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Reactive Oxygen Species through a microRNA-146a-mediated
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exploited for chemosensitization.
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(Background: Whether RIP1 directly contributes to chemotherapy response in cancer has not been determined.
Results: RIP1 knockdown resulted in miR-146a-mediated catalase reduction, ROS induction, IAP degradation, and increased

Conclusion: RIP1 blunts the anticancer activity of cisplatin by releasing miR-146a-mediated catalase suppression.
Significance: Our results establish a chemoresistant role for RIP1, and intervention within the RIP1-mediated pathway may be
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Although receptor-interacting protein 1 (RIP1) is well known
as a key mediator in cell survival and death signaling, whether
RIP1 directly contributes to chemotherapy response in cancer
has notbeen determined. In this report, we found that, in human
lung cancer cells, knockdown of RIP1 substantially increased
cytotoxicity induced by the frontline anticancer therapeutic
drug cisplatin, which has been associated with robust cellular
reactive oxygen species (ROS) accumulation and enhanced apo-
ptosis. Scavenging ROS dramatically protected RIP1 knock-
down cells against cisplatin-induced cytotoxicity. Furthermore,
we found that, in RIP1 knockdown cells, the expression of the
hydrogen peroxide-reducing enzyme catalase was dramatically
reduced, which was associated with increased miR-146a expres-
sion. Inhibition of microRNA-146a restored catalase expres-
sion, suppressed ROS induction, and protected against cytotox-
icity in cisplatin-treated RIP1 knockdown cells, suggesting that
RIP1 maintains catalase expression to restrain ROS levels in
therapy response in cancer cells. Additionally, cisplatin signifi-
cantly triggered the proteasomal degradation of cellular inhibi-
tor of apoptosis protein 1 and 2 (c-IAP1 and c-IAP2), and
X-linked inhibitor of apoptosis (XIAP) in a ROS-dependent
manner, and in RIP1 knockdown cells, ectopic expression of
c-IAP2 attenuated cisplatin-induced cytotoxicity. Thus, our
results establish a chemoresistant role for RIP1 that main-
tains inhibitor of apoptosis protein (IAP) expression by
release of microRNA-146a-mediated catalase suppression,
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where intervention within this pathway may be exploited for
chemosensitization.

Chemotherapy is one of the major means used to reduce cancer
mortality and prolong patient survival. However, chemore-
sistance, either primary or acquired, is a major clinical chal-
lenge that diminishes the anticancer efficacy of chemothera-
peutic drugs (1). Current anticancer chemotherapeutic drugs
suppress cancer growth through the inhibition of cell prolifer-
ation and angiogenesis. However, the major anticancer mech-
anism for directly killing cancer cells is induction of apoptosis
(2,3). In unfavorable microenvironments, cancer cells employ a
cell survival and death signaling network for tumor growth (4).
Increasing survival and evading apoptosis are recognized as
hallmarks of cancer cells (5). Thus, interventions that tip the
survival and death balance toward death would sensitize anti-
cancer chemotherapy drugs (4).

In cancer cells, chemotherapeutic drugs also induce the pro-
duction of reactive oxygen species (ROS).> As active and toxic
molecules, ROS damage cellular components by oxidizing
DNA, proteins, and lipids, resulting in cytotoxicity. ROS also
serve as mediators in cell death signaling (6 —9). ROS are mainly
produced in mitochondria and are detoxified in the cell by ROS
reductases such as manganese superoxide dismutase for super-
oxide and catalase for hydrogen peroxide (H,O,). Cancer cells
may utilize these endogenous ROS scavengers to attenuate
cytotoxicity induced by chemotherapeutic drugs (10). Accord-
ingly, boosting anticancer drug-induced cellular ROS through

2 The abbreviations used are: ROS, reactive oxygen species; miR, microRNA;
CM-H,DCFDA, 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate, acetyl ester; EGFP, enhanced GFP; c-IAP1, cellular inhibitor of
apoptosis protein 1; c-IAP2, cellular inhibitor of apoptosis protein 2; XIAP,
X-linked inhibitor of apoptosis; NAC, N-acetyl-L-cysteine.
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the targeting of ROS reductases may be exploited for chemo-
sensitization (11).

