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Abstract

We previously reported that NR2E3, an orphan nuclear receptor, plays an important role in
maintaining the basal expression of estrogen receptor a (ER) and that the NR2E3 level is highly
correlated with the relapse-free survival of breast cancer patients. Here, we investigated the role of
NRZ2E3 in benzo(a)pyrene (BaP)-mediated cell injury. BaP treatment reduced NR2E3 homo-dimer
formation and expression and subsequently decreased ER expression. The chromatin
immunoprecipitation assay results showed that the treatment of MCF-7 breast cancer cells and the
mouse liver with BaP released NR2E3 from the ER promoter to transform the transcriptionally
active histone modification status into a repressive state. NR2E3 depletion in MCF-7 cells also
induced a similar inactive epigenetic status in the ER promoter region, indicating that NR2E3 is an
essential epigenetic player that maintains basal ER expression. Interestingly, these negative effects
of BaP on the expression levels of NR2E3 and ER were rescued by antioxidant treatment.
Collectively, our study provides novel evidence to show that BaP-induced oxidative stress
decreases ER expression, in part by regulating NR2E3 function, which modulates the epigenetic
status of the ER promoter. NR2E3 is likely an essential epigenetic player that maintains basal ER
expression to protect cells from BaP-induced oxidative injury.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHSs) are environmental pollutants that possess strong
teratogenic, carcinogenic and mutagenic properties (Pahlman and Pelkonen, 1987).
Typically, they are metabolized into highly mutagenic and carcinogenic compounds. Among
them, BaP is the most ubiquitous environmental carcinogen that present in diesel, coal
drinking water and tobacco and diet. In particular, BaP is present in cooked food such as
well-done red meat, fried poultry with skin, and fried eggs (Kazerouni et al., 2001).

NRZ2E3 is an orphan nuclear receptor that is a vital player in retina development,
differentiation and survival (Kobayashi et al., 1999; Akhmedov et al., 2000; Haider et al.,
2001; Milam et al., 2002). In photoreceptor cells, NR2E3 is highly expressed and plays a
role as both a transcriptional activator and repressor, depending on the gene promoter
context; NR2E3 activates rod-specific genes and suppresses cone-specific genes (Cheng et
al., 2004; Chen et al., 2005; Peng et al., 2005; Webber et al., 2008). This dual role of NR2E3
contributes to photoreceptor cell development and maintenance. NR2E3 consist of 410
amino acids, an N-terminal DNA binding domain and a C-terminal LBD domain, although
ligands of this receptor have not yet been identified (Qin et al., 2005). Mutations of the
NRZ2E3 gene are strongly associated with the development of several degenerative retina
diseases, such as Goldman-Favre disease and retinitis pigmentosa (Sharon et al., 2003;
Schorderet and Escher, 2009; Gire et al., 2007; Pachydaki et al., 2009). Recently, an analysis
of the NR2E3 LBD crystal structure showed that NR2E3 forms a homo-dimer by interacting
with LBD. Mutations of the LBD domain disrupted NR2E3 homo-dimerization and
compromised its transcriptional regulative function, suggesting that NR2E3 function is in
part regulated by this NR2E3 homo-dimerization activity (Tan et al., 2013). NR2E3 has
primarily been studied in retina-related human diseases, and its potential role in other tissues
or diseases has not yet been investigated.

We previously reported a novel significant association of NR2E3 with increased breast
cancer patient survival. Breast cancer patients who express more NR2E3 survive longer and
experience fewer recurrences than those who express low levels of NR2E3 (Park et al.,
2012). The molecular basis for the strong clinical association of NR2E3 partly lies in the
NR2E3-dependent basal expression of the estrogen receptor a (ER), a critical guideline for
the prognosis and treatment of breast cancer patients (Fisher et al., 1989; Allred et al., 1998;
Harvey et al., 1999; Paik et al., 2006). Our differential gene expression and signaling
pathway analyses further indicated that the NR2E3 gene network is associated with
endocrine system development and function, small molecule biochemistry and drug
metabolism (Park et al., 2012). Moreover, a recent report showed that NR2E3 serves another
function in cancer. NR2E3 directly interacts with p53, a tumor suppressor, and promotes its
function, leading to cell death in several cancer cell lines (Wen et al., 2012). These reports
suggest that NR2E3 likely plays a role in endocrine system regulation and environmental-
induced cell injury responses.

