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ABSTRACT

Background: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 
is a tumor-selective apoptosis inducer that is expressed in natural killer cells, whose 
cytotoxicity is activated by interferon (IFN). We investigated the effect of suppressor 
of cytokine signaling (SOCS) 3 on the expression of TRAIL receptors (DR4) and on 
TRAIL sensitivity in renal cell carcinoma (RCC) cells.

Methods: Vector expression, RNA interference and IL-6 receptor antibody 
tocilizumab were used to investigate the functional role of SOCS3 in DR4 expression. 
Immunoprecipitation was employed to detect the biochemical interaction between 
SOCS3 and DR4. The expression of DR4 induced by combination with IFN-α and 
tocilizumab was also examined by immunohistochemical staining using mice xenograft 
model.

Results: DR4 expression was up-regulated by IFN stimulation in RCC cells. 786-
O cells were resistant to TRAIL and showed higher SOCS3 expression. ACHN cells 
showed higher DR4 expression and lower SOCS3 expression. Suppression of SOCS3 
up-regulated DR4 expression and enhanced the TRAIL sensitivity in 786-O cells. In 
ACHN cells, DR4 expression was down-regulated by transfection with pCI-SOCS3, and 
the cells became resistant to TRAIL. Immunoprecipitation revealed the biochemical 
interaction between SOCS3 and DR4. A marked increase in IFN-induced DR4 protein 
expression after tocilizumab treatment was observed by immunohistochemical 
staining in the tumor from the mice xenograft model.

Conclusions: Our results indicate that IFN and SOCS3 regulate DR4 expression 
in RCC cells. Combination therapy with IFN-α, tocilizumab and an anti-DR4 agonistic 
ligand appears to effectively inhibit advanced RCC cell growth.

INTRODUCTION

Renal cell carcinoma (RCC) is the most prevalent 
malignancy arising within the kidney [1] and 20% of 
patients present with advanced diseases which are often 
difficult to treat [2, 3]. Recently, molecular targeted agents 
have been used for the treatment of advanced RCC [4, 5] 

and have shown efficacy against metastatic RCC [5, 6]. 
However, their effects were still limited and have been 
shown not to be curative [7].

One group of molecular targeted agents, vascular 
endothelial growth factor receptor tyrosine kinase 
inhibitors, is a standard care for advanced RCC [8]. 
Moreover, nivolumab, a programmed death 1 (PD-1) 
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checkpoint inhibitor, was approved for previously treated 
patients with advanced RCC, based on the superior 
overall survival of patients treated with nivolumab versus 
everolimus [9]. Due to recent advances in treatment 
options, immunotherapy seems to have a minimal role in 
the management of advanced RCC. However, the value 
of immunotherapy for RCC is supported by reports of 
infrequent complete regression of metastatic disease in 
response to cytokine therapies, with about 14 percent of 
cases of metastatic clear-cell renal carcinoma responding 
to interferon (IFN)–α alone [10]. Thus, IFN–α is still one 
of the most frequently used immunotherapeutic agents for 
metastatic or recurrent RCC, especially in cases of lung 
metastasis.

One of the anti-tumor mechanisms of IFN-α 
involves the activation of the cytotoxicity of natural 
killer (NK) cells, of which the cytotoxic molecule tumor 
necrosis factor-related apoptosis-inducing ligand (TRAIL) 
plays an important role [11]. TRAIL belongs to the TNF 
superfamily of proteins and is highly expressed on NK 
cells [11–13]. TRAIL has received considerable attention 
because of its selectivity for tumor versus normal tissue 
and lack of systemic toxicity [14, 15]. TRAIL interacts 
with four receptors, two death receptors (TRAIL-R1/DR4 
and TRAIL-R2/DR5) [16–18] and two decoy receptors 
(TRAIL-R3/TRID/DcR1 and TRAIL-R4/DcR2) [18–20]. 
It is suggested that the two death receptors are associated 
with differences in TRAIL sensitivity between RCC cell 
lines [21].

We have previously reported that suppressor of 
cytokine signaling 3 (SOCS3) and interleukin (IL)-6 play 
important roles in drug resistance in RCC [22, 23]. SOCS3 
acts as a negative regulator of IFN-α signaling in the Janus 
kinase/signal transducer and activator of transcription 
(JAK/STAT) pathway. In IFN-α-resistant RCC cells, IL-6 
induced by IFN stimulation leads to SOCS3 expression, 
which subsequently inhibits IFN signaling [22, 24]. 
The silencing of SOCS3 expression or blockade of IL-6 
signaling could be a possible strategy to restore sensitivity 
to IFN-α-resistant RCC cells.

IL-6 is one of the factors associated with poor 
prognosis of patients with RCC [25, 26]. IL-6 binds to 
its receptor on tumor cells and activates Janus kinase/
signal transducer and activator of transcription (JAK/
STAT) pathway. IL-6 activates STAT3 and promote 
angiogenesis and tumor invasion through VEGF and 
matrix metalloproteinases expression [27, 28, 29]. 
Tocilizumab, a humanized antihuman IL-6 receptor 
(IL-6R) antibody that binds to the IL-6-binding site of 
human IL-6R and competitively inhibits IL-6 signaling, 
is available as an approach to the therapeutically effective 
reagents against inflammatory diseases such as rheumatoid 
arthritis, juvenile idiopathic arthritis, Castleman's disease, 
and Crohn's disease [30, 31, 32, 33]. We have reported 
that tocilizumab in combination with anti-RCC drugs can 
effectively suppress tumor growth in vitro and in vivo 

through repressing activation of STAT3, Akt and mTOR 
as well as expression of HIF or SOCS3 [22, 23].

