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Fluorescent labelling of intestinal epithelial cells reveals independent
long-lived intestinal stem cells in a crypt
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Background and aims: The dynamics of intestinal stem cells are crucial for regulation of intestinal
function and maintenance. Although crypt stem cells have been identified in the intestine by genetic
marking methods, identification of plural crypt stem cells has not yet been achieved as they are visualised
in the same colour.
Methods: Intestinal organoids were transferred into Matrigel® mixed with lentivirus encoding mCherry.
The dynamics of mCherry-positive cells was analysed using time-lapse imaging, and the localisation of
mCherry-positive cells was analysed using 3D immunofluorescence.
Results: We established an original method for the introduction of a transgene into an organoid gener-
ated from mouse small intestine that resulted in continuous fluorescence of the mCherry protein in a
portion of organoid cells. Three-dimensional analysis using confocal microscopy showed a single mCher-
ry-positive cell in an organoid crypt that had been cultured for >1 year, which suggested the presence of
long-lived mCherry-positive and -negative stem cells in the same crypt. Moreover, a single mCherry-
positive stem cell in a crypt gave rise to both crypt base columnar cells and transit amplifying cells. Each
mCherry-positive and -negative cell contributed to the generation of organoids.
Conclusions: The use of our original lentiviral transgene system to mark individual organoid crypt stem
cells showed that long-lived plural crypt stem cells might independently serve as intestinal epithelial
cells, resulting in the formation of a completely functional villus.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

The intestinal environment varies according to the effects of dif-
ferent luminal substances, such as digested food and bacteria {1].
Therefore, to maintain its homeostasis, the intestine needs to adapt
to the variable environment. Coordination of the various epithelial
cells in each villus is critical for adapting to a variable environment.
Intestinal stem cells at the base of crypts maintain individual villi

Abbreviations: CBC, crypt base columnar; TA, transit amplifying; GFP, green
fluorescence protein gene; Lgr5, leucine-rich-repeat-containing G-protein-coupled
receptor 5; OLFM4, Olfactomedin 4.
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by generating various types of epithelial cells over a lifetime [2].
It has been suggested that various cell signalling pathways [3]
and transcription factors {4} destine epithelial cells to a specific cell
lineage. However, the fate of intestinal stem cells themselves is not
well understood. Previous reports have indicated that groups of
stem cells are located in a crypt and act as reservoirs to continu-
ously supply various types of cells to the villi over a lifetime [5].
Different subpopulations of intestinal stem cells, as defined by
Lgr5 {61, Bmil [7], Lrig1 {8}, mTert [2] and HopX {10} expression,
have been demonstrated by genetic marking methods, a finding
that has led to questions about which populations lie ancestrally
upstream of others [ 11]. However, it has been reported that tamox-
ifen might ablate stem cells and induce regeneration of intestinal
epithelial cells [11]. Further, a functional approach independent
of stem cell markers has been reported. Continuous clonal labelling
using the relative instability of dinucleotide repeat tracts during
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DNA replication has demonstrated both lower stem cell numbers
per crypt and lower stem cell replacement rates [ 12]. These studies
suggest that previous inferences of stem cell numbers and replace-
ment rates derived from pulse-chase labelling may be overesti-
mated. Thus, identification and tracking of individual stem cells
in crypts would be helpful for understanding the dynamics of the
fate of crypt stem cells. Most importantly, the Cre-loxP system is
unable to detect individual stem cells in a crypt in vivo or in vitro
because all previous stem cell markers are expressed in the plural
cells at the base of a crypt [13].

In vitro organoid culture of intestinal epithelial cells while
maintaining the crypt formation enables assessment of the dynam-
ics of epithelial cells visually and sequentially {14,15]. However, it
is difficult to directly introduce a transgene into the organoids for
visualisation of a particular cell because of the matrix around the
organoids. In this study, we applied an original approach indepen-
dent of stem cell-specific markers to visualise stem cells in an
organoid.

2. Materials and methods
2.1. Cell culture and chemicals

Human embryonic kidney-derived 293T cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, MO, USA)
supplemented with 10% foetal bovine serum and 1% penicillin-
streptomycin. Culture of the intestinal epithelium was performed
as described previously | 1 5]. Crypts of the proximal small intestine
were obtained from adult heterozygous mice harbouring an Lgr5-
EGFP-IRES-creERT2 knock-in allele and were purified. They were
counted and embedded in Matrigel® (BD Biosciences, San Jose,
CA) at 10,000 crypts/ml. For conventional culture, 30 pl of
Matrigel® was seeded on 24-well plates. For live imaging experi-
ments, 60 ul of Matrigel® was placed in 35-mm culture dishes.
The medium was changed every 2 days. For cell passage, the med-
ium was discarded and the Matrigel® was dissolved by the Cell
Recovery Solution® (BD, Franklin Lakes, NJ, USA). The organoids
were washed twice with phosphate buffer solution (PBS) and
mechanically dissociated into crypt domains level by pipetting.
Then transferred into fresh Matrigel® and organoid culture med-
ium as above. The interval of cell passage was approximately once
every week, with a 1:3 ratio for amplification. When necessary,
Hoechst33342 (04915-81; Nacalai tesque) was added to the med-
ium as indicated. Animal experiments were performed with the
approval of the Institutional Animal Care and Use Committee of
Tokyo Medical and Dental University.

2.2. Lentivirus infection to the organoids

Lentivirus production was performed according to the manufac-
turer's protocols. Lenti-virus supernatants were concentrated
using Lenti-X™ (Clontech Laboratories, Inc.), leading to 100-folds
increase in virus titer. Equal parts of the mixture of Matrigel®
and virus solution and 293T cells were mixed together. After the
mixture solidified, culture medium was overlaid. For the infection
into the organoid, the medium was discarded and the Matrigel®
was dissolved by the Cell Recovery Solution® (BD, Franklin Lakes,
NJ, USA). The organoids were washed twice with PBS and mechan-
ically dissociated into crypt domains level by pipetting. Then
transferred intoc Matrigel® and mixed with equal parts of the lenti-
virus solution. The organoids in Matrigel® were divided into two
wells in a 24-well plate. Organoid culture medium was overlaid
after the Matrigel® solidified. The infection of the organoids was
repeated three times during the passage of the organoids.

