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and mammary gland, indicating mucin homology among all these organs at the RNA level. We conclude that the
bronchus and intestine express a common mucin gene, which is likely co-expressed by at least several other mucin-
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Abstract

The amino acid and sugar compesition of mucins from various
organs is similar but not identical. This could arise by one or
more of the following: organ-specific processing of a single core
protein, organ-specific splicing of a single mucin mRNA, or
organ-specific expression of various mucin genes. To begin to
investigate the source of this variability, we examined (@) immu-
nological cross-reactivity and (b)) cDNA cross-hybridization,
among several mucin-secreting organs of the human body. Pep-
tide-directed antibodies raised against both nondeglycosylated
(LS) and deglycosylated (HFB) intestinal mucin strongly
stained mucous cells in the bronchial epithelium and submuco-
sal glands, indicating homology between mucins of the bron-
chus and intestine at the peptide level. By screening a bronchus
cDNA library with an intestinal mucin cDNA, SMUCH41, we
isolated a bronchus mucin cDNA, HAM-1. This cDNA is 96%
homologous to the first repeat of SMUC-41. HAM-1 hybrid-
ized to restriction fragments of human genomic DNA identical
to those hybridizing to SMUC-41 on Southern blots. SMUC-
41 also hybridized to polydisperse transcripts in the bronchus,
cervix, gall bladder, and mammary gland, indicating mucin ho-
mology among all these organs at the RNA level. We conclude
that the bronchus and intestine express a common mucin gene,
which is likely co-expressed by at least several other mucin-se-
creting organs. (J. Clin. Invest. 1991. 87:77-82.) Key words:
mucus hypersecretion « mammary mucin ¢ gall bladder mucin
cervical mucin ¢ cystic fibrosis

Introduction

Mucin is a high-molecular weight glycoprotein that plays im-
portant roles at several mucosal surfaces of the body including
respiratory (1), gastrointestinal (2), and urogenital (3) tracts.
Biochemical analysis of purified mucins from various human
tissues shows that they share several general properties: high
molecular weight (> 10° D), high carbohydrate content (70—
80%), and oligosaccharides consisting of N-acetyl galactos-
amine, galactose, fucose, sialic acid, and N-acetyl glucosamine
(4). The latter are joined by O-glycosidic linkages to the core
protein or apomucin, which is typically rich in hydroxyamino
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acids (2, 5-7). However, despite these similarities, extensive
microheterogeneity exists, with mucins from various sources
showing different stoichiometry of amino acids and sugars
(compare 5, 7-9).

The significance of the biochemical differences between
mucins has remained obscure. One possibility is that different
mucin genes are expressed in different organs to serve organ-
specific functions. Thus, mucin of the respiratory tract, whose
principal role is in mucociliary clearance (1), differs chemically
from mucin in the cervix, whose principal role is in fertilization
(10). It has been disputed as to whether these diverse functions
could be served by a single mucin gene.

“Recently, apomucin cDNAs have been cloned from human
mammary tumor (11) and intestine (12). Although full-length
cDNAs have not yet been reported, nucleotide and amino acid
comparison indicates no similarities, except for the presence of
tandem repeats of different lengths. Chromosome mapping
shows the two genes are located on different chromosomes,
supporting a one-organ—-one-gene hypothesis. On the other
hand, a comparison of amino acid composition between air-
way and intestinal mucins (2, 7, 8) revealed a high degree of
similarity. Furthermore, recent data showed that antibodies
raised against the core protein of bronchial mucin cross-reacted
with mucin in intestinal goblet cells, strengthening the possibil-
ity of close structural homology between mucins from the two
organs (13). On this basis, it seemed possible that the airways
and the intestinal tract might express a single, or two closely
related, mucin genes.

Using an intestinal mucin cDNA, SMUC 41 (12), we have
shown that the same mucin gene is not only expressed in the
airways and intestine, but is homologous to a gene or genes
expressed in the gallbladder, cervix, and mammary gland. Us-
ing this cDNA, we have isolated a mucin cDNA from human
bronchus whose properties confirm its relationship to the
SMUC-41 gene. This cDNA should prove useful in studies of
the regulation of mucin gene expression in disorders such as
cystic fibrosis (14), chronic bronchitis (15-17), and bronchial
carcinoma (17-21).

