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Abstract

Oxidative stress and cellular response mechanisms such as NRF2-mediated antioxidant responses
play differential roles in healthy and diseased cells. Constant generation and elimination of high
levels of reactive oxygen species is a hallmark of many cancer cell types; this phenomenon is

not observed during steady state of healthy cells. Manipulation of NRF2 transcriptional activity
and the cellular redox homeostasis therefore has potential to be therapeutically exploitable for
cancer therapy by preferentially targeting cancer cells for induction of oxidative stress. We

found that the NRF2 inhibitor brusatol triggered increased oxidative stress while compromising
viability and proliferation of multiple myeloma cells. Using a repurposing approach we discovered
that the Cdc7/CDKQ inhibitor PHA-767491 is also a potent inhibitor of NRF2 transcriptional
activity. The molecule was identified by high throughput screening of a library of about 5,900
drug-like molecules. Screening assays included two cell-based assays using HepG2 hepatocellular
carcinoma cells: a) A NRF2 nuclear translocation assay, and b) A NRF2 luciferase reporter

assay. Validation assays were performed in multiple myeloma cells and included detection

of mitochondrial superoxide levels and MTS assays. We found that PHA-767491 treatment

of multiple myeloma cells was associated with inhibition of nuclear translocation of NRF2,
increased mitochondrial superoxide levels and inhibition of cell growth. Our findings suggest that
PHA-767491 is a promising drug candidate for cancer therapy with NRF2 inhibitory potency
contributing to its anti-cancer properties.
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Introduction

Oxidative stress and cellular response mechanisms such nuclear factor, erythroid 2 like

2 (NFE2L2, also known as NRF2)-mediated antioxidant responses play differential roles

in healthy and diseased cells[1-3]. Oxidative stress triggers release of Nrf2 from Keapl

and subsequent nuclear translocation of NRF2 where it binds to the antioxidant response
element (ARE), an enhancer sequence that regulates cytoprotective genes involved in the
oxidative stress response[4-6]. Chemical induction of oxidative stress and subsequent NRF2
activation can be accomplished with numerous agents including tert-butylhydroquinone
(t-BHQ)[7, 8] and pyocyanin[9, 10]. In addition to its role as a response mechanism

to exogenous stimuli NRF2 plays an important role in the redox homeostasis of cancer
cells. Constant generation and elimination of reactive oxygen species (ROS) is a hallmark
of many cancer cell types including multiple myeloma (MM)[11, 12], lung cancer[11,

12], and others; this phenomenon is not observed during steady state of healthy cells. In
contrast to healthy cells, cancer cells often maintain high levels of ROS to gain a survival
advantage[13] and it is because of oxidative stress defense mechanisms such as NRF2 that
cancer cells are able to avoid unrestrained accumulation of ROS. Without the cytoprotective
safety net provided by NRF2 and other factors, however, the redox state of many cancer
cells would be significantly altered, leading to decreased growth factor receptor signaling,
genetic instability or even outright cytotoxicity. NRF2 activity in cancer cells has been
associated with cancer cell survival, progression, and resistance to chemotherapy[14-16].
Oncogenic genes that have been have been shown to induce NRF2 expression in cancer cells
include KRAS, BRAF, and MYCJ17]. In the setting of cancer NRF2 initially became of
interest as a therapeutic target with the goal to induce its activity for chemoprevention[18],
taking advantage of the cytoprotective properties of NRF2 in an attempt to prevent
progression of premalignant cells. However, due to its oncogenic potential, NRF2 has

also emerged as a promising target in patients with established cancers (especially, but

