
Peroxiredoxin 6 interferes with TRAIL-induced
death-inducing signaling complex formation by
binding to death effector domain caspase

H Choi1, J-W Chang1 and Y-K Jung*,1

Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a promising cancer therapeutic agent with cancer-selective
apoptogenic activity. It evokes the canonical caspase-mediated cell death pathway through death-inducing signaling complex
(DISC) formation. We identified that Peroxiredoxin 6 (Prx6) interacts with caspase-10 and caspase-8 via the death effector domain
(DED). Prx6 suppresses TRAIL-mediated cell death in human cancer cells, but not that induced by intrinsic apoptosis inducers
such as etoposide, staurosporine, or A23187. Among Prx1–6 members, only Prx6 binds to DED caspases and is most effective in
suppressing TRAIL or DED caspase-induced cell death. The antiapoptotic activity of Prx6 against TRAIL is not likely associated
with its peroxidase activity but is associated with its ability to bind to DED caspases. Increased expression of Prx6 enhances the
binding of Prx6 to caspase-10 but reduces TRAIL-induced DISC formation and subsequently caspase activation. Interestingly,
Prx6 is highly upregulated in metastatic gastric cancer cells, which are relatively resistant to TRAIL as compared with primary
cancer cells. Downregulation of Prx6 sensitizes the metastatic cancer cells to TRAIL-induced cell death. Taken together, these
results suggest that Prx6 modulates TRAIL signaling as a negative regulator of caspase-8 and caspase-10 in DISC formation of
TRAIL-resistant metastatic cancer cells.
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Diverse cellular stresses, such as chemotherapeutic drugs
and radiation, disrupt mitochondrial homeostasis and release
cytochrome c, leading to apoptosome formation and caspase-9
activation to trigger the intrinsic pathway.1 In the extrinsic
pathway, stimulation of cognate death receptors by extra-
cellular death ligands, such as tumor necrosis factor family
(TNF) members, recruits the adaptor protein Fas-associated
protein with death domain (FADD).2 FADD, in turn, recruits
two specific initiator caspases, death effector domain (DED)-
containing caspase-8 and caspase-10, through homophilic
DED–DED interaction, leading to death-inducing signaling
complex (DISC) formation. The DISC facilitates the cleavage
and enzymatic activation of DED caspases and downstream
executor caspases, caspase-3 and caspase-7.3

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), one of the TNF family members, is the most
promising target for the selective eradication of cancer cells
without causing toxicity to normal cells.4 Genetic lesions in the
components of TRAIL pathway have been found in human
tumor samples, implying that TRAIL functions in the surveil-
lance and elimination of developing tumors.5,6 In addition to
DISC formation, caspase-8 is also implicated as an essential
component of cytosolic protein complexes containing FADD.7

Further, caspase-8 serves a non-apoptotic role during
embryonic development and in the activities of living cells,
including cell-cycle progression, T-cell homeostasis, and

NF-kB activation.8–10 Especially, the pivotal roles of
caspase-8 and caspase-10 in immunodeficiency11,12 and
tumor development13,14 highlight the importance of these
caspases in the development of disease.
Peroxiredoxin (Prx) is an antioxidant peroxidase enzyme

responsible for elimination of hydrogen peroxide, peroxynitrite,
and organic hydroperoxides.15 Prxs function in cellular protec-
tion against oxidative stress, regulation of cell proliferation,
and modulation of intracellular signaling pathways that use
hydrogen peroxide as a secondary signal transmitter. The six
mammalian isoforms of Prx are produced at a high level and are
differentially localized in the cytoplasm, mitochondria, nucleus,
and peroxisomes. They are divided into two main subgroups,
1-Cys and 2-Cys Prx, based on the number of conserved
catalytic cysteine (peroxidatic cysteine). Prx6 is the only
member of 1-Cys Prx and has non-selenium glutathione
peroxidase and phospholipase A2 activities.16 Upregulation of
Prx6 suppresses intracellular enzyme inactivation, membrane
phospholipid peroxidation, and cell death mediated by oxidative
stress.17,18 In addition, Prx6-deficient mice are susceptible
to oxidative stress by hypoxia or paraquat treatment, leading to
increase of mortality and lung injury.19,20

Identification of new proteins capable of modulating the
activity of DED-harboring caspase is required for a better
understanding of diverse cell death pathways and DED-
associated human diseases including tumor. Thus, to isolate
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DED-binding partners, we performed a yeast two-hybrid assay
and identified Prx6 as a negative regulator of DED caspases.

Results

Prx6 binds to caspase-10 and caspase-8 through the
DED. Prx6 was identified as a caspase-10-binding protein

by a yeast two-hybrid screening assay using the DED (DED:
amino acids, 1–219) of caspase-10 as bait. To confirm that
Prx6 indeed interacts with caspase-10, we performed an
in vitro binding assay using the purified GST-fused DED of
caspase-10 protein (Figure 1a). Incubation of GST-fused
DED with Prx showed that Prx6 binds to caspase-10, while
Prx1 fails to do so. FADD was used as a positive control as it
is well known to recruit caspase-10 though DED–DED

