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Involvement of DR4/JNK pathway-mediated autophagy
in acquired TRAIL resistance in HepG2 cells
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Abstract. Although tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) is a promising anticancer agent, a
number of cancer cells demonstrate TRAIL resistance. To
date, various molecular targets leading to TRAIL resistance
have been elucidated by many researchers, but the mecha-
nisms involved are still not fully understood. In the present
study, we obtained TRAIL-resistant cells from the human
hepatocellular carcinoma cell line HepG2 by exposing cells
to recombinant human TRAIL (thTRAIL), and determined
a mechanism for TRAIL resistance. The selected TRAIL-
resistant cells (HepG2-TR) were insensitive to rhTRAIL and
triggered autophagy in response to rhTRAIL. The inhibition
of autophagy by 3-methyladenine or the knockdown of ATGS
partially restored thTRAIL-induced apoptosis and cytotox-
icity, indicating that protective autophagy occurred in the
cells. Notably, rhTRAIL-induced autophagy was mediated
through DR4 in HepG2-TR cells, but not in parental HepG2
cells. In addition, the c-Jun N-terminal kinase was involved
in DR4-mediated autophagy in HepG2-TR cells. Our results
suggest a novel mechanism of TRAIL resistance which is regu-
lated through alterations in DR4 function, which may extend
our understanding of the mechanisms of TRAIL resistance.

Introduction

The tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is an attractive anticancer agent, since it selec-
tively induces apoptosis in a variety of cancer cells (1-4).
Furthermore, TRAIL exhibits potent tumoricidal activity
against tumor xenografts, without serious side-effects in
preclinical studies (2,3), implicating the potential utility of
TRAIL in the treatment of human cancer.

TRAIL-induced apoptosis is initiated by the binding of
TRAIL to its functional death receptors, TRAIL-R1 (DR4)
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and TRAIL-R2 (DR5). These TRAIL receptors have death
domains (DD) in their cytoplasmic tails, which recruit the
adaptor protein Fas-associated death domains (FADD) and
trigger the formation of the death-inducing signaling complex
(DISC). In the DISC, the recruited pro-forms of initiator
caspases, such as caspase-8, are activated and subsequently
trigger the activation of downstream effector caspases with
or without mitochondrial amplification via cleavage of the
BH3-only Bcl-2 family member Bid. TRAIL can also bind the
decoy receptors TRAIL-R3 (DcR1) and TRAIL-R4 (DcR2),
which possess incomplete cytoplasmic regions, and the soluble
receptor osteoprotegerin. These receptors may inhibit the
apoptotic pathway by competing for TRAIL with active death
receptors (5). Higher expression of decoy receptors in non-
transformed cells is considered one of the mechanisms that
confer TRAIL selectivity to cancer cells. In addition, multiple
pathways, including cellular FLICE-like inhibitory protein
(c-FLIP), anti-apoptotic B-cell lymphoma 2 proteins (Bcl-2),
and X-linked inhibitor of apoptosis protein (XIAP) pathways,
may confer insensitivity to TRAIL in non-transformed
cells (6). However, these mechanisms can also be utilized in
resistant cancer cells to counteract to the antitumor effect of
TRAIL. In fact, decoy R, c-FLIP and Bcl-2 are overexpressed
in several TRAIL-resistant cancer cells (7-9). In addition,
resistance to TRAIL could be gained at various other steps in
the signaling pathways of apoptosis.

Currently, TRAIL resistance in cancer cells has emerged as
the major obstacle to successful TRAIL therapy. To date, the
mechanisms underlying TRAIL resistance have been mostly
studied in TRAIL-sensitive cancer cells to understand how
sensitive cells acquire TRAIL resistance. However, it is also
important to understand how less sensitive cancer cells can
gain much stronger resistance to TRAIL after TRAIL expo-
sure, since cancers frequently display heterogeneous features,
and even cancer cells with primary resistance could develop
stronger resistance via various mechanisms after exposure to
TRAIL. In this study, we observed an unexpected role of DR4
in TRAIL-resistant HepG2 cells and examined the mechanism
underlying DR4-mediated resistance in HepG2-TR cells.

