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Abstract

Under basal conditions, the antioxidant transcription factor NRF2 is bound to the KEAP1 protein
and targeted for proteasomal degradation in the cytoplasm. In response to cellular injury or
chemical treatment, NRF2 dissociates from KEAP1 and activates the transcription of protective
genes and defends against injury. LH601A is a first-in-class direct inhibitor of the KEAP1-NRF2
protein-protein interaction. The purpose of this study was to determine whether LH601A activates
NRF2 signaling in human kidney cells. HEK293 cells were treated with LH601A or the indirect
NRF2 activator, sulforaphane (SFN) for 6 or 16 h. SFN and LH601A up-regulated NRF2 target
genes HO-1 (2- to 7-fold), TRX1 (2-fold) and NQO1 mRNAs (2-fold). Both compounds also
elevated HO-1 and TRX1 protein expression. Since NRF2 activation can protect tissues from
injury, LHB601A, a direct inhibitor of the KEAP1-NRF2 interaction may be used to defend against
kidney injury and/or diseases.
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INTRODUCTION

Nuclear factor (erythroid-derived 2)-like 2 (NRF2) is a transcription factor that mediates an
important signaling pathway that prevents injury and disease. Under normal conditions,
NRF2 is found in the cytoplasm bound to the Kelch-like ECH-associated protein 1 (KEAP1)
and degraded. Following conditions of oxidative stress or pharmacological intervention,
NRF2 dissociates from KEAP1 and translocates to the nucleus and activates the
transcription of protective genes to defend against organ injury (1, 2). Examples of NRF2
cytoprotective target genes include NAD(P)H quinone oxidoreductase (NQO1), heme
oxygenase-1 (HO-1), thioredoxin-1 (TRX1), glutathione reductase (GSR), and glutamate
cysteine ligase (GCLC/GCLM) (3). These genes improve glutathione synthesis, detoxify
reactive intermediates and metabolites, and quench reactive oxygen species.

NRF2 activators have been demonstrated to protect against acute and chronic kidney injury
including cisplatin- and iron-induced nephrotoxicities (4-6), diabetic nephropathy (7, 8), and
lupus-like disease (9, 10). These NRF2 activators include phytochemicals such as
sulforaphane (SFN) and synthetic triterpinoids such as CDDO-Im and CDDO-Me
(bardoxolone methyl). The proposed mechanism for activation of NRF2 involves covalent
modification of sulfhydryl groups in critical cysteine residues of KEAP1 and subsequent
prevention of the E3 ligase activity of the Cul3-KEAP1 complex (11). Recently, LH601A
was identified as a direct inhibitor of the protein-protein interaction between KEAP1 and
NRF2 at the ETGE motif of NRF2 using a polarization screening assay (12, 13). The
advantage of a direct inhibitor of the KEAP-NRF2 interaction is a more selective
mechanism of action with lower propensity for off-target properties through activation or
repression of other pathways (14). The importance of avoiding off-target effects with novel
NRF2 activators became apparent in the BEACON Phase |11 trial, which evaluated
bardoxolone methyl for the treatment of chronic kidney disease in type 2 diabetic patients.
The trial was terminated early due to an increased incidence of cardiac adverse events
including hospitalization for heart failure (15, 16). Subsequent studies pointed to disruption
of endothelin secretion as a mechanism for this adverse event (15). Supporting this
hypothesis is the fact bardoxolone can decrease endothelin-1 protein expression during basal
and inducible conditions in rat proximal tubule cells (15). The ability of bardoxolone to
repress NFkB signaling as opposed to activation of the NRF2 pathway likely mediated
disruption of endothelin secretion (15).

The purpose of this study was to determine whether LH601A stimulates NRF2 nuclear
translocation and activates downstream signaling in human kidney cells. The development
of specific NRF2 activators such as LH601A could create treatment options for acute and
chronic kidney diseases with reduced off-target effects.

MATERIALS AND METHODS

Cell Culture

Human embryonic kidney 293 (HEK293) cells were obtained from the American Type
Culture Collection (Rockville, MD) and maintained in Dulbecco's Modified Eagle Media
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(Life Technologies, Carlsbad, CA). Cells were cultured in a humidified 37°C incubator with
5% carbon dioxide.

