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Mutations in the genes encoding nuclear factor (erythroid-
derived 2)-like 2 (NRF2), Kelch-like ECH-associated protein 1
(KEAP1), and cullin 3 (CUL3) are commonly observed in human
esophageal squamous cell carcinoma (ESCC) and result in acti-
vation of the NRF2 signaling pathway. Moreover, hyperactivity
of the transcription factor Nrf2 has been found to cause esoph-
ageal hyperproliferation and hyperkeratosis in mice. However,
the underlying mechanism is unclear. In this study, we aimed to
understand the molecular mechanisms of esophageal hyperpro-
liferation in mice due to hyperactive Nrf2. Esophageal tissues
were obtained from genetically modified mice that differed in
the status of the Nrf2 gene and genes in the same pathway
(Nrf2�/�, Keap1�/�, K5Cre;Pkm2fl/fl;Keap1�/�, and WT) and
analyzed for metabolomic profiles, Nrf2 ChIP-seq, and gene
expression. We found that hyperactive Nrf2 causes metabolic
reprogramming and up-regulation of metabolic genes in the
mouse esophagus. One of the glycolysis genes encoding pyru-
vate kinase M2 (Pkm2) was not only differentially up-regulated,
but also glycosylated and oligomerized, resulting in increased
ATP biosynthesis. However, constitutive knockout of Pkm2
failed to inhibit this esophageal phenotype in vivo, and this fail-
ure may have been due to compensation by Pkm1 up-regulation.
Transient inhibition of NRF2 or glycolysis inhibited the growth
of human ESCC cells in which NRF2 is hyperactive in vitro. In

summary, hyperactive Nrf2 causes metabolic reprogramming
in the mouse esophagus through its transcriptional regulation of
metabolic genes. Blocking glycolysis transiently inhibits cell
proliferation and may therefore have therapeutically beneficial
effects on NRF2high ESCC in humans.

Esophageal cancer affects 16,940 adults in the United States,
and the 5-year survival rate is 18% (1). There are mainly two
histological types of esophageal cancer, squamous cell carci-
noma (ESCC)4 and adenocarcinoma, each having a distinct eti-
ology. Low income, moderate/heavy alcohol intake, tobacco
use, and infrequent consumption of raw fruits and vegetables
account for almost all cases of ESCC (2). With the recent tech-
nological advances in NextGen sequencing, human ESCC sam-
ples from North and South America, China, Japan, Vietnam,
and Malawi have been sequenced. Among many gene muta-
tions, nuclear factor (erythroid-derived 2)-like 2 (NRF2 or
NFE2L2) mutations are commonly seen with a frequency over
5%, even up to �20% in certain reports. Mutations in other
genes of the NRF2 signaling pathway, Kelch-like ECH associ-
ated protein 1 (KEAP1) and cullin 3 (CUL3), are relatively less
common. NRF2 mutations are mostly located in the DLG and
ETGE motifs (KEAP1-binding domain) and the DNA-binding
domain, whereas KEAP1 mutations tend to be scattered across
the whole gene. NRF2 mutations and KEAP1 mutations tend to
be mutually exclusive (3, 4).

As a major cellular defense mechanism, the NRF2 signaling
pathway is known to regulate expression of enzymes involved in
detoxification and anti-oxidative stress response. NRF2 forms
heterodimers with small MAF proteins and binds to the anti-
oxidant-response elements of target genes when cells are
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exposed to oxidative stress or xenobiotics. KEAP1 inhibits
the function of NRF2 by retaining NRF2 in the cytoplasm
under normal physiological conditions and by allowing
nuclear translocation of NRF2 under stress conditions (5). In
fact, NRF2 and KEAP1 have been classified among 291 high-
confidence cancer driver genes (6). NRF2 signaling pathway
has long been recognized as a double-edged sword in carci-
nogenesis (7, 8). On the one hand, chemical or genetic acti-
vation of NRF2 induced cytoprotective enzymes and thus
provided protection against chemical carcinogenesis in mul-
tiple models (9). Nrf2�/� mice were more susceptible to
chemical carcinogenesis than WT counterparts (10, 11). On
the other hand, cancer cells can hijack the NRF2 signaling
pathway for their survival through mechanisms that lead to
constitutive activation of NRF2 signaling, such as somatic
mutations of KEAP1/NRF2/CUL3, accumulation of disrup-
tor proteins, skipping of NRF2 exon 2, KEAP1 succinylation,

KEAP1 hypermethylation, increased NRF2 expression, and
electrophilic attack by oncometabolites. As a consequence,
NRF2 hyperactivation promoted cell proliferation, con-
ferred radiochemoresistance to cancer cells, promoted met-
abolic reprogramming, and accelerated distant metastases
(12–16). Therefore, NRF2 signaling has been regarded as a
molecular target for cancer therapy (17).

The important role of the NRF2 signaling pathway in the
esophagus was first revealed in a mouse study. Genetic activa-
tion of Nrf2 in Keap1�/� mice resulted in esophageal hyperpro-
liferation and hyperkeratosis (18). To our best knowledge, all
transcriptionally impacted genes downstream of Keap1 knock-
out are Nrf2-responsive, although it is still possible that these
KEAP1 substrates may still impact NRF2-independent tran-
scription. Among the KEAP1 substrates other than NRF2 (19 –
26), WTX, PALB2, SQSTM1/P62, DPP3, and CDK20 proteins
bind KEAP1 via an “ETGE” motif to displace NRF2, thus inhib-

Figure 1. Hyperactive NRF2 was associated with up-regulation of metabolic genes. Fifty three cases of ESCC were clustered into two groups, NRF2high (n �
17) and NRF2low (n � 36), based on microarray data of esophagus-specific NRF2 target genes (GSE23400 dataset) (A). After two-class SAM analysis, the volcano
graph showed that multiple metabolic genes were significantly up-regulated enriched in NRF2high ESCC compared with NRF2low ESCC (B).
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iting NRF2 ubiquitination and driving NRF2-dependent tran-
scription. In fact, Keap1�/� mice died within 3 weeks, and
Nrf2�/�;Keap1�/� completely rescued the phenotype (18).
K5Cre;Nrf2fl/fl;Keap1�/� mice did not develop any esophageal
phenotype of Keap1�/� mice (27). We also found that Nrf2
target genes and gene sets associated with oxidoreductase
activity, mitochondrial biogenesis, and energy metabolism
were down-regulated in the Nrf2�/� esophagus. Consistent
with these observations, ATP biogenesis and CoxIV (a mito-
chondrial marker) were also down-regulated (28). Previous
ChIP-seq experiments have shown that NRF2 as a transcription
factor regulates transcription of hundreds of genes in human
lymphoblastoid cells (29), mouse macrophages (30), mouse
embryonic fibroblasts (31), and mouse hepatoma cells (32).

Therefore, we hypothesized that hyperactive Nrf2 caused
esophageal hyperproliferation and hyperkeratosis through
transcriptional regulation of gene expression. Using genetically
modified mice with various NRF2 status (Nrf2�/�, WT, and
Keap1�/�), here we aimed to understand how hyperactive Nrf2
causes the esophageal phenotype in mice.

