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Abstract Tumor necrosis factor-related apoptosis-induc-
ing ligand (Apo2L/TRAIL) selectively induces apoptosis in
transformed cells. Normal cells and certain tumor cells can
evade Apo2L/TRAIL induced cell death, but the determi-
nants of Apo2L/TRAIL sensitivity are poorly understood.
To better understand the factors that contribute to Apo2L/
TRAIL resistance, we characterized two colon carcinoma
lines with pronounced differences in Apo2L/TRAIL sen-
sitivity. Colo205 cells are highly sensitive to Apo2L/
TRAIL whereas Colo320 cells are unresponsive. Compo-
nents of the DISC (death inducing signaling complex)
could be immunoprecipitated from both cell lines in re-
sponse to Apo2L/TRAIL. Sensitizing agents including a
proteasome inhibitor conferred Apo2L/TRAIL sensitivity
in Colo320 cells, indicating that the apoptotic machinery
was intact and functional. We specifically suppressed the
expression of Bcl-2, FLIP or XIAP in Colo320 cells.
Downregulation of either FLIP or XIAP but not Bcl-2 re-
stored sensitivity of Colo320 cells to Apo2L/TRAIL.
Moreover, stable knockdown of XIAP expression in
Colo320 subcutaneous tumors resulted in suppression of
tumor growth and sensitivity to Apo2L/TRAIL in vivo.
Our results indicate that only a specific subset of anti-
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apoptotic proteins can confer resistance to Apo2L/TRAIL
in Colo320 cells. Elucidation of the factors that contribute
to Apo2L/TRAIL resistance in tumor cells may provide
insight into combination therapies with Apo2L/TRAIL in a
clinical setting.
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Introduction

Apo2L/TRAIL is a type II transmembrane protein of the
TNF superfamily that was identified based on sequence
homology to TNF and Fas ligand (FasL) [1, 2]. Early
functional studies indicated that Apo2L/TRAIL has a po-
tent ability to trigger apoptosis in a variety of tumor cell
lines but not normal cells, highlighting its potential as a
candidate therapeutic in cancer [3, 4]. Apo2L/TRAIL in-
duces apoptosis by binding to two death receptors, DR4
(TR-1) and DR5 (TR-2), that contain cytoplasmic death
domains (DD) and can initiate an apoptosis signaling cas-
cade [5-7]. Two isoforms of DRS5 have been described [8].
Apo2L/TRAIL also binds three additional receptors, DcR1,
DcR2 and OPG, that do not trigger apoptosis upon ligand
engagement [9-11]. Ligand binding to death receptors DR4
and DRS results in recruitment of the adaptor protein Fas-
associated death domain (FADD) by the cytoplasmic death
domain, followed by the recruitment and activation of the
initiator caspases 8 and 10. FLICE inhibitory protein
(FLIP) is also recruited to the receptor complex and can act
as an inhibitor of caspase 8 when present at high levels [12,
13]. Recruitment of FADD, caspase 8, caspase 10 and FLIP
to the death receptor forms the death inducing signaling
complex, or DISC. In some cells, activation of caspase 8 is
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sufficient for subsequent activation of the effector caspases
3 and 7, which cleave intracellular substrates to execute
cellular apoptosis [14, 15]. This is often referred to as the
extrinsic pathway of cell death activation. In other cells,
signal amplification via the mitochondrial or intrinsic
pathway is necessary for apoptosis. The intrinsic pathway
is primarily activated by DNA-damaging agents, but is also
coupled to the extrinsic pathway by caspase 8 or 10 in-
duced cleavage of the pro-apoptotic Bcl-2 family member
Bid. Truncated Bid interacts with additional pro-apoptotic
proteins Bax and Bak, resulting in the release of cyto-
chrome ¢ and Smac/DIABLO from the mitochondria [16,
17]. Cytochrome c, together with Apaf-1, activates caspase
9, which can further activate caspases 3 and 7, resulting in
signal amplification and cellular apoptosis. Smac/DIABLO
promotes apoptosis by binding to and neutralizing the
inhibitor of apoptosis proteins, or IAPs, which can
sequester caspase 3 [18]. Thus, cellular apoptosis is regu-
lated by the functions of multiple pro- and anti-apoptotic
proteins and by the coordination of both extrinsic and
intrinsic pathways.

Malignant cells commonly have defects in cell death
control and apoptosis [19]. Although many tumor cells
display marked sensitivity to Apo2L/TRAIL, a spectrum of
sensitivity ranging from highly sensitive to completely
resistant has been observed. Over-expression of anti-
apoptotic factors is one mechanism by which cells can
acquire resistance to Apo2L/TRAIL and is known to occur
in many cancers [20]. Thus, one potential mechanism to
overcome tumor resistance to Apo2L/TRAIL could be by
suppressing anti-apoptotic factors.

In this study we examined the mechanisms of resistance
to Apo2L/TRAIL exhibited by the colon adenocarcinoma
line Colo320. We found that Colo320 cells express death
receptors on their surface and can engage a functional
DISC in response to Apo2L/TRAIL, yet fail to undergo
apoptosis in the presence of ligand. We identified phar-
macological agents that were able to sensitize Colo320
cells to Apo2L/TRAIL, in particular protein synthesis and
proteasome inhibitors. These agents may modulate the
levels of anti-apoptotic factors that could contribute to
Colo320 cell resistance. To better understand this we
generated specific siRNAs against anti-apoptotic proteins
and found that suppression of either XIAP or FLIP
expression readily sensitized Colo320 cells to Apo2L/
TRAIL. Furthermore, we demonstrate that stable suppres-
sion of XIAP in Colo320 subcutaneous tumors is sufficient
to inhibit tumor growth and confer sensitivity to Apo2L/
TRAIL mediated anti-tumor activity in vivo. Our data
support the notion that combinations of Apo2L/TRAIL
with specific inhibitors to anti-apoptotic factors such as
FLIP or XIAP could augment the effects of Apo2L/TRAIL
in a clinical setting.
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Materials and methods
Cell lines, antibodies, and reagents

