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Abstract Photodynamic therapy (PDT) is an established
anticancer modality utilizing the photogeneration of reac-
tive oxygen species (ROS) to kill the cancer cells and hy-
pericin is a promising photosensitizer for the treatment of
bladder tumors. In this paper we characterize the signaling
pathways and the mechanisms leading to the up-regulation
of the antioxidant enzyme heme oxygenase (HO-1) in PDT
treated cancer cells. We show that PDT engages the p38MAPK

and PI3K signaling cascades for HO-1 induction. p38MAPK

inhibitors or small interfering RNA (siRNA) for p38MAPK

suppress HO-1 induction after PDT and complete repression
is attained when p38 and PI3K antagonists are combined.
Blocking these signaling pathways increases additively the
propensity of the cells to undergo PDT-induced apoptosis,
mirroring the effect of HO-1 silencing. Conversely, increas-
ing HO-1 protein level by hemin prior to irradiation is cyto-
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protective. HO-1 stimulation by PDT is dependent on tran-
scription and de novo protein synthesis and it is preceded
by the nuclear accumulation of the Nrf2 transcription fac-
tor, which is reduced by inhibitors of p38MAPK and PI3K.
Altogether these results indicate that stimulation of HO-1
expression by hypericin-PDT is a cytoprotective mechanism
governed by the p38MAPK and PI3K pathways, likely through
the control of the nuclear availability of the Nrf2 pool.
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Abbreviations
ActD actinomycin D
AREs antioxidant response elements
B2M β2-microglobulin
COX-2 cyclooxygenase-2
ER endoplasmic reticulum
HO-1 heme oxygenase 1
Hyp Hypericin
Nrf2 NF-E2-related factor-2
p38MAPK p38 mitogen-activated protein kinase
PDT photodynamic therapy
PGE2 prostaglandin E2

PI3K phosphatidylinositol 3-kinase
ROS reactive oxygen species
ZnPPIX zinc protoporphyrin IX

1 Introduction

Photodynamic therapy (PDT) is an attractive therapeutic pro-
cedure suitable for the management of a variety of tumors
and non-malignant disorders. PDT involves the administra-
tion of a photosensitizing compound (photosensitizer) which
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preferentially accumulates in the tumor or in hyperprolifer-
ating tissue, followed by irradiation with visible light [1].
Light irradiation of the photosensitizing drug leads, in the
presence of molecular oxygen, to the photogeneration of
reactive oxygen species (ROS), which ultimately kill the tar-
get cells. PDT with the ER-localizing hypericin, a naturally
occurring photosensitizer, causes rapid emptying of the ER-
Ca2+ stores and cell death, which can be executed either in
a caspase-dependent or in autophagy-dependent fashion [2].
The interesting photosensitizing properties of hypericin to-
gether with its selective uptake in tumor tissues, especially
in bladder cancers, and its minimal dark cytotoxicity, hold
promise for the clinical use of this sensitizer in the photody-
namic treatment of cancers [3].

Although in general PDT has been found to be an effi-
cient inducer of cell death, some in vivo studies indicate that
PDT also activates rescuing pathways, which ultimately can
lead to tumor survival and recurrence [4]. We have recently
reported that following exposure of tumor cells to PDT dif-
ferent signal transduction pathways are engaged leading to
the expression of the inducible cyclooxygenase-2 (COX-2)
[5, 6], a master enzyme involved in the conversion of arachi-
donic acid to PGE2, with a documented tumor promoting
role [7]. In particular, up-regulation of the COX-2 protein
levels by hypericin-PDT is mediated by the stabilization of
the COX-2 transcript through the specific activation of the
p38MAPK signaling pathway [5]. However, blocking COX-2
activity does not fully recapitulate the anti-apoptotic effects
of the inhibition of p38MAPK after hypericin-PDT [5, 8], thus
arguing that p38MAPK affects other targets which confer in-
creased protection against the photo-oxidative injury. The
identification of the molecular elements of the cellular res-
cue responses activated by hypericin-mediated PDT is of
therapeutic importance as their inhibition is expected to en-
hance the tumoricidal efficacy of this anticancer strategy.

Heme oxygenase isozymes (HO-1 and HO-2) catalyze
in mammalian cells the rate-limiting step in the catabolic
degradation of heme yielding equimolar amounts of carbon
monoxide (CO), iron and biliverdin. Biliverdin is further
converted to bilirubin by the ubiquitous enzyme biliverdin
reductase [9]. Several reports indicate that moderate levels
of the heme-derived metabolites bilirubin and CO generated
by HO-1 catalysis have potent antioxidant and cytoprotec-
tive actions, while free iron is rendered redox-inactive by
effective ferritin sequestration [9]. Contrary to HO-2 which
is expressed constitutively, the inducible HO-1 isozyme is a
phase II enzyme that is commonly transcriptionally regulated
in response to various cellular signals, although stabilization
of HO-1 mRNA has been reported in some paradigms [10,
11]. The ho-1 gene is induced by a variety of stimuli in-
cluding pro-inflammatory cytokines, tumor promoters and
certain growth factors, heavy metal salts, heat shock, hy-
poxia, and by agents and chemicals that produce oxidative