In this study, we investigated the effect of benzo(a)pyrene, an ubiquitous environmental
carcinogen, on the level and homo-dimerization activity of NR2E3 using ER-positive breast
cancer cell lines as a model. Our results demonstrated that BaP treatment disrupt NR2E3
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homo-dimerization at early time point and subsequently leads to decrease in NR2E3
expression level. These events consequently induced epigenetic status changes in histone
acetylation and methylation. Interestingly, treatment with antioxidants, such as Glutathione
ethyl ester (GSH) or NAC, reversed the effects of BaP on the expression levels of NR2E3
and ER, a downstream target gene of NR2E3. Taken together, these results demonstrate that
NR2E3 is a novel epigenetic regulator that helps to maintain a normal epigenetic status in
response to BaP-mediated toxic injury. Thus, NR2E3 may be a potential target for cancer
prevention.

2. Materials and Methods

2.1. Cell lines, Reagents and Chemicals

HepG2, HUH7, T47D, and MCF-7 cells were purchased from the American Type Culture
Collection (ATCC, Manassas, VA) and were not further tested or authenticated by the
authors. The cell lines were maintained at 37°C in the presence of 5% CO, in DMEM or
RPMI medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin solution (Sigma Aldrich, St Louis). The cells (2.5 x 104 per well) were seeded,
and the FBS content of the medium was reduced to 5%. Antibodies against p-actin, AHR,
RNA Pol 11l and ER-a were purchased from Santa Cruz Biotechnology (Santa Cruz, CA);
NR2E3 was obtained from Aviva Systems Biology (San Diego, CA); Sin3A and LSD1 were
purchased from Cell Signaling (Danvers, MA); H4Ac and H3K4me2 were procured from
Active Motif, Carlsbad, CA). Benzo[a]pyrene (BaP) was dissolved in DMSO, and the stock
solutions were directly added to the culture media. Control cells were treated with DMSO
only.

2.2. Animals and treatment

Male C57BL/6 mice weighing 23-25 g were obtained from Jackson Laboratory (Bar harbor,
ME). The animals were used in compliance with the guidelines established by the Animal
Care Committee of University of Cincinnati. The animals were acclimated to temperature-
and humidity-controlled rooms with a 12-h light/dark cycle for 1 week prior to use. The
mice had access to laboratory chow and tap water ad libitum. The mice were allocated for
treatment with corn oil (n=6) or BaP (125 mg/kg) (n=6) dissolved in corn oil. Two doses
were injected intraperitoneally (i.p.) every 48 h until sacrifice, which occurred 48 h after the
final dose of BaP.

2.3. Western Blotting

The livers were quickly removed and homogenized in lysis buffer. Whole cellular lysates
were harvested, and equal amounts of total cellular protein were resolved by SDS-PAGE
and transferred onto PVDF membranes. After blocking, the membranes were incubated with
the ER-a or NR2E3 antibody. A horseradish peroxidase-conjugated secondary antibody was
used to visualize the immunoreactivity with the ECL western blot detection system. The
protein level was compared to that of the loading control, -actin.
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2.4. Chromatin Immunoprecipitation Assay

