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KIDNEY DISEASE

Activation of NRF2 ameliorates oxidative stress
and cystogenesis in autosomal dominant polycystic

Copyright © 2020
The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim

kidney disease

Yi Lu'*, Yongzhan Sun'¥, Zhiheng Liu'*, Yumei Lu’, Xu Zhu', Bingxue Lan', Zeyun Mi', Lin Dang1,
Na Li', Wenlei Zhan', Lu Tan?, Jingbo Pi3, Hui Xiong‘”, Lirong Zhang”, Yupeng Chen't

Oxidative stress is emerging as a crucial contributor to the pathogenesis of autosomal dominant polycystic kidney
disease (ADPKD), but the molecular mechanisms underlying the disturbed redox homeostasis in cystic cells re-
main elusive. Here, we identified the impaired activity of the NRF2 (nuclear factor erythroid 2-related factor 2)
antioxidant pathway as a driver of oxidative damage and ADPKD progression. Using a quantitative proteomic
approach, together with biochemical analyses, we found that increased degradation of NRF2 protein suppressed
the NRF2 antioxidant pathway in ADPKD mouse kidneys. In a cohort of patients with ADPKD, reactive oxygen
species (ROS) frequently accumulated, and their production correlated negatively with NRF2 abundance and posi-
tively with disease severity. In an orthologous ADPKD mouse model, genetic deletion of Nrf2 further increased
ROS generation and promoted cyst growth, whereas pharmacological induction of NRF2 reduced ROS production
and slowed cystogenesis and disease progression. Mechanistically, pharmacological induction of NRF2 remodeled
enhancer landscapes and activated NRF2-bound enhancer-associated genes in ADPKD cells. The activation domain
of NRF2 formed phase-separated condensates with MEDIATOR complex subunit MED16 in vitro, and optimal
Mediator recruitment to genomic loci depended on NRF2 in vivo. Together, these findings indicate that NRF2
remodels enhancer landscapes and activates its target genes through a phase separation mechanism and that

to original U.S.
Government Works

activation of NRF2 represents a promising strategy for restoring redox homeostasis and combatting ADPKD.

INTRODUCTION
Autosomal dominant polycystic kidney disease (ADPKD) is a com-
mon inherited kidney disease that affects 12.5 million people world-
wide. Mutations in the PKDI or PKD2 gene are the most common
causes of ADPKD. ADPKD is characterized by the development of
numerous bilateral renal cysts, which leads to progressive renal failure
(1, 2). Although the genetic basis of ADPKD is known, the molecu-
lar mechanisms responsible for the development of ADPKD remain
poorly understood, and safer and more effective drugs are needed.
Accumulating evidence suggests that mitochondrial dysfunction
is a key feature of ADPKD (3-5). Mitochondrial abnormalities, in-
cluding altered mitochondrial membrane potential and abnormal
mitochondrial morphology, are present in kidney tissues from both
patients with ADPKD and animal models (6, 7). Impairment of
mitochondrial function results in the generation of reactive oxygen
species (ROS), which are normally contained by the antioxidant de-
fense system. An imbalance between ROS production and clearance
leads to oxidative stress, which causes tissue damage and dysfunction
(8, 9). Evidence of decreased abundance of antioxidant enzymes
and increased oxidative injury has been reported in nonorthologous
PKD models (10). Recent clinical studies have shown that oxidative
stress is present in patients with early-stage ADPKD and preserved
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renal function (11-14). These observations suggest that excessive
ROS and increased oxidative stress are involved in ADPKD pro-
gression. However, the mechanisms underlying the dysregulation
of antioxidant enzymes and the redox imbalance remain largely un-
known, and it has not yet been shown that antioxidants can delay
disease progression in ADPKD.

The transcription factor NRF2 (nuclear factor erythroid 2-related
factor 2) was originally isolated as a homolog of the hematopoietic
transcription factor NF-E2 p45 (15, 16). NRF2 is recognized as a
master regulator of cellular defenses against oxidative stress (17, 18).
NREF2 exerts its antioxidant function mainly through transcriptional
activation of cytoprotective gene expression (19). The abundance of
NREF?2 is tightly controlled by two ubiquitin-proteasome degradation
pathways. Under normal conditions, NRF2 is kept in the cytoplasm
and binds to its canonical negative regulator kelch-like ECH-associated
protein 1 (KEAP1) (20), which promotes NRF2 degradation through the
Cullin 3 (CUL3) ubiquitin-proteasome system. A KEAP1-independent
mechanism of NRF2 degradation is mediated by B-transducin
repeats—containing protein (B-TrCP). Upon phosphorylation by
glycogen synthase kinase-3p (GSK-3B), NRF2 binds to B-TrCP,
which marks NRF2 for ubiquitination by the CUL1 E3 ubiquitin
ligase complex. Disrupting the interaction between NRF2 and either
KEAP1 or B-TrCP stabilizes NRF2 and promotes its translocation
into the nucleus, where NRF2 binds to the antioxidant response
element in the promoter regions of cytoprotective genes, recruits
transcriptional coactivator proteins, and initiates target gene tran-
scription (17).

Oxidative stress is now recognized as a major pathogenic factor
for various progressive clinical and experimental renal diseases
(21, 22). Activation of NRF2 exerts protective effects by amelioration
of oxidative injury and inflammation in various kidney diseases,
including acute kidney injury, chronic kidney disease, and diabetic
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nephropathy, highlighting the NRF2 antioxidant pathway as an im-
portant target for kidney disease treatment (23, 24).

In this study, we identified impaired activity of the NRF2 anti-
oxidant pathway as a crucial contributor to oxidative stress and cysto-
genesis in ADPKD. We determined a regulatory mechanism by
which NRF?2 activates its target genes. We propose that pharma-
cological induction of NRF2 represents a promising strategy for the
protection of kidney tissue from oxidative injury and for the treat-
ment of ADPKD.

RESULTS

ROS accumulate in ADPKD kidneys and their production
positively correlates with disease severity

Quantitative proteomics is an effective approach for comprehen-
sively analyzing protein abundance under defined conditions. To
understand the pathogenesis of and identify potential therapeutic
targets for ADPKD, we used tandem mass tag-labeled, multiple-
dimension liquid chromatography-tandem mass spectrometry to
analyze kidney tissues from wild-type (WT) and Pkd1”'~ mice with
ADPKD (Fig. 1A). We detected and quantified 5100 proteins in
these tissues, with 789 proteins up-regulated and 569 down-regulated
in ADPKD kidneys (Fig. 1B). Gene Ontology (GO) analysis re-
vealed that the up-regulated protein set was significantly enriched
for proteins involved in inflammatory responses (P < 0.001), cellular
metabolic processes (P < 0.001), collagen biosynthesis (P < 0.001),
and the mitogen-activated protein kinase (MAPK) cascade (P = 0.00128)
(fig. S1A), many of which play critical roles in ADPKD progression
(25); the down-regulated protein set was significantly enriched for
proteins involved in regulating oxidoreductase activity and the elec-
tron transport chain (P < 0.001; Fig. 1, C and D). Almost one-third
of the proteins reduced abundance in ADPKD kidneys is located to
mitochondria (Fig. 1E), indicating a prominent defect in mitochon-
drial functions. In addition, protein-protein interaction network
analysis revealed that the down-regulated protein set was enriched
for proteins involved in drug metabolic process, the citric acid cycle,
respiratory electron transport, generation of precursor metabolites,
and energy pathways (fig. S1B), all of which affect mitochondrial
function (26, 27). Collectively, our proteomic profiling revealed a
prominent defect of mitochondrial function in ADPKD mouse kidneys.

