e
3 Doxorubicin

e Tiown + Fal
i Done + TAM
ot D @ AQFTAM

09 Fa

=i Ppll + Fult
| - Pacl *TAM
T e Patll ¢ SORTAR

pg Fa

P ]
i Docs + TAM
g uce + AR
a . "
0.t 8.3 9.5 of 09 Fa
o3
[ Vinorel bin
oo 10 4
. ) [ e B0 ¢ TAY
e S =t Vi ST T
uy Fa
ped |
3

S-fluprouracit

Table 2. Combination index (Cl) values of chemotherapeutic agents
and hormone drugs in two breast cancer cell lines

Cl values at
EDso ED7s
(average = SD) (average = SD) r
MCF-7 cells
Doxorubicin
Fulvestrant 0.71 (0.22) 0.66 (0.20) 0.99
Tamoxifen 1.60 (0.06) 1.26 (0.20) 0.97
4-Hydroxytamoxifen 1.01 (0.16) 0.77 (0.13) 0.97
Paclitaxel
Fulvestrant 0.55 (0.28) 0.66 (0.12) 0.97
Tamoxifen 1.38 (0.26) 1.00 (0.28) 0.97
4-Hydroxytamoxifen 0.72 (0.12) 0.62 (0.08) 0.97
Docetaxel
Fulvestrant 0.59 (0.17) 0.53(0.14) 0.98
Tamoxifen 1.35(0.11) 0.91 (0.16) 0.97
4-Hydroxytamoxifen 0.65 (0.02) 0.55 (0.03) 0.97
Vinorelbin
Fulvestrant 0.66 (0.13) 0.38 (0.07) 0.98
Tamoxifen 1.22 (0.23) 2.36 (1.21) 0.97
4-Hydroxytamoxifen 0.40 (0.15) 0.51 (0.22) 0.98
5-Fluorouracil
Fulvestrant 0.57 (0.07) 0.71 (0.25) 0.98
Tamoxifen 1.59 (0.23) 1.44 (0.29) 0.99
4-Hydroxytamoxifen 1.58 (0.12) 1.12 (0.09) 0.98
ZR75-1 cells
Doxorubicin
Fulvestrant 0.66 (0.16) 0.70 (0.66) 0.98
Tamoxifen 1.72 (0.39) 1.19 (0.22) 0.98
4-Hydroxytamoxifen 1.41 (0.11) 1.15 (0.17) 0.99
Paclitaxel
Fulvestrant 0.45 (0.22) 0.56 (0.32) 0.97
Tamoxifen 1.42 (0.35) 1.04 (0.09) 0.98
4-Hydroxytamoxifen 0.92 (0.04) 0.95 (0.10) 0.97
Docetaxel
Fulvestrant 0.53 (0.31) 0.60 (0.20) 0.98
Tamoxifen 1.33(0.37) 1.11 (0.27) 0.97
4-Hydroxytamoxifen 1.09 (0.12) 1.04 (0.07) 0.97
Vinorelbin
Fulvestrant 0.46 (0.04) 0.56 (0.09) 0.99
Tamoxifen 1.30 (0.25) 1.48 (0.38) 0.98
4-Hydroxytamoxifen 0.68 (0.12) 0.82 (0.12) 0.97
5-Fluorouracil
Fulvestrant 0.74 (0.04) 0.71 (0.09) 0.98
Tamoxifen 1.82 (0.69) 1.45 (0.29) 0.99
4-Hydroxytamoxifen 1.05 (0.11) 0.86 (0.08) 0.98
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Fig. 1. Effects of combination treatment with chemotherapeutic
agents and hormone drugs in breast cancer. Fulvestrant (Ful) showed
a synergistic effect with all five chemotherapeutic agents (doxorubicin
[Doxo], paclitaxel [Pacli], docetaxel [Doce], vinorelbine [Vino], and 5-
fluorouracil [5-FU]) regardless of the fulvestrant dose. Tamoxifen
(TAM) had an antagonistic effect with all chemotherapeutic agents. 4-
Hydroxytamoxifen (4-OH-TAM) showed an antagonistic effect with
doxorubicin and 5-fluorouracil, but a synergistic effect with taxanes
and vinorelbine. The antagonistic effects of 4-hydroxytamoxifen with
doxorubicin and 5-fluorouracil were weaker than those of tamoxifen.
Data are shown for MCF-7 cells. CI, combination index; Fa, fraction
affected.

2040

The values are the average of four independent experiments, with the
SD given in parentheses. Fulvestrant showed a synergistic effect with
all five chemotherapeutic agents regardiess of the fulvestrant dose.
Tamoxifen showed an antagonistic effect with all the
chemotherapeutic agents. 4-Hydroxytamoxifen showed an
antagonistic effect with doxorubicin and 5-fluorouracil, and a
synergistic effect with taxanes and vinorelbine. These trends were
found in both cell lines. r, linear correlation coefficient of the
median-effect plot.

by fulvestrant. The MRPI1 level was increased in a serum-free
medium compared with control, decreased by 17-f estra-
diol, and increased by fulvestrant (Fig. 2A). Tamoxifen and
4-hydroxytamoxifen both increased MAPT and Bcl2 levels
and decreased the MRP1 level (Fig. 2B). These results indicated
that the chemoresistant factors Bcl2, MRP1, and MAPT were
influenced by ER and modulated by hormone drugs. The effects
of fulvestrant on these factors were opposite to those of 17-B

doi: 10.1111/1.1349-7006.2011.02050.x
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Fig. 2. Influence of hormone drugs on expression of chemoresistant

factors in breast cancer. (A) Cells were seeded in a serum-free medium
and incubated for 24 h, then cultivated in a medium containing 17-B
estradiol (E; 1.0 nM) alone, fulvestrant (Ful; 100 nM) alone, or a
combination of the two for 72 h, then harvested for Western blot
analysis. The levels of microtubule-associated protein tau (MAPT) and
Bcl2 were increased by 17-f estradiol and decreased by fulvestrant.
The multidrug resistance-associated protein 1 (MRP1) level was
increased in serum-free medium compared with control, decreased by
17-B estradiol, and increased by fulvestrant. (B) Cells initially treated
as above were cultivated in a medium containing tamoxifen (TAM;
100 or 500 nM) or 4-hydroxytamoxifen (4-OH-T; 100 or 500 nM) for
72 h, then harvested for Western blot analysis. The levels of MAPT
and Bcl2 were increased and the level of MRP1 was decreased by both
tamoxifen and 4-hydroxytamoxifen.

estradiol, and also differed from the effects of tamoxifen and
4-hydroxytamoxifen. The estrogen-like agonist activity of
4-hydroxytamoxifen was similar to that of its parent drug.
Combination effects of fulvestrant and chemotherapeutic
agents in vivo. To examine the compatibility of fulvestrant with
chemotherapeutic agents, combination effects with docetaxel
and doxorubicin were examined in vivo. With docetaxel, mice
were randomized into four groups that received: no treatment
(control group, n = 8); docetaxel given i.p. (20 mg/kg; n = 10)
on days 1 and 8; fulvestrant given s.c. (5 mg/body; n = 10) on
days 1 and 8; and docetaxel and fulvestrant (20 and 5 mg/body;
n = 10) on days 1 and 8. For doxorubicin, the mice were also
randomized into a non-treatment control group (n = 8) and
groups given doxorubicin i.p. (2 mg/kg; n = 10) on days 1, 8,
and 15; fulvestrant s.c. (5 mg/body; n = 10) on days 1, 8, and
15; and a combination of docetaxel and fulvestrant (20 and
5 mg/body; n = 10) on days 1, 8, and 15. Combination treat-
ment with docetaxel and fulvestrant had a synergistic effect on

tkeda et al.
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Fig. 3. Combination effect of fulvestrant and docetaxel in vivo.
Xenografts were created using MCF-7 cells transplanted into BALB/c
nu/nu mice. Tumor sizes were evaluated after the mice were treated
with the chemotherapeutic agent (docetaxel [Doce] or doxorubicin
[Doxo]) alone, fulvestrant (Ful) alone, or combinations of a
chemotherapeutic agent and fulvestrant. (A) Combination treatment
with docetaxel and fulvestrant had a synergistic effect on tumor
growth. Tumor growth was significantly inhibited compared with
docetaxel alone (P =0.0017, Student’s t-test) and fulvestrant alone
(P =0.021). (B) Tumor growth was also significantly inhibited by
combination treatment with doxorubicin and fulvestrant compared
with doxorubicin alone (P = 0.0396, t-test), but there was no significant
difference in tumor size between the combination treatment and
fulvestrant alone (P = 0.9385). Thus, combination treatment with
doxorubicin and fulvestrant did not show a synergistic effect.

tumor growth. Tumor growth was significantly inhibited by
combination treatment with docetaxel and fulvestrant compared
with docetaxel alone (P = 0.0017, Student’s r-test) and fulve-
strant alone (P = 0.021). Tumor growth was also significantly
inhibited by combination treatment with doxorubicin and fulve-
strant compared with doxorubicin alone (P = 0.0396, r-test), but
there was no significant difference in tumor size between combi-
nation treatment and fulvestrant alone (P = 0.9385). Thus, com-
bination treatment with doxorubicin and fulvestrant did not
show a synergistic effect (Fig. 3).

Discussion

The results of this study indicate that combination chemother-
apy and endocrine therapy may offer a new approach to treat-
ment of ER-positive breast cancer. Good compatibility of
fulvestrant with chemotherapeutic agents in vitro and in vivo
was shown, and the marked utility of combination treatment
with docetaxel and fulvestrant in vivo may have an impact on
current ideas on combination chemotherapy and endocrine ther-
apy. These ideas are based on data showing that tamoxifen has
an antago‘)nistic effect when given with chemotherapeutic
agents."'7? In a previous study, we reported that a combina-
tion of a taxane and tamoxifen had an antagonistic effect that
was partly caused by the estrogen-like agonist activity of tamox-
ifen."'" In contrast, fulvestrant showed a synergistic effect with

Cancer Sci | November 2091 | vol. 102 | no. 11 | 2041
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all five chemotherapeutic agents used in the current study. This
may partly be due to fulvestrant downregulating ER and the
chemoresistant factors modulated by ER, thereby enhancing the
effect of chemotherapy.(“’23'25) Therefore, modern hormonal
drugs can have different effects to those of tamoxifen and may
show different activities in combination with chemotherapy.
The results of this study clearly show that fulvestrant is superior
to tamoxifen and 4-hydroxytamoxifen in combination with
chemotherapeutic agents.

