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Figure 2. INC inhibits migration and invasion activities of SUIT-2. (A) For migration activity, SUIT-2 (2.5x10°) cells were incubated with the indicated concen-
tration of INC for 24 h and allowed to migrate through non-coated transwell plates for 24 h. (B) For invasion activity, SUIT-2 (2.5x10%) cells were incubated with
the indicated concentration of INC for 24 h and allowed to migrate through Matrigel-coated (8.7 mg/ml) transwell plates for 24 h. In either case, after fixing
and staining with Diff-Quik stain solution, the number of migrated or invaded cells was counted. Bar, 200 ym. N=3 for each experiment. "p<0.05, p<0.01 vs.

untreated cells.
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Figure 3. The activation of Rho by LPA is suppressed by INC, and restored by
the addition of GGOH in SUIT-2. SUIT-2 cells were cultured under serum-free
conditions with or without the various agents indicated for 24 h. After incuba-
tion, the cells were stimulated with LPA. The cell lysates were incubated with
Rhotekin-RBD beads. Bound Rho proteins were detected by Western blotting
using a monoclonal antibody against RhoA (upper panel). Western blotting
of the total amount of Rho in cell lysates (lower panel) was performed for
comparison with Rho activity (level of GTP-bound Rho) in the same lysates.
Blots are representative of three experiments. Relative amounts of active Rho
normalized with the amounts of total Rho were determined by densitometric
scanning and shown. The concentrations of agents that were used are as
follows: LPA 2.2 uM; INC 30 puM; GGOH 30 M.

we used a pancreatic cancer model with i.p. carcinomatosis in
nude mice. We started the administration of INC on the day of
cancer cell inoculation. Preliminary experiments revealed that
tumor-bearing mice began to exhibit abdominal swelling with
ascites ~2.5 weeks after cancer cell inoculation and died from
cachexia after the 5th week without any treatment. Therefore,
we sacrificed and examined mice 4 weeks after cancer cell
inoculation. At the autopsy examination, tumors were found
on the surface of the peritoneum, diaphragm, intestines, liver,
spleen, pancreas, and kidney, with massive ascites in the control
group. The extent of tumor burden varied among the different
treatment groups (Fig. 4A). Mean tumor weight in the peritonea
of the untreated group was 1.58+0.29 g, and was significantly
reduced by ~40% in the group given 1 mg/kg/d (0.63+0.14 g;
p<0.05), by ~40% in the group given 2 mg/kg/d (0.63+0.15 g;
p<0.05),and by ~39% in the group given 3 mg/kg/d (0.62+0.13 g;
p<0.05) (Fig. 4B). Fig. 4C shows the effects of INC treatment

on ascites formation. The inhibitory effect of INC on ascites
formation was dose-dependent. The mean volume of ascites in
the untreated group was 2.91+0.26 ml, and was significantly
reduced by ~49% in the group given 1 mg/kg/d (1.42+0.40 ml;
p<0.05). Strikingly, INC treatment at 2 mg/kg/d and 3 mg/kg/d
reduced ascites formation by ~23% (0.67+0.49 ml; p<0.01) and
by ~21% (0.60+0.28 ml; p<0.01), respectively. The concentra-
tion of CA19-9, which was expressed from SUIT-2 (20), was
examined in the serum collected from the left heart ventricle
(Fig. 4D). The effect of INC treatment on the mean concentra-
tions of CA19-9 was dose-dependent, although this did not
reach statistical significance. Fig. 4E shows the histological
appearance of the tumor nest formed after dissemination in the
peritoneum from the untreated group. It shows how the tumor
severely invaded into the peritoneum.

Discussion

Pancreatic cancer remains one of the most difficult malignan-
cies to treat. Even patients who are eligible for curative surgical
resection gain only moderate benefits. Furthermore, the lack of
effective chemotherapeutic and targeted agents highlights the
urgent need to better understand pancreatic cancer biology in
order to guide the development of novel treatment strategies.
During the progression of pancreatic carcinomas, cancer cells
released from the surface of the tumor can adhere to and invade
tissues and organs in the peritoneal cavity. Consequently, the
poor outcome is, at least in part, due to peritoneal dissemina-
tion caused by the aggressive migration activity of pancreatic
cancer cells (21,22). To undergo peritoneal dissemination,
pancreatic cancer cells need to detach from the primary
tumor, attach to the cell-extracellular matrix of other tissues,
and migrate into the stroma. Once cancer cells migrate into
the stroma, angiogenesis occurs from pre-existing capillaries
or venulae. Currently available anticancer drugs, even if they
are very effective at killing cancer cells, can be used only
at limited concentrations because of their toxicity to normal
cells. Accordingly, it is worthwhile looking for drugs that
inhibit the progression of pancreatic cancer affecting these
properties, in addition to cell proliferation.
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Figure 4. INC inhibits intraperitoneal dissemination in an in vivo pancreatic cancer model. (A) A SUTT-2 cell suspension (1x10%200 pl/ mouse) was injected
i.p. into nude mice and treated with the indicated amounts of INC everyday. Mice were sacrificed at 28 days after implantation and ascites, peritoneum, and
blood sera were collected. The volumes of ascites (B), the weights of tumors disseminated on the peritoneum (C) and the concentrations of CA19-9 (D) were
measured. N=6-10 (B and C); n=5 (D). "p<0.05, “’p<0.01 vs. untreated mice. (E) Histologic appearance of the tumor nest formed after dissemination in the
peritoneum from a SUIT-2-implanted nude mouse. Nude mice were injected i.p. with SUIT-2 cells, sacrificed at 28 days after implantation, and the peritonea
were collected. Tissue was fixed, sectioned, and stained with hematoxylin and eosin. T, tumor nest; P, peritoneum, Bar, 200 ym.

Previous reports on the direct effects of N-BPs on cancer
cells in vitro focused on cell viability and migration/invasion,
and the effective concentrations of N-BPs were relatively high

(14,16,23,24). According to these reports, the concentrations of

alendronate, ibandronate, pamidronate, and zoledronate that
induced apoptosis and inhibited invasion of breast, prostate,
and ovarian cancer cells were 10-100 uM. The present study
also demonstrated that the effective concentrations of INC on
the induction of apoptosis and the inhibition of migration/inva-

sion of pancreatic cancer cells were 10-100 uM, whereas the
concentration of INC that significantly inhibits osteoclast-like
cell formation in vitro is 0.01-0.1 xM, which is a clinically used
concentration of INC (25). Although it is difficult to treat patients
with N-BPs at concentrations of around 10-100 uM because
of toxicity, clinical doses may be effective in the treatment of
tumors for the following reasons. Tumor-associated macrophages
(TAMs) play a pivotal role in tumor growth and metastasis by
promoting tumor angiogenesis. Phagocytosis of N-BPs by TAMs
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could lead to its depletion by apoptosis and elevate the concentra-
tion of N-BPs around the tumor (26).

We evaluated the ability of INC to inhibit the progression
of disseminated pancreatic cancer in vivo. To accomplish this,
we established an in vivo peritoneal dissemination model of
pancreatic cancer in nude mice. In this model, cancer cells are
injected i.p., and, as such, do not reproduce the early events of
peritoneal dissemination, i.e. cancer development and detach-
ment from a primary tumor. However, our previous results from
a SUIT-2 orthotopic implantation model were nearly identical
to those from the i.p. injection model (27), so we decided to
use this simple and reproducible model in the present study.
Similar to our in vive results from pancreatic cancercells, the
N-BP alendronate, markedly inhibited tumor growth, invasive-
ness, and ascites formation of human ovarian cancer cells in a
model of i.p. ovarian carcinomatosis (17). Such in vivo antitumor
effects by N-BPs may be derived from the suppression of cancer
cell proliferation by apoptosis as well as migration/invasion
through the inhibition of molecules in the mevalonate pathway,
especially Rho, in the target cancer cells.

This is the first report showing that an N-BP inhibited
pancreatic cancer cell invasion to visceral organs in vive and
may provide the basis for a new therapy to control the dissemi-
nation of pancreatic cancer.
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Upregulation of ERCCI and DPD expressions after oxaliplatin-
based first-line chemotherapy for metastatic colorectal cancer
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BACKGROUND: The updated randomised phase 2/3 FIRIS study demonstrated the noninferiority of IRIS (irinotecan and S-1) to FOLFIRI

(irinotecan, folinic acid, and 5-FU) for metastatic colorectal cancer. Meanwhile, in the subset analysis including patients who previously

have undergone oxaliplatin-containing chemotherapy. the IRIS group showed longer suwlval ‘than the FOLFIRI group. However, the
molecular mechanism undcrlymg this result is still unknown.

