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SUMMARY

Activation of Nrf2 signaling in the intestinal epithelium leads
to lengthened intestines and expansion of enterogenesis,

which is mediated through suppression of Notch down-
stream effector Math1l in enterocyte progenitor cells. This
study indicates the facilitation of intestinal homeostasis by
Nrf2.

BACKGROUND & AIMS: Notch signaling coordinates cell dif-
ferentiation processes in the intestinal epithelium. The tran-
scription factor Nrf2 orchestrates defense mechanisms by
regulating cellular redox homeostasis, which, as shown previ-
ously in murine liver, can be amplified through signaling
crosstalk with the Notch pathway. However, interplay between
these 2 signaling pathways in the gut is unknown.

METHODS: Mice modified genetically to amplify Nrf2 in the
intestinal epithelium (Keap?”::VilCre) were generated as well
as pharmacological activation of Nrf2 and subjected to pheno-
typic and cell lineage analyses. Cell lines were used for reporter
gene assays together with Nrf2 overexpression to study tran-
scriptional regulation of the Notch downstream effector.

RESULTS: Constitutive activation of Nrf2 signaling caused
increased intestinal length along with expanded cell number
and thickness of enterocytes without any alterations of secre-
tory lineage, outcomes abrogated by concomitant disruption of

Nrf2. The Nrf2 and Notch pathways in epithelium showed in-
verse spatial profiles, where Nrf2 activity in crypts was lower
than villi. In progenitor cells of Keap?”::VilCre mice, Notch
downstream effector Math1, which regulates a differentiation
balance of cell lineage through lateral inhibition, showed sup-
pressed expression. In vitro results demonstrated Nrf2 nega-
tively regulated Math1, where 6 antioxidant response elements
located in the regulatory regions contributed to this repression.

CONCLUSIONS: Activation of Nrf2 perturbed the dialog of the
Notch cascade though negative regulation of Mathl in pro-
genitor cells, leading to enhanced enterogenesis. The crosstalk
between the Nrf2 and Notch pathways could be critical for fine-
tuning intestinal homeostasis and point to new approaches for
the pharmacological management of absorptive deficiencies.
(Cell Mol Gastroenterol Hepatol 2021;11:503-524; https://
doi.org/10.1016/j.jcmgh.2020.08.013)
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Homeostasis.

T he small intestine is one of the fastest self-renewing
tissues in the mammalian body." The rapid rate of
cell proliferation is driven by multipotent intestinal
epithelial stem cells, which are located at the base of the
crypts and produce transit-amplifying progenitors.” The
progenitor cells differentiate into one of the specialized in-
testinal epithelial cell types, which are categorized into 2
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distinct cell lineages; absorptive (enterocyte) and secretory
(goblet, Paneth, and enteroendocrine).’ Homeostasis within
the stem cell compartment and matured intestinal cells is
orchestrated by several signaling pathways.” Notch and its
downstream effectors are pivotal during the multiple pro-
cesses involved in the maintenance of stem cells, the pro-
liferation of progenitor cells, and the balance of
differentiation toward distinct cell lineages.”® In the crypt
compartment, progenitor cells are committed either to a
secretory or absorptive lineage based on the expression of
Notch downstream effectors, mouse atonal homolog 1
(Math1) or hairy and enhancer of split-1 (Hes1).”® Trans-
genic mice expressing the Notch intracellular domain
constitutively upregulate Hesl expression, increase the
number of proliferating cells and exhibit loss of all secretory
cells.” HesI-null mice are embryonic lethal, but intestines
from these animals show an increase in secretory cells and a
decrease in absorptive enterocytes concomitant with
elevated expression of Mathl.”” Embryos from Mathl null
mice® and mice with an intestine-specific deletion of
Math1'° show loss of the secretory cell lineage, wherein
almost all epithelial cells have characteristics of intact
absorptive enterocytes. These studies, supported by mouse
transgenic technology, powerfully support a Notch-
mediated lateral inhibitory mechanism, wherein Notch
signaling silences Math1 expressing progenitor cells through
direct transcriptional regulation of HesI and Math1-negative
cells differentiate to enterocytes, whereas Math1-positive
cells adopt the secretory fate."' Taken together, Notch
signaling and its downstream effectors are the master mo-
lecular players of cell fate commitment in the intestine.
However, signaling crosstalk between the core signaling
module, Notch, and other pathways that could influence
intestinal homeostasis are still largely unknown. We previ-
ously demonstrated the biological significance of signaling
crosstalk between the Nrf2 (NF-E2 p45-related factor 2;
encoded by Nfe2l2) and Notch pathways in mouse liver,
where cross transcriptional regulation between the 2 tran-
scription factors is important in liver development and
function.’®'® Nrf2 plays a critical role in the maintenance of
cellular redox and metabolic homeostasis, as well as the
regulation of inflammation and cellular detoxication path-
ways. The contributions of the Nrf2 pathway to organismal
homeostasis has raised intense attention toward targeting
its clinical promise.'* Many phytochemicals (eg, sulforaph-
ane, curcumin) found in commonly consumed foods also
activate Nrf2 signaling.'® Under unstressed conditions,
Keap1 (kelch-like ECH-associated protein 1), which is an
adaptor protein for Cullin3-based ubiquitin E3 ligase, re-
presses transcriptional activity of Nrf2 by ubiquitination
and subsequent degradation of Nrf2 through the protea-
some pathway.'®*® Upon exposure to oxidative or electro-
philic stress, Keapl inactivation allows Nrf2 to bind to
antioxidant response elements (AREs), activating a battery
of Nrf2 targeted genes related with cellular redox homeo-
stasis."”*® Among 300 transcriptional targets®! are cellular
defense enzymes, such as NAD(P)H quinone oxidoreductase
1 (Nqgol) and catalytic and regulatory subunits of
glutamate-cysteine ligase (Gclc and Geclm, respectively).”**
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Given these observations, it was hypothesized that the
Nrf2 pathway engages with the Notch signaling cascade in
the small intestine. Either genetic- or pharmacological-
activation of Nrf2 within the intestinal epithelial cells
evoked expansion of enterogenesis, leading to larger and
increased numbers of absorptive cells. Interestingly, the
activities of Nrf2 and Notch pathways in the epithelial cells
were detected in reciprocal gradients along the crypt-villus
axis in wild-type mice. In the progenitor cells from Nrf2
activated mice, expression of 1 important Notch down-
stream effector, Mathl, was suppressed significantly
without changing the expression of a potent Mathl sup-
presser, Hesl. In vitro results demonstrated the negative
transcriptional regulation of Math1 by Nrf2 through AREs in
the Mathl promoter. Thus, activation of Nrf2 in the pro-
genitor cells through genetic or epigenetic dysfunction or by
drugs and food phytochemicals could perturb the signaling
network in the crypt through Mathl negative regulation,
which might contribute to enterocyte lineage-specific
expansion.

