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NADPH Oxidase 1 Modulates WNT and NOTCHI1 Signaling To
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The homeostatic self-renewal of the colonic epithelium requires coordinated regulation of the canonical
Wnt/pB-catenin and Notch signaling pathways to control proliferation and lineage commitment of multipotent
stem cells. However, the molecular mechanisms by which the Wnt/-catenin and Notch1 pathways interplay in
controlling cell proliferation and fate in the colon are poorly understood. Here we show that NADPH oxidase
1 (NOX1), a reactive oxygen species (ROS)-producing oxidase that is highly expressed in colonic epithelial
cells, is a pivotal determinant of cell proliferation and fate that integrates Wnt/f-catenin and Notch1 signals.
NOXI1-deficient mice reveal a massive conversion of progenitor cells into postmitotic goblet cells at the cost of
colonocytes due to the concerted repression of phosphatidylinositol 3-kinase (PI3K)/AKT/Wnt/f3-catenin and
Notchl signaling. This conversion correlates with the following: (i) the redox-dependent activation of the dual
phosphatase PTEN, causing the inactivation of the Wnt pathway effector 3-catenin, and (ii) the downregulation
of Notchl signaling that provokes derepression of mouse atonal homolog 1 (Mathl) expression. We conclude
that NOX1 controls the balance between goblet and absorptive cell types in the colon by coordinately modu-
lating PI3K/AKT/Wnt/f3-catenin and Notchl signaling. This finding provides the molecular basis for the role
of NOX1 in cell proliferation and postmitotic differentiation.

Self-renewal of the colonic epithelium involves coordinated
cellular processes, such as proliferation, differentiation, migra-
tion, and cell death, to ensure homeostasis. Colonic epithelial
stem cells self-renew throughout life, cycling infrequently to
produce more committed proliferating precursors that actively
divide in the lower part of the crypts. After upward migration
and cell cycle arrest, these transit-amplifying precursor cells
differentiate into two cell lineages (i.e., the absorptive colono-
cytes and secretory cells). The secretory lineage can be further
subdivided into mucus-secreting goblet cells and hormone-
secreting enteroendocrine cells. Correlative studies suggest
that highly evolutionarily conserved signaling pathways, such
as the Wnt/B-catenin and Notch cascades, function together to
control continuous proliferation of the crypt cell population
and differentiation of individual cells (8, 11, 40, 51, 59, 61). The
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specification of precursor cells into colonocytes is determined
in part by the transcription factor Hesl, while the differentia-
tion of secretory precursors into goblet or enteroendocrine
cells is regulated by Mathl or neurogenin 3, respectively, all of
which are transcriptional targets of Notch signaling (19, 20, 50,
65). The canonical Wnt/B-catenin signaling pathway is believed
to be the major signaling cascade controlling different pro-
cesses: maintaining stem/progenitor cells via cell cycle control
and inhibition of differentiation, controlling migration and lo-
calization of epithelial cells along the crypt-villus axis, and
directing secretory lineage development as well as terminal
differentiation of Paneth cells in the small intestine (reviewed
in references 9, 44, and 51). Although the Wnt/B-catenin and
Notch signaling pathways seem to be essential for stem cell
function and maintenance, the mechanisms by which Wnt/B-
catenin and Notch signaling synergize to regulate self-renewal
and homeostasis in the colon remain elusive.

NOX1, a member of the reactive oxygen species (ROS)-
generating NADPH oxidase family, is expressed at high levels
in colonic epithelial cells (16, 23, 57) and is absent (22) or
barely detectable (28) in normal small intestinal mucosa.
NOXI1 mRNA expression is detected either along the crypt-to-
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FIG. 1. NOX1%© mice exhibit upregulation of goblet cells. Representative sections of distal colon from wild-type (WT) (A and C) or NOX1¥°
(D and F) mice stained with periodic acid-Schiff and Alcian blue (A and D) or Alcian blue alone (C and F) show marked accumulation of goblet
cells in NOX1¥© mice. Ultrastructural examination of colonic sections processed for transmission electron microscopy reveals a higher density of
goblet cells in NOX1¥© mice (E) than in WT mice (B). (G) Eight crypts per section with 2 individual sections from each animal were counted.
The percentage of goblet cells and colonocytes per crypt is represented as mean = SEM (n = 15 for WT and n = 13 for NOX1X° mice); *,
significantly different from the WT (P < 0.001), Student’s ¢ test. (H) Confocal microscopy with anti-MUC?2 (green) and antivillin (green) in sections
from the distal colon shows accumulation of goblet cells at the expense of colonocytes in NOX1%© mice and is consistent with the data presented
in panel G. Nuclei (blue) were stained with DAPI. Photomicrographs shown here are representative sections from 10 animals per group. Scale bar,

100 pm (A and D), 50 wm (C and F) or 5 wm (B and E). Original magnification, X60 (H).

cuff axis in human colon epithelial cells (57, 60) or within the
lower two-thirds of mouse colon crypts (16) and follows an
anterior-posterior gradient with the highest levels in the distal
colon (4, 57, 60). In a variety of cell types, NOX1 plays a role
in host defense, cell growth and differentiation, cell migration,
and malignant transformation (5, 32, 45, 48). However, its
function in the distal gastrointestinal tract is not understood
and remains a matter of debate (5). Basically, there are three
major working hypotheses: a role in host defense based on the
observation that NOX1 expression is enhanced by gamma in-
terferon (INF-vy) (16), lipopolysaccharide (LPS) (22), or flagel-
lin (46) and a role in the regulation of cell proliferation. A role
of NOX1 as a mitogenic oxidase in nonintestinal cell types has
been suggested (1, 56). However, NOX1 expression is in-
creased upon differentiation in cultured colon cancer cell lines
(16) and shows a differentiation-dependent expression pattern
in well-differentiated adenocarcinomas (13). Moreover, NOX1
is overexpressed in human colon cancers (especially at the
early adenoma stages [21]) and correlates with activating mu-

tations in K-Ras (28). Thus, by a variety of unidentified mech-
anisms, NOX1 might modulate transduction signals that may
be instrumental in the balance between colonic cell prolifera-
tion and differentiation. Accordingly, using NOX1-deficient
(NOX1%°) mice (15) as an experimental model, our objective
was to elucidate whether or not NOX1 is involved in the
homeostasis of the colonic epithelium.

