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Abstract

O-GlIcNAcylation is an essential, nutrient-sensitive post-transla-
tional modification, but its biochemical and phenotypic effects
remain incompletely understood. To address this question, we
investigated the global transcriptional response to perturbations
in O-GlcNAcylation. Unexpectedly, many transcriptional effects of
O-GIcNAc transferase (OGT) inhibition were due to the activation
of NRR2, the master regulator of redox stress tolerance. Moreover,
we found that a signature of low OGT activity strongly correlates
with  NRF2 activation in multiple tumor expression datasets.
Guided by this information, we identified KEAP1 (also known as
KLHL19), the primary negative regulator of NRF2, as a direct
substrate of OGT. We show that O-GlcNAcylation of KEAP at
serine 104 is required for the efficient ubiquitination and degrada-
tion of NRF2. Interestingly, O-GIcNAc levels and NRE activation
co-vary in response to glucose fluctuations, indicating that KEAP1
O-GlcNAcylation links nutrient sensing to downstream stress resis-
tance. Our results reveal a novel regulatory connection between
nutrient-sensitive glycosylation and NRF 2 signaling and provide a
blueprint for future approaches to discover functionally important
O-GlcNAcylation events on other KLHL family proteins in various
experimental and disease contexts.

Keywords KEAR; KLHL; NRE O-GlcNAcylation; OGT

Subject Categories Metabolism; Post-translational Modifications, Proteolysis
& Proteomics

DOI 10.15252embj201696113 Receivedl7 November2016| Revised29 May
2017| Accepted3l1 May 2017

Introduction

O-linked b-N-acetylglucosamine (O-GIcNAc) is a dynamic post-
translational modification (PTM) that reversibly decorates serine
and threonine residues of thousands of nuclear, cytoplasmic and
mitochondrial proteins (Hart et al, 2011; Bond & Hanover, 2015).
As with other intracellular PTMs, dedicated enzymes add or remove
O-GIcNAc on target proteins to control their functions in response to
various physiological and metabolic cues. In mammals, O-GIcNAc is
added by O-GIcNAc transferase (OGT) and removed by O-GIcNA-
case (OGA,; Hartet al, 2011; Bond & Hanover, 2015). O-GIcNAcyla-
tion of target proteins requires UDP-GIcNAc, a nucleotide-sugar
derived from glucose and other metabolites via the hexosamine
biosynthetic pathway (HBP), directly linking nutrient status to
O-GIcNAc signaling (Hart et al, 2011; Bond & Hanover, 2015). The
genetic ablation of either OGT or OGA in mice is lethal, highlighting
their essential role in embryonic development (Shafi et al, 2000;
Yang et al, 2012; Keembiyehetty et al, 2015). Moreover, aberrant
O-GIcNAcylation is implicated in various human diseases, particu-
larly cancer (Hart et al, 2011; Bond & Hanover, 2013; Ma &
Vosseller, 2013; Ferrer & Reginato, 2014; Ferreet al, 2016). For
example, numerous oncoproteins (e.g., Myc, Akt) and tumor
suppressors (e.g., p53, AMPK) are O-GIcNAcylated, affecting onco-
genic signaling and treatment responses (Chouet al, 1995; Yang
et al, 2006; Luo et al, 2007; Kanget al, 2008; Slawson & Hart, 2011,
Ma & Vosseller, 2014).

Despite its broad pathophysiological significance, major aspects
of O-GIcNAc signaling remain poorly understood. Significant chal-
lenges include identifying the specific glycoprotein substrates that
are most functionally important for signal transduction, and eluci-
dating the biochemical effects that O-GIcNAc exerts on its
substrates. Therefore, new strategies are needed to understand these
aspects of O-GIcNAc biology. We addressed these challenges
through an interdisciplinary approach, combining genetics,
biochemistry, and chemical biology. Because many chromatin
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proteins and transcription factors are O-GIcNAcylated (Sakabeet al,
2010; Lewis & Hanover, 2014; Leturcget al, 2017), we focused on
the role of O-GIcNAc cycling in gene regulation. In doing so, we
discovered an unexpected connection between OGT and the nuclear
factor-erythroid 2-related factor 2 (NRF2) pathway.

NRF2 is a basic leucine zipper transcription factor whose levels
and activity are suppressed in unstressed cells by KEAP1 (also called
KLHL19; Itoh et al, 1999), a substrate adaptor protein for the
Cullin-3 (CUL3)-dependent E3 ubiquitin ligase complex. KEAPD
CUL3 represses NRF2 by mediating its ubiquitination and subsequent
proteasomal degradation (Cullinan et al, 2004; Kobayashi et al,
2004; Zhanget al, 2004; Furukawa & Xiong, 2005). Oxidative stress
or electrophiles modify cysteine residues in KEAP1, resulting in
conformational changes and reduced ubiquitination of bound NRF2
(Zzhang & Hannink, 2003; Wakabayashi et al, 2004; Zhang et al,
2004; Kobayashiet al, 2006), as illustrated by the Ohinge and latchO
model for KEAP1 action (Tong et al, 2006b). Therefore, under
stressed conditions, newly translated NRF2 molecules remain free of
KEAP1, allowing NRF2 accumulation and nuclear translocation
(Padmanabhan et al, 2006; Tong et al, 2006a,b). In the nucleus,
NRF2 binds promoters containing antioxidant response element
(ARE) DNA sequences, activating the transcription of many genes
involved in oxidative stress responses, such as heme oxygenase 1
(HO-1), superoxide dismutase (SOD), catalase (CAT), glutathione
peroxidase 1 (GPX1), NAD(P)H:quinone oxidoreductase (NQO1),
gamma-glutamylcysteine synthetase (GCS), and glutathione reductase
(Kansanen et al, 2013). NRF2-regulated expression of ARE-driven
genes, especially those involved in glutathione (GSH) biosynthesis
and recycling (Harvey et al, 2009), is critical for cell survival during
oxidative stress in various disease models (Chan & Kwong, 2000; Lee
et al, 2003; Sangokoyaet al, 2010; Dosset al, 2016).

Several mechanisms for NRF2 pathway regulation have been
described (Sykiotis & Bohmann, 2010). For example, oxidative
stress or electrophilic xenobiotics can disrupt either the KEAPD
NRF2 (Levonenet al, 2004; Canninget al, 2015; Huertaet al, 2016)
or KEAPIECUL3 interaction (Gao et al, 2007; Rachakondaet al,
2008; Eggler et al, 2009; Cleasby et al, 2014), thereby reducing
NRF2 ubiquitination and degradation, and activating downstream
transcription of NRF2 targets. In addition, the NRF2 pathway is
subject to regulation by PTMs, including succination of KEAP1
(Adam et al, 2011; Kinch et al, 2011) and phosphorylation of NRF2
itself (Alam et al, 2000; Huanget al, 2002; Cullinan & Diehl, 2004;
Salazar et al, 2006). However, the impact of O-GIcNAc cycling
on NRF2 signaling remains poorly defined. Here, using the
transcriptional response to OGT inhibition as guide, we show that
O-GlIcNAcylation of KEAP1 at serine 104 is required to restrain the
NRF2 pathway in unstressed cells. Interestingly, we also found that

Figure 1. OGT inhibition and NRF2 activation induce similar gene expression patterns.
A O-GIcNAc is added onto serine (shown) or threonine residues of intracellular proteins by the glycosyltransferase OGT and removed by the glydosaeeOGA.

KEAR glycosylation regulates NRF  Po-Han Chen et al

global O-GlcNAcylation and NRF2 activation co-vary in response to
glucose changes in cultured cells. Therefore, our results reveal a
new mechanism of NRF2 regulation through nutrient-sensitive
O-GIcNAcylation and have important implications for antioxidant
signaling in both normal and disease contexts.

Results
Global transcriptional responses to OGT and OGA inhibition

O-GIcNAc transferase (OGT) dynamically glycosylates numerous
chromatin components and transcription factors (Ozcanet al, 2010;
Sakabe et al, 2010; Lewis & Hanover, 2014; Leturcget al, 2017).
However, it remains challenging to identify the particular O-GIcNAc
substrate(s) that are most functionally important in particular gene
expression programs. To address this challenge, we profiled the
global transcriptional responses to OGT or OGA inhibition to guide
our downstream biochemical investigation. We analyzed the
transcriptomes of MDA-MB-231 cells treated with DMSO (vehicle)
or small molecular inhibitors of OGT (5SGIcNAc; Gloster et al,
2011) or OGA (Thiamet-G; Yuzwaet al, 2008; Fig 1A). First, we
confirmed that Thiamet-G and 5SGIcNAc increased and decreased
global O-GIcNAcylation, respectively, as expected (Fig EV1A). Then,
we collected RNA samples at multiple time points after DMSO,
Thiamet-G, or 5SGIcNAc treatment and analyzed them by Affyme-
trix U133A2 arrays (deposited into GEO as GSE81740). The array
data were normalized by the robust multi-array (RMA) method and
zero-transformed against the average expression of three DMSO
samples (Keenan et al, 2015; Tang et al, 2015) to derive the
transcriptional responses to OGA or OGT inhibition (Fig 1B). As
early as 8 h, Thiamet-G induced OGA mRNA and downregulated
OGT mRNA, whereas 5SGIcNAc induced OGT and downregulated
OGA mRNAs (Fig 1B). These changes reflect previously reported
compensation responses to O-GIcNAc perturbation (Zhanget al,
2014), confirming the expected effects of OGA and OGT inhibition
on gene expression in our system. In addition to the OGA/OGT
mRNA changes, we noted large clusters of altered gene expression
after 24 h of OGT inhibition (Fig 1B). Many of the induced genes
(Appendix Table S1) encode stress response proteins, including
HO-1, NQO1, GCLM, and SLC7A11, whereas several repressed genes
(Appendix Table S2) are inflammatory pathway components, such
as IL-8 and Cox-2. We verified the induction and repression of
selected genes by real-time REDPCR (Fig EV1B).

To elucidate the mechanistic basis of these transcriptional
changes, we used tumor gene expression data to examine the
in vivo relationship between the OGT inhibition response and other

OGT and OGA are inhibited by the specific small molecl8&IcNAc and Thiamet-G, respectively.

B Heatmap of the global transcriptional response of MDA-MBA4 cells to the inhibition of OGT or OGA for the indicated time points. Heatmap of selected induced and
repressed genes and gene clusters during OGT and OGA inhibitions are shown with several indicated gene names. The color bar inditéte#d kgnge); green:
decreased expression (i.e., repression); red: increased expression (i.e., induction).

C The gene expression signature of low OGT activity 8%GIcNAc) shows positive correlation with the NRé&ctivation signature when projected into six different tumor
datasetsr is the Pearso® correlation coefficient. The-values (twotailed) were derived from the Pears@ correlation coefficient as performed by GraphPad PriSt

Data information: See also Fig BV
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known signaling pathways. We defined a gene signature of low
OGT activity (i.e., 5SGIcNAc treatment) based on our data and
projected it into six different human breast tumor gene expression
datasets (Sotiriou et al, 2003; Miller et al, 2005; Minn et al, 2005;
Pawitan et al, 2005; Wang et al, 2005; Chin et al, 2006). We then
examined several previously identified gene signatures of different
signaling pathways and determined their correlations with the low-
OGT activity signature in the same datasets (Gatzaet al, 2011).
Interestingly, among all signaling pathways tested, the strongest
correlation existed between the low-OGT activity signature and
NRF2 activation [i.e., treatment with sulforaphane (SFN) or
tert-butylhydroquinone (tBHQ); PearsonOs correlation coefficient
r ranges from 0.47 to 0.55 for six different datasets;P < 0.0001;
Fig 1C], with weaker correlation with other pathways, including
PI3K (r = 0.2886, Miller et al dataset as an example) and EGFR
(r =1 0.1853, Miller et al dataset as an example; Fig EV1C). There-
fore, human tumors with the low-OGT activity gene signature tend
to have strong NRF2 activation signatures, suggesting an
unexpectedin vivo connection between these two pathways.

OGT inhibition activates a NRF 2-dependent
transcriptional program

Because of the strongin vivo correlation between low OGT activity

and NRF2 induction in human tumors, and because most of the
5SGIcNAc-induced genes in our dataset are known NRF2 targets
(Fig 1B), we tested whether OGT inhibition activates NRF2. Indeed,
Western blots confirmed that 5SGIcNAc triggered the accumulation
and nuclear translocation of NRF2 (Fig 2A). 5SGIcNAc also
increased NRF2 transactivation in a well-characterized NQO1-
AREuciferase reporter assay (Moehlenkamp & Johnson, 1999;
Sangokoya et al, 2010; Appendix Fig S1A). In addition, live cell

imaging using H1299 lung cancer cells tagged with YFP at the
endogenous NQO1 locus (Sigalet al, 2006; Cohen et al, 2009)

demonstrated increasing NRF2 expression and activity throughout
5SGIcNAc treatment (Fig 2B and Appendix Fig S1B). However,

Figure 2. OGT inhibition induces a NRF2-dependent antioxidant response without causing oxidative stress.
A 5SGIcNAc increased the nuclear level of NR#ad HO-L proteins, similar to the known NREactivator tBHQ. MDA-ME231cells were treated with50 | M 5SGIcNAc

KEAR glycosylation regulates NRF  Po-Han Chen et al

5SGIcNAc did not induce the mRNA of NRF2 itself, or of the related
transcription factors NFE2, NRF1, or NRF3 (Appendix Fig S1C). We
concluded that OGT inhibition by 5SGIcNAc robustly activates NRF2
protein and activity through a post-transcriptional mechanism.

We confirmed that 5SGIcNAc increased both endogenous NRF2
protein, which migrates at ~100 kDa in an SDEPAGE gel (Lauet al,
2013), and its transcriptional target HO-1 in ZR-75-1, RCC4, MCF7,
and MDA-MB-231 cells (Fig 2C), as did the known NRF2 activator
tBHQ (Li et al, 2005). This result indicates that the OGT/NRF2
connection is conserved across cells from diverse tissue types.
The mRNAs of several NRF2 target genes were also induced by
5SGIcNAc in RCC4, ZR-75-1, and BT-474 cells (Appendix Fig SEB).
Furthermore, NRF2 is required for this transcriptional response to
OGT inhibition, because silencing NRF2 by siRNA greatly reduced
HO-1 protein induction by 5SGIcNAc, without altering its effect on
O-GIcNAcylation (Fig 2D). Similarly, NRF2 silencing significantly
reduced the 5SGIcNAc induction of HO-1, NQO1, GCLM, and
SLC7A11 mRNA (Fig 2E). In contrast, silencing the related tran-
scription factor NRF1 only affected SLC7A11 induction by 5SGIcNAc
(Appendix Fig S1G). Collectively, these results indicate that OGT
inhibition specifically activates a NRF2-dependent transcriptional
program in diverse cell types.

OGT inhibition activates NRF 2 through a specific signaling event

We next tested whether NRF2 pathway induction by OGT inhibition
was due to a specific signaling event, versus off-target effects or
non-specific stress. First, we generated MDA-MB-231 cells with
inducible shRNAs that target either luciferase or OGT. We found
that doxycycline-induced silencing of OGT robustly upregulated
HO-1 (Fig 2F, left panel). In addition, we silenced OGT in MDA-
MB-231 cells using siRNA targeting a different sequence and
observed an induction of the NRF2 targets NQO1 and GCLM (Fig 2F,
right panel). These results show that the genetic silencing of OGT
activates NRF2, phenocopying our 5SGIcNAc results and arguing
against off-target effects of the small molecule. In addition,

for 24 h or 251 M tBHQ for5 h. Lysates were separated into cytosolic and nuclear fractions for Western blot by indicated antibodies2 B@tHa-tubulin are loading
controls for nuclear and cytosolic fractions, respectively. Arrows indicate the protein of interest.

B 5SGIcNAc treatment increased the levels of YFP-NQ@AL299cells expressing YFP-NQ@vere treated with 25 50, or 100 | M 5SGIcNAc 025 | M MLN4924 (NRR2
activator, positive control) and analyzed in real time for YFP levels using the IncuCyte platform. Data are from one experiment with five techiplicdtes and are
presented as meari SD. Data were reproduced in a biological replicate with five technical replicates.