stress, including its substrate heme, sodium arsenite, hydro-
gen peroxide, glutathione depletion, nitric oxide, ultraviolet
A (UVA; 320–380 nm) radiation [9]. Furthermore, studies
using gene-knockout and transgenic mice have validated the
biological role of HO-1 in anti-oxidant and adaptive inflam-
matory responses [12]. Relevant in this context, a recent re-
port shows that HO-1 induction by photofrin-mediated PDT
[13] significantly decreases the susceptibility of tumor cells
to photokilling [14]. However, while it is widely accepted
that induction of HO-1 expression represents an adaptive
response that increases cell resistance to a variety of oxida-
tive injuries, the molecular steps and the signal transduction
pathways underlying HO-1 up-regulation in general, and by
the photochemically generated ROS, in particular, remain
largely undefined.

This study was undertaken to characterize at the molecular
level the signaling pathway(s) promoting HO-1 upregulation
by hypericin-mediated PDT, with particular emphasis on the
participation of the p38MAPK as a possible positive regula-
tor of HO-1 in our system. We show that in two different
human cancer cell lines, e.g. HeLa and T24 cells, hyper-
icin photosensitization results in a time- and dose-dependent
up-regulation of HO-1 at both the RNA and protein levels.
Induction of HO-1 by hypericin-PDT is reduced by the in-
hibition of p38MAPK and PI3K, and results in the increased
resistance of the cells to the PDT stress. Our results also show
that these signaling pathways contribute to the nuclear ac-
cumulation of the transcription factor Nrf2, which precedes
up-regulation of HO-1 expression in our paradigm.

2 Materials and methods

2.1 Materials

Hypericin was prepared, purified, and dissolved in DMSO
as described in [15]. All cell culture products were obtained
from Cambrex (Verviers, Belgium), except fetal calf serum,
which was from Perbio Hyclone (Erembodegem, Belgium).
Anti-caspase-3, anti-HO-1, anti-phospho-Akt (Ser473), anti-
Akt and anti-Nrf2 antibodies were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Anti-phospho-
p38MAPK (Thr180/Tyr182) monoclonal antibody, which specif-
ically recognizes the phosphorylated form of the kinase
and anti-p38MAPK antibody were purchased from New Eng-
land Biolabs, Inc. (Beverly, MA, USA). Monoclonal anti-
α-tubulin antibody was from Sigma (Bornem, Belgium).
The anti-CDC5L antibody which specifically recognizes the
human homolog CDC5L of Schizosaccharomyces pombe
cdc5, a regulator of pre-mRNA splicing, was a gift from
Dr. Monique Beullens (KUL Biochemistry, Belgium).

Horseradish peroxidase-conjugated secondary antibodies
were from DAKO (Denmark), whereas the Alexa Fluor r© 488
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goat anti-rabbit antibody was from Molecular Probes, Inc.
(Eugene, OR). Hoechst 33342, actinomycin D, cyclohex-
imide and hemin were from Sigma. The p38MAPK inhibitor
PD169316, the ERK inhibitor PD98059, the JNK inhibitor
SP600125, the PKC inhibitors Gö6976 (PKC-α and -β) and
Gö6983 (PKC-α, -β, -γ , -δ and -ζ ) were purchased from
Calbiochem (San Diego, CA, USA), whereas the specific
inhibitor of PI3-kinase LY294002 was from Cell Signaling
Technology (Danvers, MA) and the specific peptide inhibitor
(PKI) towards PKA was a gift from Dr. Monique Beullens
(KUL Biochemistry, Belgium).

Small interfering RNA (siRNA), ho-1 siRNA, p38 siRNA
and nontargeting negative control siRNA, as well as all
reagents for the siRNA transfection were purchased from
Dharmacon (Lafayette, USA).

2.2 Cell culture and photosensitization

HeLa cells (human cervix carcinoma cells) and T24 (hu-
man transitional cell carcinoma of the urinary bladder) were
cultured as described in [16]. T24 or HeLa cells were
pre-incubated with hypericin for 16 h, in subdued light
conditions ( < 1 µW/cm2) and subsequently irradiated in
Dulbecco’s modified Eagle’s medium by placing the sam-
ples on a plastic diffuser sheet 5 cm above a set of seven
L18W30 fluorescent lamps (Osram; maximal emission be-
tween 530 and 620 nm, coinciding with the absorption peak
of hypericin at 595 nm). At the surface of the diffuser, the
uniform fluence rate was 4.5 mW/cm2, as measured with
an IL 1400 radiometer (International Light, Newburyport,
MA). The fluence or light dose (J/cm2) was calculated by
multiplying the fluence rate with the time of irradiation.
Actinomycin D, cycloheximide and all inhibitors used were
added to the cell culture medium 1 h prior to photosensitiza-
tion at concentrations indicated in the figure legends. After
1 h of incubation the medium was changed with complete
Dulbecco’s modified Eagle’s medium and cells were irradi-
ated as described above. After irradiation the medium with
desired components was readded for next hours till the end of
experiment.