The livers were quickly removed, and 300 mg of liver was minced. A chromatin
immunoprecipitation (ChlP) assay was then carried out using the ChiP-IT Express
Enzymatic Magnetic Chromatin Immunoprecipitation Kit (Active Motif, Carlsbad, CA)
according to the manufacturer’s protocol. The following Chip primer sets were used for the
Chip assay: hESR1 Il (forward): 5-GCT GGA GCC CCT GAA CCG TCC GC-3, hESR1 1l
(reverse): 5-GGC CCA GAC TCC GAC GCC GCA-3’ (Park et al, 2012); mESR1 Il
(forward): 5-CCT CCC GCC TTC TAC AGG T-3’, mESR1 Il (reverse): 5-CAC ACG
GCA CAG TAG CGA G-3'. Chip-PCR was performed using the 7300HT Real-Time PCR
System with a 96-well block module (Applied Biosystems) and Primer Il. The cycling
conditions were 56°C for 30 min and 95°C for 10 min, followed by 50 cycles of 95°C for 25
s and 60°C for 60 s.

2.5. Real-Time Quantitative RT-qgPCR

The total RNA was extracted, the cDNAs were amplified, quantitative real-time PCR was
performed as previously described [11], and the data were normalized to GAPDH. The
relative expression levels were calculated using the Ct method, where Ct = (CtGene —
CtActin)Exp — (CtGene — CtActin)Control. The primer set sequence for ER and NR2E3
detection: ER (forward): 5-AGC ACC CTG AAG TCT CTG GA-3, ER (reverse): 5-GAT
GTG GGA GAG GAT GAG GA-3’; NR2E3 (forward): 5-AGC AGC GGG AAG CAC
TAT G-3’, NR2E3 (reverse): 5-CCT GGC ACC TGT AGA TGA GC-3'.

2.6. Protein Co-immunoprecipitation (Co-IP)

MCEF-7 cells were cotransfected with Flag-NR2E3 and pcDNA 4.0 Xpress-tag NR2E3
expression plasmids (Park et al., 2012). After 24 hr, cells were treated with/without BaP
5uM for 90 min and then cell lysate were collected. The samples (2 mg of total protein)
were incubated overnight with 3 pg of primary antibody at 4°C, after which 20 pL of protein
A agarose beads was added to the mixture, which was then incubated for 3 h at 4°C. The
immunoprecipitated protein complexes were washed three times with Co-IP buffer. After
the supernatant was discarded, the antibody/protein complexes were re-suspended in 40 uL
of loading buffer and boiled for 5 min. The entire sample was separated with SDS-PAGE
and assayed via protein immunoblotting.

2.7. Immunofluorescence

The cells were fixed with 4% paraformaldehyde for 30 min at 4°C followed by
permeabilization using PBS containing 1% Triton X-100 and 0.5% NP-40 for 30 min. The
cells were blocked with 1% BSA in PBS for 30 min on the blotter and then incubated with
diluted primary antibody (1:100) in 1% BSA in PBS in a humidified chamber overnight at
4°C. The cells were washed three times and then incubated with anti-rabbit 1gG antibodies
conjugated with Alexa Fluor 647 (1:1000) in 1% BSA for 3 h at room temperature. The cells
were mounted with Prolong antifade reagent with DAPI (Life Technologies). The images
were acquired using a Zeiss Axiovert 200M Fluorescence/Live cell Imaging Microscope
with AxiocamMR3.
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2.8. Luciferase Assay

A reporter luciferase construct linked to the ER gene promoter region (—2756/+212) was
used (Park et al, 2012). The transfected cells were lysed and re-suspended in 40 pL of
loading buffer as previously described (Park et al., 2012). The luciferase activity was
normalized to the renilla activity. The GALADBD-NR2E3 LBD and VP16-NR2E3 LBD
(192-410 aa) constructs were kindly provided by Dr. Eric Xu (Grand Rapids, MI).

2.9. Statistical analysis

A one-way analysis of variance (ANOVA) was used to determine the significance of the
differences between treatment groups. The Newman-Keuls test was used for multi-group
comparisons. Statistical significance was accepted for P values < 0.05.

