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Abstract. Photodynamic therapy (PDT) is a promising
treatment that is approved by the US FDA for the treatment
of oesophageal and lung cancer as well as for age-related
macular degeneration. In this study, using standard tissue
culture techniques, the photo cytotoxicity and apoptotic mech-
anisms of Calphostin C (Cal C), a perylenequinone microbial
compound in combination with visible light dose was examined
in different tumor cell lines. Our results demonstrated both a
time and drug-light dose dependence in Cal-C-PDT induced
photo toxicity and apoptotic cell death. The induction of
apoptosis by Cal C-PDT was found to transit to necrotic cell
death at higher drug and light doses. The detection of apoptosis
in irradiated tumor cells was performed using various
approaches including cell morphology analysis, flow cyto-
metry [DNA fragmentation and phosphatidylserine (PS)
externalization] and biochemical assays (activation of
caspases). Time-course analysis of Cal C cellular uptake
and distribution showed a rapid increase within the cellular
compartments. The activation of caspases and nuclear frag-
mentation was evidenced at a maximum time point of 3 h after
irradiation. By the use of specific caspase substrates, significant
activation of caspase-8 and -3 was found. Mitochondrial
involvement during Cal C-PDT-induced apoptosis was proven
by a rapid reduction of the mitochondrial membrane potential.
Furthermore, Cal C-PDT also enhanced FasL expression,
which then induced Fas signalling-dependent cell death in
NPC and colon cancer cell lines tested. Our results contribute
to a deeper understanding of the processes involved in
apoptotic cell death following photodynamic treatment with
Cal C.
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Introduction

Photodynamic therapy involves a sensitizer, light and oxygen
to induce cell death in neoplasms (1,2). Cell death in PDT
may occur by apoptosis or necrosis, depending on the
sensitizer, PDT drug-light dose and on the cell genotype (3).
Some sensitizers that have been used in PDT are accumulated
in the organelles including mitochondria, and this may explain
their efficiency in inducing apoptotic cell death, both in vitro
and in vivo (4-7). This study focuses on the events that
characterize apoptotic death in PDT and on the intracellular
signalling events that are set in motion in photosensitized
cells using the novel photosensitizer Calphostin C (Cal C).

Cal C, is a member of the class of 4,9-dihydroxy-3, 10
perylenequinones isolated from Cladosporium cladosporioides
and has been used extensively as a specific inhibitor of protein
kinase C (PKC) (8). It has been reported that perylene-
quinone sensitizers have superior PDT efficiency because
of their special characteristics such as ease of purification,
significantly reduced normal tissue/cell photosensitivity, fast
metabolism, and a small aggregation tendency (9). Based on
these properties, it has been proposed that Cal C may have
applications as a photosensitizing (10,11) and anti-cancer
agent (12). Some studies (13,14) support the findings that
perylenequinone Cal C induce apoptosis in tumor cell lines
but the specific molecular mechanism involved have not been
reported.

Although Cal C has been added as a new agent for PDT,
the signalling mechanisms involved in PDT mediated apoptosis
using Cal C is just emerging and the main mechanisms of
phototoxicity induced are still not understood (11,15,16). The
present study reveals for the first time that the involvement
of the death receptor in the induction of apoptosis in Cal C
photosensitized cells. Our results demonstrate that the photo-
toxicity of Cal C from low to high concentration is exquisitely
light dependent. Cells treated with Cal C in the presence of
visible light exhibit characteristic apoptotic features. By using
spectrofluorimetry and confocal laser scanning microscopy
(CLSM) we have determined cellular fluorescence local-
ization and uptake of Cal C. It has been well characterized
that localization and the cellular uptake of sensitizers play an
important role in the induction of apoptosis and cell death
(17-19).
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We report herein the findings showing that photo-
activated Cal C induces apoptotic cell death in NPC as well
as other types of tumor cells at doses not toxic to normal
fibroblast cells. Cal C induced apoptosis is mediated via
caspase activation and Cal C enhances FasL expression,
which induces Fas signalling-dependent cell death in NPC
and colon cancer cell lines studied.

