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Introduction 
Sialomucin complex (SMC, rat Muc4) was originally discovered as the major 

glycoprotein complex on the surface of highly malignant, metastatic 13762 rat ascites mammary 
adenocarcinoma cells (Sherblom and Carraway, 1980). The complex consists of a peripheral, O- 
glycosylated mucin subunit ASGP-1 (Sherblom et al., 1980a, b), and an N-glycosylated integral 
membrane glycoprotein ASGP-2 to which ASGP-1 is tightly, but non-covalently, bound 
(Sherblom and Carraway, 1980; Hull et al., 1990). Recent studies have demonstrated that 
Muc4/SMC is the rat homolog of human MUC4 (Moniaux et al., 1999). Several studies suggest 
that the two-subunit Muc4/SMC is a multi-functional glycoprotein complex. Overexpression of 
Muc4/SMC can provide anti-recognition and anti-adhesive properties to tumor cells (Komatsu et 
al, 1997). Furthermore, Muc4/SMC expression in tumor cells reduces their killing by natural 
killer cells (Komatsu et al., 1999). ASGP-2 has two epidermal growth factor-like domains, 
which have all of the consensus residues present in active members of the epidermal growth 
factor family (Sheng et al., 1992). Moreover, Muc4/SMC has been shown to bind to and 
modulate phosphorylation of the receptor ErbB2 (Carraway et al., 1999). Thus, the 
transmembrane subunit ASGP-2 is proposed to modulate signaling through the epidermal growth 
factor family of receptors via its interaction with erbB2 (Carraway et al., 1999; Carraway et al., 
1992). This interaction may play a role in the constitutive phosphorylation of erbB2 in the 13762 
ascites cells (Juang et al., 1996) and the rapid growth of these cells in vivo. Sialomucin complex 
expression ahs been described in a number of normal secretory epithelial tissues in the adult rat 
including mammary gland (Rossi et al., 1996; McNeer et al., 1997) and appears to have multiple 
and complex regulatory mechanisms. Because overexpression of Muc4/SMC may lead o 
deleterious consequences, it is important to understand how expression of this protein is 
regulated as well as the consequences of its interaction with ErbB2. Thus, we are characterizing 
regulation of Muc4/SMC expression in normal mammary epithelial cells and 13762 mammary 
ascites tumor cells. Furthermore, we are characterizing the interactions between ASGP-2 and 
ErbB2 and the possible consequences of this interaction. For this final report we describe 
expression and interaction of Muc4/SMC and ErbB2 in normal mammary gland and tumor 
tissue. Muc4/SMC and ErbB2 form a complex in normal mammary tissue and mammary tumor 
cells. Overexpression of Muc4/SMC on tumor cells blocks antibody binding to ErbB2 that is 
dependent on the antibody isotype used. This complex formation may provide tumor cells a 
mechanism of Herceptin resistance. In the normal mammary gland, ErbB2 co-localizes with 
Muc4/SMC at the apical surfaces of the alveolar cells in lactating gland; however, another form 
of ErbB2, recognized by a different antibody, localizes to the basolateral surfaces of these cells. 
Moreover, ErbB2 phosphorylated on Tyr 1248 co-localizes with Muc4/SMC at the apical surface 
but not at the basolateral surfaces of these cells. These data indicate that Muc4/SMC and ErbB2 
complex formation in the mammary gland is developmentally regulated and there are different 
forms of ErbB2 present in mammary epithelial cells that may have different functions in the 
mammary gland. Further, overexpression of Muc4/SMC on tumor cells may have both 
prognostic and therapeutic relevance. 



This report summarizes the results of studies outlined in DAMD17-97-1-7151: 
Regulation of Sialomucin Complex Expression and Its Effect on HER Receptor Interaction. In 
these studies we have investigated the interaction of Muc4/SMC with the growth hormone 
receptor ErbB2 and its potential effects on cancer therapies. For a detailed discussion of 
regulatory mechanisms of Muc4/SMC in normal mammary epithelial cells and interactions of 
Muc4/SMC with ErbB2 in normal mammary gland and tumor cells (Tasks 1-5 in Statement of 
Work), please see the following appended manuscripts/reprints: 

Price-Schiavi, S.A., Craway, C.A.C., Fregien, N.L., and carraway, K.L. (1998) Post- 
transcriptional regulation of a milk membrane protein, the Sialomucin complex, (Ascites 
sialoglycoprotein (ASGP)-lASGP-2, Rat Muc4), by transforming growth factor ß. J. Biol. 
Chem. 273, 35288-35237. 

