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Figure 2, Separated IL-7/~ x RAG-1~~ host mice are consistently diseased after separation. (A) Clinical scores were determined at 12wk after
separation as described in Materials and methods and Fig. 1. Data show mean£SEM (n = 6/group). *p<0.05 versus age-matched C57BL/6 mice. (B)
Histological examination by H&E staining of the colon. Original magnification, x 100. Bars: 200 um. (C) Histological scoring of colon. Data show
mean + SEM (n = 6/group). *p<0.01 versus control mice. (D) Cell number of CD4" T cells recovered from LP was determined by flow cytometry. Data
show mean+SEM (n = 6/group). *p<0.01 versus control mice. (E) Cytokine production. LP CD4" T cells were prepared from colons at 12wk after
surgery and stimulated with anti-CD3 and anti-CD28 mAb for 48 h. Concentrations of IFN-y and TNF-« in culture supernatants were measured by
ELISA. Data show mean+SEM (n = 6/group). *p<0.01, versus control C57BL/6 mice.

the persistence of established colitis. Here, by showing that colitis
continues in IL-77/~ x RAG-1"" mice after separation from
parabiotic union with colitic RAG-1""" mice that had previously
been transferred with CD4*CD45RB$" T cells. In sharp contrast,
we found that IL-7 is essential for the development of on-going
colitis under lymphopenic conditions by showing the absence
of IL-77/~ xRAG-1""" mice transferred with colitogenic LP
CD4* T cells obtained from the separated IL-777 x
RAG-17/~ mice after separation surgery. These results clearly
demonstrate that IL-7 is essential for the turnover of colitogenic
CD4"% T cells in the lymphopenic stage of the adoptive transfer
system, but not for the turnover of those cells in the established
stage of colitis in this commensal-dependent adoptive transfer
model.

The explanation first considered for the finding that colitic
IL-77~ x RAG-1"/~ mice sustained severe colitis up to 12wk
after separation to a similar extent to the paired RAG-1""" mice
was the straightforward migration of IL-7-producing cells or
their progenitor cells from RAG-17" to IL-77" x RAG-177~
mice in parabionts along with colitogenic CD4" T cells, since
IL-77/~ x RAG-1"/" mice transferred with colitogenic LP CD4*
T cells alone did not develop colitis [26]. However, this possibility
was excluded, as RT-PCR analysis could not detect mRNA of IL-7
in the organs or purified CD457CD4" T cells and CD45" non-
T cells of the IL-77/~ x RAG-17/" mice (Fig. 3A and B), although
the possibility remains that IL-7 expressed in the separated

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

IL-7/~ x RAG-1"/~ mice at below the level of detection by
RT-PCR, contributed to the present result.

Interestingly, however, mRNA expression of IL-15, which has
recently been recognized as a homeostatic cytokine for CD4*
memory T cells as well as for the maintenance of CD8" memory
T cells [30-32] was detected at similar levels in various organs of
both the separated RAG-1"/" and the IL-7/~ x RAG-1"/" mice
(Fig. 3A). However, colitic LP CD4" T cells in both mice expressed
very low levels of IL-15RB, an essential
IL-15 signaling, in sharp contrast to the strong expression of
IL-7Ra (Fig. 3C). Also, we demonstrated that administration of
neutralizing anti-IL-15 mAb did not ameliorate the established
colitis in the separated IL-7~~ x RAG-17" mice (Fig. 3D). This
result suggests that IL-15 is not essential for the sustaining colitis in
the separated IL-7/~ x RAG-1~~ mice. Thus, the colitic CD4"
T cells in the parabionts in this study might have acquired a
dependency on other cytokines, such as thymic stromal lympho-
poietin, receptors of which are composed of IL-7Re and thymic
stromal lymphopoietin, and remained independent of IL-7 during
parabiosis. However, this possibility is also unlikely because new
IL-7~/~ x RAG-17/" recipients subsequently transfetrred with colitic
LP CD4" T cells from the separated IL-7~/~ x RAG-1""" mice did
not develop colitis (Fig. 4), indicating that 1L-7 is essential for the
development of on-going colitis in the adoptive transfer system, but
not essential for the sustainment of the established chronic colitis
after the parabiosis and subsequent separation system.

receptor for
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Data show mean-SEM (n = 5/group). NS, not significantly different.

How can this discrepancy in IL-7 requirement in this adoptive
transfer model in combination with parabiosis system be
explained? The most striking difference is in the in vivo experi-
mental setting, parabiosis versus adoptive transfer. In the adop-
tive transfer system, only a small number of colitogenic CD4"
T cells (approximately 3 x 10°-3 x 10° cells/mouse) are trans-
ferred into immunodeficient RAG-17/~ mice, whereas in the
parabiosis system, a large number of these cells can be continu-
ously transferred into recipients. Thus, it is possible that IL-7 is
required for the lymphopenia-driven expansion of these cells in
the adoptive transfer system. In contrast, the continuous and

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

abundant supply of these cells in the parabiosis system might
overcome the requirement of IL-7 for the development of colitis,
this being replaced presumably by other stimuli, such as
commensal bacterial antigens and other cytokines. Consistent
with this notion, we previously demonstrated that CFSE-labeled
colitogenic CD4™ T cells could expand by over eight cell divisions
within 7 days after transfer in IL-7~"~ x RAG-1""" mice, a similar
extent to that in RAG-1"/" mice, whereas the number of donor-
derived cells recovered in IL-77~ x RAG-17/" recipients was
over 100 times less than that in RAG-17/" recipients, in line with
the decreased expression of Bcl-2 and conversely the increased
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recipients do not have the potential to induce colitis when transferred to new

IL-77/~ x RAG-1"'~ recipients. (A} New RAG-1~ or IL-7/~ x RAG-17~ mice were transferred with LP CD4" T cells obtained from previously
parabiosed RAG-1"/" or IL-77/~ x RAG-1~/~ mice at 12 wk after separation (each group; n = 7). Group 1 (Gr. 1), new RAG-1~"" mice transferred with LP
CD4* T cells obtained from the separated RAG-1~~ mice; Group 2 (Gr. 2), new RAG-1"'" mice transferred with LP CD4" T cells from the separated
IL-77~ x RAG-1"/" mice; Group 3 {Gr. 3), new IL-7~/~ x RAG-1""~ mice transferred with LP CD4"* T cells from the separated RAG-1"/~ mice; Group 4
(Gr. 4), new IL-77~ x RAG-1"/" mice transferred with LP CD4™ T cells from the separated IL-77~ x RAG-1"/~ mice. (B) Clinical scores were
determined 6 wk after transfer. Data show mean+SEM {(n = 7/group). *p<0.01. (C) Histological examination of the colon. Original magnification,
x 100. Bars: 200 um. (D) Histological scoring. Data show mean+SEM (n = 7/group). *p<0.01.

ratio of Annexin V' apoptotic cells in donor CD4" T cells of
IL-777" x RAG-177~ recipients [26]. Hence, these results suggest
that IL-7 is indeed not required for rapid proliferation of colito-
genic LP CD4™ T cells in lymphopenic conditions, but is concur-
rently critical for the survival of those cells until the time that
recipient mice become lympho-competent.

The current findings might also shed light on the clinical
aspect of IBD. Most current treatments for IBD, such as corti-
costeroid, immunosuppresants (azathiopurine and cyclosporine),
and biologics (infliximab), induce apoptosis of activated CD4"*
T cells [33], and thereby are often accompanied by lymphopenia.
This is also the case with the recently developed therapy by
autologous stem cell

hematopoietic transplantation  for

© 2009 WILEY-VCH Verlag GmbH & Co. XGaA, Weinheim

patients with intractable Crohn’s disease [34]. However, since
most patients who achieve remission by these treatments inevi-
tably relapse some time later, it is possible that subsequent
blockade of the IL-7/IL-7R signal pathway to suppress
IL-7-dependent lymphopenia-driven expansion of colitogenic
CD4™ T cells will be beneficial for the long-term remission of the
diseases.

