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Abstract

Gliomas are aggressive brain tumors that are resistant to conventional chemotherapy and
radiotherapy. Much of this resistance is attributed to endogenous nitric oxide (NO). Recent studies
revealed that 5-aminolevulinic acid (ALA)-based photodynamic therapy (PDT) has advantages
over conventional treatments for glioblastoma. In the present study, we used an /n vitro model to
assess whether NO from glioblastoma cells can interfere with ALA-PDT. Human U87 and U251
cells expressed significant basal levels of neuronal NO synthase (nNOS) and its inducible
counterpart (iNOS). After an ALA/light challenge, iNOS level increased 3—4 fold over 24 h,
whereas nNNOS remained unchanged. Elevated iNOS resulted in a large increase in intracellular
NO. Extent of ALA/light-induced apoptosis increased substantially when an iNOS inhibitor or NO
scavenger was present, implying that INOS/NO was acting cytoprotectively. Moreover, cells
surviving a photochallenge exhibited a striking increase in proliferation, migration, and invasion
rates, INOS/NO again playing a dominant role. Also observed was a large iNOS/NO-dependent
increase in matrix metalloproteinase-9 activity, decrease in tissue inhibitor of metalloproteinase-1
expression, and increase in survivin and S100A4 expression, each effect being consistent with
accelerated migration/invasion as a prelude to metastasis. Our findings suggest introduction of
iNOS inhibitors as pharmacologic adjuvants for glioblastoma PDT.

Graphical abstract

Glioblastoma cells exploit endogenous nitric oxide (NO) for survival and expansion. In this study,
we showed that glioblastoma cells sensitized with 5-aminolevulinic acid (ALA)-induced
protoporphyrin-1X upregulated inducible nitric oxide synthase (iNOS) and NO after irradiation.
NO signaled for greater resistance to apoptosis as well as greater growth, migration, and
invasiveness of surviving cells. By limiting these negative effects, as demonstrated in this study,
iNOS inhibitors should improve PDT efficacy for these dreadful brain malignancies.
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INTRODUCTION

Introduced about 40 years ago as a novel approach for selectively eradicating solid tumors,
photodynamic therapy (PDT) consists of three components: (i) systemic or topical
application of a photosensitizing agent (PS) or metabolic precursor, (ii) photoexcitation of
PS by long wavelength (near infra-red) laser light, and (iii) molecular oxygen (1-3). Tumor
targeting of the PS and its photoexcitation by laser light delivered via fiber optics make this
approach highly site-specific. Moreover, the PS is typically innocuous until photoactivated,
whereupon it gives rise to signaling or cytotoxic reactive oxygen species (ROS), singlet
oxygen (10,) being one of the most prominent (2,3). The first US FDA-approved PDT
sensitizer was Photofrin®, a porphyrin derivative administered systemically which targets
many types of solid tumors (2,3). 5-Aminolevulinic acid (ALA)-based PDT is a variant
approach in which ALA or an ester derivative thereof is metabolized to protoporphyrin 1X
(PpIX), the active PS, which accumulates initially in mitochondria (4,5). ALA-PDT has
been used for a variety of malignancies, including glioblastoma multiforme (GBM) (6).

GBM is the most common, aggressive, and lethal type of human brain malignancy, resulting
in more than ten thousand patient deaths per year in the USA (7-9). Despite recent advances
in surgical techniques and adjuvant application of radiation or chemotherapy, the GBM
prognosis remains dismal. PDT has exhibited clear advantages over conventional GBM
treatments, one clinical trial showing that average patient survival time after diagnosis (~25
weeks) could be more than doubled by administering Photofrin®-PDT (10,11). Similar
promising results have been obtained using ALA-based PDT (6,12,13). However, our
understanding of how GBM tumors might resist or adapt to PDT oxidative stress by
activating pro-survival and/or expansion (proliferative/invasive/metastatic) pathways is still
rudimentary. There is now compelling evidence that many types of malignant cells,
including glioblastoma cells, can exploit low flux nitric oxide (NO) produced by inducible
nitric oxide synthase (iNOS) as a pro-survival and tumor-expanding signaling molecule (14—
17). For example, Eyler et al. (18) reported that glioma stem cells from human brain tumors
expressed significantly more iNOS and NO than normal counterparts and proliferated more
rapidly than the latter. Importantly, the tumor initiation/progression potency of these stem
cells in mice was substantially reduced by selective inhibition or knockdown of iNOS (18).
In a related study ca. five years ago, Kostourou et a/. (19) showed that rat glioma C6 cells
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exploited iNOS/NO for optimal proliferation /n vitro and for angiogenesis and tumor
progression /n vivo. More recently, Kim et al. (20) reported that fractionated ionizing
radiation increased iINOS/NO expression in two glioma cell lines and that this played a key
role in post-irradiation expansion on stem-like cells and also resistance of the latter to
chemotherapeutic agents.

In the present study, we asked whether INOS/NO would also be upregulated in glioblastoma
cells subjected to a non-ionizing ALA-PDT challenge. Not only was this observed, but the
induced iINOS/NO proved to be directly involved in (i) the elevated resistance to
photokilling displayed by these cells and (ii) the accelerated proliferation, migration, and
invasion exhibited by cells that had escaped photokilling. This is the first report on how
endogenous iINOS/NO may limit the effectiveness of PDT for glioblastomas and other brain
malignancies. Our findings provide a strong rationale for considering use of iNOS inhibitors
as adjuvants for improving clinical outcomes of PDT for brain tumors.