Receptor-interacting protein 1 (RIP1) is an important signal-
ing factor in survival and death pathways. Initially, RIP1 was
found to be required for TNF-« receptor 1 (TNFR1)-mediated
NE-kB activation for cell survival. Subsequent studies substan-
tiate RIP1 as a major mediator for cell survival signaling, along
with other death receptors (12-15), Toll-like receptors and
growth factor receptors (6, 16 —-19). However, recent studies
have revealed a prodeath role for RIP1 under certain conditions.
For example, when caspase 8 is suppressed, RIP1 mediates apopto-
sis or necrosis induced by TNF-« or genotoxic stresses (6, 20 —22).
Therefore, RIP1 merges signals induced by different stimuli for
either cell survival or death. The role of RIP1 in the response to
chemotherapy in cancer cells has not been elucidated, and
whether RIP1 is involved in chemoresistance is still elusive.

In this report, we provide evidence that, for human lung
cancer cells, RIP1 plays a role in survival. RIP1 knockdown
enhanced cytotoxicity induced by the frontline therapeutic
drug cisplatin, which is associated with increased miRNA-146a,
reduced catalase expression, ROS induction, and degradation
of antiapoptotic IAP proteins. Thus, our results establish a
chemoresistant signaling pathway consisting of RIP1, miR-
1464, catalase, and IAPs. Targeting of this pathway may be uti-
lized for chemosensitization.

EXPERIMENTAL PROCEDURES

Reagents—Cisplatin (catalog no. 479306) was from Sigma-
Aldrich. Antibodies against caspase 3 (catalog no. 559565),
c-IAP2 (catalog no. 552782), and RIP1 (catalog no. 610458)
were from BD Biosciences (San Jose, CA). c-IAP1 (catalog no.
AF8181) was from R&D Systems (Minneapolis, MN). Anti-
XIAP (catalog no. 2042) was purchased from Cell Signaling
Technology (Danvers, MA). Anti-poly(ADP-ribose) polymer-
ase (catalog no. ALX-210-302) and the pan-caspase inhibitor
benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone (zVAD-
FMK, catalog no. ALX-260-020) were from Enzo Life Sciences
Inc. (Ann Arbor, MI). Catalase antibody (catalog no. sc-50508)
and input control GAPDH (catalog no. sc-32233) were from
Santa Cruz Biotechnology (Dallas, TX), and anti-3-actin (cata-
log no. A1978) was from Sigma. The inhibitors Q-VD-OPh
Non-O-methylate [N-(2-quinolyl)valyl-aspartyl-(2,6-difluoro-
phenoxy)methyl ketone] (catalog no. 551476) and MG-132
(catalog no. 474790) were from EMD Millipore. Chloroquine
(CQ, catalog no. C6628), cycloheximide (CHX, catalog no.
C1988), and butylated hydroxyanisole (BHA, catalog no. B1253)
were from Sigma-Aldrich. N-acetyl-L-cysteine (NAC, catalog
no. A7250) was from Sigma-Aldrich. The ROS detection rea-
gent 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein
diacetate, acetyl ester (CM-H,DCFDA), the Amplex Red cata-
lase assay kit (catalog no. A22180), and the superoxide indicator
dihydroethidium (catalog no. D11347) were purchased from
Life Technologies. The anti-hsa-miRNA-146a-5p miScript
miRNA inhibitor targeting miR-146a was from Qiagen (Ger-
mantown, MD).

