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SUMMARY: A human small intestinal Agtll cDNA library was screened with
antibodies to deglycosylated small intestinal mucin. Four partial cDNA clones
were isolated that define a novel human mucin gene. These include two partial
cDNA clones, SIB 124 and SIB 139, that contain 51 nucleotide tandem repeats
which encode a seventeen amino acid repetitive peptide with a consensus
sequence of HSTPSFTSSITTTETTS. SIB 139 hybridized to messages produced by
small intestine, colon, colonic tumors and also by high mucin variant LS174T
colon cancer cells. The gene from which cDNAs SIB 124 and SIBR 139 are derived
(proposed name MUC 3) maps to chromosome 7, distinct from other known human
mucin genes. ©1990 Academic Press, Inc.

Many tissues including trachea, submaxillary gland, mammary gland,
pancreas, stomach, cervix and both the large and small intestine produce high
molecular weight, complex glycoconjugates known as mucins (1-8). These
substances, which constitute the principle glycoprotein component of the
various mucus gels found in higher organisms, consist of a polypeptide core
covered almost entirely by 0-1inked carbohydrate chains (1,2,4,8). Primarily
because mucin polypeptide backbones are so heavily glycosylated, they have
proven to be quite difficult to analyze by conventional peptide sequencing
methodology. Recently however, cDNAs have been obtained that encode portions
of the polypeptide cores of mucins found in porcine submaxillary gland (9),
human mammary gland (10-12), and human small and large intestine (13). These
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Abbreviations: SIB, deglycosylated human small intestinal mucin; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; bp, base pairs; kb, kilobase pairs.
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cDNAs have revealed, in all three cases, that the mucin peptide contains
extended regions of tandem repeats that contain a high content of threonine

and/or serine (9-13). While all of these mucin polypeptides contain these
repetitive regions, the size and amino acid composition of the tandem repeat

units has been found to vary widely between mucin types.
Over the last several years, our laboratories have been interested in

human intestinal mucin. We have cloned and sequenced cDNAs that encode a
mucin that contains threonine and proline-rich tandem repeats from a human

small intestine library (13). Mucins however, especially intestinal mucins,
are heterogeneous as judged by both biochemical and immunological criteria (5-

7). This led us to examine the possibility that at least one other form of
human intestinal mucin exists. In this paper we report the cloning and

characterization of cDNAs derived from a novel human mucin gene that is
expressed at high levels in intestine.

Materials and Methods

Mucin Purification, Deglgcosx]ation, Antibody Production, and Librar¥
Screening. Mucin was puritied from normal human small intestine using ge
filtration and CsCl density gradient centrifugation as described (8). The
purified mucin was deglycosylated by hydrogen fluoride treatment for three
hours at room temperature (14,15). This material, designated SIB, contained
20% Thr, 16% Ser, and 9% Pro, but less than 3% of its original carbohydrate.
Polyclonal antibodies against this deglycosylated mucin were prepared in New
Zealand white rabbits by subcutaneous injection (14). A human jejunal agtll
¢DNA library (16) was obtained from Dr. Yvonne Edwards and screened using a
1:75 dilution of anti-SIB as described (13).

Chromosomal Localization. Was performed by DNA blot analysis of a panel
of human/rodent somatic cell hybrids containing variable numbers of human
chromosomes. DNA was digested with Hinfl and the fragments were separated on
0.8% agarose gels and transferred to Hybond N membranes (Amersham).
Hybridization to cDNA clone SIB 124 was carried out using the protocol
recommended by the manufacturer. The stringency of the final wash was 0.5X
standard saline citrate, 0.1% sodium dodecyl sulfate at 65°C.

Results

Isolation of cDNAs. Previously we used antibodies against deglycosylated
human colon cancer xenograft mucin to obtain cDNA clones derived from a human

intestinal mucin gene (13). These clones, designated SMUC 40-42, all contain
69 bp tandem repeats that encode a threonine and proline-rich repetitive

peptide. Due to the heterogeneity of intestinal mucin (5-7), we hypothesized
that small intestine may contain additional forms of mucin. Thus, mucin was

prepared from human small intestine, deglycosylated, and used to prepare
antisera (anti-SIB). Approximately 900,000 recombinant agtll plaques were

screened with this antisera and fourteen positives were obtained and purified.
Six of these clones were found to hybridize to SMUC 41 and were not further
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characterized. Phage DNA was prepared from the remaining eight clones and
digested with EcoRI. Three of the eight inserts visualized by gel
electrophoresis were very small (<200 bp) and were therefore not further
analyzed. Of the remaining five clones, four appeared to be derived from the
same gene as they recognized common bands when used in blot analysis of human
genomic DNA (data not shown). These clones were sequenced and two of them,
designated SIB 124 and SIB 139, were found to contain tandem repeats

characteristic of a mucin as described below. The other two clones, SIB 134
and SIB 136 (337 and 222 bp, respectively), which did not contain tandem

repeats, appear to encode unique portions of the same mucin and will be
described later.

