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Abstract. Aim: The aim of this study was to examine the effect
of bisphenol A (BPA) on the proliferation and motility potential
of murine LMS osteosarcoma cells. Materials and Methods:
LMS cells were treated for 3 days with or without 80 uM BPA.
The effect of BPA on cell proliferation was determined by DNA
measurement in the cultures and 5-bromo-2’-deoxyuridine
(BrdU) incorporation study. Ethanol-fixed cells were stained
with hematoxylin-eosin (H&E) to visualize cell morphology. Cell
motility was assayed using inserts with uncoated membranes in
invasion chambers. Expression of cell division cycle 42 (CDC42)
was determined by immunofluorescence staining and western
blotting. Results: BPA reduced the DNA content of cultures and
the number of BrdU-positive cells. BPA induced a change in
morphology from cuboidal with multiple filopodia on the cell
surface to spindle-shaped with a smooth cell surface. BPA-
treated cells expressed less CDC42 and were less motile than
untreated cells. Conclusion: BPA inhibited DNA replication and
cell proliferation. BPA inhibited filopodia formation and motile
potential by inhibiting CDC42 expression in LMS8 cells.

Bisphenol A (BPA) is an endocrine-disrupting chemical that is
ubiquitous in the environment. For example, BPA is used
commercially in products containing polycarbonate plastics,
such as baby bottles, food and water containers, the linings of
food and beverage cans, and dental fillings (1, 2). Microgram
amounts of BPA are liberated from baby bottles when they are
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subject to simulated use by dishwashing, boiling, and brushing
(1). Similarly, microgram amounts of BPA are found in the
liquid of food preserved in cans (3) and in the saliva of dental
patients treated with fissure sealants (4). A small amount of
BPA is found in tap and lake water (5, 6), human serum (2,
7), and human breast milk (2). Therefore, it appears that BPA
is routinely ingested by humans.

BPA mimics the actions of estrogens. Experimental and
epidemiological studies have shown that BPA is associated
with reproductive disturbance and metabolic disorders (2, 7-
14). Prenatal exposure to BPA altered postnatal reproductive
function and advanced puberty in female mice (8). In addition,
similarly to 17B-estradiol, BPA promoted the growth of
several types of tumor cells such as human estrogen-sensitive
MCEF-7 breast cancer cells (4, 15-17) and human SK-N-SH
neuroblastoma cells (18). Other environmental estrogenic
chemicals, such as 4-nonylphenol and 4-tert-octylphenol, also
promoted the growth of MCF-7 cells (19, 20). In contrast,
phytoestrogen genistein, which is found in soybean, inhibited
the growth of tumor cells such as MCF-7 cells (21) and
murine B16 melanoma cells (22).

Osteosarcoma is the most common malignant musculo-
skeletal tumor and occurs mainly in the metaphyseal region of
long bones in young people (23, 24). Osteosarcoma frequently
leads to development of micrometastases in the lung prior to
diagnosis, and the subsequent development of metastatic
tumors in the lung often causes a fatal outcome (24-26).
Therefore, agents for preventing pulmonary metastases are
critical for improving the prognosis of patients with
osteosarcoma.

An LMS8 osteosarcoma cell line with high metastatic
potential to the lung was established from murine Dunn
osteosarcoma cells without metastatic potential in C3H mice
(27). This cell line has been used as an excellent tool for
studying inhibitory agents of pulmonary metastasis (28, 29).
We previously found that genistein inhibited cell proliferation
and reduced the motile potential of LMS cells (30).
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In this study, the effect of BPA on the proliferation, motility,
and invasion of LMS8 cells was examined. In addition, we
examined the relationship between the structure of bisphenols
and the effect that they exert on cell proliferation using
bisphenols with different substituents either on the central
carbon atom between the two phenolic rings, or on the
hydroxyl groups in the para position on the phenolic rings.