In summary, we here demonstrated that IL-7 is essential for
the turnover of colitogenic CD4" T cells in the lymphopenic stage
of colitis in the commensal-dependent adoptive transfer model,
suggesting an effectual timing for therapeutic approaches that
target systemic IL-7 using the biologics against IL-7 in the
treatment of IBD.
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Figure 5. Adoptive transfer of sustained CD4" T cells in the separated 1L-77/~ x RAG-1""" recipients into IL-7"/* x RAG-17'~, but not IL-77/" x
RAG-17/", recipients induce Th1-mediated colitis. Group 1 (Gr. 1)-Group 4 (Gr. 4); see Fig. 4. (A} Cells were isolated from LP, SP, and BM, and the number
of CD4" cells was determined by flow cytometry. (B) Cytokine production by LP CD4™ T cells. CD4" were isolated from each mouse at 6 wk after
transfer and stimulated with anti-CD3 and anti-CD28 mAb for 48h. IFN-y and TNF-u concentrations in culture supernatants were measured by
ELISA. {C) Expression of CD69 on LP and SP CD4" T cells from each group. Data show mean+SEM (n= 7/group). *p<0.05.

Animals

C57BL/6-Ly5.2 mice were purchased from Japan Clea (Tokyo,
Japan). CS7BL/6-Ly5.2-RAG-2-deficient (RAG-2777) were
obtained from Taconic Laboratory (Hudson, NY, USA) and
Central Laboratories for Experimental Animals (Kawasaki,
Japan). C57BL/6-Ly5.2-background RAG-1*/~ and IL-7%/~ mice
were kindly provided by Dr. R. Zamoyska (National Institute
for Medical Research) and Dr. P. Vieira (Institut Pasteur)
[16, 35]. These mice were intercrossed to generate L7777 x
RAG-17" and IL-7*/* x RAG-1™" (hereafter RAG-1"") litter-
mate mice in the Animal Care Facility of Tokyo Medical
and Dental University. Mice were maintained under specific
pathogen-free conditions in the Animal Care Facility of

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Tokyo Medical and Dental University. Donors and recipients
were used at 6-12wk of age. All experiments were approved
by the regional animal study committees and were per-
formed according to institutional guidelines and Home Office
regulations.

Parabiosis

We performed an adoptive transfer experiment in combination
with a parabiosis system using RAG-17" and IL-777" x
RAG-17/~ littermate recipients (Fig. 1A). For the adoptive
transfer, CD4% T cells were first isolated from spleen cells of
C57BL/6-Ly5.2 mice using the anti-CD4 (L3T4)-MACS system
(Miltenyi Biotec, Auburn, CA, USA) according to the manufac-
turer’s instructions. Enriched CD4% T cells (96-97% pure, as
estimated by FACS Calibur (Becton Dickinson, Sunnyvale, CA,
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Figure 6. Adoptive transfer of a large number of sustained CD4™ T cells in the separated IL-77~ x RAG-17/~ recipients into IL-77/~ x RAG-1"/"
recipients does not induce colitis. (A) New RAG-17/~ or IL-7/" x RAG-17/~ mice transferred with LP CD4" T cells (3 x 10°3 x 10°) were obtained
from previously parabiosed IL-77~ x RAG-1~/" mice at 12 wk after separation surgery (each group; n = 5). (B) Clinical scores were determined 12 wk
after transfer. Data show mean +SEM {n = 7/group). *p<0.01. (C} Histological examination of the colon. Original magnification, x 100, Bars: 200 ym.
(D) Histological scoring, Data show mean+SEM (n = 7/group). *p<0.01. (E) The number of LP CD4" cells was determined by flow cytometry. Data
show mean +SEM (n = 7/group). *p<0.05. (F) Cytokine production by LP CD4" T cells. CD4" were isolated from each mouse at 12 wk after transfer
and stimulated with anti-CD3 and anti-CD28 mAb for 48 h. IFN-y and TNF-x concentrations in culture supernatants were measured by ELISA. Data

show mean +SEM (n = 7/group). *p<0.05.

USA) were then labeled with PE-conjugated anti-mouse CD4
(RM4-5; BD PharMingen, San Diego, CA, USA) and FITC-
conjugated anti-CD45RB  (16A; BD PharMingen). CD4"
CD45RBM8" cells were generated using a FACS Aria (Becton

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Dickinson). This population was >98.0% pure on reanalysis.
RAG-17~ mice (n=12) were then injected intraperitoneally
with 3 x 10° splenic CD4"CD45RB™ME" T cells from normal
CS7BL/6-Ly5.2 mice. At 6wk after transfer, RAG-1"/~ mice
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transferred with CD4"CD45RB™S" T cells developed a wasting
disease and colitis as reported previously [26]. We then carried
out parabiosis surgery [28] according to institutional guidelines
and Home Office regulations. Briefly, sex-matched mice were
anesthetized prior to surgery, and incisions were made in the skin
on the opposing flanks of the donor and recipient animals.
Surgical sutures were used to bring the body walls of the two
mice into direct physical contact. The outer skin was then
attached with surgical staples. In this way, colitic RAG-17"" mice
that had previously been transferred with CD4* CD45RB"E"
T cells were parabiosed with new IL-77/7 x RAG-17/" mice
(n = 12). All parabionts were observed for clinical signs such as
hunched posture, piloerection, diarrhea, and blood in the stool.
At autopsy, mice were assessed for a clinical score as described
previously [36].

Adoptive transfer experiment after separation of
parabionts

To further investigate the role of IL-7 in the maintenance of
colitogenic CD4” memory T cells, we next separated the
parabionts surgically at 6wk after theparabiosis surgery. All
mice were observed for clinical signs for 12wk after separation,
and assessed for a clinical score at autopsy as described above
[36]. To assess the possibility that some colitogenic CD4™ T cells
acquired 1L-7-independency during parabiosis or after separation,
LP CD4" T cells (3x 10° or 3 x 10° cells) isolated from the
separated RAG-1""" or IL-777 x RAG-1""" mice were trans-
ferred into new RAG-17" or IL-7~/~ x RAG-1"/" mice. All mice
were observed for clinical signs for 6 or 12wk after transfer. In
another set of experiments, the separated IL-7 /" x RAG-17""
mice were i.p. administered with 250 pg of neutralizing anti-IL-15
mAb (AIO.3) [37] or control rat IgG (Sigma, St. Louis, MO, USA)
in 250 uL. PBS every week over a period of 6wk. All mice were
observed for clinical signs for 6 wk after separation.

Histological examination

Tissue samples were fixed in PBS containing 10% neutral-
buffered formalin. Paraffin-embedded sections (5pm) were
stained with H&E. Three tissue samples from the proximal,
middle, and distal parts of the colon were prepared. The sections
were analyzed without prior knowledge of the type of T-cell
reconstitution or treatment. The area most affected was graded
by the number and severity of lesions. The mean degree of
inflammation in the colon was calculated using a modification of
a previously described scoring system [38].

Tissue preparations

Single cell suspensions were prepared from spleen, LP, and BM as
described previously {39]. To isolate LP CD4* T cells, the entire
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Cellular immune response

length of colon was opened longitudinally, washed with PBS, and
cut into small pieces. The dissected mucosa was incubated with
Ca%*, Mg®"-free Hanks' BSS containing 1mM DTT (Sigma-
Aldrich) for 45min to remove mucus and then treated with
3.0mg/mL collagenase (Roche Diagnosyics GmbH, Germany)
and 0.01% DNase (Worthington Biomedical, Freehold, NJ, USA)
for 2h. The cells were pelleted two times through a 40% isotonic
Percoll solution, and then subjected to Ficoll-Hypaque density
gradient centrifugation (40/75%). Enriched LP CD4™ T cells were
obtained by positive selection using anti-CD4 (L.3T4) MACS
magnetic beads. The resultant cells when analyzed by FACS
Calibur contained >95% CD4™ cells. BM cells were obtained by
flushing two femurs with cold RPMI 1640.

