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Abstract
Many tumor cells produce nitric oxide (NO) as an anti-apoptotic/pro-growth molecule which also
promotes antiogenesis and tumor expansion. This study was designed to examine possible
antagonistic effects of endogenous NO on tumor eradication by photodynamic therapy (PDT).
Using COH-BR1 breast cancer cells sensitized in mitochondria with 5-aminolevulinic acid
(ALA)-generated protoporphyrin IX as a model for ALA-based PDT, we found that caspase-9
activation and apoptotic death following irradiation were strongly enhanced by 1400W, an
inhibitor of inducible nitric oxide synthase (iNOS). RT-PCR and Western analyses revealed a
substantial upregulation of both iNOS mRNA and protein, beginning ~4 h after irradiation and
persisting at least 20 h. Accompanying this was a strong 1400W-inhibitable increase in
intracellular NO, as detected with the NO probe, DAF-2-DA. Short hairpin RNA-based iNOS
knockdown in COH-BR1 cells dramatically reduced NO production under photostress while
enhancing caspase-9 activation and apoptosis. These findings suggest that cytoprotective iNOS/
NO induction in PDT-treated tumor cells could reduce treatment efficacy, and point to
pharmacologic intervention with iNOS inhibitors for counteracting this.

INTRODUCTION
Photodynamic action is a unique type of oxidative process requiring the following
components: (i) molecular oxygen; (ii) a light-absorbing dye or pigment acting as a
sensitizing agent; and (iii) sensitizer-exciting light, typically in the visible wavelength range,
but in some cases extending to the near ultraviolet or near infrared [1,2]. While this process
often results in pathologic effects such as UVA-induced skin aging and cancer, it can also be
exploited for beneficial effects, a prime example being antitumor photodynamic therapy
(PDT) [3,4]. Clinical PDT typically involves systemic or topical administration of a tumor-
localizing sensitizer or metabolic precursor, followed by laser source irradiation, which is
restricted to the tumor area [4]. Tumor targeting of both sensitizer and exciting light make
this approach highly site-specific. In addition, the sensitizer is usually innocuous until
photoactivated, whereupon it gives rise to signaling and cytotoxic reactive oxygen species
(ROS), singlet molecular oxygen (1O2) being one of the most prominent [3,4]. In 5-
aminolevulinic acid (ALA)-based PDT, administered ALA or an ester thereof enters tumor
cells and is metabolized to the active sensitizer, protoporphyrin IX (PpIX), via the heme
biosynthetic pathway [5,6]. PpIX accumulates initially in mitochondria, reaching a level that
is inversely proportional to the concentration of available iron used in its ferrochelatase-
catalyzed conversion to heme, a non-sensitizer [7,8]. Although ALA or esterified ALA can
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be introduced systemically for PDT, topical application for skin cancers such as T-cell
lymphoma and squamous cell carcinoma is both convenient and highly effective [6,9].

Nitric oxide produced naturally by nitric oxide synthase (NOS) enzymes plays a role in
many different physiological processes, including vasodilation, neurotransmission, and
antimicrobial action [10]. When generated at high rates, e.g. by activated neutrophils, NO
can have prooxidant cytotoxic effects, whereas in low fluxes it can be cytoprotective, in
some instances by acting as a free radical-scavenging antioxidant [11]. Many tumors
produce low constitutive levels of NO, which has been reported to promote angiogenesis
and tumor growth while inhibiting stress-induced apoptosis, e.g. that caused by ionizing
radiation or chemotherapeutic agents [12-15]. The question of how tumor NO might
influence PDT efficacy was first addressed 10-12 years ago in studies involving Photofrin-
based PDT for various mouse tumors [16-18]. It was found that tumor eradication could be
substantially improved by administering NOS inhibitors (L-NAME, L-NNA) and that the
extent of this correlated with constitutive NO production, tumors with relatively high output
responding best to the inhibitors [18]. The effects were attributed to suppression of NO’s
vasodilatory action working in opposition to PDT-induced vasoconstriction [18]. However,
important issues such as the following were not addressed: (i) whether the NO derived from
tumor cells per se, tumor vasculature cells, or both; (ii) whether the NOS/NO involved was
constitutive or stress-induced; and (iii) which of the three known NOS isoforms (neuronal,
inducible, or endothelial) played the most important role in any given tumor type. Little
attention had been given to these and related questions until we showed recently, using two
breast tumor lines as ALA-PDT models [19], that inducible NOS (iNOS) was rapidly and
persistently upregulated in photostressed cells and that the resulting NO suppressed
apoptotic killing in iNOS inhibitor-reversible fashion. In the present study, we have
extended these findings and have confirmed the role of stress-induced iNOS using an iNOS
knock-down approach. Our observations are novel in terms of tumor cell response to
photodynamic action. They suggest that tumor cells subjected to PDT may upregulate
endogenous NOS/NO as a cytoprotective strategy and that this could compromise treatment
efficacy.

