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greatly reduced the frequency of hypersensitivity reactions,
an important dose-limiting toxic effect of oxaliplatin. A
reduced incidence of hypersensitivity reactions to oxalipl-
atin enhances the effectiveness of mFOLFOXG6 by allowing
treatment to be prolonged. Our results were statistically
significant, although the study was performed in a single
institution. We therefore recommend our modified pre-
medication regimen to reduce hypersensitivity reactions in
clinical practice. Phase III prospective studies are highly

warranted

to confirm the effectiveness of modified

premedication.
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Agents that target HER2 have improved the prognosis of patients with HER2-amplified breast cancers.
However, patients who mmal]y respond to such rargeted therapy eventually develop resistance to the

Available online xxxx t We have aline of breast cancer cells (UACC812/LR) by chronic

of HER2 and lapatinib. UACC812 cells to the drug. The mechanism by which
Keywords: UACCB12/LR acquired resistance to lapatinib was explored using c ive gene hybridization. The
FGFR2 FGFR2 gene in UACC812/LR was highly amplified, accompanied by overexpression of FGFR2 and reduced
Eﬁinib expression of HER2, and a cell proliferation assay showed that the ICso of PD173074, a small-molecule

inhibitor of FGFR tyrosine kinase, was 10,000 times lower in UACC812/LR than in the parent cells.
PD173074 decreased the phosphorylation of FGFR2 and substantially induced apoptosis in UACC812/
LR, but not in the parent cells. FGFR2 appeared to be a pivotal molecule for the survival of UACC812/
LR as they became i of the HER2 p. ing that a switch of addiction from the
HER2 to the FGFR2 pathway enabled cancer cells to become resistant to HER2-targeted therapy. The pres-
ent study is the first to implicate FGFR in the development of resistance to lapatinib in cancer, and sug-
gests that FGFR-targeted therapy might become a promising salvage strategy after lapatinib failure in
patients with HER2-positive breast cancer.

Drug resistance
Breast cancer

© 2011 Elsevier Inc. All rights reserved.

1. Introduction of oncogenesis [3]. Thus, targeting HER2 and EGFR together ap-

pears to be a promising therapeutic strategy for patients with

Breast cancer is the second most frequent malignancy world-
wide, and the prognosis of patients with metastatic disease still re-
mains very poor, despite intensive research and drug development
[1]. Amplification of the human epidermal growth factor receptor 2
(HER2) gene has been detected in 20-30% of human breast cancers,
driving tumor development and being associated with a poor out-
come [2]. HER2 forms dimers to become active, and its dimeriza-
tion partners are the epidermal growth factor receptor (EGFR),
HER2 itself, and HER3 in most cases. Since EGFR is a molecule fre-
quently expressed in HER2-positive breast cancer, interaction be-
tween EGFR and HER2 could be important for the maintenance

Abbreviations: FGFR2, fibroblast growth factor receptor 2; HER2, human
epidermal growth factor receptor 2; TKI, tyrosine kinase inhibitor; EGFR, epidermal
growth factor receptor; ICsq, mednan inhibitory concentration; siRNA, small

ing RNA; Erk, I-regulated kinase; RNAi, RNA interference;
CGH, comprehensive gene hybndlzannn
* Corresponding author.
E-mail address: tsurutani_j@dotd.med kindai.acjp (J. Tsurutani).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.03.002

HER2-amplified breast cancer, and multi-targeted small-molecule
inhibitors such as lapatinib, BIBW2992 and AZD8931, directed
against EGFR family members, have been developed for this pur-
pose. Lapatinib binds to the ATP binding sites of EGFR and HER2,
thus inhibiting their tyrosine kinase activity [4].

Acquired resistance to HER2-targeted drugs is one of the major
obstacles to further improvement of clinical outcomes in this field,
and research efforts have been focused on clarifying the mecha-
nisms by which cancer cells acquire resistance to lapatinib. Several
mechanisms of resistance to trastuzumab, a humanized monoclo-
nal antibody against HER2, have been proposed, such as the pres-
ence of a truncated form of HER2 without an extracellular
domain, loss of PTEN, and PIK3CA mutations in pre-clinical models,
and such mechanisms may also have some implications for the
lapatinib resistance phenotype [5-7]. In addition, overexpression
of AXL, a receptor type kinase, has been reported to be a critical
player for bypassing lapatinib-elicited HER2-PI3K-Akt signaling
and conferring resistance to the drug in a breast cancer cell line [8].

Please cite this article in press as: K. Azuma et al., Switching addictions between HER2 and FGFR2 in HER2-positive breast tumor cells: FGFRZ as a potential |
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Fibroblast growth factor receptor 2 (FGFR2) is a member of the
FGFR tyrosine kinase family, and consists of 4 receptors and 23 li-
gands [9]. Ligand binding leads to FGFR2 dimerization, autophos-
phorylation, and activation of signaling components including
Akt and Erk kinases. Amplification and overexpression of the FGFR2
gene is observed in gastric cancer and breast cancer [9], and single-
nucleotide polymorphisms (SNPs) of the FGFR2 gene are associated
with a higher risk of sporadic breast cancer [10]. These features
suggest that FGFR2 may have an oncogene-like character, and be
capable of transforming normal cells. This gene could act as a driv-
ing force for transformation of cancer cells into a further malignant
phenotype, and constitute a potential target of treatment in cancer
patients whose tumors express the protein.

Here we report that subpopulations of cells with FGFR gene
amplification play a pivotal role in development of resistance to
lapatinib in HER2-positive breast cancer.

2. Materials and methods
2.1. Cell culture and reagents

A human breast cancer cell line, UACC812 was obtained from
the American Type Culture Collection (Manassas, VA), and cultured
under a humidified atmosphere of 5% CO, at 37 °C in RPMI 1640
medium (Sigma, St. Louis, MO) supplemented with 10% fetal
bovine serum. Gefitinib was obtained from Kemprotec Ltd. (UK).
Lapatinib was obtained from Chemietek (Indianapolis, IN).
PD173074 was purchased from Sigma (St. Louis, MO).

2.2. Generation of a lapatinib-resistant line and floating line from
UACC812

The UACC812 cells were grown initially in medium containing
0.01 pM lapatinib, and the concentration was gradually increased
up to 1 pM over the following 8 months to establish lapatinib-
resistant cell lines (UACC812/LR).

2.3. Array-based comparative genomic hybridization

The Genome-wide Human SNP Array 6.0 (Affymetrix, Santa
Clara, CA) was used to perform array-CGH on genomic DNA from
each of the cell lines, in accordance with the manufacturer's
instructions. A total of 250 ng of genomic DNA was digested with
the restriction enzymes Nsp I and Sty I in independent parallel
reactions (SNP6.0), ligated to the adaptor, and amplified using
PCR with a universal primer and TITANIUM Taq DNA Polymerase
(Clontech). The PCR products were quantified, fragmented, end-la-
beled, and hybridized onto a Genome-wide Human SNP Array 6.0.
After washing and staining in Fluidics Station 450 (Affymetrix), the
arrays were scanned to generate CEL files using the GeneArray
Scanner 3000 and GeneChip Operating Software ver.1.4. In the ar-
ray-CGH analysis, sample-specific changes in copy number were
analyzed using Partek Genomic Suite 6.4 software (Partek Inc., St.
Louis, MO).

2.4. Growth assay in vitro

Cells were cultured in 96-well flat-bottomed plates for 24 h be-
fore exposure to various concentrations of drugs for 72 h. TetraCol-
or One (5mM tetrazolium monosodium salt and 0.2mM 1-
methoxy-5-methyl phenazinium methylsulfate; Seikagaku, Tokyo,
Japan) was then added to each well, and the cells were incubated
for 3 h at 37 °C before measurement of absorbance at 490 nm with
a Multiskan Spectrum instrument (Thermo Labsystems, Boston,
MA). Absorbance values were expressed as a percentage relative

to untreated cells, and the concentration of tested drugs resulting
in 50% growth inhibition (ICsg) was calculated using the Prism pro-
gram (GraphPad, San Diego, CA).

2.5. Cell death assay

After incubation, cells were harvested by trypsinization and
resuspended in a solution of 1 pg/mL propidium iodide in PBS, then
immediately acquired on the FL3 channel of a flow cytometer. The
population of propidium iodide-positive cells was considered dead,
whereas the propidium iodide-negative population was considered
viable.

2.6. Immunoblot analysis

Cells were washed twice with ice-cold PBS and then lysed with
1x Cell Lysis Buffer (Cell Signaling Technology) containing 20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
2.5 mM sodium pyrophosphate, 1 mM phenylmethylsulfonyl fluo-
ride, and leupeptin (1 pg/ml). The protein concentration of cell ly-
sates was determined with a BCA protein assay kit (Thermo Fisher
Scientific), and equal amounts of protein were subjected to SDS-
PAGE on a 4-12% gradient gel. The separated proteins were trans-
ferred to a PVDF membrane, which was then incubated with Block-
ing One solution (Nakarai Tesque, Kyoto, Japan) for 20 min at room
temperature before incubation overnight at 4 °C with primary anti-
bodies, including those against phosphorylated FGFR, phosphory-
lated EGFR(Y1086), phosphorylated HER2(Y1221/1222), EGFR,
FGFR1, FGFR3, FGFR4, phosphorylated AKT, AKT, ERK, PARP, cas-
pase-3 (Cell Signaling Technology, Danvers, MA), HER2 (Millipore),
FGFR2 (Bek) and phosphorylated ERK (Santa Cruz Biotechnology)
or B-actin (1:5000 dilution, Sigma). The membrane was then
washed with PBS containing 0.05% Tween 20 before incubation
for 1h at room temperature with horseradish peroxidase-conju-
gated antibody against rabbit immunoglobulin G (Sigma). Immune
complexes were finally detected using ECL Western blotting detec-
tion reagents (GE Healthcare, Little Chalfont, UK). The RTK array
was purchased from R & D Systems (Minneapolis, MN) and used
in accordance with the manufacturer’s instructions.

