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The human MUC4 gene is not expressed in normal pancreas; however, its dysregulation
results in high levels of expression in pancreatic tumors. To investigate the tumor-asso-
ciated expression, MUC4 cDNA was cloned from a human pancreatic tumor cell line
cDNA expression library using a polyclonal antibody raised against human deglycosy-
lated mucin and RT-PCR. Pancreatic MUC4 cDNA shows differences in 12 amino acid
residues in the non-tandem repeat coding region with no structural rearrangement as
compared with tracheal MUC4. The full-length MUC4 ¢cDNA includes a leader sequence,
a serine and threonine rich non-tandem repeat region, a central large tandem repeat
domain containing 48 bp repetitive units, regions rich in potential N-glycosylation sites,
two cysteine-rich domains, EGF-like domains, and a transmembrane domain. We also
report the presence of a new EGF-like domain in MUC4 cDNA, located in the cysteine-
rich region upstream from the first EGF-like domain. Four distinct splice events were
identified in the region downstream of the central tandem repeat domain that generate
three new MUC4 ¢cDNA sequences (8v4, 8v9, and 8v10). The deduced amino acid
sequences of two of these variants lack the transmembrane domain. Furthermore, two
unique forms of MUC4 (MUC4/Y and MUC4/X) generated as a result of alternative splic-
ing lack the salient feature of mucins, the tandem repeat domain. A high degree of poly-
morphism in the central tandem repeat region of MUC4 was observed in various
pancreatic adenocarcinoma cell lines, with allele sizes ranging from 23.5 to 10.0 kb.
MUC4 mRNA expression was higher in differentiated cell lines, with no detectable ex-

pression in poorly differentiated pancreatic tumor cell lines.

Key words: MUC4 mucin, pancreatic carcinoma, polymorphism, variants.

Mucins are important molecules produced by secretory epi-
thelial cells for the lubrication and protection of ducts and
lumen within the human body. Mucins contain a high per-
centage of serine, threonine, proline, alanine, and glycine
residues, and are heavily glycosylated (O-linked) (1, 2).
Mucins from different organ sites generally show similar,
but not identical, amino acid compositions. However,
mucins from different organs usually have distinct physical
and biochemical properties, including oligosaccharide struc-
ture and composition, sulfation, molecular weight, and vis-
coelastic properties (3). The common structural feature
among all mucins is the presence of tandemly repeated
amino acid regions rich in serine and threonine. In general,
the O-glycosylated tandem repeat regions are not con-
served between species in terms of either size or amino-acid
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sequence; however, flanking amino-terminal and carboxyl-
terminal regions typically show some similarity, presum-
ably reflecting functional relatedness.

Currently, ten human mucin genes have been identified
and designated MUCI-4, MUC5B, MUCS5AC, MUC6-7,
MUC11, and MUCI12 (4-13), with the complete deduced
primary amino acid sequences of MUCI, MUC2, MUCH4,
MUCS5B, and MUC7. Mucins have been classified into two
main categories, secreted (gel-forming and non-gel-forming)
and membrane-bound. The membrane-associated mucin
family comprises MUC1, MUC3, MUC4, and MUC12.

MUCI1 and rat SMC (sialomucin complex, human MUC4
homologue) are well characterized and exist as both soluble
and membrane-associated forms (I4). MUC1 mucin is
expressed by all human glandular epithelial cells and plays
a distinct role in adhesion modulation and intracellular sig-
nalling (I). Alternate splicing generates a secreted form
MUCL1/SEC and a membrane-bound form lacking the tan-
dem repeat domain, MUCLVY (I5). In rat Muc4 two EGF-
like domains (EGF1 and EGF2) are present. The EGF1
domain has been demonstrated to associate with the c-
erbB-2 growth factor receptor (16), indicating the possibil-
ity of growth factor receptor modulation by membrane-
anchored mucins containing EGF-like domains. Alternative
splice forms (secreted and membrane-associated) of another
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membrane-bound mucin, MUC3, and more recently,
MUC4, have been documented (17, 18).

The apomucins MUC1, MUC5B, and MUC6 are express-
ed in a normal human pancreas; MUCI and MUCS5B are
overexpressed whereas MUC2 and MUCS5AC are expressed
only in human pancreatic tumors (19-21). In pancreatic
tumor cell lines, high levels of MUC1, extremely low levels
of MUC2 mRNA, and no detectable MUC3 mRNA have
been reported. MUC4 is expressed at high levels in human
pancreatic tumors and cell lines, with undetectable levels
in normal pancreas (19, 22). So far, no MUC4-protein ex-
pression data are available, as MUC4-specific monoclonal
antibodies are not available. Furthermore, the MUC4 RNA
signal on Northern blots appears as a polydisperse pattern
due to the degradation of the RNA during sample prepara-
tion (23).

Cancer of the pancreas represents a useful model for
study, because this tumor type frequently contains mucin-
producing cells, while corresponding normal tissues do not.
We previously cloned and sequenced a full-length cDNA for
a pancreatic tumor mucin MUC1, on which the DU-PAN-2
antigen was expressed (4, 24). High levels of MUC4 mRNA
expression by pancreatic tumor cells suggest the possibility
that mucin carbohydrate epitopes defined by antibodies
such as DU-PAN-2 may be expressed on a second mucin
core protein produced by pancreatic tumor cells.

