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Abstract In this study, we show that ultraviolet B radiation
(UVB)-induced apoptosis of human keratinocytes involves
mainly cytosolic signals with mitochondria playing a central
role. Overexpression of Bcl-2 inhibited UVB-induced apoptosis
by blocking the early generation of reactive oxygen species,
mitochondrial cardiolipin degradation and cytochrome c release,
without a¡ecting Fas ligand (FasL)-induced cell death. It also
prevented the subsequent activation of procaspase-3 and -8 as
well as Bid cleavage in UVB-treated cells. Comparative analysis
of UVB and FasL death pathways revealed a di¡erential role
and mechanism of caspase activation, with the UVB-induced
activation of procaspase-8 only being a bystander cytosolic
event rather than a major initiator mechanism, as is the case
for the FasL-induced cell death. Our results suggest that Bcl-2
overexpression, by preventing reactive oxygen species produc-
tion, helps indirectly to maintain the integrity of lysosomal
membranes, and therefore inhibits the release of cathepsins,
which contribute to the cytosolic activation of procaspase-8 in
UVB-irradiated keratinocytes.
, 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Chronic exposure to solar ultraviolet (UV) radiation is as-
sociated with the onset of various physiological and patholog-
ical conditions, including skin cancer. Most of the damages
attributed to UV are caused by the UVB (290^320 nm) frac-
tion of sunlight [1]. A hallmark e¡ect of the exposure of
human skin to UV radiation in vivo is the formation of sun-
burn cells representing severely damaged keratinocytes under-
going apoptosis [2]. Since the survival of such DNA-damaged
cells increases the risk of malignant transformation, under-
standing the process of UV-induced apoptosis is crucial for

the development of more e¡ective therapeutic strategies to
control the multistep process of skin photocarcinogenesis.
A family of highly speci¢c cysteine proteases known as

caspases is responsible for the execution of the apoptotic
cell death [3]. Pathways leading to the caspase activation
vary with the death-inducing stimulus. The extrinsic pathway
of caspase activation occurs following the ligation and trime-
rization of cell membrane death receptors and the recruitment
of adapter molecules like the Fas-associated death domain
protein and procaspase-8 to form the death-inducing signaling
complex (DISC), where procaspase-8 is activated through an
autocatalytic cleavage [4]. In the intrinsic pathway, the mito-
chondria act as integrating sensors of multiple death signals
by releasing a number of apoptogenic proteins, such as cyto-
chrome c, into the cytosol [5]. Cytosolic cytochrome c, togeth-
er with Apaf-1, leads to the formation of the apoptosome and
procaspase-9 activation [6]. These initiator caspases (caspase-8
and -9) in turn cleave and activate a group of executioner
caspases-3 and -7 orchestrating the ¢nal demise of the cell.
Proteins of the Bcl-2 family govern the commitment to and
progression of apoptosis induced by a variety of stimuli. The
pro-survival members of the Bcl-2 family (including Bcl-2 and
Bcl-XL) inhibit the onset or progression of apoptosis by pre-
venting the release of apoptogenic molecules from mitochon-
dria and/or sequestering the pro-apoptotic members of the
family like Bid, Bax and Bad [7].
UV-induced apoptosis involves a very complex set of events

and a recent study has shown that DNA damage, death re-
ceptor activation and reactive oxygen species (ROS) indepen-
dently contribute to the UV-induced apoptosis [8]. Although
some reports have shown that anti-apoptotic members of the
Bcl-2 family, which are known to have a limited e¡ect on
receptor-driven apoptotic pathways, can protect cells from
UVB-induced apoptosis [9^11], none of these studies de-
lineated the molecular events that follow UVB irradiation.
In general, data in the literature on the cytotoxic e¡ects of
UV irradiation are di⁄cult to reconcile, mainly because of the
di¡erent UV wavelengths and doses used, as well as the vari-
ety of cellular models employed. As a result, the main mech-
anism of UV-induced apoptosis remains largely elusive.
Therefore, we evaluated these somewhat con£icting results