2.7. Assay of phospho-FGFR2 activity

The activity of p-FGFR2 in cell lysates was measured using ELI-
SA in accordance with the manufacturer's procedures (Human
phosphor-FGFR2 Duoset; R & D Systems). The lysates were pre-
pared as described above. All samples were run in triplicate assays.
Color intensity was measured at 450 nm using a spectrophotomet-
ric plate reader. Growth factor concentrations were determined by
comparison with standard curves.

2.8. FGFR2 gene silencing using small interfering RNA

Cells were plated at 50-60% confluence in six-well plates or
25 cm? flasks and then incubated for 24 h before transient trans-
fection for 48 h with small interfering RNAs (siRNAs) mixed with
Lipofectamine reagent (Invitrogen, Carlsbad, CA). A siRNA specific
for FGFR2 mRNA and a nonspecific siRNA (control) were obtained
from Nippon EGT (Toyama, Japan). The cells were then subjected
to flow cytometry and immunoblot analysis.

2.9. Immunohistochemistry (IHC)

Paraffin-embedded tissue samples were cut at a thickness of
4 1M and examined on coated glass slides, after labeling with anti-
bodies directed against the following using the ChemMate ENVI-
SION method (DakoCytomation, Glostrup, Denmark). Endogenous
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peroxidase activity was inhibited by incubating the slides in 3%
H0, for 20 min. FGFR2 (C-17, Santa Cruz Biotechnology) antigen
retrieval was done by microwaving for 10 min in Target Citrate
Solution (pH 6.0). Each slide was incubated overnight with the
antibody at 4 °C. For staining detection, the ChemMate ENVISION
method was used with DAB as the chromogen. The expression of
FGFR2 protein in the cell membrane and cytoplasm was investi-
gated in detail. FGFR2 expression was classified into three catego-
ries: score 0, no staining at all; or membrane expression in <10% of
cancer cells; score 1+, faint/barely perceptible partial membrane
expression in >10% of cancer cells; score 2+, weak to moderate
expression on the entire membrane in >10% of the cancer cells;
score 3+, strong expression on the entire membrane in >10% of
cancer cells. All IHC studies were evaluated by two IHC-experi-
enced reviewers (K.A. and ].T.) who were blind to the conditions
of the patients. Consistent results were obtained in 14 out of 16
samples, and two IHC samples without consistency were subjected
to scoring by a third reviewer who was also blinded to the clinical
information and scores assigned previously by the other two
reviewers. Then, the majority scores were employed as the final
results.

2.10. Study population and survival analysis

All patients received lapatinib between 2009 and 2010 at Kinki
University School of Medicine. Sixteen tumors from a series of 13
patients diagnosed as having HER2-positive metastatic breast
cancer were collected from the files of the Pathology Department,
Kinki University School of Medicine, covering the period between
2009 and 2010. The HER2 status was considered positive if the
local institution reported grade 3+ staining intensity (on a scale
of 0-3) by means of IHC analysis or grade 2+ staining intensity
by means of IHC analysis with gene amplification on fluorescence
in situ hybridization. Details of the patients’ clinical characteristics,
including age, hormone status, prior therapy, and tumor response
were obtained from chart review by an independent reviewer
who was unaware of the results of IHC analysis. Tumor responses
were evaluated after chemotherapy according to the Response
Evaluation Criteria for Solid Tumors (RECIST). Four sites of metas-
tasis were included. Any material that had been poorly fixed and/or
had low cellularity was rejected. Paraffin-embedded tissues were
obtained, and histologic examination of slides stained with hema-
toxylin-eosin and saffron was carried out by a specialist. All
patients provided written informed consent for collection of their
tissue material and clinical data for research purposes, and the
tissue procurement protocol was approved by the institutional re-
view board.

Progression-free survival was defined as the time between the
onset of chemotherapy and the date when disease progression be-
gan. Patients without progression were regarded as censored at the
date of the last follow-up. Curves for progression-free survival
were estimated by the Kaplan-Meier method, and differences in
survival functions were compared by the log-rank test.

All tests were two-sided, and differences at P <0.05 were con-
sidered statistically significant. All the statistical analyses were
conducted using JMP version 8 software (SAS Institute Inc., Cary,
NC).

2.11. Fluorescence in situ hybridization

The gene copy number per cell for HER2 was determined by
fluorescence in situ hybridization (FISH) with the use of HER2/
neu (17q11.2-q12) Spectrum Orange and CEP17 (chromosome 17
centromere) Spectrum Green probes (Vysis:; Abbott, Des Plaines,
IL). Gene amplification was defined as a mean HER2/chromosome
17 copy number ratio of >2.

2.12. Statistics

Experimental values were expressed +SE. Statistical comparison
of mean values was done using Student’s t test.

3. Results

3.1 blish breast cancer cells

of lapatinit

The UACC812 cells were grown initially in medium containing
0.01 uM lapatinib, and the concentration was gradually increased
to 1 pM over the following 8 months to establish lapatinib-resis-
tant cell lines (UACC812/LR). Cell growth assays were performed
for the UACC812 cells and the UACC812/LR cells with various doses
of lapatinib and gefitinib, as indicated in Fig. 1A, and the ICs; values
were determined (Fig. 1A inset). UACC812/LR cells were resistant
to lapatinib and gefinitib in comparison with the parent cells, the
ICso values for lapatinib (4.2433+0.5066 pM) and gefitinib
(11.1300 £ 0.5474 pM) being 42 times and 6 times higher than
those in UACC812 (0.1006 + 0.0053 pM and 1.9223 + 0.3744 pM),
respectively, but no differences were seen between the two cell
lines in terms of the ICsq values for cisplatin and 5-FU (Fig. 1A in-
set), suggesting that chronic exposure of the UACC812 cells to
lapatinib had induced resistance specific to EGFR or HER2
inhibitors.

3.2. FGFR2 gene amplification in UACC812/LR

To overview the chromosomal divergences between the parent
cell line and its derivative, comprehensive gene hybridization
(CGH) analyses were performed as described in Section 2. This re-
vealed that the UACC812/LR cells harbored an amplification of the
fibroblast growth factor receptor 2 (FGFR2) gene, the gene copy
number in UACC812/LR being approximately 20 times that in
UACC812 (Fig. 1B). Lysates of the parent and the derivative cells
were subjected to Western blotting-based high-throughput analy-
sis for expression of various receptor type kinases (RTK), and a dra-
matic increase in the expression of FGFR2 was observed in
UACC812/LR relative to UACC812 (Fig. 1C). In contrast, the expres-
sion of HER2 was reduced in UACC812/LR in comparison to the
parent cells (Fig. 1C upper panel). HER2-FISH analysis revealed that
the HER2 gene amplification was present in UACC812 cells, but not
in UACC812/LR cells (Fig. 1C lower panel). To examine the role of
FGFR2 in the growth of the parent cells and their derivative, an
FGFR-TKI, PD173074, was utilized, and cell growth assays were
performed for UACC812 and UACC812/LR treated with various con-
centrations of PD173074. UACC812/LR was more sensitive than
UACC812 to PD173074, the ICso (0.00121+0.0034 uM) being
10,000 times lower than that for the parent cells (10.3373 &
1.6629 pM), indicating that UACC812/LR cells had acquired depen-
dency on the FGFR2 pathway, whereas FGFR2 played no role in the
cell growth of UACC812 (Fig. 1D and inset).

3.3. UACC812/LR shows high phosphorylation of FGFG2 and undergoes
apoptosis upon exposure to a FGFR tyrosine kinase inhibitor

To further evaluate the findings of the RTK arrays and cell
growth assays, Western blotting was performed for biochemical
profiling of these cell lines. Overexpression of phosphorylated
FGFR2 (p-FGFR2) and native FGFR2, and downregulation of p-
HER2 and p-EGFR in UACC812/LR cells relative to the parent cells
were observed (Fig. 2A). The two cell lines were treated with lapat-
inib (1 pM) or PD173074 (0.1 and 1 uM) for 24 h, and the cell
lysates were then subjected to Western blot analysis. The basal
levels of p-EGFR, p-HER2 and native HER expression were
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Fig. 1. Lapatinib-resistant cancer cells harbor FGFR2 gene amplification, and are preferentially sensitive to an FGFR-TKI. (A) Cell growth assays were performed using
UACC812 cells and their derivative, UACC812/LR cells, treated with lapatinib, gefitinib, cisplatin or 5-FU for 72 h, and ICsg values are shown in the inset. Results represent the
mean + SE of three experiments performed in triplicate. (B) FGFR2 gene amplification detected in UACC812/LR cells. Comprehensive gene hybridization analysis revealed that
the gene on chromosome 10926 was highly amplified in UACC812/LR relative to its parent cell line. (C) Lysates from UACC812 cells and UACC812/LR cells treated with vehicle
or 1M lapatinib for 6 h were subjected to Western blotting-based high-throughput analysis for RTKs. Arrows and arrowheads indicate signals for FGFR2 and HER2,
respectively. Left column: UACC812/LR cells treated with 1 WM lapatinib; Second column from left: UACC812/LR treated with vehicle; Second column from right: UACC812
cells treated with 1 uM lapatinib; Right column: UACC812 cells treated with vehicle. Images of HER2-FISH analyses in UACC812 and UACC812/LR are shown. (D) Cell growth
assays were performed using UACC812 cells and UACC812/LR cells with lapatinib or PD173074 at various doses for 72 h. ICso values are shown in the inset. Results represent
the mean # SE of three experiments performed in triplicate.

