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Abstract Renal cell carcinoma (RCC) accounts for

80–95 % of kidney tumors, and approximately 30 % of

RCC patients have metastatic disease at diagnosis. Con-

ventional chemotherapy is not effective in patients with

metastatic RCC (MRCC); therefore, immunotherapy with

interferon-a (IFN-a) has been employed to improve sur-

vival. However, the response rate of MRCC to IFN-a
therapy is low. We previously reported that a signal

transducer and activator 3 (STAT3) polymorphism was a

useful diagnostic marker to predict the response to IFN-a
therapy in patients with MRCC. Therefore, we hypothe-

sized the inhibition of STAT3 in the addition of IFN-a
therapy might be useful. Moreover, the blockage of STAT3

itself has been reported to enhance the antitumor effects.

However, because IFN-a is thought to elicit its therapeutic

effect via enhancement of an antitumor immune response

mediated by lymphocytes that can be activated by IFN-a
administrations, it is probable that the suppression of

STAT3 in vivo relates to autoimmune disorders. In the

present study, we found Y-box binding protein-1 (YB-1)

was poorly expressed in T lymphocytes, as compared with

cancer tissues. YB-1 was reported to have an important

effect on the STAT3 pathway. Suppression of STAT3 by

YB-1 inhibition did not seem to enhance the potential risk

for autoimmune disorders. Moreover, we found sensitivity

to IFN-a was increased by YB-1 suppression, and this

suppression did not down-regulate IFN-a activation of T

lymphocytes.
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Introduction

Renal cell carcinoma (RCC) accounts for 80–95 % of

kidney tumors, and around 30 % of RCC patients have

metastatic disease at diagnosis, with a median survival of

12 months [1, 2]; cell carcinomas, which account for

75–85 % of renal tumors, are characterized by the loss of

the von Hippel-Lindau tumor-suppressor gene, leading to

overexpression of proangiogenic vascular endothelial

growth factor and platelet-derived growth factor-b [3].

Conventional chemotherapy is not effective in patients

with metastatic RCC (MRCC); therefore, immunotherapy

with interferon-a (IFN-a) and/or interleukin-2 (IL-2) has

been employed to improve survival. However, the response

rate of MRCC to IFN-a therapy is 5–20 % [4].

IFN-a therapy is associated with low response rate and

substantial adverse effects; therefore, identification of

reliable predictive markers for response to IFN-a is

essential in establishing optimal treatment strategies for

patients with MRCC. We previously reported that a poly-

morphism in signal transducer and activator 3 (STAT3)

was a useful diagnostic marker to predict the response to

IFN-a therapy in patients with MRCC [5]. We also showed
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that STAT3 expression was reduced in the genotype

responding to IFN-a, and suppression of STAT3 by small

interfering RNAs (siRNAs) enhanced the inhibitory effect

of IFN-a on renal cancer cell proliferation in vitro [5].

STAT3 belongs to a family of commonly expressed pro-

teins and has a dual role as a cytoplasmic mediator of

cytokine signaling and nuclear transcription factor [6–8].

STAT3 is constitutively activated at a very high frequency

in human cancers and is critical for tumor cell proliferation,

survival, angiogenesis, and invasion [9–12]. As a result,

blocking of STAT3 activity in tumor cells is a promising

strategy to induce the production of proinflammatory

cytokines and chemokines, thereby activating innate

immune cells, and ultimately prompting antitumor T-cell

immune responses. Furthermore, blockage of STAT3 has

been reported to enhance these antitumor effects [9, 11,

12]. Therefore, we hypothesized that the inhibition of

STAT3 in the addition of IFN-a therapy enhanced this

effect. Because IFN-a is thought to elicit its therapeutic

effects via enhancement of antitumor immune response

mediated by lymphocytes that can be activated by IFN-a, it

is probable that the suppression of STAT3 in vivo is

associated with autoimmune disorders [13–15]. As STAT3

is an essential negative regulator in the immune system and

tissue-specific Stat3 knockout mice exhibit autoimmunity,

targeting of STAT3 imposes the potential risk of autoim-

mune disorders [13–15]. Moreover, we and others reported

that regulatory T cells (Tregs) were significantly decreased

immediately after the administration of IFN-a [16–18].

Because Tregs play a critical role in preventing autoim-

mune diseases by suppressing self-reactive T cells, the

administration of IFN-a further imposes the potential risk

of autoimmune disorders.

