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and cell death induced
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LD _, lethal dose—the subscript indicates the percent loss of viability; LTR, LysoTracker Red; NPe6, mono-L-aspartyl chlorin e6;
Pc 4, a phthalocyanine-based photosensitizing agent; PDT, photodynamic therapy; ROS, reactive oxygen species; W'T, wild-type

lclc7 cells; WST9, a palladium bacteriopheophorbide; WST11, a water-soluble palladium bacteriopheophorbide

Photodynamic therapy (PDT) involves photosensitizing agents that, in the presence of oxygen and light, initiate formation
of cytotoxic reactive oxygen species (ROS). PDT commonly induces both apoptosis and autophagy. Previous studies
with murine hepatoma 1c1c7 cells indicated that loss of autophagy-related protein 7 (ATG7) inhibited autophagy and
enhanced the cytotoxicity of photosensitizers that mediate photodamage to mitochondria or the endoplasmic reticulum.
In this study, we examined two photosensitizing agents that target lysosomes: the chlorin NPe6 and the palladium
bacteriopheophorbide WST11. Irradiation of wild-type 1cl1c7 cultures loaded with either photosensitizer induced
apoptosis and autophagy, with a blockage of autophagic flux. An ATG7- or ATG5-deficiency suppressed the induction
of autophagy in PDT protocols using either photosensitizer. Whereas ATG5-deficient cells were quantitatively similar to
wild-type cultures in their response to NPe6 and WST11 PDT, an ATG7-deficiency suppressed the apoptotic response (as
monitored by analyses of chromatin condensation and procaspase-3/7 activation) and increased the LD, light dose by >
5-fold (as monitored by colony-forming assays). An ATG7-deficiency did not preventimmediate lysosomal photodamage,
as indicated by loss of the lysosomal pH gradient. However, unlike wild-type and ATG5-deficient cells, the lysosomes of
ATG7-deficient cells recovered this gradient within 4 h of irradiation, and never underwent permeabilization (monitored
as release of endocytosed 10-kDa dextran polymers). We propose that the efficacy of lysosomal photosensitizers is in
part due to both promotion of autophagic stress and suppression of autophagic prosurvival functions. In addition, an

effect of ATG7 unrelated to autophagy appears to modulate lysosomal photodamage.

Introduction

Photodynamic therapy (PDT) is a process wherein irradiation
of a photosensitizing agent leads to the conversion of molecular
oxygen in cells and tissues to a series of reactive oxygen species
(ROS), with cytotoxic consequences. This can result in selec-
tive photodamage to malignant tissues and their vasculature."?
Oleinick’s group was the first to demonstrate that PDT can
trigger an apoptotic death program.’ This has been related to
destructive effects of PDT-generated ROS on the anti-apoptotic
proteins BCL2 and BCL2L1/Bcl-X| .*¢ Oxidative inactivation of
BCL2 can also elicit an autophagic response, e.g., via release of
BECNI from a BCL2 complex.”

Many photosensitizers accumulate preferentially in specific
organelles (e.g., late endosomes/lysosomes, mitochondria, or the
endoplasmic reticulum).®'° In such cases, subsequent irradiation
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causes very specific organelle photodamage. Although the ini-
tial targets for photodamage can vary with the choice of pho-
tosensitizer, the induction of autophagy commonly occurs in
PDT protocols, irrespective of the photosensitizing agent.”® In
the context of PDT, the induction of macroautophagy (referred
to here as ‘autophagy’) often functions as a survival response in
cells capable of developing an apoptotic response.'*'? However, if
pathways to apoptosis are impaired, autophagy may play a role in
cell death.!*!3

We recently reported that shRNA knockdown of Azg7 sup-
pressed the development of autophagy, and reduced the light-
dose needed to kill murine hepatoma 1clc7 cells loaded with
either mitochondrial or endoplasmic reticulum (ER) photosen-
sitizers.'®! These results are consistent with the proposal that
autophagy plays a prosurvival role under these conditions. After
lysosomal photodamage, we have shown that autophagosomes
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Figure 1. Structure of WST11.