Colo0320 and Colo205 cells (ATCC, Manassas, VA) were
cultured in RPMI 1640 (Invitrogen, Carlsbad, CA) sup-
plemented with 10% FCS (HyClone Laboratories, Logan,
UT), L-glutamine and antibiotics. FACS antibodies:
Apo2L/TRAIL R1-M271, Apo2L/TRAIL R2-M413,
Apo2L/TRAIL R3-M430 and Apo2L/TRAIL R4-M444
were produced at Amgen Washington and have been de-
scribed [21]. Immunoblotting antibodies: Bcl-XL, caspase
3, caspase 8, DFF45/DFF35, FADD, PARP, Bid (Cell
Signaling, Beverly, MA); Bax, cIAP2, Smac/DIABLO,
survivin, XIAP (R&D Systems, Minneapolis, MN); Bcl-2,
cIAP1 (BD PharMingen, San Diego, CA); caspase 10,
clone 4C1 (MBL International, Woburn, MA); FLIP, clone
NF6 (Alexis Biochemicals, San Diego, CA); DR4, DRS,
DcR2 (Cayman Chemical, Ann Arbor, MI). Recombinant
human Apo2L/TRAIL was produced at Genentech, Inc
(So. San Francisco, CA). Flag-Apo2L/TRAIL and anti-
Flag antibody M2 were produced at Amgen Washington.
MG-132 was from Calbiochem (La Jolla, CA), cyclohex-
imide was from Sigma (St. Louis, MO) and resazurin was
from R&D Systems (Minneapolis, MN). SiRNAs with the
following sense sequences were designed and synthesized
by Qiagen (Valencia, CA). XIAP siRNA 5-CGAGA-
GAUUUGGAAAGAUAJATAT-3" FLIP siRNA 5’-CCUU-
GUUUCGGACUAUAGAJATAT-3’; Non-silencing siRNA
5’-UUCUUCGAACGUGUCACGUATAT-3’—AlexaFlu-
or488. Bcl-2 is a validated siRNA (Qiagen, Valencia, CA,
cat(1022536).

Viability assay

Cells were plated at 2 x 10* cells/well. Cells treated with
MG-132 were pre-treated for 30 min before the addition of
Apo2L/TRAIL. After 24 hours, viability was assessed
using ATPLite Istep Assay (Perkin-Elmer, Boston, MA)
according to manufacturer’s protocols. For Fig. 5, viability
was monitored using a resazurin-based assay. Briefly, cells
were plated at 1 x 107 cells/well in media +/— 500 ng/ml
doxycycline for 5 days followed by 100 ng/ml Apo2L/
TRAIL. After 48 h, resazurin was added to 10%. Absor-
bance was read at 544/590 2 h post addition.

Caspase 3 activity assay

Cells were plated at 1.8 x 10* cells/well and treated with
Apo2L/TRAIL at indicated amounts. After 5 h, caspase 3
activity was measured using the Caspase Glo 3/7 assay
(Promega, Madison, WI) according to manufacturer’s
protocols.
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Flow cytometry

Cells were incubated in blocking buffer (10% FBS/5% goat
serum/FACS buffer), washed in FACS buffer (1% FBS/
PBS), and resuspended in 10 pg/ml primary antibody or
isotype control for 45 min at 4°C. After washing, cells
were resuspended in 10 pg/ml biotinylated secondary for
45 min at 4°C, washed again and incubated with 10 pg/ml
streptavidin-phycoerythrin (BD Pharmingen, San Diego,
CA) for 45 min at 4°C. Cells were analyzed on a FAC-
Scaliber flow cytometer (Becton Dickinson, Franklin
Lakes, NJ).

DISC immunoprecipitation

1.8 x 107 cells were plated for each condition. After 24 h,
12.5 ng FlagApo2L/TRAIL was pre-complexed with
25 pg M2 antibody and added to cells for 10 min. No
FlagApo2L/TRAIL was added to unstimulated controls.
Lysates from stimulated cells were cleared by centrifuga-
tion and immunoprecipitated with protein G sepharose
(Sigma, St. Louis, MO). Lysates from non-stimulated
controls were cleared by centrifugation and then 0.625 pg
FlagApo2LL/TRAIL pre-complexed with 1.25 pg M2 was
added, followed by incubation with protein G sepharose.
Samples were washed 5x in lysis buffer and analyzed by
Western blot. Anti-caspase 8 monoclonal (Alexis Bio-
chemicals, San Diego, CA) and anti-FADD monoclonal
(BD Transduction Laboratories, San Diego, CA) antibodies
were used for DISC IPs.

siRNA transfections

8 x 10* cells/well were plated and transfected with 1 pl
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and
40 pmol of gene specific primer or control siRNA
according to the manufacturer’s instructions. After 48 h,
200 ng/ml Apo2L/TRAIL was added for 24 h. Cells were
harvested and analyzed by Western blot.

shRNA lentiviral vectors

The lentiviral vector backbone has been described [22]. It
was modified to incorporate the T-Rex tetracycline
repressor gene (Invitrogen Corp., Carlsbad CA) upstream
of an EMCV-IRES neomycin-resistance gene (Invitrogen
Corp., Carlsbad CA). The shRNA expression components
were incorporated as a Gateway cassette between the RRE
and ¥ sites of the vector backbone.

Gene-specific ShRNA triggers were designed and cloned
into the pENTR/hH1/TO T-Rex expression vector
according to manufacturer’s protocols (Invitrogen Corp.,
Carlsbad CA). The sense strand of each shRNA trigger is

as follows: shXIAP-1, 5-GCGGTGCTTTAGTTGTCAT-
GC-3’; shXIAP-2, 5-GCTGTAGATAGATGGCAATAT-
3, shXIAP-4, 5-GGTTCAGTTTCAAGGACATTA-3";
shCTRL, 5-GTCTCCACGCGCAGTACATTA-3’. Len-
tiviral vector stocks were generated according to manu-
facturer’s protocols (Invitrogen Corp., Carlsbad CA).
Crude culture supernatants were harvested and concen-
trated ~100-fold by ultracentrifugation at 100,000x g for
2 h prior to aliquoting in PBS + 0.5% BSA for storage
at —80°C. Vector stocks were assayed for activity on 293
cells, and titers of 10'-10° TU/ml were typically at-
tained. Colo320 cells were transduced with specific len-
tiviral vectors by incubating 10° cells with 10" TU of
vector in a single well of a 12 well tissue culture dish in
500 pl of RPMI containing 10 pg/ml DEAE Dextran for
6 h. Two days post transduction cells were selected in
media containing 500 pg/ml G418 (Invitrogen Corp.,
Carlsbad CA).