using HaCaT cells, spontaneously immortalized human kera-
tinocytes [12], and a UVB dose that falls within the physio-
logical range of UV exposure. In particular, we investigated
the mechanism of procaspase-8 activation and the role of the
anti-apoptotic protein Bcl-2 in the initiation and progression
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of UVB- as compared to Fas ligand (FasL)-induced apoptosis
in this cellular system. Our results show that stable overex-
pression of Bcl-2 inhibits all apoptotic responses in UVB-ir-
radiated HaCaT cells, without a¡ecting the FasL-induced re-
sponses, suggesting that these two signals trigger divergent
pathways of cell death. We could show that in UVB-irradi-
ated cells, procaspase-8 activation takes place in the cytosol
rather than at the DISC and that it is dispensable for the
UVB-induced apoptosis. Speci¢c inhibition of lysosomal pro-
teases counteracts the UVB- but not FasL-induced activation
of procaspase-8, but does not prevent the induction of cell
death. Our results suggest that at physiological doses, UVB
induces death receptor-independent apoptotic pathways in
which mitochondria play a pivotal role by acting as a sensor
and integrator of diverse upstream signals and initiator of
downstream execution steps through the release of cyto-
chrome c.

2. Materials and methods

2.1. Materials
All caspase inhibitors and substrates were purchased from Bachem.

z-FA-fmk was from Calbiochem while calpeptin and pepstatin A were
from Sigma. Antibodies were purchased from Biomol (poly(ADP-ri-
bose) polymerase, PARP), Santa Cruz (caspase-3), Alexis (caspase-8),
PharMingen (cytochrome c) and RpD Systems (Bid). Soluble Flag-
tagged FasL was produced in HEK293T cells and puri¢ed from the
medium. All the inhibitors used in this study were added to culture
medium prior to treatment for the period of time indicated in ¢gure
legends.

2.2. Cells, culture conditions and treatments
HaCaT cells stably overexpressing Bcl-2 were a kind gift from Dr.

R. Polakowska (Lille, France). The cells were maintained in Dulbec-
co’s modi¢ed Eagle’s medium (DMEM, 4.5 g/l glucose) supplemented
with 10% fetal calf serum and 1 mg/ml G418 (all cell culture media
and supplements were purchased from Invitrogen). UVB irradiation
was carried out exactly as described before [13]. A dose of 10 mJ/cm2

UVB was chosen as it falls within the physiological range of UV
exposure experienced by human skin and represents approximately
three times the minimal erythema dose, equivalent to moderate sun-
burn assuming a 10% transmission to the basal layer. To examine the
response of the cells to Fas-mediated cell death, FasL was aggregated
for 30 min on ice with anti-Flag antibody before being added to the
cells.

2.3. Preparation of cell extracts
At the end of the incubation period, both the £oating and attached

cells were collected and washed once in ice-cold phosphate-bu¡ered
saline (PBS). Cells were then lysed exactly as described before [14].
Protein concentrations were estimated with bicinchoninic acid
(Pierce).

2.4. Evaluation of apoptosis and caspase activity
Cells undergoing apoptosis were viewed and photographed with a

Leitz Fluovert light microscope with a 40U objective. Caspase-3 ac-
tivity was assayed exactly as described in [15]. Activation of caspase-8,
cytochrome c release and the cleavage of PARP and Bid were ana-
lyzed by Western blotting as described before [14].

2.5. Detection of ROS and cardiolipin level
Intracellular ROS production was detected by using the ROS-sen-

sitive £uorescent dye 5-(and-6)-carboxy-2P,7P-dichlorodihydro£uores-
cin diacetate (carboxy-H2DCFDA; Molecular Probes). UVB-treated
cells were incubated with carboxy-H2DCFDA for 30 min at 37‡C and
then examined using the Leitz Diaplan £uorescence microscope. The
level of cardiolipin was analyzed by incubating the irradiated cells in
DMEM containing the £uorescent dye nonyl acridine orange (NAO;
Molecular Probes) for 30 min at 37‡C. The £uorescence in 10 000 cells
per sample was measured by £ow cytometry and CellQuest software
(FACScan, Becton Dickinson) was used to analyze the data.

2.6. Lysosomal stability
The stability of lysosomal membranes was assessed using the acri-

dine orange (AO) relocation method [16]. Cells were preincubated for
15 min with AO and then rinsed twice with PBS before irradiation.
After a speci¢ed period of incubation in AO-free medium, the relative
intensities of red and green £uorescence were simultaneously moni-
tored under a £uorescence microscope using blue light for excitation.
AO preferentially localizes in acidic cellular compartments with dis-
tinct intracellular distribution from that of rhodamine 123 indicating
that it is speci¢cally excluded from mitochondria.

