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Abstract. We examined extracellular signal-regulated
kinase (ERK), 4E-binding protein 1 (4EBP1) and p70
ribosomal S6 kinase (p70) as potential biomarkers for
pretreatment prediction of the prognosis of patients with
metastatic renal cell carcinoma (RCC) treated with sorafenib,
sunitinib or everolimus. 786-O and 769-P cells were treated
with sorafenib, sunitinib and everolimus. The expression of
phosphorylated/total ERK, phosphorylated/total 4EBP1 and
phosphorylated/total p70 was evaluated using western blot-
ting. ERK, 4EBP1 and p70 were knocked down by siRNA
in 786-0 and 769-P cells. Then, the viability after treatment
with each drug was assessed. Expression of phosphorylated
(phospho)-ERK, -4EBP1 and -p70 was immunohistochemi-
cally evaluated in radical nephrectomy specimens and
correlated with progression-free survival during treatment
with each molecular targeting agent. Sorafenib inhibited
the expression of phospho-ERK and -4EBP1 in 769-P cells;
sunitinib, phospho-ERK and -4EBP1 in 786-O and 769-P
cells; and everolimus, phospho-p70 in 786-0 and 769-P cells.
Knockdown of ERK reduced sensitivity to sorafenib in both
cell lines, knockdown of ERK and 4EBP1 reduced sensitivity
to sunitinib in 769-P cells, and knockdown of 4EBP1 and
p70 reduced sensitivity to everolimus in 786-O cells. High
expression of phospho-ERK, -4EBP1 and -p70 correlated
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with better progression-free survival in patients treated with
sorafenib, sunitinib and everolimus, respectively. Our results
indicate that phospho-ERK, -4EBP1 and/or -ERK, and
phospho-p70 can be used as biomarkers for the therapeutic
efficacy of sorafenib, sunitinib and everolimus, respectively.

Introduction

At present, many molecular targeted drugs are being used
in the treatment of metastatic renal cell carcinoma (mRCC).
Sorafenib, sunitinib and everolimus have been used for the
last 10 years in Japan. Sorafenib initially was identified as
a Raf kinase inhibitor and also inhibits vascular endothelial
growth factor receptors (VEGFR)-1, -2 and -3, platelet-derived
growth factor receptor-p (PDGFR-B), FMS-like tyrosine
kinase-3 (FIt-3), c-Kit protein (c-Kit) and RET receptor
tyrosine kinases (1,2). Treatment with sorafenib prolongs
progression-free survival (PFS) in patients with advanced clear
cell renal cell carcinoma (3). Sunitinib is a multiple kinase
inhibitor with activity against VEGFR-1, -2 and -3, PDGFR-a
and -, c-Kit and Flt-3 (4,5). Furthermore, Motzer et al (6)
reported the efficacy of sunitinib in a phase 3 study. Everolimus
is the mammalian target of rapamycin (mTOR) C1 inhibitor
and prolongs PFS in patients with mRCC that had progressed
on other targeted therapies (7).

Markers predicting the prognosis or therapeutic efficacies
of molecular targeting agents in patients with mRCC have
been reported. For example, the development of hypertension
during sunitinib treatment was a positive predictive factor
associated with a significantly longer PFS and OS in patients
with mRCC (8). Patients with symptomatic hypothyroidism
experienced significantly longer PFS during the treatment of
sunitinib (9). Furthermore, Di Fiore et al (10) reported severe
clinical toxicities that are correlated with survival in patients
with advanced renal cell carcinoma treated with sunitinib and
sorafenib. However, it is impossible to know these markers
before initiation of treatment. Useful pretreatment predic-
tive biomarkers are needed to decide which molecular target
agent(s) should be selected. Funakoshi et al (11) reported that
although several promising biomarkers for VEGF-targeted
therapy have been found, none of them has satisfied the deter-
mination of level I evidence.

