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ABSTRACT 

Mouse biliary glycoproteins (Bgp) are membcrs of the carcinocmbryonic antigcn 

(CEA) family, a subfamily of the immunoglobulin superfumily. Nine similar but distinct 

mouse Bgp cDNA clones have been isolated and charactcrized. Thcse Bgp isoforms 

encode polypeptides that contain multiple Ig domains, a single transmcmbrane domain 

and a short or long intracytoplasmic domaine Sequence analyscs have demonstratcd that 

Bgp isoforms are generated throllgh complex alternative splicing of a single gcne and 

allelic variation. MOlise Bgp proteins are highly cxprcsscd in the cpithclial cclls of the 

liver and the intestine and are il11plicated in diverse cellular functions including ccII 

adhesion and bile acid transport, and are postulatcd to be involved in signal transduction . 

Investigation into the expression of mouse Bgp isoforms in normal and malignant tissucs 

revealed that Bgp expression is downregulated in tUl1lors. Flirthcrmorc, Bgp exprcssion 

is influenced by transcriptional control mechanisms involving DNA J11cthylation of the 

Bf.?p gene upstream regulatory regions . 
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RÉSUMÉ 

Les glycoprotéines biliaires (Bgp) sont des membres de la famille des antigènes 

carcinoembryonnaires (CEA) et font partie de la superfamille des immunoglobulines. 

Neuf ADNc distincts ont été identifiés chez la souris. Ces ADNc codent pour des 

protéines Bgp contenant de multiples domaines immunoglobulines, un seul domaine 

transmcmbra:1aire et un domaine cytoplasmique, court ou long. Les analyses de 

séquences démontrent que ces neuf isoformes sont générés par l'épissage alternatif d'un 

seul ARN messager précurseur ou par variation allélique. Les protéines Bgp murines 

sont exprimées abondamment dans les cellules épithéliales du colon et du foie et sont 

impliquées dans diverses fonctions incluant l'adhésion cellulaire et le transport des acides 

biliaires. Il est aussi postulé que ces protéines sont impliquées dans la transmission \:~s 

signaux moléculaires. L'étude de l'expression des isoformes Bgp dans les tissus normaux 

et cancéreux chez la souris révèlent que l'expression des protéines Bgp est diminuée dans 

les tumeurs. L'expression de Bgp est influencée par des mécanismes de régulation 

transcriptionnelle impliquant la méthylation de l'ADN dans les régions régulatrices du 

gène B~p. 
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PREFACE 

Thc manuscript entitled ExprclislOn of the BW Gene and Characterization of the 

MOlise Colon Biliary G1ycoJ2rotein Isoforms by Kllnberly McCuaig, Made/aine 

Rosellberg, Patrick Nédellec, Claire Turbide and Nicole Beauchemin, presented in 

Chapter Two of this thesis, was published in the journal Gene 127: 173-183, 1993. This 

paper was a cooperative effort by the members of Dr. Nicole Beauchemin's laboratory. 

The c10ning and sequencing of several of Bgp cDNA clones, the PCR amplifications and 

the SOllthern analysis presented were done by Kimberly McCuaig. The Northern 

analyses and the quantifications were done by Dr. Nicole Beauchemin and Claire 

Turbide. The numerous detailed figures were prepared by Patrick Nédellec and Dr . 

Nicole Beauchemin. My contributions to this paper include the screening of a mouse 

colon library and subsequent c10ning and characterization of the Inouse BgpD cDNA 

isofofm. This cDNA clone was uscd in the reconstruction/c1oning of several other 

isofofms bearing long intracytoplasmic domains. Furthermore, 1 sequenced on both 

strands the cDNA isoforms BgpD, BgpE and BgpF. 

The manllscript entitled The Expression of MOlise Biliary Glycoprotein, a CEA

rclatcd Protcin, is Downregulated in Malignant Tissues by ~/ade/aille Rosenberg, Patrick 

Nédelll'c, Serge jothy, David Fleiszer, Claire Turbide and Nicole Beauchemin, presented 

in Chapter Three. was submittcd for publication to Cancer Research on April 21st, 1993 

and was accepted for rcview by the journal on May 1Oth, 1993. After the submission 

of this thesis to the Faclilty of Gradllate Studies and Research, this manuscript was 
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accepted for publication in the journal Cal/cer Research. My contribution to this papcr 

include the preparation of the manuscript, the Northern analyses and the preparation of 

several RNA sarnples. 1 also generated transfectant cclls exprcssing BgpD protl'ins ami 

evaluated the expression of Bgp proteins in transfccted cells cxpressing BgpD lIsing 

immunoprecipitation and Western analyses. 1 also asscssed the expression of llgp 

isoforms in various carcinoma cell tines and in s:!vcral normal tlSSllC samples by 

immunoprecipitation and western analyses. Patrick Nédcllec, who is (1150 co-tirst lluthor, 

performed the genomic analyses of the Bgp gcne presented in the paper. Dr. Serge Jothy 

conducted the ilP'11unostaining experiments. The anttbodics used in Western analyses and 

several of the RNA samples were prepared by Claire Turbide and Dr. Nicole 

Beauchemin. Claire Turbide also prepared the colon and liver proteins samples. The 

primary mouse colon carcinomas were provided by Dr. David Fleiszcr. 

The bibliographie references of the two manuscnpts as weil as of the introduction 

and the discussion of this thesis have been amalgamated in the interest of brevity and are 

found at the end of this dissertation. 

This thesis incIudes the text of original papers acccpted for publication or 

submitted for publication and therefore in accordance 10 the "GuidclInes COllccrning 

Thesis Preparation" From the Faculty of Graduate Studies and Rcscarch, the following 

must be cited: 

"Manuscript and Authorship: 

The Candidate has the option, subject to the approval of their Department, of including 

as part of the thesis the text, or duplicated published text, of an original paper or papcrs . 
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-Manu~cript-style the~es must still conform to a1l other requirements explained in the 

Guidehncs Conccrning Thesis Preparation. 

-Additional matcrial (procedural design data as weIl as descriptions of equipment) must 

be provided in sufticicnt detail (ie. in appendices) to allow c1ear and precise judgment 

to be made of the importance and originality of the research reported. 

-The thesis should be more than a mere collection of manuscripts published or to be 

published. ft must inc1ude a general abstract, a full introduction and litterature review 

and a final overall conclusion. Connccting texts which provide Iogical bridges betwet!n 

different manuscripts are usually desirable in the interest of cohesion. 

Il is acceptable for theses to include, as chapters, authentic copies of papers already 

published, providcd these are duplicated clearly and bound as an in teg raI part of the 

thcsis. In sllch instances, connecting texts are mandatory and supplementary explanatory 

matcrial is always necessary. 

-Photographs or other material which do not duplicate weIl must be inc1uded in their 

original form. 

-White the inclusion of manuscripts co-authored by the candidate and others is 

acceptable, the candidate is required to make an explicit statement in the thesis of who 

contributcd to such work and to what extent, and supervisors must attest to the accuracy 

of the claims a the Ph.D. Oral Defense. Since the task of the Examiners is made more 

difficult in these cases, it is in the candidate's interest to make the responsibilities of 

authors perfectly c1ear." 
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Carcinoembryonic Antieens 

Cancer is one of the leading causes of death in the industrializcd world and is 

thought to arise from a series of alterations that result in the progressive 10ss of cellular 

growth control mechanisms (Nowell, 1986). Improved clinical mcthods which allow 

malignancies to be detected earlier and treated with higher specificity and efficicncy are 

being developed. These methods exploit, in part, the differences bclwcen canccrous and 

normal tissues. One area of intense investigation has been the study of protcins which 

are differentially expressed in tumor and normal cells. Carcinoembryonic antigcn 

(CEA), a widely used human tumor marker, is one of the most extcnsively characteril.ed 

tumor-associated proteins (Shively and Beatty, 1985). 

The overexpression of CEA is a common phenotypic change in variely of 

malignancies including colon, breast, lung and pancreatic carcinomas (Thompson et al., 

1991). CEA was originally described by Gold and Freedman as a tumor spccific-antigcn 

found specifically in colorectal cancers and fetal gut (Gold and Frcedman, 1965). 

Subsequent studies, however, revealed the presence of CEA in normal body nuids and 

normal colonie mucosa, although in significantly lower amounts (Chu et al., 1972; 

Kupchik and Zamcheck, 1972; Egan et aL, 1977; Fritsche and Mach, 1977). The 

clinical applications of CEA as a tumor marker were further complicatcd by the 

discovery of several antigens expressed in a variety of normal and malignant tissues 

which cross-reacted immunologically with CEA (Thompson and Zimmermann, 1988). 

Nevertheless, the measurement of serum CEA levels remains a widely used diagnostic 

tool for detecting post-operative recurrences of col orec tal breast and Jung cancers 
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(Shivelyand Beatty, 1985). 

CEA is the prototype of a large family of structurally and immunologically-rela\.ed 

proteins which are expressed in éll variety of normal and malignant tissues. The roles of 

these proteins in tumor progression as weIl as in normal cellular functions are of 

considerable interest but are presently ilI-defined. The molecular cloning and 

biochemical characterization of CEA family members has given sorne insight into their 

possible functions. 

The CEA Family of Related Anti&ens 

The human CEA family encompasses numerous membrane-anchored and secreted 

glycoproteins that share a number of structural features which place them within the 

immunoglobulin (Ig) superfamily (Williams and Barclay, 1988). Ail CEA family 

members possess an N-terminal domain of 108-110 amino acids that resembles an Ig 

variable (IgV)-like domain followed by a varying number of C-2 set Ig constant (IgC)

like domains denoted as A domains (92-96 amino acids) or B domains (86 amino acids) 

(Thompson et aL, 1991). The deduced secondary structures of CEA gene family 

members reveal that each C2-set domain forms an array of anti-paralleJ beta strands 

which fold into two beta sheets between which a hydrophobie interior is formed, a 

common feature ofIg-like folds (Williams and Barclay, 1988; Bates et al., 1992). Each 

C2-set domain possesses two highly conserved c~steine residues which are presumed to 

form a disulphide bridge stabilizing the Ig-like fold (Williams and Barclay, 1988). 

Although the N-terminal IgV-like domains of CEA family members lack these conserved 
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cysteine residues, computer analyses predict that they are also asscmblcd in typical Ig-

like folds which are believed to be stabilized by hydrophobie interactions and conserved 

salt bridges (Williams and Barclay, 1988; Thompson et al., 1991). Ali CEA-related 

molecules possess a highly conserved 34 amino acid leader sequence which serves to 

guide the nascent polypeptide chain through the rough endoplasmic reticulum and the 

Golgi complex where posttranslational modi fications occur (Thompson et al., 1991). The 

leader peptide is removed and does not form part of the mature protein; the processed 

polypeptide is then directed to the plasma membrane where it either becomes anchorcd 

or is secreted (Thompson et al., 1991). 

The CEA gene family presently includes 22 distinct gcnes that can be divided into 

two subgroups based on sequence comparisons and expression patterns: the CEA 

subgroup and the pregnancy-specific glycoprotein (PSG) subgroup (Thompson ct al., 

1991). The distinguishing features of the CEA family members lie in their numbcr of 

IgC-like domains and in their C-terminal structures. Members of the CEA subgroup 

contain either a transmembrane domain or a hydrophobie C-termina! sequence that direct 

covalent membrane attachment. The PSG subgroup mcmbers display hydrophilic C

terminal domains or lack C-terminal structures altogether and are sccreted. 

Chromosomal Localization and Genomic Oreanization of the CEA Gene Family 

The entire human CEA gene family is encompassed within a 1.2 mcgabase region 

on chromosome 19 that maps to 19q13.1-19q13.2 in the vicinity of the gencs encoding 

the cytochrome P450 subfamily lIA, transforming growth factor (TGF)-BI and hormone-
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sensitive lipase (LIPE) (Thompson et al., 1991). Members of the CEA gene family are 

further divided: the CEA subgroup genes are clustered together, as are the PSG subgroup 

genes which map telomerically to the CEA subgroup genes (Thompson et al., 1991). 

The CEA genes are also very c10sely linked; sorne CEA subgroup members are separated 

byas !iUle as 16kb (Thompson et al., 1991) while several PSGs genes are only 6kb apart 

(Thompson et al., 1990). 

Genomic analyses of CEA gene family members have revealed a direct correlation 

between exons and protein domain structures, a feature found in other Ig superfamily 

members (Thompson et al., 1991). In general, the first exon encodes the 5' UTR and the 

first two thirds of the leader domain while the second exon codes for the la st third of the 

leader domain and the entire N-terminal domain. In rodent Psgs, the second ex on is 

repeated up to 5 times (Rebstock et al., 1990). Beyond the N-terminal domain exon(s), 

a variable number of C-2 set (A or B domain) encoding exons are found and generally 

occur in the order Al BI, A2 B2 etc. The number of the C-2 set domain exons ranges 

from one (mmCGM5, a mouse Psg gene) to six (the human CHA gene) (Thompson et al., 

1991). Variability is observed in the structure and number of the exons that follow the 

C-2 set Ig domains. They may code for hydrophilic C-terminal domains, membrane 

attachment or transmembrane and cytoplasmic domains; these exons are always followed 

by a 3' UTR (Thompson et al., 1991). However, as alternative splicing has been 

demonstrated for several CEA gene family members, not ail putative exons are found in 

the mature transcripts and their corresponding proteins (summarized in Thompson et al., 

1991). 
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The CEA Sub~roup 

The CEA subgroup includes the CEA gene itself, the biliary glycoprotcin (BGP) 

gene, the non-specifie eross-reaeting antigen (NCA) gene, the CEA gcne family mcmbcr 

6 (CGM6) gene, and five additional CGM genes (l, 2, 7-9) for which the natural gcnc 

products have not yet been identified (Thompson et al., 1991). Antigens in this subgroup 

are generally expressed at the surface of epithelial cells in both normal and malignant 

tissues (Berling et aL, 1990; Thompson et al., 1991). cDNA anr1 protcin scquence 

analyses indieate that most members of the CEA subgroup are mcmbrane-anchorcd eithcr 

by glycanphosphatidylinositol (OPI)-linkages, as is the case for CEA, NCA and COM6, 

or by a transrnembrane and cytoplasrnic domain as is seen in BOP isoforms (Thompson 

et aL, 1991). The structures, expression patterns and deduccd functions of CEA, NCA 

and BOP have been investigated and are described below. 

The Structure of CEA 

The biochernical features, tissue distribution and c1inical relevance of CEA have 

been thoroughly eharacterized (Shively and Beatty, 1985). As dcduccd From cDNA 

clones, the mature CEA rnRNA codes for a polypeptide with the following fcatllres: a 

leader peptide which is removed during posttranslational processing, a 108 amino acid 

N-terminal domain, six C-2 set Ig dornains denoted as Al BI, A2 B2 and A3 B3, and 

a hydrophobie 26 arnino aeid C-terrninal domain (Beauchemin et al., 1987; Oikawa et 

al., 1987a,b; Kamarck et al., 1987; Zimmermann et aL, 1987). Protcin scquencing 

confirmed the identity of the N-terminal domain and the C-2 set domains (Hefta ct al., 
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1988). However, protein sequencing aIso indicated that the 26 amino acid C-terminal 

domain previously postulated to be the CEA membrane-anchoring component, was not 

found in the mature protein (Hefta et al., 1988). This domain was subsequently shown 

to be removed during posttranslational processing and replaced by a complex 

ethanolamine-GPI moi et y which anchors the protein to the membrane (Hefta et al., 1988; 

Takami et al., 1988). 

While the exact mechanisms of this type of posttranslational processing are not 

fully understood, GPI-linkages are found in a large number of eukaryotic proteins (Cross, 

1990), including in the Ig superfamlly members neural cell adhesion molecule (N-CAM) 

(Hemperly, 1986) and Thy-1 (Tse et a1., 1985). GPI-membrane bound proteins are 

believed to possess a larger mobility in the membrane plane than integrai membrane 

proteins which may have consequences on protein interactions and functions (Cross, 

1990). CEA can be freed from the membrane surface by digestion with phosphotidyl

inositol specifie phospholipase C or D which cleave GPI-linkages (Hefta et al., 1988). 

It has been suggested that the amotlnt of CEA bound to the membrane may be regulated 

by the re1ease of similar digestion enzymes into the serum (Thompson et al., 1991). 

Such mechanisms cou1d explain the rapid turnover of CEA in the mucosa of the normal 

intestine and possibly the increased levels of CEA in the serum of colorectal cancer 

patients (Thompson et a1., 1991). 

CEA is a heavily glycosylated prote in that is 50-60% carbohydrate by weight 

(Thompson and Zimmermann, 1988). The monosaccharide content of CEA consists 

primarily of glucosamine and negligible amounts of galactosamine indicating that the 



• 

• 

• 

7 

carbohydrates are primarily asparagine (N)-linkcd (Thompson et al., 1991). CEA 

possesses 28 potential N-linked glycosylation sites; it IS prcdictcd that c::\ch carbohydratc 

chain would have to contain, on average, 20 monosaccharides for CEA to posscss il~ 

observed molecular weight of 180kD (Thompson ct al.. 1991). Differences III CEA N

Iinked glycosylation has been detected in samples oblained from diffcrcllt sources suell 

as normal colonie mucosa and colorectal adenoearcinomas, suggcsting that lhcsc 

difference may be due to different glycosylation systems in normal and canccrous tisliuCS 

(Garcia et al., 1991). These variations may provide specifie determlllanls found ollly 111 

tumor-associated CEA which could facihtate the design of loxins whlch cou Id he targcted 

to tumors expressing CEA (Jothy et al., 1986) . 

The Structure of NCA 

NCA contains an N-terminal IgV-like domain of 108 amino acids fùllowcd by two 

C-2 set Ig domains, denoted as Al and BI, and a hydrophobie 24 rcsiduc C-Icrmlllai 

domain which, as in CEA, is replaced during posttranslational proccsslIlg hy a GJ>f 

moiety anchoring the mature protein to the membrane (Kolbmgcr ct al., 1989). 

Variations in the sugar content of NCA which has 12 potcntial N-linkcd glycosylatlOn 

sites, havealso been observed (Thompson et aL, 1991). NCA (45kD) and TEX (75kD), 

two NCA isoforms initially characterizcd as distinct protcins, wcrc shown by fast 

bombardment mass spectrometry and protein sequencing to have the samc polypeptide 

backbone (Hefta et al., 1990). These two NCA isoforms correspond to NCA-50 and 

NCA-90 which have been shown indcpcndently to be encoded by the NCA gene 
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(Kolbinger et al., 1989). 

The Structure of Biliary Glycoprotein Isoforms 

The BGP gene is a distinct member of the CEA gene family since it codes for 

multiple isoforms which contain a transmembrane domain and a short or long 

intracytoplasmic (IT) domaine BGP was first identified by Svenberg in 1976 as a normal 

comp<>nent of human bile which was immunologically-related to CEA and NCA 

(Svenberg, 1976). Eleven different BGP gene isoforms have been identified through 

molecular cloning and PCR amplification of reverse transcribed RNA (Hinoda et al., 

1988; Barnett, et aL, 1989; Kuroki et aL, 1991; Barnett et al., 1993). These BGP 

isoforms are derived though complex alternative splicing of a single genomic 

transcriptional unit which results in the exclusion of specifie exons from the mature 

mRNA (Barnett et al., 1993). 

BGPa, the largest BGP isoform to be characterized at the cD NA level, is 

composed of a 5' UTR, a leader peptide, aN-terminai domain, three C2-set domains 

denoted as Al, BI, A2, followed by a membrane spanning domain, a 71 ami no acid IT 

domain and 3' UTR (Barnett et al., 1989). In three similar isoforms, variations are seen 

in the inclusion or exclusion of the A2 domain and in the length of the IT domains. 

BGPb is very similar to BGPa in aIl aspects except it lacks the A2 domain (Barnett et 

al., 1989). BGPc is identical to BGPa in its extracellular portions but possesses a short 

IT domain of only 10 amino acids (Barnett, et aL, 1989) while BGPd lacks the A2 

domain and contains a short IT domain (Barnett et al., 1989). 
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BGP isoforms bearing three C-2 set domains possess 19 potential N-linked 

glycosylation sites (Hinoda et al., 1988; Barnett et al., 1989) while BG P proteins have 

been shown to be - 40% carbohydrate in weight (Svenberg et al., 1 979a). The amino 

acid sequence of the A2 domain of BGP is only 45% homologous at the amino acid 

levels to aIl other IgC-like domains of CEA, NCA and BGP, which are over 75 % 

homologous among themselves (Bamett et al., 1989). The BI domain contains an 

additional unpaired cysteine residue near the junction with the A2 domain or 

transmembrane domain (depending on the isoform) which has prompted the suggestion 

that BGP isoantigens may form homodimers or heterodimers linked together by 

di sulphide bridges (Bamett et al., 1989). 

Four novel BGP cDNAs which differ substantially from the prcviously describcd 

isoforms, have recently been identified by PCR amplification of reverse transcribcd 

mRNA (Barnett et a1., 1993). The two most intriguing isoforms, BGPy and BGPz, code 

for antigens identical to BGPa and BGPc respectively, except that their A2 domain is 

replaced by one of two 31 amine acid domains which bear no homology to other CEA 

family members or Ig superfamily members. The two 93 base pair exons which code 

for these domains show significant homology to human Alu repcat structures (Barnett et 

al., 1993). The Alu-like domains of BGPy and BGPz are 78% homologous to one 

another, as is expected of Alu repeats. The biological significance of these Alu-like 

domains is unknown. The other two novel isoforms, BGPx and BGPx', code for 

polypeptides in which the N-terminal domain is Iinked to the transmembrane domain and 

possess either a long and short IT domain respectively. These two isoforms lack the Al, 
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BI and A2 IgC-like domains which are found in all other CEA-related gene products 

suggesting that these isoforms may have particular functions (Bamett et al., 1993). 