MATERIALS AND METHODS
General materials

Sigma-Aldrich (St. Louis, MO) supplied the ALA, Hoechst 33258 (Ho), propidium iodide
(PI), rhodamine 123 (Rh123), Dulbecco’s modified Eagle’s/Ham’s Nutrient F12 (DME/F12)
medium, and fetal bovine serum. Pierce Chemical Co. (Rockford, IL) supplied the reagents
for the bicinchoninic (BCA) protein assay. OptiME medium and LipofectAMINE-2000
were obtained from Invitrogen (Carlsbad, CA). Reagents for the terminal deoxynucleotidyl
transferase dUTP nick end-lebeling (TUNEL) assay were obtained from R&D Systems
(Minneapolis, MN). The Complete-Mini mixture of protease inhibitors was from Boehringer
Mannheim (Indianapolis, IN). Calbiochem (Gibbstown, NJ) supplied the N-acetyl-Leu-Glu-
His-Asp-7-amido-4-trifluoromethyl-coumarin (Ac-LEHD-AFC), EMD Biosciences (San
Diego, CA) the DAF-2DA, and Cayman Chemicals (Ann Arbor, MI) the spermine
NONOate (SPNO) and 1400W. The polyclonal antibody against human iNOS and
monoclonal antibody against human β-actin were from Santa Cruz Biotechnology (Santa
Cruz, CA). Horseradish peroxidase-conjugated IgG secondary antibodies were from Cell
Signaling Technology (Danvers, MA). SureSilencing™ plasmids encoded for neomycin
resistance and short hairpin RNA (shRNA) directed against human iNOS, along with a
plasmid bearing scrambled shRNA as a negative control, were obtained from SABiosciences
(Frederick, MD). The plasmids were expanded in E. coli according to supplier
recommendations.
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Cell culture conditions
Wild-type human COH-BR1 cells, a breast tumor epithelial sub-line originally obtained
from Dr. J. Doroshow (City of Hope Cancer Center, Duarte, CA) [20], were grown under
standard culture conditions, using DME/F12 medium containing 10% serum, penicillin (100
units/ml), and streptomycin (100 μg/ml). All experiments were carried out with cells that
had been passaged fewer than 10-times. Other details were as described previously [19].

iNOS knockdown procedure
COH-BR1 cells at 30–35% confluency in OptiME medium were transfected with 2.5 μg of
iNOS shRNA-bearing plasmid or negative control plasmid, using LipofectAMINE-2000 as
the permeabilizing agent. Of the four SABiosciences test plasmids with iNOS shRNA
inserts, one (T2) with sequence: AGGCTCAAATCTCGGCAGAAT was found to produce the
greatest diminution of iNOS mRNA. Thus, all of the knockdown experiments described
were carried out with a clone generated using this vector. The control shRNA insert had the
following scrambled sequence: TTCGGGAACTGGAGCTAAAGT. After an incubation
period of 24 h, transfected cells were subcultured into 10-cm dishes. Forty-eight hours later,
they were given fresh medium containing Geneticin (G418, 0.4 mg/ml) and maintained in
this until colonies had formed. After single colony selection and proliferation, cells were
subjected to RT-PCR and Western analysis for identifying positive knockdown clones and
determining the extent of knockdown.

Cell sensitization, treatment with NOS inhibitors, and irradiation
COH-BR1 cells were metabolically sensitized with PpIX by treating with ALA (6); an
empirical procedure was used [21,22] whereby most of the PpIX was located in
mitochondria (where it originates [6]) when cells were irradiated. Briefly, cells at 60-65%
confluence on coverslips in 35-mm culture dishes were incubated with 1.0 mM ALA in
serum-free DME/F12 medium for 45 min in the dark. Since serum can act as a PpIX “sink”,
omitting it assured that most of the porphyrin remained intracellular. Where indicated, a
NOS inhibitor was introduced 15 min before ALA. After sensitization, cells were switched
to fresh medium without ALA that either lacked or contained a NOS inhibitor, or inhibitor
plus exogenous NO donor. Immediately thereafter, cell dishes were irradiated on a
translucent plastic platform, using broad-band visible light at a fluence rate of ~11 W/m2; an
irradiation time of 15 min corresponded to a delivered light fluence of ~1 J/cm2. The
medium was then replaced with 1% serum-containing DME/F12 (without or with NOS
inhibitor or NO donor, as specified) and cells were returned to the incubator for various time
periods, after which parameters such as caspase activity, NOS mRNA or protein level,
intracellular NO level, and apoptotic vs. necrotic cell death were determined.

