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SUMMARY

A model of coexisting NRF2-activated and KEAP1-normal
cells was established in the esophageal epithelium using
Keap1 conditional knockout mice. NRF2-activated cells are
selectively eliminated through cell competition, but loser
NRF2-activated cells leave a memory for the remaining
winner KEAP1-normal cells.

BACKGROUND & AIMS: NF-E2-related factor 2 (NRF2) is a
transcription factor that regulates cytoprotective gene
expression in response to oxidative and electrophilic
stresses. NRF2 activity is mainly controlled by Kelch-like
ECH-associated protein 1 (KEAP1). Constitutive NRF2 acti-
vation by NRF2 mutations or KEAP1 dysfunction results in a
poor prognosis for esophageal squamous cell carcinoma
(ESCC) through the activation of cytoprotective functions.
However, the detailed contributions of NRF2 to ESCC initia-
tion or promotion have not been clarified. Here, we investi-
gated the fate of NRF2-activated cells in the esophageal
epithelium.
METHODS: We generated tamoxifen-inducible, squamous
epithelium-specific Keap1 conditional knockout (Keap1-cKO)
mice in which NRF2 was inducibly activated in a subset of cells
at the adult stage. Histologic, quantitative reverse-transcription
polymerase chain reaction, single-cell RNA-sequencing, and
carcinogen experiments were conducted to analyze the Keap1-
cKO esophagus.

RESULTS: KEAP1-deleted/NRF2-activated cells and cells with
normal NRF2 expression (KEAP1-normal cells) coexisted in the
Keap1-cKO esophageal epithelium in approximately equal
numbers, and NRF2-activated cells formed dysplastic lesions.
NRF2-activated cells exhibited weaker attachment to the
basement membrane and gradually disappeared from the
epithelium. In contrast, neighboring KEAP1-normal cells
exhibited accelerated proliferation and started dominating the
epithelium but accumulated DNA damage that triggered carci-
nogenesis upon carcinogen exposure.

CONCLUSIONS: Constitutive NRF2 activation promotes the
selective elimination of epithelial cells via cell competition, but
this competition induces DNA damage in neighboring KEAP1-
normal cells, which predisposes them to chemical-induced
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sophageal cancer is one of the most aggressive tu-
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Emors and the sixth leading cause of cancer-related
death.1 Esophageal squamous cell carcinoma (ESCC) has
been classified into 3 groups on the basis of the independent
and integrated clustering of 4 genomic datasets,2 ie, somatic
copy number alterations, DNA methylation, mRNA expres-
sion, and microRNA expression datasets. Among the 3
groups, ESCC1 is strongly correlated with genomic alter-
ations in the NF-E2-related factor 2 (NRF2) pathway; these
genomic alterations occur in 54% of ESCC1 cases. Genomic
aberrations targeting the genes encoding NRF2 and Kelch-
like ECH-associated protein 1 (KEAP1) enhance the
cellular response to oxidative stress, and NRF2 activation is
associated with a poor prognosis of ESCC.3,4 Therefore, the
KEAP1-NRF2 system has been suggested to be among the
most important therapeutic targets in ESCC.

NRF2 is a transcription factor that regulates a set of
cytoprotective genes in response to oxidative and electro-
philic stresses.5–7 NRF2 activity is controlled by ubiquitin-
proteasomal degradation mediated by KEAP18,9 and b-
transducin repeat containing proteins (bTRCP).10,11 In some
cancer cells, NRF2 is constitutively activated because of
abnormalities in multiple pathways such as dysregulation of
the protein‒protein interaction of KEAP1 and NRF2.12,13

The resulting high level of NRF2 activation reinforces
cytoprotection and confers a growth advantage or malignant
phenotypes on cancer cells.3,14,15 We proposed that cancers
with constitutive and high-level NRF2 expression should be
referred to as NRF2-addicted cancers.12

NRF2 mutations in human cancers, including ESCC, accu-
mulate at DLGex and ETGE motifs that interact with KEAP1
such that NRF2 is constitutively activated.12,14,16 We have
studied NRF2 activation in cancer cells in vivo using mouse
models with Keap1 deletion,17–19 because these mice are good
experimental models in which to study NRF2-addicted can-
cers. In this regard, systemic Keap1 knockout in mice causes
postnatal lethality due to hyperkeratosis in the esophagus and
forestomach.20 Because these hyperkeratosis and lethal phe-
notypes are completely rescued in Keap1::Nrf2 double
knockout mice, they most likely result from the constitutive
activation of NRF2 induced by Keap1 deletion. Similarly,
squamous epithelium-specific Keap1 knockout mice (Kera-
tin5-Cre::Keap1floxA/floxA) die at a similar time point after birth
because of hyperkeratosis in the upper digestive tract.19 These
results clearly show that systemic Keap1 knockout causes
lethality in mice via esophageal hyperkeratosis; thus, we
cannot study esophageal carcinogenesis in adulthood in vivo
using these Keap1 systemic knockout mice.

NRF2 also contributes to the proliferation and/or dif-
ferentiation of hematopoietic stem cells and tissues.20–22

NRF2 activation drives the differentiation of hematopoietic
stem cells toward the granulocyte-monocyte lineage.
Constitutive activation of NRF2 in the small intestinal
epithelium increases the tissue length and villus height
because of the increase in enterocyte proliferation and dif-
ferentiation.23 In addition, in the livers of Keap1::Pten dou-
ble knockout mice, constitutive activation of NRF2 induced
by the suppression of both the KEAP1 and bTRCP pathways
causes cholangiocyte expansion.18 These results suggest
that in certain tissues, NRF2 activation directs cells to pro-
liferate and differentiate.

In the esophagus, where approximately equal numbers
of NRF2-deleted cells and cells with normal NRF2 expres-
sion (NRF2-normal cells) are present,24 the NRF2-deleted
cells are eliminated rapidly and selectively upon exposure
to a chemical carcinogen in the esophagus.24 On the basis of
these results, competition exists between NRF2-deleted and
NRF2-normal cell populations. However, the behavior of
constitutively NRF2-activated cells in a heterogeneous
population containing NRF2-normal and NRF2-activated
cells remains elusive. Therefore, we generated Keratin5-
CreERT2 (K5CreERT2)::Keap1floxB/floxB (Keap1-cKO) mice
with tamoxifen (Tam)-inducible Keap1 deletion/NRF2 acti-
vation in the squamous epithelium. Our results reveal that
KEAP1-deleted/NRF2-activated cells in the esophageal
epithelium are eliminated because of competition with
KEAP1-normal/NRF2-normal cells. However, DNA damage
accumulates in the KEAP1-normal/NRF2-normal cells that
survive cell competition, and this damage appears to trigger
chemical-induced esophageal carcinogenesis.

Results
Conditional Keap1 Knockout Induces Regional
and Temporal Overexpression of NRF2 in the
Esophageal Epithelium

The fate of esophageal epithelial cells with inducible
expression of NRF2 remains unknown. We used a squamous
epithelium specific, Tam-inducible Keap1 knockout strategy
to clarify the fate of NRF2-activated epithelial cells in the
adult esophagus. For this experiment, we generated a
K5CreERT2::Keap1floxB/floxB compound mutant mouse line,
hereafter referred to as the Keap1-cKO mouse. Keap1-cKO
mice were obtained by mating K5CreERT2 transgenic
mice24 with Keap1floxB/floxB knock-in mutant mice.25 Maps of
these modified genes are shown in Figure 1A.
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Figure 1. Partial Keap1 deletion causes dysplasia and thickening of the esophageal epithelium in Keap1-cKO mice. (A)
Generation of K5CreERT2::Keap1floxB/floxB mice. (B) Experimental schedule. Tam (100 mg/g body weight) was injected 3 times. (C)
Recombination rate of the Keap1 gene in the esophageal epithelium 1 week after Tam administration (n ¼ 4–5 mice per group). The
remaining level of Keap1 gene exon 3 was quantified. (D) Quantification of esophageal diameter 1 week after Tam administration
(n ¼ 12 control mice and n¼ 9 Keap1-cKO mice). (E) Schematic of the mouse esophageal epithelium. (F) HE staining of esophageal
sections 1–4 weeks after Tam administration. The esophageal epithelium of Keap1-cKO mice became thicker than that of control
mice and exhibited hyperkeratinization 1 week after Tam administration. Increase in thickness was reversed 4 weeks after Tam
administration. (G) Immunohistochemical staining for NQO1 and time course of NQO1 expression in the Keap1-cKO mouse
esophagus. Population of NQO1-positive cells was decreased 4 weeks after Tam administration. Scale bars: 200 mm. Data are
presented as means ± standard deviations. **P < .01 and ***P < .001 compared with control mice according to Welch t test.

2023 NRF2-Activated Cell Elimination in the Esophagus 155



156 Hirose et al Cellular and Molecular Gastroenterology and Hepatology Vol. 15, No. 1
First, Tam (100 mg/g body weight) was administered to
Keap1-cKO and control (ie, Keap1floxB/floxB) mice at 6–9
weeks of age on 3 consecutive days. The mice were analyzed
1, 2, and 4 weeks after the last Tam administration
(Figure 1B). Keap1-cKO mice treated in this manner sur-
vived for more than 25 weeks after Tam administration.
This phenotype clearly contrasted with that of the systemic
Keap1 knockout mice, which died before 3 weeks of age
because of hyperkeratosis of the esophageal epithelium.20

Under this condition, the Keap1 gene recombination ef-
ficiency in the Keap1-cKO esophagus was approximately
36% 1 week after Tam administration (Figure 1C), indi-
cating that approximately one-third of the epithelial cells
lost the Keap1 gene.