Materials and Methods

Cell line, reagents, and antibodies. LM8 cells (RBRC-RCB1450) were
obtained from RIKEN BRC Cell Bank (Ibaraki, Japan). BPA, bisphenol
B (BPB), bisphenol A diacetate (BPDA), bisphenol A dimethacrylate
(BPDM), bisphenol A bis(chloroformate) (BPBCF), bisphenol A
diglycidylether (BPDGE), and bisphenol A O,0-diacetic acid (BPDAA)
were obtained from Tokyo Kasei Co. (Tokyo, Japan). Bisphenol E
(BPE), bisphenol F (BPF), and 5-bromo-2’-deoxyuridine (BrdU) were
obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Bisphenols were dissolved in dimethyl sulfoxide. UltraCULTURE™
was obtained from Lonza Japan (Tokyo, Japan). PAGE blue was
obtained from Cosmo Bio Co., Ltd. (Tokyo, Japan). 4’ ,6-Diamidino-2-
phenylindole (DAPI) was obtained from Thermo Fisher Scientific
(Osaka, Japan). A mouse monoclonal antibody to BrdU and a
fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG were
obtained from Dako Japan Inc. (Tokyo, Japan). A rabbit polyclonal
antibody to cell division cycle 42 (CDC42), a mouse monoclonal
antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
an Alexa Fluor® 488-conjugated goat anti-rabbit IgG H&L were
obtained from Abcam (Tokyo, Japan). Horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG, HRP-conjugated anti-mouse IgG,
polyvinylidene difluoride (PVDF) membrane, and ECL Prime Western
Blotting Detection Kit were obtained from GE Healthcare Japan
(Tokyo, Japan). Antibodies used for immunofluorescence staining were
diluted with phosphate-buffered saline (PBS) containing 1% bovine
serum albumin (BSA), and those used for western blotting were diluted
with 20 mM Tris-HCI buffer (pH 7.6) containing 137 mM NaCl and
0.1% Tween 20.

Cell culture and DNA measurement. LMS8 cells (3.75x103 cells/cm?)
were seeded on a 35-mm plate in culture medium, which contained
10% fetal bovine serum (FBS), 100 units/ml penicillin, and 100 pg/ml
streptomycin in Dulbecco’s modified Eagle’s medium (DMEM).
Twenty-four hours after seeding, the medium was replaced with
culture medium containing bisphenol at different concentrations and
changed every two days. Cells were incubated for 1-3 days, harvested
in 0.3 ml of lysis buffer (10 mM Tris, 0.1% Triton X-100, pH 7.5),
sonicated briefly in ice, and centrifuged at 13,200 x g for 10 min at
4°C to obtain the supernatant. The DNA content in the supernatant
was measured fluorometrically by the method of Hinegardner (31).

For the trypan blue exclusion test, LM8 cells were seeded on a 2-
well chamber slide (Thermo Scientific Japan) in culture medium, and
incubated for 3 days in culture medium with or without 80 pM BPA
as described above. Cells were washed twice with PBS, stained for 1
min with 0.2% trypan blue in PBS, washed three times with PBS, and
mounted in glycergel (Dako Japan Inc.) for light microscopy analysis
(magnification: x20).

Hematoxylin-eosin (H&E) staining and immunofluorescence staining.
LMB8 cells on a 2-well chamber slide were incubated for 3 days in
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culture medium with or without 80 uM bisphenol as described above.
For H&E staining, cells were fixed in 70% ethanol for 30 min,
incubated in 100% ethanol for 10 min, stained with H&E, and mounted
in glycergel for light microscopy analysis (magnification: x20). Six
fields of the untreated cultures, seven of BPF-treated cultures, eight of
BPE-treated cultures, 10 of BPA-treated cultures, and 10 of BPB-
treated cultures were randomly photographed. The proportion of
spindle-shaped cells was calculated by dividing the number of spindle-
shaped cells by the total number of cells (18-267 cells/field) in a field.

For the labeling of DNA with BrdU, cells were incubated with 30
uM BrdU during the last 2 h of the 3-day treatment period. Cells were
then fixed in 70% ethanol for 30 min, incubated in 100% ethanol for
10 min, treated with 1.5 N HCI for 30 min, and treated with 0.5%
Tween 20 for 5 min. Thereafter, cells were incubated for 1 h with a
mouse monoclonal antibody to BrdU (1:15 dilution), followed by 1-
h incubation with a FITC-labeled anti-mouse IgG (1:20 dilution) in
the dark. Cells were subsequently mounted in fluorescence mounting
medium (Dako Japan Inc) for fluorescence microscopy analysis
(magnification: x10). Five fields of the untreated cultures, nine of
BPF-treated cultures, eight of BPE-treated cultures, seven of BPA-
treated cultures, and 14 of BPB-treated cultures were randomly
photographed. The BrdU-labeling index was calculated by dividing
the number of BrdU-positive cells by the total number of cells (31-
371 cells/field) in a field.