Cell Culture—The lung cancer cell lines A549 and H460 were
obtained from the ATCC and grown in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, 2 mm L-glutamine, 100
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units/ml penicillin, and 100 pg/ml streptomycin. All cells were
grown under standard incubator conditions at 37 °C with 5% CO.,,

Lentivirus Infection and Establishment of Stable Cell Lines—
Lentivirus vectors with shRNA against RIP1 and control vec-
tors were purchased from Open Biosystems (Lafayette, CO).
The V5-catalase expressing lentiviral vector was from the
Biodesign Institute. Viruses were produced and packaged in
HEK293T cells following the instructions of the manufacturer.
A pLKO.1 backbone harboring the shRNA sequence CCGGA-
GGTCATGTTCTTTCAGCTTACTCGAGTAAGCTGAAA-
GAACATGACCTTTTTT (mature sequence AGGTCATGT-
TCTTTCAGCTTA, catalog no. RHS3979-9569092) was used
to establish A549 RIP1 knockdown cell lines. H460 RIP1 knock-
down cell lines were created with the pGIPZ vector and the
shRNA sequence TGCTGTTGACAGTGAGCGCGCAGTTG-
ATAATGTGCATAAATAGTGAAGCCACAGATGTATTTA-
TGCACATTATCAACTGCTTGCCTACTGCCTCGGA (ma-
ture sequence TTATGCACATTATCAACTG, catalog no.
RHS4430-98902904). Cells were infected with viruses and
selected with 5 pg/ml puromycin. Positive clones were
expanded and maintained in medium supplemented with 1
pg/ml puromycin.

Western Blot Analysis and Immunoprecipitation—Cells were
treated as indicated in each figure legend and lysed in M2 buffer
(20 mmM Tris-HCI (pH 7.6), 0.5% Nonidet P-40, 250 mm NaCl, 3
mM EDTA, 3 mMm EGTA, 2 mm DTT, 0.5 mm phenylmethylsul-
fonyl fluoride, 20 mm B-glycerophosphate, 1 mm sodium vana-
date, and 1 pg/ml leupeptin). Equal amounts of protein from
cell lysates were resolved on 12% or 15% SDS-PAGE, trans-
ferred to a polyvinylidene fluoride membrane, and analyzed by
Western blot analysis using various antibodies. The proteins
were visualized with enhanced chemiluminescence (EMD Mil-
lipore) following the instructions of the manufacturer. The
results are shown in each figure. For immunoprecipitation, cell
extracts were incubated with a c-IAP1 antibody and protein
A-agarose beads at 4 °C for 16 h. The beads were washed five
times with M2 buffer, and precipitated proteins were detected
by Western blot analysis (23).

Cytotoxicity Assay—Cell death was assessed on the basis of
the release of lactate dehydrogenase with a cytotoxicity detec-
tion kit (Promega (Madison, WI)) using a protocol described
previously (24). Cells were seeded in a 48-well plate 1 day before
treatment and then treated as indicated in each figure legend.
Experiments were repeated at least three times, and represent-
ative results are shown in each figure.

Detection of ROS—Cells were treated with cisplatin as shown
in the figure legends. CM-H,DCFDA (5 um) or dihydro-
ethidium (5 uM) was added to the cell culture 30 min before cell
harvest. ROS were measured with a fluorescence plate reader.
Results were normalized to total protein concentration (25). All
experiments were repeated at least three times, and represent-
ative results are shown in each figure.

Catalase Activity Detection—Cells were seeded in a 12-well
plate and cultured for 24 h before collection. Cells were lysed in
M2 buffer without dithiothreitol. Catalase activity was mea-
sured using the Amplex Red catalase assay kit following the
instructions of the manufacturer. All the experiments were per-
formed in triplicate.
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FIGURE 1. Down-regulation of RIP1 sensitizes cisplatin-induced cytotoxicity. A, A549 and H460 cells (control and RIP1 stable knockdown) were treated with
increasing concentrations of cisplatin (cDDP) for 48 h. Cell death was detected by lactate dehydrogenase release assay. Data are mean = S.D. *, p < 0.05; **, p <
0.01. Knockdown of RIP1 was confirmed by Western blot analysis, and B-actin was used as an input control. B, A549 control and RIP1 KD1 cells were injected
subcutaneously into the flanks of nude mice for the development of xenograft tumors. After tumor development, mice were randomly divided into two groups
and subjected to the following treatments by intraperitoneal injection once a week for 5 weeks from day 13: vehicle control, and 6 mg/kg cisplatin. Tumor sizes
were measured once or twice a week using calipers and were calculated using the following formula: tumor volume = 0.5 X (length X width?). Tumors were
measured from 6-60 days post-injection, and the mean tumor size is shown as mean = S.D. KD, knockdown. C, cells were untreated or treated with cisplatin
(A549, 20 pm; H460, 10 um for 24 h), and then active caspase 3 (Casp 3) and poly(ADP-ribose) polymerase (PARP) were examined by Western blot analysis.
B-Actin was detected as an input control. D, A549 cells (control and RIP1 knockdown) were pretreated with zZVAD (10 um)) for 30 min and then treated with
cisplatin (A549, 20 um; H460 10 um) for an additional 48 h. Cell death was detected by lactate dehydrogenase assay. Columns shown are mean = S.D.*, p < 0.05;
** p<0.0]1.

