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ABSTRACT

Photodynamic therapy (PDT) is an alternative cacoee which involves the selective
uptake and retention of a photosensitizer in a@atissue, followed by irradiation with
light of a specific wavelength to kill tumour cell&a the production of reactive oxygen
species (ROS). Fractionation of the light admiaistn is one of the protocol
modifications in PDT based on the hypothesis siugsreoxygenation during the one or
more dark intervals between illuminations with dseguent greater production of
singlet oxygen and thus greater PDT effect. Howaverdemonstrate in the present
study that two-fold illumination scheme with eqlight doses (3 or 6 J.cA) separated
by a dark interval 1 or 6 h do not enhanced, eveduged hypericin-mediated
photocytotoxic effect in HT-29 adenocarcinoma cefisvitro by illumination with
unequal light doses (1 + 11 J:@mseparated with a longer dark pause (6 h).
Fractionation with a longer dark pause increasdchoenber and cell survival in HT-29
cells when compared with such treatment but withhadark pause or with a single light
delivery (12 J.ci). Even proportion of cells in G1 and G2 phase af cycle were
near to control. Longer dark pause also repressidieath and enhanced clonogenic
potential of HT-29 cells. Since longer dark intdradter the irradiation by first sub-
lethal light dose (1 J.cA) makes cells resistant to the effect of the lelighit dose (11
J.cm?), we studied the events proceeded during a damkepafter sub-lethal dose (1
J.cmz) up to the second illumination. We show that prasitization did not affect
physiological elimination of hypericin however adhsiration regime affected
hypericin elimination after lethal dose. Inhibitiasf p38 MAPK did not improve
photocytotoxic effect of light fractionation. Celbre-sensitization induced ROS
production, increased activity of redox-regulatedlear transcription factor NkB and
expression of proteins connected with a cell saviNF«B p50 and p65 subunits,
[kB-a, Mcl-1, HSP70, GRP94, Clusterit): Although the role of heat shock proteins
was generally established in response upon phdigead stress, we uncovered that
HSPs are not necessarily the “key” molecules intghesistance. Our findings indicate
that timing of the second light dose before orraiiE-«B activation could be crucial for
the fate of cancer cell. We estimate successfuliagtion of hypericin in a high-dose
multi-fraction PDT with dark intervals reduced loel 1 h that might yield improved
outcome.
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1 INTRODUCTION

Relatively new and promising anticancer modalitypl®todynamic therapy using
two individually nontoxic components — photoseazsitiand light. The research of new
natural photosensitizers such as hypericin as agkh modification in the delivery of
photo-radiation is a promising additional approacthis therapeutic method. Recently,
modification in the light delivery regime has beamroduced on the standard
photodynamic protocol (single-dose photosensitigigle-dose light) to maximize the
therapeutic effect of PDT, for example fractionatigiht regime. We have observed,
that fractionated light regime with a longer dar&ripd resulted in a decrease of
hypericin cytotoxicity in HT-29 adenocarcinoma cancells. Longer dark interval after
the irradiation of cells by first light dose makals resistant to the effect of the second
illumination. The serious problem in photodynamintieancer therapy is photo-
resistance or photo-tolerance. However, molecukghanism of photo-resistance is not
unraveled till now. New information about this pbemenon should be useful in
managing of cancer cells metabolism and improvihtherapeutic effect. Inhibition of
rescue metabolic pathways activated in photodynansiclted cancer cells should be
promising treatment tool in cancer theraRgcent studies indicate that stimulation of
the expression of the heat shock proteins uponogindiced stress may be involved in
this process. However, there is a variety of caedls responses to treatment resulted
in a cell death or rescue pathways. Apart from shely of cell death, there is also
important the research of the resistance developtoerancer therapies. Therefore, this
study is focused on the molecules and moleculanwmts involved in a cancer cell
survival probably playing role in a photo-resistano fractionated light delivery
regime. We investigated the impact of a sub-leligat dose (1 J.cf) and length of a
following dark pause (1 or 6 h) on the developmentesistance tahe effect of the
second illumination (11 J.cA. We investigated the relationship between a dark
interval and PDT response on HT-29 adenocarcincanaer cell line with respect to
cellular and sub-cellular events after fractiongtadtodynamic therapy.

1.1 Photodynamic therapy

Photodynamic therapy (PDT) is a binary therapy ihiclw two individually
nontoxic components are combined to mediate cetl #ssue death. The first
component is the localization of a photosensitizimgecule in the target tissue, and the
second component is the activation of the photasess (PS) by light. In the light
activation process, the photosensitizer acts amargy transducer and transfers energy
to molecular oxygen, resulting in the generatiormdferies of highly reactive oxygen
species (ROS), particularly singlet oxygen. Thes@SRhave been shown to cause
oxidative damage to a number of molecules includingds, proteins, and
glycoproteins, and as a consequence damage tdacethembranes, organelles, and
protein complexes (Dougherty et al. 1998). An effic of PDT is affected by many
factors such as cell type, type of photosensitaet its intracellular localization, light
dose and its fluency rate, drug to light intervadl hotodynamic protocol (Blant et al.
1996, Henderson et al. 2004, Noodt et al. 1999,eRial. 1993, Sackova et al. 2005,
Wyld et al. 2001). Photodynamic therapy has contieng way since beginning up to
the present. The research of new natural photdsemsi as well as synthesis of
photosensitizers with desired characteristics daumtied to increased efficiency of this
therapy. The ideal photosensitizer should fulfivesal requirements. One of them is
low level of a dark toxicity as well as low incidenof allergic reactions of patients.
The photosensitizer should absorb light in theaethr-red wavelengths to achieve the
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higher efficiency of the tumour treatment as a eguence of deeper penetration of the
light in treated tissue. The photosensitizer shdiddeasy available, it means that its
extraction or synthesis should be inexpensive. Sthbility, water solubility and rapid
pharmacokinetic elimination of PS from the patiesrts other important characteristics
of these drugs (Fritsch et al. 1998, Kalka et @0®.

The therapeutic effect of photodynamic therapy ediated by reactive oxygen
species that can damage cellular components leadincell death. Photochemical
reaction creates reactive oxygen species and siogygen with the lifetime not longer
than 4us in agueous solution (Redmond and Kochevar 208iBice singlet oxygen
movement is limited, the target of cell damagexpeeted at sub-cellular sites of PS
localization. Therefore, predominant localizatidriP& in cell membranes leads to lipid
oxidation and to formation of protein crosslinkf1€8 et al. 1996, Spikes et al. 1999).

1.1.1 Hypericin as a potential photosensitizer

A natural substance with potent photosensitizingpprties is hypericin, a
naphthodianthrone derivative with a chemical streeetl, 3, 4, 6, 8, 13-hexahydroxy-
10, 11-dimethylphenanthro[1, 10, 9, 8-opqra]pergt@n 14-dione (Fig. 1a) isolated in
1939 as a secondary metabolite fratypericum perforatum L. (St Johns wort)
displaying a potential as a photosensitizer for RBfiockmann et al. 1939) (Fig. 1b).
Apart from hypericin, the other metabolites of 8hids wort are investigated for their
medical use. For example hyperforin is an acylggarcinol derivative with
antibacterial activity (Gurevich et al. 1971) anditamoral properties (Hostanska et al.
2003, Schempp et al. 2002). Hyperforin is also km@s a dual inhibitor of 5-LOX and
COX-1 suggesting therapeutic potential in inflamongiand allergic diseases connected
to eicosanoids (Albert et al. 2002). A promisingpagach in the treatment of cancer
diseases seems to be a combination of hypericitngperforin (Hostanska et al. 2003).
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Figure 1. Hypericin. Chemical structure of hypericin (a), sjpa of hypericin (b) (Mw=504.46)
dissolved in ethanol (2.bg/ml) (excitation at 280 nm). Adapted from (Zeiskabouebe et al.
2006).

A potential application of hypericin in a photodyma therapy in clinical
oncology is an interesting research area for rebeas as well as its using as a
diagnostic tool in photodynamic diagnosis (PDD) nafoplastic lesions (Sim et al.
2005). Apart from anticancer properties, hyperidisplays an antidepressant activity
(Perovic and Muller 1995) and antiviral activitgyaanst a variety of viruses, in brief
outline including influenza virus, herpes virusukemia virus, herpes simplex virus
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type 1 in mice (Lavie et al. 1989, Tang et al. 1)98Ad anti-HIV activity (Holden
1991). Hypericin seems to be an effective drug nnaaticancer therapy due to its
advantageous properties. Hypericin inhibits kepsiaf angiogenesis (Martinez-Poveda
et al. 2005), has not genotoxic activity (Miadokataal. 2009) and its antimetastatic
activity in the dark was also described (BlankleR@04). It was reported that hypericin
increased activity and expression of drug efflwansgporters in HT-29 cells
(Jendzelovsky et al. 2009). The other biologicdéat of HYP are an inhibition of
epidermal growth factor receptor tyrosine kinastevag (de Witte et al. 1993), specific
inhibition of protein kinase C (Takahashi et al82p and inhibition of succinoxidase
(Thomas et al. 1992). Photodynamic properties of PH#re mediated through
peroxidation of membrane lipids. Photo-activatedPHivicreases superoxide dismutase
activity, decreases cellular glutathione levelgyams mitochondrial function (Hadjur et
al. 1996, Chaloupka et al. 1999, Miccoli et al. 89%homas et al 1992, Utsumi et al.
1995, Vantieghem et al. 2001) and contributes tloop of pH (Fehr et al. 1995). The
HY is a source of high triplet quantum yield angewxide anions (Ehrenberg et al.
1998, Thomas et al 1992, Thomas and Pardini 198@)efore singlet oxygen (Type Il
mechanism) as well as reactive oxygen radicals € lymechanism) plays a major role
in the photo-activity of hypericin in cells (Parka. 1998). Hypericin seems to be very
effective photosensitizer which has hydrophilialyhilic properties (Crnolatac et al.
2005) and binds to low density lipoproteins (LDlt)tlhe boundary between the lipidic
and protein part of the particle (Kascakova eR@05). Due to its hydrophilic/lipophilic
properties the preferential localization of hyperis in lipid membranes in cytoplasmic
membranes. This compound accumulates in membrdnasdoplasmic reticulum and
Golgi complex, but not in mitochondria (Ho et ab0®, Thomas and Pardini 1992)
however mitochondrial membranes are central trgetsypericin photodynamic action
(Agostinis et al. 2002). Accumulation of HY was shp also in a nuclear plasma
membranes (Miskovsky et al. 1995, Sattler et a@7)&nd lysosomes (Buytaert et al.
2006a). Hypericin uptake was shown to be higheelis with elevated number of LDL
receptors, however it seems that cellular uptakeypgricin is determined by diffusion
and solubility and does neither require active gpamt nor specific receptors (Thomas
and Pardini 1992). It seems that cellular locaiorabf HY is a cell type dependent and
its cellular targets are membranes (Hadjur et @961 Chaloupka et al. 1999, Thomas
and Pardini 1992).

1.1.2 Mechanisms in photodynamic therapy

The consequences of PDT on a cellular level vapomting to activation of
specific pathways, including apoptotic, autophagiecrotic as well as pro-survival
pathways. Apoptosis is programmed mechanism of delith suitable for cancer
therapies including PDT. Apoptosis contrary to ne® is a type of cell death
manifested by shrinking and blebbing of membran&omatin condensation and
genomic DNA fragmentation. Cells forms membranelased vesicles called apoptotic
bodies that are ingested by neighboring cells amapcytes without involvement of
immune system and without inflammatory reactiorierd-et al. 1999, Kerr et al. 1972).
Apoptosis may be activated by extrinsic pathwayrupimding ligands the surface death
receptors as TNF receptor 1, TRAIL receptor, or Feeptor. Apoptotic program
executes effector procaspase-3/7 cleaved by aetivatspase-8/10 (Bellnier et al. 2003,
Granville et al. 2001). A dominant role in PDT-iruedal apoptosis has intrinsic pathway
mediated through mitochondria. PDT-mediated stresay cause loss of the
mitochondrial transmembrane potentiad{m) and the release of cytochrome ¢ (Cyc)
from the intermembrane space into the intracelldpace (Granville et al. 1998).
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Cytoplasmic Cyc associates with the apoptotic ms#eactivating factor 1 (Apaf-1) and
forms the heptameric apoptosome that integratesappase-9, leading to its cleavage
and resultant activation. Caspase-9 hydrolyzesaatidates caspases-3/7, reaching the
same terminal path as the extrinsic pathway (Ghanet al. 1997, Varnes et al. 1999).
Apart from cytoplasmic Cyc other mitochondrial miot may enhance apoptotic
response. One of them is Smac/DIABLO (Second mdndha-derived activator of
caspase/direct inhibitor of apoptosis-binding proteith low pl) is such a protein and
its release depends on cell type and photosemgjtiprotocol (Usuda et al. 2002).
Smac/DIABLO interferes with a family of proteinsllea inhibitor of apoptosis (IAP)
on procaspase-9, thus making it available for attm in the apoptosome. Apoptosis-
inducing factor (AIF) is a mitochondrial proteinathgets released during the initiation
of apoptosis and translocates to the cell nucl€bere it degrades DNA independently
of caspases (Furre et al. 2005). Other controleddeath process occurred in PDT is
autophagocytosis or autophagy (Buytaert et al 20B6gtaert et al. 2006b, Xue et al.
2007). The cell components, including whole orgkeseare sequestered in membrane-
bound vesicles that fuse with lysosomes for dediadaand reutilization of their
components damaged by ROS (Klionsky 2005). In emyptto apoptosis, necrosis is
a cell death characterized by cellular swellingjamelles alterations, rupture of plasma
membrane, and finally cell lysis and leakage of dedlular components (Luo and
Kessel 1997). Although cell death is expected aupiired response to PDT, in some
cases, PDT induces signaling pathways associatéd agil survival. Photodynamic
treatment affects tumour cells directly as well tamour vasculature and immune
system. The PDT damages vasculature of tumors andleads to tumour hypoxia
(Agarwal et al. 1991), platelet aggregation, vessamhstriction and vessel leakage
(Evans et al. 1990, Schempp et al. 2001). Thesmulasevents after PDT contribute to
improved effect of the tumour treatment. Cytotoxéactive oxygen species (ROS)
induce vascular occlusion and may cause local rmflatory response mediated by
complement activation cytokines (Korbelik et al020Korbelik 2006).

1.2 Hormesis — adaptive cell response - resistance

It is well known that cancer therapy is often coirgtied and could be attended by
treatment failure. The response to cancer therapyhbe significantly determined by
stress response that depends on the stress cosdifidress may activate increased
production of reactive oxygen species (ROS) incitles. When they are stimulated with
ROS, cell signalling cascades are activated. leappthat the cellular redox potential is
an important determinant of cell function and intetion of redox balance may it
adversely affect. ROS damage cells by interactinith critical macromolecules
including DNA, proteins, and lipids leading to cdétath, mutation, and other toxicities
(Martin and Barrett 2002). Apart from the involvem@f ROS in apoptosis, ROS can
also enhance mitogenesis in a number of cell tymeduding normal cells, initiated
cells, and cancer cells. It is known that low lsvef ROS may stimulate cell division
and promote tumor growth, presumably through rdmraof proliferative genes
(Davies 1999, Dreher and Junod 1996). However taxio-ROS production may affect
cellular responses via alterations in cell sigralin is well accepted that relatively low
levels of ROS promote cellular proliferation rattieat cause cell degeneration or death
(Finkel 2000). This cellular response is relatethvihe phenomenon called hormesis.
Previously hormesis has been generally define@nmg of potential beneficial effects
(Chapman 2002) and was used to describe the stionylaffects on growth following
single exposures to low doses of genotoxic agehishnare toxic at high doses (Joiner
et al. 1996). Nowadays, hormesis should be cormiders an adaptive response
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characterized by biphasic dose responses of ggnenalilar quantitative features with
respect to amplitude and range of the stimulat@gponse that are either directly
induced or the result of compensatory biologicabcpesses following an initial
disruption in homeostasis. Hormetic responses aaracterized as biphasic dose-
response relationships exhibiting low-dose stimaiatand high-dose inhibition
(Calabrese and Baldwin 2002). The ability of théscdissues or organism to better
resist stress damage by prior to a lesser amouwstteds is known as adaptive response.
Oliviery et al. (1984) have demonstrated that cedposed to small doses become less
susceptible to the genotoxic effect of a subseqgbmght dose it referred as adaptive cell
response. We can tell that cells seem to be rasitstdhe influence of a high dose.

There exist many definitions of resistance: the sotal of body mechanisms that
interpose barriers to the invasion or multiplicatmf infectious agents, or to damage by
their toxic products. Inherent resistance is aritgktio resist disease independent of
immunity or specifically developed tissue responsiesommonly resides in anatomic
or physiologic characteristics of the host and rbaygenetic or acquired, permanent or
temporary fittp://www.doh.wa.gov/notify/other/glossary.htm

Another definition referred resistance as the gbdi an organism to exclude or
overcome, completely or in some degree, the efiée pathogen or other damaging
factor. Resistance is sometimes referred as aatwder- the ability of an organism to
sustain the effects of a disease without dying affesng serious injury
(http://ppathw3.cals.cornell.edu/glossary/Defs_R)htBifferent stress conditions can
cause resistance in biological systems. Thereane £€xamples of stresses such as heat
shock, radiation, drugs, chemicals and photodynaction.

1.2.1 Resistance to different stimuli

Thermo-tolerance

The response to heat shock provides probably thet spectacular example of
the cellular capacity to react in an active martoetoxic stress. An exposure to mild
heat shock induces the development of thermo-taberaa state of extreme resistance to
severe heat shock (Gerner and Schneider 1975)h€h@mo-tolerance develops within a
few hours after exposure to heat shock and lagt2+8 days. Its development is
accompanied by the transcriptional activation aocumulation of a group of highly
conserved proteins called heat shock proteins (H@&R®dry et al. 1982, Li and Werb
1982, Subjeck et al. 1982). Until recently, thetpative role of HSPs was confined to
their chaperone function, it means, their capattypind heat-denatured proteins and
prevent their irreversible aggregation (Lindqui88&). However, recent findings reveal
that HSPs can regulate both the signaling and texzution of major cell death
pathways (Beere and Green 2001, Jaattela 1999%eQaently, HSPs play a primordial
role in the resistance to a variety of toxic ageamd situations that do not necessarily
involve protein denaturation (Beere et al. 2000b&@at al. 2000, Mosser et al. 1997,
Nylandsted et al. 2000, Pandey et al. 2000). Th@utionary conserved response is
triggered at least in part by heat-induced accutimiaf denatured proteins (Ananthan
et al. 1986). At normal temperatures, HSP70, HSRA8,HSP90 are expressed at low
basal level and maintain the heat shock transonptifactor (HSF) in a repressed state.
Relief of repression occurs via the titration of tHSPs by the stress-induced unfolding
and denaturation of native proteins (Lindquist &reig 1988, Morimoto 1993, Mosser
et al. 1990, Zou et al. 1998). This results indl#vation of HSF, the activation of hsp
genes, and the accumulation of HSPs, which con&in enhancing cell survival
against subsequent protein-denaturing heat shock imnturning off HSF. HSPs
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accumulation occurs in terms of hours. Another atiohary conserved heat shock
response develops in minutes and leads to thea#ictiv of the major signaling
transduction pathways involving mitogen-activatet@n kinases (MAPKSs). The
members of MAPK are extracellular lignal-regulateédase (ERK), stress-activated
protein kinase 1 (SAPK1)-c-Jun N-terminal kinasBlK) (called here JNK), and
SAPK2/p38 (called here p38) (Dorion et al. 1999a¢et al. 1997). These signalling
cascades play a central role in the regulation detérmination of cell fate, such as
growth, differentiation, or apoptosis in numerousygiological as well as stress
conditions. The mechanisms of activation and tHesrof these pathways during heat
shock have been the subject of recent investigation

Activation of p38 and JNK early during heat shoskai mechanism of heat-
induced cell death and that the desensitizationga® may be a mechanism of thermo-
tolerance. Support for this idea has been obtaméue case of INK, where blocking its
activation was shown to be sufficient to protedtscagainst various stressors including
heat shock (Gabai et al. 2000, Mosser et al. 26@0dk et al. 2001). Recent studies
further proposed that regulation of JNK activityasmechanism of HSP70-mediated
protection. Overexpression of HSP70 can inhibit Jaltivation by various stimuli,
including heat shock, sorbitol, TNF, UV light, IL-And HO, (Gabai et al. 1997,
Mosser et al. 1997). Mechanism of JNK inhibitiomotves the direct binding of HSP70
to JNK (Park et al. 2001) or an HSP70-mediatedeotain of a JNK phosphatase from
heat denaturation (Meriin et al. 1999). The inlawitof JNK activity could therefore be
a factor of acquired thermo-tolerance. In contrés, activation of the p38 pathway
leads to the phosphorylation of one of the HSPRHS(Huot et al. 1995, Chretien and
Landry 1988, Landry et al. 1991), an event thajarerally assumed to be protective.
The phosphorylation of HSP27 is catalyzed by MAPKKiRase-2, a serine-protein
kinase itself activated by phosphorylation by pBigt et al 1995, Rouse et al. 1994).
Upon phosphorylation, major changes are inducebdrsupramolecular organization of
HSP27, changes that are thought to activate a hstatéo function of the protein
(Lambert et al. 1999). One of the phosphorylatiardoiated functions of HSP27 is the
regulation of actin dynamics. HSP27 phosphorylattomvolved in the stabilization of
the actin filament during stress (particularly atige stress) and also in mediating
rapid change in actin filament dynamics in respotsstimuli that activate the p38
pathway (Guay et al 1997, Landry and Huot 1999, oia\et al. 1995, Schafer et al.
1999). HSP27 phosphorylation occurs not only afteat shock but also after
stimulation by various types of agonists, includitygosine kinase, serpentine, or
cytokine receptor activators. Although it is essdnin several physiological events
requiring modulation of actin polymerization, ttastivity of HSP27 can also mediate
inappropriate actin polymerization activity and deto extensive cell blebbing and
apoptosis. This was shown to occur when an incob@ance is generated between the
activity of p38 and ERK, as for example, duringatreent with toxic agents such as
cisplatin (Deschesnes et al. 2001, Huot et al. 1998xic effects resulting from
excessive or badly timed actin polymerization atés may also occur upon stress,
when the concentration of HSP27 is very high (Desobs et al. 2001). It is thus
possible that p38 desensitization is protectivanduthermo-tolerance, preventing an
overload in the homeostatic response and stringecitcumscribing the induced
stimulatory effects in a given time frame. Thistresion in the duration of activation of
the signaling pathway may be important to ensur@ #in adequate response is
generated (Dorion et al. 1999).
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Chemo-resistance

The failure of cancer cells, viruses, ortbea to respond to a drug used to kill or
weaken them is termed as drug resistance. The, cgflsses, or bacteria may be
resistant to the drug at the beginning of treatmenmay become resistant after being
exposed to the drudpitp://www.nci.nih.gov/dictionary/?CdrID=4161DResistance to
chemotherapeutic drugs is a principal problem m tileatment of cancer. Because of
the serious problem of clinical drug resistance cimeffort has been expended to
advance understanding of the mechanisms of druigtaese in cancer cells. The
molecular mechanisms of drug resistance, howevemat fully understood (Tsuruo et
al. 2003). Resistance to a broad spectrum of chHemapeutic agents in cancer cell
lines and human tumors has been called multidragtence (MDR) (Tsuruo 1988). In
chemo-resistance and chemo-sensitivity of tumds g#ay important roles membrane
transporters mediating this phenomenon. ATP bindagsette (ABC) transporters, such
as ABCB1/MDR1, ABCC1/MRP1 and ABCG2/BCRP, are frewly associated with
decreased cellular accumulation of anticancer damgsmultidrug resistance of tumors.
Solute carrier transporters, such as folate, nsaleo and amino acid transporters,
commonly increase chemo-sensitivity by mediating ¢ellular uptake of hydrophilic
drugs. lon channels and pumps variably affect $eitgi to anticancer therapy by
modulating viability of tumor cells (Huang and Sad2006). In particular, ABC
transporters, such as the multiple drug resistamaasporter MDR1 (multidrug
resistance 1, ABCB1 or P-glycoprotein), mediatergnelependent drug efflux and
play a main role in chemo-resistance (Gottesmaralet2002). Multiple types of
membrane transporters contribute to chemo-sertgitrid chemo-resistance of tumor
cells. Water-soluble drugs, such as cisplatin, engile analogues and antifolates,
cannot cross the plasma membrane unless they 4higgy onto membrane
transporters, or enter through hydrophilic chanmelthe membrane. Resistance may
result from decreased activity of the uptake transgps, or alternatively, enhanced
efflux. For hydrophobic drugs, such as the natpratluct vinblastine, doxorubicin, and
paclitaxel, entry occurs largely by diffusion acdee membrane, although this process
can be critically enhanced by transport proteinsliufar resistance to these drugs
commonly results from increased drug efflux mediatby energy-dependent
transporters. Indirect mechanisms may also modula¢eno-sensitivity. For example,
transporters and channels can affect chemo-sahsitly providing nutrients to cancer
cells or modulating the electrochemical gradiembss membranes, thereby, modifying
apoptosis pathways or the efficiency of drug diffasalong electrochemical gradients
into cells. Transporters can be classified intcspasand active transporters. The latter
are further classified as primary- (ABC transp@}esr secondary-active transporters
according to the mechanism of energy coupling (lduamd Sadee 2006).