2.3. 3-Dimentional fluorescence analysis

Hoechst33342 was added to the medium for 10 min to -detect
the nuclei of organoids. After discarding the medium, 4%

"paraformaldehyde was added for 6 h to fix the organoids. Then

the organoids in Matrigel® were put on a slide and mounted with
VectaShield mounting medium (H-1000; Vector Laboratories, Bur-
lingame, CA, USA). Whole organoids were visualised by confocal
laser fluorescent microscopy FLUOVIEW FV10i (Olympus, Tokyo,
Japan) to acquire high-resolution images of the specimens (optical
section, 5 pm; Z-axis increment, 1 yum). Fluorescence from mCher-
ry and Hoechst33342 was detected using filter sets for mCherry
(excitation, 559 nm; emission, 610 nm) and Hoechst33342 (excita-
tion, 405 nm; emission, 455 nm), respectively. A 3 dimensional
(3D) picture was constructed from the sequential imaging of a
whole organoid using FV10-ASW 3.1 software (Olympus).

2.4. Time-lapse live cell imaging

Live imaging was performed on the Delta Vision system (Applied
Precision, Washington, USA) incorporating a fluorescent microscope
IX-71 (Olympus) using a 20x 0.75NA UPlanSApo objective (Olym-
pus). Fluorescence from mCherry was detected using filter sets for
mCherry (excitation, 577/25; emission, 632/60). Time-lapse experi-
ments were performed as previously described [15]. Differential
interference contrast (DIC) and fluorescent images were acquired
at 15-min intervals for 30 h or 45 h. The data were processed using
softWoRx® (Applied Precision, Issaquah, WA) and, if necessary,
image editing was performed using Adobe Photoshop CS5.1.
Maximum intensity projections of the time series were exported
into QuickTime format for presentation as Supplementary Movies,

3. Results

3.1. Lentivirus mixed into Matrigel enables direct infection of
organoids

We first assessed the efficacy of the transgenic system that uses
a lentivirus for gene transfer into an organoid. 293T cells were
placed in a dish with or without Matrigel®, and lentiviruses coding
for the green fluorescence protein (GFP) gene were added to the
medium. The 293T cells in Matrigel® did not show green fluores-
cence, whereas 293T cells seeded on the dish showed fluorescence,
which suggested that the lentiviruses were unable to pass through
the Matrigel® (Fig. 1A). The lentiviruses were therefore mixed into
the Matrigel® with 293T cells, which resulted in production of
green fluorescence from the 293T cells in the Matrigel® (Fig. 1B).
We used this method to introduce the mCherry fluorescence gene
as a transgene into organoids generated from mouse small intes-
tines. Although one-time introduction of the transgene did not lead
to mCherry fluorescence even though mCherry gene expression
was detected in the organoids (Supplementary Fig. 1), threefold
repeated introduction of the transgene did lead to detection of
mCherry fluorescence in the organoids (Fiz. 1C). We isolated a sin-
gle organoid with mCherry fluorescence by observation under a
stereoscopic microscope (Fig. 1D); this single organoid was then
mechanically divided into several pieces by using a needle to
expand the organoids (Supplementary Fig. 2). After expansion,
the divided organoids were removed from the Matrigel® and
mechanically dissociated into the crypts by using a plastic pipette
tip for continuous passage (Fig. 1E). Culture of these organoids for
>1 year showed continuous mCherry fluorescence in every crypt of
all organoids, which suggested that the mCherry gene had been
transgenically introduced into the stem cells. Further analysis
using confocal microscopy showed heterogeneous distribution of
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Phase contrast

Fig. 1. Gene transduction into organoids resulted in the continuous fluorescence. (A) Lentiviruses coding for the green fluorescence protein gene were added to the medium.
293T cells mounted into the Matrigel® were not fluorescent (right side of each picture) whereas the 293T cells at the dish bottom were fluorescent (left side of each picture).
(B) 293T cells mounted into the Matrigel® mixed with lentiviruses were fluorescent. (C) The organoids generated from small intestines were mounted into the Matrigel®
mixed with lentivirus encoding the mCherry gene. The organoids were fluorescent after three times lentivirus infections. (D) A single organoid with mCherry fluorescence
was collected into a plastic pipette tip. Scale bar: 50 um. (E) mCherry fluorescent organoids expanded from a single organoids. Scale bar: 200 um. (F) Heterogeneous
expression of mCherry fluorescence in an organoid (mCherry-hetero organoid) over a year after the infection with lentiviruses. Left and centre panels are confocal imaging of
an infected organoid. Right panel is 3-dimensional imaging of a whole organoid constructed by confocal microscopy. Scale bar: 10 pm.
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Fig. 2. Partial infection of the organoids enables the marking of individual stem cells in a crypt. (A) An mCherry positive crypt base columnar (CBC) cell in a crypt with a
spindle shape. Green fluorescence protein fluorescence marking Lgr5 expression is lost after long-time culture. (B) An mCherry positive Paneth cell in a crypt with broad
shape and granules. Scale bar: 5 pm. (C) Confocal imaging of a single mCherry-positive CBC cell in a crypt. 3D imaging of whole crypt is shown in Supplementary Movie 1,
Scale bar: 10 pm. (D) Confocal imaging of five mCherry-positive CBC cells in a crypt. Sequential imaging of a whole crypt is shown in Supplementary Movie 2. Scale bar:
15 pm. (E) The number of mCherry-positive CBC cells in each 30 crypts of the mCherry-hetero organoids was counted. The maximum number of mCherry-positive CBC cells in
a crypt was 5. No mCherry negative crypts were shown in all organoids.

the mcCherry-positive cells in every crypt of all organoids
(mCherry-hetero organoids) (Fig. 1F) (Supplementary Table 1).

of mCherry-positive CBC cells in the crypts that resulted in 1-5
mCherry-positive cells in each crypt (Fig. 2C-E, Supplementary
Movies 1 and 2).

