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Intestinal goblet cells are characterized by their unique morphology and specialized function
to secrete mucins. Although it is known that they are a heterogeneous population of cells,
there have been few studies that relate the expression of a particular gene with functionally
distinct subpopulations of intestinal goblet cells. Here we show that CCN3, a gene encoding
a member of the CCN family proteins, is induced by inhibition of Notch signaling in colonic
epithelial cells and expressed in goblet cells in mice. We demonstrate that CCN3 expression
is confined to a subpopulation of goblet cells in the lower crypt of the proximal and middle
colon. In addition, CCN3+ cells in the colon correlate well with the cells that are positive for
alcian blue (AB) staining but negative for high-iron diamine (HID) staining in histology. We
also show that CCN3+ cells, which are absent in the normal distal colon, transiently and
ectopically emerge in regenerating crypts during the repair phase of DSS-induced colitis
model. Our study thus suggests that CCN3 labels a unique subpopulation of sulfomucin-
nonproducing colonic goblet cells that function in both normal and diseased colonic epithelia.
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I. Introduction

Intestinal goblet cells are characterized by their unique
morphology and specialized function to secrete mucus
components mainly composed of Muc2 [2, 36]. Goblet
cells and other two secretory lineages, enteroendocrine and
Paneth cells, arise from a common progenitor that origi-
nates from Lgr5+ stem cells residing at the crypt base. Sev-
eral lines of evidence show that inhibition of the Notch
signaling pathway, a conserved intercellular signaling sys-
tem critical for many biological processes, drives differen-

Correspondence to: Tetsuya Nakamura MD, PhD, Department of
Advanced Therapeutics for GI Diseases, Graduate School, Tokyo Medical
and Dental University, 1-5-45 Yushima, Bunkyo-ku, Tokyo 113-8519,
Japan. E-mail: nakamura.gast@tmd.ac.jp

tiation of crypt cells towards secretory lineages [25, 35].
Studies have proposed that intestinal goblet cells con-
tain functionally distinct subpopulations. For example,
acidic mucin-producing goblet cells, which are broadly
detected by alcian blue (AB) staining, do not completely
coincide with those produce sulfomucin, a form of acidic
mucin detectable by high-iron diamine (HID) staining [32,
33]. This suggests that AB-positive (AB+) goblet cells con-
tain two distinct subpopulations: cells that produce a large
amount of sulfomucin and are HID-positive (HID+), and
those produce less or no sulfomucin and are HID-negative
(HID-). However, there have been few reports that relate
the expression of a particular gene with such subpopula-
tions of goblet cells that produce mucins with different
chemical modifications. Thus, we were interested in identi-
fying genes that are specifically expressed in goblet cells
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by screening the Notch-repressed genes in the colon, which
may include not only those regulating differentiation
toward secretory cells but also those functioning in sub-
populations of secretory cell types. Previous studies dem-
onstrated that y-secretase inhibitors (GSIs), which act as
inhibitors for the Notch signaling, are useful to identify or
investigate the genes expressed in secretory cell types in
the intestine [24, 31]. Hence, this chemical inhibition
approach was applied in our study to inhibit Notch signal-
ing in mouse colonic cells, which are isolated from normal,
non-tumorous tissues and three dimensionally cultured as a
pure epithelial population called an organoid.

Members of the CCN family are a matricellular pro-
tein, which is secreted and assembled with extracellular
matrix to act on target cells [13, 16]. CCN3 (also known
as Nov), one of the founding members of this family, is
known to be involved in various biological processes, such
as angiogenesis [17] and maintenance of stem cells [9].
CCN3 is also implicated in many pathobiological processes
such as inflammation [19] and wound healing [18]. Despite
such multiple functions of CCN3 in normal and diseased
tissues, there has been no report of expression and/or func-
tion of CCN3 in the intestine. By microarray analysis of
gene expression in mouse colonic organoids, we here show
that CCN3 is a gene induced by inhibition of Notch sig-
naling in mouse colonic epithelial cells. We also show that
expression of CCN3 is confined to a unique subpopulation
of goblet cells, which are characterized as being AB+ and
HID— and present only in the proximal and middle colon
under physiological condition. In addition, we demonstrate
that the expression pattern of CCN3 changes significantly
during the epithelial regeneration phase in an experimental
colitis model in mice.

