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Abstract

Photodynamic therapy (PDT) directed against the endoplasmic reticulum (ER) is also known to target
antiapoptotic Bcl-2 family proteins. This effect is associated with the initiation of both apoptosis, a
cell death pathway, and autophagy, an organelle recycling system that can lead to survival or cell
death. In this study, we examined the ability of the Bcl-2 antagonist HA14-1 to promote the
photodynamic efficacy of PDT directed at the ER. At concentrations that independently caused only
a small loss of viability, HA14-1 markedly enhanced the proapoptotic and phototoxic effects of ER
photodamage. These results provide additional evidence that the antiapoptotic properties of Bcl-2
constitute an important determinant of photokilling, and demonstrate that synergistic effects can
result when PDT is coupled with pharmacologic suppression of Bcl-2 function.

INTRODUCTION

HA14-1 (1) is one of a number of small-molecule Bcl-2 antagonists being developed with a
view toward promoting apoptotic death of malignant cells. In this work, there appears to be an
implicit assumption that there will be selectivity toward neoplasia. Many examples of synergy
between antitumor chemotherapy and HA14-1 have now been reported (2-7). These results
suggest a role for certain Bcl-2 family proteins as potential antagonists of chemotherapeutic
drug responses. Photodynamic therapy (PDT) is also known to cause photodamage to
antiapoptotic members of the Bcl-2 family (8-10). In this study, we examined the ability of
HA14-1 to promote the direct photokilling of murine leukemia L1210 cells by PDT, using the
porphycene termed CPO. This photosensitizer is known to specifically target the endoplasmic
reticulum (ER), and can catalyze photodamage to Bcl-2 localized in the ER (11). In an earlier
report, we provided evidence that the activation of procaspase-3 by HA14-1 could be promoted
by ER photodamage or the protein kinase inhibitor staurosporine (12). These results suggested
that the efficacy of suboptimal PDT doses might also be enhanced by concentrations of HA14-1
that, alone, would have limited cytotoxicity.

Many photosensitizing agents have multiple targets, e.g. lysosomes, the cell membrane and/
or mitochondria (13). We chose CPO for this initial study to eliminate some possibly
confounding elements of PDT. Lysosomes are required for autophagy so that their
photodynamic disruption could affect the autophagic process. Moreover, release of cytochrome
¢ from photodamaged mitochondria would lead to release of cytochrome ¢ and an apoptotic
response that Bcl-2 might not antagonize. Later studies are planned involving different other
photosensitizing agents, but here we have confined the experimental approach to a single
compound.
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MATERIALS AND METHODS

Chemicals

The porphycene CPO (14) was synthesized by Dr. Graca Vicente, Department of Chemistry,
Louisiana State University. Stock solutions were prepared in DMSO and stored at 4°C. Amino
acids and tissue culture media were purchased from Sigma-Aldrich (St. Louis, MO); sterile
horse serum was obtained from GIBCO-BRL (Grand Island, NY). HO342, a fluorescent probe
for chromatin fragmentation, Er Tracker (ErTr), a fluorescent probe for the ER and DEVD-
rhodamine 110, a fluorogenic substrate for caspase 3/7 activation, were obtained from
Molecular Probes (Eugene, OR). HA14-1 was purchased from Ryan Scientific Inc. (Isle of
Palms, SC). Stock solutions (10 mu) were made up in anhydrous DMSO and stored at 4°C in
sealed containers.

Cells and media

Protocols

Murine leukemia L1210 cells were grown in sealed flasks using an MEM formulation
approximating that of Fisher’s medium, supplemented with 10% horse serum and 1 mw
glutamine, 1 um mercaptoethanol and gentamicin (15,16). In the experiments reported here,
exponentially growing cells were collected and resuspended at a density of 3.5 x 10 mL"1 (7
mg mL-1 wet weight) in fresh medium with 25 mw HEPES buffer pH 7.4 replacing NaHCO3.
This substitution permits the maintenance of a near-neutral pH at this cell density for at least
2 h without any evidence of spontaneous apoptosis or autophagy.

