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1 INTRODUCTION 

Photodynamic therapy (PDT) is a clinically approved, not invasive therapeutic treatment 

that can induce a selective cytotoxic activity in the target cells (Agostinis P et al. 2011). 

This technique can be used for the treatment of a lot of diseases including psoriasis, age-

related macular degeneration and cancer; recently it is interesting the use of PDT in 

microbiology for the treatment of resistant bacteria (Hamblin MR et al 2004; Jori G et al. 

2006). The procedure involves i) the administration of a light-sensitive but, per se, 

harmless drug (photosensitizer, PS) followed by uptake of this compound and 

accumulation in the target cells; ii) the subsequent irradiation of the PS at a wavelength 

corresponding to an absorbance band of the molecule; iii) the oxygen that, reacting with 

the active PS, induces the production of reactive oxygen species and singlet oxygen 

(Plaetzer K et al 2009; Agostinis P et al.2011). A lot of studies show that, after PDT 

treatment, there is also an increase of nitric oxide (NO) due to the activation of the 

inducible nitric oxide synthase (iNOS) (Gupta S et al. 1998; Rapozzi V et al 2013). 

The active PSs are able to produce rapidly a cytotoxic effect through apoptosis and/or 

necrosis activation; PDT selectivity is derived by the ability of the photosensitizers to 

localize in the cellular target and by the capability of light to reach in the selected sites. 

The targets of PDT include (i) tumor cells, (ii) the microvasculature that blood supply the 

tumor, (iii) and the inflammatory and immune host system that are activated against 

tumor cells (Dougherty TJ et al. 1998). Thanks to the low invasiveness of this therapy it 

can be used in different types of solid cancer (bladder cancer, early stages of lung and 

esophagus cancer, head and neck cancer) in which it is possible to obtain the reduction of 

tumor growth (Dougherty TJ et al. 1998; Agostinis P et al. 2011).  

PDT offers a lot of advantages such as a minimal systemic toxicity, few secondary effects 

and the combination with other therapies like chemotherapy and radiotherapy.  

1.1 The photosensitizer 

The ideal photosensitizer would be a chemically pure drug with preferential uptake in 

tumor cells and a low light degradation molecule (that is optimal for long irradiation 
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times) with a rapid clearance (to reduce the photosensitivity of the patients ). In terms of 

the administration it is important the solubility of the molecule: an amphiphilic structure 

is better for the transport in the blood and for the ability to penetrate the cytoplasmic 

membrane. To perform an optimal treatment it is important that this drug is not toxic in 

the dark, it should have a strong absorption peak between 600 and 800 nM; in fact, in this 

range of wavelength there is a deep light penetration in the tissue and the energy is 

sufficient to produce singlet oxygen (Triesscheijn M et al 2006; Plaetzer K et al 2009; 

Agostinis P 2011). 

The first clinically approved PS was a mixture of purified phorphirins, called 

hematophorphirin derivates (HpD) and its purified compound, Photofrin, (porfimer 

sodium), is commercially available and officially approved for clinical application (Moan J 

1986;Dougherty TJ et al. 1998; Triesscheijn M et al. 2006).  

Today this PS is still the most employed, despite it has some problems like long lasting 

skin photosensitivity and low absorbance at 630 nM (Agostinis P et al 2011). 

Another important PS widely used is 5-Aminolaevulinic acid (ALA) that is a metabolic 

precursor of protoporfirin IX, the real active molecule (Kennedy et al.1990; Dougherty TJ 

et al 1998). 

To improve the characteristics of the PS and to reduce its toxicity, a lot of new 

compounds were synthesized; farther there are a lot of new techniques to meliorate the 

distribution of the PS and its selectivity. 

The most well-known and used PSs are cyclic tetrapyrroles (porphyrins, chlorins and 

bacteriochlorins) and phenothiazenium-based structures that are known as second 

generation of PSs. The develop of the new generation concerns in the combination of 

these PSs with carrier molecules, such as monosaccharides, peptides, antibodies, 

polymers, nanoparticles and liposomes, in agreement with the cellular targets (Yoon I et 

al. 2013;Benov L 2014).  

Host response to PDT treatment depends on the PS used, the type of light, the degree of 

tissue oxygenation and the type of cells treated. Besides it is important to consider the 

intracellular localization of the PS from which depends the kind of cell death and the 

influence of the tumor microenvironment (Moor AC 2000; Gomer CJ et al. 2006)  
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1.2 Photophysics and Photochemistry 

Normally the PS is present in a energetically stable state, called ground state. This 

condition is characterized by two electrons with opposite spin in the lower energy 

molecular orbital; this configuration is called singlet state (Plaetzer K et al 2009; 

Robertson CA et al 2009). After the absorption of a light quantum with appropriate 

energy, one of them moves from the ground state to a exited state, keeping the same 

spin. This new condition is called excited singlet state. As the excited state is energetically 

less stable than the ground state, it has a short live and it can lose its energy in three 

ways: i) fluorescence light, ii) heat iii) and by intersystem crossing. In this process the spin 

of the excited electron inverts to form a long lived excited triplet-state. Each process is 

possible but it is important to know that PS has high probability to moves to triplet state 

(Ochsner M 1997;Plaetzer K et al 2009). Using the energy of the triplet state, the PS is 

able to induce chemical changes in the neighbors molecules through two reactions: type I 

and type II. In type I reaction, the excited PS can react directly with a substrate and 

transfer an electron to form a radical; the radical is unstable and may react with oxygen 

producing reactive oxygen species (ROS) (Plaetzer K et al 2009; Robertson CA et al. 2009; 

Agostinis P et al 2011). The ROS produced are seperoxide anions, hydrogen perosside and 

hydroxyl radical; the last two radicals are able to pass easily through plasma membrane; 

in this way the oxidative damage is not limited to the membrane compartment. 

Type II reaction occurs when the PS transfers its energy directly to the molecular oxygen 

present in the tissue. The oxygen moves from its ground state to an excited state named 

singlet oxygen (with paired electrons). Since this molecule has a very short lifetime in 

cells, its site of damage is close to the site where the PS is located (Ochsner M 

1997;Plaetzer K et al 2009; Robertson CA et al. 2009). 

Both reaction happen simultaneously after PDT treatment and their contribution depends 

on the type of PS and on the quantity of substrate (Plaetzer K et al 2009; Robertson CA et 

al. 2009) (Figure 1) 
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Figure 1.Modified Jablonski diagram The diagram shows the excitation of the PS to its singlet 

excited state (S1),followed by intersystem crossing (T1) that relaxes to the ground state by type I 

(radical production) or type II (energy transfer to molecular oxygen) reaction. (Agostinis P et 

al.2011) 

1.3 Light delivery 

To have an optimal PDT treatment in vivo, it is necessary that sufficient light reaches the 

diseased tissue to destroy tumor cells. The light propagation in the tissue implicates some 

processes such as reflection, refraction and scattering that can reduce the beam power 

and the deep penetration in the tissue (Nowis D et al. 2005; Wilson DC et al., 2008; Allison 

RR et al.2013). Another important phenomenon in light delivery during PDT is light 

absorption by tissue chromophores such as water, oxyhemoglobin (HbO2) and 

deoxyhemoglobin, melanin and cytochrome (Robertson CA et al.2009; Agostinis P et al. 

2011), that reduces activation of the PS.  

The absorption spectrum of PS defines the optical window of PDT, below 620 nm and 

above 1200 nm; moreover, the fact that longer wavelengths are energetically insufficient 

to produces singlet oxygen, reduces again the optical window (600-800 nm); (Nowis D et 

al. 2005; Plaetzer k et al. 2009). Summary, to make an optimal PDT treatment it is 

important to know the characteristics of the tissue (amount of chromophores, pH, 

oxygenation of the tissue) and of the PS: for deeper treatment it is better to use a PS that 

absorbs red light, while to perform a topical treatment it is possible to use a PS which 

absorbs blue light (400nm) (Allison RR et al.2013). 
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It is possible to decide the light source according to PS absorption (fluorescence excitation 

and action spectra), disease (location, size of lesions, accessibility, and tissue 

characteristics), cost and size; the light can be provided by halogen, fluorescent, tungsten 

or xenon lamps (inexpensive); lasers (expensive) and LEDs that are very small and 

portable (Nowis D et al. 2005; Agostinis P et al. 2013 Allison RR et al. 2013). 

It is also important to underline that a lot of PSs are fluorescent dyes that allow to obtain 

optical imaging to monitor PDT treatment (Robertson CA et al. 2009). 

1.4 PDT and microenvironment  

PDT not only modulates the direct tumor cell destruction, but it acts also on tumor 

microenvironment that is made up of malignant cancer cells and connective tissue as well 

as other cells including endothelial cells, fibroblasts and cell of the immune system 

(Gomer CJ et al. 2006; Milla Sanabria L et al. 2013). There are a lot of studies that show 

that PDT treatment is able to activate inflammatory and immune response, angiogenesis, 

and, in general, pro-survival pathways. These pathways can induce tumor recurrence and 

occur when one of PDT components (light, photosensitizer or oxygen) is limiting (low-

dose PDT) (Piette J et al. 2003;Verna S et al.2007). During PDT treatment, vascular 

damage and the oxygen consumption may limit the efficacy of the treatment, in fact the 

hypoxic condition can cause the stabilization of hypoxia-inducible factor 1-alpha (HIF1 

alpha) and the increase of vascular endothelial growth factor (VEGF). Some studies 

reported that antiangiogenic treatments enhance the tumoricidal action of PDT (Ferrario 

A et al. 2000; Solban N et al. 2006). 

Ferrario et al. have shown that the oxidative stress due to PDT treatment can also induce 

the activation of metalloproteinases (MMPs); these molecules are involved in the 

degradation of the extracellular matrix and they have an important role in tumor 

angiogenesis, growth, invasion, and metastasis (Zhang H et al.2014); in in vivo studies it 

has been demonstrated that combining PDT with prinomastat (an MMP inhibitor) the 

therapeutic efficiency is enhanced (Ferrario A et al. 2004). 

However low-dose PDT treatment can also promote the expression of the inducible 

cyclooxygenase (COX-2), involved in inflammatory response. It has been shown that this 
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protein is also linked to the development and progression of a variety of cancers, 

increasing the adhesion to extracellular matrix proteins, the cell motility, the resistance to 

apoptosis and the induction of cell proliferation (Volanti C et al. 2005). The use of  

selective NSAIDs, (non-steroidal anti-inflammatory drugs) that reduce prostaglandin 

production and inhibit COX-2, can ameliorate the single PDT treatment without affecting 

normal tissue repair (Ferrario A et al. 2002; Ferrario A et al. 2005).  

1.5 Nitric oxide in the tumor  

Nitric oxide (NO) is recognized as a major effector molecule in a diverse array of 

physiologic and pathologic processes. The biosynthesis of NO is catalyzed by a family of 

enzymes called NO synthases (NOS); the catalytic mechanism of NOS involves the 

electron transport from NADPH to the NOS NH2-terminal domain, where the oxygen is 

reduced and incorporated into the guanidine nitrogen of L-arginine, producing NO and L-

citrulline (Figure 2) (Singh S et al. 2011). It is evident that this radical not only controls 

important functions in tumor progression, but may have a major influence on the 

outcome of cancer therapies, in particular those dependent on oxygen and on ROS 

generation, such as photodynamic therapy (Korbelik M et al. 2000). This short-lived agent 

is involved in carcinogenesis, invasion, angiogenesis and modulation of therapeutic 

response. A lot of studies underline that NO can induce tumor progression or regression 

in dependence on the local concentration, the spatial and temporal distribution; in fact, 

when present at low rates (<50nM), NO is able to induce tumor cell proliferation, 

resistance to apoptosis, angiogenesis, cell migration and invasion; vice versa high rates of 

NO (>400nM) induce DNA damage, oxidative and nitrosative stress, mitochondrial 

damage that implicate cell death and tumor regression (Singh S et al.2011; Burke AJ et 

al.2013). 
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Figure 2 Nitric oxide production: nitric oxide synthases produce NO by catalyzing a five-electron 

oxidation of a guanidino nitrogen of L-arginine. Oxidation of Arginine to citrulline occurs via 

monooxygenation reactions producing the intermediate hydroxyarginine. 2 mol of molecular 

oxygen and 1.5 mol of NADPH are consumed per mole of NO forme. 

1.6 Nitric oxide in PDT 

1.6.1 Nitric oxide during PDT 

Nitric oxide is known to directly influence the biological processes activated by PDT: in 

tumors that produce high levels of NO, the reduction of the blood flow, the 

vasoconstriction, the ischemia/hypoxia and the inflammatory reaction, induced by 

photodynamic treatment can be reduced; in fact, tumor models characterized by high NO 

production are less sensitive than the others (Korbelik M et al. 2000). Probably this is due 

to the following effects of NO: i) it acts as a potent vasodilator, ii) it prevents platelet 

aggregation, iii) it reduces the aggregation of neutrophils and iv) it prevents mast cell 

degranulation (Schmidt HHH et al. 1994; Korbelik M et al. 2000). On the other hand, it is 

important to consider that, elevated NO levels may maintain vessel dilation during PDT 

treatment, resulting in increased tumor oxygenation, that enhance the oxygen-

dependent generation of oxidative stress (Reeves KJ et al. 2009). The NO-sensitive 

process that occurs after PDT includes reperfusion post injury, in which NO has a 

protective role increasing tumor oxygenation, the apoptosis of tumor cells and the 

modulation of immune reaction against the tumor (Dougherty TJ et al 1998). 
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1.6.2 Following PDT treatments 

Gupta et al.(Gupta S et al. 1998) reported, for the first time, an increase of NO following 

treatment of A431, human carcinoma cells, with phthalocyanine/PDT. The increase of NO 

is correlated with an enhanced constitutive expression of nitric oxide synthase (NOS). 

Other authors confirmed this result in other cell line: prostate cancer PC3 (Rapozzi V et al. 

2013; Bhowmick R et al. 2014), murine amelanotic melanoma B78H1 (Rapozzi V et al. 

2011) and breast cancer COH-BR1 (Bhowmick R et al. 2011). Another evidence of NO 

production after PDT was obtained by Dalbasti et al. (Dalbasti T et al. 2002) that, using an 

electrochemical sensor for on-line measurement of NO changes, has detected a transient 

rise in NO production in the cerebellum after ALA/PDT.  

Oxidative stress is the major cause of damage associated with an elevated NO level. This 

is due to the rapid reaction between superoxide
 
(O

2−
) and NO that forms the short-lived 

perossinitrite (ONOO−); this is a powerful oxidant, more toxic than its precursors 

(Beckman JS 1994). ONOO− oxidatively damages a wide range of biological molecules, 

including proteins, lipids and nucleic acids; moreover it is also able to oxidize thiols, to 

nitrate protein tyrosine residues and to damage mitochondria. Furthermore, ONOO−, as 

its conjugate acid ONOOH, can diffuse through membranes and cause damage far from its 

site of synthesis (Beckman JS 1994; Murphy MP 1999). Elevated NO levels increase 

oxidative stress and DNA damage; in addition it activates PARP, disrupting cellular energy 

metabolism, mitochondrial function and calcium homeostasis inducing activation of pro-

death pathways (both necrosis and apoptosis) (Murphy MP 1999). 

NO and reactive nitrogen species (RNS), are also able to modulate important transcription 

factors such as p53, able to block the cell cycle and to activate apoptotic pathways, and 

HIF-1 alpha, involved in angiogenesis, inflammation and cell proliferation.  

All these functions are depending on the NO concentration involved (Zhou J et al. 

2005;Burke AJ et al. 2013). It is also important to underline that NO is able to elicit long-

term cytoprotective antioxidant responses resulting in apoptosis inhibition (Gomes ES et 

al. 2002; Casas A et al.2011). Literature reports that low NO levels induced after PDT 

treatment are correlated to the resistance, to apoptosis and to the stimulation of cell 

growth, through cyclic guanosine monophosphate(cGMP)-dependent mechanism (Gomes 
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ER et al. 2002; Bhowmich R et al. 2013) and through the suppression of pro-apoptotic JNK 

and p38 MAPK activation (Bhowmich R et al. 2014).  

Evidences gathered in recent years indicate that NO participates in the regulation of cell 

differentiation. It has been demonstrate that a low amount of NO generated either from 

chemical donors or following eNOS overexpression regulates apoptosis, self-renewal and 

differentiation of embryonic stem cells (Tejedo JR et al. 2010).  

1.7 NF-ĸB/Snail/YY1/RKIP loop 

Nitric oxide is able not only to modulate the oxidative stress induced by PDT, but also to 

contribute to the molecular pathways activated by ROS. 

One of this pathways is the NF-ĸB/Snail/YY1/RKIP loop, that is normally dysregulated in 

tumor. This loop is important in the regulation of tumor cell growth, in the tumor cell 

sensitivity to cytotoxic stimuli (chemotherapeutics drugs) and it has a pivotal role in the 

regulation of cell invasiveness through epithelial to mesenchymal transition (EMT) 

(Bonavida B et al. 2011) (Figure 3). 

 

Figure 3 Schematic diagram of the crosstalk among the members of the NF-ĸB /Snail/YY1/RKIP 

loop in the regulation of resistance to apoptotic stimuli and EMT. NO is able to modulate NF-ĸB in 

a dose dependent way: low NO levels, activate NF-ĸB and downstream genes Snail and YY1; these 

genes act as transcriptional repressor of RKIP, a metastasis suppressor gene. Snail also acts as an 

essential initiator of EMT ,inhibiting RKIP and E-cadherin, an adhesion protein. It has been 

demonstrated that high NO levels inhibit the activation of NF-ĸB, YY1 and Snail and induce RKIP, 

triggering cell death and EMT inhibition. The NO-mediated regulation of the NF-ĸB 

/Snail/YY1/RKIP loop via the above mechanisms result in the modulation of cell survival EMT. Red 

lines correspond to the effect of high NO level, while black lines correspond to the low NO levels 

(Bonavida B et al. 2011). 
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1.7.1 NF-ĸB  

The NF-ĸB (nuclear factor kappa-light-chain-enhancer of activated B cells) is a 

ubiquitously expressed protein complex that controls transcription of DNA. NF-ĸB is found 

in almost all animal cell types and is involved in cellular responses to stimuli such as 

stress, cytokines, ultraviolet radiation, free radicals (ROS or NO) (Matroule JY et al. 2006; 

Bonavida B et al. 2011; Rapozzi V et al. 2011). The incorrect regulation of NF-ĸB is linked 

to inflammatory and autoimmune diseases; moreover several different types of human 

tumors present the NF-ĸB expression constitutively active. The activation of this 

transcription factor implicates expression of genes that keep proliferation and cell 

protection; on the other hand, defects in NF-ĸB result in increased susceptibility to 

apoptosis leading to increased cell death. 

The NF-κB consists in homo- or hetero-dimers of five proteins belonging to the Rel/ NF-ĸB 

family (p50, p52, p65, RelB, c-Rel). Under basal conditions, NF-ĸB is sequestered in the 

cytoplasm by inhibitor proteins of the IĸB family but it can be rapidly activated in 

response to different stimuli. The phosphorylation of IĸB proteins by the IKK complex 

induces the proteasome degradation of these inhibitor proteins, allowing the nuclear 

translocation of the NF-ĸB. Once in the nucleus, it can activate the transcription of its 

target genes (Bonavida B et al. 2011). It has been demonstrated that the iper-activation of 

NF-ĸB is related to the downstream activation of anti-apoptotic genes such as Bcl-xl and 

Yin Yang 1 (YY1); moreover, this transcription factor is able to modulate EMT and 

metastasis directly through the activation of Snail and indirectly through the down 

regulation of RKIP, a metastasis suppressor gene and E-cadherin, an adhesion protein 

(Wang H et al. 2007; Bonavida B et al. 2011). 

Following PDT there is a modulation of NF-ĸB, in particular It has been demonstrated that 

after a non-optimal PDT treatment there is an increase of NF-ĸB levels that is linked to the 

activation of pro-survival pathways (Volanti C et al. 2002). Vice versa the optimal PDT 

treatment reduces the levels of NF-ĸB inducing cell death (Rapozzi V et al .2013). 
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1.7.2 Snail 

Snail is a member of Snail superfamily of zinc-finger transcription factors and it is 

involved, not only in cell division and survival, but also in embryonic development and 

neural differentiation (Bonavida B et al. 2011). Snail is also involved in the acquisition of 

invasive and migratory properties during tumor progression, in particular in the activation 

of epithelial-mesenchymal transition that is the first step for metastasis formation (Nieto 

MA 2002). It directly down-regulates the expression of both RKIP, a metastasis-

suppressor gene, and E-cadherin, a protein involved in cell-cell adhesion (Nieto MA 2002; 

Bonavida B et al 2011); furthermore Snail stimulates the expression of mesenchymal 

markers such as vimentin and fibronectin (Nieto MA 2002; Kim YS et al. 2014) 

It has been also demonstrated that NF-ĸB can directly activate Snail promoting EMT and 

cell survival (Wu Y et al 2009; Bonavida B et al 2011) 

1.7.3 YY1 

Yin Yang 1 (YY1) is a zinc-finger transcription factor that can activate or repress the 

transcription depending on the context in which it binds (Castellano G et al. 2009); in this 

way it controls many cellular process such as proliferation and apoptosis. Its expression is 

crucial during embryonic development but it has been associated also with tumor 

progression, in particular it is linked to the metastatic process and to  cancer cells survival. 

YY1 is overexpressed in several cancer (Castellano G et al. 2009) and it has been 

demonstrated that its silencing can sensitize the resistant tumor cell to apoptosis 

(Bonavida B et al. 2011). YY1 is identified as a repressor of death receptors like Fas and 

DR5 (Castellano G et al. 2009) and it has been demonstrated that it can activate DNA 

repair, promote a reduction of cellular adhesion (EMT activation) and inhibit apoptosis, 

leading to cellular proliferation, migration, and prolonged cell survival (Gordon S et al. 

2006). Bonavida and collaborators demonstrated that NF-κB is directly able to regulate 

YY1 transcription, YY1 regulates the transcription of Snail and Snail reduces RKIP 

expression. These genes are therefore involved in the dysregulated NF-ĸB /YY1/Snail/RKIP 

loop that is linked in EMT activation and tumor progression (Bonavida B et al. 2011; 

Kashyap V et al. 2014). 
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1.7.4 RKIP 

Raf kinase inhibitory protein (RKIP) is a highly conserved cytosolic protein, member of the 

phosphatidylethanolamine-binding family (PEBP); the most important targets of this 

protein are the pro-survival pathways Raf-MEK-ERK and NF-ĸB. In this context, RKIP is also 

able to inhibit STAT (Signal Transducer and Activator of Transcription) that regulates some 

genes involved in cell growth, apoptosis, survival and differentiation (Bonavida B et al. 

2011; Deiss K et al. 2012). 

RKIP is also important in chemotherapeutic resistance; in fact, it has been demonstrated 

that the depletion of RKIP determinates an increase of Nrf2 (Nuclear factor (erythroid-

derived 2)-like 2), a transcription factor involved in antioxidant defenses, that is 

correlated to cell resistance (Bonavida B et al. 2011; Deiss K et al. 2012). 

RKIP expression is down-regulated in several tumors and especially in metastatic tumors 

(Bonavida B et al. 2011). It is known that this gene plays a role as a metastasis suppressor 

in different types of cancer; moreover, it has been demonstrated that the overexpression 

of RKIP is correlated with EMT inhibition and activation of pro-apoptotic stimuli through 

the down-regulation of NF-ĸB, Snail and YY1 (Bonavida B et al.2011). 

1.8 Epithelial-Mesenchymal Transition  

Epithelial to mesenchymal transition (EMT) is a phenotypic conversion linked to 

metastasis. The concept of EMT was originally defined as a feature of embryogenesis, 

essential for the development of tissues and organs (Polyak K et al. 2009). EMT process is 

important also in cancer, in fact similar behaviors have been found during tumor 

invasiveness and metastasis (Mani SA et al. 2008). In addition it contributes to drug 

resistance (Singh A et al. 2010). Epithelial and mesenchymal cells have different 

phenotypes and functions: the first ones are characterized by closely cell-cell adhesion, 

planar and apical polarity, a polarized actin cytoskeleton and they are able to adhere to 

the basal surface. In contrast, the other ones are characterized by loosely associated cells 

that lack polarity and are surrounded by a large extracellular matrix, farther these cells 

are able to migrate easily and differentiate into connective, lymphatic and circulatory 

tissues. The term EMT refers to a multistep program by which epithelial cell lose their 
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differentiated characteristics and acquire mesenchymal features (Figure 4) (Wang Y 

2014).  

 

Figure 4. Epithelial to mesenchymal transition. EMT takes place during embryonal development 

and plays a role in cancer invasion. It involves the decrease of the epithelial features (e.g. E-

cadherin) and the increase of the mesenchymal ones (e.g. vimentin, N-cadherin) 

 

During EMT the adherent cells lose some typical markers of this phenotype such as MUC-

1, ZO-1, Laminin-1 and E-cadherin, increasing the expression of mesenchymal proteins 

like, fibronectin, N-cadherin and vimentin (Gupta PB et al. 2009; Van der Pluijm G 2011).  

E-cadherin is a transmembrane protein that mediates cell-cell adhesion and that has an 

important role in cell polarity and tissue morphogenesis. In cancer, loss of E-cadherin in 

epithelial cells is correlated to migration and invasion. Moreover, it has been found that a 

soluble extracellular fragment of E-cadherin, detectable in serum, is considered a 

diagnostic factor in cancer research because it is present in more quantity in cancer 

patients respect to the healthy ones (Repetto O et al. 2014). 

On the other hand vimentin is the major cytoskeletal component of mesenchymal cells 

and it is often used as a marker of cells undergoing on EMT during both normal 

development and metastatic progression. 

EMT is a reversible process; in fact, once migrating to the new site, tumor cells are able to 

re-express epithelial markers that permit adhesion, in a process named mesenchymal-to 

epithelial transition (MET). In this way, this process seems to be pivotal in the formation 

of distant metastasis (Polyak K et al.2009; Jing Y et al. 2011).  
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EMT activation is linked to different types of stimuli that include ROS (Wang Y et al. 2014) 

and NO; this one can both promote (directly by induction of tumor cell migration and 

invasion and indirectly through expression of angiogenic factors in tumor cells) and inhibit 

(through DNA damage, gene mutation and apoptosis) this process in a dose dependent 

way (Wink DA et al. 1998; Fukumura D et al. 2006; Burke AJ et al. 2013).  

EMT is correlated to several pathways, the most common are TGF-beta, Wnt, Notch, 

Hedgehog and NF-ĸB pathways. There is a lot of crosstalk between these pathways, for 

example Notch can induce EMT through NF-ĸB activation but also modulating the activity 

of TGF-beta (Polyak K et al 2009). Hedgehog pathway is also implicated in EMT activation 

because it is correlated to an increase of Snail protein expression and to a decrease in E-

cadherin and tight Junctions formation. It appears to be a crucial regulator of 

angiogenesis, metastasis and in the conservation of a more aggressive tumor phenotype 

(Polyak K et al. 2009;Lu Y et al. 2015). Several studies reported that NF-ĸB is strictly 

involved in EMT because it is able to suppress the expression of epithelial specific protein 

E-cadherin (Chua HL 2007;) and to induce the expression of mesenchymal specific 

protein, vimentin (Julien S et al. 2007). 

The crucial role of NF-ĸB in EMT triggering is due to its ability to modulate some 

downstream genes such as YY1 and Snail; YY1 is able to activate the Snail transcription 

(Bonavida B et al. 2011) and Snail is able to repress the E-cadherin adhesion protein. 

Epithelial cells that overexpress Snail acquire metastatic and invasive potential and EMT 

phenotype; moreover, Snail is able to activate EMT through the modulation of claudins 

and occludins, important proteins for the cell polarity (Lin K et al. 2010). The modulation 

of these genes (YY1 and Snail) reflect on the modulation of RKIP (Bonavida B et al. 2011), 

that is also important in EMT and metastasis. In several reports RKIP results a metastasis 

suppressor, in fact it has been shown that the RKIP knockdown in LNCap cells results in 

increase of their invasive ability (Escara-Wilke J 2012) Moreover, Beshir et al. 

demonstrated that the inhibitory function of RKIP in metastasis and migration may be due 

to its ability to down-regulate the expression of some matrix metalloproteinases (Beshir 

et al. 2010) 
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1.9 Resistance 

Resistance in cancer photodynamic treatment is an important limit that is still poorly 

understood. As for other forms of cancer therapy, PDT has to deal to a set of strategies 

that are employed by tumors to mitigate the cytotoxic effects of treatment. The 

mechanism of resistance developed by treated cells is the general mechanism of drug 

resistance and it can be summed up in these points: i) different uptake, rate of efflux of 

the drug (the photosensitizer in this case), ii) activation of cytoprotective mechanisms 

into the cells iii) decreased drug activation, or iv) increase of its inactivation (Casas A et al. 

2011). It has been demonstrated that the cause of resistance is dependent on the cell 

type and the PS used. 

1.9.1  PS uptake, intracellular localization and efflux. 

PS uptake by cells is crucial for effective PDT because ROS and 
1
O2 have a short half-life 

and act close to their site of generation so the most important oxidative damage happens 

in the localization site of the PS. Several factors can modulate the localization of the PS, 

such as its chemical structure, the drug delivery, the time interval between drug 

administration and light exposure and tumor type. The structural characteristics that 

determine the subcellular localization pattern are: (a) the net ionic charge which can 

range from -4 (anionic) to +4 (cationic); (b) the degree of hydrophobicity expressed as the 

logarithm of the n-octanol/water partition coefficient; (c) the degree of asymmetry 

present in the molecule. Hydrophobic PSs, can diffuse across the plasma membrane, and 

then relocate to other intracellular membranes. These PSs present a good uptake by 

tumor cells. Less hydrophobic PSs are taken up by endocytosis because they are too 

hydrophilic to diffuse across the plasma membrane (Castano AP et al. 2004; Benov L. 

2014).  

Plasma membrane targeting by PSs may lead to apoptosis inhibition and rescue response 

(A Casas et al. 2011). PSs which present positive charged and are also hydrophobic can 

localize in mitochondria; probably this is due to the influence of the mitochondrial 

membrane potential as well as the lipid bilayer of the membrane (Castano AP et al. 2004). 

This type of PSs is able to induce apoptosis very rapidly, causing the inactivation of 
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numerous mitochondrial enzymes and inducing the release of cytochrome c with the 

consequent caspases activation (Casas A et al. 2011). Lysosomal membrane rupture, 

actuated by PS targeting this organelle, and leakage of cathepsins from photo-oxidized 

lysosomes induce Bid (member of Bcl-2 family) cleavage and mitochondria outer 

membrane permeabilization, inducing rapid apoptosis activation (Agostinis P et al. 2011). 

When endoplasmic reticulum is targeted, Bcl-2 family is sensitive to oxidative damage, 

activating controlled cell death pathways. PDT, in addition to apoptosis activation, is able 

to induce autophagy that is used by cells i) to recycle the injured organelles and proteins, 

ii) to trigger pro-survival response and iii) to increase the resistance to death induced by 

ROS (Dewaele M et al. 2010). On another hand, it has been demonstrated that autophagy 

leads to cell death according to subcellular localization and tumor type. PSs that localize 

in mitochondria, ER and lysosomes can activate autophagy, whose role depends on PDT 

dose: with low PDT doses autophagy maintain cell viability, whereas at high PDT doses it 

is correlated to cell death (Inguscio V et al. 2012). 

To guarantee PDT efficacy after the uptake, the PS has to remain into the cell until light 

activation. In this field an important role is attributed to the complex mechanism of 

multidrug resistance (MDR); this mechanism includes the activity of efflux pump, the 

activation of pro-survival pathways and other repair mechanisms. The most important 

family of efflux pump involved in MDR is the ATP binding cassette (ABC), composed by p-

glycoprotein (p-gly or MDR1), ABCG2 (BCRP) and ABCC1 (or MRP1). They use the energy 

of ATP hydrolysis to efflux the endogenous material such as metabolic products, 

exogenous drugs and toxins from the cytoplasm into the extracellular space (Robey RW et 

al. 2004; Mo W et al. 2012; Mao Q et al. 2015). It has been demonstrated that the cells 

that overexpress or have an overactivation of these pumps can increase the degree of 

resistance; this type of resistance is not common to all the cell lines, in fact it is 

dependent on the structure of PS, on the cell type and intracellular distribution (Casas a 

et al. 2011). The most important ABC transporter in PDT is ABCG2 because the function of 

this protein in cancer stem cells (the most resistant cells in tumor) is to protect cells from 

heme and porphyrins during hypoxia (Krishnamurthy P et al. 2006). A lot of 

photosensitizers have been reported to be a substrate of this efflux pump. Indeed, 
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literature data show that overexpression of ABCG2 reduces the effects of photodynamic 

treatment and that the inhibition of ABCG2 transport is able to enhance the efficacy and 

selectivity of PDT (Robey RW et al.2004; Robey RW et al.2005;Selbo KP et al. 2012). 

