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(TRAIL) Protein-induced Lysosomal Translocation of
Proapoptotic Effectors Is Mediated by Phosphofurin Acidic
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Background: Lysosome membrane permeabilization is required for TRAIL-induced apoptosis in liver cells.
Results: TRAIL induces recruitment of PACS-2 to lysosomes where it interacts with Bim and Bax to permeabilize lysosomes and

trigger apoptosis.

Conclusion: The PACS-2, Bim, and Bax-containing PIXosome is a proapoptotic Bcl-2 scaffold.
Significance: Understanding TRAIL-induced lysosome permeabilization may lead to new treatments for liver diseases.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis of liver cancer cell lines requires
death receptor-5 (DR5)-dependent permeabilization of lyso-
somal membranes. Ligated DR5 triggers recruitment of the
proapoptotic proteins Bim and Bax to lysosomes, releasing
cathepsin B into the cytosol where it mediates mitochondria
membrane permeabilization and activation of executioner
caspases. Despite the requirement for lysosome membrane per-
meabilization during TRAIL-induced apoptosis, little is known
about the mechanism that controls recruitment of Bim and Bax
to lysosomal membranes. Here we report that TRAIL induces
recruitment of the multifunctional sorting protein phosphofu-
rin acidic cluster sorting protein-2 (PACS-2) to DR5-positive
endosomes in Huh-7 cells where it forms an immunoprecipitat-
able complex with Bim and Bax on lysosomal membranes.
shRNA-targeted knockdown of PACS-2 prevents recruitment of
Bim or Bax to lysosomes, blunting the TRAIL-induced lysosome
membrane permeabilization. Consistent with the reduced lyso-
some membrane permeabilization, shRNA knockdown of
PACS-2 in Huh-7 cells reduced TRAIL-induced apoptosis and
increased clonogenic cell survival. The determination that
recombinant PACS-2 bound Bim but not Bax in vitro and that
shRNA knockdown of Bim blocked Bax recruitment to lyso-
somes suggests that TRAIL/DR5 triggers endosomal PACS-2 to
recruit Bim and Bax to lysosomes to release cathepsin B and
induce apoptosis. Together, these findings provide insight into
the lysosomal pathway of apoptosis.
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Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)* TNFSF10, also referred to as Apo-2 ligand, is a mem-
ber of the tumor necrosis factor superfamily (1). TRAIL is
expressed by immune effector cells (2) and induces target cell
apoptosis, especially of malignant cells (1). TRAIL can also
exacerbate disease processes such as cholestatic liver injury (3,
4). TRAIL initiates proapoptotic signaling cascades by binding
two cognate death receptors termed DR4 (death receptor 4,
TNFRSF10A, also referred to as TRAIL receptor 1), and DR5
(death receptor 5, TNFRSF10B, also referred to as TRAIL
receptor 2) (1). Following TRAIL-induced receptor aggrega-
tion, procaspases 8 and 10 are recruited to the death-inducing
signaling complex (5), where they are activated. Cellular demise
then occurs by direct activation of downstream executioner
caspases or by triggering the mitochondrial pathway of cell
death (6).

In malignant hepatobiliary cells and diseased hepatocytes, as
well as in other cell types, lysosomal membrane permeabiliza-
tion (LMP) occurs upstream of mitochondrial dysfunction and
is required for efficient cell death (7-13). Indeed, TRAIL-
induced release of cathepsin B into the cytosol occurs follow-
ing bile duct ligation (3), and genetic deletion of cathepsin B
reduces liver injury in this model (14). Determining the
mechanism that mediates LMP is therefore key to under-
standing the molecular basis of TRAIL-induced liver injury
and development of TRAIL agonists for treatment of hepa-
tobiliary malignancies.

TRAIL-induced LMP in hepatobiliary cells requires acti-
vated Bax, which likely forms proteolipid pores in lysosomal
membranes that release lumenal proteases into the cytosol to
trigger cell death (11, 15). Bax activation requires proapoptotic
BH3-domain-only proteins such as Bim and Bid, which act in

2 The abbreviations used are: TRAIL, tumor necrosis factor-related apoptosis-
inducing ligand; LMP, lysosomal membrane permeabilization; PACS, phos-
phofurin acidic cluster sorting, DR5, death receptor 5; EGFP, enhanced
green fluorescent protein; FBR, furin binding region.
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part by binding and interfering with antiapoptotic Bcl-2 family
members and also by directly interacting with Bax (16). Indeed,
recent studies suggest that the Bim BH3 domain binds Bax to
trigger Bax oligomerization and pore formation (17, 18). In
healthy cells, Bim is sequestered on microtubules, whereas
inactive, monomeric Bax is cytosolic (19, 20). Despite the
important role of Bim- and Bax-mediated LMP in TRAIL-in-
duced apoptosis, little is known about the mechanism that con-
trols their translocation to lysosomes.

The phosphofurin acidic cluster sorting (PACS) proteins are
multifunctional homeostatic regulators that integrate secretory
pathway traffic and interorganellar communication in healthy
cells with key steps in death ligand-induced apoptosis in dis-
eased cells (21, 22). PACS-1 and PACS-2 mediate trafficking of
client proteins to the endoplasmic reticulum, the trans-Golgi
network, between endosomal compartments, and to the pri-
mary cilium (22-34). In response to TRAIL, PACS-2 switches
from a secretory pathway sorting protein to a proapoptotic
effector that mediates the translocation of Bid to mitochondria
to promote mitochondria membrane permeabilization (21).
Consistent with these studies, PACS-2 is essential for TRAIL-
mediated apoptosis of adenovirus-infected hepatocytes in vivo
(21).