3.2. Partial infection into the organoids allows the marking of
individual stem cells 3.3. Fluorescent labelling of intestinal epithelial cells shows the
different stem cells in a crypt

Because we could morphologically distinguish crypt base

columnar (CBC) cell as a spindle shape cell from Paneth cell as a
granular cell in the crypt (Fig. 2A and B), we counted the number
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Our findings suggested that a single stem cell might be unable
to occupy all intestinal cells in a crypt and villi. Staining of the
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small intestinal stem cell specific marker, Olfactomedin 4 (OLFM4)
{17] showed that OLFM4 was expressed in both mCherry-positive
and -negative cells in the same crypt of mCherry-hetero organoids
that have been cultured for >1 year (Fig: 3A). Moreover, HopX as a
quiescent +4 stem cell marker and Musashi-1 as a CBC stem cell
marker were also expressed in both mCherry-positive and -nega-
tive cells in the same crypt of mCherry-hetero organoids,
suggesting that mCherry-positive and -negative cells might include
stem cells (Fig. 3A). Paneth cells detected by lysozyme staining of a

A

Phase contrast

whole organoid were also derived from both mCherry-positive and
-negative stem cells in the same crypt (Fig. 3B, Supplementary
Movie 3). Time-lapse observation of the organoids in which only
an mCherry-positive cell was located in a crypt revealed that a
single mCherry-positive cell had divided into two cells. Finally, a
single mCherry-positive cell supplied almost all CBC cells in a crypt
in addition to transit amplifying (TA) cells (Fig. 3C, Supplementary
Movies 4 and 5). However, the heterogeneity of mCherry expres-
sion has been maintained during continuous passages for >1 year,

Fig. 3. Heterogeneity of intestinal stem cells in a crypt is maintained for over 1 year. (A) Immunofluorescent staining of mCherry and OLFM4, Musashi-1 and HopX (green) in
serial sections of the mCherry-hetero organoid. OLFM4, Musashi-1 and HopX were expressed in both mCherry-positive (arrow) and -negative cells (arrow head) in the same
crypt. Scale bar: 20 pm. (B) Immunofluorescent staining of mCherry and Lysozyme (green) in a whole mCherry-hetero organoid. Sequential confocal imaging shows both
mCherry-positive (arrow) and -negative (arrow head) cells in a crypt. 3D imaging of a whole crypt is shown in Supplementary Movie 3. Scale bar: 20 um. (C) Time lapse
imaging of an organoid that has a single mCherry-positive cell in a crypt. 16 h 44 min later, a single mCherry-positive cell was divided into two cells (arrow). Following the
first cell division, mCherry-positive cells supplied cells to the transit amplifying zone (white arrowhead) and crypt base (yellow arrowhead) for 45 h. Time lapse movies are
shown in Supplementary Movie 4, 5. Scale bar: 50 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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which suggests that plural stem cells might fundamentally exist in
a crypt to alternatively produce intestinal epithelial cells for the
villi and crypt base.

3.4. Individual stem cells in a crypt can enable the generation of
organoids

To characterise the mCherry-positive and -negative cells, we
dissociated the mCherry-hetero organoids into individual cells
(Fig. 4A). The organoids developed from a single cell showed that
mCherry-positive and -negative organoids were individually
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generated (Fig. 4B). Each organoid was isolated under a stereoscopic
microscope. Observation using confocal microscopy of whole
organoids revealed that all cells expressed mCherry in the mCher-
ry-positive organoids and that no cells expressed mCherry in the
mCherry-negative organoids (Fig. 4C, Supplementary Movies 6-9).
These findings indicate that both mCherry-positive and -negative
cells in a crypt of the mCherry-hetero organoids have the capacity
to generate organoids. Moreover, mCherry-negative organoids
generated from mCherry-hetero organoids never became fluores-
cent again for >1 year, supporting the independency of mCherry-
positive/negative stem cells in mCherry-hetero organoids. The

Lrig1
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Relative mRNA Expression
Relative mRNA Expression

0.04
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Fig. 4. Both mCherry-positive and -negative single cell reconstruct organoids. (A) mCherry-hetero organoids were dissociated as a single-cell level. Individual mCherry-
positive and -negative cells were together mounted into the Matrigel® and cultured. Scale bar: 5 pm. (B) The organoids generated from a single mCherry-positive and -
negative cell 7 days after the single-cell dissociation. Scale bar: 20 pm. (C) Sequential confocal imaging of a whole organoid. All cells were mCherry positive in an organoid
generated from a single mCherry-positive cell (upper panel) whereas all cells were mCherry negative in an organoid generated from a single mCherry-negative cell (lower
panel). Sequential imaging of a whole organoid is also shown in Supplementary Movies 6-9. Scale bar: 50 pm. (D) Quantitative real-time polymerase chain reaction (RT-PCR)
for mCherry expression. +, completely mCherry-positive organoids generated from a single mCherry-positive cell in mCherry-hetero organoids. —, completely mCherry-
negative organoids generated from a single mCherry-negative cell in mCherry-hetero organoids. H, mCherry-hetero organoid cultured for >1 year. Quantitative RT-PCR for
intestinal stem cell markers. No significant differences were observed among the three organoids.
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expression of the mCherry gene was greater in mCherry-positive
organoids than in mCherry-hetero organoids, whereas mCherry-
negative organoids did not express the mCherry gene (Fig. 4D).
Finally, each organoid was characterised to confirm whether
long-lived plural stem cells in the same crypt shared the functions
of a villi and a crypt, resulting in the equal expression of a series
of stem cell markers in each organoid (Fig. 4D).

4. Discussion

This study showed that plural stem cells in a crypt may be long-
lived and produce different types of intestinal epithelial cells in
villi. Although the use of lentivirus mixed with Matrigel® led to
partial introduction of the transgene into organoids, random mark-
ing of the organoid cells showed that regulation of specific cell
types, including stem cells, had occurred. Previous reports have
indicated that individual cells dissociated from organoids could
be inoculated with a transgene by retroviruses without Matrigel®
[18]. Our method however enabled the introduction of a transgene
into organoids in which the original morphology of the stem cells
in a crypt in vivo might be kept. In particular, we could for the first
time, visualise individual stem cells in a crypt which reflected the
original position of stem cells in vivo. Sequential passages of the
organoids generated from a single mCherry-hetero organoid-for
>1 year indicates that individual mCherry-positive cells in a crypt
might be a long-lived stem cell.