For immunofluorescence staining of CDC42, cells were fixed in
70% ethanol for 30 min, and incubated in 100% ethanol for 10 min.
Cells were incubated overnight at 4°C with a rabbit polyclonal
antibody to CDC42 (5 pg/ml), followed by 1-h incubation with an
Alexa Fluor® 488-conjugated anti-rabbit IgG (2 pg/ml) in the dark.
Thereafter, cells were incubated for 5 min with 300 nM DAPI in PBS,
washed three times with PBS for 5 min in the dark, and mounted in
fluorescence mounting medium for fluorescence microscopy analysis
(magnification: x40).

Cell motility and invasion assay. Cell motility and invasion were
assayed using inserts with either uncoated membranes (12 wells, 8
um pore size; BD Biosciences, Franklin Lake, NJ) or matrigel-coated
membranes (6 wells, 8 pum pore size; BD Biosciences) in the invasion
chambers as described previously (29). Briefly, the chambers were
assembled using the inserts with membranes and DMEM containing
10% FBS as a chemoattractant in the lower compartment. LMS cells,
which had been treated with or without 80 uM BPA for 3 days, were
harvested by trypsinization, and suspended in FBS-free DMEM
containing 0.1% BSA. The cell suspension (2.5%105 cells/ml for
motility assay or 5x105 cells/2 ml for invasion assay) was added to
the inserts. The assembled chambers were incubated for 24 h (for
motility assay) or 48 h (for invasion assay) at 37°C. After removal of
non-migrating cells on the upper surface of the membrane by wiping
with a cotton swab, the cells on the bottom surface of the membrane
were fixed with 100% ethanol for 30 s and stained with toluidine blue
for 10 min. The membrane was washed with ethanol and dried. The
dye was dissolved with 10% acetic acid and quantitated by measuring
the absorbance at 590 nm.

Gelatin zymography and western blotting. For gelatin zymography,
cells were incubated for 2 days in culture medium with or without 80
1M BPA, washed three times with PBS, and incubated for 1 h in
FBS-free UltraCULTURE™ . The medium was then replaced with
FBS-free UltraCULTURE™ with or without 80 uM BPA. Cells were
incubated for an additional 24 h, harvested in 0.6 ml of lysis buffer,
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sonicated briefly in ice, and centrifuged to obtain the supernatant. The
media were filtered through 0.2-pum filters. The same amount of
protein in either the supernatant or the medium was resolved on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, 7.5% acrylamide gel containing 0.1% gelatin) under non-
reducing condition. The gels were incubated in 20 mM Tris-HCl
buffer (pH 8.0) containing 2.5% Triton X-100 for 30 min at room
temperature, incubated in 20 mM Tris-HCl buffer (pH 8.0) containing
1 uM ZnCl, and 10 mM CaCl, for 24 h at 37°C, and stained with
PAGE blue. Since matrix metalloproteinase 2 (MMP2) degrades
gelatin, areas of enzyme activity appear as clear bands against a blue
background. Relative densitometric units for this band were
determined using the analysis software, Diversity Database™ (v. 1.1,
Toyobo Co., Osaka, Japan).

For western blotting, cells were incubated for 3 days in culture
medium with or without 80 uM BPA, harvested in 0.4 ml of lysis
buffer, sonicated briefly in ice, and centrifuged to obtain the
supernatant. The same amount of protein in the supernatant was
separated by SDS-PAGE (10% acrylamide gel), and the separated
proteins were transferred to a PVDF membrane. The membrane was
incubated for 1 h with either a rabbit polyclonal antibody to CDC42
(1 pg/ml) or a mouse monoclonal antibody to GAPDH (1 pg/ml),
followed by 1-h incubation with either a HRP-conjugated anti-rabbit
IgG (1:25,000 dilution) or a HRP-conjugated anti-mouse IgG
(1:25,000 dilution). Blots were visualized using the ECL Prime
Western Blotting Detection Kit and data were analyzed using AE-
9300H Ez-Capture MG (ATTO Co., Tokyo, Japan). Relative
densitometric units for each blot were determined as described above.

