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ABSTRACT
Malignant melanoma is one of the most rapidly increasing cancers and accounts for about threequarter of all skin cancer deaths worldwide. Despite compelling evidence that ultraviolet (UV)
irradiation causes melanoma the knowledge how various wavelength spectra affect the balance
between proliferation and apoptosis controlling the homeostasis of the melanocyte population is
still limited. The aim of this thesis was to elucidate the regulation of UVA/B induced apoptotic
signaling in human epidermal melanocytes in vitro in relation to redox alterations and antioxidant
photoprotection.
UVA irradiation induced changes in plasma membrane stability, decreased cell proliferation and
increased apoptosis. In comparison, melanocyte plasma membrane was markedly resistant to
UVB irradiation although apoptosis was triggered. Thus, UVA irradiation should not be
overlooked as an etiologic factor in melanoma development. Further, after irradiation with
UVA/B we found alterations in redox state manifested by a reduction of intracellular GSH levels,
translocation of nuclear factor-κB from the cytosol to the nucleus, an increase of γglutamylcysteine synthetase, the rate-limiting enzyme in GSH synthesis, and an increased
apoptosis frequency. α-Tocopherol provided photoprotection through several modes of action
affecting redox alterations and signaling, stabilizing the plasma membrane, and decreased
proliferation and apoptosis rate, while β-carotene did not show the same protective capacity.
Altogether, α-tocopherol might be a useful substance in protecting melanocytes from UV
induced damage.
We demonstrate UVA/B irradiation to activate the intrinsic pathway of apoptosis in melanocytes
where translocation of Bcl-2 family proteins to the mitochondria modulates the apoptosis signal.
Interestingly, the anti-apoptotic Bcl-2 family proteins generally thought to be attached to
membranes, were localized in the cytosol before UV irradiation and translocated to the
mitochondria in the surviving population, which might be a critical event in preventing apoptotic
cell death. Lysosomal cathepsins were released to the cytosol acting as pro-apoptotic mediators
upstream of activation and translocation of Bax to the mitochondria. When melanocytes were
exposed to UVA, p53 participated in apoptosis regulation through interaction with Bcl-2 family
proteins, while UVB induced p53-transcriptional activity and apoptosis involving lysosomal
membrane permeabilization. Thus, depending on the UV wavelength p53 mediated apoptosis in
melanocytes by transcriptional dependent or independent activity. These results emphasize p53 as
an important pro-apoptotic component in the regulation of apoptosis.
This thesis gives new insight in the harmful and various effects of different wavelengths within
the UV spectrum on human melanocytes in vitro. Improved knowledge of the apoptosis
regulatory systems in melanocytes might lead to a better understanding of the formation of
pigment nevi and malignant melanoma and, in the future, provide better strategies to prevent and
eliminate tumor development and progression.
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ABBREVIATIONS AND SYNONYMS
AFC
AMC
Apaf-1
B
BH
DAPI
DISC
DMSO
DOPA
DTNB/TNB
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FDA
FITC
GAPDH
GSH/GSSG
GSH-Px
GSH-R
H2O2
HO•
HO-1
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NF-κB
1
O*2
1
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ROH
ROOH
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UVB
UVC
γ-GCS

7-amino-4-trifluoro-methylcoumarin
7-amino-4-methylcoumarin
apoptotic protease activating factor
biomolecule
Bcl-2 homology
4',6-diamidino-2-phenylindole
death inducing signaling complex
dimethyl sulphoxide
3,4-dihydroxyphenylalanine
5,5’-dithiobis-(2-nitrobenzoic acid)/2-nitro-5-thiobenzoic acid
inhibitor of cysteine cathepsins
fluorescein diacetate
fluorescein isothiocyanate
glyceraldehyde-3-phosphate dehydrogenase
reduced/oxidized glutathione
glutathione peroxidase
glutathione reductase
hydrogen peroxide
hydroxyl radical
heme oxygenase - 1
melanocortin 1 receptor
transition ion
nicotinamide adenine dinucleotide phosphate, reduced/oxidized
nuclear factor-κB
singlet oxygen
singlet oxygen
superoxide radical
pifithrin-α
propidium iodide
protein phosphatase
photosensitizer
alkoxyl
peroxyl
reactive oxygen species
tetrahydrofuran
tumor necrosis factor
TNF-related apoptosis inducing ligand
ultraviolet
320-400 nm
280-320 nm
200-280 nm
γ-glutamylcysteine synthethase

Introduction

INTRODUCTION
The first evidence of human knowledge about injuries caused by solar irradiation is dated back to
the ancient Egypt, where findings of hieroglyphics and pictures show the use of ointments to
protect the skin from the sun (Dayagi-Mendels, 1989). Subsequently, pharaonic medicine also
describes color changes and tumors in the skin. Approximately 2400 years old Inca mummies
show evident signs of melanoma both in skin and in bone tissue (reviewed in Urteaga & Pack,
1966). The effects of sunlight during both the Greek and the Roman Empire were considered
both beneficial and harmful and treatment of diverse medical conditions with sunlight was
widely accepted. From the late 17th century until the 19th century the predominant ideal was a
pale skin as a symbol of high social rank. In turn, moles were popular as beauty marks as well as
assigned religious implications paradoxical later associated with risk of melanoma development.
In 1806, Laennec was the first to describe “le mélanose” as a disease and Robert Carswell, (1838)
coined the word melanoma. The Italian zoologist Sangiovanni, (1819) was the first to describe
pigment cells in the squid, but it took another two decades until Henle, (1837) identified the
pigment producing cell in the epidermis and further 50 years until the word melanocyte was
introduced (Meyerson, 1889). During the 20th century our relation to the sun has been
paradoxical, solar behavior and tanning was considered a sign of health and good living standard
though emerging evidence of sun related tumorigenesis.

The Skin
The skin has three major layers, the epidermis, the dermis and the subcutaneous layer (Fig. 1).

Figure 1. Vertical section of the skin. The upper portion consists of layers of the
epidermis and the lower portion is the dermis, resting on the subcutaneous layer, subcutis.
Figure modified from Starr & Taggart, (1995).

1

Introduction
The epidermis is a multilayered epithelium that forms the interface between the organism and its
environment. It functions as a barrier preventing dehydration, limits hydration, screens harmful
irradiation from the sun and blocks the penetration of microbes and destructive chemicals. The
epidermis has the mechanical strength to withstand damage and is also capable of self-repair.
Consisting cells of the epidermis are predominantly epithelial keratinocytes (90-95%), pigment
producing melanocytes, antigenpresenting Langerhans and touch transducer Merkel cells. The
basement membrane separates and holds the epidermis and dermis together. The dermis is a
connective tissue layer comprising fibroblasts, which synthesize collagen, elastic and reticular
fibers that give the skin support and flexibility. Blood vessels, nerves and the hair follicles with
their associated muscle and glands traverse the extracellular matrix of the dermis. The
subcutaneous layer consists of loose connective tissue and large amounts of adipose tissue giving
rise to the body’s insulation and energy reserve.

The Keratinocyte
The keratinocytes actively synthesize intermediate filaments composed of keratin, anchored to
the desmosomes joining adjacent cells to provide structural support of the skin (Holbrook,
1994). The keratinocytes are arranged in four distinct layers representing different stages in
maturation. The constant shedding of dead cells is balanced by proliferation of new keratinocytes
from a single layer of basal cells. Keratinocytes have the major role in providing the barrier
properties of the epidermis and in accomplishing its repair and regeneration (Robins, 1991; Leigh
et al., 1994).

The Melanocyte
Melanocytes are thin, elongated, dendritic cells with a neural crest origin. During embryonic life
the melanoblasts, melanocyte precursors, migrate into the epidermis through the dermis to settle
along the basal layer, interspersed between keratinocytes. Ultrastructural studies on early human
embryos have shown the presence of melanocytes in the epidermis by the eighth week of
gestation (Rosdahl & Szabo, 1976). Though, a few percent of the total melanocyte population
will be found elsewhere, e.g. in the eye and the hair follicle.
The average population density of melanocytes in the skin is between 1,000-1,500 cells/mm2,
and varies in different parts of the body (Szabo, 1959, Rosdahl & Rorsman, 1983). Aging reduces
the number of melanocytes with 6-8% per decade (Fitzpatrick et al., 1965; Gilchrest et al., 1979).
Jimbow et al., (1975) was the first to report that the epidermal melanocytes of adult human skin
normally underwent mitotic division, though at rare occasions. Rosdahl and coworkers
demonstrated melanocytes of the mouse ear skin to undergo continuous renewal just like
keratinocytes (Rosdahl & Lindström, 1980; Rosdahl & Bagge, 1981). Further, repeated ultra
violet (UV) irradiation induces a transient multifold increase in melanocyte proliferation in
human skin resulting in a maximum density of 3-4,000 melanocytes/mm2. When UV exposure is
discontinued the melanocytes population density returned to starting value (Rosdahl & Szabo,
1976, 1978).
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Epidermal melanin unit
Each melanocyte is normally associated with 30-40 keratinocytes and together they form a
structural and functional unit, the epidermal melanin unit (Fig. 2) (Fitzpatrick & Breathnach,
1963).

Figure 2. Overview of melanogenesis and the epidermal melanin unit.

The main function of the epidermal melanin unit is to provide photoprotection, obtained
through melanin synthesis in the melanocytes. Melanin is packaged in melanosomes and then
transferred to surrounding keratinocytes through the long dendrites of the melanocytes. Within
the keratinocyte, melanosomes localize over the nucleus and in this way protect the genetic
material from UV irradiation (Fitzpatrick, 1986). During the passage of keratinocytes through the
epidermis, proteins are degraded and melanin is spread in the keratinocytes cytosol.
The basal constitutively level of melanin synthesis is activated by various stimuli, e.g. UV
irradiation (Robins, 1991). Melanins are classified into two main groups, the black and brown
pigment eumelanins and phaeomelanins ranging from yellow to reddish brown (Prota, 1980).
Both eumelanins and phaeomelanins are derived from the amino acid tyrosine, which is oxidized
to 3,4-dihydroxyphenylalanine (DOPA) by tyrosinase, the rate-limiting enzyme in melanin
synthesis, which also catalyses the further oxidation to dopaquinone. Dopaquinone is converted
by a series of complex reactions to either eumelanin or, if cysteine is present, to phaeomelanin
(Fig. 2) (Prota, 1980).
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Melanin is considered the major chromophore in the skin and acts as a neutral filter reducing
both in the UV spectrum and visible light. Melanins provide protection of the skin by several
mechanisms, namely by scattering, absorption and by dissipation of the radiant energy as heat
(Maccarone et al., 1997; Nordlund et al., 1998). Further, melanin acts as an antioxidant by
deactivating electronically excited oxidizing species, by sequestering redox-active metal ions and
by scavenging intermediate radicals (Nordlund et al., 1998). Though, melanin is considered as a
protective molecule, it can be degraded when exposed to UV irradiation leading to formation of
melanin free radicals (Hill et al., 1997; Maccarone et al., 1997; Moan et al., 1999). Phaeomelanins
are considered to produce higher yields of melanin free radicals than eumelanins upon UVexposure (Sealy, 1984; Sealy et al., 1984; Sarna et al., 1985). Thus, melanin might play a dual role
in skin carcinogenesis.

Ultraviolet irradiation
UV irradiation comprises electromagnetic rays with wavelengths between 200 and 400 nm, and is
divided into UVA (320-400 nm), UVB (280-320 nm) and UVC (200-280 nm) (Fig. 3). The
primary source of human exposure to UV irradiation is the sun. The solar energy reaching the
earth contains approximately 39% visible, 55% infrared and 6% UV irradiation.

Figure 3. The electromagnetic irradiation spectrum.

The emission of the sun starts at about 200 nm, but the stratospheric oxygen and ozone absorbs
all UV irradiation below 290 nm, i.e. UVC and 90% of solar UVB irradiation. UVA, constitutes
approximately 99% of the total UV irradiation reaching the earth, and penetrates the skin all the
way to deep dermis, while UVB penetrates only through the epidermis (Emonet-Piccardi et al.,
1998). However, a UVB photon at 290 nm attains 1,000-10,000 times more energy than a
photon at 330 nm.

The tanning effect of UVR
The tanning response after exposure to the sun or to artificial UV irradiation involves two steps,
immediate pigment darkening and delayed tanning (Robins, 1991).
Immediate pigment darkening occurs within minutes after exposure to UVA and is characterized
by cellular redistribution of melanosomes and photo-oxidation of pre-formed melanin
precursors. Within a couple of hours the reaction reaches a maximum and then fades between 324 hours after irradiation (Lavker & Kaidbey, 1982).
Delayed tanning is a gradual process of increased melanin production in response to both UVB
and UVA. Tyrosinase activation by nucleotide residues, from sites of UV irradiation induced
melanocyte DNA damage, appears likely to initiate the process (Gilchrest, 1995). This reaction
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involves an increase in melanogenesis resulting in fully melanized melanosomes, enhanced
melanosome production and, following repeated UV irradiation, an increase in the numbers of
active melanocytes. Delayed tanning gives rise to a durable tan, persisting for weeks to months.

Figure 4. Erythemogenic capacity of ultraviolet irradiation in the skin.
(Modified from McKinlay & Diffey, 1987)

Overexposure to UV irradiation induces vasodilatation resulting in reddening of the skin. The
erythemogenic capacity of UVB is to a great extent superior to that of UVA. The severity of
sunburn has been found to peak in the low-frequency UVB range near the 320 nm transition to
UVA (Fig. 4).

Skin cancer
The different types of skin cancer are named according to cell origin and divided into nonmelanoma skin cancer, which comprises basal cell carcinoma, and squamous cell carcinoma,
which might locally disfigure but are unlikely to spread, and the most perilous form of skin
cancer, malignant melanoma.