not limited to those with constitutive NRF2 activity), hypothesizing that NRF2 inhibition
could work as a strategy to compromise cancer cell survival and sensitize cancer cells to
chemotherapy[19-24]. Inhibition of NRF2 activity is expected to result in accumulation of
detrimental ROS levels in cancer cells characterized by a high ROS turnover, while sparing
healthy cells where basal ROS generation is minimal. Only a few compounds with NRF2
inhibitory potency have been reported in the literature including ascorbic acid, brusatol,
trigonelline, chrysin, apigenin, and luteolin[22]. Studies exploring the potential anti-cancer
properties of these molecules revealed that brusatol treatment increased the efficacy of
chemotherapy in a preclinical model of lung cancer[24] and trigonelline enhanced apoptosis
of pancreatic cancer cell lines[25]. However, no NRF2 inhibitor drug has been developed for
clinical use to date. The goal of our study was therefore to identify potential NRF2 inhibitor
drug candidates from a collection of 5,879 known bioactive molecules by employing a
combined high-throughput and high-content screening approach. Moreover, we sought to
investigate if ROS-mediated mechanisms mediated by our molecules of interest could be
exploited for the treatment of multiple myeloma (MM) cells.
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Materials and Methods

Cells

ARE/HepG2/Luciferase reporter cells were purchased from BPS Bioscience (San Diego,
CA). The human multiple myeloma cell lines MM.1S and U266 were obtained from
ATCC and L363 cells were purchased from the German Collection of Microorganisms and
Cell Cultures (DSMZ), Department of Human and Animal Cell Cultures (Braunschweig,
Germany). HepG2 cells were cultured in MEM medium supplemented with 10% FBS,

1% non-essential amino acids, 1 mM Na-pyruvate, 1% Penicillin/Streptomycin and 600
pg/ml of Geneticin (Life Technologies) in a humidified low oxygen (5% O,) environment
with 5% CO» at 37°C. Multiple myeloma cell lines were cultured in RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum (GIBCO BRL, Gaithersburg,
MD), 1% L-glutamine, and penicillin-streptomycin in a humidified environment of 5% CO,
at 37°C. All cell lines were underwent mycoplasma testing at our center in 2015. Cell lines
were used for experiments after no more than four passages after thawing.

Antibodies and flow cytometry

A NRF2-AF488 antibody was obtained from Abcam (Cambridge, MA). Cell viability was
determined by DAPI (Thermo Fisher Scientific) staining. Flow cytometry was performed
with a Fortessa Il cytometer (BD Biosciences) and analyzed with FlowJo (TreeStar
Software).

Small molecule compounds

We screened a collection of 5,879 known bioactive small molecule compounds and
FDA-approved drugs combined from eight libraries, including 1,280 molecules from the
LOPAC!280 |ibrary (Sigma Aldrich, St. Louis, MO), 1,280 compounds from the Prestwick
Chemical Library 2013 (Prestwick Chemicals, Washington, DC), 240 compounds from the
Prestwick Chemical Library 2006 (Prestwick Chemicals), 993 compounds from the Selleck
Bioactive Compound Library (Selleck Chemicals, Houston, TX), 1,272 compounds from the
Tocriscreen Plus Library (Tocris Biosciences, Bristol, UK), 727 compounds from the NIH
Clinical Collection (Evotec Inc, Princeton, NJ), 61 compounds from a Signalosome Library
(AG Scientific, Cayman Chemical, LC Laboratories, Sigma-Aldrich, Proteinkinase.de), 26
compounds from the Sequoia Library (Sequoia Research Products, Pangbourne, UK).

NRF2 inhibitor high-throughput screen

Compound screening was performed using a 384 well pate format. ARE/Nrf2 transcriptional
activity was determined with a luminometer (EnSpire, Perkin EImer, Waltham, MA) in
compound and DMSO-treated HepG2 ARE reporter cells that were stimulated with the
known NRF2 inducer tert-butylhydroquinone t-BHQ (Sigma-Aldrich). 7,000 HepG2 cells
per well were seeded in 384 well plates and cultured for 24 hours before applying
compounds. 200uM or 500uM t-BHQ was added to induce NRF2 translocation into the
nucleus 30 minutes after compounds were added and the cells were incubated for 24 hours
in a low oxygen (5%) environment. One-Step Luciferase Assay System (BPS Bioscience)
was added to the cells 24 hours after incubation and plates were read on an EnSpire plate
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reader (Perkin Elmer). NRF2 inhibition was expressed as Z-scores that were normalized