Price-Schiavi, S.A., Zhu, X., Aquinin, R., and Carraway, K.L. (200) Sialomucin Complex (Rat 
Muc4) is regulated by transforming growth factor ß in mammary gland by a novel post- 
translational mechanism. J. Biol. Chem. 275, 17800-17807. 

Zhu, X., Price-Schiavi, S.A., and Carraway, K.L. (2000) Extracellular regulated kinase (ERK)- 
dependent regulation of Sialomucin complex.Muc4 expression in mammary epithelial cells. 
Oncogene. 19,4354-4361. 

Price-Schiavi, S.A., Jepson, S., Li, P., Arango, M., Rudland, P.S., Yee, L., and Carraway, K.L. 
(2002) Rat Muc4 (Sialomucin complex) reduces binding of anti-ErbB2 antibodies to tumor cell 
surfaces, a potential mechanism for herceptin resistance. Int. J. Cancer. In press. 

Price-Schiavi, S.A., Idris, N., Li, P., Carraway, C.A.C., and Carraway, K.L. Expression, location 
and interactions of ErbB2 and its intramembrane iigand Muc4 (Sialomucin Complex) in rat 
mammary gland during pregnancy. Manuscript in preparation. 

Expression of Muc4/SMC in Human Breast Cancer 
Cancer progression can be associated with aberrant expression of glycoproteins on tumor 

cell surfaces. Muc4/SMC is highly overexpressed on the surface of the highly malignant 
metastatic 13762 rat mammary adenocarcinoma with levels 100-fold higher than normal 
lactating mammary gland and 10,000-fold higher than normal rat mammary gland (Price-Schiavi 
et al., 1998; Rossi et al., 1996). By immunohistochemistry and immunoblot analysis we have 
shown that MUC4 is expressed in a minority of solid breast tumors and is overexpressed in the 
majority of more aggressive tumor cells from effusions of breast cancer patients (Komatsu et al., 
1999). Moreover, it has been demonstrated that MUC4 is aberrantly expressed in a number of 
human malignancies (Walsh et al, 1993). To further investigate MUC4 expression in human 
breast cancer, we performed immunohistochemical staining of breast tumors from breast cancer 
patients. Paraffin-embedded infiltrating carcinoma specimens were tested for MUC4 expression 
by staining with anti-ASGP-1 monoclonal antibody 15H10. In these tumor specimens MUC4 
stained throughout the ductal epithelium with more intense staining towards the lumenal surface 
(data not shown). Moreover, there was strong staining of cells invading the lumen of the duct 
and the surrounding tissue. About 30% of these tumor samples was strongly positive for MUC4 
(Table I).    As shown previously, breast cancer samples from breast cancer patient effusions 



showed an even higher level of positivity (Table I). To verify the staining of MUC4, we 
performed immunoblots on a strongly positive breast cancer sample compared to a negative 
sample (Fig. 1). As positive controls, we show samples from the 13762 ascites cells and 
Muc4/SMC-transfected A3 75 cells grown with or without tetracycline to turn Muc4/SMC OFF 
or ON, respectively (Fig. 1). Taken together with our previous data, these observations suggest a 
role for Muc4/SMC in human breast tumor progression (Komatsu et al., 1999). 

Effect of antibody isotype on antibody binding to A375 Cells 
Overexpression of Muc4/SMC blocks cell-cell and cell-matrix interactions by non- 

specific steric hindrance (Komatsu et al., 1999). Part of this demonstration was that when 
Muc4/SMC was overexpressed, cell adhesion to a number of different ECM components was 
inhibited, and the degree of inhibition was dependent on the expression level of Muc4/SMC and 
the number of mucin repeats the Muc4/SMC molecules contained. In the last report we 
demonstrated that overexpression of Muc4/SMC blocks antibody binding to ErbB2 on the 
surface of both A3 75 human melanoma and MCF-7 human mammary adenocarcinoma cell lines. 
In these studies we demonstrated that Muc4/SMC overexpression inhibits IgGl isotype antibody 
binding to ErbB2 only, and we have previously reported that Muc4/SMC and ErbB2 can form a 
complex. Thus, the inhibition of anti-ErbB2 antibody binding by Muc4/SMC overexpression 
may be from steric hindrance due to the formation of the Muc4/SMC-ErbB2 complex. To test 
this idea, we measured cell surface antibody binding with a different, unrelated antibody in the 
presence or absence of Muc4/SMC expression. A375 cells were cultured for 72 hours in the 
presence or absence of tetracycline as described. Cells were harvested and stained with either 
anti-Fas IgG or anti-Fas IgM isotype antibodies. When stained with anti-Fas IgG antibodies, cell 
surface antibody binding is similar whether or not Muc4/SMC is expressed (Fig. 2A). However, 
when stained with larger, more bulky anti-Fas IgM antibodies, antibody binding is reduced by 
approximately 60% when Muc4/SMC is overexpressed (Fig. 2B). Although the differences in 
staining due to differences in the anti-Fas antibodies cannot be ruled out, these data suggest that 
inhibition of antibody binding is dependent on the class of antibody and suggest that inhibition of 
ErbB2 antibody binding may not be due entirely to nonspecific steric hindrance but instead from 
steric hindrance due to the formation of a Muc4/SMC-ErbB2 complex. 

