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ABSTRACT 
Cell death by apoptosis is a physiological process that enables the elimination of 

cells without causing an inflammatory response. In self renewing tissue like the 
epidermal layers of the skin, cell numbers are tightly regulated by a delicate balance 
between proliferation, differentiation and cell death. Besides cell death by terminal 
differentiation in normal skin, cell death can also be induced by exposure to sunlight. 
This paper will review the different forms of cell death in the skin and discuss the role 
of apoptosis in diseases like skin cancer, psoriasis and systemic lupus erythematosus 
(SLE). 
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INTRODUCTION 
Apoptosis is a form of programmed cell death which plays a crucial role in 

development and homeostasis of the human body. Especially in continuously renewing 
tissues like the skin, cell growth and cell death has to be tightly regulated to ensure 
correct tissue function and prevent inappropriate excessive growth.  
The skin is composed of three distinct layers. The deepest layer is the subcutaneous fat 
which is covered by the dermis. The dermis contains blood vessels, nerves, hair 
follicles and sweat glands. The top layer is called the epidermis, a continuously 
renewing multilayered epithelium with a high turnover rate. The epidermis is 
composed of three cell types: Langerhans cells (LC), melanocytes and keratinocytes. 
Keratinocytes are the cells which form the, by far, largest part of the epidermis. Basal 
and suprabasal keratinocytes together constitute the rapidly proliferating compartment 
known as the stratum basale. Terminal keratinocyte differentiation is initiated upon 
detachment from the underlying basement membrane into the stratum spinosum (1). 
Keratinocytes move upwards through the stratum spinosum into the stratum 
granulosum where cells loose their nucleus. The end product is a mechanically rigid, 
crosslinked, keratinous envelope in the stratum corneum and is shed as an enucleate 
corneocyte. Langerhans cells are the residential dendritic cells of the epidermis. 
Melanocytes produce pigment largely composed of melanin and are located in the 
basal layer of the epidermis.  

Regulation of cell death is very important in the homeostasis of the epidermis. 
The turnover rate of keratinocytes is very high and basal and suprabasal keratinocytes 
are constantly dividing and finally dying after terminal differentiation in the stratum 
granulosum. Furthermore, skin is continuously exposed to external factors as 
chemicals and sunlight which can damage keratinocytes. Cell death ensures that 
critically damaged keratinocytes are removed to prevent dysfunction of these cells. 
 
ROLE OF APOPTOSIS IN TERMINAL DIFFERENTIATION 

During the process of terminal differentiation keratinocytes eventually die. 
There is some controversy whether terminal differentiation of keratinocytes is a variant 
of apoptosis. Some histological features of terminally differentiating keratinocytes 
resemble cellular changes associated with apoptosis, for example, nuclear pyknosis 
and fragmentation into nucleosome-sized pieces (2). Both processes also share 
activation of endonucleases (3), caspase-3 activity (4) and degradation of DNA. 
However several reports also point at the differences between terminal differentiation 
and apoptosis. DNA fragmentation is hardly seen in terminally differentiated 
keratinocytes (3). We could not detect the active form of caspase-3 in the skin of 
healthy controls (5). Furthermore, Gandarillas et al showed in vitro that keratinocytes 
undergo terminal differentiation without going into apoptosis (6). Finally, in diseases 
characterized by defects in growth, differentiation or adhesion no increase of apoptotic 
nuclei were detected in affected epidermis compared to normal skin. In combination 
these data strongly suggest that in keratinocytes terminal differentiation and apoptosis 
are distinct cellular events. 
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SUNLIGHT INDUCED APOPTOSIS IN SKIN 
Apoptosis in the skin can be induced by chemicals and ionizing radiation, 

however most relevant is exposure of the skin to sunlight. Ultraviolet radiation (UVR) 
is a strong inducer of apoptosis in the skin. Apoptotic epidermal keratinocytes, known 
as sunburn cells (SBC), were originally described by their distinctive appearance, i.e. 
pyknotic nuclei and a shrunken, eosinophilic cytoplasm (7). These features make SBC 
easily recognizable in hematoxylin eosin (H&E) stained sections. SBC can be detected 
as early as 8 hours after UVR exposure with maximal numbers at 24-48 hours and 
disappearance by 60-72 hours (8;9). In vitro, apoptosis will finally result in 
permeabilization of the plasma membrane, known as secondary necrosis, which may 
lead to inflammation. However, it is believed that this will not occur under 
physiological circumstances in vivo due to rapid clearance of apoptotic cells (10). In 
the skin, loss of desmosomes on apoptotic keratinocytes (11) will result in more rapid 
migration towards the stratum corneum. Subsequently, shedding will clear a large part 
of SBC from the skin. In addition, infiltrating macrophages (12), Langerhans cells (13) 
and keratinocytes (14) internalize SBC before they reach the stratum corneum.  