Malignant melanoma
Malignant melanoma arises from the epidermal melanocytes. The etiology of melanoma is a
complex interplay between genetics, host characteristics and environmental factors. Malignant
melanoma metastasizes readily and is fatal if not diagnosed and treated in time as it responds
poorly to conventional therapy. Melanoma of the skin usually grows from existing nevi and
typically tends to appear as a brown to black pigmented lesion with an irregular border and
raised surface.
The rate of increase of malignant melanoma incidence varies around the world. In Sweden, the
incidence rate increased from 4 to 20 per 100,000 between 1960 and today, corresponding a
doubling per decade (Cancer incidence in Sweden 2004. Stockholm: National Board of Health
and Welfare, 2006). Malignant melanoma of the skin accounts for 3.9% of all registered
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malignant tumors and is the 6 most common malignancy in women and the 7th in men.
Malignant melanoma affects approximately 2,000 individuals and causes 400 deaths annually in
Sweden. The highest incidence in the world is recorded for white-skinned individuals in
Australia, New Zeeland and in the southern parts of Europe and USA (Stiller, 2007).
Risk factors
Approximately 10% of human cutaneous melanomas occur in families in which several members
are affected, and the predisposition is often associated with occurrence of multiple dysplastic
nevi (Platz et al., 2000). Further, all known germline mutations transcriptionally regulate
expression of proteins involved in cell cycle control. The tumor suppressor gene CDKN2A
located at chromosome region 9p21 and markers on chromosomes 1p and 6p have been linked
to melanoma susceptibility (Pho et al., 2006). The CDKN2A gene encodes two tumor suppressor
proteins; p16, which acts as an inhibitor of cyclin-dependent kinases thereby inhibiting the cell
cycle transition from G1 to S phase, and p14ARF which affect the cell cycle via the p53 pathway.
Polymorphism in the melanocortin 1 receptor (MC1R) gene, which regulates melanogenesis and
melanocytes proliferation, are associated with red phenotypic features, low tanning ability and
increased risk of melanoma (Wong & Rees, 2005). Further, melanomas associated with chronic
sun damage have a high frequency of aberrant expression of p53, and melanomas from
intermittently exposed areas are associated with somatic alterations in the B-Raf gene (Whiteman
et al., 1998; Landi et al., 2006), which mediates cellular response of growth signals.
The phenotypic characteristics associated with increased risk of melanoma include the number
of melanocytic nevi, fair complexion resulting in tendency to sunburn, freckles, light or red hair
and blue or green eyes. Sun exposure in childhood, sufficient to cause sunburn, is associated with
a higher risk of skin cancer in adulthood (Marks, 1999). The melanoma risk is higher among
those with experience of painful sunburns then among those with no sunburn in the past.
Pigment is considered protective since the incidence of melanoma is less common in black
people than in white people living in the same geographical area. Thus, both environmental and
phenotypic factors interact.
Observations consistent with sun exposure being a major cause of melanoma are the fact that
the highest incidence areas are those with many sun hours throughout most of the year (Stiller,
2007). Further, intense and intermitted sun exposure appears to be a greater risk than daily,
occupational exposure. As the ozone layer decreases the amount of UVB, especially the shorter
wavelengths, reaching the earth is expected to increase, while the amount of UVA will not
increase with ozone depletion because there is almost no absorption in the atmosphere. There
seems to be consensus among researchers that the ozone depletion during the last decades has
not been large enough to explain the worldwide increase in melanoma incidence (Setlow &
Woodhead, 1994; Gilchrest, 1995).
Sunbathing and sunscreens
When looking back historically, our sun bathing habits have changed dramatically. In the early
20th century we dressed in swimsuits covering the most parts of the body, while today’s fashion is
more minimalistic.
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The majority of sun protective crèmes nowadays has a broad protection in the UVB range, but is
less effective in the UVA than in the UVB spectrum. By application of effective UVB sunscreens
many sunbathers will stay longer in the sun, due to the lack of the warning signs of erythema. As
a consequence, they will be exposed to more UVA than in the pre-sunscreen days. Some
sunscreens are, when exposed to UV irradiation, rapidly degraded and their blocking action is
then lost (Westerdahl et al., 2000; Tarras-Wahlberg, 1999). This will lead to false safety for the
users and might explain recent finding that use of sunscreen is a risk factor for melanoma (Moan,
1994; Westerdahl et al., 2000).

Cellular damage caused by UV irradiation
The main cellular target of UVB irradiation is the DNA (Morliére et al., 1991; Kwam & Tyrrel,
1999). Pyrimidine dimers are formed when UVB irradiation excites the DNA molecule, resulting
in covalent bond formation between adjacent thymine bases (Cooke et al., 2000). This causes
distortion of the DNA helix, gaps and misincorporations, which ultimately might lead to
mutations.
In contrast to UVB, UVA irradiation acts in an indirect way by generating free radicals and
reactive oxygen species (ROS) mediated predominantly by endogenous photosensitizers
(Altmeyer et al., 1997). The foremost DNA damage occurring during UVA exposure is the result
of ROS formation leading to single and double strand breaks (Morliére et al., 1991; Godar, 1999).

Oxidative stress
Oxidative stress is caused by an imbalance between the production of ROS and the reducing
capacity of cellular redox agents, such as thioredoxin and glutathione. Disturbances in the redox
state might induce production of peroxides, disulfides and free radicals with the ability to induce
damage to macromolecules within the cell, which might ultimately lead to apoptosis. Thus, to
maintain cellular homeostasis, the balance between ROS production and consumption must be
tightly regulated.

Reactive oxygen species
ROS include both oxygen derived free radicals and other reactive nonradical species and fulfill
the important fundamentals to be intracellular messenger molecules. While some ROS react
indiscriminately others have selective patterns of reactivity (Halliwell & Gutteridge, 1999).
The reactivity of ground state oxygen is increased by removal of the spin restriction through
excitation to a singlet state, which occurs by energy transfer after light adsorption. There are two
excited single states of oxygen, 1O2 and 1O*2 (Fig. 5). The 1O*2, the most excited state, rapidly
decays into 1O2. The 1O2 is of importance in most biological systems as a powerful oxidizing
agent and has the ability to directly combine with other molecules.
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Figure 5. The ground state of oxygen, O2 and the two excited states of singlet oxygen, 1O2 and
1O* (orbital π*2p). Electron spin = ↓↑.
2

Neither superoxide radical (O2•¯) nor H2O2 is able to react directly with DNA, instead they are
thought to participate in the generation of more deleterious species such as the hydroxyl radical
(HO•) (Altmeyer et al., 1997). The hydroxyl radical is extremely active and is able to damage
DNA by means of purine/pyrimidine modifications or strand breaks.
One of the most powerful oxidizing reactions is the Fenton reaction, which involves the
degradation of H2O2 into a hydroxyl radical by transition ions (Mn+) e.g. iron or copper (Bast et
al., 1991):
Mn+ + H2O2 → M(n+1)+ + HO• + OHThe reaction of hydroxyl radical with other biomolecules produces new radicals e.g. alkyl (R•),
alkoxyl (RO•) and peroxylradicals (RO2•). In turn, these radicals can initiate disturbances in the
stability of membranes and radical chain reactions leading to lipid peroxidation (Maccarone et al.,
1997).
Lipid peroxidation starts after hydrogen abstraction from an unsatured fatty acid capable of
reacting with molecular oxygen and thereafter radical propagation chain reaction occur (Halliwell
& Gutteridge, 1999). The process is complex and results in a great variety of degradation
products. Peroxyl and alkoxyl radicals are the propagating species in lipid peroxidation and both
are likely to contribute to cellular damage. Polyunsatured fatty acids may be oxidatively
decomposed by lipid peroxidation products into carbonyl compounds, like malondialdehyd. This
compound may in turn have damaging effects upon DNA (Wang et al., 1996B).
An accepted marker for the onset of oxidative stress is the expression of heme oxygenase-1
(HO-1) mediated by 1O2. The HO-1 is a microsomal enzyme that catalyzes the rate-limiting step
in heme catabolism. The breakdown of heme forms carbon monoxide, ferrous ion and the
antioxidant biliverdin. Increased activity of HO-1 also elevates cellular levels of reactive iron,
which serve as a catalyst for ROS production via e.g. the Fenton reaction.
Chromophores are molecules absorbing energy from photons of UV irradiation and visible
irradiation. After absorption such molecules become excited and undergo chemical changes or
transfer their energy to other molecules (Fig. 6). Interaction with molecular oxygen produces
singlet oxygen by energy transfer and superoxide anion by electron transfer. Photosensitizing
products may, in turn induce enzymatic processes, stimulate gene transcription, or alter
metabolic activity. A photosensitizer can also abstract hydrogen from biomolecules to form
reactive free radical.
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(A)

O*2 +

PS

UV → Photosensitizer* + O2
O2-• + PS+•

(B)

UV → Photosensitizer* + BH

B•

+ PSH•

Figure 6. Photosensitizing products through (A) excitation of molecular oxygen and (B)
abstraction of hydrogen. PS = photosensitizer, O2•- = superoxide anion radical, 1O*2 = singlet
oxygen, B = biomolecule.

The enzymatic defense against ROS
An antioxidant is a substance that acts by scavenging biologically important ROS or by
preventing their formation. The harmful effects of ROS are counteracted in the cell by both
stored and newly produced enzymes and antioxidants (Halliwell, 1991; Fridovich, 1999). In the
cell, the enzymes superoxide dismutase, catalases and peroxidases protects against generation of
free radicals (Halliwell, 1991). The superoxide dismutase removes O2•- by catalyzing its
conversion into H2O2 and O2. Despite having no unpaired electrons H2O2 is still considered a
ROS due to its ability to diffuse across biological membranes giving rise to oxidative reactions
inside the cell. The enzymes catalase and glutathione peroxidase (GSH-Px) degrade H2O2 into
water and oxygen (Gabbita et al., 2000).

The antioxidant defense against ROS
α-Tocopherol
α-Tocopherol is a lipidsoluble chainbreaking antioxidant situated in all membranes. It is a
powerful inhibitor of lipid peroxidation, and is oxidized to the tocopheroxyl radical during this
process. However, through recycling processes in the cell, ascorbate regenerates antioxidant
activity of α-tocopherol. Presumably this contributes to the synergistic effects reported of
combined ascorbate and α-tocopherol supplementation (Kagan et al., 1992; Dreher & Maibach,
2001).
The initial step of radical trapping of α-tocopherol, involves a rapid transfer of phenolic
hydrogen resulting in a resonance stabilized radical. This radical is either eradicated by reaction
with a second peroxyl radical or, through recycling with reducing agents, e.g. ascorbate (Burton
& Ingold, 1984; Fuchs, 1998).
α-Tocopherol has its UV absorption maximum in the UVB range (approximately 290 nm), and
has a low and broad absorption in the UVA (Kofler et al., 1962). It is possible that α-tocopherol
absorbs UV irradiation, generating the tocopheroxyl radical (Mehlhorn et al., 1989). Hence, αTocopherol seems to have dual effects, one as a peroxyl radical scavenger and the other as an
endogenous photosensitizer enhancing light induced oxidative damage.
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β-Carotene
β-Carotene is a lipid-soluble antioxidant and an important precursor of vitamin A in humans
(Omaye et al., 1997). The antioxidant predominantly inhibits photoinduced autooxidation by
quenching singlet oxygen, and can also interact with radicals that interfere with lipid peroxidation
in general. β-Carotene absorbs irradiation of the near UV and visible spectrum of light (360-550
nm) with a maximum absorption at 450 nm (Pathak, 1982).
Similar to α-tocopherol, β-carotene has different effects depending on oxygen pressure in the
tissue. At high oxygen pressures, β-carotene has been reported to loose its antioxidant activity
(Burton & Ingold, 1984, Omenn et al., 1994). When oxygen is present the generation of a
carotenoid peroxyl radical is possible which might act as a prooxidant promoting lipid
peroxidation.
In the skin, the concentration of β-carotene may not be high enough to act as a quencher of
singlet oxygen. The lifetime of singlet oxygen has been estimated to be less than 100 ns in cells
and the concentration of an effective quencher would have to be in the mM range based on the
diffusion controlled rate constant for quenching (Fuchs, 1998). However, the chainbreaking
action of β-carotene might be complemented by other lipophilic antioxidants, such as αtocopherol.

Thioredoxin
The thioredoxin system, comprises thioredoxins that are kept in the reduced state by the enzyme
thioredoxin reductase, in a NADPH-dependent reaction and this system regulates the
intracellular redox environment and counteracts oxidative stress (Mustacich & Powis, 2000).
Thioredoxins contain two cysteines which enables reduction of other proteins by cysteine thioldisulfide exchange. Thioredoxins also act as electron donors to peroxidases and other reductases.
Besides considered one of many intracellular redox proteins, thioredoxins have been implicated
in cell proliferation, apoptosis and as a gene modulator (Powis et al., 1998).

Glutathione
Glutathione (GSH) is a tripeptide comprising L-glutamate, glycine and the rate-limiting
component L-cysteine. The enzyme γ-glutamylcysteine synthetase (γ-GCS, also called glutamatecysteine ligase) catalyzes the first and rate-limiting step in GSH synthesis generating a dipeptide,
which is converted into GSH by glutathione synthethase. γ-GCS is feedback inhibited by GSH,
and increased cysteine concentration promotes GSH synthesis. GSH is in constant state of
turnover which involves extracellular export of oxidized glutathione (GSSG) or breakdown by γglutamylpeptidase. Severe GSH depletion, affecting the mitochondrial pool leads to
mitochondrial damage. The antioxidant function of GSH is implicated in several reactions with
free radicals and ROS. GSH acts as a scavenger in a spontaneous and direct way to diminish the
amount of free radicals and as an electron donor to the enzyme GSH-Px which utilizes GSH to
convert H2O2 and lipid hydroperoxides into more stable molecules (Fig. 7). Intracellular GSSG is
reduced to reusable GSH by glutathione reductase (GSH-R) and NADPH formed by the
pentose phosphate shunt.
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The thiol GSH is also involved in intracellular redox regulation of proteins and prevents protein
SH groups from oxidizing and cross-linking (Halliwell & Gutteridge, 1999). Further,
proteinphosphatases (PP) becomes inactivated when the free cysteine thiol of the active PP
interacts with GSH and mixed disulfide is formed (Gabbita et al., 2000).

GSH-Px

H2O2

H2O

ROOH

ROH
2 GSH

GSSG

GSH-R
NADPH

NADP+

Figure 7. Glutathione peroxidase (GSH-Px) acts to convert harmful H2O2 or organic
hydroperoxides into H2O and alcohol, respectively. Organic hydroperoxides is also removed
by GSH-Px. GSH=reduced glutathione, GSH-R= glutathione reductase, GSSG=oxidized
glutathione, ROH= alkoxyl, ROOH= peroxyl, NADPH/NADP+= nicotinamide adenine
dinucleotide phosphate, reduced/oxidized.