Sorafenib works by inhibiting RAF and VEGF and then
mainly inhibit RAF/MEK/extracellular signal-regulated
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kinase (ERK) pathway correlated with tumor growth inhibi-
tion (1). Sunitinib is a multiple kinase inhibitor and then
inhibits the RAF/MEK/ERK and PI3K/Akt/mTOR pathways.
Everolimus inhibits mTORCI1, which has been shown to
directly phosphorylate p70 ribosomal S6 kinase (p70) and
4E-binding protein 1 (4EBP1) (12). Based on these facts, we
focused on three molecules, ERK, 4EBP1 and p70, as pretreat-
ment predictive markers for responsiveness of tumor and
prognosis of patients treated with three molecular targeting
agents sorafenib, sunitinib and everolimus.

Materials and methods

Cell culture. Two human clear cell renal carcinoma cell
lines, 786-0O and 769-P (American Type Culture Collection,
Manassas, VA, USA) were maintained in RPMI-1640 growth
medium (Nissui, Tokyo, Japan) supplemented with 10% fetal
bovine serum (ICN Biomedicals, Aurora, OH, USA), 100 U/ml
penicillin and 100 yg/ml streptomycin (Gibco, Grand Island,
NY, USA) in a standard humidified incubator at 37°C in a
5% CO, atmosphere.

Molecular target agents. Sorafenib tosylate, sunitinib malate
and everolimus were purchased from LC Laboratories
(Woburn, MA, USA) and dissolved in dimethyl sulfoxide at
a concentration of 200, 40 and 100 mg/ml, respectively. The
stock solutions were stored at -20°C before use.

Western blotting. Protein extraction, measurement of protein
concentration and immunoblotting were performed as
described previously (13). Primary antibodies used in this
study were total p44/42 MAPK (t-ERK1/2) rabbit polyclonal
(no. 9102, dilution 1:1,000), rabbit polyclonal phosphorylated
(phospho)-ERK1/2 (p-ERK1/2; no. 9644, dilution 1:1,000),
rabbit monoclonal total 4EBP1 (no. 9102, dilution 1:1,000),
rabbit phospho-4EBP1 (no. 2855, dilution 1:1,000), rabbit
monoclonal p70 (no. 2708, dilution 1:1,000) (all from Cell
Signaling Technology, Danvers, MA, USA), mouse mono-
clonal phospho-p70 (Thr389; MABSS82; dilution 1:1,000;
Merck Millipore, Bedford, MA, USA), and mouse mono-
clonal actin-f (clone AC-15, 1:3,000 dilution; Sigma-Aldrich,
St. Louis, MO, USA) which was used as an internal loading
control were incubated overnight at 4°C. The membranes were
then hybridized with the secondary antibody conjugated to
horseradish peroxidase for 1 h at room temperature. Finally,
the bound secondary antibody was detected using SuperSignal
West Pico Chemiluminescent Substrate (Pierce Chemical,
Rockford, IL, USA).

Transfection of short interference RNA (siRNA) against total
ERK, total 4EBPI and total p70. For the reproducible siRNA
transfection, cells were seeded at a density of 5x10° cells/cm?
in 35-mm dishes and transfected with 10 nM siRNA using
Lipofectamine RNAiMAX transfection reagent (Invitrogen,
Carlsbad, CA, USA) using the reverse transfection method
according to the manufacturer's recommended protocol.
The medium containing complex of siRNA and transfection
reagent was replaced routinely with fresh growth medium at
24 h after the transfection. Three validated siRNA against
ERK1/2 (SignalSilence no. 6560), 4EBP1 (no. 6414), and p70
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(no. 6566) and nontargeting control siRNA (no. 6568) were
purchased from Cell Signaling Technology.

