
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Roles of alpha-catenin in the early development of xenopus laevis

Permalink
https://escholarship.org/uc/item/61m622k4

Author
Sehgal, Ravinder Nath Marius

Publication Date
1997
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/61m622k4
https://escholarship.org
http://www.cdlib.org/


Roles of Alpha-Catenin in the Early Development of Xenopus laevis

by

Ravinder Nath Marius Sehgal

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

in

Cell Biology

in the

GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA

San Francisco

Approved:

Peº re-º ºrºž. . . . . . . . . . . . .

Committee in Charge

Deposited in the Library, University of California, San Francisco

pate University Librarian



Copyright 1997

by

Ravinder Nath Marius Sehgal



Acknowledgments

Many years, many people. Many thanks to my parents, sisters and grandfather.

Lou and members of the Reichardt lab. Members of the lab of the late Håkan Persson.

Barry and the members of the Gumbiner lab. My classmates, and many friends. Thank

you for many years of support.



iv.

Roles of Alpha-Catenin in the
Early Development of Xenopus laevis

Ravinder Nath Marius Sehgal

Abstract

In Xenopus laevis development, B-catenin plays an important role in the Wnt

signaling pathway by establishing the Nieuwkoop center which in turns leads to

specification of the dorsoventral axis. Cadherins are essential for embryonic

morphogenesis since they mediate calcium-dependent cell-cell adhesion, and can modulate

B-catenin signaling. o-catenin links fl-catenin to the actin-based cytoskeleton. In order to

study the role of endogenous o-catenin in early development, we have made deletion

mutants of on-catenin. The binding domain of B-catenin has been mapped to the N

terminal 210 amino acids of on-catenin. Overexpression of mutants lacking the C-terminal

230 amino acids causes severe developmental defects that reflect impaired calcium

dependent blastomere adhesion. Lack of normal adhesive interactions results in a loss of

the blastocoel in early embryos, and ripping of the ectodermal layer during gastrulation.

The phenotypes of the dominant negative mutants can be rescued by coexpressing full

length on-catenin, or a mutant of B-catenin which lacks the internal armadillo repeats.

We next show that coexpression of on-catenin antagonizes the dorsalizing effects

of B-catenin and Xwnt-8. This can be seen phenotypically, or by studying the effects of

expression on the downstream homeobox gene Siamois. Thus o-catenin is essential for

proper morphogenesis of the embryo, and may act as a regulator of the intracellular B

catenin signaling pathway in vivo.
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Chapter One

Introduction



Introduction

The morphogenesis and development of multicellular organisms involves a complex

dynamic arrangement and rearrangement of cells and cell layers. The manifold advantages

of multicellularization could not have been achieved without cell adhesion. Interestingly,

some types of cell adhesion molecules are conserved between vertebrate and invertebrate

animal species, suggesting that they evolved very early, and that their structures are

essential for function. The work in this thesis focuses on one type of cell-adhesion protein,

the cadherin, and the molecules that bind to it, that are essential for its function. The work

has been performed in the African clawed frog, Xenopus laevis, which is particularly

amenable for studies on early embryology due to the large size of its eggs, and well

characterized developmental program. The results in this thesis show that one particular

protein, o-catenin, is essential for the proper development of Xenopus, partially because it

is involved in cell-adhesion, but also because it can regulate the activities of certain

signaling proteins that are important in Specifying different tissue types in the developing

embryo.

Xenopus as a Model System

In order to study cell adhesion and development, several model systems are

available. For example, a large and growing literature contains results of studies on the

development of the mouse embryo. Particularly useful is the technique of genetically

mutating a particular gene of interest in mice to deduce the functions of the missing protein.

Although valuable, this technique has limitations because some proteins are essential in

very early stages of mouse development, and the loss of these proteins results in the early

death of the mouse; so called embryonic lethal mutations. Conditional knockout mice are

presently being generated that take advantage of DNA recombinases, and this will allow

more extensive studies on functions of proteins in postnatal tissues or at later stages of



development. Another genetic system is the fruitfly Drosophila melanogaster, and it too

has elucidated the function of many molecules. However this is an invertebrate system, as

is the nematode C. elegans, and since we are often anthropocentric, studies on vertebrate

species can often be more easily extended to understanding functions of the same proteins

in humans. Cell lines are also used often to study cell adhesion, and certain cells, such as

PC12 cells have interesting developmental properties. PC12 cells extend neuronal

processes on substates in response to Nerve Growth Factor (NGF) (Greene and Tischler,

1976) and can be genetically altered, by introducing genes of interest, and creating stable

cell lines. However cell lines often have acquired properties that distinguish them from

their equivalents in a complete organism, and thus may yield results not indicative of in

vivo functions. The frog, Xenopus laevis, has many advantages for studies on vertebrate

development since its eggs can be fertilized and studied in vitro (for a review see Kay and

Peng 1991). After fertilization, cell division is predictable, and cell fates are known. For

example, it is known which cells in the early embryo develop into the nervous system, or

mesodermal tissues. Many embryonic manipulations can be performed with Xenopus

embryos. Embryos are relatively large, the egg is approximately 1.2 mm in diameter, and

can thus be injected with synthetic mRNAs or DNAs that encode proteins of interest. In

addition, various parts of early embryos can be readily dissected in order to isolate their

functions. We take advantage of the embryo in this work by studying the effects of the

injection of mRNAs that encode mutant proteins that disrupt the function of endogenous

proteins; so called dominant-negative mutants. We also dissect presumptive ectodermal

cells, animal caps, of early embryos to study the adhesion of these cells, and to study the

induction of genes that are not normally expressed in these cells. Thus Xenopus embryos

provide one of the most tractable model systems to study cell-adhesion in early

development.

The development of the early Xenopus embryo has been well studied, and the

complex processes involved in vertebrate embryogenesis are perhaps the best characterized



in this amphibian. After fertilization of the egg, a cortical rotation occurs that leads to the

development of the dorsoventral axis of the embryo (for a review see Keller et al., 1991).

The early Xenopus embryo has two hemispheres, the animal hemisphere, characterized by

its dark coloration, and the lighter colored vegetal hemisphere. Dorsal structures form from

the side approximately opposite the sperm entry point (Elinson, 1980). The information

for dorsal development is located in the dorsal, vegetal region of the embryo. This region

of the embryo, called the Nieuwkoop center, is fated to become endoderm, but induces

dorsal mesoderm. The Nieuwkoop center induces overlying cells to form the dorsal lip of

the blastopore, which is also known as the Spemann organizer. These cells are the first

cells to gastrulate, and during gastrulation the cells of the Spemann organizer release

dorsalizing signals causing ventral mesoderm to acquire a dorsolateral fate. Thus, the

fertilized egg develops quite simply initially, forming a hollow ball of cells consisting of an

animal cap, the equatorial zone, and a vegetal mass, with the hollow space termed the

blastocoel. However at gastrulation, cells move and intercalate, and convergence and

extension of the Spemann organizer leads to the creation of three germ layers; the ectoderm,

mesoderm and endoderm, surrounding an ever-decreasing blastocoel. The convergence

and extension morphogenetic movements of the dorsal lip of the blastopore establish the

elongated shape and dorsal position of the notochord, and neural plate, thus playing an

essential role in neurulation that occurs subsequent to gastrulation. Thus the initial events

of the first cell cycle determine the fate of the embryo, by establishing the Nieuwkoop

center which in turn specifies the Spemann organizer which induces dorsal mesoderm,

which later induces neural ectoderm. The bilaterally symmetrical embryo is induced from a

radially symmetrical egg.

Since early Xenopus morphogenesis has been well studied, a reductionistic study

of the molecules involved in these processes will further advance our understanding of

development. Gastrulation involves complex movements of cells that form the three

primary germ layers. The molecules involved in this process are subjects of intense current



studies, and the work of this thesis focuses on two functional classes of proteins. These

are proteins of cell adhesion, and signaling proteins that induce the dorsoventral axis of the

embryo. Both cell adhesion and signaling are essential for proper embryogenesis. The

need for cell adhesion is intuitively obvious, without it cells can not stick together and

embryos can not develop. Cell signaling is a mechanism that evolved to allow cells in an

organism to acquire different fates. For example, in the frog, certain signals instruct

ectodermal cells to differentiate into epithelia, although the same cells would otherwise

differentiate into neurons (Hemmati-Brivanlou and Melton, 1997). Cells can signal using a

variety of mechanisms. For example, certain cells can differentiate by receiving

information from secreted proteins that instruct them what to do. In addition, cell

differentiation can be regulated by cell contact. This introduction will focus first on the

molecules of cell adhesion, and then proteins involved in one particular signaling pathway.

How these two classes of proteins interact will also be discussed.

Cadherins

Cadherins make up a family of transmembrane glycoproteins which mediate cell

cell adhesion by calcium-dependent interaction of their extracellular domains. Their

extracellular domains bind in most cases homophilically to like cadherins on neighboring

cells, and these interactions have been proven to be essential for cell adhesion, tissue

morphogenesis, and cell motility (for a review see Takeichi, 1995). For most, but not all

cadherins (Kreft et al., 1997), their cytoplasmic domain is equally important in function; it

links the extracellular domain to intracellular proteins which in turn bind to the actin-based

cytoskeleton. Cadherins are found in all vertebrates, and a cadherin has also been reported

in Drosophila (Oda et al., 1994), indicating that invertebrates also use similar mechanisms

of cell-adhesion. Cadherins are important in development due to their capacity for specific

homopohilic interactions. A group of cells expressing one cadherin has been shown to

segregate from a group of cells expressing another cadherin, and this type of Selective

aggregation may result in tissue morphogenesis. In fact, mouse embryonic stem cells



lacking E-cadherin do not form epithelial structures, and when N-cadherin is reintroduced

into these cells, neuroepithelium forms, instead of epithelial structures, providing evidence

that specific cadherins stimulate differentiation into specific tissue types (Larue et al.,

1996). Cadherins also are important in cell migration, and have numerous functions in

neural development (Takeichi, 1995, Huber et al., 1996a).

Four classical cadherins have been shown to funciton in the early Xenopus embryo.

these are C-cadherin, which is also termed EP-cadherin; XB-cadherin, which is also termed

U-cadherin; E-cadherin, and N-cadherin (Müller et al., 1994). Cadherins appear to be the

primary cell adhesion system in early Xenopus embryos, since antibodies to a conserved

epitope share by these cadherins completely disrupt blastomere adhesion (Müller et al.,

1994). In addition, earlier work had shown that blastomere adhesion is calcium dependent

(Nomura et al., 1986), again implicating cadherins as the essential early cell adhesion

molecules. I initiated work which led to the characterization of C-cadherin (Choi, Y.S., R.

Sehgal, P. McCrea, and B. Gumbiner, 1990). It was known that the onset of E-cadherin

expression begins during gastrulation, and N-cadherin is only expressed later at neurulation

(Choi and Gumbiner, 1989), so the calcium-dependent adhesion system of earlier cleavage

stage embryos remained unexplained. An antibody raised to the highly conserved C

terminal cytoplasmic region of cadherins was used to ascertain whether other undescribed

cadherins exist in the Xenopus egg. The antigen used for immunizing rabbits was a 17

amino acid peptide from a conserved region of the cytoplasmic domain of all known

classical cadherins. This antibody recognized E-cadherin and N-cadherin in Xenopus. In

addition, when concanavalin-A glycoprotein enriched fractions of Xenopus eggs were

immunoblotted with the anti-C-terminal-peptide antiserum, a specific 120 kD protein band

was detected on SDS-polyacrylamide gels. This protein did not react with antibodies to E

cadherin or N-cadherin, and detection of this protein was abolished by the addition of the

17 amino acid peptide to which the antibody was raised. Thus, a novel cadherin-like

protein was described. This protein was subsequently cloned, sequenced and named C



cadherin (or EP-cadherin), and found to be the most prevalent maternal cadherin in

Xenopus laevis (Ginsberg et al., 1991, Levi et al., 1991, Müller et al., 1994).

Two methods of determining the endogenous functions of specific cadherins in

Xenopus have been described. The first is a dominant-negative approach, where two

general types of mutations of cadherins have been made, and overexpressed in embryos, to

perturb endogenous cadherin function. The second described method is the use of

antisense oligonucleotides which bind to specific cadherin mRNAs and block translation.