NF-κB
Nuclear factor (NF)-κB, discovered in 1986 by Sen and Baltimore, is a redox sensitive
transcription factor, which is affected by the intracellular redox state (Schreck et al., 1992). The
NF-κB family consists of five mammalian members; p50, p52, Rel A (p65), Rel B, c-Rel, which
share structural homology and consist of a Rel homology domain in the N-terminal part. The Rel
A, Rel B and c-Rel also have a transactivation domain in their C-terminal part. The p50 and p52
proteins are synthesized as large precursors, which thereafter undergo processing to generate the
mature NF-κB subunits. Prior to stimulation, NF-κB resides inactive in the cytosol bound to the
inhibitor protein IκB which is characterized by the presence of multiple ankyrin repeats masking
the nuclear localization signals of NF-κB (Jacobs & Harrison, 1998). NF-κB does not require
new protein synthesis upon activation, which allows a rapid action of NF-κB upon stress stimuli.
The NF-κB also possesses the ability to turn on an auto feedback loop controlling its own
activity.
Upon stimulation, IκB becomes phosphorylated at two serine residues by IκB kinase, which
enables proteasomal degradation followed by rapid translocation of the NF-κB subunits into the
nucleus. Subsequently, the subunits orchestrate transcription of several hundreds of genes
regulating inflammatory responses, apoptosis and proliferation. In many tumors NF-κB is
constitutively active, thereby an attractive target for cancer prevention and therapy (Escarcega et
al., 2007). Apart from being a positive regulator of cell proliferation, NF-κB has been assigned to
promote cell survival as an activator of anti-apopotic gene expression (Karin & Lin, 2002).
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Apoptosis
Multicellular organisms have a requirement for maintenance of homeostasis to adjust their cell
number, establish and preserve function and morphology. This is accomplished by mitosis and
cell death. Many diseases are associated with either excess of cells, such as cancer and
autoimmune diseases or by inappropriate apoptosis in e.g. AIDS and neurodegenerative diseases.
The term apoptosis (in Greek; “falling off”) was first coined in the early 1970s, by Kerr, Wyllie
and Currie, distinguishing a morphologically distinctive form of cell death associated with normal
physiology (Kerr et al., 1972). A major breakthrough in apoptotic research was the discovery of
specific cell death genes in the nematode Caenorhabditis elegans, where all the essential genes in the
execution phase of cell death were found to have homologues in mammalian cells, i.e. apoptosis
is an evolutionary conserved mechanism (Sulston & Horvitz, 1977). Apoptosis is a strictly
coordinated event where cells decompose into small membrane-enclosed vesicles called
apoptotic bodies, readily phagocytosed avoiding inflammation (Fig. 8). Due to rapid
phagocytosis of apoptotic cell bodies this type of cell death is often hard to observe in vivo.

Figure 8: Morphological changes during necrosis and apoptosis.

Another hallmark of apoptosis is chromatin condensation and DNA fragmentation (Wyllie et al.,
1984, Oberhammer et al., 1993). Further, apoptotic cells lose the phospholipid asymmetry in
their plasma membrane, manifested by exposure of normally inward facing phosphatidylserine
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on the external face of the bilayer (Fadok et al., 1992). Apoptosis is an active energy demanding
process often dependent on mRNA and subsequent protein synthesis (Wyllie et al., 1984).
Necrosis, a more chaotic type of cell death is a passive process, which in contrary to apoptosis,
causes cell swelling, that results in release of intracellular components and ultimately
inflammation.

Caspases
Apoptosis are mediated by cysteine proteases, called caspases that cleave substrates at conserved
aspartate residues. Caspases are synthesized as inactive pro-enzymes containing an N-terminal
prodomain, a large subunit enclosing cysteine at the active site, and a small C-terminal subunit.
Pro-caspases comprise low activity but can activate each other if brought in close proximity
(Wolf & Green, 1999). Further, caspases become activated upon proteolytic maturation, resulting
in a tetramer composed of two large and two small subunits containing two catalytic sites (Fig.
9).

Figure 9. Initiator and execution subfamilies of caspases. Caspases are synthesized as
inactive proenzymes and becomes activated upon proteolytic cleavage, resulting in a tetramer
with two catalytic sites.

Once activated the caspases cleave their substrates, including other procaspases, which in turn
becomes activated, and so on. The caspases are subdivided, based on length of their N-terminal
prodomains, into initiating caspases (e.g. caspase -8, -9) with long prodomains enabling
association and protein interaction. Initiating caspases activate downstream executionary
caspases (e.g. caspase -3) which cleave several cellular substrates, such as proteins involved in
DNA repair, chromatin condensation and regulation of cytoskeleton (Cryns & Yuan, 1998).
Further, caspase cleavage can result in a feed-back loop, activating pro-apoptotic proteins or
inactivating anti-apoptotic proteins (Cheng et al., 1997; Clem et al., 1998; Kirsch et al., 1999).

The extrinsic and intrinsic pathway
There are two major apoptotic pathways leading to caspase activation; the extrinsic pathway
mediated by ligation to death receptors and the intrinsic pathway initiated by cellular stress and
mediated by the mitochondrial pathway (Fig. 10).
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Figure 10. Two apoptotic pathways leading to activation of the caspase cascade; the extrinsic
or death receptor pathway, and the intrinsic or mitochondrial pathway. = death inducing
signal.
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The Death receptor pathway
The Death receptors belong to the gene super family of tumor necrosis factor (TNF),
characterized by a death domain required for signal transduction. The death receptors comprise
TNF receptor-1, Fas (CD95) and TRAIL receptors (TNF-related apoptosis inducing ligand).
Binding of ligands to their receptors initiate a rapid intracellular clustering of death domains.
This allows binding of intracellular adaptor molecules and recruitment of different proteins
resulting in a multi-protein complex called the death inducing signaling complex (DISC). The
composition of the complex determines whether apoptotic or survival signaling pathways
becomes activated.

The Mitochondrial pathway
The central role for mitochondria and cytochrome c in apoptosis was first acknowledged in a cell
free system (Newmeyer et al., 1994; Liu et al., 1996). Release of cytochrome c from the
mitochondrial intermembrane space is essential in this signaling pathway. Once in the cytosol,
cytochrome c interacts with dATP and apoptotic protease activating factor (Apaf-1). After
conformational changes enabling oligomerization of Apaf-1, the energy demanding aggregate
called apoptosome is formed and recruits several procaspase-9 when in proximity becomes
activated, leading to an expanding cascade of caspases, controlled digestion and degradation of
the cell (Srinivasula et al., 1998; Li et al., 1997).
Although the release of cytochrome c is a key event in apoptosis, the permeabilization process of
the mitochondria is not fully understood. One possible mechanism is decrease in mitochondrial
membrane potential with matrix swelling and ultimately outer mitochondrial membrane rupture,
which theoretically could account for the release. However, neither expansion of the matrix nor
membrane disintegration has been noticed as common event in the apoptotic process
(Matsuyama et al., 2000, Bossy-Wetzel et al., 1998). Instead, the findings of numerous Bcl-2
family members at the mitochondria raised the idea that these proteins were channel forming
molecules (Muchmore et al., 1996). Although Bax oligomers can form transmembrane channels
large enough for cytochrome c in experimental systems the existence of these channels in vivo
remains to be conferred (Saito et al., 2000; Antonsson et al., 2000). As an alternative mechanism,
Bcl-2 family proteins have been shown to regulate the opening and closing of a preexisting
channel in the outer mitochondrial membrane. This channel is called the permeability transition
pore and includes the voltage dependent anion channel, the adenine nucleotide translocator and
cyclophilin D (Zoratti et al., 2005).

The Bcl-2 family
The mitochondrial pathway of apoptosis is regulated by Bcl-2 family proteins, which are
classified in three major groups, the anti-apoptotic, the pro-apoptotic and the BH3-only
members, the latter also with pro-apoptotic properties. The three groups share structural
homology and consist of at least one of four conserved motifs known as Bcl-2 homology (BH)
domains (Fig. 11).
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Figure 11. The Bcl-2 family is classified according to BH domain. Anti-apoptotic proteins have
four regions of homology, whereas pro-apoptotic proteins do not possess the BH4 domain. The
BH3-only proteins have one region of homology with other members of the Bcl-2 family. Most
Bcl-2 proteins also have a short hydrophobic sequence, which enables targeting to membranes.
The anti-apoptotic proteins contain all four of the BH domains. The BH4 domain is recognized
as the key domain for the anti-apoptotic function, since Bcl-2 and Bcl-xL convert into proapoptotic molecules in the absence of BH4 (Cheng et al., 1997; Clem et al., 1998; Kirsch et al.,
1999).
The pro-apoptotic members consist of the BH1-3 domains (Oltvai et al., 1993) (Fig. 11). The
most important region for pro-apoptotic action is the BH3 domain, which is explained by the
fact that the BH3-only family members are pro-apoptotic despite their lack of homology to the
other BH domains (Boyd et al., 1995; Cosulich et al., 1997; Wang et al., 1996A). The Bcl-2 family
members form homo- or hetero-dimers with each other, accomplished by the BH1-3 of antiapoptotic proteins, and the BH3 domain of pro-apoptotic proteins. The BH3-only proteins
usually reside in the cytosol binding to other anti- or pro-apoptotic family members and in that
way regulate their activity (Desagher et al., 1999).
Many Bcl-2 family proteins possess a membrane anchor domain that facilitates insertion into
membranes. As a result, these family members are often localized in the mitochondrial or to
other intracellular membranes.
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Bcl-2
Bcl-2 is primarily localized to the mitochondrial membrane but also to the nuclear envelope and
endoplasmic reticulum (Hockenbery et al., 1990; Krajewski et al., 1993). Bcl-2 possesses antiapoptotic properties and regulates apoptosis via interactions with other Bcl-2 family members
upstream of mitochondrial membrane permeabilization (Sentman et al., 1991; Hockenbery et al.,
1993; Miyashita & Reed, 1993).
Overexpression of Bcl-2 is found in a variety of solid tumors, e.g. lymphoma, prostate and colon
cancer, and recent evidence designate Bcl-2 to be responsible to resistance to anticancer drugs
(Tsujimoto et al., 1985; Raffo et al., 1995; Kling et al., 1999). In humans, the Bcl-2 protein is
constitutively expressed at high levels in neurons and melanocytes, hence Bcl-2 may be required
in progenitor and long-lived cells (Bivik et al., 2005). Inactivation of the anti-apoptotic function
of the Bcl-2 protein is achieved by phosphorylation of serine and threonine residues present in a
loop domain, between BH3 and BH4 through the action of several kinases (Haldar et al., 1995;
Maundrell et al., 1997).
Bcl-xL
Like Bcl-2, Bcl-xL possesses anti-apoptotic properties and displays all 4 domains as well as the
transmembrane domain and localizes to mitochondria and other intracellular membranes
(Gonzalez et al., 1995, Frankowski et al., 1995). The hydrophobic cleft formed by the BH1-3
domains of Bcl-xL is responsible for heterodimer formation with BH3-containing death agonists
and in that way render their activity. Genetic depletion of Bcl-xL in mice leads to massive
apoptosis and overexpression in tumor cells parallells resistance to chemotherapeutic drugs
(Motoyama et al., 1995).
Bax
The Bax protein promotes cell death and inhibits the protective function of Bcl-2 (Oltvai et al.,
1993). Bax resides in the cytosol mainly bound in a complex of inhibitory proteins (Nomura et
al., 2003; Sawada et al., 2003). In response to an apoptotic stimulus, the interactions between Bax
and inhibitory proteins are broken and Bax undergoes conformational changes, facilitating
dimerization and insertion into mitochondrial membranes with concomitant cytochrome c
release (Goping et al., 1998; Gross et al., 1998; Nomura et al., 2003; Sawada et al., 2003). The
BH3-only protein Bid is considered a possible candidate to induce conformational changes of
Bax, enabling mitochondrial membrane permeabilization (Desagher et al., 1999; Antonsson et al.,
2000).
Bid
Bid is a BH3-only protein, and the domain is required for its interaction with the Bcl-2 family
proteins and for its pro-apoptotic activity (Wang et al., 1996A). In the death receptor pathway,
proteolytic cleavage of cytosolic Bid is mediated by caspase-8, and the truncated product (tBID)
translocates to the mitochondria to induce the apoptotic signaling cascade (Li et al., 1998).
Cleaved Bid possesses a stronger pro-apoptotic activity than full-length Bid, primarily by
alterations of other Bcl-2 family members (Schendel et al., 1999). The ability of lysosomal
cathepsins to cleave Bid in test tube systems has been considered as an alternative activation
pathway of Bid (Cirman et al., 2004, Heinrich et al., 2004). Hence, Bid is a molecular linker
bridging death pathways to the central mitochondrial pathway.

