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Thesis Abstract

Carcinoembryonic antigen (CEA) family members in humans can be

divided into two subgroups according to -the type of anchorage to the cell

membrane: Glycophosphatidyl inositol (GPI)-linked and transmembrane (TM)

linked. The mode of membrane anchorage can profoundly affect the biological

functions of CEA family molecules, including the ability to inhibit differentiation.

AlI information 50 far, suggests that the GrI-anchored CEA family members

evolved recently presumably from a more primordial TM-anchored family

member sucb as CEACAMI. The results of this study indicate that very few

mutations in the TM domain are required to effect this change. The introduction

of a,stop codon in the CEACAMI TM domain at the position corresponding to

that of aIl GPI-linked CEA family members plus two more amino add changes in

this domain resulted in highly efficiently.GPI-processed proteine The GPI

anchored mutant CEACAMI protein is still capable of mediating cell-cell

adhesion but, unlike TM-linked CEACAMl, could block myogenic

differentiation. Screening of genomic DNA from various mammalian groups by

PCR showed convergent evolution of GPI anchorage in the CEA family, in that it

evolved twice independently by different packages of mutations during the

primate radiation. The same group of GPI-generating mutations as in human

CEA family members evolved in the common ancestor of primitive primate

groups of tarsiers and New world monkeys, and a novel group of GPI producing

mutations evolved later in Cebidae family of New world monkeys. These

independent groups of mutations
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that gave rise to the same structural feature imply adaptive evolution ofGPI

anchor acquisition in CEA family. This supports the notion that GPI-anchoring of

CEA family members is funetionally important in vivo and therefore, has been

positively selected during evolution. A chimeric cDNA of the novel GPI ancbor

generating TM domain linked to the extracellular domains of human

CEACAMl-4L was effidently processed to a GPI-anchored cell surface protein.

Importantly, this construct, Iike CEA/CEACAM6 which have a general blocking

capacity on different type of cell differentiation programs, could aIso block

myogenic differentiation completely. Thus a feature which appears to contribute

to tumorigenesis in adults is nevertheless advantageous for the species, perhaps

because of improved funetion at another stage in the life of the organism.
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Résumé de thèse

Les membres de la famille de molécules de CEA (Antigène Carcino

Embryonnaire) se classent en deux sous groupes dépendant du type de lien

qu'ils forment avec les membranes, un lien de type Glycophosphatidyl Inositol

(GPI) ou un lien de type Transmembranaire (TM). Le mode d'attache de chaque

membre de la famille de molécules de CEA influe sur sa fonction biologique,

incluant son effet d'inhibition de la différentiation. Les données disponibles

jusqu'à date suggèrent que les membres de la famille de CEA, ayant un lien GPI,

ont apparu plus récemment et sont probablement dérivés des membres plus

primitifs ayant un lien TM tel que le CEACAMl. Les résultats obtenus dans la

présente étude indiquent que cette transformation ne requiert que quelques

mutations dans le domaine TM. L'introduction d'un codon d'arrêt dans le

domaine TM de la molécule CEACAMI au niveau de la position correspondant à

celle de tous les membres de la famille de CEA ayant un lien GPI ainsi qu'un

changement sur deux acides aminés de ce domaine ont permis de générer une

protéine GPT hautement transformée. La protéine mutante de CEACAMI ayant

un lien GPI ne perd pas sa capacité de faciliter le processus d'adhésion

intercellulaire. Cependant, contrairement à la molécule CEACAMI TM, elle

empêche aussi la différentiation myogénique. Le criblage par PCR des ADN

génomiques d'une gamme de mammifères démontre qu'il y a eu une évolution

convergente du lien GPI parmi les membres de la famille de CEA. Ce dernier a

subi deux évolutions indépendantes effectuées par deux séries de mutations au

xi
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cours de la radiation des primates. Le groupe de mutations qui génère des

molécules GPI chez l'humain a aussi évolué chez les tarsiers, un groupe de

primate primitifs et les singes du Nouveau Monde. Plus tard, une nouvelle série

de mutations générant des molécules GPI a apparu chez une famille de singes

du nouveau monde, les Cebidae . L'évolution indépendante de ces séries de

mutations donnant lieu à des changements structuraux semblables implique que

la famille de molécules de CEA a subit une évolution adaptatrice au niveau de

l'acquisition de lien GPI. Cette observation vient appuyer le fait que le lien GPI

des membres de la famille de CEA joue un rôle important in vivo et qu'il a été

particulièrement sélectionné durant l'évolution. Un cDNA chimérique du

nouveau domaine TM ayant généré un lien rattaché aux domaines

extracellulaires de la molécule CEACAMl-4L chez l'humain a été transformé de

façon très efficace en protéine de surface ayant un lien GPI. li est important de

remarquer que cette nouvelle construction, tout comme celle de

CEA/CEACAM6 qui est capable d'empêcher différent types de différentiation

cellulaire, est en mesure d'empêcher complètement la différentiation

myogénique. Cet effet, qui semble influer sur le processus de la tumurogénèse

chez les adultes, apporte malgré tout un avantage pour les espèces. Ceci

probablement au niveau de l'amélioration de la fonction qu'il entraîne à d'autres

étapes de la vie de l'organisme.
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Preface

This thesis includes the contents of original reports submitted for

publication and thus, as stipulated in the "Guidelines for Thesis Preparation"

from the Faculty of Graduate Studies and Research which follows, the

responsibilities of all the authors of the co-authored papers must be cited.

Manuscript and Authorship:

As an alternative to the traditional thesis format, the dissertation can

consist of a collection of papers that have a cohesive, unitarycharacter making

them a report of a single program of research. The structure for the manuscript

based thesis must conform to thefollowing:

1. Candidates have the option of including, as part of the thesis, the text of one or

more papers submitted, or to be submitted, for publication, or the clearly

duplicated text (not the reprints) of one or more published papers. These texts

must conform to the "Guidelines for Thesis Preparation" with respect to font size,

line spacing and margin sizes and must be bound together as an integralpart of

the thesis. (Reprints of published papers can be included in the appendices at the

end of the thesis.)

2. The thesis must be more than a collection of manuscripts. AlI components

must be integrated into a cohesive unit with a logical progression from one

chapter to the next. In order to ensure that the thesis has continuity, connecting

texts that provide logical bridges between the different papers are mandatory.

3. The thesis must conform to all other requirements of the "Guidelines for Thesis

Preparation" in addition to the manuscripts.
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4. As manuscripts for publication are frequently very concise documents, where

appropriate, additional material must be provided (e.g., in appendices) in

sufficient detail to allow a clear and precise judgement to be made of the

importance and originality of the research reported in the thesis.

5. In general, when co-authored papers are included in a thesis the candidate

must have made a substantial contribution to all papers included in the thesis. In

addition, the candidate is required to make an explicit statement in the thesis as

to who contributed to such work and to what extent. This statement should

appear in a single section entitled "Contributions of Authors" as a preface to the

thesis. The supervisor must attest to the accuracy of this statement at the doctoral

oral defence. Since the task of the examiners is made more difficult in these cases,

it is in the candidate's interest to clearly specify the responsibilities of aIl the

authors of the co-authored papers.

Contributions of Authors

AlI work described in this thesis is my own except that noted below:

Chapter 2: Co-author C. Ordoftez carried out the assay for integrin function

which appears in Figure 7. Robert A. Screaton isolated the N-CAM transfectant

(Fig. 7) of L6 myoblasts which was used as a control for this assay.

Chapter 3: Co-authors A. D. Yoder, M. Tobi, C. Neiswanger provided sorne of

the Primate blood or genomic DNA samples used in the study. A. D. Yoder aise

made intellectual contributions to the work.

Chapter 4: Co-author C. Ordofiez performed the assay for the effect of the CMO

novel GPI-encoding protein on integrin function which appears in Figure 5.
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Literature Review

1) Carcinoembryonic Antigen t

Carcinoembryonic antigen (CEA), was first described by Gold and

Freedman as an oneofetal protein, an antigen present in human fetal colonie

tissue, and colonie carcinomas but absent in normal adult colon (Gold, 1965).

However, CEA was also later discovered in human normal colonie mucosa

and serum (Chu et al., 1972; Fritsche and Mach, 1977; lIantzis et aL, 1997;

Sundblad et aL, 1996). Elevated CEA blood levels are found in a wide variety

of epithelial neoplasms including eolorectal, pancreas, breast, stomach and

lung (Laurence et al., 1972; Shively and Beatty, 1985). Moreover, elevated

levels of serum CEA could also be seen in patients with benign liver disease

and inflammatory disorders. Nevertheless, CEA has been used as a tumor

marker and measurement of its serum concentration is an important

parameter in the monitoring of the course of colorectal and pancreatic cancers

following tumor resection (Fantini and DeCosse, 1990).

t Sînce the nomenclature used for CEA family members is not uniform, the most recent name has

been used for this thesis preparation. Table 1 provide a guide to the various names used. within

this thesis and in the literature. More complete list of nomenclature could he fotmd at CEA web

site @ http://www.cea.uni-Freiburg.de

2
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Table 1. Nomenclature of human CEA family

Recent name Other names

CEA, CEACAMS CD66e

CEACAMI BGP,CD66a

CEACAi\14 CGM7

CEACAM6 NCA-SO/90, CD66c

CEACAM7 CGM2

CEACAM8 NCA-95, CGM6, CD66b

CEACAM3 CGMl,CD66d

3
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1.1) Size and structure of the human CEA gene family

The human CEA gene family consists of 29 gene sequences that are

tightly clustered on the long arm of chromosome 19 (Hammarstrôm et aL,

1998). The CEA family members code for highly glycosylated proteins. As a

subset within the immunoglobulin gene superfamily (Paxton et al., 1987), aH

CEA members consist of a processed leader sequence and a variable

immunoglobulin (Ig V)-like, N-terminal domain of 108-110 amino acids. This

is then followed by a variable number (0-6) of immunoglobulin constant-like

(Ig C) domains, usually as a pair of 92 or 96 (A domains) and 86 amino acid (B

domains) (Fig. la) (Thompson et al., 1991). Each IgC-like domain is assumed

to he stabilized by a disulfide bridge between two cysteine residues. Because of

the absence of cysteine residues in sorne members, the N-terminal Ig-V like

fold is possibly stabilized by a salt bridge between a pair of highly conserved

amino acids (Arg, Asp) and/or hydrophobie interactions in these CEA family

members (Thompson et aL, 1989).

CEA family members can be divided into two groups: the pregnancy

specifie glycoprotein (PSG) group, which are secreted and the CEACAM group,

which are membrane bound cell surface glycoproteins. In this survey, the

latter group will be the main subject of discussion. The CEACAM group could

also he divided into two subgroups according to the type of anchorage to the

cell membrane: glycophosphatidyl inositol {GPI)-linked (CEA, CEACAM6,

4
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Fig. 1. Human CEA family members

a. Domain structures based on deduced exon amino acid sequence.

L: Leader peptide, N: N-terminal domain, A1-A3 and 81-B3: IgC like

domains, TM: transmembrane demain, M: C-terminal GPI-anchoring

signal peptide, Cyt: cytoplasmic domains

b. Type of anchorage te the cell surface

5
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CEACAM7, and CEACAM8) and TM-linked, including CEACAM3,

CEACAM4, and different splice variants of CEACAM1 (Fig. lb) with either a

short (9 amino acids) or long (71 amino acids) cytoplasmic tail (Hammarstrom

et aL, 1998).

1.2) CEA gene family members in other species

19 murine and 7 rat CEA family members have been characterized to

date (Zimmermann, 1998). Because of rapid divergence and independent

evolution, it is not possible to determine the human and rodent CEA family

counterparts (orthologous genes), by comparing only their nucleotide or

amine acid sequences. Rodent CEA family members are either secreted or

TM-linked (Le., CEACAM1-like) at the cell surface. 50 far, no GPI-linked CEA

member has been discovered in rodents. The rodent secreted CEA family

members aiso show a very different domain organization compared to

human CEA family members. In this case, three or five IgV-like N -domains

are followed by a single IgC-like A domain. The internaI N domains are

separated by leader-like domains (Thompson et aL, 1991). While only one

CEACAM1-like gene has been found in human and rat, mice have two

CEACAM1 related genes denoted Ceacaml and Ceacam2 (Nedellec et aL,

1994). As in the human, alternative splicing of a 53 base pair exon also results

in two isoforms with either long (71-73 amine acids) or short (10-12 amino

acids) cytoplasmic tails of rodent CEACAM1 related proteins (Edlund et al.,

6
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1993; McCuaig et al., 1993; Najjar et al., 1993). The conservation of this

splicing pattern across species possibly has functional significance. Since so far

only TM-linked CEACAMl-lïke CEA family members have been found in

rodents, it has been suggested that GPI-linked CEA members appeared after

the radiation of rodents in evolution (Stanners et aL, 1992).

1.3) Evolution of the CEA gene family

The human CEA gene family is located on the long arm of

chromosome 19 (19q31.2)(Brandriff et al., 1992). Murine CEA gene family

members were mapped on chromosome 7 near the centromere (7A2-A3)

(Rettenberger et al., 1995) which is syntenic with the human CEA gene locus

on 19q. Both regions have been derived from the same ancestral chromosome

region (Stubbs et aL, 1996). The relative order of CEA gene family member

CEACAMI and marker genes shows an inversion in mice but overall

conservation of the two loci in mouse and human (Zimmermann, 1998).

Human and rodent CEA gene family members show a substantial

diversification. The most obvious difference between human and rodent CEA

family members is the lad< of any GPI-linked CEA related protein in rodents.

Since only the CEACAMI-related molecules have a conserved domain

structure in human and rodents, it has been suggested that all CEA family

members evolved from an ancestral CEACAM1-like gene by duplication and

exon-shuffling (Zimmermann, 1998). With the exception of the CEACAMl-

7
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related proteins, the other CEA family members in rodents and human show

divergent domain organization; therefore, an independent evolution of the

family members seems to have occurred in these two mammalian orders.

The only domain of common type and position within all human and rodent

CEA-related molecules is the N-terminal Ig V-like domain, which is possibly

because of its functional importance. Indeed, it has been shown that the N-

domain is required for homotypic adhesion of human CEA and CEACAMI

(Teixeira et al., 1994; Zhou et al., 1993a; Zhou et aL, 1993b), of rat CEACAMI

(Wikstrom et al., 1996) and as a mouse hepatitis virus (MHV) binding receptor
.-

(Dveksler et al., 1993b).

Calculation of the rate of synonymous (Ks) and nonsynonymous

nucleotide substitutions (Ka) (see section 3 of this chapter) has lead to the

suggestion that the CEA family members are still evolving rapidly (Streydio

et al., 1990). The Ks/Ka ratio reflects the functional constraints placed on the

protein and the speed at which genes evolve (Li et aL, 1985). CEA family

members, in a large portion of their sequence, show a high rate of

accumulation of the nonsynonymous mutations. The internaI Ig C-like A

domain seems ta be evoIving at a particularly high rate, comparable to that of

pseudogenes and the mutation frequency of the N-domain exon is twice as

high as that of the adjacent intron (Rudert et al., 1989). Comparing the N-

domains of human CEA members with rat also suggests that there is !ittle

functional constraint on the primary amino acid sequence except for a few key
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amino acids that are involved in maintaining the Ig fold (Rudert et al., 1989).

It is possible that the selective pressure was not on the primary structure but

on the secondary and tertiary structures and on maintaininig the open

reading frame. Also the high nucleotide sequence homology of the rep~at~J.

Ig C-like domains in human CEA and between CEA, CEACAM6 and

CEACAM8 (>80%
) and the fact that the amino acid alignment is always less

than the nucleotide sequence alignment (Beauchemin et aL, 1987) imply

random changes in the nucleotide sequence without preservation of the

actual amino acid sequence (Stanners et aL, 1992). Therefore it has been

suggested that CEA family members are in a state of transitional evolution

and still evolving rapidly.

1.4) Functions of CEA family members

Although CEA has for a long time been the most widely used tumor

marker in clinical medicine, its normal function(s) and relevance to

malignant transformation were totally obscure, until CEA cDNA was cloned

(Beauchemin et aL, 1987; Oikawa et aL, 1987). A number of functions were

then ascribed to the CEA farnily members as follows.
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1.4.1) Adhesion function

In 1989, using clones of a human coloncarcinoma cellline with high or

undetectable expression of CEA and a CHO cell line (LR-73) transfected with

CEA cDNA, it was shown for the fust time that CEA functioned in vitro. at

least, as a homotypic intercellular adhesion moleeule (Benchimol et aL, 1989).

The adhesion function was then extended to other family members,

CEACAM6 (Oikawa et aL, 1989; Zhou et aL, 1990), CEACAMl (Rojas et aL,

1990) and CEACAM8 (Oikawa et aL, 1991). Heterotypic interactions between

various human CEA family members has also been described (Fig. 2) (Oikawa

et aL, 1991; Zhou et aL, 1990). Interestingly, CEACAM8 is not capable of

homotypic adhesion and can only heterotypically interact with CEACAM6

(Oikawa et aL, 1991). Cell adhesion functions for the rodent (mouse and rat)

homologs of human CEACAMl have aIso been reported (Lucka et aL, 1995;

McCuaig et aL, 1992; Olsson et aL, 1995; Turbide et aL, 1991; Wikstrom et aL,

1996).

A. Mechanism of adhesion of CEA family members

A double reciprocal anti-parallel binding model has been proposed for

CEA-CEA interactions between molecules on the surface of apposite cells

(Zhou et aL, 1993a). According to this model, the N domain of one CEA

molecule interacts with the A3B3 internaI domain of another CEA molecule
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Fig. 2. Intermolecular adhesive interactions between four human CEA

family members. Single headed arrows show homotypic interactions and

double headed arrows show heterotypic interactions. Modified from

Stanners C. P. 1998.
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and vice versa on apposite cell surfaces. cDNA constructs producing proteins

bearing the N or A3B3 domains alone could not mediate homotypic adhesion

but could Mediate heterotypic adhesion when the transfectants were mixed.

The adhesive interaction between CEA molecules could be blocked by

bacterially produced fusion peptides containing the N or A3B3 domains but

not the AlBI or A2B2 domains (Zhou et aL, 1993a). Experiments using

various isoforms and mutants of human TM-linked CEACAMI transfectants

showed that they could only interact by the binding of N-N domains (Teixeira

et aL, 1994)(Keyston R, Stanners CP, unpublished). Since various splice

variants of human CEACAMl, either with short (9 A.As) or long (71 A.As)

cytoplasmic taUs, are competent in homotypic adhesion (Rojas et aL, 1996;

Rojas et aL, 1990; Stanners et al., 1992; Watt et al., 1994), the length of the

cytoplasmic domain does not appear to influence the intracellular adhesion

function, although it might be important for other functions like signaling

mediated by CEACAMI (Obrink, 1997).

In rat, as in human CEACAMl, the N-domain seems to be essential for

adhesion mediated by CEACAMI (Wikstrom et aL, 1996).

1.4.2) Raie in Carcinagenesis

Sorne human and rodent CEA family members show marked changes

in expression in various cancers. As mentioned before, CEA and CEACAM6
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are upregulated in many different tumors at the protein and/or mRNA level

(Coumoyer et al., 1988; lIantzis et al., 1997; Jothy et aL, 1993; Zimmermann et

al., 1988). In a cytofluorometric analysis of highly purified single epithelial

cel! suspensions from freshly excised carcinomas versus adjacent normal

tissue, an overexpression of up to 20-fold in the mean cell surface levels of

CEA and a greater overexpression (up to 70-fold) of CEACAM6 protein were

demonstrated. In addition, the degree of overproduction was negatively

correlated with tumor differentiation; the less differentiated and more

progressed tumors showed the greatest overproduction (llantzis et al., 1997).

The question of whether this relationship reflects only the re-expression of a

embryonic antigen in cancer cells, or whether a causal relationship exists has

been controversial. However, there is increasing evidence which supports the

notion that CEA and CEACAM6 might have an instrumental role in

tumorigenesis by the inhibition of differentiation (Eidelman et aL, 1993;

Screaton et aL, 1997).

On the other hand, human CEACAM7 (Thompson et aL, 1994) and

CEACAMI (Neumaier et al., 1993; Nollau et al., 1997) and its counterparts in

rodents (Hixson et al., 1985; Hsieh et al., 1995; Rosenberg et aL, 1993) have

been reported to be downregulated in sorne tumors (see below).

CEA and CEACAM6 might promote metastasis through a mechanism

that is independent of its homotypic adhesive properties. It has been proposed
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that CEA molecules bind to a 80 KD receptor on Kupffer cells by the PELPK

pentapeptide located at the hinge region between the N-domain and the first

(Al) Igloop of CEA molecule (amino acids 108-112) and induce cytokines

release. Cytokines induce hepatie endothelial cells to express intercellular

adhesion moleeules and increase adhesion of the tumor cells which results in

retension in the liver and hepatic metastasis from colorectal cancer (Edmiston

et aL, 1997; Gangopadhyay et al., 1996; Gangopadhyay et aL, 1998;

Gangopadhyay and Thomas, 1996).

A. CEA and CEACAM6 inhibit cell differentiation

It seems CEA has a general inhibitory effect on many different types of

differentiation programs. Ectopie expression of CEA and CEACAM6, but not

CEACAM1, results in a complete block of both the biochemical differentiation

(absence of Myo D family transeriptional regulators, and myosin synthesis)

and morphologieal differentiation (absence of fusion into multinucleated

myotubes) of rat L6 (Rojas et aL, 1996) and mouse C2C12 (Screaton et aL,

1997) myoblasts. The block eould be relieved by the administration of either

N domain or A3B3 domain peptides (Eidelman et aL, 1993) showing that the

differentiation block depended on CEA-CEA binding.

