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Abstract
Purpose The sequential addition of tamoxifen (TAM)
to chemotherapy seems superior to its concurrent
addition in patients with breast cancer. This study was
conducted to clarify the hypothesis that there are
diVerential interactions among TAM and chemothera-
peutic agents.
Methods Estrogen receptor (ER)-�-positive or -nega-
tive breast cancer cells were treated with 4-hydroxy
TAM (4OHT), 5-Xuorouracil (FU) and/or doxorubicin
(Dox). Changes in the expression levels of genes
related to sensitivity and resistance to TAM, 5-FU or
Dox were tested.
Results Concurrent treatment of 4OHT with 5-FU
but not with Dox additively inhibited the growth of
ER-�-positive cells. 5-FU did not change the expres-
sion levels of any tested genes related to either sensitiv-
ity or resistance to TAM. Although Dox did not
change the expression levels of any genes related to the
sensitivity to TAM, Dox signiWcantly increased the
expression levels of some genes related to TAM resis-
tance, Eph A-2, ER-�, Fos and vascular endothelial
growth factor. 4OHT signiWcantly decreased thymidi-
late synthase (TS) activity.

Conclusions Although the antitumor eVect of concur-
rent 4OHT and 5-FU was additive, that of concurrent
4OHT and Dox was less than additive in ER-�-positive
cells. The increased expression of genes related to
TAM resistance by Dox might be responsible for the
interaction. Decreased TS activity by 4OHT might
increase the antitumor activity of 5-FU. These Wndings
may provide a preclinical rationale for concurrent use
with 5-FU and TAM.
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Abbreviations
ANOVA Analysis of variance
CT Cycle threshold
DCC Dextran-coated charcoal-stripped
Dox Doxorubicin
DPD Dihydropyrimidine dehydrogenase
E2 Estradiol
ER Estrogen receptor
FBS Fetal bovine serum
FdUMP 5-Fluoro-2�-deoxyuridine
FGF Fibroblast growth factor
FU 5-Fluorouracil
HER Human epidermal growth factor receptor
HIF Hypoxia inducible factor
IC50 50% inhibitory concentration
4OHT 4-OH-Tamoxifen
OPRT Orotate phosphoribosyl transferase
PBS Phosphate-buVered saline
PgR Progesterone receptor
pS2 Trefoil factor 1
RT-PCR Reverse transcriptional polymerase chain 
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SDF Stromal cell-derived factor
TAM Tamoxifen
TOP Topoisomerase
TS Thymidylate synthase
VEGF Vascular endothelial factor

Introduction

Concurrent anthracycline-based chemotherapy and
tamoxifen (TAM) has been suggested to be inferior to
chemotherapy followed by TAM in the adjuvant set-
ting for patients with hormone-responsive breast can-
cer [1, 2]. Recommendations provided by the St.
Gallen Consensus Conference 2005 indicated that
patients receiving chemotherapy should not start TAM
until the completion of chemotherapy [3]. On the other
hand, it has been reported that concurrent oral 5-Xuo-
rouracil (5-FU) derivative, UFT and TAM provide a
better outcome for patients with estrogen receptor
(ER)-positive breast cancer than either UFT or TAM
alone [4]. This indicates that concurrent administration
of 5-FU and TAM may lead to an additive antitumor
eVect in patients with ER-positive tumors. It could be
hypothesized that there are diVerential interactions
among TAM and chemotherapeutic agents, such as
anthracycline and 5-FU, in terms of antitumor activity.

A number of basic investigations on the interaction
between TAM and chemotherapeutic agents have
been conducted in many laboratories and their Wndings
have been inconsistent. In the early 1980s, it was
reported that alterations in tumor cell kinetics, such as
G1-S blockade, induced by TAM may diminish the
antitumor eVect of chemotherapy [5]. In contrast, some
researchers have reported synergistic interaction
between TAM and 5-FU or an anthracycline, doxoru-
bicin (Dox) in hormone-responsive breast cancer cells
[6, 7]. Otherwise, other researchers have reported
antagonistic interaction between TAM and 5-FU or
Dox in similar model systems [8–10]. These conXicting
results prompted us to further investigate the interac-
tion among TAM and chemotherapeutic agents at the
molecular level.