Subcutaneous xenografts

Female CB17 SCID mice (Charles River Laboratory,
Wilmington, MA) aged 8-10 weeks were injected subcu-
taneously with 2 x 10° parental Colo320, Colo320-
shControl or Colo320-shXIAP-4 cells. For parental tumors,
mice were treated with vehicle or Apo2L/TRAIL (60 mg/
kg daily for 5 days) when tumors reached approximately
180 mm®. For Colo320-shControl or Colo320-shXIAP-4
tumor bearing mice, drinking water was replaced with
2 mg/ml doxycycline in 5% sucrose when tumors were
~100 mm?>. Five days later, mice were treated with vehicle
or Apo2L/TRAIL (60 mg/kg daily for 5 days). Tumor
dimensions were measured by a digital caliper and tumor
volumes were calculated as [length x (width)?}/2. All
experimental procedures were under the Amgen animal use
guidelines and approved by the Amgen Institutional Ani-
mal Care and Use Committee.

Immunohistochemistry

Cross sections of each tumor were collected in 10% neutral
buffered formalin, fixed and embedded in paraffin. XIAP
antigen was retrieved in a pressure cooker using Biocare
Diva Decloaker (Concord, CA) and blocked with CAS
block (Zymed-Invitrogen Corp., Carlsbad, CA) for 10 min
at room temperature. Cleaved caspase 3 antigen was re-
trieved by microwave in Biogenex Citra (San Ramon, CA)
to boiling for 7 min. and blocked with CAS block (Zymed-
Invitrogen, Carlsbad, CA) for 10 min at room temperature.
Anti-XIAP (MBL International, Woburn, MA) or anti-
caspase 3 (Cell Signaling Technology, Beverly, MA) was
incubated overnight at 4°C followed by quenching with
Dako Peroxidase Blocking Reagent (Glostrup, Denmark)
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for 25 min. Secondary antibody incubation was with Dako
Envision Mouse (Glostrup, Denmark) for XIAP or HRP-
goat anti-rabbit (Jackson Immunoresearch Labs, West
Grove, PA) for caspase 3, followed by DAB detection after
5 min.

Statistical analysis

Experiments were repeated three times unless otherwise
indicated. Data were presented as mean +/— SEM. To ad-
just to the initial tumor size in individual mice (3 days
before treatment), the fold changes were calculated at each
time point and used for the analysis. The method of
ANOVA with repeated measures was employed for com-
paring tumor volumes between treatment groups across all
post treatment time points. A p-value less than 0.05 for

group effect indicates a significant difference in tumor si-
zes between the groups. The analysis was performed using
SAS® software package (SAS Institute Inc., Cary, NC).

Results

Colo320 cells are resistant to Apo2L./TRAIL mediated
apoptosis despite surface expression of death receptors

As a model for better understanding the cellular events that
mediate resistance, we examined the effects of Apo2L/
TRAIL on two colon carcinoma cell lines, Colo205 and
Colo320. Whereas treatment of Colo205 cells with Apo2L/
TRAIL resulted in a dose-dependent loss of cell viability
and a corresponding increase in caspase 3 activity, no ef-
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Fig. 1 Differential sensitivity of Co0lo205 and Colo320 cells to
Apo2L/TRAIL in vitro and in vivo. A, Colo205 and Colo320 cells
were treated with indicated amounts of Apo2L/TRAIL and analyzed
for viability 24 h later using the ATPLite 1step assay. B, Colo205 and
Colo320 cells were treated with indicated amounts of Apo2L/TRAIL
and analyzed 5 hours later by caspase 3/7 activity assay. C, Colo205
and Colo320 cells were treated with PBS or 200 ng/ml Apo2L/
TRAIL for 5 h. Lysates were analyzed by Western blotting using
antibodies against the indicated proteins. D, Colo205 (10/group) or
Colo320 (8/group) subcutaneous tumors were allowed to grow to
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approximately 180 mm® in the flank of SCID mice and were treated
with either vehicle or Apo2L/TRAIL (60 mg/kg i.p.) on days 0-4.
Tumor volumes were monitored over the treatment period and for an
additional week after treatment was finished. E, Surface Apo2L/
TRAIL receptor expression levels were analyzed by flow cytometry
on Colo205 and Colo320 cells. Horizontal and vertical axes indicate
the fluorescence intensity and relative number of cells, respectively.
Dotted histograms are isotype controls; black histograms are
antibodies against specific receptors
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fect on cell viability or caspase 3 activity was observed in
Colo320 cells (Fig. 1A, B). Cleavage of the caspase 3
substrates PARP and DFF45/DFF35 was also observed in
Colo205 cells (Fig. 1C). In Colo320 cells, initial process-
ing of caspase 3 was seen in response to Apo2L/TRAIL,
but this failed to fully activate caspase 3, as cleavage of
caspase 3 substrates was not detected (Fig. 1C). We also
examined the activity of Apo2L/TRAIL on tumor xeno-
grafts derived from Colo205 and Colo320 cells. Whereas
growth of Colo205 tumors was inhibited by Apo2L/
TRAIL, we observed no effect on Colo320 tumors
(Fig. 1D). This indicated that, similar to our in vitro
observations, Colo320 tumors were also unresponsive to
Apo2L/TRAIL.

To determine if resistance to Apo2L./TRAIL was med-
iated by receptor expression, we compared the surface
expression levels of DR4, DRS, DcR1 and DcR2. Both
DR4 and DRS were expressed at comparable levels on
Col0205 and Colo320 cells as judged by flow cytometry
(Fig. 1E). We saw greater expression of DcR1 on Colo205
cells over Colo320 cells, and greater expression of DcR2
on Colo320 cells over Colo205 cells. Whereas DcR1 lacks
an intracellular domain, DcR2 contains a non-functional
truncated death domain. The biological roles of signaling
through DcR1 and DcR2 have been poorly understood.
However, it was recently reported that DcR2 is preferen-
tially co-recruited to DRS within the DISC, where it
inhibits initiator caspase activation [23]. DcR1 appears to
act as a competitor for Apo2L/TRAIL binding. Whether
the elevated levels of DcR2 in Colo320 cells results in
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impaired DISC assembly and initiator caspase activation
was not addressed in this study. Apo2L./TRAIL binding to
both cell lines was also found to be equivalent (data not
shown).