Radiation resistance

The adaptive response is a phenomenon in whichrefistance to high-dose
ionizing radiation is acquired by prior exposurelda-dose radiation. Olivieri et al.
(1984) first identified this type of adaptive regge using human lymphocytesvitro,
and others later confirmed it in many studies smgwfor example, resistance to the
induction of mutations (Ueno et al. 1996), chrontoababerrations (Wolff 1996) and
apoptosis (Sasaki et al. 2002). Evidence of antagapesponse during embryogenesis
has also been reported in chicken embryos (TempetlSxhleifer 1995) and in limb
buds (Wang et al. 1998). Its molecular mechanismadaagely unknown. The optimum
dose of prior low-dose radiation required for olaéon of the radiation adaptive
response is below 10 cGy in mammalian cells (Sag8lb). However, in studies
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carried outin vivo, the priming whole-body doses 1.0 Gy (Mitchel et1899), 30 cGy
(Wang et al. 1998), 15-60 cGy (Takahashi et al.32@06 which mice were exposed
were higher than those given in fimevitro studies. The radiation adaptive response was
observed in cultured mouse cells in the 1-h inteletween the priming and challenge
radiation exposures, reaching its peak level at A-&fter the priming dose (Sasaki
1995). Radiation-sensitivity is quite high duringganogenesis (Russell and Russell
1954). In the adaptive response during embryogsredsinice, 2 cGy g rays may be a
large enough primary conditioning dose to suppreskation-induced teratogenesis,
and that the period of gestation when fetuses apmosed to radiation might be
important (Okazaki et al. 2005).

1.2.2 Resistance to photodynamic therapy

Relatively new approach in photodynamic therapymsdification in the
delivery of photo-radiation (Gibson et al. 1990kdently, new modifications in light
delivery regime have been introduced on the stahghotodynamic protocol (single-
dose photosensitizer, single-dose light) to maxentie therapeutic effect of PDT. For
example by reducing the fluency rate to improvegenation (Henderson et al. 2004,
Hua et al. 1995, Pogue and Hasan 1997, Robinsain 8998, Sitnik et al. 1998, Thong
et al. 2006), enabling re-oxygenation in treatedue (Curnow et al. 1999, Takahashi
and Ohnishi 2009) or by fractionated drug admiatgtn (Cavarga et al. 2005, Dolmans
et al. 2002, Webber et al. 2005). It has been Hhgmized that splitting the light dose
into fractions by interrupting illumination for a&xain time allows the treatment site to
be re-oxygenated, which results in increased géparaf singlet oxygen and thus a
greater PDT effect (Hua et al. 1995, Pogue et 8D12 Robinson et al. 2000).
Fractionated light regime uses light disrupted apaaticular point for a period of
darkness to increase the efficacy of photodynarmerapy {Ascencio et al. 2008,
Babilas et al. 2003, Curnow et al. 2000, Curnowvaletl999, de Bruijn et al. 2007, de
Bruijn et al. 2006, de Bruijn et al. 1999, Gibsdrak 1990, Huygens et al. 2005, linuma
et al. 1999, Messmann et al. 1995, Paba et al.,Z06due et al. 2008, Sackova et al.
2005, Togashi et al. 2006, Varriale et al. 200B0Xet al. 2007). In contrast o vivo
studies, in which enhanced or no effect of fraated irradiation was shown, the so far
known in vitro works report either on photo-resistance/photorémlee (Paba et al.
2001, Varriale et al. 2002) or on decreased praooluaif reactive oxygen species and
cytotoxicity via regeneration of glutathione (Obander et al. 2005). In the last decade,
an application of light fractionation in PDT achéevincreased attention of researchers
and led to the comparison of continuous and fraetied light regimes (Ascencio et al.
2008, Curnow et al. 2000, de Bruijn et al. 199%Keaa et al 2005, Xiao et al. 2007).
Indeed, improved efficiency of fractionated lighdlidery was demonstrated on various
modelsin vivo (Ascencio et al 2008, Curnow et al 2000, de Bratijral 1999, Pogue et
al. 2008, Takahashi and Ohnishi 2009, Xiao et &720However, the outcome of
fractionated light regime is still limited by sonparameters such as distribution of
photosensitizers in tissue (de Bruijn et al. 20@&Yk intervals between light doses (de
Bruijn et al. 1999, de Bruijn et al. 2006, Sackataal. 2005, Togashi et al. 2006,
Uehara et al. 1999) or oxygen depletion (Huygenslef005). It was shown that
fractionated light regime with a longer dark peri@dulted in a decrease of hypericin
cytotoxicity. Longer dark interval after the irration of cells by first light dose makes
cells resistant to the effect of the second illusion. These findings confirm that the
light application scheme together with other phgtainic protocol components is
crucial for the photocytotoxicity of hypericin (Seawva et al. 2005). The photo-
activation of hypericin with low doses of light-inced apparent photo-resistance in
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human histiocytic lymphoma U937 cells (Paba e2@01) and HT-29 cells (Sackova et
al. 2005). Pre-sensitized U937 cells with hyper@ppear to be fully resistant to light
doses that normally determine massive cellular tysipin experimental photodynamic
therapy. Pre-sensitization renders cells insemsitiv higher light doses. Photo-
resistance was manifested by changes in levelsmssion of pro- and antiapoptotic
proteins, PARP fragmentation and cell viability lfRaet al. 2001).

Also, low-energy pre-sensitization caused enhangdtto-tolerance of
hypericin-loaded HEC1-B cells (Varriale et al. 2DORractionated illumination did not
enhance the efficacy of PDT using methyl 5-aminoliexate but it did in case of ALA
application (de Bruijn et al. 2007). Singh and Hig-workers (2001) examined
mechanism(s) of action for PDT via the generatib®DT-resistant cell lines. In this
study they used three human cell lines, namely,amuoolon adenocarcinoma (HT-29),
human bladder carcinoma and human neuroblastomathifee photosensitizers used
were Photofrin, Nile Blue A and aluminum phthalociyee tetrasulfonate. The protocol
for inducing resistance consisted of repeatetlitro photodynamic treatments with a
photosensitizer to the 1-10%-survival level folla@Mey regrowth of single surviving
colonies. Varying degrees of resistance were obkservhey determined that the
mechanisms and pathways of cellular death are tsgmsspecific. For the HT-29 cell
line they were able to create resistant variantsafbthree photosensitizers. It is not
apparent from either the initial clonogenic surVvigarves or any properties intrinsic to
this cell line why resistance was possible here raotdin the other two cell lines. The
cells HT-29 was significantly more resistant to eNiBlue A—mediated PDT but
displayed intermediate sensitivity to the others#&rers. As such, they were unable to
identify any characteristics of the three cell $irthat were predictive of their ability to
generate resistant variants upon repeated PDTna@iagh et al. 2001).

In PDT, the photo-tolerance, as any type of unebtguecesistance should be
regarded as a potential adverse process. The prgtndo not unravel the molecular
mechanism underlying the appearance of photo-eesist However, the observed
stimulation of the expression of the HSP70 proteéion photo-induced stress, may
suggest its involvement in this process (Paba.€1(fl1). There is strong evidence that
HSP induction coincides with acquisition of toletanto stress which otherwise may
kill the cell. For example, heat-shocked cells m@e resistant to environmental stress
and death (Jaattela et al. 1992, Lindquist andgCka88). Similarly, apoptosis induced
by various stresses is inhibited in heat-shockdld seggesting that HSPs play a role in
resistance mechanisms (Mosser and Martin 1992pllijint was demonstrated that
mild pre-sensitization endows cells with an unexgadigh degree of photo-tolerance,
enhances HSP70 synthesis, sequentially promotesxitression of specific apoptosis-
related proteins and causes cell cycle arrest @aret al. 2002). Photofrin-mediated
PDT can also induce expression of mitochondriak lsback protein HSP60 in colon
cancer cell line HT-29 and its PDT-induced resistariant HT-29-P14 as well as the
radiation-induced fibrosarcoma cells RIF-1 and RBT-resistant variant, RIF-8A
(Hanlon et al. 2001). Photodynamic therapy-mediabgghoxia may induce also
expression of hypoxia-inducible factos-{HIF-1a) and plays the role in resistance to
apoptosis in ALA-mediated PDT (Ji et al. 2006). Howr in normoxic condition is
induction of HIF-1i is mediated by the prostaglandin pathway (Mitrale2006).

The role of extracellular signal-regulated kinagERKSs) in the cell survival
after PDT is less clear. However sustained ERKIgfvation protects cells from
Photofrin-mediated phototoxicity and duration of KRR activation is regulated by
mitogen-activated protein kinase phosphatase MKBHdcking of the sustained ERK
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activity with inhibitor of mitogen-activated protéERK kinase significantly decreased
cell survival of PDT-resistant LFS087 cells (Tongk 2002).

In photodynamic therapy, with the phthalocyanineotpkensitizer Pc 4
[HOSIiPcOSIi(CH3)2(CH2)3N(CH3)2] was an oxidativeess associated with induced
activation of sphingomyelinase, ceramide generatimnl subsequent induction of
apoptosis in various cell types. Although ceramides elevated in normal lymphoblast
after PDT, accumulation of ceramide in Niemann—Pigknan lymphoblasts (NPD) was
significantly suppressed. Resistance of NPD celss to be associated with the loss
of acid sphingomyelinase function (Separovic etl8P9). This result agrees with the
similar defects observed in NPD cells in respoms@snizing radiation (Santana et al.
1996).

Resistance to cancer therapies is a serious prolitach of information which
contributes to better understanding of events uyider resistance development can
improve therapeutic outcome. Therefore it is im@arto pay attention to phenomenon
of resistance.

1.3 Molecules playing role in resistance to cancer thapies

1.3.1 Heat shock proteins

All living organisms respond at a cellular levelunfavourable conditions such
as heat shock, or other stressful situations of ymdifferent origins. Reactions of
stressed cells are characterized by an express$iansmall number of specific genes
(heat shock genes). Consequently, the producthi®fgenes — heat shock proteins or
stress proteins — are also present under normalditemms but in lesser amounts.
Cellular stress can engage two fundamental responapoptosis, a cell death
mechanism that eliminates irreparably damaged ,calisl stress response. In stress
response the heat shock proteins (HSPs) functisngtain survival by limiting cellular
damage and accelerating recovery. Evidence indidht the coordinated interaction
between these two functionally opposing pathwapsptosis and the stress response,
may determine cellular susceptibility to damagitrgsses. The HSPs are a large family
of highly conserved proteins broadly categorizedoating to their size. Some are
constitutively expressed and associated with sipaaifracellular organelles, and others
are rapidly induced in response to cellular stre&3Ps function collectively to protect
cells from the potentially fatal consequences ofease environmental, physical, or
chemical stresses by their ability to prevent pro&ggregation and to promote the
refolding of denatured proteins (Parsell and Lindtji993). The protective function of
the HSPs may be extended to include an antiapoptait for several members of the
HSP family, including HSP70, HSP90 and HSP27 (BaerkGreen 2001).

HSP70

HSP70 and its cochaperones, especially the Bcls?eted athanogene family
proteins, are well-recognized antiapoptotic factofrke mechanisms by which they
exert their effects, however, are just beginningpecunderstood in detail. It was shown
that HSP70n vitro (Beere et al. 2000) and in whole cells (SaleH.e2G00) blocks the
assembly of a multiprotein complex termed the apgmne. This complex is essential
for activating the cascade of cysteine-aspartytga®es known as caspases that are
responsible for executing the apoptotic progranfoieed overexpression of HSP70 in
stably transfected cells provides protection fraress induced apoptosis at the levels of
both cytochrome c release and initiator caspaseation. Furthermore, it has been
shown that the actual chaperoning function of HSB7€equired for this protection
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(Mosser et al 2000). Conversely, antisense-medimteibition of HSP70 expression
has been shown to cause massive death in multiplestocancer cell lines, whereas
nontumorigenic breast epithelial cells are nota#d (Nylandsted et al. 2000). The first
study to demonstrate a correlation between thepopitotic effects of HSP70 and an
inhibition of caspase activity provided no specifiechanism except to suggest that the
point of HSP70 intervention was upstream of casf3agetivation (Mosser et al. 1997).
Subsequently, it has been demonstrated that HSP@ble to directly inhibit caspase
processing by interacting with Apaf-1 to preverd tlecruitment of procaspase-9 to the
apoptosome (Beere et al. 2000, Saleh et al. 208890 and HSP27 are also
reportedly able to inhibit the formation of a fuiectally competent apoptosome, HSP90
by directly associating with Apaf-1 to prevent aiigomerization (Pandey et al 2000),
and HSP27 by binding and sequestering cytosoliooatybme ¢ away from its target
Apaf-1 (Bruey et al. 2000). Although it is unliketizat the disruption of apoptosome
assembly is the only point of intervention by th8R$, it represents a likely target for
HSPs with the potential for a significant effectal survival (Beere and Green 2001).

HSP90

In vertebrates, two distinct genes encode conistgand inducible isoforms of
the protein (HSP90Oh and HSP90a, respectively), ftttional differences between
these isoforms are poorly understood. Homologuesl®P90 are also found in the
endoplasmic reticulum (GRP94) and mitochondrionAPR). Recently, HSP90 variant
(HSP90ON) has been identified (Grammatikakis eR@02) that seems to be primarily
membrane associated as a result of its unique plidlmc NH2-terminal domain.
Limited information exists on its precise cellufanctions. HSP90 resides primarily in
the cytoplasm, where it exists predominantly asmddimer. Each homodimer is made
up of monomers consisting of three main functiotaimains that display important
functional interactions. The NH2-terminal domainnt@ns an adenine nucleotide
binding pocket of the GHKL superfamily (Dutta andoliye 2000). Structural
alterations driven by the hydrolysis of ATP to ADPthis pocket are thought to play an
essential role in the chaperoning activity of tmet@in. This pocket is also the binding
site of the structurally unrelated natural prodgiianamycin and radicicol as well as
the growing number of semisynthetic derivatives synthetic compounds. These drugs
bind with higher affinity than nucleotides do, atiwty lock the domain in its ADP-
bound conformation. These drugs thus alter mampifall of the normal functions of
the chaperone (Roe et al. 1999).

Endoplasmic reticulum and Golgi apparatus are fgjdiites of newly synthesized
proteins. This chaperone is pivotal for stabilitydafunction of a large group of client
proteins including ser/thr quinces, tyrosine qusamutated p53, cyclin D-associated
Cdk4 (Helmbrecht et al. 2000) and Cdk6, and wildetylk (Simizu and Osada 2000).
Replication mechanisms in cells that lose HSP9@egptive function are severely
compromised, disabling cell progression through bk cycle (Piper 2001). Indeed,
HSP90 modulators such as geldanamycin or radicigblch interact with the ATP
binding pocket of HSP90, exhibit potent anticareféects (Neckers 2002).

In photodynamic therapy used photosensitizer hgperiis localized to
endoplasmic reticulum and Golgi apparatus (Uzderetkgl. 2001) which are folding
sites of newly synthesized proteins as mentiondédréeHypericin can cause reduction
in intracellular pH by proton transfer to surroumglimolecules (Sureau et al., 1996)
leading to pH-dependent structural changes in pr®télcherkasskaya and Uversky
2001). The broad range of activities may, thusultefrom hypericin targeting
chaperone networks. Hypericin inactivates the claape activity via ubiquitinylation.
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This effect appears to be exclusive to HSP90 andtmaffect HSP70 chaperones
(Blank et al. 2003). HSP90 and its cochaperonesase reported to modulate tumor
cell apoptosis. Much of this activity seems to bedmated through effects on AKT
(Basso et al. 2002), tumor necrosis factor recepfganden Berghe et al. 2003), and
nuclear factowB function (Chen et al. 2002). However, HSP90 miap @lay a more
global role in facilitating neoplastic transformti than just inhibiting apoptosis.
Among the heat shock proteins, HSP90 is unique usecdt is not required for the
biogenesis of most polypeptides (Nathan et al. L9%Ris finding has led to the
suggestion that HSP9O0 inhibitors may prove of uaitherapeutic benefit (Bagatell and
Whitesell 2004).

GRP94 is a glucose-regulated protein of 94 kDap &sown as gp96 or
endoplasmin, the ER paralog of HSP90 and is fourig ia higher eukaryotes. GRP94
is essential for proper assembly and maturatiomuofierous client proteins (Melnick et
al. 1992, Nigam et al. 1994, Randow and Seed 200Mssenberg at al. (2000)
described bis-ANS and heat shock induction of GRRf4timerisation. A tertiary
conformational change is accompanied by a markedhgbn of chaperone and peptide
binding activity. In this conformation, GRP94 camdergo, in a concentration-
dependent manner, homotypic oligomerization. Exmosio heat shock caused a
relatively rapid formation of tetramers, hexamensl actamers of GRP94 with high
molecular weights (Wassenberg et al. 2000).

HSP27

Elevated levels of HSP27 are observed in many tutypes and are often
correlated with a drug-resistant phenotype. Wheerexpressedn vitro, HSP27
confers enhanced cellular survival in response tearety of proapoptotic stimuli.
Exposure of cells to stresses such as heat shbek, TNF-, and chemotherapeutic
agents induces the transcription-dependent acctiomland rapid phosphorylation of
HSP27 (Rouse et al. 1994). This p38-dependent, MAEtCated protein kinase-2-
mediated phosphorylation of HSP27 is essential it®rsurvival-promoting effects
(Lavoie et al. 1995). The protective capacity ofRf23 is likely due to its unique ability
to modulate the dynamics of microfilament reorgatian so as to maintain stability of
the cytoskeleton under conditions of cellular gr@Suay et al 1997, Huot et al. 1996).
Aldrian et al. (2002) demonstrated that HSP27 oymession decreased invasion of
melanoma cells (Aldrian et al. 2002). In contrasthers have shown that HSP27
increases cell migration in both breast and smoatiscle cells (Hansen et al. 2001,
Hedges et al. 1999).

Clusterin

Clusterin/apolipoprotein J is an enigmatic protaithich has chaperone-like
activity similar to that of small heat shock proteiand may play role in cytoprotection
(Humphreys et al. 1999). In human cells are twdoisos of clusterin generated by an
alternative splicing. The main product of the chust gene is a ~60 kDa pre-secretory
form (pre-sCLU), which is targeted to the endopli@sreticulum by an initial leader
peptide and could be glycosylated and cleaved @ kDao- and f-subunits which
held together by disulphide bonds. The mature fe8@ kDa of sSCLU is secreted to
extracellular space (Burkey et al. 1991, Wong et1893). Intracellular pre-nuclear
isoform (pre-nCLU) is 50-55 kDa is localized in ttyoplasm and not exerts apoptotic
effect whereas activated pre-nCLU (n-CLU) translesao nucleus and contributes to
cell death (Leskov et al. 2003). At low doses addiation, secretory clusterin (sCLU)
production provides a cytoprotective molecular @rape defence mechanism in
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clearing cell debris from traumatised tissue. Agheir doses, the pre-nCLU becomes
activated. Activated nuclear clusterin (nCLU), ageath mature 55 kDa protein that
causes apoptosis, is formed (Araki et al. 2005reased ROS and lipid peroxidation
levels, while not affecting cell viability, elicd significant and concomitant increase in
levels of clusterin mMRNA and protein (Strocchi &t 2006). It was described that
decreased expression of clusterin is involved gumhatoid arthritis and high levels of
extracellular CLU and low expression of intracellulCLU may enhance NiB
activation and survival of the synoviocytes (Devzite et al. 2006). Disruption of the
clusterin gene promotes NEB activation (Devauchelle et al. 2006, Santilla&t2003).
Attenuation of NF«B activation after heat shock is both dose- ancetilependent
(Schell et al. 2005).

1.3.2 Nuclear transcription factor-kappaB

Apoptosis is negatively regulated by the activitids'survival factors” such as
insulin-like growth factor-1 (IGF-1), nerve growthctor (NGF), and platelet-derived
growth factor (PDGF). These factors mediate theivigal-promoting effects at least
partly by activation of the phosphatidylinositolkBrase (PI3K) to serine-threonine
proteine kinase B or Akt (PKB/Akt) signaling caseg@atta et al. 1999). Activation of
PKB/Akt occurs at the plasma membrane and has dleewn in several studies to be
followed by its translocation to both the cytosoldanucleus (Borgatti et al. 2000,
Filippa et al. 2000). Many of the substrates of PXW& are proteins that function in the
nucleus. PKB/Akt may promote cell survival by ditgghosphorylating transcription
factors that control the expression of pro- and-apbptotic genes. PKB/Akt appears to
both negatively regulate factors that promote theression of death genes and
positively regulate factors that induce survivahge (Nicholson and Anderson 2002).
Akt-mediated phosphorylation of the proapoptotid-Bdamily protein Bad at Ser136
induces its dissociation from Bcl-XL (to which Badconstitutively bound), to promote
the sequestration of BAD by 14-3-3 proteins in tiggosol. Thus prevents BAD from
interacting with Bcl-2 or Bcl-XL at the mitochondlimembrane (Zha et al. 1996). Akt-
mediated phosphorylation and functional inactivatod caspase-9 may also contribute
to the antiapoptotic activity of Akt (Cardone et #998). The scope of Akt survival-
promoting activity broadens further with its abilito regulate the activity of
transcription factors such as forkhead (FKHRL1)ufBat et al. 1999) and nuclear factor
kB (NF«B) (Romashkova and Makarov 1999). PKB/Akt has bgeown to interact
with and activate IKKa. Data suggest that PKB/Akbgphorylates IKKa directly but
more importantly PKB/Akt is believed to be essdrfoa IKK-mediated destruction of
I-xB and activation of NkeB (Romashkova and Makarov 1999).

CREB is transcription factor which bind to certarquences called cAMP
responses elements (CREs) in DNA and thereby inerea decrease the transcription
of certain genes. CREB is also a direct targepfarsphorylation by PKB/Akt (Du and
Montminy 1998) and this phosphorylation occurs d@e $hat increases binding of
CREB to accessory proteins necessary for induaifogenes containing CREs in their
promoter regions. CREB has also been shown to neeBi&B/Akt-induced expression
of anti-apoptotic gene mcl-1 (Wang et al. 1999).

Transcription factor NReB is undoubtly one of the major regulators of the
inflammatory response initiated in the context oftimerous pathologic and
nonpathologic events. N&B is playing a key role in tumor demise by eliafithe
onset of the immune defense against the tumor. XNétxB also modulates the
expression of anti-apoptotic genes which may, mm,tdavour tumor cell survival in
response to pro-apoptotic therapeutics (Matroulal.e2006). Akt can increase N&B
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activity by accelerating the degradation of infabiof kB (1xB), which associates with
and retains NReB in the cytosol (Kane et al. 1999). MB-is then available to regulate
the expression of genes, which include the antiapiopBcl-2 family member Al
(Zong et al. 1999) and the caspase inhibitors ctlffou et al. 1997) and c-IAP2 (Chu
et al. 1997). NReB is likely involved in tumor recurrence phenomdnaupregulating
COX-2 and MMPs that are primary actors in tumotscptoliferation and angiogenesis
(Lee et al. 2006). NkB is also sensitive to the cellular oxidative statBince then, the
key role of ROS as second messengers irkBlctivation has been investigated in the
context of multiple stimuli (TNF, IL-1p, UVs, calcium ionophore, LPS)
(Schoonbroodt and Piette 2000). NB- is involved in the regulation of cell
proliferation, apoptosis, and survival by a widega of cytokines and growth factors
and also it is critical in tumourigenesis (Baldvid@01). Its survival-promoting activity
is mediated through its ability to induce prosuatigenes such as c-IAP-1 and c-1AP-2.
NF-«xB is regulated through its association with an hitbry cofactor kB, which
sequesters NkB in the cytoplasm. Phosphorylation oikB by upstream kinases,
known as IKKs, promotes its degradation allowing-®B-to translocate to the nucleus
and induce target genes (Romashkova and Makaro9)199w level of ROS may
function as second messengers activating pathwesptotect cells against apoptotic
stimuli (Chandra et al. 2000). Reactive oxygenrimedliates (ROI) serve as messengers
mediating directly or indirectly the release of thehibitory subunit «B from
transcription factor NReB (Schreck et al. 1991). NiB is often considered to be a
ROS-responsive transcription factor (Chandra €080, Janssen-Heininger et al. 2000)
also shown to be implicated in a cancer cell respsnto photodynamic therapy
(Legrand-Poels et al. 1995). Phosphorylation amgtattation of B is an important
step for NFkB releasing from complex withkB, translocation from cytoplasm to
nucleus and binding to DNA. Human colonic epithekalls HT-29 have altered
regulation of kB-o degradation and activation of NB activity can occur
independently ofdB degradation (Jobin et al. 1997, Wang et al. 2000)

1.3.3 Mitogen activated protein kinases

The MAPKs are group of serine/threonine proteinakis that are activated in
response to a variety of extracellular stimuli anddiate signal transduction from the
cell surface to the nucleus. Together with sevetiaérs signaling pathways, they can
alter fosforylation status of numerous proteinscluding transcription factors,
cytoskeletal proteins, kinases and other enzymad, iafluence gene expression,
metabolism, cell morphology, cell division and cslirvival. There are four major
groups of MAPKs in mammalian cells — the ERKs, p88PKs, JNKs and ERKS5 or
BMK cascades (Wada and Penninger 2004). Mitogemadet! protein kinases
(MAPKSs) are activated in a cascade of phosphonateactions in which individual
MAP kinases are phosphorylated. In general, eamhpgof MAP kinases is activated by
a specific MAPK kinase (Fanger et al. 1997). Umstresignaling molecules involve
kinases, adaptors, and receptors or sensors, witohect the pathway to specific
stimuli (Chang and Karin 2001, Widmann et al. 1999)

The p38 (also known as CSBP, mHOG1, RK, and SARK#)e member of the
MAPK-related pathway in mammalian cells (Han et #3094, Lee et al. 1994) and
consists of the four known p38 isoforms §, y andd) (Kyriakis and Avruch 1990). In
mammalian cells, the p38 isoforms are stronglyvattd by environmental stresses,
inflammatory cytokines and VEGF but not appreciably mitogenic stimuli. Most
stimuli that activate p38 also activate JNK (Lealetl994). The p38 pathway consists
of membrane receptors or sensors that are conntutmegh adapter proteins to GTP-
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ases that are upstream of MAPK kinase, (MKK), dmel MAPK itself (Brancho et al.
2003). The p38 also regulates the immune respomgsstabilizing specific cellular
MRNASs involved in this process (Ono and Han 20QUhile the exact mechanisms
involved in p38 immune functions are starting toeege, activated p38 has been shown
to phosphorylate several cellular targets, inclgdaytosolic phospholipase A2, the
microtubule-associated protein Tau, and the trgmsmn factors ATF1 and ATF2,
MEF2A, Sap-1, Elk-1, NF-B, Ets-1, and p53 (Kyriakied Avruch 1990). It was
previously shown that p38 MAP kinase is necessarytiie regulation of TGk
mediated increases in cell adhesion and invasiaydbiet al. 2003) and also, inhibition
of p38 MAP kinase blocks HSP27 phosphorylation, dadreases invasion in smooth
muscle cells (Hedges et al. 1999). Hypericin medi®DT of human cancer cells leads
to up-regulation of the inducible cyclooxygenaser2yme and the subsequent release
of PGE2. COX-2 protein levels are up-regulatedancer cells by hypericin-mediated
PDT in a time- and dose-dependent fashion. This 0Oapression is remarkably
dependent on the PDT stress. Inhibition of p38a MAPsulted in suppression of the
PDT-induced COX-2 expression, PGE2 and VEGF releas®l tumor-induced
endothelial cell migration. The p38 MARK and3 mediate COX-2 up-regulation at the
protein and messenger levels. The half-life of @@X-2 messenger was drastically
shortened by p38 MAPK inhibition in transcriptiolyarrested cells, suggesting that
p38 MAPK mainly acts by stabilizing the COX-2 traript, however transcriptional
regulation by nuclear factor NEB was not involved in COX-2 up-regulation by PDT.
Although p38 MAPK activation by PDT is requiredup-regulate COX-2, this enzyme
is not likely the direct downstream mediator of 8 MAPK anti-apoptotic response.
This indicates that p38 MAPK is a common targethgpericin-based PDT and a
general mediator of COX-2 up-regulation in photordged cancer cells (Hendrickx et
al. 2003).