Materials and methods

Cells and culture conditions. Poorly differentiated CNE2 and
moderately differentiated TWO-1 human nasopharyngeal cell
lines (NPC) were kindly provided by Professor K.M. Hui,
National Cancer Centre, Singapore and Dr C.T. Lin, National
Taiwan University Hospital, Taipei, Taiwan, respectively.
Colon cells (CCL-220.1, designation: COLO 320HSR) were
obtained from American Tissue Culture Collection (ATCC,
Rockville, MD, USA) and bladder epithelial (SD) cells were
kindly provided by Dr J.R. Masters, London, UK.

Chemicals. Calphostin C (Cal C), propidium iodide (PI),
crystal violet, and RNAse A were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). The caspases inhibitor
peptide, benzyloxycarbonyl-Asp-Glu-Val-Asp-fluoromethyl-
ketone (z-VAD-fmk) was obtained from Calbiochem-Inalco
(Milan, Italy), dissolved as stock solution in dimethylsulfoxide
(DMSO) and stored at -20°C. Annexin-fluorescein isothio-
cyanate (FITC) and DEVD-CHO (Ac-DEVD-CHO, acetyl-
Asp-Glu-Val-Asp aldehyde) were purchased from Clontech
Laboratories, Inc. (Palo Alto, CA, USA). Anti-PARP mono-
clonal antibody (C-2-10) was obtained from Biomol Research
Laboratories, Inc. (Plymouth Meeting, PA, USA).

Photosensitizers and light source. The photosensitizer, Cal C
was obtained from Sigma Chemical Co. Stock solution of
Cal C was made in DMSO at a concentration of 1 mM/ml.
Working dilutions were directly made in the tissue culture
medium. For the PDT treatments, tissue culture 6- or 96-well
plates containing cell monolayers were incubated with or
without Cal C. The plates were then irradiated on a 100x50 cm
light-diffusing surface illuminated by a bank of 14 fluorescent
tubes (Phillips type OSRAM L30W11-860, 30W), and filtered
with red acetate filters (No. 17 Roscolux, CA, USA) in order
to receive a wide band illumination >585 nm. The energy
fluence rate was 10 Wm? in the wavelength band 580-620 nm
comprising 12% of the total filtered output. The cells were
irradiated for a fixed time to give light energy fluence of
0.4 J/cm?. Light intensities were quantitated using an IL 1400
radiometer (International light, Newburyport, MA, USA).

Cell survival and uptake assays. NPC (CNE2 and TWO-1),
colon (CCL-220.1) and bladder (SD) cells respectively were
incubated with different concentrations of Cal C in the dark
for specific times and cells were further analyzed for Cal C
cellular distribution, uptake and clearance. For cell survival
experiments, cells were plated in a 96-well plate at 2x10*
cells per well and were incubated with 37.5-150 nm/ml of
Cal C for 2 h. After 2 h of drug incubation, fresh drug-free
growth medium was replaced, and cells were exposed to red
light at the dose of 0.4 J/cm? and kept in the dark. After 18 h
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Figure 1. Chemical structure of Caphostin C.
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Figure 2. The relative fluorescence intensities of the photosensitizer Cal C
was measured by spectrofluorimetry to show as a function of uptake
kinetics. Representative fluorescence intensity of each cell line at indicated
time points is presented.

of incubation, loss of monolayer adherence was measured
with crystal fast violet (CFV) staining and cell survival was
and expressed as a percentage. To further confirm that the
loss of viability obtained by the CFV assay was indeed due to
apoptosis, cells grown on chamber slides with Cal C were
irradiated as described above, following which they were
stained with Hoechst 33342 and examined by confocal
microscopy.

Analysis of Fas and FasL expression and mitochondrial
transmembrane potential. Immunofluorescence staining for
Fas and FasL was performed as described by Villunger et al
and Ali et al (20,21). We then examined the changes in mito-
chondrial transmembrane potential (A®m), if any, during
PDT induced killing using green-fluorescent lipophilic
cationic dye 3,3'dihexyloxacarbocyanine iodide (DiOCs) (22)
by flow cytometry (23).

