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Truncated mouse adenomatous polyposis coli reduces connexin32
content and increases matrilysin secretion from Paneth cells
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Abstract

Heterozygous mutations in adenomatous polyposis coli (APC) is an early event in inheritable and sporadic colon cancer de-
velopment. We recently found reduced connexin (Cx43) expression in intestinal cell lines with heterozygous Apc mutation. In this
study we investigated Cx expression and the role of one mutated Apc allele in epithelia of multiple intestinal neoplasia (Min) mouse
intestines by immunohistochemistry. Cx43 was not expressed in intestinal epithelia of Min and wild-type mice. Cx32 was specifically
expressed in enterochromaffin cells in both mice types, and in Paneth cells of wild-type mice. In contrast, Min mice had nearly
undetectable level of Cx32 in Paneth cells. Isolated small intestinal crypts from Min mice had markedly increased secretion of both
lysozyme and matrilysin compared with wild-type mice. Absence of matrilysin in Min mice reduces adenoma development. Reduced

Cx32 and increased matrilysin secretion from Paneth cells could be important to neoplastic development in the intestine.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Mutations in the tumour suppressor gene APC, re-
sulting in truncated APC protein, are important in the
development of both sporadic and inherited (familial
adenomatous polyposis; FAP) colon cancer. Somatic
APC mutations have been observed in >80% of sporadic
adenomas and carcinomas [1].

The functions of Apc in the intestine are only partly
understood. It plays a key role in the Wnt-signalling
pathway [2], where it participates in capturing the ad-
hesion molecule and transcription factor B-catenin for
degradation. Together with Tcf, B-catenin can turn on
transcription of several genes [3]. However, it is believed
that both Apc alleles must be inactivated to lose control
of B-catenin-mediated transcription [4,5]. Apc also binds
and stabilises microtubules [6].
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Both Apc genes are inactivated upon development of
intestinal adenomas. This occurs in two steps, where the
mutation in the first APC allele might have a negative
impact on the remaining intact allele. Truncated Apc
proteins bind wild-type Apc and could function in a
dominant negative manner [7]. In agreement with this,
the normal intestinal tissue of multiple intestinal neo-
plasia (Min) mice, a FAP model with inherited hetero-
zygous ApcM™ mutation, shows alterations in cellular
functions such as adhesion, migration, differentiation
and apoptosis [8].

Recently we found reduced gap junctional intercel-
lular communication (GJIC) and connexin43 (Cx43)
expression in intestinal cells heterozygous for ApcM™
mutation [4], suggesting that normal intestinal tissue in
Min mice also could have reduced GJIC and Cx ex-
pression. Gap junction channels mediate the direct ex-
change of ions and small molecules between cells, and
are built of proteins, the connexins [9]. Impairment of
GJIC, caused by mutation, reduced Cx expression or
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loss of function, are involved in a number of diseases,
including the development of cancer [10]. In support of
this, Cx32-deficient mice had increased numbers of liver
tumours [11], and Cx43 is mutated in advanced stages of
human sporadic colon cancer [12]. Furthermore, Cx
may function as tumour suppressors [13]. Interestingly,
Wnt signalling affects GJIC and/or Cx expression
[14,15], and Cx43 is a direct target for B-catenin/Tcf-
mediated transcription [16].

The Cx have both specific tissue and cellular locali-
sations. Small intestinal epithelium consists of four cell
types. Little is known about the localisation and func-
tion of gap junctions in these cells. We studied the ex-
pression of Cx43 and Cx32 in the normal intestinal
epithelium of wild-type and Min mice in order to de-
termine whether Cx content and localisation is affected
by ApcM™/+ mutation also in vivo.

2. Materials and methods
2.1. Animals

C57/B16 ApcM/+ mice were bred at the Norwegian
Institute of Public Health, Oslo, Norway, from inbred
mice originally purchased from The Jackson Laboratory
(Bar Harbor, ME) as described previously [17]. The
ApcM™/+ mice were identified by allele-specific poly-
merase chain reaction on DNA isolated from blood [18].

2.2. Immunohistochemistry

Paraffin-embedded formalin-fixed sections were pre-
pared, deparaffinised and rehydrated. Epitope de-
masking was performed in microwave oven for 12 min
in Target Retrieval Solution (DAKO, Glostrup, Den-
mark) pH 6.00-6.20 for anti-Cx32 (Cat. No. 71-0600;
Zymed Laboratories) and anti-chromogranin A (CGA)
(Cat. No. C21120; Transduction Laboratories), and in
Tris/EDTA solution pH 9.1 for anti-lysozyme and anti-
Cx43, as previously described [19]. Immunohisto-
chemistry with Cx32 antibody was performed in a
DAKO Autostainer system according to the manufac-
turer’s instructions. Cx43 staining was done with the
Vectastain ABC kit (Vector Laboratories, Burlingame,
CA).