to the mean of all compound-treated wells. The primary screen was performed with a
compound concentration of 5uM and included four data points per compound (200uM or
500uM t-BHQ, two independent runs for each condition). For a compound to be considered
a hit at least two out of the four Z-scores had to be lower than —2.0. To rule out false positive
results we assessed cell density and morphology of cells treated with molecules of interest to
be able to exclude overtly toxic compounds.

NRF2 nuclear translocation high-content screen

MTS assay

2,000 HepG2 cells per well were seeded in 384 well plates and cultured for 24 hours before
applying compounds. 200uM or 500uM t-BHQ was added to induce NRF2 translocation
into the nucleus 30 minutes after compounds were added and cells were incubated for two
hours. Cells were fixed with 4% PFA for 30 minutes followed by permeabilizing/blocking
(2% BSA, 0.1% Triton X-100) for 30 minutes. Hoechst 33342 (4ug/mL, Invitrogen,
Carlsbad, CA) and a NRF2-Alexa Fluor 488 (1:1000) antibody were used to stain nucleus
and NRF2 protein. Plates were imaged with an INCell 6000 (GE Healthcare) and analyzed
using Columbus image analysis software (Perkin EImer). 300,000 MM.1S cells per well
were seeded in 96 well plates, DMSO, 2 mM N-Acetyl-L-Cysteine (Sigma-Aldrich) or
compounds were added and incubated for 2 hours and then fixed with 4% PFA for 30
minutes followed by permeabilizing/blocking (2% BSA, 0.1% Triton X-100) for 30 minutes.
Hoechst 33342 (4ug/mL) and a NRF2-Alexa Fluor 488 antibody (1:1000) were used to stain
nucleus and NRF2 protein, before imaging and analysis as described above. NRF2 inhibition
was expressed as Z-scores.

Relative cell growth was measured by CellTiter 96 Aqueous Non-Radioactive

Cell Proliferation Assay (Promega) per manufacturer’s instructions. Briefly,

tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] was added to the culture media and the
conversion of MTS into formazon was measured by the amount of 490nm absorbance using
a Synergy HTX plate reader (Biotek Instruments, Inc., Winooski VT).

Detection of mitochondrial superoxide

Statistics

Cells were seeded into 96 well plates and treated with compounds of interest or DMSO for
24 hours and the levels of mitochondrial superoxide was determined with the MitoSOX Red
Mitochondrial Superoxide Indicator, per manufacturer’s instructions (Life Technologies).
The fluorescence intensities of cells after treatment were detected by flow cytometry
(Fortessa Il, BD Bioscience).

Data are presented as mean £ SEM. The nonparametric Mann-Whitney U test was used for
comparisons between two experimental groups. A Pvalue of less than 0.05 was considered
statistically significant.
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Z-score calculation: groups of data were normalized to either compounds or DMSO
control in primary and confirmation screen, respectively. Median and mad were used for
the calculation according to the following formula: x.z-score = (x — median(x[subset]))/
mad(x[subset])[26].

NRF2 is a promising therapeutic target in cancer cells

NF-xB and NRF2 represent families of transcription factors that are found ubiquitously in
mammalian cells with important roles in inflammation, cellular stress and cancer[20, 27-29].
We hypothesized that inhibition of the NF-xB and/or NRF2-mediated antioxidant response
will alter the redox state of cancer cells and have therapeutic potential for cancer treatment.
Importantly, a given cancer type could be sensitive to this mechanism of action without the
need for mutation or amplification of the target gene as long as a) the cancer cells generate
high levels of ROS, and b) the target gene is expressed and contributes to ROS elimination.
The potential of NRF2 as a therapeutic target is underscored by its prevalence in a wide
range of cancers including both hematologic malignancies and solid tumors (Supplementary
Fig. 1). Of note, the majority of tumor samples did not show any NRF2 mutations, and

if NRF2 gene mutations were detected they were almost exclusively missense mutations.
NRF2 gene amplifications were found in up to seven percent of the tested samples in half of
the tumor types (data not shown) but NRF2 deletions were limited to only six tumor types
and were overall very rare (0.2 percent of all tested tumor samples, data not shown).

