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Figure 2. Cisplatin-induced elevation of TRAIL cytotoxicity is mediated by ERK activation. A. Phosphorylated ERK1/2 
level was determined using western blotting after treatment with cisplatin or TRAIL. B. Phosphorylated ERK1/2 
levels were determined using immunocytochemistry with phosphorylated ERK-specific antibody. C. Western blot-
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the cytotoxicity of TRAIL treatment. Thus, we 
analyzed the changes in TRAIL-R expression 
levels using flow cytometry. In the presence of 
U0126, the increased expression levels of all 
TRAIL-Rs were maintained by cisplatin treat-
ment (Figure 2G). These elevated TRAIL-R lev-
els might explain why the synergism of cispla- 
tin and TRAIL was not affected by U0126 
treatment. 

We also analyzed the effect of ERK inactivation 
on DR5-mediated cytotoxicity. A single treat-
ment with U0126 increased levels of cell death; 
however, DR5 inhibition was not found to be 
involved in U0126 cytotoxicity (Figure 2H). The 
synergistic elevation of cytotoxicity induced by 
cisplatin and TRAIL was not affected by U0126 
treatment, and inhibition of DR5 significantly 
reduced cytotoxicity regardless of the presence 
of U0126. Thus, although ERK phosphorylation 
was blocked by U0126, cotreatment with cispl-
atin and TRAIL increased cytotoxicity by elevat-
ing DR5 levels. We further investigated the syn-
ergistic elevation of TRAIL cytotoxicity when 
combined with U0126. Pre-treatment or co- 
treatment with U0126 and TRAIL increased 
cytotoxicity, whereas pre-treatment with TRAIL 
followed by U0126 reduced cytotoxicity, indi-
cating that ERK inhibition mediated TRAIL-R 
expression (Figure 2I). Collectively, these data 
suggest that the inhibition of ERK induced the 
expression of TRAIL-R.

Activated ERK2 induced TRAIL-R2 expression 
but ERK1 did not

To further determine the role of ERK activation/
phosphorylation during TRAIL-induced cytotox-
icity, we evaluated the changes in ERK1 and 
ERK2 during treatment with cisplatin. The tran-
sient knockdown of ERK1 and ERK2 using their 
specific siRNA revealed that ERK2 was phos-
phorylated by cisplatin treatment but ERK1 
was not (Figure 3A). Flow cytometric analysis 
also showed that DR5 positivity was slightly 
increased by both ERK1- and ERK2-specific 
siRNA treatment. However, the strong elevation 

of DR5 positivity induced by cisplatin was only 
observed in ERK1 knockdown cells (Figure 3B). 
Thus, the elevation of DR5 expression during 
cisplatin treatment was mediated by ERK2 and 
not ERK1. 

To validate these findings, we generated sever-
al stable ERK2 knockdown cell lines. Western 
blotting revealed changes in the total and phos-
phorylated ERK1/2 levels after ERK2 knock-
down. Clones 2 and 4 showed complete ERK2 
knockdown, whereas the others showed partial 
ERK2 knockdown as they exhibited only basal 
levels of ERK2 (Figure 3C). In accordance with 
the western blotting results, immunocytochem-
istry revealed that clone 8 had limited levels of 
phosphorylated ERK1/2 in the cytosol, where-
as phosphorylated ERK1/2 could not be 
observed in the completely knocked down cells 
(clone 4; Figure 3D). The effects of ERK2 knock-
down on the changes in TRAIL-R expression 
were analyzed using flow cytometry. The expres-
sion of TRAIL-R was not changed in either the 
negative control (scrambled shRNA) and a par-
tial ERK2 knockdown cell line (Figure 3E, 3F). 
However, complete knockdown of ERK2 
increased the expression levels of all TRAIL-Rs 
(Figure 3G). Therefore, basal ERK2 activity neg-
atively regulates TRAIL-R expression.