METHODS: The National Cancer Institute 60 (NCI60) cell line panel data were utilised to build the hypothesis. A total of 45 iFinotecan-naive
metastatic colorectal cancer patients who had undergone hepatic resection were included for the validation study. The mRNA
expressions of excision repair cross-complementing group | (ERCCI), dihydropyrimidine dehydrogenase (DPD), and topoisomerase-1 (TOPI)
were evaluated by quantitative RT-PCR. The expressions of ERCCI and DPD were also evaluated by immunohistochemistry.
RESULTS: Sensitivity to oxaliplatin in 60 cell lines was significantly correlated with that of 5-FU. Resistant cells to oxaliplatin showed
significantly higher ERCCI and DPD expression than sensitive cells. In validation study, ERCC! and DPD but not TOP! expressions in
cancer cells were significantly higher in FOLFOX (oxaliplatin, folinic acid, and 5-FU)-treated patients (N = 24) than nontreated
patients (N ==21). The ERCCI and DPD protein expressions were also significantly higher in FOLFOX-treated patients.
concLusion: The ERCCI and DPD expression levels at both mRNA and protein levels were significantly higher in patients with
oxaliplatin as a first-line chemotherapy than those without oxaliplatin. The IRIS regimens with the DPD inhibitory fluoropyrimidine

Published online 20 November 2012
© 2012 Cancer Research UK

The combination of fluorouracil (5-FU) and folinic acid with-either
oxaliplatin (FOLFOX-4 and FOLFOX-6 regimens) or irinotecan
(FOLFIRI and AIO regimens) has been established as the standard
first-line chemotherapy for metastatic colorectal cancer (O’Neil
and Goldberg, 2008). Second-line therapy for patients whose disease
progresses or recurs has been investigated in several clinical studies
(Cunningham et al, 1998; Rougier et al, 1998, 2002; Tournigand et al,
2004). Patients. who are initially treated with an oxaliplatin-based
regimen tend to be offered an irinotecan-based regimen as second-
line therapy and vice versa. However, the basic rationale for a
sequential treatment strategy has been poorly studied.

An orally administered 5-FU pro-drug, S-1, is approved for the
treatment of gastric cancer, colorectal cancer, breast cancer, head
and neck cancer, non-small cell lung cancer, pancreatic cancer,
and hepato biliary cancer in Japan, and for gastric cancer in
Europe. S-1 consists of tegafur, a pro-drug of 5-FU, 5-chloro-2,4-
dihydroxypyridine (CDHP), a dihydropyrimidine dehydrogenase
(DPD) inhibitor maintaining the serum concentration of 5-FU, and
potassium oxonate, an inhibitor of orotate phosphoribosyl
transferase that reduces gastrointestinal toxicities.

#*Correspondence: Dr H Baba; E-mail: hdobaba@kumamoto-u.ac.jp
Received |3 June 2012; revised 8 October 2012; accepted 17 October
2012; published online 20 November 2012

may show superior activity against DPD-high tumours (e.g, tumours treated with oxaliplatin) compared with FOLFIRI.
British Journal of Cancer (2012) 107, 1950~1955. doi:10.1038/bjc.2012.502  www.bjcancer.com
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We previously reported the updated results of the randomised
phase 2/3 FIRIS study of 426 patients, which reconfirmed the
noninferiority of IRIS (irinotecan/S-1) to FOLFIRI using progres-
sion-free survival (PFS) as the primary end point (Muro et al, 2010;
Baba et al, 2011). Furthermore, we reported the pre-planned subset
analysis that revealed that the median overall survival (OS) of the
IRIS group in patients who previously underwent oxaliplatin-
containing chemotherapy was significantly longer than that of the
FOLFIRI group (adjusted HR = 0.755; 95% CI = 0.580-0.987) (Baba
et al, 2011). Regarding this intriguing finding, Muro et al (2010)
have speculated that S-1 might have some salvage effects in patients
who previously received FOLFOX, containing oxaliplatin witi: bolus
and infusional 5-FU. However, the mechanism underly:ag this
interaction between the presence or absence of oxaliplaiin and
therapeutic effects in the FIRIS study remains unclear. The current
retrospective study therefore investigated the molecular mechan-
isms for the superiority of IRIS to FOLFIRI in patients previously
treated with oxaliplatin-based chemotherapy.

MATERIALS AND METHODS

NCI60 cell line data

The National Cancer Institute (NCI) database (http://dtp. .- .:ih.
gov) containing data from 60 NCI60 cell lines was usec the



source of cytotoxicity data for oxaliplatin (NSC266046), 5-FU
(NSC19893), and DNA copy number. The Glsy, which is the
concentration required to inhibit growth by 50%, was used as a
parameter for cytotoxity. The DNA microarray data for gene
expression were downloaded from the Genomics and Bioinfor-
matics group website (http://discover.nci.nih.gov/). Downloaded
data were processed and loaded into GeneSpring software, version
7.3 (Agilent Technologies, Santa Clara, CA, USA). Correlations
were calculated using Student’s t-tests with JMP8.0 software (SAS
Institute, Tokyo, Japan).

Patient characteristics

Irinotecan-naive metastatic colorectal cancer patients, with Eastern
Cooperative Oncology Group performance status (ECOG PS) 0-1,
adequate organ function,. and resectable liver metastases were
enroled in the study. Blocks from resected tumour specimens of
liver metastatic lesions were available from 24 patients who
preoperatively received the FOLFOX regimen, and 21 with no prior
oxaliplatin-containing chemotherapy. All patients underwent
hepatic resection for colorectal liver metastasis in the Department
of Gastroenterological Surgery, Kumamoto University. The study
was carried out in accordance with the Declaration of Helsinki and
Good Clinical Practice Guidelines. Written informed consent was
obtained from all patients participating in the study. Approval of
the protocol was obtained from an Independent Ethics Committee
or the Institutional Review Board.

Microdissection

Representative haematoxylin and eosin-stained slides of formalin-
fixed, paraffin-embedded (FFPE) blocks were reviewed by a
pathologist to estimate tumour load per sample. Section slides of
10-ymm thickness were then stained with nuclear fast red (Sigma-
Aldrich, St Louis, MO, USA) for manual microdissection. Malignant
cells were selected under microscope magnification of x5to x 10
and dissected from the slide using a scalpel as described previously
(Ceppi et al, 2006).

Isolation of RNA and cDNA synthesis

RNA isolation from tumour tissue isolated by manual micro-
dissection and cDNA preparation steps were accomplished as
described previously (Kuramochi et al, 2006), with a slight modifi-
cation in the extraction step using RNeasy Mini Elute spin-
columns (Qiagen, Chatsworth, GA, USA).

Quantitative real-time PCR

Gene expression levels of excision repair cross-complementing
group 1 (ERCCI), DPD, and topoisomerase-1 (TOPI1) were deter-
mined using TagMan real-time PCR (Life Technologies, Foster
City, CA, USA) as described previously (Kuramochi et al, 2006).
B-Actin was used (ACTB) as an endogenous reference gene. All
genes were run on all samples in triplicate. The detection of ampli-
fied cDNA results in a cycle threshold (Ct) value, which is inversely
proportional to the amount of ¢DNA. Universal Mix RNAs
(Stratagene, La Jolla, CA, USA) were used as control calibrators
on each plate. The primer sequences for ERCCI, DPD, and ACTB
were as previously described (Schneider et al, 2005). The Ct was
the fractional cycle number at which the fluorescence generated
by cleavage of the probe exceeded a fixed level above baseline. The
relative amount of tissue target mRNA standardised against the
amount of ACTB mRNA was expressed as follows: — ACt=
~ (Ctarger gene-1) = Clipacim)- The ratio of the number of target
mRNA copies to the number of ACTB mRNA copies was then
calculated as follows: 27 *“ x K. Here, K is a constant (Livak and
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Schmittgen, 2001). Contamination with genomic DNA was limited
by amplifying nonreverse-transcribed RNA.

Immunohistochemistry

The FFPE tumour tissues were sliced into 4-yum sections. The tissue
specimens on the slide were then deparaffinised, and endogenous
peroxidase was inactivated. For ERCCI analysis, the slides were
incubated at 4 C overnight with the primary anti-ERCCl mono-
clonal antibody (Clone D-10; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) in a dilution of 1:100. For DPD analysis, the slides
were incubated at 4 C overnight with the primary anti-DPD
monoclonal antibody (Clone OF-303, Taiho Pharmaceutical Co.,
Ltd, Tokyo, Japan) in a dilution of 1:100. They were then reacted
with a reagent containing horseradish peroxidase-labelled poly-
mer-bound anti-mouse 1gG (EnVision + system; Dako Japan Inc,,
Tokyo, Japan). The chromogenic substrate used for detection
was DAB (3,3'-diaminobenzidine). Slides were counterstained with
haematoxylin.