One key feature of mitochondrial abnormality is excessive gen-
eration of ROS. Thus, we hypothesized that ROS accumulation
occurs in ADPKD cells. To test this, we measured the ROS production
in kidneys from ADPKD mice and human patients by dihydro-
ethidium (DHE) staining. DHE staining was barely detectable in
control tissues but was intense in kidney sections from both ADPKD
mice (fig. S1C) and patients (Fig. 1F), indicating ROS accumulation
in ADPKD kidneys. To determine the ROS status in kidney epithelial
cells, we isolated Dolichos biflorus agglutinin (DBA)-positive col-
lecting ducts, where cysts arise predominantly (2), from both WT
and ADPKD mice and performed DHE staining. Cystic epithelial
cells from the kidneys of ADPKD mice exhibited higher DHE
staining than cells from the kidneys of WT mice (fig. S1D),
confirming ROS accumulation in cyst-lining epithelial cells in
ADPKD kidneys.

To evaluate whether the increase in ROS in ADPKD kidneys
correlated with disease progression, we analyzed ROS status in kidneys
from patients (table S1) with varying disease severity. We found
that DHE intensity positively correlated with total kidney volume
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(Fig. 1G) and serum creatinine concentration (Fig. 1H), two key
biomarkers of ADPKD severity (2). Thus, ROS accumulation cor-
related with disease progression.

NRF2 antioxidant signaling pathway is impaired in

ADPKD kidneys

Through activation of genes encoding antioxidant and ROS-
detoxifying enzymes, the NRF2 antioxidant pathway clears excess
ROS and maintains redox homeostasis (17, 18). To examine the
activity of the NRF2 pathway, we inferred the expression of NRF2
targets from our proteomic data. We detected and quantified
38 proteins encoded by NRF2 target genes in our proteomic data
(Fig. 2A). About 60% of these NRF2 targets were down-regulated in
kidneys from ADPKD mice.

We did not detect NRF2 protein in our proteomic data; therefore,
we analyzed the abundance of NRF2 by Western blotting. NRF2
abundance was decreased in kidney tissues and primary renal epi-
thelial cells from ADPKD mice (Fig. 2, B and C). Analysis of
NREF2 in the cytosolic and nuclear fractions showed a decrease in
both compartments in ADPKD mouse kidneys (fig. S2). Consistent
with the decrease of NRF2 protein abundance, the mRNA abundance
of several well-characterized NRF2 target genes was markedly re-
duced in kidneys and primary cystic renal epithelial cells from
ADPKD mice, including NAD(P)H (reduced form of nicotinamide
adenine dinucleotide phosphate):quinone oxidoreductase 1 (encoded
by Nqol), glutamylcysteine synthetase (encoded by Gcs), superoxide
dismutase 1 (encoded by Sod1l), and superoxide dismutase 2
(encoded by Sod2) (Fig. 2, D and E). The similarity in Nrf2 mRNA
abundance between the WT and ADPKD mouse samples indicated
that the reduction in NRF2 abundance mainly occurs at the post-
transcriptional stage. Together, these results identified an impaired
NRF2 antioxidant pathway in ADPKD kidneys.

To further validate the clinical relevance of the impaired NRF2
antioxidant pathway in ADPKD, we examined the NRF2 abundance
in human patient samples (Fig. 2F). Decreased abundance of NRF2
correlated with increased ROS in patients with ADPKD (Fig. 2G).
In addition, we also observed that NRF2 abundance inversely cor-
related with total kidney volume and serum creatinine concentration
(Fig. 2, H and I) and positively correlated with estimated glomerular
filtration rate (eGFR) (Fig. 2J), indicating a correlation between the
impaired NRF2 antioxidant pathway and ADPKD severity.

Loss of Nrf2 increases oxidative stress and accelerates cyst
growth in an orthologous ADPKD mouse model

To explore the role of NRF2 in ADPKD progression in vivo, we
crossed Nrf2 knockout mice with Pkd1 knockout mice. To initiate
cystogenesis, we induced PkdlI deletion by tamoxifen injection at
postnatal day 10 (P10) and euthanized the animals 12 days later to
collect the kidneys (Fig. 3A). In mice with functional PkdI, neither
heterozygous nor homozygous loss of Nrf2 (Pkd1"*;Nrf2*'~ or
Pkd1™*;Nrf2™") resulted in apparent abnormalities in kidney size,
kidney weight-to-body weight ratio, or blood urea nitrogen (BUN)
(Fig. 3, B to D), suggesting that the loss or reduced function of Nrf2
alone has little effect on kidney development and renal function.
However, deletion of N7f2 in Pkd1™~ mice (Pkd1”";Nrf2™") resulted
in markedly larger kidney size; higher kidney weight-to-body
weight ratio, BUN, and serum creatinine concentration; increased
cyst formation; and higher cystic index (Fig. 3, B to F, and fig. S3A).
We evaluated ROS abundance using DHE and ROS-induced damage
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Fig. 1. Accumulation of ROS positively correlates with disease progression in ADPKD. (A) Schematic overview of the proteomic analysis. m/z, mass/charge ratio;
LC-MS/MS, liquid chromatography-tandem mass spectrometry. (B) Heatmap of protein abundance values from kidneys from WT and early-onset ADPKD mice. Proteomic
analysis was performed with kidneys from three mice of each genotype. Data for each biological replicate are shown. (C and D) Gene Ontology (GO) enrichment analyses
of the down-regulated proteins. ATP, adenosine 5"-triphosphate. (E) Subcellular location of the down-regulated proteins in ADPKD kidneys. (F) Immunofluorescence
analysis (left) and quantification (right) of ROS production as measured by DHE intensity in human kidneys. Scale bar, 50 um. (G) Correlation between DHE intensity and
total kidney volume (TKV) for patients with ADPKD. (H) Correlation between DHE intensity and serum creatinine (Scr) for patients with ADPKD. Data represent means +
SEM. *P < 0.05. Two-tailed unpaired Student’s t test was used for statistical analysis in (F). Pearson’s correlation coefficients are displayed in (G) and (H); P values were de-
termined using linear regression analysis.
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Fig. 2. Impaired activity of NRF2 antioxidant pathway in ADPKD kidneys. (A) Quantitative proteomic analysis of NRF2 targets in kidneys from WT and early-onset
Pkd1™"~ mice. Results from three mice for each are shown. NC, not changed. (B) Western blot analysis of NRF2 abundance in WT and Pkd17/~ kidneys. The numbers under
WT and ADPKD indicate tissue from separate mice. (C) Western blot analysis of NRF2 and NQO1 in DBA-isolated primary cells from Pkd1** and Pkd1™~ mouse kidneys.
(D) RT-gPCR analysis of the change in mRNA abundance of Nrf2 and its indicated targets in WT and Pkd 1™~ kidney tissues. (E) RT-qPCR analysis of the change in mRNA
abundance of Nrf2 and its targets in DBA-positive primary cells from Pkd 1"+ and Pkd 1™~ mouse kidneys. (F) Immunohistochemistry staining of NRF2 and immunofluorescence
of ROS in kidney tissue from normal and patients with ADPKD. Scale bar, 50 um. Arrowheads indicate positive nuclear staining of NRF2. Insets show a higher magnification of
the dashed rectangular areas. NRF2 abundance was quantified using H-score from the immunohistochemistry data. DAPI, 4',6-diamidino-2-phenylindole. (G to J) Correlation
between NRF2 abundance (H-score) in kidney tissues with various parameters of kidney function: DHE intensity (G), total kidney volume (TKV) (H), serum creatinine (I), and
eGFR (J). Data represent means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001; NS, not significant. Two-tailed unpaired Student’s t test was used for statistical analysis
in (D to F). Pearson’s correlation coefficients are displayed in (G to J); P values were determined using linear regression analysis.
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Fig. 3. Genetic depletion of Nrf2 increases oxidative injury and accelerates cystogenesis in ADPKD mouse model. (A) Schematic diagram of the experimental de-
signin the Pkdl'/';Ner'/' mouse model. (B) Representative images of P22 kidneys from the indicated groups of mice. (C) Kidney weight-to—body weight (KW/BW) ratios
in the indicated groups. (D) BUN concentration in the indicated groups. (E) Hematoxylin and eosin (H&E) staining of mouse kidney sections from the indicated groups.
(F) Cystic index quantified from H&E images. (G) DHE staining (left) and quantification (right) of frozen mouse kidney sections. Scale bars, 2 mm (B and E) and 50 um (G).
Data represent means + SEM. *P < 0.05, **P < 0.01, and ***P < 0.001. Data for each mouse is indicated with the number of mice indicated in parentheses (C, D, and F) or
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by staining for 8-hydroxy-2’-deoxyguanosine (8-OHdG). Both were
increased in ADPKD mice with Nrf2 deletion (Fig. 3G and fig. S3B).
We also observed increased cell proliferation [based on proliferating
cell nuclear antigen (PCNA) staining] and expression of inflamma-
tory genes (Mcp1 and I1-6) in Pkd1”";Nrf2”~ mice (fig. $3, C and D).
Collectively, these results showed that loss of NRF2 exacerbates
ADPKD severity.