For the experiment with hemin, T24 and HeLa cells were
co-incubated with or without 150 nM and 125 nM hyper-
icin, respectively, and 5 µM hemin for 16 h. After indicated
time incubation the medium was changed with complete
Dulbecco’s modified Eagle’s medium, cells were irradiated
and 7 h after irradiation prepared for Western blot or cell
death analysis.

2.3 Preparation of cell extracts and Western Blotting

Preparation of cell extracts at the indicated time points fol-
lowing photosensitization and Western blotting were per-
formed as described previously [16].

2.4 Preparation of nuclear fractions

T24 cells (1 × 106) were washed with ice-cold PBS, scraped
and centrifuged at 1,500 × g for 5 min at 4◦C. The pellets
were resuspended in 100 µl digitonin lysis buffer containing
1% digitonin and 1 mM EDTA in PBS, immediately cen-
trifuged at 13,000 × g for 20 min at 4◦C. The pellets were
resuspended in 100 µl HEPES lysis buffer containing 1%
Triton X-100, 10% glycerol, 10 µg/ml leupeptin, 5 µg/ml
aprotinin, 1 mM PMSF, 1 mM Na3VO4 and 50 mM NaF
in HEPES buffer (20 mM HEPES, 0.3 M NaCl, 1.5 mM
MgCl2, 20 mM β-glycerol-phosphate, 2 mM EDTA, 2 mM
EGTA and 1 mM DTT), kept 15 min on ice and centrifuged at
13,000 × g for 15 min at 4◦C. Supernatants of these nuclear
lysates were saved as nuclear fractions and stored at − 70◦C
until use. Protein concentrations were determined using the
Bio-Rad Protein Assay (Bio-Rad).

2.5 Cell death assay

T24 and HeLa cells were treated as described before. At the
indicated time points, the cells were washed with ice-cold
PBS, fixed in 10% paraformaldehyde in PBS for 30 min at
room temperature. After washing with PBS, the cells were
permeabilized with cold methanol for 10 min at room tem-
perature, washed three times with PBS and stained with
Hoechst 33342 (1:1000 in PBS) for 15 min at room tem-
perature. The sample was then examined using fluorescence
microscopy Diaplan, Leitz, Germany. Apoptotic nuclei were
counted and expressed as percentage of apoptotic nuclei over
the total number of nuclei. At least 10 fields with a minimum
of 50 cells were counted.

2.6 Immunofluorescence microscopy

T24 cells, plated on six-well plates, were washed with ice-
cold PBS and fixed in 10% paraformaldehyde in PBS for
30 min at room temperature, at indicated time points after
the treatment. Cells were then washed with PBS, permeabi-
lized with cold methanol for 10 min at room temperature
and washed three times with PBS. After blocking for 3 h in
PBS containing 1% bovine serum albumin, the cells were
washed once with PBS for 5 min and incubated overnight
at 4◦C with anti-Nrf2 antibody (1:500 in 1% bovine serum
albumin in PBS) followed, after washing, by incubation with
the Alexa Fluor r© 488 goat anti-rabbit antibody for 90 min in
the dark at room temperature. Preparations were then coun-
terstained for 15 min with Hoechst 33342 (1:1000 in PBS)
in the dark at room temperature, to stain the nuclei. After
washing with PBS, the samples were examined by fluores-
cence microscopy (Diaplan, Leitz, Germany) equipped with
a Zeiss oil-immersion objective (100 × ) and a digital camera
(DC 200, Leica Microsystems, Wetzlar, Germany). Nrf2 was
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visualized using the filter set containing BP 450–490 and LP
515 for excitation and emission, respectively. Hoechst 33342
was visualized using the filter set containing BP 340–380 and
LP 425. All filters were from Leica Microsystems.

2.7 Cell transfection with siRNA

T24 cells were transfected either with 200 nM siRNA
SMARTpool r© p38MAPK or 100 nM siRNA SMARTpool r©

ho-1 (Upstate/Dharmacon, Waltham, MA) or Negative Con-
trol siRNA Alexa Fluor 488 (Qiagen, Venlo, Netherlands)
using OligofectamineTM Reagent (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions. Briefly, the cells
were plated one day before transfection in complete Dul-
becco’s modified Eagle’s medium without antibiotics. Next
day, the cells were washed with serum free Dulbecco’s
modified Eagle’s medium, and complex containing oligonu-
cleotide and oligofectamine in serum free Dulbecco’s modi-
fied Eagle’s medium was added. The cells were incubated for
4 h with complex in serum free medium and next, complete
Dulbecco’s modified Eagle’s medium was supplemented to
obtain final 10% FCS. Preliminary studies showed that max-
imal p38MAPK and HO-1 protein knockdown occurred 3 days
after transfection using 200 nM p38 siRNA or 100 nM HO-1
siRNA.