We next analyzed the activation of ERK2 by cis-
platin in ERK2 knockdown cell lines. In both 
complete (clones 2 and 4) and partial (clones 3 
and 8) ERK2 knockdown cells, no elevation of 
phosphorylated ERK1/2 induced by cisplatin 
treatment was observed, despite the detection 
of basal levels of ERK in the partial ERK2 
knockdown cell lines (Figure 4A). Immunocy- 
tochemistry also revealed changes in ERK2 lev-
els during cisplatin treatment (Figure 4B). To 
verify whether the weak bands observed in the 
partial ERK2 knockdown cell lines represented 
ERK1 or ERK2, we performed an immunopre-
cipitation assay. The lower bands of ERK1/2 in 
the partial ERK2 knockdown cell lines dis- 
appeared after immunoprecipitation with an 
ERK2-specific antibody, indicating that the 

ting was performed after U0126 treatment to detect ERK1/2 phosphorylation. D. Surface expression of DR4, DR5, 
DcR1, and DcR2 in U0126 treated cells were analyzed using flow cytometry with receptor-specific antibodies. E. 
TRAIL-R positive cells at each exposure time were determined using flow cytometric analyses. F. Cell viability was 
assessed after treatment with cisplatin or TRAIL combined with U0126. G. Surface expression of DR4, DR5, DcR1, 
and DcR2 in cells treated with cisplatin was analyzed using flow cytometry with receptor-specific antibodies. H. Cell 
viability was assessed after treatment with U0126, cisplatin, or TRAIL combined with the DR5 antibody (DR5: FC). I. 
Cell viability assessment was carried out after treatment with U0126 and TRAIL.
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bands represented ERK1 (Figure 4C). After veri-
fication of ERK2-specific knockdown in the cell 
lines, we investigated the changes in DR5 lev-

els after treatment with cisplatin or PMA. In the 
negative control cell lines, DR5 positivity was 
elevated by cisplatin or PMA treatment; howev-

Figure 3. Knockdown of ERK2 changed TRAIL-R expression levels. (A) Western blotting demonstrated ERK1 and 
ERK2 knockdown using their specific siRNA. (B) Flow cytometry revealed DR5 positivity after ERK1- or ERK2-specific 
siRNA treatment. (C) ERK2 knockdown cells were screened using western blotting with phosphorylated ERK anti-
body. (D) ERK2 knockdown was determined using immunocytochemistry with phosphorylated ERK antibody. (E-G) 
Effects of ERK2 knockdown on the changes in TRAIL-R expression using flow cytometry in the control (E), clone 8 
(F), and clone 4 (G).
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er, there was no change in DR5 intensity in 
either partial or complete knockdown cell lines 
in response to cisplatin or PMA treatment 
(Figure 4D). These results suggest that ERK2 
activation directed DR5 expression.

Inhibition of basal ERK2 activity enhanced 
TRAIL cytotoxicity via the upregulation of 
TRAIL-R, including DR5

U0126 treatment completely abolished basal 
ERK2 activity in the partial ERK2 knockdown 
cell lines (clones 3 and 9; Figure 5A). In the 
complete ERK2 knockdown cell lines (clones 2 
and 8), phosphorylated ERK2 was not obser- 
ved following control or U0126 treatment. 
Immunocytochemistry also demonstrated that 
ERK2 phosphorylation was abrogated (Figure 
5B). These results are supported by the immu-

noprecipitation assay; the bands for ERK1/2 
disappeared in the complete ERK2 knockdown 
cell lines after immunoprecipitation with an 
ERK2-specific antibody (Figure 5C).

