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The activity of the transcription factor nuclear factor-erythroid 2 p45-
derived factor 2 (NRF2) is orchestrated and amplified through
enhanced transcription of antioxidant and antiinflammatory target
genes. The present study has characterized a triazole-containing
inducer of NRF2 and elucidated the mechanism by which this
molecule activates NRF2 signaling. In a highly selective manner, the
compound covalently modifies a critical stress-sensor cysteine (C151)
of the E3 ligase substrate adaptor protein Kelch-like ECH-associated
protein 1 (KEAP1), the primary negative regulator of NRF2. We
further used this inducer to probe the functional consequences of
selective activation of NRF2 signaling in Huntington’s disease (HD)
mouse and human model systems. Surprisingly, we discovered a
muted NRF2 activation response in human HD neural stem cells,
which was restored by genetic correction of the disease-causing mu-
tation. In contrast, selective activation of NRF2 signaling potently
repressed the release of the proinflammatory cytokine IL-6 in primary
mouse HD and WT microglia and astrocytes. Moreover, in primary
monocytes from HD patients and healthy subjects, NRF2 induction
repressed expression of the proinflammatory cytokines IL-1, IL-6,
IL-8, and TNFα. Together, our results demonstrate a multifaceted
protective potential of NRF2 signaling in key cell types relevant to
HD pathology.

Huntington’s disease | KEAP1/NRF2/ARE signaling | NRF2 inducer |
antiinflammatory responses | human neural stem cells

Nuclear factor-erythroid 2 p45-related factor 2 (NRF2)-
mediated signaling is a major endogenous cellular defense

mechanism against oxidative and xenobiotic stress (1–3). The
transcription factor NRF2 is tightly regulated in the cytoplasm by
Kelch-like ECH-associated protein 1 (KEAP1), acting as an
adaptor between NRF2 and CUL3-based E3 ubiquitin ligase (1,
4–6). In the absence of stress, KEAP1 efficiently mediates the
polyubiquitination of NRF2, leading to its degradation by the
ubiquitin–proteasome degradation system (UPS) (7–10). During
stress conditions, oxidants or electrophiles chemically modify KEAP1
sensor cysteines, causing a conformational change of the protein
KEAP1/NRF2/CUL3 complex, and impair NRF2 degradation

(11–14). De novo-synthesized NRF2 accumulates to levels over-
coming the endogenous sequestration capacity of the remaining free
KEAP1, at which point excess NRF2 translocates to the nucleus,
binds to antioxidant response elements (AREs) in the promoter/
enhancer regions of target genes, and broadly activates transcrip-
tional responses (2, 12, 15). In this manner, NRF2 coordinates the
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transcriptional regulation of genes encoding phase II enzymes:
NAD(P)H:quinone oxidoreductase 1 (NQO1); heme oxygenase
(decycling) 1 (HO-1); catalytic (GCLC) and regulatory (GCLM)
subunits of glutamate-cysteine ligase, and ∼100 additional down-
stream targets (2, 16). Additional robust antiinflammatory effects
occur through NRF2 activation through molecular mechanisms
that are just emerging (17). Nevertheless, there is already a strong
body of empirical evidence in vitro and in vivo linking NRF2 ac-
tivation and suppression of inflammation (18–20).
Oxidative stress and neuroinflammation are among the com-

mon pathogenic mechanisms implicated in neurodegenerative
disorders, including Huntington’s disease (HD) (21, 22). HD, an
autosomal-dominant and highly penetrant neurodegenerative
disorder, results from the pathological expansion (>39) of a
polymorphic trinucleotide repeat sequence (CAG)n within the
gene encoding the large, highly conserved protein, huntingtin
(HTT) (23). A harmful role for oxidative stress has been de-
scribed in both HD patients as well as in several experimental
models (21, 24), which is potentially due to inherent sensitivity of
neurons to damage caused by exposure to an excess of reactive
oxygen species (ROS) (25–28). Some antioxidant proteins, such
as glutathione peroxidases, catalase, and superoxide dismutase
(SOD), but not all canonical ARE gene products, are increased
in human HD brain (29), suggesting that NRF2 signaling is not
fully engaged as a protective mechanism or may be partially
repressed. Pharmacological stimulation of NRF2 in HD mouse
models is efficacious and associated with increased expression
of antioxidant proteins and reduction of ROS levels in brain (30,
31), which further suggests that protective NRF2 signaling is not
fully activated and/or muted.
Sustained brain inflammation contributes significantly to the

pathogenesis of age-dependent neurodegenerative disorders (32,
33). The release of proinflammatory cytokines, associated with
the harmful effects of activated microglia in brain, creates a cyto-
toxic environment for neighboring neurons (34–36). In HD, ele-
vated expression of several key inflammatory mediators is observed
in blood, striatum, cortex, and cerebellum from postmortem pa-
tient tissues (37, 38). Neuroinflammatory responses appear rela-
tively early in HD disease progression, suggesting that mutant HTT
promotes the abnormal release of cytokines by activated microglia
(39–41). The continual release of proinflammatory mediators
by microglia may perpetuate a feedforward cycle, recruiting and
activating additional microglia, promoting their proliferation, and
leading to additional release of proinflammatory factors with ever-
increasing exacerbation of disease pathogenesis (22, 40, 42–45).
It remains uncertain whether NRF2 signaling in human HD is

intact or disease-modified and/or differentially impacted in dif-
ferent cell types. Our recent work identified a unique structural
scaffold of triazole-containing small molecules that potently in-
duces expression of canonical ARE genes (NQO1, GCLM, GCLC,
HMOX1/HO-1) in primary mouse cells and causes a pronounced
reduction of ROS (46). Here, we elucidated the molecular mech-
anism by which the most potent lead compound developed from
this scaffold induces NRF2 activation, and used this highly selective
probe to examine specific activation responses and potential ben-
efits of NRF2 signaling in mouse and human HD models.

Results
MIND4 Is Neuroprotective in MPTP-Toxicity Mouse Model. We first
sought to evaluate the in vivo neuroprotective potential of the
new structural scaffold of NRF2-inducing compounds (46). We
tested and established the brain permeability of 5-nitro-8-{[5-
(phenoxymethyl)-4-phenyl-4H-1,2,4-triazol-3-yl]thio}quinoline
(MIND4), but we were unable to detect the presence in brain of
the less hydrophobic analog 5-nitro-2-{[5-(phenoxymethyl)-4-
phenyl-4H-1,2,4-triazol-3-yl]thio}pyridine (MIND4-17) (Figs.
1A and 2A, and Fig. S1). Studies published to date have shown
that NRF2 activation is protective and associated with a