We focused on the Y-box binding protein-1 (YB-1);

YB-1 controls gene expression is involved in various bio-

logical activities such as brain development, chemoresis-

tance, and tumor progression [19–22]. A link between

YB-1 and STAT3 has been previously reported; inhibition

of YB-1 decreased STAT3 activity, suggesting that YB-1

could have an important effect on the STAT3 pathway

[23]. In addition, to our surprise, in the present study, we

found YB-1 was poorly expressed in the lymphocytes, as

compared with cancer cell lines. Suppression of STAT3 by

the inhibition of YB-1 did not seem to enhance the

potential risk of autoimmunity disorders, because inhibi-

tion of YB-1 did not result in the activation of lympho-

cytes. We hypothesized that the addition of an YB-1

inhibitor would enhance the therapeutic efficacy of IFN-a
in RCC through down-regulation of STAT3 in the tumor

and secondary to enhance the same level of T-cell-medi-

ated tumor cytotoxicity, as compared with that of STAT3

inhibitor.

Materials and methods

Chemical

Human lymphoblastoid interferon-a (HLBI) and mouse

interferon-a (mIFN-a) were supplied by Dainippon Sumi-

tomo Pharma Co., Ltd. (Osaka, Japan). HLBI and mIFN-a
were prepared as previously described [24].

Cell culture and reagents

Human renal cell cancer KG2, KPK13, SKR1, KPK1, and

SN12C cells were established and maintained as described

previously [25–28]. KG2 cells were kindly gifted from Dr.

Kazuo Gohji (Kobe University, Kobe, Japan). Human renal

cell cancer Caki-1 cells were cultured in Eagle’s minimal

essential medium (Invitrogen, Carlsbad, CA, USA).

RENCA was kindly provided by Dr. T. Fujioka (Iwate

Medical University, Morioka, Japan). ACHN and 786-O

cells were purchased from American Type Culture Col-

lection (Manassas, USA). These cell lines were maintained

as previously described [25].

Antibodies

Anti-YB-1 and anti-STAT3 (#4904) antibodies were pur-

chased from Epitomics (Burlingame, CA, USA) and Cell

Signaling Technology (Danvers, MA, USA). Anti-b-actin

antibody was purchased from Sigma (St. Louis, MO,

USA).

Knockdown analysis using small interfering RNAs

(siRNAs)

Knockdown analysis using siRNAs was performed as

described previously [29, 30]. The following double-

stranded 25-bp siRNA oligonucleotides were commercially

generated (Invitrogen): 50-UGGAUAGCGUCUAUAAUG

GUUACGG-30 (sense) and 50-CCGUAACCAUUAUAGA

CGCUAUCCA-30 (antisense) for human YB-1 #1; 50-UU

UGCUGGUAAUUGCGUGGAGGACC-30 (sense) and

50-GGUCCUCCACGCAAUUACCAGCAAA-30 (antisense)

for human YB-1 #2; 50-UGGAUAGCGUCUAUAAUGGU

UACGG-30 (sense) and 50-CCGUAACCAUUAUAGACG

CUAUCCA-30 (antisense) for mouse YB-1 #1; 50-UGAAG

UUUCGGCGAUACCGACGUUG-30 (sense) and 50-CA

ACGUCGGUAUCGCCGAAACUUCA-30 (antisense) for

mouse YB-1 #2. Renal cancer cells were transfected with

40 nM of the indicated siRNAs using Lipofectamine

2000 (Invitrogen), according to the manufacturer’s

protocol.
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Cytotoxicity analysis

Cytotoxicity analysis was performed as previously descri-

bed [29, 30]. Briefly, renal cancer cells (1.5 9 103) trans-

fected with 40 nM of the indicated siRNA as described

above were seeded into 96-well plates. The following day,

various concentrations of interferon a were added. After

96 h, the surviving cells were stained using the alamarBlue

assay (TREK Diagnostic Systems, Cleveland, OH, USA)

for 180 min at 37 �C. Absorbance of each well was mea-

sured using a plate reader (ARVOTM MX; PerkinElmer

Inc., Waltham, MA, USA).

RNA isolation, reverse transcription, and quantitative

real-time PCR

These procedures were performed as previously described

[29, 30]. Quantitative real-time PCR using TaqMan Gene

Expression Assay for YB-1 (Hs00898625_g1), STAT3

(Hs00374280_m1) and GAPDH (Hs02758991_g1)

(Applied Biosystems, Foster City, CA, USA), and TaqMan

Gene Expression Master Mix (Applied Biosystems) was

performed using ABI 7900HT.