Differential expression of pro- and anti-apoptotic
regulatory proteins in Colo205 and Colo320 cell lysates
and DISC immunoprecipitations

To address whether pro- and anti-apoptotic factors were
differentially expressed in Colo205 and Colo320 cells, we
analyzed whole cell lysates from resting cells (Fig. 2A).
No significant difference in the expression of IAP family
proteins was observed, including survivin, XIAP, and
cIAP2. cIAPI1 levels were somewhat elevated in Colo320
cells relative to Colo205 cells. Levels of Smac were also
equivalent. Among the Bcl-2 family members analyzed,
Bcl-X; was decreased in Colo320 cells as compared to
Colo205 cells. Strikingly, there was no detectable Bcl-2
expression in Colo205 cells relative to Colo320 cells
raising the possibility that Bcl-2 might be contributing to
Apo2L/TRAIL resistance in Colo320 cells. It is possible
that other Bcl-2 family members may also be differentially
expressed. Interestingly, we also found that FADD, caspase
8 and caspase 10 levels were reduced in Colo320 cells
relative to Colo205 cells, whereas FLIP levels were
equivalent (Fig. 2A).

FADD, caspase 8 and 10, and FLIP, along with death
receptors, comprise the DISC. Ligand engagement of death
receptors leads to DISC assembly, thereby facilitating
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Fig. 2 Expression of apoptotic pathway components in resting
Col0205 and Colo320 cells and in DISC immunoprecipitations. A,
Cell lysates were harvested and immunoblots probed with specific
antibodies against the indicated proteins. C205 corresponds to

Colo205 cells; C320 corresponds to Colo320 cells. B, DISC

: ool B

components from Colo205 and Colo320 extracts were immunopre-
cipitated and immunoblotted for the presence of DRS, caspase 8,
FADD, FLIP and caspase 10. The presence (+) or absence (-) of
Apo2L/TRAIL is as indicated. Arrows indicate full length and
cleaved caspase-8 and -10
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caspase 8 activation and subsequent activation of caspases
3 and 7. Given that several DISC components were reduced
in Colo320 cells, we wanted to compare DISC recruitment
in response to Apo2L/TRAIL. In these experiments, cells
were briefly exposed to Flag-Apo2L/TRAIL and the li-
gand-receptor complex was immunoprecipitated using the
anti-Flag antibody M2. To examine DISC formation in
unstimulated cells, Flag-Apo2L/TRAIL was added directly
to cell lysates, followed by immunoprecipitation with M2
antibody. Both Colo205 and Colo320 cells were able to
form a complete DISC in response to Apo2L/TRAIL
(Fig. 2B). However, significant differences in the relative
amounts of DISC components were observed. Relative to
Colo205, levels of both isoforms of DRS, caspase 8, cas-
pase 10 and FADD were reduced in the Colo320 DISC,
although FLIP levels were equivalent. This altered stoi-
chiometry was consistent with our observations in whole
cell lysates, where FLIP levels were equivalent in both cell
types, but caspase 8, caspase 10 and FADD levels were
lower in Colo320 cells (Fig. 2A). Thus, the FLIP to cas-

pase 8 ratio is higher in the Colo320 DISC and this could
affect the degree of caspase § activation [24, 25]. Increased
FLIP levels can limit caspase 8 recruitment to the DISC
and reduce activation, whereas knockdown of FLIP

promotes initiator caspase activation in response to Apo2L/
TRAIL [26].

Apo2L/TRAIL resistance of Colo320 cells can be
overcome by chemical sensitization

To determine whether Colo320 cells could be rendered
responsive to Apo2L/TRAIL, we combined Apo2L/TRAIL
with various pharmacological agents. The presence of ei-
ther the protein synthesis inhibitor cycloheximide or the
proteasome inhibitor MG132 in combination with Apo2L/
TRAIL partially sensitized Colo320 cells to undergo
apoptosis (Fig. 3A, B). Apo2LL/TRAIL in combination with
cycloheximide or MG132 increased caspase 8, caspase 3
and PARP cleavage as compared to either agent alone. In
addition, cleavage of the Bcl-2 family member Bid was
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Fig. 3 Colo320 cells are sensitized to Apo2L/TRAIL mediated
apoptosis by cycloheximide and MG132. A, Colo205 and Colo320
cells were treated for 5 h with cycloheximide (CHX) (10 mg/ml),
Apo2L/TRAIL (200 ng/ml), or a combination of CHX + Apo2L/
TRAIL. Lysates were analyzed by Western blotting using antibodies
against the indicated proteins. Viability was monitored using the
ATPLite assay. Percent viable cells for each condition are listed at the
bottom. B, Colo205 and Colo320 cells were treated for 24 h with
MG-132 (1 puM), Apo2L/TRAIL (200 ng/ml), or a combination of
MG-132 + Apo2L/TRAIL. Cells exposed to MG-132 were pre-treated
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with the proteasome inhibitor for 30 minutes before the addition of
Apo2L/TRAIL. Lysates were analyzed by Western blotting using
antibodies against the indicated proteins. Viability was monitored
using the ATPLite assay. Percent viable cells for each condition are
listed at the bottom. C, Colo320 cells were incubated for 24 h with
(+) and without () MG-132 (1 pM) or cycloheximide (10 pg/ml). All
cells were treated with Apo2L/TRAIL followed by a standard DISC
IP as described and immunoblotted with antibodies against the
indicated proteins
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observed, indicating that the intrinsic pathway was re-
cruited. Although Colo320 cells were sensitized to Apo2L/
TRAIL with cycloheximide or MG132, they were still not
as sensitive as Colo205 cells, based on the proportion of
viable cells remaining after treatment (Fig. 3A, B). Less
than 5% of Colo205 cells remained viable after treatment
with Apo2L/TRAIL alone or with either combination. In
contrast, 38% and 42% of Colo320 cells remained after
treatment with Apo2L/TRAIL and cycloheximide or
Apo2L/TRAIL and MG132, respectively.

