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Abstract

Photodynamic therapy (PDT) is an approved therapeutic procedure that exerts cytotoxic activity
towards tumor cells by inducing production of reactive oxygen species such as singlet oxygen. PDT
leads to oxidative damage of cellular macromolecules, including numerous proteins that undergo
multiple modifications such as fragmentation, cross-linking and carbonylation that result in protein
unfolding and aggregation. Since the major mechanism for elimination of carbonylated proteins is
their degradation by proteasomes, we hypothesized that a combination of PDT with proteasome
inhibitors might lead to accumulation of carbonylated proteins in endoplasmatic reticulum (ER),
aggravated ER stress and potentiated cytotoxicity towards tumor cells. Indeed, we observed that
Photofrin-mediated PDT leads to robust carbonylation of cellular proteins and induction of unfolded
protein response (UPR). Pre-treatment of tumor cells with three different proteasome inhibitors,
including bortezomib, MG132 and PSI gave increased accumulation of carbonylated and
ubiquitinated proteins in PDT-treated cells. Proteasome inhibitors effectively sensitized tumor cells
of murine (EMT6 and C-26) as well as human (HeLa) origin to PDT-mediated cytotoxicity.
Significant retardation of tumor growth with 60-100% complete responses was observed in vivo in
two different murine tumor models (EMT6 and C-26) when PDT was combined with either
bortezomib or PSI. Altogether these observations indicate that combination of PDT with proteasome
inhibitors leads to potentiated antitumor effects. The results of these studies are of immediate clinical
application as bortezomib is a clinically approved drug that undergoes extensive clinical evaluations
for the treatment of solid tumors.
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Introduction

Reactive oxygen species (ROS), and in particular singlet oxygen (10,) are responsible for the
cytotoxic effects induced in photosensitized cells during photodynamic therapy (PDT) (1,

2). 10, readily reacts with proteins, lipids (mainly unsaturated fatty acids, but also cholesterol),
and DNA (3-7). Proteins are among the most important targets of 10, as they constitute about
70% of the dry weight of cells (5). Radical-induced protein modifications include:
fragmentation, dimerization or multimerization, misfolding and structural alterations resulting
in functional inactivation or changes in mechanical properties, aggregation, changes in binding
of co-factors and metal ions, formation of further reactive species or accelerated degradation

(8).

Multiple mechanisms have evolved in aerobic organisms to interact with various oxidants and
to form less reactive products. These include enzymes that directly react with ROS such as
superoxide dismutases, catalase, glutathione peroxidase and a number of secondary scavengers
that participate in the reduction of oxidized biomolecules. However, during robust oxidative
stress conditions, such as those occurring during PDT, these cytoprotective mechanisms are
insufficient and a significant damage to cellular constituents may ensue. Moreover, only
cysteine and methionine can be easily reduced to their initial forms, whereas other oxidized
amino acids cannot be repaired (9). Therefore, other mechanisms have developed to enable
restoration of normal protein function within the cell. Oxidized proteins, which lose their
physiological function due to conformational changes, can be re-folded by molecular
chaperones such as heat shock proteins (HSPs). Notably, PDT was found to induce expression
of a variety of HSPs including HS1, HSP27, HSP60, HSP70, HSP90, GRP78 and GRP94, and
for some of these proteins a protective role in PDT-treated cells has been shown (10-14).
However, rapid degradation is often the only way to remove oxidatively damaged proteins
from the cellular milieu (15,16). One of the typical biomarkers for oxidative protein damage
is carbonylation. Carbonyl derivatives are formed by a direct metal-catalyzed oxidative
modification of several amino acids (15), as well as covalent modification by reactive
intermediates (17). Carbonylation exposes hydrophobic residues that are normally hidden in
the interior of soluble proteins. Generation of hydrophobic patches results in partial protein
unfolding, which favours their ubiquitination followed by recognition and degradation by
proteasomes (18). Ubiquitin-proteasome system (UPS) forms the most important pathway for
the degradation of oxidatively modified proteins (16,18,19). The proteasome is a large
multisubunit protease complex endowed with three main proteolytic activities: trypsin-like,
chymotrypsin-like and caspase-like (also known as peptidyl-glutamyl-hydrolysing activity)
(20,21).

Accumulation of incorrectly folded and/or misfolded proteins within endoplasmic reticulum
(ER) is referred to as ER stress (22). ER stress triggers several independent but partially
overlapping rescue responses that lead to restoration of protein homeostasis. These rescue
responses are collectively referred to as unfolded protein response (UPR). UPR is triggered by
at least three signalling pathways: activation of PERK (protein kinase RNA-like ER kinase),
ATF6 (activating transcription factor 6) and IRE1 (inositol requiring enzyme 1) (23).
Activation of IRE1 leads to unusual cytosolic splicing of mRNA for X-box-binding protein 1
(XBP-1), which upon translation produces sXBP-1, a transcription factor that is translocated
to the nucleus for activation of gene transcription. The genes induced during UPR encode
chaperones (including numerous heat shock proteins), enzymes that participate in redox
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reactions and management of oxidative stress and many others. Excessive ER stress or a failure
of UPR to counteract ER stress both can trigger cell death. ER-associated degradation (ERAD)
is a pathway which is constitutively active in cells to clear misfolded proteins from the ER by
directing them to cytoplasmic proteasomes (24). Robust carbonylation of proteins results in
the formation of large protein aggregates or “aggresomes” which entrap elements of the UPS
decreasing cellular capacity of proteasomal proteolysis (25). Also, treatment with proteasome
inhibitors is associated with increased ER stress and UPR induction in different tumor models
(26,27).

It was previously demonstrated that PDT with Purpurin-18 induces protein carbonylation in
tumor cells (28). However, the fate of carbonylated proteins in tumor cells has not been
investigated. Therefore, we decided to study the proteasome-mediated degradation of PDT-
induced protein carbonyls in order to better understand the mechanisms of PDT-mediated
cytotoxicity, and to find out whether inhibition of this degradation would affect antitumor
effects of PDT.

Materials and Methods

Tumor cells

Mice

Reagents

Human cervical cancer (HeLa) and murine breast carcinoma (EMT®6) cell lines were purchased
from ATCC (Manassas, VA, USA). Murine colon adenocarcinoma (C-26) was obtained from
Dr. Danuta Dus (Institute of Immunology and Experimental Medicine, Wroclaw, Poland).
HeL a cells stably expressing HA-tagged 6CD3, HA-tagged o TCR, al-antitrypsin Hong Kong
mutant (a1AT), and Ubg76yGFP have been established and characterized previously (29).
Expression plasmids encoding reporter substrates were obtained from Dr. Allan Weissman
(3CD3), Dr. Kazuhiro Nagata (a1AT), Dr. Ron Kopito (¢ TCR), and Dr. Maria Masucci
(Ubg76yGFP) and their sequences were verified before transfection. Stably transfected HeLa
clones that were most efficient in expressing each reporter substrate were chosen for
experiments. Cells were cultured in RPMI 1640 medium (C-26) or Dulbecco's modified Eagle's
medium (HeLa, EMT®6) supplemented with 10% heat-inactivated fetal bovine serum (all from
Invitrogen, Carlshad, CA, USA), antibiotic/antimycotic solution (Sigma, St. Louis, MO), and
400 ug/ml Geneticin (Sigma, transfected HeLa cells) to ensure stable expression of plasmid
vectors.