Previous basic studies on the interaction among
TAM and chemotherapeutic agents have focused their
attention on the inXuences of TAM on the cytotoxic
eVect of the agents. Therefore, the eVects of chemo-
therapeutic agents, 5-FU and Dox, on various mole-
cules related to the sensitivity or resistance to TAM
were investigated in this study. The inXuences of TAM
on the expression levels of molecules aVecting sensitiv-
ity or resistance to 5-FU and Dox were also investi-
gated.

Materials and methods

Reagents

17-� estradiol (E2) and 4-hydroxy tamoxifen (4OHT)
were purchased from Sigma Chemical Co. (St. Louis,
MI, USA). E2 and 4OHT were dissolved with 100%
ethanol and added to the medium at a Wnal ethanol
concentration of 0.1%. 5-FU and Dox were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan) and Kyowa Hakko Co., Ltd. (Tokyo, Japan),
respectively. [6¡14C]-5-FU (56 mCi/mmol) and [6-3H]-
5-Xuoro-2�-deoxyuridine 5�-monophosphate (FdUMP,
625 GBq/mmol) were obtained from Moravek Bio-
chemicals Inc. (Brea, CA, USA).

Cell lines

The KPL-1 human breast cancer cell line was estab-
lished in our laboratory [11]; this cell line is ER-�-posi-
tive and estrogen-responsive [12]. ML-20 and MDA-
MB-231 human breast cancer cell lines were kindly
provided by Dr. Robert B. Dickson (Lombardi Cancer
Research Center, Georgetown University Medical
Center, Washington DC, USA). The ML-20 cell line is
a subclone of the MCF-7 cell line and its biological
characteristics are identical [13]; this cell line is ER-�-
positive and estrogen-dependent. MDA-MB-231 cells
are ER-�-negative and estrogen-unresponsive. All cell
lines were routinely cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS).

Cell growth assay

To reduce endogenous estrogen-like activity, phenol
red-free RPMI-1640 medium (Sigma Chemical Co.)
supplemented with 10% dextran-coated charcoal
(DCC)-stripped FBS (Tissue Culture Biological,
Tulanta, CA, USA) (estrogen-deprived medium) was
used. Approximately 2 £ 103 cells/well were inoculated

Table 1 Genes tested by real-time RT-PCR

Category Tested genes

ER signaling ER-�, CBP300, NCOA1, 
NCOA3, NCOR1, NCOR2

TAM resistance BCAR-1, Cyclin D1, EphA-2, 
ER-�, Fas ligand, FGF-1, FGF-2, 
FGF-4, Fos, HER1, HER2, 
HIF-1�, Jun, p53, VEGF

5-FU metabolism DPD, OPRT, TS
Dox sensitivity TOPII�
Dox resistance MDR1, MRP
Estrogen responsive PgR, pS2, Myc, SDF-1�
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into 96-well plates (Costar Corning Inc., Corning, NY,
USA) and cultured in RPMI-1640 medium supple-
mented with 10% FBS for a day. The cells were then
washed once with phosphate-buVered saline (PBS) and
cultured for 4 days in estrogen-deprived medium with
vehicle (control), 0.1 nM E2, 1 �M 4OHT and/or indi-
cated concentrations of 5-FU or Dox. In the case of Dox
treatment, the Dox-containing medium was switched to
Dox-free medium 16 h after the start of treatment. The
number of viable cells was measured using the simpliWed
crystal violet method [14]. Triplicate wells were treated

in each experiment. Reproducibility was clariWed in at
least two separate experiments.

Real-time reverse transcription (RT)-polymerase 
chain reaction (PCR)

Semi-conXuent KPL-1 cells in 6-well plates (Costar
Corning Inc.) were incubated with phenol red-free
RPMI-1640 medium supplemented with 10% DCC-
stripped FBS plus vehicle (control), 0.1 nM E2, 1 �M
4OHT and/or indicated concentrations of 5-FU or Dox
for 16 h. After incubation, the cells were collected and
stored at ¡80°C. Total RNA was isolated using the
RNeasy Mini Kit (Qiagen, Valencia, CA, USA) fol-
lowing the manufacturer’s instructions. The quality of
total RNA was assessed with the Agilent 2100 Bioana-
lyzer (Agilent, Palo Alto, CA, USA).