C 5SGIcNAc increased NREBnd HO-L protein levels and reduced global O-GIcNAcylation in ZB-1, RC@, MCF, and MDA-MB231cells. Indicated cell lines were
treated with 50 | M 5SGIcNAc or tBHGQ | M for ZR75-1 and RC@; 251 M for MCF and MDA-MB23]) for 48 h and harvested for Western blot analysis by

indicated antibodies. Arrows indicate the induced protein of interest.

D Silencing NREby siRNAs abolishesSGIcNAc-triggered HQ-induction. MCF cells were treated with non-targeting control siRNA or siNRFor 24 h and incubated
with 50 | M 5SGIcNAc for additiona?4 or 48 h before harvesting and Western blotting. Arrows indicate the protein of interest.

E MDA-MB231cells were transfected with either control (siNC) or siNR§IRNAs foR4 h and then treated with50 | M 5SGIcNAc for additionad8 h. Relative gene
expression levels were assessed by quantitative PCR (gPCR) and normalibeattin mRNA and the DMSO/sINC group= 3, error bars represent standard deviations.

F Left panel: The level of HDprotein in MDA-MB231before and after doxycycline-induced shRNA-mediated silencing of luciferase (control) or OGT. Arrows indicate
the protein of interest. Right panel: OGT depletion by siRNA increases N§@ GCLM mRNA. gPCR measurement of the indicated mMRNAs in MDAR31B-
transfected with control or OGT-targeting siRNA f@# h is shown (normalized tdb-actin mMRNA)n = 3, error bars represent standard deviations.

G MDA-MB231cells were transfected with either siNC or sSiNRBIRNAs fo24 h and then treated with 875 | M 5SGICNACSESGA48 h) or H,O, (8821 M, 1 h). Then,
cells were incubated with 2-DCFDA dye and relative ROS levels were measured by flow cytometry3, error bars represent standard deviations.

H MDA-MB231cells were treated with DMSO 080 | M 5SGIcNAc48 h), and GSSG/GSH ratios were measured by S 3, error bars represent standard deviations.

Data information: P-values were calculated by Stude@t-test; *P < 0.05; **P < 0.001; ns, not significant. See also Appendix Fity S

Source data are available online for this figure.
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5SGIcNAc did not increase intracellular reactive oxygen species
(ROS; Fig 2G) or the ratio of oxidized/reduced glutathione (Fig 2H
and Appendix Fig S1H). In fact, 5SGIcNAc decreased ROS levels in
hydrogen peroxide-treated cells, and this effect was abolished when
NRF2 was silenced (Fig 2G). These data demonstrate that OGT inhi-
bition induces a NRF2-dependent antioxidant response but does not
increase ROS, arguing that OGT inhibition does not trigger NRF2
activation by causing non-specific stress.

To further confirm this hypothesis, we asked whether the link
between O-GIcNAc and NRF2 could be exploited to produce a
predicted result in a cellular stress response. Several studies have
shown that certain breast and renal cancer cell lines are cystine-
addicted and undergo non-apoptotic death due to oxidative stress
upon cystine deprivation (Timmerman et al, 2013; Tang et al,
2016a,b). Consistent with NRF2 induction and reduced oxidative
stress, OGT inhibition rescued MDA-MB-231 cells from cystine-
deprived death (Appendix Fig S1l). Taken together, these data
strongly suggest that OGT inhibition triggers NRF2 signaling
through a specific O-GlcNAc-mediated signaling event, and not an
off-target effect or non-specific oxidative stress. We concluded that
O-GlIcNAcylation of a particular substrate or substrates is required
to restrain the NRF2 pathway in unstressed cells.

OGT activity is required for optimal NRF 2 ubiquitination

Since OGT inhibition did not affect NRF2 mRNA levels (Fig 2E and
Appendix Fig S1C), we investigated how NRF2 protein is regulated
by O-GIcNAcylation. First, we blocked translation elongation with

cycloheximide (Schneider-Poetschet al, 2010), which, as expected,

KEAR glycosylation regulates NRF  Po-Han Chen et al

depleted the majority of NRF2 protein because of its short half-life
(Stewart et al, 2003; Furukawa & Xiong, 2005; Fig 3A, lane 3).
However, even in the presence of cycloheximide, we still observed
detectable NRF2 induction after a short period of OGT inhibition
(Fig 3A, lane 4). Similarly, rapamycin, an inhibitor of cap-
dependent translation initiation (Beretta et al, 1996), also failed to
suppress 5SGIcNAc-mediated NRF2 accumulation (Fig EV2A, lanes
1 and 2). These results indicate that OGT inhibition does not induce
NRF2 protein through increased translation. Next, we tested the role
of proteasome-mediated degradation, thought to be the major mode
of NRF2 regulation in most contexts (Kensleret al, 2007; Kansanen
et al, 2013). Interestingly, we found that OGT inhibition reduced the
amount of polyubiquitinated NRF2 in proteasome-inhibited cells
(Figs 3B and EV2A and B) without affecting global ubiquitination
(Fig EV2C). In summary, OGT inhibition reduced NRF2 ubiquitina-
tion and led to NRF2 protein accumulation. These observations
suggested that O-GIcNAcylation might somehow promote the
activity of an E3 ligase complex that ubiquitinates NRF2, and that
OGT inhibition could disrupt this regulation to trigger NRF2
accumulation and activity.

KEAR is O-GIcNAcylated by OGT

We next used a chemical biology approach that we developed
previously (Boyce et al, 2011; Palaniappanet al, 2013) to identify
O-glycosylated proteins that might regulate NRF2 ubiquitination.
MDA-MB-231 cells were incubated with peracetylated N-azidoace-
tylgalactosamine (GalNAz; Boyce et al, 2011; Palaniappan et al,
2013). GalNAz is metabolized to a UDP-GIcNAc nucleotide-sugar

A wek B lnpUt IP: MyC |nput
CHX + + Myc-NRF2 + + + + + + o+ + + o+ o+ o+
5SGIcNACc + + HA-Ub + + + 4+ + + 4+ o+ + o+ o+ o+
MG132 + + + + + + + + 4+
NRF2 5SGIcNAC P P . .
100 kDa+
Myc 100 kDa-
(NRF2)
O-GIcNAc
HA
(Ub)
100 kDa
B-tubulin
1 2 3 4 B-tubulin O-GIcNAc

Figure 3. O-GIcNAcylation regulates NRF2 post-translationally.

A MCF cells were treated with cycloheximide (CHX5 | g/ml) for 1 h to block translation and then5SGIcNACH0 | M) for additional 10 h. Whole-cell lysates (WCLs)

were analyzed for NREprotein and global O-GIcNAcylation by Western blot.

B Polyubiquitination of NRE is decreased upon OGT inhibitio@93T cells were transfected with MYC-NRR&nd/or HA-ubiquitin (Ub) as indicated fo24 h and then
treated with vehicle or50 | M 5SGIcNAc for additionad8 h, with or without MG132(10 | M, 3 h). Lysates were analyzed by IP and Western blot.

Data information: See also Fig BV
Source data are available online for this figure.
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analog and used by endogenous OGT to modify its native substrates
with an azidosugar (Boyce et al, 2011; Palaniappan et al, 2013).
Next, we used copper-catalyzed azide-alkyne cycloaddition
(CuAAC, or Oclick chemistryO) to chemoselectively ligate a biotin
probe to endogenous OGT substrates and then capture them
by streptavidin affinity chromatography (Boyce etal, 2011,
Palaniappan et al, 2013). The eluted proteins were separated by
SDIPAGE and probed with antibodies against known NRF2 regula-
tors. Interestingly, we found that GalNAz labeled endogenous
KEAP1 in MDA-MB-231 (Fig 4A) and MCF7 (Fig 4B), but not CUL3
or NRF2 itself.

These experiments suggested that OGT may restrain NRF2
through glycosylation of KEAP1, the major adaptor for the CUL3-
containing E3 ligase complex that regulates NRF2 protein stability
(Cullinan et al, 2004; Kobayashi et al, 2004; Zhang et al, 2004,
Furukawa & Xiong, 2005). Consistent with this hypothesis, we
found that recognition of KEAP1 by an anti-O-GIlcNAc monoclonal
antibody was reduced by either treating cells with 5SGIcNAc
(Fig EV3A) or GIcNAc competition (Fig 4C; Sakabeet al, 2010).
Furthermore, KEAP1 co-immunoprecipitated (co-IP-ed) with OGT
(Figs 4D and EV3B), and this interaction was independent of the
KEAP1 broad complex/tramtrack/bric-a-brac (BTB) domain
(Fig EV3C). To confirm that the KEAP1/OGT interaction is direct,
we purified recombinant GST-KEAP1 and His-OGT fronEscherichia
coli and performed in vitro proteinBprotein interaction assays. We
did not observe a direct KEAP1/OGT interaction in this in vitro
context (Fig EV3D), likely because additional proteins or PTMs are
required for the observed in vivo interaction. Together, these data
indicate that KEAP1 is O-GIcNAcylated by OGT.

To elucidate the functional effects of KEAP1 glycosylation, we
purified recombinant human KEAP1 from 293T cells because they
transfect efficiently, allowing us to generate the required amount of
material for site-mapping experiments. Mass spectrometry (MS)-
based proteomic analysis of the purified KEAP1 identified 11
candidate O-GIcNAcylation sites (Fig 4E). Four putative O-GIcNAc
sites (S102, S103, S104, and S166; Appendix Fig S2) lie within the
a-helices (The UniProt, 2017) of the BTB domain, which is required
for KEAP1 homodimerization and CUL3 interaction (Zipper &
Mulcahy, 2002; Zhang et al, 2004; Furukawa & Xiong, 2005). Six
additional potential O-GIcNAc sites (T388, S390, S391, T400, S404,
and S410; Appendix Fig S2) are in theb-strands of the second Kelch
motif, while the final candidate site (S533; Appendix Fig S2) is in
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regulate NRF2 levels (Itoh et al, 1999; Kobayashi et al, 2002;
Fig 4E). Taken together, these results suggest that OGT interacts
with and constitutively glycosylates KEAP1 under unstressed condi-
tions and that inhibition of OGT reduces KEAP1 O-GIcNAcylation.

KEAR is required for O-GIcNAc-mediated NRF 2 regulation and
erastin-induced cell death

To test the requirement for KEAPL in the regulation of NRF2 by
O-GIcNAcylation, we took advantage of A549 and H838 cells, which
harbor KEAP1 loss-of-function mutations (G333C and frameshift
non-sense mutation, respectively; Singhet al, 2006). These muta-
tions make A549 and H838 cells appropriate KEAP1-null systems for
testing the functional role of expressed KEAP1 mutants, without
confounding effects from endogenous KEAP1. 5SGIcNAc failed to
induce NRF2 target genes in A549 and H838 cells, demonstrating
that functional KEAP1 is required for NRF2 activation by OGT inhi-
bition (Appendix Fig S3A and B). Next, we created unglycosylatable
mutations in each of the 11 putative KEAP1 O-GIcNAc sites by
converting serine or threonine to alanine, and used H838 and A549
cells to test whether any individual unglycosylatable KEAP1 mutant
lost its ability to destabilize NRF2 and repress NQO1-ARE-reporter
activity. First, we confirmed that the expression levels of the KEAP1
mutants were comparable (Appendix Fig S3C and E). Then, we veri-
fied that wild-type KEAP1 expression reduced NRF2 protein level
(Appendix S3C) and NQO1-ARE-reporter activity £90%) in both
cell lines (Appendix Fig S3D and F). Among all point mutants tested,
only S104A consistently exhibited reduced capacity to destabilize
NRF2 or to repress the ARE-reporter (Appendix Fig S3&-). Consis-
tent with this result, the S104A KEAP1 mutant, when compared to
wild-type KEAP1, also exhibited a significantly reduced ability to
repress NRF2 protein levels in a proteasome-dependent manner
(Appendix Fig S3G).

The KEAP1 S104A mutant also failed to repress NRF2 protein in
stably transduced H838 cells (Fig 5A). In addition, the polyubiquiti-
nation of NRF2 in KEAP1 S104A-expressing cells was similar to that
of vector control cells, but significantly lower than that of cells
expressing wild-type KEAP1 (Fig 5A). Furthermore, we found that
cells stably expressing the KEAP1 S104A mutant were unable to
repress endogenous NRF2 target gene expression (Fig 5B). Next, we
asked whether KEAP1 S104 is required for the induction of NRF2
target genes by 5SGIcNAc. We examined the expression of GCLM,

the fifth Kelch motif. The KEAP1 Kelch motifs interact with NRF2 to SLC7A11, NQO1, and HO-1 mRNA in wild-type or S104A
Figure 4. KEAHR is O-GlcNAcylated by OGT at multiple residues.
A, B MDA-MB231cells (A) or MCFcells (B) were incubated with DMSO 400 | M GalNAz for24 h and then separated into cytosolic (C) and nuclear (N) fractions. n

Fractions were subjected to a CuUAAC reaction with an alkyne-biotin probe and precipitated to remove unreacted probe. Then, biotin-labeled pnatesraffinity-
purified via NeutrAvidin bead pull-down and analyzed by Western blot. Arrows indicate the protein of interest.

C  GIcNAc competition assag93r cells transfected with HA-KEARvere lysed and analyzed by IP and Western blot. GIcNAc competition (a specificity control) was
performed by pre-incubating the O-GIcNAc antibody with M free GIcNAc before blotting. Blots were performed simultaneously with equal sample loading and

chemiluminescence exposure time. Arrows indicate the protein of interest.

D  OGT interacts with KEARN human cells.293T cells were transfected with MYC-OGT and/or HA-KE&éhstructs as indicated foA8 h, and lysates were analyzed

by IP/Western blot. Arrows indicate the protein of interest.

E Eleven candidate O-GlcNAcylated residues of KEARNtified by MS, are shown in the context of protein domains, secondary structure elements, and selected
known interacting partners of KEARP NTR, N-terminal region; BTB, broad complex/tramtrack/bric-"-brac domain; IVR, intervening region; KR, Kelch repeat domain;

CTR, C-terminal region.

Data information: See also Fig B¥nd Appendix Fig &
Source data are available online for this figure.
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KEAP1-reconstituted H838 cells after treatment with 5SGIcNAc.
KEAP1 wild-type-expressing cells (Fig 5C, upper panel) but not
S104A-expressing cells (Fig 5C, lower panel) showed significant
induction by 5SGIcNAc of most NRF2 target genes. HO-1 mRNA
was also induced by 5SGIcNAc in wild-type KEAP1-expressing cells
but did not reach statistical significance at 95% confidence interval
(P =0.059, data not shown). Together, these data indicate that the
induction of NRF2 signaling by 5SGIcNAc is due to reduced
O-GlIcNAcylation of KEAP1 S104.

In non-small-cell lung cancer, somatic mutations in KEAP1 often
result in defective KEAP1 function and constitutive activation of
NRF2 (Padmanabharet al, 2006; Hastet al, 2014), promoting tumor
growth and resistance to therapies (Singhet al, 2006). For example,
NRF2 induction confers resistance to erastin-induced cell death
(Yagodaet al, 2007; Dixon et al, 2012; Sunet al, 2016). Our model
predicts that KEAP1 S104A-expressing cells would be resistant to
erastin, relative to wild-type KEAP1-expressing cells, due to constitu-
tively higher NRF2 activation. Indeed, we found that S104A stable
cells were resistant to erastin, consistent with their higher NRF2
pathway activation (Fig 5D). In contrast, cells stably expressing
wild-type KEAP1 are more susceptible to erastin (Fig 5D). Impor-
tantly, depletion of NRF2 by siRNA significantly sensitized the
vector control and S104A-expressing cells to erastin, as determined
by two orthogonal cell viability assays (Fig 5D and Appendix Fig
S3H). These results indicate that S104A KEAP1, unlike wild-type,
cannot fully repress NRF2 or sensitize H838 to erastin-mediated cell
death. Together, our data indicate that O-GIcNAcylation of KEAP1 at
S104 is required for its ability to mediate NRF2 ubiquitination and
proteasomal destruction, and unglycosylatable S104A mutant KEAP1
confers NRF2-dependent resistance to erastin-induced cell death.

