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The gastrointestinal tract is lined by a layer of mucus comprised of highly 
glycosylated proteins called mucins. To evaluate the importance of mucin in 
intestinal carcinogenesis, we constructed mice genetically deficient in Muc2, 
the most abundant secreted gastrointestinal mucin. Muc2-/- mice displayed 
aberrant intestinal crypt morphology and altered cell maturation and migration. 
Most notably, the mice frequently developed adenomas in the small intestine 
that progressed to invasive adenocarcinoma, as well as rectal tumors. Thus, 
Muc2 is involved in the suppression of colorectal cancer. 
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Mucins are highly glycosylated proteins that are 
the major component of the mucus that lubri- 
cates and protects underlying intestinal epithe- 
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lium (1). Alterations of mucin expression and 
glycosylation have been observed in human 
colon cancer specimens (2), but the role of these 
proteins in tumorigenesis remains unclear. To 
evaluate the importance of mucin in the early 
stages of intestinal carcinogenesis, we generat- 
ed mice genetically deficient in Muc2, the most 
abundant secreted gastrointestinal apomucin, 
which is the unglycosylated form of mucin (3, 
4). Targeted inactivation of the Muc2 gene was 
achieved by replacing a genomic fragment (5) 
harboring exons 2 to 4 of Muc2 with a phos- 
phoglycerate kinase-neomvcin (PKG-Neo) cas- 

lium (1). Alterations of mucin expression and 
glycosylation have been observed in human 
colon cancer specimens (2), but the role of these 
proteins in tumorigenesis remains unclear. To 
evaluate the importance of mucin in the early 
stages of intestinal carcinogenesis, we generat- 
ed mice genetically deficient in Muc2, the most 
abundant secreted gastrointestinal apomucin, 
which is the unglycosylated form of mucin (3, 
4). Targeted inactivation of the Muc2 gene was 
achieved by replacing a genomic fragment (5) 
harboring exons 2 to 4 of Muc2 with a phos- 
phoglycerate kinase-neomvcin (PKG-Neo) cas- 

1 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 1 MARCH 2002 VOL 295 SCIENCE www.sciencemag.org 1726 1726 



REPORTS 

sette (6). Six independent clones were identi- 
fied by Southern blot analysis (6), displaying 
the appropriate recombinant event. Muc2+/- F1 
progeny from two independently generated 
male chimeric mice were back-crossed to ob- 
tain F2 mice of all three genotypes in the ex- 
pected Mendelian ratio. These (C57BL/6J X 
129/SvOla) F2 to F5 mice were used in the 
experiments described here. Heterozygous 
mice were indistinguishable from wild-type 
mice. 

A probe specific for sequences down- 
stream of the recombination event detected 
the characteristic polydisperse profile of 
Muc2 messenger RNA (mRNA) in different 
portions of the intestine of Muc2 wild-type 
mice (6). However, upon overexposure of 
the blot, the probe detected a similar band 
in the intestine of Muc2-/'- mice. Further 

analysis demonstrated that this transcript 
was a hybrid Muc2-Neo mRNA, predicted 
to encode an 83 amino acid (aa) peptide 
containing the first 26 aa of the Muc2 
apoprotein (6). In agreement with the pre- 
diction, a polyclonal antibody (PH497) 
against deglycosylated gastrointestinal mucin 
stained goblet cells in the intestine of wild- 
type but not Muc2-/- mice (Fig. 1A) (6). 
Thus, Muc2-'- is a null mouse. Consistent 
with this, Alcian blue staining of acidic mu- 
cins in sections of the duodenum and the 
proximal and distal colon showed absence of 
recognizable goblet cells along the entire 
length of the intestine of Muc2-/- mice (Fig. 
1B) (6). The distal colon of Muc2-/- mice 
showed residual light-blue staining toward 
the bottom of the crypt, but this pattern was 
distinct from that seen in wild-type mice. 

The absence of goblet cells was not due to 
complete ablation of the differentiation path- 
way of this lineage because we could detect 
expression of intestinal trefoil factor (Itf), 
another product of fully differentiated goblet 
cells (7), by immunohistochemistry in cells 
that lacked the goblet cell morphology at a 
similar location in the intestine of both the 
homozygous mutant and the wild-type mice 
(Fig. 1C) (6). This suggests that at least some 
aspects of the differentiation program of the 
goblet cell lineage persist in Muc2-/- mice. 
As assessed by RNA analysis and immuno- 
histochemistry (6), there was no compensa- 
tory increase in expression of other apomu- 
cins (e.g., MucSac, Muc3, and Muc13) (8-10) 
in the intestine of Muc2-/- mice. 

