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SUMMARY

There are abundant peroxiredoxin (Prx) enzymes, but
an increase of cellular H2O2 level always happens
in apoptotic cells. Here, we show that cellular H2O2

switches different apoptosis pathways depending
on which type of Prx enzyme is absent. TNF-
a-induced H2O2 burst preferentially activates the
DNA damage-dependent apoptosis pathway in the
absence of PrxI. By contrast, the same H2O2 burst
stimulates the RIPK1-dependent apoptosis pathway
in the absence of PrxII by inducing the destruction of
cIAP1 in caveolar membrane. Specifically, H2O2

induces the oxidation of Cys308 residue in the
cIAP1-BIR3 domain, which induces the dimeriza-
tion-dependent E3 ligase activation. Thus, the reduc-
tion in cIAP level by the absence of PrxII triggers
cell-autonomous apoptosis in cancer cells and
tumors. Such differential functions of PrxI and PrxII
are mediated by interaction with H2AX and cIAP1,
respectively. Collectively, this study reveals the
distinct switch roles of 2-Cys Prx isoforms in
apoptosis signaling.

INTRODUCTION

Tumor necrosis factor (TNF)-a normally induces cell proliferation

and inflammation (Aggarwal, 2003). Once TNF-a binds to TNF re-

ceptor I (TNFRI), it recruits several adaptor molecules, including

TRADD, TRAF2, and receptor-interacting protein kinase 1

(RIPK1; also known as RIP1). Such a receptor complex triggers

transient activation of mitogen-activated protein (MAP) kinase

(MAPK) and nuclear factor-kB (NF-kB) signaling pathways (Var-

folomeev and Ashkenazi, 2004), thereby orchestrating the prolif-

erative and anti-apoptotic signaling programs. When the NF-kB

pathway is blunted, TNF-a switches cell fate to two distinct

types of programmed cell death: apoptosis and necroptosis.
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For apoptotic cell death, the TRADD-TRAF2-RIPK1 complex is

liberated from the initial receptor complex (complex I) and re-

cruits FADD to form a cytosolic apoptosis-inducing complex

(complex IIa) (Micheau and Tschopp, 2003). Recent studies

have also indicated the formation of a RIPK1-dependent

apoptosis-inducing complex (complex IIb), which is formed in

the absence of cellular inhibitor of apoptosis (cIAP) (Vanden

Berghe et al., 2014). These second complexes recruit and acti-

vate caspase-8 to initiate intrinsic and extrinsic apoptosis path-

ways. The intrinsic apoptosis pathway involves mitochondrial

release of pro-apoptotic factors, such as cytochrome c, which

in turn activate caspase-9 by forming apoptosome (Jiang and

Wang, 2004). Alternatively, TNF-a is able to induce a type of

caspase-independent necrosis known as necroptosis in the

RIPK3-expressing cancer cells (He et al., 2009; Hitomi et al.,

2008). RIPK3 interacts with RIPK1 and induces necrotic cell

death through MLKL or mitochondrial energy metabolism

(Sun et al., 2012; Zhang et al., 2009). However, the RIPK3-

dependent necroptosis is countered by caspase-8 and FADD

in normal physiology, such as embryonic development and

intestinal epithelial cells, respectively (Kaiser et al., 2011; Welz

et al., 2011).

Cancer cells also feature high levels of intracellular reactive

oxygen species (ROS) (Trachootham et al., 2009). In particular,

mitochondrial-derived ROS have been considered to be an

important element in the intrinsic apoptosis pathway involving

mitochondrial permeability transition (mPT) (Tait and Green,

2010). In the process of partial reduction reaction by unpaired

electrons connected frommolecular oxygen to superoxide anion

(O2ˉ), H2O2, and hydroxyl radical (OH$), mammalian cells control

the cellular H2O2 level with thiol peroxidase enzymes consisting

of glutathione peroxidase (GPx) and peroxiredoxin (Prx) families

(Lubos et al., 2011; Rhee and Kil, 2017). GPx and 2-Cys Prx

catalyze a reduction reaction of H2O2 to water by coupling with

glutathione (GSH)/GSH reductase and thioredoxin (Trx)/Trx

reductase systems, respectively, which relay two electrons

from NADPH. It has been claimed that these thiol peroxidases

function as redundant and housekeeping antioxidant enzymes

eliminating harmful ROS in mammalian cells (Flohé, 2016).
hor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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However, we and others have shown the specific role of cyto-

solic 2-Cys Prxs as a thiol peroxidase in the H2O2-mediated

signal transduction. For example, Prx II interacts with the

platelet-derived growth factor receptor b (PDGFR-b) in the

vascular smooth muscle cells and thus negatively regulates

PDGF signaling by modulating the localized H2O2 level near

the receptor (Choi et al., 2005). Prx II co-localizes with vascular

endothelial growth factor receptor 2 in the caveolar membrane

microdomains of vascular endothelial cells and protects the ki-

nase activity against the H2O2-mediated inactivation (Kang

et al., 2011). Recently, Prx II was shown to interact with the

fork accelerator TIMELESS in the replisome and regulates the

fork progression by sensing cellular H2O2 level (Somyajit et al.,

2017). It has been shown that Prx I also regulates the localized

H2O2 in the caveolar membrane microdomain (Woo et al.,

2010) and in centrosomes (Lim et al., 2015). Another line of

recent studies describes the role of cytosolic 2-Cys Prxs as a

redox relay in the H2O2-mediated signal transduction (Winter-

bourn and Hampton, 2015). For example, Prx I mediates the di-

sulfide-linked multimerization of apoptosis-inducing kinase

(ASK1) upon H2O2 treatment (Jarvis et al., 2012). Prx II directly in-

duces the inactivation of the STAT3 transcription factor by form-

ing a disulfide exchange intermediate (Sobotta et al., 2015).

Moreover, it has been shown that the disulfide formation in

some of cytosolic proteins was rather impaired in the absence

of cytosolic 2-Cys Prxs (Stöcker et al., 2018). Hence, accumu-

lating evidence proposes that cytosolic 2-Cys Prxs play distinc-

tively dual roles in the signal transduction as an H2O2 signal

terminator and transmitter via thiol peroxidase and protein disul-

fide isomerase-like activities, respectively. However, there has

been no comparative study to distinguish the cellular function

of twin-like isoforms, Prx I and Prx II, in the context of identical

cell type and signal transduction.

In this study, we investigate the functions of Prx I and Prx II in

TNF-a-induced apoptosis. Unexpectedly, we found that Prx I in-

teracts with H2AX in nucleus, while Prx II interacts with cIAP1 in

cytosol and then both co-migrate to the caveolar membrane

domain upon stimulation, in the same cell types. As a result,

Prx I and Prx II specifically suppressed DNA damage- and

RIPK1-dependent apoptosis, respectively. Thus, our study pro-

vides evidence revealing the location- and pathway-specific

signaling roles of cytosolic 2-Cys Prxs as the H2O2 signal termi-

nator in apoptosis signal transduction.
Figure 1. 2-Cys Prx Suppresses TNF-a-Induced Apoptosis in Cancer C
(A) Intracellular H2O2 level was measured using 20,70-dichlorodihydrofluorescein
ment. Data in the graph are means ± SD of relative DCF fluorescence intensities fr

Figure S1.

(B) HeLa, MDA-MB-231, MCF7, and U2OS cells were transfected with a pool of th

or TNF-a plus cycloheximide (T/C), the cells were labeled with propidium iodid

analysis. Pan-caspase inhibitor, z-VAD-fmk (Z), was pretreated for 1 h before T/C

(n = 3; *p < 0.005, **p < 0.001, and #p < 0.0001). See also Figure S2.

(C and D) The IKKb-depleted HeLa cells (C) or super-repressor mutant IkBa (srIkB

treated with T/C for 6 h. Data in the graph are means ± SD of percentage of apopt

proteins was shown by immunoblotting (IB). In (D), immunoblot confirmed that the

stimulation.

(E) The siRNA-transfected HeLa cells were infected with the retroviruses encodin

after T/C treatment for 6 h. Data in the graph are means ± SD of percentage of ap

levels of knockdown and rescued expression of Prx. Control retrovirus (pQ) cont
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Prx I and Prx II Both Regulate the TNF-a-Induced
Apoptosis
TNF-a induces apoptosis in cancer cells when the NF-kB

pathway and RIPK3 expression are blunted (Vanden Berghe

et al., 2014). Therefore, we induced the canonical TRADD-

dependent apoptosis (complex IIa-dependent) by co-treatment

of TNF-a and cycloheximide (T/C) in the cancer cell lines not ex-

pressing RIPK3 (Grootjans et al., 2017; Moriwaki et al., 2015).

In order to confirm that a translation inhibitor cycloheximide

acts as a blockade of the NF-kB pathway, we additionally

explored apoptosis in the IKKb-depleted and super-repressor

IkB (srIkB)-overexpressing HeLa cell lines.

We primarily carried out a live-cell imaging of the intracellular

ROS level in cancer cells undergoing the T/C-induced apoptosis

using the oxidation-sensitive fluorescence probe, carboxy-

methyl-20,7’-dichlorodihydrofluorescein (H2DCF) diacetate. The

fluorescence microscopic analyses demonstrated that the

ROS level was strongly increased in HeLa cells by T/C co-treat-

ment compared to TNF-a single treatment (Figure S1A). Interest-

ingly, the ROS level was increased in a biphasic manner, where

the first peak was transient and the second peak starting at

30-min stimulation was robust and persistent. When the ROS

level was monitored with a version of circularly permuted yellow

fluorescence protein (HyPer) specific to intracellular H2O2 (Be-

lousov et al., 2006), we observed the biphasic fluorescence

increase at the same kinetics as that of the DCF profile in the

T/C-treated HeLa cells, which indicates that H2O2 is produced

under T/C stimulation (Figure S1B). Although HyPer is also

known to respond to pH changes (Bilan and Belousov, 2016),

we excluded the possibility of its pH dependency because mito-

chondria-dependent apoptosis involves cytosolic acidification

(Matsuyama et al., 2000). In addition, the biphasic H2O2 genera-

tion was also observed in both IKKb-deficient immortalized 3T3

cells and srIkB-overexpressing HeLa cells stimulatedwith TNF-a

alone (Figures S1C and S1D), which confirmed the involvement

of a NF-kB pathway in the intracellular H2O2 burst induced by

TNF-a stimulation. We then found that the first and second

H2O2 peaks were blocked by RIPK1 and FADD knockdown,

respectively (Figure S1E). To define the origin of the second pro-

longed H2O2 burst, wemeasured the H2O2 level in the HeLa cells

overexpressing the mitochondrial anti-apoptotic Bcl-2 protein
ells
diacetate (DCFH-DA) in the siRNA-transfected HeLa cells following T/C treat-

om 80–100 cells (n = 3; *p < 0.0001 with repeated-measures ANOVA). See also

ree siRNAs specific to each Prx. After 6-h treatment of cycloheximide (C) alone

e (PI) and annexin V followed by fluorescence-activated cell sorting (FACS)

treatment. Data in the graph are means ± SD of percentage of apoptotic cells

)-expressing HeLa cells (D) were transfected with siRNAs against each Prx and

otic cells (n = 3; *p < 0.005 and **p < 0.0001). The knockdown level of indicated

expressed srIkBawas resistant to proteasomal degradation induced by TNF-a

g WT and inactive CS mutant of corresponding Prx. Apoptosis was measured

optotic cells (n = 3; *p < 0.01, **p < 0.005, and #p < 0.001). Immunoblots show

ains empty vector.
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that blocks the mPT and thereby prevents mitochondrial ROS

release (Yang et al., 1997). Bcl-2 expression selectively blocked

the second H2O2 burst compared to that in the control cells

(Figure S1F). Collectively, the data indicate that the second

H2O2 burst is derived from mitochondria and associated with

apoptosis in cancer cells.