CEA and CEACAM6 expression ean also block the differentiation of

retinoic aeid-înduced neurite extension of mouse PI9 embryonal carcinomas
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(Malette B, Stanners CP. in preparation) and the adipogenic differentiation of

C3HIOTI/2 fibroblasts and 3T3Ll adipoblasts (Demarte L, Stanners CP. in

preparation). These inhibitory effects of CEA and CEACAM6 were also shown

on human colonocyte differentiation in an in vivo assay (lliantzis et al.

submitted) in which a low proportion of human colonie epithelial test ceUs

are mixed with dissociated fetai rat colonie ceIls and after in vitro

reaggregation implanted under the kidney capsule of nude mice and allowed

to grow for 7-10 days. CEACAM6 overexpression produced by CEACAM6

transfection of human colorectal carcinoma cellline SW-l222, which express

a low level of CEACAM6 caused them to form more aberrant dysplastic crypt

like structures and the transfected cells exhibited CEA and CEACAM6

expression aIl over their surface a further demonstration of lack of polarity

and differentiation. In another study, the human colon carcinoma cell Hne,

Caco2, stably overexpressing CEA and CEACAM6 at the cell surface

demonstrated a marked reduction in dome formation compared to control

Caco2, and collagen grown Caco-2 transfectants failed ta establish a polarized

monolayer and cells were found piled up in multilayered sheets, indicative of

failure to establish cellular polarization (lliantzis C., Stanners C. P. submitted).

B. CEA down-regulates E-cadherin

The cadherin family of intercellular adhesion molecules (Takeichi,

1991) are required for the establishment and maintenance of gap junctions
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between cells (Buxton and Magee, 1992; Gumbiner, 1996). E-cadherin

downregulation or loss of function has been implicated in the acquisition of

metastatic ability in many tumors (Birchmeier and Behrens, 1994; Takeichi,

1993). An inverse correlation between naturally expressed CEA and E

cadherin has been observed in human colorectal carcinoma cells (Yan et aL,

1993) and in CEA/CEACAM6 transfected P19 cells (Malette B., in

preparation), where high CEA expresser cells showed dramatically lower cell

surface expression of endogenous E-cadherin. This observed mutual

antagonism between CEA overexpression and cadherin downregulation

possibly contributes to the transforming effect of CEA.

1.4.3) CEACAM1 as a tumor suppressor

There are numerous reports that human CEACAMl and its

counterparts in mouse and rat are downreguIated in tumors relative to

normal tissues (Hixson et aL, 1985; Rosenberg et aL, 1993). It seems also

downregulation of CEACAMl is an early event in the development of

human prostate cancer (Kleinerman et aL, 1995). Upregulation of CEACAMI

expression was aIso reported in sorne tumors such as primary lung tumors

(Ohwada et al., 1994) and gastric carcinoma (Kinugasa et aL, 1998). It has been

shown that overexpression of rat CEACAMI or mouse Ceacaml isoforms

with the long cytoplasmic tail, in either human prostatic carcinoma ceIls

(Hsieh et al., 1995) or CT51 mouse colonie carcinoma ceIls (Kunath et aL,
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1995), which were negative for endogenous expression of CEACAMI-related

proteins, results in reduced growth rates compared to the parental or mock

transfected cells. Similarly, in soft agar clonogenic assays these CEACAMI

expressing cells showed significant reduction of colony number (30-800/0) and

size. Injection of rat CEACAMI transfected human PC-3 into nude mice

(Hsieh et al., 1995) or BALB/C-derived mouse CT51 cells transfected with

mouse Ceacaml cDNA into syngenic mice (Kunath et al., 1995) showed a

significant reduction in number and size of sub-cutaneous tumors (70-80%).

In another study, benign rat prostate NbE ceIls transfected with an antisense

construct of rat CEACAMl, in contrast to the parental celIs, were tumorigenic

in nude mice (Hsieh et al., 1995). The tumor suppressor effect was

determined to be dependent on the cytoplasmic tai!. Whereas both short and

long tailed isoforms of mouse Ceacaml affect the growth rate and the colony

formation in soft agar to the same extent, only the long tailed isoform could

inhibit tumor development in vivo (Kunath et al., 1995). It has been also

demonstrated that rat CEACAMI with the long cytoplasmic tai! can prevent

tumor growth of human bladder carcinomas (Kleinerman et al., 1996) and

breast carcinomas (Luo et al., 1997).

1.4.4) Signal transduction mediated by CEA family members

There is increasing evidence that, in addition to ceH adhesion, CEA

family members might be involved in cell signaling events. Upon activation
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of granulocytes with a variety of agents, such as formylated peptides Ce. g.

Formyl-Met-Leu-Phe- CfLMP) and phorbol esters (PMA», cell surface

expression of CEA family members, CEACAMl, CEACAM8, and CEACAM6

are upregulated (Ducker and Skubitz, 1992; Kuroki et aL, 1992; Kuroki et aL,

1995). Monoclonal antibodies against CEA family members (CEACAMl,

CEACAM8, CEACAM6, and CEACAM3) augment neutrophil adhesion to

human umbilical vein endothelial cells (HUVEC) (Skubitz et aL, 1996). This

adhesion requires exogenous Ca2
+ and functional activity of the leukocyte-

specifie integrïns (P2 integrins, CDll/CD18), to result in neutrophil response.

Each of the CEA family members expressed on neutrophils are capable of

activating neutrophils independently. The data suggest a possible signaling

raIe for CEA family members in the activation and aclhesion activity of

integrins in human neutrophils.

The mechanism of signaling via CEA family members is unclear. A

number of possible mechanisms have been described for signaling mediated

by CEA family members as follows:

A. Phosphorylation

The amino acid sequences of the cytoplasmic demains of mouse, rat

and human CEACAMI are highly homologous (Fig. 3). The cytoplasmic tail
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Fig. 3. Amino acid sequences of cytoplasmic tail of human CEACAMl-4L

and its counterparts in mouse and rat.

Underlined sequences show calmodulin binding sites (Obrink B. 1997). The

Consensus sequences of ITAM and ITIM motifs are shown at the bottom. Dots

represent identical amino acids. Dashes in the rat sequence represent gaps. X

represents any amino acid. Critical tyrosine residues are boxed.
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of both short and long splice variants of CEACAMl in human and rodents

contain Ser and Thr residues which are potential phosphorylation sites of

protein kinase A (PKA) and C (PKC). The longest splice variant of h uman

CEACAMl (CEACAMl-4L) has been shown to be phosphorylated mainly on

tyrosine, with a lower level on serine, in granulocytes and colon cancer cells

(Afar et al., 1992; Skubitz et al., 1992; Skubitz et aL, 1993). Treatment of

transfected cells or hepatocytes with phorbol esters leads to increased Ser/Thr

phosphorylation (Afar et aL, 1992; Sippel et aL, 1994). The long cytoplasmic

domain of CEACAMl contains two tyrosine residues, absent from the short

cytoplasmic domain. The membrane proximal tyrosine residue has been

found to be phosphorylated in rat (Margolis et aL, 1990) by the insulin

receptor tyrosine kinase and in human cells by Src family tyrosine kinases

(Brummer et al., 1995; Skubitz et al., 1995). These two tyrosine residues are

part of a modified immune-receptor tyrosine activation motif (ITAM) or

immwloreceptor tyrosine based inhibition motif (ITIM)-like motif (Obrink,

1997). Mutation of the proximal Tyr in rat CEACAMl alters bile acid efflux

(see next) (Sippel et aL, 1994).

In other studies, association of p60 C-src with CEACAMl-4L in

neutrophils and the colon cancer cell line HT-29 and binding of its 5H2

domain to the cytoplasmic tail of CEACAMl-4L were reported (Brummer et al.,

1995). A recent study has also demonstrated that the protein tyrosine

phosphatase (PTP), SHP-l, binds to the cytoplasmic tail of mouse Ceacaml
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through one or both of its sm domains (Beauchemin et aL, 1997). No

evidence has been found that the SHP-l association to Ceacam.l is required for

the growth inhibitory effect of long tailed Ceacaml (Beauchemin et aL, 1997;

Luo et al., 1997), and the physiological role of SHP-l binding to Ceacaml is

not yet clear.

B. Calmodulin binding and dimerization

Both short and long cytoplasmic-tailed CEACAMI contain a

calmodulin binding site close to the cell membrane (Fig.3). Rodent CEACAM

also has another calmodulin-binding site at the carboxy-terminal of long

cytoplasmic tai! (Edlund et al., 1996). Calmodulin, which is a Ca2+-binding

regulatory protein (James et al., 1995), binds to rat CEACAMl's cytoplasmic

domains in response to increases of intracellular Ca2
+ concentration (Edlund

et aL, 1996). Other studies on both intact epithelial cells and purified rat

CEACAMI in solution have demonstrated that both long and short splice

variants of rat CEACAMI are capable of dimerization by cis-interactions

(Hunter et al., 1996). Increase of the intracellular Ca2
+ concentration leads to

dissociation of CEACAMI dimers, possibly through calmodulin binding

(Edlund et aL, 1996). The functional significance of calmodulin binding and

dimerization of CEACAMI protein is currently unknown.
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c. Signalling mediated by GPI-anchoTed CEA family members

As mentioned previously, GPI-linked CEA and CEACAM6 block

various types of differentiation, including L6 myogenic differentiation;

however, TM-linked CEACAMI can not. This result suggests that

differentiation blocking capacity could depend upon GPI-membrane

anchorage. As will be discussed in the next· section, GPI-linked proteins could

be involved in a form of transmembrane signaling which is different from

that mediated by TM-linked proteins. There is other evidence that suggests

the involvement of GPI-anchored CEA members in signal transduction

events.

In the human colon carcinoma celi line, Colo 205, CEA in cold

nonionic detergent-extracted celis associates specifically with p56-1ck in a

complex, but not with p6O-Src, Src family protein tyrosine kinases that are

expressed in these celis (Draber and Skubitz, 1998). TM-linked CEACAMI was

excluded from the complex. Because of its low background of irrelevant

signaling events, the rat basophilie leukemia (RBL) ceUline was used to show

that CEA could in fact mediate signaling (Draber and Skubitz, 1998). These

ceUs express protein tyrosine kinases of the src family, p56-1ck/p53-1yn and p6D-src,

but again only p56-1ck/p53-1yn formed a complex with CEA in cold non-ionic

detergent extracts. Signaling was shown by cross-linking CEA with specifie

monoclonal antibodies and consequent release of l3-hexoaminidase and
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tyrosine phosphorylation. CEACAMl-4L transfectants of RBL cells showed no

protein-tyrosine phosphorylation and no release of J3-hexoaminidase upon

mAb-mediated cross-linking.

1.4.5) Other functions of CEA family members

In addition to what has been mentioned above, a number of other

functions have been ascribed to the CEA family members, which is discussed

briefly here.

A. Ecto-ATPase and bile acid transport

The cDNA encoding rat CEACAMI was originally cloned as encoding a

Ca2
+ /Mt+-dependent ecto-ATPase (Lin and Guidotti, 1989). It seems both an

intact amino-terminal Ig V-domain and intact long cytoplasmic tail are

required for ecto-ATPase activity (Sippel et aL, 1996). No ecto-ATPase activity

was found for the human homologue of rat CECAMI (Stanners et aL, 1992),

and there is also no report that mouse CEACAM has ecto-ATPase activity.

ATP-dependent bile acid (taurocholate) efflux was also reported to he

stimulated by the long cytoplasmic splice variant of rat CEACAMl. This

activity required phosphorylation of SerSD3 and was regulated by
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phosphorylation of Tyr488; both residues are located in the cytoplasmic

domain (Sippel et aL, 1994).

B. Bacterial and viral receptors

CEACAMI molecules act as receptors for both bacteria and viroses. It

has been reported that E.coli and salmonella bind to the carbohydrates 0 n

CEA, CEACAM6 and human CEACAMI (Leusch et al., 1991; Sauter et al.,

1993). Recently, binding of Neisseria gonorrhea and Neissria meningitidis ta

the N-domain of human CEACAMl, CEACAM6, CEACAM3 and CEA via

virulence-associated Opa proteins have been reported (Bos et al., 1997; Virji et

al., 1996).

Several splice variants of mouse Ceacaml and Ceacam2 encoded

proteins have been shown to act as receptors for mouse hepatitis virus

(MHV) (Dveksler et al., 1993a; Nedellec et al., 1994; Ohtsuka et al., 1996). It

has been reported that human CEA and CEACAMI can also function as MHV

receptors (Chen et al., 1997). Mutational analysis revealed that the N

terminal IgV-like domain and at least one additional Ig-like domain are

required for MHV receptor activity (Dveksler et al., 1995; Wessner et al.,

1998).
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2) Glycophosphatidyl inositol{GPI)-linked proteins

It was in the 1ate 1970s that the covalent modification of proteins by

GPI-linkage was recognized as an alternative mechanism for anchoring

proteins to cell membranes (Ikezawa et al., 1976; Low and Finean, 1977).

These proteins exist in all eukaryotic species including yeast, parasites, insects,

and mammals. Over 100 proteins have been found to be GPI-anchored. The

functions of the GPI-anchored proteins are diverse, ranging from enzymes,

coat proteins and cell-adhesion molecules to receptors (Englund, 1993; Low,

1989).

2.1) CPI structure

AH GPI membrane anchors have an evolutionarily conserved core

structure which is illustrated in (Fig. 4). The core structure of the anchor

consists of a tetrasaccharide containing three mannoses (Ml,2,3) and one

unacetylated glucosamine (GleN) linked to the 6-hydroxyl of

phosphatidylinositol (Ino). The terminal mannose (M3) is linked via a

phosphodiester bond to ethanolamine (ETN), which in tum is linked to the

a-carboxyl group of the carboxy terminal residue of the protein by an amide

linkage (Englund, 1993; Stevens, 1995). GPI-anchors can differ due to

numerous types of side chain modifications linked to the core structure.

Sorne anchors contain an extra fatty acid esterified to inositol Ce.g. human
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Fig.. 4.. A CPI anchor core structure of GPI-linked proteins..

The cleavage sites for two specifie Phospholipases have been shown.

ETN= Ethanol amine, M= Mannose, Ino= Inositol
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erythrocyte acetylcholinestrase), which usually confers resistance to bacterial

PI-PLC (Ferguson, 1992).

2.2) GPI-anchor biosynthesis

GPI anchoring is a post-translational modification occurring in the

endoplasmic reticulum where preassembled GPI anchor precursors are

transferred to proteins bearing aC-terminal GPI signal sequence (see next

section).

The mechanism of mammalian GPI biosynthesis has been studied

using mutant cells that are defective in different steps of the biosynthetic

pathway. Important among these mutants have been GPI-defective mutine T

celllymphomas selected by their inability to express GPI-linked Thy-l on their

surfaces (Puoti et al., 1991). More than fifteen genes are involved in the

mammalian GPI-anchor precursor biosynthesis and its transfer to proteins

(for review see: (Kinoshita et al., 1997). The fust intermediate of GPI synthesis

is N-acetylglucosaminylphosphatidyl inositol (GleNAC-PI), which is made by

a transfer of GleNAC from UDP-GlcNAC to phosphatidyl inositol (PI). The

second step is deacetylation of GleNAC-PI to form glucosaminyl-PI(GlcN-PI).

The fust two reaction steps of GPI biosynthesi-; occur on the cytoplasmic side

of the ER. Thus the first and second intermediates face the cytoplasmic side.

The transfer of the mature GPI-anchor to proteins is believed to occur on the
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lumenal side of the ER. The step at which a post-deacetylation intermediate

or the mature GPI-anchor precursors flip into the lumen is unclear at the

moment.

2.3) The GPI-anchoring signal

The precursor of a GPI-anchored protein cantains both aN-terminaI

signal sequence, which directs the polypeptide to endoplasmic reticulum, and

aiso a C-terminal signal peptide which is required for CPI anchor addition.

The C-terminal signal is cleaved off at the lime of anchor addition. The

preformed GPIs that contain an ethanolamine phosphate residue attached to

mannose 3 are transferred to the carboxy-terminus of proteins by a GPI

transferase. The GPI-transferase complex is believed to act as a transamidase,

to remove the GPI anchoring signal from the C-terminal of proproteins and

simultaneously transfer the preformed GPI to what was previously an

internaI residue (the 0) site) (Udenfriend and Kodukula, 1995). Two genes

denoted GAAI and GPI8, which are believed to code for two essential

components of putative GPI-transamidase complex in yeast, were cloned

(Benghezal et al., 1996; Hamburger et aL, 1995). RecentIy GAAI and GPI8

homologues in humans were aIso cloned (Hiroi et al., 1998; Yu et aL, 1997).

Alignment of the translated C-terminai amino acid sequences of cDNAs

encoding different GPI-anchored proteins shows no apparent consensus

sequences. Mutational studies reveaIed, however, that the C-terminal signal
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contains a short (15-20 amino acids) hydrophobie sequence, which is preceded

by a spacer containing 5-10 hydrophilic amine acids. The cleavage and

auachment site to the GPI-anchor is indicated by 0>, and the adjacent amine

acids by 0>+1 and 0>+2 respectively. The 00 site usually contains small amine

acids: G, D, N, A, S or C. The 0>+2 site similarly requires small amine acids.

The 00+1 site, however, has a less stringent amine acid size requirement.

Except for proline and tryptophane, aImost all substitutions at the 00+1 site are

effective (Udenfriend and Kodukula, 1995).

2.4) Fllnctions of the GPI membrane anchor

Although various GPI-linked proteins share a common type of cell

surface anchoring, they encompass a diverse family of membrane molecules.

They can be involved in such processes as cell adhesion, receptor, catalysis

and signaling (Review in (Low, 1989; McConville and Ferguson, 1993). The

importance of GPI-anchorage in maintaining cell function and structure is

not weil understood. GPI-linked proteins with sphingolipids and cholestrol

form a complex which is insoluble in nonionic detergents such as Triton X

100 at 4°C (Brown and London, 1997). The GPI-anchor is required for these

proteins to associate with detergent-insoluble glycosphingolipid-enriched

complexes (DIGs) (Brown and London, 1998). The detergent-resistant

membrane microdomains forro functional rafts in cell membranes which are
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involved in processes such as intracellular membrane sorting and signal

transduction (for review see: (Brown and London, 1998).

A. Intracellular sorting

The GPI-anchor has been proposed to act as an apical targeting signal

for proteins in polarized epithelial cells like MDCK (Brown and Rose, 1992).

However, sorne other studies suggest that apart from DRM association, the

GPI anchor is not required for apical targeting of the proteins (Brown and

London, 1998). The apical membrane surface in cells is enriched in

sphingolipids (Simons and Wandinger-Ness, 1990). Sphingolipids could self

associate from other membrane lipids by intermolecular hydrogen bond

formation. Sphigolipid-cholestrol rafts might provide a site for the clustering

and transporting of GPI-anchored proteins and other apically targeted

proteins to the apical surface (Simons and Ikonen, 1997).

B. Transmembrane signalling

It has been known for sorne years that cross-linking with antibodies

against Thy-l and other GPI-linked T-cell surface molecules is mitogenic and

induces IL-2 production and calcium mobilization (Gunter et aL, 1984; Malek

et aL, 1986). Cell proliferation and lymphokine production in response to

cross-linking of GPI-anchored molecules require their attachment to the
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plasma membrane via the GPI anchor, rather than by a transmembrane

region (Shenoy-Scaria et aL, 1992; Su et aL, 1991). Signalling through GPI

anchored molecules in T-cells is aIso known to depend on the expression of

the T-cell receptor (Wegener et aL, 1992). It has been shown that GPI

anchored proteins expressed on lymphocytes coimmunoprecipitate with the

doubly acylated Src family member tyrosine kinases including lck and fyn

after treatment of cells with nonionic detergents (Stefanova et aL, 1991;

Thomas and Samelson, 1992) (Shenoy-Scaria et aL, 1992). Therefore, it has

been suggested that clustering of GPI-anchored proteins on the ceU surface

might result in interaction with sigilalling proteins thus triggering

transmembrane signalling (Simons and Ikonen, 1997).

In nonlymphoid (adipocytes, epithelial and endothelial) cells, GPI

anchored proteins have been localized to small cold Triton-X insoluble, flask

shaped membrane invaginations termed caveolae. Caveolae are dch in

glycosphingolipids, cholestrol, and a 22 KD marker protein called Caveolin

(Anderson, 1993; Shaul and Anderson, 1998). It has been suggested that

caveolae are involved in functions such as moving molecules across the ceH

by transcytosis, the concentration and internalization of smaU molecules and

ions, a process calIed potocytosis, and signal transduction.

Detection of signalling molecules such as GTP-binding proteins (small

and heterotrimeric), calcium mediated signaUing molecules, receptor and Src
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family non-receptor protein tyrosine kinases concentrated in caveolae

(reviewed by Shaul and Anderson, 1998) led to the hypothesis that these

glycosphingolipid domains may localize GPI anchored proteins to regions

specialized for cellular signalling, which may in fact explain the mechanism

by which GPI-anchored proteins activate cells (Simons and Ikonen, 1997).

Various hormones such as insulin, IL-2, NGF, TGF-13 and T5H, have

been reported to stimulate the release of inositol phosphoglycan (lPG) from

ceUs. Free ŒG can mimic some of the effects of these hormones (Anderson,

1994). Hydrolysis of GPI-linked proteins byendogenous enzyme in rafts has

been proposed to release IPG from the GPI-proteins. The IPG molecules are

then intemalized and are proposed to function as second messengers in the

ceU (Simons and Ikonen, 1997; Varela-Nieto et aL, 1996).