Moreover, for the first time, we could divide the long- lived stem
cells in a crypt into two subpopulations ‘according to mCherry
fluorescence. Previous reports have indicated that Cre-mediated
recombination of stem cell marker promoters was useful for detec-
tion of intestinal stem cells |G |. However, all stem cells were marked
at the same time, which made it impossible to distinguish each stem
cell in a crypt. Recently, it has been reported that stem cells could be
divided into four subpopulations according to colouring in a confetti
mouse model |19]. Long-term clonal tracing of Lgr5-positive cell
subpopulations in the confetti mouse resulted in the unification to

a single colour in the villi, which suggested that a few long-lived

stem cells in a crypt might serve all intestinal epithelial cells in
the villi. However, it remains unknown whether individual stem
cells in a crypt could supply all cells in a crypt anda villus. In this
study, we found that a single mCherry-positive cell was located i in

a crypt, which suggested that mCherry—negatlve stem cells might -

supply almost all intestinal epithelial cells in a crypt and TA zone.
Once an mCherry-positive stem cell shifts to the active phase, it sup-
plies almost all CBC cells and TA cells. At the next passage of the
organoids, the population of mCherry-positive cells in the crypt
was reset, which suggests that individual long-lived stem cells
alternately supply almost all CBC cells and TA cells. The observation
of 1-5 mCherry-positive CBC cells in each mCherry-hetero organoid
might have been caused by the difference in the time phase of
mCherry-positive cell division.

Accordingly, these findings raised a question about whether
individual long-lived stem cells in a crypt divide into the same cells.
The organoids generated from individual long-lived stem cells
distinguished by mCherry fluorescence showed no difference about
the expression of stem cell markers, which suggests that these two
subpopulations of stem cells have the equal capacity of stemness.

In the future, the comparison of gene expression between
mCherry-positive and -negative cells in an organoid might be help-
ful to understand the difference among the subpopulations of the
stem cells in a crypt. Although the general cell lineages of the intes-
tine are regulated by a series of transcriptional factors {20}, it
remains unknown how the ratio of the respective cell lineages are
regulated in each villus. In particular, the gene expression profiling
is longitudinally different throughout the entire small intestine
without Notch signal influence {21}, although the differentiation-

determined transcriptional factor Atoh1 was directly repressed by
Hes1 via Notch signal [22]. This finding suggested that the comport-
ment of stem cells with permanent lineage directivity in a crypt
might be changed to adjust the proper cell distribution. In the
future, an in vivo single-cell tracking method should be used to
assess the lineage directivity of each intestinal stem cell in a crypt.
Moreover, it remains unknown as to how many long-lived stem
cells exist in a crypt because single colour markings of cells divided
into only two subpopulations. Multi-colour markings of individual
cells in a crypt might clarify the number of long-lived stem cells.
Another valuable feature of this system is that the dynamics of
single stem cell in a crypt can be assessed. We could select the
crypts in which single stem cell was marked by mCherry.
Time-lapse analysis can be used to chronologically assess the
regulation of'a long-lived stem cell, such as cell quiescence, divi-

~ sion; occupation of CBC cells and supply to differentiated cells.

Time-lapse analysis would also-be useful for determining the
effects of various reagents on a stem cell to develop treatments
that target intestinal stem cells. A system capable of measurement
of single stem cell function should be established in the future.
In conclusion, the use of our novel lentivirus transgene system
to mark individual stem cells in a crypt of an organoid
demonstrated plural long-lived stem cells in a crypt.
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Reports have suggested that the two Notch ligands, DII1 and DII4, are indispensable
to maintain the homeostasis of the intestinal epithelium. However, within the in-
testinal epithelium, the precise distribution of the cells that express those ligands at
the protein level remains largely unknown. Here, we show a series of immunobhisto-
chemical analysis through which we successfully identified mice intestinal epithelial
cells (IECs) that endogenously express D11 or DIl4. Results showed that DIl1-positive
(Dll1+ve) IECs reside exclusively within the crypt, whereas DIl4-positive (D1l4+ve)
IECs can locate both in the crypt and in the villus of the small intestine. Also in the
colon, DIl1+ve IECs resided at the lower part of the crypt, whereas Dll4+ve IECs
resided at both upper and lower part of the crypt, including the surface epithelium.
Both Dll14-ve and Dll4+ve IECs were ATOH1-positive, but Hes1-negative cells, and
located adjacent to Hes1-positive cells within the crypts. A sub-population of both
Submitted 29 January 2014 Dll1+ve and DIl4+ve IECs appeared to co-express Muc2, but rarely co-expressed
é‘zgﬁg’:ﬁj }@?‘2102&14 other secretory lineage markers. However, as compared to DIll1+4ve IECs, Dll4-+ve
IECs included larger number of Muc2-postive IECs, suggesting that DIl4 is more

g;;irfhsipgggg\ifuthor preferentially expressed by goblet cells. Also, we identified that DIl4 is expressed in

rokamoto.gast@tmd.ac.jp the Paneth cells of the small intestine, whereas D111 and DIl4 is expressed in the c-kit-
Academic editor positive IECs of the colon, indicating that DIl14-ve and Dll4-+ve IECs may contribute
Yeong Yeh Lee to constitute the intestinal stem cell niche. Compared to the normal colon, analysis of
Additional Information and DSS-colitis showed that number of DIl1+4ve IECs significantly decrease in the elon-
Declarations can be found on gated crypts of the inflamed colonic mucosa. In sharp contrast, number of Dll4-+ve
page 15 IECs showed a significant increase in those crypts, which was accompanied by the
DOI 10.7717/peer;j.370 increase in number of Hes1-positive IECs. Those Dll4+ve IECs were mostly found
© Copyright adjacent to the Hesl-positive IECs, suggesting that DIl4 may act as a major Notch
2014 Shimizu et al. ligand in the crypts of the inflamed colonic mucosa. Our results illustrate distinct
Distributed under expression patterns of DIl1 and DIl4 within the intestinal epithelium, and suggest that
Creative Commons CC-BY 3.0 these two ligands may have different roles in normal and inflamed mucosa.