TaqMan Low Density Arrays (Applied Biosystems,
Foster City, CA, USA) were used in a two-step RT-
PCR process. First-strand cDNA was synthesized
from 2.5 �g of total RNA using the High-Capacity
cDNA Archive Kit (Applied Biosystems) as described
by the manufacturer. PCR reactions were then carried
out in Low Density Arrays using the ABI PRISM
7900HT Sequence Detection System (Applied Biosys-
tems) according to the manufacturer’s instructions.
One hundred nanograms of cDNA combined with 1£
TaqMan Universal PCR Master Mix (Applied Biosys-
tems) were loaded into each port of the array (one

Fig. 1 Antitumor activity of 4OHT in ML-20 cells (triangle),
KPL-1 cells (square) and MDA-MB-231 cells (circle). These cells
were treated with 0.025–10 �M 4OHT for 4 days. The number of
viable cells was evaluated with the crystal violet method. Values
represent the means § SE
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Fig. 2 Antitumor activity of 
concurrent 4OHT and 5-FU 
in ML-20 cells (a), KPL-1 cells 
(b) and MDA-MB-231 cells 
(c). These cells were treated 
with vehicle (control), 1 �M 
4OHT and/or indicated con-
centrations of 5-FU for 4 days. 
The number of viable cells 
was evaluated with the crystal 
violet method. (Wlled circle) 
Treated with 4OHT and 5-
FU; and (open circle), treated 
with 5-FU alone. Values rep-
resent the means § SE
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port contains 48 wells). The Low Density Arrays were
thermal cycled at 50°C for 2 min and 94.5°C for
10 min, followed by 40 cycles at 97°C for 30 s, and
59.7°C for 1 min. The TaqMan strategies for each gene
have been developed as TaqMan Gene Expression
Assays by Applied Biosystems. Gene expression pro-
Wling was achieved using the comparative cycle thresh-
old (CT) method of relative quantiWcation (the
calibrator samples were untreated cells, with glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) used
as the endogenous control). Relative expression ratios
compared between treated and control cells were eval-
uated following the manufacturer’s recommendations:
over 2.0 for a signiWcant increase and less than 0.5 for

a signiWcant decrease. Reproducibility was clariWed in
at least two separate experiments.

Six genes were tested as genes related to ER-� sig-
naling, in other words, TAM sensitivity, ER-�,
CBP300, NCOA1, NCOA3, NCOR1 and NCOR2. Fif-
teen genes were tested as genes related to TAM resis-
tance, BCAR-1 [15], cyclin D1 [16], EphA-2 [17], ER-�
[18], Fas ligand [19], Wbroblast growth factor (FGF)-1
[20], FGF-2 [21], FGF-4 [22], Fos [23], human epider-
mal growth factor receptor 1 (HER1) [24], HER2 [25],
hypoxia inducible factor (HIF)-1� [26], Jun [27], p53
[28] and vascular endothelial growth factor (VEGF)
[29]. Three genes were tested as genes related to
5-FU metabolism, dihydropyrimidine dehydrogenase
(DPD), orotate phosphoribosyl transferase (OPRT)
and thymidylate synthase (TS). Two genes were tested
as genes related to Dox resistance, MDR-1 and MRP.
Topoisomerase (TOP) II� gene was tested as a gene
related to Dox sensitivity. In addition, to clarify the
hormone responsiveness of KPL-1 cells, four genes
(progesterone receptor [PgR], trefoil factor 1 [pS2],
Myc, and stromal cell-derived factor [SDF]-1�) were
tested as target genes of ER signaling. All tested genes
in this study were selected by the authors according to
the survey results from a PubMed search (Table 1).