MATERIALS AND METHODS

Animals and treatments. NOX1X© mice were backcrossed into the C57BL/6
genetic background for at least seven generations. Wild-type and NOX1¥© mice
were used between 8 and 10 weeks of age. BrdU (Sigma) was injected intraperi-
toneally (i.p.) at 100 ng/g animal body weight 1 h or 24 h prior to sacrifice. Insulin
growth factor 1 (IGF1) administration was carried out using medium-grade
human Long-Arg®-IGF1 (LR?*IGF1) (GroPep), an IGF1 analogue with a de-
creased affinity for IGF binding proteins. The peptide was injected subcutane-
ously twice daily (2 pg/g every 12 h) for 4 days. The fourth day, the subcutaneous
injection was followed 6 h later by an intraperitoneal injection to check for
LR’IGF1 efficiency. The mice were killed 30 min after the final injection.
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TABLE 1. Electrical parameters and quantitative index of
absorption and secretion in the NOX1¥° mouse colon”

Area analyzed Response to challenge with:

and mouse
group

Isc Conductance
(pA/em?)  (mS/cm?)

Butyrate Carbachol
(Alsc, pA/cm?) (Alsc, pA/cm?)

Proximal colon

Wild-type mice 41.7 = 7.3 294 * 3.6 42+ 1.7 37.5*95

NOXIXO mice 26.7 +5.9* 29.5+36 42+ 1.1 9.2 + 4.5*%
Distal colon

Wild-type mice 60.0 = 143 334 + 3.5 50+18 95.0 = 8.4

NOXIXO mice 36.0 =9.7% 32.6 =42 53+18 60.0 = 14.0*

“ Note significant reductions of baseline short-circuit current (Isc) and carba-
chol-induced chloride secretion without change in conductance or absorption of
butyrate in NOX1X€ versus WT mice. Butyrate concentration, 10 mM; carbachol
concentration, 100 mM. Data are means = SEM of 3 separate experiments with
sections of both proximal and distal colons from 6 animals per group. *, signif-
icantly different from the control value (P < 0.05) by one-way analysis of variance
with the Turkey-Kramer multiple comparison post hoc test.

Ethics statement. Mice were bred and experimental procedures were carried
out in accordance with the principles and guidelines established by the European
Convention for the Protection of Laboratory Animals concerning the care and
use of laboratory animals and with the authorization order no. B75-18-02 deliv-
ered by Ministry of Agriculture and Prefecture of Paris, France.

A Undifferentiated HT-29 cells

MoL. CELL. BIOL.

RT-PCR analysis. Total RNA was isolated from frozen distal colon using
RNAble (Eurobio). Reverse transcription (RT) was carried out using Moloney
murine leukemia virus (M-MLV) (Invitrogen). For PCR amplification, the ther-
mocycler profile used consisted of an initial denaturation at 94°C for 2 min,
followed by 25 to 35 cycles of 94°C (30 s), 55°C (30 s), and 72°C (60 s). Primer
sequences are provided upon request.

Cell culture. HT-29CL.16E and Caco-2 cells were grown for up to 25 days in
Dulbecco’s modified Eagle’s medium (4.5 g/liter glucose) supplemented with 10
and 20% fetal calf serum, respectively, 100 pg/ml streptomycin, and 100 U/ml
penicillin.

Transfection. HT-29CL.16E cells were transfected by electroporation with
pcDNA3-NOXT1 or empty vector. Resistant clones were selected with 600 pg/ml
G418 (Invitrogen) and then pooled after 3 weeks and maintained under G418
selection.

Caco-2 cells were transfected by electroporation with a pEBV-based small hairpin
RNA (shRNA) NOXI vector. Sense and antisense oligodeoxynucleotides were as
follows: shNOX1-Forward, 5'-GATCCCGACAGTGGAGTATGTGACATTCAA
GAGAT-GTCACATACTCCACTGTCTTTTTTGGAAA-3"; shNOX1-Reverse,
5'-AGCTTTTCCAAAAAAGACAGTGGAGTATGTGACATCTCTTGAATGT
CACATACTCCACTGTCGG. Cells were selected 48 h after transfection using
hygromycin (300 wg/ml). The resistant clones were pooled after 3 weeks and main-
tained under hygromycin selection (sh-NOX1).

sh-NOXI1 cells were transfected with PTEN or scrambled small interfering
RNA (siRNA) (8 to 50 nM) (Qiagen) using Lipofectamine RNAimax (Invitro-
gen). SiRNA sequences were as follows: PTEN, 5'-CCAGUCAGAGGCGCUA
UGU-3'; scrambled, 5'-UAGACCGGUAGUC-GGACCU-3'.
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FIG. 2. Differentiation-dependent expression of NOX1 and regulatory partners in different mucus-secreting or enterocyte-like clones derived
from parental HT-29 or Caco-2 cells. Semiquantitative RT-PCR shows the expression of NOX! and its regulatory partners: NOXO1, NOXAI,
p227"* and racl mRNA levels at days 4 and 5 (exponential phase of growth) and days 19 to 22 (confluence) in parental, 5-fluorouracil-resistant
(5F31, 5F12, and 5F7) (31, 62), methotrexate-resistant (SM21) (31, 62), or nutrient deprivation (Glc™) HT-29 cells and in Caco-2 cells (TC7 and
PF11) (31, 62). These clones display an undifferentiated (A), mucus-secreting (B), or enterocyte-like phenotype (C). The GAPDH mRNA level
was used as a loading control. The ratio of each mRNA level to that of GAPDH was quantified by scanning densitometry. Values are representative
of 3 individual experiments performed in triplicate; means = SEM are given. %, P < 0.001; *%, P < 0.01 (Student’s ¢ test).
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FIG. 3. Overexpression or silencing of NOX1 modulates the expression of transcription factors involved in cell lineage differentiation. HT-29CL.16E
and Caco-2 cells were transfected with pcDNA3-NOX1 or pEBV-shRNA-NOX1, respectively, or with the corresponding empty vectors. Semiquantitative
RT-PCR analysis of NOX1, NOXOI, NOXAI, p22"**, and racl mRNA levels (A) or of transcription factors involved in cell fate (C) during cell
proliferation (day 3) and differentiation (days 13 to 23) is shown. GAPDH and B-actin mRNA levels were used as controls for HT-29CL.16E and Caco-2
cells, respectively. The ratio between each mRNA level and that for GAPDH or B-actin was quantified by scanning densitometry. Values are
representative of 3 individual experiments performed in triplicate; means = SEM are shown. *, P < 0.001 relative to empty vector. (B) PMA-induced
ROS production in transfected HT-29C1.16E and Caco-2 cells was measured by luminol-enhanced chemiluminescence in the presence or absence of DPI,
an inhibitor of flavoproteins. Values are means = SEM for three independent experiments. *, P < 0.001 relative to results with empty vector.