17

Introduction
Noxa
Noxa is a cytosolic BH3-only protein and exerts pro-apoptotic effects through inhibition of the
anti-apoptotic protein Mcl-1, which is required for translocation of Bcl-2 and Bax from the
cytosol to the mitochondria (Chen et al., 2005, Willis et al., 2005; Nijhawan et al., 2003). Noxa
have been reported to directly interact with Bcl-2 and Bcl-xL whereas no interaction with Bax
was detected, suggesting Noxa to indirectly promote Bax activation through the inhibition of
anti-apoptotic proteins (Oda et al., 2000; Shibue et al., 2003)
Several reports have linked p53-mediated apoptotic response to Noxa, and the use of antisense
oligonucleotide to Noxa reduced p53 induced apoptosis. (Shibue et al., 2003, Oda et al., 2000).
Moreover, reduced mRNA levels of Noxa were reported when p53 was depleted by gene
silencing.
Puma
The gene, Puma, encodes two p53 regulated BH3-only proteins, Puma-α and -β. Silencing of
Puma with antisense oligonucleotides performed by Nakano and Vousden, (2001) resulted in a
reduced rate of p53 induced apoptosis, indicating a specific role for Puma in mediating p53
regulated apoptosis. Further, they showed the α- and β-form of Puma to translocate from the
cytosol to the mitochondria, to interact with Bcl-2 and promote cytochrome c release, thereby
activating the caspase cascade. Rapid induction of Puma mRNA and the presence of a p53
binding site in the first intron of Puma designate Puma as a direct transcriptional target of p53
(Nakano & Vousden, 2001).

p53
In 1979, Linzer and Levine identified p53 as an oncogene, and its character as a tumor
suppressor was revealed some years later (Feinberg & Vogelstein, 1983). The p53 protein is an
important transcription factor, regulating cellular responses following intracellular alterations.
After DNA damage, protein kinases, such as ATM and DNA-PK, phosphorylate p53, which
imposes G1 phase arrest of the cell cycle through expression of the cyclin-dependent kinase
inhibitor p21 (Khanna et al., 1998). Further, inactivation of cyclin-dependent kinase 2 prevents
transition from G1 to S phase, alternatively, arrest is induced in the G2 phase through p53induced transcription of the 14-3-3sigma gene (Hermeking et al., 1997).
In normal cells, p53 is usually inactive, bound to the protein MDM2, which prevents its action
and promotes its degradation (Wu & Levine, 1997). Further, p53 regulates the expression of
MDM2 and in this manner, p53 regulates its own level (Bensaad & Vousden, 2005). Active p53
is induced by various carcinogenes such as oncogenes, irradiation, and some DNA-damaging
drugs (Lowe, 1999; Zhan et al., 1993). Alternatively, some oncogenes stimulate transcription of
MDM2 inhibitor proteins and in that way prevent p53 inactivation and degradation (Pomerantz
et al., 1998).
Characterization of p53 in lower eukaryotes indicates apoptosis induction rather than cell cycle
arrest following DNA damage (Brodsky et al., 2004, Jin et al., 2000; Schumacher et al., 2001). One
of the principal functions of p53 in the control of apoptosis is regulation of transcription (Bates
& Vousden, 1999). p53 has been ascribed the transcriptional control of several pro-apoptotic
members of the Bcl-2 family e.g., Bax, Puma, Noxa and Bid (Miyashita et al., 1994B; Nakano &
Vousden, 2001; Oda et al., 2000; Sax et al., 2002). Further, the promoters harbor p53 response
elements that are capable of binding p53 in vitro. The first anti-apoptotic protein reported to be
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transcriptionally blocked by p53 is Bcl-2 and subsequently, p53 was also shown to repress the
Bcl-x promoter (Haldar et al., 1994, Miyashita et al., 1994A; Sugars et al., 2001).
In addition to the transcriptional role of p53, accumulating evidence for transcriptionindependent p53-mediated apoptotic pathways emerges (Moll & Zaika, 2001, Chipuk & Green,
2003). Interestingly, p53 has been reported to induce mitochondrial membrane permeabilization
and cytochrome c release in a Bax-dependent manner both in vitro and in vivo (Schuler et al.,
2000). Recent findings further demonstrate translocation of p53 to the mitochondria during
DNA-damage and stress-induced apoptosis (Chipuk et al., 2004, Marchenko et al., 2000). The
function of p53 at the mitochondria was suggested to be through direct interaction with Bcl-2 or
Bcl-xL to displace and activate pro-apoptotic Bax signaling (Chipuk et al., 2004, Mihara et al.,
2003). Further, Chipuk & Green, (2003) reported wildtype p53 to activatie Bax in a BH3-only
protein manner in the cytosol. In turn, p53 regulates BH3-only proteins, such as Puma and
Noxa, operating upstream of mitochondrial membrane permeabilization (Nakano & Vousden,
2001, Han et al., 2001, Oda et al., 2000). A recent report indicates displacement of inhibitory BclxL from p53 by Puma, which facilitates activation of Bax (Chipuk et al., 2004). It is plausible that
transcriptional independent mechanisms are used in concert with transcription dependent
mechanisms to control rate and extent of apoptosis induced by p53. Transcriptional activation is
a slower process compared to mechanisms which do not require RNA or protein synthesis
(Erster et al., 2004).
Another aspect of p53 is associated with its redox sensitive features. p53 contains several critical
cysteines located within the DNA-binding domain (Hainut & Milner, 1993). Three cysteines
together with a zinc atom are found pivotal components in the formation and folding of the
DNA binding region of p53. However, these cysteines are not likely to participate in the redox
active site. Instead two other cysteines are potential candidates to form a redox active site as they
are brought in close proximity by tertiary folding (Cho et al., 1994). Rainwater et al., (1995) show
an active DNA-binding conformation when p53 is reduced and that oxidation produces a nonDNA-binding conformation of the protein. Possible substrates suggested in p53 redox recycling
are thioredoxins (Pearson & Merrill, 1998). Oxidative inactivation of p53 might elevate cellular
levels of ROS due to disturbed transcription of antioxidant enzymes.
Mutations of the p53 gene, resulting in non-functional p53 protein, occur in more than half of all
malignancies. Further, inactivation of p53 by overexpression of the MDM2 oncogene has been
reported in numerous cancers and if the function of p53 is altered, the ability to eliminate
potentially malignant cells is lost (Momand et al., 1998).

The Lysosome
The lysosome is an acidic membrane bound organelle and the major site of intracellular
macromolecules degradation. Until recently, the function of lysosomal proteases, cathepsins, was
presumed to be limited to degradation of long-lived proteins.

Cathepsins
The term cathepsins (Greek for “to digest”) were introduced by Willstätter and Bamann, (1929)
and comprise lysosomal proteases active at acidic pH. Cathepsins are among the most powerful
proteolytic enzymes known and subdivided into three groups based on the amino acid in the
active site; serine proteases (cathepsin A, G), aspartic proteases (cathepsin D and E) and cysteine
proteases (cathepsin B, C, F, H, K, L, O, S, V, W, X). Cathepsins are synthesized as inactive pro-
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cathepsins, which undergo proteolytic processing to the active, mature enzyme in the acidic
environment of the lysosome where it has a housekeeping function.
During the past few years, several cathepsins have, however, been assigned specific functions
during apoptosis. The importance of lysosomal release of cathepsins for initiation of apoptosis
has been reported in a number of studies (Brunk & Svensson, 1999, Roberg & Öllinger, 1998,
Guicciardi et al., 2000). In addition, cysteine cathepsins, such as cathepsin B and L, was reported
to act as mediators of apoptosis (Ishisaka et al., 1999; Guicciardi et al., 2000). Boya et al, (2003A,
B) reported that release of cathepsins to the cytosol is important for activation and translocation
of Bax to the mitochondria with subsequent membrane permeabilization. Further, Bax was
maintained in the cytosol when using a cathepsin D inhibitor - pepstatin A, in staurosporine
induced apoptosis (Bidere et al., 2003). Lysosomal membrane permeabilization and the release of
cathepsin B, D, and L from lysosomes to the cytosol has been shown to be involved in apoptosis
induction in several cell types (Guicciardi et al., 2000; Kågedal et al., 2001). Moreover, cytosolic
location of cathepsin D occurs upstream of cytochrome c release during apoptosis in rat cardiac
myocytes and human fibroblasts (Kågedal et al., 2001; Roberg et al., 2002). In line, Stoka and
colleagues, (2001) reported cathepsins not capable of direct activation of pro-caspases. Instead,
indirect caspase activation through Bid cleavage was suggested, and in line processing of Bid by
both cathepsins B and D was accomplished in test tube systems (Cirman et al., 2004, Heinrich et
al., 2004). Additional, incubation of mitochondria with Bid proteolytically cleaved by lysosomal
extracts resulted in release of cytochrome c (Stoka et al., 2001). Selective lysosomal damage
induced by photosensitizing agents was followed by the occurrence of the truncated form of Bid,
mitochondrial permeabilization with cytochrome c release and ultimately caspase activation
(Kessel et al., 2000).
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AIMS OF THIS THESIS
The general aim of this thesis was;
To elucidate the regulation of UVA/B induced apoptotic signaling in melanocytes
in relation to redox alterations, concomitant signaling pathways and antioxidant
protection. All studies were performed in human epidermal melanocytes in vitro.
The specific aims of the present papers were;
Paper I;
To investigate the capacity of different dosages of UVA/B to alter plasma
membrane stability and the intracellular level of GSH, and to describe the
implications for cell viability, proliferation and apoptosis.
Paper II;
To evaluate the protective capacity of α-tocopherol and β-carotene following
UVA/B irradiation, by analysis of intracellular GSH/GSSG redox recycling, NFκB translocation and apoptosis signaling. A further objective was to study the
recovery capacity of melanocytes concerning proliferation and kinetics of the ratelimiting enzyme, γ-GCS, in de novo synthesis of GSH.
Paper III;
To elucidate the participation of the extrinsic and intrinsic pathways of apoptosis
during UV irradiation by studies of mitochondrial membrane permeabilization,
cytochrome c release, activation of caspases and nuclear fragmentation.
Furthermore, to clarify the involvement and significance of Bcl-2 family proteins
and participation of lysosomal cathepsins in the regulation of apoptosis.
Paper IV;
To elucidate the expression and location of p53 and p53-regulated proteins during
melanocyte apoptosis upon UVA/B irradiation. In addition, we intended to clarify
p53-induced apoptosis signaling pathways by examining effects of p53-inhibition
and protein interaction in relation to lysosomal and mitochondrial membrane
permeabilization.
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Cell cultures
All experiments were performed according to the ethical principles of the Helsinki declaration
and approved by the Ethical Committee at Linköping University, Linköping, Sweden.
Melanocytes and keratinocytes were obtained from Caucasian donors by means of foreskin
circumcisions. Surgical specimens were immediately transported to the laboratory in tissue
culture medium. The skin was washed in penicillin/streptomycin and subcutaneous fat was
removed with dissecting scissors. The remaining tissue was cut into 4×4 mm pieces and
incubated in dispase (2 mg/ml) overnight at 4ºC. After incubation the epidermal layer was
separated from the dermis and placed for 40 to 50 minutes in trypsin/EDTA (0.05% / 0.02%).
Every 10 minutes the cells were aspirated with a pipette to become dissociated.

Figure 12. (A) Cultures of pure melanocytes after 12 days of
incubation. (B) Monolayer of keratinocytes cultured for 8 days.

In this thesis, the melanocytes were cultured in M199 with 2% fetal bovine serum and
supplemented according to Gilchrest et al., (1984). In paper I, the keratinocytes were cultured as
described by Rheinwald & Green, (1975), in Dulbecco’s modified Eagle’s medium and Ham’s
F12 (3:1) containing 10% FBS.
The cultures were incubated at 37ºC in a humidified atmosphere of 5% CO2 in air. Culture
medium was changed three times a week and the cells were grown in monolayers. The
melanocytes and the keratinocytes were separated by differential trypsinization. After
approximately two weeks, the cultures were microscopically inspected and were found to consist
solely of melanocytes and keratinocytes, respectively (Fig. 12). Prior to experiments, cells were
trypsinated and seeded at required density. The experiments were conducted between passage 27 and the cells were not cultured for more than 4 weeks in total.

Irradiation procedure
The UVB source consisted of two Philips TL20W/12 tubes (Philips, Eindhoven, The
Netherlands), emitting in the spectral range 280–370 nm with a main output of 305–320 nm. For
UVA, a Medisun 2000-L tube (Dr Gröbel UV-Elektronik GmbH, Ettlingen, Germany; 340–400
nm) was used. To minimize wavelengths below 305 nm a Schott WG 305 cutoff filter (50%
absorption below 305 nm, Mainz, Germany) was used. The output was 80 mW/cm2 for UVA
and 1.44 mW/cm2 for UVB. The measurements were made with an RM-12 (Dr Gröbel UVElektronik GmbH) and a PUVA Combi Light dosimeter (Leuven, Belgium), respectively. UV
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exposure was performed in culture dishes containing prewarmed PBS (without sodium
bicarbonate). No increase in temperature was noted during UV irradiation.
In paper I and II, the cells were radiated with listed dosages, UVA in 2-10 J/cm2 and UVB in 15180 mJ/cm2.
In paper III and IV, the UV irradiation doses were titrated to achieve 30–40% apoptosis with a
minimum of necrotic cell contamination. This resulted in an experimental model using 60 J/cm2
UVA and 500 mJ/cm2 UVB.
Control dishes were handled identically, except for irradiation and analyzed in parallel at each
point.

Incubation with inhibitors and antioxidants
In paper III, the reversible aspartic protease inhibitor pepstatin A (100 mM, stock in dimethyl
sulphoxide - DMSO; Sigma Aldrich) and the irreversible, cell-permeable inhibitor E64d (10 mM,
stock in DMSO; Sigma Aldrich) were used to block cathepsin D and cysteine cathepsins (e.g.
cathepsin B) activity, respectively.
In paper IV, the cell-permeable chemical inhibitor 1-(4-Methylphenyl)-2-(4,5,6,7-tetrahydro-2imino-3(2H)benzo-thiazoyl)ethanone HBr or pifithrin-α (PFT-α, 20 μM, stock in DMSO, Merck
Biosciences, Darmstadt, Germany) was used to block p53 activity. Controls for DMSO effects
were also analyzed and no interference with the experiments was noted.
In paper II, a stock solution of β-carotene (0.1 mM, Sigma) dissolved in tetrahydrofuran, THF
and DMSO (1:1) was kept protected from light to avoid photodegradation. β-carotene (1 μM)
was added to melanocytes growing in complete culture medium and incubated for no longer
than 24 hours to minimize degradation and to achieve optimal intracellular levels of β-carotene
as described by Andersson et al., (2001).
The solvents THF and DMSO could be toxic compounds and to exclude interference in the
experiments controls to test for intact plasma membrane by trypan blue was performed.
In paper II, the protective effects of the antioxidant α-tocopherol was studied and the uptake of
α-tocopherol in the cells was analyzed by high performance liquid chromatography (HPLC).
Melanocytes were incubated for 48 hours in 10 μM α-tocopherol (0.1% ethanol) and then
irradiated. This treatment caused an increase in α-tocopherol in the lipid phase of the cells.
The uptake was measured in cells harvested in an alcohol mixture containing methanol: ethanol:
isopropanol (20:19:1), 0.05 M sodium dodecyl sulphate and 1 mM butylated hydroxytoluene
(Lang et al., 1986). The mixture was extracted in n-hexane. The hexane phase was evaporated
under nitrogen, diluted in methanol: ethanol: isopropanol (20:19:1) and subsequently analyzed.
Quantification of α-tocopherol was performed by HPLC analysis using a Kromasil 100-5C18
reverse-phase column (Hichrom, Reading, UK). α-Tocopherol was detected by a BAS LC-4B
Amperometric Detector (Bioanalytical Systems Inc, West Lafayette, IN, USA) equipped with a
glassy carbon electrode at +0.5 V. The mobile phase contained 700 ml ethanol/isopropanol
(95/5), 300 ml methanol and 20 mM lithium perchlorate. The flow rate was set at 0.5 ml/min
and 20 μl of sample was injected. The accurate concentration of α-tocopherol was calculated
from a standard curve. A standard solution of α-tocopherol was prepared in ethanol, and the α23
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tocopherol concentration was calculated spectrophotometrically using the extinction coefficient
3467 M-1cm-1 at 290 nm.

