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Although MUCI1 proteins are known to be secreted by breast cancer cells, the mechanism of their release
from the cell is till obscure. Our previously reported MUC1 cDNA sequences suggested the existence of
a secreted MUC1 isoform, MUC1/SEC, that includes a sequence of intron 2, and terminates prematurely
at a stop codon within this intron. It is thus devoid of a transmembrane domain. As no formal evidence
for MUCL/SEC expression at the protein level had been provided, we generated monoclonal antibodies
(mAbs) against a peptide sequence (sec peptide) that is unique for the MUCL/SEC protein. Two anti-sec
peptide mAbs were obtained which reacted strongly with (a) the immunizing peptide, (b) recombinant
MUCL/SEC protein, and (¢) MUCL proteins secreted from breast cancer cells. The immunoreactivity of
the anti-sec peptide mAbs with MUCL1 proteins secreted by breast cancer cells was specifically inhibited
by the sec peptide—it was completely unaffected by a peptide sequence that represents a MUCL repesat
motif. Significantly, the anti-sec peptide mAbs also detected MUCL/SEC protein in sera of breast cancer
patients. We have established here that these mAbs recognize the MUC1/SEC isoform viaa peptide sequence
which is unique for the MUCL/SEC protein. Our studies thus demonstrate that the MUC1/SEC protein is
a bona-fide MUCL1 isoform and that its expression may contribute to the secretion of MUC1 proteins by
secretory epithelial cells in general and breast cancer cells in particular.  © 1996 Academic Press, Inc.

The MUCL gene, is expressed by secretory epithelial cells and at especially high levelsin
human breast cancer tissue (1-4)- it has therefore generated much interest. Although the MUCL1
proteins are readily detected in human body fluids (5-7), the mechanisms whereby they are
secreted from the cell remain uncharacterized. A molecular analysis of the mRNAs coding
for MUCL proteins (previously referred to as episialin, H23Ag, ETA-epithelial tumor antigen,
PEM-polymorphic epithelial mucin, EMA-epithelial membrane antigen, CA15-3, MCA-mam-
mary carcinoma antigen etc.) revealed the existence of severa different MUC1 isoforms (8-
11). A mgjor MUCL gene product (designated (MUCL/REP/TM) is a polymorphic type 1
transmembrane protein that consists of a large heavily glycosylated extracellular domain, a
transmembrane domain and a 72 amino acid (aa) cytoplasmic tail (Fig. 1). The polymorphism
derives principally from variations in the numbers of a 20 aa tandem repeat unit present in
the extracellular domain.

We previously reported a second MUC1 cDNA sequence, designated MUC1/SEC, which
downstream to the tandem repeat array is, in contrast to MUCL/REP/TM, colinear with the
genomic sequence (9). The predicted MUC1/SEC protein thereby formed (Fig. 1) does not
contain a transmembrane domain and is expected to be secreted from the cell. However, formal
evidence demonstrating the actual expression of the MUC1/SEC protein was lacking. We
report here the generation of mAbs specific for a peptide sequence that is unique for the
MUCL/SEC isoform and which recognize both bacterial and animal recombinant MUC1/SEC
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FIG. 1. Scheme of the MUCL/REP/TM and MUCL/SEC isoforms. MUC1 cDNA forms. The cDNAS are depicted
from their 5’ termini at the left of the figure. The tandem repeat array is depicted by the barred region- the regions
coding for the signal peptide, transmembrane domain and cytoplasmic domain are indicated by SP, TM and CYT
respectively and have the same shadings in the various forms.

protein. Using these MUCL1/SEC specific mAbs, we unequivocally demonstrate that the MUCL/
SEC protein is indeed expressed by breast cancer cells grown in-vitro, and that it is also
present in the sera of breast cancer patients.

MATERIALS AND METHODS

Monoclonal antibodies. The anti-MUC1/SEC mAbs 7H10/5 and 7H8/2 were generated by immunizing mice with
the MUCL/SEC specific peptide ‘' VSIGLSFMLP'’. The culture supernatants of the resulting hybridomas were screened
in parallel by solid phase ELISA using 96 well plates that had been coated either with the immunizing peptide or
with a partially purified preparation of MUC1 proteins secreted from T47D breast cancer cells (see below). The mAbs
H23 (12) and 1D1 were prepared by immunizing mice with proteins secreted from T47D breast cancer cells. These
mADbs recognize a peptide epitope which resides within the 20 amino acid tandem repeat motif of the MUCL proteins.

