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Abstract

Synthetic triterpenoids are antioxidant inflammation modulators (AIMs) that exhibit broad
anticancer activity. AIMs bind to KEAP1 and inhibit its ability to promote NRF2 degradation.
As a result, NRF2 increases transcription of genes that restore redox balance and reduce
inflammation. AIMs inhibit tumor growth and metastasis by increasing NRF2 activity in the
tumor microenvironment and by modulating the activity of oncogenic signaling pathways,
including NF-kB, in tumor cells. Accumulating evidence suggests that KEAP1 loss or muta-
tion—which results in high levels of sustained NRF2 activity—may promote cancer growth
and increase chemoresistance. Loss of KEAP1 also increases the levels of other oncogenic
proteins, including IKKB and BCL2. The apparent survival advantage provided to some
tumor cells by loss of functional KEAP1 raises the question of whether pharmacological
inhibition of KEAP1 could promote tumor growth. To address this issue, we characterized
the basal levels of KEAP1 and NRF2 in a panel of human tumor cell lines and profiled the
activity of an AIM, RTA 405. We found that in tumor cell lines with low or mutant KEAP1,
and in Keap1”~ murine embryonic fibroblasts, multiple KEAP1 targets including NRF2,
IKKB, and BCL2 were elevated. Keap?”~ murine embryonic fibroblasts also had higher rates
of proliferation and colony formation than their wild-type counterparts. In cells with functional
KEAP1, RTA 405 increased NRF2 levels, but not IKKB or BCL2 levels, and did not increase
cell proliferation or survival. Moreover, RTA 405 inhibited growth at similar concentrations in
cells with different basal NRF2 activity levels and in cells with wild-type or mutant KRAS.
Finally, pre-treatment with RTA 405 did not protect tumor cells from doxorubicin- or cis-
platin-mediated growth inhibition. Collectively, these data demonstrate that pharmacologi-
cal activation of NRF2 by AlMs is distinct from genetic activation and does not provide a
growth or survival advantage to tumor cells.

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015

1/29


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0135257&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

adherence to all the PLOS ONE policies on sharing
data and materials.

Introduction

Synthetic oleanane triterpenoids, such as bardoxolone methyl and RTA 408, are antioxidant
inflammation modulators (AIMs) that exhibit broad antitumor activity in models of cancer
prevention and treatment [1;2], and are well-tolerated in patients with advanced malignancies
[3]. The primary target of the AIMs is Kelch-like ECH-associated protein 1 (KEAP1), a sub-
strate adaptor protein for the CUL3-RBX1 E3 ubiquitin ligase complex. Under normal condi-
tions, KEAP1 facilitates the ubiquitination of its substrate proteins, which leads to their
degradation by the proteasome [4]. One of these substrates is the transcription factor nuclear
factor (erythroid-derived 2)-like 2 (NFE2L12), also known as NRF2. AIMs potently increase
NREF2 activity by binding to a sensor cysteine residue (C151) in KEAP1, causing a conforma-
tional change that renders KEAP1 unable to promote NRF2 degradation [5-8]. NRF2 accumu-
lates and enters the nucleus where it increases the expression of antioxidant response element
(ARE)-containing target genes. The products of these genes include antioxidant and cytopro-
tective proteins, which restore cellular redox balance and reduce inflammation. Accordingly,
AIMs have demonstrated broad anti-inflammatory and cytoprotective activity in many animal
models, as well as in the clinic [9;10].

The increase in antioxidant and anti-inflammatory activity that occurs upon treatment with
AIMs reduces tumor incidence and burden in chemically- and genetically-induced models of
carcinogenesis [11-14]. Likewise, AIMs reduce oxidative stress and inflammation in the micro-
environment of established tumors and inhibit tumor growth, metastasis, angiogenesis, and
tumor-mediated immune suppression [15-20]. AIMs also directly inhibit proliferation and
induce apoptosis in tumor cells [1;2;21;22]. Although the mechanism underlying the direct
anticancer effect of AIMs on tumor cells is not completely understood, it is known that AIMs
modulate the activity of several cancer-related proteins, including cyclin D1 [12;23], CDKN1A
(p21) [23], JAK1 and STAT3 [24;25], HER2 [26], and nuclear factor kappa B (NF-xB) [27-29].

Although NREF?2 plays an anticancer role in the tumor microenvironment, it has been pro-
posed to have the opposite effect in malignant cells [30;31]. Recent genetic analyses of human
tumors have demonstrated that mutations in KEAPI or NRF2—which result in high levels of
sustained NRF2 activity—are associated with increased proliferation, chemoresistance, and
poor survival [30;31]. Other mechanisms of NRF2 activation have also been identified, includ-
ing reduced KEAPI expression due to promoter hypermethylation or miRNA expression [32-
34] and increased expression of NRF2 due to activated oncogenes, such as KRAS [35]. It has
been suggested that elevated NRF2 activity provides a survival advantage to tumor cells by
increasing antioxidant levels to manage excess reactive oxygen species (ROS) and reactive
nitrogen species (RNS), which are common features of cancer [35]. These observations raise
the question of whether pharmacological agents that activate NRF2 via KEAP1 inhibition
could promote cancer growth or increase therapeutic resistance [31;36;37]. This question is
especially important given the potential of NRF2 activators to prevent and treat a variety of
chronic inflammatory and autoimmune diseases [38-40].

Consistent with the overall anticancer activity of the AIMs, there is no evidence that these
compounds increase the incidence of cancer in animal models [36;37]; rather, there is strong
evidence to the contrary [1;31]. Therefore, genetic induction of NRF2 by loss of KEAP1 func-
tion appears to have a different effect than AIM-mediated activation of NRF2 via KEAP1 inhi-
bition on tumor growth. However, both the NRF2-dependent effects on the tumor
microenvironment and the NRF2-independent effects on the tumor cells likely contribute to
the anticancer activity of the AIMs in vivo. To our knowledge, the effect of AIM-mediated
NRF2 induction on the proliferation, survival, and chemosensitivity of isolated tumor cells has
not previously been assessed.
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To evaluate the effect of AIM-mediated NRF2 induction on tumor cell growth and survival,
we first characterized the basal level of NRF2 activity in a panel of tumor cell lines to identify
those that had a wild-type KEAP1-NRF?2 axis (ie, low basal NRF2 levels), and those that had a
dysfunctional KEAP1-NRF?2 axis (ie., high basal NRF2 levels). With this information, we evalu-
ated the anticancer activity of an AIM, RTA 405 (CDDO-Ethyl Amide) [8;11;41-47] in tumor
cell lines where NRF2 activity could be induced (ie, those with a wild-type KEAP1-NRF2 axis)
compared with tumor cell lines where NRF2 activity was already at its maximal level (ie, ele-
vated NRF2 activity due to loss of KEAP1 function). To directly compare the effects of loss of
KEAPI function to the effects of pharmacological KEAP1 inhibition, we treated wild-type
(WT) and Keapl”~ murine embryonic fibroblasts with RTA 405 and assessed proliferation and
survival, as well as the levels of IKKB and BCL2—two other KEAP1 substrates that have cancer
promoting activities. We also evaluated the effect of RTA 405-mediated NRF2 activation on
KRAS-induced proliferation and the sensitivity of tumor cell lines to other chemotherapeutics.
Taken together, the results from this study demonstrate that NRF2 induction by AIMs does
not increase cellular proliferation or survival and that the downstream effects of pharmacologi-
cal KEAP1 inhibition by AIMs are distinct from those that result from the loss of functional
KEAPI in tumor cells.

Materials and Methods
Materials

RTA 405 (2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid ethyl amide) and RTA 402
(methyl 2-cyano-3,12-dioxoolean-1,9-dien-28-oate) were synthesized by Reata Pharmaceuti-
cals, Inc. (Irving, TX USA). Unless noted, all other chemicals were purchased from Sigma-
Aldrich (St. Louis MO, USA). Wild-type and Keapl”~ murine embryonic fibroblasts (MEFs)
were obtained from Dr. Masayuki Yamamoto (Tohoku University, Japan) [48;49].
LSL-Kras®'?® MEFs were obtained from Dr. Tyler Jacks (Massachusetts Institute of Technol-
ogy, Cambridge, MA) [50]. All other cell lines used in this study were from the American Type
Culture Collection (ATCC, Manassas, VA USA). ATCC uses short tandem repeat (STR) analy-
sis to screen all human cell lines for authenticity and purity before distribution. All cell lines
were passaged for less than six months after resuscitation.

Cell culture

MEFs, MCF-7, PANC-1, A549, and HeLa cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM), SK-N-SH cells in Eagle’s Minimum Essential Medium (EMEM), and G-
361 cells in McCoy’s 5A medium. DMEM and McCoy’s 5A medium were obtained from Life
Technologies, Grand Island, NY USA. EMEM was obtained from ATCC, Manassas, VA USA.
All other cell lines were cultured in RPMI 1640 medium (Life Technologies). Culture medium
was supplemented with 10% FBS and 1% penicillin/streptomycin. FBS used in culture of LSL-
Kras“'?® MEFs was heat-inactivated. Cell lines were cultured in the presence of 5% CO, at
37°C.

Cell growth and clonogenic assays

For cell counting experiments, MEFs (5 x 10* cells/well) were plated in 6-well dishes, treated
with RTA 405 the following day, and counted at various time intervals using a Vi-CELL XR
cell analyzer (Beckman Coulter, Indianapolis, IN USA). For clonogenic assays, wild-type (1 x
10° cells/well) and Keapl’/ " (0.5 x 10 cells/well) MEFs were seeded in 6-well dishes and, 6
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hours later, treated with RTA 405. After seven days, colonies were fixed (1:7 acetic acid:metha-
nol) and stained with 0.5% crystal violet in methanol. Colonies of >50 cells were counted.

To determine ICsy and Gl values, cells were plated in 96-well plates and treated with RTA
405 at concentrations ranging from 50 to 1000 nM. Cell growth was assessed using the sulfor-
hodamine B (SRB) assay [51]. In brief, 50 uL ice-cold 50% (w/v) trichloroacetic acid was added
to each well and the plates were incubated at 4°C for 1 hour. The fixed cells were then washed
five times with tap water and air-dried overnight. The following day, the cells were stained with
0.4% (w/v) SRB in 1% acetic acid at room temperature for 20 minutes. Stained cells were then
washed five times with 1% acetic acid and air-dried. SRB dye was solubilized by adding 200 pL
10 mM Tris Base and absorbance was measured at 490 nm. For IC5, determination, cell viabil-
ity was assessed after 48 hours of growth. For GIs, determination, cells in one plate were fixed
at the start of the experiment (time 0) and cells in a duplicate plate were treated with RT A 405
for 72 hours. The percentage of growth of RT A 405-treated cells relative to vehicle-treated cells
was calculated using the following equation: [(T-T,)/(C-T,)] x 100, where (T,) is the absor-
bance value at time zero, (C) is absorbance value from vehicle-treated wells after 72 hours, and
(T;) is the absorbance value from wells treated with the drug. For combination experiments
with doxorubicin or cisplatin, cells were pre-treated with RTA 405 for 2, 6, or 24 hours and
then treated with doxorubicin or cisplatin for an additional 72 hours. ICs, and Gls, values
were determined from dose-response curves using GraphPad Prism (GraphPad Software, La
Jolla, CA USA).