MATERIALS AND METHODS

Chemicals, Reagents, and Antibodies

Cell Culture

The non-specific NOS inhibitor L-N®-nitroarginine methyl ester (L-NAME), iNOS-specific
inhibitor N-[3-(aminomethyl)benzyl]acetamidine (1400W), NO scavenger 2-(4-
carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO), and NO
fluorophore probe 4,5-diaminofluorescein diacetate (DAF-2DA) were obtained from
Cayman Chemicals (Ann Arbor, MI). Cayman Chemicals also supplied monoclonal
antibodies against human iNOS and nNOS, and an Annexin V-FITC plus propidium iodide
(PI) kit for detecting apoptosis vs. necrosis. Monoclonal antibodies against human MMP-9,
TIMP-1, and TIMP-2 were obtained from EMD Millipore (Bellerica, MA), while those
against S100A4, survivin, and p-actin were from Cell Signaling Technology (Danvers, MA).
All other reagents, including ALA, 3-(4,5-dimethylthiazolyl-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), rhodamine-123 (Rh123), fetal bovine serum (FBS), growth media, and
other cell culture materials were from Sigma Aldrich (St. Louis, MO).

Human glioblastoma U87-MG and U251-MG cells were obtained from the American Type
Culture Collection (ATCC) in Manassas, VA. From here on, these cells are referred to as
U87 and U251, respectively. Cells were cultured in Minimal Essential Medium (MEM) with
Earle’s salts supplemented with 10% FBS, 1% pyruvate, penicillin (100 units/ml), and
streptomycin (0.1 mg/ml). Culture dishes were incubated at 37 °C in a humidified
atmosphere under 5% CO,. Proliferating cells received fresh medium every third day and
were passaged fewer than 6 times for all experiments. Additional details were similar to
those described previously for other cancer cell lines (21,22).

Cell sensitization in the absence vs. presence of NOS inhibitors or NO scavenger

For experiments in which phototoxicity was to be evaluated, Glioblastoma cells at ~60%
confluency in 35-mm dishes in serum- and phenol red-free MEM were metabolically
sensitized with PplX by incubating with 1.0 mM ALA in serum-free MEM lacking phenol
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red for 30 min in the dark. When an NOS inhibitor (L-NAME or 1400W) or NO scavenger
(cPTIO) was used, it was introduced 30 min before ALA and kept at the same concentration
in the medium during irradiation and post-irradiation incubation. After ALA treatment, cells
were switched to fresh phenol red-free medium either lacking or containing a NOS inhibitor
or NO trap and then irradiated.

Cell irradiation

Culture dishes were irradiated at room temperature on a translucent plastic platform over a
bank of four GE 40W cool-white fluorescent lamps, which emitted broad-band visible light.
The light fluence rate (irradiance) at the culture dish bottom surfaces was ~1.1 mW/cm?, as
measured with YSI radiometer (Yellow Springs, OH). A typical irradiation period was 15
min, corresponding to a delivered light fluence of ~1 J/cmZ. It is important to note that only
a portion of this fluence would have resulted in PplX excitation because the source
irradiance from 500-700 nm, for example, was ~77% of the total output (supplier
information), whereas PplX absorption over this range was only ~12%. Immediately after
irradiation, the cells were overlaid with fresh medium containing 1% FBS with or without a
NOS inhibitor or NO scavenger, and placed in the 37 °C incubator. At specified post-
irradiation times, parameters such as viable cell fraction, apoptotic fraction, and
proliferation, migration, and invasion rates of surviving cells were determined. ALA-only
and light-only controls were also prepared and analyzed alongside.

Immunoblot analyses

The expression status of iNOS and nNOS in U87 cells before and after an ALA/light
challenge was assessed by Western blotting. Irradiated cells, along with controls, were
recovered by gentle scraping, centrifuged, and washed with cold PBS. The cells were
suspended in lysis buffer containing a mixture of protease inhibitors and homogenized (22).
After centrifugation, the supernatant fraction was analyzed for total protein by BCA assay,
and then subjected to SDS-PAGE, using appropriate proportions of acrylamide and bis-
acrylamide. Separated proteins were transferred to a polyvinylidene difluoride membrane
and, after blocking, the membrane was exposed overnight at 4 °C to a given primary
antibody at dilution recommended by the supplier. After washing, the blot was treated with a
peroxidase-conjugated secondary antibody and then analyzed using SuperSignal West Pico
chemiluminescence detection (Thermo Scientific, Rockford, IL).

Detection of NOS-generated NO in photostressed cells

The fluorophore DAF-2DA was used to probe for pre-existing and photostress-induced NO
in glioblastoma cells. DAF-2DA enters cells and is hydrolyzed to DAF-2, which is trapped
inside (23). Weakly fluorescent DAF-2 does not react with NO directly, but rather with its
autoxidation product, N,Os, which nitrosates DAF-2 to a strongly fluorescent triazole
(24,25). A stock solution of DAF-2DA in DMSO was prepared immediately before an
analysis and kept in the dark. At designated times after irradiation in the absence vs.
presence of a NOS inhibitor, cells in serum-free medium were incubated with 20 pM
DAF-2DA for 20 min in the dark. After washing, the cells were analyzed for DAF-2 traizole
fluorescence, using a Nikon Eclipse TS100 microscope set at 488 nm excitation and 610 nm
emission.
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Determination of cell viability and extent of apoptosis

Glioblastoma cells were treated with ALA as described and irradiated. After 20-24 h of
post-irradiation dark incubation, the viable cell fraction was determined by MTT assay
(26,27) and expressed relative to that of an ALA-only dark control. When included in a
reaction system, a NOS inhibitor or NO trap was present before, during, and after
irradiation. Early stage apoptosis (typically assessed 4 h after irradiation) was determined by
Annexin V-FITC fluorescence assay, which detects externalization of plasma membrane
phosphatidylserine (28). Propidium iodide (PI) was included to detect any necrosis. A 96-
well plate reader format (Biotek SynergyMX) was used, with 485 nm excitation and 535 nm
emission. Camptothecin, which induces complete apoptosis, was used a reference standard.
Other details were as specified by the reagent supplier.