Activation of NRF2 ameliorates oxidative damage

and cystogenesis in the early- and late-onset ADPKD

mouse models

Because we observed that NRF2 is down-regulated in ADPKD
mouse and human kidneys and genetic disruption of Nrf2 in mice
worsens ADPKD, we hypothesized that induction of NRF2 can
slow disease progression. Sulforaphane (SFN), a natural compound
derived from cruciferous vegetables, is an inhibitor of KEAPI that
disrupts KEAP1-NRF2 complex and, thus, promotes nuclear accu-
mulation of NRF2 (28). SEN has been used in basic research and
clinical studies for cancer and other chronic diseases (29). We
therefore examined the effects of SFN-mediated NRF2 activation
on cystogenesis and renal function in ADPKD animal models.

To generate the early-onset mouse model, we induced Pkd1 gene
deletion by a single injection of tamoxifen at P10 and initiated SEN
treatment at P11, which was continued for 3 weeks (Fig. 4A). SEN
treatment decreased the kidney size, cystic index, kidney weight-
to—body weight ratio, and ROS accumulation and improved renal
function in Pkd1”~;Nrf2*"* mice and Pkd1™";Nrf2"/~ mice but not
in Pkd1™";Nrf2”"~ mice (Fig. 4, B to F, and fig. $4, A and B). We also
observed decreased cell proliferation upon SEN treatment (fig. S4C).
The expression of three NRF2 target genes, Sod1, Gcs, and Prdx, was
increased in response to SFN treatment in an NRF2-dependent
manner (fig. S4D), suggesting that SFN treatment increases NRF2
activity in the ADPKD mouse kidney. Together, these results showed that
SEN reduces oxidative stress in kidney tissue and attenuates ADPKD
pathogenesis through a mechanism dependent on the NRF2 pathway.

To more closely mimic disease progression in patients with
ADPKD and to evaluate the long-term effects of SEN treatment, we
used a late-onset ADPKD mouse model and addressed whether
SEN reduced cyst growth in mice with established ADPKD (30).
We induced Pkdl gene deletion by two tamoxifen injections at P25
and P28. SFN treatment was initiated 1 month later (P55; T'= 0 month)
and continued for 2 months before the mice were euthanized
(Fig. 4G). To follow disease progression longitudinally, we imaged
the kidneys of each group of ADPKD mice by magnetic resonance
imaging (MRI) at T = 0 months (P55), T = 1 month (P85), and
T = 2 months (P115) (Fig. 4H). We found that SEN treatment sub-
stantially inhibited cyst growth in ADPKD mice, as indicated by the
MRI image-based total kidney volume calculation (Fig. 4, H and I).
Moreover, SEN treatment also resulted in a marked decrease of the
cystic index and kidney size (Fig. 4, ] and K, and fig. S4F), kidney
weight-to-body weight ratio (fig. S5G), ROS accumulation (fig. S4H),
improved renal function (Fig. 4L), and decreased cell prolif-
eration (fig. S41). The expression of three NRF2 target genes, Sod1,
Gcs, and Prdx, was increased in response to SEN treatment (fig.
S$4]), suggesting that SFN treatment increases NRF2 activity in the
late-onset ADPKD model. We observed no apparent systemic tox-
icity, such as behavioral change and body weight loss (fig. S4K), in
SEN-treated control mice, indicating a high degree of biosafety for
SEN treatment.
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ADPKD is a systemic disorder with multiple clinical manifesta-
tions. Besides the kidneys, cysts also occur in other organs, such as
the liver, arachnoid membrane, pancreas, and seminal vesicles.
Polycystic liver disease is considered as the most frequent extrarenal
manifestation of ADPKD and is characterized by a continuous in-
crease in the number and volume of cysts (31). Therefore, we also
examined the effects of SFN treatment on liver cyst growth in the
late-onset ADPKD mouse model. SFN treatment was initiated
1 month after the deletion of Pkd1 gene (P55; T = 0 months) and
continued for 2 months before the mice were euthanized. The num-
ber and volume of liver cysts were markedly decreased by SFN
treatment (fig. S4, L to N). Together, these findings suggest that
SEN is a potentially safe candidate for ADPKD treatment with
effectiveness in inhibiting cystogenesis in both kidney and liver.

GSK-3p inhibition delays cyst growth in an

NRF2-dependent manner

Our data indicated that NRF2 abundance was decreased in ADPKD
kidneys due to a posttranscriptional mechanism (Fig. 2, B to E).
NRF2 abundance is tightly regulated by the KEAP1-CUL3 and
B-TrCP-CULI1 ubiquitin-proteasome degradation systems. The latter
is influenced by GSK-3, which phosphorylates NRF2 and enables
NRF2 to bind to B-TrCP. To explore the roles of these two degrada-
tion pathways in the regulation of NRF2 abundance, we first ana-
lyzed the abundance of KEAP1 and GSK-3p in kidneys from WT
and the early-onset ADPKD mice. We found that both KEAP1 and
GSK-3p were increased in ADPKD kidneys (Fig. 5A), suggesting
that the repression of NRF2 is caused by the dysregulation of its
degradation pathways.