Initial studies indicate that these newly identified isoforms are more abundant in tu mors 

than in normal tissues, suggesting that the expression of these BGP isoforms may be 

associated with the transformed phenotype (Barnett et al., 1993). 

Three additional BOP cDNA isoforms designated BOPg, BGPh and BOP;, have 

been cloned from a human leukocyte library (Kuroki et a1., 1991). The deduced proteins 

have the following structures: Leader-N-AI-BI-A2, Leader-N-AI-Bl, and Leader-N-Al-

BI-C-terminal, respectively. An three proteins lack transmembrane and IT domains and 

are presumably secreted. While the putative proteins encoded by these cDNAs have not 

le 
been detected in leukocytes or other hematopoietic cells, they are postulated to 

correspond to the BGP species detected in human bile or serum (Kuroki et al., 1991). 
1 

Expression of CEA Sublroup Members 

CEA subgroup members show a great deal of variability in their patterns of 

expression in both normal and malignant tissues. Strong CEA expression is found in the 

majority of human colonie and gastric carcinomas, in adenocarcinomas of the breast and 

the pancreas, and in non-small celllung cancers (Thompson et al., 1991). CEA is 

weakly expressed in normal colonie epitheJia whiJe large amounts are present in the 

developing fetal gut (Thompson et a1., 1991). CEA expression is not detected in 

leukocytes (Berling et al., 1990). In contrast, NCA is expressed in cancers of 

• hematopoietic and epithelial origin and is also present in a variety of normal fetaI and 
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adults tissues including spleen, lung, Iiver, colon, and several types of blood cells 

(Thompson et al., 1991). The expression of CGM6 appears to be restrictcd to leukocytes 

(Berling et al., 1990). 

BGP isoforms are also found in a variety of cells of epithelial and hematopoictic 

origin. Initial immunodetection experiments demonstrated that BGP proteins wcre 

present in normal biliary tracts (Svenberg et al., 1979b). Subsequcnt experimcnts 

showed that BGP proteins are expressed in many normal tissues including colonic 

epithelial cells (Hinoda et a1., 1988; Kuroki et aL, 1991), hepatocytes (Hinoda ct al., 

1990), leukocytes (Kuroki et al., 1991), human fetal Iiver (Barnett et, al., 1989) and a 

variety of other normal tissues (Barnett et al., 1993). 

White BGP proteins are found in the serum of normal individuals, elevated BGP 

serum levels are found in patients suffering from non-malignant livcr or biliary disordcrs 

(Svenberg et al., 1976; Hinoda et al., 1988). The increase in BGP serum concentrations 

has been correlated with biliary obstructions involving post-hepatic jaundice or primary 

biliary cirrhosis (Svenberg et al., 1979c). BGP expression is also associated with 

malignant diseases: BGP transcripts are present in ccli tines derived from several colonie 

adenocarcinomas, squamous bladder carcinomas, pancreatic cancer and acute 

myelogeneous leukemias (Barnett et al., 1989; Barnett et al., 1993). Hinoda et al., have 

reported that there is no significant difference in BGPI (BGPa) mRNA expression in 

normal and malignant human Iiver tissues and human colon tissues, suggesting that the 

BGP gene expression is governed by different mechanisms than those which regulate 

CEA and NCA gene expression (Hinoda et al., 1990) . 
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Functions Associated with Members of the CEA Subg;roup 

The physiological functions of CEA-related antigens are not we1l understood. The 

functional characterization of CEA subgroup members has been facilitated by the 

avaiJabi1ity of cDNA constructs. ln vitro aggregation assays using cDNA-transfected 

ceHs have demonstrated that CEA, BGP, NCA and CGM6 function as interce1lular 

adhesion molecules (Benchimol et al., 1989; Oikawa et al., 1989; Rojas et al., 1990; 

Zhou et aL, 1990; Oikawa et aL, 1991; Oikawa et aL, 1992). CEA and NCA mediate 

cell adhesion in a Ca2 + -independent manner, a feature found in other Ig-related adhesion 

molecules (Benchimol et aL, 1989; Oikawa et al., 1989; Zhou et a1., 1990). Sorne 

discrepancies in the properties of BGP adhesion exist: BGPa and BGPb were reported 

by Rojas et al., 1990 to mediate ce]] adhesion in a temperature- and calcium-dependent 

fashion while Oikawa et al., 1992 reported that BGPa is involved in Ca2 + -independent 

adhesion activities. These differences may arise from different levels of BGP expression 

at the cell surface or the fact that each laboratory used different ce]]ular backgrounds 

(Rojas et al., personal communication; Oikawa et al., 1992). CEA, BGP and NCA 

mediate homotypic adhesion white CEA is capable of mediating heterotypic adhesion 

with both NCA and BGP (Zhou et aL, 1990; Oikawa et aL, 1992). In contrast, CMG6 

mediates heterotypic cell adhesion speci fi cali y with NCA, indicating that cellular 

adhesion by CEA family members is notjust a fortuitous activity (Oikawa eta1., 1991). 

Intercellular adhesion plays an important role during embryonic development and 

morphogenesis (Edelman, 1988). The expression pattern of CEA proteins during 

embryonic development correlates with an in vivo adhesive function (Benchimol et al., 
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1989). CEA is implicated in three of the four stages of colorectal carcinogcnesis (Jessup 

and Thomas, 1989) and is postulated to play a role in intestinal tissue organization during 

development (Benchimol et al.; 1989). 

Other functions have been associated with members of the CEA subgrollp. BOP, 

CEA and NCA have been shown to bind throllgh their carbohydrate moieties E'îcherichia 

coli isolated from human gut and various strains of Salmonella (Lellsch et al. , (991). 

CEA-bacterial binding is only possible in the intestine whcre CEA is principally 

expressed. Such a process could favour the bacterial colonization of the normal colonie 

mucosa (Thompson et al. 1991). The rapid shedding of CEA from colonie epithelia may 

modulate the steady-state levels of the intestinal flora (Thompson ct al. t (991). 

AItematively, the presence of CEA slIbgroup members on the surface of leukocytes could 

favour the binding of bacteria and ultimately phagocytosis (Thompson et al. , 1991). 

The Pre&nancy-Specitic Glycoprotein Sub&roup 

The PSG subgroup is composed of numerous c10sely related gJycoprotcins 

encoded by at least 11 genes (Thompson et al., 1991). PSGs are on average 30% 

carbohydrate by weight (Watanabe and Chou, 1988) and arc produccd in large quantities 

in the placenta during pregnancy forming the major placental prodllcts found in maternai 

serum (Lin et al., 1974). Ali PSG genes and cDNAs characterized so far possess similar 

domain organizations with a leader, an N-terminal domain and multiple C-2 set domains 

(Chan, 1990). In contrast to CEA subgrollp members, the majority of PSG cDNAs 

contain short hydrophilic or degenerate C-terminal domains which do not allow for 
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membrane anchorage. These structural features combined with the fact that placental 

PSGs are found the maternaI serum (Un et al., 1974) strongly suggest that most PSGs 

are not bound to the plasma membrane and are secreted (Chan, 1990). 

PSGs have also been found in various extrapiacental sources, albeit in lower 

amounts. The expression of PSGs in fetal liver, uterus, testis, intestine and various 

hematopoietic cell types is weil documented (reviewed in Chan, 1990). The expression 

of PSGs in gestational trophoblastic tu mors including choriocarcinomas and 

chorioel>itheliomas has also been described and suggests a potential use of PSGs as tumor 

markers for certain forms of cancer (Chan, 1990). 

Although human PSGs have been extensively characterized chemically and 

structurally, little is known about their functions. PSGs have been shown to possess in 

vitro immunosuppressive properties while tentative in vivo experiments indicate that PSGs 

may function as immunomodulators during pregnancy (Cerni, 1977; Chan, 1990). The 

mech:mislïl oi this inhibitory function, however, remains to be elucidated (Chan, 1990). 

Other dues into the possible function(s) of PSGs may arise From amino acid sCt;uence 

comparisons with other known proteins. For example, RGD tripeptide sequences which 

have been shown to modulate ce]] adhesion to fibronectin and a variety of other adhesive 

proteins (Hynes, 1992) are found in the N-terminal domain of several PSG members. 

This may suggest that sorne PSGs may function as receptors and/or adhesion molecules 

(Thompson et a1., 1991). While the physiological functions of this CEA-subgroup of 

proteins remain unc1ear, they are believed to be significant in light of the large quantity 

of PSGs produced during pregnancy and their identification as oncofetal proteins (Ogilvie 



• 

• 

• 

15 

et al., 1989). 

The Conservation of CEA-related Molecules in Many Spccies 

CEA-like proteins have bet'n identified in a number of non-human mammalian 

species. Antigens immunologically related to human NCA and CEA have been dctcctcd 

in Cynomolgus monkey spleen and lung tissue samples (Engvall et al., 1976). CEA

related antigens have also been detected in the blood of chimpanzecs, baboons, gorillas 

and orangutans (Haagensen et al., 1982). Antigens similar to but serologically distinct 

from CEA were detected in the rat intestine as early as 1976 (Abeyounis and Milgrom, 

1976). Both rat (Un and Guidotti, 1989; Aurivillius et aL, 1990; Margolis et aL, 1990) 

and mouse (Turbide et al., 1991; McCuaig et al., 1992; this thesis) Bgp homologs have 

been identified and extensively characterized. Bovine and non-human primate PSGs have 

also been characterized (Chan, 1990) while antigens which exhibit similar expression 

patterns but low sequence homo)ogy to human PSGs are presently being characterized 

in the rat and the mouse (KodeJja et al., 1989; Rudert et al., 1992; Rcbstock et al., 

1990). The broad species conservation of CEA-related proteins through evolution 

indicates that the functions of CEA-related antigens may be essential and rurther suggcsts 

that CEA-related molecules may exist in the lower ordcrs of the animal kingdom. 

The Characterization of Mouse CEA-related Anti2cns 

In depth investigations into the function(s) of CEA family members in normal and 

malignant tissues as weIl as their role in development requires the use of animal model 
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systems. Rodents, mice in particular, are appropriate animal models since they are weil 

characterized developmentally and genetically. Functional analyses in mice are facilitated 

by techniques such as controlled carcinogenesis, transgenesis and gene targeting. As a 

first approach, the laboratory of Dr. N. Beauchemin has investigated the mou se CEA

related genes. Initial analyses of mouse genomic DNA revealed the presence of multiple 

CEA-like genes white Northern analyses showed that discrete CEA-like transcripts were 

found in mouse colon and liver RNA (Beauchemin et al., 1989a,b). Moreover, mouse 

CEA-like proteins were dctccted with polyc1onal anti-CEA antibodies in protein samples 

prepared from normal adult colon (Beauchemin et al., 1989a). Together, these results 

dcmonstrated the existence of mouse CEA analogues. 

Since then, nine similar but distinct cDNA isoforms of one mouse CEA-related 

gene have been identified and characterized from mouse colon and liver cDNA libraries 

(Turbide et al., 1991; Dveksler et al., 1991; McCuaig et aL, 1992; Chapter 2, McCuaig 

et al., 1993). These CEA-related isoforms are the mouse homologs of human BGP as 

defined by their deduced domain organization, their expression patterns and their mode 

of membrane anchorage (Rojas et al., 1990; Barnett et al., 1993; McCuaig et al., 1993). 

Ali the mouse 8gp cDNAs code for polypeptides which contain a leader peptide of 34 

amino acid, a 108 amino acid N-terminal domain, one or three C2-set Ig domains, 

followed by a transmembrane domain and either a short (10 amino acid) or a long (73 

amino acid) IT domaine The c10ning of several of these cDNA isoforms as weIl as the 

structures and expression patterns of mouse 8gp cDNA isoforms are described in detail 

in Chapter Two. These data strongly suggest that the nine distinct Bgp cD NA isoforms 
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are generated through complex alternative splicing of a single Bgp gene and through 

allelic variation. 

We have previously demonstrated that two of the known isoforms, BgpA and 

BgpB, function as intercellular adhesion molecules ;11 virro (Turbide ct al., 1991; 

McCuaig et al., 1992), much like human CEA, NCA and BGP (Bcnchimol et al., 1989; 

Zhou et al., 1990; Rojas et al., 1990; Oikawa et aL, 1992). Mouse NIH 3T3 

transfectant ceUs expressing BgpA protcins on their surface mcdiated homophilic 

intercellular adhesion in a CaH - and temperature-independent manner; this adhcsion was 

specifically inhibited by anti-mouse Bgp antibodies (McCuaig et al., 1992). Transfectant 

L-cells expressing BgpB proteins were shown to exhibit CaH - and tcmpcrature

dependent intercellular adhesion properties (Turbide et al., J 991) . 

The deduced amino acid sequences of mouse Bgp isoforms are also highly 

homologous to several weIl characterized rat hepatocyte protcins including the ccli-CAM 

105/ecto-ATPase/ppI20/HA4 proteins (Aurivillius et al., 1990; Margolis ct aL, 1990; 

Lin and Guidotti, 1989) which have been shown by antibody cross-rcactivity assays and 

by sequence analyses of their cDNAs to be equivalent to one anothcr (Hixson and 

McEntire, 1989; Margolis et al., 1990; Mowery and Hixson, 1991). Cell-CAM 105 has 

becn characterized as a Ca2+ -independent CCII adhcsion molccule thal mcdiatcs 

hepatocyte aggregation in vitro (Ocklind and Obrink, 1982). The amino acid sequences 

of the long IT domains of the human, rat and mousc BGP protcins are highly 

homologous (Hinoda et aL, 1988; Lin and Guidotti, 1989; McCuaig et al., 1993) 

suggesting that this domain may be essential for certain function(s). The human and rat 
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BGP long IT domain have been reported to be phosphorylated on tyrosine residues (Rees-

Jones and Taylor, 1985; Afar et al., 1992). The rat Bgp long IT domain has been 

implicated in the transport of bile salts through the canalicular domain of hepatocytes 

(Sippel et al., 1993) and in phosphorylation events activated by the insu lin receptor 

tyrosine kinase (Margolis et al., 1990), and in binding calmodulin (Blikstad et al., 1992). 

Rat Bgp has also been shown to exhibit ecto-ATPase activity (Lin and Guidotti, 1989). 

While the exact role of mouse Bgp proteins in normal cellular physiology is unknown, 

a number of different functions are associated with human and murine BGP isoforms 

which suggest that these proteins may be involved in a variety of cellular functions. 

MOlise Biliary Glycoprotein Expression Patterns 

Mouse biliary glycoproteins are actively transcribed and translated in many 

normal adult tissues. Bgp proteins are expressed, like other CEA subgroup members, 

in cells of epithelial origin (Huang et aL, 1990). Immunostaining experiments revealed 

that Bgp proteins are specifically localized to the luminal membrane of glandular epithelia 

in a variety of tissues (Huang et al., 1990). Other experiments demonstrated that Bgp 

transcripts are highly expressed in colon and liver and to a lesser extent in uterus, ovary, 

gallbladder, pancreas, and kidney (Turbide et a1., 1991; McCuaig et al., 1992). These 

results were confirmed by western analyses using polyc1onal anti-mouse Bgp antibodies 

which demonstrated that Bgp proteins are abundantly expressed in normal mou~e colon 

and Iiver (McCuaig et al., 1992). 

The expression of mouse Bgp during embryonic development has been assessed 
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by Northern analyses and ill situ hybridization (Huang et al., 1990). Bgp transcripts are 

expressed in the rnouse ernbryo from day 10.5 post coitum (p.c.) to birth in a spatial and 

temporal fashion. Northern analyses of RNA samples prepared from intestine of mouse 

fetuses of 16.5 days p.c. to birth and from adlilt mice showed high expression of Bgp 

transcripts. Bgp is also actively transcribed in tissues derived From mesenchymal and 

migratory neural ceUs (neuroectodermal cells) such as meninges, cartilage, bonc, blood 

vessel walls, and bronchioles at various stages during the development of the mouse fetus 

(Huang et al., 1990). The pattern of Bgp expression in vivo is consistent with Its role 

as an intercellular adhesion moleclile and further suggcsts that Bgp may play an important 

role during active morphogenesis. 

Because CEA expression is upregulated III numerolls human cancers, it was 

important in the development of our mouse model to evalliate the expression of the 

mouse Bgp gene, a CEA-related gene. in normal and malignant tissues. The rcsults of 

these experiments are described in detail in Chapter Three. Our data revcal that mou se 

Bgp transcript and protein expression is markedly decrcased in primary colon carcinomas 

and colon and liver carcinoma ccli lines in comparison to thcir normal tissue 

counterparts. Furthermore, this decrease in expression has been corrclatcd with 

alterations in DNA methylation of the mouse Bgp gcne lIpstream reglllatory regions . 
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EXPRESSION OF THE Bgp GENE AND CHARACTERIZATION 

OF MOUSE COLON HiLlARY GLYCOPROTEIN ISOFORMS 

A manuscript by Kimbcrly McCuaig, Madelaine Rosenberg, Patrick Nédellec, Claire 
Turbide and Nicole Bcauchcmin, publishcd in the journal Gelle 127: 173-183, 1993. 
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SUMMARY 

The biliary glycoprotein (BGP)-encoding genc is a mcmbcr of the human 

carcinoembryonic antigen (CEA) gene family. Wc have now cloned several 11101lSC IJgp 

cDNAs from an outbred COR-I mouse colon cDNA library as we11 as by rcverse

transcription-PeR amplification of colon RNA. The distinguishing fcatures of the 

deduced Bgp protein isoforms are found in the two divergent N-terminal dOl1lmns, the 

highly conserved internai C2-set immunoglobulin domains, and an intracytoplasmic 

domain of either 10 or 73 amino acids Caa). The cDNA structures suggest that these 

mRNAs are produced through alternative splicing of a Bgp gene and the lisage of 

multiple transcriptional terminators. The Bgp dcduccd aa sequences are highly 

homologous to several weIl characterized rat hepatocyte proteins such as the ccli-CAM 

105/ecto-ATPase/pp120/HA4 proteins. Ohgodeoxyribonllcleotide probes reprc!'cnling 

the various cD NA isoform domains revealed predominant transcripts of 1.8, 3.1 and 4.0 

kb on Northern analyses of mOllse colon RNA; some of these bands are actually 

composed of severa) co-migrating transcripts. The transcnpts cncodmg the long Inlra

cytoplasmic-tailed Bgp proteins are expres~ed at one-tenlh the relative ahundancc of the 

shorter-tailed species. We have previollsly demonstrated that several mOllse [JXP cDNAs, 

when transfected into eukaryotic eells, express Bgp proteins at the ccII surface and 

function in vitro as cell adhesion molecules, much like thcir human and rat countcrparts. 

The expression of the many Bgp isoforms at the surface of epithclial ceIls, su ch a'i colon, 

suggests that these proteins play a determinant role, through !.clf- or hctcrologou~ 
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contact, in renewal and/or differentiation of their epithelia. 

INTRODUCTION 

Carcinoembryonic antigen (CEA) (Gold and Freedman, 1965) is a human tumor 

marker used to evaluate recurrences of gastrointestinal, breast and lung cancers (Shuster 

et al., 1980). The CEA gene family, composed of at least 22 genes clustered on human 

chromosome 19qI3.1-qI3.1, is divided into two subgroups based on sequence 

comparisons and expression patterns (Thompson et al., 1992; Khan et al., 1992): the 

CEA subgroup (CEA, NCA, BGP, CGM6) and a number of genes with as yet undefined 

gene products (designated CGMs; Thompson et al., 1992) and the pregnancy-specific 

(PSG) subgroup (Khan et al., 1992). The CEA-related gene products exhibit structural 

features of the immunoglobulin (lg) supergene family with N-terminal domains 

resembling variable regions and internai domains homologous to C2-set constant domains 

(Williams and Barclay, 1988). BGPs (Svenberg, 1976; Svenberg et al., 1979; Hinoda 

et al., 1988; Barnett et al., 1989) are unique in this family in that all isoforms, produced 

through alternative splicing of a single gene (Barnett et al., 1989), bear either short (10 

aa) or lùng (71 aa) intracytoplasmic tails (Cyts) (Hinoda et al., 1988; Barnett et al., 

1989). In contrast, CEA, NCA and CGM6 are linked to the membrane by a 

glycophospholipid anchor (Hefta et al., 1988; Kolbinger et al., 1989; Berling et al., 

1990). 

CEA, NCA and BGP are postulated to participate in intestinal tissue organization 
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during embryonic development and function in vitro as intercel1ular adhesion molecules 

(Benchimol et al., 1989; Oikawa et al., 1989; Rojas et al., 1990; Zhou et al., 1990). 

The CEA and NCA glycoproteins are also involved in bacterial recognition and in 

colonization (Leusch et al., 1991). PSGs are postulated to act as immunomodulators 

during pregnancy (Cemi et al., 1977). 

To pursue functional investigations, we have begun characterization of the mouse 

CEA-related gene family. In previous work, we have shown that mouse Bgp protcins 

(the cDNAs had previously been called mmCGMla and mmCGM2 and have been 

renamed BgpA and BgpB) expressed at the surface of transfectant cells function in vitro 

as adhesion molecules (Turbide et al., 1991; McCuaig et al., 1992). Moreovcr, 

Dveksler et al. (1991) have demonstrated that one of these mcusc Bgp protcins (MHVR 

with identical coding sequence to the deduced aa sequence of BgpA) acts as the mouse 

hepatitis virus (MHV) receptor (Dveksler et al., 1991). 

