability with cytochrome c release have been shown to be prevented by
Bcl-Xi. (Jurgensmeier et al., 1998; Narita et al., 1998; Desagher et al., 1999; Finucane et
al,, 1999; Gross et al., 1999) and Bcl-2 (Kluck et al.,, 1997; Yang et al., 1997; Narita et al.,
1998; Desagher et al., 1999; Gross et al., 1999) in cell free apoptotic systems and in
various cell types.

Bid, known to become activated by caspase-8 cleavage during Fas induced apoptosis (Li
et al., 1998; Luo et al, 1998; Gross et al., 1999), has been suggested to induce the
conformational change of Bax, resulting in cytochrome c release from the mitochondria
(Desagher et al., 1999; Eskes et al., 2000). Addition of Bax to Bax-deficient tumor cells
significantly increases the Bid induced cytochrome c release (Desagher et al., 1999).
Moreover, tBid also plays an important role in Bak induced mitochondrial
permeabilization (Korsmeyer et al., 2000; Wei et al., 2000).
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Mcl-1

Mcl-1 (myeloid cell leukemia-1) is an anti-apoptotic member of the Bcl-2 protein family,
which has not been as thoroughly investigated as Bcl-2 and Bcl-Xi. It contains a C-
terminal transmembrane domain, which localizes Mcl-1 to membranes, primarily the
mitochondtial outer membrane (Michels et al., 2005). By alternative splicing, a second
smaller protein isoform of Mcl-1, Mcl-1s is produced, which in contrast to full length
Mcl-1 promotes cell death. Decreased level of Mcl-1 by antisense oligonucleotides in
human myeloblastic leukemia cells (U937) results in rapidly induced apoptosis (Moulding
et al., 2000). During apoptosis, Mcl-1 expression has been found to be downregulated by
many apoptotic stimuli, including UV irradiation and TRAIL (tumor necrosis factor
related apoptosis-inducing ligand) (Nijhawan et al., 2003; Han et al., 2004; Han et al,
2006). Immunoprecipitation experiments demonstrate Mcl-1 to interact with Bak and the
BH3-only proteins Bim and tBid, and neutralize their pro-apoptotic potential in Hel.a
and Jurkat T leukemic cells (Han et al., 2004; Willis et al., 2005; Clohessy et al., 2000).

Mitochondrial membrane permeabilization

The exact mechanism that leads to the mitochondrial membrane permeabilization is still
not fully understood, but several hypotheses have been suggested (Figure 8). The three-
dimensional structure of Bcl-Xi. shows notable similarity with the ion pore-forming
bacterial toxins colicin and diphtheria toxin (Muchmore et al., 1996). This observation
has lead to studies examining the capacity of Bcl-2 family members to form ion channels.
Indeed, Bcl-Xi, Bax, and Bcl-2 have pore forming activity in synthetic lipid membranes
(Antonsson et al., 1997; Minn et al., 1997; Schendel et al., 1997; Schlesinger et al., 1997).
However, Bax formed channels at physiological pH, while Bel-X1. and Bcl-2 did it most
efficiently at low pH (Antonsson et al., 1997; Minn et al., 1997; Schlesinger et al., 1997).
Bax oligomers have been reported to form channels in liposomes (Antonsson et al.,
2000), promote release of cathepsins from lysosomes (Kégedal et al., 2005), and trigger
cytochrome c telease from isolated mitochondria (Antonsson et al.,, 2000). Antonsson
and coworkers showed, in experiments with liposomes, the pore-forming activity of Bax
to be antagonized by Bcl-2 (Antonsson et al., 1997).

Other studies indicate that Bcl-2 family members might perturb or alter the activity of
pre-existing channels in the membrane (Zoratti et al., 2005). Small solutes might enter the
mitochondria, resulting in osmotic swelling and eventually rupture of the membrane. The
mitochondrial changes are prevented by cyclosporine A, which closes a channel named
the permeability transition pore (PTP), indicating that the mitochondrial permeabilization
is mediated through opening of these pores (Narita et al., 1998). The PTP is a polyprotein
channel that includes the voltage-dependent anion channel (VDAC), the adenine
nucleotide translocator (ANT), and cyclophilin D (Zoratti et al., 2005). Yeast two-hybrid
system and coimmunoprecipitation analysis have shown Bax and Bak to interact with the
PTP (Matzo et al., 1998; Narita et al., 1998). By direct interaction with VDAC, Bax and

26



Introduction

Bak triggered passage of cytochrome c out of liposomes, while the pore was closed by

binding of Bcl-Xi. (Shimizu et al., 1999).

In addition, during apoptosis mitochondrial lipids have been reported to be important for
the membrane permeabilization (McMillin and Dowhan, 2002; Gonzalvez and Gottlieb,
2007). The phospholipid cardiolipin, present in the mitochondrial membrane, might
interact with Bcl-2 family proteins. The lipid has been suggested to be required for tBid
recruitment to the mitochondria (Lutter et al., 2000; Lutter et al., 2001; Wei et al., 2001)
and it has been shown to coimmunoprecipitate with Bid during apoptosis, induced by the
Fas death receptor (Sorice et al., 2004). In addition, Bax does not permeabilize artificial
liposomes in the absence of cardiolipin (Kuwana et al., 2002; Terrones et al., 2004).
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Figure 8. Two models for mitochondrial membrane permeabilization. (A) Bax might by oligomerization
form a pore in the mitochondrial membrane and release cytochrome c. (B) Binding of Bax to permeability
transition pore (PTP) might allow entrance of solutes, resulting in osmotic swelling and rupture of the

mitochondrial membrane.
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Sequestration of Bax in the cytosol

Several cytosolic proteins have been suggested to keep Bax in the cytosol and prevent its
activation. Recent data implicate an apoptotic suppressing role for Ku70 (Sawada et al.,
2003), which is essential for repair of DNA double strand breaks (Walker et al., 2001).
Ku70 has been shown to coimmunoprecipitate with Bax in the cytosol and the
interaction inhibits the conformational change and subsequent translocation of Bax
(Sawada et al., 2003). 14-3-30 is another protein that has been reported to play a role in
the negative regulation of Bax activity (Nomura et al., 2003). Nomura ¢ a/. show this
protein to interact with Bax in the cytosol in healthy cells, and following apoptotic
stimulus, 14-3-30 dissociates from Bax by both caspase dependent and independent
mechanisms (Samuel et al, 2001; Nomura et al., 2003). The small (3 kDa) peptide
humanin might also prevent Bax translocation from cytosol to mitochondria and
subsequent cytochrome c release (Guo et al., 2003). In contrast to the above mentioned
proteins, which bind to the inactive form of Bax, the glycoprotein clusterin interacts with
conformational altered Bax in response to chemotherapeutic drugs and inhibits
oligomerization of Bax (Zhang et al., 2005).

BH3-domain-only proteins

The pro-apoptotic BH3-only proteins (corresponding to EGL-1 in C. elegans; Conradt
and Horvitz, 1998) seem to be key players in the activation of Bax and Bak. In response
to an apoptotic signal, BH3-only proteins ate transcriptionally upregulated and/or
activated by post-translational modifications, such as proteolytic cleavage,
phosphorylation or dephosphorylation (Puthalakath and Strasser, 2002; Willis and
Adams, 2005). The BH3-only proteins seem to require Bax and/or Bak to be able to
induce apoptosis (Zong et al., 2001) and these proteins include both “sensitizers” and
“activators”. The activators (e.g. Bid and Bim) are normally sequestered by anti-apoptotic
Bcl-2 proteins, but following a stress stimulus, sensitizers (e.g. Bad and Bik) might bind
to the pro-survival Bcl-2 proteins through their BH3 domain, allowing the activators to
directly activate Bax or Bak and trigger their oligomerization and mitochondrial
membrane permeabilization (Figure 9) (Letai et al., 2002; Kuwana et al., 2005; Willis et al.,
2007). This was demonstrated with experiments showing that Bid and Bim could induce
cytochrome c release from isolated mitochondria, whereas Bad and Bik only could do it
in the presence of Bid or Bim (Letai et al., 2002). Further, Bim, Bid, Bad, and Noxa were
all unable to induce apoptosis in Bax and Bak double-deficient cells (Cheng et al., 2001).

In response to death receptor ligation, caspase-8 cleavage of the inactive cytosolic form
of Bid to tBid results in exposure of its BH3 domain , which allows it to translocate to
the mitochondria (Li et al., 1998; Luo et al., 1998; McDonnell et al., 1999). Bid might
target the mitochondria by binding to the mitochondria lipid cardiolipin (Lutter et al.,
2000; Lutter et al., 2001) and is able to stimulate apoptosis by induction of Bax and/or
Bak oligomerization and membrane insertion (Desagher et al., 1999; Eskes et al., 2000;
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Korsmeyer et al., 2000; Wei et al., 2000). Bid has also been shown to be cleaved and
activated by non-caspase proteases, such as lysosomal proteases (Stoka et al., 2001;
Cirman et al., 2004; Heinrich et al., 2004), and granzyme B (Li et al., 1998; Barry et al,,
2000).

Bim exists as three different splicing isoforms; Bims, Bimr, and Bimgy. (O'Connor et al.,
1998). Bims is constitutively pro-apoptotic, whereas Bimy. and Bimgr. normally are kept
inactive by binding to the dynein motor complex in the microtubules (Puthalakath et al.,
1999). Bmf is an additional BH3-only protein that is expressed in healthy cells, but
inactivated by sequestration to the cytoskeleton, by binding to the myosin V actin motor
complex (Puthalakath et al., 2001). UV irradiation can cause release of both Bim and Bmf
from the cytoskeleton and when released they have been reported to either translocate to
anti-apoptotic Bcl-2 proteins and neutralize their activity, or to directly activate Bax and
induce cytochrome c release (Puthalakath et al., 1999; Puthalakath et al., 2001; Kuwana et
al., 2005). In addition, Bim and Bmf might be transcriptionally upregulated in response to
a stress stimulus (Ramjaun et al., 2007).

Noxa and Puma (p53 upregulated modulator of apoptosis) are induced by the
transcription factor p53 and have been shown to trigger apoptosis by localizing to the
mitochondria and inducing cytochrome c release and caspase-9 activation (Oda et al.,
2000; Nakano and Vousden, 2001). Antisense oligonucleotides to Noxa and Puma
inhibited the p53 induced apoptosis.

When Bad is phosphorylated, the protein is kept sequestrated in the cytosol by binding to
14-3-3 inhibitory proteins (Zha et al., 1996). In response to growth factor withdrawal,
Bad becomes dephosphorylated and released. Free Bad heterodimerizes with Bcl-Xi. and
Bcl-2, which leads to Bax displacement and apoptosis triggering (Yang et al., 1995). Bik is
an additional BH3—only protein whose activity is regulated by phosphorylation (Verma et
al., 2001).
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Figure 9. Two models of BH3-only protein activation of Bax. (A) Some BH3-only proteins, such as Bid
and Bim, are able to directly activate Bax/Bak, leading to mitochondrial permeabilization. Other BH3-
only proteins, such as Bad, instead activate Bax/Bak indirectly by binding to anti-apoptotic Bel-2-like
proteins, and displace BH3-only proteins, which can activate Bax/Bak. (B) BH3-only proteins might also
activate Bax/Bak by binding anti-apoptotic Bcl-2-like proteins that sequester Bax/Bak.
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LYSOSOMES AND LYSOSOMAL ENZYMES

The lysosomes were first described by de Duve and colleagues (de Duve, 1959). These
acidic organelles (pH around 4.5) are present in all mammalian cell types except red
blood cells (Tardy et al., 2006). The lysosomes (from the Greek for “digestive body”)
have long been referred to as “suicide bags” or “garbage disposals”, since they represent
the main site for degradation of intracellular macromolecules and long-lived proteins.
This degradation is performed by a large group of lysosomal enzymes, comprising
proteases, nucleases, lipases, glycosidases, and sulfatases. The cathepsins, which are the
major group of lysosomal proteases, can be subdivided into three classes, according to
the amino acid in their active site; serine (e.g. cathepsins A), cysteine (e.g. cathepsins B, L,
and H), and aspartic (e.g. cathepsin D) cathepsins. The cathepsins are synthesized as
inactive proenzymes in the endoplasmatic reticulum and following transfer to the
lysosomes, they are activated by proteolytic cleavage (Gieselmann et al., 1983).

Increasing evidence now suggests that caspases are not the only proteases involved in
apoptotic cell death. Cathepsins have also been shown to act as pro-apoptotic mediators
in several different cell types (Deiss et al., 1996; Ishisaka et al., 1998; Roberg and Ollinger,
1998; Guicciardi et al., 2000; Foghsgaard et al., 2001; Kdgedal et al., 2001a; Stoka et al.,
2001; Bidere et al., 2003; Boya et al., 2003). Under normal physiological conditions, these
proteases atre localized inside the lysosomes, but after a variety of stress stimuli, such as
TNF-a, staurosporine, oxidative stress, p53, and growth factor starvation, they have
been described to translocate to the cytosol (Roberg and Ollinger, 1998; Brunk and
Svensson, 1999; Guicciardi et al., 2000; Foghsgaard et al., 2001; Kégedal et al., 2001a;
Yuan et al,, 2002; Bidere et al., 2003; Johansson et al., 2003). The degree of lysosomal
damage will determine the fate of the cell. Cellular damage, leading to an extensive release
of lysosomal content, results in necrosis, while a partial permeabilization will trigger
apoptosis (Brunk et al., 1997; Li et al., 2000; Kédgedal et al., 2001b). Studies have shown
the cathepsins, with an acidic pH optimum, to be active also at neutral pH, as in the
cytosol (Roberg et al.,, 2002; Tardy et al., 2006). However, a cytosolic acidification has
been observed to be accompanied by a lysosomal membrane permeabilization in TNF-«
induced apoptosis (Nilsson et al., 20006).

Lysosomal membrane permeabilization

The exact mechanisms for lysosomal permeabilization are still unknown, but several
mechanisms have been proposed. TNF-o ligation stimulates the production of
sphingosine (Chwieralski et al., 2000), which accumulates in lysosomes and might induce
a detergent-like rupture of the membrane, with the release of lysosomal enzymes
(Kégedal et al.,, 2001b; Werneburg et al., 2002; Chwieralski et al., 2006). In addition,
generation of reactive oxygen species might contribute to lysosomal permeabilization
(Brunk et al., 1997; Roberg and Ollinger, 1998; Antunes et al., 2001). H2O; has been

shown to induce release of cathepsin D to the cytosol in alveolar type 1I cells (Yin et al.,
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2005). A third mechanism suggested for lysosomal leakage involves Bcl-2 family proteins.
Bax and Bak form pores in the mitochondrial outer membrane and induce cytosolic
relocation of cytochrome c. Similatly, in response to staurosporine treatment, Bax has
been demonstrated to translocate to lysosomes and induce cathepsin release in human
fibroblasts (Kégedal et al., 2005). Moreover, active caspase-8 and -2, have also been
reported to cause cathepsin release from isolated lysosomes (Guicciardi et al., 2000).

Cathepsin B and D involvement in apoptosis

Cathepsins B, D, and L are the most abundant lysosomal proteases and they have all
been found to be translocated from the lysosomal compartment to the cytosol in
apoptotic human fibroblasts and T lymphocytes (Kdgedal et al., 2001a; Bidere et al.,
2003). Only inhibition of cathepsin D, with pepstatin A inhibitor or siRNA did, however,
prevent the apoptotic process (Bidere et al., 2003; Johansson et al., 2003). Furthermore,
microinjection of human fibroblasts with cathepsin D, but not cathepsin B, into the
cytosol, triggered apoptosis (Roberg et al., 2002), implicating cathepsin D to be the major
pro-apoptotic lysosomal enzyme. However, Guicciardi ¢ a/ found cathepsin B to
contribute to TNF-a induced apoptosis in hepatocytes (Guicciardi et al., 2000) and
inhibition of cathepsin B, but not cathepsin D, has been shown to inhibit p53 induced
apoptosis in myeloid leukemic cells (Yuan et al.,, 2002). Thus, the role of the different
cathepsins appears to be cell type and/or cell death stimulus specific.

The lysosomal pathway of apoptosis has been suggested to be mitochondria dependent
(Roberg et al., 1999). In accordance, cathepsin D triggered Bax conformational change
and Bax induced mitochondrial permeabilization in T' lymphocytes (Bidere et al., 2003)
and fibroblasts pretreated with pepstatin A displayed almost no cytochrome c release
(Johansson et al., 2003). Cathepsin B has also been shown to trigger apoptosis through
mitochondrial permeabilization (Guicciardi et al., 2000). Bid is generally known to be
processed and activated by caspases, but recent reports demonstrate cathepsins to be able
to cleave Bid as well (Stoka et al, 2001; Cirman et al., 2004; Heinrich et al., 2004).
Specific Bid cleavage fragment, different from the one found by caspase-8 processing,
was observed after incubation of full-length Bid with lysosomal extract, and this cleaved
form of Bid induced cytochrome c release from mitochondria (Stoka et al., 2001). Studies
have later demonstrated the cysteine cathepsins B, L, H, S, and K as well as the aspartic
cathepsin D to be able to directly cleave Bid 7z vitro (Cirman et al., 2004; Heinrich et al.,
2004). This suggests a possible link between cathepsins and the mitochondrial pathway of
apoptosis.
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Lysosomal participation in the apoptotic pathways

The lysosome might be important in the regulation of both the mitochondrial and the
death receptor pathways of apoptosis (Figure 10). To make the apoptotic process as
effective as possible, the two pathways might cooperate, by connecting links and feed-
back-loops. The pathways involved might also vary depending on tissue and stress

stimulus.
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Figure 10. Participation of the lysosome and the lysosomal cathepsins in the pathways of apoptosis.

* Active caspase.
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STRESS RESPONSE

Cells are continually challenged by different degrees of stress. To be able to cope with
these environmental changes and various types of cellular damages, the cells possess a
defense system, including stress proteins that detect and are able to minimize injury. If
the damages are too extensive, the apoptotic machinery will be activated. Some proteins
considered to be involved in cellular response to stress ate heat shock proteins (Hsps),
mitogen activated protein kinases (MAPKSs), and p53.

