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Abstract

A cystic fibrosis trachea cDNA library was constructed and
probed with a synthetic oligonucleotide containing a consensus
sequence recently identified in human intestinal mucin. One of
the isolated clones, AMN-22, has been characterized exten-
sively. The cDNA sequence of this 884-bp fragment was de-
termined, and revealed a tandem repeat structure rich in threo-
nine and proline residues. The repeating sequence of AMN-22
was similar but not identical to that determined for gut mucin.

When examined by Northern analysis, the mRNA hybrid-
izing to AMN-22 is extremely polydisperse in cystic fibrosis
(CF) trachea, with apparent message length varying from - 2
kb to > 10 kb. A similar pattern was observed, with less abun-
dant message, in CF bronchiectatic lung parenchyma. The lung
cDNA hybridized to a similarly polydisperse message in ul-
cerative colitis colon RNA, but did not hybridize to control
RNA from U937 lymphoma cells or stomach RNA.

Pedigree analysis of restriction digests of genomic DNA
revealed a pattern indicating a single polymorphic locus for the
mucin gene expressed in the lung and the intestine. Southern
analyses of human:mouse somatic cell hybrid cell lines allow a
chromosomal localization for the mucin gene to human chro-
mosome 11, within the region 11pl3-1lpTer.

Taken together, these data demonstrate that a polymorphic
gene encodes a mucin core polypeptide expressed in both lung
and intestine. (J. Clin. Invest. 1990. 86:1921-1927.) Key
words: molecular cloning * mucins * chromosome 11 * cystic
fibrosis * gene mapping

Introduction

Mucus obtained from the lumen of airways is a complex prod-
uct made up of secretions produced by a number of different
epithelial cells, as well as variable amounts of nucleic acids,
lipids, and cell debris. The bulk ofthe secreted product derives
from submucosal glands, goblet cells, and clara cells, and the
basic composition of mucus is 95% water, 1% protein, 0.9%
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carbohydrate, and 0.8% lipid (1). The protein component
contains variable amounts of protein transudated from serum,
serous gland-derived lactoferrin, lysozyme, and locally pro-
duced immunoglobulins of various classes. The unique rheo-
logical properties of mucus, however, are determined by the
presence of heavily glycosylated macromolecules known as
mucus glycoproteins or mucins.

Over the past decade, a number of laboratories have initi-
ated characterization of the airway mucin from normal, asth-
matic, chronic bronchitic, and cystic fibrosis sputa, as well as
mucins from the submaxillary gland, intestine, and reproduc-
tive tract (2-7). Much debate arises from a lack of consensus
about methods of purification and criteria for purity of
mucins. The size of the mucin family is unknown. Generally,
there is agreement (reviewed in reference 7) that the core poly-
peptides of mucins are enriched in the hydroxy amino acids
threonine and serine, and that up to 80% of the apparent mo-
lecular weight of the mucin is 0-linked carbohydrate moieties.
Typical molecular weights for mucin macromolecules range
from 105 to 106 D. Because these chemical features thwart
analysis by classical protein chemical techniques, the size of
the mucin monomer is unknown at present as is the number of
unique gene products termed "mucins".

Recently, partial cDNAs for mucins from the submaxillary
gland and intestine and breast have been cloned using antisera
recognizing the deglycosylated core protein (8-10). In each
instance, a tandem repeat structure was observed, although
each mucin possessed a unique primary structure. The tandem
repeat motif may be explained in terms of the function of the
polypeptide as a scaffold for the carbohydrate moieties, which
impart the biological properties to the macromolecule.