II. Materials and Methods

Mice

C57BL6 mice were maintained in the animal facility
of Tokyo Medical and Dental University (TMDU). Male
mice at 8§ weeks of age were used in this study. Tissue sam-
ples were removed from mice immediately after they were
sacrificed by cervical dislocation. All animal experiments
were performed with the approval of the Institutional Ani-
mal Care and Use Committee of TMDU.

Organoid culture

Crypts were separately isolated from proximal and
distal halves of the colon as described previously [39].
Briefly, crypts were isolated by digesting the tissue with
500 U/ml collagenase XI (Sigma), 0.4 U/ml dispase
(Roche), and 1 mM dithiothreitol. Obtained crypts were
suspended in the collagen type I solution (Nitta Gelatin
Inc.) and placed in 24-well plates. After polymerization,
500 pl of Advanced DMEM/F12 containing 1% BSA
(Sigma), 30 ng/ml mWnt3a, 500 ng/ml mRspol, 50 ng/ml
mHGF, 50 ng/ml mNoggin (all from R&D Systems), and

20 ng/ml mEGF (Peprotech) were added to each well.
When indicated, organoids were treated with either 1 uM
LY411575 (Santa Cruz Biotechnology), a GSI, or vehicle
(DMSO) alone for 48 hours from day 3 to day 5 of culture.

Gene expression analyses

Total RNA extraction was carried out using the
RNeasy Mini Kit (Qiagen). For microarray analysis, RNA
samples from distal colon organoids before (n = 1) and
after (n = 1) treatment with LY411575 (1 pM) were out-
sourced to Kamakura Techno-Science Inc. Synthesis,
amplification and Cy5-labeling of probes and their hybridi-
zation on 3D-Gene Mouse Oligo chip 24k (Toray Indus-
tries) were performed according to the supplier’s protocol
(www.3d-gene.com). Data were acquired on 3D-gene Scan-
ner (Toray Industries Inc.) and normalized by using global
normalization method (the median of the detected signal
intensity was adjusted to 25). Genes that showed >2.5-fold
differences in expression values between two samples are
presented (Supplementary Tables S1, S2). For semi-
quantitative RT-PCR, RNA samples from organoids before
(n = 3) and after 48-hr treatment with either 1 pM
LY411575 (n = 3) or vehicle (DMSO) alone (n = 3) were
isolated. Aliquots of 300 ng of total RNA were used for
cDNA synthesis in 21 pl of reaction volume. One micro-
liter of cDNA was used for the following RT-PCR. Primer
sequences and the detail of reactions are listed in Supple-
mentary Table S3. PCR products were separated on agarose
gels and visualized using ImageLab (Bio-Rad).

Induction of colitis

Acute colitis was induced by giving 8-week-old male
mice drinking water containing 3.0% dextran sulfate
sodium (DSS) (MW 36,000-50,000: MP Biomedicals) for
5 days. Control mice received drinking water without DSS.
All mice were weighed every day. On day 5, 10 and 16 of
DSS administration, mice were sacrificed for tissue analy-
sis (n =3 for each group per time point).

Histology

Intestines were fixed in 4% paraformaldehyde, dehy-
drated in 20% sucrose in PBS, embedded in OCT com-
pound (Tissue Tek), and sectioned at 10 um thickness. AB
staining (pH 2.5) and HID staining were performed as
described previously [33]. When indicated, sections were
doubly stained for AB and HID. Images were acquired on a
microscope BZ-X710 (KEYENCE). Quantification of AB+
or HID+ cells per crypt was made by randomly choosing
well-oriented, full-length crypts on sections of the cecum or
nine segments (segment 1-9) along the proximal-to-distal
axis of the colon. By examining 5 crypts in each section
originating from individual mice (n = 3), 15 crypts were
assessed in total for AB+ and HID+ cells in each intestinal
segment.
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In situ hybridization (ISH)