2.8 Quantitative RT-PCR

cDNA were prepared in a 20 µl final volume with 1 µg RNA
as described in [6]. 2 µl cDNA were mixed with 10 µl SYBR
Green Mix (Applied Biosystems, Warrington, UK) and with
270 nM forward (5′ CTGAGTTCATGAGGAACTTTCA-
GAAG 3′) and 270 nM reverse (5′ TGGTACAGGGAGGC-
CATCAC 3′) HO-1 primers or with 300 nM forward (5′

GAGTATGCCTGCCGTGTG 3′) and 300 nM reverse (5′

AATCCAAATGCGGCATCT 3′) β2-microglobulin (B2M)
primers in a 20 µl final volume. Real-time PCR was per-
formed with the ABI-PRISM 7000 Sequence Detection Sys-
tem (Applied Biosystems, Warrington, UK). Data were sub-
jected to relative quantification using the comparative CT

(��CT) method where B2M was used as an endogenous ref-
erence for normalization. The following arithmetic formula
was applied to each sample and the results plotted in fold in-
duction: 2−(CTtreated−CTuntreated)HO−1 − (CTtreated−CTuntreated)B2M.

3 Results

3.1 Hypericin-PDT induces HO-1 at the mRNA and
protein levels in human cancer cells

We first evaluated whether PDT with hypericin results in the
up-regulation of HO-1 at the protein and mRNA levels using

Fig. 1 Induction of HO-1 at the protein and RNA levels in hypericin-
PDT treated cells. T24 and HeLa cells were incubated with 150 nM or
125 nM hypericin, respectively, for 16 h and then irradiated (4 J/cm2).
(A) Untreated (ctr; hypericin without irradiation) and PDT-treated cells
were harvested at the indicated time points after irradiation and sub-
jected to Western blot analysis using anti-HO-1 or anti-α-tubulin anti-
bodies, respectively. (B) Total RNA was extracted from untreated and
PDT-treated T24 cells 1 h and 7 h post-irradiation. HO-1 mRNA level
was analyzed by RT-PCR. Error bars represent S.D. of two independent
experiments

the human cancer cell lines T24 (TCC of the bladder) and
HeLa (cervix carcinoma) as preferential model systems. In-
cubation of T24 or HeLa cells with hypericin (125 or 150 nM)
followed by irradiation (4 J/cm2) induced HO-1 protein ex-
pression in time-dependent manner as detected by West-
ern blot analysis (Fig. 1(A)). Kinetic experiments showed
that induction of HO-1 protein expression in response to
hypericin-PDT was readily detectable 5 h after irradiation
and persisted over 24 h, reaching an apparent maximal in-
duction 7 h in T24 and 12 h in HeLa cells after PDT exposure
(Fig. 1(A)). Induction of HO-1 was specifically dependent
on the concomitant presence of hypericin and light, as ei-
ther hypericin (Fig. 1(A)) or light alone (not shown) did not
induce any response. Consistent with the corresponding in-
crease in the HO-1 protein expression quantitative RT-PCR
in T24 cells revealed an induction of HO-1 mRNA as early as
1 h post-irradiation, which increased dramatically 7 h after
PDT (Fig. 1(B)).

Stimulation of HO-1 protein expression was induced by
light activation of hypericin in a concentration range result-
ing in approximately 70% (e.g. mildly lethal PDT conditions
with 75 nM hypericin) or 20% (e.g. lethal PDT condition with
150 nM hypericin leading to apoptotic cell death) survival
(data not shown).
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Fig. 2 Blocking p38 MAPK and PI3K prevents HO-1 up-regulation
after hypericin-PDT. (A) T24 were preincubated for 1 h with either
200 nM Gö6976, 200 nM Gö6983, 0.6 µM PKI, 1 µM SP600125,
1 µM PD169316, or 10 µM LY294002, as indicated. Cells were left
untreated (ctr) or treated by PDT (150 nM Hyp and 4 J/cm2 irradia-
tion). Protein extracts were prepared 7 h after irradiation and analyzed
by Western blotting with specific antibodies for HO-1. (B) T24 cells
were incubated for 16 h with 150 nM hypericin and then irradiated
(4 J/cm2). At the indicated time points after irradiation, the activity and

protein level of p38MAPK were analyzed by Western blot with specific
anti-phospho- or anti-p38MAPK antibodies. A representative picture is
shown. (C) T24 cells were transfected with p38 siRNA 72 h before
treatment (as described under “Materials and Methods”) and incubated
for 16 h with 150 nM Hyp. Untreated and PDT-treated cells were har-
vested 7 h and 24 h following irradiation and subjected to Western blot
analysis using anti-HO-1, anti-p38MAPK and anti-α-tubulin antibodies,
respectively. Results shown are representative of at least 3 independent
experiments

3.2 Induction of HO-1 by PDT requires the p38MAPK and
PI3K pathways

Accumulating evidence indicates that many inducers of
HO-1 activate protein phosphorylation-dependent signaling
cascades that ultimately converge to the transcription factors
regulating the ho-1 gene [9]. The three major members of
the MAPK cascades, ERK, JNK and p38MAPK, have been,
either alone or in combination, principally implicated in ho-1
activation, though pathways mediated by the phosphatidyli-
nositol 3-kinase (PI3K), PKA and PKCs, have also been
documented [9]. In order to evaluate the participation of
these signaling cascades in our paradigm we initially em-
ployed pharmacological or peptide inhibitors (i.e., p38MAPK:

