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ABSTRACT
Irradiation of murine hepatoma 1c1c7 cultures presensitized
with N-aspartyl chlorin e6 (NPe6) caused lysosomal disruption
and apoptosis. Tao cells, a variant of the 1c1c7 line having
lower aryl hydrocarbon receptor (AhR) contents, were resistant
to the pro-apoptotic effects of NPe6 in the same photodynamic
therapy protocol. Colony-forming assays were used to estab-
lish light dose-dependent and NPe6 concentration-dependent
cytotoxicity curves. Lysosomal breakage and cell survival par-
alleled one another in both cell types. When analyzed at com-
parable lethal dose conditions, the onset of apoptosis was
delayed, and the magnitude of the apoptotic response was
muted in Tao cells, as assessed by morphology, annexin V
binding, caspase-3 activities, and analyses of Bid, pro-
caspase-9, and pro-caspase-3 cleavage. In contrast, the kinet-
ics/magnitude of pro-caspase-3 activation in the two cell lines

were identical after exposure to HA14–1 or Jo2 antibody, in-
ducers of the intrinsic and extrinsic apoptotic pathways, re-
spectively. Tao endosomal/lysosomal extracts contained
�50%, 35%, and 55% of the Bid cleavage and cathepsin B and
D activities of 1c1c7 endosomes/lysosomes, respectively.
Western blot analyses confirmed reduced cathepsin B/D con-
tents in Tao cells. Analyses of 1c1c7/Tao variants engineered to
express antisense/sense AhR constructs suggested that endo-
somal/lysosomal cathepsin B and D content, but not whole cell
content, correlated with AhR expression. These studies provide
a mechanism for the resistance of Tao cultures to the pro-
apoptotic effects of a protocol causing targeted disruption of
lysosomes. They also suggest that the AhR, in the absence of
exogenous ligand, may affect the trafficking/processing of pro-
teases normally found in endosomes/lysosomes.

Photodynamic therapy (PDT) is a procedure that uses light
to activate photosensitizers and generate singlet oxygen.
PDT is used to destroy tumors and in the treatment of mac-
ular degeneration and atherosclerotic plaque (Dougherty et
al., 1998). Numerous agents function as photosensitizers in
PDT protocols and accumulate in specific organelles. The
photosensitizer N-aspartyl chlorin e6 (NPe6) preferentially
accumulates in lysosomes and causes lysosomal disruption
after irradiation (Kessel et al., 2000; Reiners et al., 2002).

Surprisingly, PDT-mediated lysosomal disruption leads to
apoptosis, as opposed to necrosis, in several cell types (Kessel
et al., 2000). In the case of murine hepatoma 1c1c7 cells,
NPe6-mediated disruption of lysosomes in PDT protocols re-
sults in the sequential cleavage/activation of Bid, release of
cytochrome c from mitochondria, and subsequent activations
of pro-caspase-9 and downstream caspases (Reiners et al.,
2002). Released lysosomal proteases presumably initiate the
apoptotic response because lysosomes contain a protease ca-
pable of cleaving/activating Bid (Stoka et al., 2001; Reiners et
al., 2002).

In current paradigms the aryl hydrocarbon receptor (AhR)
is generally depicted as a cytosolic, ligand-activated tran-
scription factor (Hahn, 1998; Whitlock, 1999; Gu et al., 2000).
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Upon ligand binding, the AhR translocates to the nucleus,
where it complexes with the aryl hydrocarbon receptor nu-
clear translocator and other coactivating or corepressing pro-
teins. The resulting complexes subsequently interact with
specific enhancer sequences in target genes designated diox-
in-responsive elements. This interaction can either nega-
tively or positively regulate the transcription of target genes
(Hankinson, 1995; Dong et al., 1997; Sulentic et al., 2000).

The cellular functions of the AhR have been defined by
comparing the effects of AhR ligands in wild-type and AhR-
null mice or cell lines. Such approaches have documented the
role of the AhR in mediating the cytostatic, cytotoxic, and
teratogenic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin, a
potent AhR ligand (Gonzalez and Fernandez-Salguero,
1998). Comparative studies have also defined the role of the
AhR in the 2,3,7,8-tetrachlorodibenzo-p-dioxin–induced tran-
scriptional activation of several phase I and II biotransfor-
mation genes (Gonzalez and Fernandez-Salguero, 1998). Al-
though the ligand-mediated functions of the AhR have
received considerable attention, recent studies suggest that
the AhR may also have ligand-independent functions. Spe-
cifically, AhR-null mice develop liver fibrosis and a cardio-
myopathy not seen in wild-type AhR-containing mice (Fer-
nandez-Salguero et al., 1997). AhR-null or -deficient cell lines
generally have lengthened doubling times and a more spin-
dly morphology than their wild-type counterparts (Ma and
Whitlock, 1996; Reiners and Clift, 1999; Elizondo et al.,
2000). In addition, AhR content seems to regulate suscepti-
bility to different classes of apoptotic inducers in cells of the
murine hepatoma 1c1c7 lineage. Whereas 1c1c7 cells un-
dergo apoptosis after exposure to cell-permeable, short-chain
ceramide analogs, AhR-deficient variant lines (Tao, WARV)
die primarily by a necrotic process (Reiners and Clift, 1999).
In contrast, AhR content did not influence susceptibility to
and development of apoptosis after exposure to staurosporine
or doxorubicin (Reiners and Clift, 1999).

Recent studies have documented the disruption/permeabi-
lization of lysosomes in cultured hepatocyes after exposure to
an apoptotic concentration of TNF� (Guicciardi et al., 2000;
Foghsgaard et al., 2001; Werneburg et al., 2002). Pharmaco-
logical inhibition of either sphingomyelinases or cerami-
dases, enzymes involved in the generation of ceramide and
its conversion to sphingosine, ablated TNF�-mediated lyso-
somal damage and apoptosis (Ségui et al., 2001; Colell et al.,
2002; Luberto et al., 2002). Although unproven, the lysoso-
mal disruption noted in these studies may reflect the actions
of sphingosine and its functioning as a lysosomal detergent
(Kagedal et al., 2001; Werneburg et al., 2002). Given the roles
of ceramide and lysosomes in the above model of TNF�-
induced apoptosis, and our prior demonstration that lysoso-
mal proteases can activate the intrinsic apoptotic pathway
via cleavage of Bid, we hypothesized that differences in lyso-
somal Bid cleavage activities might account for the differen-
tial sensitivities of AhR wild-type 1c1c7 and AhR-deficient
Tao cells to the pro-apoptotic effects of ceramide. To test this
hypothesis, we used NPe6 and PDT to cause a targeted
disruption of the lysosomes in 1c1c7 and Tao cells and mon-
itored the development of apoptosis. Such studies showed
that the development of apoptosis was delayed and muted in
Tao cells after PDT and that Tao lysosomes/endosomes had
lower Bid cleavage activities than the corresponding or-
ganelles from 1c1c7 cells. Moreover, the lysosomal/endoso-

mal contents/activities of multiple proteases/hydrolases were
also reduced in Tao cells. Analyses of variant cell lines
showed that these differences correlated with cellular AhR
content.