Since its original formal description, (Herskowitz, 1987), dominant-negative mutations

have proven invaluable in the study of Xenopus development. For example, the

expression of a dominant-negative form of the FGF receptor was used to demonstrate that

FGF-like molecules are essential for normal development of mesoderm (Amaya et al.,

1991). The two types of dominant-negative cadherin variants have been used to prove that

cadherins are essential for cell-adhesion and morphogenesis in the Xenopus embryo. The

first type of mutation (Acyto) deletes the cytoplasmic domain of the cadherins and is

believed to allow extracellular homophilic interactions with endogenous cadherins. As this

type of cadherin variant is unable to form functional intracellular interactions it is believed

to disrupt cadherin-promoted cytoskeletal organization. This type of variant is specific for

individual cadherins and has shown that C-cadherin is essential for gastrulation

movements, since overexpression of a Acyto C-cadherin construct resulted in incomplete

involution and closure of the blastopore (Lee and Gumbiner, 1995). A similar mutation of

E-cadherin resulted in severe ectodermal lesions that could be rescued by full-length E

cadherin, but not C-cadherin, proving that E-cadherin is specifically required for

maintaining the integrity of the ectoderm in the Xenopus embryo (Levine et al., 1994). A

Acyto mutation of XB-cadherin was also constructed, and overexpression of this dominant

negative variant resulted in the impairment of mesodermal involution in gastrulation (Kühl

et al., 1996). In one study, however, while the misexpression of full-length N-cadherin

resulted in neural tube defects, overexpression of a Acyto N-cadherin mutant caused no



detectable defects (Detrick et al., 1990). The possible explanation for this discrepancy is

that the Acyto N-cadherin mRNA was poorly expressed at levels that were not

“unphysiologically high (Detricket al., 1990).

In the second type of dominant-negative mutation utilized in Xenopus, the

extracellular domain is deleted (Aextra), resulting in expressions of a cadherin cytoplasmic

domain believed to be capable of competing with endogenous cadherins for cytoplasmic

junctions. Overexpression of the cytoplasmic domain of N-cadherin, the primary neuronal

cadherin, has been shown to result in the dissociation of ectodermal cells in mid

gastrulation, presumably by competing with the endogenous cadherins for intracellular

binding proteins (Kintner, 1992). Expression of a similar extracellular truncation of XB

cadherin, which is normally expressed earlier in development, results in perturbations in

anterior structures that are different than those observed after expression of the N-cadherin

Aextra dominant-negative mutant (Dufour et al., 1994). Overexpression of C-cadherin or

E-cadherin cytoplasmic domains has also been shown to have differing effects. The

overexpression of the Aextra E-cadherin mutant causes blastomeres to lose cohesiveness

prior to gastrulation, and this effect is more severe in embryos overespressing the Aextra C

cadherins mutant (Broders and Thiery, 1995). These results suggest that different cadherin

cytoplasmic domains transmit individual as well as shared signals (Dufour et al., 1994,

Broders and Thiery, 1995). These experiments, along with experiments by Larue et al.,

(1996) that showed that specific cadherins instruct specific tissue differentiation, indicate

that the cytoplasmic tails of cadherins are the functional domains involved in signaling.

The use of Aextra cadherin dominant-negative mutants has been described in other

systems besides Xenopus. Overexpression of a Aextra N-cadherin mutation in mouse

intestinal epithelial cells resulted in perturbed proliferation, migration, and apoptosis in

intestinal crypts, which lead to adenomas (Hermiston and Gordon, 1995). Similarly, the

same type of N-cadherin mutant impaired axonal and dendritic outgrowth from transfected



retinal ganglion cells in Xenopus tadpoles (Riehl et al., 1996). Cadherins thus also are

important in developmental systems subsequent to gastrulation.

The use of antisense oligonucleotides to block translation of cadherins has been

reported in Xenopus with C-cadherin. This approach resulted in a dose-dependent

reduction of adhesion between blastomeres, with embryos failing to undergo gastrulation

(Heasman et al., 1994). These results are similar to and consistent with the phenotype

described above that took advantage of the Acyto variant of C-cadherin (Lee and Gumbiner,

1995). Thus cadherin-based intercellular adhesion has been shown by differing methods to

be essential for the proper development of Xenopus embryos.

Catenins

Catenins are intracellular proteins that bind the cytoplasmic domains of cadherins.

Some of these thereby link cadherins to the actin filament network. B-catenin (or its

homologue plakoglobin) has been shown to bind directly to the cadherin cytoplasmic

domain, and ot-catenin has been shown to bind to the N-terminus of B-catenin (or

plakoglobin) (Jou et al., 1995, Hülsken et al., 1994, Funayama et al., 1995, Aberle et al.,

1996). In turn, o-catenin appears to bind to o-actinin and actin, establishing a link between

the cadherins and the cytoskeleton (Knudsen et al., 1995, Rimm et al., 1995, Nieset et al.,

1997). Figure 1.1 illustrates the known molecules in the cadherin adhesion complexes.

Figure 1.2 shows a schematic representation of the structures of cadherins and catenins.

p120” is another catenin that binds to the intracellular domain of cadherins, but does not

bind to ot-catenin, and its functions are unclear, although it is known to be a tyrosine kinase

substrate (Daniel and Reynolds, 1995, Shibamoto et al., 1995, Aghib and McCrea, 1995).

The regulation of interactions mediated by these molecules is crucial for proper

embryogenesis.
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o-catenin is a 102 kD protein with homology to another intracellular linker protein,

vinculin (Nagafuchi et al., 1991, Herrenknecht et al., 1991). Two genes encoding

isoforms of this protein have been described with on-catenin having 81.6% identity to the

originally described o-catenin (Hirano et al., 1992). ON-catenin has similar properties to

o-catenin; both bind to the cadherin complex, but on-catenin is more prevalent in the

nervous system (Hirano et al., 1992). PC9 cells that normally lack o-catenin exhibit

cadherin-dependent aggregation upon introduction of o-catenin, identifying the latter as a

molecule that promotes cadherin-dependent adhesion (Hirano et al., 1992). In addition,

reintroduction of o-catenin or oM-catenin into the same cell line has been shown to induce a

polarized phenotype typical of epithelial cells, and also to alter the growth rate (Watabe et

al., 1994). Expression of fusion proteins between E-cadherin and the C-terminus of o

catenin in mouse L cells circumvents the requirement of B-catenin for cell adhesion but

reduces normal intercellular motility (Nagafuchi et al., 1994). These experiments suggest

that B-catenin functions in the cadherin-catenin complex as an essential regulatable linker

between the cytoplasmic domain of a cadherin and o-catenin (Nagafuchi et al., 1994).

Cosedimentation assays have indicated that the C-terminal 447 amino acids of o-catenin

interact with F-actin (Rimm et al., 1995). In addition, oºcatenin appears to also interact

with o-actinin (Knudsen et al., 1995, Nieset et al., 1997). Recently a gene trap screen in

mice identified a fusion between o-catenin and B-galactosidase, where the C-terminal 274

amino acid residues of o-catenin was replaced by B-galactosidase. Homozygous mutants

for this fusion protein are embryonic lethals with deficiencies in cell adhesion, and a

disruption of the trophoblast epithelium, the first differentiated embryonic tissue (Torres et

al., 1997). Thus, o-catenin appears to be essential both for cadherin-based adhesion in

vitro, and for embryonic development in vivo.

In the early development of Xenopus, o-catenin is initially supplied maternally, and

is expressed zygotically after the mid-blastula transition (Schneider et al., 1993). The

protein is found in a large intracellular pool, but localizes to membranes in the late blastula
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to early gastrula, eventually accumulating in the presumptive ectoderm, and blastopore lip

regions (Schneider et al., 1993).

In Xenopus, another catenin, B-catenin, has been more widely studied. B-catenin is

a 88-94 kD intracellular protein. It was purified based on its property to associate tightly

with cadherins in detergent extracts (McCrea and Gumbiner, 1991). B-catenin was found

to be 70% identical to a Drosophila segment polarity gene, armadillo, and 63% identical to

plakoglobin, a desmosomal protein, also known as Y-catenin (McCrea et al., 1991). Both

B-catenin and plakoglobin contain a central region of 13 armadillo repeats flanked by more

variable N and C-terminal regions (McCrea et al., 1991). It is the central armadillo repeats

that mediate the interactions of B-catenin or plakoglobin with cadherins (Hülsken et al.,

1994). B-catenin binds to cadherins, and subsequently binds to o-catenin (Hinck et al.,

1994a) with its N-terminal domain; thus o-catenin does not directly bind to cadherins, but

establishes its connection with cadherins through B-catenin (Jou et al., 1995).

In the early Xenopus embryo, B-catenin is expressed in every cell, with higher

levels found in regions undergoing active morphogenetic movements, such as the marginal

zone of the gastrula (Fagotto and Gumbiner, 1994). This expression, and its homology to

a Drosophila segment polarity gene, suggested that B-catenin may be active in processes

besides cell adhesion (Fagotto and Gumbiner, 1994). Plakoglobin is also expressed in all

cells of the early Xenopus embyro, but differs in its timing of maximal expression from B

catenin; plakoglobin expression declines at the tailbud and tadpole stages whereas B-catenin

levels remain constant (DeMarais and Moon, 1992). Interestingly, when Fab fragments of

antibodies to B-catenin were injected into early Xenopus embryos, instead of defects in

adhesion, the induction of a secondary body axis was observed (McCrea et al., 1993).

This results was followed by other experiments that confirmed that B-catenin has roles in

signaling, in addition to its role in cell adhesion. Funayama et al. (1995) showed that the

injection of B-catenin into ventral blastomeres of four-cell embryos resulted in the complete

duplication of the dorsoanterior axis, and that the domain of B-catenin responsible for this



12

effect was the internal armadillo repeat region. In addition to observing the obvious

morphological phenotype, the authors also found that ■ º-catenin can be found in cell nuclei

(Funayama et al., 1995). Plakoglobin induces a secondary axis in the exact same manner

(Karnovsky and Klymkowsky, 1995), so there may exist some degree of redundancy

between B-catenin and plakoglobin in Xenopus. B-catenin appears to induce the secondary

axis by mimicking the Nieuwkoop center in the early embryo, a phenomenon known to be

induced by the Wnt family of secreted proteins (Guger and Gumbiner, 1995). One study

using antisense oligonucleotides to B-catenin showed that the depletion of B-catenin

apparently had no effect on adhesion, but instead inhibited the induction of dorsal

mesoderm, the tissue necessary for the formation of the dorsoanterior axis (Heasman et al.,

1994). In mice lacking B-catenin, however, defects in adhesion are more obvious. The

trophectodermal epithelial layer was not detectably affected, but the embryonic ectodermal

layer was severely disrupted, implicating B-catenin as an important molecule in maintaining

cell adhesion at the early embryonic stages (Haegel et al., 1995). The authors suggested

that the trophectodermal layer was not affected possibly due to a maternal B-catenin

contribution, or because of the presence of plakoglobin which compensates for the loss of

B-catenin (Haegel et al., 1995). Therefore, B-catenin, and plakoglobin clearly play roles in

both adhesion, and in specifying dorsal mesoderm in Xenopus.

The role of B-catenin as a signaling protein has been elucidated further recently,

with many new findings about B-catenin's protein interactions. Besides binding to

cadherins, B-catenin has been found to bind to several other proteins, namely, the

adenomatous polyposis coli tumor suppressor gene product (APC), fascin, a LAR family

tyrosine phosphatase, and the transcription factor Lef-1 (Su et al., 1993, Rubinfeld et al.,

1993, Tao et al., 1996, Kypta et al., 1996, Behrens et al., 1996, Molenaar et al., 1996,

Huber et al., 1996). Fascin is an actin-bundling protein which is associated with

filamentous actin, and probably functions in dynamic processes such as lamellipodial

movement (Tao et al., 1996). The armadillo repeat region of B-catenin mediates its binding
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with fascin, but the precise role of B-catenin's association with fascin is as yet unclear (Tao

et al., 1996). The other proteins listed above are important signaling molecules in the

vertebrate wingless/Wnt signaling pathway which will be discussed below.

The Wnt Signaling Pathway

Just as armadillo is a downstream effector molecule in the wingless pathway in

Drosophila, its vertebrate homologue ■ -catenin has been shown to have a similar function

in the vertebrate Wnt signaling pathway. The Wingless pathway in Drosophila has been

characterized by a set of segment-polarity genes, most of which were originally identified

in a genetic screen by Nüsslein-Volhard and Wieschaus (for a review see Orsulic and

Peifer, 1996). In wild-type Drosophila embryos, anterior and posterior positions of each

segment differ by their type of cuticle or small hair expression; the anterior cells secrete

hairs and posterior cells have naked cuticles. In segment-polarity mutants of the wingless

pathway, cells make incorrect fate choices, with all cells choosing the anterior fate,

secreting hairs, regardless of their actual position. The members of the segment-polarity

genes of the wingless pathway in Drosophila include the Wingless secreted signaling

protein, its receptor D-Frizzled-2, a phosphoprotein Dishevelled, Zeste-White-3 (Zw3)

which is a serine-threonine kinase whose vertebrate homologue is glycogen synthase

kinase 36, Armadillo, Drosophila APC, as well as Pangolin/dTCF which is the Drosophila

homologue of Lef-1, a high mobility group (HMG) transcription factor family member

(Orsulic and Peifer, 1996, Brunner et al., 1997, van de Wetering, 1997, Riese et al.,

1997).