During PDT, different factors can modulate ABCG2 expression: i) the oxidative stress, via 

Nrf2 activation (Ishikawa T et al. 2010); ii) the hypoxia, often present in the tumor and iii) 

the same PS sometimes is involved in the overexpression of this pump (Casas A et al. 

2011). 

1.9.2  Cytoprotective mechanisms 

After the activation of the PS reactive oxygen species are produced. This is the base for 

the pro-death role of these radicals but in the same way, there is an activation of 

antioxidant defense mechanism to contain the cell damage. Also these mechanisms are 

dependent on the treatment modality and on the cell type; in fact the cells can have 

different levels of antioxidant molecules such as glutathione, vitamin A and E; and also 

different rates of enzymes involved in ROS detoxification like superoxide dismutase, 

catalase or lipoamide dehydrogenase. All these molecules are involved in antioxidant 

defense that antagonize PDT (Agostinis P et al. 2011; Casas A et al. 2011). PDT was shown 

to up-regulate heme oxygenase-1 (HO-1) expression and the mechanism is regulated 

through the PI3K/Akt pathway and Nrf2 nuclear accumulation (Ishikawa T et al. 2010). 

Because of the antioxidant activity of HO-1, it can be expected that Nfr2-dependent signal 

transduction can control cellular protection against PDT-mediated cytotoxic effect. 

Oxidative stress can form oxidized proteins that can be refolded by molecular 

chaperones, for this reason an important role in PDT rescue response is assigned to heat 

shock proteins, involved in the modulation of cell damage. After PDT treatment there is 

an increase of HSP 27, HSP 70, HSP 90 and HSP 60 that is the chaperon protein mainly 

found in mitochondria of PDT resistant cells (Halon J et al. 2001). The intracellular 

function of HSPs is correlated both to protein refolding and to regulation of pro-survival 

pathways (Agostinis P et al. 2011). 

The oxidative damage is also linked to the activation of DNA repair mechanism and to the 

activation of stress response genes involved in the modulation of proliferation and 

inducing cell detachment, resistance and activation of pro-survival pathways. The 
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modification on the expression of NF-ĸB was found after PDT treatment; the nuclear 

accumulation of this transcription factor is correlated to prosurvival pathways activation. 

It has been demonstrated that PDT can both increase and decrease the NF-ĸB level in a 

dose dependent way (Rapozzi V et al. 2011). Other common early response gene induced 

by PDT concerns the expression of JUN and FOS that form the activator protein-1 (AP-1), 

involved in apoptosis modulation, cell proliferation and survival (Casas A et al. 2011).  

The activation of several cell survival signal transduction pathways have also been 

reported after PDT; the mitogen-activated protein kinases (MAPK) are involved in the 

regulation of growth, invasion and in the mechanisms against oxidative stress due to PDT. 

Cytotoxic oxidants, such as hydrogen peroxide and peroxynitrite, produced after 

treatment, have been shown to stimulate Akt/protein kinase B survival pathway (Zhuang 

S et al. 2003). 

Ras proteins include a group of small GTP-binding proteins that are important molecular 

switchers for a variety of signal pathways that control proliferation, apoptosis, 

cytoskeleton modification, cell migration and adhesion. It has been found that Ras 

oncogene confers resistance to photodynamic treatment and this type of resistance is 

toward PDT and not to a particular PS (Casas A et al. 2011;Di Venosa G et al. 2012). 

1.9.3 Morphology, cytoskeleton modification 

The PDT resistance mechanism can be also mediated by proteins that interact with 

extracellular matrix (ECM). ECM is a collection of extracellular molecules such as 

collagens, elastin, proteoglycans, polysaccharides like hyaluronic acid and glycoproteins 

like fibronectin and laminin. These macromolecules are able to modulate a lot of 

phenomena involved in resistance and aggressiveness: cell adhesion, migration, 

proliferation (Casas A et al. 2011). Cell adhesion proteins mediate cell-cell adhesion (E-

cadherin, catenin) and cell-ECM adhesion (integrins, vinculins,FAK). 

The proliferative rate is anchorage dependent (Milla LN et al. 2011). Experimental 

evidences show that the cell that adhere to ECM are protected from apoptosis induced by 

anticancer therapies and in contrast, the loss of adhesion can be associated to apoptosis 

(Casas A et al. 2008; Milla LN et al. 2011). Also in PDT, It has been shown that in more 

resistant cells there is an increase of integrin that induces the activation of prosurvival 
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pathways (PI3K/Akt) and reduces apoptosis (inhibition of caspase 8); moreover, the PDT 

resistant cells show an increase of vinculin and p-FAK (Focal adhesion kinase, involved in 

cell adhesion and spreading process), that can facilitate three-dimensional invasion (Milla 

LN et al. 2011).  

vimentin that is one of the cytoskeletal component responsible for maintaining cell 

integrity, is degraded by a lot of apoptosis inducers; moreover is overexpressed during 

EMT and in PDT resistant cells ( Singh A et al. 2010; Casas A et al. 2011).  

In addition, these cells show a general reorganization of the cytoskeleton and of the 

adhesion proteins, that confer a fibroblastic morphology, an alteration of actin, vinculin, 

catenin and cadherin distribution and an increase of stress fibers respect to normal cells. 

This reorganization can be correlated with a lower metastatic phenotype (Casas A et al. 

2008; Milla LN et al. 2011). 

1.9.4 Survivin 

Survivin is an inhibitor of apoptosis protein, its function is to inhibit caspase activation 

and then apoptosis; it has an important role during the development and it is completely 

absent in the differentiated tissue. Over-expression of this protein was found in most 

human tumors and for these reasons this molecule is considered a prognostic marker and 

a possible target for anticancer therapies. Survivin is able to promote tumor progression, 

angiogenesis and chemo/radio-resistance. 

It has been shown that cell lines resistant to PDT has an increased level of phospho-

survivin (Milla LN et al. 2011; Casas A et al. 2011). This protein, as well as Bcl-2 and p-Akt 

is involved in cell proliferation and in apoptosis inhibition. All these proteins are client of 

HSP90, this consideration suggests that the target of survivin and HSP90 client proteins 

can be a strategy to increase PDT efficacy (Ferrario A et al. 2007). 

1.9.5 Nitric Oxide: 

As mentioned before, is known that PDT can induce the NO release in a dose dependent 

manner and so through it, PDT can modulate resistance and survival. The cytoprotective 

role of nitric oxide in resistance, appear when it is present in low rate. It is still important 

to underline that, in general, when the tumor shows high levels of endogenous NO, it is 
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less sensitive to therapies. Moreover NO can be a modulator of angiogenesis, 

invasiveness and evasion of apoptosis (Bhowmick R et al. 2009; Burke AJ et al.2013). 

NO can reduce the activation of p38-MAPK and JNK that are proteins involved in cell 

death and it can activate ERK and NF-ĸB pro-survival proteins. NO might have a 

cytoprotective role through the increase of cGMP, an activator of the pro-survival and 

anti-apoptotic protein PKG that is able to inhibit caspases activation (Bhowmick R et al.  

2013). Its role in PDT resistance is linked also to its capability to modulate the expression 

of the ABC transporter influencing chemo-resistant phenotype (Porro A et al. 2010) and 

further, modulating anti-apoptotic proteins such as survivin (Casas A et al. 2011).  

1.10 Cancer stem cells 

Most of tumors are histologically heterogeneous and present a subset of cells 

characterized by some biological, molecular and biochemical features associated with 

normal stem cells; these cells are identified in both solid and hematopoietic tumors and 

are called cancer stem cells. This is a minor population in the tumor and it is characterized 

by particular features: i) the capability to form tumorspheres in vitro cell cultures , ii) 

unlimited cell renew, iii) the capability to resist to several therapies (chemotherapy, 

radiotherapy), iv) the capability to be tumorigenic at low cell number, v) and the 

capability to hoechst dye-exclusion (Gupta PB et al. 2009; Singh A et al. 2010; Li Y et al. 

2012). The existence of this more aggressive population, can in part explain the ability of 

tumor to escape from the action of chemotherapeutic agents and to induce tumor 

recurrence. Several papers speculate about the origin of these cells; some of them 

propose a hierarchically organization of cancer in which CSC or cancer initiating cells are 

in the top and they are the only one capable to reconstituting the whole upon 

transplantation (Pfeiffer MJ et al. 2010; Cruz MH et al. 2012). Cruz MH and coworkers 

(Cruz HM et al. 2012) propose a glioma model in which all the cells have the potential to 

develop cancer stem features and the stemness degree depend on the 

microenvironment. Anyhow the identification, the study and the elimination of this 

population is important to understand resistance mechanisms and to propose an 

effective cancer therapy. CSC population is identified using several surface markers that 
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can be different according to the type of cancer. The more common markers are CD44 

CD133, CD24, ALDH-1 and ABCG2 (BCRP), found in different types of cancer such as 

breast, prostate (Salvatori L et al. 2012; Fan X et al. 2011), pancreatic cancer (Xue ZX et al. 

2014) and glioma (Cruz HM et al. 2012). CD44 is a trans-membrane glycoproteins that is 

the major cell adhesion molecule for hyaluronic acid, an important component of ECM. It 

permits the interaction with the extracellular matrix and the actin cytoskeleton; it has 

both physiological and pathological function such as lymphocyte homing, wound healing, 

cell migration, tumor cell growth and metastasis activation (Marhaba R et al. 2004; 

Nagano O et al.2004). CD24 and CD133 (also known as Prominin1) are two membrane 

glycoproteins involved in cell adhesion, the first is characteristic of B cells, mature 

granulocytes and in differentiate neuroblast; the second is present in progenitors cells. 

When express in cancer, these markers are correlated to metastasis and tumor 

recurrence (Vaz PA et al. 2014). Aldehyde dehydrogenase 1 (ALDH-1, enzyme involved in 

the production of retinoid acid and in alcool detoxification) activity detection is also used 

for the identification of CSC; in fact, retinoic acid pathway is important for cell 

differentiation during development and in organism defense from toxic; moreover the 

high expression of this enzyme in breast cancer is correlated to poor prognosis (Croker AK 

et al. 2009; Kunju LP et al. 2011).  

The development of the cancer stem cells is tightly correlate to EMT phenotype, in fact 

the metastatic cancer cells, which have presumably undergone EMT, may exhibit CSC 

phenotype (Singh A et al. 2010). In several studies it has been demonstrated that the 

expression of EMT-inducing transcription factors such as SNAIL1 and TWIST, increase the 

number of CSC that have been identified using the specific CSC marker for the particular 

type of cancer analyzed (Polyak K et al. 2009; Morel AP et al. 2008). 
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2 AIM 

Tumor recurrence in cancer photodynamic therapy (PDT) is an important limit that is still 

poorly understood. The study of the relationship between the PDT cancer resistance and 

the development of a more aggressive population (CSC) is potentially useful to predict the 

PDT efficacy and to develop more effective and specific photosensitizers. 

The knowledge of the molecular pathways involved in tumor recurrence is an important 

step in the development of new strategies to improve PDT treatment. In this study we 

focused our attention on the NF-ĸB YY1/RKIP loop, normally dysregulated in cancer. 

Considering that i) this loop is involved in tumor progression and resistance, ii) this loop 

can be modulated by NO in a dose dependent way, and that iii) after PDT treatment there 

is an induction of NO release, we analyzed the involvement of the loop in tumor 

recurrence after PDT in order to find new strategies to prevent the development of PDT 

resistance. 

 

 
 

Figure 5. Schematic representation of the involvement of the NF-ĸB /YY1/RKIP loop in tumor 

recurrence 
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3 MATERIALS AND METHODS 

Cell culture 

The human prostate cancer PC3 and LNCaP cell lines were cultured in RPMI medium 

which contained 10% fetal bovine serum, antibiotics (penicillin 100 U/ml, streptomycin 

100 μg/ml) and glutamine 2 mM. Cells were maintained in a humidified atmosphere with 

5% CO2 air at 37 °C. PC3 cells are characterized by two population, one in adhesion and 

one in suspension. PC3 cell line is considered a cell line with high metastatic potential. In 

contrast, LNCaP cell line is an adherent cell line with low metastatic potential. 

Photodynamic treatment and reagents 

Pheophorbide a (Pba)(C35H36N4O5; MW 592.69) was purchased from Frontier Scientific 

Inc, Logan, UT. Pba was dissolved in dimethylsulfoxide (DMSO) and conserved in aliquots 

of 0.5 mM at -80°C. The stability in solution of Pba was checked by measuring its UV–vis 

spectrum at weekly intervals. Cells were treated with Pba in the dark for 3h, then 

irradiated with a metal halogen lamp with red filter for 7 min (0.84 J/cm
2
). 

 

m-THPP (meso-tetra (m-hydroxyphenyl)porfirine)(C44H30N4O4; MW 678.74) was 

purchased from Frontier Scientific Inc, Logan, UT. m-THPP was dissolved in 

dimethylsulfoxide (DMSO) and conserved in aliquots of 0.5 mM at -80°C. The cells were 

treated with m-THPP in the dark for 3 h, then irradiated with a white, metal halogen lamp 

for 30 min (14 J/cm
2
). 

 

DRPDT2 (DR2) was synthesized by Dr.Greta Varchi (National Research Council Institute for 

Organic Syntheses and Photoreactivity ISOF, Bologna, Italy); it was dissolved in DMSO and 

conserved in aliquots at -80°C. The stability in solution was checked by measuring its UV–

vis spectrum at weekly intervals. To perform a comparison between Pba and DRPDT we 

calculated the same concentration of Pba in both solutions; we confirmed the data with 

the overlay of the two spectra obtained by the spectrophotometer UV-vis Jasco (Jasco 
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s.r.l, Lecco, Italy). Cells were treated with DRPDT2 for 6h in the dark and after irradiated 

with a white, metal halogen lamp for 30 min (14 J/cm
2
). 

 

L-NG-nitroarginine methyl ester (L-NAME), NOS inhibitor, was obtained from Cayman 

Chemical Company (INALCO, Milan, Italy). The reagent was prepared in phosphate 

buffered saline (PBS). The treatment was performed 1h before irradiation. 

 

Reserpine, an ABCG2 inhibitor, was obtained from Sigma Aldrich (Milan, Italy). The 

treatment was administered to the cells 30 min before irradiation, at the concentration of 

10μM. 

Cell metabolic assay 

PC3 cells were seeded in a 96-well plate at a density of 5x10
3
 cells/well. The cell 

metabolic assay was performed 24 or 48h after irradiation. The cell proliferation  was 

determined by the resazurin assay following the manufacturer’s instructions (Sigma–

Aldrich, Milan, Italy). The values were obtained using fluorometer (EnSpireTM 2300 

Multilabel reader, PerkinElmer, Finland). 

Western blot analysis 

The extracted proteins (40 μg) were subjected to electrophoresis on 12% SDS–PAGE and 

transferred to a nitrocellulose membrane (70 V for 2 h). The filter was blocked for 1 h 

with PBS-0.01% Tween (Sigma–Aldrich, Milan, Italy) containing 5% dry non-fat-milk, and 

then incubated, at 4 °C overnight, with the primary antibodies, rabbit polyclonal anti-

RKIP, (G38, Cell Signaling, Merck Millipore, Darmstadt, Germany) diluted 1:1000; rabbit 

polyclonal anti-NF-κB p65 (C-20, sc-372 Santa Cruz Biotechnology, Santa Cruz, CA), diluted 

1:1000; rabbit polyclonal anti-iNOS antibody (NOS2, sc-651 Santa Cruz Biotechnology, 

Santa Cruz, CA), diluted 1:200; mouse monoclonal anti-E-cadherin (610182 BD 

Biosciences) diluted 1:2500; mouse monoclonal anti-vimentin (VI-RE/1 sc 517721 Santa 

Cruz Biotechnology, Santa Cruz, CA) diluted 1:1000; rabbit polyclonal anti-YY1 (C-20, sc-
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281 Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1:1000; rabbit anti-ABCG2 (B-25 sc-

130933 Santa Cruz Biotechnology, Santa Cruz, CA) diluited 1:500; rabbit polyclonal anti-

PARP (9542, Cell Signalling, Danvers, MA) diluted 1:1000; rabbit polyclonal anti-Akt  (9272 

Cell Signaling technology, Danvers, MA) diluited 1:1000 and rabbit polyclonal anti-

phospho-Akt (4058, Cell Signaling technology, Danvers, MA) diluited 1:1000 The 

expression of β-actin, used as an internal control, was detected with a mouse monoclonal 

anti β-actin (Ab-1, CP01, Calbiochem, Merck Millipore, Darmstadt, Germany), diluted 

1:10,000. The filters were incubated for 1 h with the secondary antibodies with either 

anti-rabbit IgG diluted 1:4000 (Calbiochem, Merck Millipore, Darmstadt, Germany) or 

anti-mouse IgM, diluted 1:5000 (Calbiochem, Merck Millipore, Darmstadt, Germany), or 

anti-mouse IgG diluted 1:4000 (Calbiochem, Merck Millipore, Darmstadt, Germany). Each 

secondary antibody was coupled to horseradish peroxidase (HPR). For the detection of 

the proteins, we used ECL (enhanced chemiluminescence) reagents (Super Signal®West 

PICO, and Super Signal®West FEMTO, ThermoFisher Scientific Pierce, Rockford, USA). The 

exposure length depended on the antibodies used and was usually between 30 s and 5 

min. The protein levels were quantified by Image Quant TL Version 2003 software 

(Amersham). 

Fluorimetric determination of nitric oxide with DAF-FM diacetate 

PC3 cells were seeded in a 6-well plate at the density of 6×10
5
 cells/well. The day after, 

the cells were treated with different doses of Pba. This indirect assay to measure NO is 

based on DAF-FM diacetate (4-amino-5-methylamino-2ʹ,7ʹ-difluorofluorescein diacetate) 

(D-23844, Molecular Probes, Invitrogen, Milan, Italy). It diffuses into cells and tissue 

where non-specific esterases hydrolyze the diacetate residues thereby trapping DAF 

within the intracellular space. NO-derived nitrosating agents such as N2O3 nitrosate DAF 

to yield a highly fluorescent product, DAF triazole. This compound has some important 

advantages compared to 4,5-diaminofluorescein diacetate (DAF-2 diacetate), which is 

considered the most common indicator for nitric oxide (Kojima H et al. 1998)  

A 5 mM stock solution of DAF-FM diacetate (MW = 496) in DMSO was made. The cells, 

after Pba/PDT treatment, were incubated with 10 μM of diluted DAF-FM diacetate for 30 



28 

min at 37 °C. The cells were then washed with PBS to remove excess probe and replaced 

with fresh PBS and incubated for an additional 15 min to allow complete de-esterification 

of the intracellular diacetates. The cells were then trypsinized and recovered in PBS. The 

NO level was measured by FACS (FACScan, Becton Dickinson, San Jose, CA). The signal was 

detected by the FL1 channel in log scale. The samples were analyzed with the FLUOJO 

software (Tri Star, Inc., Ashland, OR). 

Induction of resistance to Pba/PDT treatment 

PC3 cells were seeded at day 0, at a density of 5x10
5
 cells in a 30 mm Petri dish. After 48h 

they were treated with 40 nM (low-dose) Pba/PDT and after two days they were 

harvested and reseeded at the same concentration (5x10
4
 cells). The final population 

received a total of 8 cycles of PDT. The initial population, not subjected to PDT, was called 

not treated cells (NT).  

The cellular population submitted to four and eight PDT treatments was called IV and VIII 

treatment, respectively. Each experimental assay was performed 24 h after the last PDT 

treatment. 

FACS analysis of cell cycle  

For the cell cycle analyses the cells after a repeated treatment, were harvested by 

trypsinization and fixed for 1 h at 4°C in 70% ethanol in PBS. After PBS washing, the cells 

were stained with 0.05 mg/ml propidium iodide in the presence of 0.1 mg/ml RNase A in 

PBS (30 min at room temperature). The samples were analyzed by FACScan flow 

cytometer (Becton-Dickinson, San Jose CA) (FL 2 channel). A minimum of 1x10
5
cells for 

each sample were acquired in list mode and analyzed with FLUOJO software (Tri Star, Inc., 

Ashland, OR). 

Clonogenic assay 

After a repeated treatment, PC3 cells were seeded at a density of 5×10
3
 cells in a 60 mm 

petri dish. After 18 days, the colonies were formed, fixed and stained with 2.5% 
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methylene blue in 50% ethanol. The images were obtained by Gel DOC 2000 Bio-Rad 

(Milan, Italy). 

Sorting of CD44+CD24+ cells and cultures of spheroids 

After repeated treatment 1x10
6
 cells were re-suspended with 100 μl of PBS, incubated 

with 3 μl of CD44-PE and CD24-FITH antibodies (Invitrogen) in the dark at 4°C for 15 min; 

After that the cells were washed twice and resuspended in PBS and kept in the dark until 

subsequent analysis on FACS (Salvatori L et al.2012). Selected cells (CD44
+
CD24

+
) were 

seeded in 6-well cell-repel tissue culture plate (Eppendorf) using RPMI medium. To avoid 

cell damage by centrifugation, 1 ml of fresh medium was added weekly. To have a 

negative control also the cells characterized like a CD44
+
CD24

-
 population were seeded in 

the same condition. Sorting experiments were performed in collaboration with Dr Daniela 

Cesselli, Department of Medical and Biological Sciences of the University of Udine. 

Fluorimetric determination of ABCG2 expression: 

The tumorspheres obtained after sorting were harvested and washed with PBS. The cells 

were permeabilized using the buffer cytofix cytoperm™ (BD biosciences). Then the cells 

were incubated with the primary antibody anti-ABCG2 (B-25 sc-130933 Santa Cruz 

Biotechnology, Santa Cruz, CA). After incubation of 30 min in the dark at room 

temperature, the cell are washed and incubated with the secondary antibody Alexa fluo 

anti-rabbit IgG (invitrogen) diluted 1:500 for 30 min in the dark at room temperature. 

Finally the cells were washed and resuspended with 200 μl PBS and analyzed by FACS. 

Flow cytometry uptake after treatment with ABCG2 inhibitor: 

The cells were seeded at the density of 6 × 10
5
 cells/well. The day after they were 

incubated in complete medium with each photosensitizer (5 µM m-THPP, Pba or DRPDT2) 

with or without 10 μM reserpine (an ABCG2 inhibitor) for 30 min in the dark with 5% CO2 

air, at 37 °C. After an incubation in PBS-free fresh medium, with or without 10 μM 

reserpine; for 1h, the cells were detached from the plate, washed, recovered in PBS. The 
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PS uptake was measured by FACS and analyzed with the FLUOJO software (Tri Star, Inc., 

Ashland, OR). 
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4 RESULTS AND DISCUSSION 

4.1 Effect of Pba/PDT on prostate cancer cell lines LNCaP and PC3. 

In this study we evaluated the effect of photodynamic treatment with Pheophorbide a 

(Pba), a chlorophyll derivate, in two type of prostate cancer cell lines PC3 and LNCaP. PC3 

cell line is composed by heterogeneous cells, some of them growing up in suspension and 

the others in adhesion; PC3 cells differ from LNCaP cells because they show (a) an 

elevated metastatic capability (Chaiswing L et al.2011); (b) an increased expression of 

CD44 stemness marker (Chaiswing L et al.2011); (c) an increased antioxidant capacity, 

correlated to resistance and aggressiveness (Chaiswing L et al.2011;Tai S et al. 2011). 

Moreover LNCaP cell line, is considered a less aggressive tumor cell type. The cells grow 

up in adhesion, they are androgen-dependent, and consequently androgen withdrawal 

inhibits their growth (Tai S et al. 2011). 

 

Figure 1. Metabolic activity in PC3 and LNCaP cells after Pba/PDT treatment. The cells were treated 24h 

after seeding for 3h and light irradiated (0.84 J/cm2). The Histograms represent the values of % metabolic 

activity in both PC3 and LNCaP cell lines, performed by the resazurin assay, 24 and 48 h after light 

irradiation and expressed as T/C x 100. T and C are the absorbance of treated and not treated cells. The 

values are the mean ± SD of four independent experiments. A standard t-test versus control was performed 

(P < 0.01)  
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Photodynamic treatment with Pba (Pba/PDT) was performed 24h after cell seeding. The 

cells were treated with the PS for 3h in the dark and then irradiated using an halogen 

lamp with a red filter (considering that Pba absorption peak was measured at  ̴670 nm), at 

the fluence of 0.84 J/cm
2
. The metabolic activity of both cell lines, at 24h and 48h after 

irradiation is reported in Figure 1. The efficacy of the treatment is dose-dependent with 

an estimated dose of IC50 of 60nM for LNCaP and 80nM for PC3 cells. Both PC3 and LNCaP 

cells, treated with high dose of Pba/PDT (Pba/PDT ≥ IC50), showed a cell growth arrest; 

whereas, with a low-dose (Pba/PDT < IC50) they showed, at 24h, a slight cell growth 

arrest, and at 48h a cell recurrence, in agreement with previous observations in Hela, 

HepG2 and B78-H1 tumor cells (Rapozzi V et al. 2009; Rapozzi V et al. 2013).  

It is also important to underline that Pba/PDT treatment, in both cell lines, didn’t show 

toxicity in the dark (Figure 2). 

 

Figure 2. Metabolic assay in the dark. PC3 and LNCaP cells, plated at density of 5×10
3
cells/well in a 96-well 

plate, were treated with different doses of Pba. 24h after treatment the cells were analyzed by resazurin 

assay. The values “% Metabolic activity” are defined by T/C x 100, where T and C are the fluorescence of 

treated and not treated cells, respectively. The values are the mean±SD of three independent experiments. 

The x-axis report the (nM) concentration of Pba 

4.2 Nitric oxide induction after Pba/PDT treatment 

In previous studies we highlighted, in B78H1 murine amelanotic melanoma cells, the role 

of nitric oxide in Pba/PDT (Rapozzi V et al.2013). This molecule, indeed, has a dual effect 

according to its concentration: generated at high rates it is cytotoxic, at low rates it has a 

cytoprotective role. At the first, we measured the NO levels in both photostressed PC3 
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and LNCaP cells. NO in the cells is producted by the nitric oxide synthase (NOS) enzymes 

so, we measured the protein levels of inducible NOS (iNOS) after Pba/PDT treatment. The 

Western blot analysis (Figure 3A), performed 16h after Pba/PDT, showed a dose-

dependent increase of iNOS protein amount. We measured also the NO levels using a 

fluorophore (DAF-FM). After cellular uptake, DAF-FM is hydrolyzed to DAF that can be 

nitrosated by NO by-products to yield a fluorescent compound detected by FACS. Figure 

3B shows the fluorescence intensity in PC3 and LNCaP cells after Pba/PDT treatment. The 

fluorescence signal, which indirectly represents NO-byproducts, is increased in a 

concentration-dependent manner in both cell lines. These data confirmed the NO 

induction after PDT and are in agreement with other studies (Gupta et al. 1998; 

Bhowmick R et al. 2009; Bhowmick et al. 2013). 

 

Figure 3. Determination of NO levels induced by Pba/PDT treatment in PC3 and LNCaP cells. A. Expression 

of iNOS protein level by immunoblot analysis. The PC3 and LNCaP cells were treated with different 

concentrations of Pba (0, 40, 80 nM). iNOS band intensity was determined densitometrically, normalized to 

β-actin and not treated cells (0 nM) for each sample. Protein lysates were analyzed 16h after irradiation B. 
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The graphs report the mean fluorescence of NO/byproducts after Pba/PDT treatments in both cell lines. The 

values were obtained by the DAF reaction and measured by FACS.  

4.3 Effect of Pba/PDT treatment in the NF-ĸB /YY1/RKIP loop 

Several studies have reported that the cellular response to PDT involves the NF-ĸB 

pathway (Matroule JY et al. 2006; Rapozzi V et al 2011). It has been demonstrated that 

after a non-optimal PDT treatment, exists a mechanism relating to cell recurrence. This 

process involves the stimulation of NF-ĸB pathways induced by ROS (Matroule JY et al. 

2006) and NO (scheme 1) (Rapozzi V et al. 2011). Furthermore, It has been shown that 

through NF-ĸB stimulation, NO is able to modulate downstream genes such as the pro-

survival and pro-metastatic genes, YY1 and Snail. Moreover, it has been demonstrated 

that these genes are able to modulate the pro-apoptotic and metastasis suppressor gene 

product Raf-1 kinases inhibitor protein (RKIP). The activated RKIP is able to induce cell 

growth arrest acting both on Raf-1/MEK/ERK (Deiss K et al. 2012) and on NF-ĸB survival 

pathways (Bonavida B et al.2011). The modulation of NF-ĸB by RKIP, includes this protein 

in a dysregulated loop NF-ĸB /YY1/Snail/RKIP that is involved in cell survival and 

metastatic process. The western blot analysis, reported in Figure 4, showed that a high-

dose of Pba/PDT treatment, reduced NF-ĸB and YY1 protein levels and consequently, it 

increased the levels of RKIP protein, in both cell lines (Figure 4A and B). On the other 

hand, low NO rates induced by a low-dose of Pba/PDT treatment reduced RKIP levels, 

leading to cell growth. This data can, in part, explain the cell recurrence observed in the 

metabolic assay 48h after Pba/PDT in both PC3 and LNCaP cell lines (Figure 2). Akt is one 

of the activators of NF-ĸB via phosphorylation-activation of IKK (Bhowmick R et al. 2013) 

and since it can be indirectly modulated by NF-ĸB through Snail/PTEN (Scheme1) (Lin K et 

al. 2010), we measured its protein levels after Pba/PDT treatment. Figure 4C showed the 

reduction of active Akt (P-Akt) after a high dose of Pba/PDT treatment in PC3 cells. On the 

whole, these findings confirmed the importance of nitric oxide induced by Pba/PDT 

treatment and that high NO levels can induce cell growth arrest, inhibiting the NF-

ĸB/YY1/RKIP loop; moreover, they suggested that when present in low rates, NO plays a 

cytoprotective role. 
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Scheme 1. Role of NO induced by Pba/PDT treatment on the NF-ĸB /YY1/RKIP loop and in the 

modulation of pro-survival pathways and on EMT. Pba/PDT, in dependence by the dose (low in 

red and high in blue), modulates the NF-ĸB expression. NF-ĸB regulates downstream genes YY1 

and Snail, that are strictly correlated. Both YY1 and Snail modulate the expression of pro-apoptotic 

RKIP. The inhibition of RKIP results in the minimal inhibition of NF-ĸB and activation of YY1 and 

Snail. The activation of YY1 and Snail induce the activation of pro-survival pathways and EMT. 

Likewise Snail modulates the metastasis suppressor phosphate and tensin homologue (PTEN). The 

suppression of PTEN results in the maintenance of the PI3/Akt activated pathway that cross-talks 

with the NF-ĸB pathway. These dysregulated gene products in the circuit result in the induction of 

cell survival and of EMT (Bonavida B t al. 2011) 
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Figure 4. Effect of Pba/PDT treatment on the NF-ĸB /YY1/RKIP loop. Western blot analysis of gene 

products of the NF-ĸB /YY1/RKIP in PC3 cells (A); LNCaP cells(B) and gene product pAKT/AKT in PC3 cells (C). 

The cells were treated with increasing doses of Pba. 0 represents the not treated cells. The protein lysates 

were analyzed 24h after irradiation. 