COI’]'(I"O| R|P1 KD Control

miR-146a Expression Analysis—Total RNA was isolated (Qiagen). Quantitative real-time PCR was carried out with an
from cells with TRIzol reagent (Life Technologies). Total RNA  ABI PRISM 7900HT using Power SYBR Green PCR Master
(1 pg) was reverse-transcribed with a miScript II RT kit Mix (Life Technologies). Experiments were normalized to
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FIGURE 2. Cisplatin-induced intracellular ROS accumulation contributes to potentiated cytotoxicity in RIP1 knockdown cells. A and C, cells were treated
with cisplatin (cDDP, 20 um for A549, 10 um for H460) for 12 h and incubated with CM-H2DCFDA (5 um) for 30 min before being collected for ROS detection. Data
aremean = S.D.*,p < 0.05; **, p < 0.01.KD, knockdown. Band D, cells were pretreated with the indicated ROS scavengers (BHA, 100 um; NAC, 3 mm) for 30 min
and then treated with cisplatin (20 um for A549; 10 um for H460) for another 48 h. Cytotoxicity was detected by lactate dehydrogenase release assay. Data are

mean = S.D.*, p < 0.05; **, p < 0.01.

SNORD44. Data were analyzed as Relative Quantitation (RQ)
with respect to a calibrator sample using the 2~ <" method
(25).

Fluorescence Microscopy—A549 cells with stable RIP1 knock-
down were transfected overnight with pEGFP and pcDNA or
EGFP and c-IAP2 expression plasmids, and then cells were treated
with cisplatin (20 M) for 48 h and examined under a fluorescence
microscope. The images shown are representative of three exper-
iments. The percentage of fluorescent cells was calculated.

Statistics—All data were expressed as mean * S.D. and
examined by Student’s ¢ test for statistical significance. p < 0.05
was considered statistically significant.

RESULTS

Down-regulation of RIP1 Sensitizes Chemotherapeutic Drug-
induced Cytotoxicity—To investigate the role of RIP1 in lung
cancer cell response to chemotherapy, we established stable
RIP1 knockdown in A549 and H460 cells with transfection of
RIP1 shRNA and examined the effect of RIP1 knockdown on
drug response (Fig. 1A). Although cisplatin killed both A549
and H460 cells in a dose- and time-dependent manner, RIP1
knockdown substantially increased the cytotoxicity induced by
cisplatin (Fig. 14, data not shown). The increased cisplatin sen-
sitivity in RIP1 knockdown cells was confirmed iz vivo in anude
mouse xenograft tumor and therapy model (Fig. 1B). These
results demonstrate that down-regulation of RIP1 sensitizes
lung cancer cells to chemotherapy ix vitro and in vivo.

askEviEe
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RIP knockdown evidently increased apoptosis markers such
as those for caspase 3 activation and poly(ADP-ribose) poly-
merase cleavage (Fig. 1C). Additionally, the pan-caspase inhib-
itors zZVAD-FMK and Q-VD significantly suppressed the
potentiation of cell death by RIP1 knockdown (Fig. 1D and data
not shown), indicating that RIP1 knockdown potentiated cis-
platin-induced apoptosis.

