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Figure 6. IL-7 is absolutely essential for the development of colitis in mice transferred with IL-2~/~ LP CD4" T cells despite down-modulated IL-7Ro.
expression. We performed one independent experiment. (A) Histopathology of the distal colon 8 wk after retransfer. Original magnification, x 40
(upper) and x 200 (lower). (B) Histological score 8 wk after retransfer. Data are expressed as the mean+SEM of five mice per group. *p = 0.009,

**p=0.016, ***p=0.009 (Mann-Whitney U). (C) Number of LP CD3*CD4*

T cells recovered 8wk after retransfer. Data are expressed as the

mean + SEM of five mice per group. *p = 0.049 (Student’s 1), **p = 0.033 (Welch's t), and ***p = 0.014 (Mann-Whitney U). (D) Expression of IL-7Re on
SP CD3"CD4" T cells was determined using FACS. Representative FACS data of five mice are shown.

IL-27/~ CD4"CDA45 RBM8" T cells do not induce colitis,
even if they were developed in IL — 27/~ and WT BM
chimaeric mice

To precisely prepare similar naive WT and IL-277~ CD4*
CD45RB™ME" T cells in the same in vivo setting, we generated
mixed BM chimeras. To this end, irradiated GFP mice were first
transplanted with a mixture of the same number of BM cells
obtained from young WT and IL-27/~ mice (Fig. 7A). Six weeks
after the BM transplantation, various cell markers were compared
between the transplanted WT and IL-27/~ BM-derived GFP~
CD4" cells. As shown in Fig. 6B, almost all the cell markers,
including IL-7Re, were identical in the transplanted WT and
IL-27/~ BM-derived CD4™ cells. Thus, GFP~ Ly5.1" WT and

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the separated cells or a mixture of the same number of the two
cell types was transferred into RAG-2"~ mice. Again, we found
that RAG-2™"" mice transferred with GFP~ Ly5.1" WT CD4"
CD45RB™" T cells or a mixture of GFP~ Ly5.1* WT and
Ly5.2" IL-27/~ CD4*CD45RB"" T cells showed similar signs of
wasting disease (Fig. 7B), clinical symptoms (Fig. 7D), and
clinical and histological scores (Fig. 7E and F) 8 wk after transfer,
which differs from the findings for non-colitic RAG-2~/" mice
transferred with GFP™ Ly5.2" IL-27/~ CD4"CD45RB"&" T cells
(Fig. 7C-F). The number of LP CD4" T cells recovered from
RAG-2"/" mice transferred with GFP~ Ly5.1* WT
CD4"CD45RB"E" T cells or a mixture of GFP~ Ly5.1" WT and
Ly5.2" IL-27/~ CD4 " CD45RB"" T cells was significantly higher
than that recovered from mice transferred with Ly5.2" IL-27/~
CD4*CD45RB™" T cells (Fig. 8A). The production of IFN-y,
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Figure 7. RAG-2"/" mice transferred with SP IL-27/~ CD4*CD45RB™M&" T cells from GFP mice previously transplanted with WT and IL-27/~ BM cells
do not develop colitis. We performed one independent experiment. (A) Experimental design. Irradiated (7.5 Gy) GFP mice were transplanted with a
mixture of the same number (5 x 10° cells) of CD3-depleted BM cells from WT (Ly5.1%) and IL-27/~ (Ly5.2%) mice. Eight weeks after the BM
transplantation, WT (Ly5.1*%) and IL-2/~ (Ly5.2") GFP~ CD4"CD45RB™¢" T cells were isolated using FACSAria. The cells (3 x 10° cells per mouse) or
cell mixtures (3 x 10° cells of each) were transferred into new RAG-2"~ mice (n = 5). Mice were sacrificed 8 wk after transfer. (B) The change in body
weight over time is expressed as a percentage of original weight. Data are expressed as the mean+SEM of five mice per group. *p = 0.008, and
*¥p = 0,041 (Mann-Whitney U). (C) Phenotypic characterization of SP GFP~ WT and IL-27/~ CD4*CD45RB™&" donor T cells after BM transplantation.
(D) Clinical score 8 wk after transfer. Data are expressed as the mean +SEM of five mice per group. *p = 0.0143 (Mann-Whitney U). (E) Histological
score 8 wk after transfer. Data are expressed as the mean+ SEM of five mice per group. *p = 0.0143 (Mann-Whitney U). (F) Histopathology of the
distal colon 8 wk after transfer. Original magnification, x 40 (upper) and x 200 (lower).
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Figure 8. Marked down-modulation of IL-7Rx expression in non-colitic RAG-2~" mice transferred with SP IL-2/~ CD4*CD4SRBME® T cells.
(A) Numbers of LP CD3"CD4" T cells recovered from each mouse 8wk after transfer. Data are expressed as the mean+SD of five mice per group.
“p =0.037 (Student’s t), **p = 0.05 (Mann-Whitney U), and N.S., not significant (B) Cytokine production (IFN-y, TNF-o, and IL-17) by LP CD4" T cells.
Data are expressed as the mean+SEM of five mice per group. *p =0.003, **p = 0.007, ***p = 0.0143, and N.S., not significant. (C) Expression of
various cell surface markers on SP (left) and LP (right) CD3"CD4" T cells of each group was assessed using FACS. (D) The percentage of SP (left) and
LP (right) Tew cells was determined using FACS. Data are expressed as the mean+SEM of five mice. *p=0.0015, **p =0.0017 (Mann-Whitney U),
and N.S., not significant. (E) Percentage of SP (left) and LP (right) CD3CD4* T cells positive for IL-7Re"*. Data are expressed as the mean +SEM of
five mice per group. *p = 0.0002 (Welch’s t), **p = 0.0065 (Mann-Whitney U), ***p = 0.0027 (Mann-Whitney U), ****p = 0.011 (Mann-Whitney U), and

N.S,, not significant.

TNF-o, and IL-17 by anti-CD3/CD28 mAb-stimulated LP CD4" T
cells obtained from RAG-27/~ mice transferred with WT CD4*
CD45RB™®" T cells or a mixture of WT and IL-27/~ CD4*
CD45RBMEE T cells was significantly higher than that produced in
RAG-2"" mice transferred with IL-27/~ CD4 " CD45RB"2" T cells
(Fig. 8B).