Next, we compared the effect of both NF-xB and NRF2 inhibition on the redox state

and viability of MM cells. Pyocyanin treatment resulted in efficient and dose-dependent
induction of mitochondrial superoxide in MM.1S and U266 MM cells (Fig. 1a), indicating
that MM cells should be useful tools to test therapeutic approaches based on redox
modulation. We cultured MM.1S and U266 cells under the following conditions: 1.)
Baseline (empty vehicle); 2.) Oxidative stress induction with pyocyanin; 3.) NF-xB
inhibition with the IKK inhibitor PS-1145[30]; 4.) NRF2 inhibition with brusatol[23]; 5.)
Combination of PS-1145 with brusatol; 6.) Combination of pyocyanin with PS-1145; 7.)
Combination of pyocyanin with brusatol; 8.) Combination of pyocyanin with PS-1145

and brusatol. We found that NRF2 inhibition but not NF-xB inhibition led to increased
superoxide levels and decreased viability of U266 cells, and combining pyocyanin with
brusatol had additive effects in both MM.1S and U266 cells (Fig. 1b). Moreover, single
agent NRF2 inhibitor treatment efficiently suppressed growth of MM cells (Fig. 1c).
Additional dose titration studies confirmed a reproducible, robust and dose-dependent effect
of NRF2 inhibition on the superoxide levels, viability and growth rate of MM cells (Fig. 2).

Discovery of NRF2 inhibitor candidates through drug repurposing

Given the potential of NRF2 inhibition for cancer therapy and the lack of NRF2

inhibitor drugs in clinical practice we set out to identify small molecule NRF2 inhibitor
drug candidates by repurposing, a drug development approach that allows to speed up
preclinical development since only established compounds with drug-like physicochemical
properties and favorable toxicology and pharmacokinetics are included in the screen.
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Specifically, we performed high-throughput screening (HTS) of 5,879 compounds with
known bioactivities using a luciferase assay based on an ARE/NRF2 transcriptional reporter
cell line (Supplementary Table 1). We compared DMSO-treated cells (baseline) and t-BHQ-
treated cells where NRF2 transcriptional activity is expected to be induced (positive control)
with t-BHQ + 5uM compound-treated cells (Fig. 3a). Potential hits will be identified

by significantly decreased luminescence intensity compared to t-BHQ + empty vehicle-
treated control cells. In addition to reflecting true inhibition of NRF2 activity, decreased
luminescence intensity could also be due to cell loss or non-specific cytotoxicity. To rule
out the latter we assessed cell density and morphology using an automated microscopic
imaging platform (data not shown). The initial screen demonstrated robust induction of
NRF2 transcriptional activity of HepG2 cells by t-BHQ and allowed us to select a list

of 30 potent and non-toxic NRF2 inhibitor molecules of interest with Z-scores ranging

from —2.004 to —3.506 (mean: — 2.527). We confirmed the potency of those compounds
using the same transcriptional reporter assay to analyze the effect of five compound
concentrations (0.625uM, 1.25uM, 2.5uM, 5uM, 10uM) (Fig. 3b-g (left panels) and data
not shown). While the luciferase reporter assay is a convenient screening assay it should be
emphasized that the generated data are merely descriptive and cannot be used to support

