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Apurinic/apyrimidinic endonuclease 1 or redox factor-1 (Ape1/Ref-1) is a pleiotropic cellular pro-
tein involved in DNA repair and, through its redox activity, enhances the binding of a select group
of transcription factors to their cognate recognition sequences in DNA. Thus, we were intrigued
when we identified Ape1/Ref-1 and a number of DNA repair and oxidative stress proteins in a
complex associated with the DNA-bound estrogen receptor � (ER�). Because Ape1/Ref-1 interacts
with a number of transcription factors and influences their activity, we determined whether it
might also influence ER� activity. We found that endogenously expressed Ape1/Ref-1 and ER�

from MCF-7 human breast cancer cells interact and that Ape1/Ref-1 enhances the interaction of
ER� with estrogen-response elements (EREs) in DNA. More importantly, Ape1/Ref-1 alters expres-
sion of the endogenous, estrogen-responsive progesterone receptor and pS2 genes in MCF-7 cells
and associates with ERE-containing regions of these genes in native chromatin. Interestingly,
knocking down Ape1/Ref-1 expression or inhibiting its redox activity with the small molecule
inhibitor E3330 enhances estrogen responsiveness of the progesterone receptor and pS2 genes
but does not alter the expression of the constitutively active 36B4 gene. Additionally, the reduced
form of Ape1/Ref-1 increases and E3330 limits ER�-ERE complex formation in vitro and in native
chromatin. Our studies demonstrate that Ape1/Ref-1 mediates its gene-specific effects, in part, by
associating with endogenous, estrogen-responsive genes and that the redox activity of Ape1/
Ref-1 is instrumental in altering estrogen-responsive gene expression. (Molecular Endocrinology
23: 1346–1359, 2009)

During the course of normal cellular metabolism, ox-
ygen is consumed and reactive oxygen species (ROS)

are produced. If not effectively dissipated, ROS can accu-
mulate and cause damage to resident proteins, lipids, and
DNA. To avoid ROS-induced damage to cellular macro-
molecules, cells rely on a diverse array of proteins to de-
crease oxidative stress and, if damage does occur, to re-
pair the ROS-induced damage.

Zinc finger proteins, which include numerous tran-
scription factors, are particularly vulnerable to ROS ac-
cumulation. Oxidation of their zinc fingers alters the sec-
ondary structure of these proteins and inhibits their
ability to bind to DNA (1). Enzymes involved in redox
regulation, such as apurinic/apyrimidinic endonuclease
1/redox factor-1 (Ape1/Ref-1), which reduces specific
oxidized transcription factors such as Fos, Jun, nuclear
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factor-�B (NF�B), and p53 (1–5), are instrumental in
ensuring that the transcriptional activity mediated by
these proteins is maintained.

Estrogen receptor � (ER�) is a ligand-inducible tran-
scription factor that plays a critical role in development
and maintenance of the mammary gland and the repro-
ductive tract but also influences the function of the skel-
etal, cardiovascular, and nervous systems (6–11). Inter-
action of ER� with its hormonal ligand, 17�-estradiol
(E2), facilitates the interaction of the receptor with estro-
gen-response elements (EREs) in target genes and alters
recruitment of coregulatory proteins to the DNA-bound
receptor, thereby initiating changes in gene expression. In
this manner, ER� modulates the expression of an array of
estrogen-responsive genes (12, 13) including the pS2 gene
(14–16) and the progesterone receptor (PR) gene, which
encodes two functionally distinct proteins, the 120-kDa
PR-B and the 94-kDa PR-A (17, 18). The capacity of ER�

to initiate changes in gene expression relies on the
structural integrity of its centrally located DNA bind-
ing domain, which is comprised of two zinc fingers and
is required for sequence-specific DNA binding. Oxida-
tion of ER� precludes the ability of the receptor to
interact with DNA and alters estrogen-responsive gene
expression (19, 20).

To better understand how ER� regulates transcription
of estrogen-responsive genes, we used agarose-based gel
mobility shift assays to isolate large complexes of proteins
associated with the ERE-bound ER� (21, 22). Mass spec-
trometry analysis identified Ape1/Ref-1 as a component
of these large protein-ER�-DNA complexes. In the cur-
rent study, we demonstrate that Ape1/Ref-1 interacts
with ER�, promotes the ER�-ERE interaction, influences
ER�-mediated transactivation, and selectively associates
with endogenous, estrogen-responsive genes in MCF-7
cells. Our findings suggest that Ape1/Ref-1 is instrumen-
tal in modulating expression of estrogen-responsive genes
in this human breast cancer cell line.

Results

To better understand how estrogen-responsive genes are
regulated, we developed an agarose-based gel mobility
shift assay, which, unlike acrylamide-based gel mobility
shift assays, can be used to isolate large, multiprotein
complexes associated with the ERE-bound ER� (21, 22).
Mass spectrometry analysis revealed that a number of
proteins associate with the DNA-bound ER�, and subse-
quent analysis showed that these proteins influence the
activity of ER� (20–29). Interestingly, the multifunc-
tional protein Ape1/Ref-1 was a component of these large
protein-ER�-ERE complexes.

Endogenously expressed ER� and
Ape1/Ref-1 interact

We first examined the level of Ape1/Ref-1 expressed in
a number of cultured cell lines that have been used to
study estrogen responsiveness (24, 30–32). MCF-7 breast
cancer and U2 osteosarcoma (U2OS) cells expressed sig-
nificantly higher levels of Ape1/Ref-1 than either HeLa
cervical cancer or MDA-MB-231 breast cancer cells, but
only MCF-7 cells expressed ER� (Fig. 1A). The level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
which was used as a loading control, was similar in each
of the cell lines tested.

To determine whether ER� interacted with Ape1/
Ref-1 in a cell line in which these proteins are endog-
enously expressed, MCF-7 breast cancer cells were
treated with ethanol or 10 nM E2 and immunoprecipita-
tion assays were carried out. When an Ape1/Ref-1-spe-
cific antibody was used, both Ape1/Ref-1 and ER� were
immunoprecipitated in the absence and in the presence of
hormone (Fig. 1B, lanes 5 and 6). In contrast, when a
control antibody was used, neither Ape1/Ref-1 nor ER�

was immunoprecipitated (lanes 3 and 4).

