
biomedicines

Article

Targeted Inhibition of Anti-Inflammatory Regulator Nrf2
Results in Breast Cancer Retardation In Vitro and In Vivo

Venugopal R. Bovilla 1,2,3 , Mahadevaswamy G. Kuruburu 1,2, Vidya G. Bettada 1,2, Jayashree Krishnamurthy 4,
Olga A. Sukocheva 5,* , Rajesh K. Thimmulappa 1,2, Nanjunda Swamy Shivananju 6, Janardhan P. Balakrishna 7

and SubbaRao V. Madhunapantula 1,2,8,*

����������
�������

Citation: Bovilla, V.R.; Kuruburu,

M.G.; Bettada, V.G.; Krishnamurthy,

J.; Sukocheva, O.A.; Thimmulappa,

R.K.; Shivananju, N.S.; Balakrishna,

J.P.; Madhunapantula, S.V. Targeted

Inhibition of Anti-Inflammatory

Regulator Nrf2 Results in Breast

Cancer Retardation In Vitro and In

Vivo. Biomedicines 2021, 9, 1119.

https://doi.org/10.3390/

biomedicines9091119

Academic Editor: Chiara Brignole

Received: 29 July 2021

Accepted: 26 August 2021

Published: 30 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Biochemistry (DST-FIST Supported Department), JSS Medical College, JSS Academy of Higher
Education & Research, Mysore 570015, Karnataka, India; venugopal.reddy@jssuni.edu.in (V.R.B.);
mahadevaswamykg@jssuni.edu.in (M.G.K.); vidyabg@jssuni.edu.in (V.G.B.); rajeshkt@jssuni.edu.in (R.K.T.)

2 Center of Excellence in Molecular Biology and Regenerative Medicine (CEMR) Laboratory (DST-FIST
Supported Center), JSS Medical College, JSS Academy of Higher Education & Research,
Mysore 570015, Karnataka, India

3 Public Health Research Institute of India (PHRII), Mysuru 570020, Karnataka, India
4 Department of Pathology, JSS Medical College, JSS Academy of Higher Education & Research,

Mysore 570015, Karnataka, India; kjayashree@jssuni.edu.in
5 College of Nursing and Health Sciences, Flinders University, Bedford Park, SA 5042, Australia
6 Department of Biotechnology, JSS Technical Institutions Campus, JSS Science and Technology University,

Mysore 570006, Karnataka, India; nanjundaswamy@sjce.ac.in
7 Department of Stem Cell Biology, Stellixer Biotech Pvt Ltd., Banglore 560058, Karnataka, India;

janardhan@stellixir.com
8 Leader, Special Interest Group in Cancer Biology and Cancer Stem Cells (SIG-CBCSC), JSS Academy of

Higher Education & Research, Mysore 570015, Karnataka, India
* Correspondence: olga.sukocheva@flinders.edu.au (O.A.S.); mvsstsubbarao@jssuni.edu.in or

madhunapantulas@yahoo.com (S.V.M.); Tel.: +91-810-527-8621 (S.V.M.)

Abstract: Nuclear factor erythroid-2 related factor-2 (Nrf2) is an oxidative stress-response transcrip-
tional activator that promotes carcinogenesis through metabolic reprogramming, tumor promoting
inflammation, and therapeutic resistance. However, the extension of Nrf2 expression and its involve-
ment in regulation of breast cancer (BC) responses to chemotherapy remain largely unclear. This
study determined the expression of Nrf2 in BC tissues (n = 46) and cell lines (MDA-MB-453, MCF-7,
MDA-MB-231, MDA-MB-468) with diverse phenotypes. Immunohistochemical (IHC)analysis in-
dicated lower Nrf2 expression in normal breast tissues, compared to BC samples, although the
difference was not found to be significant. However, pharmacological inhibition and siRNA-induced
downregulation of Nrf2 were marked by decreased activity of NADPH quinone oxidoreductase 1
(NQO1), a direct target of Nrf2. Silenced or inhibited Nrf2 signaling resulted in reduced BC prolifera-
tion and migration, cell cycle arrest, activation of apoptosis, and sensitization of BC cells to cisplatin
in vitro. Ehrlich Ascites Carcinoma (EAC) cells demonstrated elevated levels of Nrf2 and were further
tested in experimental mouse models in vivo. Intraperitoneal administration of pharmacological
Nrf2 inhibitor brusatol slowed tumor cell growth. Brusatol increased lymphocyte trafficking towards
engrafted tumor tissue in vivo, suggesting activation of anti-cancer effects in tumor microenviron-
ment. Further large-scale BC testing is needed to confirm Nrf2 marker and therapeutic capacities for
chemo sensitization in drug resistant and advanced tumors.

Keywords: breast cancer; Nrf2; brusatol; Ehrlich Ascites Carcinoma cells; chemo sensitization;
tumorigenesis

1. Introduction

Despite the therapeutic progress and introduction of various public health programs,
breast cancer (BC) incidence and mortality rates continue to increase [1]. Current BC clini-
cal interventions include a large variety of surgical procedures, chemotherapeutic agents,

Biomedicines 2021, 9, 1119. https://doi.org/10.3390/biomedicines9091119 https://www.mdpi.com/journal/biomedicines

https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0001-7244-9817
https://orcid.org/0000-0003-1041-3311
https://orcid.org/0000-0001-9167-9271
https://doi.org/10.3390/biomedicines9091119
https://doi.org/10.3390/biomedicines9091119
https://doi.org/10.3390/biomedicines9091119
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomedicines9091119
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines9091119?type=check_update&version=2


Biomedicines 2021, 9, 1119 2 of 28

hormonal therapy, radiotherapy, and immunotherapeutic approaches [2–5]. However, the
highly successful BC chemotherapeutic agents, including doxorubicin/epirubicin, doc-
etaxel, and paclitaxel [6,7], target early-stage tumors. Advanced stage BCs are managed by
carboplatin, cisplatin, gemcitabine, capecitabine, vinorelbine, abraxane [8–10], or combined
therapies [11,12]. Despite reasonable success, extensive and prolonged treatment often
results in the development of BC resistance [3], accompanied by systemic toxicity [13].
The benefits of advanced genetic testing and personalized medicine-based approaches
for BC treatment are not yet available for the wider population, especially in developing
countries [14–16]. Therefore, identifying multi-functional key regulatory proteins that
can be effectively targeted to control malignant transformation, spreading, and therapy
resistance, has become increasingly important.

Nuclear factor erythroid-2 related factor-2 (Nrf2) is a transcription factor that directs
host responses to inflammation and intracellular oxidative stress via modulation of a di-
verse group of effectors. During induction of oxidative burst and anti-inflammatory
signaling, Nrf2 translocates into the nucleus, binds to electrophile response element
(EpRE), and triggers EpRE-mediated transcription of various genes with an antioxidant
response element (ARE)-containing promoter region [17,18]. Among those genes are cy-
toprotective NADPH quinone oxidoreductase 1 (NQO1), superoxide dismutase (SOD),
glutathione S-transferase (GST), heme oxygenase 1 (HO1), and hypoxia inducible fac-
tor 1-α (HIF1α) [19,20]. Nrf2 is known to protect normal cells from oxidative stress and
inflammation-induced cellular damage. Unfortunately, the elevated Nrf2 also protects can-
cer cells from chemotherapeutic- and radiation-induced damage [21–23]. Nrf2-regulated
antioxidant response was suggested to play a crucial role in controlling BC cell survival [24]
and development of drug resistance [25].

The diversity of Nrf2-activated network is mediated by potential interaction of different
Nrf2 domains with transcription coactivators, including CHD6 (chromo-ATPase/helicase
DNA-binding protein), CBP (cAMP-response-element-binding protein (CREBP)-binding
protein) [11], and the nuclear cofactor RAC3/AIB1/SRC-3 [26]. Complex and often con-
tradictory relationships were demonstrated for Nrf2 and NF-κB signaling network (the
leading cancer-related intracellular effector) linked to various cellular responses to stress,
inflammation, and oncogenesis [27,28]. For instance, Nrf2 and NF-κB were shown to
compete for CBP and other co-activators during resolution of inflammation and cancer
progression [17,27]. During cancer treatment with bortezomib, both signaling pathways
promoted chemoresistance in acute myeloid leukemia cells [28]. Accordingly, targeted
inhibition of Nrf2 using siRNA or pharmacological agents was shown to inhibit the de-
velopment of lung, colon, and rectal carcinomas [29,30]. In BCs, elevated levels of Nrf2
trigger proliferation and metastatic behavior via activation of the RhoA/ROCK pathway
and G6PD/HIF1α/Notch signaling cascades [21]. Increased Nrf2 expression stimulates
anabolic pathways and tumor-promoting inflammation in BCs [31]. Estrogen receptor
positive (ER+) but human epidermal growth factor receptor 2 negative (HER2-) BCs ex-
pressing high levels of Nrf2 are more resistant to treatments compared to those tumors
with very low Nrf2 [21,32]. However, it remains to be confirmed whether the expressed
Nrf2 is functionally active in BCs. Furthermore, Nrf2 inhibition as a method to sensitize BC
cells to chemotherapeutic agents has not been sufficiently explored. Nrf2 can be inhibited
by various synthetic and naturally occurring pharmacological agents, including ML385,
AEM1, brusatol, apigenin, trigonelline, berberine, and parthenolide [33].