PD169316; MEK1: PD98059, JNK: SP600125: PKC-α, -
β: Gö6976 and PKC-α,-β, -γ , -δ,-ζ ; Gö6983, PKA: PKI,
PI3K: LY294002/wortmannin) of these protein kinases and
assessed their effects on HO-1 induction by hypericin-PDT.
Stimulation of HO-1 expression by PDT was unaffected by
antagonists of the ERK- (data not shown), PKC (α, -β,-γ , -δ
,-ζ isoforms)-, PKA- and JNK-pathways, thus ruling out the
contribution of these kinase signaling cascades in our con-
ditions (Fig. 2(A)). Conversely, pretreatment of T24 cells
with inhibitors of the p38MAPK α and β isoforms (1 µM
PD169316) and of the phospholipid kinase PI3K (10 µM
LY294002), resulted in a significant reduction of the stim-
ulation of HO-1 expression by PDT (Fig. 2(A)). Similar
results were observed in HeLa cells (data not shown), thus
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suggesting a general requirement of these signal transduc-
tion pathways for HO-1 protein up-regulation in our PDT
paradigm.

The kinetics of activation of p38MAPK and Akt, as a
downstream effector of PI3K were monitored by the use
of activation-specific antibodies that selectively recognize
the active and phosphorylated forms of p38MAPK and Akt
(Ser473). Although, as reported in previous studies [5, 29],
p38MAPK activation in photosensitized cells clearly preceded
the stimulation of HO-1 protein expression (Fig. 2(B)), we
failed to observe a significant and persistent activation of
Akt in both T24 and HeLa cells (data not shown). More-
over, overexpression of a constitutively active Akt mutants
in HeLa cells did not influence HO-1 expression after PDT
(data not shown), thus suggesting that PI3K regulates HO-1
by a mechanism independent on Akt.

Given the important role of the p38MAPK pathway in
hypericin-PDT in T24 cells [5, 6] we found it imperative
to add evidence confirming HO-1 as a potential p38MAPK

downstream target in our paradigm. To this end we silenced
the expression of p38MAPK in T24 cells, subjected them to
the photodynamic treatment and monitored the expression
of HO-1 as a function of time. As shown in Fig. 2(C), when
p38MAPK expression was knocked down with a p38-specific
small interfering RNA (siRNA) we observed a direct rela-
tionship between the decreased level of p38MAPK expression
and abolition of HO-1 stimulation by PDT. These data thus

demonstrate that HO-1 is a genuine target of the p38MAPK

pathway.

3.3 Inhibition of the p38MAPK and PI3K cascades following
PDT counteracts the cytoprotective effect of HO-1
up-regulation

Next, we evaluated the effect of blocking the PI3K or the
p38MAPK -pathways either alone or in combination, on the
extent of apoptosis in T24 exposed to PDT. Inhibition of
either p38MAPK or PI3K by PD169316 or LY294002, respec-
tively, resulted in an increased amount of cells containing
Hoechst 33342-detectable chromatin condensation as com-
pared to PDT treated cells in the absence of the pharma-
cological inhibitors (Fig. 3(A)). Notably, the simultaneous
addition of both antagonists prior to PDT increased the sus-
ceptibility to apoptotic cell death in an additive fashion, thus
supporting a cytoprotective role for both pathways in our
paradigm (Fig. 3(A)). It should be noted that the control cells
(e.g. not irradiated, Fig. 3(A)) incubated with PD169316 or
LY294002, either alone or in combination, did not manifest
any sign of cytotoxicity, thus arguing that these inhibitors
block PDT-induced survival pathways. Furthermore, their
additive effect on apoptotic cell death correlated well with
the ablation of HO-1 expression following PDT when both
pharmacological inhibitors were used together, suggesting a
correlation between reduced HO-1 expression and increased

Fig. 3 HO-1 is modulated by the anti-apoptotic p38 MAPK and PI3K
pathways. T24 cells were incubated with 150 nM hypericin for 16 h
and pretreated for 1 h with 1 µM PD169316 and/or 10 µM LY294002
before being exposed to irradiation (4 J/cm2; PDT) or not (ctr). (A) At
the indicated time points following irradiation, cells were stained with
Hoechst 33342 and the percentage of apoptotic cells was determined by