Ape1/Ref-1 alters expression of endogenous
estrogen-responsive genes

Because Ape1/Ref-1 was associated with the receptor-
DNA complex (21, 22) and interacted with ER� from
MCF-7 cells (Fig. 1B), we investigated whether this inter-
action had a functional consequence and could alter
ER�-mediated transcription. MCF-7 cells, which endo-

FIG. 1. Expression and Interaction of ER� and Ape1/Ref-1. A, Nuclear
extracts (20 �g) from MCF-7, U2OS, HeLa, or MDA-MB-231 cells were
separated on a denaturing acrylamide gel and transferred to
nitrocellulose. Proteins were detected with Ape1/Ref-1-, ER�-, and
GAPDH-specific antibodies. GAPDH was used as a loading control. B,
MCF-7 cells were treated with ethanol or 10 nM E2, cell lysates were
prepared, and proteins were immunoprecipitated with an antibody
directed against Ape1/Ref-1. The immunoprecipitated proteins were
subjected to Western blot analysis with ER�- and Ape1/Ref-1-specific
antibodies. Lanes 1 and 2 contain 1% input. IP, Immunoprecipitation.
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genously express both Ape1/Ref-1 and ER� (Fig. 1A),
were transfected with a control or Ape1/Ref-1-specific
small interfering RNA (siRNA). Western blot analysis
confirmed that Ape1/Ref-1 expression was dramatically
reduced when the Ape1/Ref-1-specific small interfering
RNA (siRNA) was used (Fig. 2A, lanes 3 and 4) but that
the control siRNA did not affect Ape1/Ref-1 expression
(lanes 1 and 2 and data not shown). PR expression in-
creased upon E2 treatment in the presence of control
siRNA (lanes 1 and 2) as has been observed in untrans-
fected E2-treated MCF-7 cells (33). However, when en-
dogenous Ape1/Ref-1 was decreased, PR-B and PR-A
protein expression increased 2- and 4-fold, respectively,
in the presence of E2 compared with control siRNA (com-
pare lanes 2 and 4). In contrast, neither ER� nor GAPDH,
which was used as an internal control, was affected by
control or Ape1/Ref-1-specific siRNA.

To determine whether decreased Ape1/Ref-1 expres-
sion would influence endogenous, estrogen-responsive
gene expression at the mRNA level, total RNA was iso-
lated from MCF-7 cells that had been transfected with
control or Ape1/Ref-1-specific siRNA, and cDNA was
synthesized. Real-time quantitative PCR analysis re-
vealed that Ape1/Ref-1 mRNA expression was signifi-
cantly decreased with the Ape1/Ref-1-specific siRNA in
the absence and in the presence of E2 (Fig. 2B). As ex-
pected, PR mRNA levels were increased when cells were
treated with E2 and control siRNA was used. When Ape1/
Ref-1 expression was knocked down, the level of PR
mRNA was dramatically enhanced with E2 treatment
compared with control siRNA. Thus, the increased PR
mRNA level we observed when Ape1/Ref-1 expression
was knocked down corresponded well with the increased
level of PR protein (Fig. 2A). Similarly, pS2 and Bcl2
mRNA levels were increased in the presence of E2 when
Ape1/Ref-1 was knocked down. However, knocking
down Ape1/Ref-1 expression decreased cyclin D1 mRNA
levels in the absence and presence of E2. Therefore, Ape1/
Ref-1 acts to limit gene expression of the endogenous,
estrogen-responsive PR, pS2, and Bcl2 genes and en-
hances cyclin D1 gene expression in MCF-7 cells. Al-
though ER� mRNA levels increased in the absence of E2

when Ape1/Ref-1 was knocked down, the level of ER�

protein was unaltered. These combined studies demon-
strate that the effects of Ape1/Ref-1 on estrogen respon-
siveness are gene specific.

Previous studies in ovarian, osteosarcoma, and embry-
onic stem cells have shown that the loss of Ape1/Ref-1
expression results in an extended G1/S transition and de-
creased proliferation (34–37). To determine whether
knocking down Ape1/Ref-1 in MCF-7 cells influenced
proliferation, 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphe-

nyltetrazolium bromide (MTT) assays were performed
after cells had been transfected with control or Ape1/Ref-
1-specific siRNA and treated with ethanol or 10 nM E2. In

FIG. 2. Effect of knocking down Ape1/Ref-1 on endogenous
estrogen-responsive gene expression. MCF-7 cells were transfected
with control or Ape1/Ref-1-specific siRNA and then treated with
ethanol (�E2 and white bars) or 10 nM E2 (�E2 and black bars) for
24 h. A, Protein samples were subjected to Western blot analysis with
an antibody that recognizes Ape1/Ref-1, PR-A and PR-B, ER�, or
GAPDH. B, RNA was isolated, cDNA was synthesized, and real-time
PCR was carried out with gene-specific primers. The relative fold
change was determined using the comparative Ct method with the
housekeeping gene, 36B4, serving as the internal control. Data from
four independent experiments, which had been carried out in
duplicate, were combined and are presented as the mean � SEM. C,
MTT assays were performed, and absorbance measurements were
collected. Cell proliferation index (%) was determined by comparing
the mean absorbance of Ape1/Ref-1 siRNA samples with control
siRNA. Data from three independent experiments, which were carried
out in duplicate, were combined and are presented as the mean �
SEM. ANOVA with a post hoc Student’s t test was used to detect
significant differences in mRNA levels and cell proliferation in response
to E2 (*, P � 0.05) or Ape1/Ref-1-specific siRNA (#, P � 0.05).
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fact, knocking down Ape1/Ref-1 expression resulted in
an approximately 20% decrease in proliferation com-
pared with control siRNA (Fig. 2C).