UV light (200-400 nm) is sub-divided according to wavelength in UVA (315-400 
nm), UVB (280-315nm) and UVC (200-280 nm) light. UVC is absorbed by the 
stratospheric ozone layer, therefore sunlight usually contains only UVA and UVB. 
UVA penetrates through epidermal and dermal layers of the skin, and is weakly 
absorbed by bio-molecules.  In contrast, UVB does not penetrate much further than the 
epidermal layer and is strongly absorbed by DNA and protein. UVB is therefore the 
most effective inducer of SBC in the skin (15;16). UVB-induced apoptosis has been 
recognized as a complex mechanism in which a variety of signaling pathways are 
involved; 1) apoptosis induced by direct DNA-damage, 2) death receptor mediated 
apoptosis, and 3) apoptosis via formation of reactive oxygen species (ROS). These 
pathways will be discussed below (Fig 1). 
 
1. Apoptosis induced by direct DNA-damage  

UVB-induced DNA damage has long been proposed to be the only mediator of 
UVB-induced cell death. Absorbance of UVB energy by DNA results in two main 
types of lesions known as cyclobutane pyrimidine dimers (CPD) and <6-4> 
photoproducts. CPDs comprise 70-80% of all UV photoproducts. The majority of 
DNA lesions are removed by nucleotide excision repair (NER), which excises short 
single stranded DNA nucleotide stretches (24-32 bases) around the damaged site and 
subsequently replaces the excised DNA lesion (17). Increased numbers of SBC are 
found in patients suffering from xeroderma pigmentosum, a disease in which genetic 
defects disable the nucleotide excision repair process (18). The crucial role of DNA 
damage in UVB-induced apoptosis has been confirmed by in vivo studies in humans 
showing enhancement of DNA repair by the topical application of repair enzymes 
reduces the formation of SBC (19).  

Cells with sustained DNA damage show a dramatic rise in their level of tumor 
suppressor gene p53 within minutes (20). This upregulation was found to be 
proportional to the amount of CPD introduced into genomic DNA by UVB. P53 acts 
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Figure 1: Schematic representation of the three signaling pathways involved in UVB-induced 
apoptosis. 1) Direct DNA-damage upregulates expression and function of p53, which activates 
Bax/Bak resulting in cytochrome c release from the mitochondria, subsequently leading to apoptotic 
protease activating factor (Apaf-1), caspase-9 and caspase-3 activation and execution of apoptosis. 
P53 can also act as a transcription factor which is able to induce the transcription and expression 
of death receptors. 2) Death receptor clustering leads to recruitment and activation of FADD which 
activates caspase-8 which in turn activates caspase-3. 3) Direct formation of reactive oxygen 
species (ROS) results in lipid peroxidation of the mitochondrial membrane and subsequent release 
of cytochrome c eventually leading to caspase-3 activation. Bcl-2 and Bcl-XL can inhibit cytochrome 
c release while inhibitors of apoptosis (IAPs) can inhibit activation of caspases. 