Statistical analyses. Significant differences among multiple
independent groups were evaluated using one-way analysis of
variance (ANOVA), and subsequent comparisons were performed
using the Scheffe test for an equal number of samples and the Tukey-
Kramer test for an unequal number of samples. Significant differences
between two independent groups were analyzed using Student’s #-test.
For all statistical analyses, the criterion for significance was p<0.05.
All data values are expressed as the meanzstandard deviation (SD).

Results

Effect of BPA on cell proliferation. LMS cells were treated for
3 days with BPA and the DNA content of the cultures was
measured to examine the effect of BPA on cell proliferation.
The untreated cultures, in which BPA was absent during the
3-day treatment period, contained 51.4 ug DNA/35 mm plate.
BPA treatment caused a decrease in the DNA content of the
culture in a dose-dependent manner. BPA at concentrations of
40, 80, and 120 pM reduced the DNA content by 20%
(»<0.01), 52% (p<0.01), and 75% (p<0.01), respectively
(Figure 1A).

BPB also caused a decrease in the DNA content of the
cultures in a similar dose-dependent manner to BPA (Table I).
In the presence of 120 uM BPB, the DNA content of the BPB-
treated cultures on day 3 was identical to that of the cultures
on day O, indicating that LM8 cells in culture medium
containing 120 uM BPB did not grow during the 3-day
treatment period. Therefore, we performed the subsequent
experiments using bisphenol at 80 uM.

Table 1. Effect of high concentrations of bisphenol A (BPA) and bisphenol
B (BPB) on cell proliferation. LMS cells were seeded on a 35-mm plate
in culture medium. In one group, 24 h after seeding, cells were harvested
to measure the DNA content of the cultures (day 0). In another group,
24 h after seeding, the medium was replaced with culture medium
containing either 80 or 120 uM of bisphenol. Cells were treated for 3
days and then harvested to measure the DNA content of the cultures (day
3). The results are expressed as the mean=SD for three or four plates.

Concentration DNA content (ug/plate)
(uM)
Day 0 Day 3
No additive (n=4) 2.62+0.23 19.3+0.80*
BPA (n=4) 80 - 9.71+0.39%%
(n=3) 120 - 6.00+0.51%%
BPB (n=4) 80 - 5.58+0.53*%
(n=4) 120 - 2.98+0.18%

*p<0.01 versus untreated cultures on day 0, ¥p<0.01 versus untreated
cultures on day 3.

LMS cells were treated for 3 days with or without 80 pM
BPA, and the DNA content of the cultures was measured at
daily intervals (Figure 1B). In both the untreated and BPA-
treated cultures, the DNA content increased during the 3-day
treatment period. On day 1, there was no difference in the
DNA content between the two cultures. On days 2 and 3, the
DNA content of the BPA-treated cultures was 36% (p<0.01)
and 54% (p<0.01) lower, respectively, than that of the
untreated cultures. Thus, LMS8 cells grew at a lower rate in the
BPA-treated cultures than in the untreated cultures.

To examine the effect of 80 WM BPA on cell viability, the
trypan blue exclusion test was performed. In both the
untreated and BPA-treated cultures, cells that attached to the
bottom of the plates excluded trypan blue (Figure 1C),
indicating that they were viable. Moreover, in both cultures
LMS cells did not detach from the bottom of the plates during
the 3-day treatment period.

Effect of bisphenols with different substituents on cell
proliferation. BPA, BPB, BPE, and BPF are diphenylalkanes
with alkyl substituents of different lengths on the central
carbon atom between the two phenolic rings. The order of the
length of the substituent is BPB>BPA>BPE>BPF (Figure 2A).
LMS cells were treated for 3 days with or without 80 uM
bisphenol, and the DNA content of the cultures was measured.
The DNA content was 42% lower (p<0.01) in the BPF-treated
cultures, 33% lower (p<0.01) in the BPE-treated cultures,
50% lower (p<0.01) in the BPA-treated cultures, and 73%
lower (p<0.01) in the BPB-treated cultures, compared with the
untreated cultures (Figure 2B). The difference in the DNA
content between the BPF-treated and BPE-treated cultures was
not significant. Thus, the order of the potential for reducing
the DNA content was BPB>BPA>BPF=BPE.
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Figure 1. Effect of bisphenol A (BPA) on cell proliferation. A: LMS8 cells were treated for 3 days with BPA at the indicated concentrations, and the
DNA content of the cultures was measured. The results are expressed as the mean+SD for four plates. B: LMS cells were treated with (filled circle)
or without (open circle) 80 uM BPA, and the DNA content of the cultures was measured at the indicated intervals. The results are expressed as the
mean=SD for four plates. *p<0.01 Compared to the untreated cultures. C: The trypan blue exclusion test was performed using cultures treated for
3 days with (the right panel) or without (the left panel) 80 uM BPA. Scale bar: 50 um.