reduction in oxidative damage in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) mouse model (47, 48), which was
selected for a short-term efficacy trial with MIND4. In a pilot
experiment, MIND4 was tested at two different doses in MPTP-
treated mice using a subacute treatment paradigm (49). The higher
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Fig. 1. MIND4 is neuroprotective in MPTP-toxicity mouse model. (A) Brain
permeability of MIND4, administered by i.p. injections to WT mice. Chro-
matograms of MIND4 standard (1 μg/mL) and MIND4-treated brain are
shown. HPLC analysis detected MIND4 at 0.45 μg/mL concentration in mouse
cortical extracts, providing preliminary evidence for compound brain per-
meability. (B) MIND4 effective dose was established in mice using subacute
MPTP treatment paradigm: MPTP-untreated control (CTR) and MPTP-treated
mice were administered by i.p. vehicle alone or MIND4 at 30 and 60 mg/kg
dose. Vehicle or MIND4 were administered 10 min before and 50 min after
each MPTP injection. Levels of dopamine (DA) were determined by HPLC-
ECD. Statistical significant increase of DA was observed in mice treated with
MIND4 at 60 mg/kg. n = 5–8. *P < 0.05; **P < 0.01. (C) MIND4 at 60 mg/kg
before and after administration of 20 mg/kg MPTP does not change the
metabolism of neurotoxin in the striatum. MPP+ was examined by HPLC
90 min after the second MIND4 administration. (D–G) Degeneration of do-
paminergic neurons was induced in mice using subacute MPTP-treatment
paradigm (20 mg/kg i.p. injection once daily for 4 d) and MIND4 adminis-
tered by i.p. at established effective dose 60 mg/kg) 10 min before and 50 min
after each MPTP injection. (D and E) MIND4 attenuated MPTP-induced do-
pamine (DA) depletion (D) and high DA turnover rate (E) (n = 5–8). (F) Ste-
reological quantification of TH neurons (n = 5–8) (*P < 0.05; **P < 0.01;
***P < 0.001). (G) MIND4 treatment preserves SN dopaminergic neurons in
MPTP mice. (H–K) Analysis of pharmacodynamic markers in striatal samples
(D–G): NRF2 activation (increase GCLM levels) and SIRT2 inhibition (increase
α-tubulin acetylation) in MPTP-challenged brains from MIND4-treated and
untreated mice. Levels of GCLM (H) and acetylated α-tubulin (I) and α-tubulin
(loading control) were detected by immunoblotting. (J) Densitometry analysis
of H. Mean of GCLM signal is statistically significantly greater in MIND4-
treated then in untreated samples (n = 5). *P < 0.5. (K) Densitometry anal-
ysis of I. Mean of acetylated α-tubulin shows no statistically significant dif-
ference in cohorts of MIND4-treated vs. untreated cohorts. Levels of total
α-tubuin were used for normalization in J and K.
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dose of 60 mg/kg attenuated the loss of dopamine and did not
change MPTP metabolism significantly (Fig. 1 B and C). Using the
same 60 mg/kg dose and subacute regimen of treatment, we found
that MIND4 was protective for dopaminergic neurons in MPTP
mice, as demonstrated by an increased level of residual dopamine
and a decreased dopamine turnover rate [homovanillic (HVA)/
dopamine (DA)] in the drug treatment group compared with the
vehicle-treated control (Fig. 1 D–F). Furthermore, stereological
analysis demonstrated that the MPTP/MIND4-treated mice had
more remaining DA neurons in the substantia nigra than the
MPTP/vehicle-treated group (Fig. 1G). Analysis of pharmacody-
namic changes showed that treatment at the selected dose was
associated with an increase of antioxidant NRF2-responsive GCLM

protein levels, albeit not uniform among the treated animals (n =
5) (Fig. 1 H and J). The levels of acetylated α-tubulin, a pro-
totypic substrate of SIRT2 deacetylase, identified as a MIND4
target in vitro, remained largely unchanged (Fig. 1 I and K). The
results suggest that NRF2 induction contributes to MIND4
protective activity in MPTP-treated mice.

Characterization of Triazole-Containing Inducers of NRF2 Activation.
To elucidate the mechanism of NRF2 activation, first we com-
pared the potencies of MIND4, MIND4-17, and a series of
structural triazole-containing analogs in a quantitative NQO1
inducer bioassay in murine Hepa1c1c7 cells (Fig. 2 A and B, and
Fig. S2A) (50, 51). The concentration that doubles the specific
activity (CD value) for NQO1 was used as a measure of inducer
potency and compound ranking. Within this lead series, MIND4-
17 was confirmed to be the inducer of highest potency (CD =
0.15 μM), comparable to the naturally occurring inducer sulfor-
aphane (SFP) (CD = 0.18 μM) and significantly more potent than
the clinically approved NRF2 activator dimethyl fumarate (DMF)
(CD = 9 μM) (Fig. 2 A and B) (52–54). A comparative analysis of
MIND4-17 and DMF on induction of NRF2-responsive NQO1
and GCLM in mutant HD rat embryonic striatal cells ST14A
treated with compounds for 24 h clearly showed higher potency of
activation mediated by MIND4-17 (Fig. 2C).
As the parent compound MIND4 was initially identified as a

SIRT2 inhibitor, activities for this lead series were also tested in
a biochemical SIRT2 deacetylation assay (55). In agreement with
our previous data (46), there was no correlation between the
potencies of SIRT2 inhibition and induction of NQO1; MIND4-
17 showed no detectable SIRT2 inhibition activity (Fig. S2A).
Next, we established that induction of NQO1 by MIND4-

17 and other structural analogs is NRF2 dependent. NQO1 ex-
pression was assessed over a series of concentrations in WT,
NRF2-null, or KEAP1-null mouse embryonic fibroblasts (MEFs)
after 24-h treatment (56–59). In WT MEFs, MIND4-17 exhibited
the highest potency, whereas other MIND4 analogs increased the
levels of NQO1 protein to varying degrees (Fig. S2B). In contrast,
the effects of MIND4-17 and other MIND4 analogs on induction
of NQO1 expression were absent in NRF2-null cells (Fig. 2D). In
KEAP1-null MEFs, which have constitutively high transcription of
NRF2-responsive genes (57, 59), treatment with MIND4-17 and
other MIND4 analogs did not up-regulate NQO1 expression
further (Fig. S2C). These results demonstrated that induction of
NQO1 expression by MIND4-17 and other structural analogs is
NRF2 dependent and KEAP1 dependent.
Stabilization of NRF2 is an essential step of activation of the

pathway, which has been well-defined for KEAP1-modifying
inducers of NRF2 signaling such as SFP (7, 8, 52, 58). Thus, we
tested whether the stabilization of NRF2 in cells treated with
MIND4-17 and its structural analogs preceded the induction of
NQO1. Accumulation of total NRF2 protein was readily de-
tectable in WT MEFs after 5-h exposure to SFP and MIND4-17
and, to a lesser extent, to the lower potency inducers MIND4 and
MIND4B (Fig. 2E). In cells treated with MIND4-17, the induction
of NQO1 was preceded by nuclear accumulation of NRF2 as early
as 30 min after cell exposure to MIND4-17 (0.5 μM) and remained
elevated for at least 5 h (Fig. 2F).