Brusatol is a natural compound (quassinoid) isolated from Brucea javanica. Anti-cancer
properties of the compound and its ability to inhibit Nrf2 signaling were demonstrated
in different malignancies [30,33,34]. However, specific molecular targets of brusatol and
associated in vivo pharmacological and systemic effects of the agent remain largely unclear.
Recent study reported brusatol-activated increases in the intrinsic metabolic burden in can-
cer cells, thus, making this agent increasingly attractive for future drug development [35].
Several studies have shown anti-proliferative capacity of brusatol in cancers that were
mediated by deregulated Nrf2 signaling [29,36,37]. Despite the observed pro-apoptotic
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effects, majority of Nrf2 inhibitors were shown to have only modest success in clinical
trials [38], suggesting that Nrf2 is associated with a complex mechanism of signaling which
remains unexplored. Therefore, we used Brusatol to inhibit Nrf2 in BC cell lines and aimed
to clarify the systemic effects of this agent in vivo.

Accordingly, Nrf2 activation of its downstream signaling effectors in BC cell lines
was addressed in this study. Although Nrf2 was linked to BC progression, the question of
whether Nrf2 can be exploited as a key therapeutic target to inhibit BC growth remains
uncertain. This study aimed to test the levels of Nrf2 expression and cell responses to Nrf2
inhibition in a set of BC tissues and cell lines. The expression pattern of Nrf2 was assessed
in grade-II and grade-III BCs and compared to proximal normal tissues. Ehrlich Ascites
Carcinoma (EAC) cells were found to have a significantly increased level of Nrf2. Using
a preclinical animal model, the current study investigated whether grafted EAC cells are
suitable for testing the anti-cancer efficacy of Nrf2 inhibitors. A significant reduction in
grafted tumor size was observed upon the administration of brusatol in Swiss albino mice,
indicating that Nrf2 inhibition could be a potentially viable anti-BC strategy. Inhibition of
Nrf2 signaling in combination with an established chemotherapeutic agent cisplatin was
also tested to assess the suitability of combination strategies for effective tumor inhibition.

2. Materials and Methods
2.1. Collection of Tumor Samples and Used Chemicals

The current study was approved by the Institutional Ethics Committee, which allowed
collecting tumor and normal breast samples from BC patients (approval no. JSSMC/IEC/14/
1991/2017–2018, dated 5 June 2017). The patients visited JSS Hospital and were referred for
pathological examinations. The consent approved using the collected tissues for research
purposes. Patient tumors and normal tissues were paraffin-embedded at the Depart-
ment of Pathology, JSS Medical College, JSS Academy of Higher Education & Research,
Mysore, Karnataka.

BC cell lines MCF-7 (passage #40–55), T47D (passage #60–75), MDA-MB 453 (passage
#70–90), MDA-MB-231(passage #30–50), MDA-MB-468 (passage #50–65), and lung cancer
cell line A549 (passage #30–50) were procured from National Center for Cell Science,
Pune, Maharashtra, India. Normal lung epithelial cell line BEAS-2B (passage #20–40) was
provided by Dr. Rajeshkumar Thimmulappa (JSS Medical College, JSS AHER, Mysore,
Karnataka). EAC cells were provided by Dr. Prabhakar B.T (Molecular Biomedicine
Laboratory, Post Graduate Department of Studies and Research in Biotechnology Sahyadri
Science College Kuvempu University, Shimoga, Karnataka, India). Cell line phenotypes
were confirmed and characterized annually for morphological and cell line specific markers
as described previously [39].

Primary antibodies for Nrf2 (cat#: ab62352), NQO1 (cat#: 62262), were obtained from
Abcam (Cambridge, MA, USA) and Cell Signaling Technologies (Danvers, MA, USA). Sec-
ondary antibodies (Rabbit cat#: SC2357 and Goat cat#:SC2020) and α-Enolase (cat#:SC-7455)
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Ki67 (cat#: PM210) and CD31
(cat#: PR021) were from PathnSitu Biotechnologies Pvt Ltd., (Secunderabad, Telangana
State, India). SiRNA to Nrf2 (HSS 181506, HSS 181505, HSS107130) and lipofectamine
RNAiMAX (cat#:13778150), FBS (cat#:10270106), Pen-Strep (cat#:150763), cDNA Reverse
Transcription Kit (cat#: 4388950), DyNAmo Flash SYBR Green qPCR Kit (cat#: F-415L), and
TRIzol (cat#:15596026) reagents were from Thermo Fisher Scientific (Waltham, MA, USA).

Pharmacological agents brusatol (cat#:SML 1868), diallyl disulfide (DADS) (cat#:
SMB00378), dicoumarol (cat#: M1390-5G), cell culture grade DMSO (cat#: D2650), glucose-
6-phosphate (G6P) dehydrogenase (G6PDH) (cat#: 10165875001), 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide tetrazolium (MTT) (cat#: M5655), menadione (cat#:
M9429), NP40 (cat#: 492016), radioimmunoprecipitation assay (RIPA) buffer (cat#: R0278),
protease inhibitor cocktail (cat#: S8820), G6P (cat#:G7250), nicotinamide adenine dinu-
cleotide phosphate (NADP) (cat#: N5755), flavin adenine dinucleotide (FAD) (cat#: F6625),
bovine serum albumin (BSA) (cat#: 05479), camptothecin (cat#: 390238), itraconazole (cat#:
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I6657), and cisplatin (cat#:1134357) were from Sigma Chemical Company (St. Louis, MO,
USA). All cell culture plastics were from Techno Plastic Products (TPP) Pvt Ltd. (Ben-
galuru, Karnataka, India). Cell culture media Dulbecco’s Modified Eagle Medium (DMEM)
with high glucose (4.5g/L) (cat#: AL111), trypsin-EDTA (0.25%) (cat#: T001), Dulbecco’s
phosphate buffered saline (DPBS) (cat#: TL1OO6), ciprofloxacin (cat#: A032), acridine
orange (AO, cat#: TC262), and ethidium bromide (EtBr, cat#: MB071) were from HiMedia
Laboratories Pvt Ltd. (Bengaluru, Karnataka, India). Swiss albino mice were purchased
from Biogen Laboratory Animal Facility (Bengaluru, Karnataka, India).

2.2. Collection of Breast Cancer Tissues, Construction of a Tissue Array, and
Immunohistochemistry (IHC)

Breast tissues were collected, fixed, paraffin-embedded, and stained using Hema-
toxylin and Eosin (H&E). The tissue sections were screened and representative malignant
areas were identified by an experienced pathologist. The corresponding areas in the paraf-
fin blocks were marked and tissue cores of about 4 mm in size were punched out using a
tissue punch. Tissue array (TA) blocks were constructed manually in rows and columns by
incorporating tissue cores (Supplementary Figure S1). Sections from the TA blocks were
stained using H&E and processed for immunohistochemical (IHC) analysis to measure
Nrf2 expression as described previously [40].

To assess Nrf2 expression, the selected slides were deparaffinized and antigens were
retrieved by dipping in an antigen retrieval buffer (10 mM sodium citrate, pH 6.0). Hy-
drogen peroxide (3%) was applied for 10 min to quench the endogenous peroxidases. The
sections were incubated with primary anti-Nrf2 antibodies (1:200 dilution i.e., 5 µg/mL) for
12 h at 4 ◦C and washed with TBS (3 times, 5 min each). Tumor tissues were stained using
antibodies for Ki67 (for proliferation), CD31 (for vessel density), and NQO1 (oxidative
stress marker). The sections were incubated with secondary antibody conjugated with
horseradish peroxidase (HRP) for 30 min at room temperature; and washed with TBS
(3 times, 5 min each). The bound antibodies were visualized using a 3,3′-diaminobenzidine
(DAB)-chromogen substrate (50 µL of DAB Chromogen in 1.0 mL of DAB buffer). The
sections were rinsed in running water and counter stained with hematoxylin. Excess
hematoxylin was removed by rinsing in water for 5 min.