The determination that death ligands induce PACS-2 to
interact with Bid and mediate mitochondrial outer membrane
permeabilization together with its role in endosomal trafficking
in healthy cells raised the possibility that TRAIL may also redi-
rect PACS-2 endosomal trafficking to trigger LMP (35, 36).
Here we report that TRAIL induces formation of a lysosome-
associated complex containing PACS-2, Bim, and Bax, which
we have termed the PIXosome. This complex is required for
LMP, cathepsin B release, and cell death, providing further
insight into the mechanisms of LMP and TRAIL-induced
apoptosis.

MATERIALS AND METHODS

Cell Lines and Stable Clones—KMCH cholangiocarcinoma
cells and Huh-7 hepatocarcinoma cells were cultured in Dul-
becco’s modified Eagle’s medium containing glucose (25 mwm),
100,000 units/liter penicillin, 100 mg/liter streptomycin, and
10% fetal bovine serum. Huh-7 cells were transfected with an
siRNA targeting Bim (5'- AACCTCCTTGCATAGTAAGCG)
using siPORT™ NeoFX"™ transfection reagent (Ambion Inc.,
Austin, TX) and with a shRNA lentiviral plasmid targeting
Bax (5'-AAGACGAACTGGACAGTAACACCTGTCTC)
from Open Biosystems (Huntsville, AL). Cells were transfected
using FUGENE HD (Roche). To generate clones stably express-
ing shRNA against PACS-1 or PACS-2, Huh-7 cells were trans-
fected with 1 ug/ml DNA plasmid (PACS-1 shRNA lentiviral
plasmid; Open Biosystems, Huntsville, AL; targeting sequence
5'- GTTTCAGATGAGGTGGGCTTT and PACS-2 MISSION
shRNA lentiviral plasmid; Sigma Aldrich, St. Louis, MO; target-
ing sequence 5-GATTGTAAGAACGACGTCCAT) using
Lipofectamine 2000 (Invitrogen). Stably transfected clones
were selected in medium containing 2 ug/ml puromycin and
screened by PACS-1 or PACS-2 immunoblot analysis. To gen-
erate clones stably expressing HA-tagged PACS-1 or PACS-2,
Huh-7 cells were transfected with 1 ug/ml HA-PACS-1 or HA-
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PACS-2 plasmid, which have been described previously (21).
Stably transfected clones were selected in medium containing 2
pg/ml puromycin and screened by HA immunoblot analysis.
Stably transfected S-peptide tagged Mcl-1 Huh-7 cells were
prepared as described previously for KMCH cells (37).

Bax and Cathepsin B Immunofluorescence—For cathepsin B
immunofluorescence, cells were grown on glass coverslips and
fixed in PBS containing 4% paraformaldehyde and 0.19% picric
acid. For Bax and cytochrome ¢ immunofluorescence, cells
were fixed in PBS containing 4% paraformaldehyde, 0.1 M
PIPES, 1 mm EGTA, and 3 mm MgSO,. Cells were permeabi-
lized with 0.0125% (w/v) CHAPS in PBS at 37 °C for 10 min and
blocked for 1 h at room temperature with PBS containing 5%
bovine serum albumin, 5% glycerol, and 0.04% sodium azide.
After incubation with mouse monoclonal anti-Bax antibody
(6A7) and goat polyclonal anti-cathepsin B antibody (C-19,
Santa Cruz Biotechnologies, Santa Cruz, CA) at 1:500 in block-
ing buffer at 4 °C overnight, cells were washed three times with
PBS and incubated with Alexa Fluor 488-conjugated donkey
anti-goat IgG or goat anti-mouse (Molecular Probes, Eugene,
OR) at a dilution of 1:500 in blocking buffer for 1 h at 37 °C.
Cells were then washed three times in PBS and three times in
water and mounted onto slides using the ProLong antifade kit
(Molecular Probes). Cells were imaged by confocal microscopy
with excitation and emission wavelengths of 488 nm and 507
nm and counted for their punctate versus diffuse fluorescence.

Quantitation of Apoptosis—Recombinant human TRAIL
was obtained from R&D Systems (Minneapolis, MN). Stauro-
sporine and 3-methyladenine were obtained from Sigma-Al-
drich. Apoptosis was quantified by assessing the characteristic
nuclear changes of apoptosis (i.e. chromatin condensation and
nuclear fragmentation) after staining with DAPI and by fluores-
cence microscopy using excitation and emission wavelengths of
380 and 430 nm, respectively. Caspase-3/7 activity in cell cul-
tures was assessed by measuring rhodamine release from the
caspase-3/7 substrate rhodamine 110, bis(N-CBZ-L-aspartyl-
L-glutamyl-L-valyl-L-aspartic acid amide) (Z-DEVD-R110),
using the Apo-ONE™ homogeneous caspase-3/7 kit (Promega,
Madison, WTI) following the instructions of the supplier.