decreased, and those of p-FGFR and native FGFR2 were dramati- death induced by lapatinib upon addition of PD173074 or si-RNA
cally increased in UACC812/LR cells (Fig. 2A). Lapatinib inhibited for FGFR2 in UACC812 cells or UACC812/LR (Fig. 2D left panel
the expression of p-HER2 and p-EGFR accompanied by downregu- and right panel). Nonetheless, PD173074 and si-RNA for FGFR2
lation of p-Akt and p-Erk in UACC812 cells, but no inhibition of the dramatically induced cell death in UACC812/LR cells (Fig. 2D left
phosphorylation of these signal components was observed in panel and right panel). Validation of the biochemical effects of si-
UACC812/LR (Fig. 2A). On the other hand, PD173074 did not affect RNA treatment on FGFR2 is shown in Fig. 2C. Overexpression of
the level of phosphorylated Akt or Erk in the parent cells, but inhib- FGFR2 was observed in UACC812/LR cells relative to UACC812
ited that of p-FGFR along with p-Akt and p-Erk in UACC812/LR cells cells, and treatment with si-RNA for FGFR2 reduced the expression
(Fig. 2A). Cleaved poly (ADP-ribose) polymerase (PARP) and cas- of FGFR2, accompanied by inhibition of p-Akt and p-Erk in
pase 3 as markers of apoptosis were increased in UACC812 and UACC812/LR cells (Fig. 2C). Cleaved PARP and caspase 3 were in-
UACC812/LR after treatment with lapanib or PD173074, respec- duced in UACC812 cells and UACC812/LR cells treated with lapat-
tively, suggesting that the parent cells and their derivative were inib and/or si-RNA for FGFR2, respectively (Fig. 2C). Together, these
dependent on the different pathways for survival (Fig. 2A). Since findings suggested that UACC812/LR cells had become addicted to
a pan-antibody against p-FGFR was utilized in the Westen blotting the FGFR2 pathway for survival in the absence of the activated
to detect the pharmacological activity of PD173074, we further HER2 pathway during the development of resistance to lapatinib.
examined p-FGFR2 in an ELISA assay using a specific antibody

against p-FGFR2 in UACC812 and UACC812/LR cells treated with 3.4. High expression of FGFR2 in tumor specimens is associated with

lapatinib or PD173074 (Fig. 2B). We found that the basal level of poor response to lapatinib

p-FGFR2 was increased in UACC812/LR relative to the parent cells,

and that phosphorylation was inhibited by PD173074 but not by To further evaluate the role of FGFR2 in a clinical setting, we
lapatinib. Induction of cell death with lapatinib and/or pharmaco- examined tissue specimens obtained from 13 consecutive patients
logical or genetic abrogation of FGFR2 was then measured in with metastatic HER2-positive breast cancer treated with lapatinib
UACC812 and UACC812/LR cells (Fig. 2D). Cell death was induced between 2009 and 2010 at our institution. The median age of the
in UACC812 cells treated with lapatinib but not in those treated patients was 60 years (35-69 years) and the median follow-up
with PD173074 (Fig. 2D left panel) or si-RNA for FGFR2 (Fig. 2D time after administration of lapatinib was 275 days (42-358 days).
right panel). There were no increases in the percentage of cell All the patients had been treated with lapatinib, and the
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Fig. 2. FGFR2 is active in the lapatinib-resistant cell line, UACC812/LR, but not in the parental cells. (A) UACC812 cells and UACC812/LR cells were treated with 1 tM lapatinib,
or 0.1 or 1 uM PD173074 for 24 h, as described in Section 2. Lysates were subjected to Western blotting with the indicated antibodies. (B) Phospho-FGFR2 levels were
measured in UACC812 cells and UACC812/LR cells treated with vehicle, 1 M lapatinib, or 0.1 or 1 M PD173074 using an ELISA-based assay. Results represent the mean + SE
of three experiments performed in triplicate. (C) UACC812 cells and UACC812/LR cells were treated with 1 pM lapatinib and/or si-RNA for FGFR2 for 24 h after completion of
transfection. Lysates were subjected to Western blotting with the indicated antibodies. (D) UACC812 cells and UACC812/LR cells were treated with 1 uM lapatinib and/or
0.1 uM PD173074 for 48 h (left panel) or with 1 uM lapatinib and/or si-RNA for FGFR2 for 48 h after completion of transfection (right panel). The cells were harvested and
subjected to flow cytometry analysis to assess the extent of cell death. Results represent the mean + SE of three experiments performed in triplicate. NS, not statistically

significant.
Table 1
Clinicopathological features of HER2 positive MBC.
Patients Age Primary hormone Prior Response’  FGFR2
# receptor status therapy expression
1 52 ER+, PgR+ HTA SD 0
2 53 ER+, PgR— H A sD 1+
3 47 ER+, PgR— HTA PR 1+
4 60  ER+ PgR— HT SD 1+
-] 69 ER-, PgR— HTA PD 2+
6 67  ER-,PgR- H NE 1+
7 52 ER+ PgR- HT PD 0
8 47 ER-,PgR- HTA SD 1+
9 35  ER+, PgR+ H,T,A PR 1+
10 65  ER-, PgR- HTA NE o
1 61 ER—, PgR— H.T.A PD 2+
12 69 ER+, PgR+ HTA PD 2+
13 59  ER-,PgR- H T PR 0

MBC, metastatic breast cancer; ER, estrogen receptor; PgR, progesterone receptor;
CR, complete response; PR, partial response; SD, stable disease; PD, progressive
disease; NE, not evaluable; H, Herceptin; T, Taxanes; A, Anthracycline.

" Response to lapatinib-containing regimens.

clinicopathological features including IHC scores of FGFR2 in tumor
specimens are summarized in Table 1. Time to progression (TTP)
while receiving the treatment was plotted using Kaplan-Meier
curves stratified by FGFR2 expression (score 0, 1 vs. 2, 3, Fig. 3),
and the patients with FGFR2-overexpressing tumors had signifi-
cantly poor survival (P =0.0082), suggesting that FGFR2 may play
at least a partial role in the development of resistance to lapatinib,
probably through selection of FGFR2-overexpressing tumor cells.

4. Discussion

Several models have been proposed to account for the clinical
resistance to HER2-targeted therapies including PIK3CA gene
mutation and AXL gene amplification [5-8]. Gene sequence analyses
revealed that UACC812 and UACC812/LR did not harbor PIK3CA
gene mutation (data not shown), and Western blotting showed
that UACC812/LR cells do not express AXL (data not shown),
indicating that these two molecules are not causative factors for
acquired resistance to lapatinib in UACC812/LR. Instead, the

Please cite this article in press as: K. Azuma et al., Switching addictions between HER2 and FGFR2 in HER2-positive breast tumor cells: FGFR2 as a potential
target for salvage after lapatinib failure, Biochem. Biophys. Res. Commun. (2011), doi:10.1016/j.bbrc.2011.03.002
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Fig. 3. Kaplan-Meier curves illustrating associations between protein expression
and progression-free survival since the start of lapatinib. Survival curves are plotted
as graphs according to FGFR2 expression level. The P-value was calculated using
Log-rank test.

present model revealed amplification of FGFR2 in lapatinib-resis-
tant cells, and activation of FGFR2 substantially contributed to sur-
vival of the cells.

There is compelling evidence for deregulated FGF signaling in
the pathogenesis of many cancers that originate from different tis-
sue types. Aberrant FGF signaling can promote tumor development
by directly driving cancer cell proliferation and survival. The
underlying mechanism driving FGF signaling is largely tumor-spe-
cific, and can be attributed to genomic FGFR alterations that drive
ligand-ind receptor signaling. Mutations of FGFR2, which
are frequently extracellular, have been described in 12% of endo-
metrial carcinomas [11). FGFR2-mutant endometrial cancer cell
lines are highly sensitive to FGFR tyrosine kinase inhibitors, sug-
gesting oncogenic addiction of the cancer cells to the activated

residual disease showed loss of HER2 amplification, and this
change was associated with poor relapse-free survival. We specu-
late that these residual tumors after trastuzumab-based therapy
may have harbored alternative driving genes to support further tu-
mor development under selection pressure with trastuzumab, and
our model using UACC812/LR cells recapitulated the clinical loss of
HER2 resulting from HER2-targeted therapies, although lapatinib
was used instead of trastuzumab in this study.

Together, these findings suggest that FGFR2 may be a key mol-
ecule in the development of resistance to lapatinib in HER2-posi-
tive breast cancer through selection of cells with a growth
advantage and improved survival, and that FGFR-targeted therapy
may be a promising strategy for breast cancer patients in whom
treatment with lapatinib has failed. Further clinical studies using
a larger set of tumor specimens should be performed to confirm
our findings in a small set of clinical samples, and development
of FGFR-targeted therapy is warranted to clarify the role of FGFR
in resistance to HER2-targeted medicines.
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Summary We now describe the first example of a
patient who developed perirenal hematoma during the
course of bevacizumab-containing chemotherapy. A 59-
years-old woman with metastatic rectal cancer treated
with bevacizumab, who developed low back pain after
11 cycles of chemotherapy. CT-scan was consistent with
perirenal hematoma and discontinuation of bevacizumab
resulted in symptomatic improvement. Nontraumatic
perirenal hematoma is a rare condition that can cause
shock in severe cases. Given that several types of
bleeding complication are known to be associated with
bevacizumab treatment, we concluded that bevacizumab
likely contributed to the perirenal hematoma in this case.
Although the appropriate modification of bevacizumab
treatment in the setting of perirenal hematoma is still
unclear, physicians should be aware of this potential
bevacizumab-associated bleeding complication.

