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ABSTRACT — Tumor necrosis factor receptor-associated factor 2 (TRAF2) is an essential component 
of tumor necrosis factor-α (TNF-α) signaling that regulates nuclear factor-κB (NF-κB) and c-Jun N-ter-
minal kinase (JNK) pathways, and compelling evidence has demonstrated that TRAF2 suppresses TNF-
α-induced cytotoxicity. On the other hand, it has been reported that oxidative stress-induced cytotoxicity 
is potentiated by TRAF2, indicating that TRAF2 both positively and negatively regulates stress-induced 
cytotoxicity in a context-specific manner. However, the causal role of TRAF2 in DNA damage response 
(DDR) remains to be explored. In this study, we assessed the function of TRAF2 in DDR induced by 
cisplatin, a representative DNA-damaging agent, and found that TRAF2 exerts pro-apoptotic activity 
through p53-dependent mechanisms at least in human fibrosarcoma cell line HT1080. TRAF2 deficient 
cells exhibit significant resistance to cell death induced by cisplatin, accompanied by the reduction of 
both p53 protein level and caspase-3 activation. Moreover, cisplatin-induced JNK activation was attenu-
ated in TRAF2-deficient cells, and pharmacological inhibition of JNK signaling suppressed p53 stabiliza-
tion. These results suggest that TRAF2 promotes p53-dependent apoptosis by activating the JNK signal-
ing cascade in HT1080 cells. Thus, our data demonstrate a novel function of TRAF2 in cisplatin-induced 
DDR as a pro-apoptotic protein.
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INTRODUCTION

Tumor necrosis factor receptor-associated factor 2 
(TRAF2), a RING finger protein that belongs to the TRAF 
family proteins, is an essential signaling component of 
tumor necrosis factor receptor (TNFR), and negatively 
regulates TNFR-induced cell death (Xie, 2013; Yeh et al., 
1997). TRAF2-deficient cells exhibit increased sensitivity 
to both tumor necrosis factor-α (TNF-α) -induced apop-
tosis and necroptosis (an alternative cell death modali-
ty), and similar properties of TRAF2 on cell death have 
been demonstrated in Fas or TNF-related apoptosis-in-
ducing ligand (TRAIL) receptor signaling (Petersen et al., 
2015; Noguchi et al., 2016; Yeh et al., 1997; Karl et al., 
2014). The protective effects of TRAF2 against cell death 
are attributed to the ability to activate nuclear factor-
κB (NF-κB) signaling or degrade caspase-8, an essen-
tial mediator of extrinsic apoptosis (Tada et al., 2001;  
Gonzalvez et al., 2012). On the other hand, TRAF2 trans-

mits pro-apoptotic signals by activating mitogen-activat-
ed protein kinases (MAPKs), including c-Jun N-terminal 
kinase (JNK) and p38 MAPK, and thereby particular-
ly promotes oxidative stress-induced cell death, includ-
ing apoptosis (Shen et al., 2004; Lin et al., 2004;  
Chandel et al., 2001; Noguchi et al., 2005; Fujino et 
al., 2007). These reciprocal regulations of cell death by 
TRAF2 indicate the biological importance of TRAF2 as a 
signaling determinant that modulates sensitivity to stress-
induced cell death.

Cellular DNA is constantly exposed to genotox-
ic stresses, and thus is inevitably damaged. DNA dam-
age response (DDR) is an important mechanism to avoid 
the DNA damage accumulation that allows cancer devel-
opment through its mutagenic consequences (Ou and  
Schumacher, 2018; Murakami et al., 2007). The tumor 
suppressor p53 is a master regulator of DDR, and drives 
cells into survival or death as outcomes of DDR. There-
fore, loss of functional p53 has been established as a cause 
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of cancer development (Ou and Schumacher, 2018). On 
the other hand, it has been reported that TRAF6, another 
member of the TRAF family proteins, participates in the 
DDR by mediating DNA damage-induced NF-κB activa-
tion (Hinz et al., 2010). Upon DNA damage, ataxia tel-
angiectasia mutated (ATM) kinase, a DNA strand break 
sensor, translocates to cytosol, and then interacts and 
activates TRAF6, leading to the activation of the inhibi-
tor of κB kinase (IKK) complex that stimulates canonical 
NF-κB signaling pathways. In addition, it turned out that 
IKK negatively regulates p53 stability through its direct 
phosphorylation, suggesting that TRAF6 acts as a nega-
tive regulator of p53 (Xia et al., 2009). Nevertheless, lit-
tle attention has been paid to the involvement of TRAF2 
in the DDR.