Results
Genetic Activation of Nrf2 Caused Longer Small
Intestines and Taller Villi

To investigate the association between Nrf2 and the
Notch signaling cascade in intestinal epithelial cells, Keap?”/
mice were crossed with VilCre mice (Keap?”::VilCre) to
establish constitutive activation of Nrf2, where Nrf2 is
activated within the intestinal epithelial cells by genetic
disruption of the Keapl gene,”* leading to diminished pro-
teolysis of nascent Nrf2 and amplified signaling. Three ge-
notypes of mice were investigated along with
Keap”::VilCre mice: VilCre control mice, Keap?”/ mice
(which function as systemic knockdown of Keap1 because of
hypomorphic Keapl gene alleles),”” and Keap?”:
Nrf2”'::VilCre mice, wherein the Nrf2 gene was concomi-
tantly disrupted. Body weights of the 4 genotypes of mice
did not differ (Figure 14). Surprisingly, Keap?”/::VilCre mice
exhibited significantly longer small intestines compared
with either VilCre or Keap?”' (Figure 1B and C). Although
the small intestines of Keap?”/:Nrf2"::VilCre were longer
than in VilCre mice, they were nonetheless significantly
shorter than those of Keap?”/:VilCre, indicating the elon-
gation of entire small intestine observed in Keap?”::VilCre
was partially canceled by Nrf2 knockout. Even though VilCre
is expressed in epithelial cells throughout the entire

Abbreviations used in this paper: ARE, antioxidant response element;
CDDO-Im, oleanolic acid 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-
28-oyl] imidazole; cDNA, complementary DNA; GFP, green fluorescent
protein; Hes1, hairy and enhancer of split-1; Keap1, Kelch-like ECH-
associated protein 1; LCM, laser capture microdissection; Math1,
mouse atonal homolog 1; mRNA, messenger RNA; Nrf2, NF-E2-related
factor 2; PCR, polymerase chain reaction.
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Figure 1. Genetic activation of Nrf2 caused longer small
mtestlnes and taller villi. Male 8-week-old VilCre, Keap1™”
5, Ke:;zrp :VilCre (Kp”™-VilCre) and Keap1ﬂ F N2t
VIICre (Kp™-Nrf2""-VilCre) mice were used. (4) Body weights
(n = 6-18). (B) Gross morphology of the small intestines.
Scale bar = 5 cm. Length of (C) small intestines and (D) co-
lons (n = 6-18). (E) Hematoxylin and eosin staining of longi-
tudinal sections of small intestines. Scale bar = 100 um.
Quantification of (F) villus height and (G) epithelial cell number
(n = 4-5). Values are mean + SD throughout. *P < .05 using
1-way analysis of variance.

intestinal tract including the colon,”® the length of colon did
not change between the 4 genotypes (Figure 1D).

In addition to intestinal elongation, the Keap?”'::VilCre
exhibited dramatically increased height of villi compared
with VilCre control. This enhancement did not occur in
KeapV::Nrf2”1::VilCre (Figure 1E and F), again confirming a
role for Nrf2 in these phenotypes. Villus height in Keap?”/
mice trended upward, but did not reach statistical difference
from the control animals. The depth of crypts did not show
any changes across the 4 genotypes (data not shown). In
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accordance with increased villus height, the numbers of
epithelial cells in villi were significantly elevated in
Keap1”::VilCre, which again was not observed in Keap?”/::
Nrf27%::vilCre (Figure 1G). It is likely that the increased
number of epithelial cells contributed to the expanded villus
height observed in Keap?”::VilCre mice.

As seen with male mice, elongation of small intestines
was consistently observed in female Keap?”/::VilCre mice
without any changes in body weight and colon length
(Figure 2A-C). Male mice were analyzed in further studies
on the phenotype and underlying mechanisms. Nrf2”/:
VilCre mice were also investigated as a possible control for
the comparative analysis with Keap?”/:Nrf27::vilCre
mice; they demonstrated equivalent results with VilCre
mice in measures of body weights, length of small intes-
tine, height of villus, and cell number in the villus
(Figure 3A-D). Hence, VilCre mice were analyzed as a
representative control throughout the study, which is
focused on gain-of-function responses to Nrf2 signaling.

Pharmacological Activation of Nrf2 Signaling Did
Not Cause Longer Small Intestines But Increased
the Height of Villi

In addition to the genetic models, pharmacological acti-
vation of Nrf2 signaling was employed in wild-type mice by
treatment with the potent Nrf2 inducer, CDDO-Im (oleanolic
acid 1-[2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oyl]
imidazole).”” Mice were orally administered CDDO-Im or
vehicle every other day for either 3 or 6 weeks (Figure 44).
To examine possible reversibility of effects of CDDO-Im,
mice were also treated with CDDO-Im for 3 weeks, fol-
lowed by 3 weeks of vehicle treatment. The length of the
small intestines did not show any changes by intervention
(Figure 4B). However, both 3 and 6 weeks of CDDO-Im
administration led to statistically increased heights of villi
compared with vehicle (Figure 4C and D). This effect was
reversible as 3 weeks of CDDO-Im administration followed
by 3 weeks of vehicle treatment restored villus height to
basal levels (Figure 4C and D). Immunohistochemistry of
NQO1 showed the administration of CDDO-Im indeed acti-
vated Nrf2 signaling in the epithelial cells, which dis-
appeared too with cessation of CDDO-Im administration
(Figure 4C, lower panels). The number of intestinal epithe-
lium cells per villus was increased significantly by CDDO-Im,
but that too was reversible (Figure 4E).

Activation of Nrf2 Signaling Expanded
Enterogenesis in the Small Intestine

To identify which types of cells are affected by Nrf2
activation within the elongated villi, cell lineage was
analyzed. The number of lysozyme positive-Paneth cells in
the crypt did not change between the 4 genotypes of mice
(Figure 5A). The percentage of Alcian blue-positive goblet
cells and Chromogranin A-positive enteroendocrine cells
per total epithelial cells did not show any differences across
the examined genotypes (Figure 5B and C). Interestingly, the
enterocytes of the Keap?”:VilCre mice showed morpho-
logical alterations; the thickness of Fabp2 positive-
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Figure 2. Activation of Nrf2 caused longer small intestines in female mice. Female 8-week-old VilCre, Keap1™ (Kp™),
Keap1™::VilCre (Kp™-VilCre) and Keap1™::Nrf2""::VilCre (Kpo™-Nrf2""-VilCre) mice were used for the following data. (A) Body
weights (n = 5-8). Length of (B) small intestines and (C) colons (n = 5-8). Values are mean + SD throughout. *P < .05 using

1-way analysis of variance.

enterocytes was dramatically increased in Keap?”'::VilCre
compared with that of VilCre or Keap?”, and was
completely attenuated in the Keap?”/:Nrf2”'::vilCre
(Figure 5D). Increased thickness of enterocytes was also
observed in the mice treated with CDDO-Im, and partially
reversed back to the basal level by cessation of CDDO-Im
administration (Figure 6).