Clustering of GPI-anchored proteins in membrane microdomains in

vivo has been controversial (Maxfield and Mayor, 1997; Mayor et aL, 1994). It

has been suggested that, in the absence of the clustering agents such as cross

linking antibodies or detergent treatment, they might be diffused over the

plasma membrane. However, recent studies using energy transfer

measurements between GPI- or TM-linked isoforms of folate receptor bound

to the fluorescent analog of folic acid (Varma and Mayor, 1998) and chemical

cross-linking experiments (Friedrichson and Kurzchalia, 1998) support the
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existence of small clusters of GPI-linked proteins in vivo. This remains

controversial.

c. Other functions of the GPI anchoT

Sorne other features of GPI-anchored proteins have been proposed as

follows:

1. A low turnover rate for GPI-anchored proteins in mammalian cells because

of their exclusion from the clathrin-mediated endocytic pathway (McConville

et al., 1993).

2. Regulation of their cell surface level via selective release byendogenous

phosphatidyl inositol-specific phospholipases (PI-PLC and PI-PLO) (Censullo

and Davitz, 1994).

3. Exchange of GPI-anchored proteins between neighboring cells by diffusion

(Censullo and Davitz, 1994; Medof et aL, 1996).

4. A higher mobility than TM-linked proteins at the cell surface (Edidin et aL,

1991; Jacobson et al., 1987). However, recent studies revealed a confined

lateral motion of GPI-anchored Thy-l and N-CAM proteins (Jacobson et al.,

1997; Sheets et al., 1997).
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3) Molecular Evolution

Classically, evolution is defined as a process of change in the diversity

and adaptation of populations of living organisms over long periods of time

(Mayr, 1978). For centuries the main contributors to knowledge of evolution

were biologists working at the level of whole organisms. In recent decades

molecular biologists have been able to compare the genes of thousands

organisms. They introduced a nel.y way of analyzing organismal evo1u tion

and defining evolution, as a process of change in the genetic make up of

populations. The molecular basis of evolution relies on the assumption that

the heritable differences among organisms results from differences in their

DNAs (Wilson, 1985). The process of evolution involves at least two stages:

mutation altering the nucleotide sequence within the genetic material, and

the selection and fixation of this mutational event into the genomes of an

interbreeding population (Wilson, 1985).

3.1) Mutation

A basic process in the evolution of DNA sequences is the change in the

nucleotide sequence with time. Mutation in the genes and the regulatory

regions supplies the raw material for evolution. Mutations can be classified by

the type of change caused by the mutational event as substitutions, deletions,

insertions and inversions. Nucleotide substitutions are also divided into
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transitions (substitution of a purine for another purine or a pyrimidine for

another pyrimidine) and transversions (substitutions between a purine and a

pyrimidine). Nucleotide substitutions occurring in protein-coding regions can

aiso be characterized by their effect on the protein product. A synonymous or

silent substitution is one that, because of the degeneracy of the genetic code,

makes no change to the encoded protein sequence; a nonsynonymous

substitution results in an amino acid replacement. Some regions of the

genome, such as CG dinucleotides and short tandem repeats, are more prone

to mutation (hot spots) than others (Freimer and Slatkin, 1996; Ramel, 1997;

Schmutte and Jones, 1998). The high frequency of CfT changes seems to he

related to methylation of cytosine in the CG dinucleotides in the genome. In

eukaryotes, short tandem repeats are often hotspots for deletions and

insertions, probably as a result of slipped-strand mispairing. Replication

slippage most often results in short (up to 20-30 nucleotides) deletions or

insertions (duplication) of DNA segments. Unequal crossing over or DNA

transposition usually results in long insertions and deletions in the genome

(Li and Graur, 1991c). If mutation occurs at random among the 4 nucleotides,

we would expect twice the transversionai changes relative to transitional

changes. In practice this is not the case, and transitional changes occur more

often than expected (Li and Graur, 1991 b).
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3.2) Patterns and mechanism of nucleotide substitutions

If we consider only coding regions of DNA, the majority of the changes

are nucleotide substitutions. For the vast majority of the genes, the rate of

nucleotide substitution is much higher at the third position of codon than at

the first and second positions. This is apparently due to the fact that many

nucleotide substitutions at the third position are silent and do not change

amino acids. Studies on numerous protein coding genes in different

mammalian species shows the average rate of synonymous substitution is

five times the average rate of nonsynonymous substitution (Li and Graur,

1991 d). The rate of nonsynonymous substitution also varies enormously

from gene to gene and by different sites within a gene (Gillespie, 1991;

Kimura, 1981), but the rate of synonymous substitution is much more

uniform than the nonsynonymous rate.

The rate of substitution also differs between noncoding regions of the

genome and between functional genes. Based on the comparison of several

genes between humans and rodents (Li and Graur, 1991 d), it has been shown

that the substitution rate is extremely high in pseudogenes and at fourfold

degenerate sites (the third position of codons for which the three possible

changes always result in synonymous changes) in genes and slightly lower in

introns and 3'-flanking regions (Fig. 5). Different explanations for the cause of
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Fig. 5. Average rates of substitution in various regions of genome•

5' and 3' flanking regions of genes compared to 5' and 3' transcribed

untranslated regions, introns, pseudogenes and sites within codons with different

levels of degeneracy (the position within codons for which the three possible

nucleotide substitutions result in different levels of synonymous changes).

From Li W. H. and Graur O. 1991.

37



•

Substitutions per nucleotide site per 109 yean

•

o ... N \loi ....

5' Flanking regioR

S' Untranslated region

Cl 1Nondegenerate sites
D

=~------...
~ 1Twofold degenerate sites
~

9' ....-----------""11Fourfold degenerate sites

lntrons

3' Untranslated region .

3' Flanking region

j
i

Pseudogenes



•

•

the rate variation of substitution has been explained, which is briefly

discussed as follows.

Two factors are involved in the substitution process, the incidence of a

mutationa1 event and the fixation process in which a mutant allele

eventually spreads through the population to reach a frequency of 1000/0. For a

mutant allele to increase in frequency, factors other than mutation such as

selection, random genetic drift, and migration of individuals have important

raIes. The rate of the fixation process depends on whether the mutation is

advantageous, neutral, or deleterious.

3.2.1) Neutral theory of molecular evolution

Observations of the high rate of evolutionary change at weakly

constrained DNA positions resulted in the introduction of the neutral theory

of molecular evolution (Kimura, 1968). According to the neutral theory, the

great majority of evolutionary changes at the molecular level and the

variability of genes within each species (gene polymorphism) are caused not

by Darwinian advantageous selection but by random drift of selectively

neutral or nearly neutral mutants. These mutant genes are adaptively neither

more or less advantageous than the genes they replace. Neutralists believe

advantageous mutations may occur, but they are 50 rare at the molecular

level that their effect as a driving force of molecular evolution can he
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neglected (Kimura, 1991). In the neutralists' view, the majority (-900/0) of new

mutations are disadvantageous and are eliminated by purifying selection and

the fate of the rest of the mutations, which are selectively neutral (or nearly

neutral), is determined by random genetic drift. The frequency of a neutral

allele fluctuates, increasing or decreasing over time. The majority of mutan t

aIleles are lost by chance, but a minority of them eventually become fixed in

the population. Five principles of molecular evolution presented by Kimura

and Ohta (Kimura and Ota, 1974) are as follows:

1. For each protein, the rate of evolution in terms of amino acid substitution

is approximately constant/site/year for various lines, as long as the function

and tertiary structure of the molecule remain essentially unaltered.

2. Functionally less important molecules or parts of a molecule evolve (in

terms of mutant substitutions) faster than more important ones.

3. Those mutant substitutions that disrupt less the existing structure and

function of a molecule (conservative substitutions) occur more frequently in

evolution than more disruptive ones.

4. Gene duplication must always precede the emergence of a gene having a

new function.

5. Selective elimination of definitely deleterious mutants and random

fixation of selectively neutral or very slightly deleterious mutants occur far

more frequently in evolution than positive Darwinian selection of definitely

advantageous mutants.
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Neutralists believe that mutational pressure and random genetic drift have

the major roles as causes of evolutionary changes. Sorne proteins or parts of a

protein are functionally more "collstrainedIl than others. Therefore, the rate

of mutation in tightly constrained proteins is lower than that in loosely

constrained proteins (Li et aL, 1985). It seems that this idea is now commonly

accepted by molecular biologists in that variable regions of genes among

various species are considered unimportant whereas conserved regions of

genes are considered functionally important.

3.2.2) Synthetic theory

The above view that molecular evolution is the result of accumulation

of neutral mutations is in sharp contrast to the neodarwinian selection and

adaptive view. According to the synthetic theory, gene substitutions occur as a

consequence of selection for advantageous mutations. Selectionists agree with

neutralists that most new mutations are deleterious and are quickly removed

from the population. However, unlike neutralists, they believe that most of

the nondeleterious mutations which contribute to the process of evolution

are advantageous and very few are neutral. Selectionists consider

environmental conditions to be the major determinants of evolution. They

have maintained that there should be a correlation between environmental

variability and genetic variability. In the selectionists view, environmental

change is the cause of the observed rate variation of protein evolution
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(Gillespie, 1991). Slowly evolving proteins such as histones function in a

relatively constant environment (intra-nucleus). However, fast evolving

proteins, like immunoglobulins, have evolved in response to a rapidly

changing environment (pathogens).

Although adaptive evolution could he easily found at the phenotypic

level of organisms, molecular adaptation has been difficult to demonstrate.

The majority of evolutionary changes could be explained by the neutral

theory of molecular evolution. Only a few cases of adaptive evolution have

been identified at the molecular level (McDonald and Kreitman, 1991; Messier

and Stewart, 1997).

Two major types of sequence tests are currently used to identify

adaptive evolution in proteins: sequence convergence, and neutral rate

violation (reviewed by (Kreitman and Akashi, 1995). Molecular convergence

or parallelism are due to the same changes in proteins having been derived

along different evolutionary lineages *.g. gut lysozyme evolution in cow and

longur monkey, (Messier and Stewart, 1997)0 Functional convergence

through independent substitutions in different lineages are often considered

an indication of positive selection or adaptation.

Many molecular evolutionary analyses, particularly those attempting

to detect adaptive evolution, rely on distinguishing between synonymous
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and nonsynonymous differences in DNA sequences. As discussed before,

purifying selection eliminating disadvantageous mutations leading to amino

acid substitution is the most prominent form of selection on proteins.

Therefore, in most proteins the neutral (synonymous) nucleotide

substitution rate (Ks) is much higher than the nonsynonymous rate (KA). The

cases with a higher nonsynonymous rate (KA>I<s> or with an accelerated rate

of amino acid replacement are taken as examples of adaptive evolution

(Kreitman and Akashi, 1995; .Sharp, 1997). The higher rate of

nonsynonymous to synonymous substitution rates (KA>Ks) is astringent

criterion. Only in rare cases can positive selection raise the value of KA for a

whole protein to values higher than Ks. An alternative way for showing

adaptive changes in a molecule through amine acid substitution rate analyses

is to concentrate on a specifie domain which we already know is functionally

important, thereby excluding other regions which are subject to purifying

selection (Sharp, 1997).

3.3) Evolution of multigene families

The traditional view concerning the creation of gene families includes

seriaI duplication of entire genes and divergence of duplicated (paralogous)

genes because of relaxation of the evolutionary pressure on its sequence

(Henikoff et al., 1997; Li and Graur, 1991a). ContinuaI duplication and

deletion is a feature of all gene clusters (Lewin, 1994a) and acceleration of
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amino acid substitution versus synonymous nucleotide substitution is often

found to he related to gene duplication (Ohta, 1991). Duplicated genes might

evolve in several ways. The copies may retain their original function; this

will result in production of a larger quantity of the same RNA or protein

products. However, the duplicate genes usually diverge independently, either

acquiring new functions or becoming inactive pseudogenes (Li and Graur,

1991 a). Whether acceleration of amine acid substitutions in multigene

families is the result of positive natural selection or neutral evolution

because of relaxation of selective constraints on duplicated, redundant genes,

is controversial (Kreitman and Akashi, 1995).

3.3.1) Exon shuffling

DNA shuffling is a powerful process for evolution which generates

diversity by recombination. Molecular shuffling can efficiently mix sequences

from different genes to combine useful mutations from individual genes and

therefore accelerate the evolution process. There are two ways of exon

shuffling: exon duplication and exon insertion (Li and Graur, 1991 a). Exon

duplication is one of the Most important processes involved in gene

elongation. The insertion of an exon from one gene into another, results in

production of mosaic or chimeric proteins (Doolittle, 1989).
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3.3.2) Concerted evolution of a gene family

The members of a multigene family in a species are relatively free to

diverge . However, they generally evolve together as a unit (Ohta, 1991).

Although the nucleotide sequences of a multigene family can change over

time the homogeneity of nucleotide sequence among members is maintained

through genetic interaction among its members (Li and Graur, 1991a; Ohta,

1991). This phenomenon is called concerted or horizontal evolution. A

variant repeat could he propagated by unequal crossing over and gene

conversion to aIl gene family members. Gene conversion is a unidirectional

recombination event in which a small region of one chromosome is replaced

with the corresponding sequence of the homologous chromosome. If an

unequai exchange takes place between two members of a gene family through

the creation of heteroduplex DNA, any mismatches within heteroduplex

might be repaired. The result is conversion of one of the nonallelic genes to

the sequence ûf the other (Lewin, 1994b). The divergent member in a gene

family might be deleted by unequal crossing over or to be converted to the

conserved copy by gene conversion. Therefore, divergence of duplicated genes

in a gene family slows down. Under concerted evolution the paralogous

members of a family might become more similar to each other within one

species than orthologous family members from other, even closely related,

species.
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In addition to unequai crossing over and gene conversion other

processes such as transposition of mobile elements and slippage of DNA

polymerase during replication can cause gains or losses of variant genes in a

family (Li and Graur, 1991 a).

4) Aims and scope of the present work

CEA gene family members in humans can be divided into two groups

according to the type of anchorage ta the cell membrane: GPI-linked and TM

linked. AlI information so far, including the close nucleotide sequence

alignment between CEA members and the fact that ta date only TM

CEACAMl-lïke family members have been discovered in rodents, suggests a

recent evolution for GPI-linked members. Sïnce th,~ normal function of CEA

members in vivo is not weIl understood, the question of whether the

acquisition of GPI-anchorage in CEA family members during evolution had

any functional advantage seems of interest and was the subject of this study.

The observations and experimental findings presented in this thesis for the

fust time provide detailed information regarding the evolution of GPI

linkage in CEA family members. This could represent a paradigm for such

evolution in the much larger and functionally diverse Ig superfamily.
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In chapter 2, it has been shown how, by only a few mutations, a GPI

linked CEA family member could evolve from the TM-linked, more

primordial CEA family member, CEACAMl. The key mutations in the TM

exon of the latter required to shift the mode of membrane linkage from TM to

GPI were determined. The results indicate that the introduction of a stop

codon in the CEACAMl-4L TM domain, at the corresponding position to the

stop codon naturally found in the C-terminal domain of GPI-linked members

plus two more amino acid substitutions in this exon could convert TM linked

CEACAMl-4L protein into an efficiently GPI-processed protein. This GPI

linked mutant CEACAMI protein, like normal CEA family members, could

still function as an intercellular adhesion molecule in vitro. But interestingly,

unlike CEACAMl, its expression blocked the myogenic differentiation of rat

L6 myoblasts and perturbed the binding of L6 cells to fibronectin in much the

same way as CEA and CEACAM6, thus implying the same effect as

CEA/CEACAM6 on the function of the Œs131' the integrin mainly responsible

for binding to fibronectin.

On the basis of the assumption that the above mentioned stop codon

and processing efficiency mutations are indicative of GPI-linkage for CEA

family members, primers specific for the TM exons of the CEA family were

designed and applied for PCR analysis of genomic DNA of different primate

and nonprimate species. Chapter 3 provides the DNA sequence data showing

convergent and adaptive evolution of acquisition of GPI-anchorage in CEA
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family members. The results indicate that the mode of generating a stop

codon found in humans arose in a common ancestor of Tarsisus and New

world monkeys, whereas a second novel mechanism of stop codon

generation evolved independently later in the Cebidae family of new world

monkeys during the primate radiation. The fact that GPI linkage evolved

twice independently supports the notion that GPI-linked CEA family

members have important functions in vivo.

CEA and CEACAM6, in a model system of differentiation, can block the

terminal myogenïc differentiation of rodent myoblasts, but GPI-linked N

CAM and TM-linked CEACAMI can not. In chapter 4, the effect of the novel

molecular mechanism of GPI-linkage that evolved in the CEA family of new

world monkeys on cellular differentiation are reported. Experimental

evidence is presented that the novel mechanism for generating GPI-linked

sequences in the CEA family that arose during evolution has functional

implications in that it produces proteins that block myogenic differentiation

possibly through observed modification of integrin-ECM interaction
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Chapter 2

A Paradigm for Evolution ofGPI Membrane-linkage in the

Carcinoembryonic Antigen Family, a Subset of the Ig Superfamily
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Abstract

GPI membrane-anchored CEA family members CEA and CEACAM6

are up-regulated in human cancer, whereas TM-anchored family member

CEACAMI is down-regulated. In addition, CEA and CEACAM6 have been

shown to inhibit differentiation and increase tumorigenicity of various cell

types, whereas CEACAMI has no effect. The chief structural determinant of

these carcinogenic effects of CEA/CEACAM6 is their GPI anchor. GPI

anchored CEA family members evolved in the primate radiation, presumably

from a more primordial TM-anchored family member such as CEACAMl,

which is found in more primitive species. It was of interest, therefore, to

examine the feasibility of derivation of GPI linkage from the CEACAMI TM

domain by mutation, using the known differences between the TM domain

of CEACAMI and the corresponding domains of GPI-linked CEA family

members as a guide. The results indicate that very few mutations are

required to effect this change. The introduction of a stop codon in the

CEACAMI TM domain at the position corresponding to that of aH GPI-linked

CEA family members gave a GPI-linked protein that was, however,

inefficiently processed. Two other mutations increased the processing

efficiency to the high levels of naturally occurring CEA family members. The

GPI-linked mutant CEACAMI demonstrated a dramatic change in function:

unlike normal CEACAMI it now blocked myogenic differentiation. The
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results support a paradigm for the evolution of efficient GPI anchorage in this

subset of the Ig superfamily.
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Introduction

The human Carcinoembryonic antigen (CEA) gene family, a subfamily

within the immunoglobulin gene superfamily (Paxton et al., 1987), can he

divided into two subgroups according to the type of anchorage ta the cell

membrane: glycophosphatidyl inositol {GPI)-linked (CEA, CEACAM6,

CEACAM8, CEACAM7) and transmembrane (TM)-linked (CEACAMl,

CEACAM3, CEACAM4). Members of both subgroups function in vitro, at

least, as intercellular homotypic and heterotypic adhesion molecules

(Benchimol et al., 1989; Oikawa et al., 1991; Oikawa et aL, 1989; Rojas et aL,

1990). These two subgroups show opposite molecular properties in several

aspects. CEACAMI-mediated intercellular adhesion involves homophilic

binding between N terminal domains (Keyston and Stanners,

unpublished)(Teixeira et aL, 1994) whereas CEA-mediated intercellular

adhesion requires double reciprocal heterophilic binding between N terminal

and internaI domains of apposed antiparallei molecules (Zhou et al., 1993a).

AIso, unlike GPI-linked members CEA and CEACAM6, which are up

regulated in colorectal carcinomas (Cournoyer et aL, 1988; lIantzis et aL, 1997;

Jothy et al., 1993), TM-linked members tend to be down-regulated (Neumaier

et aL, 1993; Nollau et aL, 1997). Recent studies suggest that GPI-anchored

proteins may be clustered in detergent insoluble membrane microdomains

(Friedrichson and Kurzchalia, 1998; Varma and Mayor, 1998) which can
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activate signaling pathways that are different from those aetivated by TM

anchored proteins (Casey, 1995; Robinson, 1997; Simons and Ikonen, 1997).

Furthermore, we have shown that the ectopie expression of GPI-linked

CEA and CEACAM6 can block the differentiation of rat L6 and mouse C2C12

myoblasts (Eidelman et al., 1993; Screaton et al., 1997), while CEACAMI

cannot (Rojas et al., 1996). In fact, a chimeric cDNA construct consisting of

the human CEACAMI-4L external domains linked to the CEA carboxy

terminal domain, which is processed to give a GPI-linked protein produet,

also blocks myogenic differentiation (Screaton, R.A. and Stanners, C.P., in

preparation). In recent work, it has also been demonstrated that CEA and

CEACAM6 but not CEACAMI expression can inhibit retinoic acid induced

neurite extension and neurofilament expression by PI9 embryonal earcinoma

cells (Malette, B. and Stanners, C.P., in preparation), adipogenic

differentiation of C3HIOTI/2 fibroblasts and 3T3Ll adipoblasts (Demarte, L

and Stanners, C.P., in preparation) and polarization and differentiation of

colonocytes (llantzis and Stanners, 1997) (llantzis, C. and Stanners, C.P.,

submitted) . The mechanism for this pan effect, in L6 myoblasts, PI9 cells and

colonocytes at least, appears to involve a CEA-mediated perturbation in the

function of specifie integrins and consequently in the binding to extracellular

matrix components, upon which many differentiation programs depend

(Ordoii.ez et al., submitted). It appears, therefore, that CEA has a general

inhibitory effect on many different types of differentiation programs and that
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and that the mode of membrane linkage is the chief molecular determinant

of this effect.