NRF2-Inducing Mechanism of MIND4-17. The chemical requirements
for the NRF2-inducing activity of MIND4-17 became evident
from a structure–activity relationship (SAR) study (Fig. S3; see
SI Materials and Methods for detailed compound synthesis
schemes) (60, 61). Analogs of MIND4-17 with O or C substitutions
of the S atom were completely inactive, illuminating the essential
requirements for the sulfur for inducer activity (Fig. S2 D and E).
The dependence of inducer activity on an electron-withdrawing
group and electron-deficient aromatic system was also apparent
(Fig. S2 D and E). Together, these results suggested that the
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Fig. 2. Characterization of NRF2 inducer MIND4-17. (A) Structures of parent
MIND4 and lead-inducer MIND4-17. (B) Concentration-dependent activity
test of MIND4-17, structural analogs MIND4-17-15, MIND4, MIND4B, and
control NRF2 inducers SFP and DMF in quantitative NQO1 inducer bioassay.
The SD in each data point (n = 8) is <5%. (C–F and H) Levels of NRF2 and
NRF2-responsive NQO1 and GCLM proteins, and GADPH, β-actin, LAMIN used
as loading controls, were detected by immunoblotting. (C) Induction of
NRF2-responsive NQO1 and GCLM proteins in MIND4- and DMF-treated
mutant HD ST14A cells. (D) Compound activity test shows no induction of
NQO1 in NRF2-KO MEFs treated with MIND4-17 and its analogs. Induced
NQO1 level in WT MEFs is shown for comparison. (E) Concentration-
dependent stabilization of NRF2 protein in WT MEFs treated with MIND4-
17, MIND4, MIND4B, or SFP. (F) Time-dependent accumulation of NRF2 in
cytoplasmic and nuclear fractions fromWTMEFs treated with 0.5 μMMIND4-
17. Cell lysis and biochemical fractionation were performed at the indicated
treatment times. (G) MIND4-17 covalently modifies a single cysteine-151 in the
BTB domain of KEAP1. Overlay of the deconvoluted intact protein mass
spectra obtained from BTB (48-190/S182A) (theoretical mass, 16,175.6 Da) in
buffer (red) vs. treated with MIND4-17 (blue). (H) MIND4-17 treatment stabi-
lizes NRF2 in COS1 cells coexpressing NRF2-V5 and KEAP1 WT or double-
mutant C226S/C613S KEAP1, but not a single-mutant C151 KEAP1.
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S group of MIND4-17 could be chemically reactive with cysteine
nucleophiles, and that this property is essential for NRF2 activation.
To test this hypothesis, MIND4-17 and other triazole-

containing analogs were preincubated with reduced glutathione
(GSH) followed by incubation with intact cells and measurement
of NRF2 activation responses. Such pretreatment negatively af-
fected the ability of MIND4-17 to induce the NRF2 response
(Fig. S2 F and G). Furthermore, preincubation with GSH inhibi-
ted NRF2 inducer activity in direct correlation with NRF2 acti-
vation potency; that is, MIND4-17 was the most strongly reactive
and thus the most profoundly negatively affected. These results
indicated that the reactivity of the S group is essential for MIND4-
17–mediated activation of NRF2 and involves reaction with cys-
teine nucleophile(s) of putative target(s).
It is well established that reactive cysteine residues of KEAP1

serve as sensors for electrophiles and oxidants, and that chemical
modifications of these cysteines disable the KEAP1/CUL3 com-
plex, ultimately leading to NRF2 activation (7, 11, 12, 53, 62).
Located within the Broad complex, Tramtrack, and Bric-à-Brac
domain (BTB domain), cysteine-151 (C151) is one of the major
sensors in KEAP1, the modification of which is sufficient for ro-
bust activation of NRF2 (7, 12, 53, 63–65). It was therefore con-
ceivable that C151 of KEAP1 is targeted by MIND4-17. To
investigate this possibility, we purified recombinant BTB domain
of KEAP1 protein and examined by mass spectrometry (MS) its
covalent modification in the absence or presence of MIND4-17
(66). The mass for the protein incubated with dimethyl sulfox-
ide (DMSO) (control reaction) was determined to be 16,175.6 Da,
in good agreement (within <10 ppm) to its calculated mass of
16,175.7686 Da (Fig. 2G). Incubation of BTB with MIND4-
17 resulted in a reduction in the peak for the nonmodified protein,
and the emergence of a dominant peak at 16,298.0 Da, indicating
covalent modification of the protein. The observed shift of 122.4
Da was as would be predicted for a single cysteine being modified
by formation of a 3-nitropyridine adduct with MIND4-17 (calcu-
lated mass difference, 123.09 Da).
Next, we validated the putative KEAP1-modyfying mechanism

of NRF2 activation by MIND4-17 in live cells (12). COS1 cells
were cotransfected with plasmids encoding NRF2-V5 and
KEAP1 WT, mutant C151S (cysteine-151 is replaced by serine),
or double-mutant C226S/C613S; β-galactosidase was used to
monitor transfection efficiencies. In accord with our previous
observations, MIND4-17 stabilized NRF2 in cells expressing WT
KEAP1 (Fig. 2H). In cells expressing a double-mutant C226S/
C613S KEAP1, MIND4-17 was still able to stabilize NRF2
protein to levels similar to those for WT KEAP1 (Fig. 2H). In
contrast, MIND4-17 failed to stabilize NRF2 in cells expressing
the single C151S mutant KEAP1 (Fig. 2H). These results
therefore were consistent with MIND4-17–dependent activation
of NRF2 through a highly selective and covalent modification of
the KEAP1 sensor cysteine C151.
To determine whether MIND4-17 promiscuously alkylated

other reactive cysteines within the proteome, we used a quanti-
tative cysteine reactivity profiling strategy to globally identify
cysteine residues that demonstrate significant loss of reactivity
upon preincubation with compounds (67, 68). Briefly, a promis-
cuous cysteine reactive iodoacetamide-alkyne (IA) probe coupled
to isotopic linkers was used to monitor changes in cysteine re-
activity by quantitative MS (69–71). (For detailed protocol, see SI
Materials and Methods.) Of the >300 reactive cysteine-containing
peptides identified in our MS studies, only four residues showed a
greater than twofold change in cysteine reactivity upon treatment
with MIND4-17 (Dataset S1). Within the subset of cysteines with
no change in reactivity were hyperreactive cysteine residues such
as the active-site nucleophile of GAPDH, attesting to the low
reactivity of the MIND4-17 across even highly reactive cysteines
within the proteome.