We wanted to identify which anti-apoptotic molecules
were specifically modulated in response to these pharma-
cological agents. In cycloheximide treated Colo205 and
Colo320 cells, FLIP; expression was significantly reduced
as compared to untreated cells, whereas FLIPg levels re-
mained largely unchanged (Fig. 3A). FLIP has been dem-
onstrated to have a high turnover rate and be strongly
downregulated in the presence of cycloheximide [27].
MG132 treatment in both cell types also resulted in slight
decreases in the expression of FLIP;, FLIPg and XITAP. It is
possible that altered expression of additional proteins in
response to cycloheximide or MG132 also contributed to
sensitizing Colo320 cells to Apo2L/TRAIL mediated
apoptosis. Under conditions where apoptosis was induced
in both cell types, FLIP;, FLIPg, Bcl-2 and XIAP levels
were also significantly reduced (Fig. 3A). This is likely a
result of caspase mediated FLIP, Bcl-2 and XIAP cleavage
as cells undergo apoptosis, as FLIP, Bcl-2 and XIAP are
known caspase substrates [28, 29]. Collectively, these data
indicated that modulation of protein turnover, either by
blocking protein synthesis or protein degradation, was able
to induce sensitivity to Apo2L/TRAIL in Colo320 cells.

We also examined the DISC from Colo320 cells treated
with Apo2L/TRAIL and either cycloheximide or MG132
(Fig. 3C). FLIP., was no longer detectable in the DISC IPs
from Apo2L/TRAIL and cycloheximide treated Colo320
cells, consistent with our observations in whole cell lysates
(Fig. 3A). In the DISC IPs from Apo2L/TRAIL and
MGI132 treated Colo320 cells, caspase 8 was elevated,
indicating that MG132 might be stabilizing caspase 8. The
net result was that caspase 8 levels were specifically
increased in the DISC relative to FLIP, either by increased
FLIP; degradation with cycloheximide or by increased
caspase 8 stabilization with MG132.

Downregulation of XIAP or FLIP sensitizes Colo320
cells to Apo2L/TRAIL induced apoptosis

The data in Fig. 3 suggested that FLIP; and XIAP may be
important for resistance of Colo320 cells to Apo2L/TRAIL
induced apoptosis, as reduction of these proteins by
cycloheximide or proteasome inhibitor treatment aug-
mented Apo2L/TRAIL mediated apoptosis. However,

since metabolic inhibitors modulate the expression of many
proteins, multiple factors may be contributing to the
observed sensitization. To determine whether specific
downregulation of XIAP or FLIP could confer Apo2L/
TRAIL sensitization, we suppressed expression of XIAP or
FLIP in Colo320 cells using RNA interference technology.
Transfection of cells with siRNA triggers specific for XIAP
or FLIP resulted in reduced expression of these proteins
and cleavage of caspase 3 and its substrate PARP upon
addition of Apo2L/TRAIL (Fig. 4A, B). Thus, downregu-
lation of XIAP or FLIP alone directly restored Apo2L/
TRAIL sensitivity in Colo320 cells.

As significantly higher Bcl-2 expression was originally
noted in Colo320 vs. Colo205 cells, we also tested a Bcl-2
specific siRNA. Moreover, administration of Apo2L/
TRAIL with sensitizing agents to Colo320 cells induced
Bid cleavage, suggesting a requirement for intrinsic path-
way activation for Apo2L/TRAIL mediated apoptosis.
Upon transfection of a Bcl-2 specific siRNA into Colo320
cells, Bcl-2 gene expression was downregulated (Fig. 4C).
However, no caspase 3 cleavage was observed in the
presence of Apo2L/TRAIL, indicating that Bcl-2 inhibition
could not reverse Apo2L/TRAIL resistance in Colo320
cells, although inhibition of either XIAP or FLIP alone
could. Importantly, we did not observe any non-specific
downregulation of cIAP1, cIAP2 or survivin in the pres-
ence of the XIAP siRNA in Colo320 cells (Fig. 4D).

Inducible silencing of XIAP in Colo320 cells and
xenograft tumors promotes Apo2L/TRAIL mediated
apoptosis and suppresses tumor growth

To investigate the importance of XIAP more directly in
determining sensitivity to Apo2L/TRAIL, we generated
stable Colo320 cell lines in which XIAP was conditionally
suppressed. Three different constructs with unique XIAP
specific short hairpin RNA (shRNA) triggers (shXIAP-1, -
3, -4) were designed and cloned into a doxycycline-
inducible lentiviral vector. A scrambled shRNA trigger was
used as a negative control (shCtrl). These were transduced
into Colo320 cells and after selection for stable transduc-
tants using a G418-resistance marker, the pooled cells were
tested for their ability to suppress XIAP expression in vitro.
In the presence of doxycycline, XIAP expression was
suppressed in all 3 Colo320-shXIAP cell lines, but not in
Col0320-shCtrl cells (Fig. SA). In the absence of doxycy-
cline, XIAP protein expression was equivalent in Colo320-
shCtrl and Colo320-shXIAP-1, -3 and -4 cells, suggesting
that this inducible system was tightly regulated. When cells
were treated with Apo2L/TRAIL in the presence of
doxycycline, we observed cleavage of caspase 3 and the
caspase 3 substrates PARP and DFF45/DFF35 specifically
in Colo320-shXIAP cells, but not Colo320-shCtrl cells.
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Fig. 4 Knockdown of XIAP or FLIP but not Bcl-2 promotes Apo2L/
TRAIL mediated caspase 3 activity in Colo320 cells. Colo320 cells
were transfected with no siRNA, a non-silencing control siRNA, or
gene specific siRNA: (A) XIAP specific, (B) FLIP specific, (C) Bcl-2
specific. 48 h later, transfected cells were stimulated with Apo2L/
TRAIL (200 ng/ml) for 24 h. Lysates were analyzed by Western