Materials and Methods
Chemicals. NPe6 was the gift of Light Sciences Corp. (Issaquah,

WA). Fluorescent probes for lysosomal integrity (acridine orange)
and chromatin condensation (HO33342) were purchased from Mo-
lecular Probes (Eugene, OR). Ac-DEVD-AMC and Jo2 Armenian
hamster IgG (azide and endotoxin free) were purchased from BD
Biosciences (San Diego, CA). Pepstatin A and AMC were purchased
from Calbiochem (La Jolla, CA). The cathepsin B substrate Z-RR-
AMC and the cathepsin D substrate Ac-ED(Edans)KPILFFRLGK-
(Dabcyl)E-NH2, and the cathepsin D substrate standard Ac-
RE(Edans)-A-NH2 were purchased from Bachem Bioscience Inc.
(King of Prussia, PA). CA074 was obtained from Peptides Interna-
tional, Inc. (Louisville, KY). HA14–1 was purchased from Ryan Sci-
entific, Inc. (Isle of Palms, SC). Recombinant murine Bid was ob-
tained from R&D Systems, Inc. (Minneapolis, MN). Bicinchoninic
acid was purchased from Sigma-Aldrich (St. Louis, MO).

Cell Culture. Murine hepatoma Hepa 1c1c7, Tao, TCMV, TAHR,
WCMV, and WARV cell lines were obtained from Dr. J. P. Whitlock,
Jr. (Stanford University, Stanford, CA). All cell lines were grown in
�-minimum essential medium supplemented with 5% fetal bovine
serum and antibiotics in a 5% CO2 atmosphere, at 37°C, either in
culture dishes or on 12-mm glass coverslips coated with poly-L-
lysine. The growth medium used for the culturing of TCMV, TAHR,
WCMV, and WARV cells was also supplemented with 500 ng/ml of
G418. The derivation of these four cell lines has been described
previously (Ma and Whitlock, 1996). All cell lines were plated at
densities that ensured exponential growth 3 days after plating. Me-
dium was always changed 2 days after plating. Treatments were
always performed with 3-day-old cultures.

PDT Protocols. Subconfluent monolayers were washed twice
with PBS before being refed with complete medium containing NPe6.
Solutions of NPe6 were always prepared immediately before use
from dried power and made in sterile water. After a loading period of
�45 to 60 min, the cultures were washed three times with PBS,
refed, and then irradiated. Cultures loaded with NPe6 were irradi-
ated for various lengths of time at 22°C using a 600-W quartz-
halogen lamp with IR radiation attenuated by a 100-cm layer of
water and an 850-nm cutoff filter. The bandwidth was further con-
fined to 650 to 700 nm by a broadband interference filter. Light
intensity at wavelengths of NPe6 absorbance was 1.5 mW/cm2.
Hence, 1 s of irradiation � 1.5 mJ/cm2.

NPe6 Loading Analyses. Subconfluent monolayers of 3-day-old
cultures grown in 35-mm culture dishes were washed three times
with PBS and refed with complete medium containing different
concentrations of NPe6. After 30, 60, and 120 min, cultures were
washed three times with PBS and flooded with 1.5 ml of H20 con-
taining 0.5% Triton X-100. After 5 to 10 min at room temperature,
the cells were scraped with a rubber policeman and transferred to a
conical tube. Plates were washed once with an additional 1.5 ml of
the Triton X-100 solution, and the washes were added to the original
lysates. Parallel plates were treated with trypsin/EDTA, and cell
numbers were determined with a hemocytometer. Cellular NPe6
contents were determined by analyses of the fluorescence signature
of NPe6. Specifically, lysates were excited at 400 nm and fluores-
cence emission was determined with an Instaspec IV charge-coupled
device (Oriel Corp., Stratford, CT), coupled to a monochronometer,
which was set for a 0.5-s scan in single-scan mode. Fluorescence
emission was attenuated by a 630-nm cutoff filter to omit any extra-
neous porphyrin signatures. Emission spectra were read at their
peaks (�660 nm), and recorded in fluorescence units. The 0.5%
Triton X-100 solution was used to establish a baseline. NPe6 content
per cell is expressed as fluorescence units per 103 cells.
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Fluorescence Microscopy of Lysosomes and Nuclei. Nuclear
morphology was assessed by labeling adherent cells for 10 min at
37°C with HO33342 (5 �M). Cultures were then washed three times
with PBS and observed by fluorescence microscopy using excitation
at 330 to 380 nm and measuring fluorescence at 420 to 450 nm. The
same cultures were simultaneously loaded with 0.5 �M AO to image
lysosomes. The wavelengths for acquiring AO fluorescence were ex-
citation at 400 to 440 nm and emission at 590 to 650 nm.

FACS Analyses of Acridine Orange-Labeled Lysosomes.
Subconfluent cultures were incubated with AO (8 �M) for 20 min at
37°C before being washed three times with PBS and detached by
incubation with trypsin/EDTA. Cell suspensions were transferred to
a 15-ml conical tube and diluted with Dulbecco’s modified Eagles’s
medium/Ham’s F-12 medium containing 5% horse serum, and pel-
leted by centrifugation; the pellet was subsequently washed once
with PBS and resuspended in the same medium without serum. Cell
suspensions were immediately analyzed by flow cytometry on a
FACSCalibur instrument (BD Biosciences, San Jose, CA). A thresh-
old was set on the basis of forward and 90° side scatter that voided
the counting of debris, and a gate was set that counted the bulk of the
cell population (�95–98% of all detected events above the threshold).
Red AO fluorescence (FL3, PerCP detector) was collected for 20,000
cells in the gated population. Four cultures of each cell line were
analyzed. Flow cytometry histograms were analyzed with Cell Quest
software (BD Biosciences).

FACS Analyses of Annexin V Binding. After transfer of culture
medium to a 15-ml conical tube, cultures were washed twice with
PBS and the washings were added to the culture medium. Adherent
cells were released with trypsin/EDTA and transferred to the tube
containing culture medium and washings. Cells, debris, and apopto-
tic bodies were pelleted by centrifugation and then washed once with
PBS. The washed pellet was subsequently labeled with annexin V
and propidium iodide as described by the manufacturer of the An-
nexin V-FITC apoptosis detection kit (Oncogene Research Products,
Boston, MA). Cells were immediately analyzed by flow cytometry on
a FACSCalibur instrument. On the basis of forward and 90° side
scatter, a threshold was set that voided the counting of debris, and a
gate was set that counted cells but not apoptotic bodies. The FITC
signal of annexin V was detected at 518 nm by FL1 (FITC detector),
and propidium iodide fluorescence was detected at 620 nm by FL2
(phycoerythrin fluorescence detector).

Effects of PDT on Cell Viability. Subconfluent cultures were
detached by incubation with trypsin/EDTA, washed, and subse-
quently suspended in culture medium and plated (400–1000 cells/
plate). NPe6 was added �16 to 18 h after plating. After �45 min, the
cultures were washed three times with PBS and refed immediately
before irradiation. After irradiation, cultures were returned to a
humidified 5% CO2 chamber and incubated at 37°C. The medium
was changed every 3 days, and colonies were scored 8 to 10 days after
plating. Previous studies have shown that only a low percentage of
Hepa 1c1c7 cells divide in the first 20 h after passaging.