Western blot analysis. Colon tissue was homogenized in radioimmunoprecipi-
tation assay (RIPA) buffer (50 mM Tris-Cl [pH 8.0], 320 mM sucrose, 0.1 mM
EDTA, 1 mM dithiothreitol [DTT], 1% Nonidet P-40, 0.1% SDS, and 1% protease/
phosphatase I and II inhibitor cocktail [Sigma]). Cells were rinsed, scraped off,
collected, and sonicated in ice-cold phosphate-buffered saline (PBS) containing a
cocktail of protease and phosphatase inhibitors. Proteins (50 to 100 wg) were sep-
arated by 10% SDS-PAGE, transferred using an iBlotGel transfer device (Invitro-
gen), and probed with primary antibodies: AKT, phospho-AKT, glycogen synthase
kinase 3-B (GSK3B), phospho-GSK3a/B, PTEN, phospho-PTEN, B-catenin, phos-
pho-B-catenin, p50, p65, phospho-p65, IkBa, phospho-IkBa, IkB kinase beta
(IKKB), phospho-IKKB (Cell Signaling), E-cadherin (Santa Cruz,), and Notchl
intracellular domain (NICD). Horseradish peroxidase (HRP)-conjugated secondary
antibodies were detected using ECL reagents (Pierce).

Immunoprecipitation. Immunoprecipitations (IPs) were performed with sh-
NOX1 cells transfected with PTEN or scrambled siRNA or from scrapped
colonic epithelium of wild-type (WT) and NOX1X° mice. Lysates were soni-
cated, centrifuged, and precleared with 75 pl protein G-Sepharose overnight at
4°C using an immunoprecipitation kit (GE Healthcare). Precleared supernatants
were incubated with anti-B-catenin (2.5 pg/ml; Cell signaling) or anti-E-cadherin

(2 pg/ml; Santa Cruz) antibodies for 2 h at 4°C and then with 50 wl protein
G-Sepharose overnight at 4°C. Immunoprecipitates were rinsed twice in lysis
buffers (Roche Diagnostics) according to the manufacturer’s instructions. Sepha-
rose-bound proteins were separated by 10% SDS-PAGE and transferred to
nitrocellulose. The membranes were incubated with anti-B-catenin, anti-E-cad-
herin, anti-PTEN (Cell Signaling), or antiphosphotyrosine (Upstate) antibodies.
Secondary antibodies HRP-conjugated anti-rabbit IgG (GE Healthcare) or rab-
bit IgG TrueBlot (eBioscience) were detected using ECL reagents.

PTEN oxidation. Colonic tissues from WT and NOX1X© mice were homog-
enized under nitrogen flux in chilled, nitrogen-saturated, thiol-free RIPA buffer
containing 4 mg/ml iodoacetamide (Sigma). After nonreducing PAGE, reduced
and oxidized forms of PTEN were detected by immunoblotting. When appro-
priate, B-mercaptoethanol was added before iodacetamide treatment.

Histology, i histochemistry, and immunofluorescence assays. Colons
were flushed with cold PBS and fixed in 10% neutral-buffered formalin (Sigma) at
4°C. Paraffin-embedded sections (5 um) were deparaffinized and stained with per-
iodic acid-Schiff reagent and/or Alcian blue solution. BrdU was detected using
anti-BrdU (Sigma). Immunohistochemistry was performed on sections heated for 10
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FIG. 4. NOX1 deficiency reduces the population of proliferating progenitors and modifies their spatial distribution. Immunohistochemical
analysis of sections of distal colon from WT and NOX1%° mice stained with anti-BrdU antibody 1 h or 24 h after administration of BrdU (A) or
with an antibody against the proliferating antigen phospho-histone 3 (B). (A) The number of BrdU-positive cells (red) 1 h after administration
of BrdU is reduced in the colons of NOX1¥° mice, and the proliferating cells, which are mostly confined to the bottom of the crypt domain in
WT mice, are scattered along the first third of the crypt in NOX1%° mice. BrdU-positive cells migrated to the tops of crypts in NOX15° mice 24 h
after administration of BrdU, whereas they did not exceed two-thirds of the crypt length in WT mice (A). Scale bars, 80 pm. (B) Phospho-histone-3

staining (brown) confirms the decrease in the number of proliferating cells and their altered location in the crypt (arrows) in NOX

1%9 mice. Scale

bar, 80 pm (top panels) or 50 wm (bottom panels). (C) Electron microscopy observation of colonic crypt sections reveals the presence of mature
goblet cells (arrows) in an area of the crypt where proliferating cells normally reside. Scale bar, 5 um.

min in 10 mM citrate buffer (pH 6.2) for antigen retrieval. After endogenous
peroxidase removal (3% H,0,), sections were incubated with antibodies raised
against Cdx1, Cdx2 (Biogenex), phospho-histone 3 (Upstate), or B-catenin (BD
Transduction Lab). Secondary biotinylated anti-mouse or anti-rabbit antibodies
(Vector Laboratories Inc.) were detected using the Vectastain ABC kit (Vector
Laboratories Inc.). For immunofluorescence studies, sections were incubated in
blocking buffer (PBS, 0.3% Triton X-100, and 20% goat serum) after antigen re-
trieval and then with anti-MUC2 (Santa Cruz), antivillin (Cell Signaling), anti-E-
cadherin (BD-Biosciences), or anti-B-catenin (Cell Signaling) in 0.3% Triton in PBS,
rinsed, and labeled with Alexa Fluor 546 goat anti-mouse IgG or Alexa Fluor 488
goat anti-rabbit IgG. Nuclei were stained using 4',6-diamidino-2-phenylindole
(DAPI) or TO-PRO-3 iodide (Invitrogen). Fluorescence was detected by confocal
laser scanning microscopy (CLSM-510-META; Zeiss).