MIND4-17 Causes Conformational Change in the KEAP1:NRF2 Protein
Complex in Live Cells. We further validated the MIND4-17 mech-
anism of NRF2 activation using a recently developed FRET/
fluorescence lifetime imaging microscopy (FLIM) methodology
(13, 72) and examined whether MIND4-17 treatment arrests the
NRF2:KEAP1 complex in the closed conformation, thus per-
mitting de novo NRF2 accumulation and translocation in nuclei
to activate ARE-gene transcription. The effects of MIND4-17 on
the conformational changes of the KEAP1:NRF2 complex were
determined in HEK293 cells ectopically expressing fluorescent
EGFP-NRF2 and KEAP1-mCherry fusion proteins, or EGFP-
NRF2 and free mCherry as a negative control. As expected, in
vehicle-treated cells transfected with EGFP-NRF2 and free
mCherry, most of the NRF2 was in the nucleus (Fig. 3A, first
row, images), and the lifetime of EGFP fluorescence in the cy-
toplasm was 2,324 ± 7 ps (n = 6) (Fig. 3A, first row, graph).
When KEAP1-mCherry was coexpressed with EGFP-NRF2,
NRF2 was largely cytoplasmic (Fig. 3A, second row, images),
and the EGFP lifetime was significantly reduced to 2,184 ± 42 ps
(n = 6, P = 1.14E-05) (Fig. 3A, second row, graph), indicating the
occurrence of FRET between the fluorophores and demon-
strating that the two fusion proteins interact. No significant
changes were observed in the subcellular localization of EGFP-
NRF2 upon addition of MIND4-17 to cells coexpressing EGFP-
NRF2 and free mCherry (Fig. 3A, third row, images and graph).
In contrast, exposure to 1 μM MIND4-17 for 1 h promoted the
nuclear accumulation of EGFP-NRF2 in cells coexpressing
EGFP-NRF2 and KEAP1-mCherry (Fig. 3A, fourth row, im-
ages), and the EGFP lifetime was significantly reduced further to
2,147 ± 50 ps (n = 17, P = 5.98E-09) (Fig. 3A, fourth row, graph).
Further quantification of the FRET efficiency revealed that, in

the cytoplasm of vehicle-treated cells, 62% of the KEAP1:
NRF2 complex was in the open conformation, and 38% in the
closed conformation. Treatment with MIND4-17 inverted this
ratio to 44% and 56% of KEAP1:NRF2 complexes being in the
open and the closed conformations, respectively (Fig. 3B). These
results obtained by FRET/FLIM analysis in live cells showed that
MIND4-17 arrests the NRF2:KEAP1 protein complex in the
closed conformation, which is similar to previously reported ef-
fects of the electrophilic NRF2 inducers SFP and sulfox-
ythiocarbamate alkyne (13) but in contrast to the effects of the
nonelectrophilic triazole inducer HB229, which directly disrupts
the KEAP1:NRF2 protein:protein interaction (73).
Taken together, these data delineate a mechanism of NRF2

activation by MIND4-17 through specific covalent modification
of KEAP1 sensor-cysteine C151, subsequently causing accumu-
lation and nuclear translocation of de novo-synthesized NRF2,
and activation of NRF2-dependent gene transcription. Thus,
MIND4-17 acts as a highly KEAP1-selective stress-mimicking
compound (74) and was next used for investigating NRF2 sig-
naling responses in HD model systems.

NRF2 Activation by MIND4-17 Induces Antiinflammatory Effects in
Microglia and Macrophages. NRF2 activation-dependent antiin-
flammatory responses have been well described in microglia cells
(75, 76). It has been also shown that genetic or pharmacologic
NRF2 activation counteracts release of proinflammatory cytokines in
the context of exposure to UV radiation (20). Thus, we first validated
the effect of MIND4-17 treatment on repression of proinflammatory
cytokines in microglial cells and also in peripheral macrophages that
are known to infiltrate CNS in late-stage HD. As expected, treat-
ment of mouse microglial BV2 cells with MIND4-17 resulted in
a potent and concentration-dependent increases in transcription
of the canonical ARE genes GCLM and NQO1 in both resting
and lipopolysaccharide (LPS)-activated microglial cells (Fig. 4 A
and B). Concomitantly, treatment with MIND4-17 resulted in a
concentration-dependent repression of the proinflammatory factors
IL-6, IL-1β, TNFα, and MCP-1 (Fig. 4 C–F). MIND4-17 treatment
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similarly repressed IL-6, IL-1β, TNFα, and MCP-1 and activated
NQO1 and GCLM genes in resting and LPS-stimulated bone
marrow-derived macrophages (Fig. S4 A–F) (77).

Antiinflammatory NRF2 Activation Response in HD and WT Primary
Mouse Microglia and Astrocytes.Having established that MIND4-17
represses cytokine expression, next we probed for antiinflamma-
tory effects of NRF2 activation in brain-resident nonneuronal cells,
namely microglia and astrocytes, and specifically examined the ef-
fect on release of IL-6, an established marker of inflammation in
HD model systems (40, 78).
MIND4-17 was first evaluated for its impact on inflammatory

responses in primary microglia derived fromWT and HDmutant
YAC128 mice (79). The YAC128 mouse model of HD expresses

the full-length human transgene with 128 CAG repeats, and rep-
licates key elements of HD phenotypes and selective neuro-
degeneration. Previous studies in peripheral blood monocytes from
YAC128 mice focused on IL-6 as a marker of inflammation in HD
(80). Release of IL-6 fromWT and YAC128 microglia was induced
by stimulation with control standard endotoxin (CSE) and IFN-γ.
MIND4-17 reduced the amount of IL-6 secreted from WT and
YAC128 primary microglia in a concentration-dependent manner
and in highly similar fashion (Fig. 4G). Experiments were next
extended to primary astrocytes derived from WT and YAC128
mice. MIND4-17 treatment resulted in a similar concentration-
dependent reduction of IL-6 release in CSE-stimulated primary
astrocytes derived from YAC128 and WT mice (Fig. 4H).

A

B

P
ix

el
s 

F
re

qu
en

cy

Fluorescence Intensity Fluorescence Lifetime

Open conformation

Closed conformation

1900 2100 2300 2500
0

200

100

300

400

450

1900 2100 2300 2500

P
ix

el
s 

F
re

qu
en

cy

EGFP-NRF2/mCherry-C1+MIND4-17
1900 2100 2300 2500

0

200

400

600

0

200

800

600

400

EGFP Lifetime (ps)

EGFP Lifetime (ps)

EGFP Lifetime (ps)

P
ix

el
s 

F
re

qu
en

cy

P
ix

el
s 

F
re

qu
en

cy
 (

%
)

DMSO MIND4-17
0

20

80

60

40

P
ix

el
s 

F
re

qu
en

cy

1900 2100 2300 2500
0

200

100

300

400
450

EGFP-NRF2/mCherry-C1+DMSO (Control)

EGFP-NRF2/KEAP1-mCherry+DMSO (Control)

EGFP-NRF2/KEAP1-mCherry+MIND4-17

I

II

III

IV

EGFP Lifetime (ps)