3. Results

3.1. Down-regulation of NR2E3 by BaP treatment

Our initial studies showed that treating MCF-7 and T47D breast cancer cells with 1, 2.5, and
5 UM of BaP for 48 hours significantly decreased the protein expression levels of NR2E3
and ER, a known NR2E3 downstream target gene (Park et al., 2012) (Fig. 1A). This effect
was time-dependent (0, 8, 24, 48 hr) at 5 UM of BaP (Fig. 1B). The expression of NR2E3
protein is likely decreased at the transcriptional level because BaP reduced the levels of both
NR2E3 and ER mRNA (Fig. 1C). This observation was further corroborated by the activity
of luciferase linked to ER gene promoter region (—2756/+212). BaP treatment of MCF-7 and
TA7D cells for 16 hr markedly decreased the ER-luciferase activity in both cell lines. This
effect was not limited ER-positive cell lines: a BaP-mediated NR2E3 protein level reduction
was observed in other ER-negative cancer cell lines, including MCF-10A normal mammary
epithelial cells, HepG2 cells and Huh7 hepatocellular carcinoma cells (Suppl. Fig. 1).
However, downregulation of NR2E3 at lower BaP concentrations and early time point is
marginal in comparison to the decrease in ER levels, suggesting that the decreased
expression of ER is likely dependent on other mechanisms relevant to NR2E3 activity such
as perturbation of NR2E3 homo-dimerization and disturbance of NR2E3 nucleus-cytoplasm
shuttling, in which events could occur in early time point of BaP exposure.

3.2. BaP-mediated disruption of NR2E3 homo-dimerization

A previous study indicated that NR2E3 can form dimer via the LBD domain and that this
dimerization activity mediates its transcriptional repressive function (Tan et al., 2013). To
determine whether BaP perturbs NR2E3 homo-dimerization, we employed a mammalian
two-hybrid assay using GAL4ADBD-NR2E3 LBD and VP16-NR2E3 LBD constructs that
contain the LBD domain (192-410 aa). A significant increase in the GAL4 reporter
luciferase activity was in MCF-7 cells was only observed when the GAL4ADBD-NR2E3
LBD and VP-16-NR2E3 LBD constructs were co-transfected into cells, but not when
GAL4DBD-NR2E3 LBD or VP-16-NR2E3 LBD were transfected alone, which is consistent
with a previous report (Tan et al., 2013) (Fig. 2A). BaP markedly disrupted this NR2E3
homo-dimerization activity in a dose-dependent manner (Fig. 2B). A co-
immunoprecipitation assay was used to further examine whether the disruption of NR2E3
homo-dimer occurs early. The cells were transfected with a flag-tagged NR2E3 expression
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plasmid for 24 hr. After treatment with 5 uM BaP for 90 min, the endogenous NR2E3
protein bound to flag-tagged NR2E3 was detected by western blotting. The result showed
that NR2E3 dimer formation was markedly decreased at 90 min (Fig. 2C). BaP treatment
did not alter the localization of NR2E3 in the nucleus (Fig. 2D).

