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ORIGINAL ARTICLE

Suppression of Hathl Gene Expression Directly Regulated by
Hesl Via Notch Signaling Is Associated with Goblet Cell
Depletion in Ulcerative Colitis

Xiu Zheng, MD, Kiichiro Tsuchiya, MD, PhD, Ryuichi Okamoto, MD, PhD, Michiko Iwasaki, MD, PhD,
Yoshihito Kano, MD, Naoya Sakamoto, MD, PhD, Tetsuya Nakamura, MD, PhD, and Mamoru Watanabe, MD, PhD

Background: The transcription factor Afohl/Hathl plays crucial roles in the differentiation program of human intestinal epithelium cells (IECs).
Although previous studies have indicated that the Notch signal suppresses the differentiation program of IEC, the mechanism by which it does so
remains unknown. This study shows that the undifferentiated state is maintained by the suppression of the Harh] gene in human intestine.

Methods: To assess the effect of Notch signaling, doxycycline-induced expression of Notch intracellular domain (NICD) and Hesl cells were
generated in LS174T. Hath! gene expression was analyzed by quantitative reverse-transcription polymerase chain reaction (RT-PCR). Hathl pro-
moter region targeted by HESI was determined by both reporter analysis and ChIP assay. Expression of Hath1 protein in ulcerative colitis (UC)
was examined by immunohistochemistry.

Results: Hath]l mRNA expression was increased by Notch signal inhibition. However, Hathl expression was suppressed by ectopic HESI1
expression alone even under Notch signal inhibition. Suppression of the Harhl gene by Hesl, which binds to the 5’ promoter region of Hathl,
resulted in suppression of the phenotypic gene expression for goblet cells. In UC, the cooperation of aberrant expression of HES] and the disap-
pearance of caudal type homeobox 2 (CDX2) caused Hathl suppression, resulting in goblet cell depletion.

Conclusions: The present study suggests that Hes] is essential for Harh] gene suppression via Notch signaling. Moreover, the suppression of
Hathl is associated with goblet cell depletion in UC. Understanding the regulation of goblet cell depletion may lead to the development of new

therapy for UC.
(Inflamm Bowel Dis 2011.;000:000-000)
Key Words: ulcerative colitis, Hath1, Hes1, Notch signaling

he gut epithelium undergoes continual renewal through-
out adult life, maintaining the proper architecture and
function of the intestinal crypts. This process involves
highly coordinated regulation of the induction of cellular dif-
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ferentiation and the cessation of proliferation, and vice
versa.!”® Many studies of the regulation of intestinal differen-
tiation have shown that cellular formation of the villi in small
and large intestine is affected by various intracellular signal-
ing pathways such as Notch, Wnt, and BMP.*’ Moreover,
recent studies have also shown that dysregulation of the differ-
entiation system for prompt intestinal epithelial cell formation
induces the pathology of such intestinal diseases as colon can-
cer, Crohn’s disease and ulcerative colitis (UC).8 Then it was
suggested that crucial genes for the differentiation of intestinal
epithelium cells (IECs) become corrupt by aberrant cell
signaling on the pathogenesis of intestinal diseases.

One of the most important genes for cell formation is
a basic helix-loop-helix (bHLH) transcription factor, Atohl,
and its human homolog, Hathl, which is essential for the
differentiation toward secretory lineages in small and large
intestine.” Using a ubiquitin proteasomal system, we dem-
onstrated that regulation of Hathl protein in colon carcino-
genesis is regulated by glycogen synthase kinase 38
(GSK3p) via Wnt signaling. Moreover, Hathl and f-catenin
protein are reciprocally regulated by GSK3f in Wnt signal-
ing for the coordination between cell differentiation and
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proliferation. These findings together indicate that the dele-
tion of adenomatous polyposis coli (APC) in colon carcino-
genesis causes Hathl protein degradation by switching the
target of GSK3f from f-catenin to Hathl, resulting in
maintenance of the undifferentiated state.'® The dysregula-
tion of prompt differentiation of IEC thus causes major
intestinal diseases, and elucidation of the roles of various
cell-signaling pathways in intestine is therefore important
in understanding the pathogenesis of intestinal diseases.

We have also recently reported aberrant expression
of Notch intracellular domain (NICD) in lesions showing
goblet cell depletion in UC patients.® Moreover, forced
expression of NICD caused the suppression of phenotypic
genes for goblet cells in human intestinal epithelial cells. It
has also been reported that forced expression of NICD in
murine intestinal epithelial cells caused the depletion of
goblet cells with the decrease of Atohl expression.5 Thus,
it is likely that Atohl gene expression is regulated by
Notch signaling, leading to subsequent control of intestinal
epithelial cell lineage decision of the crypt cells.

The regulation of Hathl, however, is less well under-
stood in human intestine. In previous reports, regulation
of Arohl gene expression was assessed using the mouse or
chicken promoter region,'''? but the critical domains of
the mouse and chicken sequences are not completely con-
served in the Hathl promoter region and enhancer region.
To date, the regulation of Hathl gene expression has not
been assessed using the human sequence. In particular, it
remains unknown how Hathl gene expression is sup-
pressed by Notch signaling in the intestine. It also remains
unknown whether goblet cell depletion in UC is affected
by Hathl expression in intestinal epithelial cells.