Ape1/Ref-1 associates with the endogenous
estrogen-responsive PR and pS2 genes

The ability of Ape1/Ref-1 to interact with ER� and
influence ER�-mediated transcription suggested that
Ape1/Ref-1 might associate with regulatory regions of
estrogen-responsive genes to influence transcription. To
determine whether this was the case, MCF-7 cells were
treated with ethanol or E2 for 20 min, 2 h, 6 h, or 24 h,
and chromatin immunoprecipitation (ChIP) assays were
performed. Hormone treatment elicited a dramatic in-
crease in the association of ER� with the ERE-containing
region of the pS2 gene and with two regions of the PR
gene located 205 (PR205) and 221 (PR221) kb upstream
of the PR-B transcription start site (Fig. 3A). PR205 and
PR221 contain two and one imperfect EREs, respectively,
that bind ER� and function as estrogen-responsive en-
hancers (Boney-Montoya, J. L., Y. S. Ziegler, C. D. Cur-
tis, J. A. Montoya, and A. M. Nardulli, manuscript sub-
mitted). Similarly, Ape1/Ref-1 association with the pS2
gene, PR205, and PR221 was increased in the presence of
E2. The capacity of Ape1/Ref-1 to associate with the PR
and pS2 genes is consistent with its ability to alter the
expression of these genes (Fig. 2) and suggests that Ape1/
Ref-1 influences gene expression in part by associating with
gene regions involved in conferring estrogen responsiveness.

Ape1/Ref-1 promotes the ER�-ERE interaction
Thus far, we had shown that Ape1/Ref-1 interacted

with ER�, influenced endogenous, estrogen-responsive
gene expression, and associated with gene regions in-
volved in conferring estrogen responsiveness. To deter-
mine whether Ape1/Ref-1 might also influence receptor-
DNA complex formation, gel mobility shift assays were
performed on nondenaturing acrylamide gels. In the ab-
sence of Ape1/Ref-1, ER� bound to the ERE-containing
oligos (Fig. 4A, lane 2). As increasing amounts of Ape1/
Ref-1 were added, the ability of ER� to bind to ERE-
containing oligos increased in a dose-dependent manner
(Fig. 4A, lanes 3–7, and Fig. 4B). This increased receptor-
DNA complex formation was not due to increased pro-
tein concentrations, because the total protein concentra-
tion in each reaction was held constant by addition of
BSA, but was due to the presence of Ape1/Ref-1. Addition
of an ER�-specific antibody (lane 8) resulted in a super-
shift of the protein-DNA complex, indicating that the
receptor was present. However, an Ape1/Ref-1-specific
antibody (lane 9) was unable to supershift the protein-
DNA complex. Thus, although Ape1/Ref-1 was not
present in the protein-DNA complex, it did significantly

increase ER�-ERE complex formation. These studies,
which were performed with purified ER� and Ape1/Ref-1
and fractionated on an acrylamide gel, do not necessarily
contradict our previous studies (21, 22), which were per-
formed with HeLa nuclear extracts and purified ER� and
fractionated on an agarose gel, but do suggest that the
association of Ape1/Ref-1 with the ERE-bound ER� may
require the participation of other nuclear proteins. These
findings are reminiscent of a previous report, which dem-
onstrated that Ape1/Ref-1 stimulated binding of Fos and
Jun to AP-1-containing DNA but was not associated with
the protein-DNA complex and did not alter the DNA
region protected in deoxyribonuclease I footprinting or
methylation interference assays (39).

FIG. 3. Ape1/Ref-1 association with endogenous estrogen-
responsive genes. MCF-7 cells were treated with ethanol or 10 nM

E2 for 20 min, 2 h, 6 h, or 24 h. Chromatin was prepared and
immunoprecipitated with an antibody directed against ER� (A) or
Ape1/Ref-1 (B). DNA was isolated and amplified by real-time
quantitative PCR to determine whether ER� and Ape1/Ref-1 were
associated with the ERE-containing region of the pS2 gene or
regions of the PR gene located 205 kb (PR205) or 221 kb (PR221)
upstream of the PR-B transcription start site, which contain two and
one imperfect EREs, respectively. Four independent experiments,
which were each carried out in duplicate, were combined and are
presented as the mean number of copies of each estrogen-
responsive region pulled down relative to the number of copies of
the 36B4 gene region pulled down (Occupancy) � SEM. ANOVA
with a post hoc Student’s t test was used to detect statistical
increases in the association of ER� and Ape1/Ref-1 with these gene
regions in the presence of E2 (*, P � 0.05).
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Inhibition of Ape1/Ref-1 redox activity alters
estrogen responsiveness

Ape1/Ref-1 has been described as a redox factor that
stimulates the DNA binding activity of several transcrip-
tion factors including Fos, Jun, NF�B, and p53 (2–5).
Given that decreased Ape1/Ref-1 expression altered ex-

pression of estrogen-responsive genes and that Ape1/
Ref-1 was able to increase ER�-ERE complex formation,
we were interested in determining whether inhibiting the
DNA repair or redox activity of Ape1/Ref-1 might affect
endogenous, estrogen-responsive gene expression. Ac-
cordingly, MCF-7 cells were exposed to two different
inhibitors of Ape1/Ref-1 activity, methoxyamine (MX)
and E3330. MX binds to and occludes abasic sites in
DNA and thereby inhibits Ape1/Ref-1-mediated DNA re-
pair (36, 40, 41). The small molecule inhibitor, E3330,
which was originally identified as a suppressor of NF�B
activation, binds specifically to Ape1/Ref-1 (42, 43)
and blocks its redox activity, thereby inhibiting Ape1/
Ref-1-induced binding of transcription factors to DNA
(34, 36, 44, 45).

Total protein and RNA were isolated from MCF-7
cells that had been exposed to MX or E3330. Western
blot (Fig. 5A) and real-time quantitative PCR analysis
(Fig. 5B) confirmed that neither of the inhibitors altered
Ape1/Ref-1 levels. As expected, PR and pS2 mRNA levels
increased when MCF-7 cells were treated with E2. When
cells were exposed to MX and E2, similar changes in PR
and pS2 mRNA levels were observed. However, when
cells were exposed to the redox inhibitor E3330 and then
treated with E2, the levels of PR and pS2 mRNA were
significantly enhanced. ER� mRNA levels decreased in
the absence, but not in the presence, of E2 when the redox
inhibitor was present. Thus, the increased estrogen re-
sponsiveness of the PR and pS2 genes we observed when
cells were exposed to E3330 was consistent with the in-
creased PR and pS2 mRNA levels detected when Ape1/
Ref-1 expression was decreased (Fig. 2). These studies
suggest that the redox activity of Ape1/Ref-1, but not its
DNA repair activity, is important in modulating expres-
sion of these two endogenous estrogen-responsive genes.