HEAT SHOCK PROTEIN 70

Hsps are molecular chaperones, involved in folding of newly synthesized proteins,
regulation of protein translocation and import, and control of activity of regulatory
proteins (Parsell and Lindquist, 1993; Strub et al., 2000; Mayer and Bukau, 2005). They
also limit cellular damage following stress by preventing protein aggregation and by
binding denatured proteins and assist in their refolding or degradation (Parsell and
Lindquist, 1993; Mayer and Bukau, 2005). A protective capacity of Hsps was first
recognized by the observation that cells exposed to a mild hyperthermic shock decrease
their susceptibility to a subsequent more severe and normally lethal heat shock (Gerner
and Schneider, 1975; Moseley, 1997). This cellular adaptation is referred to as acquired
thermotolerance.

The Hsps are divided into 6 major families according to their molecular size; Hsp100,
Hsp90, Hsp70, Hsp60, Hsp40, and small Hsps (Jolly and Morimoto, 2000). The Hsp70
family represents the most conserved group (Beere and Green, 2001), consisting of both
constitutively expressed members and of proteins that are induced in response to
environmental, chemical, and physical stresses. The main stress-induced member Hsp70
(also called Hsp72 or Hsp70i) has been reported to effectively rescue various cell types
from apoptosis in response to a wide range of stress stimuli, including heat shock, TNF-
o, oxidative stress, irradiation, nitric oxide, and anti-cancer drugs (Jditteld et al., 1992;
Simon et al., 1995; Trautinger et al., 1995; Bellmann et al., 1996; Polla et al., 1996; Samali
and Cotter, 1996; Mosser et al., 2000). The exact mechanisms for this protection are,
however, still not elucidated. Hsp70 has been suggested to exert its anti-apoptotic
function upstream of mitochondrial membrane permeabilization (Creagh et al., 2000;
Gotoh et al.,, 2004; Steel et al., 2004; Stankiewicz et al., 2005), as well as, downstream of
caspase-3 activation (Jditteld et al,, 1998). Moreover, increased Hsp70 expression has
been found in many tumors, which might correlate with enhanced malignancy and
resistance against therapy (Jaitteld, 1999; Garrido et al., 2003; Aghdassi et al., 2007)
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C-JUN N-TERMINAL KINASE (JNK)

JNK is a subfamily of the MAPK superfamily (Hagemann and Blank, 2001). Three genes
encode the JNK protein, Jukl, Jnk2, and Jnk3 (Davis, 2000). JNK1 and JNK2 are
ubiquitously expressed, while JNK3 is restricted to brain, heart, and testis tissues. Besides,
JNKT1, 2, and 3 there also exist different JNK isoforms, due to alternatively splicing. JNK
proteins phosphorylate and activate the transcription factors c-Jun, ATF2, Elk-1, p53,
and c-myc (Liu and Lin, 2005). In response to apoptotic stimuli, JNK also has been
reported to phosphorylate non-transcription factors involved in apoptosis, such as Bcl-2,
Bcl-X1, Bim, and Bad. Mouse embryos, deficient in [kl ot Jnk2, sutvive normally, but
Jnk1 and Juk2 double knockout embryos die with severe dysregulation of neuronal cell
death (Kuan et al., 1999; Sabapathy et al., 1999). There are contradictory data reported,
concerning the role of JNK in regulation of apoptosis. An anti-apoptotic function of the
protein has been proposed, since anti-sense JNK oligonucleotides inhibited growth and
induced apoptosis in tumor cells (Potapova et al., 2002) and JNK has been suggested to
suppress 1L-3 withdrawal induced apoptosis by phosphorylation of Bad (Yu et al., 2004).
Moreover, some tumor cells possess constitutively active JNK (Davis, 2000). On the
other hand, plenty of reports support a pro-apoptotic function for JNK. UV irradiation
did not cause mitochondrial cytochrome c telease ot apoptosis in [Jukl/- [nk2-/-
fibroblasts, indicating the protein to be essential in the mitochondrial pathway of
apoptosis (Tournier et al., 2000). JNK is also required for TNF-a induced apoptosis
(Deng et al., 2003; Liu et al., 2004).

p53

p53 is a tumor suppressor transcription factor that is stabilized and activated by cellular
stresses, such as the DNA damaging agents UV- and y-irradiation and chemotoxic drugs
(Slee et al., 2004). Upon cellular damage, an increased p53 level leads to apoptosis or cell
cycle arrest with DNA reparation. Mice lacking p53 demonstrate a high susceptibility to
tumor development (Donehower et al., 1992) and somatic mutations within p53 ate
found in more than 50% of all human tumors (Slee et al., 2004). The p53 protein can
transcriptionally upregulate the expression of, among others, the pro-apoptotic proteins
Bax, Noxa, Puma, and the death receptors DR5/KILLER and Fas (Miyashita and Reed,
1995; Oda et al., 2000; Nakano and Vousden, 2001; Slee et al., 2004). p53 is also able to
suppress expression of anti-apoptotic proteins, such as Bcl-2 and survivin (Haldar et al.,
1994; Hoffman et al., 2002) and to induce apoptosis directly from the cytosol through
transcriptional independent mechanisms (Marchenko et al., 2000; Chipuk et al., 2004;
Chipuk et al, 2005). Following an apoptotic stimulus, p53 translocates to the
mitochondria and induces Bax dependent mitochondrial permeabilization and cell death.
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Aims of the thesis

AIMS OF THE THESIS

GENERAL AIM

The general aim of the thesis was to gain deeper insight into the so far unknown
apoptotic process induced by UV irradiation in human melanocytes. The studies were
performed in pure cultures of human epidermal melanocytes.

SPECIFIC AIMS

o To investigate how different wavelengths within the UVB spectrum affect the
apoptotic potential and Bcl-2 and Bax mRNA and protein expressions.

B To study possible communication between keratinocytes and melanocytes during
UV induced apoptosis.

o To examine the role and function of Bcl-2 family proteins in UVA and in UVB
induced apoptosis, and the intracellular localization of these proteins.

B To investigate the involvement of lysosomal membrane permeabilization and
lysosomal proteases, cathepsins, in the apoptotic process.

B To clarify the role of stress-induced Hsp70 in apoptosis triggered by UVB
irradiation and to investigate the specific apoptotic regulatory function of the
protein.

B To examine the role of JNK in the regulation of UVB induced apoptosis. To
study the specific site of operation and function of the protein in the regulation of
Bcl-2 family proteins.
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Materials and methods

MATERIALS AND METHODS

CELL CULTURE (PAPER I-1IV)

Normal human melanocytes (papers I-IV) and keratinocytes (paper I) were isolated from
foreskins obtained from Caucasian donors (0-2 years of age), and cultures were
established as previously described (Andersson et al, 2001). In short, the skin was
washed in penicillin/streptomycin, cut in small pieces, and incubated in dispase (2
mg/ml) for 18 h at 4°C. Epidermis was separated from dermis and incubated in
trypsin/ EDTA for 40 min at 37°C. Aspiration with a pipette every 10 min helped to
dissociate the cells. Digestion was stopped by addition of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 5% serum, and the cell suspension was filtered
through a 40 um nylon cell strainer. Pure cultures were established by repeated
differential trypsinization and the melanocytes were cultured in medium 199 with 2%
fetal bovine serum, according to Gilchrest ez a/. (Gilchrest et al., 1984) (Figure 11A). The
keratinocytes were cultured in DMEM-Ham’s F-12 (3:1) with 10% fetal bovine serum, as
described by Rheinwald ¢# a/. (Rheinwald and Green, 1975) (Figure 11B). The cells were
grown at 37°C in a humidified atmosphere of 5% COz in air, and culture medium was
changed three times a week. Prior to experiments, cells were trypsinated and seeded at 2.5
x 104 cells/cm?. The expetiments were conducted between passage 2-7 and no cells wete
cultured for more than three weeks in total, after which they were analyzed or discharged.
Untreated controls from the same donor were analyzed in parallel.

In paper I, a co-culture system was established (Figure 11C). Pure melanocytes were
cultured in wells and keratinocytes from the same subject were grown in fitting inserts,
with a pore size of 0.4 um. The inserts were submerged into the wells with melanocytes
after irradiation and melanocyte medium was then used.

In some experiments in paper II, the melanocytes were incubated with pepstatin A (100
puM, stock in DMSO) or E64d (10 uM, stock in DMSO) for 24 h before UV irradiation,
to block cathepsin D and cysteine cathepsin (e.g. cathepsin B) activity, respectively.
Controls for DMSO effects were analyzed and no interference with the experiments was
noted.
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Keratinocytes
Melanocytes

Figure 11. Pure cultures of (A) melanocytes and (B) keratinocytes, grown in Petri dishes for 12 and 8
days, respectively. (C) Co-culture system, with melanocytes growing in wells and keratinocytes from the
same individual in fitting inserts.

UV (PAPER I-IV) AND HEAT (PAPER III) EXPOSURES

In papers I-IV, UV exposures of the cell cultures were performed. The UVB source was
two Philips TL20W /12 tubes (Philips, Eindhoven, The Nethetlands) emitting in the
spectral range 280-370 nm, with a main output of 305-320 nm. For UVA, a Medisun
2000-L tube (Dr Gtdbel UV-Elektronik GmbH, Ettlingen, Germany; 340-400 nm) was
used. In most experiments, a Schott WG 305 cut off filter (50% absorption below 305
nm, Mainz, Germany) was used. The UV exposure was performed in culture dishes
containing pre-warmed phosphate buffered saline (PBS) and no increase in temperature
was noted during irradiation. Unirradiated control cells were handled identically, except
for irradiation.

In paper I, a UVB irradiation dose of 50 mJ/cm? was used, with or without the use of cut
off filter, to study the effects of vatious spectral ranges within UVB. The UVB output
was 0.96 mW/cm? (with filter) and 1.34 mW/cm? (without filter), measured with a
PUVA Combi Light dosimeter (Leuven, Belgium). In the co-culture system, the
melanocytes and keratinocytes were irradiated separately before the two cell
compartments were brought together.

In paper II-IV, the irradiation doses were titrated to achieve an approximately 30%
frequency of apoptosis with a minimum of necrotic cell contamination. This resulted in
an experimental model using 60 J/cm? UVA and 500 mJ/cm? UVB. The output of UVA
was 80 mW/cm? and 1.44 mW/cm? for UVB.

In paper III, some cultures were exposed to heat. Culture medium, pre-warmed to
42.5°C, was added and the culture dishes were placed in an isolated box to keep the
temperature stable at 42.5°C during the incubation period of 1 h. The temperature was
continuously controlled by a Testo 100 thermometer (Nordtec Instrument, Gothenburg,
Sweden).
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APOPTOSIS DETECTION (PAPER I-1IV)

ANNEXIN V-FLUOS AND PROPIDIUM IODIDE STAINING (PAPER I)

As an early event in apoptotic cells, phosphatidylserine is transferred from the
cytoplasmic surface of the cell membrane to an outer side location, where it serves as a
signal to phagocytic cells (Fadok et al., 1992). By using annexin V, which has a high
affinity for phosphatidylserine, cells in early and middle stages of apoptosis can be
detected. A concomitant staining with the DNA binding dye propidium iodide, which
only enters cells with permeabilized membrane, excludes cells that are necrotic.

Harvested melanocytes were resuspended in incubation buffer (10 mM Hepes/NaOH,
pH 7.4, 140 mM NaCl, 5mM CaCly), containing annexin V conjugated with fluorescein
(FLUOS) and propidium iodide and incubated in dark on ice for 15 min. 200 cells were,
subsequently, counted on glass slides in a fluorescence microscope (Nikon, Tokyo,
Japan). Cells binding annexin V, but excluding propidium iodide, were considered to be
apoptotic, whereas cells with propidium iodide fluorescence with or without bound
annexin V were considered to be necrotic or post-apoptotic necrotic, since late-stage
apoptotic cells may enter secondary necrosis if not phagocytosed.

DAPI STAINING (PAPER II-IV)

Another characteristic event in apoptotic cell death is nuclear fragmentation and
condensation. To investigate the frequency of apoptosis, melanocytes wete fixed in 4%
neutral buffered formaldehyde and mounted in Vectashield® Mounting Media,
supplemented with 4’,6-diamidino-2-phenylindole (DAPI). The nuclear morphology was
evaluated in a fluorescence microscope (Nikon, Tokyo, Japan). In control cells, most
nuclei were round in shape and glowed homogenously, while apoptotic cells were
identified by either fragmented nuclei or by a condensed chromatin pattern gathered at
the periphery of the nuclear membrane (Figure 12). Trypan blue exclusion test were
performed in order to determine the fractions of necrotic cells after UV exposure. The
cells were stained with 0.2% trypan blue solution in PBS for 1 min and examined in a
light microscope.

41



Materials and methods

Apoptotic

Figure 12. DAPI stained nuclei from a healthy and an apoptotic melanocyte.

IMMUNOCYTOCHEMISTRY (PAPER II-IV)

To study the localization and redistribution of apoptotic proteins, melanocytes were fixed
in 4% paraformaldehyde for 20 min at 4°C and processed for immunocytochemistry
(Brunk et al,, 1997). After permeabilization with 0.1% saponin, the cultures were
incubated with a primary antibody overnight at 4°C, followed by incubation with a
secondary fluorescent conjugated antibody for 1 h at room temperature. The specimens
were mounted in Vectashield® Hardset Mounting Media and the protein localization was
analyzed in a Nikon Eclipse E600W fluorescence confocal microscope (Figure 13).
Negative controls, incubated without primary antibody, showed no staining. For co-
localization studies (papers 111, IV), vital staining of mitochondria was accomplished by
incubation of cells with Mitotracker® Red (200 nM) for 30 min at 37°C before fixation.

Figure 13. Immunostaining of Bax in (A) control (diffuse) and (B) UV exposed (punctate) melanocytes.
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WESTERN BLOT ANALYSIS (PAPER I-IV)

Western blotting was introduced by Towbin ¢ a/. in 1979 and is a method for the transfer
of proteins to a membrane using electrophoresis (Towbin et al., 1979). This method is
used for identifying the presence and quantity of a specific protein.

The cells were harvested and incubated in lysis buffer (150 mM NaCl, 1% Triton X-100,
0.1% SDS 50, mM Tris pH 8.0, 5 mM EDTA) with protease inhibitors on ice for 30 min.
The total protein concentration was determined, using the Bio-Rad Dc Protein Assay
System, which is a colorimetric assay similar to the Lowry method (Lowry et al., 1951),
and the absorption at 750 nm was analyzed, using bovine serum albumin as a standard.
An equal amount of protein, mixed with Laemmli sample buffer with 5% 8-
mercaptoethanol, was denatured by heating, to disrupt inter- and intra-molecular
bindings and thereby eliminate secondary and tertiary structures. The samples were then
separated according to molecular weight by denaturing SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis) and subsequently transferred to a
polyvinylidene difluoride (PVDF) membrane. Blocking the membrane with 5% non-fat
dry milk in PBS, supplemented with 0.05% Tween 20, at room temperature for 1 h,
prevented nonspecific binding to the membrane. The immunodetection was performed
using a primary antibody for 2 h at room temperature and after washing, a corresponding
secondary antibody conjugated with horseradish peroxidase (HRP) was applied to the
membrane for an additional hour. Specific proteins were detected with the
chemiluminescent ECL-Plus Western blotting reagents and visualized on Hyperfilm™
ECL™ (Figure 14). The membranes were reprobed with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or B-actin antibodies to verify that an equal amount of the
protein was loaded into each well.
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Blotting membrane

Figure 14. Immunodetection on Western blot membrane. A primary antibody binds the specific protein
on the membrane. An enzyme conjugated secondaty antibody then interacts with the primary antibody
and then reacts with a substrate, which generates a detectable signal.
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SUBCELLULAR FRACTIONATION EXPERIMENTS (PAPER III)

Subcellular fractions of cytosols, membranes and nuclei were collected by using
ProteoExtract™ = Subcellular Proteome Extraction Kit (Calbiochem, Darmstadt,
Germany), according to the manufacturer’s instructions. To verify the purity of each
fraction, the following antibodies were used as markers in the Western blot analysis;
lactate dehydrogenase (LDH) as a marker enzyme of the cytosolic fraction, cytochrome ¢
oxidase subunit IV (COX 1V) as a marker of the membrane fraction, and c-jun as a
marker of the nuclear fraction.

CYTOSOLIC EXTRACTION (PAPER II-IV)

To analyze translocation of apoptotic proteins between different compartments within
the cell, cytosols were extracted by adding digitonin in a buffer consisting of 250 mM
sucrose, 20 mM Hepes, 10 mM KCI, 1.5 mM MgCl, 1 mM EGTA, 1 mM EDTA, 1 mM
Pefabloc, and 8 mM dithiotriol (pH 7.5) to the melanocyte cultures for 12 min on ice.
This procedure permeabilizes the cholesterol-rich plasma membrane, but leaves
membranes of intracellular organelles intact, as determined by analysis of LDH and the
lysosomal enzyme B-N-acetylglucoseaminidase (NAG) activities, respectively (Leaback
and Walker, 1961; Vanderlinde, 1985). The digitonin concentration (10-20 pg/ml) was
individually titrated for each melanocyte donot. Proteins of the extracted cytosol were
precipitated in trichloric acid (50%), incubated on ice for 10 min, and subsequently
pelleted by centrifugation. For Western blot analysis, the pellet was resuspended in urea-
lysis buffer (6 M urea, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM Ttis, pH 8.0,
5 mM EDTA), Laemmli sample buffer with 5% @-mercaptoethanol and 1 M NaOH.

CASPASE ACTIVATION (PAPER II-IV)

Active caspases cleave targets with a specific cleavage site, usually a four or five amino
acid sequence ending with an aspartic acid (Cohen, 1997). The preferred sequence for the
execution caspases -3 and -7 is DEVD. To study their activity, melanocytes were
collected in lysis buffer (10 mM Tris-HCI pH 7.5, 130 mM NaCl, 1% Triton X-100, 10
mM sodium pyrophosphate, 10 mM sodium phosphate buffer), followed by incubation
with the substrate Ac-DEVD-AMC for 1 h at 37°C. Intact Ac-DEVD-AMC is non-
fluorescent, but when the AMC peptide is cleaved off by an active caspase, the resulting
cleavage product will become fluorescent. The fluorescence of proteolytically released
AMC  (7-amino-4-methylcoumarin) was analyzed in a Shimadzu RF-540
spectrofluorometer (Aex380/Aem435, Shimadzu Kyoto, Japan). Protein concentrations
were analyzed with Bio-Rad Dc Protein Assay System and caspase activity was expressed
as atbitrary units/pg protein/h.
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In order to analyze the activity of initiator caspase-8, cells were instead incubated with the
Ac-IETD-AFC substrate, and released AFC (7-amino-4-trifluoro-methylcoumarin) was
measutred in a VICTOR 1420 multiple counter (Aex400/Aem505, Wallac Turku, Finland).