Our GSK-3p results are consistent with a previous study of
ADPKD kidneys, which also found an increase in this kinase and
reported that inhibition of kinase activity by the selective inhibitor,
4-benzyl-2-methyl-1,2,4-thiadiazolidine-3,5-dione (TDZD-8), slows
cyst development in an orthologous ADPKD mouse model (32).
Because GSK-3p directly phosphorylates NRF2 and induces its deg-
radation, we hypothesized that activation of the NRF2 pathway
contributes to the beneficial effects of GSK-3p inhibition on cysto-
genesis. We tested this hypothesis in the early-onset mouse model
(Fig. 5B). TDZD-8 treatment substantially reduced kidney size
(Fig. 5C), cystic index (Fig. 5, D and E), kidney weight-to-body
weight ratio (Fig. 5F), and ROS accumulation (Fig. 5H) and im-
proved kidney function (Fig. 5G and fig. S5A) in Pkd1™/~;Nrf2*"*
but not in Pkd1™";Nrf2™/~ mice. Consistent with the functional
data, the abundance of NRF2 and the expression of its targets
were increased in TDZD-8-treated Pkd1”~;Nrf2*"* mice but not in
Pkd1™~;Nrf2”~ mice (Fig. 51 and fig. S5B). Together, these results
showed that NRF2 is required for the suppression of cystogenesis
by GSK-3p inhibition.

Pharmacological induction of NRF2 promotes enhancer
activation in ADPKD cells

NRF2 is the master transcription factor in cellular defense against
oxidative stress, and this function is mainly mediated through tran-
scriptional activation of its cytoprotective target genes. To explore
the transcriptional regulatory mechanisms underlying the protective
roles of NRF2 in ADPKD, we performed chromatin immuno-
precipitation followed by chromatin immunoprecipitation-
sequencing (ChIP-seq) to analyze the genome-wide distribution
of NRF2 in WT 9-12 human ADPKD cells. We found that SFN
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Fig. 4. Activation of NRF2 inhibits
cyst development in the early-
and late-onset ADPKD mouse
models. (A) Outline of the experi-
mental design in the early-onset
ADPKD mouse model. Mice not
receiving SFN were administered
vehicle (DMSO, dimethyl sulfoxide).
(B) Representative images of P29
kidneys from the indicated groups
of mice. (C) H&E-stained kidney
sections from P29 mice treated
with DMSO or SFN. (D) Graph of the
cysticindex at P29 of the indicated
groups. (E) Ratios of kidney weight-
to-body weight at P29 in the indi-
cated groups. (F) Graph of the
concentration of BUN at P29 in the
indicated groups. (G) Schematic
diagram of experimental design in
the late-onset ADPKD mouse model.
Mice not receiving SFN were ad-
ministered vehicle (DMSO). (H) Re-
presentative magnetic resonance
imaging (MRI) images of kidneys
from the indicated genotype and
treatment groups. (I) Total kidney
volume calculated from MRI slides
acquired at the indicated time points
from mice in the indicated groups.
(J) Representative H&E sections
from Pkd1~/~ mice treated with
DMSO or SFN. (K) Cystic index of
kidneys from mice treated with
DMSO or SFN. (L) Graph showing
BUN concentration at the indicated
time points. Number of mice is the
same as in (1). Scale bars, (B, C, and J)
2 mm. Data for each mouse are
plotted. Each group contained six
mice in (D to F) or the number of
mice in each group is indicated in
parentheses (I and K). Data repre-
sent means + SEM. **P < 0.01 and
***¥P <0.001. Two-tailed unpaired
Student’s t test was used for statis-
tical analysis.

treatment substantially in-
creased NRF2 occupancy on
chromatin, with peak num-
bers rising from 418 to 2168
binding sites, but that SEN
treatment had little effect on
the relative proportions of ge-
nomic regions occupied by
NRE?2 (Fig. 6A). Our results
are consistent with previ-
ous studies (33, 34) show-
ing that only 4% of NRF2
binding is located in pro-
moter regions and that most
(>95%) occurs in intergenic
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Fig. 5. GSK-3p inhibition amelio-
rates ADPKD progression through
induction of NRF2. (A) Western blot
of NRF2, KEAP1, and GSK-3pB in kidneys
from WT and Pkd 1™~ mice. Each lane
represents a sample from an inde-
pendent mouse. (B) Outline of the
experimental design. Mice not re-
ceiving SFN were administered vehicle
(DMSO). (C) Representative images
of P29 kidneys from mice in the indi-
cated groups. (D) H&E staining of
kidneys from the indicated groups.
(E) Graph of the cystic index calcu-
lated from the H&E sections such as
those in (D). (F and G) Kidney weight-
to-body weight ratios and BUN con-
centration in the indicated groups.
(H) DHE staining and quantification
of kidney sections from three mice
in each of the indicated groups.
(I) Western blot analysis of NRF2 and
NQOT1 in the indicated groups. Scale
bars, 2mm (C and D) and 50 um (H).
Data for each mouse are plotted and
each group contained six mice in
(E to G). Data represent means +
SEM. *P <0.05 and ***P < 0.001. Two-
tailed unpaired Student’s t test was
used for statistical analysis.

or intragenic regions. The mech-
anisms and functions of NRF2
binding at these extrapromoter
genomic sites are largely un-
known (19).

To explore the relationship
between NRF2 binding and
its transcriptional activity, we
characterized the chromatin
features of NRF2 binding sites.
We examined key active histone
markers that define genome-
wide regulatory regions, in-
cluding acetylated H3K27
(H3K27ac), monomethylated
H3K4 (H3K4mel), and tri-
methylated H3K4 (H3K4me3)
(35). Promoters of actively
transcribed genes are marked
by H3K4me3 and H3K27ac,
whereas active enhancers are
enriched for H3K4mel and
H3K27ac. We performed ChIP-
seq analyses of these histone
modifications and examined
the interaction between NRF2