OPEN ACCESS

Shimizu et al. (2014), Distinct expression patterns of Notch ligands, DII1 and DIl4, in normal and inflamed mice
intestine. Peer] 2:e370; DOI 10.7717/peerj.370

42



Histology, Gastroenterology and Hepatology
= DII1, DIl4, Hes1, ATOH1, Notch signaling, Intestinal epithelial cells, Colitis

The intestinal epithelium is maintained by the rapid renewal of cells that are fueled
by the stem cells residing at the lower part of the crypt (Crosirier, Si /

i o
:%x‘a,w "‘»

165 Barker, 201 3). Studies have identified that Lgr5 positive crypt base columnar cells
deﬁmtely function as intestinal stem cells (/i '

al, 2007). These cells give rise to
ATOH1-positive (ATOH1+ve) secretory—progemtor cells, or Hes1-positive (Hes1+ve)
enterocyte-committed progenitor cells, which subsequently differentiate into one of the
5 types of mature cells. During such a process, various molecular signaling pathways

lndudmg Notch plays distinct roles to maintain stem cell property ('

/3), and to organlze proper proliferation and differentiation ( !
; L i, 2007,

Notch srgnalmg isa pathway that is medlated by ligand-receptor interaction between

neighboring cells (1774 s, Rand

;«“‘4!) So far, 4 receptors and 5
ligands have been 1dent1ﬁed in mammahans (Ho thonas, 2013). In
the intestine, it has been shown that several components of the Notch pathway, 1nc1ud1ng
the 4 receptors and the 5 hgands are expressed during the developmental period and also
during the adulthood (5¢/iéder o~ Gossier, 2002). Studies in mice have shown that Notchl
and Notch2 are 1ndlspensable receptors to maintain the homeostasis of the intestinal

o of al 4). Also, deletion of both DII1 and DIl4 resulted in complete
silencing of Notch activation within the intestinal epithelium, and thereby induced loss
of stem-progenitor populatlon, and a significant increase in number of secretory cells
et etal, 20171).

Recent report using Dll1-lacZ reporter mice have shown that DIl1 and D114 is expressed
by the same population of intestinal epithelial cells (IECs) in the mice small intestine
(Sramnaraks ef ol 2077). Another report using in situ hybridization and a DII1 knock-in
mice showed that DII1 is expressed in IECs at the +5 position, and those DIll1-positive
(Dll1+4-ve) cells may exist as secretory lineage progenitor cells, and also as a back-up

epithelium (Xiccio or ¢

reservoir of stem cells (v I's ¢r ol 201 2). However, it remains unclear how the IECs
that endogenously express the DIl1 protein locate within the crypt-vﬂlus unit, and p0531bly
contribute to activate Notch signaling in their neighboring cells (viiir e Brink, z

201:1). A recent report has shown that expression of Dlll and DIl4 are

dlrectly regulated by the pro-secretory transcription factor, ATOH1, and may function as
a key molecule to mediate lateral inhibition between equipotent progenitors (71 ¢ /.,
20114). Nevertheless, the precise expression patterns of those ligands in the colon have never
been described.

Here, we established an immunohistochemical method through which we can clearly
identify cells that express DII1 or D114 at the endogenous level. Results showed that D11 and
D114 are expressed by a distinct subset of ATOH1+-ve IECs that locates adjacent to Hes1+ve
IECs in the small intestinal and colonic crypts. Moreover, DIl1+ve and Dll4+ve IECs
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appeared to change their dominance within the elongated crypts of the colitic mucosa,
and thereby contribute to increase the number of Hes14ve IECs. Thus, the present report
clearly illustrates the differential expression patterns of DII1 and D14 along the crypt-villus
axis, under normal and colitic environment.

Mice

C57BL/6] mice at 6-8 weeks of age were purchased from Japan Clea (Tokyo, Japan). Lgr5-
EGFP- ires- CreERT?2 mice (Stock No. 008875) and R26R-lacZ mice (Stock No. 003309)
were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). DIl1-floxed mice
(Hozumi er al, 2004) and D1l4-floxed mice (Hozuimi ef al, 2008) have been previously
described. To generate Lgr5- EGFP- ires- CreERTZ/ Dlllﬂ/ f mice or Lgr5- EGFP- ires-
CreERT2/ D14/ mice, each floxed mice were crossed with Lgr5- EGFP- ires- CreERT2
mice. Mice carrying the R26R-LacZ allele served as control (Lgr5- EGFP- ires- CreERT2/
R26R-LacZ). Those mice were housed in the animal facility of Tokyo Medical and Dental
University. All animal experiments were approved by the Institutional Animal Care and
Use Committee of Tokyo Medical and Dental University (Approval Number 0140053A).

Induction of Cre-mediated recombination

Induction of Cre-mediated gene recombination was induced by intraperitoneal injection
of Tamoxifen (2 mg/body; SIGMA-ALDRICH, Missouri, USA) dissolved in corn oil for 5
consecutive days. Those mice were sacrificed at the indicated days after the first injection,
and subjected to tissue analysis.

Induction of colitis

Induction of colitis was perforrned as previously described (¢ al.,
et al; 2009 Yui et ol 2012). Briefly, mice were fed ad libitum with 3% Dextran sodium
sulfate (DSS, Ensulko, Yokohama, Japan) for five consecutive days, followed by distilled
water for another five days. Mice fed with distilled water alone served as control. Mice were

subjected to tissue analysis at the end of the experimental period (Day 10).

Staining analysis of intestinal tissues

Immunostaining of mice intestinal tissues were done as previously described (% )
et al., 2009 Yui et al., 2012). Briefly, intestinal tissues were fixed in 4% parafolmaldehyde,
and embedded in OCT compound (Sakura, Tokyo, Japan). 6 m sections were prepared
for staining. Primary antibodies used in the present study are summarized in ' =:/c [,
Microwave treatment (500 W, 10 min) in 10 mM citrate buffer was required for staining
DIl1, D114, Hes1 and ATOH1. Tyramide signal amplification (Molecular Probes, California,
USA) was used for immunofluorescent detection of DIl1, DIl4, Hesl and ATOHI.
Staining was visualized by secondary antibodies or Tyramide substrates conjugated with
Alexa-594 or Alexa-488 (Molecular Probes, California, USA). Data were collected using a
conventional epifluorecent microscope (BZ-8000 or BZ-X700, KEYENCE, Tokyo, Japan)

Lad
£

Shimizu et al. (2014), Peerd, DOI 10.7717/peerj.370
44



< ¢ Primary antibodies used for immunohistochemical staining.

