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Abstract

Estrogen contributes to the development of breast cancer through estrogen receptor (ER) signaling
and by generating genotoxic metabolites that cause oxidative DNA damage. To protect against
oxidative stress, cells activate nuclear factor erythroid 2-related factor 2 (Nrf2) and its downstream
cytoprotective genes that initiate antioxidant responses and detoxify xenobiotics. Nrf2 activation
occurs by inhibiting the protein-protein interaction (PPI) between Nrf2 and its inhibitor Keap1,
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which otherwise targets Nrf2 for ubiquitination and destruction. In this study, we examined a
series of novel direct inhibitors of Keap1-Nrf2 PPI in their role in promoting the availability

of Nrf2 for antioxidant activity and attenuating estrogen-mediated responses in breast cancer. ER-
positive human breast cancer cells MCF-7 were treated with 17p-estradiol (E2) in the presence or
absence of selected Keap1-Nrf2 PPI inhibitors. Keap1-Nrf2 PPI inhibitors suppressed the mRNA
and protein levels of estrogen responsive genes induced by E2 exposure, such as PGR. Keap1-Nrf2
PPI inhibitors caused significant activation of Nrf2 target genes. E2 decreased the mRNA and
protein level of the Nrf2 target gene NQOL, and the Keap1-Nrf2 PPI inhibitors reversed this
effect. The reversal of E2 action by these compounds was not due to binding to ER as ER
antagonists. Further, a selected compound attenuated oxidative stress induced by E2, determined
by the level of a biomarker 8-oxo-deoxyguanosine. These findings suggest that the Keap1-Nrf2
PPI inhibitors have potent antioxidant activity by activating Nrf2 pathways and inhibit E2-induced
gene and protein expression. These compounds may serve as potential chemopreventive agents in
estrogen-stimulated breast cancer.
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Introduction

Estrogen receptor-positive breast cancers represent 65—75% of all breast cancer cases
(Burstein, 2020). Estrogen acts as an important mediator in the development of breast
cancer. Estrogen receptor (ER) signaling is responsible for cell proliferation and inhibition
of apoptosis (Yager and Davidson, 2006). In addition, the metabolites of estrogen cause
oxidative damage by forming quinone adducts with DNA (Yager and Davidson, 2006).
These two major mechanisms define estrogen as a carcinogen in the development of ER-
positive breast cancer. Therefore, targeting estrogen synthesis, signaling and metabolism are
key mechanisms in the treatment of ER-positive breast cancer (Burstein, 2020; Jordan, 2006;
Smith and Dowsett, 2003).

One way to protect cells from genotoxicity of estrogen and its metabolites is to activate

the cellular detoxification mechanism, which involves the action of the nuclear factor
erythroid 2-related factor 2 (Nrf2). Nrf2 plays a vital role in regulating antioxidant
pathways by activating over 250 target genes in the antioxidant response element (ARE)
pathway (Dodson et al., 2019; Yamamoto et al., 2018). Nrf2 target genes, mainly those
encoding detoxifying enzymes, are involved in redox regulation, DNA repair and xenobiotic
metabolism (Schmidlin et al., 2019). Nrf2 is described as a pleiotropic transcription factor
and its role in cancer is context-dependent (Rojo de la Vega et al., 2018). Its action during
different stages of cancer development varies from inhibition of carcinogenesis to promotion
of cancer progression (Rojo de la Vega et al., 2018; Dodson et al., 2019). Prior to tumor
initiation, Nrf2 activation can be useful in combating carcinogenesis via its ability to initiate
antioxidant gene transcription, which detoxifies xenobiotics and repairs DNA damage (Rojo
de la Vega et al., 2018). As the tumor establishes, high Nrf2 expression renders cells
resistant to reactive oxygen species (ROS), genotoxic and metabolic stress, which in turn
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increases cancer cell proliferation and resistance to radiation and chemotherapies (Cloer et
al., 2019). In the context of estrogen-induced carcinogenesis, the Nrf2 system can remove
DNA adducts and convert estrogen metabolites to a less toxic form, preventing genomic
instability. This is considered as the chemopreventive role of Nrf2, which is the focus of our
study.