Tamoxifen is metabolized in vivo and the parent molecule
and its metabolites have different effects on ER. Therefore, we
examined the effects of tamoxifen and those of a metabolite (4-
hydroxytamoxifen) in combination with chemotherapeutic
agents to evaluate the effects of combination therapy of tamoxi-
fen and chemotherapeutic agents under conditions closer to the
clinical situation. Tamoxifen and 4-hydroxytamoxifen also
showed some interesting differences. 4-Hydroxytamoxifen had
antagonistic effects with doxorubicin and 5-fluorouracil, but
these were weaker than those of tamoxifen. With other chemo-
therapeutic agents, 4-hydroxytamoxifen had synergistic effects,
while tamoxifen showed antagonistic effects. However, the rea-
sons for the different effects of the two agents in combination
with anticancer drugs were not examined in this study.

Overall, our results show the superiority of fulvestrant in
combination with chemotherapeutic agents, and the relative
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uncertainty of using tamoxifen in this manner. A combination of
fulvestrant and chemotherapy (especially with taxanes) could be
worth examining for ER-positive breast cancer, which shows
low sensitivity to current chemotherapy. Such combination ther-
apy may be effective for further improvement of the prognosis
of patients with this form of breast cancer.

In conclusion, tamoxifen and its active metabolite (4-hy-
droxytamoxifen) had different effects on breast cancer cell lines
in combination with chemotherapeutic agents. Fulvestrant
downregulated the ER, reduced the levels of ER-regulated
chemoresistant factors such as Bcl2 and MAPT, and had good
compatibility with all evaluated chemotherapeutic agents
in vitro and in vivo. These results suggest that a combination of
fulvestrant and chemotherapy could be effective for treatment of
ER-positive breast cancers.
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Clinical Efficacy of Capecitabine and Cyclophosphamide (XC)
in Patients with Metastatic Breast Cancer
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Combined low-dose therapy of oral capecitabine (Xeloda) and cyclophosphamide (XC) has been demon-
strated to be useful for long-term control of lesions in patients with metastatic breast cancer (MBC)
and is aimed at symptomatic alleviation and prolongation of survival. Here, a retrospective review
was conducted of MBC patients administered XC at the Okayama University Hospital (OUH), to
evaluate responses to XC, adverse events and time to progression (I'TP). Twenty patients with MBC
received XC between 2006 and 2009. With the exception of 2 elderly patients who were over the age of
70 at the initial examination, all of the patients had received prior treatment with an anthracycline
and/or a taxane. No complete response (CR) cases were observed, but partial response (PR) was
achieved in 6 patients (30%) and SD in 9 (45%), of whom 5 (20%) sustained SD status for >12 months.
The median TTP was 6 months (range: 3-27 mo.). Three patients developed Grade 3 adverse events
(diarrhea, nausea and stomatitis), but no other patients developed adverse reactions causing interrup-
tion of the therapy. XC was safe even in previously treated and elderly MBC patients; moreover, it
yielded remarkable clinical responses.

Key words: metastatic breast cancer, metronomic, chemotherapy

W ith advances in the development of new drugs in
recent years, an expanded repertoire of phar-
macotherapeutic strategies has become available for
breast cancer. As molecular-targeting drugs become
more widespread, pharmacotherapy has become
increasingly more effective but also more complex.
The selection of drugs must be based on results of
individual drug sensitivity assessments. In the case of
breast cancer treatment, in particular, the most suit-
able therapeutic regimens should be selected not only
based on assessment of the indication for hormone
therapy or for the molecular-targeting drug trastu-
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zumab by determining the estrogen receptor (ER) and
HERZ2 expression status, but also by taking into
account the tumor characteristics, such as the malig-
nancy grade, extent of lymph node metastasis, and
sites of distant metastasis through translational
research which has been applied extensively in recent
years. Risk factors such as adverse reactions, cost,
and the social environment of the patients are also of
importance in this determination. In particular, treat-
ment for recurrent carcinoma of the breast is still
aimed primarily at prolongation of survival and alle-
viation of symptoms rather than at cure of the malig-
nancy, so that the weight of each of these factors
diverges widely from that during the consideration of
adjuvant chemotherapy, which is aimed at cure. It
sum, theoretical and clinical evidence-based evaluation
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of the risk versus benefit of various therapeutic strate-
gies on a patient-by-patient basis has been increasingly
expected in recent years.

Patients with recurrent breast cancer present with
diverse symptoms depending on the site(s) of the meta-
static lesions and exhibit anxiety about exacerbation
of the condition. Many are elderly and inevitably
require familial support. Drugs that can be used
safely and effectively for prolonged periods of time in
such patients are still very few.

This study was undertaken as a retrospective
evaluation of the clinical efficacy of and adverse reac-
tions to XC therapy, one of the treatment options
employed for recurrent breast cancer, consisting of
capecitabine (Xeloda, X) and cyclophosphamide (C),
both available in oral formulations.

Patients and Methods

Patients. A retrospective analysis was per-
formed of patients with MBC who received combined
capecitabine and cyclophosphamide therapy (XC)
between December 2004 and March 2009 at Okayama
University Hospital (OUH). The patient population
was identified from a database at the Division of
Breast and Endocrine surgery. They were followed up
until death or, if still alive, until their last visit up to
March 2009. .

Baseline evaluation included clinical examination,
chest X-ray, CT, nuclear bone scan, and biochemical
and hematological tests. The complete blood count and
biochemical tests were repeated every 21 days. The
best response in each patient was assessed according
to the WHO criteria. Complete response (CR) was
defined as disappearance of all clinical and radio-
graphic evidence of the tumor as assessed on two
occasions at least 4 weeks apart. Partial response
(PR) was defined as a 30% or greater decrease in the
sum of the maximum perpendicular diameters of mea-
surable lesions. Stable disease (SD) was defined as a
less than 30% decrease but greater than 25%
increase in the sum of the bi-perpendicular diameters
of measurable lesions and the absence of the appear-
ance of new lesions; these conditions had to be main-
tained for at least 12 weeks to be labeled as SD, and
SD maintained for over 40 weeks was defined as pro-
longed SD. Progressive disease (PD) was defined as
a greater than 25% increase in the sum of bi-perpen-

Acta Med. Okayama Vol. 65, No. 4

dicular diameters of measurable lesions, or the
appearance of new lesions. The clinical benefit rate
was defined as the proportion of patients in whom a
CR, PR or prolonged SD was achieved. The National
Cancer Institute common terminology criteria for
adverse events (CTCAE) version 2.0 [1] were adopted
to determine the toxicity of the treatment.

FEvaluation of pathological factors.  Surgical
specimens were sectioned at 7-10mm for evaluation of
the pathological response by pathologists. Expression
levels of ER (1D5, Dako Cytomation, Glostrup,
Denmark), PgR (1A6, Novocastra), and HER2
(HercepTest®, Dako Cytomation) were examined by
immunohistological staining. The ER and PgR status
was labeled as positive when greater than 10% of the
cancer cell nuclei exhibited positive staining, regard-
less of the staining intensity. HERZ expression was
scored as follows: (0), no positive cell staining; (1+),
slightly positive in more than 10% of the cancer
cells; (2+), moderately positive in more than 10% of
the cancer cells; and (3+), markedly positive in more
than 10% of the cancer cells. Immunochistochemistry
(IHC) scores of (2+) or (3+) were defined as HER2-
positive.

Treatment. Capecitabine (1,600 or 2,400mg/
day) and cyclophosphamide (100mg/day) (XC) were
administered orally twice daily for 2 weeks, followed
by a week of treatment cessation. Treatment was
continued until disease progression, appearance of
unacceptable adverse events or withdrawal of the
patient’s consent. In the case of Grade 2 or worse
toxicity, XC administration was interrupted and
resumed only after the toxicity had resolved entirely
or improved to Grade 1.

The time to progression (TTP) was calculated from
the day of commencement of XC administration until
the day of documented progression. Overall survival
(OS) was calculated from the start date of XC therapy
to the date of death from any cause. TTP and OS
were analyzed according to Kaplan-Meier estimates.

Results

Twenty MBC patients received XC therapy
between December 2004 and March 2009 at OUH.
Three of these patients were still receiving XC at the
last follow-up. Table 1 shows the patient characteris-
tics. The median age was 56 (29-83) years. The
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Eastern Cooperative Oncology Group (ECOG) perfor-
mance status of the patients was <2 in all patients.
The site of metastatic disease was the bone and/or
soft tissue in 5 patients (25%) and a visceral site(s)
(lung, liver, brain and pleura) in 15 patients (75%).
Table 2 shows the chemotherapy regimens that the
patients had received prior to the XC therapy. The
median number of chemotherapy regimens used before
the XC regimen was 2 (0-5). All except 2 patients
who were older than 70 years old had received an
anthracycline and/or a taxane. Three patients (15%)
had received vinorelbine and 5 (25%) had received a
5FU derivative prior to the XC therapy. Prior oral
formulations received included CMF (2 patients),
capecitabine alone (2 patients) and S-1 (1 patient).
Eleven (55%) patients were ER-positive and had
received hormone therapy prior to the XC treatment.
Three patients (15%) with HER2-positive disease had
received trastuzumab in combination with a taxane or

Table 1 Patient characteristics

No. of patients % of patients

(n=20)
Median age (years; range) 56 (29-83)
Metastatic site(s) involved
Bone/soft tissue 5 25
Visceral 15 30
Histology
Invasive ductal carcinoma 19 95
Invasive lobular carcinoma 1 5
Estrogen receptor status
Positive 11 55
Negative 9 45
HER2/neu status
Positive 5 25
Negative 15 75
Table 2  Prior chemotherapy

No. of patients

Prior chemotherapy % of patients

(n=20)

No. of regimens used

0/1/2/3/4/5 2/5/7/3/2/1

Median 2 (0-5)
Anthracycline 16 80
Taxane 14 70
Vinorelbine 3 15
Capecitabine 2 10
S-1 1 5
Trastuzumab 3 15

Ciinical Efficacy of XC in Metastatic Breast Cancer 233

vinorelbine before the XC treatment, and 2 had
received XC with trastuzumab.