are formed.”® It seems likely that subsequent steps in the auto-
phagic pathway would be blocked because of the lack of func-
tional lysosomes. Such a blockage might suppress the potential
prosurvival effects of autophagy and/or actually contribute to the
cytotoxicity of the photosensitizer. This study was designed to
assess these possibilities and involves comparisons between wild-
type cultures and cell lines deficient in either ATG7 or ATGS.
Two lysosomal photosensitizers were employed, the chlorin NPe6
(N-aspartyl chlorin €6, Taliporfin)'*"® and the palladium bacte-
riopheophorbide designated WST11 (Fig. 1).!%" Although the

18-20 we were

lysosomal accumulation of NPe6 is well characterized,
initially uncertain about the pattern of WST11 cellular localiza-
tion. Once we established that WST11 localized to lysosomes, it
was included in this study. Our studies demonstrate that auto-
phagic flux is suppressed in cells with photodamaged lysosomes,
and that ATG7, but not ATGS5, is required for the development
of an apoptotic response in such cells. As such, ATG7 appears to
differentially modulate the cytotoxicities of photosensitizers that
target lysosomes vs. mitochondria or the ER.

Results

Subcellular localization of photosensitizers. The preferential
accumulation of NPe6 in lysosomes has been independently
established by several groups.’®2° Although Mazor et al. postu-
lated an endocytic mechanism for WST11 accumulation,' very
lictle is known about the subcellular localization of WST11. We
could detect intracellular WST11 fluorescence only with an elec-
tron-multiplying CCD camera. WST11 exhibited distinct fluo-
rescent puncta in both wild-type and ATG7 KD 1clc7 cell types
(Fig. 2A and B). Because of its very low fluorescence yield, it was
not feasible to monitor colocalization of WST11 with commonly
employed fluorescent probes for endosomes and lysosomes, since
their fluorescence emission spectra tail into the far red. As an
alternative approach, we assessed the effects of WST11 PDT on
the fluorescence of LysoTracker Red (LTR). This probe accumu-
lates in acidic organelles to yield bright red fluorescent puncta.
Procedures that disrupt such organelles will cause the loss of this
fluorescent pattern.”* Both wild-type and ATG7 KD 1clc7
cultures exhibited well defined, strong LTR fluorescent puncta
(Fig. 2C and D, respectively). Irradiation of either cell type
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Figure 2. Subcellular localization of WST11 and effects on LTR fluores-
cence. Fluorescence localization patterns of WST11 in WT (A) or ATG7
KD (B) cultures after a 16 h incubation with 1 wM drug. (C-F) Effects

of photodamage on the pattern of LTR fluorescence. Wild-type (C

and E) or ATG7 KD cultures (D and F) were photosensitized with 1 uM
WST11 for 16 h, then treated with LTR for 10 min before (C and D) or
directly after (E and F) irradiation (90 mJ/cm?). White bar in (A): 20 pm.
Photographs are representative of observations for three independent
experiments.

previously photosensitized with WST11 (1 wM, 16 h) resulted in
the loss of punctate LTR fluorescence, consistent with lysosomal/
endosomal photodamage (Fig. 2E and F). Analyses similar to
those presented in Figure 2 with WT cells were also performed
with fluorescent probes that label mitochondria (MitoTracker
Orange) and the endoplasmic reticulum (ER-Tracker). Irradiation
of WST11-loaded WT cultures had no effects on the fluorescence
distribution or intensity of either probe (Fig. S1).

Phototoxicity. A light-response survival study was performed
using wild-type and ATG7 KD 1clc7 cells photosensitized by a
16 h exposure to 1 wM WST11. Colony formation assays revealed
that the ATG7 KD line, relative to wild-type cultures, was mark-
edly resistant to phototoxicity (Fig. 3). Even at a light dose of 405
m]J/cm?, sufficient for a -2 log kill of WT cells, the corresponding
loss of viability in the ATG7 KD line was only 30%. In order
to determine whether this difference was related to differential
capacities for developing an autophagic response, we also exam-

ined the effects of WST11 on ATG5 KD 1clc7 cultures (Fig. S2
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Figure 3. Effects of WST11 and NPe6 on 1c1c7 survival. Cultures of wild
type (®, O), ATG7 KD (M, 00), and ATG5 KD (2) 1c1c7 cells were sensitized
with T wM WST11 for 16 h (®, B, A) or 20 wM NPe6 for 1 h (O, O) prior
to being irradiated for different lengths of time to achieve the indicated
light doses. Results with ATG5 KD cells are indicated by a dashed

line. Colonies of 30 or more cells were determined 5 d later. Data are
normalized to no-treatment controls and represent mean + SD of three
determinations. Similar results were obtained in a second independent
experiment.

documents ATG5 knockdown). In contrast to what was observed
with the ATG7 KD cells, the ATG5 KD line was as responsive as
WT cells to photodamage (Fig. 3, dashed line).