In this study we demonstrated that Hesl expression
via Notch signaling is enough to suppress the Hathl gene
by directly binding to the 5’ promoter region of Hathl. In
UC, the cooperation of Hesl and caudal type homeobox 2
(CDX2) caused the suppression of Hathl, resulting in the
goblet cell depletion.

MATERIALS AND METHODS

Cell Culture

Human colon carcinoma-derived LS174T cells were
maintained in minimum essential medium supplemented with
10% fetal bovine serum and 1% penicillin-streptomycin, 4 mM
L-glutamine. Except where indicated otherwise, cells were
seeded at a density of 5 x 10° cells/mL in each experiment.
Cell cultures and transfections of plasmid DNA were performed
as previously described.® A cell line expressing Notchl intracel-
lular domain (NICD), Hes1, HeyL (Tet-On NICD, Tet-On Hesl,
Tet-On HeyL cells) under the control of doxycycline (DOX,
100 ng/mL, ClonTech, Palo Alto, CA) was generated as previ-
ously described.® The cell lines were supplemented with Blastcidin

2
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(7.5 pg/mL, Invitrogen, La Jolla, CA) and Zeocin (750 pg/mL,
Invitrogen) for maintenance. The inhibition of Notch signaling
was achieved by the addition of LY411,575 (1 uM).

Quantitative Real-time Polymerase Chain
Reaction (PCR)

Total RNA was isolated with Trizol reagent (Invitrogen)
according to the manufacturer’s instructions. Aliquots of 1 ug
of total RNA were used for cDNA synthesis in 20 uL of reac-
tion volume. One microliter of ¢cDNA was amplified with
Cyber Green in a 20-uL. reaction as previously described.®
The primer sequences in this study are summarized in
Supporting Information Table S1.

Plasmids

5" Hathl reporter plasmid was generated by cloning a
1031-bp sequence 5’ of the human Hathl gene (corresponding
to —1,029 to +2 of the promoter region) into a pGLA basic
vector (Promega, Madison, WI). Hath!l reporter plasmid con-
taining the 3’ region was generated by cloning a 4811-bp
sequence 3’ of the human Harhl gene (corresponding fo
+1401 to +6211 of the Hathl genome) into the 5’ Hathl
reporter plasmid. Internal deletion mutants of the 5" Hathl re-
porter plasmid in which three Hesl binding sites CACGCG
(—305 to —300, —269 to —264, —159 to —154) were replaced
with GTCGAC were constructed by PCR-mediated mutagene-
sis.'® Doxycycline-dependent expression of NICD was achieved
by cloning the gene encoding the intracellular portion of the
mouse Notchl into the pcDNA4/TO/myc-his vector (Invitro-
gen).® Doxycycline-dependent expression of Hes1 was achieved
by cloning the gene encoding rat Hesl into the pcDNA4/TO/
myc-his vector (Invitrogen). Doxycycline-dependent expression
of HeyL was achieved by cloning the gene encoding human
HeyL into the pcDNA4/TO/myc-his vector (Invitrogen). All
constructs were confirmed by DNA sequencing.

Luciferase Assays

LS174T cell seeded in a 6-well plate culture dish were
transfected with 4 pg of reporter plasmid along with 10 ng of
pRL-tk plasmid (Promega). Cells were harvested 36 hours
after transfection, lysed by three cycles of freezing and thaw-
ing, and the luciferase activities in each sample as indicated
by arbitrary unit were normalized against Renilla luciferase
activities as previously described.™”

Chromatin Immunoprecipitation Assay

A chromatin immunoprecipitation (ChIP) assay was per-
formed essentially as previously described with some modifi-
cations.® LS174T/Hes1 cells were seeded onto a 150-mm dish,
then stimulated with DOX or left untreated for 12 hours.
Immunoprecipitation was performed overnight at 4°C with
10 ug of an anti-Hes! (a kind gift from Dr. T. Sudo), normal
mouse immunoglobulin G (sc-2025, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), or an anti-histone H3 antibody (Abcam,
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FIGURE 1. Gene alternation in LS174T cells by the expression of NICD. NICD is induced by DOX using the Tet-on system to mimic the accelera-
tion of the Notch signal in LS174T cells. NICD expression by DOX decreased the expression of MUC2 (A) and Hath1 (B) genes. Kif4 gene expres-
sion was not affected (C). NICD also induced expression of Hes family genes such as Hes1 (D) and HeyL (E). (P < 0.05, **P < 0001, n = 3).

Cambridge, MA). The genomic DNA fragments in the immu-
noprecipitated samples were analyzed by PCR using primers
indicating the positions on the genomic DNA relative to the
translation start site (Supporting Information Table 1). The
same amounts of DNA samples were analyzed by conventional
PCR in parallel with the following parameters: denaturation at
94°C for 15 seconds, annealing at 60°C for 30 seconds, and
extension at 68°C for 60 seconds for 45 cycles. The products
were resolved by agarose gel electrophoresis, stained with ethi-
dium bromide, and visualized using an ImageQuant TL system
(GE Healthcare, Milwaukee, WI).° The primer sequences in
this study are summarized in Supporting Information Table S1.