Immunohistochemical data analysis

The staining intensities of ERCC1 (Kim et al, 2009) and DPD
(Okabe et al, 2000) were evaluated on a scale from 0 to 2+, as
described previously with slight modifications. In brief, the positive
reaction for both antibodies was scored into three grades, according
to the intensity of the staining: 0, 1 +, and 2 + . The percentages of
ERCCI- and DPD-positive cells were also scored into three
categories: 0 (0%), 1 (1-49%), and 2 (50-100%). The product of
the intensity by percentage scores was used as the final score. The
immunostained specimens were independently evaluated by two
blinded investigators (HB and HO). There was close agreement
(>90%) between the two investigators; in the case of any
disagreement, final grading was determined by consensus.

Statistical analysis

Categorical data analysis was conducted using the 7* test. The Gls,
of 5-FU and ERCC1, mRNA level of ERCCI! and DPD, and
immunohistochemical score of ERCC-1 and DPD were compared
using Spearman’s correlation coefficient. Either the Student’s t-test
or Wilcoxon test was performed to determine, the differences
between groups. Results were considered statistically significant at
P<0.05. All statistical analyses were done with JMP version 8.01
(SAS Institute Inc., Cary, NC, USA). )

RESULTS

Data mining in the NCI database -

The relationship between the cytotoxic effects of oxaliplatin
(NSC266046) and 5-FU (NSC19893) in 60 NCI60 panel cell lines
is shown in Figure 1A. The cytotoxic effects of oxaliplatin were
significantly correlated with those of 5-FU (Spearman’s Rho == 0.55,
P<0.0001).

For elucidating the underlying mechanism of the correlations
between oxaliplatin and 5-FU cytotoxicities, gene expression lcvels
as determined by ¢DNA microarray analysis were also examined.
The NCI60 panel cell lines were arbitrarily classified as oxalip!atin-
high-sensitive and oxaliplatin-low-sensitive cell lines according to
their respective Gls, values. The oxaliplatin-high-sensitive cell
lines were those with Gls, values within the 15th percentile,
whereas the oxaliplatin-low-sensitive cell lines were above the 85th
percentile. The remaining cell lines were classified as huving
intermediate sensitivity.

The Student’s t-test revealed that the gene expression level of
ERCCI differed significantly (P<0.05) between oxaliplatin-high-
sensitive and oxaliplatin-low-sensitive cell lines, as shown in
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Figure | Oxaliplatin-resistant cells showed high ERCCI/ and DPD

expression in in silico analysis. (A) Relationship between cytotoxic effects
of oxaliplatin (NSC266046) and 5-FU {INSC19893) in 60 NCI60 panel cell
lines. (B) Comparison of gene expression level, ERCC! and DPD, or copy
number between low sensitive cells and high sensitive cells to oxaliplatin,

Data expressed as log, (per chip normalised value x 500). *P<0.05.

Table 1 Patient characteristics
Oxaliplatin  Oxaliplatin
free, n=2I1 treated,
(%) n=24 (%)  P-value®
Gender, no. (%) - 0.344
Male 13 (62) 18 (75)
Female 8 (38) 6 (25)
Age 0715
Median, years 62 63 -
Range, years 45~75 28-82
Tumour location (%) 0974
Proximal colon 3(14) 3(13)
Distal colon 9 (43) 11 (46)
Rectum 9 (43) 10 (42)
Differentiation (%) 0873
Well 10 (48) 12 (50)
Moderate 11 (52) 12 (50)
Prior chemotherapy (%) —
None ' 19 (90) —_
5-FUILV I (5)
SI +CPT-11 (IRIS) 1 (5)
mFOLFOX6 — 20 (83)
mFOLFOX6 + bevacizumab —_ 4 (17)
Abbreviations:  5-FU/LV = fluorouracilfleucovorin;  IRIS =irinotecan and  S-I;

mFOLFOX6 = modified FOLFOX6. *The P-values for gender were calculated using
%* test. The P-values for age, tumour location, differentiation, and prior chemotherapy
were calculated using the Wilcoxon test.
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Figure 2 The ERCCI and DPD mRNAs upregulated in CRC patients
with preoperative FOLFOX. (A) Typical slide for pathological diagnosis of
FFPE tumour specimens (magnification x 24). Sections, 5-um-thick,
stained with haematoxylin and eosin before microdissection (magnification
x 50). After staining with nuclear fast red, standard manual microdissection
was performed (magnification x 50). (B) Comparison of gene expression
levels of ERCCI, DPD, and TOPI in tumour cells with or without FOLFOX
regimen before hepatectomy. *P<0.00! for ERCC| and P=0005 for
DPD, respectively. :

Figure 1B. Interestingly, the gene expression level of DPD also
differed significantly (P<0.05) between oxaliplatin-high-sensitive
and oxaliplatin-low-sensitive cell lines (Figure 1B). Expression
levels of ERCCI and DPD in oxaliplatin-low-sensitive cell lines
were 1.5 and 2.9 times higher than those in high-sensitive cell lines,
respectively.

Lower sensitivity to oxaliplatin was associated with a parallel
increase in ERCCI and DPD expression. This finding may support
that ERCCI influences cytotoxicity after oxaliplatin treatment.
Based on the findings of recent clinical translational studies (Lentz
et al, 2005), ERCCI was likely a predictive marker for colorectal
cancer patients receiving oxaliplatin-containing therapy. There-
fore, ERCCI was investigated using clinical specimens from patients
who had received a first-line chemotherapy with or without
oxaliplatin.

Patient characteristics

Table 1 summarises patient characteristics. The median patient age
at the time of liver dissection was 62 years (range, 28-82 years).
There were no significant differences in clinicopathological factors
such as gender, age, tumour location, or differentiation between
patients with and without a prior oxaliplatin regimen.
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Gene expression level of tumour specimens

The FFPE tumour specimens resected from liver metastasis were
subjected to manual microdissection to ensure that only tumour
cells were dissected (Figure 2A). As shown in Figure 2B, ERCCI
and DPD, but not TOP1, showed statistically significant higher
expression in FOLFOX-treated patients (1 = 24) compared with the
nontreated group (n=21). The mean expression level of ERCCI
and DPD in those receiving the FOLFOX regimen was 1.8 and 4.9
times higher, respectively, than in patients without any prior
oxaliplatin-containing chemotherapy (ERCCI, P<0.0001; DPD,
P=0.005). The expression level of ERCCI was significantly cor-
related with that of DPD (Spearman’s correlation coefficient =
0.519; P =0.0003).

Immunohistochemical results

The RT-PCR analysis revealed higher expression of ERCCI and
DPD in FOLFOX-treated patients than nontreated patients. To
confirm the protein expression levels of these genes, immunohis-
" tochemical examination was performed. The protein expression of
ERCCI (Figures 3A-C) was found in tumour cells, especially in the
nucleus, whereas DPD protein expression was found in tumour
cells and stromal cells (Figures 3D-F). For ERCC1, the mean (s.d.)
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expression was 0.48 (0.68) in patients without FOLFOX: and 1.42
(1.41) with FOLFOX (Figure 3G). For DPD, the mean (s.d.)
expression was 0.14 (0.36) in patients without FOLFOX and 0.79
(1.02) with FOLFOX (Figure 3G). In accordance with RT-PCR
results, immunohistochemical analysis showed that protein
expression of both ERCC] and DPD was significantly higher in
FOLFOX-treated patients than nontreated patients (P=0.015 and
0.0025, respectively; Figure 3G). Furthermore, a significant corre-
lation between ERCC1 score and DPD score was shown (Spearman’s
correlation coefficient = 0.65; P-value <0.0001).

DISCUSSION

In the present study, gene expression levels of ERCCI, which were
extracted by the data mining process of NCI60 screening panel
data, were significantly higher in recurrent metastatic cancer cells
resected from patients who had received the FOLFOX regimen than
from patients with no prior oxaliplatin-containing chemotherapy. In
addition, the nucleoside catabolic gene DPD expression level also
showed significant differences between patients with and without
" oxaliplatin as a first-line regimen. Given that the IRIS regimens .
with the DPD inhibitory fluoropyrimidine may show superior
activity against DPD-high tumours compared with FOLFIRI, our
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*
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Figure 3 ERCCI and DPD upregulated in CRC patients with preoperative FOLFOX. Representative pictures of ERCC| and DPD in CRC patients. Cases
of CRC showing weak (A}, moderate (B), and strong (C) ERCCI staining, Cases of CRC showing weak (D), moderate (E), and strong (F) DPD staining;
bar=50 um. (G) The expression scores of ERCC| and DPD were compared between patients with FOLFOX and patients without FOLFOX using

Wilcoxon test. *P =0.015 for ERCCI and P=0.0025 for DPD, respectively.
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Figure 4 Hypothesis of molecular mechanism of superiority in IRIS group for prior oxaliplatin~treéted patients. This study demonstrated that oxaliplatin-
resistant tumour cells showed high ERCCI and DPD, and thereby seemed to be sensitive to IRIS therapy.

findings may support the recent clinical result on the superiority of -

IRIS to FOLFIRI in patients previously treated with oxaliplatin-
based chemotherapy.