Fig. 3. MIND4-17 arrests KEAP:NRF2 complex in the closed conformation in
live cells. (A) Fluorescence lifetime imaging of cells coexpressing either EGFP-
NRF2 plus free mCherry or EGFP-NRF2 plus KEAP1-mCherry, and treated with
vehicle (DMSO) or MIND4-17 (1 μM) for 1 h. HEK293 cells were transfected
with the indicated constructs, and the fluorescence lifetime of EGFP and the
FRET efficiency were quantified in the cytoplasm 24 h later. The first column
shows the EGFP intensity images from which the lifetime data were derived,
whereas the second column shows mCherry intensity images. The third col-
umn depicts EGFP fluorescence lifetime where pixel color corresponds to the
mean lifetime of EGFP, ranging from 1.9 to 2.5 ns as indicated in the color
scale below each image. The fourth column shows the lifetime data histo-
grams for each image, with lifetime on the x axis and pixel frequency on the
y axis. (B) Quantification of the open and closed conformations of the
KEAP1:NRF2 protein complex based on the FRET efficiency distribution
across the cytoplasm. The subpopulation of FRET efficiency between 0% and
15% was assigned the “open” conformation of the complex, whereas the
FRET population between 15% and 30% was assigned the “closed” con-
formation of the complex. Data represent means ± SD from 6 to 17 cells.

A

C

E

G

B

D

F

H

Fig. 4. NRF2 activation by MIND4-17 has antiinflammatory effects in mouse
microglia cells. (A–F) Evaluation of NRF2-specific transcriptional responses in resting
and LPS-activated BV2 microglial cells treated with MIND4-17. Concentration-
dependent effects of MIND4-17 treatment on mRNA expression of NRF2-
responsive antioxidant GCLM (A) and NQO1 (B), and proinflammatory
cytokine Il-6 (C ), IL-1β (D), TNFα (E ), and MCP-1 (F ) genes. Transcriptional
expression was measured using qRT-PCR with gene-specific primers in
duplicates (n = 2). Means (filled bars) and SE bars are shown. (G and H)
MIND4-17 concentration-dependent effects on secretion of IL-6 in pri-
mary microglia (G) and astrocytes (H) from WT and HD (YAC 128); in-
flammatory responses were induced with CSE and IFN-γ. Combined
graphs of two independent experiments are shown. Filled circles (WT)
and open squares (YAC128) represent mean values (n = 2) from
compound-treated cells expressed as a percentage from vehicle (DMSO)-
treated cells (100%), SE bars are shown.
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Taking advantage of the brain permeability of the MIND4
analog, which, similar to MIND4-17, repressed cytokine expres-
sion in LPS-induced microglia (Fig. S4G), we next conducted a
semiacute 2-wk treatment of symptomatic HD R6/2 mice (81). A
statistically significant reduction of cortical TNFα levels was de-
tected (Fig. S4 H–K), consistent with the antiinflammatory effects
of the NRF2 activation observed in primary mouse microglia and
astrocytes (Fig. 4 G and H). These results suggest that the anti-
inflammatory NRF2 activation response remains available for
induction in symptomatic R6/2 mice with well-progressed HD
neurological phenotype. Interestingly, cortical TNFα levels were
not significantly different between untreated WT and R6/2 mice
(Fig. S4J), suggesting the TNFα itself is unlikely to be the sole
driver of neuroinflammation in HD.

Antiinflammatory NRF2 Activation Responses Are Intact in Primary
Monocytes from HD Patients. Finally, to validate these HD model
results in human HD, the antiinflammatory effects of NRF2 in-
duction by MIND4-17 were examined in primary human mono-
cytes derived from HD patients and nondisease controls. Ex vivo
peripheral immune cells from HD patients produce significantly
more proinflammatory cytokines in response to LPS and IFN-γ
stimulation than cells isolated from control subjects (40, 78). Here,
we induced production of the proinflammatory cytokines IL-1, IL-6,
IL-8, and TNFα in primary monocytes by stimulation with LPS
and IFN-γ. Pretreatment with MIND4-17, before induction with
LPS/IFN-γ significantly decreased the levels of all four proin-
flammatory cytokines in both HD and control monocytes (Fig. 5
and Fig. S5 A–D). In HD monocytes, MIND4-17 significantly
repressed the expression of all four cytokines at the 3 and 1 μM
concentrations and repressed IL-8 and TNFα expression at the
lowest tested concentration of 0.3 μM, demonstrating a highly
similar pattern of the compound effects in the disease and non-

disease counterparts. Neither vehicle (DMSO) nor MIND4-17
affected the viability of primary human monocytes at any of the
concentrations tested (Fig. S5E).
The responses in human monocytes were consistent with the

effects observed in the mouse models. Overall, the results sug-
gest that NRF2 activation in nonneuronal primary HD cells is
intact, amenable to activation, and capable to mediate antiin-
flammatory protective responses.

NRF2 Activation Responses Are Muted in Human HD Neural Stem
Cells. We next evaluated NRF2 activation responses in experi-
mental neural HD models of human origin. Nestin-positive
HD48 (mutant 42CAG) and HD51 (mutant 51CAG) and non-
disease WT55 and WT54 neural stem cells (NSCs) were differ-
entiated from human induced pluripotent stem cells (iPSCs),
based on a protocol described for mouse ES cells (82) (Fig. S6;
see SI Materials and Methods for detailed protocols). Cells were
treated for 24 h with MIND4-17 at a concentration range of 0.1–
3 μM, and levels of the canonical NRF2-responsive proteins
NQO1 and GCLM (Fig. 6A) and HTT (Fig. 6B) were examined
by immunoblotting. The levels of NQO1 were significantly higher
in both HD cell lines, and thus a lower amount of protein per lane
was loaded to illuminate the compound effects (Fig. 6C; note
multiple NQO1 molecular-weight bands reflecting known protein
isoforms). Treatment with MIND4-17 induced a concentration-
dependent increase of the NRF2-responsive proteins NQO1 and
GCLM in HD and nondisease cells. The MIND4-17–dependent
increase of NQO1 and GCLM levels started at 1 μM in both HD
and at 0.1 μM in both nondisease cell lines. MIND4-17 treatment
had no detectable effects on HTT levels.
To determine whether the magnitude of NRF2 response var-

ied in HD vs. nondisease cells, we compared the maximum
fold-induction of NQO1 expression. A maximal approximately

A B C D

HE F G

Fig. 5. Characterization of antiinflammatory NRF2-dependent responses in primary human monocytes treated with MIND4-17. (A–H) MIND4-17 represses
expression of induced inflammatory cytokines in primary monocytes from normal subjects (A–D) and HD patients (E–H). IL-1b, IL-6, IL-8, and TNFα, production
by LPS- and IFN-γ–stimulated monocytes, measured by multiplex ELISA, was compared in cells treated with different concentrations of MIND4-17 and with
corresponding doses of vehicle (DMSO). Linear mixed model on log transformed data; n = 10 controls, n = 13 for HD patients; ±SEM; *P < 0.05; **P < 0.01,
***P < 0.001 (one-way ANOVA, P = 0.61, n = 13).