Activation of Nrf2 Signaling Expanded
Enterogenesis in Intestinal Organoids

Intestinal organoid cultures were prepared from the 4
genotypes of mice and transcript levels of cell lineage
markers were examined. The organoids derived from the
small intestine of Keap”::VilCre mice showed significant
elevation of Nrf2 target genes (Nqol and Gclc) compared
with that of VilCre-derived organoids, which was also
confirmed in the wild-type background organoids treated by
CDDO-Im (Figure 7A and B). Keap?”/:Nrf2/::VilCre orga-
noids did not show any elevation of these gene transcripts.
As secretory cell lineage markers, messenger RNA (mRNA)
expression of Lyz (Paneth cell), Chga (enteroendocrine cell),

>
w

and Muc2 (goblet cell) were examined: Lyz expression was
decreased in Keap1”::VilCre compared with VilCre control
(Figure 84, left panel); Chga showed lower expression in
Keaplf/f::Nerf/f::ViICre compared with VilCre, but VilCre,
Keap?” and Keap1”::VilCre did not show any differences
(Figure 84, middle panel); and no differences in Muc2
expression were observed in the organoids derived from the
4 genotypes of mice (Figure 84, right panel). Lyz and Chga
expression did not show significant changes following
CDDO-Im treatment (Figure 8C, left and middle panels)
while Muc2 expression decreased in the organoids treated
with 30 nM of CDDO-Im (Figure 8C, right panel). In the same
way, enterocytes of the absorptive cell lineage were exam-
ined by 3 markers. Organoids from Keap1”/::VilCre showed
significant elevation of Akp3 expression compared with that
of VilCre, which did not occur in Keap?”:Nrf27'::VilCre
organoids (Figure 8B, left panel). Apoal showed an
increasing trend in the Keap?”/::VilCre organoids and Fabp2
did not show substantial changes (Figure 8B, middle and
right panels). The wild-type mouse organoids treated with
30 nM of CDDO-Im showed significant elevation of these 3
enterocyte markers, which was not observed with 10 nM of
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Figure 3. Genetic disruption of Nrf2 itself did not alter the length of small intestine or villus height. Comparisons of VilCre
(8 weeks old, n = 5-6) and Nrf2""::VilCre (8 weeks old, n = 3) genotypes as controls were conducted in male mice for (A) body
weight, (B) length of small intestine, (C) villus height, and (D) cell number per villus. No statistical differences by Student’s t test.

Values are mean + SD throughout.
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CDDO-Im (Figure 8D). Histological examination supported
these results, demonstrating that the organoids with thicker
enterocytes were observed more frequently with CDDO-Im
than vehicle (Figure 9D); there was significant difference
of average thickness between the 2 groups (P < .0001, data
not shown) without changing the number of secretory cells
per organoid (Figure 9A-C). The expression of stem cell
markers demonstrated that the organoids from Keap?”:
VilCre mice exhibited decreased Lgr5 expression
compared with Keap?”/ and VilCre, which was canceled in
KeapV::Nrf271::VilCre organoids, whereas Olmf4 did not
show statistical differences between the 4 genotypes
(Figure 10A4). Neither of the stem cell markers changed with
CDDO-Im treatment (Figure 10B). The inconsistent results
on stem cell markers imply that activation of Nrf2 does not

affect stem cell lineage, but rather indicates that Nrf2 may
weakly affect Lgr5 gene expression in Keapl”:VilCre
organoids.

Cumulatively, the results achieved by genetic and phar-
macologic approaches indicate that maximal activation of
Nrf2 expands the enterocyte lineage in the intestinal orga-
noids. By contrast, the cell types belong to the secretory
lineages did not show any enhancement with largely null
changes in the expression of their respective cell markers.

Nrf2 Signaling and Math1 Expression in Crypt

Compartments of the Small Intestine
To assess the molecular mechanism underlying the
enterocyte lineage-specific expansion evoked by Nrf2
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activation, potential crosstalk between Nrf2 and the Notch
downstream pathway was approached. Expression profiles
of pathway-related genes along the crypt-villus axis were
determined. Hence, Lgr5-EGFP-CreER reporter mice were
employed to study each cell fraction, wherein enrichment
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Figure 5. Activation of
Nrf2 selectively
expanded enterogenesis
in the small intestine.
Male 8-week-old
VilCre, Keap1™ (Kp™,
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and Keap1f’f :Nrf2"::ViilCre
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Number of Paneth cells per
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nostaining for lysozyme. (B)
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and (C) enteroendocrine
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blue staining and immuno-
staining for chromogranin A,
respectively. (D) Thickness
of enterocytes, identified by
immunostaining for Fabp2.
Scale bar = 100 um. Values
are mean + SD, *P < .05
using 1-way analysis of
variance.

was confirmed using stem cell markers (Figure 114 and B).
Notchl and HesI mRNA expression showed a clear
increasing trend in the crypt cells compared with that in the
villi (Figure 11C, left and middle panels), as supported by a
previous report.28 Interestingly, Nqol expression was
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Figure 6. Pharmacological activation of Nrf2 increased the thickness of enterocytes. Enterocytes were identified by
immunostaining for Fabp2 and the graph shows the thickness of Fabp2 positive cells in the mice treated with vehicle or
CDDO-Im for total 6 weeks, or 3 weeks of CDDO-Im followed by 3 weeks of vehicle treatment (n = 3). Values are mean + SD,
*P < .05 using 1-way analysis of variance. Scale bar = 100 um.
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significantly lower in the crypt cells than in the vill,
following an inverse gradation along the crypt-villus axis
compared with the spatial profile of the Notch pathway
related genes (Figure 11C, right panel). Although the
gradation profile of Nqol expression in the Lgr5-EGFP-
CreER reporter mice was not fully recapitulated by immu-
nohistochemistry of NQO1 in the intestinal sections of VilCre
mice (Figure 124, left panel), which was likely due to a
limitation of its sensitivity at the antibody dilution used,
Keap1”::VilCre showed notable activation of Nrf2 within
almost all epithelial cells except for cells populating the very
bottom of the crypts (Figure 124, right panel). Keap?”’
showed similar results, albeit with milder staining than seen
in Keap?”::VilCre.

Given that enterocyte lineage-specific expansion
emerged from Nrf2 activation, 1 of the downstream effec-
tors of Notch signaling, Math1, known to regulate the dif-
ferentiation balance between secretory and absorptive
lineages through a lateral inhibitory mechanism, was iden-
tified as a probable candidate. Math1 is expressed in mature