Nrf2 activation can be achieved by oxidative stress as well as pharmacological interventions.
Under basal conditions, Kelch-like ECH associated protein (Keapl) acts as a negative
modulator of Nrf2 by binding to Nrf2 at the DLG and ETGE motif of the Neh2 domain

as a homodimer (Lee and Hu, 2020). Subsequently, Nrf2 undergoes ubiquitination and is
degraded by 26S proteasome, giving rise to a short half-life of 0.33 hours (Cuadrado et

al., 2019). However, when cells are exposed to oxidative stress, the interaction between
Keapl and Nrf2 is disrupted. Nrf2 translocates into the nucleus and activates the ARE
pathway, which exerts cytoprotective effects against oxidative damage (Lee and Hu, 2020).
Compounds have been developed to activate Nrf2 by inhibiting the interaction of Keapl and
Nrf2. Bardoxolone (CDDO, triterpenoid), sulforaphane, and dimethyl fumarate are known
Nrf2 activators that have been placed into clinical trials (Dodson et al., 2019). There are
other Nrf2 activators under study, including natural products like resveratrol, curcumin, and
EGCG (Pouremamali et al., 2022).

To understand the chemoprotective role of Nrf2 activation in mitigating estrogen
carcinogenicity, we investigated the effects of novel small molecule inhibitors of Keapl-
Nrf2 protein-protein interaction (PPI) in ER-positive breast cancer. Earlier Nrf2 activators
are mainly electrophiles, modifying Cys151 of Keapl and have dose limiting toxicity due
to off-target effects (Sivinski et al., 2021). Our Keap1-Nrf2 PPI inhibitors activate Nrf2

by binding noncovalently to the Keapl Kelch domain, thereby inhibiting the interaction
between the Kelch domain and the ETGE or DLG motif on the Nrf2 Neh2 domain (Lee and
Hu, 2020). As a result, Nrf2 enters the nucleus and initiates transcription of downstream
target genes in the ARE pathway (Lee and Hu, 2020). It has been previously shown

that an earlier series of these Keap1-Nrf2 PPI inhibitors activated the Nrf2 system and
upregulated Nrf2 target genes and proteins in HEK293 cells (Wen et al., 2015) and mouse
BV-2 microglial cells (Abed et al., 2021). However, the effects of the new series of the
Keapl-Nrf2 PPI inhibitors on breast cancer and estrogen carcinogenicity have not been
examined. In this study, we assessed the ability of the Keap1-Nrf2 PPI inhibitors to mitigate
E2-induced estrogen downstream target gene expression and oxidative stress in ER-positive
breast cancer via activating the Nrf2 pathway.

Material and Methods

Reagents and Cell Culture

Small-molecule inhibitors (LH1092, LH1093, LH1095, and LH1101) were analogs of
1,4-bis[(4-methoxyphenyl)sulfonamido]naphthalene N,/ *-diacetic acid (LH762) and were
prepared in-house in a similar fashion as previously reported method by Jiang and coworkers
(Jiang et al., 2014; Abed et al., 2021). The Keap1-Nrf2 PPI inhibitors (LH1092, LH1093,
LH1095, and LH1101) were dissolved in DMSO and stored as stock solutions (10 mM)

at —80°C. 17p-estradiol (E2) was obtained from Sigma-Aldrich (Saint Louis, MO) and
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dissolved in DMSO. The human breast cancer MCF-7 cell line was obtained from American
Type Culture Collection (ATCC). MCF-7 cells were maintained in DMEM/F12 medium
containing 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5%
CO». To examine the effects of estrogen stimulation, MCF-7 cells were first seeded in
DMEM/F12 medium with 10% FBS. After overnight incubation, the cells were washed

with PBS and grown in phenol red-free RPMI medium supplemented with 10% charcoal-
stripped FBS containing treatment. Treatment concentrations and conditions are described in
respective figure legends.

PolarScreen™ Green Estrogen Receptor Alpha Competitor Assay

PolarScreen™ Estrogen Receptor Alpha Competitor Assay kit was obtained from Life
Technologies Corporation (A15883; Carlsbad, CA). The assay was performed to determine
the binding activity of Keap1-Nrf2 PPI inhibitors to estrogen receptor alpha (ERa.)
following the manufacturer’s protocol with slight modification. A total assay volume of

20 L was used in 384-well plate format. 2X saturating estradiol solution (20 uM) and test
compounds (0, 1, 10, 100 uM) were added to the appropriate wells of the assay plate. The
plate was incubated at room temperature for 2 hours before fluorescence was read using a
Wallac Victor 3V multilabel microplate reader (PerkinElmer, Shelton, CT) and 485 nm/535
nm filter set. Fluorescence polarization value (mP) was calculated based on the parallel
and perpendicular fluorescence intensity (Fy and F ;) with respect to the linearly polarized
excitation light (Inoyama et al., 2012).