Colon cancer is known to be a relanvely heterogeneous tumour,
and is characterised by a heterogenic pool of cells with distinct
differentiation patterns. As an example, the K-ras mutation was
thought to occur during early-stage tumour development; how-
ever, a recent study revealed intratumoural heterogeneity of K-ras
mutations in 35-47% of primary colorectal carcinomas (Giaretti
et al, 1996; Al-Mulla et al, 1998; Losi et al, 2005). Baldus et al
(2010) also reported heterogeneity between primary tumours and
lymph-node metastases in 31% (K-ras), 4% (BRAF), and 13%
(PIK3CA) of cases. Watanabe et al (2011b) found intratumoral
heterogeneity of K-ras mutations in laser-captured microdissected
specimens with respect to discordant K-ras status between primary
and meétastatic colorectal tumours. Such genetic alterations, not
only in K-ras but also in other genes, could result in intratumoral
heterogeneous gene expression (Watanabe et al, 2011a). Recently,
the concept that cancer might arise from a rare population of
cells with stem cell-like properties has received support with
regard to several solid tumours, including colorectal cancer
(Barker et al, 2007; Dalerba et al, 2007; O’Brien et al, 2007;

. Ricci-Vitiani et al, 2007; Huang et al, 2009; Ricci-Vitiani et al,
2009; van der Flier et al, 2009). Considering the therapeutic
implications of cancer stem cells, the failure of current standard
therapies to eradicate tumours fully could be explained by
assuming that colorectal cancer stem cells are able to survive
treatments and achieve only a transitory clinical remission.

Based on our experimental results and knowledge of tumour cell

“biology, we propose the following hypothesis to explain why the
IRIS regimen was superior to the FOLFIRI regimen for colorectal
cancer patients who had been treated with oxaliplatin-based
regimen. As shown in Figure 4, heterogeneous tumours were
exposed to first-line oxaliplatin-containing therapy (mainly the
mFOLFOX6 regimen for the FIRIS study, and partly mFOLFOX6
combined with bevacizumab). After the first-line treatment,
oxaliplatin-sensitive tumour cells (i.e., ERCCI low; illustrated in
blue in Figure 4) are killed and a small fraction of relatively
oxaliplatin-resistant cells (i.e., ERCCI high; illustrated in yellow in
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Aberrant activation of the mTOR pathway and anti-tumour
effect of everolimus on oesophageal squamous cell carcinoma
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BACKGROUND: The mammalian target of rapamycin (mTOR) protein is important for cellular growth and homeostasis. The presence
and prognostic significance of inappropriate mTOR activation have been reported for several cancers. Mammalian- target
of rapamycin inhibitors, such as everolimus (RADOO!), are in development and show promise as anti-cancer drugs; however, the
therapeutic effect of everolimus on oesophageal squamous cell carcinoma (OSCC) remains unknown.

METHODS: Phosphorylation of mTOR (p-mTOR) was evaluated in 167 resected OSCC tumours and 5 OSCC cell lines. The effects of
everolimus on the OSCC cell lines TE4 and TEI | in vitro and alone or in combination with cisplatin on tumour growth in vivo were
evaluated.

RESULTS: Mammalian target of rapamycin phosphorylation was detected in | 16 tumours (69.5%) and all the 5 OSCC cell lines.
Everolimus suppressed p-mTOR downstream pathways, inhibited proliferation and invasion, and induced apoptosis in both TE4 and
TEI cells. In a mouse xenograft model established with TE4 and TEI | cells, everolimus alone or in combination with cisplatin
inhibited tumour growth.

CONCLUSION: The mTOR pathway was aberrantly activated in most OSCC tumours. Everolimus had a therapeutic effect both
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Oesophageal squamous cell carcinoma (OSCC), the major
histological type of oesophageal cancer in East Asian countries,
is one of the most aggressive malignant tumours (Enzinger and
Mayer, 2003). Despite the development of multimodal therapies,
including surgery, chemotherapy, and radiotherapy, the prognosis
remains poor even for patients who undergo complete carcinoma
resection. The limited improvement in outcomes achieved by
conventional therapies urges us to seek innovative strategies,
especially those involving molecular targeting, for treating OSCC.

The mammalian target of rapamycin (mTOR) is a 289-kDa
serine/threonine kinase involved in cellular growth and home-
ostasis (Bjornsti and Houghton, 2004; Abraham and Gibbons,
2007; Menon and Manning, 2008; Wouters and Koritzinsky, 2008).
Mammalian target of rapamycin is activated by phosphorylation
as a part of the phosphatidylinositol-3 kinase/AKT signalling
pathway (Mita et al, 2003; Chan, 2004; Dancey, 2006) and in turn
phosphorylates and activates eukaryotic translation factor 4E
(elF4E) and p70 ribosomal S6 kinase (p70S6 kinase), leading to the
translation of proteins required for cell cycle progression (Hidalgo
and Rowinsky, 2000; Panwalkar et al, 2004). The presence and
prognostic significance of aberrant mTOR activation have been
reported for several types of human carcinomas (Easton and
Houghton, 2006; Herberger et al, 2007; Hou et al, 2007; Hudes,

*Correspondence: Dr H Baba; E-mail: hdobaba@kumamoto-u.acjp
Revised 10 January 2012; accepted || january 2012; published online 14
February 2012

as a single agent and in combination with cisplatin. Everolimus could be a useful anti-cancer drug for patients with OSCC.
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2009; Hirashima et al, 2010). Our group previously showed an
association between high phosphorylated mTOR (p-mTOR)
expression and poor prognosis in 143 resected OSCC samples
(Hirashima et al, 2010). Mammalian target of rapamycin has
recently been recognised as an important and attractive target
for anti-cancer therapy (Boulay et al, 2004; Bianco et al, 2006;
Johnston, 2006; Antonarakis et al, 2010; Sparks and Guertin, 2010).
Everolimus, an oral mTOR inhibitor, has shown particularly
promising results in experimental studies, inhibiting tumour
growth and displaying anti-angiogenic effects (Carmeliet and Jain,
2000; Bianco et al, 2008; Manegold et al, 2008; Lane et al, 2009).

Combination therapy using everolimus and cisplatin has also been

reported to be effective (Beuvink et al, 2005; Mabuchi et al, 2007;
Hou et al, 2010; Ma et al, 2010). Many clinical trials using
everolimus for several types of cancers are currently underway
(Yee et al, 2006; Fouladi et al, 2007; Gridelli et al, 2007; Johnson
et al, 2007; Awada et al, 2008; O’Donnell et al, 2008; Tabernero
et al, 2008; Tanaka et al, 2008; Yao et al, 2008; Wolpin et al, 2009).
Everolimus has been already approved for the treatment of
advanced renal cell carcinoma in patients whose disease has
progressed during or after VEGF-targeted therapy (Coppin, 2010).
Nonetheless, to our knowledge, no study has examired the
therapeutic effect of everolimus on OSCC using in virro and
in vivo assays.

We therefore conducted this study with three main aim:. First,
we examined the importance of mTOR activation in O4CC by
determining the overall prevalence of p-mTOR expression in OSCC



specimens and cell lines. Second, we evaluated the therapeutic
effect of everolimus on OSCC cell lines by both in vitro and in vivo
assays. Third, we specifically assessed the effect of everolimus in
combination with cisplatin, which is one of the most frequently
used chemotherapeutic drugs, on OSCC cells.

MATERIALS AND METHODS

Reagents and antibodies

Everolimus was provided by Novartis Pharma AG (Basel, Switzer-
land) and formulated at 2% (w/v) in a microemulsion vehicle. For
in vivo analysis, everolimus was diluted to the appropriate
concentration in double-distilled water just before administration
by gavage. For in vitro analyses, everolimus was prepared in DMSO
just before addition to cell cultures. Antibodies recognising mTOR,
phospho-mTOR  (Ser***®), p70s6k, phospho-p70s6k (Thr’®?),
4E-BP1, phospho-4E-BP1 (Thr’®), and f-actin were purchased
from Cell Signaling Technology (Boston, MA, USA).

Patients

The present study involved 167 consecutive patients who under-
went surgical resection of OSCC at the Kumamoto University
Hospital from January 1996 to December 2007. None of these
patients underwent endoscopic mucosal resection, palliative
resection, preoperative chemotherapy, preoperative radiotherapy,
or preoperative chemoradiotherapy. This study was approved by
the Institute Review Board of the Graduate School of Medical
Science, Kumamoto University (Approval number: 236; 2 August
2008).