Results

Hyperactive NRF2 in human ESCC was associated with
overexpression of metabolic genes

Using gene microarray data of 53 cases of human ESCC (33)
(GEO23400), we performed clustering analysis with a list of

esophagus-specific NRF2 target genes (34), and we found two
clusters, NRF2high (n � 17) and NRF2low (n � 36) (Fig. 1A). By
comparing gene expression between these two groups, we
found that a group of metabolic genes involved in glycolysis,
pentose phosphate pathway (PPP), fatty acid metabolism, and
GSH metabolism was overexpressed in NRF2high ESCC (Fig.
1B; File S1). This observation suggested that NRF2 regulates the
expression of metabolic genes in the esophagus.

Hyperactive Nrf2 resulted in metabolic reprogramming in
mouse esophagus

833 metabolites on 93 subpathways were analyzed by a bio-
chemical profiling platform. With p � 0.01 as the cutoff, 10
subpathways were significantly different between WT esopha-
gus and Nrf2�/� esophagus (Fig. 2A), and 47 subpathways
between WT esophagus and Keap1�/� esophagus (Fig. 2B).
Among these subpathways, GSH metabolism and �-glutamyl
amino acid are known to be subject to Nrf2 regulation. Inter-
estingly, multiple subpathways of carbohydrate metabolism
and fatty acid metabolism were identified, for example, PPP,
TCA cycle, and glycogen metabolism in the Keap1�/� esopha-
gus (File S2 and S3). Heatmaps of glycolysis metabolites, TCA
cycle metabolites, PPP metabolites, pentose metabolites, and
nucleotide-sugar and amino-sugar metabolites showed an
overall tendency of enhanced metabolism in Keap1�/� esoph-
agus as compared with WT esophagus. Enhancement of GSH

Figure 2. Hyperactive Nrf2 altered the metabolic profile in mouse esophagus. 833 metabolites on 93 subpathways were quantified and compared
between Nrf2�/� esophagus (n � 6) and WT esophagus (n � 6) (A) and between Keap1�/� esophagus (n � 3) and WT esophagus. p values were determined
using two-way ANOVA. B, subpathways each represented by a bar were regarded significantly different between two groups if �log(P) is higher than 2 (dashed
line). Subpathways are ranked based on the value of �log(P). GSH metabolism subpathways (blue) and energy metabolism subpathways (red) are highlighted.
Heatmaps showed changes of the metabolites on the subpathways of glycolysis, TCA cycle, PPP, pentose metabolism, nucleotide-sugar and amino-sugar
metabolism, and GSH metabolism by comparing Keap1�/� esophagus with WT esophagus (C). *, p � 0.05. p values were determined using Student’s t test.
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metabolism in Keap1�/� esophagus suggested a good quality of
our metabolomics data (Fig. 2C).

In addition, significant changes in heme metabolism were
consistent with the known anti-oxidative function of Nrf2.
Significant changes in lipid biosynthesis, �-oxidation, eico-
sanoids and endocannabinoids, and nucleotide biosynthesis
in Keap1�/� esophagus were consistent with the phenotype
of esophageal hyperproliferation (File S3). These data dem-
onstrated that hyperactive Nrf2 resulted in metabolic repro-
gramming in Keap1�/� esophagus.

Hyperactive Nrf2 up-regulated metabolic genes in mouse
esophagus

Gene microarray data from our previous experiment using
Keap1�/� and Nrf2�/�;Keap1�/� esophagus at P7 were further
analyzed for differential gene expression (34). Gene set analysis
showed enrichment of 41 gene sets in Keap1�/� esophagus
among which four gene sets were metabolism pathways and
nine were known Nrf2-associated pathways (Fig. 3A; File S4).
Consistent with this observation, multiple metabolic genes
involved in glycolysis (Hk1 and Pkm2), PPP (G6pdx), fatty acid
metabolism (Elovl7, Acss2, and Acot4), and GSH metabolism
(Gsts, Gclm, Gclc, xCT, Gss, and Gpx2), were up-regulated in
Keap1�/� esophagus (Fig. 3B; File S5). Using two canonical
Nrf2 target genes (xCT and Gclm), we confirmed overexpres-
sion of these genes in Keap1�/� esophagus by Western blotting
(Fig. 3C) and IHC (Fig. 3D).

Using Nrf2 ChIP-seq, we identified 1940 genes as potential
Nrf2 target genes in mouse esophagus (File S6). Among these

genes, 10 participated in glycolysis, 4 in PPP, 3 in glycogenoly-
sis, 6 in fatty acid metabolism, 3 in glutaminolysis, 1 in NADPH
synthesis, and 21 in GSH metabolism (Table 1). Using IHC and
Western blotting, we confirmed overexpression of glycolysis
genes (Hk1, Gpi1, Pfkfb2, Aldoa, Eno1, and Eno4), PPP genes
(G6pd, Pgd, Tkt, and Taldo1), and NADPH synthesis genes
(Idh1 and Me2) in Keap1�/� esophagus as compared with WT
esophagus (Fig. 4, A and B). Consistent with differential
expression of individual genes, gene set analysis also showed
enrichment of many metabolic gene sets, such as glycolysis
and PPP (File S7; Fig. 5A). We further analyzed activities of
the rate-limiting enzymes of glycolysis (HK and PK) and PPP
(G6PD). Significantly higher activities of these enzymes were
found in Keap1�/� esophagus as compared with WT esoph-
agus (Fig. 5, B–D). All these data suggested that hyperactive
Nrf2 caused metabolic reprogramming through transcrip-
tional regulation of metabolic genes, and metabolic repro-
gramming may potentially play a critical role in the esopha-
geal phenotype (hyperproliferation and hyperkeratosis) of
Keap1�/� esophagus.

Nrf2 regulated the expression and function of Pkm2 in mouse
esophagus

Because PK is a rate-limiting enzyme of glycolysis and Pkm
was identified by Nrf2 ChIP-seq, ChIP-PCR was performed to
validate binding of Nrf2 to the promoter of the mouse Pkm gene
(Fig. 6A). The PKM gene is known to be alternatively spliced to
generate transcripts encoding either PKM1 or PKM2, with
PKM1 expressed in tissues with high catabolic demand such as

Figure 3. Differential expression of energy metabolism genes in Keap1�/� esophagus. GSA analysis showed enrichment of four metabolic pathways in
addition to classical Nrf2 pathways in Keap1�/� esophagus (n � 3) as compared with Nrf2�/�;Keap1�/� esophagus (n � 3) (A). Many metabolic genes were
up-regulated as shown on the volcano graph (thresholds set at p � 0.05 and fold change�2) after two-class SAM analysis. p values were determined using
two-way ANOVA analysis (B). Differential expression of two canonical Nrf2 targeted genes in Keap1�/� esophagus was validated by Western blotting (C) and
IHC (D).
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muscle and PKM2 in most adult tissues and cancer. Using
Western blotting, we confirmed overexpression of Pkm2, but
not Pkm1, in Keap1�/� esophagus (Fig. 6B). IHC showed that
Pkm2 was overexpressed in squamous epithelial cells, whereas
Pkm1 was expressed in smooth muscle cells (Fig. 6C).