Materials and methods

Cell culture. The HepG2 HCC cell line, AGS and SNUG601
gastric cancer cell lines, and HCT116 colon cancer cell line
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were obtained from the Korean Cell Line Bank (Seoul, Korea)
and cultured in RPMI-1640 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% antibiotics at 37°C in a 5% CO, atmosphere.
A TRAIL-resistant variant of HepG2 cells (HepG2-TR)
was obtained by periodically exposing the HepG2 cell line
to increasing concentrations (5-100 ng/ml) of recombinant
human TRAIL (thTRAIL; a gift from T.H. Kim, Department
of Biochemistry and Molecular Biology, Chosun University,
Gwangju, Korea) and selecting for resistance to TRAIL-
induced apoptosis.

Cell viability assays. For cell viability detection, cells were
plated in a 96-well plate at a density of 1x10* cells/well, incu-
bated for 24 h, and then treated with thTRAIL for 48 h. Next,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (0.5 mg/ml) was added to the wells and plates
were incubated at 37°C in a CO, incubator for 4 h. The plates
were centrifuged at 600 x g for 10 min and the culture medium
was removed. The cells were solubilized using dimethyl sulf-
oxide and the solubilized formazan product was quantified
using an enzyme-linked immunosorbent assay plate reader at
595 nm. The absorbance of the untreated cells was set to 100%
and cell survival was expressed as a percentage of this value.

Apoptosis analysis. For Hoechst 33342 staining, cells were
stained with 1 yg/ml Hoechst 33342 for 15 min at room
temperature in the dark, and both the floating and attached
cells were collected and centrifuged. The pooled cell pellets
were washed with ice-cold phosphate-buffered saline (PBS),
fixed in 3.7% formaldehyde on ice, washed and resuspended
in PBS, and then a fraction of the suspension was centrifuged
using a cyto-spinner (Shandon; Thermo Fisher Scientific,
Waltham, MA, USA). Slides were prepared, air dried, mounted
in anti-fade solution, and observed under a fluorescence micro-
scope (DM5000; Leica Microsystems, Washington DC, USA),
as described elsewhere. Any condensed/fragmented nuclei
were assessed as apoptotic cells. In total, 500 cells distributed
across random microscope viewing fields were counted, and
the number of apoptotic cells is expressed as a percentage
of the total number of cells counted. For the flow cytometric
analysis, cells were washed with 1% Triton X-100/PBS and
fixed with cold methanol for 30 min. After washing, fixed
cells were incubated with 20 yg/ml DNAse-free RNase A for
30 min at 37°C, then with 50 pg/ml propidium iodide for an
additional 40 min on ice. The cells were washed and subjected
to fluorescence-activated cell sorting analysis (NAVIOS flow
cytometer; Beckman Coulter, Inc., Brea, CA, USA).

Autophagy analysis. For autophagy detection, the CYTO-ID
Autophagy detection kit was used according to the manu-
facturer's instruction (Enzo Life Sciences, Farmingdale, NY,
USA). In brief, cells cultured on a 96-well microplate were
treated with TRAIL and a positive control (a combination
of rapamycin and chloroquine) for 48 h. After treatment, the
medium was removed and cells were rinsed with assay buffer.
Then, cells were incubated with dual-color detection solution
(CYTO-ID Green/Hoechst 33342) diluted in assay buffer at
37°C for 30 min, rinsed twice, and analyzed with a fluores-
cence microplate reader. CYTO-ID Green was detected using
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a FITC filter (Ex=488/Em=530) and Hoechst 33342 was read
with a DAPI filter set (Ex=340/Em=480). The relative green
fluorescence intensity was normalized against nuclear blue
fluorescence intensity. To observe autophagic vacuoles by
fluorescence microscopy, treated cells were incubated with
10 #M monodansylcadaverine for 30 min, washed with PBS,
and observed under an inverted fluorescence microscope at
340/525 nm.

Immunoblotting. Equal amounts of protein extracts were
electrophoretically separated using 10-12% SDS-PAGE and
transferred to a nitrocellulose membrane using standard tech-
niques. Antibodies were used to probe for DR4, DRS5 (ProSci,
Inc.,Poway, CA, USA), caspase-3, caspase-8, phospho-JNK1/2,
total INK1/2 (Cell Signaling Technology, Danvers, MA, USA),
cytochrome c, caveolin-1 (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and LC3 (Novus Biologicals, Littleton, CO,
USA). Anti-a-tubulin (BioGenex, Fremont, CA, USA) was
used as a loading control. Signals were acquired using an
Image Station 4000MM Image Analyzer (Kodak, Rochester,
NY, USA).