Cisplatin-induced Intracellular ROS Accumulation Contrib-
utes to Potentiated Cytotoxicity in RIP1 Knockdown Cells—Be-
cause chemotherapeutics induce ROS and excessive ROS are
cytotoxic to cells, we examined whether ROS accumulation
is involved in the sensitivity difference between control and
RIP1 knockdown cells. Staining with dihydroethidium, which
mainly detects superoxide anion (25, 26), was not obviously
increased (data not shown). In contrast, CM-H,DCFDA,
which is mainly oxidized by H,O, and the hydroxyl radical
(25, 26), detected a robust increase in cisplatin-treated A549
and H460 cells (Fig. 2, A and C), suggesting that cisplatin-
induced accumulation of ROS was enhanced in RIP1 knock-
down cells. Notably, the basal ROS levels were comparable
between control and RIP1 knockdown cells (Fig. 2, A and C).
Scavenging ROS with BHA and NAC effectively attenuated
cisplatin-induced cell death in RIP1 knockdown cells (Fig. 2,
B and D).These results suggest that RIP1 suppresses cispla-
tin-induced cytotoxicity through the inhibition of ROS
accumulation.
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FIGURE 3. Reduced catalase expression and activity is involved in cisplatin-induced cytotoxicity in RIP1 knockdown cells. A and B, catalase expression
intheindicated cells was detected by Western blot analysis, and B-actin was detected as an input control. KD, knockdown. Cand D, catalase activity of A549 and
H460 cells (control and RIP1 knockdown) were detected as described in the text. Data are mean = S.D. **, p < 0.01. E, cells were infected with control and
catalase viruses for 24 h. V5-catalase expression in the indicated cells was detected by Western blot analysis, and B-actin was detected as an input control. F,
cells were infected with control and catalase viruses for 24 h, then treated with cisplatin (cDDP, 20 um) for 12 h, and incubated with CM-H2DCFDA (5 um) for 30
min before being collected for ROS detection. Data are mean = S.D. **, p < 0.01. V5-cat, V5-catalase. G, cells were infected with control and catalase viruses for
24 h, treated with cisplatin (20 um), or left untreated for 48 h. Cell death was detected by lactate dehydrogenase release assay. Data are mean = S.D.*, p < 0.05;
* p < 0.01.

Reduced Catalase Expression and Activity Is Involved in Cis-  expression of catalase suppressed cisplatin-induced ROS
platin-induced Cytotoxicity in RIP1 Knockdown Cells—Because — accumulation and cytotoxicity (Fig. 3, E-G). Taken together, these
ROS are detoxified by endogenous ROS reductases and because  results suggest that RIP1 suppresses ROS accumulation induced
catalase eliminates H,O, and the hydroxyl radical, we then by cisplatin through maintenance of catalase expression.
investigated whether this scavenger is involved in cisplatin-in- miR-146a Mediates Catalase Suppression in RIP1 Knock-
duced ROS accumulation. The catalase protein expression down Cells—Suppressed catalase expression in RIP1 knock-
level was decreased dramatically in RIP1 knockdown cells (Fig.  down cells is unlikely to occur through transcriptional regula-
3A and B). Consistently, catalase activity in these cells was tion because there were no detectable changes in catalase
also decreased significantly (Fig. 3, C and D). Importantly, ectopic mRNA levels between control and RIP1 knockdown cells (Fig.
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detected by Western blot analysis. The intensity of the individual bands was quantified as described in A. D, A549 cells (control and RIP1 knockdown)
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death was detected by lactate dehydrogenase assay. Data are mean = S.D. **, p < 0.01.

