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Glycosylation of KEAP1 links nutrient sensing to
redox stress signaling
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Abstract

O-GlcNAcylation 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-GlcNAc transferase (OGT) inhibition were due to the activation
of NRF2, 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 KEAP1 at
serine 104 is required for the efficient ubiquitination and degrada-
tion of NRF2. Interestingly, O-GlcNAc levels and NRF2 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.
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Introduction

O-linked b-N-acetylglucosamine (O-GlcNAc) 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-GlcNAc on target proteins to control their functions in response to
various physiological and metabolic cues. In mammals, O-GlcNAc is
added by O-GlcNAc transferase (OGT) and removed by O-GlcNA-
case (OGA; Hartet al, 2011; Bond & Hanover, 2015). O-GlcNAcyla-
tion of target proteins requires UDP-GlcNAc, a nucleotide-sugar
derived from glucose and other metabolites via the hexosamine
biosynthetic pathway (HBP), directly linking nutrient status to
O-GlcNAc 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-GlcNAcylation is implicated in various human diseases, particu-
larly cancer (Hart et al, 2011; Bond & Hanover, 2013; Ma &
Vosseller, 2013; Ferrer & Reginato, 2014; Ferreret al, 2016). For
example, numerous oncoproteins (e.g., Myc, Akt) and tumor
suppressors (e.g., p53, AMPK) are O-GlcNAcylated, 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-GlcNAc 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-GlcNAc exerts on its
substrates. Therefore, new strategies are needed to understand these
aspects of O-GlcNAc 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-GlcNAcylated (Sakabeet al,
2010; Lewis & Hanover, 2014; Leturcqet al, 2017), we focused on
the role of O-GlcNAc 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. KEAP1Ð
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
(Zhang & Hannink, 2003; Wakabayashi et al, 2004; Zhang et al,
2004; Kobayashiet al, 2006), as illustrated by the Òhinge and latchÓ
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 KEAP1Ð
NRF2 (Levonenet al, 2004; Canninget al, 2015; Huerta et al, 2016)
or KEAP1ÐCUL3 interaction (Gao et al, 2007; Rachakonda et 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; Huang et al, 2002; Cullinan & Diehl, 2004;
Salazar et al, 2006). However, the impact of O-GlcNAc cycling
on NRF2 signaling remains poorly defined. Here, using the
transcriptional response to OGT inhibition as guide, we show that
O-GlcNAcylation of KEAP1 at serine 104 is required to restrain the
NRF2 pathway in unstressed cells. Interestingly, we also found that

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-GlcNAcylation and have important implications for antioxidant
signaling in both normal and disease contexts.

Results

Global transcriptional responses to OGT and OGA inhibition

O-GlcNAc transferase (OGT) dynamically glycosylates numerous
chromatin components and transcription factors (Ozcan et al, 2010;
Sakabe et al, 2010; Lewis & Hanover, 2014; Leturcqet al, 2017).
However, it remains challenging to identify the particular O-GlcNAc
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 (5SGlcNAc; Gloster et al,
2011) or OGA (Thiamet-G; Yuzwa et al, 2008; Fig 1A). First, we
confirmed that Thiamet-G and 5SGlcNAc increased and decreased
global O-GlcNAcylation, respectively, as expected (Fig EV1A). Then,
we collected RNA samples at multiple time points after DMSO,
Thiamet-G, or 5SGlcNAc 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 5SGlcNAc induced OGT and downregulated
OGA mRNAs (Fig 1B). These changes reflect previously reported
compensation responses to O-GlcNAc 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 RTÐPCR (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

!Figure 1. OGT inhibition and NRF2 activation induce similar gene expression patterns.

A O-GlcNAc is added onto serine (shown) or threonine residues of intracellular proteins by the glycosyltransferase OGT and removed by the glycoside hydrolase OGA.
OGT and OGA are inhibited by the specific small molecules5SGlcNAc and Thiamet-G, respectively.

B Heatmap of the global transcriptional response of MDA-MB-231cells 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 indicates log2 (fold change); green:
decreased expression (i.e., repression); red: increased expression (i.e., induction).

C The gene expression signature of low OGT activity (i.e.,5SGlcNAc) shows positive correlation with the NRF2 activation signature when projected into six different tumor
datasets.r is the PearsonÕs correlation coefficient. TheP-values (two-tailed) were derived from the PearsonÕs correlation coefficient as performed by GraphPad Prism5.0.

Data information: See also Fig EV1.
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known signaling pathways. We defined a gene signature of low
OGT activity (i.e., 5SGlcNAc 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); PearsonÕs 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 = ! 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 NRF2-dependent
transcriptional program

Because of the strongin vivo correlation between low OGT activity
and NRF2 induction in human tumors, and because most of the
5SGlcNAc-induced genes in our dataset are known NRF2 targets
(Fig 1B), we tested whether OGT inhibition activates NRF2. Indeed,
Western blots confirmed that 5SGlcNAc triggered the accumulation
and nuclear translocation of NRF2 (Fig 2A). 5SGlcNAc also
increased NRF2 transactivation in a well-characterized NQO1-
AREÐluciferase 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
5SGlcNAc treatment (Fig 2B and Appendix Fig S1B). However,

5SGlcNAc 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 5SGlcNAc robustly activates NRF2
protein and activity through a post-transcriptional mechanism.

We confirmed that 5SGlcNAc increased both endogenous NRF2
protein, which migrates at ~100 kDa in an SDSÐPAGE 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
5SGlcNAc in RCC4, ZR-75-1, and BT-474 cells (Appendix Fig S1DÐF).
Furthermore, NRF2 is required for this transcriptional response to
OGT inhibition, because silencing NRF2 by siRNA greatly reduced
HO-1 protein induction by 5SGlcNAc, without altering its effect on
O-GlcNAcylation (Fig 2D). Similarly, NRF2 silencing significantly
reduced the 5SGlcNAc 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 5SGlcNAc
(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 5SGlcNAc results and arguing
against off-target effects of the small molecule. In addition,

!Figure 2. OGT inhibition induces a NRF2-dependent antioxidant response without causing oxidative stress.

A 5SGlcNAc increased the nuclear level of NRF2 and HO-1 proteins, similar to the known NRF2 activator tBHQ. MDA-MB-231cells were treated with50 l M 5SGlcNAc
for 24 h or 25 l M tBHQ for5 h. Lysates were separated into cytosolic and nuclear fractions for Western blot by indicated antibodies. EZH2 and a-tubulin are loading
controls for nuclear and cytosolic fractions, respectively. Arrows indicate the protein of interest.

B 5SGlcNAc treatment increased the levels of YFP-NQO1. H1299cells expressing YFP-NQO1 were treated with 25, 50, or 100 l M 5SGlcNAc or2.5 l M MLN4924(NRF2
activator, positive control) and analyzed in real time for YFP levels using the IncuCyte platform. Data are from one experiment with five technical replicates and are
presented as mean" SD. Data were reproduced in a biological replicate with five technical replicates.

C 5SGlcNAc increased NRF2 and HO-1 protein levels and reduced global O-GlcNAcylation in ZR-75-1, RCC4, MCF7, and MDA-MB-231cells. Indicated cell lines were
treated with 50 l M 5SGlcNAc or tBHQ (50 l M for ZR-75-1 and RCC4; 25 l M for MCF7 and MDA-MB-231) for 48 h and harvested for Western blot analysis by
indicated antibodies. Arrows indicate the induced protein of interest.