The H&E stained and IHC processed slides were assessed under a light microscope
and photographed to determine the tissue morphology and level of cancer marker expres-
sion. Representative photomicrographs were captured using Olympus (BX 53, Olympus
Corporation Shinjuku, Tokyo, Japan) microscope operating with 40×magnifying lenses.
The expression grading was conducted by two experienced pathologists who indepen-
dently counted the number of positively stained cells (represented as percentage of stained
cells in the field/per slide) and estimated the intensity of staining. The staining inten-
sity was graded as 0 (no staining), 1+ (weakly stained), 2+ (moderately stained), and 3+
(strongly stained) [41].

2.3. Isolation, Estimation of Total Protein, and Western Blotting Analysis

To isolate total proteins from tumor and normal tissues, the samples were washed
with PBS, and chopped into smaller pieces. The chopped tissue was snap frozen in liquid
nitrogen, powdered, and homogenized in pre-chilled lysis buffer (0.8% NP40 and 2 mM
EDTA) solution containing protease inhibitor cocktail mix. The solution was sonicated
for 1.0 min (PCI Analytics, Mumbai, Maharashtra, India), centrifuged at 21,000× g for
30 min at 4 ◦C. Protein content was estimated using bicinchoninic acid (BCA) method
with BSA standards. Contrary to tissue homogenates, the protein lysates were harvested
from cell cultures using lysis buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 10 mM EDTA,
10% glycerol, 1% Triton X-100, 1 mM sodium orthovanadate, 0.1 mM sodium molybdate,
1 mM phenylmethylsulfonyl fluoride (PMSF), 20 g/mL aprotinin, and 5 g/mL leupeptin
according to a procedure described previously [42]. The total protein content was estimated
using a commercially available BCA kit from Pierce (Thermo Fisher Scientific, Rockford,
IL, USA).
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Expression of Nrf2 was measured by western blotting as described previously [43].
Total protein (50 µg) was loaded per lane onto SDS-PAGE gels (4–12%, NuPAGE) and
subjected to electrophoresis. Blots were probed with antibodies (1:1500 dilution of primary
antibody from Abcam and Cell Signaling Technologies, USA and 1:4000 dilution of sec-
ondary antibody from Santa Cruz Biotechnology, Santa Cruz, CA, USA). Immunoblots
were developed using an enhanced chemiluminescence (ECL) detection system (Thermo
Fisher Scientific, Rockford, IL, USA). The intensity of protein bands was quantitated using
Image-J software. Intensity of each band was normalized to Enolase loading control; and
the data were represented as fold change compared to vehicle treated or normal controls.

2.4. Measurement of NQO1 Activity

NQO1 activity was measured using standard reaction of glucose-6-phosphate (G6P)
incubation with G6P dehydrogenase (G6Pdase) that produced NADPH, which, in turn,
was used to reduce menadione into menadiol [44]. The level of blue colored formazan was
measured at 610 nm using a multimode plate reader. Dicoumarol was used to measure the
background activity contributed by other reductases. Aliquots of total protein (10 µg of a
protein in a total volume of 40 µL) were incubated with 200 µL of NQO1 cocktail with or
without dicoumarol (three with and three without dicoumarol; six wells for each test). The
absorbance was read at 610 nm for a period of 30 min with 1 min interval. NQO1 activity
was calculated by subtracting the readings of samples with inhibitor from the ones without
the inhibitor. Following this, the optical density (OD) value per minute was calculated and
mole units were determined by multiplying the OD/minute/molar extinction coefficient of
MTT (11,300 M−1 cm) with protein concentration of a sample [43]. The NQO1 activity was
expressed as µmol/min/mg protein. The method was also used to assess NQO1 activity in
cell lines.

2.5. siRNA Mediated Nrf2 Knockdown Using Lipofectamine RNAi Max Reagent

Expression of Nrf2 was transiently inhibited by transfecting cells with siRNA (from
Thermo-Fisher Scientific, Waltham, MA, USA) using a reverse transfection protocol. Before
transfection, cells were grown in a medium without antibiotics and harvested using trypsin.
The transfection was conducted according to the manufacturer instructions. The collected
RNAs and protein were analyzed using quantitative real-time PCR (qRT-PCR) and western
blotting, respectively. To assess the knockdown effect on cell viability, 1 × 104 control
and transfected cells/well in 100 µL media were plated and allowed to grow for 48
and 72 h. Cell viability was determined using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium))assay (cat#: G111A, Promega,
Madison, WI, USA).

2.6. Analysis of Gene Expression Using qRT-PCR and Gel Electrophoresis of Total RNA

Quantification of gene expression was carried out using qRT-PCR as described previ-
ously [45]. RNA was isolated according to the standard procedure [46] using the TRIzol
reagent. The RNA quality and quantity were estimated using a spectrophotometer. Ad-
ditionally, the quality of RNA was determined using 1% bleach gel electrophoresis as
described previously [47]. The samples were stored at −80 ◦C for further usage. Quality of
isolated RNA was measured using bleach gel electrophoresis. The bleach gel (1%) was pre-
pared by mixing 1 g of agarose in 100 mL 1X TAE buffer (40 mM Tris (pH 7.6), 20 mM acetic
acid, and 1 mM EDTA), containing 600.0 µL 5% sodium hypochlorite. The samples were
mixed with 6X loading dye (30% glycerol and 0.25% (W/V) bromophenol blue) and loaded
into gel-loaded cassette. Samples (24 µL) were separated at 100 volts (1–5 volts/cm) during
60 min. The separated RNA bands were visualized using UV light in a UV-transilluminator
(Syngene G-BOX XR5, Syngene, Frederick, MD, USA). Appearances of 28S and 18S RNA
bands at a ratio of 2:1 indicated the presence of intact RNA.

Reverse transcription reaction was performed using High-Capacity cDNA Reverse
Transcription Kit. The final sample volume of 20.0 µL contained 1000 ng of total RNA,
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100 ng of random hexamers, 2.0 µL reverse transcription buffer, 2.5 mM MgCl2, 1 mM dNTP,
20 U of superscript reverse transcriptase, and nuclease free diethyl pyrocarbonate (DEPC)-
treated water as detailed in High-Capacity cDNA Reverse Transcription kit protocol. The
reaction steps and conditions were as follows: Step 1: 25 ◦C for 10 min; Step 2: 37 ◦C for
120 min; Step 3: 85 ◦C for 5 min; Step 4: 4 ◦C. After completion of cDNA synthesis, 80 µL
nuclease free water was added to vials (final concentration of the cDNA was 10 ng/µL)
and samples were stored at 4 ◦C.

Human Nrf2, its target gene NQO1, and the house keeping control gene GAPDH
were quantified using specific primers and DyNAmo Color Flash SYBR Green QPCR
Kit (Finnzymes) according to the manufacturer’s instruction. Reaction mixture compo-
sition (for 20 µL) was as following: (1) SYBR green dye −10 µL; (2) primers: forward
−0.2 µM and reverse −0.2 µM (Table 1); (3) template: 50 ng; (4) nuclease free water. All
primers were purchased from Sigma (Bengaluru, Karnataka, India). Quantitative RT-PCR
experiment was performed using Qiagen Rotor Gene-Q (Qiagen Rotor Gene-Q-5 Plex,
Qiagen, Antwerp, Belgium). Relative fold change was calculated using 2-∆∆ct method as
described previously [45]; ∆∆CT = (CT of gene of interest in TEST sample—CT of internal
control of test sample)—(CT gene of interest in CONTROL sample—CT internal control of
control sample).

Table 1. Used primer sequences *.

Sno: Gene Name Forward Primer Reverse Primer Product Size (bp) Ref.

Primer sequences used for Homo sapiens

1 NRF2 TTCAGCAGCATCCTCTC
CACAG GCATGCTGTTGCTGATACTGG 139 [48]

2 NQO1 TGCAGCGGCTTTGAAG
AAGAAAGG TCGGCAGGATACTGAAAGTTCGCA 251 [49]

3 β-Actin TGGATCAGCAAGCAGG
AGTATG GCATTTGCGGTGGACGAT 57 [50]

4 GAPDH CGACCACTTTGTCAAGC
TCA AGGGGAGATTCAGTGTGGTG 307 [51]

Primer sequences for mouse EAC cells

5 NRF2 TTCTTTCAGCAGCATCC
TCTCCAC

ACAGCCTTCAATAGTC
CCGTCCAG 199 [52]

6 NQO1 TATCCTTCCGAGTCATC
TCAGC

TCTGCAGCTTCCA
GCTTCTTG 86 [53]

7 GAPDH AGAGAGGGAGGAGGG
GAATG

AACAGGGAGGAGCA
GAGAGCAC 200 [54]

* qRT-PCR experiment was performed using these primer sequences.