In this paper, we describe the cloning, sequencing, and
identification of an additional EGF-like domain and puta-
tive variant forms of human pancreatic tumor—associated
mucin MUC4. We also investigated the level of expression
of the MUC4 transcripts by Northern blot analysis and the
occurrence of polymorphism in the MUC4 gene by South-
ern blot analysis in a large panel of pancreatic tumor cell
lines.

MATERIALS AND METHODS

Preparation and Screening of a MUC4 ¢DNA Library—
c¢DNA libraries from HPAF and SUIT-2 pancreatic tumor
cell lines were prepared as described earlier (4). The A-gt11
HPAF c¢cDNA expression library was screened using poly-
clonal rabbit antiserum against human deglycosylated
mucins (25). Positive plaques were detected with a commer-
cially available alkaline phosphatase-conjugated goat anti-
rabbit antibody (Promega, Madison, WI). The screening
conditions recommended by the manufacturer were fol-
lowed except that the primary and secondary antibodies
were incubated with the filters in phosphate-buffered
saline (PBS) plus 5% nonfat dry milk for 1 h each at 25°C,
followed by three washes in PBS after both incubations.
Specific reactivity was confirmed by three subsequent sub-
cloning and screening cycles. Seven positive clones were ini-
tially selected by antibody screening of 3 X 10° plaques.
Among the isolated clones, one showed >98% similarity to
the published MUC4 cDNA sequence and was named
DUM4.6. Using this DNA insert, 12 additional plaques
were selected from ¢cDNA libraries prepared from HPAF
and another pancreatic tumor cell line, SUIT-2. Nitrocellu-
lose membranes were used to obtain plaque lifts. These
membranes were pre-hybridized and hybridization was
performed with 2.5 X 10° cpm/membrane overnight at
42°C. Inserts of positive phages were subcloned into pBlue-
script KS+ vector.
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Derivation of MUC4 Genomic Clones and Their Sequenc-
ing—Genomic clone for MUC4 were obtained by screening
a P1 human foreskin fibroblast genomic DNA library and a
bacterial artificial chromosome (BAC) library (Genome Sys-
tems, St. Louis, MO) with a MUC4 ¢cDNA probe (M454.9)
isolated from the HPAF cDNA library. The clones were
digested with EcoRI, BamHI, Pstl, and EcoRI + Pstl, and
the resulting fragments were analyzed by Southern blot
analysis for hybridization with specific MUC4 probes. Frag-
ments were either subcloned first in phage vector A-DASH
IT and subsequently cloned in pGEM-11Zf or cloned directly
into pCR2.1 vector. These cloned DNA fragments were
either partially or fully sequenced. Sequence information
was analyzed using Genetics Computer Group software
(Madison, WI).

Southern Blot Analysis—Genomic DNA from human
pancreatic tumor cell lines was digested with EcoRI and
Pstl restriction endonucleases. Fragments were separated
by electrophoresis in 0.8% agarose gels and transferred to
nylon membranes. The blots were hybridized with MUC4
tandem repeat cDNA probe.

Isolation of RNA—Total cellular RNA from various
tumor cell lines was isolated by the guanidine isothiocyan-
ate and cesium chloride (CsCl) cushion ultracentrifugation
method (26). Cells were washed twice with ice-cold PBS
(pH 7.4) and lysed with a solution containing 4 M guani-
dine isothiocyanate, 0.05 M sodium acetate, and 250 mM 2-
mercaptoethanol. Total RNA was recovered via sedimenta-
tion through a 5.7 M CsCl, 0.025 M sodium acetate cushion
in a Beckman SW40Ti rotor centrifuged at 32,000 rpm for
18 h. RNA pellets were resuspended in 0.3 M sodium ace-
tate and precipitated with ethanol (26, 27).

Oligonucleotide Primers—The primers designed from
HPAF MUC4 cDNA, submitted to the EMBL data bank
under accession number AJ276359, are as follows: sense,
P1 (1-21); antisense, P2 (2899-2919); sense, P3 (3156-
3176), antisense, P4 (6678-6699); sense, P5 (2650-2670);
antisense, P6 (3006-3024); sense, P7 (3036-3059); anti-
sense, P8 (3470-3491); sense, P9 (33-53); sense P10 (58—
79); antisense P11 (5838-5858). The positions and direc-
tions of these primers are shown in Fig. 2.

RT-PCR Cloning of MUC4—Reverse transcription reac-
tions using Superscript I RNnase H™ reverse transcriptase
and reagents (Gibco BRL, MD) according to the manufac-
turer’s instructions. Total RNA (1-2 pg) from an HPAF
pancreatic tumor cell line was used to prepare a single
strand ¢cDNA using oligo dT primer (Pharmacia Biotech.
Piscataway, NJ ). The 5’-end and the tandem repeat flank-
ing regions were amplified using sense primers P1, P5, and
P7 and antisense primers P2, P6, and P8, respectively (Fig.
2), by classical RT'PCR. The reaction was performed in a
programmable thermal controller (PTC-100, MJ Research,
Watertown, MA). PCR parameters were 94°C for 4 min, fol-
lowed by 30 cycles at 94°C for 45 s, annealing at 60°C for 45
s, and extension at 72°C for 1 min, followed by a final elon-
gation at 72°C for 15 min. PCR was performed using 2.5
units of Thg DNA polymerase.