BALB/c mice, 8-12 weeks of age, were used in the experiments. Breeding pairs were obtained
from the Animal House of the Polish Academy of Sciences, Medical Research Center (Warsaw,
Poland). All in vivo experiments were performed in accordance with the guidelines approved
by the Ethical Committee of the Medical University of Warsaw.

Photofrin (Axcan Pharma Inc., Houdan, France), Verteporfin (a generous gift of QLT
PhotoTherapeutics, Inc., Vancouver, BC, Canada), ALA (Sigma) and hypericin [prepared,
purified and stored as described (30)] were used as photosensitizers. Tunicamycin,
thapsigargin, MG132 and PSI were purchased from Calbiochem/EMD (San Diego, CA), and
were dissolved in cell culture quality DMSO (Sigma). Bortezomib
(MilleniumPharmaceuticals, Cambridge, MA) was dissolved in 0.9% NaCl.

Cytotoxic assays

Cell cultures for in vitro experiments were illuminated with either He-Ne laser at 632.8-nm
(Amber, Warsaw, Poland) or with a 50 W sodium lamp (Phillips) through a red filter as
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described (31,32), or as described in (33) when hypericin was used as the photosensitizer.
Briefly, tumor cells were dispensed into a 24-well flat-bottomed plate at a concentration of 5
x 108 cells/well and allowed to attach overnight. Then, cells were treated with investigated
compounds or with a control medium. After a 24-h incubation with 10 pg/ml Photofrin or
indicated photosensitizers, the medium in each well was replaced with PBS, and each well was
exposed to laser light. The illumination area matched the size of the wells. After the illumination
PBS was removed, cells were trypsinized and seeded into a 96-well microtiter plate.
Alternatively, tumor cells were dispensed into 35-mm plates at a concentration of 2.5 x 10°
cells/dish and allowed to attach overnight, followed by addition of Photofrin or indicated
photosensitizers, and illumination with a sodium lamp. For the evaluation of cytotoxic effects
crystal violet staining and MTT assays were used as described previously (32,34).

Western blotting

For Western blotting analysis cells were cultured with 10 ug/ml Photofrin for 24 h before
illumination. After washing with PBS, the cells were illuminated with a 50 W sodium lamp
using red filter. At indicated times the cells were washed with PBS and lysed with RIPA buffer
(50 mM Tris base, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, and 1 mM EDTA)
supplemented with Complete® protease inhibitors cocktail (Roche Diagnostics, Mannheim,
Germany). Protein concentration was measured using BCA protein assay (Pierce, Rockford,
IL). Equal amounts of proteins were separated on 12% SDS-polyacrylamide gel, transferred
onto Protran® nitrocellulose membranes (Schleicher and Schuell BioScience Inc., Keene, NH,
USA), blocked with TBST [Tris buffered saline (pH 7.4) and 0.05% Tween 20] with 5% nonfat
milk and 5% FBS. The following antibodies were used for the overnight incubation: anti-HA.
11 (mouse monoclonal, Covance, Princeton, NJ), anti-GFP (mouse monoclonal, Covance),
anti-ubiquitin (mouse monoclonal, Santa Cruz Biotechnology Inc., Santa Cruz, CA), anti-actin
(rabbit polyclonal, Sigma), anti-KDEL/BiP (mouse monoclonal, Stressgen, Ann Arbor, Ml),
anti-a-calnexin (mouse monoclonal, Stressgen). After extensive washing with TBST the
membranes were incubated for 45 min in corresponding HRP-coupled secondary antibodies
(Jackson Immuno Research, West Grove, PA). The reaction was developed using SuperSignal
WestPico Kit® (Pierce). After scanning, densitometric analysis of Western blots was performed
using the Image Quant 5.2 software (Amersham Bioscience, Piscataway, NJ).

Protein carbonylation assay

Carbonyl content of proteins was determined by DNPH method (35) with some modifications.
Cells were washed with PBS and suspended in a buffer consisting of 10 mM HEPES, 1.1 mM
KH,POy, 137 mM NaCl, 0.6 mM MgSQOy, 4.4 mM KCI, 1.1 mM EDTA supplemented with
Complete® protease inhibitors. Ten-microgram samples of proteins were precipitated with
10% TCA. The precipitates were treated with either 2N HCI alone (control) or 2N HCI
containing 5 mg/ml 2,4-DNPH at RT for 30 min. The resulting hydrazones were precipitated
in 10% TCA and then washed three times with ethanol-ethyl acetate (1:1). Final precipitates
were dissolved in 6 M guanidine chloride. Equal amounts of whole-cell proteins were separated
on 12% SDS-polyacrylamide gel, transferred onto nitrocellulose membranes blocked with
TBST [Tris-buffered saline (pH 7.4) and 0.05% Tween 20] supplemented with 5% nonfat milk.
Anti-DNPH antibodies (Sigma) in dilution of 1:20 000 were used for a 2 h incubation. After
washing with TBST, the membranes were incubated with horseradish peroxidase-coupled
secondary antibodies. The reaction was developed using SuperSignal WestPico Kit® (Pierce).

Immunoprecipitation

For immunoprecipitation, cells collected from 60-mm plates 24 hours after PDT were lysed in
1 ml of lysis buffer (50 mM HEPES-KOH, pH 7.4 at 4°C, 100 mM NacCl, 1.5 MgCl, and 0.1%
NP-40) using repeated freeze-thaw cycles. After centrifugation (15 min, 16 000 x g at 4°C),
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protein concentration was determined with BCA protein assay (Pierce) and all lysates were

diluted to the same concentration. Next, 1 ml of lysate from each group was precleared with

agarose beads, incubated with 5 ul of antibodies for 1 h at 4°C on a rotary wheel, and then 50
ul of protein G bead slurry (HiTrap™, Amersham Pharmacia Biotech AB, Uppsala, Sweden)
was added for overnight incubation at 4°C on a rotary wheel. Afterwards, beads were washed
5 times in lysis buffer. Antigen-bound antibodies were released from protein G by 5 min wash
in 0.1 M glycine (pH 2.6) and the suspension was used for detection of protein carbonylation.