O-GlcNAcylation of KEAPL promotes its productive interaction
with CUL3

Because O-GIcNAcylation regulates NRF2 ubiquitination (Figs 3 and
EV2A and B), we hypothesized that O-GIcNAcylation of KEAP1
might affect the interactions between components of the NRF®
KEAPIBCUL3 E3 ligase complex. We found that neither OGT nor
OGA inhibition affected the interaction of NRF2 with KEAP1

The EMBO Journal

(Appendix Fig S3l). In contrast, OGT inhibition markedly reduced
the interaction between CUL3 and endogenous (Fig EV4A) or trans-
fected (Fig EV4B) KEAPL1. Furthermore, we observed that the
KEAP1 S104A mutant exhibited a> 70% reduction in its interaction
with CUL3 in H838 and 293T cells (Fig 5E and F). Based on recent
structural and modeling experiments (PDB: 5NLB), S104 likely does
not participate directly in KEAP1 dimerization in KEAP1BCUL3
complexes (Fig EV5A). However, prior studies are conflicting about
whether S104 is required for KEAP1 dimerization (Zipper &
Mulcahy, 2002; McMahon et al, 2006). We tested the effects of OGT
inhibition and S104 mutation on KEAP1 dimerization and found that
neither OGT nor OGA inhibition affected KEAP1 dimerization
(Appendix Fig S3J). Furthermore, the S104A KEAP1 mutant retained
its ability to interact with wild-type KEAP1 (Appendix Fig S3K).
These results indicate that S104 glycosylation is not required for
KEAPL1 dimerization.

The recently reported structure of the KEAP1 BTBCUL3 complex
(PDB: 5NLB) suggests that S104 does not directly contact CUL3
(Fig EV5A). However, the addition of a bulky O-GIcNAc moiety at
S104 may induce a local conformational change in the BTB domain
that reduces CUL3 binding and/or NRF2 ubiquitination. Indeed, a
potentially analogous form of regulation has been reported at the
KEAP1 C151 residue in the BTB domain: C151 is also distant from
the KEAP1/CUL3 and KEAP1/KEAP1 interaction interfaces (PDB:
5NLB; Fig EV5A), but modification of C151 by electrophilic small
molecules disables KEAP1-mediated NRF2 ubiquitination (Eggler
et al, 2009; Hur et al, 2010). Therefore, madification of residues in
the BTB domain, by either glycosylation or electrophilic attack, may
induce changes in KEAP1 that impair CUL3-dependent NRF2 ubiqui-
tination. Based on our data (Figs 5 and EV5A, and Appendix Fig S3J
and K) and the available structural information (PDB: 5NLB), we
concluded that a major biochemical effect of KEAP1 S104 glycosyla-
tion is to promote its productive interaction with CUL3, leading to
efficient downstream ubiquitination of NRF2.

Correlation between NRF 2, O-GIcNAc, and glucose levels

To understand the physiological importance of NRF2 regulation by
O-GIcNAcylation, we tested whether NRF2 protein levels are

Figure 5. O-GIcNAcylation of KEAPL S104 regulates the KEAP1BCULS interaction and NRF 2 activity.

A The KEAPSL04A mutant has reduced ability to target NRFfor proteasome-dependent destruction. WCLs fron888cells stably expressing vector, wild-type
KEAR, or the KEAP S1L04A mutant were treated with vehicle orl0 | M MG132for 3 h, and lysates were analyzed by Western blot. ns, non-specific band. The
arrowheads indicate NREprotein doublet in the NRR blot. In the \5 blot, the upper arrowhead is KEARprotein, the lower arrowhead is a nosspecific band (ns).

B KEAPSLO04 is required to suppress NRRranscriptional activity. RNA collected from stable@38cells was analyzed by gPCR (normalizedkieactin mRNA)n = 3,
error bars represent standard deviationB;values were calculated by Stude@tt-test; *P < 0.05.

© Reconstitution of 838cells with wild-type KEAR, but not SLO4A KEAP, restores induction of NRFtargets by5SGIcNAc. Stable&38cells were treated with
501 M 5SGIcNAc fod8 h, and mRNAs were analyzed by qPCR (normalized-actin mRNA) and compared to DMSO treatmemt.= 3 for wild type;n = 7 for
S104A. Error bars represent standard deviatiorisyalues were calculated by Stude@t-test, *P < 0.05, **P < 0.001.

D  Wild-type, but not 304A, KEAPsensitizes H838cells to erastin-induced cell death in a NRFdependent manner. Stable 8B8cells were transfected with either
siNC (non-targeting control) or siNRFor 24 h and then treated with erastin as indicated for additiona#8 h. Cell viability was measured by CellTiter-Glo assay
and normalized to the siNC/DMSO control of each stable cell line= 3, P-values were calculated by Stude@t-test (SiNC vector versus siNRFector or sSiNC

S104A versus siNRFSL04A), P < 0.05.

The KEAPSL04A mutant exhibits reduced interaction with CUB H338 (E) or293T (F) cells were transfected with the indicated constructs f82 or 48 h,

respectively, and lysates were analyzed by IP/fluorescent Western blot. Quantification of the ¥IEARS interaction was performed by the ImageJ (E) or
LI-COR (F) software platform and is given in the lower paneis= 3, error bars represent standard deviatio®-values were calculated by Stude@tt-test,

*»*P < 0001

Data information: See also Fig B\and Appendix Fig $
Source data are available online for this figure.
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regulated by OGT in response to glucose level fluctuations, since
glucose flux through the HBP gives rise to UDP-GIcNAc (Haret al,
2011; Bond & Hanover, 2015). First, we confirmed that global
O-GIcNAc levels correlate with glucose concentrations in MCF7 and
MDA-MB-231 cells (Fig 6A and B), in keeping with the well-estab-
lished role for OGT in nutrient sensing (Hart et al, 2011; Bond &
Hanover, 2015). Consistent with an earlier report (Cullinan & Diehl,
2004), NRF2 protein accumulated during glucose deprivation
(Fig 6A and B). Interestingly, the effects of glucose deprivation on
both O-GIcNAc and NRF2 levels were reversed by the addition oN-
acetylglucosamine (GIcNAc; Fig 6B) or glucosamine (GIcN; Fig 6C),
which increase UDP-GIcNAc levels by bypassing the rate-limiting
step of the HBP (Hartet al, 2011; Bond & Hanover, 2015). Impor-
tantly, inhibiting OGA also prevented hypoglycemia-induced NRF2
upregulation (Fig 6D). Moreover, KEAP1 O-GlIcNAcylation, as recog-
nized by two different monoclonal O-GIcNAc antibodies, was
reduced by glucose deprivation (Fig 6E). Finally, we also observed
decreased KEAPHCUL3 interaction during glucose deprivation
(Fig 6F). These data suggest that glucose deprivation reduces
KEAP1 glycosylation and decreases the productive KEAELCUL3
interaction, leading to NRF2 pathway activation.

Based on our results, we propose that OGT is required to restrain
NRF2 through the O-GIcNAcylation of KEAP1 on S104, promoting
its optimal interaction with CUL3 for efficient NRF2 ubiquitina-
tion (Fig 6G). Upon a reduction in global O-GlcNAcylationN
through OGT inhibition, glucose deprivation, or other mechanisms
N KEAP1 is deglycosylated, especially at S104, which impairs its
interaction with CUL3 and reduces NRF2 ubiquitination and
degradation. Accumulated NRF2 protein then translocates into the
nucleus to initiate a characteristic antioxidant response (Fig 6G).
Because NRF2 can be regulated by glucose-dependent changes in
O-GlIcNAcylation (Fig 6AEE), we propose that OGT is a signal-
ing conduit that links nutrient status to downstream stress
responses.

Discussion

We have combined genetic, biochemical, and chemical biology
approaches to discover a novel link between OGT and the NRF2
antioxidant pathway via the nutrient-sensitive O-GIcNAcylation of

KEAP1 S104. This regulation is conserved among disparate
human cell lines, suggesting that O-GIcNAcylation is broadly

The EMBO Journal

required to restrain the NRF2 pathway in the absence of oxidative
stress. Furthermore, our results indicate that glycosylation of
KEAP1 at S104 promotes its productive interaction with CUL3 for
optimal polyubiquitination and degradation of NRF2, providing a
molecular mechanism for our observations. Among the 11 poten-
tial O-GIcNAcylated sites we identified on KEAP1, S104 is the
most functionally relevant in this context, since the unglycosylat-
able S104A mutant KEAPL is less able to interact with CUL3 and
repress NRF2 activity (Fig 5). However, other KEAP1 glycosyla-
tion sites may regulate its activity toward NRF2 or other
substrates in response to stimuli or conditions that have not yet
been tested. Our work has revealed a new functional connection
between O-GIcNAcylation and NRF2 signaling, pinpointed KEAP1
as an important glycoprotein substrate in this regulation, and
elucidated the biochemical effects of O-GIcNAc in promoting the
productive KEAPIBCULS3 interaction and NRF2 ubiquitination and
degradation.

KEAR O-GIcNAcylation and ubiquitination of substrates

KEAP1 associates with CUL3 through its BTB domain and part of its
intervening region (IVR) domain (Kobayashi et al, 2004; Furukawa
& Xiong, 2005), whereas the KEAP1 Kelch motifs interact with
substrates (e.g., NRF2; Itohet al, 1999; Komatsu et al, 2010). We
found that the interaction between KEAP1 and CUL3 (but not
KEAP1 and NRF2) is affected by O-GIcNAcylation of KEAP1 at S104
(Fig 5E and F). Therefore, we propose a model in which O-GIcNAcy-
lation of KEAP S104 is necessary for its productive interaction with
CUL3 and the efficient ubiquitination of its substrates, through
either enhanced KEAPBCUL3 binding, optimized KEAP1 conforma-
tion, or both (Fig 6G). While NRF2 is the best-known substrate of
the KEAPIBCUL3 complex, several studies have suggested that
IKKb is also a target (Leeet al, 2009; Kim et al, 2010). Thus, it will
be interesting to determine in future studies whether IKKb and/or
other KEAP1 substrates also accumulate in response to OGT
inhibition. Additionally, while the candidate O-GIcNAc sites on the
KEAP1 Kelch domains did not have significant effects on NRF2
regulation in our experiments (Appendix Fig S3D and F), they may
contribute to the binding of other KEAP1/CUL3 substrates
(Mulvaney et al, 2016), or may regulate KEAP1 in response to other
signals. Future work will focus on the potential functional conse-
quences and downstream effects of individual KEAP1 O-GIlcNAc
sites beyond S104.

Figure 6. KEAF O-GIcNAcylation and NRRP2 stability are regulated by glucose levels.

A NRR protein levels anti-correlate with both glucose levels and global O-GIcNAcylation. WI&#s were incubated with the indicated glucose concentrations for

12 h, and WCLs were analyzed by Western blot. Arrows indicate RIRF
B, C

GIcNAc (B) or GlcN (C) supplementation suppresse® Miéction by glucose deprivation. MDA-MB31cells were incubated with the indicated levels of glucose

and GlcNAc (B) or GIcN (C) fo8 h, and WCLs were analyzed by Western blot. Arrows indicate RIRF
D  Blocking OGA activity abolishes NRiRduction by glucose deprivation. MDA-MB31or H226cells were treated with Thiamet-G fo8 or 24 h, respectively, and
then subjected to glucose deprivation for additiondl6 or 24 h, respectively. WCLs were analyzed by Western blot. Arrows indicate2NRF
E Glucose deprivation reduces KBAP-GIcNAcylation. MDA-MB31cells were incubated with250r 0 mM glucose forl6 h and lysates were analyzed by IP/Western

blot. Arrow indicates GGIcNAcylated KEAP

F Glucose deprivation reduces the KEARUI3 interaction. MDA-MB231cells were transfected with HA-KEARNd MYC-CURfor 24 h and then subjected to the
indicated glucose concentrations for additiondl2 h. Lysates were analyzed by IP/Western blot. Arrow indicates overexpressed@®&or HAKEAR, respectively.
G Proposed model, in which nutrient-sensitive KEIARL04 O-GlcNAcylation promotes its productive interaction with CBto mediate NRR ubiquitination and

destruction. Please see text for details.

Source data are available online for this figure.
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O-GlIcNAcylation and NRF2 activity

Previous reports demonstrated that oxidative stress modulates
cysteine residues of KEAP1, leading to conformational changes and
reduced ubiquitination of bound NRF2, as described in the hinge and
latch model (Zhang & Hannink, 2003; Wakabayashi et al, 2004;
Zhang et al, 2004; Kobayashiet al, 2006). Here, we found that even
without oxidative stress, O-GIcNAcylation of KEAP1 S104 is a novel
mechanism of restraining NRF2 signaling (Figs 4 and 5, and
Appendix Fig S3). O-GlcNAcylation is regulated by the availability of
glucose and glutamine, which are precursors for the biosynthesis of
UDP-GIcNAc by the HBP (Hartet al, 2011; Bond & Hanover, 2015),
and our data demonstrate that NRF2 is induced when global
O-GlcNAcylation is reduced either by OGT inhibition (Figs 1EB) or by
glucose starvation (Fig 6). The fact that we did not observe a recipro-
cal decrease in NRF2 signaling in the transcriptional response to OGA
inhibition (Fig 1B) could be due to constitutively low levels of NRF2
and high levels of KEAP1 O-GIcNAcylation under homeostasis condi-
tions. This hypothesis is supported by our observation of a robust
interaction between KEAP1 and OGT in unstressed cells (Fig 4D).

Since intracellular glucose levels influence global O-GIcNAc
(Fig 6; Hart et al, 2011; Bond & Hanover, 2015), glucose availability
may regulate the NRF2-mediated antioxidant response through the
O-GlcNAcylation of KEAP1 and perhaps other substrates. For
instance, although we did not detect evidence of NRF2 or CUL3
O-GlIcNAcylation in our experimental system (Fig 4A and B), it is
possible that protein is either glycosylated at an undetectable stoi-
chiometry or is robustly glycosylated under different experimental
conditions. In future studies, it will be interesting to determine
whether other components of the NRF2 pathway are also OGT
substrates. Importantly, however, we showed that the KEAP1 S104A
mutation abolishes the NRF2 response to OGT inhibition in our
systems (Fig 5B and C), indicating that other OGT substrates are not
necessary to explain these effects in this specific context.

Interestingly, recent studies have identified cross-talk between
O-GlcNAcylation and the NRF2 pathway in different species and
experimental models. For example, SKN-1, the NRF ortholog in
Caenorhabditis elegansis O-GIcNAcylated in response to oxidative
stress (Li et al, 2017a). Although we did not detect evidence of
NRF2 O-GlcNAcylation under homeostasis conditions (Fig 4A),
human NRF proteins may be glycosylated in response to oxidative
stress or other triggers. In addition, in murine macrophages, NRF2
activation was found to positively regulate OGT at transcriptional
level (Li et al, 2017b), though we failed to detect an analogous effect
in human breast cancer cells treated with known NRF2 activators
(data not shown). Recently, Kang et al (2016) observed that TET1-
mediated recruitment of OGT to the NRF2 promoter regulates NRF2
levels in 5-fluorouracil-resistent colon cancer cells. However, in our
experiments, we observed no effect of OGT or OGA inhibition on
NRF2 mRNA (Fig 2E and Appendix Fig S1C). More studies are
required to fully elucidate the transcriptional cross-talk between the
OGT and NRF2 pathways.

Our findings suggest that altered O-GlcNAcylation regulates
cellular redox balance through NRF2-mediated antioxidant signaling
in a KEAP1-dependent manner under homeostasis. Consistent with
our model, a recent report demonstrated that deletion of OGT in
murine neurons causes the upregulation of several oxidative stress
genes, although the specific O-GIcNAcylated protein(s) responsible
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was not identified (Wang et al, 2016). Understanding the impact of
O-GIcNAc dynamics on antioxidant regulators (Lee et al, 2016)
under physiologically relevant hypoglycemic, hyperglycemic, or
oxidative conditions will be an interesting focus of future work.