secretory cells facilitating maintenance of their differenti-
ated phenotype in addition to the crypt cells that initiate this
pathway of cell differentiation.**° To focus on potential
interaction of Nrf2 signaling toward Mathl that could
mediate alteration of enterogenesis, the spatial profiles of
Math1 and Nrf2 signaling within the crypt compartment
were examined. The stem and progenitor cells were
collected by laser capture microdissection (LCM). Based on
their location along the crypt-villus axis, crypt compart-
ments were easily identified, and stem cell fractions were
obtained using indirect immunohistochemistry for green
fluorescent protein (GFP) on a section cut from Lgr5-EGFP-
CreER background mice adjacent to those used for LCM. As
the progenitor cells remained associated with the stem cell,
crypt cells excluding Lgr5-GFP-positive stem cells were
captured as progenitor fractions (Figure 12B). The enrich-
ment of the captured segment was confirmed by expression
of stem cell markers in both Lgr5-EGFP-CreER background
control and Keap?”:VilCre mice (Figure 12B). Ngol
expression was significantly higher in Lgr5-EGFP-CreER
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background Keap1”'::VilCre mice than control mice in both
stem and progenitor cell fractions (Figure 12C). Importantly,
in the progenitor cells, mRNA expression of Mathl was
significantly lower in Keap?”/:VilCre than control mice
(Figure 12C). Although a decreasing trend of Mathl in
Keaplf/f::ViICre was observed in the stem fraction as well,
the differences did not reach statistical significance.
Expression profiles of the Nrf2 and Notch pathway-related
genes in the wild-type background Lgr5-EGFP-CreER mice
shown in Figure 11 were confirmed in Keap?”::VilCre mice as
demonstrated by LCM analysis, wherein Notchl and Hesl
mRNA expression was highest in the stem cells, moderate in the
progenitor cells and lowest in the villi (Figure 134 and B), and
there were no significant differences in Notch1 and Hes1 mRNA
expression between the 2 genotypes. On the other hand, Nqo1
expression was lowest in the stem cells and highest in the villus

with dramatic elevation of Nqo1 expression in all cell fractions
between Keap?”::VilCre and control mice (Figure 13C). Hes1 is
a well-studied negative regulator of Mathl in several types of
cells.***" Given the data showing comparable expression of
Hesl mRNA in control and Keaplf/f::ViICre mice, it is
plausible that the decreased expression of Mathl in the pro-
genitor cells of Keap?”:VilCre mice is uniquely caused by
activation of Nrf2 signaling, and is not simply an indirect
regulation mediated through an intermediary factor such as
Hes1.

Nrf2-ARE Signaling Negatively Regulated Math1

Expression
Given the data showing Keapl”:VilCre mice exhibit
decreased expression of Mathl in their progenitor cells, a
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direct transcriptional regulation of Mathl by Nrf2 was hy-
pothesized. The proximal promoter region of Atonal ho-
mologue 1 (ATOHI) gene in human and Mathl in mice is
highly conserved between the 2 species; both possess ARE
sequences (Figure 14). AREs are also identified in the
downstream region of the Mathl gene, and 3 of them are
located in the 3’ enhancer region (Figure 154).>* To inves-
tigate whether these ARE sequences contribute to a func-
tional cis element for Mathl transcriptional regulation by
Nrf2, a Math1 luciferase reporter construct (p-226 WT) was
produced (Figure 15B). As a positive control, it was
confirmed that Nrf2 overexpression in Hepal-6 cells led to
significantly higher luciferase activity than that of control
vector with the Nqo1-ARE reporter construct (pNqo1-ARE-
Luc). Importantly, the Math1 reporter showed significantly
lower luciferase activity than the basal level with Nrf2
overexpression (Figure 15B), indicating Nrf2 directly affects
Math1 expression and AREs in Mathl regulatory region
might contribute to the suppression of its expression. To
investigate the specificity of the Nrf2-ARE pathway for
Math1 transcriptional regulation, the Mathl reporter was

Vehicle 10nM 30nM

and expression of stem
cell markers in intestinal
organoids. (A, B) mRNA
expression levels of intes-
tinal stem cell markers
(Lgr5 and OImf4) in intes-
tinal organoids prepared
° from (A) VilCre, Keap1™,
) Keap1™::VilCre and
Keap1”:Nrf2™"::\ilCre mice
(8 weeks old, n = 5-6) and
(B) wild-type background
organoids treated with
vehicle or CDDO-Im for 5
days (h = 5-6). Data were
normalized to Actb, and the
expression level of VilCre or
vehicle treatment was set
as 1. Values are mean +
SD, *P < .05 using 1-way
analysis of variance.

Oimf4

CDDO-Im

examined with multiple transcriptional effectors
(Figure 15C). Significant suppression of luciferase activity
from the basal level was observed with all examined effec-
tors; notably though, Nrf2 showed stronger suppression
than Nrf3 or Bachl (BTB and CNC homology1, basic leucine
zipper transcription factor 1), while suppression was
comparative to that with Nrfl and Hes1. Further analyses
adopting serial reporter constructs bearing point mutations
designed to isolate single wild-type AREs were performed in
order to identify the responsible AREs for Mathl tran-
scriptional repression (Figure 15D). Nrf2 overexpression
into Hepal-6 cells resulted in attenuated luciferase activity
with Math1 reporter construct harboring wild-type AREs (p-
266 WT). Interestingly, the reporter construct with point
mutations in all 6 AREs (p-266 ARE mut) significantly
elevated the basal level of luciferase activity together
with loss of Nrf2 responsiveness, highlighting an overall
role of the AREs in repressing Math1. The constructs with
a series of 5 mutated AREs while each harboring 1 wild-
type ARE designated as p-266 VI-wt ARE mut, p-266 V-
wt ARE mut, p-266 IlI-wt ARE mut, p-266 1I-wt ARE mut,
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Figure 11. Distribution of Nrf2 and Notch signaling along the crypt-villus axis in the wild-type mice. (A) The fluorescence-
activated cell sorting histogram of wild-type background control mouse (upper panel) and Lgr5-EGFP-CreER reporter mouse
(lower panel). The 3 distinct enhanced GFP (EGFP)-expressing cell fractions from Lgr5-EGFP-CreER reporter mice were
sorted on the basis of EGFP intensities, indicated by either EGFP negative (GFP"®%), EGFP low (GFP'"), or EGFP high (GFP")
cell fractions. GFP™® cells are identified as villus cells and GFP'®" and GFP"™ cells are identified as crypt cells. (B) mRNA
expression levels of stem cell markers and (C) Notch1, Hes1, and Ngo7 in each cell fraction. Data were normalized to the
geometric mean value of 3 most stably expressed housekeeping genes across the 3 cell fractions: Tbp, Ppib, and B2m,

according to the stability analysis. The expression level in Lgr5-

using 1-way analysis of variance.

respectively, showed comparable levels of basal lucif-
erase activity, which did not differ from the basal lucif-
erase activity observed in p-266 WT construct. Thus, any
of these wild-type AREs could support the suppression of
Mathl. Of particular interest, the construct harboring
5 point mutations but maintaining wild-type ARE 1
(p-266 I-wt ARE mut) dramatically lowered the basal
luciferase activity; and Nrf2 did not evoke any
further change (Figure 15E). Clearly, ARE I is dominantly,