Contrary to human BGP isoforms which contain the same Ig-like N-tcrminal 

domain (Barnett et al., 1989), the previously reported mouse Bgp-like cDNAs cach 

encode a distinct N-terminal domain, and internai C2-set domains that arc conscrved but 

not identical (Turbide et al., 1991; McCuaig et al., 1992). This finding implicd that 

either a Bgp gene subfamily exists, or that complex transcriptional mechanisms are 

operative to account for these Bgp cDNAs. It therefore became important to define the 

number of Bgp isoforms and to study their expression in mouse tissues for future 

functional studies. The data presented in this paper describes the charactcrization, the 

relative abundance and the diffcrential expression of nine Bgp cDNA isoforms expressed 
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in colon. The results suggest that a unique mouse Bgp gene undergoes alternative 

splicing, and that different polyadenylation signais are used to produce a nurnber of 

related proteins with possible complementary functions. However, the two classes of 

related Bgp cDNAs cloned from the outbred CD-l mouse may represent allelic variants 

of this Bgp gene (Dveksler et al., 1993). 

RESULTS AND DISCUSSION 

Library cDNA Clones 

To characterize the mouse CEA-related gene famil)', we screened a CD-l mou se 

colon cDNA library (Beauchemin et al., 1989). This yielded a great number of cDNA 

clones (Le., 392), sorne of which presented different restriction patterns or different 

cDNA sequences. To verify if these cDNA clones were representative of other mouse 

CEA-related genes, clones 23, 32, 37, 58, 64 were completely sequenced while clone 

132 was partially sequenced. As shown in Fig. 1, sorne of these clones (clones 23 and 

132) overlapped perfectly within sequences encoding either the signal sequence, the N

terminal or the A2 domain of the BgpA cDNA (formerly mrnCGMla) (McCuaig et al., 

1992), while others (clones 23, 32, 37, 58,64) were aligned with DNA coding for either 

the leader, the N-terrninal, the A2, the TM domains, the Cyt or the 3' UTR sequence of 

another published cDNA clone, BgpB (formerly mmCGM2) (Turbide et al., 1991). 

Clone 23 extended the published BgpB cDNA 3'UTR (Turbide et al., 1991) by 119 nt 

and ended in a poly(A) tail. Another cDNA clone (clone 58) encoded a longer Cyt (73 
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aa) than the previously reported 10 aa cytoplasmic domain (Turbide et aL, 1991; 

McCuaig et al., 1992); this new mouse Cyt domain, however, resembled closely the 

cDNA sequence of human BGP (Barnett et al., 1989) and of a rat ecto-ATPase cDNA 

(Lin and Guidotti, 1989). Clones 32 and 64 also encoded conserved but not identical AI 

and BI domains when compared to similar domains of the BgpA cDNA. cDNA clone 

37 demonstrated high homology to the reported 3' UTR of the MHVR isolated from 

Batb/c mice (Dveksler et al., 1991), but extended this sequence by 199 nt lo another 

poly(A) tail. 

Reverse Transcription-PCR Amplification 

The information from the cD NA sequences and computer-translated aa sequences 

compiled from the cDNA clones were indicative of multiple Bgp cDNA isoforms present 

in mouse colon. We therefore conducted a series of experiments using a RT-PCR 

amplification technology (Frohman et aL, 1988) to identify the type of Bgp isoforms 

present in this tissue. Total RNA from CD-l mouse colon was reverse-transcribcd using 

either a (dT)17 adaptor primer or KM5, a primer located in the 3' UTR of BgpB and 

BgpD (see Fig. 3b). peR amplifications were then performed on single stranded cDNAs 

with combinations of primers located in the coding and non-coding regions and the 

products were cloned and sequenced (Fig. 2a). Since we had observcd that major 

sequence differences were found between the N-terminal domains (designated NI and 

N2; Turbide et aL, 1991; McCuaig et al., 1992), divergent primers within these two N

terminal domains (46Nl, R46Nl, CGM2N and RCGM2N) were synthesized, tcsted at 
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medium and high hybridization stringency and demonstrated no cross-reactivity (data not 

shown). The coding sequence of the two Al domains (Ala, Alb), BI domains (Bla, 

8Ib) and the two A2 domains (A2a, A2b) differed by only 4, 1 and 3 nt, respectively 

(Fig.3b). Common primers specifie for each of these domains (KM' and KM8 for Al 

and 33-35 for A2) as weIl as a primer specifie to the region encoding the long Cyt (RIT) 

were synthesized. 

The use of primers specifie to the 5' UTR of BgpA (KM2), and to the N-terminal 

domains (46Nl or RCGMlN) resu1ted in the amplification of a 360-bp fragment only 

when KM2 was combined with a primer from the NI-terminal domain (46Nl). This 

result indicates that the 5' UTR of the transcripts containing the N2 domain is different 

in the region of KM2 (Fig. 2a). Varying the Mg2+ concentrations of the amplification 

reaction for the KM2-RCGM2N primer pair did not produce a fragment. The identity 

of the KM2-46Nl fragment was confirmed by sequencing of the fragment. 

The sequences of the cDNA clones suggested that splicing events occurred on the 

primary Bgp transcript(s), resulting in the deletion of the Al and BI domains (McCuaig 

et al., 1992), or in the inclusion of an exon to generate a long Cyt protein. To ascertain 

the numerous splicing possibilities downstream of the N-terminal domains, amplifications 

were carried out between N-terminal primers (R46Nl or CGM2N) and oligonucleotides 

corresponding to the A2 domain (33-35), the long Cyt (RIT) or one of the 3' UTRs 

(KM6). As is summarized in Fig. 2a, amplification between primers R46Nl and 33-35 

or CGM2N and 33-35 resulted in the synthesis of two different-sized fragments in each 

case. Cloning and sequencing revealed that the shorter-sized fragments were derived 
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from cDNAs where the N-terminal coding domains, NI or N2, were followed by their 

respective A2 domains (NI domain with A2a, N2 do main with A2b). None of the 

sequenced clones spliced either the NI domain to the A2b domain, or the N2 domain to 

the A2a domain. Sequencing of the longer fragments cloned from each amplification 

demonstrated similar specificity; the NI domain only associatcd with the A 1 a and B la 

domains followed by the A2a domain white the N2 domain was joined to the Alb, Blb 

and A2b domains. 

SimiJarly, amplifications using the N-terminal domain and the long Cyt-specific 

primers produced two DNA fragments. Sequencing confirmed that the shortest on es 

carried a deletion of the Al and BI domains, while the longer fragments incJuded thcse 

two domains. Amplifications condueted with primers located in the N-terminal coding 

domains and in the 3' UTR (KM6) confirmed the previous resu]ts. A greater number of 

clones (seven) representing these fragments were sequenced, one of which was shown 

to code for a long Cyt domain. Results from these amplifications were confirmed by 

Southern analyses. As can be seen in Fig. 2b, the 1350 and 1450-bp fragments amplificd 

by either pairs (R46NI-KM6 or CGM2N-KM6) hybridized to an oligo specifie to the AI 

domains (KM7) (Fig. 2b, panel A), while ail the fragments hybridized to the 33-35 oligo 

defining the A2 domain (Fig. 2b, panel B). The bands hybridizing to oligo RIT (Fig. 

2b, panel C) confirmed that the short-tailed cDNA isoforms have a counterpart encoding 

a long Cyl. These hybridizations also revealed a new 3.0-kb DNA fragment specifically 

amplified in primer eombinations containing the NI primer. This novel eDNA fragment 

will be the subject of future reports. This fragment is not due to contamination with 
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genomic DNA since it was not present in PCR amplifications when the RT reaction was 

omitted (data not shown). 

The Nucleotide Sequences of the cDNAs and the Amino Acid Sequences 

The structure of the deduced isoforms are depicted in Fig. 3a. A minimum of 

nine cDNA isoforms are generated from the mouse Bgp gene(s). Two of these cDNA 

isoforms (BgpA and MHVR) have an identical coding region but somewhat different 5' 

and 3'UTRs (the first 41 nt upstream of the ATG start codon are identical) (Dveksler et 

al., 1991; McCuaig et al., 1992). As was demonstrated by Southern analysis (Fig. 2b, 

panel C) and sequencing of the PCR products, cDNAs which lack a region encoding two 

C2-set domains such as BgpB and BgpC (clones 1 and 23 respectively) can also encode 

a long Cyt to generate the BgpG and BgpH cDNA isoforms. Likewise, the Southern and 

sequencing analyses indicate that the regions encoding the long Cyt dS well as three 

internai repeats are present in the two longest cD NA isoforms designated BgpD and BgpF 

(Fig. 3b). 

The Bgp isoforms exhibit two variants of the signal sequence: four-nt substitutions 

(Fig. 3b) lead to changes in two aa (Fig. 3c). The leader region is followed by an N

terminal domain. There are two possible N-terminal domains (NI and N2) which exhibit 

both common and divergent areas: the nt sequences encoding the first 37 aa are identical 

except for one nt substitution, white the last two thirds of these domains exhibit 

numerous nt differences, many of which are located in the third position of a codon (Fig. 

3b and 3c). As has been noted in the human CEA gene (Schrewe et al., 1990), the last 



• 

• 

• 

28 

nt of the N-terminal domain exon is paired with the tirst two nts of the following exon 

to form the first codon of the next domain. Because of this splicing position, different 

aa are encoded by the various Bgp isoforms, depending on wh ether the N-terminal 

domain is foUowed by the Al or the A2 domain. If there is an Al domain, the tirst aa 

in Al is Pro (BgpA/D/E/F) and in A2, Glu. Ifthere is no AI domain. the first aa in A2 

is a GIn (BgpB/C/G/II) (Fig. 3c). There are two variants for each of the internai C2-set 

Ig domains; however, there are few nt changes (Fig. 3b) and those that do occur lcad to 

aa substitutions (Fig. 3c), and in one case, a silent mutation (indieated by arrow in Fig. 

3e). ~ linker region (Li) joining the A2 domain to the TM rcgion is prcdictcd by 

hydropathy computer analysis. 

Two Cyt domains are derived From essentially the same sequence of DNA. As 

reported for human BGP (Barnett et al., 1989), the mouse long Cyt is generatcd by the 

inclusion of a 53 bp exon (nts 1464-1517 in Fig. 3b) which shifts the ORF from what 

would otherwise encode a short cytoplasmic tail. The translated proteins with a short 

Cyl are produced by using the first in frame stop codon (1533-1535) while proteins 

bearing a long Cyt are generated by the use a stop codon at nts 1667-1669 due to a the 

shift in reading frame. These stop codons are followed by a 3'UTR of 1.25 (CytL) or 

1.39 (CytS) kb (Figs. 1 and 3). 

The UTRs of these cDNAs are also variable. cDNA clone 23 contains a 103-bp 

5'UTR. However, a longer 5'UTR has been demonstrated by primer extension analysis 

(Nédellec and Beauchemin, unpublished results). As indicatcd above, BgpA and MIIVR 

share the first 41 nts upstream of the ATG start codon but diverge further upstrcam of 
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this point, suggesting that there are a minimum of two 5' UTR exons, or that a more 

complicated exon pattern lies upstream of the signal sequence. Sequencing of cDNA 

Iibrary clones and PCR-amplified cDNA clones have indicated a polymorphie region in 

the 3' UTR (indicated at the bottom of Fig. 3b). Since these sequence differences occur 

in a highly repetitive region and are from outbred CD-l mice, it is not known presently 

if this variable region is due to stuttering during the RT reactions, errors during PCR 

amplifications, or if it represents a bona fide genetic polymorphism. Further 

downstream, cDNA Iibrary clones terminate at three different positions: clone 23 exhibits 

the shortest 3'UTR (position 2114 in Fig. 3b), the MHVR cDNA (Dveksler et al., 1991) 

ends at position 2710 (Fig. 3b) and clone 37 contains a further 199 nts ending with a 

poly(A) tail at nt position 2922. Several poly(A) consensus signaIs (double underlines 

in Fig. 3b) are located upstream of the various poly(A) tails, only one of which fits the 

perfeet consensus sequence (AATAAA) (Proudfoot and Brownlee, 1976). 

The predicted aa sequence of the Bgp isoforms are presented in Fig. 3c and may 

be sorted into two classes, defined by their N-terminal domains. The first 37 aa of these 

domains are identical; however, in the following stretch of 19 aa, nine residues are not 

conserved; charged structures replace non-polar aa and vice versa (K-A, M-K, F~). 

The cysteine residues of the C2-set domains, thought to be involved in intrachain 

disulfide bonding (Williams an(i Barclay, 1988), are weIl conserved in aU isoforms 

(shading in Fig. 3c). 
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Northern Analysis and Relative Abundance of Transcript IsofOl'ms 

Northem analyses were performed on mouse colon transcripts with oligos 

representing different domains of the cDNAs (Fig. 4a and b) to quantify the relative 

abundance of the Bgp isoforms (Fig. 4c), Three major transcripts wcre identified with 

these probes, These were measured as 1.8, 3.1 and 4.0 kb relative to rRNA markers. 

In comparison, human BGP restriction fragments has been shown to hybridize to 2.2 and 

3.9-kb transcripts from a variety of celllines (Hinoda et al., 1988; Barnctt ct aL, 1989). 

The nt sequences of BgpD and BgpF isoforms reported in Fig. 3b are 2922 nts long, 

while the BgpB and BgpC or BgpG and BgpH isoforms are 1518 or 1569 I1ts long, 

respectively. The size discrepancy between the cON A sequences and the transcript 

lengths measured by Northern analysis may be due to an additional 300 nts al thc S'cnd 

(Nédellec and Beauchemin, unpublished results). As weIl, the length of the poly(A) tails 

are thought to be 400-bp longer than the DNA sequences of the human CEA gcnc family 

members (Beauchemin et aL, 1987). This adjustment would be consistent with a size of 

3622-bp for the longer cDNAs. The existence of an even longer 3' UTR has not been 

ruJed out. The 4.0-kb transcripts and a strong hybridization signal at 3.I-kb with a 

relative abundance of 1.5 are detected with oligo KM6; the 3.1-kb length is compatible 

with cDNAs expressing L-N-A2-TM-CytS or CytL carrying a complete 3'UTR region. 

To quantify the number of transcripts co-migrating in the revealed bands, equal 

pmoles of the labelled oligos were added to hybridization mixtures to ensure that the 

intensity of the bands would reflect the relative abundance of the transcripts. The most 

striking observation was that, although the cDNAs encoding the isoforms containing only 
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two Ig domains (N and A2) could be readily cloned from a cDNA library or amplified 

by peR, their abundance as 1.8-kb transcripts was minimal (Fig. 4c: 46Nl, RCGMN2 

and KM7). The NI and N2-terminal domains are preferentially expressed with three Ig 

C2-set constant domains as full-length transcripts. But, the transcripts encoding proteins 

with long Cyt are preferentiaIly expressed without Al and BI domains and migrate as 

1.8-kb rather than 4.0-kb. These are 1/10 to 1/3 as abundant as the short Cyt-encoding 

isoforms. As expected, hybridization with an oligo (3' UTR-2) located in the distal region 

of the 3' UTR detects preferentially 4.0-kb transcripts. 

An oligo specifie for the A2 domain (33-35) binds to both the 1.8 and 4.0-kb 

transcripts; however, quantification of the autoradioagrams at different exposure times 

indicated exceedingiy high values for this domain. Although the migration of these 

transcripts is similar to the 18S rRNA, the signal seen does not represent cross

hybridization to rRNA; when this oligo was used to probe non Bgp-expressing celllines, 

no signai was encountered. However, this A2 domain is very conserved wh en compared 

to a similar domain expressed in the mouse Psg cDNAs (KodeIja et al., 1989; Rebstock 

et al., 1990; Rudert et al., 1992). Thus, the oligo 33-35 may be detecting sorne of these 

Psg-encoding transcripts. 

CONCLUSIONS 

(1) The data presented in this report emphasize the multiplicity of the mou se Bgp 

isoforms and suggest mechanisms responsible for their generation. So far, nine similar, 
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but not identical cDNA isoforms have been c10ned From CD-l mouse colon (Turbide ct 

al., 1991; McCuaig et al., 1992; this report) and From Balb/e liver (Dvekslcr et al., 

1991). Alternative splicing is active in the generation of isoforms exhibiting different 

Cyt domains as weIl as isoforms lacking internaI A 1 and BI domains. Northern analysis 

performed on mou se colon RNA with specifie oligo probes and quantification of the 

autoradiograms have confirmed the diversity of the 8gp isoforms; tlucc major transcripls 

(1.8, 3.1 and 4.0-kb) encode these isoforms, albcit in differcnt relative amounts. The 

relative abundance of the 8gp long Cyt-containing transeripts are approximatc\y tcnfold 

less abundant than the short Cyt-tailed isoforms. This finding may reflcet on the function 

of the long-tailed Bgp proteins since they contain consensus Tyr phosphorylation sitcs 

that have been conserved throughout evolution and are present in the mouse, the rat and 

the human BGP counterparts (Lin et al., 1989; Afar et al., 1992; Culic et al., 1992). 

Overexpression of these isoforms may be detrimcntal to ccli growth and/or 

di fferen tiati on. 

(2) In contrast to what has been described for human BGP isoforms (Barnett et al., 

1989) there are, in fact, two classes of mouse 8gp isoforms. Sequence analy~es 

performed on the cDNA isoforms from CD-l mice have dcmonstrated that the N 1-

terminal domain is only associated with either the A la or A2a domain, while the N2-

terminal domain is joined to the Alb or A2b dOJ1lain. These C2-set Ig domains differ 

From each other by only a few nuc1eotides while the N-terminal domains exhibit a greater 

number of changes. The A2 domain is also a required structural fcature of the mouse 
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colon Bgp isoforms contrary to the human BGPb and BGPd isoforms (Barnett et al., 

1989) which lack this domain as do BGPg, BGPh, BGPx and BGPy (T. Barnett, personal 

communication). However, ail isoforms examined in this report carry identical TM and 

long or short Cyt domains. The length of the 3'UTR varies but the sequence within 

remains invariable (except for a few nt modifications in a highly repetitive region), 

strongly suggesting that a single Bgp gene encompasses all exons. 

However, the generation of isoforms bearing a few nt modifications could also 

be explained by allelic variation. The present eharacterization was done on the outbred 

CD-I mouse. A recent report suggests that expression of the two classes of isoforms 

(defined by their N-terminal domains) are due to allelic variation of the same gene. 

Balb/e mice do not express the N2-eontaining cD NA isoforms and conversely, SJL/J 

mice lack the Nl-bearing isoform transcripts and proteins (Dveksler et aL, 1993). The 

splicing versus allelic variation issue will be resolved with the cloning of the complete 

Balb/c Bgp gene (P. Nédellec and N. Beauchemin, in progress). 

(3) The feature which renders the two isoform classes distinct lies in their N-terminal 

domains. The first 37 aa of these domains are identical, while the last third encloses 

many modifications mostly concentrated in a central core. Recently, Bates et al. have 

constructed a three-dimensional model for human CEA based on the NMR structure of 

the rat CD2 as weB as X-ray crystal structures of human CD4 and Ig variable domains 

(Bates et al., 1992). The tirst two domains of CEA are predicted to have a rod-like 

appearance with numerous tightly packed 13 sheets and a few exposed loops on either side 
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of the molecule. Interestingly, the most divergent aa rcsidues (positions 72-90) withlll 

the mouse Bgp N-terminal domains would be localizcd 111 the C-C' loop which is 

predicted to be exposed. On the other hand, some of the conservcd 37 aa arc positioncd 

within another exposed 100p. These loops are the most likcly targcts for interactions with 

olher eells or ligands. In fact, two described properties of these mou se glycoprotcins arc 

dependent upon su ch interactions; two protein products of the BRP cDNA isoforms 

(BgpA and BgpB) can function in vitro as ccll adhesion ll10lecules (Turbide ct al., 1991; 

McCuaig et al., 1992) and one (MHYR or BgpA) has also been shown to bind Lo MHV 

spike glycoprotein (Williams et al., 1990; Dveksler et al., 1991). Although other 

domains of the CEA/BGP proteins are necessary for intcrccllular adhcsion, the N

terminal domain appears to be critical for this function (Olkawa et al., 1991). Simi1arly, 

other members of the Ig supergene family (CD4, ICAM-I, CD2, poliovirus rcccptor) 

require that their N-terminal domains enter into contact with cither viral cnvclope 

glycoproteins (Greve et al., 1989; Mendelsohn et al., 1989; Staunton et al., 1989; White 

and Littman, 1989; Koike et a1., 1990; Pollard et a1., 1991) or their respective ligands 

to be functionally activated (Staunton et a1., 1990; Koike et al., 1991; Rcgister et al., 

1991). 

Human BOP mRNAs and proteins appear to be less abundant than CEA in colon 

but more abundant in liver (Hinoda et al., 1990; Drzenick et al., 1991). Extensive 

expression analyses of these two protein entities have been hampcrcd by the Jack of 

specifie anti-BGP antibodies which have only recently been dcvcJopcd (Drzcniek et al., 

1991). However, the mouse Bgp mRNAs (Turbide et a1., 1991; McCuaig ct al., 1992) 
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and protcins (Rosenberg et aL, in press) are more abundant in colon than liver. Since 

a true CEA homolog or any of the phosphatidylinositol-linked CEA family members have 

yet to be identified in the mouse or rat models, it is tempting to speculate that the 

functions associated with CEA in the human may represent a reeent evolutionary event 

(Stanncrs et al., 1992) and that these functions may be ensured in the mouse by other 

Bgp-related genes (P. Nédellec and N. Beauchemin, in preparation). The significance 

of the concurrent expression of the many Bgp isoforms on the surface of mouse tissues 

such as colon, intestine, liver and uterus (Turbide et aL, 1991; McCuaig et al., 1992) 

may be that these proteins play a determinant role, through self- or heterologous contact, 

in rencwal and/or differentiation of their epithelia . 
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Figure 1. TopololY of Iibrary cDN A clones. 5'UTRI and 5'UTR: 5' untranslated 

regions, LI and U: signal sequences, NI and N2: N-terminal domains, Ah, Ath, 

DIa, DIb, A2a, A2b: C2-type Ig domains, Li: Iinker, TM: transmembrane domain, 

CytS: putative short Cyt domain, CytL: long Cyt domain, 3'UTRI and 3'UTR2: 3' 

untranslated regions, An: positions of poly(A) tails. 