Cisplatin is a chemotherapeutic agent widely pre-
scribed for the treatment of various cancers (Dasari and 
Tchounwou, 2014). It is well known that cisplatin caus-
es DNA damage that leads to the stabilization of p53, and 
then exerts its cytotoxic effects by stimulating p53-de-
pendent apoptotic pathways, resulting in cancer cell death 
(Jiang et al., 2004; Fridman and Lowe, 2003). Howev-
er, a crucial issue is that human cancer cells frequent-
ly acquire resistance to cisplatin (Stewart, 2007). Mean-
while, its strong cytotoxicity frequently dysregulates 
diverse cellular functions in normal cells, and thereby 
causes a wide variety of side effects, including bone mar-
row suppression, deafness, renal dysfunction, and vomit-
ing (Florea and Büsselberg, 2011). Therefore, to elucidate 
molecular mechanisms underlying cisplatin-induced cyto-
toxicity may provide therapeutic benefit to overcome the 
resistance and reduce risk of the adverse reactions. In the 
present study, we examined the potential role of TRAF2 
in cisplatin-induced cell death, and found that TRAF2 
promotes cisplatin-induced apoptosis by stabilizing p53 
expression through the JNK activation.

MATERIALS AND METHODS

Cell Culture and reagents
Human fibrosarcoma cell line HT1080 and human 

embryonic kidney (HEK) 293A cells were grown in  
Dulbecco’s Modified Eagle Medium (DMEM), 10% 
heat-inactivated fetal bovine serum (FBS), and 1% pen-
icillin-streptomycin solution, at 37°C under a 5% CO2 
atmosphere. siRNAs were purchased from Qiagen 
(Hilden, Germany) (TRAF2 #1: SI00129619, TRAF2 
#2: SI03073455) as described previously (Noguchi et 
al., 2016). AllStars negative control siRNA (Qiagen) was 
used as a control. siRNAs were transfected using Lipo-
fectamine RNAiMAX (Merck Millipore, Burlington, VT,  

USA), according to the manufacturer’s protocol. All rea-
gents were obtained from commercial sources; Dimethyl 
sulfoxide (DMSO), cisplatin, SP600125, U0126 (Wako, 
Tokyo, Japan), SB203580 (Santa Cruz, Dallas, TX, USA), 
Z-VAD-fmk (Peptide Institute, Osaka, Japan). The anti-
bodies used were against caspase-3, p53, phospho-JNK 
(Cell Signaling, Danvers, MA, USA), α-tubulin, JNK 
(Santa Cruz), and β-actin (Wako). Monoclonal (used in  
Fig. 1D) and polyclonal (used in Fig. 1A and 1E) anti-
bodies against TRAF2 are purchased from Becton, Dick-
inson and Company (Franklin Lakes, NJ, USA) and San-
ta Cruz, respectively.

Colorimetric cell viability assay
Cell viability assay was performed as described pre-

viously (Noguchi et al., 2018). Cells were seeded on 
96-well plates. After indicated stimulation, cell viabili-
ty was measured by phenazine methosulfate (PMS)/3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay 
using Cell Titer 96 Cell Proliferation Assay kit (Promega,  
Madison, WI, USA), according to the manufacturer’s pro-
tocol. The absorbance was read at 492 nm using a micro-
plate reader. Data are normalized to control (100%) with-
out stimulus.