SIRNA TRANSFECTION (PAPER III-IV)

In 2006, Andrew Fire and Craig Mello received the Nobel Prize for their discovery that
double-stranded RNA is able to trigger suppression of gene activity (Fire et al., 1998).
This process is termed RNA interference. They described a new mechanism for gene
regulation, where double-stranded RNA synthesized within the cell can reduce or abolish
gene activity. In addition, RNA interference has been shown to protect against RNA
virus infections, mainly in invertebrate animals and in plants. Today, this has become a
powerful tool to investigate the function of specific genes in a cell. When synthetic
double-stranded short interference RNA (siRNA, about 21 nucleotides long) is
introduced into the cell, one of the strands incorporates into an endonuclease complex,
called RNA inducing silencing complex (RISC), while the other strand becomes degraded
(Hammond et al., 2000) (Figure 15). The siRNA sequence in the RISC complex serves as
a probe to detect complementary cellular mRNA. When the mRNA is recognized, it is
cleaved and degraded, leading to post-transcriptional gene silencing in the cell.

Human melanocytes were seeded one day prior to transfection. The cells were
transfected with 1 pg (12-well plate) of siRNA together with 6 ul RNAiFect Transfection
Reagent, according to the manufacturer’s instructions (Qiagen, Germantown, MD, USA).
Optimal transfection conditions were determined by transfection with Alexa Fluor 555
labeled non-silencing siRNA, consisting of a scrambled sequence with no homology to
mammalian genes. This siRNA was used in the experiments as negative control and the
positive control of siRNA targeting Lamin A/C was recommended by the manufacturer.
The cells were incubated at standard culture conditions and the siRNA transfection
medium was replaced with fresh medium after 8 h. A significant decrease in protein level
was observed 36-48 h following siRNA addition. Silencing of the specific siRNA was
confirmed by Western blot analysis.
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Figure 15. The principle of siRNA gene silencing.

REAL TIME POLYMERASE CHAIN REACTION (PAPERI)

In order to measure mRNA expression of Bcl-2 and Bax with real time polymerase chain
reaction (PCR), RNA first needed to be extracted and converted to cDNA, in a PCR
based procedure. The total RNA was extracted from the melanocytes using RNeasy Mini
Kit (Qiagen, Hilden, Germany) and 400 ng total RNA was reversed transcribed to
generate cDNA. RNA and random hexamers (5.7 uM) were incubated 3 min at 70°C,
which allows the primers to randomly bind to the RNA, followed by 10 min at 5°C.
Subsequently, reverse transcriptase (1.25 U/ul), ANTP (each 500 uM), RNase inhibitor
(0.4 U/ul), MgClo (5.5 mM), and TagMan RT Buffer were included in the reaction,
followed by incubation for 30 min at 48°C and 5 min at 95°C.

Real time PCR reactions containing cDNA (1 pl), primers (0.2 pM of each), TagMan
probe (0.4 uM), ANTP (200 uM of each), MgCl> (5 mM), AmpliTaq Gold (0.02 U/pl),
and TaqMan buffer, were mixed and the amplification was carried out under the
following conditions; 40 sequential cycles, each including 94 °C for 15 sec and 60 °C for
30 sec. The oligonucleotide probe was fluorescently labeled at the 5 end with the
reporter dye FAM (6-carboxyfluorescein) and at the 3’ end with the quencher dye
TAMRA (6-carboxytetramethylrhodamine) (Figure 16). As long as the probe is intact, the
reporter fluorescent dye is suppressed by the quencher dye. The probe anneals to the
target sequence between the primers and during each PCR cycle, the probe is cleaved by
the 5 — 3’ exonuclease activity of Taq DNA polymerase. This results in separation of
the reporter from the quencher, and the reporter dye will emit a fluorescent signal. The
probe is removed and the extension of the strand can be continued. In each cycle
additional probes ate cleaved, leading to an exponential increase in fluorescence, which
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intensity is monitored and directly related to the amount of input target DNA. The
fluorescence intensity was, in this study, detected with an automated fluorometer (ABI
Prism 7700 System, Applied Biosystems). A threshold was set, which determines the
threshold cycle (Cr), defined as the number of cycles at which the fluorescence passes the
threshold. A high amount of starting target results in an ecarly detected fluorescence
increase and a low Cr value. By using an endogenous control, quantification can be
normalized for differences in the amount of total RNA added to each reaction. In our
study, the Bcl-2 and Bax mRNA levels in each sample were normalized to the expression
of B-actin. Control experiments using other housekeeping genes, such as GAPDH and
beta-glucuronidase (GUS), were performed to confirm the stability of B-actin after UV
irradiation. The quantification was done using the comparative Ct method (Leutenegger
et al, 1999). The samples were run in triplicates from which a mean Cr value was
calculated. The data, normalized to B-actin, was then presented as fold increase relative to
corresponding non-irradiated control melanocyte sample.
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Figure 16. Principle mechanisms for mRNA quantification by using
a fluorescent probe in real time PCR. R: reporter, Q: quencher
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ISOLATION OF MITOCHONDRIA AND LYSOSOMES FROM
RAT LIVER (PAPER III)

Purification of mitochondria from rat liver was performed as described before (Boutry
and Briquet, 1982). Briefly, after homogenization, the sample was centrifuged at 1000 X ¢
for 10 min and the mitochondtia were isolated from the supernatant by centrifugation at
48 000 X g for 1 h in a sucrose gradient. Rat liver lysosomes were isolated adopting the
method earlier described for purification of mouse liver lysosomes (Stoka et al., 2001).
The mitochondria were disrupted with CaCl> and the integrity of lysosomes was verified
by activity measurement of the lysosomal enzyme NAG (Leaback and Walker, 1961) in
absence or presence of Triton X-100. All steps in the purification were carried out on ice
and the procedure was only continued if more than 80% of the lysosomes were found to
be intact. In lysosomal fractions, mitochondrial cross-contamination was excluded by
analysis of p-iodonitrotetrazolium reductase activity and in mitochondrial fractions NAG
activity was used. In addition, the purity of the lysosomal fractions obtained has been
confirmed by the research group with electron microscopy (Kigedal et al., 2005).

PROTEIN INSERTION INTO LYSOSOMAL AND
MITOCHONDRIAL MEMBRANES (PAPER III)

To investigate if Hsp70 was able to attach or to be inserted into lysosomal and
mitochondrial membranes, 50 pg lysosomes or mitochondria were incubated with
recombinant Hsp70 (0.75 pM, 2 uM) or Hsp70 diluents in Sucrose/Pipes buffer (250
mM sucrose, 20 mM Pipes, pH 7.2) for 1 h at 30°C. The organelles were washed with
Sucrose/Pipes buffer and pelleted by centrifugation at 18 000 X g for 10 min. Proteins
attached, but not inserted into the membranes, were solubilized by incubation of the
pellet in 0.1 M Na>COs in Sucrose/Pipes buffer on ice for 20 min, as described earlier
(Antonsson et al., 2001). Following centrifugation at 100 000 X g for 45 min, the
previously attached proteins were found in the supernatant. The pellet, containing
membrane fraction with inserted proteins, was incubated in Sucrose/Pipes buffer
supplemented with 2% CHAPS on ice for 1 h. These samples were subsequently
sonicated and centrifuged at 100 000 X g for 30 min. The two samples of solubilized
proteins were analyzed by Western blot of Hsp70. All steps were carried out on ice unless
otherwise indicated. Sucrose/Pipes and Tris-HCI buffer served as negative controls for
Hsp70. By incubating organelle fractions with GAPDH, cytochrome c, full-length Bid
and caspase-8-cleaved Bid, our research group has previously demonstrated that the
organelles are not generally adhesive to proteins (Kagedal et al., 2005).
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IMMUNOPRECIPITATION (PAPER 1IV)

The immunoprecipitation method allows isolation of a protein and other proteins
interacting with it, from a solution, such as a cell lysate with a mixture of proteins. An
antibody against a specific antigen is added to the solution and will form an immune
complex with the target protein (Figure 17). This is followed by incubation with agarose
beads conjugated with protein G, where protein G will bind the Fc part of the antibodies.
The complex is precipitated by centrifugation and the protein of interest are eluted and
analyzed by Western blot.

Melanocytes were incubated in Chaps buffer (10 mg/ml Chaps, 10 pl/ml protease
inhibitor cocktail, 150 mM NaCl, 10 mM Hepes, pH 7.4) on ice for 30 min. The lysate
was pre-cleared by incubation with protein G-agarose beads at 4°C for 1 h on an orbital
shaker. This procedure reduces non-specific binding of proteins to the agarose beads.
The protein G-agarose beads were then removed by centrifugation (2700 X g for 5 min at
4°C). Protein concentration was analyzed by Bio-Rad Dc Protein Assay System and 25 g
total protein was diluted in Chaps buffer to a total amount of 200 pl. The proteins were
subsequently incubated with Bim (2 pg) or Mcl-1 (1 pg) antibodies over night followed by
incubation with protein G-agarose beads for 1 h. Both incubations were performed at
4°C on an orbital shaker. The beads were then collected by centrifugation (2700 X g for 5
min at 4°C) and washed four times in Chaps buffet. Subsequently, the beads were boiled
in sample buffer (5% B-mercaptoethanol in Laemmli sample buffer) for 5 min to disrupt
the bindings between proteins as well as between antibody-bead complexes and proteins.
Coprecipitated proteins were visualized by Western blot. A negative control sample was
handled in parallel in the same way, except from antibody addition.

Agarose bead
Protein G O)

Antibody
against
protein B

Figure 17. The immunoprecipitation complex.
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MICROINJECTION (PAPER II)

To mimic translocation of cathepsins from lysosomes to cytosol following UV
irradiation, microinjection of cathepsin B was performed on a stage of a Zeiss Axiovert
inverted microscope (Zeiss, Gena, Germany), using a pressure injector from Eppendorf
(model 5246; Eppendorf, Hamburg, Germany) and an Injectman micromanipulator
(Eppendotf) (Roberg 2002). All injections contained 1 mg/ml dextran conjugated Alexa
Fluor 488 (10 kDa) in PBS (pH 5.5). Freshly prepared Alexa Fluor 488 containing 0.25
mg/ml of cathepsin B, diluted in PBS (pH 5.5) was injected into the cytosol of the
melanocytes (pressure 100 hPa, 1.5 seconds). In each experiment, approximately 100 cells
were injected. All fluorescent cells, i.e. microinjected cells, were analyzed and the
percentage of apoptotic cells was assessed based on nuclear morphology following DAPI
staining.

STATISTICAL ANALYSIS (PAPER I, III, IV)

Statistical differences were evaluated by Kruskal Wallis Analysis of variance, which was
followed by Mann-Whitney U-tests. A p value of <0.05 was considered significant.

ETHICAL CONSIDERATION

The Research Ethical Committee at Linképing University in Sweden has approved the
use of residual skin after surgery for cell culture studies of UV effects on melanocytes and
keratinocytes.
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RESULTS

PAPER1

In the first paper, we investigated UVB induced apoptosis in human melanocytes 7 vitro.
The mRNA and protein levels of the pro- and anti-apoptotic proteins Bax and Bcl-2
were analyzed following UVB irradiations of various wavelengths. In addition, we studied
possible melanocyte-keratinocyte interplay regarding the regulation of apoptosis triggered
by UVB exposure.

During standard conditions, melanocytes were observed to express high basal protein
level of Bcl-2, compared to keratinocytes from the same subject. The protein expression
of Bax was distinct in both melanocytes and keratinocytes and there was no noticeable
difference in the protein level between the two cell types.

To clarify the significance of different wavelengths within the UVB range, melanocytes
were irradiated with and without the use of a Schott WG 305 filter, with a cut-off at 305
nm. Exposure of mainly long wavelength UVB (>305 nm), did only induce a slight
increase in apoptotic frequency, measured by annexin-V and propidium iodide staining of
the cells. In contrast, when the shorter wavelength fraction was increased (280-305 nm),
the number of apoptotic cells significantly increased. This concurred with an unaltered
Bax mRNA expression, but upregulated Bcl-2 level. However, no change in protein
expression of Bax and Bcl-2 were detected.

Furthermore, to study the interplay between melanocytes and keratinocytes with respect
to UV induced apoptosis, a co-culture system was set up, in which the two cell types were
cultured in the same media but physically separated. Measurements of the Bcl-2 and Bax
mRNA and protein levels were performed in pure cultures of melanocytes and in
melanocytes co-cultured with keratinocytes. Following UVB exposure (A>280), a
significantly lower rate of apoptosis was noted in melanocytes co-cultured with
keratinocytes, compared to pure melanocyte cultures. This suggests keratinocytes to
protect melanocytes from UVB induced apoptosis, possibly by the release of some yet
unidentified substance(s). In our experiments, this rescue response concurred with a fast
and significant increase in Bel-2 mRNA level in the melanocytes.

Altogether, the shorter wavelengths in the UVB spectrum were significantly more

powerful in inducing apoptosis than exposure of mainly long wavelength UVB. The
results also demonstrate a pronounced melanocyte rescue effect from the keratinocytes.
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PAPERII

In this study, we investigated the localization and translocation of pro- and anti-apoptotic
members in the Bcl-2 protein family, following both UVA and UVB irradiation. The
results indicate that the localization of the proteins within the various cell compartments
is essential for life or death decision of the melanocytes. In apoptotic cells, exhibiting
nuclear fragmentation, there was a shift in the staining pattern of the pro-apoptotic
proteins Bax and Bid from diffused cytosolic into a punctate organelle-restricted pattern,
as detected by immunocytochemistry. In the surviving cell population, the anti-apoptotic
proteins Bcl-2 and Bcl-Xi. were found to be translocated from the cytosol to organelles.
The punctate staining pattern was similar to what was achieved when mitochondria were
stained with Mitotracker Red®, suggesting the proteins to be redistributed to
mitochondria or mitochondria-like structures. In parallel with this translocation, Western
blot analysis showed decreased protein levels of Bcl-2, Bel-Xi, Bax, and Bid in cytosolic
fractions of both UVA and UVB exposed melanocytes.

Studies on several other cell types have demonstrated lysosomes to be involved in the
apoptotic process. In this investigation, we showed lysosomal enzymes, cathepsins, to be
potent apoptotic inducers in melanocytes. Following both UVA and UVB irradiation
lysosomal membrane permeabilization was detected, resulting in release of cathepsins to
the cytosol. In order to mimic the cathepsin release, melanocytes were microinjected with
cathepsin B into the cytosol. These cells underwent apoptosis. To verify the role of
various classes of cathepsins, the aspartic and cysteine cathepsin inhibitors pepstatin A
and E64d, respectively were used. These inhibitors markedly decreased the number of
apoptotic cells after both UVA and UVB exposure, indicating both aspartic and cysteine
cathepsins to exert pro-apoptotic signaling after UV exposure. In addition, when using
the cathepsin inhibitors, translocation of Bax to mitochondria was inhibited, suggesting
the cathepsins to be operating upstream of the mitochondria.

To assess a possible involvement of the death receptor pathway in UVA or UVB induced
apoptosis, the activation of caspase-8 was examined. Caspase-8 is known to be activated
by cleavage upon death receptor stimuli. We did, however, neither detect caspase-8
cleavage fragments by using Western blot analysis, nor did we monitor activity of the
enzyme in melanocytes exposed to UVA or UVB irradiation. This lead to the conclusion
that the death receptor pathway is not involved in UV induced apoptosis in melanocytes.

Taken together, translocation of anti- and pro-apoptotic Bcl-2 family proteins is
important in the regulation of UV induced apoptosis in melanocytes. Lysosomal
membrane permeabilization occurs early in the apoptotic pathway, and results in release
of cathepsins. In the cytosol, the cathepsins are potent pro-apoptotic mediators and
trigger apoptosis upstream of Bax translocation and mitochondrial membrane
permeabilization (Figure 18). No differences in the apoptotic response between UVA and
UVB exposure were observed.
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Figure 18. Schematic model of pro- and anti-apoptotic events in human melanocytes exposed to UVA or

UVB irradiation, based on the results from paper II (arrows). Both UVA and UVB irradiation induce

lysosomal membrane permeabilization, leading to cathepsin release. Recent studies have suggested

cathepsins to cleave and activate Bid, which in turn activates Bax (dashed arrows). Bax translocates to the

mitochondria and triggers cytochrome c release, leading to caspase activation and apoptosis. In contrast,

translocation of Bcl-2 and Bcl-X. to the mitochondria inhibits apoptosis.

53



Results

PAPER III

In this study, we investigated the role and apoptotic function of stress-induced Hsp70
(also called Hsp72) in UVB induced apoptosis. Both exposure to heat and UVB
irradiation induced Hsp70 protein expression in human melanocytes. Heat treated cells
displayed a prominent resistance to apoptosis induced by UVB exposure. Transfection
with Hsp70 siRNA, that silenced Hsp70 expression, abolished the protective effect
observed by the heat pre-exposure. This suggests Hsp70 to have an effective anti-
apoptotic function in melanocytes.

After heat and UVB exposure, immunocytochemistry analysis of Hsp70 displayed a
punctate organelle-restricted staining pattern. To further investigate the localization of
Hsp70, the melanocytes were double-stained for Hsp70 and the lysosomal specific
protein Lamp-2 or exposed to the mitochondtia visualizing dye Mitotracker® Red before
Hsp70 immunostaining. In pre-heated UVB exposed melanocytes, we found Hsp70 to
co-localize with both lysosomes and mitochondria in the surviving cell population.
Furthermore, incubation experiments with recombinant Hsp70 and purified lysosomes or
mitochondstia, respectively, cleatly demonstrated Hsp70 to be able to bind to membranes
of both these organelles. In paper II, we reported an increased lysosomal and
mitochondrial membrane permeabilization to occur during apoptosis. This was
accompanied with release of pro-apoptotic cathepsins and cytochrome c. When
melanocytes were pre-exposed to heat followed by UVB irradiation, we found a reduced
level of cathepsin D and cytochrome c in the cytosolic fraction, compared to cells only
exposed to UVB. Furthermore, the Bax translocation from a diffuse to a punctate
immunostaining pattern, observed in apoptotic cells, was inhibited by heat pre-treatment.
This effect was abolished by Hsp70 siRNA transfection, demonstrating Hsp70 to be
responsible for the reduced Bax redistribution. In addition, UVB irradiation induced
cleavage of Bid, which was reduced in melanocytes pre-treated with heat.