DEVDase Assay. Cultures were washed twice with PBS before
being flooded with lysis buffer (solution A: 10 mM Tris, pH 7.5, 130
mM NaCl, 1% Triton X-100, 10 mM NaF, 10 mM NaPi, and 10 mM
NaPPi). Cells in culture medium and PBS washes were pooled,
washed with PBS, and pelleted by centrifugation. After �3 to 10 min
of incubation on ice, culture dishes were scraped and the lysate was
added to the cell pellet derived from the culture medium. The lysate
was then transferred to a small tube, sonicated for 1 s, and centri-
fuged at 13,000g for 10 min. Supernatant fluids were aliquoted and
stored at �80°C. The procedure for assay of DEVDase using Ac-
DEVD-AMC as substrate has been described in detail (Reiners and
Clift, 1999). The only deviation from the protocol was that assay
mixtures were scaled for 96-well plates. Changes in fluorescence over
time were converted into picomoles of product by comparison with a
standard curve made with AMC. DEVDase specific activities are
reported as nanomoles of product per minute per milligram of pro-

tein. The bicinchoninic acid assay, using bovine serum albumin as a
standard, was used to estimate protein concentrations.

Preparation of Cytosol for Bid Cleavage Assays. Cells were
released from culture dishes with trypsin/EDTA, mixed with �-min-
imum essential medium plus 5% fetal bovine serum, and pelleted by
centrifugation. The pellet (�108 cells) was sequentially washed once
with PBS and once with 0.25 M sucrose. After centrifugation, the
washed pellet was resuspended in 1 ml of 0.25 M sucrose and ho-
mogenized with a Dounce tissue grinder (Wheaton, Millville, NJ)
using 15 strokes. The resulting homogenate was sequentially centri-
fuged at 14,000g for 5 min and 100,000g for 1 h. The final superna-
tant fluid represented ‘cytosol’ and was aliquoted and stored at
�80°C.

Preparation of Lysosomal Extracts for in Vitro Cleavage
Assays. The procedures used for the isolation and disruption of
lysosomes used for in vitro Bid cleavage assays have been described
in detail (Reiners et al., 2002).

In Vitro Bid Cleavage Assay. For the studies reported in Fig.
9A, cytosol (10 �g) was incubated with or without 2 �g of lysosomal
extract at 37°C, in a 30-�l reaction mixture containing 100 �M
sodium acetate, pH 5.5, 10% glycerol, and 2 mM dithiothreitol. For
the studies reported in Fig. 9B, various amounts of lysosomal extract
were incubated with 40 ng of recombinant murine Bid at 37°C in a
20-�l reaction mixture containing 10 mM MES, pH 5.5. In both
protocols, the reactions were terminated by the addition of SDS
PAGE loading buffer. Bid and tBid in these studies were detected by
Western blotting using the conditions reported previously by Reiners
et al. (2002). The primary antibody used for the detection of Bid/tBid
in these studies was a rabbit polyclonal antibody made to full-length
recombinant murine Bid (gift of X-M Yin, University of Pittsburgh
School Medicine, Pittsburgh, PA).

Western Blot Analyses. Lysates of whole cells were prepared
with solution A supplemented 1/10 (v:v) with a 10� solution of
protease inhibitor cocktail (Sigma), sonicated for 1 s, and centrifuged
at 13,000g for 5 min. Lysosomal lysates were prepared by incubating
lysosomes with 0.25 M sucrose, 25 mM MES, pH 6.5, 1 mM EDTA,
and 0.1% Triton X-100 for 1 min, followed by centrifugation at
13,000g for 5 min. Supernatant fluids were aliquotted and stored at
�80°C. Polypeptides in supernatant fluids were separated on 8%
(AhR), 12.5% (cathepsins B and D), or 15% (Bid, caspase-3, and
caspase-9) polyacrylamide-SDS gels and electrophoretically trans-
ferred onto nitrocellulose. After transfer, the blots were incubated
with blocking solution (5% Carnation dehydrated nonfat milk in
PBS/0.05% Tween 20) for 2 h at room temperature. Blocked blots
were washed with PBS/0.05% Tween 20 and subsequently incubated
overnight at room temperature with rabbit polyclonal antibodies
raised to the murine AhR (BioMol Research Laboratories, Plymouth
Meeting, PA), murine caspase-9 (Cell Signaling Technology, Beverly,
MA), human caspase-3 (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), human cathepsin D (Oncogene Research Products), full-length
recombinant human cathepsin B (generated in-house), or murine Bid
(Cell Signaling Technology). Primary rabbit antibodies were de-
tected by a 1.5-h incubation, at room temperature, with a horserad-
ish peroxidase-linked donkey anti-rabbit IgG (Amersham Bio-
sciences, Piscataway, NJ). Primary and secondary antibody dilutions
were made with PBS/0.05% Tween 20 containing 2.5% Carnation
dehydrated nonfat milk. Immune complexes were visualized with an
ECL detection kit (Amersham Pharmacia Biotech, Inc.) and recorded
on X-ray film. Band intensities were quantitified using Scion Image
Densitometric Analyses software (Scion Corporation, Frederick,
MD).

Cathepsin Assays. The fluorometric assays used for the mea-
surement of whole cell and lysosomal cathepsin B and D activities
have been described in detail (Guo et al., 2002; Reiners et al., 2002).
Z-RR-AMC and Ac-ED(Edans)KPILFFRLGK(Dabcyl)E-NH2 were
used as substrates in cathepsin B and D assays, respectively. Con-
tributions of cathepsin L to cathepsin B activities, and vice versa,
were determined by inclusion of parallel assays containing 5 �M
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CA-074, which inhibits cathepsin B. The only significant deviation
from the published assay procedures was the use of 10 �M instead of
100 �M Ac-ED(Edans)KPILFFRLGK(Dabcyl)E-NH2 in the cathep-
sin D assay. All cathepsin assays were scaled to work in 96-well
plates. Cathepsin B specific activities are reported as nanomoles of
AMC produced per minute per milligram of protein. Cathepsin D
specific activities are reported as nanomoles of Edans fluorophore
released per minute per milligram of protein.

Whole-cell lysates for cathepsin enzymatic assays were prepared
by flooding cultures with 0.25 M sucrose, 25 mM MES, pH 6.5, 1 mM
EDTA, and 0.1% Triton X-100. After �1 min, cell lysate was trans-
ferred to a microcentrifuge tube, sonicated for 1 s, and centrifuged for
13,000g for 5 min. Supernatant fluids were aliquoted and stored at
�80°C. The procedure described under “Western Blot Analyses” was
used to prepare lysosomal extracts for subsequent analyses of ca-
thepsin activities.

Results
NPe6 Loading of 1c1c7 and Tao Lysosomes. The

amount of singlet oxygen generated in PDT protocols is in-
fluenced by both the concentration of photosensitizer present
in cells and the light dose. Hence, meaningful comparisons of
the susceptibilities of different cell lines to photosensitizers
require knowledge of cellular photosensitizer levels after sen-
sitization. Figure 1A depicts analyses of cell-associated NPe6
contents after a 1-h sensitization period. NPe6 loading was
linear over the 11 to 66 �M range examined in both 1c1c7 and
Tao cultures. Per-cell NPe6 contents were �5 to 15% higher
in Tao cultures at all concentrations examined. Similar re-
sults were obtained in two additional experiments, and per-
cell NPe6 contents were identical in a fourth experiment.
Hence, the NPe6 per cell contents of Tao cells were compa-
rable with, if not slightly greater than, those of 1c1c7 cells.
Maximal loading of either cell type with sensitizer occurred
within 30 min of adding 33 �M NPe6 (Fig. 1B). Lengthening
the sensitization period to 1 or 2 h had little effect on cell–
associated NPe6 contents (Fig. 1B). Results similar to those
reported in Fig. 1B were also obtained when either cell type
was sensitized with 16 or 66 �M (J. J. Reiners, unpublished
data). In subsequent studies, cultures were sensitized for 45
to 60 min with either 33 or 66 �M NPe6.