The response rate (RR) was 30%, with none of the
patients showing clinically complete response (CR) and
30% (6/20) showing PR. Nine patients (45%)
showed SD, and prolonged SD with continued XC
administration for more than 12 months was observed
in 4 (20%) patients (Table 3). The overall clinical
benefit rate (CR, PR and prolonged SD) was 50%
(10/20). Six out of the 10 patients with clinical ben-
efit had visceral involvement (liver, 4; lung, 2), and
75% (3/4) of the patients who showed prolonged SD
had bone metastasis only. Six out of the 10 patients
were ER-positive and one was HER2-positive. Four
of the patients had triple-negative breast -cancer,
being negative for ER, PgR and HER2, and the
response rate to XC in these patients was relatively
high (PR 2, prolonged SD 1 and SD 1). Two of the
patients who had received capecitabine alone before
the XC treatment showed SD. The median TTP was
6 months (range, 1-27 months; Fig. 1). The median
OS from the start of treatment for the metastases
was 38 months (range, 9-86 months), and 6 patients
(30%) were still alive at the last follow-up.

Overall, the XC regimen was relatively well-toler-
ated. Table 4 shows the adverse events that were
encountered in the patients treated with XC. Grade 3
toxicities were observed in 3 patients (diarrhea,
2; nausea, 1; stomatitis, 1). There was no case of
hand-foot syndrome or febrile neutropenia, and none
of the XC-related adverse events were fatal. The
most frequent reason for treatment discontinuation
was disease progression (14 patients, 82%). The XC
treatment was discontinued and other chemotherapy
started in the 3 patients who showed Grade 3 adverse
events. One of the 2 relatively older patients (73 and

Table 3 Response rate

No. of patients

Response (n = 20) % of patients
CR 0 0
PR 6 30
SD 9 45
Prolonged SD (> 12 months) 4 20
PD 5 25

CR, complete response; PR, stable

disease; PD, progressive disease.

partial response; SD,
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Fig. 1 Time to progression curve of metastatic breast cancer
patients treated with Capecitabine and Cyclophosphamide (XC).

Table 4  XC-treatment-related adverse events

event Grade 1/2 (%) Grade 3 (%)
Diarrhea 0 1(5)
Anorexia 1(5) 0
Nausea/vomiting 0 2 (10)
Stomatitis 0 1(5)
Generalized fatigue 1(5) 0
Hand-foot syndrome 0 0

83 y.0.) who were administered XC as first-line che-
motherapy showed PR and the other showed prolonged
SD without the development of adverse events.

Discussion

Following its administration, capecitabine (X) is
converted to its active form 5-FU by thymidine phos-
phorylase (TP), which occurs at high levels in tumor
tissues, to exert its antitumor effect [2]. Disease
control with X treatment alone has been reportedly
achieved in 57-63% of patients with anthracycline-
and taxane-refractory, recurrent breast cancer, with
a median survival time of about 1 year [3-5]. The
higher the level of TP activity in the tumor tissues,
the greater the clinical benefit obtained with X ther-
apy [6]; concomitant use of a drug(s) enhancing the
TP activity in the tumor tissues may augment the
therapeutic effect of this drug. It has been reported
that besides paclitaxel, docetaxel and mitomycin C

Acta Med. Okayama Vol. 65, No. 4

administration, cyclophosphamide administration is
also associated with elevation of the intratumoral TP
activity [7-10]. Several clinical trials of combined
therapy with capecitabine and paclitaxel or docetaxel
have been conducted, with good results, demonstrat-
ing the superiority of the combined therapeutic regi-
mens [3, 4, 11-14]. In particular, a study designed
to compare the results of treatment with X + doc-
etaxel and docetaxel alone in patients with recurrent
breast cancer previously treated with anthracyclines
showed that the combined regimen was significantly
superior in terms of the response rate and response
duration, as well as the survival time [11]. Several
clinical studies have been published on the usefulness
of combined treatment with molecular-targeting thera-
peutic agents. Use of these drugs in the treatment of
recurrent breast cancer, however, is still controver-
sial, because of the significant adverse reactions and
unusually high prices of these drugs, the as-yet insuf-
ficient assessment of the therapeutic responses, and
the fact that the patient's disease status, social back-
ground, efc., must be taken into account when pre-
scribing them.

As for the adverse reactions to X, symptoms
related to the gastrointestinal system and myelosup-
pression are relatively mild, while hand-foot syndrome
has been reported to occur at a high frequency. In the
present case series, none of the patients developed
hand-foot syndrome. Myelosuppression may occur also
as an adverse reaction to C but there was no patient
in the present case series with febrile neutropenia or
bone marrow suppression necessitating treatment
discontinuation. In 3 patients (15%), adverse reac-
tions necessitated discontinuation of treatment and a
switch to other therapeutic regimens; in all 3 patients,
the adverse reaction pertained to the gastrointestinal
system. Measures to prevent these gastrointestinal
reactions should be taken from the outset. In the
present case series, with the patient age reaching up
to 83 years, XC therapy proved to be safe, raising no
concerns in terms of adverse reactions. Thus, XC
therapy is a remarkably well tolerated and safe treat-
ment. Furthermore, it is considered that XC therapy
may be safely and effectively employed for the treat-
ment of breast cancer in elderly subjects for whom a
definitive treatment policy is yet to be established.

The advantage of orally available medications lies
first in their milder adverse reactions and greater
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patient compliance, which allow a good QOL to be
maintained. As the aims of treatment in patients with
recurrent breast cancer are prolongation of survival
and alleviation of symptoms, combinations of drugs
must be carefully chosen for a therapeutic strategy for
maintaining patient QOL. Currently, treatment with
capecitabine alone is undertaken in a number of
patients with recurrent breast cancer, and this ther-
apy is generally thought to be beneficial for mainte-
nance of a good QOL. The XC therapy in the present
series consisted of X in combination with a low dose
of C. According to a report by Harvey V et al, XC
therapy was superior by 12.6% in terms of the clinical
response to treatment with capecitabine alone [15]. In
regard to adverse reactions, neutropenia associated
with C was noted in the XC therapy group; however,
there were no other significant intergroup differences.
There has been no large-scale prospective study pub-
lished to date, so that further investigation is war-
ranted to clarify any differences in survival [7-8,
16]. In the present case series also, partial response
were obtained in 30% of all the patients, including
patients with a history of prior treatment.
Furthermore, for the first time, it has been docu-
mented that 20% of the patients showed a prolonged
duration of SD that was sustained for =1 year. These
responses seem to be largely attributable to the met-
ronomic therapeutic effect obtained with the use of the
combined XC regimen [2, 7]. XC therapy, when
viewed from these viewpoints, may yield responses as
satisfactory as those of hormonal therapy, with a
long-sustained QOL,; therefore, its institution from an
early stage of treatment is expected to be of signifi-
cance especially in patients with breast cancer not
showing adequate response to hormonal therapy.

In recent years, the development of an effective
therapeutic strategy for dealing with basal-like carci-
noma of the breast, which is recognized as a highly
malignant type with an unfavorable prognosis, has
drawn increasing attention [17]. This type of breast
cancer has been shown to involve mutations of BRCA-
1, so that genetic instability is likely implicated in its
pathogenesis. Further, it has been documented as
being refractory to currently available drugs, and no
standard treatment has been established yet. There is
the possibility, however, that alkylating agents such
as C, which directly act upon DNA strands to cause
inter-strand linking, may prove effective against it.
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Therefore, orally available C preparations are cur-
rently the focus of attention for the treatment of these
breast tumors, and results of relevant studies are
eagerly awaited. The present study data suggest the
potential usefulness of XC therapy in the treatment of
triple-negative breast carcinomas, in that the therapy
yielded PR in 50% of the patients with triple-negative
breast carcinoma, albeit there were only 4 such
patients. However, there is no established therapeutic
strategy using these drugs for the treatment of early
drug-resistant triple-negative breast carcinomas.
These treatment regimens continue to be instituted
only after the standard use of anthracyclines and tax-
anes, as is the case with other types of breast cancer.
Further investigations are needed to select the most
effective treatment method with prior scrutiny of the
tumor susceptibility to drugs. It seems very likely that
XC therapy would serve as an important treatment
alternative under these circumstances.