Real-time reverse transcription PCR

Total RNA was isolated from cells with the RNeasy Mini Kit (Qiagen, Germantown, MD USA)
and reverse transcribed using Superscript II (Life Technologies). PCR reactions were per-
formed using primers validated for specificity and amplification efficiency. Reverse transcrip-
tion and PCR cycle information can be found in S1 Protocols and PCR primer sequences are
provided in S1 Table. Ribosomal protein S9 (RPS9) and ribosomal protein L19 (Rpl19) were
used as reference genes for human and mouse samples, respectively. The relative abundance of
each target gene was determined using the comparative Ct method (AACt) [52].

KEAP1 and NRF2 sequencing

Genomic DNA was isolated from cells using the DNeasy kit (Qiagen). PCR amplification and
sequencing of the coding exons of KEAPI and exon 2 of NRF2 was performed using primers as
previously described [53;54]. PCR products were purified using QIAquick PCR purification kit
(Qiagen) and sequenced by Sequetech Corporation (Mountain View, CA USA). All mutations
were confirmed by sequencing in both directions.

Western blotting

Experimental details for preparation of whole cell lysates and nuclear extracts are in S1 Proto-
cols. Protein concentration was determined using DC Protein Assay (Bio-Rad, Hercules, CA
USA). Proteins (20 to 40 pg) were resolved by SDS-PAGE, and transferred to nitrocellulose
membranes. Membranes were incubated with primary antibodies overnight at 4°C. Antibody
information is provided in S2 Table. Horseradish-peroxidase conjugated secondary antibodies
were from Jackson ImmunoResearch (West Grove, PA USA).
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ROS and glutathione assays

Basal ROS levels were measured using CM-H,DCFDA (Molecular Probes, Eugene, OR USA).
Total glutathione levels were measured using the GSH-Glo Glutathione Assay (Promega,
Madison, WI USA). Glutathione levels were normalized to cellular protein levels using the SRB
assay. To control for variability between experiments, the basal ROS and total glutathione level
for each cell line was normalized to NCI-H460 (set to a value of 1). Additional experimental
details for ROS and glutathione assays can be found in S1 Protocols.

Caspase-3/7 activity

Caspase-3/7 activity was determined as described previously [55] using DEVD-AFC (EMD
Biosciences, Billerica, MA USA) as the substrate. To control for variability between experi-
ments, the fluorescence of each sample was normalized to 786-0 (set to a value of 100).

siRNA

A549, DU 145, and NCI-H460 cells were reverse transfected in OptiMEM with Lipofectamine
RNAiMax (Life Technologies, Grand Island NY USA) and 20 nM siNRF2 or 20 nM siNTPool
(GE Dharmacon, Lafayette, CO USA), L-003755-00-0005 and D-001810-10-05, respectively).
Mock samples did not receive siRNA. Cells were plated in 24-well plates at a density of 4 x 10°
(A549 and DU 145) or 8 x 10° (NCI-H460) cells per well or in 96-well plates at a density of 8 x
10% (A549 and DU 145) or 1.6 x 10* (NCI-H460) cells per well in RPMI 1640 media supple-
mented with 10% FBS. Twenty-four hours after transfection cells were treated with DMSO or
RTA 405. After 0, 24, 48, and 72 hours cells in the 96-well plates were fixed with 50% TCA and
processed for the SRB assay as described above. After 72 hours, cells in the 24-well plates were
washed with sterile PBS and harvested in lysis buffer for western blots.

LSL-Kras®'2P murine embryonic fibroblasts

Recombination of the Kras"*""¢'2" allele was performed in vitro using a self-excising Cre

recombinase. MEFs were infected with 500-1000 MOI of mock, Ad-EGFP or Ad-Cre/EGFP
(GeneCopoeia, Rockville, MD USA) adenovirus particles according to the manufacturer’s pro-
tocol. Cells were harvested 72 hours post-infection. Genomic DNA was isolated using the
DNeasy Blood & Tissue Kit (Qiagen) and PCR was performed to evaluate recombination as
described (http://web.mit.edu/jacks-lab/protocols/KrasCond_tablesTWO.html). Levels of
wild-type and Kras®'?" proteins were assessed by western blot.

Statistical Analyses

All experiments were performed in triplicate, unless otherwise specified. All statistical analyses
were performed using GraphPad Prism 6.0 software. The methods used to determine statistical
significance are described in each figure legend.

Results
Classification of human tumor cell lines by basal NRF2 activity

NRF2 has been reported to be constitutively active in tumors with mutant KEAP1. The main
objective of our study was to determine whether NRF2 activation by RTA 405 increases cell
growth or survival in human tumor lines. We reasoned that RTA 405 would be unable to
increase NRF2 activity in cell lines with low or mutant KEAP1; however, the status of KEAP1
and the basal activity level of NRF2 has been reported for very few common cancer lines
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Table 1. Characteristics of Human Tumor Cell Lines with Different Levels of Basal Nrf2 Activity.

Relative Protein Levels

Cell Line Cancer Type KEAP1 mutation Total KEAP1 Nuclear NRF2 Total NQO1
Low Basal Nrf2 Activity

MG-63 Osteosarcoma - +++ +/- =
BxPC-3 Pancreatic adenocarcinoma - +++ - +/-
PANC-1 Pancreatic epithelioid carcinoma - +++ - -
HCT 116 Colorectal carcinoma - +++ + -
MDA-MB-231 Breast adenocarcinoma - +++ ++ -
7860 Renal cell adenocarcinoma - ++ + -
NCI-H23 Lung (NSCLC) Q193H ++ + +/-
SK-N-SH Neuroblastoma - + +/- -
Moderate Basal Nrf2 Activity

MCF-7 Breast adenocarcinoma - ++ = T+
HT-29 Colorectal adenocarcinoma - ++ T+
G-361 Melanoma - ++ +++
HepG2 Hepatocellular carcinoma - ++ ++ +++
HCT-15 Colorectal adenocarcinoma - ++ ++ +++
High Basal Nrf2 Activity

A2058 Melanoma - - i 4+
SK-MEL-5 Melanoma - +/- ++ 4+
HelLa Cervical adenocarcinoma - +/- ++ +++
A498 Renal carcinoma - db o+ +
DU 145 Prostate carcinoma - - +++ 4+
A549 Lung carcinoma G333C - +++ o+
NCI-H460 Lung carcinoma (Large Cell) D236H ++ ++++ ++++

Symbols used to denote relative protein levels: (-) Absent; (+/-) very low; (+) low; (++) moderate; (+++) high; (++++) very high

doi:10.1371/journal.pone.0135257.t1001

[34;48;56]. Therefore, in order to evaluate the effect of RTA 405, we first conducted a series of

experiments to characterize the status of KEAP1 and NRF2 in a panel of twenty human tumor
lines (Table 1). To accomplish this, we sequenced all coding exons of KEAPI and exon 2 of
NFE2L2 to determine whether any of the cell lines had mutations in these genes. We limited
NFE2L2 sequencing to exon 2 because it encodes the KEAP1-interacting domain and has pre-
viously been shown to harbor activating mutations [30;53]. Our sequencing results confirmed
the previously identified KEAPI mutations in the A549 and NCI-H460 non-small cell lung
cancer cell lines [54] and identified a novel mutation (Q193H) in the NCI-H23 cell line, which
is also derived from non-small cell lung cancer (Table 1). We found no mutations in exon 2 of
NFE2L2 in this panel of cell lines.

In addition to KEAPI and NFE2L2 mutations, other mechanisms—such as promoter hyper-
methylation, miRNA expression, and oncogenic signaling—can result in high constitutive lev-
els of NRF2 activity [32-35]. To determine whether any of the cell lines without KEAPI or
NFE2L2 mutations had high basal levels of NRF2 activity, we measured KEAP1, nuclear NRF2,
and NQOI (a prototypical NRF2 target gene) protein levels by western blot. We found that,
despite having wild-type KEAPI and NFE2L2 genes, several of the cell lines had characteristics
of elevated NRF2 activity. To facilitate analysis, we grouped the cell lines into three categories:
those with low, moderate, or high basal NRF2 activity (Fig 1A; uncropped blots are in S1 Fig).
In cell lines with low basal NRF2 activity (n = 8), the activity of KEAP1 appeared sufficient to
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Fig 1. Assessment of basal NRF2 activity in a panel of human tumor cell lines. A. Schematic diagram showing characteristics of cell lines with low
(upper panel), moderate (middle panel), or high (lower panel) basal NRF2 activity. B. Protein levels of KEAP1 and NQO1 (whole-cell lysate), and NRF2
(nuclear fraction), were evaluated by western blot. Actin (whole-cell lysate) and HDAC2 (nuclear fraction) served as loading controls. Based on KEAP1,
NRF2, and NQO1 protein levels, cell lines were categorized according to their basal NRF2 activity.

doi:10.1371/journal.pone.0135257.9g001

promote NRF2 degradation, resulting in low levels of NQO1 (Fig 1A and 1B, upper panels). In
cell lines with moderate basal NRF2 activity (n = 5), wild-type KEAP1 was detectable, but is
appeared to be insufficient to completely suppress NRF2 activity, resulting in detectable levels
of NQOL1 (Fig 1A and 1B, middle panels). Cell lines with high basal NRF2 activity (n = 7) had
either mutant or low levels of KEAP1, which appeared to render it unable to target NRF2 for
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degradation (Fig 1A and 1B, lower panels). As a result, high levels of nuclear NRF2 and NQO1
were detected in these cell lines.

The majority of the cell lines could be categorized into one of the three groups; however, a
few possessed characteristics of more than one group. For example, when compared to other
cell lines in the low basal NRF2 activity group, the SK-N-SH line had relatively low levels of
KEAP1 (Fig 1B, upper panel). However, based on the low levels of nuclear NRF2 and NQO1,
the KEAPI levels in this line appeared to be sufficient to promote NRF2 degradation. Con-
versely, when compared to the other cell lines in the high basal NRF2 activity group, the
NCI-H460 line had relatively high levels of KEAP1 (Fig 1B, lower panel). However, it is known
that KEAP] is mutated (D236H) in NCI-H460 cells and that NRF2 is constitutively active [54].
Despite very high levels of nuclear NRF2 in the A498 cell line, relatively low levels of NQO1
were detected. However, this cell line exhibited several other characteristics that were consis-
tent with high basal NRF2 activity (see below); which suggests that NQO1 itself might be lost
or mutated. Finally, although KEAP1 was mutant (Q193H) in the NCI-H23 cell line (Table 1),
NREF2 activity appeared to be low, suggesting that the Q193H mutation may be a polymor-
phism that does not reduce KEAP1 function. This is consistent with results from a recent study
where 4 of 18 KEAP1 mutations identified in lung cancer specimens did not impair the ability
of KEAPI to promote NRF2 degradataion [57].