As the NK cell activation leading to the anti-tumor 
effect of TRAIL is induced by IFN, IFN-resistant RCC 
cells could potentially show resistance to TRAIL. In this 
study, we showed that the IFN-α-induced expression of 
TRAIL receptors is dependent on SOCS3 expression. We 
also show that the suppression of SOCS3, including the 
blockade of IL-6 signaling, can induce TRAIL sensitivity, 
thus leading to the inhibition of tumor growth in IFN-α-
resistant RCC cells.

RESULTS

Sensitivity of RCC cell lines to TRAIL

We have previously reported that ACHN cell lines 
were sensitive and 786-O cell lines were resistant to IFN-α 
in RCC cell lines [22, 24]. To determine the sensitivity 
of ACHN and 786-O cells to TRAIL, cell viability 
assays were carried out. Cell viability in ACHN cells 
was inhibited by TRAIL treatment in a dose-dependent 
manner. In contrast, TRAIL did not exert any inhibitory 
effect on the growth of 786-O cells (Figure 1). The 
sensitivity of these cell lines to TRAIL was the same as 
that to IFN-α and was consistent with previously reported 
results [21]. Cell death was induced in approximately 50% 
of ACHN cells at a concentration of 111 ng/mL. Thus, the 
concentration of TRAIL was determined to be 100 ng/mL 
for the further experiments.

Gene expression of TRAIL receptors and 
SOCS3 in RCC cell lines

It is known that resistance to TRAIL is in part caused 
by the reduced expression of DR4 or DR5 [16–20]. When 
the mRNA expression levels of DR4, DR5 and SOCS3 in 
RCC cell lines were quantified, DR4 mRNA expression 
was found to be significantly higher in ACHN cells than in 
786-O cells (Figure 2, p < 0.001). After IFN-α stimulation, 
the DR4 mRNA expression level increased in both ACHN 
and 786-O cells compared with that in pretreated cells, 
with the difference in the ACHN cells, but not that in 
786-O cells, being significant (p = 0.044). In contrast, the 
SOCS3 mRNA expression level was significantly higher 
in 786-O cells than in ACHN cells (p < 0.001), and these 
levels were significantly increased by IFN-α stimulation 
(p < 0.001). The DR5 mRNA expression level was higher 
in ACHN cells than in 786-O cells, but no significant 
differences were observed. These results suggested that 
the difference in TRAIL sensitivity was regulated not by 
DR5 but by DR4 expression in those cells. 786-O cells 
were resistant to TRAIL despite no differences being 
observed in DR5 mRNA expression level after treatment 
with IFN. Thus, we decided to evaluate the relationship 
between DR4 and SOCS3 in this study.
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Correlation between DR4 and SOCS3

To evaluate the correlation between DR4 and 
SOCS3, we quantified the expression levels of DR4 and 
SOCS3 after transfection of pCI-SOCS3 into ACHN cells 
and SOCS3-siRNA into 786-O cells. The DR4 mRNA 
expression level was increased after IFN-α stimulation 

in both ACHN cells and 786-O cells as mentioned above 
but was not influenced by SOCS3 expression (Figure 
3). However, in ACHN cells, Western blotting analysis 
showed that the DR4 protein expression level was 
increased after IFN-α stimulation in the control cells, 
whereas it was not increased in pCI-SOCS3-transfected 
cells (Figure 4A, p = 0.011). In 786-O cells, on the other 

Figure 1: Sensitivity of renal cell carcinoma (RCC) cell lines to tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL)-induced cell death. ACHN and 786-O cells were treated with recombinant human TRAIL (0-1000 ng/mL) and 
anti-6X histidine mAb (10 μg/mL). The relative absorbances (mean ± SE) compared with non-treated cells, as a measure of cell viability, 
obtained from the WST-1 assay are shown. Significant differences were observed at doses of 12.3 ng/mL (p < 0.05) and over (p < 0.01).

Figure 2: Interferon (IFN)-α-induced mRNA expression of TRAIL-R1/DR4, TRAIL-R2/DR5 and suppressor of 
cytokine signaling 3 (SOCS3) in RCC cells. mRNA expression levels of DR4, DR5 and SOCS3 were quantified by real-time 
polymerase chain reaction (PCR) in ACHN and 786-O cells. The y axis shows the relative mRNA expression level with or without IFN-α 
treatment (1000 IU/mL) relative to that in non-treated ACHN cells. The results are expressed as the relative mean ratio ± SE of at least three 
independent determinations. *p < 0.05 for two-tailed paired t test compared with ACHN and 786-O cells.
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hand, the DR4 protein expression level was significantly 
increased after IFN-α stimulation in SOCS3-siRNA-
transfected cells (p = 0.009), whereas it was not increased 
in the control cells (Figure 4B).

Influence of SOCS3 on sensitivity to  
IFN and TRAIL

To evaluate the influence of SOCS3 on sensitivity 
to IFN-α and TRAIL, we carried out cell-viability 
studies after transfection of pCI-SOCS3 into ACHN cells 
and SOCS3-siRNA into 786-O cells. The ACHN cells 
became resistant to IFN-α and TRAIL after pCI-SOCS3 
transfection (Figure 5A, p<0.001). In 786-O cells, on the 
other hand, the growth of SOCS3-siRNA-transfected cells 
was significantly inhibited by treatment with both IFN-α 
and TRAIL (Figure 5B, p < 0.001).

Binding of SOCS3 to DR4

SOCS box-containing proteins form complexes 
with other proteins, thus tagging them for ubiquitination 
and protein degradation. Hence, we investigated the 
biochemical interaction between SOCS3 and DR4 by 
co-immunoprecipitation in ACHN and 786-O cells 
treated with IFN-α. Protein complexes were precipitated 
with anti-SOCS3 antibody. Western blot analysis with 
anti-DR4 antibodies showed that SOCS3 bound to DR4 
(Figure 6).