A comparison of the amino analysis of human intestinal
mucin ( 11) with those determined for human tracheal mucins
(4-6) reveals a pattern not shared with mucin isolated from
submaxillary gland (8, 12). Both lung and intestinal mucins
have a predominance of threonine over serine residues, with
abundant proline content. Submaxillary mucin, distinctly, is
enriched in serine relative to threonine. Although lung and
intestinal mucins have always been assumed to be unique mol-
ecules, because of the similarities in amino acid composition
between lung and intestinal mucins, we constructed and
screened a cDNA library from cystic fibrosis trachea using a
synthetic oligonucleotide based upon the intestinal mucin
tandem repeat. We identified an abundant population of
clones hybridizing with the intestinal probe. The analysis of a
typical clone from this library is presented, along with evi-
dence which demonstrates that a single polymorphic allele lo-
cated on chromosome 11 constitutes a mucin gene expressed
in both the lung and gastrointestinal tract.
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Methods

Construction of cystic fibrosis trachea cDNA libraries. Cystic fibrosis
(CF)' trachea was removed at autopsy within 4 h postmortem, washed
in sterile saline, frozen in liquid nitrogen, and stored at -70°C until
needed. Samples of - 1-2 cm length (3-5 g) were pulverized in liquid
nitrogen using a precooled mortar and pestle. RNA was prepared using
the guanidine-CsCl gradient method (13) modified for tracheal tissues
as follows. The powdered tracheal tissue was suspended in 10-20 ml. 4
M guanidinium thiocyanate containing 0.1 M sodium acetate, pH 5.2,
5 mM EDTA, and 1% 2-mercaptoethanol, and homogenized using a

Polytron at full power for 60 s. The homogenate was made 0.5% in
sodium lauryl sarcosinate (Sarkosyl, Sigma Chemical Co., St. Louis,
MO) and was centrifuged at 2,000 g for 10 min. Solid CsCl was added
(1 g/2.5 ml homogenate) and dissolved before layering - 3.5 ml ofthe
solution over a 1.2-ml cushion of 5.7 M CsCl in 0.1 M sodium acetate,
pH 5.2, 5 mM EDTA. The gradient was centrifuged at 35,000 g using a
model SW 50.1 rotor (Beckman Instruments, Inc., Fullerton, CA) for
- 18 h at 20°C. The supernatant was aspirated, and the tube was cut at
the level ofthe CsCl cushion. The pellet was washed with 80% ethanol,
dissolved in 10 mM Tris buffer containing 10 mM EDTA and 0.5%
SDS, pH 7.6, and was extracted with phenol until the material at the
interface was negligible. The extracted RNA was precipitated with
sodium acetate and ethanol, and redissolved in diethylpyrocarbonate-
treated water and stored at -70°C. The yield ofRNA was typically 1

mg per 2 cM trachea.
Polyadenylated RNA was purified using oligo-dT cellulose (14),

and cDNA was synthesized using oligo-dT primers with avian mye-
loblastosis virus reverse transcriptase (Boehringer Mannheim Bio-
chemicals). Second strand synthesis followed the method of Gubler
and Hoffman, (15) and double stranded cDNA was blunt ended with
T4 polymerase (Boeringer Mannheim Biochemicals, Indianapolis,
IN). - 2 Mg CF tracheal cDNA was suspended in 30 Al ligase buffer,
and double stranded oligonucleotide adapters were ligated as described
by Aruffo and Seed (16). The adapted cDNA was precipitated with
ammonium acetate and ethanol, and residual adapters were removed
by passing the cDNA over a 1.2-ml column of Sephacryl S-400 which
had been preequilibrated in 10 mM Tris buffer containing 1 mM
EDTA and 0.1 M NaCI. The partially size-fractionated cDNA was next
sized using potassium acetate gradients (16), and material < 500 bp
was discarded. The sized cDNA was ligated into the COS cell expres-
sion vector pCDM8, which was the generous gift of Dr. Brian Seed,
Harvard Medical School. The plasmid library was transformed into
MC 1061 p3, and the library plated onto nitrocellulose filters. The mas-

ter filters were replica plated, and the masters frozen at -20°C after
soaking in 15% glycerol in LB broth. The library was found to contain
5 X 10' independent recombinants by miniprep analysis.