The close nucleotide sequence alignment between GPI-linked CEA

family members (higher than 90% in sorne cases) and the fact that to date only

TM CEACAM1-like family members have been discovered in mouse and rats,

while bath GPI and TM-linked family members have been found in humans,

suggests a recent evolution of GPI-linked members from a more primordial

TM-linked ancestral member. The CEA gene family members thus represent

a naturally occurring model for the evolution of a GPI-anchored proteins in

the Ig superfamily. It appears likely that, in the course of evolution, gene and

domain duplications of a primordial TM-linked CEA family member gave

cise ta the rest of the family: a group of 29 CEA related genes and gene-like

sequences, including genes coding for GPI linkage, that are clustered 0 n

human chromosome 19 (Hammarstrom et al., 1998).

Mutational studies on GPI-linked proteins, especially Decay

Accelerating Factor (DAF) and Placental Alkaline Phosphatase (PLAP),

indicates that the signal required for GPI anchor addition resides completely

in the C-terminal domain, which is cleaved in the process (Englund, 1993).

These signais comprise a short stretch of hydrophobie residues (8-21 amino

acids) at the C-terminal end, a hydrophilic spacer region (usually 5-10

residues) and, finally, the cleavage/attachment site to the GPI anchor, denoted
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the ro-site. The 0> and (1)+2 residues are both critical for anchor addition and are

usually small amino acid residues.

In this work, we have shown how, by only a few mutations, CEA

family members with a GPI membrane linkage could have evolved from the

TM-linked, presumably more primordial, CEA family member, CEACAMl.

We determined the key differences in the transmembrane exon of the GPI

linked family members that are required to shift the mode of membrane

linkage from TM to GPI. We demonstrate that the introduction of a stop

codon in the CEACAMl-4L (the longest splice variant of CEACAMI with a

cytoplasmic tail containing 73 amino acids) TM domain, at the corresponding

position to the stop codon naturally found in the C-terminal domain of GPI

linked members, could alone confer GPI linkage on CEACAMl-4L, although

not efficiently. By substituting another amine acid at the 00+2 site just

downstream of the cleavage site of the TM domain and one further

substitution in the hydrophilic spacer region, TM-linked CEACAMl-4L could

be converted to a completely efficiently processed GPI-linked construct.

Importantly, the new CEACAMl-4L GPI-linked construct was also radically

altered in its biological function in that, like naturally occuring GPI-linked

CEA family members, it could now affect integrin function and block

myogenic differentiation.
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Matherials And Methods

Mutagenesis· PCR based mutagenesis using a 62-mer mutant antisense

and a 27-mer sense primer (Table 1) was applied to introduce a deletion and a

substitution to create a stop codon at the same position as the GPI-linked CEA

family members in the TM domain of human CEACAl-4L cDNA, cloned in

pBluescript SK plasmid. The 296 bp fragment between the unique Pilm1

(nucleotide 1146) and Bsrf1 (nucleotide 1442) sites in wild type CEACAMl-4L

cDNA was replaced with the mutant PCR fragment, generating a CEACAM1

mutant, called CCI-t, giving a truncated product. Other CEACAMl-4L

mutants were made by inverse PCR-based mutagenesis, as described

(Clackson et al., 1992) with minor modifications, using CC1-t-pBluescript SK

as template to introduce the appropriate mutations in the TM domain of

human CEACAMl-4L cDNA. The oligonucleotides used for mutagenesis (see

Table 1) were PAGE purified and used with Pfu DNA polymerase (Stratagene)

instead of Taq polymerase for higher fidelity of polymerization. The coding

sequences of aIl mutants were verified by dideoxy sequencing (Pharmacia

Biotech T7 sequencing™ kit).

Cell Culture and Transfection • The wild type and mutant cDNAs were

inserted into the P91023B expression vector (courtesy of R. Kaufman, Genetics

Institute, Boston, MA) for expression in LR-73, a CHO-derived cell line
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Table 1. Methods of Site-Directed Mutagenesis ofCEACAMl-4L

construct mutation in Primers used for mutagenesis
CC1-4L protein

CC1-t* A445/stop Sense: 5'TGGAATCTCCATCCGTTGGTTCTTCAA3'
Â Pf1m1

Bsrf1.
Antisense: S'CTTGCCCTGCCGGTCTTCCCGAAATGCA
GAAAACATGCCAGGGCTACTA-TATCAGAGCAACC3'

CC1-tSG L4l9P420/SG Sense: 5'CTATAATGCT~AGGACAAGAAAATG3'

Antisensel:S'TTTACGTTCAGCATGATGGGG3'

CCl-tS L419/S Sense: 5'CTATAATGCTTCACCACAAGAAAATG3'

CCl-tG P420/G Sense: S'CTATAATGCTCTAGGACAAGAAAATG3'

CCl-tA L4l9/A Sense: 5'CTATAATGCT~ACCACAAGAAAATG3'

CC1-tGT P4201430/GT Sense: S'CTATAATGCTCTAQQACAAGAAAATGGCCTCT
CACCTGGGGCCA~TGCT3'

CC1-tAT L4191430/AT Sense: 5'CTATAATGCT~ACCACAAGAAAATGGCCTCT

CACCTGGGGCCA~TGCT3'

CEACAM1-4L constructs, sites of their mutations and the oligos which have been used for mutagenesis. The bold, underlined bases
represent mismatched nucleotides used to introduce mutations in CCI cDNA. The da~h symbol in the antisense primer used for making
CCI-t represents the deleted base corresponding to CC1-4L cDNA. The arrows show the unique restriction sites in CC 1-4L cDNA
which have been used to replace a 296 b.p. fragment ofCCl-4L by the mutant PCR fragment to make the CCI-t construct.

*Other constructs have a stop codon at the same position as CCI-t, in addition to the other specified amino acid substitutions.*This antisense primer was also used for ail other inverse PCR based mutagenesis.
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(Pollard and Stanners, 1979), or rat L6 myoblasts (Yaffe, 1968). The cells were

grown as monolayer cultures in a-MEM (LR-73) or DME (L6) containing 10%

fetal bovine serum (FBS) as growth medium (GM; GmCO BRL, Gaithersburg,

MD) supplemented with 100 U /m! penicillin and 100 ug/ml streptomycin

(GIBCO BRL) and were incubated at 37°C in a humidified atmosphere with

5% COZ. For transfection, the cells were seeded at 1.5-2 x 105 cells/l00mm dish

and co-transfected 24h later by calcium phosphate coprecipitation with 10ug of

P91023B containing full length cDNAs and lug pSV2neo plasmid per dish.

Geneticin (G-418 sulfate, Gibco BRL)-resistant colonies were pooled after

selection with 400ug/ml G-418 in growth medium for 10-14 days. To enrich

for stable transfectants, the pooled G-418-resistant colonies were cultured

without G-418 for over 1 month and then sorted for high cell surface

expression of CEACAM1 protein by FACS, using polyclonal rabbit antihuman

CEA antibody. High expressing cell populations were used for further

experiments.

FACS Analysis - Transfected ceUs were analyzed for cell surface

expression of proteins by cytofluorometric analysis (FACScan®, Becton

Dickinson, Bedford, MA) using polyclonal rabbit anti-CEA as primary

antibodies, as previously described (Zhou et aL, 1993a). This antibody

extensively cross reacts with CEACAMI and also other CEA family members

(Zhou et al., 1993b).
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Phosphatidylinositol-Specific Phospholipase C (PI-PLC) Treatment of

Intact Cells - Adherent transfected cells were removed from culture dishes

with Hank's balanced salt solution lacking Ca2+/M~+ but containing 0.5 mM

EDTA (Hanks/EDTA) for 3min at 37°C, rendered single cell suspensions and

the cell concentration determined. Duplicate aliquots of 5xlOs cells were

washed in cold PBS and resuspended in lSOJ,Ù of serum free culture medium

diluted 1:1 with PHS + 0.2% BSA; one aliquot was treated in suspension at

37°C, in 95% air + 50/0 CO2, with 0.2 units PI-PLC from Bacillus Cereus

(Boehringer Mannheim) and the other without PI-PLC treatment as a control.

After lhr incubation, the cells were centrifuged and resuspended in 2.5 ml

cold PBS and subjected to FACS analysis as described above to measure the

residual levels of cell surface CEACAMI proteine Transfectants of naturally

occurring GPI and TM-anchored CEA family members were used as positive

and negative controls, respectively.

Differentiai Extraction of GPI-linked and TM-linked proteins by Triton

X-l00 - Monolayer cultures of cells were removed with Hanks/EDTA and

6 62.SxlD LR-73 transfectant cells or 1.2SxlO L6 transfectant cells were

resuspended in 250Jll of ice cold lysis buffer containing 20mM Tris-HCI pH

6.S,150mM NaCI, SmM EDTA, and 1% Triton X-lOO (TX-lOO), supplemented

with a cocktail of protease inhibitors (lmM phenylmethyl sulfonyl fluoride,
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IOlJ,g/ml leupeptin and IOJ,lg/ml aprotenin). After mixing, they were

incubated for IOmïn. on ice and centrifuged at 15,OOOxg at 4°C for 20mîn. 250J,l1

2x505 PAGE sample buffer (Laemmli, 1970) was added to the supematant and

SOOf,Ù lx5D5 sample buffer to the pellet. Lysates were boiled for 10min. and

20J.,Ù of each supematant and sediment was analyzed by PAGE for the levels of

CEACAMI proteins by immunoblotting, as described below.

Endoglycosidase H (Endo H) Treatment - For glycosidase treatment,

LR(CCI-t) transfectant cells were lysed by TX-IOO containing lysis buffer, as

described above, and both supernatant and sediment were dissolved in lx

Endo H denaturing buffer provided by the enzyme supplier (New England

Biolabs, Beverly, MA), then denatured by boiling at 100°C for lOmin. Total

protein levels were determined using bicinchoninic acid (BeA) reagent

(Pierce, Rockford, IL) and ZOug of total protein was treated with 1250 U EndoH

at 37°C for lhr. For immunoblotting, Endo H treated and untreated samples

were mixed with an equal volume of 2x5D5 sample buffer and CEACAMI

proteins from 15ug total protein of each supernatant and sediment were

resolved by SDS PAGE and immunoblotting, as below.

SDS PAGE and Immunoblotting - Aliquots of supematant and

sediment of TX-IOO extracts or Endo H treated samples, prepared as described

above, were analyzed by electrophoresis on 7.5% Sn5-polyacrylamide gels and
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transferred electrophoretically to a 0.45 um nitrocellulose membrane

(Protran™, XYMOTECH Biosystem INC.). Membranes were incubated at 4°C

overnight with rabbit polyclonal antihuman CEA antibody, diluted 1:3000.

After 30 min. washing with buffer containing 0.10/0 Tween 20, membranes

were incubated in 1:4000 diluted HRP-conjugated anti-rabbit antibody, and

washed and visualized by ECL reagent according to the manufacturer's

instructions (Amersham Life Science, Pittsburgh, PA). Extracts from LR-73

transfectants of naturally occurring GPlor TM-linked CEA family members

were used as controls.

Adhesion Assay - Adhesion assays were performed on LR-73

transfectants by visual measurement of the percentage of cells remaining as

single cells as a function of time in suspension using a hemocytometer, as

previously described (Benchimol et al., 1989).

Myogenic Differentiation Assay - Rat L6 myoblast transfectants were

tested for their ability to differentiate as follows. In arder to avoid

complications in interpretation due to clonaI differences unrelated ta the

effects of the expressed plasmid, pooled populations of transfectants sorted by

FACS for relatively high levels of expression, were studied. Cultures of

transfectants were seeded at 104 cells/cm2 in 60mm dishes in GM and

incubated at 3']OC for 3 days, after which the medium was changed to DMEM +

2% horse serum and the incubation continued for a further 7 days. The
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cultures were stained with hematoxylin and the extent of differentiation

assessed by the percentage of nuclei in single myotube cells with 3 or more

nuclei relative to the total number of nuclei. Three independent experiments

testing for the ability of various experimental and control transfectants to

differentiate were carried out for each of two independent sets of

transfectants, with equivalent results.

Assay for Integrin Function - As a measure of integrin function,

transfected L6 ceIls were seeded at 1x104 cells/cm2 in CM and incubated for a

period of 4 days to reach confluency, collected and suspended at a

concentration of 4xl05 cells/ml in serum free DMEM. 0.25 ml of the cellular

suspension was added per well to 24 weIl plates coated with 10 ug/ml of

purified rat plasma fibronectin (0.25 ml/weIl) (Sigma-Aldrich, Oakville, ON)

by overnight incubation at 4°C followed by incubation for a minimum of 8

hours at 4°C with 10
/ 0 BSA, then washing with serum-free DMEM. Cells were

allowed to adhere to the ECM-coated wells for one hour, after which the wells

were washed twice with PBS to remove unattached cells. The remaining

attached cells were removed with trypsin and their number determined using

a particle counter (Coulter Electronics Inc., Hialeah, FL) .
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RESULTS

To determine the key differences in the transmembrane exon of human CEA

family members required to shift the mode of membrane linkage from TM to

GPI, we compared the nucleotide and amino acid sequences of the C-terminal

hydrophobie exons of both GPI and TM-linked CEA family memhers (Fig. 1).

A significant difference between them is the presence of a stop codon at the

same position in all TM exons of GPI-linked members, while CEACAMl-4L

has an extended open reading frame of 82 amino acids (TM plus the

cytoplasmic domain) after the stop codon.

Effect of introduction of a stop codon into the CEACAMl-4L TM

domain - To investigate the raIe of this stop codon in the mode of membrane

linkage of CEA family members, we introduced the same nucleotide sequence

differences between CEA and CEACAMI (a one bp deletion and a one bp

substitution) to produce a stop codon at the corresponding position in

CEACAMl-4L eDNA by PCR-based site-specifie mutagenesis. The mutated

CEACAMl-4L cDNA, denoted "CCI-t" for IItruncated", was introdueed into

an expression vector and stably transfeeted into the CHû cellline, LR-73. After

confirming the cell surface expression of a CC-lt protein product by FACS

analysis of LR(CCl-t), the GPI-linkage of the protein to the cell membrane of

one of the CCl-t expressing clones was demonstrated by sensitivity to PI-PLC.

FACS profiles of both PI-PLC-treated and untreated cell populations showed a
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Figure 1. Sequence comparison (a. Nucleotides, b. Amino acids) of the

transmembrane domain of CEA gene family members. Underlined bases in

panel a represent stop codons and dashes show a naturally occurring base

deletion in comparison with the CEACAMI gene. Underlined amino acids in

panel b represent the GPI anchor attachment sites and stars show the position

of stop codons. Bold letters show the position of amino acid mutations in

various constructed, mutant CCl-4L proteins. The TM domain of mutant GPI

linked CCl-tAT protein and the positions of its mutations (bold letters) are

also shown in panel b for comparison.
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reduction of cell surface levels of both CCl-t and CEA but no reduction of

CEACAMl-4L (Fig. 2).

The GPI linkage of the CCl-t protein was also verified by a cold Triton

X-IOO solubilization assay. In this assay, GPI-linked proteins tend to he

insoluble, whereas TM-linked proteins are soluble (Brown and London, 1997;

Schroeder et aL, 1994). Western blot analysis of cold TX-IOO extracts of CEA,

CEACAMl-4L and CCl-t transfectants indicated insoluble CEA and CCl-t

protein and soluble CEACAMl-4L protein (Fig. 3a). The CCl-t protein,

however, showed a major lower MW band in the TX-IOO soluble fraction, in

addition to the band in the insoluble fraction. This band was presumably due

to incomplete glycosylation during intraceUular processing, since it was Endo

H sensitive (Fig. 4b), a test for proteins that fail to pass the golgi (Dunphy et al.,

1985). Immunoblotting of the supernatant fractions from PI-PLC-treated

LR(CCl-t) ceUs confirmed that only the higher MW, TX-IOO insoluble species

is released by PI-PLC and therefore GPI-linked and at the cell surface (Fig. 4a).

We concluded that the lower MW, TX-IOO soluble band is not GPI processed

and is sequestered inside the ceU. Densitometric analysis of an ECL-developed

Western blot showed that about 10% of the total CCl-t protein in the ceU is

GPI processed. In parallel experiments with LR-73 transfectants producing

naturally occurring GPI-linked CEA family members, CEA (Fig. 3a),

CEACAM6 (Fig. 3b), or CEACAM8 (data not shown), the lower MW TX-IOO

soluble unprocessed band could not be detected, although sorne higher MW,
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Figure 2. FACS analysis before and after PI-PLC treatment.

After PI-PLC treatment of LR-73 transfectants, CEA (GPI-linked control) and

three CCl-4L mutants, CCl-t, CCl-tSG, CCl-lAT, showed cell surface

reduction of expressed protein, but Neo and CCl-4L (TM-linked) controIs

showed no sensitivity to PI-PLC.
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Figure 3. GPI-processing evaluation of various CCl-4L mutants by cold

nonionic detergent solubility assay. Western blot analysis of cold Triton X-IOO

extracts of LR-73 transfectants was performed. Neo transfectants and naturally

occurring CEA family members, CEA, CEACAM6 (GPI-linked), and CCI-4L

(TM-linked) were used as controls.

a. CEA and CCI-t proteins were insoluble in TX-IOO, but CCI-4L protein was

soluble. The CCI-t protein, however, showed a major lower MW band in the

TX-IOO soluble fraction which presumably was due to fallure of efficient GPI

processing (see Fig. 4).

b. CCl-tS mutant protein, in contrast to CCI-t (panel a) and CCl-tG, showed a

marked improvement in GPI-processing efficiency by the presence of a major

1161<0, TX-IOO insoluble band and only a minor lower MW, TX-100 soluble

band. CEA and CEACAM6 controls, as naturally occurring GPI-linked CEA

family members, did not show any soluble, lower MW band.

c. CCl-tGT protein showed a much higher GPI-processing efficiency compared

ta CCl-tG (panel b).

d. CCI-tAT demonstrated complete GPI-processing as with CEA and

CEACAM6, but CCl-tA showed the same level of GPI-processing efficiency as

CCI-tS (panel b), since the same lower MW, TX-lOO solube band was observed.
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Figure 4. Tests for showing intracellular retention of the lower MW, TX-lOO

soluble fraction of CCl·t protein. a. Immunoblot of the supematant reaction

medium of LR(CC1-t) transfectants after 1 he incubation with PI-PLC enzyme

shows only one band (lane 1) which corresponds to the CCI-t, TX-100 insolubl,

higher MW band (lane 3) that is released from cell surface. Two other low

MW bands which could be seen in both PI-PLC treated and untreatedcells (lane

1 and 2) but not in TX-100 extracts (lane 3 and 4) are presumably due to other

cross-reacting components in the reaction medium (see Materials & Methods).

b. Immunoblot of both TX-IOO soluble, and insoluble fractions with (lane 3 and

4) and without (1 and 2) treatment with Endo H shows that only the lower

MW, TX-IOO soluble fraction (1ane 3) is sensetive to the enzyme and thus is

retained inside cells.
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fully processed soluble protein was seen. These results show that the

introduction of a stop codon in the CC1-4L TM domain at the corresponding

position to the stop codon naturally found in the C-terminal domain of GPI

linked CEA family members is sufficient ta confer GPI linkage to CC1-4L,

although the efficiency of processing is low.

Mutations giving increased CPI processing efficiency of CCl-t - We

predicted that the low efficiency of CPI processing of CC1-t might be ascribed

ta a weak cleavage and anchor attachment signal at the amino terminal end

of its TM domain. The precise TM cleavage site (ro-site) for the CC1-t protein is

unknown but, on the basis of previous studies on GPI-linked proteins

(Englund, 1993; Micanovic et al., 1990), the two best possible candidates are

either N417 or A418; the 0)+2 residues, which are aIso critical for efficient CPI

processing, would then be L419 or P420, respectively. However, bath of the

latter residues have been found to be weak as CPI processing signaIs (Gerber

et al., 1992; Kodukula et al., 1993). We therefore substituted the two candidate

00+2 residues in CC1-t protein for the residues in CEA at these positions (S419

and G420). PI-PLC treatment of stable transfectants of this mutant, denoted

LR(CC1-tSG), showed that the protein reaching the cell surface was GPI-linked

(Fig. 2). The efficiency of GPI-processing of the mutant CCI-tSG protein by the

Triton X-IOO solublization assay gave 77% insolubility in TX-100 (Table 2),

suggesting a much improved processing efficiency for GPI-linkage.
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Table II. GPI-processing efficiency ofCCl-4L mutants

CELLLINE
CONSTRUCT LR-73 LB

CC1-t 8% 10%

CC1-tSG n ND

CC1-tS 80 77

CC1-tG 5 ND

CC1-tA 80 78

CC1-tGT 56 ND

CC1-tAT 100 ND

GPI-processing efficiency of CCl-4L mutants transfected
into the Chinese hamster cellline LR-73 and rat L6 myoblasts,
measured by scanning ECL-developed immunoblots.
ND: Not Determined
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To determine which of the two above substitutions in CCl-t protein

was effective for higher GPI-processing, CCl-tS and CCl-tG with single L419S,

and P420G substitutions, respectively, were constructed. GPI linkage of the

two mutant proteins was shown by PI-PLC treatment of stable transfectants of

LR-73 cells, as before (data not shown). The cold TX-IOO solubility assay

indicated 80% insoluble CCI-tS but only 50/0 insoluble CCl-tG (Fig. 3B and

Table 2). 5ïnce mutating L419 to 5 but not P420 to G could markedly improve

GPI processing of CCl-t proteins, we conclude that N417 and not A418 is most

likely the 0) site for GPI addition in CCI-t.