ROS production assay. ROS production was measured by the peroxidase-
dependent luminol-enhanced chemiluminescence assay using Autolumat LB 953
(EG&G Berthold). Cells grown as confluent monolayers were collected by
trypsinization and suspended in Hanks balanced salt solution (10° cells per 500
wl) containing a mixture of luminal (66 wM) and peroxidase (133 U/ml) (Sigma).
After 10 min of preincubation, phorbol myristate acetate (PMA) (100 ng/ml) was
added and measurements were performed for 30 min at 37°C. When used,
diphenyleneiodonium (DPI) (2 uM) was added 10 min before measurement.

Tissue preparation and short-circuit measurement. Colons were rinsed in cold
PBS, opened, and mounted in Ussing chambers. The tissues were bathed in
carbogen-gassed Krebs-Ringer bicarbonate (KRB) (pH 7.4) solution on each
side and kept at 37°C. Electrogenic ion transport was monitored continuously as

short-circuit current. Potential difference in open circuit was also measured to
calculate the total ionic conductance (G) (mS - cm?). At steady state (~40 min),
tissues were challenged mucosally with 10 mM butyrate. As an index of secretory
response, tissues were further challenged with 100 uM carbachol.

Electron microscopy. Tissue samples from the distal colon were fixed in 3%
glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 24 h at 4°C,
postfixed in osmium tetroxide, dehydrated with ethanol, and embedded in Epon.
Ultrathin sections stained with lead citrate were examined on a Jeol 1010 elec-
tron microscope. Images were captured by a digital imaging system.

Statistical analysis. All results were expressed as means * standard errors of the
means (SEM). The Student ¢ test and one-way analysis of variance with a Tukey-
Kramer multiple-comparison posttest were performed. Significance was set at a P
value of <0.05.

RESULTS

NOX1 deficiency affects epithelial lineage commitment in
the colon. To assess the role of NOXI1 in the colon, we first
examined the phenotype of epithelial cells in NOX1*° mice.
Assessment of cell types revealed by periodic acid-Schiff/
Alcian blue histochemistry, transmission electron microscopy,
and immunofluorescence for MUC2 and villin demonstrated a
significant 2-fold increase in the number of goblet cells at the
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TABLE 2. Quantification of BrdU-positive cells in the distal colon
sections of WT and NOX1%© mice*

No. of BrdU-positive cells/crypt in:

Relative
Time . decrease
Wlld_—type NOX1¥© mice (%)
mice
1h 1145 = 2.15 7.83 + 1.80* ~30
24 h 25.86 = 5.30 24.12 = 4.65 ~7

“ One hundred independent glands of 6 independent WT and NOX1X© mice
were counted. Numbers of BrdU-positive cells per gland section after 1 h of
BrdU correspond to poliferating crypt progenitor cells. After 24 h of BrdU, the
leading edge of BrdU labeling marks the furthest extent of migration of progeny
of precursor cells that have divided. *, P < 0.01 relative to control by Student’s
t test.

cost of colonocytes in NOX1*? mice compared with that for
WT mice (Fig. 1). The number of enteroendocrine cells, the
total number of cells per crypt, and the amount of apoptotic
cells were similar in control and experimental models (data not
shown). Consistent with very low NOXI mRNA levels in nor-
mal small intestine, no significant differences in the small in-
testinal phenotype were detected between WT and NOX1X©
mice (data not shown). We next asked whether an increase in
goblet cells changes colon physiology. Functional analysis of
colonic mucosa in an Ussing chamber revealed an ~50% de-
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crease in baseline short-circuit current (Isc) as an index of total
ionic transports across the epithelium together with decreased
chloride secretion in response to the cholinergic agonist car-
bachol in NOX1¥© mice, consistent with the decrease in the
number of colonocytes (Table 1). The response to butyrate
challenge remained unchanged, suggesting no significant mod-
ification of sodium-associated absorption (Table 1). Accord-
ingly, it should be noticed that body weights of WT and
NOX1%© mice were similar, consistent with a functional ad-
aptation of the absorptive function in mutant mice. In parallel,
we found that NOXI mRNA expression was differentially reg-
ulated in different colon cancer cell lines that spontaneously
differentiate into fully mature goblet or enterocyte-like cells
(Fig. 2). A loss of NOX1 mRNA occurred during the course of
mucus-secreting differentiation of HT-29CL.16E cells (Fig.
3A). Conversely, although NOXI mRNA expression levels de-
creased slightly during the exponential phase of growth of
Caco-2 cells, its expression was reactivated during the course of
enterocytic differentiation (Fig. 3A). Overexpression of NOX1
in HT-29CL16E cells or silencing of NOX1 in Caco-2 cells
resulted in significant changes in ROS production (Fig. 3A and
B) that were associated with modifications in expression of the
basic helix-loop-helix transcription factors involved in cell fate
determination, HesI-5 and Mathl (Fig. 3C). mRNA expression
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FIG. 5. Expression and localization of caudal-related homeobox Cdx proteins in the colon. (A) Immunohistological analysis of Cdx1 and Cdx2
in distal colon sections reveals similar staining for Cdx1 along the crypt (brown) in WT and NOX1%© mice; scale bar, 80 wm. In contrast, Cdx2
expression was upregulated in NOX1¥© mice; scale bar, 80 wm. Magnification of the micrographs shows that nuclear staining of Cdx2 can be
ectopically found at the bottom of the crypts in NOX1¥° mice (arrows); scale bar, 50 wm. (B) RT-PCR from the colon reveals similar expression
levels of Cdx! in both groups of mice and significantly increased levels of Cdx2 in NOX1¥° mice. Cdx1/B-actin and Cdx2/B-actin mRNAs were
quantified by scanning densitometry. Values are representative of 2 individual experiments (means = SEM); n = 9 for WT and NOX1¥° mice.

*, P < 0.001 relative to results for control (Student’s ¢ test).