Transmission electron microscopy

RT-PCR

For transmission electron microscopy (TEM) cells collected from 100-mm plates were fixed
in 3% glutaraldehyde, and postfixed in 1% OsOy4 both in the 0.1 M cacodylate buffer pH 7.4,
dehydrated in increasing concentrations (50-100%) of ethanol and in propylene oxide and
embedded in Poly/Bed® 812 (Polysciences, Inc., Warrington, PA). Resin blocks were cut with
a diamond knife on a RMC type MTXL ultramicrotome. Ultrathin sections were mounted on
Formvar carbon-coated grids, stained with lead citrate and uranyl acetate, and observed in a
Jeol JEM-100S transmission electron microscope (Jeol, Tokyo, Japan).

RNA was isolated using Chomczynski's modified method (36) from HeLa or C-26 cells after
treatment with PDT and/or proteasome inhibitors. RT-PCR was performed with AMV reverse
transcriptase (Promega) according to manufacturers protocol. Next, PCR was performed using
GoFlexiTag DNA Polymerase (Promega, Madison, WI) using pairs of primers amplifying
huXBP1:5-CCT TGT AGT TGA GAA CCA GG-3' (forward), 5-GGG GCT TGG TAT ATA
TGT GG-3' (reverse), and muXBP1: 5'-CCT TGT GGT TGA GAA CCA GG-3' (forward), 5'-
GAG GCT TGG TGT ATA CAT GG-3' (reverse) as described before (37). For the XBP-1
transcript, the primers are complementary to the region that includes the 26-base pair deletion
dependent on IRE-1 endonuclease activity (38). Primers used for amplification of human and
murine actin were: 5'-TTC CTT CCT GGG CAT GGA GT-3’ (forward) and 5-ATC CAC
ATC TGC TGG AAG GT-3’ (reverse).

Immunofluorescence microscopy

For immunofluorescence microscopy the cells were dispensed in 8-well chamber slides (Nunc,
Roskilde, Denmark) and cultured with 10 ug/ml of Photofrin and other reagents for 24 h before
illumination. After washing with PBS, the cells were exposed to laser light. After consecutive
24 h of culture in the fresh medium the cells were washed with PBS. Slides were methanol-
fixed for 30 min in -20°C, blocked with 5% normal donkey serum and incubated overnight at
4°C with primary antibodies [anti-a;AT (Sigma), anti-Sec61a, anti-ubiquitin FK2 (both from
Stressgen), anti-HA.11, and anti-GFP (both from Covance)] in 5% normal donkey serum in
PBS. Slides were washed three times in PBS and incubated with donkey anti-mouse Alexa555-
or donkey anti-rabbit Alexa 488-conjugated antibody (Invitrogen-Molecular Probes, Carlsbad,
CA,; 1:200 for 2 h at room temperature). The slides were washed, mounted in DAPI-enriched
Vectashield (Vector Laboratories, Burlingame, CA) and observed under fluorescence confocal
microscope (Leica TCS SP2).

Proteasome activity

The 20 S proteasomes were isolated from T2 cells as described (39). Briefly, cells were lysed
with 1 mM dithiothreitol, and the stroma-free supernatant was applied to DEAE-Sepharose
(Toyopearls). Then, 20S proteasome was eluted with a NaCl gradient in TEAD (20 mM Tris-
HCI, pH 7.4,1mM EDTA, 1 mM azide, and 1 mM dithiothreitol) from 100 to 350 mM NaCl.
The 20S proteasome was concentrated by ammonium sulfate precipitation (between 40 and
70% of saturation) and separated in a 10-40% sucrose gradient by centrifugation at 40,000
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rpm for 16 h (SWA40; L7; Beckman & Coulter, Fullerton, CA). Finally, 20S proteasome was
purified on MonoQ column and eluted with a NaCl gradient at 280 mM NaCl. The fractions
containing purified 20S proteasome were dialyzed against 50 mM NaCl in TEAD and stored
on ice. The purity was determined by SDS-PAGE. One hundred nanograms of purified
proteasomes were incubated with 10 ug/ml Photofrin for 30 min. Then, the mixtures were
illuminated with 632.8 nm He-Ne ion laser (Amber, Warsaw, Poland) and proteasome activities
were determined with 100 uM fluorogenic substrates: Z-Gly-Gly-Arg-NA (Z =
benzyloxycarbonyl and BNA = B-naphtylamide) for tryptic-like activity, Z-Leu-Leu-Glu-pNA
for caspase-like activity, and Suc-Leu-Leu-Val-Tyr-AMC (Suc = succinyl, and AMC = 7-
amido-4-methylcoumarin) for chymotryptic-like activity. All peptides were purchased from
Bachem (Weil am Rhein, Germany). For the measurements of proteasome activity in total
cellular lysates C-26 cells were seeded in 100-mm plates at a density of 2 x 10° cells/plate.
After incubation with Photofrin for 24 h cells were washed with PBS and illuminated with the
sodium light. Then, at indicated time points cells were washed with PBS and lysed [20 mM
Tris-HCI (pH 6.8), 50 mM NaCl, 2 mM MgCl,, 0.1% NP40, and Complete® protease inhibitors
coctail (Roche)]. Protein content was estimated by BCA (Pierce) and proteasome activities
were determined as above.

Tumor treatment and monitoring

All animal experiments were approved by the institutional animal care ethical review board.
For in vivo experiments exponentially growing EMT6 and C-26 cells were harvested,
resuspended in PBS and injected into the footpad of the right hind limb of experimental mice.
Tumor cell viability measured by trypan blue exclusion was above 98%. Photofrin (in 5%
dextrose) was administered intraperitoneally at a dose of 10 mg/kg 24 h before illumination
with 632.8 nm light (day 6 after inoculation of tumor cells). Control mice received 5% dextrose.
The light source was a He-Ne ion laser. The light at fluence rate of 40 mW/cm?2 was delivered
on day 7 of the experiments using a fiber optic light delivery system as described previously
(40,41). Total light dose delivered to the tumors was 90 J/cm?2. During illumination mice were
anesthetized with ketamine (87 mg/kg) and xylazine (13 mg/kg) and were restrained in a
specially designed holder at 37°C. PSI at a dose of 20 nmoles (dissolved in DMSQO) was
administered intratumorally (i.t.) for 7 consecutive days, with the first dose given on day 7 of
the experiment. Control animals received DMSO. Bortezomib at a dose of 1 mg/kg was
administered intraperitoneally (i.p.) in two different schedules: bortezomib was administered
on days 5 and 7 after inoculation of tumor cells (before PDT) or on days 7, 9, 11, and 13 after
inoculation of tumor cells (after PDT). Control mice received 0.9 % NaCl i.p. Tumor treatment
was started when all mice developed tumors with a minimum size of 3x4 mm. Local tumor
growth was determined with calipers as described previously (42,43) by the formula: tumor
volume (mm?3) = (longer diameter)x(shorter diameter)2.