Methods: cDNA was synthesized as previously described (Beauchemin et al., 1989). 

The CD-l mouse colon cDNA library was screened with cON A restriction fragments 

corresponding to the EcoRI-SSfI and AccI-EcoRI restriction fragment of clone 46 

(McCuaig et aL, 1992) and with the oligo RIT (antiscnsc: 5'

TGAGGGT'TI'GTOCTCTGTGAGATC) representing a region of the long Cyl conserved 

between human BOP (Barnett et al., 1989) and rat ecto-ATPase (Lin and Guidotti, 1989). 

Bgp cONA restriction fragments were subcloned into unique sites of the Bluescript SK + 

plasmid (Stratagene, La Jolla, CA) and overlapping DNA restriction fragments werc 

sequenced on both strands with either the T7 or the T3 promoter primers or with internai 

primers by the dideoxy chain termination method (Sanger et al., 1977) using T7 DNA 

polymerase (Pharmacia, Montreal, CANADA). Sequences were analyzed using the 

DNAsis, Prosis (Pharmacia) and the GCG sequence analysis sytem (Devereux et al., 

1984) programs. 
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Figure 2. PCR Amplification Reactions and Hybridizations of Amplified Fra&l11cnts. 

(a) PCR amplification reactions: The names and positions of the various oligo primers 

used in the peR amplification reactions are indicated. The numbers in parenthescs 

represent the approximate length of the fragments obtained from each reaction. 

(h) Hybridization of PCR fragments: PCR fragments were obtained from amplifications 

with oligos R46NI-KM6 (tane 1) and CGMlN-KM6 (lane 2). They were fractionated 

on a 1 % agarose gel and hybridized with 32P-Iabelled the oligo KM7 (panel A), with 

oligo 33-35 (panel D) and with oligo RIT (panel C). 

Methods: Total RNA from CD-l mouse colon was preparcd by guanidium isothiocyanate 

extraction and centrifugation (Beauchemin et al., 1989). RT was pcrformcd using AMV 

reverse transcriptase (Pharmacia, Montreal, CANADA) and 10 /A-g of total mouse colon 

RNA as template essentially as described previously (Turbide et aL, 1992). The oligo 

primers used in this reaction were either a (dT)17 containing restriction sites (5'

GACTCGAGTCGACGGTACCCT l1) or oligo KM5 (antiscnse: 5'

TTGATACCTCACTCTCAGCCA). The amplification reactions were incubated at an 

annealing temperature of 44°C for 2 min, at an elongation temperature of 72°C for 3 

min and at a denaturing temperature of 94°C for 1 min for 40 cycles in a tolal volume 

of 100 /A-I containing 20 mM Tris.CI pH 8.8 (at 24°C)110 mM KCII2 mM MgS04/ 10 

mM ammonium sulfate/O.l % Triton X-loo/O.I /-tg BSA/0.2 mM of each dNTP/40 

pmoles of phosphorylated primers, using VentR DNA polyrnerase (New England 

Biolabs), to decrease possible proofreading errors (Frohman et al., 1988; Mattila et al., 

1991). The oligo primers used were: KM2: sense 5'-CCAAGTCCCGACAAGTAGTG; 
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RCGM2N: antisense S'-GTCTTATTAGTGCCTGTTAC; CGM2N: sense S'-

GTAACAGGCACTAATAAGAC; 46N1: antisense S'-CITCATGGTGATCATITGG; 

R46Nl: sense S'-CCAAATGATCACCATGAAG; KM7: antisense S'

GGGTCACTTCGGTIGACACT; KM8: sense 5' -CCAGTGAGTGTCAACCGAAG; 33-

3S: antisense 5'-CCGGCATCTTCCCTCITAATAGGGTCTATTCTG; RIT: antisense 

S'-TGAGGGTTTGTGCTCTGTGAGATC; KM6: antisense S'

GGCTCCAGGATCCACCITITCTTC. The PCR amplification products were blunt

ended (Sambrook et al., 1989) with T4 DNA polymerase (Boehringer-Mannheim) to 

degrade single-stranded DNA resulting from non-symmetrical amplification (Innis et al., 

1990), separated by electrophoresis and c10ned into the SmaI site of the Bluescript SK + 

plasrnid (Stratagene) for sequencing. A minimum of three independent clones were 

sequenced for each fragment resulting from every amplification reaction with different 

pairs of primers. Control samples omitting reverse transcription were included to verify 

that the RNA was not contaminated by genomic DNA. These fragments were also 

electrophoresed through 1 % agarose gels and transferred to GeneScreen Plus membranes 

(NEN Dupont). Hybridizations were carried out as previously described (McCuaig et 

al., 1992) with 2 X 106 cpm/ml of[32p]oligos (Sambrook et al., 1989). The filters were 

washed to a final stringency corresponding to SoC below the predicted melting 

temperature of each oligo. 
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Figure 3. Topoloey and cDNA Sequences of Mouse BU Isoforms and Deduced aa 

Seguences. 

(a) Topology of Bgp isoforms: Structures of the various cDNA isoforms. Abbreviations 

used have been described in Legend to Fig. 1, MHVR: mouse hepatitis virus receptor. 

(b) cDNA sequences: The nt sequences of the longest isoforms (BgpD and BgpF) are 

presented. Dots indicate identical nts. The sequences of the oligos are indicated by lines 

above or below the nt sequences and their orientation by arrowheads on these lines. The 

ATG start and TGA stop codons are boxed. The domains are identified by thick lines 

and captions over and under the sequences. Open arrowheads delineate the 53 bp exon 

inserted to generate the long Cyt domain. Nt 1534-1550 are common to 3' UTRI and 

3'UTR2. The asterisk (at nt 1550) represents the position where the 3'UTRl (McCuaig 

et al., 1992) replaces the 3' UTR2. Double underlines indicate putative or actual 

polyadenylation consensus signaIs. t Ali at position 2114 represents the poly(A) tail of 

cDNA clone 23. tAn at nt 2710 represents the poly(A) tail of the MHVR cDNA 

(Dveksler et al., 1991). The poly(A) tail at nt 2908 is thal of cD NA clone 37. Sequence 

differences between nt 1747-1829 in the 3' UTR between various clones are indicated at 

the bottom of the figure. GenBank accession numbers: BgpC: X67278, BgpD: X67279, 

BgpE: X67280, BgpF: X6728 1 , BgpG: X67282, BgpH: X67283. 

(c) Deduced aa sequences of Bgp: The nt sequences were computer-translated and the 

deduced aa sequences were aligned. Double arrowheads indicate delineation of the 

domains. The protein sequences are written in the one letter aa code. Aa positions are 

indicated above the signal sequences and N-terminal domains. Glycosylation sites are 
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underlined. Shaded C represent the conserved Cys residues. Arrow indicates position 

of the nt modification leading to a silent mutation. 

Methods: The full coding cDNAs for BgpD, BgpE, BgpF, 8gpG, 8gpll were 

reconstructed by ligating overlapping cDNA clones at various restriction sites. 

Reconstructed cDNA clone~ were completely resequenced to ensure accuracy of 

sequence . 
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Figure 4. Northern Analyses and Quantification. 

(a) Positions of oIigos in the BgpD and BgpF isoforms: The positions of the oligos in the 

various regions of the cDNAs are indicated by arrows below the structures. 

(h) Northern analyses: Positions of the 18S: 1.86 kb and 28S: 4.71 kb as we1l as the 

three major transcripts quantitated in c: are indicated. 

(c) Quantification: Autoradiograms of the above Northern blots were scanned by laser 

densitometry using a Bio-Imager scanner (Millipore, Montreal, CANADA). The 4.0 kb 

band revealed by hybridization to oligo 46NI was weighed as 1.0. Ali other readings 

were computed proportionally. n.d., not determined. 

Methods: 20 J.Lg of total colon RNA, prepared by guanidium isothiocyanate extraction 

and centrifugation, was electrophoresed through a 2.2 M formaldchyde-l. 5 % aga rose 

gel, transferred to GeneScreen Plus membranes. Hybridizations wcre carried out as 

previously described (McCuaig et al., 1992) with the e2p]0ligos (Sambrook et al., 1989) 

indicated above the autoradiograms. The filters were washed to a final stringency 

corresponding to jOC below the predicted melting temperature of each oligo . 
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CIIAIJTER l'IIREE 

THE EXPRESSION OF MOUSE HILlARY GLYCOPROTEIN, 

A CARCINOEM8RYONIC ANTIGEN-RELATED PROTEIN.tJS 

DOWNREGULATED IN MALIGNANT TISSUES 

A manuscript by Madelaine Rosenberg, Patrick Nédcllcc, Serge Jothy, David Flci\zcr, 
Claire Turbide and Nicole Beauchemin, acccptcd for publication in the journal Canca 
Research . 
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ABSTRACT 

Mouse biliary glycoprotein (Bgp) is a member of the carcinoembryonic antigen 

(CEA) gene fami1y and is highly expressed in the epithelial cells of normal hepatic biliary 

ducts and intestine. Nine mouse Bgp isoforms have been identified through molecular 

cJoning and shown to be splice and allelic variants of a single Bgp gene. These 

glycoproteins function in virro as intercellular adhesion molecules and serve as the mouse 

hepatitis virus receptors. Since human CEA is overexpressed in gastrointestinal tumors, 

we have investigated the expression of mouse Bgp in primary tu mors and carcinoma ceU 

lines. Our results demonstrate that the expression of the major mouse Bgp isoforms is 

downregulated in tu mors al the transcriptional and the posttranscriptional levels. This 

decrease in expression is corroborated by immunostaining ofprimary colonie tu mors with 

anti-mouse Bgp antibodies. In addition, Bgp expression is influenced by transcriptional 

control mechanisms involving DNA methylation of the Bgp gene upstream regulatory 

region. Our results demonstrate thal mouse Bgp protein expression is decreased upon 

malignant transformation and further suggest that Bgp proteins may be involved in the 

maintenance of the differentiated cellular phenotype. 

INTRODUCTION 

Carcinoembryonic antigen (CEA) is a heavily glycosylated protein used clinically 

as a human tumor marker to detect recurrences of numerous types of cancer (Gold and 
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Freedman, 1965; Shuster et al., 1980). CEA is the prototype of a large group of relatcd 

proteins which belong to the immunoglobulin supergenc family (Thompson et al., 1991). 

Following the cloning of the CEA eDNA in 1987, the genes of many related proteins 

were also cloned and are presently classified into two subgroups: the CEA-related 

subgroup (CEA, BOP, NCA, CGM1, CGM6, CGM7) and the pregnancy-specific 

subgroup (PSG1-11) (Thompson et al., 1991). These cDNAs code for proteins that 

display similar features where the amino-terminal domain resembles a variable 

immunoglobulin (Ig) domain and the internaI repeating units are C2-like 19 domains 

(Thompson et a1., 1991; WiIliams and Barclay, 1988). These protcins diffcr, howcvcr, 

in their eeU membrane attaehment mechanisms. Biliary glyeoprotein (BGP) is unique in 

this family since it bears a transmembrane domain and an intracytoplasmic domain 

(Hinoda et al., 1990; Barnett et al., 1993) while CEA, NCA and CGM6 are att~1ched to 

the cell membrane by glycophospholipid anchors (Thompson et al., 1991). In contrast, 

PSG subgroup family members are generally secreted and usually associatcd with 

placenta, testis and chorioearcinomas (Thompson et al., 1991). 

Most members of the human CEA-related subgroup are expressed at the apical 

membrane of epithelial cel1s of many normal tissues and tumor cel1s (Thompson et al., 

1991). BGP, in particular, is expressed in normal biliary ducts of the Iiver (Hinoda ct 

al., 1990), in colon (Barnett et al., 1989), in granulocytes (Drzeniek et a1., 1991) and 

in leukocytes (Kuroki et al., 1991) as weil as in a variety of tu mors su ch as colon, 

pancreas, and liver carcinomas and in leukemia cell lines (Barnett et al., 1989; Hinoda 

et al., 1990; Drzeniek et al., 1991) . 
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The functions of the CEA subgroup family members have been investigated. 

BGP, CEA and NCA are cell adhesion molecules as demonstrated by in vitro aggregation 

assays (Benchimol et aL, 1989; Rojas et aL, 1990; Thompson et al., 1991; Oikawa et 

aL, 1992). BGP, CEA and NCA also bind Escherichia coli isolated from human gut and 

various strains of Salmonella (Leusch et aL, 1991). Furthermore, CEA has been 

implicated in at least three of the four stages of colorectal carcinogenesis (Jessup and 

Thomas, 1989) and is postulated to play a role in intestinal tissue organization during 

development (Benchimol et al., 1989). 

We have been studying a mouse model for the human CEA gene family; in 

previous works, we and others have characterized nine distinct cDNA isoforms of one 

mouse CEA-related gene (Beauchemin et aL, 1989; Turbide et al., 1991; Dveksler et al., 

1991; McCuaig et aL, 1992; MeCuaig et aL, 1993; Dveksler et aL, 1993). These CEA

related isoforms are the mouse homologs of human BGP as defined by their deduced 

amino acid sequences, their mode of membrane attachment and their expression patterns 

(Thompson et aL, 1991; McCuaig et al., 1993). The distinguishing features of the 

predicted mouse Bgp protein isoforms are found in the two diverse N-terminal domains, 

the highly conserved C2-set Ig domains and an intracytoplasmic (IT) domain of either 

10 or 73 amino acids (McCuaig et al., 1 Çr;)3). The nine distinct cDNA isoforms are 

generated through complex alternative splicing of one Bgp gene (McCuaig et aL, 1992; 

McCuaig et aL, 1993) and allelie variation (Dveksler et aL, 1993). 

We have previously demonstrated that several mouse Bgp cDNAs, when 

transfected into eukaryotic cells, express Bgp proteins at the ceIl surface and that these 
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Bgp proteins function as cell adhesion mo]ecules in vitro (Turbide et al., 1991; McCuaig 

et aI., 1992), much like their human counterpart (Rojas et al., 1990; Oikawa et al., 

1992). SeveraI of the mouse Bgp isoforms aiso function as mouse hepatitis viral 

receptors (Dveksler et a1., 1991; Dveksler et al., 1993); this is the first example of 

multiple isoforms functioning as receptors for a single viral caps id protein (Dveksler et 

al., 1993). The mouse Bgp deduced amino acid sequences are also highly hOl11ologous 

to several weil characterized rat hepatocyte proteins including the ccII-CAM 105/ecto

ATPase/pp120/HA4 proteins (Aurivillius et al., 1990; Culic et al., 1992; Najjar ct al., 

1993). Moreover, the amino acid sequence of the long fT domains of the mOllse, rat and 

human BGP proteins share high homology (Barnett ct al., 1989; Culic ct aL, 1992; 

McCuaig et al., 1993) suggesting that this domain may be essential for certain 

function(s). In fact, the long IT domain has been implicated in the transport of bile salts 

through the canalicular domain of hepatocytes (Sippel et al., 1993), in phosphorylation 

events activated by the insulin receptor tyrosine kinase (Najjar et al., 1993) and protcin 

kinase C (Afar et al., 1992), and in binding calmodulin (Blikstad et al., 1992). 

The overexpression of CEA in certain human tumors has been shown to rcsult 

from alterations in transcriptional and posttranscriptional mechanisms (Tran ct al., 1988; 

Boucher et aL, 1989; Hauck et al., 1991). Although rat BGP protein expression is 

diminished in rat hepatocellular carcinomas (Hixson et al., 1985; Hixson and McEntire, 

1989), the regulatory mechanisms operative on the expression of human, rat and mouse 

BGP remain unknown. To determine if mouse Bgp expression is altered upon malignant 

transformation, we have investigated the expression of severa! mouse Bgp isoforms in 
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primary colonie tumors and in colon and liver tumor cell lines in comparison to their 

normal tissue counterparts. 

Our results demonstrate a marked decrease in mouse Bgp gene transcriptional 

activity and a corresponding decrease in protein expression in primary colon tumors and 

colon and liver carcinoma cell lines. Furthermore, our results cIearly indicate that Bgp 

expression is influenced by transcriptional control mechanisms that correlate with changes 

in the DNA methylation status of the Bgp gene upstream regulatory regions. 

MATERIALS AND METROnS 

Cell Culture and Transfections 

Mouse embryonic fibroblast cells (NIH 3T3), kindly provided by Dr. André 

Vei1lette (McGiIl Cancer Center, McGill University, Montréal, Québec, Canada), mouse 

(C57BL ICRF al) methyl azoxymethanol acetate-induced rectal carcinoma cells CMT-93 

(American Type Culture Collection (ATCC), Rockville, MD) (Franks and Hemmings, 

1978), mouse (C57BL X Af FI hybrid female) spontaneous mammary tumor cells 

MMT 060562 (ATCC), and the Balb/c colonic carcinoma cell lines CT 26, CT 36 and 

CT 51 (Brattain et al., 1980), generously provided by Dr. Michael Brattain (University 

of Alabama in Birmingham Medical Center, Birmingham, AL) were grown at 37°C in 

monolayer cultures in a-MEM medium (GIBCO, Burlington, Ontario, Canada) 

supplemented with 10% fetal bovine serum (GIBCO). Cells of the Balb/e embryonic 

liver cellline BNL CL.2 (ATCC), of the methylcholanthrene epoxide-transformed Balb/e 
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liver eeU line BNL IMEA.7R.l (ATCC), of the nitrosoguanidine-transformed Ba1b/c 

liveT cell line BNL ING A.2 (ATCC) and of the mouse (C3H/Crg1) spontaneous 

mammary tumor cell line Mm5MT (A TCC) were grown at 37°C in mono1ayer cultures 

in D-MEM with 4.5 g/L glucose (GIBCO) supplemented with 10% fel.'ll bovine serum 

(GIBCO). Ail media were supplernented with 50 U/ml of penieillin and 50 /-tg/ml of 

streptomycin. NIH 3T3 transfectants, stably expressing BgpA (previously namcd 

mmCGMla), an isoform bearing a 10 amino acid IT domain, were culturcd as prcviously 

reported (McCuaig et al., 1992). Transfectant ceUs expressing BgpD, an isoform 

exhibiting a 73 amino acid IT domain, were generated by calcium phosphate-mcdiatcd 

coprecipitation (Parker and Stark, 1979), into 5x 1 as NIH 3T3 cells, of 5 p.g of the BgpD 

cDNA (McCuaig et al., 1993) inserted in the sense or antisense orientations in the 

p91023B expression vector (Wong et al., 1985) along with 5 /-tg of carrier genomic DNA 

and 0.5 p.g of the dominant selectable marker pSV2neo (Southern and Berg, 1982). 

Transfectant clones were manually picked after selection in medium containing 

1.0 mg/ml of GeneticinR powder (active form: 630 p.g/mg) (G418, GIBCO) and 

evaluated for BgpD protein production by immunoblotting analyses. The transfcctant 

ceUs were subsequently maintained in a-MEM medium containing 10% fetal bovine 

serum and 0.5 mg/ml of GeneticinR (total powder). 

Generation of Antibodies 

A polyclonal rabbit anti-mouse Bgp antibody (serum 231) has previously becn 

described (McCuaig et al., 1992). To generate a polyclonal antibody reacting 
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specifically with the long IT domain of mouse Bgp isoforms, a restriction fragment of 

the BgpD cDNA (McCuaig et al., 1993) corresponding ta the long IT domain was 

subcloned into the pGEX2T plasmid vector (Pharmacia, Montréal, Québec, Canada). 

The plasmid was inserted into E. coli 1161 and transformed colonies were selected. 

G1utathione S-transferase-IT fusion proteins were prepared, adsorbed onto glutathione

agarose beads (Sigma, St. Louis, MO) and submitted to cleavage by 0.3 U/ml of 

thrombin (Boehringer Mannheim, Montréal, Québec, Canada) (Smith and Johnson, 

1988). The eluted peptide was purified on 15% SDS-acrylamide gels and the appropriate 

- Mr 8,000 band was retrieved, emulsified with either complete or ineomp]ete Freund's 

adjuvant (GIBCO), and injeeted into pathogen-free New Zealand rabbits. The rabbits 

were boosted at two week intervals. This antibody, further referred to as rabbit anti-IT 

antibody (serum 837), reaets with mouse Bgp proteins bearing long IT domains upon 

immunoprecipitation but is unable to reeognize these Bgp isoforms by immunoblotting. 

Immunodetection Analyses 

Cells were grown as monolayers to eonfluency, washed twice with PBS (130 mM 

NaCl, 7 mM Na2HP04, 3 mM NaH2P04, pH 7.0), harvested with a solution of PBS

citrate (PBS-15 mM sodium citrate, pH 7.0) and lysed by sonication in PBS with 

protease inhibitors (aprotinin 2 l'glml, leupeptin 5 Jlg/ml, and pepstatin 0.4 l'g Iml; 

Sigma and Boehringer Mannheim) at 4°C. Balb/e colon and liver membrane 

preparations were generated as previously described (MeCuaig et al., 1992). After 

dctermination of total protein concentration (Peterson, 1977), protein aliquots were 
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precipitated and processed for SDS-PAGE analysis as previously describcd (McCuaig et 

al., 1992). The proteins were resolved by SDS-PAGE on 10% acrylamide gels 

(Laemmli, 1970), transferred to nitrocellulose membranes (Schleicher & SchueH, Keene, 

NH) according to Towbin (Towbin et al., 1979). Specific glycoproteins were revealed 

by incubation with anti-mouse Bgp antibody (serum 231) and 1:!51-labelcd protein A 

(Amersham Canada, Oakville, Ontario, Canada), followed by exposure to Kodak XAR-5 

film (Eastman Kodak, Rochester, NY). 