Many stresses that engage apoptosis simultaneowkige the activation of c-
Jun NH2-terminal kinase (JNK). However, the precisée of JNK signaling in
apoptosis remains controversial. Although sevexaliss favor a proapoptotic role for
JNK signaling, equally valid are a number of obaéipns indicating an enhancement of
cellular survival by the JNK pathway (Davis 200(he@ and Tan 2000). Many of the
stresses that cause the elevation of JNK actiV#y mcrease the expression of HSPs.
Several studies have shown that HSP70 can infiNitactivation induced by a number
of stresses, including heat shock (Gabai et al7 1Bbsser et al 1997), ethanol (Gabai
et al. 1997), proteasome inhibitors (Meriin et 889), and ultraviolet (UV) irradiation
(Park et al. 2001). The precise mechanism for HSR&@iated suppression of JNK
activity is unclear. Two different models have bgenposed to explain how HSP70
inhibits JNK activation. Based on the observatioat televated JNK activity following
stimuli (such as heat shock, ethanol, arsenite,cimthtive stress) is a consequence of
inhibition of JNK dephosphorylation. Meriin et al1999) suggested that HSP70
modulates JNK activity by inhibiting this stresshited suppression of
dephosphorylation. Alternatively, HSP70 may funetito inhibit UV-induced JNK
activation by directly interacting with JNK to supps its association with, and
phosphorylation by, SEK1. This effect requires (@®OH-terminal peptide-binding
domain of HSP70 (Park et al. 2001), which is ehtireonsistent with earlier
observations that HSP70-mediated suppression of d@ikation is independent of its
ATPase domain (Mosser et al 1997, Volloch et aB9)9 Importantly, both of these
models and their supporting data indicate that HIEPan suppress JNK activation
independently of its capacity as a chaperone profEhis is in contrast to HSP70-
mediated suppression of heat shock-induced apspansi cytochrome c release, which
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require both the peptide-binding and ATPase dom@tasser et al 1997, Volloch et al
1999). The conflicting pro- and antiapoptotic ro#sJNK signaling are suggested to
reflect the duration of JNK activation such thatransient elevation of JNK activity
selectively engages a survival pathway (Chen and Z@00). Perhaps a careful
examination of the kinetics of JNK signaling and R¥® expression would reveal a
relationship consistent with the idea that simwdtaus induction of HSP70 and JNK
tempers the magnitude and duration of JNK actimatind, in doing so, favors the
engagement of cellular survival (Beere and Grd#ip
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2 AIMS OF THE STUDY

Photodynamic therapy is an attractive, emergingagheutic procedure suitable for
the treatment of a variety of tumor and non-maligrdisorders. The efforts to improve
therapeutic outcome of PDT led to modification @rslard photodynamic protocol by
light fractionation.

The first aim of the study was to compare contirsuand fractionated light regime
in which a total light dose was delivered in twoualjor unequal light fractions
separated by a dark interval 1 or 6 h. The purpgas to identify photodynamic
protocol suitable to enhance (or for enhancing) enigin-mediated photocytotoxic
effects on HT-29 adenocarcinoma cells. Since MT3agspreliminary experiments
revealed no or minor photocytotoxic effects in msge to various fractionated light
delivery regimes as compared to standard proteamhvere promoted to investigate the
reasons of the observed failure of fractionatediatbtnation of PDT.

The second aim of the study was addressed to Urtteveeasons of this decrease
of photo-cytotoxicity caused by a fractionated tigielivery regime when a sub-lethal
light dose (1 J.cff) was followed by a lethal light dose (11 J®nih or 6 h later. In
such regard, we have described the various effeatssed by continuous and
fractionated illumination schedules in some detaM8e analyzed cell viability
modifications, cell cycle alterations, cell deatiduction (by dual staining Annexin
V/PI) and colony-forming activity. All together, ése data resulted particularly useful
in identifying cellular and sub-cellular events etetined by different light delivery
regimes.

As we observed significant alterations in all clliyparameters studied depending
upon the extension of the dark phase between twequal exposures to light, the third
aim of our study was clarifying the events thaetpkace during the dark pause. For this
reason we analyzed the production of reactive axyggecies, the fluctuations of
hypericin content, the activation of redox-regutiateiclear transcription factor NEB
(by luciferase activity assay), the changes inetkigression of proteins connected with a
cell survival, namely NkeB p50 and p65 subunitskB-a, Mcl-1, HSP70, GRP94,
Clusterine. (by Western Blotting) and role of p38 MAPK inhibi in cell survival. In
whole these information have given some insighb imiolecules processes and
mechanisms which are involved in the developmemnésiktance to PDT.
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3 MATERIAL AND METHODS

3.1 Cell culture

Human adenocarcinoma cell line HT-29 was purchdsad American Tissue
Culture Collection (ATCC, Rockville, MD, USA). Csliwere cultured in RPMI-1640
medium (Gibco, Grand Island, NY, USA) supplementgith 10% heat-inactivated fetal
calf serum (FCS; PAA Laboratories GmbH, Linz, Aigtrand antibiotics (penicillin
100 U/ml, streptomycin 10Qg/ml and amphotericin 2mg/ml; Invitrogen Corp.,
Carlsbad, CA, USA). Cells were maintained at 37 ifCa humidified 5% C@
atmosphere and constantly kept under dark condition

3.2 Hypericin activation

The cells were irradiated in hypericin-free medibynplacing cultivation dishes
(TPP, Trasadingen, Switzerland) on a plastic ddfusheet above a set of eleven
L18W/30 lamps (Osram, Berlin, Germany) with maximemission between 530 and
620 nm (the absorption peak of hypericin is ~ 661 (Fig. 2). Uniform fluency rate at
the surface of the diffuser was 3.15 mWZxand the temperature did not exceed 37 °C.
Light dose was calculated as multiplication of flag rate by time.

Figure 2. Irradiation device. Eleven L18W/30 lamps with maxim emissium in the range of
530-620 nm are located under plastic diffuser s{fefedto: L. Grada Kulikova).

3.3 Experimental design

HT-29 cells (2x1f/cm?) were seeded and cultivated 24 h in a completeiumed
with 10% FCS. Hypericin ((4,5,7,4",5",7" -hexahydréx 2 -dimethylnaphtodiantron,
HPLC grade), AppliChem GmbH, Darmstadt, Germanyfiratl concentration 60 nM
was added and then incubated 16 h with cells irk danditions. Prior to light
application, the medium was replaced with a fresh, dree of hypericin (Fig. 2A). The
hypericin was photoactivated with a sub-lethalesh&l single light dose (1 or 12 Jémn
or fractionated light doses (1 + 11 J:®nwith a dark interval 1 or 6 h. The cells
photoactivated with a sub-lethal light dose weralyed 1 or 6 h after PDT. The
effects of single or fractionated light regime delies were analyzed up to 24 h after
PDT (Fig. 2B) and cell viability, cell number andliccycle were analyzed 24 or 48 h
after PDT.

3.4 Quantification of cell viability and cell number

Cells were treated according to the standard pobt(feig. 3A) and at defined
incubation times after hypericin photoactivatiod @ 48 h) eosin vital dye (0.15 %)
exclusion assay was used to determine both celbildia and cell number
(microscopically). The viability was expressed las percentage of live cells out of the
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total number of cells. Cell number was assessedduting live cells in a Burker
chamber.
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Figure 3. Experimental design. (A) Time schedule of experiteenHT-29 cells were seeded
(point -40 h in time schedule of experiments) antivated 24 h in a complete medium and
then hypericin was supplemented (point -16 h). Medwith hypericin was removed from cells
16 h later and replaced for hypericin free mediuith wubsequent activation of intracellular
hypericin (point 0 h). Analyses were performed agth or up to 24 h after PDT (point +6 h or
+24 h). (B) Schedule of hypericin activation - hgipm loaded HT-29 cells were illuminated
with a single light dose (sub-lethal 1 J:or lethal 12 J.cif light dose) or two unequal light
dose (1+11 J.cR) separated with 1 h or 6 h dark pause. (S) sitigte delivery 12 J.cm,
fractionated light dose 1+11 J.émwith a 1 h (FR1) or 6 h (FR6) dark pause betwéentivo
light doses.

3.5 MTT assay

Cells were seeded into 96 wells plates in amour02zells per well and then
were treated according to standard protocol (F4g. Bnalyses were performed: a) 24 h
after photodynamic treatment with a range of sittiglet doses 0, 1, 2, 4, 8 or 12 J:€m
(Fig. 4); b) 24 and 48 h after photodynamic treatineith single (S) or fractionated
light delivery regimes (FR1, FR6) (Fig. 6); c) ibhor of GRP94 and HSP90 proteins
geldanamycin (AXXORA, Nottingham, UK) was added firlor to hypericin treatment
(Fig. 18); d) inhibitor of p38 MAPK, SB202190 (Sigaf\ldrich Corporation, St. Louis,
MO, USA), was added 2 h prior photoactiovationhgpericin (Fig. 19) and then in
both cases MTT assay was performed 24 h after giipgnic treatment with a single
or fractionated light delivery. MTT (3-(4,5-dimetltlyiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (Sigma-Aldrich) assay was pened to evaluate the survival of
cultured cells as previously reported (Mosmann }988e amount of dye extracted
was quantified by absorbance measurements at 584simg FLUOstar Optima (BMG
Labtechnologies GmbH, Offenburg, Germany) and esqee as a percentage of the dye
extracted from untreated control.

3.6 Cell cycle analysis

For the DNA content determination, cells treated¢oading to the standard
protocol (Fig. 3A) were harvested 24 or 48 h aR&T and washed with phosphate-
buffered saline (PBS) and fixed with 70% ice colda@ol at -20 °C. Fixed cells were
centrifuged, washed with PBS and stained with stgisolution (5 mg/mL propidium
iodide, 10 mg/mL RNase A and 10% Triton X-100 ing)BThen samples were kept in
dark conditions for 30 min and measured on a flgtormeter (FACS Calibur, Becton
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Dickinson, San Diego, CA, USA). For each sampleQQ8 cells were evaluated and the
sample flow rate during analysis did not exceed-300 cells per second. The data
obtained were analyzed using the Cell Quest Privacé (Becton Dickinson).

3.7 Colony-forming assay

Cells were treated according to the standard pob{ddg. 3A), then harvested 24
h after single or fractionated light delivery armlnoted microscopically using a Burker
chamber. Equal cell numbers (500 cells per 60 mtri Bish (TPP)) were seeded and
cultivated under standard conditions for 7 daydofiies were stained using coloured
solution (40 mg methyl blue diluted in 50 ml 78%aatol).

3.8 Detection of phosphatidylserine externalization anatell membrane

permeability

For a phosphatidylserine externalization and dabity analysis, an annexin V-
FITC and propidium iodide (PI) double-staining KBender MedSystems, Vienna,
Austria) was used according to the manufacturerstructions. The cells were treated
according to the standard protocol (Fig. 3), thelmement and floating cells were
harvested together 0.5, 3 and 24 h after PDT aaihext with annexin V-FITC in
binding buffer for 10 min, washed, stained withf&d 5 min and analyzed using the
FACSCalibur flow cytometer. Results were analyzethWellQuest Pro software. The
cell populations were differentiated as living (exim V/PI'), apoptotic (annexin
V'IPI"), secondary necrotic (annexin’/I") or necrotic (annexin VPI") cells. The
results are presented as a mean + SD of threeendept experiments.

3.9 Production of ROS

The cells were treated according to the standastbpol (Fig. 3), then harvested
0.25, 0.5, 1, 6 h after a sub-lethal light dos®.&; 3, 24 h after single or fractionated
light delivery, washed twice in phosphate-balancealt solution (PBS), and
resuspended in Hank's balanced salt solution (HBBB)Yydrorhodamine-123 (DHR-
123, Fluka, Buchs, Switzerland) was added at d @iaacentration of 0.2M, samples
were then incubated for 15 min at 37 °C in 5%,@®nosphere and subsequently kept
on ice during analysis. Fluorescence was analyzedja FACSCalibur flow cytometer
in the FL-1channel. Forward and side scatters weegl to gate the viable populations
of cells. CellQuestPro software (Becton Dickinsaas used to quantify the intensity of
DHR-123 fluorescence in the cells expressed asdtie of DHR-123 fluorescence in
the treated cells compared to fluorescence of atgdecontrol cells.

3.10 Hypericin content analysis

The cells were treated according to the standastbpol (Fig. 3), then harvested
0.25, 0.5, 1, 6 h after a sub-lethal light dos®.&; 3, 24 h after single or fractionated
light delivery, washed twice in PBS, and resuspdnde HBSS. Fluorescence of
hypericin was analyzed using the FACSCalibur flgmometer in the FL-2 channel (1 x
10* cells per sample). CellQuestPro software was agséal to quantify the intensity of
hypericin fluorescence in the cells, expressedhasrdtio of hypericin fluorescence in
treated cells compared to the fluorescence of atadecontrol cells.

3.11 Luciferase activity assay

Luciferase reporter construct and stable cell femt®n were executed as
described previously (Hyzd'alova et al. 2008). taibansfected HT-29 cells were
treated according to the standard protocol (FigCe)ls were rinsed with PBS 0, 0.5, 1,
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3, 6 h after hypericin photo-activation with a datial light dose, and lysed with 400
of reagent (Luciferase Assay System; Promega Cipdison, WI, USA). Protein
concentrations of the cell extracts were determurgidg detergent-compatible protein
assay (BioRad Laboratories Inc., Hercules, CA, USBhe sample at a time was
diluted in equal amount of proteins and pl0of extract was mixed with 5@l of
luciferase substrate and luminescence was measuraddiately using the FLUOstar
Optima. The luminescent signal of each sample weasnred for the same period.

3.12 Western blot analysis

The cells were treated according to the standatbpol (Fig. 3), then harvested 1
and 6 h after low light dose, 24 h after singldractionated light delivery (Fig. 16) or
24 h after light doses 0, 1, 2, 4, 8, or 12 Fcifhe cells were then washed twice in cold
PBS and lysed in lysis buffer (100 mM Tris-HCI, g, 1% SDS, 10% glycerol and
protease inhibitor cocktail P2714 (Sigma-Aldrichr@aration, St. Louis, MO) for 10
min on ice. The cell lysates were sonicated andribeged. Protein concentration was
determined using detergent-compatible protein asdipRad Laboratories Inc.).
Samples were diluted in equal amounts (30 u&@roteins) with 0.01 % bromphenol
blue and 1% 2-mercaptoethanol, then separated 8&%-polyacrylamide gel and
transferred onto nitrocellulose membrane (Advantdokyo, Japan) or PVDF
membrane (Millipore, Bedford, MA, USA) in a transfbuffer containing 192 mM
glycine, 25 mM Tris and 10 % methanol. The membraas blocked in 5 % non-fat
milk (or 5 % BSA) in TBS (20 mM Tris-HCI, pH=7.650 mM NaCl; 0.05 % TWEEN
20, pH=7.4) for 1 h at first and then the membrhlots were incubated 2 h at RT or
overnight at 4 °C (depending on the particular @dy) with primary antibody: anti-
NF-kB p65 (sc-372), anti-NkB p50 and pl105 (sc-8414), antiB-a (sc-203), anti-
GRP94 (sc-1794), anti-clusterin (sc-6420), all fr&@anta Cruz Biotechnology, anti-
Mcl-1 (#4572 Cell Signalling), anti-HSP70 (MA3-00&ffinity BioReagents). After 30
min washing in wash buffer, membranes were incubatiéh appropriate horseradish-
conjugated secondary antibody for 1 h at RT (Antilg® IgG-HRP, NA931 (1:3000),
AntiGoat IgG-HRP (1:20 000), AntiRabbit IgG-HRP Z0:000) (Amersham
Biosciences, Buckinghamshire, UK). Detection ofilasdy reactivity was performed
using a chemiluminescence detection kit ECL+ (Arnans Biosciences) and visualized
on X-ray films (Foma Slovakia, Skycov, Slovakiajjual sample loading was verified
by immunodetection dgi-actin (A5441, Sigma-Aldrich).

3.13 Statistical analysis

Data were processed with GraphPadPrism (GraphP#de®e Inc., San Diego,
CA) and statistically analyzed using one-way ANOMAth Tukey's multiple
comparison test and are expressed as mean + sladelaation (S. D.). Significance
was evaluated at three levels; p < 0.05, p < Orflpa< 0.001.
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4 RESULTS AND DISCUSSION

The efficiency of PDT may be improved by modificatiof standard photodynamic
protocol through light dose fractionating to sevValamminations with dark pauses
between light fractions (Ascencio et al. 2008, Bebet al. 2003, de Bruijn et al. 1999,
Pogue et al. 2008, Takahashi and Ohnishi 2009, &iad. 2007). As it was mentioned
before light fractionation is based on the prenuteeoxygenation at the treated side
during a dark pause and therefore higher ROS ptmtutnproves the outcome of PDT
(Curnow et al. 1999, Takahashi and Ohnishi 2009enEthough, such treatment
doesn’t avoid troubles. Light fractionation maydet® resistance development under
specific circumstances (Paba et al. 2001, Sackbah 2005, Varriale et. al 2002). The
molecular mechanisms underlying resistance devetoprto PDT with hypericin are
not completely understood. We therefore would like contribute to better
understanding of these events at a cellular anecsliblar level.

4.1 Fractionated photodynamic treatment with hypericindoesn’t improve the
outcome as compared with to single irradiation schae.

On the bases of our screening experiments proiged TT assay were selected
light doses as well as hypericin concentrationdddher analysis. The most interesting
results are depicted in Figure 4. Although MTT gs&a considered to be a rapid
colorimetric assay for cellular growth and survivalitable as an application to
proliferation and cytotoxicity assay (Mosmann 1983)pwever we and others observed
apparently increased proliferation over the consmécifically in the case of analysis
performed shortly after PDT (1 h); this increase baen interpreted as the consequence
of enhanced mitochondrial metabolic activity ratttern in cell proliferation or survival
(Figure 4). A high light-dose mediated oxidativeress probably stimulated
mitochondria oxidative metabolism that resultedinereased reduction of MTT to
formazan by mitochondrial succinate dehydrogen®d$€T assay provides reliable
information about cytotoxic effects of light doseser an extended timespan. The
results revealed that a fluence rate of 1 F.¢rad no effect on cell survival. In this
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Figure 4. MTT assay of HT-29 cells 1, 6 and 24 h after higier (60 nM) mediated
photodynamic treatment with single light doses, 4,8 and 12 J.cf Results are expressed as
percentage of/over the control. The results arertéan + SD of three independent experiments
presented as percentage of untreated control.stgtati significance is expressed as follows:
light dose versus untreated control in a given tmheanalysis (+) on the significance level
p<0.05 (+); p<0.001 (+ + +). (C) control cells.

32



work, this dose is thereafter considered as thb-fsthal” dose, while, in opposition the
fluence rate of 12 J.cfris considered the fully lethal dose. Light dosesmMeen 2 and 4
J.cm? are borderline and are considered as the thresifodsh explicit photodynamic
cytotoxic effect.

When this research was initiated, our expectatiomsre foreseeing an
improvement of PDT upon fractionated irradiatiom @e contrary, our preliminary
results revealed non-significant or minor cytotoritects of various light irradiation
schemes as compared to standard photodynamic ptolde results (Table 1) indicate
not only different cytotoxic effects of photodynamireatment at the various light
irradiation schemes but also the relevance of &-uderval duration within a light
fractionation. According to Robinson et al. (20@3jwo-fold illumination with a 2 h
dark interval using two equal doses (50 JFmielivered after topical ALA application
on hairless mouse skin resulted in an increaseDii Response over that observed
following a single illumination with 100 J.cfn

Table 1.Cytotoxicity of hypericin after various light-irréation schemes

Cytotoxicity (MTT assay

Light dose (J.cii)  Dark pause (h) evaluated 24 ard?DT)
3+3vs6 1 NS*
6 NS
6 +6vs12 1 NS
6 NS
1+11vs12 1 NS
6 P <0.001
1vs 0 (control) 1 NS**
6 NS***

* NS - not significan
** 1 h after PDT
*** 6 h after PDT

However in our case, two equal light doses (3 +.@n3) or (6 + 6 J.ci)
separated with 1 or 6 h dark interval did not inyerd®DT response. They have also
reported that if the first fraction was reducedstd.cn? and if 95 J.crif was delivered
in the second fraction, the PDT response was siginfly greater then when the two
fractions are equal (Robinson et al 2003). Howewéen a light fractionation scheme 1
+ 11 J.cnif was applied, we could not confirm such findingir system. Moreover
we observed even a decreased cytotoxic effect. pbesent findings therefore agree
more strictly with previousn vitro studies with hypericin on HEC1-B cells and U937
cells, which reported that pre-sensitized cellsobee fully resistant to light doses that
normally determine massive cellular apoptosis ipeginental photodynamic therapy
(Paba et al. 2001, Varriale et al. 2002). Relatoveur results presented in Table 1, we
have selected light irradiation scheme for furtsteidy in which the selected total dose
(12 J.cnif) was divided in two unequal doses, i.e. 1 Fdsub-lethal) followed by 1 or
6 hours later by the dose of 11 Jtniclose to the fully lethal). This scheme (1 + 11
J.cm?) applied to HT-29 adenocarcinoma cells moieNlitro, has been chosen as
reference scheme in our experimental model for ghely of events that promote
resistance development to PDT. Therefore we cordp#iie effects of single and
fractionated light delivery regimes and continueithvthe study concerning the effects
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of a sub-lethal light dose as well as the importaat dark-interval duration within a
light fractionation and their participation on thesistance outcome. Although vivo
andin vitro experimental models are not easy to compare bedheddifferent order of
complexity that determines sometimes totally déferresponses to PDT, we consider
the knowledge of intracellular mechanisms of phasistance as a standpoint for
further study aimed to the improvement of its usedncer therapy.

The comparison of the effects of hypericin treathmntumour cell number (Fig.
5) and metabolic activity evaluated by MTT assaig.(B) after a single light-dose (12
J.cm?) with those obtained after fractionated light detiy (1 + 11 J.cff) revealed,
except for viability, measurable differences whka irradiation was interrupted for 6
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Figure 5. HT-29 cell numbers 24 h (a) and 48 h (b) afterdnigin-mediated photodynamic
treatment with both single (12 J.énor fractionated (1 + 11 J.c¢t light delivery regime.
Results are expressed as relative cell numbertedeta untreated control groups. The results
are the mean £ SD of three independent experim&tédistical significance is expressed as
follows: experimental groups versus control (+) drattionated light delivery versus single
light delivery (@) on the significance level p<0.05 (+ @); p<0.01 (++ oree); p<0.001 (+++ or
eee). (C) control cells, (S) single light dose 12 J%rractionated light dose 1+11 J.émwith

a 1l h (FR1) or 6 h (FR6) dark pause between thdighodoses.
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but not 1 hours. While fractionation with a shorgark period induced the same
cytotoxic effect in HT-29 tumor cells as a singlesd application, the effect of
hypericin activated with light fractions separab®da dark interval of 6 h was reversed.
Increased cell number (Fig. 5) and rise in metabaditivity evaluated by MTT assay
indicate a sustained proliferation and mitochordfimction. This means that the
behavior of cells was similar to that of the cohtin contrast to earlier analysis (Fig.
6a), the only significant change was observed énntietabolic activity of cells receiving
60nM hypericin evaluated 48 h after light senstima (Fig. 6b), which was
significantly les as compared to that of the cdntro
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Figure 6. MTT assay of HT-29 cells 24 h (a) and 48 h (b)emafhypericin-mediated
photodynamic treatment with both single (12 J%ror fractionated (1 + 11 J.¢H light
delivery regime. Results are expressed as peraeiafagontrol. The results are the mean = SD
of four independent experiments. Statistical sigaiice is expressed as follows: experimental
groups versus untreated control (+) and fractiahéight delivery versus single light delivery
(®) on the significance level p<0.05 (+ e}; p<0.001 (+++ oreee). (C) control cells, (S)
single light dose 12 J.cffractionated light dose 1+11 J.érwith a 1 h (FR1) or 6 h (FR6)
dark pause between the two light doses.
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4.2 Fractionated photodynamic treatment with a longer érk pause does not

alter the original cell cycle regulation

The results mentioned formerly were in agreemerth vaell cycle analysis
outcome. Fractionation with a longer dark pause6jFRduced increased proportion of
cells in the G1 phase of cell cycle (Fig. 7) ansigmificant decrease in the percentage
of G2 phase cells (to the control level) (Fig. 8, Our results therefore indicate
sustained proliferation and preservation of origicell cycle regulation. On the other
hand, the percentage of cells in the G2 phase Ibtyele increased when cells were
treated with hypericin photoactivated by single (8)fractionated irradiation with a
shorter dark pause (FR1). These findings are @with those reporting interconnection
of hypericin-induced photocytotoxicity with G2/Mrast in HT-29 (Sackova et al.
2006). However, in contrast to our findings Vamiat al. (2002) reported that longer
dark interval (20 h) between the first (2 J9nand the second (5 J.énexposure to
light, resulted in accumulation of HEC1-B cells@2/M phase. These differences in
cell sensitivity and cell cycle regulation observagbn double irradiation cannot be
easily understood. However, it is possible thdedgnt p53 status of HT-29 and HEC1-
B cells may be implicated. Considering reduced p2d p53 expression at longer dark
pause in HEC1-B cells exposed to light twice (Vagiet al. 2002) as well as mutation
in p53 of the colon adenocarcinoma cell line HT(Barberi-Heyob et al. 2004, Zacal
et al. 2005). Mutations of p53 generally resultsthie inactivation of its tumour-
suppressor functions and is known to be linked3® pverexpression, probably due to
the production of a more stable form (Rodriguesakt1990) andits consequent
accumulation may play a key role in the photo-desityi of HT-29 in PDT with
hypericin (Mikes et al. 2007). There is also difetr ratio between first and secdight
dose in our experiment (1:11 vs. 2:5), which migkt together with different time
schedule of light delivery, responsible for thdetiénces
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Figure 7. Proportion of HT-29 cells in G1 phase 48 h aftgpdricin-mediated photodynamic
treatment with both single (12 J.érand fractionated (1 + 11 J.&ylight delivery regime. The
results are the mean + SD of two independent exyaris. Statistical significance is expressed
as follows: experimental groups versus untreatettrob (+) and fractionated light delivery
versus single light deliverysj on the significance level p<0.01 (++ e»). (C) control cells,
(S) single light dose 12 J.éinfractionated light dose 1+11 J.émwith a 1 h (FR1) or 6 h (FR6)
dark pause between the two light doses.
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Figure 8. Proportion of HT-29 cells in G2 phase 24 h (a) 4Bch (b) after hypericin-
mediated photodynamic treatment with both sing® J&n¥) and fractionated (1 + 11
J.cm?) light delivery regime. The results are the mearSB of two independent
experiments. Statistical significance is expressetbllows: experimental groups versus
untreated control (+) and fractionated light defyveersus single light deliverysj on
the significance level p<0.05 (+ @); p<0.01 (++); p<0.001 (+++ osee). (C) control
cells, (S) single light dose 12 J.@émfractionated light dose 1+11 J.émvith a 1 h
(FR1) or 6 h (FR6) dark pause between the two ligises.