Human Intestinal Tissue Specimens

Human tissue specimens were obtained from patients
who underwent endoscopic examination or surgery at Yoko-
hama Municipal General Hospital or Tokyo Medical and Den-
tal University Hospital. Normal colonic mucosa was obtained
from patients with colorectal cancer who underwent colec-
tomy. Each of three patients with UC and colon cancer were
examined. Written informed consent was obtained from each
patient and the study was approved by the Ethics Committee
of both Yokohama Municipal General Hospital and Tokyo
Medical and Dental University.

Immunohistochemistry

Hath1 antibody (1:5000) was originally generated as pre-
viously described. Hes1 antibody (1:10,000) was the same as in
the ChIP assay. Fresh frozen tissue was used after microwave
treatment (S00W, 10 minutes) in 10 mM citrate buffer for Hathl
and Hesl. The standard ABC method (Vectastain; Vector Labo-
ratories, Burlingame, CA) was used, and staining was developed
by addition of diaminobenzidine (Vector Laboratories).

Statistical Analyses

Quantitative real-time PCR analyses were statistically
analyzed with Student’s ¢-test. P less than 0.05 was considered
statistically significant.

RESULTS

Notch Signaling Suppresses Hath1 Gene
Expression But Not Kuppel-like Factor 4
(Kif4) Gene in Human IECs

Expression of Atohl seems to be regulated at its tran-
scriptional level, as forced expression of NICD in murine
IECs causes the decrease of Atohl mRNA expression and
subsequent depletion of goblet cells in vivo.” We therefore
assessed the effect of the Notch signal on the expression of

3
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Hathl in a human intestinal epithelial cell line, LS§174T
cells. NICD is induced by DOX using a Tet-on system to
mimic the acceleration of the Notch signal. NICD expres-
sion showed not only the decrease of Mucin2 (MUC2)
expression but also a significant decrease of Harhl gene
expression (Fig. 1A,B). We also assessed K1f4 gene expres-
sion by NICD expression because Kl1f4 is also essential
to goblet cell differentiation.'® KIf4 gene expression,
however, was not affected by forced NICD expression
(Fig. 1C), since it is suggested that the suppression of gob-
let cell phenotypic gene expression by Notch signaling is
independent of Klf4 expression.

To assess how Notch signaling suppresses the gene
expression of Hathl, we selected the Hesl and HeyL genes
as possible suppressors, based on previous identification of
the Hes family genes induced by NICD in LS174T cells
using a microarray system.® We confirmed that the gene
expression of Hesl and HeyL was markedly induced by
NICD expression (Fig. 1D,E).

Hes1 But Not Heyl. Suppresses Hath1 Gene
Expression in Human |ECs, Resulting in
the Decrease of MUC2 Gene Expression

To assess which genes suppress the Hathl gene
expression, we generated cells (LS174T Tet-on Hesl cells
and LS174T Tet-on HeyL cells) in which either Hesl or
HeyL is induced by DOX using the Tet-on system, respec-
tively. Forced expression of Hesl alone showed a signifi-
cant decrease of MUC2 gene expression following the
decrease of Hathl gene expression (Fig. 2A,B). In contrast,
HeyL induction alone did not change the expression of
either MUC2 (Fig. 2A) or Hathl genes (Fig. 2B). More-
over, neither Hesl nor HeyL induction affected Kif4 gene
expression (Fig. 2C). These results are compatible with
previous reports that the depletion of Hesl in a mouse
model upregulated Atohl mRNA expression in intestinal
epithelial cells, resulting in the hyperplasia of the goblet
cells."® Conversely, the finding that KIf4 was not affected
by the Notch signaling differs from previous reports.'®

Hes1 Expression Alone Is a Sufficient Condition
for the Repression of the Phenotypic Gene
Expression of Goblet Cells by Notch Signaling

To further analyze the functional role of Notch sig-
naling in the differentiation of IECs, we next asked
whether Hes1 expression alone is enough to compensate
for the suppression of Hathl gene expression in Notch sig-
naling. To inhibit the Notch signaling, LS174T Tet-on
Hesl cells were treated with gamma-secretase inhibitor
(GSI), which prevents the separation of NICD from the
Notch receptor. Notch signal inhibition by GSI treatment
alone showed a significant decrease of Hesl gene expres-
sion (Fig. 3A), in contrast to marked induction of MUC2

4
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treated with GSI, which prevents the separation of NICD from the Notch receptor. GSI treatment alone significantly decreased Hes1 gene
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treated cells restored MUC2 gene expression to the level in untreated cells. (C) GS! markedly induced Hath1 gene expression. Hes1 induc-
tion by DOX in GSi-treated cells restored Hath1 gene expression to the level in untreated cells. (**P < 0.01, ***P < 0.001, n = 3).

gene expression (Fig. 3B) following the induction of the Hathl
gene (Fig. 3C). Interestingly, the Hesl gene was expressed by
DOX when Notch signaling was inhibited by GSI (Fig. 3A),
while Hath] expression was restored to the level in untreated
cells (Fig. 3C). Moreover, MUC2 gene expression was also
decreased by Hes1 expression alone (Fig. 3B).