Characterization of human tumor cell lines with different levels of basal
NRF2 activity

To further validate the classification of the cell lines, we measured the levels of other biomark-
ers of NRF2 activity, including NQOI mRNA, ROS, and glutathione levels. As mentioned
above, NQOLI is a prototypical NRF2 target gene and one would expect its transcription to be
elevated in cell lines with high basal NRF2 activity. When compared to cell lines with low basal
NREF2 activity, those with moderate and high basal NRF2 activity had successively higher levels
of NQOL1 expression (Fig 2A and S2 Fig). In addition to NQO1, NRF2 also regulates the expres-
sion of several genes involved in glutathione synthesis and increases cellular glutathione levels
[58]. Consistent with this, total glutathione levels were significantly elevated in cell lines with
high basal NRF2 activity compared to those with low or moderate basal NRF2 activity (Fig 2B
and S2 Fig). By increasing glutathione levels, as well as the expression of other antioxidant
genes, NRF2 reduces oxidative stress. To assess the level of oxidative stress in each tumor cell
line, we measured ROS levels using a fluorescent probe. We found that ROS levels were lowest
in the cell lines with high basal NRF2 activity (Fig 2C and S2 Fig). Therefore, in summary, cell
lines with high basal NRF2 activity had high NQO1 mRNA levels, high glutathione levels, and
low ROS levels. Furthermore, NQO1 and glutathione levels increased in proportion to the level
of basal NRF?2 activity. In contrast, ROS levels did not follow a similar trend: there was no dif-
ference between cell lines with low and moderate NRF2 activity levels. This suggests that mod-
erate activation of NRF2 is sufficient to increase target gene expression and glutathione
synthesis, but NRF2 activity must reach a certain threshold, which may only be achieved when
KEAPI is absent or inactive, in order to reduce ROS levels.

In addition to NRF2, KEAP1 regulates the levels of other proteins, including IKKp and
BCL2 [59;60]. KEAP1 directly binds to, and facilitates the ubiquitination of IKKB and BCL2 by
the CUL3/RBX1 E3 ligase complex. This leads to degradation of IKKp and BCL2 by the protea-
some. Accordingly, loss of KEAP1 in cell lines results in elevated levels of IKKf and BCL2
[59;60], and IKK levels are elevated in human tumors with low KEAP1/CULS3 levels [59;61].
IKKB is a kinase that promotes degradation of nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha (NFKBIA or IxBa), a suppressor of the NF-xB
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glutathione level for all cell lines with low basal NRF2 activity. C. Reactive oxygen species (ROS) levels for individual cell lines were normalized to NCI-H460
(set to a value of 1), which was run as a reference in each experiment. Values shown were normalized to the average basal ROS level for all cell lines with
low basal NRF2 activity. D-E. Basal IKK( (D) and BCL2 (E) protein levels in human tumor cell lines with low, moderate, or high basal NRF2 activity. Error bars
in A-C are SEM. Statistical significance was determined by Mann-Whitney test. *, P <.05; **, P <.01; *** P <.001.

doi:10.1371/journal.pone.0135257.9002

transcription factor which controls the expression of many genes involved in survival, and
BCL2 is an oncogene with anti-apoptotic activity. Given the relationship between KEAPI,
IKKB, BCL2, and cancer, we investigated whether the tumor cell lines with high basal NRF2
activity also had elevated IKKP and BCL2 protein levels. We found that many cell lines in the
panel tended to have high levels of IKKp (S3 Fig). However, IKKp levels were elevated in 100%
of cell lines with high basal NRF2 activity, compared with 80% of the cell lines with moderate
NRF?2 activity, and 62.5% of the cell lines with low NRF2 activity (Fig 2D). When we investi-
gated BCL2, we found that fewer of the cell lines had elevated BCL2 levels (S3 Fig). In the cell
lines with high basal NRF2 activity, 71% also had high BCL2 levels, compared with 37.5% and
20% of the cell lines with low and moderate NRF2 activity, respectively. Like glutathione levels,
IKKB levels increased in proportion to the levels of basal NRF2 activity, whereas BCL2 levels
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were elevated in a larger fraction of cell lines that had high NRF2 activity, as compared to those
with low or moderate NRF2 activity. This suggests that different KEAP1 substrates may have
different sensitivities to changes in KEAP1 function. Taken together, these data are consistent
with the notion that loss of KEAP1 affects multiple targets that are relevant to cancer cell biol-
ogy, including not only NRF2, but also IKKf and BCL2 [62].

IKKB and BCL2 levels in Keap 1’ murine embryonic fibroblasts

We have shown that the levels of IKKB and BCL2 tend to be higher in tumor cell lines that
have high basal NRF2 activity, suggesting that mutant or low/absent levels of KEAP1 may con-
tribute to elevated IKKp and BCL2 levels. We next used wild-type (WT) and Keap]'/ " murine
embryonic fibroblasts (MEFs) as a model to directly assess the relationship between KEAP1,
IKKB, and BCL2 levels. As previously reported [49], NRF2 was elevated in Keapl’/ " MEFs (54
Fig). Treatment with RTA 405 increased NRF2 levels in WT MEFs, but not in Keap1”’~ MEFs
(54 Fig). Consistent with NRF2 activation, the protein (A) and mRNA (Fig 3B) levels of NQO1
and GCLM, two NRF2 target genes, were elevated in Keapl” MEFs. In addition to elevated lev-
els of NRF2 and its downstream target genes, we also found that the levels of IKKpB and BCL2
were higher in Keap1”~ MEFs than in WT MEFs (Fig 3A). To determine whether the elevated
IKK levels correlated with an increase in its activity, we assessed the levels of downstream
components of the NF-«B signaling pathway. IKKB phosphorylates IkBo, which leads to its
degradation and subsequent activation of the NF-xB transcription factor. Consistent with
higher IKKp activity, we observed lower levels of IkBa (Fig 3A) and significantly higher expres-
sion levels of several NF-«B target genes, including Ccnd1, Mmp9, Ptgs2, Vegf, and Bcl2l1, in
Keapl”~ MEFs as compared to WT MEFs (Fig 3C and S5 Fig). There were no significant differ-
ences in Ccl2, Birc3 or Il1b levels, and for unknown reasons Ccl5 levels were significantly higher
in WT MEFs than in Keapl”~ MEFs (S5 Fig). Taken together, these results demonstrate that
loss of KEAPI results in higher IKKB and BCL2 levels, and that the elevated level of IKK leads
to an increase in NF-«xB transcriptional activity. These results are consistent with the observa-
tion that loss of KEAP1 was correlated with higher NF-kB transcriptional activity in human
tumors [61].

Growth rate of cells with different levels of basal NRF2 activity

Loss of KEAP1 has been reported to increase the proliferation rate of MEFs [48;63]. To confirm
and expand these studies, we counted the number of viable WT and Keap1”~ MEFs at 24-hour
intervals after seeding. We found that significantly more Keap1”’~ MEFs than WT MEFs were
present at 48 and 72 hours (Fig 4A). In addition, when the MEFs were seeded at low density, a
higher percentage of colonies were formed by Keap1”~ MEFs than by WT MEFs (Fig 4B).
These data indicate that loss of KEAP1, which results in elevated levels of NRF2, IKKp, and
BCL2, confers a growth and survival advantage to MEFs. To determine whether loss of func-
tional KEAPI is also correlated with increased proliferation in human tumor cells, we used the
sulforhodamine B (SRB) assay to assess the growth of each of the 20 cell lines over a 72-hour
period. In contrast to the loss of KEAP1 in MEFs, loss of functional KEAP1 and high basal
NREF2 activity in human tumor cell lines was not correlated with a significant increase in
growth (Fig 4C and S6 Fig). This result was not entirely unexpected given that tumor cell pro-
liferation is likely influenced by other dysregulated oncogenic signaling pathways. Although
the growth of cell lines with high basal NRF2 activity was not significantly different than those
with moderate or low basal NRF2 activity, elevated NRF2 activity could still be contributing to
the growth of individual cell lines. To assess this, we used siRNA to reduce NRF2 levels in three
cell lines with high basal NRF2 activity: A549, NCI-H460, and DU 145 (S7 Fig). Consistent
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doi:10.1371/journal.pone.0135257.g003

with previously published results [64], A549 and NCI-H460 cells that were transfected with
NRF2 siRNA grew at a slower rate than those that were mock transfected or transfected with
non-targeting siRNA (Fig 4D and 4E). Therefore, in these two cell lines, high NRF2 activity
appears to be required for optimal growth. In contrast, the growth of DU 145 prostate cancer
cells was not affected by NRF2 siRNA (Fig 4F). These results suggest that the degree of reliance
on high NRF2 activity for growth and survival may be greater for some tumor cell lines than
for others.
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RTA 405 differentially affects the stability of KEAP1 target proteins

We have demonstrated that loss of KEAP1 in MEFs increased NRF2, IKKj, and BCL2 levels,
as well as the rate of proliferation. Similarly, human tumor cell lines with high basal NRF2
activity also tend to have elevated IKKp and BCL2 (Fig 2D and 2E). In the clinic, tumors with
this profile have been reported to be more aggressive and resistant to therapy [30;31;61]. As
described above, it is well-established that the AIMs bind to KEAP1 and block its ability to tar-
get NRF2 for degradation [8]. However, the effect of AIMs on other KEAP1 target proteins has
not previously been assessed. Therefore, we treated WT and Keapl”~ MEFs, as well as the
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panel of 20 human tumor lines, with RT A 405 and measured the protein levels and activities of
NRF2, BCL2 and IKKS.

In WT MEFs, RTA 405 treatment dose-dependently increased Ngo!I and Gclm mRNA lev-
els, but did not further increase the already elevated mRNA levels in Keap1”’~ MEFs (Fig 5A
and 5B). This is consistent with the established mechanism of action of the AIMs—direct bind-
ing to KEAP1 C151 blocks NRF2 degradation and results in its accumulation and activation as
a transcription factor [5]. It is notable that the maximal induction of Nqol and Gclm by RTA
405 in WT MEFs was much lower than the basal levels of these NRF2 targets in Keapl”~ MEFs.
In the tumor cell lines, we found that the magnitude of NRF2 target gene induction by RTA
405 was inversely correlated with the basal level of NRF2 activity (Fig 5C and 5D). RTA 405
dose-dependently increased NQOI mRNA levels in cell lines with low basal NRF2 activity (Fig
5C, MG-63). We also observed a dose-dependent increase in NQOI mRNA levels in cells with
moderate basal NRF2 activity, but the magnitude (fold) of the increase was lower (Fig 5C,
HepG2). Similar to Keapl”~ MEFs, cell lines with high basal NRF2 activity exhibited little or no
increase in NQOI mRNA levels following RTA 405 treatment (Fig 5C, A549). We observed
similar trends for the other cell lines in each group (S8 Fig). The average maximal RTA
405-mediated increase in NQOI mRNA levels was significantly lower in cell lines with high
basal NRF2 activity than in cell lines with low or moderate basal NRF2 activity (Fig 5D). We
also observed similar trends in NQOI induction in tumor cells treated with another AIM, bar-
doxolone methyl (data not shown).