RNA interference (RNAi). For the RNAi experiment, siRNA
targeting DR4 (#1), 5'-CUGGAAAGUUCAUCUACUU
(dtdt)-3' (sense) and 5'-AAGUAGAUGAACUUUCCAG
(dtdt)-3' (antisense); DRS, 5'-CAGACUUGGUGCCCUUUG
(dtdt)-3" (sense) and 5'-UCAAAGGGCACCAAGUCUG
(dtdt)-3' (antisense), and 5'-control siRNA, 5'-CCUACGCCAC
CAAUUUCGU(dtdt)-3' (sense) and 5'-ACGAAAUUGGUG
GCGUAGG (dtdt)-3' (antisense) were purchased from Bioneer
(Daejeon, Korea). siRNA targeting DR4 (#2) (sc-35218) was
purchased from Santa Cruz Biotechnology. Cells were indi-
vidually transfected with siRNA oligonucleotides using the
jetPEI transfection reagent (Polyplus-transfection SA, Illkirch,
France) and grown for 36 h prior to the drug treatment.

Statistical analysis. All numerical data are reported as
means + SE. All data represent the results of at least three
independent experiments. Student's t-tests were used to eval-
uate the differences in means between control and treatment
groups, and one-way ANOVA was applied to analyze differ-
ences caused by gene silencing or inhibitor treatment.

Results

Exposure to rhTRAIL increases the TRAIL resistance of
HepG?2 cells. Consistent with previous studies reporting the
resistance of HCC cells to TRAIL (10-12), human HCC HepG2
cells were relatively resistant to TRAIL-induced cytotoxicity
compared with other human cancer cell lines including
HCT116 colorectal cancer cells, and SNU601 and AGS gastric
cancer cells. HCT116 and SNU601 cells were sensitive to as
low as 2 ng/ml thTRAIL, but HepG2 and AGS cells were less
sensitive to TRAIL even at 10 ng/ml rhTRAIL (Fig. 1A). In
this study, we found that HepG2 cells which show primary
resistance to TRAIL become more resistant after exposure to
rhTRAIL. To understand the mechanisms by which cancer
cells gain stronger resistance to TRAIL, we developed stably
growing cells at high concentrations of TRAIL (HepG2-TR)
by exposing HepG?2 cells to stepwise increases in rhTRAIL
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Figure 1. Sensitivity of human cancer cells to rhTRAIL. (A) Various human cancer cells, HepG2 HCC, HCT116 colon cancer cells, SNU601, and AGS gastric
cancer cells were exposed to 0, 2, 5 and 10 ng/ml rhTRAIL for 24 h, and cell viability was detected using an MTT assay. (B) HepG2 cells and (C) a TRAIL-
resistant variant of HepG2 (HepG2-TR) were exposed to 0, 100 and 300 ng/ml rhTRAIL for 24 h. Cells were analyzed using an MTT assay or Hoechst 33342
staining to measure apoptosis.
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Figure 2. DR4 is involved in thTRAIL resistance in HepG2-TR cells. (A) Total cell lysates of HepG2 and HepG2-TR cells were analyzed by immunoblotting
and the expression levels of the TRAIL receptors DR4, DRS, DcR1 and DcR2 were assessed. (B) HepG2 and HepG2-TR cells were exposed to the indicated
concentrations of rhTRAIL for 24 h and the cells were separated into membrane and non-membrane fractions. The membrane fraction was analyzed by
immunoblotting. Caveolin-1 was used as a loading control. (C) HepG2 and HepG2-TR cells were transfected with DR4 siRNA, DRS5 siRNA, or scrambled
siRNA (CTL RNAI), and treated with vehicle or rhTRAIL (25 ng/ml for HepG2, 500 ng/ml for HepG2-TR) for 24 h. They were then subjected to an apoptosis
analysis (upper panels) or an MTT assay (lower panels). “P<0.05 vs. control; “P<0.05 vs. CTL RNAI transfected cells treated with thTRAIL. (D) HepG2-TR
cells were transfected with DR4 siRNA, DRS siRNA, or control siRNA and exposed to 0, 250 and 500 ng/ml rhTRAIL for 24 h. The sub-G, DNA content of

the treated cells was quantified by flow cytometry. “P<0.05 vs. CTL RNAIi transfected cells.

concentrations (5-100 ng/ml). The TRAIL-resistant cells
were verified by detecting cell viability and apoptosis after
rhTRAIL application. As shown in Fig. 1B and C, <20% loss
of viability was detected in the HepG2-TR cells after exposure
to 300 ng/ml rhTRAIL for 24 h, in contrast to 80% loss of
viability in parental HepG2 cells. Consistently, apoptotic
bodies in response to rhTRAIL were significantly decreased
in the HepG2-TR cells.