The toxicity and proapopotic properties of HA14-1 were evaluated by incubating L1210 cells
with 10 or 15 um drug concentrations at 37°C. DEVDase activation, chromatin fragmentation,
cell morphology and viability were then measured as described below. PDT effects were
assessed after photosensitizing cultures with 2 gm CPO for 30 min at 37°C. In some
experiments, 10 or 15 um HA14-1 was also present during this incubation. The cells were then
resuspended in fresh medium and irradiated at 15°C using 620 £ 20 nm light. The source was
a 600 W quartz-halogen lamp with IR radiation attenuated by a 10 cm layer of water and the
bandwidth further defined by an interference filter (Oriel, Stratford, CT). A power density of
1.5 mW cm2 was used as indicated by a Vector H410 photometer (ScienTech, Boulder, CO).
Cultures were then incubated for 30 min at 37°C and aliquots taken for assessing DEVDase
activation and viability (clonogenicity).

DEVDase assays

Microscopy

Cells were collected 30 min after exposure to inhibitors, irradiation or both, washed, and lysed
in 200 uL of buffer containing 10 mw Tris (pH 7.2), 0.01% Triton X-100, 1 m« EDTA and 100
mw NaCl. The lysate was briefly sonicated and the debris removed by centrifugation at 10 000
g for 1 min. The supernatant fluid (100 xL) was mixed with an equal volume of 10 mm PIPES
(pH 7.5), 2 mm EDTA, 0.1% CHAPS and 10 mu DTT. To this was added zDEVD-R110 (final
concentration = 10 uw). The rate of increase in fluorescence, resulting from release of
rhodamine-110 from the fluorogenic substrate, was measured over 30 min at room temperature
using a fluorescence plate reader. Control determinations were made on untreated cells. Each
assay was performed in triplicate.

To detect the extent of chromatin condensation, cell cultures were treated with the fluorescent
probe HO342 (1 um) during the final 5 min of incubations. Phase contrast and fluorescence
images were acquired using a Nikon Eclipse E600 microscope and a CoolSnap HQ CCD
camera (Photometrics). HO342 (Hochst dye HO33342) and ErTr (Er Tracker) fluorescence
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were detected using 350-390 nm excitation and 400-450 nm emission. Fluorescence
localization of CPO was assessed with 400-440 nm excitation and 590-650 nm emission. A
Uniblitz shutter was used to control exposure of the stage to the excitation source with the lamp
shutter configured to open and close with the camera shutter, to minimize photobleaching.

CPO transport and localization

Localization of CPO in the ER was previously reported (11). To insure that treatment with
CPO did not alter localization or total accumulation, L1210 cells were incubated with 2 zm
CPO + 15 um HA14-1 for 30 min at 37°C, then washed and imaged. To permit comparisons of
image brightness, fluorescence images for each probe were acquired under the same exposure
conditions. The gray scale of the 8-bit images ranged from 0 (black) to 256 (white). Image
analysis was carried out using the Integrated Morphometry Analysis program provided by
MetaMorph. Fluorescence intensity is expressed as the integrated value of all pixels per cell
that exceed the inclusive threshold value set at 45, i.e. the darker pixels were excluded.
Comparisons of image brightness were carried out as described in Kessel and Reiners (16). At
least 25 cells were used for acquiring this information (Table 2).

Effects of HA14-1 on CPO localization were assessed by fluorescence microscopy using a Z
drive so that 20 images acquired over the entire thickness of the cells. The resulting images
were deconvoluted using AutoQuant software (3D blind deconvolution). For comparison,
similarly treated cells were treated with 1 um ErTR for 5 min to provide a comparison using a
fluorescent probe for ER localization. The resulting images are shown in Fig. 4.

A separate estimate of accumulation was carried out by treating cell cultures with a 2 um CPO
concentration for 30 min in the presence vs absence of 15 um HA14-1. The cell pellets were
then washed and dispersed in 3 mL of 10 mw Triton X-100. Fluorescence at 650 nm measured
upon excitation at 400 + 20 nm. The CPO fluorescence in the extracellular fluid was also
determined, and the distribution ratio of CPO (cells/medium) was calculated.

Clonogenic assays

Clonogenic assays were used to determine loss of viability. Serial dilutions of control vs treated
cell suspensions were plated on soft agar. After a 7-9 day growth in a humidified atmosphere
of 5% CO,, colonies were counted and compared with untreated control values. All such
experiments were carried out in triplicate. The plating efficiency of control L1210 cell cultures
was approximately 70%. Results are reported in terms of % control colony counts.