Figure 1 Prx6 binds to caspase-10 and caspase-8 in vitro and in vivo. (a) In vitro binding assay. In vitro translated and 35S-methionine-labeled Prx6, Prx1, or FADD protein
was incubated with the purified GST or GST-DED (death effector domain of caspase-10) protein immobilized on glutathione-Sepharose 4B beads. After being pulled down, the
bound proteins were separated by SDS-PAGE and detected by autoradiography (upper panel). GST and GST-DED proteins were visualized by coomassie blue staining (lower
panel). (b) Intracellular interaction of Prx6 with caspase-10 through DED. HeLa cells were transfected with pHA-Caspase-10 (Casp10), pHA-Caspase-10-DED (Casp10DED),
pHA-Caspase-10-DDED (Casp10DDED), or pHA-Caspase-10-p20 (Casp10p20) for 48 h and cell extracts were subjected to immunoprecipitation (IP) with mouse pre-immune
serum (Pre) or anti-HA antibody. The immunoprecipitates were then analyzed by western blotting using anti-Prx6 (upper panel) and anti-HA antibodies (lower panel). Whole
cell lysates (WCL) are indicated. Heavy chains (**) of immunoglobulins served as a loading control. (c) Binding of Prx6 to caspase-10 or caspase-8, but not to caspase-9,
FADD, or cFLIPL. In vitro translated and 35S-methionine-labeled caspase-10, caspase-9, caspase-8, FADD, or cFLIPL protein was incubated with purified GST, GST-Prx6,
GST-FADD, GST-CARD (caspase recruitment domain of Apaf-1), or GST-DED protein. The binding assay was performed as described in a. (d, e) Endogenous interaction
between Prx6 and caspase-10 or caspase-8. HeLa cell extracts were immunoprecipitated with rabbit pre-immune serum (Pre) or anti-Prx6 antibody (d) and mouse pre-
immune serum (Pre), anti-caspase-10, anti-caspase-9, or anti-caspase-8 antibody (e). The immunoprecipitates were then analyzed by western blotting using anti-Prx6 and the
indicated anti-caspase antibodies. Asterisks indicate light chains (*) and heavy chains (**) of immunoglobulins. (f) Visualization of the interaction of Prx6 with caspase-10 or
caspase-8 in living cells using BiFC analysis. HeLa cells were co-transfected with equimolar amounts of pPrx6-VN and pCaspase-10-VC, pPrx6-VN and pCaspase-9-VC,
pPrx6-VN and pCaspase-8-VC, pbJun-VN and pbFos-VC (a positive control), or pBiFC-VN and pBiFC-VC (a negative control). Green fluorescence images of the
complementation were acquired under fluorescence microscope (GFP channel; upper panel) and then overlapped with nuclei Hoechst 33342 staining (Hoechst, middle panel;
and Overlay, lower panel)
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interaction. We explored the binding regions of caspase-10
using HA-fused full-length caspase-10 (amino acids, 1–521)
and its serial deletion mutants, including caspase-10DED

(1–219), caspase-10DDED (220–521), and caspase-10p20

(220–415) (Figure 1b). From immunoprecipitation assays,
we found that caspase-10 and caspase-10DED, but not
caspase-10DDED and caspase-10p20, could interact with
Prx6, indicating that DED is responsible for the interaction.
The binding specificity of Prx6 to DED was then addressed.

Like caspase-10, caspase-8 also has DED for the homotypic
association with adaptor proteins, whereas caspase-9 has a
caspase recruitment domain (CARD). In vitro binding assays
showed that GST-fused Prx6 binds to caspase-8 but not
to caspase-9, while GST-fused CARD of Apaf-1 binds to

caspase-9 (Figure 1c). Prx6 failed to bind to other DED-
containing proteins, such as FADD and cFLIPL, besides
DED caspases. Cellular interactions of endogenous Prx6 with
DED caspases were also observed as assessed with
immunoprecipitation assays (Figure 1d and e). The specificity
of the anti-Prx6 antibody we generated was validated by
western blotting, showing no cross-reactivity with other
members of the Prx family (Figure 2e). These results indicate
that Prx6 binds to caspase-10 and caspase-8 through DED
in vitro and in cells.
Further, we investigated the interaction of Prx6 with

caspase-10 or caspase-8 in living cells using bimolecular
fluorescence complementation (BiFC) assay, which enables
us to visualize the formation of protein complexes and the

Figure 2 Prx6 suppresses cell death mediated by caspase-10 and caspase-8. (a) Inhibition of caspase-10 and caspase-8-induced cell death by Prx6. HeLa cells were
co-transfected with pCaspase-12, pCaspase-10, pCaspase-9, or pCaspase-8 together with either pEGFP or pPrx6-GFP in the presence or absence of caspase inhibitor
(zVAD; 50mM zVAD-fmk) for 20 h. Cell death was then assessed. (b, c) Inhibitory kinetics of caspase-10 and caspase-8-induced cell death by Prx6. HeLa cells were
transfected with pCaspase-10-GFP (b) or pCaspase-8-GFP (c) and the increasing amounts of pHA-Prx6 for the indicated times, after which cell death was examined. (d, e)
Effects of Prx family members on caspase-10 or caspase-8-induced cell death. HeLa cells were co-transfected with pCaspase-10 or pCaspase-8 and either pEGFP (Ctrl),
pPrx1-GFP, pPrx2-GFP, pPrx3-GFP, pPrx4-GFP, pPrx5-GFP, or pPrx6-GFP for 20 h, and then cell death was evaluated (d). The expression level of Prx-GFP fusion proteins
was examined by western blotting using anti-GFP (upper panel) and anti-Prx6 antibodies (lower panel) (e). (f, g) Antiapoptotic function of wild-type, C47S and C91S Prx6
mutants. HeLa cells were co-transfected with pCaspase-10 or pCaspase-8 and with pEGFP (Ctrl), pPrx6-GFP, pPrx6-C47S-GFP, or pPrx6-C91S-GFP for 20 h, after which
cell death was assessed (f). The expression of Prx6-GFP proteins was detected by western blotting using anti-GFP antibody (g). Cell death in a–d, and f was assessed by
counting the number of GFP-positive cells showing condensed and fragmented nuclei after staining with EtHD (ethidium homodimer) as described in Materials and Methods.
Bars represent mean±S.D. from at least three independent experiments. P values were calculated using t-test and were versus control (#Po0.001; *Po0.01; **Po0.05)
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location of protein interaction in living cells by fluorescence
resonance energy transfer.21 Prx6 was fused to the
N-terminal fragment of Venus (VN) (pPrx6-VN) and
caspase-10, caspase-9, and caspase-8 were fused to the
C-terminal fragment of Venus (VC) (pCaspase-10-VC, pCas-
pase-9-VC, and pCaspase-8-VC, respectively). Co-expres-
sion of pCapase-10-VC or pCaspase-8-VC with pPrx6-VN
exhibited fluorescence complementation, which was ob-
served as small green dots predominantly in the cytosol,
while co-expression of pCaspase-9-VC with pPrx6-VN
showed no green fluorescence (Figure 1f, GFP channel).
The fluorescence complementation between the bZIP
domains of Jun and Fos (bJun and bFos) fused to VN and
VC (bJun-VN and bFos-VC, respectively) was used as a
positive control and observed in nucleoli.21 No fluorescence
was detected in the reactions containing pPrx6-VN,
pCaspase-10-VC, pCaspase-9-VC, or pCaspase-8-VC alone
and expression of all of the fusion proteins was verified by
western blotting (data not shown).