Library screening. An antisense 30-mer oligonucleotide corre-

sponding to the sequence TTTTVTPTPT (5'-tgt tgg ggt tgg ggt cac cgt
ggt ggt ggt-3') (9) was synthesized and labeled with polynucleotide
kinase (New England Biolabs, Burlington, MA) and 32P-ATP. Replica
filters of the original library were grown for 12 h at 37°C, and the
colonies lysed by placing the filters colony side up for 10 min on a sheet
of Whatman paper saturated with 0.5 M NaOH-1.5 M NaCl. The
filters were neutralized in a similar fashion using 0.5 M Tris-1.5 M
NaCl (pH 7.0), air dried, and then baked 2 h in a vacuum oven at
80°C. Baked replicas were prehybridized for several hours in 50 ml
6X standard sodium citrate (SSC), 0.1% SDS, 0.2% Denhardt's solu-
tion, and 50 yg/ml each tRNA and boiled salmon sperm DNA. - 107
dpm labeled oligonucleotide probe was then added and incubated at
42°C overnight. Filters were washed three times for 10 min each in 500
ml 2X SSC-0. 1% SDS at room temperature, then for I h at 68°C with
0.5X SSC-0.1% SDS and vigouous agitation. Dried replicates were

exposed for 48-72 h with Kodak X-Omat film and an intensifying
screen at -70°C.

1. Abbreviations used in this paper: CF, cystic fibrosis; CFTR, CF
transmembrane conductance regulator.

DNA sequencing. Clones hybridizing with the synthetic oligonucle-
otide probe were isolated and plasmid purified using CsCl gradients
(17). Plasmids were screened by sequencing both strands from poly-
linker primers using the dideoxynucleotide technique with a double-
stranded sequencing protocol (Sequenase Version II) provided by
United States Biochemical Corp., Cleveland, OH. Clone AMN-22 was
excised from pCDM8 and subcloned in both orientations into pBlue-
script SK-. Nested deletion clones (18) were prepared using exonucle-
ase III and S1 nuclease (Promega Biotec, Madison, WI). Extensive
sequence analysis of these subclones from both orientations estab-
lished the sequence ofAMN-22.

RNA and genomic DNA hybridization. 5-20 ,ug of total RNA pre-
pared by the guanidine-CsCl method (13) was denatured with formal-
dehyde and formamide, and electrophoresed through 1.2% agarose gel
containing formaldehyde (17). CF trachea RNA was obtained from an
autopsy specimen as previously described. CF bronchiectatic lobe
RNA was obtained from tissue frozen at -70°C immediately at time of
lobectomy. U937 lymphoma cell RNA was prepared from freshly cul-
tured cells. Ulcerative colitis colon RNA and human stomach RNA
were obtained from specimens obtained within 30 min of resection,
and were obtained as purified RNA as the generous gift of Dr. Chris
Stevens, Beth Israel Hospital and Harvard Medical School. Duplicate
lanes were stained with ethidium bromide to mark position of 18 and
28 S RNA. RNA was transferred to GeneScreen Plus membranes by
blotting with lOX SSC. Genomic DNA was prepared from the periph-
eral blood of a family with no history of CF, laboratory personel, or
patients with documented CF. 7.5-,ag samples of genomic DNA were
digested to completion with restriction enzyme (Sau 3a, Eco RI, Hind
III, Hph 1,) in a 50-Ml reaction mixture at 37°C for 18 h. Samples were
electrophoresed through a 1% agarose gel, and blotted as described
above. Transferred nucleic acids were prehybridized at 42°C in 50%
formamide, 1% SDS, I M NaCI, and 10% dextran sulphate (Pharmacia
Fine Chemicals, Piscataway, NJ) for 2-18 h and were then probed with

5S X 105 dpm/ml of clone AMN-22 which had been labeled with
32P-dCTP using the random primer method (Boehringer Mannheim
kit). Blots were washed with 2 X 100 ml 2X SSC at room temperature,
2 X 200 ml 2X SSC-1% SDS at 65°C for 30 min, and finally with 2
x 100 ml 0.1 X SSC at room temperature. Autoradiographs were pre-
pared using Kodak X-Omat film and an intensifying screen at -70°C
for 2-24 h.