Immunohistochemistry for p-mTOR

The method of immunohistochemical staining for p-mTOR was
described previously (Hirashima et al, 2010). Of the 167 tumours,
51 showed no p-mTOR expression, 84 showed weak expression,
and 32 showed strong expression. As the aim of the immunohis-
tochemistry in this study was to evaluate the prevalence of
p-mTOR expression in OSCC tissues, both weak and strong
p-mTOR expression were defined as positive.

Cell culture

Oesophageal squamous cell carcinoma cell lines (TE series) were
obtained from the Cell Resource Center for Biomedical Research,
Tohoku University. Cell cultures were grown in the recommended
medium with 10% foetal bovine serum and incubated in 5% CO,
at 37°C.

Western blot analysis

Cultured cells were harvested and lysed in lysis buffer (25 mM Tris-
HCl (pH 7.4), 100mM NaCl, 2mMm EDTA, 1% Triton X-100,
leupeptin, 1 mmM Na;VO,, and 1 mm PMSF) for 30 min. Lysates were
centrifuged at 10000 rpm for 5min at 4°C. Each protein sample
(104g) was mixed with 5x sample buffer containing 10%
f-mercaptoethanol and boiled for 5 min. The total cellular protein
extracts were separated by sodium dodecyl sulphate polyacryla-
mide gel electrophoresis (SDS-PAGE) on 7.5% gels for the
examination of mTOR and p-mTOR, and on 12.5% gels for the
examination of p70S6K, p-p70S6K, 4E-BP1, p-4E-BP1, and f-actin.
The samples were then transferred to PVDF membranes (Bio-Rad,
Hercules, CA, USA), which were blocked overnight at 4°C in
5% skim milk in phosphate-buffered saline (PBS) containing 0.1%
Tween 20. The membranes were probed overnight at 4°C with
each primary monoclonal antibody followed by incubation with
peroxidase-conjugated anti-rat IgG antibody (1:1000) (Sigma,
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St Louis, MO, USA). The targets were detected using an enhanced
chemiluminescence (ECL) reagent (GE Healthcare, Piscataway,
NJ, USA).

Cell proliferation analysis

The effect of everolimus on cell proliferation was evaluated using a
water-soluble tetrazolium salt (WST-8; (2-(2-methoxy-4-nitro-
phenyl)-3-(4-nitrophenyl)-5-(2, 4-disulfophenyl)-2H-tetrazolium,
monosodium salt) (Dojin Chemicals, Tokyo, Japan). TE4 and
TEI11 cells were cultured overnight in 96-well plates (3 x 10° cells
per well). Cells were then treated for 48 h with everolimus (20 nm)
or vehicle (control) and their viabilities were assessed. The number
of surviving cells in each sample was determined from its
absorbance at 450 nm (A4s0).

Cell cycle analysis

The cell cycle distribution of TE4 and TEIl cells treated with
everolimus (20 nm) or vehicle (control) for 48h was analysed by
flow cytometry using a BD FACSCalibur (BD Bioscience, San Jose,
CA, USA) according to previously published methods (Del Bufalo
et al, 2004; Milella er al, 2004).

Apoptosis analysis

TE4 and TE11 cells were treated with everolimus (20 nM) or vehicle
(control) for 48h and then apoptosis was assessed by flow
cytometry using Annexin V-FITC (BD Bioscience) and propidium
iodide (PI) staining according to previously published methods
(Del Bufalo et al, 2004; Milella et al, 2004).

Invasion analysis

To evaluate the effect of everolimus on cell invasiveness, a Matrigel
Invasion Chamber (BD Bioscience) was used according to the

manufacturer’s protocol. Matrigel-coated chambers containing .

8 um pore-size filters were fitted into 24-well tissue culture plates.
Briefly, cells of each type (TE4, 1.0 x 10° cells m1™%; TE11, 5.0 x 10°
cellsml™') were seeded into the Matrigel-coated chambers in
RPMI-1640 medium with everolimus (20 nm) or vehicle (control)
and incubated at 37 °C in 5% CO, for 24 h. The invasive cells on the
bottom sides of the filters were stained using Toruijin blue dye,
and the numbers of cells in five randomly selected fields at x 200
magnification were counted.

Subcutaneous xenograft model

All the procedures involving animals and their care were approved
by the Animal Care and Use Committee of Kumamoto University.
These procedures meet the standards required by the United
Kingdom Coordinating Committee for Cancer Research
(UKCCCR) guidelines (Workman et al, 2010). A subcutaneous
xenograft model was used to assess the therapeutic effect on 0SCC
cells of everolimus either as a single agent or in combination with
cisplatin, one of the chemotherapeutic drugs most frequently used
for OSCC in the clinical setting. Six-week-old nude mice (BALB/c)
(n=24) were inoculated subcutaneously in the right or left flank
with 5 x 10° TE4 cells and TE11 cells in 200 yl of PBS. Some mice
showed insufficient tumour growth and were therefore excluded
from the study, leaving a total of 22 mice used for the single
in vivo exyeriment. When the tumours reached approximately
50-70 mm”, the mice were randomised into four treatment groups
(n=5-6 mice per group). The first group was treated twice a week
with placebo. The second group was treated twice a week with
everolimus (5 mgkg ™). The third group was treated every 2 weeks
with cisplatin (3mgkg™"). The fourth group was treated twice a
week with everolimus (5 mlkg™') and every 2 weeks with cisplatin
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(3mgkg™") (Figure 4A). The validity of these everolimus and/or
cisplatin protocols has been demonstrated in an ovarian cancer
model. Everolimus was administered by oral gavage using an
animal-feeding needle. Cisplatin was injected intraperitoneally.
Body weight was measured every 3 days. Calliper measurements of
the longest perpendicular tumour diameters were made weekly

. using a digital calliper, and tumour volumes were estimated using

the following formula: V=L x W x D x n/6, where V is the tumour
volume, L the length, W the width, and D the depth (Mabuchi et al,
2007).

Statistical analysis

For the in vitro assays, including the cell proliferation assay, cell
cycle ratio assay, apoptosis assay, and invasion assay, statistical
analyses were performed using Mann-Whitney’s U-test for
unpaired samples, For the in vivo experiment, body weight and
tumour volume were compared among placebo-, everolimus-,
cisplatin-, and everolimus plus cisplatin-treated mice using the
Wilcoxon exact test. Statistical analysis was performed with
Stat View-] 5.0 software (Abacus Concepts, Inc., Berkeley, CA,
USA). A two-sided significance level of P<0.05 was used for all the
statistical analyses.

RESULTS

Phosphorylated mTOR expression in OSCC specimens
and cell lines

We assessed p-mTOR expression (i.e., mTOR activation) by
immunohistochemistry. Of the 167 OSCC specimens, 116 (70%)
were positive for p-mTOR expression (Figures 1A and B). The high
percentage of p-mTOR-positive tumours supports the crucial role
of mTOR activation in the pathogenesis of OSCC.

All five human OSCC cell lines (TEL, 4, 9, 11, and 13) examined
in the current study showed p-mTOR expression in vitro; the
expression level was highest in TE4 cells and lowest in TE11 cells
(Figure 1C). Therefore, both TE4 and TE11 cells were used in the
following experiments.

Everolimus attenuates phosphorylation of p70S6K and
4E-BP1 in vitro

The TE4 and TE11 cells were treated with different concentrations
of everolimus (0 (vehicle control), 0.2, 2, and 20 nM) and the levels
and phosphorylation of downstream mTOR targets, including
p70S6k, p-p70S6k, 4E-BP1, p-4E-BP1, and f-actin (loading
control), were evaluated by western blotting. Everolimus inhibited
phosphorylation of p70S6k and 4E-BP1 (decreased levels of
p-p7086k and p-4E-BP1) in TE4 cells in a dose-dependent manner
(Figure 2). In TE11 cells, 20 nM everolimus was sufficient to block
phosphorylation of p70S6k and 4E-BP1 (Figure 2). Therefore,
TE4 and TE11 cell lines were treated with 20 nM everolimus in the
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Figure 2 Westem blot analysis for p70Sék, p-p70Sék, 4E-BP| p-4E-BPI,
and f-actin protein levels in TE4 and TE{ | cells treated with (at indicated
concentrations) or without everolimus.

following assays (e.g., the in vitro proliferation, cell cycle,
apoptosis, and invasion assays).