In spite of the quite dramatic improvement in processing activity in

CCI-tS over CCI-t, the efficiency does not match the 100% efficiency of

naturally occurring GPI-linked members of the CEA family. The Ser residue

in the (0+2 position of CCl-tS, from studies with other GPI-linked proteins

(Kodukula et al., 1993; Moran and Caras, 1994), would not be considered

optimal for efficient GPI processing. We substituted 5419 for Ala ta produce

CCl-tA, a more favorable residue (Kodukula et al., 1993; Moran and Caras,

1994). CCl-tA cDNA was stably transfected in LR-73 and GPI-linkage of its

protein on the cell surface was confirmed by PI-PLC sensitivity as before (data

not shown). The GPI-processing efficiency of CCl-tA protein, by the cold TX

100 solubility assay, however, was not improved over that of CC1-tS (Fig. 3d

and Table 2).
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The failure to obtain 1000/0 GPI-processing activity with mutations at

the 0>+2 site, led us to consider differenees in amine acid sequence further

downstream.. There is a eonserved Thr in the TM domain of GPI-linked CEA,

CEACAM6, CEACAM8 and in virtually an primate GPI-linked C-terminal

hydrophobie exons (Naghibalhossaini & Stanners, Chapter 3) at a position

eorresponding to lle430 in CEACAMI-4L protein (Fig. 1) that, in CCI-t, tends

to shorten the hydrophilie region after the 0>+2 residue required for efficient

proeessing (Furukawa et al., 1997). In order to investigate the role of this

residue, an inefficiently proeessed CEACAMI mutant with the same residues

at the and m+2 sites as CEA, CCl-tG, was used. CCl-tGT, with ne430 replaeed

by Thr, was therefore eonstrueted from CCl-tG. The immunoblot of TX-lOO

extraets of LR(CCI-tGT) showed a marked improvement of GPI-proeessing

relative to the CCl-tG protein (56% of CCl-tGT protein versus 50/0 of CCl-tG)

(Fig. 3e and Table 2). These results indicate that the evolutionarily conserved

Thr430 residue in fact has an important role in GPI-proeessing of CEA family

members.

FinaIly, mutant CCl-tAT, with both advantageous mutations, L4l9A

and I430T, was construeted and tested for proeessing effieiency. This mutant

protein was weIl expressed on the surface of LR-73 eells and sensitive to PI

PLC (Fig. 2). The GPI-processing efficiency for CCI-tAT was essentially 100%,
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since there was no detectable lower MW cold TX-IOO soluble band, as with the

naturally occurring CEA family members (Fig. 3d and Table 2).

We conclude that CEACAMI-4L can be converted into an efficiently

processed GPI-linked protein by relatively few mutations in its TM domain;

the introduction of a stop codon, a mutation at the 00+2 site and a mutation

extending the length of the hydrophilic spacer region suffice.

GPI processing of mutant CEACAMl-4L proteins is cell line

independent - To test whether or not the efficiency of GPI processing of the

CEACAMl-4L mutants is cell line dependent, we transfected CCI-t, CCI-tS,

and CCl-tA cDNA into rat L6 myoblasts. The GPI-processing was verified by

PI-PLC sensitivity (data not shown) and the efficiency measured by

immunoblotting of cold TX-IOO extracts of L6 transfectants, as before (Table 2).

The latter showed GPI-processing efficiencies of approximately 10, 77, and 78%

for CCI-t, CCI-tS and CCl-tA proteins in L6 cells, respectively. Thus, there was

no significant difference of GPI-processing efficiency of the CEACAMI-4L

mutants in rat L6 versus Chinese hamster LR-73 cells, even though the GPI

processed mutant proteins (and CEA) were consistently lower in MW in L6

than LR-73, presumably because of less glycosylation (data not shown).

GPI-linked CCl-fAT functions as an adhesion molecule - In order ta

test whether the mode of membrane linkage of CEACAMl-4L changes its
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function as an intercellular adhesion molecu1e (Rojas et al., 1990),

LR(CEACAMl-4L) and LR(CCl-tAn transfectant cells were subjected to an

aggregation assay in suspension (Benchimol et al., 1989). The results, shown

in Fig. 5, indicate that CCl-tAT functions weIl as a homotypic intercellular

adhesion molecule. Thus, changing the mode of membrane linkage does not

delete the intercellular adhesion function of CEACAMl-4L.

GPI-linked CCl-fAT blacks myogenic differentiation and perturbs

binding to fibranectin - GPI-linked CEA and CEACAM6 inhibit the

differentiation of many different cell types, whereas TM-linked CEACAMI

does not (see Introduction). In order to test whether changing the mode of

membrane linkage of CEACAMI ta GPI anchorage now conferred on

CEACAMI the property of blocking myogenïc differentiation, CCl-tAT was

expressed in rat L6 myoblasts and the transfectants tested for their ability to

fuse into myotubes. Unlike L6(CCl-4L) transfectants and like L6(CEA)

transfectants, L6(CCI-tAT) transfectants were completely unable to fuse and

differentiate into myotubes (Fig. 6).

The mechanism for the inhibition of differentiation by CEA and

CEACAM6 has been shown to result from perturbation in the function of

certain integrins, (1513v in the case of L6 myoblasts, resulting in a change in the

binding to fibronectin, a key component of the extracellular matrix (Ordonez

et al., submitted). L6 myoblasts expressing CCI-tAT, obtained from confluent
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Figure 5. Homotipic adhesion mediated by mutant CEACAMI protein: LR-73

cells transfected by Neo and CCl-4L as controls and mutant, GPI-linked CCl

tAT were subjected to the homotypic adhesion assay in suspension. The

percentage of single cells was measured as a function of time in suspension.

The mean expression levels of CCl-4L and CC1-tAT by FACS analysis were 280

and 98, respectively.
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Figure 6. Photomicrographs of hematoxylin stained cultures of various L6

transfectants incubated in DM for 7 days. FACS profiles show the relative cell

surface expression level of proteins.
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cultures in which differentiation would normally occur, bound less well to

purified fibronectin than parental L6 myoblasts (Fig. 7), much as L6(CEA)

transfectants, whereas the binding of L6(CCl-4L) and L6(NCAM) transfectants

was unaffected.
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Figure 7. GPI anchored CEA and CCI-tAT expression on the surface of L6

myoblast modifies ceU adhesion to fibronectin. Transfected L6 myoblasts were

alIowed to bind fibronectin-coated tissue culture surfaces for 1 hour at 37°C.

L6(CEA) and L6(CCl-tAT) bound to fibronectin significantly less than L6

parental, L6 (CCl-4L) and L6(NCAM) controis. These experiments were

repeated three times with similar results.

75



•

•

3
~

1

0-><
'-

2~
.r:J
E
:=c--~

U



•

•

DISCUSSION

In this work we have investigated the molecular requirements for GPI

linkage of CEA family members in the context of evolution. GPI-linked

members, CEA and CEACAM6, differ radically in function from the TM

linked member, CEACAMl, in that the former can black cell differentiation

and contribute to tumorigenesis (Eidelman et al., 1993; Screaton et aL, 1997)

while the latter cannot (Rojas et al., 1996). Consistent with these findings,

CEA and CEACAM6 are upregulated in human cancer, while CEACAMI is

downregulated, possibly acting as a tumor suppressor, as shown for the

murine equivalent of CEACAMI (Hsieh et al., 1995; Kunath et aL, 1995).

Since only TM-linked CEACAMl-lïke genes have been discovered in rodents,

we have suggested a recent evolution of GPI-linked CEA family members

from a primordial CEACAMI-like gene (Stanners et aL, 1995; Stanners et al.,

1992). In fact, in an evolutionary study, using a rapid PCR-based assay on

genomic DNA, we have identified GPI-linked CEA members only in primates

from all mammalian orders tested (Naghibalhossaini et al., Chapter 3). In

view of the rather dramatic change in function implicated by the acquisition

of the GPI anchor, we decided to examine the ease of derivation of GPI

linkage from the TM domain of CEACAMI by determining which of the

sequence differences observed between CEACAMI and the GPI-linked CEA

family members are required to shift the mode of membrane anchorage. We

have shown here that very few mutations are required to convert TM-linked
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CEACAMI into an efficiently processed GPI-linked molecule: the

introduction of a stop codon and two upstream substitutions in the TM

domain of CEACAMI suffice.

There are actually three TM-linked genes in the human CEA family:

CEACAMl, CEACAM3 and CEACAM4. CEACAMI was chosen as a starting

point for our mutational study because of its doser relatedness in nucleotide

sequence and domain organization to the human GPI-linked family

members (Hammarstrôm et aL, 1998).

Measurement of GPI-processing efficiency - Previous work by others 0 n

the determination of molecular signaIs required for GPI processing has been

carried out by transient expression of mutant GPI-linked proteins or

chimeras, such as placental alkaline phosphatase (Kodukula et aL, 1993),

acetylcholinesterase (Bucht and Hjalmarsson, 1996) or decay accelerating factor

(Moran and Caras, 1991), using enzyme activity or expression at the cell

surface as a measure of the efficiency of GPI-processing. This approach

depends on a constant transfection efficiency. In the present work, we used

two properties of mutant CEACAMI proteins to quantitate GPI processing

efficiency. Due to the linkage of GPI-linked proteins to saturated acyl chains,

these proteins associate with sphingolipids and cholesterol in cold detergent

resistant membrane domains (DRM) in the cell membrane and become

insoluble (Brown and London, 1997). AIso, CEA family members are highly
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glycosylated on asparagine residues, constituting up to 50% of their moiecular

weight; fallure to cleave the hydrophobie C terminus and attach a GPI anchor

results in retention in the ER and incomplete glycosylation, resulting in a

faster gel mobility detectable by immunoblotting.

The GPI-processing efficiency can therefore be assessed by the presence

of coId detergent soluble bands of lower than normal molecular weight. The

justification for this assumption derives from both precedent and

experiment. Thus, uncleaved GPI anchoring signaIs have been reported to

function as intracellular retention signaIs for GPI-unprocessed proteins

(Moran and Caras, 1992). Also, a mutant chimeric protein of rat a-globin (a

GL) fused in-frame with the C-terminai domain of placental alkaline

phosphatase (a-GL-PLAP), unlike wild-type a-GL-PLAP, failed to be GPI

processed and associated with the ER-resident chaperon, Bip/GRP78, resulting

in retention within the ER and rapid degradation (Oda et al., 1996). In the

case of CEACAMI constructs that were inefficientIy GPI-processed, a high

MW TX-IOO insoluble band was shown to be released from the cell surface by

digestion with PI-PLC, demonstrating this form to be the mature, properly

localized GPI-linked proteine In the TX-IOO soluble fraction, two bands were

obtained, one of full size and another of lower MW. The latter was shown to

be selectively sensitive to Endoglycosidase H (Endo-H), an enzyme that

cleaves the high-mannose oligosaccharides added in the ER that have not

been processed by I3-N-acetylglucosamine transferase 1 and a-mannosidase II

78



•

•

in the medial golgi CÏStemae (Dunphy et al., 1985). No unprocessed

CEACAMI protein was found in the extracellular medium, at least after an

incubation of 1 hr, as described for GPI-uncleavable hGH-DAF28 fusion

protein (Moran and Caras, 1992). The larger MW TX-100 insoluble band was

therefore used as a measurement of CEACAM1 GPI-processing efficiency.

5ince the rate of degradation of the GPI-unprocessed, Endo-H sensitive,

mutant protein was not assessed, our measures of the percentage of GPI

processed protein based on steady state levels are likely to represent

overestimates of the true processing efficiencies.

Requirement for a truncated TM-domain - To determine the changes

in the CEACAM1 TM domain required ta change its mode of membrane

linkage, we made a series of site-directed mutations. The CEACAM1-4L TM

domain was first truncated by the insertion of a nonsense mutation at the

position corresponding ta A445. This position corresponds ta the stop codon

in aH human GPI-linked CEA family members (see Fig. 1). The introduction

of a stop codon by a one bp deletion and a substitution at this position alone

could confer GPI-linkage to the mutant CC1-t protein, although inefficiently

(-10% processing efficiency). This indicates that a latent GPI-anchoring signal

must exist in the CEACAMl-4L TM domain that becomes functional upon

removal of the cytoplasmic tai!. Precedents for this observation have been

reported; for example, deletion of the pentapeptide cytoplasmic tail of the T-

cell receptor (TeR) l3-chain resulted in its surface expression as a GPI-
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anchored polypeptide (Bell et al., 1994). The identical position and sequence

of the stop codons in aIl human GPI-linked CEA family members plus the

high sequence homology between them suggests they were all derived from

the same gene after evolution of the fust TM exon giving GPI linkage

[probably attached to an CEACAM6-like gene (Naghibalhossaini et al.,

Chapter 3)]. The discovery in New World monkeys of a second stop codon

generating mechanism further downstream of that seen in humans and most

primates (Naghibalhossaini et a1., Chapter 3) indicates that other sites of

introduction of stop codons in the TM domain can be equally effective in

generating GPI linkage.

Reqirements for efficient GPI-processing - Studies on other GPI-linked

proteins (Udenfriend and Kodukula, 1995) suggest that the site for cleavage

and addition of a GPI anchor is restricted to the 6 small amino acids:

D,N,G,A,S and C; the 00+2 residue, which is also important as a GPI-processing

signal, is limited to only A,G and S. N417 was decïded to be the most likely 00

site in CCl-t based on the fact that mutations L4195 or L419A at the 00+2 site

for this residue both markedly increased the efficiency of GPI processing.

These mutations, however, resulted in processing at 80% efficiency, not 100%

as seen in naturally occuring CEA GPI-linked CEA family members. Other

differences between the latter and CEACAMI TM domains were therefore
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sought that eould account for the residual improvement in proeessing

efficiency.

The GPI processing signal peptide includes a hydrophilie spaeer

sequence between the ro-site and the C-terminal hydrophobic region. W e

speculated that the incomplete GPI-processing of CCI-tS and also the highly

ineffieient processing of the CCl-tG proprotein, which aetually has the same

residues at the positions corresponding to the 00 and 00+2 sites in the CEA TM

domain, might be due to a defeetive hydrophilic spacer signal. The length and

sequence of the spacer differs among various GPI-linked proteins, the length

alone varying from 4 to 17 residues. Mutational studies on the spacer region

of 5'-nucleotidase showed that, of 6-14 residues, a length of 8 residues was

optimally compatible for GPI-modification (Furukawa et al., 1997). If N4l7 is

the oo-site in CCl-t TM, the spaeer would be 9 residues (A418-S426) in length.

AH GPI-linked CEA family members of human (Fig. 1) and other primates

(Naghibalhossaini et al., Chapter 3) have a T residue at position 430 (except for

human CEACAM7 which has an A at this site preceded by a T residue),

whereas aH TM-linked family members have a hydrophobic ne residue at this

site. It is possible that this Thr, which is at the border of the hydrophilic spaeer

and the C-terminal hydrophobie domain, is required for efficient GPI

processing, possibly by increasing and optimizing the length of the

hydrophilic spacer by 4 residues. Substitution of 1430 for T in CCl-tG and CCl

tA, giving CCl-tGT and CCl-tAT mutants respectively, resulted in a much
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higher processing efficiency (560/0 for CCI-tGT and 1000/0 for CCl-tAT protein),

bringing the efficiency for CCl-tAT, at least, up to that of naturally occurring

GPI-linked CEA family mernbers.

Testing of sorne of the above CEACAMI-4L mutants also showed the

same level of GPI-processing efficiency in rat L6 myoblasts as in the Chinese

hamster cell line, LR-73, indicating that the GPI-processing is ceH line

independent, at least in two mammalian systems.

As aIl of the naturally occurring GPI-linked CEA family members

tested (CEA, CEACAM6 and CEACAM8) showed complete GPI-processing, it

is interesting that, although the evolution of GPI-linked CEA family

members appears to have happened relatively recently in the primate

radiation, aH of them accumulated enough mutations to be GPI-processed

with high efficiency. This change of mode of cell anchorage from TM to GPI

linked did not abolish the intercellular adhesive function of CCI-4L, an

expected result considering the fact that both GPI-linked and TM-linked CEA

family members have been found to mediate homotypic and heterotypic

intercellular adhesion (Rojas et al., 1996). GPI-linked CEA and CEACAM6,

however, show radical differences from CEACAMI in their effects on several

important cellular properties in that they block the differentiation of a

number of different cell types and can disrupt the tissue architecture and

polarization of human colonocytes (see Introduction). Interestingly, at least

one of these differences in function was found for CCI-tAT: this efficiently

processed GPI-linked derivative of CCI-4L completely blocked the myogenic
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differentiation of rat L6 myoblasts. For GPI-linked CEA and CEACAM6, the

block of myogenïc differentiation is accompanied by many other effects on the

cell phenotype, ail apparently consequences of CEA/CEACAM6-mediated

alterations of the function of specific integrins (Ordonez, Malette & Stanners,

in preparation). CCl-tAT expression was found ta perturb the binding of L6

cells ta fibronectin in much the same fashion as CEA and CEACAM6, thus

implying the same effect as CEA/CEACAM6 on the function of the cxsJ3v the

integrin mainly responsible for binding tb fibronectin. The question as to

whether the Upackage" of functional consequences that arise due to the

perturbation of this integrin could provide a rationale for the evolution of

GPI linkage is currently under investigation.

5ince GPI-linked proteins are found in very primitive organisrns, such

as protozoa and yeast, where in sorne cases most of the cell surface proteins

are GPI-anchored (McConvilie and Ferguson, 1993), it seems assured that the

machinery for producing the GPt anchors themselves was already in place

when the generation of GPI-linked members of the CEA family occurred

during evolution. In fact, free GPI-related structures have been isolated from

bacteria as weIl as from eukaryotic cells (Ferguson and Williams, 1988; Gaulton

and Pratt, 1994) . This basic GPI structure, probably having an independent

function, therefore most likely predated the evolution of GPI-anchored

proteins. Recruitment of protein GPI-anchoring machinery in so wide a

variety of eukaryotic organisrns suggests a strong selective advantage for the
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acquisition of this form of anchoring during evolution, with functional

significance that is only now being explored.

On the basis of above results, we propose the following model for

evolution of GPI-linked CEA family members: 1. TM linked CEACAMI

represents the more primordial conserved member of the CEA family, since it

is present in both rodents and primates. 2. Truncation of the TM domain of

CEACAMI protein by the introduction of a stop codon, followed by a few

more amino acid substitutions in the CEACAMI TM exon, resulted in the

evolution of an efficiently processed primitive GPI-linked gene. 3. AlI other

GPI-linked CEA family members were derived from this gene by gene

duplication and exon shuffling relatively recently in the evolutionary time

scale. This scheme provides a paradigm for evolution of GPI anchors in the Ig

superfamily: the introduction of a stop codon by mutation in a relatively wide

region of a TM domain produces an inefficiently processed GPI-linked protein

isoform that can nevertheless allow "testing" for an advantageous change in

function; if the latter accrues, the advantage will favor the acquisition of

further mutations giving efficient processing and high cell surface levels of

expression.
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The work presented in the previous chapter examines the possibility of

derivation of GPI-linked CEA family members from more primordial

conserved TM-linked CEA family members during evolution. The results

show the truncation of the TM domain of CEACAMI protein by the

introduction of a stop codon, followed by a few more amino acid substitutions

in the CEACAMI TM exon possibly resulted in the evolution of the first

efficientIy processed primitive GPI-linked CEA family member.

Since the normal function of CEA family members in vivo is not weIl

understood, a study of the appearance during evolution of a structural feature

which has a dramatic effect on function, such as GPI membrane linkage,

could provide important insights into CEA family function in v ivo. On the

assumption that GPI-linked CEA family members evolved from TM-linked

CEACAMI-like CEA family members and that a stop codon in TM exon of

CEA family members is necessary and indicative of GPI-anchorage of CEA

family members as shown in chapter 2, we established a rapid PCR-based

screening of genomic DNA. The PCR analysis of TM exons of the CEA family

members of various species presented in the next chapter was designed to

directIy determine where in evolution the functionaIly significant change of

membrane anchorage in CEA family occurred.
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Chapter 3

Evolution of GPI-linked Ig Superfamily Members in CEA Subfamily

Indieates Adaptive Function of GPI Membrane Anehors
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Abstract

Glycophosphatidyl inositol (GPl) anchors, linking glycoprotein

molecules to the external cell surface, would be expected to lead to different

inter-molecular coupling than transmembrane (TM) anchors that can directIy

link exo-signals with internal cellular machinery by their cytoplasmic

domains. We show here that, for the human carcinoembryonic antigen (CEA)

family, a subfamily of the immunoglobulin superfamily (lgSF), GPI

anchorage demonstrates convergent evolution, in that it evolved twice

independently by different packages of mutations, presumably from more

primitive TM anchors, during the primate radiation. This finding suggests

that GPI anchors have adaptive function conferring selective advantage. For

CEA family members, conversion of the mode of membrane linkage from

TM to GPI confers radical changes in the cellular properties they mediate:

from tumor suppression or neutrality towards disordered cellular and tissue

architecture and inhibition of differentiation, thereby contributing to adult

tumorigenesis. The present results suggest that these features must

nonetheless be advantageous under certain situations during the life of the

organism.
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Introduction

Cell surface linkage of extemal proteins by GPI anchors is common in

animal cells (Englund, 1993; McConville and Ferguson, 1993). The human CEA

family consists of 29 highly similar gene-like sequences, closely clustered 0 n

the long arm. of chromosome 19, and includes members comprised of NH2

terminal V-like Ig domains followed bya variable number of C2 Ig domains

and anchored to the external ceU surface by both GPI and TM anchors. GPI

anchored family members CEA and CEACAM6 demonstrate radicaUy

different functions from TM-linked member CEACAMl in that they inhibit

the differentiation of many ceU types (Eidelman et al., 1993) and disrupt ceU

polarity and tissue architecture of colonic epithelial cells, whereas CEACAMl

has no such effect (llantzis and Stanners, 1997). In cell lines, these effects of CEA

and CEACAM6 lead ta an increase in tumorigenicity (Screaton et al., 1997).