We recently demonstrated by microscopy that NPe6 fluo-
rescence in 1c1c7 cells colocalized to a subset of organelles
also labeled by LysoTracker Blue (Reiners et al., 2002). At

issue is whether the NPe6 loading data reported in Fig. 1A
correlate with the acidic organelle contents of the two cell
lines. To address this issue, we loaded cultures with the
lysosomotropic weak base acridine orange (AO), which fluo-
resces red in acidic environments, and quantitated fluores-
cence by flow cytometry. Figure 1, C and D, shows the over-
lays of such analyses for three different cultures of each cell
line. Staining was very reproducible from culture to culture.
In agreement with the NPe6 loading estimates, AO content
was slightly higher (�10%) in Tao cells.

NPe6 Cytotoxicity. A colony formation assay was used to
compare the sensitivities of 1c1c7 and Tao cultures with
NPe6-mediated killing in a PDT protocol. A 1-h exposure to
33 or 66 �M NPe6, in the absence of irradiation, reduced Tao
and 1c1c7 colony formation by �12% and �6%, respectively
(Fig. 2). In the absence of NPe6, irradiation for 130 to 150 s
did not affect the viability of either cell line (Fig. 2). However,
NPe6-sensitized cultures were killed by subsequent irradia-

Fig. 1. NPe6 loading of 1c1c7 and Tao cultures. A, nearly confluent 1c1c7
(F) and Tao (E) cultures were loaded with various concentrations of NPe6
for 1 h before being processed for NPe6 determinations as described
under Materials and Methods. B, cultures were loaded with 33 �M NPe6
for 30, 60, or 120 min before being harvested for analyses of NPe6
contents. Data represent means � S.D. of analyses performed on four
plates per treatment. Similar data were obtained in three additional
independent experiments. C and D, FACS analyses of acridine orange
staining of lysosomes in 1c1c7 (C) and Tao (D) cells. Data represent
overlays of analyses performed on three cultures of each cell type. Value
above peak represents mean of FL3-H mean values taken from the
histograms of three culture dishes.

Fig. 2. NPe6 cytotoxicity as assessed in colony-forming assays. 1c1c7
(solid symbols) or Tao (open symbols) cells were plated at densities of 250
to 1600 cells per 60-mm dish �20 h before a 1-h sensitization with either
33 �M NPe6 (A) or 66 �M NPe6 (B). After the indicated lengths of
irradiation, cultures were returned to an incubator. Colonies were
counted 8 to 10 days after irradiation. f,�, NPe6 only; Œ,‚, light only;
F,E, NPe6 � light. Data represent the means � S.D. of three to four
plates per treatment group. Similar survival curves were generated in
three additional experiments with each concentration of sensitizer.
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tion in a light dose-dependent and NPe6 concentration-de-
pendent manner (Fig. 2). 1c1c7 cultures sensitized with ei-
ther 33 �M (Fig. 2A) or 66 �M (Fig. 2B) NPe6 were markedly
more sensitive than Tao cultures at each light dose tested.

NPe6-Induced Lysosome Breakage. We recently re-
ported that irradiation of NPe6-sensitized 1c1c7 cultures
causes lysosomal damage and the loss of AO staining (Rein-
ers et al., 2002). AO staining in nontreated 1c1c7 and Tao
cultures was punctate and perinuclear (Fig. 3). Exposure to
140 s of light had little effect on the distribution or staining
intensity of AO-labeled lysosomes. In cultures preloaded with
33 �M NPe6, AO staining remained perinuclear but was
somewhat coalesced (Fig. 3). Irradiation of cultures pre-
loaded with 33 �M NPe6 resulted in a light dose-dependent
loss of AO staining. However, less AO staining was observed
in 1c1c7 cultures, relative to Tao cultures, at every light dose
analyzed. Staining was eliminated in 1c1c7 cultures irradi-
ated for 140 s. In contrast, approximately 40% of the cells in
Tao cultures exhibited strong punctuate AO staining (Fig. 3
and one additional experiment involving the analyses of
�100 cells). This percentage of Tao cells with detectable
punctate AO staining after 140 s of irradiation is very similar
to the percentage of cells that survived after similar treat-

ment, as scored in colony formation assays (compare Figs. 2A
and 3).

The differential sensitivities of 1c1c7 and Tao lysosomes to
disruption in NPe6-PDT protocols were also seen when 66
�M NPe6 was used for sensitization (data not shown). At
comparable light doses, less AO staining was consistently
observed in 1c1c7 cultures. Whereas 50 s of irradiation was
sufficient to eliminate AO staining in 1c1c7 cultures, a com-
parable effect in Tao cells required �80 s of irradiation.
Hence, although 1c1c7 and Tao cells contained similar
amounts of NPe6, Tao lysosomes were more resistant to
disruption after irradiation.

PDT-Induced Apoptosis in 1c1c7 and Tao Cultures.
After irradiation, NPe6-sensitized 1c1c7 and Tao cultures
underwent pronounced morphological changes indicative of
apoptosis (Fig. 4). However, the rate at which cultures ex-
pressed apoptotic features differed for the two cell lines. This
point is best documented by comparing cultures treated with
PDT conditions causing comparable cell killing. For cultures
sensitized with 66 �M NPe6, an LD50 for 1c1c7 and Tao cells
required �20 and �50 s of irradiation, respectively (Fig. 2).
Shrunken, blebbed cells were obvious in 1c1c7 cultures
within 4 h of irradiation (Fig. 4C), whereas no apoptotic cells
were observed in Tao cultures (Fig. 4F). Within 8 h of irra-
diation, with LD50 conditions, both cell types were undergo-
ing apoptosis (Fig. 4, I and L). However, 1c1c7 cultures were
much further along in the apoptotic process based upon the
copious presence of apoptotic bodies. Similar results were
obtained when cultures were irradiated using �LD90 condi-
tions (i.e., 50 s for 1c1c7 cultures and 75 s for Tao cultures).
At 4 h after irradiation, multiple blebbed cells were clearly
present in 1c1c7 cultures (Fig. 4E), whereas only an occa-
sional blebbed cell was observed in Tao cultures (Fig. 4H).
Within 8 h of irradiation, with LD90 conditions, both cultures
were undergoing apoptosis. However, blebbing was most
prominent in the 1c1c7 cultures (Fig. 4, K versus N).

Although both 1c1c7 and Tao cultures underwent morpho-
logical changes characteristic of apoptotic cells after PDT, we

Fig. 3. Differential sensitivities of 1c1c7 and Tao lysosomes to NPe6-
induced disruption in PDT protocols. 1c1c7 and Tao cultures grown on
coverslips were loaded with 33 �M NPe6 for 45 min before being washed
and irradiated for the indicated lengths of time. After 1 h, cultures were
loaded with AO and HO33342 to visualize lysosomes and nuclei, respec-
tively. Approximately 15 min later, coverslips were washed with PBS and
used for fluorescence microscopy. Control cultures were treated with
nothing, only NPe6, or only light. Figures are representative of two
independent experiments.

