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Abstract

We have previously shown that Hes1 is expressed both in putative epithelial stem cells just above Paneth cells and in the crypt
base columnar cells between Paneth cells, while Hes1 is completely absent in Paneth cells. This study was undertaken to clarify the
role of Hesl in Paneth cell differentiation, using HesI-knockout (KO) newborn (P0) mice. Electron microscopy revealed premature
appearance of distinct cells containing cytoplasmic granules in the intervillous region in Hes/-KO PO mice, whereas those cells were
absent in wild-type (WT) PO mice. In HesI-KO PO mice, the gene expressions of cryptdins, exclusively present in Paneth cells, were
all enhanced compared with WT PO mice. Immunohistochemistry demonstrated increased number of both lysozyme-positive and
cryptdin-4-positive cells in the small intestinal epithelium of Hes/-KO PO mice as compared to WT PO mice. Thus, Hesl appears
to have an inhibitory role in Paneth cell differentiation in the small intestine.

© 2005 Elsevier Inc. All rights reserved.
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The small intestinal epithelium is characterized by
continuous replacement of epithelial cells through pro-
liferation and differentiation of a pool of progenitor cells
throughout life. However, the exact mechanism of differ-
entiation of small intestinal epithelium remains unclear.
The epithelium of the small intestine is composed of four
major types of cells: enterocytes, goblet cells, entero-
endocrine cells, and Paneth cells. Although the former
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three types complete their differentiation during upward
migration toward the villous tip, Paneth cells achieve
their terminal differentiation as they migrate downwards
to the crypt base [1-3].

Hesl, a transcriptional factor regulated by Notch sig-
naling [4], is essential for the self-renewal activity of neu-
ral stem cells and for repression of their commitment to
the neuronal lineage [5,6]. Recently, Jensen et al. [7] have
reported that Hesl-deficient mice display excessive dif-
ferentiation of multiple endocrine cell types in the devel-
oping small intestine, suggesting that, similar to its effect
on neuronal differentiation, Hes1 may be involved in the
inhibition of small intestinal cell differentiation toward
endocrine cells. Interestingly, we have recently shown
that Hesl is co-localized with Musashi-1, a possible stem
cell marker of small intestinal epithelial cells, in a few
cells just above Paneth cells (putative stem cells), and
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in crypt base columnar cells located between Paneth
cells [8], suggesting involvement of Hesl in Paneth cell
differentiation as well as maintenance of stem cells. In
the present study, therefore, by using Hes/-knockout
(KO) mice, we tried to elucidate the role of Hesl in
Paneth cell differentiation.

Materials and methods

Animals. Pregnant CD1-HesI mice [9] were kept in isolator cages in
a barrier facility under a 12 h light cycle and maintained under specific
pathogen-free conditions. Hes/-double KO mice die immediately after
birth. Therefore, for the study, we sacrificed the Hes/-KO and wild-
type (WT) newborn (P0) mice immediately after birth. Hes/-KO mice
were genotyped as reported previously [9]. All animal procedures fol-
lowed the guidelines for animal experiment of Kyoto University.

Electron microscopy. After PO mice had been sacrificed, their small
intestines were immediately fixed in 1% glutaraldehyde and 1.4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2), postfixed in 1%
osmium tetroxide in 0.1 M phosphate buffer, dehydrated in a graded
ethanol series, and embedded in Epon resin. After staining with uranyl
acetate and lead citrate, the ultrathin sections were examined under an
electron microscope (Hitachi H-700, Tokyo) [10].