2.7. Determination of cell proliferation
Subcon£uent cells were irradiated and incubated under normal cul-

ture conditions. At each time point after irradiation, the extent of cell
survival and proliferation was determined by quantifying the cellular
protein content using the naphthol blue black (Acros, Beerse, Bel-
gium) method [17,18].

3. Results

3.1. Bcl-2 overexpression inhibits UVB-induced apoptosis in
HaCaT cells by stabilizing important mitochondrial
functions

In this study, we ¢rst compared the response of parental
(control) HaCaT cells and HaCaT cells that stably overex-
press Bcl-2 (designated HaCaT-Bcl-2 cells hereafter) to a
UVB dose of 10 mJ/cm2. Beginning at 8 h after irradiation,
control HaCaT cells showed typical features of apoptotic cells
with signi¢cant loss of cell volume and widespread membrane
blebbing. In contrast, the majority of HaCaT-Bcl-2 cells main-
tained their normal morphology even 16 h post irradiation
(see below in Fig. 3). A prolonged cell survival and prolifer-
ation study indicated that this inhibition was not a temporary
delay in cell death, but an e¡ective obliteration of key signal-
ing pathways required for UVB-induced apoptosis (Fig. 1A).
Analysis of cytochrome c release from mitochondria showed
that unlike in control HaCaT cells, a signi¢cantly diminished
level of cytochrome c could be detected in the cytosolic frac-
tion of HaCaT-Bcl-2 cells following UVB irradiation (Fig.
1B). The overexpression of Bcl-2 also inhibited UVB-induced
depolarization of the mitochondrial membrane potential
which largely occurred about 8 h after irradiation (data not
shown).
Previous studies have implicated ROS in UVB-induced ap-

optosis [19] and Bcl-2 has been shown to have antioxidant
activities in some systems [20,21]. Thus, we analyzed whether
UVB-induced oxidative stress was mechanistically involved in
the release of cytochrome c and whether the protective e¡ect
of Bcl-2 was exerted at this level. In control HaCaT cells,
UVB induced a steady time-dependent increase in ROS pro-
duction and this was markedly suppressed in HaCaT-Bcl-2
cells (Fig. 1C). Of note, Bcl-2 also prevented the early (1^2
h) induction of ROS, which preceded any detectable cyto-
chrome c release in our system (Fig. 1B). These results are
in line with the proposed antioxidant activity of Bcl-2 [20,21]
and with the role of ROS as possible early mediators of cel-
lular responses to UVB [19].
Recent studies have suggested that ROS can induce the

release of cytochrome c through the peroxidation and even-
tual degradation of cardiolipin [22,23], an unsaturated phos-
pholipid of the inner mitochondrial membrane which seques-
ters cytochrome c [22]. We monitored the level of cardiolipin
by FACS analysis following UVB irradiation of cells loaded
with the £uorescent dye NAO. Fig. 1D shows that UVB ir-
radiation of control HaCaT cells led to a substantial increase
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Fig. 1. Bcl-2-overexpressing HaCaT cells are resistant to UVB-induced apoptosis. A: Subcon£uent cells were exposed to UVB and the level of
cell survival and proliferation was determined at the time points indicated as described in Section 2. A representative of three independent ex-
periments with similar results is shown. B: Cytochrome c redistribution is drastically reduced in Bcl-2-expressing HaCaT cells in response to
UVB irradiation. Cells were harvested at the times shown and lysed in digitonin-based bu¡er. C: Following irradiation, the extent of ROS gen-
eration was determined by incubating the cells with 10 WM carboxy-H2DCFDA for 30 min at 37‡C and £uorescence microscopy at the indi-
cated time points. Shown are representatives of at least three independent experiments with similar results. D: Control and HaCaT-Bcl-2 cells
were exposed to UVB and, at the indicated time points, incubated with 100 nM NAO for 30 min at 37‡C. Cells were then trypsinized and
then analyzed for cardiolipin content using £ow cytometry. Results from a representative experiment are shown.
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in the percentage of cells with depleted cardiolipin contents
whereas in HaCaT-Bcl-2 cells, the extent of cardiolipin deg-
radation was drastically reduced. Altogether, the results sug-
gest a possible mechanism by which Bcl-2 overexpression sta-
bilizes important mitochondrial functions and blocks the
release of cytochrome c by increasing the antioxidant capacity
of the cells.