In vitro cytotoxicity assay. The cells were seeded in a 96-well
plate at a density of 2,000 cells/well for 786-O and 769-P in
a growth medium and incubated for 24 h. They were treated
with the indicated concentrations of sorafenib, sunitinib and
everolimus. After incubating the plates for 72 h, a cell viability
assay was performed using Cell Counting kit-8 (Dojindo,
Kumamoto, Japan) and quantified using a microplate auto-
loader (Infinite 200M PRO; Tecan, Minnedorf, Switzerland)
according to the manufacturer's directions.

Patients. Patients who underwent radical nephrectomy and
treatment of sorafenib, sunitinib or everolimus for mRCC were
enrolled. The numbers of patients treated with sorafenib as
first, second and third line were 18, 1 and 2, respectively; those
treated with sunitinib as first, second and fourth line were 19, 5
and 1, respectively; and those treated with everolimus as first,
second and third line were 7, 9 and 5, respectively (Table I).
The institutional review board of Nara Medical University
approved this study.

CT was performed every 2-3 months to evaluate tumor
progression in all patients. When a rapid progression was
suspected by patients' symptoms, CT was performed.
Progression was defined when a new lesion appeared or a
25% increase in tumor area was detected by CT according to
response evaluation criteria in solid tumor (RECIST) guide-
lines during the treatment of each molecular targeting agent.

Tissue samples and immunocytochemistry. Immunohisto-
chemistry staining for paraffin-embedded section from radical
nephrectomy specimens was performed as described previ-
ously (14) with a streptavidin-biotin complex method using the
Histofine SAB-PO kit (Nichirei Co., Tokyo, Japan) according
to the manufacturer's instructions. The specificity of the anti-
body was assessed by performing a secondary antibody-only
control experiment. Slides were counterstained with Meyer's
hematoxylin and mounted with malinol (both from Muto
Chemical, Tokyo, Japan).

The primary antibodies and incubation conditions
were as follows: i) rabbit polyclonal anti-phospho-ERK
(Sigma-Aldrich), 1:100 dilution, room temperature for 1 h;
ii) mouse monoclonal anti-phospho-4EBP1 (BD Transduction
Laboratories), 1:100 dilution, 4°C overnight; and iii) mouse
monoclonal anti-phospho-p70 (clone MIB-1; Dako Japan,
Kyoto, Japan), 1:500, 37°C overnight.

Phospho-ERK, -4EBP1 and -p70 staining was evaluated
as follows: tumors with 10% cells with weak staining were
scored as 0; tumors with 10% cells with weak staining or 20%
cells with intermediate to strong staining were scored as 1; and
tumors with 20% cells with intermediate to strong staining
were scored as 2 (14,15). A staining score of 1 or 2 was consid-
ered to represent strong. Two investigators (Yasushi Nakai
and Makito Miyake), who were both blinded to the patient
data, evaluated the scores. A third investigator (Satoshi Anai)
reviewed discrepancies and rendered a score.

Statistical analysis. Statistical analysis was performed with
SPSS for Windows (version 20; IBM SPSS, Armonk, NY,
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Table 1. Patient characteristics.
Sorafenib Sunitinib Everolimus
Patient characteristics (n=21) (n=25) (n=12)
Men/women 18/3 19/6 11/1
Age, years, median (range) 60 (42-81) 53 (33-78) 61 (33-76)
Pathology
Clear cell/non-clear cell 18/3 20/5 1072
Line
First/second/third/fourth 18/1/2/0 19/5/0/1 7/4/1/0
MSKCC risk classification
Favorable/intermediate/high 4/11/6 7/13/5 4/8/0
Heng risk classification
Favorable/intermediate/high 6/14/1 8/15/2 3/9/0
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Figure 1. Expression of phospho-extracellular signal-regulated kinase (ERK), total ERK, phospho-4E-binding protein 1 (4EBP1), total 4EBP1, phospho-p70
ribosomal S6 kinase (p70), and total p70 after treatment with sorafenib, sunitinib and everolimus using western blotting in 786-O and 769-P cells.