Confocal microscopy
Subcellular location of PpIX prior to irradiation was assessed by confocal fluorescence
microscopy. Immediately after incubation with ALA, cells were treated with the
mitochondrial probe rhodamine 123 (Rh123), ~1 μg/ml for 10 min. After washing with PBS,
the cells were overlaid with a dilute solution of Na2S2O4 in nitrogen-sparged PBS (to
prevent porphyrin degradation during viewing) and analyzed by confocal microscopy using
a Leica TCS/SCP2 instrument (Leica Microsystems, Knowlhill, UK). PpIX and Rh123 were
photoexcited at 488 nm, the former being detected by its fluorescence emission in the
620-650 nm range, and the latter by its emission in the 520-580 nm range. Fluorescence
intensities were quantified using a Metamorph software program.
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Quantitative RT-PCR analysis
For determining iNOS mRNA expression level, total RNA from ALA/light treated cells was
isolated at various post-irradiation times up to 20 h, using an RNeasy kit from Quigen Inc.
(Valencia, CA) according to supplier instructions. Three microgram of total RNA was
employed for the synthesis of cDNA, using an RT2 First Strand Kit (SABiosciences Corp.,
Frederick, MD). Real-time PCR was performed using the SABiosciences RT2 qPCR Master
Mix (SABiosciences Corp.) following a protocol provided by the supplier. All quantitative
gene expression by real-time RT-PCR was evaluated using the comparative threshold cycle
(CT) method [23] and was normalized against endogenous glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The PCR primer sequences used were as follows: iNOS: 5′-
AGCCAGAAGCGCTATCACGAAGAT-3′ and 5′-
AATGCAGAGCTGGCTCCATCCTTA-3′; GAPDH: 5′-
TCCTCACAGTTGCCATGTAGACCC-3′ and 5′-GGTTGAGCACAGGGTACTTTATTG-
ATGG-3′.

Detection of NO formation in photostressed cells
Intracellular NO levels were monitored using the diaminofluorescein probe DAF-2DA
[24,25], which enters cells and is trapped via hydrolysis to DAF-2. In aerobic systems, NO-
derived nitrogen trioxide (N2O3) can nitrosate DAF-2 to give highly fluorescent DAF-2
triazole, which is detected [26,27]. A stock solution of 10 μM DAF-2DA in dimethyl
sulfoxide was prepared immediately before experimental use and kept in the dark. COH-
BR1 cells grown on cover slips in 30-mm dishes were exposed to a given light fluence,
washed with PBS, and overlaid with phenol red- and serum-free DME/F12 medium
containing 20 nM DAF-2DA. After 30 min of dark incubation at 37 °C, the cells were
washed twice with PBS and affixed to the slide using one drop of Fluoromount G.
Immediately thereafter, cells were examined for DAF-2 triazole accumulation, using a
Nikon Eclipse 80i fluorescence microscope with FITC filter; excitation was set at 488 nm
and emission at 610 nm. Total fluorescence intensity over a field of at least 50 cells was
determined using Metamorph software.

Immunoblotting procedure
Western immunoblotting was used for assessing the effects of shRNA treatment or ALA/
light stress on iNOS protein level in COH-BR1 cells. Treated cells, along with controls,
were recovered by trypsinization, centrifuged, and washed with ice-cold PBS. The cells
were suspended in cold pH 7.5 lysis buffer (25 mM HEPES/10% glycerol/0.3 M NaCl/1.5
mM MgCl2/2 mM EDTA/2 mM EGTA/1 mM dithiothreitol/20 mM β-glycerophosphate/1
mM Na3VO4/1% Triton X-100 plus Complete-Mini mixture of protease inhibitors) and
homogenized by 5-6 passages through a 22-gauge needle. After centrifugation (8000g, 10
min), the supernatant fraction was analyzed for protein content by BCA assay. For
immunoblotting, samples of equal protein content (typically ~120 μg) were separated by
SDS-PAGE using 10% acrylamide/bis-acrylamide. Separated proteins were transferred to a
polyvinylidene difluoride membrane, followed by exposure to primary antibody (anti-iNOS,
anti-β-actin) and secondary antibody (peroxidase-conjugated IgG). A SuperSignal West Pico
chemiluminescence detection kit (Thermo Scientific, Rockford, IL) was used for protein
visualization. Integration of protein bands was accomplished using LabWorks image
analysis software from UVP Systems (Upland, CA).

Assessment of caspase activation and cell death
Activation of caspase-9 in photodynamically stressed cells was monitored using the
fluorogenic substrate Ac-LEHD-AFC. At the indicated postirradiation time(s), cells were
washed once with ice-cold PBS and lysed by incubating for 30 min in ice-cold 130 mM
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sodium chloride/10 mM Tris-HCl/10 mM sodium pyrophosphate/10 mM sodium phosphate/
10 mM dithiothreitol/1% Triton X-100 (pH 7.5). After centrifugation to remove any
undissolved material, each lysate was analyzed for total protein content and caspase-9
activity. For the latter, an aliquot of lysate was incubated in the dark for 2 h at 37 °C with 75
μM Ac-LEHD-AFC in PBS containing 10% glycerol, 2 mM dithiothreitol, and 0.1 mM
EDTA (pH 7.5). The fluorescence of liberated AFC was measured with a PTI QM-7SE
spectrofluorimeter (London, ON, Canada), using 400 nm excitation and 505 nm emission.