Changes in DR4 expression and sensitivity to 
TRAIL under an IL-6 signaling blockade

We examined the changes in DR4 expression and 
TRAIL sensitivity under a blockade of IL-6 signaling 

Figure 3: Effect of pCI-SOCS3 vector or SOCS3 siRNA transfection on DR4 mRNA expression. mRNA expression levels 
of DR4, DR5 and SOCS3 were quantified by real-time PCR. DR4 mRNA expression was increased by IFN-α stimulation but not by 
SOCS3. The y axis shows the relative mRNA expression level. The results are expressed as the relative mean ratio ± SE of at least three 
independent determinations. *p < 0.05 for two-tailed paired t test compared with control.
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Figure 4: DR4 protein expression depends on SOCS3. Individual bands of the Western blotting analysis were quantified using 
Image Lab 3.0 software and compared with protein expression levels. (A) Effect of pCI-SOCS3 on ACHN cells. Overexpression of SOCS3 
suppressed the DR4 expression by IFN in ACHN cells. (B) Effect of SOCS3-siRNA on 786-O cells. DR4 protein expression was dependent 
on SOCS3 expression. The results are expressed as the relative mean ratio ± SE of at least three independent determinations. *p < 0.05 for 
two-tailed paired t test compared with control.

Figure 5: Reduced cell viability in response to TRAIL depends on SOCS3 expression. Cell viability after treatment with 
IFN-α and/or TRAIL were compared with non-treated cells. (A) ACHN cells seeded on a culture plate were transfected with an empty 
vector or pCI-SOCS3 vector. (B) 786-O cells were transfected with negative control siRNA or SOCS3 siRNA. Cell viability after TRAIL 
treatment changed in a SOCS3-dependent manner. *p < 0.05 for two-tailed paired t test compared with control.
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in 786-O cells. The up-regulation of SOCS3 mRNA 
expression level by IFN-α stimulation was significantly 
decreased by the combined use of tocilizumab (p = 
0.012), but the DR4 mRNA expression level was not 
influenced by tocilizumab (Figure 7A). However, in terms 
of protein expression, tocilizumab up-regulated DR4 
expression (p = 0.002) after IFN-α stimulation but did 
not induce SOCS3 expression (p = 0.010) (Figure 7B). In 
the cell-proliferative studies, we examined the changes 
in TRAIL sensitivity by the administration of IFN-α and/
or tocilizumab. TRAIL exerted a growth inhibitory effect 
after IFN-α administration (p < 0.001). Moreover, the 
combined use of tocilizumab markedly increased its effect 
(p < 0.001). Tocilizumab alone also exerted a growth 
inhibitory effect, but the difference was not significant 
(Figure 7C).

Effect of the combined use of IFN-α and 
tocilizumab on DR4 expression in vivo

Tumors from the control mice displayed a clear 
cell type specific to renal cell carcinomas (Figure 8A). 
Immunohistochemical examination of DR4 confirmed the 
presence of little or negligible DR4 protein expression in 
the tumor cells of non-treated mice (Figure 8B). Tumor 
sections obtained after IFN-α treatment showed no 
remarkable change in HE staining (Figure 8C); however, 
DR4 protein expression was observed in the tumor (Figure 
8D). No remarkable changes due to the administration of 
tocilizumab alone were observed (Figure 8E and 8F). 
Lymphocyte infiltration and focal fibrosis were observed 
in the tumors from mice receiving a combination of 

IFN-α and tocilizumab (Figure 8G). A marked increase 
in IFN-induced DR4 protein expression after tocilizumab 
treatment was confirmed (Figure 8H).

DISCUSSION

The present study demonstrates that a combination 
of IFN and an anti-IL-6 receptor antibody could up-
regulate TRAIL receptor DR4 in RCC cells. There are 
multiple regulatory components in the TRAIL/TRAIL 
receptor system. In this study, we have focused on the 
regulation of SOCS3 induction in RCC cells as one of the 
TRAIL regulatory systems.

We have previously reported that SOCS3 plays an 
important role in IFN-α resistance in RCC. When IFN-α 
binds to its receptor, the JAK/STAT pathway is activated 
and STAT1 is subsequently phosphorylated and acts as an 
anti-tumor activator. In 786-O cells, which are resistant 
to IFN, IL-6 is induced by IFN-α stimulation, leading to 
SOCS3 expression. SOCS3 then inhibits STAT1, which 
subsequently leads to IFN-α resistance [22, 24]. On the 
other hand, IFN and STAT1 activate NK cell cytotoxicity 
[34–36]. As TRAIL, an inducer of apoptosis, is expressed 
on NK cells, we hypothesized that IFN-resistant RCC cells 
were also resistant to TRAIL, the receptors of which are 
regulated by SOCS3.

In this study, we demonstrated that IFN and SOCS3 
regulated the expression of TRAIL receptors DR4 as 
well as TRAIL sensitivity. There was a significant 
difference in DR4 expression between ACHN and 
786-O cells. This suggests that TRAIL sensitivity was 
mainly regulated by DR4 expression. In our study, DR4 