We proceeded to analyze TRAIL-R expression in 
ERK2 knockdown cell lines. In control (scram-
bled shRNA) and partial ERK2 knockdown cells, 
U0126 treatment induced TRAIL-R positivity. In 
the complete ERK2 knockdown cells, TRAIL-R 
positivity was elevated compared with the con-
trol, and these elevated levels were not further 
increased by U0126 treatment (Figure 5D). 
Additionally, cisplatin- and U0126-induced TR- 
AIL-R expression was evaluated in various brain 
tumor cell lines. TRAIL-R expression was elevat-
ed by ERK2 inhibition in all cell lines, including 
IMR-32, SK-N-BE (neuroblastoma cell line), C6 
(glioma cell line), and T98G (glioblastoma cell 

Figure 4. ERK2 phosphorylation does not respond to cisplatin treatment in ERK2 knockdown cells. A. ERK2 phos-
phorylation induced by cisplatin treatment in ERK2 knockdown cells as determined using western blotting. B. Im-
munocytochemical analysis of ERK2 phosphorylation in partial (clone 8) and complete (clone 4) ERK2 knockdown 
cells. C. Immunoprecipitation assay to demonstrate ERK2 level. D. Surface expression of DR5 in partial (clone 8) 
and complete (clone 4) ERK2 knockdown cells after cisplatin or PMA treatment.



Role of ERK2/NF-κB in TRAIL sensitivity

3381	 Am J Cancer Res 2022;12(7):3373-3389

line, Figure 6A-D). Collectively, these data indi-
cate that the abrogation of basal ERK2 activity 
induced TRAIL-R expression.

DR5 expression was regulated by NF-κB

As both cisplatin-induced ERK2 activity and 
abrogation of basal ERK2 activity increased 
TRAIL-R expression, we sought to address the 

discrepancy in the role of ERK2 during cisplat-
in-induced cytotoxicity, focusing on NF-κB acti-
vation during cisplatin treatment. After 12 h of 
cisplatin treatment, the levels of IκBα, an inhibi-
tor of NF-κB, were reduced, whereas the levels 
of phosphorylated ERK2 were increased (Figure 
7A). The inhibition of IκB kinase (IKK) using IKK 
inhibitor or a competitor reduced NF-κB activity 
(Figure 7B). Intriguingly, cotreatment with the 

Figure 5. Inactivation of ERK2 elevated TRAIL-R expression levels. A. Inhibition of ERK2 by U0126 in partial (clones 
3 and 8) and complete (clones 2 and 4) ERK2 knockdown cells. B. Immunocytochemistry analysis of ERK2 phos-
phorylation in partial (clone 8) and complete (clone 4) ERK2 knockdown cells after ERK inhibitor treatment. C. 
Immunoprecipitation assay using anti-ERK2 antibody for detecting the ERK2 band. D. Flow cytometric analysis to 
determine TRAIL-R expression levels in ERK2 knockdown cells after U0126 treatment.
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Figure 6. TRAIL-R expression levels were elevated by cisplatin treatment or ERK1/2 inhibition. Changes in TRAIL-R 
expression determined using flow cytometry in (A) IMR-32, a neuroblastoma cell line, (B) SK-N-BE, a neuroblastoma 
cell line, (C) C6, a glioma cell line, and (D) T98G, a glioblastoma cell line, after treatment with cisplatin and U0126.



Role of ERK2/NF-κB in TRAIL sensitivity

3384	 Am J Cancer Res 2022;12(7):3373-3389

Figure 7. DR5 expression was regulated by NF-κB. A. Western blot analysis to determine ERK1/2 activation and 
IκBα inactivation induced by cisplatin treatment for the indicated times. B. NF-κB activity assay after cisplatin, IKK 
inhibitor, or competitor treatment. C. Effect of cotreatment with IKK inhibitor and TRAIL on cell viability. D. Western 
blotting to determine p65 levels in an NF-κB knockdown cell line using specific shRNA. E. Activity of NF-κB in NF-κB 
knockdown cells (clone 10) after treatment with U0126, cisplatin, or NF-κB inhibitor. F. Activity of NF-κB in NF-κB 
knockdown cells (clone 14) after treatment with U0126, cisplatin, or NF-κB inhibitor. G. Flow cytometric analysis to 
determine TRAIL-R expression in an NF-κB knockdown clone (clone 10).