Statistical analyses

Data were calculated using Microsoft™ Excel 2007. Differences in in vitro cytotoxicity assays
and tumor volume were analyzed for significance by Student's t test. Kaplan-Meier plots were
generated using days of animal death (after inoculation of tumor cells) as a criterion, and
survival time of animals was analyzed for significance by log-rank survival analysis.
Significance was defined as a two-sided p < 0.05. The nature of the interaction observed
between proteasome inhibitors and PDT was analyzed using the Calcusyn software (Biosoft,
Cambridge, England) which uses the combination index (CI) method of Chou and Talalay
(44), based on multiple drug effect equation. The advantage of this method is the automatic
construction of a fraction affected-ClI table, graph, and calculation of dose reduction indices
by the software. Cls of <1 indicate greater than additive effects (synergism; the smaller the
value, the greater the degree of synergy), Cls equal to 1 indicate additivity, and Cls>1 indicate
antagonism.
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Results

PDT induces carbonylation and accumulation of ubiquitinated proteins

ROS-induced protein lesions include formation of carbonyl groups, which can be detected
using 2,4-DNPH, a reagent that specifically binds to protein carbonyl groups, and can be
revealed immunochemically using specific antibodies (35). A time course experiment with
approximately equitoxic light fluencies revealed that PDT led to a robust protein carbonylation
detectable 8 h after illumination in HeLa and C-26 cells. The amount of carbonylated proteins
decreased during the following 16 h (Fig. 1A and C). The ubiquitin-proteasome system (UPS)
is responsible for the removal of carbonylated proteins. Therefore, we examined, whether
increased protein carbonylation coincided with the accumulation of polyubiquitinated proteins.
Within 8 h after illumination there was a marked accumulation of polyubiquitinated proteins
in PDT-treated cells (Fig. 1B and D). However, despite a decrease in the amount of
carbonylated proteins in cellular lysates, there was a further accumulation of polyubiquitinated
proteins 24 h after illumination.

To study the influence of photosensitization on proteasome activity, purified 20S proteasome
complexes were incubated with Photofrin and illuminated with laser light. PDT did not affect
trypsin-, chymotrypsin-, nor caspase-like activities of purified proteasomes (Fig. 1E).
However, despite the lack of direct effect of photosensitization on proteasome activity there
was a time- (Fig. 1F), and dose-dependent (Fig. 1G) induction of chymotrypsin-like activity
of proteasomes in whole cell lysates of PDT-treated C-26 cells. These observations indicate
that PDT does not directly affect the activity of proteasomes (found in extramembraneuos
compartments of cells, mainly in the nucleus and cytoplasm). The increased activity of
proteasomes in PDT-treated cells might be an inducible and adaptive mechanism to remove
oxidatively damaged proteins.

To investigate the sub-cellular localization of photodamaged and polyubiquitinated proteins
we used two HeLa cells stably transfected with reporter constructs: an ER membrane-
associated model protein (HA-tagged 8CD3 chain) or a cytosolic Ubg7gyGFP protein (GFP-
GV), which have been previously described (29). Most 3CD3 resides on the cytosolic side of
the ER membrane and is a substrate for ER-associated degradation (ERAD) pathway. GFP-
GV isacytosolic protein that has a non-cleavable ubiquitin fused in frame with GFP that targets
the protein for degradation through the ubiquitin-fusion degradation (UFD) pathway.
Photofrin-mediated PDT induced accumulation of ER-associated 8CD3, but not cytosolic
GFP-GV proteins (although accumulation of GFP-GV was marked in a positive-control group
incubated with 4 ng/ml bortezomib) (Fig. 1H). Since Photofrin is a hydrophobic photosensitizer
that accumulates in membrane compartments (45) it is likely that PDT is inducing a selective
damage to membrane-associated proteins that leads to ER overloading and thereby impairment
of ERAD.

PDT induces ER stress

Oxidative damage and impaired degradation of ER-associated proteins might lead to ER stress.
Therefore, we examined the influence of PDT on the activation of signaling pathways
associated with unfolded protein response (UPR). During UPR there is an initial global
downregulation of protein translation resulting from transient phosphorylation of elF2q.
Nevertheless, UPR also leads to the transcriptional activation of several target genes (through
activation of X-box binding protein 1 (XBP1) and other transcription factors) involved in an
adaptation that increases the capacity of ER to handle unfolded proteins. Induced proteins
include ER chaperones such as GRP78/BiP and calnexin (46). We observed only a modest
increase in elF2a phosphorylation after PDT in HeLa cells (data not shown), but there was a
stronger influence of PDT on the expression of BiP and calnexin (Fig. 2A and B). RT-PCR
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revealed that PDT induced a time-dependent unconventional cytosolic splicing of XBP1, which
was detectable within 4 h after illumination in both HeLa and C-26 cells (Fig. 2C).

Electron microscopy studies of EMT6 revealed that PDT led to widening of the lumens of both
smooth and rough ER and to occasional vacuolization of the cytoplasm, especially in
perinuclear regions of the cells. These changes were accompanied by mitochondrial swelling
and formation of infrequent lysosomal vacuoles that could represent autophagosomal vesicles
(Fig. 2D and Supplementary Figure 1). Similar changes were noticed in PDT-treated HelLa
cells (see below).

Pre-incubation of tumor cells with proteasome inhibitors augments the accumulation of
carbonylated and polyubiquitinated proteins

Carbonylated proteins tend to form insoluble aggregates (47). Cells remove carbonylated
proteins to avoid toxic effects of protein aggregation by directing them for proteasome-
mediated degradation (15,48). Therefore, we decided to examine whether inhibition of
proteasomal degradation of proteins would affect the amount of carbonylated proteins in PDT-
treated tumor cells. EMT6 cells were pre-incubated with bortezomib and Photofrin for 24 h
and illuminated at a fluence of 2.4 J/cm2. A marked accumulation of carbonylated proteins
was observed within 8 h after PDT, which significantly decreased during the next 16 h. In the
presence of bortezomib the amount of carbonylated proteins was higher at 8 h after illumination
and their amount further increased during the next 16 h. Similar effects were detected in HelLa
cells (Fig. 3A). Immunofluorescence studies revealed that illumination of EMTG6 cells pre-
incubated with PSI increases the amount of polyubiquitinated proteins that accumulate in the
cytoplasm (Fig. 3B). Similarly, using Western blotting we observed that two different
proteasome inhibitors (PSI and bortezomib) significantly increased the amount of
polyubiquitinated proteins that accumulate in PDT-treated tumor cells (Fig. 3C).

Combination of PDT and bortezomib induces accumulation of ER-membrane associated

proteins

To further study accumulation of polyubiquitinated proteins in tumor cells pre-incubated with
proteasome inhibitor and exposed to PDT we performed immunofluorescence studies with
HeLa cells stably transfected with ER-localized model proteins: 3CD3, al-antitrypsin Hong
Kong mutant (a1AT), and aTCR. All these proteins are ERAD substrates and in normal
conditions they undergo proteasomal degradation and are undetectable by
immunofluorescence. Impairment of ERAD leads to accumulation of these proteins. alAT is
an entirely lumenal ERAD substrate (with no association to ER membrane), while o-TCR and
dCD3 are single-span transmembrane proteins. Most 3CD3 resides on the cytosolic side of the
ER, while most o TCR is within the ER lumen, and both proteins are substrates of ERAD
pathway (29). Both bortezomib and PDT used alone induced slight accumulation of reporter
proteins in tumor cells, but only ER membrane-localized proteins (8CD3 and a-TCR)
accumulated to a significantly higher extent in HelLa cells pre-incubated with proteasome
inhibitor and exposed to low dose (1.2 J/cm?2) PDT (Fig. 4A).