The 3'-end was amplified using the Expand™ Long Tem-
plate PCR System (Boehringer Mannheim, GmbH, Ger-
many) with the sense primer P3 and the antisense primer
P4 (Fig. 2). The PCR amplification reaction mixture con-
sisted of 5 ul of cDNA, 10 mM sodium dNTPs, 0.4 pmol of
each primer, 5 ul of 10X Expand™ Long Template PCR
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buffer 3, 0.75 mM MgCL, and 2.5 units of enzyme mixture
in a final volume of 50 pl. The reaction was performed in a
programmable thermal controller. The parameters for the
reaction were 94°C for 2 min, followed by 30 cycles at 94°C
for 30 s, annealing at 60°C for 45 s, and elongation at 71°C
for 4 min, during which the elongation time in the last 20
cycles was extended for 40 s for each new cycle, followed by
a final elongation at 71°C for 15 min. The amplified prod-
ucts were separated electrophoretically in a 1% agarose gel
and visualized with ethidium bromide. RT-PCR products
were subcloned into the Original TA Cloning Kit (Invitro-
gen, CA) without further purification. At least 20 clones
and splice events only were sequenced for each amplified

235

PCR product.

Sequence Analyses—Sequences were determined on both
strands by automatic sequencing using internal primers
with an ABI Prism model 377 XL automatic sequencer.
Analyses of nucleic acid and protein sequences were per-
formed with GCG software. The nucleotide sequences
reported in this paper were submitted to the EMBL Data
Bank with the accession numbers AJ276359, AJ400633,
and AJ277412.

RESULTS
MUC4 cDNA Isolation and Sequencing—Approximately
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different fill-in patterns grey, signal peptide; small grid, serine, threo-
nine-rich repetitive sequences; diagonal brick, serine, threonine-rich
non-repetitive sequences; large grid, unique sequence; sphere, cys-
teine-rich domain; large checker board, potential N-linked glycosyla-
tion sites; small checker board, EGF-like domain; black, potential
transmembrane sequence; horizontal lines, cytoplasmic tail.
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500,000 recombinants were screened with rabbit polyclonal
antiserum against deglycosylated mucins and twenty
plaques were isolated. The DNA was purified from the
phages, subcloned, and sequenced. Out of 11 clones, two
showed homology with our earlier published MUCI
sequence (4). One clone (DUMA4.6; accession number
AF177925) showed similarity to the published MUC4
cDNA sequence (7).

A. Choudhury et al.

The DUM4.6 clone was used for further screening of
HPAF and SUIT-2 ¢DNA libraries. The clones obtained
were DUM3.4, DUM49, M4H245 M4H1.2, M4H4.2,
M4H6.1, M4H3.1, M4S1.1, M4S9.3, M452.1, M4S4.9, and
M4JC5.1 with insert sizes of 0.5, 0.7, 0.9, 1.6, 4.0, 1.4, 0.4,
2.4,54,12,4.1,4.4, and 5.9 kb, respectively. All the cDNA
clones showed a MUC4 tandem repeat sequence at their 5'-
ends and unique sequences at the 3'-ends. One of the

TABLE 1. Summary differences between the cDNA sequences of HPAF and tracheal MUCA4.

Differences between pancreatic and tracheal cDNA sequences

MUC4-EGFO E V
rat Muc4-EGFO  © vV

MUC4-EGF1

[GR Y [[E
R E

Position of altered nucleotide Nucleotide bases At codon level At AA level Position of altered AA
1413 1802 o CforT CTA for TTA Leu for Leu 448
1656 2045 X Afor G AGG for GGG Arg for Gly 529
1838 2227 § T for C TAT for TAC Try for Tyr 589
1846 2235 2 T for C ATT for ACT 1le for Thr 592
P~ 2008 2397 2 G for A CGA for CAA Arg for Gln 646 ~
o] 2190 2579 § Afor G AAT for GAT Asn for Asp 707 red
@ 2032 2621 & GforA GCA for ACA Ala for Thr 721 @
o 2826 3215 E G for A GGA for AGA Gly for Arg 919 o
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g 3883 713 § T for A TTT for TAT Phe for Tyr 1271 §
5 3984 874 S G for A GGG for AGG Gly for Arg 1305 5
é 4741 1631 2 CforT GCC for GTC Ala for Val 1557 CE
4745 1635 2 C for G TCC for TCG Ser for Ser 1558
4803 1693 § T for G TCC for GCC Ser for Ala 1678
6182 3072 < T for C ATT for ATC lle for lle 2037
6187 3077 £ G for A GGG for GAG Gly for Glu 2039
6350 3240 G for A GAG for CAA GIn for GIln 2093
AA, amino acid.
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Fig. 3. The deduced amino acid sequence alignment of the
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mologue and other proteins. Hyphens indicate gaps inserted to opti-
mize the alignment.
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clones, M454.9, contained introns as well as part of a se-
quence corresponding to exon 3 in the published MUC4
c¢DNA sequence from trachea (28). Specific primers could
not be designed to sequence within the tandem repeat se-
quence, as they would bind to multiple sites. The tandem
repeat region of the M4S4.9 clone was further confirmed by
enzymatic digestion with the Ddel enzyme that cuts once
within each tandem repeat unit. A complete digestion of
M454.9 into 48 bp fragments along with a non-tandem
repeat region was detected (data not shown).