4.3 Longer dark pause between two unequal light dosepressed cell death in

HT-29 cell after hypericin-mediated PDT

Only one concentration of hypericin (60 nM) wases&td for further analysis
aimed to better understanding of processes undgriduced photocytotoxic effect of
overextended fractionated regime. When the phogpfserine externalization and cell
permeability analysis were performed, we obtaineslilts in agreement with all the
above findings. In summary, light fractionation lwa longer dark pause between two
unequal light doses (FR6) reduced hypericin-mediateotocytotoxic effect on HT-29
adenocarcinoma cells vitro (Sackova et al. 2005). In contrary to earlier asiglyFig.
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9a), significantly higher survival of FR6 group wascompanied by regress in ratio of
apoptotic and secondary necrotic cells that appgeadeh after PDT (Fig. 9b). As it

might be noticed, PDT effects of single and fracdited light delivery when the dark
pause is short are very similar. So far all regbmesults on the changes in cellular
parameters were concerned with the effects of tiféerent light delivery regimes. We

have demonstrated increased viability and cell b@ia activity. Such changes were
accompanied to increased cell proportion in G1 dadrease in G2 cell cycle phase
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Figure 9. Detection of phosphatidilserine externalizatiod amembrane permeability of HT-29
cells by dual annexin V/PI staining 3 h (a) andn2@) after single (12 J. cfor fractionated

(1 + 11 J.crid) light dose. Cells were harvested and evaluated ! h after PDT. The results
are the mean = SD of three independent experimemsented as a percentage to control.
Statistical significance is expressed as followgegimental groups versus untreated control
(+); fractionated light delivery versus single ligtelivery (@); fractionated light delivery with a

6 h versus 1 h dark paudel) on the significance level p<0.05 (+ eror [1); p<0.01 (++ or
ee); p<0.001 (+++). (C) control cells, (D) hyperiaimder dark conditions, (S) single light dose
12 J.cn¥, fractionated light dose 1+11 J.émwith a 1 h (FR1) or 6 h (FR6) dark pause between
the two light doses.

38



while death in HT-29 cells, irradiated twice withl@enger dark pause between two
unequal light doses, was repressed. It appearsehaire-sensitization and extension of
the dark pause play an important role in the phesistance. While we have
demonstrated significant reduction in PDT efficaof fractionation along with
prolonged dark pause, the adverse effect has besarwed in the skin of the hairless
mouse. In this case the dark interval cannot baaed below 2 h without a significant
reduction in Protoporphyrin IX-PDT efficacy (de Hru et al. 1999). These
discrepancies still await explanation. On the otiend there are numerous reports in
the literature of successful light fractionatiomirees, varying the photosensitizer and
with single or multiple breaks in illumination thean last from a few seconds to days
(Anholt and Moan 1992, Hua et al. 1995, Mlkvy et H996, Pe et al. 1994, van der
Veen et al. 1994). However only very few researsheave explored the biological
processes that are activated during the dark iat€éBabilas et al. 2003, Huygens et al.
2005, Varriale et al. 2002) therefore we focusedaitention to events occurring after
sub-lethal light dose and before the second expdsuight.

4.4 Longer dark pause between two unequal light dosesieanced clonogenic

potential of HT-29 cells after PDT with hypericin

We examined impact of a sub-lethal light dose amchtibn of a dark pause on
HT-29 cells proliferation. In comparison with botlontrols, the effect all of three
different photodynamic irradiation schedules resililtin reduced colony-forming
activity. As is depicted in Figure 10, single ($)fiactionated light delivery (FR1) with
1 h dark pause, demonstrated very low colony-fogmactivity. Longer pause
continuing for 6 h (FR6) proved much higher ability create visible colonies, even
when compared to FR1 group. As might be seen, lgjparnder dark conditions (D)
did not affect clonogenic potential of HT-29 celBub-lethal light dose resulted not
only in increased amount of viable cells, but tesise manifested also by increased
clonogenic activity when prolonged dark pause wpgliad. These findings rose a
qguery what events underlie resistance to protrafteertionated light delivery regime.
Low intensity of stress in general may acceleratess-inducible pathways and cell
signaling that result in defence mechanisms in seafnsurvival. Since low-dose cell
survival is described mainly in context of radiatioor heat-induced adaptive cell
response (Shadley et al. 1987, Yoshida et al. 1998)presume that even sub-lethal
light dose in PDT may trigger similar biologicalesus as well. When we look for the
answers in the reports discussing adaptive respmngmizing radiation, we can find
connections. For example similarly as in our casgneentation of colony-forming
ability of myeloid leukemia cells was observiedvitro after low-dose irradiation and
showed thermo-resistance 1 h after low-dose paghation and also showed radiation-
reistance 4 h after irradiation. Induction of heladck protein HSP70 was not detectable
by Western blot therefore it seems that some prsteiher than HSP70 were concerned
with the augmentation of colony-forming ability atftermo- and radiation-resistance
(Ibuki et al. 1998). Takahashi and Ohnishi (200&éishown that NO radicals are an
initiator of radiation- and heat-resistance indudgdlow dose pre-irradiation. They
have also demonstarted association with p53 fumictgp(Takahashi and Ohnishi 2009).
Other authors reported that conditioning doses5(@y¥ or 0.5 Gy) and subsequent
exposure to 8 Gy caused significant increase instneival of mice compared to
irradiated control (Tiku and Kale 2004). Adaptivesponse to ionizing radiation
involves DNA repair mechanisms and induced protelay enhance this repair (Wolff
1996). However according to Wouters and Skarsga@97) the radiation-induced
increase in radiation-resistance observed in HE&Bline is distinct from the adaptive
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response. Concidering that hypericin not show geacty (Diwu and Lown 1994,

Miadokova et al. 2009) and cell killing mechanisfteaPDT is not at the chromosom
level (Halkiotis et al. 1999), therefore resistatcehypericin mediated-PDT involves
other mechanisms then resistance to radiation, ebaample antioxidant adaptive
response. Activation of antioxidant adaptive resgomo ALA-mediated PDT was
demonstrated in lymphocytes (Casas et al. 2002).

c D

S  FR1 _ FRe

Figure 10. Colony-forming assay of HT-29 cells. Cells wereveated 24 h after hypericin

photoactivation. The results are presented as eegeptative photo of three independent
experiments. (C) control cells, (D) hypericin undiark conditions, (S) single light dose 12
J.cn?, fractionated light dose 1+11 J.émith a 1 h (FR1) or 6 h (FR6) dark pause betwéen t

two light doses.

4.5 Duration of a dark pause affects PDT-mediated ROSWel induced by second

light dose

Detection of intracellular levels of ROS revealedorsly after the first
illumination steady remission within first hourtfaugh 6 h after PDT, the ROS level
was found to be raised significantly. Dark condiodid not affect ROS level
significantly when compared to untreated contrag(R1). The second elevation of
ROS level observed 6 h after the first illuminatimight be secondary consequence of
the ROS induced by PDT, a phenomenon known as “tR@%ed)-ROS release”
(RIRR). This fact demonstrated in mitochondria efdiac myocytes resulted from
MPT induction was considered as a general mechaimdependent of the signaling
ROS source (Zorov et al. 2000). The study of oxiametabolism changes after
different light delivery regimes revealed that sémint group (FR6) kept shortly after
PDT, steady ROS level achieved already tightly tefihe lethal dose application,
whereas further delivery regimes (S, FR1) resuliedmarkedly elevated ROS
production (Fig. 12). We have observed that illuation of cells at the time of a basal
ROS concentration (Fig. 11; 1 Jér h) resulted in its significant increasing (FI;
FR1 0.5 h) whereas the upraised ROS level shoetlgrb the second illumination (Fig.
11; 1 J.cnf 6 h) did not rose dramatically after PDT (Fig. ER6 0.5 h). Decreased
ROS production and cytotoxicity after fractionat&DT was observed also by
Oberdanner et al. (2005). They suggested that #mk mhtervals during irradiation
allowed the glutathione reductase to regeneratacestl glutathione (GSH), thereby
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cells were less susceptible to ROS produced by RDMpared with continuous
irradiation. Although we did not analyze glutathrgomvolvement, we predict that it
might play a role in management of ROS level irnscetadiated by second light dose
after 6 h long dark pause. Taking into concideratibat glutathione reductase was
found to recycle GSH within 1 minute of dark intalr¢gOberdanner et al 2005), it could
be difficult to explain increase of ROS 6 h aftebdethal PDT if glutathione reductase
is implicated. Though, later analyses (3 or 24 iveed barely induced levels in all
studied experimental groups (Fig. 12). It followstt pre-sensitization and the timing of
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Figure 11. The effect of a sub-lethal dose 1 JZon ROS production in HT-29 cells. Cells
were harvested and evaluated 0.25, 0.5, 1 andf&hhgpericin photoactivation. The results
are the mean * SD of three independent experingetented as a ratio to untreated control.
Statistical significance is expressed as followsiotpactivated (1 J.cCR) versus not
photoactivated (D) (+) on the significance levelO@d (++); p<0.001 (+++). (D) hypericin
under dark conditions.
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Figure 12. The effect of a single (12 J. &nand fractionated (1 + 11 J.&@nlight delivery on
ROS production in HT-29 cells. Cells were harvested evaluated 0.5, 3 and 24 h after
hypericin-mediated photodynamic treatment. Theultesare the mean + SD of three
independent experiments presented as a ratio tootoStatistical significance is expressed as
follows: experimental groups versus untreated obrtr); fractionated light delivery versus
single light delivery ¢); fractionated light delivery with a 6 h versu$ Hark pauses) on the
significance level p<0.05e{; p<0.01 (++); p<0.001 (+++ oree or mmm) (D) hypericin under
dark conditions, (S) single light dose 12 J%rfractionated light dose 1+11 J.émwith a 1 h
(FR1) or 6 h (FR6) dark pause between the two ligises.
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a second illumination could decrease photocytot@tiect of PDT mediated through
restricted ROS production. According to Huygenalef2005), acutely induced oxygen
depletion rather than a lack of photosensitizedeead tumour cells less sensitive to the
photodynamic action of hypericin. They have repbrtbat failure in hypericin-
mediated PDT with spheroids can only by overcomth Wwyperoxygenation (Huygens
et al 2005). However, sub-lethal light dose is ablte to induce extensive hypoxia,
further 6 h dark pause is sufficient for re-oxyg@ma of treated cells. Therefore, we
assume that restricted ROS production is not duexigen depletion mediated by a
sub-lethal light dose during a dark pause. Losthefintracellular hypericin during a
dark pause could be another factor contributingdoreased PDT effect of protracted
fractionated light delivery.

4.6 Pre-sensitization did not affect physiological elinmation of hypericin,

however light administration regime affects hyperiin elimination after lethal

dose

Another possible explanation of decreased ROS ptaducould be reduction in
intracellular concentration of hypericin during arkl interval. Detection of hypericin
intracellular levels after first sub-lethal lighbse (Fig. 13) proved that there was a
steady decrease, which was found to be signifi€ahtafter PDT. This drop was in
compliance with a physiological elimination of hyje, similar to hypericin-treated
cells under dark conditions (D). Although, extendede of a dark interval reduced
hypericin content, indeed 80% of hypericin contergasured at 1 h dark pause was
available and susceptible to second photoactivatidecreased hypericin content to
90% of the original value during 3 h dark pause vegmrted by Paba et al. (2001) in
human histiocytic lymphoma U937 cells and 20 h-darterval reduced hypericin
content to less than 75% of the hypericin prese@ttain human endometrial carcinoma
HEC1-B cells (Varriale et al. 2002). Resistances¢ézond light dose occurred in all
cases, although hypericin content was relatived &t time of the second illumination.
Therefore in our opinion reduced hypericin conteatld result in decreased ROS
production and thus partially contribute to deceghsphotocytotoxic effect of
fractionated PDT.
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Figure 13. Determination of hypericin intracellular levels T-29 cells within a dark pause
after first sub-lethal dose 1 J.énCells were harvested and evaluated 0.25, 0.8d16eh after
hypericin photoactivation. The results are the rsearSD of three independent experiments
presented as a ratio to control. Statistical sigaifce is expressed as follows: photoactivated (1
J.cm?) or not photoactivated (D) hypericin (0.5, 1 ank)&ersus (0.25 h) (+); (6 h) versus (1 h)
(®) on the significance level p<0.08«); p<0.001 (+++). (D) hypericin under dark conditso
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Though, administration of single lethal light doskecelerated hypericin
elimination by cells significantly when applied tdtut pre-sensitization (Fig. 14; S) on
the other hand, this effect was partially or cortgdieabolished in pre-sensitized groups
drug transport function might increase hypericinteat in HT-29 cells. Hypericin was
also found to increase activity and expressionraf afflux transporters in HT-29 cells
when applied by itself, without light activatiort. it therefore liable that lethal light
dose induced massive destruction and inhibitedefflumps alongs, thus slowed down
rate of hypericin efflux from the cells and proledgretention of hypericin in the cells
in contrary with not photoactivated hypericin. Hyip@ is more photostable than most
sensitizers used in PDT, including mTHPC and Phiotofhe photobleaching seems to
be not oxygen dependent, and singlet oxygen prgbaldys insignificant role
(Uzdensky et al. 2002)These findings together with prolonged retention of
photosensitized hypericin in the treated tissue pragetermine hypericin as a suitable
photosensitizer for a multiple high-dose fractiamatwith short dark intervals between
light fractions. In summary, a drop of intracellulay/pericin content is influenced by a
length of a dark pause and photodynamic light regifaven though, changes of
hypericin content before second light dose appboafFig. 13) may partially contribute
to lower ROS production and thus decreased phaitmyit effect of fractionated PDT.
On the bases of following findings, it seems thiietent molecular events participate
on resistance development in HT-29 catisitro.
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Figure 14. Determination of hypericin intracellular levels HiT-29 cells illuminated with a
single (12 J. cf) and fractionated (1 + 11 J.@nlight delivery. Cells were harvested and
evaluated 0.5, 3 and 24 h after PDT. The resulistiee means + SD of three independent
experiments presented as a ratio to control. 8taissignificance is expressed as follows:
single or fractionated light delivery versus notofmactivated (D) hypericin (+); not
photoactivated hypericin (3 h or 24 h) versus (10).%m) on the significance level p<0.05 (+);
p<0.01 (++); p<0.001 =@m=). (PDT) photodynamic treatment, (D) hypericin undiark
conditions, (S) single light dose 12 J:grfractionated light dose 1+11 J.émwith a 1 h (FR1)

or 6 h (FR6) dark pause between the two light doses

4.7 Sub-lethal photodynamic treatment induced NF«B activity

It is well known that low levels of ROS may functi@s second messengers
activating pathways that protect cells against sgapstimuli (Chandra et al. 2000).
Since NF«xB is often considered to be a ROS-responsive trgtgn factor (Chandra
et al. 2000, Janssen-Heininger et al. 2000) alswstto be implicated in a cancer cell
responses to photodynamic therapy (Legrand-Poeds. 41995), we employed HT-29
cells transfected with a nuclear transcription dac{NF«B) luciferase reporter
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construct in our experiments. Induction of NB-activity after sub-lethal dose of 1
J.cm? was verified in stably transfected HT-29 cellsof® #3 and clone #93) by
luciferase reporter activity executed 0, 0.5, Bn8 6 h after PDT (Fig. 15a, b). Both
tested clones indicated insignificant changes witiist hour, however later on, the NF-
kB activity was identically induced 3 and 6 h afddT in both models. Significantly
increased luciferase activity in a later time afseib-lethal dose indicate that pre-
sensitized cells prepared themselves during a fodgek period by provoking NkB
activity and timing of the second light dose beforeafter NF«B activation could be
crucial for the fate of cancer cell. Since NB-is known as redox-regulated protein
coupled with cell proliferation, transformation, datumour development (Legrand-
Poels et al. 1995), our results indicate that pressized cells activated NEB
transcription activity that resulted in resistanoeependently of us the same finding
has been reported by Chen et al. (2009) who haweonstrated that low level laser
therapy (LLLT) not only enhanced mitochondrial rieafon, but also activated the
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Figure 15. NF«B binding activity (expressed as a relative lu@esr activity) of two HT-29
clones #3 (a) and #93 (b) with pBIIX-LUC constradter treatment with sub-lethal dose 1
J.cm?. Cells were lysed 0, 0.25, 0.5, 1, 3 and 6 h &@T. The results are the mean + SD of
three independent experiments presented as atoatintreated control. Statistical significance
is expressed as follows: sub-lethal light dose ugemsntreated control (+) on the significance
level p<0.01 (++). (C) control cells.
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redox-sensitive transcription factor NdB- by generating ROS as signalling molecules
in embryonic fibroblasts of transgenic MB-luciferase reporter mice. Even significant
activation of NF«kB has been observed for fluencies higher than 008> (Chen et
al. 2009). Although low-dose photodynamic effedifedts from photobiomodulatory
effect of low level laser therapy by the using dbfpsensitizing drug, both approaches
lead to low-level ROS-mediated activation of NB; eventually influencing long-term
cell behaviour such as proliferation and surviviaking into consideration published
reports we have demonstrated for the first timesindes implication of NReB in photo-
resistance to fractionated PDT. Although the bialal effects of low doses were
described mainly in context of radiation- or heaiticed adaptive cell response
(Shadley et al. 1987, Yoshida et al. 1993), we hsh@wvn that even low light doses
make cells less sensitive to second light expodtureas suggested that other stress
stimuli may induce NReB activity through the ROS signalling. For examplduction

of NF«B was shown after low-dose ionizing radiation timalved a reactive oxygen
intermediate signalling pathway (Mohan and Melt®A40 Lower doses of ionizing
radiation, 0.25-2.0 Gy, were capable of inducingregsion of NRe¢B in human
lymphoblastoid cells (Prasad et al. 1994). It fakothat pro-survival pathway initiated
by NF«B seems to be responsible not only for the radiagidaptive response in cells
but also photo-adaptive cells response that rebuite resistance to second light
exposure. Therefore it is liable that any exposireated site to light prior to regular
treatment could affect efficiency of photodynamherapy and targeted inhibition of
NF-xB pathway may prevent resistance to therapy.

4.8 Even sub-lethal light dose increased whole proteiexpression that altered the

timing of a second photodynamic treatment

Expressions of NkB p65, p50 and pl105, Mcl-1xB-a, HSP70, GRP94 and
clusterine (Fig. 16) were detected 1 and 6 h after the §imdt-lethal light dose (SLD; 1
J.cm?) or 24 h after administration of a single letight dose (S, 12 J.cf) and two
unequal doses (1+11 J.&rseparated by 1 or 6 h of a dark pause (FR1 ol).FRgart
from activation of NReB transcription activity our hypothesis concerningplication
of NF«B is also supported by increased levels of proteihese genes are under its
transcription control (increased level of XB-subunits p65, p50 and a precursor form
of p50; p150, ¥B-a and anti-apoptotic Mcl-1 protein detected 6 hrafigb-lethal light
dose). Even though phosphorylation and degradafié«B is an important step for NF-
kB releasing from complex withkB, translocation from cytoplasm to nucleus and
binding to DNA (Jobin et al. 1997, Wang et al. 2008 our experimental model NF-
kB activation has occurred without degradation 8.1 Therefore our results are in
agreement with a study reporting altered regulatibhB-a degradation and activation
of NF-«B activity which can occur independently Bl degradation in human colonic
epithelial cells HT-29 (Jobin et al. 1997, Wan@let2000).

Similarly, induction of heat shock protein HSP70;carrence of GRP94
multimers and elevation of clusterinalready 1 h after hypericin activation confirmed
onset of oxidative stress response in pre-sengditieis. Analysis 24 h after lethal light
doses (S, FR1, FR6) revealed interesting differemcdevels of HSP70 and especially
in GRP94 multimerization and clusterinexpression (Fig. 16). Whereas single lethal
light dose administration (S) and FR1 group demmatestl similar pattern, the
fractionated administration separated by a 6 h daakise showed significantly
abolished clusterin- level as well as suppressed occurrence of HSPA0GRP94
multimers and slightly elevatedB-a together with p50 and p65 subunits of NE-
We have also shown dose dependent increased expre§$SRP94 accompanied with
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a dose dependent formation of high molecular GRRA4imers. Although, homotypic
oligomerization of GPR94 protein as well as formatiof high molecular multimers
were described in a connection with bis-ANS andthshock induced stress
(Wassenberg et al. 2000), we presume that photoggnidnerapy with hypericin may
have a similar effect to GRP94 in a light dose- phdtodynamic protocol-dependent
manner. Our assumption supports also graduallgasad amount of GRP94 multimers
induced by the scale of light doses from 1 to t#3.as well as marked expression of
clusterinee and HSP70 (Fig. 17). These results are in contgrmith MTT assay (Fig.
4) where 4 J.cificould be regarded as threshold light dose thatecanidative stress.
This resulted in decreased metabolic activity andréased production of GRP94
multimers and clusterin- Since GRP94 protein is localized exclusively mad@plasmic
reticulum, it indicates the role of ER in stressp@nse to hypericin-mediated PDT. Our
work describes for the first time multimerisatioh@RP94 in a connection with PDT-
mediated stress response.

Another protein related to ER is clustesinOxidative stress induced by sub-
lethal light dose increased level of ~40 kDa clustsubunit whereas a lethal light dose
(Fig. 16; S, FR1) significantly altered expressadrclusterin towards higher molecular
forms of clusterinx indicating the involvement of clusterin in extaresidefence stress
response, evidently reduced in resistant groupsummary, we have shown altered
expression of proteins in a light dose dependenmn@aand depending on the light
delivery regime of photodynamic protocol.

p65
p105
p50
IKB-( o cmm cu s w— ——
multimers
GRP94 — 200 kDa
. - . — 100 kDa
| — 70kDa
. — 55kDa
clusterin-a __ 40 kDa

W - —
B-actin e e - c» - - o>

Cc D SLD SLD S FR1 FR6

Figure 16. Western blot analysis of Mcl-1, NéB p65, p50 and p105«xB-a, HSP70, GRP94,
clusterine. andp-actin proteins 1 or 6 h after hypericin photoaation with a sub-lethal dose (1
J.cm? or 24 h after single (12 J. cm-2) and fractiodaté + 11 J.cm-2) light deliveries
application. The results are presented as a rapedse photo of three independent
experiments. (C) control cells, (D) hypericin undeark conditions, (SLD) sub-lethal light dose
1 J.cn? (S) single light delivery 12 J.cfnfractionated light delivery 1+11 J.énwith a 1 h
(FR1) or 6 h (FR6) dark pause between the two ligises.
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Figure 17. Western blot analysis of GRP94, HSP70, clusteramdf-actin proteins 24 h after
hypericin photoactivation with 1, 2, 4, 8 or 12nd%T The results are presented as a
representative photo of three independent expetsn€@) control cells, (D) hypericin under
dark conditions.