4.4 Effect of Pba/PDT treatment on Epithelial to Mesenchymal 

Transition 

EMT is a multi-step phenomenon whereby epithelial cells lose their characteristics and 

acquire a more motile mesenchymal phenotype (Sánchez-Tilló E et al. 2012). This 

phenomenon is tightly correlated with metastasis development, indeed through it the cell 

loses the capability to adhere to basal membrane. One of the more important proteins 

involved in cell adhesion is E-cadherin. Down-regulation of E-cadherin is a critical initial 
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step in EMT, because of the disruption of adherent junctions that mediate cell-cell 

adhesion. The loss of E-cadherin can be the result of the induction of Snail, that acts 

directly on its modulation (Julien S et al. 2007), or through the activation of NF-

ĸB/YY1/RKIP loop (Bonavida B et al. 2011). Western blot analysis, in PC3 cell line, showed 

that the high dose of Pba/PDT treatment induced an increase of E-cadherin expression 

and a reduction of the mesenchymal protein vimentin expression (Figure 5). These 

findings suggest that the high level of NO induced by high dose of Pba/PDT, through the 

NF-ĸB /YY1/RKIP loop inhibition, is able to inhibit EMT. 

 

Figure 5. Effect of Pba/PDT treatment on epithelial to mesenchymal transition in PC3 cell line. Western 

blot analysis of epithelial E-cadherin and of mesenchymal vimentin. The cells were treated with increasing 

doses of Pba. 0 represents the not treated cells. The toltal protein lysates were analyzed 24h after 

irradiation. 

4.5 Effect of a repeated low-dose Pba/PDT treatment in PC3 cell line 

Since that the high dose of Pba/PDT treatment induces the completely arrest of cell 

growth and EMT inhibition, we wanted to evaluate if a pro-survival mechanism can be 

activated by low-dose of Pba/PDT treatment. In particular, we evaluated what happens 

after a repeated low-dose Pba/PDT treatment. We focused our attention on PC3 because 

it is the metastatic cell line. As a low-dose Pba/PDT we chose a treatment with 40 nM 

Pba, which induced 5-10% of cell growth inhibition 24h after light irradiation and recovery 

after 48h. We envisaged two possibilities: the repeated treatment might result in a 

cumulative effect, causing a tumor growth arrest; alternatively, the repeated treatment 
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could cause a stimulation of cell proliferation and so a sort of resistance to treatment, 

linked to the development of a more aggressive population (Milla LN et al. 2011). To 

perform this experiment we decided to change the treatment scheme using the following 

method: 2 days after seeding, the PC3 cells were treated with Pba/PDT. After an 

additional 2 days, the cells were harvested, reseeded and treated as above. The 

treatment lasted ~ 5 weeks. To follow the cell changes throughout the experiment, the 

cells were examined after the fourth (IV) and eighth (VIII) treatment (Scheme 2). The cells 

were healthy and had a normal cell cycle profile as determined by FACS analysis (Figure 6)  

 

Scheme 2. Schematic panel of repeated treatment. PC3 cells were seeded at day 0 at a density of 5 x 10 
5
 

cells ina 6-well plate, after 48h they were submitted to PDT treatment (3h with a low-dose of Pba/PDT (40 

nM) and then light irradiated). After n additional 48 h the cells were harvested and seeded as above. This 

procedure was repeated four or eight times, when the cells were harvested and processed for different 

experiments. 
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Figure 6. Effect of a repeated low-dose Pba/PDT treatment on cell cycle progression. Cell cycle phase 

distribution. Graphs show the frequencies of the, G1, S, G2/M and sub-G1 phases after the fourth (Pba IV) and 

eighth (Pba VIII) Pba/PDT treatment.  

To investigate if a repeated low-dose Pba/PDT treatment stimulated cell proliferation, we 

performed a clonogenic assay as described in methods. PC3 cells were harvested after the 

IV and the VIII low-dose Pba/PDT treatment and seeded (500 cells) in a 30 mm Petri dish. 

After 18 days, the colonies were formed. It was evident that by proceeding with the 

treatment, the number and size of the colonies increased (Figure 7). This finding clearly 

showed the stimulation of cell proliferation after a repeated low-dose Pba/PDT 

treatment. This result indicated that a repeated low-dose Pba/PDT treatment didn’t 

result in a cumulative effect leading to tumor growth arrest.  

 

Figure 7. Clonogenic assay on PC3 cells after repeated low-dose Pba/PDT treatment. After the IV and VIII 

Pba/PDT treatment, 500 cells from each group were seeded in 60 mm petri dishes. After 18 days the colonies 

were formed, fixed and stained with 2.5 % methylene blue in 50% ethanol. The images were obtained with 

Gel Doc 2000 Bio-Rad. The experiment has been performed in triplicate. 
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4.6 A repeated low-dose Pba/PDT treatment induces EMT activation 

through NF-ĸB /YY1/RKIP loop 

We compared the protein lysates obtained after the IV and VIII treatment in order to 

follow the proceeding of the experiment. The western blot analysis in Figure 8 showed 

the expression of the gene products involved in the loop during the repeated treatment. 

There was an increase of the pro-survival proteins NF-ĸB (p65) and YY1. The enhances of 

both factors supported a pro-survival response. In agreement with these findings we 

observed a decrease of the expression of the pro-apoptotic gene product RKIP. 

 

Figure 8. Effect of a repeated low-dose Pba/PDT treatment on NF-ĸB /YY1/RKIP loop. Western blot 

analysis for NF-ĸB, YY1, RKIP. PC3 cells were: NT, not treated; IV, treated with 40nM Pba/PDT for 4 times ; 

VIII, treated with 40nM Pba/PDT for 8 times. Total protein lysates were recovered 24h after the last 

treatment.  

As the loss of RKIP function has been associated with metastasis in an increasing number 

of solid tumors (Escara-Wilke J et al. 2012), this result suggested that a repeated low-dose 

Pba/PDT treatment in PC3 cells activated the NF-ĸB /YY1/RKIP loop and induced the 

stimulation of cell proliferation and EMT activation. A critical feature of EMT is the 

downregulation of E-cadherin, a protein involved in cell adhesion. Western blot analysis 

showed a decrease of the E-cadherin adhesion protein and an increase of the 

mesenchymal protein vimentin, leading to the loss of epithelial characteristics that 

coincides with the acquisition of motility and invasiveness (Figure 9) (Van Der Pluijin G 

2011). 
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Figure 9. EMT induction after a repeated low-dose Pba/PDT treatment in PC3 cell line. Western blot 

analysis of E-cadherin and vimentin. PC3 cells were NT, not treated; IV, treated with 40nM Pba for 4 times 

and VIII, treated with 40nM Pba for 8 times. 

Moreover, we observed an increase of phosphorylated Akt/Akt (p-Akt/Akt) (Figure 10). 

The increase of both p-Akt and NF-ĸB suggested that active Akt could induce NF-ĸB and 

consequently EMT, in keeping with the previous study of Julien et al. (Julien S et al. 2007).  

 

Figure 10. Activation of EMT and cell survival through activation of Akt pathway Western blot analysis of 

total Akt (Akt) and active Akt (P-Akt). PC3 cells were NT, not treated; IV, treated with 40nM Pba for 4 times 

and VIII, treated with 40nM Pba for 8 times. 

4.7 A repeated low-dose Pba/PDT treatment induces the formation 

of a more aggressive population.  

We have demonstrated that a repeated low-dose Pba/PDT treatment, through the 

activation of NF-ĸB YY1/RKIP loop, stimulated EMT activation. Several studies showed 

that EMT program can promote cells self-renewal capability and the therapy resistance 

(Polyak K et al. 2009; Van Der Pluijin G 2011; Zhou W et al. 2014). According to these 
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considerations we wanted to understand if a repeated low-dose Pba/PDT treatment can 

cause the increase of a more aggressive population. To evaluate the presence of this 

population we used two typical surface markers for cancer stem cells (Salvatori L et al. 

2012): CD44 and CD24. In collaboration with Dr Daniela Cesselli (DMSB, University of 

Udine, Italy) we performed a cell sorting of PC3 cells after a repeted low-dose Pba/PDT 

treatment and the Figure 11 reported the percentage of CD44
+
CD24

+
 population . It is 

evident that after this type of treatment the more aggressive population was increased. 

 

Figure 11. Increase of CD44
+
CD24

+ 
population after a repeated low-dose Pba/PDT treatment in PC3 cell. 

After a repeated Pba/PDT treatment PC3 cells were sorted and an increase of CD44
+
CD24

+
 population was 

detected. The histogram represent the percentage of positive CD44
+
CD24

+
 cells expressed as T/C x 100. T 

and C are the treated and not treated cells. The values are the mean ± SD of three independent experiments. 

A standard t-test versus control was performed (P < 0.05) 

Considering that most of PC3 cell are normally positive for CD44, and that CD44 is used to 

isolate CSC cells (Tai S et al. 2011), we compared two population: CD44
+
CD24

+
 and 

CD44+/CD24-. In order to confirm that the CD44
+
CD24

+
 was effectively the more 

aggressive population, we tested its capability to form tumorspheres (Gupta PB et al. 

2009). We plated the cells in a particular non-adherent plate. In Figure 12, is possible to 

observe that CD44
+
CD24

-
 cells, 1 week after seeding, were died, while CD44

+
CD24

+
 

population were aggregated to form tumorspheres, a peculiarity of CSC (Gupta PB et al. 

2009; Pfeiffer MJ et al. 2010).  
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Figure 12. Tumorspheres formation. After a repeated low-dose Pba/PDT treatment the PC3 cells were 

sorted and two population were isolated (CD44
+
24

+
 and CD44

+
 CD24

-
). The cell were again plated in a cell-

repell 6-well plate and after 1 week the tumorspheres were visible only in the plate with CD44
+
CD24

+
 cells. 

Pictures were taken by epiluminescent microscope.   

Cancer stem cells are also characterized by an increased drug resistance (Pfeiffer MJ et al. 

2010). It has been demonstrated that CSCs are more resistant to drug therapy than 

normal cells and for this reason this population could be responsible for cancer 

recurrence (Li Y et al. 2012). An important stemness marker, that is also correlated to the 

capability of CSC to escape from cancer therapy, is ABCG2 (Kim M et al. 2002; Zhang L et 

al. 2012). In our experiments, the CD44
+
CD24

+
 population showed an increase of ABCG2 

expression confirming the stemness features of this population (Figure 13 A and B).  

ABCG2 is an efflux pump involved in toxics elimination (Selbo PK et al. 2012) and it is 

tightly correlated to resistance to photodynamic therapy (Casas A et al. 2011; Morgan J et 

al. 2010) because it is involved in the efflux of the most common PSs, including Pba (Selbo 

PK et al. 2012). The repeated low-dose Pba/PDT treatment in PC3 cells induced an 

increase of ABCG2 expression (Figure 13B) and these cells resulted also more resistant to 

a single Pba/PDT treatment. The histogram of the metabolic activity in Figure 13C, in fact, 

showed that after 8 treatments (red column), PC3 cells were more resistant to the single 

acute Pba/PDT treatment (40nM and 80nM), compared to normal cells (Grey column). All 

these findings demonstrated that after a repeated low-dose Pba/PDT treatment a more 
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aggressive population was formed (CD44
+
CD24

+
). These cells showed an higher 

expression of ABCG2 than normal cells and they resulted more resistant to Pba/PDT 

treatment. 

 

Figure 13.A. FACS analysis of ABCG2 expression PC3 cells repeatedly treated were incubated with anti-

ABCG2 and then incubated with the fluorescent secondary antibody and detected by FACS. The values were 

expressed as mean fluorescence. An increase of ABCG2 expression in PC3 cells repeatedly treated was 

detected. B. Western blot analysis of ABCG2 expression. PC3 cells were: NT, not treated; VIII, treated with 

40nM Pba for 8 times; VIII s, sorted after 8 Pba/PDT treatments; NT s, sorted and not treated. Total protein 

lysates were recovered C. Resistance to Pba/PDT treatment in PC3 cells repeatedly treated with a low-

dose of Pba/PDT. PC3 cells repeatedly treated four (IV) and eight (VIII) times were again treated with (40 or 

80 nM) Pba/PDT. The Histograms represent the values of % metabolic activity A standard t-test versus 

control was performed (P < 0.05) 
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4.8 Role of nitric oxide in the response of PC3 cells to a repeated low-

dose Pba/PDT treatment 

As it already reported, we observed that Pba/PDT treatment in PC3 cells stimulated the 

expression of iNOS in a dose dependent way (Figure 3). In order to understand the role of 

NO in the repeated low-dose Pba/PDT treatment, we measured iNOS levels. In Figure 14 

the western blot analysis showed a mild increase of iNOS expression and, as a 

consequence, a mild increase of NO levels that is correlated to induction of prosurvival 

pathways (Bhowmick R et al. 2013), and to EMT activation (Bonavida B et al. 2011).  

 

Figure 14. Mild iNOS activation after repeated low-dose Pba/PDT treatment. Western blot analysis of iNOS 

protein expression during a repeated low-dose Pba/PDT treatment. The protein lysates were analyzed 16 h 

after the IV and VIII treatment. iNOS band intensity was determined densitometrically, normalized to β-actin 

and to not treated cells (NT) for each sample. 

In order to confirm the influence of NO in a repeated low-dose Pba/PDT treatment we 

used a non-selective iNOS inhibitor L-NAME in combination with Pba/PDT. L-NAME 

(1mM) was added to the cells 1h before light irradiation (Figure 15A). After the repeated 

combined L-NAME+Pba/PDT treatment, as shown in the histogram of Figure 15B, a 

decrease of iNOS expression was found. This finding confirmed that Pba/PDT can up-

regulate the NO levels after light activation. 
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Figure 15.A. Combined treatment scheme. PC3 cells were treated with 40nM of Pba for 3h in the dark; 1h 

before irradiation was added 1mM L-NAME. The cells were irradiated with red light at the fluence of 0.84 

J/cm
2
; this treatment scheme was repeated eight times, after the cell were harvested and used for the 

experiments. B. Reduction of iNOS induced by L-NAME. PC3 cells were divided in 4 groups: NT, not treated 

cells; Pba VIII, cells treated with Pba (40 nM) eight times, P+L VIII, cells treated eight times with a combined 

repeated treatment L-NAME+Pba/PDT; L VIII, cells treated with L-NAME (1mM) eight times. The protein 

lysates were analyzed 16 h after the last treatment. 

In order to determinate if NO carries out a cytoprotective role after a repeated low-dose 

Pba/PDT treatment, we evaluated the following assays: (i) the cell cycle by FACS, ii) the 

clonogenic capacity, iii) the protein levels of the gene products involved in the NF-

ĸB/YY1/RKIP loop and in EMT and iv) the analysis of the CSC population. The Figure 16A 

highlighted that PC3 cells repeatedly treated with L-NAME+Pba/PDT, presented a strong 

reduction in the number of colonies compared with each single treatment; moreover, cell 

cycle analysis showed an increase of the G2/M and sub-G1 phases, indicating cell growth 

arrest (Figure 16B) (Di Paola RS 2002). 
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Figure.16. Role of NO induced by a repeated low-dose Pba/PDT treatment. A. On colony formation. PC3 

cells were divided in 4 groups: NT, not treated cells; Pba VIII, cells treated eight times with repeated low-

dose Pba/PDT treatment; L-NAME VIII, cells treated eight times with 1 mM L-NAME and L-NAME+Pba VIII, 

cells treated eight times with a combined low-dose Pba/PDT + L-NAME treatment. After the last treatment, 

500 cells from each group, were seeded in 60 mm Petri plate. After 18 days the colonies were formed, fixed 

and stained with 2.5 % methylene blue in 50% ethanol. The images were obtained with Gel Doc 2000 Bio-

Rad. The number of colonies (>50 cells) is reported below each plate. The experiment has been performed in 

triplicate. B. On cell cycle. The table show occupancy of the, G1, S1 G2/M and sub-G1phases. 

The repeated combined L-NAME+Pba/PDT treatment decreased the expressions of p-Akt, 

NF-ĸB and YY1 and induced a strong expression of RKIP, in comparison with the repeated 

treatment with Pba alone, suggesting a reduction of cell growth (Figure 17). The 

inhibition of NF-ĸB /YY1/RKIP loop is correlated to EMT inhibition. PC3 cells treated 

repeatedly with L-NAME+Pba/PDT resulted in a high level of E-cadherin expression and a 

concomitant strong reduction of vimentin and p-AKT, suggesting EMT inhibition (Figure 

17).  

EMT phenotype is also considered a characteristic of more aggressive population (Singh A 

et al. 2010). Previously we observed that the repeated low-dose Pba/PDT treatment 

induced an increase of this more aggressive population (Figure 11-18), but the repeated 

combined L-NAME+Pba/PDT induced its reduction: Figure 18 shows a decreased amount 
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of CD44
+
CD24

+
 population in cells repeatedly treated with L-NAME+Pba/PDT respect to 

those obtained after a repeated low-dose Pba/PDT treatment. Co-treated PC3 cells 

showed a percentage similar to the not treated cells. 

These findings confirmed the role of NO in PDT and demonstrated that the administration 

of low-dose Pba/PDT in PC3 cells induced a continuous low level of NO that could activate 

cell proliferation pathways, EMT and could induce the development of a more aggressive 

population. 

 

Figure 17. Effect of a repeated combined L-NAME+Pba/PDT treatment on NF-ĸB YY1/RKIP loop and on 

EMT. PC3 cells were treated with a combined repeated low-dose L-NAME (1 mM)+Pba/PDT treatment. The 

protein lysates were analyzed 24 h after the last treatment. 

 

Figure 18 Effect of a repeated combined L-NAME+Pba/PDT treatment on the development of the more 

aggressive population. Percentage of CD44
+
CD24

+
cell population, analyzed by FACS. PC3 cells were divided 
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in 4 groups: NT, not treated cells; Pba VIII, cells treated eight times with repeated low-dose Pba/PDT 

treatment; L-NAME VIII, cells treated eight times with 1 mM L-NAME and L-NAME+Pba VIII, cells treated 

eight times with a combined low-dose L-NAME+Pba/PDT treatment. 

4.9 Involvement of the structure of the PS in the resistance to 

photodynamic therapy 

The structure of the PS is believed to be a key point in the development of resistance, 

being probably related to its subcellular localization and to the possibility of PS to be a 

substrate for efflux pumps, involved in multy-drug resistance (Casas A et al. 2011). In this 

field an important role is conferred to ABCG2; as mentioned before in relation of the 

structure, several PSs have been reported to be substrates of ABCG2, included Pba (Selbo 

PK et al. 2012). Since we have demonstrated that a repeated low-dose Pba/PDT 

treatment induced the development of a more aggressive and resistant population and 

an increase of ABCG2 efflux pump (Figure 13 A), we wanted to demonstrate the 

importance of the structure of the PS, comparing two PSs: Pba, substrate for ABCG2 and 

meso-tetra(hydroxyphenil)porphyrin (m-THPP), not substrate for ABCG2 (Selbo PK et al. 

2012). 

In order to compare the effect obtained with Pba/PDT in PC3 cells, we performed a 

repeated treatment with a low-dose of m-THPP. After the repeated low-dose m-

THPP/PDT treatment, we evaluated: i) the clonogenic capability, ii) the EMT induction, iii) 

the development of a more aggressive population and iv) the resistance to the treatment. 

A repeated low-dose m-THPP/PDT treatment induced the arrest of cell 

cycle and a reduction of the colony formation. 

For the repeated low-dose m-THPP/PDT treatment we used the dose of 5nM that induced 

a 5-10% of cell growth arrest at 24h but induced a cell recurrence at 48h. This behavior is 

comparable to that obtained with the dose of 40nM Pba. After eight m-THPP/PDT 

treatments, the cell cycle analysis showed a decrease of G1 and an increase of sub-G1, 

correlated with apoptosis activation (Di Paola RS 2002)(Figure 19B). In agreement with 

this result, the clonogenic assay showed a decrease of the number of the colonies after a 
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repeated low-dose m-THPP/PDT treatment (Figure 19A). These data suggested that m-

THPP, not substrate for ABCG2, is more effective in terms of phototoxicity respect to 

Pba/PDT. 

 

Figure 19. Different effects obtained in PC3 cells repeatedly treated with a low-dose of Pba/PDT or m-

THPP/PDT. A. On clonogenic assay. After the last treatment, 500 cells from each group, were seeded in a 60 

mm petri plate. After 18 days the colonies were formed, fixed and stained with 2.5 % methylene blue in 50% 

ethanol. The images were obtained with Gel Doc 2000 Bio-Rad. B. On cell cycle. After the last treatment PC3 

cells were divided in three groups: NT, not treated; Pba VIII, treated eight times with a low-dose of Pba/PDT 

and m-THPP VIII, treated eight times with a low-dose of m-THPP. The table in each graph show occupancy of 

G1, S, G2/M and the sub-G1,phases. 

A repeated low-dose m-THPP/PDT treatment induced arrest of cell 

proliferation and EMT inhibition. 

 

In addition to clonogenic assay and FACS analysis we evaluated the expression of the 

metastatic suppressor RKIP gene, that resulted in an increase expression after low-dose 

m-THPP/PDT treatment. Considering that a decrease of RKIP is correlated with EMT 

induction, the repeated low-dose m-THPP/PDT treatment showed a EMT inhibition (an 

increase of E-cadherin and a reduction of vimentin) (Figure 20). 
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Figure 20. Different effects obtained in PC3 cells repeatedly treated with a low-dose of Pba/PDT or a low-

dose of m-THPP/PDT in EMT activation. Western blot analysis for RKIP,E-cadherin, vimentin. NT, PC3 cells 

not treated; IV, PC3 cells treated with Pba or m-THPP four times and VIII,PC3 cells treated for 8 times with 

Pba or m-THPP. Total protein lysates were recovered 24h after the last treatment.  

A repeated low-dose m-THPP/PDT treatment does not increase the 

more aggressive population 

The percentage of PC3 sub-population CD44
+
CD24

+
, after a repeated low-dose m-

THPP/PDT treatment showed no changes in comparison to not treated PC3 cells (Figure 

21). 

 

Figure 21. Different effects obtained in PC3 cells repeatedly treated with a low-dose of Pba/PDT or a low-

dose m-THPP/PDT in the development of the CD44
+
CD24

+
 population. PC3 cells were repeatedly treated 
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with low-dose of Pba/PDT (Pba VIII) and with low-dose of m-THPP (m-THPP VII) eight times. The percentage 

of CD44
+
CD24

+
 were analyzed by FACS and reported in the table. 

A repeated low-dose m-THPP/PDT treatment does not induce 

resistance to PDT 

The histogram in Figure 22, showed that after a repeated low-dose m-THPP/PDT 

treatment, the sensitivity of PC3 cells to a new acute m-THPP/PDT treatment (purple 

column) is the same of that observed in parental PC3 cells (grey column). This result 

suggested the importance of the PS structure in the development of resistance to PDT 

treatment. 

 

Figure 22 Different effects obtained in PC3 cells repeatedly treated with a low-dose of Pba/PDT or a low-

dose of m-THPP/PDT in resistance. PC3 cells obtained after eight treatments with a low-dose of Pba (red) or 

m-THPP (purple) were treated with Pba/PDT (40nM and 80nM) and with m-THPP (5nM and 50nM). The 

Histograms represent the values of % metabolic activity. A standard t-test versus control was performed (P < 

0.05) 

4.10 Role of nitric oxide in improving the effectiveness of PDT 

To increase the efficacy of PDT, we have proposed a combined treatment with an NO 

donor. We used in conjunction with Pba, DETANONOate (DETA/NO), a molecule that 

spontaneously releases in the cytoplasm 2 mol of NO per mole of compound (Devis KM et 

al. 2001). We found, indeed, that the combination of the PS with an NO donor resulted in 

a significant modulation of the NF-ĸB /YY1/Snail/RKIP loop towards the expression of the 

pro-apoptotic RKIP and the inhibition of anti-apoptotic NF-ĸB and Snail gene products. 

The clinical relevance of increasing the RKIP expression by NO correlated with a favorable 
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clinical outcome resulting in tumor regression and in inhibition of metastatic spread 

(Huerta-Yepez S .et al. 2011). 

The dual treatment with DETA/NO and mPEG-Pba/PDT (Rapozzi V et al. 2011) was 

administered in C57BL/6 mice inoculated s.c. with the B78-H1 murine amelanotic 

melanoma. The results obtained showed that the use of an NO donor significantly 

increased the anti-tumor efficacy of PDT. Noteworthy, the group of mice treated with 

mPEG-Pba and DETA/NO showed a significant delay of tumor growth compared to the 

not treated group. Furthermore, the Kaplan-Meier survival analyses showed a difference 

of the median survival times between the mice treated with DETA/NO + mPEG-Pba (59 

days) and the mice treated with mPEG-Pba/PDT alone (52.5 days) (Rapozzi V et al. 2013).  

The data obtained both in vitro and in vivo with the combined treatment of an NO donor 

and PDT (Rapozzi V et al. 2013) are significant and open new horizons for the optimization 

of photodynamic treatment. 

 

4.11 New therapeutic strategies with nitric oxide and PDT. 

The effect of the combined treatment DETA/NO+Pba/PDT in an in vivo application may be 

more complex than its effects in vitro, due essentially to a systemic effect of the NO 

donor and especially to its lack of organ or tissue specificity. Therefore, it is exceedingly 

challenging to selectively deliver NO to a target compartment, preventing changes of 

vascular dynamics that result in systemic hypotension (Shan SQ et al. 1997). An 

alternative approach is to deliver NO via the site specific activation of a pro-drug, which 

minimizes adverse drug reactions.  

In collaboration with Dr. Greta Varchi (ISOF-CNR, Bologna, Italy), we synthesized a new 

compound named DRPDT2 (DR2) (Figure 23A). This is a conjugate between Pba and an 

NO donor that allows a controlled NO release in the tumor at the time of irradiation of 

the PS. The NO release happens through a photo-rearrangement upon controlled light 

irradiation (Figure 23B). The combination between singlet oxygen (
1
O2), reactive oxygen 

species (ROS) and NO should culminate in synergistic cytotoxicity, increasing the efficacy 

of PDT used alone. 
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Figure 23.A. Chemical structure of DRPDT2. B. Light-induced NO-releasing mechanism of nitrobenzene 

compounds 

Another important characteristic of this compound is its ability to bind androgen receptor 

even when low amount of AR (data not published yet) was expressed as it occurs in PC3 

cells. We compared the efficacy of Pba/PDT and DR2/PDT treatment in term of the same 

quantity of Pba, in this way, the differences obtained by treatments were due to the 

different NO production/induction. PC3 cells were treated with Pba and with DR2 for 6h 

in the dark in order to permit the complete uptake of DR2. After drug incubation, the cells 

were irradiated with white light in order to permit both the Pba activation (670nm) and 

the NO release (400nm) by DR2 molecule. In Figure 24 it has been reported the metabolic 

activity 24h after irradiation. It is possible to observe that at the concentration of 40nM 

the effect of DR2 is better than the effect of Pba and this molecule induces an arrest of 

cell growth comparable to that obtained with the high dose of Pba/PDT treatment (> 

80nM). 
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Figure 24. Comparison of metabolic activity in PC3 cells after Pba/PDT and DR2/PDT treatment. Effects of 

Pba and DR2/PDT treatments on metabolic activity in PC3 cells. 24h after seeding the cells were treated for 

6h in the dark and then light irradiated with white lamp (14 J/cm2). The Histogram represents the values of 

% metabolic activity, performed by the resazurin assay, 24 after light irradiation and expressed as T/C x 100. 

T and C are the absorbance of treated and not treated cells. The values are the mean ± SD of three 

independent experiments. A standard t-test versus control was performed (P < 0.05). 

The cell growth arrest after DR2/PDT treatment was confirmed by the protein expression 

of the NF-ĸB /YY1/RKIP loop. The western blot analysis showed the reduction of NF-ĸB 

and YY1 gene products and a strong increase of RKIP gene product after treatment with 

DR2/PDT (40nM). Moreover, the increase of the epithelial protein E-cadherin expression 

suggested an inhibition of EMT and invasiveness. Opposite behaviors were observed in 

Pba/PDT treated PC3 cells (Figure 25).  
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Figure 25. Effect of DR2/PDT treatment on NF-ĸB /YY1/RKIP loop and on EMT. The protein lysates were 

analyzed 24h after light irradiation. 

In the conjugate DR2, the high level of NO simultaneously produced by both NO photo-

release and Pba excitation, induced an inhibition of NF-ĸB /YY1/RKIP loop correlated to 

EMT inhibition. To evaluate the kind of cell death we performed an annexin V/PI assay. 

The PC3 cells treated with 40nM of Pba/PDT showed only a slight increase of cells stained 

with annexin and PI, indicating a weak apoptosis activation (Chen S et al. 2008; Yoo JO et 

al. 2011) (Figure 26B). On the other hand, PC3 cells treated with DR2/PDT showed an 

evident increase of the same population. More in detail, the positivity of these cells to 

both annexin V and PI suggested that the cell death is correlated to tardive apoptosis or 

to necrosis  (Chen S et al. 2008; Yoo JO et al. 2011). This data was confirmed by the 

western blot analysis of PARP in which the cleavage resulted less evident respect to that 

obtained after Pba/PDT treatment, suggesting again a necrotic cell death (He J et al. 

1998) (Figure 26A). All together these data again underline the role of NO in PDT but also 

suggest a relation between the structure of the PS and the type of cell death. Changes in 

the subcellular localization and in the amount of PS really activated into the cell, can 

influence the type of cell death (Castano AP et al. 2005).  
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Figure 26. Cell death analysis. A. PARP-1 cleavage assay PC3 cells were treated with the dose of 40nM of 

DR2 and Pba. The western blot show the cleavage of PARP-1. B. Annexin V/Propidium iodide assay. PC3 

cells were treated with Pba or DR2 at the same concentration The assay was performed 24h after 

irradiation.  

Considering the importance of the structure of the PS in relation to PDT resistance, we 

evaluated if DR2 is a substrate for ABCG2 efflux pump. First of all, we chose a cell line, 

A549 (human lung adenocarcinoma epithelial cell line), that express ABCG2 (Robey RW et 

al. 2009) in a higher quantity than PC3 cells (Figure 27A). Robey et al. (Robey RW et al. 

2005) described a functional assay for ABCG2 that involves the use of a fluorescent 

ABCG2 substrate (Pba) and an ABCG2 inhibitor (reserpine) (Ingram WJ et al.2013). The 

cells were incubated with 5μM of Pba or DR2 in the presence or absence of 10uM of 

reserpine for 30 min. Subsequently the cells were washed and incubated for 1h in a PS-

free medium in presence of the ABCG2 inhibitor (Robey RW et al. 2005; Robey RW et al. 

2009). The graphs in Figure 27B showed that using Pba, a ABCG2 substrate, the use of 

reserpine increased its accumulation (blue line). Using DR2 there was no shift of the peak 

suggesting that this molecule is not a substrate for this efflux pump (Robey et al.2004; 

Robey RW et al. 2005; Selbo PK et al. 2012). Since this molecule has a high affinity for 
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androgen receptor (AR), it could be possible that the link with the AR increases the 

accumulation of this new conjugate into the cell. These considerations could in part 

explain the results obtained about cell death: the long-lasting permanence of DR2 into 

the cell could be linked to an higher oxidative damage (ROS+NO) leading to necrosis. 

Moreover, considering that AR is expressed also in the majority androgen-independent 

prostate cancer or hormone-refractory prostate cancer (Heinlein CA et al.2004) and that 

DR2 showed high affinity for the AR (unpublished data), this conjugate could be a new 

therapeutic drug for these tumors. 

 

Figure 23. A. ABCG2 expression in PC3 and A549 cell lines. ABCG2 band intensity was determined 

densitometrically and normalized to β-actin. B Functional assay for ABCG2. The A549 cells were incubated 

with 5 μM of Pba or DR2 in the presence or absence of 10 μM of reserpine for 30 min. Subsequently the cells 

were washed and incubated for 1h in a PS-free medium in presence of the ABCG2 inhibitor. PS uptake was 

analyzed by FACS.  
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5 CONCLUSIONS 

Photodynamic therapy employs a photosensitizer (PS), the molecular oxygen and a visible 

light to produce reactive oxygen species (ROS) that can selectively destroy tumor cells. It 

is always more evident that the non-optimal PDT treatment leaves a significant number of 

surviving cells that causes tumor recurrence. The study of the molecular pathways 

involved in the tumor response to PDT treatment is important to propose new and 

effective strategies to improve this therapy.  