Prx6 suppresses cell death mediated by caspase-10 and
caspase-8. To gain insight into why Prx6 interacts with
caspase-10 and caspase-8, we tested whether Prx6
regulates the cell death induced by these caspases.
Ectopic expression of Prx6 suppressed cell death induced
by caspase-10 or caspase-8, not by caspase-12 or caspase-9,
while cell death induced by each of those caspases was
blocked by a pan-caspase inhibitor, zVAD-fmk (Figure 2a).
Dose-dependent protective activity of Prx6 was clearly
observed in cells expressing caspase-10 or caspase-8 and
thus undergoing apoptosis (Figure 2b and c).
Among six mammalian isoforms of Prx, we then assessed

the selective effect of Prx6 on cell death triggered by
caspase-10 or caspase-8. In spite of the protective activities of
Prx members harboring peroxidase activity, which reduces
the intracellular level of ROS, other Prx members (Prx1–5)
except Prx6 were not effective in suppressing cell death
induced by caspase-10 or caspase-8 (Figure 2d) and did not
bind to the DED of caspase-10 or caspase-8 in vitro
(Supplementary Figure 1). The relative expression levels of
GFP-fused Prx proteins were confirmed by western blotting
(Figure 2e). In addition, Prx6 was most effective in suppres-
sing TRAIL-induced cell death among Prx members (Supple-
mentary Figure 2a). Further, C47S and C91S Prx6 mutants,
which contain replaced serine in the peroxidatic cysteine
(C47) and the other conserved cysteine (C91), respectively,
retained much of their ability to suppress DED caspase-
induced cell death, although peroxidase activity-dead C47S
Prx6 mutant17 was less effective than wild-type or C91S Prx6
mutant (Figure 2f and g). The C47S and C91S Prx6 mutants
also suppressed TRAIL-induced apoptosis (Supplementary
Figure 2b). These observations suggest that the antiapoptotic
activity of Prx6 in TRAIL signaling may not require its
peroxidase activity.

Prx6 inhibits TRAIL-induced cell death of cancer
cells. We established a mixed cell population (HeLa/HA-
Prx6 Mix) or single-cell clones (HeLa/HA-Prx6 #7 and #12)
that conditionally and stably express HA-tagged Prx6 in
HeLa cells. Expression of HA-Prx6 in HeLa/HA-Prx6 #7 and

#12 stable cells was induced upon the removal of
doxycycline to a similar level with endogenous Prx6 (Figure
3a and b). HA-Prx6 was not detected in cells grown in the
presence of doxycycline (Figure 3a). As shown in Figure 3c
and d, the increased expression of Prx6 significantly
suppressed apoptosis induced by TNF family member,
TRAIL (55% to B18% at 6 h in HeLa/HA-Prx6 #7 and #12
cells) or TNF-a (30% to B15% at 6 h in HeLa/HA-Prx6
#7 and #12 cells). However, Prx6 had no effect on apop-
tosis induced by A23187, etoposide, or staurosporine
(Figure 3e–g). Consistent with these results, Prx6 inhibited
cell death triggered by the expression of TNF receptor1
(TNFR1) or TRAIL receptors, DR4 and DR5, by about 30%,
but not that triggered by truncated Bid (tBid) (Figure 3h).
Protein and mRNA levels of receptor signaling proteins in
apoptosis were not affected by the induction of Prx6
expression (Figure 3a and b).
Conversely, when we reduced the expression of Prx6 using

Prx6 short hairpin RNAs (Prx6 shRNA #1 or #2), we found that
HeLa cells became significantly sensitive to cell death
mediated by caspase-10 or caspase-8, but not to that
mediated by caspase-12 or caspase-9 (Figure 4a and b).
Further, Prx6 shRNAs also sensitized HeLa cells to cell death
induced by TRAIL (25%) (Figure 4c) or TNFa (21%)
(Figure 4d), but did not affect cell death by A23187
(Figure 4e) or staurosporine (data not shown). Knockdown
of Prx6 itself did not trigger cell death in the absence of cell-
death stimuli (data not shown). These results suggest that
Prx6 has an essential role in the receptor-mediated apoptosis,
which is coordinated with caspase-10 and caspase-8.