To examine whether Prx I and Prx II are responsible for intra-

cellular H2O2 level and apoptosis in the T/C-treated cancer cells,

we abrogated the expression of Prx I and Prx II with the isoform-

specific small interfering RNAs (Figure S2A; see Key Resources

Table). The depletion of each Prx resulted in the second H2O2

burst being much stronger than that in the control cells (Fig-

ure 1A). The same phenomenonwas observed in the T/C-treated

U2OS osteosarcoma cells (Figure S1G). When the apoptosis

level was measured, the depletion of each Prx markedly

enhanced the caspase-dependent apoptosis induced by T/C

stimulation in various cancer cells, as it was completely

inhibited by a pan-caspase inhibitor (zVAD-fmk) (Figure 1B).

The T/C-induced apoptosis was similarly enhanced by transfect-

ing various small-interfering RNA sequences against each Prx

isoform (Figures S2B and S2C), validating the specificity and

consistency of small interfering RNA (siRNA)-mediated knock-

down. The depletion of Prx I and Prx II consistently enhanced

the apoptosis induced by TNF-a alone in the IKKb-depleted

and srIkB-overexpressing HeLa cell lines (Figures 1C and 1D).

Overall, the data indicate that both Prx I and Prx II regulate the

caspase-dependent apoptosis induced by TNF-a in the RIPK3-

negative cancer cells where the NF-kB pathway is selectively

blunted.

To determine whether the peroxidase activity of Prx I and Prx II

is critical for apoptosis, we performed rescue experiments using

the retroviral expression systems encoding the siRNA-resistant

version of Prx. Wild-type (WT) and corresponding inactive Cys-

to-Ser (CS) mutant, the latter with two active-site Cys residues

substituted to Ser, were expressed in the siRNA-transfected

HeLa cells at comparable levels to endogenous proteins in con-

trol cells. The apoptosis assay showed that rescued expression

of WT enzymes, not CS mutant, perfectly negated apoptosis

enhanced by depletion of the corresponding Prx isoform (Fig-

ure 1E). This result indicates that the peroxidase activity of Prx

is essential for controlling apoptosis and again confirms no off-

target effect of siRNAs used in this study.
Figure 2. 2-Cys Prxs Differentially Regulate Caspase-8 Activation in th

(A) The siRNA-transfected HeLa and MDA-MB-231 cells were subjected to su

fractions were subjected to immunoblot analysis. A representative blot is shown

(B) The siRNA-transfected HeLa cells were treated with T/C and lysed for caspase

activities (n = 3; *p < 0.005 and **p < 0.0001).

(C) Control or Bcl-2/Bcl-xL-expressing HeLa cells were transfected with siRNA m

graph are means ± SD of percentage of apoptotic cells (n = 3; *p < 0.005 and **p

(D) The siRNA-transfected HeLa cells were treated with T/C and lysed for immu

normalized by the intensity of a-tubulin bands. Data in the graph are means ± SD

ANOVA). Immunoblots against a-tubulin are the loading control.

(E) The siRNA-transfected HeLa and U2OS cells were treated with T/C and lysed f

caspase-8 activities (n = 3; *p < 0.0002 and **p < 0.0001 with repeated-measure

(F) The siRNA-transfected HeLa cells were infected with retroviruses encoding Prx

for caspase-8 activity assay. Data in the graph are means ± SD of fold change o

(G) The siRNA-transfected HeLa cells were treated with T/C for indicated times. A

means ± SD of percentage of apoptotic cells (n = 3; *p < 0.0001 with repeated-m
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Prx I and II Are Functionally Distinctive in TNF-a-Induced
Apoptosis
Since the intracellular H2O2 was produced from mitochondria,

we subsequently examined the intrinsic apoptosis pathway

in the Prx I/II-depleted cells. The depletion of Prx I/II indeed

augmented the cytochrome c release from mitochondria in the

T/C-treated HeLa and MDA-MB-231 cells compared to that in

the control cells (Figures 2A). As a consequence, the caspase-3

activation was also enhanced by depletion of Prx I/II (Figure 2B).

However, overexpression of Bcl-2 and Bcl-xL reduced the level

of the T/C-induced apoptosis by approximately 50% in the Prx I/

II-depleted HeLa cells, while it completely inhibited apoptosis in

the control cells (Figure 2C). Such partial effect of anti-apoptotic

Bcl-2 members led us to hypothesize that loss of Prx I/II might

divert the apoptosis pathway, probably in the upstream of mito-

chondria. Hence, we examined the activation of initiator cas-

pase-8 as the most upstreammechanism affecting both intrinsic

and extrinsic apoptosis pathways (Tait and Green, 2010). Upon

activation, caspase-8 is cleaved to active enzymes, including

intermediary (p41/43) and mature (p18/p10) forms. Western

blot analysis revealed that such caspase-8 cleavage for

activation was markedly accelerated by depletion of Prx II, not

Prx I, in the T/C-treated HeLa cells (Figure 2D). Similarly, the

caspase-8 activity assay using a fluorogenic substrate showed

that caspase-8 activity was strongly increased in a timely

manner in the HeLa and U2OS cells depleted of Prx II, not

Prx I, compared to that of the control cells (Figure 2E). In addi-

tion, the caspase-8 activation enhanced by Prx II depletion

was suppressed by the rescued expression of active Prx II WT

enzyme, not inactive CS mutant (Figure 2F), indicating that the

Prx II-dependent H2O2 may be functionally upstream of cas-

pase-8 activation. When the apoptosis was measured as a func-

tion of time, the T/C-induced apoptosis wasmuch delayed in the

Prx I-depleted HeLa cells compared to that in the Prx II-depleted

cells (Figure 2G), which precisely reflects a differential peroxide-

sensing kinetics of the 2-Cys Prxs (Portillo-Ledesma et al., 2018).

Collectively, the results indicate that absence of Prx I and II pro-

moted the apoptosis via different signaling pathways.

Prx I Regulates Apoptosis via DNA Damage Response
Since depletion of Prx I did not influence caspase-8 activation,

we reasoned that Prx I may be involved in a non-canonical
e RIPK3-Negative Cancer Cells

bcellular fractionation following T/C treatment. Cytosolic and mitochondrial

(n = 3).

-3 activity assay. Data in the graph aremeans ± SD of fold change of caspase-3

ixtures, treated with T/C for 8 h, and subjected to apoptosis assay. Data in the

< 0.0001).

noblotting. The immune bands for caspase-8 fragments were quantified and

of fold change of band intensities (n = 3; *p < 0.0001 with repeated-measures

or caspase-8 activity assay. Data in the graph are means ± SD of fold change of

s ANOVA).

II WT and CSmutant for 24 h. Cells were then treated with T/C for 6 h and lysed

f caspase-8 activities (n = 3 *p < 0.05 and **p < 0.005).

poptosis was measured as a function of treatment time. Data in the graph are

easured ANOVA).
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apoptosis pathway, such as T/C-induced DNA damage

response (DDR), based on previous observations that loss of

Prx I increases oxidative DNA damages in vivo (Egler et al.,

2005; Neumann et al., 2003) and Prx I shuttles between nucleus

and cytosol (Lee et al., 2011). To test the possibility, we per-

formed the comet assay that quantitatively measures the extent

of oxidative DNA damages on chromosomal DNA.We found that

T/C treatment increased the DNA strand breaks detected by the

neutral comet assay in HeLa and MDA-MB-231 cells, which was

greatly enhanced by the Prx I depletion (Figure 3A). In HeLa cells,

Prx I depletion also induced a marked increase of DNA damage

detected by alkaline comet assays. It should be noted that Prx I

depletion induced a substantial amount of DNA damage in

unstimulated condition, which itself did not exert a lethal effect

(as seen in Figure 1B). Overall, our data supported the notion

that Prx I prevents DNA damage in the T/C-treated cells.

To seek a molecular link between Prx I and DNA damage, we

examined the foci of the phosphorylated H2AX (gH2AX) formed

at DNA strand breaks as a hallmark of DDR (Bonner et al., 2008).

Immunofluorescence staining showed that Prx I depletion

greatly increased the number of T/C-induced gH2AX foci in the

HeLa and MDA-MB-231 cells (Figure 3B). Western blot analysis

also confirmed augmentation of the gH2AX level by the Prx I

depletion among various cancer cells (Figure 3C). A subsequent

rescue experiment demonstrated that the expression of the

nuclear-targeted form of Prx I WT, not inactive CS mutant,

completely blocked the induction of gH2AX foci enhanced by

the Prx I depletion (Figures 3D and S3A), which indicates that

nuclear localization and activity of Prx I were critical for DDR.

In addition, we confirmed that neither a Prx I version excluded

from the nucleus by inserting a nuclear export signal (Prx I-

NES) nor a nuclear-targeted Prx II version (Prx II-NLS) affected

the level of gH2AX foci enhanced by the Prx I depletion (Fig-

ure S3B). In order to see the interaction of Prx I with nucleo-

somes, we conducted the co-immunoprecipitation experiment

by expression of FLAG epitope-tagged H2AX in HeLa cells.

As a result, the nuclear-targeted Prx I constitutively interacted
Figure 3. Prx I Prevents DNA Damages in the Nucleosomes

(A) The siRNA-transfected HeLa and MDA-MB-231 cells were subjected to neutra

SD of tail movements per cell averaged from 80�100 cells. The experiments we

(B) The siRNA-transfected HeLa andMDA-MB-231 cells were treated with T/C for

are means ± SD of number of foci per cell averaged from 100 cells (n = 3; *p < 0

(C) The siRNA-transfected cells were treated with T/C and lysed for immunoblot

(D) HeLa cells were transfected with plasmids encoding Myc-tagged Prx I WT and

siRNA transfection. Empty vector (pQ) was used as control. The foci were immun

were stained with DAPI. Data in the graph are means ± SD of number of foci per

significant. Scale bar, 10 mm. See also Figures S3A and S3B.

(E) HeLa cells were co-transfected with expression vectors for Flag-H2AX and eith

for immunoprecipitation (IP) with anti-Flag (M2) antibody. Immunoprecipitates and

was used as control. A representative blot is shown (n = 3).

(F) HeLa cells were treated with T/C for 3 h and subjected to an in situ proximity lig

taken by confocal microscopy. Data in the graph are means ± SD of numbers of

nuclei were stained with DAPI. Scale bar, 10 mm. See also Figure S3C.

(G and H) HeLa cells were transfected with either Prx I siRNA (G) or the combinati

T/C and lysed for immunoblotting. The immune bands for the phosphorylated Chk1

Data in the graph are means ± SD of fold changes of band intensities (n = 3; *p < 0

control. See also Figures S3D–S3F.