These results indicate that Hesl might be a main-
stream of Notch signaling to suppress the phenotypic gene
expression of goblet cells in human intestine.

Previous results raised the question of whether Hathl
is essential for expression of the MUC2 gene by Notch sig-
naling inhibition. To assess the importance of the Hathl
gene for MUC2 expression, the effect of silencing the Hath!
gene using siRNA system was examined in LS174T cells in
the Notch signaling-inhibited state. Hathl gene silencing
resulted in cancellation of the Harh! gene expression induced
by GSI treatment and restoration of MUC2 expression to the
level in untreated cells (Supporting Information Fig. 1).

These results together suggest that Notch signaling
affects the gene expression of Hathl but not KIf4 to decide
the fate of IECs.

HES1 Suppresses the Transcriptional Activity
of Hath1 Via the 5' Promoter Region

It has been reported that expression of Mathl, the
mouse homolog of Atohl, was suppressed by ZIC1 or HIC1
via its 3’ region.'z’[7 However, it has never been shown how
Hesl suppresses the transcriptional activity of Hathl via
Notch signaling. To assess the regulation of Hathl transcrip-
tional activity, we constructed a reporter plasmid containing
the 1000-bp upstream 5’ region of Hathl. Hathl reporter
plasmid was transfected into LS174T Tet-on Hesl cells or
LS174T cells transfected with a mock plasmid. Hes! induc-
tion by DOX showed a significant decrease of the transcrip-

tional activity on Hathl, whereas the mock plasmid did not
change its transcriptional activity (Fig. 4A). We then found
three regions that matched the consensus sequence for bind-
ing Hes1, the Class C site,'® in the 1000-bp upstream region
of Hathl. We therefore constructed a reporter plasmid in
which all regions of the Hes! binding site in the 1000-bp
upstream region of Hathl were deleted. As expected,
reporter activity of the deletion mutant construct was not
suppressed by Hes1 expression. We next constructed mutants
in which one of the binding sites of Hes! in the 1000-bp
upstream region of Hathl was deleted. Interestingly, only the
mutant construct lacking the second region of the Hes! bind-
ing site was not affected by Hes1, indicating that Hes1 might
directly suppress the Hathl transcriptional activity to bind to
the second region of the Hes1 binding site (Fig. 4A).

In chicken and mouse models, Atohl expression is
regulated only by the 3’ region of Atohl that contains both the
enhancer region and the repressor region.'>'* We also found a
homologous sequence of the enhancer region in the 3’ region
of Hathl, and a Hes1 binding site in this enhancer region of
Hathl. We therefore constructed a Hathl reporter plasmid
containing the 3’ region of Hathl behind the luciferase
sequence. As before, Hesl suppressed Hathl transcriptional
activity. Moreover, deletion mutants of the Hesl binding site
in the 5' region of Hathl were also unaffected by Hes1 expres-
sion, indicating that the Hesl binding site of the 3’ region
might not affect Hathl suppression by Hes! (Fig. 4B).

HES1 Binds Directly to the 5’ Promoter
Region of Hath1

To confirm the binding of Hesl to Hathl promoter
region, we performed a ChIP assay. The region immunoprecipi-
tated by Hesl antibody was amplified only in the 5 region
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including the Hes1 binding sites but not 3’ region of the Hesl
binding sites (Fig. 5B), supporting the idea that Hesl binds
directly to the 5'region of Hathl to suppress the transcriptional
activity in IEC.

Hes1 Does Not Completely Block the
Transcriptional Activity of Hath1
Promoted by CDX2

To clarify the balance between the enhancer and the
repressor in Hathl transcriptional activity, we next assessed
whether CDX2, which promotes Atohi/ gene transcription
in mice, is affected by Notch signaling on Hathl transcrip-
tion. Treatment with GSI showed slight induction of CDX2
in LS174T cells (Fig. 6A). Moreover, HES1 expression did
not affect the expression of CDX2 (Fig. 6B), suggesting
that the expression of CDX2 may be independent of Notch
signaling. To assess the effect of CDX2 on Hathl tran-
scription regulated by HESI, a reporter assay of Hathl was
performed. Although CDX2 did not promote Hathl tran-
scription via the 5' promoter region of Hathl (Fig. 6C),
CDX2 cotransfected with the reporter plasmid containing
the 3’ enhancer region of Hathl showed significant increase
of transcriptional activity of Hathl (Fig. 6D). Interestingly,
the transcriptional activity of Hathl promoted by CDX2
was not suppressed by Hesl induction in LS174T tet-HES1
cells. These results suggest that Hesl at the 5’ region of
Hathl could not completely abrogate the transcriptional
activity of Hathl promoted via the 3’ enhancer region by
CDX2, and Hathl gene expression might be regulated by
the balance between HES1 and CDX2.