Real-time RT-PCR

Total RNA was isolated by using ISOGEN reagent (NIPPON GENE).
Aliquots of 0.5 pg of total RNA were used for complementary DNA
synthesis in 20 pL, of reaction volume by using random primers. To
validate gene expression changes, quantitative RT-PCR analysis
was performed by Applied Biosystems 7500 using validated
TagMan Gene Expression Assays (Applied Biosystems). The
TagMan probes and primers for mouse IL-7 (assay identification
number Mm01295805_m1) and mouse I1L-15 (assay identification
number Mm00434210_m1) were Assay-on-Demand gene expres-
sion products (Applied Biosystems). The mouse -actin gene
was used as endogenous control (catalog number 4352933E;
Applied Biosystems). The thermal cycler conditions were as
follows: hold for 10min at 95°C, followed a cycle of 95°C for
15s and 60°C for 1 min for 50 cycles. All samples were treated in
triplicate. Amplification data were analyzed with an Applied
Biosystems Sequence Detection Software version 1.3, and the
relative mRNA amounts and range were determined. Briefly, we
normalized each set of samples using the difference in threshold
cycles (ACT) between the sample gene and housekeeping
gene (B-actin):ACT = (ACtsample—ACTB-actin). The calibrator
sample (ACTcalibration) was assigned as the sample with the
RAG-27/" colitic mice in each set. Relative mRNA levels were
calculated by the expression 27 44T where AACT = ACtsample (n)
—ACtcalibration (n).

Cytokine ELISA

To measure cytokine production, 1 x 10° LP CD4" T cells were
cultured in 200 pL of culture medium at 37°C in a humidified
atmosphere containing 5% CO, in 96-well plates (Costar,
Cambridge, MA, USA) pre-coated with 5ug/ml hamster anti-
mouse CD3g mAb (145-2C11, BD PharMingen) and hamster
2 pg/mL anti-mouse CD28 mAb (37.51, BD PharMingen) in PBS
overnight at 4°C. Culture supernatants were removed after 48h
and assayed for cytokine production. Cytokine concentrations
were determined by specific ELISA as per the manufacturer's
recommendation (R&D, Minneapolis, MN, USA).
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Flow cytometry

To detect the surface expression of a variety of molecules, isolated
splenocytes, BM, or LP mononuclear cells were preincubated with
an FcyR-blocking mAb (CD16/32; 2.4G2, BD PharMingen) for
15min followed by incubation with specific FITC-, PE-, PerCP-,
allophycocyanin-, or biotin-labeled antibodies for 20 min on ice. The
following mAb were obtained from BD PharMingen: anti- CD4 mAb
(RM4-5), anti-CD45RB mAb (16A), anti-CD69 mAb (H1.2F3), anti-
IL-7Ro. mAb (A7R34), anti-CD44 mAb (IM7), anti-IL-15Rf (5H4)
and anti-CD62L mAb (MFEL-14). Standard two-, three-, or four-color
flow cytometric analyses were obtained using the FACS Calibur
using CellQuest software. Background fluorescence was assessed by
staining with control irrelevant isotype-matched mAb.

Statistical analysis

The results were expressed as the mean + standard error of mean
(SEM). Groups of data were compared by Mann-Whitney U-test.
Differences were considered to be statistically significant when

p<0.05.
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Okamoto R, Tsuchiya K, Nemoto Y, Akiyama J, Nakamura T,
Kanai T, Watanabe M. Requirement of Notch activation during
regeneration of the intestinal epithelia. Am J Physiol Gastrointest
Liver Physiol 296: G23-G35, 2009. First published November 20,
2008; doi:10.1152/ajpgi.90225.2008.—Notch signaling regulates cell
differentiation and proliferation, contributing to the maintenance of
diverse tissues including the intestinal epithelia. However, its role in
tissue regeneration is less understood. Here, we show that Notch
signaling is activated in a greater number of intestinal epithelial cells
in the inflamed mucosa of colitis. Inhibition of Notch activation
in vivo using a y-secretase inhibitor resulted in a severe exacerbation
of the colitis attributable to the loss of the regenerative response
within the epithelial layer. Activation of Notch supported epithelial
regeneration by suppressing goblet cell differentiation, but it also
promoted cell proliferation, as shown in in vivo and in vitro studies.
By utilizing tetracycline-dependent gene expression and microarray
analysis, we identified a novel group of genes that are regulated
downstream of Notchl within intestinal epithelial cells, including
PLA2G2A, an antimicrobial peptide secreted by Paneth cells. Finally,
we show that these functions of activated Notchl are present in the
mucosa of ulcerative colitis, mediating cell proliferation, goblet cell
depletion, and ectopic expression of PLA2G2A, thereby contributing
to the regeneration of the damaged epithelia. This study showed the
critical involvement of Notch signaling during intestinal tissue regen-
eration, regulating differentiation, proliferation, and antimicrobial
response of the epithelial cells. Thus Notch signaling is a key
intracellular molecular pathway for the proper reconstruction of
the intestinal epithelia.

intestinal epithelial cells; goblet cells; PLA2G2A; ulcerative colitis

THE INTESTINAL EPITHELIA are composed of four lineages of
intestinal epithelial cells (IECs) that arise from intestinal stem
cells (1). Recent studies have shown that various signals such
as Wnt, Sonic hedgehog, and bone morphogenetic protein
interact within the stem and progenitor cells of the intestinal
epithelia to finely regulate the expansion and the cell fate
decision of IECs. Other studies have revealed that Notch
signaling may also play critical roles in the maintenance of the
intestinal epithelia (20).

Notch signaling is a signaling pathway known to regulate
differentiation and proliferation of cells in diverse adult tissues
(1). Activation of Notch receptor is mediated by the cleavage
of its intracellular domain (NICD), and this intracellular do-
main translocates from the cell membrane to the nucleus,
thereby functioning as a transcriptional activator of target
genes such as Hesl (10, 25). The functional role of Noich
signaling in the intestine was first described in a study of
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Hes1-null mice; depletion of Hes! was associated with signif-
icant increases in the secretory lineage IECs (9). Other studies
have shown that the activation of Notch promoted proliferation
of crypt progenitor cells and directed their cell fates toward
absorptive but not secretory lineage cells (6, 28, 33). A recent
study suggested that Notch might also function in postmitotic
IECs, directing their cell fates toward secretory lineage cells
(42). Thus these studies have suggested that Notch signaling
functions in the intestine to regulate differentiation and prolif-
eration of IECs, contributing to the maintenance and the ho-
meostasis of the intestinal mucosa. However, the role of Notch
signaling in tissue regeneration is less understood.

Damage of the intestinal epithelia is observed in a wide
variety of diseases, such as acute intestinal infections, radiation
injuries, or idiopathic inflammatory bowel diseases (23). Once
the epithelial layer is damaged, it responds by restoring the
continuity and integrated structure via activating the stepwise
regeneration program (16). The initial response is called resti-
tution, which is the redistribution of remaining IECs to rapidly
cover the damaged area. This initial step is usually completed
in an extremely short period of time and thus does not require
the proliferation or expansion of IECs (19). However, in the
next step, the rapid expansion of IECs is necessary to rebuild
the proper structure of the epithelia. This response is mani-
fested by the appearance of the regenerative epithelia in the
intestine, showing a marked expansion of the proliferating
compartment consisting of undifferentiated IECs. However,
the exact molecular mechanisms involved in this critical step of
intestinal epithelial regeneration has never been described.