Fig. 4. Morphological changes after irradiation of NPe6-sensitized cul-
tures. Cultures were loaded with 66 �M NPe6 for 45 min before being
washed, refed, and irradiated for varied lengths of time. Control cultures
were treated with nothing or irradiated for 75 s. Cultures were photo-
graphed either 4 or 8 h after irradiation.
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sought additional criteria to document the differential induc-
tion of apoptosis in the two cell lines. The flipping of phos-
phatidylserine from the inner to the outer plasma membrane
occurs early in the apoptotic program and is often used as a
specific marker of cells undergoing apoptosis. Flow cytomet-
ric analyses of FITC-conjugated annexin V binding to 1c1c7
and Tao cultures are presented in Fig. 5. In these studies,
cells were counter-stained with propidium iodide (PI) to dis-
tinguish between apoptotic cells (annexin V�/PI�, upper left
quadrant of the flow cytometry histograms) and oncotic cells
that bind annexin V on the cytoplasmic side of the plasma
membrane as a consequence of the membrane being perme-
able (annexin V�/PI�, upper right quadrant). It should be
noted that late stage apoptotic cells often become PI-perme-
able and can be a component of the annexin V�/PI� popula-
tion.

Annexin V�/PI� 1c1c7 and Tao cells constituted only a
small percentage of the culture population after no treat-
ment, light-only treatment, or sensitization with 66 �M
NPe6 (Fig. 5). However, there was a significant accumulation
of annexin V�/PI� cells within 3 h of irradiating NPe6-
sensitized 1c1c7 cultures for 50 s, and the percentage of
annexin V�/PI� cells increased with passing time. In con-
trast, after similar treatments, Tao cultures exhibited mark-
edly lower percentages of annexin V�/PI� cells at each of the
three time points examined. However, the percentage of Tao
cells scored as annexin V�/PI� could be enhanced by increas-
ing the light dose by 1.5-fold (by irradiating for 75 s).

DEVDase activity is commonly used to monitor the collec-
tive activation of pro-caspases-3, -6, and -7. DEVDase activ-
ities were basically unaffected in nonsensitized 1c1c7 and
Tao cultures after irradiation for �125 s (Fig. 6, A and B).

Fig. 5. Annexin V binding after irradiation of
NPe6-sensitized cultures. Cultures of 1c1c7 and
Tao cells were treated with nothing, 50 or 75 s of
light, 66 �M NPe6, or NPe6 � light for various
lengths of time (3–5 h) before being harvested for
analyses of Annexin V and PI staining by flow
cytometry. Annexin V and PI staining are repre-
sented on the y-axis (FL1-H) and x-axis (FL2-H),
respectively. Analyses represent data collected
on �12,000 gated 1c1c7 cells and �6000 gated
Tao cells. Values in the quadrants represent the
percentage of total gated cells. Similar data were
obtained in a second independent experiment,
which also included analyses performed with 33
�M NPe6, at the 3- and 5-h time points.
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Similarly, DEVDase activities were not elevated after expo-
sure to just 33 �M NPe6 or 66 �M NPe6 (Fig. 6, C and D).
However, dramatic increases in DEVDase activities occurred
in both cell lines after the irradiation of NPe6-sensitized
cultures. In both lines, with either concentration of sensi-
tizer, the kinetics of DEVDase activation correlated with the
length of irradiation so long as 	LD95 conditions were used
in the PDT protocol. Thereafter, DEVDase-specific activities
reached a maximum and could not be increased by lengthen-
ing the irradiation times. Increasing the sensitizer concen-
tration from 33 �M to 66 �M decreased the amount of light
required for maximal DEVDase activation in both cell lines.

At fixed light doses, with either concentration of sensitizer,
Tao cultures consistently expressed lower DEVDase specific
activities than 1c1c7 cells. The differences between the DEV-
Dase specific activities of the two cell lines could be mini-
mized if analyses were made between samples prepared from
cultures having comparable survival/LD values. This mini-
mization is consistent with the observation that Tao cultures
needed to be irradiated longer than 1c1c7 cultures to accom-
plish similar killing and lysosome breakage. Nevertheless,
maximum DEVDase-specific activities were not identical in
the two cell lines. Maximum DEVDase-specific activities in
1c1c7 cells were consistently 5- to 8-fold higher (Fig. 6, C and
D; three additional experiments).

Irradiation alone or exposure to NPe6 alone did not trigger
the proteolytic cleavages of Bid, pro-caspase-9, or pro-
caspase-3 in either 1c1c7 or Tao cells, as assessed by Western
blot analyses (Fig. 7). However, PDT did cause a rapid acti-
vation of pro-caspase-9 in 1c1c7 cells, which preceded the

activation of pro-caspase-3. The activation of pro-caspase-9 in
1c1c7 cells was paralleled/accompanied by the loss of Bid
(Fig. 7A). In contrast, no caspase-9 or -3 cleavage products
were detected in sensitized and irradiated Tao cells when
comparable ECL exposure times were used for detection of
immune complexes (data not shown). Pro-caspase-9 and -3
cleavage products could be detected in Tao cells if the ECL
exposure times were significantly lengthened (Fig. 7B). Even
then, however, the relative amounts of cleavage products
were much lower than what was detected with 1c1c7 lysates.
Bid cleavage in Tao cultures paralleled pro-caspase-9 activa-
tion. The kinetics of disappearance were considerably slower
than that observed in 1c1c7 cultures.

CD95 and HA14–1 Induced Apoptosis. To determine
whether the differential responses of 1c1c7 and Tao cultures
to PDT reflected a general resistance of Tao cells to apoptosis,
we compared the responses of the two cell lines to different
classes of apoptotic inducers. HA14–1 activates the intrinsic
apoptotic pathway via its ability to bind the hydrophobic cleft
of anti-apoptotic Bcl-2 family members (Wang et al., 2000).
Cotreatment of either 1c1c7 or Tao cells with HA14–1 re-
sulted in a concentration-dependent induction of apoptosis.
Neither the kinetics nor magnitude of induction of DEVDase
activities was markedly different in either cell line (Fig. 8A).
The Jo2 antibody activates the extrinsic apoptotic pathway
via its ability to cross-link and activate the CD95 receptor.
Coincubation of either cell line with cycloheximide and the
Jo2 antibody resulted in apoptosis, as scored morphologically
(data not presented) and by measurement of DEVDase activ-
ity (Fig. 8B). The kinetics and magnitude of DEVDase acti-

Fig. 6. Caspase activation
after irradiation of NPe6-
sensitized cultures. Cul-
tures of 1c1c7 (A and C)
and Tao (B and D) cells
were loaded with either 33
�M (A and B) or 66 �M (C
and D) NPe6 for 45 min
before being washed,
refed, and irradiated for
various lengths of time.
Control cultures were
treated with nothing,
treated only with NPe6, or
irradiated for 125 s. The
specifics of treatment are
noted in the figure. Cul-
tures were harvested at
various times after irradi-
ation for determination of
DEVDase activities. Data
represent means � S.D. of
triplicate analyses per-
formed on the lysate pre-
pared from a single plate.
Error bars are hidden by
symbols. Similar results
were obtained in a second
independent experiment.
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vation were virtually identical for the two cell lines. We
previously reported that the kinetics and magnitude of DEV-
Dase activation were identical for the two cell lines after
exposure to apoptotic concentrations of staurosporine or
doxorubicin (Reiners and Clift, 1999). Hence, the differential
sensitivities of NPe6-sensitized 1c1c7 and Tao cultures to
PDT do not reflect an inherent resistance of the Tao line to
apoptosis.