Determination of surviving cell proliferation

The proliferation rate of cells that survived an ALA/light challenge was evaluated by MTT
assay. Twenty-four hours after an ALA/light challenge in the absence vs. presence of a NOS
inhibitor or NO scavenger, followed by a wash to remove dead or dying cells, attached
surviving cells were overlaid with 10% FBS-containing medium, and placed in the
incubator. At increasing time intervals up to 48 h, the medium was removed and replaced
with 1.0 ml of fresh medium containing MTT (0.5 mg/ml). After a 4 h period in the
incubator, the cells were solubilized in 1.0 ml of acidified isopropanol and immediately
thereafter, formazan Asgz was measured, which reflected the number of live proliferating
cells.

Evaluation of surviving cell migration

A gap closure or “wound-healing” assay was used to analyze the migration rate of
glioblastoma cells that survived ALA/light-induced stress and how this rate was affected by
NOS inhibition. Cells were grown to ~90% confluency on 35-mm dishes. After ALA
treatment, a linear scratch was made across the monolayer, using a 200 pl pipet tip. Cells
were then irradiated, washed, and returned to the incubator. The gap zone was photographed
before and after irradiation, using a Nikon Eclipse TS100 microscope equipped with a
CoolSnap ES Photometrics camera and MetaVue software (Molecular Devices, Sunnyvale,
CA). Extent (%) of gap closure in the absence vs. presence of a NOS inhibitor was
determined using the following equation: 100 x [time-0 gap - time-t gap]/time-0 gap. A
non-irradiated control was analyzed similarly. Data were obtained from at least four
replicate experiments for each experimental condition.

Evaluation of surviving cell invasiveness

A 96-place trans-well device (Model MBA96) from NeuroProbe (Gaithersburg, MD) was
used for assessing the effects of photodynamic stress on glioblastoma cell invasiveness. In
preparation for these measurements, cells were grown to ~60% confluency in 10-cm dishes.
The invasion chamber was prepared for use by adding 225 pl of 10% FBS-containing
medium to each lower well, the FBS serving as a chemoattractant. A matrigel-infused
polycarbonate filter with 8 um pores was then inserted over each lower well, after which the
entire unit was pre-warmed to 37 °C. Meanwhile, the cells were sensitized with ALA-
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induced PplX, irradiated, and then gently scraped into serum-free medium. The recovered
cells in serum-free medium were carefully layered into the upper wells of the invasion
chamber (225 pl per well). Immediately thereafter, the entire chamber unit was placed in the
37 °C incubator. After a given incubation period, typically 24 h, the medium in upper wells
was gently aspirated off and cells remaining on top of each filter were wiped off. Cells that
had traversed to the bottom of each filter were detached by centrifugation into the FBS-
containing medium (400g; 10 min) and allowed to adhere during ~6 h on incubation. The
recovered invasive cells were first photographed and then quantified by MTT assay.

Determination of matrix metalloproteinase activity

Gelatin zymography was used to determine the activity of matrix metalloproteinase-9
(MMP-9) in glioblastoma cells that had been subjected to ALA/light treatment. This in-gel
assay is based on electrophoretic separation of the ~92 kDa pro-enzyme from the ~82 kDa
active enzyme and assessing the latter’s ability to degrade gelatin in its vicinity, thereby
creating a void in the zymograph (29). U87 or U251 cells grown to ~90% confluency in 10-
cm dishes were sensitized as described above and irradiated. For determining iNOS/NO
involvement in enzyme activation, the inhibitor 1400W was included in the cell medium and
maintained at a given concentration throughout. Irradiated cells, along with dark controls,
were kept in the incubator for 24 h, after which the medium from each type was collected,
concentrated using a 0.5 ml centrifugal filter (Amicon, Billerica, MA), and analyzed for
protein concentration. A sample of the concentrate (~15 pg protein) was mixed with 2x
sample buffer (Life Technologies, Madison, WI) and subjected to SDS-PAGE, using 10%
acrylamide co-polymerized with gelatin (0.1 mg/ml), 175 V, and a running time of 90 min.
The gel was then incubated with renaturing buffer (30 min), followed by developing buffer
(24 h at 37 °C), after which it was stained and photographed. ImageLab 4.0 software was
used for band quantification. Additional details were as described previously (30).

Statistical analysis

The two-tailed Student’s #test was used for judging the significance of apparent differences
between data plotted as means = SEM of values from at least three replicate experiments. P
values <0.05 are considered to be statistically significant.

RESULTS

Subcellular location of PpIX in ALA-treated U87 cells

Glioblastoma U87 cells were metabolically sensitized with PpIX by incubating with ALA in
serum-free medium. Under the conditions used, the PpIX was localized primarily in
mitochondria because porphyrin fluorescence observed by confocal microscopy overlapped
that of the mitochondrial marker Rh123 123 (Fig. 1). Similar results were obtained with
ALA-treated U251 cells (not shown). Consequently, mitochondria would have been the
principal sites of photodynamic action upon irradiation of sensitized U87 and U251 cells.

Cell photokilling in the absence vs. presence of NOS inhibitors and a NO scavenger

U87 cells sensitized with ALA-induced PplX underwent a progressive decrease in MTT-
assessed viability after exposure to increasing fluences of broad band visible light (Fig. 2a).
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As can be seen, a fluence of 4 J/cm? resulted in ~45% loss of viability measured 20 h after
irradiation. ALA alone or light alone had no significant effect. The extent of cell
photokilling was substantially increased when the iNOS inhibitor 1400W or NO scavenger
cPTIO was present throughout, suggesting that iNOS/NO was acting cytoprotectively (Fig.
2a). Similar results were obtained with U251 cells (Fig. 2b). In this case, 1400W and L-
NAME, a non-specific NOS inhibitor at 40-times the 1400W concentration, exerted
approximately the same stimulatory effects. Thus, both cell types appeared to exploit iINOS
and NO for defense against a moderately cytotoxic ALA/light challenge.