Another change that is observed in the intestine during
such a regenerative process is the ectopic expression of
antimicrobial peptides by IECs. Paneth cells usually secrete
peptides such as lysozymes, a-defensins, or PLA2G2A, and
this helps to maintain the ideal environment for the stem and
progenitor IECs within the small intestinal crypts. The
ectopic expressions of these antimicrobial peptides by IECs
are frequently observed in the inflamed colonic mucosa (5,
8), and such expressions likely support the local immune
system in providing an ideal environment for the regenera-
tion of the damaged mucosa.

In this study, we show that Notch signaling is activated in
many IECs in the inflamed mucosa of murine colitis. Results
show that the activation of Notch is critical for the proper
regeneration program in the epithelial layer and that it helps
to suppress goblet cell differentiation and promote cell
proliferation. A comprehensive analysis identified a novel
group of genes regulated by Notch in IECs, which included
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a gene encoding an antimicrobial peptide called PLA2G2A.
Such functions of Notch activation were present not only in
the mice intestine but also in the human intestine. Finally,
the clinical relevance of Notch-mediated regeneration is
analyzed in ulcerative colitis (UC). Thus Notch signaling is
a key-signaling pathway involved in intestinal tissue regen-
eration, in fine regulation of differentiation and prolifera-
tion, and in antimicrobial activities in IECs. Our findings
point to a novel molecular target for agents that could
promptly regenerate the intestinal mucosa in a wide range of
intestinal diseases.

MATERIALS AND METHODS

Mice. C57TBL/6] mice at 8 wk of age were purchased from Japan
Clea. Mice were housed and maintained in the animal facility of
Tokyo Medical and Dental University. The institutional animal use
and care committee approved the study.

In vivo experiments. Induction of colitis was performed as previ-
ously described (17). Briefly, mice were fed ad libitum with 1.75%
dextran sodium sulfate (DSS, Bio Research of Yokohama) for 5
consecutive days, followed by distilled water for another 5 days. For
inhibition of Notch activation, mice were orally administered with
either 5% DMSO (vehicle, VEC) or LY411,575 (LY) (10 mg/kg)
dissolved in 0.5% (wt/vol) methylcellulose (WAKO), once daily for 5
consecutive days. Twenty-four mice were separated into four groups:
1) fed distilled water for five days followed by daily administration of
vehicle alone (VEC, n = 6) for 5 days, 2) fed distilled water for 5 days
followed by daily administration of LY411,575 (LY, n = 6) for five
days, 3) fed 1.75% DSS for 5 days followed by daily administration
of vehicle (DSS + VEC, nn = 6) for 5 days, and 4) fed 1.75% DSS for
5 days followed by daily administration of LY411,575 (DSS + LY,
n = 6) for 5 days. The whole body weights of mice were measured
everyday. They were euthanized 12 h after the final administration.
Colonic tissues were subjected to hematoxylin and eosin staining and
analyzed by histological scoring following the criteria described
elsewhere (21). Flow cytometry of thymocytes and splenocytes were
performed as previously described (35, 41).

Immunoblot analysis. Immunoblots were performed as described
elsewhere (18). The primary antibodies used were anti-Cleaved
Notch! (1:1,000, Cell Signaling Technology), anti-Hes1 (1:4,000, a
kind gift from Dr. T. Sudo), and anti-B-actin (1:5,000, Sigma).
Proteins were visualized either by the ECL Advance Western Blotting
Kit (GE Healthcare) or ECL Western Blotting Kit (GE Healthcare).

Cell culture. The cell cultures and transfections of plasmid DNA
were performed as described elsewhere (18). The inhibition of Notch
signaling was achieved by the addition of LY411,575 (1 uM),
synthesized according to Wu et al. (38). A cell line expressing Notch1

Table 1. Primers used in the present study

NOTCH IN EPITHELIAL REGENERATION

intracellular domain (Tet-On NICD1 cells) under the control of
tetracycline or doxycycline (DOX, 100 ng/mi, Clontech) was gener-
ated as described elsewhere (18), using LS174T cells as parent celis.
The cell lines were supplemented with Blastcidin (7.5 pg/ml, Invitro-
gen) and Zeocin (750 pg/ml, Invitrogen) for their maintenance.

RT-PCR assays. RT-PCR was performed as described elsewhere
(18). Quantitative analyses using the SYBR green master mix (Qia-
gen) was performed by ABI 7500 (Applied Biosystems). Primer
sequences for human B-actin, G3PDH, or MUC2 have been previ-
ously described (30). The primer sequences for other genes are
summarized in Table 1. The results are shown as the means of the data
collected from two rounds of assays, with each assay performed in
triplicate. The data were statistically analyzed with paired Student’s
t-tests.

Human intestinal tissue specimens. Human tissue specimens were
obtained from patients who underwent surgery for the treatment of
Crohn’s disease, UC, or colon cancer at Yokohama Municipal Gen-
eral Hospital or Tokyo Medical and Dental University Hospital.
Written informed consent was obtained from each patient, and the
study was approved by the ethics committee of Yokohama Municipal
General Hospital and Tokyo Medical and Dental University.

Immunohistochemistry. Immunohistochemistry using intestinal tis-
sues has been described elsewhere (12). The same antibodies used in
immunoblot analysis were also used for the immunohistological
staining of NICD1 and Hesl. The other antibodies used were anti-
human Ki-67 (1:50, MIB-1, DAKO), anti-human PLA2G2A (1:200,
sc-14468, Santa Cruz Biotechnology), anti-human MUC2 (1:100,
Ccp58, Santa Cruz Biotechnology), and anti-mouse Ki-67 (1:50,
TEC-3, DAKO). Microwave treatment (500 W, 10 min) in 10 mM
citrate buffer was required for staining human tissues in Hesl, Ki-67,
and NICDI1 and for staining mice tissues in Ki-67. The tyramide
signal amplification (Molecular Probes) was used for immunofluores-
cent detection of NICD1. Staining was visualized by an avidin-biotin-
peroxidase complex (ABC) elite kit (Vector) using diaminobenzidine
as a substrate or by secondary antibodies conjugated with Alexa-594
or Alexa-488 (Molecular Probes). The quantification of Hesl (Fig. 1B),
Alcian blue, Ki-67, or NICD1 (Fig. 8B) was conducted by the
examination of nine randomly selected longitudinal sections of crypts
selected from at least three different individuals. The data were
statistically analyzed with paired Student’s f-tests,

Microarray. Microarray analysis was performed using the Acegene
human oligo chip 30K subset A (Hitachi software). Total RNA was
collected before and after 24 h of NICD1 expression in LS174T cells
and labeled using the Amino Aryll Message Amp aRNA kit (Am-
bion). The complete dataset of the analysis has been submitted to the
NCBI Gene Expression Omnibus (GEO) and is accessible through
GEO accession number GSE10136.