Characterization of Genomic Fragments—Five DNA frag-
ments were subcloned from the genomic clones digested
with EcoRI, BamHI, and EcoRI+Pstl, hybridizing to
MUC4 cDNA probes. Four of these DNA fragments were
isolated from P1 and one from BAC human genomic librar-
ies. The alignment and partial restriction maps of these
subclones are shown in Fig. 1. Sequence analysis of the
DNA fragments subcloned from the genomic clones reveal-
ed exonic and intronic regions. The exonic regions (exon 1-
5) shared 100% sequence homology with the recently pub-
lished tracheal MUC4 ¢cDNA sequence (28, 29). The splice
donor and acceptor sequences for intron 14 followed con-
vention, conforming to the gt-ag rule (data not shown). The
subclones, 10 kb EcoRI and 3.5 kb BamHI, showed overlap-
ping sequences with 5 UTR and the 82 bp common signal
sequence (exon 1). The sequence analysis of 14 kb EcoRI
revealed the presence of at least three MUC4 exons, i.e.,
exons 3-5 (28). The 3 kb BamHI clone overlapped with 14
kb EcoRI and had exons 4 and 5 in common. The 11 kb PstI
+EcoRI fragment from the BAC clone consisted of an intact
tandem repeat domain of exon 2. The entire tandem repeat
domain could not be sequenced because of the repetitive
nature of the sequence. However, digestion with the Ddel
yielded 48 bp fragments and 96 bp fragments that corre-
sponded to one or two tandem repeat units.

RT-PCR Amplification and Generation of Full-Length
Coding Sequence of MUC4 from HPAF Cell Line—To
obtain the full length ¢DNA sequence encoding MUC4,
primers were designed in the exonic regions of the genomic
sequences as well as in the 3'-UTR sequence (AJ010901).
The sense primer P1 was designed from sequence informa-
tion of the two DNA fragments subcloned from the genomic
clone spanning the 5-UTR (Fig. 2). An antisense primer P2
was designed in the non—tandem repeat exonic sequence
obtained from the DNA fragment subcloned from the BAC
clone, which contains a 274 bp non-repetitive coding se-
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Fig. 4. Long electrophoresis on a 0.8% agarose gel of EcoRI +
Pstl digests of DNA from pancreatic carcinoma cell lines.
BxPc3 (1), Panc89 (2), AsPc-1 (3), QGP1 (4), Capanl (5), Capan2 (6),
Panc-1 (7), T3M4 (8), HPAF (9), Colo357 (10), MiaPaCa (11), S2CP9
(12), HPAC (13), Hs766T (14). The membrane was probed with a ¥P-
labeled MUC4 tandem repeat cDNA probe.
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quence located upstream of the tandem repeat region (Fig.
1). Using classical RT-PCR with total RNA from the HPAF
cell line, a 2991 bp fragment was amplified, corresponding
to exon 2 or the 5'-end of the MUC4 cDNA (Figs. 2 and 6A).
For the second set of primers, a sense primer (P3) was
designed in the exonic sequence (i.e., in exon 3) of the 14 kb
EcoRI subclone (Fig. 2). An antisense primer (P4) was
designed in the 3-UTR from the sequence information ob-
tained from the recently published tracheal MUC4 cDNA
sequence (28). Using expand long RT-PCR on the total
RNA isolated from the HPAF cell line, a 3,474 bp fragment
was amplified (Product B; Figs. 2 and 6A).

Sequences from the DNA fragments subcloned from the
genomic clones and the RT-PCR amplified products were
compared, and the full-length MUC4 ¢cDNA sequence was
deduced (Fig. 2). The HPAF MUC4 showed structural
motifs similar to those found in the tracheal MUCA4. The
differences observed between the HPAF MUC4 ¢DNA and
tracheal MUC4 sequence are summarized in Table I. Six
amino acid variations were observed in the deduced MUC4
amino-acid sequence (submitted to the EMBL data bank
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Fig. 5. A: Northern blot of total cellular RNA (20 pg) sepa-
rated in a 1% agarosefformaldehyde gel. Pancreatic carcinoma
cell lines HPAF (1), QGP1 (2), HCG-25 (3), Colo357 (4), Capanl (5),
Capan2 (6), HPAC (7), Panc-1 (8), MiaPaCa (9), T3M4 (10), S2CP9
(11), AsPc-1 (12), Panc-89 (13), BxPc-3 (14) and normal human pan-
creas (15). a, probed with ®P-labeled MUC4 TR ¢cDNA probe. b, the
same membrane shown in (a) probed with a GAPDH cDNA probe. B:
Densitometric values (£SE) for the MUC4, normalized to
GAPDH band intensity in three different experiments were
determined using the Molecular Dynamics Image Quant soft-
ware program.
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under accession number AJ276359): Arg, Ile, Arg, Asn, Ala,
and Gly at positions 529, 592, 646, 707, 721, and 919, re-
spectively, at the NH,-terminus. Among the few differences
found at the COOH-terminus were Lys, Phe, Gly, Ala, Ser,
and Gly at positions 1259, 1271, 1305, 1557, 1578, and
2039, respectively. Among these, the G for A change was
detected in 7 of 18 differences at the nucleotide level (Table
I). We also observed a deletion of A after the 43rd bp in the
5'-UTR.