2.7. Cytotoxic Potential of Nrf2 Inhibitor Brusatol

The anti-cancer activity of brusatol was measured as described previously [55]. Vari-
ous BC cells (MCF-7, MDA-MB-231, or MDA-MB-468) (1.0 × 104 cells in 100 µL DMEM
with 10% FBS) were seeded in 96-well plates and cultured in an incubator at 37 ◦C with 5%
CO2 and 90% relative humidity. Following this, when cell confluence reached about 60 to
70% (36 h later), the cells were exposed to gradual concentrations of brusatol (ranging from
0.31 to 10 µM) for 24 or 48 h. Following this treatment, cell viability was measured using
sulforhodamine B (SRB) and MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide) assays [56,57]. Diallyl disulfide (DADS) (1 mM) was used as positive control.

2.8. Cell Cycle Analysis Using Propidium Iodide (PI) Staining

Cell cycle analysis was carried out as described previously [58]. MDA-MB-468 or
MCF-7 cells (3 × 105 in 2 mL medium) were cultured in 6-well plates for 24 h in a CO2
incubator at 37 ◦C. Moreover, 60–70% confluent cells were washed with PBS and exposed
to gradually increasing concentrations of brusatol for 48 h. Camptothecin (25 µM) was
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used as positive control. DMSO (0.1%) served as vehicle control. Cells grown in medium
with no treatments served as untreated control. Following 48 h incubation, the medium
was removed. The cells were washed with PBS, trypsinized, and collected into a 15 mL
polystyrene tube. The collected cells were centrifuged (5 min at 300× g at 25 ◦C) and the
medium was discarded. The cell pellet was washed with PBS and fixed using 4 mL of cold
70% ethanol, and the fixed cells were centrifuged at ~500× g for 5 min. The pelleted cells
were washed twice with PBS.

To ensure that only DNA is stained, the cells were treated with 5 µg/mL RNase (50 µL)
and the cells were incubated with PI (400 µL PI solution per million cells) for 10 min at
room temperature. The stained cells were analyzed using flow cytometry (BD FACSCalibur,
model: 343202-FACSCALIBUR 4 CLR, BD Biosciences, San Jose, CA, USA) with three filters
(GFP-515/15, YFP-540/20BP, RFP—610/20BP). Cell quest pro v.6.0 software was used for
cell analysis.

2.9. Assessment of Cell Migration Using Scratch Assay

Scratch assay was carried out as described previously [59,60]. BC cells (1 × 105 cells/well)
were seeded in 12-well plates and incubated in a CO2 incubator until cells reached 80%
confluence. Following this, a linear wound (~0.7 mm width) was produced using a sterile
pipette tip (10 µL). Then, loosely bound cancer cells were washed carefully with PBS
and the cells were treated with brusatol (19, 78, 312, or 1250 nM), or a positive control
itraconazole (5 µg/mL), or vehicle control [61]. Photomicrographs were captured at 0, 24,
48, and 72 h. The scratch area was calculated using Image-J software. To exclude the impact
of proliferation (when growing in 10% FBS medium) on gap closure, the BC cells were
grown in DMEM supplemented with 1% FBS and the scratch assay carried out as detailed
elsewhere [62,63].

2.10. Apoptosis Assay with Acridine Orange (AO) and Ethidium Bromide (EtBr)

To determine cell death related changes, an AO and EtBr staining method was adopted.
Control and pre-treated cells (0.5 × 106) were trypsinized and mixed gently to obtain a
single cell suspension. Trypsin was neutralized by the addition of complete medium, and
the cell suspension was centrifuged at 900× g for 5 min. The cell pellet was resuspended
in 20 µL PBS. The cell suspension was incubated with 10 µL EtBr (100 µg/mL in PBS)
and 10 µL AO (100 µg/mL in PBS) mixture for 10 min. The stained cells were assessed
using an Olympus fluorescence microscope (BX 53, Olympus Corporation Shinjuku, Tokyo,
Japan) operating with TRITC and FITC filters. All images were captured using green and
red channels, and subsequently merged to visualize a combined image showing green
(live) and orange/red (apoptotic) cells. At least five different fields were considered for
quantification of live and apoptotic cells. The percentage of cells undergoing apoptosis
over total cells/field is represented as bar graph.

2.11. Assessment of Lymphocytic Infiltration in Solid Tumors

Lymphocytic infiltration was assessed in H&E-stained tumor sections as detailed
by [64]. The stained sections were examined using light microscopy at 10× and 40×mag-
nifications for the presence of reactive lymphocytes in tumor and surrounding tissues.
The percentage of lymphoid cells surrounding the tumor was scored (1–3), according to
the density of lymphocytic infiltration; wherein 1 refers to mild infiltration, 2 refers to
moderate infiltration and 3 refers to dense infiltration.

2.12. In-Vivo Evaluation of Brusatol Effects in Swiss Albino Mouse Model

Animal experiments were approved by Institutional Animal Ethics Committee from
JSS College of Pharmacy, Mysore (approval no. IAEC/JSSCPM/319/2018 4 September,
2018). Swiss albino mice (6–8 weeks old) weighing around 26–30 g was divided into four
groups with six animals in each group. Viable EAC cell (5 × 106) suspension was injected
into right thigh tissue of six experimental animals as described previously [65]. Six normal
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control animals were injected with vehicle solution. Volume of developing tumors was
measured once in two days using a Vernier Caliper. Beginning from the seventh day after
injection, the mice brusatol (0.5 mg/kg and 2 mg/kg body weight) was administered every
other day intraperitoneally. The treatment continued for two weeks, and the experiment
was terminated on day 23 after injection of tumor cells. Animals were humanely sacrificed,
and tumor tissues were collected. The length and width of the tumor was measured and
the volume calculated using (W2 × L)/2 formula [66]. The collected tumors were washed
and processed for further IHC staining analysis. Tumor proteins were also isolated to
measure NQO1 activity as described above.

2.13. Statistical Analysis

All experiments were repeated three or more times. Data were expressed as mean of
three independent experiments ± SD. GraphPad Prism version 6.0 (Graphpad Software,
CA, USA) was used for statistical analyses. The results were subjected to one-way ANOVA
to compare differences between control and test groups. Tukey’s post hoc test was used as
indicated and the “p” value of <0.05 was considered significant.

3. Results
3.1. Diversity of Nrf2 Expression Pattern in BC Tumors and Cell Lines

The expression of Nrf2 was measured using immunohistochemistry (IHC) in the tumor
tissues collected from grade-II (n = 14) and grade-III (n = 29) BC patients and compared
with normal breast tissues (n = 3). Nrf2 staining intensity (scale 0–3) and percentages of
stained cells are shown in Figure 1 and Table S1. Analysis of the data showed that Nrf2
expression was lower in normal tissues, although not significant. A relatively low number
of normal breast tissue were available for analysis (Figure 1). Less than 3% of normal cells
indicated Nrf2 presence, as evidenced by staining in cytosol. Minimal staining was also
observed in normal cell nuclei compared to grade-II and grade-III BCs. Nearly 17% of BC
cells exhibited staining in both cytosol and nucleus (Figure 1A), although the difference
between Nrf2 expression in the cytosol and nucleus compartments was not significant. The
IHC staining intensity and number of stained cells were not significantly different between
grade-II and grade-III tumors (Figure 1A). All grade-II tumor cells showed positive staining
at least in one of the compartments (nucleus or cytoplasm). However, 4 out of 29 grade-III
BCs showed no detectable staining for Nrf2 in cytosol and nucleus (Figure 1A). BC patients’
clinical features are shown in Table S3.

To determine variation in the level of Nrf2 in breast cancer cell lines, we prepared
cellblocks as described in Supplementary Figure S2. BC cell lines with diverse expression
of estrogen receptor (ER), progesterone receptors (PR), and human epidermal growth factor
receptor-2 (HER2) were used and included MCF-7 and T47D (ER+/PR+/HER2−), MDA-
MB-453 (ER−/PR−/HER2+), MDA-MB-231, and MDA-MB-468 (ER−/PR−/HER2−) cells.
A549 (ER+/PR+/HER2+) cells were used as a positive control for Nrf2 expression. A549
cells are marked by loss of heterozygosity (LOH) and functionally inactive Keap1 (a nega-
tive regulator of Nrf2) [67]. Normal human BEAS-2B cells were used as a negative control.