3.3. BaP treatment induced the similar epigenetic changes in both in vitro and in vivo

The transcriptional regulatory role of NR2E3 is pleiotropic: it acts as a repressor and
activator by interacting with a histone acetylase and histone deacetylase depending on the
gene promoter context (Cheng et al., 2004; Chen et al., 2005; Peng et al., 2005; Webber et
al., 2008). We employed a Chip assay to determine whether the histone methylation/
acetylation status and coactivator/corepressor recruitment to the ER gene promoter region
changes in response to BaP. This specific ER region was previously defined as a NR2E3
binding site (Park et al., 2012). The Chip assay was performed after the MCF-7 cells were
treated with BaP for 90 min, and the result showed that NR2E3 was rapidly released from
the ER promoter. The levels of histone acetylation markers in the actively transcribed
promoter region, such as H4Ac and H3K4me2, were significantly decreased. In contrast, the
recruitment of Sin3A, a co-repressor protein, was increased in this promoter region, and
LSD1, a histone demethylase of H3K4me2, was also recruited (Fig. 3A). We employed the
mouse liver as a model to further validate the role of NR2E3 in BaP-mediated epigenetic
changes in vivo because the mouse liver also expresses both ER and NR2E3. Exposing the
mouse liver to BaP drastically reduced both the NR2E3 and ER protein and mRNA levels
(Fig. 3B top and 3B bottom). To further analyze the transcriptional and epigenetic status
changes induced by BaP in vivo, we performed a Chip assay using mouse liver tissue with/
without BaP exposure. The mouse ER gene specific primer set that covers a region similar
to the ER 5’ proximal promoter region in humans (-206/+49) was employed. Notably, a
similar pattern of epigenetic modification was observed in response to BaP exposure in vivo.
The levels of NR2E3, RNA pol Il and the active histone marker H3K4me2 decreased,
whereas LSD1 recruitment was enhanced in this promoter region (Fig. 3C). Collectively,
these results indicate that NR2E3 plays a role in BaP-mediated epigenetic changes in the ER
promoter.

3.4. NR2E3 depletion induces the similar histone modification pattern in the ER promoter

Consistent with our previous report (Park et al., 2012), NR2E3 silencing in MCF-7 cell
using NR2E3-specific small hairpin RNAs (shRNA) resulted in decrease in the NR2E3 and
ER protein and mRNA levels, the latter of which was confirmed by qRT-PCR (Fig. 4A top
and 4A bottom). To further identify the histone modification changes induced by NR2E3
silencing on the ER promoter, we carried out a Chip assay using MCF-7 control (shCT) and
NR2E3-depleted MCF-7 cell lysate (ShNR2E3 KO). Consistently, NR2E3 and RNA pol 11
binding to ER promoter markedly decreased, and this decrease was accompanied by reduced
levels of active histone markers, such as H4Ac and H3K4me2. In contrast, the recruitment
of Sin3A and LSD1 to the ER promoter increased. Overall, these changes were similar to the
epigenetic status change induced by BaP exposure (Fig. 3A and 3C). The results strongly
supported that NR2E3 is an important epigenetic regulator that helps ER status in the face of
BaP-induced injury.
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3.5. Effects of antioxidant on BaP-mediated NR2E3 down-regulation

CYP1A1 was expressed in breast tissues and tumors (Huang et al., 1996). Previous studies
demonstrated that BaP treatment of MCF-7 cells greatly induced CYP1A1 expression
(Androutsopoulos and Tsatsakis, 2014; Takemura et. al., 2010). BaP is pro-oxidant that can
generates reactive oxygen species (ROS) via CYP1A1 metabolism (Burczynski et al., 1999;
Burczynski and Penning, 2000; Safe, 1995). These ROS and metabolites can cause oxidative
damage, ultimately attributing to tumor initiation (Pelicano et al., 2004; Trachootham et al.,
2009). To test whether BaP-generated oxidative stress involves the express ion of NR2E3,
MCF-7 and T47D cells were pretreated with either Glutathione ethyl ester (GSH 5 mM),
which is permeable to cell membrane or NAC (10 mM) for 3 h. These antioxidant
pretreatments rescued the downregulation of NR2E3 and ER induced by BaP exposure (Fig.
5A and 5B). The interactive model between BaP exposure and NR2E3 activity change that
turn off the basal ER expression was illustrated (Fig. 5C). BaP-mediated oxidative stress
disrupted NR2E3 homo-dimer formation and released NR2E3 and RNA pol Il from the ER
promoter and at the same time facilitates the recruitment of corepressor Sin3A and LSD1 a
histone demethylase for H3K4me2. Thus, these events results in significant decrease of
active histone mark H3K4me2 and subsequently reduced ER gene expression but can be
prevented by pretreatment of antioxidants. These results strongly suggest that the NR2E3
level or activity is partly regulated by BaP-induced oxidative stress and that NR2E3 is likely
a key molecule that links BaP-induced oxidative stress to altered histone modifications.