Methods

Histology and immunocytochemistry. Antibodies used in this study
were described previously (12, 22). Briefly, mucin was purified from
nude mouse xenografts of LS174T human colon carcinoma cells and
deglycosylated using anhydrous hydrogen fluoride. Rabbit polyclonal
antibodies were raised by using untreated mucin (LS), partially degly-
cosylated product predominantly consisting of GalNac-apomucin
(HFA), and totally deglycosylated mucin (HFB) as immunogens.
Paraffin sections (5 um) of surgical specimens of human bronchial
tissue were deparaffinized before routine staining with hematoxylin
and eosin or prepared for immunocytochemistry. For immunocyto-
chemistry, sections were rinsed in PBS and then blocked in 5% normal
rabbit serum in PBS. All reactions were carried out at room tempera-
ture. Antibodies were diluted in PBS. Antibody was applied to sections
for 2 h. After rinsing, sections were incubated with second antibody
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consisting of goat anti-rabbit IgG-biotin. After rinsing, sections were
incubated with streptavidin-peroxidase conjugate, and rinsed again be-
fore development of the reaction with diaminobenzidine. Sections
were counterstained with methyl green, covered with Permount, and
photographed using a Zeiss photomicroscope.

RNA blots. Total RNA was extracted from human airways and
other human tissues as described (23). Poly A* RNA was selected using
oligo-dT-cellulose (Collaborative Research, Inc., Waltham, MA) col-
umn chromatography. RNA was fractionated by denaturing 1% aga-
rose/formaldehyde gel electrophoresis and transferred to a nylon mem-
brane (GeneScreen, New England Nuclear, Boston, MA) by capillary
blotting. cDNA probes were labeled with [*?P]JdCTP (Amersham
Corp., Arlington Heights, IL) by the random priming method (BRL
Random Priming Kit) to a specific activity of > 10° cpm/ug DNA.
Hybridization was performed at 42°C for 16-24 h in a solution con-
taining 50% formamide, 1.0 M NaCl, 0.2% BSA, 0.2% Ficoll, 0.05 M
Tris-HCI (pH 7.0), 0.1% sodium pyrophosphate, 10% dextran sulfate,
and denatured salmon sperm DNA (> 100 ug/ml). Blots were then
washed in 0.3 M NaCl, 0.03 M Na-citrate (2X SSC) at room tempera-
ture, 0.2X SSC, 1% SDS at 63°C for 30 min, and 0.2X SSC at room
temperature for 10 min. After autoradiography, probes were stripped
and blots rehybridized with a cDNA probe encoding beta-actin.

Genomic DNA blots. Genomic DNA was prepared from human
fibroblasts (24). 10 ug DNA was digested to completion with Hind III
and Apa I (BRL) as judged by ethidium bromide staining. After electro-
phoresis through a 0.7% agarose gel, DNA was transferred to a nylon
membrane (GeneScreen, New England Nuclear) by capillary blotting.
Hybridization and washing were performed under conditions de-
scribed above with a modification of hybridization conditions for the
smaller probe (no formamide, 60°C).

Construction and screening of a bronchus cDNA library. RNA was
extracted as described above from a surgical specimen from a patient
with chronic bronchitis. Polyadenylated RNA was enriched by oligo-
dT column chromatography (Pharmacia Fine Chemicals, Inc., Piscata-
way, NJ). mRNA was tested by in vitro translation (rabbit reticulocyte
lysate, Amersham Corp.). 5 ug of poly-A* RNA were used for synthesis
of oligo-dT-primed cDNA, using Amersham’s cDNA Synthesis System
Plus. Double-stranded cDNA was cloned into the EcoRlI site of lambda
ZAP I (Stratagene, La Jolla, CA) using Gigapack Gold as a packaging
kit (Stratagene). Screening of the library was performed at 3,000 pfu/
150-mm plate. Plaque lifting to duplicate nitrocellulose filters
(Schleicher & Schuell, Keene, NH) was carried out as described (25).
Hybridization, washing, and autoradiography were performed essen-
tially as described above, except that 5X SSC was used in the hybridiza-
tion solution.

Sequencing. Bluescript vector containing the insert of interest was
prepared by in vivo excision (26). Nucleotide sequence of both strands
was determined by the dideoxy chain termination method (27) using
[>*S]JdATP (Amersham Corp.) and modified T7 DNA polymerase
(United States Biochemical Corp., Cleveland, OH).