All the members of the Drosophila pathway have also been described in Xenopus.

Components in this pathway include members of the Wnt family of secreted proteins,

putative Wnt receptors of the D-frizzled family, an inhibitory Wnt-binding protein Xfrzb-1,

several cytoplasmic proteins, specifically Xdishevelled, Glycogen Synthase Kinase-3B

(GSK-3) (the vertebrate homologue of Zw3), B-catenin, and APC, and the transcription
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factors Lef-1 and Tcf-1 of the HMG family, and Siamois, a homeobox-containing gene

(for a review see Peifer, 1997, Huber et al., 1996a, Miller and Moon, 1996, Gumbiner,

1995, Moon et al., 1997). Figure 1.2 illustrates the known proteins involved in the Wnt

signaling pathway. A survey of these proteins, and their potential interactions with B

catenin, and roles in cell adhesion is presented below.

In Xenopus development, the Wnt signaling pathway induces the Nieuwkoop

center which in turn induces the Spemann organizer as was described earlier. The typical

assay for determining whether a protein is involved in the Wnt signaling pathway in

Xenopus is to inject mRNA encoding the protein into ventral blastomeres at the four-cell

stage. Members of the Wnt family induce dorsalization and a secondary body axis.

Several Wnt family members have been described in Xenopus. They fall into two

functional classes; members of the Wnt-1 class induce secondary axis formation, and

rescue Nieuwkoop activity in embryos ventralized by UV irradiation. The members of this

class include Xwnt-1, -3A, -8, and -8b. The members of the second class (the Wnt-5A

class) of the Wnt family inhibit the morphogenetic movements in gastrulation when

overexpressed; they include Xwnt-5A, -4, and -11 (Torres et al., 1996). Members of the

Wnt-5A class of molecules disrupt calcium-dependent adhesion and also antagonize the

signaling effects of the Wnt-1-family members (Torres et al., 1996). Members of this

family do not induce an ectopic dorsoanterior axis (Torres et al., 1996). The mechanism

discussed by Torres et al. (1996) to describe how members of the Wnt-5A family function

includes the possible phosphorylation of B-catenin, which has been shown to decrease

calcium-dependent cell adhesion in other systems (Behrens et al., 1993, Hamaguchi et al.,

1993).

Xwnt-8 has been shown to be a dorsalizing factor when expressed early in

Xenopus (Smith and Harland, 1991, Sokol et al., 1991). Its expression in cleavage stage

embryos results in double axis formation, presumably by elevating ventral levels of B

catenin, thus establishing an ectopic Nieuwkoop center (Larabell et al., 1997). It is these
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dorsalizing properties of Xwnt-8 that were used in this thesis to study how o-catenin can

affect Wnt signaling. Xwnt-8, however, is not normally expressed in early cleavage stage

embryos, and its endogenous expression begins at later stages in the ventro-lateral

mesoderm (Christian and Moon, 1993). When Xwnt-8 is overexpressed at these later

stages, it has opposite effects, causing a ventralized phenotype (Christian and Moon,

1993). Xwnt-8b is the only maternal Xwnt that induces an ectopic axis (Cui et al., 1995),

but does not appear to be required for endogenous axis formation since overexpression of a

dominant-negative Wnt mutant still develops normally (Hoppler et al., 1996). Whether an

endogenous Wnt signaling factor that causes the induction of the Nieuwkoop center exists,

is presently unknown.

Also unknown is the endogenous receptor for Wnt family members in Xenopus.

One study has shown that overexpressing rat frizzled-1 (Rf7-1), the rat homologue of

Drosophila frizzled, a receptor for Wnt-1, results in the induction of downstream markers

of the Wnt-signaling pathway, and the recruitment of Xwnt-8 and Dishevelled to the

plasma membrane, thus showing that Rfz-1 can function in the Xenopus system as a Wnt

receptor (Yang-Snyder et al., 1996). Similarly, when mRNA encoding a human frizzled

homologue, hPz5, was coinjected with mRNA encoding Xwnt-5A, axis duplication and an

ectopic Spemann organizer were induced (He et al., 1997). Thus, although Xwnt-5A

normally does not induce the secondary axis, when a receptor was introduced, Wnt

signaling events were initiated (He et al., 1997). Interestingly, although no endogenous

Xenopus frizzled receptor has been isolated, a protein with homology to Rf7-1, termed

Frzb-1, was cloned and and found to be functional in antagonizing Xwnt-8 signaling in

Xenopus embryos (Leyns et al., 1997, Wang et al., 1997). Frzb-1 is related at the

sequence level to the putative Wnt binding domain of Frizzled, and is a secreted protein.

When Frzb-1 mRNA was coinjected with mRNA encoding Xwnt-8, a significant reduction

in dorsalizing activity was observed. In addition, Frzb-1 is expressed in the Spemann

organizer region of the embryo, and is thus thought to inhibit the ventralizing properties of
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Xwnt-8, allowing the organizer region to acquire a dorsal fate (Leyns et al., 1997, Wang et

al., 1997). An endogenous frizzled receptor for Xenopus Wnt family members will most

likely soon be discovered.

Dishevelled is an intracellular protein that is phosphorylated in Drosophila in

response to wingless signaling (Yanagawa et al., 1995) and has been shown to bind to

Rfz-1 (Yang-Snyder et al., 1996), and to the Notch receptor. It thus plays roles in both the

Wnt and Notch signaling pathways (Axelrod et al., 1996). Overexpression of

Xdishevelled, the Xenopus homologue of Drosophila Dishevelled, also induces an ectopic

dorso-anterior axis in Xenopus (Sokol et al., 1995). However, a dominant-negative

mutant of Xdishevelled does not affect the ectopic axis formation by B-catenin, showing

that Xdishevelled is epistatically upstream of B-catenin, nor does the dominant-negative

Xdishevelled affect endogenous dorsoventral axis formation, suggesting that wild-type

Xdisevelled is able, but not necessary to induce axis formation (Sokol, 1996).

GSK-3 is most likely inactivated by Dishevelled, and it has been shown to be

epistatically downstream of Dishevelled in Drosophila (Klingensmith et al., 1994). GSK-3

is a serine-threonine kinase in the Wnt signaling pathway that induces a ventralized

phenotype when overexpressed in dorsal blastomeres (He et al., 1995). In addition, a

dominant-negative form of GSK-3, where the kinase domain is inactivated, induces ectopic

dorsoanterior axes, similar to those induced by the Wnt-1 family (He et al., 1995, Pierce

and Kimmelman, 1995, Dominguez et al., 1995). Thus GSK-3 is the most upstream

molecule in the Wnt signaling pathway shown to be both necessary and sufficient for

dorsoventral axis formation. GSK-3B has been shown to phosphorylate both B-catenin

(Yost et al., 1996), and APC (Rubinfeld et al., 1996). The phosphorylation of APC is

reported to stabilize APC's interaction with B-catenin (Rubinfeld et al., 1996). B-catenin's

association with APC, and the phosphorylation of its N-terminal domain reduce its stability

of and promote its degradation (Munemitsu et al., 1996, Yost et al., 1996). Thus a model

at present for GSK-3's role in the Wnt signaling pathway hypothesizes that when the Wnt
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pathway is activated, GSK-3B is inactivated by Dishevelled; this reduces the

phosphorylation of B-catenin and APC, and allows the accumulation of free B-catenin in the

cytoplasm where it can assume its signaling role.

Besides being phosphorylated on serine and threonine residues by GSK-3, B

catenin is also phosphorylated on tyrosine residues in response to the v-Src tyrosine kinase

(Behrens et al., 1993, Hamaguchi et al., 1993). This tyrosine phosphorylation correlates

with a decrease in cell adhesion, and an increase of metastatic invasiveness (Behrens et al.,

1993, Hamaguchi et al., 1993). Robert Kypta in the lab has described that a LAR family

transmembrane tyrosine phosphatase associates with B-catenin. This could antagonize the

tyrosine phosphorylation that results in decreased adhesion, thus providing a mechanism

for maintaining stable cell-cell contacts (Kypta et al., 1996). What role tyrosine

phosphorylation of B-catenin may play with respect to the Wnt signaling is presently

unknown, but it is known that the mechanisms of transformation-dependent changes differ

between the two pathways; Wnt-mediated phosphorylation of B-catenin results in the

increase in the free cytosolic pool of B-catenin, whereas v-Src mediated phosphorylation

appears to have no effect on B-catenin's subcellular localization (Papkoff, 1997).

That APC can also induce an ectopic axis in Xenopus is somewhat paradoxical.

Recently, it has been shown that the injection of APC mRNA into ventral blastomeres

resulted in a duplicated axis (Vleminckx et al., 1997). APC is a 300 kD protein that like B

catenin, also contains armadillo repeats, and it is the armadillo repeats of APC that bind to

the armadillo repeats of B-catenin (Rubinfeld et al., 1993, Su et al., 1993). APC was

originally characterized as a tumor suppressor protein in the formation of human colorectal

cancer. As was described above, it is thought to promote the degradation of cytosolic fl

catenin, and thus negatively regulate Wnt signaling (Munemitsu et al., 1995). However, in

cell lines, Wnt-1 stabilizes the free cytosolic pool of B-catenin and of APC-catenin

complexes (Papkoff, 1997, Papkoff et al., 1996). This can affect cell-cell adhesion by

stabilizing B-catenin or plakoglobin binding to cadherins (Bradley et al., 1993, Hinck et al.,
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1994b). Since APC has been shown to form cytosolic complexes with o-catenin and B

catenin (or plakoglobin), regulation of levels of these complexes may be important in B

catenin signaling (Hülsken et al., 1994). However the evidence that the oeverexpression

of APC itself induces Wnt signaling suggests that APC may work in conjunction with B

catenin, perhaps by being an active intermediary, removing B-catenin from the cadherin

complex, and passing it on to its partner in signaling, the transcription factor Lef-1

(Vleminckx et al., 1997).

Recently, B-catenin has been shown to also bind the HMG transcription factor Lef

1, and be translocated with it to the nucleus where the complex activates transcription

(Behrens et al., 1996, Molenaar et al., 1996, Huber et al., 1996b, Brunner et al., 1997,

van de Wetering e al., 1997, Riese et al., 1997). The HMG transcription factor family

includes Lef-1, and Tcf-1,-3 and -4, all of which act as spatial enhancers by bending DNA

to allow other DNA-bound enhancers to activate transcription (for a review see Moon et al.,

1997). Lef-1, when overexpressed in Xenopus, accumulates in the nucleus, and can

induce an ectopic duplicated axis in Xenopus (Behrens et al., 1996, Molenaar et al., 1996,

Huber et al., 1996). In addition a dominant negative form of Xtcf-1, which does not bind

to B-catenin, when overexpressed in dorsal blastomeres results in a ventralized phenotype,

similar to what was observed using antisense oligonucleotides to deplete endogenous B

catenin (Molenaar et al., 1996). Together B-catenin and Lef-1 form a bipartite transcription

factor that is necessary for wingless signaling in Drosophila, and thus presumably also in

Xenopus (Brunner et al., 1997, van de Wetering et al., 1997). It is interesting to note that

Lef-1 binds to the armadillo repeat region of B-catenin, so this armadillo repeat region

mediates B-catenin's interaction with several proteins; cadherins, fascin, APC, and Lef-1

(Behrens et al., 1996). Thus regulatory mechanisms must exist to coordinate B-catenin's

dual roles in adhesion and Wnt signaling.