The effects of photodynamic stress on overall cell viability were determined by thiazolyl
blue (MTT) assay, as described previously [21]. The extent of apoptotic vs. necrotic cell
death was evaluated using the nuclear fluorophores Ho and PI, the former to detect genuine
sustained apoptosis and the latter to detect any necrosis, which is not always discernable
with Ho alone [28]. At a given time of dark incubation after light exposure (typically 20 h),
cells were treated with 5 μM Ho and 50 μM PI for 30 min and then examined, using a Nikon
Diaphot-200 inverted fluorescence microscope with appropriate excitation and emission
wavelength settings [19,22,28]. For each sample, the nuclei in 4-5 viewing fields of
approximately 100 cells each were evaluated. The apoptotic fraction represented the number
of cells with shrunken, brightly Ho-stained nuclei divided by total number of Ho-stained
cells. For some experiments, the extent of apoptotic cell death was also determined by
TUNEL assay, using conditions recommended by the reagent supplier.

Statistical analysis
The two-tailed Student’s t-test was used for determining the significance of perceived
differences between experimental values, P <0.05 being considered statistically significant.

RESULTS
PpIX localization in ALA-treated cells

As shown by the confocal micrographs in Fig. 1A, wild type COH-BR1 cells treated with 1
mM ALA for 45 min in serum-free medium exhibited a perinuclear zone of PpIX
fluorescence which clearly overlapped the fluorescence zone exhibited by the mitochondrial
marker Rh123. Thus, most of the intracellular PpIX generated from ALA under these
conditions was localized in mitochondria, and this is where it resided when cells were
irradiated.

Viability loss of ALA/light-treated cells in the absence vs. presence of NOS inhibitors
Using an MTT assay to monitor the viability status of ALA/light-treated COH-BR1 cells,
we found that with increasing light fluence (J/cm2), there was a progressive loss of viability
relative to a non-ALA/light control, as assessed 20 h after irradiation (Fig. 2). No significant
loss was observed in a light-only or ALA-only (not shown) control, indicating that
photoactivation of ALA-derived sensitizer (PpIX) was necessary for photokilling. When
ALA/light treatment was carried out in the presence of 1.0 mM L-NAME, a non-specific
inhibitor of NOS activity, loss of cell viability was substantially increased, the fluence for
50% loss decreasing from ~2.1 J/cm2 to ~1.4 J/cm2 (Fig. 2). An even greater rate of
photokilling was observed when 0.1 mM 1400W, a highly specific iNOS inhibitor, was
used, 50% viability loss in this case occurring at ~0.9 J/cm2 (Fig. 2). From these results, we
deduced that endogenous NOS-derived NO made a significant contribution to cytoprotection
against photokilling.

Effects of NOS inhibitors on apoptotic killing of ALA/light-treated cells
In subsequent experiments, we examined the mechanism of cell killing by photodynamic
stress and how this might be affected by NOS inhibitors. As shown in Fig. 3A and 3B, ALA/

Bhowmick and Girotti Page 5

Photochem Photobiol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



light-stressed cells died mainly by apoptosis, as assessed by Ho vs. PI staining and TUNEL
assay 20 h after light exposure, a fluence of ~1 J/cm2 in this case. A dark control (20 h after
ALA only) or light control (20 h after irradiation only) exhibited <5 % apoptosis compared
with ~20% and 15% apoptosis (by Ho/PI and TUNEL assay, respectively) in cells exposed
to both ALA and light (Fig. 3B). When cells were ALA/light-challenged in the presence of
L-NAME, the apoptotic count increased to ~35% by Ho/PI and 25% by TUNEL. The count
was even greater when 1400W was used, reaching ~60% (Ho/PI) and 45% (TUNEL) (Fig.
3A and 3B). Neither L-NAME nor 1400W at the concentrations used was cytotoxic in the
dark or light. As shown in Fig. 3C, caspase-9 activity of ALA/light-treated cells 2 h after
irradiation was ~1.7-fold greater than that of a dark control. This was far in advance of any
measurable increases in apoptotic cell count and is consistent with activation of the intrinsic
apoptotic pathway [29]. Irradiation in the presence of L-NAME or 1400W resulted in
caspase-9 activity that was 3.2-fold and 4.3-fold greater, respectively, than that of the
control (Fig. 3C). Thus, both caspase-9 activation and apoptotic count were substantially
increased by the NOS inhibitors, 1400W having the greater effect on both parameters. These
results further suggested that active iNOS played an important cytoprotective role against
photodynamic stress, presumably through the generation of NO.

Transcriptional and translational expression of iNOS in ALA/light-stressed cells
Using Western analysis, we showed previously that exposure of ALA-treated COH-BR1
cells to a 2 J/cm2 light fluence resulted in a strong, sustained upregulation of iNOS, which
became apparent after 2 h of post-irradiation incubation [19]. No neuronal-type enzyme
(nNOS, NOS-1) was detected in these cells, either before or after a photochallenge.
However, a low constitutive level of endothelial-type enzyme (eNOS, NOS-3) was
observed, but this was not upregulated by ALA/light treatment [19]. In the present study, we
examined iNOS expression at the transcriptional as well as translational level, using COH-
BR1 cells sensitized as described and exposed to a 1 J/cm2 light fluence. As shown in Fig.
4A, there was no significant change in steady state iNOS mRNA level for as long as 2 h
after irradiation, but by 4 h it reached ~1.8-times the control level and remained similarly
elevated for at least 20 h. Western analysis revealed that there was a corresponding post-
irradiation increase in iNOS protein, which was nearly doubled by 4 h and remained so out
to 20 h (Fig. 4B). Thus, iNOS mRNA as well as protein was induced in photodynamically
stressed cells.