Analysis of the coding sequence derived from pancreatic
MUC4 cDNA revealed the presence of another EGF-like
domain (EGF0; 5442-5558) apart from the two previously
described (EGF1 and EGF2) (28). We have also identified a
similar EGF-like domain in the ASGP-2 subunit of rat
Muc4 (30) and, therefore, have named it rat Muc4-EGFO.
The similarity between the EGF0 domain of human MUC4
and rat Muc4 is8 64%. Hence, the putative MUC4B subunit
consists of an EGF0 domain followed by a short cysteine-
rich domain (5559-5690; Fig. 2.), and includes two more
EGF-like domains (EGF1 and EGF2). The spacing of the
cysteines in the EGFO domains of MUC4 and rat Muc4,

MUC4 cDNA sequence of the
B clones derived from Product B

T
EcoR| (3849)
WT § | , 2

3474 bp

3488 bp

coR|
své4 l
3370 bp
EcoR|
sv10

3318 bp
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and to a lesser extent the overall sequence, are similar to
that in EGF-like structural motifs present in several other
proteins (Fig. 3).

Polymorphism Studies—To investigate polymorphism in
the tandem repeat domain of the MUC4 gene, which con-
tains 48 bp repetitive units, purified DNA from pancreatic
tumor cell lines was digested with EcoRI and Pstl enzymes,
because these sites flank the tandem repeat region (Fig. 1).
With the MUC4 tandem repeat cDNA probe, Southern blot
analysis revealed two distinct alleles in 10 out of 14 cell
lines; BxPc-3, Panc89, AsPc-1, QGP-1, Capan-1, Capan-2,
Panc-1, T3M4, S2CP9, and HPAC. Four cell lines (HPAF,
MiaPaCa, Hs766T, and Colo357) showed a single band and
appeared to be homozygous or hemizygous for the MUC4
gene. The size of these alleles varied from 23.5-10 kb.
Seven different allele sizes were noticed (Fig. 4), with the
22.7 kb allele being the most common form. No MUC4 gene
amplification was observed among these tumor cell lines.
The length of the Pstl/EcoRI fragment containing the tan-
dem repeat region in the BAC clone corresponds to the 10
kb allele.

Fig. 6. A: 1% agarose gel showing RT-PCR amplified MUC4 cDNA and
the restriction digestion pattern of clones derived from the PCR prod-
ucts. The 5'-end (Product A) and 3'-end (Product B) of MUC4 ¢cDNA from HPAF
cell line was amplified using primers P1 and P2, P3 and P4, respectively. The
pattern of EcoRI digestion of the clones isolated from Product B is shown. B:
Schematic representation of the cDNA and deduced amino acid se-
guence of clones derived from RTPCR amplified product (Product B),
corresponding to WI-MUC{ and the variant forms. The relative positions
(not to scale) of the EcoRI restriction enzyme site, stop codon (S) and trans-
membrane domain (TM region) are indicated.

Deduced amino acid sequence
of Product B
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MUC4 Expression in Pancreatic Tumor Cell Lines—
Steady state expression levels of MUC4 mRNA were inves-
tigated in 14 pancreatic adenocarcinoma cell lines with dif-
ferent grades of differentiation and in normal pancreas.
Upon hybridization with a tandem repeat MUC4 cDNA
probe, a high molecular weight band (>10 kb) was detected
on the Northern blots (Fig. 5). Several cell lines, including
HPAF, HPAC, Capanl, Capan2, Colo357, T3M4, QGP1,
S2CP9, BxPc-3, and Panc 89, showed moderate to high lev-
els of MUC4 RNA expression. A low level of expression was
observed in AsPc-1, and cell lines HCG-25, Pancl, and Mia-
PaCa showed no detectable mRNA for the MUC4 gene. No
expression of MUC4 RNA was detected in the normal
human pancreas.

MUCH4 Splice Variants—Amplification of the 3'-end of the
MUC4 cDNA isolated from HPAF cells using different sets
of primers revealed some deletions from the published tra-
cheal sequence. Recently, five secreted forms (sv1, sv2, sv3—
5, sv6, and sv7) and two membrane-associated forms (sv0
and sv8) of MUC4 in human testis were reported (I18).
These variant forms were identified by RT-PCR amplifica-
tion of the 3'-end of MUC4 cDNA using polyA* RNA. We
further investigated the existence of alternate splice forms
in pancreatic tumor cells (HPAF) and have used similar
nomenclature for the variants. Using primers (P3 and P4;
Fig. 2) used in our previous report (18), the 3'-end of MUC4
cDNA (3226-6699, 3,474 bp; AJ276359) was amplified by
an expanded long RT-PCR procedure using total RNA from

239

the HPAF cell line. Instead of a single band, diffuse doublet
bands in the range of 3.2 to 3.5 kb were detected (Fig. 6A).
The PCR product was subcloned directly into pCR2.1 vec-
tor, and clones of different sizes were isclated and se-
quenced. Restriction digestion of these clones with EcoRI
generated an RFLP pattern that is different for each vari-
ant (Fig. 6A).