A macroscopic inspection revealed a greater esophageal
thickness in Keap1-cKO mice than in control mice. We next
conducted histologic analyses and observed a significantly
larger esophageal diameter in Keap1-cKO mice than in
control mice 1 week after Tam treatment (Figure 1D and top
panels in Figure 1F).

The esophageal epithelium consists of 3 layers
(Figure 1E): the basal layer, which consists of Keratin5-
expressing basal cells directly attached to the basement
membrane, the suprabasal layer, and the keratinous layer. The
esophageal epithelia were thicker in the Keap1-cKO mice 1
week after Tam treatment than those in the control mice and
exhibited hyperkeratinization (Figure 1F). The thickening of
the epithelial layer and hyperkeratinization were gradually
reversed after the 1-week time point. The change in the body
weights of Keap1-cKO mice was comparable with that in
control mice treated with Tam during the observation period,
indicating that the thickening and hyperkeratosis of the
esophageal epithelium after Tam treatment did not affect the
general condition of Keap1-cKO mice.

We next examined the distribution of KEAP1-deleted
cells within the esophageal epithelium by detecting NRF2
activity. We performed immunostaining for the nicotin-
amide adenine dinucleotide plus hydrogen quinone oxido-
reductase 1 (NQO1) protein, a representative NRF2 target
gene product, because an anti-NQO1 antibody was previ-
ously shown to produce obvious staining and to constitute
an excellent surrogate marker of NRF2 activity.24,26,27 We
detected low NQO1 expression in the esophageal epithelium
of control mice (Figure 1G, left panel). In contrast, we
detected strongly stained NQO1-positive cells in the basal
and suprabasal layers of the esophageal epithelium in
Keap1-cKO mice. Consistent with the Keap1 gene analysis,
these strongly NQO1-positive cells accounted for approxi-
mately one-third of the basal cells (Figure 1G, second to left
panel). Consistent with the thickening and hyperkeratosis,
the number and proportion of strongly NQO1-positive cells
were markedly reduced over time after Tam treatment
(Figure 1G, two right panels).
Squamous Epithelium-Specific Keap1 Knockout
Induces Esophageal Dysplasia

We next examined whether Keap1 deletion affects the
cellular content and/or distribution of KEAP1 and NRF2 in
the Keap1-cKO esophagus by performing an immunohisto-
chemical analysis. In the control esophagus, KEAP1 was
expressed in the cell layer, especially in a line of basal cells
(Figure 2A, upper left panels). Although NRF2 expression
was not detected in the esophagus of the control group,
NQO1 expression was clearly detected in the basal and
suprabasal layers of the esophagus in the control group
(Figure 2A, middle and lower left panels, respectively). This
NQO1 expression depended on NRF2 because NQO1
expression in control mice was substantially diminished
by the simultaneous deletion of Nrf2 in the resulting
Keap1floxB/floxB::Nrf2–/–mice (Figure 2B, upper left panels).
Thus, although NRF2 expression was not detected because of
the detection limit of the immunohistochemical analysis,
NRF2 functioned at a basal level and activated its target gene.

Notably, Keap1 deletion induced by the middle dose of
Tam occurred segmentally in the esophageal epithelium of
Keap1-cKO mice (Figure 2A, upper right panels). KEAP1-
deleted cells showed dysplastic features and proliferated
toward the basal side, whereas KEAP1-normal cells prolif-
erated toward the luminal side with attachment to the
basement membrane. Importantly, under this condition, we
detected marked NRF2 accumulation in the nucleus of
KEAP1-deleted cells (Figure 2A, middle right panels).
Consistent with the pattern of NRF2 expression, NQO1
expression was increased significantly and was observed in
both the nucleus and cytoplasm of KEAP1-deleted cells in
dysplastic lesions (Figure 2A, lower right panels).

Intriguingly, NQO1 expression was reduced in the
neighboring cells expressing the wild-type Keap1 gene
(compare the lower left and lower right panels of
Figure 2A). We do not have an immediate mechanistic
explanation for this phenomenon, but this point is discussed
in the single-cell RNA-sequencing (RNA-seq) section below.
However, these results indicated very clear boundaries be-
tween the KEAP1-deleted/NQO1-positive dysplastic cells
and the KEAP1-normal cells. Therefore, in this study, we
used positive NQO1 staining as a surrogate marker of NRF2
expression in KEAP1-deleted cells. We performed immu-
nofluorescence staining and confirmed that Keap1 deletion
and the ensuing NQO1 up-regulation were detected at least
4 weeks after Tam administration (Figure 3).

Intriguingly, Keap1-cKO mice showed only mild esoph-
ageal hyperkeratosis in stark contrast to systemic Keap1
knockout mice,20 which exhibited severe esophageal hy-
perkeratosis and died before weaning. We concluded that
inducible deletion at the adult stage in Keap1-cKO mice did
not result in severe hyperkeratosis. However, in Keap1-cKO
mice, the cellular arrangement in the basal layer was per-
turbed by NRF2 overexpression elicited by Keap1-cKO. The
basal layer was elongated and convoluted as a result of the
increase in the number of epithelial cells with enlarged
nuclei, and these cells formed esophageal dysplastic lesions.
Furthermore, the elongated basal layer appeared to be
maintained for a long time (ie, at least 4 weeks) without
shrinking (Figure 1F).

We generated Keap1-cKO::Nrf2–/– compound knockout
mice and examined the esophageal epithelium in these mice
to determine whether these epithelial phenotypes depended



Figure 2. Esophageal dysplasia in Keap1-cKO mice was abolished by Nrf2 deletion. (A) Immunohistochemical staining for
KEAP1, NRF2, and NQO1 at 1 week after Tam administration. In KEAP1-deleted cells, NRF2 accumulated in the nucleus, and
NQO1 was expressed at high levels. Scale bars: 50 mm. (B) NQO1 immunohistochemistry and HE staining in Keap1floxB/floxB::Nrf2–/–

and K5CreERT2::Keap1floxB/floxB::Nrf2–/– mouse esophagi. Scale bars: 100 mm.
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on the increase in NRF2 expression in the esophagus of
Keap1-cKO mice. The diameter, keratosis, thickness, and
elongation of the epithelial layer of the esophagus were
within normal ranges in Keap1-cKO::Nrf2–/– mice
(Figure 2B, lower panels), indicating that the increases in
the esophageal diameter, hyperkeratinization of the



Figure 3. NQO1 expression was maintained in KEAP1-
deleted cells until 4 weeks after Tam administration.
Double immunofluorescence staining for NQO1 and KEAP1.
NQO1 was markedly expressed in KEAP1-deleted cells in the
esophageal epithelium of Keap1-cKO mice until 4 weeks after
Tam administration. Scale bars: 100 mm.
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cornified layer, thickness of the cell layer, and perturbation
of the basal layer in Keap1-cKO esophagus were due to
excessive NRF2 activation.
Studies of the Effects of the Dose and Time of
Keap1 Conditional Knockout in Esophageal
Epithelial Cells

We next sought to determine whether segmental dele-
tion of the Keap1 gene depended on the specific Tam con-
centration used or whether graded segmental deletion
would be achieved reproducibly over a wide range of Tam
concentrations in this experimental system. Thus, we
examined the proportion of NRF2-activated cells in mice
with graded Keap1 deletion. We used 3 different doses of
Tam, ie, 12.5 mg (low), 100 mg (middle; the dose used in the
previous section), and 200 mg (high) per gram of body
weight, and treated Keap1-cKO and control mice with these
doses of Tam for 3 consecutive days.

We did not identify a perturbation in the basal layer cell
arrangement in the low-dose Keap1-cKO group or middle-
dose control group 1 and 4 weeks after Tam treatment
(Figure 4A, left panels). In contrast, Keap1-cKO mice treated
with the middle dose of Tam showed marked perturbation
of the basal layer cell arrangement 1 and 4 weeks after Tam
treatment, and this perturbation did not differ substantially
in mice treated with the high dose (Figure 4A, right panels).
Similarly, the degree of hyperkeratinization showed Tam
dose dependency, and again, no significant difference was
observed between the middle- and high-dose groups
(Figure 4A and B). The epithelial layers also exhibited
thickening, depending on the dose of Tam (Figure 4).
Consistent with the results described in the previous sec-
tion, the keratinous and epithelial layers exhibited thinning
4 weeks after Tam administration (Figure 4).
Immunohistochemical Staining for NQO1 During
the Dose and Time Studies

We also examined phenotypic changes occurring during
the dose studies by performing NQO1 immunohistochem-
istry. One week after Tam treatment, the percentage of
NQO1-positive cells in the esophageal epithelium increased
in a Tam dose-dependent manner, but the difference be-
tween the middle- and high-dose groups was relatively
moderate (Figure 5A, upper panels). The percentage of
NQO1-positive cells was significantly decreased 4 weeks
after Tam administration in all dose groups (Figure 5A,
lower panels). We counted the strongly NQO1-positive cells
in these immunostained sections by setting the staining
level in the control esophageal epithelium as negative
(Figure 5A, left panels) and found that the percentage of
strongly NQO1-positive cells increased along with the Tam
dose. However, the number of cells was significantly
decreased 4 weeks after Tam administration (Figure 5B).