IHC analysis indicated that cytosolic Nrf2 was expressed in all cell lines. However,
compared to other BC cell lines, MDA-MB-453 and MDA-MB-468 had a lower percentage of
cells (only 65%) that stained for Nrf2 in cytosol (Figure 1B). Almost all cell lines were scored
“3” for Nrf2 staining intensity of the cytosolic region, with the exception of MDA-MB-468,
which scored “2” (moderate staining). The normal lung cell line BEAS-2B exhibited lower
intensity staining in the cytosol compared to the nuclear region. Notably, nearly all cell
lines exhibited ~100% nuclear Nrf2 expression, except MDA-MB-231 (~60%). Nuclear
Nrf2 staining intensity was scored “3” for all cell lines except MDA-MB-231, which scored
“2”. Nuclear Nrf2 expression was significantly higher in BC cells compared to normal
breast tissue cells. Accordingly, lung cancer cells also demonstrated higher nuclear Nrf2
compared to normal lung epithelial cells BEAS-2B (Figure 1B).
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3.2. siRNA-Dependent Inhibition of Nrf2 Reduced BC Cells Viability and Sensitized Cells to
Cisplatin In Vitro

To silence Nrf2 expression in BC cell lines, 3 siRNAs (siNrf2-A, siNrf2-B, and siNrf2-C)
for different Nrf2 regions were introduced to BC cells using lipofectamine RNAiMAX
reagent (Table S2) [68]. The efficacy of transfection was above 90%. Knockdown of Nrf2
was confirmed using qRT-PCR (4- to 14-fold decrease in Nrf2 mRNA level; Supplementary
Figure S3) and immunocytochemical (ICC) analysis (Figure 2A). Nrf2 expression was
decreased significantly in the cytosolic region of MCF-7 cells (Figure 2A). The knockdown
also significantly downregulated the Nrf2 level in nuclear compartments compared to
that in scrambled siRNA-transfected cell controls. Microphotographs (40×magnification)
indicate a decrease in Nrf2 in both the cytosol and nucleus (Figure 2A). These results are
supported by the data obtained using RT-PCR to measure the expression of Nrf2 mRNA
(Supplementary Figure S3) and western blot analysis of whole cell lysates to measure
Nrf2 protein expression. Our data indicated a decrease in Nrf2 RNA as well as protein in
siRNA-transfected MCF-7, MDA-MB-231, and MDA-MB-468 cells compared to controls
(Supplementary Figures S3 and S4). The activity of NQO1 (a direct target of Nrf2) [69] was
assessed in cell lysates to further confirm successful knockdown of Nrf2. NQO1 activity
was found to be significantly decreased in MDA-MB-468 and MCF-7 cells (Figure 2B).

Figure 1. Cont.
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Figure 1. IHC analysis of Nrf2 expression in BC tissues and cell lines: (A) Nrf2 expression in normal and grade-II/III BC
tissues: The expression of Nrf2 in normal breast tissues (n = 3), grade-II (n = 14), and grade-III (n = 29) BC tissues was
analyzed by IHC. Representative microphotographs (40X magnification images) are shown. Please refer to Supplementary
Figure S1 for the tissue array preparation procedure. Expression of Nrf2 in cytosolic and nuclear compartments of the same
cells/tissues was compared and was not found significantly different. (B) Elevated Nrf2 was observed in breast cancer cell
lines MCF-7, T47D, MDA-MB-453, MDA-MB-231, MDA-MB-468, and in lung cancer cell line A549. Expression of Nrf2 was
visualized using immunocytochemistry (IHC). Irrespective of ER, PR, and HER2 expression status, all BC cell lines and
A549 exhibited higher level of Nrf2 compared to normal breast tissue and lung cells. Total cell number was counted for each
image. Representative microphotographs (40X magnification, Scale:50 µm) are shown. ns refers to non-significant.
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SiRNA-transfected cells viability was tested using MTT assay at 24 h (no effects
observed; data not shown), 48 h, and 72 h after transfection. Nrf2-targeting siRNAs
induced a significant reduction in cell viability compared to scrambled siRNA-transfected
MDA-MB-468 cells (Figure 2C). The viability was also significantly decreased in Nrf2-
silenced MCF-7 cells (Figure 2C). A non-significant decrease (>10%) in cell viability was
observed in Nrf2-silenced MDA-MB-231 cells (Supplementary Figure S5).

Furthermore, we questioned whether Nrf2 knockdown sensitizes tumor cells to the
chemotherapeutic agent cisplatin. MCF-7, MDA-MB-231, and MDA-MB-468 cells were
transfected with 100 pmol of Nrf2 silencing siRNA or control scrambled RNA. Following
this, untransfected and transfected cells were exposed to cisplatin (12.5 and 25 µM) for 24
and 48 h (Figure 3 and Supplementary Figure S5B). A significant decrease in cell viability
was detected in cells with combined downregulation of Nrf2 and cisplatin treatment
(Figure 3) compared to groups with siRNA or cisplatin alone. The viability of untransfected
MDA-MB-468 cells was reduced by 28% and 33% in the presence of 12.5 and 25 µM of
cisplatin, respectively (Figure 3A). This percentage was increased in cells with silenced
Nrf2 that were treated with 25 µM cisplatin (82% inhibition). Similar results were observed
in MCF-7 (Figure 3B) and MDA-MB-231 cells (Supplementary Figure S5B). These data
indicate the downregulation of Nrf2 using siRNA sensitized cells to cisplatin. Surprisingly,
decreased cell viability was also observed in some scrambled siRNA-transfected cells
treated with 12.5 and 25.0 µM of cisplatin compared to cells treated with cisplatin or
scrambled siRNA alone (Figure 3A). The data suggest that there is cell damage associated
with the transfection of cells with scrambled siRNA loaded RNAiMAX particles.

Figure 2. Cont.
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Figure 2. Targeted inhibition of Nrf2 using siRNA in BC cell lines in vitro: (A) Nrf2 level was reduced in MCF-7 cells
transfected with scrambled siRNA (Control) and three different siRNAs (siNrf2-A, siNrf2-B, and siNrf2-C) (Supplementary
Table S2 shows siRNA sequences). Representative images of immunocytochemistry (ICC) slides are shown (40× mag-
nification, Scale: 50 µm). (B) Reduced NQO1 activity was observed in MDA-MB-468 and MCF-7 cells (p value = 0.002;
p value = 0.0001) with silenced Nrf2. Data were analyzed using one-way ANOVA. (C) Cell viability was determined in
MDA-MB-468 and MCF-7 cells using MTS 48 and 72 h after siRNA transfection. A significant reduction in cell growth was
observed with siRNA-B and siRNA-C in MDA-MB-468 cell line (p value = 0.0006; p value = 0.0006). In MCF-7 all the three
siRNAs yielded significant inhibition of viability (p value = 0.0001; p value = 0.0001) (* p < 0.05, ** p < 0.01, *** p < 0.005,
**** p < 0.001). ns refers to non-significant.
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Figure 3. Nrf2 downregulation sensitized BC cells to chemotherapy drug cisplatin: (A) Nrf2 downregulation resulted in
inhibition of MDA-MB-468 cells viability. Significant decrease in cell viability was observed for combined Nrf2 knockdown
(siNrf2-A, siNrf2-B, and siNrf2-C) and cisplatin treatment (24 h treatment; p value = 0.002; 48 h of treatment; p value =
0.0009). (B) Similar effects were observed in MCF-7 cells (24 h treatment; p value = 0.003; 48 h of treatment; p value = 0.002).
One-way ANOVA test was used for the data analysis (* p < 0.05, ** p < 0.01, *** p < 0.005). ns refers to non-significant.