Immunoblot
Cells were lysed with DISC lysis buffer TX [20 mM 

Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 10% 
Glycerol, and 1% protease inhibitor cocktails (Nacalai  
Tesque, Kyoto, Japan)]. After centrifugation, the cell 
extracts were resolved by SDS-PAGE and analyzed as 
described previously (Noguchi et al., 2018). The blots 
were developed with ECL (Merck Millipore).

Generation of knockout cell lines
Knockout (KO) cells were generated using the 

CRISPR/Cas9 system as described previously (Hirata  
et al., 2017; Sekiguchi et al., 2019). Knockout cells were 
generated using the CRISPR/Cas9 system (Mali et al., 
2013; Cong et al., 2013). Two guide RNAs (gRNAs) 
were designed to target a region in the exon 3 of p53 
gene (5’- ATCTGAGCAGCGCTCATGGTGGG -3’) 
and that in the exon 2 of TRAF2 gene (5’- CCTGCA-
GAAACGTCCTCCGCAGG -3’), using CRISPRdirect 
(https://crispr.dbcls.jp) (Naito et al., 2015). gRNA-en-
coding oligonucleotide was cloned into lentiCRISPRv2 
plasmid (addgene) (Sanjana et al., 2014), and the plas-
mid was transfected with HEK293A cells together with 
a packaging plasmid psPAX2 and an envelope plasmid 
pVSV-G. The supernatants were collected and used to 
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infect HT1080 cells, and then infected cells were selected 
with puromycin and cloned by limiting dilution to obtain 
100% efficiency. To determine the mutations of p53 and 
TRAF2 in cloned cells, genomic sequence around the tar-
get region was analyzed by PCR-direct sequencing using 
extracted DNA from each clone as a template and the fol-
lowing primers: 5’- AGAGACCCCAGTTGCAAACC 
-3’ and 5’- CCCTGCCCTCAACAAGATGT -3’ for p53; 
5’- AGGTGTAACGTGCTGTGTGT -3’ and 5’- CGT-
GGCTCTAAAACCAGCCT -3’ for TRAF2.

NF-κB reporter assay
NF-κB reporter assays were performed essential-

ly as described (Kudoh et al., 2018). Cells were trans-
fected using Polyethylenimine “Max” (Polysciences,  
Warrington, PA, USA) with a plasmid mix containing a 
NF-κB luciferase reporter plasmid, a renilla luciferase 
plasmid for normalization, and an empty plasmid. After 
24 hr, cells were treated with cisplatin. Firefly and renilla 
luciferase activities were quantified with dual luciferase 
reporter assay system (Promega).

RESULTS AND DISCUSSION

TRAF2 is required for cisplatin-induced 
apoptosis

It has been demonstrated that TRAF2 mediates both 
anti- and pro-apoptotic signals (Yeh et al., 1997; Noguchi 
et al., 2016, 2005; Petersen et al., 2015; Karl et al., 2014; 
Shen et al., 2004). Therefore, in order to examine wheth-
er TRAF2 is involved in cell death induced by DNA dam-
age, we performed TRAF2 knockdown experiments using 
human fibrosarcoma cell line HT1080, in which sensi-
tivity to TNF-α-induced apoptosis has been enhanced by 
TRAF2 knockdown (Noguchi et al., 2016). Both inde-
pendent small interfering RNAs (siRNA) against TRAF2 
reduced protein expression of TRAF2 in HT1080 cells 
(Fig. 1A). Interestingly, cell viability at 24 hr after the 
treatment with 20 μM cisplatin was partially but signif-
icantly recovered by TRAF2 knockdown (Fig. 1B). The 
reduction of cell viability caused by cisplatin was large-
ly abrogated by co-treatment with Z-VAD-fmk, a pan-
caspase inhibitor, indicating that cisplatin exerts its cyto-
toxicity mainly through apoptosis in HT1080 cells (Fig. 
1C). An essential enzymatic function of caspase-3 as a 
main executor of apoptosis have been firmly established, 
although recent studies have demonstrated non-enzymat-
ic functions of caspase-3 (Kim et al., 2018; Brentnall 
et al., 2014; Porter and Jänicke, 1999; Yokosawa et al., 
2019). We thus tested whether TRAF2 is required for cis-
platin-induced caspase-3 activation. As shown in Fig. 1D, 