Antigen preparation. A partialy purified sample of MUCL1 proteins secreted by T47D breast cancer cells was
prepared by growing T47D cells in suspension culture on a rotary shaker set at 100 rotations/minute. The breast
cancer cells were grown in serum-free DMEM supplemented with progesterone and estrogen. Conditioned media
(CM/T47D) was collected daily for 5 consecutive days, spun at 2,000 rpm and the secreted proteins present in the
supernatant precipitated with 40% (final concentration) ammonium sulfate. The precipitated proteins were collected
by centrifugation and resuspended in a minimum volume of PBS followed by extensive dialysis against PBS. Aliquots
of the T47D secreted proteins were stored at —20°C.

Generation of recombinant bacterial MUCL/SEC protein. Recombinant bacterial MUCL/SEC protein was prepared
by inserting the MUCL/SEC cDNA into the pUC12N vector a derivative of pUC12 which contains an Ncol site in
the lacZ initiator ATG. A MUCL/SEC cDNA fragment extending from the Banl site at nucleotide #67 till the Banl
site at nucleotide #1414 (nucleotide numbering as in the MUC1/SEC sequence appearing in 8) was obtained following
a partial Banl digest of the full length cDNA coding for MUCL/SEC. This fragment was Klenow *‘filled-in"’ and
ligated to the expression vector pUC12N, previously digested with EcoR1 and then Klenow *‘filled-in’’. The recombi-
nant plasmid obtained retains the first 5 amino acids of the lacZ gene (Met Val Thr Asn Cys) followed, in the correct
reading frame, by the 5th amino acid (Thr) of the MUCL/SEC protein. This plasmid was introduced into competent
DH?5 cells which were then screened by DNA/DNA hybridization for the presence of the tandem repesat array. Positive
colonies were selected and further analyzed for expression of the MUC1/SEC protein by screening with the H23 mAb
which recognizes an epitope contained within the tandem repesat array.

RESULTS

mAbs generated against the sec peptide. To specificaly test for expression of the secreted
MUCLY/SEC isoform (Fig. 1), mAbs were generated against a dodecamer peptide which is unique
for the MUCL/SEC isoform (sec peptide** VSIGLSFPMLP *). The mAbs obtained were screened,
in parald, for immunoreactivity with (a) the sec peptide and (b) proteins secreted by human
breast cancer cells grown in-vitro. This screening procedure resulted in a number of mAbs that
reacted well with the immobilized sec peptide. A subset of these mAbs displayed immunoreactiv-
ity both with MUC1 proteins secreted from breast cancer cells and with the sec peptide. Two

116



Vol. 228, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

ANTI-SEC PEPTIDE mAb 7H10/5 ANTI-SEC PEPTIDE mAb 7H8/2

14 2
—®— Ag20pg/ml
—8—  Ag 10ug/m!
—O— Ag5pg/ml
—{0— Ag25pg/ml
—&— Ag1.25ug/ml

0.7 14

0.D. 405 nm

0.0 T T
100 1000 10000 100 1000 10000

RECIPROCAL OF A.F. DILUTION RECIPROCAL OF A.F. DILUTION

FIG. 2. Titration of immunoreactivity of anti-sec-peptide mAbs with MUC1 proteins secreted from T47D breast
cancer cells. A partialy purified preparation of MUC1 proteins secreted into serum-free media by T47D breast cancer
cells was coated onto 96 well microtiter plates- antigen concentrations ranged from 20 pg/ml down to 1.5 ug/ml.
Double dilutions of the anti-sec peptide mAbs 7H10/5 and 7H8/2 were then added to the wells, incubated overnight
followed by extensive washing with PBS and addition of akaline phosphatase conjugated anti-mouse antibodies.
Substrate was added to the plates followed by a reading of optical density at 405nm.

of these mAbs (7H8/2 and 7H10/5) reveaed a high and reproducible immunoreactivity and were
chosen for further study. A titration of their immunoreactivity towards proteins secreted from
the T47D breast cancer cells showed that the 7H8/2 and 7H10/5 mAbs retained considerable
activity even following a several thousand fold dilution (Fig. 2).

Recognition of recombinant MUCL/SEC protein by the anti-MUCL/SEC antibodies. To
verify that the anti-sec peptide mAbs are indeed recognizing the MUC1/SEC protein, we tested
their reactivity against recombinant bacterial MUC1/SEC protein. In this *‘sandwich’ ELISA
assay, the capture antibody immobilized on resin beads was a mAb, 1D5, that recognizes the
tandem repeat array motif- the detecting antibody was either the anti-sec peptide mAb 7H10/
5 conjugated to alkaline phosphatase or the anti-repeat array H23 mAbs, similarly conjugated.
The recombinant bacterial MUCL/SEC protein was readily detected by the anti-sec mAbs
which demonstrated an even higher sensitivity than the anti-repeat (H23) mAbs (rows 2 and
3, Table 1). Supernatants from control bacteria transformed with a non-relevant plasmid re-
vealed only background levels (row 1, Table 1). Using this ELISA assay, the anti-sec peptide
mAbs also detected MUCL/SEC protein present in the conditioned medium of T47D breast
cancer cells (row 4, Table 1). Similarly recombinant MUC1/SEC protein produced by MUCL/
SEC cDNA transfected rat fibroblasts and present in the conditioned media of these cells was
also detected using the anti-sec peptide mAbs- no immunoreactive protein could be detected
in the conditioned media of control rat fibroblast transfectants (data not shown).