3.3. Pharmacological Inhibition of Nrf2 Using Brusatol Blocked BC Cell Growth and Migration
In Vitro

The inhibitor of Nrf2 signaling brusatol [70] activates degradation of Nrf2 in a Keap-1
independent manner [29]. MDA-MB-468, MCF-7, and MDA-MB-231 cells were treated
with increasing concentrations of brusatol (from 19.5 nM to 10 µM) for 12, 24, and 48 h
(Figure 4A and Supplementary Figure S5C). The effect of two low/non-toxic concentrations
(19.5 and 78 nM) of brusatol did not demonstrate any significant effect on cell viability (data
not shown). Brusatol provoked a significant decrease in BC cell viability; however, this
effect was not dose- or time-dependent (Figure 4A and Supplementary Figure S5C). The
highest cytotoxic effects of brusatol were observed at 24 and 48 h of treatment (Figure 4A).
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Figure 4. Pharmacological inhibition of Nrf2 using brusatol retarded BC cells proliferation and NQO1 activity in vitro:
(A) cell viability was measured using SRB assay. Brusatol (concentration range from 0.3125 to 10 µM) was used as chemical
inhibitor of Nrf2 [37,70]. MDA-MB-468 and MCF-7 cells were exposed to increasing concentrations of brusatol for 12, 24, and
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48 h. The growth inhibition was time-dependent (p value = 0.0001; p value = 0.0001). Brusatol-induced growth inhibitory
effects were compared with those in vehicle treated cells. DADS (1 mM) was used as positive control (B) NQO1 activity was
assessed in MDA-MB-468 and MCF-7 cells treated with vehicle control or different concentrations of brusatol (0.05–5 µM).
(C–G) Nrf2 inhibition by brusatol retards BC cell migration: Cells migration was assessed using a scratch assay. All cell lines
were treated with non-toxic concentrations of brusatol (19.5 nM to 1250 nM) or vehicle control. (C–E) MCF-7, MDA-MB-468,
and MDA-MB-231 cells were grown in media supplemented with 10% FBS. The inhibitory impact of brusatol treatment
was the strongest in MCF-7 cells. (F) MDA-MB-231 were grown in 1% FBS. Brusatol treatment significantly decreased the
percentage area covered by migrating cells. Itraconazole (5.0 µg/mL) was used as a positive control for inhibiting cell
migration [61]. (G) Cell count was found similar in vehicle- and brusatol-treated wells. One-way ANOVA test was used for
the data analysis (* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001). ns refers to non-significant.

Effects of various doses of brusatol (0.05 to 5 µM) on NQO1 activity were tested
in MDA-MB-468, MCF-7, and MDA-MB-231 cell lysates at 4, 8, and 24 h of treatment
(Figure 4B and Supplementary Figure S5D). Data analysis revealed dose- and time-dependent
decreases in NQO1 activity at 4 and 8 h, but not at 24 h of brusatol treatment in all cell lines
(Figure 4B and Supplementary Figure S5D). No further decreases in NQO1 activity were
observed in MDA-MB-468 and MDA-MB-231 cells treated with higher concentrations of
brusatol after 24 h treatment (Figure 4B and Supplementary Figure S5D). These observations
indicate potential saturation of Nrf2 inhibition by high brusatol doses (5 µM), which
warrants further investigation. Thus, brusatol-induced downregulation of NQO1 activity
preceded inhibition of BC cell growth.

Next, the ability of brusatol to inhibit cancer cell migration was tested using a scratch
assay [71]. Brusatol strongly inhibited MCF-7 cell migration during 48 h of incubation
(Figure 4C). A significant dose-dependent decrease in percentage of area covered by
migrating cells was observed for all BC cell lines (Figure 4C–E). Major changes in MDA-
MB-468 cell migration were recorded 72 h after introduction of the scratch (Figure 4D). Cell
migration of brusatol-treated MDA-MB-231 differed from the control at 24 h (Figure 4E). To
exclude the role of cell proliferation in gap closure, MDA-MB-231 cells were also grown in
1% FBS medium as detailed previously [62,63]. Cell migration rate was reduced under low
serum conditions in our experiments (Figure 4F) and reported previously [72]. Brusatol
(1250 nM) significantly reduced the migration of cells in a dose-dependent manner in
low-serum conditions compared to vehicle-treated controls (Figure 4F). Cell count was
found to be similar in vehicle- and brusatol-treated wells (Figure 4G). Cell proliferation in
closing scratch wounds was not observed (data not shown) in reduced serum concentration
(1% FBS). Moreover, significantly decreased migration was observed along with a reduction
in cell number in MDA-MB-231 treated with 312 nM of brusatol (Figure 4G), suggesting
that this dose of brusatol also activated apoptosis. Itraconazole (5 µg/mL), an inhibitor
of cell invasion and migration, served as a positive control [61]. Itraconazole treatment
resulted in 60–80% migration inhibition in MDA-MB-231 and MCF-7 cell lines (Figure 4C,E).
Representative microphotographs are shown in Supplementary Figure S6A–D.

3.4. Genetic and Pharmacological Inhibition of Nrf2 Induced Accumulation of Cells in Sub-G0-G1
and G2/M Phases of Cell Cycle

To elucidate the mechanism of Nrf2-related effects in BC, MCF-7, and MDA-MB-468
cell lines were subjected to cell cycle analysis. To downregulate Nrf2, MCF-7, and MDA-
MB-468 cells were transfected with 100 pmol of three different siRNAs (siNrf2-A, siNrf2-B,
and siNrf2-C). A significant increase in sub-G0-G1 cell population was observed, along with
a decrease in cell populations at other cell cycle stages (G0/G1, S, and G2/M). The effect
could be associated with the elevated cell death observed in Nrf2 siRNA-transfected cells
compared to control lipofectamine RNAiMAX reagent or scrambled siRNA-transfected
cells (Figure 5). MCF-7 cells exposed to lipofectamine RNAiMAX reagent or transfected
with scrambled siRNA had 20.86% and 17.04% of sub-G0-G1 cells, respectively (Figure 5A).
The sub-G0-G1 percentage of cells increased to 33.9%, 26.4%, and 50.68% with siNrf2-
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A, siNrf2-B, and siNrf2-C, respectively. MDA-MB-468 cells exposed to lipofectamine
RNAiMAX reagent had 32.83% of cells in the sub-G0-G1 stage, while siScrambled RNA
had 38.23%. The percentage of sub-G0-G1 cells increased to 68.65%, 49.16%, and 56.78% as
a result of transfecting the cells with siNrf2-A, B, and C, respectively (Figure 5B).

Figure 5. Inhibition of Nrf2 using siRNA and brusatol induced cell cycle arrest and promoted cell death in vitro: (A,B) cell
cycle progression was measured using PI staining followed by FACS analysis of the stained cells. A significant increase in
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sub-G0-G1 cell population was detected in MCF-7 (A) and MDA-MB-468 (B) cells transfected with siRNAs targeting Nrf2.
(C–E) Cell cycle using PI staining followed by analysis of stained cells using FACS (C) and apoptosis (D,E) were measured
using AO/EB dual staining. Treatment with brusatol (0.5, 5.0, and 10.0 µM) arrested MDA-MB-468 cells (C) in G2/M phase
and increased sub-G0-G1 cell population. A significant increase in the number of dead cells was observed in brusatol treated
(19.5 nM to 1250 nM) MDA-MB-468 cells (D) p value = 0.0001) and MCF 7 cells (E) p value = 0.0001). One-way ANOVA test
was used for the data analysis (* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001). ns refers to non-significant.

Cell cycle analysis was also performed using staining with propidium iodide (PI)
and FACS in MDA-MB-468 cells exposed to or not exposed to Nrf2 inhibitor Brusatol
(Figure 5C). A significant increase in G2/M phase cell population was detected in cells
treated with 0.5, 5.0, and 10.0 µM of brusatol after 48 h of treatment (Figure 5C). A signifi-
cantly increased sub-G0-G1 population was also registered in brusatol-treated cells.

3.5. Nrf2 Inhibitor Brusatol Stimulates BC Cell Death

The pro-apoptotic effects of brusatol were assessed using acridine orange (AO)
and ethidium bromide (EB) dual staining procedure (Figure 5D,E and Supplementary
Figure S7). Healthy live cells appear green due to the uptake of membrane permeable AO,
while the pro-apoptotic cells are red due to the formation of broken DNA complexes with
EB [73]. We found an increased percentage of dead MDA-MB-468 and MCF-7 cells treated
with increasing concentrations of brusatol (19.5 to 1250 nM). The increased percentage
of dead cells was not dose-dependent in either cell line (Figure 5D,E and Supplementary
Figure S7A,B). Treatment with 100 µM oxaliplatin (the positive control) induced cell death
in ~26% of MDA-MB-468 cells at 24 h and 48 h. However, in MCF-7, 100 µM oxaliplatin
treatment induced cell death in ~33% and 23% of cells at 24 and 48 h of exposure, respec-
tively (Figure 5E). Similar results were observed in MDA-MB-231 cells (Supplementary
Figure S7C,D).