GSH depletion
In paper I and II, quantification of reduced glutathione (GSH) was performed using HPLC, a
method used to effectively separate and define organic compounds, both polar and ionic
molecules (Akerboom & Sies, 1981). Specific modifications of stationary and mobile phase result
in successful separation, quantified by sensitive selective detectors. GSH is a redox-active
component, and therefore a qualitative electrochemical detector was used. GSH becomes
oxidized when passing the electrode, generating a current proportional to the amount of GSH,
specified by the addition of a standard. Petri dishes containing 2×105 cells were washed with icecold PBS. 300 μl of 0.5 M HClO4 containing 1 mM EDTA was added, the cells were detached
with a cell scraper and centrifuged at 300×g for 10 minutes at 4ºC. The resulting supernatant was
used for GSH analysis and the pellet was dissolved in 0.1 M NaOH and used for protein
analysis. The samples were put on ice.
Quantification of GSH was performed by HPLC analysis using a Kromasil 100-5C18 reversephase column (Hichrom, Reading, UK) (Honegger et al., 1989). GSH was detected by a BAS LC4B Amperometric Detector equipped with a gold electrode at +0.150 V. The mobile phase,
contained sodium phosphate (0.1 M), 5% methanol and EDTA (0.1mM) and the pH was set at
2.5 with ortho-phosphoric acid. To increase the retention time n-octyl sodium sulphate (1 mM)
was added. The flow rate was set at 0.5 ml/min and 20 μl of sample was injected. Standard
solutions of the antioxidant GSH were prepared in sodium dihydrogenphosphate buffer (0.1 M,
pH 2.5) containing EDTA (0.5 mM). GSH concentrations were calculated from the standard
curve.
To verify the GSH peak, BSO; a specific inhibitor of γ-glutamylcysteine syntethase, was added to
the cell cultures and incubated for 24 hours.

Total GSH + GSSG
In paper II, total GSH + GSSG (reduced plus oxidized glutathione) was analyzed
spectrophotometrically through a kinetic assay of the continuous reduction of 5,5’-dithiobis-(2nitrobenzoic acid); DTNB in the presence of NADPH, forming the spectrophotometrically
detectable product 2-nitro-5-thiobenzoic acid; TNB at 412 nm and the reaction rate is
proportional to total GSH and GSSG concentration (Fig. 13). The continuous reduction of
DTNB was calculated using known concentrations of GSSG and the construction of a standard
curve.
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Figure 13. Redox coupling of total GSH/GSSG through the continuous
reduction of DTNB in the presence of NADPH.

Protein measurement
Analysis of protein content in a sample was performed colorimetrically (Lowry et al., 1951;
Bradford, 1976). The assays are based on the reaction between proteins and an alkaline copper
tartrate solution and Folin reagent. Copper binds to the amino groups in the protein, which
reduces the Folin reagent by loss of one, two or more oxygen atoms and thereby producing
complexes that give rise to a blue color detectable in a spectrophotometer. Using a protein
standard curve, the amount of protein can be calculated.
The pellet remaining from the GSH preparation was dissolved in 500 μl 0.1 M NaOH. Egg
albumin (0-40 μg) was used to obtain a protein standard curve. 2.5 ml copper reagent (0.02%
Na-tartrate, 0.01% CuSO4 and 2 mg/ml Na2CO3 in 0.1 M NaOH) was added to each sample and
incubated at room temperature for at least 10 minutes. Folin-Ciocalteau’s phenol reagent was
added followed by a 30 minutes incubation period at room temperature. The absorbance was
measured using an Ultrospec 3000 Spectrophotometer (Pharmacia Biotech, Uppsala, Sweden) at
750 nm.

The trypan blue exclusion test
Trypan blue is a staining method to distinguish necrotic cells with ruptured plasma membrane
from normal and apoptotic cells. The cells were stained with 1 ml 0.2% trypan blue solution in
PBS for 1 minute followed by rinsing with PBS. In duplicate samples, 100 cells in two different
areas were examined on each dish in a light microscope. Cell viability was expressed as
percentage of unstained (surviving or apoptotic) cells.

Nuclear morphology
Cells were fixed in 4% neutral buffered formaldehyde and mounted in Vectashield® Mounting
Media supplemented with DAPI (4',6-diamidino-2-phenylindole), which binds tightly to DNA
(1.5 mg/ml; Vector Laboratories, Burlingame, CA). The nuclear morphology was evaluated in
200 randomly selected cells, using a fluorescence microscope (x 600, λex 350nm; Nikon, Tokyo,
Japan).
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Caspase activity
To assess pan-caspase activation, CaspACETM FITC-VAD-FMK In Situ Marker, a cell
permeable FITC conjugated caspase inhibitor, which binds activated caspases, (Promega,
Madison, WI, U.S.A.) was added to the cell cultures. After incubation for 30 minutes at 37ºC
FITC-staining was detected by inspection in a fluorescence microscope using blue exciting light
and a 520 nm barrier filter. The numbers of FITC fluorescent cells were calculated in 500
randomly selected cells in each sample. Active caspases were also analyzed on a FACScan flow
cytometer (Becton-Dickinson) equipped with a 488 nm argon laser. CellQuest software (BectonDickinson) was used to analyze the data. Propidium iodide (10 μg/ml) was added to each sample
to exclude necrotic cells. A total of 10,000 cells were acquired from each sample.
Caspase activity was measured using a fluorophore attached to a substrate sequence. We used the
fluorescent probes Ac-DEVD-AMC and Ac-IETD-AFC to detect caspase-3 and caspase-8,
respectively. Caspases cleave a tetrapeptide substrate at the aspartic acid (D), thereby liberating
AMC or AFC, which are analyzed spectrofluorometrically. In more detail, specific caspase
activity was analyzed by collection of cells in lysis buffer (10 mM Tris-HCl pH 7.5, 130 mM
NaCl, 1% Triton X-100, 10 mM sodium pyrophosphate, and 10 mM sodium phosphate buffer).
After incubation with the substrate Ac-DEVD-AMC or Ac-IETD-AFC (Pharmingen, San
Diego, CA) to analyze caspase-3 or caspase-8 activity, respectively, the concentration of
proteolytically released AMC (7-amino-4-methylcoumarin) was analyzed in a Shimadzu RF-540
spectrofluorometer (λex 380nm/λem 435nm; Shimadzu Kyoto, Japan) and AFC (7-amino-4-trifluoromethylcoumarin) was measured in a VICTOR 1420 multiple counter (λex 400nm/λem505nm; Wallac
Turku, Finland). Caspase activity was expressed as arbitrary units/mg protein/hour. Protein
concentrations were analyzed by the Bio-Rad DC Protein Assay System (Bio-Rad Laboratories,
Hercules, CA).

Fluorescein diacetate
Fluorescein diacetate (FDA) was used as a qualitative measure of UV-induced plasma membrane
damage. FDA is a cellpermeable lipophilic ester, which diffuses into the cytosol and by the
action of intracellular esterases the non-diffusable polar alcohol fluorescein is split off and
retained within the cell. By excitation in blue light, it appears yellow-green and its intensity could
be analyzed. A damaged plasma membrane permits leakage of fluorescein out of the cell with
reduced, or even lost, fluorescence when the damage is extensive.
The cells were incubated in PBS with FDA (1 mg/ml) at 37ºC in humidified atmosphere for 5
minutes. After a rinse in PBS, cells were trypsinated, centrifuged at 200xg, and resuspended in
PBS at a density of 2.5 x 105 cells/ml. To detect necrotic cells, propidium iodide (PI; 15 mM)
was added 5 minutes before the analysis. Ruptured plasma membrane allows PI to incorporate
and stain the nucleus as detected as red light when excited by the green laser beam. The samples
were placed on ice and immediately analyzed on a Becton-Dickinson FACScan flow cytometer
(Becton-Dickinson, Mountain View, CA, USA) equipped with a 488 nm argon laser. A total of
10,000 cells from each sample were acquired, and CELLQUEST software was used to analyze
the data.
To evaluate the effect of trypsination on the FDA-stained cells, we performed a
microfluorometry test as described earlier (Skoog et al., 1993, Rundquist, 1981). Cells were
seeded at a density of 10,000 cells/cm2 on cover slips in Petri dishes, irradiated with UV and
incubated with FDA (1 mg/ml) as described for flow cytometry. After rinsing in PBS, the cover
slip was inverted on an objective slide on top of a glass well filled with PBS, and the FDA26
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induced fluorescence intensity from 50 randomly selected cells was measured using a Microphot
SA microscope fluorometer using blue light excitation (Nikon, Tokyo, Japan). Mean background
fluorescence from unstained cells was subtracted from each value.
Flow cytometry and microfluorometry are two widely used methods to study fluorescence
intensity of a sample. When evaluating the advantageous and drawbacks of the two methods, the
flow cytometer allows rapid (1,000 cells/second) simultaneous measurement of multiple
parameters (size, granularity and different fluorescence intensity) of single cells in a
heterogeneous population. Microfluorometry is more time consuming than flow cytometry and
the loss of fluorescein from an intact cell is rapid, therefore the analysis must be performed
within 30 min directly after staining. An advantage with the microfluorometric method is that the
morphology of the cell is more easily controlled when inspected in the microscope. In both
methods PI can be used to determine and avoid fraction of dead cells in the measurements.

Viability
In viable cells, mitochondrial dehydrogenases cleave the tetrazolium salt WST-1 (slightly red) to
formazan (dark red). Cells were cultured in 96-well microtiter plates at a density of 5,000
cells/well, radiated as described, and incubated in a humidified atmosphere (37ºC, 5% CO2) for
24 hours. After the incubation period, the WST-1 solution was added to culture medium (1:10),
and the plate was placed on a shaker for 1 minute before measurements. The absorbance was
measured, at 450 nm with a reference wavelength of 600 nm, using a spectrophotometer
(Anthos Labtec Instruments, Salzburg, Austria). Controls containing WST-1 and culture medium
were used as blanks.

Proliferation
Proliferation was assessed by incubation of melanocyte cultures for 16 hours in culture medium
containing 1 μCi [3H]-thymidine (Amersham Biosciences, Amersham, Buckinghamshire, U.K.).
During each cell division, cells will incorporate [3H]-Thymidine into the DNA. Experiments
were terminated by the addition of ice-cold 10% trichloroacetic acid and the precipitate was
washed with water, air-dried and then extracted with 0.3 M NaOH in 1% sodium dodecyl
sulphate for 30 minutes. The samples were dispersed in 5 ml scintillation fluid (Ready Safe;
Beckman, Fullerton, CA, U.S.A.) together with 0.6 ml water. The following day the incorporated
[3H] was determined by liquid scintillation counting using a 1209 Rackbeta (LKB Wallac, Turku,
Finland) and related to the protein content.

Western blot
The protein samples were loaded onto a Ready gel (Bio-Rad Laboratories), separated according
to molecular weight and transferred to a HybondTM-P blotting membrane (Amersham
Biosciences, Buckinghamshire, UK). Subsequently, the blots were saturated with 5% non-fat dry
milk (Bio-Rad Laboratories) in PBS supplemented with 0.05% Tween 20 at 4ºC overnight to
avoid unspecific binding. The immunodetection was performed by incubating for 2 hours at
room temperature with the polyclonal primary antibody, or with monoclonal primary antibodies.
Then, horseradish peroxidase (mouse-, rabbit- (DAKO), or goat- (Santa Cruz)) conjugated
corresponding secondary antibodies were added for 1 hour, and the reaction product gives rise
to luminescence in proportion to the amount of the protein. The membranes were developed
with the enhanced ECL-Plus Western blotting detection system and displayed on Hyperfilm
ECL™ (both from Amersham Biosciences). The membranes were reprobed with GAPDH
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(Biogenesis, Poole, UK) for digitonin-extracted cytosolic fractions or β-actin antibodies (Santa
Cruz Biotechnology) for total cell fractions as internal controls. Densiometric quantification of
the bands was performed with Gel-Pro Analyzer 3.1 (MediaCybernetics, Silver Spring, MD,
USA).

Cytosolic extraction
Cytosol was extracted by incubation of melanocytes with a digitonin (Sigma Aldrich) extraction
buffer (250 mM sucrose, 20 mM Hepes, 10 mM KCl, 1.5 mM MgCl2, 1 mM EGTA, 1 mM
EDTA, 1 mM Pefabloc, 8 mM dithiothreitol, pH 7.5) on ice for 12 minutes. The digitonin
concentration, which was individually titrated to 15–20 mg/ml for each different melanocyte
donor, was found to permeabilize the plasma membrane, but not lysosomal membrane. This was
determined by analysis of lactate dehydrogenase activity (Vanderlinde, 1985) and β-Nacetylglucoseaminidase as previously described (Leaback & Walker, 1961). The cytosols were
centrifuged and the proteins of the supernatants were precipitated by trichloric acid (50%),
incubated on ice for 10 minutes, and subsequently pelleted by centrifugation. To perform the
Western blot analysis, the pellet was resuspended in a urea lysis buffer (6 M urea, 150 mM NaCl,
1% Triton X-100, 0.1% SDS, 50 mM Tris, pH 8.0, 5 mM EDTA), a sample buffer (5% βmercaptoethanol in Laemmli sample buffer; Bio-Rad Laboratories) (1:1), and 1 M NaOH.
Densiometric quantification of the bands was performed with Gel-Pro Analyzer 3.1
(MediaCybernetics, Silver Spring, MD, USA).

Immunofluorescence detection
Following fixation in 4% paraformaldehyde for 20 minutes at 4ºC, melanocytes were processed
for immunocytochemistry (Brunk et al., 1997). The cells were permeabilized with 0.1% saponin
and incubated overnight at 4ºC with monoclonal or polyclonal primary antibodies, followed by
incubation with a secondary Alexa Fluor 488 conjugate (Molecular Probes, Eugene, OR) or a
fluorescein isothiocyanate conjugate (Calbiochem) antibody for 1 hour at room temperature.
Finally, the samples were mounted in Vectashield® Hardset Mounting Media supplemented with
DAPI (Vector Laboratories). In each culture dish, 200 cells were randomly selected and analyzed
by fluorescence microscopy. Negative controls, incubated without the primary antibodies,
showed no staining.