One gene activated by Wnt signaling in Xenopus is the homeobox domain

containing transcription factor Siamois. Expression of Siamois in the Nieuwkoop Center
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of early Xenopus embryos is dependent on B-catenin signaling (Fagotto et al., 1997). Its

overexpression in ventral blastomeres also leads to dorsalized embryos with duplicated

axes (Carnac et al. 1996, Lemaire et al., 1995, Brannon and Kimelman, 1996, Fagotto et

al., 1997). Siamois is useful as a marker to test for factors that activate or suppress Wnt

signaling; for example APC mRNA injected into embryos induces Siamois mRNA

expression (Vleminckx et al., 1997), and injection of mRNA encoding C-cadherin

suppreses Siamois induction (Fagotto et al., 1997). Siamois is not normally expressed in

animal caps of embryos, and injection of Wnt-inducing factors into the animal hemisphere

ectopically induces Siamois in this region (Carnac et al., 1996). In the work described in

this thesis, Siamois is used as a marker in a similar manner, to determine if o-catenin

affects the Wnt signaling pathway.

That C-cadherin can antagonize the Wnt signaling pathway in Xenopus was not

entirely expected. Fagotto et al. (1996) showed that a mutant B-catenin that does not bind

to C-cadherin is fully functional in its signaling capacity. Moreover, overexpression of C

cadherin in dorsal blastomeres results in a ventralized phenotype, with B-catenin diverted

from a soluble pool to the cadherin complex. Previous studies overexpressing cadherins in

Xenopus had differing effects as was described earlier. But in one study, where full-length

N-cadherin encoding mRNA was injected into oocytes, before fertilization, a similar

phenotype occured with an inhibition of dorsal mesoderm induction (Heasman et al.,

1994). These studies thus show that cadherins can influence B-catenin’s role in the Wnt

signaling pathway, and they encouraged me to test whether o-catenin, which also binds to

B-catenin, could have a similar affect on the Wnt signaling pathway.

Specific Aims

With the goal of elucidating the function of o-catenin in Xenopus development, I

sought to address the following questions:
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1. Which domain of o-catenin binds to B-catenin? As mentioned earlier, it was previously

shown that the N-terminal half (i.e. the N-terminal 448 amino acid residues) of o-catenin

binds to B-catenin (Jou et al., 1995). My goal was to further delineate this interaction.

2. Could a dominant-negative mutant of on-catenin be constructed that would inhibit the

function of endogenous o-catenin, and if so, what are the major functional roles of o

catenin in early Xenopus development? Dominant-negative mutants of cadherins proved to

be powerful tools to determine the roles of cadherins in embryogenesis. I speculated that

deleting either the B-catenin binding domain, or perhaps the cytoskeletal binding domain, of

oN-catenin would result in a dominant-negative type mutant that could be used in a similar

manner to the cadherin dominant-negative mutants.

3. Can o-catenin influence the Wnt signaling pathway? Overexpressing cadherins resulted

in suppressing B-catenin's signaling capacity (Fagotto et al., 1996). Could o-catenin

similarly regulate B-catenin's role in the Wnt signaling pathway?

To address these questions, I proceeded to construct o-catenin deletion mutants. I

used chicken on-catenin, since this clone was available, and can functionally substitute for

o-catenin in cell lines (Watabe et al., 1994). The deleted domains of the protein were

substituted with the green fluorescence protein (GFP). This allows tracking of the

expression of the proteins in vivo without killilng the embryos by simply exposing the

embryos to ultraviolet light. mRNA of these constructs was made, and injected into early

Xenopus embryos.

In work described in Chapter Two, I first mapped the binding site of B-catenin to

the N-terminal 210 amino acids of o-catenin. I then showed that mutants lacking the C

terminal third of o-catenin, when overexpressed in Xenopus embryos, cause severe defects
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in gastrulation that can be explained by severely impaired calcium-dependent cell adhesion.

In work described in Chapter Three, I demonstrated that overexpression of o-catenin can

affect the dorsalizing properties of Xwnt-8 or B-catenin, when these proteins are introduced

early into ventral blastomeres. I therefore propose that the C-terminus of o-catenin is

essential for the proper function of this molecule, that o-catenin plays an instrumental role

in the adhesion of Xenopus blastomeres and their subsequent morphogenesis, and that o

catenin could also be a modulator of B-catenin signaling.

This work forms the main body of this thesis. In the two appendices, I describe

work that I did with neurotrophins. In the first appendix, I describe the cloning,

sequencing and subsequent development of antibodies to chicken BDNF. The anti-BDNF

antibodies specifically recognize BDNF in immunoblots, and immunoprecipitations. In the

second appendix, I describe the production of epitope-tagged neurotrophins. These

neurotrophin mutants retain function, and can be recognized in several assays using the

antibodies to the specific epitopes.
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Figure 1.1. Components of Cadherin-based cell-adhesion. Cadherins are transmembrane

glycoproteins. They bind to pl20cas, B-catenin, or plakoglobin with their highly

conserved cytoplasmic tails. B-catenin or plakoglobin in turn bind to o-catenin which is a

homologue of another cytosolic protein, vinculin. o-catenin binds to actin, and o-actinin,

and thus is an important linker molecule between cadherins and the actin-based

cytoskeleton. In addition, o catenin can form cytosolic complexes with B-catenin and APC

that do not bind to cadherins. The work in this thesis focuses on the functions of o-catenin

in Xenopus embryos.
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Components of the Wnt Signaling Pathway
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Figure 1.2. Components of the Wnt Signaling Pathway. As described in this chapter, Wnt

proteins are secreted macromolecules that interact with a frizzled receptor to transduce a

signal to the cytoplasm. Frzb-1 has homology to the extracellular domain of frizzled

receptors, and can bind to Wnt proteins and thus inhibit Wnt signaling. The frizzled

receptor interacts directly with Xdishevelled in Xenopus and Xdishevelled futher interacts
with glycogen synthase kinase-3B (GSK-3■ ). GSK-3■ is a serine threonine kinase, and

phosphorylates both B-catenin and APC, and this phosphorylation inhibits Wnt signaling,

most probably by activating a degradation pathway for B-catenin. When GSK-3B signaling

is inhibited, B-catenin further transduces the Wnt signal to the nucleus by binding to a

member of the HMG family of transcription factors, of which Lef-1 is a member. Together

Lef-1 and B-catenin translocate to the nucleus where they activate transcription. One of the

genes induced by this Wnt signaling pathway is Siamois.
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Chapter Two

Antagonism of Cell-Adhesion in Xenopus Embryos

by a Dominant-Negative Mutant of O.-Catenin
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Introduction

The early Xenopus embryo expresses high levels of o-catenin, and it is not all

confined to cell membranes (Schneider et al., 1993). This suggests that not all ot-catenin is

linked to cadherins and o-catenin is in functional excess (Schneider et al., 1993). The

presence of o-catenin at all stages of development, in time frames where differing cadherins

are expressed, suggests that o-catenin is a ubiquitous linkage molecule for all the cadherins

(Schneider et al., 1993). B-catenin is also highly expressed in the early embryo, and is

more prominant than o-catenin at boundaries between tissue anlage, substantiating the fact

that B-catenin is involved in signaling as well as cell adhesion (Fagotto and Gumbiner,

1994). Dominant-negative mutations of the cadherins have shown that cadherins are

essential for cell adhesion and morphogenesis in the early embryo (see Chapter One). Q

catenin has been shown to be important for cell adhesion in cell lines, and the early mouse

embryo, but a comprehensive study of o-catenin had not been undertaken in Xenopus,

where so much has been learned about cadherin complexes.

In order to test o-catenin’s role in early Xenopus embryogenesis, I created

dominant-negative mutants. Deletion mutants of on-catenin were constructed, and

mRNAs encoding these proteins were injected into early Xenopus embryos. The Green

Fluorescent Protein (GFP) was substituted for deleted domains, and used as an epitope for

monitoring protein expression. Immunoprecipitations were performed to determine the B

catenin binding domain of o-catenin. One mutant of on-catenin, that does bind B-catenin

disrupts calcium-dependent cell adhesion, and gastrulation severely. This phenotype can

be rescued by two means; either by coexpression of a full-length version of on-catenin, or

a mutant B-catenin that lacks its internal armadillo repeats.
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Materials and Methods

Plasmid Construction

The construct named GFPoNcatCterm was made by fusing GFP to the N-terminus

of on-catenin. GFP was obtained in the vector pCDNA-1 (Invitrogen, Carlsbad, CA)

from Dr. C. M. Fan (UCSF, San Francisco), and chick on-catenin in pBS SK”

(Stratagene, La Jolla, CA) from Dr. Masatoshi Takeichi (Hirano et al., 1992). GFP was

amplified using PCR. The primers Were upstream,

GGTCGACCCATGAGTAAAGGAGAAGAACTTTTCACTGG, and downstream,

CCAAGCTTATTTGTATAGTTCATCCATGCC. This product was ligated into pCR3

(Invitrogen, Carlsbad, CA). The resulting vector (pCR3-GFPa) was cut with XhoI. An

XhoI fragment containing on-catenin was excised from pBS SK”. This results in a

deletion of the first N-terminal 750 bases of the full length clone. This fragment was

ligated into the pCR3-GFPa vector.

oNtermGFP was made using PCR, amplifying GFP and fusing it to a C-terminal

deletion mutant of on-catenin. The upstream primer WaS,

CCCGGGGATGAGTAAAGGAGAAGAACTTTTCACTGG, and downstream,

CCAAGCTTATTTGTATAGTTCATCCATGCC. The resulting product was ligated into

pCR3. on-catenin in pBS SK was cut with BamhI and Ball and fused into the BamhI

SmaI sites in the pCR3-GFPb construct. Ball which cuts at position 2121 removes the C

terminal 724 bases of on-catenin. The constructs described above were all sequenced

through junctional regions.

oNcatGFP was made by fusing GFP and to the C-terminus of on-catenin. Again

GFP WaS amplified using PCR and the upstream primer,

GCCTTAAGCATGAGTAAAGGAGAAGAACTTTTCACTGG, and downstream

CCAAGCTTATTTGTATAGTTCATCCATGCC. This was ligated into pCR3, and

subsequently cut with BamhI and Afl■ I. on-catenin in pHS SK was cut with BamhI and
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Aflil, and the insert was subcloned into the pCR3-GFPC construct. Afl/I cuts on-catenin

at position 2816, and deletes the C-terminal 29 bases.

The constructs GFPo■ NcatCterm, O.NcatNtermGFP, and oncatCFP were

subcloned from pCR3 into pCS2+ for expression in Xenopus embryos using the BamhI

and Xbal sites. pCS2+ (Rupp et al., 1994) was a gift from Dr. Monica Vetter (Univ. of

Utah, Salt Lake City, UT).

GFP was subcloned from pCDNA-1 into pCS2+ using the sites BamhI-Xbal.

AArm is described as AR in Kypta et al. (1996), and was excised from the expression

vector p5R using the sites Sall and Xbal. It was subcloned into pCS2+ using XhoI and

Xbal.

The construct GFPoNcat was made using pecPP-C1 (Clontech, Palo Alto, CA).

oN-catenin was cut from pBS SK” using EcoRI and Nsi■ , and subcloned into pBGFP-C1

using EcoRI and Pst■ . The resultant clone was cut with AgeI, and Klenow was used to

create a blunt 5’ end. The insert was cut out with Xbal and subcloned into the Stu■ -Xbal

sites of pCS2+. In order to remove intervening 5'-untranslated sequence which contains a

stop codon, site-directed mutagenesis was performed using the Quick-Change mutagenesis

kit (Stratagene, La Jolla, CA). The primers Were

CCCCACCCACCGAGATCTGGGAGTATGACTTC, and its reverse complement. This

introduced a BgllI site in the intervening sequence at the site of the stop codon, so that

BgllI from pEGFP-C1 could be used to delete this sequence.

The construct GFPoNcatNterm was made by introducing a stop codon at position

2121 of on-catenin in GFPoFL. The primers used for site-directed mutagenesis with the

Stratagene kit were GACCAGCTTATTGCTGGCTAGAGTGCAAGGGC, and its reverse

complement.

Treatment of Embryos and mRNA Injections



30

All synthetic mRNAs were prepared using the SP6 Message Machine capped

mRNA kit (Ambion, Austin, TX). GFP, GFPoNcatCterm, oncatNtermGFP and

oNcatGFP in pCS2+ were all linearized using Asp718. Not■ was used to linearize AArm,

Xwnt-8, GFPoNcat, and GFPoNcatNterm. Xwnt-8 in pCEM5Zf(-)/RI was provided by

Dr. Richard Harland (Smith and Harland, 1991). Dr. Barry Gumbiner provided the T1

HA-tagged B-catenin construct in the vector pSP64, which was linearized with EcoRI

(Funayama et al., 1995).