Resuits

The LS antibody raised against nondeglycosylated intestinal
adenocarcinoma mucin stained mature secretory granules in
goblet cells of the bronchial epithelium (data not shown) in a
similar fashion to that reported for intestinal goblet cells (21).
LS antibody also recognized secretory granules in cells of the
submucosal glands. Some gland tubules were negative, presum-
ably representing serous gland cells, and possibly including
some mucous cells. The HFA antibody, raised against partially
deglycosylated mucin, stained mucous gland, and goblet cells
below and around the mucous granules (Fig. 1 D), probably
targeting the Golgi apparatus. Using the HFB antibody, raised
against totally deglycosylated mucin core protein, reactive ar-
eas were below and around the mucous granules, probably tar-
geting both the rough endoplasmic reticulum and Golgi appara-
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tus (Fig. 1 B). These data provide evidence that mucin core
proteins structurally related to those in the intestine are ex-
pressed in the bronchus. Although goblet cells and mucous
gland cells reacted with the three antibodies, a subpopulation
was unreactive, suggesting the existence of other types of mucin
molecules.

To evaluate the similarity between airway and intestinal
mucin at the mRNA level, we performed Northern blots and
compared SMUC 41 hybridization signals in RNA from air-
ways and intestine. RNA was extracted from tumor-free colon
and bronchus specimens removed during tumor surgery from
two individuals. The bronchus tissue was from a smoker with
chronic bronchitis. Hybridization of bronchus poly (A)* RNA
with the human small intestinal mucin cDNA SMUC 41 was
first performed under low-stringency washing conditions (2X
SSC, 50°C). The signal persisted, however, under high-strin-
gency washing conditions (0.2X SSC, 63°C), indicating a high
degree of homology between human intestinal and airway mu-
cin mRNAs. The airway mucin mRNA showed a polydisperse
hybridization signal similar to that in the intestine (Fig. 2, also
see reference 12). That RNA degradation did not account for
the observed polydispersity was indicated by the fact that the
RNA showed sharp ribosomal bands on ethidium bromide
stained agarose gels. This was supported by reprobing the same
blots with a beta-actin probe, which revealed sharp bands of the
expected size (Fig. 2). Based on accumulating data from several
laboratories (12, 30), polydispersity is considered an inherent
property of mucin mRNA.

To further investigate the degree of homology between in-
testinal and airway mucin, we used the intestinal mucin probe
SMUC 41 to isolate a cDNA encoding airway mucin. We con-
structed an airway library consisting of 350,000 independent
recombinants before amplification. Screening of 30,000
plaque-forming units (pfu) of the unamplified library under
highly stringent conditions with SMUC 41 yielded one strongly
positive signal. After rescreening to clonality and in vivo exci-
sion of pBluescript vector, sequencing was performed on both
strands. The sequence of the bronchus cDNA fragment HAM-
1 is highly homologous to the first repeat of the intestinal mu-
cin cDNA SMUC 41 (Fig. 3 A). The deduced amino acid se-
quence differs in four amino acids, but contains a copy of the
highly conserved sequence TTTTVTPTPTPT characteristic of
the three intestinal mucin cDNAs previously described (12)
(Fig. 3 B). The four amino acid substitutions were confirmed
by bidirectional sequencing of an identical insert in a different
clone. We interpret this substituted sequence to represent a
repeat not contained in SMUC 40-41, but present on the same
transcript.

As expected, hybridization of the intestinal mucin cDNA
SMUC 41 and the bronchus cDNA HAM-1 to restriction frag-
ments (Apa I and Hind III) of human genomic DNA yielded
identical bands at 13.0 (Apa I) and 9.0 kb (Hind III) (Fig. 4).
Based on this data, it is likely that a single gene encodes a
mucin core protein in the airways and the intestine.

To investigate whether the same gene is expressed in other
human mucin-producing tissues, we performed Northern anal-
ysis using poly (A)* RNA from surgical or autopsy specimens
of mammary gland, cervix, and prostate. RNA from gall blad-
der was not poly (A)* selected.

RNA blots hybridized with SMUC 41 showed polydisperse
hybridization signals in the cervix, mammary gland, and gall
bladder. Duplicate tissue samples for the above showed the
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Figure 1. Immunocytochemical staining of human bronchus with intestinal mucin antibodies. (4) Bronchial surface epithelium stained with
hematoxylin and eosin. Magnification, 80. (B) Same as in 4, but showing subcellular sites (arrows) containing antigen recognized by HFB (totally
deglycosylated mucin peptide) antibody. Staining is below and around secretory granules, in the Golgi region of mucous cells. (C) Bronchial
mucous glands stained with hematoxylin and eosin. Magnification, 80. (D) Same as in C, but showing subcellular sites (arrows) containing
antigen recognized by HFA (partially deglycosylated mucin peptide) antibody. Staining is below and around secretory granules, in the Golgi
region of the mucous gland cells. C, cilia; M, mucous granules of mucous and goblet cells; C7, connective tissue.