We used Annexin V-FITC fluorescence in a 96-well microplate reader assay to determine
whether cell photokilling occurred via intrinsic apoptosis, as would be expected, since PpIX
was localized to mitochondria. ALA-treated U87 cells were exposed to a 1 J/cm? light
fluence and after 4 h of dark incubation, examined for extent of apoptosis, using
camptothecin (CPT) as a standard for assessing complete apoptosis. As shown in Fig. 3,
cells given light alone were ~10% apoptotic, which was no more than that observed in
untreated cells. ALA/light treatment increased apoptosis to ~29%. However, when 1400W
or L-NAME was present, ~42% of the cells were apoptotic, a significant 45% increase over
ALA/light alone (Fig. 3). These findings are again consistent with iNOS playing an
important role in cell resistance to photokilling. That L-NAME at a much higher
concentration than 1400W produced no greater stimulation of apoptotic death suggests that
NO from other NOS isoforms, e.g. NNOS, was not as important as that from iNOS. This
point was considered further in subsequent experiments.

iNOS and nNOS protein levels in ALA/light-challenged cells

We asked whether the NO-dependent resistance described in Fig. 2 was due to background
iNOS or whether photostress-induced enzyme might have been involved, as observed
previously for other cancer lines (30-33). Using Western blot analysis, we found that U87
cells expressed significant basal iNOS, but that its level increased progressively during post-
irradiation incubation, reaching ~3-times and ~2-times the basal level at 5 h and 20 h,
respectively (Fig. 4Aa). The level in an ALA-only dark control (DC) was essentially the
same as that in untreated cells. As expected for their phenotype, U87 cells expressed
significant basal levels of nNOS, similar to iINOS, but in contrast to the latter, NNOS was not
upregulated to any significant extent after ALA/light treatment (Fig. 4Ab). Like U87
counterparts, sensitized U251 cells exhibited a continuous post-irradiation increase in iNOS,
which reached >4-times the DC level at 20 h (Fig. 4B). When photostressed, therefore, both
glioblastoma cell types added significantly to their pre-existing content of iNOS, which
evidently enhanced their resistance to photokilling.

Elevated NO levels in photostressed U87 cells

To establish whether the observed elevation of iNOS after a photodynamic challenge (Fig. 4)
resulted in an elevation of NO level, we used the fluorophore DAF-2, which can detect
intracellular NO after its conversion to dinitrogen trioxide, N,O3 (25). ALA-treated U87
cells were analyzed 4 h and 20 h after exposure to a 1 J/cm? light fluence. As shown in Fig.
5, a dark control (ALA-only) exhibited relatively low mean fluorescence after 4 h of
incubation, and this did not change significantly after 20 h. Essentially the same

Photochem Photobiol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fahey et al.

Page 8

fluorescence signal was observed for cells not treated with ALA (results not shown). When
present in the control system, the non-specific NOS inhibitor L-NAME reduced fluorescence
intensity by ~80% at 4 h and 20 h, suggesting that pre-existing iNOS and nNOS (Fig. 4)
were supplying NO in these cells. After ALA-treated cells were irradiated, a striking 2.4-
fold and 1.9-fold increase in DAF-2-derived fluorescence was observed at 4 h and 20 h,
respectively (Fig. 5). This increase was blunted substantially by L-NAME (64% at 4 h; 54%
at 20 H) and by 1400W (56% at 4 h; 67% at 20 h) (Fig. 5). Low affinity/specificity L-
NAME (used at 40-times the concentration of 1400W) would have inhibited both nNOS and
iNOS. However, only iNOS was upregulated by photostress (Fig. 4A) and since iNOS
generates NO at a much higher rate than nNOS (34), the surge in NO generation observed
after ALA/light treatment (Fig. 5) was probably due to upregulated iNOS.

Accelerated proliferation of cells withstanding an ALA/light challenge: role of iNOS

We asked whether glioma cells that exploited iNOS/NO to resist photokilling (Fig. 2) might
also take advantage of it to increase growth and migratory aggressiveness. The first property
to be examined was the proliferation rate of remaining live cells 24 h after a standard ALA/
light challenge. ALA-treated U87 cells were either not irradiated (control) or irradiated (1
Jlem?) in the absence vs. presence of 1400W, after which their viability/growth status was
monitored over a 48 h dark incubation period. As shown in Fig. 6a, U87 cell viability
decreased steadily throughout the first 24 h post-irradiation interval and this decrease was
enhanced by 1400W, in agreement with the increasing fluence phototoxicity results
described in Fig. 2a. Ongoing growth of a control over the same 24 h interval was slowed
somewhat by 1400W, suggesting a slight stimulatory effect of constitutive NO. During a
subsequent 24 h post-irradiation period, cells that had withstood the photostress exhibited a
striking growth spurt over control growth, and this was strongly attenuated by 1400W (Fig.
6a). Calculated growth rates relative to the control rate for the 24-48 h post-irradiation
period are shown in Fig. 6b. As can be seen, ALA/light treatment stimulated growth of
surviving cells ~2-fold over this interval and in a manner almost entirely dependent on
iNOS. The NO trap cPTIO also blunted the growth spurt significantly (results not shown),
thereby establishing that NO played a key signaling role. It is important to point out that
when surviving U87 cells at 24 h post-irradiation were normalized to the same starting titer
as control cells, the growth spurt in the former persisted (results not shown).

