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ABSTRACT

Background: Cystic fibrosis (CF) is characterized by
pancreatic destruction following the gradual obstruction
of small pancreatic ducts, from the mid-trimester of ges-
tation onwards. To date, the material causing the ob-
struction has not been identified. The MUC6 mucin
cDNA was isolated from human stomach and has been
shown to be expressed in a number of other tissues in
the gastrointestinal tract, including the gall bladder and
parts of the ileum and colon.
Materials and Methods: We have examined the ex-
pression of MUC6 mucin in the human pancreas, both
during development and postnatally, by mRNA in situ
hybridization and immunocytochemistry.

INTRODUCTION
Cystic fibrosis (CF) is characterized by pancreatic
insufficiency due to destruction of the pancreas.
The precise cause of the destruction has gener-
ally been thought to be obstruction of the pan-
creatic ducts by inspissated secretions. These se-
cretions may include mucous glycoproteins and
other proteins; however, the composition of the
secretions has not been defined. One of the ear-
liest pathological manifestations of CF in utero is
the deposition of periodic-acid Schiff-positive
material in the fetal pancreatic ducts at about 12
weeks of gestation (1). We have shown that the
cystic fibrosis transmembrane conductance reg-
ulator (CFTR) gene (2), that is mutated in CF, is
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Results: In this report we establish that MUC6 tran-
scripts are abundant in pancreatic epithelial cells and
show a very similar pattern of expression in the epithe-
lium lining small ducts and centroacinar cells to that
shown by the cystic fibrosis transmembrane conduc-
tance regulator gene (CFTR). In addition, material ob-
structing the pancreatic ducts of CF pancreas was shown
to contain MUC6 mucin.
Conclusion: We have identified MUC6 mucin as a sig-
nificant constituent of the material obstructing the small
pancreatic ducts in CF.

expressed by 12 weeks of gestation in the fetal
pancreatic duct epithelium (3-5). We have now
identified MUC6 as a major pancreatic mucin
that is expressed by 13 weeks of gestation and
shows a pattern of distribution that is very sim-
ilar to that of CFTR from this age through to
adult life. The localization of expression of MUC6
mRNA has been confirmed with a polyclonal
chicken antibody raised against a synthetic pep-
tide corresponding to a tandem repeat region of
MUC6 (6). Further, we have shown in fetal CF
pancreas that the MUC6 mucin is a significant
constituent of the material that causes the char-
acteristic obstruction of small ducts.

MATERIALS AND METHODS
Tissues from mid-trimester terminations were
obtained with local ethical committee approval
and age was determined on the basis of foot
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length. Pancreas samples were from four fetuses
of 13 weeks gestation and one each of 16.5, 23,
and 24.5 weeks. Postnatal pancreas tissues were
obtained from organ donors and were from 2-,
17- and 19-year-old males. Two CF pancreases
were analyzed. One was from a male AF508
homozygote who was born prematurely at 28
weeks gestation and died 21 days later from re-
spiratory failure, at an age equivalent to 31
weeks gestation (28+ 3 weeks). The second was a
29-week intrauterine death due to intestinal
rupture. The fetus was diagnosed on the basis of
pathology consistent with CF and was heterozy-
gous for AF508 and an undefined mutation. Tis-
sues for in situ hybridization were fixed directly
in 4% paraformaldehyde (pH 9.5) overnight at
40C, and embedded and frozen in liquid nitrogen
prior to cutting 10-gm sections. Frozen sections
were mounted onto Vectabond-treated slides
(Vector Laboratories) and stored dessicated at
-20°C until used.

In Situ Hybridization

In situ hybridization was carried out as described
previously (5). The following probes were used:
for MUC6, a 74-bp double-stranded oligonucle-
otide GGTCCACACACACAGCCCCACCAGTGA
CGCCGACCACCAGTGGGACGAGCCAAGCCGC
GAGCTCATTCAGCACA) (bases 308-381 EMBL
Accession number L07517) with additional bases
to enable direct cloning into the BamHI and
HindlIl sites of pBluescript. Antisense and sense
MUC6 35S-labeled riboprobes were generated
from the T7 and T3 promoters, respectively. The
antisense (HCF-3) and sense (HCF-4) 35S-labeled
cRNA probes for CFTR were generated from an
EcoRl /Xbal fragment (exons 1-5, bases 62-645)
as described previously (5). Purified probes were
diluted to 5 X 106-2 X 107 cpm/ml in a hybridiza-
tion solution containing fornamide (final concen-
tration 60-65%), IX Denhardt's solution, 10%
dextran sulphate, 0.5 mg/ml RNase-free transfer-
RNA (tRNA), and 10 mM dithiothrietol (DTT).