3.2. Bcl-2 inhibits the activation of procaspase-3 and -8 during
UVB-induced apoptosis

In order to further substantiate the protective role of Bcl-2
against UVB-induced apoptosis, we undertook a series of bio-
chemical studies. The activation of procaspase-3, as measured
using the £uorogenic substrate Ac-DEVD-amc, was clearly
delayed and substantially diminished in HaCaT-Bcl-2 cells
(Fig. 2A). Only a modest activity of caspase-3 was detected
in HaCaT-Bcl-2 cells, 16 h after irradiation probably as a
result of the small amount of cytochrome c released at this
time point. Procaspase-8 activation involves a two-step pro-
cessing of the zymogen to generate the mature p18 and p10
subunits through the intermediate p43/41 fragment [24]. As
shown in Fig. 2B, the active p18 subunit of caspase-8 was

consistently observed within 4 h of UVB irradiation in control
HaCaT cells and a complete processing of procaspase-8 oc-
curred at the 16-h time point, concomitant with the peak of
caspase-3 activity (Fig. 2A). In Bcl-2-expressing cells, procas-
pase-8 processing was halted after the initial cleavage that
generated the p43/41 fragment, and only a very low level of
the p18 subunit was detected 16 h post irradiation (Fig. 2B;
see also Fig. 4A). As expected, a time-dependent proteolysis
of Bid (loss of the intact protein and/or the appearance of a
15-kDa tBid) could be readily observed in UVB-treated con-
trol HaCaT cells and this was almost completely blocked in
HaCaT-Bcl-2 cells (Fig. 2C). Together, these results indicate
that Bcl-2 inhibits UVB-induced cell death by counteracting
apoptotic signals upstream of the activation of caspases.

3.3. UVB-induced apoptosis involves intrinsic pathways leading
to the cytosolic activation of procaspase-8

Several studies have suggested an important role for death-
receptor-mediated activation of procaspase-8 in UV-induced
apoptosis [25]. Assuming that UVB-induced apoptosis in-
volves cell surface death receptors as well as cytosolic signals,
the results presented above seem to suggest that Bcl-2 over-
expression can inhibit both the intrinsic and the extrinsic
pathways of cell death. To explore this possibility, control
and HaCaT-Bcl-2 cells were treated with UVB, FasL or
with a combination of both. Fig. 3 shows that Bcl-2 over-
expression clearly blocked the onset of cell death in UVB-
irradiated but not in FasL-treated cells and that co-treatment
with UVB and FasL had additive e¡ects. This di¡erential
e¡ect of Bcl-2 on UVB- and FasL-induced apoptosis suggests
that the contribution of cell membrane receptors to UVB-in-
duced cell death was negligible. Therefore, it is conceivable
that the activation of procaspase-8 in UVB-treated cells oc-
curred in the cytosol. To test this and to identify possible
cytosolic activator(s) of procaspase-8 in UVB-irradiated Ha-
CaT cells, we employed a range of protease inhibitors.
Cells were incubated for 1 h prior to irradiation with

z-VAD-fmk, a pan-caspase inhibitor that also inhibits other
proteases such as cathepsins [26], or with z-FA-fmk (inhibitor
of cathepsins B and L [27]). Pretreatment with z-VAD-fmk
e¡ectively blocked UVB-induced apoptosis by inhibiting the
activation of procaspase-3 and -8 (Fig. 4A,B) and, impor-
tantly, the release of mitochondrial cytochrome c (Fig. 4C).
On the other hand, more speci¢c caspase inhibitors such as
Ac-DEVD-CHO (caspase-3/7), Ac-LEHD-CMK (caspase-9)
and Ac-IETD-CHO (caspase-8) had no major e¡ect on cyto-
chrome c release or on the overall UVB-induced cell death
(data not shown). In addition, only the cells pretreated with
z-VAD-fmk were able to recover and proliferate following
UVB irradiation (data not shown), indicating that signals in-
hibited by either z-VAD-fmk or Bcl-2 overexpression are de-
cisive for the progression of the apoptotic process.
The inhibitor of cathepsins B/L, z-FA-fmk, counteracted