We next examined cell surface markers in terms of Tep/Trym
and IL-7Ro after transfer. Again, the proportion of Tey in the SP
of RAG-2/" mice transferred with IL-277~ CD4'CD45RBMs!
T cells was significantly higher than that in RAG-2™/" mice
transferred with WT CD4"CD45RB™8" T cells or a mixture of WT
and IL-27/" CD4 " CD45RB"YE" T cells (Fig. 8C and D). In contrast,
LP CD4™" T cells were exclusively Tgy cells irrespective of the cells
transferred (Fig. 8C and D). It is noteworthy that the positive

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

frequency of IL-7Ra expression on the SP and LP of RAG-27/~
mice transferred with IL-27/~ CD4"CD45RB™M T cells signifi-
cantly reduced, as compared with that in the paired cells of other
groups, irrespective of the presence or absence of colitis (Fig. 8C
and E).

Discussion

In the present work, we demonstrated that IL-2 is essential for the
development and perpetuation of chronic colitis. First, IL-2 is
needed for the normal expression of IL-7Ro on naive CD4™ T cells
during the development of mature naive CD4" T cells. Second,
IL-2 is required for retaining IL-7Ro expression on colitogenic
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CD4" T cells during conversion from effector to memory CD4”
T cells, resulting in the acquisition of IL-7 dependency for the
perpetuation of chronic colitis.

IL-27~ mice, as well as IL-2Ra (CD25)", IL-2Rp
(CD122)™/~, and IL-2Ry (CD132)™/~ mice [12], all of which are
severely defective in the IL-2/IL-2R signalling pathway, are
known to spontaneously develop chronic colitis. Thus, it was
considered possible that the abnormal naive CD4" T cells in
IL-27/~ mice themselves might be critically involved in the
development of colitis in such colitis models. It was also consid-
ered possible that IL-2 itself may not be needed for the devel-
opment of pathogenic effector and memory CD4" T cells, but is
solely essential for the development and maintenance of Treg, as
was recently emphasized [16-18]. To solve these issues, we used
an adoptive transfer model of colitis using WT or IL-27/~ CD4™
CD45RBME! T cells, which are almost all naive T cells, excluding
Treg. Surprisingly, we found that RAG-2™/~ mice transferred
with IL-27/~ CD4* CD45RB"&" T cells did not develop colitis until
8wk after transfer. Furthermore, IL-277~ CD4*CD45RBMS!
T-cell-derived cells differentiated into CD44"¢" memory T cells in
the LP and SP, similar to WT T-cell-derived cells (Figs. 2 and 3). It
should be noted that inducible CD4"CD25"Foxp3™ Treg were
present in RAG-2"/" mice transferred with WT, but not IL-277,
CD4"CD45RB™8 T cells. These results clearly demonstrate that
1L-2 is positively involved in the development of colitis without
the effect of naturally occurring Treg, although IL-2 supports the
development of inducible Treg, which are generally thought to
suppress the development of colitis. However, an unresolved
discrepancy remains between the present finding that IL-2 is
positively important for the development and perpetuation of
colitis and the previous finding that IL-27/~ mice spontaneously
develop colitis together with various autoimmune diseases.
Indeed, we showed that adoptive retransfer of IL-277~ LP CD4™
T cells obtained from colitic RAG-2"/" mice previously trans-
ferred with a mixture of WT and IL-2~ CD4*CD45RB™" T cells
induced colitis, albeit less severely than adoptive retransfer of WT
LP CD4™" T cells, suggesting that IL-2 is not absolutely essential
for the development of colitis, but is a fine tuner for the full
development of colitis. Indeed, we confirmed that RAG-2™/" mice
transferred with IL-27/~ CD4*CD45RB"" T cells develop mild
colitis 20wk after transfer (data not shown). It is also possible
that other cells, such as B cells and NK T cells may affect the
development of colitis in IL-27/~ mice. Further investigation of
this issue is needed.

The positive frequency of IL-7Ra expression on LP IL-27/"
CD4"CD44"8" T cells was significantly reduced, as compared
with the paired WT cells, indicating that IL-2 was needed for the
expression of IL-7Ro on some subpopulation of CD4™ T cells
during the differentiation of memory CD4 " CD44M8" T cells in all
the adoptive transfer experiments. Importantly, since we
demonstrated that mice transferred with isolated IL-7Ro™&" or
IL-7Ro/®" CD4+CD45RBME" T cells obtained from young IL-27~
mice did not develop colitis (Fig. 3), it is not likely that IL-7Re®"
cells suppress IL-7Ra™#" cells when they are co-transferred into
RAG-27/~ mice. Rather, IL-2 may be critically involved in the

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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retainment of IL-7Ro expression on colitogenic CD4™ T cells. In
other words, the lack of IL-2 may induce the exhaustion of coli-
togenic CD4" T cells, resulting in the apoptosis of those cells.
Furthermore, it is a matter of controversy whether IL-2 positively
or negatively controls IL-7Ro expression [13, 30]. One group
demonstrated that IL-2 is a negative regulator of IL-7Ro expres-
sion during in vitro stimulation with anti-CD3/anti-CD28 mAb
[30]1, whereas another group argued that IL-2 promotes the
generation of CD4¥IL-7Ro™ memory T cells based on findings
from a physiologically relevant in vitro and in vivo priming system
with antigen and antigen-presenting cells [15]. Our result from
adoptive transfer in the in vivo colitis model supports the latter
result. In our previous study with the same model of colitis using
[L-2-sufficient CD4"CD45RBME" T cells [27], we observed that
the expression of IL-7Ra on CD4* T cells was down-modulated
approximately 1wk after transfer and was then up-regulated
until 4wk after transfer. Thus, our current result suggests that
IL-2 is needed for re-expression of IL-7Ro during the differ-
entiation of functionally colitogenic memory CD4™ T cells. In
accordance with this, we showed that IL-7~/~ x RAG-2™/~ mice
retransferred with IL-27/~ LP CD4" T cells obtained from colitic
RAG-2~/~ mice previously transferred with a mixture of WT and
IL-27/~ CD4TCD45RBME" T cells did not develop colitis, whereas
IL-7%/" x RAG-27/~ mice retransferred with those cells did
develop colitis, albeit to a lesser extent than IL-7*/" x RAG-27/~
mice retransferred with WT CD47CD45RBME" T-cell-derived
colitic LP CD4™ T cells. IL-2 may play a crucial role in the re-
expression of IL-7Ro. on colitogenic memory CD4 " T cells, which
may be critical for the acquisition of their IL-7 dependency in
chronic colitis. Furthermore, since we showed that mice trans-
ferred with 1L-2~/~ CD4*CD45RB™" T cells retained IL-7Rc™&"
CD4" T-cell population partly as well as IL-7Re'** population,
but did not develop colitis, it is possible that non-colitogenic
CD4" memory T cells could re-express IL-7Re highly in
IL-2-independent manner. Further investigation of this issue is
needed.