Tissue sections were digested with 10 gg/ml
proteinase K for 2 min at 370C, then treated with
25 mM acetic anhydride in 0.1 M triethanol-
amine (pH 8.0) for 10 min at room temperature;
they were briefly rinsed in 2X SSC before dehy-
drating quickly through a graded ethanol series
and air dried. As a control for nonspecific binding
of the antisense probe, some sections were
treated with 20 jig/ml RNase A for 15 min at
room temperature before incubation with pro-
teinase 1K.

Hybridization was done overnight at 5 5°-
600C. Post-hybridization, slides were washed
four times in 4X SSC at room temperature and
digested with RNase A for 30 min at 37°C. Sec-
tions were washed at a final stringency of 0.1 X
SSC at 60°C or 70°C for 30 min and dehydrated.
Slides were exposed to Kodak Nuclear Tracking
(NTB-2) liquid emulsion for 10-14 days at 4°C.
The slides were developed, fixed, and counter-
stained with hematoxylin and eosin.

Immunocytochemistry
6-aim sections were cut from the same paraform-
aldehyde-fixed, frozen tissues that were used for
in situ hybridization experiments. Sections were
rehydrated in phosphate-buffered saline (PBS)
and then treated with 0.225% H202 in 80%
methanol for 20 min. Sections were subse-
quently exposed to (a) 1:3000 diluted M6P (anti-
MUC6) chicken antipeptide polyclonal serum
(2), preimmune serum or PB S for 1 hr; (b)
1:1000 diluted peroxidase-conjugated rabbit-
anti-chicken immunoglobulins for 1 hr; and (c)
biotinylated swine anti-rabbit immunoglobulins
for 1 hr. The M6P antibody recognizes a 23 amino
acid synthetic peptide (KPPFTTHSPPTGSSPFSS
TGPMT) located within the 169-amino acid tan-
dem repeat unit of the MUC6 mucin. Preabsorp-
tion of the M6P antibody with MUC6 synthetic
peptide largely abolished its reactivity. Peroxi-
dase label was then visualized with the Strept-
ABC complex/HRP kit (Dako) according to the
manufacturer's instructions. Tissue sections were
stained with hematoxylin.

RESULTS
MUC6 mRNA

Abundant MUC6 mRNA expression was detected
throughout the pancreatic duct epithelia and the
developing acini at or by 13 weeks of gestation,
the earliest fetal age examined (Fig. lA-C). A
similar pattern of expression was seen at 23
weeks (Fig. 2A-C). MUC6 expression patterns in
a 28+3 week AF508 CF pancreas appeared
normal (Fig. 2G-I). In postnatal pancreas
(Fig. 3A-D) MUC6 expression was seen in inter-
lobular and intralobular duct epithelial cells, cen-
troacinar cells, and possibly acinar cells (the in
situ technique might not enable discrimination
between centroacinar cells and acini). There was
substantially less MUC6 mRNA in larger pancre-



C. J. Reid et al.: CF Pancreatic Duct Obstruction by MUC6 Mucin

FIG. 1. Expression of MUC6 and CFTR mRNA in 13-week pancreas
Expression of MUC6 mRNA (A-C) and CFTR (D-F) in 13-week fetal pancreas. Panels A and D show bright-field
views of pancreas sections hybridized with the MUC6 and CFTR antisense probes, respectively, and panels B and E
show dark-field images of the same sections. Panels C and F show dark-field views of consecutive sections hybrid-
ized with the MUC6 and CFTR sense negative control probes, respectively. Arrowheads in panels A and D and ar-
rows in panels B and E denote interlobular and intralobular ducts. Scale bar = 200 ,um for all panels.
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FIG. 3. Expression of MUC6 and CFTR mRNA in 2-year-old pancreas
Expression of MUC6 mRNA (A-D) and CFTR (E-H) in 2-year-old pancreas. Panels A and D show bright-field
views of pancreas sections hybridized with the MUC6 antisense probe; panels E and F show bright-field views of
pancreas sections hybridized with the CFTR antisense probe. Panels B and G show dark-field images of the same
sections shown in panels A and F. Panels C and H show dark-field views of consecutive sections hybridized with
the MUC6 and CFTR sense negative control probes, respectively. Arrowheads in panels A, D, E and F and arrows
in panels B and G denote interlobular and intralobular ducts and centroacinar cells. Scale bar = 200 gum for panels
A-C and F-H; scale bar = 100 ,um for panels D and E.
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atic duct structures and no detectable expression
in islets.