the activation of procaspase-8 (Fig. 4A) without a¡ecting ei-
ther the cleavage of procaspase-3 (Fig. 4B), the release of
mitochondrial cytochrome c (Fig. 4C) or the overall cell death
(data not shown) in UVB-treated cells. These results not only
suggest a novel role for lysosomal proteases in the cytosolic
activation of procaspase-8 but also point out that caspase-8
activity is not essential for the induction of apoptosis in UVB-
irradiated cells.

Fig. 2. Biochemical evidence for the resistance of Bcl-2-expressing
cells to UVB-induced apoptosis. A^C: UVB-irradiated cells were
harvested at the indicated time points after irradiation and assayed
for caspase-3 activity (A), procaspase-8 cleavage (B) and Bid pro-
teolysis (C). A representative result is shown in each case.
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3.4. Bcl-2 overexpression maintains the lysosomal membrane
integrity in UVB-irradiated cells

We repeatedly observed that the pattern of inhibition of
procaspase-8 processing by z-FA-fmk was identical to that
seen in Bcl-2-overexpressing cells (see Fig. 4A, lanes 4 and
6). This could imply that Bcl-2 inhibits the cytosolic process-
ing of procaspase-8 indirectly by inhibiting either the release
or the activities of cathepsins. Thus we tested the possibility
that Bcl-2 could stabilize lysosomal membrane integrity [21],
by monitoring the lysosomal membrane integrity using the
AO uptake/relocation method [16]. Fig. 4D clearly shows
that UVB caused a swift deterioration of lysosomal mem-
branes and leakage of their contents into the cytosol, which
was inhibited in Bcl-2-overexpressing cells.
Evidence presented so far indicates that the role and the

mechanism of activation of caspase-8 by UVB di¡er markedly
from those of FasL. To corroborate this notion, we compared
the e¡ects of the speci¢c cathepsins B/L and caspase-8 inhib-
itors in control HaCaT cells treated with UVB and FasL. It
can be inferred from the PARP cleavage data that in control
HaCaT cells, the caspase-8 inhibitor Ac-IETD-CHO signi¢-
cantly inhibited the FasL death pathway, but had only a
marginal or no e¡ect on the UVB-induced apoptosis, while
z-FA-fmk did not protect from cell death induced by either
UVB or FasL (Fig. 5A). Ac-IETD-CHO signi¢cantly reduced
both the UVB- and FasL-induced activation of procaspase-8
(Fig. 5B) but had a protective e¡ect only in cells treated with
FasL (Fig. 5A and data not shown). Conversely, z-FA-fmk
blocked the completion of procaspase-8 activation in UVB-
irradiated cells (see also Fig. 4A) but had no e¡ect on its
activation during FasL-induced cell death (Fig. 5). Signi¢-
cantly, despite their e¡ect on the activation of procaspase-8,
neither Ac-IETD-CHO nor z-FA-fmk was su⁄cient to block

UVB-induced apoptosis con¢rming the di¡erential role of this
caspase in apoptosis induced by UVB and FasL.

4. Discussion

In this report, we provide complementary evidence that a
physiologically relevant dose of UVB induces mainly cytosolic
signals that lead to mitochondria-driven apoptosis in human
keratinocytes. The anti-apoptotic protein Bcl-2 protects more
than 90% of the cells from UV-induced apoptosis by counter-
acting many, if not all, of the elicited apoptotic signals. Cell
proliferation assays con¢rmed that this inhibition of UVB-
induced apoptosis in Bcl-2-expressing cells had long-lasting
e¡ects.
Given the multiple signals that are elicited by UVB irradi-

ation, the exact point in the apoptotic signal transduction se-
quence at which Bcl-2 would act to block cell death is not
very clear. In many cellular systems, the anti-apoptotic prop-
erties of Bcl-2 are mainly associated with maintenance of nor-
mal mitochondrial functions [7]. Recent evidence suggests that
Bcl-2 can also guard other organelles partly by fortifying the
cellular antioxidant defenses [21]. This was clearly the case in
UVB-treated cells, where Bcl-2 overexpression prevented mi-
tochondrial membrane depolarization, formation of ROS,
cardiolipin degradation as well as the release of mitochondrial
cytochrome c. The sequence of events in these UVB-induced
changes in mitochondrial functions is not yet clear since they
occur within a relatively short span of time. But previous
studies have suggested that Bcl-2 can prevent the release of
cytochrome c by inhibiting ROS production and the conse-
quent degradation of cardiolipin [28^30]. Our observations
indicate that cardiolipin degradation commences at almost
the same time as the initial drop in mitochondrial membrane