2642 COANT ET AL. MoL. CELL. BIOL.
A WT  NOXIK© £ qp] X
G owT
NICD p [l - 5‘2? B NOX1Xe
B-actin P (eetenasdbem S 0 i
=

B« Hes1 < Hes5 = Math1 < KLF4 < EIf3
z 2 i z =
10 * 10 * € 10 ox 10 o T 1.0 * owr
£ € E £ B NOX1¥0
T 08 T 08 T 08 = 08 £ os
2 o6 Qo6 g 06 Q06 o 06
< 04 < 04 G 04 g 04 %04
= 02 B 0.2 T 02 F 02 9 o2
T T = 2 w

C< = <
= MMP2 g MMPY z ADAM10 PS1 = TIMP1
1 2 19
g 10 . % 1.0 ;E: 1.0 = € 1.0 . € 1.0 * owT
T 08 T 038 Z os E 08 T 038 W NOX1x0
Q 06 Qo6 —* % 06 S 06 & 06
S 04 <04 S 04 % 04 & 0.4
02 S o2 s 02 O 02 =02
& B 2 B = = &
= 0 s 0 < 0 » 0 = 0
= = 2 o =

FIG. 6. NOXI1 fine-tunes the activity of Notchl signaling pathway. (A) Representative immunoblot analysis of NICD expression in colonic
tissues from three individual WT and NOX1¥© mice. B-Actin was used as a loading control. Note that NICD expression was severely depressed
in NOX1%° mice compared to that in WT mice. NICD/B-actin was quantified by scanning densitometry. Data obtained in two independent
experiments are expressed as means = SEM; n = 6 for WT and NOX1¥° mice; *, P < 0.001 relative to results for control (Student’s ¢ test).
(B) Semiquantitative RT-PCR from the colon shows decreased expression of Hes! and Hes5 associated with derepression of Mathl, KLF4, and
EIF3 transcription. Values are representative of two individual experiments, means = SEM; n = 9 for WT and NOX1%° mice. #, P < 0.001 relative
to results for control (Student’s ¢ test). (C) Expression of y-secretase (presenilin 1 [PS1]), proteases (matrix-metalloproteinases 2/9 [MMP2/9] and
ADAMI10), and TIMP1 (an inhibitor of MMPs) directly or indirectly involved in Notch1 activation, measured by semiquantitative RT-PCR for WT
and NOX1%© mice. The GAPDH mRNA level was used as a loading control. The ratio between each mRNA level and GAPDH was quantified
by scanning densitometry. Values are means = SEM of two independent experiments (n = 9 for WT and NOX1¥° mice); *, P < 0.001; **, P <

0.0001 (relative to results for control).

of two other transcription factors, Kruppel-like factor 4
(KLF4) and EIf3, known to be involved in the terminal differ-
entiation of goblet cells, was depicted in Fig. 3C. Similarly, the
MUC?2 expression level was inversely correlated with the pres-
ence of NOX1 (Fig. 3C).

Together, these results suggest that the majority of differ-
entiated cells emerging from NOXI-deficient crypts adopt a
secretory fate, consistent with the observation that the absence
or presence of NOX1 in cultured colon cancer cells impacts the
expression of goblet- or enterocyte-specific differentiation fac-
tors, respectively.

NOX1 deficiency affects both proliferation and localization
of progenitor cells in the colon. Cellular homeostasis in
NOX1%€ crypts was next examined by observing crypt prolif-
eration and migration of bromodeoxyuridine (BrdU)-labeled
S-phase cells. The colons of NOX1¥° mice sacrificed 1 h after
BrdU exposure displayed a significant decrease in the number
of BrdU-positive cells (Fig. 4A and Table 2) and an alteration
in the spatial distribution of proliferating cells (Fig. 4A). This
result was confirmed by staining colonic sections for phospho-
histone 3, a mitosis-specific marker (Fig. 4B). Altogether, these
data indicated that a lack of NOX1 perturbs cell cycle entry of
progenitor cells and influences cell positioning in the crypts.
This analysis was extended by examining the upward migration
of cells that started to differentiate 24 h after BrdU exposure.
The position of the leading edge of BrdU labeling, which

marks the furthest extent of migration of progeny of precursor
cells, was higher in NOX1%° mice than in WT mice (Fig. 4A),
suggesting that NOX1 deficiency may promote a rapid conver-
sion of progenitor cells into postmitotic goblet cells and/or a
rapid migration of cells along the crypt axis. Electron micros-
copy revealed an expansion of the mature goblet cell popula-
tion within the crypts in NOX1¥° mice where progenitors
normally undergo rapid division (Fig. 4C). Consistently, cau-
dal-related homeobox Cdx2 mRNA expression, a master reg-
ulator of intestinal cell identity that regulates goblet-specific
MUC?2 and Mathl gene expression (24, 37, 39), was strongly
increased in NOX1%° mice, and nuclear staining for Cdx2 was
ectopically expressed at the bottom of crypts in NOX1%° mice
compared to that in WT mice (Fig. 5).

NOX1 regulates Notchl and Wnt/f3-catenin signaling cas-
cades. Since the Wnt and Notchl pathways are known to in-
terplay in the regulation of intestinal epithelial cell prolifera-
tion and fate, we asked whether the phenotype observed in
NOX1¥° mice is linked to alterations in these signaling path-
ways. A large body of evidence suggests that Notch1 signaling
regulates a binary decision between absorptive and secretory
cell fates (8, 11, 61). Engagement of the Notchl receptor by
Notch ligands induces a two-step proteolytic cleavage that re-
leases the Notchl intracellular domain (NICD). NICD binds
the transcriptional factor RBP-J (recombining binding protein
suppressor of hairless) and stimulates Hes!/ and Hes5 gene
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transcription and subsequent Mathl repression in a Hesl-de-
pendent manner (65), triggering absorptive determination.
Consistent with the increase in goblet cell numbers, a func-
tional downregulation of Notchl signaling was observed in
NOX1%© mice, as illustrated by dramatically reduced NICD
expression (Fig. 6A), repressed levels of Hesl and Hes5 tran-
scription, and increased Mathl mRNA expression (Fig. 6B).
Furthermore, KLF4 and EIlf3 mRNA levels were upregulated
in the colons of NOX1%° mice compared with levels in WT
mice (Fig. 6B). The phenotype that we observe is reminiscent
of that of Hes1 or RBP-J knockout mice (20, 61). In contrast,
Math1-deficient mice (65) or mice with forced expression of
NICD (11), which lack goblet cells, show a phenotype opposite
to that in NOX1%° mice. The gain-of-function phenotype de-
scribed here suggests that NOX1 targets Notchl signaling to
control the lineage of progenitor cells. Although the mecha-
nisms of NOX1-mediated Notch1 activation remain elusive, we
show that mRNA expression levels of y-secretase and of me-
talloproteinases (MMPs) involved in Notchl activation were
significantly reduced in NOX1*° mice (Fig. 6C). Given that
ROS play a major role in the NF-kB-dependent expression of
metalloproteases (34) and that Notchl augments NF-kB activ-
ity (55), we demonstrated that basal NF-kB activation is af-
fected in the colons of NOX1¥° mice, as illustrated by differ-
ential phosphorylation of p65, IKKB, and IkBa (Fig. 7A).
Furthermore, overexpression of NOX1 in HT-29CL.16E cells
reactivated NICD and MMP9/2 expression levels (Fig. 7B and

C), consistent with up- and downregulation of Hes! and Hathl
(the human homolog of Mathl) levels, respectively (Fig. 3C).