Next, we examined the effect of bisphenols with
substituents on the hydroxyl groups in the para position of the
phenolic rings on the DNA content of the cultures. BPDA,
BPDM, and BPBCF are ester derivatives of BPA (Figure 3A).
The DNA content was 44% lower (p<0.01) in the BPA-treated
cultures, 48% lower (p<0.01) in the BPDA-treated cultures,
85% lower (p<0.01) in the BPDM-treated cultures, and 72%
lower (p<0.01) in the BPBCF-treated cultures, compared to
the untreated cultures (Figure 3B). BPDGE and BPDAA are
ether derivatives of BPA (Figure 3A). The DNA content of the
BPDGE-treated cultures was 28% lower (p<0.01) than that of
the untreated cultures, but 23% higher (p<0.01) than that of
the BPA-treated cultures (Figure 3C). The DNA content of the
BPDAA-treated cultures did not differ from that of the
untreated cultures.

Effect of bisphenols on DNA replication. LMS§ cells were
incubated with BrdU during the last 2 h of the 3-day treatment
period to examine the effect of bisphenols on DNA
replication. The total number of cells was 1,069 in five fields
for the untreated cultures, 1,012 in nine fields for the BPF-
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treated cultures, 1,110 in eight fields for the BPE-treated
cultures, 1,059 in seven fields for the BPA-treated cultures,
and 868 in 14 fields for the BPB-treated cultures. In all
cultures, we observed positive BrdU immunofluorescence
staining in the nucleus (Figure 4, right panels). The BrdU-
labeling index of the untreated cultures was 61.6+6.8%
(Figure 4B), indicating that 61.6% of cells in the cultures
synthesized DNA. The BrdU-labeling index (52.4+20.8%) of
the BPF-treated cultures was lower than that of the untreated
cultures, but this difference was not significant (Figure 4D).
The BrdU-labeling indices of the BPE-treated (Figure 4F) and
BPA-treated cultures (Figure 4H) were significantly lower
than those of the untreated cultures, indicating that both BPE
and BPA inhibited DNA replication. The BrdU-labeling index
of the BPB-treated cultures was 18.2+11.4% (Figure 4J). The
nuclei of some binucleated cells in the BPB-treated cultures
were BrdU-positive (Figure 41 and J, arrowhead).

Effect of bisphenols on cell morphology. Ethanol-fixed LM8
cells were stained with H&E to examine the effect of
bisphenols on cell morphology. The total number of cells was
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Figure 2. Effect of bisphenols with alkyl substituents of different lengths at the central carbon atom on cell proliferation. A: Structure of bisphenols
with alkyl substituents of different lengths on the central carbon atom between the two phenolic rings. B: LMS8 cells were treated for 3 days with or
without 80 uM bisphenol, and the DNA content of the cultures was measured. The results are expressed as the mean=SD for four plates. *p<0.01

Compared to the untreated cultures.

765 in six fields for the untreated cultures, 799 in seven fields
for the BPF-treated cultures, 1,054 in eight fields for the BPE-
treated cultures, 856 in 10 fields for the BPA-treated cultures,
and 288 in 10 fields for the BPB-treated cultures. The cultures
contained two morphologically different types of LMS cells.
The first type of cell morphology was cuboidal with multiple
filopodia on the cell surface (Figure 5A-i, inset), while the
second was spindle-shaped cells with a smooth and spreading
surface (Figure 5A-iv, inset). In the untreated cultures, the
majority of cells (93.5+3.5%) were cuboidal (Figure 5A-i) and
the remaining (6.5+3.5%) were spindle-shaped (Figure 5B).
The presence of BPF, BPE, and BPA significantly increased
the proportion of spindle-shaped cells (Figure 5A-ii, -iii and -
iv, and B). In the BPB-treated cultures, the majority of cells
(91.0+£8.3%) were cuboidal (Figure 5SA-v, and B).