Nevertheless, our model is open to criticism concerning the
role of IL-2 in the development of functional memory CD4*
T cells when impaired IL-27/~ CD4"CD45RB"" T cells are used
because their IL-7Ro expression is down-modulated before
transfer. To this end, we next used donor WT and IL-2~~ CD4"
CD45RB™M8" T cells after preparing a mixed BM chimera that
received a mixture of WT and IL-27/~ BM cells. As mentioned
previously, the phenotypic characteristics of the IL-27/~ CD4"
T cells in the BM chimera mice, including IL-7Ra expression, were
similar to those of WT CD4™ T cells, indicating that paracrine IL-2
secretion from WT CD4" T cells supports the normal develop-
ment of naive IL-27/~ CD4"CD45RB™#" T cells in the BM and/or
thymus and prevents preclinical autoimmunity via Treg that
develop from WT precursor cells. However, we found that
RAG-2~/~ mice transferred with the IL-27/~ CD4"CD45RB"&"
T cells sufficiently expressing IL-7Ra- did not develop colitis along
with the down-modulated expression of IL-7Ra on both LP and
SP CD4" T cells after the transfer, which is in contrast to
mice transferred with the WT CD4*CD45RBYM8" T cells, which
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developed severe Th1/Th17-mediated colitis. These results rein-
force our evidence that IL-2 is needed for the development of
colitogenic memory CD4 " T cells.

Finally, it should be noted that our study might not reflect the
pathogenesis of human IBD directly because our colitis model is in
the extreme “lymphopenic” environment for the induction of colitis,
in which IL-7 and IL-2 might be important for rapid proliferation of
T cells. Further studies will be needed to address this point using
other colitis models in non-lymphopenic conditions.

Collectively, our findings indicate that, at least in the
absence of Treg, IL-2 is critically involved in the development
and perpetuation of colitis in three ways: (i) in the normal
development of naive CD4™ T cells, (i) in the re-expression
of IL-7Ro on colitogenic memory CD4% T cells, and (iii)
in the conversion from Tey to Tw/effector T cells. Although it
will be necessary to consider the double-edged role of IL-2 in
colitogenic CD4™ T cells and Treg in other models of colitis,
which may affect the balance between these two cell types, the
current study appears to shed light on the positive involvement of
IL-2 in chronic colitis. Thus, it will be necessary to assess when
strategies for blocking and promoting IL-2 for IBD treatment
should begin.

Mice

C57BL/6-Ly5.1 and CS57BL/6-Ly5.2-RAG-2~/~ mice were
obtained from Taconic Laboratory (Hudson, NY) and the Central
Experimental Animal Institute (Kawasaki, Japan). IL-2™/~ mice
were obtained from the Jackson Laboratory (Bar Harbor, ME).
C57BL/6-Ly5.2- IL-77/~ x RAG-1"/" mice were kindly provided
by Dr. Rosa Zamoyska (National Institute for Medical Research,
London, UK) [31]. GFP transgenic mice were originally generated
by Dr. Masaru Okabe (Osaka University, Japan) [32]. All mice
were maintained under specific pathogen-free conditions at the
Animal Care Facility of Tokyo Medical and Dental University. All
experiments were approved by the regional animal study
committees.

Antibodies

Biotin-conjugated anti-IL-7Re (A7R34) was obtained from
Immuno-Biological Laboratories (Takasaki, Japan). The follow-
ing mAb were obtained from BD PharMingen (San Diego, CA):
145-2C11, FITC- or PerCP- anti-CD3; RM4-5, FITC-, PE-, PerCP-
or APC- anti-CD4; 16A, FITC- or APC- anti-CD45RB; IM7,
PE-anti-CD44; PC61, PE-anti-CD25; MEL-14, FITC-anti-CD62L,;
H1.2F3, FITC-anti-CD69; A20, FITC- or PE-anti-Ly5.1 (CD45.1);
and 104, FITC- or PE-anti-Ly5.2 (CD45.2). Biotinylated
antibodies were detected with PE-streptavidin (BD Phar
Mingen).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In vivo adoptive transfer experiments

Adoptive transfers of WT or IL-2/~ CD4*CD45RB"®" T cells into
RAG-2™/" mice were performed to avoid the effect of CD4*CD25*
Treg. Exp. 1: Ly5.1-derived WT (IL-2%/*) or Ly5.2-derived IL-2~/~
(n=8) CD4*CD45RB™" T cells (3 x 10° cells) were injected
intraperitoneally into RAG-27/~ mice. As a negative control,
RAG-2"/" mice were transferred with CD4"CD45RB™S" T cells
(3x 10° cells) and Treg (1x 10° cells). Exp. 2: CD4"CD45RBe"
T cells from SP of 4- to 5-wk-old IL-2™/~ mice were divided into two
populations, IL-7ReM" or IL-7Re!o%, by cell sorting and then each
population was transferred into RAG-27/~ hosts. As a positive control,
we transferred the same number of WT CD4"CD45RB™" T cells into
RAG-2™/" mice. (n=5). Exp. 3: First, SP Ly5.1" and Ly5.2% CD4*
T cells were separately isolated from mice transferred with Ly5.1* WT
and Ly5.2* IL-27/~ CD4*CD45RB"8" T cells using FACSAria. Second,
the isolated Ly5.1" or Ly5.2" T cells were separately transferred into
new IL-7"* % RAG-2™~ or IL-77~ x RAG-2™/" mice. Exp. 4: Firs,
preparations from the femurs and tibias of WT or IL-2™/~ mice were
incubated with biotin-conjugated anti-CD3 mAb and anti-biotin
magnetic beads, followed by bead depletion using a MACS separation
system (Miltenyi Biotec, Auburn, CA). Then 5 x 10° T-cell-depleted
BM cells from each mouse were injected intravenously into lethally
irradiated (7.5 Gy) GFP transgenic mice. Second, mice were sacrificed
to isolate SP naive GFP~ Ly5.1" WT and GFP™ Ly5.2" IL-2~/~ CD4"*
CD45RB™#" T cells 8-12wk post-transplantation. Third, the isolated
Ly5.17 WT or Ly52% IL27~ CD4"CD45RB"" T cells were
transferred into RAG-277" miice.