USA). Group variables were compared using the ¥ test. The
Mann-Whitney U test was used to analyze the differences
between two continuous variables. PFS rates during each
treatment were estimated using the Kaplan-Meier method. The
log-rank test was used to compare PFS rates. A P-value <0.05
was considered statistically significant.

Results

Expression of phospho-ERK, -4EBPI and -p70 treated with
sorafenib, sunitinib and everolimus. Sorafenib inhibited
the expression of phospho-ERK and -4EBP1 in 769-P cells
and sunitinib inhibited the expression of phospho-ERK
and -4EBPI1 in 786-0 and 769-P cells. When treated with

everolimus, the expression of phospho-p70 was inhibited in
both cell lines (Fig. 1).

Gene silencing of ERK, 4EBPI and p70. We demonstrated
successfully gene silencing of total ERK,4EBP1 and p70 by the
indicated siRNA (Fig. 2). To confirm the effect of downregula-
tion of the indicated genes, cell viability assay was performed.
When the viability of cells that knocked a molecule down is
increased after treatment with molecular target agents, it means
that the molecular target agents work through the molecule or
the pathway including the molecule. With respect to sorafenib,
the cells knocked down ERK reduced sensitivity to sorafenib
in both cell lines (Fig. 3A). 769-P cells knocked down ERK
and 4EBP1 reduced sensitivity to sunitinib (Fig. 3B) and



230 NAKALI et al: PREDICTIVE BIOMARKERS OF MOLECULAR TARGETED DRUGS
786-0 769-P
N LN
e o Q Q
sRNA @ & ¢ ¢ ¢ & ¢ ¢

Total - ERK

Total - p70

--‘-p

i)

At b‘ |———-|

Figure 2. Negative control (NC), expressions of total extracellular signal-regulated kinase (ERK), 4E-binding protein 1 (4EBP1) and p70 ribosomal S6 kinase

(p70) after their knockdown by short interference RNA.

Table II. Maximum response of each treatment.

A, Maximum response in patients who were treated with
sorafenib as the first line

Expression of phospho-ERK PR SD PD
Low (n=13), n (%) 1(7.6) 6(462) 6(46.2)
High (n=5),n (%) 2(400) 3(60.0) 0

Chi-squared test P=0.025

B, Maximum response in patients who were treated with suni-
tinib as the first line

Expression of phospho-ERK
plus 4EBP1 PR SD PD

Low (n=4),n (%) 0
High (n=7),n (%) 2 (28.6)
Chi-squared test P=0.0067

1(250) 3(75.0)
5(71.4) 0

C, Maximum response in patients who were treated with
everolimus

Expression of phospho-p70 PR SD PD
Low (n=6), n (%) 0 4(66.7) 2(33.3)
High (n=6), n (%) 0 5(833) 1(16.7)

Chi-squared test P=0.39

PR, partial response; SD, stable disease; PD, progression disease;
ERK, extracellular signal-regulated kinase; 4EBP1, 4E-binding pro-
tein 1; p70, p70 ribosomal S6 kinase.

786-0 cells knocked down 4EBP1 and p70 reduced sensitivity
to everolimus (Fig. 3C).

Correlation between expression of phosphorylated molecules
and progression-free survival. In patients treated with
sorafenib, high expression of phospho-ERK in nephrectomy
specimens correlated with better PFS during treatment with
sorafenib (P=0.049) (Fig. 4). In addition, in patients who
were treated with sorafenib as the first line, no patient who
showed high expression of phospho-ERK in nephrectomy
specimens showed progression of disease in maximum
response (Table II-A). In patients treated with sunitinib,
high expression of phospho-4EBP1 correlated with better
PFS during treatment with sunitinib (P=0.04) (Fig. 5).
Furthermore, we compared PFS in patients whose specimens
showed high expression of phospho-ERK and -4EBP1 (n=9)
with those showing low expression of phospho-ERK and
-4EBP1 (n=5). PFS in patients showing high expression of
both was significantly better (P=0.0052) (Fig. 5C). In patients
who were treated with sunitinib as the first line, no patient
who showed high expression of phospho-ERK and 4EBP1
in nephrectomy specimens showed progression of disease in
maximum response (Table II-B). In patients treated with evero-
limus, high expression of phospho-p70 and low expression of
phospho-ERK correlated with good PFS during treatment
with everolimus (P=0.046 and P=0.01, respectively) (Fig. 6).