Caspase activity, DNA fragmentation and phosphatidylserine
(PS) translocation. Caspases 8 and 3 activity in Cal C-treated
cells was analyzed as described earlier (7,20). Represent-
ative cell lines (CNE2 and TWO-1) were treated with Cal C
(75-150 nm) and subjected to light exposure as mentioned in
Materials and methods. The results show the many-fold
increase in fluorescence relative to the drug-treated but non-
irradiated control cells. Caspase-3 activity was shown
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Figure 3. The intracellular distribution of Cal C (150 nM) was studied in representative NPC-CNE2 cells. Confocal images reveal the cellular distribution of

Cal C at indicated time points.

indirectly for caspase-specific cleavage of poly (ADP-ribose)
polymerase (PARP). The induction of apoptosis was further
monitored by demonstrating DNA fragmentation at 4 h post
irradiation as the appearance of the sub-G1 peak in cell cycle
analysis and by TUNEL (TdT-mediated dUTP nick and
labeling) assay. The phosphatidylserine exposure at the
external surface of the cell was performed by the binding of
FITC-labeled annexin V using the ApoAlert annexin V
apoptosis kit (Clontech, USA). The flow cytometric assay of
apoptosis was confirmed by transmission electron microscopy
(TEM) showing the typical morphology of apoptotic cells.

Statistical analysis. Statistical analysis was performed using
SigmaStat software. Results were expressed as mean + SEM
of at least 3 independent experiments. Student's t-test (Paired
t-test) was applied to test significant differences between
control (drug-treated non-irradiated) and light irradiated groups
and a p-value of <0.05 was considered to indicate statistical
significance. For flow cytometry experiments, histogram of 1
out of 3 experiments (with representative concentration) was
plotted and data expressed as means.

Results

We performed some initial experiments to evaluate the light
activation requirements of Cal C (Fig. 1) to determine its

pharmacokinetics (Fig. 2), uptake efficiency (Fig. 3) and
drug concentration dependence on phototoxicity. Cell viability
(Fig. 4) was determined by the crystal fast violet assay (18,24).
In the absence of light, Cal C did not demonstrate a cyto-
toxic effect on any of the cell lines tested. Increasing the drug
concentration resulted in a concomitant decrease in cell
viability. Eighty percent loss in cell viability was demonstrated
with 37.5 nm of Cal C and significant cell death was seen
with drug concentration as low as 10 nM (data not shown).
We did not observe any significant difference in sensitivity
and phototoxicity between the various cell lines studied.

Treatment with Cal C caused apoptosis in NPC and other
types of tumor cells in a drug dose-dependent fashion as deter-
mined by standard apoptosis assays. TUNEL assay allowed the
detection of exposed 3'-hydroxyl groups in fragmented DNA,
whereas cell cycle analysis allowed the DNA content analysis
in the sub-G1 phase using propidium iodide (Fig. 5SA and B).
Cal C treated photosensitized cells exhibited increasing
caspase-3 activity as shown by spectrofluorimetry (Fig. 6A).
This was further confirmed with flow cytometry using anti-
caspase-3 antibody (Fig. 6B) and indirectly by Western blot
analysis for PARP cleavage (Fig. 6C). Caspase-3 activation
was again confirmed by inhibiting its activity using both
specific (DEVD) and broad spectrum (z-VAD) caspase
inhibitors (Fig. 6D). Furthermore, PS externalization was
shown using flow cytometry (Fig. 7).
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Figure 4. Cell viability of CNE2, TWO0-1, CCL-220.1 and SD cells with Cal C was studied. Cells (1x10%ml) were treated with respective concentrations
(37.5-150 nM) for 2 h. At 18 h following irradiation, cells were subjected to crystal fast violet assay. Data shown are representative of at least 3 separate

experiments.