counting the number of cells showing apoptotic morphology over the
total cell number, as calculated in at least 10 independent fields. Control
cells did not show measurable differences during the entire time course.
Error bars represent S.D. of two independent experiments. (B) In paral-
lel experiments, cell lysates were prepared at the indicated time points
and subjected to immunoblot analysis using anti-HO-1 antibodies
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�Fig. 4 Induction of HO-1 protects cells from photokilling. (A) T24 and
HeLa cells were pretreated with 150 nM or 125 nM hypericin respec-
tively and 5 µM hemin as indicated, for 16 h. The cells were then either
irradiated (4 J/cm2) or left untreated (ctr) and harvested 7 h afterwards.
Cell lysates were analysed for HO-1 protein level by Western blotting
with specific anti-HO-1 antibodies. (B) In a parallel experiment cells
were fixed with 10% paraformaldehyde, stained with Hoechst 33342
(1:1000 in PBS) and visualized by fluorescent microscopy. The percent-
age of apoptotic cells was determined as described under “Materials
and Methods”. Representative pictures are shown (inset): untreated (a,
b) and PDT-treated (c, d) cells without (a, c) or with (b, d) 5 µM hemin.
(C) T24 cells were pretreated with HO-1 siRNA for 72 h, 16 h with
150 nM hypericin and 1 h before irradiation with 1 µM PD169316, as
described under “Materials and Methods”. At the indicated time point
after irradiation, cells were harvested and analyzed for the presence of
HO-1 protein level, as well as caspase-3 cleavage by Western blot us-
ing specific anti-HO-1 and anti-caspase-3 antibodies. (D) In a parallel
experiment cells were fixed with 10% paraformaldehyde, stained with
Hoechst 33342, nuclear condensation was visualized by fluorescent
microscopy and the percentage of apoptotic nuclei was determined as
described under “Materials and Methods”. Results shown are represen-
tative of at least 3 independent experiments

cellular propensity to undergo photokilling (Fig. 3(B)). In-
deed, while inhibition of either the p38MAPK or PI3K pathway
in cell exposed to PDT blunted HO-1 protein expression
by approximately 50–60% after 7 h, when PD169316 and
LY294002 were used together the HO-1 expression by PDT
was completely prevented (Fig. 3(B))

Up-regulation of HO-1 expression by its substrate hemin
has been reported to protect cells from oxidative injury
[14, 17]. Thus, to establish further a causative link be-
tween HO-1 expression and resistance to hypericin-PDT
induced apoptosis, we interfered with the expression of
HO-1 in T24 cells through a pharmacological and RNAi
approach.

First we addressed the question as to whether cell pre-
treatment with hemin, as an endogenous inducer of HO-1
expression, prior to PDT would result in an increased cyto-
protection from the subsequently photogenerated ROS. Con-
sistent with previous reports, pretreatment of the cells with
hemin for 16 h stimulated HO-1 expression and further ex-
posure of the cells to PDT resulted in an additional increase
in HO-1 protein levels (Fig. 4(A)), which persisted up to 24 h
after PDT (data not shown). Cells pretreated with hemin were
less prone to undergo subsequent PDT- induced apoptosis as
compared to untreated cells containing undetectable HO-1
protein expression level (Fig. 4(B)). It should be noted that
hemin did not induce p38MAPK activation nor did it affect the
PDT-mediated p38MAPK activation (data not shown), thus in-
dicating that HO-1 induction by hemin or by PDT involves
different mechanisms.

Secondly, we assessed the effect of HO-1 suppression
on photokilling. Since under our conditions the HO-1 in-
hibitor ZnPPIX exhibited cytotoxic effects (data not shown)
when used in the concentrations range described in several
studies to inhibit HO-1 activity [14, 18], we evaluated the
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Fig. 5 HO-1 induction by PDT requires transcription and de novo
protein synthesis. T24 cell were incubated with or without 150 nM
hypericin for 16 h. (A) Actimomycin D (3 µg/ml) or (B) cycloheximide
(10 µg/ml) was added to cells for 1 h before irradiation (as described
under “Materials and Methods”). The cells were harvested and lysed
7 h after irradiation. HO-1 protein levels were determined by Western
blot analysis

effect of HO-1 silencing in the T24 cells. Figure 4 shows
that knocking down HO-1 protein levels after transfection
of the T24 cells with an HO-1 siRNA resulted in an en-
hancement of caspase-3 cleavage (Fig. 4(C)) and nuclear
condensation (Fig. 4(D)), two key apoptotic parameters, af-
ter PDT. Moreover, co-treatment of HO-1 silenced cells with
PD169316 resulted in a complete shutdown of the HO-1 sig-
nal after PDT and in a further increase in the level of caspase-
3 processing and chromatin condensation. Altogether these
data indicate that an important mechanism by which the
p38MAPK and probably also the PI3K, pathway exert a cyto-
protective effect after PDT is by stimulating the induction of
HO-1.

3.4 HO-1 expression by PDT is preceded by the nuclear
accumulation of Nrf2

In several systems the induction of HO-1 has been demon-
strated to be a consequence of de novo transcription [9].
Thus, to explore the contribution of a transcriptional mech-
anism of HO-1 induction by PDT, we investigated the ef-
fect of the transcription inhibitor actinomycin D (ActD). As
shown in Fig. 5(A), addition of ActD in T24 cells 1 h prior
to irradiation completely blunted the induction of HO-1 ex-
pression in response to hypericin-PDT, thus indicating that
active transcription is required for HO-1 expression in our
paradigm. We were unable to determine the effect of ActD
in HeLa cells, since in these cells the addition of this in-
hibitor was toxic after few hours of incubation (data not
shown).

Furthermore, to determine the relevance of de novo pro-
tein synthesis in HO-1 induction by PDT, the cells were
treated with the translation elongation inhibitor cyclohex-
imide before irradiation. Pre-treatment of the cells with
cycloheximide blocked the induction of HO-1 by PDT
(Fig. 5(B)), thus indicating that HO-1 up-regulation is medi-
ated by a mechanism requiring de novo protein synthesis as
well.