a mechanistic hypothesis with regard to NRF2 inhibition. Possible mechanisms of action
include degradation of cytoplasmic NRF2, inhibition of NRF2 DNA binding and inhibition
of NRF2 nuclear translocation. We assessed the latter by performing additional high-content
screening (HCS) using an automated immunofluorescence assay (Supplementary Table 1)
to analyze the ratio of cytoplasmic to nuclear NRF2 (Fig. 3b-g (right panels) and data not
shown). The addition of imaging as an independent orthogonal assay does not only offer
mechanistic insight but it improves the overall specificity by increasing the likelihood to
differentiate false positive from true positive results. Based on the combined transcriptional
activity and nuclear translocation data and the expected safety and side effect profile of

the tested 30 compounds we were able to further shorten the list of molecules of interest

to the following six potential NRF2 inhibitor drug candidates: AZ-628[31], PHA-767491
[32, 33], SL-327[34], PAC-1[35], pifithrin-a[36], and vitamin B12 (Table 1). It should be
noted that differences in the ratio of cytoplasmic to nuclear NRF2 were relatively subtle
(compared to differences in NRF2 transcriptional activity measured by bioluminescence)
but nevertheless reproducible, revealing that three of our six molecules of interest affected
nuclear translocation of NRF2 (PHA-767491, AZ-628, SL-327). Furthermore, treatment

of MM. 1S cells with SL-327 resulted in the anticipated inhibitory effect on nuclear
translocation of NRF2, even though the effect was less pronounced than the effect of
treatment with the ROS scavenger N-acetyl cysteine (Supplementary Fig. 2). In order to
determine the compound concentration required for 50 percent NRF2 inhibition /n vitro
(ICsp) we generated dose response curves for our six molecules of interest based on data
generated with the luciferase reporter assay (Fig. 4a-c (left panels) and Supplementary Fig.
3). Fluorescence microscopy confirmed that cell density and morphology was not negatively
affected by the tested compounds (Fig. 4a-c (right panels) and data not shown), confirming
that we were able to demonstrate inhibition of NRF2 activity at a dose range that was not
toxic to HepG2 cells.
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The NRF2 inhibitor PHA-767491 induces superoxide and inhibits growth of multiple
myeloma cells

In order to show true promise for cancer therapy a NRF2 inhibitor drug candidate would
have to be able to modulate the redox balance of cancer cells in the absence of chemical
NRF2 inducers such as t-BHQ, similar to what we were able to demonstrate with the known
NRF2 inhibitor brusatol (Fig. 2). We therefore analyzed mitochondrial superoxide levels in
MM.1S cells that were treated with DMSO or two-fold serial dilutions of our molecules

or interest. We found that PHA-767491 was the most potent superoxide inducer of the

six drug candidates, followed by AZ-628 and SL-327 (Fig. 5a). MTS assays revealed that
treatment of MM.1S cells with the leading superoxide inducers (PHA-767491 and AZ-628)
resulted in significant inhibition of cell growth (Fig. 5b), consistent with the concept of

a threshold effect of ROS-mediated cytotoxicity. Of note, PHA-767491 and AZ-628 have
previously been reported as potential as cancer therapeutics based on their capacity to inhibit
Cdc7/CDKO9[32, 33] or RAF[31], respectively. Given that RAF is upstream of NRF2 and
implicated in its induction we hypothesized that the observed NRF2 inhibitory effect of
AZ-628 may be a secondary effect of RAF inhibition. We therefore compared inhibition

of NRF2 transcriptional activity by AZ-628 with other RAF inhibitors (as well as by
PHA-767491 versus other CDK inhibitors), confirming that the NRF2 inhibitory potency
of PHA-767491 and AZ-628 was significantly superior to the mean potency of the tested
reference molecules (Fig. 5¢). This suggests that NRF2 inhibition is a unique feature of

our identified molecules and not simply a secondary effect of an already known bioactivity.
Additional MTS assay-based /n vitro efficacy studies comparing MM.1S cells and normal
mouse splenocytes demonstrated a dose-dependent and cancer cell-selective effect on cell
growth of both PHA-767491 and AZ-628 (Fig. 5d). Consistent with these results we did not
observe any meaningful effects of our molecules of interest on superoxide levels of normal
splenocytes, reaffirming the notion that NRF2 inhibition is not expected to alter the redox
homeostasis of normal cells during steady state conditions (Fig. 5e).