binding and its surrounding chromatin context. SFN treatment of
WT 9-12 increased H3K27ac signals at NRF2-bound regions while
slightly reducing the genome-wide average H3K27ac signal
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(Fig. 6, B and C). We did not detect genome-wide changes in
H3K4mel (Fig. 6, B and D) or H3K4me3 (Fig. 6, B and E) occupancy
in response to SFN nor did we detect noticeable changes in these
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Fig. 6. NRF2 regulates transcription through A B
enhancer activation. (A) Genomic distribu- NRF2 distribution NRF2 H3K27ac H3K4me1 H3K4me3
tion of NRF2in WT 9-12 cells treated with DMSO SFN DMSO SFN DMSO SFN DMSO SEN
. DMSO SFN = El == = ———
DMSO or SFN. The numbers represent sites : = == ==
occupied by NRF2. (B) Heatmaps of normal- - % 3% : e
ized ChlIP-seq signals for NRF2, H3K27ac, \\ : : =
H3K4me1, and H3K4me3. The rows show 3 kb
around the NRF2 peak center. (C to E) Com- 7%
posite plots of normalized ChIP-seq signals for w18 Sl 2168
H3K27ac (C), H3K4me1 (D), and H3K4me3 (E)
in the whole genome (total) or in regions oc-
cupied by NRF2in WT 9-12 cells treated with
DMSO or SFN. (F) ChIP-seq tracks of NRF2, ) )
. promoter [l Intragenic Intergenic Others
H3K27ac, H3K4me1l, and H3K4me3 in the —3 Center 3kb -3 Center 3kb -3 Center 3kb -3 Center 3kb -3 Center 3kb —3 Center 3kb -3 Center 3kb -3 Center 3kb
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of P300. We found that NRF2 colocalized with P300 after SFN treat-
ment and that the occupancy of P300 was markedly decreased in
cells lacking NRF2 (Fig. 6G). The intensity of P300 signal signifi-
cantly correlated with that of H3K27ac signal (Fig. 6H). The depen-
dence of SEN-stimulated redistribution of P300 binding to chromatin
on NRF2 was evident by inspection of the tracks, as seen in the rep-
resentative data for RASEF in Fig. 61. These results suggested that
NRF2 recruits P300 to facilitate the acetylation of H3K27 at NRF2-
bound enhancers.

GO analysis of genes associated with NRF2-bound active
enhancers in SEN-treated cells revealed that the genes were highly
enriched for ADPKD-associated pathways, such as pathways regu-
lating TOR (target of rapamycin) signaling, cell cycle, MAPK activity,
apoptotic processes, and oxidative stress (Fig. 6]). Collectively,
these data suggested that activation of NRF2 remodels the enhancer
landscape and promotes enhancer activation in ADPKD cells.

We investigated whether the NRF2-induced increase of chroma-
tin marks associated with enhancer activity leads to the activation of
the associated genes in ADPKD cells. Gene set enrichment analysis
(GSEA) revealed that genes associated with NRF2-bound enhancers
were enriched for genes up-regulated by SFN (Fig. 6K). Intersection
of the genes up-regulated by SFN with genes associated with NRF2-
bound active enhancers yielded 36 genes (Fig. 6L). Analysis of the effect
of SFN on the expression of these 36 genes showed that these genes
were strongly activated by SFN treatment in parental WT 9-12 cells
and that this activation was diminished in NRF2 knockout cells, indi-
cating that they are indeed NRF2 target genes. Representative RNA
sequencing (RNA-seq) track profiles for DUSP5 clearly shows
this dependence on NRF2 for SFN-induced expression (Fig. 6M).

We also examined the expression of five redox-related genes from
the set of 36 genes in ADPKD mouse kidneys. Expression of these
genes was decreased in kidneys from Pkdl™~ mice with late-onset
ADPKD, and SFN treatment partially restored expression (fig. S6E).
Furthermore, expression of these genes was increased in SFN-treated
Pkd1™";Nrf2*"* mice but not in Pkd1™";Nrf2”~ mice with early-onset
ADPKD, suggesting that NRF2 is required for SFN-induced expression
(fig. S6F). Together, these data indicated that SFN stimulated NRF2
to activate enhancer-associated cytoprotective genes in cystic cells.

Phase separation of NRF2 with MED16 occurs in vitro
Accumulating evidence suggests that phase separation is a key reg-
ulatory mechanism for transcriptional control (37). The activation
domains (ADs) of several transcription factors form phase-separated
condensates with the Mediator complex at enhancers (38). Because
our data revealed preferential binding of NRF2 to enhancers, we
hypothesized that NRF2 forms phase-separated condensates at en-
hancers, thereby promoting the activation of its enhancer-associated
target genes.

A key feature of proteins involved in phase separation is the
presence of intrinsically disordered regions (IDRs) (39). Sequence
analysis revealed that NRF2 has three predicted IDRs (Fig. 7A). To
investigate whether these IDRs form phase-separated droplets in vitro,
we purified a peptide containing the first IDR (NRF2' %) and a
peptide containing the second and third IDRs (NRF2%%), each
tagged with mEGFP (monomeric enhanced green fluorescent protein)
(Fig. 7B). Droplet formation assays revealed that both NRF2'2%-
mEGFP and NRF2**_mEGFP formed phase-separated droplets in
a concentration-dependent manner (Fig. 7C). NRF2!28_ mEGFP
also contains the AD of NRF2 and formed markedly larger drop-

Lu et al., Sci. Transl. Med. 12, eaba3613 (2020) 29 July 2020

lets than NRF2°*%°>_mEGFP at the same concentration. We tested
the fluid properties of the condensates using fluorescence recovery
after photobleaching (FRAP). Consistent with the droplet forma-
tion assays, FRAP experiments showed that NRF2'***-mEGFP
signal recovered within 30 s (Fig. 7D), whereas the recovery of
NRF2209-605.mEGFP signals took more than 10 min (fig. S7A). Con-
sistent with the FRAP analysis, fusion analysis showed that NRF2' %
droplets fused into one droplet within seconds (Fig. 7E). These
results indicated that NRF2'**-mEGFP droplets are dynamic and
liquid-like, whereas NRF22*®>-mEGFP droplets had relatively poor
dynamics and droplet formation.

The AD of NRF2 activates gene transcription by recruiting the
Mediator complex through an interaction with the MED16 subunit
(40). Sequence analysis revealed that MED16 does not contain pre-
dicted IDRs. To test whether MED16 can incorporate into NRF2
phase-separated condensates, we purified a recombinant N-terminal
portion of mCherry-fused MED16 (mCherry-MED16-N) (fig. S7B).
This MED16 peptide contains residues 1 to 212, which are respon-
sible for the interaction with NRF2 (40). NRF2'2% formed
micrometer-sized droplets at 10 uM (Fig. 7C), whereas MED16
failed to form droplets at this concentration in the presence of
mEGFP (Fig. 7F). However, when we mixed these two recombinant
proteins together, they formed double-positive, spherical droplets
(Fig. 7F), suggesting that NREF2'2% condensates incorporate and
concentrate MED16 in vitro.

To determine the role of IDRs in NRF2 gene transactivation, we
examined the effects of IDR mutants on NRF2 target gene expres-
sion. We expressed either full-length NRF2 fused to EGFP or the
NRF2 peptide lacking the first IDR (EGFP-NRF2**%%) in NRF2
knockout cells (fig. S7C). Only full-length NRF2 increases the
expression of NRF2 target genes (Fig. 7G), suggesting that the first
IDR is required for NRF2 transactivation.

NRF2 forms nuclear condensates with Mediator

complex at superenhancers

The Mediator complex forms nuclear condensates and concentrates
transcriptional machinery in cells (41). Because we found that
NRF2 associates with and forms phase-separated condensates with
a component of the Mediator complex in vitro, we evaluated wheth-
er NRF2 forms nuclear condensates with Mediator in vivo. MED1,
the largest subunit of the Mediator complex, is a good surrogate for
Mediator condensates in vivo (41). We detected NRF2-positive nu-
clear puncta in WT 9-12 ADPKD cells, and the size and the number
of NRF2-positive puncta increased upon SEN treatment (Fig. 8A).
Costaining for NRF2 and MED1 showed that they partially colocal-
ized at puncta in the nuclei of cells (Fig. 8B), suggesting that NRF2
associates with Mediator condensates in vivo.