D Silencing NRF2 by siRNAs abolishes5SGlcNAc-triggered HO-1 induction. MCF7 cells were treated with non-targeting control siRNA or siNRF2 for 24 h and incubated
with 50 l M 5SGlcNAc for additional24 or 48 h before harvesting and Western blotting. Arrows indicate the protein of interest.

E MDA-MB-231cells were transfected with either control (siNC) or siNRF2 siRNAs for24 h and then treated with50 l M 5SGlcNAc for additional48 h. Relative gene
expression levels were assessed by quantitative PCR (qPCR) and normalized tob-actin mRNA and the DMSO/siNC group.n = 3, error bars represent standard deviations.

F Left panel: The level of HO-1 protein in MDA-MB-231before 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 NQO1 and GCLM mRNA. qPCR measurement of the indicated mRNAs in MDA-MB-231
transfected with control or OGT-targeting siRNA for24 h is shown (normalized tob-actin mRNA).n = 3, error bars represent standard deviations.

G MDA-MB-231cells were transfected with either siNC or siNRF2 siRNAs for24 h and then treated with 87.5 l M 5SGlcNAc (5SG,48 h) or H2O2 (882 l M, 1 h). Then,
cells were incubated with H2-DCFDA dye and relative ROS levels were measured by flow cytometry.n = 3, error bars represent standard deviations.

H MDA-MB-231cells were treated with DMSO or50 l M 5SGlcNAc (48 h), and GSSG/GSH ratios were measured by MS.n = 3, error bars represent standard deviations.

Data information:P-values were calculated by StudentÕs t-test; *P < 0.05; **P < 0.001; ns, not significant. See also Appendix Fig S1.
Source data are available online for this figure.
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5SGlcNAc 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, 5SGlcNAc 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-GlcNAc 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 S1I). 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-GlcNAcylation 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-GlcNAcylation. First, we blocked translation elongation with
cycloheximide (Schneider-Poetschet al, 2010), which, as expected,

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 5SGlcNAc-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-GlcNAcylation 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.

KEAP1 is O-GlcNAcylated 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 peracetylatedN-azidoace-
tylgalactosamine (GalNAz; Boyce et al, 2011; Palaniappan et al,
2013). GalNAz is metabolized to a UDP-GlcNAc nucleotide-sugar
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Figure 3. O-GlcNAcylation regulates NRF2 post-translationally.

A MCF7 cells were treated with cycloheximide (CHX,25 l g/ml) for 1 h to block translation and then5SGlcNAc (50 l M) for additional 10 h. Whole-cell lysates (WCLs)
were analyzed for NRF2 protein and global O-GlcNAcylation by Western blot.

B Polyubiquitination of NRF2 is decreased upon OGT inhibition.293T cells were transfected with MYC-NRF2 and/or HA-ubiquitin (Ub) as indicated for24 h and then
treated with vehicle or50 l M 5SGlcNAc for additional48 h, with or without MG132(10 l M, 3 h). Lysates were analyzed by IP and Western blot.

Data information: See also Fig EV2.
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 Òclick chemistryÓ) to chemoselectively ligate a biotin
probe to endogenous OGT substrates and then capture them
by streptavidin affinity chromatography (Boyce et al, 2011;
Palaniappan et al, 2013). The eluted proteins were separated by
SDSÐPAGE 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-GlcNAc monoclonal
antibody was reduced by either treating cells with 5SGlcNAc
(Fig EV3A) or GlcNAc 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-à-brac (BTB) domain
(Fig EV3C). To confirm that the KEAP1/OGT interaction is direct,
we purified recombinant GST-KEAP1 and His-OGT fromEscherichia
coli and performed in vitro proteinÐprotein 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-GlcNAcylated 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-GlcNAcylation sites (Fig 4E). Four putative O-GlcNAc
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-GlcNAc 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
the fifth Kelch motif. The KEAP1 Kelch motifs interact with NRF2 to

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-GlcNAcylation.

KEAP1 is required for O-GlcNAc-mediated NRF 2 regulation and
erastin-induced cell death

To test the requirement for KEAP1 in the regulation of NRF2 by
O-GlcNAcylation, 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. 5SGlcNAc 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-GlcNAc 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 S3CÐF). 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 5SGlcNAc. We examined the expression of GCLM,
SLC7A11, NQO1, and HO-1 mRNA in wild-type or S104A

!Figure 4. KEAP1 is O-GlcNAcylated by OGT at multiple residues.

A, B MDA-MB-231cells (A) or MCF7 cells (B) were incubated with DMSO or100 l M GalNAz for24 h and then separated into cytosolic (C) and nuclear (N) fractions.
Fractions were subjected to a CuAAC reaction with an alkyne-biotin probe and precipitated to remove unreacted probe. Then, biotin-labeled proteinswere affinity-
purified via NeutrAvidin bead pull-down and analyzed by Western blot. Arrows indicate the protein of interest.

C GlcNAc competition assay.293T cells transfected with HA-KEAP1 were lysed and analyzed by IP and Western blot. GlcNAc competition (a specificity control) was
performed by pre-incubating the O-GlcNAc antibody with1 M free GlcNAc before blotting. Blots were performed simultaneously with equal sample loading and
chemiluminescence exposure time. Arrows indicate the protein of interest.

D OGT interacts with KEAP1 in human cells.293T cells were transfected with MYC-OGT and/or HA-KEAP1 constructs as indicated for48 h, and lysates were analyzed
by IP/Western blot. Arrows indicate the protein of interest.

E Eleven candidate O-GlcNAcylated residues of KEAP1, identified by MS, are shown in the context of protein domains, secondary structure elements, and selected
known interacting partners of KEAP1. NTR, N-terminal region; BTB, broad complex/tramtrack/bric-ˆ-brac domain; IVR, intervening region; KR, Kelch repeat domain;
CTR, C-terminal region.

Data information: See also Fig EV3 and Appendix Fig S2.
Source data are available online for this figure.
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KEAP1-reconstituted H838 cells after treatment with 5SGlcNAc.
KEAP1 wild-type-expressing cells (Fig 5C, upper panel) but not
S104A-expressing cells (Fig 5C, lower panel) showed significant
induction by 5SGlcNAc of most NRF2 target genes. HO-1 mRNA
was also induced by 5SGlcNAc 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 5SGlcNAc is due to reduced
O-GlcNAcylation of KEAP1 S104.

In non-small-cell lung cancer, somatic mutations in KEAP1 often
result in defective KEAP1 function and constitutive activation of
NRF2 (Padmanabhanet 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
(Yagoda et 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-GlcNAcylation 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 KEAP1 promotes its productive interaction
with CUL3

Because O-GlcNAcylation regulates NRF2 ubiquitination (Figs 3 and
EV2A and B), we hypothesized that O-GlcNAcylation of KEAP1
might affect the interactions between components of the NRF2Ð
KEAP1ÐCUL3 E3 ligase complex. We found that neither OGT nor
OGA inhibition affected the interaction of NRF2 with KEAP1

(Appendix Fig S3I). In contrast, OGT inhibition markedly reduced
the interaction between CUL3 and endogenous (Fig EV4A) or trans-
fected (Fig EV4B) KEAP1. 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 KEAP1ÐCUL3
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
KEAP1 dimerization.