Prx6 inhibits TRAIL-induced activation of caspase-10
and caspase-8 by interfering with death-inducing
signaling complex (DISC) formation. We explored
whether Prx6 directly modulates enzymatic activation of
caspase-10 and caspase-8 to inhibit TRAIL-induced cell
death. From western blotting, we found that compared with
HeLa/HA-Prx6 #7 control cells, the proteolytic processing of
caspase-10 and caspase-8 was apparently reduced by the
expression of Prx6 in HeLa/HA-Prx6 #7 stable cells after
removal of doxycycline (Figure 5a). The processed forms of
downstream caspase-3 and PARP were also less detected
in HeLa/HA-Prx6 #7 stable cells expressing Prx6 than in
control cells. Consistently, enzymatic activation of caspase-
10 and caspase-8 as well as caspase-3 was significantly
suppressed at early time points ranging from 0.5 to 1.5 h after
treatment with TRAIL (Figure 5b–e). These results suggest
that Prx6 functions as an apoptosis suppressor that directly
inhibits the activation of caspase-10 and caspase-8 in
TRAIL-mediated apoptosis.
The observation that Prx6 interacts with caspase-10 and

caspase-8 and regulates TRAIL-induced cell death led us to
examine the effects of Prx6 on the formation of DISC.
Immunoprecipitation assay showed that after exposure to
TRAIL, caspase-10, caspase-8, and FADD were detected in
DR4- or DR5-containing DISC, which was isolated fromHeLa/
HA-Prx6 #7 cells cultured in the presence of doxycycline
(Figure 6a). However, caspase-10 and caspase-8 were not or
were much less detected in the DISC isolated from TRAIL-
treated HeLa/HA-Prx6 #7 cells expressing HA-Prx6, while the
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recruitment of FADD to DISC was not affected. Furthermore,
endogenous interaction of Prx6 with caspase-10 or
caspase-8, which was observed in HeLa/HA-Prx6 #7 stable
cells grown in the presence of doxycycline, was inhibited upon
treatment with TRAIL. More interestingly, these interactions
still remained in HeLa/HA-Prx6 #7 cells after withdrawal of
doxycycline (Figure 6a). FADD was not detected in the
immunoprecipitates containing Prx6 independently of TRAIL
treatment. These results suggest that Prx6 may inhibit the
formation of DISC in the cells exposed to TRAIL through its
interaction with DED caspases.
During DISC formation of apoptosis, FADD is known to

interact with DED caspases through DED, whereas Prx6 is

also believed to bind to DED caspases in live cells. Thus, we
further assessed a possible mechanism for the regulation of
protein–protein interaction between Prx6, FADD, and DED
caspases. From in vitro binding assays, we found that the
interaction of Prx6 with caspase-10 or caspase-8 was
gradually decreased by the presence of increasing amounts
of FADD protein in the reaction (Figure 6b). The disruption of
Prx6–caspase-8 interaction by FADD seems to be more
dramatic than that of Prx6–caspase-10. These results imply
that there is competitive binding of DED caspases to Prx6 and
FADD and thus, the relative amounts of DED caspase-binding
partners may be important to regulate the recruitment of DED
caspase into DISC during TRAIL signaling.

Figure 3 Prx6 suppresses cell death triggered by TRAIL or TNF-a, but not by etoposide or staurosporine. (a, b) Generation of HeLa/HA-Prx6 stable cell lines using
pEBNA-1 (Tet-Off). HeLa cells were transfected with pYR-HA control vector (HeLa/Hph) or pYR-HA-Prx6 (HeLa/HA-Prx6 Mix) and selected with 250mg/ml hygromycin for 2
weeks to generate mixed population. Single clones (HeLa/HA-Prx6 #7 and #12) were then isolated from HeLa/HA-Prx6 Mix cells. HeLa/Hph and HeLa/HA-Prx6 stable cells
were grown in the presence (þ ) or absence (�) of 1 mg/ml doxycycline (Dox) for 48 h, after which cell extracts were prepared and the levels of proteins and mRNAs involved
in apoptosis pathway were examined by western blotting (a) and RT-PCR analysis (b), respectively. (c–g) Inhibition of TRAIL or TNF-a-induced cell death by Prx6. HeLa/Hph
and HeLa/HA-Prx6 cell lines were maintained in the presence or absence of 1 mg/ml doxycyline for 2 days, and then left untreated (Mock) or exposed to 100 ng/ml TRAIL (c),
30 ng/ml TNF-a and 1 mg/ml cycloheximide (TNF-a; d), 2mM A23187 (e), 50mM etoposide (f), or 0.2mM staurosporine (g) for the indicated times. Cell death was quantified
using LIVE/DEAD Viability/Cytotoxicity kit. (h) Prx6 suppresses cell death induced by ectopic expression of TRAIL and TNF receptors, but not that by the truncated Bid (tBid).
HeLa/Hph and HeLa/HA-Prx6 #7 cells were grown in doxycycline-free media for 48 h and co-transfected with pEGFP (Ctrl) or with pDR4, pDR5, pTNFR1, or ptBid for 20 h. Cell
death was then assessed as described in Figure 2a. Values in c–h are mean±S.D. from four independent experiments and P values were calculated using t-test (*Po0.01;
**Po0.05)
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Upregulation of Prx6 expression in metastatic gastric
cancer cells renders TRAIL resistance to cancer
cells. Consistent with the previous studies in breast
cancers,22,23 we also found that the expression of Prx6
was significantly elevated in highly metastatic gastric cancer
cells, including SNU-5, SNU-16, SNU-216, SNU-601, and
SNU-668,24 as compared with primary cancer cells
(Figure 7a). These TRAIL-resistant cancer cells showed no
significant change in the level of cFLIP, a known suppressor
of TRAIL cytotoxicity in metastatic cancers25 (Figure 7a).
Further, we observed that those metastatic gastric cancer
cells were relatively resistant to TRAIL-induced cell death
(Figure 7b), indicating that there may be a correlation
between the level of Prx6 expression and TRAIL resistance
in metastatic gastric cancer cells. Then, silencing of Prx6
expression in SNU-216 gastric cancer cells by using two
independent Prx6 shRNAs increases cells’ susceptibility to
TRAIL-induced cell death (Figure 7c). Thus, these results
indicate that upregulation of Prx6 expression in metastatic
gastric cancer cells decreases cells’ susceptibility to TRAIL-
induced cell death and thereby may contribute to tumor
surveillance in TRAIL-resistant metastatic cancers.