Figure 6: SOCS3 binds to DR4 protein. We investigated the biochemical interaction between SOCS-3 and DR-4 by co-
immunoprecipitation. Cells were treated with 1000 IU/mL of IFN-α for different time periods. Cells were then dissolved in lysis buffer 
and proteins were immunoprecipitated with anti-SOCS3 antibody. Cell lysates and immunoprecipitants were applied to SDS-PAGE and 
Western blotting analyses were carried out with anti-SOCS3 and anti-DR4 antibodies.
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Figure 7: Combination of IFN-α and tocilizumab lead the inhibition of cell viability in response to TRAIL Antihuman 
IL-6 receptor antibody, tocilizumab, was used for the inhibition of IL-6 signaling. 786-O cells were treated with IFN-α 
and/or tocilizumab (50 μg/mL). (A) Effect of IFN-α and tocilizumab on mRNA expression of DR4 and SOCS3. (B) Effect of IFN-α and 
tocilizumab on the protein expression of DR4 and SOCS3. (C) 786-O cells were treated with IFN-α, tocilizumab and/or TRAIL. IFN-α 
treatment with SOCS3 suppression increased DR4 protein expression. Combined use of IFN-α, tocilizumab and TRAIL markedly inhibited 
cell growth. The results are expressed as the relative mean ratio ± SE of at least three independent determinations. *p < 0.05 for two-tailed 
paired t test compared with control.
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expression was up-regulated by IFN-α stimulation and 
was inhibited by SOCS3. Cell-proliferative assays using 
recombinant TRAIL also demonstrated that SOCS3 was 
one of regulators of TRAIL-induced cell death. In 786-
O cells, the DR4 mRNA expression level was increased 
by IFN-α; however, DR4 expression was not changed. 
DR4 protein expression was induced by IFN-α under 
SOCS3 suppression by siRNA. A plausible explanation 
for our findings is that DR4 was degraded by SOCS3. 
SOCS3 contains SOCS-box and can form a complex that 
recognizes activated signaling proteins for ubiquitination 
and proteasome-dependent degradation. SOCS3 acts as an 
adapter that brings ubiquitin ligases into the vicinity of 
activated signaling proteins, causing their ubiquitination 
[37, 38]. The results of our immunoprecipitation 
experiment showed that DR4 was a binding partner of 
SOCS3.

The humanized antihuman IL-6 receptor antibody, 
tocilizumab, can also suppress SOCS3 expression. 
As expected, in 786-O cells, the combination of IFN-α 
and tocilizumab induced DR4 protein expression with 
decreased SOSC3 expression. Thus, the combined use 
of IFN-α and tocilizumab markedly enhanced the growth 
inhibitory effect of TRAIL, although use of IFN-α alone 
also led to a TRAIL-induced growth inhibitory effect to 
a certain degree. Our in vivo study confirmed that DR4 
expression in mice treated with IFN-α alone was higher 
than that in control mice, but lower than that in mice 
treated by a combination of IFN-α and tocilizumab. IFN-α 
treatment induced SOCS3 expression in 786-O cells as 
previously reported [24]; thus, our results indicate that 
DR4 degradation by IFN-induced SOCS3 expression was 
insufficient. However, as the combined treatment with 
IFN-α and tocilizumab induced higher DR4 expression 

compared with that of IFN-α treatment alone, it is 
suggested that IL-6-induced SOCS3 has, at least in part, 
a role in DR4 degradation in RCC cells. In addition to 
the tocilizumab, epigenetic modifiers could be a well 
candidate for controlling renal cancer cell proliferation 
and immune regulators [39]. Many epigenetic alterations 
have been identified in urologic cancers including histone 
modifications and DNA methylation changes. And the 
resistance to immunomodulatory therapy with interferons 
in RCC can occur via promoter hypermethylation and 
silencing of interferon response genes [40]. These 
changes are reversible and treatment of renal cancer cell 
lines with 5-Aza-2’-deoxycitidine increased expression of 
interferon response genes and restored interferon induced 
apoptosis [40]. It is also reported that histone deacetylase 
inhibitors (HDACi) could reduce progression in mice 
RCC syngeneic transplanted model [41]. Clear cell RCC 
is associated with inactivation of the von-Hippel Lindau 
(VHL) gene by either genetic and epigenetic factors [42, 
43]. It has been reported that von Hippel-Lindau (VHL) 
gene regulates the SOCS expression [44]. It will also be 
interesting to investigate the effect of HDACi on SOCS3 
expression in RCC cells.

Recently, multiple studies have documented the 
efficacy of mapatumumab, a human agonistic monoclonal 
antibody against DR4 [45–47]; however, the use of 
mapatumumab has not shown clinical benefits in clinical 
trials [48, 49]. In these studies, mapatumumab was 
adjunctively used with other anti-cancer or molecular 
targeted agents. We have recently reported that molecular 
targeted agents induce IL-6 in RCC cells [23]. Although 
a major limitation of our study is that we could not 
use mapatumumab in our setting, it is possible that 
combination therapy with mapatumumab and molecular 

Figure 8: Immunohistochemical staining of tumor xenografts. (HE: A, C, E and G. DR4: B, D, F and H.) Histological features 
and DR4 expression of tumors at 50 days after 786-O cells inoculation. (A and B) Control mice. (C and D) Administration of IFN-α. (E 
and F) Administration of tocilizumab. (G and H) Combination of IFN-α and tocilizumab. Tocilizumab administration alone produced no 
remarkable morphological changes in HE staining or DR4 protein expression. DR4 protein was expressed at a higher level after IFN-α 
stimulation in comparison with the control, and the combination of IFN-α and tocilizumab markedly increased its expression.
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targeted agents against RCC requires the suppression of 
IL-6 signaling for better effects, as IL-6 signaling induces 
SOCS3 expression.

In conclusion, the present study showed that SOCS3 
was one of the regulators of TRAIL sensitivity in RCC. 
Suppression of SOCS3 expression up-regulated the DR4 
expression induced by IFN-α stimulation both in vitro and 
in vivo, and enhanced TRAIL sensitivity in RCC cell lines. 
Our findings suggested that combination therapy using 
IFN-α with a SOCS3 suppressor and TRAIL could afford 
an attractive candidate for the treatment of advanced RCC.