Immunohistochemistry

HEK?293 cells were seeded on chamber slides (Thermo Fisher Scientific, Waltham, MA)
overnight and treated with 0.1% DMSQO, 5 uM sulforaphane (SFN) or 100 uM LH601A for
3 h. After treatment, the cells were fixed in 4% paraformaldehyde for 5 min, then washed
and blocked with 5% goat serum in 0.1% Triton-phosphate buffered saline (PBS/T) for 60
min. The cells were subsequently incubated with the primary antibody against NRF2
(H-300, sc-13032, 1:50 dilution, Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C
overnight. Following washing, the cells were incubated with goat anti-rabbit AlexiFluor 549
IgG (Life Technologies) for 60 min at room temperature. Nuclei were stained by DAPI. The
images were analyzed using a ZERSS fluorescence inverted microscope and ProgRes
capture software (GOHingen, Germany). Negative controls without primary antibody were
included in the analysis (data not shown). Images were uniformly adjusted for balance,
brightness and contrast using Adobe Photoshop CS3 (Adobe Systems Incorp, San Jose, CA).

RNA Isolation and Quantitative PCR (qPCR)

HEK?293 cells were seeded in 6-well plates and treated with 0.1% DMSO, 5 uM SFN or 50
or 100 uM LH601A for 6 or 16 h. Total RNA was isolated using RNABee reagent (Tel-Test
Inc) according to the manufacturer’s protocol. The concentration of total RNA was
quantified by UV spectrophotometry at 260/280 nm using a Nanodrop spectrophotometer
2000 (Thermo Fisher Scientific). The messenger RNA (mMRNA) expression of human HO-1,
NQO1, TRX1, GCLC, GCLM, and GSR was quantified by qPCR using Sybr Green as
detection of amplified products in the ABI 7900HT PCR system (Applied Biosystems,
Carlesbad, CA). Primer sequences have been provided in Table 1. Ct values were converted
to AACt by comparing to a reference gene p-actin.

Western Blot Analysis

HEK?293 cells were seeded in 6-well plates and treated with 0.1% DMSQO, 5 uM SFN, 50
UM or 100 pM LH601A for 16 h. The cells were lysed in buffer containing 20 mM Tris-
HCI, 150 mM NaCl, 5 mM EDTA, 1% Triton 100 and 1% protease inhibitor cocktail. Cell
lysates (50 g protein/well) were separated by SDS-PAGE electrophoresis and transferred to
a nitrocellulose membrane at 4°C overnight. After blocking with 5% nonfat dry milk in
0.5% PBS/T, membranes were incubated with primary antibodies against HO-1 (ADI-
SPA-895, Enzo Life Sciences, Farmingdale, NY) or TRX1 (559969, BD Pharminogen, San
Jose, CA) followed by incubation with anti-rabbit or anti-mouse secondary antibody,
respectively, for 1 to 2 h. The SuperSignal West Dura Chemiluminescent Substrate (Thermo
Fisher Scientific) was applied to the membranes prior to detection of luminescence using a
FluorChem Imager (ProteinSimple, Santa Clara, CA). Target protein band intensities were
semi-quantified and normalized to B-actin levels (ab8227 antibody, Abcam).
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Cell Viability Assays

HEK?293 cells were seeded in 96-well plates overnight and treated with increasing
concentrations of LH601A (0-100 uM) for 24 h. After treatment, cell viability was
determined by the alamarBlue assay (Life Technologies) with fluorescence detection at an
excitation wavelength of 570 nm and emission wavelength of 585 nm.

Statistical Analysis

Data are expressed as mean + SE. Data were analyzed by one-way ANOVA with a
Newman-Keuls post-hoc test using Prism 5.0 (GraphPad Software, Inc., San Diego, CA).
Statistical significance was set at p<0.05.