Western blotting

Whole-cell lysates were prepared as previously described

[29, 30]. The protein concentration was determined using a

Protein Assay Kit (Bio-Rad, Hercules, CA, USA), based on

the Bradford method. Whole-cell lysates (30 lg) were

separated by SDS–PAGE and transferred to PVDF mem-

branes (GE Healthcare Bio-Science, Piscataway, NJ, USA)

using a semi-dry blotter. Blotted membranes were incu-

bated for 1 h at room temperature with a primary antibody.

Membranes were then incubated for 40 min at room tem-

perature with a peroxidase-conjugated secondary antibody.

Bound antibody was visualized using an ECL kit (GE

Healthcare Bio-Science), and membranes were exposed to

Kodak X-OMAT film. For the correlation assay, the intensity

of each signal was quantified using the NIH Imaging program,

version 1.62 (NIH, Bethesda, MD, USA).

Cell proliferation assay

Cell proliferation assay was performed as previously

described [29, 30]. Briefly, renal cancer cells (2.5 9 104)

were seeded into 12-well plates and transfected with

40 nM of the indicated siRNA. The time point of 12 h after

transfection was set as 0 h. Cells were harvested with

trypsin and counted daily using a cell counter (Beckman

Coulter, Fullerton, CA, USA). The results were normalized

by the cell counts at 0 h and are representative of at least

three independent experiments.

Flow cytometry analysis for in vitro

Flow cytometry analysis was performed as described previ-

ously [29, 30]. Briefly, renal cancer cells (2.0 9 105) were

seeded in 6-well plates transfected with 40 nM of the indi-

cated siRNA and cultured for 72 h. Cells were harvested,

washed twice with ice-cold PBS containing 0.1 % bovine

serum albumin (BSA), and resuspended in 70 % ethanol.

After washing twice with ice-cold PBS, cells were resus-

pended in PBS containing 0.1 % BSA, incubated with RNase

(Roche Applied Science, Indianapolis, IN, USA), and stained

with propidium iodide (Sigma). Cells were analyzed using a

FACS Calibur (BD Biosciences, San Jose, CA, USA).

Animals

Female BALB/c (H-2d) mice (6–8 weeks old) and female

NCr-nu/nu mice (6–8 weeks old) were obtained from

Charles River Laboratories (Yokohama, Japan).

Challenge with tumor cells

RENCA (5.0 9 106), ACHN (5.0 9 107), and 786-O cells

(5.0 9 107) were inoculated subcutaneously (s.c.) into the

shaved lateral flanks of the mice. After establishing the

injected tumors (usually 7 days after tumor inoculation),

mice were randomly divided into four groups. These

groups included YB-1 siRNA plus IFN-a (HLBI: 1MU/

body, mINF-a: 1 9 104 IU/body), control siRNA plus PBS

(no treatment group), control siRNA plus IFN-a (HLBI:

1 MU/body, mINF-a: 1 9 104 IU/body), YB-1 siRNA plus

PBS, and control siRNA plus PBS. We chose the doses of

IFN-a by referring previous studies [24]. IFN-a or PBS was

administered intraperitoneally (i.p) once daily for 15 days.

An s.c. injection of siRNA or control siRNA targeting

YB-1 was given every 3 days. For local administration of

siRNAs, AteloGene (Koken, Tokyo, Japan) was used as the

delivery system according to the manufacturer’s instruc-

tions. AteloGene is mediated by atelocollagen, which

electrostatically forms a complex with dsRNAs and is

subsequently taken up by endocytosis. These four groups

were treated for 15 days. Down-regulation of YB-1 in the

tumor was confirmed by Western blotting every 3 days

before siRNA injection (data not shown). The sizes of

primary tumors were determined every 2 or 3 days using

calipers. Tumor volume was calculated using the formula

V = (A 9 B2)/2, where V is the volume (mm3), A is the

long diameter (mm), and B is the short diameter (mm).

Abs and reagents

Fluorescein isothiocyanate (FITC)-conjugated anti-CD44

(IM7), anti-Foxp3 (FJK-16s), anti-CD3 (145-2C11), and
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anti-CD25 mAbs (7D4); phycoerythrin (PE)-conjugated

anti-NK1.1 (DX-5) and anti-CD8 mAbs (53–6.7); allo-

phycocyanin (APC)-conjugated anti-CD3, anti-Foxp3, and

anti-CD44 mAbs were purchased from e-Bioscience (San

Diego, CA, USA). PerCP-Cy5.5-labeled anti-CD4 mAb

was purchased from BD PharMingen (San Diego, CA,

USA). Armenian Hamster IgG1 was purchased from Wako

Pure Chemicals (Osaka, Japan).