Tumor microenvironment and therapeutic potential

Hypoxia, lactic acidosis, and hypoglycemia are common features
of solid tumors due to poor perfusion (Chen et al, 2008; Gatza
et al, 2011; Tang et al, 2012). These tumor microenvironmental
stresses activate several transcription factors, including HIF1
(Harris, 2002), MondoA-MIx (Chen et al, 2010), and ATF3 (Tang
et al, 2012), which in turn trigger a wide range of stress
responses, drive oncogenesis, and confer resistance to various
treatments (Castellset al, 2012). In particular, glucose deprivation
confers resistance to various chemotherapeutic agents (Ledoux
et al, 2003; Komurov et al, 2012). Interestingly, recent work
demonstrated a functional connection between O-GIcNAcylation
and the HIF1 pathway in tumor cell signaling (Ferrer et al, 2014).
Our results suggest that stresses that reduce OGT activity, such as
glucose deprivation, may induce NRF2 activation (Figs 1B and 6)
and confer chemoresistance via increased antioxidant signaling
(Syu et al, 2016). Indeed, we found that the gene expression
signatures of low OGT activity and high NRF2 pathway activation
are strongly correlated in several human tumor datasets (Fig 1C),
suggesting a potentialin vivo connection between these pathways
in cancer that will be tested in future studies. Although NRF2
plays a significant role in tumorigenesis and treatment resistance,
as a transcription factor, it has not traditionally been considered a
readily druggable target. Our results describe a novel mechanistic
connection between O-GIcNAcylation and NRF2 and may offer
new opportunities to improve the treatment responses of solid
tumors under microenvironmental stresses by targeting the OGT/
NRF2 axis.

KLHL family and O-GlcNAcylation

KEAP1 belongs to the Kelch-like (KLHL) family, which is an
evolutionarily conserved group with 42 human members (Dhanoa
et al, 2013). Most KLHL proteins have a BTB/POZ domain, a
BACK domain, and several Kelch motifs. While the function and
regulation of most KLHL proteins are not well understood, their
importance is demonstrated by various human diseases associated
with mutations in KLHL genes (Dhanoa et al, 2013). For example,
the mutations of KEAP1 (KLHL19) or gigaxonin (KLHL16) lead to
various cancers (Singh et al, 2006) and giant axonal neuropathy
(GAN; Bomont et al, 2000), respectively. Interestingly, S104 of
human KEAP1 is conserved in the KEAP1 orthologs of diverse
animal species (Fig EV5B), and in 37 of 42 human KLHL proteins
(Fig EV5C; Sieverset al, 2011). In KLHL11, the corresponding
position is a threonine residue, which would also permit glycosy-
lation by OGT. In addition, mutations in the cognate residue of
KEAP1 S104 in gigaxonin, serine 52 (Fig EV5C), cause a subset of
GAN (Bomont et al, 2000; Mahammad et al, 2013; Boizot et al,
2014), and the structures of the KEAP1l and gigaxonin BTB
domains, including the positions of Serl04/Ser52, are nearly iden-
tical (Fig EV5D). These facts suggest that gigaxonin and perhaps
other KLHL proteins could be regulated by O-GIcNAcylation at the
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KEAP1 S104-cognate residue, or other sites. In a first step toward
testing this possibility, we found that gigaxonin is O-GlcNAcylated
(Fig EV5E). Therefore, O-GlcNAcylation may be a conserved mode
of regulating the KLHL family of proteins. This hypothesis will be
an important focus of future studies. Given the conservation of
KEAP1 S104 among most KLHL family members, the glycosylation
of KLHL proteins may provide a general mechanism for coupling
nutrient sensing to proteostasis in a variety of physiological
contexts.

Materials and Methods

Cell culture

MDA-MB-231, MCF7, ZR-75-1, BT474, A549, H838, 293T, H226, and
RCC4 cells were obtained from the Duke Cell Culture Facility and
maintained at 37;C supplied with 5% CO,. H1299 cells containing a
yellow fluorescent protein (YFP) gene retrovirally inserted into
intron 2 of the NQO1 gene (130207PL1G9-NQO1) were a gift from
Dr. Uri Alon and the Kahn Protein Dynamics group (Sigal et al,
2006; Cohenet al, 2009). Cell lines were cultured in either regular
DMEM or RPMI medium with 10% fetal bovine serum (FBS),
HEPES, and penicillin/streptomycin according to the instructions
from the American Type Culture Collection. For glucose deprivation
medium, cells at 90% confluency were first washed with phosphate-
buffered saline (PBS) twice and incubated with DMEM (Thermo-
Fisher, DMEM, no glucose 11966) supplemented with 1 sodium
pyruvate, HEPES, FBS, and penicillin/streptomycin, as well as
indicated glucose concentrations (Sigma).

OGT/OGA inhibitors and azidosugar

Ac,5SGIcNAc (abbreviated 5SGIcNAc or 5SG) was synthesized and
purified as described (Glosteret al, 2011). Thiamet-G was synthe-
sized and purified by the Duke Small Molecule Synthesis Facility as
described (Yuzwa et al, 2008). Ac,GalNAz (abbreviated GalNAz)
was synthesized essentially as described (Boyceet al, 2011) by
Tandem Sciences.

Co-immunoprecipitation (co-1P)

For co-IP of endogenous proteins, 293T and MCF7 cells were treated
with 5SGIcNAc (50 1 M, 24 h) and lysed in Pierce IP buffer (1%
Triton X-100, 150 mM NaCl, 1 mM EDTA, and 25 mM TriseHCI pH
7.5) supplemented with protease and phosphatase inhibitors. Cell
lysates were incubated with anti-CUL3 antibody overnight at 4;C.
Then, protein G beads (Dynabeads, ThermoFisher) were added for
an additional 8 h with gentle rotation at 4{C. For HA-KEAP1 and
MYC-CULS3 interaction experiments, 293T cells transfected (Mirus
LT1) with HA-KEAP1 and MYC-CUL3 were treated with 5SGIcNAc
(50 I M, 48 h) and harvested in Pierce IP buffer (with the addition
of 51 M PUGNACc to inhibit hexosaminidase activity). For MYC-
CULS3 and HA-tagged wild-type KEAP1 or S104A KEAPL1 interaction
experiments, H838 or 293T cells transfected with the indicated
constructs (3248 h post-transfection) were lysed in Pierce IP buffer.
Lysates were incubated with MYC or HA antibody for 8 h with rota-
tion at 4;C, and then, protein G beads were added for additional
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overnight rotation at 4;C. For KEAPBCUL3 interaction experiments
under glucose deprivation, 80% confluent MDA-MB-231 were first
transfected with the indicated constructs (Invitrogen, Lipofectamine
2000) for 24 h. The cells were then washed twice in PBS and incu-
bated with low- or high-glucose medium for an additional 12 h
before harvesting in Pierce IP buffer. After IPs, protein G beads were
washed three times (1% Triton X-100, 300 mM NaCl, 1 mM EDTA,
and 25 mM TrisbHCI pH 7.5) and eluted in 22 SDEPAGE sample
buffer for Western blot analysis. For OGT and KEAP1 interaction
experiments, 293T cells were transfected with MYC-OGT and
HA-KEAP1 for 48 h, harvested in Pierce lysis buffer, and used for
co-IP as described. The proteins of interest were then evaluated by
Western blot using either chemiluminescence (Thermo Scientific
SuperSignal Pico) or LI-COR Odyssey imager (IRDye).

YFP-NQQ induction assay using IncuCyte ZOOM

The reporter cell line H1299 stably expressing YFP-NQO1, cultured
in RPMI medium supplemented with 10% FBS, was plated onto 48-
well tissue-culture microplates (8,000 cells/well) and allowed to
adhere overnight. DMSO, MLN4924, or 5SGIcNAc was added at the
indicated concentrations, and the plates were immediately trans-
ferred into the IncuCyte ZOOM platform (Essen BioScience), housed
inside a cell incubator at 37;C/5% CO,, until the end of the assay.
Two fields per well from five technical replicates were imaged with
phase and green (400 ms acquisition) channels. Images were taken
using a 10 objective lens every 1 h for 45 h and then analyzed
using the IncuCyte Basic Software. Automated image processing on
the fluorescence and phase channels was accomplished by applying
an appropriate processing definition. In phase contrast, cell segmen-
tation was achieved by applying a mask to exclude cells from
background. An area filter was applied to exclude objects below
751 m2 Green channel background noise was subtracted with the
Top-Hat method of background non-uniformity correction with a
radius of 1001 m and a threshold of 0.6 green corrected units
(GCU). Fluorescence signal was quantified applying a mask. Total
Green Object Integrated Intensity (GCU | m%Image) was normal-
ized by confluence and further normalized by mean values obtained
for untreated cells. Data presented are from one experiment with
five technical replicates and are reported as meari' standard devia-
tion (SD). Data were reproduced in a biological replicate with five
technical replicates.

In vivo ubiquitination

293T cells transfected with MYC-NRF2 and HA-Ub were treated with
DMSO vehicle or 5SGIcNAc (50 M, 48 h). The cells were then
harvested in RIPA buffer (Sigma, 150 mM NaCl, 1.0% IGEPAL
CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and 50 mM Tris,
pH 8.0). Lysates were diluted (final 0.1% SDS) for incubation with
anti-MYC antibody and then protein G beads at 4C with gentle rota-
tion. For endogenous NRF2-Ub assays, MCF7 cells were first treated
with DMSO vehicle or 5SGIcNAc (501 M) for 42 h, and MG132
(10 I M) was added for an additional 6 h of incubation. Cells were
lysed in 1% SDS RIPA buffer and sonicated before IP. To IP endoge-
nous NRF2, NRF2 antibody (Abcam 62352) was incubated with
diluted cell lysates (final 0.1% SDS) overnight at 4C, and the
protein G beads were added for an additional 8 h of incubation at
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4;C. After incubation, the beads were washed in IP buffer three
times and boiled in 2! Western sample buffer. Sample buffer-eluted
proteins were separated by SDSPAGE and analyzed by Western
blot with the indicated antibodies.

GalNAz labeling and GIcNAc competition assays

MCF7 and MDA-MB-231 cells were incubated with DMSO or
100 I M GalNAz for 24 h. In brief, cells were lysed and fractionated
into nuclear and cytosolic fractions for click reactions (1 h at room
temperature with gentle rotation; 5 mM sodium ascorbate, 251 M
alkyne-biotin, 100 IM TBTA, and 1 mM CuSQ). After click
reactions, lysates were precipitated and washed in cold methanol to
remove unreacted alkyne-biotin, resuspended in 4 M guanidine/
PBS, and incubated with NeutrAvidin beads overnight at 4C to
capture biotin-conjugated proteins. The beads were then washed
three times each with the following buffers: 4 M guanidine/PBS;
5 M NaCl/H,0; 6 M urea/PBS; and 1% SDS/PBS. Bound proteins
were eluted by boiling in 2! SDFPAGE sample buffer and analyzed
by Western blot (Boyce et al, 2011). For GIcNAc competition assays,
293T cells transfected with HA-KEAP1 were lysed and IP-ed with
HA antibody as above. Equal amounts of precipitated protein
samples were loaded, separated by SCOEPAGE, transferred onto the
same PVDF membrane, and blocked in 5% BSA/L1 Tris-buffered
saline with Tween (TBST; 0.1% Tween-20). For competition
controls, O-GIcNAc antibodies were pre-incubated with 1 M GIcNAc
(Sigma) in 5% BSA/TBST at room temperature for 28 h before
incubation with membrane overnight at 4{C (Sakabeet al, 2010).
Blots performed with or without GIcNAc competition were then
evaluated by enhanced chemiluminescence using identical exposure
times.

Quantitative real-time PCR and microarray analysis

RNAs collected by RNeasy kit (Qiagen) were used for reverse tran-
scription by the SuperScript Il kit (Invitrogen). The primers used

for real-time PCR are listed in the Appendix. Analyses of micro-
array data and in vivo correlation were performed according to

previous reports (Gatza et al, 2010; Keenanet al, 2015). Detailed

information is provided in Appendix Supplementary Materials and

Methods.

Expanded View for this article is available online.

Acknowledgements

We are grateful for critical discussions and technical support from members
of the Chi and Boyce labs. We thank C. Toleman (Boyce lab) for His-OGT
protein. We acknowledge the financial support from the Pilot Project
programs of Duke Cancer Institute, the NIH (C25618to JTC and G18847
to MB), the Department of Defense @¥XWH-12-1-0148, W81XWH-14-1-
0309 WB1XWH-15-1-0486 to JTC), and Central Michigan University and
Cottrell College Scholar Award22525from the Research Corporation for

The EMBO Journal

Author contributions

P-HC, TJS, JW, PFS, FK, and FT performed the experiments. MH and BMS
synthesized A¢5SGIcNAc. ES performed MS-based O-GIcNAc site mapping of
KEAR. BJB created the structural modeling figures. P-HC, TJS, MB, and J-TC
designed and interpreted the experiments and wrote and revised the
manuscript. All authors reviewed and approved the finished manuscript. MB
and JTC supervised all aspects of the work. JRM and MBM provided reagents
and manuscript discussion.

Conflict of interest
The authors declare that they have no conflict of interest.

References

Adam J, Hatipoglu E,@Jaherty L, Ternette N, Sahgal N, Lockstone H, Baban
D, Nye E, Stamp GW, Wolhuter K, Stevens M, Fischer R, Carmeliet P,
Maxwell PH, Pugh CW, Frizzell N, Soga T, Kessler BM, El-Bahrawy M,
Ratcliffe PRkt al (2011) Renal cyst formation in Firdeficient mice is
independent of the Hif/Phd pathway: roles for fumarate in KEAP
succination and Nre signaling.Cancer CelR0: 524D537

Alam J, Wicks C, Stewart D, Gong P, Touchard C, Otterbein S, Choi AM, Burow
ME, Tou J2000) Mechanism of heme oxygenask-gene activation by
cadmium in MCF7 mammary epithelial cells. Role of38 kinase and Nr2
transcription factor.J Biol Cher275 27694D27702

Beretta L, Gingras AC, Svitkin YV, Hall MN, SonenbertPBi§( Rapamycin
blocks the phosphorylation ofE-BRL and inhibits cap-dependent
initiation of translation. EMBO 15 6580664

Boizot A, Talmat-Amar Y, Morrogh D, Kuntz NL, Halbert C, Chabrol B,
Houlden H, Stojkovic T, Schulman BA, Rautenstrauss B, BomoR20 R
The instability of the BTB-KELCH protein Gigaxonin causes Giant Axonal
Neuropathy and constitutes a new penetrant and specific diagnostic test.
Acta Neuropathol Commuz 47

Bomont P, Cavalier L, Blondeau F, Ben Hamida C, Belal S, Tazir M, Demir E,
Topaloglu H, Korinthenberg R, Tuysuz B, Landrieu P, Hentati F, Koenig M
(2000) The gene encoding gigaxonin, a new member of the cytoskeletal
BTB/kelch repeat family, is mutated in giant axonal neuropathyat Genet
26. 370374

Bond MR, Hanover JRE13 O-GIcNAc cycling: a link between metabolism
and chronic diseaseAnnu Rev NutB3 2059229

Bond MR, Hanover JRE19 A little sugar goes a long way: the cell biology
of O-GIcNAcJ Cell Bic208 869D880

Boyce M, Carrico IS, Ganguli AS, Yu SH, Hangauer MJ, Hubbard SC, Kohler JJ,
Bertozzi CRZ011) Metabolic cross-talk allows labeling of O-linked beta-
N-acetylglucosamine-modified proteins via the N-acetylgalactosamine
salvage pathwayProc Natl Acad Sci USA8 3141D3146

Canning P, Sorrell FJ, Bullock AA015 Structural basis of Keabinteractions
with Nrf2. Free Radic Biol MegB: 10189107