Primer Sequence

Gene Forward

Reverse

Human Hesl
Human Notchl
Human PLA2G2A

Mouse Hest 5'- TCAACACGACACCGGACAAACC -3’
Mouse MUC2 5'- TCCACCATGGGGCTGCCACT -3/
Mouse TNF-a 5'- CTACTGGCGCTGCCAAGGCTGT -3’
Mouse IFN-y 5'- ACACTGCATCTTGGCTTTGC -3/
MouselL-1la 5'- CCCGTCCTTAAAGCTGTCTG -3’
Mouse IL-18 5'- TTGACGGACCCCAAAAGAT -3’

Mouse IL-6 5'- GCTACCAAACTGGATATAATCAGGA -3’

Mouse PLA2G2A
Mouse B-actin

5'- ATGCCAGCTGATATAATGGAG -3’
5'- CCGAACCAATACAACCCTCT -3’
5'- ACCATGAAGACCCTCCTACTG -3’

5'- AAGAAGCCCAAATGCTGAAA -3’
5'- CCTAAGGCCAACCGTGAAAAG -3’

5'- TCACCTCGTTCATGCACTCG -3'

5'- GCGATCTGGGACTGCTGCATGCT -3/
5'- GAAGAGGGGACTCAGCAACG -3/

5'- GGTACTTCCCCAACACGCTCG -3’
5'- GGCCCGAGAGTAGACCTTGG -3’

5'- GCCATGAGGTCCACCACCCTG -3’
5'- CGGATGAGCTCATTGAATGCT -3’
5'- AATTGGAATCCAGGGGAAAC -3/

5'- GAAGCTGGATGCTCTCATCTG -3’
5'- CCAGGTAGCTATGGTACTCCAGAA -3’
5'- TTTATCACCGGGAAACTTGG -3’

5'- TCTTCATGGTGCTAGGAGCCA -3’
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Plasmids. Hes1p-Luc, containing six tandem-repeats of the RBP-Jk
binding site, was a kind gift from Dr. Kageyama (Kyoto, Japan).
PLA2-Luc was generated by cloning a 2778-bp sequence 5’ of the
human PLA2G2A gene (corresponding to —2,758 to -+ 20 of the
promoter region) into a pGL3 basic vector (Promega). MUC2-Luc
(40) was a kind gift from Dr. Yuasa (Tokyo, Japan). Tetracycline-
dependent expression of NICD1 was achieved by cloning the gene
encoding the intracellular portion of the mouse Notchl (amino acid
1,704-2,531) into the pcDNA4/TO/myc-his vector (Invitrogen). All
constructs were confirmed by DNA sequencing.

Immunostaining of cultured cells. Staining of cultured cells has
been previously described (30). Detection of the MUC2 antibody was
carried out either by the standard ABC method or by the Alexa
594-conjugated secondary antibody (Molecular Probes). The quanti-
fication of cells positive for MUC2 staining was performed by
examining six randomly selected fields (three fields each in two
individual counts) under X400 magnification. The data were statisti-
cally analyzed with paired Student’s 7-tests.

ELISA. For PLA2G2A protein quantification, 1 X 10° cells were
cultured in 2 ml of medium with or without DOX and analyzed with
the human-PLA2 enzyme immunoassay kit (Cayman Chemicals). The
incorporation of BrdU was examined by seeding cells at various cell
densities in the 96-well plate, supplemented with DMSO or
LY411,575. The BrdU was added 8 h before the end of culture, and
the cells were subjected to analysis with the cell proliferation ELISA
kit (Roche Diagnostics). The results are shown as the means of data
collected by two rounds of assays, with each assay performed in
triplicate. The data were statistically analyzed with paired Student’s
f-tests.

Reporter assays. The reporter assay was performed as previously
described (18). Each assay was performed in triplicate, and the results
were normalized using the Renilla luciferase activity. The results are
shown as the means of normalized arbitrary units, and the data were
statistically analyzed with paired Student’s #-tests.

Fig. 1. Activation of Notch signaling is increased in
crypts of dextran sodium sulfate (DSS)-induced
colitis. A: histological analysis of DSS-induced co-
litis showing a decrease in mucin-producing intes-
tinal epithelial cells (IECs) and an increase in Hes1-
and Ki-67-expressing 1IECs within the crypts of the
colitic mucosa. Blue staining with Alcian blue rep-
resents mucin production, whereas brown staining
with diaminobenzidine (DAB) shows positive stain-
ing for Hesl or Ki-67 (original magnification X400).
B: quantitative analysis of Hesl-positive IECs in
crypts of normal or colitic mucosa. Data are shown
as number of Hesl-positive cells per crypt on the
basis of the analysis of immunohistochemical stain-
ings. Error bars represent SD. *P << 0.05 on the
Student’s t-test. H & E, hematoxylin and eosin.

RESULTS

Hesl is expressed in crypt epithelial cells of DSS-colitis.
Since previous studies have evaluated the contribution of
Notch signaling in the maintenance of mice intestinal epithe-
lium (28, 33, 34), we sought to examine the role of Notch
signaling in mice colitis. At first, we analyzed the expression of
Hesl, a direct target gene of Notch, in mice with colitis
induced by the oral administration of DSS (DSS-colitis, Fig.
1A). In the normal colon, crypts are predominantly composed
of mature goblet cells that produce mucin. In such crypts, Hes!
is expressed in IECs residing at the lowest part of the crypt,
which is also where Ki-67-positive IECs are found. In sharp
contrast, the clear loss of mucin production was observed in the
inflamed mucosa of DSS-colitis mice. The expressions of both
Hes1 and Ki-67 were observed in a larger population of IECs,
which were distributed from the bottom to the most upper
regions of the crypt, suggesting that Notch signaling was
activated in these IECs. The quantitative analysis of the im-
munostaining revealed significant increases in Hesl-positive
IECs within the crypts of the DSS-colitis mice (Fig. 1B). These
findings suggested that Notch signaling is activated in a greater
number of IECs in DSS-colitis, which might be closely related
with the greater number of proliferating IECs and the loss of
mucin-producing IECs.

LY411,575 inhibits Notch activation and promotes goblet
cell differentiation in mice intestine. To further examine the
role of Notch signaling in colitis, we used LY411,575, a
v-secretase inhibitor (GSI) that is known to block Notch
activation in vivo (14, 27, 36). Oral administration of LY411,575
for 5 consecutive days significantly reduced the expression of
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Hes! mRNA in mice intestine, suggesting that Notch activa-  tent with this, histological analysis showed marked increases in
tion was inhibited (Fig. 2A). In contrast, the expression of mucus-producing IECs in the intestines of the LY411,575-
MUC2 mRNA was significantly increased by LY411,575, treated mice (Fig. 2C). Consistent with reports from previous
suggesting that the number of goblet cells increased. Consis- studies (27, 36), these results showed that LY411,575 could
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simultaneously inhibit Notch activation and promote differen-
tiation to goblet cells in the mice intestine.

We also found marked atrophy of the thymus in LY411,575-
treated mice (Supplemental Fig. S1A). Supplemental data for
this article are available on the American Journal of Physiology
Gastrointestinal and Liver Physiology website. Further analy-
sis of the thymus revealed that the total number of thymocytes
was significantly reduced (Supplemental Fig. S1B) and that the
tissue architecture was disrupted (Supplemental Fig. S1C).
Analysis of CD4/CD8 expression revealed a significant pro-
portional reduction in double-positive cells (Supplemental Fig.
S1D) and a reduction in the absolute number of cells (Supple-
mental Fig. S1E), suggesting that there was a significant loss of
immature cells in the thymus with LY411,575 treatment. How-
ever, such an effect of LY411,575 was not present in the spleen
(Supplemental Fig. S1, A-E). These findings clearly showed
that the LY411,575 treatment had a systemic effect, affecting
the thymus in addition to the intestine.