To assess the level of apoptosis in siRNA-transfected BC cells, MDA-MB-468, MCF-7,
and MDA-MB-231 were transfected with 100 pmol of siRNA. Percentages of live (green),
apoptotic (yellow), and dead (red) cells were counted. Analysis of the data showed a
significant increase in apoptosis in MDA-MB-468 cells with downregulated Nrf2. The
highest level of apoptosis was detected 72 h after transfection (Supplementary Figure S8A).
An increased level of apoptosis was also observed in MCF-7 cells transfected with siNrf2-
A and siNrf2-C (Supplementary Figure S8B). Downregulation of Nrf2 did not influence
apoptosis in the MDA-MB-231 cell line (Supplementary Figure S8C).

3.6. Intraperitoneal Administration of Brusatol Inhibited EAC Solid Tumors Development in Mice
In Vivo

We detected high level of Nrf2 expression in EAC cells using qRT-PCR (Supplementary
Figure S9A,B). EAC cells express higher Nrf2 levels than that in A549 lung carcinoma cells
(Supplementary Figure S9A,B). Therefore, we used EAC cells in tumor engraftment model
in vivo. EAC-engrafted mice were administered brusatol (0.5 mg/kg or 2.0 mg/kg every
other day) and tumor volume was recorded (Figure 6 and Supplementary Figure S10A).
Brusatol provoked a significant 40–70% reduction in tumor volume (Figure 6A), but not in
animal body mass until day 17 (Figure 6B, BRU-2 mg only). Cisplatin (positive control)
strongly reduced the tumor volume, although a significant reduction in body mass was also
observed (day 13; Figure 6A,B). Low dose brusatol did not stimulate a significant reduction
in the extracted tumor mass at day 23 compared to vehicle control group. However,
higher dose of brusatol resulted in a significant reduction of tumor mass (Figure 6A and
Supplementary Figure S10B). Cisplatin (3.5 mg/kg) reduced the tumor mass by 88% at
day 23 (Figure 6A).
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Figure 6. Intraperitoneal administration of Brusatol retarded EAC solid tumor growth in vivo. Swiss albino mice were
engrafted with Nrf2 expressing EAC cells and treated with two different doses of brusatol (0.5 mg/kg and 2.0 mg/kg).
(A) Brusatol (2.0 mg/kg) treatment decreased tumor growth significantly (p value = 0.003; at day 23). Cisplatin (3.5 mg/kg)
reduced tumor volume and tumor weight effectively. (B) Brusatol (0.5 mg/kg) administration did not induce significant
changes in body weight (p value = 0.05), although application of higher brusatol dose (2 mg/kg) resulted in decreased body
mass after 17-day treatment. Cisplatin induced significant decreases in body mass after 12th day treatment (p value = 0.01).
One-way ANOVA test was used for the data analysis (* p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001). ns refers
to non-significant.

3.7. Brusatol Treatment Reduced Nrf2 Activity/Expression and the Activity of Nrf2-Target Gene
NQO1 in Tumors In Vivo

IHC was used to determine Nrf2 and its target gene expressions in tumor-engrafted
and brusatol-treated mice. No significant changes in the nuclear Nrf2 expression were
detected, although the cytosolic Nrf2 expression was significantly decreased in brusatol
(0.5 mg/kg)-treated animals (Figure 7A–C). Nuclear NQO1 was significantly decreased
in lower dose brusatol-treated (0.5 mg/kg) tumors, compared to cisplatin (3.5 mg/kg; a
nonsignificant decrease) treated animals (Figure 7D–F). Alternatively, higher brusatol doses
and cisplatin stimulated significant decreases in cytosolic NQO1 (Figure 7E). No changes in
the intensity of staining were observed for all treatments. To confirm the observed effects,
NQO1 activity was also determined using colorimetric method [44,69]. Administration of
brusatol (2.0 mg/kg) reduced NQO1 activity by 5-fold. Interestingly, a 2.5-fold decrease
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in NQO1 activity was also observed in tumors harvested from cisplatin-treated animals
(Figure 7G).

Figure 7. Effects of brusatol and cisplatin on Nrf2 and NQO1 expression and activity in EAC tumors ex vivo. (A) IHC
staining analysis of Nrf2 expression and localization in engrafted EAC tumor tissues. Brusatol administration did not change
the nuclear expression of Nrf2 (a; p value = 0.998; p value = 0.580). (B) Brusatol (0.5 mg/kg) induced a significant decrease
in the number of cells with cytosolic Nrf2 expression (left panel; p value = 0.047). (C) Representative IHC microphotographs
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of Nrf2 stained tumor tissues are shown (Scale: 50 µm). (D) Brusatol (0.5 mg/kg) induced a significant decrease in number
of cells expressing nuclear NQO1 (left panel; p value = 0.033). (E) The cytosolic expression of NQO1 was assessed in EAC
tumors treated with brusatol and cisplatin (p value = 0.050 vs. control). No significant changes were observed in NQO1
staining intensity. (F) Representative IHC microphotographs of NQO1 stained tumor tissues are shown (Scale: 50 µm).
(G) Brusatol (2 mg/kg) stimulated a significant decrease in NQO1 activity in the tumor lysates (p value = 0.007). The
positive control cisplatin also reduced NQO1 activity. One-way ANOVA test was used for the data analysis ( * p < 0.05,
*** p < 0.005). ns refers to non-significant.

3.8. Brusatol-Induced Tumor Growth Inhibition Is Mediated by Decreased Expression of Ki67,
CD31, and Enhanced Lymphocyte Invasion

To assess the cell division rate, the number of proliferating cells was quantified
using Ki67 staining [74]. Analysis of Ki67 staining intensity confirmed the nuclear Ki67
expression pattern (Figure 8A,B). We detected a significant decrease in the percentage of
Ki67-positive tumor cells from mice in 2.0 mg/kg brusatol-treated animals (Figure 8A). In
cisplatin-treated animals, a non-significant decrease in percentage of Ki67 positive cells
was observed (62% in control vs. 40% in cisplatin group; Figure 8A).

Figure 8. Brusatol reduced CD31 and Ki67 expression in grafted EAC tumor tissues and promoted lymphocytic invasion
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in vivo. (A,B) Ki67 staining/IHC was used to assess proliferation of grafted EAC [75]. Slides were scored and percentage of
Ki67 positive cells was calculated per image. Administration of 2.0 mg/kg brusatol reduced nuclear expression of Ki67
(p value = 0.050; p value = 0.212). (B) Representative IHC microphotographs of Ki67 stained tumor tissues are shown (Scale:
50 µm). (C,D) Tumor angiogenesis was assessed using CD31 staining/IHC. Brusatol treatment reduced level of angiogenesis
in vivo (p value = 0.021; p value = 0.024). (E) Brusatol promoted lymphocytic invasion (p value = 0.049). Cisplatin had
minimal effects on expression of Ki67 and CDE31 (a and c). (D) Representative IHC microphotographs of CD31 stained
EAC tumor tissues are shown (Scale: 50 µm). One-way ANOVA test was used for the data analysis (* p < 0.05). ns refers
to non-significant.

The blood vessel number, indicated by CD31 + cells, was significantly decreased in
2.0 mg/kg brusatol-treated animals compared to controls (Figure 8C). Staining intensity
assessment showed no significant reductions in CD31 expression (Figure 8C,D). Cisplatin
(3.5 mg/kg) treatment did not induce significant decreases in the number of CD31 + cells
(Figure 8C,D). Low dose brusatol (0.5 mg/kg) showed no significant decreases in CD31 +
vessel density (Figure 8C). However, the lymphocytic invasion was elevated in brusatol-
treated tumors (Figure 8E). The lymphocyte invasion score was higher in tumors exposed
to 2.0 mg/kg of brusatol compared to 0.5 mg/kg brusatol-treated animals (Figure 8E).
Brusatol-induced stimulation of lymphocyte migration indicates an activation of anti-tumor
immune responses in Nrf2-inhibited tumors.