To clarify the results produced by Low Density
Arrays, the TaqMan Real-time RT-PCR system using
triplicate samples per gene was applied to four genes
related to TAM resistance, EphA-2, ER-�, Fos and

Table 2 Combination indexes with 5-FU and 4OHT

a  5-FU concentration

Cell line 5-FU 4OHT Combination 
index (With 
versus Without)With Without

ML-20 IC50 2.21a 3.73 0.59 
IC30 0.60 1.85 0.33
IC25 0.41 1.50 0.27

KPL-1 IC50 1.57 2.89 0.54
IC30 0.37 1.57 0.24
IC25 0.24 1.31 0.18

MDA-MB-231 IC50 17.38 16.47 1.06
IC30 10.68 10.36 1.03
IC25 9.24 9.03 1.02

Fig. 3 Antitumor activity of 
concurrent 4OHT and Dox in 
ML-20 cells (a), KPL-1 cells 
(b) and MDA-MB-231 cells 
(c). These cells were treated 
with vehicle (control), 1 �M 
4OHT and/or indicated con-
centrations of Dox. The num-
ber of viable cells was 
evaluated with the crystal vio-
let method. (Wlled circle), 
Treated with 4OHT and 5-
FU; and (open circle), treated 
with 5-FU alone. Values rep-
resent the means § SE
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VEGF, which were signiWcantly increased by Dox
treatment. First-strand cDNA was synthesized from
2.5 �g of total RNA using the High-Capacity cDNA
Archive Kit (Applied Biosystems) as described by the
manufacturer. Real-time RT-PCR was performed
using the QuantiTect Probe PCR Kit (Qiagen) and
ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems) according to the manufacturer’s
instructions. TaqMan gene expression assay primer
probe sets for each gene (Applied Biosystems) were
used. BrieXy, 50 ng of cDNA was added to a reaction
mixture containing 25 �l of 2£ QuantiTect Probe PCR
Master Mix and 2.5 �l of 20£ TaqMan gene expression
assays mix in a Wnal volume of 50 �l. The conditions for
real-time RT-PCR were 1 cycle of 50°C for 2 min; 1
cycle of 95°C for 15 min; 40 cycles of 94°C for 15 s and
60°C for 1 min. Gene expression proWling was achieved
using the comparative CT method of relative quantiW-
cation (the calibrator samples were untreated cells,
with GAPDH used as the endogenous control). Gene
Assay IDs of TaqMan gene expression assay by
Applied Biosystems were Hs00171656_m1 for Eph-A2,
Hs00230957_m1 for ER-�, Hs00170630_m1 for Fos,

Hs00173626_m1 for VEGF, and Hs99999905_m1 for
GAPDH, respectively.

Enzyme activity

Semi-conXuent KPL-1 cells in 75 cm2 culture Xasks
(Costar Corning Inc.) were incubated with phenol red-
free RPMI-1640 medium supplemented with 10% DCC-
stripped FBS and 0.1 nM E2 plus–minus 1 �M 4OHT
for 16 h. After incubation, the cells were collected and
stored at ¡80°C. TS activity in crude extract from the
cells was measured according to the method reported by
Spears et al. using [6-3H]-FdUMP as a substrate [30].
DPD activity was measured using [6-14C]-5-FU as a sub-
strate based on the method previously described by
Takechi et al. [31]. OPRT activity was measured using
[6-14C]-5-FU as a substrate based on the method previ-
ously described by Shirasaka et al. [32]. Intra- and inter-
assay coeYcients of variations were less than 10% in the
respective assays (data not shown). Reproducibility was
clariWed in at least two separate experiments.

Western blotting

Semi-conXuent KPL-1 cells in 75 cm2 culture Xasks
were incubated with phenol red-free RPMI-1640
medium supplemented with 10% DCC-stripped FBS
and 0.1 nM E2 plus–minus vehicle (control) or 1.0 or
2.0 �M Dox for 16 h. The cells were collected immedi-
ately or 24 h after treatment. Cell pellets were washed
twice with PBS, lysed in NuPAGE LDS sample buVer
(Invitrogen, Carlsbad, CA, USA), and boiled for 5 min
under reducing conditions. Cell lysates were incubated
with 10U Benzonase (Merck, Frankfurter, Germany),
total protein concentrations were measured using RC
DC Protein Assay Kit (Bio-Rad Laboratories, Hercu-
les, CA, USA), according to the protocol of the manu-
facturer. The protein extract was subjected to
electrophoresis in Bis–Tris gel (NuPAGE 10% Bis–
Tris Gels, MOPS running buVer, Invitrogen Japan KK,
Kyoto, Japan) for 45 min at a Wxed voltage of 200 V
under reducing conditions, and the electrophoretically
separated protein was transferred to a PVDF mem-
brane at 4°C for 3 h. After blocking with Block Ace
(Dainippon Pharm. Co., Ltd., Osaka, Japan), the
PVDF membrane was allowed to react with the anti-
human EphA2 polyclonal antibody (C-20, 1:200,
Santa Cruz, CA, USA), anti-human ER-� polyclonal
antibody (H-150, 1:200, Santa Cruz), anti-human c-
FOS polyclonal antibody (H-125, 1:200, Santa Cruz)
or anti-human VEGF polyclonal antibody (147,
1:200, Santa Cruz) as the primary antibody for 1 h at
room temperature, and incubated with alkaline