RNA extraction and reverse transcription-polymerase chain reaction
(RT-PCR). Total RNA was extracted using the single-step guanidinium
thiocyanate—phenol-chloroform method (Trizol; Gibco-BRL). To
generate cDNA, 5 pg of total RNA was reverse-transcribed using 200 U
SuperScript II RT (Gibco-BRL) in a total reaction volume of 20 pl. For
the following PCR, pairs of oligonucleotide primers for mouse cryptdin-
1, cryptdin-4, and cryptdin-5, mouse lysozyme, and mouse glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were prepared: mouse
cryptdin-1, -4, and -5, 5'-AAGAGACTAAAACTGAGGAGCAGC-3’
(sense) and 5'-CGACAGCAGAGCGTGTA-3' (cryptdin-1; antisense),
5'-CGGCGGGGGCAGCAGTA-3' (cryptdin-4; antisense), or 5'-GCA
GCAGAATACGAAAGT-3' (cryptdin-5; antisense) [11]; mouse lyso-
zyme 5'-GGTCTACAATCGTTGTGAGTTGG-3' (sense) and 5'-CTC
CGCAGTTCCGAATATACTT-3’ (antisense); and mouse GAPDH,
5'-TTAGCCCCCCTGGCCAAGG-3’ (sense) and 5'-CTTACTCCTT
GGAGGCCATG-3' (antisense).

One microliter of reverse-transcription product was amplified by
PCR in a 50 pl reaction volume containing 10 pmol of the above pri-
mer sets, 1.25 U Ampli-Tag DNA polymerase (Applied Biosystems,
Branchburg, NJ, USA), PCR buffer [final concentration: 20 mM Tris—
HCI (pH 8.4), 50 mM KCl], 2.5 mM MgCl,, 10 mM dithiothreitol, and
1 mM dNTP. The PCR amplification was performed as follows: 95 °C
for 10 min, 40, 35, 30, 25, 20, or 15 cycles of 94 °C for 30 s, 55 °C for
30 s, and 72 °C for 1 min, with a final extension step of 72 °C for 5 min.

Immunohistochemistry. The small intestine removed from ICR mice
was fixed with 4% paraformaldehyde overnight in 0.1 M phosphate-
buffered saline (PBS; pH 7.4) at 4 °C, embedded in paraffin and OCT
compound (Tissue-Tek; Sakura Finetechnical, Tokyo, Japan), and cut
perpendicularly at a thickness of 6 pm. Immunostaining for Musashi-
1, Hesl, Lysozyme, Cryptdin-4, and Ki-67, a proliferation marker, was
performed as described previously [8,12,13]. In brief, sections were
treated with 3% H,O, in methanol for 20 min to quench endogenous
peroxidase activity. The sections were then placed in 0.01 M citrate
buffer (pH 6.0) and treated with microwave heating for 10 min to
facilitate antigen retrieval. The sections were immunostained using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA)
according to the manufacturer’s instructions. Sections were incubated
with 3% bovine serum albumin in PBS for 30 min and then incubated
with anti-Musashi-1 antibody (final dilution 1:1000) [12], anti-Hesl
antibody (kindly supplied by Dr. T. Sudo, Toray Industries, Tokyo,
Japan, final dilution 1:1000) [13], anti-lysozyme antibody (DAKO,

Carpinteria, CA, USA, final dilution 1:200), anti-cryptdin-4 (a-defen-
sin-4) antibody (Santa Cruz Biotechnology, CA, USA, final dilution
1:100) or anti-mouse Ki-67 antibody (Dako Cytomation, Copenhagen,
Denmark; final dilution 1:200), according to the manufacturer’s
instructions, at 37 °C for 30 min. The sections were incubated with
biotinylated secondary antibody for 40 min. After washing with PBS,
avidin—biotin complex was applied for 30 min. The sections were then
incubated in 3,3’-diaminobenzidine tetrahydrochloride with 0.05%
H,0, for 3min and counterstained with Mayer’s hematoxylin. To
count the number of lysozyme-positive or cryptdin-4-positive cells,
well-oriented areas from the villus to the intervillous region were se-
lected. These positive cells were counted in at least 15 different areas
from the villus to the intervillous region for each section, and the re-
sults were averaged.

Results

Lysozyme and cryptdin mRNA expressions in the small
intestine of WT and Hesl-KO PO mice

Lysozyme mRNA expression in the small intestine of
HesI-KO PO mice was slightly increased compared with
that of WT PO mice. Moreover, in the small intestine of
WT mice, only faint expression of cryptdin-1, -4, and -5
mRNAs was observed at 35 cycles of PCR, whereas
expression was greatly enhanced in Hes/-KO mice

(Fig. 1).