Therefore, we decided to check whether proteins that accumulated in cells treated with the
combination of PDT and proteasome inhibitors were also carbonylated. Indeed,
immunoprecipitation of cellular lysates with anti-ubiquitin antibodies followed by
immunochemical detection of carbonyl groups revealed that ubiquitinated proteins that
accumulate in the treated cells were also carbonylated (Fig. 4B). Similarly, immunoprecipitated
8CD3 was heavily carbonylated (Fig. 4C). The antibody for o 1AT is not suitable for
immunoprecipitation. Therefore, we immunoprecipitated cytoplasmic GFP-GV protein. Its
level of carbonylation did not change in the combination group (hot shown).
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Pre-incubation of tumor cells with proteasome inhibitors and ER stress-inducing agents
potentiates cytotoxic effects of PDT in vitro
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Considering that PDT induces robust oxidative protein damage followed by carbonylation, and
that proteasomes participate in the degradation of carbonylated proteins, we decided to
investigate the outcome of the combination treatment including PDT and proteasome
inhibitors. To this end, tumor cells (EMT6, C-26, and HelLa) were pre-incubated with three
different proteasome inhibitors (bortezomib, MG132 and PSI) as well as with Photofrin for 24
h. Then, tumor cells were illuminated with light at various fluencies that produced suboptimal
rates of tumor cell death. Potentiated cytotoxic effects of the combination of PDT and
proteasome inhibitors in all studied cell lines were observed (Fig. 5). Proteasome inhibitors
concentrations shown are the lowest that produced potentiated cytotoxicity. At higher
concentrations of bortezomib, potentiated cytotoxicity was not better than for low doses (not
shown) indicating that it is might not be necessary to use high dose treatment to elicit maximal
cytotoxic response. The resulting data were analyzed with a dedicated Calcusyn software to
verify potential synergistic interactions between the investigated treatments using Chow and
Talalay calculations. In this mathematical model, synergism can be defined when the
combination index (CI) is below 1.0 (when Cl is below 0.5 the synergism is defined as very
strong). Most of the calculated Cls indicate that proteasome inhibitors and PDT exert
synergistic and strongly synergistic cytotoxic effects against tumor cells. Incubation of tumor
cells with proteasome inhibitors did not increase Photofrin uptake (Supplementary Table 1)
indicating that is an unlikely mechanism of potentiated photosensitization.

To further study the mechanism of potentiated cytotoxicity we incubated HeLa cells with 250
nM MG132 for either 24 or 1 h before illumination. A 24-h exposure to MG132 proteasome
inhibitor potentiated cytotoxic effects of PDT to a higher degree than incubation of tumor cells
for 1 h before illumination (Fig. 6A and 6B and Supplementary Figure 2). A significant
cytotoxicity was observed already at 4 h after illumination with 2.4 J/cm? in HeLa cells
preincubated with MG132, while cytotoxic effects of PDT alone and PDT combined with a 1
h preincubation with MG132 were recorded 24 h after illumination (Figure 6B and
Supplementary Figure 2). The higher cytotoxicity was associated with accumulation of higher
amounts of carbonylated proteins in cells pre-incubated with 250 nM MG132 for 24 h and
treated with PDT (Fig. 6C). Since proteasome inhibitors induce accumulation of proteins that
under normal conditions should be degraded (49), including misfolded proteins in the ER, it
can be hypothesized that the potentiated cytotoxicity results from accrue of misfolded and/or
oxidatively damaged proteins beyond the proteasomal degradative capacity. Indeed,
potentiated cytotoxic effects of PDT were also observed in HeLa cells pre-incubated with other
ER-stress inducing agents, such as tunicamycin (Fig. 6D, only at 1 uM tunicamycin
concentration potentiated cytotoxicity has been observed), or thapsigargin (Fig. 6E), both of
which induce a build-up of misfolded proteins within the ER thereby eliciting ER stress.
Furthermore, the influence of proteasome inhibitors on the cytotoxic effects of PDT with
different photosensitizers was evaluated. For these studies we used photosensitizers that
localize predominantly either in mitochondria (Verteporfin, ALA) or in ER (hypericin). The
ER-localizing photosensitizer hypericin was found most effective in eliciting potentiated
cytotoxic effects in the combined regimen (Fig. 7).

To gain further insight into mechanisms of potentiated cytotoxicity of the combination
treatment electron microscopy studies were done. The most remarkable lesions observed within
8 h of illumination in cells treated with the combination of bortezomib and PDT included robust
vacuolization of the cytoplasm, with frequent lysosomal/autophagosomal vesicles and
extended ER (Fig. 8).
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Pre-incubation of tumor cells with proteasome inhibitors potentiates antitumor effects of

PDT in vivo

The in vitro studies revealed that proteasome inhibitors might effectively sensitize tumor cells
to PDT-mediated antitumor effects. Therefore, antitumor effects of the combination treatment
with PDT and proteasome inhibitors were evaluated in vivo. In the initial experiment we
compared the antitumor effects of the combination treatment with bortezomib administered
either before or after suboptimal PDT in an immunogenic murine breast carcinoma (EMT6)
model transplanted into syngeneic BALB/c mice (Fig. 9A and B). Interestingly, proteasome
inhibition significantly potentiated antitumor effects of PDT in both experimental paradigms,
with complete responses observed when bortezomib was administered before or after PDT.
Long-term surviving animals were observed in groups (>60% in each group) treated with the
combination of bortezomib and PDT in either sequence. Furthermore PSI, another proteasome
inhibitor, significantly potentiated antitumor effects of PDT in two different tumor models: a
murine colon adenocarcinoma (C-26) as well as EMT6 (Fig. 9C and D). Altogether, in all
experiments a marked potentiation of the antitumor effects of PDT in vivo was observed,
resulting in retardation of tumor growth, prolongation of the survival time and complete
disappearance of tumors in at least 60% of animals (no tumor re-growth for 120 days of
observation).