We next asked whether RTA 405 treatment increases the levels of IKKB and BCL2 in tumor
cells. In cells with low basal NRF2 activity, treatment with 250 nM RTA 405 increased the levels
of NRF2 and NQO1; however, RTA 405 did not increase the levels of IKKf or BCL2 (Fig 5E).
RTA 405 also did not increase IKKB or BCL2 levels in most cells with moderate or high basal
NREF2 activity (S9 Fig). We did observe an increase in BCL2 levels in one cell line with moder-
ate basal NRF2 activity (HCT-15 line; S9 Fig), but the underlying mechanism is not known. To
further examine the effect of RTA 405 on IKKB and BCL2, we treated three cell lines that had
low basal NRF2 activity with RTA 405 concentrations ranging from 15 to 250 nM. We
observed concentration-dependent increases in nuclear NRF2 and several NRF2 targets; how-
ever in clear contrast, we did not observe an increase in IKK or BCL2 levels following treat-
ment with RTA 405 (Fig 5F). These results indicate that RTA 405 modulates KEAP1 activity in
a way that appears to increase the stability of NRF2, but not IKK or BCL2. AIMs have been
shown to inhibit NF-xB signaling in a variety of contexts [2;27;28]. Consistent with this, RTA
405 treatment decreased the mRNA levels of NF-«B target genes, Ccndl and Mmp9, in WT
MEFs (Fig 5G). Notably, RTA 405 also reduced the elevated basal Ccndl mRNA levels in
KeapI™™ MEFs, suggesting that RTA 405 could counteract the effects of KEAP1 loss on the NF-
kB signaling pathway.

RTA 405 inhibits growth and survival equivalently in cells with different
basal NRF2 activity

The increase in proliferation and survival observed in MEFs derived from Keapl™ mice has
been proposed to be the result of high NRF2 activity [30;31]. Since RT'A 405 increases NRF2
activity in MEFs, we asked whether RTA 405 treatment would also increase MEF proliferation.
Despite clear activation of NRF2 in WT MEFs (Fig 5A), we found that RTA 405 inhibited
growth and colony formation (Fig 6A and 6C). Treatment with RTA 402 (bardoxolone methyl)
produced similar results (S10 Fig). These results demonstrate that treatment with AIMs and
loss of KEAP1 do not have the same effects on MEF proliferation and survival. RTA 405 also
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cell lines with low basal NRF2 activity following treatment with vehicle or 250 nM RTA 405 for 24 hours. Actin served as a loading control. ND, none detected.
F. Protein levels of NRF2 (nuclear fraction) and NQO1, GCLM, TXNRD1, IKKB, and BCL2 (cytosolic fraction) were evaluated by western blot in the MG-63
osteosarcoma, HCT 116 colon carcinoma, and MDA-MB-231 mammary carcinoma cell lines following treatment with vehicle or RTA 405 for 24 hours. Actin
(whole-cell lysate) and Histone H3 (nuclear fraction) served as loading controls. G. Effect of 18-hour RTA 405 treatment on mRNA levels of Ccnd1 (top
panel) and Mmp9 (bottom panel) assessed by gPCR. mRNA levels were normalized to those in vehicle-treated WT cells. Data points are the mean of three
independent experiments. Error bars are SEM. Statistical significance was determined by one-way ANOVA and Dunnett's multiple comparisons test. *,

P <0.05; **** P <0.0001.

doi:10.1371/journal.pone.0135257.9005

inhibited growth and colony formation in Keapl”’~ MEFs (Fig 6B and 6D), demonstrating that
RTA 405 is able to counteract the effects of KEAP1 loss on cell proliferation and survival.

It has previously been reported that tumor cell lines that have high NRF2 activity are resis-
tant to anticancer agents [36]. AIMs are known to directly inhibit tumor cell growth and
induce apoptosis in an NRF2-independent manner [1]. In this regard, AIMs have been shown
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doi:10.1371/journal.pone.0135257.9006
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to reduce cyclin D1 levels [23], increase p21 levels [23], and increase caspase cleavage [65]. To
determine whether the direct anticancer activity of RTA 405 is reduced in tumor cell lines with
high NRF2 activity, we treated the panel of 20 tumor cell lines with RTA 405 ranging in con-
centration from 50 nM to 1000 nM and measured cell viability. We found no significant differ-
ence in the mean ICs, (Fig 7A) or Gls, (Fig 7B) values in cell lines with low, moderate, or high
basal NRF2 activity, suggesting that high basal NRF2 levels do not provide resistance to RTA
405-mediated growth inhibition. We observed similar results in a subset of cell lines treated
with bardoxolone methyl (510 Fig). In addition, we observed no significant difference in mean
caspase-3/7 activity between the three groups of cell lines following treatment with RTA 405
(Fig 7C). Individual values for ICs, GI5o, and caspase-3/7 activity are in S3 Table. To evaluate
the effects of RTA 405 on proteins involved in apoptosis and cell cycle control, we treated the
tumor cells with 250 nM, 500 nM, and 1000 nM RTA 405 and assessed protein levels by west-
ern blot (Fig 7D and S11 Fig). RTA 405 treatment increased caspase-3 and caspase-9 cleavage
in cell lines with low, moderate, or high basal NRF2 activity (Fig 7D, S4 Table, and S11 Fig).
Reductions in CCND1, XIAP, and BIRC2 protein levels occurred at similar concentrations.
RTA 405 also increased CDKN1A (p21) levels at concentrations ranging from 250 to 1000 nM.

The results above indicate that high basal NRF2 activity levels, reflective of KEAP1 loss or
mutation, do not protect tumor cells from RTA 405-mediated growth inhibition. To directly
test this, we asked whether reducing NRF2 in cell lines with high basal NRF2 activity would
sensitize the tumor cells to RTA 405-mediated growth inhibition. NRF2 siRNA reduced the
basal levels of NRF2, NQO1, and GCLM in DU 145, A549, and NCI-H460 cell lines (S7 Fig).
However, reducing NRF2 levels had no significant effect on RTA 405-mediated growth inhibi-
tion in NCI-H460 or DU-145 cells (Fig 7E). Furthermore, rather than sensitizing A549 cells to
RTA 405, NRF2 siRNA resulted in a slight decrease in the sensitivity of these cells to RTA
405-mediated growth inhibition (Fig 7E). These results support the conclusion that high basal
NRF2 activity in tumor cells does not provide resistance to RTA 405-mediated growth
inhibition.

As shown above, the direct effects of RT A 405 on tumor cell growth are appreciable at
concentrations > 250 nM. However, we have shown that RTA 405 increases NRF2 activity at
concentrations as low as 16 nM (Fig 5). To assess the effects of low RTA 405 concentrations,
we measured NQOI mRNA levels and survival in cell lines treated with 100 to 125 nM RTA
405—doses of RTA 405 that increase NRF2 activity, but do not directly reduce growth of
tumor cells. As expected, 125 nM RTA 405 increased NQOI mRNA levels in cell lines with low
and moderate basal NRF2 activity levels, but not in those with high basal NRF2 activity levels
(Fig 7F). In contrast, the mean percent survival following treatment with 100 nM RTA 405 was
not significantly different between cell lines with low, moderate, or high basal NRF2 activity
(Fig 7G). We observed similar results in a subset of cell lines treated with bardoxolone methyl
(S10 Fig). Therefore, activation of NRF2 by low concentrations of RTA 405 did not correlate
with an increase in tumor cell survival.

RTA 405 inhibits growth equivalently in cell lines with wild-type or mutant
KRAS

Activated KRAS (G12D) has been reported to increase transcription of NFE2L2 and some
NRE2 target genes [35]. Since ablation of Nfe2I2 reduced KRAS®'*P-mediated tumorigenesis
in mice [35], we asked whether RTA 405-mediated activation of NRF2 could increase survival
of cells with mutant Kras. To investigate this, we first used MEFs derived from LSL-Kras®'*”/*
mice [50]. Treatment with adenoviral Cre recombinase resulted in complete excision of the
STOP cassette (Fig 8A), which allowed translation of the Kras®'*” oncogenic protein (Fig 8B).
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B. Glsg values for cell lines treated with RTA 405 for 72 hours. C. Maximum RTA 405-induced caspase-3/7 activity observed in cells treated with 1600 nM
RTA 405 for 24 hours. Caspase-3/7 activity was normalized to activity in 786—0 cells (value, 100). D. Cells with low (L), moderate (M), or high (H) basal NRF2
activity were treated with RTA 405 for 24 hours and levels of caspase-3, caspase-9, cyclin D1, CDKN1A (p21), XIAP, and BIRC2 were evaluated by western
blot in whole-cell lysates. Actin served as a loading control. E. Cells were mock transfected or transfected with non-targeting or NRF2 siRNA and then treated
with RTA 405 for 72 hours. Growth was assessed using the SRB assay. F. Effect of 125 nM RTA 405 on NQO7 mRNA levels. Cells were treated with RTA
405 for 18 hours and NQO7 mRNA levels were assessed by gPCR. G. Cells were treated with 100 nM RTA 405 for 48 hours and cell viability was
determined. Percent of vehicle-treated cell survival is shown. For (A, B, G) cell viability was determined using the SRB assay. For (A-C, F, G) data points for
individual cell lines are the mean of three individual experiments and horizontal lines are the mean of all cell lines in each group. Statistical significance was
determined by Mann-Whitney test. ns, not significant; *, P < 0.05; **, P < 0.01; *** P < 0.001.

doi:10.1371/journal.pone.0135257.9007

GI12D/+ G12D/+

Compared to mock infected LSL-Kras cells, viral-cre infected LSL-Kras cells
tended to have slightly higher Nfe2I2 mRNA levels, although the difference was not statistically
significant (Fig 8C). However, in our hands, they did not exhibit higher Ngo1, Gcle, Gelm, or
Hmox1 mRNA levels. RTA 405 treatment increased expression of NRF2 target genes similarly
in mock infected LSL-Kras®'?P’* and viral-Cre infected LSL-Kras®*2P’* cells, indicating that
RTA 405 activates NRF2 equivalently in both cell lines (Fig 8D and S12 Fig). When we assessed
viability, we found that RTA 405 inhibited growth equivalently in mock infected
LSL-Kras®'?P"* and viral-Cre infected LSL-Kras®*?®’* MEFs (Fig 8E). We next asked whether
the presence of a mutant KRAS allele is associated with NRF2 activation in human tumor cell
lines. We found that KRAS was mutated in a similar percentage of cell lines in the groups with
low (50%, n = 8) or high (43%, n = 7) basal NRF2 activity (S5 Table). In addition, cell lines with
mutant KRAS exhibited no significant difference in basal levels of NQOI mRNA, total glutathi-
one, or ROS when compared to those with wild-type KRAS (S13 Fig). Cell lines with wild-type
or mutant KRAS alleles were equivalently sensitive to RT A 405-mediated growth inhibition
and caspase activation (Fig 8F and 8G). Furthermore, activation of NRF2 by a low dose of RTA
405 did not differentially affect survival of cell lines with wild-type or mutant KRAS alleles (Fig
8H). We observed similar results in a subset of cell lines treated with bardoxolone methyl (S10
Fig). Taken together, these results indicate that activation of NRF2 by RTA 405 does not
increase survival of cells with mutations in KRAS.

RTA 405 treatment does not decrease sensitivity of tumor lines to
doxorubicin or cisplatin

KEAPI inactivation and NRF2 activation are associated with increased resistance to chemo-
therapeutics in human tumors [36]. To assess whether activation of NRF2 by RTA 405 reduces
the sensitivity of tumor cells to other therapeutic agents we first identified an appropriate dura-
tion of RTA 405 pre-treatment. Treatment with 25, 50, or 100 nM RTA 405 for 2, 6, or 24
hours increased NQOI and GCLM mRNA levels in a time- and dose-dependent manner in
HCT 116 (Fig 9A) and MDA-MB-231 (Fig 9B) cells. Despite robust induction of NRF2 target
genes, pre-treatment with RTA 405 for 24 hours did not reduce the sensitivity of either cell line
to growth inhibition by doxorubicin or cisplatin (Fig 9C and 9D). We observed similar results
when cells were pre-treated with RTA 405 for two or six hours (S14 Fig).