 
as a transcription factor, inducing transcription of a number of genes whose products 
trigger cell-cycle arrest during G1 phase. This allows the cell to repair DNA prior to 
DNA synthesis, reducing the DNA mutation rate (8). In mice lacking functional p53 
lower amounts of SBC are induced (8). When DNA damage is not repaired sufficiently 
apoptosis is initiated by induction of pro-apoptotic factors like Bax or Bak resulting in 
release of cytochrome c from mitochondria. An apoptosome is formed by binding of 
cytochrome c to apoptotic protease activating factor 1 (Apaf-1) and subsequently 
procaspase 9. This critical event leads to the initiation of the apoptotic cascade by 
activation of caspase-9 and caspase-3 through cleavage (21). Activation of these 
executer caspases in turn leads to cleavage of critical cellular substrates and DNA 
fragmentation. This mitochondrial pathway can be regulated by the anti-apoptotic Bcl-
2 family of proteins (Bcl-2, Bcl-XL) which prevent release of cytochrome c from 
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mitochondria (22) and inhibitors of apoptosis (IAPs) which prevent caspase cleavage 
(23). UV exposure leads to down-regulation of Bcl-2 in human skin, promoting 
apoptosis (24). Over-expression of Bcl-XL and Bcl-XS in the epidermis of transgenic 
mice contributes to cell survival after UV irradiation (25). UV induced DNA damage 
has also been shown to enhance export and transcriptional activation of death receptors 
and their ligands through mainly p53-dependent pathways (26;27).  
 
2. Death receptor mediated UV-induced apoptosis 

Death receptors are members of the tumor necrosis factor (TNF) receptor 
superfamily, including TNF receptor-1, the TNFα related apoptosis inducing ligand 
(TRAIL) receptors and Fas (CD95). Although all of these receptors have been linked 
to UV-induced apoptosis (27-29), Fas mediated cell death seems to play the most 
prominent role (30).  
Normal skin keratinocytes express Fas (31). Expression is upregulated in chronically 
sun-exposed keratinocytes (32) but also after a single-dose of UVB radiation (33), 
demonstrating its involvement in sun-induced damage. CD95 mediates apoptosis via 
binding of its ligand, FasL (CD95L), which may be present in soluble form or 
expressed on the membrane of cells. FasL is also constitutively expressed by 
keratinocytes, and expression is upregulated after UV exposure (29;34). With respect 
to UVB-induced apoptosis, Aragene et al demonstrated a direct and ligand 
independent activation of Fas, by clustering of Fas at the cell membrane (35). 
Clustering of Fas, ligand dependent or independent, leads to activation of the 
intracellular death domains which, in turn, can bind Fas-associated protein (FADD) 
triggering a cascade of proteases, starting with caspase-8. FADD recently has also 
been shown to be upregulated by UV irradiation (36). Caspase-8 will cleave the 
executer caspase-3 which drives the apoptotic events as described before.  
 
3. Cell stress induced by UVB-irradiation 

Reducing  DNA damage and blocking death receptor signaling does not block 
apoptosis completely, indicating that at least a third independent signaling pathway is 
involved (30). UVB is known to be a potent inducer of reactive oxygen species (ROS) 
in the cytoplasm. ROS have been shown to initiate cellular damage and apoptosis (37-
40). ROS can have multiple effects on a cell, as it can damage DNA by inducing strand 
breaks, alter bases like, 8-hydroxyguanine, modify transcriptional binding sites on the 
DNA (41) and cause lipid peroxidation. The cytotoxic potential of ROS lies in the 
latter effect. Lipid peroxidation changes the structure of plasma membranes (42) and 
damages the inner mitochondrial membrane leading to cytochrome c release, 
subsequently resulting in apoptosis (40). Mitochondria are not only a target for ROS 
but may also function as a source for ROS. In the late phase of UV-induced apoptosis, 
mitochondrial dysfunction leads to enrichment of ROS in the cytoplasm (43). Radical 
scavengers are able to partially inhibit UVB-induced apoptosis, although direct DNA 
damage induction and CD95 signaling are not affected by these scavengers (30). 
Therefore, ROS contributes independently to UVB-mediated cell death.  
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ROLE OF UV-INDUCED APOPTOSIS IN PATHOGENESIS AND TREATMENT OF DISEASE  
UV induced apoptosis in the skin is known to be involved in the pathogenesis of 

multiple diseases. Defects in apoptosis may lead to hyperproliferation or even 
development of malignant cells. However, apoptotic cells themselves may also be 
involved in generating pathology. Next, we will discuss the three major diseases 
associated with UV induced apoptosis. 

 
Cancer induction 

Skin cancer is a very common form of cancer among white Caucasians. Chronic 
repeated exposures to sunlight are epidemiologically shown to be the main cause of 
skin cancers (44). Skin malignancies are broadly divided in melanoma and non-
melanoma skin cancers. Non-melanoma skin cancers (NMSC) occur in sun-exposed 
sites and include basal cell and squamous cell carcinomas, and are derived from 
keratinocytes. Melanomas are derived from melanocytes and arise from naevi in both 
sun exposed as well as non-exposed skin.  