Therapeutic effect of everolimus on OSCC cell lines in vitro

Everolimus (20nM) treatment for 48 h significantly inhibited the
proliferation of both TE4 and TE11 cells (Figure 3A). In order to
clarify the effect of everolimus on the cell cycle, OSCC cells were
treated with everolimus (20nM) and then subjected to cell cycle
analysis by flow cytometry. An accumulation of cells in the Go/G,
phase and a reduction in the S-phase fraction were observed
in both TE4 and TE11 cells treated with everolimus (20 nm) for 48 h
(Figure 3B). Everolimus (20nM) also significantly increased the
proportion of early apoptotic cells (Annexin V-FITC positive,
PI negative) compared with that of vehicle-treated cells in both
TE4 and TE11 cells treated for 48h (Figure 3C), indicating that
everolimus could induce early apoptosis in these cell lines.
Western blot analysis utilising antibodies for Bad and PARP also
showed the induction of apoptosis by everolimus (Supplementary
Figure 1); everolimus (20 nM) increased the expression of Bad and
cleaved PARP protein. Finally, we performed an in vitro invasion
assay using Matrigel Invasion Chambers and found that ever-
olimus (20nMm) significantly decreased the numbers of invading
TE4 and TE11 cells compared with those of vehicle-treated cells
(Figure 3D).

Everolimus inhibits tumour growth in a mouse
subcutaneous xenograft model

The mean tumour volumes on day 36 in a mouse xenograft model
established with TE4 cells were 1314 £ 134, 311 + 87, 542 £ 161, and
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Table | Effect of everolimus on tumour development of TE4 cell lines
% Effect of
Number Mean tumour tumour
Treatment of mice volume (mm?®) reduction
Placebo 6 1314134 100
Everolimus 5 EIRES A 23
Cisplatin 5 542+ 161% 41
Everolimus+cisplatin 6 159 42 (%M 12

*Significantly different from the placebo group (P<0.05). 'Significantly different from
the cisplatin group (P<0.05). 'Significantly different from the everolimus group
(P<0.05).

159 £ 21 mm? in mice treated with placebo, everolimus, cisplatin,
and everolimus plus cisplatin, respectively (Table 1, Figure 4B).
Treatment with everolimus or cisplatin alone decreased the

© 2012 Cancer Research UK

tumour burdens by 83% and 68%, respectively, compared
with that of placebo-treated mice (Figure 4C), indicating that
everolimus used as a single agent has marked anti-tumour activity.
Moreover, treatment with cisplatin plus everolimus decreased
the tumour burden by 92% (Figure 4C), suggesting that the use
of everolimus and cisplatin as a combination therapy might
be promising. Similar results were obtained for TEI1l cells
(Supplementary Figure 2).

The weight changes of the mice over the course of the treatments
did not differ significantly among the four groups, as shown in
Supplementary Figure 3. In addition, we confirmed histologically
that there were no differences in the levels of injury to the organs,
including liver, kidney, pancreas, lung, intestine, and skin, among
these four groups (Supplementary Figure 4). We continued to
follow these mice for 2 months. Although all of the mice in the
placebo group died within 2 months, no mouse in any of the other
three groups died during this period.

British Journal of Cancer (2012) 106(5). 876882
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DISCUSSION

Mammalian target of rapamycin is a key regulator of cell growth
and proliferation and as such is regarded as a promising target for
anti-cancer therapy (Kapoor, 2009; Scott et al, 2009). In this study,
we made three intriguing findings. First, most OSCC tumours were
positive for p-mTOR expression, supporting a role for mTOR
activation in the pathogenesis of OSCC. Second, everolimus, an
oral mTOR inhibitor, had a therapeutic effect on OSCC cell lines
in vitro. Third, combination therapy with everolimus and cisplatin
showed an additive effect on OSCC cells in vivo. Our findings
certainly suggest that everolimus could be useful as an anti-cancer
drug for patients with OSCC.

Previous studies have shown the importance of mTOR
activation in OSCC specimens: Boone et al, (2008) detected
activated mTOR in 25% of patients with OSCC, a subset of patients
that might potentially benefit from mTOR-inhibiting therapy.
Yoshioka et al, (2008) demonstrated that 48% of OSCC tumours
showed high levels of p-mTOR phosphorylation. In the current
study utilising 167 OSCC samples, about 70% of the OSCC tumours
showed p-mTOR (i.e, mTOR activation). This discrepancy might

.be due to a difference in the method used to evaluate mTOR

phosphorylation or in the cutoff for p-mTOR positivity. None-
theless, these two previous studies and the current study certainly
support the hypotheses that mTOR activation is important in the
pathogenesis of OSCC and that mTOR inhibitors might be useful
for OSCC treatment.

Everolimus, an orally bioavailable derivative of rapamycin, is a
promising drug for cancer therapy. However, to our knowledge, no
previous study has utilised in vitro and in vivo models to evaluate
the therapeutic efficacy of everolimus. First, we demonstrated that
everolimus suppressed down-stream signalling (i.e., phosphoryla-
tion of p70s6 kinase and 4E-BP1) and significantly inhibited cell
proliferation and invasion of mTOR-activated OSCC cell lines
in vitro. Second, we showed that inhibition of mTOR signalling by
everolimus induced Gy/G, arrest and apoptosis, suggesting that
everolimus might inhibit anti-apoptotic or survival signalling in
OSCC cell lines. Third, we found that treatment with everolimus
significantly inhibited tumour growth in vivo. Taken together,
these results indicate that everolimus as a single agent could have
significant anti-tumour efficacy against OSCC cells.
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The effects of everolimus were more prominent in TE11 cells
(p-mTOR-low) than in TE4 cells (p-mTOR-high). The malignant
characteristics of OSCC cells are likely acquired not only through
the mTOR signalling pathway but also through a wide variety of
other signalling pathways. Although the activation level of the
mTOR pathway was lower in TE11 cells than in TE4 cells, TE11
cells might depend more heavily on the mTOR pathway for their
malignant behaviour. On the other hand, although TE4
cells showed a high level of mTOR activation, they might rely
more on the other signalling pathways than on the mTOR
pathway. In this study, the mTOR pathway was activated in
all five cell lines assessed. If we could obtain an OSCC cell line
without mTOR activation, those cells might well be resistant to
everolimus. Future studies are necessary to confirm our findings
as well as to elucidate the biological mechanisms by which
the mTOR activation level affects the therapeutic efficacy of
everolimus.

Interestingly, we also found an additive effect of everolimus and
cisplatin on OSCC cells in an in vivo model. A similar effect has
been reported for other types of carcinomas. Beuvink et al, (2005)
reported that everolimus could sensitise cells to cisplatin by
inhibiting induction of p21 expression by p53. Ma et al, (2010)
showed that everolimus exerts an additive-to-synergetic effect on
cisplatin-induced growth inhibition in nasopharyngeal carcinoma.
Unfortunately, our current experiment could show only an
additive effect rather than a synergetic effect. We expect that
additional experiments in the future might be able to show a
synergetic effect. However, we were at least able to recognise that
combining everolimus and cisplatin might be a useful therapeutic
strategy. As cisplatin is one of the most important chemother-
apeutic drugs for OSCC treatment, our finding may have
significant clinical implications.

In conclusion, most OSCC tumours showed mTOR activation,
suggesting that mTOR could be a promising target for anti-cancer
therapy against OSCC. Everolimus had a therapeutic effect on
OSCC cells both in vitro and in vivo, and combination therapy with
everolimus and cisplatin showed an additive effect. Although
further experimental studies are necessary to confirm our findings,
the current study certainly provides further rationale for future
clinical trials of everolimus (in combination with cisplatin) in
OSCC patients.

© 2012 Cancer Resech UK
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Overexpression of microRNA-223 regulates the ubiquitin ligase
FBXWY7 in oesophageal squamous cell carcinoma

] Kurashlge M Watanabe', M Iwatsuki', K Kinoshita', S Saito', Y Hlyoshl , H Kamohara', Y Baba', K Mlmorl
and H Baba"‘l

'Department of Gastroenterological Surgery, Graduate School of Medical Sciences, Kumamoto University, I-1-1 Honjo, Kumamoto 860-8556, Japan;
“Department of Surgery, Medical Institute of Bioregulation, Kyushu University, 4546 Tsurumihara, Beppu 874-0838, Japan

BACKGROUND: F-box and WD repeat domain-containing 7 (FBXW?7) is a cell cycle regulatory gene whose protein product
ubiquitinates positive cell cycle regulators such as c-Myc, cyclin E, and c-Jun, thereby acting as a tumour-suppressor gene. This study
focused on microRNA-223 (miR-223), which is a candidate regulator of FBXW7 mRNA. The aim of this study was to clarify the
clinical significance of miR-223 and FBXW?7 in oesophageal squamous cell carcinoma (ESCC) patients, and to elucidate the
mechanism by which FBXW?7 is regulated by miR-223.

' METHODS: The expression levels of miR-223 and the expression of FBXW?7 protein was examined using 109 resected specimens to
determine the clinicopathological significance. We also investigated the role of miR-223 in the regulation of FBXW?7 expression in
ESCC cell lines in an in vitro analysis.