Antibody Dilution Supplier Product no. City Country
Anti-DIl1 1:500 R&D systems AF5026 Minneapolis USA
Anti-Dll4 1:500 R&D systems AF1389 Minneapolis USA
Anti-Hes1 1:80000 A kind gift from Dr. T Sudo, Toray Industry Kanagawa Japan
Anti-ATOH1 1:200 A kind gift from Dr. JE Johnson, UT Southwestern Dallas USA
Anti-Ki-67 1:50 DAKO TEC-3 Glostrup Denmark
Anti-MUC2 1:100 Santa Cruz Biotechnology Sc15334 Texas USA
Anti-ChgA 1:1000 Diasorin SP-1 Saluggia Italy
Anti-DLCK1 1:100 Abgent AP7219B San Diego USA
Anti-Lysozyme 1:1500 DAKO EC3.2.1.17 Glostrup Denmark
Anti-c-kit 1:100 R&D systems AF1356 Minneapolis USA
Anti-GFP 1:500 Nakalai Tesque GF090R B Kyoto Japan

or a confocal fluorescent microscope (FLUOVIEW FV10i; OLYMPUS, Tokyo, Iapan) LacZ
).

staining of the intestinal tissues were done as previously described (

Quantification of the immunostaining

Number of positive staining cells was quantified by analyzing at least 100 crypts or villi that
were randomly selected from 3 individual mice. Two independent investigators, who were
not informed of the origin of the tissues or the targets of the staining, collected the data.
Those data were statistically analyzed with Welch’s ¢-test.

DlI1+ve and DIl4+ve IECs show distinct distribution pattern within

the small intestinal and colonic epithelium

As previous studies have suggested that mRNA of Dll1 mlght be expressed w1th1n the
mice intestinal epithelium (5c/iroder ler, 2002; Stamatak
ot al 2017), we sought to estabhsh a method to 1dent1fy cells that

endogenously express DII1 or DII4 protein at their cell membrane, and thereby function as

2 Crosuier ef al

Notch signal-sending cells. By using a specific antibody for DII1 or DIl4, we found that a
positive staining can be yielded within the intestinal epithelium of the mice small intestine
and the colon (iv: i and 11).

The specificity of those antibodies were validated and affirmed by conditional knockout
of DII1 or DII4. By using mice carrying either the DIl1-floxed allele or the DIl4-floxed
allele in addition to LGR5-EGFP-ires-CreERT2 allele, we induced genetic deletion of either
DII1 or DIl4 in LGR5-EGEFP positive intestinal stem cells, and also in their progenies. In
those knockout tissues, a clear abolishment of the positive staining in the progenies of
EGFP-positive intestinal stem cells was confirmed in a gene-specific manner (. - !).

Positive staining of both DIl1 and DIll4 showed a membranous pattern confirming
that the staining demonstrates proteins that are bound to the membrane (-~ ' and

i'). However, the distribution of those cells along the crypt-villus axis showed a clear
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; -1 DH1 and DIl4 are expressed in distinct patterns in the mice gastromtestlnal epithelium. Im-
munohxstochennstry of DIl1 and Dll4 were performed using mice small intestinal (A, B) and colonic
tissues (D, E). Within the small intestinal epithelium, staining by anti-DII1 antibody showed positive cells
exclusively within the crypt (A, B), whereas staining by anti-DIl4 antibody showed positive cells both in
the crypt and in the villi. Quantification of DIl1+4-ve and DIl4-+ve intestinal epithelial cells (IECs) showed
that Dll1+ve IECs are predominantly found within the crypt, whereas Dll4+ve IECs are found mostly in
the villi (C). In the colonic epithelium, staining by anti-DIl1 antibody showed (: d on next page..
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positive cells exclusively within the lower part of the crypt (D, E), whereas staining by anti-Dll4 antibody
showed positive cells both in the lower- and upper part of the crypt, including the surface epithelium.
Quantification of DIl14ve and Dll4+ve IECs showed that DIl14+ve IECs are found exclusively within
the lower half of the crypt, whereas DIl4-+ve IECs are found both in the lower and upper region of the
crypt at a comparable frequency (F). Negative staining of non-immunized isotype antibodies (Control
Ab) confirmed the specific staining of DII1 (A) and D14 (D). Scale bar represents 20 um. Quantitative
data are shown as mean F SD of triplicate experiments (n = 3). * indicates P < 0.05 as determined by
Welch’s t-test. N.S. indicates not significant.

difference between Dll1-positive (DIl1+ve) and Dll4-positive (DIll4+ve) IECs. In the small
intestine, Dll14ve IECs resided exclusively within the crypts, but were never found in
the villi (2. 1 12). In sharp contrast, Dll4+ve TECs were found both in the villi and in
the crypts. Quantitative analysis revealed that DIl14-ve IECs predominantly reside in the
crypt, whereas DIll4+ve IECs mostly reside at the villus (" . /). Such a difference in
distribution between DIl1+ve and DIll4+ve IECs were also found in the colon (- =

and | ). In the colon, DIl1+ve cells were found predominantly at the lower half of the
crypt, but were rarely found at the upper part of the crypt, including the surface epithelium
(. 11). In contrast, Dll4+-ve cells were found both in the upper and lower part of the
crypt, and also at the surface epithelium. Quantitative analysis confirmed that DIl1+4ve
IECs reside predominantly in the lower part of the crypt, whereas D1l4+-ve IECs reside both
in the lower and upper part of the crypt (*=. ' ). These results indicated that Dll14ve and
Dll4+-ve IECs represent a distinct population of cells within the intestinal epithelium.

Both DIll1+ve and Dll4+ve IECs are ATOH1-positive cells, and
locate adjacent to Hes1-positive IECs in the small intestinal- and
colonic-crypts

Reports have suggested that Hesl expression in IECs indicate Notch-activation and
commitment to absorptive lineage cells, whereas ATOH1 expression in IECs conversely
indicates lack of Notch activation and commitment to secretory lineage cells (v 1

e & R . 2011). To identify their
potentlal to serve as Notch activating cells, and gain mmght into thelr cell characteristics,
we conducted a double immunostaining analysis of DII1 or DIl4 with Hesl or ATOH1.
In the small intestinal crypts, both Dll14ve and Dll4+ve cells were found adjacent to
Hesl-positive (Hesl+ve) cells (- -+ “ . and - %). In the villi, the adjacent cells of Dll4+4-ve
cells were never found to be positive for Hesl. Also, both DIl1+ve and Dll4+ve IECs
themselves were never found to be positive for Hesl. Instead, both Dll1+ve and DIl4+-ve

e 197 Y
ts, 20015 Vooys, Liu &

IECs were invariably positive for ATOH1 (1. ' %), Exactly the same expression patterns
of Hes1 and ATOH1 within DIl14-ve and DIll44-ve IECs, or in their neighboring cells were
found in the colonic crypts (* ==, " and ). A horizontal cross section of the crypt