RESULTS
LH601A Stimulates NRF2 Expression and Nuclear Translocation in HEK293 Cells

Indirect immunofluorescent staining was used to assess the relative expression and
localization of NRF2 protein in HEK293 cells in response to LH601A and SFN. Cells
exposed to LH601A (100 pM) and SFN (5 uM) had increased NRF2 protein staining (red
staining) and nuclear accumulation (co-localization with blue DAPI staining) at 3 h
compared to control cells (Fig. 1). The NRF2 staining signal was stronger with SFN than
LH601A. LH601A (0-100 pM) did not alter cell viability in HEK293 cells (Fig. 2).

LH601A Induces NRF2 Target Genes in HEK293 Cells

The ability of LH601A (50 and 100 uM) to enhance expression of NRF2 target genes was
assessed at 6 and 16 h (Figs. 3 and 4). LH601A and SFN increased NQO1 and TRX1
MRNAs between 2- and 3-fold at both 6 and 16 h (Fig. 3). Both NRF2 activators enhanced
HO-1 mRNA expression between 4- and 7-fold at 6 h, with lesser fold-changes at 16 h.
Interestingly, LH601A had little to no effect on the regulation of glutathione-related genes
whereas SFN enhanced GCLC, GCLM, and GSR mRNAs between 3- and 6-fold at 6 h (Fig.
4).

LH601A Induces HO-1 and TRX1 Proteins in HEK293 Cells

In addition to up-regulating mRNA expression, LH601A enhanced HO-1 and TRX1 protein
expression at 16 h (Fig. 5). A similar HO-1 induction (3.5-fold) was observed with 50 and
100 puM LH601A, whereas SFN increased HO-1 protein by 2.5-fold. TRX1 protein levels
were enhanced 2-fold by SFN and LH601A (50 uM) and 4-fold at the higher concentration
of LH601A (100 uM). NQOL1 protein was not detected in HEK293 cell lysates (data not
shown).

DISCUSSION

The present study investigated the ability of LH601A, a novel inhibitor of the KEAP1-NRF2
interaction, to activate NRF2 signaling in cultured human kidney cells. We have shown that
LH601A-treated cells had increased NRF2 protein and nuclear localization compared to
vehicle treatment. LH601A was shown to up-regulate a subset of NRF2 target genes
including NQO1, HO-1, and TRX1. Despite lower HO-1 mRNA expression with LH601A
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compared to SFN, HO-1 protein changes were detected at both the 50 pM and 100 pM
LH601A concentrations. However, LH601A had minimal effects on the expression of
glutathione-related NRF2 targets, with only modest induction of GCLM and GSR at 16 h.
The exact mechanism for the contrary glutathione expression profiles between SFN and
LHG601A is not known but may be related to the different mechanisms by which they alter
the interaction of KEAP1 and NRF2, namely alterations in MAP kinase activity for SFN
(17) and direct inhibition of the ETGE motif binding for LH601A (12). Additional NRF2
targets, including glutathione S-transferase al, aldo ketoreductase 1c1, and the multidrug
resistance-associated proteins 1-4 were assessed in the current study; however, baseline
expression was low in HEK293 cells or not inducible by SFN (data not shown).

The findings in this manuscript hold promise for the development of specific NRF2
activators that work by directly blocking the interaction between NRF2 and KEAP1 to
prevent degradation of the complex by the ubiquitin-proteasome system. While initial
interest led to the investigation of renal NRF2 as a target to treat chronic kidney disease in
diabetic patients, there has recently been a generalized lack of enthusiasm for this approach
secondary to the cardiac adverse effects reported in a recent Phase 111 study (18). However,
there is the potential for drugs such as LH601A to exert kidney protection, while avoiding
off-target toxicities associated with repression of NFkB signaling. Additionally, the
potential global therapeutic role for NRF2 specific drugs is great given the role of NRF2
signaling in other organ systems. For example, mice lacking Nrf2 are more susceptible to
ultraviolet B-induced inflammation of the skin, doxorubicin-induced cardiotoxicity, iron-
induced hepatotoxicity, and corneal epithelial wounds as compared to their wild-type
counterparts (19-22).