4. Discussion

Polycyclic aromatic hydrocarbons (PAHS) are environmental toxicants that are significantly
associated with various human cancers (Boffetta et al., 1997). Among PAHS,
benzo(a)pyrene is the most ubiquitous environmental carcinogen and is a byproduct of the
incomplete combustion of organic matter, including cigarette smoke, gasoline, wood and
meat (Gelboin, 1980). Via metabolic activation in the human body, BaP produces reactive
oxygen species (ROS) that can cause harmful DNA adduct formation and subsequent
genetic mutation. This DNA damage has been considered a crucial genetic risk factor for
BaP-mediated carcinogenesis (Pelkonen and Nebert, 1982; Hecht, 2002). However,
increasing evidence has indicated that the harmful effects of BaP are not only associated
with genetic mutations but also with epigenetic aberrations; BaP exposure also mediates
abnormal epigenetic changes that can promote carcinogenesis (Yoon et al., 2001; Sadikovic
et al., 2008; Teneng et al., 2011). However, the mechanistic basis for the harmful epigenetic
effects of BaP remains largely unclear.

In the current study, we have shown that BaP exposure altered the activity and level of
NRZ2E3. BaP treatment disrupted NR2E3 homo-dimerization (Fig. 2A and 2B) and
decreased the expression of ER, a known NR2E3 downstream target gene, at both the
protein and mRNA levels (Fig. 1A, 1B and 1C). The luciferase reporter activity linked to the
ER promoter region was also markedly decreased (Fig. 1D). These results indicate that the
disruption of NR2E3 homo-dimerization or NR2E3 abolished the basal level of ER
expression. NR2E3 reportedly functions as a transcriptional regulator by forming a protein
complex with either histone acetylase or histone deacetylase, depending on the gene context
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or developmental stage during photoreceptor cell development. We used the known NR2E3
target gene ER as a model to further investigate whether NR2E3 plays a role in BaP-induced
epigenetic status changes. Treating cells with BaP induces NR2E3 release from the ER
promoter region while reducing RNA pol Il binding and active histone markers of
acetylation (H4Ac) and methylation (H3K4me2). In contrast, a co-repressor, Sin3A, and a
histone demethylase for H3K4me2, LSD1, were recruited to this region, which also
indicated that BaP treatment altered the ER epigenetic status from an active to a repressive
state (Fig. 3A). Moreover, the in vivo animal study results using the mouse liver as a model
further validated the decreased expressions of NR2E3 and ER at both the protein and mRNA
levels (Fig. 3B). The subsequent in vivo Chip assay showed that BaP induced a similar
pattern of epigenetic status change: the release of NR2E3 and RNA pol |1, decreased
H3K4me2 histone marker levels and the recruitment of LSD1 (Fig. 3C). Interestingly, LSD1
is a histone demethylase that functions as a transcriptional repressor (Shi et al., 2004). LSD1
overexpression has been observed in ER-negative breast cancer, and LSD1 can serve as a
biomarker for increased breast cancer cell aggression (Lim et al., 2010). Our results suggest
that the recruitment of LSD1 to the ER promoter by either BaP treatment or NR2E3
depletion may be a molecular pathway responsible for ER loss and that BaP exposure may
promote breast cancer progression.

Our previous report indicated that NR2E3 depletion decreased ER expression (Fig. 4A)
(Park et al., 2012). We tested whether NR2E3 loss induces transcriptional and epigenetic
changes in the ER promoter similar to those mediated by BaP. A similar pattern of NR2E3
and Pol Il release was detected, and the recruitment of Sin3A and LSD1 was observed (Fig.
4B). The levels of active histone markers, such as H4Ac and H3K4me2, were equally
decreased. The results strongly indicated that NR2E3 depletion induced similar
transcriptional and epigenetic status on the ER promoter, substantiating a bridging role of
NRZ2E3 as an epigenetic regulator in BaP-induced ER down-regulation.