LY411,575 exacerbates DSS-colitis by impuairing epithelial
regeneration. Using the methods described, we designed an
experiment to examine the effect of Notch inhibition during
colitis (Fig. 2B). Mice were separated into four groups: vehicle
alone (VEC), LY411,575 alone (LY), DSS with vehicle
(DSS + VEC), and DSS with LY411,575 (DSS + LY). As of
day 5, the total body weights showed significant reductions
from day 0 in DSS-treated mice (Fig. 2B) compared with the
weights of those without DSS (the day when DSS treatment
was started is designated as day 0). However, the DSS + LY
mice showed even greater reductions in weight as of day 8;
their reductions in body weight were significantly greater than
the weight reductions in DSS + VEC mice (Fig. 2B). This
severe loss of body weight observed in DSS + LY mice was
also fatal because two mice in this group were dead at the time
of euthanasia (fatality rate = 2/6, 33.3%). No deaths were
observed in any other experimental group. These results sug-
gested that LY411,575 significantly exacerbates the clinical
course of DSS-colitis. A histological analysis of LY or DSS +
LY mice showed a marked increase in goblet cells in the small
intestine, confirming the effect of LY411,575 treatment (Fig.
2C). The increase in goblet cells was also observed in the colon
of LY mice. A histological analysis of DSS + VEC mice
showed a clear induction of colitis, as shown by the marked
increase in inflammatory cells and the elongation of goblet cell
depleted crypts. However, in sharp contrast, DSS + LY mice
showed a severe loss of the epithelial layer in addition to an
infiltration of inflammatory cells, which appeared to lack signs
of epithelial regeneration (Fig. 2C). A histological scoring of
the colonic tissues revealed increased ulcer formation and
epithelial injury in DSS + LY mice compared with DSS +
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VEC mice, whereas no significant changes were observed in
the degree of inflammation (Fig. 2D). Consistent with this, the
mRNA expression of proinflammatory cytokines was increased
in the colon of DSS-treated mice, but no clear differences were
observed between DSS + VEC and DSS + LY mice (Supple-
mental Fig. S2).

For further analysis, we examined the expression of Hesl
and Ki-67 in the inflamed region of the colonic tissues. An
increase in Hesl- or Ki-67-positive IECs was confirmed in
DSS + VEC mice (Fig. 2E). However, both Hes! and Ki-67
expression appeared to be markedly lost in the colonic crypts
upon LY411,575 treatment (Fig. 2E). These results indicated
that LY411,575 inhibits Notch activation and promotes goblet
cell differentiation but also strongly inhibits proliferation of
IECs, leading to a poor regenerative response and a severe
exacerbation of DSS-colitis.

LY411,575 promotes goblet cell differentiation but inhibits
proliferation of IECs in vitro. Previous in vivo results sug-
gested that Notch activation might play critical roles in both the
differentiation and proliferation of IECs. We further examined
the in vitro effect of LY411,575 upon human colonic epithelial
cell lines LS174T and HT29. As shown by the immunoblot
analysis, the endogenous expression of both NICD1 and Hesl
was completely inhibited within LS174T cells by LY411,575
treatment (Fig. 3A). Consistent with this, RT-PCR analysis
showed a marked decrease in Hesl mRNA expression with
LY411,575, which was maintained for up to 72 h (Fig. 3B).
These data confirmed that LY411,575 could directly inhibit the
activation of Notch within IECs.

Under this condition, we examined whether LY411,575
could promote goblet cell differentiation in vitro. Quantitative
RT-PCR analysis showed a significant increase in MUC2
mRNA expression with LY411,575 treatment in both LS174T
and HT29 cells (Fig. 3C). Consistent with this, a marked
induction of MUC?2 protein expression was observed in both of
the cell lines that were treated with LY411,575 (Fig. 3D, red
signal), resulting in a significant increase in the MUC2-positive
cell population (Fig. 3E). The Alcian blue staining also showed
a marked increase in mucin-producing cells in both cell lines
with LY411,575 (Fig. 3F, black arrow). However, LY411,575
appeared to inhibit the proliferation of both cell lines since the
incorporation of BrdU was significantly downregulated by
LY411,575 (Fig. 3G). These results collectively showed that
1.Y411,575 could directly inhibit Notch activation in IECs,
which might subsequently promote goblet cell differentiation
but also inhibit cell proliferation.

Activation of Notchl suppresses goblet cell phenotype, but
upregulates PLA2G2A secretion in human IECs. To further
analyze the function of Notch activation in IECs, we gen-

Fig. 2. Inhibition of Notch activation by LY411,575 exacerbates DSS-colitis by impairing epithelial regeneration. A: LY411,575 suppresses Hesl expression but also
promotes MUC?2 expression in mice intestine. After oral administration of LY411,575 or vehicle alone for 5 consecutive days, the small intestinal tissues of mice were
subjected to quantitative RT-PCR analysis. Results from 3 mice in each group. Error bars represent SD. *P << 0.05 on the Student’s r-test. B: LY411,575 significantly
exacerbated wasting disease caused by DSS. As described in MATERIALS AND METHODS, mice were separated into 4 groups, and the body weight of each mouse was
monitored throughout the experimental period. Error bars represent SD. *P < 0.05 for the difference between mice that were DSS treated (DSS + VEC and DSS +
LY) or not treated (VEC and LY). #*P < 0.05 for the difference between DSS + VEC and DSS + LY mice on the Student’s t-test. C: 1.Y411,575 exacerbated epithelial
injury of DSS-colitis. Intestinal tissues of mice shown in B were subjected to histological analysis. Blue staining with Alcian blue represents mucin production (original
magnification X400). D: LY411,575 had no significant effect on inflammation of DSS-colitis. Histological scoring of colonic tissues obtained from each mice group
is shown. Error bars represent SD. *P < 0.05 on the Student’s t-test. E: LY411,575 inhibited proliferation of IECs via downregulation of Notch activity. Colonic tissues
of mice were subjected to immunohistochemical staining for Hesl and Ki-67. A less inflamed region was chosen for analysis of DSS + LY mice because the most
inflamed region showed complete loss of the epithelial layer. Note that IECs expressing Hes1 or Ki-67 were confined within a narrow region of the colonic crypt in mice

treated with LY411,575 (LY and DSS + LY).
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erated a subline of LS174T cells (Tet-On NICDI cells), in
which forced expression of NICD1 could be induced in a
tetracycline- or DOX-dependent manner. Immunoblot anal-
ysis of Tet-On NICDI cells showed a clear induction of
NICD! and a subsequent increase in Hesl, with DOX
addition (Fig. 44). Consistent with this, the reporter activity

NOTCH IN EPITHELIAL REGENERATION

of Heslp-Luc was significantly upregulated with the induc-
tion of NICD1 in Tet-On NICD1 cells, indicating that there
was an upregulation of the transcriptional activity of the
Hesl gene (Fig. 4B). These results confirmed that Tet-On
NICD1 cells could express the functional NICD1 protein
with DOX addition.
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Fig. 4. Activation of Notchl upregulates Hesl expression in human IECs.
A: establishment of a subline of LS174T cells expressing NICD1 under control
of a tetracycline-dependent promoter (Tet-On NICDI cells, designated as
NICD1). Immunoblot analysis of Tet-On NICDI cells showed a clear upregu-
lation of both NICD1 and Hes! expression with doxycycline (DOX) addition,
whereas parental cells (designated as Control) remain unchanged. A low-
sensitivity substrate (ECL) was used for visualization. B: transcriptional
activity of Hesl was upregulated with the expression of NICD1. Transcrip-
tional activities of Hesl gene in Tet-On NICDI cells or control cells were
analyzed by luciferase reporter assays using Heslp-Luc. A reporter plasmid
containing only the core-promoter of chicken B-actin gene served as a control
(Control-Luc). Luciferase activities were measured after 12 h of culture with
or without DOX. Error bars represent SD. *P < 0.05 on the Student’s r-test.