Co-immunoprecipitation of Muc4/SMC and ErbB-2 from A375 cells 
We have previously demonstrated that Muc4/SMC and ErbB-2 can form a complex in 

co-infected insect cells, normal mammary epithelial cells, and 13762 mammary tumor cells. In 
our previous report we demonstrated that overexpression of Muc4/SMC blocks antibody binding 
to ErbB2 and that capping of Muc4/SMC with antibodies further reduces antibody binding to 
ErbB2 rather than increasing it. These data suggest that reduction of antibody binding may not 
be due to nonspecific steric hindrance but instead from steric hindrance from the specific 
formation of a Muc4/SMC/ErbB2 complex. To determine if there is some interaction between 
ErbB-2 and Muc4/SMC in the transfected A375 cells that may interfere with antibody binding to 
ErbB-2, a co-immunoprecipitation was performed. A375 cells expressing Muc4/SMC were lysed 
and immunoprecipitated with either anti-ASGP-2, anti-C-pep, or anti-ErbB-2 antibodies, and 
immunoprecipitates were subjected to immunoblot analysis with anti-ASGP-2 mAb 4F12. 
Muc4/SMC was readily detected in the anti-ErbB-2 immunoprecipitates but not in the non- 
immune rabbit serum control suggesting that Muc4/SMC and ErbB-2 form a complex in these 



cells (Fig. 3). These data suggest an interaction between Muc4/SMC and ErbB-2 that may 
interfere with antibody binding to ErbB-2. 

Effect of Muc4/SMC overexpression on antibody binding to ErbB2 on human breast 
cancer cells 

The A3 75 cells are human melanoma cells, not breast cancer cells, and Herceptin is 
approved as a treatment for metastatic breast cancer. Thus, to determine if overexpression of 
Muc4/SMC blocks ErbB2 antibody binding on breast tumor cells, MCF-7 cells stably transfected 
with tetracycline regulatable Muc4/SMC were analyzed in a manner similar to that described for 
the A375 cells described in the last report. To determine what effect Muc4/SMC overexpression 
has on Herceptin binding to ErbB2 on the surface of breast cancer cells, MCF-7 cells were 
cultured in the presence or absence of tetracycline for 72 hours. Cells were harvested in enzyme- 
free cell dissociation buffer and analyzed by flow cytometry with Herceptin (at a 100, 10, or 1 
Hg/ml dilution). As with the A375 cells, there was reduced Herceptin binding when MCF-7 

cells expressed high levels of Muc4/SMC. However, unlike the A3 75 cells, MCF-7 cells 
expressing high levels of Muc4/SMC showed a 25-40% reduction in Herceptin binding 
compared to MCF-7 cells not expressing Muc4/SMC, regardless of the concentration of 
Herceptin used for staining (Fig. 4). These results suggest that for breast cancer cells, 
overexpression of Muc4/SMC may provide a block to antibody-based therapies even at the lower 
therapeutic doses. 

Localization of Muc4/SMC and ErbB2 in normal developing mammary tissue 
We have previously demonstrated by immunoblot and immunohistochemical analysis that 
Muc4/SMC is developmentally regulated and is localized on the lumenal surfaces of ductal and 
alveolar epithelial cells in the normal developing rat mammary gland (Rossi et al., 1996; Price- 
Schiavi et al, 1998; Li et al, 2001). Further, we have shown that different anti-ErbB2 antibodies 
recognize different forms of ErbB2 and show differential staining within the same tissue (Idris et 
al., 2001). To compare cellular localization of Muc4/SMC and ErbB2 in lactating mammary 
gland and to compare ErbB2 staining pattern with different anti-ErbB2 antibodies, whole 
mammary tissue isolated from lactating rats was analyzed by immunohistochemical staining with 
antibodies directed against Muc4/SMC (ASGP-2) and ErbB2. As expected, Muc4/SMC was 
stained on the apical surfaces of ductal and alveolar epithelial cells. When stained with 
Neomarkers anti-ErbB2 antibody 1, a polyclonal antibody directed against a peptide in the C- 
terminal region of ErbB2, ErbB2 was detected at the apical surfaces of the alveolar epithelial 
cells (Fig. 5). However, when stained with Dako anti-ErbB2 (Herceptest), ErbB2 staining was 
localized largely on the basolateral surfaces of the alveolar epithelial cells. No staining was 
detected with any of the antibodies in the myoepithelial or stromal cells. Thus, as shown in 
female reproductive tissues, different anti-ErbB2 antibodies stain ErbB2 differently in lactating 
mammary tissue, suggesting that these antibodies recognize different forms of ErbB2. 
Moreover, these data suggest that one form of ErbB2 co-localizes with Muc4/SMC at the apical 
surfaces of the secretory mammary epithelium. 