ER has been a major guideline for both the prognosis and treatment of breast cancer patients
(Fisher et al., 1989; Allred et al., 1998). ER loss is a frequent event during breast cancer
development that promotes the development of drug resistance and the acquisition of an
aggressive phenotype (Kuukasjarvi et al., 1996; Ottaviano et al., 1994). Interestingly,
exposure to PAHSs has been acknowledged to correlate with breast cancer incidence (Li et
al., 1996; Petralia et al., 1999; Xiong et al., 2001), and BaP exposure has been shown to
induce oncogenic transformation in normal mammary epithelial cells (Stampfer and Bartley,
1985; Burdick et al., 2003; Pluchino and Wang, 2014), which agrees with the malignant cell
phenotypic change that results from ER loss. Nevertheless, the potential molecular link
between PAH exposure and ER loss has not yet been well defined. As we previously
reported, NR2E3 is a strong prognostic marker of breast cancer patient survival, and NR2E3
is a major player that helps maintain the basal level of ER expression. This study provides
insights into the role of NR2E3 as a novel molecular link that likely connects BaP-induced
oxidative injury to aberrant epigenetic changes, resulting in decreased ER expression.
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6. Conclusion

Our study established for the first time that NR2E3 is an epigenetic regulator that responds
to BaP-mediated oxidative injury. BaP exposure decreased the homo-dimerization activity
and expression of NR2E3, which likely perturbs the histone modification status of the ER
promoter. This alteration subsequently leads to decreased basal ER expression. ER loss is a
major molecular event that promotes breast cancer progression. Similarly, BaP exposure has
been consistently acknowledged as a major risk factor for breast cancer development. These
results present a novel pathway that shows how BaP-mediated oxidative stress mediates
epigenetic changes by regulating NR2E3 actions on the ER promoter. Moreover, the
reversal of NR2E3 loss by antioxidant treatment indicated that NR2E3 may be a target to
prevent cancer due to BaP-induced oxidative injury. Our future studies will focus on the role
of NR2E3 in other environmental toxicant-induced epigenetic changes and other
downstream target gene promoters. We are also investigating the regulative mechanisms
responsible for the decreased homo-dimerization and expression of NR2E3 induced by
environmental toxicant-generated oxidative stress.
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Abbreviations

BaP benzo(a)pyrene

LSD1 lysine specific demethylase 1

H3K4me2 histone 3 lysine 27 dimethylation

H4ac histone 4 acetylation

GSH Glutathione

NAC N Acetylcysteine

Chip Chromatin immunoprecipitation

LBD ligand binding domain
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Fig. 1. Effect of BaP on NR2E3 and ER expression in MCF-7 and T47D cells
(A) Effect of BaP on NR2E3 and ERa protein expression. MCF-7 and T47D cells were

treated with BaP (1, 2.5 or 5 uM) for 48 h, and the NR2E3 and ER protein level was
analyzed on immunablots of cell lysates probed with an anti-NR2E3 and anti-ER antibody.
(B) MCF-7 and T47D cells were cultured with 5 uM BaP for 8, 24, or 48 h, and the NR2E3
and ER protein level was analyzed on immunoblots of cell lysates probed with an anti-
NR2E3 and anti-ER antibody. (C) The effect of BaP on NR2E3 and ER mRNA expression.
MCF-7 and T47D cells were treated with 5 uM BaP for 4 or 8 h. The cells were lysed, and
the total RNA was prepared for the PCR analysis of NR2E3 and ER mRNA expression
relative to GAPDH expression. (D) The effect of BaP on the ERa promoter activity. MCF-7
and T47D cells transfected with ER-Luc were treated with BaP (1, 2.5 or 5 uM) for 24 h,
harvested, and assayed for luciferase activity. Results are means + SE for at least 3
replicated determinations, and significantly (P < .05) decreased (**) responses are indicated.
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Fig. 2. Effects of BaP on NR2E3 homo-dimerization and localization
(A) Detection of NR2E3-NR2E3 homo-dimer formation by a mammalian two-hybrid assay