Disease monitoring and histological examination

The recipient mice were weighed immediately after T-cell
transfer and three times per week thereafter. They were observed
for clinical signs of illness as previously described [9]. Histolo-
gical examination was performed as described before [9].

Flow cytometry

To detect the surface expression of a variety of molecules, isolated
splenocytes or LP mononuclear cells were pre-incubated with an
FeyR-blocking mAb (CD16/32; 2.4G2, BD PharMingen) for
20min, followed by incubation with specific antibodies for
30min on ice. Biotinylated antibodies were detected with
PE-streptavidin. Intracellular Foxp3 staining was performed using
a PE-anti-mouse Foxp3 staining set (eBioscience) according to the
manufacturer’s instructions., Background fluorescence was
assessed by staining with control-irrelevant isotype-matched mAb.

Cytokine ELISA

To measure cytokine production, 1 x 10° LP CD4" T cells were
cultured in 200 uL of culture medium at 37°C in a humidified
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atmosphere containing 5% CO, in 96-well plates (Costar,
Cambridge, MA) precoated with 5 pg/mL of hamster anti-mouse
CD3e mAb (145-2C11, BD PharMingen) and 2 pg/mL of hamster
anti-mouse CD28 mAb (37. 51, BD PharMingen) in PBS overnight
at 4°C. Culture supernatants were removed after 48h and
assayed for cytokine production. Cytokine concentrations were
determined by specific ELISA according to the manufacturer’s
recommendations (R&D Systems, Minneapolis, MN).

Statistical analysis

We examined the normality of each group. If either group was
not normally distributed, we assessed the difference between the
two groups using the Mann-Whitney U-test. If both groups were
normally distributed, we assessed the variance of the population
to which each group belonged using the f-test. When homo-
scedasticity of both populations occurred, we assessed the
difference between two groups using Student’s t-test. In the
absence of homoscedasticity, we assessed the difference using
Welch's t-test. We used Statcell software for all statistical
analyses. Results are expressed as the mean+SEM. Differences
were considered statistically significant when p<0.05.
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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 lwasaki, MD, PhD,
Yoshihito Kano, MD, Naoya Sakamoto, MD, PhD, Tetsuya Nakamura, MD, PhD, and Mamoru Watanabe, MD, PhD

Background: The transcription factor Atohl/Harhl 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 Hathl gene in human intestine.

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

Results: Hathl mRNA expression was increased by Notch signal inhibition. However, Hathl expression was suppressed by ectopic HESI
expression alone even under Notch signal inhibition. Suppression of the Hath! 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 Hes1 is essential for Hath/! gene suppression via Notch signaling. Moreover, the suppression of
Hath1 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, Hathl, Hesl, 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.*7 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).* 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, Hath/, 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 3f
(GSK3f) via Wnt signaling. Moreover, Hathl and ff-catenin
protein are reciprocally regulated by GSK3f in Wnt signal-
ing for the coordination between cell differentiation and

1
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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 expressicn.5 Thus,
it is likely that Arohl 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 Atohl 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 Harhl 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° celly/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), Hes!, HeyL (Tet-On NICD, Tet-On Hesl,
Tet-On HeyL cells) under the control of doxycycline (DOX,
100 ng/mlL, ClonTech, Palo Alto, CA) was generated as previ-
ously described.® The cell lines were supplemented with Blastcidin

2

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

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 pL 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 Harhl gene (corresponding
to —1,029 to -+2 of the promoter region) into a pGL4 basic
vector (Promega, Madison, WI). Hathl reporter plasmid con-
taining the 3’ region was generated by cloning a 4811-bp
sequence 3’ of the human Hathl gene (corresponding to
+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 Hes! 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 enceding the intracellular portion of the
mouse Notchl into the pcDNA4/TO/myc-his vector (Invitro-
gen).® Doxycycline-dependent expression of Hesl 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 ug 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 pg 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 < 0.001, 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 135 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).6 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 Bthics 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. Hesl antibody (1:10,000) was the same as in
the ChIP assay. Fresh frozen tissue was used after microwave
treatment (SO0W, 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 r-test. P less than 0.05 was considered
statistically significant.

RESULTS

Notch Signaling Suppresses Hathl 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, LS174T
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 Hathl gene
expression (Fig. 1A,B). We also assessed Kif4 gene expres-
sion by NICD expression because KIf4 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 KIf4 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 HathT Gene
Expression in Human IECs, 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 Hes! nor HeylL 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 Hesl 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
(GSD), 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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FIGURE 2. Gene alternation in LS174T cells by the expression of
either Hes1 or Heyl. (A) Hesl or HeylL was induced by DOX in
LS174T Tet-on Hes1 cells or LS174T Tet-on Heyl cells, respectively.
Hes1 induction significantly decreased MUC2 gene expression.
(B) Hest induction resulted in a significant decrease of Hathi.
(C) Neither Hes1 nor HeyL induction affected Kif4 gene expression.
(*P < 0.05, ***P < 0.001, n = 3).
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FIGURE 3. Hes1 expression is enough to suppress intestinal cell differentiation by Notch signaling. (A) LS174T Tet-on Hesl cells were
treated with GSI, which prevents the separation of NICD from the Notch receptor. GSI treatment alone significantly decreased Hes1 gene
expression. Hes1 was induced by DOX in addition to GSI. (B) GSI markedly induced MUC2 gene expression. Hes1 induction by DOX in GSI-
treated cells restored MUC2 gene expression to the level in untreated cells. (C) GSI markedly induced Hath gene expression. Hes1 induc-
tion by DOX in GSktreated 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 Hathl expression was restored to the level in untreated
cells (Fig. 3C). Moreover, MUC2 gene expression was also
decreased by Hesl 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 Harthl
gene using siRNA system was examined in LS174T cells in
the Notch signaling-inhibited state. Hathl gene silencing
resulted in cancellation of the Hathl 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 HIC]
via its 3’ region.'*'” However, it has never been shown how
Hes1 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 Hesl 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 Hesl in the 1000-bp
upstream region of Hath1 was deleted. Interestingly, only the
mutant construct lacking the second region of the Hes! bind-
ing site was not affected by Hesl, indicating that Hes1 might
directly suppress the Hathl transcriptional activity to bind to
the second region of the Hesl 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 Hes] 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 Hes1 binding site
in the 5’ region of Hathl were also unaffected by Hesl expres-
sion, indicating that the Hes! binding site of the 3’ region
might not affect Hathl suppression by Hes! (Fig. 4B).