Results

Isolation ofcystic fibrosis tracheal mucin cDNA clones. High-
quality RNA was isolated from CF tracheal tissue, despite the
potential autolysis and presence of a chronic exudate in the
specimen. When screened with an oligonucleotide designed
after a portion of the consensus sequence recently described
for human intestinal mucin (9), 47 strongly positive duplicate
clones were identified, with many other clones less strongly
hybridizing. 10 clones were initially selected and colony puri-
fied. These clones contained inserts ranging from 0.75 to 1.5
kb. Each clone was screened by sequencing both strands from
either polylinker region. Eight ofthe 10 clones contained simi-
lar or identical sequence at both terminii, and thus appeared to
contain a repeating structure. Two clones contained repeat
units at their 5' end and polyadenylated tracts at the 3'-ter-
minus, but the sequences of these clones differed at the 3'
region. They are being analyzed separately at this time. Of the
remaining eight clones, one ofthese, AMN-22, was selected for
further characterization. Restriction analysis revealed that the
repeating unit contained sites for the restriction enzymes Hph
I and Taq hIa. When clone AMN-22 was digested with Hph I,
the insert was completely digested, leaving only vector-derived
fragments when analyzed by agarose gel electrophoresis. This
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result (not shown) indicated that the entire cDNA consisted of
repeating units.

Sequence analysis ofAMN-22. Because a repeating struc-
ture was anticipated from the restriction analysis, the only
sequencing strategy available required the production of
nested deletions. AMN-22 was subcloned into pBluscript
phagemid at the Xba I site in both orientations relative to the
T7 primer. Nested deletions were prepared using the Kpn I
and Bam HI sites 5' to the cDNA. In this fashion, the T7
primer was used for all dideoxy sequencing reactions. The
sequence ofAMN-22 is presented in Fig. 1.

RNA analysis. RNA isolated from CF trachea, CF lung
parenchyma (bronchiectatic lobe), lymphoma cell line U937,
ulcerative colitis colon, and human stomach was probed with
AMN-22 cDNA. As shown in Fig. 2 A, a polydisperse message

10 20 30 40

A ACC CCA ACC CCA ACC CCC ACT GGC ACA CAG ACC CCA ACC CCG ACA
Thr Pro Thr Pro Thr Pro Thr Gly Thr Gln Thr Pro Thr Pro Thr

50 60 70 80 90
I

CCC ATC ACC ACC ACC ACC ACT ATG GTG ACC CCA ACC CCA ACA ATC
Pro Ile Thr Thr Thr Thr Thr M Val Thr Pro Thr Pro Thr Ile

100 110 120 130
I

ACC AGC ACA CAG ACC CCA ACC CCG ACA CCC ATC ACC ACC ACT ACG
Thr Ser Thr Gln Thr Pro Thr Pro Thr Pro Ile Thr Thr Thr Thr

140 150 160 170 180

GTG ACC CCA ACC CCA ACC CCC ACC AGC ACA CAG AGA ACA ACA CCG
Val Thr Pro Thr Pro Thr Pro Thr Ser Thr Gln Arg Thr Thr Pro

190 200 210 220

ACA TCC ATC ACC ACC ACC ACC AC. GTG ACC CCA ACC CCA ACA CCC
Thr S-r Ile Thr Thr Thr Thr Thr Val Thr Pro Thr Pro Thr Pro

230 240 250 260 270

ATC ACc A ACACC ACC ACG GTG ACC CCA ACC CCA ACA CCC ACC GCC
Ile Thr Thr Thr Thr Thr Val Thr Pro Thr Pro Thr Pro Thr Gly

280 290 300 310

ACA CAC ACC CCA ACA ACG ACA CCC ATC ACC ACC ACC ACC ACG GTG
Thr Gln Thr Pro Thr Thr Thr Pro Ile Ser Thr Thr Thr Thr Val