NPe6 also accumulates in the lysosomes/endosomes of wild-
type lclc7 cells, and induces both apoptosis and autophagy
following irradiation.'>! A comparison of the response of wild-
type and ATG7 KD cells to NPe6 PDT was performed after a 1
h loading with sensitizer (Fig. 3). The NPe6 concentration and
loading conditions were chosen to closely approximate the dose-
response curve obtained with WST11 in WT cells, and were
based upon previously published survival curves.?! Dose-response
survival curves for the ATG7 KD line after NPe6 or WST11
PDT were essentially identical (Fig. 3). Hence, the absence of
ATG7 similarly suppressed the toxicity of two different photo-
sensitizers that preferentially accumulate in acidic vesicles.

Effects of PDT on cellular morphology and induction
of autophagy. Exposure of wild-type lclc7 cells, photosensi-
tized with WST11, to an LD, or an LD, PDT light dose led
to the light dose-dependent formation of cytoplasmic vacuoles
(Fig. 4A—C). These vacuoles were readily detectable within 2 h
of irradiation and were larger and more numerous in cells treated
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Figure 4. WST11 induced vacuolization. Cultures of wild-type (A-C),
ATG7 KD (D-F) and ATG5 KD (G-1) 1c1c7 cells were incubated with 1 uM
WST11 for 16 h prior to irradiation with light doses of 0 (A-G), 90 mJ/
cm? (B,E and H), or 405 mJ/cm? (C, F and I). Images were captured 2 h
after irradiation. Bar in (A): 20 wm. Images are representative of three
independent experiments.

with the higher light dose (compare Fig. 4B and C). Similar
PDT conditions did not induce vacuole formation in ATG7
KD cells, although some cellular swelling was observed after the
higher light dose (Fig. 4D-F). WST11 photosensitized ATG5
KD cultures also lacked cytoplasmic vacuoles following irradia-
tion (Fig. 4G-I).

Previous studies suggested that PDT-induced vacuolization
is often accompanied by the induction of autophagy.’® Wild-
type cells that stably express a GFP-LC3 fusion protein exhib-
ited diffuse fluorescence (Fig. 5A and B). GFP coalesced into
fluorescent puncta within 1 h of irradiation of WST11 sensitized
cultures with a LD, light dose (Fig. 5C and D), and persisted
for at least an additional 3 h (Fig. 5E and F). Presumably these
GFP-LC3 fluorescent puncta represent autophagosomes. Vesicles
exhibiting a double-walled membrane, which are characteristic

of autophagosomes,?

were apparent within 4 h of irradiation
(Fig. 5G). Moreover, western blot analyses of wild-type cultures
documented the conversion of LC3-I into LC3-1I within 2 h of
irradiation (Fig. 5H, lanes 1 vs. 3), another indicator of auto-
phagy.?* The lysosomotropic agent NH,Cl raises lysosomal pH,
reduces the activities of lysosomal proteases, and suppresses auto-
phagic flux.** Treatment of cultures with NH,CI had no effect
on LC3-II content after PDT (Fig. 5H, lanes 3 vs. 4). This is
consistent with the processing of autophagosomes being blocked
by WST11-induced photodamage to lysosomes. Relative to wild-
type cultures, ATG7 KD cells exhibited reduced levels of LC3-11
in both nontreated cultures (Fig. 5H, lanes 1 vs. 2) and following
irradiation (Fig. 5H, lane 3 vs. 5). The addition of NH,Cl had
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Figure 5. WST11 induction of autophagy. Cultures of GFP-LC3-expressing wild-type 1c1c7 cells were incubated with 1 .wM WST11 for 16 h prior to
being imaged by phase and fluorescence microscopy immediately prior to (A and B), 1 h (Cand D) or 4 h (E and F) after irradiation (405 mJ/cm?). White
bars: (A and B) 20 pm; (C-F) 15 wm. (G) Electron micrograph of representative autophagosomes found in WT 1c1c7 cultures loaded with 1 uM WST11
for 16 h and fixed for processing 4 h after irradiation with 405 mJ/cm? White bar: 0.2 wm. (H) Western blot analysis of LC3 and actin in untreated WT
(lane 1) or ATG7 KD (lane 2) cells. Alternatively, WT (lanes 3 and 4) and ATG7 KD cells (lanes 5 and 6) were incubated for 16 h with WST11 prior to expo-
sure to a 405-J/cm? light dose. NH,Cl (50 mM) was added to some cultures immediately after irradiation (lanes 4 and 6). All cultures were harvested 2 h
after irradiation. Similar results were obtained in a second independent study.