Twelve of the 20 clones had sequences similar to our
pancreatic MUCH4 isolated from HPAF cells termed wild
type MUC4 ¢cDNA (WLMUC4), with differences in 9 bp
from tracheo-bronchial MUC4 ¢DNA as shown in Table I.
Eight of the 20 clones screened had deletions in the WT-
MUCH4 sequence. The four splice events found are summa-
rized in Table I, and are responsible for generating three
putative variant forms of MUC4 cDNA (Fig. 6B). We
detected one insertion (I1) and three deletion (D1-3) events
and the splice junctions of two of these events are shown in
Fig. 7. The genomic organization after exon 5 is not known,
therefore, we cannot define the splice junction for events
D2 and D3 (Table II). Because of these splice events (I1 and
D1-3), the reading frames of the translated 3-end of
MUC4 for some of these variants (sv9-MUC4 and sv4-
MUC4) are altered, which may eventually lead to protein
variants of MUC4 (Table II, Fig. 6). The sv10-MUC4
showed an in-frame deletion of residue 156 in the region of
the unique sequence.

From our polymorphism studies, we expect that the size
of exon 2 in HPAF will be approximately 25 kb, of which 22

TABLE II. Summary of events detected in the 3-end amplified RT-PCR product (Product B) of MUC4 ¢cDNA from HPAF cell.

EcoRI digested Splice event(s) Product Position of SCin o ..
Form  Frequency product size Length Position in gize Accession the deduced AA fmmeg Putative form
(bp) Type ") WhMUCH (bp) number sequernce
WT 12/20 724+2750 ND — — 3474  AJ276359 1158 In-frame Membrane bound
8v9 2/20 738+2750 I1 14 Between 3488  AJ400633 175 Modified secreted
3285-3286

sv4 2/20 648+2722 D1 76 3420-3495 3370  AJ242544 145 Modified secreted

D2 28  3842-3869
sv10 4/20 568+2750 D3 156  3584-3739 3318 AJ277412 1105 In-frame Membrane bound

ND, not detected; I, insertion; D, deletion; WT, wild-type MUC4,; sv, splice variant; SC, stop codon; AA, amino acid; bp, nucleotide base pair.

o [ae} =
Exon 2 g Exon 3 Exon 3 E Exon 4 Exon 4 s Exon 5§
5'Sphce donor E 3'Splice acceptor  5'Splice donor E 3'Splice acceptor  5'Splice donor E 3'Splice acceptor
o [3a) 2 = g
WT-MUC4 & 2 2 ] 3 §
A ACA TCA Ggtagcet--tccagGA ATG ACA T GAG AGA Ggigagg--cccagGA GTT TCC  CC CTC TACgtgagt--ctcagTTC ACA GA
Thr  Ser Met Thr Glu Arg Val Ser Leu Tyr Phe Thr
-
Exon 3 o Exon 4
5'Splice donor £ 3'Splice acceptor
. CC ATA CAGgtgagg-<cccagGAG TTT CC
Fig. 7. Representation of the splice junctions at e Gln Glu Phe
the nucleotide as well as amino acid levels, as- Exon 4 < Exon §
soclated with splice events I1 and D1 in HPAF Splice event 11 8
tumor cells. The intronic sequence is shown in 5'Splice donor £ 3'Splice acceptor

lower case; the amino acid sequence (in upper case)
is shown below the exonic sequence. Numbers indi-
cate the corresponding nucleotide positions in the
WT-MUC4 sequence submitted to the EMBL data-
base under accession number AJ276359.
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CC CTC TACgtgagt-<tcagGCT TCA CAG
Leu Tyr Ala Ser Gin

Splice event D1
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Exon 2
deletion

5-UTR

Exon 1 g‘n

Exon 2 + Exon 3
deletion

H 3-UTR

MUC4/X

Fig. 8. Schematic representation of the splice events that gen-
erate MUC4/Y and MUC4/X. The boxes with fill-in patterns repre-

sent the coding sequences; empty boxes denote non-coding regions.
The boxes with fill-in patterns separated from each other represent
exonic sequences for which the genomic organization is known. The
various domains are indicated with different fill-in patterns: grey, sig-

kb is the tandem repeat array. It was therefore impossible
to amplify the 5'-end along with the tandem repeat region
for each variant and subclone the complete cDNA corre-
sponding to each splice variant. RT-PCR using total RNA
from HPAF cells was performed to investigate the presence
of potential alternative splice events in the non-tandem
repeat regions, junctions between exon 1 and exon 2, exon 2
and exon 3, as well as within exons 2 and 3 (Product A, C,
D; Fig. 2). No alternative splice events were detected in
these regions after the screening of 25 different subclones
from each PCR product (Product A, C, and D) cloned in the
pCR2.1 vector. Therefore, we assume that, unlike the 3'-end
of the MUC4 ¢DNA (Product B, Fig. 2), the 5'-end and the
central tandem repeat domain of each splice variant are
similar to those reported in the WI-MUC4 sequence
(deposited in GenBank under accession number AJ276359)
as described in Fig. 2.