Table 3 Combination indexes with Dox and 4OHT

NA Not assessable
a  Dox concentration

Cell line Dox 4OHT Combination 
index (With 
versus Without)With Without

ML-20 IC50 0.054a 0.056 0.97
IC30 0.026 0.033 0.78
IC25 0.021 0.029 0.73

KPL-1 IC50 0.059 0.066 0.90
IC30 0.025 0.035 0.70
IC25 <0.02 0.029 NA

MDA-MB-231 IC50 0.029 0.030 0.95
IC30 <0.02 <0.02 NA
IC25 <0.02 <0.02 NA

Table 4 Changes in the expression levels of estrogen-responsive
genes after exposure to E2 plus-minus 4OHT

ND Not detectable
a  Calculated by assuming that the CT values of control samples
were 40

Genes Relative expression ratio (vs. control)

Control E2 with

None 4OHT

PgR ND 633.2a 507.0a

SDF-1� 1 72.5 6.8
Myc 1 17.9 13.0
pS2 1 7.5 1.4
123
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phosphatase-conjugated anti-rabbit IgG (1:5,000,
Applied Biosystems) as the secondary antibody for
30 min at room temperature. Detection was performed
with chemiluminescence substrate (CDP-Star, Applied
Biosystems). Chemiluminescent signals were detected
using a luminescent image analyzer (LAS-3000
UVmini, Fuji Film Corp., Tokyo, Japan). Membranes
were tested for �-actin to conWrm equal loading.

VEGF production

Semi-conXuent KPL-1 cells in 75 cm2 culture Xasks
were incubated with phenol red-free RPMI-1640
medium supplemented with 10% DCC-stripped FBS
and 0.1 nM E2 plus–minus 1 �M 4OHT for 16 h. The
culture medium was collected and Wltered through a
0.45-�m Wlter to remove cell contamination. VEGF
content in the culture medium was determined by
enzyme-linked immunosorbent assay using the Quanti-
kine assay kit (R&D Systems, Inc., MN, USA).

Statistical analysis

All values are expressed as the mean § SE. ANOVA
analysis with StatView computer software (ATMS Co.,
Tokyo, Japan) was used to compare the diVerences
between two groups. A two-sided P value less than 0.05
was considered signiWcant.

Results

Antitumor eVects of 4OHT, 5-FU and Dox

A single treatment with 4OHT (1–10 �M) dose-depen-
dently inhibited the growth of ER-�-positive ML-20 and
KPL-1 cells but not that of ER-�-negative MDA-MB-
231 cells. Only a pharmacologic dose of 10 �M 4OHT
inhibited the growth of MDA-MB-231 cells (Fig. 1).

To investigate the interaction between 4OHT and
5-FU or Dox, three breast cancer cell lines were

Fig. 4 Changes in the mRNA 
expression levels of genes re-
lated to ER signaling (a) and 
those related to TAM resis-
tance (b) after exposure to 5-
FU in KPL-1 cells. The cells 
were treated with vehicle 
(control) or 0.5 or 2.0 �M 5-
FU for 16 h. Total RNA was 
extracted from collected cells 
and applied to real-time RT-
PCR using TaqMan Low 
Density Arrays as described 
in Materials and methods. 
Relative expression ratios 
compared between treated 
and control cells were evalu-
ated as follows: over 2.0 for a 
signiWcant increase and less 
than 0.5 for a signiWcant de-
crease. No detectable expres-
sion of FGF-1, FGF-2 and 
HER2 was observed
123
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concurrently treated with 1 �M 4OHT and various
concentrations of 5-FU or Dox. Concurrent treat-
ments with 4OHT and 5-FU (0.25–1.0 �M) additively
inhibited the growth of either ML-20 cells or KPL-1
cells (Fig. 2a, b). No such interaction was observed in
MDA-MB-231 cells (Fig. 2c). Although the combina-

tion index of 5-FU (with versus without 4OHT) was
0.59 and 0.54 at 50% inhibitory concentration (IC50) in
ML-20 and KPL-1 cells, respectively, the index was
1.06 in MDA-MB-231 cells (Table 2). The antitumor
eVect of concurrent treatment with 4OHT and Dox
(0.02–5 �M) was identical to that of a single treatment