Castells M, Thibault B, Delord JP, Couder@®Lg) Implication of tumor
microenvironment in chemoresistance: tumor-associated stromal
cells protect tumor cells from cell deathint J Mol Scll3
954599571

Science Advancement (to BMS). MB is a Scholar of the Rita Allen FoundationChan JY, Kwong M2Q00) Impaired expression of glutathione synthetic

PHC is a Hung-Taiwan Duke fellow. Research reported in this publication
was supported by Duke @rien Center for Kidney Research (DOCK) (to MB
and JTC) supported by the National Institute of Diabetes and Digestive and
Kidney Diseases of the National Institutes of Health under Award Number
P30DKD96493

» 2017The Authors

enzyme genes in mice with targeted deletion of the Ntbasic-leucine
zipper protein.Biochem Biophys Acfib17 19926

Chen JL, Lucas JE, Schroeder T, Mori S, Wu J, Nevins J, Dewhirst M, West M,
Chi JT 2008 The genomic analysis of lactic acidosis and acidosis response
in human cancersPLoS Genet €1000293

The EMBO Journal 15



The EMBO Journal

Chen JL, Merl D, Peterson CW, Wu J, Liu PY, Yin H, Muoio DM, Ayer DE,

West M, Chi JT2010) Lactic acidosis triggers starvation response with
paradoxical induction of TXNIP through MondoRLoS Genes:
€1001093

KEAR glycosylation regulates NRF  Po-Han Chen et al

classification of human breast canceProc Natl Acad Sci USAT:
6994D6999

Gatza ML, Kung HN, Blackwell KL, Dewhirst MW, Marks JR, CRDIT) (

Analysis of tumor environmental response and oncogenic pathway

Chin K, DeVries S, Fridlyand J, Spellman PT, Roydasgupta R, Kuo WL, Lapuk A,activation identifies distinct basal and luminal features in HERelated

Neve RM, Qian Z, Ryder T, Chen F, Feiler H, Tokuyasu T, Kingsley C,
Dairkee S, Meng Z, Chew K, Pinkel D, Jain A, LjungBall(2006)
Genomic and transcriptional aberrations linked to breast cancer
pathophysiologiesCancer Cell0: 529541

Chou TY, Hart GW, Dang CM95 c-Myc is glycosylated at threonin&8 a
known phosphorylation site and a mutational hot spot in lymphomas.
Biol ChenR70: 18961918965

breast tumor subtypesBreast Cancer RdS3: R62

Gloster TM, Zandberg WF, Heinonen JE, Shen DL, Deng L, Vocad@ilDJ (

Hijacking a biosynthetic pathway yields a glycosyltransferase inhibitor
within cells. Nat Chem BioV: 174181

Harris AL 2002 Hypoxieba key regulatory factor in tumour growthNat Rev

Cancer2: 38b47

Hart GW, Slawson C, Ramirez-Correa G, Lagerld@1) Cross talk between

Cleasby A, Yon J, Day PJ, Richardson C, Tickle 13, Williams PA, Callahan JF, Ca@-GIcNAcylation and phosphorylation: roles in signaling, transcription, and

R, Concha N, Kerns JK, Qi H, Sweitzer T, Ward P, Davie)T4p (
Structure of the BTB domain of Kedpand its interaction with the
triterpenoid antagonist CDDOPL0S On@: e98896

chronic diseaseAnnu Rev Bioche®0: 825858

Harvey CJ, Thimmulappa RK, Singh A, Blake DJ, Ling G, Wakabayashi N, Fujii J,

Myers A, Biswal 2009 Nrf2-regulated glutathione recycling independent

Cohen AA, Kalisky T, Mayo A, Geva-Zatorsky N, Danon T, Issaeva |, Kopito RB, of biosynthesis is critical for cell survival during oxidative stre$see

Perzov N, Milo R, Sigal A, Alon 2DQ9 Protein dynamics in individual
human cells: experiment and theoryPLoS Oné: e4901

Cullinan SB, Diehl JR§04) PERK-dependent activation of Nxfcontributes to
redox homeostasis and cell survival following endoplasmic reticulum
stress.J Biol Cher279 2010820117

Cullinan SB, Gordan JD, Jin J, Harper JW, DieRD0A) (The Keafp-BTB
protein is an adaptor that bridges N& to a CuB-based B ligase:
oxidative stress sensing by a CtKeapl ligase.Mol Cell BioRk4:
8477D8486

Dhanoa BS, Cogliati T, Satish AG, Bruford EA, Friedma&013 Update on
the Kelch-like (KLHL) gene famillum Genomicg: 13

Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE,
Patel DN, Bauer AJ, Cantley AM, Yang WS, Morrison B Ill, Stockwell BR
(2012 Ferroptosis: an iron-dependent form of nonapoptotic cell death.
Cell149: 106001072

Doss JF, Jonassaint JC, Garrett ME, Ashley-Koch AE, Telen MJ2@16) JT (
Phasel study of a sulforaphane-containing broccoli sprout homogenate
for sickle cell diseasé?LoS Ongl: 0152895

Eggler AL, Small E, Hannink M, Mesecar 200¢) CuB-mediated Nr2
ubiquitination and antioxidant response element (ARE) activation are
dependent on the partial molar volume at positiori51 of Kead. Biochem
J422 171D180

Radic Biol Med®6: 443D453

Hast BE, Cloer EW, Goldfarb D, Li H, Siesser PF, Yan F, Walter V, Zheng N,

Hayes DN, Major MB2014) Cancer-derived mutations in KEAP
impair NRR2 degradation but not ubiquitination. Cancer Re§4:
808D817

Huang HC, Nguyen T, Pickett CB0Q2 Phosphorylation of Ni2 at Ser40 by

protein kinase C regulates antioxidant response element-mediated
transcription. J Biol Cher@77 4276942774

Huerta C, Jiang X, Trevino |, Bender CF, Ferguson DA, Probst B, Swinger KK,

Stoll VS, Thomas PJ, Dulubova I, Visnick M, Wigley 2006(
Characterization of novel small-molecule NRRctivators: structural and
biochemical validation of stereospecific KEABinding. Biochem Biophys
Actal860 2532552

Hur W, Sun Z, Jiang T, Mason DE, Peters EC, Zhang DD, Luesch H, Schultz PG,

Gray NS 2010) A small-molecule inducer of the antioxidant response
element.Chem Bioll7: 5379547

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, Yamamoto M

(1999 Keaf represses nuclear activation of antioxidant responsive
elements by Nr2 through binding to the amino-terminal Nel2 domain.
Genes Det3 76D86

Kang ES, Han D, Park J, Kwak TK, Oh MA, Lee SA, Choi S, Park ZY, Kim Y, Lee

JW 2008 O-GlcNAc modulation at ARtSeA73 correlates with apoptosis

Ferrer CM, Lynch TP, Sodi VL, Falcone JN, Schwab LP, Peacock DL, Vocadlo D&f murine pancreatic beta cellsExp Cell Re314: 223892248

Seagroves TN, Reginato M2D{4) O-GlcNAcylation regulates cancer
metabolism and survival stress signaling via regulation of the H1F-
pathway. Mol Cell54: 820D831

Ferrer CM, Reginato M2@14) Cancer metabolism: cross talk between
signaling and O-GIcNAcylation. I&ancer genomics and proteomics:
methods and protocoldVajapeyee N (ed.), pp3D88. New York, NY:
Springer New York

Ferrer CM, Sodi VL, Reginato N016 O-GIcNAcylation in cancer biology:
linking metabolism and signalingd Mol Biok28 328203294

Furukawa M, Xiong Y2005 BTB protein Keaptargets antioxidant
transcription factor Nr for ubiquitination by the Cullin 3-Rodl ligase.
Mol Cell Biok5 162171

Kang KA, Piao MJ, Ryu YS, Kang HK, Chang WY, Keum YS, HROAGW (

Interaction of DNA demethylase and histone methyltransferase
upregulates Nr2 in 5-fluorouracil-resistant colon cancer cellOncotarget
7: 40594D40620

Kansanen E, Kuosmanen SM, Leinonen H, Levoner2@L3(The Keaf-Nrf2

pathway: mechanisms of activation and dysregulation in canc&edox
Biol1: 45D49

Keembiyehetty C, Love DC, Harwood KR, Gavrilova O, Comly ME, Hanover JA

(2015 Conditional knock-out reveals a requirement for O-linked N-
Acetylglucosaminase (O-GIcNAcase) in metabolic homeostdsiiol Chem
290 7097B7113

Keenan MM, Liu B, Tang X, Wu J, Cyr D, Stevens RD, llkayeva O, Huang Z,

Gao L, Wang J, Sekhar KR, Yin H, Yared NF, Schneider SN, Sasi S, Dalton TP, Tollini LA, Murphy SK, Lucas J, Muoio DM, Kim SY, CBD1H ACLY and

Anderson ME, Chan JY, Morrow JD, Freeman2007 Novel n3 fatty
acid oxidation products activate N& by destabilizing the association
between Keagpt and Cullir3. J Biol Chen@82 25292537

Gatza ML, Lucas JE, Barry WT, Kim JW, Wang Q, Crawford MD, Datto MB,
Kelley M, Mathey-Prevot B, Potti A, Nevins 2B1(0) A pathway-based

The EMBO Journal

ACQ regulate hypoxia-induced apoptosis by modulating EZ Via alpha-
ketoglutarate.PLoS Genétl: 1005599

Kensler TW, Wakabayashi N, Biswal2B@7) Cell survival responses to

environmental stresses via the KeagNrf2-ARE pathwayAnnu Rev
Pharmacol Toxical7: 89D116

» 2017The Authors



Po-Han Chen et al KEAR glycosylation regulates NRF

Kim J-E, You D-J, Lee C, Ahn C, Seong JY, HwaR@ld) $uppression of NF-
j B signaling by KEAPregulation of IKK activity through autophagic
degradation and inhibition of phosphorylationCell Signak2 16451654

Kinch L, Grishin NV, Brugarolas2D{1) Succination of Keap and activation
of Nrf2-dependent antioxidant pathways in FH-deficient papillary renal
cell carcinoma type2. Cancer CelR0: 418420

Kobayashi M, Itoh K, Suzuki T, Osanai H, Nishikawa K, Katoh Y, Takagi Y,
Yamamoto M 2002 Identification of the interactive interface and
phylogenic conservation of the NBfKeafl system.Genes Cellg 8079820

Kobayashi A, Kang MI, Okawa H, Ohtsuji M, Zenke Y, Chiba T, Igarashi K,
Yamamoto M R004) Oxidative stress sensor Kehjunctions as an
adaptor for CuB-based B ligase to regulate proteasomal degradation of
Nrf2. Mol Cell BioR4: 7130D7139

Kobayashi A, Kang MI, Watai Y, Tong KI, Shibata T, Uchida K, Yamamoto M
(2006) Oxidative and electrophilic stresses activate Rithrough inhibition
of ubiquitination activity of Keapl. Mol Cell Biok6: 2219229

Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi A, Ichimura Y, Sou
YS, Ueno |, Sakamoto A, Tong KI, Kim M, Nishito Y, lemura S, Natsume T,

Ueno T, Kominami E, Motohashi H, Tanaka K, Yamamot®®L(Q) The
selective autophagy substrate 2 activates the stress responsive
transcription factor NrR through inactivation of Keaf. Nat Cell Bioll2:
213D223

The EMBO Journal

Li X, Zhang Z, Li L, Gong W, Lazenby AJ, Swanson BJ, Herring LE, Asara JM,
Singer JD, Wen F2Q17) Myeloid-derived cullin3 promotes STAT
phosphorylation by inhibiting OGT expression and protects against
intestinal inflammation. J Exp Me@14: 109301109

Luo B, Parker GJ, Cooksey RC, Soesanto Y, Evans M, Jones D, McClain DA
(2007) Chronic hexosamine flux stimulates fatty acid oxidation by
activating AMP-activated protein kinase in adipocyte3.Biol Cher282
7172D7180

Ma Z, Vosseller K013 O-GIcNAc in cancer biologmino Acidg5: 7199733

Ma Z, Vosseller K014) Cancer metabolism and elevated O-GIcNAc in
oncogenic signalingd Biol Cher289 34457034465

Mahammad S, Murthy SN, Didonna A, Grin B, Israeli E, Perrot R, Bomont P,
Julien JP, Kuczmarski E, Opal P, Goldman D3 Giant axonal
neuropathy-associated gigaxonin mutations impair intermediate filament
protein degradation.J Clin Investid.23 1964D1975

McMahon M, Thomas N, Itoh K, Yamamoto M, Hayes 2006) Dimerization
of substrate adaptors can facilitate cullin-mediated ubiquitylation of
proteins by a(Tetheringdmechanism: a two-site interaction model for the
Nrf2-Keapdl complex.J Biol Cher281: 24756024768

Miller LD, Smeds J, George J, Vega VB, Vergara L, Ploner A, Pawitan Y, Hall P,
Klaar S, Liu ET, Bergh2D05 An expression signature for§3 status in
human breast cancer predicts mutation status, transcriptional effects, and

Komurov K, Tseng JT, Muller M, Seviour EG, Moss TJ, Yang L, Nagrath D, Ram patient survival.Proc Natl Acad Sci U382 1355113555

PT 2012 The glucose-deprivation network counteracts lapatinib-induced
toxicity in resistant ErbR-positive breast cancer celldviol Syst BioB: 596

Lau A, Tian W, Whitman SA, Zhang DID{3 The predicted molecular
weight of Nrf2: it is what it is not. Antioxid Redox SignaB: 91993

Ledoux S, Yang R, Friedlander G, Laouar2@3® Glucose depletion
enhances P-glycoprotein expression in hepatoma cells: role of
endoplasmic reticulum stress respons€ancer Re§3 7284D7290

Lee JM, Calkins MJ, Chan K, Kan YW, Johns@003 [(dentification of the
NF-B2-related factor-2-dependent genes conferring protection against
oxidative stress in primary cortical astrocytes using oligonucleotide
microarray analysisJ Biol Cher278 12029912038

Minn AJ, Gupta GP, Siegel PM, Bos PD, Shu W, Giri DD, Viale A, Olshen AB,
Gerald WL, Massague 2005 Genes that mediate breast cancer
metastasis to lungNature 436 518D524

Moehlenkamp JD, Johnson I®99 Activation of antioxidant/electrophile-
responsive elements in IMB2 human neuroblastoma cellsArch Biochem
Biophys363 985106

Mulvaney KM, Matson JP, Siesser PF, Tamir TY, Goldfarb D, Jacobs TM, Cloer
EW, Harrison JS, Vaziri C, Cook JG, Major 2086 Identification and
characterization of MC\8 as a Kelch-like ECH-associated protein
(KEAR) substrate.J Biol Cher291 2371923733

Ozcan S, Andrali SS, Cantrell 2B10) Modulation of transcription

Lee DF, Kuo HP, Liu M, Chou CK, Xia W, Du Y, Shen J, Chen CT, Huo L, Hsu factor function by O-GlcNAc modificatiorBiochem Biophys Acti&/99
MC, Li CW, Ding Q, Liao TL, Lai CC, Lin AC, Chang YH, Tsai SF, Li LY, Hung3530364

MC Q009 KEAPR E3 ligase-mediated downregulation of NF-kappaB
signaling by targeting IKKbetaViol Cell36 1319140

Lee A, Miller D, Henry R, Paruchuri VOe&ally RN, Boronina T, Cole RN,
Zachara NE 2016) Combined antibody/lectin-enrichment identifies
extensive changes in the O-GIcNAc sub-proteome upon oxidative stréss.
Proteome Re$5: 4318D4336

Leturcq M, Lefebvre T, Vercoutter-Edouart £81(7) O-GIcNAcylation and
chromatin remodeling in mammals: an up-to-date overviewBiochem Soc
Trans45: 323D338

Padmanabhan B, Tong KI, Ohta T, Nakamura Y, Scharlock M, Ohtsuji M, Kang
MI, Kobayashi A, Yokoyama S, Yamamoto2d0g) Structural basis for
defects of Keap activity provoked by its point mutations in lung cancer.
Mol Cell21: 689D700