Keywords Bevacizumab - Perirenal hematoma - VEGF -
Rectal cancer

A 59-year-old woman was diagnosed with rectal cancer
accompanied by multiple liver metastases in March 2009. A
palliative rectectomy was performed to resolve partial rectal
obstruction, but thereafter the patient refused to receive
systemic chemotherapy. Four months later, she presented
with symptoms of tumor progression and abdominal pain.
Computed tomography (CT) revealed progression of multiple
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hepatic metastases, and she was placed on salvage therapy of
FOLFOX and bevacizumab (5 mg/kg, intravenous, for 90 min
biweekly) after she gave her full informed consent. After the
third cycle of treatment, a partial response was confirmed by
CT and treatment was continued with no severe adverse
effects. After 11 cycles of FOLFOX with bevacizumab,
however, the patient complained of low back pain, which was
not associated with microscopic hematuria. Positron emission
tomography—CT revealed progression of disease with recur-
rence in peritoneal metastasis with hydronephrosis. In
addition, a mass around the left kidney, which was round
and sharply marginated with homogeneously high attenua-
tion, was observed (Fig. 1, with the mass indicated by the
arrow). Although the mass was not evaluated surgically, its
appearance was suggestive of a nontraumatic perirenal
hematoma, and an urologist recommended adoption of a
wait-and-see approach. The patient was immediately
instructed to discontinue chemotherapy including bevacizu-
mab. CT examination 2 weeks later revealed the size of the
perirenal mass to be stable. The low back pain of the patient
was relieved with complete bed rest.

Vascular endothelial growth factor (VEGF) is a proangio-
genic molecule that has been implicated in several steps of
normal and pathologic angiog p Bevaci: b, a
humanized monoclonal antibody specific for VEGF, shows
substantial activity against various types of solid tumor.
Bleeding complications, including epistaxis, hemoptysis,
hematemesis, gastrointestinal or vaginal bleeding, and brain
hemorrhage, have been observed in patients treated with the
combination of chemotherapy and bevacizumab [1]. Patients
with colorectal cancer who receive bevacizumab plus
chemotherapy generally show a higher incidence of serious
hemorrhage (3 to 9%) than do those on chemotherapy alone
[2-5]. With regard to a possible explanation for the high
incidence of bleeding following bevacizumab treatment [6],
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Fig. 1 A mass around the left kidney, which was round and sharply
marginated with homogeneously high attenuation

VEGF not only stimulates endothelial cell proliferation
during new tumor vessel formation but also promotes
endothelial cell survival and helps maintain vascular integrity.
Inhibition of VEGF signaling might therefore interfere with
the regenerative capacity of endothelial cells and induce
defects in the endothelial layer that expose the underlying
matrix, leading to hemorrhage.

Nontraumatic perirenal hematoma is rare, whereas traumatic
perirenal hematoma commonly results from renal injury or
occurs as a severe complication after kidney-damaging surgery
or other procedures. The most frequently identified cause of
nontraumatic perirenal hematoma is renal neoplasms [7], with
vascular disease, such as polyarteritis nodosa, being the
second. In addition, antiplatelet therapy has been identified
as an underlying cause of drug-induced perirenal hematoma
[8]. Symptoms of perirenal hematoma include flank or
abdominal pain, either gross or microscopic hematuria, and,
in severe cases, signs of shock. CT is the valuable
examination for diagnosis of perirenal hematoma [9].

The present patient complained of pain in the low back
region and denied any relevant past history, including renal
neoplasms, vascular disease, and antiplatelet therapy. CT
findings were compatible with perirenal hematoma,
which is visualized as fluid collection of high attenua-
tion. To our knowledge, no reports associate FOLFOX
with the development of perirenal hematoma or other
type of hemorrhage with the exception of gastrointestinal

@ Springer

bleeding caused by thrombocytopenia. Given that several
types of bleeding complication are known to be associated
with bevacizumab treatment, we concluded that bevacizumab
likely contributed to the perirenal hematoma in this case.

Bevacizumab was discontinued and the patient was
followed closely without surgical intervention. As a result,
her symptoms resolved without a further increase in
volume of the perirenal hematoma as evaluated by CT.
To the best of our knowledge, this is the first reported
case of the potential association of perirenal hematoma
with bevacizumab therapy. Although the appropriate
modification of bevacizumab treatment in the setting of
perirenal hematoma is unclear, a conservative approach
in this patient led to symptomatic improvement. Given
the increasing number of patients receiving bevacizumab,
physicians should be aware of this potential bevacizumab-
associated complication.
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Predictive marker

S-1isan oral fluoropyrimidine derivative that is active against non-small cell lung cancer (NSCLC). Devel-
opment of S-1 combination chemotherapy for advanced NSCLC is under way. Given the importance of
designing therapeutic strategies based on specific tumor biology, we have evaluated the relation between
immunohistochemical expression levels of thymidylate synthase (TS), orotate phosphoribosyltransferase
(OPRT), or dihydropyrimidine dehydrogenase (DPD) and the response to treatment with S-1 plus carbo-
platin in patients with advanced NSCLC. Chemotherapy-naive patients with advanced (stage IIIB or IV)
NSCLC, an Eastern Cooperative Oncology Group performance status of 0 or 1,adequate organ function, and
archival tumor tissue were assigned to receive S-1-carboplatin (n=22). The predictive or prognostic rele-
vance of the molecular markers was also examined by their evaluation in patients treated with paclitaxel
plus carboplatin (n=25). Expression levels of TS, OPRT, or DPD in tumor specimens did not differ signif-
icantly between patients treated with S-1-carboplatin and those treated with paclitaxel-carboplatin. A
low expression level of TS or of DPD was associated with a better response and longer survival in patients
treated with S-1-carboplatin but not in those treated with paclitaxel-carboplatin. Tumor expression lev-
els of TS and DPD are predictive of response to S-1-carboplatin chemotherapy in patients with advanced

NSCLC.

© 2010 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Lung cancer is the most common cause of cancer-related death
worldwide, with non-small cell lung cancer (NSCLC) accounting for
~75% of all lung cancer cases [1]. Platinum-based chemotherapy
regimens are the standard first-line treatment for individuals with
advanced NSCLC, but the efficacy of such regimens has reached a
plateau [2]. Both experimental and clinical studies have revealed
that many molecules contribute to the various biological behaviors
of malignant tumors including NSCLC. New strategies based on a
better understanding of tumor biology are thus needed to maximize
the efficacy of current treatments. Indeed, certain molecular mark-
ers, such as excision-repair cross-complementation type 1 (ERCC1),
ribonucleotide reductase subunit M1 (RRM1), and breast cancer 1
(BRCA1), have been associated with the sensitivity of NSCLC tumors
to cisplatin-based regimens, although there is currently insufficient
evidence to recommend their routine clinical use [3-5].

* Corresponding author. Tel.: +81 72 366 0221; fax: +81 72 360 5000.
E-mail address: chi-okamoto@dotd.med.kindai.ac.jp (1. Okamoto).

0169-5002/$ - see front matter © 2010 Elsevier Ireland Ltd. Al rights reserved.
doi:10.1016/j.lungcan.2010.10.022

5-Fluorouracil (5-FU), a pyrimidine analog that is metabolized
by pyrimidine metabolic pathways, has been used worldwide
for chemotherapy in individuals with various solid organ malig-
nancies. Encouraging clinical results have recently led to the
development of a new generation of oral fluoropyrimidines,
commonly referred to as dihydropyrimidine dehydrogenase
(DPD)-inhibitory fluoropyrimidines (DIFs). S-1 is one anticancer
agent developed on the basis of the DIF concept and contains
the 5-FU prodrug tegafur, potassium oxonate, and 5-chloro-2,4-
dihydroxypyridine (CDHP), an inhibitor of DPD. S-1 is active against
awide range of solid tumors including NSCLC, and the development
of S-1 combination chemotherapy for advanced NSCLC is under way
[6-10]. Phase I or Il studies have shown that combination ther-
apy with S-1 and platinum compounds (cisplatin or carboplatin)
is feasible and well tolerated in patients with advanced NSCLC,
with efficacy results similar to those obtained with other platinum
doublets [7-9].

Several enzymes participate in the metabolic pathways of 5-FU
or folate, including thymidylate synthase (TS), a target enzyme of
5-FU; DPD, which catalyzes the degradation of 5-FU; and orotate
phosphoribosyltransferase (OPRT). Previous studies have demon-
strated a correlation between the expression levels of TS, DPD, and

Please cite this article in press as: Takeda M, et al. Thymidylate synthase and dihydropyrimidine dehydrogenase expression levels are associated
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OPRT in solid tumors and 5-FU sensitivity [11]. However, the clini-
cal relevance of these enzymes has not been established for NSCLC
patients treated with S-1 or S-1 combination chemotherapy. We
have now investigated the predictive value of TS, DPD, or OPRT
expression in individuals with NSCLC treated with S-1 plus carbo-
platin (CBDCA). These molecular markers were also examined by
their evaluation in patients treated with paclitaxel plus carboplatin.