EGFP"®9 cell fraction was set as 1. Values are + SD, *P < .05

but not uniquely, responsible for Mathl repression. To
simplify estimates of the responsiveness toward Nrf2
overexpression, the suppression ratios of pCMV mock to
pCMV Nrf2 of luciferase activities are indicated in
Figure 15F. These data highlight the molecular basis of
transcriptional regulation of Mathl by Nrf2, reinforcing
the involvement of Nrf2-ARE signaling in selectively
modulating the Notch cascade in the murine small
intestine.
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Figure 12. Nrf2 signaling and Math1 gene expression in intestinal crypts. (A) Immunohistochemistry for NQO1 in intestinal
sections from VilCre, Keap1”" (Kp™), and Keap1™*::VilCre (Kp"'-VilCre) mice (8 weeks old). Scale bar = 100 um. (B) Blight-field
image of intestinal sections after laser dissection and mRNA expression of stem cell markers in the microdissected fragments
derived from Lgr5-EGFP-CreER background control (8 weeks old, VilCre::Lgr5-EGFP-CreER [n = 3, open triangles] and Lgr5-
EGFP-CreER [n = 5, open circles]) and Keap1™::VilCre (Kp"'-VilCre) mice (8 weeks old, Keap1™"::VilCre::Lgr5-EGFP-CreER
[n = 5, closed circles]). Stem cell fractions were obtained using indirect immunohistochemistry for GFP on a section cut from
Lgr5-EGFP-CreER background mice adjacent to those used for LCM. Crypt cells excluding Lgr5-GFP—-positive stem cells were
captured as progenitor cell fractions. mMRNA expression data were normalized to the geometric mean value of the 3 most
stably expressed housekeeping genes across examined 4 groups (stem and progenitor cells from control and Keap1™::VilCre):
Tbp, Ppib, and Actb, according to stability analysis. The expression level in the stem cell fraction of control mice was set as 1.
Mean + SD, " P < .05 vs stem cells in either control or Keap1™::VilCre, respectively using 2-way analysis of variance. (C)
mRNA expression of Ngo7 and Math1 in stem cells (left panels) and progenitor cells ;right panels) from Lgr5-EGFP background
control (VilCre::Lgr5-EGFP-CreER and Lgr5-EGFP-CreER) and Keap1”'::VilCre (Kp™'-VilCre) mice. Data were normalized to the
geometric mean value of the 3 most stably expressed housekeeping genes across examined 2 groups (stem cells from control
and Keap1”f::\/iICre [left panels] and progenitor cells from control and Keap1f”::\/ilCre [right panels]): Tbp, Actb, and Hprt,
according to stability analysis. The expression level in the stem cell fraction from control mice was set as 1. Values are mean +
SD, *P < .05 using Student’s T-test.

Discussion Nrf2 disruption. Given that the pharmacodynamic action of
CDDO-Im is blunted in Nrf2 knockout mice,> these ele-
ments of the phenotype are strictly Nrf2 dependent. A third
element of the phenotype is the increased length of the
small intestine in Keap?”:VilCre mice. The underlying
mechanism is not clear in that concomitant disruption of
Nrf2 did not completely abrogate this aspect of the pheno-
type, unlike the effects on enterocyte number and size.
Different too, the 6-week subchronic treatment of wild-type

This study presents new insights into how interactions
between Nrf2 and Notch signaling within the intestinal
crypts affect enterogenesis, leading to increased numbers
and larger enterocytes. These 2 features of the phenotype of
the Keap?”/::VilCre mice are notable in that both outcomes
are observed in the genetic and pharmacological models. In
the former case, enterocyte enhancement is eliminated by
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Figure 13. Distribution of Nrf2 and Notch signaling along the crypt-villus axis in Nrf2 activated mice. The mRNA
expression of (A) Notch1, (B) Hes1, and (C) Ngo1 in the laser capture microdissected cell fractions originating from Lgr5-EGFP-
CreER background control (8 weeks old, VilCre::Lgr5-EGFP-CreER [n = 3, open triangles] and Lgr5-EGFP-CreER [n = 5, open

circles]) and Keap1™:VilCre mice (8 weeks old, Keap1™":VilCre:Lgr5-EGFP-CreER [n

5, closed circles]). Data were

normalized to the geometric mean value of the 3 most stably expressed housekeeping genes examined across the 6 groups
(stem, progenitor, and villus cells from control and Keap1”f :VilCre): Tbp, Ppib, and Hprt according to the stability analysis. The
expression level in the stem cell fraction of control mice was set as 1. Mean + SD, *P < .05 using 2-way analysis of variance.

Figure 14. Sequence con-
servation of the Math1
promoter region between
mouse and human. The
proximal promoter
sequence of the human
ATHOH1 and Math1 gene,
featuring AREs (highlighted
in blue), an N-box (high-
lighted in gray), and trans-
lation start site (highlighted
in red).
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Figure 15. Nrf2-ARE signaling negatively regulated Math1 expression. (A) Map of the mouse Math1 promoter and 3’
enhancer site (transcription start site [+1]) indicating the distribution of putative ARE motifs. AREs are indicated as |, I, lIl, IV, V,
and VI. (B) Diagram of the p-226 WT Math1-ARE-Luc reporter construct (p-226 WT) and the relative luciferase activities of
pNgo1-ARE-Luc reporter and p-226 WT in Hepa1-6 cells. In both analyses, the luciferase activities with pCMV Mock were set
at 1.0. The dashed horizontal line indicates that the data obtained from 2 different promoters were not directly compared. *P <
.05 using Student’s t test. (C) Luciferase activities of p-226 WT Math1-ARE-Luc reporter with multiple effectors in Hepal-6
cells. The luciferase activities with pPCMV Mock were set at 100, and the relative luciferase activities are shown. *P < .05
vs pCMV Mock control, *P < .05 for indicated comparison, using 1-way analysis of variance. (D) Diagram of serial point
mutations of the p226-WT Math1-ARE-Luc reporter. The intact AREs (gray) and AREs having a point mutation (red) are
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Figure 16. Genetic model of Nrf2 activation in intestinal
epithelial cells. The mMRNA expression levels of Ngo1 in small
intestinal mucosa from VilCre, Keap1” (Kp™), Keap1”"::VilCre
(Kp™-VilCre), and Keap1™:Nrf2"::VilCre (Kp”-Nrf2"-VilCre)
mice (8 weeks old, male, n = 3-4). Values are mean + SD
throughout. *P < .05 using 1-way analysis of variance.

mice with CDDO-Im did not evoke intestinal elongation but
did expand villus length. The lack of pharmacological effect
for this phenotype could be a simple reflection of short
duration or late onset relative to the genetic model. Alter-
natively, Nrf2 earlier in life affects other signaling cues
guiding intestinal length or point of growth stasis.

The in vivo and in vitro approaches indicate that the
constitutive activation of Nrf2 signaling in the progenitor
cells perturbs the signaling network through negative
regulation of Mathl. Inasmuch as a lateral inhibition
mechanism driven by the Notch/Math1l pathway regulates
the balance of cell lineage differentiation, it is proposed that
the disproportionate crosstalk between Nrf2 and the Notch/
Math1 cascade in the crypt contributes to the selective
expansion of enterogenesis in the Keap]f/f::VilCre mice.

Supporting our interpretation, the intestinal progenitors
alter their cell fate determination to become only absorptive
enterocytes in the absence of Math1.®'? Given the central
role of Notch signaling during the differentiation of intesti-
nal epithelium, crosstalk between the Nrf2 and Notch
downstream effectors could be critical for fine-tuning in-
testinal homeostasis.