Hath1 Protein Expression Is Decreased
in the Goblet Cell Depletion of UC

We finally assessed whether Hathl is decreased in
colon mucosa with goblet cell depletion in line with the
former results in vitro. In normal colonic mucosa, Hathl
and CDX2 were expressed in almost all IECs. In contrast,
Hesl was expressed in IECs situated in the lower half of the
villi (Fig. 7). In UC patients, both Hathl and CDX2 disap-
peared, while Hesl-positive cells were extended at the top
of the villi (Fig. 7). indicating that the suppression of Hathl
in goblet cell depletion might be caused by both the disap-
pearance of CDX2 and the extension of Hesl-positive cells.

DISCUSSION

This study reveals for the first time that Hesl directly
suppresses Harhl gene expression via the Notch signal,
indicating that downregulation of Hathl is associated with
goblet cell depletion in human UC in combination with the
disappearance of CDX2. Previous reports have suggested that
Notch signaling suppressed the phenotypic gene expression
of goblet cells by suppressing Atohl gene expression,”
although it remains unknown how Notch signaling suppresses
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Hathl gene expression. We first found that Hesl, but not
HeyL, was necessary and sufficient for the suppression of
Hathl gene expression by Notch signaling in IEC. Canoni-
cal Notch signaling leads to transcriptional activation of
Hes family and Hey family genes such as Hesl, Hes5,
Hes7, Heyl, Hey2, and HeyL by binding NICD to RBP-
Jk.%° Hes and Hey family genes play important roles in the
differentiation of various tissues,"*> but it has not been
clarified how the function of each gene is assigned via
Notch signaling. While we found that all Hes and Hey
family genes were upregulated by NICD expression in in-
testinal cells, we also noticed that Hesl and HeyL were
exorbitantly expressed by NICD than other Hes and Hey
family genes (data not shown), suggesting that the func-
tional assignment of Notch signaling is regulated by the
quantity of each Hes and Hey family gene expressed.
HeyL has been identified as one of the target genes of
Notch3 receptor, because HeyL is expressed in smooth
muscle cells of the digestive tract and the vasculature fol-
lowing Notch3 expression in later stages of development.*?
In this study, we could not identify the function of HeyL in
goblet cell differentiation; rather, its function is expected to

be assessed in future study of the effect of Notch signaling
on IEC.

On the other hand, we found that Hes1 is critical for
the differentiation into goblet cells via Notch signaling, since
the binding of HESI to the Hathl 5 promoter region silen-
ces Hathl gene expression. Although the 3’ region of Atohl
has been characterized as the enhancer and repressor region
to regulate Hathl gene expression by CDX2, Zicl, and
Hicl, the function of the 5' region of Atohl has not been
clarified. This study revealed that the 5 region of Hathl is
necessary not only for basic transcription but also for the
regulation by HES1 via Notch signaling to presumably sup-
press the transcriptional activity of the basic transcription
factors. It has been reported that Hes1 binds not only to the
N-box sequence but also to class C sites to suppress the
expression of genes such as P27P"'® and achaete-scute hom-
olog—l,24 through which it plays a central role in cell prolifer-
ation and differentiation, respectively. In this study we identi-
fied a class C site at position —289 of the 5’ region of Hath1,
playing a crucial role in the regulation of Hathl gene expres-
sion by the Notch signal. We therefore suspected that Hesl
might completely shut out the transcriptional activity via the
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3’ enhancer region, but that forced expression of CDX2 could
induce the transcriptional activity of Hathl even with Hesl
expression. Moreover, the expression of CDX2 was not
affected by Notch signaling, suggesting that CDX2 and
HES1 independently regulate Harhl gene expression. Thus,
regulation by Hesl via Notch signaling is not sufficient to
suppress the gene transcription of Hathl, indicating that the
transcriptional activity of Hathl is regulated by the balance
between CDX2 and HES! expression.

Importantly, the present study also indicated that
Hathl is essential to regulate goblet cell formation in UC.
Although the expression of Hathl in inflamed mucosa of
UC has been reported,” the correlation between goblet cell
content and Hathl expression in UC has not been eluci-
dated. We confirmed that Hathl was expressed in inflamed
mucosa with conserved goblet cell formation in UC (data
not shown), since goblet cell content might correlate with
Hathl expression in UC. In Atohl-deficient mice, secretory
lineages of IEC including goblet cells are completely

lost,”?® indicating that Hathl might have the function of =
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not only mucus production but also differentiation toward
goblet cells in human intestine.

Moreover, this study suggested that goblet cell deple-
tion in UC caused by the disappearance of Hathl required
not only HESI expression but also CDX2 suppression of
IEC. CDX2 has been reported to be downregulated in UC
mucosa,”’ but it remains unknown how CDX2 expression
is suppressed by colonic inflammation even though CDX2
is upregulated by inflammation in the esophagus and stom-
ach.*®*® One previous report indicated that CDX2 expres-
sion is suppressed by hypoxia inducible factor 1 (HIF1).0
Another report found that HIF1 is overexpressed in UC
mucosa,”’ suggesting that HIF1 might suppress CDX2
expression in UC. Whatever the case, the regulation of
CDX2 expression of IEC should be assessed to clarify the
mechanism of goblet cell depletion in UC.