Discussion

NRF2-mediated activation of the antioxidant response element is a key component of

the cellular oxidative stress response while NF-xB is known to play a lesser role. The
ambivalent interactions between ROS and the NF-xB can at least in part be attributed to

the fact that ROS have been implicated in inhibition of NF-xB activity through oxidation

of cysteine residues resulting in thiol modifications of DNA binding domains of NF-xB
subunits, among others[37, 38]. Similar interactions have not been reported for the NRF2
pathway where ROS exclusively serve as inducers of transcriptional activity. Targeting
NRF2 should therefore be an efficient approach for the development of therapeutic strategies
designed to exploit ROS-mediated effects to treat cancer. NRF2 is a particularly attractive
therapeutic target in this setting since it is expressed in a wide range of cancers but

gene alterations are relatively infrequent and limited to mostly amplifications and missense
mutations instead of deletions or nonsense mutations. This indicates that while cancers with
the highest NRF2 expression levels may be particularly sensitive to NRF2 inhibition, the
concept of NRF2 inhibition has potential to be applicable to a great variety of malignancies.
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This study focused on multiple myeloma cells to demonstrate feasibility for NRF2 inhibition
as an effective and safe therapeutic strategy. Our findings revealed that NRF2 inhibition
modulates the redox homeostasis of MM cells resulting in increased oxidative stress and
dose-dependent inhibition of cell growth, which is consistent with the threshold concept

of ROS-mediated cytotoxicity[2, 3]. Furthermore, therapeutic effects of NRF2 inhibition

in the setting of cancer have been associated with modulation of redox switches [15] and
with regulation of serine biosynthesis[39, 40], implying that the anti-cancer effects of NRF2
inhibition may be complex and could involve a diverse set of mechanistic foundations.
Importantly, the effects of NRF2 inhibition on ROS levels and cell growth/viability in our
studies were selective to cancer cells while sparing normal control cells. This observation

is in line with our previous findings regarding NF-xB inhibition in lymphoma cells[41] and
supportive of mechanistic models predicting that inhibition of ROS elimination can result in
cytotoxicity in cancer cells well before healthy cells will be affected[2, 3].

Since NRF2 inhibition has significant therapeutic potential and given the lack of NRF2
inhibitor drugs in clinical practice we sought to identify candidates for an NRF2 inhibitor
drug by repurposing of drug-like small molecules with known bioactivity. Our three-step
screening approach (summarized in Supplementary Fig. 4) resulted in the identification of
PHA-767491 as our primary drug candidate while AZ-628 was selected as backup molecule.
Both compounds inhibited nuclear translocation and transcriptional activity of NRF2 in a
dose-dependent fashion, resulting in increased superoxide levels and inhibited cell growth
of MM cells. Efficacy testing in additional cancer cell types was beyond the scope of this
study but we anticipate that our NRF2 inhibitor drug candidates are characterized by broad
anti-cancer activity, which will likely be enhanced by the previously described mechanisms
of action of PHA-767491 and AZ-628 through Cdc7/CDKQ inhibition[32, 33] and RAF
inhibition[31], respectively.

Taken together, our findings indicate that NRF2 inhibition mediated by PHA-767491 is
robust, specific, and at least in part due to inhibition of nuclear translocation of NRF2.

On the other hand it is evident that our drug candidates possess anti-cancer properties
independent from NRF2 inhibition. Additional studies will be needed to decipher the
differential contributions of NRF2 inhibition versus inhibition of other pathways, but it
would be reasonable to expect that combined inhibition of Cdc7/CDK9 and NRF2 will result
in additive effects and therapeutic synergy. Of note, the same dose range of PHA-767491
that was found to be effective in our study was previously reported to inhibit proliferation
of human cancer cells via Cdc7/CDKQ inhibition[32, 33], suggesting that PHA-767491-
mediated effects on cancer cell survival and proliferation may well be due to its combined
net inhibitory activity on both Cdc7/CDK9 and NRF2. Investigations into relationships
between multiple bioactivities and efficacy of PHA-767491 should therefore ideally be
pursued in parallel with translational studies furthering clinical drug development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: NRF2 inhibition is more effective than NF-xB inhibition for oxidative stress induction
in multiple myeloma cells.