IKK inhibitor and TRAIL synergistically induced 
cell death (Figure 7C). Although the IKK inhibi-
tor alone (inactivation of NF-κB) did not induce 
cell death, cotreatment with TRAIL increased 
levels of cell death, which was mainly depen-
dent on DR5. To further determine the role of 
NF-κB in DR5 expression, we generated p65 
NF-κB knockdown cell lines using specific shR-
NAs (Figure 7D). Using clones 10 and 14, we 
determined the effect of NF-κB on TRAIL-R ex- 
pression levels. Abrogation of NF-κB signifi- 
cantly increased the expression of all TRAIL-Rs 
(Figure 7E, 7F). However, these elevated 
TRAIL-R levels were not further increased by 
cisplatin or U0126 (Figure 7G). These findings 
imply that basal NF-κB activity suppressed 
TRAIL-R expression, whereas NF-κB activity 
induced by cisplatin increased TRAIL-R expre- 
ssion. 

Chemical inhibition of ERK2 using U0126 com-
pletely removed the phosphorylated form of 
ERK2 until day 5; thereafter, the level was re- 
stored. However, following cisplatin treatment, 
ERK2 was reactivated (Figure 8A). Accordingly, 
although U0126 treatment decreased NF-κB 
activity, cisplatin treatment increased NF-κB 
activity (Figure 8B). The elevated levels of 
TRAIL-R expression caused by the transient 
inhibition of ERK2 by U0126 was lowered to 
basal levels after 7 d. In this setting, cisplatin 
treatment only increased DR5 expression 
(Figure 8C). NF-κB activity was also found to be 
regulated by ERK2 as NF-κB activity was not 
elevated by cisplatin in ERK2 knockdown cells 
(Figure 8D). These findings suggest that both 
ERK2 and NF-κB play a dual role in TRAIL-R 
expression. The basal activity of ERK2 and 
NF-κB suppressed TRAIL-R expression under 
normal conditions, thereby rendering cells 
resistant to TRAIL. In contrast, cisplatin-indu- 
ced ERK2 activity initiates NF-κB signaling, 
resulting in DR5 overexpression and TRAIL-
mediated apoptotic cell death (Figure 9). Co- 
llectively, our data indicate that cisplatin can 
sensitize cancer cells to TRAIL by elevating 
TRAIL-R expression, which is suppressed by 
basal ERK2 and NF-κB activity.

Discussion

Primitive neuroectodermal tumors (PNETs; also 
called neuroepitheliomas) are a group of highly 
malignant tumors composed of small, round 
cells of neuroectodermal origin that affect soft 
tissues and bone. They exhibit great diversity in 
their clinical manifestations and pathologic 
similarities with other small, round cell tumors. 
Batsakis et al. [26] divided the PNET family into 
the following three groups based on their tissue 
of origin: central PNETs, tumors derived from 
the central nervous system; neuroblastoma, 
tumors derived from the autonomic nervous 
system; and peripheral PNETs, tumors derived 
from tissues outside the central and autonomic 
nervous system. Central PNETs originate from 
the neural tube, whereas peripheral PNETs orig-
inate from the neural crest, and both central 
and peripheral PNETs are deadly solid tumors 
in infants and children. Despite multimodal 
therapeutic approaches, including chemother-
apy, radionuclide therapy, and immunotherapy, 
the survival rate of patients with malignant 
tumors remains poor. Thus, newer therapeutic 
strategies are urgently needed to successfully 
treat this devastating childhood malignancy.