we found that cisplatin-induced cleavage of caspase-3, a 
hallmark of caspase-3 activation, is suppressed in TRAF2 
knockdown HT1080 cells. Therefore, to confirm the 
involvement of TRAF2 in cisplatin-induced apoptosis, 
we established TRAF2 KO HT1080 cells by using Clus-
tered Regularly Interspaced Short Palindromic Repeat/
CRISPR-associated protein-9 nuclease (CRISPR/Cas9) 
system, and checked TRAF2 expression by immunoblot-
ting (Fig. 1E). As expected, two independently isolated 
TRAF2 KO HT1080 cells were significantly resistant to 
cisplatin-induced apoptosis, suggesting that TRAF2 pos-
itively regulates cisplatin-induced apoptosis in HT1080 
cells (Fig. 1F).

TRAF2 is required for cisplatin-induced 
stabilization of p53

It is widely known that cisplatin exerts its pro-apop-
totic activities through the p53 stabilization (Fridman and 
Lowe, 2003), and we observed that cisplatin induces the 
p53 stabilization in HT1080 cells (Fig. 2A). To confirm 
the requirement of p53 for cisplatin-induced apoptosis in 
HT1080 cells, we established p53 KO HT1080 cells. In 
agreement with other cell types shown in previous stud-
ies, we found that cisplatin-induced cleavage of caspase-3 
is largely attenuated in p53 KO HT1080 cells (Fig. 2A) 
(Wei et al., 2007; He et al., 2013). Moreover, p53 KO 
HT1080 cells exhibited significant resistance to cispla-
tin-induced cell death (Fig. 2B). These findings indicate 
that p53-mediated caspase-3 activation plays a key role 
in cisplatin-induced apoptosis in HT1080 cells. There-
fore, we next examined the functional links between p53 
and TRAF2. Interestingly, a recent report has demonstrat-
ed that oncoprotein latent membrane protein 1 (LMP1) 
derived from Epstein-Barr virus enhances p53 stabili-
ty through its interaction with TRAF2 (Li et al., 2012). 
Although the regulatory mechanism mediated by virus 
proteins is only observed under limited conditions, this 
finding raises the possibility that TRAF2 contributes to 
stress-induced p53 stabilization. We thus investigated the 
requirement of TRAF2 for cisplatin-induced p53 stabili-
zation. As shown in Fig. 2C, cisplatin-induced p53 sta-
bilization was clearly attenuated by knockout of TRAF2, 
indicating that TRAF2 is required for cisplatin-induced 
p53 stabilization that causes caspase-3 activation.

TRAF2 mediates cisplatin-induced apoptosis 
through the JNK activation

In TNFR signaling, TRAF2 regulates the NF-κB and 
JNK signaling pathways in collaboration with TRAF5 
and MAPK/ERK kinase kinase-1 (MEKK1), respectively 
(Baud et al., 1999; Yuasa et al., 1998; Tada et al., 2001). 
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Interestingly, JNK has been identified as a p53 kinase that 
phosphorylates serine 34 of p53 (Hu et al., 1997). We thus 
speculated that TRAF2 promotes cisplatin-induced p53 
stabilization by activating the JNK signaling. As shown 
in Fig. 3A, pharmacological inhibition of JNK by the 
JNK inhibitor SP600125 clearly suppressed cisplatin-in-
duced p53 stabilization, whereas the MAPK inhibitors for 
p38 MAPK (SB203580) and ERK (U0126) failed to do 
so. Moreover, cisplatin-induced JNK activation is partial-

ly but certainly attenuated in TRAF2 KO cells (Fig. 3B). 
Meanwhile, the JNK activation was not affected by p53 
knockout (Fig. 3C). These findings indicate that TRAF2-
mediated JNK activation is an upstream event of p53, and 
contributes to p53 stabilization, leading to caspase-3-me-
diated apoptosis. Finally, we performed luciferase report-
er assays of NF-κB to examine the contribution of the 
TRAF2-NF-κB pathway to DDR in HT1080 cells. How-
ever, cisplatin failed to activate the reporter gene, whereas 