The inhibition of HSP90 protein family as well as member GRP94 did not
confirme any important role in the resistance &xfionated light delivery with 6 h-dark
pause between the two unequal light doses evenglthdugher concentration of
geldanamycin was applied (Fig. 18). The result§Vestern blot analysis (Fig. 16) and
of HSP90 inhibition complement one another. Sirhjlaas in the case of dark
conditions, geldanamycin demonstrated the sametefie resistant group (FR6) (Fig.
18). However, the implication of HSP90 proteins rfested both single (S) and
fractionated light delivery regime with a 1 h dark pause (FR1jew higher
concentration of geldanamycin was applied. It feBathat although HSP90 proteins as

1401 B0 BFR1
120- @s FR6

MTT assay [%]

H G10 nM G100 nM  H/G10nM  H/G100 nM

Hypericin / inhibitor concentration

Figure 18. The effect of GRP94 and HSP90 proteins inhibitlgrgeldanamycin on survival of
HT-29 cells 24 h after hypericin mediated photodyitatreatment with a single (12 J. érand
fractionated (1 + 11 J.ch light deliveries. The results are the mean + $Ehree independent
experiments presented as percentage of untreatélctatistical significance is expressed as
follows: monotherapies versus untreated contrgl ¢@nbination therapy versus monotherapy
with geldanamycin (*); combination therapy versusnmtherapy with hypericino) on the
significance level p<0.05 (+ or * ar); p<0.01 (++ or **); p<0.001 (+++ or *** opoo). (H)
hypericin, (G) geldanamycin, (C) control cells, (B)pericin under dark conditions, (S) single
light dose 12 J.cih fractionated light dose 1+11 J.érwith a 1 h (FR1) or 6 h (FR6) dark
pause between the two light doses.
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well as GRP94 assist to overcome overscaled stesditions and the absence of
HSP90 or GRP94 functions intensified cell damagesd’t play role in resistance to
fractionated PDT.

4.9 Inhibition of p38 MAPK did not enhanced effect of typericin-mediated PDT

Inhibition of p38 mitogen-activated protein kinag®4APK) slightly decreased
survival of cells irradiated with single or fraatimted light deliveries, however not
significantly in comparison with monotherapies witiipericin (Fig. 19). We noticed
that changes in cell survival of inhibited cellsrevenanifested by cytotoxic effect of
hypericin itself. Inhibition of p38 MAPK did not abshed resistance of pre-sensitized
cells to the second lethal light dose and p38 MARHbition remained the same trend
of hypericin-mediated photocytotoxic effect for Bfjht delivery regimes. Contrary to
our results Chan et al. (2009) have reported erdthoell death induced with hypericin-
mediated PDT by the chemical inhibition of p38 MA®k HK-1 nasopharyngeal
carcinoma (NPC) cells. It was also shown that PBfivated p38 MAPKSs through the
production of singlet oxygen (Chan et al. 2009hedtauthors reported that hypericin-
mediated PDT of cancer cells also promoted a swesfaactivation of the p38 MAPK
cascade, which resulted in the stabilization ofdjxgooxygenase-2 (COX-2) transcript
and in a rapid increase in COX-2 protein expressorls (Hendrickx et al. 2003). In
spite of the evidences about p38 MAPK activatiothvi®DT, inhibition of p38 MAPK
did not enhanced hypericin-mediated photodynanfiecein our experimental model.
On the other side, since pretreatment of HT-29scelith rofecoxib and SC-560,
selective inhibitors of COX-2 and COX-1, attenuatieel impact of hypericin-mediated
PDT in a time-dependent manner (Kleban et al. 2@0&)uld indicate that p38 MAPK
— COX-2 is not crucial survival pathway for HT-28lls.
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Figure 19. The effect of p38 MAPK inhibitor SB202190 on swali of HT-29 cells 24 h after
hypericin mediated photodynamic treatment withreglsi (12 J.crd) or fractionated (1 + 11
J.cm? light deliveries. The results are the mean + SDthwee independent experiments
presented as percentage of untreated control.stitati significance is expressed as follows:
monotherapy versus untreated control (+); combirlleerapy versus monotherapy with
SB202190 (*); on the significance level p<0.05 (p%0.01 (**); p<0.001 (+++ or ***). (H)
hypericin, (SB) p38 MAPK inhibitor SB202190, (C)rntmol cells, (D) hypericin under dark
conditions, (S) single light dose 12 J:gnfractionated light dose 1+11 J.émwith a 1 h (FR1)
or 6 h (FR6) dark pause between the two light doses
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5 CONCLUSIONS

Our research focused on the study of differentcedfef single and fractionated light
delivery regimes in photodynamic therapy with hygeron HT-29 adenocarcinoma
cellsin vitro revealed following findings:

- two-fold illumination scheme with equal or unequight doses doesn’'t enhance
cytotoxic effect of photodynamic therapy with hyijgér in HT-29 adenocarcinoma
cells

- hypericn-mediated photocytotoxic effect on HT-29llscas reduced by light
fractionation with a longer dark pause between tiwequal light doses and is light
dose- and photodynamic protocol-dependent

- a sub-lethal light dose alters ROS levels, protexpression and makes cells
resistant to the effect of second illumination degieg on its timing

- duration of a dark pause significantly decreasgsetigin content that may result in
decreased ROS production after second illuminadiwh thus partially contribute to
decreased cytotoxic effect of fractionated PDT

- possible implication of NRkeB in photo-resistance of HT-29 adenocarcinoma cells
to fractionated delivery with a longer dark pauséa®en two unequal light doses

- the role of p38 MAPK in resistance to fractionate®T with hypericin is
insignificant in our experimental model

- since any exposure of cancer cells to light priopttoper therapy could make them
less sensitive to photodynamic treatment with higpgrthis finding could be useful
in practice and together with targeted inhibitidnN#--xB pathway could prevent
resistance to photodynamic therapy

- although two-fold light fractionation with hypenrtiis not suitable therapeutic
approach we assume that a high photo-stabilitypealbnged retention of hypericin
in the light-treated cells may indicate its suct@sspplication in a high-dose multi-
fraction PDT with dark intervals reduced bellow 1 h
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ABSTRACT

The present study demonstrates the in vitro effect of hypericin-
mediated PDT with fractionated light delivery. Cells were
photosensitized with unequal light fractions separated by dark
intervals (1 or 6 h). We compared the changes in viability, cell
number, survival, apoptosis and cell cycle on HT-29 cells
irradiated with a single light dose (12 J/cmz) to the fractionated
light delivery (1 + 11 J/cm?) 24 and 48 h after photodynamic
treatment. We found that a fractionated light regime with
a longer dark period resulted in a decrease of hypericin
cytotoxicity. Both cell number and survival were higher after
light sensitization with a 6-h dark interval. DNA fragmentation
occurred after a single light-dose application, but in contrast
no apoptotic DNA formation was detected with a 6-h dark
pause. After fractionation the percentage of cells in the G1
phase of the cell cycle was increased, while the proportion of
cells in the G2 phase decreased as compared to a single light-
dose application, i.e. both percentage of cells in the G1 and G2
phase of the cell cycle were near control levels. We presume
that the longer dark interval after the irradiation of cells by
first light dose makes them resistant to the effect of the second
illumination. These findings confirm that the light application
scheme together with other photodynamic protocol compo-
nents is crucial for the photocytotoxicity of hypericin.

INTRODUCTION

Photodynamic therapy (PDT) is a cancer treatment mode based on
the light activation of a photosensitizer preferentially localized in
tumor tissue with subsequent reactive oxygen species production
that causes photochemically induced cell death. The antitumoral
effect of PDT depends on the photodynamic protocol used.
Responses to photodynamic treatment depend on the photosensi-
tizer used, the illumination conditions, the oxygenation status of
the tissue and the type of cells involved (1).
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TBE, Tris-Borat-EDTA.
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Recently, modifications in light illumination scheme have been
introduced on the standard photodynamic protocol (single-dose
photosensitizer, single-dose light) to maximize the therapeutic
effect of PDT, for example by reducing the fluence rate to improve
oxygenation (2—4) or by fractionated drug administration (5-7).

Light fractionation is a relatively new approach to light delivery
in which the photosensitizer is exposed to light disrupted at
a particular point for a period of darkness to increase the efficacy of
photodynamic therapy in tumor destruction (8—10). A number of
animal studies have demonstrated that the response to PDT after
systemic ALA administration can be improved by the use of light
fractionation with either a short-term (2, 3, 9) or a long-term
interval (11). Enhanced photodynamic effects on tumor cell killing
using fractionated laser light have been described (12). A
fractionated illumination scheme in which a cumulative fluence
of 100 J/em?> was delivered in two equal light fractions separated
by a dark interval of 2 h considerably increased the efficacy of
5-aminolevulinic acid (ALA)-PDT (13). It has been hypothesized
that splitting the light dose into fractions by interrupting
illumination for a certain time allows the treatment site to be
reoxygenated, which results in increased generation of singlet
oxygen and thus a greater PDT effect (14—16). In contrast, less or
no effect was achieved by dividing the illumination in photody-
namic therapy with mTHPC on a normal colon and a transplantable
tumor in rats (17). Babilas et al. (18) found fractionated PDT with
ALA to be unsuccessful in clinical PDT.

Photoactivation of hypericin with low doses of light-induced
apparent photoresistance in human histiocytic lymphoma U937
cells (19). Low-energy pre-sensitization caused enhanced photo-
tolerance of hypericin-loaded HEC1-B cells (20). Photodynamic
treatment with fractionated light led to decreased production of
reactive oxygen species and cytotoxicity in vitro via regeneration
of glutathione (21).

In the present study, we demonstrate the in vitro effect of
hypericin-mediated photodynamic therapy (PDT) with fractionated
light delivery. We compared the effects of hypericin treatment on
tumor cell viability, cell number, survival, apoptosis and cell cycle
in a HT-29 cell line irradiated with a single light dose (12 J/cm?)
with its effects after fractionated light delivery (1 + 11 J/em?® with 1
or 6-h dark interval).

MATERIALS AND METHODS

Cell culture. A human colon adenocarcinoma cell line HT-29 (ATCC,
Rockville, MD) was cultured in RPMI-1640 medium supplemented with
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Table 1. Cytotoxicity of hypericin after various light-irradiation schemes

Cytotoxicity (MTT assay

Light dose (J/cm) Dark pause (h) evaluated 24 h after PDT)

3+3vs6 1 NS*
6 NS
6+ 6vs 12 1 NS
6 NS
1+ 11vs12 1 NS
6 P < 0.001
1 vs O (control) 1 NS**
6 NS***

* NS—mnot significantly.
#% 1 h after PDT.
##% 6 h after PDT.

10% fetal calf serum (FCS) and antibiotics (penicillin 100 U/mL,
streptomycin 100 pg/mL and amphotericin 25 pg/mL; Invitrogen Co.,
Carlsbad, CA). For determination of survival, 2 X 10* cells/well were
seeded into 96 wells, and for evaluation of hypericin content, tumor cell
viability, cell number, apoptosis and cell cycle, 6 X 10° cells/well were
seeded into 6 well microplates. Cells were maintained at 37°C in
a humidified 5% CO, atmosphere and protected from light constantly after
hypericin treatment.

Hypericin treatment. Cells were incubated 16 h with different
concentrations (2 X 10 M, 4 X 107® M, 6 X 10™® M) of HPLC-grade
hypericin (AppliChem, Darmstadt, Germany) in dark conditions, following
irradiation with a single light dose (12 J/cm?) or fractionated light doses
1+ 11 J/cmz). The dark intervals between the two light fraction deli-
veries were 1 or 6 h. The control group received a medium with serum
without hypericin. Before light application, the medium was replaced
with fresh medium with 10% FCS.

Cell photosensitization. The cells were irradiated in hypericin-free
medium by placing the microplates on a plastic diffuser sheet above a set of
nine L18W/30 lamps (Osram, Berlin, Germany) with maximum emission
between 530 and 620 nm (the absorption peak of hypericin is 595 nm). At
the surface of the diffuser, the uniform fluence rate was 4.4 mW/cmz.s and
the temperature did not exceed 37°C. Light dose (12 J/em?, 11 J/em® and
1 J/em?) was calculated by multiplying the fluence rate by the time.

Quantification of cell viability and cell number. At defined incubation
times after hypericin photoactivation (24 and 48 h) eosin vital dye (0.15%)
exclusion assay was used to determine both cell viability and cell number
(microscopically). The viability was expressed as the percentage of live
cells out of the total number of cells. Cell number was assessed by counting
live cells in a Biirker chamber.

MTT assay. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tetrazolium
bromide (Sigma Chemicals Co., St. Louis, MO) assay was performed to
evaluate the survival of cultured cells as previously reported (22). The
amount of dye extracted was quantified by absorbance measurements at
584 nm (FLUOstar Optima, BMG Labtechnologies GmbH, Offenburg,
Germany) and expressed as a percentage of the dye extracted from
untreated control cells ([OD value of treated cells/mean OD value of control
cells] X 100%).

DNA fragmentation analysis. For DNA preparation 10°~107 cells were
harvested, pelleted and incubated with cold lysis buffer (10 mM TRIS pH
7.5; 1 mM EDTA pH 8; 0.2% Triton X-100) for 30 min on ice. Then,
RNase A (10 mg/mL) and proteinase K (25 mg/mL, Amresco Inc., Solon,
OH) were added and incubated for 30 min at 37°C. The DNA was
precipitated with isopropanol and 5 M NaCl at —20°C overnight,
centrifuged and resuspended in TE buffer (10 mM TRIS pH 7.5; 1 mM
EDTA pH 8). DNA was analyzed by electrophoresis on 1% TBE agarose
gel stained with ethidium bromide (25 pg) and visualized by UV light.

Morphological analysis by fluorescent microscopy. Adherent and
floating cells were stained together by dual Hoechst 33342/propidium
iodide viable staining. Native slides were evaluated by fluorescent
microscope (Nikon, Eclipse 400, Japan) as a percentage of apoptotic cells
from total number of minimum 300 cells.

Cell cycle analysis. For the DNA content determination, cells were
harvested, washed with phosphate-buffered saline (PBS) and fixed with
70% ice cold ethanol at —20°C. Fixed cells were centrifuged, washed

with PBS and stained with staining solution (5 mg/mL propidium
iodide, 10 mg/mL RNase A and 10% Triton X-100 in PBS). Then
samples were kept in dark conditions for 30 min and measured on a flow
cytometer (FACS Calibur, Becton Dickinson, San Diego, CA). For each
sample, 15000 cells were evaluated and the sample flow rate during
analysis did not exceed 200-300 cells per s. The data obtained were
analyzed using the Cell Quest Pro software. Cells characterized by
a smaller fluorescence than the G1 peak were considered as apoptotic
cells (sub-G1 population).

Hypericin fluorescence. Cell extracts were prepared as described
previously (1). Intracellular hypericin content was quantified by measuring
fluorescence emission in FLUOstar Optima before the second irradiation
and expressed as percentage of the fluorescence at time O (before
irradiation) (Fig. 6).

Statistical analysis. Data were processed by GraphPadPrism (GraphPad
Software Inc., San Diego, CA) and statistically analyzed using one-way
ANOVA followed by Tukey’s multiple comparison test.

RESULTS

Our preliminary studies together with the results presented here
(Table 1) showed the different cytotoxic effect (MTT assay) of
photodynamic treatment using the various light irradiation schemes
and the importance of dark interval duration within a light
fractionation scheme on the photocytotoxicity of hypericin. Based
on this screening, in later experiments, we compared the effects of
hypericin treatment on tumor cell viability, cell number, survival,
apoptosis and cell cycle in a HT-29 cell line irradiated with a single
light dose (12 J/em?®) with its effects after fractionated light
delivery (1 4 11 J/ecm? ) separated by dark intervals 1 or 6 h.

Cell viability and cell number

Single light delivery (12 Jlcm®) vs control. The activation of
hypericin (6 X 10°® M) by a single light dose caused a non-
significant decrease of cell viability (about 12%) compared with
the untreated control. Treatments with lower drug concentrations
resulted in cell viability similar to control (difference of 3%, data
not shown). In contrast, cell number was reduced to 60% of control
value after treatment with 4 X 10~ M hypericin and to 40% of
control value after 6 X 10~® M hypericin treatment (Fig. 1a,b).

Fractionated light delivery (1 + 11 Jlcm?) vs control. Only
minimal nonsignificant decrease of cell viability was observed after
treatment with 6 X 107 M hypericin when fractionated light
delivery with 1 or 6-h dark interval between light fractions was
applied, compared with that of control cells (data not shown). The
number of cells treated with 4 X 107® M or 6 X 10 M hypericin
was reduced from 60% to 35% (at 48 h post-treatment) of the
control group when the light regime of 1 + 11 J/cm? illumination
was separated by a 1 h dark period. A dark period of 6 h in the
fractionated illumination scheme reduced cell number not
significantly (Fig. 1a,b).

Fractionated light delivery (1 +11 Jicm?) vs single light delivery
(12 Jiem?). The cell viability slightly decreased when a fractionated
light regime with a 1 h break between the 2 doses was used,
whereas a slight increase was found with a 6-h break (data not
shown). A 1-h dark pause between fractionated light deliveries
induced the same effect as from single irradiation (decline to 30—
40% of control). However, hypericin (6 X 107 M) activation with
2 light fractions separated by a dark interval of 6 h caused only
slight decline of cell number (90% of control), i.e. by 50% more
than after a single light dose after 24 h (Fig. 1a,b).
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Figure 1. HT-29 cell numbers 24 h (a) and 48 h (b) after hypericin-
mediated photodynamic treatment with both single light-dose and
fractionated irradiation scheme. Results are expressed as relative cell
numbers related to control groups. The results are the means = SEM of
three independent experiments. Single light delivery vs control (°),
fractionated light delivery vs control (") and fractionated light delivery vs
single light delivery (*) were statistically compared (" or °P < 0.05, *° or
P < 0.01, 77" or °°P < 0.001). (C) control, (S) single light dose,
(F) fractionated light dose.

MTT assay

Single light delivery (12 Jicm®) vs control. Treatment of HT-29
cells with all of the tested hypericin concentrations reduced
survival to 85-55% of control cells (Fig. 2a,b).

Fractionated light delivery (1 +11 J/cm®) vs control. Survival of
cells irradiated with a second light dose after a pause of 1 h
decreased about 15-45% in comparison with control cells. In
contrast, hypericin photosensitization by 2 unequal light fractions
interrupted with 6-h dark period resulted in only slight decline in
cell survival after 24 h (Fig. 2a,b).

Fractionated light delivery (1 +11 Jicm?) vs single light delivery
(12 Jien?). Cell survival was about 15-25% higher in group
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Figure 2. Survival of HT-29 cells 24 h (a) and 48 h (b) after hypericin-
mediated photodynamic treatment with both single light dose and
fractionated irradiation scheme. The results are the means * SEM of
four independent experiments. Single light delivery vs control (°),
fractionated light delivery vs control (*) and fractionated light delivery vs
single light delivery (*) were statistically compared (" or ° or *P < 0.05,
HHor °° or *¥¥#P < (0.001). (C) control, (S) single light dose, (F) frac-
tionated light dose.

hypericin-treated cells irradiated with the 1+ 11 J/em? regime with
a 6-h dark pause compared with cells for which single irradiation
was used for hypericin activation. Survival of cells irradiated with
a second light dose after a pause of 1 h was found to be similar to
the effect of a single light dose, where a 15-45% drop in
comparison with control cells was observed (Fig. 2a,b).

Determination of apoptosis

Fractionated light delivery (I + 11 Jicm®) vs single light delivery
(12 Jicm?). Both single-dose photosensitization and fractionated
photosensitization with a 1-h dark pause between 2 light doses
induced apoptotic DNA fragmentation in all hypericin-loaded cells
(6 X 107 M). No apoptotic DNA fragment formation was found in
cells after fractionated light delivery with the longer 6-h dark
interval between the 2 light doses (Fig. 3a). The same apoptotic
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Figure 3. Determination of apoptosis in HT-29 cells 24 h after hypericin-
mediated photodynamic treatment with both single light dose and
fractionated irradiation scheme. (a) 1—control, 2—single light dose, 3—
6 X 10" *M/F/1h, 4—6 X 10"*M/F/6h, 5—1 kb DNA ladder (Amresco Inc.,
Solon, OH). (b) The results are the means = SEM of four independent
experiments. Single light delivery vs control (°), fractionated light delivery
vs control () and fractionated light delivery vs single light delivery (¥)
were statistically compared (" or ° or **P < 0.01, 7" or °° or #¥#¥P <
0.001). (C) control, (S) single light dose, (F) fractionated light dose.

effect was confirmed by 2 other methods: morphological analysis
and sub-G1 evaluation of the nuclear fragmentation (Fig. 3b).

Cell cycle analysis

Single light delivery (12 Jicm?) vs control. Changes in G1 phase of
the cell cycle were not significant at 24 h post-treatment (data not
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Figure 4. Proportion of HT-29 cells in the G2 phase 24 h (a) and 48 h (b)
after hypericin-mediated photodynamic treatment with both single light-
dose and fractionated irradiation scheme. The results are the means = SEM
of two independent experiments. Single light delivery vs control (°),
fractionated light delivery vs control (") and fractionated light delivery vs
single light delivery (*) were statistically compared (* or *P < 0.05, ™ or
°°P < 0.01, °*° or *#*#P < 0.001). (C) control, (S) single light dose,
(F) fractionated light dose.

shown). The percentage of cells in the G2 phase of the cell cycle
significantly increased when cells were incubated with 6 X 1078 M
hypericin. Simultaneously, the percentage of cells in the G1 phase
loaded with the same drug dose decreased (Figs. 4a,b and 5).

Fractionated light delivery (1 +11 Jlcm?) vs control. Changes in
cell cycle after light fractionation with a 1-h dark period before the
second light dose were found to be different compared with control
cells when the proportion of cells in the G2 phase increased and
that of G1 phase cells decreased. In contrast, a 6-h dark pause
between fractionated light deliveries resulted in no changes (Figs.
4a,b and 5).

Fractionated light delivery (1 +11 Jiem?®) vs single light delivery
(12 Jicn®). The effect of a 1-h break between light deliveries was
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Figure 5. Proportion of HT-29 cells in the G1 phase 48 h after hypericin-
mediated photodynamic treatment with both single light-dose and
fractionated irradiation scheme. The results are the means = SEM of two
independent experiments. Single light delivery vs control (°), fractionated
light delivery vs control (") and fractionated light delivery vs single light
delivery (*) were statistically compared (" or ® or **P < 0.01). (C)
control, (S) single light dose, (F) fractionated light dose.

almost the same as the single light-dose effect. Irradiation of
hypericin-treated cells by 1 + 11 J/em® with a 6-h dark pause
induced a significant decrease in the percentage of G2 phase cells
(to the control level) and a rise in the percentage of G1 phase cells
compared with cells treated with hypericin photoactivated by
single irradiation (to the control level) (Figs. 4a,b and 5).

Measurement of intracellular hypericin content confirmed that
the fluorescence of hypericin remains unchanged before the second
light-dose delivery (Fig. 6), therefore, reduced photocytotoxicity
following fractionated irradiation with 6-h dark pause is not a result
of photobleaching of hypericin.

DISCUSSION

Using fractionated light exposure to activate a photosensitive drug
is a relatively new mode of light application as part of
photodynamic treatment. So far there are several works reporting
on comparison of single light doses with fractionated light regimes
in vivo, producing contradictory results (9, 13, 17-18). It has been
shown that the level of tissue oxygen at the treatment site is
affected differently when the light dose is fractionated compared
with the effect when a single light dose is employed (23). It is
probable that the enhanced photodynamic effect of light fraction-
ation is associated with reoxygenation of the treatment site during
the dark period between the two light fractions, and that it is also
dependent on the timing of the dark interval (3, 15-17).
Enhancement of PDT by fractionation could be achieved by less
rapid oxygen consumption. At lower fluence rates, the oxygen
consumption rate is not fast enough to be improved by
fractionation (17). It is difficult to compare individual studies be-
cause the animal model used, the photosensitive drug doses and the
illumination methods are all different.

The in vivo and in vitro effects of light fractionation are
completely incomparable. In contrast to in vivo studies, in which
enhanced or no effect of fractionated irradiation was shown, the so
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Figure 6. Fluorescence of hypericin before 1 J/em® and 11 J/cm?
irradiation. The results are the means * SEM of two independent
experiments expressed as percentages of fluorescence at time 0. (0) before
irradiation and delivery of the first light dose. (6) 6 h after irradiation and
before delivery of the second light dose.

far known in vitro works report either on photoresistance/photo-
tolerance (19, 20) or on decreased production of reactive oxygen
species and cytotoxicity via regeneration of glutathione (21).

Our preliminary studies together with the results presented here
(Table 1) show the different cytotoxic effects of photodynamic
treatment using the various light irradiation schemes and the
importance of dark-interval duration within a light fractionation
scheme as part of photodynamic treatment for its outcome related
to the cytotoxic effect of hypericin on an HT-29 cell line.
Comparison of the effects of hypericin treatment on tumor cell
viability, cell number, cell survival, apoptosis and cell cycle after
a single light-dose application (12 J/cm?) with those after
fractionated light delivery (1 + 11 J/cm?®) revealed a marked
difference in all studied cellular parameters (except for viability)
when the irradiation was interrupted with a longer dark period of
6 h. While fractionation with a shorter dark period induced the
same cytotoxic effect on tumor cells as single-dose application, the
effect of hypericin activated with light fractions separated by a dark
interval of 6 h was reversed. Increased cell number and rise in
metabolic activity along with an increased proportion of cells in the
G1 phase of cell cycle together indicate maintained proliferation
and mitochondrial function. On the other hand, the percentage of
cells in the G2 phase of cell cycle decreased and no apoptotic
fragmentation occurred, which is in contrast to the effects of both
single-dose and fractionated light regimes. This means that the
behavior of cells was similar to that of the control. The only
significant change was observed in the survival of cells receiving
6 X 10~ M hypericin evaluated 48 h after light sensitization, which
decreased compared to that of the control. Because the fluorescence
of hypericin remains unchanged before the second light-dose
delivery (Fig. 6), reduced photocytotoxicity following fractionated
irradiation is not a result of photobleaching or sensitizer loss from
cells after the first light fraction. Our results indicate that irradiation
of cells with the first light dose followed by a subsequent dark
period of 6 h makes cells to resistant to the cytotoxic effect of
second light dose (11 J). These findings relating to decreased
cytotoxicity are in agreement with the results of the in vitro studies
mentioned above, but the fact that different cell lines as well as



1416 Veronika Sackova et al.

photodynamic protocols were used makes further comparison of
results impossible.