CFTR mRNA

Data presented in Figs. 1 (panels D-F) and 2
(panels D-F) show CFTR expression in fetal pan-
creas at 13 and 23 weeks, respectively, within
pancreatic ducts (interlobular, intralobular, and
centroacinar cells) and within developing acini.
No CFTR mRNA is detectable in the pancreatic
islets. A 28+3 week AF508 CF pancreas showed
the same pattern of expression of CFTR
(Fig. 2J-L). CFTR and MUC6 transcripts have
nearly identical expression patterns in the 13-
and 23-week fetal pancreas. A similar pattern of
colocalization of MUC6 (panels A-D) and CFTR
mRNA (panels E-H) is seen in postnatal pancreas
(Fig. 3).

MUC6 Glycoprotein
The M6P antibody, a chicken polyclonal anti-
body that was raised against a MUC6 tandem
repeat peptide, was used to localize the MUC6
glycoprotein in normal and CF pancreas (Fig. 4).
Panels A-D show hematoxylin and eosin-stained
sections of normal 32-week gestation fetal pan-
creas (panels A and B) and the 28+3 week CF
pancreas (panels C and D). An abnormal histol-
ogy is apparent in the CF pancreas with material
obstructing dilated ducts (see arrow in panel D).
MUC6 protein expression is seen in 23-week
pancreas in developing pancreatic ducts and
acini (panels E-G; E, preimmune serum, F and G,
M6P). The arrow in panel G identifies MUC6
expression in developing acini/centroacinar cells.
MUC6 protein expression in a 2-year-old normal
pancreas is illustrated in panels K-M (K, preim-
mune serum, L and M, M6P). The arrow in panel
M shows acinar expression of MUC6 which is
also seen in the epithelial cells lining small ducts
and in centroacinar cells. Panels H-J show MUC6
protein expression in 28+3 week CF fetal pan-
creas detected by the M6P antibody. The arrows
in panels I and J show MUC6 to be a significant
component of the material obstructing the small
intralobular ducts in this CF pancreas. Similar
results were obtained on a 29-week CF fetal
pancreas, in which the histology was less abnor-
mal but there was also evidence of MUC6 in
inspissated sectetions within the intralobular
ducts (not shown).

DISCUSSION
The MUC6 cDNA was isolated by expression clon-
ing from a human stomach cDNA library (6,7).
The cDNA has not been fully characterized but
appears to be at least 15-16 kb long. Similar to
other mucins, MUC6 contains a serine- and
threonine-rich tandem repeat sequence with an
individual repeat unit of 507 bp and 169 amino
acids. The gene maps to chromosome Ilp15.4-
lIp' 5.5. MUC6 was initially reported to be ex-
pressed at highest levels in stomach and gall
bladder, and weaker expression was detected in
the terminal ileum and right colon. Subsequent
studies confirmed this localization of expression
and also showed MUC6 mRNA in the endocervix
(8). In studies reported here and elsewhere (9)
(C. J. Reid and A. Harris, submitted), we have
investigated the temporal and spatial expression
of MUC6 in several organs through human fetal
development by mRNA in situ hybridization and
detected high levels of MUC6 mRNA in fetal,
postnatal, and adult pancreas.