Mouse and rat CEACAMl, on the other hand, appear to act as tumor

suppressors (Kleinerman et al., 1996; Kunath et al., 1995; Luo et al., 1997). In fact,

approximately 50% of human cancers show deregulated aver-expression of

CEA and/or CEACAM6, while CEACAMI is usually down-regulated

(Coumoyer et al., 1988; Neumaier et al., 1993; Nollau et al., 1997); tumor

differentiation status is negatively correlated with the ceU surface expression

levels of CEA and CEACAM6 Cllantzis et al., 1997).
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The structural feature that determines these radically different effects

on the cell phenotype is the CEA-derived GPI anchor, as CEACAMI can

acquire the myogenic differentiation-inhibitory properties of CEA by

swapping its TM anchor for the GPI anchor of CEA and vice versa (Screaton

R. & Stanners C. P. in preparation). Since rodents are known to possess only

TM-linked CEA family members (Zimmermann. 1998), whereas humans have

both (Obrink. 1997), this, along with other features of the CEA family, have led

us to suggest that GPI anchors arase relatively recently in evolution by

replication and mutation of a primordial TM exon (Naghibalhossaini et al.

Chapter 2). These considerations therefore raise an important question: can a

structural feature that enhances tumorigenicity by perturbing cell and tissue

architecture be advantageous and therefore maintained in evolution? In this

study we address this question and present molecular evidence for positive

selection of GPI-anchored CEA family members in the course of evolution.
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Materials and methods

Spedes and genomic DNA preparation - The species included in this

study are listed by their common name, scientific name, and tissue source:

American opossum, Didelphys virginiana, O.K cells, ATCC; rabbit,

Oryctolagus cuniculus, blood; rat, Rattus norvegicus, L6 myoblast; mouse,

Mus musculus, C2C12 myoblast; tree shrew, Tree shrew gUs, purified genomic

DNA provided by C. A. Porter, Wayne State University, Detroit, Michigan;

flying lemur, Cynocephalus volans, liver, Field Museum of Natural History,

Chicago, lllinois; bat, Tadarida brasiliensis, Tbllu, ATCC; dog, Canis

familiaris, MOCK; cat, Felis catus, blood; sheep, Ovis aries, blood; goat, Capra

hirclls, blood; cow, Bos taurus, blood; horse, Equus cabalus, blood; human,

Homo sapiens, blood; chimpanzee, Pan troglodytes, blood, Yerks Regional

Primate Centre, Georgia; rhesus macaque, Macaca mulatta, blood, Tulane

Regional Primate Centre (TRPC), Aorida; mangahy, Cercocebus atys, blood,

TRPC; cotton top taumarin, Saguinus oedipus, blood, New England Primate

Centre (NEPC), Mass.; common marmoset, Callithrix jacchus, blood, NEPC;

wooly monkey, Lagothrix lagothrica; spider monkey, Ateles geoffroyi; black

howler monkey, Alouatta caraya; red howler monkey, Alouatta seniculus; red

uakari, Cacajao rubicundus; titi monkey, Callicebus molloch, blood,

Califomia Regional Primate Research Centre; squirrel monkey, Saimiri

sciurus, blood, NEPC; tarsier, Tarsisus syrichta, liver, Duke University

Primate Centre (DUPC); Propithecus tattersalli, liver, DUPC.
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Genomie DNA was extracted from ACD-antieoagulated blood, eells or frozen

tissues as described (Sambrook et al., 1989).

PCR and RT-PCR analysis - Sense (5) 1, antisense (AS) 1 and antisense... . .
2 PCR primers (Fig. 1) were based on the human CEA gene TM sequence. 0.5

ug of genomic DNA was amplified for 25-30 cycles in 100u! reaetion volume

using 0.5 units Taq polymerase (BIO/CAN Scientific Ine. Mississauga, ON)

using 42°C annealing and 72°C polymerization temperatures for 45 Sec. To

overcome reaction fallure because of possible 3'-end mismatch of primers

with template DNA and for higher fidelity of polymerization for samples for

which no positive peR bands using Taq polymerase were obtained, a mix of

0.5 U Taq+0.1 U Pfu (Stratagene) polymerases was used. Three sequences of

callicebus monkey cDNAs with the CEA stop package (RT 1-3, Fig. 1) were

obtained by doing RT-PCR on total RNA extracted by the single-step method

(Chomczynski and Sacchi, 1987) using guanidium isothiocyanate from

isolated blood leukocytes (Boyum, 1974). To synthesize cDNA, 2 ug of RN A

was incubated with 100 pmol Pd(N)6 random hexamer (Pharmacia Biotech

Inc.) and 200 U of M-MLV reverse transcriptase (GmCO BRL, Burlington, ON)

in a total reaction volume of 20 u! for 1 hr at 38°C. The RT-reaction product

was used for PCR amplification as above using primer AS-2 and a sense

(S'GI III ICTACTIGTICACAATCTGCC3') primer residing in N-terminal

IgV-like domain of human CEA family members. To obtain upstream

flanking sequence of the Ceb stop TM domain of Callicebus monkey, a 5-2
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primer (Fig. 1) (S'GTACCAGGTAGTICTCCT3') was designed based on a

consensus sequence of human and Callicebus CEA family members. Using 5

2/A5-2 primers for PCR under low stringency conditions, i.e., 37G C annealing

temperature for 2 min, a longer PCR band of Callicebus CEA TM domain with

the Ceb stop package was obtained (Fig. 1).

DNA electrophoresis and Southem blot - PCR products were seperated

byelectrophoresis through a 2% agarose gel containing 0.5 ug/ml ethidium

bromide in TBE buffer and photographed under UV illumination prior to

southern blotting. DNA was transferred to a nylon membrane (Genescreen

plus, Boston, Mass) in 10x SSC for 16hr and Southem hybridization for

detection of CEA family members was carried out in 50% formamide

containing hybridization buffer at 42°C overnight. The 46 mer 5'-end, p 32
_

labeled oligo corresponding to the sequence residing between the 5-1 primer

and the human CEA gene stop codon (Fig. 1) was used as a CEA TM specific

probe. The membrane was washed once by 2x SSC for 10 min at room

temperature and once in 1xSSC, 1% SDS for 20 min at 37°C and exposed to X

ray film.

Cloning and sequencing - Positive PCR bands from 3-5 pooled PCR

reactions were cloned (TA cloning kit, Invitrogen) and the indicated number

of independent clones (Fig. 1) were sequenced for each species. Sequencing in

92



•

•

both directions was accomplished using a dideoxy sequencing kit (Pharmacia

Biotech T7 sequensing™ kit).

Results and Discussion

The known nucleotide sequences of the TM domains of human CEA

family members (Fig. 1) indicate the common presence at the same position

of a stop codon in ail GPI-anchored members by a one bp deletion and a

substitution, relative to the sequences of TM-linked members. Interestingly,

these occurred in a region consisting of 3 trinucleotide (AGC) imperfect

repeats, which might be expected to be a mutational hotspot due to slippage of

replication enzymes (Freimer and Slatkin, 1996; Ramel, 1997) and which, in fact,

show deletion of one of the repeats as well as other mutations (see below). A

stop codon and a few upstream mutations to increase the efficiency of

processing have been shown to be sufficient for efficient CPI anchorage

(Naghibalhossaini F., & Stanners C. P. Ch. 2). On the assumption that a stop

codon in the TM domain of CEA family members is indicative of GPI-linkage

of family members (Ch. 2), the TM exon sequences were used to design two

sets of primers for PCR reactions with genomic DNA, one of which couId

amplify only sequences containing the human CEA-like stop codon (AS-1 in

Fig. 1). The latter had a mismatch at its 3' end for human CEACAMI and

failed to amplify cloned human CEACAM1 cDNA using Taq polymerase but
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Figure 1. Nucleotide sequence alignment of PCR amplified TM domains of

CEA family members of human and other species. The sequences were

compared to human GPI-anchored CEA. Identical nucleotides are indicated as

dots. Dashes show naturally occurring deletions. Stop codons are underlined.

The conserved Thr codon in GPI-linked members, shown to he important in

GPI processing, is underlined in green color. Positions of 2 sets of sense (5)

and antisense (AS) PCR primers are shown by horizontal arrows. N umbers of

sequenced independent clones of peR products for each species have been

indicated in brackets. 3 cloned RT-PCR amplified bands of callicebus monkey

cDNA (see methods) are shown as RT 1-3. A positive PCR band for the bat

CEA family member was obtained only by using a combination of 5-1/A5-1

primers. The sequence is two nucleotides shorter than the expected human

control. This was possibly because of pairing of the A5-1 primer at its 3'

terminus to the TAG sequence which precedes the sequence corresponding ta

the position of the CEA stop of thos~ CEA members with AGC deletions in

their TM domains.
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succeeded using repair-competent Pfu polymerase (Fig. 2) (Lundberg et al.,

1991).

PCR bands of the expected size were obtained only for primates and related

species (Fig. 3a). Southern blot analysis of the PCR products using a human

CEA gene TM specific probe, confirmed that they were CEA-related amplified

sequences (Fig. 3b). The positive PCR bands were cloned and sequenced to

confirm their validity and to compare their nucleotide and predicted amino

acid sequences. Ali other species were negative with both sets of primers with

both Taq and Taq/Pfu polymerase mixes, including tree shrew, opossum,

rabbit, dog, cat, sheep, goat, cow, horse, mouse and rat. The latter rodent

species are known to possess homologs of the human CEACAMI gene and

were negative because of known mismatches with the primers used. The

fallure to detect specifie peR products in many of these species therefore does

not exclude the existence of more distantly related CEA-like homologs.

We obtained peR products of the expected size for three closely related

mammalian orders: Microchiroptera (bat, Tadarida brasiliensis), Dermoptera

(colugo or flying lemur, Cynocephalus volans) and various groups of

primates (Hominoids, Dld world and New world monkeys, Tarsiers, and

Prosimians). The nucleotide sequences of many independent clones of each of

these TM domains from severa! independent PCR reactions indicate that the

package of mutations giving GPI anchorage in the present-day CEA family,

which we shaH term the "CEA package", arose in a common ancestor of
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Fig. 2. DNA agarose gel of a PCR experiment using S-l and stop codon based

AS-l (Fig. 1) primers, showing spedfidty of the AS-l primer for amplification

of human CEA-like GPI-linked family members. Using Taq polymerase, AS-l

primer amplifies mutant CCl-tAT cDNA (lane 2) which contains the human

CEA-lïke stop codon (Chapter 2) but because of one nucleotide mismatch at its

3'-end for template DNA, it does not amplify TM-linked human CEACAMI

cDNA (lane 3). However, using either Pfu polymerase alone (lane 5) or mix of

Taq+Pfu (lane4) which can remove the 3'-end mismatch of primer to the

template DNA, the CEACAMI TM domain can be amplified. Arrowhead

points out positive PCR band. The lower molecular weight band as

investigated by Southern blot analysis (data not shown) is artifact.
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Fig. 3. a. Ethidium bromide stained DNA agarose gel of a typical PCR

amplification of genomie DNA of various mammalian speeies screening

for CEA family-like TM domains, using 5-1/A5-Z (Fig. 1) primers. Arrowhead

points out the position of the size of PCR bands expected for human.

b. Southern blot analysis of the PCR amplified DNA using human CEA TM

specifie probe (see text) indicating CEA positive PCR amplified bands.
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tarsiers and anthropoids (Haplorrhini) (Figs. 1&4). Surprisingly, a second GPI

mutational package arose, the IICeb package", presumably starting first

actually prior to the primate radiation in a common ancestor of Dermoptera,

Propithecus and Tarsisus with a deletion of the third AGC repeat and

followed later in the Cebidae radiation in New world monkeys with a stop

codon just downstream of the AGC triplet deletion and other significant

mutations in TM domain (see below) (Figs. 1&4); the fallure to detect the Ceb

package in the alouatta species of the Cebidae family is probably due to the

relatively few clones that were sequenced for these species. The predicted C

terminal domain for the Ceb package is 4 amine acids longer than the CEA

package. A cDNA construct consisting of the human CEACAMl-4L external

domain linked to the Callicebus Molloch C-terminal domain with the Ceb

package was efficiently processed to give GPI membrane linkage in two rodent

cell transfectants and blocked myogenic differentiation (Naghibalhossaini F.

& Stanners C. P. Ch. 4).

By comparing the amino acid sequences of various family members,

several groups have pointed out the seeming lack of constraint on amino acid

substitutions in the external domains of CEA (Rudert et al., 1989; Stanners et al.,

1992) and PSG (Streydio et al., 1990) family members during evolution: the

overall rates of synonymous mutations not giving rise to amine acid changes

are similar to the rates of non-synonymous mutations giving amino acid

substitutions. For most genes, the rates of non-synonymous mutations are
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Figure 4. Phylogenetic relationship (Porter et al., 1997) and evolution of

two different modes of stop codon (GPI-producing) mutations in CEA

gene family members of various primates and nonprimate species.
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much lower than the synonymous rates (Kreitolan and Akashi~ 1995), which is

consistent with the notion that many amino acid substitutions would he

expected to he deleterious and therefore not retained. The TM exon of the

CEA family and the closely related PSG family (Streydio et al., 1990) appears to

represent an exception to the other exons in that here there is evidence of

sequence conservation and adaptive amino acid substitution (Streydio et al.,

1990). If we assume that the Ceb package (GPI anchored) evolved from the

more ancient AGC deletion (still TM anchored) (Fig. 4), which seems likely

since the Ceb package includes the same triplet deletion and excludes the

finding of the triplet deletion alone as well in all species studied (Fig. 1 and 4),

we find by comparison mutations giving not only the new stop codon but

several others giving molecularly adaptive amino acid substitutions (Fig. 5).

Thus, our recent work has shown that the introduction of a stop codon into

the TM-linked domain of splice variant CEACAMl-4L can give GPI linkage

but with an efficiency of only 100/0; further mutations, that replace the

normally hydrophobie amino acids in the TM-anehored domain of

CEACAMI downstream of the new GPI cleavage site with hydrophilic

residues, are required for efficient GPI membrane linkage (Furukawa et al., 1997;

Udenfriend and Kodukula~ 1995). Such mutations, I688T, G690S, V692T and I693T,

representing changes in 4 of 6 contiguous amino acid residues, extend the

hydrophilic spaeer, while retaining a short hydrophobie stretch of amino acids

at the most C-terminus, that is neeessary for efficient GPI processing and arose
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Figure 5. Alignment of deduced amino add sequence of TM domains with

the Ceb stop (8) and TM domains with the AGC deletion but without Ceb

stop <D) with TM domain of human GPI-anchored (A) and TM-anchored (C)

CEA family members. Sequences are compared to the human CEA sequence.

Dots represent identical residues and the star symbol indicates a stop codon. The

site of cleavage/attachment to the GPI-anchor (00 site) in CEA and CEACAM6 has

been shown by vertical arrows. Four conserved hydrophobic residues in TM-linked

members which have been substituted with four hydrophilic residues in 3 cebidae

species' TM domain, which improve the efficiency of GPI-processing (see text) are

shown as bold underlined letters.

101



• A

CEA
CEACAMG
CEACAMS
CEACAM7

B
Lagothrix
Ateles
Callicebus

C
CEACAMl
CEACAM3

613 ,
TVSASGTSPGLSAGATVGIMIGVLVGVALI*
MITV. ! SA. V... V..... T ....AR.... *
DALVQ. S .....• R S AR..•. *
YE • VQAS. • D. • • • TA . S. • • • • • A. M. • • *

~.!.~ A AALV*
~.!.~ A AALV*

A.... T~.!.!!.L.A AALM*

NYN. LPQEN ••• P .. 1:A .. V •.. VAL .... AVALA---
FHVYQENA ••• PV··YA~.~.......• VAALVC

•

D
Tarsisus
Propithecus
Cynocephalus

!.~.~... G.....AALVY
1:. • •V. . • • A. . • • • VALVY---
!A~.~.V.A.... MAALVY



•

•

•

in most GPI-anchored CEA family members with both the CEA and Ceb

packages of mutations.

Intuitively, the probability that diffèrent stop codons along with the

above 4 substitutions all affecting efficient GPI linkage arose randomly

without significant selection by adaptive advantage twice during evolution

seems remote. In a comparison of the entire TM domains of Callicebus

molloch (Ceb package) with Tarsisus syrichta (triplet deletion only), the

calculated nonsynonymous amino acid substitution rate according to the

method of Nei and Gojoborü (Nei and Gojobori9 1986) was 0.27. Assuming a

divergence time of 57 Mya (Porter et al. 9 1997), the amino acid substitution rate

is 2.4xl0-9 per site per year, which is higher than the rate at the highly mutable

Ig kappa C region (Gillespie, 1991) and .7x the average nonsynonymous

mutation rates in primates (Ohta, 1997). The mutation rate of the CEA family

TM domain is therefore very high and this tends to be restricted to

subdomains that involve GPI anchorage.

50 far only a few cases of adaptive evolution have been explained at

the molecular level (Kreitman and Akashi9 1995). 5ince adaptive substitutions

are likely restricted to the protein domains, it would be difficult to find

adaptive changes without concentrating on the domains which are

functionally important. Change of TM domain and mode of cell surface
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attachment in CEA family members represents another paradigm for

adaptive evolution of proteins at the molecular level.

Lipid-like GPI structures allow more laterai movement in the

membrane than TM anchors, as they are not linked to the cell cytoskeleton

through cytoplasmic domains, and would he expected to change radically the

repertoire of cell surface elements with which CEA family members could

interact. These novel interactions apparently confer a cell and tissue state

maintaining fluidity and lack of architecture and inhibiting cellular

specialization (Benchimol et al., 1989; Dantzis and Stanners, 1997); apoptosis is also

inhibited (Ordonez C. & Stanners C. P. in preparation). Unlike many

oncogenes, this is not achieved by stimulating cellular proliferation. We

speculate that such a cell and tissue state, although it exacts the price of

increased predilection for cancer in adult life, is advantageous d uring

development where delay of specialization and structure by the explicit

deployment of GPI-anchored CEA family members couid offer improved

temporal and spatial control of morphogenesis.
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The following chapter describes the direct testing of the GPI-processing of the

novel stop codon generating mechanism in CEA family members described

in chapter 3. Since it has been shown that GPI-linked CEA family members

CEA and CEACAM6 can block myogenic differentiation, but GPI-linked N

CAM and TM-linked CEACAMl cannot, we studied the effect of ectopie

expression of a CEACAMI construet, in which the TM domain was exchanged

with the novel GPI-generating sequence, on differentiation of rat L6

myoblasts.
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Chapter 4

Tumorigenic Properties ofa CEA Family GPI Anchor

Found in New World Monkeys

105



•

•

•

Abstract

Glycophosphatidyl-inositol (GPI) anchorage of human

carcinoembryonic antigen (CEA) family cell surface glycoproteins has been

shown to confer tumorigenic properties relative to transmembrane (TM)

anchorage, which is neutral or tumor suppressive. Furthermore, recent

evidence supports the view that functional specificity resides in GPI anchors

determined by different carboxy-terminal exons, since the NCAM GPI anchor,

unlike the CEA GPI anchor, cannat confer such properties. The GPI

determining exons found in the human CEA family evolved in the primate

radiation, being totally absent in rodents. A second CEA family exon predicted

ta generate GPI linkage by a different means evolved later in the Cebidae

radiation of New World monkeys. It is important to determine whether the

second GPI anchor conveys similar functional properties to the first, since

independent evolution would then imply selective advantage of the

tumorigenic properties of CEA. We show here that this novel exon, when

linked to the external domains of human CEACAMl, is efficiently processed

to give GPI anchorage. The novel GPI-determining domain, like the h uman

CEA GPI domain, confers the ability to completely block the myogenic

differentiation of rat L6 myoblasts; also, like CEA, this inhibition is due to

perturbation of the functional activity of an integrin responsible for cellular

binding to fibronectin. These results thus imply a paradox: that tumorigenic

properties can confer adaptive function and positive selection.
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Introduction

The two major modes of anchorage of cell surface proteins to external

cell membranes, transmembrane (TM) and glycophosphatidyl inositol (GPI)

anchorage, would be expected to confer quite different properties on the

proteins that they bind: TM-linkage allows direct coupling with cytoplasmic

elements including components of the cytoskeleton whereas GPI-linkage

leads to direct coupling only with other membrane components but allows

greater lateral mobility in the plane of the membrane (Brown and London,

1998; Edidin et aL, 1991). The different biological consequences of such

linkages is well illustrated in the carcinoembryonic antigen (CEA) family of

cell surface glycoproteins. This family represents a subset within the

immunoglobulin gene superfamily (Paxton et aL, 1987) and, in humans,

eonsists of 29 gene-like sequences (including the related subfamily of

pregn'-'ncy specifie glycoproteins), closely clustered on chromosome 19, coding

for proteins consisting of an amino-terminal V-like Ig domain followed by a

variable number of C2-like Ig domains and terminated either by a

hydrophobie processed domain giving GPI anchorage or by a TM domain and

cytoplasmïc tail (Hammarstrôm et aL, 1998).