T lymphocytes isolation

T lymphocytes isolation was performed as described pre-

viously [31]. The column was prepared by packing 0.5 g of

scrubbed and combed ready-for-use nylon wool fiber

(Polysciences Inc., Warrington, PA, USA) into a 10-ml

syringe and autoclaving for 15 min. The column was

washed with RPMI medium containing 10 % fetal calf

serum and incubated at 37 �C for 1 h, after which it was

loaded with 1 9 108–2 9 108 viable cells in a volume of

2 ml. The loaded column was incubated for 1 h at 37 �C,

and the no adherent cells were collected using two 50-ml

washes. Collected cells were centrifuged at 250g for

10 min; then, the cell pellet was resuspended in RPMI

medium containing 10 % FBS, and viable cells were

counted. The purity of cells obtained after panning or nylon

wool purification was checked by fluorescence-activated

cell sorter (FACS) analysis, and the percentage of T cells

was found to be 60–70 % (data not shown).

Statistical analysis

The significance of the data was determined by Student’s

t test. P \ 0.05 was taken as the level of significance.

Analysis was carried out using Stat-View 5.0 software

(Abacus Concept, Berkeley, CA, USA). Spearman corre-

lation coefficients were used to examine pairwise correla-

tions between YB-1 and STAT3 expression levels.

Two-sided P values of \0.05 were considered statistically

significant.

Results

Suppression of YB-1 sensitizes renal cancer cells

to IFN-a in vitro

YB-1 is known to be involved in several DNA-damaging

agents including irradiation, cisplatin, and MMC [22].

However, until now, the effect of YB-1 regarding cellular

sensitivity to immune-modulating agents was unknown.

We first examined whether YB-1 suppression improves the

cytotoxic effect by IFN-a to renal cancer cells (ACHN,

786-O, and RENCA cells). ACHN and RENCA cells

possess wild-type von Hippel-Lindau gene, whereas 786-O

cells harbor a von Hippel-Lindau mutation. When YB-1

in ACHN cells was suppressed using two kinds of

YB-1-specific siRNA, the cellular sensitivity to IFN-a was

significantly augmented in all range of IFN-a concentration

employed in this assay (Fig. 1a). In addition, YB-1

knockdown in the other two cell lines (786-O and RENCA

cells) improved the treatment efficiency of IFN-a similar to

that observed in ACHN cells (Fig. 1b, c).

YB-1 induces cell-cycle arrest at G1 phase and reduces

cell proliferation of RENCA cells

Next, we investigated the mechanism of growth inhibition

by YB-1 suppression. First, we measured the proliferation

rate of RENCA cells in vitro when YB-1 was silenced. As

shown in Fig. 1d, YB-1 knockdown significantly reduced

RENCA-cell proliferation. Cell-cycle analysis by flow

cytometry revealed that YB-1 suppression induced cell-

cycle arrest at G1 phase. About 786-O and ACHN cell

lines, we obtained similar data (data not shown).

YB-1 expression level correlates with STAT3

expression in renal cancer cells

STAT3 is also known to be implicated in the cellular

sensitivity to IFN-a [5]. We investigated the relationship

between YB-1 and STAT3 expression level in a panel of

renal cancer cells. Eight untreated RCC cell lines were

subjected to quantitative real-time PCR and Western blot

analysis, to assess YB-1 and STAT3 mRNA expression

levels. As shown in Fig. 2a, a correlation between YB-1

and STAT3 mRNA expression level was indicated

(r = 0.80, P \ 0.01). There was also a correlation between

YB-1 and STAT3 protein expression level, but this was not

statistically significant (Fig. 2b).

YB-1 suppression reduces STAT3 protein level through

proteasomal degradation

The results described above regarding YB-1 and STAT3

expression level prompted us to investigate a functional

link between YB-1 and STAT3. YB-1 is a transcription

factor and binds to an inverted CCAAT element called the

Y-box [21]. We investigated whether YB-1 regulated

STAT3 expression at transcriptional level or not by quan-

titative real-time PCR method. However, STAT3 tran-

scription was unaffected by YB-1 (data not shown). Protein

levels are controlled by translational or degradation pro-

cesses; therefore, we investigated STAT3 protein levels

following YB-1 suppression when treated with cyclohexi-

mide (CHX, translation inhibitor) and MG132 (proteasome

inhibitor) in ACHN cells. The results showed that STAT3
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Fig. 1 Suppression of YB-1 sensitizes renal cancer cells to IFN-a in

vitro. ACHN (a), 786-O (b), and RENCA (c) cells transfected with

40 nM of the indicated siRNA were seeded into 96-well plates. The

following day, various concentrations of IFN-a were added. Follow-

ing incubation for 96 h, cell survival was analyzed by a cytotoxicity

assay. Cell survival in the absence of IFN-a corresponds to 1. All

values are representative of at least three independent experiments.