The recently reported structure of the KEAP1 BTBÐCUL3 complex
(PDB: 5NLB) suggests that S104 does not directly contact CUL3
(Fig EV5A). However, the addition of a bulky O-GlcNAc 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, modification 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-GlcNAc, and glucose levels

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

!Figure 5. O-GlcNAcylation of KEAP1 S104 regulates the KEAP1ÐCUL3 interaction and NRF 2 activity.

A The KEAP1 S104A mutant has reduced ability to target NRF2 for proteasome-dependent destruction. WCLs from H838cells stably expressing vector, wild-type
KEAP1, or the KEAP1 S104A mutant were treated with vehicle or10 l M MG132for 3 h, and lysates were analyzed by Western blot. ns, non-specific band. The
arrowheads indicate NRF2 protein doublet in the NRF2 blot. In the V5 blot, the upper arrowhead is KEAP1 protein, the lower arrowhead is a non-specific band (ns).

B KEAP1 S104 is required to suppress NRF2 transcriptional activity. RNA collected from stable H838cells was analyzed by qPCR (normalized tob-actin mRNA).n = 3,
error bars represent standard deviations;P-values were calculated by StudentÕs t-test; *P < 0.05.

C Reconstitution of H838cells with wild-type KEAP1, but not S104A KEAP1, restores induction of NRF2 targets by5SGlcNAc. Stable H838cells were treated with
50 l M 5SGlcNAc for48 h, and mRNAs were analyzed by qPCR (normalized tob-actin mRNA) and compared to DMSO treatment.n = 3 for wild type; n = 7 for
S104A. Error bars represent standard deviations;P-values were calculated by StudentÕs t-test, *P < 0.05, **P < 0.001.

D Wild-type, but not S104A, KEAP1 sensitizes H838cells to erastin-induced cell death in a NRF2-dependent manner. Stable H838cells were transfected with either
siNC (non-targeting control) or siNRF2 for 24 h and then treated with erastin as indicated for additional48 h. Cell viability was measured by CellTiter-Glo assay
and normalized to the siNC/DMSO control of each stable cell line.n = 3, P-values were calculated by StudentÕs t-test (siNC vector versus siNRF2 vector or siNC
S104A versus siNRF2 S104A), *P < 0.05.

E, F The KEAP1 S104A mutant exhibits reduced interaction with CUL3. H838 (E) or293T (F) cells were transfected with the indicated constructs for32 or 48 h,
respectively, and lysates were analyzed by IP/fluorescent Western blot. Quantification of the KEAP1ÐCUL3 interaction was performed by the ImageJ (E) or
LI-COR (F) software platform and is given in the lower panels.n = 3, error bars represent standard deviation;P-values were calculated by StudentÕs t-test,
**P < 0.001.

Data information: See also Fig EV4 and Appendix Fig S3.
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-GlcNAc (Hartet al,
2011; Bond & Hanover, 2015). First, we confirmed that global
O-GlcNAc 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-GlcNAc and NRF2 levels were reversed by the addition ofN-
acetylglucosamine (GlcNAc; Fig 6B) or glucosamine (GlcN; Fig 6C),
which increase UDP-GlcNAc levels by bypassing the rate-limiting
step of the HBP (Hart et al, 2011; Bond & Hanover, 2015). Impor-
tantly, inhibiting OGA also prevented hypoglycemia-induced NRF2
upregulation (Fig 6D). Moreover, KEAP1 O-GlcNAcylation, as recog-
nized by two different monoclonal O-GlcNAc antibodies, was
reduced by glucose deprivation (Fig 6E). Finally, we also observed
decreased KEAP1ÐCUL3 interaction during glucose deprivation
(Fig 6F). These data suggest that glucose deprivation reduces
KEAP1 glycosylation and decreases the productive KEAP1ÐCUL3
interaction, leading to NRF2 pathway activation.

Based on our results, we propose that OGT is required to restrain
NRF2 through the O-GlcNAcylation of KEAP1 on S104, promoting
its optimal interaction with CUL3 for efficient NRF2 ubiquitina-
tion (Fig 6G). Upon a reduction in global O-GlcNAcylationÑ
through OGT inhibition, glucose deprivation, or other mechanisms
Ñ 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-GlcNAcylation (Fig 6AÐE), 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-GlcNAcylation of
KEAP1 S104. This regulation is conserved among disparate
human cell lines, suggesting that O-GlcNAcylation is broadly

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-GlcNAcylated sites we identified on KEAP1, S104 is the
most functionally relevant in this context, since the unglycosylat-
able S104A mutant KEAP1 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-GlcNAcylation and NRF2 signaling, pinpointed KEAP1
as an important glycoprotein substrate in this regulation, and
elucidated the biochemical effects of O-GlcNAc in promoting the
productive KEAP1ÐCUL3 interaction and NRF2 ubiquitination and
degradation.

KEAP1 O-GlcNAcylation 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-GlcNAcylation of KEAP1 at S104
(Fig 5E and F). Therefore, we propose a model in which O-GlcNAcy-
lation of KEAP S104 is necessary for its productive interaction with
CUL3 and the efficient ubiquitination of its substrates, through
either enhanced KEAP1ÐCUL3 binding, optimized KEAP1 conforma-
tion, or both (Fig 6G). While NRF2 is the best-known substrate of
the KEAP1ÐCUL3 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-GlcNAc 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-GlcNAc
sites beyond S104.

!Figure 6. KEAP1 O-GlcNAcylation and NRF2 stability are regulated by glucose levels.

A NRF2 protein levels anti-correlate with both glucose levels and global O-GlcNAcylation. MCF7 cells were incubated with the indicated glucose concentrations for
12 h, and WCLs were analyzed by Western blot. Arrows indicate NRF2.

B, C GlcNAc (B) or GlcN (C) supplementation suppresses NRF2 induction by glucose deprivation. MDA-MB-231cells were incubated with the indicated levels of glucose
and GlcNAc (B) or GlcN (C) for16 h, and WCLs were analyzed by Western blot. Arrows indicate NRF2.

D Blocking OGA activity abolishes NRF2 induction by glucose deprivation. MDA-MB-231or H226cells were treated with Thiamet-G for8 or 24 h, respectively, and
then subjected to glucose deprivation for additional16 or 24 h, respectively. WCLs were analyzed by Western blot. Arrows indicate NRF2.

E Glucose deprivation reduces KEAP1 O-GlcNAcylation. MDA-MB-231cells were incubated with25or 0 mM glucose for16 h and lysates were analyzed by IP/Western
blot. Arrow indicates O-GlcNAcylated KEAP1.

F Glucose deprivation reduces the KEAP1ÐCUL3 interaction. MDA-MB-231cells were transfected with HA-KEAP1 and MYC-CUL3 for 24 h and then subjected to the
indicated glucose concentrations for additional12 h. Lysates were analyzed by IP/Western blot. Arrow indicates overexpressed MYC-CUL3 or HA-KEAP1, respectively.