DAF-2DA-based detection of NO accumulation in ALA/light-treated cells
The effect of photostress on steady state level of intracellular NO was examined using
DAF-2DA, which, as DAF-2, is nitrosated to give the fluorescent product, DAF-2 triazole
[24-27]. As shown in Fig. 5A, COH-BR1 cells treated with ALA and kept in the dark for 20
h exhibited relatively little fluorescence with DAF-2DA, whereas ALA/light-challenged
cells exhibited very strong fluorescence after 20 h, the integrated intensity being ~8-times
greater than that of the dark control. There was a striking 77% reduction in ALA/light-
elicited fluorescence when irradiation and subsequent dark incubation were carried out in
the presence of 1400W (Fig. 5A). This is consistent with a causal relationship between
upregulated iNOS and the large increase in steady state NO observed in photostressed cells.
Using the same cell line, we showed previously [19] that ALA/light-provoked caspase-3/7
activation and apoptotic cell count were strongly enhanced by the highly specific NO
scavenger cPTIO. This suggests that the elevated NO observed with ALA/light (Fig. 4A)
played a prominent role in cellular resistance to photokilling.

Effects of shRNA-induced knockdown on photostress-induced iNOS and NO
To further substantiate the involvement of iNOS induction in NO-mediated hyperresistance
to photokilling, we examined the effects of knocking down the iNOS transcript, using RNA
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interference methodology. The shRNA approach employed [30] allowed us to generate and
select stable clones of COH-BR1 cells exhibiting greatly diminished iNOS expression. As
shown by the Western blot in Fig. 6A, the selected clone exhibited an iNOS knockdown of
~80% relative to protein expressed in wild type cells or in a scrambled shRNA control.
When iNOS-knockdown (kd) cells were pre-incubated with ALA as described for wild type
cells and exposed to a 1 J/cm2 light fluence, iNOS induction over a 20 h post-irradiation
period was greatly diminished (Fig. 6B) compared with that of wild type cells (Fig. 4B). The
small effect seen in Fig. 6B is attributed to the residual constitutive iNOS observed after
knockdown. In contrast, a control prepared with scrambled shRNA exhibited the same
timing and extent of iNOS induction after photostress as observed in wild type cells (results
not shown).

As shown by the confocal images in Fig. 1B, the pre-irradiation location of PpIX in ALA-
treated iNOS-kd cells was indistinguishable from that in wild type cells (Fig. 1A).
Moreover, integrated PpIX fluorescence intensity relative to that of Rh123 over a field of 4
or 5 cells was essentially the same for ALA-treated wild type and iNOS-kd cells (Fig.
1A,B), implying that PpIX content was the same for both. Therefore, altered porphyrin
synthesis or localization was ruled out as a possible reason for the much diminished iNOS
stress response in Fig. 6B compared with Fig. 4B.

As anticipated, DAF-2-monitored NO was greatly diminished in ALA/light-treated iNOS-kd
cells (Fig. 5B) compared with wild type counterparts (Fig. 5A). However, the NO level in
ALA/light-treated iNOS-kd control cells (Fig. 5B) was similar to that in treated wild type
(Fig. 5A), consistent with the Western blot data in Fig. 6A. Taken together, the results in
Figs. 5 and 6 confirm that NO was overproduced in photodynamically stressed cells and that
upregulated iNOS was the source of this NO.

Effect of iNOS knockdown on ALA/light-induced apoptosis
We examined the effects of iNOS knockdown on cell sensitivity to photokilling. As shown
in Fig. 7A, the number of COH-BR1 cells succumbing to Ho/PI- or TUNEL-assessed
apoptosis was significantly greater in the iNOS-knockdown clone than in a negative control
generated with scrambled shRNA. Approximately 5% of the knockdown cells were
apoptotic in an ALA-treated dark control, and this increased to ~40% (TUNEL) and 53%
(Ho/PI) after ALA/light treatment, whereas only ~15-20% of the ALA/light-treated
scrambled control cells were apoptotic (Fig. 7B). This clearly indicates that stress-induced
iNOS, and by implication iNOS-derived NO, played a prominant role in cell resistance to
apoptotic photokilling.

Rescue of iNOS-knockdown cells by exogenous NO
We reasoned that if endogenous NO insufficiency due to iNOS knockdown was responsible
for the diminished resistance to photokilling observed in Fig. 7, then supplying NO from an
exogenous source should reverse this effect. To address this question, we used spermine
NONOate (SPNO), a chemical donor which releases 2 molar equivalents of NO with a rate
constant of ~1.0 h−1 at 37 °C [31]. As shown in Fig. 8A, caspase-9 activity in iNOS-kd
COH-BR1 cells was increased ~4-fold by ALA/light stress, whereas a much smaller effect
was seen in the negative control (c-kd). Added to iNOS-kd cells after ALA and shortly
before irradiation, SPNO in non toxic concentration (100 μM) decreased caspase-9
activation by more than 60%, whereas fully decomposed SPNO (used as a control) had little,
if any, effect (Fig. 8A). As shown in Fig. 8B, ALA/light treatment of iNOS-kd cells resulted
in an apoptotic count of ~60%, which was ~3-times greater than that observed with
identically treated negative control or wild type cells. Consistent with its effects on
caspase-9 activation, active SPNO abolished the large increase in stress-induced apoptosis
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observed with positive iNOS knockdown, and this effect was eliminated when decomposed
SPNO was used (Fig. 8B). Thus, exogenous NO was able to “rescue” cells from the
deleterious effects of iNOS depletion, mimicking the effects of endogenous NO in induced
resistance to photodynamic stress.