This investigation demonstrates that Hsp70 translocates to lysosomes and mitochondria
in response to UVB irradiation (Figure 19). At the membranes, the protein counteracts
the membrane permeabilization of the organelles and thereby prevents cathepsins and
cytochrome ¢ to be released to the cytosol, resulting in an effective protection of the
melanocytes from UVB induced apoptosis.
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Figure 19. Proposed model for the anti-apoptotic action of Hsp70 following heat and UVB exposure in
melanocytes, based on data presented in paper 111 (arrows). Both UVB irradiation and heat induce Hsp70
expression. Following apoptosis triggering, Hsp70 localizes to both lysosomal and mitochondrial
membranes. At the membrane, Hsp70 counteracts lysosomal and mitochondrial membrane
permeabilization, preventing cathepsins and cytochrome c to be released. If released, cathepsins might be
able to cleave and activate Bid, which in turn mediates Bax activation (dashed arrows). Bax translocates to
the mitochondria and induce membrane permeabilization with release of pro-apoptotic proteins from the
intermembrane space, such as cytochrome c, which through activation of the caspase cascade finally

results in apoptosis.
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PAPER IV

In this investigation, we further examined the regulation of UV induced apoptosis in
human melanocytes. Here, we focused on the function of the JNK protein. Activation of
the protein, detected as phosphorylation by Western blot analysis, was observed
following UVB irradiation. Transfection of the melanocytes with JNK siRNA
significantly decreased the frequency of apoptosis, as well as caspase-3 activity after UVB
exposure, which demonstrates JNK to exert a pro-apoptotic function in UV induced
apoptosis. As demonstrated in paper II and III, cathepsins are released eatly in the
apoptotic process, upstream of the mitochondria. With immunocytochemistry, we
showed a change in cathepsin B staining pattern, from punctated lysosome-localized to a
diffused cytosolic localization. This shift was repressed when cells were transfected with
JNK siRNA. Furthermore, a reduced lysosomal permeabilization with decreased
cathepsin D release to the cytosol was demonstrated when JNK was silenced by Western
blot analysis. Altogether, these results demonstrate JNK to exert its activity upstream of
the lysosomes and cathepsin release. After UVB irradiation, melanocytes, in which the
JNK protein expression was inhibited with JNK siRNA, showed a marked lower amount
of Bax translocation than non-transfected cells. These results suggest JNK to be involved
in the regulation of Bax redistribution and mitochondrial pathway of apoptosis.

In addition, JNK was found to regulate the phosphorylation of the BH3-only protein
Bim. Immunoprecipitation and immunocytochemistry analyses revealed that Bim, under
normal conditions, co-localizes and interacts with the Mcl-1 protein. Mcl-1 was, by using
siRNA transfection, demonstrated to exert an anti-apoptotic function. The siRNA
experiments further suggested Mcl-1 to be operating upstream of the mitochondria, since
Mcl-1 silencing inhibited Bax translocation. In response to UVB irradiation, the Mcl-1
protein expression significantly decreased, suggesting Bim to be released and free to
induce apoptosis.

In summary, JNK is activated by UVB irradiation and is able to induce apoptosis in
melanocytes in at least two ways, i.e. by inducing lysosomal release of cathepsins to the
cytosol, which in turn activates Bax and mitochondrial pathway of apoptosis, and
through phosphorylation of Bim, which normally is sequestered by the anti-apoptotic
Mcl-1, but becomes released and free to trigger apoptosis, following a UV dependent
reduction of the Mcl-1 protein level (Figure 20).

56



Results

uvB

SEE85EEEE5EEE8E8668566E5585E 688688088888 8E8
JNK JNK-P

b

Mitochondria

Caspase cascade

v

Figure 20. Proposed model of the mechanisms by which JNK induces apoptosis in melanocytes, based
on the observations in paper IV (arrows). JNK triggers apoptosis upstream lysosomal membrane
permeabilization, inducing release of pro-apoptotic cathepsins to the cytosol. The cathepsins might, by
activation of Bid and Bax, cause cytochrome c release from mitochondria, which leads to caspase
activation and apoptosis. In addition, JNK might induce apoptotic cell death by regulating
phosphorylation of the BH3-only protein Bim. Bim is under normal conditions sequestered by the anti-
apoptotic Mcl-1. In response to UVB irradiation, Mcl-1 is downregulated, resulting in release of activated
Bim, which might provoke activation of Bax, mitochondrial membrane permeabilization and finally
apoptosis.
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DISCUSSION

The regulation of apoptosis in human melanocytes is poorly understood. In the studies
included in this thesis, we have clarified several steps in the apoptotic pathway induced by
UV irradiation.

APOPTOSIS RESISTANCE IN MELANOCYTES

The major external risk factor for malignant melanoma is UV exposure. UVB irradiation
is able to direct generate DNA photoproducts, while UVA induced DNA damage mainly
appears to be caused through generation of reactive oxygen species. When DNA
damages are not repaired and accumulate, the epidermal melanocytes might become
potential tumor precursors. In addition, the ability of UV irradiation to stimulate
melanocytic mitosis (Quevedo et al., 1965; Stierner et al., 1989) might accelerate the
carcinogenic effect of UV. Following the increased rate of mitosis, the number of cells
slowly returns to its original number (Szabd, 1967a; Rosdahl, 1979). Apoptosis might
thus be essential in the regulation of the melanocyte homeostasis. In addition, apoptosis
has an important role by eliminating potentially pre-cancerous cells and prevent a clonal
expansion of damaged cells. However, apoptotic melanocytes ate rarely found in the skin
following UV exposure, while apoptotic keratinocytes, i.e. sunburn cells, are frequently
detected (Young, 1987; Gilchrest et al., 1999). Bowen e# a/. reported normal melanocytes
to be markedly resistant to UV induced apoptosis, as compared to keratinocytes (Bowen
et al., 2003). In paper I, we reported very high basal level of Bcl-2 protein expression in
melanocytes in comparison to keratinocytes, which is in agreement with other studies
(Klein-Parker et al.,, 1994; Olie et al., 2002) and might be one factor that provide the
apoptosis-resistance characteristic of the melanocytes. Downregulation of Bcl-2 and Bcl-
X1. expression with antisense oligonucleotides induced apoptosis in melanoma cells (Olie
et al., 2002). Bowen ¢f 4/ found the melanocytes to express relatively high levels of
multiple anti-apoptotic proteins, including Bcl-2, Bcl-Xi, Mcl-1, and IAP proteins,
whereas keratinocytes in contrast were relatively deficient in these proteins (Bowen et al.,
2003).

SHORT WAVELENGTH UVB EFFECTIVELY INDUCES
APOPTOSIS

In paper I, we examined the effectiveness in causing melanocyte apoptosis 7 vitro of two
different spectra within the UVB range, achieved by the presence or absence of a cut off
filter (50% absorption below 305 nm) (\>280 nm/ A>305 nm). The main output of the
UVB source was 305-320 nm. Following exposure to longer UVB wavelengths, there was
only a minor rate of apoptosis observed in the melanocytes. However, by increasing the
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fraction between 280 and 305 nm, we obtained a significant increase in apoptosis. This
shorter UVB wavelength spectrum has been described to be more effective than longer
wavelengths in causing cells death in HelaXskin fibroblast hybrid cells (Bettega et al.,
2001). Most UVB sunscreens are a mix of different UV absorbing ingredients, each
absorbing in narrow bands. When exposed to UV irradiation, a number of these
compounds have been reported to become unstable, leading to wavelength-specific
fenestrations and insufficient photoprotection (Tarras-Wahlberg et al., 1999). More
knowledge about specific differences in melanocytic response to narrow spectral bands
within UV might shed new light on the genesis of melanoma. A better understanding of
how different spectra within the UV range affect melanocytes is also important in order
to develop new more effective sunscreens.

KERATINOCYTES PROTECT MELANOCYTES FROM
APOPTOSIS

The interplay between melanocytes and keratinocytes was investigated by using a co-
culture system, which allowed the melanocytes to be studied separately from the
keratinocytes. Melanocytes co-cultured with keratinocytes showed significant lower
frequency of apoptosis in response to UVB irradiation, when compared to pure
melanocyte cultures. These results suggest that the keratinocytes protect melanocytes
from UV induced apoptosis, not by direct contact, but by release of substance(s) from
the keratinocytes. Human keratinocytes at the basal layer of epidermis have been
described to synthesize and secrete nerve growth factor NGF) (Tron et al., 1990; Di
Marco et al., 1991; Yaar and Gilchrest, 1991). NGF has also been found to be present in
melanocytes 7 vivo (Stefanato et al., 2003), implying either that melanocytes are capable to
synthesize NGF as well or that NGF might be secreted to melanocytes from neighboring
keratinocytes. Zhai ¢t al. showed pure melanocyte cultures supplemented with NGF to be
protected from UV induced apoptosis (Zhai et al., 1996). Furthermore, NGF was shown
to upregulate the Bcl-2 level in the UV irradiated melanocytes. In addition, UVB
irradiation caused a decrease in Bcl-2 and Bcl-Xi. expression in keratinocytes, but not in
NGF overexpressed keratinocytes (Marconi et al., 1999). Our findings showed a potent
increased in Bcl-2 mRNA expression in melanocytes co-cultured with keratinocytes after
UVB exposure. Thus, we suggest NGF to be one possible candidate substance to be
secreted by keratinocytes and to have an apoptosis rescue effect on surrounding
melanocytes.
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PROTEIN TRANSLOCATION REGULATES APOPTOSIS

In order to study the molecular mechanisms in the apoptotic process in detail, a 30-40 %
frequency of apoptosis was considered to be necessary (paper II-1V). As an indication of
the apoptosis resistant nature of the melanocytes, the UV doses required to reach this
goal were well above physiological levels. In addition, melanocyte growth factors in this
experimental system might have reduced the apoptotic response to UV and supported
survival. This has to be considered when evaluating the results from these 7z vitro studies
of UV induced pathways of apoptosis in human melanocytes.

The balance between Bax and Bcl-2 has been suggested to decide the fate of the cell
(Oltvai et al., 1993; Raisova et al., 2001). UVB irradiation induced downregulation of Bcl-
2 and maintained levels of Bax in human skin (Isoherranen et al., 1999). Kim e¢7 4/. instead
showed that UVB exposure caused no change in Bcl-2 expression, but did upregulate Bax
protein level in melanocytes (Kim et al., 2000). However, in our experimental system
both Bcl-2 and Bax protein level remained unchanged after UVB exposure, despite an
increased apoptotic frequency (paper I). This encouraged us in paper 11 to investigate the
intracellular location of the protein. In control melanocytes, Bax was situated in the
cytosol, but during apoptosis, induced by UV exposure, the protein translocated to
mitochondria or mitochondria-like organelles, observed as a punctate immunostaining
pattern. In apoptotic cells, Bid was observed to be translocated in a similar pattern as Bax
in response to UV irradiation. The significance of translocation of proteins seems to be
true for other Bcl-2 family proteins as well. Accordingly, in the surviving cell population,
Bcl-2 and Bcl-Xj. were observed to be redistributed to the mitochondria. We showed
these Bcl-2 family proteins to exert their apoptotic regulatory actions by translocation
between different compartments within the cell, rather than changing the protein balance
between anti- and pro-apoptotic proteins in melanocytes. In accordance, other groups
have reported translocation of Bax, Bid, and Bcl-Xi. from the cytosol to mitochondria
following many different apoptosis inducers, such as y-irradiation, staurosporine, serum
deprivation, and TNF-o in thymocytes, kidney epithelial cells, fibroblasts, hepatocytes,
and HeLa cells (Hsu et al., 1997; Wolter et al., 1997; Desagher et al., 1999; Gross et al.,
1999). However, all Bcl-2 family proteins do not regulate their actions by translocation.
The anti-apoptotic function of Mcl-1 was, for instance, demonstrated to be regulated by
UV induced elimination of the protein (see below). Furthermore, it is generally thought
that Bcl-2 is stationary and attached to membranes, in particularly to the mitochondria
membrane (Hockenbery et al,, 1990; Hsu et al, 1997). We have for the first time
demonstrated Bcl-2 to have a cytosolic location in melanocytes. The cytosolic
distribution of Bcl-2 and the translocation of the protein upon UV irradiation were
confirmed with both immunocytochemistry experiments and Western blot analysis of
cytosolic fractions. The diversity between different studies, regarding the location of Bel-
2, can not be explained but might be due to differences between cell types.
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PRO-APOPTOTIC SIGNALING BY LYSOSOMAL CATHEPSINS

The lysosomes have been reported to be involved in the apoptotic process (Deiss et al.,
1996; Brunk et al., 1997; Ishisaka et al., 1998; Roberg et al., 1999; Guicciardi et al., 2000;
Johansson et al., 2003). To our knowledge, no studies before have investigated the role of
this organelle in the regulation of cell death in melanocytes. We clearly demonstrated the
lysosomal cathepsins to be essential pro-apoptotic mediators in UV induced apoptosis
(paper 1I-1V). Shortly after UV exposure, cathepsins were detected in the cytosol with
both immunocytochemistry and Western blot analysis on digitonin-extracted cytosolic
fractions. Increased lysosomal membrane permeabilization, following a wide range of
apoptotic stimuli, has been reported in a variety of cell types, such as fibroblasts, T
lymphocytes, hepatocytes, and myeloid leukemic cells (Roberg et al., 1999; Guicciardi et
al., 2000; Foghsgaard et al., 2001; Werneburg et al., 2002; Yuan et al., 2002; Bideére et al.,
2003). In melanocytes, we found the aspartic cathepsin D and the cysteine cathepsins B
and L to be able to trigger apoptosis with cytochrome ¢ release from the mitochondria
and subsequent caspase-3 activation. The groups of lysosomal proteases involved in
apoptosis might, however, be cell type- and/or stimulus-specific, since in fibroblasts and
T lymphocytes exposed to staurosporine, only cathepsin D is pro-apoptotic (Bidere et al.,
2003; Johansson et al., 2003). In contrast, cathepsin B is involved in TNF-a and p53
induced apoptosis in hepatocytes, and myeloid leukemic cells (Guicciardi et al., 2000;
Yuan et al., 2002). We further reported the aspartic cathepsin D inhibitor pepstatin A and
the cysteine cathepsin inhibitor E64d to markedly reduce the amount of Bax
translocation from cytosol to mitochondria following UV irradiation, indicating the
enzymes to exert their effect upstream of Bax activation. In accordance, it has been
reported that cathepsin D silencing using siRNA in human T lymphocytes resulted in
suppressed Bax activation (Bideére et al., 2003). The conclusion that lysosomal membrane
permeabilization precedes cytochrome c release has been described by several groups

(Roberg et al., 1999; Guicciardi et al., 2000; Yuan et al., 2002).

Both UVA and UVB irradiation were found to induce apoptosis with lysosomal and
mitochondrial membrane permeabilization, cytochrome ¢ release and caspase-3
activation. We did not observe any differences between these two wavelength spectra in
the regulation of apoptosis.

BID ACTIVATION BY CATHEPSINS

In keratinocytes, UV irradiation has been shown to induce apoptosis directly through
activation of death receptors (Aragane et al., 1998). Caspase-8 is strongly associated with
the death receptor pathway of apoptosis and is established to cleave and activate Bid (Li
et al, 1998; Luo et al, 1998). However, in melanocytes we excluded an initial
involvement of the death receptor pathway, as neither proteolytic processing of
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procaspase-8 nor caspase-8 activity were detected after UV exposure (paper 1I). Despite
the lack of caspase-8 activity, Bid was relocalized to mitochondria after UVB exposure
and Bid cleavage fragment was found (paper II, III). Recently, cathepsins have been
reported to be alternatively cleavers of Bid (Stoka et al., 2001; Cirman et al, 2004,
Heinrich et al., 2004), suggesting Bid to be a possible link between the lysosome and the
mitochondrial apoptotic pathway by activating Bax.

JNKACTS PRO-APOPTOTIC UPSTREAM OF THE LYSOSOME

The initial signaling pathways that might trigger the lysosomal membrane
permeabilization ate still largely unknown. In paper IV, we reported the JNK protein to
effectively trigger UVB induced cell death in melanocytes and that JNK operates
upstream of cathepsin release. The role of JNK is debated. The protein has been
suggested to have both anti- and pro-apoptotic functions. JNK might, through
phosphorylation and inactivation of Bad, suppress apoptosis induced by IL-3 withdrawal
(Yu 2004). Moreover, INK2 silencing of prostate carcinoma cells resulted in apoptosis
(Potapova et al., 2002). In contrast, following UV irradiation JNK has been suggested to
induce cytochrome c release and to trigger apoptosis in murine embryonic fibroblasts
(Tournier et al., 2000). The study further showed Juk?/- Juk2/- fibroblasts to be almost
completely resistant to UV induced apoptosis. In melanocytes, we demonstrated JNK to
be pro-apoptotic and that JNK inhibition by siRNA transfection stabilized the lysosomes
and prevented release of cathepsins to the cytosol. JNK dependent apoptosis has been
shown to require Bax activation (Lei and Davis, 2003; Putcha et al., 2003; Tsuruta et al.,
2004; Papadakis et al., 2006) and in addition JNK has been demonstrated to control Bak
oligomer formation (Ihrlund et al, 20006), suggesting the protein to regulate the
mitochondrial pathway of apoptosis. In accordance, our findings showed JNK siRNA
transfection to inhibit Bax translocation to the mitochondtia.