A digoxigenin (DIG)-labeled RNA probe that corre-
sponds to a part of mouse CCN3 mRNA (nucleotides 323—
847; GenBank NM010930.4), and a fluorescein isothiocya-
nate (FITC)-labeled RNA probe for mouse Muc2 mRNA
(nucleotides 25-443; GenBank NM023566.3) were gener-
ated by in vitro transcription system (Roche). Frozen sec-
tions of intestinal tissues were rehydrated, treated with
HCI, digested in proteinase K, postfixed, treated in acetic
anhydride solution, and hybridized overnight at 60°C
as described previously [8]. For single detection of
CCN3, sections were incubated with an alkaline phospha-
tase (AP)-conjugated anti-DIG antibody (Roche) and then
reacted with nitroblue tetrazolium/5-bromo-4-chloro-3-
indolyl phosphate solution for color development. Quantifi-
cation of CCN3+ cells was performed as described for
counting AB+/HID+ cells (total 15 crypts for each segment).
Double ISH was performed as previously described [37].
Tissues were hybridized with the probes for Muc2 and
CCN3 simultaneously at 60°C. For detection of the FITC
probe, the sections were incubated with a horseradish per-
oxidase (HRP)-conjugated anti-FITC antibody (Jackson
ImmunoResearch). The sections were then treated with
TSA-Plus (DNP) system (Perkin Elmer). Then the DNP
signals on the sections were detected by anti-DNP antibody
conjugated to an Alexa Fluor 488 (Molecular Probe). At
this point, an AP-conjugated anti-DIG antibody (Roche)
was included in the incubation for the detection of the
DIG probes. Sections were reacted with HNPP fluorescent
detection set (Roche) to visualize AP conjugates. Nuclei
were counterstained with Hoechst33342. Images were
acquired on a microscope BZ-X710 (KEYENCE) and pro-
cessed using Adobe Photoshop software when necessary.

Western blot

Total protein was extracted from the aorta or each
segment of the intestine by tissue homogenization in a
RIPA buffer (1% deoxycholic acid, 0.1% SDS, 1% NP40)
containing protease/phosphatase inhibitor cocktail (Pierce).
Protein concentrations were determined by BCA protein
assay kit (Pierce). Twenty micrograms of aorta extract or
10 pg of intestinal extracts were resolved on NuPage pre-
cast 4%—12% Bis-Tris gels (Invitrogen) and transferred to
polyvinylidene difluoride membranes (Millipore). The mem-
branes were blocked in 5% skim milk solution, incubated
with an anti-CCN3 antibody [14], and then reacted with an
HRP-conjugated mouse anti-rabbit secondary antibody
(Jackson). The proteins were visualized using Luminata
Forte Western HRP substrate (Millipore). Membranes were
reprobed with an anti-f actin primary antibody (Sigma
Aldrich Corp.) and an HRP-conjugated goat anti-mouse
secondary antibody (Jackson) to show the loading control.
Images were acquired using Imagelab (Bio-Rad) and
processed using Adobe Photoshop software.

III. Results

CCNS3 is induced by inhibition of Notch signaling in colonic
epithelial cells

On the assumption that the genes induced by Notch
signal inhibition may include those functioning in subpopu-
lations of secretory lineages such as goblet cells, we cul-
tured epithelia of the mouse distal colon as organoids and
treated them with 1 uM LY411575, a GSI for 48 hours to
perform gene expression analyses. mRNAs were extracted
from organoids before and after GSI treatment and assessed
by microarray analysis. This identified 143 genes that were
up-regulated in GSI-treated organoids as compared to the
pretreatment control by more than 2.5-fold (Supplementary
Table S1). They included genes encoding transcription fac-
tors known to function in secretory lineages such as Afohl
[38] and Neurog3 [10]. Genes expressed preferentially in
enteroendocrine cells (Chgd, ChgB [28]), goblet cells
(GucaZa [3], Clca3 [15]) and a cKit-expressing subset of
goblet cells (Reg4, Spink4, Spdef, Agr2, Tff3 [29]) were
also up-regulated in GSlI-treated organoids. Although nor-
mal mouse colon epithelium lacks Paneth cells, several
Paneth cell-specific genes, such as Lysozyme and Ang4,
were shown to be up-regulated. We considered this reason-
able as previous studies showed that Lysozyme [5] and
Ang4 [6] are expressed in the colon epithelium under cer-
tain circumstances. We next validated our microarray data
by semi-quantitative RT-PCR. mRNA expression levels of
all genes mentioned above (Afohl, Neurog3, ChgA, B,
GucaZa, Clca3, Regd4, Spinkd4, Spdef, Agr2, Tff3, Lysozyme
and Ang4) were significantly increased in GSI-treated
organoids compared with pretreatment controls (Fig. 1).
We previously showed that the proportions of different cell
types, such as Lgr5+ stem cells and goblet cells, change
over time in organoids even during the conventional culture
[39]. This means that the different levels of gene expression
between GSI-treated organoids and pretreatment controls
can result from such temporal change in cell composition.
As expected, when the organoids were cultured for 48
hours in the presence of vehicle (DMSO) alone and ana-
lyzed, mRNA expression levels of many genes were signif-
icantly altered as compared to pretreatment controls (Fig.
1). However, we found that the expression levels of Afohl,
Neurog3, ChgA, B, Gucala, Clca3, Reg4, Spink4, Spdef,
Agr2, Tff3, Lysozyme and Ang4 were significantly higher
than those in organoids treated with vehicle alone, which
confirmed that they were up-regulated as a result of Notch
signal inhibition (Fig. 1). It remains unclear whether the
different expression of genes between pretreatment controls
and DMSO-treated organoids is due to the cell composition
change during culture or it is also caused by the action of
DMSO; however, we did not pursue this further in this
study.