Reduced Ape1/Ref-1 facilitates ER�-ERE
complex formation

Because we had shown that the redox activity of
Ape1/Ref-1 was involved in altering the expression of
endogenous estrogen-responsive genes, we determined
whether the redox activity of Ape1/Ref-1 was involved
in the Ape1/Ref-1-mediated increase in ER�-ERE com-
plex formation.

Generally, approximately 4 mM dithiothreitol (DTT) is
used in gel mobility shift assays to reduce ER� and pro-
mote the ER�-ERE interaction. As seen in Fig. 6, when
DTT was omitted from the binding reaction (lane 2) or
when 0.02 mM DTT concentrations were used (lane 3),
ER� bound weakly to the ERE-containing oligos. When
Ape1/Ref-1 was reduced with DTT, but then diluted so
that the final DTT concentration was 0.02 mM, ER�-ERE

FIG. 4. Effect of Ape1/Ref-1 on the ER�-ERE interaction. A, 32P-
labeled oligos containing a consensus ERE were run alone (lane 1) or
combined with 30 fmol baculovirus-expressed, purified ER� (lanes 2–9)
and increasing (lanes 3–7) or constant (lanes 7–10) amounts of
bacterially expressed, purified Ape1/Ref-1. Total protein concentrations
in each lane were held constant by the addition of BSA. ER�- (lane 8)
and Ape1/Ref-1- (lane 9) specific antibodies were added as indicated.
Lane 10 contains purified Ape1/Ref-1 and radiolabeled ERE oligos in
the absence of ER�. B, The percent of probe bound was determined
from four independent experiments and is shown graphically as the
mean � SEM. Statistical differences were determined using a one-way
ANOVA with a post hoc Student’s t test (*, P � 0.05). Ab, Antibody.
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complex formation was increased 4.3-fold (Fig. 6A, com-
pare lanes 3 and 4, and Fig. 6B). Inclusion of Ape1/Ref-1,
which had not been reduced with DTT before addition to
the binding reaction, failed to promote the ER�-ERE in-
teraction to the same extent as prereduced Ape1/Ref-1
(Fig. 6A, compare lanes 8 and 4, and Fig. 6B). Increasing
concentrations of the Ape1/Ref-1-specific redox inhibitor
E3330 elicited a dose-dependent decrease in Ape1/Ref-1-
mediated ER�-ERE complex formation (Fig. 6A, lanes
5–7, and Fig. 6B). Similarly, mutation of a critical amino
acid involved in conferring Ape1/Ref-1 redox activity
(C65S; Refs. 46–48) resulted in a 20% reduction in ER�-
ERE complex formation (Fig. 6C, compare lanes 2 and 3).
Thus, Ape1/Ref-1 and its redox activity are instrumental
in enhancing ER�-ERE complex formation.

Inhibition of Ape1/Ref-1 redox activity alters
association of ER� with the endogenous estrogen-
responsive PR and pS2 genes

Given that only reduced Ape1/Ref-1 with an intact
redox domain was able to promote the ER�-ERE inter-
action in gel mobility shift assays, we determined whether
inhibiting the redox activity of endogenously expressed
Ape1/Ref-1 might also affect the association of ER� with

regulatory regions of the PR and pS2 genes in native chro-
matin. Thus, MCF-7 cells were exposed to the Ape1/
Ref-1 redox inhibitor E3330, treated with ethanol or 10
nM E2, and chromatin immunoprecipitation assays were
performed. As expected, hormone treatment increased
the association of ER� (Fig. 7A) and Ape1/Ref-1 (Fig. 7B)
with the ERE-containing region of the pS2 gene and with
two regions of the PR gene (PR205 and PR221). Addition
of E3330 significantly diminished the E2-induced associ-
ation of ER� and Ape1/Ref-1 with these native gene
regions.

Expression of Ape1/Ref-1 in human
mammary tissue

Although examining the expression of Ape1/Ref-1 in
MCF-7 breast cancer cells was quite informative, we were
interested in determining whether Ape1/Ref-1 was ex-
pressed in normal mammary cells. Thus, paraffin-embed-
ded, human mammary tissue was subjected to immuno-
histochemistry. As seen in Fig. 8, A and B, at �10
magnification, Ape1/Ref-1 and ER� were predominantly
present in the epithelial cells. When the primary antibody
was omitted, no staining was observed (insets in Fig. 8, A
and B). When cells were observed at a higher magnifica-

FIG. 5. Effect of Ape1/Ref-1 inhibitors on estrogen-responsive gene expression. MCF-7 cells were incubated with DMSO, MX, or E3330 for 1 h
and then treated with ethanol (�E2 or white bars) or 10 nM E2 (�E2 or black bars) for 24 h. A, Cell lysates were prepared and separated on a
denaturing acrylamide gel. The blot was subjected to Western analysis with an antibody that recognizes Ape1/Ref-1 or GAPDH. B, RNA was
isolated, cDNA was synthesized, and real-time PCR was carried out with gene-specific primers. The relative fold change was determined using the
comparative Ct method with the housekeeping gene, 36B4, serving as the internal control. Data from four independent experiments, which had
been done in duplicate, were combined and are presented as the mean � SEM. ANOVA with a post hoc Student’s t test was used to detect
significant differences in mRNA levels in response to E2 (*, P � 0.05) or the inhibitor E3330 (#, P � 0.05).
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tion (�40), it was apparent that both Ape1/Ref-1 and
ER� were localized in the epithelial cell nuclei (Fig. 8, C
and D).

Discussion

Ape1/Ref-1 has been identified as a protein involved in
DNA repair and redox regulation (reviewed in Ref. 4).
We have now shown that Ape1/Ref-1 interacts with ER�,

associates with endogenous gene regions involved in con-
ferring estrogen responsiveness, and influences estrogen-
responsive gene expression and that the redox activity of
Ape1/Ref-1, but not its DNA repair activity, is involved in
mediating these effects.