Double immunofluorescence staining with anti-Cx32
and anti-CGA, and immunohistochemistry with anti-
Cx43, were done manually. After blocking in normal
goat serum for 20 min, the sections were incubated
overnight at 4 °C with anti-Cx32 (1:200) and anti-CGA
(1:50). Cx32 was visualised with anti-rabbit-Texas red
(1:50) (Amersham, Buckinghamshire, UK) and CGA by
anti-mouse—fluorescein isothiocyanate (1:25) (Bio-Rad,
Hercules, CA), and the nuclei were stained with Hoechst
dye.

Table 1
Survival of isolated crypts measured by exclusion of trypan blue
Time (h) Survival (%)
1.5 >80
4.5 >70
7.5 ~50
10.5 25
22.5 10

2.3. Crypt isolation

The isolation of epithelial crypts from mouse (9-13
weeks) intestine was mainly based on the method
described by Ayabe and colleagues [20]. In brief, the in-
testine was rinsed with ice-cold Ca>*/Mg?*-free phos-
phate-buffered saline (PBS) and the small intestine was
cut into three equal segments denoted proximal, middle
and distal intestine, in addition to the large intestine. The
segments were turned inside out, the villi were removed
by scraping with an object glass and were shaken in PBS
containing 30 mM EDTA for 10 min. The segments were
vigorously shaken for 15 s using a motorised pestle to
remove more villi, then transferred to another tube with
EDTA and shaken for 25 min. Crypts eluted during the
last shaking were deposited by centrifugation and re-
suspended in iPIPES buffer (10 mM PIPES, pH 7.4, and
137 mM NacCl). The number of crypts was counted using
a haemocytometer, and 2 x 10* crypts were used for
experiments. Isolated crypts had a survival of more
than 70% after 4.5 h measured by trypan blue exclusion
(Table 1), as reported for pig crypts [21].

2.4. Western blotting

Proteins in the supernatant from 2 x 10* crypts were
precipitated by adding an equal amount of cold acetone
(1 ml) and centrifuged at 10,000g for 5 min. The pellet
was resuspended in 12 pl sample buffer and 4 pl glycerol,
loaded and separated on a discontinuous sodium do-
decyl sulphate—polyacrylamide gel electrophoresis gel as
described previously [4]. The blots were treated with
anti-lysozyme (Cat. No. A0099; DAKO), and anti-ma-
trilysin (Cat. No. AB8118; Chemicon, Temecula, CA).
Quantification of band intensities was done in MatLab,
and protein concentrations were calculated from the
area under the curves. A two-tailed ¢-test was used for
the statistical calculations. Secretions of crypts isolated
from six and five animals were used to measure secretion
of lysozyme and matrilysin, respectively.

3. Results and discussion
3.1. Cx localisation

Cx32 has, to our knowledge, not previously been
studied in the intestine. Cx32 was highly expressed in the
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cell membrane of the Paneth cells in the bottom of the
small intestinal crypts from wild-type mice (Fig. 1A).
Most interestingly, the Cx32 staining in Paneth cells

Paneth cells

Fig. 1. Cellular localisation of connexin (Cx) 32 and 43 in the intestine.
Vertical sections from small intestine of wild-type mouse (A) and
multiple intestinal neoplasia (Min) mouse (B) treated with anti-Cx32.
Controls without primary antibody gave no signal. Note the low ex-
pression of Cx32 in Paneth cells of Min mouse. Horizontal sections
from wild-type mouse small intestine treated with antibodies against
chromogranin A (CGA) (C) and Hoechst dye (D), and Cx32 (E).
Merging (C), (D) and (E) showed colocalisation of CGA and Cx32 (F).
Vertical sections from Min mouse small intestine treated with antibody
against Cx43 (G).

from Min mice was much weaker and even below the
detection limit in some preparations (Fig. 1B). While
Cx43 was present in an intestinal epithelial cell line, it
was not present in the epithelial cells in vivo, but only in
the intestinal muscular layer as reported for other spe-
cies (Fig. 1G) [22]. No difference in Cx43 intensity was
observed between Min and wild-type mice (not shown).
In the intestinal cell lines, heterozygous for the ApcM™
mutation, we found that the Cx43 content was much
lower than in wild-type cells [4]. Cx43 is identified as
target for Wnt signalling, in which Apc is an important
participant [15,16]. Cx43 content in the muscular tissue
of Min mice is apparently not affected by the heterozy-
gous ApcM™ mutation, although Apc also is expressed in
the muscular tissue [23]. It is therefore possible that the
regulation of Cx in muscular cells and epithelial cells is
different. For Cx32, however, no direct connection be-
tween Wnt and Cx32 is known. The observed reduction
in Cx32 in normal intestinal cells of the Min mouse and
in Cx43 of the ApcM™"/+ cells [4] is probably not a result
of induced Wnt signalling, since B-catenin was unaf-
fected [4,5]. Most probably, Wnt signalling in the in-
testinal epithelium is only induced when two Apc alleles
are mutated. One mutated Apc allele, as found in nor-
mal intestinal epithelia of Min mice, probably affects Cx
in the cells through other mechanisms. Furthermore,
horizontal sections showed that Cx32 was highly ex-
pressed in the cytoplasm and the cell membrane of en-
terochromatffin cells as demonstrated by colocalisation
with CGA (Fig. 1C-F). All enterochromaffin cells con-
tained Cx32, and no difference in intensity between Min
and wild-type mice was found (not shown). We found
no difference in the distribution of enterochromatffin
cells (not shown) and Paneth cells (Fig. 2) between
normal intestine in wild-type mice and Min mice.
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Fig. 2. The number of Paneth cells in each crypt of the small intestine
of Min and wild-type mice. Three microscopic fields (20x objective) in
the proximal and distal part of the intestine was counted in sections
from two animals of each genotype. A significant increase in Paneth
cells was found towards the distal part of the small intestine in both
mice (P < 0.001). The error bars show SEM for each measurement
with n = 41-60.
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3.2. Secretion from Paneth cells