UV INDUCED REGULATION OF BIM AND MCL-1

In paper 1V, we found Bim to be phosphorylated in a JNK dependent manner, which
suggests an additional pathway of JNK to initiate apoptosis. Normally, Bim is sequestered
to the dynein motor complex in the microtubule cytoskeleton (Puthalakath et al., 1999),
but exposure to UV irradiation has been reported to detach the protein by
phosphorylation (Let et al., 2002; Putcha et al., 2003). We found Bim to interact with the
Mcl-1 protein, but in response to UVB irradiation, we observed a distinct reduction of
Mcl-1 expression. Nijhawan e a/. reported the synthesis of Mcl-1 to be blocked after UV
irradiation in Hel.a cells and that the existing Mcl-1 rapidly was degraded by the
proteasome (Nijhawan et al., 2003). Other studies demonstrate that caspase or granzyme
B mediated cleavage might contribute to the Mcl-1 elimination in Hela, Jurkat T
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leukemic, and colon cancer Het116 cells (Clohessy et al., 2004; Han et al., 2004; Weng et
al., 2005; Han et al., 2006). It has further been suggested that the caspase-3 generated
fragments of Mcl-1 lose their anti-apoptotic potential and instead become pro-apoptotic
(Michels et al., 2004; Weng et al., 2005). We did, however, not detect any Mcl-1 cleavage
fragments in the melanocytes following UVB irradiation.

Mcl-1 antisense therapy sensitized human melanoma to chemotherapy in xeno-
transplantation model in mice (Thallinger et al., 2003). The combination of Mcl-1
antisense oligonucleotides and the melanoma therapy agent dacarbazine resulted in
enhanced tumor cell apoptosis and reduced tumor weight. Except from interacting with
Bim, Mcl-1 also, through direct binding of tBid, counteracts the pro-apoptotic potential
of Bid and thereby inhibit the activation of Bax and Bak during TRAIL and TNF-o
induced apoptosis (Clohessy et al., 2006). In addition, Mcl-1 has been demonstrated to
coimmunoprecipitate with Bak in Hela cells (Cuconati et al., 2003). Upon apoptosis,
induced by adenovirus infection, there was a loss of the Mcl-1-Bak complex, and Bak was
shown to bind to Bax. This represents an alternative model for the pro-survival function
of Mcl-1, where Mcl-1 in healthy cells sequesters Bak and keeps it in an inactive state.
The loss of Mcl-1-Bak complex might be caused by Noxa dependent displacement from
Mcl-1 (Gélinas and White, 2005). Moreover, we found Mcl-1 to have an anti-apoptotic
function in melanocytes by preventing Bax translocation. Mcl-1 depletion after UV
exposure might eliminate the anti-apoptotic effect and result in release of phosphorylated
Bim.

BH3-only proteins seem to be able to induce apoptosis by several different mechanisms.
Some BH3-only proteins (Bid and Bim) can directly activate Bax and Bak, which results
in cytochrome c release (Letai et al., 2002; Kuwana et al., 2005). Other BH3-only proteins
(e.g. Bad, Bik, and Noxa) are not capable of activating Bax directly but instead bind anti-
apoptotic Bcl-2-like proteins, which results in displacement of activator BH3-only
proteins from the pro-survival proteins. Free activators then induce Bax dependent cell
death. A recent study suggests an alternative indirect model, where the BH3-only proteins
trigger apoptosis by binding anti-apoptotic proteins that sequester Bax and Bak (Willis et
al., 2007).
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HSP70 EFFECTIVELY PREVENTS UVB INDUCED APOPTOSIS

In paper III, we showed Hsp70 to efficiently rescue melanocytes from UVB induced
apoptosis. Hsp70 has been reported to inhibit apoptosis following different stress stimuli,
including heat shock, TNF-a, anti-cancer drugs, oxidative stress, and nitric oxide (Jddtteld
et al., 1992; Simon et al., 1995; Trautinger et al., 1995; Bellmann et al., 1996; Polla et al.,
1996; Samali and Cotter, 1996; Mosser et al., 2000). Microinjection of fibroblasts with
Hsp70 antibodies rendered the cells sensitive to heat shock, resulting in cell death, while
fibroblasts injected with control antibodies survived (Riabowol et al., 1988). The
apoptosis-regulatory mechanism for Hsp70 is not fully understood, but there might be
several different ways by which the protein is able to block apoptosis. We demonstrated
that Hsp70 prevents apoptosis by translocation to lysosomal and mitochondrial
membranes following UVB irradiation. At the membranes, Hsp70 then prevents
permeabilization and release of cathepsins and cytochrome c to the cytosol. An additional
mechanism for the anti-apoptotic action of Hsp70 is that the protein might inhibit stress
induced apoptosis by inhibiting activation of JNK (Gabai et al.,, 1997; Mosser et al.,
1997). This remains to be studied in melanocytes. Furthermore, Gabai ¢f a/. showed
Hsp70 to be able to block Bid activation and cytochrome c release from mitochondria via
inhibition of JNK (Gabai et al., 2002). In accordance, we observed in paper III heat pre-
treated melanocytes to display suppressed Bid cleavage following UVB irradiation. Our
findings from paper IV propose that the JNK-dependent Bid cleavage might be
accomplished by JNK induced release of cathepsins, which has been shown to be able to
cleave and activate Bid (Stoka et al., 2001; Cirman et al., 2004; Heinrich et al., 2004). We
further demonstrated inhibited Bax translocation in melanocytes transfected with Hsp70
siRNA, suggesting Hsp70 to operate upstream of Bax activation. Gotoh and colleagues
recently showed Hsp70 to interact with Bax (Gotoh et al., 2004). Stankiewicz ef al.
reported Hsp70 to inhibit oligomerization and membrane insertion of Bax, although no
direct interaction between the two proteins was found (Stankiewicz et al., 2005). Notable,
Hsp70 has also been suggested to act at a level downstream of mitochondrial membrane
permeabilization (Jditteld et al., 1998). In addition, the protein might by binding Apaf-1
prevent its oligomerization and thereby restrain the recruitment of procaspase-9 to the
apoptosome (Beere et al., 2000; Saleh et al., 2000).
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CONCLUSIONS

GENERAL CONCLUSIONS

In this thesis, we have mapped several steps in the signaling pathways of UV induced

apoptosis in human melanocytes zz witro. UV irradiation activates the mitochondrial

pathway of apoptosis, leading to cytochrome c release, caspase activation, and nuclear

fragmentation. The findings illustrate that permeabilization of mitochondrial and

lysosomal membranes and release of their pro-apoptotic constituents are important

events in UV induced apoptosis in these cells. The process is regulated by a complex

network of pro- and anti-apoptotic proteins, exerting their effects through intracellular

translocation and alteration of protein expression.

SPECIFIC CONCLUSIONS

o

Melanocytes express high protein level of pro-survival Bcl-2, as compared to
keratinocytes. The shorter wavelengths of the UVB spectrum are significantly
more powerful in inducing apoptosis than the longer UVB wavelengths.

When co-cultured, keratinocytes release factors to the culture medium that protect
melanocytes from UV induced apoptosis

The localization and translocation of Bcl-2 family proteins are important in the
regulation of UVA and UVB induced cell death. In apoptotic melanocytes, the
pro-apoptotic proteins Bax and Bid were found to be redistributed to the
mitochondtia, while in the surviving population the anti-apoptotic Bcl-2 and Bcl-
Xt were localized at the mitochondrial level.

UV irradiation induces lysosomal membrane permeabilization with release of
cathepsins B and D from the lysosomes to the cytosol. The cathepsins act as
potent pro-apoptotic mediators upstream of Bax activation and mitochondrial
membrane permeabilization.

Upregulation of stress-induced Hsp70 effectively inhibits apoptosis in melanocytes
following UVB irradiation. Hsp70 prevents release of cathepsins from lysosomes
and cytochrome c from mitochondria by attaching to their respective membranes.

JNK is activated by UVB irradiation in melanocytes and exerts its effect upstream
of lysosomal membrane permeabilization. In addition, JNK induces apoptosis
through phosphorylation of pro-apoptotic Bim, which becomes released from
anti-apoptotic Mcl-1, by UV induced Mcl-1 degradation.
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Significance of the study and future perspectives

SIGNIFICANCE OF THE STUDY AND
FUTURE PERSPECTIVES

Melanocytes are generally considered relatively resistant to UV induced apoptosis.
Avoidance of apoptosis following UV exposure might entail the survival of potential
melanoma precursor cells and risk for malignant melanoma development. Improved
knowledge of apoptotic responses in UV exposed melanocytes is essential to understand
and prevent the formation of pigment nevi and melanoma and might give opportunity to
develop more effective sunscreens. Identification of apoptotic key proteins involved,
might also lead to findings of new prognostic markers for malignant melanoma.
Furthermore, this type of skin cancer is often reported to poorly respond to cytotoxic
drugs. To map the complex mechanisms in the regulation of apoptosis is of high
importance to find new specific apoptosis inducing targets for melanoma treatment.

We demonstrate Hsp70 to exert efficient anti-apoptotic properties in melanocytes iz vitro.
In the next project, we intend to investigate the role of Hsp70 induction in UV exposed
human skin 7z vivo. Hsp70 protein has been reported to be upregulated in human skin
following both heat and UV exposure (Muramatsu et al., 1992; Wilson et al., 2000), but a
specific study of such effects in melanocytes 7z vivo has not been performed. The heat
production in combination with UV damage from the sun has not been considered in
relation to melanoma development. When sunbathing, the heat production in the skin
might induce Hsp70 expression, which in turn might result in survival of DNA damaged
melanocytes. This issue would be of relevance even in the clinical setting, where UV
irradiation constitutes an important therapeutic tool for various inflammatory skin
diseases. Consequently, repeated UV treatments have been associated with an increased
risk for development of cutanecous squamous cell carcinoma and basal cell carcinoma
(Stern and Lange, 1988; Bruynzeel et al., 1991; Lindel6f et al., 1999; Pasker-de Jong et al.,
1999). Although less frequently reported, some studies have also described an increased
incidence of malignant melanoma among psoriasis patients who have received
phototherapy (Stern et al., 1997; Wolf et al., 1998). Furthermore, many tumors display
elevated levels of the Hsp70 protein, which has been shown to correlate with enhanced
malignancy (Garrido et al., 2003; Aghdassi et al., 2007). Interestingly, a Hsp70
neutralizing peptide, ADD70, delayed tumor growth and reduced the metastatic potential
of mouse melanoma 7 vivo (Schmitt et al., 2006). The study further demonstrated the
peptide to make the cells more sensitive to the cytotoxic drug cisplatin. This suggests
Hsp70-targeting as a strategy for cancer therapy. More knowledge regarding the role of
Hsp70 in melanocytes and melanoma therefore would be of importance.

69



70



Acknowledgements

ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to everyone, who, in some way or another,
has helped me to complete this thesis. In particularly, I would like to thank:

Inger Rosdahl, my main supervisor, for guiding and encouraging me during these years.
Your great scientific knowledge, your never ending enthusiasm, constructive feedback,
and your belief in me to become a scientist have been very valuable to me. Thank you for
always taking the time whenever needed!

Karin Ollinger, my supervisor, for all support, inspiring discussions, your endless stream
of research ideas, and for always making me feel welcome when I drop into your office
for discussions of all matters. Thank you for sharing your great knowledge in the
fascinating world of apoptosis.

Peter Séderkvist for introducing me to the field of research during my master thesis and
for scientific and encouraging discussions, especially in the beginning of my thesis-years
when you were my co-supervisor.

Petra Wister for close friend and companionship throughout these years, for sharing
ups and downs in life, for fun and exciting conference travel experiences, and for
valuable scientific discussions. All laughter, nice chats and sushi-lunches have really
cheered up these years.

Eva Andersson, for being a dear friend and colleague, always willing to help.

Catharina Lindqvist, for always being so kind and friendly and for your generous help
with everything.

All colleagues and friends at the Division of Experimental Pathology, especially thanks
to Hanna Mild, Cathrine Nilsson, Katarina Kagedal, Uno Johansson, and Lotta
Johansson for good collaboration, experimental help, interesting scientific discussions,
and for all nice chats.

My current and former room mates, Camilla Gullstrand, Maria Hedman, and
Susanne Skarsvik for enjoyable chats and for sharing those good and bad times in
research.

All friends at the Division of Oncology for nice discussions of all kinds during lunch

and coffee/tea breaks and for inviting me to your very pleasant social activities, including
dinners, cinema visits, and sushi-evenings.

71



Acknowledgement

All colleagues at Clinical and Experimental Research for creating an enjoyable work
environment and for help of all kinds, especially tanks to Kerstin Hagersten, Hakan
Wiktander, Iréne Cavalli-Bjérkman, and Pia Karlsson.

Patiyan Andersson, Ahmad Ahmadi, and Karin Franzén for great collaboration
during student laborations and for being nice friends.

All friends in and outside of Link&ping for all those good times. Special thanks to:
Syjuntan, including Josefine, Karin, Daniella, Charlotte, and Marie for our pleasant
gatherings. Karin, Ola and little Emma for joyful boardgame-duels, very nice dinners
and all other fun things we have done. Erik and Emma for all nice get-togethers during
these years, the amazing trip to Italy, and for sharing the interest of delicious wines.
Hanna for being a wonderful friend! Henry for always cheering me up, your continuous
energy, and all those pep-talks.

My family in law, Kristina, Arne, and Pontus for so warmly taking me into your family
and for all fun things we have done together. Your own little paradise Loftsbo is the
most peaceful place to relax and wind down.

My mother and father, Annika and Leif for being the best of parents, for your endless
love, belief in me, all encouraging talks over the phone and for your continuously
concern about the situation of the celll © To Caroline, my sistet, for all the laughter and
fun we have together. Thanks for always supporting me and for your continuous supply
of yummy chocolate cake recipes. ¥ LS/SY.

The most important person in my life Dan, who makes me so happy! Thank you for
always being by my side, for your constant support and belief in me, and for your ability
to so calmly solve any upcoming problem. I love youl!

This study has been financially supported by Swedish Research Council, Swedish Cancer
Foundation, Welander-Finsen Foundation, The Cancer and Allergy Foundation, The
County Council of Ostergotland, Carl & Albert Molin’s Foundation, and Lion’s research
foundation.

Human skin samples have kindly been provided by Dr Amir Sherif, Dr Jakob Natansson,
and Dr Claude Collin.

72



References

REFERENCES

Abdulla FR, Feldman SR, Williford PM, Krowchuk D, Kaur M. Tanning and skin cancer. Pediatr
Dermatol 2005; 22: 501-12.

Adams JM, Cory S. The Bcl-2 protein family: arbiters of cell survival. Science 1998; 281: 1322-6.

Aghdassi A, Phillips P, Dudeja V, Dhaulakhandi D, Sharif R, Dawra R, et al. Heat shock protein 70
increases tumorigenicity and inhibits apoptosis in pancreatic adenocarcinoma. Cancer Res 2007;
67: 616-25.

Akao Y, Otsuki Y, Kataoka S, Ito Y, Tsujimoto Y. Multiple subcellular localization of bcl-2: detection in
nuclear outer membrane, endoplasmic reticulum membrane, and mitochondrial membranes.
Cancer Res 1994; 54: 2468-71.

Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry NA, Wong WW, et al. Human
ICE/CED-3 protease nomenclature. Cell 1996; 87: 171.

Andersson E, Vahlquist A, Rosdahl 1. Beta-carotene uptake and bioconversion to retinol differ between
human melanocytes and keratinocytes. Nutr Cancer 2001; 39: 300-6.

Antonsson B, Conti F, Ciavatta A, Montessuit S, Lewis S, Martinou I, et al. Inhibition of Bax channel-
forming activity by Bcl-2. Science 1997; 277: 370-2.

Antonsson B, Montessuit S, Lauper S, Eskes R, Martinou JC. Bax oligomerization is required for channel-
forming activity in liposomes and to trigger cytochrome c release from mitochondria. Biochem J
2000; 345 Pt 2: 271-8.

Antonsson B, Montessuit S, Sanchez B, Martinou JC. Bax is present as a high molecular weight
oligomer/complex in the mitochondrial membrane of apoptotic cells. J Biol Chem 2001; 276:
11615-23.

Antunes F, Cadenas E, Brunk UT. Apoptosis induced by exposure to a low steady-state concentration of
H202 is a consequence of lysosomal rupture. Biochem J 2001; 356: 549-55.

Aragane Y, Kulms D, Metze D, Wilkes G, Poppelmann B, Luger TA, et al. Ultraviolet light induces
apoptosis via ditect activation of CD95 (Fas/APO-1) independently of its ligand CD95L. J Cell
Biol 1998; 140: 171-82.

Ashkenazi A, Dixit VM. Death receptors: signaling and modulation. Science 1998; 281: 1305-8.

Augustsson A, Stierner U, Rosdahl I, Suurkula M. Melanocytic naevi in sun-exposed and protected skin in
melanoma patients and controls. Acta Derm Venereol 1991; 71: 512-7.

Barry M, Heibein JA, Pinkoski MJ, Lee SF, Moyer RW, Green DR, et al. Granzyme B short-circuits the
need for caspase 8 activity during granule-mediated cytotoxic T-lymphocyte killing by directly
cleaving Bid. Mol Cell Biol 2000; 20: 3781-94.

Bastuji-Garin S, Diepgen TL. Cutaneous malignant melanoma, sun exposure, and sunscreen use:
epidemiological evidence. Bt ] Dermatol 2002; 146 Suppl 61: 24-30.

Bauer J, Garbe C. Acquired melanocytic nevi as risk factor for melanoma development. A comprehensive
review of epidemiological data. Pigment Cell Res 2003; 16: 297-306.

Beere HM, Green DR. Stress management - heat shock protein-70 and the regulation of apoptosis.
Trends Cell Biol 2001; 11: 6-10.

Beere HM, Wolf BB, Cain K, Mosser DD, Mahboubi A, Kuwana T, et al. Heat-shock protein 70 inhibits
apoptosis by preventing recruitment of procaspase-9 to the Apaf-1 apoptosome. Nat Cell Biol
20005 2: 469-75.

Bellmann K, Jaattela M, Wissing D, Burkart V, Kolb H. Heat shock protein hsp70 overexpression confers
resistance against nitric oxide. FEBS Lett 1996; 391: 185-8.

Bettega D, Calzolari P, Belloni F, Di Lena F, Genchi S, Lupi M, et al. Solar UV radiation: differential
effectiveness of UVB subcomponents in causing cell death, micronucleus induction and delayed
expression of heritable damage in human hybrid cells. Int | Radiat Biol 2001; 77: 963-70.

Bidere N, Lorenzo HK, Carmona S, Laforge M, Harper F, Dumont C, et al. Cathepsin D triggers Bax
activation, resulting in selective apoptosis-inducing factor (AIF) relocation in T lymphocytes
entering the early commitment phase to apoptosis. ] Biol Chem 2003; 278: 31401-11.