Effect of Ape1/Ref-1 on transcription factor
binding to DNA

ER� has two centrally located zinc fingers in its
DNA-binding domain. Although both zinc fingers are

FIG. 6. Effect of reduced Ape1/Ref-1 on ER�-ERE complex formation. A, 32P-labeled ERE-containing oligos were run alone (lane 1) or combined
with 30 fmol baculovirus-expressed, purified ER� (lanes 2–8) and bacterially expressed, purified Ape1/Ref-1 (lanes 4–8). DTT (0.02 mM; lanes 3–7)
or increasing concentrations of the Ape1/Ref-1-specific redox inhibitor E3330 (lanes 5–7) were included as indicated. Total protein concentrations
were held constant by addition of BSA. B, The percent of probe bound was determined from four independent experiments and is shown
graphically as the mean � SEM. C, 32P-labeled ERE-containing oligos were combined with 30 fmol ER� (lanes 1–3), 0.02 mM DTT (lanes 2–3) and
wild-type Ape1/Ref-1 (lane 2) or redox-deficient Ape1/Ref-1 C65S (lane 3). Total protein concentrations were held constant by addition of BSA.
Wt, Wild type.
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susceptible to oxidative stress, the second zinc finger is
particularly vulnerable (1, 49). Oxidation of ER� de-
creases the capacity of the receptor to dimerize, dimin-
ishes DNA binding, and results in a loss of transcrip-
tional activity (1, 49). Our studies show that, just as
Ape1/Ref-1 enhances the binding of Fos, Jun, NF�B,
HIF1�, and p53 to their cognate binding sequences (1,
3, 4, 39, 50, 51), it also enhances the binding of ER� to
ERE-containing DNA, suggesting that Ape1/Ref-1 acts
to maintain the reduced and active form of ER�, which
in turn promotes the association of ER� with gene re-
gions involved in conferring estrogen responsiveness.

Effect of Ape1/Ref-1 on transactivation
It is generally assumed that an increase in

ER�-ERE complex formation leads to an in-
crease in ER�-mediated gene expression. Al-
though Ape1/Ref-1 was effective in increasing
ER�-ERE complex formation and cyclin D1
gene expression, its role at the estrogen-re-
sponsive PR, pS2, and Bcl2 genes was to limit
transcription. Furthermore, when Ape1/Ref-1
expression was knocked down with siRNA or
when its redox activity was inhibited by the
small molecule E3330, the expression of the
native PR and pS2 genes in MCF-7 cells was
increased (Figs. 2 and 5). Thus, the redox
activity of Ape1/Ref-1 plays a critical role in
estrogen-responsive gene expression. It is,
however, clear that Ape1/Ref-1 is only one of
many proteins involved in modulating ER� ac-
tivity and that the transcriptional readout of a
gene is not dependent on the activity of a single
protein, but rather on the combined effects of
multiple ER�-associated proteins.

The effect of knocking down Ape1/Ref-1 or
inhibiting its redox activity on PR gene expres-
sion is particularly striking and may result
from the combined effects of Ape1/Ref-1 on
ER� as well as Fos and Jun, which are also
intimately involved in regulating PR gene ex-
pression (52–54). Ape1/Ref-1 enhances the
binding of the Fos-Jun heterodimer to its rec-
ognition sequence (39, 50). Although our stud-
ies demonstrate that Ape1/Ref-1 and its redox
activity play critical roles in modulating estro-
gen responsiveness, they did not affect expres-
sion of the constitutively active 36B4 gene.
Considering the highly conserved nature of the
nuclear hormone receptors, it seems possible
that Ape1/Ref-1 could be involved in modulat-
ing the expression of a broad spectrum of
genes regulated by other nuclear receptors.

Association of oxidative stress proteins with
estrogen-responsive genes

Ape1/Ref-1 was one of a number of oxidative stress
proteins we found associated with the DNA-bound ER�.
Protein disulfide isomerase (PDI), Cu/Zn superoxide dis-
mutase (SOD1), thioredoxin (Trx), and thioredoxin re-
ductase (TrxR) were also present (20, 28, 55). We have
shown that each of these oxidative stress proteins associ-
ates with the DNA-bound ER� and influences estrogen-
responsive gene expression (20, 28, 55), but that each
protein has unique properties as well. Through its dismu-

FIG. 7. Effect of Ape1/Ref-1 redox inhibitor on ER� association with
endogenous estrogen-responsive genes. MCF-7 cells were exposed to DMSO or
the Ape1/Ref-1 redox inhibitor E3330 for 1 h and then treated with ethanol or
10 nM E2 for 20 min. Chromatin was prepared and immunoprecipitated with an
antibody directed against ER� (A) or Ape1/Ref-1 (B). DNA was isolated and
amplified by real-time quantitative PCR to determine whether ER� and Ape1/
Ref-1 were associated with the ERE-containing region of the pS2 gene or two
upstream regulatory regions of the PR gene (PR205 or PR221). Three
independent experiments, which were each carried out in duplicate, were
combined and are presented as the mean number of copies of each estrogen-
responsive region pulled down relative to the number of copies of the 36B4
gene region pulled down (occupancy) � SEM. ANOVA with a post hoc Student’s t
test was used to detect statistical differences in the association of ER� and Ape1/
Ref-1 with these gene regions in the presence of E2 (*, P � 0.05) or the inhibitor
E3330 (#, P � 0.05).
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tation of superoxide, SOD1 helps to regulate reactive ox-
ygen species and limits damage to proteins, lipids, and
DNA (56). PDI interacts with and acts to maintain the
functional capacity of SOD1 by preventing its aggrega-
tion (57), and TrxR by facilitating the correctly folded
conformation (38, 58). In turn, TrxR reduces and main-
tains the activity of Trx (1, 59–61), and Trx then reduces/
activates a number of proteins including Ape1/Ref-1 and
ER� (2, 55, 76–79). PDI functions as a molecular chap-
erone for a number of transcription factors (62–66), is
instrumental in maintaining the structural integrity of
ER� (20), and interacts with SOD1 and TrxR (57, 58).
Thus, multiple oxidative stress proteins including Ape1/
Ref-1 collaborate to maintain ER� structure/function as
well as other factors involved in regulating transcription
(Fig. 9). Interestingly, the effects of these proteins on es-
trogen-responsive gene expression are sometimes comple-
mentary and sometimes work in opposition (20, 28, 55).
We are intrigued by the fact that a suite of oxidative stress
proteins with complementary and opposing effects influ-
ence estrogen responsiveness.