The Wnt cascade has been shown to affect cell fate deter-
mination via effects on progenitor cell proliferation (25, 43,
51). Consistently, inactivation of transcription factor 4 (en-
coded by Tcf4) or B-catenin (two downstream mediators of
Wnat signals) or forced expression of the diffusible Wnt inhib-
itor, dickkopf homologue 1 (DKKI1), leads to the loss of the
proliferative compartment (for a review, see reference 44). As
a result of a Wnt signaling defect, secretory cells seem to be
lost when the Notch cascade remains active (25, 43). To inves-
tigate if active Wnt signaling is altered in the colons of
NOX1¥© mice, we assessed both the localization and tran-
scriptional activity of B-catenin/Tcf4, which constitute the
dominant switch between proliferating progenitors and differ-
entiated cells. Using confocal microscopy and immunohisto-
chemistry experiments, we observed a spatial B-catenin expres-
sion gradient along the crypt-to-cuff axis, and nuclear B-catenin
was restricted to a subset of crypt cells in WT mice (Fig. 8A).
In contrast, NOX1 deficiency enhanced both the B-catenin-E-
cadherin complex level at the plasma membrane in the lower
crypts (Fig. 8A) and Ser/Thr phosphorylation of B-catenin
(Fig. 8B). Consistent with reduced Wnt/B-catenin/Tcf4 signal-
ing activity, c-Myc and cyclin DI transcription was downregu-
lated in the colons of NOX1¥° mice (Fig. 8C). Rather than
regulating gene transcription after nuclear translocation, 3-cate-
nin is driven to the E-cadherin complex to modulate cell-cell
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adherens junctions, cell cycle arrest, and differentiation in the
NOX1¥© crypts. Together, these results suggest that progenitor
cells are arrested early in the cell cycle and forced to differentiate
into goblet cells as a result of attenuated Wnt/B-catenin and
Notchl signaling in NOX1¥° mice.

NOX1 activates Wnt/f3-catenin signaling in part through
ROS-mediated PTEN inactivation. Cross talk between the
Wnt and Notchl signaling pathways is likely to occur via the
phosphatidylinositol 3-kinase (PI3K) cascade through AKT-
mediated inactivation of GSK3B (10, 33). In support of this,
inhibition of GSK3B-mediated B-catenin phosphorylation is
the major mechanism that Wnt signals use to prevent B-catenin
degradation. Furthermore, PI3K and GSK3p have both been
identified as binding partners for NICD and as components of
the Notch signaling pathway in lateral inhibition in Drosophila
melanogaster (47). To gain insights into the function of PI3K/
AKT/GSK3 signaling in regulating both of the Wnt and
Notchl signaling cascades, we analyzed the phosphorylation
status of both AKT and GSK3 in the colons of WT and
NOX1¥° mice. We demonstrated that activation/dephosphor-
ylation of GSK3 is dramatically increased in NOX1¥° mice
with a concomitant dephosphorylation of AKT at both Ser*”?
and Thr*®® residues (Fig. 9A and B). We further examined
activation of the tumor suppressor PTEN, a dual-specificity

phosphatase which antagonizes PI3K/AKT signaling and acts
in transit-amplifying cells as a negative regulator of the cell
cycle (18). Previous reports have demonstrated that PTEN
activity could be regulated at the level of transcription, through
phosphorylation-dependent modulation of protein stability
and/or through reversible oxidation (26, 58, 63). Although the
level of PTEN transcription was unchanged between WT and
NOX1®*° mice, we demonstrated that phosphorylation of
PTEN (Ser*®®) was strongly reduced in NOX1¥° mice (Fig.
9C), suggesting that ROS generated by NOX1 may indirectly
modulate PTEN activity by activating intermediate redox-sen-
sitive protein kinases. In addition, oxidation of the active-site
Cys'?* residue by ROS, which negatively regulates PTEN ac-
tivity (29, 30), was investigated. We reported that the percent-
age of the active form of PTEN (reduced form) was 30 to 35%
higher in NOX1¥° mice than in WT mice (Fig. 9D). Alto-
gether, these results demonstrated that NOX1 deficiency en-
hanced PTEN activation by regulating both its oxidation and
phosphorylation states. In order to ascertain the implication of
PI3K/PTEN/AKT signaling in the phenotype observed in
NOX1¥© mice, forced PI3K/AKT activation was achieved by
successive subcutaneous injections of recombinant insulin
growth factor 1 (IGF1) for 4 days. The efficiency of IGF1
treatment was attested by dramatic enhancement of AKT
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FIG. 9. Effect of NOX1 on goblet cell differentiation and cell proliferation implicates PTEN/AKT signaling cascade. Representative immu-
noblot analysis of phospho-AKT (A), phospho-GSK3 (B), or phospho-PTEN (C) expression in colonic tissues from three individual WT and
NOX1¥° mice. Phospho-AKT (Ser*”?)/AKT and phospho-AKT (Thr**®)/AKT (A), phospho-GSK3a (Ser?')/GSK3« and phospho-GSK3p (Ser®)/
GSK3 (B), and phospho-PTEN (Ser**’)/pan-PTEN (C) were quantified by scanning densitometry. Data obtained in two independent experiments
are expressed as means + SEM; n = 9 for WT and NOX1X© mice; *, P < 0.001; %, P < 0.05 relative to results for the control (Student’s ¢ test).
(D) Detection of active (reduced) and inactive (oxidized) forms of PTEN on the basis of an electrophoretic mobility shift. Colonic crypt extracts
from WT and NOX1¥© mice were subjected to alkylation in the presence or absence of B-mercaptoethanol (8-M) and fractionated by nonreducing
SDS/PAGE. The percentage of the active form of PTEN was determined by scanning densitometry. Data obtained in two independent experiments
are expressed as means = SEM; n = 6 for WT and NOXI1X¥© mice; *, P < 0.0001 relative to results for the control (Student’s ¢ test).
(E) Representative immunoblot analysis of Phospho-AKT (Ser*”?)/AKT expression in colonic tissues from three individual NOX1¥° mice treated
twice daily with 2 wg/g Long-Arg®>-IGF1 (IGF1) for 4 days or with vehicle (HCI, 2 mM in PBS). Phospho-AKT/AKT was quantified by scanning
densitometry. Data are expressed as means = SEM; n = 3 for untreated and IGF1-treated NOX1%° mice; *, P < 0.001 relative to results for the
control (Student’s ¢ test). (F) Representative sections of distal colon from NOX1X¥° mice treated (IGF1) or not (Ctrl) with IGF1 stained with
periodic acid-Schiff and Alcian blue. Eight crypts per section with 2 individual sections from each animal were counted. Percentages of goblet cells
and colonocytes per crypt are represented as means = SEM (n = 3 for untreated and IGF1-treated NOX1¥° mice); *, significantly different from
Ctrl (P < 0.001) (Student’s ¢ test). (G) Immunohistochemical analysis of sections of distal colon from NOX1¥° mice treated (IGF1) or not (Ctrl)
with IGF1 stained with anti-BrdU antibody 1 h after administration of BrdU. The number of BrdU-positive cells per gland section was reported
as detailed in Materials and Methods. *, P < 0.01 relative to results for Ctrl (Student’s ¢ test). Scale bars, 80 pm.