HES1 Binds Directly to the 5’ Promoter
Region of Hatht

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

5
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FIGURE 4. Hes1 regulates the transcriptional activity of Hath1 via
5' promoter region. (A) 5 Hath1 reporter plasmid containing the
1000-bp upstream region of Hath1l was transfected into LS174T
Tet-on Hes1 cells and LS174T cells transfected with a mock plas-
mid. The induction of Hes1 by DOX significantly decreased the
transcriptional activity on Hath1, whereas the transcriptional activ-
ity of the mock plasmid did not change. Three regions that
matched the consensus sequence for binding Hes1, the Class C
site, in the 1000-bp upstream region of Hath1 are indicated as
square numbers. Reporter activity of a mutant with all regions of
the Hes1 binding site deleted was not suppressed by Hes1 expres-
sion. A mutant construct in which only the second region of
the Hes1 binding site was deleted was also unaffected by Hesl.
(B) Hath1 reporter plasmid containing the 3’ enhancer region of
Hath1 behind the luciferase sequence was inserted into 5 Hatht
reporter plasmid. Hes1 also suppressed Hath1 transcriptional activ-
ity enhanced by 3’ enhancer region. The deletion mutants of the
Hes1 binding site in the 5 region of Hathl were also unaffected
by Hes1 expression (B). (**P < 0.01, ***P < 0.001, n = 3).

6

including the Hesl binding sites but not 3’ region of the Hesl
binding sites (Fig. 5B), supporting the idea that Hes! 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 Atoh/ gene transcription
in mice, is affected by Notch signaling on Hathl transcrip-
tion. Treatment with GSI showed slight induction of CDX?2
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 HES1, 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 Hath! 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,
Hes1 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 Hes1 directly
suppresses Hathl 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 Arohl gene expression,’
although it remains unknown how Notch signaling suppresses
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FIGURE 5. Hes1 binds to 5 Hath1 promoter region. (A} Schematic presentation of Hathl genome. (B) ChIP assay was performed using
LS174T Tet-on Hesl cells with or without DOX treatment for 24 hours. Each region indicated by a letter in (A) was amplified from the
immunoprecipitant by each antibody. The amplification of p27 from the immunoprecipitant by Hes1 antibody was confirmed to be
the known region of the Hes1 binding site. Only the 5 region including the Hes1 binding sites of Hath1 (region b) was amplified from the
immunoprecipitant by Hes1 antibody under the induction of Hes1 expression by DOX.

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 Hesi, 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 developmem‘23
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 Hesl is critical for
the differentiation into goblet cells via Notch signaling, since
the binding of HES1 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 P27 1% and achaete-scute hom-
olog-1,* 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 Hathl,
playing a crucial role in the regulation of Harhl 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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FIGURE 6. CDX2 enhances the transcriptional activity of Hath1 independently of Notch signaling. (A) CDX2 gene expression was analyzed
by treatment of LS174T cells with GSI for 72 hours. CDX2 was slightly upregulated by Notch signal inhibition. (B) CDX2 gene expression
was analyzed by the Hes1 expression induced by DOX in LS174T Tet-on Hes? cells. CDX2 gene expression was not affected by Hes1 expres-
sion. (C) Transcriptional activity of Hath1 via the 5’ region by CDX2 was assessed in LS174T cells for 72 hours after transfection of both the
CDX2 gene and 5’ Hath1 reporter plasmid. CDX2 did not affect the transcriptional activity via the 5' promoter region of Hath1. (D) HES1
did not suppress the transcriptional activity via the 3’ region of Hath1 by forced expression of CDX2. The transcriptional activity of Hath1
was assessed for 72 hours after transfection of both the CDX2 gene and 3’ Hath1 reporter plasmid with or without DOX in LS174T Tet-on
HEST cells. (**P < 0.01, ***P < 0.001, n = 3),

3" enhancer region, but that forced expression of CDX2 could not only mucus production but also differentiation toward
induce the transcriptional activity of Hathl even with Hesl goblet cells in human intestine.

expression. Moreover, the expression of CDX2 was not Moreover, this study suggested that goblet cell deple-
affected by Notch signaling, suggesting that CDX2 and  tion in UC caused by the disappearance of Hathl required
HES] independently regulate Hathl gene expression. Thus,  not only HESI expression but also CDX2 suppression of
regulation by Hesl via Notch signaling is not sufficient to ~ IEC. CDX2 has been reported to be downregulated in UC
suppress the gene transcription of Hathl, indicating that the mucosa,”’ but it remains unknown how CDX2 expression
transcriptional activity of Hathl is regulated by the balance  is suppressed by colonic inflammation even though CDX2

between CDX2 and HESI expression. is upregulated by inflammation in the esophagus and stom-
Importantly, the present study also indicated that  ach.”®*’ One previous report indicated that CDX2 expres-
Hathl is essential to regulate goblet cell formation in UC. sion is suppressed by hypoxia inducible factor 1 (HIF1).*°

Although the expression of Hathl in inflamed mucosa of  Another report found that HIF! is overexpressed in UC
UC has been reported,” the correlation between goblet cell mucosa,”’ suggesting that HIF! might suppress CDX2
content and Hathl expression in UC has not been eluci-  expression in UC. Whatever the case, the regulation of
dated. We confirmed that Hathl was expressed in inflamed ~ CDX2 expression of IEC should be assessed to clarify the
mucosa with conserved goblet cell formation in UC (data ~ mechanism of goblet cell depletion in UC.

not shown), since goblet cell content might correlate with In conclusion, we have revealed for the first time that
Hathl expression in UC. In Atohl-deficient mice, secretory ~ Hesl is sufficient to suppress Harhl gene transcription via
lineages of IEC including goblet cells are completely the Notch signal, but insufficient to suppress Hathl gene
lost,>%¢ indicating that Hathl might have the function of  transcription by CDX2. The cooperation between Hesl and
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FIGURE 7. Immunohistochemistry of intestinal mucosa in UC. In normal colonic mucosa, Hath1 and CDX2 were expressed in most IEC. Hest
was expressed in intestinal epithelial cells in the lower half of villi. In UC mucosa with goblet cell depletion, neither Hath1 nor CDX2 was
expressed, whereas Hes1 was expressed up to the top of the villi. Upper column shows magnified view of the upper villus areas identified
by dashed line in the lower column. Blue staining with Alcian blue represents goblet cells. The examination was performed by using the
sections from three different individuals.

