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17β-Estradiol (E2) and bisphenol A (BPA) dam-
age DNA in estrogen receptor (ER)-positive human
mammary tumor MCF-7 cells. The effect of E2
and BPA is associated with increased expression of
Bloom helicase (BLM) and formation of nuclear foci
consisting of BLM and γH2AX at double stranded
break regions. BLM is one of five human RecQ
helicases that participate in the maintenance of ge-
nomic stability. This study investigated if the ex-
pressions of RecQ helicases Werner syndrome heli-
case (WRN), Rothmund-Thomson syndrome helicase
(RTS), RecQ5 helicase (RecQ5), RecQ protein-like 1
helicase (RecQL1, also known as RecQ1) and BLM
helicase are affected in MCF-7 cells by treatment with
estrogenic agents. The expression of RTS mRNA sig-
nificantly increased although the expression in RTS
protein only slightly increased. The expressions of
WRN, RecQ5 and RecQL1 were almost unaffected
both at mRNA and protein levels. These data sug-
gest that the expression of human RecQ helicases is
differentially regulated depending on the tissues and
cells. We showed that some helicase expressions are
regulated depending on the DNA damage.
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INTRODUCTION

17β-Estradiol (E2) is believed to cause carcino-
genesis by genotoxicity1) combined with a stimu-
latory effect on cell proliferation.2) Various stud-
ies using laboratory animals and cultured cells have
confirmed that E2 is carcinogenic.3, 4) Experiments
with DNA microarray technology characterized the
profiles of estrogen-responsive genes.5, 6) E2 upreg-
ulates cell cycle-associated genes, especially as-
sociated with DNA synthesis, and downregulates
the expression of antiproliferative and proapoptotic
genes,5) resulting collectively in the formation of
mammary tumor cells and sustained proliferation.
A similar effect is also observed for bisphenol A
(BPA),7) an endocrine-disrupting chemical, widely
used in material for polycarbonate plastic and epoxy
resin.8) BPA has a weak estrogenic activity to stim-
ulate cell proliferation of estrogen receptor (ER)-
positive mammary tumor cells, and so is attract-
ing considerable attention.9, 10) E2 and BPA dam-
age DNA in mammary tumor MCF-7 cells via ER,
and Bloom helicase (BLM) foci colocalize at sites
of DNA damage, suggesting that BLM has a role in
the repair of damaged DNA.11)

Genome-maintaining enzymes, such as RecQ
DNA helicases, participate in replication of DNA
during cell proliferation and prevent the DNA struc-
ture from various types of damage. BLM is a mem-
ber of RecQ helicase family having ATPase and 3′–
5′ DNA unwinding activity.12) Other human RecQ
helicases in the family are: Werner syndrome heli-
case (WRN),13) Rothmund-Thomson syndrome he-
licase (RTS),14) RecQ5 helicase (RecQ5),15) and
RecQ1 helicase (RecQL1).16, 17) RecQ helicases
share a part of the amino acid sequence encoding
seven motifs that may be relevant to DNA unwind-
ing activity and other specified features of each heli-
case.15) Biochemical studies have shown that BLM,
WRN and RecQL1 have a 3′–5′ DNA unwind-
ing activity and DNA-dependent ATPase activity.18)

BLM and WRN helicases appear to have differen-
tial functions in DNA surveillance, but can coordi-
nately work for particular types of DNA damage as-
sociating with a group of proteins including RPA,
Rad51, Rad51D and MLH1.19–21) RecQL1 heli-
case catalyzes branch migration of Holliday junc-
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tion structures suggesting a role of homologous re-
combination repair after DNA damage.22) Little is
known about the function of RTS and RecQ5. In
this study, we addressed the question of whether the
expression of all five RecQ helicases are similarly
or differentially affected by estrogenic agents, and
we found that they are differentially regulated.