UVB in sunlight acts as a skin carcinogenic inducer as well as a promoter, 
through the induction of DNA damage. Unrepaired photoproducts can lead to the 
incorporation of base mismatches. Mutations occur most commonly when a 
photoproduct contains a cytosine. Among CPDs, thymine-cytosine (T-C) and cytosine-
cytosine (C-C) are shown to be most mutagenic, while thymine-thymine dimers (T-T) 
are poorly mutagenic. The <6-4> photoproducts are very efficiently repaired within 3 
hours after formation and are therefore less mutagenic (45). As mentioned earlier, UV 
radiation can generate reactive oxygen species (ROS) which can cause oxidative 
damage to the DNA bases, forming 8-hydroxy-guanine which will result in G to T 
transversions (46). Deletions and chromosomal aberrations can also be induced by 
UVB irradiation in mammalian cells (47;48). A gene commonly mutated after chronic 
UV exposure is the tumor suppressor p53 (49;50). As discussed above, this protein 
plays a central role in induction of apoptosis via direct DNA damage and ROS 
formation. The mutations can result in loss of p53 function leading to defective repair 
of UV induced DNA damage (51) and a decreased apoptotic response (52). Mutations 
that result in decreased apoptosis are associated with clonal expansion of these cells 
leading to tumor formation. Additionally, UV exposure causes transient immune 
suppression which may also facilitate mutant cells to grow without elimination 
(53;54). 

 
Psoriasis 

Psoriasis is a common skin disorder characterized by hyperplasia and 
incomplete differentiation of epidermal keratinocytes (55). Aberrant expression of 
many regulatory molecules involved in proliferation might play a role in the 
pathogenesis of psoriasis. Bcl-XL has been shown to be over-expressed in all layers of 
the psoriatic epidermis (56). Furthermore, in vitro studies demonstrated that human 
keratinocytes derived from psoriatic plaques are resistant to induced apoptosis 
compared to keratinocytes derived from normal skin (57). However, several groups 
reported that most keratinocytes in psoriatic epidermis had double strand breaks in 
their DNA, which might reflect an apoptotic process (56;58). Kwashima et al recently  
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Figure 2: Schematic representation of the role of  UVB-induced apoptosis in pathogenesis and 
treatment of disease. A) Cancer: UVB induces damage to DNA which can lead to the formation of 
mutations in the tumor suppressor gene, p53. Loss of p53 function can result in a decrease of 
apoptotic signals leading to the formation of a neoplastic keratinocyte. B) Psoriasis: In the 
pathogenesis of psoriasis keratinocytes are hyperproliferative and/or defective in terminal 
differentiation. Increased Bcl-XL expression is involved in inhibition of apoptosis in psoriasitic skin. 
Furthermore, infiltrating T cells producing pro-inflammatory cytokines (IL-2, TNFα, IFNγ) are also 
involved in pathogenesis of psoriasis. Phototherapy, used for psoriatic lesions, induces apoptosis in 
keratinocytes and T cells directly, and by upregulation of FasL on keratinocytes. IL-10 produced 
after irradiation also induces immunosuppression. Combined these effects will resolve psoriatic 
lesions. C) SLE: Apoptotic keratinocytes induced by UVB express nuclear and cytosolic antigens 
(with or without posttranslational alteration induced by apoptosis) on their cell membrane. Auto-
antibodies present in SLE recognize these antigens. Inflammatory cells like residential Langerhans 
cells (LC), or macrophages (Mф) recruited in the initial phase after irradiation, respond in a pro-
inflammatory manner due to interaction of Fcγ-receptors and autoantibodies. This might lead to 
further recruitment of more inflammatory cells from the blood to the site where apoptotic cells 
reside and thus inflammatory lesions develop.  
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showed that the increase in numbers of DNA double strand breaks in psoriatic lesions 
was not the result of apoptotic processes but caused by active DNA replication (59). 
Together these reports show that defects in apoptosis might play an important role in 
the pathogenesis of psoriasis. Psoriasis is also accompanied by infiltration of activated 
T lymphocytes in the dermis and epidermis, which in turn produce multiple 
inflammatory cytokines, like IFNγ, IL-2, and TNFα. Whether the defects in apoptosis 
and differentiation are secondary to this influx is still unclear. UVB phototherapy is 
one of the most common treatments for extensive psoriasis and can induce long-lived 
clinical remissions. The main therapeutic effect of UVB irradiation seems to result 
from of depleting T cells in lesions from epidermis and dermis. Apoptosis seems to be 
the primary mechanism involved in this depletion (60). Although UVB can induce 
apoptosis in T lymphocytes and keratinocytes, at the doses used for treatment mainly T 
lymphocytes are targeted (61). Apoptosis of T cells can be induced directly by UVB or 
indirectly via upregulation of FasL in keratinocytes (29). Besides induction of 
apoptosis in immune competent cells, UVB can also modulate immune responses, 
especially by release of mediators from keratinocytes, IL-10  in particular (62). IL-10 
is normally decreased in psoriatic skin and upon systemic administration of IL-10 anti-
psoriatic effects are seen (63). Beneficial effects of UVB phototherapy can therefore 
be the result of both elimination of T-cells, keratinocytes by apoptosis and immune 
modulation by IL-10.  
 