The differential localization of ErbB2 in lactating mammary gland raises a question about 
the nature of the two forms of this protein. We have recently demonstrated that complex 
formation between Muc4/SMC and ErbB2 leads to phosphorylation of ErbB2 Tyrl248. Further, 
we have demonstrated in female reproductive tract tissues that different forms of ErbB2 are 
differentially localized depending on the antibody used for staining and that this difference is 



correlated with its phosphorylation state. To determine if the differential localization of ErbB2 
in the lactating mammary gland is also correlated with its phosphorylation state, we stained 
lactating mammary tissue with Neomarkers anti-ErbB2 antibody 17 and 18. NeoMarkers anti- 
ErbB2 antibody 18 recognizes a phosphorylated peptide in the C-terminal region of ErbB2, while 
antibody 17 recognizes only the unphosphorylated form of this peptide. When lactating 
mammary tissue was stained with the anti-phospho-ErbB2 antibody, staining was localized to the 
apical surface of the alveolar epithelial cells (Fig. 6). Likewise, when stained with antibody 17, 
ErbB2 staining was also localized to the apical surface of the alveolar epithelial cells. There was 
little ErbB2 detected with either antibody at the basolateral surfaces of the cells as seen with the 
Dako anti-ErbB2 antibody. Taken together, these data suggest that both Tyr 1248 
phosphorylated and Tyr 1248 unphosphorylated forms of ErbB2 co-localize with Muc4/SMC at 
the apical surface of the mammary alveolar epithelium. Moreover, the form of ErbB2 
recognized by the Dako antibody at the basolateral surface of the alveolar epithelium, which is 
not co-localized with Muc4/SMC, is not phosphorylated on Tyr 1248. 



Key research accomplishments to date: 

1. Muc4/SMC is developmentally regulated in normal rat mammary gland largely by a post- 
transcriptional mechanism. 

2. Matrigel (reconstituted ECM) post-transcriptionally regulates SMC levels in normal rat 
MEC by inhibition of Muc4/SMC precursor synthesis. 

3. Muc4/SMC levels in 13762 MAT-B1 tumor cells are unaffected y Matrigel. 

4. Muc4/SMC is post-translationally regulated in normal rat MEC by TGFß by disruption of 
Muc4/SMC precursor processing, (note that this is a different mechanisms than that 
described for Matrigel.) 

5. Muc4/SMC expression is unaffected by TGFß in 13762 MAT-B1 tumor cells. 

6. Muc4/SMC and ErbB2 have similar expression patterns in normal developing rat 
mammary gland. 

7. Muc4/SMC and ErbB2 can form a complex in both virgin and lactating mammary gland. 

8. Muc4/SMC and ErbB2 have different mechanisms of regulation in culture normal rat 
mammary epithelial cells. 

9. The inhibitory effect of TGFß on Muc4/SMC expression can be blocked by IFNy in a 
time and dose dependent manner. 

10. Overexpression of Muc4/SMC on tumor cell surfaces can block antibody binding 
(including Herceptin) to ErbB2 by steric hindrance from complex formation with ErbB2. 

11. There are different forms of ErbB2 in normal mammary gland that stain differently with 
different anti-ErbB2 antibodies that may have different functions this tissue. 
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gamma (IFN-y) blocks downregulation of sialomucin complex (SMC/Rat Muc4) expression in 
normal rat mammary epithelial cells. Manuscript in preparation 
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Conclusion 
The overall goal of these studies was to elucidate the mechanisms of regulation of 

Muc4/SMC in normal mammary epithelia and to determine what effects Muc4/SMC complex 
formation with ErbB2 would have on cells. ErbB2 and Muc4/SMC have both been implicated in 
cancer and normal functions such as development and protection (Alroy and Yarden, 1997; 
Carraway et al, 2000). Thus, it is important to understand what contribution each of these 
proteins and their complex has on development of the normal mammary gland and tumor 
progression. Mucr4/SMC is developmentally regulated n normal rat mammary gland by a post- 
transcriptional mechanism. Although a number of factors have some effect on Muc4/SMC levels 
in primary mammary epithelial cell cultures, Matrigel and TGFß can mimic the post- 
transcriptional regulation of Muc4/SMC seen in vivo. Interestingly, the regulatory mechanisms 
for these two factors are different. Matrigel inhibits synthesis of the Muc4/SMC precursor, while 
TGFyß interferes with Muc4/SMC precursor processing. These data indicate both post- 
transcriptional and post-translational mechanisms of regulation, which further illustrates the 
complexity of regulating mammary gene expression. 