Multiparameter Fluorescent Confocal Microscopy—Huh-7
cells were loaded with spectrally resolved probes for 30 min at
37 °Cto determine the kinetic relationship between LMP, mito-
chondrial membrane depolarization, and breakdown of the
plasma membrane (release of a cytosolic dye). The fluorescent
intensity and compartmentalization of the dyes were measured
in the same cells sequentially over time. Lysosomal integrity
was measured with 500 nM LysoSensor Green DND-189
(Molecular Probes, A,, = 443 nm and A,,, = 505 nm). Mito-
chondrial membrane potential was measured with 50 nm
tetramethylrhodamine ethyl ester perchlorate (TMRE, Sigma
Aldrich, A, = 520 nm and A_,, = 580 nm). Plasma membrane
breakdown was measured with 1 um fura-2 AM (Molecular
Probes, A, = 360 nm and A,,,, = 480 nm). Total cellular fluo-
rescence was quantified using Image J (National Institutes of
Health) by measuring the mean. Integrated density and mean
gray value fluorescent density per cellular area minus back-
ground fluorescence.
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Clonogenic Assay—Cells were seeded at 100 cells per 35-mm
dish in 1 ml of medium. 24 h later the cells were treated with
TRAIL as indicated in the figure legend. After removal of
TRAIL, cells were then allowed to grow until isolated colonies
were visible (~7 days). The colonies were then washed once
with PBS, stained with Coomassie Blue, and counted.

Colocalization of PACS-1-EGFP, PACS-2-EGFP, or Bax with
Lysosomes—The PACS-1 and PACS-2 EGFP vectors were
described previously (21). The vectors were transiently trans-
fected into Huh-7 cells using FUGENE HD (Roche). For Bax
immunofluorescence, PACS-1-EGFP- or PACS-2-EGFP-ex-
pressing Huh-7 cells were grown on glass coverslips, treated
with TRAIL, and loaded with 100 nm LysoTracker Red (Molec-
ular Probes) for 15 min at 37 °C and then fixed with 4% para-
formaldehyde in PBS containing 0.1 M PIPES, 1 mm EGTA, and
3 mMm MgSO,. Cells were permeabilized with 0.0125% (w/v)
CHAPS in PBS at 37 °C for 10 min and blocked for 1 h at room
temperature in PBS containing 5% bovine serum albumin, 5%
glycerol, and 0.04% sodium azide. After incubation with mouse
monoclonal anti-Bax (6A7) antibody, which only recognizes
the active conformation of Bax, at a concentration of 1:100 in
blocking buffer at 4 °C overnight, cells were washed three times
with PBS and incubated with Alexa Fluor 488-conjugated goat
anti-mouse IgG (Molecular Probes) at a dilution of 1:500 in
blocking buffer for 1 h at 37 °C. Cells were then washed three
times in PBS and three times in water, mounted onto slides
using the ProLong antifade kit (Molecular Probes), and imaged
by confocal microscopy with excitation and emission wave-
lengths of 488 nm and 507 nm (Alexa Fluor 488) and 577 nm
and 592 nm (LysoTracker Red), respectively. Quantitation of
colocalization was accomplished using the LSM 510 imaging
software as described previously by us (11). Briefly, random
lines one-pixel wide were drawn through the cells, and fluores-
cence intensity for both the green and red channels was quan-
tified. A ratio of the green to red fluorescence was calculated,
yielding a percent pixel overlap. The data are expressed as per-
cent pixel overlap for each experimental condition.

Cell Fractionation and Immunoblot Analysis—Lysosomes
were isolated from cell cultures using a commercially available
lysosome isolation kit (Sigma Aldrich). Whole cell lysates were
obtained by incubating cells for 30 min on ice with lysis buffer
(50 mm Tris-HCI (pH 7.4); 1% Nonidet P-40; 0.25% sodium
deoxycholate; 150 mm NaCl; 1 mm EDTA; 1 mm PMSF; 1 ug/ml
aprotinin, leupeptin, and pepstatin; 1 mm NazVO,; 1 mm NaF)
followed by centrifugation at 14,000 X g for 15 min at 4 °C.
Samples were resolved by SDS-PAGE, transferred to a nitrocel-
lulose membrane, and blotted with the indicated primary anti-
bodies at a dilution of 1:1000. Horseradish peroxidase-conju-
gated secondary antibodies (Santa Cruz Biotechnologies) were
incubated at a dilution of 1:5000. Bound antibodies were visu-
alized using ECL (Amersham Biosciences, Arlington Heights,
IL) and Kodak X-OMAT film. Primary antibodies were as fol-
lows: mouse monoclonal anti-lysosomal-associated membrane
protein 1 (LAMP1) (BD Biosciences); rabbit polyclonal anti-
DR5 (ProSci, Poway, CA); rat monoclonal anti-HA (Roche);
rabbit polyclonal anti-PACS-2 (Sigma-Aldrich); rabbit poly-
clonal anti-PACS-2 (31); rabbit polyclonal anti-PACS-1
(Abcam, Cambridge, MA); mouse monoclonal anti-activated
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BAX (6A7), rabbit polyclonal anti-Bax (N-20), goat polyclonal
anti-actin (C-11), and goat polyclonal anti-cytochrome ¢ oxi-
dase II (K-20) (Santa Cruz Biotechnologies); and rabbit poly-
clonal anti-phospho-Ser-69 Bim (Cell Signaling Technology,
Danvers, MA).