2.3. Quantitative Real-Time PCR Analysis

MCEF-7 cells were seeded in 60 mm dishes at a density of 300,000 cells per dish. Cells

were treated with 0.1% DMSO, 100 pM E2, 10 pM LH1092 or 100 nM CDDO-IM (a
known Nrf2 activator as a positive control) with or without 100 pM E2 for 16 hours

before RNA extraction. To assess the activity of all four Keap1-Nrf2 PPI inhibitors,

cells were treated with 0.1% DMSO and 100 pM E2 in the presence or absence of 10

UM test compounds (LH1092, LH1093, LH1095 and LH1101) or 100 nM CDDO-IM

for 48 hours before RNA extraction. Total RNA was isolated using the TRIzol reagent

from Sigma Aldrich (Saint Louis, MO). The cDNA was synthesized from 1 ug of

RNA using the High-Capacity cDNA Reverse Transcription Kit from Applied Biosystems
(Pleasanton, CA). The mRNA levels of genes of interest were measured by RT-gPCR

using TagMan 2X Universal PCR Master Mix (Applied Biosystems, Pleasanton, CA).

The primers, PGR (Hs01556702), CCND1 (Hs00277039), CITED1 (Hs00918445), CTSD
(Hs00157205), SERPINAL (Hs00165475), TFF1 (Hs00907239), HO-1 (Hs01110250_m1),
NQO1 (Hs00168547), GCLM (Hs00157694), GPX1 (Hs00829989), GPX2 (Hs01591589),
and GAPDH (Hs02758991), were obtained from Applied Biosystems (Pleasanton, CA). The
AACt values were calculated from Ct values compared to a reference gene GAPDH. Results
are represented as fold changes compared to the DMSO control group.

2.4. Western Blot Analysis

MCEF-7 cells were seeded in 100 mm dishes at a density of 500,000 cells per dish and
treated with 0.1% DMSO or 100 pM E2 in the presence or absence of 10 uM LH1092, 10
UM LH1095, or 100 nM CDDO-IM. After 24 hours of treatment, cells were lysed in RIPA
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buffer containing 1% protease and phosphatase inhibitor. Cell lysates were separated by 10%
SDS-PAGE and transferred to a PVDF membrane. The membranes were incubated with
primary antibodies at 4°C overnight and with secondary antibodies at room temperature for
1 hour. Primary antibodies against PGR (1:500, 8757), c-MYC (1:1000, 5605), TFF1/pS2
(1:1000, 15571), and Cathepsin D (1:1000, 2284) were from Cell Signaling Technology
(Danvers, MA). Primary antibodies against HO-1 (1:200, sc-10789) and NQO1 (1:100,
sc-271116) were from Santa Cruz Biotechnology (Dallas, TX). B-actin antibody (1:2000,
A1978) was from Sigma Aldrich (Saint Louis, MO). Anti-rabbit and anti-mouse secondary
antibodies were from Cell Signaling Technology (Danvers, MA). B-actin was used as a
loading control.

Immunofluorescence Microscopy

To determine the Nrf2 nuclear translocation in response to the test compounds, MCF-7 cells
were seeded at 200,000 cells per well in 6-well plates and treated with 0.1% DMSO, 10

UM of LH1092 or LH1095 with or without 1 nM of E2 for 3 hours. To assess the level

of oxidative stress changed by the compounds, MCF-7 cells were seeded at 250,000 cells
per well in 6-well plates and treated with 0.1% DMSO, 10 uM LH1092 with or without