MATERIALS AND METHODS

Cell lines/ recombinant human  
TRAIL/ IFN-α/ tocilizumab

The human RCC cell lines ACHN and 786-O were 
obtained from the American Tissue Culture Collection 
(ATCC). ACHN and 786-O were cultured at 37°C in 
5% CO2 using MEM with 0.1mmol/L non-essential 
amino acids, plus 10% fetal bovine serum for ACHN 
cells and RPMI 1640 with 10% fetal bovine serum for 
786-O cells. Recombinant human (rh) TRAIL and anti-
6X histidine mAb were purchased from R&D Systems, 
Inc. (Minneapolis, MN). Natural type IFN-α (Sumiferon: 
Dainippon Sumitomo Pharma Co., Japan) was used in this 
experiment. IFN-α was applied at a dose of 1000 IU/mL 
as described previously [24]. Tocilizumab, a humanized 
antihuman IL-6R antibody, was purchased from Chugai 
Pharmaceutical Co. (Tokyo, Japan). The optimum 
concentration of tocilizumab was determined to be 50 
μg/mL from a pharmacokinetic analysis of rheumatoid 
arthritis patients as described previously [22, 50].

cDNA construction and real-time 
quantitative PCR

cDNA construction was performed using SuperPrep 
Cell Lysis & RT Kit for qPCR (Toyobo Co., Japan) 
according to the manufacturer’s instructions. TaqMan PCR 
reagents for DR4 (Hs00269492), DR5 (Hs00366278) and 
SOCS3 (Hs02330328) were purchased from ABI (Applied 
Biosystems, CA). Quantitative real-time PCR was carried 
out using the TaqMan Master Mix Reagents Kit protocol 
on a StepOne real-time PCR System (Applied Biosystems, 
CA). The data were standardized against β-actin gene 
expression using TaqMan β-actin control reagent (Applied 
Biosystems, CA).

Short Silencer RNA (siRNA) and transfection

The designed siRNA for SOCS3 and the negative 
control, which were designed as described previously 
[24], were also used in this study. For siRNA transfection, 

Lipofectamine RNAi MAX (Invitrogen, CA) was used 
according to the manufacturer’s protocol. The transfected 
cells were kept at 37°C in a 5% CO2 incubator for 24 h 
until treatment.

pCIneo-SOCS3 and transfection

The construct pCIneo-SOCS3 was made by 
subcloning the human SOCS3 cDNA amplified from 
786-O cells into the pCIneo expression vector (Promega, 
WI) as described previously [24]. The empty vector was 
used as a negative control. For pCIneo-SOCS3 vector 
and empty vector transfection, Lipofectamine LTX 
(Invitrogen, CA) was used according to the manufacturer’s 
protocol. The transfected cells were kept at 37°C in a 5% 
CO2 incubator for 24 h until treatment.

Cell-viability assay

For the determination of cellular proliferation and 
viability, water soluble Tetrazolium (WST)-1 assays were 
carried out in 96-well plates using a Cell Proliferation 
Reagent (Roche Applied Science, IN) according to the 
manufacturer’s protocol. Briefly, 24 h after the incubation 
of cells with TRAIL, IFN-α and/or tocilizumab, WST-1 
reagent was added to each well, which were then incubated 
for 1 h at 37°C. Spectrophotometrical absorbance of 
the samples was measured using a microplate reader 
(VARIOSKAN FLASH, Thermo Scientific, IL), and 
compared against that of non-treated cells.

Western blotting analysis

Protein from the IFN- and/or tocilizumab-treated 
cells was extracted and applied to SDS-PAGE. DR4 (Santa 
Cruz Biotechnology, Inc., TX) and SOCS3 (Immuno-
Biological Laboratories Co., Japan) were used as primary 
antibodies. Anti β-actin antibody (SIGMA, MO) was used 
as an internal control. Protein bands were visualized using 
SuperSignal West Dura Extended Duration Substrate 
(Thermo Scientific, IL), and imaged with the ChemiDoc 
XRS plus system (BIO-RAD, CA). Individual bands were 
quantified with Image Lab 3.0 software (BIO-RAD, CA), 
and normalized against the control value.

Immunoprecipitation

For immunoprecipitation, a PureProteome Protein 
Magnetic Bead system (Merckmillipore Co., Germany) 
was used according to manufacturer’s protocol. SOCS3 
antibody (Santa Cruz Biotechnology, Inc., TX) and 
Protein G were used to make the antibody-coated beads. 
Western blotting analysis was then carried out as described 
above. EasyBlot (GeneTex, CA) was used as a secondary 
antibody, according to the manufacturer’s protocol.
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Tumor xenografts

All animal studies were conducted in compliance 
with Japanese regulations for animal use and approval 
for these studies was obtained from the Committee on 
Animal Research of Fukushima Medical University. Six-
week-old female BALB/C nu/nu nude mice (CLEA Japan, 
Inc.) were inoculated subcutaneously (s. c.) in the flank 
with 20 million 786-O cells. The tumor-bearing mice 
were separated into four groups. One group received an 
intraperitoneal (i. p.) injection of 100 μg antihuman IL-
6R antibody tocilizumab three times a week and 1000 IU 
of IFN-α daily. The other groups received IFN-α only, 
tocilizumab only or phosphate-buffered saline (PBS; 
non-treated control group), respectively. After treatment 
for 50 days, the tumors were removed and used for 
morphological analysis.

Morphological and immunohistochemical 
examinations

Paraffin-embedded sections of the tumors from 
the mouse xenograft models were prepared and stained 
with hematoxylin and eosin (HE). To detect DR4, tumor 
sections were stained with a polyclonal rabbit anti-
TNFRSF10A/DR4 antibody (LifeSpan BioScience, 
Inc., WA). Staining was detected using a Streptavidin-
Biotin Kit (Nichirei, Trappes, France) according to the 
manufacturer’s protocol.

Statistical analysis

Determination of cell proliferation, mRNA 
expression level and Western blotting analysis was 
repeated at least three times independently, and the 
results were expressed as the mean ± SE. Analyses were 
performed with SPSS Statistics 21 software (IBM Japan, 
Tokyo, Japan).

Declarations

Availability of data and materials

The datasets used and/or analyzed during the current 
study are available from the corresponding author on 
reasonable request.