Bid Cleavage by Lysosomal Extracts. We recently re-
ported that extracts prepared from isolated 1c1c7 lysosomes
contain an activity capable of cleaving Bid in vitro (Reiners et
al., 2002). Figure 9A compares in vitro Bid cleavage mediated
by extracts prepared from purified preparations of 1c1c7 and
Tao lysosomes. The source of Bid in these studies was 1c1c7
cytosolic supernatant fractions created by centrifugation at
100,000g. Whereas lysosomal extracts from 1c1c7 cells effec-
tively cleaved Bid, less cleavage product was observed in
reactions employing extracts from Tao lysosomes.

The cytosols of many cell types contain potent lysosomal
protease inhibitors (for review, see Shridhar et al., 2000). To
circumvent possible complications by cytosolic inhibitors, we

used a second assay that substituted recombinant murine
Bid for the Bid present in cytosolic preparations. Analyses of
the abilities of lysosomal extracts to cleave recombinant Bid
in the absence of any cytosol are presented in Fig. 9B. The
extent of Bid cleavage varied directly with the amount of
lysosomal extract from either cell line. However, more cleav-
age product was generated with 1c1c7 lysosomal extracts at
each of the three protein concentrations tested [147 � 5% of
Tao content, Fig. 9B and 2 additional experiments (p 	
0.05)].

Cathepsins in 1c1c7 and Tao Cells. Several studies
have suggested that cathepsins B and D contribute to the
initiation and development of the apoptotic program (Roberg
et al., 1999; Guicciardi et al., 2000; Foghsgaard et al., 2001).
Cathepsin B specific activities in 1c1c7 and Tao whole-cell
lysates and purified endosome/lysosome lysates differed con-
siderably from one another (Fig. 10A). Specifically, Tao cells

Fig. 7. Bid, pro-caspase-9, and pro-caspase-3 cleavage after irradiation of
NPe6-sensitized cultures. Cultures of 1c1c7 (A) or Tao (B) cells were
loaded with 66 �M NPe6 for 45 min before being washed, refed, and
irradiated for 50 s (1c1c7) or 80 s (Tao). Control cultures were treated
with nothing, only NPe6, or only light. Lysates were prepared 1 to 8 h
after irradiation for subsequent Western blot analyses. Analyses of indi-
vidual proteins from Tao and 1c1c7 cultures were performed on the same
blots, at the same time, using a common reagent solution. Note that the
ECL exposure times are very different for the Tao and 1c1c7 caspase-3
and -9 samples. Similar results were obtained in a second independent
experiment.

Fig. 8. Activation of the extrinsic and intrinsic apoptotic pathways. A,
cultures of Tao (closed symbols) and 1c1c7 (open symbols) cells were
treated with nothing (F,E), 15 �M HA14–1 (Œ,‚), or 25 �M HA14–1
(f,�) for various lengths of time before being harvested for DEVDase
assays. B, cultures of Tao (closed symbols) and 1c1c7 (open symbols) cells
were treated with nothing (F,E), 1 �g/ml CHX (Œ,‚), or 1 �g/ml CHX �
3 �g/ml Jo2 antibody (f,�). Cultures were incubated with CHX for 30
min before the addition of the Jo2 antibody. Cultures were harvested at
indicated times for analyses of DEVDase activities. Results similar to
those reported in A and B were obtained in a second independent exper-
iment.
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had �50% and �35% of the whole cell and endosomal/lyso-
somal cathepsin B activities measured in 1c1c7 cultures. Tao
cultures also contained less cathepsin D than 1c1c7 cultures.
Cathepsin D-specific activities in lysates prepared from Tao
cells and endosome/lysosome preparations were �80% and
�55% of the values measured in 1c1c7 cells (Fig. 10A). West-
ern blot analyses of whole-cell lysates suggested that Tao
cells contained slightly less cathepsin B and D than 1c1c7
cells (Fig. 10, B and C). However, the differences were not
statistically significant. In contrast, Tao lysosomal cathepsin
B and D contents were only 35% and 25%, respectively, of
1c1c7 lysosomal contents (Fig. 10, B and C).

The 1c1c7/Tao cell pair is often used to assess the involve-
ment of the AhR in biological processes. To determine
whether the AhR might modulate lysosomal protease con-
tents, we surveyed cathepsin B and D contents in a variant of
the 1c1c7 line (WARV cells), having reduced AhR levels be-
cause of the stable expression of antisense AhR (Fig. 10D)
and in a variant of the Tao cell line (TAHR) that was stably
transfected with an AhR sense vector (Fig. 10D). Data gen-
erated with WARV and TAHR cells were compared with
WCMV and TCMV cells, respectively. The latter two lines are
variants of the 1c1c7 and the Tao lines that had been stably
transfected with an empty expression vector (Fig. 10D).
Whole-cell extracts of WARV versus WCMV cells and TAHR
versus TCMV cells contained similar amounts of cathepsins
B and D (Fig. 10, B and C). However, the endosomal/lysoso-
mal contents of both cathepsins were markedly greater in the
AhR-containing members (WCMV and TAHR cells) of the
two stably transfected cell pairs.

NPe6 Loading of TAHR and TCMV Lysosomes. If the
differential sensitivities of NPe6-sensitized 1c1c7 and Tao
cultures to PDT were a consequence of AhR-mediated pro-

cesses, it follows that the AhR-containing TAHR cell line
should be more sensitive to NPe6 PDT than TCMV cells, its
cognate AhR-deficient partner. Loading studies showed that
TCMV cells contained more NPe6 than TAHR cells at each
concentration of sensitizer tested (Fig. 11A). This difference
qualitatively correlated with the lysosomal loading capacities
of the two cell lines (Fig. 11, B and C). Flow cytometric
analyses of AO fluorescence indicated that the lysosomal
loading capacity of TAHR cells was �65% of TCMV cells.

PDT-Induced Apoptosis in TAHR and TCMV Cells. In
initial studies, TAHR and TCMV cultures were sensitized for
1 h with 66 �M NPe6, and then irradiated for either 20 s (Fig.
12A) or 50 s (Fig. 12B). Time-dependent increases in DEV-
Dase activities were noted in both cell lines after irradiation.
DEVDase activities increased faster, and ultimately reached
higher levels (�10-fold), in the TAHR line after 20 s of irra-
diation (Fig. 12A). The morphologies of TAHR cells indicated
that a considerable portion of the culture was undergoing
apoptosis. In contrast, only an occasional apoptotic cell was
observed in TCMV cultures (J. J. Reiners, unpublished data).
In contrast, after 50 s of irradiation, the kinetics and mag-
nitudes of DEVDase activation were quite similar in the two
cell lines (�2-fold difference in magnitude, Fig. 12B). This
narrowing of the difference is similar to what was observed in
the 1c1c7/Tao cell pair after irradiation with increased light
doses (Fig. 6).