The intensity of NQO1 staining in KEAP1-normal cells
was markedly reduced, showing very good reproducibility
with the results presented in Figure 2A. Thus, the difference
in NQO1 staining between KEAP1-deleted cells and KEAP1-
normal cells became very noticeable (Figure 5A, lower
panels). We also examined the correlation between the
percentage of NQO1-positive cells and the thickness of the
keratinous and epithelial layers in the Keap1-cKO esoph-
agus. We observed a significant positive correlation
(Figure 5C), suggesting that the outgrowth of KEAP1-
deleted cells induced dysplasia and perturbation of the
esophageal epithelium.

We next sought to determine whether the changes in
NQO1 expression identified by immunohistochemistry re-
flected the changes in NRF2 activity. We examined the
mRNA expression levels of Nqo1 and Gclc, which are addi-
tional NRF2 target genes, at 1, 2, and 4 weeks after treat-
ment with the 3 different doses of Tam. The expression of
the Nqo1 and Gclc mRNAs was up-regulated 1 week after
Tam treatment (Figure 5D). Consistent with the results of
NQO1 immunohistochemistry, the expression levels of these
mRNAs increased along with the dose of Tam and decreased
gradually with increasing time after Tam administration in
all dose groups.

On the basis of these results, treatment of Keap1-cKO
mice with Tam generated KEAP1-deleted/NRF2-activated
cells in a segmental pattern in the esophageal epithelium.
The number of NRF2-activated cells initially increased but
subsequently decreased after Tam administration. This



Figure 4. Increase in the esophageal epithelial thickness is gradually reversed 4 weeks after partial Keap1 deletion. (A)
HE staining of esophageal sections after administration of low, middle, and high doses of Tam. (B and C) Quantification of
keratinous and epithelial layer thicknesses. Both layers tended to exhibit thickening in a Tam dose-dependent manner. In all
layers, the increase in thickness was reversed 4 weeks after Tam administration (n ¼ 7–12 mice per group). Scale bars: 50 mm.
Data are presented as means ± standard deviations. *P < .05, **P < .01, and ***P < .001 compared with control mice ac-
cording to Welch t test.

2023 NRF2-Activated Cell Elimination in the Esophagus 159
decrease in the NRF2-activated cell population occurred
regardless of the number of NRF2-activated cells in the
epithelium. We surmise that complex mechanisms underlie
the time-dependent changes (ie, the increase and decrease)
in the number of KEAP1-deleted/NRF2-activated cells after
Tam-induced Keap1 knockout. One mechanism is cell pro-
liferation and the formation of dysplastic lesions, whereas
the other is the competition between KEAP1-deleted/NRF2-
activated cells and neighboring KEAP1-normal/NRF2-
normal cells.
Competition Between KEAP1-Deleted/NRF2-
Activated Cells and KEAP1-Normal Cells

We next sought to verify that cell competition occurred
between KEAP1-deleted/NRF2-activated cells and neigh-
boring KEAP1-normal/NRF2-normal cells. To the best of our
knowledge, the presence and physiological and/or patho-
logic contributions of cell competition in the esophageal
epithelium have not been assessed. In contrast, reports indi-
cate that in the skin, less-fit or “loser” cells exhibit weakened
adhesion to the basement membrane and become floating
cells, resulting in compensatory proliferation of the neigh-
boring highly fit or “winner” cells.28,29 In fact, in our careful
examination of NQO1 immunohistochemical sections, we
observed floating NQO1-positive/NRF2-activated cells in the
Keap1-cKO esophagus 1 week after Tam administration
(Figure 6A). This result supports our hypothesis that KEAP1-
deleted/NRF2-activated cells commit to differentiation, begin
to lose their attachment to the basement membrane, and
become losers in the esophageal epithelium.

Because collagen 17a1 (COL17A1) has been shown to
play an important role in the attachment of basal cells to the
basement membrane in the skin,28 we next examined



Figure 5. NRF2 activation decreases 4 weeks after Tam treatment. (A) Immunohistochemical staining for NQO1. Popu-
lation of NQO1-positive cells decreased over time in groups treated with each dose. Scale bars: 400 mm. (B) Quantification of
NQO1-positive cells in the esophageal epithelium of mice treated with the 3 doses. Percentage of NQO1-positive cells was
calculated as the NQO1-positive area within the total esophageal epithelial area in each mouse (n ¼ 7–12 mice per group). (C)
Positive correlations of percentage of NQO1-positive cells with thicknesses of keratinous and epithelial layers 1 week after
administration of 3 doses of Tam (n ¼ 29 mice). Line shows the two-tailed Pearson correlation. (D) Nqo1 and Gclc mRNA
expression levels. Gene expression was decreased throughout the 4-week period in each group (n ¼ 4–6 mice per group).
Data are presented as means ± standard deviations. *P < .05, **P < .01, and ***P < .001 according to Welch t test.
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COL17A1 expression in KEAP1-deleted/NRF2-activated
cells and KEAP1-normal cells using immunofluorescence
staining. In control mice, COL17A1 was expressed uniformly
in basal layer cells of the esophageal epithelium along with
NQO1 (Figure 6B, left panels). In contrast, COL17A1
expression appeared to be segmented and was visualized as
clusters of cells with weakly positive and strongly positive
regions in the basal layer of the esophageal epithelium in
Keap1-cKO mice. The weakly positive and strongly positive
regions of these cell clusters were arranged in a mirror
image pattern relative to the NQO1 immunofluorescence-
positive and NQO1-negative cells. Although KEAP1-normal
cells exhibited strong positive staining with the anti-
COL17A1 antibody and weak positive staining with the



Figure 6. NRF2-activated cells are selectively eliminated and induce DNA damage in neighboring KEAP1-normal cells.
(A) NQO1-positive floating cells were present in the Keap1-cKO mouse esophagus. (B) Immunofluorescence staining for
NQO1 and COL17A1. White arrows indicate COL17A1-weak areas. NRF2-activated cells exhibited weak COL17A1 staining.
(C) COL17A1-weak areas were counted in each section of esophageal epithelium from Keap1-cKO mice (n ¼ 9). COL17A1-
weak areas were particularly abundant in NQO1-positive basal cells. (D) Immunofluorescence staining for NQO1 and Loricrin.
(E) Schematic of the esophageal epithelium of Keap1-cKO mice. NQO1-positive cells exhibited weaker COL17A1 staining than
KEAP1-normal cells. Scale bars: 50 mm. Data are presented as means ± standard deviations. **P < .01, as compared using
Welch t test.
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anti-NQO1 antibody, KEAP1-deleted/NRF2-activated cells
strongly positive for NQO1 staining exhibited only weakly
positive staining with the anti-COL17A1 antibody
(Figure 6B, right panels). The KEAP1-deleted/NRF2-
activated cells with weakly positive COL17A1 staining
were clustered between the KEAP1-normal cells and were
rarely detected in control mice (Figure 6C). In contrast, lor-
icrin, a differentiated cell marker, was expressed in NRF2-
activated cells of the basal layer (Figure 6D). Therefore,
KEAP1-normal cells maintained their strong attachment to the
basement membrane via hemidesmosomes, whereas the
attachment of NRF2-activated cells was weakened and tended
to differentiate from the basal cells (Figure 6E).
As a molecular mechanism that accelerates the elimina-
tion of NRF2-activated cells from the basal layer, compen-
satory proliferation of the neighboring KEAP1-normal cells
was expected. We examined the expression of Ki67, a cell
proliferation marker, in the esophagus 1 week after Tam
administration to assess this hypothesis (Figure 7A). Ki67
expression was increased significantly in KEAP1-normal
cells in the Keap1-cKO esophagus (Figure 7A and B). In
addition, the total number of Ki67-positive cells in the
esophagus was increased in Keap1-cKO mice compared with
control mice (Figure 7C). Ki67 mRNA expression was also
up-regulated in the esophageal epithelium of Keap1-cKO
mice (Figure 7D), consistent with the results of histologic
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analyses. These results prompted us to hypothesize that
NRF2 activation in esophageal epithelial cells drives these
cells toward early proliferation to form dysplastic lesions;
however, these cells stop proliferating and commit to dif-
ferentiation, and NRF2 activation subsequently causes these
cells to acquire a loser status. In contrast, the KEAP1-normal
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cells surrounding the KEAP1-deleted/NRF2-activated cells
have acquired the ability to proliferate, and these cells begin
expanding. Therefore, NRF2-activated cells are eliminated
through cell competition, and neighboring KEAP1-normal
cells undergo accelerated expansion as winners.