Discussion

The results from this study demonstrate that treatment with an AIM does not have the same
effect as KEAP1 loss or mutation on cancer cell growth and survival. There are several mecha-
nistic differences between these two modes of KEAP1 inhibition that could explain these dispa-
rate effects (summarized in Fig 10). The first is the differential effect of RTA 405 on
KEAP1-mediated degradation of its target proteins. We found that basal levels of other cancer-
related KEAPI1 targets, IKKB and BCL2, were elevated in Keapl’/ " MEFs (Fig 3) and in human
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vehicle-treated cell survival is shown. For (F-H) data points for individual cell lines are the mean of three individual experiments and horizontal lines are the
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doi:10.1371/journal.pone.0135257.9008
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and mRNA levels were assessed by gPCR. Data points are the mean of three independent experiments. Error bars are SD. C-D. Effect of RTA 405 treatment
on the growth inhibitory activity of doxorubicin (left panel) or cisplatin (right panel) in HCT 116 (C) and MDA-MB-231 (D) cells. Cells were treated with the
indicated concentrations of RTA 405 for 24 hours and then treated with doxorubicin or cisplatin for an additional 72 hours. Cell viability was determined using
the SRB assay. Data points, mean percent survival of triplicates; error bars, SD. Data is representative of three individual experiments.

doi:10.1371/journal.pone.0135257.9009

tumor lines with high basal NRF2 activity (Fig 2). Moreover, in human tumor biopsies, IKKf
protein levels are inversely correlated with KEAP1/CUL3 levels [59;61]. In contrast, RTA 405
increased the levels of NRF2, but not IKKB or BCL2, in human tumor cell lines (Fig 5).
KEAP1-NRF2 binding has recently been shown to involve different amino acids than those
involved in the KEAP1-IKKp interaction [66]. Furthermore, several KEAP1 mutations that
were identified in lung cancer specimens differentially affect binding of NRF2 and IKKf to
KEAPI [57]. These data support a model where AIM binding to KEAP1 induces a conforma-
tional change that blocks the ability of KEAP1 to promote NRF2 ubiquitination, but preserves
the ability of KEAP1 to target other proteins, such as IKKf and BCL2, for ubiquitination. It is
interesting to note that tert-Butylhydroquinone (tBHQ) increases both NRF2 and BCL2 levels
in the Hepa-1 cell line [60], suggesting that distinct classes of KEAP1 ligands may have differ-
ent effects on KEAP1-interacting proteins.

A second difference between AIMs treatment and and KEAP1 loss or mutation is that the
AIMs are also able to directly suppress NF-kB activity by binding to cysteine residue 179 of
IKKB and inhibiting its kinase activity [28;29]. Consistent with this, RT'A 405 has previously
been shown to inhibit cancer cell growth and induce apoptosis at concentrations that inhibit
NF-kB [46;47]. We and others have shown that loss or mutation of KEAP1 increases the levels
of NRF2, IKKB, and downstream NF-kB activity [59]. In contrast, RTA 405 binds to KEAP1
and increases the levels of NRF2, but does not increase IKKP levels or NF-kB activity. More-
over, RTA 405 also directly inhibits IKKB and decreases NF-«B activity, as evidenced by
reduced Ccndl1 levels in Keapl” MEFs The decrease in NF-xB activity may suppress tumor
cell survival and promote apoptosis (Fig 10).

A third difference between AIM treatment and KEAP1 loss or mutation could be attributed
to additional KEAP1-independent effects of AIMs. In this study, we found that RTA 405-medi-
ated inhibition of tumor cell growth (ICso and GI5, values) did not correlate with basal NRF2
activity or with the ability of RT'A 405 to increase NRF2 activity (Fig 7), consistent with many
studies that have shown that RTA 405 modulates the activity of other proteins that directly
influence the growth and survival of tumor cells. Indeed several targets and pathways have
been reported to contribute to the direct anticancer activity of the AIMs, including IKKf,
STATS3, JNK, CDKNIA (p21), and cyclin D1 [1;67].

A final and important difference between RTA 405 treatment and loss of KEAP1 function is
that the latter results in a more robust and prolonged activation of NRF2. RTA 405 treatment
increased NRF2 target gene expression to only 27-40% of that in Keap1”~ MEFs (Fig 5A and
5B). Similar results were observed when Ngol mRNA levels were compared in mouse liver tis-
sue from Keap1-KD mice or wild type mice treated with another AIM, CDDO-Im [68]. Com-
pared to the effects of KEAPI loss, activation of NRF2 target gene expression by AIMs is less
robust and may be shorter in duration due to the reversible nature of AIM binding to thiols
such as the sensor cysteine (C151) on Keapl [69]. Alternatively, pharmacological NRF2 activa-
tors may engage an auto-regulatory KEAP1-NRF2 feedback loop [70], which would be dys-
functional in the context of KEAP1 deletion or mutation. Therefore, high levels of sustained
NRF?2 activity, which would occur following KEAP1 loss or mutation but not following phar-
macological inhibition of KEAP1, may be required to provide a growth or survival advantage
to some cancer cells.

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 21/29



@‘PLOS | ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

Normal physiological
conditions

KEAP1
NRF2

L

Degradation

KEAP1
IKKB

KEAP1

S

nucleus

Cell survival

|—X—> Antioxidant
genes

ARE

genes

KEAP1 loss or mutation
in tumor cells

S @

A 1O

KEAP1
) IKKB

v v

Degradation Degradation

Apoptosis

Apoptosis ¢
7 clous @ ‘—)Antioxidant Cell survival
genes genes
ARE
RTA 405 treatment
in tumor cells rtA 405 — (=1

RTA 405

Antioxidant
genes

ARE

Cell survival
genes

Fig 10. Schematic diagram of the different consequences of genetic loss or mutation of KEAP1 and pharmacological inhibition of KEAP1 by RTA
405. Upper panel. Under normal physiological conditions, KEAP1 promotes the degradation of its target proteins: NRF2, BCL2, and IKKB. NRF2 target
antioxidant genes and NF-kB target cell survival genes are not expressed. Middle panel. When KEAP1 is mutated or KEAP1 levels are reduced, it is no
longer able to promote degradation of its target proteins. Therefore NRF2, IKKB, and BCL2 levels are elevated. As a result, NRF2 accumulates, translocates
to the nucleus and increases expression of antioxidant genes. IKKR levels also accumulate and phosphorylate IkBa, resulting in its degradation. When IkBa
is degraded, NF-kB is able to translocate to the nucleus and increase expression of cell survival genes. Elevated BCL2 levels inhibit apoptosis. Lower panel.

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015

22/29



el e
@ ' PLOS ‘ ONE RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

RTA 405 binds to KEAP1 and blocks its ability to promote NRF2 degradation. NRF2 then translocates to the nucleus where it is transcriptionally active.
However, RTA 405 does not inhibit the ability of KEAP1 to promote BCL2 or IKKB degradation; therefore, the levels of these proteins are not elevated.
Furthermore, RTA 405 also directly inhibits the activity of IKK, further reducing downstream NF-kB activity and inhibiting NF-kB target gene expression.
RTA 405 also increases apoptosis independently of KEAP1/NRF2.

doi:10.1371/journal.pone.0135257.9g010

Activated oncogenic proteins such as KRASS'?" have been shown to increase expression of
Nfe2I2 [35;71]. In the present study, expression of KRASS'?P resulted in a small non-statisti-
cally significant increase in the mRNA levels of Nfe2l2, but not of any NRF2 target genes evalu-
ated (Fig 8C). Increased expression of Nfe2I2 has previously been proposed to facilitate KRAS-
induced proliferation; yet, in the same study, abrogation of the KRASC?P_mediated increase of
Nfe2I2 expression by the MEK inhibitor AZD6244 did not inhibit the KRAS®'*P-mediated
increase in proliferation [35]. Consistent with this, we found that RTA 405 treatment did not
increase proliferation of KRAS®'*® MEFs (Fig 8E). Similar findings have also been reported in
vivo: chronic administration of a natural NRF2 activator, sulforaphane, did not enhance
tumorigenesis in the KRAS®'?® mouse lung cancer model, despite increasing the levels of
NREF2 target genes in lung tissue [72]. Similarly, treatment with bardoxolone methyl increased
survival in the LSL-Kras®"?”*;LSL-Trp53%'7?""/*;Pdx-1-Cre (KPC) mouse model of pancreatic
cancer [46].

In this study we found that RTA 405 did not reduce the sensitivity of tumor cells to doxoru-
bicin- or cisplatin-mediated growth inhibition, despite increasing NRF2 activity. This is consis-
tent with a recent study, which demonstrated that the efficacy of cisplatin and paclitaxel in a
mouse lung cancer model was not compromised by bardoxolone methyl [73]. At higher con-
centrations, AIMs have been shown to enhance the cytotoxic activity of chemotherapeutics
[15;27]. Such a dual-acting compound, having NRF2-activating and anticancer properties,
could provide an advantage in combination with other standard therapeutics by protecting
normal cells from drug-associated toxicities without sacrificing anticancer activity. Further-
more, activation of NRF2 in myeloid-derived suppressor cells reverses tumor-mediated
immune suppression [19;20]; therefore, the use of an NRF2 activator in combination with tar-
geted cancer immunotherapies may also be a promising approach to cancer treatment.

We selected the AIM RTA 405 for use in this study as a stringent test of a well-characterized
NRF2-activating compound that has demonstrated efficacy in several models of inflammatory
disease [41-44]. At higher concentrations, RT'A 405 has NRF2-independent anticancer activity
and is able to suppress oncogenic signaling pathways, including NF-kB and STAT3 [46]. More-
over, RTA 405 has been shown to reduce the number, size, and grade of tumors in a mouse
model of lung cancer [11;47]. The potent anticancer activity of RTA 405 in vivo is likely due its
effects on multiple cell types within the tumor microenvironment. In addition to directly inhib-
iting tumor cell growth, AIMs potently modulate the activity of myeloid-derived suppressor
cells and tumor-suppressed T cells [19;20], dendritic cells [18], bone marrow stromal cells [15],
macrophages [21], and vascular endothelia [17]. Activation of NRF2 in myeloid-derived sup-
pressor cells prevents metastasis and reverses tumor-mediated immune suppression [19;20;74];
therefore, a compound that activates NRF2 in the tumor microenvironment and directly inhib-
its tumor cell growth is a promising therapeutic approach. In this regard, bardoxolone methyl
was well-tolerated in a phase 1 clinical trial in patients with solid tumors and lymphomas [3].
In this trial, bardoxolone methyl increased the expression of NQO! in peripheral blood mono-
nuclear cells and decreased NF-xB and cyclin D1 levels in tumor biopsies. One patient with
mantle cell lymphoma had a complete response and a patient with anaplastic thyroid carci-
noma had a partial response of 18 months in duration. Based on these promising preliminary
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findings, the safety and tolerability of a related compound, RTA 408 [2], is currently being eval-
uated in patients with metastatic non-small cell lung cancer or melanoma [75].