DRS Internalization—DR5 internalization was performed as
described previously by us in detail (38). Briefly, Huh-7 wild-
type, Huh-7 shPACS-1, or Huh-7 shPACS-2 cells were incu-
bated for 30 min on ice in the presence of preoligomerized
FLAG-tagged TRAIL (Alexis, Plymouth Meeting, PA). The
cells were then incubated at 37 °C for selected time intervals,
acid washed, and fixed. Cells were next incubated with Alexa
Fluor 488-conjugated anti-mouse IgG at a concentration of
1:1000 in blocking buffer for 1 h at 37 °C and imaged using a
Zeiss LSM 510 confocal microscope. Cells were scored as either
positive or negative for acid wash resistant fluorescence.

Immunoprecipitation and Pull-down Assays—For HA-
tagged PACS protein immunoprecipitations, Huh-7 cells stably
transfected with either HA-PACS-1 or HA-PACS-2 were lysed
on ice for 30 min using the lysis buffer described above. Protein
concentrations in the whole cell lysates were measured using
the Bradford reagent (Sigma-Aldrich). Aliquots of 200 ug of
protein were incubated with 40 ul of HA-tagged affinity beads
(Sigma-Aldrich) at 4 °C overnight with gentle rotation. For Bax
immunoprecipitation, Huh-7 cell lysates were collected as indi-
cated above, and aliquots of 100 ug of protein were incubated
with mouse monoclonal anti-Bax (6A7) at 1:100 at 4 °C over-
night with rotation. 40 ul of protein A-agarose beads (Milli-
pore, Billerica, MA) were added to the protein-antibody
complex and incubated for 2 h at room temperature. For
FLAG-TRAIL immunoprecipitation, Huh-7 cells were grown
to ~80% confluence and then placed on ice. The medium was
removed and replaced with medium containing FLAG-tagged
TRAIL (400 ng/ml), and cells were rapidly placed at 37 °C for
the desired time intervals. The cells were then lysed on ice using
lysis buffer, and aliquots of 100 ug of protein were incubated
with 40 ul of anti-FLAG M2-agarose beads (Sigma-Aldrich) at
room temperature for 2 h. For all experiments, the samples
were centrifuged at 13,000 X g for 15 min, and the supernatant
was removed and saved for analysis. The beads were washed
three times with lysis buffer without detergent, and the bound
proteins were eluted by adding 30 ul of 2X sample buffer and
boiling for 10 min. Samples were resolved by SDS-PAGE, trans-
ferred to a nitrocellulose membrane, and immunoblot analysis
was performed as described above. S-peptide-tagged Mcl-1 was
affinity-purified from whole cell lysates as described previously
in detail (37).

Protein Binding Assays—Plasmids expressing GST, GST-Bi-
mg;, GST-Bax (obtained from Hong Tang, Chinese Academy
of Science, Beijing), and His,-PACS-2 FBR;g_,,, (32) were
transformed in BL21 Escherichia coli, and cultures were
induced with 1 mwm isopropyl 1-thio-B-p-galactopyranoside
(Calbiochem, La Jolla, CA) for 4 h at 37 °C. Bacterial pellets
were resuspended in lysis buffer (50 mm Tris (pH 7.6), 1.5 mm
EDTA, 100 mMm NaCl, 0.5% Triton X-100, 0.1 mm DTT, 10 mm
MgCl,) containing protease inhibitors (0.5 mm PMSF and 0.1
uM each of aprotinin, E-64, and leupeptin) and lysed using a
French press. Soluble material was collected after a 1-h
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25,000 X g spin and subsequently bound to glutathione-Sep-
harose 4B (GE Healthcare) of nickel-nitrilotriacetic acid (Qia-
gen, Valencia, CA) for 1 h at 4°C. For the His,-PACS-2
FBR;; 5, interaction with GST-Bimg; and GST-Bax, proteins
were mixed at a 1:1 ratio for 30 min at 4 °C in binding buffer (20
mM Tris (pH 7.9) containing 150 mm NaCl, 0.1 mm EDTA, and
0.1% Nonidet P-40). After incubation, glutathione-Sepharose
4B was added to the reaction and incubated for an additional
30 min at 4 °C. The resin was subsequently washed three
times in binding buffer and resuspended in SDS-PAGE sam-
ple buffer.

Statistical Analysis—All data represent at least three inde-
pendent experiments and are expressed as mean = S.E. Differ-
ences between groups were compared using two-tailed Stu-
dent’s t-tests and one-way analysis of variance with post hoc
Dunnett test, and significance was accepted at p < 0.05.

RESULTS

PACS-2 Is Required for TRAIL-induced Lysosome Membrane
Permeabilization and Apoptosis in Hepatoma Cells—To deter-
mine whether one or both PACS proteins were required for
TRAIL-induced LMP and apoptosis, we first generated Huh-7
cells stably knocked down for expression of PACS-1 or PACS-2
using shRNA vectors (Fig. 1A). Parallel plates of shPACS-1,
shPACS-2 cells, or control Huh-7 cells were treated with
TRAIL, and the subcellular distribution of cathepsin B was
assessed by immunofluorescence (Fig. 1B). We found that
TRAIL induced a marked redistribution of cathepsin B from a
punctate lysosomal pattern to a diffuse cytosolic pattern in
shPACS-1 and control Huh-7 cells. In contrast, TRAIL failed to
induce a redistribution of cathepsin B in shPACS-2 cells.