This indicated that induced suppression of XIAP was
capable of restoring sensitivity to Apo2L/TRAIL mediated
apoptosis in Colo320 cells. Minimal cleavage of PARP was
also observed when XIAP was suppressed in the absence of
Apo2L/TRAIL administration, suggesting that continued
expression of XIAP might be important for Colo320 cell
survival. To address this more directly, we compared the
viability of one Colo320-shXIAP line, Colo320-shXIAP-4,
with that of Colo320-shCtrl cells and parental Colo320
cells. Both Colo320 and Colo320-shCtrl cells displayed
comparable viability in the presence or absence of doxy-
cycline or Apo2L/TRAIL, indicating that they remained
insensitive to Apo2L/TRAIL (Fig. 5B). In contrast,
Colo320-shXIAP-4 cells showed a marked reduction in
viability when XIAP expression was suppressed in the
presence of doxycycline (Fig. 5B). This was further aug-
mented by the addition of Apo2L/TRAIL. These results
suggested that Colo320 cells require XIAP for their sur-
vival in vitro and also become sensitized to Apo2L/TRAIL
in the absence of XIAP. Some cleavage of PARP and
DFF45/DFF35 was also observed in the presence of
Apo2L/TRAIL when XIAP was not suppressed (in the
absence of doxycycline) (Fig. 5A). As all these lines have
been generated by infection with lentivirus, we believe this
reflects the increased sensitivity of virally infected cells to
Apo2L/TRAIL, which has been previously reported [30,
31]. Similar to our observations with an XIAP specific
siRNA in Colo320 cells, we saw no decrease in the levels
of cIAP1, cIAP2 or survivin in the presence of doxycycline
in Colo320-shXIAP-4 cells (Fig. 5C).

We then wanted to test whether Colo320-shXIAP-4
cells would also be sensitive to Apo2L/TRAIL in vivo.
Colo320-shXIAP-4 and control Colo320-shCtrl cells
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blotting using antibodies against the indicated proteins. (D) Colo320
cells transfected with no siRNA, a non-silencing control siRNA or
XIAP specific siRNA were harvested 48 h after transfection and
analyzed by Western blot using antibodies against the indicated
proteins

were injected into SCID mice and tumors were allowed
to grow until they were approximately 100 mm?®. Mice
were then switched to doxycycline-containing water to
induce knockdown of XIAP or a control scrambled
shRNA and treated with vehicle or Apo2L/TRAIL five
days later. In both vehicle and Apo2L/TRAIL treated
Colo320-shCtrl tumors, there was no significant growth
inhibition (Fig. 6A). In contrast, we observed significant
tumor growth inhibition in mice with Colo320-shXIAP-4
tumors, even in the absence of Apo2L/TRAIL. Vehicle
treated Colo320-shXIAP-4 tumors were 69.7% smaller
than vehicle treated Colo320-shCtrl tumors (p-value
0.0004, n = 6). When mice with Colo320-shXIAP-4 tu-
mors were also treated with Apo2L/TRAIL, the majority
of tumors completely regressed. The combination of
Apo2L/TRAIL treatment when XIAP was suppressed in
Co0l0320-shXIAP-4 tumors resulted in 98% tumor inhi-
bition compared to Apo2L/TRAIL treated Colo320-
shCtrl tumors (p < 0.0001, n =6) and 90% inhibition
over vehicle treated Colo320-shXIAP-4 tumors (p-value
0.0350, n = 6). Thus, knockdown of XIAP in Colo320
tumor xenografts dramatically suppressed their tumor
growth, and these tumors could be inhibited further by
treatment with Apo2L/TRAIL.

To confirm that XIAP expression was reduced in
doxycycline treated Colo320-shXIAP-4 tumors, we ana-
lyzed histological sections from Colo320-shXIAP-4 and
Col0320-shCtrl tumors from mice that did or did not re-
ceive doxycycline. In the absence of doxycycline, XIAP
protein was detectable at equivalent levels in Colo320-
shCtrl tumors and Colo320-shXIAP-4 tumors (Fig. 6B). In
the presence of doxycycline, we saw a marked decrease in
XIAP expression levels in Colo320-shXIAP-4 tumors but
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Fig. 5 Inducible knockdown of XIAP promotes apoptosis in Colo320
cells in vitro. A, Stable Colo320 cell lines with regulatable XIAP
(shXIAP-1, shXIAP-3, shXIAP-4) or control (shCtrl) shRNA triggers
were generated. Cells were grown in media alone (-Dox) or media
containing 500 ng/ml doxycycline (+Dox) for 3 days and then
stimulated with 200 ng/ml Apo2L/TRAIL or left untreated. After
17 h, lysates were generated and analyzed by Western blotting using
antibodies against the indicated proteins. B, Colo320, Colo320sh-
XIAP-4 and Colo320-shCtrl cells were assayed for cell viability with

not Co0lo320-shCtrl tumors (Fig. 6C). This indicated that
XIAP expression was specifically suppressed in Colo320-
shXIAP-4 tumors in vivo in response to doxycycline. We
also observed a concomitant increase in active caspase 3
staining in Colo320-shXIAP-4 tumors over Colo320-shCtrl
tumors, and in Colo320-shXIAP-4 tumors exposed to
Apo2L/TRAIL (Fig. 6D). Thus, increased caspase 3
activity in vivo corresponded with decreased XIAP
expression and Apo2L/TRAIL treatment.

Discussion
Apo2L/TRAIL is a promising anti-cancer therapeutic in

early clinical development. Despite its potent anti-tumor
activity in xenograft models of colorectal, breast and lung

shCtrl
[ +Dox/-Apo2L
+Dox/ +Apo2L

——— ——— 3CtIN

resazurin. Cells were cultured either in media alone (—Dox) or media
containing 500 ng/ml of doxycycline (+Dox) for 5 days and then
stimulated with 100 ng/ml of Apo2L/TRAIL (+Apo2L) or left
untreated (—Apo2L) for 48 h. Absorbance at 544/590 was read at
2 h after addition of resazurin. C, Colo320, Colo320-shCtrl and
Col0320-shXIAP-4 cells were cultured in either media alone (-Dox)
or media containing 500 ng/ml doxycycline (+Dox) for 3 days.
Lysates were generated and analyzed by Western blotting using
antibodies against the indicated proteins