DRA4 is involved in the resistance to rhTRAIL-induced apop-
tosis in HepG2-TR cells. Alterations in the expression levels or
functional activity of TRAIL receptors could be linked to the
sensitivity to TRAIL in various cancer cell types. However,
an immunoblotting analysis revealed that the protein levels

of the death receptors DR4 and DR5 and decoy receptors
DcR1 and DcR2 did not differ between HepG2-TR cells
and parental HepG2 cells (Fig. 2A). Next, we analyzed the
membrane expression of DR4 and DRS5 in HepG2 cells and
HepG2-TR cells using membranous cell fractions because the
membrane localization of DRs is thought to be essential for
TRAIL-induced apoptosis. However, the membrane protein
levels of DR4 and DRS5 were also similar between cell types
(Fig. 2B). We explored whether alterations in the functional
activity of death receptors are involved in the characteristic
resistance of HepG2-TR cells to thTRAIL using small inter-
fering RNAs. DR4 and DR5 were silenced in both cells and
TRAIL-induced apoptosis and viability were examined. As
shown in Fig. 2C, the transfection efficiency of DR4 and DR5
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Figure 3. rhTRAIL induces protective autophagy in HepG2-TR cells. (A) HepG2 and HepG2-TR cells were treated with vehicle or 25 ng/ml rhTRAIL for
24 h, stained with monodansylcadaverine (MDC), and observed under a fluorescence microscope (x400). (B) HepG2 and HepG2-TR cells were treated with
the indicated concentrations of thTRAIL for 24 h and the protein extracts were analyzed by immunoblotting against the LC3II antibody. (C and D) HepG2-TR
cells were treated with vehicle or 200 ng/ml rhTRAIL for 24 h in the absence or presence of 3-methyladenine (C), and HepG2-TR cells transfected with ATGS
siRNA or control siRNA were exposed to 200 ng/ml rhTRAIL for 24 h (D). Then, the treated cells were subjected to an apoptosis analysis or an MTT assay.
#P<0.05 vs. thTRAIL (C) and “P<0.05 vs. CTL RNAIi transfected cells treated with thTRAIL (D).

siRNA was confirmed by immunoblotting. In parental HepG2
cells, 25 ng/ml rhTRAIL triggered apoptosis in ~26% of
cells, and silencing of both DR4 and DRS5 reduced rhTRAIL-
induced apoptosis. However, in the HepG2-TR cells, the
knockdown of DR4 increased apoptosis, while the knockdown
of DR5 attenuated TRAIL-induced apoptosis. Interestingly,
we observed that DR4 silencing sensitizes HepG2-TR cells,
but not parental HepG2 cells, to thTRAIL. To further confirm
the role of DR4 in thTRAIL-induced apoptosis in HepG2-TR
cells, we used additional DR4 siRNAs targeting different
regions of the DR4 gene and confirmed the apoptotic rate in
response to thTRAIL by a flow cytometric analysis. Similarly,
transfection with DR4 siRNA (#1 and #2) elevated rhTRAIL-
induced apoptosis compared to control siRNA-transfected
cells, as demonstrated by the increased proportion of cells in
the sub-G, phase (Fig. 2D). These results again suggested that
DR4 interference made the HepG2-TR cells more sensitive to
rhTRAIL-induced cytotoxicity.

rhTRAIL induces protective autophagy in HepG2-TR cells.
A recent study suggested that TRAIL resistance is correlated
with the activation of autophagy in various cancer cells. To
explore whether autophagy is linked with TRAIL resistance
in HepG2-TR cells, the cells were stained with monodansyl-
cadaverine, a fluorescent compound that labels autophagic
vacuoles. Upon treatment with rhTRAIL, the number of
autophagic vacuoles increased in the HepG2-TR cells, but
not in the parental HepG2 cells (Fig. 3A). In addition, treat-
ment with thTRAIL elevated the protein levels of LC3-II, a
molecular indicator of autophagy, in HepG2-TR cells, but did
not have a significant effect on the levels of LC3II in HepG2
cells (Fig. 3B). These results indicate that thTRAIL triggers
higher levels of autophagy in HepG2-TR cells compared to