Microinjection
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 (Eppendorf) (Roberg et al., 2002). All
injectates contained 1 mg/ml dextran-conjugated Alexa Fluor 488 (molecular weight 10,000;
Molecular Probes) in PBS (pH 5.7). Freshly prepared Alexa Fluor 488 containing 0.25 mg/ml of
cathepsin B (C 8571; Sigma Aldrich, diluted in PBS, pH 5.5) was injected into the cytosol of the
cells (pressure 100 hPa, 1.5 seconds). In each experiment, approximately 100 cells were injected.
All fluorescent cells, that is, microinjected cells, were analyzed and percentage of apoptotic cells
was calculated based on nuclear morphology following DAPI staining (1.5 mg/ml).
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Immunoprecipitation
Immunoprecipitation is a method to analyze protein interactions. Melanocytes were lysed for 30
minutes on ice in chaps-buffer (150 mM NaCl, 10 mM Hepes, 1% Chaps, 1% protease-inhibitor
cocktail; Sigma, pH 7.4). Preclearing to reduce non-specific binding of proteins to the agarose,
was performed with Protein-G-agarose on an orbital shaker for 1 hour, 4ºC and the Protein-Gagarose beads were then removed by centrifugation The cell lysate was diluted to 1 μg/μl cell
protein with PBS according to Bio-Rad DC Protein Assay System and incubated with a p53
immunoprecipitating antibody by gentle rocking overnight at 4ºC on an orbital shaker. The
immunocomplex was captured by protein-G-agarose for 1 hour, 4ºC on the orbital shaker and
excess protein-G-agarose beads was removed by washing 4 times with chaps-buffer. To
dissociate the immunocomplexes from the beads, the agarose beads were boiled for 5 minutes,
and analyzed by Western blot after the beads had been removed by centrifugation.

Statistics
Statistical evaluation was performed by the non-parametrical Kruskal Wallis one-way analysis of
variance by ranks test as pre-test, followed by multiple comparisons of the groups median or the
Mann-Whitney U tests. P-values below 0.05 were considered significant. Calculations were
performed with a statistical package StatView 5.0 for MacIntosh (Abacus Concepts Inc,
Berkeley, CA, USA) or GraphPad Prism version 4.00 for Windows (GraphPad Software, San
Diego California USA, www.graphpad.com).
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UV induced plasma membrane alterations
In paper I, we investigated the ability of different dosages of UVA/B to alter the plasma
membrane stability in pure cultures of human melanocytes in vitro, determined by retained
fluorescence of fluorescein diacetate (FDA) and flow cytometry. We found UVA irradiation (2, 6
and 10 J/cm2) to induce substantial plasma membrane damage in a dose-dependent manner
detected as reduction in FDA uptake/retention. On the other hand, in UVB irradiated (30, 60
and 180 mJ/cm2) cells no alterations in plasma membrane stability were detected. In paper II, we
assessed the photoprotective ability on the subject of plasma membrane damage of the lipophilic
antioxidants α-tocopherol and β-carotene. Pretreatment with α-tocopherol resulted in an
efficient uptake of the antioxidant. α-Tocopherol protected from UV induced plasma membrane
damage, but β-carotene, though sufficient uptake, did not provide photoprotection.

Altered intracellular redox balance
To evaluate if UV irradiation caused alterations in the intracellular redox balance, we analyzed
the intracellular concentration of GSH over time. In paper I, melanocytes exposed to UVA
exhibited a significant dose dependent reduction of GSH concentration. In Paper II, intracellular
GSH concentration decreased immediately after irradiation with UVA (6 J/cm2), but the GSH
level returned to initial values 24 hours postirradiation (Fig. 14). On the contrary, UVB
irradiation (60 mJ/cm2) gave no instant, but instead a delayed, decline of the GSH concentration,
with a recovery of the intracellular GSH concentration, noted after 24 hours (Fig. 14).
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Figure 14. UV induced redox alterations over time. Intracellular reduced glutathione (GSH) was
analyzed in melanocytes directly (zero), 8 and 24 hours after UVA (6 J/cm2) and UVB (60 mJ/cm2)
irradiation (n=3). GSH concentration was calculated as nmol/mg protein and expressed as percentage
of sham-treated cells from the same donor (set to 100%). α-Tocopherol (10 μM, 48 h) was
supplemented prior to irradiation. ↑ = irradiation. * p<0.05, as compared to irradiated cells without
the antioxidants (mean ± SD).

Further, in paper II, we investigated the capacity of α-tocopherol and β-carotene to protect
against UV induced redox alterations. Pretreatment with either β-carotene or α-tocopherol
protected from UV induced GSH loss, but no synergistic effect was found when combining the
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two antioxidants. To asses the melanocytes ability to cope with redox alterations we investigated
the intracellular content of γ-GCS, the rate limiting enzyme in GSH synthesis. The protein level
of γ-GCS, was found elevated after UVA/B irradiation, as compared to unexposed melanocytes.
However, the γ-GCS level was not significantly affected by pretreatment with either αtocopherol or β-carotene (Fig. 15).

Figure 15. Protein level of γ-glutamylcysteine synthetase (γ-GCS) and NF-κB (p50,
p65). Melanocyte protein expression 8 hours after irradiation with UVA (6 J/cm2) or UVB
(60 mJ/cm2). β-Carotene (β-C, 1 μM, 24 h) and α-tocopherol (α-T, 10 μM, 48 h) were
supplemented prior to the irradiation. One representative western blot is presented.

In addition, we studied the expression of the redox sensitive transcription factor NF-κB, which
might play a role in regulation of γ-GCS and the GSH status within the cell. The expression of
both the p50 and the p65 subunit of NF-κB increased after UVA/B irradiation (Fig. 15).
Furthermore, when analyzing the intracellular location of p50 and p65 by immunocytochemistry
we found the subunits translocated from the cytosol to the nucleus upon UVA/B irradiation
suggesting induction of its transcriptional activity (Fig. 16). Pretreatment with α-tocopherol
followed by UVA/B irradiation caused a significant reduction in translocation of the p65 subunit
to the nucleus, compared to melanocytes not treated with the antioxidant. However, β-carotene
did not reveal any affect on the level of NF-κB.

Figure 16. Immunofluorescence staining of NF-κB (A-C, p50; D-F, p65) in human
melanocytes 8 hours after UV irradiation. (A, D) Sham-treated cells, (B, E) UVA (6 J/cm2) and
(C, F) UVB (60 mJ/cm2) irradiation. Note cytosolic localization in sham-treated cells and
translocation of the subunits, p50 and p65, of NF-κB to the nucleus after irradiation.
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Melanocyte viability and apoptosis
To determine if the UV-induced cellular alterations were reversible or irreversible, cell viability,
proliferation and apoptosis were studied in melanocytes. UVA, as well as, UVB irradiation
caused a decline in viability and proliferation. In paper II, we evaluated whether the antioxidants
by itself had any effect on proliferation, and control experiments were performed. α-Tocopherol
treatment at 10 and 20 μM significantly decreased the rate of proliferation (Table I).
Table I. Proliferation assessed by [3H]-thymidine
incorporation (1 μCi, 16 h) in melanocytes preincubated with
α-tocopherol (48 h). * p<0.05 as compared to sham-treated cells
without the antioxidant (mean ± SD, n=3).
Treatment

Conc. (µM) Proliferation (%)

Sham-treated

---

100 ± 0.0

α-Tocopherol 1
10
20

97.2 ± 1.3
90.5 ± 3.1
82.0 ± 6.2

ns
*
*

The frequency of apoptosis, following exposure to various doses of UVA and UVB, was
assessed by inspection of nuclear morphology and determination of caspase activity. Melanocytes
were stained with DAPI and nuclear morphology was studied by fluorescence microscopy (Fig.
17A, B). A similar UV dose- and time-dependent response in apoptosis was verified as compared
to sham-treated cells by analysis of active caspases and flow cytometric detection. Pretreatment
with α-tocopherol provided photoprotection and decreased apoptotic cell death in UVA/B
irradiated melanocytes (Fig. 18 A, B).

A

B

Figure 17. UV induced nuclear fragmentation in melanocytes visualized by DAPI nuclear
stain. (A) Sham-treated cell (B) UVA irradiated cell.
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Figure 18. UV induced apoptosis in melanocytes. Melanocytes nuclei were stained with DAPI
and nuclear morphology was studied by fluorescence microscopy. The number of melanocytes
showing fragmented nucleus was estimated 8, 24 and 48 hours after (A) UVA (6 J/cm2) and (B) UVB
(30 mJ/cm2). Results are expressed as % of total number of cells (500 cells, n=6). α-Tocopherol (α-T,
10 μM, 48 h) was supplemented prior to the irradiation. Each observation represents a sample from
one donor and a horizontal line indicates median value. * p<0.05 and ** p<0.01, as compared to
irradiated cells without α-tocopherol pretreatment.

To be able to quantitatively investigate apoptosis and its signaling pathways, the experimental
system was optimized for culture conditions and UV dose. Additional, control experiments with
lower doses were performed and we achieved limited number of apoptotic melanocytes and less
pronounced but otherwise similar results.

Translocation of Bcl-2 family proteins
In paper III, intracellular localization of pro- and anti-apoptotic Bcl-2 family members was
examined by immunofluorescence after UV irradiation. UVA/B caused redistribution of the proapoptotic proteins from a diffuse cytosolic staining in unirradiated melanocytes into a punctate
pattern. The localization to mitochondria was confirmed with MitoTracker Red®, a cellpermeable fluorescent probe that accumulates in active mitochondria. The mitochondrial-like
localization of the pro-apoptotic proteins Bax and Bid concurred with mitochondrial membrane
permeabilization i.e. cytochrome c release, which was followed by caspase activation and
appearance of fragmented nuclei. In cells with normal nuclear morphology a diffuse cytosolic
Bax and Bid pattern was observed (Fig. 19).
In addition, in the melanocytes with a normal nuclear morphology
protein was translocated from the cytosol to the mitochondria after
these cells did not display any signs of apoptosis and contained
morphology (Fig. 19). The anti-apoptotic Bcl-xL showed the same
nuclear morphology as Bcl-2.

the anti-apoptotic Bcl-2
UV exposure. However,
a nucleus with normal
distribution pattern and
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Figure 19. Localization of pro-apoptotic Bax and anti-apoptotic Bcl-2 in melanocytes
following UV exposure. Representative images of (A) unirradiated control cell immunostained for
Bax visualized by Alexa 488 Fluor and (B) its DAPI stained nucleus. (C, D) Corresponding images
from a representative cell 6 hours after UVA irradiation (60 J/cm2). Note redistribution of Bax
from a diffuse cytosolic to a punctate mitochondrial-like pattern and fragmentation of the nucleus.
Representative images of (E) unirradiated control cell immunostained for Bcl-2 visualized by Alexa
488 Fluor and (F) its DAPI stained nucleus. (G, H) Corresponding images from a representative
cell 6 hours after UVA irradiation (60 J/cm2). Note redistribution of Bcl-2 from a diffuse cytosolic
to a punctate mitochondrial-like pattern and normal morphology of the nucleus.

34

Results

Lysosomal permeabilization
In paper III, we evaluated the participation of lysosomal proteases in UV induced apoptosis in
melanocyte cultures. Release of the lysosomal proteases, cathepsin B and D from the lysosome
to the cytosol, was found after UVA/B irradiation and inhibition of cathepsin D and cysteine
cathepsins with pepstatin A or E64d, respectively, decreased apoptosis. Further, UV-induced
Bax translocation from the cytosol to the mitochondria was reduced after cathepsin inhibition.
This suggests a pro-apoptotic function of the cathepsins. In cytosolic fractions of melanocyte
cultures, lysosomal release of the cathepsins B and D was found upstream of Bax translocation
and mitochondrial membrane permeabilization (Fig. 20).
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Figure 20. The role of cathepsin B and D in melanocytes after UVA/B irradiation. The release of
cathepsins B and D from the lysosome was determined by Western blot of digitonin extracted cytosolic
fractions after (A) UVA (60 J/cm2) and (B) UVB (500 mJ/cm2) exposure. One representative blot out of three
is shown and GAPDH was used as an internal control. Nuclear morphology was analyzed in DAPI stained
cultures and punctate staining of Bax, indicating translocation of the protein from cytosol to mitochondrial-like
structures, was assessed by immunocytochemistry in melanocytes 6 hours after (C) UVA and (D) UVB
exposure. When indicated, the cells were pre-treated, 16 hours prior to irradiation, with pepstatin A (100 µM)
or E64d (10 µM), inhibitors of cathepsin D and cysteine cathepsins, respectively.

To mimic the effect of cathepsins, melanocytes were microinjected with cathepsin B into the
cytosol. The cathepsin B microinjected cells displayed fragmented nucleus indicating lysosomal
membrane permeabilization and cytosolic location of cathepsins to be of importance in the proapoptotic process (Fig. 21).
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Figure 21. Light and fluorescence microscopy of melanocyte cultures microinjected with
cathepsin B. Cells were microinjected with a mix of 0.25 mg/ml cathepsin B and Alexa Fluor 488 in
PBS at pH 5.7 into the cytosol. Control cells were microinjected with Alexa Fluor 488 in PBS. After 6
hours the microinjected cells were visualized by Alexa Flour 488 and apoptotic melanocytes were
identified by fragmented nucleus using DAPI staining. (A-C) One cell microinjected with Alexa Fluor
488. (D-F) One cell microinjected with Alexa Fluor 488 and 0.25 mg/ml cathepsin B. Representative
images are shown.

UV induced p53 expression
In paper IV, we assess the function of p53 in UV induced apoptosis in melanocytes. In UVB
irradiated cells, increased p53 protein expression occurred in a time-dependent manner 2, 4, and
6 hours postirradiation, while UVA showed a more modest action with an upregulation 2 hours
postirradiation followed by a total repression 6 hours postirradiation (Fig. 22).
B

Figure 22. p53 expression following UVA/B exposure in human melanocytes. Western blot
analysis of p53, Puma and Noxa 2, 4 and 6 hours after (A) UVA (60 J/cm2) or (B) UVB (500
mJ/cm2). One representative blot out of three is presented and β-actin was used as an internal
control.
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We also investigated the expression of the two p53 regulated modulators of apoptosis, Puma and
Noxa, following UV exposure. The pro-apoptotic protein Puma followed the expression of p53
after both UVA and UVB, whereas the pro-apoptotic protein, Noxa, did not show the same
direct p53 associated expression after UVA, though upregulated after UVB exposure (Fig. 22).

Intracellular location of p53
To further elucidate the action of p53, intracellular location of p53 was visualized after both
UVA/B irradiation, using immunocytochemistry. UVA irradiation induced translocation of the
p53 protein from a diffuse cytosolic pattern in un-irradiated melanocytes into a mitochondriallike punctate pattern (Fig. 23). The punctate pattern matched the mitochondrial distribution,
detected by MitoTracker Red® that accumulates in active mitochondria. Of melanocytes with
mitochondrial localization of p53, approximately 70% contained fragmented nucleus suggesting
pro-apoptotic regulation at the level of the mitochondria.
After exposure to UVB, on the other hand, the p53 protein translocated to the nucleus (Fig. 23).
However, nearly 50% of the melanocytes with nuclear p53 showed nuclear fragmentation i.e. an
apoptotic outcome.