1 nM E2 or 1 uM etoposide for 48 hours. Cells were fixed using 4% paraformaldehyde

for 15 minutes at room temperature. Cells were incubated in PBS containing 0.2% Triton
X-100 for 10 minutes for permeabilization, then blocked in PBST with 10% horse serum
for 1 hour at room temperature. Cells were incubated with primary antibody against Nrf2
(1:100 dilution, sc-365949, Santa Cruz, Dallas, TX) or 8-0xo-deoxyguanosine (8-0xo-dG,
1:300 dilution, R&D systems, Gaithersburg, MD) at 4°C overnight. After washing with PBS,
goat anti-mouse secondary antibody (Alexa Fluor 488, Invitrogen, Carlshad, CA) was then
added to samples and incubated for 1 hour at room temperature. Samples were also treated
with TO-PRO-3 dye solution (1:300, Thermo Fisher, Eugene, OR) for 30 minutes at room
temperature for nuclear staining. Images were taken with a fluorescence microscope with
laser filters at 488 nm (Nrf2 and 8-0x0-dG) and 644 nm (TO-PRO-3). Five fields from

each treatment group were imaged. Ten nuclei from each group were randomly selected

for analysis. Images were analyzed by measuring the mean gray values of the nuclei using
ImageJ (NIH, Bethesda, MD). Data were represented as mean + SEM of fluorescence
intensity.

2.6. Statistical Analysis

The RT-qPCR data were represented as mean + SEM of fold changes. Ordinary one-way
ANOVA followed by Dunnett’s multiple comparisons test was used to compare differences
between control and treatment groups. A P value < 0.05 is considered of statistical
significance.

3. Results

3.1. Structural modification of a new series of Keap1-Nrf2 PPI inhibitors

Direct inhibitors of Keap1-Nrf2 PPI activate Nrf2 by binding noncovalently to the
Keapl Kelch domain, inhibiting the interaction between the Kelch domain and the
ETGE or DLG motif on the Nrf2 Neh2 domain (Lee and Hu, 2020). The series
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of Keap1-Nrf2 PPI inhibitors used in this study (LH1092, LH1093, LH1095, and
LH1101) was synthesized for enhanced activity based on the structure of 1,4-bis[(4-
methoxyphenyl)sulfonamido]naphthalene A, -diacetic acid (LH762) (Jiang et al., 2014;
Abed et al., 2021) (Fig. 1).

3.2. Keapl-Nrf2 PPI inhibitors downregulate estrogen responsive genes in E2-stimulated

MCF-7 cells

Estrogen responsive genes, including progesterone receptor (PGR), cyclin D1 (CCND1),
cathepsin D (CTSD), CITED1, SERPINAL, and TFF1, are important players in cell
proliferation and cell cycle progression in breast cancer. We treated MCF-7 cells with E2 in
the presence of the Keap1-Nrf2 PPI inhibitors and CDDO-IM as a positive control for 16
and 48 hours and examined changes in expression of these estrogen responsive genes. We
found that the mRNA level of PGR was significantly elevated by E2, and that Keap1-Nrf2
PPI inhibitors attenuated the E2-stimulated induction at both time points (Fig. 2A and 2B).
The mRNA expression of CITED1 and CCND1 increased at 16 hours and returned to
baseline at 48 hours in response to E2 (Fig. 2A and 2B). The presence of Keap1-Nrf2 PPI
inhibitors downregulated CITED1 and CCND1 expression by about 40% compared to E2
treatment alone at 48 hours (Fig. 2B). The mRNA level of SERPINA1 was increased by E2
at both time points (Fig. 2A and 2B); co-treatment of E2 and LH1092 inhibited this effect of
E2 at 16 hours (Fig. 2A). E2 treatment also increased the mRNA levels of CTSD and TFF1,
but the Keap1-Nrf2 PPI inhibitors did not have a significant effect on these genes (Fig. 2A
and 2B). In addition, we performed Western blot analysis to examine the protein levels of
estrogen responsive genes changed by E2 and the Keap1-Nrf2 PPI inhibitors. After 24 hours
of treatment, PGR, TFF1/pS2, CTSD and c-MYC protein levels were significantly induced
by E2, and this induction was reduced by the selected compounds LH1092 and LH1095
(Fig. 2C).