[3, 32-34] cancers as well as others, some tumor cell lines
remain resistant to Apo2LL/TRAIL when administered as a
single agent. This suggests that using Apo2L/TRAIL in
combination with agents that target underlying resistance
mechanisms will have significantly greater clinical impact
than Apo2L/TRAIL alone. Indeed, Apo2L/TRAIL has
been shown to cooperate with a wide variety of agents in
various models. Tumor cell lines reported to be Apo2L/
TRAIL resistant have been rendered Apo2L/TRAIL sen-
sitive by co-treatment with chemotherapeutic agents such
as irinotecan (CPT-11), gemcitabine, 5-FU, taxol and car-
boplatin [32, 34, 35]. Moreover, proteasome inhibitors
[36], histone deacetylase inhibitors [37, 38] and cdk
inhibitors such as roscovitine [39] can also cooperate with
Apo2L/TRAIL to promote apoptosis.
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Fig. 6 Inducible knockdown of XIAP promotes apoptosis in Colo320
xenografts. A, SCID mice with either Colo320-shCtrl or Colo320-
shXIAP-4 derived s.c. tumors (6/group) were treated with vehicle or
Apo2L/TRAIL (60 mg/kg/day, i.p.) on days 0—4. Five days prior to
treatment mice were placed on doxycycline-containing water (2 mg/
ml in 5% sucrose). To adjust to the initial tumor size in individual
mice (day — 3), the fold changes were calculated at each time point
and used for the analysis. B, Histological sections from Colo320-

Regulation of death receptor mediated apoptosis occurs
at multiple tiers, including the level of receptor expression,
assembly of a productive DISC following receptor ligation,
recruitment of the Bcl-2-regulated mitochondrial pathway
and antagonism of caspase activity by members of the IAP
family. Relatively small changes at these multiple regula-
tory levels can have a significant impact on the apoptotic
threshold of the cell and therefore its response to death
stimuli. It is becoming apparent that, in addition to resis-
tance being a multi-factorial process, different tumor cell
types invoke different mechanisms of death receptor
resistance. This suggests that no single agent may be
capable of sensitizing all tumor cells to Apo2L/TRAIL and
that intervention may be required at multiple points in the
pathway.

In this study we used the colon adenocarcinoma lines
Col0320 and Colo205 as a model system to delineate the
contribution of these mechanisms to Apo2L/TRAIL resis-
tance. Compared to Colo205, Colo320 cells exhibit sig-
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shCtrl and Colo320-shXIAP-4 tumors collected from mice receiving
no doxycycline were stained for XIAP expression (brown stain).
Images are 20x magnification. C, D, Histological sections from
Col0320-shCtr]l and Colo320-shXIAP-4 tumors from mice receiving
doxycycline and either vehicle or Apo2L/TRAIL for 24 h were
stained for XIAP (C) and active caspase 3 (D) expression. Images are
20x magnification

nificantly less sensitivity to Apo2L/TRAIL mediated
apoptosis. Both Colo320 and Colo205 cells express similar
levels of surface death and decoy Apo2LL/TRAIL receptors,
suggesting that differences in receptor expression levels are
unlikely to be a major determinant of Apo2L/TRAIL sen-
sitivity. However, significant differences between Colo205
and Colo320 were apparent when the expression level of
DISC components was compared. Whereas FLIP levels
were comparable between the two cells types, levels of
FADD, caspase 8, and caspase 10 were lower in Colo320
than in Colo205. In addition, significantly less processing
of caspase 8 and caspase 3 was observed following stim-
ulation with Apo2L/TRAIL in Colo320 than in Colo205.
Although some initial cleavage of caspase-3 was detected
in Colo320, further maturation of active caspase-3 and
processing of downstream substrates was not observed.
Both the low FADD levels and high ratio of FLIP to cas-
pase-8 might contribute to the relative inefficiency with
which the DISC in Colo320 propagates an apoptotic signal.
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The possibility of differential involvement of the
intrinsic pathway is suggested by the fact that Colo320
cells expressed higher levels of Bcl-2 than Colo205. Bcl-2
overexpression has been reported to be a mechanism for
preventing Apo2L/TRAIL induced apoptosis in several cell
lines and siRNA mediated Bcl-2 downregulation has been
shown to sensitize resistant melanoma cells to Apo2L/
TRAIL induced apoptosis [40, 41]. Another potential
explanation for the low level of caspase 3 activity upon
Apo2L/TRAIL stimulation of Colo320 cells might be
provided by high XIAP expression. However, as similar
levels of XIAP were detected in Colo320 and Colo205
cells, it appears unlikely that differential expression of
XIAP underlies the mechanism of resistance in Colo320
cells. While these results do not rule out a contribution by
downstream mechanisms, they are consistent with a model
in which the primary defect in Apo2L/TRAIL induced
signaling occurs at the level of the DISC in Colo320 cells.

Exposure to the protein synthesis inhibitor cyclohexi-
mide or the proteasome inhibitor MG132 sensitized
Col0320 cells to Apo2LL/TRAIL mediated apoptosis. These
findings underscore the fact that regulatory proteins with
short half-lives acutely regulate apoptosis pathways.
Cycloheximide has previously been shown to sensitize
cells to death receptor mediated apoptosis and FLIP is at
least one protein described to have a high turnover rate and
be influenced by cycloheximide treatment [27, 42]. Pro-
teasome inhibitors have also been shown to either induce
apoptosis by themselves or to sensitize cells to apoptotic
stimuli, including Apo2L/TRAIL [36, 43]. Candidate
mechanisms include stabilization of pro-apoptotic proteins
such as the Bcl-2 family members Bid and Bik [44, 45].
Interestingly, pro-survival regulators of the Bcl-2 and IAP
families are also direct proteasomal targets [46]. In addi-
tion, proteasome inhibitors can block NF-xB activity by
stabilizing IxB. Since NF-xB transcriptionally regulates
many anti-apoptotic genes, including IAP family members,
FLIP, Bcl-2, and Bcl-X;, blocking NF-xkB can have a
profound effect upon cell survival [47]. Proteasome
inhibitors can also sensitize cells to Apo2L/TRAIL by
transcriptional upregulation of DRS resulting from stabil-
ization of p53 and the CCAAT/enhancer-binding protein
homologous protein (CHOP) [48, 49]. This highlights the
complex effects that pharmacological inhibitors are likely
to have on apoptotic pathways.