G Proposed model, in which nutrient-sensitive KEAP1 S104 O-GlcNAcylation promotes its productive interaction with CUL3 to mediate NRF2 ubiquitination and
destruction. Please see text for details.

Source data are available online for this figure.
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O-GlcNAcylation 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-GlcNAcylation 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-GlcNAc 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 1Ð3) 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-GlcNAcylation 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-GlcNAc
(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-GlcNAcylation 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 elegans, is O-GlcNAcylated 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-GlcNAcylated protein(s) responsible

was not identified (Wang et al, 2016). Understanding the impact of
O-GlcNAc 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-Mlx (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-GlcNAcylation
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 potential in 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-GlcNAcylation 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; Sievers et 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 KEAP1 and gigaxonin BTB
domains, including the positions of Ser104/Ser52, are nearly iden-
tical (Fig EV5D). These facts suggest that gigaxonin and perhaps
other KLHL proteins could be regulated by O-GlcNAcylation 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% CO2. 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

Ac45SGlcNAc (abbreviated 5SGlcNAc or 5SG) was synthesized and
purified as described (Gloster et al, 2011). Thiamet-G was synthe-
sized and purified by the Duke Small Molecule Synthesis Facility as
described (Yuzwa et al, 2008). Ac4GalNAz (abbreviated GalNAz)
was synthesized essentially as described (Boyceet al, 2011) by
Tandem Sciences.

Co-immunoprecipitation (co-IP)

For co-IP of endogenous proteins, 293T and MCF7 cells were treated
with 5SGlcNAc (50 l M, 24 h) and lysed in Pierce IP buffer (1%
Triton X-100, 150 mM NaCl, 1 mM EDTA, and 25 mM TrisÐHCl 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-CUL3 interaction experiments, 293T cells transfected (Mirus
LT1) with HA-KEAP1 and MYC-CUL3 were treated with 5SGlcNAc
(50 l M, 48 h) and harvested in Pierce IP buffer (with the addition
of 5 l M PUGNAc to inhibit hexosaminidase activity). For MYC-
CUL3 and HA-tagged wild-type KEAP1 or S104A KEAP1 interaction
experiments, H838 or 293T cells transfected with the indicated
constructs (32Ð48 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

overnight rotation at 4¡C. For KEAP1ÐCUL3 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 TrisÐHCl pH 7.5) and eluted in 2! SDSÐPAGE 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-NQO1 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 5SGlcNAc 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% CO2, 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
75 l m2. Green channel background noise was subtracted with the
Top-Hat method of background non-uniformity correction with a
radius of 100 l m and a threshold of 0.6 green corrected units
(GCU). Fluorescence signal was quantified applying a mask. Total
Green Object Integrated Intensity (GCU! l m2/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 mean" 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 5SGlcNAc (50l 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 4¡C with gentle rota-
tion. For endogenous NRF2-Ub assays, MCF7 cells were first treated
with DMSO vehicle or 5SGlcNAc (50l M) for 42 h, and MG132
(10 l 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 4¡C, 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 SDSÐPAGE and analyzed by Western
blot with the indicated antibodies.

GalNAz labeling and GlcNAc competition assays

MCF7 and MDA-MB-231 cells were incubated with DMSO or
100 l 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, 25 l M
alkyne-biotin, 100 l M TBTA, and 1 mM CuSO4). 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 4¡C to
capture biotin-conjugated proteins. The beads were then washed
three times each with the following buffers: 4 M guanidine/PBS;
5 M NaCl/H2O; 6 M urea/PBS; and 1% SDS/PBS. Bound proteins
were eluted by boiling in 2! SDSÐPAGE sample buffer and analyzed
by Western blot (Boyce et al, 2011). For GlcNAc 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 SDSÐPAGE, transferred onto the
same PVDF membrane, and blocked in 5% BSA/1! Tris-buffered
saline with Tween (TBST; 0.1% Tween-20). For competition
controls, O-GlcNAc antibodies were pre-incubated with 1 M GlcNAc
(Sigma) in 5% BSA/TBST at room temperature for 2Ð3 h before
incubation with membrane overnight at 4 ¡C (Sakabeet al, 2010).
Blots performed with or without GlcNAc 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 II 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; Keenan et al, 2015). Detailed
information is provided in Appendix Supplementary Materials and
Methods.

Expanded View for this article is available online.
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Expanded View Figures
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Figure EV1. Transcriptional response to inhibitors of OGT and OGA (related to Fig 1).

A OGT and OGA inhibitors reduced and increased, respectively, global O-GlcNAc levels. MDA-MB-231cells were treated with50 l M 5SGlcNAc or25 l M Thiamet-G for
24 h and WCLs were analyzed by Western blots.

B qPCR validation of indicated up- and downregulated genes from microarray data. MDA-MB-231cells were treated with DMSO vehicle or50 l M 5SGlcNAc for48 h
and extracted mRNA was analyzed by qPCR (normalized tob-actin). n = 3, error bars represent standard deviation.

C Lack of correlation between low-OGT activity (i.e.,5SGlcNAc) and PI3K or EGFR signaling gene expression signatures when projected into the Miller breast tumor
dataset.r = PearsonÕs 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).

A MCF7 cells were treated with rapamycin (50 nM) for 1 h and then 5SGlcNAc (50 l M) for additional 8 h. Then, MG132(10 l M) was added2 h before harvesting (total
experimental time:9 h). WCLs were analyzed by Western blot. Arrows indicate NRF2.

B 5SGlcNAc reduced the ubiquitination of endogenous NRF2 in MCF7 cells. MCF7 cells were treated with50 l M 5SGlcNAc (48 h) and 10 l M MG132(6 h), and WCLs
were analyzed by IP/Western blot. Arrows indicate NRF2.

C 5SGlcNAc does not affect global poly ubiquitination levels. MDA-MB-231cells were treated with25 l M 5SGlcNAc for45 h and 10 l M MG132for additional 3 h. WCLs
were analyzed by Western blots.

Source data are available online for this figure.
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!Figure EV3. KEAP1 is O-GlcNAcylated and interacts with OGT in human cells (related to Fig 4).

A O-GlcNAcylation of KEAP1 is reduced upon5SGlcNAc treatment. H838cells were transfected with Flag-KEAP1 and then treated with DMSO or50 l M 5SGlcNAc for
48 h. WCLs were analyzed by IP/Western blot. Arrow indicates KEAP1.

B KEAP1 associates with OGT in human cells. Endogenous KEAP1 was IP-ed from293T lysates and blotted with antibodies against OGT and KEAP1 (arrows).
C Interaction between OGT and KEAP1 mutants. The indicated KEAP1 constructs and/or MYC-OGT were transfected into293T 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-KEAP1 and His-OGT do not interactin vitro. Recombinant GST-KEAP1 and His-OGT were purified individually fromEscherichia coli, mixed, 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 EV4. O-GlcNAcylation of KEAP1 regulates CUL3 interaction (related to Fig 5).

A 5SGlcNAc reduces the interaction between endogenous KEAP1 and CUL3 in 293T and MCF7 cells.293T (left) or MCF7 (right) cells were treated with50 l M 5SGlcNAc
(24 h), and WCLs were analyzed by IP/Western blot. Arrowhead indicates CUL3, arrow indicates KEAP1.