control

4A). Thus, we focused on posttranscriptional regulation of this
protein. The stability of catalase was slightly suppressed when
RIP1 was down-regulated (Fig. 4B). However, the synthesis rate
of catalase was suppressed substantially in RIP1 knockdown
cells (Fig. 4C), suggesting a dual regulation in the expression
level of catalase involving protein synthesis and degradation.
Because microRNA suppresses gene expression by inhibiting
translation, we investigated the potential microRNA-mediated
regulation of catalase. In a search with miRWalk, several miRNAs,
including miR-146a, were found to be the best hits for potential
regulation of catalase. miR-146a, but not other miRNAs, were
increased significantly when RIP1 was knocked down (Fig. 4D and
data not shown). Suppression of miR-146a expression with a tar-
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geted anti-miR clearly restored catalase expression in both A549
and H460 cells (Fig. 4E and data not shown). Importantly, inhibi-
tion of miR-146a in RIP1 knockdown cells effectively suppressed
cisplatin-induced ROS accumulation and cytotoxicity (Fig. 4, F
and G). These results suggest that RIP1 releases the miR-146a-
mediated brake on catalase expression to suppress cisplatin-in-
duced ROS accumulation.

RIP1 Suppresses Proteasomal Degradation of [APs Induced by
Cisplatin—Because the IAP family proteins are apoptosis
inhibitors that are regulated by ROS (27), we then examined
whether IAPs are involved in the cisplatin sensitivity increase in
RIP1 knockdown cells. Interestingly, although cisplatin caused
little change in expression of c-IAP1, c-IAP2, and XIAP in the
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untreated for the indicated times. IAPs were detected by Western blot analy-
sis. B-Actin was used as the input control. C, cells were pretreated with the
proteasome inhibitor MG-132 (10 um) or chloroquine (CQ, 20 um) for 30 min
and then treated with cisplatin (cDDP, 20 um for A549, 10 um for H460) for
24 h. The indicated proteins were detected by Western blot analysis. 3-Actin
was used as an input control.

control cells, it induced a dramatic reduction of these antiapo-
ptotic factors in RIP1 knockdown cells (Fig. 54). Because IAP
proteins are degraded through the proteasome or lysosome
pathways (27, 28), we next examined the mechanism for down-
regulation of these proteins in RIP1 knockdown cells by cispla-
tin. The proteasome inhibitor MG-132, but not the lysosome
inhibitor chloroquine, effectively restored IAP expression in
cisplatin-treated RIP1 knockdown cells (Fig. 5, B and C), sug-
gesting that RIP1 retains IAP expression mainly through sup-
pressing cisplatin-induced proteasomal degradation.
Cisplatin-induced Degradation of IAPs in RIP1 Knockdown
Cells Is ROS-dependent—Because ROS is involved in cisplatin-
induced apoptosis (Fig. 2, B and D) and IAP expression was
reduced in RIP1 knockdown cells exposed to cisplatin (Fig. 5, A
and B), we investigated the role of ROS in cisplatin-induced IAP
degradation. The ROS scavengers BHA and NAC efficiently
attenuated cisplatin-induced IAP reduction in RIP1 knock-
down cells (Fig. 6, A and B). These results clearly show that
down-regulation of cisplatin-induced IAP degradation was
mediated by ROS, which is suppressed by RIP1. Consistent with
the role of miR-146a in catalase and ROS regulation, inhibition
of this microRNA efficiently suppressed cisplatin-induced IAP
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reduction in RIP1 knockdown cells (Fig. 6, C and D). Further-
more, cisplatin-induced c-IAP1 ubiquitination was increased in
RIP1 knockdown cells (Fig. 6E). Although the MAPK inhibitors
had little effect, NAC strongly suppressed cisplatin-induced
c-IAP1 ubiquitination (Fig. 6F). These results suggest that sup-
pression of ROS by RIP1 prevents cisplatin-induced IAP ubig-
uitination, which promotes the stability of these antiapoptotic
proteins.