Using this cell line, we found that the upregulation of
NICD1 expression in LS174T cells significantly downregu-
lated MUC2 mRNA expression (Fig. SA). Further analysis with
a microarray identified a group of genes that were up- or
downregulated with NICD1 expression (Supplemental Tables
1 and 2). Among these genes, we focused on PLA2G2A, a
gene expressed by Paneth cells, as it showed the most signif-
icant induction with NICD1 expression. Quantitative RT-PCR
confirmed an upregulation of PLA2G2A mRNA expression

G29

with the NICD1 expression (Fig. 5A). Consistent with this,
although the MUC2 protein expression was markedly sup-
pressed (Fig. 5B), with resulting significant decreases in
MUC2-positive cells (Fig. 5C) and mucin-producing cells (Fig.
5D), the PLA2G2A secretion was upregulated with NICD1
expression (Fig. SE). These changes appeared to be regulated
at the transcriptional level since the reporter activities of
MUC2-Luc and PLA2-Luc showed a significant decrease and
increase, respectively, with NICD1 expression (Fig. 5F). These
results showed that, although the activation of Notchl within
LS174T cells suppressed goblet cell phenotype, it also upregu-
lated the secretion of PLA2G2A, suggesting that the activation
of Notchl might surprisingly promote the acquisition of the
specific functions of Paneth cells.

Notchl is activated in crypt epithelial cells of the human
intestine. Since we found that Notch signaling might regulate
cell proliferation, goblet cell differentiation, and Paneth cell-
specific function within IECs, we sought to clarify its relevance
in human intestinal diseases. We first examined whether com-
ponents of the Notch signaling pathway are expressed in the
human intestine. An RT-PCR analysis of human intestinal
tissues or epithelial cell lines successfully detected mRNAs of
both Notchl and Hesl (Fig. 6A). The immunohistochemistry
for NICD1 and Hes1 revealed that these proteins are expressed
in the nuclei of crypt IECs (Fig. 6B). Similar to our observa-
tions in mice, the distribution of NICDI-positive or Hesl-
positive IECs corresponded to that of Ki-67-positive IECs (Fig.
6B). Also, a magnified view of the staining showed a positive
staining of NICD1 in columnar-shaped IECs and Paneth cells
(Fig. 6B, black arrow) but not in goblet-shaped IECs (Fig. 6B,
red arrowhead). Double staining of MUC2 and NICD! con-
firmed the lack of NICDI expression in goblet cells (Fig. 7A),
whereas double staining of PLA2G2A and NICD! confirmed
expression of NICD! in Paneth cells (Fig. 7B). These results
strongly suggested that the NICD1 might function in vivo in
the human intestine in a similar manner as was revealed in the
in vitro study.

Increased activation of Notchl is observed in the mucosa of
UC. UC is one of the major forms of inflammatory bowel
diseases, characterized by the persistent inflammation and
ulcer formation in the colon. In the active region of UC, a loss
of goblet cells, an ectopic expression of Paneth cell genes, and
an increase in IEC proliferation are all known to be common
pathological findings (7, 8, 13, 23). Thus our results strongly
suggested that all of these pathological findings in UC might be
mediated by the activation of Notchl in IECs. We performed

Fig. 3. Inhibition of Notch activation promotes differentiation of goblet cells but suppresses proliferation of human 1ECs. A: LY411,575 downregulated
expression of Notchl intracellular domain (NICD1) and Hesl in LS174T cells. Immunoblot analysis of LS174T celis treated with 1.Y411,575 showing
downregulation of endogenous NICD1 and Hesl expression within 6 h from treatment. Cells treated with DMSO alone served as control. A high-sensitivity
substrate (ECL Advance) was used for visualization. B: LY411,575 upregulated expression of MUC2 in LS174T cells. LS174T cells were subjected to
semiquantitative RT-PCR analysis after treatment with either LY411,575 or DMSO. Note that expression of Hes! was markedly decreased, whereas expression
of MUC? was increased after 72 h of treatment with LY411,575. C: LY411,575 significantly increased expression of MUC2 mRNA in both LS174T and HT29
cells. Cells were subjected to quantitative RT-PCR analysis after 0, 24, 48, and 72 h of treatment with either LY411,575 or DMSO. Error bars represent SD.
=P < 0.05 for the difference between DMSO and LY411,575 treatment at the same time points on the Student’s -test. D: LY411,575 induced expression of
MUC?2 protein (red) in LS174T and HT29 cells. Cells were subjected to immunofluorescent staining of MUC?2 after 72 h of treatment with either LY411,575
or DMSO (original magnification X200). E: LY411,575 significantly increased the MUC2-positive cell populations among LS174T and HT29 cells. Quantitative
analysis of D is shown by percent of MUC2-positive cells within total nucleated cells. Error bars represent SD. *P < 0.05, on the Student’s r-test. F: LY411,575
induced mucin production in LS174T and HT29 cells. Cells were subjected to Alcian blue staining (black arrow) after 72 h of treatment with either LY411,575
or DMSO (original magnification X400). G: LY411,575 significantly downregulated proliferation of LS174T and HT29 cells. A significant decrease in BrdU
incorporation was observed with LY411,575 treatment in LS174T and HT29 cells. Incorporation of BrdU was measured by ELISA. Resuits are shown as arbitrary
units of relative BrdU incorporation. Error bars represent SD. *P < 0.05 on the Student’s t-test.
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Fig. 5. Activation of Notchl suppresses goblet cell differentiation but promotes expression of PLA2G2A of human IECs. A: expression of NICDI in LS174T cells
downregulated the expression of MUC2 but upregulated the expression of PLA2G2A. Quantitative RT-PCR analysis of MUC2 and PLA2G2A expression in Tet-On
NICDI cells and control cells is shown. Cells were subjected to analysis after 48 h of culture with or without DOX. Error bars represent SD. *P < 0.05 on the Student’s
t-test. B: expression of NICD! in LS174T cells downregulated MUC?2 protein expression. Tet-On NICD1 cells or control cells were subjected to immunostaining of
MUC2 after 48 h of culture with or without DOX. Brown staining with DAB showed positive staining for MUC2 (original magnification X200). C: expression of NICD1
in LS174T cells significantly reduced the number of cells expressing MUC2. Quantitative analysis of immunostaining shown in B is shown. Number of cells positively
stained for MUC2 was counted and shown as percent of total nucleated cells. Error bars represent SD. *P < 0.05 on the Student’s r-test. D: expression of NICD1
suppressed mucin production by LS174T cells. Tet-On NICD1 cells or control cells were treated as described in B and subjected to Alcian blue staining. The blue staining
represents mucin-producing cells. (black arrow, original magnification X800). E: expression of NICD1 upregulated PLA2G2A secretion of LS174T cells. Tet-On NICDI
celis or control cells were cultured with or without DOX, and culture supernatants collected at various time points were subjected to quantification of PLA2G2A using
ELISA. Error bars represent SD. *P < 0.05 compared between DOX (+) and DOX (-) on the Student’s r-test. F: expression of NICD1 in LS174T cells downregulated
transcriptional activity of MUC2 gene but upregulated transcriptional activity of PLA2G2A gene. Transcriptional activity of MUC2 gene and PLA2G2A gene were
measured by luciferase reporter assays using MUC2-Luc and PLA2-Luc as a reporter plasmid, respectively. pGL3-basic served as a control (Control-Luc). Luciferase
activities in Tet-On NICDI cells were analyzed after 12 h of culture with or without DOX. Error bars represent SD. *P <C 0.05 on the Student’s -test.

histological analysis and found that in the crypts of UC, mucin  (Fig. 84, bottom, brown). In such crypts, NICDI1-expressing
production is markedly decreased (Fig. 84, rop, blue), whereas cells showed the same distribution as Ki-67-expressing cells
the number of Ki-67-expressing cells are markedly increased, (Fig. 84, middle, brown), suggesting that Notchl is activated in
distributing from the bottom to the uppermost part of the crypt  an expanded proliferating cell population within the crypts of
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Fig. 6. Notch signaling is activated in crypt epithelial cells of the human intestine. A: RT-PCR analysis of human intestinal tissues and human intestinal epithelial
cell lines. Expression of both Notchl and Hes! are clearly detected in all the examined tissues and cell lines. B: immunostaining of human intestinal tissues
showing expression of NICD1, Hes1, and Ki-67. Brown staining with DAB showed positive results for NICD1, Hest, and Ki-67 (original magnification X200).
Magnified view of the squared area is shown in the right side of the original picture (original magnification X1000). Black arrows show Paneth cells clearly
containing granules in the cytoplasm showing positive staining for NICD1, whereas red arrowheads show goblet-shaped cells lacking NICD1 staining.