Figure 23. Localization of p53 following UVA/B exposure in human melanocytes.
Representative immunocytochemistry images of p53 localization in unexposed and UVA/B
exposed melanocytes examined by fluorescence confocal microscopy. Note the change in
p53 staining from diffuse cytosolic localization to punctate mitochondrial like pattern
following UVA exposure and to a nuclear pattern following UVB exposure.
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Pro-apoptotic action of p53
When the chemical cell-permeable p53 specific inhibitor PFT-α was used, p53 protein
translocation diminished both to the mitochondria after UVA and the nucleus after UVB. In
paper III, we showed both UVA/B to induce apoptosis through the mitochondrial pathway. In
paper IV, we have studied the impact of the p53 protein in the mitochondrial signaling pathway.
As a consequence, when inhibiting the p53 protein, cytochrome c release from the mitochondria,
caspase-3 activation and nuclear fragmentation, were all reduced, suggesting p53 to be proapoptotic in human melanocytes after UVA/B irradiation.

The lysosome and p53
In paper III, we demonstrate UV to induce lysosomal membrane permeabilization and release of
cathepsin B and D upstream of Bax translocation and permeabilization of the mitochondria. In
paper IV, we examined whether p53 affects the lysosome and the release of cathepsins. When
inhibiting p53 after UVB irradiation, the release of both cathepsin B and D was reduced,
suggesting p53 to operate upstream of the lysosome. However, the release of the cathepsins was
not significantly altered after irradiation with UVA, suggesting p53 to be able to induce apoptosis
independently of lysosomal membrane permeabilization.

p53 mediated translocation of Bcl-2 family proteins
To further establish the apoptosis signaling pathways where p53 are involved we investigated the
translocation of the pro-apoptotic proteins Bax, Bid, Puma and Noxa and the anti-apoptotic
proteins Bcl-2 and Bcl-xL. UVA/B irradiation induces translocation of both the pro- and the
anti-apoptotic proteins from the cytosol to the mitochondria. When inhibiting p53 the
translocation of the pro-apoptotic proteins was reduced, while the anti-apoptotic proteins was
not affected suggesting p53 to be strictly pro-apoptotic after UVA/B irradiation.

p53 interactions with Bcl-2 family proteins
The interactions of p53 with Bcl-2 family proteins and cathepsins were investigated after
UVA/B exposure using immunoprecipitation. In unexposed melanocytes, p53 interacted with
the anti-apoptotic proteins Bcl-2 and Bcl-xL. Following exposure to UVA, the p53 interaction
with these anti-apoptotic proteins was diminished by pro-apoptotic proteins Puma, Noxa and
Bax. A similar but weaker reaction was noted after UVB. However, p53 did not show any
interaction with either cathepsin B/D or Bid after UVA/B exposure.

38

Discussion

DISCUSSION
UV irradiation is considered the major cause of skin cancer. UVB radiation has been regarded as
the main cause of malignant melanoma, attributed by the fact that these wavelengths are
absorbed within nucleic acids and are also effective in inducing painful erythemas, associated
with high risk for malignant melanoma. Recently, attention has focused on UVA in the etiology
of melanoma as epidemiological studies point towards a possible relation between UVA
exposure and risk of melanoma development (Setlow et al., 1993; Moan et al., 1999; Westerdahl et
al., 2000). Further, UVA absorption in the skin is associated with photosensitizing reactions
through interaction with endogenous chromophores. As a result, singlet oxygen might be
formed and enhances other ROS altering signal transduction and induces oxidation of
macromolecules as lipids and DNA (Vile & Tyrrell, 1995; Kvam & Tyrrell, 1999; Girotti, 2001).
Such reactions lead to impaired cellular functions and possibly concomitant DNA damage
increasing the risk of skin tumor development.
We demonstrate destabilization of plasma membrane integrity and altered redox balance in
human epidermal melanocytes immediately after irradiation with UVA. Altogether, the reduced
retention of FDA and depletion of GSH reflects cellular reactions that might cause altered signal
transduction and activation of intracellular stress responses. Glutathione is the most abundant
intracellular thiol and an important regulator of intracellular redox state. The GSH/GSSG ratio
is a sensitive indicator of intracellular redox state. The intracellular content of GSH is
determined by the balance between depletion, recycling and synthesis. To retain a reduced
intracellular milieu, conjugated or exported GSH must be replaced by de novo synthesis, while the
GSSG, formed by peroxide degradation and reaction with ROS, can be reduced by glutathione
reductase to regenerate GSH. As intracellular GSH diminishes, cell function is progressively
altered and as a consequence the intimate interplay between recycling of antioxidants is
disturbed. In melanocytes, total amount of GSH/GSSG remained stable after UVA/B indicating
oxidation of GSH into GSSG and altered cell function.
Cells undergoing apoptosis have been reported to rapidly and selectively export GSH into the
extracellular space (Ghibelli et al., 1998; Pullar & Hampton, 2002). In the melanocytes, no leakage
of GSH/GSSG metabolites was detected even though UVA irradiation gave a pronounced
alteration of the plasma membrane integrity. UVB, on the other hand, did not cause any
immediate detectable oxidative damage or any significant effect on cell proliferation. In line with
our findings is the report by Herrling et al., (2003) that UVA irradiation is more prone to cause
free radicals/ROS than UVB detected by electron spin resonance spectroscopy in human skin
biopsies.
The cellular defence system against free radicals and other ROS includes various antioxidants as
well as enzymatic systems. α-Tocopherol is localized interspersed between the polyunsaturated
fatty acids of phospholipids in all membranes, with highest concentration in mitochondria where
it acts as a membrane stabilizer. In addition, α-tocopherol provides qualities as a peroxyl radical
scavenger and has a broad absorption within the UV spectrum. α-Tocopherol, regarded as one
of the most important antioxidant, is a frequent ingredient in photoprotective crèmes. Another
lipophilic antioxidant, β-carotene absorbs in the near UV and visible spectrum (360-550 nm)
resulting in insufficient or absent shielding properties against UVB. β-Carotene inhibits
photoinduced autooxidation by quenching singlet oxygen and interacts with radicals involved in
lipid peroxidation in general (Foote et al., 1970; Manda & Bhatia, 2003; Mathews-Roth, 1990).
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α-Tocopherol and β-carotene have previously been shown to protect from UV mediated
oxidative stress in keratinocytes and fibroblasts (Eichler et al., 2002; Epstein, 1977). In a previous
study, we found a higher degree of β-carotene in melanocytes as compared to other skin cells,
qualifying for a superior photoprotector of melanocytes in the skin (Andersson et al., 2001).
Recently, combinations of ascorbate, α-tocopherol and undefined batches of a variety of
carotenoids were found to be protective against UV induced oxidative DNA damage in
melanocytes (Smit et al., 2004; Lyons & O’Brien, 2002). We have now investigated possible
protective effects of α-tocopherol and β-carotene individually or mutually regarding UVA/B
induced redox alterations, proliferation and apoptosis in human melanocytes. UVA, as well as,
UVB induced GSH loss was prevented by α-tocopherol pretreatment, while β-carotene only
provided limited protection only from UVA exposure. However, β-carotene has been
demonstrated to possess both antioxidant and prooxidant properties depending on cell type and
oxygen tension within the cell (Obermüller-Jevic et al., 1999; Black, 2004). The limited protection
against UVA suggests that the site of singlet oxygen generation and intracellular location of βcarotene might not be close in space (Cantrell et al., 2003). Regardless of this, α-tocopherol was
clearly superior to β-carotene, in protecting melanocytes from UVA/B induced oxidative stress.
We further, report α-tocopherol to reduce cell proliferation, signifying an effective and broad
protective potency of α-tocopherol affecting several cellular functions.
The wavelength absorption profile of β-carotene and α-tocopherol by itself would indicate
possible additive photoprotective effects by combining the two. Palozza and Krinsky, (1992)
reported cooperative chainbreaking action of β-carotene and α-tocopherol, which diminished
lipid peroxidation in a membrane model. Dreher & Maibach (2001) described synergistic effects
of α-tocopherol and ascorbate and suggested photoprotective synergistic interplay through
recycling of several other antioxidants as well. Our results from melanocytes did not demonstrate
any synergistic effects of these two lipophilic antioxidants, β-carotene and α-tocopherol.
Following UVA/B induced decrease in GSH levels in melanocytes, we found an upregulation of
the cellular content of γ-GCS. Moreover, GSH returned to initial levels twenty-four hours after
irradiation. The rate limiting enzyme of GSH synthesis, γ-GCS, is feed back inhibited by GSH
and in addition, the decrease in the intracellular level of GSH is initially met by a short term
transient increase in activity of pre-existing γ-GCS. However, it has been shown that increased de
novo synthesis of GSH is due primarily to increased synthesis of γ-GCS subunits through
increased transcription (Wild & Mulcahy, 2000). In accordance, during UV irradiation and GSH
depleting conditions activation of redox-sensitive transcription factors, such as AP-1, increased
transcription of γ-GCS (Devary et al., 1992). A high ROS production causes deleterious cellular
effects by direct damage to macromolecules, while limited ROS production might modify the
intracellular redox balance by altering signal transduction and redox sensitive transcription
factors, such as NF-κB (Schreck et al., 1992). NF-κB consists of heterodimeric complexes of p50
and p65 subunits and is, in its inactive form, located in the cytosol bound to the inhibitor protein
IκB. Upon stimulation, phosphorylation and degradation of IκB occurs, enabling rapid
translocation of the NF-κB subunits into the nucleus. Subsequently, the subunits regulate
specific target genes, determining among other the balance between apoptosis and proliferation.
During oxidative conditions activation of NF-κB has been shown to involve depletion of GSH
and lipid peroxidation in alveolar epithelial cells (Rahman et al., 2000). Interestingly, UVA has
been described to induce oxidative modifications able to activate NF-κB in human skin
fibroblast (Vile et al., 1995). We recognized translocation of the p50 and p65 subunit of NF-κB
from their cytosolic location to the nucleus in melanocytes following UVA/B irradiation.
Further, we detected reduced p50 and p65 expression in UVA irradiated cultures pretreated with
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α-tocopherol or β-carotene. In line with our findings in melanocytes, Maalouf et al., (2002)
reported α-tocopherol to inhibit NF-κB activation in keratinocytes, probably by neutralizing
ROS and normalizing the redox state. Imbalance in the antioxidant system and amplification of
NF-κB have been detected in melanoma cells as compared to normal melanocytes, suggesting a
possible therapeutic target (Piccardo et al., 1996; McNulty et al., 2001). In Fig. 24, we present a
model scheme of our results for UVA and UVB induced redox alterations and photoprotective
capacity of α-tocopherol or β-carotene in melanocytes.