Quinti et al. PNAS | Published online May 22, 2017 | E4681

N
EU

RO
SC

IE
N
CE

PN
A
S
PL

U
S

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
1,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1614943114/-/DCSupplemental/pnas.201614943SI.pdf?targetid=nameddest=STXT


www.manaraa.com

twofold response was observed in each HD cell line at 3 μM
MIND4-17 (Fig. 6 D and E). Nondisease WT cells showed a
maximum approximately fourfold response at 1 μM MIND4-17,
which plateaued by 3 μM (Fig. 6 D and E). These data suggest
that NRF2 induction could be compromised in HD due to sup-

pressive influence of the expanded CAG repeat mutation on
pathway activation; alternatively, a reduced fold change in response
to MIND4-17 could be due to a preexisting partial or full activation
in response to mHTT-induced homeostatic changes in the HD cells.
To distinguish between these two possibilities, we compared

responses in NSC HD4 with a severe 72 CAG mutation and its
isogenic-counterpart NSC HD116c, in which the 72 CAG expan-
sion was corrected to a nonpathological 21 CAG repeat length by
homologous recombination (83). In HD4 NSCs, the basal levels of
NQO1 and GCLM proteins were similar to HD116c (Fig. 6F),
indicating the NRF2 pathway was not partially activated. Treat-
ment with MIND4-17 did not induce a significant increase of ei-
ther NQO1 or GCLM expression in HD4 cells (Fig. 6 G, I, and J).
In sharp contrast, MIND4-17 treatment induced a concentration-
dependent increase of NQO1 and GCLM expression in HDc116
cells (Fig. 6H and K), similar to that observed in WT54 andWT55
NSCs (Fig. 6A). The induction of both NRF2-responsive proteins
in the corrected HDc116 cells was significant at 0.3 μM concen-
tration of MIND4-17. A maximum fourfold response was ob-
served at concentrations of 1 and 3 μM, which was similar to the
response in nondisease NSCs.
Together, these data show that the HD mutation negatively

impacts NRF2 signaling and suggest that interference is even
greater for the extreme CAG pathological expansions, which are
associated with juvenile clinical cases.

Discussion
In the present study, we have developed and determined the
mechanism of action of a unique and highly selective small-
molecule inducer of NRF2 signaling, MIND4-17. The NRF2
signal transduction cascade is initiated by MIND4-17 through
covalent modification of the KEAP1 sensor-cysteine C151,
mimicking effects of oxidative and electrophilic stress (10, 12, 53,
63). This chemical modification of KEAP1 leads to conforma-
tional change and arrest of the KEAP1/NRF2 complex in the
closed conformation, disrupting the cycle of degradation of
NRF2 (13, 66, 74). Subsequently, this results in accumulation
(stabilization) and nuclear translocation of de novo-synthesized
NRF2, followed by NRF2-mediated activation of gene expres-
sion. Proteomic analysis showed high MIND4-17 selectivity for
the KEAP1 target, which makes this compound an attractive
probe for investigating the activation of NRF2 signaling (74).
A highly specific KEAP1-modyfing inducer probe such as

MIND4-17 has key advantages over genetic manipulations or
broadly unspecific oxidants or electrophiles for investigating
endogenous biological responses specific to NRF2 signaling in
stress. For example, the gene silencing of KEAP1, whose ex-
pression is NRF2 dependent, would disrupt an autoregulatory
loop (84) and, due to the absence of natural formation of the
substrate adaptor and E3 ubiquitin ligase KEAP1/CUL3 complex,
would result in overactivation of the NRF2 pathway (47). More-
over, in contrast to small organic inducers like DMF and SFP,
which lack selectivity and “SAR-ability,” the unique MIND4-
17 scaffold presented here is drug-like and amenable to further
chemical modifications to optimize its pharmaceutical properties.
In this context, a key pharmacokinetic property requiring further
optimization will be brain permeability, which is minimal for
MIND4-17 itself and precludes its direct consideration as a
clinical candidate.
Although mutant HTT is ubiquitously expressed and impacts

multiple cell types across all bodily tissues, we next investigated
NRF2 signaling in the nonneuronal cell populations that are the
principal mediators of neuroinflammation, namely, microglia,
astrocytes, and peripheral monocytes, and in the context of both
mouse and human HD model systems. Our results showed that
the selective NRF2 inducer MIND4-17 repressed expression of
proinflammatory cytokines in primary microglia and astrocytes
from HD and WT mice (40, 78). Similar effects were observed in

A
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Fig. 6. Activation of NRF2 signaling in human iPSC-derived NSCs.
(A) MIND4-17 induces NQO1 and GCLM protein expression in HD48,
HD51 and WT54, WT55 NSCs. Cells were treated with MIND4-17 for 24 h at
indicated concentrations. Protein levels were detected by immunoblotting.
(B) No effects of MIND4-17 treatment on mutant or WT HTT levels in
HD51 and WT55 NSCs in were detected. (C) HD48 and HD51 extracts from A
were diluted 1:3 and NQO1 levels reexamined. (D) Densitometric analysis
of NQO1 expression in HD48 and HD51 (black bars) and WT54 (gray bars)
NSCs. Data are presented as mean ± SD of two independent experiments.
*P < 0.05 by t test; n = 4. (E) Relative induction of NQO1 expression in WT54
(gray triangle/line) and HD51 (black triangle/line) NSCs treated with MIND4-
17 at indicated concentrations. Each data point represents a mean ± SD of
two independent experiments; n = 4. (F–I) Effects of MIND4-17 in mutant
HD4 and in genetically corrected isogenic nondisease HD116c. (F) Basal levels
of NQO1, GCLM, and α-tubulin in HD4 and HD116c, detected by immuno-
blotting. (G and H) MIND4-17 induces expression of NQO1 and GCLM in the
corrected HD116c (H) but not in the parental HD4 (G) cell lines. NQO1 and
GCLM protein expression levels and α-tubulin were detected by immuno-
blotting. (I and J) Densitometric analysis of NQO1 (I) and GCLM (J) induction
in HD4 from G shows no induction of NRF2-responsive proteins by MIND4-17.
Levels of α-tubulin served as the loading control and were used for nor-
malization of NQO1 or GCLM signals. (K) Densitometric analysis of NQO1
induction in HD116c. Signals were normalized to the levels of α-tubulin. Data
are presented as means ± SD; t test with Holm correction for multiple
comparison. ***P < 0.01; n = 4.
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human primary monocytes from HD patients and normal subjects,
in which MIND4-17 mediated repression of proinflammatory cy-
tokines in both disease and nondisease cells. Based on these re-
sults, we concluded that NRF2 and downstream antiinflammatory
pathways are intact and not affected by the HD mutation in these
nonneuronal populations.
This finding is especially important as dysfunction in non-