3.3. Keapl1-Nrf2 PPI inhibitors do not bind to ERa

Next, we investigated whether the reversal of E2 action by the Keap1-Nrf2 PPI inhibitors
is due to ER binding. Ansell et al. showed that the repression of Nrf2 and ARE-dependent
gene expression by E2 is achieved through E2-bound ERa (Ansell et al., 2005). Since

the Keap1-Nrf2 PPI inhibitors downregulate estrogen responsive genes and relevant protein
levels in E2-stimulated MCF-7 cells, we tested the binding activity of the Keap1-Nrf2

PPI inhibitors (LH762, LH1092, LH1093, LH1095 and LH1101) to ERa, using the
PolarScreen™ Estrogen Receptor Alpha Competitor Assay. Fluorescence polarization value
(mP) was calculated based on the parallel and perpendicular fluorescence intensity (F; and
F ) with respect to the linearly polarized excitation light. The results showed that the
Keap1-Nrf2 PPI inhibitors did not bind ERa at any of the concentrations (1, 10, 100 pM)
tested (Fig. 3), suggesting that they do not act as ER antagonists.

3.4. Keapl-Nrf2 PPl inhibitors increase nuclear translocation of Nrf2 in MCF-7 cells

To examine the Nrf2 localization induced by the Keap1-Nrf2 PPI inhibitors, we treated
MCF-7 cells with selected compounds LH1092 and LH1095 with or without E2.
Immunofluorescence staining was performed at 3 hours to assess the Nrf2 level in the
nucleus. LH1092 and LH1095 increased the Nrf2 level (green staining) in the nucleus
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compared to the DMSO control group regardless of E2 presence (Fig. 4A and 4B). E2
treatment alone did not show significant change in Nrf2 level in the nucleus (Fig. 4A and
4B).

3.5. Keapl1-Nrf2 PPI inhibitors upregulate Nrf2 target genes in E2-treated MCF-7 cells

As the Nrf2 level is increased in the nucleus in response to the Keap1l-Nrf2 PPl inhibitors,
we next want to determine if the compounds can activate the Nrf2-ARE pathway in MCF-7
cells exposed to E2. Our results showed that LH1092 upregulated the mRNA expression of
Nrf2 target genes (NQO1, HO-1, GCLM and GPX2) regardless of E2 presence at 16 hours
(Fig. 5A). The mRNA levels of these genes remained to be elevated by the compounds at

48 hours (Fig. 5B). Notably, GPX2 expression was enhanced by 35-fold in the presence of
the Keap1-Nrf2 PPI inhibitors at 48 hours (Fig. 5B). The Keap1-Nrf2 PPl inhibitors had

a greater effect than CDDO-IM at inducing the mRNA expression of NQO1, HO-1 and
GCLM (Fig. 5A and 5B). It is important to note that E2 downregulated the mRNA and
protein level of NQOZ; the presence of Keap1-Nrf2 PPI inhibitors or CDDO-IM reversed the
effect of E2 by causing an increase in the NQO1 mRNA and protein expression compared to
E2 treatment alone (Fig. 5A, 5B and 5C). The change in HO-1 exhibited a different profile
from NQO1. We observed a downward trend in HO-1 mRNA level caused by E2, but the
difference from DMSO control is not significant (Fig. 5A and 5B). HO-1 protein expression
did not significantly change with E2 treatment (Fig. 5D). Treatment of CDDO-IM with E2
had minimal effect to the mRNA and protein level of HO-1 compared to E2 control at

the time points we examined (Fig. 5A, 5B and 5C). The mRNA expression of GPX1 did

not change in response to the Keap1-Nrf2 PPI inhibitors at 16 and 48 hours (Fig. 5A and
5B). These results demonstrate that the Keap1-Nrf2 PPI inhibitors reverse the E2-mediated
repression of specific Nrf2 target genes in a gene-specific manner.

3.6. Keapl-Nrf2 PPI inhibitors modulate oxidative stress caused by E2 in MCF-7 cells

To further investigate the antioxidant property of the Keap1-Nrf2 PPI inhibitors, we treated
MCF-7 cells with LH1092 in the presence or absence of E2 or etoposide for 48 hours.
Etoposide is a chemotherapeutic drug known to induce oxidative stress and used as a
positive control. We have previously shown that E2 and etoposide increased the level of an
oxidative stress marker 8-oxo0-dG in MCF-7 cells (Bak et al., 2017). Here, we found that E2
and etoposide increased the staining of 8-0xo-dG in the cells compared to the DMSO control
group, as indicated by the green fluorescence signals (Fig. 6A). Co-treatment of LH1092
with E2 or etoposide decreased the level of 8-0x0-dG compared to the E2 and etoposide
control, respectively (Fig. 6A and 6B). LH1092 treatment alone did not change the level of
8-0x0-dG significantly (Fig. 6A and 6B).