We also identified two new variants of MUC4 lacking the
tandem repeat domain in HPAF tumor cells. RT-PCR am-
plification using primer P4 and P9 (Fig. 2) on total RNA
isolated from HPAF cells revealed undetectable levels of
the product. Therefore, re-amplification was done using a
set of nested primers (P10 and P11, Fig. 2). Two PCR-prod-
ucts of 2821 bp and 2668 bp were detected. These products
were cloned, sequenced and compared with WI-MUC4.
Both these clones showed an in-frame deletion of exon 2
and exon 2-3, respectively (Fig. 8). We have reported simi-
lar variants in human lung tumors (18) named MUC4/Y
(exon 2 deleted) and MUC4/X (exon 2-3 deleted). The
remaining downstream sequence of the MUC4 cDNA was

nal peptide; small grid, serine, threonine-rich repetitive sequences;
diagonal brick, serine, threonine-rich non-repetitive sequences; large
grid, unique sequence; sphere, cysteine-rich domain; large checker
board, potential N-linked glycosylation sites; small checker board,
EGF-like domain; black, potential transmembrane sequence; horizon-
tal lines, cytoplasmic tail.

also amplified using the first PCR product (obtained with
primers P4 and P9) as a template and no splice event was
found in this region.

DISCUSSION

The MUC4 mucin is considered to be a homologue of the
rat sialomucin complex (SMC) due to their similar struc-
tural organizations. SMC is a heterodimeric glycoprotein
complex composed of mucin (ascites sialoglycoprotein 1,
ASGP-1) and transmembrane ASGP-2 subunits (30, 31).
Like SMC, MUC4 may also exist as two subunits: a mucin
type known as MUC4a and a growth factor-like trans-
membrane subunit, MUC48. MUC{ is expressed in numer-
ous normal tissues including stomach, ovary, salivary
gland, colon, lung, trachea, uterus, and prostate (32-35).
Furthermore, there is an aberrant expression of MUC4 in
pancreatic tumors and in pancreatic tumor cell lines (2, 19,
22). However, there is no detectable expression in normal
pancreas. It is, therefore, important to determine the
MUCH sequence in pancreatic tumor cells.

The data presented here reveal differences in the se-
quence of the full-length MUC4 ¢DNA derived from a
HPAF tumor cell line compared with the previously pub-
lished human tracheobronchial mucin MUC4 sequence (28,
29). However, some of these variations at the amino-acid
level are also observed in other pancreatic tumor cell lines
such as S2CP9, BxPc-3 and QGP1 (data not shown). Fur-
thermore, these differences do not alter the putative motifs
and/or domain structure of this molecule as described in

J. Biochem.
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the previous reports (28, 29). At present, we do not know
whether the polymorphism observed at the amino acid
level is specific to the pancreatic adenocarcinoma, because
we have not compared our sequence with the MUC4 se-
quence derived from other normal human tissues. The
alignment of different genomic clones with the published
tracheal MUC4 cDNA (AJ000281 and AJ010901) sequence
and the partial genomic map provides information about
exon positions, intronic sequences and the translation start
site. The majority of the cDNA clones isolated in the pre-
sent investigation shared similar tandem repeat sequences
at the 5’ end. However, none of the clones had sequences in
common at the 3' end. Comparing these sequences with the
genomic clones revealed that the majority of the clones
have intronic sequences at the 3’ end. These intronic se-
quences in the cDNA clones might be derived from the pre-
mRNA pools of the cDNA library, a situation frequently
encountered in mucin ¢cDNA cloning. Comparing the HPAF
¢DNA sequence with the tracheal cDNA sequence revealed
differences in the translated portion of the cDNA.

We have identified another EGF-like domain (MUC4-
EGF0) in the previously reported cysteine-rich domain
upstream of the EGF1 domain (28). A similar EGF-like
motif is present in the cysteine-rich domain of MUC3 (36)
and shares 46% similarity with the motif present in MUC4
and varying degree of similarity with several other proteins
such as TIE1, TIE2, EGF, and TGF. TIE1 and TIE2 repre-
sent tyrosine protein kinase receptor precursors, and EGF,
and TGF, epidermal growth factor precursor and TGFa
growth factor precursor (37—40). Among the membrane-
bound mucins, MUC1 contains no EGF-like domains (4),
MUC3 has two EGF-like domains (41) and MUC4 has
three EGF-like domains. However, the functions of the
EGF-like domain have not been demonstrated. The EGF1-
domain in ASGP-2, the membrane-associated subunit of
rat Muc4, is believed to interact as well as activate the
tyrosine kinase p185™* (16).

A relatively higher level of MUC4 expression in well or
moderately differentiated tumor cell lines was observed as
compared to poorly differentiated tumor cell lines. In nor-
mal pancreas, the level of MUC4 is undetectable. However,
the variable levels of expression within similar differentia-
tion grades are likely to be the consequence of the different
tumor cell cultures examined containing heterogeneous
mixtures of epithelial cells. We performed RT-PCR analysis
on the same RNA preparation using primers designed in
the non-tandem repeat coding region, and have obtained a
similar expression pattern (data not shown).