(I) The siRNA-transfected HeLa cells were pretreatedwith indicated concentration

6 h. Data in the graph are means ± SD of percentage of apoptotic cells (n = 3; *p
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with H2AX-associated nucleosomes regardless of T/C stimula-

tion (Figure 3E). Since both WT and CS mutant interacted with

nucleosomes, we concluded that the constitutive interaction is

independent of active-site Cys residues on Prx I. We also carried

out the in situ proximity ligation assay (PLA) capable of visual-

izing the direct protein-protein interaction on the single-cell level

(Söderberg et al., 2006). The PLA analysis constantly revealed

that Prx I, not Prx II, interacted with H2AX in the unstimulated

cells and continuously associated with gH2AX foci in the

T/C-treated cells (Figures 3F and S3C). Collectively, our data

demonstrate that Prx I is a residential nucleosomal component

that protects chromosomal DNA from oxidative damages, and

loss of Prx I switches the canonical apoptosis to theDDR-depen-

dent pathway.

Next, we observed that the induction of gH2AX foci by the Prx I

depletion did not respond to the zVAD-fmk treatment (Fig-

ure S3D). In contrast, the immunostaining of gH2AX in the

PrxII-depleted HeLa cells showed a pattern of nuclei fragmenta-

tion, not foci, which was thus abolished by treatment of

zVAD-fmk. Therefore, we reasoned that the Prx I-dependent

DDR might be upstream of intrinsic apoptosis. To delineate the

signaling pathway, we analyzed the DNA damage-responsive ki-

nases, ATM and ATR, and their downstream kinases, Chk1/2, in

the HeLa cells. ATM and ATR differentially activate Chk1/2 in a

phosphorylation-dependent manner (Blackford and Jackson,

2017). We found that the T/C treatment induced Chk1 phosphor-

ylation at both Ser345 and Ser317, but not Chk2 phosphorylation

at Thr68, in the HeLa cells (Figure 3G). Among these differential

phosphorylation events, the Prx I depletion augmented only

ATR-dependent Chk1 phosphorylation at Ser345. Consistently,

ATR knockdown completely abolished Chk1 phosphorylation

at Ser345 in the control andPrx I-depletedHeLa cells (Figure 3H).

The ATR/ATM dual inhibitor, not ATM-specific inhibitor KU-

55933, diminished apoptotic death enhanced by Prx I depletion

in a dose-dependent manner (Figure 3I). Thus, these results indi-

cate that Prx I depletion enhanced apoptosis via the ATR-Chk1

pathway in the HeLa cells. When the same pathway analysis
l comet assays following T/C treatment for 2 h. Data in the graph are means ±

re repeated twice with same results.

2 h. The foci were immunostained with anti-gH2AX antibody. Data in the graph

.005 and **p < 0.0001). Cell nuclei were stained with DAPI. Scale bar, 10 mm.

ting with anti-gH2AX antibody. A representative blot is shown (n = 3).

CS mutant fused with nuclear localization signal (NLS) following the indicated

ostained with anti-gH2AX antibody following T/C treatment for 2 h. Cell nuclei

cell averaged from 60�70 cells (n = 3; *p < 0.001 and **p < 0.0005). N.S., not

er Myc/NLS-tagged Prx I WT or CS mutant, treated with T/C for 2 h, and lysed

total cell lysate (TCL) were subjected to immunoblotting. Empty pQ vector (�)

ation assay (PLA) with anti-Prx I and anti-gH2AX antibodies. Cell images were

red fluorescent spots per cells averaged from 40 cells (n = 3; *p < 0.0001). Cell

on of Prx I and ATR siRNAs (H) for 36 h. The transfected cells were treated with

were quantified and normalized by the intensity of corresponding Chk1 bands.

.05, **p < 0.005, and #p < 0.001). Immunoblots against a-tubulin are the loading

s of ATM/ATR dual inhibitor or KU55933 for 30min and then treated with T/C for

< 0.005).
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Figure 4. Prx II Switches the RIPK1-Dependent Apoptosis via Controlling the cIAP1 Stability

(A) Levels of anti-apoptotic proteins were analyzed in the siRNA-transfected HeLa cells by immunoblotting. Data in the graph are means ± SD of relative band

intensities (n = 3; *p < 0.005). Immunoblots against a-tubulin are the loading control.

(B) Level of cIAP1was analyzed in HeLa andMDA-MB-231 cells at different time points after transfection of Prx II siRNA (#1). A representative blot is shown (n = 3).

(C) The siRNA-transfected HeLa, U2OS, andMDA-MB-231 cells were treated with T/C and lysed for immunoblotting. Data in the graph aremeans ± SD of relative

band intensities (n = 3; *p < 0.005 and **p < 0.0001 with repeated-measures ANOVA). The a-tubulin blot is the loading control. A representative blot is shown.
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was repeated in the MDA-MD-231 cells that harbor a mutant

p53, the Prx I depletion promoted the ATM-selective phosphor-

ylation of Chk1 at Ser317, and the resulting apoptosis was

blocked by the ATM inhibitor KU55933 (Figures S3E and S3F).

Consequently, the data indicate that loss of Prx I enhances the

T/C-induced apoptosis via either ATM- or ATR-dependent

DDR pathway depending on cell type.

Prx II Regulates Apoptosis via Stabilizing cIAP1
We showed that the depletion of Prx II broadly augmented cas-

pase-8 activation among various lines of cancer cells. Thus, we

decided to investigate whether the action of Prx II associates

with any anti-apoptotic factor, such as cIAPs and cFLIPL, which

are known to differentially regulate the TNF-a-induced cas-

pase-8 activation (Wang et al., 2008). We simply examined

the cellular levels of these anti-apoptotic factors in the Prx-

depleted HeLa cells. Immunoblot analysis revealed that Prx II

depletion significantly reduced basal levels of cIAP1/2 proteins,

but not XIAP and cFLIPL, in HeLa cells without T/C stimulation

(Figure 4A). In contrast, Prx I depletion affected neither of these

factors, indicating a selective role of Prx II in controlling the

stability of cIAP proteins. More precisely, the cIAP level was

reduced in proportion to the level of Prx II depletion in unstimu-

lated HeLa and MDA-MB-231 cells (Figure 4B). Furthermore,

depletion of Prx II, not Prx I, kinetically accelerated the

T/C-induced degradation of cIAP1 in various lines of cancer

cells, including HeLa, U2OS, and MDA-MB-231 (Figure 4C).

As cIAP1 is the E3 ligase that ubiquitinates RIPK1 for degrada-

tion (Bertrand et al., 2008), Prx II depletion consequently abro-

gated the poly-ubiquitination of RIPK1 induced by TNF-a alone

(Figure 4D).

The non-ubiquitinated RIPK1 accumulated in the absence of

cIAPs is auto-phosphorylated and triggers the formation of

apoptosis-inducing complex IIb (also known as ripoptosome)

that activates caspase-8 (Vanden Berghe et al., 2014). In this

context, it was crucial evidence that the RIPK1 depletion

reversed the T/C-induced caspase-8 activation and apoptosis

that had been enhanced by Prx II depletion, whereas it had no

effect on the T/C-induced apoptosis in control HeLa cells

(Figures 4E and 4F). Overall, the data demonstrate that loss

of Prx II selectively switches the canonical apoptosis to the

RIPK1-dependent pathway by inducing the cIAP depletion.

Prx II Preserves the cIAPStability inCaveolarMembrane
Microdomains
In order to determine where Prx II controls the cIAP1 stability, we

examined the interaction between Prx II and cIAP1. Their endog-

enous protein-protein interaction was analyzed by PLA. The

microscopic analysis showed that red-fluorescent PLA spots

revealing the protein-protein interaction appeared between
(D) The siRNA-transfected HeLa cells were treated with TNF-a (10 ng/mL) alone f

boiled lysates were diluted and subjected to immunoprecipitation (IP) with anti-R

RIPK1. Total cell lysates (TCL) were immunoblotted for the knockdown level. A r

(E) The siRNA-transfected HeLa cells were treated with T/C and lysed for immun

knockdown level. A representative blot is shown (n = 3).

(F) The siRNA-transfected HeLa cells were treated with T/C for 6 h. Data in the gra

significant.
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only cIAP1 and Prx II, not cIAP1 and Prx I, in the cytoplasm of

the unstimulated HeLa cells (Figures 5A and S4A). The specificity

of PLA signals was confirmed by Prx II depletion. The PLA further

showed that the WT and CS mutant of Prx II interacted with

cIAP1 at a similar level (Figure 5B). Therefore, the data indicate

that Prx II constitutively interacted with cIAP1 without a disulfide

exchange via active-site Cys residues.

Since cIAP1 is recruited to the complex I formed in the lipid raft

prior to apoptosis onset (Legler et al., 2003), we merged the PLA

spots with flotillin-2 as a marker of caveolar membrane microdo-

main. In the unstimulated condition, few PLA spots appeared to

associate with flotillin-2 in the regions of plasma membrane of

HeLa cells (Figure 5C). Time-resolved microscopic analysis

showed that association of the PLA spots with flotillin-2 in the

plasma membrane was increased by 30 min and then obviously

decreased 1 h post-T/C stimulation (Figure 5C), revealing the

increased abundance of cIAP1-Prx II complex in caveolar mem-

brane during apoptosis progression. Of concern was whether

the depletion of Prx II influences the cIAP1 stability in the caveo-

lar membrane microdomains. We isolated the serial caveolae

and non-caveolar fractions from HeLa cells by a sequential

procedure of bicarbonate extraction and sucrose-gradient ultra-

centrifugation (Figure S4B). When the cIAP1 levels in selected

caveolae and non-caveolae fractions of HeLa cells were

compared, Prx II depletion induced cIAP1 degradation only in

caveolae (Figure 5D). More importantly, cIAP1 degradation

induced by Prx II depletion in both unstimulated and T/C-stimu-

lated HeLa cells was completely blocked by caveolin-1 knock-

down (Figure 5E). Together, the results indicate that Prx II deple-

tion led to the degradation of cIAP1 recruited to the caveolar

membrane microdomain, which was accelerated by the T/C

stimulation.

H2O2 Triggers Activation of cIAP1 E3 Ligase by Cysteine
Oxidation
To understand how Prx II regulates the cIAP1 stability, we

repeated a rescued experiment with the siRNA-resistant version

of Prx II WT and CS mutant. The immunoblot analysis for cIAP1

level showed that the T/C-induced cIAP1 degradation enhanced

by Prx II depletion was blocked by Prx II WT, not inactive CS

mutant (Figure S4C). Consistent with the previous apoptosis

and caspase-8 assays, the result clearly indicates that the perox-

idase activity is essential for the maintenance of cIAP1 stability.