The aim of this work has been to study the response of cancer cells to photodynamic 

therapy with Pheophorbide a (Pba), focusing our attention on the NF-ĸB /YY1/RKIP loop, 

normally dysregulated in cancer (Lin K et al.2010). Through the induction of NO after PDT 

this loop can be modulated in a dose dependent way, influencing the outcome of the 

therapy.  

The high NO level generated by a high-dose of Pba/PDT treatment induces an inhibition 

of the pro-survival genes involved in this loop, leading to cell death. On the other hand, 

studying more in detail the effect of a repeated low-dose Pba/PDT treatment, we have 

demonstrated, for the first time, that the chronic low-dose of NO induced by PDT, acting 

through the NF-ĸB /YY1/RKIP loop, can modulate pivotal aspects of tumor recurrence: cell 

survival, EMT, resistance and, indirectly, the development of a more aggressive 

population (CSC).  

With the intent of increase the efficacy of PDT we have proposed the use of a NO-donor 

(DETANONOate, DETA/NO) in combination with Pba/PDT (Rapozzi V et al. 2013). The 

results obtained showed that the use of an NO donor can increase the anti-tumor efficacy 

of PDT. In order to reduce the systemic effects of NO, observed in our in vivo studies we 

have synthesized in collaboration with Dr Greta Varchi (ISOF-CNR, Bologna, Italy), a new 

PDT-NO conjugate, DRPDT2, that in addition to oxidative damage produced by PDT, 

releases the NO only during light irradiation. The use of this new compound permits to 

regulate the NO flux, taking advantages of NO and excluding its side effects. 
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Another important aspect that we are analyzing is the importance of the structure of the 

PS in PDT. We have demonstrated, using m-THPP and Pba, that the choice of a PS that 

isn’t substrate for ABCG2 efflux pump, may prevent the development of a more 

aggressive cell phenotype and it can permit a more effective PDT. The study of the 

relationship between the structure of PS, its subcellular target and its involvement in 

MDR development is important in the development of new strategies to increase PDT 

efficacy. 
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a b s t r a c t

Cell recurrence in cancer photodynamic therapy (PDT) is an important issue that is poorly understood. It

is becoming clear that nitric oxide (NO) is a modulator of PDT. By acting on the NF-jB/Snail/RKIP survival/

anti-apoptotic loop, NO can either stimulate or inhibit apoptosis. We found that pheophorbide a/PDT

(Pba/PDT) induces the release of NO in B78-H1 murine amelanotic melanoma cells in a concentration-

dependent manner. Low-dose PDT induces low NO levels by stimulating the anti-apoptotic nature of

the above loop, whereas high-dose PDT stimulates high NO levels inhibiting the loop and activating apop-

tosis. When B78-H1 cells are treated with low-dose Pba/PDT and DETA/NO, an NO-donor, intracellular NO

increases and cell growth is inhibited according to scratch-wound and clonogenic assays. Western blot

analyses showed that the combined treatment reduces the expression of the anti-apoptotic NF-jB and

Snail gene products and increases the expression of the pro-apoptotic RKIP gene product. The combined

effect of Pba and DETA/NO was also tested in C57BL/6 mice bearing a syngeneic B78-H1 melanoma. We

used pegylated Pba (mPEG-Pba) due to its better pharmacokinetics compared to free Pba. mPEG-Pba

(30 mg/Kg) and DETA/NO (0.4 mg/Kg) were i.p. injected either as a single molecule or in combination.

After photoactivation at 660 nM (fluence of 193 J/cm2), the combined treatment delays tumor growth

more efficiently than each individual treatment (p < 0.05). Taken together, our results showed that the

efficacy of PDT is strengthened when the photosensitizer is used in combination with an NO donor.

Ó 2013 Elsevier Inc. All rights reserved.

Introduction

Photodynamic therapy (PDT) is a therapeutic approach for the

cure of different kinds of solid tumors. This therapy is based on

the interaction of three different components: the photosensitizer,

light and oxygen. This triad produces oxidatively-generated dam-

age to the cells through the production of reactive oxygen species

(ROS) and/or singlet oxygen (1O2). Cell death occurs by apoptosis,

autophagy or necrosis and the outcome depends on the PDT dose

and localization of the photosensitizer [1,2]. When PDT is not opti-

mal to induce cell death, after an initial growth arrest, cancer cells

recover by activating different signaling pathways [3]. Thus, new

strategies to sensitize tumor cells to PDT are needed [4–8].

It has been found that nitric oxide (NO) is present in tumor tis-

sues and that its level and persistence may affect tumor progres-

sion or tumor repression [9–11]. This discrepancy may be

explained by the finding that high levels of NO exhibit a pro-oxi-

dant cytotoxic effect whereas low levels of NO have been reported

to be cytoprotective [12]. Furthermore, NO can act as a free radical-

scavenging antioxidant [13]. The primary determinant for the role

of NO is the surrounding redox environment. In fact, NO can react

directly with metals or other highly reactive radicals (e.g., lipid

radicals) or indirectly, after reaction with O2 or O2
�, to give reactive

nitrogen species such as N2O3, NO2 and ONOOÿ (RNS), which can

impair the functions of biomacromolecules [14,15].

The NO level in the tumor and microenvironment is known to

directly influence the response of the tumor cells to PDT [16,17].

1089-8603/$ - see front matter Ó 2013 Elsevier Inc. All rights reserved.
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PDT influences the NO level, as the activated photosensitizer can

induce the production of NO. Gupta et al. [18] reported, for the first

time, an increase of NO following treatment of A431 tumor cells

with phthalocyanine/PDT. The increase of NO correlated with an

enhanced constitutive expression of nitric oxide synthase (NOS).

This is probably due to the PDT activation of specific signal trans-

duction pathways inducing transcription factors that transcribe the

genes encoding NOS. Furthermore, activated inflammatory cells

accumulated in PDT-treated tumors may be responsible for the re-

lease of NO [19–21].

The above considerations suggest that NO levels in both the tu-

mors and microenvironment may considerably impact the curative

result of PDT. Thus, we hypothesized that the anti-tumor efficacy

of PDT may be increased through the use of an exogenous NO do-

nor. In the present study, we used DETANONOate (DETA/NO), an

NO donor belonging to the family of diazoniumdiolates (formerly

NONOates) [22]. It has been reported that this molecule sensitizes

tumor cells to apoptotic stimuli induced by both chemotherapeutic

and immunotherapeutic drugs. In addition, DETA/NO inhibits the

induction of the epithelial–mesenchymal transition (EMT) pheno-

type by modulating the NF-jB/Snail/RKIP loop [23,24].

A combined PDT-NO donor treatment is based on the following

considerations: (i) the dual role of NO in tumor biology is contro-

versial as its capacity to promote or inhibit tumor growth depends

on NO concentration and its time-dependent regulation [25]; (ii)

NO modulates the activity of the NF-jB pathway [26], a major sur-

vival/anti-apoptotic pathway often dysregulated in tumors, and

downstream gene products such as pro-survival and the metasta-

sis-induced gene Snail and the pro-apoptotic metastasis-suppres-

sor gene RKIP [23,27]; (iii) Pheophorbide a/PDT (Pba/PDT)

induces the release of cellular NO according to the dose used

[28]; and (iv) Pba/PDT acts through the inhibition of the NF-jB
pathway via NO release [28]. In this study, we investigated

in vitro and in vivo the effects of B78-H1 amelanotic melanoma

cells treated with Pba, DETA/NO or a combination of the two drugs.

In vitro, we have investigated the release of NO by an indirect as-

say, its cytotoxic activity and its effect on cell invasion (scratch-

wound assay); in vivo, we investigated the inhibitory effect of

Pba in combination with DETA/NO in mice bearing a B78-H1 syn-

geneic tumor.

Materials and methods

Cell lines

B78-H1 amelanotic murine melanoma cells were initially pro-

vided by Professor Giulio Jori, Department of Biology, University

of Padova. The cells were cultured in DMEM (high glucose) med-

ium which contained 10% fetal bovine serum and antibiotics (pen-

icillin 100 U/ml, streptomycin 100 lg/ml and glutamine 2 mM)

(CELBIO, Milan, Italy). All experiments were performed using cells

at the exponential growth phase.

Photodynamic treatment and reagents

Pheophorbide a (Pba) (C35H36N4O5; MW 592.69) was purchased

from Frontier Scientific Inc, Logan, UT. Pba was dissolved in

dimethylsulfoxide (DMSO) and conserved in aliquots of 0.5 mM

at ÿ80 °C. The stability in aqueous solution of Pba was checked

by measuring its UV–vis spectrum at weekly intervals. Cells were

treated with Pba in the dark for 3 h, then irradiated with a metal

halogen lamp at an irradiance of 8 mW/cm2 for 30 min (14 J/

cm2). On the basis of previous results, the IC50 value of Pba/PDT

at 24 h in our model is 250 nM, that we consider as high-dose of

Pba/PDT; we assumed the dose of 120 nM as low-dose Pba/PDT

[28].

For the animal experiments, we used mPEG-Pba to increase the

solubility and uptake of Pba. The synthesis of mPEG-Pba (mPEG

M.W. = 5000 Da) (97% yield) was carried out following the proce-

dures previously described [29].

The nitric oxide donors, (Z)-1-[N-(2-aminoethyl)-N(2-amino-

ethyl)amino] diazen-1-ium-1,2-diolate, DETANONOate (DETA/

NO) and (Z)-1-[N-3-aminopropyl]-N-[4-(3-aminopropylammo-

nio)butyl]-amino]diazen-1-ium-1,2-diolate, spermine NONOate

(SPNO), the nitric oxide inhibitors, L-NG-nitroarginine methyl ester

(L-NAME), 1400W and carboxy-PTIO (cPTIO), an NO scavenger,

were obtained from Cayman Chemical Company (INALCO, Milan,

Italy). The reagents were prepared in phosphate buffered saline

(PBS) before cell treatment. In the combined treatments with NO

donors and iNOS inhibitors we added to the samples the same

amount of DMSO used for Pba. The modality of each treatment is

reported in the caption of the figures. In in vivo experiments with

DETA/NO we used a dose of 0.4 mg /kg as reported in the literature

[27,30].

Cell metabolic assay

B78-H1 cells were seeded in a 96-well plate at a density of

5 � 103 cells/well. The cell proliferation, in terms of metabolic

activity, was determined by the MTT (3-[4,5-dimethylthiazol-2-

yj]-2,5-diphenyl tetrazolium bromide) assay following the manu-

facturer’s instructions (Sigma–Aldrich, Milan, Italy). The values

were obtained by using the spectrofluorometer Spectra Max Gem-

ini XS (Molecular Devices, Sunnyvale, CA).

To evaluate the combination of two treatments we used the

mathematical method reported by Zuluaga et al. [31] :

1 ¼
D1

IDX;1
þ

D2

IDX;2

whereas D1 and D2 represent the concentrations of each drug in

the mixture, and IDX,1 and IDX,2 are the concentrations of each drug

that result in X% of the inhibition when given alone. When the

right side of the equation (equal to the combination index (CI)) is

less than 1, then synergism is indicated [31].

The scratch wound assay

Cells were seeded in a 6-well plate at a density of 6 � 105 cells/

well and grown for another 24 h to 80% confluence. A denuded area

was created across the diameter of the dish by a yellow tip. After

treatment with drugs and light activation, the cells were washed

with PBS and further incubated in a complete medium. At different

times after incubation, pictures were taken with an epiluminescent

microscope Leica DMI6000B (Leica Microsystem, Heidelberg, Ger-

many) at a magnification of 10� to evaluate the migration dis-

tance. The scratch wound assay provides distinct advantages,

namely: (i) the assay can be performed in any readily available

plate configuration; (ii) the cells move in a defined direction, i.e.,

to close the wound; (iii) the movement and morphology of the cells

can be followed in real time and images obtained throughout the

experiment, thereby, permitting velocity measurements and also

discriminating between cell migration and cell proliferation [32].

Clonogenic assay

After the PDT treatments, B78-H1 cells were seeded at a density

of 5 � 103 cells in 60 mm Petri dish. After one week, the colonies

were formed, fixed and stained with 2.5% methylene blue in 50%

ethanol. The images were obtained by Gel DOC 2000 Bio-Rad (Mi-

lan, Italy).
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Apo-ONE caspase-3/7 homogeneous assay

The Apo-ONE casapase-3/7 homogeneous assay (Promega,

Milano, Italy) was used to measure the activity of caspase 3 and

caspase 7. Following the manufacturer’s instructions, the cells

were grown in an 96-well plate at a density of 5 � 103 cells/well,

and exposed to different treatments (Pba, DETA/NO and com-

bined). The assay was performed 20 h following light activation.

To each well containing 25 ll of sample, 25 ll of homogeneous

caspase-3/7 reagent was added (diluted 1:100 with buffer). The

plate was incubated for 30 min at room temperature before mea-

suring the fluorescence at 521 nm on a fluorescence microplate

reader (Spectra Max Gemini XS, Molecular Device, Senyvale, CA)

(Ex 499 nm; Em 521 nm).

Fluorimetric determination of NO with DAF-FM diacetate

B78-H1 cells were plated in a 6-well plate at a cell density of

5 � 105 cells/well. The day after, the cells were treated under dif-

ferent experimental conditions, described in the captions of the fig-

ures. This indirect assay to measure NO is based on DAF-FM

diacetate (4-amino-5-methylamino-20,70-difluorofluorescein diac-

etate) (D-23844, Molecular Probes, Invitrogen, Milan, Italy). It dif-

fuses into cells and tissue where non-specific esterases hydrolyze

the diacetate residues thereby trapping DAF within the intracellu-

lar space. NO-derived nitrosating agents such as N2O3 nitrosate

DAF to yield a highly fluorescent product, DAF triazole. Developed

by Kojima and collaboratores [33,34], this compound has some

important advantages compare to 4,5-diaminofluorescein diace-

tate (DAF-2 diacetate), which is the most common indicator for ni-

tric oxide [33,34]. The spectra of the nitric oxide adduct of DAF-FM

are independent of pH above pH 5.5 [35]. Moreover, the nitric

oxide adduct of DAF-FM is significantly more photostable than that

of DAF-2 [35], which means additional time for imaging. Finally,

DAF-FM is more sensitive for NO than DAF-2 (NO detection limit

for DAF-FM is �3 nM [35], for DAF-2 is �5 nM [34]).

A 5 mM stock solution of DAF-FM diacetate (MW = 496) in

DMSO was made. The cells, after Pba/PDT treatment, were incu-

bated with 10 lM of diluted DAF-FM diacetate for 30 min at

37 °C in a phenol-red free medium DMEM (Biowhittaker LONZA,

Milan, Italy) without serum. Cells were then washed with PBS to

remove excess probe and replaced with fresh PBS and incubated

for an additional 15 min to allow complete de-esterification of

the intracellular diacetates. The cells were then trypsinized from

the plate, recovered in PBS and measured by FACS (FACScan, Bec-

ton Dickinson, San Jose, CA). The signal was detected by the FL1

channel in log scale. The samples were analyzed with the Cell-

Quest program (BD Biosciences).

Preparation of protein extracts

Total protein extract was obtained from cells plated in a 6-well

plate at a density of 5 � 105 cells/well. After treatment, as de-

scribed in the figure legends, the cells were washed twice with

ice-cold PBS, scraped in 100 ll of Laemmli buffer (0.5 mol tris–

HCl/L, pH 6.8; glycerol, 10% sodium dodecyl sulfate, b-mercap-

toethanol, and 0.05% bromophenol blue) and centrifuged for

15 min at 15,000g at 4 °C. Supernatants were immediately frozen

at ÿ80 °C. Protein concentration was determined by the Markwell

assay [36].

Western blotting analysis

The extracted proteins (30 lg) were subjected to electrophore-

sis on 12% SDS–PAGE and transferred to a nitrocellulose membrane

70 V for 2 h. The filter was blocked for 1 h with PBS-0.01% Tween

(Sigma–Aldrich, Milan, Italy) containing 5% dry non-fat-milk, and

then incubated, at 4 °C overnight, with the primary antibodies, rab-

bit monoclonal anti-Snail (C15D3, Cell Signaling, Merck Millipore,

Darmstadt, Germany) diluted 1:1000, rabbit polyclonal anti-RKIP,

(G38, Cell Signaling, Merck Millipore, Darmstadt, Germany) diluted

1:1000; rabbit polyclonal anti-NF-jB p65 (C-20, sc-372 Santa Cruz

Biotechnology, Santa Cruz, CA), diluted 1:1000; rabbit polyclonal

anti-iNOS antibody (NOS2, sc-651 Santa Cruz Biotechnology, Santa

Cruz, CA), was used as a solution of 1:200. The expression of b-ac-

tin, used as an internal control, was detected with a mouse mono-

clonal anti b-actin (Ab-1, CP01, Calbiochem, Merck Millipore,

Darmstadt, Germany), diluted 1:10,000. The filters were incubated

for 1 h with the secondary antibodies with either anti-rabbit IgG

diluted 1:5000 (Calbiochem, Merck Millipore, Darmstadt, Ger-

many) or anti-mouse IgM, diluted 1:5000 (Calbiochem, Merck Mil-

lipore, Darmstadt, Germany). Each secondary antibody was

coupled to horseradish peroxidase (HPR). For the detection of the

proteins, we used ECL (enhanced chemiluminescence) reagents

(Super SignalÒWest PICO, and Super SignalÒWest FEMTO, Thermo-

Fisher Scientific Pierce, Rockford, USA). The exposure length de-

pended on the antibodies used and was usually between 30 s

and 5 min. The protein levels were quantified by Image Quant TL

Version 2003 software (Amersham).

In vivo activity of mPEG-Pba/PDT + DETANONOate

Female 6-week old C57BL/6 mice were obtained from Harlan-

Nossan (Italy) and were maintained in a conventional animal

house for two weeks. The procedures involving animals and their

care were conducted in accordance with the National Institutes

of Health Guide for the Care and the Use of Laboratory Animals

and were approved by the Institutional Animal Care Committee

at the University of Trieste (approval number of the Italian Minis-

try of Health 6/2011-B). In particular, every effort was put to avoid

unnecessary pain to the animals. The mice, weighing 20 g, were

implanted into the upper flank by subcutaneously injection with

2 � 106 B78-H1 amelanotic melanoma cells harvested from cell

cultures.

Fourteen days after the tumors reached a size of 6–8 mm (along

the largest diameter) the mice were randomized into groups (a

minimum of five mice for each group) and injected intraperitone-

ally (i.p.) with DETA/NO 0.4 mg/Kg, and after 2 h they were in-

jected ip with 30 mg/Kg of the photosensitizer mPEG-Pba

solubilized in saline solution-DMSO (9 + 1v/v). Four hour after

injection of the photosensitizer, a time which allows its accumula-

tion in the tumor, the mice were anesthetized with ZoletilÒ + Xyla-

zine (15 mg/kg + 15 mg/kg; i.p.), the tumor area shaved and

irradiated with a laser BWN-660-60E (B&WTEK, Inc, Newark, DE)

at 660 nm with a fluence rate of 193 J/cm2. The treatment was re-

peated three times (once a week).

The animals were examined every two days for changes in

weight, appearance of side effects or signs of sickness. The tumor

growth was determined every 2–3 days up to 22 days following

treatment by caliper measurements of two orthogonal axes. The

tumor volume was calculated according to volume = p/6�a2b where

a is the shorter axis and b the larger (cm) (the tumor density was

assumed to be equal to one). Survival time was calculated as the

duration of the animal’s life span from the inoculation of tumor

cells until death.

Statistical analysis

The primary growth tumor analyses were performed by the

Graph Pad PRISM. Tabled values are group means ± SE (standard

error). Data were subjected to the appropriate factorial ANOVAs

assessing significance against an alfa-level p < 0.05. When the indi-
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vidual effect of the treatments and the interaction between the

independent variables in a 2 � 2 ANOVA was significant, the data

were subjected to post hoc Tukey test for significance of the differ-

ences in the mean values. All analyses were performed using stan-

dard procedures implemented in the Systat package (SYSTAT Inc.,

Evanston, IL). The survival analysis was performed using the Kap-

lan-Meier curve (SPSS 11.0 for Windows 2000 software), and the

p values were calculated by long-rank test.

Results

Effects of DETA/NO, Pba/PDT or DETA/NO + Pba/PDT on B78-H1

murine amelanotic melanoma cells

We recently reported that NF-jB is down-regulated in B78-H1

amelanotic melanoma cells treated with a high-dose Pba/PDT

(i.e., with 250 nM Pba, corresponding to the IC50 dose). We thus

hypothesized that the effect was due to the photosensitizer induc-

ing the production of a relatively high level of nitric oxide (NO). To

corroborate this hypothesis, we measured the levels of the protein

iNOS induced by Pba/PDT as well as the release of NO/byproducts

by FACS (Supplementary data, S1). To this end, NO was measured

by using DAF-FM, as it is more specific then DAF-2. It should be ta-

ken into account that these fluorimentric assays have some limita-

tions, for instance DAF-2 can be enzymatically converted not only

to the triazol nitrosation product but also to other fluorescent mol-

ecules [37].

Fig. 1 shows a concentration-dependent increase of iNOS in

B78-H1 cells treated with different doses of Pba/PDT. The iNOS le-

vel was measured 5 h after light irradiation: the time point at

which we observed a high iNOS expression induced by Pba/PDT

(data not shown). We found that a low-dose Pba/PDT (Pba concen-

tration < IC50, 120 nM), inducing the formation in the cells of a low-

er NO amount, results in cell recurrence and in the increase of the

expression of antiapoptotic NF-jB and Snail gene products of the

NF-jB/Snail/RKIP loop [28]. Since the amount of NO correlates

with the type of cell response to PDT, we examined the effect of

a nitric oxide donor (DETA/NO) on cell recurrence in B78-H1 cells.

Fig. 2A shows that the treatment of B78-H1 cells with DETA/NO

inhibits the metabolic activity (MA) in a concentration-dependent

manner and this effect was directly proportional to the release of

NO/byproducts in the cells (Fig. 2B). To assess the effect of a com-

bined DETA/NO + Pba/PDT treatment, we chose for each effector

molecule a concentration that inhibited cell growth by �30%:

0.25 mM DETA/NO and 120 nM Pba. The combined treatment

was carried out as follows: B78-H1 amelanotic melanoma cells

were first treated with 0.25 mM DETA/NO for 3 h and then with

120 nM Pba for further 3 h. Following the two treatments, the cells

were irradiated with light at a fluence of 14 J/cm2. Since we have

found that the release of NO by DETA/NO is constant up to 6 h

(Supplementary data, S2), at the time point of PDT light irradiation,

the cells contained a maximum level of NO. Fig. 3 shows that the

level of NO/byproducts in the cells treated with a single effector

molecule, DETA/NO or Pba, was slightly higher than the level of

NO in the untreated cells. However, when the cells were treated

simultaneously with 0.25 mM DETA/NO and 120 nM Pba, a syner-

gistic effect was obtained in the release of NO/byproducts, that

reached a level of 30.12 MFI units, significantly higher than that

obtained with DETA/NO (MFI 9.55) or Pba (MFI 18.68).

The MA of B78-H1 cells treated with DETA/NO, Pba/PDT or with

both effector molecules was determined by the MTT assay. The re-

sults reported in Fig. 4A showed that, in comparison to untreated

cells, each single treatment with DETA/NO or Pba reduced the

MA to 67% and 75% of the control (untreated cells), respectively,

while the combined treatment caused a stronger inhibition to

30% of the control. The combined treatment produced a synergistic

effect characterized by a combination index CI <1 (Section 2),

according to Zuluaga et al. [31].

Fig. 1. iNOS protein determination by immunoblot analysis. B78-H1 cells were Pba/

PDT treated, by using different concentrations of Pba (80, 120, 250 nM). The protein

lysates were analyzed 5 h after irradiation. The iNOS band intensity was determined

densitometrically, normalized to b-actin and untreated cells (0 nM Pba) for each

sample.

Fig. 2. Effect of different concentrations of DETA/NO on B78-H1 cells. (A) Cell

metabolic assay performed by the MTT assay following treatment with different

concentrations of DETANONOate (DETA/NO). B78-H1 cells were plated at a density

of 5 � 103 cells in a 96-well plate. 24 h later, the cells were treated with DETA/NO at

different concentrations. After 24 and 48 h the MTT assay was performed. (B) NO

fluorescence measurements by flow cytometry in cells treated with different

concentrations of DETA/NO. B78-H1 cells were plated at a density of 5 � 105 cells/

well in a 6-well plate. They were treated with DETA/NO (0–1 mM), and after 6 h

they were incubated for 30 min with DAF-FM diacetate and were then processed by

flow cytometry analysis to measure the levels of nitric oxide. The graph reports the

values of Mean Fluorescence Intensity (MFI), measured by FACS (FLI log, 525 nM), in

relation to increasing concentrations of DETA/NO. The correlation coefficient r is 1

indicating a linear correlation between the concentration and the fluorescence

emission.
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The proliferative response, of B78-H1 cells treated with Pba or

DETA/NO was assessed also by the scratch-wound assay. Following

the experiment in real time by a microscope, this assay permits to

study the morphology and movement of the cells, and allowed to

distinguish between cell migration and cell proliferation [32].

Moreover, the assay visualizes the capacity of the cells to grow un-

der different treatment conditions. It is based on the assumption

that a denuded area created in a cell plate, where the cells are

80% confluent, will be quickly healed. But if proliferation and/or

migration is inhibited by the effector molecules, the cells will lose

their healing capacity and the area will remain denuded. Fig. 4B

and C shows a representative experiment. It can be seen that un-

treated cells are able to heal the wound in 48 h, due to the fact that

these cells proliferate. When the cells were treated with either Pba

(120 nM) or DETA/NO (0.25 mM) only, they were able to grow with

a sufficient rate to cover the denuded area. However, when a com-

bined DETA/NO + Pba/PDT treatment was performed, the cells did

not heal the wound, and indicated the effectiveness of the com-

bined treatment to inhibit cell growth.

Contribution of endogenous NO species produced by the cells treated

with Pba or a combination of Pba and DETA/NO on metabolic activity

It has been reported that tumors containing low levels of

endogenous NO respond to PDT better than tumors with higher

Fig. 3. Fluorescence measurements of DETA/NO, Pba and combination by flow

cytometry. B78-H1 cells were plated at a density of 5 � 105 cells/well in a 6-well

plate. The treatments were divided into four groups: Not treated, cells treated only

with light (Mean Fluorescence Intensity (MFI) = 3.84); DETA/NO, cells treated with

0.25 mM DETANONOate for 6 h and then with light (MFI = 10.23); Pba, cells treated

with 120 nM pheophorbide a for 3 h and then with light (MFI = 34.69); and DETA/

NO + Pba, cells treated for 3 h with 0.25 mM DETA/NO, then with 120 mM Pba and

after 3 h they were treated with light (MFI = 106.92). After light activation, the cells

were incubated for 30 min with DAF-FM diacetate and then were processed by flow

cytometry analysis.

Fig. 4. Effect of treatments with DETA/NO, Pba, and combination on B78-H1 cells. (A) Cell metabolic assay. B78-H1 cells were plated at a density of 5 � 103 cells/well in a 96-

well plate. After attachment, the cells were divided into four groups as indicated in the legend of Fig. 2. 24 h after photo-activation, the cells were assayed by the MTT assay.

The data are expressed as a mean ± SD of four independent experiments. The combined treatment results were statistically different from the other groups (standard t-test
⁄p < 0.01). (B) The scratch wound assay. B78-H1 cells were plated at a density of 5 � 105 cells/well in a 6-well plate. Immediately after light activation, a denudated area was

done across the diameter of the dish with a yellow tip. The cells were washed with PBS and further incubated in a complete medium. At different times (24 and 48 h after light

activation) pictures were taken by an epiluminescent microscope (at a magnification of 10�) to evaluate the migration of the cells.
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NO levels [16,38]. In agreement, a recent study by Bhowmick et al.

[39,40] showed that the COH-BR1 breast tumor was cured more

efficiently with ALA/PDT when the photosensitizer was used in

the presence of an inhibitor of nitric oxide synthase (L-NAME or

L-NNA).

As the activity of nitric oxide synthase is normally upregulated

in melanoma cell lines [41], we evaluated the effect of L-NAME, an

iNOS inhibitor, in B78-H1 cells. The aim was to reduce endogenous

NO in the cells before a low-dose Pba/PDT treatment (Supplemen-

tary data, S3). The cells were treated with 120 nM Pba for 2 h and

then with 1 mM L-NAME for 1 h. At the end of the treatment, the

cells were irradiated with light (14 J/cm2). The effect on MA of

the cells was determined 24 and 48 h following irradiation. The re-

sults showed that 24 h following the combined treatment, the MA

was reduced to 60% of the control (untreated cells) (p < 0.01),

whereas the single treatments produced a weaker effect (75% of

the control) (Fig. 5A and B). A possible explanation of the mecha-

nism of action of L-NAME + Pba is that L-NAME, by inhibiting iNOS,

reduces the consumption of O2 so that more oxygen would be

available for its reduction to ROS by Pba.

The effect of L-NAME is limited in time. At 48 h following the

dual treatment we observed cell recurrence with both the single

and combined treatments, indicating that the cells respond to the

treatment by activating survival pathways. As L-NAME is an aspe-

cific iNOS inhibitor, we evaluated in B78-H1 cells the effects of

1400W, a specific iNOS inhibitor, and carboxy-PTIO (cPTIO), a

scavenger of nitric oxide. We observed by both the clonogenic

and MTT assays that these molecules did not affect the prolifera-

tion and MA (Supplementary data, S4).

In the present study, we have assumed that, independently

from the level of endogenous NO, the PDT activity is strengthened

when a high release of NO occurs at the moment of irradiation, as

this effector molecule will divert the anti-apoptotic NF-jB/Snail/
RKIP loop toward apoptosis. Indeed, when we treated B78-H1 cells

with DETA/NO (see scheme in Fig. 5A) and Pba/PDT, the combined

treatment significantly inhibited cell growth (MA <40%) at both at

24 and 48 h following treatment (Fig. 5C). The efficacy of the com-

bined DETA/NO + Pba/PDT treatment was also observed with a clo-

nogenic assay where we found that B78-H1 cells did not recover

(Fig. 5D), while L-NAME + Pba/PDT treated cells did.

In order to validate these findings obtained with DETA/NO, we

used another NO donor, spermine NONOate (SPNO), which is char-

acterized by a shorter half life (30 min at 37 °C, pH 7.4) than DETA/

NO (20 h) and the results were similar to those observed with

DETA/NO (Supplementary data, S5).

Effect of DETA/NO, Pba/PDT and DETA/NO + Pba/PDT on the NF-jB/

Snail/RKIP loop

In a previous study we have found that the level of cellular NO

species modulates the NF-jB/Snail/RKIP loop, whose activity con-

trols cell recurrence [28]. Thus, we analyzed the expression of

NF-jB (p65), Snail and RKIP in cell lysates of B78-H1 cells treated

with DETA/NO (0.25 mM), Pba (120 nM) or DETA/NO

(0.25 mM) + Pba (120 nM). Cell lysates were obtained 24 h after

irradiation (14 J/cm2) of the cells. The treatment with only DETA/

NO downregulated the expression of the antiapoptotic NF-jB
(p65) and Snail gene products, whereas it upregulated the proa-

poptotic expression of RKIP. The treatment with Pba had no effect

on RKIP, in keeping with the fact that the cells after low-dose Pba/

PDT are found in a recovering phase at 48 h from treatment. How-

ever, the combined treatment of Pba + DETA/NO resulted in a sig-

nificant downregulation of both NF-jB (p65) and Snail and

upregulation of RKIP (Fig. 6A).

Previous findings demonstrated that the overexpression of RKIP

sensitizes resistant tumor cells to apoptosis induced by drugs

[42,43]. Based on these findings, we measured the levels of caspas-

es 3/7 in treated B79-H1 cells. The results reported in Fig. 6B show

that treatment with DETA/NO only had no effect on caspase activa-

tion, in agreement with the literature data indicating that this NO-

donor activates apoptosis through a caspase-independent way

[44]. The Pba/PDT treatment caused a 2-fold increase of caspases

3/7, as previously reported by us [45] and other laboratories [46].

However, a significantly stronger caspase activation was observed

when the cells were co-treated with DETA/NO and Pba. The cas-

pase levels were 3.5-fold higher than those of untreated cells

(p < 0.01).