Muc4/SMC and ErbB2 have different expression patterns and regulatory mechanisms. 
However, they are both expressed at maximal levels in late pregnant and lactating mammary 
gland and may form a complex at these stages of mammary development. Incidentally, 
expression of neuregulin, another ErbB2 ligand, is maximal during late pregnancy and lactation 
and has been reported to be expressed in the mammary stroma (Yang et al, 1995). Indeed, 
Muc4/SMC and ErbB2 could be co-immunoprecipitated as a complex from lactating mammary 
tissue but not from virgin mammary tissue. Because the anti-C-pep antibody used for co- 
immunoprecipitations recognizes only membrane bound Muc4/SMC, the Muc4/SMC complexed 
with ErbB2 in mammary gland appears to be membrane-associated. Because the two proteins 
were also co-immunoprecipitated from isolated mammary epithelial cells, the Muc4/SMC 
complex must be present in to the epithelial cells. Moreover, consistent with our previous 
studies, the complex does not appear to involve ErbB3 (Carraway et al, 1999b). These data 
suggest that Muc4/SMC-ErbB2 complex formation is a normal physiological phenomenon and is 
developmentally regulated in the normal developing rat mammary gland. 

In the lactating mammary gland Muc4/SMC and a portion of ErbB2 are co-localized. 
Muc4/SMC is expressed at the apical surfaces of the alveolar epithelial cells in the lactating 
mammary gland. On the other hand, ErbB2 is expressed on both the apical and basolateral 
surfaces of the alveolar mammary epithelial cells, with each form being recognized by different 
anti-ErbB2 antibodies, suggesting that there are different forms of ErbB2 present at the apical 
and basolateral surfaces of mammary alveolar cells. Similarly, in the rat oviduct the NeoMarkers 
antibody 1 detected ErbB2 at the apical surfaces of the epithelial cells, while the Dako antibody 
recognized ErbB2 at the lateral surfaces (Idris and Carraway, 2001). In support of this idea, we 
investigated the phosphorylation states of ErbB2 in the mammary gland. Staining for 
phosphorylated ErbB2 reveals that both Tyr 1248-phosphorylated as well as Tyr 1248- 
unphosphorylated ErbB2 co-localizes with Muc4/SMC at the apical surface of the alveolar 
epithelial cells. ErbB2 localized at the basolateral surfaces of these cells was not stained with the 
phospho-ErbB2 antibody or the antibody recognizing the unphosphorylated form. This lack of 
recognition could be due to lack of phosphorylation of this peptide or block of these epitopes by 
other signaling components bound to the basolateral form of ErbB2. Taken together these data 
indicate that there are different forms of ErbB2 at the apical and basolateral surfaces of the 
alveolar mammary epithelial cells. 
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Differential recognition of ErbB2 forms by different antibodies has been reported 
(DiGiovanna, 1997; Darcy et al, 2000). This notion is confirmed by numerous reports of ErbB2 
localization in mammary gland. Darcy et al. reported that ErbB2 was present at high levels in 
virgin, pregnant, and involuting mouse mammary gland but not in lactating mammary gland. 
Moreover, they report that ErbB2 is localized to all cell types of the mammary gland at various 
stages, including stromal cells (Darcy et al, 2000). On the other hand Schroeder and Lee report 
that ErbB2 is localized to all cell types in immature mammary gland but restricted to epithelia in 
the differentiated gland (Schroeder and Lee, 1998). Press et al. localized ErbB2 to the basoateral 
but not the apical cell membranes of ductal and lobular epithelium, while Darcy et al. describe 
localization to both apical and basolateral surfaces (Press et al, 1990, Darcy et al, 2000). Our 
data indicate that ErbB2 is present at high levels in the lactating rat mammary gland and that, 
depending on which antibody is used, it can be localized to both basolateral and apical surfaces 
of the alveolar epithelial cells. Taken together, these data indicate that different ErbB2 antibodies 
localize ErbB2 differently in developing mammary tissue although one cannot rule out 
differences in the detection method, assay conditions, species and reproductive history of donor 
for the contradictory ErbB2 expression and localization. 