Enhanced migration of cells withstanding a photochallange: iINOS/NO involvement

Knowing that glioblastoma cells are inherently more prone to migration than normal
neuronal cells (9), we asked whether this property would be enhanced in cells surviving a
photodynamic insult. To investigate this, we used a “wound-healing” assay, better known
now as a “gap-closure” assay (35). In this approach, cell departure from the main population
and movement into a scratch-voided zone is assessed over a given time period. For our
experiments, this was a period of dark incubation beginning 24 h after cells were irradiated.
As shown by the photographs in Fig. 7, ALA/light-stressed U87 cells migrated ~45% faster
than ALA-only controls in 24 h, and 1400W reduced this by nearly 30%, thereby
establishing at least partial INOS/NO dependency. By comparison, 1400W reduced control
cell migration by only ~15%, suggesting some iNOS/NO dependency, but much less than
that in photostressed cells, which had upregulated iNOS (Figs. 4A and 5). Clearly, therefore,
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accelerated migration was as another manifestation of increased aggressiveness of residual
U87 cells in the aftermath of a photodynamic challenge.

Increased invasiveness of cells withstanding a photochallenge: iNOS/NO involvement

It was important to learn whether increased mobilization of photostress-surviving
glioblastoma cells would also be manifested in greater invasiveness. To address this, we used
a Boyden Chamber-like device with multiple trans-well units to assess the ability of U87 and
U251 cells to traverse an ECM-like basement membrane, moving from serum-free medium
(upper chamber) to serum-containing medium (lower chamber). Cell movement from the
upper to lower membrane surface over a 24 h period was used as a measure of invasiveness.
As shown in Fig. 8a, U87 cells exposed to ALA and kept in the dark exhibited a significant
level of invasiveness, which was no different from that of untreated cells (not shown). In the
presence of 1400W, the ALA-only control showed a small (~15%) decrease in invasion,
which was barely significant. After irradiation (1 J/cm?), ALA-treated cells exhibited a
striking 50% increase in invasion relative to the dark control, which was highly significant
(Fig. 8a). A strong iINOS/NO dependency of this response was demonstrated by 1400W’s
large inhibitory effect (~50%), reducing the response to about the control level with 1400W
(Fig. 8a). U251 cells that escaped ALA/light-induced Killing exhibited a similar INOS/NO-
dependent increase in invasiveness (Fig. 8b) and again, this greatly overshadowed the
dependency shown by control cells.

NO-dependent MMP-9 activation in photostressed glioblastoma cells

By catalyzing the degradation of extracellular matrix (ECM) components such as collagen,
laminin, and fibronectin, zinc-containing matrix metalloproteinases (MMPSs) play a central
role in cancer cell mobilization leading to metastasis. Since type-9 matrix metalloproteinase
(MMP-9) is known to play a significant role in glioma cell migration/invasion (36,37), we
assessed the effects of ALA/light treatment on its expression/activity and whether NO
played a role in any changes thereof. As shown by the Western blot in Fig. 9a, sensitized, but
non-irradiated U87 cells expressed significant pro-MMP-9, the level of which was identical
to that in untreated cells (not shown). The protein is referred to as the uncleaved (inactive)
zymogen because it exists predominately as such within cells (38,39). After irradiation of
sensitized cells, no change in pro-MMP-9 level was observed during dark incubation for at
least 4 h, but a small increase occurred thereafter, amounting to ~20% at 24 h (Fig. 9a).
Thus, there was only a modest long-term induction of total protein after cells were
photostressed. However, when gel zymography was used to examine the activity status of
extracellular (exported) enzyme, much more striking post-irradiation effects were observed.
As shown in Fig. 9b, two zones depleted of gelatin appeared in each lane, the upper one
representing pro-MMP-9 (~92 kDA) and the lower one, active MMP-9 (~82 kDa). The lower
band was significantly stronger by ~80% in the ALA/light-treated sample than in the ALA-
only control (Fig. 9b plot), indicating that much more enzyme activation had occurred in the
former. This activation was substantially blunted by L-NAME (>90%) and by 1400W
(~70%), implying that the NO played a strong role in MMP-9 hyper-activation. Since there
was very little photostress-induction of pro-MMP-9, the activation must have represented
pre-existing protein for the most part. There is evidence that low level NO can activate pro-
MMP-9 by disrupting the restraining Zn(I1)-cysteine thiolate bond in the zymogen (40), and

Photochem Photobiol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fahey et al. Page 10

this might explain our findings. The seemingly greater activity in the upper (pro-enzyme)
zone of the ALA/hv lane (Fig. 9b) appears to be an artifact that arose after zymogram
development, e.g. during treatment with renaturing buffer (29).

Altered expression of survival/progression regulatory proteins in photostressed cells

Glycoproteins known as tissue inhibitors of metalloproteinases (TIMPS) regulate the activity
of many different MMPs, and TIMP-1 is known to be highly specific for MMP-9 (40,41).
We asked whether photostress would affect TIMP-1 expression in U87 cells and, if so,
whether NO was implicated. As shown by the immunoblots in Fig. 9¢c, TIMP-1 was
progressively down-regulated after an ALA/light challenge, reaching half its control level
after 24 h. 1400W strongly inhibited this decline, particularly over the first 6 h, thus
implicating iINOS/NO in the TIMP-1 suppression. This result correlates with the NO-
mediated increase in MMP-9 activity after irradiation (Fig. 9b).

Survivin is an inhibitor of apoptosis protein which also plays a role in cancer cell
proliferation, migration, and invasion (42,43). There is evidence for survivin induction by
PDT-like stress (32,44) and also for NO involvement in its overexpression (32,45). Upon
examining survivin status in U87 cells, we found that the protein was upregulated >4-fold 6
h after ALA/light, and 1400W inhibited this by nearly 70% (Fig. 10a).