Foecificity of anti-sec mAbs for the MUCL/SEC isoform. Preincubation of the mAbs 7H8/2
and 7H10/5 with the sec peptide strongly inhibited their binding to immobilized secreted T47D
proteins- this binding was not at all inhibited by RPM-6, the tandem repeat array peptide (Fig.
3). Conversely, preincubation of mAb H23, that recognizes an epitope contained within the
tandem repeat array, with RPM-6 severely compromised its immunoreactivity- this reactivity
was completely unaffected by the sec peptide (Fig. 3). These experiments thus established
anti-MUCL/SEC mAb specificity towards a protein that contains the sec peptide sequence and
is secreted by breast cancer cells.

Detection of MUCL/SEC protein in human body fluids. We thus demonstrated: (a) that
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TABLE 1
Recognition of Recombinant MUCL1/SEC Protein by the Anti-sec-Peptide 7H10/5 mAbs

Detecting antibody

7H10/5-AP H23-AP
Sample assayed [anti-sec peptide mAbs] [anti-repeat mAbs]
1 supernatant of control bacteria 0 0.049
2 supernatant of MUCL/SEC bacteria 1.3%4 0.949
3 supernatant of MUC1/SEC bacteria-diluted 1:10 1.130 0.342
4 concentrated media from T47D cells 1.376 1912

A mAb (1D1, N.S. unpublished) that recognizes an epitope contained within the MUC1 tandem repeats was
covalently bound to Eupergit beads as previously described. Culture supernatants (200 ul) from control pSV2neo
transformed bacteria (row 1), MUCL/SEC expressing bacteria transformed with the pUC12N//MUC1/SEC plasmid
(rows 2 and 3), and concentrated serum-free conditioned mediafrom T47D breast cancer cells (row 4), were incubated
with the anti-repeat mAb Eupergit beads for 2 hr. at room temperature followed by 4 washes of the beads with PBS
+ 0.1% gelatin. The bound MUCLY/SEC protein was detected either with alkaline phosphatase conjugated anti-sec-
peptide mAbs (7H10/5-AP) or AP conjugate anti-repeat motif mAbs (H23-AP) and, following addition of the substrate,
the plates were read at 405 nm.

the anti-sec peptide mAbs recognize proteins secreted from breast cancer cells; (b) that this
immunoreactivity can be specifically inhibited by preincubating the anti-sec peptide mAbs
with the MUCL/isoform specific peptide and (c) that the anti-sec peptide mAbs recognize
recombinant MUC1/SEC protein produced both by bacteria and animal cells. We next investi-
gated whether the anti-sec peptide mAbs could be used to detect the MUC1/SEC isoform in
serum samples obtained from breast cancer patients. Two variant ‘*sandwich’” ELISA assays
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FIG. 3. Inhibition by sec peptide [*'VSIGLSFPMLP'’] of anti-sec-peptide mAb binding to secreted MUCL/SEC
proteins. 96 well plates were coated with a partially purified preparation of MUC1 proteins secreted from T47D breast
cancer cells. The anti-sec-peptide mAbs 7H10/5 and 7H8/2 (cross hatched and heavily stippled columns respectively)
as well as the anti-repeat domain H23 mAbs (lightly stippled column) were mixed with the indicated concentrations
of either the sec peptide (SEC) or the repeat peptide (RPM6) and incubated with the antigen coated wells for 60 min.
Bound mAbs were detected as in the legend to Fig. 2.
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TABLE 2
Detection of MUCL/SEC Protein in Human Sera

coating with mAb 7H10/5 H23 7H10/5 H23
reciprocal dilution serum B165 serum B337
of coating mAb (diluted 1:10) (diluted 1:10)