Lysosome membrane permeabilization can occur upstream
or downstream of mitochondrial dysfunction (39, 40). If LMP
occurs downstream of mitochondrial dysfunction, it likely
would be an amplification event in cell death. Under these con-
ditions, inhibiting LMP would delay, but not prevent, cellular
demise (41). In contrast, if LMP is upstream of mitochon-
drial dysfunction, its inhibition should prevent mitochondrial
outer membrane permeabilization and cell death. To distin-
guish between these possibilities, Huh-7 cells were preloaded
with fluorescent markers of LMP (LysoSensor), mitochondrial
membrane potential (tetramethylrhodamine ethyl ester), and
plasma membrane breakdown (Fura-2). The preloaded cells
were then treated with TRAIL or vehicle alone, and the subse-
quent change in fluorescent signal for each probe was moni-
tored as an indication of compartment breakdown (Fig. 1C).
We found that treatment of Huh-7 cells with TRAIL induced
LMP within 3 h independently of mitochondrial depolariza-
tion. The preloaded tetramethylrhodamine ethyl ester and
Fura-2 could be released with digitonin, demonstrating that the
two probes were localized to releasable membrane compart-
ments. In contrast, treatment of Huh-7 cells with the pan-ki-
nase inhibitor staurosporine, which can directly trigger mito-
chondrial dysfunction, induced mitochondrial depolarization
independently of LMP. Correspondingly, apoptosis was
reduced significantly following TRAIL treatment of shPACS-2
cells but not shPACS-1 cells or control Huh-7 cells (Fig. 1D).
The resistance of shPACS-2 cells to TRAIL-induced apoptosis
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suggested that long-term survival of these cells in response to
TRAIL would be increased compared with control cells. To test
this, we conducted a clonogenic survival assay. The results of
the clonogenic assay showed that shRNA knockdown of
PACS-2, but not PACS-1, increased survival of Huh-7 cells in
response to TRAIL (Fig. 1E). To determine whether PACS-2
was selectively required for the lysosomal pathway of cell death
in hepatoma cells, we treated shPACS-2 or wild-type Huh-7
cells with staurosporine, which induces cell death indepen-
dently of LMP. We found that control Huh-7 and shPACS-2
cells were equally sensitive to staurosporine-induced apoptosis
(Fig. 1F). Together, these experiments suggested that TRAIL
requires PACS-2 to trigger lysosome membrane permeabiliza-
tion and cell death of Huh-7 cells.

TRAIL Induces Formation of a PACS-2, Bim, and Bax Multi-
protein Complex on Lysosomes—To determine how PACS-2
mediates TRAIL-induced LMP, we first asked whether TRAIL
stimulation could promote PACS-2 trafficking to lysosomes. As
a control, we monitored trafficking of PACS-1, which is not
required for death ligand-induced apoptosis (Fig. 1D and Ref.
36). Huh-7 cells expressing PACS-1-EGFP or PACS-2-EGFP
were treated with TRAIL and imaged by confocal microscopy.
In agreement with the role of PACS-2 in TRAIL-induced apo-
ptosis, we observed that TRAIL stimulated translocation of
PACS-2-EGFP, but not PACS-1-EGFP, to LysoTracker Red-
positive lysosomal compartments (Fig. 24).

To determine whether the translocation of PACS-2-EGFP to
lysosomes reflected the action of endogenous PACS-2, an inde-
pendent biochemical assay was conducted. Replicate plates of
Huh-7 cells were treated with or without TRAIL. At increasing
times following TRAIL addition, cells were harvested, and lyso-
somes were isolated by subcellular fractionation. Immunoblot
analysis showed that TRAIL induced a time-dependent recruit-
ment of PACS-2, but not PACS-1, to lysosomes (Fig. 2B). Inter-
estingly, the lysosomal translocation of endogenous PACS-2
was coupled temporally with the recruitment of DR5, Bax, and
Bim to the lysosomal fraction. In contrast, Bid was not trans-
located to lysosomes, consistent with our prior observations
and the role of Bid action in mitochondria membrane per-
meabilization (Fig. 2B and Refs. 11, 42). To determine
whether the TRAIL- and PACS-2-dependent recruitment of
DR5, Bim, and Bax to lysosomes reflected an apoptotic or
autophagic pathway, the experiment was repeated in the pres-
ence of the autophagy inhibitor 3-methyladenine (Fig. 2C). We
found that 3-methyladenine failed to block TRAIL-induced
recruitment of PACS-2, DR5, Bim, or Bax to lysosomes.
Together, these results suggest that TRAIL-induced apoptotic
signaling triggers recruitment of PACS-2 and proapoptotic
effectors to lysosomes.