Effects of DETA/NO, Pba and DETA/NO- Pba in mice bearing a

syngeneic B78-H1 tumor

To test in vivo the efficacy of PDT combined with an NO donor,

we used C57BL/6 mice transplanted with syngeneic B78-H1 amel-

anotic melanoma cells subcutaneously. As photosensitizer, we

used pegylated Pba (mPEG-Pba) due to its superior pharmaco-dis-

tribution compared to free Pba (Pba and mPEG-Pba have the same

PDT activity [47]. When the tumor size reached 6–8 mm (along the

largest diameter), the mice were treated intraperitoneally with

DETA/NO (0.4 mg/Kg) and 2 h later with mPEG-Pba (30 mg/Kg).

Four hours after delivery, the mice were irradiated with a

660 nm-laser at 193 J/cm2. According to our previous pharmaco-

distribution data, when the mice were irradiated, mPEG-Pba was

present in the tumor mass [47]. We assumed that DETA/NO, being

a small molecule, was also present in the tumor [27,30]. The treat-

ment was carried out three times at days 1, 7 and 14. Following the

first treatment, tumor growth was measured every 2 days with a

caliper. In Fig. 7A, we report the tumor mass (mg) as a function

of time (days) of the mice groups treated with the different effector

molecules. It can be seen that, in comparison to untreated mice,

both mPEG-Pba and DETA/NO + mPEG-Pba promoted a statistically

significant delay of tumor growth 7 days after the first treatment

(p < 0.05). Moreover, the growth inhibition became statistically

more evident from day 13 (p < 0.001). The combined treatment ap-

peared statistically different from mPEG-Pba only treatment after

the third administration (at day 20 p = 0.04; day 22 p = 0.006)

(Fig. 7A). Although it slightly reduces tumor growth, DETA/NO

did not produce a statistically significant effect. In Fig. 7B we report

the median survival times (MST) obtained according to a Kaplan-

Meir statistical analysis. The control untreated group shows a

MST of 40 days; the DETA/NO group, 44 days; the mPEG-Pba

group, 52.5 days; and the combined DETA/NO + mPEG-Pba group,

59 days. Compared to the control group (untreated), both mPEG-

Pba (p < 0.0062) and DETA/NO + mPEG-Pba/PDT (p < 0.0026)

groups of treated mice showed a statistically significant longer

survival.

Discussion

The main objective of this study was to evaluate the anti-tumor

effect of an NO donor on Pba/PDT applied to B78-H1 amelanotic

melanoma cells in vitro as well as in vivo in C57BL/6 mice. Although

photoactivated Pba is an efficient inducer of cell death by apoptosis

and/or necrosis [45,47], tumor cells often respond to PDT by acti-

vating rescuing pathways leading to cell recurrence and tumor sur-

vival, in particular under non-optimal PDT conditions, i.e. when

either the photosensitizer or oxygen or light is limiting. To investi-

gate the mechanism of cell recurrence, we focused on the photoac-

tivation process which involves the production of both ROS [48,49]

and RNS [18,50]. It is known that PDT stimulates the expression of

inducible nitric oxide synthase (iNOS) [18] which increases the

intracellular level of NO. We found that Pba, through the induction
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Fig. 5. Effect of different cell treatments on the metabolic activity of B78-H1 cells. (A) Schematic panels of cell treatments. Treatment with the NO-inhibitor L-NAME: 24 h

after plating, the cells were treated at time 0 with Pba (120 nM), after 2 h with L-NAME (1 mM), and 1 h later the cells were light irradiated. Treatment with the NO donor

DETA/NO: 24 h after plating, the cells were treated with DETA/NO (0.25 mM), after 3 h with Pba (120 nM) and 3 h later the cells were light irradiated. (B) Cell metabolic

activity performed by the MTT assay following treatments with L-NAME, Pba, and combination on B78-H1 cells, 24 and 48 h after light activation. NT: Not treated cells; L-

NAME: cells treated with L-NAME 1 mM 1 h before irradiated; Pba: cells treated 3 h with 120 nM Pba and then irradiated; L-NAME + Pba: cells treated with Pba after 2 h with

L-NAME and then after 1 h irradiated. The values ‘‘% Metabolic activity’’, expressed as T/C � 100, where T and C are the absorbance of treated and untreated cells, respectively,

are the mean ± SD of three independent experiments. Treatments evidenced with the same letter (a and b) are significantly different, standard t-tests (p < 0.01). (C)

Proliferation assay performed by the MTT assay following treatments with DETA/NO, Pba, and combination on B78-H1 cells at 24–48 h after light activation. NT: not treated

cells; DETA/NO: cells treated with 0.25 mM DETA/NO (6 h before light); Pba: cells treated with 120 nM Pba (3 h before light); DETA/NO + Pba: cells treated with 0.25 mM

DETA/NO and after 3 h with 120 nM Pba (3 h before light). The values ‘‘% Metabolic activity’’, expressed as T/C � 100, where T and C are the absorbance of treated and

untreated cells, respectively, are the mean ± SD of three independent experiments. Treatments evidenced with the same letter (a–d) are significantly different, standard t-

tests (p < 0.01). (D) Clonogenic assay. After PDT treatments, the cells were plated at a density of 5 � 103 cells/60-mm petri plate. After 1 week the colonies were formed, fixed

and stained with 2.5% methylene blue in 50% ethanol. The images were obtained with Gel DOC 2000 Bio-Rad.
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of iNOS, inhibits the NF-jB/Snail/RKIP survival/anti-apoptotic loop

[28], that controls pathways leading to apoptosis or cell recurrence

[23,24,27]. On the basis of these considerations, to minimize cell

recurrence occurring under low-dose PDT conditions, we used

the photosensitizer in combination with an NO-donor, i.e., an effec-

tor molecule capable to generate NO inside the target cell. As a

proof of principle, we used in conjunction with Pba, DETA/NO, a

molecule that spontaneously releases in the cytoplasm 2 mol of

NO per mole of compound [51]. Nitric oxide is a small hydrophobic

molecule capable of mediating a multitude of reactions [52]. It can

act as an anti-oxidant against several reactive oxygen species such

as hydrogen peroxide (H2O2) and the superoxide anion (O2
�ÿ) [53]

or as a cytotoxic agent. NO can form peroxynitrite (ONOOÿ), a

highly oxidizing and nitrating reactive nitrogen species [54], that,

depending of its concentration, may trigger free radical (chain)

peroxidation reactions that exacerbate the overall damage. More-

over, through the S-nitrosylation of the cysteine residues within

proteins and peptides, NO can play a significant role in signal

transductions [55]. For these properties, an NO donor may be a

promising enhancer for cancer therapy [56,57].

The role of NO in PDT is not yet fully understood. However, our

data suggest that the response of the cells to PDT depends on

endogenous NO [16,58] as well as on PDT-induced NO [18]. Recent

studies showed that photosensitizer-induced NO seems to be cyto-

protective [18,39,40], in agreement with what we have observed

with low-dose Pba/PDT. It has been reported that low NO levels

show a cytoprotective effect due to trapping lipid-derived radicals

generated by one-electron turnover of primary LOOHs [59]. Fur-

thermore, to rationalize the cytoprotective effect, it has been pro-

posed that moderate levels of NO may: (i) inhibit caspases by S-

nitrosylation [60]; (ii) induce downregulation of pro-apoptotic

Bax and upregulation of anti-apoptotic Bcl-xL [40]; and (iii) induce

cytoprotective heme oxygenase-1 [39].

Our results suggest that NOmay also act through its modulation

of the NF-jB/Snail/RKIP loop. As low-dose PDT elicits prosurvival/

growth by upregulating the activation of NF-jB and Snail and by

inhibiting the anti-proliferative expression of RKIP, a strategy to

prevent cell recurrence would be to significantly increase NO in

the target cells, by using a specific NO donor. High levels of NO,

in fact, resulted in the inhibition of NF-jB through S-nitrosylation

of p65 [27,61] and the increase of RKIP [27]. We found, indeed, that

the combination of the photosensitizer with an NO donor results in

a significant modulation of the NF-jB/Snail/RKIP loop towards the

expression of the pro-apoptotic RKIP and the inhibition of anti-

apoptotic NF-jB and Snail gene products. The clinical relevance

of increasing the RKIP expression by NO correlates with a favorable

clinical outcome in terms of tumor progression reduction and met-

astatic spread [62].

Fig. 6. Analyses by western blot and caspases activation. (A) Western blot analysis

for NF-jB, Snail, RKIP, and actin. B78-H1 cells were left untreated, NT, (lane 1),

treated with 0.25 mM DETA/NO (lane 2), 120 nM Pba/PDT (lane 3), or with 0.25 mM

DETA/NO + 120 nM Pba 3h before light. Total protein lysates were recovered 24 h

after light-activation. The protein band intensities were determined densitomet-

rically, normalized to b-actin and untreated cells (NT). (B) Activation of caspases 3/

7. The values are the mean ± SD of three independent experiments expressed as T/

C � 100, where T is the fluorescence of treated cells and C the fluorescence (given in

RFUs by the microplater reader) of untreated cells. Standard t-tests of each single

treatment versus control (⁄p < 0.01) and of combined treatment versus each single

treatment (a,b,cp < 0.01) were performed.

Fig. 7. Effect of various treatments in vivo in mice bearing melanoma. (A) This

figure represents the primary tumor growth (mg) in groups of five mice each: Not

treated, mice treated only with light (193 J/cm2); DETA/NO, mice treated with

DETA/NO (0.4 mg/Kg) i.p. 6 h before light and then irradiated; mPEG-Pba, mice

treated i.p. with mPEG-Pba (30 mg/Kg) and after 4 h with light; DETA/NO + mPEG-

Pba, mice treated i.p. with DETA/NO, 2 h after with i.p. mPEG/Pba and 4 h later with

light; the same treatments were repeated three times: once a week (1, 7, 14 days).

The groups treated with mPEG-Pba and combined treatment DETA/NO + mPEG-Pba

were statistically different from the not treated group (from 7 day p < 0.05; in the

interval 13–22 days p < 0.001, 2 � 2 ANOVA and Tukey tests); the DETA/NO + m-

PEG-Pba and mPEG-Pba groups became statistically different at 20 day, p = 0.04 and

22 day = 0.006. (B) Survival of mice bearing B78-H1 melanoma and treated as above

by Kaplan–Meier analyses. The mPEG-Pba group and the combined treatment

group were statistically different (⁄) from not treated group (p = 0.0062 and 0.0026,

respectively, long-rank test).
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The dual treatment with an NO donor and Pba has been tested

in B78-H1 cells in culture and transplanted in C57BL/6 mice. To our

knowledge, we demonstrate in vivo for the first time the anti-tu-

mor efficacy of a photosensitizer (Pba) delivered with an NO donor

(DETA/NOate). The results obtained showed that the use of an NO

donor significantly increased the anti-tumor efficacy of PDT. In

fact, the group of mice treated with mPEG-Pba and DETA/NO

showed a significant delay of tumor growth compared to the un-

treated group. Treatment with Pba alone also produced a retarda-

tion of tumor growth, but to a lower extent when compared to the

combined treatment: after the third week, the curves relative to

the two treatments statistically diverged (p < 0.05). Furthermore,

the Kaplan-Meier survival analysis showed a difference of the

median survival times between the mice treated with DETA/

NO + mPEG-Pba/PDT (59 days) and the mice treated with mPEG-

Pba/PDT alone (52.5 days).

In conclusion, considering that the effect of the combined treat-

ment observed in vivo may be more complex than its effects

in vitro, our data suggest that NO (and byproducts) plays an impor-

tant role in the cytotoxic activity of Pba/PDT used in combination

with an NO donor. We are currently investigating the use of a

molecular construct, i.e. a conjugate between a photosensitizer

and an NO donor that allows a controlled release of NO in the tu-

mor at the time of irradiation of the photosensitizer.
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Abstract

Background: Porphyrin TMPyP4 (P4) and its C14H28-alkyl derivative (C14) are G-quadruplex binders and singlet

oxygen (1O2) generators. In contrast, TMPyP2 (P2) produces
1O2 but it is not a G-quadruplex binder. As their

photosensitizing activity is currently undefined, we report in this study their efficacy against a melanoma skin

tumour and describe an in vitro mechanistic study which gives insights into their anticancer activity.

Methods: Uptake and antiproliferative activity of photoactivated P2, P4 and C14 have been investigated in murine

melanoma B78-H1 cells by FACS, clonogenic and migration assays. Apoptosis was investigated by PARP-1 cleavage

and annexin-propidium iodide assays. Biodistribution and in vivo anticancer activity were tested in melanoma

tumour-bearing mice. Porphyrin binding and photocleavage of G-rich mRNA regions were investigated by

electrophoresis and RT-PCR. Porphyrin effect on ERK pathway was explored by Western blots.

Results: Thanks to its higher lipophylicity C14 was taken up by murine melanoma B78-H1 cells up to 30-fold more

efficiently than P4. When photoactivated (7.2 J/cm2) in B78-H1 melanoma cells, P4 and C14, but not control P2,

caused a strong inhibition of metabolic activity, clonogenic growth and cell migration. Biodistribution studies on

melanoma tumour-bearing mice showed that P4 and C14 localize in the tumour. Upon irradiation (660 nm, 193 J/cm2),

P4 and C14 retarded tumour growth and increased the median survival time of the treated mice by ~50% (P <0.01 by

ANOVA), whereas porphyrin P2 did not. The light-dependent mechanism mediated by P4 and C14 is likely due to the

binding to and photocleavage of G-rich quadruplex-forming sequences within the 5′-untranslated regions of the

mitogenic ras genes. This causes a decrease of RAS protein and inhibition of downstream ERK pathway, which

stimulates proliferation. Annexin V/propidium iodide and PARP-1 cleavage assays showed that the porphyrins

arrested tumour growth by apoptosis and necrosis. C14 also showed an intrinsic light-independent anticancer

activity, as recently reported for G4-RNA binders.

Conclusions: Porphyrins P4 and C14 impair the clonogenic growth and migration of B78-H1 melanoma cells and

inhibit melanoma tumour growth in vivo. Evidence is provided that C14 acts through light-dependent (mRNA

photocleavage) and light-independent (translation inhibition) mechanisms.

Keywords: Melanoma B78-H1 cells, Cationic porphyrins, Biodistribution, C57/BL6 mice, Ras genes, G4-RNA,

ERK pathway
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Background
Photodynamic therapy (PDT) is a rapidly expanding

therapeutic modality for the treatment of a number of

diseases including cancer [1-3]. PDT employs a photo-

sensitizer which, upon irradiation, produces singlet oxy-

gen (1O2) that damages cells [4,5]. One major objective

of PDT is the search of new photosensitizers with high

water solubility, low dark cytotoxycity, high capacity to

penetrate the plasma membrane and generate 1O2, and

an ability to interact with specific cellular targets [6-8].

In previous studies from our laboratory we synthesized

expanded porphyrins, composed of a macrocycle of five

pyrroles, that exhibit a photodynamic activity in cancer

cells at micromolar concentrations, either as free mole-

cules or complexed to Zn or Lu [9,10]. In addition, we

examined squaraines [11] and pheophorbide a [12-15], a

chlorophyll derivative with a tetrapyrrolic macrocycle

which is active at a nanomolar concentration range,

comparable to that of verteporfin and temoporfin: two

well-known photosensitizers used in clinic [16,17]. How-

ever, like many other photosensitizers, pheophorbide a is

not very soluble in water, and this reduces PDT efficacy. A

group of potential photosensitizers that are completely

soluble in water are the cationic porphyrins TMPyP2

(called P2), with four 2-methypyridyl groups, and TMPyP4

(called P4), with four 4-methylpyridyl groups (Figure 1A).

Porphyrin P4 has been extensively studied for its capacity

to bind to an unusual nucleic acid conformation called

G-quadruplex, formed by DNA and RNA sequences com-

posed of blocks of guanines [18-21]. DNA and RNA G-

quadruplexes (G4-DNA and G4-RNA) are stabilized by

the stacking upon each other of at least two G-tetrads (a

planar arrangement of four guanines each forming two

Hoogsteen hydrogen bonds with the neighboring bases)

and by alkali metal ions (Na+ or K+) that coordinate to O6

of guanines and lie in the central cavity of the structure

[22]. Over the last decade G4-DNA and G4–RNA have

attracted interest of several researchers providing growing

evidence that these quadruplexes are involved in the regu-

lation of gene expression. Compared to double-stranded

DNA, single-stranded RNA is unconstrained and thus

prone to fold into complex secondary/tertiary structures

containing double-stranded and G-quadruplex elements.

A bioinformatic study by Huppert et al. [23] revealed that

Figure 1 Structure and physical properties of the cationic porhyrins. (A) Structure of cationic porphyrins 5,10,15,20-tetra(N-methyl-4-pyridyl)

porphin (TMPyP4 or P4); 5,10,15,20-tetra(N-methyl-2-pyridyl)porphin (TMPyP2 or P2) and 5,10,15-tri(N-methyl-4-pyridyl)20(N-C14H29)-4-pyridyl)

porphin (C14); (B) DMA assay to determine the singlet oxygen quantum yield of porphyrins P2, P4 and C14. Full lines are the best-fit of experimental

points to first order decay equation y = exp(-kt). Irradiation was performed with 60 mW lamp. Fluorescence quantum yield data are from [34];

(C) Singlet oxygen and fluorescence quantum yield values.
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about 3000 5′-UTR of the human transcriptome contains

one or more G-quadruplex motifs. This brought the

authors to the conclusion that these tertiary structures

should regulate translation. They also demonstrated that

an RNA quadruplex-forming sequence within the 5′-UTR

of the NRAS transcript inhibited translation in vitro [24].

Ever since, there has been a growing literature on the

possible functions of RNA G-quadruplexes [25-27]. As

G4-RNA can indeed inhibit translation, the use of small

molecules to inhibit the function of mRNA looks quite

attractive [28].

In our study we focus on bifunctional G4 RNA-interacting

agents, i.e. molecules capable not only to bind to RNA

G-quadruplexes with a high affinity but also to generate

singlet oxygen (1O2) upon irradiation. In most human

cancers the RAS-MEK-ERK pathway that controls pro-

liferation is hyperactive [29,30]. The activator of this

pathway is protein RAS which is expressed by the ras genes

(KRAS, NRAS and HRAS). These genes are characterized

by the presence in the 5′ end of mRNA of a guanine rich

untranslated region (5′-UTR) containing quadruplex-

forming motifs which can serve as targets for small mol-

ecules with photosensitizing properties. Of particular

interest is KRAS, as it contains a 192-nt 5′-UTR with

45% guanines that can fold into a cluster of G4-RNA

structures and is in principle capable of providing mul-

tiple binding sites for cationic porphyrins [18-21]. The

5′-UTR of NRAS also harbors a G-rich motif forming a

very stable G-quadruplex structure.

Against this background we have hypothesized a new

strategy to down-regulate in cancer cells the mitogenic

RAS/MEK/ERK pathway [31]. We reasoned that the

porphyrins delivered to the cells should bind to mRNA,

in particular at G-rich quadruplex-forming sequences in

the 5′-UTRs of the ras genes. Upon irradiation, the por-

phyrins mediate a photoprocess leading to the degrad-

ation of mRNA, inhibition of ERK pathway and cell

proliferation. This therapeutic approach has been tested

in murine amelanotic melanoma B78-H1 cells both

in vitro (cell cultures) and in vivo (B78-H1 melanoma

cells transplanted in C57/BL6 mice). B78-H1 melanoma

cells derive from the B16 clone and have an activated

RAS/MEK/ERK pathway [32]. As bifunctional photosensi-

tizing agents we tested the cationic porphyrins tetra-meso

(N-methyl-4-pyridyl) porphine (called P4) and C14-alkyl

derivative tri-meso(N-methyl-4-pyridyl), meso(N-tetrade-

cyl-4-pyridyl) porphine (called C14). As a control, we used

the positional isomer tetra-meso(N-methyl-2-pyridyl) por-

phine (called P2), which does not bind to G4-RNA. In the

following we demonstrate that the cationic porphyrins

C14 and P4 strongly inhibit the growth of melanoma cells

both in vitro and in vivo. This anticancer effect correlates

with the capacity of these porphyrins to bind to the G-rich

region of mitogenic ras genes.

Results and discussion
Singlet oxygen generation by porphyrins C14, P4 and P2

The structures of porphyrins C14, P4 and P2 are shown in

Figure 1A. Due to their cationic charges they are very sol-

uble in aqueous solutions and obey the Lambert-Beer law

over a wide concentration range (not shown). Their cap-

acity to generate 1O2 was examined by the 9,10-dimethy-

lantracene (DMA) photobleaching assay [33]. DMA is a

fluorescent dye [λex = 375 nm, λem = 436 nm] that reacts

selectively with 1O2 to form a non-fluorescent endoperox-

ide derivative. An equimolar solution of DMA and por-

phyrin (10 μM each) was irradiated with a lamp (60 mW)

for different periods of time up to 1000 s and the residual

fluorescence was recorded between 380 and 550 nm.

The residual fluorescence was plotted as a function of

time and the experimental curve was best-fitted to a

first order decay equation y = exp (-k⋅t) where k (s-1)

is the rate constant and t the time(s) (Figure 1B). We

obtained k = 0.0058 ± 0.0004 s-1 for P4 and C14 and

k = 0.0021 ± 0.0006 s-1for P2. Considering that the quantum

yield of singlet oxygen generation (ϕΔ) of P4 was reported

to be 0.51 [34], we found that the ϕΔ of C14 and P2 were

respectively 0.51 and 0.18 (Figure 1C). It is worth noting

that porphyrin P2, being non planar due to steric clashes

between the 2-methyl-pyridyl groups and the 3-pyrrol

hydrogens, shows a lower ϕΔ.

Cellular uptake and phototoxicity of the cationic

porphyrins

The uptake of the cationic porphyrins by melanoma B78-

H1 cells has been investigated by FACS, taking advantage

of the fact that the porphyrins emit red fluorescence when

they are excited at 488 nm. Figure 2A shows a typical

FACS analysis of B78-H1 cells treated with 10 μM porphy-

rins for 2, 4, 8 and 24 h. As observed with human Panc-1

cells [31], C14 is taken up by melanoma cells more effi-

ciently than P2 or P4. After an incubation of 24 h, the

fluorescence of the cells treated with C14 is 25 and

50-fold higher than that observed with P4 and P2,

respectively. The data show that the addition to P4 of

the lipophilic chain significantly enhances the cellular

uptake.

The photoactivity of the porphyrins in B78-H1 cells

(24 h after delivery) has been evaluated by resazurin as-

says (Figure 2B). Without irradiation the porphyrins are

not cytotoxic (not shown), but when they are irradiated

with a halogen lamp at a fluence of 7.2 J/cm2, C14 and

P4 decrease the metabolic activity of the cells, at con-

centrations < 1 μM, while P2 shows some bioactivity

only at concentrations > 20 μM. A dose-response assay is

shown in Figure 2B. From these plots we estimated IC50
values of about 10 and 200 nM for C14 and P4 and

30 μM for P2. These values correlate with the different

uptake of the three porphyrins.
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The impact of the photoactivated porphyrins on the

clonogenic growth of B78-H1 melanoma cells was

also examined (Figure 3A). The cells treated with the por-

phyrins were seeded in plates and after an incubation of

7 days the colonies were stained with methylene blue. The

data show that the untreated cells formed colonies uni-

formly distributed in the plate (control). In contrast, the

cells treated with P4 and light (7.2 J/cm2) showed ~30% re-

duction in the number of colonies, while C14/light com-

pletely arrested the clonogenic growth. In contrast,

porphyrin P2/light did not have any inhibitory effect on col-

ony formation.

As a next step, the inhibition of proliferation and mi-

gration of B78-H1 cells caused by the cationic porphy-

rins was assessed by the scratch-wound healing assay.

This assay is based on the assumption that a denuded

area created in a plate (80% confluent) will quickly heal

thanks to proliferating and migrating cells. But as soon

as proliferation and migration are inhibited by the ef-

fector molecules, the cells will lose their healing capacity

and the area will remain denuded. Figure 3B reports a

typical experiment showing that B78-H1 cells untreated

or treated with P2 and light are able to heal the wound

in 24 h. Instead, when the cells are treated with an IC50

dose of P4 or C14 and light, they are not able to grow

and migrate with a sufficient rate to cover the denuded

area.

Having established that photoactivated P4 and C14

arrest proliferation, we asked if this effect was due to

apoptosis. An early event occurring in apoptosis is the

translocation of phosphatidylserine from the inner to the

outer leaflet of the plasma membrane, thus exposing it

to the external cell environment. Annexin V, a phospha-

tidylserine recognizing protein labeled with FITC, can

be used to detect this event by FACS. Early apoptosis

and late apoptosis/necrosis can be distinguished by

using annexin V and propidium iodide (PI) together

(Figure 4A). The percentage of apoptotic/necrotic cells

is reported in Table 1. It can be seen that C14 (10 nM)

strongly induces apoptosis (43%) and necrosis (38%) in

the melanoma B78-H1 cells, whereas P4 (250 nM) ap-

pears less efficient in triggering apoptosis (26%) and ne-

crosis (11%). The treatment with P4 produces, however,

a larger amount of cell debris than with C14 (18%

against 9%). From this experiment we concluded that

C14 and P4 promoted in melanoma cells both apoptosis

and necrosis and not only necrosis as previously found

with fibrosarcoma cells [35].

Figure 2 Uptake and metabolic activity of the cationic porphyrins. (A) FACS analyses of B78-H1 cells treated with 10 μM porphyrin. The

fluorescence associated to the cells (Ex 420 nm, Em 650–720 nm), was detected at 2, 4, 8 and 24 h after drug delivery; (B) % Metabolic activity of

B78-H1 cells treated with increasing amounts of porphyrin. 24 h after porphyrin delivery the cells have been irradiated with a halogen lamp at

the fluence of 7.2 J/cm2. A resazurin assay was carried out 24 h after irradiation. Experiments have been performed in triplicate, a Student T-test is

reported * = P < 0.01.
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To confirm the presence of apoptosis in B78-H1 cells

treated with the porphyrins, we measured by immuno-

blotting the cleavage of poly-(ADP ribose)-polymerase

(PARP-1) by caspases, as this is considered one of the best

markers for apoptosis [36]. In keeping with annexin/PI,

Figure 4B shows that P4 and C14 induced the cleavage of

PARP-1, while P2 did not. The extent of cleavage is pro-

portional to the percentage of apoptotic cells found by

FACS. Indeed, the cells treated with C14 showed 43%

apoptosis and ~50% PARP-1 cleavage, while those treated

with P4 had 26% apoptosis and ~10% PARP-1 cleavage.

Given the strong impact on clonogenic growth and

mobility caused by P4 and C14 in B78-H1 melanoma

cells, we asked whether these molecules are also able

to inhibit the growth of a B78-H1 melanoma tumour

subcutaneously transplanted in mouse. To address this

question, we first had to know how the porphyrins dis-

tribute in the mouse body, in order to determine the

time point at which the porphyrins show a high accumu-

lation in the tumour after delivery.

Biodistribution of the cationic porhyrins

The time-dependent distribution of P2, P4 and C14 after

injection in the peritoneum (i.p.) of female C57/BL6

mice bearing a subcutaneous B78-H1 melanoma tumour

of about 6–8 mm was examined as previously described

Figure 3 Clonogenic and scratch-wound assays. (A) Clongenic growth of B78-H1 cells treated with porphyrin at concentration near the IC50: C14

(10 nM), P4 (250 nM). The cells have been treated with porphyrin /light and let to grow for one week. The colonies formed have been fixed, stained

with methylene blue and counted. The number of colonies (>50 cells) is reported below each plate. The experiment has been perfomed in duplicate;

(B) Scratch-wound assay of B78-H1 cells plated at density of 6 × 105 cells/well in a 6-well plate. After attachment, the cells were treated with 7.5 nM

C14, 250 nM P2 and P4. A denudated area was created across the diameter of the dish with a yellow tip. Cells were washed with PBS and

further incubated in complete medium. After light irradiation (7.2 J/cm2), pictures were taken by an epiluminescent microscope (at 10-fold

magnification) to evaluate the migration of the cells. The experiment has been perfomed in duplicate.
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[37]. Porphyrins P2 and P4 were injected (and not

treated with light) at a concentration of 30 mg/Kg, while

C14, due to its higher cytoxicity, was used at a concen-

tration of 9 mg/Kg. For each molecule three animals

were sacrificed at each time point: 1, 3, 6, 9 and 24 h

post-injection. The amount of porphyrin recovered from

the various organs was measured as described in

Materials and Methods and the percentage of injected

dose per gram of organ (% ID/g) was determined and re-

ported in Figure 5. At 1, 3 and 6 h post-injection, the

porphyrins were detected in all the organs, except in the

brain. It is noteworthy that the amount of injected dose in

the tumour is higher than in normal tissues, except liver

and kidneys. Surprisingly, P4 showed a higher tumour ac-

cumulation than C14 (at 9 h after delivery % ID/g P4 ~ 2.5

versus % ID/g C14 ~ 0.9). It is possible that the alkyl group

reduces the capacity of C14 to diffuse from the peritoneus.

Indeed, the presence of C14 in the intestine is greater than

that of P4, at 3, 6 and 9 h post injection. The amount of

P2 in the organs is relatively low, and this correlates with

the low cellular uptake of this molecule.

The presence of C14 and P4 in liver, duodenum and

blood (not shown) up to 3 h post-injection suggests

that the porphyrins are recycled via the enterohepatic

pathway, but at higher time points, the urinary output

Figure 4 Annexin V-propidium iodide and PARP-1 cleavage assays. (A) Annexin V-propidium iodide assay of B78-H1 cells treated with 250

nM P2 or P4 and 10 nM C14. The proportion of cell population in apoptosis and necrosis is reported in Table 1. Before the FACS analysis the cells

have been treated with porphyrin and light (7.2 J/cm2). The experiment has been performed in triplicate; (B) Levels of PARP-1 and β-actin in

B78-H1 cells untreated or treated with 80 and 150 nM P2 and P4, 7.5 nM C14. The Western blots show the cleavage of PARP-1.

Table 1 Percentage of normal, apoptotic and necrotic

B78-H1 cells treated with P2, P4 or C14

Porphyrin % N T§ % Ap C§ % Ne C§ % Debris

NT 91 4 2 3

P2& 77 11 5 7

P4& 45 26 11 18

C14& 10 43 38 9

&P2 and P4 used at 250 nM, C14 used at 10 nM; §NT = untreated cells;

Ap C = apoptotic cells; Ne C = necrotic cells.
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prevails over the bile-gut recycling. Furthermore, the

fact that the porphyrines are practically not found in

the spleen, suggests that their elimination through the

reticolo-endothelial system is limited, contrarily to what

has been observed with more hydrophobic photosensi-

tizers [38].

Porphyrins P4 and C14 reduce tumour growth and

increase the mouse median survival time

To evaluate in vivo the anticancer property of P2, P4 and

C14, C57/BL6 mice with a subcutaneous B78-H1 mela-

noma tumour of about 6–8 mm were randomized into

groups of 8 animals each (the animals were prepared as

reported in Materials and Methods). In Figure 6A we re-

port the results obtained with P2 and P4. Group 1 was un-

treated, groups 2 and 3 were i.p. injected with P2 (30 mg/

Kg) and P4 (30 mg/Kg), respectively, groups 4 and 5 were

injected with P2 (30 mg/Kg), P4 (30 Kg/mg) then irradi-

ated at the Q-1 band (620–690 nm) with a diode laser at

660 ± 5 nm (fluence of 193 J/cm2), i.e. in the optical thera-

peutic window where light is harmless and shows its max-

imum depth of tissue penetration, as previously described

[37,39] (Additional file 1: Figure S1).