The therapeutic concept of inhibition of tumor
growth by inhibiting peritumoral neomicrovasculariza-
tion to produce a resting state of neoplastic growth is
referred to as metronomic chemotherapy [18].
Laboratory studies have demonstrated the anti-
neoangiogenic and antitumor effects of long-term
administration of C at low doses [19]. This concept
has been clinically applied, and reports have been
appearing in the literature, including one study in
which low-dose C was used concomitantly with hor-
monal therapy [20] and more recently, trials of
combined treatment with molecular-targeting drugs
that inhibit neovascularization, with the expectation
of antiangiogenic effects [21-22]. There has been a
growing trend of devising therapeutic strategies based
on the same concept for other solid tumors as well as
breast cancer [23]. The XC therapy reported herein
also represents a regimen for metronomic chemother-
apy aimed at long-sustained inhibition of tumor growth
via combined use of low-dose C and X, which enhances
the effect of the former. These therapeutic regimens
may be said to be useful inasmuch as an anti-neoangio-
genic effect can be expected from both regimens; in
addition, as both drugs are available for oral adminis-
tration, long-term safe use with well-maintained com-
pliance is more likely. In the present study, the inci-
dence of adverse reactions was remarkably low; as
expected, the therapeutic regimen was well-tolerated
even in elderly patients over the age of 70 years, with
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remarkable drug effects. In particular, the prolonged
duration of SD of =1 year observed in 20% of the
treated patients may be said to exemplify the concept
of metronomic chemotherapy. Future incorporation of
‘newer molecular-targeting therapeutic agents, besides
expanding the available spectrum of therapeutic
options, will undoubtedly allow more effective therapy
to be individualized according to the patient’'s back-
ground characteristics, taking into account the biology
of the breast cancer. Research to elucidate the biol-
ogy of breast cancer and the accumulation of pertinent
cases and prospective studies are necessary in the
future.

References

1. Program NCICTE: Common toxicity Criteria, version 2.0. (April
30, 1999).

2. Miwa M, Ura M, Nishida M, Sawada N, Ishikawa T, Mori K,
Shimma N, Umeda | and Ishitsuka H: Design of a novel oral fluo-
ropyrimidine carbamate, capecitabine, which generates 5-fluorou-
racil selectively in tumours by enzymes concentrated in human
liver and cancer tissue. Eur J Cancer (1998) 34: 1274-1281.

3. BlumJL, Dees EC, Vukelia SJ, Amare M, Gill DP, McMahon RT,
llegbodu D, Asmar L and O'Shaughnessy JA: Phase Il trial of
capecitabine and weekly paclitaxel in patients with metastatic
breast cancer previously treated with every-3-week taxane therapy.
Clin Breast Cancer (2007) 7: 465-470.

4, Reichardt P, Von Minckwitz G, Thuss-Patience PC, Jonat W,
Kolbl H, Janicke F, Kieback DG, Kuhn W, Schindler AE,
Mohrmann S, Kaufmann M and Luck HJ: Multicenter phase i
study of oral capecitabine (Xeloda(")) in patients with metastatic
breast cancer relapsing after treatment with a taxane-containing
therapy. Ann Onco! (2003) 14: 1227-1233.

5. Fumoleau P, Largillier R, Clippe C, Dieras V, Orfeuvre H,
Lesimple T, Culine S, Audhuy B, Serin D, Cure H, Vuillemin E,
Morere JF, Montestruc F, Mouri Z and Namer M: Multicentre,
phase Il study evaluating capecitabine monotherapy in patients
with anthracycline- and taxane-pretreated metastatic breast cancer.
Eur J Cancer (2004) 40: 536-542.

6. Yamamoto Y, Toi M and Tominaga T: Prediction of the effect of &'
-deoxy-5-fluorouridine by the status of angiogenic enzyme thymi-
dine phosphorylase expression in recurrent breast cancer patients.
Oncology Reports (1996) 3: 863-865.

7. Yoshimoto M, Tada K, Tokudome N, Kutomi G, Tanabe M, Goto T,
Nishimura S, Makita M and Kasumi F: The potential for oral com-
bination chemotherapy of 5'-deoxy-5-fluorouridine, a 5-FU prodrug,
and cyclophosphamide for metastatic breast cancer. Br J Cancer
(2003) 89: 1627-1632.

8. Saji S, Toi M, Morita S, lwata H, lto Y, Ohno S, Kobayashi T,
Hozumi Y and Sakamoto J: Dose-finding phase | and pharmacoki-
netic study of capecitabine (xeloda) in combination with epirubicin
and cyclophosphamide (CEX) in patients with inoperable or meta-
static breast cancer. Oncology-Basel (2007) 72: 330-337.

9. Endo M, Shinbori N, Fukase Y, Sawada N, Ishikawa T, Ishitsuka
H and Tanaka Y: Induction of thymidine phosphorylase expression
and enhancement of efficacy of capecitabine or 5-deoxy-5-fluorou-

— 306 —

16.

17.

18.

19.

20.

21.

22.

Acta Med. Okayama Vol. 65, No. 4

ridine by cyclophosphamide in mammary tumor models. Intema-
tional Journal of Cancer (1999) 83: 127-134.

Sawada N, Ishikawa T, Fukase Y, Nishida M, Yoshikubo T and
Ishitstka H: Induction of thymidine phosphorylase activity and
enhancement of capecitabine efficacy by taxol/taxotere in human
cancer xenografts. Clin Cancer Res (1998) 4: 1013-1019.
0O'Shaughnessy J, Miles D, Vukelja S, Moiseyenko V, Ayoub JP,
Cervantes G, Fumoleau P, Jones S, Lui WY, Mauriac L, Twelves
C, Van Hazel G, Verma S and Leonard R: Superior survival with
capecitabine plus docetaxel combination therapy in anthracycline-
pretreated patients with advanced breast cancer: Phase il trial
results. J Clin Oncol (2002) 20: 2812-2823.

Chan S, Romieu G, Huober J, Tubiana-Hulin M, Schneeweiss A,
Lluch A, Llombart A, du Bois A, Carrasco E, Thareau VA and
Fumoleau P: Phase Il study of gemcitabine plus docetaxel versus
capecitabine plus docetaxe! for anthracycline-pretreated metastatic
breast cancer patients. J Clin Oncol (2009) 27: 1753-1760.
Gradishar WJ, Meza LA, Amin B, Samid D, Hill T, Chen YM,
Lower EE and Marcom PK: Capecitabine plus paclitaxel as front-
line combination therapy for metastatic breast cancer: A multi-
center phase !l study. J Clin Oncol (2004) 22: 2321-2327.

Batista N, Perez-Manga G, Constenla M, Ruiz A, Carabantes F,
Castellanos J, Baron MG, Villman K, Soderberg M, Ahlgren J,
Casinello J, Regueiro P and Murias A: Phase Il study of capecit-
abine in combination with paclitaxel in patients with anthracycline-
pretreated advanced/metastatic breast cancer. Brit J Cancer
(2004) 90: 1740-1746.

Harvey VJ, Shamples K, lIsaacs R, Jameson MB, Jeffery M,
McLaren B, Pollald S, Riley G, Simpson A, Findeay MP: A ran-
domized phase Il study comparing capecitabine (C) with C plus
oral cyclophosphamide (CCy) in patients (pts) with advanced
breast cancer (BC). J Clin Oncol (2008) 26 (Suppl.).

Ohno S, Mitsuyama S, Tamura K, Nishimura R, Tanaka M,
Hamada Y, Kuroki S and Grp KBCS: Dosage of capecitabine and
cyclophosphamide combination therapy in patients with metastatic
breast cancer. Anticancer Res (2007) 27: 1009-1013.

Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees
CA, Pollack JR, Ross DT, Johnsen H, Akslen LA, Fluge O,
Pergamenschikov A, Williams C, Zhu SX, Lonning PE, Borresen-
Dale AL, Brown PO and Botstein D: Molecular portraits of human
breast tumours. Nature (2000) 406: 747-752.

Cleator S, Heller W and Coombes RC: Triple-negative breast
cancer: therapeutic options. Lancet Oncol (2007) 8: 235-244.
Munoz R, Shaked Y, Bertolini F, Emmenegger U, Man S and
Kerbel RS: Anti-angiogenic treatment of breast cancer using met-
ronomic low-dose chemotherapy. Breast (2005) 14: 466-479.
Bottini A, Generali D, Brizzi MP, Fox SB, Bersiga A, Bonardi S,
Allevi G, Aguggini S, Bodini G, Milani M, Dionisio R, Bemardi C,
Montruccoli A, Bruzzi P, Harris AL, Dogliotti L and Berruti A:
Randomized phase Il trial of letrozole and letrozole plus low-dose
metronomic oral cyclophosphamide as primary systemic treatment
in elderly breast cancer patients. J Clin Oncol (2006) 24: 3623-
3628.

Dellapasqua S, Bertolini F, Bagnardi V, Campagnoli E, Scarano E,
Torrisi R, Shaked Y, Mancuso P, Goldhirsch A, Rocca A, Pietri
E and Colleoni M: Metronomic Cyclophosphamide and
Capecitabine Combined With Bevacizumab in Advanced Breast
Cancer. J Clin Oncol (2008) 26: 4899-4905.

Orlando L, Cardillo A, Ghisini R, Rocca A, Balduzzi A, Torrisi R,
Peruzzotti G, Goldhirsch A, Pietri E and Colleoni M: Trastuzumab
in combination with metronomic cyclophosphamide and methotrex-



August 201 1

ate in patients with HER-2 positive metastatic breast cancer. Bmc
Cancer (2006) 6: 225.

23. Kamat AA, Kim TJ, Landen CN, Lu CH, Han LY, Lin YG, Merritt
WM, Thaker PH, Gershenson DM, Bischoff FZ, Heymach JV,

— 307 —

Clinical Efficacy of XC in Metastatic Breast Cancer 237

Jaffe RB, Coleman RL and Sood AK: Metronomic chemotherapy
enhances the efficacy of antivascular therapy in ovarian cancer.
Cancer Res (2007) 67: 281-288.