Fig. 3. Bcl-2 inhibits UVB- but not FasL-induced apoptosis. A: Control HaCaT (a^d) and HaCaT-Bcl-2 (e^h) cells were left untreated (a and
e), treated with UVB (b and f), FasL (c and g) or a combination of UVB and FasL (d and h). Light microscopic images were taken 6 h after
treatment. B: Cells were then harvested 8 h after treatment for the analysis of PARP cleavage.
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depolarization but proceeds at relatively faster kinetics (data
not shown). Thus, it appears that the time-dependent decrease
in NAO signal is not drastically a¡ected by the state of mi-
tochondrial membrane potential. UVB-induced disruption of
lysosomal membranes may also be caused by oxidative stress
[21], and this may result in the release of a plethora of pro-
teases into the cytosol (see below). Once again, Bcl-2 blocks
this oxidative stress-induced disintegration of lysosomal mem-
brane indirectly by inhibiting ROS generation, in line with
previous ¢ndings [21]. In general, formation of ROS seems

to be one of the earliest responses of UVB-irradiated cells
as it preceded the release of mitochondrial cytochrome c.
Overexpression of Bcl-2 blocks ROS generation and precludes
the release of cytochrome c and its downstream cascade of
apoptotic signals.
Speci¢c inhibition of individual caspases was insu⁄cient to

impede UVB-induced cell death. The broad-spectrum protease
inhibitor z-VAD-fmk mimicked the e¡ects of Bcl-2 expression
in that it also blocked the release of cytochrome c, the acti-
vation of procaspases-3 and -8 and restored the proliferative
potential of UVB-irradiated cells. The inhibition of procas-
pase-8 activation by z-VAD-fmk suggests that cell membrane
death receptors were not involved in the initial UVB-induced
activation of procaspase-8, as the triggering of this pathway
would lead to direct autoprocessing and would not be im-
peded by caspase inhibitors [31]. Thus, the existence of a
cleavage and activation mechanism by cytosolic protease(s)
could undoubtedly be predicted. Cathepsins B/L, which can
be inhibited by z-VAD-fmk [26], would be strong candidates
as z-FA-fmk antagonizes the UVB-induced cleavage of pro-
caspase-8, heralding a novel role for these proteases in UVB-
induced apoptosis. It is interesting to note that maintenance
of lysosomal membrane integrity in UVB-treated HaCaT-Bcl-
2 cells may be one way through which Bcl-2 blocks procas-
pase-8 activation. In a clear departure from previously re-
ported observations, our results also indicate that procas-
pase-8 activation is not critical for the initiation or
completion of UVB-induced apoptosis, but is essentially a
bystander e¡ect.
The e¡ect of z-VAD-fmk on the release of cytochrome c

might somewhat be surprising in view of previous reports on
the caspase independence of this UVB response [14,32]. The
signi¢cant di¡erence in the dose of UVB used in these studies
and the di¡erent cell type employed [32] may account for the
apparent discrepancy. We have previously shown that a 60-
mJ/cm2 UVB dose induces a p38 mitogen-activated protein

Fig. 4. E¡ect of protease inhibitors and the response of lysosomes
during the UVB-induced apoptosis. Control HaCaT cells were pre-
incubated with or without z-VAD-fmk (50 WM) or z-FA-fmk (50
WM) for 1 h before irradiation. The cleavage of procaspase-8 (A)
and procaspase-3 (B) was analyzed 16 h after exposure to UVB by
Western blotting. C: The extent of cytochrome c release was as-
sessed 6 h after irradiation. D: Cells were preincubated for 15 min
with 5 Wg/ml AO and then rinsed twice with PBS before irradiation.
Cells were examined 6 h after irradiation under a £uorescence
microscope. A representative of at least three independent experi-
ments is shown.