in MCF-7 cells. The cells were co-transfected with different combinations of GAL4 empty
(GAL4), VP16 empty (VP16), GAL4-NR2E3 LBD and VP16-NR2E3 LBD constructs plus
GALA4-reporter luciferase. (B) BaP treatment disrupts NR2E3 homo-dimerization in a
mammalian two-hybrid assay in MCF-7 cells. Cells were treated with BaP (1, 2.5 or 5 uM)
for 24 h. (C) Detection of BaP effect (5 M, 90 min) on NR2E3 homo-dimerization activity
by co-immunoprecipitaion assay using cells cotransfected with Flag- and Xpress-tagged
NR2E3 expression plasmids. (D) The nuclear localization of NR2E3 with/without BaP
treatment. Results are means + SE for at least 3 replicated determinations, and significantly
(P < .05) decreased (**) responses are indicated.
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Fig. 3. Effects of BaP treatment on transcriptional and epigenetic status of the ER gene proximal

promoter region

(A) BaP treatment significantly decreased the binding of NR2E3 relative to the control.
MCEF-7 cells were treated with BaP (5 uM) for 90 min and determined by ChIP-PCR. (B)
The mice were injected twice with BaP (125 mg/kg) and sacrificed 96 h later. The livers
were homogenized, and the NR2E3 and ER protein levels were analyzed on immunoblots of
cell lysates probed with anti-NR2E3 and anti-ERa antibodies. The livers were homogenized
and lysed, and the total RNA was prepared for the PCR analysis of NR2E3 and ERa mRNA
expression relative to the GAPDH expression. (C) BaP treatment significantly decreased the
binding of NR2E3 relative to the control, as determined by ChIP-PCR. Results are means +
SE for at least 3 replicated determinations, and significantly (P < .05) increased/attenuated
(*) or decreased (**) responses are indicated.
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Fig. 4. Effects of NR2E3 loss on transcriptional and epigenetic status of the ER gene proximal
promoter region

MCEF-7 cells were transfected with lentiviral-based small hairpin RNA (shRNA). MCF-7
cells were transfected with NR2E3 shRNA or a non-specific control ShRNA according to the
manufacturer’s instructions. (A) Effect of NR2E3 shRNA on NR2E3 and ER protein
expression. The NR2E3 and ERa protein levels were analyzed on immunoblots of cell
lysates probed with anti-NR2E3 and anti-ER« antibodies. (B) NR2E3 loss significantly
altered the transcriptional and epigenetic status of the ER proximal promoter region. Results
are means + SE for at least 3 replicated determinations, and significantly (P < .05) increased/
attenuated (*) or decreased (**) responses are indicated.
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Fig. 5. Inhibition of NR2E3 and ERa downregulation by antioxidant treatments and a model for
the role of NR2E3 in BaP-mediated oxidative injury

(A) MCF-7 and T47D cells were pre-treated with GSH for 3 h, and BaP (5 pM) was then
added for 48 h. The NR2E3 and ERa protein levels were analyzed on immunoblots of cell
lysates probed with anti-NR2E3 and anti-ERa antibodies. (B) MCF-7 and T47D cells were
pre-treated with NAC (10 mM) for 3 h, and BaP (5 pM) was then added for 48 h. The
NR2E3 and ER protein levels were analyzed. (C) A model of the effects of BaP on the
epigenetic status of the ER promoter. Results are means + SE for at least 3 replicated
determinations, and significantly (P < .05) increased/attenuated (*) or decreased (**)

responses are indicated.
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