2. Patients and methods

2.1. Patient characteristics

The present retrospective study recruited consecutive patients
with advanced NSCLC who received chemotherapy at Kinki Univer-
sity Hospital between June 2003 and October 2009. Patients met all
of the following criteria: a histological diagnosis of NSCLC with at
least one measurable lesion; a clinical stage of [1IB or IV; an East-
ern Cooperative Oncology Group (ECOG) performance status of 0
or 1; an age of 75 years or younger; adequate hematologic, hep-
atic, and renal function; treatment with CBDCA at an area under
the curve (AUC) of 6 on day 1 and paclitaxel (PTX) at 200 mg/m?
on day 1 or with CBDCA at an AUC of 5 on day 1 and S-1 at
80 mg/m? on days 1-14 every 3 weeks as first-line chemotherapy;
and sufficient tissue available in paraffin blocks for assessment by
i histochemistry. Tumor r was examined by com-
puted tomography and was evaluated according to the Response
Evaluation Criteria in Solid Tumors (RECISTs). Many patients had
already died before the initiation ofimmunohistochemical analysis,
preventing us from obtaining informed consent. The institutional
review board therefore approved our study protocol with the
conditions that samples would be processed anonymously and ana-
lyzed for protein expression and that the study would be disclosed
publicly, according to the Ethical Guidelines for Human Genome
Research published by the Ministry of Education, Culture, Sports,
Science, and Technology, the Ministry of Health, Labor, and Wel-
fare, and the Ministry of Economy, Trade, and Industry of Japan. The
present study also conforms to the provisions of the Declaration of
Helsinki.

2.2. Immunohistochemistry and scoring of protein expression

Sections (thickness, 4 um) were depleted of paraffin with xylene
and then rehydrated, and endogenous peroxidase activity was
quenched by incubation with 0.3% hydrogen peroxide in methanol.
The antigen retrieval was carried out by microwaving in citrate
buffer, pH 6.0 (TS, OPRT) or in 1 mM EDTA, pH 8.0 (DPD) for 10 min.
After washing in phosphate buffered saline, the sections were then
incubated with polyclonal antibodies (Taiho Pharmaceutical Co.,
Saitama, Japan) to either TS (dilution of 1:100), OPRT (dilution of
1:1000), or DPD (dilution of 1:1350) overnight at room tempera-
ture. Biotinylated goat anti-rabbit 1gG was applied as a secondary
antibody for 30 min, followed by streptavidin-biotinylated perox-
idase complex for 30 min at room temperature. Peroxidase activity
was visualized with diaminobenzidine tetrahydrochloride (DAB)
solution (DAKO Co. Ltd., Santa Barbara, CA), and counter staining
was performed with hematoxylin. The human colon cancer cell line
DLD-1/FrUrd, human breast cancer cell line MDA-MB-435S, and
human pancreatic cancer cell line MIAPaCa-2 were used as posi-
tive controls for the staining of TS, OPRT, and DPD, respectively. All
of the immunostained sections were reviewed by two observers
(N.H. and K.N.) without knowledge of the patients’ characteristics.
Sections with discrepant results were jointly re-evaluated until a
consensus was reached. Cytoplasmic staining for TS, OPRT, and DPD
was scored in a semiquantitative manner reflecting both the inten-
sity of staining and the percentage of cells with staining at each

Table 1
Patient characteristics.

Characteristic S-1 plus CBDCAn (%) PTX plus CBDCAn (%)

Sex

Male 15 (68) 17 (68)

Female 7(32) 8(32)
Age (years)* 63 (39-73) 65 (48-74)
Smoking history

Never-smoker 3(14) 7(28)

Smoker 19(86) 18(72)
Tumor histology

Adenocarcinoma 16(73) 16 (64)

Squamous cell 1(4) 5(20)

Other 5(23) 4(16)
Disease stage

1B 3(14) 4(16)

v 19 (86) 21(84)
Tumor response®

ORR (CR+ PR) 9(41) 9(36)

SD 6(27) 10 (40)

PD 7(32) 6(24)

4 Data are presented as median (range).
 ORR, overall response rate; CR, complete response; PR, partial response; SD,
stable disease; PD, progressive disease.

intensity. Staining intensity was classified as 0 (no staining), +1
(weak staining), +2 (distinct staining), or +3 (strong staining). A
value designated the HSCORE was obtained as (I x PC), where
I and PC represent staining intensity and the percentage of cells
that stain at each intensity, respectively. The selection of clinically
important cutoff scores for TS, OPRT, or DPD expression was based
on receiver operating characteristic (ROC) curve analysis.

2.3. Statistical analysis

Expression levels of TS, OPRT, and DPD were compared between
groups with the Mann-Whitney U test, and the relations between
these variables were evaluated with Pearson's correlation test.
Differences between the two treatment groups for demographic
characteristics and the relation between treatment response and
the expression of TS or DPD were evaluated with the two-sided
Fisher’s exact test. Overall survival and progression free survival
were assessed from the first day of chemotherapy administration
to the data of death from any cause and the date of objective dis-
ease progression, respectively. Patients without documented death
at the time of the final analysis were evaluated at the date they were
last known to be alive or of their last objective tumor assessment.
The Kaplan-Meier method was used to estimate the probability
of survival as a function of time, and differences in the survival of
subgroups of patients were evaluated with the log-rank test. All P
values were based on a two-tailed statistical analysis, and a Pvalue
of <0.05 was considered statistically significant. All statistical anal-
ysis was performed with GraphPad prism software (version 5.0;
GraphPad Software, San Diego, CA).

3. Results
3.1. Patient characteristics

A total of 47 patients met the eligibility criteria (Table 1).
Twenty-two patients were treated with S-1 plus CBDCA (S-1 arm)
and 25 patients were treated with PTX plus CBDCA (PTX arm). Most
(68%) patients were male in both groups. The median age of the
patients was 63 years (range, 39-73) in the S-1 arm and 65 years
(range, 48-74) in the PTX arm. Adenocarcinoma was the predom-
inant histological type of NSCLC, accounting for 73% of patients
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Fig. 1. Immunohistochemical staining of human NSCLC tissue. Representative sections of carcinomas with high levels of expression of TS (A), OPRT (B), or DPD (C) are shown.
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Fig. 2. Expression levels of TS (A), OPRT (B), and DPD (C) in NSCLC specimens of patients treated with S-1 plus CBDCA or with PTX plus CBDCA. Median values for expression
level (HSCORE) are indicated by the horizontal lines. P values were determined with the Mann-Whitney U test.

in the S-1 arm and 64% in the PTX arm. The S-1 and PTX arms
included 19 (86%) and 21 (84%) patients, respectively, with stage IV
disease. There were no significant differences in sex distribution,
age, smoking history, tumor histology, or disease stage between
the S-1 and PTX arms. The median number of treatment cycles
was 4 (range, 1-6) and 3 (range, 1-6) in the S-1 and PTX arms,
respectively. The overall response rate (ORR=complete response
[CR] + partial response [PR]) was 41% in the S-1 arm and 36% in the
PTX arm (Table 1). The median follow-up time was 14.2 months,
and the median overall survival was 15.5 months in the S-1 arm
and 13.3 months in the PTX arm, with no significant difference in
this parameter between the two arms (P=0.52, log-rank test; data
not shown).

3.2. Expression levels of TS, OPRT, and DPD in tumor specimens

We examined the expression levels of TS, OPRT, and DPD in
tumor sections by immunohistochemistry (Fig. 1). In the S-1 arm,
intratumoral TS, OPRT, and DPD expression levels (HSCOREs) varied
from 5 to 185 (median, 75), from 90 to 270 (median, 150), and from
15 to 205 (median, 105), respectively (Fig. 2). In the PTX arm, these
values ranged from 0 to 170 (median, 70), from 15 to 250 (median,
120), and from 5 to 225 (median, 100), respectively. No significant
difference in TS (P=0.54), OPRT (P=0.37), or DPD (P=0.28) expres-
sion levels was apparent between the two arms. The expression
level of DPD was not correlated with that of TS (R2=0.0090, data
not shown), and the expression level of OPRT was not correlated
with that of TS or DPD (R =0.0074 and 0.11, respectively; data not
shown).

We next evaluated the relation between the expression of these
enzymes and the tumor response to treatment. Tumors were cat-

egorized as either responding (CR or PR) or nonresponding (stable
disease [SD] or progressive disease [PD]). In the S-1 arm, the TS
expression level for the responding groups (range, 5-105) was sig-
nificantly (P=0.006) lower than that for the nonresponding groups
(range, 65-185) (Fig. 3A). In contrast, the level of TS expression did
not differ significantly (P=0.63) between responders and nonre-
sponders in the PTX arm (Fig. 3A). The expression levels of OPRT
(Fig. 3B) and DPD (Fig. 3C) were not significantly associated with
tumor response in the S-1 arm or the PTX arm, although the
expression level of DPD tended to be lower in responders than in
nonresponders of the S-1 arm (P=0.055).

3.3. Predictive relevance of TS and DPD expression levels in NSCLC

We performed ROC curve analysis to establish the optimal cutoff
values for the HSCORE of enzyme expression level for differenti-
ation of responders from nonresponders. Values of 55, 97.5, and
162.5 for TS, OPRT, and DPD, respectively, were obtained for the S-
1 arm (Fig. 4). In patients treated with S-1 plus CBDCA, response
rates were 100% (6 out of 6) and 19% (3 out of 16) for tumors
with low (<55) or high (>55) levels of TS expression (P=0.001),
respectively (Table 2). In contrast, there was no significant (P=1.0)
difference in response rate between tumors with high or low lev-
els of TS expression in the PTX arm. In the S-1 arm, the response
rate for tumors with a high level (>=162.5) of DPD expression was
significantly lower than that for those with a low level (<162.5)
of DPD expression (0 versus 56%, P=0.046) (Table 2), whereas no
such difference was observed in the PTX arm (P=0.52). In the S-1
arm, the expression level of DPD was not correlated with that of
TS (R2=0.046); however, the responder in low DPD levels (n=9)
included all the responder in low TS levels (n=6) (Fig. 5). No signif-

Please cite this article in press as: Takeda M, et al. Thymidylate synthase and dih i
with response to $-1 plus carboplatin in advanced non~small cell lung cancer. Lung Cancer (2010), don 10.1016/j. lungcanzom 1 0.022

imidine dehyd

levels are associated




M. Takeda et al. / Lung Cancer xxx (2010) xxx-xxx

A B C
P=0.006 P=0.63 P=0.57 P=0.20 P=0.055 P=0.76
2004 300 250
A i .
- c L a
< 150 . 2 c . 5" : y
g P . % o . ‘é_ 1501 * -
i -
%100. i - E - . o é 100
» a —at AL
= LIV Ot00f 0 4 . o R H
4 L -
50 - ' . 50{ , - "
A - . - -
. - . »
0-—:‘—-——.—0— 0 -—v—v——:—'— [ e
R NR R NR R NR R NR R NR R NR

S-1/CBDCA PTX/CBDCA

S-1/CBDGA  PTX/CBDCA

S-1/GBDGA PTX/CBDCA

Fig. 3. Relation of expression levels of TS (A), OPRT (B), or DPD (C) in NSCLC specimens of patients treated with S-1 plus CBDCA or with PTX plus CBDCA to treatment
response. NR and R represent nonresponders and responders, respectively, and median values for expression level (HSCORE) are indicated by the horizontal lines. P values

were determined with the Mann-Whitney U test.