Association of DNA repair proteins with estrogen-
responsive genes

A number of laboratories have shown that, in addition
to its role in the oxidative stress response, Ape1/Ref-1
plays an essential role in base excision repair (4, 67, 68).
Given that Ape1/Ref-1 is associated with ER� and was
recruited to estrogen-responsive genes, it seems plausible
that Ape1/Ref-1 may also play a role in fostering repair of
these genes. We have, in fact, identified other proteins

involved in base excision repair including 3-methylad-
enine DNA glycosylase, proliferating cell nuclear antigen,
and flap endonuclease, which associate with ER� and
influence estrogen-responsive gene expression (25, 26,
69). It has been suggested that DNA repair proteins may
help to stabilize the transcription complex so that DNA
repair and transcription can occur simultaneously. The
capacity of Ape1/Ref-1 to foster ER�-ERE complex for-
mation may contribute to this stabilization. Coupling
these two cellular processes would appear to be beneficial
because chromatin remodeling is essential for both tran-
scription and DNA repair (70). The fact that multiple
DNA repair proteins were found together in a complex
associated with the ERE-bound ER� suggests that these
proteins may act cooperatively to ensure that the integrity
of transcriptionally active genes is preserved and may help
to explain the preferential repair of the transcribed DNA
strand (71, 72). It should be noted that although Ape1/
Ref-1 may be involved in helping to maintain genomic
integrity, its DNA repair function is not involved in influ-
encing expression of the estrogen-responsive PR and pS2
genes. Other DNA repair proteins including O6-methyl-
guanine-DNA methyltransferase, poly(ADP-ribose) poly-
merase, and DNA-dependent protein kinase also play
dual roles in regulating ER�-mediated transcription and
DNA repair (73, 74).

In summary, our studies show that Ape1/Ref-1 is a
component of a network of proteins that act collectively
to influence ER� activity. Together they ensure that the
receptor is transcriptionally competent so that estrogen-
responsive genes are appropriately regulated.

FIG. 8. Expression of Ape1/Ref-1 and ER� in normal human breast
tissue. Normal breast tissue was subjected to immunohistochemistry
using Ape1/Ref-1- (A and C) or ER�-specific (B and D) antibody. A
representative slide is shown at �10 (A and B) and �40 (C and D)
magnification. Control slides, which were not exposed to Ape1/Ref-1
or ER� antibody, are shown in the insets in A and B. Stromal (S) and
epithelial (E) cells are indicated. Scale bars, 100 �m.

FIG. 9. An interconnected network of oxidative stress proteins
interacts with the DNA bound-ER� (A and B). Ape1/Ref-1, Trx, TrxR,
PDI, and SOD1 form an interconnected network of oxidative stress
proteins associated with the DNA-bound ER�.
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Materials and Methods

Identification of Ape1/Ref-1
Novel ER�-associated proteins were isolated in agarose gel

mobility shift experiments in the presence of E2 and identified by
mass spectrometry analysis as described elsewhere (20–22) us-
ing baculovirus-expressed, purified ER� and HeLa nuclear
extracts. Three peptides, LPAELQELPGLSHQYWSAPSDK,
QGFGELLQAVPLADSFR, and LDYFLLSHSLLPALCDSK, with
an amino acid sequence identical to that found in Ape1/Ref-1, were
identified.

Western blot analysis
Nuclear extracts from MCF-7 breast cancer, U2OS, HeLa

cervical cancer, and MDA-MB-231 breast cancer cells were pre-
pared as described previously (32). Nuclear extracts (20 �g)
were fractionated on a 10% sodium dodecyl sulfate (SDS) poly-
acrylamide gel and transferred to a nitrocellulose membrane.
Proteins were detected by Western blot analysis using an anti-
body that recognizes Ape1/Ref-1 (sc-17774; Santa Cruz Bio-
technology, Inc., Santa Cruz CA), ER� (sc-543, Santa Cruz
Biotechnology), or GAPDH (TAB1001; Open Biosystems,
Huntsville AL). Blots were probed with horseradish peroxidase-
conjugated secondary antibody, and the Supersignal West
Femto Maximum Sensitivity Substrate chemiluminescent detec-
tion kit (Pierce Chemical Co., Rockford, IL) was used to visu-
alize the proteins according to the manufacturer’s instructions.

Subcloning, expression, and purification of
His-tagged Ape1/Ref-1 protein

The EcoRI fragment from pcDNA3.1-APEX (kindly pro-
vided by Takashi Kohno, National Cancer Center, Tokyo, Ja-
pan) was subcloned into the dual-tagged (His and T7) pET-28a
(�) vector (Novagen, La Jolla CA) for protein expression. The
QuikChangeII Site-Directed Mutagenesis kit (Stratagene, La
Jolla CA) was used to convert the 5�-AAGATCTGCTCT-
TGG-3� sequence to 5�-AAGATCTCCTCTTGG-3� within the
pET-28a(�)-APEX plasmid to construct a plasmid encoding the
mutated Ape1/Ref-1 C65S. The wild-type and mutant plasmids
were purified and used to transform BL21(DE3)pLysS Esche-
richia coli. Transformed bacteria were induced with 0.5 mM

isopropyl-�-D-thiogalactopyranoside for 4 h at 37 C, chilled on
ice, and pelleted at 3000 � g for 5 min. Pellets were resuspended
in Ni-NTA lysis buffer (50 mM NaH2PO4, 300 mM NaCl, and
10 mM imidazole) with 1� protease inhibitors (Sigma, St. Louis
MO), homogenized on ice, and centrifuged at 142,000 � g for
30 min at 4 C. The supernatant was incubated with Ni-NTA
agarose beads (QIAGEN, Valencia CA) for 1 h at 4 C. After
three washes with Ni-NTA wash buffer (50 mM NaH2PO4, 500
mM NaCl, 20 mM imidazole, 0.5% Triton X-100, and 1� pro-
tease inhibitors), the His-tagged proteins were eluted with Ni-
NTA elution buffer (50 mM NaH2PO4, 300 mM NaCl, and 250
mM imidazole). The purity of wild-type and mutant His-Ape1/
Ref-1 were monitored by Coomassie staining, and the Bio-Rad
protein assay was used to determine protein concentrations
(Bio-Rad Laboratories, Inc., Hercules CA) according to the
manufacturer’s instructions.