100 1.130 0.959 0.102 .027

200 1.287 0.759 0.097 .027

400 1171 0.434 0.079 .037

800 1.066 0.219 0.068 .034

1600 0.983 0.129 0.059 .035

3200 0.943 0.073 0.044 .036

6400 0.731 0.037 0.035 .036

96 well plates were coated with reciprocal dilutions (ranging from
100 to 6,400 fold) of either the anti-MUCL/SEC 7H10/5 mAb or the
anti-repeat H23 mAb. Two different human sera (B165 and B337) were
diluted 10 fold and 200 microliters added to each well. Bound MUC1
proteins were detected with alkaline phosphatase conjugated anti-repeat
mAbs and, following addition of the substrate, the plates were read at
405 nm.

were performed. Either anti-sec peptide mAbs or anti-repeat H23 mAbs, were immobilized
onto wells followed by incubation with body fluid sasmples- detection of bound MUCL proteins
was performed with alkaline phosphatase conjugated anti-repeat H23 mAbs. These two assays
are designated [(anti-sec)/(sample)/(anti-repeat AP)] and [(anti-repeat)/(sample)/(anti-repeat
AP)] respectively. Using the conventional [(anti-repeat)/(sample)/(anti-repeat AP)] assay (that
detects al repeat array containing MUCL proteins), one serum sample (B165) displayed high
levels of MUC1 protein and a second serum sample (B337) contained only very low levels
(Table 2). The [(anti-sec)/(sample)/(anti-repeat AP)] which detects only the MUC1/SEC iso-
form, revealed high MUC1/SEC levels in the B165 sample and only very low levels in the
B337 sample, thus correlating well with the results obtained in the [(anti-repeat)/(sample)/
(anti-repeat AP)] assay (Table 2).

DISCUSSION

Although it is well known that repeat array containing MUCL proteins are released into the
circulation by malignant epithelial cells, the secretory mechanism remains obscure. A molecular
analysisof MUC1 cDNA showed that amajor MUC1 proteinisoformisatype 1 transmembrane
protein containing a large extracellular domain (8-12). This membrane MUC1 protein under-
goes proteolytic cleavage at a site that is approximately 45-60 aa N-terminal to the transmem-
brane domain, generating a heterodimer MUCL/REP protein in which the repeat array-con-
taining extracellular domain is bound in a non-covaent SDS-sensitive linkage to the remaining
C-terminal cleavage products (13). Dissociation from the C-terminal cleavage products will
result in ‘*shedding’’ of the N-terminal extracellular domain. In fact, similar protein secretion
following proteolysis of membrane bound proteins have been previously described. For exam-
ple, angiotensin-converting enzyme is secreted following cleavage (14), and furin, a membrane
bound endopeptidase, is subjected to proteolysis that release a soluble enzyme (15).

We previously suggested the existence of an additional repeat array containing MUC1
protein (9), MUCL/SEC, which is devoid of a transmembrane domain and is thus expected to
be secreted from the cell. This observation was supported by the recent report (16) of the
isolation of a MUC/SEC mRNA species. In order to demonstrate MUC1/SEC expression at
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the protein level, we have generated mAbs which specifically recognize a peptide sequence,
that is unique to the predicted MUCL/SEC carboxyl terminus and is not found in the MUCY/
REP/TM isoform. Using these antibodies, we have unequivocally demonstrated the presence
of the MUCL/SEC isoform in proteins secreted by breast cancer cells as well asin body fluids
obtained from breast cancer patients. Generation of protein isoforms by means of intron
inclusion thereby introducing a stop codon is unusual. Some previously described examples
are the 1.4 kb c-erbB3 mRNA coding for the secreted c-erbB3 protein in MKN45 cells that
differs from the 6.2 kb transcript that codes for the membrane-bound protein (17), and the
soluble human thyrotropin binding protein that is in fact a truncated form of the membrane-
anchored receptor at an intron sequence included following exon 8 (18). The third mechanism
described for secretion of membrane-bound protein is aternative splicing of mRNA that
generates isoforms devoid of the membrane anchoring sequence (19, 20).

MUC1 proteins released by breast cancer cells are thus likely to represent a mixture of both
secreted MUC1/SEC and ‘‘shed”” MUCL/REP/TM proteins. These findings suggest that the
relative levels in body fluids of shed MUCL/REP/TM and MUCL/SEC proteins, may vary
amongst breast cancer patients- we do not as yet know whether this ratio is of a prognostic
or/and diagnostic significance for breast cancer and a larger study will be required to resolve
this issue.

The cell-associated MUCL/REP/TM protein has been implicated as an anti-cell-adhesion
molecule (21, 22). On the other hand, the functional significance of soluble secreted MUCL/
SEC and *‘shed”” MUC1 proteins is unknown. It is however notable that proteins with mucin-
like features have been recently shown to act as ligands for selectin molecules (23, 24).
Research is in progress to test whether the secreted mucinous-like MUCL proteins may, in a
similar manner, function as ligands for as yet unidentified receptor molecules.
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