Boxes, mean; bars, ±sd. d RENCA cells were transfected with 40 nM

of the indicated siRNA. Cell numbers were counted at the indicated

time points. The results were normalized by the cell numbers at 0 h.

All values are representative of at least three independent experi-

ments. Boxes, mean; bars, ±sd. RENCA cells were transfected with

40 nM of the indicated siRNA. At 72 h after transfection, the cells

were stained with propidium iodide and analyzed by flow cytometry.

The cell-cycle fractions are shown at the top right of each graph
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protein level was reduced by YB-1 suppression when cells

were treated with vehicle and CHX, but not with MG132

(Fig. 3a). This suggests that STAT3 protein reduction by

YB-1 suppression is dependent on proteasomal degrada-

tion, which is inhibited by MG132. Similar results were

obtained in both 786-O and RENCA cells (Fig. 3b, c).

Antitumor effects of YB-1 siRNA on IFN-a in a mouse

model

Athymic nude mice were s.c. implanted with ACHN and

786-O tumors (5 9 107 cells/body), and treatment with

IFN-a (1 MU/body) and/or YB-1 siRNA was initiated

when tumors had established. Treatment with YB-1 siRNA

plus IFN-a produced more efficient inhibition of ACHN

and 786-O tumor growth than IFN-a alone (Fig. 4a, b).

Treatment with mIFN-a 1.0 9 104 IU/body and/or YB-1

siRNA was initiated after the establishment of injected

syngeneic RENCA tumors (5.0 9 106) in BALB/c mice.

RENCA tumor growth was significantly suppressed in

mice receiving YB-1siRNA plus IFN-a compared with

those treated with IFN-a alone (Fig. 4c). Moreover, we

analyzed the effector cells for antitumor activity in the

above three groups with flow cytometry on day 18 after

treatment start in the immunocompetent BALB/c-

RENCA mouse model. There were no significant dif-

ferences in the proportions of CD3-NK1.1? cells (NK

cells), CD4? cells, CD8? cells, CD44highCD8? T cells

(memory CD 8 T cells), and CD4? CD25? foxp3? T

cells (regulatory T cells) among the three groups

(Table 1).

YB-1 expression is poorly expressed in mouse

lymphocytes

We obtained T lymphocytes from the spleen cells of tumor-

bearing BALB/C mice by nylon wool methods. IFN-a is

thought to exert its cytotoxic effect to tumor cells acting
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Fig. 2 YB-1 expression level correlates with STAT3 expression in

renal cancer cells. a Total RNA was extracted from the indicated 8

renal cancer cell lines. Following extraction of total RNA and

synthesis of cDNA, quantitative real-time PCR was performed using

the primers and probes for YB-1, STAT3, and GAPDH. YB-1 and

STAT3 transcript levels were corrected for the corresponding

GAPDH transcript levels, respectively. All values represent at least

three independent experiments. Correlation between YB-1 and

STAT3 transcript levels was analyzed. The transcript levels of

YB-1 and STAT3 in SN12C cells were set to 1. b Whole-cell lysates

were extracted from the indicated 8 renal cancer cell lines and

subjected to SDS–PAGE. Western blotting was performed using the

indicated antibodies. Correlations between YB-1 and STAT3 protein

level were analyzed. The protein levels of YB-1 and STAT3 in

SN12C cells were set to 1
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through lymphocytes. We compared YB-1 and STAT3

expression levels in both renal tumor tissues and mouse lym-

phocytes. YB-1 expression in mouse lymphocytes was appar-

ently lower compared to that in renal tumor tissues (Fig. 5).