Ethics approval and consent to participate

Not applicable.

Abbreviations

IL-6: interleukin 6; IL-6R: interleukin 6 receptor; 
JAK/STAT: janus kinase/signal transducer and activator 
of transcription; RCC: renal cell carcinoma; SOCS: 

suppressor of cytokine signaling; TRAIL: tumor necrosis 
factor-related apoptosis-inducing ligand.

Author contributions

KI designed the study and coordinated experiments 
and wrote the manuscript. MY, AO, RT and RHT executed 
WST assays, western blots and siRNA transfections. KT 
and KM performed western blots, siRNA transfections. 
SH, JH, SO and MK performed ChIP-qRT-PCR, Co-
immunoprecipitations. HH and NH performed statistical 
analysis, in vivo experiment and immune-histochemical 
staining. YK coordinated experiments and helped to draft 
the manuscript. All authors read and approved the final 
manuscript.

CONFLICTS OF INTEREST

The authors declare no potential conflicts of interest.

FUNDING

This work was supported by a Grant-in-Aid for 
Scientific Research from the Japan Society for the 
Promotion of Science (No. 22591773).

REFERENCES

1. Landis SH, Murray T, Bolden S, Wingo PA. Cancer 
statistics, 1999. CA Cancer J Clin. 1999; 49:8-31, 1.

2. Siow WY, Yip SK, Ng LG, Tan PH, Cheng WS, Foo KT. 
Renal cell carcinoma: incidental detection and pathological 
staging. J R Coll Surg Edinb. 2000; 45:291–95.

3. Tsui KH, Shvarts O, Smith RB, Figlin R, de Kernion JB, 
Belldegrun A. Renal cell carcinoma: prognostic significance 
of incidentally detected tumors. J Urol. 2000; 163:426–30. 

4. Motzer RJ, Hutson TE, Tomczak P, Michaelson MD, 
Bukowski RM, Rixe O, Oudard S, Negrier S, Szczylik 
C, Kim ST, Chen I, Bycott PW, Baum CM, Figlin RA. 
Sunitinib versus interferon alfa in metastatic renal-cell 
carcinoma. N Engl J Med. 2007; 356:115–24. 

5. Motzer RJ, Michaelson MD, Rosenberg J, Bukowski RM, 
Curti BD, George DJ, Hudes GR, Redman BG, Margolin 
KA, Wilding G. Sunitinib efficacy against advanced renal 
cell carcinoma. J Urol. 2007; 178:1883–87. 

6. Escudier B, Eisen T, Stadler WM, Szczylik C, Oudard 
S, Siebels M, Negrier S, Chevreau C, Solska E, Desai 
AA, Rolland F, Demkow T, Hutson TE, et al; TARGET 
Study Group. Sorafenib in advanced clear-cell renal-cell 
carcinoma. N Engl J Med. 2007; 356:125–34. 

7. Coppin C, Kollmannsberger C, Le L, Porzsolt F, Wilt TJ. 
Targeted therapy for advanced renal cell cancer (RCC): a 
Cochrane systematic review of published randomised trials. 
BJU Int. 2011; 108:1556–63. 



Oncotarget31707www.oncotarget.com

8. Motzer RJ, Jonasch E, Agarwal N, Bhayani S, Bro WP, 
Chang SS, Choueiri TK, Costello BA, Derweesh IH, 
Fishman M, Gallagher TH, Gore JL, Hancock SL, et al. 
Kidney Cancer, Version 2.2017, NCCN Clinical Practice 
Guidelines in Oncology. J Natl Compr Canc Netw. 2017; 
15:804–34. 

9. Motzer RJ, Escudier B, McDermott DF, George S, 
Hammers HJ, Srinivas S, Tykodi SS, Sosman JA, Procopio 
G, Plimack ER, Castellano D, Choueiri TK, Gurney H, 
et al; CheckMate 025 Investigators. Nivolumab versus 
Everolimus in Advanced Renal-Cell Carcinoma. N Engl J 
Med. 2015; 373:1803–13. 

10. Cohen HT, McGovern FJ. Renal-cell carcinoma. N Engl J 
Med. 2005; 353:2477–90. 

11. Sato K, Hida S, Takayanagi H, Yokochi T, Kayagaki N, 
Takeda K, Yagita H, Okumura K, Tanaka N, Taniguchi 
T, Ogasawara K. Antiviral response by natural killer cells 
through TRAIL gene induction by IFN-alpha/beta. Eur J 
Immunol. 2001; 31:3138–46. 

12. Zamai L, Ahmad M, Bennett IM, Azzoni L, Alnemri ES, 
Perussia B. Natural killer (NK) cell-mediated cytotoxicity: 
differential use of TRAIL and Fas ligand by immature 
and mature primary human NK cells. J Exp Med. 1998; 
188:2375–80. 

13. Takeda K, Cretney E, Hayakawa Y, Ota T, Akiba H, 
Ogasawara K, Yagita H, Kinoshita K, Okumura K, 
Smyth MJ. TRAIL identifies immature natural killer cells 
in newborn mice and adult mouse liver. Blood. 2005; 
105:2082–89. 

14. Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP, 
Nicholl JK, Sutherland GR, Smith TD, Rauch C, Smith 
CA, Goodwin RG. Identification and characterization of 
a new member of the TNF family that induces apoptosis. 
Immunity. 1995; 3:673–82. 

15. Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A, 
Ashkenazi A. Induction of apoptosis by Apo-2 ligand, a new 
member of the tumor necrosis factor cytokine family. J Biol 
Chem. 1996; 271:12687–90. 

16. Pan G, O’Rourke K, Chinnaiyan AM, Gentz R, Ebner R, Ni 
J, Dixit VM. The receptor for the cytotoxic ligand TRAIL. 
Science. 1997; 276:111–13. 