S100A4 (formerly known as metastasin-1) is a calcium-binding protein of ~11 kDa that has
been studied extensively as a key regulator of, among other things, tumor cell migration,
invasion and metastasis (46—48). We examined S100A4 expression status in U87 cells after
ALA/light treatment in the absence vs. presence of 1400W. As shown by the immunoblot in
Fig. 10b, there was a remarkably strong upregulation of S100A4 over a 24 h post-irradiation
period; the dark control signal was too weak to quantify accurately, so the relative increase
at 24 h, though very large, is indeterminate. Equally striking is the almost total inhibition of
this strong signal by 1400W, which suggests that iNOS-derived NO is a key mediator of
S100A4 expression. This is the first known evidence for NO control of S100A4 expression,
including that in a PDT setting.

Although much remains to be learned about how NO modulates expression of these effector
proteins, this modulation helps to explain the enhanced aggressiveness described in Figs. 6-
8.

DISCUSSION

Malignant gliomas are the most prevalent primary brain tumors and among these,
glioblastoma (GBM), a Grade-4 astrocytoma, is the most aggressive and resistant to a
variety of therapies (7-9,49). Average patient survival after even the most advanced surgical
treatments or surgery combined with radiation or chemotherapy still remains only 12-18
months (49,50). Although a Phase-1I trial involving Bevacizumab (Avastin), an anti-VEGF
antibody that inhibits neovascularization has shown some early promise, long term benefits
have not been forthcoming (51). Some attempts at targeted toxin gene therapy have also
been made, but again with disappointing long term results (52). A better understanding of
how glioblastoma develops and progresses, the signaling mechanisms involved, and how
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they might be targeted is clearly needed. There is growing evidence that besides nNOS,
glioblastomas express iNOS, and that iNOS-derived NO at a sub-micromolar level plays a
major role in tumor survival and progression (18,19,53,54). Similar pro-survival/expansion
effects of INOS/NO have also been demonstrated for a variety of other malignant tumors,
including breast, prostate, and colon (14-17). In all of these cases, including GBM,
pharmacologic intervention with highly specific iNOS inhibitors has been advocated, either
by itself or as an adjunct to surgery, radiotherapy, or chemotherapy. However, iNOS
inhibitors might interfere with the anti-tumor effects of vascular macrophages and other
immune cells. These potential off-target complications should be seriously considered as
clinical use of these inhibitors is contemplated.

PDT has emerged as one of the most effective approaches for treating GBM and other
difficult brain malignancies (10-13). Pioneering clinical trials in Australia revealed that
hematoporphyrin derivative-based PDT could prolong the average lifetime of GBM patients
after initial diagnosis from 4-6 months to more than a year (55). In more recent clinical
trials involving Photofrin® as the sensitizer and higher light fluences, more promising
outcomes were obtained, although much room for improvement was admitted (10,11,56).
Among the various sensitization approaches used for anti-glioma PDT, ALA-induced PplX
has received considerable attention (12,56). It was reported that ALA-PDT for GBM in rat
models caused highly selective damage to the tumor per se, with little effect on peripheral
normal tissue, although the basis of this selectivity was not assessed (12). Nevertheless,
ALA-PDT continues to be an attractive option when compared with other sensitization
approaches.

Although PDT for glioblastoma has distinct advantages over chemotherapy or radiotherapy,
e.g. fewer off-target effects and longer patient survival, the question of how tumor iINOS/NO
might impact PDT efficacy has not been addressed up to now. In the present study, we
showed for the first time that glioblastoma U87 and U251 cells can upregulate iNOS by a
substantial amount (3—-4-fold) several hours after being exposed to an ALA/light challenge.
This upregulation added to a preexisting pool of iINOS in these cells and persisted for at least
20 h. After 24 h, iNOS gradually decayed to its background level (not shown) concurrent
with cell division. As expected, these cells also expressed significant nNOS, but in contrast
to iINOS, the nNOS level did not increase after ALA/light treatment. Using the fluorophore
DAF-2, which detects pre-existing NO in cells, we found a marked NO elevation in U87
cells 20 h after ALA/light exposure and 1400W sharply reduced this, indicating that stress-
induced iINOS was responsible. As has been reported for other anti-glioma interventions
(54), we found that 1400W, L-NAME, or cPTIO strongly increased the extent of U87 and
U251 viability loss or apoptosis after ALA/light treatment, suggesting that upregulated NO
had increased cell resistance to photostress. Since nNOS was not stress-induced, the
cytoprotective NO must have derived mainly from iNOS, which in any event, generates NO
at a substantially higher rate than nNOS.

In addition to exhibiting stress-induced resistance to photokilling, U87 cells surviving a
photodynamic insult were found to proliferate much more rapidly than non-stressed
controls. This striking finding was somewhat unexpected because the background growth
rate of these cells is typically quite high, and greater than that of most breast and prostate
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cancer lines (54). As in the case of hyperresistance, elevated iINOS/NO was found to play a
prominent role in the accelerated U87 proliferation by virtue of the inhibitory effects of
1400W and cPTIO. Of added importance were our findings that U87 cells that survived a
photochallenge migrated and invaded more rapidly than controls, and again, these responses
were primarily dependent on iNOS activity and iINOS-generated NO. Similar findings were
obtained with U251 cells, suggesting that these responses may be generally applicable to
glioblastoma-derived cells. Consistent with increased invasiveness, we found that MMP-9,
which facilitates cell translocation via degradation of ECM components, exhibited an
iNOS/NO-dependent activity boost in photostressed U87 cells, whereas TIMP-1, which
inhibits MMP-9 activity, was down-regulated. Moreover, we found that survivin and
S100A4, both of which inhibit apoptosis and stimulate migration/invasion (43,43,47,48),
were upregulated after ALA/light-imposed stress. Thus, we discovered that glioblastoma
cells which resisted or withstood photodynamic inactivation, underwent a large NO-
dependent increase in growth, migration, and invasion aggressiveness. Although iNOS-
derived low flux NO has been widely reported to support malignant glioma cell survival,
progression, and drug resistance, our findings in this study are the first to demonstrate such
responses in the context of PDT.