To explain why hyperactive Nrf2 selectively up-regulated
Pkm2 expression, we examined the expression of hnRNPA1,
hnRNPA2, RBM4, and PTB, which were known to regulate
alternative splicing of the Pkm gene (35, 36). As expected, the
Keap1�/� esophagus expressed higher levels of hnRNPA1,
hnRNPA2, and PTB and a lower level of RBM4 than WT esoph-
agus (Fig. 6D).

An overall increase in nucleotide-sugar and amino-sugar
metabolism in Keap1�/� esophagus suggested that glycosyl-
ation may be enhanced by hyperactive Nrf2. Indeed, there
was an increase in protein glycosylation in the Keap1�/�

esophagus. Pkm2 glycosylation was also enhanced as
detected by Pkm2 Western blotting after immunoprecipita-
tion with anti-O-GlcNAc (Fig. 6E). Pkm2 exists in a mixture
of monomer, dimer, and tetramer with the tetramer being
the most enzymatically active form. Although all three forms
of Pkm2 were increased in Keap1�/� esophagus, a dramatic
increase of tetrameric Pkm2 suggested an increase of glycol-
ysis and subsequent increase in ATP production in the mito-
chondria (Fig. 6F). As expected, ATP biosynthesis was
increased as well (Fig. 6G).

Pkm2 knockout failed to inhibit esophageal phenotype in
Keap1�/� mice

To further test the role of Pkm2 in hyperactive Nrf2-medi-
ated esophageal phenotype in Keap1�/� esophagus, we gener-
ated K5Cre;Pkm2fl/fl;Keap1�/� mice to constitutively knock
out Pkm2 in esophageal squamous epithelial cells in vivo. To
our surprise, Pkm2 knockout did not significantly modify
PCNA expression, BrdU incorporation, and the expression of
squamous differentiation markers (Krt5, Krt1, and loricrin)
(Fig. 7A). Instead, Pkm1 was overexpressed in the esophageal
squamous epithelial cells of K5Cre;Pkm2fl/fl;Keap1�/� esopha-
gus as a result of Pkm2 knockout.

Nrf2 knockdown, Pkm2 knockdown, and glycolysis inhibitors
suppressed the proliferation of NRF2high human ESCC cells
in vitro

We next sought to determine the transient effects of NRF2 or
PKM2 inhibition on the proliferation of esophageal squamous
epithelial cells. Human ESCC cells, KYSE510 and KYSE450,
both express a low level of NRF2 (NRF2low cells), and KYSE70
expresses a high level of NRF2 due to a point mutation of the
NRF2 gene (NRF2high cells) (37–39). KYSE450 cells (NRF2low)
and KYSE70 cells (NRF2high) were transfected with siRNAs
and/or treated with glycolysis inhibitors, 2DG (HK inhibitor)
(40) and shikonin (PKM2 inhibitor) (41). NRF2low cells were
treated with KEAP1 siRNA to activate NRF2. Transfection effi-

Table 1
Nrf2-regulated energy metabolism genes in mouse esophagus as identified by ChIP-seq
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ciency was determined by Western blotting (Fig. 8, A and E),
cell proliferation by colony formation assay (Fig. 8, B, F, D, and
H), and ATP biosynthesis (Fig. 8, C and G). NRF2 knockdown,
PKM2 knockdown, and glycolysis inhibitors suppressed cell
proliferation and ATP biosynthesis in both cells in vitro. Similar
results were found in KYSE510 cells (data not shown). Consist-
ent with the in vivo data, PKM2 siRNA knockdown resulted in
up-regulation of PKM1 (Fig. 8A, lane 3 versus lane 1, lane 5
versus lane 2; and E, lane 2 versus lane 1).

Discussion

This study clearly demonstrated that hyperactive Nrf2
causes metabolic reprogramming through transcriptional reg-
ulation of metabolic genes in mouse esophagus. To our knowl-
edge, it is the first study to demonstrate that hyperactive Nrf2
differentially up-regulated the Pkm2 isoform in the esophageal
squamous epithelial cells in vivo. However, constitutive Pkm2
knockout in the mouse esophagus failed to inhibit the esopha-
geal phenotype in Keap1�/� mice.

NRF2 signaling pathway has been reported to regulate
energy metabolism. In A549 cells (a lung cancer cell line with
hyperactive NRF2), NRF2 was found to regulate the expression

of metabolic genes involved in PPP, nucleotide synthesis, and
NADPH synthesis. Metabolic pathways such as glycolysis, PPP,
glutaminolysis were subject to NRF2 regulation as well (42).
Similar results were observed in mouse forestomach when Nrf2
became hyperactive due to Keap1 knockout (42). In a trans-
genic mouse line with constitutively active Nrf2, Nrf2 activa-
tion in mouse skin was found to cause significant alterations in
metabolic pathways of GSH, purine, and amino acid, PPP, citric
acid cycle, and glycolysis (43). NRF2 activation by phosphomi-
metic P62 up-regulated metabolic genes and thus enhanced
GSH production and several metabolic pathways in human
liver cells (44). In addition, NRF2 also regulated serine bio-
synthesis (45) and lipid metabolism (46). However, careful
examination of the metabolomics data of ours and others
showed that metabolic pathways regulated by hyperactive
NRF2 depended on the cellular or tissue context (44, 47). For
example, a Keap1 knockout in skeletal muscle cells in vivo
up-regulated metabolic genes of glycogenolysis (Gbe1 and
Phka1). However, its regulation of glycogen metabolism was
different in the liver potentially because of the different
enzyme makeup in these tissues (47). Metabolism in cul-

Figure 4. Hyperactive Nrf2 up-regulated the expression of metabolic genes in mouse esophagus. IHC (A) and Western blotting (B) confirmed overex-
pression of glycolysis genes, PPP genes, and NADPH synthesis genes in Keap1�/� esophagus as compared with WT esophagus. Scale bar, 50 �m.
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tured cells and live tissues responded to genetic or pharma-
cological manipulation of NRF2 signaling differently because
of their differential nutrient use (48). Thus, there is a need to
understand the role of NRF2 in metabolism in specific cellular
or tissue context. Our data clearly showed that many metabolic
pathways were impacted by hyperactive Nrf2 in mouse esoph-
agus (Fig. 2). Consistent with metabolic changes, the expression
of many metabolic genes was up-regulated (Fig. 4), and the
activities of three enzymes (HK, PK, and G6PD) were enhanced
(Fig. 5). In addition to the classical Warburg effect (aerobic
glycolysis), hyperactive Nrf2, in fact, impacted oxidative phos-
phorylation in the esophagus as well, consistent with a current
model of cancer metabolism (49). Our results support the
notion that Nrf2 regulates mitochondrial fatty acid oxidation,
respiration, and ATP biogenesis (50). In fact, gene sets associ-
ated with oxidoreductase activity, mitochondrial biogenesis,
and energy metabolism were down-regulated in the Nrf2�/�

esophagus, as well as ATP biogenesis and CoxIV (28). A recent
study further demonstrated that hyperactive NRF2 increased
proteasome activity through transcriptional up-regulation of

proteasome genes, enhanced degradation of the mitochondrial
fission protein DRP1, and thus promoted mitochondrial hyper-
fusion to generate more ATP, produce fewer reactive oxygen
species, and make cells more resistant to apoptosis (51). The
antioxidative function of NRF2 clearly outweighs the oxidative
stress generated by oxidative phosphorylation. As a conse-
quence, reactive oxygen species and oxidative damages were
suppressed by hyperactive NRF2 both in vitro and in vivo
(52–54).