Discussion

Numerous hydrophobic photosensitizers, including Photofrin, localize to the endoplasmic
reticulum, and other membranous structures, such as mitochondria and/or plasma membrane.
ER is responsible for the synthesis of the majority of cellular proteins. It contains a number of
specialized enzymatic complexes that participate in correct folding and/or glycosylation of
cellular proteins. In normal conditions about 30-40% of proteins are incorrectly folded and
retrotranslocated from ER to the cytoplasm where they undergo rapid ubiquitination and
degradation by proteasomes through ERAD pathway (22). Here we observed that PDT leads
to selective retention of ER-membrane associated model proteins (6CD3) but not cytosolic,
such as GFP-GV (Fig. 1H), thereby indirectly indicating that PDT might impair ERAD
pathway. Similar changes might also occur in other cellular membranes, including
mitochondrial or plasma membrane, but were not further studied here. Retrotranslocation and
proteasomal degradation of mitochondrial membrane proteins has only recently been suggested
(50), and requires further studies. Enlargement of mitochondria in PDT-treated cells (Fig. 2D
and Fig. 8) might be an indirect measure of impaired mitochondrial protein retrotranslocation,
but this issue requires further studies.

It was previously demonstrated by Magi et al. that PDT with ER- and mitochondria-localizing
Purpurin-18 induces protein carbonylation, which is a typical oxidative protein modification
(28). Interestingly, many of the carbonylated proteins identified by two-dimensional
electrophoresis followed by mass spectrometry are normally functioning within ER and include
BiP (GRP78), calreticulin, phosphate disulphide isomerase (PDI) and heat shock protein
cognate 71 (HSC71). Additionally, Grabenova et al. reported that PDT downregulates
calreticulin, PDI and ERp57 (51). Although carbonylation of these proteins was not studied in
this report, it is possible that their decreased amounts in PDT-treated cells result from
proteasomal degradation, which follows carbonylation. Indeed, the major mechanism for the
elimination of carbonylated proteins is their degradation by the UPS (15,48). Therefore, we
decided to study the influence of Photofrin-mediated PDT on carbonylation and ubiquitination
of proteins. Interestingly, although the level of protein carbonylation was maximal at 8 h after
PDT, and then slowly decreased (Fig. 1A and C), the amount of polyubiquitinated proteins
was still increasing until 24 h after light exposure (Fig. 1B and D). There are several potential
mechanisms for this apparent discrepancy. It is possible that not only carbonylated proteins
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are ubiquitinated, and these are continuously accumulating in PDT-treated cells. It is also
possible that heavily carbonylated proteins are preferential substrates for proteasomes, thereby
resulting in accumulation of other proteins destined for degradation. Accumulation of
polyubiquitinated proteins might also be caused by impaired proteasomal degradation, as has
been observed with radiotherapy, another cytotoxic and therapeutic procedure that generates
ROS (52). However, the fact that neither the function of purified 20S proteasome subunits after
direct photosensitization, nor the proteasome activity in PDT-treated cells were impaired,
indicates that PDT does not damage UPS (Fig. 1E-G). Immunofluorescence studies of HeLa
cells expressing model substrates of the UPS (29) indicated that PDT leads to selective
accumulation of ER-associated reporter protein (6CD3), but not a cytosolic one (GFP-GV),
although both undergo carbonylation after PDT (Fig. 1H,4C). This observation indicates that
PDT might lead to a selective impairment of ERAD pathway, which is responsible for
retrotranslocation of damaged or misfolded proteins from the ER for their cytoplasmic
degradation within proteasomes (53). While components of the ERAD machinery have not
been studied in this report, we and others have shown that PDT leads to a rapid ROS-mediated
loss-of-function of proteins, enzymes and transporters co-localized in various cellular
compartments with photosensitizers (54-58). For example, the ER-localizing hypericin leads
to a rapid (within minutes) disappearance of SERCA2 Ca?* transporters, which is associated
with increased cytoplasmic Ca2* levels (54). Rapid disappearance of SERCA2 might be caused
by a number of mechanisms such as fragmentation or crosslinking, but might also be caused
by its carbonylation resulting in change of the antibody binding sites (epitopes). The possibility
that PDT leads to ROS-mediated damage to the components of ERAD machinery was not
addressed here, and will require further studies. It is also possible that elimination of
carbonylated proteins observable within 24 h results from engagement of other mechanisms
such as autophagy. Indeed, PDT was shown to induce autophagy in tumor cells (59). Electron
microscopy studies revealed that there are lysosomal/autophagosomal vesicles forming in
PDT-treated cells. The potential role of autophagy in elimination of carbonylated proteins
remains to be elucidated. It was recently observed that thioreoxin participates in
decarbonylation of cellular proteins (60). We observed that PDT leads to an increased
thioredoxin activity (unpublished results), but the role of this enzyme in protein
decarbonylation, especially in the setting of PDT, is still unexplored. Robust accumulation of
carbonylated proteins in tumor cells incubated with proteasome inhibitors and exposed to PDT
confirms that UPS is a significant mechanism responsible for the removal of carbonylated
proteins. In addition to our findings that PDT affects ER membrane-associated proteins, it is
possible that similar events take place in other membranous cellular compartments (such as
mitochondria or plasma membrane), which are sites of Photofrin localization. The possibility
of retrotranslocation of proteins from the mitochondrial membrane have only recently been
observed (50), and it will be of utmost importance to study carbonylation and retrotranslocation
of mitochondrial membrane proteins in the setting of PDT.

Accumulation of carbonylated proteins within ER is accompanied by induction of ER stress
and UPR after PDT (Fig. 2). Although it was previously shown, that PDT induces damage to
ER (51,59,61), and increases expression of ER chaperones (62-64), the signaling pathways
associated with UPR have not been studied. We observed that PDT leads to cytoplasmic
splicing of XBP1 mRNA (Fig. 2C), a transcription factor associated with UPR. Together, these
observations indicate that PDT-induced damage leads to aberrant protein folding within ER.
The balance between the extent of ER stress and the adaptive UPR response can dictate cell
fate (22). Excessive loading of ER with unfolded proteins that results in extensive ER stress
can overwhelm the capacity of UPR. In such conditions UPR triggers cell death (22,46). Indeed,
pre-incubation of tumor cells with thapsigargin and tunicamycin that lead to accumulation of
aberrantly folded proteins within ER prior to illumination significantly potentiates PDT-
mediated cytotoxicity (Fig. 6D and 6E). All these observations indicate that therapeutic
procedures that would elicit ER stress might effectively potentiate cytotoxic effects of PDT.
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There is inhomogeneous light distribution during PDT of solid tumors. While well illuminated
superficial areas of the tumors receive optimal fluence to trigger robust ROS production and
damage to cellular macromolecules, the deeper regions frequently receive an insufficient light
dose. UPR would elicit protective responses that will ultimately rescue some tumor cells and
compromise the therapeutic efficacy of PDT. Therefore, we decided to study the cytotoxicity
of a combined regimen consisting of pre-incubation of tumor cells with proteasome inhibitors
followed by PDT. Such combinations would be particularly attractive from the translational
perspective as bortezomib, a proteasome inhibitor is a clinically approved drug that undergoes
clinical testing in the treatment of solid tumors (65). For the combination studies we used three
different proteasome inhibitors (bortezomib, MG132 and PSI) and three cell lines (EMT6, C-26
and HeLa). In all cell lines and all combinations studied we have observed strongly potentiated
cytotoxicity as compared to either PDT- or proteasome inhibitor-alone groups (Fig. 5). It is
highly possible that the potentiated cytotoxicity results from accumulation of proteins within
ER membrane at the time of illumination and not from any direct interaction of PDT and
proteasome inhibitors as only 24 h, but not 1 h, preincubation of HeLa cells with MG132
significantly sensitized HeLa cells to PDT (Fig. 6A and 6B). Combined treatment led to
accumulation of more carbonylated and polyubiquitinated proteins in tumor cells as compared
with single modality-treated cells (Fig. 6C), and the proteins that preferentially accumulate
were associated with ER membrane (6CD3 and aTCR), but not with ER lumen (a1-AT) or
cytoplasm (GFP-GV) (Fig. 4A). These observations indicate that the most severe damage
results from the accumulation of Photofrin in ER membrane. Indeed, TEM studies revealed
that there is a marked vacuolization of the cytoplasm in bortezomib + PDT treated cells (Fig.
8), which might be caused by robust extension of the ER lumen. However, it cannot be excluded
that large vacuoles observed in tumor cells treated with bortezomib and PDT are of autophagic
origin. In PDT-treated cells we observed numerous swollen mitochondria (which also
accumulate Photofrin), but these structures were not present in tumor cells after combination
treatment. It is likely, although not addressed further, that severely damaged mitochondria were
removed in a process of mitophagy.