Molecular and Cellular Endocrinology 343 (2011) 7-17

Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology’y

journal homepage: www.elsevier.com/locate/mce

Functional interaction of fibroblast growth factor-8, bone morphogenetic
protein and estrogen receptor in breast cancer cell proliferation

Hiroko Masuda?, Fumio Otsuka ®*, Yoshinori Matsumoto ®, Mariko Takano®, Tomoko Miyoshi®,
Kenichi Inagaki®, Tadahiko Shien?, Naruto Taira?, Hirofumi Makino ®, Hiroyoshi Doihara?®

3 Department of Cancer and Thoracic Surgery, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 2-5-1 Shikata-cho, Kitaku, Okayama
700-8558, Japan
b Department of Medicine and Clinical Science, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, 2-5-1 Shikata-cho, Kitaku, Okayama
700-8558, japan

ARTICLE INFO ABSTRACT

Estrogen is involved in the development and progression of breast cancer. Here we investigated the effect
of fibroblast growth factor (FGF)-8 on breast cancer cell proliferation caused by estrogen using human
breast cancer MCF-7 cells. MCF-7 cells express estrogen receptor (ER)a, ERB, FGF receptors, and Smad sig-
naling molecules. Estradiol stimulated MCF-7 cell proliferation in a concentration-responsive manner,
whereas BSA-bound estradiol had a weak effect on MCF-7 cell mitosis compared with the effect of free
estradiol. It is notable that estrogen-induced cell proliferation was enhanced in the presence of FGF-8
and that the combined effects were reversed in the presence of an FGF-receptor kinase inhibitor or an
ER antagonist. It was also revealed that FGF-8 increased the expression levels of ERo, ERB and aromatase
mRNAs, while estradiol reduced the expression levels of ERs, aromatase and steroid sulfatase in MCF-7
cells. FGF-8-induced phosphorylation of FGF receptors was augmented by estradiol, which was reversed
by an ER antagonist. FGF-8-induced activation of MAPKs and AKT signaling was also upregulated in the
presence of estrogen. On the other hand, FGF-8 suppressed BMP-7 actions that are linked to mitotic inhi-
bition by activating the cell cycle regulator cdc2. FGF-8 was revealed to inhibit BMP receptor actions
including 1d-1 promoter activity and Smad1/5/8 phosphorylation by suppressing expression of BMP
type-Il receptors and by increasing expression of inhibitory Smads. Collectively, the results indicate that
FGF-8 acts to facilitate cell proliferation by upregulating endogenous estrogenic actions as well as by sup-
pressing BMP receptor signaling in ER-expressing breast cancer cells.

© 2011 Elsevier Ireland Ltd. All rights reserved.
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and ER complex mediate the activation of protooncogenes and
oncogenes, nuclear proteins, and other target genes. However,
there is no clear explanation regarding the direct effect of estrogen
in the development of breast cancer.

Recent studies have demonstrated the presence of the trans-

1. Introduction

The involvement of estrogen in the development and progres-
sion of breast cancer is well known (Colditz, 1998; Keen and
Davidson, 2003; Fortunati et al,, 2010). Increased estrogen expo-

sure via a variety of mechanisms is critical for the development
of breast cancer, in which the effects of estrogen are mediated
via two estrogen receptor (ER) subtypes, ERa and ERB. Estrogen

Abbreviations: ActRl and ActRIl, activin type-l and -1l receptor; ALK, activin
receptor-like kinase; Arom, aromatase; BMP, bone morphogenetic protein; BMPRI
and BMPRII, BMP type-l and -l receptor; ER, estrogen receptor; ERK, extracellular
signal-regulated kinase; FGF, fibroblast growth factor; MAPK, mitogen-activated
protein kinase; SAPK/INK, stress-activated protein kinase/c-jun NH,-terminal
kinase; TGF-B, transforming growth factor-p.
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0303-7207/$ - see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.mce.2011.05.037

forming growth factor (TGF)-B signaling pathway in mammary
cells and its importance in maintaining the growth state of these
cells. There have been several studies showing the expression of
some TGF-B superfamily proteins, such as bone morphogenetic
protein (BMP)-2, -6 and -7, in breast cancer cells (Ye et al., 2009;
Alarmo and Kallioniemi, 2010), and their possible roles in breast
cancer development and in bone metastasis have been suggested.
BMPs were originally identified as active components in bone
extracts capable of inducing bone formation at ectopic sites.
Recently, a variety of physiological BMP actions in endocrine
tissues including the ovary, pituitary, thyroid, and adrenal have
been clarified (Shimasaki et al., 2004; Otsuka, 2010; Otsuka et al,,
2011). Attention has been paid to BMPs for their possible link with
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tumorigenesis, considering the actions of BMPs as regulators of cell
proliferation and differentiation. The involvement of BMP-Smad
activation in the progression and dedifferentiation of ER-positive
breast cancer has also recently been reported (Helms et al,
2005). In this regard, we have reported that BMPs have inhibitory
effects on estrogen-induced mitosis of MCF-7 breast cancer cells by
inhibiting MAPK pathways and estrogenic enzyme expression
(Takahashi et al., 2008). In that study, we found that BMP-6 and
-7 antagonize estrogen-induced breast cancer cell proliferation
through inhibiting p38 phosphorylation as well as estrogenic en-
zyme expression. On the other hand, estrogen altered the Smad
signaling for BMP-2 and -4 by downregulating specific BMP recep-
tor expression in breast cancer cells. These results suggest the exis-
tence of a functional crosstalk between the BMP system and ER
actions in breast cancer cells.

Since the first FGF molecule was discovered as a mitogen for
cultured fibroblasts, at least 23 distinct FGFs have been identified.
FGFs play a critical role in morphogenesis by regulating cell prolif-
eration, differentiation and cell migration during gastrulation and
early differentiation of the brain, cranium, pharynx, heart, kidneys
and limbs (Heikinheimo et al., 1994; Meyers et al., 1998; Sun et al.,
1999; Eswarakumar et al.,, 2005). During embryonic development,
FGF-8 is widely expressed in a temporally and spatially regulated
manner (Heikinheimo et al,, 1994; Crossley and Martin, 1995). In
adult tissues, FGF-8 is expressed at low levels in limited tissues
such as ovary and testis (Mattila and Harkonen, 2007); however,
human breast, prostate and ovarian tumors can express FGF-8
(Dorkin et al., 1999; Marsh et al., 1999). The mechanism by which
FGF-8 is expressed in hormone-responsive tissues including the
breast and prostate has yet to be elucidated.

FGF-8 was originally cloned and characterized from androgen-
dependent mouse mammary carcinoma cells (Tanaka et al,
1992). FGF-8 has been shown to induce cancer cell proliferation
and tumor growth in cell culture (Tanaka et al, 1995; Mattila
et al,, 2001; Ruohola et al,, 2001) and transgenic animal models
(Daphna-lken et al., 1998). Since overexpression of FGF-8 to breast
cancer cells provides increased growth potential in vitro and
in vivo, FGF-8 has also been categorized as an oncogene having
transforming ability (Mattila and Harkonen, 2007).

During development, there are several organs in which BMP and
FGF signals cooperate to regulate cell differentiation. During cal-
varial suture osteogenesis, FGF-2 augments BMP-4 signaling by
suppressing the expression of a BMP antagonist, noggin (Warren
et al., 2003). FGF-18 facilitates BMP-2 signaling by suppressing
noggin mRNA expression in chondrogenesis (Reinhold et al,
2004). Other examples of cooperation between BMP and FGF sig-
naling have been reported in the nervous system and in ectopic
bone formation (Hayashi et al, 2003; Nakamura et al., 2005;
Marchal et al., 2009). On the basis of results showing that FGFs
and BMPs regulate cell differentiation cooperatively in a cell/tis-
sue-dependent manner, we attempted to clarify the underlying
mechanism of ER-sensitive breast cancer cell proliferation through
the interrelationship between FGF-8 and the BMP system.

2. Materials and methods
2.1. Reagents and supplies

Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-
streptomycin solution, 17B-estradiol, BSA-conjugated 17p-
estradiol (estradiol-BSA) and ICI-182780 (also called fulvestrant)
were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO). Re-
combinant human BMP-7 and mouse FGF-8b were purchased from
R&D Systems, Inc. (Minneapolis, MN) and SU5402 was purchased
from Calbiochem (Gibbstown, NJ). Plasmids of Id-1-Luc and the

expression plasmid for Smad4 (pcDEF3-Flag(N)-Smad4) were
kindly provided by Drs. Tetsuro Watabe and Kohei Miyazono, To-
kyo University, Japan.

2.2. Breast cancer cell culture

The human breast cancer cell line MCF-7 was from American
Type Culture Collection (Manassas, VA). MCF-7 cells were cultured
in DMEM supplemented with 10% fetal calf serum (FCS) and peni-
cillin-streptomycin solution at 37 °C under a humid atmosphere of
95% air/5% CO,. In some experiments, cell numbers were counted
by culturing MCF-7 cells in 12-well plates (1 x 10° viable cells)
with serum-free DMEM for 24 h. The cells were then washed with
phosphate-buffered saline (PBS), trypsinized, and counted using a
coulter counter (Beckman Coulter Inc., Fullerton, CA). Changes in
cell morphology and cell viability were monitored using an in-
verted microscope.