4. Discussion

Nrf2 has been an important target in cancer prevention because of its role in preventing
and/or reversing oxidative stress that can promote tumorigenesis (Sporn and Liby, 2012).
Both Nrf2 activators and inhibitors have been developed to intervene in different stages
of cancer progression (Yamamoto et al., 2018; Rojo de la Vega et al., 2018). We show
here that the Keap1-Nrf2 PPI inhibitors induce Nrf2-ARE pathway genes in MCF-7 cells.
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One of these genes, NQO1, serves as an important modulator of cancer progression. It
reduces quinones to hydroquinones as a means of detoxification in cells (Cuadrado et al.,
2019). NQO1 deficiency contributes to increased ROS and subsequent genome instability
in breast tumors (Fagerholm et al., 2008). In our study, the expression of NQO1 was
significantly suppressed by E2, and this suppression was reversed by the Keap1-Nrf2 PPI
inhibitors, which implies that the compounds could have cytoprotective effect against E2
oxidative damage to the cells. HO-1, another Nrf2-regulated gene, also has antioxidative
properties and its inhibition is related to DNA damage (Chiang et al., 2021). Interestingly,
E2 did not significantly change HO-1 expression in MCF-7 cells, but the Keap1-Nrf2

PPI inhibitors increased HO-1 mRNA and protein levels regardless of E2 treatment. Its
induction by the Keap1-Nrf2 PPI inhibitors also suggests potential use of these compounds
in combating oxidative stress. Our results also indicated an increase in the mMRNA level

of GCLM, the glutamate cysteine ligase modifier subunit, which participates in the de
novo synthesis of glutathione (GSH) (Dodson et al., 2019). Among the Nrf2 target genes
examined in this study, GPX2 (glutathione peroxidase 2) displayed the highest mMRNA
induction by the Keap1-Nrf2 PPI inhibitors at 48 hours. GPX2 uses GSH to reduce organic
hydroperoxides and hydrogen peroxide (H,0,) in redox regulation, which is a crucial
mechanism in Nrf2-mediated chemoprevention (Dodson et al., 2019). Low GPX2 mRNA
level in human breast cancer leads to poor patient survival and oncogenic signaling (Ren
et al., 2022), suggesting that the Keap1-Nrf2 PPI inhibitors could inhibit breast cancer

via GPX2-mediated mechanisms. Induction of these cytoprotective genes catalyzes the
detoxification process and contributes to chemoprevention by preventing DNA damage from
carcinogens such as E2 (Abed et al., 2015).

Current literature is divergent regarding E2 regulation of Nrf2-mediated transcription of
target genes. Ansell et al. found that low levels of E2 can repress Nrf2-related phase Il
enzymes, GST and QR in mice (Ansell et al., 2004). Further, Yao et al. demonstrated that
the inhibition of Nrf2 target gene NQOL is caused by ERa and SIRT1 recruited by E2

at the NQO1 promoter (Yao et al., 2010). On the other hand, Gorrini et al. demonstrated
that a high dose of E2 at 10 nM induces Nrf2 and its related antioxidant genes, including
GCLM, HMOX1, and NQO1, in BRCA1-deficient cells through the PI3BK-AKT pathway
(Gorrini et al., 2014). Wu et al. showed that a high dose of E2 upregulates Nrf2 activity
by increasing ARE-Luc activity and HO-1 mRNA expression through the PI3K/GSK-3p
pathway in MCF-7 cells (Wu et al., 2014). These contradictory data regarding the regulation
of Nrf2 activity by E2 could be attributed to ligand- and cell-specific factors as well as the
varied levels of estrogen exposure (Ansell et al., 2005; Wu et al., 2014).

Regarding the modulation of E2-induced effects, the Keap1-Nrf2 PPI inhibitors
downregulated the mRNA levels of estrogen responsive genes, including PGR, CITED1

and CCNDJ, as well as the protein levels of PGR, TFF1/pS2, CTSD and c-MYC,

compared to E2 control. Progesterone receptor (PGR) is a direct target of ER signaling.