CDX2 is important to regulate Hath! 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.

REFERENCES

. Booth C, Brady G, Potten CS. Crowd control in the crypt. Nat Med.

2002;8:1360-1361.

. El-Assal ON, Besner GE. HB-EGF enhances restitution after intestinal

ischemiafreperfusion via PI3K/Akt
Gastroenterology. 2005;129:609-625.

and MEK/ERK1/2 activation.

. Haramis AP, Begthel H, van den Bormn M, et al. De novo crypt for-

mation and juvenile polyposis on BMP inhibition in mouse intestine.
Science. 2004;303:1684-1686.

. Clevers H. Wnt/beta-catenin signaling in development and disease.

Cell. 2006;127:469-480.

. Fre S, Huyghe M, Mourikis P, et al. Notch signals control the fate of

immature progenitor cells in the intestine. Narure. 2005:435:964-968.

. Oshima S, Nakamura T, Namiki S, et al. Interferon regulatory factor 1

(IRF-1) and IRF-2 distinctively up-regulate gene expression and pro-
duction of interleukin-7 in human intestinal epithelial cells. Mol Cell
Biol. 2004;24:6298-6310.

. Crosnier C, Stamataki D, Lewis J. Organizing cell renewal in the

intestine: stem cells, signals and combinatorial control. Nar Rev Gener.
2006;7:349-359.

. Okamoto R, Tsuchiya K, Nemoto Y, et al. Requirement of Notch acti-

vation during regeneration of the intestinal epithelia. Am J Physiol
Gastrointest Liver Physiol. 2009;296:G23--35.

—167—

9.

10.

11.

9.

20.

21.

Yang Q, Bermingham N, Finegold M, et al. Requirement of Mathl
for secretory cell lineage commitment in the mouse intestine. Science.
2001;294:2155-2158.

Tsuchiya K, Nakamura T, Okamoto R, et al. Reciprocal targeting of
Hathl and beta-catenin by Wnt glycogen synthase kinase 3beta in
human colon cancer. Gastroenterology. 2007;132:208-220.

Helms A, Abney A, Ben-Arie N, et al. Autoregulation and multiple
enhancers control Mathl expression in the developing nervous system.
Development. 2000;127:1185-1196.

. Ebert PJ, Timmer JR, Nakada Y, et al. Zicl represses Mathl expres-

sion via interactions with the Mathl enhancer and modulation of
Math1 autoregulation. Development. 2003;130:1949-1959.

. Murata K, Hattori M, Hirai N, et al. Hes] directly controls cell prolif-

eration through the transcriptional repression of p27Kipl. Mol Cell
Biol. 2005;25:4262-4271.

. Katz JP, Perreault N, Goldstein BG, et al. The zinc-finger transcription

factor Kif4 is required for terminal differentiation of goblet cells in
the colon. Development. 2002;129:2619-2628.

. Jensen J, Pedersen EE, Galante P, et al. Control of endodermal endo-

crine development by Hes-1. Nat Genet. 2000;24:36-44.

. Zheng H, Pritchard D, Yang X, et al. KLLF4 gene expression is inhib-

ited by the notch signaling pathway that controls goblet cell differen-
tiation in mouse gastrointestinal tract. Am J Physiol Gastrointest Liver
Physiol. 2009;296:G490-498.

. Briggs KIJ, Corcoran-Schwartz IM, Zhang W, et al. Cooperation

between the Hicl and Ptchl tumor suppressors in medulloblastoma.
Genes Dev. 2008;22:770-785,

. Murata K, Hattori M, Hirai N, et al. Hes! directly controls cell prolif-

eration through the transcriptional repression of p27Kipl. Mol Cell
Biol. 2005,25:4262-4271.

Mutoh H, Sakamoto H, Hayakawa H, et al. The intestine-specific
homeobox gene Cdx2 induces expression of the basic helix-loop-helix
transcription factor Mathl. Differentiation. 2006;74:313-321.

Katoh M. Notch signaling in gastrointestinal tract (review). Inr J
Oncol. 2007;30:247-251.

Kageyama R, Ohtsuka T, Kobayashi T. The Hes gene family: repress-
ors and oscillators that orchestrate embryogenesis. Development. 2007,
134:1243-1251.



Zheng et al

inflamm Bowel Dis

22.

10

Monastirioti M, Giagtzoglou N, Koumbanakis K, et al. Drosophila
Hey is a target of Notch in asymmetric divisions during embryonic
and larval neurogenesis. Development. 2010;137:191-201.

. Mukhopadhyay A, Jarrett J, Chlon T, et al. HeyL regulates the number of

TrkC peurons in dorsal root ganglia. Dev Biol. 2009;334:142—-151.

. Chen H, Thiagalingam A, Chopra H, et al. Conservation of the

Drosophila lateral inhibition pathway in human lung cancer: a
hairy-related protein (HES-1) directly represses achaete-scute hom-
olog-1 expression. Proc Natl Acad Sci U S A. 1997;94:5355-5360.

. Gersemann M, Becker S, Kubler I, et al. Differences in goblet cell

differentiation between Crohn's disease and ulcerative colitis. Differ-
entiation. 2009,77:84-94.

. Shroyer NF, Helmrath MA, Wang VYC, et al. Intestine-specific abla-

tion of mouse atonal homolog 1 (Mathl) reveals a role in cellular
homeostasis. Gastroenterology. 2007,132:2478-2488.

—168—

27.

28.

30.

31

Dahan S, Roda G, Pinn D, et al. Epithelial: lamina propria lymphocyte
interactions promote epithelial cell differentiation. Gastroenterology.
2008;134:192-203.

Colleypriest B, Palmer R, Ward S, et al. Cdx genes, inflammation and
the pathogenesis of Barrett’s metaplasia. Trends Mol Med. 2009;15:
313-322.

. Eda A, Osawa H, Yanaka I, et al. Expression of homeobox gene

CDX2 precedes that of CDX1 during the progression of intestinal
metaplasia. J/ Gastroenterol. 2002;37:94-100.

Zheng J, Sun X, Wang W, et al. Hypoxia-inducible factor-lalpha
modulates the down-regulation of the homeodomain protein CDX2 in
colorectal cancer. Oncol Rep. 2010:24:97-104.

Glatromanolaki A, Sivridis E, Maltezos E, et al. Hypoxia inducible
factor lalpha and 2alpha overexpression in inflammatory bowel dis-
ease. J Clin Pathol. 2003;56:209-213.