DISCUSSION
Many tumors exhibit a dual response to endogenous or exogenous NO. In low (nanomolar
range) concentrations produced by tumor cells themselves or vascular endothelial cells, NO
tends to promote tumor growth [15,32-35], whereas in relatively high (micromolar range)
concentrations, typically produced by activated resident macrophages, it tends to be
tumoricidal [36,37]. In addition to promoting tumor cell proliferation, low level endogenous
NO is known to oppose the antitumor effects of ionizing radiation and certain
chemotherapeutic agents [15,35]. A similar negative effect of NO has been reported for
animal tumor PDT models. Using Photofrin-based PDT with various implanted mouse
tumors, two independent groups [16-18] found that NOS inhibitors such as L-NAME and L-
NNA, introduced immediately after irradiation, markedly improved tumor loss and animal
survival, the tumors with relatively high constitutive NO production responding best [18].
Moreover high-NO producing tumors exhibited substantially less intrinsic sensitivity to PDT
than low-NO counterparts. These findings indicated that endogenous NO was somehow
antagonizing the salutary effects of PDT. Since the NOS inhibitors were found to decrease
tumor blood flow [18], the observed effects were attributed to NO’s well known ability to
cause vasodilation. These effects would work in opposition to tumor ablation by PDT, given
that this is attributed at least in part to vasoconstriction and diminished oxygen supply
[17,38]. However, very little biochemical or cellular characterization of these NO effects has
been carried out since these original reports [16-18], leaving several questions unsettled, e.g.
(i) whether NOS upregulation occurs under PDT stress and if so, which isoform(s) and for
what duration, (ii) the relative importance of tumor cell vs. vascular cell NOS/NO in anti-
PDT activity, and (iii) the signaling pathways that are engaged or disengaged by the induced
NO.

In the present study, which advances from our recently published work [19], we have
focused mainly on questions (i) and (ii) above. Initial experiments showed that MTT-
assessed photokilling of ALA-primed COH-BR1 cells was enhanced by L-NAME and more
so by 1400W at a far lower concentration, suggesting a cytoprotective role for iNOS
specifically under photostress. Follow-up experiments using Ho/PI, TUNEL, and caspase-9
activation assays revealed that photokilling occurred mainly by apoptosis, most likely
originating in mitochondria (intrinsic pathway). Under the sensitization conditions used,
ALA-derived PpIX was localized in the mitochondrial compartment and highly reactive 1O2
generated by PpIX photoactivation would have reacted primarily in this compartment [6],
consistent with activation of the intrinsic pathway. As seen in MTT-detected photokilling,
caspase-9 activation and apoptosis were both strongly stimulated by 1400W, suggesting
iNOS-modulated phototoxicity. A key finding relating to iNOS involvement was the rapid
and prolonged transcriptional and translational upregulation of iNOS in response to ALA/
light-induced stress. Post-irradiation elevation of iNOS protein began more slowly than
observed previously [19], most likely because the light fluence used in most of this study
(~1 J/cm2) was one-half of that used earlier. The extent of normalized protein
overexpression was about one-half of that observed with 2 J/cm2 [19], but again it remained
at the maximal level for at least 20 h after stress was imposed. Using DAF-2DA as an NO-
scavenging fluorescent probe, we found that there was a strong sustained increase in
1400W-inhibitable NO production in ALA/light-treated cells, supporting the idea that
hyperresistance to apoptotic photokilling was elicited by this NO, which derived mainly
from induced iNOS. These NO imaging data (Fig. 5) confirm our earlier evidence based on
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indirect measurement of NO (as nitrite), using a chemiluminescence-based NO analyzer
[19]. Our argument about upregulated iNOS/NO involvement in cytoprotection was further
strengthened by showing that iNOS knockdown strongly promoted photokilling, in
agreement with the effects of 1400W and the NO scavenger cPTIO described previously
[19]. These results make it highly unlikely that the observed stress response was due to
constitutive iNOS somehow undergoing a gain of activity. The knockdown results also
confirm previous immunoblot data showing that iNOS was the only NOS isoform in COH-
BR1 cells to be upregulated by ALA/light treatment [19]. We showed earlier, moreover, that
apoptotic photokilling of breast adenocarcinoma MDA-MB-231 cells was also stimulated by
iNOS inhibition [19], suggesting that photostress-elevated resistance mediated by NO may
be a general phenomenon in iNOS-expressing tumor cells.