The cIAP1 degradation enhanced by Prx II depletion was

completely blocked by proteasome inhibitors (MG132 and lacta-

cystin), not by a lysosomal inhibitor (Figure S4D). Moreover,

immunoblotting against ubiquitin showed that Prx II depletion

dramatically augmented the T/C-induced poly-ubiquitination of

cIAP1 in the presence of MG132 (Figure 6A). These observations

led us to hypothesize that H2O2 could directly activate cIAP1 E3
or 1 h. The cells were lysed and boiled in RIPA buffer containing 1% SDS. The

IPK1 antibody. The IP complex was immunoblotted against ubiquitin (Ub) and

epresentative blot is shown (n = 3).

oblotting with anti-caspase-8 antibody. The RIPK1 and Prx II blots show the

ph are means ± SD of percentage of apoptotic cells (n = 3; *p < 0.05). N.S., not
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ligase for auto-ubiquitination. To characterize the H2O2-depen-

dent cIAP1 activation in depth, we employed glucose oxidase

(GOx), which steadily generates micromolar level of H2O2 in

culture media using glucose as a substrate. First, GOx treatment

reduced the cIAP1 level in a dose-dependent manner (Fig-

ure S4E). Unlike the PrxII depletion, the GOx-induced cIAP1

degradation was unaffected by the caveolin-1 knockdown (Fig-

ure S4F), suggesting that the GOx-derived H2O2 supply induces

a global degradation of cIAP1 regardless of caveolae localiza-

tion. Second, we transfected 293T cells with expression vectors

encoding cIAP1-WT and cIAP1-DRING mutant lacking E3 ligase

activity and then analyzed the ubiquitination of cIAP1 following

GOx treatment. The ubiquitination of ectopically expressed

cIAP1 WT, but not DRING mutant, was markedly augmented

by the GOx treatment (Figure 6B). Since cIAP1-DRING mutant

showed almost no poly-ubiquitination, we concluded that the

GOx-derived H2O2 directly activated the cIAP1 E3 ligase. Given

that H2O2 regulates the protein function by cysteine oxidation

(Paulsen and Carroll, 2013), we sought to identify the cysteine

residues sensing H2O2 on cIAP1. By aligning the peptide se-

quences of members of the IAP protein family, we recognized

four distinct cysteine residues conserved in only cIAP1/2, not

in XIAP. The WT and CS mutants of cIAP1 were expressed in

293T cells followed by GOx treatment. Ubiquitination assay

showed that auto-ubiquitination level of cIAP1 C308S mutant

was not increased by GOx treatment compared with those of

WT and other CS mutants (Figure 6C). As a result, the protein

level of the cIAP1 C308S mutant was unchanged, while those

of WT and other CS mutants were markedly reduced by the

GOx treatment (Figure 6D). More critically, when the cIAP1 WT

and C308S mutant were expressed in HeLa cells, the apoptosis

enhanced by Prx II depletion was noticeably inhibited by the

cIAP1 C308S mutant, not by WT (Figure 6E). Immunoblot anal-

ysis confirmed that the cIAP1 C308S mutant remained the

same, whereas WT was rapidly degraded after T/C stimulation.

It is likely that the cIAP1 C308S mutant has a dominant-negative

effect because endogenous cIAP1 also remained after T/C

stimulation in contrast to that in cells expressing cIAP1 WT. To

confirm the conformational change of cIAP1 for activation, we

produced the recombinant cIAP1 protein lacking the baculovirus

inhibitor of apoptosis protein repeat (BIR) 1 and 2 domains,

designated as BIR3-RING (Figure S5A). As previously reported
Figure 5. Prx II Constitutively Interacts with cIAP1 and Translocates to

(A) The siRNA-transfected HeLa cells were subjected to an in situ proximity ligation

by confocal microscopy. Data in the graph are means ± SD of numbers of red flu

were stained with DAPI. Scale bar, 10 mm. See also Figure S4A.

(B) HeLa cells were transfected with retroviral vectors encoding Myc-tagged Prx

cIAP1 antibodies. Empty vector (pQ) is used as control. Cell nuclei were stained w

10 mm.

(C) HeLa cells were untreated or treated with T/C for indicated times, subjected

anti-flotillin-2 (Flot2) antibody. Cell images were taken by confocal microscopy an

with flotillin-2 (green). Numbered arrowheads in the original images indicate the

graph are means ± SD of number of merged yellow spots per cell (n = 10–12 cel

(D) Caveolae and non-caveolae fractions were isolated from the siRNA-transfec

Representative fraction numbers are indicated. See also Figure S4B.

(E) The siRNA-transfected HeLa cells were untreated or treated with T/C for 1 h a

and normalized by level of a-tubulin. Data in the graph are means ± SD of rela

A representative blot is shown.
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(Dueber et al., 2011), the analytical size-exclusion chromatog-

raphy showed that a bivalent antagonist BV6 induced the dimer-

ization of cIAP1 (BIR3-RING) WT as well as C308S mutant (Fig-

ure 6F). Surprisingly, H2O2 treatment alone sufficiently induced

the dimerization of cIAP1 WT, which, however, did not occur in

cIAP1 with C308S mutation. In order to define the chemistry of

C308 oxidation by mass spectrometry, we took advantage of

the chromatographic separation of the monomeric and dimeric

cIAP1 (BIR3-RING) WT obtained by H2O2 treatment. The tryptic

peptides of proteins in each fraction were analyzed by liquid

chromatography-tandem mass spectrometry (LC-MS/MS). As

a result, the thiol group of C308 residue in the same tryptic

peptide (amino acids 306–314) from the monomer and dimer

fractions appeared to be the sulfhydryl and sulfinic acid state,

respectively (Figure S5B). Thus, the MS data clearly indicated

that the Cys308 residue on cIAP1 is hyperoxidized to the

cysteine sulfinic acid (Cys-SO2) by reacting with H2O2. Collec-

tively, the data reveal that the H2O2-mediated oxidation of the

Cys308 residue in the BIR3 domain is sufficient to trigger the

dimerization and activation of cIAP E3 ligase.

Prx II Is Essential for Tumor Growth In Vivo

It is important that Prx II depletion alone reduced the cellular

level of cIAPs in various lines of cancer cells without additional

apoptosis inducer. Therefore, we tested whether Prx II depletion

is sufficient to trigger a cell-autonomous apoptosis. Following

prolonged siRNA transfection, we examined the apoptotic cell

death in cancer cells and found that the knockdown of Prx II

expression, not Prx I expression, gradually increased apoptosis

in HeLa and MDA-MB-231 cells (Figure 7A). Such cell-autono-

mous apoptosis triggered by Prx II depletion was blocked by

the treatment of an anti-human TNF-a neutralizing antibody (Fig-

ure 7B), indicating that apoptosis, not just the intrinsic lethal

effect, was specifically induced by the autocrine action of cancer

cell-produced TNF-a. Consistently, exogenous treatment of

TNF-a additionally enhanced apoptosis in the Prx II-depleted

HeLa cells (Figure 7C).

We further validated the pro-apoptotic effect of Prx II loss

in vivo using a subcutaneous tumor xenograft model. Briefly,

we found that Prx II-depleted HeLa cells xenografted onto the

athymic nu/nu mice grew much slower than did the control cells

(Figure S6A). Subsequently, we carried out a proof-of-concept
Caveolae upon Stimulation

assay (PLA) with anti-Prx II and anti-cIAP1 antibodies. Cell images were taken

orescent spots per cells averaged from 80 cells (n = 3; *p < 0.0001). Cell nuclei

II WT and CS mutant and subjected to the PLA assay with anti-Myc and anti-

ith DAPI. Representative images from two experiments are shown. Scale bar,

to the PLA with anti-Prx II and anti-cIAP1 antibodies, and immunostained with

d magnified by three times, where arrows indicate the PLA spots (red) merged

area of magnified fields. Cell nuclei were stained with DAPI (blue). Data in the

ls; *p < 0.01 and **p < 0.0001). Scale bar in magnified image, 2 mm.

ted HeLa cells. Equal volume of fractions was analyzed by immunoblotting.

nd analyzed by immunoblotting. The intensity of cIAP1 bands were quantified

tive band intensities (n = 3; *p < 0.01 and **p < 0.005). N.S., not significant.
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experiment for a therapeutic potential of targeting Prx II in human

cancer cells. Due to the lack of Prx2-specific inhibitor com-

pound, selective Prx II depletion in the HeLa-driven tumor xeno-

grafts was achieved by a collagen-based intratumoral transfec-

tion of Prx II siRNA. Until tumors were excised, the in vivo Prx II

siRNA transfection significantly maintained the reduced level of

Prx II in xenografted tumors (Figure S6B) and efficiently ceased

tumor growth compared to the control siRNA transfection (Fig-

ures 7D and S6C). Immunoblot analysis showed that the level

of cIAP1 was markedly reduced, while caspase-8 activation

was inversely increased in the Prx II-depleted tumors compared

to the control tumors (Figure 7E). The TUNEL staining further

showed that Prx II depletion increased the number of apoptotic

cells in the tumors (Figure 7F). Collectively, we conclude that

targeted inhibition of Prx II activity could be a distinct anti-cancer

strategy broadly applicable for cancer treatment.

DISCUSSION

ROS are produced from various intracellular sources, such as

actively respiring mitochondria, peroxisomes metabolizing the

peroxides, or NADPH oxidases (Lambeth, 2004; Shadel and

Horvath, 2015). Among these sources, uncontrolled ROS leak-

ing from mitochondria has been proposed to be associated

with mPT and apoptosis (Newmeyer and Ferguson-Miller,

2003). However, it is still undetermined whether ROS are the

cause or effect of apoptosis. In this study, we revealed that

cellular ROS are strongly increased in the cancer cells undergo-

ing apoptosis. The cellular ROS burst was originated from mito-

chondria and dependent on FADD, suggesting its relevance to

apoptosis. Based on these observations, we pursued in-depth

investigations on the distinct roles of 2-Cys Prx isoforms, Prx I

and Prx II, responsible for the cytosolic H2O2 burst in apoptosis.

Unexpectedly, these Prx enzymes turned out to be the regional

apoptosis regulators in different subcellular compartments:

Prx I regulates the DDR in the nucleus, whereas Prx II regulates

cIAP activation in the caveolar membrane microdomain (Fig-

ure 7G). Such differential functions of Prx I and Prx II are medi-

ated by interaction with H2AX and cIAP1, respectively. More-

over, the constitutive interaction with nucleosomes and cIAP1

is likely to provide a platform for localized regulation of H2O2.
Figure 6. Prx II Controls the H2O2-Mediated Activation of cIAP E3 Liga

(A) The siRNA-transfected HeLa cells were treated with T/C for 2 h. The cells we

diluted and subjected to immunoprecipitation (IP) with anti-cIAP1 antibody. The IP

(TCL) was immunoblotted for the knockdown level. A representative blot is show

(B and C) HEK293 cells were co-transfected with expression vectors encoding Fl

and HA-tagged ubiquitin (Ub) for 24 h. The transfected cells were treated with

antibody and immunoblotted with anti-HA antibody to examine the ubiquitin

A representative blot is shown (n = 3). See also Figure S4E.

(D) HeLa cells were transfected with expression vectors encoding Flag-tagged hum

cIAP1 level was immunoblotted with anti-Flag (M2) antibody. A representative bl

(E) HeLa cells were transfected with expression vectors encoding human cIAP1

measured after 6-h T/C treatment. Data in the graph are means ± SD of percenta

pCMV10 vector was used for control (Vec).