neuronal cell types is recognized as a potential contributor to
neurodegeneration, in which a critical role for activated microglia
in HD has emerged (85). The release of proinflammatory cyto-
kines, associated with the harmful effects of activated microglia in
brain, creates a cytotoxic environment for neighboring neurons
(34–36). The potential therapeutic benefits of NRF2 activation
are increasingly appreciated to originate in glial and CNS-
relevant immune cells including microglia and peripheral mac-
rophages (86). Thus, the results from our studies highlight the
therapeutic potential of NRF2 signaling to repress proinflammatory
processes in the brain parenchyma including astroglia, microglia,
and infiltrating peripheral macrophages.
NRF2 activation responses were evaluated in human NSCs

derived from patient iPSCs. NSCs can give rise to neurons, as-
trocytes, and oligodendroglia, and in HD exhibit phenotypes that
may be pathologically relevant (83, 87). Moreover, there is evi-
dence that the pool of adult NSCs is depleted in the striatum of
HD patient brains (88) and may further contribute to HD pa-
thology over time. Our results showed that, in HD NSCs with a
CAG repeat expansion in the range typical for adult-onset dis-
ease, NRF2 responses were muted compared with nondisease
counterparts. Induction of NRF2 responses were essentially si-
lent in NSCs with an extreme CAG repeat length associated with
juvenile onset, but were restored to nondisease levels upon iso-
genic genetic correction of the CAG expansion. Our data showed
that, in the context of human HD NSCs, NRF2 signaling is
muted, which was consistent with similar observation in the
striatal STHdh mHTTQ111/Q111 cell line (89), although it is yet
unclear whether mHTT is directly involved. The results imply a
high stress-sensitivity of HD NSCs in adult brain, which could
offer an explanation for depletion of these cells in the course of
disease (88).
Taken together, our results highlight a differential and com-

plex NRF2-dependent stress response in human brain and em-
phasize potential therapeutic benefits of NRF2 activation for
HD treatment.

Materials and Methods
Compound Source and Storage. Compounds were procured from ChemBridge
Corporation (purity quality control ensured by provided NMR spectroscopy
data), dissolved in molecular-biology–grade DMSO to 10 mM stock concen-
trations, aliquoted, and stored at −80 °C. MIND4-17 was resynthesized (pu-
rity, >95%) and showed essentially identical potency of NRF2 activation to
MIND4-17 in multiple batches purchased from ChemBridge. Design and
schemes for synthesis of MIND4-17 analogs 2872, 2286, 2291, 2907, and 2909
can be found in SI Materials and Methods. DMF was purchased from Sigma
and SFP from LKT Laboratories.

Drug Test in MPTP Mouse Model. MIND4 was solubilized at 5 mg/mL in 7.5%
Cremophor EL (BASF)/2.375% ethanol in PBS. See SI Materials and Methods
for details on tolerability and brain-permeability studies. Male C57BL/6 mice
(∼25 g) from Charles River Laboratories were housed in temperature- and
humidity-controlled rooms with a 12-h dark/light cycle and had free access
to food and water. Subacute MPTP paradigm (20 mg/kg i.p. injection once
daily for 4 d) was used to test dose–response of MIND4 (90) at 30 or 60 mg/kg
(i.p. 10 min before and 50 min after each MPTP injection). The effective dose
of 60 mg/kg was used in the subsequent experiments. Control animals re-
ceived saline (control for MPTP) and 10% propylene glycol and 90% dextrose
as vehicle for MIND4 by i.p. Mice were killed 7 d after the last MPTP ad-
ministration and striatal DA and metabolite HVA were determined by high-
performance liquid chromatography (HPLC) coupled with electrochemical
detection (ECD) (90). Immunostaining for tyrosine hydroxylase (TH), a marker
for dopaminergic neurons, was performed using mouse anti-TH antibody

(Sigma). Total numbers of TH-positive neurons in the substantia nigra (SN)
were counted under blinded conditions using the Bioquant Image Analysis
System (R&M Biometrics) (91).

NQO1 Bioassay. Inducer potency was quantified by use of the NQO1 bioassay
in Hepa1c1c7 cells as described (50, 51). In brief, cells grown in 96-well plates
were exposed to serial dilutions of each compound for 48 h, and the
NQO1 enzyme activity was determined in cell lysates. Results are shown as
average values of eight replicate wells. The SD in each case was less than 5%.

Compound Activity Test in the Rat Embryonic Striatal Cell Lines ST14A. ST14A
cells (a generous gift from E. Cattaneo, University of Milan, Milan) (92) stably
express either a mutant expanded repeat (128Q) or WT (26Q) 546-aa HTT
fragment and were treated with compounds for 24 h as described (93). See
SI Materials and Methods for information on antibodies.

Compound Activity Test in Mouse Embryonic Fibroblasts.MEFs fromWT, NRF2-
knockout (NRF2-KO), or KEAP1-knockout (KEAP1-KO) mice (59) were cul-
tured in plastic dishes (Invitrogen) coated for 30 min with 0.1% (wt/vol)
gelatin. For experiments, cells (250,000 per well) were grown for 24 h on six-
well plates, and then treated with solvent control [0.1% DMSO (vol/vol)] or
compounds for 24 h. For Western blot analysis, cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer containing 1 protease inhibitor
mixture tablet (Roche) per 10 mL of buffer. Proteins were resolved by SDS/
PAGE and immunoblotted with specific antibodies against NQO1 (1:1,000) or
NRF2 (1:1,000), both gifts from John D. Hayes (University of Dundee, Dun-
dee, UK), and β-actin (Sigma; mouse monoclonal; 1:10,000). Conventional
method was used to separate nuclear and cytoplasmic fractions to test NRF2
induction and stabilization (see SI Materials and Methods for details).

Cell-Based KEAP1-Target Validation Assay. COS1 cells were plated 16 h before
transfection, followed by cotransfection with plasmids encoding WT, mutant
C151S, or C226S/C613S double-mutant KEAP1 and NRF2-V5 (generous gifts
fromM.MacMahon and John D. Hayes, University of Dundee, Dundee, UK) at
1:1 ratios. A plasmid encoding β-galactosidase was cotransfected to monitor
transfection efficiency. Twenty-four hours posttransfection, cells were ex-
posed to MIND4-17 for 3 h, and extracts were prepared and loaded on SDS/
PAGE normalized by β-galactosidase activity. Samples were resolved on SDS/
PAGE and immunoblotted with antibodies against KEAP1 (1:2,000; rabbit
polyclonal; a kind gift from John D. Hayes, University of Dundee, Dundee, UK)
and V-5 (1:5,000; mouse monoclonal; Invitrogen).