TRAIL induces apoptosis in cancer cells but not 
in normal cells [27]. However, a significant pro-
portion of cancer cells exhibits resistance to 
the cytotoxic effect of this ligand, suggesting 
that the use of TRAIL alone may not be suffi-
cient to treat cancers [28]. TRAIL resistance is 
caused by the deregulated expression of 
TRAIL-R or intracellular components acting 
downstream of the receptors. Based on previ-
ous reports, conventional chemotherapeutic 
agents [29, 30], irradiation [31, 32], and his-
tone deacetylase (HDAC) inhibitors [33] en- 
hance the cytotoxicity of TRAIL by upregulating 
TRAIL-R expression. 

In this study, we found that cisplatin induced a 
cellular environment for TRAIL-mediated cyto-
toxicity, including the activation of ERK2 and 
NF-κB activity, as well as the upregulation of 
TRAIL-R expression. In particular, cisplatin-me- 
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diated DR5 expression was found to increase 
TRAIL cytotoxicity. Previously, chemotherapeu-
tic agent-induced DR upregulation was report-
ed to be dependent on NF-κB or p53 [34-36], 
which transcriptionally regulates DR expression 
by binding to sites in the promoter [37, 38]. 
Overexpression of the p65 subunit of NF-κB 
upregulates TRAIL-R2 expression in epithelial 
cell lines [39]. In this study, cisplatin-mediated 
TRAIL cytotoxicity was dependent on NF-κB 
activation. In addition, the sequential activation 
of ERK2 and NF-κB during DR5 expression was 
revealed. As U0126 treatment decreased 
NF-κB activity and cisplatin did not elevate 
NF-κB activity in ERK2 knockdown cells, ERK2 
activity regulated NF-κB-mediated DR5 expres-
sion. In this context, the signal cascade in ERK2 
and NF-κB signaling has received considerable 
attention for TRAIL therapy. In glioblastoma 
(GBM), the phosphorylation of ERK is involved 
in TRAIL resistance, and lovastatin sensitizes 

GBM cells to TRAIL by inhibiting ERK activity 
[40]. The inhibition of NF-κB also increases 
TRAIL-mediated apoptosis in various cancers 
[41-43]. Therefore, the mechanism involving 
ERK2 and NF-κB in TRAIL-R expression should 
be elucidated.

We also found a discrepancy between ERK2 
and NF-κB activity during TRAIL-R expression. 
First, we found that the cisplatin-mediated 
induction of ERK2 and NF-κB activity directed 
DR5 overexpression and TRAIL-mediated apop-
totic cell death. Furthermore, TRAIL cytotoxicity 
was found to be dependent on DR5 expression, 
which was mediated by ERK2, rather than 
ERK1, during cisplatin treatment. However, the 
basal activity of ERK2 and NF-κB was found to 
suppress DR5 expression. In both knockdown 
and chemical inhibition models, the abrogation 
of basal levels of ERK2 and NF-κB increased 
DR5 expression. Collectively, our findings sug-

Figure 8. Induction of ERK2 and NF-κB activity by cisplatin directs DR5 expression. A. Western blotting demonstrat-
ing the induction of ERK1/2 phosphorylation by cisplatin in the presence of U0126. B. NF-κB activity assay after 
U0126 and/or cisplatin treatment. C. Flow cytometric analysis to determine the effect of U0126 and cisplatin treat-
ment. D. NF-κB activity in ERK2 knockdown cell lines (clones 4 and 8) after U0126 and cisplatin treatment.

Figure 9. Schematic of ERK2, NF-κB, and DR5. A. Under normal conditions, basal (constitutively activated) levels of 
both ERK2 and NF-κB suppress TRAIL-R expression, rendering cells resistant to TRAIL. B. During cisplatin stimula-
tion, induced ERK2 activates NF-κB, which results in DR5 overexpression and TRAIL-mediated apoptotic cell death.
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gest that cisplatin-induced sensitization to 
TRAIL is mediated by TRAIL-R expression, which 
is suppressed by basal ERK2 and NF-κB activi-
ty. Therefore, both ERK2 and NF-κB play a dual 
role in TRAIL-R expression, which should be 
carefully considered in the application of TRAIL-
based chemotherapy.
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