Discussion

DED is a prototypical protein interaction domain that functions
predominantly in the regulation and execution of programmed
cell death and additionally in the control of cell proliferation.

In most cases, DED-containing proteins form a protein
complex through homotypic DED interactions. However,
non-homotypic interaction of DED-containing protein has also
been reported. DED-lacking DED-associated factor (DEDAF)
and caspase-8 and caspase-10-associated RING protein
(CARP) interact with caspase-10 and caspase-8 in the cytosol
and regulate the function of DED caspases.26,27 Similarly,
DED-lacking Prx6 interacts with DED-containing caspase-10
and caspase-8 but not with structurally similar CARD-contain-
ing caspase-9. Any structural motifs of Prx6 responsible for
these interactions are not clarified yet.
Despite the fact that Prx1–6 belong to the peroxiredoxin

family harboring peroxidase activity, it is clear that only Prx6
can interact with DED caspases and concomitantly suppress
cell death mediated by DED caspases. The amino-acid
sequence identity of Prx6, the only member of the 1-Cys
subgroup, with other Prxs is low (o20%), whereas that
among the 2-Cys subgroup members is high (60–80%). The
low level of homology of Prx6 with other Prxs might confer
DED caspase-binding specificity to Prx6. Several previous
studies have demonstrated that Prx6 has unique binding
partners such as surfactant protein A and saitohin.28,29

Interestingly, only Prx6 uses glutathione as a physiological
reductant, while other Prxs use thioredoxin.16

Then, how does Prx6 regulate TRAIL-mediated cell death
throughDED caspases? The antiapoptotic activity of Prx6 can
be exerted mainly by two possible mechanisms. One is that
Prx6 suppresses cell death triggered by TRAIL through its

Figure 4 Downregulation of Prx6 expression sensitizes cancer cells to TRAIL-mediated cell death. (a, b) Depletion of Prx6 sensitizes HeLa cells to caspases-10 and
caspase-8. HeLa cells were transfected with control pshRNA (Ctrl) or one of two different pPrx6 shRNA #1 and #2 for 20 h and western blotting was performed with anti-Prx6,
anti-Prx1, and anti-a-tubulin antibodies (a). HeLa cells were co-transfected for 20 h with pshRNA, pHA-Prx6, pPrx6 shRNA #1, or pPrx6 shRNA #2, and either pEGFP or
pCaspase-GFP as indicated. After staining with EtHD, cell death was quantified by counting the number of both GFP and EtHD-positive cells from total GFP-positive cells (b).
(c–e) Knockdown of Prx6 sensitizes HeLa cells to TRAIL or TNFa-induced cell death. HeLa cells were co-transfected with pEGFP and either pshRNA or pPrx6 shRNAs for
20 h and then left untreated (Mock) or treated with 100 ng/ml TRAIL (c), 30 ng/ml TNF-a and 1mg/ml cycloheximide (TNF-a; d), or 2mM A23187 (e) for the indicated times. Cell
death was quantified as described in b. The results in b–e represent mean±S.D. of three independent experiments
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peroxidase activity. However, other Prxs (Prx1–5) do not
affect much TRAIL-induced cell death, and peroxidase
activity-dead C47S Prx6 mutant, which does not show
structural change, still has antiapoptotic activity, indicating
that the peroxidase activity of Prx6 is not sufficient to regulate
TRAIL or DED caspase-mediated cell death. The other, major
mechanism is that Prx6 binds to and sequestrates DED
caspases that are not to be recruited into the DISC complex
even in the presence of TRAIL signaling. This is the reason
why Prx6 effectively suppresses DED caspase and TRAIL-
induced cell death and fails to inhibit cell death induced by the
intrinsic cell death stimuli and caspase-9. In addition, of six Prx
members, only Prx6 has acidic Ca2þ -independent phospho-
lipase A2 activity provided by the catalytic activity of Ser32
(S32). We observed that phospholipase activity-dead S32A
Prx6 mutant considerably lost its antiapoptotic activity. As this
mutant shows a marked change of secondary structure and
protein folding,30 the role of phospholipase activity of Prx6 in
TRAIL-induced cell death is not clear yet.