Supporting Information

S1 Fig. Basal levels of NRF2, KEAP1, and NQOL1 proteins in a panel of human tumor cell
lines (uncropped blots).
(TIF)

S2 Fig. Basal levels of NQOI mRNA, total glutathione, and reactive oxygen species in a
panel of human tumor cell lines.
(TIF)

S3 Fig. Protein levels of other KEAP1-interacting proteins.
(TIF)

$4 Fig. Characterization of wild-type and Keapl”’~ murine embryonic fibroblasts.
(TIF)

S5 Fig. Basal mRNA levels of Ccl5, Bcl2l1, Birc3, Ccl2, and I11b in wild-type and Keapl‘/'
MEFs measured by qPCR.
(TIF)

S6 Fig. Growth rates of human tumor cell lines with different levels of basal NRF2 activity.
(TIF)

S7 Fig. Validation of NRF2 knockdown by siRNA.
(TIF)

S8 Fig. NQO1I and GCLM mRNA levels following treatment with RTA 405.
(TIF)

S9 Fig. Effect of RTA 405 on other KEAP1 target proteins.
(TIF)

$10 Fig. Basal NRF2 activity and KRAS genotype does not affect bardoxolone methyl-
mediated inhibition of cell growth and viability.
(TIF)

S11 Fig. Effect of RT A 405 on markers of apoptosis and cell cycle control.
(TIF)

S12 Fig. Effect of RTA 405 treatment on Hmox1, Gclc, and Nrf2 mRNA levels in LSL-
Kras®"*""* murine embryonic fibroblasts.

(TIF)

$13 Fig. Assessment of basal NRF2 activity in a panel of human tumor cell lines with wild-
type or mutant KRAS.
(TIF)

S14 Fig. Effect of RTA 405 treatment on the growth inhibitory activity of doxorubicin or
cisplatin in HCT-116 and MDA-MB-231 cells.
(TTF)

S1 Protocols. Additional Materials and Methods.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 24/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s015

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

S1 Table. PCR primer information.
(DOCX)

$2 Table. Antibody information.
(DOCX)

S3 Table. Effect of AIMs on Viability, Growth, and Apoptosis in Human Tumor Cell Lines.
(DOCX)

S$4 Table. Effect of RTA 405 on Markers of Apoptosis and Proliferation in Human Tumor
Cell Lines.
(DOCX)

S5 Table. KRAS Status in Human Tumor Cell Lines.
(DOCX)

Acknowledgments

We wish to thank Drs. Jerry W. Shay, Colin J. Meyer, Keith Ward, and Irina Dulubova for their
critical review of the manuscript.

Author Contributions

Conceived and designed the experiments: BLP WCW DAF. Performed the experiments: BLP
LM IT. Analyzed the data: BLP LM IT WCW DAF. Wrote the paper: BLP WCW DAF.

References

1. Liby KT, Sporn MB. Synthetic oleanane triterpenoids: multifunctional drugs with a broad range of appli-
cations for prevention and treatment of chronic disease. Pharmacol Rev 2012 Oct; 64(4):972—1003.
doi: 10.1124/pr.111.004846 PMID: 22966038

2. ProbstBL, Trevino I, McCauley L, Bumeister R, Dulubova I, Wigley WC, et al. RTA 408, A Novel Syn-
thetic Triterpenoid with Broad Anticancer and Anti-Inflammatory Activity. PLoS ONE 2015; 10(4):
€0122942. doi: 10.1371/journal.pone.0122942 PMID: 25897966

3. Hong DS, Kurzrock R, Supko JG, He X, Naing A, Wheler J, et al. A Phase | First-in-Human Trial of Bar-
doxolone Methyl in Patients with Advanced Solid Tumors and Lymphomas. Clin Cancer Res 2012 May
25.

4. Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, et al. Keap1 represses nuclear activation
of antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes
Dev 1999 Jan 1; 13(1):76-86. PMID: 9887101

5. Cleasby A, Yon J, Day PJ, Richardson C, Tickle IJ, Williams PA, et al. Structure of the BTB Domain of
Keap1 and Its Interaction with the Triterpenoid Antagonist CDDO. PLoS ONE 2014; 9(6):98896. doi:
10.1371/journal.pone.0098896 PMID: 24896564

6. Baird L, Dinkova-Kostova AT. The cytoprotective role of the Keap1-Nrf2 pathway. Arch Toxicol 2011
Apr; 85(4):241-72. doi: 10.1007/s00204-011-0674-5 PMID: 21365312

7. Baird L, Lleres D, Swift S, Dinkova-Kostova AT. Regulatory flexibility in the Nrf2-mediated stress
response is conferred by conformational cycling of the Keap1-Nrf2 protein complex. Proc Natl Acad Sci
U S A2013 Sep 17; 110(38):15259-64. doi: 10.1073/pnas.1305687110 PMID: 23986495

8. Dinkova-Kostova AT, Liby KT, Stephenson KK, Holtzclaw WD, Gao X, Suh N, et al. Extremely potent
triterpenoid inducers of the phase 2 response: correlations of protection against oxidant and inflamma-
tory stress. Proc Natl Acad Sci U S A 2005 Mar 22; 102(12):4584—-9. PMID: 15767573

9. Sporn MB, Liby KT, Yore MM, Fu L, Lopchuk JM, Gribble GW. New synthetic triterpenoids: potent
agents for prevention and treatment of tissue injury caused by inflammatory and oxidative stress. J Nat
Prod 2011 Mar 25; 74(3):537-45. doi: 10.1021/np100826¢q PMID: 21309592

10. Pergola PE, Raskin P, Toto RD, Meyer CJ, Huff JW, Grossman EB, et al. Bardoxolone methyl and kid-
ney function in CKD with type 2 diabetes. N Engl J Med 2011 Jul 28; 365(4):327-36. doi: 10.1056/
NEJMoa1105351 PMID: 21699484

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 25/29


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135257.s020
http://dx.doi.org/10.1124/pr.111.004846
http://www.ncbi.nlm.nih.gov/pubmed/22966038
http://dx.doi.org/10.1371/journal.pone.0122942
http://www.ncbi.nlm.nih.gov/pubmed/25897966
http://www.ncbi.nlm.nih.gov/pubmed/9887101
http://dx.doi.org/10.1371/journal.pone.0098896
http://www.ncbi.nlm.nih.gov/pubmed/24896564
http://dx.doi.org/10.1007/s00204-011-0674-5
http://www.ncbi.nlm.nih.gov/pubmed/21365312
http://dx.doi.org/10.1073/pnas.1305687110
http://www.ncbi.nlm.nih.gov/pubmed/23986495
http://www.ncbi.nlm.nih.gov/pubmed/15767573
http://dx.doi.org/10.1021/np100826q
http://www.ncbi.nlm.nih.gov/pubmed/21309592
http://dx.doi.org/10.1056/NEJMoa1105351
http://dx.doi.org/10.1056/NEJMoa1105351
http://www.ncbi.nlm.nih.gov/pubmed/21699484

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Liby K, Royce DB, Williams CR, Risingsong R, Yore MM, Honda T, et al. The synthetic triterpenoids
CDDO-methyl ester and CDDO-ethyl amide prevent lung cancer induced by vinyl carbamate in A/J
mice. Cancer Res 2007 Mar 15; 67(6):2414-9. PMID: 17363558

So JY, Wahler JE, Yoon T, Smolarek AK, Lin 'Y, Shih WJ, et al. Oral administration of a gemini vitamin
D analog, a synthetic triterpenoid and the combination prevents mammary tumorigenesis driven by
ErbB2 overexpression. Cancer Prev Res (Phila) 2013 Sep; 6(9):959-70.

Yates MS, Kwak MK, Egner PA, Groopman JD, Bodreddigari S, Sutter TR, et al. Potent protection
against aflatoxin-induced tumorigenesis through induction of Nrf2-regulated pathways by the triterpe-
noid 1-[2-cyano-3-,12-dioxooleana-1,9(11)-dien-28-oyl]limidazole. Cancer Res 2006 Feb 15; 66
(4):2488-94. PMID: 16489057

Tran K, Risingsong R, Royce D, Williams CR, Sporn MB, Liby K. The synthetic triterpenoid CDDO-
methyl ester delays estrogen receptor-negative mammary carcinogenesis in polyoma middle T mice.
Cancer Prev Res (Phila) 2012 May; 5(5):726-34.

Chauhan D, Li G, Podar K, Hideshima T, Shringarpure R, Catley L, et al. The bortezomib/proteasome
inhibitor PS-341 and triterpenoid CDDO-Im induce synergistic anti-multiple myeloma (MM) activity and
overcome bortezomib resistance. Blood 2004 Apr 15; 103(8):3158-66. PMID: 15070698

Townson JL, Macdonald IC, Liby KT, Mackenzie L, Dales DW, Hedley BD, et al. The synthetic triterpe-
noid CDDO-Imidazolide suppresses experimental liver metastasis. Clin Exp Metastasis 2011 Jan 15.

Vannini N, Lorusso G, Cammarota R, Barberis M, Noonan DM, Sporn MB, et al. The synthetic oleanane
triterpenoid, CDDO-methyl ester, is a potent antiangiogenic agent. Mol Cancer Ther 2007 Dec; 6
(12):3139—-46. PMID: 18065492

Ling X, Konopleva M, Zeng Z, Ruvolo V, Stephens LC, Schober W, et al. The novel triterpenoid C-28
methyl ester of 2-cyano-3, 12-dioxoolen-1, 9-dien-28-oic acid inhibits metastatic murine breast tumor
growth through inactivation of STAT3 signaling. Cancer Res 2007 May 1; 67(9):4210-8. PMID:
17483332

Hiramoto K, Satoh H, Suzuki T, Moriguchi T, Pi J, Shimosegawa T, et al. Myeloid lineage-specific dele-
tion of antioxidant system enhances tumor metastasis. Cancer Prev Res (Phila) 2014 Aug; 7(8):835—
44,

Nagaraj S, Youn JI, Weber H, Iclozan C, Lu L, Cotter MJ, et al. Anti-inflammatory triterpenoid blocks
immune suppressive function of MDSCs and improves immune response in cancer. Clin Cancer Res
2010 Mar 15; 16(6):1812—23. doi: 10.1158/1078-0432.CCR-09-3272 PMID: 20215551

Suh N, Wang Y, Honda T, Gribble GW, Dmitrovsky E, Hickey WF, et al. A novel synthetic oleanane tri-
terpenoid, 2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid, with potent differentiating, antiproliferative,
and anti-inflammatory activity. Cancer Res 1999 Jan 15; 59(2):336—41. PMID: 9927043

Konopleva M, Tsao T, Ruvolo P, Stiouf |, Estrov Z, Leysath CE, et al. Novel triterpenoid CDDO-Me is a
potent inducer of apoptosis and differentiation in acute myelogenous leukemia. Blood 2002 Jan 1; 99
(1):326-35. PMID: 11756188

Lapillonne H, Konopleva M, Tsao T, Gold D, McQueen T, Sutherland RL, et al. Activation of peroxisome
proliferator-activated receptor gamma by a novel synthetic triterpenoid 2-cyano-3,12-dioxooleana-1,9-
dien-28-oic acid induces growth arrest and apoptosis in breast cancer cells. Cancer Res 2003 Sep 15;
63(18):5926—-39. PMID: 14522919