B 5SGlcNAc reduces the interaction between expressed CUL3 and KEAP1. 293T cells were transfected as indicated for24 h and then treated with 50 l M 5SGlcNAc for
additional 48 h. WCLs were analyzed by IP/Western blot.n = 3, error bars represent standard deviation, andP-values were calculated by StudentÕs t-test, **P < 0.01.
Arrow indicates HA-tagged KEAP1.

Source data are available online for this figure.
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!Figure EV5. The KEAP1 S104 glycosylation site is broadly conserved across the KLHL family.

A Modeling of the KEAP1 BTB3-box (green) and CUL3 (cyan) NTD hetero-tetramer complex, based on the recently reported KEAP1ÐCUL3 heterodimer complex (PDB:
5NLB). S104 of KEAP1 is shown in red. C151of KEAP1 is shown in orange.

B Amino acid sequence alignment of KEAP1 orthologs in different species reveals that S104 (red arrow) is highly conserved across evolution.
C S104 of KEAP1 is conserved in most human KLHL family proteins. Amino acid sequence alignment of42 human KLHL proteins. The cognate residues of KEAP1 S104

are indicated by red arrows and black rectangles.
D Structural alignments of KEAP1 (green, PDB:5NLB) and gigaxonin (magenta, PDB:2PPI) BTB domains. KEAP1 S104 and gigaxonin S52are nearly superimposable

(bottom panel).
E Gigaxonin-V5 from stably transduced293T cells was analyzed by IP/Western blot. Arrowheads indicate V5-tagged gigaxonin.

Source data are available online for this figure.
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Appendix Fig S1. 5SGlcNAc activates NRF2 through a specific signaling event 

(related to Fig 2). (A) 5SGlcNAc increases NRF2 transactivation activity. MCF7 

cells were treated with the indicated concentrations of 5SGlcNAc or tBHQ (NRF2 

activator) for 48 hrs and the relative NQO1-luciferase reporter activity (normalized to 

Renilla and DMSO-treated control samples) was measured. n = 3; error bars represent 

standard deviation; p-values were calculated by StudentÕs t-test, * p < 0.05. (B) 

5SGlcNAc treatment increases NRF2 levels in H1299 cells. Left panel, H1299 cells 

Fig S1 (Related to Fig 2) ��
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expressing YFP-NQO1 were treated with 50 ! M 5SGlcNAc for the indicated times 

and lysates were analyzed by Western blot. 2.5 ! M MLN4924 treatment for 12 hrs 

was used as a positive control for induction of NRF2. Right panel, H1299 cells 

expressing YFP-NQO1 were treated with 5SGlcNAc at the indicated doses for 30 hrs 

and lysates were analyzed by Western blot. 5 ! M MLN4924 treatment for 6 hrs was 

used as a positive control for induction of NRF2. (C) 5SGlcNAc treatment did not 

significantly affect the mRNA levels of the indicated members of the cap'n'collar (cnc) 

subfamily of leucine zipper transcription factors in the microarray experiments 

described in Figure 1B. (D, E, F) Up-regulation of NRF2 target genes in RCC4 (D), 

BT-474 (E), and ZR-75-1 (F) cells as measured by qPCR. The "" Ct values were 

calculated by normalizing the Ct value for each gene in the 5SGlcNAc-treated group 

to #-actin mRNA and the DMSO control. (G) Contributions of NRF1 and NRF2 in 

mRNA induction by 5SGlcNAc. The contributions of NRF1 and NRF2 for indicated 

genes were determined by calculating the mRNA induction difference (log scale) by 

qPCR between 5SGlcNAc- and DMSO-treated MDA-MB-231 cells when NRF1 or 

NRF2 was silenced by siRNA. (H) Relative glutathione levels in 5SGlcNAc-treated 

cells. MDA-MB-231 cells were treated with DMSO, 5SGlcNAc (100 nM, 500 nM, 10 

µM, or 50 µM) or 1-buthionine-sulfoximine (BSO, 200 µM, positive control) for 24 

hrs.  Reduced glutathione levels were assessed by GSH-Glo Glutathione Assay 

(Promega) per manufacturer instructions and shown as percent of vehicle control. 

Error bars represent standard deviation. (I) OGT inhibition protects MDA-MB-231 

cells from cystine deprivation-induced death. MDA-MB-231 cells were pre-treated 

with the indicated concentrations of 5SGlcNAc for 4 hrs and then subjected to cystine 

deprivation medium (along with DMSO or 5SGlcNAc) for an additional 48 hrs. Cell 

viability was measured by CellTiter-Glo assay (Promega). n = 3, error bars represent 

standard deviations; * p < 0.05 or ** p < 0.001. p-values were calculated by StudentÕs 

t-test. 
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Appendix Fig S2. MS proteomics identifies eleven candidate O-GlcNAc sites on 

KEAP1 (related to Fig 4). (A-J) MS/MS fragment ion spectra for each of the eleven 

individual O-GlcNAcylated KEAP1 peptides. Individual fragment ions annotated 

with Ò-203Ó or Ò-406Ó indicates a gas-phase neutral loss corresponding to single or 

double O-GlcNAc moieties. 
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Appendix Fig S3. O-GlcNAcylation of KEA P1 regulates NRF2 activity and 

CUL3 interaction (related to Fig 5). (A, B) The relative levels of indicated mRNAs 

(normalized to #-actin) were measured by qPCR in two KEAP1-mutated lung cancer 

cell lines, A549 (A) and H838 (B), treated with DMSO or 5SGlcNAc (50 ! M, 48 hrs). 

(C) H838 cells were transfected with NQO1 ARE-firefly luciferase, Renilla luciferase 

(constitutive expression, internal control), and KEAP1 expression constructs for 48 

hrs and lysates were analyzed by Western blot. (D) H838 cells were transfected as in 

Fig S3 (Related to Fig 5) ��
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(C). Firefly luciferase activity was measured 48 hrs post-transfection and normalized 

to the co-expressed Renilla luciferase control. The normalized luciferase signal from 

each KEAP1 mutant was normalized to the mock-transfected sample (set to 1). n= 3, 

error bars represent standard deviations; * p < 0.05, ** p < 0.001, p-values were 

calculated by StudentÕs t-test. (E) A549 cells were transfected as in (C) and lysates 

were analyzed by Western blot. (F) A549 cells were transfected and analyzed by 

luciferase assay as in (D). n= 3, error bars represent standard deviations; * p < 0.05, 

p-values were calculated by StudentÕs t-test. (G) The KEAP1 S014A mutant exhibits 

a reduced capacity to repress NRF2 protein in a proteasome-dependent manner. H838 

cells were transiently transfected with vector, wild type or S104A KEAP1 for 45 hrs 

and treated with 10 ! M MG132 for an additional 3 hrs. Lysates were analyzed by 

Western blot. (H) S104A KEAP1-reconstituted, but not wild type 

KEAP1-reconstituted, H838 cells are protected from erastin-induced cell death in a 

NRF2-dependent manner. H838 cells stably expressing the indicated constructs were 

transfected with either siNC (non-targeting control) or siNRF2 for 24 hrs and then 

treated with erastin for an additional 48 hrs. Cell death was measured by the 

CytoTox-Fluor assay. RFU: relative fluorescence unit. n = 3, error bars represent 

standard deviation, p-values were calculated by StudentÕs t-test, * p < 0.05. (I) 

5SGlcNAc treatment does not affect the interaction between NRF2 and KEAP1. IP-ed 

NRF2 (Flag) interacts with KEAP1 (MYC) in the presence of DMSO, 5SGlcNAc (50 

! M, 48 hrs), or Thiamet-G (25 ! M, 48 hrs) in 293T cells transfected with the 

indicated constructs. (J) Dimerization of KEAP1 is not affected by OGT or OGA 

inhibition. 293T cells were transfected as indicated with MYC- or Flag-KEAP1 

constructs and treated with 5SGlcNAc (50 ! M) or Thiamet-G (25 ! M) for 24 hrs. 