little effect on the accumulation of LC3-II in irradiated ATG7
KD cultures (Fig. 5H, lanes 5 vs. 6).

PDT-induced apoptosis. In addition to intense vacuoliza-
tion, we also noted that wild-type cells exhibited apoptotic
features after WST11-induced photodamage and were released
from the culture dishes. Chromatin condensation is a charac-
teristic of apoptotic cells and can be monitored by labeling of
nuclei with HO33342.2!%3 Attached cells with condensed chro-
matin were not detected in untreated WT cultures (Fig. 6A,
a) or 1 h after treatment with LD, or LD, doses (Fig. 6A,
b and ¢), or 4 h after treatment with an LD light dose (Fig.
6A, d). However, attached cells with condensed chromatin were
detected in cultures 4 h after treatment with a LD, light dose
(arrows, Fig. 6A, e). Within 24 h of irradiation almost every
cell in the LD, treatment group had detached and exhibited
condensed chromatin (Fig. 6A, g). In contrast, a significant
number of cells remained attached in the LD treatment group
and exhibited a normal chromatin staining pattern (left half
of Fig. 6A, f). Cells that had detached exhibited condensed
chromatin (right half of Fig. 6A, f). In contrast to WT cells,
ATG7 KD cells neither detached from the culture dishes nor
exhibited condensed chromatin following sensitization with
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WSTI11 and irradiation with the same light doses (Fig. 6A,
h—n). ATG5 KD cells behaved like WT cells in their response
to WST11 PDT (Fig. S3). Adherent cells with condensed chro-
matin were observed within 4 h of irradiation with a LD, light
dose (Fig. S3C). Within 24 h of irradiation virtually every cell
had detached from the culture dishes and exhibited condensed
chromatin (Fig. S3D).

DEVDase activity is commonly used to monitor the conver-
sion of procaspases-3 and -7 into their active forms. This approach
has been used to monitor the development of apoptosis after pho-
todamage.”?! Exposure of WST11- or NPe6-sensitized wild-type
Iclc7 cultures to LD or LD, light doses elevated DEVDase
activities above background activities, in a dose-dependent fash-
ion, within 4 h of irradiation (Fig. 6B). During the same time
course, following similar treatment with the highest light dose,
only a slight activation of DEVDase occurred in ATG7 KD cul-
tures (Fig. 6B). In contrast, both the kinetics and magnitude of
DEVDase activation in ATG5 KD cells was comparable to that
measured in WT cells.

PDT-induced lysosome permeabilization. Irradiation of
WST11-photosensitized WT or ATG7 KD cultures with a
90-m]J/cm? light dose caused a substantial loss of the LTR labeling
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Figure 6. Effects of WST11 PDT on nuclear morphology and procaspase activation. (A) Cultures of wild-type (a—g) and ATG7 KD (h-n) 1c1c7 cells were
loaded with 1 wM WST11 for 16 h prior to no treatment, or irradiation (90 or 405 mJ/cm?). Cultures were subsequently incubated with HO33342 for 10
min prior to being imaged 1, 4 or 24 h after irradiation. With the exceptions of (g) and the right half of (f), all other images are of adherent cells. (g) and
the right half of (f) are images of HO33342 stained non-adherent floating cells which constitute ~50% and > 95% of all the cells in the plates, respec-
tively. Arrows in (€) point to nuclei with condensed chromatin. Bar in (a): 20 wm. (B) Cultures of wild-type (®, O), ATG7 KD (a) or ATG5 KD (M) 1c1c7 cells
were treated with 1T wM WST11 for 16 h or with 20 uM NPe6 for 1 h prior to irradiation with either 90 mJ/cm? (O) or 405 mJ/cm? (®, a, W). Cultures were
harvested at specified times after irradiation for analyses of DEVDase activity. Data represent means + SD of three analyses at each time point for all
treatment groups. Similar results were obtained in a second independent study.