Palaniappan KK, Hangauer MJ, Smith TJ, Smart BP, Pitcher AA, Cheng EH,
Bertozzi CR, Boyce M@Q13 A chemical glycoproteomics platform reveals
O-GlIcNAcylation of mitochondrial voltage-dependent anion chanrizICell
Rep5: 546D552

Pawitan Y, Bjohle J, Amler L, Borg AL, Egyhazi S, Hall P, Han X, Holmberg L,

Levonen AL, Landar A, Ramachandran A, Ceaser EK, Dickinson DA, Zanoni G, Huang F, Klaar S, Liu ET, Miller L, Nordgren H, Ploner A, Sandelin K, Shaw

Morrow JD, Darley-Usmar VM2Q04) Cellular mechanisms of redox cell
signalling: role of cysteine modification in controlling antioxidant defences
in response to electrophilic lipid oxidation product8iochem 378
3730382

Lewis BA, Hanover JA0L4) O-GIcNAc and the epigenetic regulation of gene
expressionJ Biol Cher289 34440034448

Li J, Johnson D, Calkins M, Wright L, Svendsen C, John2685) (
Stabilization of NrR by tBHQ confers protection against oxidative stress-
induced cell death in human neural stem cell§oxicol Sc83 313D328

Li H, Liu X, Wang D, Su L, Zhao T, Li Z, Lin C, Zhang Y, Huang B, Lu J, Li X

(2017a) O-GlcNAcylation of SKil-modulates the lifespan and oxidative
stress resistance itCaenorhabditis eleganSci Refy: 43601

» 2017The Authors

PM, Smeds J, Skoog L, Wedren S, BergB0B(Gene expression profiling
spares early breast cancer patients from adjuvant therapy: derived and
validated in two population-based cohortsBreast Cancer R&s
R953DRO64

Rachakonda G, Xiong Y, Sekhar KR, Stamer SL, Liebler DC, Freeman ML
(2008) Covalent modification at Cyk51 dissociates the electrophile
sensor Keap from the ubiquitin ligase CUB. Chem Res Toxicall:
705710

Sakabe K, Wang Z, Hart GW0(0) b-N-acetylglucosamine (O-GIcNAc) is part
of the histone codeProc Natl Acad Sci USA7: 19915919920

Salazar M, Rojo Al, Velasco D, de Sagarra RM, Cuadra?@08) Glycogen
synthase kinasesbeta inhibits the xenobiotic and antioxidant cell

The EMBO Journal 17



The EMBO Journal KEAR glycosylation regulates NRF  Po-Han Chen et al

response by direct phosphorylation and nuclear exclusion of the The UniProt CZ017) UniProt: the universal protein knowledgebasBucleic
transcription factor Nr. J Biol Cher281 14841D14851 Acids Red5: D158DD169

Sangokoya C, Telen MJ, Chi 2010) microRNA miRt44 modulates oxidative Timmerman LA, Holton T, Yuneva M, Louie RJ, Padro M, Daemen A, Hu M,
stress tolerance and associates with anemia severity in sickle cell disease. Chan DA, Ethier SP, v@Veer LJ, Polyak K, McCormick F, Gray 2003

Blood116: 433804348 Glutamine sensitivity analysis identifies the XCT antiporter as a common
Schneider-Poetsch T, Ju J, Eyler DE, Dang Y, Bhat S, Merrick WC, Green R,  triple-negative breast tumor therapeutic targetCancer Celk4: 450D

Shen B, Liu J&Q10) Inhibition of eukaryotic translation elongation by 465

cycloheximide and lactimidomycinNat Chem Biob: 2099217 Tong KI, Katoh Y, Kusunoki H, Itoh K, Tanaka T, YamamotOwi6§)

Shafi R, lyer SP, Ellies LGD@nnell N, Marek KW, Chui D, Hart GW, Marth JD Keapl recruits Nel through binding to ETGE and DLG motifs:
(2000) The O-GIcNAc transferase gene resides on the X chromosome and characterization of the two-site molecular recognition modeMol Cell

is essential for embryonic stem cell viability and mouse ontogemroc Biol 26: 288792900
Natl Acad Sci US#V: 57335739 Tong KIl, Kobayashi A, Katsuoka F, Yamamot®00¢b) Two-site substrate
Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam recognition model for the Keap-Nrf2 system: a hinge and latch
H, Remmert M, Soding J, Thompson JD, Higgins ZDGY Fast, scalable mechanism.Biol ChenB87 131191320
generation of high-quality protein multiple sequence alignments using Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang MI, Kobayashi A,
Clustal OmegaMol Syst Biol7: 539 Yamamoto M, Kensler TW, Talalay 2004) Protection against electrophile
Sigal A, Milo R, Cohen A, Geva-Zatorsky N, Klein Y, Alaluf I, Swerdlin N, and oxidant stress by induction of the phas® response: fate of cysteines
Perzov N, Danon T, Liron Y, Raveh T, Carpenter AE, Lahav G, A0666) ( of the Keafd sensor modified by inducerd?roc Natl Acad Sci USA1L:
Dynamic proteomics in individual human cells uncovers widespread cell- 204002045
cycle dependence of nuclear proteinslat Methods3: 525D531 Wang Y, Klijn JG, Zhang Y, Sieuwerts AM, Look MP, Yang F, Talantov D,
Singh A, Misra V, Thimmulappa RK, Lee H, Ames S, Hoque MO, Herman JG, Timmermans M, Meijer-van Gelder ME, Yu J, Jatkoe T, Berns EM, Atkins D,
Baylin SB, Sidransky D, Gabrielson E, Brock MV, Bisv2i($)( Foekens JA005 Gene-expression profiles to predict distant metastasis of
Dysfunctional KEAEENRR interaction in non-small-cell lung cancerPLoS lymph-node-negative primary breast cancet.ancet365 671679
Med 3: e420 Wang AC, Jensen EH, Rexach JE, Vinters HV, Hsieh-Wils@@16CLEss of
Slawson C, Hart GW2011) O-GlcNAc signalling: implications for cancer cell O-GIcNAc glycosylation in forebrain excitatory neurons induces
biology.Nat Rev Cancetl: 678684 neurodegenerationProc Natl Acad Sci USA3 15120015125
Sotiriou C, Neo SY, McShane LM, Korn EL, Long PM, Jazaeri A, Martiat P, FoXagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman DJ,
SB, Harris AL, Liu EZ0O03 Breast cancer classification and prognosis Wolpaw AJ, Smukste I, Peltier JM, Boniface JJ, Smith R, Lessnick SL,
based on gene expression profiles from a population-based stuelsoc Sahasrabudhe S, Stockwell BROQ7) RAS-RAF-MEK-dependent oxidative
Natl Acad Sci USEO0: 10393910398 cell death involving voltage-dependent anion channelature 447:
Stewart D, Killeen E, Naquin R, Alam S, AlarB0D® Degradation of 864D868
transcription factor Nr via the ubiquitin-proteasome pathway and Yang WH, Kim JE, Nam HW, Ju JW, Kim HS, Kim YS, CROQEV (
stabilization by cadmium.J Biol Cher@78 239602402 Modification of p53with O-linked N-acetylglucosamine regulates53
Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, Ta2910) (Activation of the activity and stability. Nat Cell BioB: 10741083
p62-Keafdl-NRR2 pathway protects against ferroptosis in hepatocellular Yang YR, Song M, Lee H, Jeon Y, Choi E-J, Jang H-J, Moon HY, Byun H-Y,
carcinoma cellsHepatology63 1730184 Kim E-K, Kim DH, Lee MN, Koh A, Ghim J, Choi JH, Lee-Kwon W, Kim
Sykiotis GP, Bohmann 2@10) Stress-activated cap@ollar transcription KT, Ryu SH, Suh P-@0(2 O-GIcNAcase is essential for embryonic
factors in aging and human diseaséci SignaB: re3 development and maintenance of genomic stabilityAging Cell11:
Syu JP, Chi JT, Kung HX16) Nrf2 is the key to chemotherapy resistance in 439448
MCF breast cancer cells under hypoxi@ncotarget7: 14659914672 Yuzwa SA, Macauley MS, Heinonen JE, Shan X, Dennis RJ, He Y, Whitworth
Tang X, Lucas JE, Chen JL, LaMonte G, Wu J, Wang MC, Koumenis C, Chi JT GE, Stubbs KA, McEachern EJ, Davies GJ, Voca@@0BJA potent
(2012 Functional interaction between responses to lactic acidosis and mechanism-inspired O-GIcNAcase inhibitor that blocks phosphorylation of
hypoxia regulates genomic transcriptional output€ancer Re32 tau in vivo. Nat Chem Bio#: 483490
491D502 Zhang DD, Hannink M2003 Distinct cysteine residues in Keamare required
Tang X, Keenan MM, Wu J, Lin CA, Dubois L, Thompson JW, Freedland SJ, for Keafd-dependent ubiquitination of Nr and for stabilization of Nr2
Murphy SK, Chi JRQ15 Comprehensive profiling of amino acid response by chemopreventive agents and oxidative stresdol Cell BioR3
uncovers unique methionine-deprived response dependent on intact 813708151
creatine biosynthesisPLoS Genétl: €1005158 Zhang DD, Lo SC, Cross JV, Templeton DJ, Hannigk04) (Keagd is a
Tang X, Ding CK, Wu J, Sjol J, Wardell S, Spasojevic |, George D, McDonnell  redox-regulated substrate adaptor protein for a Chitlependent ubiquitin
DP, Hsu DS, Chang JT, Chi2DiLé) Cystine addiction of triple-negative ligase complexMol Cell Biok4: 10941910953
breast cancer associated with EMT augmented death signali@ncogene Zhang Z, Tan EP, VandenHull N, Peterson KR, Slaws@012})(O-GlcNAcase
https://doi.orgl0.10380nc2016394 expression is sensitive to changes in O-GIcNAc homeost&ssnt
Tang X, Wu J, Ding CK, Lu M, Keenan MM, Lin CC, Lin CA, Wang CC, George Endocrinob: 206
D, Hsu DS, Chi J2Q1&) Cystine deprivation triggers programmed Zipper LM, Mulcahy RT2002 The Keap BTB/POZ dimerization function is
necrosis in VHL-deficient renal cell carcinoma&3ancer Reg6: 189201903 required to sequester NE& in cytoplasm.J Biol Cher277 36544D36552

18  The EMBO Journal » 2017The Authors



Po-Han Chen et al KEAR glycosylation regulates NRF The EMBO Journal

Expanded View Figures
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Figure EVL. Transcriptional response to inhibitors of OGT and OGA (related to Fig 1).

A OGT and OGA inhibitors reduced and increased, respectively, global O-GIcNAc levels. MZBA-0é¢Bs were treated with50 | M 5SGIcNAc o251 M Thiamet-G for
24 h and WCLs were analyzed by Western blots.

B gPCR validation of indicated up- and downregulated genes from microarray data. MDAZ2@Beells were treated with DMSO vehicle &0 | M 55GIcNAc fo48 h
and extracted mRNA was analyzed by qPCR (normalizetb4actin). n = 3, error bars represent standard deviation.

C Lack of correlation between low-OGT activity (i85GIcNAc) and BK or EGFR signaling gene expression signatures when projected into the Miller breast tumor
dataset.r = Pearso® correlation coefficient.

Source data are available online for this figure.
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Figure EV2. O-GlcNAcylation regulates NRF2 post-translationally (related to Fig ~ 3). I
MCF cells were treated with rapamycing0 nM) for 1 h and then 5SGIcNAc50 | M) for additional 8 h. Then, MG32(10 | M) was added2 h before harvesting (total "

A
experimental time:9 h). WCLs were analyzed by Western blot. Arrows indicate RRF

B 5SGIcNAc reduced the ubiquitination of endogenous NRE MCF cells. MCF cells were treated with50 | M 5SGIcNAc48 h) and 10 | M MG132(6 h), and WCLs
were analyzed by IP/Western blot. Arrows indicate NRF

C 5SGIcNAc does not affect global poly ubiquitination levels. MDA-RIBLcells were treated with251 M 5SGIcNAc fod5 h and 10 | M MGL32for additional 3 h. WCLs

were analyzed by Western blots.

Source data are available online for this figure.
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Figure EV3. KEAR is O-GIcNAcylated and interacts with OGT in human cells (related to Fig 4). I
A O-GlcNAcylation of KEAR reduced uporbSGIcNAc treatment. 888cells were transfected with Flag-KEARNd then treated with DMSO o060 | M 5SGIcNAc for

48 h. WCLs were analyzed by IP/Western blot. Arrow indicates KEAP
B KEAPassociates with OGT in human cells. Endogenous KEA&s IP-ed from293T lysates and blotted with antibodies against OGT and KEA&Tows).
C Interaction between OGT and KEARutants. The indicated KEARconstructs and/or MYC-OGT were transfected ir@83r cells 48 h), and WCLs were analyzed by

IP/Western blot. Arrows indicate the proteins of interest. HC: IP-ing antibody heavy chain.
D Purified GST-KEARNd His-OGT do not interacin vitro. Recombinant GST-KEABNd His-OGT were purified individually frorBscherichia cglmixed, and analyzed

by glutathione agarose pull-down and Western blot. Arrows indicate the proteins of interest.

Source data are available online for this figure.
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Figure EVA. O-GlcNAcylation of KEAPL regulates CUL3 interaction (related to Fig 5).

A 5SGIcNAc reduces the interaction between endogenous KE#fR CUBIn 293 and MCF cells.293T (left) or MCF (right) cells were treated with50 | M 5SGIcNAc
(24 h), and WCLs were analyzed by IP/Western blot. Arrowhead indicates3CAstow indicates KEAP

B 5SGIcNAc reduces the interaction between expressed Eafd KEAR. 2937 cells were transfected as indicated f@4 h and then treated with 50 | M 5SGIcNAc for
additional 48 h. WCLs were analyzed by IP/Western blot= 3, error bars represent standard deviation, afivalues were calculated by Studeft-test, **P < 0.01.
Arrow indicates HAagged KEAP.

Source data are available online for this figure.
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Figure EV5. The KEAR S104 glycosylation site is broadly conserved across the KLHL family. I
A Modeling of the KEAPBTB3-box (green) and CUB(cyan) NTD hetero-tetramer complex, based on the recently reported KIEBPIL3 heterodimer complex (PDB:

5NLB). $04 of KEAR is shown in red. @510f KEAR is shown in orange.

B Amino acid sequence alignment of KEIRé&rthologs in different species reveals thatl84 (red arrow) is highly conserved across evolution.

C 304 of KEAR is conserved in most human KLHL family proteins. Amino acid sequence alignmeddfuman KLHL proteins. The cognate residues of KESI4
are indicated by red arrows and black rectangles.

D Structural alignments of KEARgreen, PDB3NLB) and gigaxonin (magenta, PDB?PI) BTB domains. KEABL04 and gigaxonin S2are nearly superimposable

(bottom panel).
E Gigaxonin-8from stably transduced293T cells was analyzed by IP/Western blot. Arrowheads indicaeagged gigaxonin.

Source data are available online for this figure.
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CUL3 NTD (cyan)
A
KEAP1 BTB 3-box (green)
KEAP1-CUL3
hetero monomer
B Species Accession No. \L' A.A. No.