320 330 340 350 360

ACC CCA ACC CCA ACA CCC ACT GGA ACA CAG ACC CTA ACC CCA ACA
Thr Pro Thr Pro Thr Pro Thr Cly Thr Gln Thr Lou Thr Pro Thr

370 380 390 400

CCC ATC ACC ACC ACC ACT ACG GTC ACC CCA ACC CCT ACA CCC ACC
Pro Iie Thr Thr Thr Thr Thr Val Thr Pro Thr Pro Thr Pro Thr

410 420 430 440 450

GGC ACA CAG ACC CCA ACA TCC ACA CCC ATC ACC ACC ACC ACT ACG
Cly Thr Gln Thr Pro Thr Ser Thr Pro Ile Thr Thr Thr Thr Thr

460 470 480 490

CTC ACC CCA ACA CCA ACA CCC ACC CCC ACA CAG ACC CCA ACC ACC
Va1 Thr Pro Thr Pro Thr Pro Thr Cly Thr Gln Thr Pro Thr Thr

500 510 520 530 540

ACA CCC ATC ACC ACC ACC ACT ACC CTC ACC CCA ACC CCA ACA CCC
Thr Pro lIl Thr Thr Thr TShr Thr Va1 Thr Pro Thr Pro Thr Pro

550 560 570 580

ACC CCC ACA ACA TAC CCA ACT CCC ACA CCA ATC ACC ACC ACC ACT
Thr Cly Thr Arg Tyr Pro Thr Pro Thr Pro 1ie Thr Thr Thr Thr

590 600 610 620 630

ACCGCT ACC CCA ACC CCA ACA CCC ACCA,C ACA CAG AGT ACA ACA
Thr Val Thr Pro Thr Pro Thr Pro Thr Ser Thr Gln Sr Thr Thr

640 650 660 670
I

CCA ACA CCC ATC ACC ACC ACC AAT ACC CTA ACC CCA ACC CCA ACC
Pro Thr Pro Ie Thr Thr Thr Akn Thr Va1 Thr Pro Thr Pro Thr

680 690 700 710 720
I

CCC ACT CGC ACA CAC ACC CCA ACC CCC ACA CCC ATC ACC ACC ACC
Pro Thr Cly Thr Cln Thr Pro TShr Pro Thr Pro Ile Thr Thr Thr

730 740 750 760

ACC ACT ATG CTG ACC CCA ACC CCA ACA ATC ACC AGC ACA CAG ACC
Thr Thr 1= Val Thr Pro Thr Pro Thr Ile Thr Ser Thr Gln Thr

770 780 790 800 810

CCA ACc CCC ACA CCC ATC ACC ACC ACT ACG GT ACC CCA ACC CCA
Pro Thr Pro TShr Pro le Thr Thr TShr Thr Val TShr Pro TShr Pro

820 830 840 850

ACA CCC ACC AGC ACA CAC AGA ACA ACA CCG ACA TCC ATC ACC ACC
Thr Pro Thr Ser Thr Gln Arg Thr Thr Pro Thr Ser Ile Thr Thr

860 870 880
II

ACC ACC ACC GTG ACC CCA ACC CCA ACA C
Thr Thr Thr Val Thr Pro Thr Pro Thr

Figure 1. cDNA sequence of human CF tracheal mucin fragment
AMN-22.

length was observed for CF tracheal RNA with the bulk inten-
sity > 2 kb. A fine band at - 15 kb is observed, which may
represent the primary transcript. When comparing the CF tra-
chea with CF lung parenchyma, it is clear that the message is
predominant and abundant in the trachea (compare 4- and
18-h exposures). That the polydispersity does not represent
message degradation is shown by the sharp 18- and 28-S RNA
bands (inset). Additionally, unrelated cDNA probes display
sharp bands with CF trachea and lobe RNA (data not shown,
see Discussion). Two additional RNA samples expected to
contain a mucin message, as well as a negative control, were
analyzed. As shown in Fig. 2 B, an extremely strong signal
(12-h exposure) was seen in the ulcerative colitis colon RNA,
whereas stomach and U937 RNA did not hybridize to
AMN-22 cDNA.