pattern in both cell lines (Fig. 2). This light dose caused a 60%
loss of viability for WT cells, but had no effect on ATG7 KD cell
survival (Fig. 3). In order for the ATG7 KD cells to survive, they
must recover rapidly from lysosomal photodamage. To test this
assumption, we examined the effects of a 405-mJ/cm? light dose
on cells photosensitized with WST11 (Fig. 7). Results obtained
with the ATG7 KD cell line are shown in Figure 7, a—d. The
initial loss of punctate LTR fluorescence following irradiation
(Fig. 7, compare a and b) was partly reversed within 4 h (Fig. 7,
¢) and completely reversed after 16 h (Fig. 7, d). In a similar scudy
with WT cultures (Fig. 7, e~h), no recovery of punctate LTR
staining was observed following irradiation. The few adhering
cells that remained 16 h after irradiation showed a highly vacu-
olated morphology with no distinct pattern of LTR fluorescence
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(Fig. 7, h). The loss of punctate LTR fluorescence was also irre-
versible in irradiated ATG5 KD cells (Fig. 7, i-1). Floating cells
and cell fragments had no distinct pattern of LTR fluorescence
(Fig. 7, 1).

Loss of punctate LTR fluorescence following WST11 or NPe6
PDT could reflect either inactivation of lysosome-associated
proton pumps, or frank permeabilization of the lysosomal mem-
brane. Wild-type 1clc7 cultures take up fluorescein-conjugated
10 kDa dextran polymers by endocytosis, and accumulate such
molecules in lysosomes.?” Both WT and ATG7 KD cells exhib-
ited bright fluorescent dextran puncta following a 6 h loading
period and a 16 h chase period (Fig. 8D and J). NPe6 PDT (LD,
conditions) caused the loss of both LTR and fluorescent dextran
puncta in WT cultures. The loss of LTR puncta preceded the
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Figure 7. Effects of WST11 PDT on LTR labeling. WT, ATG5 KD and ATG7
KD cultures were left untreated (a, e and i) or incubated with 1T pM
WST11 for 16 h prior to being irradiated (405 mJ/cm?), and labeled with
LTR immediately (b ,fand j), 4 h (c, g and k) or 16 h (d, h and |) after ir-
radiation. Bar in (a): 20 pm.

loss of dextran puncta (compare Fig. 8A—C with Fig. 8D-F).
Fluorescent dextran puncta were clearly visible within 10 min
of PDT, whereas LTR puncta were absent. However, within
4 h of PDT fluorescent dextran puncta were dramatically
reduced in WT cells (Fig. 8F), suggesting that the lysosomal
membranes had been rendered permeable to large molecules. In
contrast, a similar PDT dose caused only a transitory loss of LTR
puncta in ATG7 KD cells that was reversed within 4 h of PDT
(Fig. 81 and J). Unlike what was observed in WT cultures, there
was no significant effect on fluorescent dextran puncta in ATG7
KD cultures over the same time period (Fig. 8J-L).

Discussion

The palladium bacteriopheophorbide WST11 is a useful photo-
sensitizer because it is activated by the longer wavelengths of light
that favor tissue penetration. It is currently being evaluated for
treatment of prostate cancer.” Fluorescence imaging was consis-
tent with a lysosomal localization pattern for WST11. This could
not be confirmed by colocalization studies involving organelle-
specific fluorescent probes because of a very low fluorescence
yield. Irradiation of cultures photosensitized by either WST11
or NPe6 resulted in loss of the punctate fluorescence that is char-
acteristic of LTR accumulation in late endosomes/lysosomes
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(Fig. 2). This would be expected if photodamage disrupted the
pH gradient across the lysosomal membrane, or actually permea-
bilized the organelles. Our finding that irradiation of WST11-
sensitized cultures did not modify the patterns or intensities of
fluorescent mitochondrial or ER probes further argues for the
lysosomal specificicy of WST11 (Fig. S1).