2.3. RNA extraction, RT-PCR, and quantitative real-time PCR analysis

To prepare total cellular RNA, MCF-7 cells were cultured in
12-well plates (5 x 10° viable cells) and treated with indicated
concentrations of estradiol and growth factors including BMP-7
and FGF-8 in serum-free DMEM. In the indicated experiments,
500 ng of an expression plasmid encoding wild-type Smad4 DNA
or an empty vector was transfected using FuGENE 6 (Roche Molec-
ular Biochemicals, Indianapolis, IN) for 24 h, and then cells were
treated with BMP-7 and FGF-8 in serum-free conditions. After
24-h culture, the medium was removed, and total cellular RNA
was extracted using TRIzol® (Invitrogen Corp., Carlsbad, CA), quan-
tified by measuring absorbance at 260 nm, and stored at —80 °C
until assay. The extracted RNA (1.0 pg) was subjected to an RT
reaction using the First-Strand cDNA synthesis system® (Invitrogen
Corp.) with random hexamer (2ng/pl), reverse transcriptase
(200 U), and deoxynucleotide triphosphate (0.5 mM) at 42 °C for
50 min and at 70 °C for 10 min. Oligonucleotides used for RT-PCR
were custom-ordered from Invitrogen Corp. PCR primer pairs were
selected from different exons of the corresponding genes as fol-
lows: ERa, 1393-1413 and 1632-1652 (from GenBank Accession
#NM_000125); ERB, 395-415 and 589-609 (from AB006590); aro-
matase (Arom), 914-934 and 1235-1256 (from M22246); steroid
sulfatase (STS), 513-533 and 693-713 (from NM_000351); Id-1,
218-240 and 357-377 (from NM_012797) and a house-keeping
gene, ribosomal protein L19 (RPL19), 401-420 and 571-590 (from
NM_000981). PCR primer pairs for ALK-2, -3, -6, activin type-II
receptor (ActRII), ActRIIB, BMP type-II receptor (BMPRII), Smad6
and Smad7 were individually selected for regular PCR and real-
time PCR as we previously reported (Takahashi et al., 2008). Ali-
quots of PCR products were electrophoresed on 1.5% agarose gels
and visualized after ethidium bromide staining. For the quantifica-
tion of ERa, ERB, Arom, steroid sulfatase, Id-1, ALK-2, -3, -6, ActRII,
ActRIIB, BMPRII, Smad6 and Smad7 mRNA levels, real-time PCR
was performed using LightCycler-FastStart DNA Master SYBR
Green | system® (Roche Diagnostic Co., Tokyo, Japan) under condi-
tions of annealing at 60-62 °C with 4 mM MgCl,, following the
manufacturer’s protocol. Accumulated levels of fluorescence for
each product were analyzed by the second derivative method after
melting-curve analysis (Roche Diagnostic Co.), and then, following
assay validation by calculating each amplification efficiency, the
expression levels of target genes were quantified on the basis of
standard curve analysis for each product. For each transcript, all
treatment groups were quantified simultaneously in a single Light-
Cycler run. To correct for differences in RNA quality and quantity
between samples, the expression levels of target gene mRNA were
normalized by dividing the quantity of the target gene by the
quantity of RPL19 in each sample. The raw data of each target
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mRNA level (/RPL19) were statistically analyzed as indicated and
then shown as fold changes in the figures.

2.4. Thymidine incorporation assay

MCE-7 cells (1 x 10% viable cells) were precultured in 12-well
plates with DMEM containing 10% FCS for 24 h. After the precul-
ture medium had been replaced with fresh serum-free medium
and indicated combinations of estradiol, estradiol-BSA, BMP-7,
FGF-8 and the inhibitors were added to the culture medium. For
the experiments using estradiol-BSA, estradiol-BSA free of estradiol
was prepared as follows: 4 ml of estradiol-BSA (1.25 mM in estro-
gen dissolved in 50 mM Tris-HCl, pH 8.5) was added to a centrifu-
gal Amicon Ultra filter unit with an MW cut-off of 5000 (Millipore,
Bedford, MA) and centrifuged at 4000g until 50 ul of retentate
remained. The retentate was washed with Tris buffer and the final
volume was adjusted to 5 ml (1 mM). After 24-h culture, 0.5 puCi/ml
[methyl-*H] thymidine (Amersham Pharmacia, Piscataway, NJ) was
added and incubated for 3 h at 37 °C. The incorporated thymidine
was detected as we previously reported (Takahashi et al., 2008).
Cells were then washed with PBS, incubated with 10% ice-cold tri-
chloroacetic acid for 60 min at 4 °C, and solubilized in 0.5 M NaOH,
and radioactivity was determined with a liquid scintillation coun-
ter (TRI-CARB 2300TR, Packard Co., Meriden, CT).

2.5. Western immunoblot analysis

Cells (1 x 10° viable cells) were precultured in 12-well plates in
DMEM containing 10% FCS for 24 h. After preculture, the medium
was replaced with serum-free fresh medium, and then indicated
concentrations of estradiol, growth factors including FGF-8 and
BMP-7 and the inhibitors were added to the culture medium. After
stimulation with hormones or growth factors for indicated periods,
cells were solubilized in 100 pl RIPA lysis buffer (Upstate Biotech-
nology, Inc., Lake Placid, NY) containing 1 mM NasVO,; 1 mM
sodium fluoride, 2% sodium dodecyl sulfate, and 4% B-mercap-
toethanol. The cell lysates were then subjected to SDS-PAGE/
immunoblotting analysis using anti-FGFR-1 (Flg), -2 (Bek), -3 and
-4 antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
anti-phospho-FGFR antibody (Cell Signaling Technology, Inc,
Beverly, MA), anti-phospho- and anti-total-extracellular signal-
regulated kinase (ERK) 1/2 MAPK antibody (Cell Signaling Technol-
ogy, Inc.), anti-phospho- and anti-total-p38 MAPK antibody (Cell
Signaling Technology, Inc.), anti-phospho- and anti-total-stress-
activated protein Kkinase/c-Jun NH,-terminal kinase (SAPK/JNK)
MAPK antibody (Cell Signaling Technology, Inc.), anti-phospho-
and anti-total-AKT antibody, anti-phospho-PKC (pan) antibody,
anti-phospho-Smad1/5/8 (pSmad1/5/8) antibody (Cell Signaling
Technology, Inc.), anti-phospho-Rb, phoshpho-cdc2, phospho-p53
antibodies (Cell Signaling Technology, Inc.), and anti-actin anti-
body (Sigma-Aldrich Co., Ltd.). The relative integrated density of
each protein band was digitized by NIH image ] 1.34s.

2.6. Transient transfection and luciferase assay

Cells (1 x 10* viable cells) were precultured in 12-well plates in
DMEM with 10% FCS for 24 h. The cells were then transiently trans-
fected with 500 ng of Id-1-Luc reporter plasmid and 50 ng of cyto-
megalovirus-B-galactosidase plasmid (pCMV-B-gal) using FuGENE
6 (Roche Molecular Biochemicals) for 24 h. The cells were then
treated with BMP-7 in combination with FGF-8 in serum-free fresh
medium for 24 h. The cells were washed with PBS and lysed with
Cell Culture Lysis Reagent (Toyobo, Osaka, Japan). Luciferase activ-
ity and B-galactosidase (B-gal) activity of the cell lysate were mea-
sured by luminescencer-PSN (ATTO, Tokyo, Japan) as we previously

reported (Takahashi et al.,, 2008). The data were shown as the ratio
of luciferase to B-gal activity.

2.7. Statistical analysis

All results are shown as means + SEM of data from at least three
separate experiments, each performed with triplicate samples. All
the data were subjected to ANOVA with Tukey-Kramer’s post hoc
test or unpaired t-test, when appropriate, to determine differences.
P values < 0.05 were accepted as statistically significant.

3. Results

Interaction of estrogen and FGF-8 actions were firstly examined
in MCF-7 cell proliferation. As shown in the thymidine incorpora-
tion assay, estradiol stimulated MCF-7 mitosis in a concentra-
tion-responsive manner, while BSA-bound estradiol, which is
unable to bind to intracellular estrogen receptors (ERs), had a weak
effect on MCF-7 cell mitosis compared with the effects of free
estradiol (Fig. 1A). FGF-8 also showed increasing effects on MCF-
7 cell mitosis (Fig. 1B). Notably, FGF-8 significantly enhanced the
effects of estradiol on MCF-7 cell proliferation (Fig. 1C), and this
FGF-8 activity was also seen in experiments using BSA-bound
estradiol (Fig. 1D). To clarify the combined effects of FGF-8 and
estradiol on cell proliferation, effects of an FGF receptor
(FGF-R)-dependent protein kinase inhibitor, SU5402, and an ER
antagonist, ICI-182780, were examined. As shown in Fig. 1E, ICI-
182780 and SU5402 suppressed estrogen- and FGF-8-induced
MCF-7 proliferation, respectively. Either SU5402 or I1CI-182780
abolished the combined effects elicited by FGF-8 and estradiol on
cell proliferation to the basal level (Fig. 1F), suggesting that both
signaling of ER and signaling of FGFR are necessary for the
enhancement of MCF-7 cell proliferation.

To clarify the mechanism by which FGF-8 augments estrogen
actions in MCF-7 cell mitosis, the activities of FGF-8 receptor sig-
naling were examined by Western blots. FGF receptors including
FGFR-1, -2, -3 and -4 were clearly expressed in MCF-7 cells and
the expression levels were not affected by estrogen treatments
(Fig. 2A). Phosphorylation of FGFRs was detected by treatment
with FGF-8 but not by treatment with estradiol. It is of note that
estradiol significantly enhanced the effects of FGF-8 on FGFR phos-
phorylation (Fig. 2B). MAPK, which is a major downstream path-
way for FGFRs, was also examined by immunoblots. As shown in
Fig. 2C, estradiol, and FGF-8 more potently, stimulated ERK, p38
and SAPK/JNK phosphorylation. Importantly, the treatments with
FGF-8 in combination with estradiol significantly enhanced ERK,
p38 and SAPK/JNK signaling in MCF-7 cells. In addition, AKT phos-
phorylation was also stimulated by the combination of estradiol
and FGF-8, although PKC activation was not clearly detected by
these treatments (Fig. 2D). Moreover, treatments with SU5402,
which inhibits FGF-R phosphorylation induced by FGF-8 alone,
abolished the enhanced phosphorylation of FGF-R elicited by
FGF-8 and estradiol (Fig. 2E). On the other hand, the ER antagonist
1C1-182780 reversed the enhanced effects to the levels induced by
FGF-8 alone (Fig. 2E). These findings suggest that estradiol en-
hanced the FGF-8-induced activation of FGF-R signaling via ER
action in MCF-7 cells.