Genomic DNA analysis. Genomic DNA prepared from
lymphocytes of four healthy volunteers or four patients with
CF was digested with HphI, Sau 3a, Hind III, or Eco RI. In
each instance, a single band > 12 kb was seen with Eco RI, and
digestion of genomic DNA with Hph 1 revealed no fragments
hybridizing with AMN-22 cDNA (data not shown). Analysis
of five individuals (three CF, two non-CF) whose DNA was
digested with Hind III showed a single band at > 12 kb in four
cases; one individual showed two fragments. To ascertain the
nature of the latter polymorphism, Hind III-restricted geno-
mic DNA from the parents of the control subject was probed.
As shown in Fig. 3 A, one parent had the single Hind III
fragment at > 12 kb, whereas both the smaller fragment at 12
kb, and the common > 12-kb band were present in the other
parent. To clarify this observation, the kindred was next
probed after digestion of genomic DNA with Sau 3A. As
shown in Fig. 3 B, a clear pattern was obtained, which indi-

A B
4h 18h

0

0
4

28S -

20S-

C ~c
n0

D (13

0

a

- 28S

- 18S

Figure 2. RNA analyses. 10 gg of total RNA from the indicated tis-
sues was subjected to denaturing agarose gel electrophoresis, and
blotted to nylon membranes. Blots were probed with [32P]-labeled
cDNA AMN-22, and washed as described in Methods. (A) Autora-
diograph of RNA hybridizing with AMN-22 from CF trachea and
lobe exposed for 4 or 8 h. The inset shows the ethidium stained ribo-
somal RNA of the CF trachea sample. (B) Autoradiograph ofRNA
probed with AMN-22 from U937 lymphoma, ulcerative colitis
colon, or stomach resected for carcinoma (tumor free tissue), ex-
posed for 12 h.
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Figure 3. Genomic DNA analyses. Genomic DNA from a kindred
(no history of CF) was digested with Hind III or Sau 3A, and 7.5 ,g
was electrophoresed in agarose gels before transfer to nylon mem-

branes. Blots were probed with cDNA AMN-22, washed as described
under Methods, and autoradiographs were exposed for 24-72 h.

cates that each parent contributed one allele of a single poly-
morphic locus.

Chromosomal localization of the tracheal mucin gene. A
series of characterized human:mouse somatic cell hybrids was
analyzed by Southern blot after digestion of nuclear DNA with
Hind III. As shown in Table I, an unambiguous hybridization
of the AMN probe occurred only with cell lines containing
human chromosome11. Certain hybrids contained translo-
cated fragments of chromosome11, but no intact chromo-
some 11. Hybrids EXR-5CSAZ, with the Xpter
Xq22:: I1 lql1 3l--IIqter, XER-7, with the I Ilqter ---(I1 lqI1 or
llq12)::Xqll -* Xqter, and 55R-33, with the llqter --

1 1q13: :4q25 -- 4qter were each negative for the AMN gene
scoring. These hybrids localized the AMN gene to thepl13
pter region of human chromosome1 1.

Discussion

The core polypeptide ofcysticfibrosis tracheal mucin contains
tandem repeats. Using an oligonucleotide based on the repeat

structure present in a partial cDNA for human intestinal
mucin, a relatively abundant cDNA population was identified

in a primary plasmid library prepared from cystic fibrosis tra-
chea. Analysis to date of 10 clones purified from an initial 47
positives revealed that eight of 10 contained only repeating
structures, and two clones contained poly-A+ tails. These lat-
ter clones contained the repeat structure contiguous with dif-
ferent sequences within the 3' region. At present, it is not clear
whether they represent alternative splicing of the heteronu-
clear RNA, are the products of different mucin alleles, or rep-
resent a cloning artifact. Further analysis of these partial
cDNAs is clearly required, and will ultimately require analysis
of genomic clones because of the presence of alu family repeat
sequences in the 3' ends of the clones. Of the eight clones
containing a repeating structure, AMN-22 was selected be-
cause of its relatively small size (884 bp). The sequence of
AMN-22 is remarkably similar, but not identical, to the se-

quences determined for the small intestine mucin (9). As
shown in Fig. 4, the repeating unit in AMN-22 is irregular, and
varies between 66 and 72 nucleotides, except the segment be-
ginning at nucleotide 226, where an apparent deletion of - 27
nucleotides is inferred. In the case of SMUC 40, 41 and 42
partial cDNAs from the small intestine, the tandem repeat unit
was exactly 69 nucleotides in the 14 repeats observed in three
separate partial clones (9).