Our earlier studies demonstrated the functional signifi-
cance of positive signaling crosstalk between Nrf2 and
Notch in the murine liver.'"® This crosstalk facilitated liver
regeneration and resistance to xenobiotic toxicities. By
contrast, in the small intestine, the Nrf2 and Notch pathways
exhibit a reciprocal manner of expression along the crypt-
villus axis. This spatial expression profile of 2 signaling ac-
tivities is unique enough to suggest a novel signaling
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crosstalk in the small intestine. Math1 is a key player for
controlling intestinal cell fate commitment, where Hes1 is a
negative regulator of Math1 within the crypts.>*°>' As Hes1
expression was not changed by Nrf2 activation in the pro-
genitor cells, it appears Hesl does not mediate the per-
turbed signaling network evoked by Nrf2 activation. Rather
this outcome suggests a direct association between Nrf2 and
Math1. Indeed, our results using cell-based reporter con-
structs unveiled that Nrf2 transcriptionally contributes to
repression of Mathl. The transcriptional importance of the
Math1l enhancer region has been shown in mammalian
neural tubes, in which the zinc-finger transcription factor
binds the Mathl enhancer region, repressing Mathl along
with suppressed activity of the Math1 enhancer.>* We did
not probe the detailed mechanism underlying Nrf2-
mediated transcriptional regulation of Mathl. However,
our results did demonstrate that AREs located in the Math1
promoter regions, especially ARE I, as well as the 3’
enhancer region, are responsible for the negative regulation
of Mathl. Conceivable mechanisms of Math1 silencing by
Nrf2 could be approached with potential targets such as
corepressors or heterodimers of Math1,%>3° or molecular
events including enhancer activity and an autoregulation
pathway of Math1.3*

The functional consequences of expanded enterogenesis
through Nrf2 signaling remains unclear. Morphological
changes of the gut are observed in animal models and
pathological disorders, where various factors such as aging,
diet, and inflammation affect villus height, crypt depth, the
structure of tight junctions, and microvilli of enter-
ocytes.*’”% In humans, short bowel syndrome is a highly
morbid condition in which small intestinal length is inade-
quate for proper nutrient absorption. Structural and func-
tional changes during intestinal adaptation are necessary to
compensate for the sudden loss of digestive and absorptive
capacity after massive intestinal resection.’” Pharmacologic
therapy for short bowel syndrome is under evaluation.
Teduglutide, a recombinant analogue of glucagon-like pep-
tide-2 appears to be a helpful adjunct to promote bowel
adaptation through increases in absorptive capacity due to
its associated increase in villus height and crypt depth as
well as its slowing effect on motility.*” A broader exami-
nation of the effects of clinically useful Nrf2 inducers,*! both
drugs and food-based phytochemicals, on absorptive ca-
pacity and other intestinal functions is warranted.

While Nrf2 activation in the intestinal epithelium causes
a specific expansion of the absorptive lineage without
affecting secretory cells, a molecular target existing
throughout the population of epithelial cells cannot fully
approach the phenotype observed in Keap?”::VilCre. This
point notwithstanding, Nrf2 does exert effects on mature
intestinal cells. Pharmacological intervention with the tri-
terpenoid bardoxolone methyl enhances signaling of DNA-
damage response and protects colonic epithelium from
ionizing radiation.*” Activation of Nrf2 by endogenous fac-
tors, such as bacterial metabolites, enhances intestinal
epithetical barrier along with anti-inflammatory effects.**
The natural compound urolithin A enhances the gut bar-
rier function by inducing tight-junction proteins through
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Table 1.Antibodies and Staining Solution

Antibodies Company Catalog No. Dilution
Rabbit polyclonal anti-Chromogranin A Abcam ab15160 1:500
Rabbit monoclonal anti-Lysozyme Abcam ab108508 1:1,000
Goat polyclonal anti-FABP2 NOVUS Biologicals NB100-59746 1:1,000
Goat polyclonal anti-NQO1 Abcam ab2346 1:500
Goat polyclonal anti-GFP Abcam ab6673 1:100
Alcian Blue Stain Kit Abcam ab150662 -

activation of aryl hydrocarbon receptor and Nrf2-dependent
pathways.”* These findings indicate another aspect for a
physiological role of Nrf2 in the gut, wherein activation of
Nrf2 might be important for host defense. Nrf2 also plays a
major role in the regulation of bile acid homeostasis in the
liver and intestine by affecting expression of regulators of
bile acid synthesis, bile acid, and organic solute trans-
porters.”” Regarding an enterocyte-specific alteration by
Nrf2, it is interesting to note that the intestinal alkaline
phosphatase (Alp) gene, which was used as an enterocyte
marker, has multiple AREs in its gene regulatory region
(data not shown). Two ALP isoenzymes, dIALP (Akp3) and
glALP (Alpi or Akp6), are expressed in the intestine. Indeed,
Akp3 (Figure 8B and D) and Alpi (data not shown) showed
Nrf2-dependent elevation of mRNA in the intestinal orga-
noids, suggesting a possible transcriptional regulation by
Nrf2. Intestinal ALP regulates lipid transport and inflam-
matory responses in enterocytes by dephosphorylation of
toxic microbial ligands. Thus, Nrf2-mediated Alp expression

Table 2.Primer List for Quantitative Polymerase Chain
Reaction

Gene Name Systematic Name
Lyz MmO00727183_s1
Chga MmO00514341_m1
Muc2 Mm00458299_m1
Akp3 MmO00475847_g1
Apoal MmO00437569_m1
Fabp2 MmO00433188_m1
Lgr5 Mm00438890_m1
Olmf4 MmO01320260_m1
Nqo1 MmO01253561_m1
Math1 MmO01181529_s1
Gclc Mm00802655_m1
Actb Mm01205647_g1
Hprt Mm00446968_m1
B2m MmO00437762_m1
Tbp MmO01277042_m1
Ppib MmO00478295_m1
Gusb MmO01197698_m1
Notch1 MmO00435245_m1
Hes1 Mm00468601_m1

may be indicative of the functional involvement of Nrf2 in
the matured enterocyte. The effect of Nrf2 activation in
mature villus cells requires further study.

In conclusion, Nrf2 signaling mediates a dialogue in
equilibrium signaling within the crypt with Notch down-
stream effectors such as Math1, which in turn constitute the
essential molecular basis for cell lineage homeostasis in the
intestinal epithelium. The conspicuous phenotype of Nrf2
activation in mice demonstrated that constitutive facilitation
of Nrf2 perturbs the Notch signaling pathway in the pro-
genitor cells via Math1 transcriptional regulation, leading to
an expansion of enterogenesis. These findings provide the
new insights into the role of Nrf2 in intestinal epithelial
cells, broaden our understanding of the biological functions
of Nrf2, and point to new approaches for the management of
absorptive deficiencies.