Boatright KM, Salvesen GS. Mechanisms of caspase activation. Curr Opin Cell Biol 2003; 15: 725-31.

73



References

Boutry M, Briquet M. Mitochondrial modifications associated with the cytoplasmic male sterility in faba
beans. Eur | Biochem 1982; 127: 129-35.

Bowen AR, Hanks AN, Allen SM, Alexander A, Diedrich MJ, Grossman D. Apoptosis regulators and
responses in human melanocytic and keratinocytic cells. J Invest Dermatol 2003; 120: 48-55.

Boya P, Andreau K, Poncet D, Zamzami N, Perfettini JL, Metivier D, et al. Lysosomal membrane
permeabilization induces cell death in a mitochondrion-dependent fashion. ] Exp Med 2003; 197:
1323-34.

Brose MS, Volpe P, Feldman M, Kumar M, Rishi I, Gerrero R, et al. BRAF and RAS mutations in human
lung cancer and melanoma. Cancer Res 2002; 62: 6997-7000.

Brunk UT, Dalen H, Roberg K, Hellquist HB. Photo-oxidative disruption of lysosomal membranes causes
apoptosis of cultured human fibroblasts. Free Radic Biol Med 1997; 23: 616-26.

Brunk UT, Svensson I. Oxidative stress, growth factor starvation and Fas activation may all cause
apoptosis through lysosomal leak. Redox Rep 1999; 4: 3-11.

Bruynzeel I, Bergman W, Hartevelt HM, Kenter CC, Van de Velde EA, Schothorst AA, et al. 'High single-
dose' European PUVA regimen also causes an excess of non-melanoma skin cancer. Br ]
Dermatol 1991; 124: 49-55.

Cancer incidence in Sweden 2005. Stockholm, National Board of Health and Welfare 2007.

Causes of death 2004. Stockholm, National Board of Health and Welfare 2007.

Cheng EH, Wei MC, Weiler S, Flavell RA, Mak TW, Lindsten T, et al. BCL-2, BCL-X(L) sequester BH3
domain-only molecules preventing BAX- and BAK-mediated mitochondrial apoptosis. Mol Cell
2001; 8: 705-11.

Chinnaiyan AM, O'Rourke K, Lane BR, Dixit VM. Interaction of CED-4 with CED-3 and CED-9: a
molecular framework for cell death. Science 1997; 275: 1122-6.

Chinnaiyan AM, O'Routke K, Tewari M, Dixit VM. FADD, a novel death domain-containing protein,
interacts with the death domain of Fas and initiates apoptosis. Cell 1995; 81: 505-12.

Chipuk JE, Bouchier-Hayes L, Kuwana T, Newmeyer DD, Green DR. PUMA couples the nuclear and
cytoplasmic proapoptotic function of p53. Science 2005; 309: 1732-5.

Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM, Newmeyer DD, Schuler M, et al. Direct activation
of Bax by p53 mediates mitochondrial membrane permeabilization and apoptosis. Science 2004;
303: 1010-4.

Chwieralski CE, Welte T, Buhling F. Cathepsin-regulated apoptosis. Apoptosis 2006; 11: 143-9.

Cirman T, Oresic K, Mazovec GD, Turk V, Reed JC, Myers RM, et al. Selective disruption of lysosomes
in Hela cells triggers apoptosis mediated by cleavage of Bid by multiple papain-like lysosomal
cathepsins. ] Biol Chem 2004; 279: 3578-87.

Clohessy JG, Zhuang J, Brady HJ. Characterisation of Mcl-1 cleavage during apoptosis of haematopoietic
cells. Br ] Haematol 2004; 125: 655-65.

Clohessy ]G, Zhuang ], de Boer J, Gil-Gomez G, Brady HJ. Mcl-1 interacts with truncated Bid and
inhibits its induction of cytochrome c release and its role in receptor-mediated apoptosis. ] Biol
Chem 2006; 281: 5750-9.

Cohen GM. Caspases: the executioners of apoptosis. Biochem ] 1997; 326 ( Pt 1): 1-16.

Conradt B, Horvitz HR. The C. elegans protein EGL-1 is required for programmed cell death and
interacts with the Bcl-2-like protein CED-9. Cell 1998; 93: 519-29.

Cory S, Adams JM. The Bcl2 family: regulators of the cellular life-or-death switch. Nat Rev Cancer 2002;
2: 647-56.

Creagh EM, Carmody R], Cotter TG. Heat shock protein 70 inhibits caspase-dependent and -independent
apoptosis in Jurkat T cells. Exp Cell Res 2000; 257: 58-66.

Cuconati A, Mukhetjee C, Perez D, White E. DNA damage response and MCL-1 destruction initiate
apoptosis in adenovirus-infected cells. Genes Dev 2003; 17: 2922-32.

Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of the BRAF gene in human
cancer. Nature 2002; 417: 949-54.

Davis RJ. Signal transduction by the JNK group of MAP kinases. Cell 2000; 103: 239-52.

de Duve C. Lysosomes, a new group of cytoplasmic particle: In Hayashi T, ed. Subcellular Particles, New
York, Ronald Press; 128159, 1959.

de Gruijl FR. Skin cancer and solar UV radiation. Eur J Cancer 1999; 35: 2003-9.

Deiss LP, Galinka H, Berissi H, Cohen O, Kimchi A. Cathepsin D protease mediates programmed cell
death induced by interferon-gamma, Fas/APO-1 and TNF-alpha. Embo J 1996; 15: 3861-70.

74



References

Deng Y, Ren X, Yang L, Lin Y, Wu X. A JNK-dependent pathway is required for TNFalpha-induced
apoptosis. Cell 2003; 115: 61-70.

Desagher S, Osen-Sand A, Nichols A, Eskes R, Montessuit S, Lauper S, et al. Bid-induced conformational
change of Bax is responsible for mitochondrial cytochrome c release during apoptosis. ] Cell Biol
1999; 144: 891-901.

Di Marco E, Marchisio PC, Bondanza S, Franzi AT, Cancedda R, De Luca M. Growth-regulated synthesis
and secretion of biologically active nerve growth factor by human keratinocytes. ] Biol Chem
1991; 266: 21718-22.

Diepgen TL, Mahler V. The epidemiology of skin cancer. Br ] Dermatol 2002; 146 Suppl 61: 1-6.

Donechower LA, Hatvey M, Slagle BL, McArthur MJ, Montgomery CA, Jr., Butel JS, et al. Mice deficient
for p53 are developmentally normal but susceptible to spontaneous tumours. Nature 1992; 356:
215-21.

Donepudi M, Mac Sweeney A, Briand C, Grutter MG. Insights into the regulatory mechanism for
caspase-8 activation. Mol Cell 2003; 11: 543-9.

Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that promotes cytochrome c-
dependent caspase activation by eliminating IAP inhibition. Cell 2000; 102: 33-42.

Ellis HM, Horvitz HR. Genetic control of programmed cell death in the nematode C. elegans. Cell 1986;
44: 817-29.

Er E, Oliver L, Cartron PF, Juin P, Manon S, Vallette FM. Mitochonderia as the target of the pro-apoptotic
protein Bax. Biochim Biophys Acta 2006; 1757: 1301-11.

Eskes R, Desagher S, Antonsson B, Martinou JC. Bid induces the oligomerization and insertion of Bax
into the outer mitochondrial membrane. Mol Cell Biol 2000; 20: 929-35.

Espinosa Arranz ], Sanchez Hernandez |J, Bravo Fernandez P, Gonzalez-Baron M, Zamora Aunon P,
HEspinosa Arranz E, et al. Cutaneous malignant melanoma and sun exposure in Spain. Melanoma
Res 1999; 9: 199-205.

Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM. Exposure of
phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and
removal by macrophages. ] Immunol 1992; 148: 2207-16.

Finucane DM, Bossy-Wetzel E, Waterhouse NJ, Cotter TG, Green DR. Bax-induced caspase activation
and apoptosis via cytochrome c release from mitochondria is inhibitable by Bel-xL. ] Biol Chem
1999; 274: 2225-33.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic interference
by double-stranded RNA in Caenorhabditis elegans. Nature 1998; 391: 806-11.

Fitzpatrick TB, Breathnach AS. [the Epidermal Melanin Unit System.]. Dermatol Wochenschr 1963; 147:
481-9.

Foghsgaard L, Wissing D, Mauch D, Lademann U, Bastholm L, Boes M, et al. Cathepsin B acts as a
dominant execution protease in tumor cell apoptosis induced by tumor necrosis factor. | Cell Biol
2001; 153: 999-1010.

Gabai VL, Mabuchi K, Mosser DD, Sherman MY. Hsp72 and stress kinase c-jun N-terminal kinase
regulate the bid-dependent pathway in tumor necrosis factor-induced apoptosis. Mol Cell Biol
2002; 22: 3415-24.

Gabai VL, Meriin AB, Mosser DD, Caron AW, Rits S, Shifrin VI, et al. Hsp70 prevents activation of
stress kinases. A novel pathway of cellular thermotolerance. | Biol Chem 1997; 272: 18033-7.

Garrido C, Schmitt E, Cande C, Vahsen N, Parcellier A, Kroemer G. HSP27 and HSP70: potentially
oncogenic apoptosis inhibitors. Cell Cycle 2003; 2: 579-84.

Gélinas C, White E. BH3-only proteins in control: specificity regulates MCL-1 and BAK-mediated
apoptosis. Genes Dev 2005; 19: 1263-8.

Gerner EW, Schneider MJ. Induced thermal resistance in HeLa cells. Nature 1975; 256: 500-2.

Gieselmann V, Pohlmann R, Hasilik A, Von Figura K. Biosynthesis and transport of cathepsin D in
cultured human fibroblasts. ] Cell Biol 1983; 97: 1-5.

Gilchrest BA, Eller MS, Geller AC, Yaar M. The pathogenesis of melanoma induced by ultraviolet
radiation. N Engl ] Med 1999; 340: 1341-8.

Gilchrest BA, Vrabel MA, Flynn E, Szabo G. Selective cultivation of human melanocytes from newborn
and adult epidermis. ] Invest Dermatol 1984; 83: 370-6.

Godar DE. UV doses worldwide. Photochem Photobiol 2005; 81: 736-49.

Goding CR. Melanocytes: the new Black. Int ] Biochem Cell Biol 2007; 39: 275-9.

75



References

Gonzalvez F, Gottlieb E. Catdiolipin: Setting the beat of apoptosis. Apoptosis 2007.

Gotoh T, Terada K, Oyadomati S, Mori M. hsp70-Dna] chaperone pair prevents nitric oxide- and CHOP-
induced apoptosis by inhibiting translocation of Bax to mitochondria. Cell Death Differ 2004; 11:
390-402.

Griffiths GJ, Dubrez L, Motgan CP, Jones NA, Whitehouse J, Cotfe BM, et al. Cell damage-induced
conformational changes of the pro-apoptotic protein Bak in vivo precede the onset of apoptosis.
J Cell Biol 1999; 144: 903-14.

Gross A, Jockel J, Wei MC, Korsmeyer SJ. Enforced dimerization of BAX results in its translocation,
mitochondrial dysfunction and apoptosis. Embo J 1998; 17: 3878-85.

Gross A, Yin XM, Wang K, Wei MC, Jockel J, Milliman C, et al. Caspase cleaved BID targets
mitochondria and is required for cytochrome c release, while BCL-XL. prevents this release but
not tumor necrosis factor-R1/Fas death. J Biol Chem 1999; 274: 1156-63.

Guicciardi ME, Deussing J, Miyoshi H, Bronk SF, Svingen PA, Peters C, et al. Cathepsin B contributes to
TNF-alpha-mediated hepatocyte apoptosis by promoting mitochondrial release of cytochrome c.
J Clin Invest 2000; 106: 1127-37.

Guo B, Zhai D, Cabezas E, Welsh K, Nouraini S, Satterthwait AC, et al. Humanin peptide suppresses
apoptosis by interfering with Bax activation. Nature 2003; 423: 456-61.

Hagemann C, Blank JL. The ups and downs of MEK kinase interactions. Cell Signal 2001; 13: 863-75.

Haldar S, Negrini M, Monne M, Sabbioni S, Croce CM. Down-regulation of bcl-2 by p53 in breast cancer
cells. Cancer Res 1994; 54: 2095-7.

Hammond SM, Bernstein E, Beach D, Hannon GJ. An RNA-directed nuclease mediates post-
transcriptional gene silencing in Drosophila cells. Nature 2000; 404: 293-6.

Han ], Goldstein LA, Gastman BR, Froelich CJ, Yin XM, Rabinowich H. Degradation of Mcl-1 by
granzyme B: implications for Bim-mediated mitochondrial apoptotic events. ] Biol Chem 2004;
279: 22020-9.

Han J, Goldstein LA, Gastman BR, Rabinowich H. Interrelated roles for Mcl-1 and BIM in regulation of
TRAIL-mediated mitochondrial apoptosis. ] Biol Chem 2006; 281: 10153-63.

Hegde R, Stinivasula SM, Zhang Z, Wassell R, Mukattash R, Cilenti L, et al. Identification of Omi/HtrA2
as a mitochondrial apoptotic serine protease that disrupts inhibitor of apoptosis protein-caspase
interaction. ] Biol Chem 2002; 277: 432-8.

Heinrich M, Neumeyer J, Jakob M, Hallas C, Tchikov V, Winoto-Morbach S, et al. Cathepsin D links
TNF-induced acid sphingomyelinase to Bid-mediated caspase-9 and -3 activation. Cell Death
Differ 2004; 11: 550-63.

Hengartner MO. The biochemistry of apoptosis. Nature 2000; 407: 770-6.

Hengartner MO, Horvitz HR. C. elegans cell survival gene ced-9 encodes a functional homolog of the
mammalian proto-oncogene bcl-2. Cell 1994; 76: 665-76.

Hetts SW. To die or not to die: an overview of apoptosis and its role in disease. Jama 1998; 279: 300-7.

Hockenbery D, Nunez G, Milliman C, Schreiber RD, Korsmeyer SJ. Bcl-2 is an inner mitochondrial
membrane protein that blocks programmed cell death. Nature 1990; 348: 334-6.

Hoffman WH, Biade S, Zilfou JT, Chen ], Murphy M. Transcriptional repression of the anti-apoptotic
survivin gene by wild type p53. ] Biol Chem 2002; 277: 3247-57.

Hsu YT, Wolter KG, Youle RJ. Cytosol-to-membrane redistribution of Bax and Bcl-X(L) during
apoptosis. Proc Natl Acad Sci U S A 1997; 94: 3668-72.

Huang DC, Adams JM, Cory S. The conserved N-terminal BH4 domain of Bcl-2 homologues is essential
for inhibition of apoptosis and interaction with CED-4. Embo ] 1998; 17: 1029-39.

Hussussian CJ, Struewing JP, Goldstein AM, Higgins PA, Ally DS, Sheahan MD, et al. Germline p16
mutations in familial melanoma. Nat Genet 1994; 8: 15-21.

Thrlund LS, Hernlund E, Viktorsson K, Panaretakis T, Barna G, Sabapathy K, et al. Two distinct steps of
Bak regulation during apoptotic stress signaling: different roles of MEKK1 and JNKI1. Exp Cell
Res 2006; 312: 1581-9.

Ishisaka R, Utsumi T, Yabuki M, Kanno T, Furuno T, Inoue M, et al. Activation of caspase-3-like
protease by digitonin-treated lysosomes. FEBS Lett 1998; 435: 233-6.

Isoherranen K, Sauroja I, Jansen C, Punnonen K. UV irradiation induces downregulation of bcl-2
expression in vitro and in vivo. Arch Dermatol Res 1999; 291: 212-6.

76



References

Johansson AC, Steen H, Ollinger K, Roberg K. Cathepsin D mediates cytochrome c release and caspase
activation in human fibroblast apoptosis induced by staurospotine. Cell Death Differ 2003; 10:
1253-9.

Jolly C, Morimoto RI. Role of the heat shock response and molecular chaperones in oncogenesis and cell
death. ] Natl Cancer Inst 2000; 92: 1564-72.

Jurgensmeier JM, Xie Z, Deveraux Q, Ellerby L, Bredesen D, Reed JC. Bax directly induces release of
cytochrome c¢ from isolated mitochondria. Proc Natl Acad Sci U S A 1998; 95: 4997-5002.

Jéitteld M. Escaping cell death: survival proteins in cancer. Exp Cell Res 1999; 248: 30-43.

Jéitteld M, Wissing D, Bauer PA, Li GC. Major heat shock protein hsp70 protects tumor cells from tumor
necrosis factor cytotoxicity. Embo J 1992; 11: 3507-12.

Jaitteld M, Wissing D, Kokholm K, Kallunki T, Egeblad M. Hsp70 exerts its anti-apoptotic function
downstream of caspase-3-like proteases. Embo | 1998; 17: 6124-34.

Kadekaro AL, Kavanagh RJ, Wakamatsu K, Ito S, Pipitone MA, Abdel-Malek ZA. Cutaneous
photobiology. The melanocyte vs. the sun: who will win the final round? Pigment Cell Res 2003;
16: 434-47.

Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenomenon with wide-ranging implications
in tissue kinetics. Br | Cancer 1972; 26: 239-57.

Kim YG, Kim HJ, Kim DS, Kim SD, Han WS, Kim KH, et al. Up-Regulation and redistribution of Bax
in ultraviolet B-irradiated melanocytes. Pigment Cell Res 2000; 13: 352-7.

Klein-Parker HA, Warshawski L, Tron VA. Melanocytes in human skin express bcl-2 protein. | Cutan
Pathol 1994; 21: 297-301.

Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of cytochrome ¢ from mitochondria:
a primary site for Bcl-2 regulation of apoptosis. Science 1997; 275: 1132-6.

Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh K], Schlesinger PH. Pro-apoptotic cascade activates BID,
which oligomerizes BAK or BAX into pores that result in the release of cytochrome c. Cell Death
Differ 2000; 7: 1166-73.

Krajewski S, Tanaka S, Takayama S, Schibler MJ, Fenton W, Reed JC. Investigation of the subcellular
distribution of the bcl-2 oncoprotein: residence in the nuclear envelope, endoplasmic reticulum,
and outer mitochondrial membranes. Cancer Res 1993; 53: 4701-14.

Kuan CY, Yang DD, Samanta Roy DR, Davis R], Rakic P, Flavell RA. The Jnk1 and Jnk2 protein kinases
are required for regional specific apoptosis during eatly brain development. Neuron 1999; 22:
667-76.

Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA, Green DR, et al. BH3 domains of
BH3-only proteins differentially regulate Bax-mediated mitochondrial membrane permeabilization
both ditectly and indirectly. Mol Cell 2005; 17: 525-35.

Kuwana T, Mackey MR, Perkins G, Ellisman MH, Latterich M, Schneiter R, et al. Bid, Bax, and lipids
cooperate to form supramolecular openings in the outer mitochondrial membrane. Cell 2002;
111: 331-42.
Kiégedal K, Johansson AC, Johansson U, Heimlich G, Roberg K, Wang NS, et al. Lysosomal membrane
permeabilization during apoptosis-involvement of Bax? Int ] Exp Pathol 2005; 86: 309-21.
Kigedal K, Johansson U, Ollinger K. The lysosomal protease cathepsin D mediates apoptosis induced by
oxidative stress. Faseb J 2001a; 15: 1592-4.

Kiégedal K, Zhao M, Svensson I, Brunk UT. Sphingosine-induced apoptosis is dependent on lysosomal
proteases. Biochem ] 2001b; 359: 335-43.

Leaback DH, Walker PG. Studies on glucosaminidase. 4. The fluorimetric assay of N-acetyl-beta-
glucosaminidase. Biochem J 1961; 78: 151-6.

Lei K, Davis RJ. JNK phosphorylation of Bim-related members of the Bcl2 family induces Bax-dependent
apoptosis. Proc Natl Acad Sci U S A 2003; 100: 2432-7.

Lei K, Nimnual A, Zong WX, Kennedy NJ, Flavell RA, Thompson CB, et al. The Bax subfamily of Bcl2-
related proteins is essential for apoptotic signal transduction by c-Jun NH(2)-terminal kinase. Mol
Cell Biol 2002; 22: 4929-42.

Lens MB, Dawes M. Global perspectives of contemporary epidemiological trends of cutaneous malignant
melanoma. Br ] Dermatol 2004; 150: 179-85.

Letai A, Bassik MC, Walensky LD, Sorcinelli MD, Weiler S, Korsmeyer §J. Distinct BH3 domains either
sensitize or activate mitochondrial apoptosis, serving as prototype cancer therapeutics. Cancer
Cell 2002; 2: 183-92.

77



References

Leutenegger CM, Mislin CN, Sigtist B, Ehrengruber MU, Hofmann-Lehmann R, Lutz H. Quantitative
real-time PCR for the measurement of feline cytokine mRNA. Vet Immunol Immunopathol
1999; 71: 291-305.

Li H, Zhu H, Xu CJ, Yuan J. Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas
pathway of apoptosis. Cell 1998; 94: 491-501.

Li LY, Luo X, Wang X. Endonuclease G is an apoptotic DNase when released from mitochondria.
Nature 2001; 412: 95-9.

Li P, Nijhawan D, Budihardjo I, Srinivasula SM, Ahmad M, Alnemri ES, et al. Cytochrome ¢ and dATP-
dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell
1997; 91: 479-89.

Li W, Yuan X, Nordgren G, Dalen H, Dubowchik GM, Firestone RA, et al. Induction of cell death by the
lysosomotropic detergent MSDH. FEBS Lett 2000; 470: 35-9.

Lindel6f B, Sigurgeirsson B, Tegner E, Larké O, Johannesson A, Berne B, et al. PUVA and cancer risk:
the Swedish follow-up study. Br ] Dermatol 1999; 141: 108-12.

Lithgow T, van Driel R, Bertram JF, Strasser A. The protein product of the oncogene bcl-2 is a
component of the nuclear envelope, the endoplasmic reticulum, and the outer mitochondrial
membrane. Cell Growth Differ 1994; 5: 411-7.

Liu J, Lin A. Role of JNK activation in apoptosis: a double-edged sword. Cell Res 2005; 15: 36-42.

Liu J, Minemoto Y, Lin A. c-Jun N-terminal protein kinase 1 (JNK1), but not JNK2, is essential for tumor
necrosis factor alpha-induced c-Jun kinase activation and apoptosis. Mol Cell Biol 2004; 24:
10844-56.

Liu X, Kim CN, Yang J, Jemmerson R, Wang X. Induction of apoptotic program in cell-free extracts:
requirement for dATP and cytochrome c. Cell 1996; 86: 147-57.

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein measurement with the Folin phenol reagent. |
Biol Chem 1951; 193: 265-75.

Lucken-Ardjomande S, Martinou JC. Regulation of Bcl-2 proteins and of the permeability of the outer
mitochondrial membrane. C R Biol 2005; 328: 616-31.

Luo X, Budihardjo I, Zou H, Slaughter C, Wang X. Bid, a Bcl2 interacting protein, mediates cytochrome ¢
release from mitochondria in response to activation of cell surface death receptors. Cell 1998; 94:
481-90.

Lutter M, Fang M, Luo X, Nishijima M, Xie X, Wang X. Cardiolipin provides specificity for targeting of
tBid to mitochondria. Nat Cell Biol 2000; 2: 754-61.

Lutter M, Perkins GA, Wang X. The pro-apoptotic Bcl-2 family member tBid localizes to mitochondrial
contact sites. BMC Cell Biol 2001; 2: 22.

Marchenko ND, Zaika A, Moll UM. Death signal-induced localization of p53 protein to mitochondria. A
potential role in apoptotic signaling. ] Biol Chem 2000; 275: 16202-12.

Marconi A, Vaschieri C, Zanoli S, Giannetti A, Pincelli C. Nerve growth factor protects human
keratinocytes from ultraviolet-B-induced apoptosis. ] Invest Dermatol 1999; 113: 920-7.

Martins LM, laccarino I, Tenev T, Gschmeissner S, Totty NF, Lemoine NR, et al. The serine protease
Omi/HtrA2 regulates apoptosis by binding XIAP through a reaper-like motif. ] Biol Chem 2002;
277: 439-44.

Marzo I, Brenner C, Zamzami N, Jurgensmeier JM, Susin SA, Vieira HL, et al. Bax and adenine nucleotide
translocator cooperate in the mitochondrial control of apoptosis. Science 1998; 281: 2027-31.

Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell Mol Life Sci
2005; 62: 670-84.

McDonnell JM, Fushman D, Milliman CL, Korsmeyer SJ, Cowburn D. Solution structure of the
proapoptotic molecule BID: a structural basis for apoptotic agonists and antagonists. Cell 1999;
96: 625-34.

McMillin JB, Dowhan W. Cardiolipin and apoptosis. Biochim Biophys Acta 2002; 1585: 97-107.

Mettlin CJ. Skin cancer and ozone depletion: the case for global action. ] Surg Oncol 2001; 77: 76-8.

Michels J, Johnson PW, Packham G. Mcl-1. Int | Biochem Cell Biol 2005; 37: 267-71.

Michels ], O'Neill JW, Dallman CL, Mouzakiti A, Habens F, Brimmell M, et al. Mcl-1 is requited for
Akata6 B-lymphoma cell survival and is converted to a cell death molecule by efficient caspase-
mediated cleavage. Oncogene 2004; 23: 4818-27.

Minn AJ, Velez P, Schendel SL, Liang H, Muchmore SW, Fesik SW, et al. Bel-x(L) forms an ion channel
in synthetic lipid membranes. Nature 1997; 385: 353-7.

78



References

Miyashita T, Reed JC. Tumor suppressor p53 is a direct transcriptional activator of the human bax gene.
Cell 1995; 80: 293-9.

Moseley PL. Heat shock proteins and heat adaptation of the whole organism. | Appl Physiol 1997; 83:
1413-7.

Mosser DD, Caron AW, Bourget L, Denis-Larose C, Massie B. Role of the human heat shock protein
hsp70 in protection against stress-induced apoptosis. Mol Cell Biol 1997; 17: 5317-27.

Mosser DD, Caron AW, Bourget L, Meriin AB, Sherman MY, Morimoto RI, et al. The chaperone
function of hsp70 is required for protection against stress-induced apoptosis. Mol Cell Biol 2000,
20: 7146-59.

Moulding DA, Giles RV, Spiller DG, White MR, Tidd DM, Edwards SW. Apoptosis is rapidly triggered
by antisense depletion of MCL-1 in differentiating U937 cells. Blood 2000; 96: 1756-63.

Muchmore SW, Sattler M, Liang H, Meadows RP, Harlan JE, Yoon HS, et al. X-ray and NMR structure
of human Bel-xL, an inhibitor of programmed cell death. Nature 1996; 381: 335-41.

Muramatsu T, Tada H, Kobayashi N, Yamji M, Shirai T, Ohnishi T. Induction of the 72-kD heat shock
protein in organ-cultured normal human skin. J Invest Dermatol 1992; 98: 786-90.

Muzio M, Stockwell BR, Stennicke HR, Salvesen GS, Dixit VM. An induced proximity model for caspase-
8 activation. | Biol Chem 1998; 273: 2926-30.

Nakano K, Vousden KH. PUMA, a novel proapoptotic gene, is induced by p53. Mol Cell 2001; 7: 683-94.

Narita M, Shimizu S, Ito T, Chittenden T, Lutz R], Matsuda H, et al. Bax interacts with the permeability
transition pore to induce permeability transition and cytochrome c release in isolated
mitochondria. Proc Natl Acad Sci U S A 1998; 95: 14681-6.

Nguyen M, Millar DG, Yong VW, Korsmeyer SJ, Shore GC. Targeting of Bcl-2 to the mitochondrial
outer membrane by a COOH-terminal signal anchor sequence. | Biol Chem 1993; 268: 25265-8.

Nijhawan D, Fang M, Traer E, Zhong Q, Gao W, Du F, et al. Elimination of Mcl-1 is required for the
initiation of apoptosis following ultraviolet irradiation. Genes Dev 2003; 17: 1475-86.

Nilsson C, Johansson U, Johansson AC, Kagedal K, Ollinger K. Cytosolic acidification and lysosomal
alkalinization during TNF-alpha induced apoptosis in U937 cells. Apoptosis 2006; 11: 1149-59.

Nomura M, Shimizu S, Sugiyama T, Narita M, Ito T, Matsuda H, et al. 14-3-3 Interacts directly with and
negatively regulates pro-apoptotic Bax. ] Biol Chem 2003; 278: 2058-65.

O'Connor L, Strasser A, O'Reilly LA, Hausmann G, Adams JM, Coty S, et al. Bim: a novel member of the
Bcl-2 family that promotes apoptosis. Embo ] 1998; 17: 384-95.

Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T, et al. Noxa, a BH3-only member of the
Bcl-2 family and candidate mediator of p53-induced apoptosis. Science 2000; 288: 1053-8.

Olie RA, Hafner C, Kuttel R, Sigrist B, Willers J, Dummer R, et al. Bcl-2 and bcl-xL. antisense
oligonucleotides induce apoptosis in melanoma cells of different clinical stages. ] Invest Dermatol
2002; 118: 505-12.

Oltvai ZN, Milliman CL, Korsmeyer SJ. Bcl-2 heterodimerizes in vivo with a conserved homolog, Bax,
that accelerates programmed cell death. Cell 1993; 74: 609-19.

Osborne BA. Apoptosis and the maintenance of homoeostasis in the immune system. Curr Opin
Immunol 1996; 8: 245-54.

Palmer JS, Duffy DL, Box NF, Aitken JF, O'Gorman LE, Green AC, et al. Melanocortin-1 receptor
polymorphisms and risk of melanoma: is the association explained solely by pigmentation
phenotype? Am ] Hum Genet 2000; 66: 176-86.

Pan G, Humke EW, Dixit VM. Activation of caspases triggered by cytochrome c in vitro. FEBS Lett
1998; 426: 151-4.

Papadakis ES, Finegan KG, Wang X, Robinson AC, Guo C, Kayahara M, et al. The regulation of Bax by
c-Jun N-terminal protein kinase (JNK) is a prerequisite to the mitochondrial-induced apoptotic
pathway. FEBS Lett 2006; 580: 1320-6.

Parsell DA, Lindquist S. The function of heat-shock proteins in stress tolerance: degradation and
reactivation of damaged proteins. Annu Rev Genet 1993; 27: 437-96.

Pasker-de Jong PC, Wielink G, van der Valk PG, van der Wilt GJ. Treatment with UV-B for psoriasis and
nonmelanoma skin cancer: a systematic review of the literature. Arch Dermatol 1999; 135: 834-
40.

Pathak MA, Hori Y, Szabé G, Fitzpathrick TB. The photobiology of melanin pigmentation in human
skin; in Kawamura, Fitzpatrick and Seiji Biology of normal and abnormal melanocytes. University
of Tokyo Press, Tokyo: 149-69 1971.

79



References

Petlis C, Hetlyn M. Recent advances in melanoma biology. Oncologist 2004; 9: 182-7.

Piepkorn M. Melanoma genetics: an update with focus on the CDKN2A(p16)/ARF tumor suppressors. J
Am Acad Dermatol 2000; 42: 705-22; quiz 723-6.

Platz A, Ringborg U, Hansson J. Hereditary cutaneous melanoma. Semin Cancer Biol 2000; 10: 319-26.

Polla BS, Kantengwa S, Francois D, Salvioli S, Franceschi C, Marsac C, et al. Mitochondria are selective
targets for the protective effects of heat shock against oxidative injury. Proc Natl Acad Sci U S A
1996; 93: 6458-63.

Pollock PM, Harper UL, Hansen KS, Yudt LM, Stark M, Robbins CM, et al. High frequency of BRAF
mutations in nevi. Nat Genet 2003; 33: 19-20.

Potapova O, Anisimov SV, Gorospe M, Dougherty RH, Gaarde WA, Boheler KR, et al. Targets of c-Jun
NH(2)-terminal kinase 2-mediated tumor growth regulation revealed by serial analysis of gene
expression. Cancer Res 2002; 62: 3257-63.

Putcha GV, Le S, Frank S, Besitli CG, Clark K, Chu B, et al. J]NK-mediated BIM phosphorylation
potentiates BAX-dependent apoptosis. Neuron 2003; 38: 899-914.

Puthalakath H, Huang DC, O'Reilly LA, King SM, Strasser A. The proapoptotic activity of the Bcl-2
family member Bim is regulated by interaction with the dynein motor complex. Mol Cell 1999; 3:
287-96.

Puthalakath H, Strasser A. Keeping killers on a tight leash: transcriptional and post-translational control of
the pro-apoptotic activity of BH3-only proteins. Cell Death Differ 2002; 9: 505-12.

Puthalakath H, Villunger A, O'Reilly LA, Beaumont JG, Coultas L, Cheney RE, et al. Bmf: a proapoptotic
BH3-only protein regulated by interaction with the myosin V actin motor complex, activated by
anoikis. Science 2001; 293: 1829-32.

Quevedo WC, Jr., Szabo G, Virks |, Sinesi SJ. Melanocyte populations in UV-irradiated human skin. J
Invest Dermatol 1965; 45: 295-8.

Raisova M, Hossini AM, Ebetle J, Riebeling C, Wieder T, Sturm I, et al. The Bax/Bcl-2 ratio determines
the susceptibility of human melanoma cells to CD95/Fas-mediated apoptosis. ] Invest Dermatol
2001; 117: 333-40.

Ramjaun AR, Tomlinson S, Eddaoudi A, Downward J. Upregulation of two BH3-only proteins, Bmf and
Bim, during TGFbeta-induced apoptosis. Oncogene 2007; 26: 970-81.

Rees JL. The melanocortin 1 receptor (MC1R): more than just red hair. Pigment Cell Res 2000; 13: 135-
40.

Rheinwald JG, Green H. Serial cultivation of strains of human epidermal keratinocytes: the formation of
keratinizing colonies from single cells. Cell 1975; 6: 331-43.

Riabowol KT, Mizzen LA, Welch WJ. Heat shock is lethal to fibroblasts microinjected with antibodies
against hsp70. Science 1988; 242: 433-6.

Roberg K, Johansson U, Ollinger K. Lysosomal release of cathepsin D precedes relocation of cytochrome
c and loss of mitochondrial transmembrane potential during apoptosis induced by oxidative
stress. Free Radic Biol Med 1999; 27: 1228-37.

Roberg K, Kigedal K, Ollinger K. Microinjection of cathepsin d induces caspase-dependent apoptosis in
fibroblasts. Am ] Pathol 2002; 161: 89-96.

Roberg K, Ollinger K. Oxidative stress causes relocation of the lysosomal enzyme cathepsin D with
ensuing apoptosis in neonatal rat cardiomyocytes. Am ] Pathol 1998; 152: 1151-6.

Rosdahl I, Rorsman H. An estimate of the melanocyte mass in humans. J Invest Dermatol 1983; 81: 278-
81.

Rosdahl I, Szabé G. Ultrastructure of the human melanocyte system in the newborn, with special
reference to racial differences. Pigment Cell, vol. 3. Edited by Riley V. Basel, Karger: 1-12, 1976.

Rosdahl IK. Melanocyte mitosis in UVB-irradiated mouse skin. Acta Derm Venereol 1978; 58: 217-21.

Rosdahl IK. Local and systemic effects on the epidermal melanocyte population in UV-irradiated mouse
skin. J Invest Dermatol 1979; 73: 306-9.

Rosdahl IK, Szabé G. Mitotic activity of epidermal melanocytes in UV-irradiated mouse skin. | Invest
Dermatol 1978; 70: 143-8.

Rosenstein  BS, Mitchell DL. Action spectra for the induction of pyrimidine(6-4)pyrimidone
photoproducts and cyclobutane pyrimidine dimers in normal human skin fibroblasts. Photochem
Photobiol 1987; 45: 775-80.

80



References

Sabapathy K, Jochum W, Hochedlinger K, Chang L, Karin M, Wagner EF. Defective neural tube
morphogenesis and altered apoptosis in the absence of both JNK1 and JNK2. Mech Dev 1999;
89: 115-24.

Saleh A, Srinivasula SM, Balkir L, Robbins PD, Alnemri ES. Negative regulation of the Apaf-1
apoptosome by Hsp70. Nat Cell Biol 2000; 2: 476-83.

Samali A, Cotter TG. Heat shock proteins increase resistance to apoptosis. Exp Cell Res 1996; 223: 163-
70.