Lysates were analyzed by IP/Western blot. (K) The KEAP1 S104A mutant retains the 

ability to interact with wild type KEAP1. H838 cells transfected with wild type or 

S104A mutant KEAP1 constructs for 48 hrs were analyzed by IP/Western blot.  
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Appendix Table S1. Genes up-regulated by OGT inhibitor (5SGlcNAc). RNA 

samples collected from MDA-MB-231 cells treated with 50 µM 5SGlcNAc for 48 hr 

were analysed by Affymetrix U133A2 arrays. Genes up-regulated by OGT inhibitor 

were summarized in the following list. 

 
malic enzyme 1, NADP(+)-dependent, cytosolic 
solute carrier family 7 (anionic amino acid transporter light chain, xc- system), member 11 
adrenomedullin 
glutamate-cysteine ligase, catalytic subunit 
thioredoxin reductase 1 
glutamate-cysteine ligase, modifier subunit 
glutamate-cysteine ligase, catalytic subunit 
malic enzyme 1, NADP(+)-dependent, cytosolic 
solute carrier family 7 (anionic amino acid transporter light chain, xc- system), member 11 
solute carrier family 7 (anionic amino acid transporter light chain, xc- system), member 11 
mitogen-activated protein kinase kinase kinase 14 
ferritin, heavy polypeptide 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 (Drosophila)-like 
aldo-keto reductase family 1, member C3 (3-alpha hydroxysteroid dehydrogenase, type II) 
aldo-keto reductase family 1, member B10 (aldose reductase) 
pirin (iron-binding nuclear protein) 
O-linked N-acetylglucosamine (GlcNAc) transferase 
replication protein A4, 30kDa 
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-C motif) ligand 18 (pulmonary and activation-regulated) 
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Appendix Table S2. Genes down-regulated by OGT inhibitor (5SGlcNAc). RNA 

samples collected from MDA-MB-231 cells treated with 50 µM 5SGlcNAc for 48 hr 

were analysed by Affymetrix U133A2 arrays. Genes down-regulated 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, apoptosis-related cysteine peptidase 
FERM domain containing 4B 
stomatin 
aldehyde dehydrogenase 1 family, member A3 
cytochrome P450, family 1, subfamily A, polypeptide 1 
spectrin repeat containing, nuclear envelope 2 
asparagine-linked glycosylation 13 homolog (S. cerevisiae) 
neuronal regeneration related protein homolog (rat) 
kelch-like 4 (Drosophila) 
tumor necrosis factor (ligand) superfamily, member 10 
solute carrier family 22 (extraneuronal monoamine transporter), member 3 
tripartite motif containing 22 
G protein-coupled receptor 87 
POU class 2 homeobox 1 
chemokine (C-X-C motif) ligand 1 (melanoma 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 cytokinesis 2 
SH3-domain GRB2-like endophilin B2 
protoporphyrinogen oxidase 
intercellular adhesion molecule 4 (Landsteiner-Wiener blood group) 
reticulon 2 
collagen, type VI, alpha 3 
serine peptidase inhibitor, Kazal type 4 
B9 protein domain 1 
hydroxysteroid (17-beta) dehydrogenase 8 
obscurin-like 1 
zinc finger protein 165 
major histocompatibility complex, class II, DR alpha 
major histocompatibility complex, class II, DP alpha 1 
major histocompatibility complex, class II, DR alpha 
nestin 
prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase) 
solute carrier family 4, sodium bicarbonate cotransporter, member 4 
stanniocalcin 1 
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stanniocalcin 1 
intercellular adhesion molecule 1 
grancalcin, EF-hand calcium binding protein 
RAB27A, member RAS oncogene family 
transient receptor potential cation channel, subfamily C, member 1 
cAMP responsive element binding protein 3-like 2 
tetraspanin 31 
growth differentiation factor 15 
ADNP homeobox 2 
high mobility group 20B 
dehydrogenase/reductase (SDR family) member 11 
phospholipase D1, phosphatidylcholine-specific 
cyclin G2 
cyclin G2 
adducin 3 (gamma) 
H1 histone family, member 0 
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 Y)-box 4 
SRY (sex determining region Y)-box 4 
limb bud and heart development homolog (mouse) 
WD repeat and SOCS box containing 1 
signal transducer and activator of transcription 5B 
claudin 7 
selenoprotein P, plasma, 1 
phospholipase C, epsilon 1 
retinoic acid receptor responder (tazarotene induced) 3 
killer cell lectin-like receptor subfamily C, member 1/// member 2 
S100 calcium binding protein P 
absent in melanoma 2 
caspase 1, apoptosis-related cysteine peptidase 
ATP-binding cassette, sub-family A (ABC1), member 1 
ATP-binding cassette, sub-family A (ABC1), member 1 
coagulation factor II (thrombin) receptor-like 1 
sprouty homolog 1, antagonist of FGF signaling (Drosophila) 
phosphodiesterase 4B, cAMP-specific 
ets homologous factor 
collagen, type XV, alpha 1 
synaptotagmin I 
DnaJ (Hsp40) homolog, subfamily C, member 22 
tumor necrosis factor receptor superfamily, member 11b 
interleukin 8 
interleukin 8 
Norrie disease (pseudoglioma) 
dual specificity phosphatase 4 
SAM domain, SH3 domain and nuclear localization signals 1 
thrombomodulin 
thrombomodulin 
Kruppel-like factor 11 
PTPRF interacting protein, binding protein 2 (liprin beta 2) 
RAB27B, member RAS oncogene family 
phosphatidic acid phosphatase type 2B 
histamine N-methyltransferase 
LY6/PLAUR domain containing 1 
CTD (carboxy-terminal domain, RNA polymerase II, polypeptide A) small phosphatase 1 
laminin, gamma 2 
prostaglandin E synthase 
vascular endothelial growth factor A 
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TIMP metallopeptidase inhibitor 3 
insulin-like growth factor binding protein 1 
TIMP metallopeptidase inhibitor 3 
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3B 
prostaglandin E synthase 
protein tyrosine phosphatase, non-receptor type 22 (lymphoid) 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 
ankyrin repeat and SOCS box containing 9 
uncharacterized LOC100287705 /// pleiotrophin 
uncharacterized LOC100287705 /// pleiotrophin 
damage-specific DNA binding protein 2, 48kDa 
caspase 1, apoptosis-related cysteine peptidase 
protein phosphatase 3, catalytic subunit, beta isozyme 
solute carrier family 38, member 4 
S100 calcium binding protein A2 
tenascin C 
lipase, endothelial 
Kruppel-like factor 9 
insulin induced gene 1 
apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G 
pre-B-cell leukemia homeobox 1 
pregnancy-associated 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 pyrophosphatase/phosphodiesterase 1 
G protein-coupled receptor 116 
neuronal PAS domain protein 2 
G protein-coupled receptor 116 
nicotinamide N-methyltransferase 
nicotinamide N-methyltransferase 
anterior gradient 2 homolog (Xenopus laevis) 
protein kinase C, delta binding protein 
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 protein 2 
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 /// pleiotrophin 
polyamine oxidase (exo-N4-amino) 
DNA-damage-inducible transcript 4 
O-linked N-acetylglucosamine (GlcNAc) transferase 
O-linked N-acetylglucosamine (GlcNAc) transferase 
methyltransferase like 7A 
cadherin, EGF LAG seven-pass G-type receptor 1 (flamingo homolog, Drosophila) 
SRY (sex determining region Y)-box 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 activator, urokinase 
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 (C-X-C motif) ligand 2 
tumor necrosis factor (ligand) superfamily, member 10 
serum deprivation response 
chondroitin sulfate N-acetylgalactosaminyltransferase 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-methylglutaryl-CoA synthase 1 (soluble) 
solute carrier organic anion transporter family, member 4C1 
stanniocalcin 1 
carboxypeptidase M 
nerve growth factor receptor 
vesicle-associated membrane protein 2 (synaptobrevin 2) 
LSM14B, SCD6 homolog B (S. cerevisiae) 
p21 protein (Cdc42/Rac)-activated kinase 1 
ribosomal protein S6 kinase, 90kDa, polypeptide 2 
inositol polyphosphate-5-phosphatase, 75kDa 
Kruppel-like factor 13 
jun D proto-oncogene 
RIB43A domain with coiled-coils 2 
transient receptor potential cation channel, subfamily C, member 1 
transient receptor potential cation channel, subfamily C, member 1 
IQ motif containing GTPase activating protein 1 
cyclic nucleotide gated channel alpha 1 
aldehyde dehydrogenase 6 family, member A1 
wingless-type MMTV integration site family, member 7B 
 