the parental cells. In response to cytotoxic stimuli, the activa-
tion of autophagy may function as a protective mechanism
for survival or as a mechanism of cell death, depending on
the cell type and genetic context. To determine the role of
autophagy in rhTRAIL-induced cell death in HepG2-TR
cells, we employed the autophagy inhibitor 3-methyladenine.
While 3-methyladenine had little cytotoxicity, it increased
TRAIL-induced apoptosis considerably in HepG2-TR cells,
as evidenced by an increase in apoptotic nuclei, and enhanced
rhTRAIL-induced cytotoxicity, as evidenced by a reduction
in cell viability (Fig. 3C). To further confirm these observa-
tions, siRNA targeting ATG5 was used to prevent autophagy.
The knockdown of ATGS, which was confirmed by western
blotting, significantly enhanced rhTRAIL-induced apoptosis
and reduced cell viability (Fig. 3D). Combined, these results
suggest that autophagy triggered by thTRAIL plays a protec-
tive role in HepG2-TR cells.

DR4 plays a role in rhTRAIL-induced protective autophagy
in HepG2-TR cells. In the present study, rhTRAIL trig-
gered protective autophagy in HepG2-TR cells, and DR4
was associated with the resistance of HepG2-TR cells to
rhTRAIL. Thus, we investigated whether DR4 is related to
the induction of autophagy in HepG2-TR cells. To this end,
we transfected the HepG2-TR cells with DR4 siRNA, and
assessed the occurrence of rhTRAIL-induced autophagy
based on fluorescence staining of autophagic vesicles.
As shown in Fig. 4A, the knockdown of DR4 siRNA
significantly reduced the number of rhTRAIL-induced
autophagic vesicles compared to that of the control RNA
transfected HepG2-TR cells. Furthermore, the silencing
of DR4 suppressed the rhTRAIL-mediated increase in the
LC3II protein level and elevated the cleavage of caspase-3
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Figure 4. DR4 mediates thTRAIL-induced autophagy in HepG2-TR cells. (A) HepG2-TR cells were transfected with DR4 siRNA, DRS siRNA, or control
siRNA, and exposed to 200 ng/ml rhTRAIL for 24 h. Autophagy was detected using an autophagy assay kit and results are presented as relative fluorescence
units. As a positive control, a combination of 1 M rapamycin and 10 ¥M chloroquine was used. “P<0.05 vs. control; “P<0.05 vs. CTL RNAI transfected cells
treated with thTRAIL. (B-D) HepG2-TR cells transfected with DR4 siRNA, DRS5 siRNA, or control siRNA were exposed to 200 ng/ml thTRAIL for 24 h,
and then subjected to immunoblotting to detect LC3II, cleaved caspase-3, cytosolic cytochrome ¢, DR4, DRS (B), and cleaved caspase-8 (C), or to a caspase-8
activity assay (D). “P<0.05 vs. CTL RNAI transfected cells treated with rhTRAIL.
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Figure 5. JNK is involved in DR4-mediated autophagy in HepG2-TR cells. (A and B) HepG2-TR cells were treated with vehicle or the indicated concentration
of rhTRAIL for 24 h in the absence or presence of 10 uM SP600125. The treated cells were subjected to an autophagy assay (A), or immunoblotting to detect
LC3II (B). (C) HepG2-TR cells were treated with 200 ng/ml thTRAIL for the indicated times and analyzed by immunoblotting to detect phospho-JNK and
total JNK. (D) HepG2-TR cells treated with vehicle or 200 ng/ml rhTRAIL for 24 h in the absence or presence of 10 uM SP600125 were subjected to an
apoptosis analysis or an MTT assay. (E) HepG2-TR cells transfected with DR4 siRNA or control siRNA were exposed to 100 ng/ml thTRAIL for the indicated
times, and analyzed by immunoblotting to detect phospho-JNK, total JNK and LC3II. "P<0.05 vs. control; “P<0.05 vs. cells treated with thTRAIL.

and release of cytochrome ¢ in HepG2-TR cells (Fig. 4B).
However, the knockdown of DR5 had no significant effect
on the induction of autophagic vesicles or the elevation of
LC3II levels in response to thTRAIL. Thus, DR4 appears to
play an anti-apoptotic role by contributing to the induction
of autophagy in HepG2-TR cells. Furthermore, DR4 knock-
down increased the levels of the active form of caspase-8 and
caspase-8 activity upon exposure to thTRAIL in HepG2-TR
cells (Fig. 4C and D). Therefore, thTRAIL-mediated DR4

signaling may induce autophagy and interfere with DISC
activation in the resistant cells.