Hesl, Musashi-1, lysozyme, and cryptdin-4 protein
expression in the small intestine of WT and Hesl1-KO PO
mice

A few Hesl-positive cells were present in the intervil-
lous region of the small intestine of WT PO mice, but no
such cells could be detected in Hesl-KO mice (Fig. 2).
On the other hand, Musashi-1 expression was observed
in the cells located in the intervillous region of both
HesI-KO and WT PO mice. However, the intensity of
Musashi-1 immunoreactivity in Hes/-KO PO mice was
less than that in WT PO mice (Fig. 2).

WT Hes1-KO
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Cryptdin-1
Cryptdin-4
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Fig. 1. Lysozyme and cryptdin mRNA expressions in the small
intestine of WT and Hes/-newborn mice.
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Fig. 2. Immunohistochemistry for Hesl (bars = 10 um), Musashi-1
(bars = 10 pum),  lysozyme  (bars=10pm), and cryptdin-4
(bars = 10 pm) in the small intestine of WT and HesI-KO newborn
mice.

Although lysozyme-positive and cryptdin-4-positive
cells were hardly detected throughout the small intesti-
nal epithelium of WT PO mice, a few lysozyme-positive
and cryptdin-4-positive cells were observed not only in
the intervillous regions but also in the villi of Hesl-
KO PO mice (Fig. 2 and Table 1).

Table 1

Electron microscopy

As in WT mice [8], there were no crypt structures in
Hes1-KO mouse small intestine immediately after birth
(P0). Normally, mature Paneth cells contain a large
number of cytoplasmic granules. In WT PO mice, we
could hardly observe granule-containing cells through-
out the small intestinal epithelium (Fig. 3A). In contrast,
a few granule-containing cells could be detected in the
villi or in the intervillous regions of Hes/-KO PO mice
(Fig. 3B). These granules contain high-density core ma-
trix with low-density peripheral halo, resembling that of
Paneth cells [14]. However, we usually observed imma-
ture Paneth cells with small granules, but hardly
detected mature Paneth cells with large granules in
HesI-KO PO mice. There were no obvious differences
in the other cells in the intervillous region between
HesI1-KO and WT mice.

Fig. 3. Electron photomicrograph of the small intestine of a newborn
WT mouse (A) and Hes/-KO newborn mouse (B). Granule-containing
Paneth cells are observed in Hes/-KO newborn mouse (arrows in B),
while no Paneth cells are seen in WT newborn mouse (bar = 2 um).

Number of lysozyme-positive and cryptdin-4-positive cells in the small intestine of WT and Hes/-KO newborn mice

Lysozyme-positive cells

Cryptdin-4-positive cells

Villus Intervillous region Villus Intervillous region
WT (n=4) 0.00 =+ 0.00 0.03 +0.02 0.00 =+ 0.00 0.21 +0.07
HesI-KO (n=28) 0.81 +0.07 0.49 +0.05" 2.68 +0.29 0.82+0.19

The number of lysozyme-positive and cryptdin-4-positive cells was evaluated as described in Materials and methods. Results are expressed as

means & SE cells/each villus or intervillous region.
* Significantly greater than WT P < 0.05.
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Fig. 4. Ki-67 expression in the small intestine of WT (A) and HesI-KO (B) newborn mice (bars = 25 um).

Ki-67 expression in the small intestine of WT and
Hesl-KO PO mice

In WT PO mice, Ki-67-positive cells were present
exclusively in the intervillous region of the small intes-
tine, at a position corresponding to that of Hes1-positive
cells. In contrast, in HesI/-KO PO mice, Ki-67-positive
cells were not localized to the intervillous region, but
showed an irregular distribution throughout the epithe-
lium (Fig. 4). This change was mirrored by a decrease in
the number of Ki-67-positive cells in the intervillous re-
gion of HesI-KO mice compared with WT PO mice.