In some cases, identity between the intestine and CF tra-
chea clone occurs. For example, the sequence for the tracheal
mucin between nucleotides 314 and 436 is identical to that of
SMUC 40 between nucleotides 42 and 166. However, the
flanking repeats are not identical. As can be seen from com-

parison of the consensus sequences for small intestine and CF
tracheal mucins, a discrepancy occurs in two positions. The
inference of these data is that a single polymorphic allele might
encode a mucin core polypeptide in the gut and the lung.
These data are supported by the RNA and genomic DNA
analyses presented below. However, because the tracheal
cDNA was derived from a CF patient, the assumption is made
that the disease is not related to the core polypeptide of the
mucins. The molecular cloning of the CF transmembrane
conductance regulator (CFTR, 19) has identified the primary
defect in CF. Whether or not changes in the core protein of
mucin occur as an epiphenomenon of the disease (for example
altered processing, alternative splicing, or regulation) requires
analysis of additional clones from non-CF individuals.

RNA analysis. The RNA obtained from autopsy CF tra-
chea was of high quality, which was surprising given the
chronic airway bacterial infection and the time elapsing before
the tissue was frozen in liquid nitrogen, 4 h. As shown in the
inset to Fig. 2, ribosomal RNA bands were sharp. Addition-
ally, we have cloned a - 3-kb cDNA for neutral metalloendo-
peptidase (E.C. 3.4.24.11) from the library used in this study;
this cDNA hybridizes to a prominent 5.2-kb message which is
undergraded in the CF tracheal RNA (H.Iijima and C. Ge-
rard, unpublished data). Thus the polydisperse message length
of CF tracheal mucin does not appear to represent degraded
message. The mechanism by which this occurs may be a con-
sequence of alternative splicing involving a repetitive motif,
where the donor and acceptor splice junctions themselves may
be repetitive.

The mucins purified from lung and gut have long been
known to be polydisperse with respect to molecular weight,
and this has been attributed to variations in the 0-linked oligo-
saccharide length, as well as proteolysis and shearing of the
molecule during isolation (7). Interestingly, Gum and col-
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250 for CF tracheal mucin. Protein se-
P T I TS T Q T P

270 quence deduced for the core protein for
P T P T S T Q R T the cDNA fragment AMN-22 is aligned

P T to optimize the repeat structure. Dele-
tions have been inserted to preserve se-

P T P T 2 T Q T p quence identities. The sequence for the
tracheal and intestinal mucin fragments

P T P T G T Q T P' (9)arecompared.

leagues saw a variable result on RNA analysis with intestinal
mucin probes. Four colon cell lines and normal small bowel
and colon appear to hybridize to a much less polydisperse
message when compared with patient S.J. colon and tumor
RNA (9). We were not able to obtain normal human tracheal
RNA for the present study, but the possibility exists that
pathological mucus secretion such as is seen in CF or ulcera-
tive colitis may be associated with a more polydisperse mucin
message.

The tracheal probe hybridized to an abundant message
with tracheal RNA but a less abundant signal was seen with an
identical quantity of RNA from CF bronchiectatic lobe. This
would correlate pathologically with the decreased number of
mucin-producing cells in peripheral airways. No staining was
seen with RNA from the lymphoma cell line U937. As would
be predicted from the high degree of similarity between the
AMN-22 and SMUC-4 1, the CF tracheal clone recognizes an
extremely abundant and polydisperse message in ulcerative
colitis colon RNA. Surprisingly, stomach RNA did not hybrid-
ize with AMN-22. This result does not appear to be due to
degradation ofthe RNA, as 18 and 285 ribosomal RNA bands
was undegraded. Additionally, this RNA preparation has been
subsequently used for the molecular cloning ofthe neurokonin
A receptor, an extremely rare RNA message in stomach tis-
sue (19a).