To determine the mechanism by which FGF-8 enhances the
effects of estrogen in MCF-7 cells, the expression levels of ERs
and estrogenic enzymes were examined. As shown in Fig. 3, estra-
diol decreased the expression levels of ERa, STS and Arom, which
might be involved in the autoregulation of ER actions in MCF-7
cells. Importantly, the expression levels of ERo and ERB were sig-
nificantly upregulated by FGF-8 even at a lower concentration of
10 ng/ml. Arom expression was also increased in MCF-7 ceils
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Fig. 1. Effects of estrogen and FGF-8 on MCF-7 cell mitosis. Cells (1 x 10* viable cells) were treated with indicated concentrations of (A) estradiol (E2), E2-BSA, (B) FGF-8 and
the combination of (C) E2 and FGF-8, (D) E2-BSA and FGF-8, (E) E2 or FGF-8 and their inhibitors, or (F) E2, FGF-8 and the inhibitors for 24 h in serum-free conditions, and then
thymidine uptake assay was performed. Results are shown as means + SEM of data from at least three separate experiments, each performed with triplicate samples. The
results were analyzed by ANOVA with Tukey-Kramer's post hoc test or unpaired t-test. For each result within a panel, *P < 0.05 vs. control or indicated groups in each panel.

Estradiol-BSA indicates estradiol conjugated with bovine serum albumin.

treated with FGF-8 (10 ng/ml), while STS expression was not af-
fected by FGF-8 (Fig. 3).

The interaction between BMP-7 and FGF-8 was also examined.
As shown in Fig. 4A, BMP-7 concentration-dependently inhibited
MCF-7 cell mitosis induced by estradiol. In the presence of FGF-8,
estradiol-induced level of thymidine uptake was augmented; how-
ever, the inhibitory effects of BMP-7 on estradiol-induced cell
mitosis became insignificant. As shown in the percent reduction

of thymidine uptake, the BMP-7 actions that inhibit estrogen-in-
duced mitosis were impaired in the presence of FGF-8 (Fig. 4A).
To assess the effects of FGF-8 on BMP-7 signaling activity, the
intensity of BMP-7-induced Smad1/5/8 phosphorylation was
examined (Fig. 4B). BMP-7-induced Smad1/5/8 phosphorylation
was not changed by estradiol, whereas it was moderately impaired
by treatment with FGF-8. Notably, the combination of FGF-8 and
estradiol markedly suppressed BMP-7-induced phosphorylation
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Fig. 2. Expression of FGF receptors and effects of FGF-8 and estrogen on FGF receptor signaling in MCF-7 cells. Cells (1 x 10° viable cells) were cultured with FGF-8
(100 ng/ml) in the presence or absence of estradiol (100 nm) for 24 h, and then cells were lysed and subjected to SDS-PAGE/immunoblotting (1B) analysis using (A) anti-FGFR-
1 (Flg), -2 (Bek), -3, -4 and anti-actin antibodies. After preculture, cells (1 x 10° viable cells) were stimulated with FGF-8 (100 ng/ml) in combination with estradiol (100 nm)
for 15 min, and then cells were lysed and subjected to IB analysis using (B) anti-phospho-FGFR (pFGFR), (C) anti-phospho- and anti-total-ERK1/2 (pERK/tERK), anti-phospho-
and anti-total-p38 (pp38/tp38), anti-phospho- and anti-total-SAPK/INK (pJNK/tJNK), (D) anti-phospho-PKC (pPKC). and anti-phospho- and anti-total-AKT (pAKT/tAKT)
antibodies. E) After preculture with the FGF-R inhibitor SU5402 (3 pM) or the ER antagonist ICI-182780 (100 nm), cells (1 x 10° viable cells) were stimulated with FGF-8
(100 ng/ml) in combination with estradiol (100 nm) for 15 min, and then cells were lysed and subjected to 1B analysis using anti-phospho-FGFR (pFGFR). The results shown
are representative of those obtained from three independent experiments. In panels (B-E), the relative integrated density of each protein band was digitized and phospho-
protein densities were normalized by total-protein or actin levels in each sample. Results are shown as means + SEM of data from at least three separate experiments, each
performed with triplicate samples. The results were analyzed by ANOVA with Tukey-Kramer’s post hoc test. For each result within a panel, *P < 0.05 vs. control or indicated
groups in each panel.
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Fig. 3. Effects of FGF-8 on estrogen receptor (ER), steroid sulfatase (STS) and aromatase (Arom) mRNA levels in MCF-7 cells. After preculture, cells were treated with FGF-8
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expression levels of target genes were standardized by RPL19 level in each sample. Results are shown as means + SEM of data from at least three separate experiments, each
performed with triplicate samples. The results were analyzed by unpaired t-test. For each result within a panel, *P < 0.05 and **P < 0.01 vs, control group in each panel.

of Smad1/5/8. Cell cycle checkpoints were also assessed by
immunoblots. Among the key cell cycle regulators tested, including
Rb (a G1/S regulator), cdc2 (a G2/M regulator) and p53 (a regulator
for G2/M and G1/S transition), the activation of cdc2 was induced
by BMP-7, suggesting inhibitory actions of BMP-7 on G2 to M
phase transition (Fig. 4B).

To clarify the effect of FGF-8 on BMP-7 signaling in MCF-7 cells,
transcriptional activity of a BMP target gene, 1d-1, was examined
(Korchynskyi and ten Dijke, 2002). BMP-7 induced transcriptional
activity of Id-1 and this effect was reversed by FGF-8 treatment
(Fig. 5A). BMP-7 also increased Id-1 mRNA levels in 12- and 24-h
cultures of MCF-7 cells, the changes being stable in 24-h culture
conditions (Fig. 5B). Moreover, in accordance with the results
shown in Fig. 4B, the inhibitory effect of FGF-8 on BMP-7-induced
Id-1 transcription was enhanced in combination with estradiol
(Fig. 5C), suggesting that FGF-8 augments estrogen actions with
counteracting BMP signaling in MCF-7 cells.

To further explore the mechanism by which FGF-8 inhibits
BMP-Smad signaling in MCF-7 cells, changes in the mRNA expres-
sion of BMP receptors and Smads were assessed (Fig. 6). As shown
in Fig. 6A, the expression levels of BMP type-II receptors, including
ActRIL, ActRIIB and BMPRII, were decreased by FGF-8 even at a
lower concentration (10 ng/ml), while the expression levels of
inhibitory Smads, including Smad6 and Smad7, were increased,
possibly leading to downregulation of BMP receptor signaling
activity in MCF-7 cells. To confirm the correlation of the BMP
system in cell proliferation induced by FGF-8 and estradiol, Smad4,
a key component of the BMP system, was overexpressed in MCE-7
cells (Fig. 6B). Overexpression of Smad4 (+Smad4) reversed the
FGF-8-induced suppression of BMP-7 signaling shown as

BMP-induced Id-1 transcription compared with the condition
using Mock transfection (—Smad4), suggesting that FGF-8 action
is functionally involved in regulation of the BMP system activity
in MCF-7 cells.

4. Discussion

ERat expression is frequently detected in breast cancer tissues
and the presence of ERa protein has been a standard criterion for
adjuvant therapy with antiestrogens that antagonize ER signaling
andfor Arom actions (Shupnik, 2007). In contrast, ERp may act by
antagonizing ERot on a specific subset of estrogen-stimulated
genes, since the expression of ERp can be an indicator of therapeu-
tic responses in ERa -positive tumors (Lin et al,, 2007). In the pres-
ent study, estrogen-induced MCF-7 cell proliferation was enhanced
in the presence of FGF-8 action. It was also revealed that FGF-8 in-
creased the expression levels of estrogenic property including ERa,
ERB and Arom. Furthermore, FGF-8-induced phosphorylation of
FGF receptors, MAPKs and AKT was also upregulated in the pres-
ence of estrogen actions. Thus, FGF-8 action is clearly linked to
ER-dependent functions in MCF-7 cells (Fig. 7).

Based on the findings that estrogen induced rapid activation of
MAPKs, including ERK, p38 and SAPK/JNK pathways, and that
BSA-conjugated estradiol, which cannot bind to nuclear ERs
(Taguchi et al., 2004), induced modest but significant cell mitosis,
nongenomic effects are also involved, at least in part, in the
induction of cell proliferation by estrogen. Immunoreactive ER
antigen was reportedly detected on the surface of both naturally
ER-positive cells and in cells transfected with ER expression
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Fig. 5. Effects of FGE-8 on BMP receptor signaling in MCF-7 cells. (A) Cells (1 x 10*
viable cells) were transiently transfected with 1d-1-Luc reporter plasmid (500 ng)
and pCMV-p-gal. After 24-h treatment with BMP-7 (100 ng/ml) and FGF-8
(100 ng/ml), cells were lysed and the luciferase activity was measured. The data
were analyzed as the ratio of luciferase to B-galactosidase (B-gal) activity. (B, C)
After preculture, cells were treated with FGF-8 (100 ng/ml) and BMP-7 in the
presence or absence of estradiol (100 nm) in serum-free condition for 12 hor 24 h.
Total cellular RNA was extracted and Id-1 mRNA levels were examined by
quantitative real-time RT-PCR. The expression levels of target genes were
standardized by RPL19 level in each sample. Results in all panels are shown as
means * SEM of data from at least three separate experiments, each performed with
triplicate samples. The results were analyzed by ANOVA with Tukey-Kramer’s post
hoc test. For each result within a panel, *P < 0.05 vs. control or indicated groups in
each panel.

constructs (Watson et al., 2002). ER-transfected cells also resulted
in detectable membrane ER, in which estradiol mediates MAPK
action, CAMP-PKA activation and the inositol-triphosphate (PI3K)
pathway (Razandi et al.,, 1999). In the present study, FGF-8 upreg-
ulated the effects of estradiol not only by regular estrogen but also
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Fig. 6. Effects of estrogen on the expression of BMP system molecules in MCF-7 cells. (A) After preculture, cells were treated with or without FGF-8 (10 ng/ml) for 24 h. Total
cellular RNA was extracted and ALK-2, -3, -6, ActRII, ActRIIB, BMPRII, Smad6 and Smad7 mRNA levels were examined by quantitative real-time RT-PCR. The expression levels
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concentrations of BMP-7 and FGF-8 in serum-free conditions for 24 h. Total cellular RNA was extracted and Id-1 mRNA levels were examined by quantitative real-time
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*P <0.05 vs. control or indicated groups in each panel; n.s. indicates not significant.