Ectopic Expression of cIAP2 Protects RIP1 Knockdown Cells
from Cisplatin-induced Cytotoxicity—We further examined
the role of IAPs in increased cisplatin sensitivity in RIP1 knock-
down cells. cIAP2 and EGFP were coexpressed in RIP1 knock-
down A549 cells by transfection. EGFP was used as a marker for
identification of transfected cells. An empty pCDNA vector
served as a negative control. The cells were treated with cispla-
tin and observed under a fluorescence microscope (Fig. 7B).
Although cisplatin killed most cells in the transfected control
cells, c-IAP2 transfection attenuated cisplatin-induced cyto-
toxicity (Fig. 7, Band C). The relatively low level of rescue in cell
death by c-IAP2 may be due to degradation of ectopically
expressed c-IAP2 protein and the inability to restore other
IAPs. Nevertheless, the results clearly suggest that down-regu-
lation of IAPs is involved in increased cisplatin sensitivity in
RIP1 knockdown cells.

DISCUSSION

In this report, we present evidence substantiating a cell sur-
vival role for RIP1 that contributes to chemoresistance in can-
cer cells. In human lung cancer cells, RIP1 knockdown signifi-
cantly increased apoptotic cytotoxicity induced by cisplatin.
Cisplatin induced a robust cellular ROS accumulation, and
scavenging ROS dramatically attenuated cisplatin-induced
cytotoxicity in RIP1 knockdown cells. Increased miR-146a
expression and decreased catalase expression were observed
when RIP1 was suppressed. Knockdown of miR-146a restored
catalase expression, suppressed ROS induction, and protected
cytotoxicity in cisplatin-treated RIP1 knockdown cells. Addi-
tionally, cisplatin significantly triggered ROS-dependent pro-
teasomal degradation of IAPs, and ectopic expression of c-IAP2
attenuated cisplatin-induced cytotoxicity in RIP1 knockdown
cells. These results establish a chemoresistant role for RIP1 that
occurs by maintaining IAP expression through releasing miR-
146a-mediated catalase suppression that could be exploited for
chemosensitization (Fig. 7D).

Because the functions of RIP1 in cell survival regulation are
complex, it is important to elucidate the role of this signaling
factor in the response of cancer cells, response to chemothera-
peutic drugs. In this study, we clearly show a cell survival func-
tion for RIP1 in lung cancer cells. RIP1 knockdown significantly
increased cisplatin-induced apoptosis and cytotoxicity in
human lung cancer cells. These results are in agreement with
the observations that RIP1 knockout mouse embryonic fibro-
blast cells are more susceptible to doxorubicin-induced cyto-
toxicity (29). However, a prodeath role for RIP1 has also been
reported. In exposure of acute lymphoblastic leukemia cells to
IAP inhibitors plus anticancer drugs such as AraC, Adriamycin,
and taxol, RIP1 is required for inducing cytotoxicity (30). Sim-
ilarly, suppressing RIP1 attenuated apoptosis caused by the
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FIGURE 6. Cisplatin-induced degradation of IAPs in RIP1 knockdown cells is ROS-dependent. A and B, A549 and H460 (control and RIP1 knockdown (KD))
cells were pretreated with the indicated ROS scavengers (BHA, 100 um; NAC, 3 mwm) for 30 min and then treated with cisplatin (cDDP, 20 um for A549, 10 um for
H460) for another 24 h. The indicated proteins were detected by Western blot analysis, and B-actin and GAPDH were used as input controls. Cand D, A549 and
H460 (control and RIP1 knockdown) cells were transfected with a negative control (NC) or an miR-146a miScript miRNA inhibitor (10 nm) for 24 h and then
treated (20 um for A549, 10 um for H460) for another 24 h. The indicated proteins were detected by Western blot analysis, and 3-Actin was used as input control.
E, A549 (control and RIP1 knockdown) cells were treated with cisplatin (20 um) for 16 h. The indicated proteins were detected by Western blot analysis after
coimmunoprecipitation (/P) with an antibody for clAP1. B-Actin was used as input control. F, A549 RIP1 knockdown cells were pretreated with the JNK inhibitor
SP600125 (SP, 10 um), the ERK inhibitor U0126 (10 um), the p38 inhibitor SB203580 (SB, 5 uMm), and the ROS scavenger NAC (3 mm) for 30 min and then treated
with cisplatin (20 um) for 16 h. The indicated proteins were detected by Western blot analysis after coimmunoprecipitation with an antibody for clAP1. B-Actin

was detected as an input control.

combination of TRAIL receptor 2 antibody (lexatumumab) and
IAP inhibitors in rhabdomyosarcoma cells (31). These results
suggest that the role of RIP1 in the response of cancer cells to
therapy is complex, which may depend on cell context or cyto-
toxicity inducers.