Fig. 5. Di¡erential mechanisms of activation and role of procas-
pase-8 in UVB- and FasL-treated cells. Control HaCaT cells were
pretreated with 50 WM of either Ac-IETD-CHO or z-FA-fmk 1 h
before treatment. Cells were harvested 8 h later for analysis of the
cleavage of PARP (A) and procaspase-8 (B). The blot was after-
wards probed with tubulin monoclonal antibody to ensure loading
consistency.
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kinase (MAPK)-mediated, caspase-independent release of mi-
tochondrial cytochrome c in HaCaT cells [14]. However, the
e⁄ciency of PD169316, a speci¢c p38 MAPK inhibitor, in
counteracting the release of cytochrome c was dose-depen-
dent, being signi¢cantly lower at 10 mJ/cm2 UVB (unpub-
lished observations). These observations indicate that the rel-
ative contribution and the ultimate role of di¡erent signals
impinging on mitochondria may vary with the dose of UVB.
The inhibition of cytochrome c release by z-VAD-fmk im-

plies a possible involvement of proteases in this mitochondrial
response. However, kinetic and inhibitor analyses indicate
that neither caspase-3 nor caspase-8 is likely to be involved.
Recent studies have convincingly shown that caspase-2 may
act upstream of mitochondria to promote cytochrome c re-
lease during stress-induced apoptosis [33,34]. These studies
suggest that caspase-2, but not caspase-9, is an apical caspase
in the proteolytic cascade initiated by stress signals. However,
it remains to be seen if this also the case in UVB-irradiated
cells.
The di¡erential role of Bcl-2 and results from di¡erent pro-

tease inhibitors indicate that UVB and FasL initiate the pro-
cess of procaspase-8 activation and cell death in fundamen-
tally di¡erent ways. Whereas Bcl-2 has no e¡ect on FasL-
induced cell death, a speci¢c caspase-8 inhibitor, Ac-IETD-
CHO, signi¢cantly counteracts the FasL- but not UVB-in-
duced apoptosis. Conversely, z-FA-fmk has no e¡ect on
FasL responses while blocking the UVB-induced procaspase-
8 activation. These results speci¢cally demonstrate distinct
mechanisms of procaspase-8 activation and its role during
UVB- and FasL-induced cell death in human keratinocytes.
Overall, these data again support the notion that UVB irra-
diation induces mainly the intrinsic pathway of cell death in
which cytosolic events, rather than plasma membrane-initi-
ated signals, play a predominant role. Previous evidence for
the involvement of cell surface receptors in UVB-induced ap-
optosis was mostly obtained using either a signi¢cantly higher
dose of UVB [25] or the more energetic UVC radiation [35]. It
is probable that aggregation of the death receptors by UV
radiation may require a certain threshold of UV doses. In
that case, Bcl-2 would not be expected to interfere and we
have also found that the level of protection by Bcl-2 over-
expression declines with increased doses of UVB.
It appears that UVB, at doses that fall within the physio-

logical range of exposure of the human skin, initiates apopto-
tic signals that impinge mainly on mitochondria resulting in
cytochrome c release downstream of which all other apoptotic
responses are manifested. Since UVB-irradiated cells can only
be rescued when the release of cytochrome c is blocked, either
by Bcl-2 overexpression or by pretreatment with z-VAD-fmk,
we presume that cytochrome c release signi¢es a point of no
return in UVB-induced apoptosis. Sca⁄di and colleagues have
shown that, with regard to FasL-mediated apoptosis, procas-
pase-8 activation can occur downstream of mitochondria in
type II cells [4]. Bcl-2-overexpressing Jurkat (type II) cells
were resistant to FasL-induced apoptosis, with no cytochrome
c release or activation of procaspase-8. It is not clear if dis-
tinct type I and type II cells exist with respect to UV-induced
cell death or if human keratinocytes can be classi¢ed as one of
the two. However, as the expression of Bcl-2 interferes with
UVB-induced apoptotic responses related to mitochondrial
cytochrome c release and the activation of the major caspases,

we presume that HaCaT cells behave like type II cells in this
context.
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