Muc2-/- mice gained weight at the same 
rate as their heterozygous and wild-type litter- 

Fig. 1. Absence of Muc2 
apomucin and alteration of 
cell maturation in the 
Muc2-/- intestine. Sec- 
tions from proximal colon 
of wild-type and Muc2-/- 
mice were stained in (A) 
with the polyclonal anti- 
body PH497 that recogniz- 
es Muc2, in (B) with Alcian 
blue to identify goblet 
cells, and in (C) with a 
polyclonal antibody anti- 
Itf. (D and E) Immunohis- 
tochemical detection of 
BrdU-labeled cells in the 
intestine of wild-type and 
Muc2-/- mice. Mice, in- 
jected with BrdU, were 
killed 2 hours after injec- 
tion to determine the 
number of cells in S phase 
or 24 and 48 hours after 
BrdU injection to deter- 
mine the rate of migration. 
Sections from the duode- 
num (D) or the distal colon 
(E) were stained with anti- 
body to BrdU. Bars: (A) 
through (D), 25 pxm; (E), 
100 |Lm. 

A 

Muc2+/+ 

B 

Muc2-'- Muc2+/+ Muc2-/- 

.: . I 

D 

.1.*{ 
*I.. * < *; 

*..** *-. 
'; - 

":".';~::,^. . %7,,'/.. - 

-' .- L ' - '-:. 

;:,;.:'.:. - :. ; .'. ~ .~ ,' 
... 

:,,'...: -. F..-- . ,; ?? 
;- -'..-.'7 '':"N 

! . . ,: .!i ~ ?,4. 
?.'/.?I ?: lc'...?' 

-r ~ ~ ~ ~ ~ ~~ I 

- .'.. : . . 
-, ., , 5; ,4 #, . . . 

jt;- > 7 e * ; 

r.? ? *) /t; 

?,' . r 

$ .r'o 
' 

,.:. ? . 
. 

::~., ...'-. -:..~ ~.2. ;:' ..'..: 

www.sciencemag.org SCIENCE VOL 295 1 MARCH 2002 

C 

Muc2+1+ Muc2-/- 

, Proximal 
colon 

E 
Muc2+l+ 

i' ii:; i!. i, 
. 

-$t. ?- 

t 

?. 

., ...'.. . .. ?~ 
+". -v 

? . . - . . . . 

?? .... :: ' ,.,, : / 
", ,-.. ,'o,. iv 

o. r: 

Muc2/- 

:* :. : . . . * 
.-;; 

- 
^: 

.@ 
- . * e x .. . . . . ..'- . 

';'i;'g''s'~ ~~.t' .' '..- ;''S .i 

.~~~~~~~~. 

* ......: ; , ,', 

2h 

24 h 

*? ':':' .; ?..' 

*. ..., ::. 

: 
.',. ,... : '..~ 

* t . 

}t. , .;; 
.--- i' . 

? - e t j & @ 

* ?, bSh 

1727 



REPORTS 

C-1 

Fig. 2. Histopathology of tumors in Muc2-/- mice. (A) Gross pathol- 
ogy of a tumor in the duodenum (black arrow); histopathological 
features of adenocarcinoma shown in (A-1) and (A-2). (B) Adenoma of 
the colon; histopathological features shown in (B-l) and (B-2). (C) 

Adenocarcinoma of the rectum; histopathological features shown in 
(C-1) and (C-2) . Small arrow, rectum; large arrow, tumor. Bars: (A-1) 
through (C-1), 250 a,m; (A-2) through (C-2), 100 a~m. 

mates up to 12 months of age (11). However, 
random testing revealed occult fecal blood in 
some of the 6-month-old Muc2-/- mice. Wild- 
type and Muc2-'- mice were killed at 6 
months and 1 year of age, and it was found that 
Muc2-'- animals had developed gastrointesti- 
nal tumors. At the age of 1 year, 65% of the 
Muc2-/- mice had tumors (Table 1) with a 
frequency of > 1.5 tumors per mouse. In young 
mice, tumors were restricted to the small intes- 
tine, whereas in older mice tumors also ap- 
peared in the large intestine (Table 1), includ- 
ing the rectum. No tumors were detected in the 
stomach, where Muc2 is not normally 
expressed. 