In addition to its nonmetabolic functions, PKM2 has also
been regarded as an important player in aerobic glycolysis and
the growth of cancer cells (48, 55). Almost universal expression
of PKM2 in rapidly proliferating cells suggests that PKM2
expression is permissive to the metabolic requirements of pro-
liferation (56). In addition to its transcriptional regulation,
PKM2 was also subject to regulation by O-GlcNAcylation and
polymerization (57). In this study, hyperactive Nrf2 was found
to up-regulate Pkm2 expression through transcriptional regu-
lation and alternative splicing of Pkm gene in mouse esophagus
(Fig. 6).

Figure 5. ChIP-seq identified metabolic genes regulated by Nrf2 in mouse esophagus. GSA of ChIP-seq gene shows 11 metabolic gene sets by comparing
Keap1�/� esophagus (n � 4) with WT esophagus (n � 4) (threshold set at p � 0.01). p values were determined using two-way ANOVA analysis (A). Enzymatic
activities of HK (B), PK (C), and G6PD (D) were increased in Keap1�/� esophagus (n � 4) as compared with WT esophagus (n � 4). *, p � 0.05; **, p � 0.01. p values
were determined using Student’s t test.
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The net effect of PKM2 inhibition may depend on the cellular
context. Fast-growing cells may rely more on PKM2 to regulate
their PK activity to support anabolic metabolism. Replacing
PKM2 with PKM1 results in loss of flexibility to tune PK activity
that is critical for such fast-growing cells. Slow-growing cells
may not have such a dependence (58). Our data showed that
constitutive Pkm2 knockout had no effect on the esophageal
phenotype in vivo. This may be explained by several possibili-
ties. 1) Permanent Pkm2 knockout can be compensated by
Pkm1 overexpression (Fig. 7A). In fact, Pkm1 overexpression
has been observed in Pkm2 knockout cells or tissues in multiple
studies in vitro (58, 59) and in vivo (60, 61). Pkm1 overexpres-
sion is due to transcriptional up-regulation, although the pos-
sibility of post-transcriptional regulation cannot be excluded. It
has been shown in the literature that germline or conditional
loss of Pkm2 in vivo not only reduced the mRNA levels of Pkm2
and total Pkm, but also increased the mRNA level of Pkm1 in
multiple mouse tissues, bone marrow hematopoietic cells,
mammary tumor cells, and sarcoma cells (2, 58, 60, 62, 63).
Blocking glycolysis may be compensated by increased serine
and glycine biosynthesis from both glucose and glutamine (64).
Two recent studies have shown that hyperactive NRF2 in can-
cer cells resulted in energy dependence on glutaminolysis and

inhibition of glutaminase suppressed cancer cell growth (65,
66). Indeed, glutamate level was significantly higher in the
Keap1�/� esophagus than the WT esophagus. Consistent with
this, glutaminase 2 was overexpressed in the Keap1�/� esoph-
agus as detected by IHC and Western blotting (Fig. 7, B–D) (3).
Many factors other than oncogenes, for example tissue type (e.g.
cell lineage and environment) and interactions with benign
cells, contribute to the metabolic phenotype of cancers (48, 67).

Nevertheless, transient inhibition of PKM2 by siRNA knock-
down and shikonin in vitro suppressed cell proliferation and
ATP biosynthesis in human ESCC cells, albeit compensative
overexpression of PKM1 (Fig. 8). These data suggest that in
the clinical setting where transient inhibition is desirable,
PKM2 inhibition remains a promising approach for therapy of
NRF2high ESCC. To fully elucidate the functional role of PKM2
in NRF2high ESCC, we have developed a mouse line carrying a
knockin floxed mutant Nrf2 allele, which allows conditional
activation of Nrf2 signaling when crossed with an esophageal
epithelium-specific Cre line.5 Strong esophageal phenotypes,
hyperproliferation and hyperkeratinization, developed at 4

5 C. Paiboonrungruan and X. Chen, unpublished data.

Figure 6. Hyperactive Nrf2 regulated the expression and function of key metabolic genes for ATP biosynthesis in mouse esophagus. ChIP-PCR shows
Nrf2 protein bound to mouse Pkm sequence (A). Western blotting (B) and IHC (C) showed that hyperactive Nrf2 up-regulated Pkm2, but not Pkm1, in Keap1�/�

esophagus (n � 4/group). Hyperactive Nrf2 up-regulated hnRNPA1, hnRNPA2, and PTB and down-regulated RBM4 to promote alternative splicing of the Pkm
gene (n � 4/group) (D). Meanwhile, protein O-GlcNAcylation, especially Pkm2 glycosylation (E), and Pkm2 tetramerization were increased in the Keap1�/�

esophagus as compared with the WT esophagus (n � 4/group) (F). Consistent with these changes, ATP biosynthesis was up-regulated as shown by an ATP
bioluminescent assay (n � 4/group) (G). Scale bar, 50 �m; *, p � 0.05. p values were determined using Student’s t test.
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weeks after tamoxifen induction. (unpublished preliminary
data). This line will be crossed with Pkm2fl/fl mice to determine
whether conditional blockage of Pkm2 may inhibit the esoph-
ageal phenotype due to hyperactive Nrf2, at least in a short
term.

It should be noted that our study has one limitation. The
whole esophagus (epithelium and muscle) instead of the epithe-
lium alone was used for metabolomic profiling, Western blot-
ting, and enzyme activity assays in this study. This is due to a
practical limitation that all Keap1�/� mice die within 3 weeks
after birth (18). We harvested mouse esophagus from P7 mice
when mice are healthy yet the esophagus is tiny. At this age, it is
impractical to harvest enough epithelium from Keap1�/� mice.
To overcome this limitation, in addition to experiments using
the whole esophagus, we used immunohistochemistry to vali-
date differential expression of metabolic genes in esophageal
squamous epithelial cells in vivo (Figs. 3, 4, and 6).

In summary, we characterized metabolomic reprogramming
and differential gene expression in mouse esophagus due to
hyperactive Nrf2. Our data pointed out metabolic pathways
(e.g. glycolysis and oxidative phosphorylation) and genes (e.g.
Pkm2) as downstream targets. Further studies are warranted to
find out how to inhibit the esophageal phenotype in the

NRF2high esophagus and translate the discovery for targeted
therapy of NRF2high ESCC.