Fig. 1. 	 TRAF2 is required for cisplatin-induced apoptosis. (A) HT1080 cells were transfected with small interfering RNA (siRNA) 
for negative control or TRAF2 (TRAF2 #1 or TRAF2 #2). After 48 hr, protein expression of TRAF2 was determined by 
immunoblotting with the indicated antibodies. β-actin was used as loading control. (B) HT1080 cells were trasfected with 
siRNA for negative control or TRAF2. After 48 hr, the cells were treated with cisplatin (20 µM) for 24 hr. Cell viability was 
measured by PMS/MTS assay. Data shown are the mean ± SD (n = 3). Statistical significance was tested using an unpaired 
Student’s t-test; *** p < 0.001, (vs. control cells). (C) HT1080 cells pretreated with DMSO or 20 µM Z-VAD-fmk were 
treated with cisplatin (25 µM) for 16 hr, and then subjected to cell viability assay. Data shown are the mean ± SD. Statistical 
significance was tested using an unpaired Student’s t-test; *** p < 0.001, (vs. control cells). (D) HT1080 cells were trans-
fected with siRNA for negative control or TRAF2. After 48 hr, the cells were treated with cisplatin (25 µM) for indicated pe-
riods. Cell extracts were subjected to immunoblotting with the indicated antibodies. Asterisks (*) indicate nonspecific band. 
(E) Cell extracts of WT and TRAF2 KO HT1080 cells were subjected to immunoblotting with the indicated antibodies. 
(F) WT and TRAF2 KO HT1080 cells were treated with cisplatin (25 µM) for 16 hr. Cell viability was measured by PMS/
MTS assay. Data shown are the mean ± SD (n = 3). Statistical significance was tested using an unpaired Student’s t-test;  
*** p < 0.001, (vs. control cells). All data are representative of at least three independent experiments.
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TNF-α clearly activated that (Fig. 3D). The contribution 
of the TRAF2-NF-κB pathway to DDR seems to be rela-
tively small in HT1080 cells. It is not required to take into 
consideration the anti-apoptotic effect of TRAF2 through 
NF-κB activation in HT1080 cells exposed to DNA dam-
age, and thereby, we observed the pro-apoptotic effect of 
TRAF2.

The TRAF2-JNK axis contributes to cell survival in 
the presence of TNF-α, and promotes cell death under 
oxidative stress condition (Yeh et al., 1997; Noguchi et 
al., 2005, 2008). On the basis of these results, we con-
cluded that, at least in HT1080 cells, the TRAF2-JNK 
axis promotes the stabilization of p53 in response to 
DNA damage, which amplifies the p53-mediated pro-
apoptotic signals. In this regard, it is possible that Peg3/
Pw1, a pro-apoptotic protein induced by p53, is involved 

in the TRAF2-dependent p53 activation (Schwarzkopf  
et al., 2006). Interestingly, it has been reported previous-
ly that Peg3/Pw1 interacts with and activates TRAF2, 
suggesting that p53-mediated upregulation of Peg3/Pw1 
drives a positive feedback loop for the TRAF2-JNK sig-
naling axis (Relaix et al., 1998). Therefore, the activation 
or expression status of Peg3/Pw1 may determine the con-
tribution of TRAF2 to cisplatin-induced apoptosis. Mean-
while, it has been suggested that p53-dependent apopto-
sis is responsible for cisplatin-induced nephrotoxicity in 
rats (Wei et al., 2007). Notably, the expression levels of 
TRAF2 are upregulated by cisplatin in rats, which exac-
erbates nephrotoxicity (Alhoshani et al., 2017). These 
observations suggest that TRAF2 enhances p53-de-
pendent apoptosis induced by cisplatin. On the contrary, 
upregulation of glutathione S-transferase P1-1 (GSTP1-1) 