Nrf2 (NF-E2-related factor-2), a member of the
Cap’n’Collar family of transcription factors, has been im-
plicated in the expression of phase II genes, including
HO-1, through the regulation of antioxidant response el-
ements (AREs) in response to a variety of stimuli [19].
Under non-stressed conditions, Nrf2 transactivation activ-
ity is repressed by binding to Keap1, an actin-binding pro-
tein which targets Nrf2 to degradation by the ubiquitin-
proteasome pathway, thus maintaining low cellular Nrf2
levels [19, 20]. Following oxidative stress the Keap1-Nrf2
association is disrupted and Nrf2 is free to stabilize and to
accumulate in the nucleus, where it can induce the expression
of a set of cytoprotective genes. As PDT is a strong inducer
of ROS, especially in the form of the non-radical but highly
reactive 1O2, we sought to determine whether hypericin-
mediated photosensitization induced a time-dependent nu-
clear accumulation of Nrf2 in T24 cells. To this end, the
cells were treated with PDT and at various time points after
irradiation they were fixed, permeabilized and subjected to
immunocytochemistry. In untreated cells detection of Nrf2
was found weak (Fig. 6(A)), suggesting that the pool of Nrf2
in non-stressed cells is small. Conversely, soon after irradia-
tion Nrf2 became largely nuclear (Fig. 6(A)). The kinetics of
Nrf2 nuclear accumulation clearly preceded HO-1 expres-
sion by PDT (see Fig. 1(A)), suggesting that ho-1 could be
regulated by Nrf2 in our paradigm.

We then addressed the kinetics of Nrf2 nuclear accumu-
lation by mean of Western blot analysis after isolation of the
nuclear fraction from untreated or PDT treated cells. The
pattern of nuclear accumulation as detected by immunoblot
mirrored kinetically the results of the immuncytochemistry
in as much as we observed that Nrf2 accumulated in a
time-dependent fashion in the nucleus while in non-stressed
cells Nrf2 levels were very low. Importantly, inhibition of
p38MAPK or PI3K hampered Nrf2 nuclear accumulation in-
duced by hypericin-PDT, as at all time points after PDT the
detectable amount of nuclear Nrf2 was reduced in the pres-
ence of the pharmacological antagonists of these pathways
(Fig. 6(B)).

Altogether these observations suggest that the p38MAPK

and PI3K pathways mediate the induction of HO-1 following
PDT by modulating the nuclear accumulation of the redox-
sensitive Nrf2 transcription factor, which is in turn required
for the transcriptional activation of the cytoprotective ho-1
gene.
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Fig. 6 PDT induced Nrf2 nuclear accumulation is reduced by p38MAPK

and PI3K inhibition. (A) T24 cells were incubated for 16 h with 75 nM
hypericin and then irradiated (4 J/cm2). At the indicated time points
the cells were fixed, incubated with anti-Nrf2 antibodies overnight and
then stained with Alexa Fluor r© 488 goat anti-rabbit antibodies. Addi-
tionally, the cells were counterstained with second dye - Hoechst 33342
to stain the nuclei, as described under “Materials and Methods”. The
images were collected using flurescence microscopy Diaplan, Leitz,
Germany. Pictures are representative of at least three independent ex-

periments. (B) T24 cells were incubated with 150 nM hypericin for 16 h
and pretreated 1 h before irradiation (4 J/cm2) with 1 µM PD169316 or
10 µM LY294002. Nuclear fractions of untreated (ctr) and PDT-treated
cells for the indicated times were isolated as described under “Materi-
als and Methods”. Nuclear content of Nrf2 was analyzed by Western
blot by anti-Nrf2 antibodies (Santa Cruz). The specific nuclear protein
CDC5L [28] indicates equal loading. Results shown are representative
of at least 3 independent experiments

4 Discussion

It has been recently established that cell responds to elec-
trophiles and reactive oxygen species by activating a set
of stress-responsive genes involved in cellular protection
through the transcriptional activation of the antioxidant re-
sponse element (ARE). ARE is a cis-acting regulatory el-
ement in promoter regions of several genes encoding an-
tioxidant and Phase II drug-metabolizing enzymes [21].
The inducible antioxidant enzyme HO-1 is among genes
that contain a functional ARE, and which also include
NAD(P)H:quinone reductases (NQO1), γ -glutamyl cysteine
ligase (γ -GCL) and ferritin among others [22]. Intrigu-
ingly, global gene expression analysis of the bladder can-
cer cell line T24 treated with hypericin-PDT has revealed
that this battery of ARE-regulated genes, and most dramat-
ically of all the HO-1, is induced in a coordinated man-
ner (Buytaert et al., manuscript submitted). As this cellular
response could be responsible for a limited therapeutic re-
sponse in hypericin-based PDT of bladder cancer, we set
out to investigate the molecular mechanism and the signal
transduction pathways involved in HO-1 stimulation in our
paradigm.