Irradiation of WSTI11 in aqueous solution or bound to
serum albumin results in the formation of radical species (OH
and "O,) but not singlet oxygen.** We recently confirmed that
WST11 does not generate singlet oxygen in cultured lclc7
cells following photoactivation.” This represents a significant
departure from the situation with other sensitizers, such as
NPe6, where PDT initially generates a high quantum yield of
singlet oxygen.?%? Irradiation of WT 1clc7 cells photosensi-
tized with WST11 induced both an autophagic and apoptotic
response in wild-type 1clc7 cultures. These effects are similar
to those obtained with NPe6.!"° Hence, the initial formation of
different ROS upon irradiation of 1clc7 cultures sensitized with
WST11 vs. NPe6 was not a factor in photokilling or the induc-
tion of autophagy. The nature of the ‘trigger’ for autophagy after
PDT remains unknown. A variety of ROS are formed and can

influence the outcome.?®

¥ Attempts to quantify the contribu-
tions of singlet oxygen, vs. other ROS products, to phototoxic-
ity have been equivocal. However, scavenging studies suggest
that *O, and H,O, play a role in the phototoxicity of PDT.?*
Furthermore, both ‘O, and H,O, have been implicated in the
initiation of autophagy.?”*° Formation of superoxide can lead to
downstream production of H,O,.***” We conclude that the type
of ROS initially formed during PDT is not a major factor in the
initiation of autophagy.

PDT directed against lysosomes was recently reported to be
more effective at photokilling than when mitochondria were
the target.’ The authors proposed that “other factors, such as
different initial targets or different mechanisms of cell death,
may also contribute to the observed differences in photody-
namic efficiency.” We propose that the photodynamic efficiency
of lysosomal photosensitizers reflects their ability to disrupt
the autophagic process. Although the induction of autophagy
' only lyso-
somal sensitizers cause permeabilization and alkylation or frank

appears to occur with most classes of photosensitizers,

destruction of endosomes and lysosomes. Such conditions should
prevent lysosome fusion with amphisomes/autophagosomes
resulting in an accumulation of the latter and the development
of ‘autophagic stress.* The latter condition may facilitate the
induction of, or amplification of an apoptotic response. Indeed,
we have documented both the accumulation of autophagosomes'®
and the suppression of autophagic flux (Fig. 5H) following lyso-
somal photodamage. In essence, lysosomal photodamage negates
autophagic prosurvival functions and further burdens the cell
through the development of autophagic stress.

An ATG7 deficiency promoted resistance to the phototoxicity
of both NPe6 and WST11. Procaspase activation was suppressed
and cell survival increased in ATG7-deficient 1clc7 culeures
across a broad range of light doses. Similar results have been
observed by other investigators who have used different toxicants.
The most relevant study is by Walls et al.?® These authors found
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Figure 8. Analyses of lysosomal permeabilization following NPe6 PDT. Cultures of WT (A-F) and ATG7 KD (G-L) cells were preloaded with fluorescein-
conjugated 10-kDa dextran polymers as described in Materials and Methods prior to being sensitized with 20 wM NPe6 and irradiated (270 mJ/cm?).
LTR was added to the cultures 10 min prior to imaging. LTR (A-C and G-1) and dextran (D-F and J-L) fluorescence were captured 10 min and 4 h after

irradiation. Similar results were obtained in a second study.

that treatment of cultured neural precursor cells with chloro-
quine or bafilomycin A, caused autophagosome accumulation,
suppressed autophagic flux, and ultimately induced apoptosis
and cell death. An ATG7 knockdown suppressed the proapop-
totic activities of chloroquine of bafilomycin A . In other studies
it has been reported that ATG7 deficiency reduces sensitivity to
the proapoptotic activities of etoposide,* staurosporine, TGFB/
TGF-B,% and 1,3-dibutyl-2-thiooxo-imidazolidine-4,5-dione
(a generator of H,O,).** In each of these studies, proapoptotic
concentrations of the different toxicants induced an autophagic
response in wild-type cultures that preceded or paralleled the ini-
tiation of apoptosis. Although analyses of autophagic flux were
not reported in these studies, it is worth noting that apoptotic
concentrations of etoposide,””** staurosporine® and H,0,,3%%
induce endosomal/lysosomal permeabilization or rupture in a
variety of cellular systems. In doing so, the effects of these agents
on lysosomes may be analogous to lysosomal photosensitizers,
and contribute to autophagosome accumulation and the develop-
ment of autophagic stress.