phosphorylation (Ser*”?) (Fig. 9E). Interestingly, IGF1-depen-
dent activation of the PI3K/AKT signaling pathway in part
reduced the number of goblet cells by 30% (Fig. 9F) and
increased cell proliferation by 35% (Fig. 9G) in the colons of
NOX1%© mice. It is noteworthy that spatial distribution of
progenitors at the bottom of the crypt was partly rescued by
IGF1 treatment (Fig. 9G), suggesting an important role of the
PI3K/PTEN/AKT signaling cascade in crypt localization, pro-
liferation, and commitment of progenitor cells in the colon.
Altogether, these results suggest that ROS generated by

NOXI1 may activate the Notchl and Wnt/B-catenin signaling
pathways in part through activation of the PI3K/AKT signaling
cascade.

Several lines of evidence suggest that PTEN interacts indi-
rectly with B-catenin by binding scaffolding proteins such as
cadherins and thus participates in regulating adherens junc-
tions and cell-cell adhesion (26, 58, 63). Since PTEN has been
shown to be involved in E-cadherin—B-catenin complex assem-
bly by reducing tyrosine phosphorylation of both proteins (2,
63), we assumed that increased PTEN activity in NOX1%°
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mice may be partially responsible for the more prominent
localization of B-catenin to the cell surface. Accordingly, im-
munoprecipitation study demonstrates that association of
PTEN with the E-cadherin—B-catenin complexes was increased
in NOX1%° mice (Fig. 10). This association was accompanied
by a reduction of tyrosine phosphorylation of both B-catenin
and E-cadherin, which triggers the complex formation as a
prerequisite for cell differentiation (Fig. 10). Consistently,
E-cadherin—B-catenin complexes were more prominent in
NOX1%© mice (Fig. 10), and silencing of PTEN by siRNA in
short-hairpin NOXI RNA-transfected Caco-2 cells (Fig. 11A
and B) restored tyrosine phosphorylation of B-catenin and
E-cadherin and impaired their association with the cell surface
(Fig. 11C). Collectively, these data show that NOX1 deficiency
reduces tyrosine phosphorylation and triggers cellular redistri-
bution of E-cadherin—B-catenin complexes by a PTEN-depen-
dent mechanism, suggesting that NOX1 may play a role in
activating progenitor cell self-renewal by regulating PTEN ac-

tivity.

DISCUSSION

Here we have shown that NOX1 may regulate the balance
between cell proliferation and differentiation by modulating
the PI3K/AKT, Wnt/B-catenin, and Notch1 signaling cascades
in a ROS-dependent manner. As a result, NOX1-deficiency (i)
perturbs cell cycle entry of progenitor cells and influences cell
positioning in the crypts and (ii) promotes a rapid conversion
of progenitor cells into postmitotic goblet cells at the expense
of colonocytes. These findings support that NOX1 signaling is
essential within the crypt compartment to maintain the undif-
ferentiated state of the crypt progenitors and likely acts on a
proximal step in cell type specification of the transit-amplifying

precursor cells by coordinately controlling both Wnt and
Notchl signals.

The first evidence that Notchl signaling plays a role in cell
specification was previously reported in loss-of-function stud-
ies of Hesl (20) and of its downstream target Math1 (65). It
was shown that the choice between absorptive and secretory
fates might be the first decision made by each progenitor cell
and that Hes1 and Math1 play opposite roles in this decision
making. Moreover, inhibition of Notch1 activation using phar-
macological approaches or genetic manipulation results in the
predominance of the goblet cell lineage in the gastrointestinal
tract (14, 38, 61), reminiscent of the goblet cell morphology
seen in the colons of NOX1¥° mice. Conversely, conditional
expression of NICD in the intestine inhibits differentiation of
crypt progenitor cells, resulting in a large increase in undiffer-
entiated transit-amplifying cells associated with a lack of goblet
cells (8, 11, 61). One potential mechanism by which NOX1 may
regulate the cell fate decision of progenitors is through pro-
teolytic activation of Notchl. Although the mechanisms by
which NOX1 induces Notchl activation remain to be fully
characterized, both our in vitro and in vivo data demonstrate
that NICD expression levels and subsequent Hes! and Mathl
levels strongly correlate with NOX1 expression and cell fate
determination. Furthermore, indirect support for the role of
NOX1 in the proteolytic processing of Notchl stems from the
downregulation of proteases observed in NOX1¥° mice. In
support of this, it has been recently shown that MMP9 ™/~ mice
exhibit an increase in goblet cells with a concomitant decrease
in colonocytes by downregulation of the proteolytic activation
of Notchl (14, 38, 61). Moreover, activation of the NADPH
oxidase homolog dual oxidase 1 (DUOXT1) within the human
airway epithelium has been shown to activate the tumor
necrosis factor alpha (TNF-a) converting enzyme TACE/
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FIG. 11. Silencing of PTEN impairs B-catenin-E-cadherin complex formation in sh-NOX7 RNA-transfected Caco-2 cells. (A) Semiquantitative
RT-PCR shows the expression of PTEN in stably transfected Caco-2 cells with the sh-NOX1 RNA construct (sh-NOX1) treated with increased
concentrations of PTEN siRNA (siPTEN). the GAPDH mRNA level was used as a loading control. The ratio between PTEN and GAPDH mRNA
levels was quantified by scanning densitometry. Values are representative of two individual experiments performed in triplicate. (B) The efficiency
of PTEN siRNA was confirmed by Western blotting in sh-NOX1 Caco-2 cells transfected with siPTEN or scrambled (Scr) siRNA. B-Actin served
as the loading control. PTEN/B-actin was quantified by scanning densitometry. Values are representative of two individual experiments performed
in triplicate. *, P < 0.001 relative to results for scrambled siRNA. (C) Cell lysates from sh-NOX1 Caco-2 cells transfected with siPTEN or
scrambled (Scr) siRNA were subjected to immunoprecipitation (IP) with anti-B-catenin or anti-E-cadherin antibodies. The IP material was then
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tative of two individual experiments performed in triplicate. *, P < 0.001 relative to results for scrambled siRNA.