In addition to suggesting a role in maintenance of the lactating mammary gland, our 
studies raise a note of caution about the use of ErbB2 antibody staining in determining the 
prognosis and course of treatment for breast cancer patients. We have demonstrated that 
overexpression of Muc4/SMC can block antibody binding to ErbB2, and these studies indicate 
that co-expression and complex formation with Muc4/SMC may cause differential antibody 
recognition to ErbB2 in histological preparations (Price-Schiavi et al, submitted). Thus, it may 
be clinically relevant to determine if specific forms of ErbB2 and co-expression and complex 
formation with Muc4/SMC influence responses to treatment and correlate with clinical outcome. 

Proper localization of receptors in polarized cells is critical to their normal function. Our 
data indicate differential localization of ErbB2 in the mammary gland, raising a question about 
the mechanism for localization. Borg et al report that ERBIN, a PDZ domain-containing 
protein, can maintain ErbB2 at the basolateral surfaces of polarized epithelial cells through 
interactions in the C-terminal domains of ERBIN and ErbB2 and that ERBIN loss of function 
mutations result in mislocalization of ErbB2 (Borg et al, 2000). Similarly, we have shown that 
Muc4/SMC can form a complex with ErbB2 and potentiate phosphorylation of this receptor 
(Carraway et al, 1999b). Through its interaction with ErbB2, which appears to form during its 
intracellular transit, Muc4/SMC may redirect a portion of ErbB2 to the apical surface of the 
cells, while ERBIN or other PDZ domain-containing proteins may direct another portion to the 
basolateral surface (Fig. 7). In support of this idea, we show that Tyr 1248 phosphorylated 
ErbB2 co-localizes with Muc4/SMC at the apical surface of the alveolar cells and not at the 
basolateral surface. Thus, different interactions of ErbB2 with proteins such as Muc4/SMC and 
ERBIN may allow for polarized expression and function of ErbB2. Further, differential antibody 
staining can be explained by masking of epitopes by other signaling molecules recruited to the 
different sites of ErbB2 interaction. 

Four types of observations suggest that the Muc4/SMC-ErbB2 complexes may be 
involved in cellular signaling. 1) ErbB2 immunoprecipitated from plasma membranes of the 
13762 ascites cells as a complex with Muc4/SMC has a highly active tyrosine kinase (Juang et 
al, 1996). Moreover, this complex is associated with elements of downstream signaling 
pathways, including components of the Shc-Ras-MAPK mitogenic cascade (Carraway et al, 
1999a).  2) Receptor phosphorylation is increased in insect cells expressing ErbB2 plus ASGP-2, 
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but not those expressing ErbB2 alone or the other three receptors plus ASGP-2 (unpublished 
observations). 3) ErbB2 immunoprecipitated from A375 cells expressing Muc4/SMC under 
control of a tetracycline-inducible promoter was more heavily phosphorylated than that from the 
Muc4/SMC negative cells, indicating that Muc4/SMC (ASGP-2) can activate phosphorylation of 
ErbB2, presumably by an autophosphorylation mechanism. Furthermore, when these cells were 
treated with the ErbB3 ligand neuregulin, which activates the ErbB2/ErbB3 complex, ErbB2 
phosphorylation was increased to a much greater extent in the presence of Muc4/SMC than in its 
absence, showing that Muc4/SMC can potentiate the effects of the neuregulin. Moreover, 
phosphorylation of ErbB3 was also potentiated. 4) Expression of Muc4/SMC in stably 
transfected A375 cells leads to phosphorylation of Tyr 1248, which has been implicated in 
neoplasmic transformation (Eppenberger-Castori et al, 2001; Thor et al, 2000). Based on these 
combined results, we have proposed that Muc4/SMC can act as an intramembrane, intracrine 
modulator of ErbB2, and could participate in epithelial or tumor cell regulation, in cells in which 
it is expressed. 

An important finding in the course of these studies was the demonstration that 
overexpression of Muc4/SMC on the surface of A375 human melanoma and MCF-7 human 
breast carcinoma cells inhibits binding of several different anti-ErbB2 antibodies, including 
Herceptin. Overexpression of Muc4/SMC does not affect the expression levels of ErbB2 in 
either cell line. Furthermore, binding of other, unrelated antibodies was dependent on the 
isotype used, and capping of Muc4/SMC caused a greater inhibition of anti-ErbB2 antibody 
binding than when Muc4/SMC was not capped. These data suggest that the inhibition of anti- 
ErbB2 antibody binding is due to steric hindrance from the formation of a Muc4/SMC-ErbB2 
complex. 