MATERIALS AND METHODS

Chemicals —— E2 and BPA were purchased from
Wako Pure Chemicals Industries, Ltd. (Osaka,
Japan).
Cells, Cell Culture and Chemical Treatment ——
Mammary tumor cells MCF-7 cells were obtained
from the American Type Cell Culture (Bethesda,
MA, U.S.A.). The cells were maintained in Dul-
becco’s Modified Eagle’s Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and
50 µg/ml gentamycin (both from Sigma-Aldrich, St.
Louis, MO, U.S.A.) in a humidified atmosphere un-
der 5% CO2 at 37◦C. For all chemical treatments,
the cells were transferred to phenol red-free DMEM
supplemented with 10% charcoal-dextran-stripped
FBS (Hyclone, Logan, UT, U.S.A.) for 48 hr before
use to eliminate steroid hormones, including estro-
gen. The cells were treated with E2 or BPA for 48 hr
at the concentrations indicated in the figures. In a
time-course study, cells were treated with 10−10 M
E2 or 10−5 M BPA, E2 and BPA for the 48 hr treat-
ment at various concentrations and the time-course
study were solubilized in ethanol and ethanol was
adjusted to 0.1% in the culture of 0.1%. Control
culture cells were exposed to a culture medium con-
taining 0.1% ethanol.
Gene Expression —— BLM, WRN, RTS, RecQ5
and RecQL1 mRNA were quantified by using re-
verse transcriptase-polymerase chain reaction (RT-
PCR) with the TaqMan method and an ABI
prism 7000 (Applied Biosystems, Foster City, CA,
U.S.A.). One-Step RT-PCR Master Mix Reagents
Kit and TaqMan MGB probes specific for BLM,
WRN, RTS, RecQ5 and RecQL1 were purchased
from Applied Biosystems. Total RNA was extracted
by using an RNeasy Mini kit (Qiagen, Valencia,
CA, U.S.A.) according to the manufacturer’s proto-
col. The experiments were repeated three times and
RNA samples were assayed in duplicate. The per-
centage of changes in expression was calculated by
using a comparative CT method (ABI PRISM user
bulletin #2) with human β-glucuronidase expression

as an internal control.
Antibodies and Immunoblotting —— Im-
munoblot analysis of RecQ helicases was done
as described previously.23) Briefly, after treatment
with E2 or BPA, cells were solubilized in radio im-
munoprecipitation assay buffer containing 20 mM
Tris-HCl (pH 7.4), 0.1% sodium dodecyl sulfate,
1% TritonX-100 and 1% sodium deoxycholate.
The amounts of protein were determined by using
the Bradford protein assay kit (BioRad, Hercules,
CA, U.S.A.). Solubilized proteins (50 µg) were
electrophoresed on 2–15% sodium dodecyl sulfate
(SDS)-polyacrylamide gels (Daiichi Pure Chem-
icals, Tokyo, Japan) at 200 V for 1 hr and were
electrophoretically transferred to a polyvinylidene
fluoride membrane (Millipore, Billerica, MA,
U.S.A.) for 90 min at 6 V. Goat polyclonal antibod-
ies against human BLM (C-18) were purchased
from Santa Cruz, CA, U.S.A. Mouse monoclonal
antibody 4H12 against the C-terminal end of
WRN was reported previously.23) These mouse
monoclonal antibodies against human RTS and
RecQ5β were prepared by immunizing mice with a
purified recombinant C-terminal fragment of RTS
(amino acid residues 907–1208) or of RecQ5β
(amino acid residues 848–991), respectively.24)

Rabbit polyclonal antibodies against human
RecQL1 were kindly provided by Dr. Enomoto.18)

RecQ helicase proteins were detected by using
specific monoclonal or polyclonal antibodies and
then by using rabbit anti-goat immunoglobu-
lin, rabbit anti-mouse immunoglobulin or goat
anti-rabbit immunoglobulin that were conjugated
with horseradish peroxidase (DAKO, Glostrup,
Denmark). The membrane was developed by
using increased chemiluminescence with ECL Plus
Western Blotting Detection Reagents (Amersham
Life Science, Buckinghamshire, U.K.). Anti
α-actin (ICN, Costa Mesa, CA, U.S.A.) was used
to normalize the sample loading.
Statistical Analysis —— Dunnett’s test was used.

RESULTS AND DISCUSSION

Estrogenic agents E2 and BPA stimulated pro-
liferation of E2-responsive MCF-7 cells.8) We
showed that transcription of not only BLM, but
also cell-cycle-associated genes, such as MCM5,
MCM2, Myt1, PCNA and AuroraA, were stimulated
under the same conditions.7)

In this study, we examined mRNA expression
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Fig. 1. Expression of mRNA and Its Product of RecQ Helicases in MCF-7 Cells after Treatment with E2
(A) Concentration-dependent effect of E2 for 48 hr on MCF-7 cells. Each point represents the mean ± standard deviation of triplicate samples.

The vertical axis indicates the percentage of expression of control (treated cells/untreated control cells × 100%). ∗∗ Significantly different from control
cells, p < 0.01. (B) Time course of the effect of 10−10 M E2 in MCF-7 cells. See also (A). (C) Expression of RecQ helicase proteins in MCF-7 cells as
assessed by immunoblotting. MCF-7 cells were treated with E2 at the indicated concentrations for 72 hr.