A 10
08
06

04

Sensitivity

02

00
00 02 04 06 08

1 - Specificity

10

10

[++]

08

06

04

Sensitivity

02

00
00 02 04 06 08

1 - Specificity

10

Fig. 4. Receiver operating characteristic (ROC) analysis based on intratumoral TS (A) and DPD (B) expression levels with response to S-1/CBDCA therapy. The optimal cut-off
point (open circle) was 55 and 162.5 for TS and DPD, respectively, which yielded the maximum sensitivity plus specificity.

icant association between high or low OPRT expression level and
response rate was apparent in either arm.

Finally, for patients treated with S-1 plus CBDCA, the
progression-free survival in low TS group tended to be longer than
that in high TS group, although the difference was not statistically
significant (P=0.11) (Fig. 6A). Patients with a low level of TS expres-
sion had a significantly (P=0.02) longer overall survival than did
those with a high level (Fig. 6B). In contrast, there was no signif-
icant difference in progression-free survival (P=0.62) and overall
survival (P=0.83) between patients with a high or low level of TS
expression in the PTX arm (Fig. 6C and D). Progression-free survival
and overall survival for patients with a low level of DPD expres-
sion was significantly (P=0.013 and 0.009, respectively; data not
shown) longer than that for those with a high level in the S-1 arm,
whereas no such difference (P=0.57 and 0.27, respectively) was

Table 2

apparent in the PTX arm (data not shown). As shown in Table 3,
73% of patients with recurrence disease in the S-1 arm and 84% in
the PTXarm received subsequent treatment. No bias for subsequent
treatments between the two arms was observed.

4. Discussion

We haveinvestigated the relation between intratumoral expres-
sion levels of TS, OPRT, or DPD and clinical outcome for NSCLC
patients treated with S-1 plus CBDCA (S-1 arm) or with PTX plus
CBDCA (PTX arm). The expression level of these proteins was

d by i histochemical lysis in a semiquantitative
manner by scoring the proportions of tumor cells with defined
staining intensities relative to the total number of tumor cells. ROC
curves are commonly used to determine biologically or clinically

Tumor response to treatment according to TS or DPD expression level. All P values were determined with Fisher's exact test.

Relative expression level S-1 plus CBDCA (n=22)

PTX plus CBDCA (n=25)

Respondersn (%) Nonrespondersn (%) P (%) (%) P
High TS 3(19) 13(81) 0.001 6(38) 10(63) 1.0
Low TS 6(100) 0(0) 3(33) 6(67)
High DPD 0(0) 6(100) 0.046 0(0) 2(100) 052
Low DPD 9(56) 7(44) 9(39) 14(61)

with resp t0 -1 plus carb in advanced
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relevant cutoff scores in such analysis [12,13], and we therefore
used ROC curves to define the optimal cutoff values of TS or DPD
expression level (HSCORE) for discrimination of responders from
nonresponders in the S-1 arm. We found that low levels of TS and
DPD expression were associated with a better treatment response
and a longer survival time in NSCLC patients in the S-1 arm. To
examine the predictive or prognostic relevance of the cutoff val-
ues for TS or DPD expression level determined in the S-1 arm, we
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Table 3

Treatment after recurrence in each arm.
Variable Treatment arm P

S-1plusCBDCAn (%)  PTX plus CBDCA n (%)

Any treatment 16(73) 21(84) 0.48
Radiotherapy 3(14) 4(16) 1.00
Any chemotherapy 11 (50) 17(68) 0.25
Docetaxel 5(23) 9(36) 036
Gefitinib 3(14) 8(32) 0.18

applied these values to the results obtained for patients treated
with PTX plus CBDCA, which is a standard first-line chemother-
apy regimen for advanced NSCLC. Neither the expression of TS
nor that of DPD showed a significant association with treatment
response or survival in the PTX arm. These results thus indicate
that the expression levels of TS and DPD are independent predictive
markers, rather than prognostic markers, in patients with advanced
NSCLC receiving S-1-based chemotherapy.

TS is an essential enzyme that catalyzes the transfer of a methyl
group from methylenetetrahydrofolate to dUMP in order to gen-
erate dTMP [14,15]. The subsequent phosphorylation of dTMP to
dTTP provides a direct precursor for DNA synthesis. Several in vitro
studies with tumor cell lines have implicated up-regulation of TS
expression as a mechanism of resistance to 5-FU that develops
after exposure to the drug [16-19]. Previous clinical studies have
also shown that a low level of TS expression was associated with
high sensitivity to 5-FU, to 5-FU plus cisplatin, or to 5-FU plus
methotrexate in colorectal or gastric cancer [11]. A low level of TS
expression in NSCLC tumors has also been associated with longer
survival in patients treated with oral 5-FU-based agents after cura-
tive resection [20-22]. S-1 is an oral fluoropyrimidine derivative
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Fig. 6. Progression-free survival and overall survival according to expression level of TS in NSCLC tumors of patients treated with S-1 plus CBDCA (A and B) or with PTX plus
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that contains the 5-FU prodrug tegafur, and it is therefore expected
to have an antitumor effect in patients with tumors sensitive to 5-
FU. Indeed, low levels of TS expression in gastric cancer have been
linked to a favorable clinical outcome after S-1 treatment [23-25].
However, the relation between TS status and tumor response to S-1
or to S-1 combination therapy has not previously been examined
for NSCLC. We have now shown that a low level of TS expression
was significantly associated with response to treatment with S-1
plus CBDCA in patients with advanced NSCLC.

DPD is an initial and rate-limiting enzyme in the catabolism of
5-FU, with >80% of 5-FU being degraded to inactive metabolites
by this enzyme in human tissues, and DPD activity therefore mod-
ulates the antitumor effects of 5-FU. In vitro studies have shown
that overexpression of DPD in cancer cell lines confers resistance
to 5-FU [16.26]. Several clinical studies have also shown that a high
level of DPD expression in tumors was associated with poor sur-
vival in NSCLC patients treated with oral 5-FU-based agents after
curative surgery [20,21,27,28], whereas a relation between DPD
expression level and clinical outcome after 5-FU treatment has not
been definitively demonstrated for colorectal or gastric cancer [11].
S-1 contains CDHP, an inhibitor of DPD, and an antitumor effect of
S-1 is therefore expected even in tumors with a high level of DPD
activity. Indeed, patients with gastric cancer expressing DPD at high
levels were found to benefit from S-1 treatment [23-25]. No pre-
vious studies have evaluated the relation between DPD expression
and S-1 sensitivity in NSCLC, however. We have now shown that
a high level of DPD expression in NSCLC predicts resistance to S-
1-based chemotherapy. DPD activity levels have been shown to be
higher in NSCLC tissue than in other solid tumors including gas-
tric, colorectal, and breast cancer [29]. The apparent discrepancy
between the demonstrated clinical efficacy of S-1 in patients with
gastric cancer expressing DPD at high levels [23-25] and our find-
ing that no NSCLC patients with a high level of DPD expression
responded to treatment with S-1 plus CBDCA may be attributable
to the fact that DPD activity levels in NSCLC tissue are about twice
those in gastric cancer [29]. In cancers with a high level of DPD
expression, such as NSCLC, the amount of the free enzyme may be
maintained in excess of that of the CDHP-bound enzyme.

Molecular targeting therapies have been developed as a new
strategy for the treatment of advanced NSCLC, and somatic muta-
tions in the epidermal growth factor receptor (EGFR) gene are the
most robust biomarker for EGFR tyrosine kinase inhibitor (TKI)
therapy in NSCLC. A recent study has reported that EGFR mutant
tumors have a lower sensitivity to another oral 5-FU derivative,
uracil-tegafur, than that of EGFR wild-type tumors [30]. We have
previously shown that EGFR-TKI-induced downregulation of TS is
responsible for the enhanced antitumor effect of combined treat-
ment with S-1 [31-33]. Based on these results, further studies are
warranted to investigate the relationship between the presence of
EGFR mutation and TS/DPD expression levels in NSCLC.