Under normal physiological conditions Prx6 interacts with the
proformof caspase-10 and caspase-8 throughDED, but not with
active caspases. It is also notable that the interaction of caspase-
10 and caspase-8 with Prx6 seems to be weaker than that with
FADD, implying that the binding affinity of Prx6 to DED caspase
is lesser than that of FADD. Thus, it is plausible that upon
stimulation with TRAIL, DED caspase dissociates fromPrx6 and
is recruited into DISC following the high binding affinity to FADD.
Previous studies demonstrated that TRAIL treatment triggers
the production of reactive oxygen species (ROS), resulting in
intracellular oxidizing conditions.31 Interestingly, we observed
that in vitro binding of Prx6 to caspase-10 was decreased by
increased ROS level with the treatment of hydrogen peroxide,
but was increased by decreased ROS level with the treatment of
ROS scavenger, dithiothreiton (DTT) (Supplementary Figure 3).
Thus, we propose a hypothesis that cytosolic accumulation of
ROS also may reduce the binding affinity of Prx6 to DED
caspase and enhance the chances of FADD to interact withDED
caspases to form DISC.

Figure 5 Prx6 inhibits enzymatic activation of caspases-10 and caspase-8 during TRAIL signaling. (a) Blockade of caspase processing by Prx6 during TRAIL-induced
apoptosis. HeLa/HA-Prx6 #7 cells were incubated in the presence or absence of doxycycline for 48 h and then exposed to 100 ng/ml TRAIL for the indicated times. Cell
extracts were examined by western blotting using the indicated antibodies. (b–e) Suppression of TRAIL-induced enzymatic activation of caspases by Prx6. HeLa/HA-Prx6 #7
cells were incubated in the presence or absence of doxycyline for 2 days and then treated with 100 ng/ml TRAIL for the indicated times. Cell extracts were prepared and
examined for caspase activity using 50 mM fluorogenic caspase substrates, AEVD-AFC (b), IETD-AFC (c), DEVD-AFC (d), and LEHD-AMC (e). Bars represent mean±S.D.
(n¼ 3)
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TRAIL receptors are defined as metastasis suppressor
proteins that reduce the metastatic propensity of tumor
cells.32,33 Inactivation of TRAIL signaling by mutation of
TRAIL receptors, DR4 and DR5, was specifically observed in
metastatic cancer, and downregulation of TRAIL receptors
promotesmetastasis of cancer cells.34,35 Also, metastatic oral
cancer cells showed greater TRAIL resistance than their
primary oral tumors.36 Recently, caspase-8 has been identi-
fied as a metastasis suppressor because of its function as
a downstream mediator of TRAIL-mediated apoptosis.37

Suppression of caspase-8 expression occurs during the
establishment of cancer metastases. Interestingly, the
expression of Prx6 is significantly elevated in highly metastatic
breast cancer cells as compared with its parental counter-
parts,23 and overexpression of Prx6 leads to a more invasive
phenotype and metastatic capability.22 We also found the
overexpression of Prx6 inmetastatic gastric cancer cells. Thus,
we propose that the elevated levels of Prx6 in cancers may
interfere with the dissociation of DED caspase from Prx6,
making DED caspase to be hardly recruited into DISC and

Figure 6 Increased expression of Prx6 suppresses the binding of caspase-10 to FADD for DISC formation during TRAIL signaling. (a) Lack of caspase-10 and caspase-8
in DR4 or DR5-containing DISC complex in HeLa/HA-Prx6 #7 cells exposed to TRAIL. HeLa/HA-Prx6 #7 cells were grown in the presence or absence of doxycyline for 2 days
and then left untreated or exposed to 100 ng/ml TRAIL for 15 min. Cells were lysed and subjected to immunoprecipitation (IP) assay with anti-DR4 and anti-DR5 antibodies
together or with anti-Prx6 antibody alone. The immunoprecipitates were examined by western blotting using the indicated antibodies. Asterisks (**) indicate heavy chains of
antibodies. (b) Competitive binding of DED caspases to Prx6 or FADD. In vitro translated and 35S-methionine-labeled caspase-10 or caspase-8 was incubated with 5 mg GST-
Prx6 protein alone or together with the increasing amounts of purified His-FADD protein. Pull-down assays were performed using glutathione-Sepharose 4B beads as
described in Figure 1a. After SDS-PAGE separation, Prx6-bound caspase-10 and caspase-8 were visualized by autoradiography (upper panel) and GST-Prx6 protein was
shown by Coomassie blue staining (lower panel)

Figure 7 Upregulation of Prx6 protein in metastatic gastric cancer cells confers tolerance to TRAIL-induced cell death. (a) Upregulation of Prx6 protein in metastatic gastric
cancer cells. The lysates of primary and metastatic gastric cancer cells were examined by western blotting using anti-Prx6, anti-caspase-10, anti-caspase-8, anti-cFLIPs, and
anti-b-actin antibodies (upper panel). Prx6 signals were quantified by densitometry using the histogram feature in Adobe Photoshop (lower panel). (b) Resistance of metastatic
gastric cancer cells to TRAIL-induced cell death. The gastric cancer cells were untreated (Mock) or treated with 100 ng/ml TRAIL for 6 h, after which cell death was measured
using LIVE/DEAD Viability/Cytotoxicity kit. (c) Sensitization of TRAIL-resistant metastatic cancer cells to TRAIL by downregulation of Prx6 expression. SNU-216 cells were
co-transfected with pEGFP and either pshRNA or pPrx6 shRNAs (#1 and #2) for 36 h, and then treated with 100 ng/ml TRAIL for 8 h. Cell death was quantified by EtHD
staining. The results represent mean±S.D. (n¼ 4). Cell extracts were examined by western blotting using anti-Prx6 and anti-b-actin antibodies to show the depletion of Prx6
protein (right panel)
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causing greater resistance to TRAIL in metastatic cancer
cells. These events will confer a metastatic phenotype to
TRAIL-resistant primary cancer cells during early metastasis
formation.
Taken together, our observation that Prx6 regulates TRAIL-

induced cell death by binding to and modulating the activation
of DED caspasesmay provide amolecular basis for the role of
Prx6 as a negative regulator of metastasis suppressor.