Materials and Methods
Mice

Keap1"°*/7°% (Keap1”) and Nrf2/o¥fox (Nrf2/1) mice
were used to generate conditional knockout mice, as
described previously.24'4(’ The Villin-Cre (VilCre, No0.004586)
and Lgr5-EGFP-CreER (No. 008875) mouse lines were sup-
plied from the Jackson Laboratory (Bar Harbor, ME). All
mice used in the experiments were albino C57BL/6] back-
ground (B6(Cg)-Tyr“?/"), male, and 8-10 weeks old, unless
indicated otherwise. The breeding performed in this study
was as follows; Keaplf/f::ViICre mice were crossed with
Keap?”, and Keap1”:Nrf2”::VilCre mice were mated with
Keap1”::Nrf2”/ mice to obtain Keapl”, Keap?”:VilCre, and
Keap?”V:Nrf2::VilCre mice. VilCre mice were mated with
wild-type mice, and age- and sex- matched mice were used
as control animals. The intestinal mucosal tissue of Keapl”
J::VilCre mice showed significant elevation of a canonical
Nrf2 target gene, Nqol compared with VilCre control and
Keap]f/f (Figure 16), conforming constitutive activation of
Nrf2 in the intestinal epithelial cells. Increased expression of
Ngol was abrogated in Keap?”:Nrf2”:VilCre, wherein the
Nrf2 gene was concomitantly disrupted. Keap?” mice, which
function as systemic knockdown of Keapl independent of
Cre recombinase expression because of hypomorphic Keapl
gene alleles,”” showed milder elevation of Ngol expression
than Keap?”:VilCre. To get the desired genotype of Lgr5s-
EGFP-CreER  background mice, Lgr5-EGFP-CreER:Keap?”/
were crossed with Keap?”:VilCre mice and Lgr5-EGFP-
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Figure 17. Construction of Math1 reporter gene. (A) The schema of pSP72 3’-Math1 6kb-GRR construct containing the 3'-
gene regulatory region of Math1 (6kb-GRR). (B) To construct p-226 WT, a 4.6-kb fragment isolated from pSP72 3'-Math1 6kb-
GRR by Bglll, Pcil, and Hindlll reaction and a 1.3-kb fragment by Xbal and Pcil reaction were inserted between Xbal and BamHI

sites of p-226 Math1 GLS3.

CreER were mated with VilCre mice to obtain Lgr5-EGFP-
CreER::Keap?”::VilCre, Lgr5-EGFP-CreER:VilCre, and Lgr5-
EGFP-CreER mice. All mice were housed in a pathogen-free
animal facility and handled according to the guidelines of
the National Institutes of Health. All animal experiments
were approved by the Institutional Animal Care and Use
Committees at the University of Pittsburgh or the Fred
Hutchinson Cancer Research Center.

CDDO-Im Treatment

Male albino C57BL/6] background (B6(Cg)-Tyr<?/h
wild type mice (6 weeks old) were orally administered
CDDO-Im (30 umol/kg of body weight; generously provided
by Dr. Michael Sporn, Geisel School of Medicine at

Dartmouth, Hanover, NH) in 10% dimethyl sulfoxide, 10%
Cremophor-EL, and phosphate-buffered saline as a vehicle
or vehicle alone, at a set time during the light cycle. At 24
hours after the last treatment, tissue was collected.

Immunostaining

Isolated intestines were placed in 4% paraformaldehyde
at 4°C overnight and then cut length wise, rolled, and
paraffin embedded. Immunohistochemistry and Alcian blue
staining was carried out using antibodies or regents listed in
Table 1. Imaging data were collected using Nikon E800
(Nikon, Tokyo, Japan) and APERIO AT (Leica, Wetzlar, Ger-
many) for digital scanning. Morphometric analysis and cell
counts were performed using HALO software (Indica Labs,
Albuquerque, NM). For measurement of length of villi, depth
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Table 3.Primer List Used to Generate Math1 Reporter Constructs

Primers used in Math1 reporter construction
Math1-5’1 primer
Math1-3'1 primer
Math1-5°2 primer
Math1-3'2 primer

Primers used in Math1 ARE mutants reporter construction
5-Math1-126AREmut
3-Math1-126AREmut
3-Math1-36AREmut
3-Math1-36ARE
5-Math1 Stul 6430
5-Math1 Illl-ARE Nhel mut

5-Math1 IV-ARE Bglll mut
5-Math1 V-ARE Agel mut
3-Math1 5648 Ndel
3-Math1 7018 Sphl
3-Math1 IV-ARE Bglll mut
3-Math1 V-ARE Agel mut
Math1 reporter 7847 rev
Math1 VI-ARE mut

Math1 VI-ARE WT

Primers for sequence confirmation
Math1 GL3-5048
Math1 GL3-5006

TAGGCGCGTCCAGCTTGGCCGGG
AGGTGGCTGTGGCGTCAGCGGCGGG
TTTGGTACCAGAGCCAGAGCTGAACTCCTCGG
GGGACCATGGCACTGCAATGGCTCGGAGGTG

TTCTTTGcCcGGGCAGACACGCGACTGGCGCAAGG
TCGCGTGTCTGCCCgGgCAAAGAAGGGG
CGAAGCTTCTCCGGTTGCgGAAGGCtCTGC
CGAAGCTTCTCCGGTTGCTGAAGGCGCTGC
TACGTTTAGTCTTCTCTGCACCCCAGGCCTAGTGTCTCCCC
TTTGCTGCCGCGGTGAGCAGAGCTTCCACTTCACCTC
TCTGgcTagcCAACTCCTGTTCGCCCTTCTCAGAATGG
AGCACGgGagatctGCTGGTGAGCGCACTCGCTTTCAGGCCGC
TCCCCGGCaccggtAACCTCGGCCTCCTCCTCGTAG
GTCAGCATGGCAGGAGTGGTCTGGCATATGGG
CCTCATCCCCTCCCCTAGGCTTTGCTTGACTC
CGCTCACCAGCagatctCcCGTGCTCCGCTCCAGACGCTCCGCACC
GAGGTTaccggtGCCGGGGAGGGTGACGACGGTGTT
ATGAATTCGAGCTCGGTACCCGGGGATCTCTCCTAAAAC
ATTCCCTAGGCCCCATCgGAtCCAtCCATTAAGGAGCAGACATC
ATTCCCTAGGCCCCATCTGACCCAGCCATTAAGGAGCAGACATC

CCTTATCACCAGATCAGGGAGCCCGCC
CACAGCCAGAAAATACCAATGTCCATGGCTGCAC

ARE, antioxidant response element.

of crypt, and cell number per villus, the hematoxylin and
eosin-stained sections were imaged and a total 20 of well-
orientated villi and crypts were randomly chosen from 4
regions of whole small intestines, which were defined as the
posterior and anterior regions from either between duo-
denum and jejunum or between jejunum and ileum. For
lysozyme-positive cells, a total of 20 adequately sectioned
crypts were selected from 4 different areas of the whole
small intestine and the average number of positive cells per
crypt were determined per mouse. The percent of Chro-
mogranin A-positive cells and Alcian blue-positive cells
were determined by examining a total of 4500-7500
epithelial cells from at least 45 villi selected from 4 different
regions of whole small intestine per mouse. The adequately
sectioned villi were selected from 4 different regions of
whole small intestine, and the thickness of Fabp2 positive
enterocytes populated in the middle position of the villus
was examined. The average thickness was determined from
at least 40 enterocytes per mouse.