The results of this study showed that relatively high concentrations of LH601A (50 or 100
UM) were needed to up-regulate NRF2 target genes, demonstrating the low potency of
LH601A. Additional research will be necessary to identify the structure-activity
relationships within LH601A and its analogs that are critical for KEAP1 inhibition. The
effects of structural modifications on potency can then be fully evaluated. Nonetheless, this
proof-of-concept study demonstrates the utility of a specific KEAP1 inhibitor as a targeted
approach to activate NRF2 signaling in human kidney cells. Future studies will employ
primary human cells including tubule cells, mesangial cells and podocytes, in addition to
studies in preclinical animal models that represent a variety of kidney pathologies to
characterize the ability of LH601A and related compounds to activate NRF2 signaling.
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Non-Standard Abbreviations

HEK?293 human embryonic kidney 293 cells
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HO-1 heme oxygenase-1
KEAP1 Kelch-like ECH-associated protein 1
NRF2 Nuclear factor (erythroid-derived 2)-like 2
NQO1 NAD(P)H quinone oxidoreductase 1
SFN sulforaphane
TRX1 thioredoxin 1
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Fig. 1. NRF2 Expression and Nuclear Translocation
HEK-293 cells were treated with vehicle, LH601A, and SFN for 3 h, fixed, and stained for

NRF2 expression (red staining) and nuclear localization (blue staining). Images were
acquired at 20X magnification.
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Fig. 2. Cell Viability
HEK-293 cells were treated with LH601A (0.1-100 uM) and cell viability was assessed at

24 h. Data are presented as mean *+ SE (n=4-6).

J Biochem Mol Toxicol. Author manuscript; available in PMC 2016 June 01.

100



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wen et al.
NQO1
4
6h

34 *
5 *
o= ] K
8’ T
2
o 11
X
i I B
< 0~ T T
z .
= 16 h *
o *
>
o X
§ *
g -

1--

0 T T

LH601A(uM): 0 50 100 O
SFN(M):: 0 0 0 5

101

8+

6+

4

2

[0},

Page 10

HO-1 TRX1
* 4m
*
cml -
*

2+

14
T 0'-. T v

3=

e

0
0

*

2 % *

—_ -
*
¥ = % i

L] L] . 0-- L) L)
50 100 0 0 50 100 0
0 0 5 0 0 0 5

Fig. 3. Regulation of NRF2 Target GenesNQO1, HO-1, and TRX1
Messenger RNA expression was quantified by qPCR in HEK-293 cells at 6 and 16 h after

exposure to vehicle, LH601A, and SFN. Data are presented as mean + SE (n=3-9).
Asterisks (*) represent statistically significant differences (p < 0.05) compared to vehicle

controls.
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Fig. 4. Regulation of NRF2 Target GenesGCLC, GCLM, and GSR
Messenger RNA expression was quantified by qPCR in HEK-293 cells at 6 and 16 h after

exposure to vehicle, LH601A, and SFN. Data are presented as mean + SE (n=3-9).
Asterisks (*) represent statistically significant differences (p < 0.05) compared to vehicle
controls.
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Fig. 5. Regulation of HO-1 and TRX1 Proteins
Protein expression of HO-1 and TRX1 protein was semi-quantified in HEK-293 cells at 16 h

after exposure to vehicle, LH601A, or SFN. Representative western blot images and semi-
quantified data are shown. Data are presented as mean * SE (n=3). Asterisks (*) represent
statistically significant differences (p < 0.05) compared to vehicle controls.

J Biochem Mol Toxicol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Wen et al.

Table 1

gPCR Primers for Human NRF2 Target Genes.
Symbol | Forward Reverse
GCLC | CCCTCGCTTCAGTACCTTAAC | GACAGCAATTGCCCATTCCA
GCLM | AGTGGGCACAGGTAAAACCA | CTCGTGCGCTTGAATGTCAG
GSR ACCCCGATGTATCACGCAGTTA | TGTCAAAGTCTGCCTTCGTTGC
HO-1 | CTGCTCAACATCCAGCTCTTTG | AGTGTAAGGACCCATCGGAGA
NQOl | CAAAGGACCCTTCCGGAGTAA | ACTTGGAAGCCACAGAAATGC
TRX1 | ACGGTGATGCTGGCAATAGG CTGGGGTGAGCTCCACCTTA
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