One of the remaining questions is how NRF2-activated
cells communicate with KEAP1-normal neighboring cells.
We examined the expression levels of gH2A.X, a marker of
DNA double-strand breaks, in Keap1-cKO mice 1 week after
Tam treatment to answer this question. Intriguingly, gH2A.X
expression was increased significantly in KEAP1-normal
cells in the esophageal epithelium of Keap1-cKO mice
(Figure 7E), and DNA damage was induced in 49% of
KEAP1-normal cells (Figure 7F).

Higher gH2A.X expression was observed in the esoph-
agus of Keap1-cKO mice than in control mice 1 week after
Tam administration, but the expression returned to the
same level as that in control mice 4 weeks after Tam
administration (Figure 7G, left two panels). Cre expression
per se has been shown to induce DNA damage.30 Therefore,
we examined the expression of gH2A.X in the K5CreERT2
mouse esophagus to exclude this possibility. However, the
total number of gH2A.X-positive cells was not increased in
K5CreERT2 mice treated with Tam for 1 week, indicating
that the increase in gH2A.X-positive cells truly depended on
the increase in NRF2 expression. Thus, we concluded that
the coexistence of KEAP1-normal cells with NRF2-activated
cells provoked DNA damage in KEAP1-normal cells in the
esophagus (Figure 7G and H).

DNA replication stress is a DNA damage mechanism
coupled with cell proliferation31,32 and induces genome
instability and the formation of precancerous lesions.33

Therefore, the DNA damage in KEAP1-normal cells might
also be caused by replication stress due to the coexistence
and rapid elimination of neighboring NRF2-activated
dysplastic cells in the esophageal epithelium.
Accelerated Elimination of NRF2-Activated Cells
in Keap1-cKO::Nrf2SA Mice

Because a graded increase in the Tam dose resulted in no
further increase in recombination, we were unable to
examine the consequence of greater NRF2 activation in the
esophageal epithelium by further increasing the Tam dose.
In this regard, NRF2 ubiquitination has been shown to be
accomplished via 2 ubiquitin ligases, ie, KEAP1 and
Figure 7. (See previous page). NRF2-activated cells are selec
KEAP1-normal cells. (A) Immunofluorescence staining for NQO
especially among NRF2-activated cells, in the esophageal epit
cells among NQO1-negative and NQO1-positive cells in the
Ki67-positive cells in the basal layer was normalized to the leng
Keap1-cKO mice). (D) Ki67 mRNA expression level (n ¼ 9 contro
staining for NQO1 and gH2A.X. The number of gH2A.X-positiv
activated cells, in the Keap1-cKO mouse esophagus. (F) Perce
NQO1-positive cells in the Keap1-cKO mouse esophagus. (G) I
gH2A.X-positive cells in the basal layer was normalized to the le
Scale bars: 50 mm. Data are presented as means ± standard de
test.
bTRCP,5,10,11 and the NRF2 that accumulated as a result of
Keap1 loss is degraded, at least in part, through the bTRCP
pathway. bTRCP-mediated NRF2 degradation requires the
phosphorylation of 2 serine residues in NRF2 at positions
335 and 338, and the Nrf2SA mutant in which these serine
residues are replaced with alanine residues is resistant to
bTRCP-mediated degradation. Therefore, we used Nrf2SA

mutant knock-in mice34 to assess the consequence of high-
level NRF2 activation.

We attempted to generate a compound knockout mouse
line, K5CreERT2::Keap1floxB/floxB::Nrf2SA/SA, by mating
Keap1-cKO mice with Nrf2SA/SA mice; this line is hereafter
referred to as the Keap1-cKO::Nrf2SA mouse line. Because
the Nrf2SA mutation was systemic, NQO1 expression in the
esophageal epithelium was moderately higher in Nrf2SA

mice than in control mice (Figure 8A, left panels).
One week after the middle-dose Tam administration, we

detected much stronger activation of NRF2 in the esopha-
geal epithelium of Keap1-cKO::Nrf2SA mice than in Keap1-
cKO mice. As observed in Keap1-cKO mice, NRF2-activated
cells were distributed segmentally in Keap1-cKO::Nrf2SA

mice (Figure 8A, second left panels). Surprisingly, the
number of cells with high NRF2 activation in Keap1-
cKO::Nrf2SA mice decreased much more rapidly than the
number of cells with lower NRF2 activation in Keap1-cKO
mice 2 and 4 weeks after Tam administration (Figure 8A,
right panels). The basal layer was much more substantially
elongated in Keap1-cKO::Nrf2SA mice than in Keap1-cKO
mice (Figure 8B). We counted the strongly NQO1-positive
cells and found that the number of NRF2-activated cells in
Keap1-cKO::Nrf2SA mice had already decreased to a level
lower than that in Keap1-cKO mice at 1 week after Tam
administration (Figure 8C). The decrease in the number of
strongly NQO1-positive cells was quite rapid, and only 0.4%
of the total epithelial cell population exhibited strong posi-
tive staining for NQO1 2 weeks after Tam administration.
These results support the hypothesis that the substantial
increase in NRF2 activation resulting from the inhibition of
both KEAP1 and bTRCP pathways markedly promotes a
rapid decrease in the number of NRF2-activated cells during
basal cell proliferation.

We next examined Ki67 expression in the Keap1-
cKO::Nrf2SA esophagus. Ki67-positive cells were observed
in the basal layer of the esophageal epithelium in Nrf2 wild-
type control mice (Figure 8D, upper left panel), and the
appearance of the esophageal epithelium was generally
tively eliminated and induce DNA damage in neighboring
1 and Ki67. The number of Ki67-positive cells was increased,
helium of Keap1-cKO mice. (B) Percentages of Ki67-positive
Keap1-cKO mouse esophagus (n ¼ 9). (C) The number of
th of the basement membrane (n ¼ 12 control mice and n ¼ 9
l mice and n ¼ 10 Keap1-cKO mice). (E) Immunofluorescence
e cells was significantly increased, especially among NRF2-
ntages of gH2A.X-positive cells among NQO1-negative and
mmunohistochemical staining for gH2A.X. (H) The number of
ngth of the basement membrane (n ¼ 4–11 mice per group).

viations. *P < .05 and ***P < .001, as compared using Welch t



Figure 8. Additional NRF2 activation in Keap1-cKO::Nrf2SA mice promotes elimination of NRF2-activated cells. (A)
Immunohistochemical staining for NQO1. NQO1-positive cells were distributed segmentally in the esophageal epithelium of
both Keap1-cKO::Nrf2SA mice and Keap1-cKO mice. Scale bars: 400 mm. (B) Quantification of esophageal epithelial length.
The epithelial length was greatest in Keap1-cKO::Nrf2SA mice (n ¼ 9–12 mice per group). (C) Quantification of NQO1-positive
cells in the esophageal epithelium. The number of NQO1-positive cells decreased earlier in Keap1-cKO::Nrf2SA mouse
esophagus than in Keap1-cKO mouse esophagus (n ¼ 8–10 mice per group). (D and E) Immunohistochemical staining for
Ki67. A greater increase in number of Ki67-positive cells was observed in the Keap1-cKO::Nrf2SA mouse esophagus than in
the Keap1-cKO mouse esophagus. Scale bars: 50 mm. (F and G) Immunohistochemical staining for gH2A.X. Greater increase
in number of gH2A.X-positive cells was observed in Keap1-cKO::Nrf2SA mouse esophagus than in Keap1-cKO mouse
esophagus. Scale bars: 50 mm. Data are presented as means ± standard deviations. *P < .05, **P < .01, and ***P < .001
according to Welch t test.
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Figure 9. Accelerated proliferation of KEAP1-normal cells. (A) UMAP visualization of cells isolated from control and Keap1-
cKO mouse esophagi. Left panel, 4853 cells are colored on basis of cell type. Right panel, 2472 and 2381 cells are colored on
basis of their origin from control and Keap1-cKO mice, respectively. (B) Nqo1 expression in epithelial cells. (C) GSEA
enrichment plot comparing Nqo1Low and Nqo1High epithelial cells using the NRF2 pathway gene set obtained from Wiki
Pathways. (D) GSEA enrichment plot comparing Nqo1Low and Nqo1High epithelial cells using hallmark gene sets. Left panel
shows the gene sets enriched in Nqo1High cells. Only the reactive oxygen species pathway was significantly enriched among
the hallmark gene sets. The right two panels show the hallmark gene sets enriched in Nqo1Low cells. (E) GSEA enrichment plot
comparing control and Nqo1Low epithelial cells. The gene sets E2F targets and G2/M checkpoint were significantly enriched in
Nqo1Low cells.
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similar in Nrf2SA mice (Figure 8D, lower left panel). The
number of Ki67-positive cells increased in the Keap1-cKO
esophagus (Figure 8D, upper right panel), but in stark
contrast, the number of Ki67-positive cells was substantially
increased in the esophageal epithelium of Keap1-
cKO::Nrf2SA mice 1 week after Tam administration



Figure 10. Cell type annotation of single-cell RNA-seq analyses. Expression of cell type marker genes in 8 cell types.
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(Figure 8D, lower right panel). In Keap1-cKO mice, the Ki67-
positive cells appeared to expand from the basal layer into
multiple layers of cells, which overlapped with the KEAP1-
normal cells. We counted the Ki67-positive cells and found
that the number of cells increased more significantly in
Keap1-cKO::Nrf2SA mice than in Keap1-cKO mice 1 week
after Tam treatment (Figure 8E).
Table 1.Numbers of the 8 Cell Types Detected in Single-Cell
RNA-Sequencing Analyses

Cell type Control Keap1-cKO Total

Fibroblast 1001 428 1429

Myeloid cell 173 412 585

T cell 141 589 730

Epithelial cell 848 422 1270

Erythrocyte 178 120 298

Endothelial cell 80 218 298

B cell 34 178 212

Myocyte 17 14 31

Total 2472 2381 4853
We also examined the presence of gH2A.X-positive cells
in the esophagus of these mice. A moderate number of
gH2A.X-positive cells and very weak gH2A.X expression
were observed in the esophagus of both KEAP1-normal
Nrf2WT and KEAP1-normal Nrf2SA mice (Figure 8F, left
panels). However, along with the increase in Ki67-positive
cells, the number of gH2A.X-positive cells and the expres-
sion of gH2A.X were increased in the Keap1-cKO esophagus
(Figure 8F, right panels). In both mice, gH2A.X expression
overlapped with that of Ki67 in the esophagus, and gH2A.X
appeared to be expressed in KEAP1-normal cells. Notably,
Keap1-cKO::Nrf2SA mice showed much stronger expression
of gH2A.X than Keap1-cKO::Nrf2WT mice.