ORIGINAL ARTICLES
it e s

Double-Blind, Placebo-Controlled Trial of Oral Tacrolimus
(FK506) in the Management of Hospitalized Patients with
Steroid-Refractory Ulcerative Colitis

Haruhiko Ogata, MD, PhD,* jun Kato, MD, PhD,! Fumihito Hirai, MD, PhD,* Nobuyuki Hida, MD, PhD,®
Toshiyuki Matsui, MD, PhD,* Takayuki Matsumoto, MD, PhD,® Katsuyoshi Koyanagi, MS,"
and Toshifumi Hibi, MD, PhD*

Background: We report a malticenter study of oral tacrolimus (FK506) therapy in steroid-refractory ulcerative colitis (UC).

Methods: In a placebo-controlled, double-blind study, 62 patients with steroid-refractory, moderate-to-severe UC were randomized into either a
tacrolimus group or a placebo for 2 weeks. Patients were evaluated using the Disease Activity Index (DAD. As an entry criterion, patients had to
have a total DAT score of 6 or more as well as a mucosal appearance subscore of 2 or 3. Clinical response was defined as improvement in all
DAI subscores. Mucosal healing was defined as mucosal appearance subscore of 0 or 1. Clinical remission was defined as a total DAI score <2
with an individual subscore of 0 or 1.

Results: The mean total DAT score at study entry was 9.8 = 1.61 in the tacrolimus group and 9.1 & 1.05 in the placebo group. At week 2 the
clinical response rate was 50.0% (16/32) in the tacrolimus group and 13.3% (4/30) in the placebo group (P = 3.003). The rate of mucosal heal-
ing observed was 43.8% (14/32) in the tacrolimus group and 13.3% (4/30) in the placebo group (P = 0.012) and the rate of clinical remission
observed was 9.4% (3/32) in the tacrolimus group and 0.0% (0/30) in the placebo group (P = 0.238). The therapies in this study were well toler-
ated, with only minor side effects.

Conclusions: Oral tacrolimus therapy in patients with steroid-refractory UC shortened the acute phase and induced rapid mucosal healing.

These results suggest that tacrolimus therapy is useful as an alternative therapy for steroid-refractory UC.

{Inflamm Bowel Dis 2011:000:000-000)

Key Words: ulcerative colitis, immunosuppressive therapy, tacrolimus

acrolimus, a macrolide immunosuppressant produced

by Streptomyces tsukubaensis, a species of Actinomy-
ces, was discovered in 1984 on Mt. Tsukuba in Japan. Fell-
ermann et al' reported the results of a study of tacrolimus
in patients with steroid-refractory, severe ulcerative colitis
(UC). With patients initially treated by continuous intrave-
nous infusion and subsequently transferred to oral adminis-
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tration, the study showed improved symptoms in five of six
patients, with successful induction of remission and steroid
tapering achieved in four patients. A report on oral and
injectable formulations of tacrolimus stated, “most impor-
tantly, oral tacrolimus therapy appears to be effective and
obviates the need for intravenous dosing.””

Baumgart et al> demonstrated the usefulness of low
doses of oral tacrolimus (46 ng/mL) and Hogenauer et al*
reported, “Oral tacrolimus might be an effective alternative
treatment to intravenous cyclosporine for treatment of ste-
roid-refractory UC.”

As no evaluation had yet been made of tacrolimus
using a placebo as comparator, we conducted a dose-rang-
ing study to evaluate oral administration over 2 weeks.”
The study established a placebo group, a group with a tar-
get tacrolimus trough concentration of 10-15 ng/ml, and a
group with a target tacrolimus trough concentration of 5-
10 ng/mlL. The results indicated a significant difference in
efficacy between the 10-15 ng/mL group and the placebo
group over the short 2-week period.

Here we report on a multicenter study which was a
double-blind study of oral administration for 2 weeks,

1
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comparing a placebo group with a group having a target
tacrolimus trough concentration of 10-15 ng/mL.

MATERIALS AND METHODS

Patient Selection

Patients with moderate-to-severe, active UC were eligi-
ble for inclusion in this study. UC was defined according to
standard criteria for symptoms and standard radiographic and
endoscopic criteria.® Before starling treatment, infectious diar-
rhea was ruled out by stool cultures and Clostridium difficile
toxin testing. Endoscopies were performed during the week
prior to the first dose of the study drug. The extent of colonic
involvement was determined by total colonoscopy. All patients
in the study had left-sided colitis and pancolitis and all were
hospitalized.

Patients with known renal or severe hepatic dysfunction
and pregnant women were excluded from the study. Pretreat-
ment assessment included taking a history of the patient, phys-
ical examination, complete blood count, chemistry screening
panel, and urinalysis.

Patients were classified as steroid-resistant or steroid-de-
pendent. Patients with active UC were defined as steroid-re-
sistant when the disease failed to respond to a systemic daily
dose of 1 mg per kg of body weight, or 40 mg or more of
prednisolone given over at least 7 days, or the equivalent of a
daily dose of prednisolone of 30 mg or more over at least 2
weeks. Steroid-dependent patients were defined as patients
with active UC in whom attempts to taper steroids had been
unsuccessful. The steroid dosage remained the same from
study initiation for 2 weeks, while only those patients in
whom a dose of prednisolone of 60 mg/day or more was
effective were permitted to decrease the dosage during this pe-
riod. Efficacy was based on improvement in the frequency of
stools and a decreased amount of blood in the stool.

Patients were evaluated using the Disease Activity Index
(DAD.” The DAI score is a sum of subscores for the following
four factors: stool frequency, rectal bleeding, mucosal appear-
ance, and physician’s overall assessment, each of which is
graded on a scale from O to 3. The DAI score ranges from 0
to 12; the higher the score, the more severe the disease activ-
ity. As an entry criterion, the patient was required to have &
total DAIT score of 6 or more, as well as a mucosal appearance
subscore of 2 or 3.

Patients who started taking azathioprine within 3 months
prior to entering the study were excluded from the study, and
patients were permitted to continue taking azathioprine at an
unchanged dose over the period beginning 3 months prior to
the start of the study, until completion of the study. Patients
were permitted to continue taking 5-aminosalicylic acid during
the study, as long as the drug dosage was not changed over
the period beginning 2 weeks prior to the start of the study,
until completion of the study. Receiving cytapheresis within
14 days prior to entry in the study was a reason for exclusion

2

from the study. Patients receiving concomitant nutritional ther-
apy continued to receive the same therapy during the study.