17. Walczak H, Degli-Esposti MA, Johnson RS, Smolak PJ, 
Waugh JY, Boiani N, Timour MS, Gerhart MJ, Schooley 
KA, Smith CA, Goodwin RG, Rauch CT. TRAIL-R2: a 
novel apoptosis-mediating receptor for TRAIL. EMBO J. 
1997; 16:5386–97. 

18. Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch 
M, Baldwin D, Ramakrishnan L, Gray CL, Baker K, Wood 
WI, Goddard AD, Godowski P, Ashkenazi A. Control of 
TRAIL-induced apoptosis by a family of signaling and 
decoy receptors. Science. 1997; 277:818–21. 

19. Degli-Esposti MA, Smolak PJ, Walczak H, Waugh J, 
Huang CP, DuBose RF, Goodwin RG, Smith CA. Cloning 
and characterization of TRAIL-R3, a novel member of 

the emerging TRAIL receptor family. J Exp Med. 1997; 
186:1165–70. 

20. Degli-Esposti MA, Dougall WC, Smolak PJ, Waugh JY, 
Smith CA, Goodwin RG. The novel receptor TRAIL-R4 
induces NF-kappaB and protects against TRAIL-mediated 
apoptosis, yet retains an incomplete death domain. 
Immunity. 1997; 7:813–20. 

21. Griffith TS, Fialkov JM, Scott DL, Azuhata T, Williams RD, 
Wall NR, Altieri DC, Sandler AD. Induction and regulation 
of tumor necrosis factor-related apoptosis-inducing ligand/
Apo-2 ligand-mediated apoptosis in renal cell carcinoma. 
Cancer Res. 2002; 62:3093–99.

22. Oguro T, Ishibashi K, Sugino T, Hashimoto K, Tomita S, 
Takahashi N, Yanagida T, Haga N, Aikawa K, Suzutani 
T, Yamaguchi O, Kojima Y. Humanised antihuman IL-6R 
antibody with interferon inhibits renal cell carcinoma cell 
growth in vitro and in vivo through suppressed SOCS3 
expression. Eur J Cancer. 2013; 49:1715–24. 

23. Ishibashi K, Haber T, Breuksch I, Gebhard S, Sugino T, 
Kubo H, Hata J, Koguchi T, Yabe M, Kataoka M, Ogawa 
S, Hiraki H, Yanagida T, et al. Overriding TKI resistance 
of renal cell carcinoma by combination therapy with IL-6 
receptor blockade. Oncotarget. 2017; 8:55230–45. https://
doi.org/10.18632/oncotarget.19420.

24. Tomita S, Ishibashi K, Hashimoto K, Sugino T, Yanagida 
T, Kushida N, Shishido K, Aikawa K, Sato Y, Suzutani 
T, Yamaguchi O. Suppression of SOCS3 increases 
susceptibility of renal cell carcinoma to interferon-α. Cancer 
Sci. 2011; 102:57–63. 

25. Negrier S, Perol D, Menetrier-Caux C, Escudier B, 
Pallardy M, Ravaud A, Douillard JY, Chevreau C, 
Lasset C, Blay JY; Groupe Francais d’Immunotherapie. 
Interleukin-6, interleukin-10, and vascular endothelial 
growth factor in metastatic renal cell carcinoma: prognostic 
value of interleukin-6—from the Groupe Francais 
d’Immunotherapie. J Clin Oncol. 2004; 22:2371–78. 

26. Montero AJ, Diaz-Montero CM, Millikan RE, Liu J, Do 
KA, Hodges S, Jonasch E, McIntyre BW, Hwu P, Tannir N. 
Cytokines and angiogenic factors in patients with metastatic 
renal cell carcinoma treated with interferon-alpha: 
association of pretreatment serum levels with survival. Ann 
Oncol. 2009; 20:1682–87. 

27. Yu H, Jove R. The STATs of cancer—new molecular targets 
come of age. Nat Rev Cancer. 2004; 4:97–105. 

28. Yu H, Pardoll D, Jove R. STATs in cancer inflammation 
and immunity: a leading role for STAT3. Nat Rev Cancer. 
2009; 9:798–809. 

29. Bournazou E, Bromberg J. Targeting the tumor 
microenvironment: JAK-STAT3 signaling. JAK-STAT. 
2013; 2:e23828. 

30. Nishimoto N, Yoshizaki K, Miyasaka N, Yamamoto K, 
Kawai S, Takeuchi T, Hashimoto J, Azuma J, Kishimoto 
T. Treatment of rheumatoid arthritis with humanized 
anti-interleukin-6 receptor antibody: a multicenter, 

https://doi.org/10.18632/oncotarget.19420
https://doi.org/10.18632/oncotarget.19420


Oncotarget31708www.oncotarget.com

double-blind, placebo-controlled trial. Arthritis Rheum. 
2004; 50:1761–69. 

31. Imagawa T, Yokota S, Mori M, Miyamae T, Takei S, 
Imanaka H, Nerome Y, Iwata N, Murata T, Miyoshi 
M, Nishimoto N, Kishimoto T. Safety and efficacy of 
tocilizumab, an anti-IL-6-receptor monoclonal antibody, 
in patients with polyarticular-course juvenile idiopathic 
arthritis. Mod Rheumatol. 2012; 22:109–15. 

32. Nishimoto N, Kanakura Y, Aozasa K, Johkoh T, Nakamura 
M, Nakano S, Nakano N, Ikeda Y, Sasaki T, Nishioka K, 
Hara M, Taguchi H, Kimura Y, et al. Humanized anti-
interleukin-6 receptor antibody treatment of multicentric 
Castleman disease. Blood. 2005; 106:2627–32. 