Immunoprecipitation 

Proteins from celllysates were immllnoprecipitatcd for 2h at 20°C or 16h at 4°C 

with anti-mouse Bgp antibody (serum 231) or anti-IT antibody (serum 837). The 

antibody-antigen complexes were incubated with Protein A Scpharosc CL-4B 

(Pharmacia,) for 4h at 4 oC, washed five ti mes with PBS-l % Lubrol PX (Sigma) and 

subsequently boiled in SDS-PAGE sample buffer for 10 min. After gel elcctrophorcsis 

and immunoblotting, the immunoprecipitated proteins were detcctcd using anti-mousc 

Bgp antiserum 231 as described above. 

Immunocytochemistry of Turnors 

Colonie tissue from CD-l adult mice and from 1,2-dimethylhydrazine-induced 

colon adenocarcinomas (Glickman et al., 1987) wcre cxciscd, fixcd in phosphate buffcrcd 

neutraI 4 % formaldehyde solution and embedded in paraffin. Immunohistochcmical 

staining by a peroxidase anti-peroxidase technique was performcd as dcscribcd (Jothy et 
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al., 1986) on 41'm sections with al: 100 dilution of anti-mouse Bgp antibody (serum 

231), with 1: 100 dilution of polycJonal anti-human CEA antibody (Dakopatts, Glostrup, 

Den mark) or with rabbit pre-immune serum. Antigen-antibody complexes were 

visualized using swine anti-rabbit IgO antibodies, followed by rabbit horseradish

conjugated peroxidase anti-peroxidase complexes. The sections were counterstained with 

hematoxylin. 

e2PJ-Labeled Probes 

A l.O-kilobase EcoRl-Sstl restriction fragment of the BgpA cDNA corresponding 

to the sienal sequence, N-terminal domain and two C2-set Ig domains (McCuaig et al., 

1992), and a 1.5-kilobase Pstl restriction fragment of chicken 13-actin cDNA (Cleveland 

et al., 1980) were excised from 0.8% low melting point agarose gels and labeled with 

[ex_32p]dATP (NEN Dupont, Mississauga, Ontario, Canada) by random priming 

(Feinberg and Vogelstein, 1983). A 393 base pair NcoI restriction fragment 

corresponding to a promoter fragment of the mouse Bgp gene and a Bamffi-HindIII 

restriction fragment corresponding to an upstream region of the mouse Bgp gene both 

obtained from a genomic À phage clone containing 5-kilobases of upstream regulatory 

elements (NédeHec, unpublished results) were prepared and labeled as described above. 

RNA Preparation and Northern Analyses 

Total RNA was prepared by guanidium isothiocyanate extraction and 

centrifugation as previously described (McCuaig et al., 1992) from the following 
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samples: normal Batb/c mouse colon and liver, 1,2-dimethylhydrazine-induccd primary 

colon tumors in CD-1 mice and their adjacent rnucosae, and the celllines CT 26, CT 36, 

CT 51, BNL CL.2, BNL IMEA.7R.l, BNL ING A.2, MMT 060562, Mm5MT and 

CMT-93. RNA sampi es were separated by electrophoresis on 2.2 M formaldchyde

containing 1.5 % agarose gels, transferred to Hybond-N membranes (Amcrsham Canada) 

and probed with radiolabeled restriction fragments as previously describcd (McCuaig et 

al., 1992). 18S rRNA (1.86-kilobases) and 28S rRNA (4.71-kilobascs) were uscd as 

markers. The membranes were rehybridized with a radiolabeled B-actin cDNA fragment 

to confirm that equal amounts of RNA were loaded onto the gel. 

Genomic DNA Analyses 

Normal Balb/c spleen genomic DNA was purchased from Jackson Laboratory 

(Bar Harbour, MA). Genomie DNA was prepared from CT 26, CT 36, CT 51 and 

CMT-93 ceUs, and normal Balb/c colons according to establishcd protocols (Sambrook 

et al., 1989). 5 p.g of genomic DNA were digested by the restriction enzymes IIi"dIII 

(Pharmacia), EcoRI (Pharmacia), BamHI (Pharmacia), SstI (Pharmacia), Mspl (New 

England Biolabs, Beverly, MA) and Hpall (New England Biolabs) according to the 

manufacturers' specifications. The digests were elcctrophorescd in 0.8% aga rose gels 

(buffered in 40 mM Tris-HCl, 33 mM sodium acetate, 1 mM EDTA, pH 7.6) and 

transferred by capillarity to GeneScreen Plus membranes (NEN Dupont). The 

membranes were hybridized with radiolabeled restriction fragments as previously 

deseribed (McCuaig et al., 1992) . 
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RESULTS 

Transcriptional Activity 

To explore the control mechanisms involved in mouse Bgp gene expression, we 

first analyzed the mou se Bgp gene transcriptional activity in various tissues and celllines. 

Northem analyses were performed with radiolabeled BgpA EcoRI-Sstl cDNA restriction 

fragments (McCuaig et al., 1992) on total RNA prepared from normal mouse colon and 

li ver, from colon, liver and breast carcinoma cell lines, and from primary colonie 

lu mors. Multiple transcripts were detected in normal colon with predominant transcripts 

hybridizing al 4.0 and 1.8-kilobases (Fig. lA, lane 2). According to our cloning data 

(McCuaig et al., 1992; McCuaig et al., 1993), the 4.0-kilobase transcripts correspond 

to mRNAs enclosing a 5'UTR of 391-ribonucleotide bases (Nédellec, unpublished 

results), a typical N-terminal domain, three C-2 set Ig domains (denoted as AI, BI, A2), 

a characteristic short or long IT domain and 1.4-kilobases of 3' UTR. 'The 1.8-kilobase 

transcripts represent splice variants in which the two C-2 set domains (Al and BI) have 

been excised and in which a shorter 3'UTR is used (McCuaig et al., 1992; McCuaig et 

al., 1993). 4.0 and 1.8-kilobase transcripts oflesser intensity were observed in the rectal 

carcinoma cell line CMT-93 (Fig. lA, Iane 6). No such signaIs were detected in the 

colon carcinoma cell lines CT 26, CT 36 and CT 51 (Fig. lA, lanes 3, 4 and 5 

respectively). 

The abundance of mouse Bgp transcripts in normal liver and liver tumor celllines 

was also evaluated. The hybridization probe recognized 4.0-kilobase and 1.8-kiloba~e 
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transcripts in normal Balb/c livet (Fig. lA, lane 1). as previously demonstrated (16-18); 

the amount of RNA loaded in this lane was low in comparison to other samples. as can 

be judged by hybridization of the 6-actin probe (Fig. 1 B). No similar 8gp mRNAs werc 

observed in samples from the liver celllines tested (Fig. lA, Janes 7-9). Howevcr. upon 

five-folc! longer exposure to film, faintly hybridizing Bgp transcripts of 4.0 and 1.8-

kilobases were detected in samples from the normal embryonic liver cellline BNL CL.2 

and from the transformed liver cell line BNL ING A.2 (data Ilot shown). 

Robbins et al. (Robbins et al., 1991) have reported that the transformation of 

mouse breast tissue by MMTV or chemical carcinogens leads to the overexpression of 

mouse Bgp transcripts which are not normally synthesized in this tissue. Thereforc, the 

level of Bgp mRNA expression in two mouse breast tumor cclllines, MMT 060562 and 

Mm5MT, was evaluated (Fig. lA, tanes 10 and Il respectivcly). Although no IJgp 

transcripts were observed in these samples in the exposure shown in Fig. lA, faintJy 

hybridizing Bgp transcripts of 4.0 and 1.8-kilobases were detectcd in RNA from the ccII 

tine Mm5MT upon five fold longer exposure to film (data not shown). RNA loadmg was 

evaluated by rehybridizing with a 6-actin probe (Fig. lB). 

To verify if the reduction in mRNA expression was due to clonai variability of 

the carcinoma cell Hnes, Bgp mRNA expression was assessed in primary tumors (Fig. 

IC). Primary CD-l mouse tumors of the descending colon (Fig. 1 C, Janes 4 and 7), in 

comparison to their normal adjacent mucosa (Fig. 1 C, lanes 3 and 6) or 10 normal 

mucosa of the ascending colon (Fig. IC, lanes 2 and 5), also demonstrated rcduccd 

expression of the major mouse Bgp transcripts. RNA loading was assessed by 
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rehybridization with a radiolabeled B-actin probe (Fig. ID). 

These tindings suggest that rnouse Bgp rnRNAs are not efficiently transcribed in 

colon and Hver turnor cens in cornparison to the significant expression found in their 

normal tissue counterparts. Diffuse - 0.5-kilobase Bgp cross-hybridizing transcripts 

wcre detected in a11 sarnples tested. Although the exact nature of these RNAs is 

unknown, it is unlikely that they represent bonafide Bgp transcripts due to their small 

size. 

))osttranscriptional Activity 

To deterrnine if the observed reduction in Bgp transcriptional activity cou Id be 

corre1ated with posttranscriptional events, irnrnunoblotting and immunoprecipitation 

experiments were carried out using two polyclonal anti-rnouse Bgp antibodies. The tirst 

polycIonal rabbit anti-mouse Bgp antibody (serum 231) was raised against purified rnouse 

colon Bgp proteins and does not recognize other cell adhesion molecules of similar 

molecular weight such as E-cadherin or N-CAM, or of different molecular weight such 

as puritied CEA (McCuaig et al., 1992). This antiserum recognizes numerous Bgp 

epitopes as weil as the different Bgp isoforms that are expressed in mouse colon and 

liver: - Mr 110,000-120,000 isoforms containing N-terminal, Al, BI, A2, and short or 

long IT domains, and - Mr 54,000-60,000 Bgp proteins possessing N-terminal, A2, and 

short or long IT domains (McCuaig et al., 1992). 

Fig. 2A represents an immunoblot analysis of normal colon and liver proteins as 

weil as proteins of colon, liver, rectal and breast carcinoma cell lines using anti-mouse 
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Bgp antiserum 231. A predominant protein band of -Mr 120,000 was rcvcalcd in 

normal colon membrane proteins (Fig. 2A, lane 1) and in proteins From the rectal 

carcinoma cellline CMT -93 (Fig. 2A, lane 2), while low amounts of - Mr 120,000 wcrc 

detected in normal embryonic liver (BNL CL.2) (Fig. 2A, lane 8), in the liver carcinoma 

cell line (BNL ING A.2) (Fig. 2A, lane 10) and in the brcast carcinoma ccll line 

(Mm5MT) (Fig. ZA, lane 7). Bgp proteins of - Mr 110,000 werc detcctcd in normal 

liver membrane proteins (Fig. 2A, Inne Il). This polyclonal antiscrum also rccogni/cd 

proteins of - Mr 54,000-60,000 in proteins samplcs from normal colon (Fig. 2A, lane 

1), From the colon carcinoma cel1line CT 26 (FIg. 2A, Iane 3) and From normal liver 

(Fig. 2A, lane 11). No Bgp proteins of -Mr 110,000-120,000 wcrc detcctcd in protein 

samples From the breast carcinoma cell1ine MMT 060562 (Fig. 2A, lane 6) or the colon 

carcinoma celllines CT 26, CT 36, and CT 51 (Fig. 2A, lanes 3, 4 and 5 respectively). 

A non specifie band of - Mr 64,000 was seen in ail samples and is considercd to he a 

contaminant since it is also present in immunoblots incubatcd with a pre-immune serum 

(Fig.2C). 

We have previously determined the exi~tencc of mouse Bgp mRNA isororms 

bearing short or long IT domains (McCuaig et al., 1993). As can be secn in 

immunoblots using the polyc1onal anti-mouse Bgp antiserum 231, both BgpA- and BgpD

transfectant cells synthesized Bgp proteins of - Mr 120,000 abundantly (FIg. 2/J, lanes 

3 and 4) in eomparison to CMT -93 (Fig. 2B, Inne 1) or to normal colon membrane 

proteins (Fig. 2B, lane 2), while parental NIH 3T3 cells and cells transfccted with an 

antisense BgpD eDNA-driven construct dld not significantly express thcsc protcins (Fig . 
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28, lanes 5 and 6 respectively). Furthermore, BgpA or BgpD proteins from transfected 

ce1ls were readi1y immurI<lprecipitated with the anti-mouse Bgp antibody (Fig. 2F, lanes 

3 and 4 respectively). 

Since the long IT domain of Bgp has been implicated in bile acid transport and 

possibly signal transduction, we assessed the relative expression of isoforms bearing long 

IT domains in comparison to total Bgp protein expression. A second antibody was raised 

against a fusion peptide containing the long IT domain to specifical1y detect Bgp isoforms 

hearing this domain. The specificity of this antiserum was assessed by 

immunoprecipitation analyses of NIH 3T3 transfectant ceUs expressing either BgpA or 

BgpD proteins: the anti-IT antibody formed specifie complexes with BgpD proteins (long 

IT domain) but not with BgpA proteins (short IT domain) (Fig. 2D, lanes 1 and 2 

respectively). 

Immunoprecipitation analyses using a polyc1onal anti-mouse Bgp antiserum 231 

or anti-IT serum 837 were performed on several cell lines. Bgp proteins of either - Mr 

120,000 and 60,000 were immunoprecipitated by the polyclonal anti-mouse Bgp antibody 

(serum 231) from proteins samples of normal colon, normal liver, the rectal carcinoma 

cell line CMT-93, the normal embryonic celI line BNL C'L.2, the liver carcinoma cell 

line BNL ING A.2 and the breast carcinoma cens Mm5MT (Fig. 2E,lanes 1-3 and 6-8 

respectively). Bands of - Mr 75,000 or 90, {', l,) ~ t~ig. 2E, lanes 1 and 2 respectively) 

have previously been identified as breakdown ptl duC'ts 'Jf the major - Mr 120,000 Bgp 

glycoproteins (Odin et aL, 1986). Onlya small fraction of Bgp proteîns from normal 

colon. normal1iver and Mm5MT breast carcinoma were, however, immunoprecipitated 
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by the anti-IT antiserum 837 (data not shown). These ftndings confirm that, in both 

normal and transformed cells, Bgp isoforms bearing a long IT domain represent only a 

fraction of the total population of Bgp proteins (Culic • ( al., 1992; McCuaig et al., 1993) 

and that these particular isoforms are only expressed at very low levcls in transformcd 

ceUs. 

Cellular Expression 

Cellular localization of the Bgp proteins was assesse.d by immunostaining of 

normal and primary colon tumor tissues. Sections were eut from parafftn-cmbcddcd 

normal mouse colon and colonie tu mors and immunostained for expression of mouse 8gp 

(Fig. 3). The most intense staining was obtained with the polyclonal rabbit anti-mollse 

Bgp antibody (serum 231), although a polyclonal anti-human CEA antibody also cross

reacted with the same proteins (data not shown). In normal colon (Fig. 3A), 8gp 

proteins are abundantly expressed at the apical membranes of crypt and superftcial 

epithelial cells and in the cytoplasm of the crypt epithelial cells. Immllnostaining of well

differentiated mouse colon adenocarcinomas invading the submucosa, the cquivalcnt of 

a human colorectal Dukes stage A adenocarcinoma, revealed no Bgp protein expression 

(Fig. 38). Furthermore, in sections containing both primary colon tumors and normal 

adjacent mucosa, Bgp expression was only detected in normal tissue (data not shown). 

Immunostaining with rabbit pre-immune serum was negative in normal and tumor tissues 

(data not shown). These results confirm the protein expression data observed in the ccII 

lines: colon tumors do not express the major Bgp protein isoforms. 
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Rceulation of Expression 

Although CEA gene transcription is known to be upregulated by hypomethylation 

(Tran et al., 1988; Boucher et al., 1989) and by posttranscriptional events (Hauck and 

Stanners, 1991), IiUle is known about the control of human or mouse Bgp gene 

transcription. We have examined several regulatory mechanisms including chromosomal 

rearrangement, gene amplification and DNA methylation of the Bgp gene, which may be 

partially responsible for the observed decreases in Bgp gene transcription and Bgp protein 

expression. 

The possibility of chromosomal rearrangement or gene amplifications or deletions 

occurring in the vicinity of the Bgp genomic locus was assessed by comparing the 

patterns and intensities of hybridization of specifie probes to restriction enzyme-digested 

genomic DNA from various mouse tissues or celllines (Boucher et al., 1989). Equal 

amounts of genomic DNA from normal Balb/c spleen, from Balb/c-derived colon 

carcinoma celllines (CT 26, CT 36, CT 51) and from the C57BL ICRF al-derived rectal 

carcinoma cellline (CMT-93) weredigested with the restriction enzymes EcoRI, HindIII, 

BamHI, or SsrI and subjected to Southern analyses using either a radiolabeled EcoRl-Sstl 

BgpA cDNA fragment (enclosing the N-terminal and two C-2 set Ig domains of the BgpA 

cDNA) or a radiolabeled BamHI-HindIII fragment (corresponding to a segment of the 

mouse Bgp gene upstream region) as hybridization probes. For each particular restriction 

enzyme and hybridization probe combination, ail of the DNA samples tested showed the 

same pattern and the same relative intensity of hybridization (data not shown). These 

results indicate that neither chromosomal rearrangement nor gene amplifications or 
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deletions have taken place close to the Bgp gene in the transformcd cell Hnes tested. 

Therefore these two transcriptional regulatory mechanisms do nol account for lhe 

differential Bgp expression seen in tumors versus normal cells. 

Decreased DNA methylation in the upstream regions of the human CEA gene h.1S 

been correlated with increased CEA gene transcri ption (Tran et al., 1988; Boucher et al., 

1989). Because the mouse Bgp gene is a CEA-related gene that displays a diffcrenl 

expression pattern than human CEA, we investigated whether altercd methylation of the 

Bgp gene upstream region could be responsible for the observed decreases in 8gp gcne 

transcription and corresponding decreases in Bgp protein expression in primary colon 

tumors and carcinoma cell lines. 

Mammalian DNA is methylated at cytosine residues in the dinucleotide sequence 

CpG (DoeTfler, 1983). By using the isoschizomeric restriction enzymes Mspl and IIpall 

that are specifie for the (5' -C ~ CGG-3') site, changes in DNA methylation patterns are 

detectable (Boucher et al., 1989). Both enzymes are able to recognize this sequence 

when the cytosine residues are unmethylated; however, methylation of the second 

cytosine (5' -CmCGG-3') alters this recognition site su ch that only the M.\pl enzyme can 

cleave the DNA chain at this site. Methylation on the first cytosine (5,_mCCGG-3') is 

sufficient to Tender this site resistant to c1eavage by both enzymes. 

Genomic DNA from normal Balble colon, from the colon carcinoma ccII lines 

CT 26, CT 36, CT 51 and from the rectal carcinoma cellline CMT-93 was digestcd with 

the restriction enzymes HindIII, MspI and HindIII, or /lpall and /lindlll, and then 

submitted to Southern analyses. A 393 base pair NcoI fragment from a gcnomic À phage 
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clone, corresponding to a segment of the proximal mouse Bgp gene promoter was used 

as the hybridization probe (Fig. 4). Ail genomic DNA samples digested with HindIII 

displayed identical hybridization patterns consisting of three discrete fragments of 1.3, 

3.5 and 5.8-kilobases (Fig. 4A, lanes 1-5). Extensive characterization of Bgp gene

containing Balb/e genomie clones has led us to establish that the 1.3-kilobase HindIII 

fragment corresponds to a portion of the upstream region of the mouse Bgp gene and 

encloses the NcoI probe in its entirety (Nédellec, unpublished data). The NcoI probe 

crosshybridized to 3.5 and 5.8-kilobase fragments which represent two distinct CEA

related genes that share homology with the mouse Bgp gene (Nédellec unpublished 

results). Attempts to hybridize other fragments from the Bgp upstream region specifie 

only to the Bgp gene have been unsuceessful due to their repetitive nature. AU five 

genomie DNA samples digested with HindIII and MspI (whieh cleaves its recognition 

sequence irrespective of the state of methylation of the second cytosine) showed identieal 

hybridization patterns consisting of 3 distinct fragments of 0.7, 1.0 and 1.9-kilobases 

(Fig. 4B, lanes 1-5). Through sequence analyses of a mouse Bgp genomic clone we have 

determined that the 1.0-kilobase HindIII-MspI fragment corresponds specifically to the 

known mouse Bgp gene (Nédellec, unpublished results). 

Hybridization of the NcoI probe to HpaII-HindlII digested DNA sampI es from 

normal colon and the cell line CMT -93 (Fig. 4C, Ianes 1 and 5 respectively), whieh both 

express Bgp RNA and proteins, detected a 1.3-kilobase Bgp fragment similar to the 1.3-

kilobase fragment obtained by digestion with HindIII alone (Fig. 4A, lanes 1 and 5), 

indicating that the Hpall recognition sites found within the 1.3-kilobase HindI II-HindI II 
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fragment are methylated. Southern analyses of flpalI-flim/III digests of gcnomic DNA 

from the colon carcinoma cell lines CT 26, CT 36 and CT 51 dctectcd two Bgp 

fragments of 1.0 and 1.3-kilobases at various hybridization intensities (Fig. 4C, Janes 2, 

3 and 4 respectively). The presence of l.O-kilobase Bgp fragments in these flpaI-Hil/illll 

digests, similar to the 1.0-kilobase fragments observed in the MspI-l/i1Unll digests 

demonstrates that only a population of the eeUs in the colon carcinoma ccII tines bcars 

a Bgp gene that is unmethylated at the recognition sequence. As can be sccn in Fig. 4C, 

lanes 1-5, the other two CEA-related genes recognized by the probe arc also 

differentially methylated in normal and carcinoma cells. Overall, the transformed colon 

cell lines which do not express Bgp mRNA or proteins are less methylatcd th an DNA 

from normal colon or CMT-93 ceUs, which both express Bgp proteins abundantly. This 

suggests that the differences in Bgp gene expression in tumor and normal eells are 

associated with changes in the structure of the 5' region of the Bgp gene. This 

correlation with expression is, however, different from other gene paradigms where 

demethylation is associated \Vith increased gene expression. 