As UC therapy with cyclosporin, biological therapies, 6-
mercaptopurine, or other immunosuppressants was not covered
by health insurance in Japan, the concomitant use of these
drugs was prohibited,

Protocol Review

The study protocol was reviewed and approved by each
Institutional Review Board. Each patient read and signed a
consent form before enrollment in the study.

Study Design

We conducted a multicenter study of oral tacrolimus
treatment, consisting of a 2-week placebo-controlled, double-
blind, randomized study in which patients with active UC
were given either placebo or tacrolimus at an oral dose suffi-
cient to achieve and maintain target blood concentrations of
10-15 ng/mL.

Open-label Extension

After week 2, patients received conventional treatment
or tacrolimus open-label treatment. Data were collected during
an open-label extension phase of the study. The effect of con-
tinuous treatment in the tacrolimus group was evaluated by
comparing the condition of patients in the tacrolimus group at
weeks 2 and 12,

Administration and Monitoring of Study Drug

The tacrolimus capsules used (Tacrolimus, Astellas
Pharma, Japan) contained 0.5 mg or 1 mg of FK506. In con-
sideration of safety, tacrolimus therapy was initiated at a small
dose of 1-2.5 mg per time, twice daily. Dose adjustments
were determined using proportional calculations of “blood
trough concentration at steady state” and “target trough con-
centration” as shown in Table 1. To reach the target trough
concentration quickly, the first dose adjustment occurred at an
early stage. This increase required blood collection at 12 hours
{C12h) and 24 hours (C24h) after the initial dose for determi-
nation of the frough concentration of tacrolimus in whole
blood. Steady-state values were estimated to be 4 times the
value at C12h, 2.5 times the value at C24h, or 3 times the
mean value of C12h and C24h. The dose was adjusted by pro-
portional calculation using a farget concentration of 12.5 ng/
mb. These equations were created based on the known phar-
macokinetic profile of tacrolimus in healthy volunteers (data
not shown).

For the next adjustment, measured values were checked
against the target trough concenfration. When the measured
value was outside the range of 10-15 ng/mL, the dose was
readjusted using blood trough concentration at steady state.

The randomization was performed by the Control Center
(Bellsystem24, a third-party organization independent of study
physicians and sponsor). To preserve blinding, blood trough
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TABLE 1. Dose Adjustment of Tacrolimus

Dosage calculation method using trough concentration

Blood trough concentration under the same food intake condition as at administration should be used (fed/fasted condition).

For 2 weeks:

The dose is increased to a target trough concentration of 10-15 ng/mL (target of 12.5 ng/mL).

Initial adjustment {a, b, or ¢}
Initial dose
Weight (kg) 30<<50
Dose per time (mg), twice daily 1

50<<70 TOL<90 90< <100
L3 2 2.5

The blood trough concentration at 12 hours (C12h) and/or 24 hours (C24h) after the initial dose.
a: Initial dose {mg) ¥ target trough concentration (12.5 ng/mL) / (average of Ci12h & C24h x 3),

b: Initial dose (mg) x target trough concentration {12.5 ng/mb} / (Ci2h x 4}
c: Initial dose {mg) X target trough concentration (12.5 ng/mL) / (C24h x 2.5},

Next adjustment:

The blood trough concentration (C) was measured at steady-state, after 2 days or more following the prevopus adjustment, to check whether the value was

within the range of 10-15 ng/mL.

When the measured value was outside the range of 10-15 ng/mL, the dose was readjusted.

Previous dose X target trough concentration (12.5 ng/ml) / C.

levels were measured by SRL (a third-party organization inde-
pendent of study physicians and sponsor) and relayed to the
Control Center (Bellsystem24). Dosages were calculated at the
Control Center based on the trough levels. The clinical sites
were informed of the adjusted dosage by 3 days after the
blood sample was drawn. Patient doses in the placebo group
were pseudo-adjusted to preserve study blinding. The Control
Center used the equations shown in Table 1 to carry out dose
adjustments.

Symptom Assessment and Study Endpoints

The primary endpoint was clinical response based on
the DAI score.” Clinical response was defined as a reduction
in DAI by at least 4 points and improvements in all categories
(stool frequency, rectal bleeding, mucosal appearance, and
physician’s overall assessment). A worse or unchanged score
in any category was considered a treatment failure, even if all
other scores improved. Secondary endpoints were mucosal
healing and clinical remission.® Mucosal healing was defined
as mucosal appearance subscore of 0 or 1. Clinical remission
was defined as a total DAI score <2 with individual subscore
(stool frequency, rectal bleeding, mucosal appearance, and
physician’s overall assessment) of 0 or 1. When a patient’s
symptoms worsened at any time and the investigator decided
the study drug could not be continued, the freatment was con-
sidered a failure,

Statistical Analysis

Fisher’s exact test was used to compare the tacrolimus
group with the placebo group for demography, efficacy, and
safety. The Wilcoxon signed rank test was used to compare
each timepoint with baseline for demography. All statistical
tests were two-sided with a significance level of 0.05 unless
otherwise specified.

Sample Size

Based on previous results,” the clinical response was
assumed to be 50% in the tacrolimus group and 10% in the
placebo group. We estimated that randomizing 31 patients to
each group would be sufficient to show a difference in effi-
cacy between placebo and tacrolimus based on the above
assumptions and a two-sided alpha of 0.025 and power of 0.9
using a normal approximation.

RESULTS

Patient Population

This study was performed between August 2006 and
February 2008. Sixty-two patients in total were recruited.
The mean total DAT score of patients enrolled was 9.8 &
1.61 in the tacrolimus group and 9.1 = 1.05 in the placebo

group.

Drug Exposure

The mean trough concentrations in the tacrolimus
group were 1.4 * 0.9 ng/mL at 12 hours, 2.2 &= 1.5 ng/mL
at 24 hours, 9.6 = 3.1 ng/mlL at day 7, 10.3 % 3.1 ng/mL
at day 8, 11.6 = 3.4 ng/mL at day 10, and 13.0 = 4.4 ng/
mL at day 14.

Efficacy

Figure 1 shows that a clinical response was observed
in 50.0% (16/32) of patients in the tacrolimus group and
13.3% (4/30) of patients in the placebo group. Significantly
more patients in the tacrolimus group showed improve-
ments compared with the placebo group (P = 0.003).

The observed rate of mucosal healing was 43.8%
(14/32) in the tacrolimus group and 13.3% (4/30) in the
placebo group (P = 0.012) at week 2, and clinical
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