Fig. 5 Changes in the mRNA 
expression levels of genes re-
lated to ER signaling (a) and 
those related to TAM resis-
tance (b) after exposure to 
Dox in KPL-1 cells. The cells 
were treated with vehicle 
(control) or 0.5 or 1.0 �M Dox 
for 16 h. Total RNA was ex-
tracted from collected cells 
and applied to real-time RT-
PCR using TaqMan Low 
Density Arrays as described 
in Materials and methods. 
Relative expression ratios 
compared between treated 
and control cells were evalu-
ated as follows: over 2.0 for a 
signiWcant increase and less 
than 0.5 for a signiWcant de-
crease. No detectable expres-
sion of FGF-1, FGF-2 and 
HER2 was observed

Fig. 6 Changes in the mRNA expression levels of four genes
(EphA-2, ER-�, Fos and VEGF) related to TAM resistance after
exposure to Dox in KPL-1 cells. Triplicate cells were treated with
vehicle (control) or 0.5, 1.0 or 2.0 �M Dox for 16 h. Total RNA

was extracted from collected cells and applied to real-time RT-
PCR using the TaqMan Real-Time RT-PCR system as described
in Materials and methods. Values represent the means § SE.
*P < 0.05; and **P < 0.01
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with Dox in all three cell lines (Fig. 3a–c). The combi-
nation index of Dox (with versus without 4OHT) was
equal to or more than 0.90 in all three-cell lines at the
IC50 (Table 3).

Estrogen responsiveness of KPL-1 cells

To clarify the estrogen responsiveness of ER-�-posi-
tive KPL-1 breast cancer cells, changes in the expres-
sion levels of four estrogen responsive genes were
tested by real-time RT-PCR using TaqMan Low Den-
sity Arrays after exposure to 0.1 nM E2. The eVects of
concurrent E2 and 4OHT on their expression levels
were also investigated. The expression levels of all four
genes were signiWcantly increased by E2 and decreased
by 4OHT as expected (Table 4).

EVects of 5-FU and Dox on the expression levels of 
genes related to TAM sensitivity or TAM resistance

To test the hypothesis that 5-FU and Dox diVerentially
inXuence the antitumor activity of 4OHT in ER-�-pos-
itive breast cancer cells, changes in the expression lev-
els of genes related to TAM sensitivity or TAM
resistance were tested by real-time RT-PCR using Taq-
Man Low Density Arrays after exposure to 5-FU or
Dox in KPL-1 cells.

Treatment with 0.5 �M 5-FU (the concentration at
which additive antitumor activity was observed in
Fig. 2b) for 16 h did not signiWcantly change the
expression levels of six genes related to TAM sensitiv-
ity and 15 genes related to TAM resistance (Fig. 4a, b).
Although neither 0.5 �M nor 1.0 �M Dox signiWcantly
changed the expression levels of genes related to TAM
sensitivity (Fig.  5a), 1.0 �M Dox signiWcantly increased
the expression levels of 4 of 15 genes related to TAM
resistance, EphA-2, ER-�, Fos and VEGF (Fig. 5b).

To clarify the results obtained by Low Density
Arrays, the TaqMan Real-Time RT-PCR system using
triplicate samples per gene was applied to the four
genes related to TAM resistance. Treatment with Dox
(0.5–2.0 �M) for 16 h dose-dependently increased
mRNA expression levels of all four genes as expected
(Fig. 6).