The loading studies reported in Fig. 11A suggest that
TCMV cultures contain �2� the NPe6 content of TAHR
cells, when sensitized with 66 �M NPe6. Because the amount
of singlet oxygen produced after irradiation is proportional to
cellular NPe6 content, we attempted to equalize NPe6 load-
ing by sensitizing TAHR and TCMV cultures with 66 and 33
�M NPe6, respectively (see Fig. 11A). A preferential activa-
tion of DEVDase occurred in the TAHR cell line after irradi-
ation for 40 s (�4-fold; Fig. 12C). Analyses of pro-caspase-9
and -3 cleavage products emphasized the differential re-
sponses of the two cell lines to PDT (Fig. 12D). In the TAHR
line, there were obvious time-dependent declines in pro-
caspase-9 and -3 contents that were accompanied by the
appearance of the processed/active forms of the caspases. In
marked contrast, there were neither comparable losses of the
two pro-caspases in the TCMV cell line nor significant accu-
mulations of the active cleavage products (Fig. 12D).

Discussion
In the current study, we demonstrate that Tao cells, an

AhR-deficient variant of the 1c1c7 cell line, are markedly
more resistant than the parental line to the lysosomal pho-
tosensitizer NPe6 in PDT protocols. NPe6 preferentially ac-
cumulates in lysosomes and causes their destruction after
irradiation via the production of singlet oxygen (Reiners et
al., 2002). Loading studies indicated that the sensitivities of
the two cell lines to PDT were not a consequence of differ-
ences in NPe6 contents after sensitization. Instead, cell sur-
vival in PDT protocols correlated with lysosome breakage.
With either of the two NPe6 concentrations used for sensiti-
zation, at fixed light doses, less lysosomal damage occurred
in Tao cells. To achieve comparable lysosomal damage, and
cell killing, the Tao line had to be irradiated for longer
periods than the 1c1c7 line. However, even when PDT con-
ditions were adjusted to achieve comparable killing, Tao cul-

Fig. 9. In vitro cleavage of Bid by lysosomal extracts prepared from Hepa
1c1c7 and Tao cells. A, extracts of purified lysosomes (2 �g) isolated from
Hepa (H) or Tao (T) cells were incubated with 10 �g of Hepa cytosol. After
0.5 or 2 h of incubation, the samples were harvested for Western blot
analyses of Bid and tBid. Similar results were obtained in six additional
experiments. B, recombinant murine Bid (40 ng) was incubated with
varied amounts of Hepa 1c1c7 or Tao lysosomal extracts for 15 min before
being processed for Western blot analyses of Bid. Similar results were
obtained in two additional experiments.
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tures developed apoptotic morphological features much more
slowly than 1c1c7 cultures. This delay corresponded to re-
duced levels of activated initiator (i.e., caspase-9) and execu-
tioner (i.e., caspase-3) proteases in Tao cultures.

Our observation that the lysosomes of different cell lines
differ in their susceptibility to breakage by oxidants/cytotoxic
agents is not unique. Similar findings have been reported
when TNF� or oxidants other than NPe6 were used as the
cytotoxic agents (Nilsson et al., 1997; Werneburg et al.,
2002). Nilsson et al., (1997) have also shown that individual
lysosomes within a single cell can differ in their susceptibil-
ities to oxidant/detergent-induced disruption. Studies with
iron chelators suggest that oxidant-induced lysosomal rup-
ture is strongly influenced by lysosomal iron content (Pers-
son et al., 2003). Wild-type p53 contents may also influence
lysosome stability (Yuan et al., 2002). Recent studies have
also implicated lysosomal cathepsin B in the regulation of
lysosome fragility. Specifically, whereas TNF� treatment of
cultured primary rat hepatocytes caused a release of lysoso-
mal proteases, a comparable release did not occur in hepato-
cytes derived from cathepsin B-null mice (Werneburg et al.,
2002). Furthermore, lysosomes prepared from cathepsin B
null mice were less sensitive in vitro to the permeabilizing
effects of sphingosine (Werneburg et al., 2002). Western blot
and enzymatic analyses clearly indicated that, relative to the
parental 1c1c7 line, Tao cells had reduced cathepsin B con-
tents. However, we have found that pharmacological inhibi-
tion of cathepsin B activity in 1c1c7 cells does not suppress
Bid cleavage, activation of DEVDase, or the development of
apoptosis after PDT (LD95 conditions, Reiners et al., 2002; J.
A. Caruso, unpublished data). Hence, it is unlikely that the
differences noted in the current study are related to the
lysosomal contents of cathepsin B.

We reported previously that the release of cytochrome c
and activation of pro-caspase-9 in NPe6-sensitized 1c1c7 cul-
tures after PDT occurs without the loss of mitochondrial
membrane potential (��m) and is preceded/accompanied by
the cleavage of Bid (Reiners et al., 2002). The proteolytic
cleavage of Bid to tBid facilitates the ability of this proapop-
totic protein to function in conjunction with Bak or Bax to
trigger cytochrome c release (Korsmeyer et al., 2000; Wei et
al., 2000). Because lysosomes contain an activity capable of
cleaving Bid (Stoka et al., 2001; Reiners et al., 2002; this
study), the finding that Tao lysosomes contain less Bid cleav-
age activity could be relevant to why Tao cells developed a
delayed and muted apoptotic response after PDT. However, it
should be noted that studies employing Bid-null cells suggest
that lysosomal proteases can initiate the intrinsic apoptotic
pathway independent of Bid (Boya et al., 2003). In such
studies, a drop in ��m preceded the release of cytochrome c

Fig. 10. AhR and cathepsin B and D contents of cells of 1c1c7 lineage. A,
lysates of whole cells (WC) or isolated lysosomes/endosomes (LYS) from
1c1c7 and Tao cells were used for analyses of cathepsin B and D activities.
Data represent means � S.D. of three samples. *, statistically less than
corresponding 1c1c7 sample, p � 0.05 by Student’s t test. Similar data
were obtained in a second independent experiment. B, Western blot
analyses of cathepsins B and D in whole-cell and lysosomal preparations
of 1c1c7/Tao variant cell lines. Gel lanes were loaded with 25 �g of
whole-cell lysate and 2 or 4 �g of lysosomal extract for analyses of
cathepsins B and D, respectively. Each lane in the whole cell extract blots
represents a different culture dish. Each lysosomal protein lane repre-

sents a lysosomal preparation generated from 15 to 20 100-mm culture
dishes. C, quantitative analyses of Western blot analyses of cathepsins B
and D in AhR-containing and -deficient cell lines. The data represent
analyses of four to five whole cell lysate preparations, and three to four
lysosomal preparations, for each cell type. Data are presented as percent-
age of the cathepsin content of the AhR-containing pair for the pairs:
1c1c7 versus Tao, TAHR versus TCMV, and WCMV versus WARV (AhR-
containing cell line noted first in the pairings). Statistical analyses were
performed on band intensities before transformation to percentage of
AhR-containing cell pair. *, statistically less than the cathepsin content of
the corresponding cell pair, p � 0.05 by paired Student’s t test. D,
Western blot analyses of AhR contents in lysates of 1c1c7/Tao variant
cells. Gel lanes were loaded with 20 �g of whole cell lysates.
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and activation of pro-caspase-3. Although a non-Bid pathway
may contribute to the initiation of apoptosis in NPe6-sensi-
tized 1c1c7/Tao cells after PDT, we have never detected a loss
of ��m in 1c1c7 or Tao cultures in a NPe6-PDT protocol until
the cells were very advanced in the apoptotic program (Rein-
ers et al., 2002; J. J. Reiners, unpublished data).