The temporally coupled recruitment of PACS-2, DR5, Bim,
and Bax to lysosomes led us to ask whether PACS-2 was
required for their translocation. By confocal microscopy we
found that TRAIL induced the recruitment of Bax to Lyso-
Tracker-positive compartments in control and shPACS-1 cells
but not in shPACS-2 cells (Fig. 34). In agreement with the
image analysis, immunoblotting showed that TRAIL induced
recruitment of DR5, Bax, and Bim to lysosomes in Huh-7 wild-
type and PACS-1 shRNA cells but not in PACS-2 shRNA cells
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FIGURE 1. Knockdown of PACS-2 but not PACS-1 prevents TRAIL-induced cathepsin B release and apoptosis in Huh-7 cells. A, immunoblot analysis
showing the effectiveness of shRNA knockdown of PACS-1 or PACS-2 in stably transfected Huh-7 cells. Actin was used as loading control. B, WT and shPACS-1
or shPACS-2 Huh-7 cells were treated with TRAIL (10 ng/ml) for 3 h and then analyzed by immunofluorescence for cathepsin B. In blinded experiments, cells
were imaged by confocal microscopy (top panel) and scored for punctate or diffuse appearance of the antigen fluorescence. The results are expressed as
percent of cells with diffuse fluorescence over total number of cells per field (bottom panel). C, Wild-type, shPACS-1, or shPACS-2 Huh-7 cells were treated with
TRAIL (10 ng/ml) for 3 h and then analyzed by immunofluorescence for cytochrome c (top panel). Release of cytochrome ¢ was quantified as described in B
(bottom panel). TMRE, tetramethylrhodamine ethyl ester perchlorate. D, wild-type and shPACS-1 or shPACS-2 Huh-7 cells were treated with TRAIL (10 ng/ml) for
4 h. Apoptosis was quantified using DAPI and fluorescence microscopy (top panel) and by measuring caspase-3/7 activity using a fluorogenic assay (bottom
panel). The results are expressed as fold increase of substrate cleavage over the control value, which was arbitrarily set to 1. *, p < 0.01. E, wild-type and
shPACS-1 or shPACS-2 Huh-7 cells were treated with TRAIL (10 ng/ml) for 6 h, washed, and cultured for 7 days, and then surviving colonies were detected as
described under “Experimental Procedures.” *, p = 0.01. F, wild-type and shPACS-1 or shPACS-2 Huh7 cells were treated with TRAIL (10 ng/ml) or staurosporine
(1 wg/ml) for 3 h. Apoptosis was assessed after DAPI staining. *, p = 0.01.

(Figs. 2B and 3B). To determine whether the failure of DR5 to  of the FLAG-TRAIL-bound receptor and found that knock-
traffic to lysosomes in shPACS-2 cells resulted from a blockin ~ down of PACS-2 had no measurable effect on FLAG-TRAIL:
TRAIL receptor endocytosis, we monitored the internalization ~ DR5 internalization (Fig. 3C).

JULY 13,2012-VOLUME 287-NUMBER29  YASENMB\ JOURNAL OF BIOLOGICAL CHEMISTRY 24431



Lysosomal Pathway of TRAIL-induced Apoptosis

Overlay

ES
>
5 |
™
[
>
o

40 -

=1 ] X

0
0 60 0 60
PACS-1-EGFP PACS-2-EGFP
B
TRAIL Whole cell lysate Purified Lysosomes

treatment (Min) 0 30 60 120

0 30 60 120 M,(kDa)
DR5 | e T @@ <

= |—5o

10 [ — |_20
Bax‘ - - ‘_25
—150
PACS-2 | = —-——-|
PACS-1 | g s st |_100
Bid ‘ Sow ‘_20
LANP 2| - el ] A
Cytochrome l —20
c oxidase Il
PDI [ — = — |50
C TRAIL %
treatment (Min) 0 90 90 Mi(kDa)
150
PACS-2 | - =
DR5| -~ - ‘_50
Bim | e _.
Bax - . |_25
LAMP2 | & v e |

FIGURE 2. TRAIL induces PACS-2 to interact with DR5, Bim, and Bax on
lysosomes. A, Huh-7 cells were transfected with either PACS-1-EGFP or PACS-
2-EGFP and loaded with LysoTracker Red. The cells were imaged at 0 and 60
min after TRAIL (10 ng/ml) treatment (top panel). The percent of green fluo-
rescence (EGFP-tagged PACS-1 or PACS-2) colocalizing with red fluorescence
(LysoTracker Red) after TRAIL treatment in each experimental condition was
quantified (bottom panel). *, p = 0.01. B, Huh-7 cells were treated with TRAIL
for the indicated times. Cell lysates and purified lysosomal fractions were
obtained and analyzed by immunoblot analysis. LAMP 2, lysosomal marker;
cytochrome c oxidase Il, mitochondria marker; PDI, protein disulfide isomer-
ase, endoplasmic reticulum marker. C, Huh-7 cells were treated with TRAIL (10
ng/ml) for 90 min in the presence or absence of 3-methyladenine (3-MA) (5
mm). Lysosomes were isolated and analyzed by immunoblot analysis for the
indicated proteins.
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The PACS-2-dependent recruitment of apoptotic effectors
to lysosomes following TRAIL treatment raised the possibility
that this death ligand may trigger PACS-2 to interact with DR5,
Bax, or Bim. To test this hypothesis, Huh-7 cells stably trans-
fected with HA-tagged PACS-1 or PACS-2 were treated with
TRAIL. At increasing time intervals, PACS-1 or PACS-2 were
immunoprecipitated from whole cell lysates, and coprecipitat-
ing proteins were detected by immunoblot analysis. We found
that TRAIL induced a time-dependent association of DR5, Bim,
and Bax with HA-tagged PACS-2 but not PACS-1 (Fig. 3D). In
a reciprocal experiment, we treated Huh-7 cells with TRAIL
and immunoprecipitated activated Bax using the conforma-
tion-specific monoclonal antibody 6A7. Immunoblot analysis
showed that TRAIL induced the interaction of activated Bax
with PACS-2 (Fig. 3E). Together, these results suggest that
PACS-2 is required for mediating endosomal trafficking steps
necessary for the TRAIL-induced recruitment of Bax, Bim, and
endocytosed DR5 to lysosomes.