A simple explanation for the observed survival of ATG7 KD
cells in our PDT protocols is that autophagy is somehow involved
in the induction of apoptosis by lysosomal photosensitizers. This
seems unlikely for two reasons. First, apoptosis develops prior
to autophagy in NPe6 sensitized WT 1clc7 cultures irradiated
with a very high light dose.!” Second, although the capacity for
developing an autophagic response was significantly suppressed
in ATGS KD cells, the latter were just as susceptible as WT 1clc7
cells to the proapoptotic effects of NPe6 or WST11 PDT. If auto-
phagy was necessary for the development of apoptosis following
lysosomal photodamage, apoptosis should have been suppressed
in ATGS5 KD cells. This was not observed.

Photodamage catalyzed by NPe6 to WT 1clc7 cultures
under LD, conditions resulted in the sequential loss of LTR
and dextran-10,000 fluorescent puncta. Loss of dextran-10,000
fluorescent puncta is suggestive of frank lysosomal membrane
permeabilization, a condition that would facilitate cathepsin
leakage into the cytosol. We and others have shown that released
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lysosomal cathepsins are responsible for the initiation of NPe6
PDT-induced apoptosis,”*" and that treatments that inhibit
their release suppress the process.** An ATG7 deficiency did
not prevent initial photodamage to late endosomes/lysosomes, as
monitored by the loss of the pH gradient needed for LTR accu-
mulation (Fig. 1F and Fig. 7B). However, unlike WT or ATG5
KD 1cle7 cultures, the lysosomes of ATG7 KD cells quickly
recovered their ability to accumulate LTR within 4 h of irradia-
tion. Furthermore, and more importantly, NPe6 PDT did not
cause a frank permeabilization of lysosomal membranes in ATG7
deficient cells. Hence, it is conceivable that an ATG7 deficiency
alters lysosomes such that they are less susceptible to oxidative
damage, as occurs when lysosomes accumulate sphingomyelin®?
or non-esterified cholesterol.?’ Alternatively, an ATG7 deficiency
may modulate ROS availability or upregulate a compensatory
survival pathway. We are currently pursuing these issues.

In summary, lysosomal photodamage releases factors capable
of activating the intrinsic apoptotic program, but also suppresses
autophagic prosurvival functions and adds additional stress on
the cells because of a block in the autophagic flux. The latter two
effects may be unique to photosensitizers that target the lyso-
some, and may contribute to the overall efficacy of these agents.
Moreover, ATG7 appears to play a role in facilitating lysosomal
photodamage that is independent of its role in macroautophagy.
As such, this appears to be a novel function for ATG7.

Materials and Methods

Chemicals and biological. WST 9 was provided by Steba
Pharmaceuticals. WST11 was prepared from WST9 as described
previously.”” NPe6 was provided by Prof. Kevin M. Smith,
Louisiana State University. MEM-Eagle a modification, (M0894)
and HO33342 (B2261) were provided by Sigma-Aldrich. The
fluorescent probes Lysotracker Red (L7528), HO33342 (H3570),
MitoTracker Orange (M-7510), ER-Tracker (E-12353) and fluo-
rescein-conjugated 10 kDa dextran polymers (D1820) were pur-
chased from Invitrogen.
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Cells and cell culture. Murine hepatoma 1clc7 cells were
grown on plastic culture dishes in a humidified atmosphere of
air + 5% CO, in complete medium consisting of a-MEM sup-
plemented with 5% fetal bovine serum (Atlanta Biologicals,
S11150) and 100 units/mL penicillin + 100 pg/mL streptomy-
cin (Invitrogen, 15140). The derivation of 1lclc7 cells that stably
express shRNA to Azg7 (i.e., 1clc7 ATG7 KD) has been pub-
lished." 1clc7 cells that stably express shRNA to murine Azg5
(ie., 1clc7 ATG5 KD) were prepared by transfection with a mix-
ture of 4 pRS plasmids that each express a different murine Azg5
shRNA (OriGene, TR500113), followed by two weeks of selec-
tion in growth medium containing 1 pg/ml puromycin. The KD
lines were periodically monitored by western blotting to insure
continued significant silencing of Azg5 or Atg7. The plating efhi-
ciencies and doubling times of the WT, ATG7 KD and ATG5
KD Iclc7 cell lines were similar. 1clc7 cells that stably express
GFP-LC3 (i.e., lclc7 GFP-LC3) were generated by transfection
of pEGFP-LC3m, which consists of a rat Lc3 coding sequence
cloned in a pEGFP-C1 vector (the gift of Drs. N. Mizushima and
T. Yoshimori), followed by 2 wk of selection in complete medium
+ 400 pg/ml G418. At this point most resistant cells (> 95%)
were positive for GFP fluorescence. After expansion, the trans-
fected cells were aliquoted and stored at -80°C. The GFP-LC3
line is maintained in complete medium + 200 pwg/ml G418, but
transferred to G418-free medium prior to the initiation of any
study. For studies involving microscopy, cells were cultured on 1
cm? glass coverslips placed at the bottom of plastic dishes.