Activation of c-Jun N-terminal kinase (JNK) is involved in
DR4-mediated autophagy in HepG2-TR cells. In addition
to the activation of the apoptotic pathway via DISC forma-
tion, TRAIL activates pro-survival pathways such as NF-kB,
PI3K/Akt, ERK and JNK signaling, which confer resistance
to TRAIL (13-15). Furthermore, a number of studies have
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shown that the prevention of MAPK pathways can sensitize
some TRAIL-resistant tumor cells to apoptosis, suggesting a
possible anti-apoptotic role of MAPK (16,17).

To determine the signaling molecules involved in
DR4-mediated autophagy in HepG2-TR cells, we investigated
the roles of several essential kinases. Among them, the INK
inhibitor SP600125 significantly reduced rhTRAIL-induced
autophagy in HepG2-TR cells, as determined by an autophagy
assay, and decreased the levels of LC3II (Fig. SA and B). In
addition, treatment with rhTRAIL increased phosphorylated
JNK levels based on an immunoblot assay (Fig. 5C). Consistent
with the cytoprotective role of autophagy, the suppres-
sion of autophagy by combined treatment with SP600125
enhanced rhTRAIL-induced apoptosis based on apoptotic
body formation, and increased the sensitivity to thTRAIL
as assessed by an MTT assay (Fig. 5D). Next, we examined
whether JNK activation is associated with the DR4 signaling
pathway. Although inhibition of JNK using SP600125 did not
affect DR4 expression level (data not shown), the silencing
of DR4 reduced rhTRAIL-induced JNK phosphorylation
and suppressed LC3II accumulation in HepG2-TR cells as
demonstrated in Fig. SE. These results indicate that JNK
is a downstream regulator of DR4 activation. Collectively,
these results suggest that the mechanism underlying TRAIL
resistance is at least partially mediated by DR4/JNK-induced
autophagy in HepG2-TR cells.

Discussion

Tumor cell resistance to antitumor drugs is a major obstacle
in cancer therapy, including TRAIL-based approaches. Some
cancer cells are intrinsically resistant to TRAIL, and even
initially sensitive cancer cells often acquire stronger resis-
tance during constant and repetitive exposure to TRAIL. The
development of TRAIL resistance is attributed to the genetic
heterogeneity and adaptive responses of cancer cells. These
characteristics enable cancer cells to survive toxic environ-
ments and lead to the selection and expansion of survived
cells after TRAIL treatment. In addition, a variety of defects
that block the apoptotic cascade may be important factors in
cancer cell resistance to TRAIL, and can be caused at both the
receptor signaling level, e.g., diminished membrane surface
expression of the TRAIL receptors DR4 or DRS5 (18) and
induction of c-FLIP, and at the intrinsic mitochondrial level,
e.g., overexpression of the anti-apoptotic Bcl-2 family protein
MCL-1 (19). Both DR4 and DRS5 are transmembrane recep-
tors for TRAIL with cytoplasmic death domains, which can
transduce apoptotic signaling via DISC formation. They share
a sequence homology of 58% and induce apoptosis via similar
mechanisms. However, differences in the roles of DR4 and
DRS in the induction of apoptosis have been demonstrated in
various tumor cell types (20-22), and it is uncertain whether
it is more advantageous to target one or both DRs for effec-
tive treatment, particularly given that the effects appear to be
tumor cell-specific.

One of the essential factors that determine the differential
contribution of death receptors to TRAIL-induced apoptosis
may be the expression of DR4 and DRS. In agreement with
this hypothesis, several antitumor agents, including ursode-
oxycholic acid, andrographolide and curcumin, which increase
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the expression of DR4 or DRS, promote the sensitivity of
various cancer cells to TRAIL (10,23,24). In particular, the
cell membrane expression of DRs appears to be important,
since their membrane distribution is necessary for ligand
binding to initiate apoptotic signaling. A decrease in the
cell surface expression of DR4 or DRS is correlated with a
decrease in TRAIL sensitivity in myeloma cells and breast
cancer cells (18,25). Post-translational modifications, such as
glycosylation and palmitoylation, of DRs are also predicted to
be important mechanisms in the regulation of the sensitivity
of TRAIL-induced apoptosis (26). Post-translational modifica-
tion of DRs appears to be linked to the activation of death
receptors, including recruitment to membrane rafts (27).