Therefore, additional NRF2 activation resulting from the
Nrf2SA mutation markedly accelerated the proliferation and
turnover of basal epithelial cells in Keap1-cKO::Nrf2SA mice.
NRF2-hyperactivated cells in the esophagus of Keap1-
cKO::Nrf2SA mice were eliminated much faster than NRF2-
activated cells in Keap1-cKO esophagus, supporting the
hypothesis that NRF2 hyperactivation in the esophageal
epithelium worsens the outcome of cell competition and
results not only in rapid elimination of loser cells but also in
damage to the surrounding KEAP1-normal winner cells. We
surmise that the DNA damage in KEAP1-normal winner cells
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is elicited by replication stress, because the replication rate
in these cells is very high.
Accelerated Proliferation of KEAP1-Normal Cells
in Keap1-cKO Esophagus

We further characterized KEAP1-normal/NRF2-normal
cells and KEAP1-deleted/NRF2-activated cells in the
esophageal epithelium of Keap1-cKO mice by conducting a
single-cell RNA-seq analysis. One week after Tam adminis-
tration, the esophageal epithelia of Keap1-cKO and control
mice were dispersed into single cells and subjected to a
single-cell RNA-seq analysis. After sequencing, the esopha-
geal cells were classified into 8 types (Figure 9A and
Figure 10).

A total of 848 and 422 epithelial cells were detected in
control and Keap1-cKO mice, respectively (Table 1), and we
determined the expression level of the Nqo1 mRNA using
the LogNormalize method. Nqo1 expression showed a
bimodal distribution in the epithelial cells of Keap1-cKO
mice but a unimodal distribution in the epithelium of con-
trol mice (Figure 9B). According to the Nqo1 expression
level, we classified the epithelial cells from the Keap1-cKO
esophagus into 2 types. Cells with an Nqo1 expression
level greater than 1.6 were considered Nqo1High cells (n ¼
84), whereas those with a level less than 1.6 were consid-
ered Nqo1Low cells (n ¼ 338). The Nqo1Low cells corre-
sponded to the KEAP1-normal cells. Among the
differentially expressed genes between Nqo1Low and
Nqo1High cells, Nqo1 expression exhibited the most signifi-
cant change (Supplementary Table 1). An intriguing obser-
vation was that the expression level of Nqo1 in Nqo1Low

cells was substantially lower than that in epithelial cells
from control mice. Upon closer examination, this lower
Nqo1 expression level in Keap1-normal cells was repro-
duced in the NQO1 immunostaining results (Figure 1G,
leftmost panel vs right panels). These observations suggest
that Nqo1 expression and other functions of Nqo1Low

cells were affected by the surrounding Nqo1High

(ie, NRF2-activated) cells.
We then conducted a gene set enrichment analysis

(GSEA) on Nqo1High and Nqo1Low epithelial cells from
Table 2.Enriched Gene Sets in Epithelial Cells Identified by GS

Enriched in Nqo1High (N

Gene set NES

REACTIVE_OXYGEN_SPECIES_PATHWAY –1.64

Enriched in Nqo1Low (N

Gene set NES

INTERFERON_ALPHA_RESPONSE 1.43

COAGULATION 1.37

G2M_CHECKPOINT 1.31

E2F_TARGETS 1.30

FDR, false discovery rate.
Keap1-cKO mice. We first tried to validate the enrichment of
the NRF2 pathway gene set by searching WikiPathways.35

The NRF2 pathway gene set was indeed highly enriched in
Nqo1High cells compared with Nqo1Low cells (Figure 9C).

We next analyzed hallmark gene sets (50 gene sets) to
explore differentially expressed gene sets between Nqo1High

and Nqo1Low cells.36 The reactive oxygen species pathway,
which includes well-known NRF2 target genes, was
enriched in Nqo1High cells from Keap1-cKO mice (Figure 9D
and Table 2). In contrast, 4 gene sets were enriched in
Nqo1Low cells compared with Nqo1High cells (Table 2).
Among the gene sets enriched in Nqo1Low cells, the gene
sets G2/M checkpoint and E2F targets, which are respon-
sible for cell cycle regulation, were important because
enrichment of these pathways indicates accelerated prolif-
eration of Nqo1Low cells compared with Nqo1High cells
(Figure 9D). A similar comparison of Nqo1Low cells with
cells from control mice revealed enrichment of 1 gene set in
control mouse cells and 15 gene sets in Nqo1Low cells
(Table 3). Consistent with the aforementioned findings, the
gene sets G2/M checkpoint and E2F targets were enriched
in Nqo1Low cells (Figure 9E). These results support the
assertion that KEAP1-normal cells exhibit accelerated
compensatory proliferation, consistent with the results of
our histologic analyses.

We next examined 7 DNA damage-related gene sets in
the Reactome pathway database and found that 2 of the 7
gene sets were significantly enriched in Nqo1Low cells
compared with Nqo1High cells (Table 4). The enriched
pathways were “DNA damage telomere stress induced
senescence” and “G2/M DNA damage checkpoint”
(Figure 11, left panels). We also compared the 7 gene sets
between Nqo1Low cells and control cells. We found that 4 of
the 7 gene sets were significantly enriched in Nqo1Low cells
compared with control cells (Table 4), namely “DNA damage
bypass”, “Recognition of DNA damage by PCNA containing
replication complex”, and the 2 gene sets listed above
(Table 4 and Figure 11, right panels). The 7 DNA damage-
related gene sets were not enriched in Nqo1High or control
cells. Notably, the 2 gene sets commonly enriched in
Nqo1Low cells are responsible for cell cycle progression,
suggesting the considerable accumulation of DNA damage
EA Using Hallmark Gene Sets (Nqo1Low vs Nqo1High)

qo1Low vs Nqo1High)

NOM P value FDR q value

<.001 .003

qo1Low vs Nqo1High)

NOM P value FDR q value

.005 .107

.002 .144

.003 .233

.003 .231



Table 3.Enriched Gene Sets in Epithelial Cells Identified by GSEA Using Hallmark Gene Sets (Control vs Nqo1Low)

Enriched in control (control vs Nqo1Low)

Gene set NES NOM P value FDR q value

KRAS_SIGNALING_DN 1.73 <.001 .006

Enriched in Nqo1Low (Nqo1Low vs control)

Gene set NES NOM P value FDR q value

INFLAMMATORY_RESPONSE –1.97 <.001 <.001

ALLOGRAFT_REJECTION –1.93 <.001 .001

E2F_TARGETS –1.78 <.001 .002

KRAS_SIGNALING_UP –1.75 <.001 .003

IL2_STAT5_SIGNALING –1.66 <.001 .008

MTORC1_SIGNALING –1.51 .003 .033

IL6_JAK_STAT3_SIGNALING –1.47 .012 .045

ESTROGEN_RESPONSE_EARLY –1.47 .001 .041

INTERFERON_GAMMA_RESPONSE –1.46 .003 .037

COMPLEMENT –1.46 <.001 .035

APICAL_SURFACE –1.46 .026 .033

HEDGEHOG_SIGNALING –1.43 .043 .037

TNFA_SIGNALING_VIA_NFKB –1.37 .007 .068

G2M_CHECKPOINT –1.35 .015 .080

ESTROGEN_RESPONSE_LATE –1.29 .037 .117

FDR, false discovery rate.
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associated with rapid cell cycle progression in KEAP1-
normal cells surrounding NRF2-activated cells.