The microarray data also identified 45 genes that were
down-regulated by more than 2.5-fold (Supplementary
Table S2). Unexpectedly, a transcriptional factor Hesl, a
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Fig. 1. CCNS3 expression is up-regulated in GSl-treated colon organoids.
Crypts isolated from the distal half of the colon were cultured as or-
ganoids. They were treated with either 1 pM LY411575, a y-secretase
inhibitor (GSI) or vehicle (DMSO) alone for 48 hours from day 3 to
day 5 of culture. Total RNA was extracted from organoids on day 3 as a
pretreatment control (Pre) or from those cultured in the absence
(DMSO) or presence of GSI on day 5. Semi-quantitative RT-PCR was
performed for the indicated genes. Representative data of three inde-
pendent experiments are shown.

well-known target gene of the Notch signaling [11, 35],
showed 1.1-fold reduction and was not included in the list
of highly down-regulated genes. RT-PCR supported this
data as Hes/ mRNA was not significantly repressed by GSI
(Fig. 1). However, our data are consistent with a previous
study where Hes/ mRNA was shown to stay unaltered even
after Notch inhibition for 4 days in rat duodenal cells [22].
We thus assumed that inability of our analysis to detect
Hesl repression was not due to insufficient action of GSI
but rather to other mechanisms such as long stability of pre-
existing Hes! mRNA. Collectively, it was suggested that
our microarray data would be useful to identify genes

induced by Notch signal inhibition in colonic epithelial
cells, although they might not be sensitive enough to detect
some down-regulated genes.

We were interested in analyzing CCN3, a gene en-
coding a member of matricellular CCN family proteins,
which appeared on the list of genes induced by GSI (Supple-
mentary Table S1). A previous study showed that CCN3
directly associates with the extracellular domain of Notchl
and activates its downstream signaling to suppress differen-
tiation of myogenic cells [30]. However, there have been no
reports that analyzed the expression or function of CCN3 in
the colon. By RT-PCR, we found that CCN3 mRNA was
markedly up-regulated in GSI-treated organoids compared
with pretreatment controls or untreated organoids (Fig. 1).
A similar result was obtained in organoids derived from the
proximal colon (not shown), suggesting that expression of
CCN3 is negatively regulated by Notch signaling through-
out the length of mouse colon.

Expression of CCN3 is confined to AB+/HID— goblet cells
localized in lower crypts of the proximal and middle colon

To analyze the distribution pattern of CCN3 expres-
sion in the intestine, we performed ISH. Interestingly, we
found that CCN3 was differently expressed in the epithe-
lium along the proximal-to-distal axis of the intestine.
Expression of CCN3 was not detectable in the small intes-
tine and cecum (Fig. 2A). In the colon, its expression was
clearly observed in the proximal and middle segments, but
declined to undetectable levels in the distal colon (Fig. 2A).
In the proximal and middle colon, CCN3 expression was
confined within lower half or two thirds of crypts and
undetectable in the surface epithelium (Fig. 2A). We did
not observe obvious staining for CCN3 mRNA in non-
epithelial tissue components, such as smooth muscle cells,
in any intestinal segments. The unique distribution pattern
of CCN3 along the proximal-to-distal axis was confirmed
by semi-quantitative RT-PCR. CCN3 mRNA was detected
in the epithelial tissue obtained from the proximal and
middle colon, but was absent in the small intestine or in the
distal colon (Fig. 2B).