In this report, we present evidence demonstrating that
treatment of T24 as well as HeLa cells with hypericin-PDT
results in a dramatic induction of HO-1 (Fig. 1(A)), and
further confirm that HO-1 has cytoprotective function using
pharmacological and RNAi approaches (Figs. 3 and 4). Fur-
thermore, the results of this study demonstrate a cause and ef-
fect relationship between p38MAPK activation, HO-1 stimula-
tion and resistance to apoptosis following PDT. This notion is

based on the strong correlation between p38MAPK inhibition
and suppression of HO-1 induction (Fig. 2(A)) and increased
propensity of the cancer cells to undergo PDT-induced apop-
tosis when either p38MAPK or HO-1 is knock down (Fig.
4(C),(D)). In previous studies we established that p38MAPK

stimulates angiogenic signals following PDT, mainly by pro-
moting the post-transcriptional up-regulation of the COX-2
and the subsequent release of its metabolite PGE2 [5]. How-
ever, the mechanism of its anti-apoptotic function remained
elusive. Thus the data of this study adds new light into the
function of the p38MAPK pathway in our paradigm, by re-
vealing that this stress kinase acts as a key modulator of the
cytoprotective HO-1 protein following hypericin-PDT.

The mechanism by which the PI3K pathway positively
regulates HO-1 expression in our system is less clear. The
combination of p38MAPK and PI3K antagonists resulted in
an additive effect both in terms of HO-1 suppression, which
was virtually complete when both inhibitors were used to-
gether (Fig. 3(B)) and of increased susceptibility to undergo
apoptosis in response to PDT (Fig. 3(A)). However when mu-
tated forms of Akt, a major downstream effector of the PI3K
pathway, were ectopically expressed in HeLa cells, HO-1
stimulation by PDT was not altered (Kocanova et al., unpub-
lished results). This suggests that PI3K regulates HO-1 ex-
pression possibly through an Akt-independent mechanism.
In a recent study, Kang and co-workers [23] showed that
in response to oxidative stress PI3K regulates HO-1 expres-
sion through a mechanism involving actin rearrangement and
Nrf2 nuclear translocation, thus raising the intriguing pos-
sibility that a similar mechanism operates in our system as
well.
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Furthermore, this study suggests a functional link between
the transcription factor Nrf2 and the signaling pathways reg-
ulating HO-1 expression after PDT. This is argued by the
observations that Nrf2 nuclear accumulation precedes HO-
1 protein expression (Fig. 6(A)), which is abolished by the
transcription inhibitor actinomycin D (Fig. 5(A)). Addition-
ally, the same protein kinase antagonists blocking HO-1 stim-
ulation in PDT treated cells, e.g. PD169316 and LY294002,
also reduce Nrf2 nuclear accumulation (Fig. 6(B)).

Recent progress have been recently made in the elucida-
tion of the complex mechanisms controlling the Nrf2-Keap1
system, however still many unsolved questions remain as,
for instance, whether Nrf2 is degraded in the cytoplasm or in
the nucleus and how it accumulates in this sub-cellular com-
partment following oxidative stress. Different and in some
cases contrasting mechanisms have been recently suggested.
Oxidation of critical cysteine residues in Keap1 resulting
in the inhibition of the Nrf2 degradation pathway, rather
than in the dissociation of the Nrf2-Keap1 complex, has
been proposed to promote the accumulation of Nrf2 through
de novo protein synthesis followed by its nuclear translo-
cation [24]. A mechanism implicating direct Nrf2 phospho-
rylation by endoplasmic reticulum stress-dependent kinase
has been suggested to cause dissociation of Nrf2 from Keap1
followed by its nuclear import [25, 26] whereas Nrf2 phos-
phorylation by protein kinase C at Ser40 disrupted the Nrf2-
Keap1 complex but was found dispensable for Nrf2 nuclear
accumulation [27]. A recent report proposes that Nrf2 is pri-
marily a nuclear protein and that Keap1 promotes its ubiqui-
tylation and consequent degradation by transiently shuttling
in the nucleus [20]. Intriguingly, we also failed by subcellular
fractionation to detect Nrf2 in the cytosol (Kocanova et al.,
unpublished data), at least with the antibody used in this
study. Although more experiments are required to fully un-
ravel the molecular mechanism of the Nrf2 activation in pho-
tosensitized cells, it is tempting to assume that in our system
the p38MAPK and PI3K pathways may connect ROS-induced
ER-stress [2] and cytoskeleton perturbations [16] to the Nrf2
nuclear accumulation by regulating Keap1-dependent Nrf2
degradation.

5 Conclusion

In conclusion this report provides evidence indicating that
upon photosensitization the activation of the p38MAPK and
PI3K signals acts as a molecular sensor of the ROS mediated
pathways causing expression of the cytoprotective ho-1 gene,
which likely occurs through a Nrf2-mediated mechanism. As
small molecules inhibitors of p38MAPK are clinically avail-
able, inhibition of this stress kinase opens an attractive ther-
apeutic strategy in PDT, as it would suppress the expression
of HO-1 a powerful anti-oxidant and cytoprotective gene.
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