Discussion

IFN-a is known to have powerful effects on immune cells,

including enhancement of natural killer (NK) cell tumor

cytotoxicity, dendritic cell maturation, Th1 skewing,

enhancement of T-cell survival, immunologic memory

induction, and inhibition of the invasive ability of cancer

cells [24]. Therapy for MRCC has historically been cyto-

kine-based such as IFN-a, as immune system manipulation

resulted in greater antitumor effects when compared with

traditional chemotherapeutic agents. However, IFN-a
has produced objective response rates in the order of

10–15 %, with progression-free survival of approximately

5–6 months. Thus, there is a clear clinical need to identify

treatment modalities that exert therapeutic effects in

MRCC.

STATs are ligand-induced transcriptional factors that

are activated in response to growth factors and cytokines

such as IFN-a [6–8]. Among the STAT family, STAT3 is

recognized as a primordial STAT protein because it is

activated by a wide variety of cytokines, growth factors

and other stimuli, and participates in a wide variety of

physiological processes [7, 8, 10, 12]. STAT3 has been

reported to be frequently overexpressed in various cancers

and has, therefore, been recognized as a type of oncogene

[9–12]. Additionally, laboratory-induced mutation, result-

ing in constitutive STAT3 activation, can transform normal

cells, whereas no naturally occurring mutations of STAT3

have been reported [11]. In previous studies on RCC, the

most frequently activated STAT was reported to be STAT3

and the expression of STAT3 was associated with clinical

outcome [12, 32]. These findings suggest that inherited

STAT3 polymorphisms, which correlate with STAT3

expression, might have a substantial effect on the pro-

gression or survival of cancer cells. A relationship between

STAT3 activation in tumor cells and antitumor immunity

has also been reported [33]. Activation of STAT3 in tumor

cells promotes the expression of factors that inhibit the

functional differentiation and mutation of dendritic cells,

resulting in suppression of proinflammatory cytokines and

the chemokines necessary for antitumor immunity.

In our previous study, to identify a genetic marker to

predict response to IFN-a therapy, we performed an asso-

ciation study of 463 SNPs on 33 candidate genes and found

that a STAT3 polymorphism was a useful diagnostic

marker to predict the response to IFN-a therapy in patients

with MRCC [5]. In another study, Kreil et al. [34] reported

STAT3 expression levels in CML patients were associated

with IFN-a response, as observed in our study. In our

report, STAT3 expression was reduced in the genotype

responding to IFN-a, and suppression of STAT3 by siRNA

enhanced the inhibitory effect of IFN-a on cell growth in

vitro. However, to investigate the involvement of STAT3

+ + + Control siRNA
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Fig. 3 YB-1 suppression reduces STAT3 protein level through

proteasomal degradation. ACHN (a), 786-O (b), and RENCA

(c) cells were transfected with 40 nM of the indicated siRNA. After

24 h, cells were treated with vehicle, 1 lg/ml of cycloheximide, or

5 lM of MG132 for additional 24 h. Whole-cell extracts were

subjected to SDS–PAGE, and Western blotting was performed using

the indicated antibodies
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Fig. 4 Antitumor effects of

YB-1 siRNA on IFN-a in a

mouse model. ACHN, 786-O

cells (5.0 9 107), and RENCA

(5.0 9 106) were inoculated

subcutaneously (s.c.) into the

shaved lateral flanks of the

mice. After establishment of

tumor, 15 mice were randomly

divided into three groups. IFN-a
was administered

intraperitonelly, once a day, for

15 days. YB-1 siRNA or control

siRNA was administered by s.c

injection, once every 3 days, for

15 days. The sizes of primary

tumors were determined every 2

or 3 days using calipers. a,

b Athymic nude mice were

subcutaneously implanted with

ACHN and 786-O tumors, and

treatment with HLBI and/or

YB-1si RNA was initiated when

tumors were established

(*P \ 0.05 compared with other

2 groups). c BALB/c mice were

subcutaneously implanted with

RENCA tumors (5.0 9 106) and

treatment with mIFN-a and/or

YB-1 siRNA was initiated when

tumors were established

(*P \ 0.05 compared with other

2 groups)

Table 1 Effects of the three groups on the proportion of T lymphocytes

Surface marker PBS ? control (%) mIFN-a ? control (%) mIFN-a ? YB-1siRNA (%)