Histopathological analysis revealed that 
the tumors were of epithelial origin and rep- 
resented multiple stages of tumor progres- 
sion. In mice younger than 6 months, tumors 
were classified as villous (n = 2), tubovillous 
(n = 1), and tubular adenomas (n = 1). In 

older mice, the majority of the adenomas had 
progressed to invasive carcinomas (eight ear- 
ly and one advanced adenocarcinoma). In 
addition, 3 of 19 (15.7%) of Muc2-/- mice 
developed rectal tumors. Figure 2 shows ex- 
amples of the gross pathology and histopa- 
thology of the adenocarcinomas in duodenum 
and rectum and an adenoma in the colon. 

To investigate the cellular mechanism by 
which inactivation of the Muc2 gene caused 
tumor formation, we examined whether prolif- 
eration and rate of cell migration were altered in 
Muc2-/- mice compared with wild-type litter- 
mates. Mice were injected with bromode- 
oxyuridine (BrdU) and killed 2, 24, or 48 hours 
later (6). At 2 hours after BrdU injection, 
Muc2-'- mice exhibited a higher labeling in- 
dex than wild-type mice in the duodenum 
[34.5%, (27.3 to 41.7, confidence intervals) in 
Muc2-/- versus 24.9%, (9.9 to 39.9) in wild- 
type mice; P < 0.068], the proximal colon 

[19.1%, (12.9 to 25.3), versus 10.9%, (2.8 to 
19); P < 0.05], and the distal colon [15.6%, 
(6.0 to 25.2) versus 6.5%, (0.8 to 12.2); P < 
0.05] (Fig. 1, D and E). The increased cell 
proliferation was accompanied by significant 
decreases in the percentage of apoptotic cells, 
measured by the Tunel assay, in the duodenum 
[0.58%, (0.2 to 1) in Muc2-/- versus 1.75%, (1 
to 2.4) in wild-type mice], the proximal colon 
[0.43, (0.3 to 0.6) versus 1.22, (0.7 to 1.7)], and 
the distal colon [0.25, (0.1 to 0.4) versus 0.57, 
(0.4 to 0.8); in each case, P < 0.01]. Thus, the 
ratio of proliferating to apoptotic cells was 
highly elevated in the intestine of Muc2-'- 
mice. Furthermore, both proximal and distal 
colon of Muc2-'- mice displayed considerably 
elongated crypts as a result of an increased 
number of cells per crypt column (proximal 
colon, 18.2 +? 3.7 in Muc2-/'- versus 12.9 ?+ 
3.1 in Muc2+/+; distal colon, 29.7 ?+ 2.4 versus 
20.8 +? 3.1; P < 0.01). 
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Table 1. Tumor incidence and frequency in the gastrointestinal tract of Muc2 mice. Tumor incidence in 
wild-type and Muc2-/- mice was compared using the Mantel-Haenszel test, stratifying according to age 
at killing (6 month and 1 year). The risk of tumors was significantly greater in Muc2-/- than wild-type 
mice (odds ratio 8.956, P < 0.0001, Mantel-Haenszel test, StatXact, Cytel Software, Cambridge, MA). n, 
number of mice studied. Asterisk indicates mean + SD. 

No. mice with Gl tumors No. tumors per mouse 

Group (n) Total Small Large Total Small Large 
intestine intestine intestine intestine 

Muc2+/+ 
6 months (6) 0 0 0 0 0 0 
1 year (18) 0 0 0 0 0 0 

Muc2-/- 
6 months (19) 3 (16%) 3 (16%) 0 0.32 + 0.82* 0.32 ? 0.82 0 
1 year (19) 13(68%) 9(47) 4(21%) 1.58 + 1.8 1.32 + 1.8 0.26 + 0.56 
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To assess the rate of migration of epithelial 
cells, we examined the fate of BrdU-labeled 
cells at 24 and 48 hours after BrdU injection. In 
the duodenum of wild-type mice, the majority of 
the cells had accumulated at the crypt-villous 
junction 24 hours after BrdU labeling (Fig. 1D). 
In contrast, in Muc2-'- mice, a large number of 
BrdU+ cells had migrated into the proximal 
portion of the villous. Within 48 hours, all the 
BrdU+ cells had been shed from the villi of 
Muc2-'- mice, whereas the majority of labeled 
cells were still present in the villi of wild-type 
mice (Fig. ID). Similarly, at 24 hours the lead- 
ing edge of BrdU+ cells was much higher up in 
the crypts of the distal colon of Muc2-/- mice, 
and within 48 hours positive cells were detected 
at the top of the crypts. In contrast, BrdU+ cells 
had migrated only three-quarters of the crypt 
length of the wild-type mice (Fig. 1E). Thus, 
epithelial cells migrated faster in the intestinal 
mucosa of Muc2-'- mice compared with wild- 
type mice. 