of BLM, WRN, RTS, RecQ5 and RecQL1 (Fig. 1A).
Figure 1A shows that the amount of mRNA of
BLM and RTS increased dose-dependently from
10−12 M to 10−9 M E2. The three other mRNAs in-
creased moderately and reached similar levels above
10−11 M E2 concentration. Figure 1B shows the
time course of mRNA levels of these RecQ heli-
cases after treatment with 10−10 M E2. BLM and
RTS mRNA levels increased significantly shortly
after 6 hr treatment with 10−10 M E2 and the in-
crease continued until reaching similar levels at
48 hr and 72 hr. E2 and BPA stimulates the rate
of MCF-7 cell proliferation and increases the cell
number after 144 hr.8) In our study, E2 at 10−12

and 10−9 M or BPA at 10−8 and 10−5 M acceler-

ated cell proliferation for 96 hr (data not shown).
The cell number was 1.4 times higher at 10−9 M E2
or 10−5 M BPA than non-treated control cells af-
ter 96 hr treatment. Comparison of mRNA expres-
sion of five helicases assessed because of slightly in-
creased cell numbers showed that the mRNA levels
of BLM and RTS were specifically upregulated by
estrogenic agents. The mRNA levels of BLM and
RTS reached the highest level after 72 hr of treat-
ment, and thus we determined the protein levels of
BLM and RTS at around 72 hr (Fig. 1B). Figure 1C
shows the expression of the products of these genes
in MCF-7 cells as assessed by immunoblotting at
72 hr after E2 treatment at the indicated doses. As
expected, the BLM protein expression was stimu-
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lated dose-dependently, but the RTS protein level
was did not increase as distinctly as the BLM he-
licase protein. The protein levels of WRN, RecQ5
and RecQL1 were not affected, even though their
mRNA synthesis significantly increased by E2 treat-
ment.

We investigated the effect of BPA treatment on
mRNA synthesis of the five RecQ helicases. BPA
needed a 100–1000 times higher concentration than
E2 to induce the same levels of BLM mRNA ex-
pression. This differential effect is correlated with
the intrinsic binding affinity of E2 and BPA to the
estrogen receptor.25–27) Figure 2A shows the results
with BLM, WRN, RTS, RecQ5 and RecQL1, in
relation to their mRNA levels in MCF-7 cells af-
ter 48 hr treatment with 10−9 to 10−5 M BPA. BLM
and RTS mRNAs specifically increased by BPA
treatment dose-dependently, but WRN, RecQ5 and
RecQL1 mRNAs increased slightly due perhaps to
slightly increased cell numbers. Figure 2B shows
the time course of mRNA expression after treat-
ment with 10−5 M BPA. BLM and RTS mRNA lev-
els increased significantly and reached similar lev-
els at 48 hr and 72 hr, but the levels of WRN, RecQ5
and RecQL1 mRNAs only moderately increased by
BPA treatment. Figure 2C shows immunoblot anal-
ysis of the protein levels of RecQ helicase family
in MCF-7 cells at 72 hr after BPA treatment. Con-
sistent with the increased mRNA, BLM protein in-
creased dose-dependently as we observed with the
results shown in Fig. 2A. The RTS protein increased
after treatment with a high dose of BPA, but only
slightly, and the protein levels of the three other he-
licases were almost unaffected.

Kawabe et al.23) showed differential expression
of human RecQ helicases in cell transformation and
cell proliferation. This study supported our previ-
ous conclusions7) that estrogenic agents stimulate
cell proliferation by interaction with ER and also
stimulate the expression of BLM helicase participat-
ing in DNA repair during the cell cycle. However,
whether this stimulation is the direct cosequence of
E2 signalling affecting BLM transcription or due to
an indirect effect by DNA damage induced by E2-
based oxygen radicals remains to be studied. BLM
helicase colocalizes with γH2AX in nuclear foci at
the site of DNA damage induced by treatment with
estrogenic agents, suggesting that part of BLM heli-
case is associated with DNA damage by estrogenic
agents.11) BLM and WRN helicases function coor-
dinately19–21) under certain conditions. However,
our study showed no sign of colocalization of WRN

(A)

(B)

(C)

Fig. 2. Expression of mRNA and Its Product of RecQ Heli-
cases in MCF-7 Cells after Treatment with BPA

(A) Concentration-dependent effect of BPA for 48 hr on MCF-7
cells. See also Fig. 1 legend. (B) Time course after treatment with
10−5 M BPA. See also Fig. 1 legend. (C) Expression of RecQ helicase
proteins in MCF-7 cells as assessed by immunoblotting. MCF-7 cells
were treated with BPA at the indicated concentrations for 72 hr. See
also Fig. 1 legend.

and BLM helicases with estrogenic agents in MCF-
7 cells (data not shown). RTS helicase has been
assumed to fuction as a genome caretaker.28) Woo
et al.29) reported that RTS changes subcellular lo-
calization in response to oxidative stress, suggest-
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ing that RTS helicase may have a role in DNA re-
pair after oxidative damage. Consistent with this
report, RTS expression was stimulated after E2 or
BPA treatment in our study, but further study is nec-
essary to understand the RTS function. These re-
sults suggest that RecQ helicases are differentially
regulated against the genotoxic effect by estrogenic
agents and that BLM helicase may have an impor-
tant role in ER-containing cells to cope with DNA
damage induced by estrogenic agents. This study
supports the importance of BLM helicase in the re-
pair of DNA damage caused by estrogenic agents.
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