Materials and Methods
Yeast two-hybrid screening assay. The DED region (amino acids 1–219)
of caspase-10 was cloned into pLexA vector (Clontech, Mountain View, CA, USA)
and used as bait for conventional yeast two-hybrid assay. Jurkat cDNA library
cloned into pB42AD vector (Agilent Technologies, Stratagene Products Division,
La Jolla, CA, USA) was screened as described.38

Construction of plasmids. Human Prx6 cDNA was subcloned into pcDNA3-
HA (Invitrogen, Carlsbad, CA, USA), pEGFP (Clontech), and pYR3323-HA vector to
generate HA or GFP fusion protein (pHA-Prx6, pPrx6-GFP, and pYR-HA-Prx6,
respectively). Human caspase-10 cDNA was subcloned into pcDNA3-HA (pHA-
Caspase-10) or pEGFP-N1 vector (pCaspase-10-GFP). To construct serial deletion
mutants of caspase-10, caspase-10-DED (amino acids 1–219), caspase-10-DDED
(220–521), and caspase-10-p20 (220–415) were amplified by PCR and subcloned into
pcDNA3-HA vector (pHA-Caspase-10-DED, pHA-Caspase-10-DDED, and pHA-
Caspase-10-p20). Human Prx1–5 cDNAs were subcloned into pEGFP to generate
GFP fusion proteins (pPrx1-GFP, pPrx2-GFP, pPrx3-GFP, pPrx4-GFP, and pPrx5-
GFP). All Prx constructs were verified by DNA sequencing analysis. Prx6 was fused to
N-terminal Venus fragments of pBiFC-VN vector (pPrx6-VN) and caspase-10,
caspase-9, and caspase-8 were fused to C-terminal Venus fragments of pBiFC-VC
vector (pCaspase-10-VC, pCaspase-9-VC, and pCaspase-8-VC).21

BiFC assay. BiFC assay was performed as described.21 HeLa cells were
transfected with VN or VC-fusion construct alone or in combination and incubated at
371C for 20 h. After staining cell nuclei with Hoechst 33342, fluorophore formation in
the living cells was imaged using a fluorescence microscope (Olympus, Hamburg,
Germany).

Mutagenesis and shRNA. Point mutants of Prx6 (Prx6 (C47S) and Prx6
(C91S)) were generated by a Quickchange Site-Directed Mutagenesis kit
(Stratagene) using synthetic oligonucleotides containing mutations in the
corresponding positions. All mutants were verified by DNA sequencing analysis.
To construct pPrx6 shRNA, heteroduplex oligomers containing gene-specific
sequences (pPrx6 shRNA #1 (188-AGAGGAATGTTAAGTTGAT-206) and pPrx6
shRNA #2 (176-CAGAATTTGCCAAGAGGAA-194)) were synthesized, annealed,
and cloned into the BglII and HindIII sites of pSUPER.neo vector (pshRNA)
(OligoEngine, Seattle, WA, USA).

Cell culture and stable cell lines. HeLa and HeLa EBNA cells39 (HeLa
Tet-Off (Clontech)-derived cells stably expressing EBNA-1) were cultured in
Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% (v/v) fetal bovine serum
(Invitrogen). HeLa EBNA cells were transfected with an episomal expression vector
pYR-HA or pYR-HA-Prx6 that contains the tetracycline-regulated promoter for
regulating the expression of an inserted gene, oriP, for episome replication, and the
selection marker for hygromycin B. The transfected cells were cultivated in a
medium supplemented with 250mg/ml hygromycin B (Clontech) and 1 mg/ml
doxycycline (Sigma-Aldrich, St Louis, MO, USA) for 2 weeks to generate a control
cell line (HeLa/Hph) and a mixed population cell line (HeLa/HA-Prx6 Mix). A single
cell was cultivated to form stable cell clones (HeLa/HA-Prx6 #7 and #12) and the
expression levels were examined with western blotting. Stable cell clones were
maintained in doxycycline-deficient medium for 2 days to induce the expression of
HA-tagged Prx6 and employed for further experiments. Human gastric cancer cell
lines (SNU-1, -5, -16, -216, -484, -601, -668, and -719) were obtained from the
Korean Cell Line Bank (Seoul, Korea) and maintained in RPMI1640 medium
(HyClone Laboratories, Logan, UT, USA) with 10% (v/v) fetal bovine serum.

Transfection, cell death assessment, and viability
assay. Expression plasmids were transfected into 1� 105 cells per well in

six-well dishes using LipofectAMINE Reagent (Invitrogen) following the
manufacturer’s instructions. Cell death was assessed by counting the number of
GFP and EtHD-positive cells after staining the cells with 0.5 mM ethidium
homodimer (EtHD; Molecular Probes, Eugene, OR, USA) at 371C for 15 min. Cell
death was examined using LIVE/DEAD Viability/Cytotoxicity kit (Molecular Probes).