It is of interest to note that Etminan et a/. (57) showed that irradiation of ALA-treated U373
glioma spheroids not only induced apoptotic cell death, but almost completely inhibited the
migratory ability of remaining cells, which were found to be ~50% viable. Despite this
residual viability, these cells showed no signs of proliferation over several days, which could
explain their inability to migrate. In contrast to this, we found that surviving U87 cells
actually migrated more rapidly than controls. These contrasting results could relate to the
fact that Etminan et a/. (57) used a glioma cell type, experimental configuration (spheroids),
and sensitization procedure that was different from ours. Of added interest is a study by
Zhang et al. (58), which showed that low dose Photofrin-PDT on normal brains of nude mice
caused no obvious cytotoxicity, but did induce greater VEGF expression and endothelial cell
proliferation. Both of these responses could be conducive to tumor progression if occurring
in a glioma-bearing animal, and suggest that the adverse pro-growth/migration adaptations
we describe may be applicable /in vivo.

The question of how NO might affect PDT efficacy was first addressed by Henderson et al.
(59) and Korbelik et al. (60) in studies on syngeneic mouse tumors subjected to Photofrin-
based PDT. These studies (involving breast, cutaneous, and RIF carcinomas) demonstrated
that PDT efficacy could be greatly improved by administering NOS inhibitors (L-NAME, L-
NNA), and that the extent of improvement correlated with background NO production,
tumors with relatively high output responding best (60). An effect on the tumor micro-
vasculature was deduced, viz. that vasoconstriction by PDT was being opposed by NO-
mediated vasorelaxation. However, whether NO might also interfere with PDT by acting at
the level of tumor cells per se was not rigorously addressed until our own more recent
studies on human breast and prostate cancer lines (22,30-33). This work, extended to brain
cancer in the present study, revealed for the first time that photostress-induced NO can signal
for both hyper-resistance and greater growth and migratory aggressiveness. Recent studies
by Rapozzi et al. (61,62), using a different PDT model system (melanoma cells sensitized
with pheophorbide-a), have supported our findings regarding the cytoprotective effects of
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iNOS/NO. Interestingly, low level NO generated by low dose PDT was cytoprotective
through anti-apoptotic activation of the NF-xB/Snail/RKIP pathway. On the other hand, high
level NO from high dose PDT proved to be cytotoxic due to pro-apoptotic activation of this
pathway (62). We have not yet determined whether increasing the induction of iINOS/NO via
greater photodynamic pressure might produce a similar NO-enhanced pro-apoptotic
response in glioblastoma cells. It is worth mentioning that some investigators have proposed
using high level NO from chemical donors (either alone or in combination with conventional
treatments) to eradicate malignant tumors. Non-specific NO donors such as glyceryl
trinitrite, sodium nitroprusside, S-nitrosoglutathione, and diazeniumdiolates (NONOates)
have been tested along these lines with varying degrees of success, a key question being off-
target effects (63,64). The issue of target specificity has been addressed with a donor such as
JS-K, a pro-drug that releases NO upon activation by glutathione-S-transferases, which are
typically expressed at relatively high levels in malignant cells (65). Although non-targeted
and tumor-targeted NO donors have yet to be tested on gliomas, concerns are apparent from
this and our earlier studies (30,33), viz. that any persistent NO release in relatively low
fluxes might actually enhance tumor aggressiveness. Such concerns might be diminished
with a nitrosyl phthalocyanine ruthenium complex recently developed to enhance PDT
efficacy (66). This complex, which sensitizes both singlet oxygen and NO generation upon
photoactivation, was tested on melanoma cells and found to be more cytotoxic than a non-
NO control, suggesting that rapid and complete NO liberation in high fluxes is effective, and
without concerns about long-lasting NO release at relatively low levels.

CONCLUSIONS AND PERSPECTIVES

PDT is increasingly being considered as the modality of choice for treating difficult brain
malignancies such as GBM (11,56). We have demonstrated in this study that glioblastoma
cells exposed to an ALA-PDT-like challenge exploit iNOS/NO to resist photokilling and to
promote a more aggressive phenotype in surviving cells. Although we have identified some
contributors to this altered phenotype (TIMP-1, surviving, S100A4), how NO maodifies their
expression or activity/expression of other important effectors remains to be investigated. Of
special interest are recent studies involving other cancer lines and non-PDT treatments,
which showed that S-nitrosation by endogenous NO can inhibit activation of pro-apoptotic
caspase-3 (67) or stimulate activation of epidermal growth factor receptor (68). If occurring
in vivo, the negative effects we describe would favor tumor persistence and progression.
This draws attention to iNOS as a target for intervention with specific inhibitors. Agents
such as L-NIL (69) and GW274150 (70) have already been tested in clinical trials unrelated
to cancer or PDT, and with no negative side effects. Therefore, future pharmacologic use of
such inhibitors as PDT adjuvants for gliomas and other brain lesions is advocated.
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PpIX Rh123 Merge

Figure 1.
Localization of PplX in ALA-treated U87 cells. Cells grown to ~40 % confluence on cover

slips were dark-incubated with 1 mM ALA in serum-free medium for 30 min. After a switch
to ALA-free medium, the cells were treated with 1 pM Rhodamine-123 (Rh123) for 20 min,
washed and immediately examined by confocal fluorescence microscopy. Excitation and
emission wavelengths for PplX were 488 nm and 620-650 nm, respectively; those for
Rh123 were 505 nm and 530-540 nm, respectively. Scale bar: 25 pm.
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Figure 2.