Irradiation was carried out ~7 h after delivery, when the

molecules showed a significant accumulation in the

tumour. We performed three porphyrin-light treatments,

Figure 5 Biodistribution of cationic porphyrins. Biodistribution of the porphyrins in various organs, after i.p. injection in C57/BL6 mice, bearing a

subcutaneous melanoma tumour, at the concentration of 30 mg/Kg P2 and P4 and 9 mg/Kg C14 (the mice were not irradiatiated). Ordinate reports

the percentage of injected dose (% ID). Distributions at 1, 3, 6, 9 and 24 h post injection are shown. Each bar is the average of 3 values (3 mice).
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at days 1, 7 and 14. The melanoma tumour grew with its

typical aggressiveness in the untreated mice (control), and

the mice showed a median survival time (m.s.t.) of about

43 days (Figure 6C). The treatment with P2 and P4 with-

out irradiation did not delay tumour growth and did not

increase the m.s.t. compared to control (Figure 6A,C). In

contrast, when the tumour was irradiated with the laser, a

significant delay in tumour growth was obtained with P4,

but not with P2, in keeping with the scarce uptake and

photosensitizing property of P2. As a further control, we

measured the rate of tumour growth when the mice were

irradiated in the absence of porphyrin, but no effect was

observed (not shown). The impact of P4 on tumour

growth was significant after the second treatment (day 7)

compared to both the untreated group (P < 0.001 by

ANOVA) and the group treated with P4 without irradi-

ation (P < 0.01). The Kaplan-Maier survival curves showed

that treatment with P4 and light increased the m.s.t. by ~

50% compared to the untreated group (from 40 to 60 days)

or the group treated with P2 and light (from 42 to 60 days)

(P < 0.01). In Figure 6B we show the behaviour of C14.

Porphyrin C14, at the concentration of 3 mg/Kg, inhibited

tumour growth and increased the m.s.t., as does P4 at

30 mg/Kg (Figure 6B,C). However, contrarily to P4, por-

phyrin C14 affected somewhat tumour growth, even in

the absence of irradiation. After the second PDT-

treatment (day 7), tumour growth in the groups treated

with C14/dark and C14/light was lower than in the un-

treated group (P < 0.05 and P < 0.01, respectively). The

dual effect of C14 appears more evident when the sur-

vival curves are examined. Compared to the untreated

group, C14 with and without irradiation increased the

median survival time from 40 to 60 and 52 days, re-

spectively (P < 0.01 for both groups). The likely mechan-

ism by which C14-dark reduces tumour growth will be

discussed in the next sections.

In summary, photoactivated C14 and P4 showed a re-

markable capacity to delay tumour growth in a melanoma

mouse model and to increase the survival of the treated

mice. Since the cationic porphyrins have a high affinity for

RNA G-rich sequences folded into G-quadruplex struc-

tures [31], we interrogated whether the antitumour acti-

vity of the porphyrins correlates with their binding to

RNA.

The cationic porphyrins bind to G-rich quadruplex-forming

sequences of mRNA

Previous studies have shown that mitochondria are major

intracellular targets for hydrophobic photosensitizers,

while cationic P4 seems to locate in the lysosomes [35]. So

Figure 6 Effect of porphyrins on melanoma tumour-bearing mice. (A) The mice with a melanoma tumour of about 8 mm were randomized

in 5 groups, each of 8 mice. Group 1 was untreated. Groups 2 and 3 were treated with 30 mg/Kg of P2 and P4; groups 4 and 5 were treated with

P2 and P4 (30 mg/Kg) then irradiated with a laser at 660 ± 5 nm (193 J/cm2), 9 h after delivery; (B) The mice were treated as follows. Group 1, untreated;

group 2, treated with 3 mg/Kg of C14; group 3, treated with 3 mg/Kg C14 and irradiated. Three treatments have been carried out: at days 1, 7 and 14. A

statistical analysis by ANOVA is reported. Each point of the curves is the average of 8 values (8 mice); (C) Kaplan-Meir showing the median survival time

of the treated mice compared to untreated (control) or mice treated with the porphyrin but not irradiated.
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far however, research on PDT did not focus on nucleic

acids as targets for photosensitizers. Considering that P4

and C14 accumulate in the cytoplasm and are cationic

in nature, they should interact with negatively charged

mRNA. There is a vast literature on porphyrin P4’s capa-

city to bind to DNA, in particular at G-rich quadruplex-

forming sequences occurring in the promoters of the

genes and at the ends of the chromosomes [40-47]. It

seems therefore reasonable to assume that if a quadruplex

structure is extruded by genomic G-rich sequences, these

structures should form more easily by unconstrained

single-stranded mRNA. We thus hypothesized that cat-

ionic porphyrins could bind to G4-RNA structures formed

by mRNA. Considering that in all stages of melanoma the

key signaling cascade stimulating proliferation is the RAS/

MEK/ERK pathway [48], we focused on the ras genes that

encode for protein RAS: the pathway activator [49]. The

ras genes show a high homology and their transcripts are

composed of six exons of which the exon at the 5′-end is

untranslated (5′-UTR) [50]. The 5′-UTR of KRAS has a

guanine content of 44% and five quadruplex-forming

sequences [31] (Figure 7A). Also NRAS [24] and HRAS in-

clude in their 5′-UTR G-rich sequences that can fold into

G4-RNA structures (Additional file 2: Figure S2). Quadru-

plex formation by mRNA sequences can easily be detected

by circular dichroism (CD). Typical CD spectra at various

temperatures for the KRAS sequence that we called utr-2

are shown in Figure 7B. The spectra clearly show that utr-

2 forms a parallel quadruplex with a TM of 54°C in

100 mM KCl [51]. In Table 2 we report the melting data

for some quadruplex-forming sequences of the ras genes.

These folded RNA structures are strong targets for cationic

porphyrins. Indeed, upon binding to the G4-RNA, the por-

phyrin’s Soret band undergoes strong hypochromic and

bathochromic effects (Figure 7C). Analyzing the data with

a simple binding equation (Sigma plot 11.0), we found that

the interaction between C14 and utr-2 G4-RNA is charac-

terized by a KD of ~ 5 × 10-7 M.

The porphyrins mediate the photocleavage of mRNA

Next, we asked if mRNA is indeed degraded by the

photoactivated porphyrins. To address this question we

used three 32P-radiolabelled RNA fragments adopting

one of the possible conformations present in mRNA:

G4-RNA, duplex and single-stranded RNA. The three

radiolabelled RNA substrates were incubated with

Figure 7 G4-RNA formation within 5′-UTR of ras mRNAs. (A) Sequence of 5′-UTR in the murine KRAS mRNA. The quadruplex-forming sequences

(QFS) utr-1, utr-2, utr-3, utr-4 and utr-5 are boxed (strong QFS, full line; weak QFS broken line); (B) Typical CD spectra at various temperatures (from 20

to 90°C) of sequence utr2. Spectra have been collected at 20–30–40–50–60–70–80–90°C, using RNA 10 μM RNA, 50 mM Tris-HCl, pH 7.4, 100 mM KCl.

The ordinate reports the CD values in mdeg. Graph below shows the CD-melting curve of the utr-2 G-quadruplex; (C) UV-vis titration of porphyrin C14

(6 μM) with quadruplex utr-2. Inset shows the fraction of bound C14 as a function of G4-RNA. The experimental points have been best fitted to

a standard binding equation (Sigma Plot 11.0).

Rapozzi et al. Molecular Cancer 2014, 13:75 Page 9 of 17

http://www.molecular-cancer.com/content/13/1/75



porphyrin P2, P4 or C14 at r = 1, 3 and 6 (r = [porphy-

rin]/[RNA]) and irradiated with a halogen light at a flu-

ence of 7.2 J/cm2. The extent of photocleavage was

quantified and reported as histograms in Figure 8A. In the

absence of irradiation the porphyrins, even at r = 6, did

not promote any degradation (lane 2). Irradiation, in the

absence of porphyrin, did not affect RNA either (lane 14).

In contrast, when the samples were irradiated in the pres-

ence of the porphyrins, a photochemical process leading

to RNA degradation took place. The highest cleavage is

observed with the G4-RNA substrate (KRAS utr-2 at r = 3

and 6) (lanes 4 and 5), in keeping with the fact that P4 and

C14 show a higher affinity for the quadruplexes than the

duplex or single-stranded substrates [31].

Finally, we checked if the level of cellular mRNA is

actually reduced by the photoactivated porphyrins. By

quantitative RT-PCR, we found that 1 h after irradi-

ation P2 did not appreciably decrease the level of ras

transcript, while 15 or 30 nM C14 reduced KRAS

mRNA by ~50% compared to the control (cells tre-

tead with porphyrin but non irradiated). Porphyrin P4

also reduced the mRNA but only at the highest con-

centration (500 nM) (Figure 8B). These data are in

keeping with those obtained in Panc-1 cells and sup-

port our hypothesis that the cationic porphyrins tar-

get mRNA [31].

C14 exhibits also an intrinsic light-independent anticancer

activity

Several studies have hypothesized that the formation of

secondary or tertiary structures within the 5′-UTR of

mRNAs may have important functions in the regulation of

translation [25]. Since Balasubramanian and coworkers

have demonstrated that an RNA-forming sequence lo-

cated in NRAS mRNA inhibited translation in vitro, there

has been a growing interest in G4-RNA in the 5′-UTR of

mRNA [24]. To interfere with the translation process,

small molecules binding to G4-RNA in 5′-UTR of mRNA

have been used [28]. By stabilizing G4-RNA, these ligands

should impair the assembly and/or scanning of the 43S

ribosomal complex along mRNA. For example, quinolone

dicarboxamide derivatives and bisquinolinum compounds

showed translational inhibition [52,53]. The finding that

C14 without irradiation slows down tumour growth and

increases the median survival time by 35% (from 40 to

52 days) may be rationalized in terms of translation inhib-

ition. Due to its high cellular uptake, C14 accumulates in

the cytoplasm more than P4. Its binding to G4-RNA in

the 5′-UTR of ras mRNA (KRAS and NRAS) may inhibit

the translation process. Indeed, when we measured by im-

munoblotting the level of total protein RAS in B78-H1

cells treated with 1 or 5 μM P2, P4 and C14 (in the ab-

sence of light), we found that the protein was significantly

reduced by 5 μM C14, but not by P2 and P4 (Figure 9A).

The drop of RAS protein caused by C14 in the dark is

likely to be the cause of the observed decline of tumour

growth and increase of survival. Further investigation is

necessary for more insight into this point.

Photoactivated P4 and C14 inhibit the ERK pathway and

NF-kB

Our data showed that photoactivated P4 and C14 inhibit

the metabolic activity and the clonogenic growth of mel-

anoma B78-H1 cells by apoptosis and necrosis. We

therefore asked how this process is activated. Evidence

that the RAS/MEK/ERK signaling pathway plays a cen-

tral role in melanoma has been reported [54,55]. Protein

RAS initiates sequential phosphorylations leading to

P-ERK which, in turn, activates downstream proteins en-

hancing proliferation and survival. About 90% of melan-

oma tumours carries a high level of P-ERK [55]. Indeed,

we found that P-ERK in B78-H1 cells is aberrantly high,

though the ras genes are not mutated (Additional file 3:

Figure S3). This suggests that the ERK signaling pathway

can also be activated by perturbations of components

upstream of RAS [56]. Previous studies have demon-

strated that P-ERK induces the expression of various cy-

tokines and chemokines that are activators of NF-κB

[57,58]. In earlier work we found that in melanoma B78-

H1 cells NF-κΒ controls apoptosis via a loop involving

anti-apoptotic Snail and pro-apoptotic RKIP [59]. When

B78-H1 cells are treated with porphyrin P4 or C14 and

then irradiated, the resulting down-regulation RAS

expression is accompanied by a significant decrease

of the P-ERK and NF-κB (Figure 9B). A decrease of

NF-κB in B78-H1 cells brings about a repression of

anti-apoptotic Snail and an activation of pro-apoptotic

RKIP [59]. Apoptosis is thus activated, as documented

Table 2 Circular dichroism data of 5′-UTR sequences in mKRAS and mNRAS

Sequence5′→ 3′ TM[°C] CD KCl (mM)]

NRAS GGGGGCGGGGCGGGGCUGGACUGGG 74 Parallel 20

KRAS [utr1] GGCGGCUGAGGCGG 68 Parallel 100

KRAS [utr2] GGAAGGCGGCGG 54 Parallel 100

KRAS [utr3] GGCCUGAAGGCGGCGG 61 Parallel 100
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by PARP-1 cleavage and annexin V/PI assays. Consid-

ering the role of NF-κB in the tumourigenesis of mel-

anoma, combined treatments with cationic porphyrin/

light and NF-κB inhibitors should be effective against

melanoma [60].

Conclusions

In summary, we have documented that tetracationic, meso-

substituted porphyrins P4 and C14 are effective photosen-

sitizers for the photodynamic treatment of melanoma. A

previous study reported that P4 and C14 internalize in

human fibrosarcoma cells by endocytosis, causing cell

death by necrosis [35]. In melanoma B78-H1 cells,

photoactivated P4 and C14 behave in a more complex

way, as they cause cell death by apoptosis and necrosis.

Our data suggest that an intracellular target of the por-

phyrins is mRNA, in particular the G-rich quadruplex-

forming sequences located in the 5′-UTR of the mitogenic

ras genes. Although we cannot rule out that these mole-

cules can also bind to other gene transcripts, the cationic

porphyrins are particularly active in cancer cells showing a

RAS/MEK/ERK dependence, such as B78-H1 (Additional

file 3: Figure S3) and Panc-1 [31,61] cells. Evidence that

the porphyrins tightly bind to the G-rich quadruplex-

forming sequences in the KRAS transcripts is provided.

Due to their capacity to generate singlet oxygen upon

irradiation, P4 and C14 photocleave KRAS mRNA, thus

reducing the level of protein RAS and the activation of

downstream RAS/MEK/ERK and NF-κB pathways. This

photodynamic action against the ras transcripts is likely

to be responsible of the inhibitory effects on cell growth

seen in vitro and on tumour growth seen in vivo. In

priciple, this strategy has the advantage of minimizing

undesired secondary effects, as the photoprocess medi-

ated by the porphyrins leading to the degradation of

mRNA takes place only in the irradiated tumour. The

data reported are promising, however, to fully under-

stand the mechanism of tumour suppression in vivo,

further studies are necessary.

As for the two active porphyrins, we found that C14 is

a stronger anticancer drug than P4 as it: (i) internalizes

in the melanoma cells more than P4; (ii) inhibits the clo-

nogenic growth more than P4; (iii) acts through a light-

dependent mechanism (photocleavage of mRNA) as well

as a light-independent mechanism (blockade of transla-

tion through the stabilization of G4-RNA at the 5′-UTR

Figure 8 Photoactivated porphyrins degrade mRNA. (A) Photocleavage of RNA fragments from KRAS mRNA in three different conformations:

quaduplex utr-2; single stranded (ss-RNA) and double stranded (ds-RNA) after treatment with porphyrin P2, P4 or C14 at ratios 1:1, 1:3 and 1:6 and

light (7.2 J/cm2). The histograms show the percentage of clevage. Untreated RNA (lane 1), RNA treated with porphyrin only (lane 2), RNA treated

with light only (lane 14), RNA treated with both porphyrin and light (lanes 3–13); (B) Quantitative RT-PCR showing the level of KRAS mRNA in

B78-H1 cells after treated with porphyrin P2, P4 (250 and 500 nM) and C14 (15 and 30 nM) and light (7.2J/cm2). RT-PCR analysis performed 1 h

after irradiation. The experiment has been carried out in triplicate.
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of the ras genes). Indeed, C14 at 3 mg/Kg produces in vivo

the same effect as P4 does at 30 mg/Kg. By improving the

biodistribution of C14, for instance by incorporating the

molecule in nanoparticles to exploit their enhanced per-

meability and retention (EPR) effect, this cationic porphy-

rin may have a great potential in the cure of melanoma

skin tumours.

Methods
Porphyrins and oligonucleotides

Porphyrin tri-meso (N-methyl-4-pyridyl), meso (N-tetra-

decyl-4-pyridyl) porphine (TMPyP4-C14) was obtained

from Frontier Scientific Inc, Logan, UT, U.S.A, while

tetra-meso (N-methyl-4-pyridyl) porphine (TMPyP4) and

tetra-meso (N-methyl-2-pyridyl) porphine (TMPyP2) were

purchased from Porphyrins Systems (Lubeck, Germany).

They have been dissolved in water and conserved in

aliquots of 0.5 mM at −80°C. The stability in aqueous

solution of the porphyrins was checked by measuring

its UV-Vis spectrum at intervals of days. The RNA oli-

goribonucleotides, HPLC purified, have been purchased

from Microsynth (CH). The samples were conserved

at −80°C in 100 μM aliquots in water.

UV spectroscopy and circular dichroism

UV-vis spectra have been obtained with a Jasco V-530

UV/VIS spectrophotometer. CD spectra have been col-

lected with a JASCO J-600 spectropolarimeter equipped

with a thermostatted cell holder. RNA samples in 50 mM

Tris-HCl, pH 7.4, 100 mM KCl were 10 μM. The spectra

were recorded in 0.5 cm quartz cuvette at increasing

temperature. Ordinate is expressed in mdeg.

Cell culture, metabolic activity assay and PDT treatment

In this study we used murine amelanotic melanoma

B78-H1 cells. The cells were maintained in exponential

growth in Dulbecco’s modified eagle’s medium contain-

ing 100 U/ml penicillin, 100 mg/ml streptomycin,

20 mM L-glutamine and 10% fetal bovine serum

(Euroclone, Milano, Italy). The cells were seeded in a

96-well plate at a density of 5 × 103 cells/well. The follow-

ing day they have been treated with the porphyrins in the

dark and after 24 h, irradiated with metal halogen lamp

with an irradiation of 8 mW/cm2 for 15 min (fluence 7.2 J/

cm2). 24 h after irradiation the metabolic activity was deter-

mined by the resazurin assay following the manufacturer’s

instructions (Sigma–Aldrich, Milan, Italy). The fluorescence

Figure 9 Effect of porphyrins on protein RAS and ERK pathway. (A) Immunoblots showing the expression level of protein RAS in melanoma

B78-H1 cells 24 h after treatment with porphyrins P2, P4 and C14 (1 and 5 μM) without irradiation. C14 at 5 μM reduces the level of protein RAS

through a light-independent mechanism; (B) Immunoblots showing the levels of RAS, ERK, P-ERK, NF-κB and β-actin in untreated or porphyrin/

light treated B78-H1 cells, 24 h after light treatment.
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was measured with a spectrofluorometer Spectra Max

GeminiXS (Molecular Devices, Sunnyvale, CA). The data

are presented as the percentage of metabolic activity com-

pared to untreated cells. The data are the average of at least

three independent experiments.

The protocol for PDT was the same for each type

of experiment. B78-H1 cells have been plated, the day

after the cells have been treated with porhyrins. Then,

after 24 h the cells have been irradiated with the

halogen lamp (fluence 7.2 J/cm2). As P2 is an isomer

of P4 and does not produce any effect on the cells,

this molecule was used at the same dose of P4, as a

negative control.

Clonogenic assay

B78-H1 cells have been treated with porphyrin/light and

seeded in 60 mm Petri dish, at a density of 5 × 103 cells.

After one week of growth, the colonies were fixed and

stained with 2.5% methylene blue in 50% ethanol for

10 min. The images were obtained by Gel DOC 2000

Bio-Rad (Milan, Italy). The stained colonies (>50 cells)

have been counted by an Image Scanner equipped with

Image Quant TL software (Amersham Biosciences). The

experiment was performed in duplicate.

Annexin V-propidium iodide assay

Apoptosis was assessed by annexin V, a protein that

binds to phosphatidylserine (PS) residues, which are

exposed on the cell surface of apoptotic cells. B78-H1

cells were seeded in a 6-well plate at density of 5 ×

105 cells/well. After one day, the cells were treated

with P2, P4 or C14 for 24 h and irradiated for

15 min with a halogen lamp (7.2 J/cm2). After light

activation, cells were washed with PBS, trypsinized,

and pelleted. Pellets were suspended in 100 μL Hepes

buffer added with 2 μL of annexin V and 2 μL of

propidium iodide, PI (annexin-V FLUOS Staining kit,

Roche, Penzberg, Germany) and incubated for 10 min

at 25°C in the dark. Cells were immediately analyzed

by FACS (Becton-Dickinson, San Jose, United States).

A minimum of 104 cells per sample were acquired in

list mode and analyzed using Cell Quest software.

The cell population was analyzed by FSC light and

SSC light. The signal was detected by FL1 (annexin

V-FITC) and FL-2 (PI). The dual parameter dot plots

combining annexin V-FITC and PI fluorescence show

the vial cell population in the lower left quadrant, the

early apoptotic cells in the lower right quadrant, and

the late apoptotic or necrotic cells in the upper right

quadrant.

The scratch-wound assay

The cells were seeded in a 6-well plate at a density of

6 × 105 cells/well and grown for 24 h to 80% confluence.

A denuded area was created across the diameter of

the dish by a yellow tip. After treatment with the por-

phyrin and light, the cells were washed with PBS and

further incubated in a complete medium. Pictures

were taken with an epiluminescent microscope Leica

DMI6000B (Leica Microsystem, Heidelberg, Germany)

at a 10-fold magnification to evaluate cell growth and

migration [62].

Immunoblotting analysis

Total protein lysates (30 μg), obtained 24 h after porphy-

rin/light treatment (see above), were run on 12% SDS-

PAGE and blotted to a nitrocellulose membrane 70 V for

2 h. The membrane was treated for 1 h with PBS-0.01%

Tween (Sigma-Aldrich, Milan, Italy) containing 5% dry

non-fat-milk and incubated overnight at 4°C with the pri-

mary antibodies: mouse monoclonal c-KRAS Oncogene,

(Cell Signaling, Merck Millipore, Darmstadt, Germany)

diluted 1:40, rabbit polyclonal anti-NF-κB p65 (C-20,

sc-372 Santa Cruz Biotechnology, Santa Cruz, CA), di-

luted 1:1000; rabbit polyclonal anti-ERK (p44/42 MAPK,

9102, Cell Signalling, Danvers MA) diluted 1:1000; rabbit

polyclonal anti-P-ERK (phospho-p 44/42 MAPK, 9101Cell

Signalling, Danvers MA) diluted 1:1000; rabbit polyclonal

anti-PARP (9542, Cell Signalling, Danvers MA) diluted

1:1000. β-Actin was used as an internal control. It was de-

tected with a mouse monoclonal anti β-actin (Ab-1, CP01,

Calbiochem, Merck Millipore, Darmstadt, Germany ),

diluted 1:10000. The membranes were incubated for 1 h

with a secondary antibodies, either anti-rabbit IgG di-

luted 1:5000 (Calbiochem, Merck Millipore, Darmstadt,

Germany) or anti-mouse IgM, diluted 1:5000 (Calbiochem,

Merck Millipore, Darmstadt, Germany). Each secondary

antibody was coupled to horseradish peroxidase (HPR). For

the detection of the proteins, we used ECL (enhanced

chemiluminescence) reagents (Super Signal®West PICO,

and Super Signal®West FEMTO, Thermo Fisher Scien-

tific Pierce, Rockford, USA). The exposure depended on

the type of antibody and varied between 30 seconds to

5 min. The protein levels were quantified by Image

Quant TL Version 2003 software (Amersham).

RNA extraction and quantitative RT-PCR

B78-H1 cells have been plated in a 96-well plate (25000

cells/well). After 24 h, the cells have been treated for fur-

ther 24 h with C14 (15 and 30 nM), P4 and P2 (250 and

500 nM). For each porphyrin concentration, we prepared

6 samples: three have been irradiated (15 min, halogen

lamp, fluence 7.2 J/cm2) and 3 were not. 1 h following

irradiation, total RNA was extracted from each sample

with 20 μl of iScript™ RT-qPCR Sample Preparation

Reagent (Bio-Rad).

For cDNA synthesis mixtures containing 1.25 μl of

RNA, 1× buffer, 0.01 M DTT (Invitrogen, Milan, Italy),
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1.6 μM primer dT (MWG Biotech, Ebersberg, Germany;

d(T)16), 1.6 μM Random examers (Microsynth), 0.4 mM

of each dNTP (Euroclone, Pavia, Italy), 0.6 units/μl

RNase OUT, and 8 units/μl of Maloney murine leukemia

virus reverse transcriptase (Invitrogen, Milan, Italy) were

prepared and incubated for 1 h at 37°C. Real-time PCR

reactions were performed with 1× Kapa Sybr Fast qPCR

kit (Kapa Biosystems), 100–250 nM of each primer, 1 μl

of reverse transcription reaction. The PCR cycle was:

3 min at 95°C, 40 cycles 10 s at 95°C, 30 s at 60°C for

KRAS and 65°C for hypoxanthine-guanine phosphoribo-

syltransferase (HPRT) and β2-microglobulin (β2M) with

CFX 96 real-time PCR controlled by Bio-Rad CFX

Manager 3.0 (Bio-Rad). The sequences of primers used for

amplifications are: for KRAS (Accession n. BC 010202)

mKRAS for 5′-GCTCAGGAGTTAGCAAGGAG bases

570-89 and mKRAS back 5′-GTATTCACATAACTGTAC

ACCTTG 730-753 (200nM); for β2M (NM_009735)

mβ2M for 5′-GTCTCACTGACCGGCCTGTATG 91-112

and mβ2M rev 5′-CCCGTTCTTCAGCATTTGGATTTC

220-43 (100nM); for HPRT (NM_013556) mHPRT for

5′-GTGTTGGATACAGGCCAGACTTTG 599-622 and

mHPRT rev 5′-ATCAACAGGACTCCTCGTATTTGC

765-88 (250nM). KRAS expression is normalized with

HPRT and β2M.

Photocleavage experiment
32P-labelled RNA fragments in quadruplex, duplex or

single-strand conformations have been incubated over-

night in 50 mM Tris HCl, pH 7.5, 100 mM KCl, 4°C.

Mixture of 5 nM RNA and porphyrin (1:1; 1:2; 1:6) were

incubated for 2 h at room temperature, then irradiated

with the halogen lamp for 20 minutes. After irradiation

the samples were denaturated and run in a 20% acryl-

amide gel, 7 M urea and 1 × TBE, at 55°C. The gels were

dried and exposed to autoradiography.

Organ extraction and porphyrin biodistribution in mice

with a B78-H1 tumour

The amount of porphyrin in the various organs was de-

termined using the method of Villanueva and Jori [37].

The molecules were solubilized in saline solution and

administered by intraperitoneal injection (i.p.) at the

mice (P2 and P4, 30 mg/kg; C14, 9 mg/kg). The animals

were sacrificed by cervical dislocation at different time

points after administration (1, 3, 6, 9 and 24 h) (three

mice for each time point). The organs (brain, kidney,

duodenum, spleen, lung, liver, tumour and blood) were

collected and homogenized in MeOH:DMSO (4:1 v/v).

The homogenates were centrifuged and the amount of

P2, P4 or C14 present in the supernatant was measured

by fluorescence (Ex. 420 nm, Em. 450 to 750 nm). We

did not observe any interference from other compounds

present in the extracts. The amount of porphyrin in the

various organs was determined by means of a calibration

curve, which was obtained by plotting the fluores-

cence intensity against porphyrin concentration, using

standard calibration porphyrin solutions. The curve

was linear in the range from 0 to 2 μg/100 mg tissue

with a correlation coefficient r2 = 0.9994. Blood sam-

ples were taken from the left ventricle and centrifuged

at 3000 g for 10 min to separate the plasma and stored

at −80°C. Serum samples were diluted with defined

volumes of 2% SDS so that the absorbance of cationic

porphyrins at 423 nm was lower than 0.1 and analysed

at the spectrofluorimeter. The porphyrin amounts

were determined by interpolation on a standard curve

plotted with known amounts of cationic porphyrins in

2% SDS, and reported in terms of mg/mg tissue or

mg/ml of serum. The assay was highly reproducible

with errors <8%.

Antitumour activity of the cationic porphyrins

Female 6-week old C57/BL6 mice were obtained from

Harlan-Nossan (Italy) and were maintained in a con-

ventional animal house for 2 weeks. All procedures

with animals were carried out in accordance with the

National Health Institute Guide for the Care and Use

of Laboratory Animals and approved by the Institu-

tional Animal Care Committee at the University of Tri-

este (approval number given by the Italian Ministry of

Health: 6/2011-B). In particular every effort was made

to avoid unnecessary pain to the animals. The mice,

weighing 20 g, were implanted into the upper flank by

subcutaneously injection with 2 × 106 B78-H1 amela-

notic melanoma cells harvested from a cell culture.

After 2 weeks the tumours reached a size of 6–8 mm

(along the largest diameter) and the mice were ran-

domized into groups of 8 mice each and injected intra-

peritoneally with the porphyrins (P2 and P4, 30 mg/Kg;

C14, 3 mg/Kg). About 7 h after injection, when the

porphyrins were present in the tumour in significant

amounts, the mice were anesthetized with Zoletil® +

Xylazine (15 mg/kg + 5 mg/kg; i.p.), shaved in the

tumour area and irradiated with a laser BWN-660-60E

[B&WTEK, Inc, Newark, DE, USA] at 660 ± 5 nm, flu-

ence of 193 J/cm2. Three porphyrin/light treatments

have been carried out at days 1, 7 and 14. The mice

were examined every 2 days for changes in weight, ap-

pearance of side effects or signs of sickness. The size of

the tumour was measured every 2–3 days by a caliper.

The mass (mg) of the tumour was calculated assuming

a tumour density of 1 and a tumour volume given by

π/6 · a2 · b where a and b are the shorter and larger

axes (cm), respectively. The median survival time is de-

fined as the animal’s life spanning from the inoculation

of tumour cells till death.
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Singlet oxygen quantum yield of the cationic porphyrins

determined by DMA

The quantum yield (ϕΔ) of 1O2 generation by the pho-

toexcited triplet state of the porphyrins was measured

by 9,10-dimethyl-anthracene (DMA). Upon reacting with
1O2, DMA is transformed in the non-fluorescent 9,10-en-

doperoxide. As this reaction occurs with a high degree of

specificity and with 100% chemical quenching of the fluor-

escence [33], the amount of DMA modified by the photo-

activated porphyirn is a quantitative estimate of singlet

oxygen generation. In a typical experiment 1 ml DMA

(10 μM) was added to 1 ml porphyrin (10 μM) in a quartz

cuvette and the resulting solution irradiated with a lamp

(60 mW) for increasing times, under gentle magnetic stir-

ring. In a typical experiment a solution containing DMA

and porphyrin (1:1, 10 μM) was irradiated for different

periods of time after which the residual fluorescence was

recorded between 380 and 550 nm. The residual fluores-

cence was best-fitted to a first order decay equation y =

exp (-k⋅t) where k (s-1) is the rate constant and t the time

[s]. We obtained k for for P4, C14 and P2. Considering

that the quantum yield of singlet oxygen generation (ϕΔ)

of P4 was reported to be 0.51 [34], the singlet oxygen

quantum yield was obtained by the relation:

k P4ð Þ : k porhyrinð Þ ¼ ϕΔ P4ð Þ : ϕΔ porhyrinð Þ

where k (P4) and k (porphyrin) are determined

experimentally.

Statistical analysis

The primary growth tumour analyses were performed by

the Graph Pad PRISM. Tabled values are group means ±

SE (standard error). Data were subjected to the appro-

priate factorial ANOVAs assessing significance against

an alfa-level p < 0.05. When the individual effect of the

treatments and the interaction between the independent

variables in a 2 × 2 ANOVA was significant, the data

were subjected to post hoc Tukey test for significance of

the differences in the mean values. All analyses were

performed using standard procedures implemented in

the Systat package (SYSTAT Inc., Evanston, IL). The sur-

vival analysis was performed using the Kaplan-Meier

curve (SPSS 11.0 for Windows 2000 software), and the P

values were calculated by long-rank test.

Additional files

Additional file 1: Figure S1. Dimethylanthracene assay shows singlet

oxygen production by the cationic porphyrins irradiated with a laser at

660 nm.

Additional file 2: Figure S2. G4-RNA formation in the 5’-UTR of KRAS

and NRAS mRNAs.

Additional file 3: Figure S3. Melanoma B78-H1 cells are characterized

by a hyperactive RAS/MEK/ERK pathway.
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Abstract Photodynamic therapy (PDT) is a clinically approved, minimally inva-

sive therapeutic treatment that exerts a selectively cytotoxic activity towards can-

cer cells. This technique involves administration of a photosensitizer followed by 

irradiation at a wavelength corresponding to its absorbance band. In the presence 

of oxygen, a cascade of stress oxidative reactions leads to direct tumor cell death, 

damage to the microvasculature and induction of a local inflammatory reaction. 

Clinical studies showed that PDT can be curative particularly in early-stage tumors. 