Western blots for Bcl-2 photodamage

To test for Bcl-2 photodamage, cells were incubated with 10 or 15 um HA14-1 alone for 30
min. PDT effects were determined by incubations with 2 um CPO alone or in combination with
HAZ14-1 for 30 min. Cells were then resuspended in fresh medium and irradiated (30 mJ
cm2). After these incubations, the cells were collected, lysed and the extracts analyzed for
Bcl-2 (16).

RESULTS AND DISCUSSION

Effects of low-dose HA14-1 on DEVDase activation and viability

Treatment of L1210 cells with 10 or 15 um HA14-1 for 30 min resulted in a dose-dependent
enhancement of DEVDase activity, reflecting conversion of procaspases 3/7 to the active
forms. There was also a progressive decrease in viability that correlated with HA14-1
concentration (Table 1, top row). At these HA14-1 levels, a few cells with condensed apoptotic
nuclei were observed, along with some cells with the cytosolic vacuoles characteristic of
autophagy (Fig. 1C-F). In previous studies, we found that the appearance of such vacuoles,
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after exposure of L1210 cells to HA14-1, was associated with other hallmarks of autophagy:
appearance of double membranes observed by electron microscopy and enhanced processing
of the protein LC3-1 to LC3-11 (15-18). For comparison, panels G and H show the effects of

an LDsgq concentration of HA14-1 (25 yw).

Promotion of PDT efficacy by HA14-1

CPO uptake

As the light dose was increased, cells photosensitized with CPO showed a progressive loss of
viability (Table 1, column 2), along with increased DEVDase activation (Table 1, column 3).
An LDs effect (50% loss of viability) occurred at a light dose of approximately 45 mJ cm-2.
In the presence of 10 or 15 um HA14-1, the corresponding LDsg values were 22 and 9 mJ
cm2, respectively. These results indicate that at a 10 v concentration of HA14-1, a level that
reduced viability by 5%, the light dose required for an LDsg effect was reduced by 50%.

At a 30 mJ cm2 light dose, the mean survival of cultures treated with CPO/PDT alone was
85% of control. Addition of 10 or 15 um HA14-1 reduced this to 30% and 5%, respectively
(Fig. 2). Microscopic examination of HO342-labeled cells, using the 30 mJ cm2 light dose,
revealed a progressive increase in the number of apoptotic nuclei 60 min after irradiation as
the HA14-1 concentration was increased (Fig. 3). Effects of an LDsg light dose (45 mJ cm™2)
in the absence of HA14-1 are also shown (Fig. 31,J).

and localization

The fluorescence localization pattern of CPO was shown to involve the ER, but not lysosomes
or mitochondria, using fluorescence overlays with probes of known specificity (11). An
examination of the CPO localization pattern at 1000x magnification, after a 30 min incubation
with a 2 um drug concentration, revealed no significant alteration in the presence or absence of
HA14-1 (15 um) (Fig. 4). For comparison, images of ErTr, a fluorescent probe for the ER, are
also shown. The fluorescence intensity of the CPO images was estimated from the pixel value
of images of at least 20 cells, acquired at 400x magnification (15). As suggested by results
shown in Fig. 4C,D, the relative pixel intensity showed no significant difference in the presence
or absence of 15 um HA14-1 (Table 2).

Another further study was carried out involving measurement of fluorescence in cell pellets
vs medium after a similar incubation. The distribution ratio of CPO (intracellular/extracellular)
was found to be 1.13 £ 0.0.11. This was not significantly altered by the presence of 15 um
HA14-1 (1.16 £ 0.14). These data represent the mean + SD for three determinations.

Apoptotic vs autophagic responses

CPO is known to localize in the ER (11), with subsequent irradiation leading to an apoptotic
response (11,12,19). Treatment of L1210 cells with either HA14-1 or CPO/PDT has also been
shown to promote autophagy (16,17,19,20), a process whereby cells recycle cytosolic contents
and damaged organelles (20). As autophagy is promoted when Bcl-2 function is suppressed
(21), this could therefore derive from the ER photodamage affecting Bcl-2 at that site. It has
been reported that ER stress can also lead to autophagy (22).