Sequence of Clones SIB 124 and SIB 139. Both SIB 124 and SIB 139 were

found to consist of similar 51 bp tandem repeats (Fig. 1). These tandem

repeats encode a repetitive peptide that contains threonine and serine-rich
clusters that are potential 0-glycosylation sites such as STPS, TSS, TTT, and
TTS. Unlike the SMUC-type clones jsolated previously (13), these c¢DNAs encode
a peptide that contains significant quantities of serine. Also, unlike the
SMUC-type clones, SIB 124 contains a short interrupting sequence (18 bp)
nested in one of its tandem repeats (Fig. 1). The structure of the SIB
repetitive peptide is compared to the structures of the other two known hum:
mucin peptides in Fig. 2. The SIB tandem repeat sequences have no significa
sequence similarity to these sequences or to any other nucleic acid sequence
in the GenBank Release 61.0 database.

Genomic DNA Blot Analysis. Genomic DNA was subjected to blot analysis
using SIB 139 as a probe (Fig. 3A). A single band was observed with only two

of the twelve enzymes used, Sphl and Xbal, and in both cases, the fragment
that hybridized was quite large (>23.1 kb). Multiple bands occurred using the
other ten enzymes. In contrast, single major bands were observed when the
same blots were probed with SMUC 41 (Fig. 3B). Furthermore, some of the
fragments that hybridized to SMUC 41 were as small as 10-12 kb (EEQI, PwulI,
Pstl; Fig. 3B). It seems likely therefore, that the tandem repeat region of

MAMMARY MUCIN ProAspThrArgProAlaProGlySerThrAlaProProAlaHisGlyValThrSerAla
SMUC ProThrThrThrProIleThrThrThrThrThrValThrProThrProThrP roThrGlyThrGlnThr
SIB HisSerThrProSerPheThrSerSerIleThrThrThrGluThrThrSer

Figure 2. Comparison of the tandem repeats found in human mucins. The
consensus sequences of the tandem repeats of the three known human
mucin genes are shown. The sequences for mammary mucin and SMUC-
type mucin are from references 12 and 13,
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Figure 3. Genomic DNA blots using SIB and SMUC-type probes. DNA isolated from
the lymphocytes of a single human donor was digested with the
indicated restriction enzymes. Aliquots (8 ug? of the digests were
separated by electrophoresis on 0.8% agarose gels and transferred to
nylon membranes. In Panel A, the membranes were first probed with
SIB 139 as described (13, 18). In experimentation not shown, the
use of clone SIB 124 as a probe gave an identical banding pattern
with EcoRI and BamHI - digested DNA as the results shown here. In
Pane1 B, the same blots were hybridized to SMUC 41 following removal
of the SIB 139 probe (13).

the gene recognized by SIB 139 is large by comparison to the tandem repeat
region of the gene that contains the SMUC-type repetitive units,

RNA Blot Analysis. Poly(A)* RNA isolated from human colon cancer cell
line LS174T, and some quantitative mucin variants derived from this line (19),
were subjected to gel electrophoresis and blot analysis (Fig. 4). The high
mucin variants HM3 and HM7 both expressed mRNA that hybridized to SIB 139.

This message was polydisperse in size. The most common message size in HM3,
which exhibited less total polydispersity than HM7, was approximately 8 kb.
In contrast, both the parental LS174T cells and the low mucin variant LM12
Tine produced only relatively low levels of this mucin message. Following
removal of the Tabeled SIB 139 cDNA, this blot was probed with SMUC 41 (Fig.
4). Both high mucin variants also exhibited a polydisperse message with this
probe, In contrast, when the blot was probed with a GAPDH cDNA as a control,
a single, defined band was observed (Fig. 4) suggesting that there was no
significant RNA degradation. A dot blot analysis of total RNA from human
small intestine, colon, and colonic tumors is shown in Fig. 5. A1l three

tissue types expressed both the SIB and SMUC-type messages. In the samples
tested, small intestine and normal colon produced the largest amounts of the