Figure 24. Proposed model of redox alterations in human melanocytes exposed to UVA/B.
Alterations in redox state manifested as reduction of GSH levels, translocation of NF-κB to the
nucleus and concomitant increase in γ-GCS. Photoprotective capacity of α-tocopherol and β-carotene
was investigated. → Denotes events specifically addressed in this study. ┤Denotes reactions that
could be prevented by antioxidants.
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The ability of tumor cells to evade apoptosis is one central hallmark in the complex multistep
process leading to tumor development (Hanahan & Weinberg, 2000). UVB irradiated
keratinocytes are susceptible to induction of apoptosis both in vitro and in vivo, but melanocytes
have not been described to undergo apoptosis in the epidermis (Schwarz et al., 1995).
Melanocytes express constitutively high levels of the anti-apoptotic protein Bcl-2, suggesting
resistance to apoptosis. Inability to undergo apoptosis might lead to survival of cells with DNA
damage and an increased risk of tumor development (Klein-Parker et al., 1994; Bowen et al.,
2003).
In our experimental system, we were able to demonstrate that melanocytes possess the
regulatory systems for apoptosis and were able to undergo apoptosis following UVA, as well as,
UVB irradiation. To be able to investigate the existence of such mechanisms in melanocytes
there was a need for developing a culture model of pure melanocytes. The consequence was a
disruption of the intimate interplay between melanocytes and keratinocytes in vivo. This has to be
considered when evaluating the results from this study, particularly in view of our recent results
that keratinocytes in a co-culture system with melanocytes were shown to protect melanocytes
from UV induced apoptosis (Bivik et al., 2005). Further, it has been suggested that keratinocytes
in the epidermis through the release of survival factors such as the nerve growth factor have a
rescue function for UV damaged melanocytes, (Zhai et al., 1996). Another aspect of a nonexisting cell to cell contact that normally occurs in vivo is disrupted melanosomes transfer from
melanocytes to keratinocytes. An accumulation of melanosomes within the melanocytes might
enhance the protective capacity, but might on the other hand be destructive as melanin free
radicals are formed after UV irradiation (Felix et al., 1978; Sarna et al., 1980). In our experimental
system, the melanocytes display a high ability to handle such alterations of the redox balance.
The redox state and the increased expression of transcription factors ultimately determine the
balance of proliferation and apoptosis.
We report UV irradiation to cause signal transduction and induce numerous molecular damages
in melanocytes, leading to apoptosis. In several cell systems, UV irradiation has been found to
trigger a variety of apoptosis signaling pathways, including nuclear DNA damage with activation
of the tumor suppressor gene p53, activation of death receptors or the mitochondrial pathway
(Ziegler et al., 1994; Aragane et al., 1998; Kulms & Schwarz, 2002). We provide evidence that
UVA/B-induced apoptosis in melanocytes is regulated by the intrinsic pathway. Central for the
regulation of apoptosis is translocation of intracellular proteins between subcellular localities, e.g.
from the cytosol to intracellular organelles or vice versa. The apoptotic activity of mitochondria
depends on the balance between positive and negative apoptotic regulators, such as members of
the Bcl-2 protein family, and also by lysosomal cathepsins released to the cytosol (Oltvai et al.,
1993; Jürgensmeier et al., 1998; Johansson et al., 2003).
The Bcl-2 family proteins contain both membrane bound and cytosolic proteins, of which
especially the pro-apoptotic members have been described to translocate between subcellular
localities during apoptosis (Porter, 1999). The pro-apoptotic Bax is primarily localized in the
cytosol and is bound in complex with inhibitory proteins (Nomura et al., 2003; Sawada et al.,
2003). In response to an apoptotic stimulus, Bax is released and susceptible to conformational
changes, enabling the protein to target and insert into mitochondrial membranes, a process often
assisted by BH3-domain-only proteins, such as Bid, Puma and Noxa (Cartron et al., 2004, Willis
& Adams, 2005; Goping et al., 1998; Gross et al., 1998). In cells with fragmented nucleus, we
report translocation of the pro-apoptotic proteins Bax, Bid, Puma and Noxa from the cytosol to
the mitochondria in UVA/B exposed melanocytes.
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The pro-apoptotic process is counteracted by anti-apoptotic proteins, such as Bcl-2 and Bcl-xL
(Lucken-Ardjomande & Martinou, 2005). Both these proteins were found to translocate from
the cytosol to the mitochondria in melanocytes having normal shaped nucleus and thus
identified as surviving cells. The Bcl-2 protein is generally considered to be strictly attached to
membranes, such as the mitochondria and endoplasmatic reticulum membranes. For the first
time, we describe cytosolic localization of Bcl-2, which after UVA/B irradiation was translocated
to the mitochondria. The present result, together with our previous finding that total Bcl-2
protein level remains constant and high in melanocytes following UVB irradiation, make us
conclude that Bcl-2 exerts its anti-apoptotic effects through translocation to the mitochondria
rather than by elevating expression (Bivik et al., 2005).
Upstream of mitochondrial membrane permeabilization, the key regulatory protein p53
participates during initiation of cell death. The p53 gene is reported lost or mutated in more than
half of all human tumors. However, p53 gene point mutations occur rarely in malignant
melanoma (Albino et al., 1994; Sparrow et al., 1995; Zerp et al., 1999). In tumors without p53
mutation, the p53 pathway might instead frequently be inactivated by oncoproteins or by
defective upstream signals (Vogelstein et al., 2000; Vousden & Lu, 2002). The pathway of p53induced apoptosis is not yet fully elucidated and mechanisms both dependent and independent
of its transcriptional activity have been suggested (Bates and Vousden, 1999).
Our finding of an elevated expression of p53 in UVB irradiated melanocytes might be mediated
by the direct DNA damaging nature of UVB. Further, we report the expression of p53 regulated
pro-apoptotic proteins, Puma and Noxa, to increase after UVB irradiation. As a transcription
factor, p53 regulates transcription of dozens of effector genes involved in DNA repair, cell
growth, or apoptosis (Miyashita et al., 1994B; Nakano and Vousden, 2001, Oda et al., 2000, Wu et
al., 1998). In line with this, Nakano and Vousden (2001) reported the presence of a binding site
of p53 in the gene encoding Puma and inhibition of Puma expression with its anti-sense RNA
reduced the apoptotic rate, indicating Puma being involved in p53-induced apoptosis signaling.
UVA irradiation did not cause any considerable translocation of p53 to the nucleus. Further,
increased p53 and Puma expression were noted 2 hours after UVA, but this effect was abolished
after 4 hours. The expression of Noxa increased in a time-dependent manner and persisted 6
hours after irradiation. A possible explanation for these findings might be that the induction of
Puma requires activity of the two transactivation domains in p53, whereas either one is sufficient
for the induction of Noxa (Cregan, 2004).
The degree of oxidative stress in the cells can regulate the ability of wild-type p53 to induce
apoptosis and changes in the intracellular redox state have recently been shown to alter the DNA
binding ability of p53 through oxidative modification of critical cysteines (Lotem et al., 1996;
Parks et al., 1997). Thus, the different translocation patterns of p53 detected after UVA and UVB
exposure in melanocytes might be a consequence of differences in the intracellular redox state.
UVB irradiation induces direct DNA damage, which is one of the most potent signals leading to
p53 activation and, consequently, p53 accumulates in the nucleus. UVA irradiation, instead, gives
rise to ROS, which induces translocation of p53 to the mitochondria. We show UVA exposure
to cause substantially higher oxidation of GSH, as compared to UVB. Thus, DNA-damage
induced by UVB results in nuclear translocation and transcriptional activity while, the oxidative
intracellular environment induced by UVA might lead to oxidation of critical cysteines in p53.
Pifithrin-α has been described as a specific p53 inhibitor and reported to prevent translocation of
p53 into the nucleus, thereby reducing p53-regulated transcription (Komarov et al., 1999). In our
experiments, we found PFT-α to decrease translocation of p53 and reduce the frequency of
apoptosis in UVA/B exposed melanocytes. Moreover, PFT-α treatment diminished UV-induced
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translocation of the cytosolic pro-apoptotic proteins Bax, Puma, Noxa to the mitochondria
indicating p53 to be a regulator of pro-apoptotic Bcl-2 family proteins. A previous study
performed by our research group did not show any detectable increase in neither mRNA nor
protein level of Bax in melanocytes during apoptosis, suggesting redistribution rather than
upregulation of the Bax protein to be of importance (Bivik et al., 2005). Further, inhibition of
p53 decreased translocation of Bcl-2 and Bcl-xL to the mitochondria but did not affect the
expression of these anti-apoptotic proteins.
Recent reports show accumulating evidence for transcription-independent p53-mediated
apoptotic activity through direct interaction with Bcl-2 family proteins in the cytosol and at the
mitochondria (Moll & Zaika, 2001; Chipuk & Green, 2003; Erster & Moll, 2005; Yee &
Vousden, 2005). Interestingly, p53 has been proposed to promote mitochondrial membrane
permeabilization in a BH3-only protein-like fashion by liberating pro-apoptotic mediators, such
as Bax, from inhibitory complexes with Bcl-2 and/or Bcl-xL proteins (Chipuk et al., 2004; Mihara
et al., 2003). Multiple lines of evidence indicate that the negative regulation of p53 in nonstressed
conditions is performed by interactions with anti-apoptotic proteins, and Bcl-xL has been shown
to inactivate cytoplasmic p53 (Chipuk et al., 2005). In unirradiated melanocytes, we could
confirm interaction between p53 and Bcl-xL, as well as Bcl-2. Following UV exposure, the p53
interaction was exchanged to the pro-apoptotic proteins Bax, Puma and Noxa.
UV irradiation has been suggested to induce apoptosis by the extrinsic pathway, which initiate
the caspase cascade through activation of pro-caspase-8 (Thorburn, 2004). Caspase-8 has also
been assigned to truncate and in that way activate cytosolic Bid (Luo et al., 1998; Desagher et al.,
1999). However, in melanocytes exposed to UV, we found no proteolytic processing of procaspase-8 and no caspase-8 activity, excluding an initial involvement of the death receptor
pathway. However, UV exposure induced translocation of Bid to mitochondrial-like structures in
the melanocytes. In view of the fact that lysosomal cathepsins are able to cleave Bid in test tube
systems they might, when released into the cytosol, act as alternative activators of Bid (Cirman et
al., 2004; Heinrich et al., 2004).
The lysosomal compartment and the function of lysosomal cathepsins were earlier presumed to
be limited to degradation of long-lived proteins. However, lysosomal membrane
permeabilization and concomitant release of cathepsins to the cytosol have been assigned
specific functions during proliferation and apoptosis. Interestingly, cathepsin D has been
assigned mitogenic activity as overexpression increase proliferation in breast cancer cells (Fusek
& Vetvicka, 1995). Further, the gene encoding cathepsin D has the presence of two p53 DNA
binding sites in the promoter sequence and either site could be bound specifically by the p53
protein, which provides evidence for a direct relation between the p53 protein and cathepsin D
expression (Wu et al., 1998).
During the past few years several cysteine cathepsins, such as cathepsin B and L, and aspartic
cathepsins, such as cathepsin D have been assigned specific functions in the apoptosis process
(Ishisaka et al., 1999; Guicciardi et al., 2000; Deiss et al., 1996). Cytosolic location of these
cathepsins has been shown to be involved in apoptosis initiation (Guicciardi et al., 2000; Kågedal
et al., 2001). Moreover, cathepsin D has been found to operate upstream of mitochondrial
membrane permeabilization and cytochrome c release (Kågedal et al., 2001; Roberg et al., 2002).
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In human melanocytes, we report UV irradiation to induce lysosomal membrane
permeabilization with concomitant release of cathepsin B and D to the cytosol. Pre-treatment
with the cysteine cathepsin and cathepsin D inhibitors, E64d and pepstatin A, respectively,
prevented apoptosis induction suggesting pro-apoptotic properties of the cathepsins in human
melanocytes. The apoptosis preventive effect of the cysteine inhibitor used demonstrates
involvement of any of the 11 known human cysteine cathepsins (Turk et al., 2002). Cathepsin B
is, however, one of the most abundant cysteine cathepsins and was therefore chosen for
microinjection. With the microinjection procedure we mimicked translocation of cathepsins to
the cytosol, and found that this procedure initiated apoptosis. We further demonstrated
cathepsins to interact with the mitochondrial apoptotic pathway and operate upstream of Bax
translocation since the frequency of Bax translocation and the number of apoptotic cells were
markedly reduced when inhibiting cysteine cathepsins and cathepsin D. Similarly, Boya et al.,
(2003AB) and Bidere et al., (2003) reported lysosomal membrane permeabilization with
cathepsins release as an event upstream of mitochondrial membrane permeabilization.
Following UVB irradiation, we noticed p53 to regulate lysosomal membrane permeabilization,
given that inhibition of p53 reduced the release of cathepsin B and D. In a previous article, wild
type p53 was reported to initiate lysosomal destabilization (Yuan et al., 2002). When melanocytes
were exposed to UVA in combination with PFT-α, cathepsin release was however not affected,
indicating that lysosomal membrane permeabilization could also be controlled independently of
p53. Our results showing that p53 inhibition had no impact on Bid translocation or lysosomal
membrane permeabilization after UVA, suggest nuclear location and transcriptional activity to be
necessary for such induction. Moreover, by immunoprecipitation, we found no interaction
between p53 and Bid or the cathepsins suggesting pro-apoptotic signaling mediated by Bid to
represent a parallel p53 independent pathway for apoptosis signaling in UV irradiated
melanocytes. In Fig. 25, we present a model scheme of our results of UVA and UVB induced
apoptosis in melanocytes.
In summary, the current studies provide a deeper understanding of the divergent effects of UVA
and UVB irradiation to induce redox alterations, particularly in the GSH system and the
photoprotective capacities of α-tocopherol and β-carotene in human melanocytes in vitro. The
research projects present novel knowledge of UV mediated apoptosis signaling through the
lysosome and the intrinsic mitochondrial pathway in these cells. Future investigations will
address the initiation process of this pathway upstream of lysosomal membrane
permeabilization, which might result in new approaches and therapeutic targets to reactivate
melanoma with malfunctioning apoptosis.
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Figure 25. Proposed model of p53 mediated pro-apoptotic events after UVA- and UVBexposure of human melanocytes. → Events specifically addressed in this study.
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CONCLUSIONS
In human epidermal melanocytes, UVA induced altered redox balance and plasma membrane
integrity causing decreased proliferation and increased apoptosis. In comparison, melanocytes
plasma membrane was markedly resistant to UVB irradiation, although apoptosis was triggered.
Thus, UVA irradiation should not be overlooked as an etiologic factor in melanoma
development.
After irradiation with UVA/B we demonstrate alterations in the cellular redox state manifested
by a reduction of GSH levels, translocation of NF-κB from the cytosol to the nucleus, an
increase of γ-GCS, and increased rate of apoptosis. The redox state and the increased expression
of transcription factors determined the fate of the cell and the balance between proliferation and
apoptosis are important for regulation of homeostasis of the melanocyte population.
We show that α-tocopherol provided photoprotection through several modes of action affecting
redox alterations and signaling, stabilizing the plasma membrane integrity, and reducing
proliferation and apoptosis frequency, while β-carotene did not show the same protective
capacity. β-Carotene primarily counteracts singlet oxygen, but provided limited protection
against UV, suggesting that the site of singlet oxygen generation and intracellular location of βcarotene is not close in space. Altogether, α-tocopherol might be a useful substance in protecting
melanocytes from UV induced damage.
We describe that UVA/B irradiation activates the intrinsic pathway of apoptosis in melanocytes
where translocation of Bcl-2 family proteins to the mitochondria control the apoptosis signal.
Lysosomal cathepsins were released to the cytosol acting as pro-apoptotic mediators upstream of
Bax activation and translocation to the mitochondria. Furthermore, melanocytes surviving UV
irradiation showed mitochondrial location of anti-apoptotic Bcl-2 family proteins, which might
be a critical event in the prevention of apoptosis.
Inhibition of p53 caused a significant decrease of UV induced apoptosis, which ascribe p53 as an
important pro-apoptotic protein in apoptosis signaling in melanocytes. When cells were exposed
to UVA, p53 regulated apoptosis by interaction with Bcl-2 family proteins at the level of the
mitochondria, most likely as a result of redox alterations. UVB induced transcriptional activity of
p53 target proteins and apoptosis involving lysosomal membrane permeabilization. Thus, UV
induced p53 mediated apoptosis in melanocytes in vitro is both dependent and independent of its
transcriptional activity.
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IMPLICATIONS AND FUTURE RESEARCH
DIRECTIONS
Melanocytes are the target cells of daily UV exposure and the cells from which melanoma
originates. This thesis gives new insight in the harmful and various effects of different
wavelengths within the UV spectrum on human melanocytes in vitro. The studies have focused
on redox alterations in relation to proliferation and apoptosis signaling pathways affecting
melanocyte homeostasis. Improved knowledge on these regulatory systems might lead to a better
understanding of the formation of pigment nevi and malignant melanomas, and in the future,
give new strategies for preventing and eliminating tumor development and progression.
Moreover, melanoma is the most severe form of skin cancer with increasing incidence and often
poor prognosis. Melanoma is a tumor with low apoptotic frequency. Knowledge regarding
specific apoptosis signaling pathways might lead to development of novel therapies targeting
specific sites in these pathways.
Our future research addresses signaling pathways in apoptosis induction especially upstream of
lysosomal membrane permeabilization. Malignant melanoma overexpresses several proteins
related to apoptosis protection or to proliferation advantages and knowledge whether these
proteins, such as Bcl-2, Bcl-xL, NF-κB and p53, play an essential role in melanoma progression is
of importance to understand the association between UV exposure and tumor development. We
will continue to investigate various proteins in apoptosis signaling and their role in tumor
progression from melanocytes to pigment nevi and ultimately to malignant melanoma in cell
cultures and in tumor sections with the aim to identify prognostic markers for tumor
progression. Understanding the diverse action of various components in the apoptosis signaling
pathways of human melanocytes have potentials for future studies identifying individuals at risk
to be targeted for prevention.
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