Experimental procedures

Animal experiment

Animal experiments were approved by the Institutional Ani-
mal Care and Use Committees at the North Carolina Central
University (protocol number XC-12-03-2008). Animals in
these experiments were bred and maintained at the local animal
facility according to local legislation. WT C57BL/6J mice were
purchased from the The Jackson Laboratory (Bar Harbor, ME).
Nrf2�/� and Keap1�/� mice on the C57BL background were
obtained from the Experimental Animal Division, RIKEN Bio-
Source Center (Tsukuba, Japan) (18). K5Cre mice (68), Pkm2fl/fl

mice (60) (The Jackson Laboratory), and Keap1�/� mice were
crossed to generate K5Cre;Pkm2fl/fl;Keap1�/� mice. Mouse
esophagus at P7 was harvested for analysis of metabolomics,
Nrf2 ChIP-seq, morphology, and gene expression. BrdU (50
mg/kg, i.p.) was given to some mice 2 h before sacrifice.

Metabolomic profiling

Three groups of mouse esophageal tissue samples, six of each
genotype (Nrf2�/�, WT, and Keap1�/�), were analyzed by a

Figure 7. Constitutive Pkm2 knockout in the esophagus failed to inhibit hyperproliferation and hyperkeratosis of Keap1�/� esophagus in vivo. As
compared with Keap1�/� esophagus, Pkm2 knockout did not significantly change the general morphology (hematoxylin and eosin staining), the expression
of differentiation markers (Krt5, loricrin, and Krt1), and the expression of proliferation markers (PCNA, BrdU, and BrdU-labeling index). Although Pkm2 was
completely silenced in the esophageal squamous epithelial cells of the K5Cre;Pkm2fl/fl;Keap1�/� esophagus, Pkm1 expression was dramatically up-regulated
as compared with Keap1�/� esophagus (A). Glutamate level was significantly higher in the Keap1�/� esophagus (n � 3) than the WT esophagus (n � 6) (B). *,
p � 0.05. p values was determined using Student’s t test. Consistent with this, glutaminase 2 was overexpressed in Keap1�/� esophagus as detected by IHC and
Western blotting (n � 3/group) (C and D). Scale bar, 50 �m.
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biochemical profiling platform (Metabolon Inc, Durham, NC)
with ultrahigh performance LC-tandem MS (File S2 and S3).
Keap1�/� esophagus was much smaller than others and two
esophagi were pooled together to make one sample for the anal-
ysis. Raw data were extracted, peak-identified and QC pro-
cessed by Metabolon. Refined data were analyzed by two-way
ANOVA with SPSS and plotted with GraphPad. Heatmap was
generated using R (gplots package).

Histochemical staining and IHC

Hematoxylin and eosin staining was conducted based on a
routine protocol. For IHC staining, deparaffinized sections
were pre-treated to retrieve antigens using a Tris-based Anti-
gen Unmasking Solution (Vector Laboratories, Burlingame,
CA), prior to incubation with an antibody overnight at 4 °C.
Detection of the antibody complex was done using the strepta-
vidin-peroxidase reaction kit with 3,3-diaminobenzidine as a
chromogen (ABC kit, Vector Labs) (Table 2). BrdU-labeling
index was calculated by dividing the number of BrdU� epithe-
lial cells with the total number of epithelial cells in the esopha-
gus. Three cross-sections of each mouse esophagus were
stained for BrdU and counted.

Western blotting

Protein was isolated from mouse tissues using a standard
method. In brief, tissue lysates were prepared by homogenizing
tissue with the TissueLyser bead mill (Qiagen, Valencia, CA) in

RIPA buffer. Cell debris was removed by a short centrifugation,
and an aliquot of cleared lysate was kept for protein quantita-
tion using the BCA protein assay kit (Bio-Rad). Protein samples
were separated by SDS-PAGE, and transferred to a nitrocellu-
lose membrane (Millipore, Billerica, MA). After blocking with
5% nonfat dry milk, the membrane was probed with an antibody
at 4 °C overnight (Table 2). Immunoreactivity was visualized by
applying HRP ECL substrate and immediately exposing the
membranes to film. The blots were stripped and re-probed for
GAPDH.

ChIP-seq and ChIP-PCR

Nrf2 ChIP-seq was conducted by Active Motif (Carlsbad,
CA) using a ChIP-seq validated antibody (sc-13032, Santa
Cruz Biotechnology) and three mouse esophageal tissue sam-
ples, one of each genotype (Nrf2�/�, WT, and Keap1�/�)
(GSE122504). The quality of ChIP DNA was controlled by
quantitative PCR of two positive control genes (Nqo1 and
Txnrd1) and a negative control (Ccnt1). Enriched genes in
Keap1�/� esophagus as compared with Nrf2�/� and WT sam-
ples were regarded as potential Nrf2 target genes. This gene list
was further analyzed for gene sets using an on-line tool (http://
cpdb.molgen.mpg.de/)6 (70, 71).

6 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 8. Transient inhibition of glycolysis suppressed colony formation and ATP biosynthesis of ESCC cells in vitro. KYSE450 cells (NRF2low)
and KYSE70 cells (NRF2high) were transfected with siRNA or treated with glycolysis inhibitors, 2DG (HK inhibitor) and shikonin (PKM2 inhibitor).
Transfection efficiency and PKM1/GAPDH were determined by Western blotting (A and E), cell proliferation by colony formation assay (B, F, D, and H),
and ATP biosynthesis by a bioluminescent assay (C and G) (n � 3). *, p � 0.05; **, p � 0.01; ***, p � 0.001. p values were determined using Student’s
t test.
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Nrf2-binding sites within the DNA sequence of mouse Pkm
gene (ENSMUSG00000032294) were predicted using Anchored
Combination TFBS Cluster Analysis (oPOSSUM version 3.0) (69).
ChIP analysis was performed using an EZ-ChIP kit (Millipore, Bil-
lerica, MA) according to the manufacturer’s instructions with the
anti-Nrf2 used for ChIP-seq. Immunoprecipitated DNA or input
was PCR-amplified with the following primer pairs: Pkm (5�-CTT-
CCTATCCTCGGTAGTTTTCCAT-3�and 5�-CAGAATAATTC-
TGTGATCCGTGAGA-3�; predicted size � 177 bp); negative con-
trol (5�-GGTATGATGACAACCACCTTTACG-3� and 5�-AAA-
CTCAGTCGCTGGACCAAGAC-3�; predicted size � 155 bp).

Analysis of gene microarray data

Microarray data of two GEO datasets, GSE34278 (Nrf2�/�;
Keap1�/� mouse esophagus versus Keap1�/� mouse esopha-
gus) and GSE23400 (53 cases of human ESCC), were analyzed.
Differentially expressed genes were obtained from two-class
significance analysis of microarrays (SAM) in Excel with the
median number of false positives less than 1 (34). GSA was
carried out using R (GSA package). Mouse data were obtained
from our previous study on mouse esophagus at P7 (34). Hier-
archical clustering analysis was performed using the R package.
Volcano graph was generated with Origin software (Volcano-
Plot package, OriginLab, Northampton, MA).