same positive responses. RNA from prostate, however, showed
a strong positive signal in only one of the two samples. This
may have occurred due to differences in the regions taken for
the biopsies, ages of the individuals, or clinical profiles. Rehy-
bridization of all RNA samples with an actin cDNA showed
sharp bands indicating that degradation of RNA could not ac-
count for the polydispersity observed in the mucin signals. The
maximum size of the polydisperse signals varied among organs
(Fig. 5). Comparing the actin and mucin signals within and
between lanes, it is apparent that the various organs differ in
the abundance of mucin message. This is not surprising in view
of the differences in the number of mucous (goblet) cells and
proportional volume of epithelium with respect to other tissue
types within the various organs. That all of these signals sur-
vived high stringency washing conditions (0.2X SSC, 63°C)
suggested that, like the airway mucin message, they are tran-
scripts from the same or closely related mucin genes. This possi-
bility remains to be tested by the isolation and analysis of
c¢DNAs from these organs.

Discussion

The amino acid compositions of bronchial and intestinal mu-
cins (2, 7, 8) are similar enough to suggest that the mucins are
built on similar or identical core proteins. Support for this view
was obtained by Perini et al. (13) who demonstrated that mate-
rial in the endoplasmic reticulum and Golgi region of intestinal
mucous cells was recognized by an antiserum directed against
deglycosylated bronchial mucins. In the present study, we have
extended these results by showing that antibodies directed
against deglycosylated intestinal mucins (12, 22, 28) also recog-
nize material in the endoplasmic reticulum and Golgi region of
bronchial mucous cells. Thus, there is a reciprocal immunologi-
cal cross-reactivity between mucins of the intestine and the
bronchus.

The polyclonal antisera used by Perini et al. and ourselves
likely contain antibodies directed against many different anti-
genic determinants, possibly corresponding to multiple mucin
gene products. To better define the basis for the similarity be-
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Figure 2. RNA blot hybridized with
intestinal mucin cDNA SMUC 41.
Human colon (=~ 0.5 ug poly(A)* RNA),
human bronchus (=~ 5 ug poly(A)* RNA),
human placenta (=~ 0.3 ug poly(A)*
RNA). RNA size markers in kB (BRL).
Blot was hybridized with SMUC 41,
B-Actin washed under high-stringency conditions
(0.2x SSC, 1% SDS, 63°C), and
autoradiographic exposure was performed
for 16 h using an intensifying screen
(Cronex, DuPont Co., Wilmington, DE).
The same blot was rehybridized with a
B-actin probe. Exposure was for 16 h.
a
J— IA CGACACCCATCTCCACCACCACTACGGT ~ HAM-1
CCAACCC ..t tie e e eeieanennns SMUC-41
L, repeat1

SMUC41

TTPISITITVIPTPTPIGTQT PTTTTTSITT
|, repeat 2

Figure 3. Nucleotide and deduced amino acid sequence comparison
between bronchial mucin cDONA HAM-1 and intestinal mucin cDNA
SMUC 41. (4) Nucleotide sequence comparison, differences are
indicated. (B) Amino acid sequence of HAM-1. The highly conserved
sequence described by Gum et al. (12) is underlined.
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Figure 4. Southern blot of
genomic DNA hybridized
with intestinal mucin
cDNA SMUC 41 (4) and
bronchial mucin cDNA

Hind Il
Hind Il

A 5 " 5 HAM-1 (B). Blot was
hybridized with SMUC 41,
.43.0 Stripped, and reprobed with
. i HAM-1 as described under

Methods. DNA size
markers in kB (BRL).

tween intestinal and bronchial mucins, we analyzed them at
the level of RNA, using an intestinal mucin-specific cDNA,
SMUC 41 (12). Hybridization of bronchial RNA to SMUC-41
survived high-stringency washing conditions (Fig. 2), support-
ing the possibility that the bronchus shared with the intestine
expression of the SMUC mucin gene. This led us to screen a
human bronchial cDNA library with SMUC-41, permitting
the isolation of a bronchial mucin cDNA, HAM-1. This cDNA
shows 96% homology to the first repeat of SMUC 41 as
well as conservation of the highly conserved sequence
TTTTVTPTPTPT common to the three intestinal mucin
cDNAs previously described (12). Together with the data from
genomic Southern blots (Fig. 4), showing that the intestinal
and bronchial mucin cDNAs hybridize to the same restriction
fragments, these data indicate that the bronchus expresses a
mucin gene also expressed by the intestine.