Discussion

We have shown previously that, in mouse small intes-
tine, Hesl is present in the nuclei of the cells just above
Paneth cells (putative stem cells), and in crypt base
columnar cells between Paneth cells, while Paneth cells
are completely devoid of Hesl staining, suggesting an
inhibitory role for Hesl in Paneth cell differentiation
[8]. To further elucidate the role of Hesl in Paneth cell
differentiation, we used HesI-KO newborn mice in this
study. Previous studies have reported that no Paneth
cells are present immediately after birth in normal
mouse small intestine [8].

Electron microscopic observation in the present study
revealed premature appearance of granule-containing
cells, which resembled Paneth cells, in the small intesti-
nal epithelium of Hes/-KO mice. In addition, we found
that, in Hes/-KO mice, the gene expressions of crypt-
dins-1, -4, and -5, which are exclusively present in Pa-
neth cells, were all enhanced compared with those in
WT PO mice. Furthermore, immunohistochemical stud-
ies demonstrated that, although lysozyme-positive and
cryptdin-4-positive cells were hardly detected through-

out the small intestinal epithelium of WT PO mice,
significant numbers of lysozyme-positive and cryptdin-
4-positive cells were detected in the small intestinal epi-
thelium of Hes/-KO PO mice. These data confirmed pre-
cocious development of Paneth cells immediately after
birth in Hes/-KO mice, suggesting that Hesl has an
inhibitory role in Paneth cell differentiation. Interest-
ingly, we found in this study that lysozyme-positive
and cryptdin-4-positive cells were detected not only in
the intervillous regions but also in the villi of Hesl-
KO PO mice. These results may suggest that Hesl also
plays a role in the distribution of Paneth cells in the
small intestinal epithelium.

Jensen et al. [7]have previously reported that Hes/-KO
mice show precocious and excessive differentiation of
multiple endocrine cell types in the small intestinal muco-
sa. Taken together, these findings indicate that Hes1 ap-
pears to act as a general negative regulator in
differentiation of the small intestinal epithelium. Yang
et al. [15] have shown that, in addition to disturbance of
enteroendocrine and goblet cell development, develop-
ment of Paneth cells is disturbed in Mathi-deficient mice.
Because Hes1 antagonizes the transcriptional activity of
Mathl [16], Hesl may exert a general inhibitory action
on differentiation of small intestinal cells, including Pa-
neth cells, through antagonization of Mathl transcrip-
tional activity.

In this study, we observed that, in contrast to WT
mice, Ki-67-positive cells in Hes/-KO newborn mice
were not localized to the intervillous region, but were
irregularly distributed throughout the epithelium. As
strong Ki-67 staining is generally observed in proliferat-
ing progenitor cells in the intervillous region of normal
newborn mice as well as in the crypt base of adult mice
[8], our data may indicate that Hes1 has a role in local-
izing progenitor cells in the intervillous region or in the
crypt base. Alternatively, precociously developed cells in
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Hesl-KO mice, that have lost their proliferation activ-
ity, may have intermingled with Ki-67-positive progeni-
tor cells.

We have previously shown that Musashi-1 is co-local-
ized with Hesl in the cells of the intervillous region of
newborn mice [8]. Imai et al. [17] have reported that
Musashi-1 enhances promoter activity of the Hes! gene.
Our present study revealed that expression of Musashi-1
protein was decreased in Hes/-KO newborn mice. This
suggests a positive feedback mechanism for Musashi-1
expression by Hesl, decelerating the differentiation pro-
cess. Alternatively, as Musashi-1 is considered to be a
stem cell marker in the small intestine [18], the decrease
in Musashi-1-positive cells in Hes/-KO newborn mice
may merely reflect a decrease of the stem cell pool by
enhancement of precocious differentiation of the stem
or progenitor cells in the intervillous region.

In summary, we have clearly demonstrated preco-
cious development of Paneth cells in the small intestine
of Hesl-deficient mice, indicating that Hesl plays an
inhibitory role in Paneth cell differentiation. It was note-
worthy that, although crypt base columnar cells are
strongly positive for Hesl, adjacent Paneth cells are
completely devoid of Hesl. Thus, the mechanism of
such sudden loss of Hesl expression in crypt base
columnar cells with resulting terminal differentiation to-
ward Paneth cells needs to be elucidated in future
studies.
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