411



Vol. 171, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

A 6.\ é
oo @ Lo Q LA o Q
\»6\\9 Q‘\&\ Q*@ NN Q‘é *Z‘Q NS %‘X\ %\&
Kb )
— pu— A O A O O
322 prmm— ¥ o oY RO
5= = = Rl
Fy — B — Si> *®» —
iy —UNEE _eee~ N> _
1.4 c——
CT> J—
Pt 1
NC > R
CT> » —
02— — - Pt 2{
NC-> - —_—
CT> —
Pt.3
NC> . —
@ SIB SMUC GAPDH @ LS174T> —
SIB SMUC

Figure 4. RNA blot analysis of human intestinal mucin messages found in LS174T
cells and quantitative mucin variants. Left, 3 ug samples of
poly(A)* RNA from LS174T cells, and Tow {LM12} and high {(HM3, HM7)
mucin variants of this Tine (19) were subjected to agarose gel
electrophoresis and blot analysis using SIB 139 as probe. The
molecular size standards were obtained from Bethesda Research
Laboratories with the exception of the 2.0 kb and 5.0 kb standards
which were rRNA subunits. The autoradiograms shown on the middle
and right were obtained following probe removal (13) using as probe
first SMUC 41 (13) and then a GAPDH cDNA (20).

Figure 5. RNA dot blot analysis. Total RNA samples in ice-cold 10 mM NaOH and
1 mM EDTA were applied to a zeta-probe nylon membrane and hybridized
to SIB 139 (13, 18). Following autoradiography, the probe was
removed (13) and the blot was again probed using SMUC 41. The
samples were derjved from the small intestine of two individual
donors (SI), from the normal colon of one individual (NC), and from
matched pairs of colonic tumors (CT) and normal colons from
individual patients (Pt. 1 - Pt. 3). Total RNA from LS174T cells
was included as a control. The quantity of RNA used per well is
given above the autoradiograms.

SIB-type message. The expression of the SMUC-type message generally followed
the same pattern as the SIB-type message expression with one notable
exception: the colonic tumor removed from patient 1 contained very high levels
of the SMUC-type message. Thus, in this particular cancer, intestinal mucin
gene expression appears to be altered.

Chromosomal Localization. In order to map the SIB-type mucin gene, we
performed blot analysis of DNA extracted from human/rodent somatic cell
hybrids (Table 1). It is apparent that there is complete correlation between
the presence of Hinfl hybridization bands and the presence of human chromosome
7 in all hybrids, including hybrid c121 which contains chromosome 7 as the
only human chromosome present. Thus, the SIB-type mucin gene maps to human
chromosome 7. We propose that this gene should be named MUC 3.
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Table 1
Chromosomal Localization of MUC 3

Human Chremosome

Hybrid. Ref. SIB 1 2 3 4 5 6 7 B8 910 11 12 13 14 15 16 17 18 19 20 21 22 X
MOG2C2 {21, 22) + + - + + + - + o+ o+ 4+ - -+ + 4+ + 4+ + + o+ o+
MOG2E5 (21, 22) + + -+ + o+ 4+ + + e o+ - o+ + o+ o+ o+ o+ o+ - + o+ o+
CTP34B4 (23) + + o+ + - 4+ + o+ - = - 4 -+ - 4+ o+ 4 -~ - - - 4
CRAB? (**) + -~ - + - + e o+ kS L + £ o e 4
FHA7 (24) + - ~ 4+ + + + + + e e - 4 ¢ e+ + + 4 .+ -~ 4+ 4
SIF15P5 (25) + -+ - = - + + - - 4 - = - + + - = - - + -~ - ¢
2W1R70 {26) + - -~ = - - = + - = - - - + - = - - - - = -~ = .
cl21 (27) + - -~ - - - - - - - - - - - - - - - - - - -
CRABS (%) - - 4+ = & - - - e % - + s + & e e = - = s s %
TWIN19F9 (28, 29) + + + - 4+ - 4+ 4+ - - 4 LI -+ + - 4+ + + -
TWIN19CS (28,29) - - -+ 4+ - - -+ = - - . o+ - o+ o+ -t o+ o+ -
TWIN19F6 (28,29) - -+ + 4+ - + -+ + - - % « 4+ = - 4+ + - 4+ =
DUR4R3 (30) - - -+ -+ - B + o+t - -+ 4+ -t o+ o+ -
SIF4A31 (25) - - -~ =+ - 4 - - - - - - - 4+ - - - - - -~ - 4
SIF4A24clEl (25) - - - + - - - - = - = - - - - - 4 - - 4+ - 4
FST9/10 {24) - - - + + - + - + e + - % + O+ 4+ = - 4 -~ + o+
HORL411B6P  (26) - -+~ - - - - - -+ - - s - -~ e 4