Its inhibition by the compounds suggests that Nrf2 activation may interact with ER signaling
by inhibiting estrogen response element (ERE). The changes in the mRNA expression of
estrogen responsive genes are time dependent. E2 increased the mRNA levels of CITED1
and CCNDL1 at 16 hours and returned the levels to the baseline at 48 hours. The mMRNA
expression of CITED1 and CCND1 did not change by the LH1092 treatment at 16 hours but
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decreased at 48 hours. CITEDL1 is a transcriptional coregulator that enhances sensitivity to
E2 in MCF-7 cells (Yahata et al., 2001). CCND1, cyclin D1, is an oncogene overexpressed
in breast cancer. Inhibition of these estrogen responsive genes indicate that the Keap1-Nrf2
PPI inhibitors may attenuate E2 responses from estrogen receptor signaling.

Although we do not yet know the precise mechanism by which the Keap1-Nrf2 PPI
inhibitors exert these inhibitory effects on E2 signaling, we did find that the compounds
themselves did not bind directly to ER. The compounds activate and increase nuclear
translocation of Nrf2 in MCF-7 cells regardless of E2 presence. LH1092 attenuated
oxidative stress induced by E2 and etoposide, as shown by decreasing the level of 8-oxo-dG
produced in MCF-7 cells, and these results indicate potential antioxidant effect of the
Keap1-Nrf2 PPI inhibitors against oxidative stress. A proposed mechanism of activation
of the Nrf2-ARE pathway and inhibition of ER signaling pathway by the Keap1-Nrf2 PPI
inhibitors is depicted in Fig. 7. Our data demonstrate that the Keap1-Nrf2 PPI inhibitors
mitigate E2-induced estrogen downstream target gene expression and oxidative stress in
ER-positive breast cancer via activating the Nrf2 pathway. These findings warrant further
validation in a physiologically relevant estrogen-induced /n vivo model of ER-positive
breast cancer. Taken together, our study suggests that the Keap1-Nrf2 PPI inhibitors may
block E2-mediated effects in ER-positive breast cancer and could serve as agents useful in
preventing development or progression of these tumors.
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Highlights

. The direct inhibitors of Keap1-Nrf2 protein-protein interaction activate the
Nrf2 pathway.

. The compounds reverse estrogen action in gene and protein expression in
MCF-7 cells.

. The compounds reduce estrogen responsive gene and protein levels, such as
PGR.

. Selected compound mitigates estrogen-induced oxidative stress in ER-positive
MCEF-7 cells.
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Generic structure of the Keap1-Nrf2 PPI inhibitors used in this study, LH1092,
LH1093, LH1095, and LH1101, modified from the structure of 1,4-bis[(4-
methoxyphenyl)sulfonamido]naphthalene N,V -diacetic acid (LH762).
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Fig. 2.
Keap1-Nrf2 PPI inhibitors downregulate estrogen responsive genes in E2-stimulated MCF-7

cells. A. The mRNA expression of estrogen responsive genes at 16 hours after treatment
with 10 uM LH1092 or 100 nM CDDO-IM with or without 100 pM E2. B. The mMRNA
expression of estrogen responsive genes at 48 hours after treatment with 100 pM E2 in the
presence or absence of 10 uM test compounds (LH1092, LH1093, LH1095 and LH1101) or
100 nM CDDO-IM. The mRNA levels were analyzed by RT-qPCR. GAPDH was used as
an internal control for gene expression. The data are represented as mean + SEM of mRNA
fold changes (n = 6). **p < 0.05, significant difference compared to DMSO control. *p <
0.05, significant difference compared to E2 control. C. MCF-7 cells were treated with 10
UM LH1092, 10 uM LH1095 and 100 nM CDDO-IM in the presence of 100 pM E2 for

24 hours. The protein levels of PGR, TFF1/pS2, CTSD, and c-MY C were determined by
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Western blot analysis. p-actin was used as a loading control. Quantification of protein levels
from the Western blots were analyzed using ImageJ program.
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Fig. 3.