 

Appendix Materials and Methods 

Chemicals, siRNAs, plasmids, and antibodies 

Flag-KEAP1 (Addgene plasmid # 28023), pcDNA3-HA2-KEAP1 (Addgene 

plasmid # 21556), pcDNA3-HA2-KEAP1 delta BTB (Addgene plasmid # 21593) 

MYC-NRF2 (Addgene plasmid # 21555) and MYC-CUL3 (Addgene plasmid # 

19893) constructs were purchased from Addgene. Gigaxonin-V5 (HsCD00442624) 

and KEAP1-V5 (HsCD00329901) lentiviral constructs were purchased from DNASU 

(Seiler et al, 2014). MYC-OGT was derived in previous work (Boyce et al, 2011) and 

His-OGT was a kind gift from Dr. Suzanne Walker, Harvard Medical School (Gross 

et al, 2005). MYC-HIS-KEAP1 was constructed by inserting full-length KEAP1 

cDNA into pcDNA4-myc-6xHis A using BamHI and XbaI restriction sites. KEAP1 

point mutants (MYC-tag, HA-tag, and V5-tag) were generated by site-directed 

mutagenesis using QuikChange kits (Agilent). siRNAs targeting OGT, NRF2, or 

NRF1 were from Dharmacon. (Z)-PUGNAc (Cayman Chemicals 17-151), tBHQ 
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(Sigma), SFN (Sigma), Nedd8-activating enzyme inhibitor (MLN4924, Millipore), 

erastin (Cayman Chemical 17754), anti-NRF2 antibody (Abcam 62352, Santa Cruz 

H300), anti-KEAP1 antibody (Proteintech 10503-2-AP; Santa Cruz E-20), anti-CUL3 

antibody (Bethyl A301-109A; Santa Cruz G-8), anti-HO-1 antibody (Bethyl 

A603-662A), anti-O-GlcNAc antibody (Santa Cruz RL2; ThermoFisher 1F5.D6, 

18B10.C7, and 9D1.E4), anti-#-tubulin (Cell Signaling # 2128 and Santa Cruz), 

anti-$-tubulin (Sigma) anti-Flag antibody (Cell Signaling), anti-MYC antibody (Santa 

Cruz 9E10), anti-HA antibody (Santa Cruz Y11), anti-OGT antibody (Santa Cruz 

H300) and anti-biotin antibody (Sigma B7653), anti-ubiquitin (Santa Cruz P4D1) 

were obtained from the indicated sources. 

 

Luciferase assays 

NQO1-ARE-firefly luciferase reporter (a kind gift from Jeffrey A. Johnson 

(Sangokoya et al, 2010)) and Renilla luciferase expression vectors (as an internal 

control) were co-transfected into MCF7 (Lipofectamine 2000, Thermo Fisher), A549, 

or H838 (TransIT-LT1, Mirus) cells along with the indicated KEAP1 constructs and 

treated with 5SGlcNAc for 48 hrs where indicated. The cells were lysed using 

Dual-Glo Luciferase assay (Promega) and read on an Infinite F200 instrument 

(Tecan). 

 

Measurement of GSH, GSSG, ROS, cell viability , and protease release assays 

MDA-MB-231 cells treated with 5SGlcNAc (50 ! M, 48 hrs) were collected in 

phosphate-buffered saline (PBS) and incubated with precipitation solution (2% 

sulfosalicylic acid hydrate), 20 mM EDTA, 20 mM N-ethylmaleimide, and 2.5% 

methanol) at room temperature for 45 min and spun down. To measure intracellular 

GSH and GSSG, supernatants were separated, mixed with isotope internal standards, 

and applied to chromatographic column before analysis by HPLC-MS/MS 

(Pharmacokinetics/Pharmacodynamics Core Lab, Duke Cancer Institute) similar to 

previously described (Moore et al, 2013). To measure intracellular reactive oxygen 

species (ROS), siNC- (non-targeting control) or siNRF2- (Dharmacon) transfected 

MDA-MB-231 cells were treated with DMSO, 5SGlcNAc (87.5 ! M, 48 hrs), H2O2 

(882 ! M, 1 hr) and analyzed by H2DCFDA assay (Thermo Fisher). Relative ROS 

levels were measured by the fluorescence intensity (1x 104 cells/group) using flow 

cytometry (BD FACSCantoII) and analyzed by FlowJo (v.7.6.4) software. To 

determine the effect of 5SGlcNAc during cystine deprivation, MDA-MB-231 cells 
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were pre-treated with 5SGlcNAc (50 or 100 ! M) for 4 hrs. The cells were then 

washed with PBS before applying fresh medium with various concentrations of 

cystine, along with DMSO vehicle or 5SGlcNAc for an additional 48 hrs. Cell 

viability was determined using the CellTiter-Glo assay (Promega). To determine 

viability in H838 stable cells treated with erastin, cells were first transfected with 

either siNC (non-targeting control) or siNRF2 for 24 hrs, and then treated with erastin 

for an additional 48 hrs. Cell viability was measured by CellTiter-Glo assay 

(Promega), and normalized to the siNC DMSO-treated control sample. Similarly, 

protease release after transfection and erastin treatment were measured by 

CytoTox-Fluor (Promega). 