Xenopus laevis frogs were obtained from Nasco (Fort Atkinson, WI). Sperm was

added to eggs in 1x MMR: 100 mM NaCl, 5 mM, Hepes-Na, pH 7.4, 2 mM KCl, 1 mM

MgCl, and 2 mM CaCl, After 5 minutes, 0.1x MMR was added to dilute the sperm and

initiate fertilization. Embryos were dejellied after 10 minutes with 2.5% cysteine

hydrochloride, pH 8.0, and allowed to develop in 0.1x MMR. 10 ni of a synthetic mRNA

solution was injected either at the 2 or 4 cell stage using a glass micropippette.

Embryos were allowed to develop to various stages (as described by Nieuwkoop

and Faber, 1967). Animals were visualized for green fluorescence using a 10x objective

on a Nikon Microphot FXA fluorescent microscope. The HiQ DAPI filter on the

fluorescent microscope was used for fluorescence exhibited by wild-type GFP, and the

FITC filter for enhanced GFP. Both filters were obtained from Chroma Inc., Brattleboro,

VT. All non-fluorescent photography of embryos was done using a Leica M420

macrophot microscope.

Immunoblots and Immunoprecipitations

For experiments determining the association of B-catenin with the various on

catenin constructs, 1.5 ng mRNA was injected into 1 cell of 2-cell embryos. Embryos

developed until stage 9-10, when 10 embryos were lysed in 1 ml of NP-40 LB (20 mM

Tris-Cl, pH 8.0, 150 mM NaCl, 50 mM NaF, 10 mM DTT, 1mM EDTA, 10 mg/ml

aprotinin, 10 mg/ml leupeptin, 1% NP-40). Samples were spun at 8169 x g for 15
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minutes. For immunoblots, reducing SDS sample buffer was added to 40 microliters of

extracts, boiled at 100° C, and loaded on 7.5% SDS-polyacrylamide gels. For

immunoprecipitations, 10 microliters (2.5 micrograms) of an anti-B-catenin monoclonal

antibody (Transduction Labs, Lexington, KY) were added to the supernatants at 4°C for

90 minutes. Subsequently, the samples were spun for 10 minutes at 8169 x g, and then

anti-mouse IgG-Sepharose (Sigma, St Louis, MO) was added for 30 minutes. Immune

complexes were washed four times in NP-40 LB, and then heated to 100° C in reducing

SDS sample buffer. The complexes were then separated on 7.5% SDS-polyacrylamide

gels. Gels were subsequently transferred to nitrocellulose (BA83: Schleicher and Schuell,

Inc, Keene, NH), and membranes were then rinsed in TBS-T (10 mM Tris-Cl, pH 7.5,

100 mM NaCl, 0.1% Tween-20), and blocked for one hour at room temperature in

blocking buffer (TBS-T + 3% BSA, 1% ovalbumin). The anti-GFP polyclonal antibody

serum was developed in the lab by Kuanhong Wang and Dr. Ulrich Müller. It was diluted

1:500 in blocking buffer, and membranes were incubated overnight with primary antibody

at 4° C. Membranes were washed in TBS-T and probed with alkaline phosphatase

conjugated anti-mouse secondary antibodies (Zymed, South San Francisco, CA) according

to manufacturer's instructions. Blots were developed using 160 pg/ml NBT and 80 pg/ml

BCIP in 100 mM NaCl, 5 mM MgCl, 100 mM Tris, pH 9.5.

For experiments using AArm to immunoprecipitate oN-catenin constructs, the same

immunoprecipitation protocol was used with 10 pul (1 pig) of the monoclonal anti-myc tag

antibody 9E10 (Santa Cruz Biotech Inc., Santa Cruz, CA).

Cell fractionation experiments were performed exactly as described by Fagotto et al.

(1996), but without acetone precipitations. 40 microliters of the soluble fraction were

boiled in SDS reducing sample buffer, and loaded directly on 7.5% SDS-polyacrylamide

gels.

For immunoprecipitations with C-cadherin, both polyclonal monoclonal C-cadherin

antibodies were kindly provided by Dr. Barry Gumbiner (Sloan-Kettering Institute, New
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York, NY). The monoclonal C-cadherin antibody 6B6 is described in Brieher et al.

(1994). A GFP monoclonal antibody (Clontech, Palo Alto, CA) was used for

immunoblotting at 1:1000 in blocking buffer as described above.

For experiments determining the levels of endogenous Xenopus o-catenin bound to

immune complexes of cadherins, 10 embryos were lysed in NP-40 buffer and

immunoprecipitated using the monoclonal C-cadherin antibody as described above.

Alternatively, ConA Sepharose (Sigma, St. Louis, MO) was used to precipitate

glycoproteins (as described above, and in Fagotto et al., 1996). The polyclonal antisera to

oN-catenin (CME) was raised in the lab by Cindy-Murphy Erdosh. It was raised against a

peptide corresponding to the C-terminal peptide of 21 amino acids

(SQRKHISPVQALSEFKAMDSF) of on-catenin, and was used at a dilution of 1:1000

for western blots. Equal amounts of precipitates were loaded in each lane of SDS-PAGE

gels.

Histology

For paraplast sectioning and staining, stage 11-12 embryos were fixed overnight in

MEMFA (0.1 M MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO, 3.7% Formaldehyde).

Embryos were then dehydrated through an ethanol series (50, 70,90, 95, 100, 100%) and

placed in xylene for 1.5 hours. Embryos were carefully transferred to paraplast (Oxford

Labware, St Louis, MO) at 55-60°C for several hours, and then positioned and embedded

in paraplast. Sectioning was done at 7 puM using a rotary microtome, mounted, and stained

with eosin-hematoxylin using standard protocols.

For plastic sections, embryos were fixed in MEMFA, and dehydrated through an

ethanol series and embedded in glycol-methacrylate (Historesin, Leica, Heidelberg,

Germany). 5 puM sections were stained with 0.5% toluidine blue.
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Animal Cap Aggregation Assays

Both blastomeres of two-cell embryos were injected with 1.5 ng of mRNA.

Animal caps were explanted at stage 9 in 1x MMR. To observe involution and healing,

they were placed in 1x MMR in 6 well tissue culture plates coated with 1% agarose for one

hour. Calcium dependent aggregation assays were performed on either 5 or 6 animal caps.

Explants were immediately dissociated in CMF medium (20 mM Hepes, pH 7.2-7.4, 88

mM NaCl, 1 mM KCl) using a pasteur pipette. Then CaCl, was added back to 2 mM, and

blastomeres were allowed to reaggregate on a rotating table for 1 hour.

Results

The N-terminal Domain of ow-catenin is Essential for ■ º-catenin
Binding.

Green Fluorescent Protein (GFP) was fused to various constructs of on-catenin to

permit assays of expression and localization. Figure 2.1 illustrates the domains of on

catenin and B-catenin present in each of the constructs used in these studies. mRNA

prepared using each construct was injected into one cell of two cell Xenopus embryos. To

quantitate expression of different on-catenin protein fragments, immunoblots were

performed using a GFP polyclonal antibody for detection. Results in Figure 2.2 A show

that each of the proteins was expressed efficiently, a result confirmed by fluorescence

detection of GFP. When a monoclonal antibody against B-catenin was used to

immunoprecipate B-catenin and associated proteins, all on-catenin constructs except

GFPoNcatCterm, which lacks the N-terminal 210 amino acids catenin (Fig 2.2 B lane 5,

and Fig 2 C lane 3), were shown to bind to B-catenin. Thus this N-terminal domain is



34

essential for on-catenin binding to B-catenin. Figure 2.3 shows a tadpole expressing

GFPoNcatCterm, as observed by direct green fluorescence from the GFP epitope.

Mutants that Lack the C-terminus of oM-catenin Cause Severe
Defects in Gastrulation.

The injection of mRNA encoding on-catenin with C-terminal domain deletions

(oNcatNtermGFP or GFPoNcatNterm) caused severe defects in embryogenesis, noticeable

first at the onset of gastrulation. The observed phenotype was a marked ripping of the

outer ectodermal layer of the embryo, similar to what has been observed after the

overexpression of the extracellular domain of E-cadherin (Levine et al. 1994) or the

cytoplasmic domain of N-cadherin (Kintner 1992), but on a more global scale, with the

embryos succumbing to the defects at stage 11, unable to develop further. Figure 2.4

shows the onset of this ripping as seen in embryos expressing GFPoNcatNterm, or

oNcatNtermGFP (Fig. 2.4 C and D). In these photos, the noticeable effects are observed

at the dorsal involuting lip of the blastopore. Embryos injected with GFPoNcat or

GFPoNcatCterm mRNA developed normally (Fig. 2.4 A and B), and expressed high

levels of the respective proteins as visualized by immunoblots (Figure 2.2) or GFP

fluorescence (data not shown). Table 2.1 shows that the C-terminal deletion mutations are

very potent, with 99-100% of the embryos injected with these mRNAs developing this

phenotype. GFP injected controls, or embryos injected with GFPoNcat or

GFPoNcatCterm mRNA rarely developed gastrulation defects (6% in the case of

GFPoNcatCterm).

When single blastomeres of later staged embryos were injected with

oNcatNtermGFP, i.e. one blastomere of a 4 or 8 cell embryo, embryos developed further,

but had incomplete morphogenesis with open areas shedding cells (data not shown). These

data point to the C-terminal 230 amino acid residues of on-catenin as essential for the
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proper function of the protein, since overexpression of mutants lacking this domain cause

severe deficiencies in morphogenesis.

It is interesting to note that the overexpression of full-length on-catenin with GFP

fused to its C-terminus (oNcatGFP) results in an identical phenotype to the C-terminal on

catenin truncations. This is in contrast to expression of GFPoNcat (with GFP at the N

terminus) which causes no observable phenotype. The defects caused by oncatCFP

require higher levels of protein expression than those of the C-terminal on-catenin

truncations. When embryos were injected with 1.5 ng of oncatCFP mRNA, 97% of them

developed the phenotype. However when lower amounts of mRNA of oncatCFP were

injected (0.3 ng), the percentage decreased significantly, whereas with GFPo■ NcatNterm

and oncatNtermGFP, as little as 0.1 ng of mRNA resulted in a complete disruption of

gastrulation (data not shown). An explanation for this is that oncatCFP may still retain

some function in its C-terminal domain, so is thus less effective as a dominant-negative

mutant. Its levels of expression, as observed by immunoblotting, do not differ

significantly from oncatNtermGFP and GFPoNcatNterm. The oNcatGFP construct does

have a nine amino acid deletion at the C-terminus before the GFP fusion, and these

residues may be crucial for the proper C-terminal interactions of o-catenin. However, it is

more likely that the addition of GFP to the C-terminus of on-catenin disrupts its C-terminal

interactions but when added to the N-terminus, the N-terminal interactions remain

functional.

AArm and GFPo■ Ncat Rescue the Defects Caused by ow-catenin
Mutants.

In order to ensure that the effects due to the mRNA injections were specific for o

catenin, we performed coinjection experiments. The first mRNA coinjected was a B

catenin construct lacking the internal armadillo repeats (AArm) which was described

previously as AR in Kypta et al. (1996). This protein has been shown to retain binding to
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o-catenin, but does not bind to cadherins or APC (Funayama et al., 1995). Figure 2.5

shows that oncatNtermGFP and oncatGFP bound to immunoprecipitates of AArm in

Xenopus extracts. Coexpression of AArm with either GFPoNcatNterm or

oNcatNtermGFP resulted in a complete rescue of the phenotype, when the ratio of rescuing

mRNA to on-catenin truncation mRNA was 4:1 (Fig. 2.6 B and Table 2.2). Coinjecting

the same amount of GFP mRNA as a control did not rescue the phenotype (Fig. 2.6A and

Table 2.2).

Similarly, the construct encoding full-length on-catenin named GFPoNcat

completely rescued the gastrulation defective phenotypes induced by overexpression of the

C-terminal deletion mutants of on-catenin. This full-length on-catenin construct with

GFP fused to the N-terminus caused no observable phenotype when expressed at high

levels. Again when this mRNA was coinjected with GFPoNcatNterm, the embryos

developed normally with no apparent defects (Fig. 2.6, C). A summary of these results is

presented in Table 2.2. Coinjection of GFPoNcat mRNA rescued consistently and

completely embryos injected with the C-terminal truncation mutants of on-catenin. In

most cases AArm completely rescued the defects caused by oncatNtermGFP, but there

was some variability in batches of mRNA so the final average rescue was incomplete with

17% of embryos expressing a mutant phenotype.

In order to further characterize the variant phenotype, stage 11 embryos were

sectioned and examined histologically (Fig 2.7). At this stage, normal embryos have well

developed germ layers surrounding a central blastocoel (Fig 2.7 A). In contrast, embryos

expressing oncatNtermGFP or GFPoNcatNterm showed a complete loss of the

blastocoel, and complete disorganization of the interior of the embryo (Fig. 2.7 C and D).