We observed binucleated cells in all of the cultures. The
ratio of binucleated cells to total cells in the culture was 0.9%
in untreated cultures, 1.1% in BPA-treated cultures, 0.5% in
BPE-treated cultures, and 1.3% in BPF-treated cultures. The
BPB-treated cultures contained binucleated and multinucleated
cells, which had a larger cytoplasm than mononucleated cells
(Figure 5A-v, the inset). The ratio of cells having more than
two nuclei to total cells was 42.4%.

Effect of BPA on cell motility and CDC42 expression. Cell
motility was assayed using inserts with uncoated membranes
in invasion chambers. Migrating cells on the bottom surface
of the membranes were fixed in ethanol, and stained with

toluidine blue. The absorbance of the dye extracted from BPA-
treated cells was 54.9% (p<0.01) of that of the dye extracted
from untreated cells (Figure 6A), indicating that the number
of migrating BPA-treated cells on the bottom surface was
smaller than that of migrating untreated cells.

We performed immunofluorescence staining of CDC42,
which belongs to the Rho family of Ras-like GTPases (32)
and is involved in the formation of filopodia (33, 34), in order
to determine the effect of BPA on CDC42 expression in LM8
cells (Figure 6B-i and -iii). We counterstained the nucleus with
DAPI (Figure 6B-ii and -iv). Positive CDC42 immuno-
fluorescence staining was observed in both the untreated and
BPA-treated cultures; however, the intensity of the
fluorescence signal was weaker in the BPA-treated cultures
than in the untreated cultures. This finding suggests that BPA
may inhibit CDC42 expression in LMS cells. To verify this,
the cellular level of CDC42 was determined by western
blotting. The intensity of the band corresponding to CDC42
was weaker (p<0.01) in the BPA-treated cultures than in the
untreated cultures (Figure 6C), indicating that BPA reduced
the cellular level of CDC42.

Effect of BPA on MMP?2 and cell invasion. Since MMP?2 plays
a pivotal role in cell invasion (35), the effect of BPA on
MMP2 activity was examined by gelatin zymography (Figure
7A). The activity of MMP2 in cells was lower (p<0.05) in the
BPA-treated cultures than in the untreated cultures. The
activity of MMP2 secreted into the medium during the last
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Figure 3. Effect of bisphenol A (BPA) with different substituents on the hydroxyl groups in the para position of the phenolic rings on cell proliferation.
A: Structure of BPA with different substituents on the hydroxyl groups in the para position of the phenolic rings. B and C: LM8 cells were treated
for 3 days with or without either 80 uM BPA ester derivative (B) or 80 uM BPA ether derivative (C), and the DNA content of the cultures was
measured. The results are expressed as the mean=SD for four plates. *p<0.01 Compared to the untreated cultures.

24 h of the 3-day treatment period also was lower (p<0.05) in
the BPA-treated cultures than in the untreated cultures.

Cell invasion was assayed using inserts with matrigel-
coated membranes in invasion chambers. The absorbance of
the dye extracted from BPA-treated cells was 85.9% of that of
the dye extracted from untreated cells, but this difference was
not significant (Figure 7B).