Discussion

Sorafenib suppressed phospho-ERK and -4EBP1 in 769-P
cells (Fig. 1). Furthermore, 786-O and 769-P cells with
knocked down ERK by siRNA reduced sensitivity to sorafenib
(Fig. 3). The results of the in vivo study showed that sorafenib
could work mainly through the RAF/MEK/ERK pathway,
and expression of phospho-ERK can be a predictive marker
of therapeutic efficacy of sorafenib. Furthermore, high expres-
sion of phospho-ERK in nephrectomy specimens significantly
correlated with good prognosis (Fig. 4). To the best of our
knowledge, no studies have evaluated the correlation between
phospho-ERK and therapeutic efficacy of sorafenib (11,16).
Zhang et al (17) found that phospho-ERK inhibition by
sorafenib in SMMC-7721 cells, hepatocellular carcinoma
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Figure 3. Viability of 786-O and 769-P cells with each molecule knocked down by short interference RNA after treatment with (A) sorafenib (Sora), (B) suni-
tinib (Suni) and (C) everolimus (Eve). Paired t-test: ‘P<0.05, “P<0.01 and ““P<0.005.

cell line with lower phospho-ERK levels, was significantly  reported that sorafenib blocks the RAF/MEK/ERK pathway,
weaker than the other three hepatocellular carcinoma cell  inhibits tumor angiogenesis and induces tumor cell apoptosis
lines with relatively higher phospho-ERK levels. Liu et al (18)  in hepatocellular carcinoma model PLC/PRF/5. Although
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Figure 4. (A) Progression-free survival curves of patients treated with sorafenib. The gray line shows high expression of each phosphorylated molecule and the
black line shows low expression. (B) Immunohistochemical staining of phospho-extracellular signal-regulated kinase (ERK). (Magnification, x100).
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Figure 5. (A) Progression-free survival curves of patients treated with sunitinib. The gray line shows high expression of each phosphorylated molecule and the
black line shows low expression. (B) Immunohistochemical staining of phospho-4E-binding protein 1 (4EBP1). (Magnification, x100). (C) Progression-free
survival curves of patients showing high expression of phospho-extracellular signal-regulated kinase (ERK) plus-4EBP1 and low expression.

these results were on hepatocellular carcinoma, their results
are compatible to our results. In renal cell carcinoma, high
expression of phospho-ERK in nephrectomy specimens is asso-
ciated with advanced and aggressive pathologic features (19).
Oka et al (20) revealed the correlation between ERK1/2 acti-
vation and high tumor grade. These results suggest that high
expression of phospho-ERK in renal cell carcinoma is a poor
prognosis predictor. On the other hand, our results indicated

that sorafenib can be efficacious in cases of renal cell carci-
noma with high expression of phospho-ERK. These results
indicated sorafenib can be efficacious in cases of aggressive
renal cell carcinoma with high expression of phospho-ERK.
Sunitinib suppressed the expression of phospho-ERK and
-4EBP1 in both cell lines (Fig. 1) and reduced sensitivity to
769-P cells with ERK and 4EBP1 knocked down (Fig. 3).
Based on these results, expression of phospho-4EBP1 and
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Figure 6. (A) Progression-free survival curves of patients treated with everolimus. The gray line shows high expression of each phosphorylated molecule and
the black line shows low expression. (B) Immunohistochemical staining of phospho-p70 ribosomal S6 kinase (p70). (Magnification, x100).