UC. A quantitative analysis revealed that the number of IECs
expressing NICD1 or Ki-67 per crypt is significantly increased,
whereas the number of IECs producing mucin is significantly
decreased in the crypts of UC (Fig. 8B).

We also looked for IECs expressing PLA2G2A within the
colonic crypts. There was no expression of PLA2G2A in the
crypts of the normal colon (Fig. 94). However, an ectopic
expression of PLA2G2A was clearly found in the crypts of the
colon epithelia with UC (Fig. 9B). Our histological analysis

revealed that Notchl is clearly activated in such IECs ectopi-
cally expressing PLA2G2A (Fig. 9, C and D). Such activation
of Notchl in PLA2G2A-expressing cells could also be found in
less inflamed regions of UC where there were fewer PLA2G2A-
expressing IECs (Fig. 9, E and F).

From these results, we confirmed that Notchl is activated in
a greater number of crypt IECs in UC, presumably mediating
goblet cell depletion, cell proliferation, and ectopic expression
of PLA2G2A. We suggest that such Notchl-mediated changes
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Fig. 7. Human Notchl is not activated in IECs ex-
pressing MUC2 but is activated in IECs expressing
PLA2G2A. A: human Notchl was not activated in
IECs expressing MUC2 in vivo. Double staining for
MUC?2 (red) and NICD1 (green) using human colonic
tissue is shown. NICD1 and MUC2 were expressed in
distinct populations of epithelial cells (left, X400). A
magnified view (right, X 1600) clearly shows cytoplas-
mic staining of MUC?2 in goblet-shaped cells (yellow
arrow), whereas nuclear staining of NICD1 in colum-
nar-shaped cells (white arrowhead). B: human Notchl
is activated in IECs expressing PLA2G2A in vivo.
Double staining for PLA2G2A (red) and NICDI
(green) using a human small intestinal tissue is shown.
NICD! and PLA2G2A were coexpressed in [ECs
residing at the lowest part of the crypt, suggesting
activation of Notchl in Paneth cells (yellow arrow,
original magnification X 1000).
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Fig. 8. Increased activation of Notchl is ob-
served in the crypts of patients with ulcerative
colitis (UC). A: decreased expression of mucin
and increased expression of both NICDI1 and
Ki-67 were observed in crypts of patients with
UC. Mucin expression was examined by Alcian
blue staining, whereas expression of NICDI or
Ki-67 was examined by immunohistochemistry
with the use of human colonic tissues. Inner
column shows magnified view of the upper (Up-
per) and lower (Lower) crypt areas identified by
dashed line in the outer column. A marked de-
crease in Alcian blue-positive IECs is observed in
a crypt of a patient with UC (rop). In contrast, a
marked increase in IECs expressing NICDI
(brown, middle) or Ki-67 (brown, bottom) was
observed in patients with UC. Distribution of
IECs expressing NICD1 or Ki-67 was restricted
to the lower part of the crypt in normal colon, but
it extended to the most upper region of the crypt
in UC (original magnification, outer column
X400, inner column X1600). B: significant de-
crease in IECs expressing mucin and significant
increase in IECs expressing NICD1 or Ki-67
were observed in crypts of patients with UC.
Quantitative analysis of the histological staining
for mucin, NICDI, and Ki-67 is shown. Number
of IECs positive for Alcian blue staining or im-
munohistochemical staining for NICD1 and Ki-
67, respectively, were counted per crypt and nor-
malized by total number of IECs. Results are
shown as percent positive IECs per crypt. Error
bars represent SD. *P < 0.05 on the Student’s
t-test.
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Fig. 9. Notchl is activated in IECs ectopically expressing PLA2G2A. Fluorescent immunostaining for PLA2G2A (red) was completely negative in the crypts
of normal colon (A, original magnification X400), whereas some of the IECs in the crypts of a patient with UC were clearly positive for PLA2G2A (B, yellow
arrow, original magnification X400). Some cells in the lamina propria were also positive for PLA2G2A. Double immunostaining for NICD1 (green) and
PLA2G?2A (red) showed coexpression of NICD1 and PLA2G2A by colonic IECs of a patient with UC (C-F). In the inflamed region (C, D), NICD1 was expressed
in most parts of the crypt 1ECs, and some proportion of those IECs coexpressed PLA2G2A (C, original magnification X400). A magnified view (D, original
magnification X 1000} of the indicated region (white square in C) clearly showed a nuclear distribution of NICD1 and a cytoplasmic distribution of PLA2G2A.
In a less inflamed region, few IECs appeared to be positive for both NICD1 and PLA2G2A (E, original magnification X400). Magnified view of the indicated
region (white square in E) confirms coexpression of NICDI and PLA2G2A in the nucleus and cytoplasm of an 1EC, respectively (F, yellow arrow, original

magnification X1000).

observed in the mucosa of UC are not detrimental changes
contributing to the persistence of the disease, but rather they
are positive responses that help to regenerate the damaged
epithelia, thereby aggressively contributing to the termination
and recovery from the disease.

DISCUSSION

To date, several studies using knockout mice have revealed
various functions of Notch signaling in IECs; one critical
function is that of regulating the cell fates of IECs (31). The
recent model accepted in such studies implicates Notch acti-
vation as a positive regulator of absorptive cell differentiation
but a negative regulator of the differentiation of secretory
lineage cells, including goblet cells. However, studies have
suggested that Notch activation not only acts to determine the
cell fates of progenitor IECs, but it may also regulate the
number of proliferating populations within the crypt (6, 28,
33). Our results are consistent with the previous observations,
and they further highlight the critical role of Notch activation
in a situation when the rapid expansion of IECs is required
(e.g., during the regeneration process in UC). Since the in vivo
phenotype of Notch inhibition showed not only the loss of
absorptive lineage cells but also the loss of the entire epithelial
layer, this suggested that the activation of Notch may contrib-
ute to the expansion of both absorptive and secretory precursor
cells and even stem cells. This is consistent with the observa-
tion by Vooijs et al. (34) that IECs that matured into absorptive

cells must have also experienced Notch activation during
development from the stem cell. Thus our results demonstrated
the importance of Notch activation in the expansion of multi-
lineage precursor IECs, whose function becomes critically
required when tissue damage is present. In contrast, although
Notch activation was predominant in the proliferating IECs of
the colitic mucosa, its role in postmitotic IECs might be of less
importance (42).

A recent study has shown that the chronic inhibition of
Notch activation using LY411,575 (for up to 15 consecutive
days) could impair the development of lymphoid cells (14, 36).
Thus it may be possible that such an effect of LY411,575
might have altered the local immune function of the DSS-
treated mice and thereby exacerbated their colitis. Indeed,
LY411,575 proved to have a systemic effect, especially on the
development of thymocytes (Supplemental Fig. S1). However,
no effect was observed on splenocytes (Supplemental Fig. S1).
Also, no effect was observed on local production of proinflam-
matory cytokines (Supplemental Fig. S2). Thus, although it is
possible that 1Y411,575 might have some effect on the in-
flammatory response, its involvement on the exacerbation of
the present colitis model may be minimal.

Also, GSI has been reported to promote the differentiation
and inhibit proliferation of mice intestinal adenoma through the
inhibition of Notch activation (33). Therefore, GSIs have been
reported to have an antitumor effect (32). However, our results
showed that the effects of GSIs may not be specific for tumor
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