DISCUSSION 

Because CEA expression is upregulated in numerous human cancers, it was 

important in the development of a mou se mode) to evaluate the expression of the mouse 

Bgp gene, a CEA-related gene, in normal and malignant tissues. The results prcsentcd 

in this paper de mon strate that, in distinction to the human CEA gene, the expression of 
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mouse Bgp transcripts and protein isoforms in primary colon tu mors and in colon and 

Iiver carcinoma cell lines is markedly decreased in comparison with their normal tissue 

counterparts. Furthermore our data shows that repression of the mou se Bgp gene in 

carcinoma celllines correlates with DNA methylation of its upstream regulatory regions. 

Northern analyses on total RNA revealed that normal colon and liver tissues 

express major Bgp transcripts of 4.0 and 1.8-kilobases. In contrast, several mou se colon 

and Iiver carcinoma cell Iines expressed Bgp mRNAs at very low levels or not at aIl. 

The observed reduction in Bgp expression is not due to clonaI vari ab ilit y of the celllines 

since primary mou se tumors of the descending colon, in comparison to their normal 

adjacent mucosa or normal mucosa of the ascending colon also demonstrate lower 

expression of the major mouse Bgp transcripts. 

Immunoblotting analyses with anti-mouse Bgp antibodies revealed a marked 

decrease in the expression of mouse Bgp isoforms in colon and liver carcinoma cel1lines. 

Bgp proteins of - Mr 110,000-120,000 that are abundantly expressed in normal colon, 

in normal liver and to a lesser extent in the rectal carcinoma cell line CMT-93 are 

expressed at very low levels, if al all, in the colon, liver and breast tumor cell lines 

tested. 

Similar decreases in rat BOP (ccII-CAM 105) expression have been demonstrated 

in regenerating Iiver (Odin and Obrink, 1986) and in numerous rat hepatocellular 

carcinomas (Hixson et al., 1985, Hixson and McEntire, 1989). Moreover, the small 

fraction of rat liver tumors that do express BGP proteins, express an altered form with 

a more basic pl (Hixson and McEntire, 1989). Another report confirms that a rat 
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hepatocyte plasma membrane protein of - Mr 110,000, shown by antibody 

crossreactivity to be identical to cell-CAM 105 and therefore rat BGP (Hixson and 

McEntire, 1989), is reduced in expression after malignant transformation (Becker ct al., 

1985). 

Since identIcal BgpA cDNAs have been cloned from both adult Iiver (Dvcksler 

et al., 1991) and colon (McCuaig et al., 1992), the differences in the apparent molccular 

weights of the major Bgp isoforms expressed in normal colon, in a normal cmbryonic 

liver cellline and in a transformed liver cell tine (- Mr 120,000) and normalliver (- Mr 

110,000) are likely due to variations in glycosylation; there are sixteen N-linked 

glycosylation consensus sites in the predicted amino acid sequence of the BgpA protcins 

(Dveksler et a1., 1991; McCuaig et al., 1992) suggesting that these posttranslational 

modifications may be different in these two tissues or that these modifications may he 

associated with transformation. Interestingly, altered CEA N-glycosylation has bccn 

reported in human cancer cells and is postulated to be associatcd with carly cvents in 

carcinogenesis (Garcia et al., 1991). 

Contrary to previous findings by Robbins et al., our data on 8gp mRNA 

expression in breast carcinoma cell tines does not entirely concur with the finding that 

Bgp transcripts are highly overexpressed when breast tissue undergocs carcinogcnic 

transformation (Robbins et al., 1991). The discrepancy may, however, arise From the 

different amounts of RNA used in the both analyses. Our data reveaJ that Bgp protcins 

are expressed at low levels in the breast carcinoma cell line MmSMT. However, Bgp 

expression is slightly increased in these MMTV-transformed Mm5MT ce))s in 
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comparison to normal mammary glands where no Bgp expression is detected. A more 

rigorous analysis of a greater number of tumors and celllines will be required to confirm 

whether Bgp plays a significant role in breast tumor development. 

ResuJts from immunohistochemical analyses of primary tu mors further 

demonstrate that Bgp protein expression is markedly decreased upon malignant 

transformation. Bgp proteins were also detected in the cytoplasm of the normal crypt 

epithelial cells. This cytoplasmic immunodetection may indicate that Bgp is synthesized 

in ail crypt cens and that its expression may become restricted to the luminal membrane 

once the cells have migrated to the top of the crypt. Alternatively, these proteins may 

be Bgp degradation products found within lysosomes (Darnell et al., 1986). 

The abundance of isoforms possessing long IT domains is significantly lower than 

those bearing short cytoplasmic domains, as shown by immunoprecipitation experiments, 

potentially reflecting a difference in the function(s) of these isoforms (McCuaig et al., 

1993). In fact, isoforms bearing the long IT domain, which is highly conserved between 

mouse, rat and human, may be involved in signal transduction. A pp120 protein, shown 

by antibody cross-reactivity to be equivalent to rat BGP (Hixson and McEntire, 1989; 

Margolis et al., 1990), has been characterized as a substrate for tyrosine phosphorylation 

by the insulin receptor (Najjar et al., 1993) while a cAMP-dependent serine 

phosphorylation consensus sequence is found within the long IT of the rat ecto-ATPase 

(Lin and Guidotti, 1989). Furthermore, protein kinase C-dependent serine and threonine 

phosphorylation of human BGP has been demonstrated (Afar et al., 1992). This potential 

role of Bgp in signal transduction is worthy of further investigation since phosphorylation 
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by tyrosine kinase receptors and oncogenes are essential steps in cascade activation 

during embryonic development and differentiation (UIIrich and Schlessinger. 1990). A 

rat liver ecto-A TPase isoform bearing a long IT domain has becn idcnti ftcd as being a 

canalicular bile acid transport protein whose function is dependent upon phosphorylation 

of its long IT domain (Sippel et al., 1993). In addition. the l<1ng IT domain is rcportcd 

to associate with calmodulin in a Ca2 + -dependent manner and has been poslulalcd to 

interact with cytoskeletal elements (Blikstad et al., 1992). 

As yet, no rodent CEA-related cDNA homologs encoding glycophospholipid

anchored proteins have been isolated from the mouse or rat aniJ1 .ll models. HUlllan BGP 

is highly expressed in normal biliary ducts of the liver (Hinoda et al., 1990) and, to a 

lesser extent, in colon (Barnett et al., 1989), granulocytes (Drzeniek ct al., 199\) and 

leukocytes (Kuroki et al., 1991). In contrast, mouse Bgp transcripts and pmtcins arc 

more abundant in colon tissues than in liver tissues (Beauchemin ct al., 1989; Turbide 

et al., 1991; McCuaig et a1., 1992; McCuaig et al., 1993). This diffcrcncc in tissue 

expression may reflect differences in the function(s) of Bgp protcins in humans and miec. 

To understand the diminished mouse Bgp gene transcription and Bgp protein 

expression, we studied several regulatory mechanisms that can alter gcnc transcription. 

Chromosomal rearrangements were not detected in the vicinity of the /J~p gcnc and 

therefore do not account for the observed dccrease in B~p gcnc transcription in colon 

tumor cell lines. Our results demonstrate, however, that the upstrcam rcguJatory rcgion 

of the Bgp gene is less methylated in non-expressing colonie earcinoma cclI lines than 

in normal expressing tissues. DNA methylation has been implicated in a number of 
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important biological processes: changes in DNA methylation states can perturb DNA-

protein interactions, proteet DNA against restriction endonucleases, affect overall DNA 

structure and regulate gene expression (Doerfler, 1983). Modification of the methylation 

pattern with de novo methylation or demethylation occurs throughout development, but 

is not well understood (Doerfler, 1983). Although the colon tumor celllines tested show 

different states of DNA methylation in the Bgp gene upstream region, they are aIl less 

methylated in comparison to normal colon DNA. While hum~l1 CEA gene transcription 

is upregulated by hypomethylation of its upstream region, our results demonstrate that 

hypomethylation of the Bgp gene is associated with the decreased expression of Bgp 

proteins upon tumor formation. The sites detected in our study that are differentially 

methylated may play a direct role in regulating Bgp gene expression. Alternatively, these 

differentially methylated sites may give rise to sccondary changes in the chromatin 

structure or lead to methylation events at other sites. Additional experiments will be 

required to clarify these questions. 

Although the human CEA and BGP genes are very homologous in their upstream 

regulatory regions (in 1.1-kilobases, they are 72 % identical), their transcription is 

governed by di fferent trans-acting factor binding (Hauck et al., submitted; Hauck and 

Stanners, submitted). In contrast to the human CEA gene (Hauck and Stanners, 

submitted), no silencer elements exist in the human BGP gene upstream region (Hauck 

et al., submitted). The refore , transcriptional activation of the mouse Bgp gene, as 

reported during embryonic development (Huang et al., 1990) or transcriptional 

repression. as seen in malignant processes (this paper) are likely the consequence of the 
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severa! complex mechanisms involving altered methylation of the Bgp promoter, 

uniqueness of cis-acting elements and differential binding of trans-acting factors. 

The results presented in this paper are consistent with a model in which the 

numerous functions associated with Bgp proteins such as adhcsion, bile saIt transporter, 

possible receptor and signal transduction, are esscntial for the maintenance of normal 

cellular architecture and of a differentiated phenotype. To detcrmine if Bgp plays a 

direct role in the progression and the maintenance of canccrous states, future work will 

focus on understanding if disruption in the expression patterns of thesc normally abllndant 
, 

glycoproteins can be correlated with tumor progression and Jl1ctastascs, as has bccn 

elegantly shown for another adhesion molccllle, E-cadherin (Frixcn cl al., 1991; Chcn 

and Obrink, 1991; Vleminckx et aL, 1991) . • 
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Figure 1. Northern Analyses of Mouse Rgp rnRNA. Twenî.y p.g of total RNA were 

electrophoresed on formaldehyde agarose-gels, transferred ta nylon membranes and 

hybridized with the 32P-labeled EcoRl-Sstl fragment of BgpA cDNA. 

(A) Transcriptional activity in normal tissues and carcinoma cell lines: lane 1, normal 

Balb/c liver; lane 2, normal Balb/c colon; lane 3, CT 26; lane 4, CT 36; lane 5, CT 51; 

lane 6, CMT-93; lane 7, BNL CL.2; lane 8, BNL IMEA. 7R.l; lane 9, BNL ING A.2; 

lane 10, MMT 060562; lane 11, Mm5MT. 

(8) Hybridization of the same membrane with a labeled PstI B-actin fragment. 

(C) Transcriptional activity in primary colon tissues and tumors: lane 1, normal CD-l 

colon RNA. Lanes 2-7: RNA prepared from carcinogen treated mice: lane 2, normal 

ascending colon; lane 3, normal adjacent mucosa of tumor 1; lane 4, descending colon 

tumor 1; lane 5, normal ascending colon; lane 6, normal adjacent mucosa of tumor 2; 

lane 7, descending colon tumor 2. 

(D) Hybridization of the same membrane with a labeled Pst! 6-actin fragment. 18S 

rRNA (1.86-kilobases) and 28S rRNA (4.71-kilobases) are molecular size markers. 
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Figure 2. Bgp Protein lsofonn Expression. Immunoblot and immunoprccipitation 

analyses using polyclonal anti-mouse antibodies. 

(A) Immunoblot analyses using anti-mouse Bgp antibody (serum 231 at 1: 1000 dilutilln) 

and 300 IJ.g of total celllysate proteins from establishcd cclI 11l1cs, 5 IJ.g of normal colon 

membrane proteins, and 500 p.g of normal liver membranc prolclIlS: lanc l, normal 

colon; lane 2, CMT-93; lane 3, CT 26; lane 4, CT 36; lallc 5, CT 51; lane 6, 

MMT 060562; hne 7, Mm5MT; lane 8, BNL CL.2; lane 9, BNL IMEA.7R.l; lane 10, 

BNL 1NG A.2; Jane Il, normal liver. 

(B) Immunoblot analysis of 150 IJ.g of transfectant cell proteins and 5 IJ.g of normal colon 

membrane proteins using anti-mouse Bgp antibody (serum 231 al 1 :2000 dilution): lane 

1, CMT-93; Jane 2, normal colon; lane 3, BgpA transfectant ccII prolcins; lane 4, BgpD 

transfectant cell proteins; lane 5, antisense-driven BgpD transfcclant ccII prolcms; lane 

6, parental NIH 3T3 cell proteins. 

(C) Immunoblot analysis of 150 p.g transfectant cell proteins with rabbit pre-immune 

serum (at 1:2000 dilution): lane 1, BgpA transfectant cclI proteins; lane 2, CMT-93. 

(D) Immunoprecipitation analysis of 200 IJ.g of transfcctant ccII protcins with the anti-Il' 

antibody (serum 837), immunoblotted with anti-mouse Bgp antibody (serum 231 at 

1 :2000 dilution): lane 1, BgpD transfectant cell proteins; lane 2, BgpA transfcctant ccII 

proteins; lane 3, antisense-driven BgpD transfectant cc)] proteins; lane 4, parental NI H 

3T3 cell proteins. 

(E) Immunoprecipitation analysis of 500 p.g total ccII proteins, 8 IJ.g colon membrane 

proteins, and 500 p.g liver membrane proteins with anti-mouse Bgp antibody (serum 231) 
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immunoblotted with anti-mouse Bgp antibody (serum 231 at 1:1000 dilution): lane 1, 

normal colon; lane 2, normal liver; lane 3, CMT-93; lane 4, CT 36; lane 5, CT 51; lane 

6, BNL CL.2; lane 7, BNL ING A.2; lane 8, Mm5MT. 

(F) Immunoprecipitation analysis of 200 p.g transfectant ce)) proteins and 8 p.g colon 

membrane pmteins using the anti-mouse Bgp antibody (serum 231) and immunoblotted 

with the same antibody (at 1 :2000 dIlution): lane 1, normal colon; lane 2. CMT-93; lane 

3, BgpA transfectant cell proteins; lane 4, BgpD transfectant cell proteins; lane 5, 

antisense-driven BgpD transfectant CCII proteins; lane 6, parental NIH 3T3 celI proteins. 

Molecular size markers in kilodaltons. Large arrow indicates heavy chain IgG migrating 

at - Mr 50,000. 
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Figure 3. Immunostainina:. 

(A) Histological section of normal mouse colon immunostained with polyclonal rabbit 

anti-mouse B[;p antibody. The apical membrane of the epithelial cells in the crypt and 

on the surface as weil as the cytoplasm of the crypt cells express Bgp proteins (X 100 

magnification, paraffin section, immunoperoxidase with polyclonal anti-mouse Bgp 

antiserum 231 and counterstained with hematoxylin). Large arrows indicate luminal 

staining, small arrows incate apical staining, while arrowheads indicate cytoplasmic 

staining. 

(8) Histological section of mouse colon tumor showing no evidence of anti-mouse Bgp 

antibody reactivity (X 160 magnification) . 
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Figure 4. Genomic Southem Analyses. Five Jlg of genomic DNA were digested with 

various restriction enzymes and migrated on O. g % agarose gels, transferred to a 

GeneScreen Plus membrane and probed with 32P-Iabeled NcoI restriction fragment 

corresponding to the pIOxlmal upstream rcgion of the mouse Rgp gene. 

(A) Genomic DNA dlgcsted wlth HcndIII. 

(8) Genomic DNA dlgcsted with MspI and Hindill. 

(C) Genomic DNA digested with Hpall and HindIII: lane 1, normal Balb/c colon; lane 

2, CT 26; lane 3, CT 36; lane 4, CT 51; lane 5, CMT-93. Molecular size markers in 

kilobases . 
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The Characterization and E'\pression ofl\louse BiIi:lI'y GlyCOpl'ott'ÏIIS in NOl"lnalnnd 

Mali2nant Tissues 

A mouse model is bClI1g dcve10ped as an in l'im approach to l'mther investlgatc 

the functions of CEA-rclated antigens, Two flllllcflgth mouse C'EA-rdatl'd cDNAs \\il'IC 

previously identi fied and charactcrized (Turbide ct al.. 1991 ~ McCu,\Ig et al. 1992). 

These CEA-related cDNA isoforms are the mOllsc hOl1lologs of human BCiP as delÏned 

by their dedllccd amino acid sequcnces, thcir mode of membranc ancholage and thcir 

expression patterns (ROjas et al., 1990; McCuaig ct al.. 1992 ~ Hamel! ct al., 1993). 

Both mOllse Bgp isoforms have been shown to fllnction III l'Ifm ali œIl adhesiol1 

molecliles (Turbide et al., 1990; McCllaig ct al., 1992) and to exhihlt spatial and 

temporal expression pattcrns during devclopmcnt (Huang ct al., 1990). (A) This thcsis 

dt:cribes the c10ning of several novel Bgp cDNAs as weil as the structural 

characterization and the expression of nine silllllar but not Identlcal moulic IJgp cDNA 

isoforms (Chapter 2, McClIaig ct al., 1993). The data ~trongly ~uggC\t Ihat the nille 

distinct Bgp isoforms reprcsent splicc and allclrc variants oi' a liing!c JJgp gcnc. (U) 'l'lm 

dissertation also descnbes the study of mOll'ie Bgp eXpreS\IOIl 111 normal and malIgnant 

tissues and examines several tran~cnptlOnal control mechanisll1~ which lIlay rcglllate lJ~p 

gene expression (Chapter 3, Rosenberg et al., 111 press). The~e /indings revcal that 

mouse Bgp expression is downregulated in primary colon tumors and 111 colon and IIvcr 

carcinoma ccII lines. Qur results show that Bgp CXpre\IiIOn IS inllucnccd by 

transcriptional control mechanisms involving DNA methylatlon of the /J~p genc up\trcélm 

regulatory regions. A disrllption in the exprc\sion of Bgp l')oform\, sllch as that 
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observcd in malignancy, may affect cell adhesion and disrupt normal tissue architecture. 

The Role of Altcrnati\'e Splicine and Allelic Variation in the Generation of Multiple 

Bep cDNA hoforms 

MOlise Bgp isoforms are presently thought to he the products of complex 

alternative splicmg of a single genomic transcnptIOnal unit as weil as allelic variants. 

Posttranscriptional proccssing of primary transcripts mcludes the removal of intervening 

sequences (mtrons) and the cleavage and polyadenylation of the 3 'ends (Leff et al., 

1986). For certain gcnes, the sphcmg of the primary transcnpts al ways occurs in a 

constitutive faslllon and gives nse a slllgle protem product (Leff et al., 1986). For other 

genes, specIfie /Jona .tide encoded exons are excluded from the mature RNA in a 

regulated proccss known as alternative splicing. This differential splicing of exons 

results 111 the productIOn of multiple protein pïOducts from a single genomic 

transcriptIOIlal unit (Leff ct al., 1986). AlternatIve usage of polyadenylation sites which 

generates 3' UTRs of varying lengths has also been described for a variety of genes and 

may influence the stability of mature transcripts (Leff et al., 1986). 

We have shown that alternative splicing of mouse Bgp precursor mRNAs 

generates multiple transcripts which lack or exhIbit the C2-set A 1 and BI domain exons 

and whlch inclllde or exc1ude the 53 base pair exon prodllcing two different IT forms 

(Chapter 2, McCuaig et a1., 1993). The Bgp transcripts also display 3' UTRs of different 

lcngths depcnding on the polyadenylation site employed during processing. Similar 

rat Bgp splicc variants bearing either a long and short IT domain have been identified by 
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several laboratories. The cDNAs coding for lh~ rat liver protcms ccto-ATPé.1SC, ccll-

CAM 105 and pp 120 have bcen c10ned and found to code for the sam\.! rat Bgp protL'1Il 

comprised of an N-tcrminal domall1, thrce C-2 set Ig domains, a transmemhrane dOm4l11l 

and a long lT domain (71 al111110 aClds) (Lin and GUldotll, 1 9~N; AUrtVllltlls ct ,li., 1 tNO; 

Najjar et al., 1993). Simllar rat Bgp cDNA clones bcanng ~hort 1'1' dOll1,lll1S (\0 am1l10 

acids) have a1so been characterized and arc produced by the specifie exclusIOn of a 5.\ 

base-pair exon from the matllr~ transcript (Culic ct aL, 1992; Najjar ct aL, 199.\). Rat 

Bgp sphce vanants lacking the A 1 and BI domain exons, similar to several mouse Ilgp 

splke variants, have not been identified through c10ning or PCR amplificatIOn of revcr~e 

transcribed RNA (Najjar et al., 1993). 