D. melanogaster ABD14408.1 [SPYFKAMFTGGLKESEMSRVQLOGVCPTAMSRILYFMYTGQIRVTEVTVCQLLPAATMFQ 171

X. tropicalis AAH80903.1 |[SPVFRAMFTNGLRECGMETVTIEGVHPKVMQRLLEFAYTASISVGEKCVIHVMNGAVMYQ 131

M. musculus BAA34639.1 [SPVFKAMFTNGLREQGMEVVSIEGIHPKVMERLIEFAYTASISVGEKCVLHVMNGAVMYQ 163

R. norvegicus NP_476493.2 |[SPVFKAMFTNGLREQGMEVVSIEGIHPKVMERLIEFAYTASISVGEKCVLHVMNGAVMYQ 163

H. sapiens Q14145.2 SPVFKAMFTNGLREQGMEVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQ 163

B. taurus AAI51546.1 [SPVFKAMFTNGLREQGMEVVSIEGIHPKVMERLIEFAYTASISMGEKCVLHVMNGAVMYQ 163
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NQO1-ARE-Luc reporter
u|$!# = * .
< " I
>
L2 gl
()
0 *
S &"II#
2 O-GIcNAc
S %Sl I
L oy T T
<
T S
& NRF2
"4 100 kDa -
()% ‘&$#()4 $HO# %!!#()’4 &$#()4 ! -tubulin
S+ - - ‘ 0123
OGT inhibitor OGA inhibitor
(50 uM 5SGIcNAC) (25 uM Thiamet-G)
MININENINININ SN IS I I I I I/
38888888 88838823838
| NFE2
NRF1
| NRF2
I NRF3
8683153
H88 5SS
-
E BT474: 48hr F
5SGIcNAC
6
541 I
$#<
O a#]
= '# -
& T
Yot
1# ; ,

37%H# +89)# 27:%#

-

RCC4: 48hr
6.00 -
5 I DMSO
‘G 5.00 -
3 B 5SGIcNAC
% 4.00 - tBHQ
<
& 3.00 -
=
2 2.00 -
8
[J]
X 100 = I
0.00 -
HO-1 NQO1
ZR-75-1: 48hr
5SGIcNAC
7 -
6 A I
5 -
= 4
O
=3
a8
1 -
0 T T )

NQO1l GCLM HO-1

S 50mM < 5SGIcNAC
o0& BSGINAC 5 & (M)
@ = (hours) I AT T e—
SS————— =35 i
835012243648 O S



Fig S1 (Related to Fig 2)

1.8
’§ 16 NRF1
= 14 " NRF2
S 12
3 1
€ 08
38
S 06
2 04
<
o 0.2
o
0
.02 . HO-1 NQOl GCLM SLC7A1l
(%!"1#
= 1"
c S (S I I
L= T I
T O
ne
O o
0 &'
>3
B O %
R
re s
g =
< < < (0]
G\&V 6\°® 6\"\\\ G\&P \4\?’5
RSE W W S OV
,&00(\ SQQ‘\ »&0? oV
Csis »
S (1 w14 +#) /012314
% (1#.+#),/01231#
©
S
@
o el
=
<
T "%l
x
1"$1#
"I
Pl ($ N4 Cys conc. (UM)

Appendix Fig S1. 5SGIcNAc activates NRF2 through a specific signaling event
(related to Fig 2). (A) 5SGIcNAc increases NRF2 transactivation activijCF7
cells were treated with the indicated concentragaf 5SGICNAc or tBHQ (NRF2
activabr) for 48 his and he relative NQOA4uciferase reporter activity (normalized to
Renillaand DMSQtreated contrabampley¥was measurech = 3; errorbars represent
standard deviation; -palues were calculated by Student@est, * p < 0.05 (B)

5SGIcNActreatment increaseNRF2 levelsin H1299 cells Left panel, H1299 cells
] #



expressing YFRNQO1 were treated with 50M 5SGIcNAc for the indicated times
andlysates were analyzed MWestern blat2.5! M MLN4924 treatmentfor 12 hs
was used as a positive caitfor induction of NRF2. Right panel, H1299 cells
expressing YFRNQO1 were treated with 5SGIcNAc at the indicated doses fors30 hr
andlysates were analyzed hyestern blat5! M MLN4924 treatmentor 6 his was
used as a positive control for induction MRF2. (C)5SGIcNAc treatmentdid not
significantly affecthe mRNA levels oftheindicated members of the cap'n‘collar (cnc)
subfamily of leucine zipper transcription factors the microarray experiments
described in FigureB. (D, E, F) Upregulation ofNRF2 target genes in RCC4 (D),
BT-474 (E), and ZR751 (F) cells as measured by gPCR. TheCt values were
calculated by normalizing the Ct value for each gene in the 5SGlttdAted group

to #-actin mMRNA and the DMS@ontrol (G) Contributions of NRF1 @ahNRF2 in
MRNA inductionby 5SGIcNAc The contributions of NRF1 and NRF2 for indicated
genes were determined by calculating the mRNA induction difference (log scale) by
gPCR between 5SGIcNA@nd DMSGQtreatedMDA-MB-231 cells when NRF1 or
NRF2 wassilencedby siRNA. (H) Relative glutathione levels in 5SGlcNA®ated
cells MDA-MB-231 cells were treated with DMSO, 5SGIcNAc (100 nM, 500 nM, 10
UM, or 50 uM) or 1-buthioninesulfoximine (BSO, 20QuM, positive contrgl for 24

hrs. Reduced glutathione levels rgeassessed by GSBlo Glutathione Assay
(Promega) per manufacturerstructionsand shown as percent of vehicle control.
Error bars represent standard deviation. (I) OGT inhibition protects NMBA231
cells from cystinedeprivationinduceddeath. MDAMB-231 cells were préreated
with the indicated concentrations of 5SGICNAc for 4 &ndthen subjected to cystine
deprivation medium (along with DMSO or 5SGIcNAc) for an additional 43Cell
viability was measuretly CellTiter-Glo assay(Promega)n = 3, error bars represent
standard deviations; *  0.05 or ** p< 0.001. pvalues werecalculated by StuderstO
t-test.
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Fig S2 (Related to Fig 4)
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Appendix Fig 2. MS proteomics identifies eleven candidate &GIcNAc sites on
KEAPL1 (related to Fig4). (A-J) MS/MS fragment ion spectfar each of the eleven
individual O-GIcNAcylated KEAP1 peptides. Individual fragment ions annotated
with 32030 or @060 indicates a gphase neutral loss corresponding to single or

double GGIcNAc moietes




Fig S3 (Related to Fig 5)
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Fig S3 (Related to Fig 5)
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Fig S3 (Related to Fig 5)
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Appendix Fig S3. O-GlcNAcylation of KEAP1 regulates NRF2 activity and
CULS interaction (related to Fig5). (A, B) The relative levels of indicated mRNAs
(normalized ta#-actin) were measured by gPAR two KEAPXmutated lung cancer
cell lines A549 (A) andH838 (B) treated with DMSO or 5SGIcNA(50! M, 48 he).
(C) H838 cellsweretransfectedvith NQO1ARE-firefly luciferase Renillaluciferase
(constitutive expression, internal contrtoind KEAPlexpression constructer 48

hrsandlysates were analyzed Western blot. (DH838 cellsweretransfecteds in
! )



(C). Firefly luciferaseactivity was measured 48 fiposttransfection and normalized
to the co-expressedRenillaluciferasecontrol. Thenormalizedluciferasesignalfrom
eachKEAP1 mutantwas normalized to the modkansfected sample (s® 1). n= 3,
error bars represent standard deviations; ¥ ©.05, ** p < 0.001, pvalues were
calculated by Studerst®test. (E)A549 cellswere transfecteds in (C)and lysates
were analyzed by Western blot. (Rb49 cells were transfected and analyzby
luciferase assay as in (D)= 3, error bars represent standard deviations; < .05
p-values were calculated by Studerst@test.(G) The KEAP1 SO14Amutantexhibits
areduced capacity to repress NRF2 protein in a proteasependent manner. H83
cells were transiently transfected with vectoid type or S104A KEAPL1 for 45 I
and treated with 10 M MG132 for an additional 3 brLysates were analyzed by
Western blot. (H) S104A KEAPZreconstituted but not wild type
KEAP1-reconstitutedH838 cdls are protected fromerastininducedcell deathin a
NRF2-dependent manneH838 cellsstably expressing thadicated constructs were
transfected with either siNC (ndargeting control) or siNRF2 for 2drs and then
treated with erastin foan additioral 48 hs. Cell death was measured by the
CytoToxFluor assay. RFU: relative fluorescence unit= 3, error bars represent
standard deviation, -palues were calculated by Studerst®test, * p < 0.05 (I)
5SGIcNActreatmentdoes not affect the interactitbbetween NRF2 and KEAP1. 44
NRF2 (Flag) interacts with KEAP1 (MYC) in the presence of DMSO, 5SGIcNAc (50
I'M, 48 his), or ThiametG (25! M, 48 his) in 293T cells transfected witthe
indicated constructqJ) Dimerization of KEAP1 is not affected by OGHbr OGA
inhibition. 293T cells were transfected as indicated with MYSC FlagKEAP1
constructs and treated with 5SGIcNAc (6B1) or ThiametG (25! M) for 24 hrs
Lysates were analyzed by/Westernblot. (K) The KEAP1 S104Amutantretains the
ability to interact with wild type KEAP1. H838 cells transfected withd type or
S104A mutantKEAP1 constructdor 48 hrswereanalyzed byP/Westernblot.



Appendix Table S1 Genes upregulated by OGT inhibitor (5SGIcNAc). RNA
samples collected from MDMB-231 ells treated with 5M 5SGIcNAc for 48 hr
were analysed by Affymetrix U133A2 arrays. Genegegulated by OGT inhibitor

were summarized in the following list.

malic enzyme 1, NADP(+)lependent, cytosolic

solute carrier family 7 (anionic amino acid tsaorter light chain, xcsystem), member 11
adrenomedullin

glutamatecysteine ligase, catalytic subunit

thioredoxin reductase 1

glutamatecysteine ligase, modifier subunit

glutamatecysteine ligase, catalytic subunit

malic enzyme 1, NADP(+jlependent, cygblic

solute carrier family 7 (anionic amino acid transporter light chainsystem), member 11
solute carrier family 7 (anionic amino acid transporter light chainsystem), member 11
mitogenactivated protein kinase kinase kinase 14

ferritin, heavypolypeptide 1

tripartite motif containing 16

NAD(P)H dehydrogenase, quinone 1

ferritin, heavy polypeptide 1

NAD(P)H dehydrogenase, quinone 1

NAD(P)H dehydrogenase, quinone 1

sequestosome 1

heme oxygenase (decycling) 1

unkempt homolog (Drosophildike

aldo-keto reductase family 1, member C3alpha hydroxysteroid dehydrogenase, type 1)
aldo-keto reductase family 1, member B10 (aldose reductase)

pirin (iron-binding nuclear protein)

O-linked N-acetylglucosamine (GIcNAc) transferase

replication protein A4, GkDa

SAM and SH3 domain containing 3

ubiquitin specific peptidase 29

uncharacterized LOC339166 /// WSC domain containing 1

glutamate receptor, ionotropic, kainate 3

nuclear pore associated protein 1

dermatopontin

chemokine (&C motif) ligand 18 (pulmonargnd activatiorregulated)

| *%



Appendix Table S2.Genes downregulated by OGT inhibitor (5SGIcNAc). RNA
samples collected from MDMB-231 cells treated with 50M 5SGIcNAc for 48 hr
were analysed by Affymetrix U133A2 arrays. Genes doggulated by OGT

inhibitor were summarized in the following list.

RAB27B, member RAS oncogene family

dystrobrevin, alpha

lumican

meningioma expressed antigen 5 (hyaluronidase)

meningioma expressed antigen 5 (hyaluronidase)

cytochrome P450, family 1, subfamily B, polypeptide 1
cytochrome P450, family 1, subfamily B, polypeptide 1
caspase 1, apoptosislated cysteine peptidase

FERM domain containing 4B

stomatin

aldehyde dehydrogesa 1 family, member A3

cytochrome P450, family 1, subfamily A, polypeptide 1

spectrin repeat containing, nuclear envelope 2
asparagindinked glycosylation 13 homolog (S. cerevisiae)
neuronal regeneration related protein homolog (rat)

kelchlike 4 (Drosopliia)

tumor necrosis factor (ligand) superfamily, member 10

solute carrier family 22 (extraneuronal monoamine transporter), member 3
tripartite motif containing 22

G proteincoupled receptor 87

POU class 2 homeobox 1

chemokine (EX-C motif) ligand 1 (melanma growth stimulating activity, alpha)
interleukin 6 (interferon, beta 2)

olfactory receptor, family 7, subfamily E, member 14 pseudogene
transcription factor 4

uncharacterized LOC100509474 /// zinc finger protein 518A
ankyrin 3, node of Ranvier (ankyrin)G

cyclin G2

protease, serine, 12 (neurotrypsin, motopsin)

solute carrier family 22, member 18

sterol regulatory element binding transcription factor 1
insulin-like growth factor binding protein 4

vasoactive intestinal peptide receptor 1

dedicator of cytokiesis 2

SH3-domain GRBZike endophilin B2

protoporphyrinogen oxidase

intercellular adhesion molecule 4 (Landsteildéener blood group)
reticulon 2

collagen, type VI, alpha 3

serine peptidase inhibitor, Kazal type 4

B9 protein domain 1

hydroxysteroid (1#eta) dehydrogenase 8

obscurinlike 1

zinc finger protein 165

major histocompatibility complex, class Il, DR alpha

major histocompatibility complex, class Il, DP alpha 1

major histocompatibility complex, class Il, DR alpha

nestin

prostaglandirendoperoxidesynthase 2 (prostaglandin G/H synthase and cyclooxygenase)
solute carrier family 4, sodium bicarbonate cotransporter, member 4
stanniocalcin 1

1 *1



stanniocalcin 1

intercellular adhesion molecule 1

grancalcin, EFhand calcium binding protein

RAB27A, member RASNncogene family

transient receptor potential cation channel, subfamily C, member 1
cAMP responsive element binding proteHild 2
tetraspanin 31

growth differentiation factor 15

ADNP homeobox 2

high mobility group 20B

dehydrogenase/reductase (SDR fajnihember 11
phospholipase D1, phosphatidylcholisgecific

cyclin G2

cyclin G2

adducin 3 (gamma)

H1 histone family, member 0O

cytochrome P450, family 26, subfamily B, polypeptide 1
dehydrogenase/reductase (SDR family) member 2

H1 histone family, member X

interferon regulatory factor 7

SRY (sex determining region ¥jox 4

SRY (sex determining region ¥jox 4

limb bud and heart development homolog (mouse)

WD repeat and SOCS box containing 1

signal transducer and activator of transcription 5B

claudin 7

selenopotein P, plasma, 1

phospholipase C, epsilon 1

retinoic acid receptor responder (tazarotene induced) 3
killer cell lectinlike receptor subfamily C, member 1/// member 2
S100 calcium binding protein P

absent in melanoma 2

caspase 1, apoptosislated cysteie peptidase

ATP-binding cassette, stflamily A (ABC1), member 1
ATP-binding cassette, stflamily A (ABC1), member 1
coagulation factor Il (thrombin) receptbke 1

sprouty homolog 1, antagonist of FGF signaling (Drosophila)
phosphodiesterase 4B, cAMPeific

ets homologous factor

collagen, type XV, alpha 1

synaptotagmin |

DnaJ (Hsp40) homolog, subfamily C, member 22

tumor necrosis factor receptor superfamily, member 11b
interleukin 8

interleukin 8

Norrie disease (pseudoglioma)

dual specificity phosphatast

SAM domain, SH3 domain and nuclear localization signals 1
thrombomodulin

thrombomodulin

Kruppeltlike factor 11

PTPRF interacting protein, binding protein 2 (liprin beta 2)
RAB27B, member RAS oncogene family

phosphatidic acid phosphatase type 2B

histamne N-methyltransferase

LY6/PLAUR domain containing 1

CTD (carboxyterminal domain, RNA polymerase Il, polypeptide A) small phosphatase 1
laminin, gamma 2

prostaglandin E synthase

vascular endothelial growth factor A

*#



TIMP metallopeptidase inhibitor 3

insulin-like growth factor binding protein 1

TIMP metallopeptidase inhibitor 3

apolipoprotein B mRNA editing enzyme, catalytic polypeplide 3B
prostaglandin E synthase

protein tyrosine phosphatase, a@teptor type 22 (lymphoid)
DEAD (Asp-Glu-Ala-Asp) box plypeptide 60

ankyrin repeat and SOCS box containing 9
uncharacterized LOC100287705 /// pleiotrophin
uncharacterized LOC100287705 /// pleiotrophin
damagespecific DNA binding protein 2, 48kDa

caspase 1, apoptosislated cysteine peptidase

protein phosphase 3, catalytic subunit, beta isozyme
solute carrier family 38, member 4