We further found that induction of cellular ROS is responsi-
ble for increased cytotoxicity in RIP1 knockdown cells.
Although excessive ROS are cytotoxic, cancer cells develop
detoxifying mechanisms to ensure survival and proliferation
(32). Up-regulation of the antioxidant capacity to manage oxi-
dative stress confers chemoresistance to cancer cells. Thus,
suppressing the antioxidant capacity in cancer cells may be
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exploited to increase therapeutic efficacy (8). We found that the
synthesis rate of catalase was suppressed substantially, whereas
the stability of this ROS scavenging protein was decreased
slightly within RIP1 knockdown cells, suggesting a dual regula-
tion for catalase expression. This is distinct from the carcinogen
benzo(a)pyrene diolepoxide-induced catalase suppression that
mainly occurs through proteasomal degradation in immortal-
ized human bronchial epithelial cells (33). These observations
suggest that the regulation of catalase expression is complex
and, again, may be cell type- or stimulation-specific. Our results
show, for the first time, that miR-146a was increased signifi-
cantly when RIP1 was suppressed and that suppression of miR-
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of the function of RIP1 in cancer cell response to cisplatin.

146a effectively restored catalase expression, which establishes
anovel mechanism whereby RIP1 releases the miR-146a-medi-
ated brake on catalase expression. Suppressing this RIP1-medi-
ated catalase expression pathway may sensitize chemotherapy.
Indeed, ectopic catalase expression increases radioresistance in
vitro and in vivo (34), and targeting tumor cell-protective cata-
lase has been proposed for anticancer therapy (35).

How RIP1 regulates miR-146a expression is currently elu-
sive. RIP1- mediated pathways may be involved in controlling
the expression of miR-146a. However, modulating RIP1-medi-
ated pathways did not obviously impact miR-146a expression
(data not shown). Alternatively, as a nuclear protein (12), RIP1
may act as a coactivator for miR-146a transcription. Further
investigation is needed to uncover the defined mechanism of
this observation.

Our results further suggest that excessive ROS triggers deg-
radation of IAPs. As major apoptosis inhibitors, IAPs have
received extensive attention for improving anticancer therapy.
Smac mimics that target IAPs for degradation are potential
anticancer drugs undergoing preclinical and clinical investiga-
tions (36, 37). It is well known that IAPs function upstream of
RIP1 for cell survival signaling. For example, because IAPs
function as E3 ubiquitin ligases, they are able to directly ubiq-
uitinate RIP1 to mediate NF-kB activation (38, 39). IAPs also
restrain RIP1 to suppress the formation of the ripoptosome that
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is required under certain circumstances for either apoptosis or
necrosis (40). In this study, we show evidence that RIP1 works
upstream, maintaining expression of the IAP proteins through
suppressing proteasomal degradation to cope with genotoxic
insults for cell survival. In addition, we found that cisplatin-
induced c-IAP1 ubiquitination, which was dependent on ROS,
was increased in RIP1 knockdown cells. These results suggest
that suppression of ROS by RIP1 is involved in prevention of
cisplatin-induced c-IAP1 ubiquitination and degradation.
Although further work to elucidate the mechanism by which
RIP1-mediated ROS suppression attenuates cisplatin-induced
ubiquitination of IAPs for proteasomal degradation is war-
ranted, our results strongly suggest that reciprocal regulation of
RIP1 and IAPs play a significant role in cancer cell’s resistance
to chemotherapy.

In summary, our results establish, for the first time, a
chemoresistant role for RIP1, which maintains the expression
of IAP through the release of miR-146a-mediated catalase sup-
pression, and intervention targeting this pathway may sensitize
anticancer chemotherapy.
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