Overexpression of Muc4/SMC on the surfaces of tumor cells disrupts cell-cell and cell- 
matrix interactions and provides protection from immune surveillance (Komatsu et al., 1999; 
Komatsu et al., 1997; Komatsu et al., 2000). The anti-adhesive and protective functions of 
Muc4/SMC have been attributed to the rigid, extended structure of the highly O-glycosylated 
mucin subunit, as the degree of the anti-adhesive and protective effects are dependent on the size 
of the Muc4/SMC molecule (i.e. the number of highly O-glycosylated tandem repeats the 
molecule contains) and the level of cell surface expression (Komatsu et al., 1999; Komatsu et al., 
1997). On the basis of electron microscopic studies of other mucins, we have estimated that the 
Muc4/SMC molecule extends approximately 500 nm above the cell surface (Komatsu et al., 
1997; Jentoft, 1990; Wesseling et al., 1996; Cyster et al., 1991). Other cell surface molecules 
including adhesion molecules like integrins have been estimated to be approximately 30 nm long 
Codington and Fim, 1983; Becker et al., 1989). The high degree of O-glycosylation on the 
ASGP-1 subunit not only contributes to the extended structure of Muc4/SMC but also gives it 
considerable bulk. Thus, overexpression of Muc4/SMC masks the entire cell surface and blocks 
cell-cell and cell-matrix interactions that involve several different cell surface molecules. This 
nonspecific steric hindrance interferes with cellular functions elicited by these cell-cell and cell- 
matrix interactions. Given that Muc4/SMC overexpression can sterically block cell surface 
molecules such as adhesion and MHC molecules, this non-specific steric hindrance may also 
contribute to blocking of antibody binding to other cell surface proteins such as ErbB2. 
Importantly, human MUC4 is substantially larger than the rat homolog Muc4/SMC. In the 
mucin subunit, Muc4/SMC has twelve tandem repeats of 125 amino acids each, while human 
MUC4 only has three of these tandem repeats. However, the human homolog contains an 
unrelated  tandem  repeat  sequence  of sixteen  amino  acids  each,  which,  due to  genetic 
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polymorphism, may be repeated 140 to 400 times. This additional repeat domain allows the 
human MUC4 to be two to three times as large as Muc4/SMC. Thus, it would be expected that 
human MUC4 would mask the cell surface much more efficiently than rat Muc4/SMC and cause 
a more pronounced anti-recognition effect. 

It has been established that a significant number of ErbB2-expressing breast tumors are 
not responsive to Herceptin (Baselga et al., 1996; Pegram et al., 1998; Cobleigh et al., 1999). 
Several models for Herceptin (4D5) resistance have been put forward. One group suggested that 
intracellular expression of the extracellular domain of ErbB2 interferes with internalized 
ErbB2/4D5 complexes (Scott et al., 1993). Others propose that since there is a correlation 
between ErbB-3 expression and 4D5 sensitivity in some human tumor cells, strong proliferative 
signals generated from an ErbB2/ErbB-3 complex may lead to growth dependency during tumor 
development (Lewis et al., 1993; Lewis et al., 1996). Lane et al. suggest that Herceptin resistant 
tumor cells utilize alternative signaling pathways to override ErbB2 receptor inhibition (Lane et 
al., 2000). We propose another model whereby expression of Muc4/SMC on tumor cells and 
formation of a complex with ErbB2 provides a specific steric block to anti-ErbB2 antibody 
(Herceptin) binding. The reduced binding of antibody would lead to a reduction in cytostatic 
effects and sensitization to other chemotherapies. Moreover, signaling from the 
Muc4/SMC/ErbB2 complex would lead to further proliferation and progression of the tumor. 

What could be the function of a Muc4/SMC-ErbB2 complex in lactating mammary 
gland? We have shown that Muc4/SMC can act as an anti-apoptotic agent, possibly through 
complex formation and signaling from ErbB2. (Komatsu et al, 2001). Overexpression of ErbB2 
in mammary tumors is associated with enhanced survival (Kumar et al, 1996; Lazar et al, 
2000). Further, mammary specific overexpression of ErbB2 or Muc4/SMC leads to hyperplasia 
(unpublished observations), consistent with the idea that Muc4/SMC can repress apoptosis. 
Thus, we can propose the following model. Muc4/SMC levels are repressed in virgin mammary 
gland when cell turnover is relatively high by extracellular matrix and TGF-ß (Price-Schiavi et 
al, 1998a, 2000). During pregnancy changes in the extracellular matrix and decreased active 
TGF-ß allow for higher expression of Muc4/SMC. Changes occurring during pregnancy also 
increase levels of ErbB2. During late pregnancy and lactation Muc4/SMC and ErbB2 form a 
complex and allow for survival and maintenance of the mammary gland acinar epithelial cells. 
During involution, the severe downregulation of both ErbB2 and Muc4/SMC contribute to the 
massive apoptosis and reorganization of the mammary gland. In the case of tumor cells, 
overexpression of ErbB2 can lead to loss of TGF-ß responsiveness. This, in turn, can lead to 
upregulation of Muc4/SMC, which when overexpressed, leads to depolarization of the tumor 
cell. This depolarization allows for more Muc4/SMC to complex with ErbB2 to contribute to 
tumor progression and its deleterious consequences. 