The appearance of autophagic vacuoles in cells treated with HA14-1 alone (Fig. 1) is consistent
with earlier reports demonstrating that hallmarks of autophagy are found in L1210 cells after
treatment with HA14-1 (19). Autophagy can act as a prosurvival mechanism by recycling
damaged or compromised cell components, but can also provide a death pathway if the level
becomes excessive (23). We have described the appearance of an initial wave of autophagy
followed by apoptosis when L1210 cells were exposed to HA14-1 (19) or PDT (18). The
prosurvival effect of autophagy was proposed to explain the “shoulder” on the dose-response
curve (Fig. 2). A similar finding was also demonstrated previously (17), attributed to autophagy
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acting asaprosurvival process. In a later study, we found that the rapid appearance of autophagy
had ended by 60 min after irradiation and apoptosis then predominated (18). This likely
accounts for the lack of autophagic vacuoles in Fig. 3. It is perhaps noteworthy that the dose-
response “shoulder” is essentially absent at the higher HA14-1 dose (Fig. 3). In the study cited
above (16), we also detected a significant dose-response “shoulder” using low-dose PDT, but
not under LDgq conditions. This difference might be attributed to photodamage to proteins
required for autophagy at higher PDT doses or perhaps such proteins being substrates for
caspases; these proteases are known to have a wide variety of targets (24).

After high-dose PDT (15-17,19), or when apoptosis is suppressed (19), autophagy can also
become a death pathway. Under conditions described here, this appears unlikely as the number
of vacuolated cells shown in Fig. 1C,E clearly involves many more than are killed. The loss
of viability after treatment with 10 or 15 um HA14-1 = 10% and 29%, respectively (Table 1).
Moreover, under conditions where a substantial cell kill did result from the combination of
HA14-1 + PDT, there appeared to be few autophagic vacuoles (Fig. 3G). These results are
consistent with the hypothesis that autophagy acts mainly as a survival mechanism unless
apoptosis is suppressed by pharmacologic or genetic manipulation. Additional studies are in
progress to delineate the possible contribution of autophagy in cell death after PDT + HA14-1.

Synergism between HA14-1 and CPO/PDT

The Bcl-2 family antagonist HA14-1 is known to potentiate the apoptotic response to many
conventional antitumor agents (2-7). We previously reported that PDT or staurosporin could
enhance the activation of procaspase-3 by HA14-1 (12). The present study shows that the
efficacy of PDT is also enhanced by concentrations of HA14-1 that have only limited toxicity.
Data shown in Table 1 and Fig. 2, involving HA14-1 alone, are consistent with the proposal
that initiation of apoptosis, a direct and irreversible pathway to cell death, occurs once a
threshold level of Bcl-2 impairment has been achieved. The anti-Bcl-2 effects of a relatively
small concentration of a Bcl-2 antagonist such as HA14-1 could therefore yield a substantial
promotion to the efficacy of a suboptimal PDT dose.

An alternative explanation is suggested by a recent report (25) showing that HA14-1 is unstable
in aqueous solution and can produce reactive oxygen species (ROS) during the decomposition
process. This group attributes the proapoptotic effects of HA14-1 to ROS formation rather than
to inhibition of Bcl-2 function. Additional oxidative stress resulting from by-products of
HA14-1 decomposition could indeed contribute to the proapoptotic effects of PDT. We had
previously reported that DCFDA oxidation, a test for ROS formation, could be produced by
either PDT (using CPO) or HA14-1-induced apoptosis (12). HoDCF was used to monitor ROS
produced by HA14-1 in phosphate-buffered saline. In such a system, it is not clear what is
being measured as reduced DCF does not directly interact with ROS, but is co-oxidized by
peroxidases involved in the detoxification of products generated during oxidative stress (26).

Bcl-2 photodamage

Treatment of L1210 cells with a 10 or 15 um concentration of HA14-1 for 60 min did not yield
a detectable effect on the level of Bcl-2 as shown by western blots (Fig. 5). At the PDT dose
resulting from a 30 mJ cm2 irradiation of photosensitized cells, we detected only a minor
decrease in the level of Bcl-2. There was no obvious promotion of Bcl-2 loss when HA14-1
was present. These results suggest that binding of HA14-1 to Bcl-2 does not appear to promote
Bcl-2 photodamage, but in these western blots, total protein is being examined. It is possible
that HA14-1 may be promoting photodamage to Bcl-2 localized specifically in the ER. In
studies to be reported elsewhere, we have identified a variety of antiapoptotic members of the
Bcl-2 family in L1210 cells including Bcl-B and Mcl-1. Bcl-x,_is also present, but is a cytosolic
protein in this cell line and is thereby protected from CPO-catalyzed photodamage (17). The
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role of these proteins in PDT efficacy is not entirely clear. Oleinick’s group has shown that
caspase-induced cleavage of Mcl-1 can result in the appearance of a proapoptotic fragment
(10) that enhances the apoptotic response.