We next attempted to detect CCN3 protein expression
by immunohistochemistry. However, our attempts were
unsuccessful since the anti-CCN3 antibody yielded high
background signals in the mouse intestine. Thus, to confirm
the CCN3 expression at the protein level, we performed
western blot analysis. The antibody reacted with a protein
of around 50 kDa in the extract of aorta that we used as a
positive control [40] (Fig. 2C). Under this condition, a dis-
tinct band of slightly lower molecular weight than that seen
in aorta samples, was detected in the proximal and middle
colon but not in the distal colon or small intestine (Fig. 2C).
Previous reports described that the molecular size of CCN3
protein varies depending on its modifications in different
tissues [4, 34]. Thus, we concluded that the band detected
only in the proximal and middle colon represented the
expression of CCN3 protein in those colonic segments.
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Fig. 2. CCN3 is expressed in Muc2+ goblet cells in the proximal and middle colon. A: Expression of CCN3 in the small intestine (SI), proximal (prox),

middle (mid) and distal (dist) colon were assessed by in situ hybridization. Data are representative of three independent experiments. B: Total RNA was
extracted from the crypts isolated from the small intestine, proximal, middle and distal colon. Semi-quantitative RT-PCR was performed for CCN3 and
Gapdh. Data are representative of three independent experiments. C: Whole lysates derived from the aorta (Ao) and each part of the intestine (SI, prox,
mid, and dist colon) were immunoblotted for CCN3 and B-actin (loading control). Data are representative of three independent experiments. D: The
number of CCN3+ cells per crypt was counted in full-length crypts on sections of the cecum (Ce) and 9 segments (segment 1-9) along the proximal-to-
distal axis of the colon. Fifteen crypts originating from 3 individual mice were assessed in total for each intestinal segment and data are presented as
mean + s.e.m (n = 3). E: Co-expression of CCN3 and Muc?2 in the middle colon assessed by double fluorescence ISH with a DIG-labeled CCN3 probe
and a FITC-labeled Muc2 probe. Nuclear staining with Hoechst33342 and merged image are also shown. Data are representative of three independent

experiments. Bars = 50 um.

To gain more insight into the uneven distribution of
CCN3 expression along the longitudinal axis of the colon,
we divided the entire length of colon into 9 segments and
counted the number of CCN3+ cells per crypt on the ISH
sections of each segment. The proximal 5 segments out of
9, designated as segments 1-5, contained more than 10
CCN3+ cells on average, with the segment 3 showing the
highest value of 14.1 (£2.1) per crypt (Fig. 2D). No CCN3+
cells were detected in the segments 7-9 of the colon, small
intestine and cecum (Fig. 2D), confirming the restricted
pattern of CCN3 expression.

Morphology of CCN3+ cells in the proximal and mid-
dle colon suggested that these cells might represent goblet
cells (Fig. 2A). This appeared to be a reasonable assump-
tion as we identified CCN3 as a gene up-regulated by
Notch signal inhibition, which induces intestinal cell differ-
entiation towards secretory lineages. To test this hypothe-
sis, we performed double fluorescence ISH with probes for
CCN3 and Muc2. Muc?2 probe labeled a number of cells
located along the entire crypt axis in the middle colon, indi-
cating that colon crypt cells are composed mostly of Muc2-
producing goblet cells (Fig. 2E). CCN3 mRNA was again
found in cells located in lower crypts (Fig. 2E). As seen in
the merged view, all CCN3+ cells showed positivity for

Muc?2, whereas Muc2+ cells extended more to upper crypts
where CCN3 mRNA was not detectable (Fig. 2E). Similar
results were obtained when the proximal colon was ana-
lyzed (not shown). In the distal colon, despite the abundant
presence of Muc2+ cells, CCN3+ cells were not detected
(not shown). These observations suggested that CCN3 was
expressed in a particular subset of Muc2+ cells in lower
crypts of the proximal and middle colon, whereas CCN3—/
Muc2+ cells also constitute a subpopulation of goblet cells
in these segments. In addition, the absence of CCN3+ cells
in other intestinal segments (small intestine and distal
colon) suggested that the Notch signaling is not the sole
mechanism that regulates CCN3 expression in the intestine.