(F) Recombinant cIAP1 (BIR3-RING) proteins were separated by a size-exclusion

(35 mM) were left untreated or incubated with BV6 (1 mM) or H2O2 (150 mM) at 4�C
are indicated by arrowheads.

See also Figure S5.
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However, the redox relay function of Prx I/II is not the case in

the apoptosis signaling as the cIAP1 oxidation and DNA dam-

age were rather increased in the absence of Prx I/II. In partic-

ular, we ruled out a redox relay function of Prx I related to

ASK1 activation because Prx I depletion did not affect the sus-

tained activation of JNK/p38 kinases in response to T/C treat-

ment. Overall, our study provides evidence demonstrating the

non-overlapped switch roles of two similar isoforms of 2-Cys

Prxs in cancer cell apoptosis.

Prx I-Dependent Apoptosis Regulation
Although it was reported that T/C stimulation induces DNA

damage by ROS production in cancer cells (Yan et al., 2006),

the relevant molecular mechanism has not been investigated. In

this study, we demonstrate that the absence of Prx I augments

the T/C-induced formation of DNA strand breaks in cancer cells,

which elicits the activation of apoptosis pathways independently

of caspase-8 and sustained JNK activations. We and others

have shown that Prx I shuttles between the cytosol and nucleus

in HeLa cells (Lee et al., 2011) and that nuclear Prx I is involved

in regulating the cell cycle progression of proliferating cancer cells

(Lim et al., 2015). According to our data, Prx I might shift its func-

tion fromcell cycle control toDDRcontrol in cancer cells undergo-

ing apoptosis. As the Prx I-dependent apoptosis was partially

reduced by Bcl-2/Bcl-xL expression, the DDR induced by Prx I

absence is likely to promote both intrinsic and extrinsic

apoptosis pathways. In regard to the DDR-mediated apoptosis,

numerous studies have suggested diverse molecular pathways

through which Chk kinases induce caspase-3 activation in

mitochondrial-dependent and -independent manners: JNK/

p38 (Reinhardt et al., 2007), caspase-8 (Afshar et al., 2006),

caspase-2 (Maiuri et al., 2007), Nur77 (Li et al., 2000; Lin et al.,

2004), p73 (Urist et al., 2004), and ceramide (Kolesnick and

Fuks,2003).Alternatively, theactivationof theATR-Chk1pathway

was also shown to induce the base excision repair of oxidative

DNA damage (Willis et al., 2013). Although we were unable to

test all of these possible candidate pathways, we excluded the

involvement of JNK/p38 and caspase-8 activation in the Prx I-

dependent apoptosis. In addition, we used the cancer cell lines

that contain different p53 status: HeLa (HPV-inactivated p53),

U2OS (p53WT), andMDA-MB-231 (p53mutant). Thus,we further
se

re lysed and boiled in RIPA buffer containing 1% SDS. The boiled lysate were

complex was immunoblotted against ubiquitin (Ub) and cIAP1. Total cell lysate

n (n = 3). See also Figure S4D.

ag-tagged human cIAP1 with RING deletion (B) or Cys-to-Ser substitutions (C)

GOx (100 mU/mL) for 5 h. cIAP was immunoprecipitated with anti-Flag (M2)

ation level. MG132 was pretreated for blocking proteasomal degradation.

an cIAP1 (WT andCSmutants) and treated with GOx (100mU/mL) for 5 h. The

ot is shown (n = 3).

WT and C308S mutant followed by Prx II siRNA transfection. Apoptosis was

ge of apoptotic cells (n = 3; *p < 0.002, **p < 0.0005, and #p < 0.0001). Empty

chromatography on Superdex 200 10/300 GL column. The BIR3-RING proteins

for 3 h. Representative chromatograms are shown. Molecular-weight markers
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disregarded the role of p53 family members in Prx I-dependent

apoptosis.

Despite numerous studies, the pros and cons of Prx I in cancer

development remains controversial. The mouse model studies

have shown that Prx I deficiency induces various malignant tu-

mors (Neumann et al., 2003) and aggravates the KRAS-induced

spontaneous lung tumorigenesis (Park et al., 2013). However,

the chemical inhibition of Prx I activity was shown to cause death

of the lung carcinoma cells through in vitro culture and acute tu-

mor xenograft (Yang et al., 2015). In this study, we demonstrate

that Prx I is a residential nucleosomal protein that prevents the

oxidative DNA damage. Considering that the oxidative DNA

damage can cause the oncogenic mutation in normal cells and

the apoptosis in cancer cells, our evidence proposes the dou-

ble-edged function of Prx I in relation to cancer development.

Since the majority of cytosolic Prx I pool has nothing to do with

apoptosis pathways in cancer cells, we also conclude that cyto-

solic Prx I ismainly a part of residential antioxidants, rather than a

specific signaling regulator.

Prx II-Dependent Apoptosis Regulation
cIAPs are the E3 ligases that poly-ubiquitinates RIPK1 in the

TNFRI-associated complex I, leading to the NF-kB activation

for survival (Bertrand et al., 2008; Xu et al., 2009). Therefore,

absence of cIAPs leads to the formation of death-inducing

complex IIb, where RIPK1 recruits FADD and caspase-8,

thereby switching cell fate from survival to apoptosis in the

absence of RIPK3 (Oberst and Green, 2011; Silke et al., 2015).

An endogenous regulator of cIAP stability is the pro-apoptotic

factor Smac/DIABLO released from mitochondria, which binds

to and induces the auto-ubiquitination and degradation of cIAPs

(Du et al., 2000; Verhagen et al., 2000). Like the Smac-derived

peptides, the small-molecule IAP antagonists also bind to BIR3

domain and induce the cIAP auto-activation, which in turn in-

duces cell-autonomous apoptosis in cancer cells (Varfolomeev

et al., 2007; Vince et al., 2007). Unexpectedly, our ubiquitination

assays demonstrate that H2O2 directly activates cIAP1 E3 ligase

in a ligand-independent manner by targeting unique cysteine
Figure 7. Prx II Depletion Induces Cell-Autonomous Apoptosis in Canc

(A) Apoptosis was measured in the siRNA-transfected HeLa and MDA-MB-231 c

apoptotic cells (n = 3; *p < 0.0001).

(B) Apoptosis was measured in the siRNA-transfected HeLa cells cultured in the

(2 mg/mL). Data in the graph are means ± SD of percentage of apoptotic cells (n

(C) The siRNA-transfectedHeLa cells were treated with TNF-a (10 ng/mL) for 12 h.

N.S., not significant.

(D) HeLa cells were subcutaneously injected to athymic nu/numice and grown for

at several sites. Tumor tissueswere removed andweighed at 40 days post-injectio

group; *p < 0.05 and *p < 0.005). The filled arrowhead indicates the time of siRN

(E) Tumor homogenates from two mice were analyzed by immunoblotting (IB). A r

are indicated.

(F) Apoptosis in the tumor tissues was measured by TUNEL staining. Nuclei were

positive cells per square millimeter (n = 5 mice per group; *p < 0.05). Scale bar,

(G) Schematic model depicting 2-Cys Prx-centered signaling modules regulatin

TRADD, TRAF2, cIAP1, and RIPK1, and forms a large complex (complex I) that ac

mitochondrial H2O2 explodes and targets cIAP1 associated to complex I in the

proaching to cIAP1. If Prx II is absent, cIAP1 is activated by cysteine hyperoxida

complex IIb that activates initiator caspase-8 (2). If mitochondrial H2O2 burst is str

and oxidizes chromosomal DNA. Prx I resides in nucleosome and protects DN

oxidatively damaged, which in turn triggers DNA damage response leading to ap
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residue, Cys308, present in the BIR3 domain of only IAPs, not

in XIAP. This evidence suggests that H2O2 is an endogenous

regulator of cIAP stability. Considering that Prx II constitutively

binds to cIAP, the H2O2-dependent cIAP activation could be

an evolutionarily conserved cell fate-determining mechanism.

A structural study revealing the dynamic conformation change

in cIAP1 by IAP antagonists has indicated that Cys308 is one

of the surface-exposed cysteine residues whose mutation im-

proves the solubility of the recombinant proteins and has no ef-

fect on the bivalent antagonist BV6-induced dimerization of

cIAP1 for activation (Dueber et al., 2011). When we recapitulated

the previous study using the recombinant cIAP1 (BIR3-RING)

protein, H2O2 induced the dimerization of cIAP1, and BV6 did

as well. However, the significant difference was that H2O2 did

not induce the conformational change on cIAP1 proteins with

C308S mutation. Thus, our data implicate a specific role of

Cys308 residue in the H2O2-induced activation of cIAP1 discrim-

inated from the BV6-induced activation. Moreover, our in vitro

MS analysis yielded a surprising result in that Cys308 residue

is hyperoxidized to the cysteine sulfinic acid, which is another

case of cysteine hyperoxidation following 2-Cys Prxs (Yang

et al., 2002). Although we used a low concentration of H2O2 for

the in vitro oxidation of recombinant cIAP1 protein, we cannot

exclude the formation of sulfenic acid intermediate in vivo de-

pending on the actual cellular concentration. Hence, the detailed

structural evidence of how the Cys308 oxidation triggers ligand-

independent dimerization and activation of cIAP E3 ligase needs

to be investigated.

Another important finding in our study is that the H2O2-medi-

ated activation of cIAP1 occurs in caveolar membrane micro-

domains. It is noted that the caveolae-selective degradation

of cIAP1 upon Prx II depletion occurs in unstimulated condition,

where the cancer cell-producing TNF-a may act as an auto-

crine ligand, and is further accelerated in the T/C-stimulated

condition. Since the hyperoxidation of 2-Cys Prxs was not de-

tected by a conventional immunoblot analysis in the whole-cell

extracts of the T/C-treated HeLa and U2OS cells (Figure S7),

the majority of Prx II pool is likely to function as an active
er Cells

ells at different time points. Data in the graph are means ± SD of percentage of

presence of the isotype-matched control IgG and anti-human TNF-a antibody

= 3; *p < 0.0005).

Data in the graph aremeans ±SD of percent of apoptotic cells (n = 3; *p < 0.01).

18 days. The siRNA-atelocollagenmix was injected into the xenografted tumors

n. Data in the graphs aremeans ±SD of tumor volume andmass (n = 7mice per

A injection.

epresentative blot is shown. Full-length and activated fragments of caspase-8

stained with DAPI. Data in the graph are means ± SD of the number of TUNEL-

20 mm.

g apoptosis. Upon TNF-a binding, TNFRI recruits adaptor proteins, including

tivates IkB kinases and NF-kB pathway for survival (1). When NF-kB is blocked,

caveolar membrane microdomain. In this process, Prx II eliminates H2O2 ap-

tion and self-destructed, thereby allowing RIPK1 to form apoptosis-inducing

ong enough to flood the cytosolic antioxidant barrier, it may diffuse into nucleus

A against H2O2-mediated oxidation. If Prx I is absent, chromosomal DNA is

optosis (3).



enzyme during the prolonged T/C treatment and therefore pro-

tect cytosolic cIAP1 under the H2O2 burst. Since exogenous

H2O2 supplied by GOx triggered a strong hyperoxidation of

2-Cys Prxs and simultaneously induced the cIAP1 degradation

independently of caveolae structure, there may be a possibility

that a fraction of Prx II is locally hyperoxidized in the caveolae,

which is then attributed to the H2O2-mediated activation of

cIAP1. Another possibility is that the redox-sensitive Cys308

residue on cIAP1 can be shielded physically by TRAF2, which

binds to the BIR1 domain (Samuel et al., 2006; Varfolomeev

et al., 2006), in the cytosolic complex. Such shielding by

an interactor can be relieved when recruited to the complex I

in caveolae and then cIAP1 becomes vulnerable to H2O2-

mediated oxidation. The latter model is sound because the

caveolar-dependent degradation of cIAP1 was accelerated by

the T/C stimulation.