Mechanisms that make cells resistant to treatment when
hypericin is activated by two unequal light doses with a longer
dark pause between them are the subject of our next investigation.
For this time, the most probable hypothesis is that when the first
light dose is sufficiently low not to induce nonreversible changes in
cells, and it is followed by a longer dark period before the next
light dose cells become resistant to the possible cytotoxicity of
hypericin after the second light-dose application.
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ABSTRACT

This study follows up an earlier one in which hypericin-mediated photocytotoxic
effects on HT-29 adenocarcinoma cells by light fractionation with a longer dark pause
between two unequal light doses were described [Sackova, A. (2005) Photochem Photobiol,
81, 1411-1416]. In the present study we investigated the impact of sub-lethal light dose (1
J.cm™) and length of a following dark pause (1 or 6 h) on development of resistance to the
effect of the second illumination (11 J .cm'z). The use of HT-29 cells transfected with a
nuclear transcription factor (NF-xB) luciferase reporter construct revealed significantly
increased activity of NF-xB during a longer dark pause after 1J .cm™ as well as (ROS-
induced)-ROS release, decrease in hypericin content and elevated levels of NF-kB, IkB-a and
Mcl-1 proteins. We demonstrated that a fractionated light regime (1+11 J .cm™) with a 6 h but
not 1 h dark period resulted in an increase in cell proliferation activity, decrease in ROS
production, hypericin content, cell membrane permeability, phosphatidilserine externalization
and altered expression of HSP70, GRP94, clusterin, NF-xB, IkB-a, Mcl-1. We assume that
activation of the NF-xB pathway suggests its involvement in development of photoresistance

to hypericin-mediated fractionated photodynamic therapy in HT-29 cells in vitro.
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2
; INTRODUCTION
5
6
7
8 The cytotoxic effect of photodynamic therapy (PDT) is mediated by highly toxic reactive
9
1? oxygen species (ROS) formed in tissue treated with a photosensitizing drug activated with
12
13 light of appropriate wavelength in the presence of oxygen. The efficacy of PDT and
14
12 subsequent mode of cell death is affected by many factors such as cell type, type of
1; photosensitizer and its intracellular localization, light dose and its fluency rate, drug to light
19
20 interval and photodynamic protocol (1-6).
21
gg Hypericin, a natural substance displaying potential as a photosensitizer for PDT, is a
24 . . . .
o5 secondary metabolite present in Hypericum perforatum L. (St John’s wort) (7). It is devoid of
26
27 toxicity in the dark (8, 9) and genotoxic effects in vitro or in vivo (10, 11). However exhibits
28
ég potent photosensitizing properties with a high singlet oxygen quantum yield (12, 13).
31
32 Efforts to improve the therapeutic effect of PDT have led to alternative approaches
33
34 based on fractionationated dosing of photosensitizer (14-16) or multiple light illuminations
35
g’g separated with dark pauses (5, 17-29), enabling re-oxygenation in treated tissue (20, 30). In
38
39 the last decade, application of light fractionation in PDT has gained increased attention from
40
2; researchers and has led to the comparison of continuous and fractionated light regimes (5, 17,
32 19, 23, 29). Indeed, improved efficiency of fractionated light delivery has been demonstrated
45
46 in various models in vivo (17, 19, 23, 26, 29, 30). However, the outcome of fractionated light
47
28 regimes is still limited by some parameters such as distribution of photosensitizers in tissue
50 . . .
51 (21), dark intervals between light doses (5, 22, 23, 27, 31) or oxygen depletion (24). In
52
53 general, maintaining the tumor tissue oxygen level is crucial for PDT efficacy, and low
54
gg fluency rate has also been found to improve the therapeutic outcome (2, 32, 33). Treatments
57
58 such as fractionated PDT do not therefore necessarily avoid all problems. For example
59

60 fractionated illumination did not enhance the efficacy of PDT using methyl 5-



O©OONOOOPRWN =

Photochemistry and Photobiology Page 4 of 36

4

aminolevulinate, but it did in the case of ALA application (21). Similarly, photo-activation of
hypericin with a low light dose promoted apparent photo-resistance in U937 cells (25), just
low-energy pre-sensitization of hypericin-loaded HEC1-B cells enhanced photo-tolerance
(28). Increased expression of heat shock proteins (HSPs) is considered to be the basis of
photo-resistance (25, 28).

Previously, we have reported hypericin-mediated photocytotoxic effects on HT-29
adenocarcinoma cells reduced by light fractionation with a longer dark pause between two
unequal light doses (5). We have proceeded to investigate the relationship between dark
interval and PDT response. Further study of mechanisms behind this resistance invoked by
pre-sensitization with a sub-lethal light dose PDT is presented here. ROS at low levels may
function as second messengers activating pathways that protect cells against apoptotic stimuli
(34). Protein complex often considered to be a ROS-responsive transcription factor is NF-«xB
(34, 35) also shown to be implicated in cancer cell responses to photodynamic therapy (36).
Analyses of ROS production, hypericin content, activity of nuclear transcription factor-xB
(NF-kB), expression of selected proteins (HSP70, GRP94, clusterin, NF-xB, IkB-a, Mcl-1),
changes in cell membrane permeability and externalization of phosphatidilserine have been
done with aim of approaching the mechanisms behind the PDT-induced resistance. We
outline the possible implication of NF-xB and describe other possible factors negatively

affecting the photocytotoxic effect of fractionated light delivery with a longer dark pause.

MATERIALS AND METHODS

Cell culture. Human adenocarcinoma cell line HT-29 was purchased from American Tissue
Culture Collection (ATCC, Rockville, MD). Cells were cultured in RPMI-1640 medium

(Gibco, Grand Island, NY) supplemented with 10% heat-inactivated fetal calf serum (FCS;
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PAA Laboratories GmbH, Linz, Austria) and antibiotics (penicillin 100 U/ml, streptomycin

100 pg/ml and amphotericin 25 pg/ml; Invitrogen Corp., Carlsbad, CA). Cells were

O©CONOOOAPRWN =

maintained at 37 °C in a humidified 5% CO, atmosphere and constantly kept under dark

conditions.

15 Experimental design. HT-29 cells (2 x10*/cm?) were seeded and cultivated 24 h in a complete
medium with 10% FCS. Hypericin ((4,5,7,4°,5°,7 -hexahydroxy-2,2"-

20 dimethylnaphtodiantron), HPLC grade; AppliChem GmbH, Darmstadt, Germany) of final

22 concentration 60 nM was added and then incubated 16 h with cells in dark conditions. Prior to
o5 light application, the medium was replaced with a fresh one, free of hypericin (see Scheme

27 1A). The hypericin was photoactivated with a sub-lethal or lethal single light dose (1 or 12

J .cm'z) or fractionated light doses (1 + 11J .cm'z) with a dark interval 1 or 6 h. The cells

32 photoactivated with a sub-lethal light dose were analyzed 1 or 6 h after PDT. The effects of
34 single or fractionated light regime deliveries were analyzed up to 24 h after PDT (see Scheme
1B). (SLD) sub-lethal light dose 1J cm?(S) single light dose 12 J .cm’?, fractionated light

39 dose 1+11 J.cm™? witha 1 h (FR1) or 6 h (FR6) dark pause between the two light doses.

44 <Scheme 1>

48 Hypericin activation. The cells were irradiated in hypericin-free medium by placing

51 cultivation dishes (TPP, Trasadingen, Switzerland) on a plastic diffuser sheet above a set of
53 eleven L18W/30 lamps (Osram, Berlin, Germany) with maximum emission between 530 and
620 nm (the absorption peak of hypericin is ~ 600 nm). Uniform fluency rate at the surface of
58 the diffuser was 3.15 mW.cm™ and the temperature did not exceed 37°C. Light dose was

60 calculated as multiplication of fluency rate by time.
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Colony forming assay. Cells were treated according to the standard protocol (Scheme 1), then
harvested 24 h after single or fractionated light delivery and counted microscopically using

a Biirker chamber. Equal cell numbers (500 cells per 60 mm Petri dish (TPP)) were seeded
and cultivated under standard conditions for 7 days. Colonies were stained using coloured

solution (40 mg methyl blue diluted in 50 ml 78% ethanol).

Detection of phosphatidilserine externalization and cell membrane permeability. For
phosphatidylserine externalization and cell viability analysis an annexin V-FITC and
propidium iodide (PI) double-staining kit (Bender MedSystems, Vienna, Austria) was used
according to the manufacturer’s instructions. The cells were treated according to the standard
protocol (Scheme 1), then adherent and floating cells were harvested together 0.5, 3 and 24 h
after PDT and stained with annexin V-FITC in binding buffer for 10 min, washed, stained
with PI for 5 min and analyzed using the FACSCalibur flow cytometer. Results were
analyzed with CellQuest Pro software. The cell populations were differentiated as living
(annexin V7/PI), apoptotic (annexin V*/PI"), secondary necrotic (annexin V'/PI") or necrotic
(annexin V7/PI") cells. The results are presented as means = SD of three independent

experiments.

Production of ROS. The cells were treated according to the standard protocol (Scheme 1),
then harvested 0.25, 0.5, 1, 6 h after a sub-lethal light dose or 0.5, 3, 24 h after single or
fractionated light delivery, washed twice in phosphate-balanced salt solution (PBS), and
resuspended in Hank's balanced salt solution (HBSS). Dihydrorhodamine-123 (DHR-123,
Fluka, Buchs, Switzerland) was added at a final concentration of 0.2 uM, samples were then

incubated for 15 min at 37 °C in 5% CO, atmosphere and subsequently kept on ice during

Page 6 of 36
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analysis. Fluorescence was analyzed using a FACSCalibur flow cytometer (Becton
Dickinson, San Jose, CA) in the FL-1channel. Forward and side scatters were used to gate the
viable populations of cells. CellQuestPro software (Becton Dickinson) was used to quantify
the intensity of DHR-123 fluorescence in the cells, expressed as the ratio of DHR-123

fluorescence in treated cells compared to the fluorescence of untreated control cells.

Hypericin content analysis. The cells were treated according to the standard protocol (Scheme
1), then harvested 0.25, 0.5, 1, 6 h after a sub-lethal light dose or 0.5, 3, 24 h after single or
fractionated light delivery, washed twice in PBS, and resuspended in HBSS. Fluorescence of
hypericin was analyzed using the FACSCalibur flow cytometer in the FL-2 channel (1 x 10*
cells per sample). CellQuestPro software was again used to quantify the intensity of hypericin
fluorescence in the cells, expressed as the ratio of hypericin fluorescence in treated cells

compared to the fluorescence of untreated control cells.

Luciferase activity assay. Luciferase reporter construct and stable cell transfection were
executed as described previously (37). Stable transfected HT-29 cells were treated according
to the standard protocol (Scheme 1). Cells were rinsed with PBS 0, 0.5, 1, 3, 6 h after
hypericin photoactivation with a sub-lethal light dose, and lysed with 400 pl of reagent
(Luciferase Assay System; Promega Corp., Madison, WI). Protein concentrations of the cell
extracts were determined using detergent-compatible protein assay (BioRad Laboratories Inc.,
Hercules, CA). One sample at a time was diluted in equal amount of proteins and 50 pl of
extract was mixed with 50 pl of luciferase substrate and luminescence was measured
immediately using the FLUOstar Optima (BMG Labtechnologies GmbH, Offenburg,

Germany). The luminescent signal of each sample was measured for the same period.
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Western blot analysis. The cells were treated according to the standard protocol (Scheme 1),
then harvested 1and 6 h after low light dose or 24 h after single or fractionated light delivery,
then washed twice in cold PBS and lysed in lysis buffer (100 mM Tris-HCIL, pH 7.4, 1 % SDS,
10 % glycerol and protease inhibitor cocktail P2714 (Sigma-Aldrich Corporation, St. Louis,
MO) for 10 min on ice. The cell lysates were sonicated and centrifuged. Protein concentration
was determined using detergent-compatible protein assay (BioRad Laboratories Inc.,).
Samples were diluted in equal amounts (30 - 50 pg proteins) with 0.01 % bromphenol blue
and 1% 2-mercaptoethanol, then separated with SDS-polyacrylamide gel and transferred onto
nitrocellulose membrane (Advantec, Tokyo, Japan) or PVDF membrane (Millipore, Bedford,
MA) in a transfer buffer containing 192 mM glycine, 25 mM Tris and 10 % methanol. The
membrane was blocked in 5 % non-fat milk (or 5 % BSA) in TBS (20 mM Tris-HCI, pH=7.6;
150 mM NaCl; 0.05 % TWEEN 20, pH=7.4) for 1 h at first, and then the membrane blots
were incubated 2 h at RT or overnight at 4 °C (depending on the particular antibody) with
primary antibody: anti-NF-xB p65 (sc-372), anti-NF-«B p50 and p105 (sc-8414), anti-IkB-a
(sc-203), anti-GRP94 (sc-1794), anti-clusterin (sc-6420), all from Santa Cruz Biotechnology,
anti-Mcl-1 (#4572 Cell Signalling), anti-HSP70 (MA3-006, Affinity BioReagents). After 30
min washing in wash buffer, membranes were incubated with appropriate horseradish-
conjugated secondary antibody for 1 h at RT (AntiMouse IgG-HRP, NA931 (1:3000),
AntiGoat IgG-HRP (1:20 000), AntiRabbit IgG-HRP (1:20 000) (Amersham Biosciences,
Buckinghamshire, UK). Detection of antibody reactivity was performed using a
chemiluminescence detection kit ECL+ (Amersham Biosciences) and visualized on X-ray
films (Foma Slovakia, Skycov, Slovakia). Equal sample loading was verified by

immunodetection of B-actin (A5441, Sigma-Aldrich).
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Statistical analysis. Data were processed with GraphPadPrism (GraphPad Software Inc., San
Diego, CA) and statistically analyzed using one-way ANOV A with Tukey’s multiple

comparison test, and are expressed as means + standard deviation (S. D.). Significance was

O©CONOOOPRWN =

evaluated at three levels; p < 0.05, p < 0.01 and p < 0.001.

15 RESULTS

20 The scheme of the presented experiment was chosen based on our previous study (5). The

22 light dose of 1] .cm™” was considered as sub-lethal on the basis of our initial preliminary data
o5 (not shown) according which the light dose did not affect cell viability/survival in comparison
27 with untreated control or hypericin treated cells. The presented data concern two aspects;
cellular and subcellular events induced by sub-lethal dose of 1J cm? (Figures 3, 5, 7 and 8)
32 and its consequences studied after a second lethal dose of 11J .cm™ separated by a dark pause
34 of 1 or 6 h (Figures 1, 2, 4, 6 and 8). All the present experiments involved untreated controls
as well as controls treated with hypericin and kept under dark conditions through the

39 experiments.

44 Longer dark pause between two unequal light doses enhanced clonogenic potential of

46 HT-29 cells after PDT with hypericin

51 Verification of resistance induced by a longer dark pause between two unequal light doses
53 using colony-forming assay proved that pre-sensitization of HT-29 cells with a sub-lethal
light dose is time-dependent. As demonstrated in Figure 1, even 1 h dark pause (FR1) shows
58 higher clonogenic ability when compared to single lethal light dose (S). A longer pause

60 continuing for 6 h (FR6) demonstrated much higher ability to create visible colonies, even
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when compared to the FR1 group. As can be seen, hypericin under dark conditions (D) did

not affect the clonogenic potential of HT-29 cells.

<Figure 1>

Longer dark pause between two unequal light doses repressed cell death in HT-29 cells

after PDT with hypericin

Further analysis of phosphatidylserine externalization and cell viability (Fig. 2) in cells treated
with single lethal light dose (S) or pre-sensitized with sub-lethal light dose separated by 1 h
(FR1) or 6 h (FR6) dark pause, supported previous findings. In contrast to earlier analysis
(Fig. 2a), significantly higher survival of the FR6 group accompanied by regress in the ratio

of apoptotic and secondary necrotic cells showed 24 h after PDT (Fig. 2b).

<Figure 2>

Durations of a dark pause affects PDT-mediated ROS level induced by second light-dose

Detection of intracellular levels of reactive oxygen species (ROS) shortly after sub-lethal light
dose revealed steady remission within the first hour, although 6 h after PDT, the ROS level
was found to be raised significantly. Dark conditions did not affect ROS level significantly
when compared to untreated control (Fig. 3). However, detection of ROS 30 min after second
lethal light dose revealed significantly lower levels in both pre-sensitized groups in reciprocal
proportion with time of dark pause (Fig. 4). Later analyses (3 or 24 h) showed barely induced

levels.
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<Figure 3>

<Figure 4>

Pre-sensitization did not affect physiological elimination of hypericin, however

administration regime affects hypericin elimination after lethal dose.

Detection of hypericin intracellular levels within the first 6 h after the first sub-lethal light
dose (Fig. 5) proved that there was a steady decrease, which was found to be significant 6 h
after PDT. However this was in compliance with the physiological elimination of hypericin,
similar to hypericin-treated cells under dark conditions (D). Although, administration of a
single lethal light dose decelerated hypericin elimination by cells significantly when applied
without pre-sensitization (Fig. 6, S), on the other hand, this effect was partially or completely

abolished in pre-sensitized groups with 1 or 6 h dark pause (Fig. 6, FR1 or FR6).

<Figure 5>

<Figure 6>

Luciferase activity assay-Sub-lethal light dose induced NF-kB

Induction of NF-kB activity after a sub-lethal dose of 1 J.cm™ was verified in stably

transfected HT-29 cells (clone #3 and clone #93) by luciferase reporter activity executed 0,

0.5, 1, 3 and 6 h after PDT (Fig. 7a, b). Both tested clones indicated insignificant changes
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within the first hour, later on however, the NF-kB activity was identically induced 3 and 6 h

after PDT in both models.

<Figure 7>

Light delivery regime altered expression of heat-shock proteins and NF-xB

Expressions of NF-kB p65, p5S0 and p105, Mcl-1, IkB-a, HSP70, GRP94 and clusterin-a (Fig.
8) were detected 1 and 6 h after the first sub-lethal light dose (SLD; 1J .cm’) or 24 h after
administration of a single lethal light dose (S, 12J .cm'2) and two unequal doses (1+11 ] .cm'2)
separated by 1 or 6 h of dark pause (FR1 or FR6). Induction of NF-kB subunits p65, p50 and
a precursor form of p50; p150, correlated with IkB-o and anti-apoptotic Mcl-1 detected 6 h
after the sub-lethal dose. Similarly, induction of heat shock protein HSP70, occurrence of
GRPY94 multimers and elevation of clusterin-a even 1 h after hypericin activation confirmed
the onset of oxidative stress response in pre-sensitized cells.

Analysis 24 h after lethal light doses (S, FR1, FR6) revealed interesting differences in
HSP70, especially GRP94 multimerization and clusterin-o expression. Whereas single lethal
light dose administration (S) and FR1 group demonstrated similar pattern, the fractionated
administration separated by a 6 h dark pause showed significantly reduced clusterin-a levels
as well as suppressed occurrence of HSP70 and GRP94 multimers and slightly elevated IxkB-a
together with pS0 and p65 subunits of NF-«B.

<Figure 8>
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DISCUSSION

As previously reported by us (5), light dose fractionation with a longer dark pause

O©CONOOOPRWN =

between two unequal light doses reduced hypericin-mediated photocytotoxic effects on HT-
13 29 adenocarcinoma cells. Similar findings have been described for hypericin pre-incubated
15 U937 and HEC1-B cells (25, 28). Although the biological effects of low doses were described
18 mainly in the context of radiation- or heat-induced adaptive cell response (38, 39), we

20 presume that a low sub-lethal light dose may have the same consequences in a time-dependent
22 manner in PDT as well. We therefore examined the consequences of a sub-lethal light dose (1
o5 J.cm™?) and length of the following dark pause for photoresistance induced by fractionated

27 light delivery, resulting in significant changes in all analyzed parameters.

Since the intracellular content of the photosensitizer is a limiting factor for ROS

32 production and thus also PDT efficiency, a drop in hypericin content during a longer dark

34 pause, due to its ability to increase activity and expression of drug efflux transporters in HT-
29 cells (40) could contribute partially to decreased photocytotoxic effect of fractionated

39 PDT. Our results indicate that increased ROS production can be induced even by sub-lethal
41 light dose with a subsequent “(ROS-induced)-ROS release” (RIRR). This phenomenon has
44 also been demonstrated in the mitochondria of cardiac myocytes resulting from MPT

46 induction, and it is considered as a general mechanism independent of the signaling ROS

48 source (34).

51 Considering that low level of ROS may activate pathways that protect cells against

53 apoptotic stimuli (41) such as NF-xB, which is known as a redox-regulated protein linked
with cell proliferation, transformation or tumour development (36), we therefore employed
58 HT-29 cells transfected with a nuclear transcription factor (NF-xB) luciferase reporter

60 construct in our experiments. Significantly increased luciferase activity at a later time after
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sub-lethal dose indicates that pre-sensitized cells prepared themselves during the longer dark
period by provoking NF-«B activity, and the timing of the second light dose before or after
NF-«kB activation could be crucial for the fate of cancer cells. Apart from stimulation of NF-
kB transcription activity, this theory also supports increased levels of proteins whose genes
are under its transcription control (increased level of NF-kB subunits p65, pS0 and a precursor
form of p50; p150, IxkB-a and anti-apoptotic Mcl-1 protein detected 6 h after sub-lethal light
dose as well as 24 h after second lethal dose application (apart from Mcl-1)). Even though
phosphorylation and degradation of IxB is an important step for NF-xB release from the
complex with IkB, translocation from cytoplasm to nucleus and binding to DNA occurred in
our experimental model NF-«kB activation has occurred without degradation of IkB. Our
results are thus in agreement with a study reporting altered regulation of IxkB-a degradation
and activation of NF-kB activity which can occur independently of IkB degradation in human
colonic epithelial HT-29 cells (42, 43).

Since the sub-lethal light dose did not affect cell viability in the long term when
compared to control or hypericin in dark conditions (data not shown), we probed the impact
of second lethal light dose timing on the resultant ability of the cells to form colonies. Apart
from increased number of viable cells, resistance manifested itself also through increased
clonogenic activity when a prolonged dark pause was applied.

The study of oxidative metabolism changes revealed that resistant group (FR6) kept
shortly after PDT, steady ROS level was achieved already just before the lethal dose
application, whereas further delivery regimes (S, FR1) resulted in markedly elevated ROS
production. The results indicate that pre-sensitization and the timing of a second illumination
could decrease the photocytotoxic effect of PDT mediated through restricted ROS production.

Although the timing of the photodynamic protocol could contribute to reduced hypericin
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content, on the basis of our findings it seems that different molecular events participate in
resistance development in HT-29 cells in vitro.

Taking into consideration that the induction of HSPs is believed to be the basis of
photo-tolerance/resistance (25, 28), we were interested in the expression of proteins playing a
role in cell response to stress. Analyses revealed altered expression of proteins in a light dose
dependent manner and depending on the light delivery regime of the photodynamic protocol.
The expression of 94 kDa a glucose-regulated protein (GRP94), the endoplasmic reticulum
paralog of HSP90 essential for proper assembly and maturation of numerous client proteins
(44-46), was accompanied by proportional formation of high molecular GRP94 multimers.
Although, the explanation of an unexpected band detected by GPR94 antibody was not a goal
of this work, it could explain the findings of Wassenberg et all (2000). They described bis-
ANS and heat shock induction of GRP94 multimerisation accompanied by a marked elevation
of chaperone and peptide binding activity. In this conformation and in a concentration-
dependent manner, GRP94 can undergo homotypic oligomerization leading to formation of
multimers of GRP94 with high molecular weights (47). We therefore presume that
photodynamic therapy with hypericin-induced oxidative stress may have a similar effect on
GRP94 like heat shock, in a light dose- and photodynamic protocol-dependent manner.

In cytoprotection a role may be played by clusterin, a molecule with a chaperon-like
activity, whose secretory form contributes to clearing cell debris from traumatized tissue (48,
49). The pre-secretory form of clusterin (~60 kDa) could be glycosylated and cloven into ~40
kDa a- and -subunits which held together by disulphide bonds (50). In our case, oxidative
stress induced by a sub-lethal light dose increased the level of ~40 kDa clusterin subunit,
whereas a lethal light dose (S, FR1) significantly altered clusterin expression towards higher
molecular forms of clusterin-a, which indicate involvement of clusterin in extensive defense

stress response, not observed in the resistant group.
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CONCLUSION

In summary, changes in ROS production, increased transcription activity of NF-kB, increased
levels of NF-xB and Mcl-1 proteins at the moment of second light dose application support
our hypothesis that the cells prepare themselves for the lethal consequences of second
illumination by development of resistance. We presume that, although at the moment of
second light dose administration (1 or 6 h after the sub-lethal light dose) increased level HSPs
were detected, it seems that HSPs themselves are not sufficient to develop resistance in such a
photodynamic protocol whereas resistance occurred when NF-«xB activation was implicated.
We assume therefore that activation of the NF-kB pathway may suggest its involvement in
photoresistance development to a fractionated light delivery regime. Our findings do not
explain the mechanism of resistance development to fractionated hypericin photoactivation in
HT-29 cells in vitro; they do however point out another aspect of resistance in two-fold

photodynamic therapy with hypericin.
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FIGURE LEGENDS

Scheme 1. Experimental design. (A) Time schedule of experiments — HT-29 cells were
seeded (point -40 h in the experimental time schedule) and cultivated 24 h in a complete
medium and then hypericin was added (point -16 h). The medium with hypericin was
removed from cells 16 h later and replaced with hypericin-free medium with subsequent
activation of intracellular hypericin (point 0 h). Analyses were performed up to 6 h or up to 24
h after PDT (point +6 h or +24 h).

(B) Schedule of hypericin activation - hypericin-loaded HT-29 cells were illuminated with a
single light dose (sub-lethal 1 J .cm™ or lethal 12 J.cm™ light dose) or two unequal light doses
(1411 J.cm™) separated by 1 h or 6 h dark pause. (S) single light delivery 12 J.cm™,
fractionated light dose 1+11J cm”withalh (FR1) or 6 h (FR6) dark pause between the two

light doses.

Figure 1. Clonogenic assay of HT-29 cells. Cells were harvested 24 h after hypericin
photoactivation. The results are presented as a representative photo of three independent
experiments. (C) control cells, (D) hypericin under dark conditions, (S) single light dose 12
J.cm™, fractionated light dose 1+11J cm”withalh (FR1) or 6 h (FR6) dark pause between

the two light doses.