Viability loss of glioblastoma cells after a photodynamic challenge. (a) ALA-treated U87
cells were exposed to the indicated light fluences in the absence (O) or presence of 25 pM
1400W (O) or 25 puM cPTIO (A). After irradiation, cells were switched to serum-containing
medium, and after 20 h of dark incubation, examined for viability by MTT assay. (b) U251
cells were sensitized identically to U87 cells, irradiated in the absence (O) vs. presence of
25 pM 1400W (O) or 1 mM L-NAME (A), and then examined for viability after 20 h in the
dark. Also represented in (a) and (b) are ALA-only or light-only controls (x). Plotted values
in (@) and (b) are means £ SEM (n=3); W, cP, and N denote 1400W, cPTIO, and L-NAME,
respectively.
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Figure 3.

Apoptotic photokilling of U87 cells and effects of NOS inhibitors. U87 cells at 40-45%
confluence were treated with 1 mM ALA without or with a NOS inhibitor (25 uM 1400W or
1 mM L-NAME), and then irradiated (1 J/cm?). After 4 h of follow-up dark incubation, the
cells were treated with Annexin V-FITC and Propidium lodide (PI) according to supplier
recommendations. Camptothecin (CPT, 25 uM) served as a maximum apoptosis standard.
Extent of staining was quantified using a plate reater with excitation/emission wavelengths
of 485/535 nm for Annexin V-FITC and 560/595 nm for PI. Less than 5% PI staining was
detected for any of the treatment conditions.
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Figure 4.
Western blots of iNOS and nNOS in glioblastoma cells after a photodynamic challenge. (A)

ALA-treated U87 cells were irradiated (1 J/cm?), switched from serum-free to 1% serum-
containing medium and at the indicated post-irradiation times, subjected to Western analysis
for iINOS (a) or nNOS (b). A 20 h dark control (DC) was also analyzed. (B) ALA-treated
U251 cells were irradiated similarly to U87 and Western-analyzed for iNOS at the indicated
post-irradiation times. Intensity relative to B-actin and normalized to DC is indicated below
each NOS band in (A) and (B).
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Figure5.
Images of NO accumulation in U87 cells after a photodynamic challenge. ALA-treated U87

cells were irradiated in the absence vs. presence of a NOS inhibitor as specified in Fig. 2. An
ALA-only dark control without or with L-NAME (1 mM) was included. At the indicated
post-irradiation times, the cells were treated with DAF-2DA (20 pM) for 20 min in the dark,
and then examined by fluorescence microscopy using 488 nm excitation and 650 nm
emission. Image intensities were quantified using ImageJ software. Means + SEM of values
from three separate experiments are shown.
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Figure 6.
Loss of U87 cell viability and subsequent proliferation of surviving cells after a

photodynamic challenge: effects of iNOS inhibition. (a) U87 cells were plated and allowed
to grow to ~40% confluency. Two dark controls were used, one with ALA alone (x), and one
with ALA plus 25 uM 1400W (<>). Experimental conditions included cells treated with
ALA and light (O) and ALA, light and 1400W (A). At the indicated times, cells were
subjected to MTT assay to determine viability relative to the time-zero point. (b) Quantified
growth rates for each condition over the 24-48 h time period. Means + SEM of values from
at least 3 replicate experiments are plotted.
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Figure7.
Migration of U87 cells after ALA/light treatment in the absence vs. presence of an iNOS

inhibitor. Cells were grown to ~90% confluency, sensitized, and irradiated in the absence or
presence of 1400W (25 uM). After irradiation, a 200-pl pipet tip was used to make a scratch
across each cell layer. Immediately thereafter and 24 h later, the cells were photographed.
Extent of gap closure at each time point was determined using the expression given in the
Methods section. Numbers are means + SD of values from at least 4 experiments.
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Invasiveness of photostressed U87 cells (a) and U251 cells (b) after a photodynamic
challenge in the absence vs. presence of 1400W. Cells were plated in 10-cm dishes and
allowed to grow to ~60% confluency, and then sensitized with PpIX by ALA treatment. The
cells were then either irradiated (1 J/cm?2) or not (dark controls) in the absence or presence of
1400W (25 pM). Immediately thereafter, irradiated and control cells were recovered by
gentle scraping into serum-free medium. The cells were then placed in a pre-warmed
invasion chamber according to supplier recommendations. After a 24 h incubation period,
cells were spun down from the chamber into a 96 well plate, and then photographed and
quantified by MTT assay. Plotted data are means + SEM of values from at least three

replicate experiments.
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Figure9.
Effects of an ALA/light challenge on MMP-9 expression, MMP-9 activity, and TIMP-1

expression in U87 cells: role of INOS/NO. (a) MMP-9 expression. Whole cell lysates were
collected at the given time points and subjected to Western analysis to assess level of
intracellular MMP-9 protein. (b) MMP-9 activity. Conditioned medium from irradiated cells
and dark controls was collected and concentrated. After protein determination, samples were
subjected to SDS-PAGE on a gel co-polymerized with gelatin. The gel was then incubated in
a renaturing buffer (30 min), followed by developing buffer (24 h), after which it was stained
and photographed. Bands were quantified using ImageLab software. Plotted values are
means + SEM of values from 3 separate experiments. (¢) 7/M-1 expression. \Western blots of
TIMP-1 levels in cells irradiated without or with 1400W present. Numbers below lanes
indicate band intensities relative to f-actin and normalized to the dark control (DC).
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Figure 10.
Influence of iINOS/NO on expression of selected pro-growth/migration/invasion effector

proteins in photostressed U87 cells. Whole cell lysates were collected at the indicated time
points after ALA/light treatment. After protein determination, samples were subjected to
Western blot analysis. Separate experiments were carried out in the presence of 1400W to
assess iINOS involvement in protein expression. Blots were probed for (a) survivin and (b)
S100A4; B-actin was also probed for as a loading standard. Images are representative of at
least 3 separate experiments with similar results.
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