Concluding Remarks
H2O2 has been implicated in all types of cell deaths for

some time, yet there is no mechanistic evidence for the

mode of H2O2 action in a particular type of cell death. Our study

establishes the redox-dependent molecular mechanisms for

apoptosis regulation by demonstrating the pathway-specific

functions of two cytosolic 2-Cys Prx isoforms, Prx I and Prx II.

In particular, the two Prx enzymes play independent anti-

apoptotic switch functions in nuclei and plasma membrane,

respectively. Thus, our findings provide insights into the devel-

opment of anti-cancer therapeutics targeting Prx isoforms.
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Stöcker, S., Maurer, M., Ruppert, T., andDick, T.P. (2018). A role for 2-Cys per-

oxiredoxins in facilitating cytosolic protein thiol oxidation. Nat. Chem. Biol. 14,

148–155.

Sun, L., Wang, H., Wang, Z., He, S., Chen, S., Liao, D., Wang, L., Yan, J., Liu,

W., Lei, X., andWang, X. (2012). Mixed lineage kinase domain-like protein me-

diates necrosis signaling downstream of RIP3 kinase. Cell 148, 213–227.

Tait, S.W., and Green, D.R. (2010). Mitochondria and cell death: outer mem-

brane permeabilization and beyond. Nat. Rev. Mol. Cell Biol. 11, 621–632.

Trachootham, D., Alexandre, J., and Huang, P. (2009). Targeting cancer cells

by ROS-mediated mechanisms: a radical therapeutic approach? Nat. Rev.

Drug Discov. 8, 579–591.

Urist, M., Tanaka, T., Poyurovsky, M.V., and Prives, C. (2004). p73 induction

after DNA damage is regulated by checkpoint kinases Chk1 and Chk2. Genes

Dev. 18, 3041–3054.

Vanden Berghe, T., Linkermann, A., Jouan-Lanhouet, S., Walczak, H., and

Vandenabeele, P. (2014). Regulated necrosis: the expanding network of

non-apoptotic cell death pathways. Nat. Rev. Mol. Cell Biol. 15, 135–147.

Varfolomeev, E.E., and Ashkenazi, A. (2004). Tumor necrosis factor: an

apoptosis JuNKie? Cell 116, 491–497.

Varfolomeev, E., Wayson, S.M., Dixit, V.M., Fairbrother, W.J., and Vucic, D.

(2006). The inhibitor of apoptosis protein fusion c-IAP2.MALT1 stimulates

NF-kappaB activation independently of TRAF1 AND TRAF2. J. Biol. Chem.

281, 29022–29029.

Varfolomeev, E., Blankenship, J.W., Wayson, S.M., Fedorova, A.V., Kayagaki,

N., Garg, P., Zobel, K., Dynek, J.N., Elliott, L.O., Wallweber, H.J., et al. (2007).

IAP antagonists induce autoubiquitination of c-IAPs, NF-kappaB activation,

and TNFalpha-dependent apoptosis. Cell 131, 669–681.

Verhagen, A.M., Ekert, P.G., Pakusch, M., Silke, J., Connolly, L.M., Reid, G.E.,

Moritz, R.L., Simpson, R.J., and Vaux, D.L. (2000). Identification of DIABLO, a

http://refhub.elsevier.com/S2211-1247(19)30110-X/sref14
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref14
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref14
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref15
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref15
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref15
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref16
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref16
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref16
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref17
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref17
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref18
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref18
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref18
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref19
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref19
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref19
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref19
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref20
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref20
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref21
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref21
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref22
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref22
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref22
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref23
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref23
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref23
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref24
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref24
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref24
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref24
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref25
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref25
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref25
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref25
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref25
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref26
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref26
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref26
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref27
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref27
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref27
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref28
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref28
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref28
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref29
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref29
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref29
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref30
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref30
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref31
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref31
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref31
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref32
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref32
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref32
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref32
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref33
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref33
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref34
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref34
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref35
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref35
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref35
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref35
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref36
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref36
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref37
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref37
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref37
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref37
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref38
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref38
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref38
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref38
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref39
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref39
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref40
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref40
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref40
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref40
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref41
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref41
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref42
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref42
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref43
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref43
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref43
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref44
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref44
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref44
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref44
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref45
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref45
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref45
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref46
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref46
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref46
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref47
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref47
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref47
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref48
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref48
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref49
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref49
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref49
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref50
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref50
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref50
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref51
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref51
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref51
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref52
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref52
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref53
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref53
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref53
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref53
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref54
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref54
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref54
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref54
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref55
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref55


mammalian protein that promotes apoptosis by binding to and antagonizing

IAP proteins. Cell 102, 43–53.

Vince, J.E., Wong, W.W., Khan, N., Feltham, R., Chau, D., Ahmed, A.U.,

Benetatos, C.A., Chunduru, S.K., Condon, S.M., McKinlay, M., et al. (2007).

IAP antagonists target cIAP1 to induce TNFalpha-dependent apoptosis. Cell

131, 682–693.

Wang, L., Du, F., and Wang, X. (2008). TNF-alpha induces two distinct cas-

pase-8 activation pathways. Cell 133, 693–703.

Welz, P.S., Wullaert, A., Vlantis, K., Kondylis, V., Fernández-Majada, V., Ermo-

laeva, M., Kirsch, P., Sterner-Kock, A., van Loo, G., and Pasparakis, M. (2011).

FADD prevents RIP3-mediated epithelial cell necrosis and chronic intestinal

inflammation. Nature 477, 330–334.

Willis, J., Patel, Y., Lentz, B.L., and Yan, S. (2013). APE2 is required for ATR-

Chk1 checkpoint activation in response to oxidative stress. Proc. Natl. Acad.

Sci. USA 110, 10592–10597.

Winterbourn, C.C., and Hampton, M.B. (2015). Redox biology: signaling via a

peroxiredoxin sensor. Nat. Chem. Biol. 11, 5–6.

Woo, H.A., Kang, S.W., Kim, H.K., Yang, K.S., Chae, H.Z., and Rhee, S.G.

(2003). Reversible oxidation of the active site cysteine of peroxiredoxins to

cysteine sulfinic acid. Immunoblot detection with antibodies specific for the

hyperoxidized cysteine-containing sequence. J. Biol. Chem. 278, 47361–

47364.
Woo, H.A., Yim, S.H., Shin, D.H., Kang, D., Yu, D.Y., and Rhee, S.G. (2010).

Inactivation of peroxiredoxin I by phosphorylation allows localized H2O2 accu-

mulation for cell signaling. Cell 140, 517–528.

Xu, M., Skaug, B., Zeng, W., and Chen, Z.J. (2009). A ubiquitin replacement

strategy in human cells reveals distinct mechanisms of IKK activation by

TNFalpha and IL-1beta. Mol. Cell 36, 302–314.

Yan, B., Wang, H., Rabbani, Z.N., Zhao, Y., Li, W., Yuan, Y., Li, F., Dewhirst,

M.W., and Li, C.Y. (2006). Tumor necrosis factor-alpha is a potent endogenous

mutagen that promotes cellular transformation. Cancer Res. 66, 11565–11570.

Yang, J., Liu, X., Bhalla, K., Kim, C.N., Ibrado, A.M., Cai, J., Peng, T.I., Jones,

D.P., and Wang, X. (1997). Prevention of apoptosis by Bcl-2: release of cyto-

chrome c from mitochondria blocked. Science 275, 1129–1132.

Yang, K.S., Kang, S.W., Woo, H.A., Hwang, S.C., Chae, H.Z., Kim, K., and

Rhee, S.G. (2002). Inactivation of human peroxiredoxin I during catalysis as

the result of the oxidation of the catalytic site cysteine to cysteine-sulfinic

acid. J. Biol. Chem. 277, 38029–38036.

Yang, Y.J., Baek, J.Y., Goo, J., Shin, Y., Park, J.K., Jang, J.Y., Wang, S.B.,

Jeong, W., Lee, H.J., Um, H.D., et al. (2015). Effective killing of cancer cells

through ROS-mediated mechanisms by AMRI-59 targeting peroxiredoxin I.

Antioxid Redox Signal. 24, 453–469.

Zhang, D.W., Shao, J., Lin, J., Zhang, N., Lu, B.J., Lin, S.C., Dong, M.Q., and

Han, J. (2009). RIP3, an energy metabolism regulator that switches TNF-

induced cell death from apoptosis to necrosis. Science 325, 332–336.
Cell Reports 26, 2194–2211, February 19, 2019 2211

http://refhub.elsevier.com/S2211-1247(19)30110-X/sref55
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref55
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref56
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref56
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref56
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref56
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref57
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref57
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref58
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref58
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref58
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref58
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref59
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref59
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref59
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref60
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref60
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref61
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref61
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref61
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref61
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref61
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref62
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref62
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref62
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref62
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref62
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref63
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref63
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref63
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref64
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref64
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref64
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref65
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref65
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref65
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref66
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref66
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref66
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref66
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref67
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref67
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref67
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref67
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref68
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref68
http://refhub.elsevier.com/S2211-1247(19)30110-X/sref68


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Prx I Choi et al., 2005 https://doi.org/10.1038/nature03587