Enzymatic activity and ATP

HK activity (MAK091, Sigma), PK activity (MAK072, Sigma),
G6PD activity (12581, Cell Signaling), and ATP (MAK190,
Sigma) were analyzed according to the manufacturer’s instruc-
tions of the kits.

Cell culture and treatment

Human ESCC cells, KYSE510 (NRF2low), KYSE450 (NRF2low),
and KYSE70 (NRF2high), were obtained from the ATCC (Manas-
sas, VA) and ECACC (Porton Down, Salisbury, UK). NRF2 hyper-
activation in KYSE70 cells was due to a homozygous point muta-
tion of the NRF2 gene (W24C) (37–39). KYSE510, KYSE450, and
KYSE70 cells were exposed to 2DG (Sigma), shikonin (Sigma), or
transfected with siRNAs (ThermoFisher Scientific, Waltham,
MA) using Lipofectamine RNAiMAX (Invitrogen) according to
the manufacturer’s instructions. All cell culture experiments were
triplicated.

Statistical analyses

GraphPad Prism 6 (GraphPad Software, La Jolla, CA)
was used for Student’s t test. SPSS was used for two-way
ANOVA analysis. p � 0.05 was considered statistically
significant.

Table 2
Antibody information

Hyperactive Nrf2 in the esophagus

J. Biol. Chem. (2019) 294(1) 327–340 337



Author contributions—J. F., Z. X., C. H., J. L., Y. H., X. K., and
X. L. C. data curation; J. F., Z. X., and C. H. software; J. F., Z. X., C. H.,
J. L., W. Y., Y. H., K. C., X. K., and X. L .C. formal analysis; J. F., Z. X.,
C. H., J. L., C. P., X. K., and X. L. C. investigation; J. F., Z. X., X. K.,
and X. L. C. methodology; J. F., Z. X., M. B. M., X. K., and X. L. C.
writing-original draft; J. F., Z. X., M. B. M., X. K., and X. L. C. writ-
ing-review and editing; J. L., W. Y., Y. H., C. P., and K. C. validation;
X. K. and X. L. C. conceptualization; X. K. and X. L. C. supervision;
X. K. and X. L. C. project administration.

References
1. Siegel, R. L., Miller, K. D., and Jemal, A. (2017) Cancer statistics, 2017. CA

Cancer J. Clin. 67, 7–30 CrossRef Medline
2. Wu, X., Chen, V. W., Andrews, P. A., Ruiz, B., and Correa, P. (2007)

Incidence of esophageal and gastric cancers among Hispanics, non-His-
panic whites and non-Hispanic blacks in the United States: subsite and
histology differences. Cancer Causes Control 18, 585–593 CrossRef
Medline

3. Du, P., Huang, P., Huang, X., Li, X., Feng, Z., Li, F., Liang, S., Song, Y.,
Stenvang, J., Brünner, N., Yang, H., Ou, Y., Gao, Q., and Li, L. (2017)
Comprehensive genomic analysis of oesophageal squamous cell carci-
noma reveals clinical relevance. Sci. Rep. 7, 15324 CrossRef Medline

4. Ma, S., Paiboonrungruan, C., Yan, T., Williams, K. P., Major, M. B., and
Chen, X. L. (2018) Targeted therapy of esophageal squamous cell carci-
noma: the NRF2 signaling pathway as target. Ann. N.Y. Acad. Sci. 2018
CrossRef

5. Kensler, T. W., Wakabayashi, N., and Biswal, S. (2007) Cell survival re-
sponses to environmental stresses via the Keap1-Nrf2-ARE pathway.
Annu. Rev. Pharmacol. Toxicol. 47, 89 –116 CrossRef Medline

6. Tamborero, D., Gonzalez-Perez, A., Perez-Llamas, C., Deu-Pons, J., Kan-
doth, C., Reimand, J., Lawrence, M. S., Getz, G., Bader, G. D., Ding, L., and
Lopez-Bigas, N. (2013) Comprehensive identification of mutational can-
cer driver genes across 12 tumor types. Sci. Rep. 3, 2650 CrossRef Medline

7. Hayes, J. D., and McMahon, M. (2006) The double-edged sword of Nrf2:
subversion of redox homeostasis during the evolution of cancer. Mol. Cell
21, 732–734 CrossRef Medline

8. Padmanabhan, B., Tong, K. I., Ohta, T., Nakamura, Y., Scharlock, M.,
Ohtsuji, M., Kang, M. I., Kobayashi, A., Yokoyama, S., and Yamamoto, M.
(2006) Structural basis for defects of Keap1 activity provoked by its point
mutations in lung cancer. Mol. Cell 21, 689 –700 CrossRef Medline

9. Kensler, T. W., Egner, P. A., Agyeman, A. S., Visvanathan, K., Groopman,
J. D., Chen, J. G., Chen, T. Y., Fahey, J. W., and Talalay, P. (2013) Keap1-
nrf2 signaling: a target for cancer prevention by sulforaphane. Top. Curr.
Chem. 329, 163–177 CrossRef Medline

10. Lan, A., Li, W., Liu, Y., Xiong, Z., Zhang, X., Zhou, S., Palko, O., Chen, H.,
Kapita, M., Prigge, J. R., Schmidt, E. E., Chen, X., Sun, Z., and Chen, X. L.
(2016) Chemoprevention of oxidative stress-associated oral carcinogene-
sis by sulforaphane depends on NRF2 and the isothiocyanate moiety. On-
cotarget 7, 53502–53514 Medline

11. Ma, Q., and He, X. (2012) Molecular basis of electrophilic and oxidative
defense: promises and perils of Nrf2. Pharmacol. Rev. 64, 1055–1081
CrossRef Medline

12. Jaramillo, M. C., and Zhang, D. D. (2013) The emerging role of the Nrf2-
Keap1 signaling pathway in cancer. Genes Dev. 27, 2179 –2191 CrossRef
Medline

13. Sporn, M. B., and Liby, K. T. (2012) NRF2 and cancer: the good, the bad
and the importance of context. Nat. Rev. Cancer 12, 564 –571 CrossRef
Medline

14. Wang, H., Liu, X., Long, M., Huang, Y., Zhang, L., Zhang, R., Zheng, Y.,
Liao, X., Wang, Y., Liao, Q., Li, W., Tang, Z., Tong, Q., Wang, X., Fang, F.,
et al. (2016) NRF2 activation by antioxidant antidiabetic agents acceler-
ates tumor metastasis. Sci. Transl. Med. 8, 334ra351 CrossRef Medline

15. Kitamura, H., and Motohashi, H. (2018) NRF2 addiction in cancer cells.
Cancer Sci. 109, 900 –911 CrossRef Medline

16. Yamamoto, M., Kensler, T. W., and Motohashi, H. (2018) The KEAP1-
NRF2 system: a thiol-based sensor-effector apparatus for maintaining re-
dox homeostasis. Physiol. Rev. 98, 1169 –1203 CrossRef Medline