It is now common to screen breast tumors for a variety of molecular markers such as 
estrogen receptor and ErbB2 to determine the best course of treatment for a breast cancer patient. 
Screening for another membrane mucin, MUC1, which correlates with poor clinical prognosis, is 
now being performed (Duffy et al., 2000; McGuckin et al., 1995). There is now increasing 
evidence that MUC4 is aberrantly expressed in a number of different cancers including breast 
cancers. What correlation MUC4 expression or MUC4/ErbB2 complex formation may have 
with clinical prognosis is as yet unknown. However, MUC4 expression provides a steric 
repression to anti-ErbB2 antibody binding. Thus, along with other tumor markers, it may be 
useful to screen for MUC4 expression in determining the best course of treatment for a breast 
cancer patient. 
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Table  I-  IMMUNOCYTOCHEMICAL  ANALYSES  OF  BREAST  PATHOLOGY 

SAMPLES 

ISolid nonmalignant breast and tumors (Liverpool) Effusions from breast cancer patients (Miami Beach) 

Sample                               1 MUC4 positive Sample ErbB2 positive   | MUC4 positive | 
Ductal carcinoma 5/12 Pleural 8/8 5/8 
Mucoid carcinoma 1/1 Ascites 5/5 4/5 
Invasive lobular carcinoma 0/1 
Unknown histology 2/8 
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Figure 1- Immunoblot demonstration of the expression of MUC4 in human breast tumors. 
Infiltrating breast carcinoma specimens along with samples of A3 75 melanoma cells with 
Muc4/SMC turned ON and OFF and 13762 ascites cells were subjected to immunoblot analysis 
with anti-ASGP-1 mAb 15H10. Both positively and negatively staining breast tumors are 
shown. 
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Figure 2- Effect of Muc4/SMC expression on cell surface binding of antibodies of different 
isotypes. A3 75 cells expressing high or low levels of Muc4/SMC were stained with anti-Fas IgG 
or anti-Fas IgM antibodies and analyzed by flow cytometry. A) A3 75 cells stained with anti-Fas 
IgG antibodies. B) A3 75 cells stained with anti-Fas IgM antibodies. These data are 
representative of three experiments. 
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Figure 3- Co-immunoprecipitation of Muc4/SMC and ErbB-2 from A375 cells. A375 cells 
expressing Muc4/SMC were solubilized in RIPA buffer and cleared lysates were 
immunoprecipitated with anti-ASGP-2, anti-C-pep, anti-ErbB-2, or non-immune rabbit serum as 
indicated at the top of the figure. Immunoprecipitates were subjected to immunoblot analysis 
withmAb4F12. 
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Figure 4- Effect of Muc4/SMC expression on anti-ErbB2 antibody binding in MCF-7 human 
breast cancer cells. MCF-7 cells stably transfected with Muc4/SMC under control of a 
tetracycline regulatable promoter were cultured in the presence or absence of tetracycline for 72 
hours. MCF-7 cells were harvested in enzyme-free cell dissociation buffer and analyzed by 
FACS using Herceptin (HER) at concentrations of 100 ug/ml, 10 ug/ml, or 1 ug/ml and analyzed 
by flow cytometry.   These data are representative of three experiments. 
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Figure 5 -Localization of Muc4/SMC and ErbB2 in lactating mammary gland. Sections (5 u,m) 
of lactating rat mammary gland were stained with NeoMarkers anti-c-neu antibody 1 (A), Dako 
anti-ErbB2 (B), or anti-ASGP-2 mAb 4F12 (C) as indicated below the figure. The specifity of 
these antibodies and the staining controls were demonstrated in a previous study (Idris, 2001). 
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Figure 6 -Localization of phosphorylated ErbB2 in lactating mammary gland. Sections (5 (im) of 
lactating rat mammary gland were stained with NeoMarkers anti-ErbB2 antibody 17 (A) which 
recognizes an unphosphorylated peptide in the C-terminal region of ErbB2 or NeoMarkers anti- 
ErbB2 antibody 18 (B) which recognizes the phosphorylated form of the same peptide as indicated 
below the figure. The specifity of these antibodies and the staining controls were demonstrated in a 
previous study (Idris, 2001). 
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