Perturbation of the adenomatous polypo- 
sis coli (APC)-r3-catenin pathway, as detect- 
ed in familial adenomatous polyposis (FAP) 
patients and in the majority of sporadic colon 
cancers (12), results in nuclear accumulation 
of [3-catenin and transcription of target genes 
including c-myc and cyclin Dl (13, 14). Ac- 
cordingly, tumors from Apc1638 mice (15) 
showed strong nuclear expression of 13-cate- 
nin and c-Myc (6), whereas tumors in 
Muc2-'- mice displayed a strong c-Myc sig- 
nal that was not accompanied by alterations 
in the levels and distribution of 13-catenin (6). 
The alteration of c-Myc expression was spe- 
cific for tumor cells because the pattern of 
c-Myc in the normal intestinal mucosa of 
wild-type and mutant mice was not markedly 
different (6). These results were confirmed 
by Western blot analysis (6). 

In summary, our data demonstrate that 
Muc2 functions in intestinal homeostasis and 
that its absence induces alterations that are 
manifested as increased proliferation, decreased 
apoptosis, and increased migration of intestinal 
epithelial cells. These alterations may be a sec- 
ondary response to the absence of adequate 
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protection and lubrication and/or a primary re- 
sponse to changes in Muc2 signaling. Inactiva- 
tion of Muc2 causes intestinal tumor formation 
with spontaneous progression to invasive carci- 
noma, and this occurs in the absence of the 
overt inflammatory response seen in other 
mouse models (16-18). The formation of rectal 
tumors also distinguishes the Muc2-/- mouse 
from previous rodent models of intestinal tu- 
morigenesis, and this mouse may represent a 
useful model to study human rectal cancers, 
which are clinically distinct entities of cancer 
(19). The reduced representation of goblet cells 
is characteristic of many aberrant crypt foci 
(ACF) of both humans and rodents (20, 21), 
which are considered early preneoplastic le- 
sions (22-24). Our data support the hypothesis 
that the reduction in these cells and, thus, re- 
duction of the mucus they produce, plays a role 
in tumor formation. Lastly, this work suggests 
that analysis of MUC2 expression may provide 
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clinically useful information for prognosis and 
prevention of human colorectal cancer. 
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Postsynaptic Induction of 

BDNF-Mediated Long-Term 
Potentiation 

Yury Kovalchuk, Eric Hanse,* Karl W. Kafitz, Arthur Konnertht 

Brain-derived neurotrophic factor (BDNF) and other neurotrophins are critically 
involved in long-term potentiation (LTP). Previous reports point to a presynaptic 
site of neurotrophin action. By imaging dentate granule cells in mouse hippocampal 
slices, we identified BDNF-evoked Ca2+ transients in dendrites and spines, but not 
at presynaptic sites. Pairing a weak burst of synaptic stimulation with a brief 
dendritic BDNF application caused an immediate and robust induction of LTP. LTP 
induction required activation of postsynaptic Ca2+ channels and N-methyl-D- 
aspartate receptors and was prevented by the blockage of postsynaptic Ca2+ 
transients. Thus, our results suggest that BDNF-mediated LTP is induced 
postsynaptically. Our finding that dendritic spines are the exclusive synaptic 
sites for rapid BDNF-evoked Ca2+ signaling supports this conclusion. 

Postsynaptic Induction of 

BDNF-Mediated Long-Term 
Potentiation 

Yury Kovalchuk, Eric Hanse,* Karl W. Kafitz, Arthur Konnertht 

Brain-derived neurotrophic factor (BDNF) and other neurotrophins are critically 
involved in long-term potentiation (LTP). Previous reports point to a presynaptic 
site of neurotrophin action. By imaging dentate granule cells in mouse hippocampal 
slices, we identified BDNF-evoked Ca2+ transients in dendrites and spines, but not 
at presynaptic sites. Pairing a weak burst of synaptic stimulation with a brief 
dendritic BDNF application caused an immediate and robust induction of LTP. LTP 
induction required activation of postsynaptic Ca2+ channels and N-methyl-D- 
aspartate receptors and was prevented by the blockage of postsynaptic Ca2+ 
transients. Thus, our results suggest that BDNF-mediated LTP is induced 
postsynaptically. Our finding that dendritic spines are the exclusive synaptic 
sites for rapid BDNF-evoked Ca2+ signaling supports this conclusion. 

Neurotrophins promote neuronal survival and 
differentiation, but it has become increasing- 
ly clear that they also have essential roles in 
synaptic plasticity (1-3). Exogenous BDNF 
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