+/+#3 2 5 3 5 4 8 4 2 4 2 4 3 5 4 4 5 4 2 4 2 3 &

concoxdant
-/-7 6 3 2 8 5 39 3 5 8 6 3 2 2 6 8 3 3 9 4 3 2 4
SIB/chromosome
+/-5 6 3 5 3 4 0 3 4 3 6 4 4 2 3 4 3 4 5 4 5 4 1
discordant
-/+2 3 6 6 1 4 0 4 3 1 3 &6 3 7 2 0 5 6 0 5 5 5 5

Segregation of the gene encoding the SIB-type mucin in 17 human rodent somatic cell hybrids. The
hybrids used nave been described previously as referenced, but have been regrown and recharacterized since and
the current human chromosome content is shown. They represent 13 independent hybrids and 4 related subclones.
Key: human chromosome or SIB-type mucin DNA fragments present (+) or absent (-), human chromosome equivocal or
not tested (.}, human chromosome present in less than 20% of the cells of a clone (#). CRAB7 and CRABB cells
{**} are previously unpublished hybrids of RAG mouse and human cells with a 9/10 translocation
t(9;10)(q33;p11.2) characterized by isozyme analysis alone.

Discussion

In this work, we used antibodies against deglycosylated small intestinal
mucin to identify cDNAs that define the tandem repeats of a novel human mucin.
These SIB-type tandem repeats are rich in both threonine and serine. Thus,
the SIB-type deduced peptide has a substantially different amino acid
composition than does the threonine and proline-rich SMUC-type peptide
described previously (13). Given the amino acid compositions of the two
peptides, it is tempting to speculate that the SIB-type peptide predominates
in the major, neutral fraction of intestinal mucin (7) while the SMUC-type
peptide predominates in the acidic mucin fraction. In any event, the presence
of at least two intestinal mucin genes offers a plausible explanation for the
observation that purified intestinal (7) and colonic (6) mucin can be further
separated into two fractions with differing amino acid content.

It is becoming increasingly clear that tandem repeats form a large
portion of mucin protein backbones. Ligtenberg et al. (31) have recently

413



Vol. 171, No. 1, 1990 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

sequenced cDNAs that span the entire length of the coding sequence of human
mammary mucin and have shown that from 60% to 80% of the mucin protein core

consists of tandem repeats, depending on aliele. In our own work, we have
isolated a genomic DNA clone for the SMUC-type intestinal mucin, and have

found that tandem repeats constitute greater than 50% of this mucin protein
(Toribara, N.W., J.R.G., and Y.S.K., unpublished observations). Similarly,

the genomic DNA blots presented here strongly suggest that the SIB-type tandem
repeats define a major portion of the protein backbone of the second form of

intestinal mucin. From a technical standpoint, it is interesting that all
mucin cDNAs isolated thus far have proven to be partial cDNAs that are

frequently quite short (9-13,31). The reasons for this are not clear. The
cDNA Tibrary that we used to isolate both types of intestinal mucin contains

larger cDNAs, as is demonstrated by its use to isolate a 2 kb sucrase-
jsomaltase clone (16). It may be that the short tandem repeats present in

mucin clones are especially prone to undergo deletion via homologous
recombination during their propagation in bacterial host strains.

The results contained in Table 1 indicate that the SIB-type mucin gene
maps to human chromosome 7. This gene is thus quite distinct from MUC 1

(previously called PUM) which codes for mammary mucin and is located on
chromosome 1 (32), and from MUC 2 which codes for the SMUC-type mucin and is

located on chromosome 11 (33). Because this is the third human mucin gene
identified, we propose that it be named MUC 3. Thus, the known human mucin

genes are not clustered together in the genome. At present, clear evidence
exists for at least three forms of human mucin. Other forms also could exist,

perhaps even one or more that are expressed in the small intestine. Clearly,
different types of tissues could produce additional forms of mucin. The

jdentification of additional mucin genes remains a topic for further study.
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