In conclusion, we have revealed for the first time that
Hesl is sufficient to suppress Hathl gene transcription via
the Notch signal, but insufficient to suppress Hathl gene
transcription by CDX2. The cooperation between Hesl and
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sections from three different individuals.

CDX2 is important to regulate Hathl gene expression, which
is involved in goblet cell formation in UC. More detailed anal-
ysis of Hathl expression at various stages of UC or other en-
teritis diseases associated with goblet cell depletion will lead
us understand the regulation of Hathl reduction under the
inflammation state with various cytokines and inflammatory
cells infiltration. Finally, elucidation of the mechanism of gob-
let cell depletion in UC will help us to develop novel therapies
for strengthening the barrier function of colonic mucosa.
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Abstract

Background Double balloon endoscopy (DBE) enables
the observation and collection of viable specimens from the
entire intestine, thereby allowing more detailed investiga-
tion of how the structure and function of the human small
intestine are regulated. The present study aimed to eluci-
date the regulation of cell formation in the human small
intestine using biopsy specimens collected from an entire
individual small intestine by DBE.
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Methods The expression and the localization of repre-
sentative genes for the differentiation program were ana-
lyzed in the entire small intestine of 10 patients. The
functional correlation between Hathl and Klif4 was ana-
lyzed in an intestinal cell line by using a Tet-On system.

Results In longitudinal cell formation in the small intes-
tine, it was shown that goblet cells, but not Paneth cells,
increased toward the ileum in each individual small
intestine. Immunochistochemistry showed that Hathl-
expressing cells migrated from the base of the crypt to the
top of the villi in the terminal ileum, while Klf4-expressing
cells migrated from the top of the villus, resulting in the
colocalization of Hathl and Klf4 in the terminal ileum.
Coexpression of Hathl and Kif4 upregulated the expres-
sion of phenotypic genes for goblet cells following the
downregulation of those for Paneth cells.

Conclusions Using mapping biopsy by DBE, we have
demonstrated, for the first time, the molecular basis of the
villus structure in the entire human small intestine in vivo.
The present study showed that longitudinal cell formation
was regulated by the colocalization of Hathl and KIf4 that
converted Paneth cell differentiation into goblet cell
differentiation.

Keywords Double balloon endoscopy - Goblet cells -
Paneth cells - Hathl - Atohl

Introduction

The six-meter length of the human small intestine con-
sisting of the jejunum and ileum had long been considered
a “dark continent” because of the lack of devices to
observe its whole length easily. Recently, however,
powerful tools have been developed to visualize the whole
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human intestinal tract, such as capsule endoscopy (CE)
[1, 2] and double balloon endoscopy (DBE) [3-5]. These
have revealed an unexpectedly large number of diseases of
the small intestine, such as cancers, malignant lymphomas,
ulcers, and vascular lesions [6, 7]. At the same time, a
number of ulcerous and erosive lesions found by histopa-
thological examination of biopsy specimens have been
observed as unknown diseases with nonspecific inflam-
mation [8]. Therefore, elucidation of pathobiological reg-
ulation in the human small intestine is essential to resolve
the difficulty of diagnosing the various lesions in the small
intestine.

Despite the multiple roles of the small intestine in
homeostasis, such as digestion, absorption, immune regu-
lation, hormone secretion, peristaltic movement, and the
regeneration of intestinal epithelial cells (IECs) [9-12], the
overall function of the entire small intestine has never been
considered. Although the horizontal structure of the small
intestine has been elucidated as showing axial regulation
from crypt base to villus top under the control of various
signal transduction pathways, such as Wnt, Notch, and
bone morphogenetic protein (BMP) [13~16], the regulation
of its longitudinal structure remains to be elucidated,
especially in humans. An understanding of the molecular
basis of the structure of the human intestine has been
thought to be indispensable for elucidating the pathology of
human intestinal disease. One of the most important genes
for the formation of IECs is that for the basic helix-loop-
helix (bHLH) transcription factor, Atohl, and its human
homolog, Hathl, which is essential for cellular differenti-
ation toward secretory lineages in the small and large
intestine [17]. According to our recent studies, failure of
the differentiation system in the human colon is caused by
the deregulation of crucial genes for the construction of
IECs with aberrant cell signaling induced by the pathology
of intestinal diseases, such as colon cancer and ulcerative
colitis [18, 19].

It has been suggested that regional functions of the small
intestine might be different, with rigid regulation for the
immediate situation in each region from the proximal side
to the distal side. However, the regional roles of IECs have
been poorly investigated, except for their part in nutritional
absorption and hormone secretion [9, 20]. Moreover, it
remains unknown how the ratio of the four lineages of
IECs—goblet cells, enteroendocrine cells, Paneth cells, and
absorptive enterocytes—is regulated to fit to regional
function in the human small intestine. Hitherto, analyses of
regional function in the human small intestine have
employed specimens originating from operative tissues of
different individuals [21, 22]. Accordingly, those results
are not precisely comparable because of individual differ-
ences, although it has been widely considered that the
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number of goblet cells and Paneth cells increases toward
the terminal ileum.