Discussion

In this study, we first examined the effect of BPA on the
proliferation of LMS8 cells. By measuring the DNA content,
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we found that the presence of BPA in cultures caused a dose-
dependent decrease in the DNA content (Figure 1A). Of
course, there is concern that the BPA-induced decrease in the
DNA content of the cultures could result from a cytotoxic
effect of BPA toward LM8 cells because 100 uM BPA has
been reported to be cytotoxic toward MCF-7 cells (17).
However, this does not appear to be the case because LM8
cells in both untreated and BPA-treated cultures were viable
(Figure 1C) and did not detach from the bottom of the plates
during the 3-day treatment period. Moreover, LM8 cells grew
even in cultures containing 120 uM BPA (Table I). The results
of BrdU incorporation into DNA revealed that 61.6% of cells
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Figure 4. Effect of bisphenols (BPs) on DNA replication. LMS cells were treated for 3 days without (A, B) or with either 80 uM BPF (C, D), 80 uM
BPE (E, F), 80 uM BPA (G, H), or 80 uM BPB (I, J). Immunofluorescence staining of BrdU incorporated into DNA was performed. Light and
Sfluorescence images show the same field of view. Arrowhead indicates BrdU-positive nuclei in a binucleated cell. The inset (solid line) in panels
(I) and (J) shows a magnified image of the areas enclosed by the dotted line. The values shown in the photographs represent the BrdU-labeling
index. The results are expressed as the mean=SD for 5, 9, 8, 7, and 14 fields of the untreated, BPF-, BPE-, BPA- and BPB-treated cultures,
respectively. Scale bar: 100 um. *p<0.05 and **p<0.01 Compared to the untreated cultures.
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Figure 5. Effect of bisphenols (BPs) on cell morphology. A: LM8 cells were treated for 3 days without (i) or with either 80 uM BPF (ii), 80 uM
BPE (iii), 80 uM BPA (iv), or 80 uM BPB (v). Cells were then fixed in ethanol and stained with hematoxylin-eosin. Arrowheads in panel (v) indicate
either a binucleated or multinucleated cell. The inset (solid line) in panels (i), (iv), and (v) shows the magnified image of the areas enclosed by the
dotted line. Scale bar: 50 um. B: The proportion of spindle-shaped cells is shown. The results are expressed as the mean+SD for 6, 7, 8, 10, and
10 fields of the untreated, BPF-, BPE-, BPA- and BPB-treated cultures, respectively. *p<0.01 Compared to the untreated cultures.

in the untreated cultures synthesized DNA (Figure 4A), while
in the BPA-treated cultures, only 33.2% of cells synthesized
it (Figure 4H). Thus, the number of cells that entered the S
phase of the cell cycle was smaller in the BPA-treated cultures
than in the untreated cultures. Based on these findings, we
concluded that BPA inhibits DNA synthesis by arresting LM8
cells in G1/G phase and inhibits cell proliferation without
affecting cell viability. The findings of others that BPA
promotes the growth of MCF-7 cells (4, 15-17) and SK-N-SH
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cells (18) indicate that BPA promotes entry of these cells into
the S phase. Thus, the regulation of cell cycle by BPA appears
to depend on the cell type.

In the BPB-treated cultures, we observed binucleated and
multinucleated cells with a larger cytoplasm than
mononucleated cells (Figure 5A-v). The nuclei in some
binucleated cells were BrdU-positive and were partially in
contact with each other (Figure 4J, inset). Moreover,
multinucleated cells with more than three BrdU-positive nuclei
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Figure 6. Effects of bisphenol A (BPA) on cell motility and cell division cycle 42 (CDC42) expression. A: Cell motility assay was performed using
inserts with uncoated membranes in invasion chambers. The results are expressed as the mean+SD for 18 inserts. B: Immunofluorescence staining
of CDC42 was performed (i, iii). The nuclei were counterstained with 4°,6-diamidino-2-phenylindole (DAPI) (ii, iv). The left and right fluorescence
micrographs show the same field of view. Scale bar: 50 um. C: The cellular level of CDC42 was determined by western blotting. Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used as internal control. The experiments were performed using samples obtained from three independent
plates for each treatment. The results are expressed as the mean+SD for three plates. *p<0.01 Compared to the untreated cultures.

were also observed in the BPB-treated cultures (data not
shown). These findings suggest that binucleated and
multinucleated cells in the BPB-treated cultures may be
formed by direct nuclear division without cytokinesis in G,-
phase arrested cells. Kusuzaki et al. observed binucleated cells

in acridine orange-treated giant cell tumor of the bone. They
reported that binucleated cells in this tumor may be formed
from G,-phase arrested cells by amitotic nuclear division, but
not by mitosis without cytokinesis, or by cell fusion (36). It
has also been reported that the binucleation observed in
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BPE, BPA, and BPB are diphenylalkanes with one
hydrogen atom and one methyl group, two methyl groups, and
one methyl group and one ethyl group, respectively, on the
central carbon atom between the two phenolic rings (Figure