The mechanism of iNOS/NO induction in photostressed cells has not been examined in this
study, but based on evidence obtained with other stress systems, activation of transcription
factor NF-κB might be involved [39,40]. In recent preliminary experiments, we observed
that the pro-survival kinase Akt (PKB) is rapidly phosphorylation-activated in ALA/light-
stressed COH-BR1 cells (results not shown), and well in advance of iNOS induction (Fig.
4B). One of the downstream events in Akt signaling is NF-κB activation [41,42], leading to
expression of several stress response genes, including iNOS [39]. Although this pathway
could explain iNOS upregulation in our system, additional supporting evidence is needed,
and we are actively pursuing this in ongoing studies.

The mechanism by which iNOS-generated NO inhibits apoptotic photokilling is also not yet
clear. Since NO does not scavenge 1O2 (43), this can be ruled out as a possible upstream
explanation. Other plausible possibilities include (i) inhibition of pro-apoptotic mitogen-
activated kinases such as ASK1 and JNK via S-nitrosation [44,45]; (ii) S-nitrosation
inhibition of caspase activation or activity [46]; (iii) downregulation of pro-apoptotic Bax or
upregulation of anti-apoptotic Bcl-xL [22]; and (iv) activation of cyclic GMP (cGMP)-
generating soluble guanylyl cyclase (sGC). A previous study (47) focusing on the latter
possibility for aluminum phthalocyanine-sensitized lymphoblastoid cells showed that
photokilling was suppressed by chemical donor-derived NO and that this could be
antagonized by an inhibitor of sGC or protein kinase G (PKG), suggesting involvement of
cGMP-dependent PKG in the NO effect. In contrast, we have found that ALA/light-induced
apoptosis of COH-BR1 cells is not enhanced by the same sGC inhibitor at higher
concentration (results not shown), tentatively ruling out cGMP involvement in the
cytoprotective effects of endogenous stress-generated NO which we describe.