Samuel T, Weber HO, Rauch P, Verdoodt B, Eppel JT, McShea A, et al. The G2/M regulator 14-3-
3sigma prevents apoptosis through sequestration of Bax. ] Biol Chem 2001; 276: 45201-6.

Sarasin A. The molecular pathways of ultraviolet-induced carcinogenesis. Mutat Res 1999; 428: 5-10.

Sato T, Kawada A. Mitotic activity of hairless mouse epidermal melanocytes: its role in the increase of
melanocytes during ultraviolet radiation. ] Invest Dermatol 1972; 58: 392-5.

Sawada M, Sun W, Hayes P, Leskov K, Boothman DA, Matsuyama S. Ku70 suppresses the apoptotic
translocation of Bax to mitochondria. Nat Cell Biol 2003; 5: 320-9.

Schendel SL, Xie Z, Montal MO, Matsuyama S, Montal M, Reed JC. Channel formation by antiapoptotic
protein Bcl-2. Proc Natl Acad Sci U S A 1997; 94: 5113-8.

Schlesinger PH, Gross A, Yin XM, Yamamoto K, Saito M, Waksman G, et al. Comparison of the ion
channel characteristics of proapoptotic BAX and antiapoptotic BCL-2. Proc Natl Acad Sci U S A
1997; 94: 11357-62.

Schmitt E, Maingret L, Puig PE, Rerole AL, Ghiringhelli F, Hammann A, et al. Heat shock protein 70
neutralization exerts potent antitumor effects in animal models of colon cancer and melanoma.
Cancer Res 20006; 66: 4191-7.

Sedlak TW, Oltvai ZN, Yang E, Wang K, Boise LH, Thompson CB, et al. Multiple Bcl-2 family members
demonstrate selective dimerizations with Bax. Proc Natl Acad Sci U S A 1995; 92: 7834-8.

Seiji M, Fitzpatrick TB, Birbeck MS. The melanosome: a distinctive subcellular particle of mammalian
melanocytes and the site of melanogenesis. J Invest Dermatol 1961; 36: 243-52.

Shimizu S, Narita M, Tsujimoto Y. Bcl-2 family proteins regulate the release of apoptogenic cytochrome ¢
by the mitochondrial channel VDAC. Nature 1999; 399: 483-7.

Simon MM, Reikerstorfer A, Schwarz A, Krone C, Luger TA, Jaattela M, et al. Heat shock protein 70
overexpression affects the response to ultraviolet light in murine fibroblasts. Evidence for
increased cell viability and suppression of cytokine release. J Clin Invest 1995; 95: 926-33.

Slee EA, O'Connor DJ, Lu X. To die or not to die: how does p53 decide? Oncogene 2004; 23: 2809-18.

Sorice M, Circella A, Cristea IM, Garofalo T, Di Renzo L, Alessandri C, et al. Cardiolipin and its
metabolites move from mitochondria to other cellular membranes during death receptor-
mediated apoptosis. Cell Death Differ 2004; 11: 1133-45.

Stankiewicz AR, Lachapelle G, Foo CP, Radicioni SM, Mosser DD. Hsp70 inhibits heat-induced
apoptosis upstream of mitochondria by preventing Bax translocation. | Biol Chem 2005; 280:
38729-39.

Steel R, Doherty JP, Buzzard K, Clemons N, Hawkins CJ, Anderson RL. Hsp72 inhibits apoptosis
upstream of the mitochondria and not through interactions with Apaf-1. ] Biol Chem 2004; 279:
51490-9.

Stefanato CM, Yaar M, Bhawan J, Phillips T], Kosmadaki MG, Botchkarev V, et al. Modulations of nerve
growth factor and Bcl-2 in ultraviolet-irradiated human epidermis. ] Cutan Pathol 2003; 30: 351-7.

Stennicke HR, Deveraux QL, Humke EW, Reed JC, Dixit VM, Salvesen GS. Caspase-9 can be activated
without proteolytic processing. ] Biol Chem 1999; 274: 8359-62.

Stern RS, Lange R. Non-melanoma skin cancer occurring in patients treated with PUVA five to ten years
after first treatment. ] Invest Dermatol 1988; 91: 120-4.

Stern RS, Nichols KT, Vakeva LH. Malignant melanoma in patients treated for psoriasis with methoxsalen
(psoralen) and ultraviolet A radiation (PUVA). The PUVA Follow-Up Study. N Engl ] Med 1997;
336: 1041-5.

Stierner U, Rosdahl I, Augustsson A, Kagedal B. UVB irradiation induces melanocyte increase in both
exposed and shielded human skin. | Invest Dermatol 1989; 92: 561-4.

Stoka V, Turk B, Schendel SL, Kim TH, Cirman T, Snipas SJ, et al. Lysosomal protease pathways to
apoptosis. Cleavage of bid, not pro-caspases, is the most likely route. ] Biol Chem 2001; 276:
3149-57.

81



References

Strub A, Lim JH, Pfanner N, Voos W. The mitochondrial protein import motor. Biol Chem 2000; 381:
943-9.

Susin SA, Lorenzo HK, Zamzami N, Marzo I, Snow BE, Brothers GM, et al. Molecular characterization
of mitochondrial apoptosis-inducing factor. Nature 1999; 397: 441-6.

Suzuki Y, Imai Y, Nakayama H, Takahashi K, Takio K, Takahashi R. A serine protease, HtrA2, is released
from the mitochondria and interacts with XIAP, inducing cell death. Mol Cell 2001; 8: 613-21.

Szabé G. The number of melanocytes in human epidermis. Br Med J 1954; 1: 1016-7.

Szab6 G. Photobiology of melanogenesis: cytological aspects with special reference to differences in racial
coloration. Advances in Biology of Skin, vol. 8. Edited by Montagna W, Hu F. Oxford/New
York, Pergamon Press: 379-96, 1967a.

Szab6 G. The regional anatomy of the human integument with special reference to the distribution of hair
follicles, sweat glands and melanocytes. Philos Trans R Soc Lond (Biol Sci), 252: 447-85, 1967b.

Szabé G, Gerald AB, Pathak MA, Fitzpatrick TB. Racial differences in the fate of melanosomes in human
epidermis. Nature 1969; 222: 1081-2.

Tardy C, Codogno P, Autefage H, Levade T, Andrieu-Abadie N. Lysosomes and lysosomal proteins in
cancer cell death (new players of an old struggle). Biochim Biophys Acta 2006; 1765: 101-25.

Tarras-Wahlberg N, Stenhagen G, Larko O, Rosen A, Wennberg AM, Wennerstrom O. Changes in
ultraviolet absorption of sunscreens after ultraviolet irradiation. | Invest Dermatol 1999; 113: 547-
53.

Terrones O, Antonsson B, Yamaguchi H, Wang HG, Liu J, Lee RM, et al. Lipidic pore formation by the
concerted action of proapoptotic BAX and tBID. ] Biol Chem 2004; 279: 30081-91.

Thallinger C, Wolschek MF, Wacheck V, Maiethofer H, Gunsbetg P, Polterauer P, et al. Mcl-1 antisense
therapy chemosensitizes human melanoma in a SCID mouse xenotransplantation model. ] Invest
Dermatol 2003; 120: 1081-6.

Thompson CB. Apoptosis in the pathogenesis and treatment of disease. Science 1995; 267: 1456-62.

Thornberry NA, Lazebnik Y. Caspases: enemies within. Science 1998; 281: 1312-6.

Toda K, Pathak MA, Fitzpatrick TB, Quevedo WCj, Morikawa F, Nakayama Y. Skin color: its
ultrastructure and its determining mechanism; in McGovern, Russell and Riley. Pigment Cell, vol.
1. Karger, Basel: 66-81, 1973.

Tournier C, Hess P, Yang DD, Xu J, Turner TK, Nimnual A, et al. Requirement of JNK for stress-
induced activation of the cytochrome c-mediated death pathway. Science 2000; 288: 870-4.
Towbin H, Stachelin T, Gordon J. Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: procedure and some applications. Proc Natl Acad Sci U S A 1979; 76: 4350-

4.

Trautinger F, Kindas-Mugge I, Batlan B, Neuner P, Knobler RM. 72-kD heat shock protein is a mediator
of resistance to ultraviolet B light. ] Invest Dermatol 1995; 105: 160-2.

Tron VA, Coughlin MD, Jang DE, Stanisz ], Sauder DN. Expression and modulation of nerve growth
factor in murine keratinocytes (PAM 212). ] Clin Invest 1990; 85: 1085-9.

Tsujimoto Y. Cell death regulation by the Bcl-2 protein family in the mitochondtia. ] Cell Physiol 2003;
195: 158-67.

Tsujimoto Y, Cossman J, Jaffe E, Croce CM. Involvement of the bcl-2 gene in human follicular
lymphoma. Science 1985; 228: 1440-3.

Tsuruta F, Sunayama J, Mori Y, Hattori S, Shimizu S, Tsujimoto Y, et al. J]NK promotes Bax translocation
to mitochondria through phosphorylation of 14-3-3 proteins. Embo ] 2004; 23: 1889-99.

Urteaga O, Pack GT. On the antiquity of melanoma. Cancer 1966; 19: 607-10.

Vanderlinde RE. Measurement of total lactate dehydrogenase activity. Ann Clin Lab Sci 1985; 15: 13-31.

Verhagen AM, Ekert PG, Pakusch M, Silke J, Connolly LM, Reid GE, et al. Identification of DIABLO, a
mammalian protein that promotes apoptosis by binding to and antagonizing IAP proteins. Cell
2000; 102: 43-53.

Verma S, Zhao L], Chinnadurai G. Phosphorylation of the pro-apoptotic protein BIK: mapping of
phosphortylation sites and effect on apoptosis. | Biol Chem 2001; 276: 4671-6.

Vincensi MR, d'Ischia M, Napolitano A, Procaccini EM, Riccio G, Monfrecola G, et al. Phacomelanin
versus eumelanin as a chemical indicator of ultraviolet sensitivity in fair-skinned subjects at high
risk for melanoma: a pilot study. Melanoma Res 1998; 8: 53-8.

Walker JR, Corpina RA, Goldberg J. Structure of the Ku heterodimer bound to DNA and its implications
for double-strand break repair. Nature 2001; 412: 607-14.

82



References

Walter SD, King WD, Marrett LD. Association of cutaneous malignant melanoma with intermittent
exposure to ultraviolet radiation: results of a case-control study in Ontario, Canada. Int |
Epidemiol 1999; 28: 418-27.

Wang SQ, Setlow R, Berwick M, Polsky D, Marghoob AA, Kopf AW, et al. Ultraviolet A and melanoma:
a review. ] Am Acad Dermatol 2001; 44: 837-46.

Wei MC, Lindsten T, Mootha VK, Weiler S, Gross A, Ashiya M, et al. tBID, a membrane-targeted death
ligand, oligomerizes BAK to release cytochrome c. Genes Dev 2000; 14: 2060-71.

Wei MC, Zong WX, Cheng EH, Lindsten T, Panoutsakopoulou V, Ross AJ, et al. Proapoptotic BAX and
BAK: a requisite gateway to mitochondrial dysfunction and death. Science 2001; 292: 727-30.

Wenczl E, Van der Schans GP, Roza L, Kolb RM, Timmerman AJ, Smit NP, et al. (Pheo)melanin
photosensitizes UVA-induced DNA damage in cultured human melanocytes. | Invest Dermatol
1998; 111: 678-82.

Weng C, Li Y, Xu D, Shi Y, Tang H. Specific cleavage of Mcl-1 by caspase-3 in tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-induced apoptosis in Jurkat leukemia T cells. ] Biol
Chem 2005; 280: 10491-500.

Werneburg NW, Guicciardi ME, Bronk SF, Gores GJ. Tumor necrosis factor-alpha-associated lysosomal
permeabilization is cathepsin B dependent. Am ] Physiol Gastrointest Liver Physiol 2002; 283:
G947-56.

Westerdahl J, Ingvar C, Masback A, Jonsson N, Olsson H. Risk of cutaneous malignant melanoma in
relation to use of sunbeds: further evidence for UV-A carcinogenicity. Br ] Cancer 2000a; 82:
1593-9.

Westerdahl J, Ingvar C, Masback A, Olsson H. Sunscreen use and malignant melanoma. Int J Cancer
2000b; 87: 145-50.

Westerdahl ], Olsson H, Ingvar C, Brandt L, Jonsson PE, Moller T. Southern travelling habits with special
reference to tumour site in Swedish melanoma patients. Anticancer Res 1992; 12: 1539-42.

Westerhof W. The discovery of the human melanocyte. Pigment Cell Res 2006; 19: 183-93.

Whiteman DC, Whiteman CA, Green AC. Childhood sun exposure as a risk factor for melanoma: a
systematic review of epidemiologic studies. Cancer Causes Control 2001; 12: 69-82.

Willis SN, Adams JM. Life in the balance: how BH3-only proteins induce apoptosis. Curr Opin Cell Biol
2005; 17: 617-25.

Willis SN, Chen L, Dewson G, Wei A, Naik E, Fletcher JI, et al. Proapoptotic Bak is sequestered by Mcl-1
and Bel-xL, but not Bcl-2, until displaced by BH3-only proteins. Genes Dev 2005; 19: 1294-305.

Willis SN, Fletcher JI, Kaufmann T, van Delft MF, Chen L, Czabotar PE, et al. Apoptosis initiated when
BH3 ligands engage multiple Bcl-2 homologs, not Bax or Bak. Science 2007; 315: 856-9.

Wilson N, McArdle A, Guerin D, Tasker H, Wateing P, Foster CS, et al. Hyperthermia to normal human
skin in vivo upregulates heat shock proteins 27, 60, 72i and 90. J Cutan Pathol 2000; 27: 176-82.

Wolf P, Schéllnast R, Hofer A, Smolle J, Kerl H. Malignant melanoma after psoralen and ultraviolet A
(PUVA) therapy. Br ] Dermatol 1998; 138: 1100-1.

Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG, Youle R]. Movement of Bax from the cytosol to
mitochondria during apoptosis. ] Cell Biol 1997; 139: 1281-92.

Yaar M, Gilchrest BA. Human melanocyte growth and differentiation: a decade of new data. | Invest
Dermatol 1991; 97: 611-7.

Yang E, Zha ], Jockel J, Boise LH, Thompson CB, Korsmeyer SJ. Bad, a heterodimeric partner for Bel-
XL and Bcl-2, displaces Bax and promotes cell death. Cell 1995; 80: 285-91.

Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai ], et al. Prevention of apoptosis by Bcl-2: release of
cytochrome ¢ from mitochondria blocked. Science 1997; 275: 1129-32.

Yin L, Stearns R, Gonzalez-Flecha B. Lysosomal and mitochondrial pathways in H202-induced apoptosis
of alveolar type II cells. | Cell Biochem 2005; 94: 433-45.

Yin XM, Oltvai ZN, Korsmeyer SJ. BH1 and BH2 domains of Bcl-2 are required for inhibition of
apoptosis and heterodimerization with Bax. Nature 1994; 369: 321-3.

Young AR. The sunburn cell. Photodermatol 1987; 4: 127-34.

Yu C, Minemoto Y, Zhang ], Liu J, Tang F, Bui TN, et al. JNK suppresses apoptosis via phosphorylation
of the proapoptotic Bcl-2 family protein BAD. Mol Cell 2004; 13: 329-40.

Yuan J, Shaham S, Ledoux S, Ellis HM, Horvitz HR. The C. elegans cell death gene ced-3 encodes a
protein similar to mammalian interleukin-1 beta-converting enzyme. Cell 1993; 75: 641-52.

83



References

Yuan XM, Li W, Dalen H, Lotem J, Kama R, Sachs L, et al. Lysosomal destabilization in p53-induced
apoptosis. Proc Natl Acad Sci U S A 2002; 99: 6286-91.

Zha ], Harada H, Yang E, Jockel J, Korsmeyer SJ. Serine phosphorylation of death agonist BAD in
response to survival factor results in binding to 14-3-3 not BCL-X(L). Cell 1996; 87: 619-28.

Zhai S, Yaar M, Doyle SM, Gilchrest BA. Nerve growth factor rescues pigment cells from ultraviolet-
induced apoptosis by upregulating BCL-2 levels. Exp Cell Res 1996; 224: 335-43.

Zhang H, Kim JK, Edwards CA, Xu Z, Taichman R, Wang CY. Clusterin inhibits apoptosis by interacting
with activated Bax. Nat Cell Biol 2005; 7: 909-15.

Zong WX, Lindsten T, Ross AJ, MacGregor GR, Thompson CB. BH3-only proteins that bind pro-
survival Bel-2 family members fail to induce apoptosis in the absence of Bax and Bak. Genes Dev
2001; 15: 1481-6.

Zoratti M, Szabo I, De Marchi U. Mitochondrial permeability transitions: how many doors to the house?
Biochim Biophys Acta 2005; 1706: 40-52.

Zou H, Li'Y, Liu X, Wang X. An APAF-1.cytochrome ¢ multimeric complex is a functional apoptosome
that activates procaspase-9. ] Biol Chem 1999; 274: 11549-56.

84



	 
	ORIGINAL PUBLICATIONS
	  
	ABBREVIATIONS
	 INTRODUCTION
	THE SKIN
	Historical aspect
	Incidence
	Risk factors
	Genetics


	 APOPTOSIS
	Death receptor pathway
	 Mitochondrial pathway
	 Crosstalk between the apoptotic pathways
	 Bcl-2 family proteins in the induction of cytochrome c release
	 Mcl-1
	Mitochondrial membrane permeabilization
	 Sequestration of Bax in the cytosol
	BH3-domain-only proteins
	Lysosomal membrane permeabilization
	Cathepsin B and D involvement in apoptosis
	 Lysosomal participation in the apoptotic pathways



	 AIMS OF THE THESIS
	 
	 MATERIALS AND METHODS
	 
	RESULTS
	 DISCUSSION
	CONCLUSIONS
	SIGNIFICANCE OF THE STUDY AND FUTURE PERSPECTIVES
	ACKNOWLEDGEMENTS
	REFERENCES


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 6.496 x 9.449 inches / 165.0 x 240.0 mm
     Shift: none
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20070330093304
       680.3150
       S5
       Blank
       467.7165
          

     Tall
     1
     0
     No
     165
     410
    
     None
     Left
     2.8346
     0.0000
            
                
         Both
         149
         AllDoc
         154
              

       CurrentAVDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     83
     84
     83
     84
      

   1
  

 HistoryList_V1
 qi2base