Evidence for a single polymorphic gene encoding tracheal
and intestinal mucins. Given the similarities between the par-
tial cDNAs for the intestinal and CF tracheal mucin, Southern
analyses were performed. We found a limited polymorphism
in comparing restriction fragments from several unrelated in-
dividuals using Hind III, Sau 3a, and Eco RI. Such patterns are
sometimes interpretable in a pedigree analysis. An individual
who had a polymorphism revealed with Hind III was studied
in this fashion. The data in Fig. 3 A suggested that each parent
contributed a different single allele. To confirm this, digestion
with second enzyme was performed. Gum and colleagues have
previously reported the unusual result that the gut clone hy-
bridized to relatively large genomic fragments after Sau 3A
digestion (9). (Theoretically, this four-base cutter should

cleave once every 256 bases, assuming a random assortment of
GATC sequences). When the kindred was probed after Sau3A
digestion of genomic DNA, an apparent independent segrega-
tion of Sau3A restriction fragment length polymorphisms was
seen. These data indicate that a single length-polymorphic
allele encodes a mucin core protein expressed in both the lung
and the gut. This finding suggests an interesting possibility that
the mucin core protein secreted may be a mosaic of the poly-
morphic allele, or perhaps only a single allele is expressed in
tissue. Whether or not there are clinical correlates to particular
alleles in disorders associated with mucus secretion is under
investigation.

To provide additional definitive data demonstrating a sin-
gle gene hybridizing with clone AMN-22, we determined the
chromosome assignment for the putative unique locus. As
shown in Table I, an unambiguous localization was made to
chromosome 1 I p 13 - pter. This data is consistent with a pro-
posed localization of 1 lp 15 for the MUC2 gene from small
intestine (20). Thus, by sequence analysis of cDNA clones,
Northern analysis, Southern analysis, and chromosome local-
ization, we demonstrate that the same polymorphic gene en-
codes both a tracheal and intestinal mucin core polypeptide.
No previous data has suggested that the core proteins for a lung
and intestinal mucins are products of the same gene.

Relationship oftracheal mucin to cysticfibrosis. The recent
molecular cloning of the CFTR molecule (19) does not shed
immediate light on the relationship of this molecule to the
mucus inspissation seen in CF. One hypothesis which may
relate the primary defect to the mucins is as follows. Goblet
cells secrete mucins into exocrine ducts and lumena of all
tissue affected in CF, including the gall bladder, testes, pan-
creas, lung, and bowel. After biosynthesis, the mucins are
packed into secretory granules in a condensed form in the
goblet cell. As Donnan polyelectrolytes (21), the mucins swell
in hydrated environments as a function of pH and ionic
strength. Conversely, the mucins condensed in secretory vesi-
cles would require a high concentration of cation to neutralize
their anionic properties, and exocytosis itself may depend on
swelling of the granule by ion currents which disturb the Don-
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nan equilibrium of the vesicle (21). The exocytic granule may
thus require the proper functioning of CFTR, perhaps the
granule membrane itself contains CFTR. If the Donnan equi-
librium is not maintained within the CF exocytic granule a
tonic secretion of granules might result. The altered salt and
water content of the extracellular lumena might then contrib-
ute to inspissation of oversecreted mucin, leading to the ob-
struction classically associated with CF pathology. A similar
epiphenomenon has been proposed for the increased sulfation
in CF epithelial glycoconjugates, where abnormal sulfate ion
transport resulting from linkage to the chloride flux allows for
increased availability of sulfate for mucin modification (22).
These epiphenomenon might together create the niche which
favors colonization of the airways with bacterial organisms.
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