NK1.1? CD3- (lymphocyte-gated) 5.3 ± 0.21* 5.5 ± 0.54 5.1 ± 0.49

CD4? CD8- (CD3?-gated) 47.6 ± 3.5* 46.7 ± 5.1 47.3 ± 5.0

CD4- CD8? (CD3?-gated) 27.6 ± 3.5* 28.6 ± 3.0 28.3 ± 3.1

CD44? CD8? (lymphocyte-gated) 8.3 ± 2.5* 9.3 ± 1.5 8.3 ± 3.5

CD25? foxp3? (CD4?-gated) 11.8 ± 1.7* 11.0 ± 1.3 12.6 ± 1.9

NK1.1? CD3-, CD4? CD8-, CD4- CD8?, CD44? CD8?, and CD25? foxp3? cells demonstrate NK cells, CD4 T cells, CD8 T cells,

memory CD8 T cells, and regulatory T cells, respectively

Abs and reagents: Fluorescein isothiocyanate (FITC)-conjugated anti-CD44 (IM7), anti-Foxp3 (FJK-16s), anti-CD3 (145-2C11), and anti-CD25

mAbs (7D4); phycoerythrin (PE)-conjugated anti-NK1.1 (DX-5) and anti-CD8 mAbs (53–6.7); allophycocyanin (APC)-conjugated anti-CD3,

anti-Foxp3, and anti-CD44 mAbs were purchased from e-Bioscience (San Diego, CA). PerCP-Cy5.5-labeled anti-CD4 mAb was purchased from

BD PharMingen (San Diego, CA). Armenian Hamster IgG1 was purchased from Wako Pure Chemicals (Osaka, Japan)

* Not specific compared with the other 2 groups
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in the sensitivity of IFN-a, we needed to consider the two

different aspects of STAT3: its roles in tumor cells and in

the immune system. As STAT3 is an essential negative

regulator in the immune system and tissue-specific Stat3

knockout mice exhibit autoimmunity, targeting STAT3

also imposes a potential risk of autoimmune disorders [13–

15]. Therefore, we have searched for a molecular target

that is associated with STAT3 in tumor cells and is not

involved in the immune system. As shown in Fig. 5, YB-1

expression in mouse lymphocytes was apparently lower

compared to that in renal tumor tissues. We hypothesized

this led to a reduction in the risk of autoimmune disease

occurring. YB-1 is thought to possess various biological

activities in both the nucleus and the cytoplasm. YB-1

overexpression is also considered to be a prognostic factor

of an unfavorable clinical outcome [21, 22]. Recently, it

has been reported that YB-1 regulates cancer cell invasion

[35]. In the present study, YB-1 knockdown significantly

reduced renal cancer cells proliferation, and YB-1 sup-

pression induced cell-cycle arrest at G1 phase (Fig. 1c).

Moreover, we showed that STAT3 protein level was

reduced by YB-1 suppression when cells were treated with

vehicle and CHX, but not with MG132 (Fig. 3a). This

result suggests that STAT3 protein reduction by YB-1

suppression is dependent on proteasomal degradation,

which is inhibited by MG132. Similar results were

obtained in both 786-O and RENCA cells (Fig. 3b, c). We

reported the results first in the world. Recently, clinical

trials evaluating combinations of targeted agents with

proteasome inhibitor have been initiated, with the objective

of enhancing its single-agent activity in hematologic

malignancies (myeloma and mantle cell lymphoma), as

well as expanding its efficacy in solid tumors [36]. In these

cases, preclinical studies have provided a supportive

rationale for these combination studies. Actually, small

molecule-targeted agents being investigated with bortezo-

mib (the first-in-class proteasome inhibitor) in clinical

trials include protein deacetylase inhibitors, kinase inhibi-

tors, farnesyltransferase inhibitors, heat-shock protein 90

inhibitors, pan-Bcl-2 family inhibitors, and other classes of

targeted inhibitors [36]. However, the compatibility of

YB-1 inhibitor and proteasome inhibitor might not be ideal.

With regard to associations between YB-1 and STAT3,

it was previously reported that STAT3 is phosphorylated at

S727 in breast cancer cells as an event downstream of

HER-2 and its dimerization partner EGFR, which are both

transcriptionally regulated by YB-1 [37–40]. Actually, in

the present study, we demonstrated a correlation between

YB-1 and STAT3 mRNA expression level and protein

level (Fig. 2). We found that cellular sensitivities to IFN-a
were significantly augmented by two YB-1-specific

siRNAs at all IFN-a concentrations employed in cell pro-

liferation assays (Fig. 1). In addition to its immunomodu-

latory effects, IFN-a has direct antitumor as well as

antiangiogenic activity [24]. Eisenkraft et al. [41] reported

that IFN-a regulated the expression of EGFR in renal

cancer cells. Therefore, suppression of YB-1 might

enhance the inhibitory action of IFN-a on EGFR.