Ahmad R, Raina D, Meyer C, Kufe D. Triterpenoid CDDO-methyl ester inhibits the Janus-activated
kinase-1 (JAK1)—>signal transducer and activator of transcription-3 (STAT3) pathway by direct inhibi-
tion of JAK1 and STAT3. Cancer Res 2008 Apr 15; 68(8):2920-6. doi: 10.1158/0008-5472.CAN-07-
3036 PMID: 18413761

Liby K, Voong N, Williams CR, Risingsong R, Royce DB, Honda T, et al. The synthetic triterpenoid
CDDO-Imidazolide suppresses STAT phosphorylation and induces apoptosis in myeloma and lung
cancer cells. Clin Cancer Res 2006 Jul 15; 12(14 Pt 1):4288-93. PMID: 16857804

Konopleva M, Zhang W, Shi YX, McQueen T, Tsao T, Abdelrahim M, et al. Synthetic triterpenoid 2-
cyano-3,12-dioxooleana-1,9-dien-28-oic acid induces growth arrest in HER2-overexpressing breast
cancer cells. Mol Cancer Ther 2006 Feb; 5(2):317—28. PMID: 16505105

Shishodia S, Sethi G, Konopleva M, Andreeff M, Aggarwal BB. A synthetic triterpenoid, CDDO-Me,
inhibits IkappaBalpha kinase and enhances apoptosis induced by TNF and chemotherapeutic agents
through down-regulation of expression of nuclear factor kappaB-regulated gene products in human leu-
kemic cells. Clin Cancer Res 2006 Mar 15; 12(6):1828—-38. PMID: 16551868

Ahmad R, Raina D, Meyer C, Kharbanda S, Kufe D. Triterpenoid CDDO-Me Blocks the NF-{kappa}B
Pathway by Direct Inhibition of IKKbeta on Cys-179. J Biol Chem 2006 Nov 24; 281(47):35764-9.
PMID: 16998237

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 26/29


http://www.ncbi.nlm.nih.gov/pubmed/17363558
http://www.ncbi.nlm.nih.gov/pubmed/16489057
http://www.ncbi.nlm.nih.gov/pubmed/15070698
http://www.ncbi.nlm.nih.gov/pubmed/18065492
http://www.ncbi.nlm.nih.gov/pubmed/17483332
http://dx.doi.org/10.1158/1078-0432.CCR-09-3272
http://www.ncbi.nlm.nih.gov/pubmed/20215551
http://www.ncbi.nlm.nih.gov/pubmed/9927043
http://www.ncbi.nlm.nih.gov/pubmed/11756188
http://www.ncbi.nlm.nih.gov/pubmed/14522919
http://dx.doi.org/10.1158/0008-5472.CAN-07-3036
http://dx.doi.org/10.1158/0008-5472.CAN-07-3036
http://www.ncbi.nlm.nih.gov/pubmed/18413761
http://www.ncbi.nlm.nih.gov/pubmed/16857804
http://www.ncbi.nlm.nih.gov/pubmed/16505105
http://www.ncbi.nlm.nih.gov/pubmed/16551868
http://www.ncbi.nlm.nih.gov/pubmed/16998237

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Yore MM, Liby KT, Honda T, Gribble GW, Sporn MB. The synthetic triterpenoid 1-[2-cyano-3,12-diox-
ooleana-1,9(11)-dien-28-oyllimidazole blocks nuclear factor-{kappa}B activation through direct inhibi-
tion of I{kappa}B kinase {beta}. Mol Cancer Ther 2006 Dec; 5(12):3232—-9. PMID: 17148759

Hayes JD, McMahon M. NRF2 and KEAP1 mutations: permanent activation of an adaptive response in
cancer. Trends Biochem Sci 2009 Apr; 34(4):176-88. doi: 10.1016/j.tibs.2008.12.008 PMID: 19321346

Sporn MB, Liby KT. NRF2 and cancer: the good, the bad and the importance of context. Nat Rev Can-
cer 2012 Aug; 12(8):564—71. doi: 10.1038/nrc3278 PMID: 22810811

Wang R, An J, Ji F, Jiao H, Sun H, Zhou D. Hypermethylation of the Keap1 gene in human lung cancer
cell lines and lung cancer tissues. Biochem Biophys Res Commun 2008 Aug 15; 373(1):151—4. doi: 10.
1016/j.bbrc.2008.06.004 PMID: 18555005

Eades G, Yang M, Yao Y, Zhang Y, Zhou Q. miR-200a regulates Nrf2 activation by targeting Keap1
mRNA in breast cancer cells. J Biol Chem 2011 Sep 16.

Zhang P, Singh A, Yegnasubramanian S, Esopi D, Kombairaju P, Bodas M, et al. Loss of Kelch-like
ECH-associated protein 1 function in prostate cancer cells causes chemoresistance and radioresis-
tance and promotes tumor growth. Mol Cancer Ther 2010 Feb; 9(2):336—46. doi: 10.1158/1535-7163.
MCT-09-0589 PMID: 20124447

DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, et al. Oncogene-induced Nrf2
transcription promotes ROS detoxification and tumorigenesis. Nature 2011 Jul 7; 475(7354):106-9.
doi: 10.1038/nature10189 PMID: 21734707

Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1 signaling pathway in cancer. Genes
Dev 2013 Oct 15; 27(20):2179-91. doi: 10.1101/gad.225680.113 PMID: 24142871

Kensler T, Wakabayashi N. Nrf2: friend or foe for chemoprevention? Carcinogenesis 2010; 31(1):90-9.
doi: 10.1093/carcin/bgp231 PMID: 19793802

Choi BH, Kang KS, Kwak MK. Effect of redox modulating NRF2 activators on chronic kidney disease.
Molecules 2014; 19(8):12727-59. doi: 10.3390/molecules190812727 PMID: 25140450

Kensler TW, Egner PA, Agyeman AS, Visvanathan K, Groopman JD, Chen JG, et al. Keap1-nrf2 sig-
naling: a target for cancer prevention by sulforaphane. Top Curr Chem 2013; 329:163-77. doi: 10.
1007/128_2012_339 PMID: 22752583

Fox RJ, Kita M, Cohan SL, Henson LJ, Zambrano J, Scannevin RH, et al. BG-12 (dimethyl fumarate): a
review of mechanism of action, efficacy, and safety. Curr Med Res Opin 2014 Feb; 30(2):251-62. doi:
10.1185/03007995.2013.849236 PMID: 24131282

Stack C, Ho D, Wille E, Calingasan NY, Williams C, Liby K| et al. Triterpenoids CDDO-ethyl amide and
CDDO-trifluoroethyl amide improve the behavioral phenotype and brain pathology in a transgenic
mouse model of Huntington's disease. Free Radic Biol Med 2010 Jul 15; 49(2):147-58. doi: 10.1016/].
freeradbiomed.2010.03.017 PMID: 20338236

Neymotin A, Calingasan NY, Wille E, Naseri N, Petri S, Damiano M, et al. Neuroprotective effect of
Nrf2/ARE activators, CDDO ethylamide and CDDO trifluoroethylamide, in a mouse model of amyotro-
phic lateral sclerosis. Free Radic Biol Med 2011 Jul 1; 51(1):88-96. doi: 10.1016/j.freeradbiomed.2011.
03.027 PMID: 21457778

Chin M, Lee CY, Chuang JC, Bumeister R, Wigley WC, Sonis ST, et al. Bardoxolone methyl analogs
RTA 405 and dh404 are well tolerated and exhibit efficacy in rodent models of Type 2 diabetes and obe-
sity. Am J Physiol Renal Physiol 2013 Jun 15; 304(12):F1438-F1446. doi: 10.1152/ajprenal.00387.
2012 PMID: 23594825

Ding Y, Stidham RD, Bumeister R, Trevino |, Winters A, Sprouse M, et al. The synthetic triterpenoid,
RTA 405, increases the glomerular filtration rate and reduces angiotensin ll-induced contraction of glo-
merular mesangial cells. Kidney Int 2013 May; 83(5):845-54. doi: 10.1038/ki.2012.393 PMID:
23235569

Alabran JL, Cheuk A, Liby K, Sporn M, Khan J, Letterio J, et al. Human Neuroblastoma Cells Rapidly
Enter Cell Cycle Arrest and Apoptosis Following Exposure to C-28 derivatives of the Synthetic Triterpe-
noid CDDO. Cell Cycle 2008 Feb 7; 7(5).

Liby KT, Royce DB, Risingsong R, Williams CR, Maitra A, Hruban RH, et al. Synthetic triterpenoids pro-
long survival in a transgenic mouse model of pancreatic cancer. Cancer Prev Res (Phila) 2010 Nov; 3
(11):1427-34.

Liby K, Risingsong R, Royce DB, Williams CR, Ma T, Yore MM, et al. Triterpenoids CDDO-methyl ester

or CDDO-ethyl amide and rexinoids LG 100268 or NRX194204 for prevention and treatment of lung
cancer in mice. Cancer Prev Res (Phila Pa) 2009 Dec; 2(12):1050-8.

Ohta T, lijima K, Miyamoto M, Nakahara |, Tanaka H, Ohtsuji M, et al. Loss of Keap1 function activates
Nrf2 and provides advantages for lung cancer cell growth. Cancer Res 2008 Mar 1; 68(5):1303-9. doi:
10.1158/0008-5472.CAN-07-5003 PMID: 18316592

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 27/29


http://www.ncbi.nlm.nih.gov/pubmed/17148759
http://dx.doi.org/10.1016/j.tibs.2008.12.008
http://www.ncbi.nlm.nih.gov/pubmed/19321346
http://dx.doi.org/10.1038/nrc3278
http://www.ncbi.nlm.nih.gov/pubmed/22810811
http://dx.doi.org/10.1016/j.bbrc.2008.06.004
http://dx.doi.org/10.1016/j.bbrc.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18555005
http://dx.doi.org/10.1158/1535-7163.MCT-09-0589
http://dx.doi.org/10.1158/1535-7163.MCT-09-0589
http://www.ncbi.nlm.nih.gov/pubmed/20124447
http://dx.doi.org/10.1038/nature10189
http://www.ncbi.nlm.nih.gov/pubmed/21734707
http://dx.doi.org/10.1101/gad.225680.113
http://www.ncbi.nlm.nih.gov/pubmed/24142871
http://dx.doi.org/10.1093/carcin/bgp231
http://www.ncbi.nlm.nih.gov/pubmed/19793802
http://dx.doi.org/10.3390/molecules190812727
http://www.ncbi.nlm.nih.gov/pubmed/25140450
http://dx.doi.org/10.1007/128_2012_339
http://dx.doi.org/10.1007/128_2012_339
http://www.ncbi.nlm.nih.gov/pubmed/22752583
http://dx.doi.org/10.1185/03007995.2013.849236
http://www.ncbi.nlm.nih.gov/pubmed/24131282
http://dx.doi.org/10.1016/j.freeradbiomed.2010.03.017
http://dx.doi.org/10.1016/j.freeradbiomed.2010.03.017
http://www.ncbi.nlm.nih.gov/pubmed/20338236
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.027
http://dx.doi.org/10.1016/j.freeradbiomed.2011.03.027
http://www.ncbi.nlm.nih.gov/pubmed/21457778
http://dx.doi.org/10.1152/ajprenal.00387.2012
http://dx.doi.org/10.1152/ajprenal.00387.2012
http://www.ncbi.nlm.nih.gov/pubmed/23594825
http://dx.doi.org/10.1038/ki.2012.393
http://www.ncbi.nlm.nih.gov/pubmed/23235569
http://dx.doi.org/10.1158/0008-5472.CAN-07-5003
http://www.ncbi.nlm.nih.gov/pubmed/18316592