Systemic Lupus Erythematosus 

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune disease 
characterized by the presence of autoantibodies to nuclear and cytoplasmic antigens in 
conjunction with a wide range of clinical manifestations. Photosensitivity is one of the 
characteristics of SLE affecting 10-50% of patients (64). Most, but not all, cutaneous 
lupus lesions occur in light-exposed areas and can be triggered by sunlight exposure. 
Sunlight exposure even can induce systemic disease activity. The processes inducing 
cutaneous and systemic inflammatory lesions have not been elucidated, but in recent 
years apoptotic cells have been suggested to be one of the major factors involved. 
Accumulation of apoptotic cells due to an increased rate of apoptosis, decreased 
elimination of apoptotic cells or a combination of both has been hypothesized to be an 
important factor in the development of inflammatory lesions as seen in the  skin 
(65;66). During the apoptotic process intracellular constituents are excessively 
presented to the immune system due to cell-surface expression of intracellular 
constituents and/or posttranslational alteration of cellular proteins during apoptosis 
(67-70). In SLE, autoantibodies are present which are specific for these antigens and 
binding to the apoptotic cell may change its clearance. In the skin of SLE patients 
deposition of IgG is often found at the dermal-epidermal junction, the so called lupus-
band, or in the epidermal layer (71). Increased numbers of apoptotic cells have been 
detected in LE-skin lesions (72). Keratinocytes from SLE patients have been shown to 
be more vulnerable to UV light  in vitro (73). Additionally, Baima et al demonstrated 
an increase in Fas expression in keratinocytes in LE lesions, while Bcl-2 expression 
was decreased (72). We have recently investigated the induction of apoptosis in vivo in 
SLE skin after UVB irradiation. Although SLE patients were more sensitive for UVB 
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similar numbers of apoptotic cells were induced in SLE patients and controls. 
However, the infiltrate seen after exposure was more extensive in 25% of the patients, 
and even persisted after ten days when hardly any infiltrate was seen in the other 
patients and controls. After three days, in some patients, inflammatory lesions could be 
detected in the vicinity of apoptotic cells. We are currently characterizing the nature of 
this infiltrate to elucidate the mechanisms involved. However, these data indicate a 
more pro-inflammatory reaction after irradiation with UVB which is associated with 
apoptotic cells. We speculate this might be caused by the opsonization of apoptotic 
keratinocytes by autoantibodies and subsequently altered clearance by macrophages 
and/or other phagocytes. 
 
CONCLUDING REMARKS  

Due to daily exposure to sunlight, apoptosis in the skin is an every day event. In 
this way we are protected from cancer cell formation. However, when apoptotic 
mechanisms fail due to defects or mutations in key apoptotic proteins, pathological 
processes take over, like in skin cancer and psoriasis. Apoptotic cells themselves can 
also be the source for pathology to develop. This might be the case in SLE, where 
binding of auto-antibodies to apoptotic cells may lead to a altered recognition and 
clearance of these cells, leading to inflammation. Understanding these processes can 
result in improvement of current therapies. 
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