The Mediator complex mainly forms phase-separated conden-
sates at superenhancers (41). Superenhancers are clusters of en-
hancers that assemble a high density of transcriptional coactivator
proteins and drive robust expression of genes, some of which are
critical for cell identity or disease progression (42, 43). We charac-
terized the superenhancer landscape in WT 9-12 cells with or with-
out SFN treatment. We ranked the enhancers according to their
H3K27ac signals, classifying those with H3K27ac signal intensity
above the inflection point as superenhancers. SEN treatment dou-
bled the number of superenhancers, from 294 in control cells to 581
superenhancers in SFN-treated cells (Fig. 8C). The proportion of
NRF2-bound superenhancers increased substantially upon SFN
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0

DMSO SFN EGFP EGFP- EGFP-
NRF2 NRF220%-605

Lu et al., Sci. Transl. Med. 12, eaba3613 (2020) 29 July 2020

0s 5s 10s
155 20s 255

DMSO SFN EGFP EGFP- EGFP-

500 600

Photobleaching

Prebleach 0s 10s 20s 30s

NRF2'-208

127

Recovery

0.0 T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50
Time (s)

mEGFP (10 uM) mCherry (10 uM) Merge

SLC6A6 TMA4SF1 SLC7AT1
NS *
L, 6 o 40 o

NRF2'2%8.mEGFP
mCherry-MED16-N

mEGFP
mCherry-MED16-N

0202 ‘62 AinC uo uopuo abajjo) s,6uny 1e /Hio Bewadualds wis//:diy woly papeojumod

g4 8
g g
5 5
S -520
k] hel
o2 e
10
0 0

DMSO SFN EGFP EGFP- EGFP-
NRF2 NRF220%-605

DMSO SFN EGFP EGFP- EGFP-

NRF2 NRF2209-605 NRF2 NRF2%0%-605

DISCUSSION

Mitochondrial defects, including abnormal mitochondrial membrane
potential and morphology, increase the production of mitochondrial
ROS in renal cystic cells of ADPKD mouse models. Consistent with
previous studies (6, 7, 44), we found that expression of many antioxidant
enzymes decreases in kidneys of mouse models of ADPKD. The in-
creased ROS production and impaired antioxidant capacity together
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Fig. 8. NRF2 forms nuclear condensates with Mediator complex at superenhancers. (A) Immunofluorescence imaging of NRF2in WT 9-12 cells with DMSO or SFN
treatment. (B) Immunofluorescence imaging of exogenous FLAG-NRF2 and endogenous MED1. Yellow insets show a higher magnification of the indicated areas. Data in
(A) and (B) are representative of three experiments. Scale bars, 5 um. (C) Identification of superenhancers by the signal intensity from H3K27ac ChIP-seq. (D) Representa-
tive ChIP-seq profiles for NRF2 and MED1 occupancy at the indicated genes in control cells or NRF2 knockout cells with DMSO or SFN treatment.

lead to altered redox state and oxidative stress. Serum markers of
oxidative stress have been reported to be higher in patients having
early-stage ADPKD with preserved kidney function (14, 45). Here,
we provide evidence that ROS are frequently elevated in kidney
tissues of patients with ADPKD and that increased ROS positively
correlates with ADPKD progression. We further showed that the
activity of the NRF2 antioxidant pathway is impaired in ADPKD
kidneys. Pharmacological stabilization of NRF2 ameliorated oxida-
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tive stress and cyst growth in ADPKD mouse models, indicating that
restoring ROS homeostasis through NRF2 activation can be effective
in retarding ADPKD progression.

We determined that the repression of NRF2 antioxidant activity
in cystic cells is mainly caused by increased degradation of NRF2
protein. The abundance of KEAP1 and GSK-3p are markedly
increased in mouse ADPKD kidneys; this activates both KEAP1-
CUL3 and B-TrCP-CULI1 degradation pathways and leads to NRF2
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degradation. Inhibition of GSK-38 by TDZD-8 slows cyst expan-
sion and disease progression in an orthologous ADPKD mouse
model (32). However, the direct target of GSK-3 in ADPKD was
hitherto unclear. We found that the anti-cystogenesis effects of
TDZD-8 treatment were reduced in Nrf2 knockout mice, indicating
that NRF2 is the major target of GSK-3p in ADPKD.

The detoxification and antioxidant function of NRF2 is mainly
accomplished through transcriptional activation of its cytoprotec-
tive target genes (19). Consistent with previous reports, we found
that genome-wide NRF2 binding sites predominantly lie outside
promoter-proximal regions. We showed that, in human ADPKD
cells, activation of NRF2 remodels enhancer landscapes through re-
cruitment of histone acetyltransferase P300. NRF2 enhancer occu-
pancy correlated with the activation of its target genes, including
cytoprotective genes. Our findings therefore uncover a role for the
interaction between NRF2 binding and the dynamics of the chroma-
tin environment at enhancer regions in NRF2-mediated transcrip-
tional regulation.

We further show that the superenhancer landscape also undergoes
substantial remodeling upon activation of NRF2. One prominent
feature of superenhancers is the presence of phase-separated multi-
molecular assemblies. Phase separation is emerging as a prominent
regulatory mode of transcriptional control (37). Transcription factors
can interact with coactivator proteins, including Mediator and BRD4
(Bromodomain-containing protein 4), and form phase-separated
condensates at superenhancers (46). Compartmentalization and
concentration of the transcription apparatus by superenhancer con-
densates are critical for robust and simultaneous activation at multiple
genes (42). Here, we found that the intrinsically disordered AD of
NREF2 formed phase-separated droplets in vitro.

NRF2 directly interacts with the N-terminal region of the
MED16 subunit of the Mediator complex, and activation of most
NRE?2 target genes depends on MED16 (40). Although MED16 does
not have an IDR and the N-terminal region of MED16 does not
form droplets in vitro, we showed that the NRF2-interacting domain
of MED16 was readily incorporated into NRF2 liquid droplets. We
found that NRF2 is required for the recruitment of the Mediator
complex to superenhancers. Our pharmacological studies indicated
that stabilization of NRF2 reprograms the superenhancer landscape
in vivo (fig. S7D). Thus, we propose that NRF2 recruits and concen-
trates the transcriptional machinery to activate target genes through
a phase separation mechanism at superenhancers. MED16 also regu-
lates NRF2-dependent phosphorylation of the RNA polymerase II
(PolII) C-terminal domain (CTD) (40). CTD is an intrinsically dis-
ordered low-complexity region, and its phosphorylation regulates
the incorporation of Pol II into different condensates formed by
Mediator or splicing factors (46-48). It is currently unknown whether
the phase-separating capacity of NRF2 affects Pol II CTD phos-
phorylation. Further research is therefore needed to investigate the
role of the phase-separated environment created by NRF2 in the
regulation of CTD phosphorylation and CTD-associated processes.