ERK can be a predictive marker of therapeutic efficacy of
sunitinib. In the present clinical samples, high expression
of phospho-4EBP1 predicted better prognosis during treat-
ment of sunitinib (Fig. 5A). PFS in patients showing high
expression of phospho-ERK and -4EBP1 was significantly
better (P=0.0052) (Fig. 5C). To our knowledge, no studies
have evaluated the correlation between phospho-4EBP1 or
-ERK and therapeutic efficacy of sunitinib in renal cell carci-
noma (11,16). However, previous studies also have shown that
high VEGFR-2 expression associates significantly with a good
response to sunitinib treatment in renal cell carcinoma (21,22).
Trinh et al reported VEGFR-2 had significant correlation
with 4EBP1 (23). This suggests that phospho-4EBP1 can
be a more accurate marker to predict therapeutic efficacy
of sunitinib. With respect to ERK, Takeuchi er al (24)
reported that sunitinib treatment inhibits the proliferation of
drug-resistant ERK1/2-overexpressing bladder cancer cells.
Fenton et al (25) reported that sunitinib targets the cytosolic
MEK/ERK pathways in thyroid cancer cell lines. These
results are compatible with our results in the present in vivo
study. Therefore, high expression of phospho-4EBP1 or high
expression of phospho-4EBP1 plus phospho-ERK can be a
predictive marker of therapeutic efficacy for sunitinib.
Everolimus suppressed the expression of phospho-p70
in both cell lines (Fig. 1) and reduced sensitivity to 786-O
cells with p70 knocked down in the present study (Fig. 3).
Robb er al (26) reported the mTOR/p70 kinase signaling
pathway is activated in most clear cell renal cell carcinomas
and the growth of renal clear cell carcinoma derived cell
lines is inhibited by rapamycin. This result supported our
results. Furthermore, in clinical samples, high expression of
phospho-p70 predicted better prognosis with the treatment
of everolimus (Fig. 6). Nishikawa et al (27) evaluated the
correlation between phospho-AKT, -4EBP1 and -p70 and the
therapeutic efficacy of mTOR inhibitor. The weak expression

of phospho-4EBP1 predicts better PFS. This result differs
from our results. The reasons for this discrepancy can be i) our
study population was very small, ii) the number of patients who
received mTOR inhibitor as first line was higher in their study
than that in this study, iii) clear cell renal cell carcinoma was
heterogeneous in the same patients (28) and iv) every patient in
this study took everolimus and in their study, either everolimus
or temsirolimus was given. On the other hand, Cho ef al showed
a positive association of phospho-S6 expression with tumor
response in 20 patients treated with temsirolimus (P=0.02)
and no patient without high expression of either phospho-S6
experienced an objective tumor response (29). These results
are compatible with ours. We demonstrated phospho-p70 is
an important protein for everolimus in vitro and in clinical
samples. Thus, phospho-p70 can predict therapeutic efficacy
of everolimus.

Several limitations are considered in the present
study. First is the heterogeneity of renal cell carcinoma.
Gerlinger et al (28) reported chromosome 3p loss and VHL
aberrations were the only ubiquitous events and clear cell renal
carcinomas displayed intratumor heterogeneity. Then, we had
to evaluate multiple tissue samples extirpated or biopsied
from primary renal tumors and metastatic lesions in the same
patient. Second is the mosaic nature of the patient population.
Patients in the present study received treatment as the first to
fourth line in each molecular targeted drug. Then, confounding
factors should be considered. However, multivariate analysis
was not performed because of the small sample size. The last
limitation is the small population. We should evaluate more
patients in the future.

In conclusion, our results indicate that phospho-ERK, -ERK
and/or -4EBP1 and -p70 are associated with responsiveness
of RCC to sorafenib, sunitinib and everolimus, respectively.
Based on these results, we may be able to rationally select
valid molecular target agents.
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