Upon exposure to cycloheximide, we observed reduced
FLIP expression in both Colo205 and Colo320 cells, and
this resulted in sensitizing Colo320 cells to Apo2L/TRAIL.
Interestingly, FLIP; levels were considerably more sensi-
tive to cycloheximide than FLIPg in both cell lines tested,
suggesting that turnover of these FLIP variants may be
differentially regulated in the cell. Selective knockdown of
FLIP., has been shown to enhance effector-caspase stimu-

lation and apoptosis, whereas FLIPg reduction does not
have this effect [26]. Reduction of steady state levels of
FLIP; in Colo320 cells also resulted in reduced FLIP;
levels in the Colo320 DISC, but had no effect on FLIPg

In Colo320 cells, both cycloheximide and MG132 in-
creased processing of caspase 8 and its substrate Bid,
indicating that either agent was capable of enhancing
caspase 8 activation in response to Apo2L/TRAIL.
Whereas cycloheximide resulted in decreased FLIP 1 in the
Colo320 DISC, MG132 treatment increased levels of cas-
pase 8 in the DISC. This indicates that caspase 8 may be
stabilized in the DISC by proteasome inhibitors. The ratio
of FLIP to caspase 8 in the DISC has been shown to be a
critical determinant of signaling downstream of Apo2L/
TRAIL [26]. Collectively, our data suggest that changes in
either FLIP or caspase 8 levels could explain the increased
ability of the DISC to activate downstream effectors. In
this context, it is possible that the primary mechanism by
which cycloheximide promotes formation of a productive
DISC is by reducing the level of FLIPy available for
recruitment while proteasome inhibitors may increase
caspase-8 levels by stabilizing its turnover.

Downstream of the DISC, several additional pathways
are likely to contribute to the sensitization of Colo320
cells by cycloheximide and MG132. Increased processing
of Bid implies that the intrinsic pathway is differentially
recruited in sensitized Colo320 cells. In conjunction with
the higher levels of Bcl-2 observed in Colo320 relative
to Colo205, this suggests that the intrinsic pathway may
be a target for sensitizing agents in these cells. XIAP-
mediated ubiquitination and degradation of caspases is
likely to be another important target of proteasome
inhibitors in the sensitization of Colo320 cells. It is
worth noting that proteasome inhibitors can have
opposing effects on XIAP. Proteasome inhibitors can
prevent NFkB dependent expression of XIAP and XIAP
mediated caspase degradation, yet also block XIAP auto-
ubiquitination and self-degradation, thereby stabilizing its
turnover [50, 51]. In response to Apo2L/TRAIL alone,
some initial cleavage of caspase 3 was observed. How-
ever, in combination with either sensitizing agent,
Apo2L/TRAIL enhanced processing and maturation of
caspase 3. Both the enhanced output of active caspase 8
from the DISC and inhibition of caspase 3 turnover
could contribute to this result.

Since pharmacological agents are likely to influence
Apo2L/TRAIL sensitivity at multiple levels, we sought to
elucidate the contribution of specific regulatory compo-
nents in Colo320 cells by siRNA-mediated knockdown.
Based upon our previous data, we focused on Bcl-2, FLIP,
and XIAP. Despite the fact that they express higher levels
of Bcl-2 than Colo205, Colo320 cells were not sensitized to
Apo2L/TRAIL by siRNA-mediated knockdown of Bcl-2.
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Although Bcl-2 can mediate Apo2L/TRAIL resistance in
some cells, this result argues against Bcl-2 playing an
important role in the Apo2L/TRAIL resistance of Colo320
cells [52]. In contrast, specific knockdown of either XIAP
or FLIP in Colo320 cells sensitized them to Apo2L/
TRAIL. Other reports have also demonstrated that specific
targeting of XIAP or FLIP can restore Apo2L/TRAIL
sensitivity [26, 41, 53, 54]. The fact that both XIAP and
FLIP inhibition could induce Apo2L/TRAIL sensitivity yet
function by blocking the activity of different caspases
indicates that Apo2L/TRAIL resistance in Colo320 cells
can be overcome via multiple mechanisms.

While siRNA allowed us to dissect the mechanisms of
Apo2L/TRAIL resistance in vitro, we wanted to specif-
ically address the role of XIAP in vivo. We utilized a
doxycycline-regulated promoter to express XIAP specific
shRNAs in conjunction with a lentiviral vector delivery
system. This method has the advantage of being able to
stably knockdown expression of a target gene in > 90%
of cells at various stages of tumor development [55].
Analysis of Colo320-shXIAP cells in vitro revealed that
knockdown of XIAP was sufficient to sensitize Colo320
cells to Apo2L/TRAIL induced apoptosis. Moreover, loss
of XIAP in Colo320 cells in the absence of Apo2L/
TRAIL resulted in reduced cell viability, suggesting that
Colo320 cells were dependent on XIAP for survival.
This may be a cell-specific effect since down-regulation
of XIAP fails to induce apoptosis in the absence of an
externally applied apoptotic trigger in other cells such as
MDA-MB-231 [54]. Importantly, reduction of XIAP in
Colo320 cells by either siRNA or shRNA did not result
in compensatory changes in the expression of other IAP
family members.

Significant reduction of XIAP expression was ob-
served in Colo320shXIAP tumors from mice that re-
ceived doxycycline. Reduced XIAP expression in tumors
also corresponded with increased active caspase 3
expression as measured by inmmunohistochemistry and
this was enhanced when mice received Apo2L/TRAIL.
Consistent with this, we observed impaired tumor growth
in Colo320shXIAP derived tumors following down-reg-
ulation of XIAP. These findings indicate that reducing
XIAP expression in Colo320 tumors compromises their
ability to grow and increases their susceptibility to
Apo2L/TRAIL. It is worth noting that although Colo320
cells are sensitized to Apo2L/TRAIL induced apoptosis
by modulating Flip or XIAP levels, it is likely that other
resistant colon cancer lines may depend on different anti-
apoptotic factors or mechanisms for mediating those ef-
fects. To date, no consistent correlation has been de-
scribed that identifies a single determinant of Apo2L/
TRAIL sensitivity.
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Conclusion

Our studies show that Apo2L/TRAIL resistance can be
modulated at multiple points of intervention and provide
insights into the mechanisms that regulate susceptibility to
death receptor signals. These findings support the hypoth-
esis that apoptosis promoting therapies may function
optimally when combined with agents that modulate
expression of anti-apoptotic factors. Current attempts to
improve survival in cancer patients depend upon ap-
proaches to target tumor cell resistance and on the devel-
opment of new combination therapeutic strategies. Thus,
combination of Apo2L/TRAIL with agents that block
intracellular inhibitory factors either directly or indirectly
should prove to be a useful combination strategy in the
treatment of cancer.
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