Some limitations of this study should be acknowledged. First,
the mechanistic studies were mainly performed using an in vitro
human ADPKD cell model. Although we confirmed some of the
cellular findings in ADPKD mouse and human tissues, further
investigation is needed to examine NRF2-mediated enhancer acti-
vation through phase separation in vivo. Second, we only tested the
therapeutic effect of SFN on ADPKD progression in the late-onset
mouse model, although we confirmed some of the findings and
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NRF2 dependency in the early-onset mouse model with TDZD-8.
The effectiveness of other NRF2 stabilizers or inducers and their
combination with other ADPKD treatment drugs are topics worthy
of further exploration. Tolvaptan, a vasopressin 2 receptor antago-
nist, has recently been approved by the U.S. Food and Drug Admin-
istration for ADPKD treatment (49). Tolvaptan can activate NRF2
by promoting NRF2 phosphorylation by protein kinase RNA-like
endoplasmic reticulum kinase (50). Further research is therefore
needed to investigate the role of NRF2 in tolvaptan treatment of
ADPKD and whether the activation of NRF2 by tolvaptan is dependent
on the antagonist activity of tolvaptan on vasopressin 2 receptor.
Because tolvaptan and SFN activate NRF2 through different mecha-
nisms, it would be interesting to examine whether the combination
of these drugs could generate synergistic effects for ADPKD treat-
ment. With liver injury, a main side effect of tolvaptan during long-
term use (49, 51), a potential benefit of such a combination therapy
may enable a reduction in the dose of tolvaptan and thus its toxicity.

In summary, we identified impaired activity of the NRF2 anti-
oxidant pathway as a key contributor to oxidative injury and ADPKD
progression. We found a phase separation-mediated mechanism by
which NRF2 activates enhancers and induces target gene expres-
sion. Functional studies in the early- and late-onset ADPKD animal
models provide a rationale for developing NRF2 inducers or stabi-
lizers as potential therapeutic agents for ADPKD. A recent phase 2
clinical trial of bardoxolone methyl, another NRF2 activator, re-
ported a clinically relevant increase in eGFR in a cohort of 31 pa-
tients with ADPKD (52), further supporting the NRF2-mediated
antioxidant pathway as a promising therapeutic target for ADPKD.
Because of its chronic and slowly progressive nature, ADPKD may
need prolonged medical treatment. SFN is derived from cruciferous
vegetables, and many foods contain NRF2 activators, suggesting
dietary NRF2 activators as potential long-term therapeutic agents
for ADPKD management (53, 54).

MATERIALS AND METHODS

Study design

The objective of this study was to elucidate the mechanisms and
roles of the NRF2 antioxidant pathway in redox homeostasis and
cystogenesis in ADPKD. The activity of the NRF2 pathway was
assessed in ADPKD mouse and human kidneys using proteomic
approaches (see Supplementary Materials and Methods for details),
tissue staining, and correlative analysis of NRF2 abundance with
kidney function. Most data were acquired from at least three inde-
pendent samples (three mice or >5 human tissue samples). Mechanism
of NRF2-dependent changes in chromatin and gene expression
were evaluated by ChIP-seq, RNA-seq, and GSEA. The ChIP-seq
data were from a single biological replicate, and the RNA-seq data
were from two biological replicates (see Supplementary Materials
and Methods for details).

The therapeutic effects of NRF2 inducers on cyst growth were
examined using early- and late-onset orthologous ADPKD mouse
models. The proteomic study was performed in kidney tissues from
early-onset ADPKD mouse model. The regulatory mechanisms un-
derlying NRF2-mediated transcriptional activation were explored
using genome-wide analysis and biochemical studies in an ADPKD
cell culture model. Human ADPKD specimens were obtained from
patients with cyst reduction surgery or nephrectomy. All patients
provided informed consent, and patients’ clinical biochemical
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information was extracted from medical records. For animal stud-
ies with drug treatment, mice (at least n = 5 per group) were chosen
at random for the vehicle or treatment groups. SEN (10 mg/kg) or
TDZD-8 (5 mg/kg) were administered once daily for five continu-
ous days by intraperitoneal injection after the establishment of ADP-
KD in the mouse models. No animals were excluded from analysis.
Continuous data were analyzed using the GraphPad Prism 7.0 soft-
ware using Student’s ¢ test and one-way analysis of variance (ANOVA).
Correlations between data of patients were analyzed using linear regres-
sion analysis and the sample Pearson’s correlation coefficient. Subject-
level data for experiments with n < 20 can be found in data file S1.

Primary cell isolation

Kidney cells were derived from WT and Pkd1™~ mice as previously
described (44). Briefly, kidneys from the indicated mice were minced
and digested using the gentle collagenase/hyaluronidase solution
(STEMCELL Technologies, 07919), and 10 ug of biotinylated DBA
(Vector Laboratories, B-1035) was added and incubated with gentle
mixing for 10 min at 4°C for the enrichment of collecting duct cells.
Then, the CELLection Biotin Binder Kit (Invitrogen, 11533D) was
used to generate the single-cell solution. DBA-positive primary cells
were used for RNA isolation, protein extraction, or DHE staining.

Cell culture

WT 9-12 cells were cultured as described in (55). Primary cells after
DBA isolation were cultured in Dulbecco’s modified Eagle’s
medium/F-12 medium supplemented with 2% fetal bovine serum,
1x insulin-transferrin-selenium (Life Technologies, 41400-045),
epidermal growth factor (10 ng/ml) (Sigma-Aldrich, SRP3196), 5 uM
dexamethasone (Sigma-Aldrich, D1756), 1 nM T3 (Sigma-Aldrich,
T5516), and 10 mM Hepes (Sigma-Aldrich, H3375).

Immunoblotting

For Western blot analysis, kidney tissues and isolated primary cells
were lysed in radioimmunoprecipitation assay lysis buffer with
phosphatase inhibitor cocktail, protease inhibitor cocktail, and
dithiothreitol. Antibodies used included NRF2 (Abcam, ab62352),
KEAPI1 (Proteintech, 10503-2-AP), GSK-3 (Cell Signaling Tech-
nology, 3D10), NQO1 (Proteintech, 11451-1-AP), a-tubulin
(Proteintech, 10449-1-AP), EGFP (Santa Cruz Biotechnology, sc-8334),
and Lamin B (Santa Cruz Biotechnology, sc-6216).

Immunohistochemistry

The kidney specimens were fixed in 10% formalin overnight and
embedded in paraffin. Tissue microarray sections were blocked
with 5% bovine serum albumin (BSA) for 1 hour and then incubated
with the indicated primary antibodies [NRF2 (Abcam, ab62352),
PCNA (Santa Cruz Biotechnology, sc-56), and 8-OHdG (Bioss, bs-
1278R)] overnight. After incubation, kidney sections were incubated
with goat anti-rabbit horseradish peroxidase secondary antibody
followed by staining with the 3,3'diaminobenzidine substrate.
Immunohistochemistry sections were imaged using a microscope
(BX51, Olympus). For staining intensity analysis, semiquantitative
H-score approach (56) was used to assess the extent of nuclear im-
munoreactivity of NRF2. First, staining intensity (0, 1+, 2+, or 3+)
was determined for each cell in a fixed field. Second, the percentage
of cells at each staining intensity level was calculated. Last, an H-
score was assigned using the following formula: [1 x (% cells 1+) +
2 % (% cells 2+) + 3 x (% cells 3+)].