33. Ito H, Takazoe M, Fukuda Y, Hibi T, Kusugami K, 
Andoh A, Matsumoto T, Yamamura T, Azuma J, 
Nishimoto N, Yoshizaki K, Shimoyama T, Kishimoto 
T. A pilot randomized trial of a human anti-interleukin-6 
receptor monoclonal antibody in active Crohn’s disease. 
Gastroenterology. 2004; 126:989–96. 

34. Yu CR, Lin JX, Fink DW, Akira S, Bloom ET, Yamauchi 
A. Differential utilization of Janus kinase-signal transducer 
activator of transcription signaling pathways in the 
stimulation of human natural killer cells by IL-2, IL-12, and 
IFN-alpha. J Immunol. 1996; 157:126-37.

35. Lee CK, Rao DT, Gertner R, Gimeno R, Frey AB, Levy 
DE. Distinct requirements for IFNs and STAT1 in NK cell 
function. J Immunol. 2000; 165:3571-3577. 

36. Liang S, Wei H, Sun R, Tian Z. IFNalpha regulates NK 
cell cytotoxicity through STAT1 pathway. Cytokine. 2003; 
23:190–99. 

37. Kamura T, Sato S, Haque D, Liu L, Kaelin WG Jr, Conaway 
RC, Conaway JW. The Elongin BC complex interacts with 
the conserved SOCS-box motif present in members of the 
SOCS, ras, WD-40 repeat, and ankyrin repeat families. 
Genes Dev. 1998; 12:3872–81. 

38. Zhang JG, Farley A, Nicholson SE, Willson TA, Zugaro 
LM, Simpson RJ, Moritz RL, Cary D, Richardson R, 
Hausmann G, Kile BT, Kent SB, Alexander WS, et al. 
The conserved SOCS box motif in suppressors of cytokine 
signaling binds to elongins B and C and may couple bound 
proteins to proteasomal degradation. Proc Natl Acad Sci 
U S A. 1999; 96:2071–76. 

39. Faleiro I, Leão R, Binnie A, de Mello RA, Maia AT, 
Castelo-Branco P. Epigenetic therapy in urologic cancers: 
an update on clinical trials. Oncotarget. 2017; 8:12484–500. 
https://doi.org/10.18632/oncotarget.14226.

40. Reu FJ, Bae SI, Cherkassky L, Leaman DW, Lindner 
D, Beaulieu N, MacLeod AR, Borden EC. Overcoming 
resistance to interferon-induced apoptosis of renal 
carcinoma and melanoma cells by DNA demethylation. J 
Clin Oncol. 2006; 24:3771–79. 

41. Kiweler N, Brill B, Wirth M, Breuksch I, Laguna T, Dietrich 
C, Strand S, Schneider G, Groner B, Butter F, Heinzel T, 
Brenner W, Krämer OH. The histone deacetylases HDAC1 
and HDAC2 are required for the growth and survival of 
renal carcinoma cells. Arch Toxicol. 2018; 92:2227–43. 

42. Hoffman AM, Cairns P. Epigenetics of kidney cancer and 
bladder cancer. Epigenomics. 2011; 3:19–34. 

43. Cancer Genome Atlas Research Network. Comprehensive 
molecular characterization of clear cell renal cell carcinoma. 
Nature. 2013; 499:43–49. 

44. Wu KL, Miao H, Khan S. JAK kinases promote 
invasiveness in VHL-mediated renal cell carcinoma 
by a suppressor of cytokine signaling-regulated, HIF-
independent mechanism. Am J Physiol Renal Physiol. 2007; 
293:F1836–46. 

45. Song X, Kim HC, Kim SY, Basse P, Park BH, Lee BC, Lee 
YJ. Hyperthermia-enhanced TRAIL- and mapatumumab-
induced apoptotic death is mediated through mitochondria 
in human colon cancer cells. J Cell Biochem. 2012; 
113:1547–58.

46. Neeson PJ, Hsu AK, Chen YR, Halse HM, Loh J, Cordy 
R, Fielding K, Davis J, Noske J, Davenport AJ, Lindqvist-
Gigg CA, Humphreys R, Tai T, et al. Induction of potent 
NK cell-dependent anti-myeloma cytotoxic T cells in 
response to combined mapatumumab and bortezomib. 
Oncoimmunology. 2015; 4:e1038011. 

47. Ahmed SM, Wu X, Jin X, Zhang X, Togo Y, Suzuki T, 
Li Y, Kanematsu A, Nojima M, Yamamoto S, Sugimoto 
M, Kakehi Y. Synergistic induction of apoptosis by 
mapatumumab and anthracyclines in human bladder cancer 
cells. Oncol Rep. 2015; 33:566–72. 

48. von Pawel J, Harvey JH, Spigel DR, Dediu M, Reck M, 
Cebotaru CL, Humphreys RC, Gribbin MJ, Fox NL, 
Camidge DR. Phase II trial of mapatumumab, a fully human 
agonist monoclonal antibody to tumor necrosis factor-
related apoptosis-inducing ligand receptor 1 (TRAIL-R1), 
in combination with paclitaxel and carboplatin in patients 
with advanced non-small-cell lung cancer. Clin Lung 
Cancer. 2014; 15:188-196.e2.

49. Ciuleanu T, Bazin I, Lungulescu D, Miron L, Bondarenko 
I, Deptala A, Rodriguez-Torres M, Giantonio B, Fox 
NL, Wissel P, Egger J, Ding M, Kalyani RN, et al. A 
randomized, double-blind, placebo-controlled phase II 
study to assess the efficacy and safety of mapatumumab 
with sorafenib in patients with advanced hepatocellular 
carcinoma. Ann Oncol. 2016; 27:680–87. 

50. Zhang X, Peck R. Clinical pharmacology of tocilizumab for 
the treatment of patients with rheumatoid arthritis. Expert 
Rev Clin Pharmacol. 2011; 4:539–58. 

https://doi.org/10.18632/oncotarget.14226