Intestinal goblet cells, which are broadly visualized by
AB staining, can be classified by HID staining that detects
sulfated mucins [32, 33]. To analyze the distribution pattern
of sulfomucin-producing goblet cells in the mouse intestine
in detail, we performed HID staining on sections obtained
from different segments of the intestine. In the small intes-
tine, HID+ cells were sparsely scattered in both villi and
crypts, and their staining showed complete overlap with the
pattern of AB staining (Fig. 3A). AB+ cells were more
abundant in the colon than in the small intestine (Fig. 3A).
Notably, in the proximal and middle colon, HID staining
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CCN3+ cells coincide with AB+/HID— goblet cells. A: Serial sections of the small intestine, proximal, middle and distal colon were stained by

AB and AB with HID (AB+HID). Data are representative of more than three independent experiments. B: The numbers of AB+ cells and HID— cells
per crypt were counted as described in Fig. 2D. Fifteen crypts were assessed in total and data are presented as mean + s.e.m (n = 3). C: ISH for CCN3
(top) and HID staining (bottom) were performed on consecutive sections of the proximal, middle and distal colon. Data are representative of more than

three independent experiments. Bars = 50 um.

labeled only a subpopulation of AB+ cells in the upper
crypts, clearly discriminating this population from
HID—/AB+ cells predominantly localized in the lower crypt
(Fig. 3A). In the distal colon, HID staining showed a differ-
ent pattern. HID+ cells mostly coincided with the AB+
population and distributed along the entire crypt, although
the size of granules stained by HID appeared to be smaller
in the lower crypt than that in the upper part (Fig. 3A).
These results proposed the presence of a unique subpopula-
tion of intestinal goblet cells that are characterized as being
AB+/HID— in the proximal and middle colon in mice. Fur-
thermore, the unique distribution pattern of AB+/HID—
cells suggested that this goblet cell subpopulation might
correspond to CCN3+ cells. To test this hypothesis, we
counted the number of HID+/HID— cells as well as AB+
cells per crypt on sections of 9 segments of the colon (Fig.
3B). The results showed that the number of AB+/HID—
cells was almost the same as that of CCN3+ cells through-
out the colon (Fig. 2D). We further assessed the relative
distribution of HID+ cells and CCN3+ cells by conducting

HID staining and CCN3 ISH on consecutive sections, and
found that the distribution patterns of CCN3+ cells and
HID+ cells were mutually exclusive (Fig. 3C). These obser-
vations demonstrated that CCN3 is expressed in a subpopu-
lation of goblet cells that produce less or no sulfomucins
and are localized only in the lower crypt of the proximal
and middle colon.

Expression of CCN3 changes dynamically during the course
of DSS-induced colitis

Depletion of goblet cells is one of the histological
characteristics in many types of colitis. Although several
studies showed the association between mucosal injuries
and reduction of sulfomucins [21, 23], temporal behaviors
of sulfomucin-producing and -nonproducing goblet cells
during progression and recovery of colitis have remained
unclear. Thus, we used the DSS-induced mouse colitis
model [27] and monitored the time-course changes in the
patterns of AB/HID staining and CCN3 expression. In our
experiments where 3% DSS was administered for 5 days,
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water for 5 days. Tissues of the middle A and distal B, C colon were harvested on day 0 (pretreatment control), 5, 10, and 16 of DSS treatment, and
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(top, CCN3) and then stained by HID (bottom, CCN3 + HID). Open and filled arrowheads point to CCN3+ cells and HID+ cells, respectively. Data are

representative of three independent experiments. Bars = 50 um.

mice developed acute colitis with clinical manifestations
such as diarrhea and body weight loss, both of which typi-
cally peaked at around Day 10 of DSS administration [39].
They then showed mucosal repair and amelioration of clini-
cal symptoms thereafter. Thus, we analyzed the colonic
tissues on day 5, 10, and 16 of DSS administration. As pre-
viously reported [27], the mucosal damage in this model
was prominent in the distal colon and was less severe in the
middle colon. The proximal colon did not exhibit obvious
mucosal damage or histological changes throughout the
course of disease in our analysis (data not shown).