Extensive alternative splicing has also bccn reported for the human IJGP gcnc 

(Hinoda et al., 1988; Barnett et al., 1989; Barnctt ct al., 199) but dl l'fers sOll1ewhal 

from that of the murme Bgp genes (McCuaig ct al., 1992; Charter 2, McCualg ct aL, 

1993; NaJJar et al., 1993). The most common human BGP sphcc variants arc proouccd 

through the dlfferential splicing of the C2-~;et A2 domain cxon and of a 53 hac.;c pair exon 

which generates elther a short or long rr domalll (Harnelt ct aL, 19X<J). lIowcvcr, ntl1er 

unusual BG? splice vanants abo ex)\t. In the l~oforJl1,) IJ(jPg, IJGPh and IlGPI, 

differential splicing occurs sllch that thc~e isoform'i lack tran\mcmbrane and 1'1' domains 

(Kuroki et al., t991). In the recently characten/cd l'ioform\ BGPx and IJGPx', thc N

terminal domain exon is spliced to the exon cncodmg the tran<;mcmhrane domam (Harnctl 

et al., 1993) while in the isoforms I1GPy and BGPz, the BI domall1 exon I~ 'ipliccd to 

one of two small Alu-like exons found wlthin the intervcmng sequence 'icparatmg the A2 
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domain exon l'rom the tïansmcmbrane domain exon (Barnett et al., 1993). The existence 

of simllar unusual mous.e or rat Bgp splice variants IS plausible but remains to be 

demomtrated. 

Alternative splicing has also been demonstrated for other Ig superfamily cell 

adhesion moleeulcs which bear IT domall1s. DifferentiaI splicing of N-CAM primary 

transcnpts generates at lcast five different RNAs whose protein produets are either bound 

to the m('mbrane by GPI-lInkagcs sinular to CEA and NCA or possess transmembrane 

and short or long IT doma1l1s (Cunningham et al., 1987; Ed,~lman and Crc,sslIl, 1991). 

In both l11u~cle and bralI1, the individual N-CAM isoforms are expres~ed in a spatial and 

temporal fa ... hlOn dunng dcvelopment, slIggest1l1g that specifie Isoforms arc required for 

partlclliar functions (RlIli~hall~er and Jcssel, 1988). Two lsoforms of myehn-associated 

glycoprotcll1 (MAG) which diffcr only in the lengths of thcir cytoplasmie domains are 

prodllccd throllgh dcvclopmcntally-regulatcd alternative ~phcing of precursor transeripts 

(Sallcr ct al., 1987). The fact that human, rat and mousc BGP i~oforms as weil as N

CAM éll1(1 MAG l~oforms cxist as spllce vanant whlch display sllnilar long or short IT 

domains, suggests that both thesc domains may mecIiate important functions. 

ln contrast 10 human BGP (Barnctt et al., 1993), two differcnt N-terminal 

domams have bcen idcntlficd in mOll~C Bgp cDNA isoforms (M,::ClIaig et al., 1992). The 

Bgp lsoforms are grollped into two classes dcpending on which N-terminaI domain and 

C2-sel domains they conta1l1. In each of the cDNA clones eharacterized, the N-tcrminal 

domain is a~soclated wlth specifie C2-set domains slich that the Nl domall1 is found only 

associatcd with the A la, Bla or A2a domains while the N2 domain is only joined with 
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the Alb, Blb or A2b domains (Chapter 2, l\1cCuaig ct aL, 199.1). Howcycr, dose 

inspection reveals that the sequences of the transl1lcmbrat1l' dom.un and the two IT form'i 

found in N 1- and N2-beanng Bgp isofofms are idcntical. This ~llggests that clther an 

extremely complex alternative spliclng mcchanlsm cxists Of thal two lugh1y hotllologous 

but distinct B~p gcnes are present III the mou sc genotllc. 

Evidence of allelic variation emanatcs l'rom analyses of vanOlls mOllsc slr.tins 

(Dveksler cl al., 1993; Chapter 2, McCualg ct aL, 1993). Whilc hoth Nl- and N2-

containing Bgp cDNA isoforms have becn holatcd l'rom thc Olltblcd (,D-I 1ll01l~C ~tfalll 

(Turbide et al., 1991; McCuaig et al., 1992; Chapter 2, MeC ualg ct al., 1l)9 J), only N 1-

bearing Bgp lsoforms have becn idcntifted throllgh c10ning or peR amplification III the 

inbred Balb/c, CH3 and C57BL/6 mouse stnuns (Dvckslcr ct al., 19<,)3). Il has rcccntly 

been shown that Nl-bearing Bgp lsoforms ~erve as thc 1l101lSe hcpatltl~ VIflIS (MIIV) 

receptors in the MHV-susceptible ll10use strains Balb/c, CHJ and C57BL/6 (disclls ... cd 

below) (Dveksler et al., 1993). In contrast, /10 N l-conlallling IJUP Isofonn\ have hccll 

found in the inbred SJL/J /1llce which are resi~tant 10 MHV mfection; SOllthern hlot 

analysis of PCR amplitïed reverse transcribed RNA lndieale~ that Ihis ll1om~ <;tralll 

possesses only N2-contammg Bgp l'lofortll~ (Dvek..,ler cl al., 1(93). VJr<11 hllldmg a<;says 

have show/1 that Intestmal and hepatocyte memhrane) of the J.,! progeny of Balh/c X 

SJL/J matings bind MHY with only 40% of the Balb/c parental MHY-hmdmg ctficlcncy 

(Dveksler et al., 1993) whilc the mcmbrane proteins of the SJLlJ parent <;how no viru"i 

binding activity (Boyle et al., 1987). This value is similar to the prcdictcd 50% vi ral

binding efficiency if NI- and N2-bcaring Bgp protcim arc encoded by two eo-(\ol11mant 
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aJleles of a single gene (Dveksler et al., 1993). These data suggest that the Nt and N2-

bearing Bgp isoforms may be allelic variants of a single Bgp gene. 

To elucidate the rncchanisms involved In the generation of the multitude of Bgp 

splice variants, a thorough analysis of the Balb/c Bgp gene has been initiated (P. 

Nédellec and N. Beauchemin, unpublished results). Extensive sequencing of several 

gcnomic cosmid clones as weIl as Southern analyses of Balb/c genomic DNA reveal that 

the Balb/c Bgp gene contains only the NI domain and has a genomic organization that 

is similar to that of the human and rat BGP genes (P. Nédellec, unpublished results; 

Barnett et al., 1993; Najjar et al., 1993). While the lengths of the intervening sequences 

vary, aIl three gcnes possess the following exons in the following order: 5' UTR/Leader, 

Leader/N, Al, BI, A2, TM, CytS, CytL/3'UTR (P. Nédellec, unpublished results; 

Barnett et al., 1993; Najjar et al., 1993); in the human BGP gene two smalf"'bona fide 

exons, lIy and I1z, are found between the A2 and TM domain exons (Barnett et al., 

1993). Analyses of overlapping genomic cosmid clones does not indicate the presence 

of N2-containing genomic segments in the vicinity of Balb/c Bgp gene, suggesting that 

N2 and NI domains are not present in the same genomic transcription unit (P. Nédellec, 

unpublished resuIts). Taken together, these results demonstrate that Nl- and N2-bearing 

isoforms are encoded by two distinct genes. 

Recent evidence indicates that strain-specific splice variants of rat Bgp may also 

exist. Culic et al. reported the sequence of a novel rat Bgp cD NA isoform which 

contains numerous amino acid substitutions in the N-terminal domain as weIl as scattered 

differences throughout the remainder of ilS sequence in comparison to the previously 
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identified rat Bgp cDNA isoform ecto-ATPase (Culic et al., 1992). Similar sequence 

variations were found in several rat Bgp isoforms isolated From an outbred Sprague

Dawley rat liver cDNA library (Stratagene, La Jolla, CA) (8. Obrink, personal 

communication). These sequence differences arc remimsccnt of the variations obsefVed 

in mouse Bgp isoforms and suggest that two Bgp genes may exist in the rat. Further 

investigations are required to determine if two distinct aIlelic B~p genes arc present in 

various rat strains. Because of the close evolutionary rclationship bctwccn rodents, the 

possible existence of allelic Bgp genes in rats is not surpnsing. No similar evidcncc of 

allelic variation in human BGP has bccn rcportcd but may, in faet, cxist. 

The eXIstence of multiple mousc Bgp splice variants wlth similar structures 

suggests that these isoforms may have distinct yet overlapping functions. While exact 

of role of mouse Bgp proteins in normal cellular physiology is unclear, a number of 

different functions are associated with various mouse, rat and human BGP isoforms and 

are discussed below. 

A Role in Cell Adhesion 

White Ig superfamily members display an array of diffcrent functions, most 

members are involved in recognition roles at the ccli surface (Williams and Barclay. 

1988). Molecules containing Cl-set Ig domams, such as the c1a~slcal immunoglobulin 

molecules and the fi and "Y chains of T-cell receptors. are most often dircctly involvcd 

in immunorecognition (Williams and Barclay. 1988; Thompson et al.. 1991). Antigens 

bearing C2-set Ig domains are generally associated with adhcsion or rcceptor functions 
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(Thompson et al., 1991). Members of this group include the adhesion molecules ICAM, 

N-CAM, MAO, and CD2, and the cell surface receptors PDOFR and Fc-receptor 

(Williams and Barclay, 1988). The cell surface localization and sequence homologyof 

CEA-related antigens to other C2-set Ig molecules strongly suggest that CEA family 

members may function in vivo as adhesion molecules and/or cell surface receptors 

(Thompson et al., 1991). 

CEA, NCA, BOP and mouse Bgp ail function as cell adhesion molecules when 

expressed at the surface of transfected cells (Benchimol et al., 1989; Oikawa et al., 1989; 

Rojas et al., 1990; Turbide et al., 1991; McCuaig et al., 1992; Oikawa et a1., 1992). 

ln vitro aggregation assays have demonstrated that mouse BgpA mediates cell adhesion 

in a Ca2+ - and tempcrature-independent manner (McCuaig et al., 1992) white mouse 

BgpB requires Ca2 + and physiological temperatures for cell adhesion (Turbide et al., 

1991). The differences in the adhesion properties may arise from the different 

extracellular structures of the two isoforms: BgpA possesses an NI domain and three C2-

set domains white BgpB contains an N2 domain and one C2-set domain; both isoforms 

possess identical transmembrane and short IT domains. While the two N-terminai 

domains are 87% homologous, many of the amino acid sequence differences are non

conservative and involve changes in amino acid charge; the NI domain aiso con tains an 

additional potential N-Iinked glycosylation site (McCuaig et aL, 1992). As the N

terminal domain appears to be a critical denominator for CEA, NCA and CGM6 

adhesion (Oikawa et al., 1991), the differences between the two mouse Bgp N-terminal 

domains may cOl1tribute to the different adhesion properties. A Iternatively , it has been 
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suggested that the levels of protcin exprcssion at the cell surfacc may influcnce the 

requirement for Ca:! + (M. Rojas ct al.. personal coml11ul11cation; Olkawa ct al.. 1(92). 

While it remains to be demonstrated. the Bgp isoforms C-H arc cxpcctcd to he capablc 

of mediating in vÎlro cellular aggregatlOn slllce they contam slIllIlar if Ilot idcntical 

extracellular domains as BgpA and BgpB; the presence of the long rr dnmall1 III certalJ1 

isoforms is not expected to inhiblt adhcslOn SIIlCC hlllllan BGP protcms bcanng long IT 

domains mediate cell adhesion (Rojas ct aL, 1990). 

The rat Bgp homolog cell-CAM 105 was first idcntified as a ccII surface protCII1 

capable of mediating rat hepatocytc aggregatlon ;11 \'itro (Ocklmd and Übrink, 19H2) and 

was subsequently found to medlate homotyplc Ca:! t -indcpcndcnt adhe~lon. sllllliar as 

mouse BgpA (Tingstrom et al., 1990). CcII-CAM 105 is locall/c<l primanly to cpithdlal 

structures but IS also found in granulocytes and plate1cts (Odin ct al., 1(88). The 

localization of cell-CAM 105 to hepatocytc cclI-ccii contacts, to the apical brush border 

of the intestine, and to the surface of activatcd p!atclct~ ~trongly suggcst<; that rat Bgp 

participates in severa! different ccli surface interactions invo!ving membrane-membrane 

binding (Ocklind et al., 1983; Odll1 ct al., 1988; Hanv~ol1 ct al., 19H9). The tl~ùllC 

distribution of mOllse Bgp transcnpts and proteins durillg cl11bryollIc dcvc)opmcnt and in 

normal adult tissues is consistent with an in VIVO cellular adhcsion function (Huang ct al., 

1990; Rosenberg et al., in press). However, detmlcd immunostainmg cxpcrimcnt~ will 

be necessary to determine the speclfic ~ubcellular localllatlon of rnou<,c Hgp protCIn'i 111 

various tissues. FlIrthermore, the determination of the ~pccifïc exprc~ ... i()11 patterns of 

individual Bgp protein isoforms may help dctermine the role of each i~oform in ccII 
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adhesion. 

F..do-ATPase Activity 

Rat Bgp proteins have also been shown to exhibit ecto-ATPase aetivity (Lin and 

Guidotti, 1989). Ecto-ATPases are found on the surface of a large variety of ceUs and 

are characterized by being activated by Ca2+ and Mg2+ ions and by their ability to 

hydrolyse non speci fi cali y several different nucleotides (Lin and Guidotti, 1989). eeU 

Iysates of transfectant cells expressing rat Bgp isoform have been shown to hydrolyse 

ATP in a Ca2+ -dependent fashioll (Lin and Guidotti, 1989; Sippel et aL, 1993). The 

structure and the cell surface localization of rat Bgp/ecto-ATPase are compatible with 

such an ectonucleosidase activity i/1 vivo (Lin and Guidotti, 1989). It has been suggested 

that ecto-ATPase activity may influence Bgp-mediated adhesion since the addition of 

extracellular ATP stimulates rat hepatocyte aggregation in vitro (Obrink, 1991). 

A Potential Role in Sienal Transduction 

Biliary glycoproteins are unique members of the CEA family due to the faet that 

they contain transmembrane and IT domains of either 10 or 71-73 amino acids. In 

human, mouse and rat BGP, both the short and the long IT domains are rich in serine 

and threonine residues which ean be phosphorylated (Bamett et al., 1989; Lin and 

Guidotti et al., 1989; McCuaig et al., 1993). Furthermore, two consensus tyrosine 

phosphorylation sequences are conserved in the long IT domains of a11 three species. 

Sequences similar to the consensus sequences for PKC dependent phosphorylation and 



• 

• 

• 

83 

to a cAMP-dependent serine phosphorylation site have also bcen identifie\.! within the rat 

Bgp long IT domain (Lin and Guidotti, 1989; Sippel et al., 1993). The phosphorylation 

of proteins induces conformational changes and may alter protein fllnctu:m (Hunter and 

Cooper, 1985). Since protein phosphorylatlon is implicatrd III a number of differcnt 

signal transduction pathways, it is tempting to speculatc that BOP protellls may be 

involved in signal transduction events (UlIrich and Schlessinger, 1982). This potential 

role of BGP proteins in signal transduction is intrigulIlg SlIlCC phosphorylatioll by tyroslI1e 

kinase receptors and oncogenes are essential steps in cascade activation during embryonic 

development and differentiation (UlIrich and Schlessingcr, 1982; Hunter and Cooper, 

1985). 

The rat Bgp protein pp 120 has bcen characterized as a substrate of the tyrosine 

kinase activity of the insulin receptor (Rees-Jones and Taylor, 1985), the epidermal 

growth factor (EGF) receptor (Phillips et al., 1987) and the insulin-likc growth factor 1 

(IGF-I) receptor (Fanciulli et al., 1989). This stlllll1latcd rat Bgp LyroslI1c 

phosphorylation has been demonstrated in cell frce systems, 111 intact cultllred hcpatollla 

cells, and in perfused liver where normal polarity of the cell membranes is maintained 

(Rees-Jones and Taylor, 1985; Accili et al., 1986; Phillips et aL, 1987; Margolis ct al., 

1988; FanciuIli et al., 1989). In vivo serine phosphorylation is also likely sincc the rat 

Bgp protein cell-CAM 105 is phosphorylated on serine residues when isolatcd rat 

hepatocytes are cultured in e2p]P1 (Odin et al., 1986). 

Phosphorylation of human BGP has also becn dcmonstratcd. Human BOP 

isoforms expressed in transfected ceBs, in a colon carcinoma cell line and in an acute 



• 

• 

• 

84 

myelogenous leukemia ccIl Hne, are phosphorylated on serine and threonine residues 

upon stimulation with TPA, an activator of PKC (Afar et al., 1992). BGP \soforms 

bearing long IT domains are also phosphorylated on tyrosine residues (Afar et al., 1992). 

However the endogenous protein kinase(s) involved in the phosphorylation of human 

BGP rcmain to be identificd. 

As yet, no phosphorylation assays on mouse Bgp isoforms have been performed. 

The phosphorylation status of mouse Bgp isoforms can be assessed by incubating 

transfectant cclls that express Bgp Isoforms beanng the long IT domain (with short IT 

cxpressmg-transfectants used as controls) with 3:!P-orthophosphate and with or without 

stimulation by insulin, EGF or IGF-l. The phosphate content of Bgp proteins can be 

assessed by Iysing the labeled cells and imml-!!!Opreclpitating the Bgp proteins with 

specific anti-mouse Bgp antibodies or anti-(long)-IT antÎl.J(ldies and subjecting the 

immunoprccipitatcd proteins to Western analyses or phosph0-amino acid analysis. 

Similar experimcnts can be perfonned on the rectal carcinoma cclI tine CMT93 whieh 

expresses Bgp isoforms which display long IT domains. Alternatively, the 

phosphotyro~ine content of Bgp proteins can be determined by immunoprecipitation and 

detection with anti-phosphotyrosine antibodies in conjunction with anti-mouse Bgp 

antibodlcs. Because of thc high homology betwecn the mouse, human and rat long IT 

domains. 1110USC Bgp isoforms are likely to be phosphorylated on serine, threonine and 

tyrosine residues in vitro and possibly 111 vivo. It has been suggested that the 

phosphorylation of human BGP proteins and by extension mouse Bgp proteins may be 

involved in modulating ccll adhesion or transmembrane signalIing events, although no 
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data supports these hypotheses (Afar et al., 1992). 

Potentinl Interactions with Cytosolic Prott'ins 

Cell adhesion molecules (CAMs) are implicaled ln a vancty of important 

functions incIuding morphogenesis, immunological evcnts and ccII-ccII signalling 

(Obrink, 1991). It is generaIly accepted that CAM mcdiates such processcs by 

transmitting the binding signal across the membrane cithcr 10 Ihcir own cyloplasllllc 

domains or to membrane-associated protcins (Bltkstad ct al., 1992). E-cadherin, an 

important epithelial cclI adhesion moleculc, has bccn shown to he assocmtcd wilh thrcc 

intracellular proteins called a, fi and 'Y catcnms through its 11' dOl11éUn (Takcichl, (991). 

Integrins, important cell-matrix adheslOn proteins, also intcract with several cytoskcletal 

proteins incIuding talin and a-actinin and are implicated ln signal transduction cvcnts 

(Hynes, 1992). 

In order to elucidate the function(s) of the long IT domain of Bgp protcins, a 

search for proteins associating with this domain was initiated (Obrink ct al., 1988). The 

rat Bgp protein cell-CAM 105 bearing a long IT domain was recently shown to bind 

calmodulin, a ubiquitous cytosolic regulatory protein involved in the modulation of 

intracellular Ca2 + concentrations (Obrink et al., 1988; Bhkstad ct al., 1992). 

Calmodulin bound specifically to the long IT domain ln a Ca:! -1 -dependcnt and rcduction

sensitive manner (B1ikstad et al., 1992). These analyses al')o revealcd that rat Bgp/cell

CAM 105 is a majorcalmodulin-binding prolein in liver plasma membranes. Calmodulin 

is known to interact with various components of the cytoskeleton as weil as with oiller 
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proteins (Cheung, 1980; Howe et al., 1980; Glenney and Weber, 1980). The binding 

of Bgp molecules on different cellular membranes mayalter the conformation of the IT 

domain and affect the bmding of the long IT with calmodulin and other proteins (Blikstad 

et al., 1992). In such a model, cell-celI adhesion could influence cytoskeletal 

associations or affect other cellular components (Blikstad et al., 1992). 

To determine if mouse Bgp proteins bind to calmodulin, we will conduct 

crosslinking and immunoprecipitation analyses under reducing and non-reducing 

conditions using anti-mouse Bgp antibodies, antibodies specifie for the long IT domain, 

and commercial anti-calmodllhn antibodies. The crosslinking and immunoprecipitation 

experiments will also help to dctermine if other proteins bind to the Bgp short and long 

IT domains. These experiments should shed light into the role of mouse Bgp proteins 

in a cascade of evcnts implicating mtercellular adhesion and signal transmission. 

A Roll' in lIepatic Bile Ariel Transp0l1 

Hepatocytes are poJarizcd cells which possess distinct sinusoidal (basolateral) and 

canalicular (apical) plasma membrane domains; these domains are morphologically and 

functionally distinct with each domain containing specifie proteins (Hong and Doyle, 

1987). The cOlltinuolls trans-hepatocelluJar secretion of bile acids from the blood to the 

bile canahcular lumen involvcs the uptake of bile acids from the blood at the sinusoidal 

membrane. thcir translocation across the cell to the bile canalicular domain where they 

are finally transported across the plasma membrane (Meier, 1989; Sippel et al., 1993). 

Recently a - llOkD glycoprotein involved in the transport of bile salts across the 
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canalicular domain was identified through amino acid sequencing as the rat Bgp isoform 

ecto-ATPase which displays a 71 amino acid IT domain (Slppc1 et al., 1993). COS eclls 

transfected with the rat Bgp ecto-ATPase cDNA cxhlbitcd bile acid transport aCl1vity 111 

vitro. In contrast, COS cclI exprcssing a truncatcd rat Bgp lackll1g the IT domain were 

unable to pump out bile acids, demonstrating that the long Il' domam IS ncccssary for 

bile acid efflux. It was also shown that rat Bgp/ccto-ATPase IS phosphorylated on ilS IT 

domain by PKC activators (Sippcl ct al., 1993). FlIrthcrmorc, inhibll\on of 

phosphorylation by vanadatc (a phosphorylatiol1 inhlbitor) and slailfosporine (a PKC 

inhibitor) abolishes bile acid transport activlty llldtcating that phosphorylatlon IS es\cntial 

for this function. Ecto-ATPase activity was not affected by phosphorylalion IIlhibilors 

demonstrating that phosphorylation is not esscntiaJ for ccto-ATPa'ie actlvity. Il is unclcar 

if ecto-ATPase activity is neccssary for bile acid cfflux (Slppel ct al., 1993). 