Lu et al., Sci. Transl. Med. 12, eaba3613 (2020) 29 July 2020

Immunofluorescence

Cells were washed twice in phosphate-buffered saline (PBS) and blocked
for 1 hour in 5% BSA, and then the cells or sections were incubated
with the indicated antibodies [NRF2 (Abcam, ab62352), MED1
(Bethyl, A300-793A), and FLAG (Sigma-Aldrich, F1804)] diluted in
the 5% BSA solution at 4°C overnight. After primary antibody incuba-
tion, goat anti-rabbit Alexa Fluor 488 or goat anti-mouse Alexa Fluor
555 secondary antibodies (Thermo Fisher Scientific) were applied.
Samples were imaged immediately with a fluorescence microscope
(DMiS8, Leica).

DHE staining

ROS production in primary cells or kidney tissues was evaluated
using DHE staining (Invitrogen, D11347). DHE was suspended in
dimethyl sulfoxide (DMSO) at a stock concentration of 10 mM and
diluted for a final concentration of 20 uM in PBS before using. Cells
or optimal cutting temperature—embedded kidney specimens were
washed three times in PBS. After adding the DHE solution, tissue
sections or cells were incubated in a light-protected humidified box
at room temperature for 30 min. The slides or cells were stained
with DAPI (4',6-diamidino-2-phenylindole) and imaged immedi-
ately with a fluorescence microscope (DMi8, Leica).

RNA isolation and RT-qPCR

Total RNA was isolated form the primary cells or kidney tissues
using TRIzol (Invitrogen, 15596018). Total RNA was reverse tran-
scribed to complementary DNA (cDNA) using the cDNA Synthesis
Kit (Roche, 5081955001). Real-time quantitative polymerase chain
reaction (RT-qPCR) was performed using SYBR Green Master
(Roche, 41472600) with the gene-specific primers (see Supplemen-
tary Materials and Methods).

Mice and drug treatment

Nrf2”~ mice were generated as described in (57). We generated
Pkd"";Nrf27~ mice by crossing Pkd """, Cre/Esr1* mice with
Nrf2”~ mice. To induce PkdI gene deletion, tamoxifen (Sigma-
Aldrich, T5648) was freshly prepared by dissolving in corn oil
(Sigma-Aldrich, C8267) and intraperitoneally injected to induce Cre
recombinase activity. Tamoxifen (10 mg/kg) was administered at P10
to generate the early-onset mouse model, and tamoxifen (250 mg/kg)
was injected at P25 and P28 to generate the late-onset mouse model
(58). For drug treatment in the early-onset mouse model, the dosages
of SEN (LKT Labs, S8047) (dissolved in 5% DMSO in saline) and
TDZD-8 (Selleck, S2926) (dissolved in 5% DMSO in saline) were 10
and 5 mg/kg, respectively. SFN or TDZD-8 was administered once
daily for five continuous days, followed by two rest days, for every
7-day period from P11 to P29. For SEN treatment in the late-onset
mouse model, the same dosage and manner were used as in the early-
onset model, but the administration started at P55 and continued
for 2 months.

Cystic index was calculated as the cystic area to total kidney
area visualized by hematoxylin and eosin-stained kidney
sections. BUN was measured in the plasma samples using the
QuantiChrom Urea Assay Kit (BioAssay Systems, DIUR).
Creatinine was measured in the plasma samples using the Quanti-
Chrom Creatinine Assay Kit (BioAssay Systems, DICT). All mouse
care and experimental protocols were approved by the ethical
committee of Tianjin Medical University (permit number SYXK
2009-00001).
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Magnetic resonance imaging

Animal MRI studies were performed as previously described (58).
Briefly, a 7-T PharmaScan 70/16 ultrashielding machine (Bruker,
Switzerland) equipped with a 40-mm radio frequency was used.
Isoflurane inhalation (1.5 to 2.5%) was used to anesthetize the mice,
and then the animals were positioned so that the kidneys were on
the center of the radiofrequency coil. The body temperature of mice
was maintained at ~37°C, and the breathing was monitored by a
respiratory sensor during MRI. Total kidney volume was calculated
from the contiguous images.

Human subjects

ADPKD kidney specimens were obtained from patients with cyst
reduction surgery or nephrectomy. All patients provided informed
consent and patients’ clinical biochemical information was extract-
ed from medical records. Human studies were approved by the eth-
ics committee of Shandong Provincial Hospital.

In vitro droplet assay

Recombinant mEGFP or mCherry fusion proteins (see Supplementary
Materials and Methods) were concentrated at 10 uM. Recombinant
proteins were added to the solutions at varying concentrations with
150 mM final salt and 10% PEG-8000 (polyethylene glycol, molecu-
lar weight 8000). The protein solution was loaded onto a glass slide
with a coverslip. Slides were then imaged with a fluorescence micro-
scope (DMi8, Leica).

FRAP analysis

Droplets of proteins were allowed to form. Then, samples were
bleached with ZEISS LSM 800 using a 488-nM laser of a confocal
microscope with a 63x/1.4 oil objective. Recovery was imaged on
ZEISS LSM 800 confocal laser scanning microscope every 5 s for the
indicated time periods.

Statistical analysis

All data were presented as means + SEM. Statistical analyses were
performed using GraphPad Prism 7.0 software. For normally dis-
tributed continuous variables, unpaired two-tailed Student’s ¢ test
was used for statistical significance between two independent ex-
perimental groups, and one-way ANOVA followed by Tukey’s post
hoc test was used for multiple group comparison. Correlations be-
tween data on patients [ROS, total kidney volume, serum creati-
nine, eGFR, and NRF2 expression] were analyzed using linear
regression analysis and the sample Pearson’s correlation coefficient.
P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/554/eaba3613/DC1

Materials and Methods

Fig. S1. Proteomic analysis of mouse ADPKD kidneys.

Fig. S2. Immunoblot analysis of NRF2 in cytosol and nuclear fraction of WT and Pkd1
kidneys.

Fig. S3. Loss of Nrf2 increases oxidative stress and accelerates cystogenesis in ADPKD mouse
model.

Fig. S4. SFN treatment inhibits cystogenesis in ADPKD mouse models.

Fig. S5. TDZD-8 treatment increases the expression of NRF2 targets and improves kidney
function in ADPKD mice.

Fig. S6. SFN treatment increases the expression of NRF2 targets and promotes enhancer
activation.

Fig. S7. NRF2 forms liquid droplets in vitro.

Table S1. Demographic and clinical information of patients.

“~ mouse
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Table S2. Single-guide RNA sequences used to knock out NRF2 by CRISPR/Cas-9 gene editing.
Data file S1. Individual subject-level data (Microsoft Excel file).

View/request a protocol for this paper from Bio-protocol.
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Antioxidants dominate ADPKD

Autosomal dominant polycystic kidney disease (ADPKD) is a relatively common genetic disorder whose
pathogenesis is only partially understood. By studying both human patients and mouse models, Lu et al. identified
Inactivating mutations of the antioxidant protein NRF2 as playing a key role in the pathogenesis of this disorder. In
addition to clarifying the mechanism of disease development, the authors demonstrated that pharmacologic
induction of the NRF2 pathway slows the progression of disease in mouse models, suggesting a potential
intervention for human patients.
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