The GPI and TM-linked members in the human CEA family exhibit

quite different biological functions. Thus, although aU members tested ean

mediate intercellular adhesion (Stanners and Fuks, 1998), GPI-linked
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members CEA and CEACAM6 (formerly NCA) have been shown to he

upregulated in many different types of cancers (llantzis et al., 1997; Shively

and Beatty, 1985), whereas TM-linked CEACAMI (formerly BGP) is usually

downregulated (Neumaier et al., 1993; Nollau et aL, 1997) and rodent

CEACAMI has been demonstrated to act like a tumor suppressor (Hsieh et aL,

1995; Kunath et aL, 1995; Luo et aL, 1997). Consistent with these

observations, ectopie expression or unregulated over-expression of CEA and

CEACAM6 were shown to inhibit the myogenic differentiation of rat L6

myoblasts (Eidelman et al., 1993) and mouse C2C12 myoblasts (Screaton et aL,

1997) and to disrupt cell polarity and tissue architecture of human colonie

Caco-2 epithelial cells (Dantzis and Stanners, submitted), whereas CEACAM1

had no such effects (Rojas et aL, 1996). These effects lead to an increased

tumorigenicity of L6 myoblasts (Screaton et al., 1997) and Caco2 colonocytes

(llantzis etaI., submitted) over-expressing CEA. In addition, CEA and

CEACAM6 but not CEACAM1 inhibited anoikis of L6 and Caco2 cells, Le.,

apoptosis due to deprivation of anchorage (Ordonez at al., submitted). These

effects of GPI-linked human CEA family members have been shown to be due

to perturbation of the function of specific integrins, which is ŒsJ31 in the case

of L6 myoblasts and Caco2 cells (Ordonez et al., submitted).

The myogenic differentiation block has been demonstrated to depend

critically on the mode of membrane anchorage, since exchanging the CPI and

TM anchors of CEA and CEACAM1 reverses their effects; i.e., CEACAMI can
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be converted to a myogenïc differentiation-blocking molecule byattaching its

extracellular domains to the CEA GPI anchor and CEA attached to the TM

domain of CEACAMI loses its differentiation blocking activity (Screaton et

al., submitted). Furthermore, GPI-linked NCAM125 did not block myogenic

differentiation itself but could aIso be converted to a blocking molecule by

switching its carboxy terminal GPI anchor-determining domain for the

carboxy terminal domain of CEA (Screaton at al., submitted). This result

implies specificity for biological function in the GPI anchor itself. Our present

model for the structural requirements of CEA family members for the

myogenic differentiation block is therefore as follows: self adhesive

extracellular domains which confer c1ustering required for signaling, attached

to the CEA-derived GPI anchor which confers the specificity of signaling and

function (Screaton et al., submitted).

The CEA families of rodents and humans have been investigated in

detail and show only TM-anchored members in rodents, and both GPI and

TM anchored members in humans. It has been suggested, therefore, that GPI

linked CEA family members evolved from an ancestral CEACAMI-like gene

after the radiation of rodents (Stanners et al., 1992). We have previously

shown how, by oruy a few mutations, an efficiently processed GPI-anchored

CEA family member could evolve from the TM-linked CEACAMI gene

(Naghibalhossaini et al., submitted). Thus, by introduction of a stop codon in

the TM domain of splice variant CEACAMl-4L, at the corresponding position
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to the GPI-linked CEA family members, and replacement of two other amine

acid residues in the TM domain, CEACAMI was converted into an efficiently

processed GPI-linked protein (Naghibalhossaini et al., submitted). An

evolutionary study of the nucleotide sequences of cloned genomic and cDNA

carboxy-terminal domains of CEA family members demonstrated the

emergence of the package of mutations giving CEA-like GPI linkage in

common ancestor of Tarsiers and Anthropoids in the primate radiation

(Naghibalhossaini et al., submitted). Interestingly, a second different package

of mutations giving GPI linkage aIso appeared in the Cebidae arm of the New

World monkey radiation, implying convergent evolution and adaptive

function conferring selective advantage of GPI anchorage (Naghibalhossaini

et al., submitted). The amine acid translation of this novel carboxy terminal

exon indicates that the sequence contains the signaIs necessary for efficient

GPI-anchorage. To test experimentally whether this is indeed the case, we

made a chimeric cDNA of the novel carboxy terminal domain from one of

the New World monkeys, Callicebu5 Molloch (CMO), linked to the

extracellular domains of human CEACAMl-4L, which is denoted the uCCI

CMO" construct. We show here that the CCl-eMO construct determines a

protein that is efficiently processed to give cell surface expression with GPI

anchorage. Importantly, from the standpoint of exploring the function(s)

conferred by GPI linkage giving convergent evolution, this construct, like

CEA, cauld also black myogenic differentiation campletely.
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Materials and Methods

Plasmid constructs

CC1-CMO cDNA was constructed in two steps: (1) A 24mer sense

primer (S'CAAGAAAATGCCCTCTCAGCTGGG3'), which includes a 9

nucleotide tai! corresponding ta nucleotides 1333-1341 of the 5' end of the

human CEACAM1 TM exon, and a 21mer antisense primer

(S'CAGTCTICCTGAAATGAAGAA3') complementary to the indicated CEA

cDNA sequence downstream of its stop codon (Fig. 1), were used to amplify a

79 bp cloned CEA-related genomic TM exon of CMO monkey which has the

novel stop codon generating mutational package of Cebidae (Fig. 1)

(Naghibalhossaini et al., submitted). The PCR product was gel purified using

the QIAEX (QIAGEN, Chatsworth, CA) DNA gel extraction kit. (2) The 109 bp

PCR product was used as an antisense megaprimer along with a 24mer

CEACAMI sense primer corresponding to nucleoides 1445-1468 of the human

CEACAM1 cDNA (5'GCAGGGCAAGCGACCAGCGTGATC3') for inverse

PCR-based mutagenesis, as described (Clackson et al., 1992), using CEACAMl

4L-pBluescript 5K as a template to make the CC1-CMO cDNA chimera

consisting of human CEACAM1-4L extracellular domains linked to CMO

monkey TM exon. We used Pfu polymerase (Stratagene, La Jolla, CA) instead

of Taq polymerase in all PCR reactions for higher fidelity of amplification and

to prevent nontemplate-dependent addition of an extra A residue at the 3'

end of PCR products. The coding sequence was verified by dideoxy sequencing
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(Pharmacia Biotech T7 sequencing™ kit). The sequence at the

CEACAMl/CMO junction is shown in Fig. 1.

Cell Cultures and Transfection

LR-73, a CHQ-derived cell line (Pallard and Stanners, 1979) and rat L6

myoblasts (Vatte, 1968) were co-transfected with wild type and chimeric

cDNA inserted into the P91D23B expression vector (courtesy of R. Kaufman,

Genetics Institute, Boston, MA) and with pSV2Neo by the calcium phosphate

precipitation, as previously described (Naghibalhossaini et al., submitted).

Geneticin (G-418 sulfate, Gibco BRL)-resistant total transfectant populations

were selected with 400ug/ml G418 for 10-14 days. The pooled G418-resistant

colonies were sorted for high cell surface expression of CEACAMI proteins by

FACS using polyclonal rabbit antihuman CEA antibody, as described

previously (Zhou et al., 1993a). Pooled populations expressing relatively high

cell surface levels of CEACAMI proteins were used in experiments to avoid

difficulties in interpretation due to the possibility of clonaI variation in

cellular properties unrelated to the effects of the test moiecules. G418 was

removed from growth media 24 br before the application of the various

assays.
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GPI-Processing Assay

The GPI-anchorage of mutant chimeric proteins to the cell surface was

verified both by phosphatidylinositol-specific phospholipase C (PI-PLC)

treatment and cold nonionic detergent extraction of LR-73 transfectants, as

described previously (Naghibalhossaini et al., submitted). Briefly, duplicate

aliquots of sX10s cells, were suspended in serum free culture medium diluted

with PBS + 0.2% B5A; one aliquot was treated with 0.2 units PI-PLC from

Bacillus cereus (Boehringer Mannheim) and the other without treatment as a

control. After 1 br incubation the residual levels of cell surface CEACAM1

protein were measured by FACS analysis as described previously (Zhou et aL,

1993a).

For nonionic detergent extraction, 2.5X106 LR-73 transfectants cells were

suspended in 250ul of ice cold lysis buffer containing 10/0 Triton X-100 at pH

6.5. After 10 min. incubation on ice, they were centrifuged at 15,QOOg at 4°C for

20 min. 250ul 2XSDS PAGE sample buffer (Laemmli, 1970) was added ta the

supematant and sOOul 1XSDS sample buffer to the pellet. Lysates were boiled

for 10 min. and 20ul of each supematant and sediment were analyzed by

electrophoresis on 7.5% SDS-polyacrylamide gels and detected for the

CEACAM1 proteins by immunoblotting as described previously (Chapter 2).
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Myogenic Differentiation and Fusion Assay

To promote fusion and differentiation, rat L6 myoblasts were seeded at

104 cells/cm2 in 60-mm tissue culture plastic Petri dishes in 4 ml growth

medium (D-MEM plus 100/0 FBS), and cu1tured without changing the

medium for 3 days. When cells were nearly confluent, the medium was

replaced with 4 ml differentiation medium (D-MEM plus 2% horse serum),

and the cells cultured for an additional 7 days. The ability of cells to fuse was

assessed by assessing the number of nuciei in cells with >3 nuciei and

dividing by the total number of nuclei, as described previously (Eidelman et

al., 1993).

Fibronectin Binding Assay

Transfected L6 cells were seeded at lxl04 cells/cm2 in growth medium

and incubated for 4 days. Confluent cells were collected and suspended at a

concentration of 4xl0s cells/ml in serum free DMEM. A 24 well plates coated

with 10 ug/mi of purified fibronectin (Sigma-Aldrich, Oakville, ON)

overnight at 4°C followed by incubation with 10/0 BSA for a minimum of 8

hours at 4°C to block fibronectin uncoated surface, then washed with serum

free DMEM. 250 ui/weIl of the Cellular suspension, was allowed to adhere to

the fibronectin-coated wells for one hour, after which the wells were washed

twice with PBS to remove unattached cells. The remaining attached cells were
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removed with trypsin and their number determined using a particle counter

(Coulter Electronic Inc. Hialeach, FL).
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Results

In an evolutionary study, we previously reported molecular evidence

suggesting that GPI-anchored CEA family members evolved from more

primitive TM-linked CEA members twice independentIy (Naghibalhossaini

et al., submitted). Three species in the Cebidae radiation of New World

monkeys showed a CEA family member with a novel carboxy terminal exon

containing a different type of stop codon-generating mutational mechanism,

consisting mainly of a triplet deletion followed by a new stop codon

downstream of the stop codon commonly found in all members of the

human CEA family. Visual inspection of their TM sequence shows they have

the necessary signaIs to encode for GPI-cell surface attachment of proteins

(Englund, 1993). We suggested from this finding that the acquisition of GPI

cell surface anchorage in CEA family members in the course of evolution

could indicate adaptive advantage giving positive selection

(Naghibalhossaini et al., submitted).

The novel stop codon-containing TM exon of the CMO CEA family member

encodes a G PI-anchored proteine

To verify experimentally whether the novel stop codon generating

mutational mechanism leads to the expression of a cell surface GPI-linked

protein, a chimeric cDNA consisting of 25 amine acids from the carboxy

terminal exon of the CMO monkey linked to the extracellular domains of
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human TM-anchored CEACAMI-4L was constructed. This chimeric cDNA,

denoted "CCI-CMO", which was expected to utilize the upstream Ala or Ser

residue of the CMO TM domain as the ro site for cleavage and addition of the

GPI anchor (Fig. lb), was stably transfected into the CHo-derived cell line, LR

73. The cell surface localization of the expressed CCI-eMO chimeric protein

was confirmed by FACS analysis of whole transfectant cells; the GPI-cell

surface anchorage of the protein was demonstrated by its complete sensitivity

to PI-PLC digestion (Fig. 2).

The GPI-linkage and efficiency of GPI processing of the CCI-eMO

protein was also verified by a cold nonionic detergent solubilization assay.

GPI-linked proteins form a complex in the cell membrane with sphingolipids

and cholestrol, which is insoluble in nonionic detergents such as Triton X-IDa

at 4°C (Brown and London, 1997; Simons and Ikonen, 1997). TM-linked

proteins, on the other hand, are soluble under the same conditions.

Immunoblot analysis of soluble and insoluble fractions after cold Triton XIOO

extraction of LR-73 transfectant cells showed that CEACAMI (denoted CCI-4L)

was soluble and CEA was mainly insoluble, as expected; under the same

conditions, CCI-CMO was mainly insoluble, indicating GPI anchorage (Fig. 3).

We previously showed that incomplete GPI-processing of CEACAMI proteins

with mutant TM domains could be distinguished by the presence of a less

glycosylated lower MW, TX-IOO soluble band (Naghibalhossaini et al.,

submitted ). 5ince no lower MW, TX-IOO soluble band could be seen in the
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Figure 1. Sequence comparison (a. nucleotides, b. amino acids) of the

transmembrane domain of CEA gene family members of humans and

Callicebus molloch (CMO) monkey. Underlined bases in panel a and star

signs in panel b, represent stop codon positions and dashes show naturally

occurring base deletions. Horizontal arrows in panel a show the PCR primers

that were used to amplify the CMO TM exon in making the CCl-eMO

construct. The tilted S'-end of the sense primer represents a 9 nucleotide tail

which matches the CEACAMI cDNA at the corresponding position (see

Materials and Methods). The amino acids indicated by ID in panel b represent

possible points of cleavage for addition of the GPI anchor.
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a. Nucleotide Sequences

Antisense

CEA

CMO-CEACAM

GCATCTGGAACTTCTCCTGGTCTCTCAGCTGGGGCCACTGTCGGCATCATGATTGGAGTGCTGGTTGGGGTTGCTCTGATA-IAQCAGCCCTGGTGTAGTTTCTTCATI'TCAGGAAGACTG

.cc A•...•.•• A. T••.• C•• C••.• T •.•.•. C..• C..G•••...•••Ge ••• - .. - •••. A .
~ ;> ...E:E-------

Sense

CCl-4L ATMT •• TCTACC .CMGAAAA ••• C•.•••• C•••.••••• T .• CT••..• TG .•••.••••• AG ••• CCCT •••••.•••••.• Ge .• T••••.••• CA.GT ••••• G•••••. G••••••• C.Ge
ccl-CMO ATMT •• TCTACC.CMGAAAA •• CC ..••.••.•.•• A•••••••. A. T •.• •C • •C.••• T •••••• C••. C•• G••••••..• Ge ... --- .••• A•• ..a....L.L. ••••••••••••••••••••••

b. Amino Acid Sequences

CEA

Ccl-4L

CMO-CEACAM

CC1-CMO

•

TVSASGTS PGLSAGATVGIMIGVLVGVALl *

NYN. LPQEN ... P.. lA .. V... VAL .... AVALA.....

A.... T.. S.TT.L.A .....AALM*

NyN.LPQENA .... T.. S.TT.L.A ..... AALM*

++(0(0

•



•

•

Figure 2. FACS analysis of PI-PLC sensitivity of CC1-eMO protein on cell

surfaces. CCl-eMO, CEACAMl-4L (CCl-4L) and control Neo LR-73

transfectants were treated with PWL-e and celI surface levels before (black

profiles) and after (white profiles) treatment assessed by FACS analysis. The

CCl-eMO construct showed a reduction of ceU surface protein, but Neo and

CCl-4L (TM-linked) controls showed no sensitivity to treatment.
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Figure 3. GPI-processing effidency of the CCl-eMO protein assessed by cold

nonionic detergent solubility. Western blot analysis of cold Triton X-IOO

extraets of CCI-CMO, CCl-4L, CEA and control Neo LR-73 transfectants. CCl

CMO protein was mainly insoluble in cold TX-IOO as was CEA, but CCl-4L

protein was mainly soluble. No soluble band of lower MW, indicative of

inefficient processing, could be detected for CCI-CMO protein.
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immunoblot of the CCI-CMO chimeric protein (Fig. 3), we conclude that this

chimeric protein, as with the naturally occurring CPI-linked human CEA

family members, is efficiently CPI-processed.

The novel GPI-anchored protein blocks myogenic differentiation

Having demonstrated that the CCl-eMO chimeric protein was in fact

CPI-anchored, it remained to explore the functional implications of the

acquisition of this novel CPI anchor. Ta this end, CCI-CMO cDNA was

transfected into rat L6 myoblasts and, after selection of a pooled population of

clones stably expressing relatively high cell surface levels of CCl-eMO

protein, their ability to differentiate and fuse into multinuclear myotubes was

assessed. Parallel pooled stable transfectant populations expressing CEA and

CEACAMI were also assessed for their differentiation capacity as positive and

negative controIs, respectively. The results indicate that, while L6(Neo)

(vector only control) and L6(CEACAMl) total transfectant populations started

to fuse on day 3 and showed more than 70-800/0 fusion after 7 days in

differentiation medium, L6 (CCl-eMO) total transfectants, like CEA

transfectants, were totally incapable of fusing and forming myotubes, even

after 9 days in differentiation medium (Fig. 4). The complete black in

myogenic differentiation by CCI-CMO was confirmed by the absence of

staining with anti-myosin antibody (data not shown). The results were

reproducible and were repeated for at least two independently isolated pooled

total transfectant populations. These results demonstrate that the novel CEA
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Figure 4. Effed of CCl-eMO protein on myogenic differentiation of L6

myoblasts. Photomicrographs of hematoxylin-stained cultures of various rat

L6 myoblast transfectants incubated in differentiation medium for 7 days.

FACS profiles show the relative cell surface expression levels of the indicated

proteins.
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family GPI anchor found in CMO monkeys can, like the human CEA-derived

GPI anchor, confer the property of abrogation of myogenïc differentiation.

The novel GPI-anmored protein inhibits binding to fibronectin

As outlined in the Introduction, the molecular basis for the inhibition

of differentiation and distortion of tissue architecture by CEA expression has

been shown to be due to a perturbation in the function of specifie integrins

which, in the case of L6 myoblasts from confluent cultures, results in an

inhibition of binding to the extra-cellular matrix and to a major component

of the extra-cellular matrix, fibronectin. To test whether such a perturbation

could aIso underlie the myogenic differentiation block mediated by the CCl

CMO protein, binding of L6 CC1-eMO transfectants relative to control

transfectants to fibronectin was assessed. The results of several independent

experiments (Fig. 5) show that CCI-CMO L6 transfectants demonstrate a

similar inhibition of binding to fibronectin relative to parental L6 cells as CEA

transfectants, whereas GPI-linked NCAM and CEACAMI transfectants show

no such effect. Thus, the inhibition of myogenic differentiation by the CCl

CMO protein is likely to be due to specifie integrin perturbation.
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Figure 5. The novel GPI-anchored protein inhibits binding to fibronectin. L6

transfected myoblasts expressing CEA or a fusion protein that eontains the

CMO specifie anchor and the extraeellular domain of the CCl-4L glyeoprotein

bound to fibronectin less than L6 parental, L6 transfected myoblasts expressing

GPI-linked NCAM or L6 myoblasts expressing the whole transmembrane

CCl-4L glycoprotein.
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Discussion

There is increasing evidence suggesting that the GPI mode of cel1

surface attachment of proteins confers functional properties on ceUs which

differ from those of TM-linked proteins (for review see Brown, 1998 #221)

and, as outlined in the Introduction, our previous results with GPI and TM

anchored CEA family members supports this contention.

In an evolutionary study, a novel package of mutations in a carboxy

terminal exon of the CEA family of the Cebidae radiation of New World

monkeys was discovered which was predicted to give GPI anchorage

(Naghibalhossaini et al., submitted). This mutationa1 package differs from

that used by human GPI-linked CEA family members; the fact that GPI

anchorage seems to have evolved twice independently implies convergent

and parallel evolution for a structural feature (i.e., the GPI anchor) that

confers functions giving adaptive advantage and positive selection (Zhang

and Kumar, 1997). Since this finding represents an opportunity to gain insight

into the normal functions of the GPI-linked members of the CEA family and

considering the evidence that GPI anchors derived from the expression of

different carboxy terminal exons can determine specificity of function (see

Introduction), it is important to investigate whether the novel GPI anchor

confers functions similar to those of the common human CEA GPI anchor.

In this work, we first confirmed experimentally, by sensitivity to PIPL-C

digestion and insolubility in cold non-ionic detergent solutions, that the CEA
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carboxy terminal exon of the CMO New World monkey in fact specifies the

GPI mode of cell surface attachment of proteins. In addition, in agreement

with an analysis of the predicted amino acid sequence coded for by this exon,

the carboxy-terminal sequence was efficiently processed. Efficient processing

requîres mutations and amino acid substitutions between the cleavage site

and stop codon (Naghibalhossaini et aL, submitted); the presence of these

mutations in both types of carboxy terminal exons giving GPI anchorage

therefore represents further evidence for positive selection for this mode of

membrane anchorage.

The investigation of the biological functions conferred by the novel

GPI anchor revealed that expression of the CCI-CMO chimeric construct in rat

L6 myoblasts completely blocked myogenic differentiation and fusion, exactly

as the common human GPI anchor. In the latter case, the myogenic

differentiation block is due to a perturbation in the function of the (lS(31

integrin, as shown by the effects of monoclonal antibodies against this

integrin and against its chief ligand, fibronectin (Ordoftez et al., submitted).