region further confirmed those expression patterns of Hesl and ATOH1 in Dll1+ve and
Dll4+ve IECs (* 1= =7). These findings clearly illustrate the definite site of lateral inhibition
by ATOH1-positive (ATOH1+-ve) crypt cells, through their expression of DII1 or DIl4. In
contrast, those D1l4+ve IECs that were found at the small intestinal villi or at the colonic
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Both D111+ve and Dll4+ve IECs are ATOH1+ve IECs, whlch locate ad]acent to Hesl+ve

cells w1th1n the crypt. (A, C) Double immunostaining of DIl or Dll4 (green) with either Hes1 or ATOH1
(red) was performed in the mouse small intestinal (A) and colonic tissues (C). Both in the small intestinal
and colonic epithelium, DIl14ve IECs or Dll4+4-ve IECs itself were completely negative for Hesl (yellow
arrowhead), but instead, they were found adjacent to Hes1+ve IECs (white arrowhead) within the crypt.
Those Dll1+ve IECs or Dll4+ve IECs were invariably positive for ATOH1 (yellow arrowhead). However,
those Dll4+ve IECs that were residing at the small intestinal villi or in the colonic surface epithelium were
never found adjacent to Hesl-+ve IECs. Scale bar represents 20 um. (B, D) Quantitative analysis of the
immunostaining revealed that both DIl1+ve and DIl4-+ve IECs are Hes1—ve/ ATOH1+ve cells that locate
adjacent to Hes1+ve /ATOH1—ve IECs in the small intestinal (B) and colonic (D) crypts. Quantitative
data are shown as mean F SD of triplicate experiments (n = 3). * indicates P < 0.05 as determined by

Welch’s ¢-test. These data were acquired by confocal microscopy (FV10i).
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DIH DI 14
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Both Dlll+ve and Dll4+-ve IECs are mostly post-mltotlc in the small intestine and in the
colon Double immunostaining of DII1 or DIl4 (green) with the proliferation cell marker, Ki67 (red),
shows that both Dll1+4ve and Dll4+ve IECs are mostly post-mitotic in the small intestine (A) and
in the colon (B). However, a small number of DIl1+4ve or Dll4+ve IECs that co-express Ki67 can be
found (yellow arrowhead). Scale bar represents 20 um. These data were acquired by confocal microscopy
(FV10i).

surface epithelium appeared to co-express ATOH]1, but were never found adjacent to
Hes1+ve cells, indicating that those IECs may not function as Notch activating cells under
normal conditions.

DIlI1+ve and Dll4+ve IECs represent distinct populations of
secretory lineage cells in the small intestine and in the colon

To further identify the properties of DIl14-ve or Dll4+4-ve IECs, we further checked the
co-expression of a prohferatlve cell marker, Ki67. Consistent with the former report

(5 eta 17), co-immunostaining with Ki67 showed that both DIl1+4-ve and
Dll4+-ve IECs are mostly negative for Ki67, indicating that they are post-mitotic in the
small intestine (2. “/\) and in the colon (I'=. '), Quantitative analysis showed that
34.5% of DIl14-ve IECs and 19.3% of Dll4+ve IECs in the small intestine co-express
Ki-67 ("alie = 1). Also, 22.6% of DIl1+ve IECs and 14.8% of DIl4-+ve IECs in the colon
co-expressed Ki-67. However, those values varied among individual crypts. As our former
results suggested that both DIl1+ve and Dll4+ve IECs are ATOH1+-ve cells that are
committed to the secretory cell lineage, we analyzed the expression of secretory lineage
differentiation markers in Dll1+ve or DIl4+ve IECs. In the small intestine, both Dll1+ve
and DIl4-+ve goblet cells were clearly present (. ). Also, a few number of Dll4+ve
enteroendocrine cells were found (

«1). However, enteroendocrine cells that are
positive for DII1, or tuft cells that are positive for either DII1 or D114, were never observed.
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| Small Intestine

i DIl1+4ve and DIl4+ve IECs represent distinct populations of secretory lineage cells in the
small intestine and in the colon. Double immunostaining of DII1 or DIl4 with various secretory cell
lineage markers were performed. (A) Immunostaining of DII1 or DIl4 (green) with Muc2 (goblet cells,
red), ChgA (Enteroendocrine cells, red) or DLCK1 (Tuft cells, red) using the srnall 1ntest1nal tissues shows
that both DIl14-ve and Dll4+ve cells can co-express Muc2 (white square). | o 100,
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Also, a small number of Dll4+4-ve cells that co-express ChgA were present (white square). However,
DIl1+ve IECs were never found positive for ChgA or DLCKI1. Also, Dll4+ve I[ECs were never found
positive for DLCK1. Scale bar represents 20 pm. A magnified view of the area marked with a white square
is shown in the lower panel. (B) The same immunostaining shown in (A) was performed using the colonic
tissues. Both D111 4-ve and Dll4+ve colonic IECs can also co-express Muc2 (white square). However, both
Dll1+-ve and DIl4+ve IECs were never found positive for ChgA or DLCK1. Scale bar represents 20 pm.
A magnified view of the area marked with a white square is shown in the lower panel. These data were
acquired by confocal microscopy (FV10i).

In the colon, both DIl1+ve and DIl4+ve goblet cells were also clearly present (= ).
However, enteroendocrine cells or tuft cells that are positive for DII1 or DIl4 were never
observed. Quantitative analysis showed that increased number of DIl4+ve IECs co-express
MUC2, compared to Dll1+ve IECs, both in the small intestine and in the colon (' = 1),
Thus, the results indicated that both DIl1+ve and DIl4-+ve IECs could acquire goblet cell
phenotype, but rarely exhibit the phenotype of other secretory lineage cells. However,

as compared to DIl1+ve IECs, DIl4+ve IECs appeared to include higher number of
terminally differentiated goblet cells and can additionally acquire enteroendocrine cell
phenotype, which confirmed the idea that DIl1+4-ve and DIll4+-ve [ECs represent distinct
population of secretory lineage cells.