To further investigate the eVects of Dox on the pro-
tein expression levels of the four genes, Western blot
analysis was performed. Although ER-�, Fos and
VEGF were undetectable by Western blotting in either
control or Dox-treated cell lysates, the protein expres-
sion of EphA-2 was signiWcantly increased by exposure
to 2.0 �M Dox for 16 h compared with the control. The
increased expression of EphA-2 was also observed 24 h
after treatment with either 1.0 or 2.0 �M Dox (Fig. 7).
In addition, changes in VEGF secretion from KPL-1
cells into medium were investigated. VEGF secretion

Fig. 7 Western blot analysis for EphA-2 in cell lysates extracted
from KPL-1 cells. The KPL-1 cells were treated with vehicle (con-
trol) or 1.0 or 2.0 �M Dox for 16 h. The cells were collected imme-
diately or 24 h after treatment

16 hours

1µM  2µM

Control       Dox

24 hours post-
16 hour treatment

1µM  2µM

Control    Dox
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Fig. 8 VEGF secretion from KPL-1 cells into culture medium.
The cells were treated with vehicle (control), 1.0 �M 5-FU, or 1.0
or 2.0 �M Dox for 16 h. VEGF content in the medium was deter-
mined by the enzyme-linked immunosorbent assay. *P < 0.05;
and ***P < 0.001
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Table 5 Changes in the expression levels of genes related to 5-
FU metabolism and Dox resistance/sensitivity after exposure to
4OHT

ND Not detectable

Category Gene Relative expression 
ratio

Control 4OHT

5-FU metabolism DPD 1 1.10
OPRT 1 0.80
TS 1 0.63

Dox resistance MDR1 ND ND
MRP 1 0.68

Dox sensitivity TOP II� 1 0.93
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was signiWcantly increased by exposure to either 1.0 or
2.0 �M Dox but not 1.0 �M 5-FU for 16 h compared
with the control (Fig. 8).

EVects of 4OHT on the expression levels of genes 
related to sensitivity and resistance to 5-FU or Dox

To test the hypothesis that 4OHT inXuences the antitu-
mor activity of 5-FU or Dox in ER-�-positive breast
cancer cells, changes in the expression levels of genes
related to 5-FU metabolism and sensitivity or resis-
tance to Dox were tested after exposure to 1.0 �M
4OHT in KPL-1 cells. Single treatment with 4OHT did
not signiWcantly change the expression levels of three
genes related to 5-FU metabolism, two genes related to
Dox resistance and one gene related to sensitivity to
Dox (Table 5).

To further investigate the eVects of 4OHT on
enzymes related to 5-FU metabolism, the changes in
enzyme activity of TS, DPD and OPRT were investi-
gated. Single treatment with 4OHT signiWcantly
decreased TS activity but not DPD and OPRT activi-
ties (Fig. 9a, b, c).

Discussion

Biological interaction between TAM and chemother-
apy has long been investigated to clarify the rationale
for their combined use in the treatment of breast can-
cer patients. There are at least two hypotheses to
explain their synergistic or antagonistic interaction.
The Wrst hypothesis in favor of antagonism is that
TAM delays G1-S cell-cycle progression associated

with a reduction in the number of proliferating tumor
cells, and this cytostatic eVect of TAM results in
reduced sensitivity to chemotherapeutic agents [5].
The second hypothesis in favor of synergism is that
TAM interacts with an eZux pump, P-glycoprotein,
inhibits its function and increases the intracellular
accumulation of chemotherapeutic agents, such as
anthracyclines, and these eVects lead to a synergistic
antitumor eVect of TAM and chemotherapeutic agents
[7]. Although these two possible action mechanisms
were successfully clariWed in diVerent laboratories,
conXicting observations on the interaction between
TAM and chemotherapeutic agents in terms of antitu-
mor activity have been reported by diVerent laborato-
ries. For example, while synergistic interaction
between 5-FU and TAM was reported by one group
[6], antagonism was observed in other laboratories [8,
9]. Similarly, interaction between TAM and Dox has
been reported to be additive or antagonistic in diVerent
laboratories [7–10]. These inconsistent Wndings provide
clinicians with no rationale to use TAM and chemo-
therapeutic agents concurrently in the treatment of
breast cancer patients.