ResuLTs: We found that miR-223 expression was significantly higher in cancerous tissues than in the corresponding normal tissues.
There was a significant inverse relationship between the expression levels of miR-223 and FBXW?7 protein. Moreover, patients with
high miR-223 expression demonstrated a significantly poorer prognosis than those with low expression. On the basis of a series of
gain-of-function and loss-of-function studies in vitro, we identified FBXW?7 as a functional downstream target of miR-223.

CONCLUSION: Our present study indicates that high expression of miR-223 had a significant adverse impact on the survival of ESCC

patients through repression of the function of FBXW?7.
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© 2012 Cancer Research UK
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F-box and WD repeat domain-containing 7 (FBXW7) is the
substrate recognition component of an evolutionarily conserved
SCF (complex of SKP1, CUL1, and E-box protein)-type ubiquitin
ligase complexes, which has been well characterised and shown to
have important roles in regulating the stability of multiple
oncoprotein substrates, including cyclin E, c-Myc, Notch, c-Jun,
mammalian target of rapamycin, and MCL1 (Nakayama and
Nakayama, 2006; Mao et al, 2008; Welcker and Clurman, 2008;
Inuzuka et al, 2011; Wertz et al, 2011). Therefore, the altered
expression of FBXW?7 is recognised to be one of the major causes
of carcinogenesis or cancer development. We have previously
revealed that loss of FBXW?7 correlated with a poor prognosis in
colon cancer (Iwatsuki et al, 2010). Similarly, low expression of
FBXW?7 has been reported to be significantly associated with poor
prognoses in glioma (Bredel et al, 2005; Hagedorn et al, 2007),
gastric cancer (Yokobori et al, 2009), and breast cancer (Ibusuki
et al, 2011). However, significance of downregulation of this
molecule in oesophageal squamous cell carcinoma (ESCC) remains
unknown.

Recent studies have revealed that microRNAs (miRNA) can act
as oncogenes or tumour suppressors during the development and
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progression of cancers through sequence-specific binding to their
mRNA targets (Ambros, 2004; Zamore and Haley, 2005; Meister,
2007). These miRNAs have an important role in a wide variety of
complex biological processes, including cellular development and
differentiation, but investigations have only begun to clarify their
significance in carcinogenesis (Calin et al, 2004; Croce and Calin,
2005). Some researchers have noted that alterations in the miRNA
expression profile strongly affect the progression of human
tumours and the prognosis of the patients (Yanaihara et al,
2006; Bloomston et al, 2007; Schetter et al, 2008; Ueda et al, 2010).
Although our previous study revealed that miR-21 is significantly
overexpressed in ESCC (Hiyoshi et al, 2009), there have been few
reports concerning the miRNA profiles in ESCC.

It was recently reported that microRNA-223 (miR-223) targets
the FBXW7 mRNA 3'-untranslated region, and that overexpression
of miR-223 significantly reduces FBXW7 mRNA levels, increases
endogenous cyclin E protein and activity levels, and increases
genomic instability (Xu et al, 2010). Nevertheless, to our knowl-
edge, no study has been reported on the relationship between the
expression levels of miR-223 and FBXW?7 in clinical samples of
solid tumours. However, no correlation between miR-223 and
FBXW?7 has yet been elucidated in ESCC.

In the present study, we examined the correlation between the
expression levels of miR-223 and immunohistochemical staining
for the FBXW7 protein in 109 consecutive ESCC samples, and we



also investigated the prognostic significance of the expression of
miR-223. Moreover, we identified FBXW?7 as a functional down-
stream target of miR-223 in vitro.

PATIENTS AND METHODS

Patients and tissue samples

Primary ESCC tissue samples and samples of matched normal
oesophageal epithelium were obtained from 109 patients who
underwent oesophageal resection without preoperative treatment in
the Department of Gastroenterological Surgery, Kumamoto Uni-
versity Hospital from 2000 to 2007. Written informed consent was
obtained from all patients. The clinicopathological characteristics,
including age, gender, pathology, differentiation, and tumour-node
metastasis classification were available for all patients. Survival was
measured from the time of oesophageal resection and death was the
endpoint. The patient prognoses were examined in March 2011. The
median observation time for survival was 31 months and it ranged
from 1 to 132 months. The study was approved by the medical ethics
committee of Kumamoto University.

ESCC cell lines

The human ESCC cell lines TE1, TE4, TE6, TE8, TE9, TE10, TE14,
and TE15 were provided by the Cell Resource Center for
Biomedical Research Institute of Development, Aging and Cancer,
Tohoku University, Japan. All cells were grown in RPMI 1640
(Cambrex, East Rutherford, NJ, USA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich, St Louis, MO, USA), 2mmol ™!
glutamine, 100 units of penicillin per ml, and 100 ug of strepto-
mycin per ml (Cambrex), and were incubated at 37°C in a
humidified chamber supplemented with 5% CO,.

miRNA isolation

The miRNAs were extracted from formalin-fixed, paraffin-
embedded oesophageal tissues using a RecoverAll Total Nucleic
Acid Isolation Kit for FFPE (Ambion, Austin, TX, USA), according
to the manufacturer’s instructions. The purity and concentration
of all RNA samples were evaluated by their absorbance ratio at
260/280 nm determined with a NanoDrop ND-1000 spectrophoto-
meter (NanoDrop Technologies, Rockland, DE, USA).

Quantitative real-time reverse transcription-PCR
(qQRT-PCR)

The expression levels of miR-223 were determined by TaqMan
gRT-PCR using TagMan microRNA assay kits (Ambion, USA)
according to the manufacturer’s protocols, as described previously
(Hiyoshi et al, 2009). The miR-223 expression was normalised to
that of RNU6B, a small nuclear RNA. The expression levels of
FBXW?7 were determined using primers and probes that were
designed using the Universal Probe Library (Roche Diagnostics,
Mannheim, Germany) following the manufacturer’s recommenda-
tions. The primer sequences used for real-time PCR were as
follows: FBXW7 forward 5'-AAAGAGTTGTTAGCGGTTCTCG-3/,
reverse 5'-CCACATGGATACCATCAAACTG-3'and universal probe
#78; 185 rRNA forward 5'-TGGAGGAGACGTTCCAGTGT-3, reverse
5'-GATCTGTCCAGGCAGTCCTT-3' and universal probe #17. All
qRT-PCR reactions were run using a LightCycler 480 System II
(Roche Diagnostics, USA). The relative amounts of miR-223 and
FBXW?7 were measured using the 27T method. All gRT-PCR
reactions were performed in triplicate.

Immunohistochemical analysis

The immunohistochemical studies for FBXW7, c-Myc, and c-Jun
were performed on formalin-fixed, paraffin-embedded surgical
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sections obtained from 109 patients with ESCC. Tissue sections of
5um thickness were deparaffinized and pre-treated for antigen
retrieval by autoclave heating in 10mM sodium citrate buffer
(pH 9.0) for 15 min. These sections were blocked for endogenous
peroxidase activity with 3% H,0, in methanol for 60 min and then
washed in phosphate-buffered saline. The sections were incubated
in primary mouse monoclonal anti-FBXW7 (1:100, Abnova
Corporation, Taipei, Taiwan), mouse monoclonal anti-c-Myc
(sc-40, 1:100, Santa Cruz Biotechnology, Fremont, CA, USA), or
rabbit polyclonal anti-c-Jun (sc-1694, 1:50, Santa Cruz Biotech-
nology) antibody. Tissue sections were immunohistochemically
stained using ENVISION reagents (ENVISION + Dual Link
System-HRP, Dako Cytomation, Glostrup, Denmark). All sections
were counterstained with haematoxylin. The staining assess-
ment was independently carried out by two authors (JK and YB)
without any information about the patients’ clinicopathological
characteristics or prognosis.

Transfection of miRNA

The cells were transfected with 20 nM Pre-miR miRNA Precursor
Molecule pre-223 (pre-miR-223) and 100nm anti-miR miRNA
inhibitor anti-223 (anti-miR-223) (Applied Biosystems) using the
Lipofectamine 2000 transfection reagent (Invitrogen, Carlsbad, CA,
USA), according to the manufacturer’s instructions. The specificity
of the transfection was verified using the Pre-miR miRNA
Precursor Molecule Negative Control #1 (control pre-miR) and
Anti-miR miRNA Inhibitors Negative Control #1 (control anti-
miR) (Applied Biosystems). The expression levels of miR-223 and
FBXW?7 were quantified 72h after transfection, and the cells were
used for a western blot analysis.