The whole genomic tandem repeats domain hybridizing
with the tandem repeat cDNA probe was defined by a Pstl/
EcoRI band of approximately 11 kb derived from a BAC
clone. Digestion with Ddel allowed us to establish that the
Pstl/EcoRI fragment consists entirely of 48 or 96 bp. Thus,
the tandem repeats in the BAC clone seem to contain 208
uninterrupted individual 48 bp units. We observed poten-
tial allelic variation in Southern blots of DNA isolated from
14 pancreatic tumor cell lines, digested with EcoRI+Pstl,
and probed with a pancreatic mucin MUC4 tandem repeat
c¢DNA probe with no signs of gene amplification. These
results suggest that there is a high degree of VNTR poly-
morphism in the MUC4 gene among various pancreatic
tumor cell lines. Similar, VNTR polymorphism in the
MUC4 gene has been demonstrated for healthy normal
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individuals (7, 42). In pancreatic tumor cell lines, the 22.7
kb allele was more common than the 19 kb allele that has
been reported to be prevalent in the normal Caucasian pop-
ulation (29). Allelotyping of the MUC4 gene in a large num-
ber of pancreatic tumor samples may prove to be a useful
diagnostic marker.

The existence of alternate forms of mucin molecules is
known for membrane-associated mucins such as MUCI,
MUCS3, and rat Muc4. Rat Muc4 is reported to exist in both
the soluble and membrane-bound forms (43). MUC1 is also
known to exit as MUC1/SEC, which is generated by the
proteolytic cleavage of the membrane-bound form, and
MUCULY, which lacks the complete tandem repeat domain
(15). The presence of both the secreted and membrane-
associated forms has been documented for another mem-
brane-bound mucin MUC3, and two putative secreted
forms of MUCS3 have been reported (17). However, the pres-
ence of such forms of MUC3 at the protein level has not
been demonstrated.

In the present study, we have identified five putative
variant forms of MUC4 in HPAF tumor cells. The sv9-
MUCA4 and sv4-MUC4 variants are the secreted forms and
lack the Cys-rich domains, all three EGF-like domains, and
the transmembrane (TM) domain. We previously reported a
similar variant (sy4-MUC4) in human testis (18). The sv9-
MUCA4 codes for the 174 residue COOH-terminus, a similar
variant was reported in our earlier publication (sv2-MUC4)
(18); however, the splice events responsible for generating
these variants are different. The third variant form, sv10-
MUCH4, is similar to the WI-MUC4, but is shorter in length
with a 156 bp truncation in the unique sequence of the
MUC4B subunit along with intact MUC4B. Recently, we
found that sv10-MUCA4 (a putative membrane-bound vari-
ant) is detectable in 37% of pancreatic tumor cell lines but
not in any normal human tissues examined including tra-
chea, testis, and lung (18, 44).

The variants MUC4/Y and MUC4/X lack exon 2 or exon
2-3, respectively. Hence, MUC4/Y and MUC4/X are N-glyc-
osylated, heterodimeric non-mucin type growth factor—like
molecules. Currently, we are investigating the expression of
each of these variant forms among different grades of pan-
creatic tumors and cell lines and in normal pancreatic tis-
sues. A similar variant, MUCV/Y, is preferentially express-
ed in breast cancer tissues, as compared to MUC1 isoforms
(15). MUCY/Y has been suggested to be involved in the
oncogenic process as its expression correlates with the
growth and proliferation of breast cancer (15). It has also
been demonstrated that another MUC1 variant form
MUCUVSEC acts as a cognate binding protein for MUC/Y,
causing phosphorylation of MUCLY and resulting in
altered cell morphology (15). It is therefore believed that
alternative splicing controls the biological effects elicited by
the interaction of these two isoforms by regulating the rela-
tive levels of the cognate binding protein and receptor. The
existence of such variant secreted forms is not known for
rat MUCA4. However, a soluble form of rat MUC4 has been
identified in several rat tissues, resulting from the pro-
teolytic cleavage of the membrane form (43). Similar post-
translational proteolytic processes might exist in mem-
brane-bound WItMUC4 and its variants (sv10-MUC4,
MUC4/Y, and MUC4/X).

We do not know the significance of the co-existence of
various splice variants in pancreatic adenocarcinoma. We
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could not confirm the RT-PCR amplified variant forms of
MUC4 at the level of transcription by Northern blot or
RNase protection assay because the RNA is very large (28
kb) and extremely difficult to purify without degradation.
Previously, a typical feature of mucins was thought to be
the polydisperse signal pattern on Northern blots; but later
this was attributed to the degradation of the RNA as a
preparation artifact. So far, there is no MUC4-specific
monoclonal antibody available with which to study these
variants at the protein level.

In conclusion, the present study demonstrates the varia-
tion in the amino-acid sequences of pancreatic tumor versus
normal tracheal MUC4. Genomic hybridization in a panel
of pancreatic tumor cell lines with a tandem repeat cDNA
probe revealed varying allele sizes for the MUC4 gene. The
level of MUC4 expression increases with the differentiation
grades of tumor cell lines. We have identified variant forms
of MUC4 cDNA, with the conceptual protein translations
suggesting the existence of three main mucin types: mem-
brane-associated, secreted, and a membrane-bound form
lacking the tandem repeat domain. The presence of various
alternate forms of MUCA4 in one cell type presents a new
paradigm for the structure and the biological roles of these
molecules.
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