However, the TRAIL receptors DR4 and DRS5 not only
triggered apoptosis, but also induced survival pathways in
resistant tumor cells, depending on cellular context. The
known non-canonical signaling events triggered by death
receptors include the activation of various kinases, such
as RIP1, NF-xB, JNK, p38 kinase, ERK1/2, TAK1 and
PI3K/Akt (28). In this study, we observed that DR4 is involved
in TRAIL resistance in HepG2-TR cells. In parental HepG2
cells, although DR4 was much less effective than DRS in
TRAIL-induced apoptosis, DR4 did not confer resistance.
Nevertheless, rhTRAIL induced autophagy in HepG2-TR
cells, as detected by autophagic vacuoles and LC3II levels,
and this was at least partially regulated by DR4. The knock-
down of DR4 not only reduced the autophagic features, but
also restored apoptosis and cytotoxicity. These results indicate
that DR4 function switched to play an antagonistic role in
TRAIL-induced apoptosis by triggering protective autophagy
in HepG2-TR cells. Similar to our results, an anti-apoptotic
role of DR4 has been reported in human lung cancer cells,
in which the geranylgeranyltransferase inhibitor GGTI298
effectively augmented TRAIL-induced apoptosis in resistant
cells, and in these conditions, the knockdown of DRS attenu-
ated apoptosis, but the knockdown of DR4 sensitized cancer
cells to GGTI298/TR AIL-induced apoptosis (29).

Autophagy is an alternative mechanism for cell death,
referred to as type II cell death; however, it also acts as an
adaptive cell response mechanism, protecting cells from bioen-
ergetic stress. Various cytotoxic agents that induce apoptosis
activate protective autophagy in certain cancer cells (30,31).
TRAIL was also shown to be able to induce both apoptosis and
autophagy in cancer cells. Furthermore, autophagy attenuates
TRAIL-induced apoptosis and is related to the resistance of
cancer cells to TRAIL treatment. The prevention of a TRAIL-
mediated autophagic pathway by silencing autophagic genes
facilitates TR AIL-induced apoptosis (32). These results are in
accordance with our findings that the occurrence of autophagy
in response to TRAIL confers resistance to HepG2-TR cells.

Although the mechanism by which DR4 signaling triggers
autophagy is not fully understood, it appears that a down-
stream effector of DR4 switched to an autophagic regulator
from an apoptotic DISC factor during the adaptive response
to thTRAIL, as evidenced by the suppression of caspase-8
activation in HepG2-TR cells. In an analysis of the mecha-
nisms involved in DR4-mediated autophagic signaling in
HepG2-TR cells, we found that JNK activation is linked to
the induction of autophagy. Previous studies demonstrated that
TRAIL can activate the JNK pathway in several cancer cell
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lines via dual effects, cell death or survival, depending on the
cellular context (33). In the present study, JNK appeared to
mediate DR4-signalled autophagy, as evidenced by suppres-
sion of INK phosphorylation after DR4 silencing and decrease
in autophagy by JNK inhibition. Thus, the DR4/JNK axis
may play an essential role in the TRAIL-mediated autophagic
pathway in HepG2-TR cells.

However, the induction of DR4-mediated autophagy may
not be the sole explanation for the resistance of HepG2-TR
cells because blocking DR4 did not completely reduce cell
viability. Previously, the inhibition of proteasomes by MG132
or PS-341 rescues TRAIL sensitivity in TRAIL-resistant
HepG2 cells (34), suggesting that proteasomes is another
resistance mechanism. It was also hypothesized that TRAIL-
resistant HepG2 cells can be sensitized by decrease in cFLIP
expression and caspase-8 activation (11), which is consistent
with our results regarding the suppression of caspase-8
activity in resistant cells, although the resistance mechanism
is different. This disparity could be explained by the different
conditions with respect to TRAIL exposure; differences in the
concentration and treatment duration may induce different
tolerance mechanisms. Thus, even within a cell line, there
appears to be various resistance mechanisms depending on
micro-environmental conditions. The results of this study
extend our understanding of TRAIL resistance mechanisms
and may contribute to development of strategies to overcome
TRAIL resistance.
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