S100 calcium binding protein A2

tenascin C

lipase, endothelial

Kruppetlike factor 9

insulin induced gene 1

apolipoprotein B mRNA editing enzyme, catalytic polypeplide 3G
pre-B-cell leukemia homeobox 1

pregnancyassociated plasma protein A, pappalysin 1
RAB27A, member RAS oncogene family

latent transforming growth factor beta binding protein 1
serpin peptidase inhibitor, clade B (ovalbumin), member 1
ectonucleotide pyrophospha¢dshosphodiesterase 1

G proteincoupled receptor 116

neuronal PAS domain protein 2

G proteinrcoupled receptor 116

nicotinamide Nmethyltransferase

nicotinamide Nmethyltransferase

anterior gradient 2 homolog (Xenopus laevis)

protein kinase C, delta bindinmotein

S100 calcium binding protein A4

lysosomal protein transmembrane 5

interferon induced transmembrane protein 1

SAM pointed domain containing ets transcription factor
ADAM metallopeptidase domain 8

myosin light chain kinase

neuronal PAS domain proteR

minichromosome maintenance complex component 7
plasminogen activator, urokinase

minichromosome maintenance complex component 7
solute carrier organic anion transporter family, member 4A1
neuronal PAS domain protein 2

uncharacterized LOC100287705 //éitrophin

polyamine oxidase (exh4-amino)

DNA-damageinducible transcript 4

O-linked N-acetylglucosamine (GIcNAc) transferase
O-linked N-acetylglucosamine (GIcNAc) transferase
methyltransferase like 7A

cadherin, EGF LAG sevepass Gtype receptor 1 (flamgo homolog, Drosophila)
SRY (sex determining region ¥jox 4

serpin peptidase inhibitor, clade B (ovalbumin), member 1
ets variant 1

sortilin-related receptor, L(DLR class) A repeats containing
vascular endothelial growth factor A

plasminogen activatourokinase

sorbin and SH3 domain containing 2

sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3A

! *$



cadherin 19, type 2

TIMP metallopeptidase inhibitor 4

TIMP metallopeptidase inhibitor 3

chemokine (€X-C motif) ligand 2

tumor necrosis factor (ligand) superfamily, member 10
serum deprivation response

chondroitin sulfate Nacetylgalactosaminyltransferase 1
cornichon homolog 3 (Drosophila) /// uncharacterized LOC100506354
tumor necrosis factor (ligand) superfamily, member 15
neuronal PAS domain protein 2

pigeon homolog (Drosophila)

potassium channel tetramerisation domain containing 12
sorting nexin 10

collagen, type IV, alpha 5

RNA binding motif protein 47
3-hydroxy-3-methylglutarytCoA synthase 1 (soluble)
solute carrier orgaa anion transporter family, member 4C1
stanniocalcin 1

carboxypeptidase M

nerve growth factor receptor

vesicleassociated membrane protein 2 (synaptobrevin 2)
LSM14B, SCD6 homolog B (S. cerevisiae)

p21 protein (Cdc42/Ra@ctivated kinase 1

ribosomal pratin S6 kinase, 90kDa, polypeptide 2

inositol polyphosphaté-phosphatase, 75kDa

Kruppeltlike factor 13

jun D proteoncogene

RIB43A domain with coileetoils 2

transient receptor potential cation channel, subfamily C, member 1
transient receptor potentialt@an channel, subfamily C, member 1
IQ motif containing GTPase activating protein 1

cyclic nucleotide gated channel alpha 1

aldehyde dehydrogenase 6 family, member Al
winglesstype MMTYV integration site family, member 7B

Appendix Materials and M ethods
Chemicals, siRNAs, plasmids, and antibodies

FlagKEAP1 (Addgene plasmid # 28023)cDNA3-HA2-KEAP1 (Addgene
plasmid # 21556)pcDNA3-HA2-KEAP1 delta BTB (Addgene plasmid # 21593)
MYC-NRF2 (Addgene plasmid # 21555%nd MYC-CUL3 (Addgene plasmid #
19893) corstructs were purchased from Agihe.GigaxoninV5 (HsCD0044262%
andKEAP1-V5 (HsCD0032990)lentiviral constructsverepurchased from DNASU
(Seiler et al, 2014MYC-OGT was derivedn previouswork (Boyce et al, 2011and
His-OGT was a kind gift from DrSuzanne Walker, Hawvard Medical Schoo{Gross
et al, 2005) MYC-HIS-KEAP1 was constructed by inserting fiehgth KEAP1
cDNA into pcDNA4myc-6xHis A using BamHI and Xbal restriction sites. KEAP1
point mutants(MYC-tag, HAtag, and V&ag were generated by sitérected
mutagenesis usin@QuikChangekits (Agilent). siRNAs targeting OGT, NRF2, or
NRF1 were from Dharmacon. (GBUGNAc (Cayman Chemicals 4151), tBHQ

! *04



(Sigma), SFN (Sigma)Nedd8activating enzyme inhibito(MLN4924, Millipore),
erastin (Cayman Chemicalr754),anttNRF2 antibody (Abcam 62352, Santa Cruz
H300), aniKEAP1 antibody (Proteintech05032-AP; Santa Cruz £0), anttCUL3
antibody (Bethyl A301109A; Santa Cruz &), anttHO-1 antibody (Bethyl
A603-662A), anttO-GIcNAc antibody (Santa Cruz RLZFhermoFisher 1F5.06
18B10.C7 and 9D1.E% anti#-tubulin (Cell Signaling# 2128 and Santa Cruz),
anti-$-tubulin (Sigma)antiFlag antibody (Cell Signaling), artYC antibody (Santa
Cruz 9E10), atHA antibody (Santa Cruz Y11), ar@GT antibody (Santa Cruz
H300) and antbiotin antibody (Sigra B7653) anttubiquitin (Santa CruzP4DJ)
were obtained from the indicated sources.

Luciferase assays

NQOI-ARE-firefly luciferase reportera( kind gift from Jeffrey A. Johnson
(Sangokoya et al, 2010pnd Renilla luciferase expression vectors (as an internal
control) were cedransfected into MCF7 (Lipofectamine 2000, Thermo Fisher), A549,
or H838 (TransITLT1, Mirus) cellsalongwith the indicated KEAP1 constructs and
treated with 5SGIcNAc for 48 &rwhere indicagéd. The cells were lysed using
DualGlo Luciferase assay (Promega) and read an Infinite F200 instrument

(Tecan).

Measurement of GSH, GSSG, ROSell viability, and protease releasassays
MDA-MB-231 cells treated with 5SGIcNAc (504, 48 his) were colected in
phosphatéuffered saline RBS and incubated with precipitation solution (2%
sulfosalicylic acid hydrale 20 mM EDTA, 20 mMN-ethylmaleimide, and 2.5%
methanol) at room temperature for 45 min and spun down. To measure intracellular
GSH and GSSGsupernatarstwere separatedmixed with isotope internal standayrds
and applied to chromatographic column before analysis by HREOAS
(Pharmacokinetics/Pharmacodynamics Core Lab, Duke Cancer Institute) similar to
previously describedMoore et al, 2013)To measure intracellular reactive oryg
species (ROS), siNC(nontargeting control) or siNRF2(Dharmacon) transfected
MDA-MB-231 cells were treated with DMSO, 5SGIcNARY(G! M, 48 his), H.O,
(882! M, 1 hr) and analyzed by H2DCFDA assay (Thermo Fistire)ative ROS
levels weremeasuredy the fluorescence intensity (1x “6ells/group) using flow
cytometry (BD FACSCantoll) and analyzed by FlowJo (v.7.6.4) software. To

determine the effect of 5SGIcNAc during cystine deprivation, MBB-231 cells
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were pretreated with 5SGIcNAc (50 or 100M) for 4 his. The cells were then
washed with PBS before applying fresh medium with various concengation
cysting along with DMSOvehicle or 5SGIcNAc for an additional 48 #ir Cell
viability was determined using the CellTH&lo assay (Promega)o detemine
viability in H838 stable celldreated with erastincells were first transfected with
either siNC (nortargeting control) or SINRF2 for 24rs, and then treated with erastin

for an additional 48 hs. Cell viability was measured by CellTit€&lo assy
(Promega) and normalized tdhe siNC DMSGtreatedcontrol sample Similarly,
protease release after transfection and erastin treatment were measured by
CytoToxFluor (Promega).

Microarray and signatureanalysis

Briefly, RNA was isolated with QiagenOBléasy Mini Kit and quality was
assessed with the Agilent BioAnalyzer. cDNA was amplified from 200ng RNA with
the Ambion MessageAmp Premier RNA Amplification. The gene expression patterns
of the RNA samples were interrogated with Affymetrix U133A geneclaipd
normalized by the RMA (Robust MulArray) algorithm (GEO: GSE81740)The
influence of 5SGICNAc or ThiametG on gene expression was derived by a zero
transformation process, in which we compatieeltranscript level for each gene in
treated samples tthe average transcript levels in control samples. Data were then
filtered by indicated criteriavith Cluster 3.0 software and heat maps were generated
with TreeView. To generate gene signatures of OGT inhibition, the CreateSignature
module in GenePatterrnt{ps://genepattern.uth.tmc.edu/gp/pages/log)nvsts used

with control expression pattern as the train0S8GIcNAcgene expression pattern as
trainl setand theindicateddataset uskas the test set using default parameters. The
same tumor data sets were used to quantify the probabilities of additional oncogenic
pathways to calculate the correlations between OGT inhibition and these pathways by
GraphPad Prism 6.0.

Sample preparationfor mass spectrometry

293T cells transiently transfected with MY8&XHis-KEAP1 (Mirus) were
treated with ThiameG (25! M) and glucosamine (4 mM) for the final seven hours
and harvested in lysis buffer (0.1% SDS, 1% Triton, 150 mM NaCl, 1 mM EDTA, 20
mM Tris pH 7.4 and protease inhibitors). Lysates were psaécated with 20

pulses at 50% intensity, cleared by centrifugation, assessed by BCA Protein Assay
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(Pierce), and purified by tandem pdibwn (sequential anMYC IP and NiNTA
affinity chromatographgteps) per manufacturer guidelines (Santa Cruz and Qiagen).
Purified KEAP1 was submitted to the Duke Proteomics and Metabolomics Facility
for O-GIcNACc site mapping.

Mass spectrometry analysis of OGIcNAc modified sites within KEAP1

Samples in 8M urea/50 mM imidazole were subjected to SIPSGE
separation using a NUPAGE12% BisTris gel (Invitrogen) with £ MES ruming
buffer. Colloidal Coomasskstained lnds corresponding to tmeolecular weighof
KEAP1 were excised and subjected to a standardimegkli trypsin digestion
(http://www.genome.duke.edu/cores/proteomics/sarpmearation/documentsHael

DigestionProtocolrevised.pdf Extracted peptides were lyophilized to dryness and

resuspended in 20 of 0.2% formic acid/2% acetonitrile. Each sample was subjected
to chromatographic separation on a Waters NanoAquity UPLC equipped with a 1.7
I'm BEH130 Gg 75! m I.D. X 250 mm reveetphase column. The mobile phase
consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile.
Following a 2! | injection, peptides were trapped for 3 min on 'and Symmetry Gg

180! m I.D. X 20 mm column at 51/min in 99.9% A. e analytical column was
then switched ifine and a linear elution gradient of 5% B to 40% B was performed
over 90 min at 400 nL/min. The analytical column was connected to a fused silica
PicoTip emitter (New Objective, Cambridge, MA) with a Lfn tip orifice and
coupled to a QExactive Plus mass spectrometer (Thermo) through an electrospray
interface operating in a datlependent mode of acquisition. The instrument was set to
acquire a precursor MS scan fromiz3751675 with MS/MS spectra acquired for the

ten most abundant precursor ions. For all experimdngher energycollisional
dissociationenergy settings were 27v and a 120 s dynamic exclusion was employed
for previously fragmented precursor ions.

Raw LGMS/MS data files were processed in Proteddmgcoverer (Thermo
Scientific) and then submitted to independent Mascot searches (Matrix Science)
against a SwissProt datababkifhantaxonomy) containing both forward and reverse
entries of each protein (20,322 forward entries). Search tolerances \parts fper
million for precursor ions and 0.02 Da for product ions using-$e/sin specificity
with up to two missed cleavages. Carbamidomethylation (+57.0214 Dg)w&s
set as a fixed modification, whereas oxidation (+15.9949 Da ef), leamidation

(+0.98 Da 0mMs/GIn), O-GIcNAc (+203.0793 Da one&dThr), and phosphorylation
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(+79.9663 Da on &/Thr/Tyr) were considered dynamic mass modifications. All
searched spectra were imported into Scaffold (v4.3, Proteome Software) and scoring
thresholds were et to achieve a peptide false discovery rate of 1% using the
PeptideProphet algorithm.-GlcNAcylatedpeptides were manually verified based on
annotated mass spectra generated within Mascot.

In vitro protein-protein interaction

The pGTVvL1-KEAP1 (GSFKEAP1) construct was generatedy inserting
human KEAP1 cDNA intdhe pGTvL1-SGC vectorfAddgene plasmid # 3913®y
ligation-independent cloning. For protein purification, pGTWEAP1 was first
transformed intde .coli (BL21) (Agilent #20013Band inoculatedt 37;C overnight
with ampicillin selection The overnight culture was then transferred targer flask
(1:100 dilution) and incubated at 3T for an additional 7 hs with ampicillin
selection. 1 mM IPTG (Invitrogen) was added to indudbe expressionof
GST-KEAP1 at 16iC overnight.Bacteria werecollected by centrifugatioand lysed
by BugBuster Protein Extraction Reagent (Millipore #70584) according to the
manufacturerGastructions Purified GSTKEAP1 and Hs-OGT (@ kind gift of Dr.
Clifford Toleman, Boyce lab) were then subjectetb anin vitro interaction assay.
Briefly, GST-KEAP1 was first incubated with Pierce Glutathione Agar@dermo
scientific#1610Q for 2 his at 4C with gentle rotation, and washed twice by Pierce
IP buffer to remove urdund proteins. The washed agarose was then incubated with
His-OGT at room temperature for 1 hr with gentle rotatiéfter incubation, the
beadsverespun down and wasldthree times irPierce IP buffer, andoundproteins
were eluted byboiling in 2x sampe buffer for 5 min.Sampleswere analyzed by
Western blat

gPCR primers
NQO1 and SLC7A11 primers were described previo(Blgss et al, 2016;
Tang et al, 2016)Other gPCR primers used in this study are as follows
1. HMOX1_F: 5aCCAGCAACAAAGTGCAAGATTC
2. HMOX1_R: 5T CACATGGCATAAAGCCCTACAG
3.IL-8_F: B’CTCTTGGCAGCCTTCCTG
4.1L-8 R: MCTGTGTTGGCGCAGTGTG
5. COX2_F: 5GAATCATTCACCAGGCAAATTG

6. COX2_R: ¥ TCTGTACTGCGGGTGGAACA
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7. GCLM_F: 50§ AGAATCAAACTCTTCATCATCAACTAGAA
8. GCLM_R: 50 CACAGAATCCAGCTGTGCAA

9. OGT_F: 5CAGCATCCCAGCTCACTT

10.0GT_R: 56CAGCTTCACAGCTATGTCTTC

11. OGA F: 50GTGGTGGAAGGATTTTATGG

12. OGA _R: 50CATCTTTTGGGGCATACAAG

13. ACTB_F: 5{CACTCTTCCAGCCTTCCTTC

14. ACTB_R: 586GATGTCCACGTCACACTTC

15.NRF2_F: S%5AGAGCCCAGTCTTCATTGC

16.NRF2_R: A GCTCAATGTCCTGTTGCAT
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