Analysis of the middle colon revealed destruction of
crypt architecture on day 5 (Fig. 4A). The number of AB+
goblet cells was markedly reduced as compared with con-
trol tissues (Fig. 4A). Interestingly, although HID+ cells in
the middle colon occurred only in upper crypts in controls
(Fig. 4A, Fig. 3A), nearly all AB+ cells, from the bottom
area to the top of the crypt, were HID+ at this time point. In
addition, CCN3 ISH on the adjacent section revealed that
its expression disappeared on day 5 (Fig. 4A). Following
this acute phase of colitis, tissue regeneration occurred

through remarkable crypt elongation and expansion of AB+
goblet cell populations, as shown in the sections on day 10
and 16 (Fig. 4A). During this phase, localization of HID+
cells was again confined to the upper part of crypts, as seen
in controls (Fig. 4A, Fig. 3A). In conjunction with this
change, CCN3+ cells reappeared in the lower crypt, which
mostly corresponded in position to AB+/HID— goblet cells
(Fig. 4A). These observations suggested that, in the middle
colon, the “goblet cell depletion” in the acute phase of
colitis occurs with accompanying loss of HID—/CCN3+
goblet cells.

The distal colon displayed severe mucosal damage
characterized by not only depletion of goblet cells but also
disappearance of epithelial cells. In the acute phase (day 5),
such severely injured areas contained few AB+ goblet cells
(Fig. 4B). In later time points (dayl0 and 16), the distal
colon mucosaec showed different magnitudes of tissue
repair even in the same individual. Areas that still displayed
severe mucosal damage on day 10, which were recognized
by distorted and irregularly distributed crypt structures,
contained only few AB+ goblet cells (Fig. 4B, day 10). In
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those injured areas, CCN3+ cells were almost absent (Fig.
4B). Meanwhile, even in the distal colon, some areas on
day 16 showed fast tissue recovery from the damage, dis-
playing almost normal morphology. In these areas, crypts
were mostly composed of AB+/HID+ goblet cells, which
were also shown to be CCN3—, as in control tissues of the
distal colon (Fig. 4B). However, on sections of day 10 and
16 of the distal colon, we noticed an interesting phenom-
enon that occurred in areas undergoing active epithelial
regeneration through prominent crypt elongation (Fig. 4C).
CCN3+ cells, which were never observed in the normal
distal colon, apparently emerged in the regenerating areas
(Fig. 4C). These CCN3+ cells were localized in the lower
part of elongated crypts, similar to CCN3+ cells observed
in the middle colon during the recovery phase (Fig. 4A).
To investigate whether these CCN3+ cells might be
sulfomucin-producing cells or not, HID staining was sub-
sequently performed on the same section following CCN3
ISH. The result showed that, although the cells localized in
the upper crypt were shown to be HID+, the CCN3 cells
that transiently and ectopically emerged in the distal colon
were HID— (Fig. 4C), as were the CCN3+ cells present in
the proximal and middle colon under both normal and
colitic conditions.

IV. Discussion

We show here that CCN3 is a gene induced by Notch
signal inhibition in murine colon epithelial cells. In addi-
tion, we demonstrate that CCN3 expression is confined to a
subpopulation of goblet cells that are localized in the lower
crypt of the proximal and middle colon. The present study
is the first to demonstrate the unique distribution pattern of
CCN3 in a particular subset of colonic goblet cells in mice.