Fluorescence Lifetime Imaging Analysis of NRF2:KEAP1 Complex. HEK293 cells
(200,000 per dish) grown in standard media in 6-cm glass dishes were
cotransfectedwith constructs encoding EGFP-NRF2 andKEAP1-mCherry using
Lipofectamine 2000 (Invitrogen) as described (13). Cells were imaged 24 h
posttransfection before and after 1-h exposure to 1 μM MIND4-17. All im-
ages were acquired by confocal microscopy using a laser-scanning confocal
microscope (LSM780; Carl Zeiss). The microscope was equipped with a
thermostatic chamber suitable to maintain the live cells and optics at con-
stant 37 °C. Imaging was performed using a 63× oil-immersion, N.A. 1.4,
Plan-Apochromat objective from Zeiss. FLIM was performed as described
(94). Specific details of analysis are provided in SI Materials and Methods.

MS Analysis of KEAP1 Modification(s). Expression and purification of
recombinant BTB and full-length KEAP1 proteins are described in detail in SI
Materials and Methods. To analyze covalent modification(s) of the BTB do-
main, 10 μM BTB (48-190 S182A) were incubated with 2 mM MIND4-17 (or
2% DMSO final concentration for control) for 1 h on ice in 20 mM Tris·HCl,
pH 8.0, and 150 mM NaCl. Intact protein masses were determined through
HPLC-coupled electrospray ionization (ESI)–MS on an AB Sciex TripleTOF
5600+ mass spectrometer (Sciex) as described in detail in SI Materials and
Methods.

NRF2-Dependent Transcriptional Profiling of MIND4-17 in BV2 Microglia Cells.
The BV2 mouse microglial cell line was a generous gift from Michael Whalen
(Massachusetts General Hospital, Boston). Cells were maintained in DMEM
media (Invitrogen) supplemented with 10% FBS (Sigma) and antibiotic–
antimycotic mix (Invitrogen). Cells were seeded into 12-well plates at the
density of 3 × 105 cells per well. Cells were treated with the indicated con-
centrations of MIND4-17 for 24 h. Cells were then stimulated with 10 ng/mL LPS
(Escherichia coli; Sigma) for 2 h. Total RNA was isolated using ZR Miniprep kit
(Zymo Research). One milligram of total RNA was used to prepare cDNA
(ProtoScript kit; New England Biolabs). Gene expression levels for NQO1,
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GCLM, IL1, IL6, TNFα, and MCP1 were analyzed by the VeriQuest SYBR green
assay (Affymetrix) using a Roche 480 thermocycler. The sequences of gene-
specific primers for quantitative PCR (qPCR) can be found in SI Materials
and Methods.

MIND4-17 Activity Test on Cytokine IL-6 Release in Primary Mouse Astrocytes
and Microglia. Whole brains were obtained from postnatal 1- to 3-d-old WT
and YAC128 mouse pups on the FVB/N strain background and placed in
Hanks’ balanced salt solution (Invitrogen) on ice. Meninges were removed,
and the remaining brain tissue was placed into growth medium (DMEM,
10% FBS, 1% L-glutamine, 1% penicillin/streptomycin), and homogenized.
See details on cell isolation and culturing in SI Materials and Methods. After
the initial isolation, microglia and astrocytes were seeded at a density of
1.4 × 105 cells per mL into 96-well tissue culture plates. Twenty-four hours
later, the culture medium was replaced with medium containing MIND4-17
at different concentrations in growth medium containing 1% FBS. Twenty-
four hours later, medium containing IFN-γ (final concentration, 10 ng/mL;
R&D Systems) with CSE (Associates of Cape Cod) at a final concentration of
100 ng/mL was added. Supernatants were collected at 9 h and stored at −
20 °C. Cells were lysed, and total protein levels were determined using the
micro-BCA kit (Thermo Scientific). Supernatants were analyzed using mouse
IL-6 ELISA (e-Bioscience) and IL-6 levels normalized to total protein levels.

MIND4-17 Activity Test on Cytokine Expression in Primary Human HD and
Nondisease Monocytes. All human experiments were performed in accor-
dance with the Declaration of Helsinki and approved by University College
London (UCL)/UCL Hospitals Joint Research Ethics Committee. All subjects
provided informed written consent. Blood samples were obtained from
control subjects and genetically diagnosed, symptomatic HD patients. Pa-
tients were classed as having early or moderate-stage disease using the total
functional capacity scale (13–7, early; 6–3, moderate) (95). Subjects with in-
flammatory or infective conditions were excluded.

Information on Cohorts of HD and Healthy Subjects Who Participated in the
Study. The cohorts of HD and healthy subjects who participated in the study
were as follows: HD (n = 13): age, 56.84 ± 9.23; CAG repeats, 42.46 ± 1.80;
female/male ratio, 53/47; healthy subjects (n = 10): age, 49.98 ± 15.03; fe-
male/male ratio, 53/47.

Cells were isolated from whole blood, as previously described (40) (see SI
Materials and Methods for details). After resting for 16 h, the culture me-
dium was replaced with R10 medium containing either vehicle (DMSO) or
MIND4-17 at different concentrations (0.3, 1, and 3 μM). After 24-h treat-
ment, medium was changed again using R10 containing both MIND4-
17 at the same concentration and, to stimulate cytokine production, 10 ng/mL

IFN-γ (R&D Systems) and 2 mg/mL LPS (Sigma-Aldrich). Supernatants were
collected at 24 h and analyzed using the human proinflammatory II (four-
plex) MSD assay measuring IL-1β, IL-6, IL-8, and TNFα. Normalized cytokine
levels were analyzed on a logarithmic scale due to their skewed distribution.
Statistical analysis was performed using a linear mixed model, to allow for
correlation between measurements from the same subject. A constant cor-
relation was assumed between all six measurements from each subject, with
robust SEs to allow for deviation from this assumption. An advantage of this
approach is that linear mixed models provided unbiased estimates of each
comparison even if there were missing data, provided the data were as-
sumed to be missing at random. Contrasts of interest were then calculated
using linear combinations of parameter estimates.

MIND4-17 Activity Test in Human NSCs. iPSCs were obtained from National
Institute of Neurological Disorders and Stroke (NINDS) Repository at the
Coriell Institute for Medical Research: catalog no. ND38554 (named here
WT54), catalog no. ND3855 (WT55), catalog no. ND38551 (HD51), and cat-
alog no. ND38548 (HD48). The HD4 cell line harbors a severe juvenile repeat
range 72 CAG mutation; in the isogenic-companion cell line HD116c, the
pathological mutant CAG expansion was corrected to a nonpathological 21
CAG repeat by homologous recombination (83). Genotype was confirmed by
PCR amplification of genomic DNA (Fig. S6A). Please see SI Materials and
Methods for additional details on maintenance iPSCs. NSCs were established
based on a protocol described for mouse ES cells (82), and detailed protocol is
provided in SI Materials and Methods. For compound treatments, cells were
plated at 100,000 cells per well on poly-L-lysine/laminin–coated 24-well plates.
Compound was diluted to two times the final concentration in complete
medium, and then an equal volume of solution was added to each well. The
final concentrations of MIND4-17 were 0–3 μM. An equal volume of carrier
(DMSO) was used as a control. Cells were treated for 24 h, and then lysed in
buffer and analyzed by SDS/PAGE and Western blot.
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