Fig. 2. 	 TRAF2 is required for cisplatin-induced stabilization of p53. (A) WT and p53 KO HT1080 cells were treated with indicated 
concentration of cisplatin for 8 hr. Cell extracts were subjected to immunoblotting with the indicated antibodies. (B) WT 
and p53 KO HT1080 cells were treated with cisplatin (25 µM) for 16 hr. Cell viability was measured by PMS/MTS assay. 
Data shown are the mean ± SD (n = 3). Statistical significance was tested using an unpaired Student’s t-test (vs. control 
cells); *** p < 0.001, (vs. control cells). (C) WT and TRAF2 KO HT1080 cells were treated with cisplatin (25 µM) for in-
dicated periods. Cell extracts were subjected to immunoblotting with the indicated antibodies. All data are representative of 
at least three independent experiments.
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in osteosarcoma causes cisplatin resistance (Pasello et al., 
2008). Interestingly, GSTP1-1 interacts with TRAF2, and 
inactivates TRAF2-dependent signals, suggesting that loss 
of the TRAF2 activation is responsible, at least in part, for 
GSTP1-1-driven cisplatin resistance in osteosarcoma (Wu 
et al., 2006; Sau et al., 2012). Collectively, these obser-
vations support our working model that TRAF2 promotes 
cisplatin-induced apoptosis.

Genetic alterations of TRAF2, including deletion, 
mutation and gene amplification, are found in various 
cancers (Zhu et al., 2018). In particular, the expression 
levels of TRAF2 are increased in prostate cancer, pan-
creatic cancer, lung cancer, and gastric cancer (Zhu et 

al., 2018). On the other hand, loss-of-function mutants 
of TRAF2 are observed in ovarian cancer, uterine cancer, 
and esophageal cancer (Zhu et al., 2018). Our findings 
that TRAF2 may determine the sensitivity to cisplatin-in-
duced apoptosis indicate that cisplatin is more effective 
for TRAF2-overexpressing cancer. Thus, although further 
studies are necessary to certify the biological significance 
of TRAF2 in DDR, our findings reveal a novel function 
of TRAF2 in cisplatin-induced apoptosis, which may lead 
to new therapeutic strategies to overcome cisplatin resist-
ance.

Fig. 3. 	 TRAF2 mediates cisplatin-induced apoptosis through the JNK activation. (A) HT1080 cells pretreated with indicated rea-
gents were treated with cisplatin (25 µM) for 8 hr. Cell extracts were subjected to immunoblotting with the indicated an-
tibodies. SP; JNK inhibitor SP600125 (10 µM), SB; p38 MAPK inhibitor SB203580 (10 µM), and U0126; ERK inhibitor 
(10 µM). (B) WT and TRAF2 KO HT1080 cells were treated with cisplatin (25 µM) for indicated periods. Cell extracts 
were subjected to immunoblotting with the indicated antibodies. Arrowheads indicate P-JNK or total-JNK. Asterisks (*) 
indicate nonspecific band. (C) WT and p53 KO HT1080 cells were treated with cisplatin (25 µM) for indicated periods. Cell 
extracts were subjected to immunoblotting with the indicated antibodies. Arrowheads indicate P-JNK or total-JNK. Aster-
isks (*) indicate nonspecific band. (D) HT1080 were transfected with a plasmid mix containing a NF-κB luciferase reporter 
plasmid and a renilla luciferase plasmid for normalization. After 24 hr, cells were treated with 20 ng/mL TNF-α for 6 hr, or 
cisplatin (25 µM) for the indicated periods. Firefly and renilla luciferase activities were quantified with dual luciferase re-
porter assay kit. Data shown are the mean ± SD (n = 3). Statistical significance was tested using an unpaired Student’s t-test 
(vs. control cells); *** p < 0.001. All data are representative of at least three independent experiments.
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