Intestinal goblet cells are generally characterized by
their morphology and ability to produce a mucus compo-
nent, Muc2 [2, 36]. However, previous studies demon-
strated that they are not a uniform population of cells. For
instance, a cKit+ population of colonic goblet cells was
shown to be present at the crypt bottom and provide adja-
cent Lgr5-positive stem cells with niche signals [29].
Another report described that goblet cells in the surface
epithelium of the colon, referred to as surface goblet cells,
represent a distinct population from goblet cells along the
crypts (crypt goblet cells) with regard to the rate of mucin
biosynthesis and secretion [12]. We tested whether CCN3+
goblet cells described in our study might correspond to
cKit+ cells by comparing the results of ISH for these
genes. However, CCN3 and cKit showed significant differ-
ence in distribution along the length of the intestine and
depth of the crypt (not shown). The classification into sur-
face and crypt goblet cells does not apply to CCN3+ or
CCN3— cells either, as the two goblet cell types were seen
in the distal colon [12], which lacks the CCN3+ population.
Instead, we found that CCN3+ goblet cells correspond
well to AB+/HID— goblet cells that are only seen in the

proximal and middle colon in mice. This is consistent with
a previous study in which sulfomucin-nonproducing, HID—
goblet cells were shown to be abundantly detectable in the
lower crypts of the rat proximal colon [32]. Another study
also showed that this unique population of goblet cells, ex-
isting in the lower crypts of the proximal colon in rats, has
morphologically distinct features when assessed by trans-
mission electron microscopy [1]. We thus suggest that
CCN3 would become a molecular marker that identifies a
subset of colonic goblet cells previously recognized by their
unique localization, lack of ability to produce sulfated
mucins, or ultrastructural features. Further study to charac-
terize the function of this goblet cell population and its
relationship with the molecular function of CCN3 would be
important to understand a variety of goblet cell functions
and their region-specific regulation along the proximal-to-
distal or crypt axis in the colon.

We also demonstrate that distribution of CCN3+ gob-
let cells dynamically changes during the progression and
repair phases of DSS-induced acute colitis. The most inter-
esting observation is that CCN3+ cells, which are not
detectable in the normal distal colon, appear in the distal
colon during the regeneration process of injured epithelia.
Double fluorescence ISH with probes for CCN3 and Muc?2
showed that the ectopically emerging CCN3+ cells are all
positive for Muc2 (not shown), indicating that they consti-
tute a subpopulation of Muc2+ colonic goblet cells. These
colitis-induced CCN3+ goblet cells in the distal colon are
HID—, further suggesting the association of CCN3 expres-
sion with the lack of ability to produce sulfomucins. More-
over, the CCN3+/HID— goblet cells are spatially confined
to the lower crypt but absent in the upper crypt and surface
epithelium when they are detected in the distal colon fol-
lowing colitis (Fig. 4C). All these observations suggest that
the CCN3+ cells that ectopically emerge in the distal colon
share many common features with CCN3+ cells in the
proximal and middle colon in normal mice. In addition, the
complete absence of CCN3+ cells in the fully repaired dis-
tal colon (Fig. 4B) suggests that the changes of the distal
colonic epithelium during regeneration, which show some
phenotypic similarity with the proximal and middle colon,
are not mediated by irreversible cellular changes but by
reversible and transient alteration associated with repair
process.

It remains unclear as to what is the regulatory
mechanism of CCN3 expression in the distal colon. In this
study, we have identified CCN3 as a gene negatively regu-
lated by Notch signaling in the colonic epithelium. Based
on the findings that the Notch signaling contributes not
only to cellular differentiation but also to proliferation of
immature cells of the intestine [7, 26], our data showing
dynamic changes in CCN3 expression in the middle colon
during tissue regeneration, i.c. the significant decrease in
the acute phase of colitis and increase in the regenerative
phase, may represent the hyperactive and hypoactive states
of Notch signaling during tissue repair in this colonic
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region (Fig. 4A). However, considering that the Notch
signaling is functional throughout the entire length of the
colon [20], it is suggested that, under normal circum-
stances, CCN3 expression in the distal colon is controlled
not only by Notch signaling but also through some other
unknown mechanisms. Moreover, the transient and ectopic
emergence of CCN3+ cells in the distal colon in the DSS
colitis model further proposes an idea that the epithelial
repair process following injury in this particular region of
the colon may not be a mere acceleration of immature cell
proliferation but be additionally mediated by such unknown
mechanisms to produce CCN3+/HID— goblet cell popula-
tions.

We believe that further studies on what is the function
of CCN3+ goblet cells and how they ectopically emerge in
the distal colon during the recovery phase of colitis are
beneficial to understand the mechanism of epithelial
regeneration following injury.
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