We then addressed the origins of the cell populations in the
Keap1-cKO mouse esophagus (Figure 9A, right panel and
Table 1). The populations of myeloid cells, T cells, and B cells
weremarkedly increased in the esophagus of Keap1-cKOmice
compared with control mice. We performed immunohisto-
chemistry for myeloperoxidase (MPO), a myeloid cell marker,
to validate the increased number of myeloid cells. The popu-
lation of MPO-positive cells was increased in the submucosal
and intraepithelial layers of the Keap1-cKO esophagus
(Figure 12A). In contrast, the control and K5CreERT2 esophagi
contained very few MPO-positive cells (Figure 12A and B).
Table 4.DNA Damage-Related Gene Sets in the Reactome Pa

Gene set

DNA_DAMAGE_BYPASS

DNA_DAMAGE_RECOGNITION_IN_GG_NER

DNA_DAMAGE_TELOMERE
_STRESS_INDUCED_SENESCENCE

G1_S_DNA_DAMAGE_CHECKPOINTS

G2_M_DNA_DAMAGE_CHECKPOINT

RECOGNITION_OF_DNA_DAMAGE_BY_PCNA
_CONTAINING_REPLICATION_COMPLEX

SUMOYLATION_OF_DNA_DAMAGE
_RESPONSE_AND_REPAIR_PROTEINS

ns, not significant.
The MPO-positive cells persisted for at least 4 weeks after
Tam administration (Figure 12C). The red MPO-positive cells
become purple when nuclei are simultaneously stained with
DAPI. These MPO-positive cells appeared to migrate from the
region surrounding small vessels (Figure 12C, lower left
panels) into the intraepithelial region, particularly to the re-
gion surrounding the KEAP1-normal cells, ie, the region not
surrounding the green NQO1-positive cell region (Figure 12C,
lower right panels). The MPO-positive cells migrated into the
luminal side of the basement membrane. These results sup-
port the hypothesis that the replication stress induced by
compensatory proliferation in KEAP1-normal cells triggers
inflammatory cell infiltration.
thway Database

Nqo1Low vs Nqo1High Nqo1Low vs control

ns P ¼ .012

ns ns

P ¼ .025 P ¼ .010

ns ns

P ¼ .025 P ¼ .010

ns P ¼ .016

ns ns



Figure 11. DNA damage in KEAP1-normal cells. GSEA
enrichment plots showing DNA damage-related gene sets
obtained from Reactome that were significantly enriched in
Nqo1Low cells.
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DNA Damage in Neighboring KEAP1-Normal
Cells Promotes Esophageal Carcinogenesis

We next sought to determine whether the marked DNA
damage in the neighboring KEAP1-normal esophageal cells
surrounding the KEAP1-deleted cells in Keap1-cKO mice
contributed to esophageal carcinogenesis. We used a
chemical carcinogenesis approach using 4-nitroquinoline 1-
oxide (4NQO) as a carcinogen. We achieved 4NQO-induced
esophageal carcinogenesis using a standard
procedure.24,37,38

We treated both Keap1-cKO and control mice with the
middle dose of Tam for 3 consecutive days to delete Keap1
and started administering 4NQO in the drinking water 1
week later. After 12 weeks of treatment, the mice were
supplied 4NQO-free water for 12 weeks (Figure 13A). At 24
weeks, we detected esophageal tumors in all Keap1-cKO and
control mice (Figure 13B, white arrows). Keap1-cKO mice
developed many more tumors with a diameter greater than
1 mm than the corresponding control mice (Figure 13C). In
addition, the maximum tumor sizes in Keap1-cKO mice were
significantly greater than those in control mice (Figure 13D).

The histologic analysis of mice at 24 weeks revealed
dysplastic lesions with atypical cells in the esophagus of
both control and Keap1-cKO mice treated with 4NQO
(Figure 13E). Immunohistochemical analysis of mice at 24
weeks showed that KEAP1 was expressed uniformly in the
esophageal epithelium in both control mice (Figure 13F,
upper left panel) and Keap1-cKO mice (Figure 13F, upper
right panel). We interpreted this result to indicate that
KEAP1-deleted/NRF2-activated cells had disappeared by
this time point. Indeed, KEAP1-deleted cells in Keap1-cKO
mice had disappeared 3 weeks after the start of 4NQO
administration (Figure 13G).
After a careful inspection, we found that most of the
4NQO-induced tumors expressed KEAP1, regardless of the
Keap1 genotype (Figure 13F, lower panels). We counted
esophageal tumors in multiple 4NQO-treated control (n ¼
11) and Keap1-cKO (n ¼ 12) mice and found that 100% and
96% of the tumors in control and Keap1-cKO mice,
respectively, were KEAP1-positive; only 1 tumor was
KEAP1-negative (Figure 13H). Thus, after 4NQO treatment,
almost all tumors originated from KEAP1-normal cells, and
KEAP1-deleted/NRF2-activated cells were selectively elim-
inated during 4NQO-induced tumorigenesis.

On the basis of these results, we concluded that the
coexistence of KEAP1-deleted/NRF2-activated cells and
KEAP1-normal/NRF2-normal cells in the esophageal
epithelium stimulated 4NQO-induced tumorigenesis in the
latter type of cells. Although KEAP1-deleted/NRF2-activated
cells were eliminated through cell competition, these cells
left a hidden message, ie, DNA damage that accumulated in
neighboring KEAP1-normal cells. Our results suggested that
this message contributed intimately to 4NQO-induced
tumorigenesis.
Discussion
We developed Tam-induced, squamous epithelium-

specific Keap1-cKO mice to determine the fate of NRF2-
activated cells in the esophageal epithelium and their
contribution to esophageal carcinogenesis. We found that 2
types of epithelial cell populations coexist in the esophagus
of mice with Tam-induced Keap1-cKO, KEAP1-deleted cells
with NRF2 activation and KEAP1-normal cells. Importantly,
we found that the esophageal epithelium contains a mixture
of these 2 types of cells at 1 week after Tam administration.
Capitalizing on this condition, specifically the finding that
approximately 36% of the cells exhibit Keap1 deletion and
64% have an intact Keap1 gene, we discovered the mecha-
nism underlying the selective elimination of KEAP1-
deleted/NRF2-activated cells from the esophageal epithe-
lium. KEAP1 deletion/NRF2 activation strongly directs
initial dysplasia formation and the subsequent differentia-
tion of squamous epithelial cells; thus, NRF2-activated cells
become loser cells and are eliminated through competition
with KEAP1-normal cells. Importantly, the eliminated NRF2-
activated cells leave a memory for the remaining KEAP1-
normal winner cells. We found that DNA damage is
frequently induced in KEAP1-normal cells located near
NRF2-activated cells. In fact, in the Keap1-cKO esophagus,
the cells in 4NQO-induced tumors are almost exclusively
KEAP1-normal cells. As shown in our previous study, Keap1
knockdown mice in which Keap1 expression is systemati-
cally decreased in the esophageal epithelium are resistant to
4NQO-induced esophageal carcinogenesis.38 In contrast to
that study, Keap1-cKO mice showed the coexistence of
KEAP1-normal and KEAP1-deleted cells in the esophageal
epithelium, resulting in the formation of many more tumors
than in control mice. Taken together, these results indicate
that genetic NRF2 activation in the esophageal epithelium
induces the differentiation of epithelial cells and renders
these cells the losers; however, these loser cells leave a



Figure 12. Inflammatory response in the Keap1-cKO mouse esophagus. (A) Immunohistochemical staining for MPO. The
number of MPO-positive cells was increased in Keap1-cKO mouse esophagus 1 week after Tam administration. (B) Number of
MPO-positive cells per 5 HPFs in the esophagus (n ¼ 5–10 mice per group). (C) Immunofluorescence staining for NQO1 and
MPO. White arrows indicate the small vessels surrounding the esophageal epithelium. Scale bars: 100 mm. Data are presented
as means ± standard deviations. *P < .05, as compared using Welch t test.
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hidden message for the neighboring KEAP1-normal winner
cells (ie, cryptic DNA damage), and these cells eventually
promote esophageal carcinogenesis upon exposure to
chemical carcinogens.

Although our laboratory has extensively studied systemic
Keap1 knockout mice and squamous epithelium-specific
Keap1 knockout mice such as K5Cre::Keap1floxA/floxA

mice,19,20 the esophagus in these mice uniformly contains
KEAP1-deleted squamous epithelial cells; thus, we were un-
able to detect any competition between KEAP1-deleted and
KEAP1-normal epithelial cells. In these mice, we observed a
substantial increase in squamous cell differentiation in the
esophagus, resulting in severe hyperkeratosis.20 In contrast,
in the present study, we examined Tam-induced Keap1-cKO
mice that harbor both KEAP1-deleted and KEAP1-normal
cells in a patchwork pattern, which conveniently allowed us
to analyze the competition between these types of cells. At 1
week after Tam administration, we observed the formation of
dysplastic lesions by cells with high NRF2 expression, which
suggests the outgrowth of KEAP1-deleted cells in the
esophageal epithelium. However, surprisingly, these
KEAP1-deleted cells proliferated only briefly and gradually
disappeared. In contrast, the KEAP1-normal cells surround-
ing the KEAP1-deleted cells actively proliferated and even-
tually filled the region occupied by the KEAP1-deleted cells.
To the best of our knowledge, this study is the first to identify
the accelerated differentiation of KEAP1-deleted cells and
their elimination from the esophageal epithelium.