17. Zhu, J., Wang, H., Chen, F., Fu, J., Xu, Y., Hou, Y., Kou, H. H., Zhai, C.,
Nelson, M. B., Zhang, Q., Andersen, M. E., and Pi, J. (2016) An overview of
chemical inhibitors of the Nrf2-ARE signaling pathway and their potential
applications in cancer therapy. Free Radic. Biol. Med. 99, 544 –556
CrossRef Medline

18. Wakabayashi, N., Itoh, K., Wakabayashi, J., Motohashi, H., Noda, S., Taka-
hashi, S., Imakado, S., Kotsuji, T., Otsuka, F., Roop, D. R., Harada, T.,
Engel, J. D., and Yamamoto, M. (2003) Keap1-null mutation leads to post-
natal lethality due to constitutive Nrf2 activation. Nat. Genet. 35, 238 –245
CrossRef Medline

19. Camp, N. D., James, R. G., Dawson, D. W., Yan, F., Davison, J. M., Houck,
S. A., Tang, X., Zheng, N., Major, M. B., and Moon, R. T. (2012) Wilms
tumor gene on X chromosome (WTX) inhibits degradation of NRF2 pro-
tein through competitive binding to KEAP1 protein. J. Biol. Chem. 287,
6539 – 6550 CrossRef Medline

20. Chen, W., Sun, Z., Wang, X. J., Jiang, T., Huang, Z., Fang, D., and Zhang,
D. D. (2009) Direct interaction between Nrf2 and p21(Cip1/WAF1) up-
regulates the Nrf2-mediated antioxidant response. Mol. Cell 34, 663– 673
CrossRef Medline

21. Hast, B. E., Goldfarb, D., Mulvaney, K. M., Hast, M. A., Siesser, P. F., Yan,
F., Hayes, D. N., and Major, M. B. (2013) Proteomic analysis of ubiquitin
ligase KEAP1 reveals associated proteins that inhibit NRF2 ubiquitination.
Cancer Res. 73, 2199 –2210 CrossRef Medline

22. Komatsu, M., Kurokawa, H., Waguri, S., Taguchi, K., Kobayashi, A.,
Ichimura, Y., Sou, Y. S., Ueno, I., Sakamoto, A., Tong, K. I., Kim, M.,
Nishito, Y., Iemura, S., Natsume, T., Ueno, T., Kominami, E., et al. (2010)
The selective autophagy substrate p62 activates the stress responsive tran-
scription factor Nrf2 through inactivation of Keap1. Nat. Cell Biol. 12,
213–223 CrossRef Medline

23. Lo, S. C., and Hannink, M. (2006) PGAM5, a Bcl-XL-interacting protein, is
a novel substrate for the redox-regulated Keap1-dependent ubiquitin li-
gase complex. J. Biol. Chem. 281, 37893–37903 CrossRef Medline

24. Ma, J., Cai, H., Wu, T., Sobhian, B., Huo, Y., Alcivar, A., Mehta, M.,
Cheung, K. L., Ganesan, S., Kong, A. N., Zhang, D. D., and Xia, B. (2012)
PALB2 interacts with KEAP1 to promote NRF2 nuclear accumulation and
function. Mol. Cell. Biol. 32, 1506 –1517 CrossRef Medline

25. Mulvaney, K. M., Matson, J. P., Siesser, P. F., Tamir, T. Y., Goldfarb, D.,
Jacobs, T. M., Cloer, E. W., Harrison, J. S., Vaziri, C., Cook, J. G., and
Major, M. B. (2016) Identification and characterization of MCM3 as a
Kelch-like ECH-associated protein 1 (KEAP1) substrate. J. Biol. Chem.
291, 23719 –23733 CrossRef Medline

26. Wang, Q., Ma, J., Lu, Y., Zhang, S., Huang, J., Chen, J., Bei, J. X., Yang, K.,
Wu, G., Huang, K., Chen, J., and Xu, S. (2017) CDK20 interacts with
KEAP1 to activate NRF2 and promotes radiochemoresistance in lung can-
cer cells. Oncogene 36, 5321–5330 CrossRef Medline

27. Suzuki, T., Seki, S., Hiramoto, K., Naganuma, E., Kobayashi, E. H.,
Yamaoka, A., Baird, L., Takahashi, N., Sato, H., and Yamamoto, M. (2017)
Hyperactivation of Nrf2 in early tubular development induces nephro-
genic diabetes insipidus. Nat. Commun. 8, 14577 CrossRef Medline

28. Chen, H., Hu, Y., Fang, Y., Djukic, Z., Yamamoto, M., Shaheen, N. J.,
Orlando, R. C., and Chen, X. (2014) Nrf2 deficiency impairs the barrier
function of mouse oesophageal epithelium. Gut 63, 711–719 CrossRef
Medline

29. Chorley, B. N., Campbell, M. R., Wang, X., Karaca, M., Sambandan, D.,
Bangura, F., Xue, P., Pi, J., Kleeberger, S. R., and Bell, D. A. (2012) Identi-
fication of novel NRF2-regulated genes by ChIP-seq: influence on retinoid
X receptor �. Nucleic Acids Res. 40, 7416 –7429 CrossRef Medline

30. Kobayashi, E. H., Suzuki, T., Funayama, R., Nagashima, T., Hayashi, M.,
Sekine, H., Tanaka, N., Moriguchi, T., Motohashi, H., Nakayama, K., and
Yamamoto, M. (2016) Nrf2 suppresses macrophage inflammatory re-
sponse by blocking proinflammatory cytokine transcription. Nat. Com-
mun. 7, 11624 CrossRef Medline

31. Malhotra, D., Portales-Casamar, E., Singh, A., Srivastava, S., Arenillas, D.,
Happel, C., Shyr, C., Wakabayashi, N., Kensler, T. W., Wasserman, W. W.,
and Biswal, S. (2010) Global mapping of binding sites for Nrf2 identifies