Biochemical findings were further supported by
morphologic findings using light microscopy. A representative
image (Fig. 8) from CNE2, a nasopharyngeal cancer cell
line demonstrates that cells treated with higher concentration
of Cal C without light exposure had normal nuclear and
cytoplasmic appearance. In contrast, photo-irradiated cells
exhibited classic characteristic features of apoptosis such as
cell shrinkage, nuclear condensation, membrane blebbing,
and membrane-bound apoptotic bodies. These morphologic
features were also confirmed by transmission electron micro-
scopy (TEM) (data not shown) in the photosensitized cells
in vitro. Since our previous studies demonstrated Fas/FasL
expression in head and neck, bladder and colon cells by hypo-
crellins and hypericin, we investigated whether the same
phenomena would occur also in Cal C photosensitized cells.
Indeed, our results shown in Fig. 9A and B demonstrate the
Fas/FasL expression in cell lines used in this study.
Immunocytochemistry confirmed the above results of Fas/FasL
expression in the irradiated cells (data not shown). In line with
the above, the present study further demonstrates the induction
of initiator caspase-8 activity (Fig. 10), and a drop in mito-
chondrial transmembrane potential (Fig. 11), highlighting the
efficiency of Cal C for the induction of apoptosis.

Discussion
Although the photodynamic activity of Cal C has been

known for more than 5 decades (25), the present study
describes the fortuitous rediscovery of its photodynamic

efficiency in inducing apoptosis in cancer cells. Our
pharmacokinetics and biodistribution data support the
relationship between the biodistribution of Cal C and its
observed photodynamic effects as seen with other photo-
sensitizers (26). It is known that the therapeutic effect of
PDT is due to cellular cytotoxicity. Also that Cal C can
induce cell death via apoptosis in heart smooth muscle cells
similarly to other PKC inhibitors (13,14,18,27,28). Hence,
our study demonstrates that Cal C-PDT can also induce
apoptosis in nasopharyngeal (CNE2 and TWO-1), colon
(CCL-2) and bladder (SD) cancer cells but in a death receptor-
dependent fashion.

Death can be signalled directly, either as a result of cell
injury or through cytokine-mediated pathways (29). Recent
investigations have clearly established that certain receptor-
ligand interactions selectively initiate cell death (30). Two
members of the tumor necrosis factor (TNF) family of cell
surface signalling molecules, Fas/APO-1/CD95 and TNFR-1,
are potent inducers of apoptosis upon stimulation by their
respective ligands, the cytokines Fas ligand (FasL). These
(Fas/FasL system) could either signal the apoptotic death
directly through the activation of the caspase system or
through mitochondria by releasing mitochondrial proteins or
sometimes, through activation of sphingomyelinase, releasing
ceramide and phosphocholine from sphingomyelin (ceramide
pathways) (29,31,32).

Many elegant studies have highlighted the role of Fas/FasL
system in PDT induced apoptosis (28,33,34). It is known
that the Fas antigen is trimerized upon activation transducing
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Figure 5. (A) Flow cytometric detection of apoptosis by annexin-V assay in NPC and colon cells. The left shaded histogram represents Cal C-treated, non-
irradiated control cells, and the right solid lines indicate Cal C-treated irradiated cells. (B) Analysis of DNA cleavage in Cal C-PDT induced apoptotic cells.
Cal C-PDT results in the appearance of a sub-G1 population (sub-diploid DNA) indicating DNA fragmentation. Data shown are the mean of 3 independent

experiments.

a death signal to FADD (35,36) and activates a series of  our previous studies (20,37) have demonstrated the induction
intracellular events, which leads to a death cascade composed  of Fas/FasL in NPC (CNE2, TWO-1) and other cell lines
of intracellular caspases of up and downstream events. Since  such as colon (CCL-2) and bladder (SD) by hypocrellins and
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Figure 6. (A) Activation of caspase-3 induced by Cal C-PDT in NPC-CNE2
and colon CCL-2 cells was analyzed by spectrofluorimetry (B), by flow
cytometry using anti-active caspase-3 that recognizes the processed form of
caspase-3. The shaded histograms are for mouse IgGlx used as an isotype
control, the dotted lines represent drug-treated, non-irradiated control cells,
and the solid lines indicate Cal C-treated irradiated cells. (C) Indirect
assessment of caspase-3 activity by Western blotting. The intact protein 116
kDa and the proteolytic fragment of 85 kDa was marked and (D) the
inhibition of caspase-3 activity was shown in NPC-CNE2 by pre-treating
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Figure 7. Phosphatidylserine (PS) externalization induced by Cal C-PDT was demonstrated in NPC-CNE2 cells. Control and irradiated cells were stained with
Annexin-FITC and subjected for flow cytometry. The boxed area in the dot blot indicates FITC-positive PS-overexpressing cells as compared to drug-treated
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Figure 8. Phase micrograph showing typical apoptotic features such as intact cell membrane, but shrinkage in cell size and membrane blebbing as a result of