Moreover, with many cancers becoming resistant to treatment, PDT offers a mecha-

nistically distinct alternative, mitigating chemoresistance but also synergizing with 

chemotherapy and molecularly targeted therapies. A well-known phrase of Tayyaba 

Hasan, one of the experts in PDT, stated “with PDT no matter what you do, if you 

are lucky, there is a prodeath response, simultaneously, there is a prosurvival molec-

ular response, which mitigates the desidered outcome with PDT”. These opposing 

molecular responses represent the challenge for basic science researchers and clini-

cians to enhance the photodynamic-mediated chemicals. Noteworthy, one of the 

major effectors that modulate the efficacy of PDT is nitric oxide, whose role will be 

discussed in this chapter.

Keywords Cancer · Conjugates · Molecular mechanisms · Nitric oxide · NO-PDT · 
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Abbreviations

AIF Apoptosis-inducing factor

ALA 5-aminolevulinic acid

cGMP Cyclic guanosine monophosphate

COX-2 Cyclooxygenase:2

CPTIO 2-4-carboxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide

DETA/NO Diethylenetriamine NONOate

EMT Epithelial mesenchymal transition

GSNO S-nitrosoglutathione

HbO
2
 Oxyhemoglobin

HO  Hydroxyl radical

H
2
O

2
 Hydrogen peroxide

HpD Hematoporphyrin derivative

JNK c-Jun NH2-terminal kinase

LDL Low density protein

LED Light emitting diode

L-NAME L-NG-Nitroarginine Methyl Ester

MAPK Mitogen-Activated Protein Kinase

MMP-9 Matrix metallopeptidase 9

MOMP Mitochondria outer membrane permeabilization

NF-kB Nuclear Factor-KappaB

NO Nitric oxide
1O

2
 Singlet oxygen

ONOO  Peroxynitrite anion

Pba Pheophorbide a

PDT Photodynamic therapy;

PS Photosensitizer

RIP1 Receptor interacting protein 1

RKIP Raf kinase inhibitor protein

ROS Reactive oxygen species

RNS Reactive nitrogen species

SNT S-nitrosothiol

YY1 Yin Yang 1

VEGF Vascular endothelial growth factor.

Basic Components of Photodynamic Therapy

Photodynamic therapy (PDT) consists of three essential components—a photosen-

sitizer (PS), light and oxygen [1, 2]. None of these is individually toxic, but alto-

gether they initiate a photochemical reaction that culminates in the generation of a 

highly reactive product termed singlet oxygen (1O
2
) and/or reactive oxygen species 
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(ROS). Both oxidative products can rapidly cause significant toxicity leading to 

cell death. The anti-tumor effects of PDT can involve three inter-related mecha-

nisms: direct cytotoxic effects on tumor cells, damage to the tumor vasculature, and 

induction of an inflammatory reaction that can induce the activation of systemic 

immunity. The “choice” among these mechanisms depends on the type and dose of 

the PS used, the dose-light interval, and the total light dose and its fluence rate (i.e. 

the number of particles that intersect a unit area in a given amount of time, typically 

measured in Watts per m2).

The Photosensitizer

Most of the PSs used in cancer therapy possess a structure similar to a tetrapyr-

role ring of the protoporphyrin contained in hemoglobin. The ideal photosensitizer 

would be a pure compound in order to permit quality control analysis with low man-

ufacturing costs and good stability in storage. It should have a high absorption peak 

between 600 and 800 nm, because in this wavelength range the penetration of light 

into tissue is very high. In fact, PSs, such as chlorins, bacteriochlorins and phtalo-

cyanines, that present a strong absorbance in the deep red, offer improvements in 

tumor control (Table 14.1). Moreover, good PSs should have relatively rapid clear-

ance from normal tissues, thereby, minimizing phototoxic side-effects and no dark 

toxicity [3]. The optimal photosensitizer should not preclude the combined use of 

others types of treatment such as chemotherapy, surgery or radiation [4–6].

The first PS to be clinically employed for cancer therapy was a water-soluble 

mixture of phorphyrins called hematoporphyrin derivative (HpD), a purified form 

Properties of various photosensitizers and their applications in cancer

PS Structure Wavelenght 

(nm)

Cancer types

Photofrin Porphyrin 630 Lung, esophagus, bile duct, bladder, 

brain, ovarian

ALA Porphyrin 635 Skin, bladder, brain, esophagus

ALA esters Porphyrin precursor 635 Skin, bladder

Foscan Chlorin 652 Head and neck, lung, skin, bile duct

Verteporfin Chlorin 690 Ophtalmic, pancreatic, skin

HPPH Chlorin 665 Head and neck, esophagus, lung, 

skin, breast

Purlytin Chlorin 660 Skin, breast

Taloporfin Chlorin 660 Liver, colon, brain

Fotolon Chlorine 660 Nasopharyngeal, sarcoma, brain

Silicon pthalocyanine Phtalocyanine 675 Cutaneous T cell lymphoma

Padoporfin Bacteriochlorin 762 Prostate

Motexafin lutetium Texaphyrin 732 Breast
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of which later it became known as Photofrin [1, 4, 7]. Even if Photofrin is still 

the most employed PS, the product has some disadvantages such as a long-lasting 

skin photosensitivity and a relatively low absorbance at 630 nm. There has been a 

significant work among medicinal chemists to discover second generation PSs that 

have an absorbance at the longer wavelengths. Thus, over a hundred compounds 

have been proposed as potentially useful for the treatment of cancer with PDT. The 

discovery that 5-aminolevulinic acid (ALA) was a biosynthetic precursor of the PS 

protoporphyrin IX [8] has led to many applications in which ALA or ALA-ester can 

be topically applied or administered orally. These are considered to be “pro-drugs” 

and are required to be converted to protoporhyrin to be active photosensitizers.

Normally, the PSs are very selective towards tumors. Many hypotheses have 

been suggested to justify the tumor-localizing properties in PDT [9]. These include 

the prevalence of leaky and twisted tumor blood vessels due to the neovasculariza-

tion and the absence of lymphatic drainage known to enhanced permeability and 

retention (EPR) [10]. Some of the most successful compounds bind to low density 

proteins (LDL) suggesting that the overexpression of LDL receptors found on tu-

mor cells could be important [11]. Targeting studies have demonstrated an increase 

of tumor uptake when the PSs were covalently attached to various molecules that 

present some affinity for neoplasia or to receptors expressed on specific tumors 

[12]. The purpose is to count on the ability of the targeting vehicle to control local-

ization factors so that the PS can be chosen based on its photochemical properties. 

These vehicles include monoclonal antibodies, antibody fragments, peptides, pro-

teins such as transferrin, epidermal growth factor, insulin, LDL, various carbohy-

drates, somatostatin, folic acid and many others.

Light Sources

A crucial role in PDT is to ascribe to light irradiation. Considering the different 

light wavelengths, it is known that blue light penetrates least efficiently through the 

tissue while red and infrared radiations penetrate more deeply. Even if the region 

between 600 and 1200 nm is called the optical window for tissues, light up to only 

about 800 nm can generate 1O
2
, and in fact longer wavelengths have insufficient en-

ergy to initiate a photodynamic reaction [13]. There are other phenomena that limit 

PDT such as (i) the processes of reflection, refraction and scattering, during light 

propagation, that reduce the beam power and the penetration in the tissue [14–16]; 

and (ii) the light absorption by tissue chromophores such as water, oxyhemoglobin 

(HbO
2
) and deoxyhemoglobin, melanin and cytochrome [6, 17], that reduce the PS 

activation.

Choice of the light source should be based on PS absorption (fluorescence exci-

tation and action spectra), disease (location, size of lesions, accessibility, and tissue 

chartacteristics), cost and size. The fluence rate also affects the PDT response [18].

Different kinds of lamps can be used including halogen, fluorescent, tungsten 

or xenon lamps (inexpensive); lasers (more expensive) and light emitting diodes 

(LEDs) that have narrow spectral bandwidths and high fluence rates [19–20]. La-
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sers can be coupled into fibers equipped with diffusing tips to treat tumors present 

in the urinary bladder and the digestive tract. It is also possible to implant a light 

source in solid organs deep in the body under image guidance. Inflatable balloons, 

covered on the inside with a strongly scattering material and formed to fit an organ, 

are also commercially available [21]. The choice of optimal combinations of PSs, 

light sources, and treatment parameters is crucial for successful PDT [15–22].

Photophysics and Photochemistry

Most of PSs in their energetically stable state (ground state) possess two electrons 

with opposite spins located in an energetically most favorable molecular orbital. 

Absorption of light leads to a transfer of one electron to a higher-energy orbital 

determining the excited state. In this form, the PS is very unstable and releases this 

surplus energy as fluorescence and/or heat. Otherwise, an excited PS may through 

an intersystem crossing to change into a more stable triplet state with inverted spin 

of one electron. The PS in the triplet state can either decay radiationlessly to the 

ground state or transfer its energy to molecular oxygen (O
2
). This step leads to the 

formation of singlet oxygen (1O
2
), and the reaction is known as a Type II process 

[23]. In another case, the PS may react directly with an organic molecule in the 

cellular microenvironment, acquiring a hydrogen atom or an electron to form a 

radical. This reaction is known as a Type I process. Subsequent autoxidation of the 

reduced PS produces a superoxide anion radical (O
2

). Dismutation or one-electron 

reduction of O
2

 gives hydrogen peroxide (H
2
O

2
), which in turn can undergo one-

electron reduction to a powerful and virtually indiscriminate oxidant-hydroxyl radi-

cal (HO ). ROS generation via the Type II process is much simpler than the Type I, 

and most PSs are believed to operate via the Type II mechanism (Fig. 14.1).AQ1

Schematic illustration of photodynamic therapy including the Jablonski diagram. 

The PS initially absorbs a photon that excites it to the first excited singlet state and this can relax 

to the more long lived triplet state. This triplet PS can interact with molecular oxygen in two path-

ways, type I and type II, leading to the formation of reactive oxygen species (ROS) and singlet 

oxygen respectively [24].
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Mechanisms of PDT-Mediated Cytotoxicity

PDT can evoke three main cell death pathways: apoptotic, necrotic, and autophagy-

associated cell death determined by the subcellular localization of different PSs 

[25–26] (Fig. 14.2).

Apoptosis is generally the major cell death modality in PDT. When the PSs are 

associated to membrane mitochondria, the photodamage determines the release 

of Bcl-2 [27–29] that causes the mitochondria outer membrane permeabilization 

(MOMP) and the subsequent release of caspase activators such as cytochrome c 

and Smac/DIABLO, or other proapoptotic molecules, including the apoptosis- in-

ducing factor (AIF) [30]. If the PSs are located on lysosome membrane, the rupture 

and leakage of cathepsins from photooxidation [31–32] induce Bid cleavage and 

MOMP [32]. The phototoxicity can involve other proteases, such as calpains, as 

well as nonapoptotic pathways [30]. Usually the inhibition or genetic deficiency 

of caspases can delay phototoxicity or shift the cell death modality toward necrotic 

cell death [33]. The molecular mechanisms of programmed necrosis are still un-

clear, but certain events including activation of receptor interacting protein 1 (RIP1) 

kinase, excessive mitochondrial ROS production, lysosomal damage, and intracel-

lular Ca2 + overload have been involved [34–35]. Severe inner mithocondria photo-

damage or intracellular Ca2 + overload could promote mithochondrial permeability 

transition, an event that may favor the necrotic rather than the apoptotic-mediated 

phototoxicity [30, 36]. Autophagy is another cell death pathway since it can occur 

during in vitro tests involving PSs that are localized in the endoplasmatic reticulum 

Cell death pathways. Exposure to PDT leads to cellular damage that may result in cell 

death via different pathways.
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(ER). This is a lysosomal pathway for the degradation and recycling of intracellu-

lar proteins and organelles. Autophagy can be stimulated by various stress signals 

including oxidative stress [37]. This process can have both a cytoprotective and a 

prodeath role after cancer chemotherapies, including those involving ROS as pri-

mary damaging agents [37]. Recent studies delineate autophagy as a mechanism to 

preserve cell viability after PDT [38].

PDT and the Microenvironment

It is important to know that PDT-mediated changes to the tumor microenvironment 

can modulate treatment responsiveness. The tumor microenvironment is made up 

of malignant cancer cells and connective tissue as well as a myriad of host cells 

including endothelial cells, pericytes, and inflammatory leukocytes (macrophages 

and neutrophils). Leukocytes are recruited into tumors and through the release of 

a lot of factors, stimulate the endothelium, and indirectly activate tumor vascular-

ization. Also the neutrophil recruitment in tumors can be followed by VEGF and 

MMP-9 release with associated angiogenesis and invasion, respectively [39–40]. 

Moreover, tumor-associated macrophages exhibit a phenotype that favors tissue 

growth, angiogenesis, and tissue remodelling.

All the cellular factors associated with PDT, such as necrosis, apoptosis, and hy-

poxia, can function as stimuli within the tumor microenvironment. Likewise, PDT-

induced hypoxia can lead to the transcriptional activation of VEGF via the HIF-1 

pathway [41].

Several laboratories have also shown that PDT can induce the expression and/or 

activation of additional pro-angiogenic molecules including COX-2 and prostaglan-

dins, TNF-, matrix metalloproteinases (MMPs), integrins, IL-6, and IL-8 within the 

tumor microevironment [41–47]. Preclinical investigations indicate that combining 

PDT with targeted therapies directed at attenuating the pro-survival actions of the 

tumor microenvironment can enhance the therapeutic potential of PDT [41–45].

Nitric Oxide and PDT

Nitric oxide (NO) is recognized as a major effector molecule in a diverse array of 

physiologic and pathologic processes. It is also evident that this radical, produced 

by many cells in the human body, not only controls important functions in tumor 

progression, but may have a major influence on the outcome of cancer therapies, in 

particular those dependent on oxygen and the generation of reactive oxygen species 

[1, 48–50] such as photodynamic therapy [48, 51–55].
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How NO Influences the PDT Antitumor Response?

1. During PDT

The endogenous tumor level of nitric oxide (NO) varies considerably in both hu-

man solid tumors [49, 56–59] and murine tumors [48–60]. As described above, 

the hallmark characteristics in the tumor microenvironment immediately following 

PDT treatment include tumor vasculature disruption, reduced blood flow, vascular 

occlusion with subsequent reperfusion injury, in addition to a marked infiltration 

of inflammatory cells [48]. NO is known to directly influence a number of these 

biological processes involved in PDT-induced anti-tumor effects. [48, 61]. It has, 

therefore, been suggested that the intrinsic level of tumor NO may be a determinant 

in the response to PDT [48, 62].

Both in vitro [53] and in vivo studies [48, 55] on several tumor models express-

ing different NO levels reported that a low production of NO makes tumors more 

sensitive to PDT, in contrast to high NO production. In tumors exhibiting high lev-

els of NO, the vasculature events including vasoconstriction, ischaemia and hypox-

ia, in addition to the inflammatory reaction induced during PDT, may be reduced 

[51, 62]. This could result from the following effects of NO: (i) it acts as a potent 

vasodilator (ii) it prevents platelet aggregation and adhesion to the endothelium 

(iii) it suppresses the aggregation of accumulated inflammatory neutrophils (iv) it 

inhibits the expression of leukocyte adhesion molecules and, hence, the adhesion 

and extravasation of circulating leukocytes and (v) it averts mast cell degranulation 

[63–65]. On the other hand, elevated NO levels may maintain vessel dilation during 

PDT treatment, which can limit the decrease in tumor oxygenation and sustain in 

this way the oxygen-dependent generation of phototoxic damage [51]. Additionally, 

NO increases the vascular permeability and consequent vascular leakage, which 

are characteristic occurrences in PDT-treated vasculature (1). The NO-sensitive 

processes that unfold after termination of photodynamic light treatment include: 

(i) ischaemia-reperfusion injury, where NO can have a protective role resulting in 

increased tumor oxygenation (ii) apoptosis of tumor cells which can be stimulated 

by NO and (iii) development of the immune reaction against the treated tumor, 

whereby NO has immunoregulatory functions [1, 51].

2. Following PDT

Marked changes in tumor NO levels may be expected to occur after PDT. An in-

crease in the generation of NO attributed to enhanced nitric-oxide synthase (NOS) 

expression has been observed following PDT using both silicon-phtalocyanine [66] 

and ALA [67]. Furthermore, the stimulation of cellular signal transduction path-

ways by PDT-oxidative stress leads to the activation of nuclear transcription factors 

[1], which may also result in the upregulation of genes encoding NOS. On the other 

hand, activated inflammatory cells accumulated in PDT-treated tumors may be re-

sponsible themselves for the release of NO [68–71].
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Cytoprotective Role of NO in PDT

Depending on the concentration of NO present in the tumor (both endogenous and 

that induced by PDT), it is important to determine the underlying molecular path-

ways modulated by NO, with the aim to improve the efficacy of PDT. Once gener-

ated, NO combines with other oxidants to form reactive nitrogen species (RNS) 

which can damage a variety of cellular targets such as DNA and proteins that regu-

late various intracellular and intercellular signaling events, ultimately leading to 

apoptosis and mutagenesis [72] (Fig. 14.3).

When high levels of NO are present in a tumor, superoxide, generated by PDT, 

can react with an NO unpaired electron and form a peroxynitrite anion (ONOO ) 

[69, 73–74]. This reaction inactivates the superoxide, hence, the neutrophils are 

subsequently not activated [75–77], diminishing the damage to the vasculature and 

surrounding tissue.

Tumors generating low levels of NO are much more sensitive to PDT than those 

containing high levels of NO, and the administration of NOS inhibitors together 

with PDT treatment enhances tumor regression [48, 52]. Administration of the NO 

inhibitors reduces the blood flow in the tumor, and this could explain the increase 

in PDT efficiency [48].

Several hypotheses have been raised to explain the mechanisms of protection 

induced by NO in the inhibition of apoptosis [72, 78–79]. NO can inhibit the activa-

NO chemistry of biological significance. NO is synthesized endogenously from L-argi-

nine, NADPH and oxygen. NO freely diffuses creating concentration gradients across subcellular 

compartments. Redox or additive reactions with constitutents of cellular microenvironment con-

vert NO to a number of NO
x
 species, which in turn, dictate the biological effects of NO
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tion of caspases directly by S-nitrosylation [80–81], or through a cyclic guanosine 

monophosphate (cGMP)-dependent mechanism, by activating protein kinase G 

(PKG) [82]. More recently, Girotti et al [83–84] demonstrated that the cytoprotec-

tive effect of nitric oxide in PDT is due not only to the cGMP involvement but also 

to the suppression of pro-apoptotic JNK and p38 MAPK activations.

NO Modulates Tumor Cell Death Induced by PDT 

NO that controls the tumor progression [85]. Several studies have implicated the 

role of NO in the regulation of tumor cell behavior and have shown that NO either 

promotes or inhibits tumorigenesis [50, 86–87]. These conflicting findings have 

been resolved, in part, by the levels of NO used such that low levels promote tu-

mor growth and higher levels inhibit tumor growth. The underlying mechanisms by 

which NO sensitizes tumor cells to apoptosis were shown to be regulated, in part, by 

of NF-

addition, it has been shown [85] that NO induces the expression of the metastasis-

suppressor/immunosureillance cancer gene product, Raf-1 kinase inhibitor protein 

(RKIP). Overexpression of RKIP mimics NO in tumor cell-induced sensitization 

to apoptosis. The induction of RKIP by NO was the result of the inhibition of the 

loop in favor of the inhibition of tumor cell survival and the response to cytotoxic 

regulate the epithelial mesenchymal transition (EMT) and, thus, tumor metastasis 

[88] (Fig. 14.4).

89–90] and induces the NO 

release [66, 83, 91

YY1/RKIP loop in the tumor response to pheophorbide a (a chlorofill derivative, 

Pba)/PDT. Although, in general, Pba/PDT has been found to be an efficient in-

ducer of cell death by apoptosis and/or necrosis [92–93], however, when the PS is 

not used at its optimal dose (< IC50), it can activate rescuing pathways, leading to 

tumor survival and recurrence. As the level of NO generated by a low-dose PDT 

is not sufficient to trigger apoptosis, we investigated how this limited NO release 

dose Pba/PDT conditions the expression of Snail is increased while the expression 

of RKIP is decreased: an expression pattern associated to the activation of anti-

apoptotic and pro-survival pathways [90].

Moreover, with repeated treatments (8 times) of a low-dose Pba/PDT in pros-
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circuitry stimulates the EMT. In fact, we have observed a decreased expression of 

E-cadherin, the main transmembrane adhesion molecule responsible for cell-to-cell 

interactions and tissue organization in epithelial cells [94–95] and an increase of 

vimentin, a cytoskeletal component responsible for maintaining cell integrity. As 

a consequence, loss of E-cadherin expression is considered a crucial event on the 

disruption of cell-cell adhesion and cytoskeletal architecture and in the acquisition 

of an invasive phenotype in tumor cells [96]. In particular, in prostate carcinoma, 

a lower expression of E-cadherin has been associated with more advanced tumor 

stage and grade [97–98] and higher expression of vimentin is correlated with the 

invasive capacity [99]. Based on these findings, we have succeeded to isolate a rare 

cell subpopulation characterized by the CD24 + and CD44 + phenotypes [100–101]. 

This subpopulation within the tumor possesses the characteristics of self-renewal 

capacity, resistance to Pba/PDT in comparison to normal PC3 cells and with tumor-

igenic ability (unpublished data). All of the above results, yet unpublished, indicate 

that repeated treatments with a suboptimal dose of PDT determine the presence 

of a subset cell population with properties of stem cells, that plays a vital role in 

the initiation, progression and recurrence of cancer [102]. With the administration 

of L-NAME, a non specific inhibitor of iNOS, in combination with Pba/PDT, we 

YY1/RKIP loop.

A schematic diagram representing the effect of Pba/

RKIP loop.

The up-regulation of Snail results in the downregulation of the metastasis tumor suppressor RKIP. 

Snail is also correlated to EMT inducing a decrease of E-cadherin expression. Contrasting findings 

wese observed with a high-dose PDT
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Role of Nitric Oxide in Improving the Effectiveness of PDT

NO has been found to be a pivotal factor in the chemosensitization of tumor cells 

to various chemotherapeutic drugs [72]. Regarding the involvement of NO in PDT, 

there are some parameters that must be considered in order to improve the efficacy 

of phototoxic treatment, such as the type of sensitizer (precursor or direct), the type 

of tumor (in terms of high or low levels of endogenous NO), the interval of time 

between the administration of the PS and the light exposure.

Many authors have reported that the use of NOS inhibitors (L-NAME, 1400 W) 

or a nitric oxide scavenger (CPTIO) improves the efficacy of ALA/PDT in tumors 

with high levels of NO [48, 53, 55, 84], indicating a cytoprotective role for NO. 

Also in our model, after repeated treatments with low-dose Pba/PDT in PC3, we 

have observed the same cytoprotective behavior by NO (data unpublished). This 

effect might be due to trapping lipid-derived radicals generated by one-electron 

turnover of primary LOOHs [103]. Furthermore, it has been proposed that moderate 

levels of NO may inhibit caspases by S-nitrosylation [104], induce the downregu-

lation of pro-apoptotic Bax and upregulates the anti-apoptotic Bcl-xL [105] and 

induce the cytoprotective heme oxygenase-1 [106].

To increase the efficacy of PDT, we have proposed a combined treatment with an 

NO donor. This treatment is based on the following considerations: (i) the dual role 

of NO in tumor biology is due to its capacity to promote or inhibit tumor growth 

dependent on the NO concentration [88] (ii) NO modulates the activity of the NF-

107] (iii) Pba/PDT induces the release of cellular NO according to the 

dose used [90] and (iv) Pba/PDT, in a dose-dependent way, inhibits or stimulates the 

As a proof of principle, we used in conjunction with Pba, DETANONOate 

(DETA/NO), a molecule that spontaneously releases in the cytoplasm 2 mol of NO 

per mole of compound [108]. We found, indeed, that the combination of the PS 

RKIP loop towards the expression of the pro-apoptotic RKIP and the inhibition of 

the RKIP expression by NO correlates with a favorable clinical outcome resulting 

in tumor regression and in inhibition of metastatic spread [109].

The dual treatment with DETA/NO and mPEG-Pba/PDT [110] has been admin-

istered in C57BL/6 mice inoculated s.c. with the B78-H1 murine amelanotic mela-

noma. The results obtained showed that the use of an NO donor significantly in-

creased the anti-tumor efficacy of PDT. Noteworthy, the group of mice treated with 

mPEG-Pba and DETA/NO showed a significant delay of tumor growth compared 

to the untreated group. Furthermore, the Kaplan-Meier survival analyses showed 

a difference of the median survival times between the mice treated with DETA/

NO + mPEG-Pba (59 days) and the mice treated with mPEG-Pba/PDT alone (52.5 

days) [91].

The data obtained both in vitro and in vivo with the combined treatment of an NO 

donor and PDT [91] are significant and open new horizons for the optimization of 

photodynamic treatment.
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New Therapeutic Strategies with Nitric Oxide and PDT

The effect of the combined treatment DETA/NO + Pba/PDT in an in vivo application 

may be more complex than its effects in vitro, due essentially to a systemic effect 

of the NO donor and especially to its lack of organ or tissue specificity. Therefore, 

it is exceedingly challenging to selectively deliver NO to a target compartment, to 

prevent changes of vascular dynamics that result in systemic hypotension [111]. An 

alternative approach is to deliver NO via the site specific activation of a prodrug, 

which minimizes adverse drug reactions.

In collaboration with Dr. Greta Varchi, ISOF-CNR, Bologna, Italy, we have syn-

thesized a new compound, named DRPDT2 (Fig. 14.5).

This is a conjugate between Pba (as photosensitizer) and an NO donor that al-

lows a controlled release of NO in the tumor at the time of irradiation of the photo-

sensitizer. The combination between singlet oxygen (1O
2
), reactive oxygen species 

(ROS) and NO should culminate in synergistic cytotoxicity, increasing the efficacy 

of PDT used alone. Moreover, the linker between the two molecules is intended to 

increase specificity towards a particular target in prostate carcinoma. Preliminary 

results have demonstrated that DRPDT2 is a good PS in terms of no toxicity in the 

dark, easy and cheap synthesis and rapid clearance. It must be irradiated with a white 

light in order to activate both Pba

The DRPDT2 treatment performed in vitro with different lines of prostate cancer 

cells demonstrated a higher cytotoxic activity then Pba treatment alone. Moreover, 

An alternative approach reported in the literature is to deliver NO via PDT: inert 

PS is activated by irradiation, followed by the decomposition of the excited elec-

AQ3

Design of a PDT-NO conjugate. The conjugate is constituted by a an NO donor and a 

photosensitizer linked together through a linker that allows to increase the selectivity to the tumor 

cells. The light irradiation causes, at the same time, the release of units of NO and the activation 

of the PS
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tronic state to release NO. This technique has been tested with thionitrites, also 

known as S-nitrosothiols (SNTs) of glutathione (GSH) forming S-nitrosoglutathi-

one (GSNO) [112–113] and penicilamine [114], as well as photolabile metal-NO 

complexes [115–116]. Recently, an NO donor has been developed that combines 

thermal and chemical stabilities to increase the kinetics of NO release during pho-

toactivation [117].

Conclusions and Future Directions

The ability to readily control the kinetics of NO release from these new conjugates, 

reported above, opens up a range of PDT applications [118]. In particular, regula-

tion of the NO flux has the potential to provide therapies for hypoxia-reperfusion 

disorders and cardiovascular disease, while a higher exposure levels to these PDT 

agents could be used to selectively kill malignant cells. The use of these particular 

PDT-NO conjugates is desirable in cancer therapy to improve classical PDT, taking 

advantage of nitric oxide by excluding its harmful systemic effects.
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A B S T R A C T

Photodynamic therapy (PDT) is a clinically approved treatment that causes a selective cytotoxic effect

in cancer cells. In addition to the production of singlet oxygen and reactive oxygen species, PDT can induce

the release of nitric oxide (NO) by up-regulating nitric oxide synthases (NOS). Since non-optimal PDT

often causes tumor recurrence, understanding the molecular pathways involved in the photoprocess is

a challenging task for scientists. The present study has examined the response of the PC3 human meta-

static prostate cancer cell line following repeated low-dose pheophorbide a treatments, mimicking non-

optimal PDT treatment. The analysis was focused on the NF-kB/YY1/RKIP circuitry as it is (i) dysregulated

in cancer cells, (ii) modulated by NO and (iii) correlated with the epithelial to mesenchymal transition

(EMT). We hypothesized that a repeated treatment of non-optimal PDT induces low levels of NO that

lead to cell growth and EMT via the regulation of the above circuitry. The expressions of gene products

involved in the circuitry and in EMT were analyzed by western blot. The findings demonstrate the

cytoprotective role of NO following non-optimal PDT treatments that was corroborated by the use of

L-NAME, an inhibitor of NOS.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is a clinically approved, minimal-
ly invasive therapeutic treatment that causes a selective cytotoxic
effect against malignant cells. The procedure consists of the ad-
ministration of a photosensitizer (PS) followed by irradiation at a
wavelength falling within a PS absorbance band. In the presence
of oxygen, a series of events lead to direct tumor cell death, damage
to the microvasculature and induction of a local inflammatory re-
action [1]. The success of this therapy depends on the type and dose
of PS, the time between PS administration and light exposure, the
light dose and the fluence rate [2]. Recent data suggest that PDT-
mediating changes to the tumor microenvironment can modulate

the responsiveness of the treatment. Preclinical investigations in-
dicated that combining PDT with targeted therapies directed at
attenuating the pro-survival actions of the tumor microenviron-
ment can enhance the therapeutic potential of PDT [3].
Several reports support the role of nitric oxide (NO) in PDT, by

considering both the endogenous level of NO in the tumor [4–6]
and NO directly induced by the photoactivated photosensitizers
[7–9]. NO is known to directly influence a number of biological pro-
cesses involved in PDT-induced anti-tumor effects [10,11].
The biphasic role of NO in PDT seems to depend on a number

of factors in the microenvironment, including the responsiveness
of the tumor type, the redox state of the reaction, as well as the final
intracellular concentration and the duration of intracellular expo-
sure to nitric oxide [12–14]. Data in the literature indicated that low
NO levels (<50 nM) enhance the survival, proliferation, and growth
of tumor cells, by protecting the cells from apoptosis, whereas high
NO levels (>300 nM) exhibit cytotoxic effects, by promoting DNA
damage, protein dysfunctions, gene mutations and tumor cell death.
Together, these effects may contribute to tumor regression [15,16].
Concerning a low level of NO induced by PDT, several hypoth-

eses have been proposed in order to explain underlyingmechanisms

Abbreviations: EMT, epithelial–mesenchymal transition; iNOS, inducible nitric

oxide synthase; NO, nitric oxide; 1O2, singlet oxygen; Pba, pheophorbide a; PDT, pho-

todynamic therapy; ROS, reactive oxygen species; WB, western blot.
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of inhibition of apoptosis induced by NO [17–21]. It has been re-
ported that NO inhibits the activation of caspases directly by
S-nitrosylation [22,23], by a cyclic guanosine monophosphate
(cGMP)-dependent mechanism or by activating protein kinase G
(PKG) [24]. Recently, Girotti and co-workers demonstrated that the
cytoprotective role of NO in PDT is also due to the suppression of
pro-apoptotic JNK and p38 MAPK activations [8,18]. We propose
another important pathway involved in tumor progression that is
susceptible to NO, namely, the dysregulation of the NF-kB/YY1/
Snail/RKIP circuitry. In a murine amelanotic melanoma we have
reported that, according to the dose of the pheophorbide a/PDT (Pba/
PDT) added to the cells, and consequently by the NO level induced
by PDT, there were either progression or arrest of tumor growth,
through the modulation of this circuitry [9,18].
A disagreement also exists on the role of NO in the regulation

of steps that are involved in the metastatic process. Metastasis is
initiated with the acquisition of invasive and migratory properties
by the tumor cells: a process known as epithelial to mesenchymal
transition (EMT). EMT is a target of several constitutively acti-
vated survival pathways including the NF-kB pathway [25–27]. NF-
kB induces EMT via the regulation of the expression of multiple
matrix proteases, adhesion molecules and both angiogenic and in-
vasive factors [25,28–32].
Considering that (i) low NO concentrations have been reported

to induce tumor cell migration and invasion [12,15]; (ii) PDT modu-
lates the effect of NF-kB in a dose-dependentmanner [18,33] through
NO induction [9,18], (iii) NF-kB regulates downstream gene prod-
ucts such as YY1 [34], a hallmark for the initiation of EMT during
development and cancer metastasis and (iv) YY1 is overexpressed
in prostate cancer cells [35], we investigated if a repeated low-
dose Pba/PDT treatment can stimulate cell progression and induce
EMT in a highly metastatic human prostate cancer cell line through
the modulation of the NF-kB/YY1/RKIP circuitry.