Coimmunoprecipitation assay
MCF-7 cells were maintained on phenol red containing

MEM with 5% calf serum (CS). Three days before harvest, cells

were transferred to phenol red-free MEM containing 5% char-
coal dextran-treated CS (CDCS). Medium was replaced 6 h
before treatment with phenol red-free MEM containing 0.4%
charcoal dextran-treated fetal bovine serum. Cells (�107) were
treated with ethanol or 10 nM E2 for 2 h, washed twice with
chilled PBS, and harvested in 1 ml immunoprecipitation lysis
buffer [20 mM Tris (pH 7.4), 10 mM EDTA, 400 mM NaCl,
0.5% Nonidet P-40 (NP-40), 1 mM Na3VO4, 50 mM NaF, and
1� protease inhibitors]. The cell lysate was distributed equally
and an Ape1/Ref-1 (sc-5572 or sc-334 from Santa Cruz Biotech-
nology)-specific or His control antibody (sc-802, Santa Cruz
Biotechnology) was added and incubated overnight at 4 C with
rotation. Protein A Sepharose 4FastFlow (GE Healthcare, Pis-
cataway, NJ) was added, and the samples were incubated for 1 h
at 4 C with rotation. The resin was washed three times with
wash buffer (20 mM Tris, pH 7.4; 10 mM EDTA; 150 mM NaCl;
0.1% NP-40; 1 mM Na3VO4; 50 mM NaF; and 1� protease
inhibitors), and bound proteins were eluted with 2� SDS sam-
ple buffer (125 mM Tris-HCl, pH 6.8; 150 mM SDS; 20% glyc-
erol; 1% �-mercaptoethanol; and 0.01% bromophenol blue).
Proteins were fractionated on a 10% SDS polyacrylamide gel
and transferred to a nitrocellulose membrane for Western blot
analysis with an antibody directed against Ape1/Ref-1 or ER�
(sc-17774 or sc-8002, respectively; Santa Cruz Biotechnology).

Cell culture and transfections
U2OS cells were transfected using Lipofectin (Invitrogen,

Carlsbad CA) as described elsewhere (28) with 1 ng ptk-Renilla
expression vector (Promega Corp., Madison WI), 1 �g 2EREt-
kLUC, and 5 ng CMV5-hER� (both kindly provided by Benita
Katzenellenbogen, University of Illinois, Urbana, IL). Increasing
concentrations of the pcDNA3.1-APEX expression vector
(kindly provided by Takashi Kohno) were added as indicated.
The parental expression vector pcDNA3.1 (Invitrogen) was in-
cluded to maintain the total DNA concentration at 1 �g in each
well. After a 6-h incubation at 37 C, cells were treated with
ethanol or 10 nM E2 for 24 h. Luciferase assays were carried out
using the Dual Luciferase assay system (Promega).

Gel mobility shift assay
Baculovirus-expressed purified ER� (30 fmol), which had

been isolated as described elsewhere (16), was incubated with
32P-labeled, 50 bp ERE-containing oligos (20,000 cpm) and
increasing amounts of His-purified Ape1/Ref-1 in binding reac-
tion buffer (15 mM Tris, pH 7.9; 60 mM KCl; 0.2 mM EDTA; 4
mM DTT; 50 nM E2; 10% glycerol; and 50 ng deoxyinosinic-
deoxycytidylic acid) for 10 min at 25 C. Protein concentrations
were held constant at 2 �g by the addition of BSA. ER�- or
Ape1/Ref-1-specific antibody (sc-8002 or sc-17774, respec-
tively) was added and incubated at 25 C for an additional 10
min. Samples were fractioned on a 6% nondenaturing poly-
acrylamide gel in low ionic strength buffer at 4 C with buffer
recirculation. The levels of bound and free 32P-labeled DNA
were quantitated using a PhosphorImager (Molecular Dy-
namics, Sunnyvale, CA) and ImageQuant 5.0 software (GE
Healthcare).

Redox activity assay
Bacterially expressed, His-purified Ape1/Ref-1 (1.25 �g/

�l) was incubated with or without 1 mM DTT for 10 min at 37
C. After a 5-fold dilution in sterile water, 2 �l (500 ng)
Ape1/Ref-1 was incubated with 30 fmol baculovirus-ex-
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pressed purified ER� and increasing concentrations of the
Ape1/Ref-1 redox inhibitor (2E)-3-[5-(2,3-dimethoxy-6-methyl-
1,4-benzoquinoyl)]-2-nonyl-2-propenoic acid [E3330, kindly
provided by Mark Kelley, Indiana University, Indianapolis,
IN (34, 36, 44, 45] in reaction buffer (15 mM Tris, pH 7.9; 60
mM KCl; 1 mM MgCl2; 0.2 mM EDTA; 50 nM E2; 10% glyc-
erol; and 50 ng deoxyinosinic-deoxycytidylic acid) for 30 min
at 25 C. BSA was included to maintain protein concentrations
at 1 �g. 32P-labeled, 50 bp ERE-containing oligos (20,000 cpm)
were added and incubated for 30 min at 25 C. Samples were
fractioned on a 6% nondenaturing polyacrylamide gel in low
ionic strength buffer at 4 C with buffer recirculation. The
levels of bound and free 32P-labeled DNA were quantitated
using a PhosphorImager (Molecular Dynamics) and Image-
Quant 5.0 software (GE Healthcare).

RNA interference
MCF-7 cells were maintained and transfected using SiLent-

fect (Bio-Rad) as described elsewhere (75) with 100 pmol Ape1/
Ref-1 specific or control Renilla luciferase siRNA (catalog nos.
51320 and 4630, respectively; Ambion, Inc., Austin TX). After
a 24-h incubation, plated cells were treated with ethanol or 10
nM E2 for 24 h. Cells were harvested in TNE (40 mM Tris-HCl,
pH 7.5; 140 mM NaCl; and 1.5 mM EDTA), resuspended in lysis
buffer (20 mM Tris-HCl, pH 8.0; 200 mM NaCl, 1 mM EDTA;
and 0.2% NP-40) and subjected to two freeze-thaw cycles.
Whole-cell extracts (20 �g) were fractionated on a 10% SDS
polyacrylamide gel and transferred to a nitrocellulose mem-
brane for Western blot analysis with antibodies to Ape1/Ref-1
(sc-17774), ER� (sc-543), PR-A and PR-B (RM-9102-S0, Lab-
vision, Fremont CA), and GAPDH (TAB1001). RNA isolation,
cDNA preparation, and quantitative RT-PCR were carried out
as described previously (75). The relative fold change in mRNA
expression in the absence and presence of E2 was determined
using the comparative Ct method and the housekeeping gene,
36B4, as the internal control.