Western blot analysis

To isolate the proteins, cells harvested from 6-well plates were
washed once in phosphate-buffered saline and lysed in lysis buffer
(Tris-HCl (pH 7.4) 25mmoll™), NaCl 100mmoll™', EDTA
2mmol1™?, Triton X 1%, with 10 ugml™" aprotinin, 10 ygml™'
leupeptin, and 1 mmol1™" NazVO,, 1 mmol1~" phenylmethylsulfo-
nylfluoride). Each protein sample (15 ug) was resolved by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis, transferred
onto a polyvinylidene difluoride membrane, and incubated with a
monoclonal antibody against c-Myc (sc-40, 1:500, Santa Cruz
Biotechnology), c-Jun (sc-1694, 1:500, Santa Cruz Biotechnology)
or f-actin (1:2000; Sigma-Aldrich). The signals were detected by
incubation with secondary antibodies labelled using the ECL
Detection System (GE Healthcare, Little Chalfont, UK).

Statistical analysis

All experiments were repeated at least three times. Continuous
variables were expressed as the meansts.d. The relationship
between the expression of miR-223, the FBXW7 protein, and the
patient clinicopathological characteristics was analysed using
Student’s t-test or a x°-analysis. The overall survival curves were
plotted according to the Kaplan - Meier method, and the general-
ised log-rank test was applied to compare the survival curves. The
findings were considered to be significant at a P-value <0.05. All
statistical analyses were performed using the SPSS v. 13.0 software
program (SPSS, Inc., Chicago, IL, USA).

RESULTS

Clinicopathological significance of miR-223 in ESCC
patients

The expression levels of miR-223 were examined in 109 ESCC
clinical samples using qRT-PCR, with quantified values used to
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Figure I The correlation between the expression of miR-223 and the

FBXW?7 protein in ESCC patients. (A) The expression level of miR-223 in
tumour tissue specimens was significantly higher than that in non-tumour
tissues (P<0.001). (B) To evaluate the expression of FBXW7, the complete
H score was semiquantitatively calculated (0—300). The relationship between
miR-223 and FBXW?7 in 109 clinical samples of ESCC indicated an inverse
correlation (Pearson correlation, r=—0.336; P<00l).

calculate miR-223/U6B ratios. The mean expression levels of
miR-223 in cancerous tissue specimens were significantly higher
than those in non-cancerous tissues (P<0.001; Figure 1A). We
divided the 109 ESCC patients into two groups according to the
ratio of their cancer/normal tissue expression levels of miR-223,
as >1.0 or <1.0 for the cancer/noncancerous tissues expression
levels of miR-223. There were 74 cases (67.9%) in the high miR-223
group and 35 cases (32.1%) in the low miR-223 expression group.
The association between the patient clinicopathological charac-
teristics and miR-223 expression is summarised in Table 1. There
were significant differences in gender (P =0.008), tumour size
(P =0.042), and depth of tumour invasion (P =0.030) between the
groups.

The relationship between the expression of miR-223
and immunohistochemical staining for the FBXW7
protein in ESCC tissues

A fragment of the FBXW7 3'-untranslated region contained three
putative miR-223 binding sites as determined by a computational
analysis using miRNA target prediction programs such as

British Journal of Cancer (2012) 106(1), 182188

Table | The miR-223 expression and clinicopathological characteristics
of the patients
Total High Low
Factors (n=109) (n=74) (n=35)  P-value
Age (mean % s5.d)) 660195 650+£84 0967
Sex 0.008*
Male 90 66 24
Female 19 8 I
Histological grade 0821
Well 42 28 14
Moderate, poor, others 67 46 21
Size 0.042*
<40mm (small) 50 29 21
240mm (large) 59 45 14
Depth of tumor invasion 0.030*
Tl 46 26 20
T2/3 63 48 15
Lymph node metastasis 0.707
Absent 47 31 16
Present 62 43 19
Lymphatic invasion 0.617
Absent 43 28 i5
Present 66 46 20
Venous invasion 0.343
Absent 38 28 10
Present 71 46 25
Stage 0072
Il 78 49 29
N, v 31 25 6
FBXW?7 0.001#*
Positive 39 16 23
Negative 70 58 12

Abbreviations: moderate = moderately differentiated; poor = poorly differentiated;
well = well differentiated. Note: High miR-223 expression group (n=74), miR223
(TY/miR223 (N) 2 1.0; low miR-223 expression group (n = 35), miR-223 (T)/miR-223
(N) < 1.0. #*P<0.05.

Target Scan (http://www.targetscan.org) and miRanda (http:/
www.microrna.org) (Supplementary Figure 1).

We examined the FBXW?7 protein expression level by an
immunohistochemical analysis in the samples from ESCC patients.
To evaluate the FBXW?7 expression, the complete H score was
semiquantitatively calculated by summing the products of the
percentage of cells stained at a given staining intensity (0-100)
and the staining intensity score (0, none; 1, weak; 2, moderate; and
3, intense). We found an inverse correlation between the
expression levels of miR-223 and FBXW7 in 109 clinical samples
of ESCC. High levels of miR-223 were associated with low FBXW7
expression (Pearson correlation, r = —0.336; P<0.01; Figure 1B).

The prognostic significance of miR-223 and FBXW7
in ESCC

An analysis of 5-year overall survival demonstrated that the high
miR-223 expression group had a significantly poorer prognosis
than the low expression group (P=0.034; Figure 2A). Similarly,
the negative FBXW7 group had a significantly poorer prognosis
of 5-year overall survival than the positive group (P =0.023;
Figure 2B). In a unijvariate Cox regression analysis, compared with
the low miR-223 expression group, the high miR-223 expression
group experienced a significantly higher overall mortality (hazard

© 2012 Cancer Research UK
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ratio 2.272; 95% confidence interval, 1.099-4.695; P=0.027;  The clinicopathological significance of FBXW?7

Table 2). In the univariate analysis, other significant prognostic
factors for cancer-specific survival included lymph rode metas-
tasis (P=0.008), lymphatic invasion (P=0.002), and FBXW7
expression (P=0.023). In a multivariate Cox regression analysis
for overall survival, including age at operation, N status, venous
invasion, and miR-223 expression, high miR-223 expression was
revealed to be an independent prognostic factor (multivariate

We used the H score to evaluate the FBXW7 expression level and
defined a final staining score of >50 as positive for FBXW?7.
Among the 109 ESCC patients, 39 patients (35.8%) showed positive
staining for FBXW?7. The associations between the patient
clinicopathological characteristics and FBXW7 are summarised
in Supplementary Table 1. There were no significant differences in
the patient clinicopathological characteristics.

hazard ratio 2.425; 95% confidence interval, 1.205-4.878;
P =0.013; Table 2).
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Figure 2 Kaplan—Meier curves according to the miR-223 and FBXW?7 Figure 3 The relationship between the expression of miR-223, and

status. (A) The overall survival curves are presented according to the
expression level of miR-223 in ESCC patients. Patients with high miR-223
expression had a poorer prognosis than those with low expression
(log-rank (Mantel-Cox) test; P=0.034). (B) The overall survival curves
according to the FBXW?7 expression level in ESCC patients. The negative
FBXW7 group had a significantly poorer prognosis for 5-year overall

FBXWY7, ¢-Myc, and c-Jun proteins in ESCC patients. (A-C) In the
miR-223-low expression cases, the FBXW?7 protein was expressed at a
high level, whereas the levels of the ¢-Myc and c-Jun proteins were below
the limit of detection in the same tissue sections. (D—F) In contrast, in the
miR-223-high expression cases, the FBXW?7 protein was expressed at a

low level, and there was strong expression of the c-Myc and c-Jun proteins.”

survival than the positive group (P =0.023). ( % 200 original magnification, scale bar: 50 um).

Table 2 The results of univariate and multivariate analyses for overall survival (Cox proportional regression model)

Univariate analysis Multivariate analysis

Factors HR 95% CI P-value HR 95% CI P-value
Age (64</65>) 1.559 0.887~-2739 0.123 1.95 1.084-3.506 0.026*
Sex (male/female) 0.622 0.265~1.4682 0.276 — — -
TI/23 1.386 0.719~2.673 033 — — —
Tumor size (40mm <, 40mm>) 1.389 0.791-2.438 0.253 — — —
Lympha node metastasis (absent/ present) 2345 1.254-4.385 0.008* 2371 1.250-4.499 0.008*
Stage |, /I, IV 1.947 1.079~3513 0.027#* - — —
Venous invasion (absent/present) 1.66 0.892-~3.089 0.11 1.42 0.747-2699 0.285
Lymphatic invasion (absent/present) 2978 1.513~5.862 0.002* — — -
FBXW7 expression (positive/negative) 2.106 1.094--4.057 0.023* — — —
miR223 expression (low/high) 2272 1.099~4.695 0.027# 2425 1.205-4.878 0.013#

Abbreviations: Cl= confidence interval, HR = hazar¢ ratio. *P <0.05.
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