A: MM.1S and U266 multiple myeloma cells were incubated for 24 hours in the presence
of serial dilutions (ranging from 0 to 300uM) of Pyocyanin. Mitochondrial superoxide was
labeled with MitoSOX Red and analyzed by flow cytometry. Mean and SEM are presented.
B: MM.1S and U266 cells were incubated for 24 hours under the following conditions:

1: vehicle (negative control); 2: Pyocyanin 200uM (positive control); 3: PS-1145 5uM; 4:
Brusatol 5uM; 5: PS-1145 + Brusatol; 6: Pyocyanin + PS-1145; 7: Pyocyanin + Brusatol;
8: Pyocyanin + PS-1145 + Brusatol. Mitochondrial superoxide levels (MitoSox Red MFI)
and viability (percentage of DAPI-negative viable cells) were analyzed by flow cytometry.
Mean and SEM are presented. Red lines indicate positive control levels in the presence

of Pyocyanin. C: MM.1S and U266 cells were cultured for 72 hours under the conditions
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described in B. Cell growth was analyzed after 24, 48 and 72 hours by MTS assay. Mean
and SEM of relative cell growth (percentage of vehicle control) are presented.
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Figure 2: NRF2 inhibition efficiently induces oxidative stress and compromises viability and cell

growth of multiple myeloma cells.

A: MM.1S, L363 and U266 multiple myeloma cells were incubated for 24 hours in the
presence of serial dilutions (ranging from 0 to 7uM) of Brusatol. Mitochondrial superoxide
levels were analyzed by flow cytometry. Mean and SEM are presented. B: MM.1S, L363
and U266 cells were incubated for 24 hours as described in A. Viability (percentage of
DAPI-negative viable cells) was analyzed by flow cytometry. Mean and SEM are presented.
C: MM.1S, L363 and U266 cells were cultured for 72 hours under the conditions described
in A. Cell growth was analyzed after 24, 48 and 72 hours by MTS assay. Mean and SEM of
relative cell growth (percentage of vehicle control) are presented.
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Figure 3: Identification of repurposed NRF2 inhibitor compounds by a combined HTS and HCS

approach.

A: ARE/HepG2/Luciferase reporter cells were incubated for 24 hours in the presence of

0.5% DMSO, 200uM t-BHQ, 500uM t-BHQ and 5uM of 5,879 compounds + 200uM

t-BHQ or 5uM of 5,879 compounds + 500uM t-BHQ. ARE/Nrf2 transcriptional activity was
analyzed by measuring bioluminescence of the reporter cells using an EnSpire plate reader.
Alterations in bioluminescence signal intensity were expressed as Z-scores and normalized
to the measurements obtained from compound-treated cells. Box plots of combined data
from two independent experiments are presented. B—-G, left panels (transcriptional activity):
ARE/HepG2/Luciferase reporter cells were incubated for 24 hours in the presence of 0.5%

DMSO, 200uM t-BHQ, or compounds (0.625uM, 1.25uM, 2.5uM, 5uM and 10uM) +
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200uM t-BHQ. ARE/NRF2 transcriptional activity was analyzed by bioluminescence and
mean + SEM of Z-scores from two independent experiments are presented. B-G, right
panels (nuclear translocation): ARE/HepG2/Luciferase reporter cells were incubated for 2
hours in the presence of 0.5% DMSO, 200uM t-BHQ, or compounds (0.625uM, 1.25uM,
2.5UM, 5uM and 10uM) + 200uM t-BHQ. Intracellular NRF2 was detected with a NRF2-
specific AF-488 conjugated antibody and nuclei were labeled with Hoechst 33342. Nuclear
translocation of NRF2 was quantified using a confocal imaging platform followed by image
analysis with Columbus imaging analysis software. Mean and SEM of Z-scores from two
independent experiments are presented.
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Figure 4: AZ-628, PHA-767491 and SL-327 inhibit NRF2 activity in HepG2 cells.