CONCLUSIONS

Hasan’s group has proposed several strategies for the promotion of PDT effects (27). One of
these involved combination therapies with a view toward increasing susceptibility of cells to
PDT. Concurrent treatment with PDT and low-dose HA14-1 or similar products may represent
asimilar approach. A pertinent question that arises with regard to any attempt to promote PDT
efficacy relates to selectivity. Current efforts directed at development of Bcl-2 family
antagonists for cancer therapy are predicated on the assumption that selectivity for malignant
cell types will be found. As new agents are identified, their ability to promote, perhaps
selectively, PDT-induced eradication of cancer needs to be examined.

Based on results shown in Fig. 3, we propose that HA14-1 promotes apoptosis after PDT, and
that this represents the basis for the synergy shown in Fig. 2 and Table 1. Other investigators
are also currently exploring the role of autophagy as a PDT response (28,29). Based on studies
described here and elsewhere (15-18), we propose that autophagy initially acts as a prosurvival
mechanism, permitting the recycling of photodamaged organelles. Autophagic death may
assume a greater significance in cells unable to undergo apoptosis because of either the intrinsic
lack of the appropriate proteins, or when pathways required for apoptosis are blocked.
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Figure 1.

Effects of a 60 min incubation with 0, 10 or 15 um HA14-1 on L1210 cells. A, C, E, G = phase-
contrast images; B, D, F, H = HO342 fluorescence. A, B = controls, C, D = 10 um HA14-1; E,
F =15 um HA14-1. For comparison (G, H), effects of a 25 um HA14-1 concentration (LDsg
conditions) are also shown. White bar in panel H = 10 um. Autophagic vacuoles can be seen
in panels C, E and G.
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Figure 2.

Loss of viability as a function of light dose and HA14-1 concentration. Cells were treated with
2 um CPO, HA14-1 or a combination of these agents for 30 min at 37°C, then irradiated with
0-90 mJ cm™2 of light (620 + 20 nm) at 15°C. HA14-1 levels were zero (o), 0 uu (o) or 15 g
(A). Data represent average + SD for three experiments.
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Figure 3.

Phase contrast and HO342 fluorescence patterns of controls and cells photosensitized with
CPO and irradiated (30 mJ cm™2) in the presence of 0, 10 or 15 uw HA14-1. A, C, E, G, | =
phase-contrast images; B, D, F, H, J = HO342 fluorescence. A, B = controls; C-H =
photosensitized and irradiated; C, D =no HA14-1; E, F = 10 um HA14-1; G, H = 15 um HA14-1.
Images were acquired 60 min after a second incubation at 37°C for 60 min after irradiation.
For comparison, panels | and J show the effects of an LDgg PDT dose using CPO alone. White
bar in panel J = 10 zm.
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Figure 4.

Localization patterns of CPO in L1210 cells. A, C = controls; B, D = cells previously exposed
to 15 um HA14-1 for 30 min at 37°C. A, B = cells incubated with 1 xm ErTr for the final 5 min
at 37°C. D = cells treated with 2y CPO for 30 min at 37°C.
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A B C D E F

Figure 5.

Western blots showing total Bcl-2 content of L1210 cells: A = control; B = 10 um HA14-1; C
=15 um HA14-1; D = CPO/PDT (30 J cm2); E = 10 uw HA14-1 + CPO/PDT; F = 15 um HA14-1
+ CPO/PDT.
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Table 2

Integrated morphometry analysis of CPO labeling of L1210 cells

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Treatment Relative intensity n
None 421 +£37 25
HA14-1 428 + 41 25

Effects of a 30 min treatment with HA14-1 (15 um) on fluorescence intensity of CPO (2 um, 30 min). Data represent relative pixel intensity (mean + SD)
for 25 cells per field.
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