The most important observation is that proteasome inhibitors significantly potentiate antitumor
effects of Photofrin-mediated PDT in vivo (Fig. 9). There was a complete tumor regression in
all mice treated with the combined regimen, and after 120 days of observation tumors relapsed
in only up to 40% of animals. Intriguingly, potentiated antitumor effects were observed
independently of the timing of proteasome inhibitor administration, and occurred when
bortezomib was administered either before or after PDT. Since PDT exerts potent antivascular
effects it is possible that PDT-treated tumors undergo ischemia-reperfusion episodes that lead
to prolonged oxidative stress. Therefore, administration of proteasome inhibitors before or after
PDT might elicit potentiated antitumor effects that would result from either sensitization to
photooxidation or post-illumination oxidative stress caused by ischemia-reperfusion.

In conclusion, we observed that Photofrin-mediated PDT leads to carbonylation and
ubiquitination of ER membrane-associated proteins, accompanied by induction of ER stress
and unfolded protein response. Compounds that induce ER stress, such as proteasome
inhibitors, can effectively sensitize tumor cells to PDT-mediated cytotoxicity. These
observations are of immediate clinical application as proteasome inhibitors are successful drugs
approved for use in oncology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The influence of PDT on carbonylation and ubiqutination of cellular proteins

[A] HeLacells or [B] C-26 cells were incubated with 10 ng/ml of Photofrin for 24 h and exposed
to 2.4 J/cm? of light. At indicated time points, tumor cells were collected and protein
carbonylation was determined by DNPH method as described in Materials and Methods.
MG132 at 250 nM concentration was used as a positive control.

[C] HeLa cells or [D] C-26 cells were incubated with 10 ug/ml of Photofrin for 24 h and
exposed to 2.4 J/cm? of light. At indicated time points total cell lysates were prepared from

tumor cells, and Western blot analysis was performed using anti-ubiquitin antibodies. MG132
at 250 nM concentration was used as a positive control.
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[E] Purified proteasome subunits were incubated for 30 min with 10 pg/ml of Photofrin and
illuminated with laser light at a fluence of 2.4 J/cm2. Chymotrypsin-like (ChT), trypsin-like
(Trp), and caspase-like (Casp) activities were measured with fluorogenic substrates. Relative
proteasome activity represents the fluorescence intensity per pg of protein.

[F] C-26 cells were incubated with 10 ug/ml of Photofrin for 24 h and exposed to 1.4 J/cm? of
light. At indicated time points tumor cells were collected and proteasome activities were
measured in whole tumor cell lysates using fluorogenic substrates.

[G] C-26 cells were incubated with 10 pg/ml of Photofrin for 24 h and exposed to indicated
light fluencies. Proteasome activities were measured in whole tumor cell lysates collected 24
h after illumination using fluorogenic substrates.

[H] HeLa cells stably transfected with expression plasmids encoding reporter proteins (3CD3
and GFP-GV) were incubated with 4 ng/ml of bortezomib or with 10 pg/ml of Photofrin for
24 h and exposed to 2.4 J/cm? of light. Indirect immunofluorescence microscopy was
performed using a laser scanning confocal microscope 24 h after illumination with anti-HA-
tag (to detect 5CD3) and anti-GFP primary antibodies.

Cancer Res. Author manuscript; available in PMC 2010 May 15.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Szokalska et al. Page 19

o~ PDT
A = = B . .
T 0 = = < 300 BiP 250, calnexin
°CE v d s 230 S 200
BiP»| — | T g
s 200 2
B-actin —p == — — — ] - £ S1s0
s g 150 2 E
calnexin —p [me e oo -] é : 100 s o 100
L] -
B-actin —p [ wme e - -] = se Eisn-
o LI o LI
C PDT PDT E S % < E e % 9
2.4J/cm® 3.6 Jlem® g o N o N
- PDT PDT

8h
24 h
Tun

Figure 2. PDT induces ER stress and unfolded protein response

[A] HeLa cells were incubated with 10 ug/ml of Photofrin for 24 h and exposed to 1.2 J/cm?2
of light. At indicated time points total cell lysates were prepared from tumor cells, and Western
blot analysis was performed using anti-BiP, anti-calnexin or anti-B-actin antibodies. MG132
at 250 nM concentration was used as a positive control.

[B] Densitometric analysis of BiP and calnexin expression in HeLa cells from three
independent experiments.

[C] HeLa and C-26 cells were incubated with 10 pg/ml of Photofrin for 24 h and exposed to
2.4.0r 3.6 J/cm? of light. Atindicated time pointsmRNA was isolated and RT-PCR was perform
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to detect alternative XBP1 splicing. Tunicamycin at a 10 M concentration was used as a
positive control for 8 h incubation.

[D] EMT6 cells were incubated with 10 pg/ml of Photofrin for 24 h and exposed to 2.4 J/
cm? of light. For electron microscopy cells were collected and fixed 24 h after PDT as described
under Materials and Methods section. Black arrows indicate distended ER, black arrowhead
indicates autophagosomal structure, red arrows indicate swollen mitochondria, and red
arrowheads show autophagosomes/lysosomes containing mitochondrial debris.
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Figure 3. Proteasome inhibitors increase accumulation of carbonylated and polyubiquitinated
proteins in PDT-treated cells

[A] EMT6 and HeLa cells were incubated with 10 pug/ml of Photofrin and/or 4 ng/ml of
bortezomib for 24 h and exposed to 1.2 J/em? of light. At indicated time points tumor cells
were collected and protein carbonylation was determined by DNPH method as described in
Materials and Methods.