PACS-2 Recruitment to Lysosomes Is Bim- and JNK-
dependent—The determination that TRAIL triggers PACS-2 to
form an immunoprecipitable complex with Bim and Bax led us to
ask whether PACS-2 can bind one or both proapoptotic proteins
in vitro. To test this possibility, His,-tagged PACS-2,4_,;,, which
contains the cargo-binding region (furin binding region), was
mixed with GST-tagged Bax, Bimy,, or GST alone. Protein com-
plexes were captured with Ni**-agarose and analyzed by immu-
noblot analysis. We found that PACS-2,4_,,, bound Bim but not
Bax (Fig. 4A). Because Bim binds both PACS-2 and Bax but
PACS-2 binds only Bim, these findings suggest that binding of
PACS-2 to Bim on lysosome membranes promotes recruitment of
Bax.

Although PACS-2 was required for recruitment of Bim to
lysosomes (Fig. 3B), this finding did not preclude the possibility
that, conversely, Bim may be required for the TRAIL-induced
trafficking of PACS-2 to lysosomes. To test this possibility, we
used Bim-specific siRNAs to knock down Bim expression in
Huh-7 cells. Next, Bim knockdown or control Huh-7 cells were
treated with TRAIL, and the recruitment of PACS-2 and Bax to
lysosomes was monitored by immunoblot analysis. We found
that siRNA knockdown of Bim blunted the TRAIL-induced
trafficking of PACS-2 in Huh-7 cells (Fig. 4B). TRAIL-induced
trafficking of PACS-2 was also inhibited in KMCH cells with
siRNA knockdown of Bim (Fig. 4C), suggesting that the TRAIL-
induced trafficking of PACS-2 to lysosomes occurs in multiple
hepatobiliary cancer cell lines. Knockdown of Bim also reduced
Bax trafficking to lysosomes, as well as TRAIL-induced Bax
activation (Fig. 4, B-D). Likewise, Bim knockdown also reduced
the interaction of HA-tagged PACS-2 with Bax as determined
by coimmunoprecipitation (Fig. 4E). In contrast, shRNA
knockdown of Bax failed to prevent the TRAIL-induced inter-
action of HA-tagged PACS-2 with DR5 or Bim (Fig. 4F). Col-
lectively, these data suggest that Bim binding to PACS-2 is piv-
otal for Bax recruitment to this protein complex.

TRAIL-induced lysosomal membrane permeabilization
requires JNK activation (11). We therefore asked whether JNK
activity was required for the interaction of PACS-2 with Bim.
To test this possibility, Huh-7 cells stably expressing
HA-PACS-2 were treated with TRAIL in the presence or
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absence of the JNK inhibitor SP600125, which blocked TRAIL- manner, the phosphorylated Bim was found complexed to

induced phosphorylation of Bim Ser®”, required for release of ~ S-peptide tagged Mcl-1 affinity purified from cell lysates. Phos-
Bim from the cytoskeleton (Fig. 54). In a TRAIL-dependent pho Bim, therefore, is capable of binding to Mcl-1, demonstrat-
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knockdown cells.

ing its ability to bind to Bcl-2 proteins as a phosphoprotein
(Fig. 5B). Correspondingly, co-immunoprecipitation analysis
showed that JNK inhibition prevented the TRAIL-induced
interaction of HA-PACS-2 with Bim, Bax and DR5 (Fig. 5C).
Similarly, immunofluorescence analysis showed SP600125
reduced PACS-2-GFP co-localization with LysoTracker-posi-
tive vesicles (Fig. 5D). Together, these data suggest TRAIL stim-
ulates Bim activation via a JNK-mediated pathway, which pro-
motes recruitment of PACS-2 and Bax to form a complex on
lysosomes.

DISCUSSION

Apoptotic pathways are manifested by assembly of protein
scaffolds that orchestrate the compartment-specific activation
of caspases or Bcl-2 family members. Scaffolds that drive
caspase activation have been studied most intensively. For
example, the death-inducing signaling complex modulates
death ligand-induced activation of caspases 8 or 10 (6), the mul-
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timeric apoptotic protease-activating factor-1 (APAF-1) binds
cytosolic cytochrome c to activate procaspase 9 (43), the p53-
inducible death domain (PIDDosome) regulates caspase 2
activation (44), and the RIP-1-containing ripoptosome mod-
ulates caspase 8 activation independently of death ligands
(45). Here we identify the PACS-2, Bim, and Bax-containing
PIXosome as a multimeric complex required for the com-
partment-specific activation of Bax. To our knowledge, the
PIXosome represents the first identified organellar apopto-
tic Bcl-2 family scaffold.

Several observations support an important role for the
PIXosome in mediating TRAIL-induced apoptosis. PIXosome
assembly was TRAIL-dependent and required for apoptosis.
Consistent with this finding, PACS-2 knockdown increased
clonogenic cell survival in TRAIL- treated Huh-7 cells. The
PIXosome was found specifically on lysosomes and required
for cathepsin B release, which led to cytochrome c re-
lease from mitochondria. The absence of detectable Bid,
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caspase-8, or RIP-1 (data not shown) suggests that the
PIXosome represents a novel lysosome-specific proapop-
totic Bcl-2 protein complex that is distinct from mitochon-
dria-associated Bcl-2 complexes or from previously de-
scribed caspase-activating platforms. The requirement for
the PIXosome in mediating TRAIL-induced apoptosis of
Huh-7 and KMCH cells supports an important role for this
complex in multiple hepatobiliary cell lines.