Organoid Culture

Mouse organoids were established and maintained as
previously described,”” with modification. Approximately
30% length of the whole small intestine from each proximal
and distal region was harvested and the isolated crypts
were cultured in a mixture of Matrigel (BD Biosciences,
Franklin Lakes, NJ) and medium (IntestCult Organoid
Growth Medium, mouse; STEMCELL, Vancouver, Canada).
For pharmacological activation, the culture was maintained
with medium adding 10 nM or 30 nM of CDDO-Im over 5
days with every other day of medium-change (days 0, 2, 4).

Fluorescence-Activated Cell Sorting Analysis and
Sorting

Fluorescence-activated cell sorting isolation of single
LGR5+ cells from Lgr5-EGFP-CreER mice was performed as
previously described® with modifications. Propidium io-
dide solution was used for exclusion of dead cells, and CD31
(BioLegend, San Diego, CA; #102417) and CD45 (BioLegend;
#103113)-positive cells were excluded from the propidium
iodide-negative cells to gate out endothelial cells and
lymphocytes, respectively. The sorting of Lgr5-EGFP+ cells
was performed with a FACSAria II cell sorter (BD
Biosciences).

Laser Capture Microdissection

Tissues for microdissection were obtained from Lgr5-
EGFP-CreER background mice. Approximately 10 cm of in-
testinal segments from each proximal and distal part of
small intestine were dissected and harvested specimens
were flushed with ice-cold phosphate-buffered saline and
cut lengthwise, rolled, and embedded into optimal cutting
temperature compound, following a freezing process using a
metal block placed in a Styrofoam container containing
liquid nitrogen without fixation. Sections (10 wum) were
cut and mounted on polyethylene naphthalate
membrane-coated slides (Applied Biosystems, Foster City,
CA). A total 850,000-950,000 um? area was microdissected
by a UV laser-based unit LMD6 (Leica) from a total of 6
serial sections (3 sections each from proximal and distal
intestine) per mouse with the following parameters: cut
energy 25 (1-60), aperture 10 (1-45), cut speed 30 (1-100)
with 40x objective.
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Figure 18. Construction of ARE mutant Math1 reporter genes. Each appropriate mutant fragment was replaced by
recombination using adequate restriction enzyme sites shown in the schema, with subsequent establishment of target reporter

genes.

RNA Preparation and Quantitative Polymerase

Chain Reaction

The mucosal tissue, organoids and sorting cells were
homogenized in Trizol (Thermo Fisher Scientific, Waltham,
MA), and total RNA was extracted as previously reported.*’
For laser capture samples, RNAqueous-Micro Total RNA
Isolation kit (Ambion, Austin, TX) was used. Complementary
DNA (cDNA) was synthesized using the qScript system
(Quanta Biosciences, Beverly, MA) and quantitative poly-
merase chain reaction (PCR) was performed by QuantStudio
7 (Applied Biosystems) with TagMan Fast Advanced Master
Mix (Applied Biosystems). For organoids and micro-
dissected samples, a multiplex PCR preamplification of
specific cDNA targets and endogenous control was per-
formed using TagMan PreAmp Master Mix (Applied Bio-
systems) following the manufacturer’s instructions. The
primers (Applied Biosystems) are shown in Table 2.

Stability Analysis of Housekeeping Gene From
Cell Fractions

For quantitative PCR analysis of intestinal cell fractions,
a systematic study was performed to identify suitable
reference genes across the cell fractions, considering the
substantial biological differences between stem, progenitor,
and mature villus cells.”””" The expressions of a total of 6
housekeeping genes (Actb, Hprt, B2Zm, Thp, Ppib, and Gusb)
were examined and associated software®* was used to
identify the 3 most stably expressed genes across the
examined groups. The geometric mean of 3 reference genes

was used for normalization of relative value of mRNA
expression for further study.”®

Cell Culture

Hepal-6 cells were cultured in D-MEM (Gibco, Waltham,
MA) supplement with 10% fetal bovine serum (Gibco) in
37°C, 5% CO, incubator.

Expression Vectors and Its Control Vector

Mouse CNC family genes (Nrfl, Nrf2, Nrf3, and Bach1)
and Hesl cDNA were inserted in pcDNA3 (Invitrogen,
Waltham, MA). Mouse Nrfl and Bachl cDNA were pur-
chased from Origene (Rockville, MD) (MC206760 and
MC203298, respectively). Mouse Nrf3 cDNA was prepared
from pCMV3xFLAG mNrf3 (gift from Dr. Akira Kobayashi,
Doshisha University, Kyoto, Japan) by HindIIl and BamHI
reaction and inserted into a pcDNA3 vector. Mouse Hes1l
cDNA was isolated from pCl Hesl (provided from Dr.
Ryoichiro Kageyama, Kyoto University, Kyoto, Japan) by
EcoRI digestion and transferred into pcDNA3 vector. pCMV
Mock was produced from pcDNA3 by eliminating multiple
cloning sites through self-ligation following HindlIII, Xbal,
and T4-polymerase reaction.

Construction of Math1 Reporter Genes

Math1 5'-proximal promoter region was cloned by nes-
ted PCR using 2 primer sets (Mathl 51, Mathl 3’1 and
Mathl 5’2, Math1l 3'2) (Table 3) from C57BL6 mouse tail
genomic DNA. Math1 reporter constructs were prepared as
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shown in Figure 17. The target PCR products directly cloned
between the Kpnl and Ncol sites of pGL-3 basic (Promega).
Consequently, ATG of the Mathl gene functioned as the
initiation codon of Firefly luciferase reporter gene (p-226
Math1 GL3). Tg#6 Math1-LacZ transgenic vector was a kind
gift from Dr. Jane E. Johnson (UT Southwestern Medical
Center, Houston, TX).32 This vector contains ~6 kb down-
stream of the Mathl coding exon and 3'-gene regulatory
region (6kb-GRR). 6kb-GRR was isolated from Tg#6 by Bglll
reaction and subcloned into pSP72 (Promega, Madison, WI)
BamHI site once to create the useful unique restriction sites
(pSP72 3’-Math1 6kb-GRR). To construct p-226 WT, 4.6-kb
fragment isolated from pSP72 3’-Math1 6kb-GRR by Bglll,
Pcil, and HindlIII reaction and 1.3-kb fragment from pSP72
3’-Math1 6kb-GRR by Xbal and Pcil reaction were inserted
between Xbal and BamHI sites of p-226 Mathl GL3
(Figure 17). To construct putative ARE mutants and each
possible ARE reconstituted mutant reporter gene, specific
primers were prepared for PCR (Table 3) and locations
displayed in Figure 18. The essential fragments produced by
PCR were subcloned into the Litmus 28 vector (New En-
gland Biolabs, Ipswich, MA), and then confirmed by
sequencing. Each appropriate mutant fragment was
replaced by recombination using the restriction enzyme
sites shown in Figure 18, and consequently the target re-
porter genes were established.

Statistical Analysis

GraphPad Prism 7 software (GraphPad Software, San
Diego, CA) was used for statistical analysis of datasets.
Quantitative data are presented as mean + SD.
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