In addition, defects in the integrity of the outer ectodermal layer are apparent. This

disorganization is in stark contrast to embryos injected with GFPoNcatCterm (Fig 2.7 B),

which develop normally. Figure 2.8 emphasizes the disorganization and loss of cell

adhesion of cells in embryos expressing the dominant-negative protein oncatNterm GFP.
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Individual cells of an oncatNtermGFP expressing embryo have lost cell contacts when

compared to embryos expressing the GFPoNcatCterm protein.

AArm Displaces oftwcatNterm GFP and GFPo■ NcatNterm from
their Association with Cadherins to a Soluble Fraction.

To provide evidence addressing the mechanism by which the B-catenin construct

AArm, which lacks a cadherin binding site, rescued the defects caused by the expression of

the C-terminal deletion oM-catenin constructs, cell fractionation methods were used.

Following a protocol described by Fagotto et al. (1996), embryos were homogenized in a

detergent-free buffer and fractionated by centrifugation. Most of o-catenin remains in

solution after this fractionation (Hinck et al., 1994). The pellet obtained after high-speed

centrifugation was extracted with a nonionic detergent (1% NP-40) and incubated with

Concanavalin A beads, in order to obtain a glycoprotein enriched fraction, where

cadherins, and their associated proteins are found. After this procedure, a high majority of

each of the o-catenin constructs was found in the soluble pool, but a significant portion

was also found in the pellet, associated with cadherins. The distributions of these oN

catenin-GFP chimeras was visualized using anti-GFP and results are presented in Figure

2.9 A (Supernatant) and 2.9 B (pellet). From this experiment, it is again clear that

GFPoNcatCterm, although highly expressed in the soluble fraction, is not associated with

cadherins or other glycoproteins, and therefore was not found in the glycoprotein enriched

pellet (Fig. 2.9, A and B, lane 3). GFPoNcat, the functional full-length on-catenin

construct, appeared in both fractions (Fig. 2.9, A and B, lane 8). When 0.3 ng of

oNcatNtermGFP or GFPoNcatNterm was coinjected with 1.2 ng of GFP mRNA, a large

amount of each oM-catenin-GFP chimera was found in the glycoprotein-enriched fraction

of the precipitate (Fig. 2.9 B, lanes 4 and 6). However when the same amount (1.2 ng) of

AArm was coinjected, the levels in the pellet fraction of the oN-catenin-GFP chimeras

decreased significantly (Fig. 2.9 B, lanes 5 and 7). In the case of oncatNtermGFP,
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coinjection of AArm resulted in its displacement to the soluble fraction (compare Fig. 2.9,

lanes 4 and 5 between A and B). Another type of experiment revealed similar results:

embryos extracted in NP-40 buffer were subjected to immunoprecipitation with an antibody

raised to C-cadherin, and subsequently immunoblotted with anti-GFP. Again when AArm

was coinjected with oncatNtermGFP, the binding of oncatNtermGFP to C-cadherin was

diminished (Fig. 2.10). These results suggest a likely mechanism for how AArm rescued

the dominant-negative effects of the C-terminal deleted on-catenin constructs. AArm binds

avidly to the oN-catenin mutants, sequesters them, and thereby diminishes their binding to

functional B-catenin in cadherin complexes.

Binding of Endogenous Xenopus o-Catenin to Cadherins
Diminishes in Embryos injected with Dominant-Negative o
Catenin constructs.

To substantiate the model that the dominant-negative o-catenin mutants function by

displacing endogenous o-catenin from binding to cadherin complexes,

immunoprecipitations were performed with a monoclonal antibody to C-cadherin. The

immune complexes were subsequently immunoblotted with an antibody raised against a

peptide corresponding to the C-terminal 21 amino acids of chick on-catenin. This

antibody (CME) does not recognize oNcatNtermCFP or GFPoNcatNterm, but does

recognize GFPoNcat and GFPoNcatCterm. Figure 2.11 A illustrates that the levels of

endogenous o-catenin decrease significantly in embryos expressing oncatNtermCFP or

GFPo■ NcatNterm (lanes 3 and 4), as compared to embryos expressing GFP or

GFPoNcatCterm (lanes 1 and 2). 0-catenin was not detected in uninjected embryos

subjected to immunoprecipitations with an anti-myc antibody (9E10) (lane 5).

In a similar type of experiment, embryo lysates were precipitated with concanavalin

A, and subsequently immunoblotted with the anti-ON-catenin antibody (Fig. 2.11 B).

Again, embryos expressing the dominant-negative mutants had a significant reduction in
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the amount of endogenous o-catenin bound to the glycoprotein enriched fractions. No o

catenin was detected in samples where anti-mouse IgG agarose was substituted for ConA

(lane 5).

Animal Cap Assays Reveal that Embryos Injected with
Dominant-Negative o-Catenin Constructs Lack Calcium
Dependent Cell Adhesion.

To extend the results revealing disorganization of sectioned embryos (Fig. 2.7), we

performed animal cap assays using embryos expressing the dominant-negative o-catenin C

terminal deletion constructs to reveal the degree of dissociation of blastomeres. Animal

caps normally round up and heal in 1x MMR after an hour at room temperature. However

animal caps taken from embryos expressing either C-terminal truncation of on-catenin did

not undergo this process. Instead blastomeres dissociated and were shed from the explants

(Fig. 2.12 B).

Further experiments were performed to determine whether this disaggregation is

based upon a calcium-dependent, and thus presumably cadherin-based, adhesion system.

Both blastomeres at the two-cell stage were injected with control mRNA, or mRNAs

encoding the dominant-negative o-catenin mutants. Animal caps were explanted from six

stage 9 embryos, and immediately dissociated by pipetting in calcium-free CMF medium.

Calcium was added back to 2 mM, and the blastomeres were allowed to reaggregate for 1

hour on a rotating table. Blastomeres expressing the C-terminal deletion constructs did not

reaggregate, or formed very small aggregates, whereas blastomeres expressing GFPoNcat,

GFPoNcatCterm, or GFP formed large cohesive aggregates (Fig. 2.12, not all data

shown). The presence of GFP-derived fluorescence revealed that most of the blastomeres

expressed on-catenin-GFP chimeric proteins (data not shown). Interestingly, in

experiments where only one cell of the two cell embryo was injected with the dominant

negative construct, the degree of disaggregation was still almost complete. These results
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were striking and somewhat surprising, but consistent with findings by Torres et al.

(1996), where injection of Xwnt-5A into one blastomere at the 4 cell stage disrupted

convergence and extension and cell adhesion of entire gastrula organizer explants. It is

conceivable that o-catenin could similarly have an effect on Wnt signaling and adhesion, as

a dominant-negative N-cadherin mimics the effects of Xwnt-5A on Wnt signaling (Torres

et al., 1996). A simpler explanation for this effect on adhesion is that the cell boundaries at

the two cell stage could be incomplete at the time of injection of the dominant-negative oN

catenin mRNA, and thus the mRNA actually does reach both cells.

Discussion

The work presented in this chapter illustrates the requirement for o-catenin in

maintaining cell adhesion in early Xenopus development. A detailed analysis of this work

is discussed in chapter four. Some details on the structure and function of o-catenin are

discussed below.

o-catenin has three distinct regions that have relatively high homology to three

domains of another intracellular protein, vinculin (Nagafuchi et al., 1991). The N-terminal

domain of vinculin is responsible for binding to talin, and the C-terminal domain is

responsible for vinculin homodimerization: an internal region of vinculin is responsible for

its binding to actin (for a review see Kemler, 1993, Gilmore and Burridge, 1995). In the

work presented here, on-catenin with GFP affixed to its N-terminus appears to be fully

functional. However, GFP added to the C-terminus, when overexpressed, caused

mutations similar to the dominant-negative mutants that lack the C-terminal domain of o

catenin. This shows that the C-terminal domain of o-catenin is especially sensitive in its

interactions with the cytoskeleton. These protein interactions with the carboxy-terminal

domain of o-catenin are not fully understood. Perhaps the C-terminal domain of o-catenin

is responsible for the binding of several proteins, and the addition of GFP sterically hinders

the proper clustering. Indeed, Rimm et al. (1995) showed that o-catenin is an actin
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bundling protein. The B-catenin binding domain has 27% homology with the talin-binding

domain of vinculin (Kemler, 1993), suggesting that this domain is important to the

vinculin-o-catenin family of proteins in maintaining their function as linker proteins

between the extracellular environment and the actin cytoskeleton.

In this study, I did not delete the internal third of o-catenin. This region has

homology to the actin-binding domain of vinculin (Kemler, 1993). However, this region

was divided when Nagafuchi et al. (1994) determined that the carboxy-terminal half of o

catenin is essential in maintaining functional cadherin-o-catenin fusion proteins in L cells.

Thus, as Rimm et al. (1995) found, it is likely that the C-terminal 447 amino acids of o

catenin, the domain homologous to the vinculin homodimerization domain, is responsible

for actin binding.

The dominant-negative mutants in this work lack the carboxy-terminal 230 amino

acids. This implies that the C-terminal 230 amino acids are essential for the proper linkage

to the actin cytoskeleton. Further mapping will need to be done to determine which amino

acid residues are responsible for binding o-catenin to actin. Interestingly, vinculin

undergoes major structural changes that unmask cryptic actin and talin binding sites upon

the binding by phosphatidyl-inositol-4-5-bisphosphate (Gilmore and Burridge, 1996). Due

to its homology with vinculin, and the fact that direct associations between o-catenin and

actin have been difficult to demonstrate, it would be extremely interesting to find if o

catenin too contains cryptic binding sites for actin and possibly B-catenin that could be

unmasked and regulated by phosphatidylinositides or perhaps other factors.
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Figure 2.1. o-catenin-GFP and B-catenin constructs used in this work. GFP was added to

either the N-terminus of full length, or the N or C-terminus of deletion mutants of chick

oN-catenin. 1 represents the start methionine of on-catenin, 906 is the terminal amino acid

residue. See Materials and Methods for details on the construction of these mutants. In

summary, oncatNtermGFP and GFPoNcatNterm act as dominant-negative mutants,

causing defects in gastrulation. Embryos expressing oncatCFP also develop similar

defects at gastrulation. Embryos injected with mRNAs encoding GFPoNcat and

GFPoNcatCterm develop normally. All constructs bind to ■ -catenin except

GFPoNcatCterm. Full length B-catenin has a C-terminal hemagglutinin (HA) tag, and

AArm has a C-terminal myc tag.
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Figure 2.2. Expression of o-catenin-GFP fusion proteins in Xenopus embryos, and the

localization of the B-catenin binding site. (A) Expression of proteins detected by anti-GFP.

(B,C). Following immunoprecipitations with anti-■ -catenin, associated o-catenin was

detected using anti-GFP. In both A and B, the numbering is as follows: 1, GFP injected,

2, uninjected, 3, oncatNtermGFP + GFP, 4, oncatNtermCFP + AArm, 5, oncatCFP +

GFP, 6, oncatCFP + AArm, 7, GFPoNcatCterm, 8, GFPo■ Ncat. Note that

GFPoNcatCterm, the protein lacking the N-terminus of on-catenin, does not bind to B

catenin. (C) Immunoprecipitations showing that N-terminal and C-terminal o-catenin-GFP

constructs bind B-catenin. 1, Uninjected, 2, GFP injected, 3, GFPoNcatCterm, 4,

oNcatNtermGFP, 5, GFPoNcatNterm + GFP, 6, GFPo■ NcatNterm + AArm, 7,

oNcatGFP, 8, GFPoNcat. Results show that the presence of GFP does not prevent o

catenin binding to B-catenin, provided that the N-terminal binding domain is present. In

addition, coexpression of AArm does not affect expression levels. In each case, 1.5 ng

total RNA was injected into one blastomere at the 2 cell stage.
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Figure 2.3. An embryo expressing GFPoNcatCterm as visualized using fluorescent

microscopy. These embryos develop normally, and express high protein levels as evident

by the high expression of green fluorescence. Although only one cell of the two cell

embryo was injected with mRNA, almost all cells express the protein, probably due to

incomplete cytokinesis at the time of injection.
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Figure 2.4. Mutants lacking the C-terminus of on-catenin result in severe gastrulation

defects. (A) GFPoNcat injected embryos develop normally. (B) GFPoNcatCterm

expressing embryos develop normally. (C and D) both oncatNtermGFP and

GFPoNcatNterm injected mRNAs induce defects beginning at stage 10, here shown by

rips (arrows) occurring at the dorsal lips of the embryos. Embryos are shown with the

ventral side toward the top.
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Figure 2.5. AArm binds o-catenin-GFP fusion proteins in immunoprecipitations. The

9E10 monoclonal antibody that recognizes the myc tag on AArm was used to

immunoprecipitate, and anti-GFP was used for Subsequent immunoblotting. Embryos

were coinjected with 0.3 ng of the first mRNA and 1.2 ng of the second. 1, GFP + AArm,

2, oncatNtermCFP + AArm, 3, uninjected, 4, oncatCFP + AArm.
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Figure 2.6. AArm and GFPoNcat rescue the defects caused by dominant-negative o

catenin mutants. (A,B and C) oncatNtermGFP + GFP, AArm, or GFPo■ Ncat

respectively. (D, E and F) GFPoNcatNterm + GFP, AArm or GFPoNcat. In all cases

0.3 ng of oncatNtermGFP or GFPoNcatNterm mRNA was coinjected with 1.2 ng of the

second mRNA. Mutants in A and D do not develop further than gastrulation. Rescued

mutants gastrulate (B andC and E and F) and continue to develop normally.
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Figure 2.7. Histology of gastrulating embryos expressing o-catenin-GFP fusion proteins.