Proliferation Assay
MCF-7 cells were maintained and transfected using SiLent-

fect as described with 100 pmol Ape1/Ref-1 specific or control
Renilla luciferase siRNA. After 24 h incubation, plated cells
were treated with ethanol or 10 nM E2 for 24 h. The following
day, 1.2 mM MTT (Research Products International, Mt. Pros-
pect, IL) was added, and cells were incubated an additional 3.5 h
at 37 C. An equal volume of stop mix solution (20% SDS and
50% dimethylformaldehyde) was added, and the plate was
rocked for 1 h at 25 C to dissolve the formazan precipitate.
Absorbance measurements were taken at 550 nM using a plate
reader, and the cell proliferation index was determined.

Inhibitors
MCF-7 cells were maintained on phenol red containing

MEM with 5% CS. Cells were transferred 2 d before plating to
phenol red-free MEM with 5% CDCS. Cells were resuspended
in antibiotic-free, phenol red-free MEM containing 5% CDCS
and seeded into 12-well plates. The following day, cells were
treated with dimethylsulfoxide (DMSO), 10 mM methoxyamine
hydrochloride [MX, MP Biomedicals, Solon, OH (36, 40, 41)]
or 100 �M E3330 (34, 36, 44, 45). After 1 h, ethanol or 10 nM

E2 was added, and cells were incubated an additional 24 h at 37
C. RNA isolation, cDNA preparation, and quantitative RT-
PCR were carried out as described (75). The relative fold change

in mRNA expression in the absence and presence of E2 was
determined using the comparative Ct method and the house-
keeping gene, 36B4, as the internal control.

ChIP
MCF-7 cells were maintained on phenol red-containing

MEM with 5% CS. Cells were transferred 3 d before treatment
to phenol red-free MEM with 5% CDCS. Cells were treated
with ethanol or 10 nM E2 for 20 min, 2 h, 6 h, or 24 h. For ChIP
assays using the redox inhibitor, MCF-7 cells were treated with
DMSO or 100 �M E3330 for 1 h, and ethanol or 10 nM E2 was
added for the indicated times. ChIP assays were carried out
essentially as recommended by Millipore Corp. (Billerica, MA)
except that cell lysates were diluted in micrococcal nuclease
buffer (10 mM Tris, pH 7.5; 10 mM NaCl; 3 mM MgCl2; 1 mM

CaCl2; and 4% NP-40) and treated with 50 U micrococcal nu-
clease (United States Biochemical Corp., Cleveland OH) at 37 C
for 10 min before sonication. nProtein-A sepharose (GE Health-
care) and a nonspecific fluorescein antibody (Immunological
Resource Center, University of Illinois) were added to preclear
the chromatin overnight at 4 C. An ER�- (sc-8002) or a mixture
of Ape1/Ref-1-specific (sc-17774 and sc-334) antibodies was
used for immunoprecipitation of protein-DNA complexes. PCR
primers flanking the pS2 ERE, two gene regions 205 or 221 kb
(PR205 and PR221, respectively) upstream of the PR-B tran-
scription start site, or a nonspecific sequence in the 36B4 gene
were used for real-time, quantitative PCR using iQ SyBr Green
Supermix and the iCycler PCR thermocycler according to man-
ufacturer’s directions (Bio-Rad). Standard curves using 1000,
5000, 10,000, 50,000, and 100,000 copies of each gene were
run for each primer set during each experiment.

Immunohistochemistry of human mammary tissue
Paraffin-embedded blocks of normal human mammary tis-

sue were obtained from Carle Foundation Hospital (Urbana,
IL). The tissue was from an 81-yr-old woman who underwent
elective prophylactic mastectomy in 2008. The identity of the
patient is the sole property of Carle Clinic and has not been or
will be in the future shared with the investigators. This study
was approved by the Institutional Review Boards of the Univer-
sity of Illinois at Urbana-Champaign (06171) and Carle Foun-
dation Hospital (05-44).

The paraffin-embedded blocks were sectioned and mounted
on frost-free slides. The 10-�m sections were deparaffinized in
xylene and rehydrated through a series of graded alcohols.
Slides were washed with 1� PBS, and endogenous peroxidases
were blocked with 1.5% hydrogen peroxide in 1� PBS for 20
min at 25 C. After three 5-min washes in 1� PBS, slides were
incubated in blocking solution (1� PBS, 0.1% Triton X-100,
and 3% BSA) with 5% normal donkey serum for 10 min at 25
C. Control (no primary antibody) and experimental slides were
incubated overnight at 4 C in blocking solution without or with
Ape1/Ref-1 (1:400, sc-17774) or ER� (1:400, sc-543) antibody.
Slides were washed with 1� PBS between each of the following
steps. Biotin-conjugated secondary antibody (1:200; Jackson
ImmunoResearch, West Grove, PA) was added, and slides were
incubated for 30 min at 25 C. The ABC Peroxidase Staining kit
(1:100 dilution of each Reagent A and B in 1� PBS, 32020;
Thermo Scientific, Rockford, IL) was applied for 30 min at 25
C. Staining was visualized with peroxidase-sensitive Sigmafast
3,3�-diaminobenzidine tablets (Sigma). Slides were counter-
stained with 0.1% methyl green (Sigma) for 3 min at 60 C,
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dehydrated in ethanol, cleared in xylene, and mounted with
Permount (Fisher Scientific, Pittsburgh, PA). Images were ob-
tained with a Leica DMI4000B confocal microscope (Leica
Corp., Deerfield, IL) and a Retiga 2000R digital camera (W.
Nushbaum, McHenry, IL).
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