4. Discussion

Our data support a growing body of evidence indicating that Nrf2 is a key tumor-
regulating effector. We detected elevated nuclear Nrf2 expression and activity in advanced
grade II and III BCs (Figure 1), confirming cancer-promoting functions of Nrf2. Other
recent studies have reported an elevated Nrf2 expression in BC tissues and cells, although
the correlation between Nrf2 expression, BC treatment-related markers (ER, PR, and HER2),
and BC cell sensitivity to apoptosis were not addressed comprehensively [23,31,76]. In
this study we determined that Nrf2 expression levels are elevated in triple negative BCs
(Supplementary Table S1), although the difference in Nrf2 expression was not found to
be significant (normal breast tissues (n = 3) vs. BCs (n = 46)). Furthermore, we detected
induction of apoptosis in BC cells stimulated with pharmacological Nrf2 inhibitor brusatol
(Figure 5). SiRNAs-induced inhibition of Nrf2 resulted in increased sensitivity to cisplatin
treatment (Figure 3). Nrf2 knockdown was marked by inhibition of its downstream effector
NQO1 (the oxidative stress regulator) [77]. Nrf2–NQO1 signaling pair was linked to the
detoxification of quinone substrates, highly reactive compounds associated with both
apoptosis and carcinogenesis [78].

Previous investigations demonstrated that targeted inhibition of Nrf2 blocked mi-
gration of cancer cells and sensitized them to chemotherapy [79,80]. For instance, Nrf2
knockdown sensitized A549 lung cancer cells to cisplatin, doxorubicin, and etoposide [81].
Pharmacological inhibition of Nrf2 using trigonelline sensitized pancreatic cells to apop-
tosis [82]. Synergistic anti-cancer effects of brusatol and trastuzumab (HER2 targeting
agent) were reported in HER2 positive BC and associated with induction of reactive oxygen
species (ROS) production and apoptosis [83]. Furthermore, cooperative effects of brusatol
and other anticancer agents, including gemcitabine (in pancreatic carcinomas) [84], cy-
tarabine (Ara-C) (in acute myeloid leukemia) [85], luteolin (in gastric cancers) [86], and
paclitaxel (in BCs) [87,88], were observed. Other studies supported clinical applications
of Nrf2 inhibition by brusatol in different cancers [30,35,89]. The disruption of Nrf2 nu-
clear export prevented the nuclear accumulation of this protein and sensitized A549 cells
to cisplatin and carboplatin [80]. The expression of Nrf2 was estimated using IHC that
indicated nuclear localization of Nrf2 in 44% of BCs [76]. Nrf2 was suggested to serve as an
independent adverse prognostic factor for both recurrence and disease-free survival [76,90].
IHC data from this study has also shown elevated nuclear accumulation of Nrf2 in grade II
and III BCs compared to normal breast cells highlighting the potential of nuclear Nrf2 to
serve as a biomarker protein.
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Enhanced Nrf2 expression has been associated with activation of Nrf2 downstream
signaling effectors [58]. Under oxidative stress conditions, Nrf2 was shown to translocate
into the nucleus and trigger the transcription of antioxidant response proteins, including
NQO1, SOD, and catalase [91]. Accordingly, we found that brusatol-induced Nrf2 inhibi-
tion resulted in reduced NQO1 activity (Figure 4). Furthermore, a link between inhibition
of NQO1 activity and activation of apoptosis was observed previously [92]. Our data
indicate that inhibition of Nrf2/NQO1 signaling results in cell cycle arrest and decreased
cell viability. The inhibited cell proliferation may be associated with cell cycle arrest [93].
Inhibition of Nrf2 using siRNA is also known to induce apoptosis [70]. Genetic disruption
of Nrf2 expression in alveolar epithelium induced cell cycle arrest in the G2/M phase [94].
Interestingly, we also detected G2/M arrest in MDA-MB-468 cells treated with brusatol
(Figure 5). However, no G2/M arrest was observed when Nrf2 was downregulated by
siRNA. This discrepancy may be caused by the siRNA-mediated downregulation of Nrf2,
which coincided with the increased size of sub-G0-G1 population that could compensate
for the earlier cell deaths. Similar effects were observed previously [95], as G2/M arrest is
one of the early events before a cell undergoes apoptosis [96]. However, the mechanism of
the direct activation of apoptosis/cell death by brusatol-dependent inhibition of Nrf2 and
downregulation of NQO1 activity in BC cells remains to determine.

We are the first to report that EAC cells express high levels of Nrf2 and respond to
brusatol treatment in Swiss albino mice. Brusatol treatment in vivo significantly reduced
engrafted EAC tumor volume, while inducing much smaller changes in body mass, com-
pared to cisplatin, which significantly reduced body weight in our experiments (Figure 6).
Our data indicate less pronounced systemic effects of brusatol compared to cisplatin-
induced effects, although systemic toxicity of brusatol requires further investigation. The
previous in vivo study used A549 lung cancer tumors with genetically lowered Nrf2 expres-
sion, which sensitized cancer cells to cisplatin/carboplatin pro-apoptotic effects in nude
mice [37]. Using CRISPR-Cas9 technology, another study demonstrated that xenografted
Nrf2-null lung tumors develop slower and exhibit increased sensitivity to chemother-
apy [80]. Pharmacological inhibition of Nrf2 with brusatol has been shown to reduce colon
tumor growth in mice [30].

Nrf2 scavenges reactive oxygen species, promotes cell survival, inhibits apoptosis, and
increases cell proliferation and migration [97,98]. Additionally, Nrf2 increases anti-cancer
drug resistance, especially under hypoxic conditions [19]. Hypoxic conditions were associ-
ated with the activation of Nrf2, which facilitated the development of cisplatin resistance
in MCF-7 cells [99]. Initiated by downregulation and inhibition of Nrf2, chemosensitiza-
tion to cisplatin was also observed in the present study. The effect of anti-cancer drug
chemosensitization can be mediated by the enhanced level of ROS, one of the most power-
ful pro-apoptotic stimulators [100]. Suggestively, the level of ROS maybe increased when
the level of Nrf2 (oxidative stress repressor) is low or downregulated in the presence of
siRNAs. Supporting this hypothesis, constitutive Nrf2 activation was shown to defend
malignant cells against oxidative stress [101]. However, the role of ROS requires further
investigation in brusatol-treated BC cells.

Nrf2 signaling facilitates BC cell migration [21] and metastasis [102]. It has been
demonstrated that overexpression of Nrf2 in MCF-7 and MDA-MB-231 resulted in elevated
G6PD, HIF1α, Notch1, and HES1 signaling [103]. The same study detected enhanced cell
migration and proliferation in Nrf2 overexpressing BC cells. Tumor progression also relies
on angiogenesis and decreased anti-tumor lymphocyte invasion (non-aggressive tumor
microenvironment) [104,105]. In the present study, a significant decrease in tumor cell
migration and proliferation was observed in cells exposed to the Nrf2 inhibitor brusatol
(Figure 4). Furthermore, we observed a reduction in blood vessel/CD31+ staining in
brusatol-exposed tumors, while the lymphocytic invasion was elevated (Figure 8). The
lymphocyte invasion score was higher in tumors exposed to 2.0 mg/kg of brusatol, sug-
gesting that Nrf2 inhibition stimulates lymphocyte migration and potentially activates
anti-tumor immunity (Figure 8). Activated lymphocyte migration may be a sign of in-
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creased cell aggressiveness in the tumor microenvironment. However, this effect requires
further investigation. Co-staining with specific tumor-infiltrating lymphocyte marker and
anti-Nrf2 antibodies maybe used in future studies to address the role of Nrf2 expression in
activation of lymphocyte trafficking.

In conclusion, our data indicate that there is a tendency for increased Nrf2 levels in a
set of BC tissues. This observation suggests a need to test Nrf2 expression in a larger set of
normal and BC tissues to confirm potential benefit of targeted Nrf2 inhibition. The observed
anti-migratory and pro-apoptotic effects of brusatol support this hypothesis. Larger clinical
investigations are warranted to confirm percentage of BC patients who will benefit from
Nrf2-targeting treatment. The development and testing of non-toxic and more efficient Nrf2
inhibitors is needed. The benefits of combined treatment (brusatol and other anticancer
agents) should be assessed in advanced BCs. This study demonstrated that EAC-based
in vivo model could be successfully used for differential testing of Nrf2 inhibitors.

5. Conclusions

The results of our study demonstrate that the higher-grade BC tissues have a ten-
dency to express enhanced levels of Nrf2. Nuclear Nrf2 localization was increased in
advanced BCs. Targeted inhibition of Nrf2 using siRNA or the pharmacological agent
brusatol sensitized BC cells to cisplatin, inhibited BC cell migration and division, decreased
xenografted tumor growth, and stimulated lymphocyte migration towards tumor tissues
in mice in vivo. Our data support biomarker characteristics of Nrf2 in advanced BCs.
Nrf2 inhibition triggers cell cycle arrest and sensitizes tumor cells to pro-apoptotic and
growth-inhibiting effects of chemotherapeutic agents.
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