The mechanism of rat Bgp-mediated bile acid transport across the canaliclIlar 

domain is unknown. The data suggest that the intracytoplasrnic domai n conlams a bIle 

acid binding domain (Sippel et al., 1993). It has bcen previollsly demonstrated that 

canalicular membranes proteins are first translocated to the sinll~oidal membrane bcfore 

being targeted to the canalicular membrane (BartIes et al., 1987). ft 1 S 10 vltmg 10 

speculate that rat Bgp proteins may in sorne way medlate the llptake and the tramport of 

bile acids across the hepatocyte in addItion to medmting their eftlllx from the hepatocyte 

(Sippel et al., 1993). 

As the majority of membrane transport proteins identified possc~s multiple 

membrane spanning domains (Jennings, 1989), the single transmembrane domain 
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structure of rat Bgp is atypical for a transport protein (Sippel et al., 1993). However, 

several transport proteins containing only one transmembrane domain have been 

identificd suggesting that Bgp monomers may be functional1y active (Sippel et al., 1993). 

Alternatively, rat Bgps bearing long IT domains may be functionally active as dimers as 

has been shown for the Na,K-ATPase (DeTomaso et al., 1993) or as multimers. Since 

the transport of bile acids across the canalicular domain is the rate-limiting step in the 

process of hepatic bi liary secretion (Sippel et al., 1993), it is tempting to speculate that 

the differcntial expression of the alternatively spliced isoforms may regulate the secretion 

of hepatic bile acids. 

MOlise lIepatitis Virus Receptors 

Seve:-al mouse Bgp proteins also function as receptors for the mouse hepatitis 

virus (MHY) A-59 (Dveksler et al., 1993), a murine coronavirus which causes 

respiratory infections, hepatitis, and demyelinating diseases in susceptible mice strains 

(Wege et al., 1982). The Bgp isoforms expressed in the MHY -susceptible inbred Balb/c, 

CH3 and C57BL/6 mouse strains, have been characterized and found to contain only Nl

bearing isoforms (Dveksler et al., 1993). In collaboration with Dr. K. Holmes' 

laboratory, we have recently shown that the Bgp Nl-containing isoforms MHYRl, BgpC 

and BgpD are able to confer MHY suscepttbility when transfected into MHV resistant 

non-Bgp expressing cells, contïrming that these N I-bearing Bgp isoforms are functional 

MHV receptors (Dveksler et al., 1993). 

In contrast, adult SJL/J mice which express only N2-bearing Bgp isoforms are 
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resistant to MHY infection. Tins tïnding initially sllgge~tcd thal the ~tHY VIruS could 

bind to Nl-bearing isoforms but not to N2-contalning isol"or111s. HOWCYCf, IlgpJJ, an N2-

containing isoforms Isolatcd from CD-I colon, WOlS slIrpnsIIlgly able to conCa ~l1lY 

susceptibility when transfectcd into resistant non-Bgp cxprcssing ccl1s (Dvcbler ct al., 

1993). The reasons for this dlscrcpancy are unclcar and warrant furthcr investIgatIon. 

Preliminary genomic Southcrn analyses indlca\c that an altcration may CXIst III thc SJLlJ 

Bgp gene (P. Nédellec. unpllblished data) while Western analyses have shown that thc<ic 

mice express Bgp-like proteins which have a slightly inferior Jllolecular wcight in 

comparison to Bgp proteins from Balh/e or CD-l (WIlliams ct al., 1990; McC'uaig cl al., 

1992; Rosenberg et al., in press). 

MHY is the tirst virus to be identified which can use multiple protcin Isoforllls as 

receptors (Dveksler et al., 1993). Several other Ig famlly lllcll1bcrs have also hecn 

shown to serve as vIrus receptors: CD4, which 15 expresscd 111 hc1per T lymphocytes. i<; 

the viral receptor of HIY (Maddon ct al., 1986), thc ccII adhc<;lon Jllolecule ICAM-I 

functions as a reccptor for the COl111llon cold rhinoviruscs (Staunlon ct al., IlJX9; Greve 

et al., 1989), and an unnamed Ig family I11cmber serves Li') the poliovlrtls receplor 

(MendelSJhn et al., 1989). The lIsurpcd viral receptor functlOll,) arc nol \lartlJl1g sincc 

Ig superfamily members are large carbohydrate-nch molcculc') exprc~')ed al the ccII 

surface, the location where the virion bcgins its asséluit on a hml ccII (White and 

Littman, 1989) . 
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Functional Implications of the Existence of Multiple B2P Isofonns 

Togcthcr, thcsc re~ults suggc~t that mouse Bgp protems may be involved in a 

cascade of events Ilnpllcatmg mtcrcellular adhe~lOn, bile acid transport, re~ponse to 

growth factors and po~slbly ~Ignal transductIon to other cellular compartments or 

proteins. The CXI~tcnce of I~oforms wlth two alternate extracellular structures combined 

with two dl~tmct Intracclllliar forms suggests that multiple functio'1al forms may exist. 

Certalll Bgp fllnction(s) may be mcdlated by Bgp monomers while others may require the 

dlmerl/:atlOn of Bgp proteins or the formatIon of multllneric Bgp complexes. 

Functionally important hctcrotyplc interactions have bcen dcmonstrated for several other 

Ig famIly mcmbers such as CD8-CDI (Snow et al. 1985), CD3-TCR (Brenner et al., 

1985) and CD2-LFA-3 (Mentzcr et al., 1987). The ectopie expresslOn of BgpA or BgpB 

cDNA isoforms III non-adhe~ive cells is sufficient to confer adheslOn, suggesting that the 

aSSOCIatIon bctween structurally dIstinct Bgp isoforms is not necessary for cell adhesion 

111 vitro (McCuaig et al., 1992; TurbIde et al., 1991). However, homotypic or 

hetcrotypic aSSOCIatIOns bctwcen Bgp lsoforms may be involved in the modulation of Bgp 

adhcslOn III vivo. Cross-linklllg and Il11l11unoprecipltation of Bgp proteins from different 

tissues may hc1p detcfl111ne thelr fllnctional form(s). 

Wc have invcstlgatcd the expressIon of mouse Bgp splice variants in normal adult 

colon. Using domain-specific oligonucleotide probes, we have shown that transcripts 

beanng long IT domains are - 10 fold lcss abundant than other isoforms (Chapter 2; 

McCuaig ct al., 1993). This finding has been corroborated at the protein level by 

immunoprcclpitation analyses which demonstrated that Bgp proteins which display a long 
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IT domain are expresscd at a 10-20 fold lower .1lmndancc than l'ther I~oforms «(,h.lpler 

3, Rosenberg et al., in press). FurthcrmOl"l" Nmthcrn .1Il.1Iy',cs denll)\l"tr.lh:d that 

isoforms bearing only one C2-sct clomall1 (1\2) arc round ollly 111 small amounts III 

comp3.rison to those containll1g threc C2-set dom:tll1s (Chapter 2, f\kCu,ug ct al., (993). 

However, the functlOnal signitïcancc of this (hffcrcntlal expres~lon remall1'i llnknown 

It is possible that the regulated expre~sion of a di!>cretc set of Bgp Isoforms Illay glw lise 

to tissue-specifie functions. For example, the dll"fercntlal cxpres~lon of Bgp l~oforJlls 

bearing dlffcrent extracellular domall1s may be important in the Illodulatloll 01 cdl 

adhesion. It can also be envisaged that vanations in the ratios of 'ihort and long 1'1'

bearing Bgp proteins may modulatc intracellular rcspomcs to adhe~lon or other Bgp 

functions. RNasc protection and PCR amplI ficatioll analyse'i arc pre'iL'l1tly heing canted 

out to define the discretc exprc~slOn pattern!> of the vanolls 11l01l~e Ugp i..,olonm 111 

normal and transformed tl~SUCS ali weil as in cmbryonlc dcveloplllcnt. 

The relevancc of allclic vanatlon of the IllOUSC /Jgp genc is 1Illclear. Balh/c and 

CH3 miee are not adversely affected by being homol.ygolIIi for the NI IJgp alldc and arc 

as healthy as outbred CD-l mice. SJLlJ mlce, in whlch only N2 IJgfJ Isoforms havc been 

identified (Dveksler et al., 1993), are phenotYPlcally norll1al untt! they reach adulthood, 

at which point they bcgin to devclop tllmor~ (Wancbo ct al , 19(6). Prcl1l1l1nary geno/llic 

DNA analyses indicate that a dclction or aberration may eXI"t in the SJLlJ /J~p gcne (P. 

Nédcllec, unpublished data). Whilc it IS tempting to ~peclilate that an altcratioll of the 

SJL/J Bgp gene may play a role in tumor formatIon, furlher experimcnt.., arc rcqlllrcd to 

determine the structure of the S1 LI 1 B~p gene . 



• 

• 

• 

92 

The Role of Mouse Ba:p Proteins in Malienant and Rea:eneratina: Tissues 

Cell adhesion plays a central role in embryonic development, in the maintenance 

of normal tissue architecture and in the pathology of multicellular organisms (Edelman, 

1988). In tumorigenesis, profound alterations in tissue organization occur as a result of 

fundamental changes in cell adhesion. This is most pronounced in tumor invasion and 

metastasis, a complex phenomena involving the detachment of malignant ceUs from 

adjacent tissues and their migration to another site where invasion and resumed growth 

may occur (Som mers et aL, 1991). The altered expression of CAMs is postulated to 

play a key role in the detachment of malignant cells from the primary site and their 

invasion and adhesion at a secondary site. E-cadherin, a Ca2+ -dependent homophilic cell 

adhesion molccule, is postulated to act as an invasion suppressor molecule (Behrens et 

aL, 1989; Vleminckx et aL, 1991; Frixen et al., 1991). Detailed studies have shown that 

E-cadherin expression is downregulated in numerous human malignancies (Behrens et al., 

1989; Frixen et aL, 1991). Furthermore, the 10ss of E-cadherin expression has been 

correlated with increased invasiveness of human carcinoma cens (Behrens et al., 1989; 

Frixen et aL, 1991). These resuIts are corroborated by invasion assays which 

demonstrate that the transfection and high expression of E-cadherin into highly invasive 

epithelial tumor cell Iines abrogates invasion, presumably by the formation of cell-cell 

contacts and the inhibition of cellular motility (Vleminckx et al., 1991; Chen and Ôbrink, 

1991). In contrast, CEA and NCA expression is upregulated in intestinal cancers 

(Thompson et al., 1991). It is speculated CEA and NCA overexpression may contribute 

to the carcinogenic process by disrupting normal tissue architecture or through adhesion 



• 

• 

• 

93 

in the process of invasion and metastasis (Benchimol et al., 1989; Jcssup and Thomas, 

1989). However, the role of CEA and NCA in tumor formatiOn and progression rcmains 

to be determined experimentally. 

Biliary glycoprotein expression is decreased in carcinomas, similar as E-cadhcnn 

expression. Our results demonstrate that mou se Bgp mRNA and protein expression is 

markedly decreased in colon and liver carcinomas cell1incs and in primary colon tumors 

in comparison to their normal tissue counterparts (Chapter 3, Rosenberg ct a1., in press). 

Decreased rat Egp protein expression has also been dcmonstratcd III liver cciI IlJ1cs and 

in numerous transplantable hepatocellular carcinomas (Hixson et al., 1985~ Becker ct al., 

1989; Hixson and McEntire, 1989). The maJonty of thcse hcpatocellular carcinomas do 

not express detectable levels of rat Bgp (Hlxson and McEntire, 1989). The small 

fraction of the hepatocellular carcinomas that do express Bgp, express an altercd form 

which has a more basic pl (Hixson and McEntirc, 1989). The alteration in the pl has 

been attributed to glycosylation differences (McEntire et al., 1989). In the case of 

human BGP, no conclusive evidence exists on the expression of BGP protellls in 

carcinomas. Barnett et al. (1993) have recentl y shown that the tran~cn pt~ of several 

unusual BGP isoforms are round 111 larger quantities in RNA from tumor cell lines than 

in RNA From normal tissues. The 105s of cxpre~siOn of 1ll0U'iC Bgp adhesion l110lccules 

in tumors may lead to loss of intercellular adheslon and facJlltate the cmigration of 

carcinoma cells From the primary site and may represent an important step in the 

acquisition of an invasive and malignant phenotype. Howevcr, it is cJear that numcrous 

other alterations are also involved in the carcinogenic process (Nowell, 1986) . 
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Regenerating and fetalliver express low amounts of Bgp proteins in comparison 

to the levels found in normal Iiver. Rat liver Bgp proteins are expressed late in 

gestation, appearing at 16-18 days p.C. and increasing untit reaching maximum levels 

shortly after birth (Odin and Obrink, 1986; Feracci et a1., 1987). Reduced expression 

in regenerating Iiver after partial hepatectomy has been documented for the rat Bgp 

homologs cell-CAM 105 and HA4 (Odin and Obrink, 1986; Bartles and Hubbard, 1986). 

Thus, regenerating and neoplastic rat liver cells share the common feature of expressing 

little or no Bgp. Diminished Bgp expression is correlated with ceU proliferative 

processes which do not requirc light intercellular-binding, suggesting that Bgp expression 

may be involved in the maintenance of normal tissue architecture or in normal cellular 

growth processes. 

Transcriptional Relu'ation of the MOlise BU! Gene 

Dcspite their extensive homology, the members of the CEA family display diverse 

expression patterns in both normal and malignant tissues (Thompson et al., 1991). One 

approach to understand the differential expression of CEA family members has been to 

investigate the mechanisms which regulate their expression. Changes in the methylation 

status of genomic DNA can alter chromatin structure, perturb DNA-protein interactions, 

and regulate gcne activity (Doetler, 1983; Cedar, 1988). Modification of the methylation 

pattern with de novo methylation or demethylation occurs throughout development, but 

is poorly understood (Doefler, 1983; Cedar, 1988). The overexpression of the CE4 gene 

in colon carcinomas has been correlated with hypomethylation of the upstream regulatory 
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regions (Tran et a1., 1988; Boucher et aL, 1989). In contrast, our results dcmonstratc 

that the upstream regulatory regions of the mouse Bgp gen~ are less mcthylated in nUIl

Bgp-expressing colonie carcinoma ccli lines than in normal exprcssing tIssucs (Chaptcr 

3, Rosenberg et al., in press). Since the control of gene exprcsslon is rcgulatcd by the 

DNA methylation of highly spccitic sites (Doetler, 1983), it is possible that additiollal 

sites which were not detected in our stlldy may play a direct role in regulating llgp gene 

expression. Alternatively, a change in the methylation statlls of thesc spccilïc sites may 

give rise to secondary changes in the chromatin structure which may indircctly rcprcss 

Bgp gene transcription. Additional studies on the overallmethylation status of the mousc 

Bgp gene are required to resolve these questIons. Sincc dClllcthylatcd gClle~ onen adopt 

a DNAase 1 sensitive structure (Doetler, 1983), trcatmcnt wlth DNAa\c Imay revcalthc 

extent of DNA methylation of the Bgp gcne in various ccII llIlcs and tISSUCS. BCC.111SC 

human and rodent BGPs posscss structural featurc'i and exprc~slon pattern'i which dilTer 

from CEA and NCA, it is likely that BGP expression is controllcd by diffcrcnl 

transcriptional activation mechanisms. Analyses of the putative promotcr rcglons of 

CEA, NCA and human BGP reveal that these gcnes do not pos~css thc typlcal promoter 

TATA or CAAT boxes (Schrewe et aL, 1990; Hauck and Stanner~, ~uhmlttcd; Hauck 

et a1., submitted), a feature found in ail CEA family mcmbers studled thus far 

(Thompson et al., 1991). While CEA transcnption is controllcd hy an up\trcam silencer 

region, no similar silencing elements were identified \Il the BGP gcnc (Hauck and 

Stanners, submitted; Hauck et aL, submitted). Although the human CHA and IJGP gcncs 

are over 72 % homologous over a l.l-kilobase rcgion, footprinting and mobility shift 
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assays reveal that their transcription is governed by different transcription factors (Hauck 

and Stanners, submitted; Hauck et al., submitted). A HNF-4/LF-A l-like factor was 

found to bind specifically to the upstream region of the BGP gene (Hauck et al., 

submitted) while SPI and SPI-like factors were only recognized by elements found in 

the upstream region of the CEA gene (Hauck and Stanners, submitted). The traascription 

factor USF and an AP2-like factor were found to bind to upstream regulatory regions of 

both BGP and CEA (Hauck and Stanners, sllbmitted; Hauck et aL, submitted). 

The upstream reglllatory regions of the mouse Bgp gene are presently being 

charactcrized by members of Dr N. Beallchemin's laboratory. The aims of these 

investigations are to identify the cis-regulatory elements that are responsible for the 

transcriptional activation in different cell types. Preliminary data reveals that the mouse 

Bgp gene also lacks the classical promoter elements sllch as the T AT A and CAAT boxes 

(P. Nédcllec. unpublished data). Deletion construct analyses of the Bgp upstream 

regulatory regions using the luciferase reporter gene will help determine if certain 

sequence elements are involved in the modulation of the transcriptional activity of the 

mouse Bgp gene. Since rat Bgp protein expression in the uterus is controlled by ovarian 

steroid hormones (Svalander et al., 1990), it is tempting to speculate that mouse Bgp 

expression may also be hormonally regulated and that estrogen and progesterone

responsive elements may be present ln the upstream regulatory regions of the mouse Bgp 

genc. The transcriptional activation of the mOllse Bgp gene, as reported during 

embryonic development (Huang et al., 1990) or repression as seen in malignant processes 

(Rosenberg et al., in press) are likely to be the consequence of the several complex 
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mechanisms involving altered methylation of the regulatory regions of tne Bgp gene. 

unique transcription factor binding and the activation of cis-acting regulatory elemcnts. 

CONCLUSIONS 

We have identified nine distinct mouse Bgp cDNA isoforms and have shown that 

these isoforms are splice and allelic variants of a single gcne. Mouse Bgp protcins are 

implicated in a variety of cellular functions inc1uding cell adhesion, hepatic bile acid 

transport and signal transduction. However, the significancc of the ('xistcncc of multiple 

mou se Bgp protein isoforms is unc1ear. Since the differential expression of mouse Bgp 

proteins is postulated to play an important role in embryonic tissue diffcrcntiation (Huang 

et al., 1990), it is possible that the expression of a partieular set of Bgp isoforms may 

give rise to tissue-specifie functions. It is, therefore, important to dctcrminc cxaclly 

which Bgp isoforms are expre .. sed at various pcriods of developmcnt. This can be 

aeeomplished by Northern analyses, RNase protection assays, and PCR amplification of 

reverse transcribed RNA obtained from pre-implantation blastocysts and micro-dissccted 

embryonic tissues obtained at different stages of devclopmcnt. Likcwisc, the 

charaeterization of the Bgp transcript and protein isoforms cxprcs~cd ln tu mors is 

particularly important since we have shown that Bgp expressior. is decrcascd or altcrcd 

in malignant mouse tissues and may represent an important stcp in the acquisition of an 

invasive and malignant phenotype. The determination of the tissue expression patterns 

of specifie Bgp isoforms will help to elucidate the role(s) of Bgp protcins in embryonie 
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development, in the maintenance of normal tissue architecture, and in tumor formation 

and progression. 

The study of the mouse Bgp gene promoter and upstream regulatory elements will 

shed light into the transcriptional control mechanisms which regulate Bgp expression. 

Deletion construct analyses using the luciferase reporter gene are presently being carried 

out and will yield information on Bgp gene promoter activity. Experiments will be 

conducted to elucidate the transcription factors and the cis-acting regulatory elements that 

are involved in mouse Bgp gene expression. The determination of the transcription 

factors and the cis-acting regulatory elements may yield clues on the mechanisms that 

cause the loss of Bgp expression in tu mors and may help determine the role of Bgp 

proteins in development. 

Two novel mou se CEA-related genes which share high homology with the Bgp 

gene described above have recently been identified by Patrick Nédellec of Dr. Nicole 

6eauchemin's laboratory. The structures of these new identified CEA-related genes are 

presently being characterized through sequence analyses of genomk cosmid clones (P. 

Nédellec, unpublished results). The Southern analyses presented in Chapter 3 revea1 that 

the upstream regulatory regions of these two newly idenlified mouse CE4-related genes 

also exhibit altered methylation states in carcinoma cell lines (Chapter 3, Rosenberg et 

al., submitted). However, it is not possible al the present time to draw any conclusions 

from their expression and their DNA methylation status since the expression patterns of 

the two novel mouse CEA-related genes have nol yet been assessed. 

The ongoing investigations into the functions of mouse Bgp proteins and into the 
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regulation of mouse Bgp gene expression as weil as the characterization of the two novet 

CEA-related genes are instrumental in the establishment of the mouse model for the CEA 

family of related genes. The ideas presented in this thesis are based on the results 

available at the present moment. Therefore, it is likely that the new rcslIlts gencratcd 

by the genomic analyses on the mOllse Bgp gene and the two novel mOllse CEA-rclatcd 

genes will engender new hypotheses on the structure and organization of the mOllse CEA 

gene family and may necessitate the modification or the reformulation of our current 

ideas. 
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