The CCI-CMO construct had the same effect on cellular binding to fibronectin

as CEA, thus implying the same perturbation of (lS(31 function as that

produced by CEA.

ln all, the CCI-CMO construct had the same biological functions as the

CCl-eEA construct studied previously (Screaton et al., submitted): the
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inhibition of cellular differentiation due to integrin perturbation. Other

functions of CEA, such as the inhibition of anoikis, remain to be investigated.

The tissue specific pattern of expression of the new GPI-determining exon in

New World monkeys, which might provide clues regarding in vivo function,

has not yet been determined The positive selection of a molecular feature

conferring tumorigenic properties twice during evolution represents a

paradox. Speculations conceming possible utility of such a function have

been given elsewhere (Naghibalhossaini et al., submitted).
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Chapter 5

Thesis Conclusions and General Discussion
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Discussion and future direction

As reported here and elsewhere for the CEA family, the mode of

anchorage to the cell surface has a dramatic effect on the functional properties

of the molecule. GPI-linked CEA and CEACAM6 show differences with TM

linked CEACAMI in several aspects due to the difference of the type of

anchorage to the cell surface (Rojas et al., 1996). Although, several functions

have been ascribed for CEA gene family members (Obrink, 1997; Stanners,

1998; Stanners and Fuks, 1998), there is no clear picture of their function i n

vivo. Most of the studies have been carried out on CEA family members of

humans and rodents. Little is known about the extent of CEA family

members in other species. The presence of antigens in sorne primates which

cross react with antihuman CEA or CEACAM6 antibodies has been already

reported (Engvall et al., 1976; Haagensen et al., 1982; Tobi et al., 1994). A

biological system can only be fully understood when its evolutionary history

has been elucidated. The work presented here provides the first detailed study

of CEA family members in spedes other than rodents and humans. A study

of the appearance of GPI-anchorage in the CEA family during evolution could

provide important insights into its function in vivo. The purpose of this

thesis, therefore, was to study the pattern of acquisition of GPI-anchors in the

course of evolution.
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5ïnce only TM-linked CEA family members have been found in

rodents, but humans have both GPI and TM-linked CEA family members, it

has been suggested that acquisition of GPI-membrane anchorage by CEA

family members is a recent evolutionary event (Stanners et ai., 1992). The

first part of the work (chapter 2), verifies the feasibility of derivation of the

GPI-linked CEA family members from the more primordial, conserved TM

linked member, CEACAM1, in the course of evolution. Previous studies on

other GPI-linked proteins has revealed that a signal at the C-termïnus of

proteins is required for GPI-anchor addition. However, there is no clear

consensus sequence for GPI-processing of proteins (Englund, 1993). The key

mutations in the CEACAMl-4L transmembrane domain, which are required

to shift the mode of anchorage from TM to GPI-linked were determined by

site specific mutagenesis. Introduction of a stop codon in the CEACAMl-4L

TM domain, at the corresponding position to the stop codon naturally found

in the C-terminal domain of GPI-linked CEA members resulted in activation

of a latent GPI-processing signal. The mutant, truncated CEACAMl, was GPI

processed, although not efficiently, as verified by PI-PLC treatment and cold

triton X-lDD extraction of the transfected cells. By substituting one amino acid

just down stream of the cleavage site of the TM domain, in addition ta the

stop codon, the GPI-processing efficiency of mutant CEACAMl protein

increased significantly. But the GPI-processing still was not complete. By

substituting one more amino acid residue, an ne by a conserved Thr of GPI

linked CEA family members, in the middle of the TM domain, TM-linked
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CEACAMI was converted to an efficiently GPI-processed protein, comparable

to the naturally occurring GPI-linked CEA members. Therefore, these results

demonstrated how easily, by only a few changes in the TM domain, GPI

linked CEA family members could have evolved from a more primordial

TM-linked member. These results also showed the essentia1 role of the

introduction of a stop codon in the TM domain of CEACAMI for activation

of the latent GPI-processing signal and the role of other amino acid

substitutions for increasing the GPI-processing efficiency of the protein. The

change of mode of cell surface attachm.ent from TM to GPI did not abolish the

intercellular adhesive property of CEACAMl-4L molecule but, interestingly

like CEA/CEACAM6 conferred myogenic differentiation blocking capacity to

it and modified cell adhesion to fibronectin, a component of the ECM. It has

been argued that positive natura1 selection is needed for acquisition a gene

family with a new function (Ohta, 1991). We therefore suggest that, in the

course of evolution of CEA family, the mutations which possibly happened

in the CEACAMl-4L tail resulting in truncation gave rise to a GPI-anchored

version of the protein in low yield that could be tested by the cell for an

advantageous change in function. Since the protein was functionally selected,

very few additional mutations could have resulted in its expression at the cell

surface in high yield.

To understand the pattern of the evolution of GPI-linked CEA gene

family members, we established a rapid PCR based screening. On the basis of
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the assumption that the above mentioned stop codon is indicative of GPI

linkage of CEA family members, we designed primers specific for the TM

exons of the CEA family and applied them to PCR screening of genomic DNA

form various mammalian species. Because of the high homology between

CEA family members, this stop codon was the only key marker used to

distinguish GPI-linked from TM-linked CEA family members by this

technique. Sequencing of the positive PCR bands from various species

revealed two different modes of generating a stop codon in CEA family

members. The same mode of generating a stop codon as humans was found

in various group of primates such as Hominoids, CId world monkeys, New

world monkeys, and Tarsisus. A second novel mechanism of stop codon

generation in the CEA family was found in three new world monkey species.

A chimeric construct of the TM domain, containing this novel stop codon

generating sequence linked to the CEACAMl-4L extracellular domain, was

GPI-processed efficiently as shown in Chapter 4. Flying lemur and two other

primitive primates (Tarsisus and Propitecus) showed a homologous TM

domain with half of the mutations of the novel GPI generating TM sequence;

a trinucleotide deletion, but no stop codon. We assume this sequence encodes

a TM-linked CEA family member in these primitive species. This TM-linked

CEA family member of primitive species was assumed to be the ancestral

gene for the novel GPI-anchored CEA family members of new world

monkeys. Therefore, it appears that the GPI-anchored genes evolved twice

from TM-linked genes independently in CEA family. The same mode of
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generating a stop codon found in human GPI-linked CEA family members

evolved from a TM-linked CEACAM1-like gene before radiation of the

primitive primate group, called Tarsiers, whereas a second novel mechanism

of stop codon generation evolved independently from another TM-linked

CEA member later in Cebidae family of new world monkeys.

Diversification of the type of cell surface attachment following gene

duplication was possibly the mechanism for evolution of some other GPI

anchored proteins from TM-linked proteins in Ig superfamily. Duplicated

genes encode GPI- and TM-linked forms of decay-accelerating factor (DAF)

proteins in mouse (Spicer et aL, 1995). A similar mechanism possibly

resulted in the evolution of murine GPI-anchored Class 1 transplantation

antigen Qa-2. Replacement of a single amino acid Asp in TM domain of Qa-2

by the corresponding Val residue of TM-anchored members, converted it to a

transmembrane protein (Waneck et aL, 1988). Fey receptor m molecules in

humans are encoded by two alternative membrane-anchored forms by two

separate genes, the GPI-linked form (FcyRllIB) for which expression is

restricted to primate neutrophils and a highly homologous and more widely

distributed TM-linked form. (FcyRIllA). It has been shown that only a single

amino acid substitution in upstream TM domain of FqRllIB plus a shorter

cytoplasmic tail than FcyRIllA (4 A.A of llIB versus 25 A.A residues in IlIA) is

sufficient for efficient GPI-processing (Kurosaki and Ravetch, 1989). mRN A
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splicing is another mechanism of generation of protein isoforms with

different modes of membrane attachment in the Ig superfamily, such as LFA

3 (Wallich et al., 1998), N-CAM (Cunningham et al., 1987) and guinea pig DAF

protein (Nonaka et aL, 1995).

It has been proposed that selective constraints are relaxed after gene

duplication (Lewin, 1994a). A duplicated gene is relatively free to evolve to

gain a new function. In this context it is plausible to think that, after

duplication of the primordial TM-linked CEA gene, one copy retained the

original function and the other copyaccumulated enough mutations in its

transmembrane domain to be converted to a GPI-linked CEA member.

There are two major views regarding the possible mechanism of

amine acid replacements in proteins in the course of evolution (Kreitman and

Akashi, 1995). Either the amine acid substitutions have had selective

advantage by which they improve the functional condition of the molecule

or they have been replaced by chance (random genetic drift), being selectively

neutra1. Evolution of the novel GPI-linked CEA family member in new

world monkeys from a TM-linked CEA gene is unlikely ta have happened by

chance. Conversion of a TM-linked to a GPI-linked protein, needs highly

ordered amino acid replacements. Only certain amino acids in a specifie

regions at the C-terminal domain of proteins are compatible with GPI

processing (Englund, 1993; Udenfriend and Kodukula, 1995). Also, a major

134



•

•

change in protein structure such as conversion of the mode of anchorage

from TM to GPI and its functional consequences could not he considered as a

neutral event. It has been proposed that the rate of evolution in primates is

slower than that of other mammalian groups (Gibbons, 1995; Li et aL, 1996),

since the majority of amino acid replacements in proteins are deleterious and

subject to purifying selection. Thus, an accelerated directional amine acid

replacement (discussed in Chapter 3) which gave tise to the novel GPI

anchored CEA family members, suggests that the TM domain of this gene was

subjected ta non-neutral mechanisms of change. It has been suggested that

CEA gene family members are in a state of transitional evolution and still

evolving rapidly (Stanners et aL, 1992; Streydio et aL, 1990). It seems that the

selective pressure is on the secondary and tertiary structure (lg fold) of the

CEA family members, but not on the primary structure (Rudert et aL, 1989).

After evolution of the first GPI-linked CEA gene, the family expanded by gene

duplications (Hammarstrôm et aL, 1998). Contrary to rodents, which lack any

GPI-anchored CEA members, most of the genes in the CEACAM subgroup of

the human CEA family are GPI-linked. The TM domain of the four human

GPI-linked CEA family members (CEA, CEACAM6, CEACAM8, and

CEACAM7) also diverged in sorne degree from each other. However, the

necessary molecular signaIs for efficient GPI-processing have been conserved.

The significance of this conservation will be more evident when considering

the complexity of the GPI-processing signal. Most amine acid replacements at

the C-terminal of a GPI-linked protein would affect GPI-processing efficiency
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and would result in loss of or decreased expression at the cel1 surface or even

conversion to a TM-linked protein (Waneck et aL, 1988).

We do not know the functional advantage of acquisition of GPI

anchorage in CEA family. The importance of GPI-anchorage in maintaining

cell function and structure is only beginning to be understood. Certain

functional advantages which this type of attachment to the cell surface

confers to the protein have been discussed, such as increased lateral mobility,

sorting to the apical surface in polarized cells, accessibility to regulation by cell

surface or extracellular proteolytic or lipolytic enzymes and involvement in

different signal transduction pathways (see Chapter 1). Several studies suggest

that CEA family members in human hematopoietic cells are possibly

involved in transmembrane signalling. Monoclonal antibodies (mAb) against

CEACAM8, a GPI-anchored CEA family member, induce an increase in

cytoplasmic Ca2+ and an oxidative burst in neutrophils (Lund-Johansen et aL,

1993). Protein kinase activity was found in Immunoprecipitates of

CEACAMl-4L, CEACAM8 and CEACAM6 in neutrophils (Skubitz et aL, 1995)

and Src family kinases, lyn and hck, were the associated tyrosine kinases in

the CEA family member immunoprecipitates in neutrophils. In another

study, Src kinases lyn and hck were also found associated with CEA, but not

CEACAMl, in cold nonionic detergent extracts of rat basophilie leukemia

(RBL) cells (Draber and Skubitz, 1998). Src family kinases have also been
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found to form. complexes with GPI-anchored proteins in other cells, as

described in the Introduction.

CEA and CEACAM6 for a long time have been considered to be

oncofetal antigens and tumor markers. An instrumental role has been also

proposed for CEA/CEACAM6 in promoting carcinogenesis (llantzis et aL,

1997). Therefore, it might seem that GPI-anchor acquisition during evolution

by CEA members was a disadvantageous eyent which could increase cancer

risk. However, if this is the case, they would have been eliminated by

purifying selection. The convergent and independent evolution of the GPI

anchored CEA family members through different genetic mechanisms

indicates that the acquisition of GPI-anchor by CEA family members

represents a favored character in higher mammalian species. These data

support the notion that the GPI-anchored CEA family members have

important functions in vivo.

GPI-linked CEA and CEACAM6 block myogenic differentiation,

whereas TM-linked CEACAMI does not' (Rojas et aJ., 1996). GPI-linked

human N-CAM-125 is also unable to block and actually accelerates myogenic

differentiation (Dickson et aL, 1990). However, GPI-linked N-CAM and TM

linked CEACAMl, could be converted into differentiation-blocking molecules

by swapping their GPI-anchors or TM, respectively, with the CEA GPI anchor

(Screaton R. and Stanners C.P. in preparation). The functional implications of
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a novel mechanism for generating GPI-linked sequences in the CEA family

were tested for blocking myogenic differentiation of L6 myoblasts in Chapter

4. Ectopie expression of the CEACAMI construct containing the novel GPI

generating sequence from Callicebus molloch in rat L6 myoblasts, like GPI

linked CEA and CEACAM6, completely blocked myogenic differentiation and

inhibited binding to the ECM component, Fibronectin. GPI linked CEA and

CEACAM6 are overexpressed during embryonic development of the

gastrointestinal tract and in colonie tumors. A possible role for GPI-linked

CEA family members in inhibiting differentiation during embryonic

development of the colon in situations where cell populations need to he

held together in an undifferentiated state as morphogenesis proceeds and/or

in the maintenance of tissue architecture in adult colonic tissue has been

suggested (Benchimol et aL, 1989; Stanners, 1998). Three GPI-linked CEA

family members of Callicebus moloch, with the same stop codon generating

mechanism as in humans, (not the novel GPI-anchoring mechanism), were

cloned by RT-PCR on total RNA extracted from blood. It is intriguing to

speculate that CEA family members with the novel GPI-linkage mechanism

like human CEA, is a tissue specific expressed gene which replaces human

CEA in colonic epithelium of this species of monkey. Human CEA, which has

the most complex domain organization in CEA family members, possibly

evolved later in higher primates by gene and exon duplications. Cloning of

the complete cDNA of the Callicebus monkey novel CEA family member and

comparison of its sequence and deduced domain organization to human CEA
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gene family members could provide insight regarding their function in vivo .

To address this issue unfortunately there was no colonic tissue from the

above monkey available.

It has also been proposed that the overproduction of CEA leads to a

disruption of normal tissue architecture and resumption of a multilayered

embryonic configuration in adult colonie epithelium (Benchimol et aL, 1989).

A deletion mutant of the N domain of CEA, missing the last 75 amine acids

of the N domain which is incapable of mediating intercellular adhesion, does

not block myogenic differentiation (Eidelman et aL, 1993). In addition, N and

A3B3 but not AlBI or A2B2 domain peptides were capable of releasing the

differentiation block (Eidelman 93). These are precisely the same peptides that

inhibited intercellular adhesion mediated by binding between the N and

A3B3 domains of CEA. Therefore, the determined structural requirements for

myogenic differentiation block are self-binding external domains coupled to

the CEA-specified GPI anchor.

Regarding the possible mechanism of the differentiation block

mediated by GPI-linked CEA family members, there is accumulating evidence

that the inhibitory effects of CEA and CEACAM6 on different types of

differentiation programs are due to perturbations in integrin/ECM

interactions (Ordonez C. & Stanners C. P., in preparation). It has been shown

that relative to the parental L6 cells, the binding to L6 ECM of transfectants
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L6(CEA) and L6(CEACAM6) that were blocked in differentiation was

significantly inhibited. However, the binding of L6 (ÂNCEA) a deletion

mutant of the N domain defective in adhesion, L6(NCAM) a GPI-linked Ig

superfamily member, and L6(CEACAMl-4L) was unaffected or increased

(Ordonez C & Stanners C. P., in preparation. in preparation). Further

experiments have shown that the presence of CEA or CEACAM6 decreases

binding to the purified ECM components, fibronectin, and that the reduced

binding of L6(CEA) to the ECM can be promptly reversed by treatment with N

or A3B3 but not A2B2 domain peptides (Ordonez C. & Stanners C. P., in

preparation). There is extensive evidence implicating a perturbation of the

function of particular integrins by the over-expression of CEA and

CEACAM6. (Ordonez C. & Stanners C. P. in preparation). CCl-tAT and CCl

CMO also blocked myogenic differentiation of L6 myoblasts much like CEA

and CEACAM6, possibly by the observed inhibition of binding to the ECM

component, fibronectin.

A hypothetical model has been proposed that overproduction of CEA

leads to lower cell surface expression of E-cadherin, leading in turn to a

progressive loss of cel! polarization, followed by circumferential CEA

localization and, consequently, compromised integrin function, giving

reduced ECM binding and, finally, inhibited differentiation of colonocytes as

they migrate up the crypt axis. The differentiation block leaves cells with

division potential and susceptibility to further oncogenic activation and the
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acquisition of tumorigenicity, as demonstrated by the ability of CEA to

cooperate with Myc and Bcl-2 in cellular transformation (Screaton et al.,

1997).

This work has established that differentiation blocking is an inherent

feature of CEA family member GPI anchors which co-evolved with two

different groups of GPI-anchoring mutational mechanism during evolution.

In this study, we have shown that conversion of TM-linked CEACAMI to a

GPI-linked protein by fusing its extracellular domain to the TM domain of the

novel CEA family member of callicebus monkey or directIy by introducing a

stop codon and substituting only two amino acids in CEACAMI TM domain,

confers myogenic differentiation blocking capacity on CEACAMI. As

discussed before, TM-linked CEACAMI and another GPI-anchored Ig

superfamily member, N-CAM125 did not black myogenic differentiation but

the substitution of their TM domains with the CEA specified-GPI gave

construct that did block L6 myogenic differentiation (Screaton et al. in

preparation). It would therefore be of special interest to determine the

molecular signaIs which specify differentiation blacking capacity of the GPI

anchor in the CEA family members' TM domain. This could be inferred and

experimentally determined by comparing and altering the TM domain

sequence of human and other species (e.g. Callicebus monkey) which specify

GPI linkage.
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Although the GPI anchor core structure is evolutionarily conserved

(see Ch. 1) but, there might be differences in the side chains or linked lipid

structures of various GPI anchors (McConvilie and Ferguson, 1993). It has

been proposed that the basis for the difference between the m yogenic

differentiation-promoting effect of NCAM and the inhibitory effeet of CEA is

because of their non-overlapping localization in different membrane

microdomains due to their different GPI-anchors (Screaton et al. in

preparation). Structural analysis of the human CEA or Callicebus monkey

novel CEA family member GPI anchor in comparison with the NCAM GPI

anchor could directIy test this issue and provide important information

conceming the relationship between GPI anchor structure and function.

It has been shown that the GPI-linked form. of proteins could he

secreted or shed from the cell surface spontaneously (Censullo and Davitz,

1994), One possibility is that the release of the soluble forro of GPI-linked

CEA-like proteins into the medium and their interaction with ECM or other

cell surface components could result in blocking myogenic differentiation.

This would reduce the importance of GPI anchors in this process, except for

facilitating the protein to be more readily released into the medium.

Although this possibility in our view is low, it could be tested by transfection

of L6 cells with an anchor minus, secretory forro of CEACAM1 and CEA

protein or altematively by exogeneously adding of PI-PLC cleaved GPI

anchored CEA-like proteins from another cultured cell population surface to
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cultured parental 1..6 cells without transfecting them. This alternative simple

experiment as mentioned below could also be tested for one of the models

which is discussed regarding the way which GPI-anchored proteins initiate

cell signalling.

As discussed in the first Chapter, different models have been proposed

to explain signal induction by GPI-anchored proteins. One of these models

suggests that the endogenous lipolytic enzymes like PI-PLC cleave the GPI

anchor from protein, yielding a bioactve second messenger from the GPI

anchor which is internalized and triggers intracellular signal transduction

(Malek et al., 1994; Varela-Nieto et al., 1996). This could be also addressed by

exogeneously adding of PI-PLC cleaved GPI-linked CEA-like proteins from the

surface of another cultured celI populations to the cultured parental L6 or

other cells lines.
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General findings and major original contributions to knowledge in

the field

1. Only a few mutational changes are required to convert a TM-linked CEA

family member into a GPI-linked one.

2. The evolution of GPI-linked CEA family members happened twice

independently. The mode of generating a stop codon found in humans

evolved in a common ancestor of the primitive primate groups, Tarsiers and

anthropoids. The second novel mechanism of stop codon generation evolved

independently in Cebidae family of new world monkeys during the primate

radiation. Also, mutations, predicted (on the basis of the results of chapter 2)

to give highly efficient GPI processing, independently evolved.

The independent evolution that gave tise to the same structural

feature implies useful function(s) giving adaptive advantage and positive

selection of the acquisition of GPI linkage in the CEA family. These results

support the notion that GPI-linked CEA family members have important

functions in vivo.

3. The two different mechanisms discovered for generating GPI-linked

sequences in the CEA family during evolution both lead to proteins that

inhibit cellular differentiation and modifies cell-ECM interaction.
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