While the reason why the suppression of STAT3 after

the inhibition of YB-1 is associated with sensitive to IFN-a
therapy remains unclear, Kong et al. [42] reported the

immune modulatory effects of STAT3 blockade can

enhance the therapeutic efficacy of IFN-a immunotherapy

by enhancing both innate and adaptive cytotoxic T-cell

activities in murine melanoma model. In that report, the

combination of IFN-a and WP1193 (STAT3 blockade

agent) enhanced tumor cytotoxicity mediated by both the

NK and CD8? T-cell populations. In the present study, the

enhanced antitumor effect of YB-1-specific siRNA on IFN-

a was clearly demonstrated in the RENCA-BALB/c model

(Fig. 4c). Because YB-1 expression in mouse lymphocytes

was apparently lower compared to that in renal tumor tis-

sues, we hypothesized that the inhibition of YB-1 was

difficult to affect CTL and NK activities (Fig. 5). However,

we considered to prove it the further experiments were

needed. Moreover, the treatment with YB-1-specific siR-

NA alone tended to retard tumor growth in ACHN cells,

786-O, and RENCA cells, although that was not statisti-

cally significant (data not shown). To show the efficiency

of the treatment with YB-1-specific siRNA alone, it was

ideal to implant with cells containing YB-1-specific siRNA

according to other reports [23, 43]. Actually, we obtained

similar data (data not shown). However, in the present

study, we started the cancer treatment after establishing the

injected tumors, because we considered the clinical appli-

cation. As a result, we could clearly show the enhancement

YB-1

β-actin

STAT3

Fig. 5 YB-1 expression in mouse lymphocytes and renal tumor

tissues. Spleen cells from tumor-bearing mice treated with IFN-a and/

or YB-1 siRNA were removed 19 days after tumor inoculation.

Lysates were extracted from tissues formed by the indicated

inoculated cells in mice and lymphocytes isolated from mouse

spleen. Whole-cell lysates were subjected to SDS–PAGE, and

Western blotting was performed using the indicated antibodies
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of YB-1-specific siRNA to IFN-a. In ACHN cells and

786-O nude mice models, the enhanced antitumor effect of

YB-1-specific siRNA on IFN-a was also clearly demon-

strated (Fig. 4a, b), indicating the direct effects of each

agent on tumor growth in vivo, because immunological

effects in nude mice are not taken in account. Although

lymphocytes were absent under in vitro condition, cellular

sensitivities to IFN-a were significantly augmented at all

concentrations of IFN-a (Fig. 1). Taken together, YB-1

increased IFN-a activity in this regard when used in

combination (Figs. 1, 4, 5). Therefore, when combined in

vivo, one sees synergistic activity, due to presumed com-

bination of antitumor, antiangiogenic, and immunologic

responses.

Regarding autoimmune disease, Tregs which were

defined by the expression of CD4, CD25, and the tran-

scription factor forkhead box P3 (Foxp3) have a central

role in protecting an individual from autoimmunity [44].

This role was first identified in mice in which the absence

of Tregs, or the depletion of Tregs, resulted in the devel-

opment of autoimmune gastritis, thyroiditis, diabetes, and

inflammatory bowel disease [45]. Subsequently, numerous

studies in animal models of autoimmunity showed that

defects in CD4? CD25? Foxp3? Tregs can contribute to

the development of autoimmunity [46]. In our previous

study, we reported that Tregs in patients with MRCC were

significantly decreased for 2 weeks after the initiation of

IFN-a monotherapy, but recovered later as treatment pro-

ceeded [16]. Actually, in the present study, the addition of

YB-1 siRNA to INF-a gave no effect on the proportion of

Tregs in the spleen cells of tumor-bearing BALB/c mice,

irrespective of IFN-a (? control siRNA) or PBS (? control

siRNA) (Table 1). These results also seem to lead to the

prevention of autoimmune disease.

In conclusion, the present study showed that the inhi-

bition of YB-1 expression enhanced STAT3 suppression

and the antitumor activity of IFN-a, both in vitro and in

vivo, in human and murine RCC cell lines. The expression

of YB-1 was hardly observed in T lymphocytes; thus, we

expect a decrease in the risk of autoimmune disease. More-

over, the therapeutic gains are predicted to be better than

STAT3 inhibiting therapy. Our findings suggest that combi-

nation therapy using siRNA knockdown of YB-1 with IFN-a
could be an attractive candidate for treatment for RCC by

exploiting the weak point of the STAT3 suppressor.
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