Prx II Choi et al., 2005 https://doi.org/10.1038/nature03587

Prx-SO2/3 Woo et al., 2003 https://doi.org/10.1074/jbc.C300428200

Prx III Abfrontier Cat# LF-MA0045; RRID: AB_1620978

Myc epitope tag (HRP-conjugate) Abcam Cat# ab1326; RRID: AB_299800

Myc epitope tag (9E10) Millipore Cat# 05-419; RRID: AB_309725

a-Tubulin Sigma Cat# T5168; RRID: AB_477579

HA tag (HRP-conjugate) Roche Cat# 12013819001; RRID: AB_390917

HA tag Roche Cat# 11867423001; RRID: AB_10094468

Flag epitope tag (M2) Sigma Cat# F1804; RRID: AB_262044

Flag epitope tag (HRP-conjugated M2) Sigma Cat# A8592; RRID: AB_439702

Cytochrome C BD Cat# 556433; RRID: AB_396417

Caveolin-1 BD Cat# 610407; RRID: AB_397789

Flotillin-2 BD Cat# 610383; RRID: AB_397766

Human RIPK1 BD Cat# 610458; RRID: AB_397831

IkBa (C-21) Santa Cruz Cat# SC-371; RRID: AB_2235952

IKKb (H-4) Santa Cruz Cat# SC-8014; RRID: AB_627785

Chk-1 (G-4) Santa Cruz Cat# SC-8408; RRID: AB_627257

XIAP (H-202) Santa Cruz Cat# SC-11426; RRID: AB_2257167

ATR (N-19) Santa Cruz Cat# SC-1887; RRID: AB_630893

ATM (2C1) Santa Cruz Cat# SC-23921; RRID: AB_626710

Caspase-3 Cell Signaling Cat# 9662; RRID: AB_331439

Caspase-8 (1C12) Cell Signaling Cat# 9746; RRID: AB_2275120

Chk1-pSer345 Cell Signaling Cat# 2341; RRID: AB_330023

Chk1-pSer317 (D12H3) Cell Signaling Cat# 12302

Flotillin-2 (C42A3) Cell Signaling Cat# 3436; RRID: AB_2106572

FADD Cell Signaling Cat# 2782; RRID: AB_2100484

Human cIAP1 R&D Cat# AF8181; RRID: AB_2259001

Human cIAP2 R&D Cat# AF8171; RRID: AB_2243411

Histone H2AX-pSer139 (gH2AX) Millipore Cat# 12302

ATM-pSer1981 (10H) Millipore Cat# 05-740

Human cFLIP (NF6) Alexis Cat# ALX-804-428; RRID: AB_2291847

Mono- and polyubiquitinylated conjugates

monoclonal antibody (FK2) (HRP conjugate)

Enzo BML-PW0150; RRID: AB_10554460

Bacterial Strains

E. coli BL21(DE3) Novagen 69450

Chemicals, Peptides, and Recombinant Proteins

Human TNF-a GIBCO PHC3016

FITC Annexin V BD 556419

zVAD Calbiochem 627610

MG132 Calbiochem 474790

Propidium Iodide Molecular probes P-1304

cycloheximide Sigma C7698

Glucose oxidase Sigma G7141

(Continued on next page)

e1 Cell Reports 26, 2194–2211.e1–e6, February 19, 2019

https://doi.org/10.1038/nature03587
https://doi.org/10.1038/nature03587
https://doi.org/10.1074/jbc.C300428200


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Hydrogen peroxide Sigma H1009

Lactacystin Sigma L6785

Caspase 3 Fluorometric substrate upstate #12-323

Caspase-8 Fluorometric substrate Oncogene research productsI #QIA71

BV6 Selleckchem S7597

KU55933 Selleckchem S1092

Bafilomycin A1 TOCRIS 1334

ATM/ATR kinase inhibitor Santa Cruz SC-202964

Critical Commercial Assays

FuGENE HD Promega E2312

Duolink kit Sigma DUO92008

Comet TREVIGEN #4250-050-K

Mitochondria isolation kit MACS 130-094-532

In Situ cell death detection kit Roche 11684795910

Atelo Gene KOKEN #1393

Deposited Data

Mass spectrometry raw data This paper; PeptideAtlas database PASS01323

Unprocessed image raw data Mendeley data https://data.mendeley.com/datasets/

mhxk7srwky/draft?a=536ed4b2-6914-

4c85-961e-5a4076c83de2

Experimental Models: Cell Lines

HeLa ATCC CCL-2

MDA-MB-231 ATCC HTB-26

MCF7 ATCC HTB-22

U2OS ATCC HTB-96

HEK293 ATCC CRL-1573

NIH 3T3 ATCC CRL-1658

srIkBa-expressing HeLa cell line This paper N/A

Bcl2-epressing HeLa cell line This paper N/A

Experimental Models: Organisms/Strains

BALB/c nu/nu mice Japan SLC N/A

Oligonucleotides

Control Luc siRNA sequence

50- CGU ACG CGG AAU ACU UCG A-30
Thermo scientific HONSD-002510

siRNA sequence for Prx I #1

50- AAA CUC AAC UGC CAA GUG A �30
Kang et al., 2011 https://doi.org/10.1016/j.molcel.2011.08.040.

siRNA sequence for Prx I #2

50- CCA CGG AGA UCA UUG CUU U �30
Kang et al., 2011 https://doi.org/10.1016/j.molcel.2011.08.040.

siRNA sequence for Prx I #3

50- UAU GCC AGA UGG UCA GUU U �30
This paper N/A

siRNA sequence for Prx II #1

50- CGC UUG UCU GAG GAU UAC G �30
Kang et al., 2011 https://doi.org/10.1016/j.molcel.2011.08.040.

siRNA sequence for Prx II #2

50- GAC GCU UGU CUG AGG AUU A �30
Kang et al., 2011 https://doi.org/10.1016/j.molcel.2011.08.040.

siRNA sequence for Prx II #3

50- UCA AAG AGG UGA AGC UGU C �30
This paper N/A

siRNA sequence for ATR #1

50- GAA CAA CAC UGC UGG UUU G �30
DHARMACON MU-003202-05

siRNA sequence for ATR #2

50- GCA ACU CGC CUA ACA GAU A �30
DHARMACON MU-003202-05

(Continued on next page)

Cell Reports 26, 2194–2211.e1–e6, February 19, 2019 e2

https://data.mendeley.com/datasets/mhxk7srwky/draft?a=536ed4b2-6914-4c85-961e-5a4076c83de2
https://data.mendeley.com/datasets/mhxk7srwky/draft?a=536ed4b2-6914-4c85-961e-5a4076c83de2
https://data.mendeley.com/datasets/mhxk7srwky/draft?a=536ed4b2-6914-4c85-961e-5a4076c83de2
https://doi.org/10.1016/j.molcel.2011.08.040
https://doi.org/10.1016/j.molcel.2011.08.040
https://doi.org/10.1016/j.molcel.2011.08.040
https://doi.org/10.1016/j.molcel.2011.08.040


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

siRNA sequence for RIPK1

50- GGA GCA AAC UGA AUA AUG AUU �30
DHARMACON HONSD-000445

siRNA sequence for FADD #1

50- CAG CAU UUA ACG UCA UAU GUU �30
DHARMACON D-003800-01

siRNA sequence for FADD #2

50- UGC AGC AUU UAA CGU CAU AUU �30
DHARMACON D-003800-02

siRNA sequence for FADD #3

50- GUG CAG CAU UUA ACG UCA UUU �30
DHARMACON D-003800-04

siRNA sequence for FADD #4

50- CGU CAU AUG UGA UAA UGU GUU �30
DHARMACON D-003800-05

siRNA sequence for human caveolin-1

50- GCA UCA ACU UGC AGA AAG AUU �30
Santa Cruz Sc-29241

siRNA sequence for IKKb

50- GGA AGU ACC UGA ACC AGU UUU �30
DHARMACON D-003503-01-0020

Recombinant DNA

His-tagged BIR3-cIAP1-WT This paper N/A

His-tagged BIR3-cIAP1-C308S This paper N/A

Software and Algorithms

Prism 7 GraphPad Software RRID:SCR_002798

ImageJ National Institutes of Health RRID:SCR_003070
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Prof. Sang

Won Kang (kangsw@ewha.ac.kr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture condition
HeLa cervical cancer cells (female), U2OS osteosarcoma cells (female), MDA-MB-231 breast cancer cells (female), andMCF7 breast

cancer cells (female) were purchased from American Type Culture Collection (Manassas, VA, USA). HeLa, MDA-MB-231, and

HEK293 (fetus) cells were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% fetal bovine serum. U2OS

and MCF7 cells were cultured in McCoy’s 5A medium supplemented with 10% fetal bovine serum. Mycoplasma contamination

was periodically tested in the cell culture supernatants using mycoplasma detection kit (Biotool, USA).

METHOD DETAILS

Immunoblotting and immunoprecipitation
The cultured cells were rinsed once with ice-cold PBS and lysed in lysis buffer containing 20 mM HEPES (pH 7.0), 1% Triton X-100,

150 mM NaCl, 10% glycerol, 1 mM EDTA, 2 mM EGTA, 1 mM DTT, 5 mM Na3VO4, 5 mM NaF, 1 mM AEBSF, aprotinin (5 mg/ml), and

leupeptin (5 mg/ml). The tumor tissues were excised from the anesthetized mice and homogenized using a Dounce homogenizer in

HEPES-buffered saline containing 10% glycerol, 1 mM EDTA, 2 mM EGTA, 1 mM DTT, 5 mM Na3VO4, 5 mM NaF, 1 mM AEBSF,

aprotinin (5 mg/ml), and leupeptin (5 mg/ml). Tissue homogenates and cell lysates were centrifuged at 15,000 3 g for 15 min, and

the protein concentrations were determined by Bradford assay (Pierce). Protein samples were mixed with SDS sample buffer and

boiled for 5 min. The proteins were separated by SDS-PAGE and transferred onto nitrocellulose membranes by electroblotting for

1 hr. The membranes were blocked with 5% bovine serum albumin (BSA) or 5% dry skimmed milk in Tris-buffered saline containing

0.05% (v/v) Tween-20 (TBST) for 2 hr and incubated with the appropriate primary antibody in blocking buffer for 2 hr at room

temperature. After washing 3 times with TBST,membraneswere incubated with horseradish peroxidase-conjugated secondary anti-

body (Amersham Biosciences) in blocking buffer. The immune-reactive bands were detected with an enhanced chemiluminescence

kit (AbFrontier, Korea) and quantified by a LAS-3000 imaging system (Fuji Film, Japan). When necessary, the membranes were strip-

ped by shaking them for 60 min at 37�C in 67 mM Tris (pH 6.7), 2% SDS, and 100 mM b-mercaptoethanol and reprobed with the

appropriate pan-antibody.
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For immunoprecipitation, the clarified cell lysates (0.5�1mg protein) were pre-cleared with 30 mL of protein-A/G Sepharose 4 Fast

Flow beads (Amersham Biosciences) for 1 hr. The supernatant was incubated overnight with 3 mg of the appropriate antibody with

rotation and precipitated bymixing with 30 mL of protein-A/G beads at 4�C for an additional 3 hr. The beads were washed 3 timeswith

1 mL of lysis buffer and subjected to immunoblotting.

For ubiquination assay, the cells were lysed with RIPA buffer containing 1% SDS and then boiled for 10 min. The boiled lysates

were diluted 10 times with a lysis buffer and then subjected to immunoprecipitation with the anti-cIAP1 or anti-RIPK1 antibody.

Plasmid construction and site-directed mutagenesis
A plasmid containing a full-length complementary DNA of human cIAP1 was purchased from Open Biosystems (mRNA accession

number, BC098394). The full-length sequence of cIAP1 was amplified by PCR using the forward and reverse primers (50-ATAA
GAATGCGGCCGCGGCGGCGTCGCGTCGCTC-30 and 50-GAAGATCTCTAGGTCTTCTGCTCTG-30, where the NotI and BglII sites

are underlined, respectively) and inserted into the p 3 3 FLAG-CMV10 vector to generate Flag-tagged cIAP1. The retroviral vectors

(pQ-CXIX) expressing the Myc-tagged and siRNA-resistant Prx I (WT and C52/173S mutant) and Prx II (WT and C51/172S mutant)

were described previously (Kang et al., 2011; Lee et al., 2011). The pPuro plasmids encoding human Bcl-2 or Bcl-XL were kindly pro-

vided by D.Y. Shin (Dankook University, Korea). The super-repressor IkB lacking amino-terminal region (amino acids 1-55) was PCR-

amplified and subcloned into a pBabe-puro retroviral vector.