Antibodies and western blotting. Polyclonal rabbit anti-Prx6 antibody
was generated by immunizing rabbits with purified GST-Prx6 protein, following
standard immunization procedures. The following antibodies were used for western
blot analyses: caspase-10 (MBL, M059-3), caspase-9 (Cell Signaling, #9502),
caspase-8,40 cleaved caspase-3 (Cell Signaling, #9661), DR4 (Abcam, Cambridge,
MA, USA, 13890), DR5 (Abcam, 47179), PARP-1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA, sc-8007), FADD (BD Pharmingen, San Diego, CA, USA,
610400), a-tubulin (Sigma, T5168), b-actin (Sigma, A2668), and GFP (Santa Cruz
Biotechnology, sc-8334) antibodies. Cells were lysed in ice-cold RIPA buffer (50 mM
Tris-Cl (pH 8.0), 15 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
SDS, 1 mM PMSF, and 1mg/ml each of aprotinin, leupeptin, and pepstatin A) and
sonicated briefly. Cell lysates were clarified by centrifugation, resolved by SDS-
PAGE, and transferred onto the PVDF membrane (Millipore, Billerica, MA, USA).
Immunoblots were visualized by enhanced chemiluminescence method.

In vitro binding assay. GST-fusion proteins cloned into pGEX vector
(GE Healthcare, Amersham Biosciences, Uppsala, Sweden) (GST-Prx6, GST-Caspase-
10-DED (amino acids 1–219), GST-Caspase-8-DED (1–197), GST-FADD, and
GST-CARD (CARD of Apaf-1; 1–601)) were expressed and purified using
glutathione-Sepharose 4B (Amersham Biosciences). The purified GST-fusion
proteins were incubated with 35S-methionine-labeled proteins, which were
translated in vitro using a TNT-coupled transcription/translation system
(Promega, Madison, WI, USA) in ice-cold binding buffer (50 mM Tris-Cl (pH 7.4),
150 mM NaCl, 0.1% NP-40, and protease inhibitors) at 41C for 3 h with gentle
rocking. After the beads were washed five times with 1 ml binding buffer, bound
proteins were eluted in 2� SDS loading buffer, separated by SDS-PAGE, and
visualized by autoradiography.

Immunoprecipitation. To detect the endogenous interaction of Prx6 and
either caspase-10 or caspase-8, HeLa cells were lysed in 1 ml RIPA buffer
containing protease inhibitor cocktail. After the lysates were centrifugated at
15 000� g for 30 min and pre-cleared with 20ml protein G-Sepharose at 41C for
1 h, the resulting supernatant was incubated with pre-immune serum or the
appropriate antibody at 41C for 2 h. After adding 50ml of protein G-Sepharose or
protein A-Sepharose (Amersham Biosciences), the mixtures were incubated at 41C
for an additional 3 h. The immunoprecipitates were washed five times with RIPA
buffer and analyzed by western blotting.

RT (reverse transcription)-PCR. Cells were lysed and RNA was extracted
using Trizol (Invitrogen), according to the manufacturer’s protocol. PCR was
performed for 20 cycles using the following primer sets: Prx6 (50-ATG
CCCGGAGGTCTGCTTCTCGGGGACGTG-30, 50-TTAAGGCTGGGGTGTGTAGC
GGAGGTATTT-30), caspase-10 (50-ATGAAATCTCAAGGTCAACATTGGTATT-30,
50-ACCTTGTTTCTCTAGAAATGCCAGGAAA-30), caspase-9 (50-ATGGACGAAGC
GGATCGGCGGCTCCTGC-30, 50-GTCCACTGGTCTGGGTGTTTCCGGTCTG-30),
caspase-8 (50-ATGGACTTCAGCAGAAATCTTTATGATA-30, 50-GGCAGAAATTTG
AGCCCTGCCTGGTGTC-30), caspase-3 (50-ATGGAGAACACTGAAAACTCAGT
GGATT-30, 50-TGCTGTGGAGTATGCATACAAGAAGTCG-30), FADD (50-ATGGAC
CCGTTCCTGGTGCTG-30, 50-GGACGCTTCGGAGGTAGATGC-30), DR5 (50-ATG
GAACAACGGGGACAG-30, 50-TTAGGACATGGCAGAGTC-30), Apaf-1 (50-ATG
GATGCAAAAGCTCGAAATTGTTTGCTT-30, 50-ACTCTCATCCTGATCCAACCG
TGTGCAAAG-30), and b-actin (50-GAGCTGCCTGACGGCCAGG-30, 50-CATCTGC
TGGAAGGTGGAC-30).

Caspase activity assay. Cells treated with TRAIL were homogenized in cold
lysis buffer (20 mM Hepes (pH 7.6), 0.1% Chaps, 100 mM KCl, 2 mM DTT, 0.5 mM
Na-EDTA, 50mg/ml calpeptin, and protease inhibitors) and clarified by
centrifugation at 18 000� g for 1 h. The supernatant (40 mg of protein) was
incubated in reaction buffer (20 mM Hepes (pH 7.6), 0.1% Chaps, 2 mM DTT, and
1% sucrose) with 50mM fluorogenic caspase substrates, DEVD-AFC, IETD-AFC
(BD Pharmingen), LEHD-AMC, or AEVD-AFC, at 371C for 1 h. Fluorescence
(excitation, 405 nm; emission, 505 nm and 535 nm) was measured using a
fluorescence microplate reader.

6 interferes with DISC formation
H Choi et al

413

Cell Death and Differentiation



Statistical analysis. Data are expressed as mean±S.D. Statistical
comparisons between groups were performed using one-way analysis of
variance (ANOVA) followed by Bonferroni’s test or by the Student’s t-test as
appropriate. Probabilities of Po0.05 were considered statistically significant.
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