ADAM17 by an H,O,-dependent mechanism (52, 53), suggest-
ing that ROS may directly regulate protease activity.

A large body of evidence indicates the presence of hierar-
chical regulation between the Wnt/B-catenin and Notchl cas-
cades for balancing intestinal proliferation/differentiation (11,
40, 49, 61). Here we have revealed that the regulatory circuit
linking NOX1-mediated ROS production with the Wnt/B-cate-
nin and Notch1 pathways is required for maintaining crypt cells
in a proliferative state. This is achieved, at least in part, by
simultaneously enhancing B-catenin transcriptional activity,
cellular redistribution of E-cadherin—B-catenin complexes
through ROS-dependent PTEN inactivation, and Notchl sig-
naling activity in the stem cell niche (Fig. 12). We propose that
NOXI1 may partially govern cell activation and proliferation
and the number of progenitor crypt cells by cooperating with
the Wnt and PI3K/AKT pathways to control nuclear localiza-
tion of B-catenin and hence the regulation of B-catenin targets,
such as cyclin D1 and c-Myc. The interplay between Wnt and
PI3K/AKT is a subject of debate. A genetic experiment has
demonstrated that removal of the two inhibitory serine resi-
dues (Ser”?') in GSK3 knock-in mice has no effect on Wnt
signaling (36). These findings suggest that there are at least two

pools of GSK3 in cells, one associated with Axin and refractory
to phosphorylation by AKT at Ser”?! and another that can be
regulated by AKT (for a review, see reference 64). However,
several groups have proposed that Wnt and AKT induce phos-
phorylation of GSK3 isoforms at the same sites (3, 12, 66). In
our study, the importance of the PI3K/AKT signaling pathway
in progenitor proliferation and differentiation has been out-
lined by activating the insulin pathway by recombinant IGF1 in
NOX1*° mice. Consequently, we propose that direct or indi-
rect redox modulation of the PI3K/AKT and Wnt signaling
pathways results in phosphorylation/inhibition of GSK3B and
translocation of B-catenin in the nucleus as well as Notchl
activation. Consistent with this hypothesis, we show that loss of
NOX1 results in increased PTEN activity due to the combina-
tion of significantly reduced phosphorylation and oxidation
levels that could in part account for the profound effects on the
reduction in active AKT. It is not excluded that the downregu-
lation of PI3K/AKT signaling may also be achieved by the
inactivation of other redox-sensitive kinases, such as PDK1 and
Src (7). On the other hand, even if other phosphatases may
also be concerned (54), it is noteworthy that ROS-dependent
PTEN inactivation is essential to increase tyrosine phosphory-
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FIG. 12. Schematic representation of NOX1-induced regulatory networks controlling progenitor cell fate in the colon.

lation of E-cadherin and B-catenin and to disassemble E-cad-
herin/B-catenin complexes, events that lead to an increase in
the transcriptional activity of B-catenin (2, 63).

The role of PTEN in intestinal homeostasis is controversial
even in studies using similar experimental models. Marsh et al.
(35) reported that specific deletion of Pten within the epithe-
lium of two intestinal Cre recombinase models has no adverse
effect on proliferation, crypt progenitor phenotype, or the Wnt
signaling pathway, suggesting that PTEN is redundant in in-
testinal epithelium. In contrast with this prediction, Langlois et
al. (27) recently showed that a conditional loss of epithelial
Pten leads to an intestinomegaly associated with an increase in
epithelial cell proliferation, suggesting a role for PTEN in the
commitment of the multipotential-secretory precursor cell.
Nonetheless, a loss of epithelial Pten did not result in increased
nuclear B-catenin protein levels, nor was it sufficient to pro-
mote tumorigenesis initiation except in the context of activated
Wnt signaling (27, 35). In contrast, previous studies showed
that PTEN acts as a negative regulator of the cell cycle in
intestinal stem cells and helps govern stem cell activation by
helping control nuclear localization of B-catenin (17, 18, 42).
Therefore, future experiments with an NOX1¥pillin Cre-
Pten™™ mouse model would help to demonstrate that PTEN is
or is not a key target of NOXI functions in controlling the
relationship between PI3K/AKT, Wnt and Notch signaling,
and the fate of colonic epithelial progenitors.

Of interest, it was shown that Notch signaling and the PI3K-
AKT pathways synergize in vivo in a Drosophila melanogaster
model of Notch-induced tumorigenesis and that mutational
loss of PTEN is associated with the resistance of human T-cell
lymphoblastic leukemias and lymphomas to pharmacological

inhibition of Notchl (41), suggesting that PTEN might be
functionally linked to Notchl signaling. Furthermore, hyper-
activated PI3K/AKT signaling leads to upregulation of Notchl
through NF-kB activity in melanoma development (6), sug-
gesting an overt link between the Notchl and PI3K/AKT sig-
naling pathways. In this context, our results warrant further
studies to test this interplay in the colon homeostasis.

A wealth of evidence indicates that the Wnt/B-catenin,
Notchl, and PI3K/AKT cascades might be the major driving
force behind the proliferative potential of neoplastic cells. Be-
cause the overexpression of NOXI1 is often detected in pre-
cancerous and well-differentiated adenocarcinomas (13), the
present data indicate that NOX1 might coordinately drive on-
cogenic potential. NOX1 modulation therefore might repre-
sent a novel strategy for colorectal cancer.
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