AZ-628 + 1-BHQ

PHA-767491 + t-BHQ

-BHQ

ARE/HepG2/Luciferase reporter cells were incubated for 24 hours in the presence of 200uM
t-BHQ and ten-fold serial dilutions of compounds of interest (20nM to 10uM). 0.5% DMSO
was used as control. ARE/NRF2 transcriptional activity was analyzed by bioluminescence.

Left panels present mean and SEM of relative transcriptional activities (percentage of

DMSO control). Microscopic images show density and morphology of HepG2 cells stained
with an anti-NRF2-AF488 antibody and Hoechst 33342 under negative control conditions
(0.5% DMSO), positive control conditions (200uM t-BHQ), and experimental conditions

(5uM compound of interest + 200puM t-BHQ). A: AZ-628. B: PHA-76749. C: SL-327.
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Figure 5: NRF2 inhibitors induce increased oxidative stress and decreased growth of multiple
myeloma cells.

A: MM.1S cells were incubated for 24 hours in the presence of 0.6, 1.25, 2.5 and 5uM of
NRF2 inhibitor molecules of interest. DMSO was used as control. Mitochondrial superoxide
was labeled with MitoSOX Red and analyzed by flow cytometry. Mean and SEM are
presented. Dotted line represents the baseline. B: MM.1S were cultured for 48 hours

in the presence of empty vehicle or NRF2 inhibitor compounds of interest (2.5uM and
5uM). Cell growth was analyzed by MTS assay. Mean and SEM of relative cell growth
(percentage of vehicle) are presented. Dotted line represents baseline cell growth (100
percent of vehicle). C: ARE/HepG2/Luciferase reporter cells were incubated for 24 hours
in the presence of 200puM t-BHQ and 5uM of various CDK inhibitors or RAF inhibitors.
ARE/NRF2 transcriptional activity was analyzed by bioluminescence. Scatter plot depicts
Z-scores of PHA-767491 versus all other CDK inhibitors (n=18) and of AZ-628 versus all
other RAF inhibitors (n=13). D: MM.1S and splenocytes from 8 week-old female C57BL/6
mice (Jackson Laboratories) were cultured for 48 hours in the presence of empty vehicle
(DMSOQ) or 0.1, 0.5, 1 and 2uM of AZ-628 or PHA-767491. Cell growth was analyzed
after 24 and 48 hours by MTS assay. Mean and SEM of relative cell growth (percentage of
vehicle) are presented. Dotted line represents baseline cell growth. E: Splenocytes from 8
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week-old female C57BL/6 mice (Jackson Laboratories) were incubated for 24 hours in the
presence of 0.6, 1.25, 2.5 and 5uM of NRF2 inhibitor molecules of interest. DMSO was
used as control. Mitochondrial superoxide was labeled with MitoSOX Red and analyzed by
flow cytometry. Mean and SEM are presented. Dotted line represents the baseline.

Invest New Drugs. Author manuscript; available in PMC 2022 October 08.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Candidates for NRF2 inhibitor drugs identified by small molecule repurposing.

Table 1:

Molecule 1Csp in HepG2 ARE/NRF2 Known bioactivity
reporter assay

Pifithrin-a 0.16uM p53 inhibition
SL-327 0.31uM MEK inhibition
Vitamin B12 0.62uM Vitamin B12
AZ-628 1uM RAF inhibition
PHA-767491 2.41uM Cdc7/Cdk9 kinase inhibition
PAC-1 2.7uM Procaspase activation
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