The finding that MUC6 is detected through-
out the normal human pancreatic duct epithe-
lium is significant to our understanding of the
biology of mucous secretions in the pancreas.
Histochemical staining of pancreatic duct epithe-
lia has shown the presence of mucin-like glyco-
proteins; however, the precise composition of
these secretions has not been defined. It is
known that the MUC1 gene is expressed at high
levels by some pancreatic epithelial cell types
(10). MUC1 mRNA is detectable in the mid-
trimester pancreas (11) and is evident later in
gestation in the epithelium of larger pancreatic
ducts (12); however, this mucin-like core protein
is not gel-forming and it is in part cell surface-
associated via an integral transmembrane do-
main. MUCI is not known to be a major com-
ponent of the inspissated secretions that are
found in CF pancreas and its temporal and spatial
patterns of expression are distinct from CFTR.
Hence, MUC1 is unlikely to be involved in the
initial pathobiochemical events that lead to duc-
tal obstruction in CF. At 13 weeks gestation,
MUC3 (13) mRNA is evident in the main pan-
creatic duct, though not elsewhere in the pan-
creas (C. J. Reid and A. Harris, submitted), and
hence does not account for CF pathology. MUC2
(14), MUC3 (13) and MUC5B (15) transcripts
have been detected in adult pancreas (5) though
not in fetal tissues.

Thus, it is of particular interest in the context
of CF that the localization of expression of the
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FIG. 4. Expression of MUC6 protein in 32-week- and 2-year-old normal pancreas and 28+3 week CF
pancreas
Immunoperoxidase detection of MUC6 protein in the pancreas. Panels A-D, hematoxylin and eosin-stained pan-
creatic tissue; A and B, normal 32-week pancreas; C and D, 28+3 week CF fetal pancreas. Panels E-G show
MUC6 protein expression, detected with the M6P antibody, in 23-week pancreas; E, preimmune serum, F and G,
M6P. Panels H-J show MUC6 protein expression in 28+3 week CF fetal pancreas. Panels K-M show MUC6 pro-
tein expression in 2-year normal pancreas; K, preimmune serum, L and M, M6P. Scale bar = 200 ,um for panels
A,C,E,F,H,K and L; size bar = 100 ,tm for panels B,D,G,I,J and M. See text for more discussion.

CFTR gene coincides with that of MUC6 in the
pancreas. The temporal and spatial distribution
of MUC6 and CFTR transcripts show complete
concordance in the pancreas (Figs. 1-3). These
results suggest that MUC6 and CFTR are ex-
pressed in the same cell types within the pan-
creas. We have previously verified that CFTR
mRNA expressed in fetal pancreatic ducts is

translated into CFTR protein (5). Data in this
report show that MUC6 mucin glycoprotein, as
detected by the M6P polyclonal antiserum, is
present in the cell types that express the MUC6
gene-specifically, in developing acini/centroaci-
nar cells and within small ducts at 23 weeks and
13 weeks (not shown), and in acini, centroacinar
cells, and epithelial cells lining small ducts in a

lhl....'l 106.
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2-year-old normal pancreas. Further, though
neither the pattern of expression nor the gross
abundance of MUC6 transcripts was altered in the
pancreas of a 28+3 week AF508 homozygote CF
baby, post mortem, MUC6 mucin was a signifi-
cant component of the material obstructing the
small intralobular ducts. (These data were con-
firmed in a 29-week CF pancreas).

These observations may be of considerable
importance to our understanding the disease
process in the CF pancreas. The CFTR gene en-
codes a small-conductance cAMP-activated chlo-
ride ion channel (17) that is expressed at high
levels in the pancreatic duct epithelium in utero
and postnatally (18). A principal physiological
defect in the CF pancreas is one of failure to
secrete bicarbonate ions that are essential for the
normal flow of pancreatic duct secretions. One
model that would explain the pathophysiology
of CF in the pancreas, for which there is some
physiological evidence, proposes that chloride
ion efflux through CFTR is coupled to bicarbon-
ate ion secretion via a chloride/bicarbonate ex-
changer in the apical membrane of the pancre-
atic duct cell (19). The CF pancreatic duct fluid
has reduced water and bicarbonate content (20)
and is believed to contribute to the deposition of
material in the small intralobular ducts. The
composition of these deposits has not been char-
acterized, although it has been suggested that
they may contain secreted proteins and/or mu-
cus glycoproteins. We have now identified
MUC6 as a significant constituent of these ductal
deposits. Future experiments will determine the
relationship between altered CFTR functioning
and the solubility of MUC6. In summary, the
identification of MUC6 as a major pancreatic
mucin may have significant implications for the
further investigation of a number of important
pancreatic diseases, including cystic fibrosis and
chronic pancreatitis.
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