Paneth cells are secretory cells, which secrete anti-
bacterial peptides such as lysozyme and matrilysin.
Since Cx32 has been found to regulate secretion from
cells in pancreas and liver [24,25], we studied whether
the reduced expression of Cx32 in Paneth cells in Min
mice was associated with changes in secretion. Immu-
nohistochemical staining of small intestine from wild-
type and Min mice showed that the Paneth cells
contained similar amounts of lysozyme (not shown).
Paneth cell secretion was studied in isolated small in-
testinal crypts. Following stimulation with lipopoly-
saccharide for 1 h at 37 °C, supernatants from isolated
crypts were collected, and lysozyme and matrilysin
contents were determined by Western blots (Fig. 3A).
Crypts from Min mice secreted much more lysozyme
and matrilysin than crypts from wild-type mice as
verified by quantification of lysozyme and matrilysin
from Western blots (Fig. 3B). As expected, no lyso-
zyme or matrilysin was secreted by crypts isolated from
colon epithelia (Fig. 3A), since normal colon tissue
does not contain Paneth cells. Total matrilysin, both
inactive promatrilysin and active matrilysin, were
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Fig. 3. Secretion from isolated crypts analysed by Western blots. (A)
Secretion from isolated crypts from the small intestine divided in three
equal segments; proximal (PI), middle (MI), and distal (DI), and colon
(C) were loaded in different lanes. Lysozyme was detected as one band
at about 17 kDa. Matrilysin was detected as inactive (Pro) and active
(Mat) matrilysin at about 30 and 18 kDa, respectively. The figure
shows a blot from one representative experiment. (B) Quantification of
lysozyme and matrilysin content on Western blots. Since we did not
achieve successful crypt isolation from each segment of the intestine in
each experiment, the small intestinal segments with the highest number
of successful crypt isolations were chosen for quantification. Lysozyme
secretion from the middle part of the small intestine was analysed from
six independent Western blots, while total matrilysin (promatrilysin
and active matrilysin) from the distal small intestine was analysed from
five independent blots. Secretion in wild-type and Min mice was always
analysed from the same blot, while quantification of lysozyme and
matrilysin content was done on different blots and could not be directly
compared. The error bars show SEM. Both lysozyme and matrilysin
secretion are significantly higher in Min mice compared with wild-type,
with P = 0.030 and P = 0.034, respectively.

revealed in Paneth cell secretions (Fig. 3A), although
the distribution varied between experiments. In line
with this observation, Cx32-deficient mice had an in-
creased basal release of amylase from pancreatic acinar
cells [24]. In transgenic mice, where Cx32 was specifi-
cally expressed in pancreatic B-cells, a marked reduc-
tion of insulin secretion was observed after stimulation
with glucose [26]. Secretion of lysozyme and matrilysin
from Paneth cells of Min mice was increased, possibly
as a result of reduced Cx32 content. However, we
cannot completely exclude the possibility that the re-
duction in Cx32 and the increased secretion of lyso-
zyme and matrilysin from Paneth cells are separate
events caused by mutation in one Apc allele. The
amount of lysozyme and matrilysin secreted by small
intestinal crypts isolated from various segments in-
creased from the proximal to the distal part (Fig. 3A).
This increased secretion correlated well with an in-
creasing number of Paneth cells towards the distal in-
testine (Fig. 2). Production of matrilysin has a large
impact on cancer development in Min mice, where a
60% reduction in the development of small intestinal
adenoma was observed in the absence of matrilysin
[27]. Additionally, increased expression of matrilysin is
shown in human colorectal cancer [28]. Interestingly,
adenomas in Min mice appear in the most distal part
of the small intestine [18,29], the same part which
contains most Paneth cells and secretes the highest
amount of matrilysin. We therefor hypothesise that
increased matrilysin secretion from Paneth cells also
may affect early stages of adenoma development in the
intestine of Min mice. Two recent publications
show that matrilysin mediates extracellular cleavage of
E-cadherin [30,31], implying an important function for
matrilysin in modulating adhesion. Reduced adhesion
has indeed been found in the normal tissue of the Min
mouse intestine [32].

Altogether, the observed reduced content of Cx32 in
Paneth cells in Min mice and our recently published
results on the reduction in Cx43 in a cell line heterozy-
gous for the ApcM™ [4] mutation strongly suggest that
Cx are downstream targets following mutation in one
Apc allele. Further studies are needed to identify the
mechanisms involved and to verify the importance of
Paneth cell function in the development of cancer in the
intestine.
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