In the context of ALA-PDT or other modes of PDT in the clinical setting, the present
findings provide new insights into NO-based resistance of tumor cells to eradication by this
treatment and how such resistance might be countered by the rational use of NOS inhibitors.
One can postulate that the efficacy of such interventions might depend on the aggressiveness
of the PDT challenge in terms of sensitizer concentration at key target sites, applied light
dose, and ambient O2 level. Factors such as these can determine the importance of tumor
cells per se vs. tumor vascular (e.g. endothelial) cells as PDT targets [3,4]. Considering
direct effects on tumor cells, if the applied PDT pressure (e.g. sensitizer and/or light fluence
level) is relatively low, this might elicit pro-survival/growth upregulation of iNOS/NO (as
we have observed in vitro), resulting in a reduced overall cell kill. In this case, a suitable
inhibitor known to be highly selective for iNOS would be expected to improve treatment
outcome, assuming that iNOS/NO induction is not overshadowed by other resistance
mechanisms. If, on the other hand, the applied PDT oxidative pressure is high, inflammatory
processes may play a greater role in tumor cell death [48], in which case more copious NO
(along with superoxide) generated by activated neutrophils and macrophages might enhance
the kill rather than suppress it. For this situation, one would expect an iNOS inhibitor to
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reduce overall cell kill, in contrast to its effect under relatively low photodynamic pressure.
In published PDT studies with animal models [17,18], NOS inhibitors only improved the
cure rate of NO-producing tumors, suggesting that gross inflammation was not a major
contributor to tumor cell death. Apoptosis resulting from relatively modest photostress is the
preferred mode of tumor cell eradication in clinical PDT [49]. Under these conditions, there
is a good possibility that administration of an appropriate NOS inhibitor will improve the
treatment outcome, a prospect that remains to be tested in clinical trial format.
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Figure 1.
Localization of PpIX in ALA-treated cells. Subconfluent wild type (A) and iNOS
knockdown (B) COH-BR1 cells were dark-incubated with 1 mM ALA for 45 min in serum-
free DME/F12 medium. The cells were then washed, treated with Rh123 (1 μg/ml) for 10
min, and examined by confocal fluorescence microscopy, using 488 nm excitation with
620-650 nm emission for PpIX, and 488 nm excitation with 520-580 nm emission for
Rh123. Total PpIX fluorescence relative to Rh123 fluoresence for 5 randomly picked cells
in 3 different viewing fields was 619 ± 10 for wild type and 618 ± 15 for iNOS-kd cells;
means ± SD (n = 3). Scale bar: 50 μm.
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Figure 2.
Effects of NOS inhibitors on photosensitized loss of cell viability. COH-BR1 cells at ~60%
confluency in phenol red- and serum-free DME/F12 medium were sensitized with PpIX by
incubation with 1 mM ALA for 45 min in the dark. This was carried out in the absence or
presence of L-NAME (1 mM) or 1400W (10 μM), introduced 15 min before ALA.
Following sensitization, cells were exposed to increasing light fluences up to 2 J/cm2, and
immediately thereafter switched to 1% serum-containing DME/F12 medium with or without
L-NAME or 1400W at the indicated concentration. Twenty hours later, viability was
determined by MTT assay. A light-only control (no ALA) was analyzed alongside. Plotted
data are relative to those for non-treated cells (no ALA, light, or inhibitors); means ± SD of
values from three separate experiments are shown; (○) no inhibitor; (▽) L-NAME; (Δ)
1400W; (x) light control.
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Figure 3.
Effects of NOS inhibitors on photosensitized caspase-9 activation and apoptotic cell death.
COH-BR1 cells were sensitized with ALA-induced PpIX and irradiated (1 J/cm2) in the
absence or presence of 1 mM L-NAME or 10 μM 1400W, introduced 1 h before light. (A)
Representative fluorescence micrographs of cells treated with Ho/PI or TUNEL reagents 20
h after irradiation under the indicated conditions (N: L-NAME; W: 1400W); scale bar: 200
μm. (B) Integrated fluorescence levels for micrographs such as shown in panel A. Means ±
SD of values from three replicate experiments are plotted; gray bars, Ho/PI assay; white
bars, TUNEL assay. *P<0.01 compared with corresponding ALA/hν; #P<0.001 compared
with corresponding ALA/hν. (C) Caspase-9 activity measured 2 h after irradiation using Ac-
LEHD-AFC as substrate. Plotted values are relative to the ALA-only control; *P<0.001
compared with ALA/hν.
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Figure 4.
Transcriptional and translational expression of iNOS in ALA/light-treated cells. ALA-
treated COH-BR1 cells were exposed to a 1 J/cm2 light fluence. After the indicated periods
of post-irradiation dark incubation up to 20 h, the cells were sampled for (A) iNOS mRNA
determination by RT-PCR analysis and (B) iNOS protein determination by immunoblot
analysis. An ALA-only dark control (DC) at 20 h was analyzed alongside. (A) Means ± SD
of values from three separate experiments are shown; *P<0.01 compared with DC. (B)
Densitometrically-determined iNOS band intensity, normalized to β-actin and relative to
DC, is shown for each time point; results are from one experiment representative of three.
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Figure 5.
Imaging of NO formation in photostressed cells: effects of iNOS inhibition and iNOS
knockdown. (A) Wild-type COH-BR1 cells were preincubated with ALA and either kept in
the dark (ALA) or irradiated (1 J/cm2) in the absence (ALA/hν) or presence of 10 μM
1400W (ALA/W/hν). After 20 h of dark incubation, the cells were treated with 20 nM
DAF-2DA for 30 min, then examined by fluorescence microscopy, using 488 nm excitation
and 610 nm emission. (B) Cells from an iNOS-knockdown clone (kd) of COH-BR1 cells,
along with those from a negative control (c-kd), were treated as described for wild type
cells. The numbers below the image frames in panels (A) and (B) represent integrated
fluorescence intensities; means ± SD of values from 3 different viewing fields of 50 cells
each are shown. Scale bar: 200 μm.
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Figure 6.
iNOS knockdown: immunodetectable protein before and after ALA/light treatment. (A)
Immunoblot of iNOS in wild type COH-BR1 cells (wt), an iNOS-knockdown clone (kd),
and its negativecontrol (c-kd). Protein load: 125 μg per lane. Densitometrically-assessed
iNOS band intensity, normalized to β-actin and expressed relative to c-kd, is indicated below
each lane. (B) Immunoblot of iNOS-knockdown COH-BR1 cells at various times after
exposure to ALA and a 1 J/cm2 light fluence. Protein load: 125 μg per lane. Number below
each lane is iNOS band intensity, normalized to β-actin and relative to the dark control
(DC).
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Figure 7.
Effect of iNOS knockdown on photostress-induced apoptosis. iNOS-knockdown and
negative control cells were treated with ALA and irradiated as described in Fig. 3. After 20
h of dark incubation, extent of apoptosis was evaluated using Ho/PI or TUNEL nuclear
staining with fluorescence microscopy. (A) Representative fluorescence micrographs for
photostressed knockdown (kd/ALA/hν), dark control (kd/ALA), and photostressed control
knockdown (c-kd/ALA/hν) cells; scale bar: 200 μm. (B) Integrated fluorescence intensities
for micrographs such as shown in panel A. For each condition, the average of 4 image fields,
each with ~100 cells, is represented. Means ± SD of values from three separate experiments
are plotted; gray bars, Ho/PI; white bars, TUNEL; *P<0.001 compared with corresponding
c-kd/ALA/hν.
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Figure 8.
Reversal of iNOS knockdown effects by exogenous NO. Wild type (wt), iNOS-knockdown
(kd), and control knockdown (c-kd) cells were preincubated with ALA and irradiated (1 J/
cm2) in the absence or presence of 100 μM active SPNO (S) or decomposed SPNO (dS),
added 10 min before irradiation. (A) Caspase-9 activity measured 2 h after irradiation. (B)
Apoptosis assessed with Ho/PI 20 h after irradiation. Means ± SD of values from three
replicate experiments are plotted in (A) and (B). *P<0.001 compared with c-kd/ALA/hν;
**P<0.001 compared with kd/ALA/hν; #P<0.01 compared with kd/S/ALA/hν.
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