Bi?]ding activity of Keap1-Nrf2 PPI inhibitors to estrogen receptor (ER). PolarScreen™
Estrogen Receptor Alpha Competitor Assay kit was obtained from Life Technologies. A
total assay volume of 20 pL was used. Estradiol and test compounds (0, 1, 10, 100 pM)
were added to the appropriate wells of the assay plate. The plate was incubated at room
temperature for 2 hours. Fluorescence polarization value (mP) was calculated based on the
parallel and perpendicular fluorescence intensity (F; and F ) with respect to the linearly
polarized excitation light.
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Fig. 4.
Keap1-Nrf2 PPI inhibitors induce the nuclear translocation of Nrf2 in MCF-7 cells. A. Cells

were treated with 10 pM LH1092 and 10 uM LH1095 with or without 1 nM E2 for 3
hours. Cells were fixed and stained for the nuclei (blue) and Nrf2 (green). A fluorescence
microscope was used to take the images at 40x magnification. One representative image
from each group is shown here along with the expanded view. Scale bar = 50 um. B.

The fluorescence intensity of Nrf2 nucleus staining changed by LH1092 or LH1095 in
the presence or absence of E2 is shown. Images were taken by randomly selecting five
fields from each treatment group. Two independent experiments were performed. The
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immunofluorescence staining of Nrf2 in the nuclei was quantified by ImageJ. The data are
represented as mean + SEM of fluorescence intensity. 2, p < 0.05, as compared to DMSO. b,
p < 0.05, as compared to E2.
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Fig. 5.
Keapl-Nrf2 PPI inhibitors upregulate Nrf2 target genes in E2-treated MCF-7 cells. A. The

MRNA expression of Nrf2 target genes at 16 hours after treatment with 10 pM LH1092

or 100 nM CDDO-IM with or without 100 pM E2. B. The mRNA expression of Nrf2
target genes at 48 hours after treatment with 100 pM E2 in the presence or absence of 10
UM test compounds (LH1092, LH1093, LH1095 and LH1101) or 100 nM CDDO-IM. The
MRNA levels were analyzed by RT-gPCR. GAPDH was used as an internal control for gene
expression. The data are represented as mean £ SEM of mRNA fold changes (n = 6). **p

< 0.05, significant difference compared to DMSO control. *p < 0.05, significant difference
compared to E2 control. C. MCF-7 cells were treated with 10 uM LH1092, 10 uM LH1095
and 100 nM CDDO-IM in the presence of 100 pM E2 for 24 hours. The protein levels of
NQO1 were determined by Western blot analysis. p-actin was used as a loading control. D.
MCEF-7 cells were treated with 10 pM LH1092, 10 pM LH1095 or 100 nM CDDO-IM in
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the presence of 100 pM E2 for 24 hours. The protein levels of HO-1 were determined by
Western blot analysis. p-actin was used as a loading control. Quantification of protein levels
from the Western blots were analyzed using ImageJ program.
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Fig. 6.

LI?|1092 attenuates the level of 8-ox0-dG induced by E2 and etoposide in MCF-7 cells.

A. Cells were treated with 10 uM LH1092 with or without 1 nM E2 or 1 uM etoposide

for 48 hours. Cells were fixed and stained for the nuclei (blue) and 8-oxo-dG (green).

A fluorescence microscope was used to take the images at 40x magnification. One
representative image from each group is shown here along with the expanded view. Scale
bar = 50 um. B. The immunofluorescence staining of 8-oxo-dG in the nuclei was quantified
by ImageJ. Images were taken by randomly selecting five fields from each treatment group.
Three independent experiments were performed. The data are represented as mean =+ SEM of
fluorescence intensity. 2 p < 0.05, as compared to DMSO. P, p < 0.05, as compared to E2. ¢,
p < 0.05, as compared to etoposide.
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Fig. 7.

Schematic diagram showing the proposed mechanism of activation of the Nrf2 pathway by
Keapl-Nrf2 PPI inhibitors and Nrf2 interaction with ER signaling. Under basal conditions,
Nrf2 binds to Keap1l homodimer and is ubiquitinated by a ubiquitin ligase complex and
undergoes degradation through 26S proteasome. Use of direct inhibitors of the Keapl-

Nrf2 protein-protein interaction allows Nrf2 to translocate to the nucleus and initiate the
transcription of antioxidant response element (ARE)-related genes. A proposed mechanism
is depicted here that Nrf2 activated by the Keap1-Nrf2 PPl inhibitors interacts with ERa and
inhibits ER signaling.
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