Site-directedmutagenesis for amino acid substitution was performed using the QuikChange kit (Stratagene). The double-stranded

primers for Cys-to-Ser substitutions on human cIAP1 were as follows: for C45S mutant, (sense) 50-GTTGAGGGAGCGGTTCTCC

CACCGACAGAAGGAAG-30; for C85Smutant, (sense) 50-GGAGGAGGAACAGGCTCCCCTACACACAAGGAC-30; for C308Smutant,

(sense) 50- CACAAGGACAGGTCATCCTATATATGTCACAGAC-30; for C315S mutant, (sense) 50- CAGGTCATGCTATATATCTCACA

GACAAATGCTCTTC-30. All constructs and mutations were verified by nucleotide sequencing.

Apoptosis assay
Unless otherwise stated, the cancer cells were treated with TNF-a (10 ng/ml) plus cycloheximide (10 mg/ml) for 6 hr. The stimulated

cells were washed once in PBS and incubated at 37�C for 2 min in 0.05% trypsin-EDTA, and gently removed by pipetting and

collected into the 5 mL FACS tubes, where the culture media and PBS wash were collected. The cells were then centrifuged for

3 min, once washed with cold PBS, and the final cell pellets were stained using an Annexin V-FITC apoptosis detection kit I (BD

PharMingen) according to manufacturer’s protocol. Cells were incubated with annexin V-FITC for 20 min followed by propidium

iodide (PI) for 5 min on ice. The stained cells were analyzed using a FACSCalibur system (Becton Dickinson). Apoptotic cells were

presented as the percent of Annexin V-positive (PI-negative + PI-positive) cells.

Measurement of intracellular H2O2 level
Intracellular H2O2 generation was assessed using 5,6-chloromethyl-20, 7’-dichlorodihydrofluorescein diacetate (CM-H2DCFDA)

(Molecular Probes). The cells (3 3 105) were plated on 35-mm dishes and cultured for 24 hr. The cells were deprived of serum for

6 hr and treated with TNF-a (20 ng/ml) plus cycloheximide (10 mg/ml) for multiple time points in phenol red-free media. After stimu-

lation, the cells were rinsed oncewith 2mL of KREB’s Ringer solution and incubated for 5minwith 5 mMCM-H2DCFDA. The plate was

mounted, and theDCF fluorescence imageswere immediately acquired by fluorescencemicroscopy (Axiovert200, Zeiss). Finally, the

fluorescence intensities of 80 to 100 cells were measured and averaged using a ImageJ system.

Intracellular H2O2 generation was also assessed using a circularly-permuted yellow fluorescent protein inserted into the regulatory

domain of OxyR, called HyPer-Cyto. HeLa cells were transfectedwith the plasmid vector encoding HyPer-Cyto (EvrogenCo., Russia)

for 12 hr. The transfected cells were rinsed with DMEM media without phenol red and then mounted on a confocal laser scanning

microcopy (LSM 880 with Airyscan, Zeiss). The fluorescence images were acquired at 510 nm with excitation at 405 and 488 nm.

The ratio of the fluorescence intensities obtained with 405 and 488-nm excitation was calculated.

Comet assay
Neutral and alkaline comet assays were performed using the Trevigen’s CometAssay kit (4250-050-K, USA) according to the

manufacturer’s protocol. Cells were mixed with low-melting agarose gel and spread on CometSlide. The cells were lysed by Lysis

Solution (Cat # 4250-050-01) on ice and then equilibrated with a neutral or alkaline electrophoresis buffer. The slides were subjected

to electrophoresis and afterward immersed in DNA precipitation solution. DNA was stained with SYBR green and the fluorescence

image was taken by fluorescence microscopy. The tail moments were measured and averaged from �70 randomly selected cells

using TriTek CometScore Freeware Program.

Immunofluorescence staining
HeLa cells were cultured on a slide glass and stimulated with H2O2. The cells were fixed with 4% paraformaldehyde. After washing

with cold PBS, the fixed cells were permeabilized by incubating with a blocking solution containing 3%BSA and 0.2% Triton X-100 in

PBS for 1 hr. Subsequently, the fixed cells were incubated with a primary antibody (1:500 dilution for anti-gH2AX, 1:200 dilution for

anti-Flot2, and 1:500 dilution for anti-Myc) in the blocking solution for overnight at 4�C and then with a secondary antibody (Donkey
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anti-mouse IgG antibody conjugated with Alexa Fluor 568 at 1:500 dilution) for 30 min at RT. Nuclei were labeled with DAPI. Fluores-

cent images were taken using a confocal laser scanning microscope (LSM 880 with Airyscan; Carl Zeiss).

Proximity ligation assay
For this assay, the rabbit antisera against Prx I and Prx II were affinity-purified using the corresponding recombinant proteins con-

jugated to the agarose resin. The paraformaldehyde-fixed cells were incubated with a blocking solution for 30 min at 37�C and then

incubated with the plus and minus antibodies in the blocking solution containing 13 Duolink assay reagent for overnight at 4�C. The
polymerase chain reaction was performed according to the manufacturer’s instruction. Nuclei were stained with DAPI for 10 min at

RT. Images were taken using a confocal laser scanning microcopy (LSM 880 with Airyscan, Zeiss).

Bacterial expression and purification of recombinant cIAP1 proteins
BIR3-RING (M266 - S618) of cIAP1 DNA sequence was amplified by PCR from the pFLAG-CMV9-cIAP1 WT and C308S plasmids as

template and then sub-cloned into pET-15b bacterial expression vector (Novagen) via NdeI and BamHI sites. The recombinant pro-

tein produced from this construct contains the N-terminal and thrombin-cleavable hexahistidine (His6)-tag. The pET15b-cIAP1

plasmid was transformed into E.coli BL21 (DE3) cells (Novagen). Cells were grown in 1L LB media containing 0.1 mg/ml ampicillin

at 37�C. Upon induction with 0.5 mM IPTG at an OD600 of �0.8, cultures were supplemented with 50 mM zinc chloride and further

incubated for 16 h at 37�C. Cells were harvested by centrifugation and frozen at - 80�C until use.

Cell pellets were re-suspended in Extraction buffer (20 mM Sodium phosphate (pH 7.5), 0.5 M NaCl, 20 mM imidazole, 1 mMDTT,

0.5 mMAEBSF). The cell suspension was sonicated and clarified by two rounds of centrifugation at 12,0003 g. The resulting soluble

extract was loaded onto Ni-Sepharose 6 Fast Flow resin (GE Healthcare) followed by serial washing steps with Extraction buffer and

Wash buffer (20 mM Sodium phosphate (pH 7.5), 0.5 M NaCl, 20 mM imidazole). Bound proteins were eluted with Elution buffer

(20 mM Sodium phosphate (pH 7.5), 0.5 M NaCl, 200 mM imidazole, 1 mM DTT, 0.5 mM AEBSF) and peak fractions were concen-

trated using 30 kDa MWCO Vivaspin Turbo 15 (Sartorius). Buffer exchange into Gel Filtration Buffer (20 mM Tris (pH 8), 0.3 M NaCl)

was accomplished by successive rounds of concentration and dilution or by overnight dialysis at 4�C. Proteins were treated with

thrombin overnight at 25�C and passed over a second Ni-Sepharose column to remove uncleaved proteins and contaminants.

The flow-through fractions were then concentrated and further purified by size exclusion chromatography (SEC; Superdex 200

10/300 GL). Peak fractions containing monomeric proteins were pooled and concentrated to 25 mg/ml.

Size exclusion chromatography
CIAP1 (BIR3-RING) WT and C308S proteins (35 mM) were incubated with 1 mM BV6 in 1% DMSO or 150 mM H2O2 for 3 hr at 4�C.
Samples were resolved with a Superdex 200 10/300 GL column in Gel Filtration Buffer with a flow rate of 0.75 ml/min. Data were

collected as the absorbance unit at 254 nm on a variable wavelength detector (YL9120) coupled to the SEC column. Analysis per-

formed with YL clarity software (Younglin Technologies, Korea).

LC-MS/MS
The LC-MS/MS analysis for peptide sequencingwas performed into a nano ACQUITY UPLC connected with LTQ-orbitrap-mass spec-

trometer (Thermo Electron, San Jose, CA). The peptides solutionwas desalted through a reversed-phase column cartridge and then in-

jected to the UPLC. The mass spectra were acquired using data-dependent acquisition with full mass scan (300-2000m/z) followed by

MS/MS scans. EachMS/MSscan acquiredwas an average of onemicroscan on the LTQ. The individual spectra fromMS/MSwerepro-

cessed using the SEQUEST software (ThermoQuest, San Jose, CA, USA). The generated peak lists were analyzed in theMASCOTpro-

gram (Matrix ScienceLtd., London,UK) for carbamidomethyl, deamidated, andoxidationmodifications.MS/MS ionmass tolerancewas

0.8 Da, allowance of missed cleavage was 1, and charge states (+2, +3) were taken into account for data analysis. Only significant hits

weredefinedbyMASCOTprobability analysis. All reportedassignmentswereverifiedbyautomatic andmanual interpretationof spectra.

Tumor xenograft study
All mouse experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Ewha Womans University,

South Korea, and conformed to the ARRIVE guidelines. The animal experiments were repeated twice, and the number of animals

used are indicated in the figure legend. BALB/c nu/nu mice were anesthetized by inhalation of isoflurane gas (N2O:O2/70%:30%)

and subcutaneously injected with HeLa cells (2.5 3 106 cells) suspended in 200 mL of PBS. For in vivo siRNA transfection, Prx II-1

siRNAwasmixed with Atelocollagen complexes (KOKEN Inc, Tokyo, Japan) and injected intratumorally at 18 days post cell injection.

According to the manufacturer’s manual, atelocollagen allows the controlled release of siRNA at the administration site. After

injection, the diameters of the growing tumors was measured using a caliper and the tumor volume was calculated according to

the formula V = a 3 b2/2, where a and b denote the longer and shorter superficial diameters, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Prism7 (ver 7.0, GraphPad software). Unless otherwise stated, data were analyzed with

either the Student’s t test for comparisons between two groups or ANOVA with Tukey’s ‘honestly significant difference’ post hoc
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test for multiple groups to determine the statistical significance (p value). A p < 0.05 was considered statistically significant. Replicate

information is indicated in the figure legends.

DATA AND SOFTWARE AVAILABILITY

The mass spectrometry raw data is deposited in the PeptideAtlas database (Identifier: PASS01323). The unprocessed raw image

data is deposited in the Mendeley data (https://data.mendeley.com/datasets/mhxk7srwky/draft?a=536ed4b2-6914-4c85-961e-

5a4076c83de2).
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