In addition to the Bid-cleavage activity, Tao lysosomes/
endosomes also had cathepsin B and D activities/contents
lower than their 1c1c7 counterparts. A previous NPe6-PDT
study suggested that neither of these two cathepsins was
responsible for Bid cleavage in 1c1c7 cultures (Reiners et al.,
2002). Activity measurements have also demonstrated that
�-hexosaminidase and cathepsin L activities are reduced in
Tao lysosome/endosome preparations (J. A. Caruso, unpub-
lished data). Hence, the lysosomes/endosomes of Tao cells
seem to be deficient in several proteases/hydrolases. Because
our Western blot analyses were normalized on the basis of
protein, it follows that the observed reductions reflect offset-
ting increases in other lysosomal/endosomal proteins. SDS
PAGE analyses of purified lysosomes have consistently
shown the presence of several polypeptides that are unique
or more abundant in Tao preparations (J. A. Caruso, unpub-
lished data). To a degree, Tao cells are analogous to fibro-
blasts (I cells) derived from patients suffering from mucolipi-
dosis II or inclusion-cell disease. The lysosomes of I cells are
deficient in many lysosomal proteases because of a defect
that affects the processing and trafficking of newly synthe-
sized proteases/hydrolases through the trans-Golgi network
(McDowell and Gahl, 1997). I cell lysosomes are functionally
inefficient and accumulate undegraded material (McDowell
and Gahl, 1997). Similar to the Tao/1c1c7 cell pair, the apo-
ptotic program in I cells develops slower, and is muted,
relative to wild-type fibroblasts after exposure to agents
causing lysosomal disruption (Terman et al., 2002).

The 1c1c7/Tao pair is commonly used to assess AhR in-
volvement in mediating biological processes. Because the Tao
line was derived from 1c1c7 cells by chemical mutagenesis, it
is conceivable that the noted differences in lysosomal pro-
tease contents may be independent of the AhR. However,
analyses of 1c1c7 and Tao variant lines in which AhR con-
tents were decreased or restored by molecular approaches
also showed that cathepsin B and D contents were reduced in

the lysosomes of AhR-deficient cells. Surprisingly, AhR con-
tent did not markedly alter whole-cell cathepsin B and D
contents. Collectively, these findings suggest that AhR con-
tent may affect the processing/trafficking of some newly syn-
thesized proteins that are normally earmarked for delivery to
the endosome/lysosome. To the best of our knowledge, the
current studies are the first to suggest that the AhR may
regulate such processes.

The current studies may provide a mechanistic explana-
tion for the reported resistance of Tao, TCMV, and WARV

Fig. 11. NPe6 loading of TAHR and TCMV cultures. A, nearly confluent
TAHR (F) and TCMV (E) cultures were loaded with various concentra-
tions of NPe6 for 1 h before being processed for NPe6 determinations as
described under Materials and Methods. B and C, FACS analyses of
acridine orange staining of lysosomes in TAHR (B) and TCMV (C) cells.
Data represent overlays of analyses performed on three cultures of each
cell type. Value above peak represents mean of FL3-H mean values taken
from the histograms of three culture dishes.

Fig. 12. Caspase activation after irradiation of NPe6-sensitized TAHR
and TCMV cultures. A and B, cultures of TAHR (F) and TCMV (E) were
treated with nothing, 66 �M NPe6, light, or NPe6 � light for various
lengths of time before being harvested for analyses of DEVDase activity.
Lengths of irradiation in A and B were 20 and 50 s, respectively. C,
cultures of TAHR (F) and TCMV (E) were treated with nothing, NPe6,
40 s of light, or NPe6 � light for various lengths of time before being
harvested for analyses of DEVDase activity. TAHR and TCMV cultures
were sensitized with 66 and 33 �M NPe6, respectively. Data in A to C
represent means � S.D. of triplicate analyses performed on a single plate.
D, cultures of TAHR and TCMV cells were treated as described in C for
various lengths of time before preparation of lysates for subsequent
Western blot analyses. Analyses were performed on 25 �g of lysate.
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cells, relative to their AhR-containing counterparts, to the
proapoptotic effects of C2-ceramide (Reiners and Clift, 1999).
Specifically, ceramidase converts ceramide to sphingosine.
The latter sphingolipid causes in vitro lysosomal permabili-
zation when added directly to lysosome/endosome prepara-
tions (Kagedal et al., 2001; Werneburg et al., 2002) and has
been implicated in the in vivo permeabilization of lysosomes
(Kagedal et al., 2001; Werneburg et al., 2002). We have found
that C2-ceramide-treated 1c1c7 cultures release lysosomal
proteases and cleave Bid with kinetics that precede/accom-
pany cytochrome c release (J. A. Caruso and J. J. Reiners,
unpublished data). It is conceivable that the AhR-deficient
variant lines are resistant to the pro-apoptotic effects of
C2-ceramide because they contain insufficient amounts of
lysosomal proteases needed to optimally initiate the apopto-
tic pathway. Then again, the lysosomes of AhR-deficient cells
may be more resistant to the permeabilizing effects of sphin-
gosine.

The current studies may also provide an explanation for
some of the phenotypic characteristics of AhR knockout mice.
Specifically, AhR-null mice develop a cardiomyopathy with
many features identical to the cardiomyopathy occurring in
cathepsin L-null mice (Fernandez-Salguero et al., 1997; Styp-
mann et al., 2002). AhR- and cathepsin L-null mice also
develop similar, but not identical, cutaneous lesions involv-
ing the hair follicle (Fernandez-Salguero et al., 1997; Tobin et
al., 2002). Preliminary analyses of Tao and 1c1c7 lysosomes/
endosomes indicate that Tao cells have �40% of the cathep-
sin L activity of 1c1c7 cells. Analyses of lysosomes isolated
from wild-type C57BL/6 and AhR-null mice should shed light
on whether the observations made with cells of the 1c1c7
lineage are relevant to the phenotypic similarities of AhR-
null and cathepsin L-null mice.

Various cytotoxicants induce the release/translocation of
lysosomal proteases into the cytosol. Examples of such agents
include reactive oxygen species and generators of reactive
oxygen species (Roberg et al., 1999; Antunes et al., 2001;
Reiners et al., 2002; Boya et al., 2003), O-methyl-serine do-
decylamide hydrochloride (Li et al., 2000), �-tocopheryl suc-
cinate (Neuzil et al., 2002), tumor necrosis factor � (Guic-
ciardi et al., 2000; Foghsgaard et al., 2001; Werneburg et al.,
2002), sphingosine (Kagedal et al., 2001), and the quinolone
antibiotic ciprofloxacin (Boya et al., 2003). The release of
lysosomal proteases into the cytosol can result in cell death
with features of necrosis, apoptosis, or a combination of the
two. Cell lines of the 1c1c7 lineage should be useful in deter-
mining the parameters that regulate lysosome fragility and
the development of necrotic/apoptotic features after lysoso-
mal protease release. The cell lines should also be useful in
addressing the issues of whether and how the AhR regulates
these processes.
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