Although cellular differentiation into goblet cells is
regulated by Atohl and a zinc-finger type transcriptional
factor, Kruppel-like factor 4 (K1f4) [17, 23], the mecha-
nism by which goblet cells increase in number toward the
terminal ileum has not yet been elucidated.

In this study, we performed a mapping biopsy of the
entire human small intestine using DBE to elucidate the
regional regulation of cell formation in the villi. We found
an increase in the number of goblet cells, but not Paneth
cells, toward the terminal ileum. The colocalization of
Hathl and Kl1f4 proteins changed cellular differentiation to
Paneth cells to differentiation to goblet cells, regulating the
longitudinal differentiation of cells in the human small
intestine.

Materials and methods
Human small intestinal tissue

Human tissue specimens were obtained from patients with
an indication to undergo DBE at Tokyo Medical and
Dental University Hospital because of obscure gastroin-
testinal bleeding. To analyze the structure of the normal
small intestine, we selected biopsy specimens from 10
patients who showed no abnormality in the small intestine
by subsequent DBE. Patients with abnormal findings in the
small intestine by DBE and those who were taking medi-
cation that might injure the small intestinal mucosa were
excluded. To measure villus size, tissue specimens from 20
patients with no abnormality in the small intestine by DBE
were used. Written informed consent was obtained from
each patient, and the experiments were approved by the
Tokyo Medical and Dental University Hospital Ethics
Committee for Human Subjects.

The proximal two-fifths of the small intestine was
observed via the oral insertion route, and biopsy speci-
mens were taken from two locations at approximately
equal intervals. On another day, the distal three-fifths of
the small intestine was observed via the anal insertion
route, and biopsy specimens were taken from three
locations at approximately equal intervals. Biopsy inter-
vals were confirmed from the position of the endoscope
tip visualized by X-ray and from the insertion length of
the endoscope calculated by addition of the insertion
lengths in each operation. Three biopsy specimens were
taken from each of the five locations in each patient to
generate RNA, paraffin sections, and frozen sections,
respectively. Each biopsy specimen was numbered 1-5
from the proximal side.
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Quantitative real-time polymerase chain reaction (PCR)

Total RNA was isolated using TRIzol reagent (Invitrogen;
Carlsbad, CA, USA). Aliquots of 1 pg of total RNA were
used for reverse transcription (Qiagen; Valencia, CA,
USA). Quantitative PCRs were carried out using a Light-
Cycler system (Roche Diagnostics; Mannheim, Germany).
The primer sequences are summarized in supplementary
Table S1. In the analysis of small intestine biopsy speci-
mens, the expression of the most proximal specimen
was taken as 1 in order to compensate for individual
differences.

Histology and immunohistochemistry

Histological analysis of human small intestines was per-
formed by using hematoxylin and eosin (H&E)-stained
slices or periodic acid-Schiff (PAS)-stained slices gener-
ated from paraffin sections. The height and width of the
villus mucosa and the depth of crypts were measured with a
Micro Analyzer (Japan Poladigital; Tokyo, Japan). Three
villi and crypts per slide of each region in 10 patients were
measured.

Immunohistochemical findings from human small
intestines were assessed by using frozen sections. Hathl
antibody was originally generated as previously described
[18]. Hesl antibody was the same as that used in a
previous study [19]. The other antibodies used were
anti-human chromogranin A (CgA) (DAKO; Glostrup,
Denmark), anti-human Klf4 (H-180; Santa Cruz Bio-
technology; Santa Cruz, CA, USA), and anti-human TFF3
(ab57752; Abcam; Cambridge, UK). The standard avidin-
biotin-peroxidase (ABC) method (Vectastain; Vector
Laboratories; Burlingame, CA, USA) was used, and stain-
ing was developed by the addition of diaminobenzidine
(Vector Laboratories).

Goblet cells were counted per 300 epithelial cells.
Paneth cells were counted per crypt. These two types of
cells were counted on H&E-stained slices. Endocrine cells
were counted as CgA-positive cells per 300 epithelial cells
on CgA-immunostained slices. The number of absorptive
cells was calculated by subtracting the goblet cell and
CgA-positive cell numbers from the total number.

Cell culture

Human colon cancer-derived LS174T cells were grown in
minimum essential medium (Gibco; Billings, MT, USA)
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin. The cell cultures and plasmid
DNA transfections were performed as previously described
[24]. A cell line expressing KIf4 (Tet-On Klif4 cells) under
the control of doxycycline (DOX, 100 ng/ml; Clontech;

Mountain View, CA, USA) was generated as previously
described [25].

Plasmids

Hathl-lentivirus vector was generated by inserting the
PCR-amplified Hathl gene into pLenti6.4 (Invitrogen).
Hathl-lentivirus was generated according to the manufac-
turer’s protocols.

Tetracycline-dependent  expression of KIf4 was
achieved by cloning the gene encoding the open reading
frame of the human KlIf4 into the pcDNA4/TO/myc-his
vector (Invitrogen). All constructs were confirmed by DNA
sequencing.