All of the bronchus RNA used in this study was taken from
individuals with chronic bronchitis. In view of the abnormally
high mucus production seen in this disease, it is possible that
mucin gene expression is itself abnormal. If so, the SMUC-like

- transcripts we observed by both Northern blot and library

screening may be peculiar to diseased airways. Because it is
difficult to obtain RNA from healthy human airways, the ques-
tion of whether SMUC or other mucin genes are expressed in
the absence of disease must remain open at this time.

Recent evidence (29) has shown that antibodies directed
against intestinal mucin (LS, HFA, HFB) cross-react with mu-
cin-producing organs deriving embryologically from endo-
derm (bronchus and intestine), but not ectoderm (urogenital
tract) or mesoderm (mammary gland). Extending the analysis
to the RNA level in the present study, we obtained SMUC 41
hybridization signals, under high stringency washing condi-
tions, from gall bladder (endodermal), cervix (ectodermal), and
mammary gland (mesodermal). This indicates that expression
of the SMUC-41 cognate gene is widespread throughout the
mucin-producing organs of the human body. RNA processing
or posttranscriptional modifications of the core protein may
account for the differences observed between our hybridization
data and the immunocytochemical data reported by Yan et
al. (29).

The total number of human mucin genes and their possible
coexpression by various organs is currently unknown. The pres-
ent study provides the first evidence for coexpression of a single
mucin gene in at least two separate organs (intestine and bron-
chus). It is likely from immunocytochemical studies that the
PUM mucin gene is also expressed in two different organs
(mammary gland and lung 30, 31). Much remains to be
learned about the nature of organ-specific processing of these
co-expressed genes, at the level of both RNA and peptide.
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Figure 5. RNA blot of
mucin-producing tissues
hybridized with SMUC
—4.4 41. Placenta (=~ 0.3 ug
poly(A)* RNA), cervix
—2.4 (=~ 6 ug poly(A)*
RNA), mammary gland
i (=~ 0.3 ug poly(A)*
RNA), prostate (= 0.6
ug poly(A)* RNA), gall
bladder (=~ 10 ug total
RNA). The gall bladder
—0.2 sample was run as part
of a separate blot. Blots
were hybridized with
i SMUC 41 and washed
under identical high-
stringency conditions
(0.2x SSC, 1% SDS,
63°C). Autoradiography
was performed using an
intensifying screen
(Cronex, Dupont).
Exposure was for 72 h.
Blots were stripped and
rehybridized with a 8-
actin probe. Exposure
was for 16 h.
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The present data on the expression of the SMUC gene in the
human bronchus is the fourth example of a mucin-secreting
organ producing mucin with the property of tandem repeats.
Other examples are the mammary gland tumor mucin (11), the
human SMUC intestinal mucin (12), and the porcine subman-
dibular gland mucin (32). The repeat structure apparently rep-
resents a modular glycosylation unit. Each threonine-rich pep-
tide repeat should present similar or identical glycosylation
sites for cellular glycosyltransferases. The presence of tandem
repeats means that despite considerable heterogeneity, there

. may exist ordered domains of specific oligosaccharide chains
repeating n times. The modular nature of the mucin monomer
should lend itself to length modification by alternative splicing,
a phenomenon which could account for the remarkable poly-
dispersity of mucin message length (this paper, 12, 30).

Alternative splicing could be achieved by retained introns,
the presence of alternate 5’ donor and 3’ acceptor sites, the use
of alternative promotors and polyadenylation sites, internal
mutually exclusive exons or cassette exons (for review 33).
Consistent with this possibility is the observed polydispersity in
(a) the length of bronchial glycoproteins (8), (b) the molecular
weight of mucin precursors (34), and (c) the molecular weight
of deglycosylated mucin peptides (13).

Heterogeneous subpopulations of epithelial goblet or mu-
cous gland cells may contribute to the observed polydispersity,
since biochemically distinct subpopulations of mucous cells
have been identified in both the intestine (35) and airways (36).
Whatever the mechanism, the ability of a cell to modulate the

length of the mucin monomer should enable it to influence
mucus gel stability (resistance to dispersion) because the latter
parameter is proportional to the square of the average mono-

mer length (37).
Mucus hypersecretion is a key symptom of chronic bron-

chitis (15) and is correlated with the subsequent development
of lung cancer (17, 21). The pathogenesis of hypersecretion has
been difficult to understand due to the lack of biochemical
markers. The availability of mucin cDNAs will facilitate stud-
ies of hypersecretion by providing tools with which to monitor
steady-state levels of mucin mRNA in various pathological
samples. Ultimately, analysis of the regulatory regions of mu-
cin genes should reveal how mucin production is controlled at
the first biosynthetic control point, that of mRNA transcrip-

tion.
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