Dli1+ve or Dll4+ve IECs constitute the intestinal stem cell niche
Previous studies have suggested that Paneth cells express DII1 or DIl4, and thereby

constitute the key component of the small intestinal stem cell niche (5

‘al., 2012). However, endogenous protein expression of DHI or D114 in those
stem cell niche cells has never been demonstrated. So far, our immunohistochemical
analysis of small intestinal tissues failed to detect expression of DIl in any Paneth cell
(Fio. 54 ) However, a clear expression of D114 was found in a very rare population of Paneth
cells (7. 57). In the colon, it has been shown that c-kit p051twe cells take the place of
20:2). Double
immunostaining with c-kit clearly showed that Dlll+ve IECS mostly over 1ap with the
c-kit-positive cell population in the colon (i (). Also, those Dll4+4ve IECs that reside
at the lower part of the colonic crypts clearly co-expressed c-kit (' = ). Quantitative
analysis showed that almost all DIl1+ve IECs are c-kit positive, whereas around 70% of
Dll4+-ve IECs are c-kit positive in the colon (1« =1). Thus, our analysis showed that

Paneth cells, and constitute the colonic stem cell niche (/¢

DIl1+4ve IECs or Dll4+-ve IECs surely reside as a component of the stem cell niche in small
intestinal and colonic crypts.

On the other hand, our analysis of Lgr5-EGFP-ires-CreERT2 mice showed that DIl1+ve
IECs or Dll4+-ve IECs are mostly negative for LGR5-EGFP, suggesting that those cell
populations do not include the LGR5-positive stem cell itself. However, we found a rare
population of DIl14-ve or Dll4+4ve IECs that co-express LGR5-EGEFP, at the upper end
of the stem cell region (2. ). Those cells appeared to express EGFP at a relatively
low level, and preferentially located at the 45 position. Thus these DIl1+EGFP-+double
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5 DH1+ve or Dll44-ve IECs constitute the mtestmal stem cell niche. Double immunostaining
of DIl or DIl4 with a stem-cell niche cell marker, Lysozyme or c-kit, was performed in the mice small
intestine and in the colon, respectively. (A) Immunostaining of DIl4 (green) with Lysozyme (red) shows
that D14 is expressed in Paneth cells of the small intestine (yellow arrowhead) Sca]e bar represents 20 pm.

(B) Double immunostaining of D111 (green) and c-kit (red) shows that (< Lo o i
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Dlll1+4ve colonic IECs mostly co-express c-kit (yellow arrowhead). Also, double immunostaining of

Dll4 (green) and c-kit (red) showed that a distinct population of Dll4+ve cells co-express c-kit (yellow
arrowhead). Scale bar represents 20 pm.

positive cells, or DII4+EGFP+double positive cells may represent the bi-potent secretory
progenitor cells as described previously by v Es o7 al ~

Dll4+ve cells dominate the colonic crypts of the DSS-colitis mice
Our previous study has shown that number of Hes1+-ve cells significantly increase in the
colitic mucosa of DSS-colitis mice, and also in ulcerative colitis patients, indicating that
the canonical Notch pathway is activated in those cells (/7 /

Fal, 2009 Z

F e
HIGy 2

2011). However, the ligand that is responsible for such an increase in Notch activation
remains uncertain. Therefore, we examined the expression of DII1 and D114 in tissues of
DSS-colitis mice. Analysis showed a surprising loss of DII1 expression in the crypts of
DSS-colitis mice (.« *). Conversely, a striking increase in the number of Dll4+4ve IECs
was observed in the crypts of those DSS-colitis mice, suggesting that a distinct regulation
of DII1 and DIl4 expression exists under the inflammatory environment. Quantitative
analysis confirmed that number of DIl1+ve [ECs significantly decrease, whereas that

of Dll4+ve IECs significantly increase in DSS-colitis mice, compared to control mice
(“i2 o). Double staining with Hes1 confirmed that a rare population of Dll1+ve IECs,
as well as the dominant D1l4+ve [ECs clearly located adjacent to Hes1+ve IECs within the
elongated crypts of the DSS-colitis mice (' 1. ©0). Of note, those Hes1+ve IECs appearing
at the mid-to-upper part of the colitic crypts were mostly accompanied adjacently by
Dll4+ve IECs. Also, the analysis showed that both DIl1+4ve and DIl4+-ve IECs that were
found in the DSS-colitis mice maintain their expression of ATOHI (= = ). A horizontal
cross section of the lower and upper crypt region further confirmed those expression
patterns of Hesl and ATOH1 in Dll4+ve IECs (. ). Thus, results indicated that the
DIl1- or DIl4-ligand mediated Notch activation, as well as the lateral inhibition system, is
maintained and present also in the inflamed colonic crypts.

In the present study, we showed that DII1 and D114 are expressed in distinct patterns along
the crypt-villus axis of the small intestine and the colon. The present distribution of DIl1
and DIl4 raised a possibility that ATOH1+ve secretory progenitor cells might express
DIl at their earlier stage, and subsequently develop into Dll4-+ve IECs as they become
fully differentiated into goblet cells or enteroendocrine cells. Such a sequential expression
of DII1 and DIl4 during the process of lineage commitment has been formerly reported

in the retina (oc/o or o[, 2009). Former analysis by Stamataki et al., using Dll1-LacZ
reporter mice, showed that Dll1+4-ve IECs overlap with DIl4+ve IECs in the mice small
intestine ( 4 7. 2002). Such a complete overlap may due to the relatively

longer half-life of the LacZ protein, compared to the endogenous DIl1 protein, and further
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e Dll4+ve cells dommate the colomc crypts of the DSS- cohtls mice. Immunohlstochemlcal
analysxs of colonic tissues that were prepared from DSS-colitis mice is shown. (A) Immunostaining
of DII1 and DIll4 using the inflamed colonic tissue of the DSS-colitis mice at day 10 (Colitis), or the
corresponding tissue of the control mice (Control). In the inflamed colon, Dll14ve IECs (green, upper
panel) were rarely found within the crypts (yellow arrowhead). In sharp contrast, Dll4+4ve IECs were
frequently found, which dominated the entire crypt and also the surface epithelium. A magnified view
of the area marked with a white square is shown in the right-end panel. Scale bar represents 50 pm.
(B) Quantitative analysis of the staining shown in (A). Data shows a significant decrease in number
of DIl14-ve IECs in the DSS-colitis mice (n = 3), compared to the control mice (n = 3). In contrast, a
significant increase was found in number of Dll4+4-ve IECs in the DSS colitis mice, compared to control
mice. Quantitative data are shown as mean F SD. * indicates P < 0.05 as determined by Welch’s ¢-test.
(C) Double immunostaining of Hesl (red) with either DII1 or Dil4 (green). In the DSS-colitis mice,
Hes1+ve cells were increased in number, and distributed up to the upper
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