In conclusion, we have shown that the tumor expression lev-
els of TS and DPD were predictive of tumor response to S-1-based
chemotherapy in patients with advanced NSCLC. S-1 in combina-
tion with platinum compounds (cisplatin or CBDCA) is currently
under evaluation as a first-line treatment for advanced NSCLC in
randomized phase III studies. It will be necessary to confirm that
the expression levels of TS and DPD can predict clinical outcome
in these clinical trials, given that our findings derive from a limited
retrospective study of arelatively small number of patients. Further
prospective studies of these biomarlkers are also needed to address
the issue of reproducibility in a large series of patients.
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Thymidylate synthase as a determinant of pemetrexed sensitivity
in non-small cell lung cancer
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Taiho Pharmaceutical Co. Ltd, 224-2 Hiraishi-ebisuno, Kawauchi, Tokushima 771-0194, Japan

BACKGROUND: Although a high level of thymidylate synthase (TS) expression in malignant tumours has been suggested to be related to
a reduced sensitivity to the antifolate drug pemetrexed, no direct evidence for such an association has been demonstrated in non-
small cell lung cancer (NSCLC). We have now investigated the effect of TS overexpression on pemetrexed sensitivity in NSCLC cells.
METHODS: We established NSCLC cell lines that stably overexpress TS and examined the effects of such overexpression on the
cytotoxicity of pemetrexed both in vitro and in xenograft models. We further examined the relation between TS expression in
tumour specimens from NSCLC patients and the tumour response to pemetrexed by immunohistochemical analysis.

RESULTS: The sensitivity of NSCLC cells overexpressing TS to the antiproliferative effect of pemetrexed was markedly reduced
compared with that of control cells. The inhibition of DNA synthesis and induction of apoptosis by pemetrexed were also greatly
attenuated by forced expression of TS. Furthermore, tumours formed by TS-overexpressing NSCLC cells in nude mice were
resistant to the growth-inhibitory effect of pemetrexed observed with control tumours. Finally, the level of TS expression in tumours
of non-responding patients was significantly higher than that in those of responders, suggestive of an inverse correlation between TS
expression and tumour response to pemetrexed.

CONCLUSION: A high level of TS expression confers a reduced sensitivity to pemetrexed. TS expression is thus a potential predictive
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Lung cancer is the most common cause of cancer-related death
worldwide, with non-small cell lung cancer (NSCLC) accounting
for ~75% of all lung cancer cases (F et al, 2000). Plati -

marker for response to pemetrexed-based chemotherapy in NSCLC patients.
British Journal of Cancer (2011) 104, 1594—1601. doi:10.1038/bjc.2011.129  www.bjcancer.com
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histotypes of NSCLC (Ceppi et al, 2006; Monica et al, 2009;
Takezawa et al, 2010), and high levels of TS expression in various
tumour types have been suggested to correlate with a poor

based ch therapy is the dard first-line tr for
individuals with advanced NSCLC, but the efficacy of such agents
with regard to improving clinical outcome is limited (Schiller et al,
2002). Both experimental and clinical studies have revealed that
many molecules contribute to the biological activities of malig;

P to TS- d agents ( et al, 1994, 1997;
Pestalozzi et al, 1997; Ferguson et al, 1999). The poorer response
of NSCLC patients with squamous cell carcinoma to pemetrexed is
thus thought to result from the higher level of TS expression in
such However, such a relation between a high TS

tumours including NSCLC. New strategies based on a better
understanding of tumour biology may thus help to maximise the
efficacy of current treatments.

A relatively new antifolate drug, pemetrexed, inhibits the growth
of a variety of tumour types by targeting multiple folate-dependent
enzymes including thymidylate synthase (TS), dihydrofolate
reductase, and glycinamide ribonucleotide formyltransferase (Shih
et al, 1997). The antitumour efficacy of pemetrexed has been found
to be more limited in lung cancer patients with squamous cell
carcinoma than in those with other histotypes of NSCLC (Scagliotti
et al, 2008). Furthermore, the abundance of TS mRNA or protein
seems to be higher in squamous cell carcinoma than in other
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expression level and a reduced sensitivity to pemetrexed in NSCLC
has not been well established. Moreover, the precise mechanism
that might underlie a reduced sensitivity to pemetrexed in tumours
with a high level of TS expression remains unknown.

We have now constructed an expression vector for TS and have
used this vector to establish several NSCLC cell lines that stably
overexpress TS. With the use of these cells, we examined the
relation between the anticancer effects of pemetrexed both in vitro
and in vivo and the expression level of TS. We further investigated
the relation b p d itivity and TS i
level in primary lung cancer patients.

MATERIALS AND METHODS

Cell culture and reagents

The human lung cancer cell lines A549, H1299, and PC9 were
obtained from American Type Culture Collection (Manassas, VA, USA).



All cells were cultured in RPMI 1640 medium (Sigma, St Louis,
MO, USA) supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin (Sigma), and they were maintained under
a humidified atmosphere of 5% CO, at 37°C. Pemetrexed, cisplatin,
and docetaxel were obtained from Wako (Osaka, Japan).

Generation of TS-overexpressing NSCLC cell lines

A full-length cDNA fragment encoding TS was obtained from PC9
cells by reverse transcription and the polymerase chain reaction
with the primers TS-F (5'-AAGCTTCGCGCCATGCCTGTGG
CCGGCTCGGAG-3') and TS-R (5'-GCGGCCGCCTAAACAGCC
ATTTCCATTTTAATAG-3'). The amplification product was
verified by sequencing after its cloning into the pCR-Blunt
1I-TOPO vector (Invitrogen, Carlsbad, CA, USA). The TS cDNA
was excised from pCR-Blunt II-TOPO and transferred to the pMZs
retroviral vector (Cell Biolabs, San Diego, CA, USA). The resulting
PMZs construct and the pVSV-G vector (Clontech, Palo Alto, CA,
USA) for construction of the viral envelope were introduced into
GP2-293 cells (~80% confluence in a 10-cm dish) with the use of
the FuGENES6 transfection reagent. After 48h, the viral particles
released into the culture medium were concentrated by centrifuga-
tion at 15000 x g for 3h at 4°C. The resulting pellet was then
suspended in fresh RPMI 1640 medium and used to infect A549,
H1299, or PC9 cells as pr ly described (Ok et al, 2010).

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-buffered saline
(PBS) and then lysed in a solution containing 20 mm Tris-HCI (pH
7.5), lSOmM NaCl, 1 mm EDTA, 1% Triton X-100, 2.5 mm sodlum
hate, 1 mm phenyll Ifonyl fluoride, and leupep
(l ugml ) The protem concentration of cell lysates was
determined with the Bradford reagent (Bio-Rad, Hercules, CA,
USA), and equal amounts of lysate protein were subjected to
SDS-polyacrylamide gel electrophoresis on a 7.5 or 12% gel. The
separated proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% non-fat dried milk in PBS for 1h at
room perature before incubation overnight at 4°C with
primary antibodies. Rabbit polyclonal antibodies to human TS
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), and those to f-actin were from Sigma. The membrane was
then washed with PBS containing 0.05% Tween 20 before
mcubanon for 1h at room temperature with horseradlsh
gated goat antibodies to rabbit i 1
(Slgma) Immune complexes were finally detected with chemilu-
minescence reagents (GE Healthcare, Little Chalfont, UK).

Assay of TS activity

Thymidylate synthase activity was quantified with the use of a
tritiated 5-fluoro-dUMP binding assay. Cells were harvested,
diluted in 0.2m Tris-HCI (pH 7.4) containing 20 mm 2-mercapto-
ethanol, 15mm CMP, and 100 mM NaF, and disrupted by ultrasonic
treatment. The cell lysate was centrifuged at 1600 x g for 15 min at
4°C, and the resulting supernatant was centrifuged at 105000 x g
for 1h at 4°C. A portion (50 ul) of the final supernatant was mixed
consecutively with 50 ul of Buffer A (600 mm NH,HCO; buffer (pH
8.0), 100mM 2-mercaptoethanol, 100mm NaF, 15mM CMP) and
with 50 ul of (6->H)5-fluoro-dUMP (7.8 pmol) plus 25 ul of cofactor
solution (50mm potassium phosphate buffer (pH 7.4), 20mm
2-mercaptoethanol, 100 mm NaF, 15mm CMP, 2% bovine serum
albumin, 2 mm tetrahydrofolic acid, 16 mm sodium ascorbate, 9 mm
formaldehyde). The resulting mixture was incubated at 30°C for
20 min, after which the reaction was ter d by the addition of
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was subjected to ultrasonic d by centri
1600 x g for 15 min at 4°C. The final precipitate was solubilised mth
0.5ml of 98% formic acid, mixed with 10ml of ACS II scintillation
fluid, and assayed for radioactivity. Data are expressed as picomoles
of substrate consumed per milligram of soluble protein.

Cell growth inhibition assay in vitro (MTT assay)

Cells were plated in 96-well flat-bottomed plates and cultured for
24h before to various i of drugs for 72 h.
TetraColor One (5mm tetrazolmm monosodium salt and 0.2 mm
1-methoxy-5-methyl ph hylsulfate; ikagaku,

Tokyo, Japan) was then added to each well, and the cells were
incubated for 3h at 37°C before measurement of absorbance
at 490nm with a Multiskan Spectrum instrument (Thermo
Labsystems, Boston, MA, USA).

RNA interference

Cells were plated at 50-60% confluence in six-well plates or
25-cm® flasks and then incubated for 24h before transient
transfection for the indicated times with small interfering RNAs
(siRNAs) mixed with the Lipofectamine reagent (Invitrogen). An
siRNA specific for human TS mRNA (5'-CAAUCCGCAUCCAA
CUAUU-3') and a nonspecific siRNA (5-GUUGAGAGAUAUUA
GAGUU-3') was obtained from Nippon EGT (Toyama, Japan).

Assay of DNA synthesis

DNA synthesis was measured with the use of a Cell Proliferation
ELISA BrdU Kit (Roche, Basel, Switzerland). In brief, cells were
seeded in 96-well plates at a density of 10000-20 000 per well and
exposed to various concentrations of drugs for 48h. They were
then incubated in the additional presence of bromodeoxyuridine
(BrdU) for 3 h before exposure to detection reagents for 15 min at
25°C and measurement of luminescence.