Cell competition was discovered in 1975 between min-
ute mutant cells and normal cells in Drosophila imaginal
discs.29 Thereafter, the concept of cell competition was
thoroughly adopted in the study of mammalian devel-
opment.39–41 In this concept, highly fit cells, or “winners”,
undergo clonal expansion and outcompete the surrounding
less-fit cells, or “losers”, which are finally eliminated from
the cell population. Cell competition seems to be a homeo-
static mechanism that eliminates abnormal cells with mu-
tations.42 Moreover, cell competition has emerged as an



Figure 13. KEAP1-normal cells constitute an origin of 4NQO-induced esophageal tumors in Keap1-cKO mice. (A)
Experimental schedule of 4NQO and Tam administration (n ¼ 28 control mice and n ¼ 19 Keap1-cKO mice). (B) Esophageal tumors
were observed in both control and Keap1-cKO mice 24 weeks after start of 4NQO administration. White arrows indicate tumors (<1
mm). Scale bars: 1 cm. (C) Quantification of tumors greater than 1 mm in diameter. Keap1-cKO mice had more tumors than control
mice. (D) Quantification of maximum tumor size. Keap1-cKO mice had larger tumors than control mice. (E) HE staining of esophageal
sections 24 weeks after start of 4NQO administration. Both Keap1-cKO and control mice exhibited atypical esophageal epithelial
cells. Scale bars: 50 mm. (F) Immunohistochemical staining for KEAP1. Most tumors originated from KEAP1-positive cells. Scale bars:
100 mm. (G) Immunohistochemical staining for KEAP1. KEAP1-deleted cells were eliminated from Keap1-cKO mouse esophagus
within 3 weeks of 4NQO treatment compared with 0 weeks (before 4NQO treatment). Scale bars: 50 mm. (H) Numbers of KEAP1-
positive and KEAP1-negative tumors. Data are presented as means ± standard deviations. *P < .05, as compared using Welch t test.
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important mechanism in the selection of cells during carci-
nogenesis, because cancer progression is affected by
competitive interactions between cancer cells and the sur-
rounding cells.17 In the present study, we showed that
NRF2-activated cells commit to differentiation and acquire a
loser status in the esophageal epithelium. In this regard,
recent reports suggest that somatic mutant clones colonize
the human esophagus during aging, and various somatic
mutant clones then form a patchwork pattern and
compete.43,44 In this scenario, when the winner cells commit
to clonal expansion, the loser clones exit the cell cycle.42,45,46

The attachment of the loser cells to the basement membrane
via hemidesmosomes is attenuated, and these cells start
differentiating and migrating from the basal layer to the
luminal layer. COL17A1 has been shown to be a marker of
the esophageal stem/progenitor cell compartment,47 and a
decrease in COL17A1 expression has been shown to be
related to skin cell differentiation.28 Consistent with this
mechanism, we observed decreased COL17A1 expression in
NRF2-activated basal cells, along with weaker attachment of
these cells to the basement membrane.

In a similar setting study, we previously found that
conditional NRF2-deleted cells coexist with KEAP1-normal
cells in esophageal epithelium under normal, unstressed
conditions, whereas these NRF2-deleted cells are selectively
eliminated from the epithelium upon treatment with a
chemical carcinogen.24 This observation strongly argues
that because NRF2 expression is usually suppressed under
unstressed conditions, a significant difference should not be
observed between KEAP1-normal cells and NRF2-deleted
cells under normal conditions. However, upon exposure to
carcinogens or strong chemical stress, NRF2-deleted cells
become vulnerable to chemical stress and are eliminated
from the esophageal epithelium. Thus, a double-edged
sword exists in which too much NRF2 and too little NRF2,
ie, NRF2-activated cells and NRF2-deleted cells, both lead to
the elimination of the respective esophageal epithelial cells.

Intriguingly, in analyses of experimental hepatocellular
carcinoma, the gradual loss of NRF2-activated cells that
harbor Nrf2 mutations was observed during tumorigenesis
induced by diethylnitrosamine (DEN).48 The number of cells
harboring Nrf2 mutations was decreased in preneoplastic
lesions, accompanied by the progression of DEN-induced
hepatocarcinogenesis in rats. This observation is consis-
tent with our current observation in ESCC induced by 4NQO.
We thus propose that the decrease in the number of NRF2-
activated cells in the hepatocellular carcinoma model may
also be due to the selective elimination of NRF2-activated
cells.

Intriguingly, the mechanism by which DNA damage is
induced in KEAP1-normal cells is unknown. KEAP1-normal
cells in the Keap1-cKO esophagus showed considerably
increased proliferation compared with those in the control
esophagus, indicating that cell competition accelerates the
proliferation of these cells. Actively proliferating cells tend
to be subjected to replication stress, including DNA dam-
age.49,50 Therefore, one plausible explanation for the accu-
mulation of DNA damage is replication stress. Replication
stress often triggers immune responses51,52 in addition to
DNA damage. Consistent with these findings, our single-cell
RNA-seq analysis revealed an increase in the number of
inflammatory cells in the Keap1-cKO esophagus. This in-
crease in inflammatory cells resembles the observations in
reflux esophagitis, in which neutrophils and other inflam-
matory cells infiltrate the submucosa and intraepithelial
region of the esophagus.53 In the Keap1-cKO mouse
esophagus, the infiltration of inflammatory cells continues
for at least 4 weeks after Tam administration. Therefore, the
appearance of KEAP1-deleted cells likely provokes the
infiltration of inflammatory cells; consequently, DNA dam-
age is induced in surrounding KEAP1-normal cells because
of inflammation.

Alternatively, alterations in metabolic activities54 in
KEAP1-deleted cells might induce the production of toxic
metabolites. In fact, we detected the secretion of several
toxic metabolites in the culture medium of NRF2-activated
lung cancer cells.55 We also surmise that mechanical
stresses generated by the initial dysplasia-like growth of
KEAP1-deleted cells might elicit DNA damage in KEAP1-
normal cells.56,57 Finally, paracrine signaling from NRF2-
activated cells might also be a plausible cause of this DNA
damage. Thus, the mechanisms by which DNA damage is
induced in KEAP1-normal cells may be numerous and await
further evaluation.

In the wing discs of Drosophila, competitive stress in-
duces apoptotic damage in loser cells, and these cells are
subsequently eliminated.58 However, previous studies
have shown that apoptosis is not related to cell competi-
tion in the squamous epithelium of the esophagus and
skin.28,42,46 Our study indicates that cell competition
instead induces DNA damage in the neighboring cells in
the esophageal epithelium. In fact, accumulating reports
have shown that DNA damage constantly accumulates in
normal cells in the human esophagus and skin.43,44,59,60

We hypothesize that DNA damage in winner cells may be
one cause of the accumulation of mutations in aged
epithelial tissues.

In conclusion, this study reveals that constitutively
NRF2-activated cells are eliminated from the esophageal
epithelium as the losers of cell competition. Thus, other
mechanisms, eg, Tp53 mutations, might be necessary for the
initiation of NRF2-addicted cancers. NRF2-activated cells
leave DNA damage in the remaining winner cells that ex-
press KEAP1 and exhibit a normal level of NRF2 activity.
This DNA damage serves as a cellular memory, which be-
comes an important predisposing factor for carcinogenesis.
We propose that the identification of this pathway is
important for elucidating the mechanisms underlying the
initiation and promotion of ESCC.
Methods
Mice

K5CreERT2 mice,24 systemic Nrf2 knockout mice,7 and
Nrf2SA mice34 have been described previously. Keap1floxB

mice were provided by Dr Sham Biswal (Johns Hopkins
University).25 These mice were maintained in the animal
facility at Tohoku University. All animal experiments were



Table 5.Antibodies Used for Immunohistochemistry and Immunofluorescence

Antibody Clone Company Catalog no. Dilution for IHC Dilution for IF

KEAP1 Rabbit polyclonal Proteintech 10503-2-AP 1:200 1:50

NRF2 (D9J1B) Rat monoclonal Cell Signaling Technology 14596 1:400 —

gH2A.X (Ser139; 20E3) Rabbit monoclonal Cell Signaling Technology 9718 1:300 1:100

NQO1 Goat polyclonal Abcam ab2346 1:500 1:200

Collagen XVII Rabbit monoclonal Abcam ab184996 — 1:100

MPO Rabbit monoclonal Abcam ab208670 1:1000 1:100

Ki67 Rat monoclonal BioLegend 652402 1:1000 1:100

Loricrin Rabbit polyclonal BioLegend 905101 1:200 1:200

IF, immunofluorescence; IHC, immunohistochemistry.
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approved by the Animal Care Committee at Tohoku
University.

Gene Deletion in the Esophagus Using
K5CreERT2 Mice

K5CreERT2 mice were crossed with Keap1floxB mice on a
hybrid C57BL/6J and BALB/c background, and Keap1floxB/floxB

mice and K5CreERT2::Keap1floxB/floxB mice were obtained. For
induction of Cre expression, Tam (T5648; Sigma‒Aldrich, St
Louis, MO) dissolved in corn oil (032-17016; Wako Pure
Chemical Industries, Osaka, Japan) was intraperitoneally
administered to 6- to 9-week-old mice (5 mL/g body weight)
on 3 consecutive days. The following doses of Tam were used:
low (12.5 mg/g body weight), middle (100 mg/g body weight),
and high (200 mg/g body weight).