2A). These bisphenols all inhibited the proliferation of LM8
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Figure 7. Effects of bisphenol A (BPA) on matrix metalloproteinase 2
(MMP2) and cell invasion. A: The activity of MMP?2 in cells (left panel)
and of that secreted into the medium during the last 24 h of the 3-day
treatment period (right panel) were assayed by gelatin zymography.
Arrowhead in the upper panels shows the pro-form of MMP2. The
experiments were performed using samples obtained from three
independent plates for each treatment. The results are expressed as the
mean=SD for three plates. B: Cell invasion assay was performed using
inserts with matrigel-coated membranes in invasion chambers. The
results are expressed as the means+SD for 18 inserts. *p<0.05
Compared to the untreated cultures.

cells (Figure 2B). The order of the potential for inhibiting cell
proliferation was BPB>BPA>BPE, consistent with the order
of the length of alkyl groups joined to the central carbon atom.
In other words, the longer the alkyl groups on the central
carbon atom, the stronger the potential for inhibiting the
proliferation of LM8 cells. There are some reports on the same
order of BPA-induced actions. For example, the order of the
potential for inhibiting adiponectin production in 3T3-L1
adipocytes was found to be BPB>BPA>BPE (38). Perez et al.
reported that the estrogenicity of BPA derivatives is influenced
not only by the length of the substituents on the central carbon
atom but also by their nature (16).

Three ester derivatives of BPA tested in this study all
inhibited the proliferation of LM8 cells. The order of the
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potential for inhibiting cell proliferation was BPDM>
BPBCF>BPDA=BPA (Figure 3B). The ether derivative
BPDGE, but not BPDAA, also inhibited cell proliferation;
however, the potential of BPDGE to inhibit cell proliferation
was lower than that of BPA (Figure 3C). Thus, the potential
of the ester derivatives to inhibit the proliferation of LMS cells
was stronger than that of the ether derivatives. The relative
proliferative potency of MCF-7 cells has also been reported
to be higher in the presence of ester derivatives (BPDM,
BPBCF) than of the ether derivative (BPDGE) (16).

Tumor metastasis involves multiple steps, including cell
motility and invasion, intravasation into blood, and
extravasation into distant organs. LM8 cells possess a higher
number of filopodia per cell (27, 39) and exhibit higher motile
potential, compared with Dunn cells (39). Thus cell motility
is associated with the formation of filopodia on the surface of
cells. BPA induced a change in morphology from cuboidal
with multiple filopodia on the cell surface to spindle-shaped
with a smooth cell surface (Figure 5B), indicating that BPA
inhibited the formation of filopodia on the surface of LM8
cells. This finding suggests that LM8 cells in BPA-treated
cultures may be less motile than those in untreated cultures.
This was confirmed by the results of the cell motility assay
(Figure 6A), which was performed using inserts with uncoated
membranes in invasion chambers. These findings raise the
question of whether BPA affects CDC42 expression in LM8
cells because CDC42 promotes filopodia formation (33, 34,
40) and enhances cell motility (39, 40). To explore this, we
performed immunofluorescence staining and western blotting
of CDC42. As shown in Figure 6B and C, BPA inhibited the
expression of CDC42 in LMS8 cells. Taken together, the
present findings indicate that BPA inhibited the formation of
filopodia on the cell surface and reduced cell motile potential
by inhibiting CDC42 expression in LM8 cells.

The critical event for tumor invasion and metastasis is the
destruction of the extracellular matrix (ECM). MMPs degrade
ECM macromolecules in the basement membranes and other
interstitial connective tissues (35, 41). Invasive tumors exhibit
high levels of MMPs (27, 35). LM8 cells have been reported
to exhibit higher MMP?2 activity and higher invasive potential
than Dunn cells (27). The results of gelatin zymography
revealed that BPA reduced the expression and secretion of
MMP2 (Figure 7A). However, a significant difference in cell
invasion between untreated and BPA-treated cells was not
observed (Figure 7B). Therefore, BPA may have a minimal
effect on intravasation of LMS cells into blood and their
extravasation into distant organs.

In conclusion, BPA inhibited DNA replication and cell
proliferation in cultures of LMS cells. BPA inhibited filopodia
formation on the cell surface and reduced the motile potential by
inhibiting CDC42 expression in LMS cells. BPA reduced the
expression and secretion of MMP2. Seven out of eight bisphenol
derivatives tested in this study possessed the ability to inhibit the

proliferation of LM8 cells. Herein, we propose that BPA and its
derivatives may have potential as novel anti-proliferative and
anti-metastatic agents for the treatment of osteosarcoma.
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