Figure 2. Detection of phosphatidilserine externalization and membrane permeability of HT-
29 cells by dual annexin V/PI staining 3 h (a) and 24 h (b) after single (12 J. cm’?) or
fractionated (1 + 11 J.cm™) light dose. Cells were harvested and evaluated 3 or 24 h after
PDT. The results are the means + SD of three independent experiments presented as

percentages of control values. Statistical significance is expressed as follows: experimental
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groups versus untreated control (e); fractionated light delivery versus single light delivery
(+); fractionated light delivery with a 6 h versus 1 h dark pause (O0) on the significance level
p<0.05 (@ or + or 0); p<0.01 (e e or ++); p<0.001 (eee). (C) control cells, (D) hypericin
under dark conditions, (S) single light dose 12 J .cm™, fractionated light dose 1+11J .cm™ with

a 1 h (FR1) or 6 h (FR6) dark pause between the two light doses.

Figure 3. The effect of a sub-lethal dose 1J .cm™ on ROS production in HT-29 cells. Cells
were harvested and evaluated 0.25, 0.5, 1 and 6 h after hypericin photoactivation. The results
are the means + SD of three independent experiments presented as ratios to untreated control
values. Statistical significance is expressed as follows: photoactivated (1 J .cm™) versus not
photoactivated hypericin (D) (+) on the significance level p<0.01 (++); p<0.001 (+++). (D)

hypericin under dark conditions.

Figure 4. The effect of a single (12 J. cm'z) and fractionated (1 + 11J .cm'z) light delivery on
ROS production in HT-29 cells. Cells were harvested and evaluated 0.5, 3 and 24 h after
hypericin-mediated photodynamic treatment. The results are the means + SD of three
independent experiments presented as ratios to control values. Statistical significance is
expressed as follows: experimental groups versus untreated control (+); fractionated light
delivery versus single light delivery (®); fractionated light delivery with a 6 h versus 1 h dark
pause (m) on the significance level p<0.05 (®); p<0.01 (++); p<0.001 (+++ or eee or mmm).
(D) hypericin under dark conditions, (S) single light dose 12 J .cm™, fractionated light dose

1+11 J.em™ with a 1 h (FR1) or 6 h (FR6) dark pause between the two light doses.
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Figure 5. Determination of hypericin intracellular levels in HT-29 cells during the dark pause
after first sub-lethal dose 1 J.cm™. Cells were harvested and evaluated 0.25,0.5,1and 6 h
after hypericin photoactivation. The results are the means + SD of three independent
experiments presented as ratios to control values. Statistical significance is expressed as
follows: photoactivated (1 J .cm™) or not photoactivated (D) hypericin (0.5, 1 and 6 h) versus
(0.25 h) (+); (6 h) versus (1 h) (®) on the significance level p<0.01 (ee®); p<0.001 (+++). (D)

hypericin under dark conditions.

Figure 6. Determination of hypericin intracellular levels in HT-29 cells illuminated with a
single (12 J. cm’?) and fractionated (1 + 11 J.cm™?) light delivery. Cells were harvested and
evaluated 0.5, 3 and 24 h after PDT. The results are the means + SD of three independent
experiments presented as ratios to control values. Statistical significance is expressed as
follows: single or fractionated light delivery versus not photoactivated (D) hypericin (+); not
photoactivated hypericin (3 h or 24 h) versus ( 0.5 h) (m) on the significance level p<0.05 (+);
p<0.01 (++); p<0.001 (mmm). (PDT) photodynamic treatment, (D) hypericin under dark
conditions, (S) single light dose 12 J .cm'z, fractionated light dose 1+11J cm>2withalh

(FR1) or 6 h (FR6) dark pause between the two light doses.

Figure 7. NF-kB binding activity (expressed as relative luciferase activity) of two HT-29
clones #3 (a) and #93 (b) with pBIIX-LUC construct after treatment with sub-lethal dose 1
J.cm™. Cells were lysed 0, 0.25, 0.5, 1, 3 and 6 h after PDT. The results are the means + SD of
three independent experiments presented as ratios to untreated control values. Statistical
significance is expressed as follows: sub-lethal light dose versus untreated control (+) on the

significance level p<0.01 (++). (C) control cells.
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Figure 8. Western blot analysis of Mcl-1, NF-xB p65, p5S0 and p105, IxB-a, HSP70, GRPY4,

clusterin-a and B-actin proteins 1 or 6 h after hypericin photoactivation with a sub-lethal dose

O©CONOOOPRWN =

(1] .cm’z) or 24 h after single (12 J. cm-2) and fractionated (1 + 11 J.cm-2) light delivery. The
results are presented as a representative photo of three independent experiments. (C) control
13 cells, (D) hypericin under dark conditions, (SLD) sub-lethal light dose 1 J cm™ (S) single light
15 dose 12 J.cm™, fractionated light dose 1+11J cm”withalh (FR1) or 6 h (FR6) dark pause

18 between the two light doses.
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Scheme 1. Experimental design. (A) Time schedule of experiments — HT-29 cells were seeded (point
-40 h in the experimental time schedule) and cultivated 24 h in a complete medium and then
hypericin was added (point -16 h). The medium with hypericin was removed from cells 16 h later
and replaced with hypericin-free medium with subsequent activation of intracellular hypericin (point
0 h). Analyses were performed up to 6 h or up to 24 h after PDT (point +6 h or +24 h).

(B) Schedule of hypericin activation - hypericin-loaded HT-29 cells were illuminated with a single
light dose (sub-lethal 1 J.cm-2 or lethal 12 J.cm-2 light dose) or two unequal light doses (1+11
J.cm-2) separated by 1 h or 6 h dark pause. (S) single light delivery 12 J.cm-2, fractionated light
dose 1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark pause between the two light doses.
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Figure 1. Clonogenic assay of HT-29 cells. Cells were harvested 24 h after hypericin photoactivation.
The results are presented as a representative photo of three independent experiments. (C) control
cells, (D) hypericin under dark conditions, (S) single light dose 12 J.cm-2, fractionated light dose
1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark pause between the two light doses.
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Figure 2. Detection of phosphatidilserine externalization and membrane permeability of HT-29 cells
by dual annexin V/PI staining 3 h (a) and 24 h (b) after single (12 J. cm-2) or fractionated (1 + 11
J.cm-2) light dose. Cells were harvested and evaluated 3 or 24 h after PDT. The results are the
means + SD of three independent experiments presented as percentages of control values.
Statistical significance is expressed as follows: experimental groups versus untreated control (e);
fractionated light delivery versus single light delivery (+); fractionated light delivery with a 6 h
versus 1 h dark pause (o) on the significance level p<0.05 (e or + or 0); p<0.01 (ee or ++);
p<0.001 (eee). (C) control cells, (D) hypericin under dark conditions, (S) single light dose 12 J.cm-
2, fractionated light dose 1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark pause between the two

light doses.
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Figure 3. The effect of a sub-lethal dose 1 J.cm-2 on ROS production in HT-29 cells. Cells were
harvested and evaluated 0.25, 0.5, 1 and 6 h after hypericin photoactivation. The results are the
27 means + SD of three independent experiments presented as ratios to untreated control values.
28 Statistical significance is expressed as follows: photoactivated (1 J.cm-2) versus not photoactivated
29 hypericin (D) (+) on the significance level p<0.01 (++); p<0.001 (+++). (D) hypericin under dark
30 conditions.
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Figure 4. The effect of a single (12 J. cm-2) and fractionated (1 + 11 J.cm-2) light delivery on ROS
production in HT-29 cells. Cells were harvested and evaluated 0.5, 3 and 24 h after hypericin-
mediated photodynamic treatment. The results are the means + SD of three independent
experiments presented as ratios to control values. Statistical significance is expressed as follows:
experimental groups versus untreated control (+); fractionated light delivery versus single light
delivery (e); fractionated light delivery with a 6 h versus 1 h dark pause (m) on the significance level
p<0.05 (e); p<0.01 (++4); p<0.001 (+++ or eee or mmm). (D) hypericin under dark conditions, (S)
single light dose 12 J.cm-2, fractionated light dose 1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark

pause between the two light doses.
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Figure 5. Determination of hypericin intracellular levels in HT-29 cells during the dark pause after
first sub-lethal dose 1 J.cm-2. Cells were harvested and evaluated 0.25, 0.5, 1 and 6 h after

27 hypericin photoactivation. The results are the means £ SD of three independent experiments

28 presented as ratios to control values. Statistical significance is expressed as follows: photoactivated

29 (1 J.cm-2) or not photoactivated (D) hypericin (0.5, 1 and 6 h) versus (0.25 h) (+); (6 h) versus (1

30 h) (e) on the significance level p<0.01 (ee); p<0.001 (+++). (D) hypericin under dark conditions.
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Figure 6. Determination of hypericin intracellular levels in HT-29 cells illuminated with a single (12 J.
cm-2) and fractionated (1 + 11 J.cm-2) light delivery. Cells were harvested and evaluated 0.5, 3
and 24 h after PDT. The results are the means + SD of three independent experiments presented as
ratios to control values. Statistical significance is expressed as follows: single or fractionated light
delivery versus not photoactivated (D) hypericin (+); not photoactivated hypericin (3 h or 24 h)
versus ( 0.5 h) (m) on the significance level p<0.05 (+); p<0.01 (++); p<0.001 (mmm). (PDT)
photodynamic treatment, (D) hypericin under dark conditions, (S) single light dose 12 J.cm-2,
fractionated light dose 1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark pause between the two light
doses.
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Figure 8. Western blot analysis of Mcl-1, NF-kB p65, p50 and p105, IkB-a, HSP70, GRP94,
clusterin-a and B-actin proteins 1 or 6 h after hypericin photoactivation with a sub-lethal dose (1
J.cm-2) or 24 h after single (12 J. cm-2) and fractionated (1 + 11 J.cm-2) light delivery. The results
are presented as a representative photo of three independent experiments. (C) control cells, (D)
hypericin under dark conditions, (SLD) sub-lethal light dose 1 J.cm-2 (S) single light dose 12 J.cm-
2, fractionated light dose 1+11 J.cm-2 with a 1 h (FR1) or 6 h (FR6) dark pause between the two
light doses.
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Photodynamic therapy with hypericin (HY-PDT) is known as an efficient modality for treatment of
various cancerous and non-cancerous diseases. Although the role of p53 protein in cell death signaling
is well established, relatively little is known of its impact on the efficiency of HY-PDT. Comparison of
sensitivity and long-term survival of p53-null versus wt-p53-expressing HCT-116 cells is reported here.
The lack of p53 function did not affect cell proliferation or attenuate the initial phases of programmed
cell death. However, analyses of apoptosis in the final stages revealed suppression of its incidence and
delayed activation of caspase-3 in p53-null cells. Significantly higher clonogenic ability, especially in
hypoxia, was identified in the case of p53-null cells. Induction of Mcl-1 and Bax levels were more
prominent in wt-pt53 cells. Interestingly, the level of Bel-2 did not react to HY-PDT at all, in both cell
lines. Bringing the evidence together, we prove that despite insignificant impact on overall toxicity,
expression of p53 affects the clonogenic efficiency of HCT-116 cells. Since destruction of tumor tissue
and its vascular system by PDT tends to lead to hypoxia, superior survival of p53-deficient tumor cells
under given conditions might result in recurrence of cancer diseases.

Introduction

Photodynamic therapy (PDT) represents a flexible and versatile
therapeutic approach depending on the nature of the photosen-
sitive compound, its concentration and incubation time, on the
wavelength of light radiation, fluency rate and light dose, as well
as on the histological origin of tissue and oxygen pressure in it.' For
all these reasons, the type of cell death induced by PDT depends
upon many factors and their combinations.

Hypericin (HY), a naturally-occurring photosensitive com-
pound synthesized by Hypericum sp. (St. John’s Wort), has
properties suitable for PDT.! The peculiar attributes of this
photosensitizer are high efficiency in production of singlet oxygen?
and superoxide anions after irradiation with light wavelength
around 600 nm, and low or no toxicity in the dark.>* Although
HY is localized in the endoplasmic reticulum and Golgi apparatus
and not in mitochondria’ (so it should induce apoptosis with lower
efficiency),’ rapid loss of mitochondrial membrane potential, sub-
sequent cytochrome c release, caspase-3 activation and apoptosis
occur as a result of the photodynamic action of activated HY.
The photosensitizing effects of HY are generally considered as
oxygen-dependent.®’

TP53, a tumor suppressor gene encoding a tumor protein
53 (p53), plays a central role in cellular responses and defence
against DNA damage.® Mutations in the p53 pathway are found
in nearly all types of cancers’ and more than 50% of all cancers
are reported to carry a mutant gene for p53, which is often
linked to altered cellular sensitivity towards chemotherapy and
radiation therapy.'®!! In response to the stress stimuli, p53 (which

Institute of Biology and Ecology, Faculty of Science, PJ. Safarik Uni-
versity in Kosice, Moyzesova 11, 040 01, Kosice, Slovakia. E-mail: peter.
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normally has a low expression level) accumulates within cells
due to an increase in the protein stability.">®* p53 integrates
signals from various pathways that become activated as a result of
different stimuli such as DNA damage, radiation, oxidative stress,
hypoxia and oncogene activation.!*'¢ Responses to the stimuli
are regulated through different mechanisms but most of them are
carried out via the ability of p53 to function as transcription factor.

In the field of PDT the dependence of cell-killing on p53 is still
much debated, since papers proposing reliance'”® as well as no
correlation have been published. There is also evidence to show
that induction of apoptosis (but not necrosis) may be influenced
by p53 and ATM (ataxia telangiectasia mutation) even if total cell
death is similar between the wild type and mutant phenotype.*
These studies have largely been limited because the cancer cell
lines employed by various researchers not only differ in their p53
status but are also likely to carry some other genetic differences in
part because they were derived from different cell types or different
carcinoma samples.”!

Since one of our previous works evaluated cell death incidence
evoked by HY-PDT in mut-p53 colon adenocarcinoma cells HT-
29,2> we continue here with a closer study of the effect of p53 on
the sensitivity of HY-PDT, consequent cell death incidence and its
role in the immediate and long-term survival of cells after PDT. In
order to understand these issues, p53-null and wt-p53-expressing
colon adenocarcinoma cell lines HCT-116 were chosen for the
experiments presented here.

Experimental
Cell culture conditions

For the present experiments, wild type p53- (wt-p53) expressing
HCT-116 cells (HCT-116 p53*/*) were compared to the p53-null
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HCT-116 subline (HCT-116 p537~), which was created by targeted
homologous recombination® and was a gift from Professor Bert
Vogelstein (both kindly provided by Dr Alois Kozubik, Institute of
Biophysics, Brno, Czech Republic). Both cell lines were cultured
in McCoy’s 5SA medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal calf serum, antibiotics (penicillin
100 U ml™, streptomycin 100 g ml™' and amphotericin 25 pg ml™;
Gibco Invitrogen Corp., Carlsbad, CA, USA) and gentamycin
(50 ug ml™; Sigma-Aldrich).

The cultures were maintained at 37 °C in 5% CO, and 95%
humidity. For the experiments, cells were seeded in 96 well (1 X
10* cells per well), 6 well (1.5 x 10° cells per well) tissue culture
plates or 100 mm diameter Petri dish (1 x 10° cells per dish)
(TPP, Trasadingen, Switzerland). 24 h after seeding, hypericin
(HPLC grade from Applichem, Darmstadt, Germany) was added
into the medium for another 16 h. For the irradiation procedure,
experimental groups as well as untreated controls were placed on
the diffuser glass of the irradiating device (L18W/30 fluorescent
tubes (Osram, Berlin, Germany)) in sequence and exposed to
irradiation for specific time periods corresponding to the light dose
3.15J cm™. Afterwards cells were cultured in the stated conditions
and subsequently analyzed 8 h, 24 h or 48 h after irradiation. For
hypoxic cultivation, cells were maintained at 37 °C in 5% CO,,
1% O, (controlled by Proox Model 110, BioSpherix, Lacona, New
York, USA) and 95% humidity.

Clonogenic assay

For clonogenic assay, cells were harvested (8 h, 24 h and 48 h
after PDT treatment), counted and 500 viable cells were seeded
in 6 well plates (TPP). Cells were simultaneously maintained
under standard cultivation conditions as well as under the above-
mentioned hypoxic conditions. Ten days later, the plates were
stained with methylene blue dye (0.08% w/v) and scanned, and
colonies were counted using Clono-Counter software.* Results
were evaluated as percentages of the untreated control.

Quantification of total cell number and percentage of floating cells

Absolute numbers of cells within individual groups were evaluated
by counting in a Biirker chamber or by Coulter Counter (Model
ZF, Coulter Electronics Ltd, Luton, Beds., UK). Total cell number
was expressed as a percentage of the untreated control. Floating
cells were expressed as a percentage of the total cell number.

Morphological analysis of cell death

Morphological analysis of cell death was carried out using viable
double staining with Hoechst 33342/propidium iodide or stain-
ing of fixed cells with 2-(4-amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI). At the scheduled time of analysis
(24 h or 48 h after HY-PDT), total cell population was harvested
(by trypsinisation of adherent and collection of medium with
floating cells), centrifuged and washed once in Hank’s balanced
salt solution (HBSS) (Sigma-Aldrich). Subsequently, 1 x 10° cells
were either fixed in cold 70% ethanol and kept at —20 °C overnight
or viably stained with Hoechst 33342 (2 ug ml™") for 25 min and
propidium iodide (PT) (25 ug ml™) for an additional 5 min (both
Sigma-Aldrich) in darkness at RT. Viable staining was followed
by washing in HBSS. Cells were then resuspended in 100 pl of

HBSS, prepared as fresh specimen slides and immediately eval-
uated with a fluorescent microscope (Nikon Eclipse 400, Nikon
Instech Co. Ltd., Kawasaki, Japan). Representative photographs
of actual stainings are presented below. Ethanol fixed samples
were processed as follows. The samples were stained in fixative
solution by addition of DAPI (2 ug ml™") and incubated for 30 min
at RT. Subsequently, cells were washed twice by centrifugation
and finally resuspended in PBS. The cells were then mounted into
MOWIOL 4-88 (Sigma-Aldrich) and allowed to harden for at
least 24 h at 4 °C. The slides were analyzed using a Nikon Eclipse
400 fluorescent microscope and evaluated as the percentage of cells
with fragmented nuclei from a total number of minimum 300 cells.

Metabolic activity of cells analyzed by MTT assay

Atscheduled time points (8 h, 24 h or48 h) after HY-PDT, MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was
added to the cells in a 96 well plate (final concentration 0.5 mg
ml™"). Cells were incubated for another 4 h at 37 °C. Reaction
was stopped and violet-blue crystals of insoluble formazan were
dissolved by addition of sodium dodecyl sulfate (SDS) at a final
concentration of 3.3%. Cells were incubated overnight at 37 °C and
the absorbance (4 = 584 nm) was measured using BMG FLUOstar
Optima (BMG Labtechnologies GmbH, Offenburg, Germany).
Results were evaluated as percentages of the absorbance of the
untreated control.

Analysis of hypericin incorporation

For analysis of HY incorporation, cells were seeded in 6 well plates
and left to settle for 24 h, then incubated with HY for another 16 h.
Subsequently, cells were harvested by trypsinization and the HY
fluorescence was immediately analyzed using a BD FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA, USA) with a
488 nm argon-ion excitation laser. The incorporation was quan-
tified as the ratio of each experimental group to the untreated
control.

Cell cycle analysis

Adherent and floating cells (5 x 10°) were harvested together 24 h
or 48 h after activation of HY, fixed in cold 70% ethanol and kept
at =20 °C overnight. Prior to analysis, cells were washed in PBS.
RNA was degraded with ribonuclease A and nuclear DNA was
stained with propidium iodide (Sigma) (20 pg ml™) in Vindelov’s
solution at RT for 30 min. DNA content was analyzed using a BD
FACSCalibur flow cytometer. The ModFit 3.0 (Verity Software
House, Topsham, ME, USA) software was used to generate DNA
content frequency histograms and to quantify the number of cells
in the individual cell cycle phases.

Mitochondrial membrane depolarization

Adherent and floating cells (5 x 10°) were harvested together 24 h
after PDT, washed with HBSS, stained with 100 nmol dm™ tetram-
ethylrhodamine ethyl ester perchlorate (TMRE; Sigma-Aldrich)
for at least 10 min and than analyzed using a BD FACSCalibur
flow cytometer. The results are presented as means = SD of three
independent experiments together with one representative set of
data. Graphical output was generated using WinMDI software.

This journal is © The Royal Society of Chemistry and Owner Societies 2009
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Phosphatidylserine externalization analysis

For phosphatidylserine externalization analysis, an Annexin
V-FITC/PI double-staining kit (Bender MedSystems, Vienna,
Austria) was used according to the manufacturer’s instructions.
Adherent and floating cells (1.5 x 10°) were harvested together
8 h or 24 h after PDT and stained with Annexin V-FITC in
binding buffer (Bender MedSystems) for 10 min, washed, stained
with PI for at least 10 min and thereafter analyzed using a
BD FACSCalibur flow cytometer. Results were analyzed using
CellQuest Pro software. The results are presented as means = SD of
three independent experiments together with one representative set
of data. Graphical output was generated using WinMDI software.

Cell membrane fluidity analysis

For cell membrane fluidity analysis, cells were maintained in
HBSS supplemented with 2% FCS during all steps of sample
preparation. Adherent and floating cells (5 x 10°) were harvested
together 24 h after PDT, washed, stained with MC540 (5 ng ml™")
for 10 min (rotating), washed twice and than analyzed using a
BD FACSCalibur flow cytometer. The results are presented as
means + SD of three independent experiments together with one
representative set of data. Graphical output was generated using
WinMDI software.

Caspase-3 activation

Activation of caspase-3 was analyzed 8 h and 24 h after PDT
using a FITC Active Caspase-3 Apoptosis Kit (BD Pharmingen,
Franklin Lanes, NJ, USA, cat.# 550480) according to the man-
ufacturer’s instructions. Briefly, adherent and floating cells were
harvested together, washed in cold PBS, permeabilized for 20 min
on ice, washed again twice, incubated with antibody for 30 min at
RT, washed and finally analyzed using a BD FACSCalibur flow
cytometer. The results were evaluated as percentages of positively-
stained cells and are presented as means £ SD of four independent
experiments.

Western blot

For Western blot analysis, cells were scraped and lysed in Laemmli
sample buffer (100 mM Tris [pH 6.8], 2% SDS, 10% glycerol).
The extracts of total proteins were assayed with a DC protein
assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and equal protein amounts (10 ug) with 0.01% bromphenol
blue and 1% mercaptoethanol were subjected to SDS-PAGE.
The gels were transferred electrophoretically to polyvinylidene
fluoride membranes (Millipore, Bedford, MA, USA) in a buffer
containing 192 mM glycine, 25 mM Tris and 10% methanol.
The membranes were blocked for 1 h in 5% non-fat milk in
wash buffer (0.05% Tween-20 in 20 mM Tris [pH 7.6], 140 mM
NaCl). Primary antibodies (rabbit anti-Bax, 1: 500, sc-493; mouse
anti-Bcl-2, 1:1000, sc-509; mouse anti-caspase-3, 1: 500, sc-7272;
rabbit anti-PARP, 1:500, sc-7150; Santa Cruz Biotechnology,
Santa Cruz, CA, USA; mouse anti-B-actin, 1:6000, A5441,
Sigma-Aldrich; mouse anti-HSP70, 1:1000; MA3-006, Affinity
BioReagents, Golden, CO, USA; rabbit anti-calpain I, 1:500,
#3189-100, BioVision, San Francisco Bay Area, CA, USA; mouse
monoclonal anti-p53 (DO-1) kindly provided by Dr. Vojtesek®)

were incubated with the blots for 2 h at RT or overnight at 4 °C.
After washing, secondary antibodies coupled with horseradish
peroxidase (anti-mouse IgG, 1:6000; anti-rabbit IgG, 1:6000;
both Amersham Biosciences, Buckinghamshire, UK) were added
for 2 h. The membranes were washed and antibody reactivity
was visualized with enhanced chemiluminescence (ECL) reagent
(Amersham Biosciences) against X-ray film-CP (AGFA, Gevaert
N.V., Belgium). Loading was verified by detection of B-actin levels
and by non-specific amidoblack protein staining.

Statistical analysis

Data were analyzed using one-way ANOVA with Tukey’s post test
or t-test and are expressed as mean * standard deviation (S.D.).
Significance levels are indicated in the legend to each particular
figure.

Results

For presented experiments focused on the implication of p53
in sensitivity of colon adenocarcinoma to HY-PDT, a p53-null
HCT-116 colon adenocarcinoma cell line (HCT-116 p53~~) was
compared to HCT-116 cells expressing wild-type p53 (HCT-116
p53+/+).

Suitable concentrations for experiments were chosen based on
preliminary screening (MTT assay) with one light dose of 3.15 J
cm™ and HY concentrations ranging 0-150 nmol dm™ (data not
shown). Three concentrations (25, 50 and 75 nmol dm™) were
used for all types of analyses, but in some cases only the results of
75nmoldm~ HY were significant when compared to the untreated
control, and accordingly only those are presented. Analyses were
performed 8, 24 or 48 h after PDT depending on the particular
method.

Total cell numbers were mostly insignificant, whereas the float-
ing cells analysis showed higher accumulation in p53 deficient cells
24 h after PDT. Analysis of total cell numbers (Fig. 1A) revealed
a dose-dependent reaction to HY-PDT, which was significant in
almost all groups when compared to the untreated control and
therefore significance is not presented. Differences between cell
lines were scarce and observed only at the lowest concentration.

In contrast, both cell lines showed significantly elevated floating
cells not only when compared to the untreated control, but also
compared with each other, mainly 24 h after PDT (Fig. 1B).On
the other hand, analyses accomplished 48 h after PDT disclosed
that only 25 nmol dm~ HY and untreated controls were significant
and therefore appeared to be in good correlation with the total cell
number.