[B] EMT® cells were incubated with 10 pug/ml of Photofrin, and/or 20 nM PSI for 24 h and
exposed to 1.2 J/cm? of light. Indirect immunofluorescence microscopy was performed using
afluorescence microscope 24 h after illumination with anti-ubiquitin (red), anti-Sec61a (green)
primary antibodies and DAPI staining (blue).
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[C] EMT6 cells were incubated with 10 pg/ml of Photofrin, 20 nM PSI, and/or 4 ng/ml of
bortezomib for 24 h and exposed to 1.2 J/cm? of light. Total cell lysates were prepared from
tumor cells 24 h after illumination, and Western blot analysis was performed using anti-
ubiquitin antibodies.
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Figure 4. Bortezomib increases accumulation of ER-membrane associated proteins in PDT-treated
cells

[A] HeLa cells stably transfected with expression plasmids encoding reporter proteins (a1AT,
dCD3 and o TCR) were incubated with 4 ng/ml of bortezomib and/or with 10 pg/ml of Photofrin
for 24 h and exposed to 1.2 J/cm? of light. Indirect immunofluorescence microscopy was
performed using fluorescence microscope 24 h after illumination with anti-alAT (green), anti-
HA-tag (to detect 3CD3 and o TCR) primary antibodies (red).

[B] HeLa cells were incubated with 10 pg/ml of Photofrin and/or 4 ng/ml of bortezomib for
24 h and exposed to 1.2 J/lcm? of light. After a 24-h incubation immunopreciptiation was
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performed with whole tumor cell lysates using anti-ubiquitin antibodies. Protein carbonylation
was determined by DNPH method as described in Materials and Methods.

[C] HelLa cells stably transfected with expression plasmids encoding 6CD3 were incubated
with 4 ng/ml of bortezomib and/or with 10 ng/ml of Photofrin for 24 h and exposed to 1.2 J/
cm? of light. After a 24-h incubation immunopreciptiation was performed with whole tumor
cell lysates using anti-HA antibodies. Protein carbonylation was determined by DNPH method
as described in Materials and Methods. Equal amounts of immunoprecipitates were analysed
using Western blotting for detection of 3CD3 with anti-HA antibodies.
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Figure 5. Proteasome inhibitors potentiate cytotoxic effects of PDT
EMT6, C-26 and HelLa cells were incubated for 24 hours with 10 ug/ml Photofrin and/or
proteasome inhibitors (bortezomib, MG132 or PSI) at indicated concentrations. After 24 hours

of incubation, the cells were exposed to different doses of light (as indicated on the right).
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Following 24 hours of incubation the cytotoxic effects were measured with crystal violet
staining. The bars represent percent survival versus untreated controls. Data refer to mean +

SD. Next to each graph showing survival of tumor cells there are results of Chow-Talalay

analyses of the combination indices (CI) presented here as a function of inhibition of cell
survival in cells treated with proteasome inhibitors and PDT (solid circles). Each numbered

circle represents a combination on the survival graph. The straight line at Cl = 1 represents the
additive effects of both drugs.
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Figure 6. Accumulation of undegraded proteins and ER stress sensitize tumor cells to PDT-
mediated cytotoxicity
[A] HeLa cells were incubated for 24 hours with 10 ug/ml Photofrin. MG132 at 250 nM
concentration was added together with Photofrin or for the last 1 h of incubation. Tumor cells
were then illuminated with light at a fluence of 1.2 or 2.4 J/cm? and photographed under
inverted microscope 4 h after illumination.
[B] HeLa cells were incubated for 24 hours with 10 pg/ml Photofrin. MG132 at 250 nM
concentration was added together with Photofrin or for the last 1 h of incubation. Tumor cells
were then illuminated with light at a fluence of 1.2 or 2.4 J/cm? and cytotoxic effects were
measured with crystal violet staining 8 h after illumination. The bars represent percent survival
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versus untreated controls. Data refer to mean = SD. *p<0.05 versus single modality (PDT or
MG132) treated cells (Student's t-test).

[C] HelLa cells were incubated for 24 hours with 10 pg/ml Photofrin. MG132 at 250 nM
concentration was added together with Photofrin or for the last 1 h of incubation. Tumor cells
were then illuminated with light at a fluence of 1.2 J/cm? and the level of protein carbonylation
was measured as described earlier.

[D and E] HeLa cells were incubated for 24 hours with 10 ug/ml Photofrin and/or tunicamycin
or thapsigargin at indicated concentrations. Tumor cells were then illuminated with light at a
fluence of 1.2 or 2.4 J/cm? and cytotoxic effects were measured with crystal violet staining 24
h after illumination. The bars represent percent survival versus untreated controls. Data refer
to mean £ SD. *p<0.05 versus single modality (PDT or MG132) treated cells (Student's t-test).
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Figure 7. Cytotoxic effects of PDT with other photosensitizers combined with proteasome inhibitors
HelLa cells were incubated for 1 h with 5 pg/ml Verteporfin [A], 6 h with 10 mM ALA [B] or
24 h with 50 nM Hypericin [C] with or without bortezomib. Tumor cells were then illuminated
with light at indicated light fluencies. Cytotoxic effects were measured with crystal violet
staining 24 h after illumination. The bars represent percent survival versus untreated controls.
Data refer to mean £ SD. *p<0.05 versus single modality (PDT or bortezomib) treated cells
(Student's t-test).
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Figure 8. Electron microscopy of cells treated with PDT and/or bortezomib
HeL a cells were incubated with 10 pg/ml of Photofrin and/or 4 ng/ml of bortezomib for 24 h

and exposed to 1.2 J/cm? of light. For electron microscopy cells were collected and fixed 8 h
after PDT as described under Materials and Methods section. Black arrowheads indicate
distended ER, black arrows indicate autophagosomal/lysosomal structures.
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Figure 9. Antitumor effects of the combination treatment with PDT and/or proteasome inhibitors
BALB/c mice were inoculated with 1 x 10° of EMT6 cells [A-C] or with 2 x 105 of C-26 cells
[D] into the right hind limb. Photofrin was administered intraperitoneally at a dose of 10 mg/
kg on day 6 [A and B] or 5 [C and D] after inoculation of tumor cells and 24 hours later the
tumor site was illuminated with laser light at a dose of 90 J/m2. Bortezomib was administered
i.p.ondays5and 7 [A] or ondays 7, 9, 11 and 13 [B] after inoculation of tumor cells at a dose
of 1 mg/kg. PSI was administered i.t. on days 6-12 after inoculation of tumor cells at a dose

of 20 nmoles/mouse [C and D]. Measurements of tumor diameter were started on day 5 of the
experiment and were performed every two days. The graph represents the influence of the PDT

treatment on the growth of C-26 tumors. Each group consisted of 5-9 animals. *p<0.05
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(Student's t-test), as compared with all other groups. #p<0.05 (Log-rank test), as compared with
all other groups.

Cancer Res. Author manuscript; available in PMC 2010 May 15.