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Yamamoto T, Suzuki T, Kobayashi A, Wakabayashi J, Maher J, Motohashi H, et al. Physiological signif-
icance of reactive cysteine residues of Keap1 in determining Nrf2 activity. Mol Cell Biol 2008 Apr; 28
(8):2758-70. doi: 10.1128/MCB.01704-07 PMID: 18268004

Tuveson DA, Shaw AT, Willis NA, Silver DP, Jackson EL, Chang S, et al. Endogenous oncogenic K-ras
(G12D) stimulates proliferation and widespread neoplastic and developmental defects. Cancer Cell
2004 Apr; 5(4):375-87. PMID: 15093544

Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D, et al. New colorimetric cytotoxicity
assay for anticancer-drug screening. J Natl Cancer Inst 1990 Jul 4; 82(13):1107-12. PMID: 2359136

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods 2001 Dec; 25(4):402—-8. PMID: 11846609

Shibata T, Ohta T, Tong Kl, Kokubu A, Odogawa R, Tsuta K, et al. Cancer related mutations in NRF2
impair its recognition by Keap1-Cul3 E3 ligase and promote malignancy. Proc Natl Acad SciU S A
2008 Sep 9; 105(36):13568—73. doi: 10.1073/pnas.0806268105 PMID: 18757741

Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque MO, et al. Dysfunctional KEAP1-NRF2
interaction in non-small-cell lung cancer. PLoS Med 2006 Oct; 3(10):e420. PMID: 17020408

Carrasco RA, Stamm NB, Patel BK. One-step cellular caspase-3/7 assay. Biotechniques 2003 May; 34
(5):1064-7. PMID: 12765032

Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque MO, et al. Dysfunctional KEAP1-NRF2
interaction in non-small-cell lung cancer. PLoS Med 2006 Oct; 3(10):e420. PMID: 17020408

Hast BE, Cloer EW, Goldfarb D, Li H, Siesser PF, Yan F, et al. Cancer-Derived Mutations in KEAP1
Impair NRF2 Degradation but not Ubiquitination. Cancer Res 2014 Feb 1; 74(3):808—17. doi: 10.1158/
0008-5472.CAN-13-1655 PMID: 24322982

Chan JY, Kwong M. Impaired expression of glutathione synthetic enzyme genes in mice with targeted
deletion of the Nrf2 basic-leucine zipper protein. Biochim Biophys Acta 2000 Dec 15; 1517(1):19-26.
PMID: 11118612

Lee DF, Kuo HP, Liu M, Chou CK, Xia W, Du Y, et al. KEAP1 E3 ligase-mediated downregulation of
NF-kappaB signaling by targeting IKKbeta. Mol Cell 2009 Oct 9; 36(1):131-40. doi: 10.1016/j.molcel.
2009.07.025 PMID: 19818716

Niture SK, Jaiswal AK. INrf2 (Keap1) targets Bcl-2 degradation and controls cellular apoptosis. Cell
Death Differ 2011 Mar; 18(3):439-51. doi: 10.1038/cdd.2010.114 PMID: 20865015

Thu KL, Pikor LA, Chari R, Wilson IM, Macaulay CE, English JC, et al. Genetic Disruption of KEAP1/
CULS3 E3 Ubiquitin Ligase Complex Components is a Key Mechanism of NF-KappaB Pathway Activa-
tion in Lung Cancer. J Thorac Oncol 2011 Sep; 6(9):1521-9. doi: 10.1097/JTO.0b013e3182289479
PMID: 21795997

Tian H, Zhang B, Di J, Jiang G, Chen F, Li H, et al. Keap1: one stone kills three birds Nrf2, IKKbeta and
Bcl-2/Bcl-xL. Cancer Lett 2012 Dec 1; 325(1):26—34. doi: 10.1016/j.canlet.2012.06.007 PMID:
22743616

Singh A, Bodas M, Wakabayashi N, Bunz F, Biswal S. Gain of Nrf2 function in non-small-cell lung can-
cer cells confers radioresistance. Antioxid Redox Signal 2010 Dec 1; 13(11):1627-37. doi: 10.1089/
ars.2010.3219 PMID: 20446773

Singh A, Boldin-Adamsky S, Thimmulappa RK, Rath SK, Ashush H, Coulter J, et al. RNAi-mediated
silencing of nuclear factor erythroid-2-related factor 2 gene expression in non-small cell lung cancer
inhibits tumor growth and increases efficacy of chemotherapy. Cancer Res 2008 Oct 1; 68(19):7975—
84. doi: 10.1158/0008-5472.CAN-08-1401 PMID: 18829555

Kim KB, Lotan R, Yue P, Sporn MB, Suh N, Gribble GW, et al. Identification of a novel synthetic triterpe-
noid, methyl-2-cyano-3,12-dioxooleana-1,9-dien-28-oate, that potently induces caspase-mediated
apoptosis in human lung cancer cells. Mol Cancer Ther 2002 Jan; 1(3):177-84. PMID: 12467212

Jiang ZY, Chu HX, Xi MY, Yang TT, Jia JM, Huang JJ, et al. Insight into the intermolecular recognition
mechanism between Keap1 and IKKbeta combining homology modelling, protein-protein docking,
molecular dynamics simulations and virtual alanine mutation. PLoS ONE 2013; 8(9):e75076. doi: 10.
1371/journal.pone.0075076 PMID: 24066166

Wang YY, Zhe H, Zhao R. Preclinical evidences toward the use of triterpenoid CDDO-Me for solid can-
cer prevention and treatment. Mol Cancer 2014; 13:30. doi: 10.1186/1476-4598-13-30 PMID:
24552536

Yates MS, Tran QT, Dolan PM, Osburn WO, Shin S, McCulloch CC, et al. Genetic versus chemoprotec-
tive activation of Nrf2 signaling: overlapping yet distinct gene expression profiles between Keap1
knockout and triterpenoid-treated mice. Carcinogenesis 2009 Jun; 30(6):1024-31. doi: 10.1093/carcin/
bgp100 PMID: 19386581

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 28/29


http://dx.doi.org/10.1128/MCB.01704-07
http://www.ncbi.nlm.nih.gov/pubmed/18268004
http://www.ncbi.nlm.nih.gov/pubmed/15093544
http://www.ncbi.nlm.nih.gov/pubmed/2359136
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://dx.doi.org/10.1073/pnas.0806268105
http://www.ncbi.nlm.nih.gov/pubmed/18757741
http://www.ncbi.nlm.nih.gov/pubmed/17020408
http://www.ncbi.nlm.nih.gov/pubmed/12765032
http://www.ncbi.nlm.nih.gov/pubmed/17020408
http://dx.doi.org/10.1158/0008-5472.CAN-13-1655
http://dx.doi.org/10.1158/0008-5472.CAN-13-1655
http://www.ncbi.nlm.nih.gov/pubmed/24322982
http://www.ncbi.nlm.nih.gov/pubmed/11118612
http://dx.doi.org/10.1016/j.molcel.2009.07.025
http://dx.doi.org/10.1016/j.molcel.2009.07.025
http://www.ncbi.nlm.nih.gov/pubmed/19818716
http://dx.doi.org/10.1038/cdd.2010.114
http://www.ncbi.nlm.nih.gov/pubmed/20865015
http://dx.doi.org/10.1097/JTO.0b013e3182289479
http://www.ncbi.nlm.nih.gov/pubmed/21795997
http://dx.doi.org/10.1016/j.canlet.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22743616
http://dx.doi.org/10.1089/ars.2010.3219
http://dx.doi.org/10.1089/ars.2010.3219
http://www.ncbi.nlm.nih.gov/pubmed/20446773
http://dx.doi.org/10.1158/0008-5472.CAN-08-1401
http://www.ncbi.nlm.nih.gov/pubmed/18829555
http://www.ncbi.nlm.nih.gov/pubmed/12467212
http://dx.doi.org/10.1371/journal.pone.0075076
http://dx.doi.org/10.1371/journal.pone.0075076
http://www.ncbi.nlm.nih.gov/pubmed/24066166
http://dx.doi.org/10.1186/1476-4598-13-30
http://www.ncbi.nlm.nih.gov/pubmed/24552536
http://dx.doi.org/10.1093/carcin/bgp100
http://dx.doi.org/10.1093/carcin/bgp100
http://www.ncbi.nlm.nih.gov/pubmed/19386581

@’PLOS ‘ ONE

RTA 405 Activates NRF2, but Inhibits Tumor Cell Growth

69.

70.

71.

72.

73.

74.

75.

Couch RD, Browning RG, Honda T, Gribble GW, Wright DL, Sporn MB, et al. Studies on the reactivity
of CDDO, a promising new chemopreventive and chemotherapeutic agent: implications for a molecular
mechanism of action. Bioorg Med Chem Lett 2005 May 2; 15(9):2215-9. PMID: 15837296

Lee OH, Jain AK, Papusha V, Jaiswal AK. An auto-regulatory loop between stress sensors INrf2 and
Nrf2 controls their cellular abundance. J Biol Chem 2007 Dec 14; 282(50):36412—20. PMID: 17925401

Tao S, Wang S, Moghaddam SJ, Ooi A, Chapman E, Wong PK, et al. Oncogenic KRAS confers che-
moresistance by upregulating NRF2. Cancer Res 2014 Oct 22.

Kombairaju P, Ma J, Thimmulappa RK, Yan SG, Gabrielson E, Singh A, et al. Prolonged sulforaphane
treatment does not enhance tumorigenesis in oncogenic K-ras and xenograft mouse models of lung
cancer. J Carcinog 2012; 11:8. doi: 10.4103/1477-3163.98459 PMID: 22919281

Liby KT. Synthetic triterpenoids can protect against toxicity without reducing the efficacy of treatment
with Carboplatin and Paclitaxel in experimental lung cancer. Dose Response 2014 Jan; 12(1):136-51.
doi: 10.2203/dose-response.13-018.Liby PMID: 24659938

Satoh H, Moriguchi T, Taguchi K, Takai J, Maher JM, Suzuki T, et al. Nrf2-deficiency creates a respon-
sive microenvironment for metastasis to the lung. Carcinogenesis 2010 May 31.

Reata Pharmaceuticals |, AbbVie. RTA 408 in the Treatment of Advanced Solid Tumors (NSCLC &
Melanoma)—DISCOVER. ClinicalTrials.gov [Internet]. Bethesda, MD: National Library of Medicine (
US). 2000- [10 Jul 2015]. Available: http://ClinicalTrials.gov/show/NCT02029729 NLM Identifier:
NCT02029729; 2015.

PLOS ONE | DOI:10.1371/journal.pone.0135257 August 24, 2015 29/29


http://www.ncbi.nlm.nih.gov/pubmed/15837296
http://www.ncbi.nlm.nih.gov/pubmed/17925401
http://dx.doi.org/10.4103/1477-3163.98459
http://www.ncbi.nlm.nih.gov/pubmed/22919281
http://dx.doi.org/10.2203/dose-response.13-018.Liby
http://www.ncbi.nlm.nih.gov/pubmed/24659938
http://ClinicalTrials.gov/show/NCT02029729