Hyperactive Nrf2 in the esophagus

338 J. Biol. Chem. (2019) 294(1) 327–340

http://dx.doi.org/10.3322/caac.21387
http://www.ncbi.nlm.nih.gov/pubmed/28055103
http://dx.doi.org/10.1007/s10552-007-9000-1
http://www.ncbi.nlm.nih.gov/pubmed/17406989
http://dx.doi.org/10.1038/s41598-017-14909-5
http://www.ncbi.nlm.nih.gov/pubmed/29127303
http://dx.doi.org/10.1111/nyas.13681
http://dx.doi.org/10.1146/annurev.pharmtox.46.120604.141046
http://www.ncbi.nlm.nih.gov/pubmed/16968214
http://dx.doi.org/10.1038/srep02650
http://www.ncbi.nlm.nih.gov/pubmed/24084849
http://dx.doi.org/10.1016/j.molcel.2006.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16543142
http://dx.doi.org/10.1016/j.molcel.2006.01.013
http://www.ncbi.nlm.nih.gov/pubmed/16507366
http://dx.doi.org/10.1007/128_2012_339
http://www.ncbi.nlm.nih.gov/pubmed/22752583
http://www.ncbi.nlm.nih.gov/pubmed/27447968
http://dx.doi.org/10.1124/pr.110.004333
http://www.ncbi.nlm.nih.gov/pubmed/22966037
http://dx.doi.org/10.1101/gad.225680.113
http://www.ncbi.nlm.nih.gov/pubmed/24142871
http://dx.doi.org/10.1038/nrc3278
http://www.ncbi.nlm.nih.gov/pubmed/22810811
http://dx.doi.org/10.1126/scitranslmed.aad6095
http://www.ncbi.nlm.nih.gov/pubmed/27075625
http://dx.doi.org/10.1111/cas.13537
http://www.ncbi.nlm.nih.gov/pubmed/29450944
http://dx.doi.org/10.1152/physrev.00023.2017
http://www.ncbi.nlm.nih.gov/pubmed/29717933
http://dx.doi.org/10.1016/j.freeradbiomed.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27634172
http://dx.doi.org/10.1038/ng1248
http://www.ncbi.nlm.nih.gov/pubmed/14517554
http://dx.doi.org/10.1074/jbc.M111.316471
http://www.ncbi.nlm.nih.gov/pubmed/22215675
http://dx.doi.org/10.1016/j.molcel.2009.04.029
http://www.ncbi.nlm.nih.gov/pubmed/19560419
http://dx.doi.org/10.1158/0008-5472.CAN-12-4400
http://www.ncbi.nlm.nih.gov/pubmed/23382044
http://dx.doi.org/10.1038/ncb2021
http://www.ncbi.nlm.nih.gov/pubmed/20173742
http://dx.doi.org/10.1074/jbc.M606539200
http://www.ncbi.nlm.nih.gov/pubmed/17046835
http://dx.doi.org/10.1128/MCB.06271-11
http://www.ncbi.nlm.nih.gov/pubmed/22331464
http://dx.doi.org/10.1074/jbc.M116.729418
http://www.ncbi.nlm.nih.gov/pubmed/27621311
http://dx.doi.org/10.1038/onc.2017.161
http://www.ncbi.nlm.nih.gov/pubmed/28534518
http://dx.doi.org/10.1038/ncomms14577
http://www.ncbi.nlm.nih.gov/pubmed/28233855
http://dx.doi.org/10.1136/gutjnl-2012-303731
http://www.ncbi.nlm.nih.gov/pubmed/23676441
http://dx.doi.org/10.1093/nar/gks409
http://www.ncbi.nlm.nih.gov/pubmed/22581777
http://dx.doi.org/10.1038/ncomms11624
http://www.ncbi.nlm.nih.gov/pubmed/27211851


novel targets in cell survival response through ChIP-seq profiling and
network analysis. Nucleic Acids Res. 38, 5718 –5734 CrossRef Medline

32. Hirotsu, Y., Katsuoka, F., Funayama, R., Nagashima, T., Nishida, Y., Na-
kayama, K., Engel, J. D., and Yamamoto, M. (2012) Nrf2-MafG het-
erodimers contribute globally to antioxidant and metabolic networks. Nu-
cleic Acids Res. 40, 10228 –10239 CrossRef Medline

33. Su, H., Hu, N., Yang, H. H., Wang, C., Takikita, M., Wang, Q. H., Giffen, C.,
Clifford, R., Hewitt, S. M., Shou, J. Z., Goldstein, A. M., Lee, M. P., and
Taylor, P. R. (2011) Global gene expression profiling and validation in
esophageal squamous cell carcinoma and its association with clinical phe-
notypes. Clin. Cancer Res. 17, 2955–2966 CrossRef Medline

34. Chen, H., Li, J., Li, H., Hu, Y., Tevebaugh, W., Yamamoto, M., Que, J., and
Chen, X. (2012) Transcript profiling identifies dynamic gene expression
patterns and an important role for Nrf2/Keap1 pathway in the developing
mouse esophagus. PLoS ONE 7, e36504 CrossRef Medline

35. Chen, M., David, C. J., and Manley, J. L. (2012) Concentration-dependent
control of pyruvate kinase M mutually exclusive splicing by hnRNP pro-
teins. Nat. Struct. Mol. Biol. 19, 346 –354 CrossRef Medline

36. Su, C. H., Hung, K. Y., Hung, S. C., and Tarn, W. Y. (2017) RBM4 regulates
neuronal differentiation of mesenchymal stem cells by modulating alter-
native splicing of pyruvate kinase M. Mol. Cell. Biol. 37, e00466 –16
CrossRef Medline

37. Gao, Y. B., Chen, Z. L., Li, J. G., Hu, X. D., Shi, X. J., Sun, Z. M., Zhang, F.,
Zhao, Z. R., Li, Z. T., Liu, Z. Y., Zhao, Y. D., Sun, J., Zhou, C. C., Yao, R.,
Wang, S. Y., et al. (2014) Genetic landscape of esophageal squamous cell
carcinoma. Nat. Genet. 46, 1097–1102 CrossRef Medline

38. Lin, D. C., Hao, J. J., Nagata, Y., Xu, L., Shang, L., Meng, X., Sato, Y., Okuno,
Y., Varela, A. M., Ding, L. W., Garg, M., Liu, L. Z., Yang, H., Yin, D., Shi,
Z. Z., et al. (2014) Genomic and molecular characterization of esophageal
squamous cell carcinoma. Nat. Genet. 46, 467– 473 CrossRef Medline

39. Shibata, T., Kokubu, A., Saito, S., Narisawa-Saito, M., Sasaki, H., Aoyagi,
K., Yoshimatsu, Y., Tachimori, Y., Kushima, R., Kiyono, T., and
Yamamoto, M. (2011) NRF2 mutation confers malignant potential and
resistance to chemoradiation therapy in advanced esophageal squamous
cancer. Neoplasia 13, 864 – 873 CrossRef Medline

40. Zhang, D., Li, J., Wang, F., Hu, J., Wang, S., and Sun, Y. (2014) 2-Deoxy-
D-glucose targeting of glucose metabolism in cancer cells as a potential
therapy. Cancer Lett. 355, 176 –183 CrossRef Medline

41. Chen, J., Xie, J., Jiang, Z., Wang, B., Wang, Y., and Hu, X. (2011) Shikonin
and its analogs inhibit cancer cell glycolysis by targeting tumor pyruvate
kinase-M2. Oncogene 30, 4297– 4306 CrossRef Medline

42. Mitsuishi, Y., Taguchi, K., Kawatani, Y., Shibata, T., Nukiwa, T., Abura-
tani, H., Yamamoto, M., and Motohashi, H. (2012) Nrf2 redirects glucose
and glutamine into anabolic pathways in metabolic reprogramming. Can-
cer Cell 22, 66 –79 CrossRef Medline

43. Rolfs, F., Huber, M., Kuehne, A., Kramer, S., Haertel, E., Muzumdar, S.,
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