Annexin V binding assay

Binding of annexin V to cells was measured with the use of an
Annexin-V-FLUOS Staining Kit (Roche). Cells were harvested by
exposure to trypsin-EDTA, washed with PBS, and centrifuged at
200 x g for 5min. The cell pellets were resuspended in 100 4l of
Annexin-V-FLUOS labelling solution, incubated for 10-15min at
15 to0 25°C, and then analysed for fluorescence with a flow cytometer
(FACS Calibur) (Becton Dickinson, San Jose, CA, USA) and Cell
Quest software (Becton Dickinson).

Animals

Male athymic nude mice were maintained on a 12-h light, 12-h
dark cycle and provided with food and water ad libitum in a
barrier facility. All animal experiments were carried out with
approval of the institutional animal care and use committee and
complied with the specifications of the Association for Assessment
and Accreditation of Laboratory Animal Care of Japan.

Tumour growth inhibition assay in vivo

Cubic fragments of tumour tissue (~2 by 2 by 2mm) were
implanted subcutaneously into the axllla of 5- to 6-week-old male
athymic nude mice. T was d when in each
group of eight mice achieved an average volume of 150-200 mm>.

Pemetrexed (100mg per lulogram of body weight) or vehicle

100 1 of 2% bovine serum albumin and 275 ul of 1M HCIO, and
by centrifugation at 1600 x g for 15min at 4°C. The resulting
precipitate was suspended in 2 ml of 0.5M HCIO,, and the mixture

© 201 | Cancer Research UK

(physiological saline) was
week. Tumour volume was determined from caliper measurements
of tumour length (L) and width (W) according to the formula LW?/2.
Both tumour size and body weight were measured twice per week.

logical d intraperitoneally once a
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Patients and clinical specimens

For retrospective analysis, we recruited consecutive patients with
advanced NSCLC who received chemotherapy at Kinki University
Hospital between Apnl 2008 and June 2010. Patients met all of the
following criteria: a I al diagnosis of NSCLC with at least
one measurable lesion; a clmlcal stage of 3B or 4; an Eastern
Cooperative Oncology Group (ECOG) performance status of 0 or 1;
adequate haematologic, hepatic, and renal function; treatment
either with carboplatin at an area under the curve (AUC) of 5 on
day 1 and pemetrexed at 500 mgm ™ on day 1 of an 21-day cycle or
with cisplatin at 75mgm™> on day 1 and pemetrexed at
500 mgm 2 on day 1 of an 21-day cycle as first-line chemotherapy;
and availability of sufficient tumour tissue in paraffin blocks for

Yy hi hemistry. Tumour tissue specimens
were obtained by transbronchial lung biopsy. Tumour response
was examined by computed tomography and evaluated according
to the Response Evaluation Criteria in Solid tumours (RECIST) as
complete response (CR), partial response (PR), stable disease (SD),
or progressive disease (PD). This study conforms to the provisions
of the Declaration of Helsinki and was approved by the local
institutional review board.

Immunohistochemistry and scoring of TS expression

Paraffin-embedded sections (thickness, 4 um) of tumour tissue
were depleted of paraffin with xylene and then rehydrated, and
endogenous peroxidase activity was quenched by incubation with
0.3% hydrogen peroxide in methanol. Antigen retrieval was carried
out by microwave irradiation for 10 min in citrate buffer (pH 6.0).
The sections were then washed with PBS before incubation
overnight at room temperature with rabbit polyclonal antibodies
to TS (Taiho Pharmaceutical Co., Saitama, Japan) at a dilution of
1:100. Immune complexes were detected by incubation at room
temperature for 30 min first with biotinylated goat antibodies to
rabbit immunoglobulin G (Dako, Santa Barbara, CA, USA) and
then with streptavidin-conjugated horseradish peroxidase (Dako).

A A549 H1299 PC9
P Mock TS1 TS2 P Mock TS1 TS2 P Mock TS1 TS2
1

) e v | s

a
S

@
S

TS activity (pmol per mg protein)
3 8

o

Mock TS81 TS2 Mock TS1 TS2 Mock TS1 TS2

A549 H1299 PC9

Figure | Abundance and enzymatic activity of TS in TS-overexpressing
NSCLC cell lines. Parental (P) A549, H1299, or PC9 cells or corresponding
sublines either stably overexpressing TS (TS| and TS2) or harbouring the
empty vector (Mock) were cultured ovemight in complete medium, after
which cell lysates were prepared and either subjected to immunoblot
analysis with antibodies to TS and to f-actin (loading control) (A) or
assayed for TS activity. (B) Data are meanssd. of triplicates from
experiments that were repeated on two additional occasions with similar
resufts. *P<0.05 vs the corresponding value for Mock cells (Student's
two-tailed t-test).
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Peroxidase activity was lised with diaminobenzidi
tetrahydrochloride solunon (Dako), and the secnons were counter-
stained with h lin before i

(Dako). The human colon cancer cell line DLD-l/FrUrd human
breast cancer cell line MDA-MB-435S, and human pancreatic
cancer cell line MIAPaCa-2 (all obtained from American Type
Culture Collectlon) were used as positive controls for TS staining.
All i were reviewed by two observers
without knowledge of the patients’ characteristics. Sections with
discrepant results were jointly reevaluated until a consensus was
reached. Cytoplasmic staining for TS was scored in a semiquanti-
tative manner, reflecting both the intensity of staining and the
percentage of cells with staining at each intensity. Staining
intensity was classified as 0 (no staining), + 1 (weak staining),
+2 (distinct staining), or +3 (strong staining). A value
designated the HSCORE was obtained as X(I x PC), where I and

Table | Median inhibitory concentrations (uM) for the antiproliferative
effects of chemotherapeutic agents in TS-overexpressing NSCLC cells
in vitro

Cell line Pemetrexed Cisplatin Docetaxel
A549/Mock 0.07 262 0.12
AS49/TS| 038 237 0.12
A549/TS2 044 221 0.13
H1299/Mock 0.08 293 032
HI299/TS| 022 298 030
HI1299/TS2 022 290 030
PC9/Mock 0.03 072 0.18
PC/TSI 0.1l 072 0.18
PCoTs2 0.10 065 0.17

Abbreviations: NSCLC = non-small cell lung cancer; TS = thymidylate synthase.
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A549 H1299 PC9

Figure 2 Effect of TS depletion on pemetrexed sensitivity in
TS-overexpressing NSCLC cells. (A) Cells of the indicated lines were
transfected or not (—) with nonspecific (Con) or TS siRNAs for 48 h, after
which cell lysates were subjected to immunoblot analysis with antibodies to
TS and to B-actin. (B) Cells transfected as in A were cultured for 72h in
complete medium containing various concentrations of pemetrexed, after
which cell viability was assessed as described in Materials and methods
section, and the median inhibitory concentration (ICsp) of pemetrexed was
determined. Data are means of triplicates from experiments that were
repeated on two additional occasions with similar results. *P<0.05
(Student's two-tailed t-test).
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PC represent staining intensity and the percentage of cells that
stain at each intensity, respectively. The selection of a clinically
important cutoff score for TS expression was based on receiver
operating characteristic (ROC) curve analysis.

Statistical analysis

Q itative data are p d as meansts.d. or ts.e.m. as
indicated, and were analysed by Student’s two-tailed t-test.
Progression-free survival was assessed from the first day of
chemotherapy administration to the date of objective disease

Ts
K Takezawa et ol

and p

(A549/TS1 and A549/TS2), H1299 (H1299/TS1 and H1299/TS2),
and PC9 (PC9/TS1 and PC9/TS2) cells that stably overexpress TS.
Cells that stably harbour the corresponding empty vector (A549/
Mock, H1299/Mock, and PC9/Mock) were established as controls.
Immunoblot analysis showed that the abundance of TS was
markedly increased in the TS g lines compared with
the parental or Mock cells (Figure lA) The enzymatic activity of
TS was also substantially higher in the TS-overexpressing cells
than in the parental or Mock cells (Figure 1B). We then examined
the effect of forced expression of TS on the cytotoxicity of
antlcancer drugs as determined with the MTT assay. The median

progression. Kaplan-Meier analysis was used to the
probability of survival as a function of time, and differences in
the survival of subgroups of patients were evaluated with the log-rank
test. A P-value of <0.05 was considered statistically significant.

RESULTS

Forced expression of TS reduces the sensitivity of NSCLC
cells to pemetrexed

To investigate whether the level of TS expression affects the
sensitivity of NSCLC cells to pemetrexed, we first established A549
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of pemetrexed for the TS-overexpressing
cells was about three to six times that for the corresponding Mock
cells for all three lung cancer lines, wh cisplatin and d
inhibited the growth of the TS-overexpressing cells in a manner
similar to that observed with the corresponding Mock cells
(Table 1). To exclude the possibility that these results were
because of nonspecific effects of transfection, we depleted A549/
TSI Hl299/TSl and PCY/TS1 cells of TS by RNA interference.
led that t; of these cells with
an siRNA spec:ﬁc for TS mRNA resulted in downregulation of the
corresponding  protein  (Figure 2A). This reduction in
the abundance of TS restored the sensitivity of the cells to the
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Figure 3 Effects of pemetrexed and cisplatin on DNA synthesis in NSCLC cells overexpressing TS. The indicated NSCLC cell lines were cultured for 48 h
in complete medium containing various concentrations of pemetrexed (A) or cisplatin (B), after which BrdU incorporation was assessed as described in
Materials and methods section. Data are means  s.d. of triplicates from experiments that were repeated a total of three times with similar results. *P <0.05
vs the comesponding value for Mock cells (Student’s two-tailed t-test). NS, not significant.
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