TRAIL requires Bim and Bax to trigger LMP, but how they
are targeted to lysosomes has been unknown (11). Our results
suggest that PACS-2 is key. Indeed, genetic studies demon-
strated that PACS-2 mediates TRAIL-induced apoptosis in vivo
(21). In healthy cells, PACS-2 directs multiple secretory path-
way trafficking steps, including the trafficking of endocytosed
receptors from early endosomes to the trans-Golgi network
(22). TRAIL, however, induces a marked redistribution of
PACS-2 to both lysosomes, where it interacts with Bim and Bax,
as well as to mitochondria, where it mediates Bid action (Fig. 1C
and Ref. 36). Consistent with these findings, PACS-2 knock-
down blocked recruitment of Bim and Bax to lysosomes. More-
over, PACS-2 knockdown disrupted the trafficking of ligated
DR5 to lysosomes, but not its internalization from the cell sur-
face, suggesting that PACS-2 mediates endocytic trafficking
steps in TRAIL-induced cells. Surprisingly, Bim knockdown
blocked recruitment of PACS-2 to lysosomes, suggesting that
PACS-2 and Bim are mutually dependent for their TRAIL-in-
duced targeting to lysosomes. Together with the determination
that Bim binds PACS-2 and Bax but that PACS-2 can only bind
Bim, these results suggest that TRAIL-induced binding of Bim
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to PACS-2 may switch PACS-2 from an early endosome-to-
TGN trafficking mediator to a lysosome trafficking protein
required for PIXosome assembly and trafficking of endocytosed
DR5. It will be important to determine precisely how TRAIL
regulates the trafficking itinerary of PACS-2 to assemble Bim
and Bax on lysosome membranes.

TRAIL-induced activation of JNK is required for recruitment
of Bim and Bax on lysosomal membranes (11). Accordingly, the
JNK inhibitor SP600125 blocked TRAIL-induced PIXosome
assembly, suggesting that the association of PACS-2, Bim, and
Bax was JNK-dependent (Fig. 5). JNK phosphorylates Bim,
which releases Bim from dynein light chains (19, 46). Thus, the
ability of SP600125 to block Bim phosphorylation suggests how
this JNK inhibitor repressed PIXosome assembly (Fig. 5). Con-
sistent with this possibility, PACS-2 bound recombinant Bim in
vitro, supporting the possibility that JNK acts upstream of
PIXosome assembly (Fig. 4A). However, the mechanism by
which JNK activates PIXosome assembly is likely more com-
plex, as the kinase may independently stimulate apoptotic acti-
vation of Bim, PACS-2, and Bax. For example, 14-3-3 proteins
can sequester Bax, and death ligand-induced JNK phosphory-
lation of 14-3-3 releases Bax (47). Similarly, Akt phosphoryla-
tion of PACS-2 Ser-437 promotes 14-3-3 binding in non-dis-
eased cells. TRAIL triggers release of bound 14-3-3, switching
PACS-2 from a homeostatic regulator to a proapoptotic effec-
tor (21). Whether JNK activates apoptotic PACS-2 by phos-
phorylating bound 14-3-3 to activate apoptotic PACS-2 is cur-
rently under investigation.
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After trafficking to lysosomes, Bax inserts into the membrane, homo-oli-
gomerizes, and induces lysosomal membrane permeabilization. Cathepsin B
and other lysosomal proteases are released into the cytosol where they con-
tribute to cellular demise.

LMP may occur either upstream or downstream of mito-
chondrial dysfunction during cell death or even represent a
postnecrotic phenomenon (39-41). In Huh-7 cells, PACS-2
mediates TRAIL-induced apoptosis by triggering LMP up-
stream of mitochondrial dysfunction. Despite the fact that
TRAIL-induced LMP is upstream of mitochondrial dysfunc-
tion in hepatobiliary cells, it can be blocked by antiapoptotic
Bcl-2 family members such as Mcl-1 (11). This antiapoptotic
protein binds and sequesters Bim, including phospho Bim, as
identified in this study. These findings raise the possibility that
Mcl-1 sequestration of phospho Bim reduces its availability
for binding to PACS-2, which would block formation of the
PIXosome and prevent LMP.

The findings that TRAIL induces PACS-2 to interact with
Bim to mediate lysosome permeabilization and with Bid to
mediate the subsequent mitochondria permeabilization sug-
gest a broader conceptual framework for the role of PACS-2 in
TRAIL action. We suggest that TRAIL induces the JNK-depen-
dent PIXosome formation on lysosomal membranes, triggering
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LMP (Fig. 6). In parallel, PACS-2 mediates translocation of Bid
to mitochondria and Bid cleavage. Because cytosolic cathepsins
promote Bid cleavage and mitochondria membrane permeabi-
lization (48 —50), our findings suggest that PACS-2 may medi-
ate lysosome-mitochondria interorganellar communication,
driving efficient cytochrome ¢ release and activation of execu-
tioner caspases. Together, these studies provide insight into the
mechanism of TRAIL-induced apoptosis and how inhibition of
this pathway may lead to new treatment of cholestatic liver
diseases.
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