Stage 10-11 embryos were fixed in MEMFA and imbedded in paraplast (A and C) or

plastic (B and D) for sectioning. Arrowheads point to the blastocoel (bc). The

abbreviation dl denotes the presumptive dorsal side of the embryos. (A) an uninjected

normal embryo. (B) an embryo injected with GFPoNcatCterm mRNA. (C)

oNcatNtermCFP, and (D) GFPoNcatNterm. Embryos expressing oncatNtermGFP

completely lack the blastocoel, and are disorganized compared to normal embryos. Also

noticeable is the lack of integrity of the ectodermal layers in the two mutants. Bar is 200

HM in all panels. Both cells of two cell embryos were injected.
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Figure 2.8. Higher magnification of gastrulating embryos expressing o-catenin-GFP

fusion proteins reveals the lack of cell adhesion among ectodermal cells. As in Fig. 2.7,

embryos were fixed in MEMFA and imbedded in plastic for sectioning. (A) is a normal

embryo expressing GFPoNcatCterm. (B) is an embryo expressing the dominant-negative

protein oncatNtermGFP. The ectodermal cells in the mutant embryo are clearly round and

lacking adhesive contacts. Bar is 100 puM. Both cells of two cell embryos were injected.
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Figure 2.9. Redistribution of GFPoNcatNterm and cºncatNtermCFP from the

glycoprotein fraction to the soluble fraction by AArm. (A) Soluble fractions immunoblotted

with the anti-GFP polyclonal antibody. (B) Glycoprotein fractions immunoblotted with the

anti-GFP polyclonal antibody. Lanes in both cases are 1, uninjected, 2, GFP injected, 3,

GFPoNcatCterm injected, 4, oncatNtermCFP + GFP, 5, oncatNtermCFP + AArm, 6,

GFPo■ NcatNterm + GFP, 7, GFPo■ NcatNterm + AArm, 8, GFPo■ Ncat. Note the decrease

in B between lanes 4 and 5 and lanes 6 and 7, implying that AArm acts by binding to the

o-catenin mutants, keeping them from binding to the cadherin complex. When coinjections

were done, 0.3 ng of the first mRNA was coninjected with 1.2 ng of the second mRNA.
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Figure 2.10, AArm reduces the binding of on-catenin constructs to C-cadherin. Embryos

were injected with mRNAs encoding the various proteins, and immunoprecipitated with a

polyclonal antibody to C-cadherin. After transfer to nitrocellulose, a GFP monoclonal

antibody was used to detect the immune precipitations. AArm significantly reduces the

levels of binding of oncatNtermGFP and oncatCFP to C-cadherin. In all cases 0.3 ng of

the first mRNA was coinjected with 1.2 ng of the second mRNA.
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Figure 2. 11. Levels of endogenous Xenopus o-catenin decrease bound to cadherins

decrease in embryos expressing the dominant negative mutants oncatNtermGFP or

GFPoNcatNterm. In A, embryos were lysed in NP-40 buffer, and immunoprecipitated

using a monoclonal antibody to C-cadherin. The immunoprecipitates were immunoblotted

with the polyclonal anti-ON-catenin antibody (CME). In B, embryo lysates were

precipitated with ConA beads before immunoblotting with CME. In both A and B, the

lanes correspond to embryos injected with mRNA for 1, Uninjected, 2, GFP, 3,

oNcatNtermGFP, 4, GFPoNcatNterm, 5, Uninjected. Lane 5 of A are uninjected

embryos subjected to immunoprecipitation with an anti-myc epitope antibody (9E10), as a

negative control. Lane 5 of B represents uninjected embryos subjected to precipitation

with anti-mouse IgG agarose, instead of ConA Sepharose, as a negative control. Embryos

were injected into both cells at the two cell stage in order to obtain protein expression in the

highest possible number of cells. Notice that the levels of endogenous o-catenin decrease

significantly in lanes 3 and 4 compared to lanes 1 and 2 in both A and B.
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Figure 2. 12. Animal cap assays reveal the dissociated nature of blastomeres expressing

dominant-negative o-catenin. (A) Animal caps in 1x MMR normally heal and involute after

one hour as shown in embryos injected with GFPoNcat. (B) oncatNtermGFP expressing

animal caps fail to involute and dissociated blastomeres disperse after one hour. (C)

Dissociated GFPo■ Ncat-expressing animal caps reaggregate in 2 mM Ca", whereas in (D),

animal caps expressing oncatNtermGFP do not.
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Table 2.1 Frequency of Gastrulation Defects by
o-Catenin-GFP Fusion Proteins

RNA injected # of Embryos # of Gastrulation Mutants % Mutant
non-injected 460 4 <1
GFP 274 9 3
GFPo■ NcatCterm 164 10 6
o, NcatNtermGFP 344 341 99
GFPONCatNterm 89 89 100
O.NcatGFP 179 173 97
GFPO.Ncat 240 7 3

Numbers shown are sums taken from 10 separate experiments, except for

GFPoNcatNterm which were taken from 3 experiments. In each case 1.5 ng of mRNA

was injected into one cell of a two cell embryo.
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Table 2.2 AArm and GFPo■ Ncat Rescue Defects
Caused by oMcatWterm GFP and GFPo■ NcatNterm.

RNA injected # of Embryos # of Gastrulation Mutants % Mutant
Non-injected 591 6 1
GFP + AArm 372 7 2
GFP + GFPONCat 166 1 <1
O.NcatNterm GFP + GFP 483 465 96
O.NcatNtermGFP + AArm 4.17 69 17
O.NCatCterm GFP + GFPONCat 62 O 0
GFPO.NCatNterm + GFP 98 74 76
GFPo■ NcatNterm + AArm 100 O O
GFPo■ NcatNterm + GFPo■ Ncat 9 | 4 4

Numbers shown are sums taken from 15 separate experiments, except for experiments with

GFPoNcatNterm which were taken from 3 experiments. Also, the rescue of

oNcatNtermGFP with GFPoNcat is the sum of 3 experiments. In each case, 0.3 ng of the

first mRNA was coninjected with 1.2 ng of the second into one cell of two cell embryos.
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Chapter Three

Antagonism of Wnt Signaling in Xenopus Embryos

by O.-Catenin
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Introduction

Several secreted proteins induce dorsalization of early Xenopus embryos; these

factors include the Wnts, Vg1, Activin and Noggin. However, only the Wnt signaling

pathway can induce a true Nieuwkoop center (Fagotto et al., 1997). Two studies have

shown that cadherins can influence the Wnt signaling pathway. Overexpression of E-, C-,

or N-cadherin in oocytes results in embryos lacking in dorsal structures (Heasman et al.,

1994), suggesting that the cadherins titrate B-catenin away from its signaling role. This

effect was studied in detail by Fagotto et al. (1996) where C-cadherin was shown to

redirect B-catenin from a soluble pool to a glycoprotein-enriched membrane-bound fraction.

In addition C-cadherin inhibits the induction of Siamois (a downstream marker of Wnt

signaling) by Xwnt-8 or B-catenin (Fagotto et al., 1997). The results from the previous

chapter showed that a dominant-negative mutant of on-catenin caused severe defects in

gastrulation that could be rescued by a B-catenin mutant that lacks the internal armadillo

repeats (AArm) and thus the cadherin, and APC binding sites. These data suggested that o

catenin may be in functional excess compared to levels of B-catenin, since the AArm mutant

does not cause a phenotype on its own (Funayama et al., 1995). Indeed Schneider et al.

(1993) showed that o-catenin is very highly expressed in the early embryo. In order to

determine whether o-catenin, like cadherins can antagonize ■ º-catenin signaling, I coinjected

ON-catenin mRNAS with either B-catenin or Xwnt-8 mRNAS. Results show that o N

catenin reduces the dorsalizing properties of Xwnt-8 and the double axes formation induced

by B-catenin. In addition on-catenin reduces the induction of Siamois caused by the

dorsalizing factors. These results suggest that the high endogenous levels of o-catenin may

influence B-catenin's role in signaling as well as its role in cell adhesion.
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Materials and Methods

Plasmid Construction

The DNA constructs used were described in the previous chapter. All the mRNA

injections were performed also according to methods described in the previous chapter.

Treatment of Embryos

Embryos were obtained as described in the previous chapter. For experiments

determining levels of dorsalization, embryos were injected at the four cell stage in one

ventral blastomere, and scored at tadpole stages using the Dorsoanterior index (DAI) scale

(Kao and Elinson, 1988). For experiments determining levels of embryo ventralization,

embryos were injected at the four cell stage into both dorsal blastomeres, and again scored

at tadpole stage using the DAI.

RNAse Protection Assays

mRNAs were coinjected into the animal hemisphere of 1 cell of 2-cell embryos. At

stage 9, animal caps were removed from 10-15 embryos, and allowed to develop until

same stage embryos were stage 10.5. At this time total RNA was extracted using RNAzol

B according to the manufacturer's methods (Tel-Test, Inc, Friendswood, TX). RNAse

protection assays were performed using the RPA II and MAXIscript T7 kits from Ambion

(Austin, TX). The EF10, probe construct was a gift from Dr. Tom Musci (Cornell et al.,

1995), and the Siamois (pxSia BgllI 350) probe was a gift from Dr. Patrick Lemaire

(Carnac et al., 1996). Both constructs were linearized with HindIII, and transcribed using

T7 polymerase. 10 pig of total RNA was protected with 5x10 cpm of probe. Protected
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fragments were run on 5% denaturing polyacrylamide gels. Experiments were performed

three times.

Results

o:N-Catenin Antagonizes the Dorsalizing effects of Xwnt-8 and
fº-Catenin in Ventral Blastomeres.

Both Xwnt-8 and B-catenin have been established as potent dorsalizing factors that

cause axis-duplication after injection of mRNA encoding these proteins is injected into

ventral blastomeres of four-cell Xenopus embryos (Sokol et al., 1991, Funayama et al.

1995). Overexpression of C-cadherin in dorsal blastomeres results in ventralized embryos,

and coinjection of C-cadherin with B-catenin in ventral blastomeres antagonizes the

dorsalizing effects of B-catenin (Fagotto et al., 1996). To determine if overexpression of

o-catenin, like C-cadherin, can affect the Wnt signaling pathway, we first tested whether

coinjection of the C-terminal on-catenin deletion constructs could affect signaling induced

by B-catenin injection into ventral blastomeres. In these experiments, at levels where B

catenin normally caused axis duplication, oncatNterm GFP, when coinjected with B

catenin, led to gastrulation defects indistinguishable from the phenotype when the latter was

injected alone. Table 3.1 shows the results of this work. These experiments emphasize

that it is difficult to observe formation of double axes if embryos die at gastrulation.