 

Microarray  and signature analysis 

Briefly, RNA was isolated with QiagenÕs RNeasy 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 genechips and 

normalized by the RMA (Robust Multi-Array) algorithm (GEO: GSE81740). The 

influence of 5SGlcNAc or Thiamet-G on gene expression was derived by a zero 

transformation process, in which we compared the transcript level for each gene in 

treated samples to the average transcript levels in control samples. Data were then 

filtered by indicated criteria with Cluster 3.0 software and heat maps were generated 

with TreeView. To generate gene signatures of OGT inhibition, the CreateSignature 

module in GenePattern (https://genepattern.uth.tmc.edu/gp/pages/login.jsf) was used 

with control expression pattern as the train0 set, 5SGlcNAc gene expression pattern as 

train1 set, and the indicated dataset used as 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 preparation for mass spectrometry 

293T cells transiently transfected with MYC-6xHis-KEAP1 (Mirus) were 

treated with Thiamet-G (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 probe-sonicated with 20 

pulses at 50% intensity, cleared by centrifugation, assessed by BCA Protein Assay 
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(Pierce), and purified by tandem pull-down (sequential anti-MYC IP and Ni-NTA 

affinity chromatography steps) per manufacturer guidelines (Santa Cruz and Qiagen). 

Purified KEAP1 was submitted to the Duke Proteomics and Metabolomics Facility 

for O-GlcNAc site mapping.  

 

Mass spectrometry analysis of O-GlcNAc modified sites within KEAP1 

Samples in 8 M urea/250 mM imidazole were subjected to SDS-PAGE 

separation using a NuPAGE 4-12% Bis-Tris gel (Invitrogen) with 1x MES running 

buffer. Colloidal Coomassie-stained bands corresponding to the molecular weight of 

KEAP1 were excised and subjected to a standardized in-gel trypsin digestion 

(http://www.genome.duke.edu/cores/proteomics/sample-preparation/documents/In-gel

DigestionProtocolrevised.pdf). Extracted peptides were lyophilized to dryness and 

resuspended in 20 ! l of 0.2% formic acid/2% acetonitrile. Each sample was subjected 

to chromatographic separation on a Waters NanoAquity UPLC equipped with a 1.7 

! m BEH130 C18 75 ! m I.D. X 250 mm reversed-phase column.  The mobile phase 

consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile.  

Following a 2 ! l injection, peptides were trapped for 3 min on a 5 ! m Symmetry C18 

180 ! m I.D. X 20 mm column at 5 ! l/min in 99.9% A. The analytical column was 

then switched in-line 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 10 ! m tip orifice and 

coupled to a QExactive Plus mass spectrometer (Thermo) through an electrospray 

interface operating in a data-dependent mode of acquisition. The instrument was set to 

acquire a precursor MS scan from m/z 375-1675 with MS/MS spectra acquired for the 

ten most abundant precursor ions. For all experiments, higher energy collisional 

dissociation energy settings were 27v and a 120 s dynamic exclusion was employed 

for previously fragmented precursor ions. 

Raw LC-MS/MS data files were processed in Proteome Discoverer (Thermo 

Scientific) and then submitted to independent Mascot searches (Matrix Science) 

against a SwissProt database (Human taxonomy) containing both forward and reverse 

entries of each protein (20,322 forward entries). Search tolerances were 5 parts per 

million for precursor ions and 0.02 Da for product ions using semi-trypsin specificity 

with up to two missed cleavages. Carbamidomethylation (+57.0214 Da on Cys) was 

set as a fixed modification, whereas oxidation (+15.9949 Da on Met), deamidation 

(+0.98 Da on Asn/Gln), O-GlcNAc (+203.0793 Da on Ser/Thr), and phosphorylation 
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(+79.9663 Da on Ser/Thr/Tyr) were considered dynamic mass modifications. All 

searched spectra were imported into Scaffold (v4.3, Proteome Software) and scoring 

thresholds were set to achieve a peptide false discovery rate of 1% using the 

PeptideProphet algorithm. O-GlcNAcylated peptides were manually verified based on 

annotated mass spectra generated within Mascot. 

 

In vitro protein-protein interaction 

The pGTvL1-KEAP1 (GST-KEAP1) construct was generated by inserting 

human KEAP1 cDNA into the pGTvL1-SGC vector (Addgene plasmid # 39188) by 

ligation-independent cloning. For protein purification, pGTvL1-KEAP1 was first 

transformed into E .coli (BL21) (Agilent #200133) and inoculated at 37 ¡C overnight 

with ampicillin selection. The overnight culture was then transferred to a larger flask 

(1:100 dilution) and incubated at 37 ¡C for an additional 7 hrs with ampicillin 

selection. 1 mM IPTG (Invitrogen) was added to induce the expression of 

GST-KEAP1 at 16 ¡C overnight. Bacteria were collected by centrifugation and lysed 

by BugBuster Protein Extraction Reagent (Millipore #70584) according to the 

manufacturerÕs instructions. Purified GST-KEAP1 and His-OGT (a kind gift of Dr. 

Cliff ord Toleman, Boyce lab) were then subjected to an in vitro interaction assay. 

Briefly, GST-KEAP1 was first incubated with Pierce Glutathione Agarose (Thermo 

scientific #16100) for 2 hrs at 4 ¡C with gentle rotation, and washed twice by Pierce 

IP buffer to remove unbound proteins. The washed agarose was then incubated with 

His-OGT at room temperature for 1 hr with gentle rotation. After incubation, the 

beads were spun down and washed three times in Pierce IP buffer, and bound proteins 

were eluted by boiling in 2x sample buffer for 5 min. Samples were analyzed by 

Western blot. 

 

qPCR primers 

NQO1 and SLC7A11 primers were described previously (Doss et al, 2016; 

Tang et al, 2016). Other qPCR primers used in this study are as follows: 

1. HMOX1_F: 5Õ-CCAGCAACAAAGTGCAAGATTC 

2. HMOX1_R: 5Õ-TCACATGGCATAAAGCCCTACAG 

3. IL-8_F: 5%-CTCTTGGCAGCCTTCCTG  

4. IL-8_R: 5%-CTGTGTTGGCGCAGTGTG 

5. COX2_F: 5'-GAATCATTCACCAGGCAAATTG 

6. COX2_R: 5'- TCTGTACTGCGGGTGGAACA 
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7. GCLM_F: 5Õ-TAGAATCAAACTCTTCATCATCAACTAGAA  

8. GCLM_R: 5Õ-TCACAGAATCCAGCTGTGCAA 

9. OGT_F: 5Õ-CAGCATCCCAGCTCACTT 

10. OGT_R: 5Õ- CAGCTTCACAGCTATGTCTTC 

11. OGA_F: 5Õ-TGTGGTGGAAGGATTTTATGG 

12. OGA_R: 5Õ-TCATCTTTTGGGGCATACAAG 

13. ACTB_F: 5Õ-CACTCTTCCAGCCTTCCTTC 

14. ACTB_R: 5Õ-GGATGTCCACGTCACACTTC 

15. NRF2_F: 5%-GAGAGCCCAGTCTTCATTGC  

16.NRF2_R: 5%-TGCTCAATGTCCTGTTGCAT 
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