Cell cycle progression was significantly affected by PDT; how-
ever, both cell lines underwent mostly similar changes. Changes in
cell cycle progression of both cell lines were significantly affected
by HY-PDT (Table 1). The cells of both lines accumulated in the
G,/M-phase during the first 24 h after HY-PDT. The percentage
of p53-null cells in the S-phase was significantly higher at this
time point, but their untreated control had a similarly higher,
though insignificant percentage of S-phase cells as the untreated
control of wt-p53 cells. Later on, G,/M-phase arrest declined
but stayed significant and both cell lines accumulated in the
S-phase. Although the trend seems to be similar, uneven distribu-
tion with significantly higher percentage of cells in the G,-phase at
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Fig. 1 Total cell numbers (A) and floating cell percentage (B) of wt-p53
(HCT-116 p53+/*) or p53-null cells (HCT-116 p53~"). Cells were untreated
or treated with 25, 50 and 75 nmol dm™ hypericin, irradiated with
3.15 J cm™ and harvested 24 or 48 h after PDT. The results (means +
S.D.) of three independent experiments are shown as the percentages of an
untreated control. Statistical significance is identified as follows: p < 0.05
(*), p < 0.01 (**) and p < 0.001 (***) HCT-116 p53*/* versus HCT-116
p537.

the expense of the S-phase was recorded in wt-p53 cells. However,
this might be the consequence of higher accumulation of p53

deficient cells in the S-phase in general. Apart from these
differences, both cell lines responded to HY-PDT similarly.

Detection of phosphatidylserine externalization and cell vi-
ability by Annexin V/PI staining revealed that both cell
lines underwent significant changes of cell membrane structure
(Table 2), as indicated by a significant decrease in surviving
cells (Annexin V-/PI") and an increase in cells dedicated to
programmed cell death (Annexin V*/PI") in all comparisons
of the untreated control to the particular experimental group.
Differences between the cell lines were confined to the percentage
of surviving cells (Annexin V-/PI") 8 h after PDT only. Although
there were some differences in the percentage of Annexin V*/PI”
cells 24 h after PDT, these were insignificant. Apart from these
differences, the percentages of Annexin V* cells as well as
surviving cells seem to be similar, and therefore there are no
differences between p53 deficient versus p53 wild-type HCT-116
cells when considering this parameter 24 h after PDT. There
was a difference in time-dependent decrease in the surviving cells
percentage as there was transient resistance of HCT-116 p53+/*
cells 8 h after PDT. From this point of view, p53 deficient cells
seemed to proceed to cell death faster during the first hours after
HY-PDT.

p53-deficient HCT-116 cells underwent mitochondrial mem-
brane depolarization and membrane structure loosening more
intensively 24 h after HY-PDT. Analysis of mitochondrial mem-
brane potential (AY,,) 24 h after PDT revealed a significant
decrease as a consequence of HY-PDT in both cell lines, but
significantly superior AY,, dissipation in p53-deficient cells was
detected (Fig. 2A). Similarly, analysis of cell membrane loosening
by MC540 24 h after irradiation revealed alterations of cell
membrane structure in a significantly higher percentage of cells
in both cell lines, and again the changes were more intensive in
p53-deficient cells (Fig. 2B).

The percentage of cells in the final apoptotic phase was
significantly lower in the p53-deficient cells. In spite of previous
data indicating an insignificant or higher preference for cell death
processes in the p53-null cells, the percentages of apoptotic cells
in the final stages of programmed cell death, indicated as nuclear

Table 1 Cell cycle progression of wt-p53 (HCT-116 p53*/*) or p53-null cells (HCT-116 p53~"). The cells were untreated or treated with 75 nmol dm™
hypericin (Hyp 75), irradiated with 3.15 J cm™ and harvested 24 h or 48 h after PDT. The results (means + S.D.) of three independent experiments are
shown as percentages of cells in the particular phases of the cell cycle. Statistical significance (S S.) is identified as follows: p < 0.05 (*) hypericin versus
untreated control; p < 0.05 (@) HCT-116 p53*/* versus HCT-116 p53~~ and p < 0.05 (M) 24 h versus 48 h interval

HCT-116 pS3+/*

HCT-116 p53/

Time/h Group CC phase G0/G1 S G2/M G0/G1 S G2/M

24 Control Average [%0] 67.09 22.16 10.75 53.48 29.41 17.11
S.D. +1.46 +1.6 +0.15 +9.25 +5.65 +3.58
SS.

24 Hyp 75 Average [%0] 53.49 17.70 28.82 42.71 27.35 29.94
S.D. +5.58 +1.57 +4.02 +3.03 +1.99 +1.05
SS. [ * (] *

48 Control Average [%0] 70.98 21.17 7.85 60.70 28.33 10.98
S.D. +2.97 +4.81 +1.85 +4.66 +4.03 +0.64
SS.

48 Hyp 75 Average [%0] 47.87 33.78 18.36 40.03 37.85 22.12
S.D. +0.96 +1.96 +2.92 +0.45 +0.72 +1.18
SS. */@ */l * */@ */l */l
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Table 2 Externalization of phosphatidylserine and viability of wt-p53 (HCT-116 p53*/*) or p53-null cells (HCT-116 p53~-). The cells were untreated
or treated with 75 nmol dm™ hypericin (Hyp 75), irradiated with 3.15 J cm™ and harvested 8 h or 24 h after PDT. The results (means £ S.D.) of three
independent experiments are shown as percentages of cells in particular quadrants. Statistical significance (S S.) is identified as follows: p < 0.05 (¥), p <
0.01 (**) or p < 0.001 (***) hypericin versus untreated control; p < 0.05 (@) or p < 0.01 (@®) HCT-116 p53*'* versus HCT-116 p53~~ and p < 0.05 (H)

8 h versus 24 h interval

HCT-116 p53+/+

HCT-116 p537/-

Annexin V + + - - + + - -

Time/h Group PI - + - + - + - +

8 Control Average [%0] 3.0 43 87.4 5.3 1.2 2.2 91.9 4.7
S.D. +1.4 2.8 1.2 3.1 0.9 *1.5 *1.6 2.2

8 Hyp 75 Average [%0] 26.9 9.9 57.8 5.4 30.0 22.3 39.6 8.1
S.D. +4.3 +4.9 2.0 2.6 7.2 9.8 2.9 +4.9
SS. ok **+/90/l * /@@

24 Control Average [%0] 1.7 4.5 90.0 3.8 2.1 2.8 91.6 3.5
S.D. +1.4 1.8 0.2 2.5 0.8 1.6 2.8 2.6

24 Hyp 75 Average [%0] 32.0 32.1 31.2 4.7 45.1 24.2 28.3 2.4
S.D. 6.5 +11.0 8.8 2.3 +114 +12.0 7.4 +1.2

fragmentation, were significantly lower both 24 and 48 h after PDT
(Fig. 3). Concentration-dependent accumulation of apoptotic cells
was convincingly noticeable at the highest 75 nmol dm™ HY,
although the trend was obvious in both cell lines also at lower
concentrations.

Analysis of nuclear morphology and cellular viability reveals
different tendencies for apoptotic cell death. Corresponding with
the differences between cell lines determined by morphological
analysis of nuclear morphology (DAPI staining; Fig. 3), floating
cells (Fig. 1B) and concurrence of total cell number (Fig. 1A),
the mutual analysis of nuclear morphology and cellular viability
using viable staining with Hoechst 33342 and propidium iodide
(Fig. 4) revealed different tendencies of cells to die by apoptosis or
necrosis. Whereas in HCT-116 p53*/* cells prevalence of apoptotic
processes with characteristic nuclear morphology is evident when
detected 24 h after PDT, p53 deficient cells tended to be shifted
towards necrosis.

Clonogenic assay revealed differences in survival of both cell
lines either under normoxic or hypoxic conditions. For clonogenic
assay, cells were harvested 8, 24 and 48 h after PDT, and
subsequently 500 viable cells were seeded. The results (Fig. 5)
reveal significantly higher clonogenic potential (especially under
hypoxia) of p53-deficient cells harvested and seeded 8 h after
HY-PDT (Fig. 5). Later on (24 and 48 h after HY-PDT), the
differences between hypoxia and normoxia became insignificant,
the clonogenic potential of both cell lines increased significantly
with time and the differences between cell lines vanished.

Analyses of protein expression levels disclosed some interesting
events in the regulation of programmed cell death (Fig. 6). We
confirmed an undetectable level of protein p53-null cells, but at the
same time we found its level responsive to HY-PDT in p53 wild-
type-expressing cells. The photocytotoxic effect of HY stabilized
p53 8 h after PDT, and led to the accumulation. Regression of
p53 at 75 nmol dm= HY 24 h after PDT might indicate intensive
degradation of p53 as a consequence of high dose PDT.

Cleavage of PARP was evident at 75 nmol dm™ HY in both
cell lines and became even more markedly pronounced in p53-
deficient cells 24 h after PDT even at lower (25 and 50 nmol dm™)
HY concentrations.

Interestingly, neither p53 wild-type-expressing cells nor p53-
deficient cells showed any impressive caspase-3 cleavage (except
p53-deficient cells 8 h, 75 nmol dm™ HY-PDT). An expression
of calpain did not indicate any significant changes in either cell
line, too. Moreover, levels of anti-apoptotic Bcl-2 protein did not
respond to HY-PDT. On the other hand, the expression of Mcl-1
was markedly induced in HCT-116 p53*/* cells already 8 h, and
endured even 24 h after PDT. The level of Mcl-1 in p53-deficient
cells was less responsive and mild as compared to wt-p53 cells.
An expression of Bax, a protein involved in AY,, depolarization,
responded to HY-PDT in cells expressing wild-type p53 but was
not responsive to PDT and generally minor in p53-deficient cells.

Analysis of HSP-70 level confirmed the involvement of oxidative
stress in the photocytotoxic action of HY, since it responded to
PDT in both lines and both analysis time-points.

Percentage of cells with activated caspase-3 detected by FCM
analysis revealed time-delay of activation onset in p53-deficient
cells. Percentages of cells with activated caspase-3 were detected
by FCM analysis 8 and 24 h after HY-PDT (Table 3). We found
differences between cell lines insignificant 24 h after HY activation,
but the earlier analysis (8 h) showed us lower incidence of caspase-
3rs events in HCT-116 cells deficient in p53 when treated with PDT
after incubation with either 50 or 75 nmol dm= HY. Although the
differences were not very striking when compared to untreated
control 8 h after activation, there was a significant increase in
percentage of positives after treatment with 50 and 75 nmol dm™
HY, though not with the 25 nmol dm™ dose. Later on, when
analyzed 24 h after PDT, only the PDT treatment with 75 nmol
dm™ HY showed significant accumulation of cells with activated
caspase-3 (over 20% positive events) in comparison to untreated
control as well as to previous analysis. Since a total lysate of the
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Fig. 2 Mitochondrial membrane depolarization (A) and cell membrane
loosening (B) of wt-p53 (HCT-116 p53**) or p53-null cells (HCT-116
p5377) cells measured by TMRE and merocyanine (MC540) incorpora-
tion, respectively. The cells were untreated or treated with 75 nmol dm™
hypericin (Hyp 75), irradiated with 3.15 J cm™ and harvested 24 h after
PDT. The results (means = S.D.) of three independent experiments are
shown as percentages of cells in particular quadrants together with one
representative set of results. Statistical significance is identified as follows:
p < 0.01 (**) or p < 0.001 (***) hypericin versus untreated control;
p <0.01 (@®) HCT-116 p53** versus HCT-116 p53~-.

whole cell population (Fig. 6) did not facilitate sufficiently detailed
analyses, activation of caspase-3 analyzed by FCM was used for
further evaluation of activation of programmed cell death.

Discussion

In our previous study, we found necrosis to be the principal form of
cell death in adenocarcinoma colon cancer cells HT-29,% despite
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Fig. 3 Percentage of apoptotic cells analyzed via DAPI staining and
morphological analysis of nuclear fragmentation in wt-p53 (HCT-116
p53**) or p53-null cells (HCT-116 p53~-). Cells were untreated or treated
with 25, 50 and 75 nmol dm™ hypericin, irradiated with 3.15 J cm™ and
harvested 24 and 48 h after PDT. The results (means = S.D.) of three
independent experiments are shown as a percentage of cells with apoptotic
morphology within the minimum of 300 cells. Statistical significance is
identified as follows: p < 0.05 (*) HCT-116 p53*/* versus HCT-116 p53~-.

Control Hyp 50

Fig. 4 Hoechst 33342/Propidium iodide staining of wt-p53 (HCT-116
p53**) or p53-null cells (HCT-116 p5377) 24 h after PDT. Cells were
untreated or treated with 50 nmol dm™ hypericin (Hyp 50), irradiated with
3.15Jcm™, harvested and stained 24 h after PDT. Cells could be recognized
as vital (blue stained compact nuclei), apoptotic (blue stained fragmented
nuclei), necrotic (red stained compact nuclei) and secondary necrotic
(red stained fragmented nuclei). One of three independent experiments
is presented herein (magnified 200x).

HCT-116 p537 HCT-116 p53*/*

the extensive range of HY-PDT doses evoked by variations in
two variables: hypericin concentration and light dose. We also
suggested that the mutation of TP53 in HT-29 cells leading to the
stabilization of p53 protein and its consequent accumulation may
play a key role in cell death signaling of these cells subjected to
PDT. Our investigation of p53 as the factor possibly responsible for
the drift in cell death incidence induced by PDT led to the present
experiments employing a model of HCT-116 cells expressing wild-
type p53 compared to the same cell line with p53 knock-out.
Summarizing our data, we can presume that proliferation of
HCT-116 after HY-PDT was not dependent on status of p53.
Though earlier analysis revealed a tendency of p53 null cells to
detach and undergo cell death faster, later on (48 h after PDT)
floating cells aligned (Fig. 1). This tendency was also indicated
by intensive phosphatidyl serine externalization already 8 h after
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Fig. 6 Western blot analysis of PARP and caspase-3 (a procaspase)
cleavage or calpain, HSP-70, p53, Mcl-1, Bcl-2, Bax and B-actin expression
in wt-p53 (HCT-116 p53*/*) or p53-null cells (HCT-116 p537-). Cells were
untreated or treated with 25, 50 and 75 nmol dm™ hypericin, irradiated
with 3.15 J cm™ and harvested 8 and 24 h after PDT. One representative
experiment of two is presented.

Table 3 Percentage of cells without activated caspase-3. Cells were
harvested 8 h and 24 h after PDT with 25, 50 and 75 nmol dm™
hypericin. Percentage of cells positive for active caspase-3 is a result of
four independent experiments (mean + S.D.). Statistical significance (S
S.) is identified as follows: p < 0.05 (¥), p < 0.01 (*¥*), p < 0.001 (**%*)
hypericin versus untreated control; p < 0.05 (@), p < 0.01(®@®) HCT-116
p53*"* versus HCT-116 p53~~; p < 0.01(HM), p < 0.001 (M) 8 h versus
24 h analysis

HCT-
Time/h 116 Hyp [nmol dm™] Average+S.D. SS.
8 p53+/+ 0 97.91% +0.32
8 p53+/* 25 97.13% + 0.44
8 p53+* 50 94.38%+1.23 */@
8 p53+/* 75 87.65%+1.66 ***/0@/HE
8 p537- 0 98.72% +0.15
8 p537- 25 98.25% +0.24
8 p537- 50 96.83%+0.69 */@
8 p537- 75 93.90%+1.99 */0@/HEN
24 p53*+/* 0 95.11% £ 0.68
24 p53+/* 25 93.75% +3.17
24 p53+/* 50 95.42% +2.39
24 p53+/* 75 79.87%+2.63  ***/—/HEll
24 p537- 0 96.95% + 1.27
24 p537- 25 94.19% +2.16
24 p537- 50 92.71% + 3.61
24 p537- 75 72.02%+6.73 **/—/HER

PDT (Table 2) and further supported by a higher percentage
of cells with lowered AY,, and increased cell membrane fluidity
(both in good mutual correlation, indicating close interconnection
of the processes) (Fig. 2) detected 24 h after HY-PDT. However,
morphological analyses (Fig. 3 and 4) revealed a prevalence
of apoptotic processes with characteristic nuclear morphology
in HCT-116 p53** cells and shifting towards necrosis in
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p53-deficient cells. Yet, the hallmarks of oxidative stress (HSP70)
and programmed cell death (PARP cleavage) were detectable
in both cell lines (Fig. 6), as was the activation of caspase 3
(Table 3). Therefore it is likely that termination of the apoptotic
process in HCT-116 cells is linked with the functional version
of p53. Long term surival detected by clonogenic assay (Fig. 5)
indicated differences between populations of viable cells harvested
especially 8 h after HY-PDT. Cells deficient in p53 achieved a
higher recovery rate even in spite of evidence of higher toxicity.
Therefore it is possible that p53 status affects processes leading to
survival of tumour cells exposed to HY-PDT.

It is well known that the p53 protein can promote apoptosis via
transcription-independent mechanisms as well as transcriptional
activation of pro-apoptotic (Bax)* or repression of anti-apoptotic
genes.”” Still, there is a lot of confusion about the role of p53 and
its status in the efficacy of PDT. This is mostly due to the fact
that PDT is generally considered as non-genotoxic, because the
photosensitizers employed in PDT do not localize to the nucleus.?®
There are several studies linking induced p53 expression to higher
incidence of apoptosis after ALA-PDT? or claiming either p53-
dependent'” or p53-independent® toxicity of Photofrin-PDT. The
possibly hazy and scrambled nature of the results suggests that
the question of the role of p53 in PDT might not have an easy
and straightforward answer. Not only does p53 play a crucial
role in numerous cellular processes, but moreover the phenotype
of different sorts of cancer and distinct molecular and cellular
mechanisms of phototoxicity induced by various photosensitizers
under various conditions certainly significantly affect the overall
efficacy of PDT.

The role of protein p53 in the photocytotoxicity of PDT has
already been studied by several authors. Lee and colleagues®
even studied HY-PDT in osteosarcoma cells with low versus
high expression of p53 induced by stabilization of the protein,
and they found the comparison of sensitivity between cell lines
established by MTT and clonogenic assay insignificant. Likewise,
phosphatidylserine externalization and mitochondrial potential
dissipation exhibited similar trends in the onset and progression of
programmed cell death. However, they did not present a quantita-
tive analysis of the final stages of apoptosis. In another experiment,
the dependence of the efficiency of PDT with m-THPC on atm and
TP53 gene expression® demonstrated that p53 and ATM are not
required for necrosis but might be required for apoptosis. In this
case, genomic DNA fragmentation detected by TUNEL assay was
used to analyze the final stage of the apoptotic process.

In concert with the results of Lee and colleagues,®* we also
concluded that p53 does not affect HY accumulation (data not
shown) or the ability of photoactivated HY to kill tumour cells, i.e.
its overall toxicity. We also found results of phosphatidylserine ex-
ternalization 24 h after PDT insignificant, though earlier analysis
(8 h) revealed some significant results in our experiment. However,
since these authors did not present any quantitative analysis of
the final stage of apoptosis, we could not compare our results
indicating different incidence of apoptosis in our in vitro model of
colon adenocarcinoma cells (Fig. 3). But the lower percentage of
final stage apoptotic cells in pS53-deficient cells correlates with m-
THPC-mediated PDT in the work of Heinzelmann-Schwarz and
colleagues.®

To bring more light to bear on the mechanism of passage
along the apoptotic pathway influenced by p53 status, activation

of caspase-3 was analyzed using Western blot as well as on a
cellular basis using FCM (Fig. 6 and Table 3). The percentage
of cells with activated caspase-3 (caspase-37) analyzed 8 h after
PDT (Table 3) was significantly enhanced in cells expressing wt-
p53 when compared to control as well as to p53-deficient cells.
However, considerable induction of caspase-3** cells by PDT
with 75 nmol dm~ HY, but no difference between cell lines 24
h after PDT, indicated that the apoptotic program was executed
irrespective of p53 status, although some deceleration in p53-
deficient cells was detected at the early stage (8 h). Since PARP is a
substrate of caspase-3,* its cleavage, similar in both cell lines, is in
accordance with caspase-3 activation. Though PARP cleavage did
not correlate with differences in percentages of cells with apoptotic
morphology of the nucleus. Therefore we consider it more as a
qualitative/semiquantitative, but not a fully quantitative, indicator
of the apoptotic process. And since there is some evidence of
caspase-3** or even caspase-3, -6 and -7 independent cleavage of
PARP?* as well as a caspase- and PARP-cleavage-independent
apoptotic pathway,*** we might consider PARP cleavage more as
a qualitative hallmark of programmed cell death.

Since PDT action is limited to a short period during photosensi-
tizer activation by light, and subsequent cell death is a consequence
of damage induced by ROS produced during activation, those cells
that handle the impact of PDT may undergo a series of different
changes, even those inducing resistance.* The significantly higher
clonogenic potential of p53-deficient cells harvested 8 h and
24 h after PDT and the elapsed-time ascending trend (Fig. 5)
in both cell lines indicate that the pools of viable cells seeded
at those mentioned time points differed in their physiological
status. Especially the 8 h harvest indicates that the population
of p53-deficient cells, even though showing a lower survival rate
(Annexin V/PI), contained a pool of surviving cells in different
physiological condition and even when seeded in the same numbers
they expressed a higher clonogenic potential. It is liable, that this
population of surviving cells might be coincident with cancer stem
cell subpopulations of HCT-116 cells described by Botchkina
and colleagues,”” which proved to possess higher clonogenic
potential and in vivo tumorigenicity than the bulk population
they originated from. In accordance with this presumption, cancer
stem cells defined as CD133* are known to be highly resistant to
chemotherapy® and their higher percentage correlates with tumor
aggressiveness and clinical outcome.* When populations of both
cell lines were harvested and seeded 48 h after PDT, the differences
between them diminished.

Interestingly, harvesting and seeding cells 8 h after PDT
revealed significantly higher clonogenic potential of both cell
lines also under hypoxic conditions (1% O,). These findings
underline the impact of early response mechanisms (e.g. HIF-
1%) on the therapeutic outcome and suggest that low-dose PDT
might stimulate cell survival and induce resistant phenotype.*
Regarding these results, it is also likely that the mechanisms linked
to higher clonogenic potential under hypoxia are independent of
p53 status. All told, together with analyses of phosphatidylserine
externalization, AWY, dissipation, cell membrane fluidity, total cell
number and floating cells, we suggest that the programmed cell
death pathway is decelerated in cells expressing wt-p53, whereas
cells deficient in p53 proceeded faster to their demise. Although
activation of caspase-3 seems to be an exception negating the
above stated premise, as a matter of fact only a fraction of cells
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with higher cell membrane fluidity, dissipated A¥ , or externalized
phophatidylserine proceeded to caspase-3 activation. A higher
percentage of Annexin V* cells compared to cells with dissipated
AY,, might also signify either preferential onset of phosphatidyl
serine externalization*! or reversibility of the process.***

As already reported by us and others, HY-PDT induces cell
cycle arrest with preference at the G,/M transition point.?#-46
Moreover, the protein p53 is known to affect cell cycle progression
at the G,/S transition*’ as well as the G,/M transition point.*® In
our experiment, both cell lines underwent G,/M arrest, however
significantly higher accumulation of p53-deficient cells in the
S-phase at the expense of the G,-phase was detected 48 h after
PDT. Based on these results, we suggest that accumulation of cells
in the G,/M phase of the cell cycle is not affected by p53 status, in
accordance with the results of Lee and colleagues.* But in addition
we might claim that HY-PDT induced minor accumulation at the
G, /S transition point, which was abrogated in p53-deficient cells.
However justification of this event might require further study.

The crucial role in the onset of the apoptotic process is played
by a wide group of anti- and pro-apoptotic proteins from the Bcl-2
family. Interestingly, an expression of Bcl-2 was not affected at all,
either by p53 status or PDT (Fig. 6). On the other hand, induction
of Mcl-1, another anti-apoptotic member of the Bcl-2 family, was
in apparent correlation with PDT dose in the wt-p53 expressing
cells. Bax, a representative of the pro-apoptotic group of the Bcl-
2 family, responded to HY-PDT in the HCT-116 p53*/* but not
p537 cells (Fig. 6). Since Mcl-1 does not inhibit Bax-mediated
apoptosis,” induction of Bax, in spite of higher levels of Mcl-1,
might be responsible for onset of apoptosis in wt-p53 cells. In
contrast, the low expression of Bcl-2 together with Bax and only
weaker responsiveness of Mcl-1 to increasing HY concentration
were characteristic for apoptotic signaling in p53-deficient cells.
This might indicate an impact of p53 status on Bcl-2 protein family
signaling.

Based on the data presented here, we can predicate that our
results correlate with other studies discussing this issue when
considering the direct overall phototoxicity of HY-PDT. Although
the lack of p53 function did not attenuate the initial phases of
programmed cell death, analysis of apoptosis in the final stage
revealed suppression of its incidence in p53 knock-out cells.
Analyses of the apoptotic pathway in the execution phase revealed
delayed stimulation of caspase-3 in p53-deficient cells 8 h after
PDT, however we found it similar together with PARP cleavage in
both cell lines at the same time (24 h after PDT) when differences
in nuclear fragmentation were detected. Clonogenic assay revealed
differences in ability to repopulate, especially high under hypoxic
conditions, when harvested and seeded 8 h after PDT. Stimulation
of programmed cell death onset in wt-p53 expressing cells was
documented by induction in protein levels of anti-apoptotic Mcl-
1 and pro-apoptotic Bax, whereas induction of Mcl-1 in p53-
deficient cells was less prominent, and the level of Bax did not
respond to PDT treatment. Interestingly, the level of Bel-2 did not
react to HY-PDT at all, in either cell line.

Conclusions

Bringing the evidence together, we demonstrate that despite its
insignificant impact on overall toxicity, expression of the p53
protein affects the clonogenic efficiency of HCT-116 cells. Since

destruction of tumor tissue and its vascular system as a conse-
quence of PDT tends to lead to hypoxia, superior survival of
tumour cells under these conditions might cause recurrence of can-
cer disease. Unfortunately, there is so far no literature discussing
in detail the p53-dependent mechanisms of apoptosis regulation
after PDT. Further studies will therefore be required to identify
key molecular targets which might in future be treated pharmaco-
logically in order to overcome the risk of disease recurrence.
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