by membrane-impermeable estrogen, suggesting augmentation of
ER expression on the cell surface in addition to genomic ERs.
Breast cancer tissues express all enzymes required for local bio-
synthesis of estrogen from circulating precursors (Foster, 2008).
Two principal pathways are implicated in the final steps of estra-
diol formation in breast cancer tissues: the Arom pathway, which
transforms androgens into estrogens, and the STS pathway, which
converts estrone sulfate into estrone. The final step of estrogen ste-
roidogenesis is conversion of weak estrone to biologically active
estradiol by 17B-hydroxysteroid dehydrogenase type 1. Therefore,

therapeutic targets for breast cancers include not only the binding
of estrogen to ERs but also the activity of estrogenic enzymes in tu-
mor tissues (Sasano et al., 2006; Subramanian et al., 2007). In our
earlier study (Takahashi et al., 2008), BMP-7 efficaciously sup-
pressed STS expression in MCF-7 cells at mRNA and protein levels.
Given that STS inhibitors are effective for inhibiting MCF-7 cell pro-
liferation induced by estrone sulfate (Selcer et al., 1997), the effects
of BMP-7 on STS expression may also contribute to the inhibition
of estrogen-induced breast cancer cell proliferation. In contrast to
BMP actions, FGF-8 increased Arom expression in MCF-7 cells, sug-
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Fig. 7. Interaction of FGF-8, estrogen and BMP activities in breast cancer cell
proliferation. Estrogen-induced proliferation is enhanced in the presence of FGF-8.
FGF-8 increases the expression levels of ER and aromatase. FGF-8-induced
phosphorylation of FGF receptor and activities of MAPKs and AKT signaling are
upregulated by estrogen. On the other hand, FGF-8 suppresses BMP-7 actions that
are linked to mitotic inhibition by activating the cell cycle regulator cdc2. FGF-8
inhibits BMP receptor-Smad1/5/8 signal activity through suppressing expression of
BMP type-II receptors and increasing expression of inhibitory Smad6/7 in MCF-7
cells. Thus, FGF-8 acts to facilitate cell proliferation by enhancing endogenous
estrogenic actions as well as by suppressing BMP receptor signaling in ER-positive
breast cancer cells.

gesting that the upregulatory effect of the estrogenic machinery of
FGF-8, in addition to the expression of ERs, leads to mitogenetic
ability of MCF-7 cells.

FGF-8 has been shown to act as an autocrine factor by stimulat-
ing proliferation of steroid-sensitive breast and prostate cancer
cells (Mattila and Harkonen, 2007). In adult tissues, FGF-8 is ex-
pressed in the kidney, breast, prostate and testis in humans,
whereas FGF-8 is detected in the heart, brain, lung, kidney, testis,
prostate and ovary in rats (Mattila and Harkonen, 2007). Regard-
less of the species differences, FGF-8 is predominantly detected
in steroid-responsive tissues, including reproductive and genito-
urinary tissues. Hormone dependency of FGF-8 expression in
mammary carcinoma cells can be partly explained by the existence
of steroid hormone-sensitive promoter elements of mouse mam-
mary tumor virus sequences integrated close to the FGF-8 gene
(Valve et al.,, 1998). The pattern of FGF-8 expression in steroid-
responsive tissues also infers the existence of functional interac-
tions between FGF-8 and steroid-receptor signaling and a possible
role of steroids in the tissue-specific expression of FGF-8.

Increased expression of FGF-8 has been reported in human
breast cancer tissues, which is possibly linked to the growth and
progression of breast cancer (Tanaka et al., 1998; Marsh et al,,
1999; Zammit et al., 2002). The expression levels of FGF-8 in hu-
man breast cancers do not appear to directly correlate with clinical
and pathological factors (Tanaka et al., 2002). FGF-8b, having the
highest transforming activity (MacArthur et al., 1995), is the pre-
dominant isoform detected in human breast cancer (Marsh et al,,
1999). Receptors for FGF-8 are also expressed in breast cancer tis-
sues (Mattila and Harkonen, 2007). Enhanced expression of FGFR-1
(Theillet et al., 1993; Yoshimura et al, 1998), -2 (Adnane et al,
1991) and -4 (Jaakkola et al, 1993; Penault-Llorca et al,, 1995)
have been reported in human breast cancer tissues. In the present
study, FGF-8 receptors including FGFR-1 to -4 were expressed and
the protein levels were not significantly altered under the condi-
tion of treatment with estrogen and FGF-8 in MCF-7 cells.

In the present study, it was also revealed that FGF-8 suppressed
BMP-7 actions that are linked to mitotic inhibition by activating
the cell cycle regulator cdc2. As a mechanism of the BMP-FGF
interaction, FGF-8 was revealed to inhibit BMP receptor signaling

activities including Id-1 transcription and Smad1/5/8 phosphoryla-
tion through suppressing expression of BMP type-II receptors and
increasing expression of inhibitory Smad6/7 in MCF-7 cells
(Fig. 7). In addition to the interaction of FGF and BMP in the embry-
onic phase, there are several functional interplays between BMP
and the FGF system in adult tissues. For instance, interaction be-
tween BMP and FGF-8 is critical for normal ovarian follicle growth.
We have also reported that FGF-8 regulates ovarian steroidogene-
sis by activating MAPK pathways. Namely, gonadotropin-induced
ERK signaling is upregulated by FGF-8 in granulosa cells, which is
functionally linked to suppression of estradiol production (Miyoshi
et al, 2010). Considering that FGF-8 cooperates with BMP-15,
which is a key molecule for human fertility (Otsuka et al., 2011),
to promote glycolysis in cumulus cells in mice (Sugiura et al,,
2007), the interaction between FGF-8 and BMP receptor signaling
is likely to play a key role in regulation of steroidogenesis in the
adult ovary.

With regard to the BMP system, several preferential combina-
tions of BMP ligands and receptors have been recognized to date
(Shimasaki et al., 2004). BMP-6 and -7 most readily bind to
ALK-2 and/or ALK-6. ActRII acts as a receptor not only for activins
but also for BMP-6 and -7, while BMPRII binds exclusively to BMP-
2, -4, -6, -7 and -15. BMPRII has been shown to play a key role in
breast cancer cell proliferation based on results of experiments
using dominant-negative BMPRII constructs (Pouliot et al., 2003).
Expression of ALK-6 has also been proposed as a major hallmark
of progression and prognosis of ER-positive breast cancer (Helms
et al.,, 2005). In this regard, it has also been reported that inhibition
of BMP-2-induced Smad signaling by estrogen is due to direct
physical interaction between Smads and ERs in MCF-7 cells
(Yamamoto et al., 2002). In our earlier study, a functional interre-
lationship between estrogen actions and BMPs was uncovered in
the human breast cancer cell line MCF-7 (Takahashi et al., 2008).
Estradiol specifically decreased ALK-3, -6, ActRIl and ActRIIB
(Takahashi et al., 2008). The expression pattern of BMP receptors
in estrogen-primed MCF-7 cells was consistent with the inhibitory
effects of BMP ligands on MAPK phosphorylation and estrogen-in-
duced cell proliferation.

In the present study, it was also revealed that BMP-7 inacti-
vated cdc2 by phosphorylation at the position of Tyr15. Cdc2 is
phosphorylated at Thr161 to be active and this process is catalyzed
in animal cells by CDK-activating kinase (Stark and Taylor, 2006).
In mammalian cells, accumulating cdc2/cyclin B complex is kept
inactive by two inhibitory phosphorylations on the cdc2 subunit
at Tyr15, catalyzed by Weel, and at Thri4, catalyzed by Myt1.
Namely, BMP-7 inactivates a key regulator of cell cycle cdc2 by
phosphorylation, leading to the inhibition of G2 to M phase transi-
tion of MCF-7 cells. FGF-8 exhibited preferential suppression of all
BMP type-II receptors including ActRIl, ActRIIB and BMPRII, while
FGF-8 increased the expression of inhibitory Smad6 and Smad7.
It is intriguing that estrogen and FGF-8, both of which are
mitogenic factors in breast cancer cells, act to inhibit the expres-
sion of BMP receptor signaling, which plays a key role in the
suppression of MCF-7 cell mitosis.

A recent study has shown that FGF-8 increased expression lev-
els of cyclin D1 and Ki67, leading to the promotion of cell cycle
progression via ERK and AKT pathways in MCF-7 cells (Nilsson
et al., 2010). Moreover, FGF-8 has been reported to have the capac-
ity to act as a survival factor against apoptotic agents via the AKT
pathway in mouse breast cancer S115 cells (Nilsson et al., 2010).
In the present study, phosphorylation of Rb or p58, a G1/S regula-
tor and a regulator for G2/M and G1/S, respectively, was not
detected in MCF-7 cells during the short period of exposure to
FGF-8 in combination with estrogen. However, a study using

- mouse S115 cells suggested that FGF-8-induced cyclin D1 is linked

to Rb phosphorylation by formation of active cyclin D1-CDK4/6
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complexes (Nilsson et al., 2010), which may possibly allow cell
cycle progression through the G1-restriction point, leading to S
phase progression. Further study is needed to elucidate the molec-
ular mechanism by which FGF-8 stimulates estrogen-induced cell
mitosis and cell cycle progression through the inhibition of BMP
receptor signaling.

Collectively, the results indicate that FGF-8 acts to facilitate cell
proliferation by enhancing endogenous estrogenic actions as well
as by suppressing BMP receptor signaling in ER-positive breast
cancer cells (Fig. 7). Given the findings that FGF-8 and FGF receptor
expression is increased in human breast cancer tissues, suppres-
sion of endogenous FGF-8 functions and/or enhancement of the
functional BMP system could be a possible therapeutic strategy
to inhibit the development of estrogen-responsive breast cancer.
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