Another weak point in the previous basic research
on the interaction between TAM and chemotherapeu-
tic agents is the lack of investigation into the eVects of
chemotherapeutic agents on TAM sensitivity. Interac-
tion should be investigated both ways; that is, the
eVects of TAM on agent sensitivity as well as eVects of
the agent on TAM sensitivity. Several cycles of intrave-
nous chemotherapy or continuous oral 5-FU derivative
may inXuence the antitumor activity of TAM.

In this study, concurrent 5-FU (0.25–1.0 �M) and
4OHT additively inhibited the growth of ER-�-positive

Fig. 9 Changes in enzyme activity of TS (a), DPD (b) and OPRT
(c) after exposure to 4OHT in KPL-1 cells. The cells were treated
with vehicle (control) or 1.0 �M 4OHT for 16 h. Enzyme activities

in crude extract from collected cells were measured as described
in Materials and methods. NS not signiWcant
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breast cancer cells but not ER-�-negative cells
(Fig. 2a–c; Table 2). In contrast, concurrent Dox (0.02–
5.0 �M) and 4OHT did not additively inhibit the
growth of either ER-�-positive or -negative breast can-
cer cells (Fig. 3a–c; Table 3). These Wndings indicate
that the interaction between TAM and 5-FU is additive
but the interaction between TAM and Dox is less than
additive in terms of antitumor activity. In addition, no
signiWcant changes in the mRNA expression levels of
tested genes related to TAM sensitivity or TAM resis-
tance were observed by treatment with 0.5 �M 5-FU, at
which an additive antitumor eVect of TAM and 5-FU
was observed (Fig. 4a, b). In contrast, 1.0 �M Dox sig-
niWcantly increased the mRNA expression levels of
four tested genes related to TAM resistance, EphA-2,
ER-�, Fos and VEGF but not those of genes related to
TAM sensitivity (Figs. 5a, b, 6). In addition, the protein
expression levels of EphA-2 and VEGF were signiW-
cantly increased by 1.0 �M and/or 2.0 �M Dox, respec-
tively (Figs. 7, 8). To the best of our knowledge, this is
the Wrst study suggesting the increased expression of
genes related to TAM resistance by Dox.

Overexpression of either EphA-2 or Fos in estro-
gen-dependent breast cancer cells has been reported to
produce an estrogen-independent phenotype [17, 23].
The expression levels of either ER-� or VEGF have
been also reported to relate inversely to the response
to endocrine therapy in breast cancer patients [18, 29].
In this study, since extensive time-course studies of
these genes, such as investigating their expression lev-
els a week after Dox exposure, were not investigated, it
should be cautiously concluded that an increase in the
expression levels of these TAM resistance genes by
Dox is sustained for a long period and leads to less than
additive interaction between TAM and Dox in terms of
antitumor activity.

The eVects of TAM on sensitivity or resistance to
5-FU and Dox were also investigated in this study. In
the real-time RT-PCR system, no signiWcant change in
the expression levels of genes related to 5-FU metabo-
lism and resistance or sensitivity to Dox was observed
after treatment with 4OHT (Table 5); however, TS
activity was signiWcantly decreased by 4OHT (Fig. 9a).
It has been reported that TS activity inversely relates
to 5-FU sensitivity [33]. Decreased TS activity by
4OHT might be responsible for the additive interaction
of TAM and 5-FU in terms of antitumor activity. On
the other hand, it has been reported that multi-drug
resistance molecules, MDR-1 and MRP, interact with
4OHT, which reduces their function through protein–
protein interaction [7, 34]. Changes in the expression
levels of multi-drug resistance molecules may not
directly inXuence Dox sensitivity.

Recent clinical evidence has indicated that concur-
rent TAM and anthracycline-based chemotherapy is
inferior to their sequential use [1, 2] and that concur-
rent TAM and an oral 5-FU derivative, UFT, is supe-
rior to each respective agent alone in the adjuvant
setting for patients with ER-positive breast cancer [3].
Interestingly, the results of this study strongly support
such clinical evidence and provide a preclinical ratio-
nale for concurrent use with 5-FU and TAM. However,
interaction between two diVerent agents in a patient’s
body is complicated, and it is very diYcult to evaluate
interaction among TAM and multiple chemotherapeu-
tic agents in a combined chemotherapy. Further basic
research is clearly needed to identify the most eVective
sequence of endocrine therapy and chemotherapy in
the treatment of breast cancer patients.
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