PDT protocols. Cultures were incubated with 1 wM WST11
for 16 h, or with 20 WM NPe6 for 1 h. The medium was then
replaced and the dishes irradiated with light provided by a 600-W
quartz-halogen source filtered with 10 cm of water to remove
infrared. For PDT studies involving WST11, the bandwidth
was further confined to 750 + 10 nm; for NPe6, 660 + 10 nm,
using interference filters (Oriel). Irradiation times were calcu-
lated based on clonogenic studies, so as to yield the desired effect
on viability. For clonogenic studies approximately 250 cells were
plated on 60 mm dishes, allowed to adhere for 24 h, then treated.
Colonies of 30 or more cells were determined using an Oxford
Optronix GelCount device. Three dishes were used per analysis.

Microscopy. All images involving phase and fluorescence
microscopy were acquired with a Nikon E-600 microscope using
a Rolera EM-C2 EMCCD camera (QImaging) and processed by
MetaMorph software (Molecular Devices). For electron micros-
copy, cells were trypsinized and the cell pellets were fixed with
glutaraldehyde and osmium tetraoxide, treated with uranyl ace-
tate + lead citrate, and then dehydrated in ethanol. The resulting
pellets were embedded in epon resin and cut with an ultramicro-
tome to a 70 nm thickness before viewing.

Phase-contrast images were assessed to evaluate vacuole for-
mation and the appearance of apoptotic or necrotic morphol-
ogy. Chromatin condensation was assessed by fluorescence using
HO33342 as described previously,® using 330-380 nm excitation
and measuring emission at 420-450 nm. HO33342 was added
during the final 10 min of the incubation at 37° prior to viewing.
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The intracellular location of WST11 was assessed by monitoring
its intrinsic fluorescence emission at wavelengths > 700 nm, using
330-380 nm excitation. GFP-LC3 fluorescence was monitored
using 480 nm excitation and 505 nm emission. The procedure
for the staining of acidic organelles (i.e., late endosomes and lyso-
somes) with LysoTracker Red involved a 10 min incubation at
37°C with a 100 nM concentration of the probe.* LTR fluores-
cence was monitored using 500-560 nm excitation and measur-
ing emission at wavelengths > 590 nm. Labeling of mitochondria
with Mitotracker Orange (MTO) and the endoplasmic reticu-
lum with ER-Tracker involved a 10 min incubation of cultures
with these probes (3 wM). The excitation/emission wavelength
optima for MTO were 480/540 nm and for ER-Tracker, 370/440
nm.

For studies probing lysosomal integrity after photodamage,
cultures were incubated with 30 pg/ml fluorescein-conjugated
10 kDa dextran polymers for 6 h. The medium was then replaced.
After a 16 h chase NPe6 (20 wM) was added for an additional
hour. The medium was then replaced and the cells irradiated
using 270 mJ/cm?. LTR was added for an additional 10 min and
the fluorescence patterns of the two probes was determined. The
procedure for LTR is described above. Dextran polymer fluores-
cence (510-600 nm) was measured using excitation centered at
470 nm.

DEVDase activation. Cleavage of a caspase-3/7 substrate
containing the DEVD sequence and a quenched fluorophore
(Molecular Probes/Invitrogen, E13184) was measured as
described previously.® Cells were collected at specified intervals
after irradiation for the assay, which was done in triplicate. A
micro Lowry assay (Sigma-Aldrich, B3934, F9252) was used to
estimate protein concentrations, using bovine serum albumin as
the standard.

Western blotting. The conversion of LC3-I to LC3-II was
monitored by western blotting as described previously.”® To assess
autophagic flux, some cultures were treated with 50 mM NH,CI
for 2 h to block the processing of autophagosomes.*
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