2. Materials and methods

2.1. Cell culture

The human prostate cancer PC3 cells were cultured in RPMI
medium which contained 10% fetal bovine serum and antibiotics
(penicillin 100 U/ml, streptomycin 100 μg/ml and glutamine 2mM)
(CELBIO, Milan, Italy). Cells were maintained in a humidified at-
mosphere with 5% CO2 air at 37 °C. All experiments were performed
using cells in the exponential growth phase.

2.2. Photodynamic treatment and iNOS inhibitors

Pheophorbide a (Pba) (C35H36N4O5; MW 592.69) was purchased
from Frontier Scientific Inc., Logan, UT. Pba was dissolved in di-
methylsulfoxide (DMSO) and conserved in aliquots of 0.5 mM at
−80 °C. The stability in solution of Pba was checked by measuring
its UV–vis spectrum at weekly intervals. Cells were treated with Pba

in the dark for 3 h, then irradiated with a metal halogen lamp with
red filter for 7 min (0.84 J/cm2). The IC50 value of Pba/PDT at 24 h
in our model is ~100 nM, that we consider as high dose of Pba/
PDT treatment; we assume that 40 nM is the low dose of Pba/PDT
treatment.

The iNOS inhibitors, L-NG-nitroarginine methyl ester (L-NAME)
and N-(3-aminomethyl)benzyl) acetamide (1400 W), were ob-
tained from Cayman Chemical Company (INALCO, Milan, Italy). The
reagents were prepared in phosphate buffered saline (PBS) before
cell treatment. The treatment with each iNOS inhibitor (1 mM
L-NAME or 10 μM 1400 W) was performed 1 h before light
irradiation.

2.3. Procedure for a repeated low-dose Pba/PDT treatment

PC3 cells were seeded at day 0, at a density of 5 × 105 cells in a
30 mm Petri dish. After 48 h they were treated with 40 nM (low-
dose) Pba/PDT and after two days they were harvested and re-
seeded at the same concentration (500 cells). The final population
received a total of 8 cycles of PDT. The initial population, not sub-
jected to PDT, was non-treated cells (NT). The cellular population
that was submitted to four and eight PDT treatments was called IV
and VIII treatments, respectively. Each experimental assay was per-
formed 24 h after the last PDT treatment.

2.4. Cell metabolic assay

PC3 cells were seeded in a 96-well plate at a density of 5 × 103

cells/well. After 24 h the cells were treated with Pba for 3 h before
light irradiation. The cell proliferation, in terms of metabolic ac-
tivity, was determined by the resazurin assay following the
manufacturer’s instructions (Sigma–Aldrich, Milan, Italy). The values
were obtained by using the spectrofluorometer (EnSpireTM 2300
Multilabel reader, PerkinElmer, Finland).

Pictures were taken with an epiluminescent microscope Leica
DMI6000B (Leica Microsystem, Heidelberg, Germany) at a 40-fold
magnification to evaluate cell growth and viability.

2.5. Cell cycle analysis by FACS

For the cell cycle analyses, the PC3 cells, after repeated treat-
ments, were harvested by trypsinization and fixed in 70% ethanol
for 1 h at 4 °C. After PBS washing, the cells were stained with
0.05 mg/ml propidium iodide in the presence of 0.1 mg/ml RNase
A in PBS (30 min at room temperature). The samples were ana-
lyzed by a FACScan flow cytometer (Becton-Dickinson, San Jose CA).
Aminimum of 10,000 cells for each sample was acquired in list mode
and analyzed with the FLUOJO software (Tri Star, Inc., Ashland, OR).

2.6. Clonogenic assay

After repeated treatments, PC3 cells were seeded at a density
of 500 cells in a 60 mm Petri dish. After 18 days, the colonies were
formed, fixed and stained with 2.5% methylene blue in 50% ethanol.
The images were obtained by Gel DOC 2000 Bio-Rad (Milan, Italy).

2.7. Fluorometric determination of nitric oxide with

DAF-FM diacetate

PC3 cells were seeded at a cell density of 6 × 105 cells/well in a
6-well plate. The day after, the cells were treated with different
concentrations of Pba. This indirect assay to measure NO is
based on the DAF-FM diacetate (4-amino-5-methylamino-2′,7′-
difluorofluorescein diacetate) (D-23844,Molecular Probes, Invitrogen,
Milan, Italy) method. The DAF-FM diacetate diffuses into cells and
tissue where non-specific esterases hydrolyze the diacetate resi-
dues thereby trapping DAF within the intracellular space. NO-
derived nitrosating agents such as N2O3 nitrosate DAF to yield a highly
fluorescent product, DAF triazole. This compound has some impor-
tant advantages compared to 4,5-diaminofluorescein diacetate
(DAF-2 diacetate), which is considered the most common indica-
tor for nitric oxide.

A 5mM stock solution of DAF-FM diacetate (MW = 496) wasmade
in DMSO. The cells, after Pba/PDT treatment, were incubated with
10 μM of diluted DAF-FM diacetate for 30 min at 37 °C. The cells
were then washed with PBS to remove excess probe and replaced
with fresh PBS and incubated for an additional 15min to allow com-
plete de-esterification of the intracellular diacetates. The cells were
then trypsinized from the plate, recovered in PBS and measured by
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FACS (FACScan, Becton Dickinson, San Jose, CA). The samples were
analyzed with the FLUOJO software (Tri Star, Inc., Ashland, OR).

2.8. Western blot analysis

The protein extracts (40 μg), obtained from whole cell lysates,
were subjected to electrophoresis on 12% SDS–PAGE and trans-
ferred to a nitrocellulose membrane 70 V for 2 h. The filter was
blocked for 1 h with PBS–0.01% Tween (Sigma–Aldrich, Milan, Italy)
containing 5% dry non-fat-milk, and then incubated, at 4 °C over-
night, with the primary antibodies [rabbit polyclonal anti-RKIP (G38,
Cell Signaling, MerckMillipore, Darmstadt, Germany) diluted 1:1000;
rabbit polyclonal anti-NF-κB p65 (C-20, sc-372 Santa Cruz Biotech-
nology, Santa Cruz, CA), diluted 1:1000; rabbit polyclonal anti-
iNOS antibody (NOS2, sc-651 Santa Cruz Biotechnology, Santa Cruz,
CA), diluted 1:200; mouse monoclonal anti-E-cadherin (610182 BD
Biosciences) diluted 1:2500; mouse monoclonal anti-vimentin (VI-
RE/1 sc 517721 Santa Cruz Biotechnology, Santa Cruz, CA) diluted
1:1000; rabbit polyclonal anti-YY1 (C-20, sc-281 Santa Cruz Bio-
technology, Santa Cruz, CA) diluted 1:1000; rabbit polyclonal anti-
Akt (#9272, Cell Signaling Technology), diluted 1:1000; rabbit
monoclonal anti-phospho-Akt (#4058, Cell Signaling Technology),
diluted 1:1000]. The expression of β-actin, used as an internal control,
was detected with a mouse monoclonal anti β-actin (Ab-1, CP01,
Calbiochem,MerckMillipore, Darmstadt, Germany), diluted 1:10,000.
The filters were incubated for 1 h with the secondary antibodies
[anti-rabbit IgG, diluted 1:4000 (Calbiochem,MerckMillipore, Darm-
stadt, Germany), anti-mouse IgM, diluted 1:5000 (Calbiochem,Merck
Millipore, Darmstadt, Germany), anti mouse IgG diluted 1:4000
(Calbiochem, Merck Millipore, Darmstadt, Germany)]. Each sec-
ondary antibody was coupled to horseradish peroxidase (HPR). For
the detection of the proteins, we used ECL (enhanced chemilumi-
nescence) reagents (Super Signal®West PICO, and Super Signal®West
FEMTO, ThermoFisher Scientific Pierce, Rockford, USA). The expo-
sure length depended on the antibodies used and was usually

between 30 s and 5 min. The protein levels were quantified by the
Image Quant TL Version 2003 software (Amersham).

3. Results

3.1. Effect of Pba/PDT on prostate cancer cells

In our approach we have evaluated the efficacy of pheophorbide
a (Pba), a chlorophyll derivative, as a photosensitizer in PC3 human
prostatic carcinoma cells. The Pba/PDT treatment was performed
as follows: the cells were seeded and after 24 h were treated with
Pba for 3 h in the dark. Thereafter, the cells were irradiated with a
white halogen lamp equipped with a red filter, at a fluence of 0.84 J/
cm2 (Fig. 1 top). The percentage of metabolic activity after Pba/
PDT treatment of the PC3 carcinoma cells is shown in Fig. 1A. There
was a concentration-dependent effect with an estimated IC50 of
~100 nM of Pba. In the PC3 cells treated with a Pba concentration
<80 nM, we observed in the first 24 h a weak growth arrest and after
48 h a cell recovery, in comparison with the non-treated cells
(Fig. 1B). This behavior in PC3 cells is in agreement with our pre-
vious observations of treatments with a low-dose Pba/PDT applied
to Hela, HepG2 [36] and B78-H1 tumor cells [9].

3.2. Effect of a repeated low-dose Pba/PDT treatment in PC3 cells

Since a sub-optimal Pba/PDT concentration promotes cell re-
currence in a short period of time in prostate cancer cells, we
investigated the cell response following a repeated low-dose Pba/
PDT treatment. Two possibilities were envisaged: the repeated
treatment may result in a cumulative effect that may cause an arrest
of tumor cell growth. Alternatively, the repeated treatmentmay cause
a stimulation of cell proliferation, a critical aspect of PDT, as cell
recurrence could not only inhibit the therapeutic effect of the PDT
treatment, but also could stimulate the tumor towards invasive-
ness and metastasis [3].

Fig. 1. Effect of Pba/PDT treatment on the metabolic activity in PC3 prostate carcinoma cells. The schematic panel represents the experimental PDT procedure: PC3 cells

were seeded at day 0 (t = 0), after 24 h they were treated with Pba for 3 h and light irradiated (0.84 J/cm2). (A) The histograms represent the values of % metabolic activity,

performed by the resazurin assay, 24 and 48 h after light irradiation and expressed as T/C × 100. T and C are the absorbance of treated and non-treated cells. The values are

the mean ± SD of four independent experiments. A standard t-test versus control was performed (P < 0.01). (B) (B) Phase-contrast micrographs of PC3 cells treated with 0,

60, or 100 nM Pba soon and 48 h after light irradiation.
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As a low-dose Pba/PDT,we chose a treatmentwith40nMPba,which
is capable to induce 5–10% cell growth inhibition 24 h after light irra-
diation and growth recovery after 48 h (Fig. 1). The schedule of the
repeated treatment is shown in Scheme 1. The PC3 cells, 2 days after
seeding,were treatedwith Pba/PDT. After an additional 2 days, the cells
were harvested and re-seeded and were treated as above. The treat-
ment lasted ~5 weeks. To follow the cell changes throughout the
experiment, the cells were examined after the fourth (IV) and eighth
(VIII) treatment. The cells were healthy and had a normal cell cycle
profile as determined by FACS analysis (Supplementary Fig. S1).
To investigate if a repeated low-dose Pba/PDT treatment stimu-

lated cell proliferation, we performed a clonogenic assay as described
inmethods (Fig. 2). PC3 cells were harvested after the IV and VIII low-
dose Pba/PDT treatments and seeded (500 cells) in a 30mmPetri dish.
After 18 days, the colonies that had developed were counted. It was
evident that by proceeding with the treatment, the number and size

of the colonies increased (Fig. 2). This finding clearly showed the stim-
ulationof cell proliferation after a repeated low-dosePba/PDT treatment.
This result indicates that a repeated low-dose Pba/PDT treatment does
not result in a cumulative effect leading to tumor growth arrest. Im-
portantly, this finding also suggests that a metronomic therapy with
Pba in prostate cancer cells is not recommended, in contrast with the
treatment with 5 aminolevulinic acid ALA [37,38].

3.3. Induction of NO in PC3 cells treated with Pba/PDT

Reported experimental evidence supports the notion that, in ad-
dition to ROS and 1O2, NO plays an important role in PDT [4,5,7].
We, therefore, monitored NO production in photo-stressed PC3 cells
by using a fluorophore (DAF-FM). After cell uptake, DAF-FM is hy-
drolyzed to DAF that can be nitrosated by NO by-products to yield
a fluorescent compound detected by FACS. Fig. 3A demonstrates the
fluorescence intensity in PC3 cells after Pba/PDT treatment. The flu-
orescence signal, which indirectly represents NO-byproducts,
increased in a concentration-dependent manner in PC3 prostate
cancer cells. To be sure that the increase of fluorescence obtained
through the reaction between NO-byproducts and DAF is due to an
increase of NO compared to the release of ROS after PDT treat-
ment (Supplementary Fig. S2), we performed aWestern blot analysis
with Pba/PDT-treated prostate carcinoma cells to determine the levels
of protein iNOS. As shown in Fig. 3B, PC3 cells expressed a sub-
stantial increase of iNOS levels as a function of the Pba/PDT
concentration used. The iNOS levels were measured 16 h after light
irradiation: i.e. the time point at which we observed a high iNOS
expression induced by Pba/PDT (data not shown). At the highest Pba/
PDT concentration (80 nM), the level of iNOS as determined
densitometrically was 1.75 fold compared to control (non-treated
cells).
To support that the increase of NO in PC3 cells was effectively due

to its induction by Pba/PDT,we repeated theWestern blot and the FACS
analysis on Pba photostressed cells that were treated with an inhibi-
tor of the iNOS synthase.We used L-NAME and 1400W (a non specific
and a specific iNOS inhibitor, respectively). They were added to Pba-
treated PC3 cell culture before light irradiation. Fig. 4A shows that both
inhibitors reduced the protein iNOS expression. In addition to iNOS
protein levels also the measurements of NO levels, reported in Fig. 4B
and C, confirmed that iNOS inhibitor treatmentsmildly suppressedNO
production demonstrating that pheophorbide a can upregulate, after
light activation, the NO levels in prostate cancer cells. These data are
in agreement with those obtained with two other photosensitizers:
phtalocyanine (Pc4) in human epidermoid carcinomaA431 cells [7] and
5-aminolevulinic acid (ALA) both in COH-BR1 breast cancer cells [39]
and PC3 cells [8].

3.4. Effect of a repeated low-dose Pba/PDT treatment on the NF-kB/

YY1/RKIP circuitry in prostate cancer cells

It is known that activated NF-κB upregulates downstream anti-

apoptotic gene products, including the metastasis inducer and anti-

apoptotic Snail [40,41] and the resistance inducer and anti-apoptotic

YY1 [35]. Furthermore, it has been reported that these gene prod-

ucts repress the expression of themetastatic suppressor Raf-1 kinase

inhibitory protein (RKIP), belonging to the phosphatidy-

lethanolamine-binding protein family [42]. In the active form, RKIP

suppresses both the Raf-1/MEK/ERK and NF-kB survival pathways

[43,44]. Since RKIP inhibits NF-kB [45], it is involved in a circuitry

linking NF-kB, Snail and YY1 [Scheme 2]. We focused our atten-

tion on this particular NF-kB/Snail/YY1/RKIP circuitry [18] to

investigate the molecular mechanism involved in the stimulation

of tumor cell growth after a repeated low-dose Pba/PDT treat-

ment. As mentioned above, we compared the protein lysates

obtained 24 h after the IV and the VIII treatments to follow the

Scheme 1. Schematic panel of repeated treatment. PC3 cells were seeded at day 0

at a density of 5 × 105 cells in a 6-well plate, after 48 h they were submitted to PDT

treatment (3 h with a low dose of Pba/PDT (40 nM) and then light irradiated). After

an additional 48 h the cells were harvested and re-seeded as above. This proce-

dure was repeated four or eight times, when the cells were harvested and processed

for different experiments. The symbols , , and represent the cell seeding, Pba/

PDT treatment and cell harvesting respectively.

Fig. 2. Clonogenic assay after a repeated low-dose Pba/PDT treatment. After the IV

and the VIII Pba/PDT repeated treatment, 500 cells from each group were seeded

in 60 mm petri dishes. After 18 days the colonies were formed, fixed and stained

with 2.5% methylene blue in 50% ethanol. The images were obtained with Gel Doc

2000 Bio-Rad. The number of colonies (>50 cells) is reported below each plate. The

experiment has been performed in triplicate.
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proceeding of the experiment. Western analysis in Fig. 5A shows the
expression of the gene products involved in the circuitry. During
the repeated treatment, there was an increase in the expressions
of NF-kB (p65) and of YY1. The enhancement of both factors in PC3
cells suggested a pro-survival response to the repeated Pba/PDT

treatment. In agreement with this finding, we also observed a re-
duction of the expression of the pro-apoptotic RKIP gene product.
As the loss of RKIP function has been associated with metastasis
in an increasing number of solid tumors [46,47], this result sug-
gested that repeated low-dose Pba/PDT treatment in PC3 cells

Fig. 3. Determination of NO levels induced by Pba/PDT treatment in PC3 cells. (A) The histograms report the mean fluorescence of NO/by products (expressed in percent

respect non-treated cells) after Pba/PDT treatments. The values were obtained by the DAF-FM reaction and measured by FACS. The values are the mean ± SD of three in-

dependent experiments. A standard t-test versus control (NT DAF) was performed (* P < 0.01). (B) Expression of iNOS protein level by immunoblot analysis. PC3 cells were

treated with different concentrations of Pba (0, 40 and 80 nM). Protein lysates were analyzed 16 h after irradiation. The iNOS band intensity for each sample was deter-

mined densitometrically, normalized to β-actin and further normalized to the ratio of non-treated cells/β-actin, fixed to 1.

Fig. 4. (A) Expression of the iNOS protein level after a single combined treatment with Pba/PDT and iNOS inhibitors. PC3 cells were divided into 3 groups: Pba, cells treated

with different dose of Pba (0–40–80 nM) for 3 h in the dark and light irradiated; + L-NAME, cells treated with different doses of Pba +1 mM L-NAME, 1 h before light irra-

diation; +1400W, cells treated with different doses of Pba +10 μM 1400W, 1 h before light irradiation. All protein lysates were analyzed 16 h after irradiation. The histograms

report the values of the iNOS band intensity determined densitometrically, normalized to β-actin and further normalized to the ratio of non-treated cells /β-actin, fixed to

1. (B) The histograms report the mean fluorescence of NO/by products in PC3 cells treated with Pba 200 nM (3 h) and L-NAME 5 mM (1 h before light irradiation). The DAF-

FM assay was performed 3 h after light irradiation. The values are the mean ± SD of two independent experiments. (C) The histograms report the mean fluorescence of NO/

by products in PC3 cells treated with Pba 200 nM (3 h) and 1400W 10 μM (1 h before light irradiation). The DAF-FM assay was performed soon after light irradiation. The

values are the mean ± SD of two independent experiments.
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activated the NF-κB/YY1/RKIP circuitry and resulted in the stimu-
lation of cell proliferation.

3.5. A repeated low-dose Pba/PDT treatment induces EMT in

PC3 cells

EMT is thought to play a fundamental role during the early steps
of invasion and metastasis in carcinoma cells [48,49]. It allows the
cells to dissociate from the epithelial tissue from which they orig-
inate and to migrate freely. A critical feature of EMT is the
downregulation of E-cadherin, a protein involved in cell adhesion.
E-cadherin acts de facto as a tumor suppressor by inhibiting inva-
sion andmetastasis, and it is frequently repressed or degraded during
EMT transformation [50]. The loss of E-cadherin may result direct-
ly from the activation of its repressor Snail [40,51] or indirectly from
the activation of AKT [52,53], which via NF-kB regulates the ex-
pression of E-cadherin [35]. The possible links between NF-kB, YY1,
Snail, RKIP, AKT and EMT [35–54] are shown in Scheme 2.

The expressions of E-cadherin and vimentin after a repeated low-
dose Pba/PDT treatment are shown in Fig. 5B. There was a decrease
of E-cadherin and an increase of vimentin: two variations that in-
dicate the transition from the epithelial to the mesenchymal
morphology, i.e. the early step of cell invasion. Moreover, there was
an increase of phosphorylated AKT over non-phosphorylated AKT
(pAKT/AKT) (Fig. 5C). The increase of both pAKT and NF-kB sug-
gests that AKT can induce the activation of NF-kB and consequently
EMT, in keeping with the previous studies by Julien et al. [55].

The above findings confirm that a repeated low-dose Pba/PDT
treatment in PC3 cells results in the stimulation of cell proliferation.

3.6. Role of NO in inducing EMT after a repeated low-dose

Pba/PDT treatment

A repeated low-dose Pba/PDT treatment mildly stimulated the
expression of iNOS (Fig. 6). Thus, we investigated the impact of NO
on EMT. To address this point, we set up a new repeated treat-
ment by combining Pba/PDT with L-NAME, an iNOS inhibitor.
L-NAME was added to the cells at 1 mM, 1 h before light irradia-
tion (Scheme 3). The repeated combination of L-NAME + Pba/PDT
treatment decreased the iNOS expression as shown in the histo-
gram of Fig. 7. On the basis of this finding, we evaluated: (i) the
protein levels of the gene products involved in the NF-kB/YY1/
RKIP circuitry and in EMT, (ii) the cell cycle by FACS and (iii) the
clonogenic capacity. By immunoblotting, a strong inhibitory effect
by L-NAME on the Pba effect was observed. The repeated com-
bined L-NAME and Pba/PDT treatments decreased the expressions
of both NF-kB and YY1 and induced a strong expression of RKIP, sug-
gesting a reduction of cell growth (Fig. 8A). This result is in agreement
with the findings of the clonogenic assay (Fig. 8B), which showed
a strong reduction in the number of colonies in the cells treated with
L-NAME and Pba/PDT compared to each single treatment. More-
over, the analysis of the cell cycle of PC3 cells repeatedly treated
with L-NAME and Pba/PDT showed an increase of the G2/M and
subG1 phases, indicating cell growth arrest (Table 1) [56].

Considering the expression of the proteins involved in EMT
(Fig. 9A), PC3 cells treated repeatedly with L-NAME and Pba/PDT
resulted in a high level of E-cadherin expression and a concomi-
tant strong reduction of vimentin and p-AKT (Fig. 9B), suggesting
the inhibition of EMT.

The data obtained by the repeated combined treatment of the
iNOS inhibitor and Pba/PDT confirmed the role of NO in PDT and
underlining, for the first time, a result of the administration of low-
dose Pba/PDT in PC3 prostate cancer cells; thus implying a
continuous low level of NO can induce cell proliferation and EMT.

4. Discussion

Photodynamic therapy is an oncologic treatment for different
types of tumors not only superficial (skin, cutaneous T cell lym-
phoma) but also for tumors growing in internal organs (prostate,
breast, bladder, lung, esophagus, etc.). The successful clinical ap-
plication of PDT is a complex interplay of light, oxygen and
photosensitizer which generate reactive oxygen species, in time and
space-dependent manners, that may destroy the tumor tissue under
optimal conditions [57]. When these particular conditions are not
achieved, PDT can lead to tumor recurrence [58]. This undesired
outcome represents a challenge for the clinical therapeutic appli-
cations of PDT in the treatment of cancer.
To enhance the efficacy of PDT in therapy, it is important to nullify

the processes that cause cell recurrence and, eventually, invasion
and metastasis. A number of studies have examined both the direct
and indirect PDT effects upon various non-malignant components
of the tumor microenvironment which cause inflammation and

Scheme 2. The role of Pba/PDT, through the induction of NO, on the regulation of

EMT via NF-kB/YY1/Snail/RKIP/PTEN circuitry. Pba/PDT, in dependence by the dose

(low in light gray and high in bold), modulates the NF-kB expression. NF-kB regu-

lates downstream genes such as YY1 and Snail that are strictly correlated. Both YY1

and Snail modulate the expression of pro-apoptotic RKIP. The inhibition of RKIP results

in the minimal inhibition of NF-kB and activation of YY1 and Snail. The activation

of YY1 and Snail induces the EMT. Likewise Snail modulates the metastasis sup-

pressor phosphate and tensin homologue (PTEN). The suppression of PTEN results

in the maintenance of the PI3/K-AKT activated pathway that cross-talks with the

NF-kB pathway. These dysregulated gene products in the circuit result in the in-

duction of EMT.

Table 1

Cell-cycle analyses of PC3 cells after combined L-NAME + Pba/PDT repeated treat-

ments. NT, non-treated cells; Pba VIII, cells treated with eight repeated low-dose

Pba/PDT treatments; L-NAME, cells treated eight times with 1 mM L-NAME and

L-NAME + Pba, cells treated eight times with combined low-dose Pba/PDT + L-

NAME treatment.

Treatment Freq G1 Freq S Freq G2/M Freq SubG1

NT 68.5 7.5 8.2 0.4

Pba VIII 66.29 9.61 7.5 0.5

L-NAME 66.27 8.73 7.9 0.6

L-NAME + Pba 68.98 1.52 23.35 2.32
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angiogenesis. The investigation of these particular processes has led
to the use of several inhibitors that target the angiogenic and pro-
survival molecules in order to enhance PDT effectiveness [59–64].

In the present study, we focused on the role of NO in tumor cells
treated with PDT. NO can influence the antitumoral response to PDT

both in terms of the endogenous NO [4,11] and the exogenous NO
generated by photoactivated PS [7,8].

The controversial role of NO in cancer is found also in PDT: a high-
level of NO induced by PDT determines tumor growth arrest [9];
in contrast, low-level NO is cytoprotective [65]. This last effect has

Fig. 5. Western blot analysis of (A) gene products of the NF-kB/YY1/RKIP circuitry; (B) gene products of EMT and C) gene product pAKT/AKT. PC3 cells were treated for four

(IV) or eight (VIII) times with a repeated low-dose (40 nM) Pba/PDT. NT represents the non-treated cells. The protein lysates were analyzed 48 h after the last treatment.

The histograms report the values of the different protein band intensity determined densitometrically, normalized to β-actin and further normalized to the ratio of non-

treated cells /β-actin, fixed to 1.

Fig. 6. Expression of iNOS protein during a repeated low-dose Pba/PDT treatment. The protein lysates were analyzed 16 h after the IV and VIII treatments. The histograms

report the values of the iNOS band intensity determined densitometrically, normalized to β-actin and further normalized to the ratio of non-treated cells /β-actin, fixed to

1.
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been highlighted through different signaling pathways such as:
caspase inactivation by S-nitrosylation [22,23], protein kinase G ac-
tivation [24] and suppression of pro-apoptotic JNK and p38 MAPK
pathways [8,18]. In the present study, we have confirmed a
cytoprotective role of NO in prostate cancer cells with a repeated
low-dose Pba/PDT treatment, and for the first time, we have high-
lighted how this effect, throughmodulation of the NF-kB/YY1/ /RKIP
circuitry, can cause cell recurrence and EMT. EMT has been found
to promote carcinoma invasion andmetastasis [66–68]. It is a highly
conserved cellular process that allows polarized, immotile epithe-
lial cells to convert into motile mesenchymal-like cells.

Some studies have described, in different types of tumor cells
treated with a photosensitizer, the changes in the morphology, the
alteration in the cytoskeleton leading to a different adhesivity
[69–74]. But the molecular mechanisms leading to PDT-mediated
EMT have not yet been reported. In this study, we have observed
that in a prostate carcinoma cell model, under conditions mimick-
ing a suboptimal PDT condition, EMT can be stimulated through the
downregulation of the epithelial marker E-cadherin and upregulation
of the mesenchymal marker vimentin.

To explain the molecular mechanism leading to EMT, we focused
on the NF-kB/Snail/YY1/RKIP circuitry. This particular circuitry is
often dysregulated in cancer cells [75–77] and modulated by NO
[9,78]. Recently, we have observed in murine amelanotic mela-
noma B78-H1 cells, both in vitro and in vivo, that Pba/PDT treatment
modulates this circuitry, through the induction of NO, causing either
a cell proliferation arrest or a tumor growth stimulation, accord-
ing to the Pba/PDT concentration used [9,18].

In this study, we examined the relationship among NO, NF-kB/
Snail/YY1/RKIP and EMT in PC3 carcinoma cells, considering also
the cross-talk of the P13/AKT pathway and the NF-kB pathway and
the regulation of EMT [50,51,53]. Since Snail is not well expressed
in our prostatic cancer cells (data not shown), we decided to focus
on YY1, as it is overexpressed in prostate cancer tissues, as dem-
onstrated by tissue microarray experiments [79]. YY1 is a

Scheme 3. Schematic panel to describe the combined treatment Pba + L-NAME/

PDT during the repeated treatment. L-NAME (1 mM) was administered to the PC3

cells 1 h before light irradiation.

Fig. 7. Reduction of iNOS protein level, induced after a repeated low-dose Pba/

PDT, by an iNOS inhibitor. PC3 cells were divided into 4 groups: NT, non-treated cells;

P VIII, cells treated with Pba (40 nM) eight times, L + P VIII, cells treated eight times

with a combined repeated treatment L-NAME + Pba/PDT; L VIII, cells treated with

L-NAME (1 mM) eight times. The protein lysates were analyzed 16 h after the last

treatment. The histograms report the values of the iNOS band intensity deter-

mined densitometrically, normalized to β-actin and further normalized to the ratio

of non-treated cells /β-actin, fixed to 1.

Fig. 8. Role of NO induced by a repeated low-dose Pba/PDT treatment on (A) the NF-kB/YY1/RKIP circuitry. PC3 cells were treated with a combined repeated low-dose Pba/

PDT +L-NAME (1 mM) treatment. The protein lysates were analyzed 48 h after the last treatment. The histograms report the values of the different protein band intensity

determined densitometrically, normalized to β-actin and further normalized to the ratio of non-treated cells/β-actin, fixed to 1 (B) on clonogenic proliferation. PC3 cells

were divided in 4 groups: NT, non-treated cells; Pba VIII, cells treated eight times with repeated low-dose Pba/PDT treatment; L-NAME VIII, cells treated eight times with

1 mM L-NAME and L-NAME + Pba VIII, cells treated eight times with a combined low-dose Pba/PDT + L-NAME treatment. After the last treatment, 500 cells from each group

were seeded in a 60 mm Petri plate. After 18 days the colonies were formed, fixed and stained with 2.5% methylene blue in 50% ethanol. The images were obtained with

Gel Doc 2000 Bio-Rad. The number of colonies (>50 cells) is reported below each plate. The experiment has been performed in triplicate.
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ubiquitously expressed zinc-finger transcription factor that, when
overexpressed or overactivated, leads to cell proliferation and cell
resistance [80]. YY1 has been reported to activate the transcrip-
tion of the EMT-inducer Snail and results in the inhibition of both
RKIP and PTEN [35].

By creating a condition characterized by a continuous low in-
duction of NO (this was achieved by a repeated low-dose Pba/PDT)
we have demonstrated an increase of the pro-survival NF-kB and
YY1 gene products and a concomitant decrease of the pro-apoptotic
RKIP: an expression pattern suggesting a cytoprotective role of NO.
This was confirmed with the administration of an iNOS inhibitor,
L-NAME, which abrogated the effects of gene expression obtained
with Pba/PDT as expected, in agreementwith the data of Bhowmick
andGirotti [8]. Moreover, beside the NF-kB/YY1/RKIP activation, we
have also observed a strong activation of the PI3/AKT pathway.

In conclusion, the data reported herein suggest that a subopti-
mal Pba/PDT, through the induction of low NO levels, induces EMT
and cell tumor recurrence in prostate cancer cells through the ac-
tivation of the NF-kB/YY1/RKIP circuitry. This is a relevant finding
as in vitro both photosensitizer and light doses can be precisely mea-
sured in order to obtain optimal results, while in clinical PDT several
variables affecting the outcome cannot be controlled A promising
complementary approach to improve PDT could be the inhibition
of EMT, by keeping the cells in an epithelial status and inhibiting
the invasion in the basement membrane and consequently the for-
mation of metastasis through high levels of NO using combinations
of PDT with NO donors or NO–Pba complexes.
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