Cal C-PDT.

hypericin-PDT, we reasoned that Cal C-PDT may also induce
Fas/FasL expression in these as Cal C also exerted its photo-
dynamic efficiency by inducing early apoptosis by 1-3 h
following irradiation. Our flow cytometry results confirmed
the expression of Fas/FasL in NPC and colon cancer cells but
not in SD cells. It will be a subject of investigation in future
why the bladder cells are not expressing Fas/FasL following
Cal C-PDT and what could be the other mechanism involved
in these cells.

Apoptosis is induced by sequential activation of caspases
(38). In order to evaluate the involvement of caspases in Cal
C-PDT-induced apoptosis, we examined the activities of
caspases by various direct and indirect approaches including
pretreating cells with caspase inhibitors. Our study revealed the
activation of the caspase cascade, caspase-8 and -3, following
direct activation of Fas/FasL in Cal C-PDT-induced apoptosis
in NPC and colon cells. The activation of caspase-8 and -3

following Cal C-PDT was significantly increased and
pretreatment of the cells with caspase-3-specific inhibitor
DEVD and broad-spectrum caspases inhibitor z-VAD
significantly suppressed the activity of caspase-3 and IETD
inhibited caspase-8 activity, suggesting the sequential
activation of caspase-8/-3 cascades in Cal C-PDT-in NPC
and other cells.

The PDT-induced apoptosis is supposed to be mediated
through mitochondria (39,40), which releases at least two
soluble proteins, cytochrome ¢ and AIF, during apoptosis.
These molecules released into the cytosol initiate apoptotic
signal events (41), activating caspase-9 and then caspase-6
and -7, respectively (42). The present study demonstrates the
drop in mitochondrial potential and cytosolic release of cyto-
chrome ¢ (data not shown) within 2 h of Cal C-PDT. This was
followed by caspase-8 activation within 1 h, suggesting that
cytochrome ¢ is involved in Cal C-PDT-induced apoptosis.
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Figure 9. Cal C-PDT induced expression of Fas (A) and FasL (B) in NPC and colon cells. The surface expression of Fas and FasL was analyzed within 2 h
following PDT using flow cytometry. The shaded histograms are for mouse IgG1xk used as an isotype control, the dotted lines represent drug-treated, non-irradiated
control cells, and the solid lines indicate Cal C-treated irradiated cells. At least 10,000 events were counted, and data shown are representative of at least

3 separate experiments.

Our results may support the hypothesis of mitochondria-
based photodynamic anti-cancer therapy (43).

The biological effect of PDT depends on singlet oxygen or
other oxygen species induced cell death (23,44 ,45). Cyto-
chrome c release is triggered by mitochondrial depolarization
following cell injury (41). Mitochondria can be a source of
reactive oxygen species (ROS) and a target of oxidative
damage during oxidative stress (46). Previous studies have
shown that the ROS induce mitochondrial depolarization and
release of cytochrome ¢ during phthalocyanine 4 and
hypericin-PDT (23 ,40). Our results demonstrate a reduction in
mitochondrial potential in Cal C-treated cancer cells,
suggesting that Cal C-PDT may also produce ROS which
are critical to the induction of apoptosis, which may induce
mitochondrial depolarization and release cytochrome c. The
type of ROS produced after Cal C-PDT is yet to be
addressed.

In conclusion, we have shown that Cal C-PDT induced
apoptosis of NPC, colon and bladder cells, which is mediated
by activation of a distinct caspase cascade, specifically 8 and 3.
Furthermore, Cal C-PDT induced activation of Fas with the
involvement of the Fas ligand system and reduction in mito-
chondrial potential in NPC and colon cancer cells. Our results
demonstrate that the inducer of apoptosis by the activation of

caspases and Fas/FasL during Cal C-PDT, might be applicable
for the treatment of various cancers.
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