Statistical analyses

In the quantitative real-time PCR analysis of small-intes-
tine biopsy specimens, groups of data were compared using
the Mann-Whitney U-test. P values of less than 0.05 were
considered statistically significant.

Other data were statistically analyzed with paired
Student’s t-tests. P values of less than 0.05 were considered
statistically significant.

Results

The villus height, width, and crypt depth in an entire
small intestine were the same in all longitudinal regions

‘While regional differences between the jejunum and the
ileum have been found anatomically, distinct differences
between them in villus structure have not been suggested.
Moreover, the precise mechanism for the formation of a
regional villus structure has not been examined in a full-
length small intestine in an “alive environment”. We
therefore performed mapping biopsy of the full-length
small intestine in 10 people who had an indication for
DBE. We determined the positions for biopsy with the
assistance of X-ray images and the insertion length of the
endoscope in order to take five biopsy specimens at equal
intervals from the ligament of Treitz to Bauhin’s valve.
The resulting regions were numbered 1-5 from the proxi-
mal side (Fig. 1a). The endoscopic findings of the whole
small intestine were normal, and neither inflammation nor
erosion was found by pathological examinations of biopsy
samples (Fig. 1b).

We first analyzed the villus size, dividing it into height,
width, and crypt depth, throughout the small intestine.
Unexpectedly, the villus size in each of 20 people was
almost the same in any region of the small intestine
(Fig. 1c). Previous reports showed that the villi became
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Biopsy position
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Fig. 1 Structure of villi and crypts throughout the entire human small
intestine. a Schematic representation of the position for mapping
biopsy by double balloon endoscopy (DBE). b H&E-stained sections
of biopsy specimens (x10). Specimens are numbered 1-5 from
proximal to distal regions. Fundamental structures of villi and crypts
do not change throughout the entire human small intestine. Paneth
cells are observed as acidophilic cells at the base of crypts. ¢ Villus
height, villus width, and crypt depth. The size of villi and crypts was
constant from proximal to distal regions {differences not significant,
P [ 0.05, n = 20). N.S. Not significant

shorter and wider toward the terminal ileum in rats [26]. In
humans, in studies using operative or anatomical tissues, it
has also been thought that villus length was greater at the
proximal jejunum than at the terminal ileum; however, the
villus size of the entire small intestine of the same person
has never been analyzed in vivo.

Goblet cells increased toward the terminal ileum,
while Paneth cells were maintained

We next assessed the longitudinal change of cell formation

in the villi of individual human small intestines by counting
each of four types of IECs in each region. PAS staining
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showed a phased increase of goblet cells toward the ter-
minal ileum (Fig. 2a, d), while surprisingly, the number of
Paneth cells per crypt was unchanged, which contradicts
the widely accepted hypothesis that Paneth cells are
increased toward the terminal ileum (Fig. 2b, d). CgA-
positive cells were counted as endocrine cells (Fig. 2¢, d),
and cells other than the foregoing three types were counted
as absorptive cells, and their numbers decreased toward the
terminal ileum (Fig. 2d).

We also assessed the regional expression of represen-
tative genes for each type of cell to confirm whether gene
expression parallels cell formation in each region of the
small intestine. Quantitative real-time PCR revealed con-
siderable individual differences between the 10 people in
gene expression at the same position in the small intestine
(Fig. 2e). To compensate for this, the gene expression in
each region was expressed relative to that in region 1 in the
jejunum, which was taken as unity. MUC2 gene expression
gradually increased in the same way as the cell formation.
In regions 4 and 5, MUC2 expression was significantly
increased compared with that in region 1, while lactase
gene expression was significantly decreased compared with
that in region 1.

Interestingly, the expression of HDS5 was almost con-
stant throughout the small intestine, consistent with Paneth
cell formation, and differed from expectations that anti-
microbial peptides would be induced by the increase of
enterobacteria in the terminal ileum. The quantities of
intestinal epithelial cells included in each biopsy specimen
were found to be constant by cytokeratin 19 (CK19)
quantification in each region (Supplemental Fig. 1).

The increase of Hathl gene expression at the terminal
ileum is independent of the Notch signal

To clarify how the transition of cell formation in each
region is regulated, we examined the gene expression of
Hathl and Hesl, because the Notch signal determines the
fate of IECs, especially the differences between absorptive
cells and secretory cells, through the expression of the
Hes! and Hath1 genes, respectively, as we and others have
previously described [I4, 19]. The Hathl genes were
upregulated toward the terminal ileum, while Hesl gene
expression was unchanged (Fig. 3a). We also analyzed the
localization of Hath! in the villi in each region. In region I,
Hathl-positive cells were found only at the crypt base.
However, toward the ileum, Hathl expression gradually
ascended to the villi. Finally, in region 5, HathI-positive
cells were found throughout the whole villus (Fig. 3b). In
contrast, Hes1-positive cells were found in the crypt base in
all regions of the human small intestine (Fig. 3b). We also
counted the number of each type of protein-positive cell in
each region. In the crypts, Hathl- and Hesl-positive cells
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