Histologic Analyses
Esophagi were opened longitudinally or transversely and

fixed with Mildform 10N (131-10317; Wako Pure Chemical
Industries). The fixed esophagi were embedded in paraffin,
sliced into 4-mm-thick sections, and stained with
hematoxylin-eosin. Histologic images were acquired with a
Leitz DMRD microscope (Leica, Wetzlar, Germany) using
cellSens Standard version 2.3 software (Olympus, Tokyo,
Japan). The thicknesses of the cell layer and keratinous layer
were measured at 3 points on each slide using ImageJ/Fiji
software.61 The epithelial thickness was calculated by
Table 6.Primers Used for Quantitative Reverse-Transcription
Polymerase Chain Reaction

Mouse gene Primer sequence (50 ¼> 30)

Gclc Forward
Reverse

ATCTGCAAAGGCGGCAAC
ACTCCTCTGCAGCTGGCTC

Ki67 Forward
Reverse

CATCCATCAGCCGGAGTCA
TGTTTCGCAACTTTCGTTTGTG

Nqo1 Forward
Reverse

AGCTGGAAGCTGCAGACCTG
CCTTTCAGAATGGCTGGCA

rRNA Forward
Reverse

CGGCTACCACATCCAAGGAA
GCTGGAATTACCGCGGCT
summing the thicknesses of the cell layer and keratinous
layer. In addition, the epithelial length was measured using
ImageJ/Fiji software.

Immunohistochemistry
Paraffin sections were rehydrated, autoclaved in 10

mmol/L sodium citrate buffer (pH 6.0) for antigen retrieval,
treated with 3% H2O2, blocked with Protein Block Serum-
free (X0909; Dako, Glostrup, Denmark), and sequentially
incubated with primary antibodies (Table 5) for 16 hours at
4�C and the corresponding secondary antibodies. The pos-
itive cells were counted in the immunohistochemical sec-
tions, and the percentage of positive cells in the epithelium
was calculated using ImageJ/Fiji software.61 In addition, the
NQO1-positive area and total area of the cell layer were
determined using ImageJ software, and the proportion of
the NQO1-positive area was calculated. MPO-positive cells
were counted in 5 high-power fields (HPFs).

Immunofluorescence Staining
Paraffin sections subjected to antigen retrieval were

initially incubated with primary antibodies (Table 5) for 16
hours at 4�C, followed by appropriate secondary antibodies
conjugated to Alexa Fluor 488, 546, or 647 (Molecular
Probes, Eugene, OR) for 1 hour at room temperature. After
washes with Tris-buffered saline, 40,6-diamidino-2-
phenylindole dihydrochloride (DAPI; D1306, Invitrogen,
Waltham, MA) was added for nuclear counterstaining.
Coverslips were mounted on glass slides with fluorescent
mounting medium (S3023; Dako). All images were acquired
with an LSM780 confocal microscope (Zeiss, Oberkochen,
Germany) using ZEN software. The COL17A1-weak area was
calculated, the Ki67-positive cells and gH2A.X-positive cells
were counted, and the proportion of positive cells in the
epithelium was calculated using ImageJ/Fiji software.61

Quantitative Reverse Transcription-Polymerase
Chain Reaction

Harvested esophagi were opened longitudinally and
treated with 0.5 g/L trypsin/0.53 mmol/L EDTA solution
(32778-05; Nacalai Tesque, Kyoto, Japan) for 16 hours at



Table 7.Primers Used for Quantitative Reverse-Transcription
Polymerase Chain Reaction Analysis of the DNA
Recombination Rate

Mouse gene Primer sequence (50 ¼> 30)

b-Actin Forward
Reverse

CCATAGGCTTCACACCTTCCTG
GCACTAACACTACCTTCCTCAACCG

Keap1 exon3 Forward
Reverse

GCGTGAGCTCCTGGAATATC
TGCATCGACTGGGTCAAATA
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4�C. The epithelial layer was separated from the submucosal
layer. Total RNA was extracted from the esophageal
epithelium using Sepasol-RNA I Super G (09379-97; Nacalai
Tesque). The RNA concentration was measured using a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scien-
tific, Waltham, MA). RNA was reverse transcribed into
cDNAs using ReverTra Ace qPCR RT Master Mix with gDNA
Remover (FSQ-301; Toyobo, Osaka, Japan) according to the
manufacturer’s instructions. The obtained templates were
used for quantitative reverse transcription-polymerase
chain reaction (qRT‒PCR) with a KAPA SYBR Fast qPCR
Master Mix (2x) Kit (KK4602; Kapa Biosystems, London,
UK) and a StepOnePlus Real-Time PCR System (Thermo
Fisher Scientific). rRNA was used as the internal control. The
primers used for qRT‒PCR are listed in Table 6.

Analysis of the DNA Recombination Rate
The DNA recombination rate was analyzed using quan-

titative PCR (qPCR). Harvested esophagi were opened
longitudinally and treated with 2.5 g/L trypsin/1 mmol/L
EDTA solution (32777-15; Nacalai Tesque) for 3 hours at
37�C. The epithelial layer was separated from the submu-
cosal layer. DNA was extracted from the esophageal
epithelium. The concentrations of the obtained templates
were measured using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific), and qPCR was performed as
described above. The b-Actin gene was used as the internal
control. The primers used for qPCR are listed in Table 7.

Single-Cell RNA-Sequencing Analysis
Single-cell RNA-seq libraries were prepared from con-

trol (n ¼ 9) and Keap1-cKO (n ¼ 8) esophagi 1 week after
Tam administration. The whole esophagus was opened
longitudinally, and the muscle layer was removed with
forceps. All esophageal epithelia were pooled into a single
sample from mice of the same genotype. The epithelia were
cut into small pieces with scissors and incubated with 2.5
g/L trypsin/1 mmol/L EDTA solution (32777-15; Nacalai
Tesque) for 10 minutes at 37�C. The digested samples were
dispersed into single cells with a gentleMACS dissociator
(Miltenyi Biotec, Gladbach, Germany). After adding Dul-
becco modified Eagle medium, the suspension was filtered
through a mesh 3 times and centrifuged twice at 300g and
4�C for 5 minutes each. Debris was removed using debris
removal solution (130-109-398; Miltenyi Biotec), and the
cell concentration was adjusted to 1 � 106 cells/mL. Single-
cell RNA-seq libraries were prepared using Chromium
Single Cell 3’ Reagent Kits (v3.1 chemistry; 10x Genomics,
Pleasanton, CA) and sequenced with a DNBSEQ-G400 in-
strument (MGI Tech Co, Ltd, Shenzen, China). Two inde-
pendent experiments were performed using different
samples.

The raw gene expression matrix was obtained with
CellRanger software (10x Genomics, ver. 6.0.1), and the
single-cell RNA-seq data were analyzed with the Seurat R
package (ver. 4.0.5).62 Before the next threshold was
reached, 2472 and 2381 cells were selected from the
control and Keap1-cKO samples, respectively. Genes
detected in 3 or fewer cells were ignored. Cells expressing
200–8000 genes and <5% mitochondrial reads were
selected. We used the LogNormalize method to eliminate
the effects of different cell library sizes, in which the
number of unique molecular identifiers (UMIs) of the
genes was divided by the total UMI count in each cell,
the quotient was multiplied by 10,000, the logarithm of the
product was calculated, and the resulting value was
considered the expression level. On the basis of gene
expression, 19 clusters were identified by uniform mani-
fold approximation and projection. The clusters were
manually classified into 8 known biological cell types63

using the corresponding marker genes (Figure 10).
GSEA was performed using GSEA 4.1.0 software to

characterize epithelial cells: Nqo1Low (n ¼ 84) and Nqo1High

cells (n ¼ 338) in Keap1-cKO samples and control cells (n ¼
848). An NRF2 pathway gene set in WikiPathways35 was
used to validate NRF2 activation in Nqo1High cells. Hallmark
gene sets36 were used for a comprehensive analysis. A
P value <.05 and a false discovery rate q value <0.25 were
considered to indicate a statistically significant difference.
Induction of Esophageal Carcinogenesis by
4NQO

4NQO (N8141; Sigma‒Aldrich) was administered as
previously described24 1 week after Tam-induced Keap1
knockout. Tam (middle dose) was administered intraperi-
toneally to Keap1-cKO and control (Keap1floxB/floxB) mice.
One week after the last Tam administration, these mice
were treated with 4NQO for 12 weeks and then provided
4NQO-free drinking water for 12 weeks after 4NQO
administration. 4NQO was dissolved in dimethyl sulfoxide
(09659-85; Nacalai Tesque) at 10 mg/mL and diluted in
drinking water to 0.1 mg/mL. All mice were allowed ad
libitum access to water in all stages of the experiment. The
mice were weighed once weekly, and the drinking water
was replaced with fresh water. At 24 weeks, these mice
were euthanized with isoflurane, and the esophagus was
harvested. The whole esophagus was opened longitudinally
and photographed. Tumors larger than 1 mm were counted,
and the maximum diameter of every tumor was measured
using ImageJ/Fiji software.61
Statistical Analyses
The average values were calculated, and the error bars

indicate the standard deviations. Differences in continuous
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data were analyzed using two-tailed Welch t test. P <.05
was considered statistically significant.
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