We next examined effects of coinjection of the full length on-catenin chimera

(GFPoNcat) on Xwnt-8-activated signaling. 0.125 ng of Xwnt-8 mRNA was coinjected

with increasing amounts of either GFP or GFPoNcat mRNA into a single ventral

blastomere of four-cell embryos. When increasing amounts of GFP mRNA were

coinjected, no inhibition of Xwnt-8-induced dorsalization was observed. At these

concentrations, the embryos were severely dorsalized; radially symmetric with enlarged
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cement glands, and completely lacking in all trunk features (Fig. 3.1, C ). In contrast,

coinjection of increasing amounts of GFPoNcat mRNA significantly decreased the degree

of Xwnt-8-induced dorsalization. Embryos developed normal head features, and in most

cases simply had shortened, bent axes and reduced trunks (Fig. 3.1, D). Ventral

blastomeres coinjected with 0.125 ng of GFP mRNA and high levels of GFPoNcat mRNA

developed normally (Fig. 3.1, B). These data are summarized in Table 3.2, using the

Dorsoanterior index (DAI) developed by Kao and Elinson (1988). GFP mRNA did not

reduce the dorsalizing effects of Xwnt-8, and DAI scores remained high, with all embryos

more dorsalized than a score of 8. In contrast, increasing amounts of GFPoNcat resulted

in less dorsalized embryos, and when 3 ng of GFPoNcat were coinjected with 0.125 ng

Xwnt-8, the average DAI was reduced to 6.3.

Similar effects of GFPo■ Ncat were observed on ■ -catenin-induced dorsalization.

Embryos coinjected in one ventral blastomere at the four cell stage with 0.125 ng of B

catenin and 3ng of GFP mRNA developed duplicated axes with reduced trunks (Fig. 3.1

E). When 3 ng of GFPoNcat were coinjected with B-catenin mRNA, embryos still

developed duplicated axes, with two complete heads, but had much longer, more normal

trunks (Fig. 3.1 F). When mRNA concentrations of B-catenin were reduced, the embryos

developed two heads, and normal trunks. When 0.02 ng of B-catenin mRNA were

coinjected with 3 ng of GFP mRNA, the duplicated axes and two heads are clearly visible

(Fig. 3.2 A). Coninjecting 3 ng of GFPoNcat mRNA fully rescued these embryos, and

they were indistinguishable from normal uninjected embryos (Fig 3.2 B). Table 3.3

illustrates that this effect was reproducible and that GFPoNcat consistently rescued the axis

duplicating effects of B-catenin. Thus, these data show that o-catenin can influence the B

catenin-stimulated Wnt signaling pathway, presumably by binding and witholding free B

catenin from the signaling pool.
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O-Catenin Expression in Dorsal Blastomeres results in
Ventralized Embryos.

In order to test whether o-catenin can affect endogenous B-catenin signaling,

GFPoNcat mRNA was injected into both dorsal blastomeres of four-cell embryos. The

Dorsoanterior index developed by Kao and Elinson (1988) assigns scores of 0-5 for

ventralized embryos, with a score of 5 for normal embryos, and a score of 0 for embryos

completely lacking an embryonic axis. 3.0 ng of mRNA injected into both dorsal

blastomeres resulted in embryos completely lacking head structures, with a DAI score of 2

or 3. Figure 3.3 shows that embryos injected into dorsal blastomeres with mRNA

encoding GFPoNcatCterm, which does not bind to B-catenin, developed normally.

Embryos injected with the full-length on-catenin construct often developed the ventral

phenotype displayed here. Variability did occur, with some embryos more ventralized than

others. But overall, the appearance of ventralized embryos suggests that o-catenin could

play a regulatory role in endogenous B-catenin signaling, and the establishment of a

Nieuwkoop center.

Siamois Expression Decreases with Increasing Levels of
GFPo■ Ncat in Xwnt-8-Injected Animal Caps.

Expression of the homeobox gene Siamois in the Nieuwkoop Center of early

Xenopus embryos is dependent on B-catenin signaling (Fagotto et al., 1997). It is a target

of the Wnt-signaling pathway and its overexpression in ventral blastomeres also leads to

dorsalized embryos with duplicated axes (Carnac et al. 1996, Lemaire et al., 1995,

Brannon and Kimelman, 1996, Fagotto et al., 1997). We have used Siamois as a marker

in RNAse protection assays to determine whether the phenotypes observed by coinjecting

GFPoNcat mRNA with Xwnt-8 mRNA could be extended to the molecular level. When

Xwnt-8 or B-catenin mRNAs were injected into the animal hemispheres of two cell
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embryos, Siamois was ectopically induced in animal caps of stage 9-10 embryos (Fagotto

et al., 1997, Carnac et al., 1996). Results of RNAse protection assays presented in Figure

3.4 A show that the full length on-catenin construct, GFPoNcat, inhibited the ectopic

induction of Siamois by B-catenin or Xwnt-8. mRNAs were injected into the animal

hemisphere of one cell at the two-cell stage, and embryos were allowed to develop to stage

9, when animal cap explants were collected. Total RNA was made from the explants when

control embryos reached stage 10.5. 10 micrograms of total RNA were protected with a

probe for Siamois (pxSia BgllI 350, Carnac et al., 1996), or the ubiquitously expressed

elongation factor 10 (EF10) (Cornell et al., 1995). Results revealed that B-catenin

coinjected with GFP mRNA induced high levels of Siamois RNA, and coinjection of

oNcatNtermGFP or GFPoNcat decreased these levels significantly (Fig. 3.4 A, lanes 2-4).

GFPoNcat and oncatNtermGFP did not induce Siamois on their own (Fig. 3.4 A, lanes 5

6). Increasing levels of GFP mRNA coinjected with Xwnt-8 did not affect Siamois

expression, but increasing levels of GFPoNcat lowered levels of Siamois expression

significantly (Fig. 3.4 A, lanes 9-13). Again GFPoNcat did not induce Siamois by itself

(Fig. 3.4 A, lane 14). In addition coinjection of mRNA encoding GFPoNcat with Xwnt-8

reduces Siamois induction significantly compared to the coinjection of GFPoNcatCterm

mRNA (which results in embryos that develop normally) (Fig. 3.4 A, lanes 7-8, taken

from a separate experiment). Whole embryos (but not animal cap explants) of non-injected

embryos expressed endogenous levels of Siamois (Fig 3.4 A, lane 1). The levels of EF10.

remained constant when compared to the corresponding decreases in Siamois expression.

When high levels of GFPoNcat mRNA (3.0 ng) were injected into the two dorsal

blastomeres of four-cell embryos (which causes the ventralized phenotype described

above), endogenous levels of Siamois RNA taken from whole embryos decreased, when

compared to noninjected embryos or embryos injected with GFPoNcatCterm (Fig. 3.4 B).

Together, these results confirm that o-catenin can inhibit the Wnt signaling pathway, and
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provide evidence that regulation of o-catenin levels in the developing embryo may be

crucial for normal morphogenesis.

Discussion

The establishment of the embryonic dorso-ventral axis in Xenopus occurs prior to

the first cleavage during the postfertilization cortical rotation. Two components are

necessary for the formation of the dorsal axis; these are the dorsal determinant, that rotates

with the cortex after fertilization, and a core factor that in combination with the dorsal

determinant forms the actual functional dorsal determinant in the core: this in turn specifies

the Nieuwkoop center (Kageura, 1997). In a series of transplantaion experiments,

Kageura (1997) elegantly determined the locations of the two components necessary for

dorsal axis formation. The dorsal determinant is found in the vegetal pole region of the

embryo, and the core factor as a gradient in the equatorial zone of the core. The most likely

candidate for the dorsal determinant is B-catenin (Larabell et al., 1997, Fagotto et al.,

1997). In this chapter, I have shown that o-catenin can antagonize the formation of the

dorsal axis by the Wnt signaling pathway and ■ -catenin, and speculate that the high

endogenous levels of o-catenin may be, in addition to their role in cell adhesion, important

in modulating B-catenin signaling. How this may occur in a spatial sense is discussed

below; how o-catenin may interact with the molecules that impart the dorsalizing signal to

the nucleus is discussed in Chapter Four.

As was mentioned in the introduction, several soluble proteins, among them the

Wnt proteins, Vg1, activin, and noggin, can mimic the activity of the Nieuwkoop center by

inducing a complete duplicate axis in Xenopus embryos (McMahon and Moon, 1989,

Smith and Harland, 1992, Dale et al., 1993, Thomsen and Melton, 1993). Recent studies

by Fagotto et al (1997), and Larabell et al (1997), have shown that although Vg1, activin
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and noggin can induce duplicated axes, they do not influence ■ -catenin signaling. B-catenin

is necessary and sufficient to form the Nieuwkoop center (Guger and Gumbiner, 1995,

Fagotto et al., 1997), so Vg1, noggin, and activin most likely induce duplicate axes by

affecting the Spemann organizer directly, in a parallel or downstream pathway of the

Wnt/B-catenin/Siamois pathway. Data by Larabell et al (1997) shows that B-catenin

asymmetrically accumulates on the future dorsal side of the embryo by the two-cell stage,

and in addition B-catenin localizes to the nuclei in the dorsal side. They propose that B

catenin is selectively targeted for degradation by Glycogen Synthase Kinase-3B (Xgsk3) in

ventral blastomeres, and the asymmetric distribution of B-catenin on the dorsal side

accounts for the formation of the dorsal axis. To date there is no evidence for higher levels

of Xgsk3 in ventral bastomeres, but Larabell et al (1997) showed that B-catenin is in fact

more sensitive to degradation in ventral blastomeres. In addition, another study by

Rowning et al. (1997) has shown that the accumulation of B-catenin to the dorsal side of

Xenopus eggs is mediated by microtubules since microtubule inhibitors inhibit this

process. They propose that since APC binds to microtubules and B-catenin, APC may be

playing an integral role in transporting B-catenin to the future dorsal side of the Xenopus

embryo (Rowning et al., 1997).

Studies by Schneider et al. (1993), revealed no asymmetric distribution of o-catenin

in the early embryo. However, these authors, and Fagotto and Gumbiner (1994) found no

asymmetric distribution of B-catenin either. It is possible that the high resolution confocal

microscopy techniques used by Larabell et al. (1997) may eventually show asymmetric

differences between the dorsal and ventral sides of the two cytoplasmic proteins that can

inhibit B-catenin signaling, namely Xgsk3 and o-catenin. However, the modulation of B

catenin signaling does not necessarily require an asymmetric distribution of o-catenin. O

catenin could be thought of as a sequestering molecule that keeps B-catenin bound in the

cytoplasmic pool. This interaction must be regulated by other factors to lead to the

accumulation of a free uncomplexed pool of B-catenin that could subsequently bind to the
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HMG transcription factors and transmit the dorsalizing signal to the nucleus. These factors

may include Xdishevelled, Xgsk3, and possibly APC. Since the overexpression of o

catenin in dorsal blastomeres causes a ventralized phenotype similar to that described by He

et al. (1995) for the similar ovexpression of Xgsk3, o-catenin could, in theory, be as

important as Xgsk3 in modulating B-catenin signaling. The mechanisms of action by these

two molecules, of course, are most likely entirely different. Xgsk3 most likely targets the

dorsal pool of B-catenin for degradation (Yost et al., 1996). One model for o-catenin’s

influence on B-catenin signaling hypothesizes that o-catenin binds to B-catenin and

withholds it from its normal signaling role.

As of yet, no molecule located in the equatorial core has been discovered that meets

the requirement of the core factor, the second factor necessary for the establishment of the

dorsal axis (Kageura, 1997). One possible candidate for this core factor could be a HMG

family transcription factor. Four Lef-1 related genes have been discovered in Xenopus,

and they were named Xtcf-3, 3b, 3c, and 3d (Molenaar et al., 1996). In situ hybridizations

with a probe that recognizes all four Xtcf-3 genes showed that Xtcf-3 is maternally and

zygotically expressed, and can be found in the blastocoel roof, and marginal zone of early

embryos (Molenaar et al., 1996). Although the authors did not present evidence for a

gradient of Xtcf-3 in the equatorial core region, it remains possible that one of the four

Xtcf-3 genes may encode the elusive core factor with which the dorsal determinant

interacts.

Since the overexpression of o-catenin in dorsal blastomeres results in ventralized

embryos, o-catenin could be directly antagonizing B-catenin's binding to the core factor.

Thus o-catenin could inhibit B-catenin signaling in one of two ways. O-catenin could either

withhold B-catenin from the correct spatial location in the cytoplasm, and keep B-catenin

from reaching molecules in the equatorial core region of the embryo (the first model), or

alternatively, o-catenin could directly interfere with B-catenin's binding to the core factor.

If the core factor is in fact a HMG family transcription factor, it would bind to the armadillo
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repeat region of B-catenin (Behrens et al., 1996). 0-catenin binds to a more N-terminal

domain of B-catenin (Jou et al., 1995), and there is no reason why cº-catenin should inhibit

the binding of proteins to the armadillo repeat region of B-catenin. In fact cadherins bind to

the armadillo repeats of B-catenin, and o-catenin does not inhibit this interaction (Hülsken

et al., 1994). Thus the first model where o-catenin sequesters ■ -catenin in a different

cytoplasmic pool than the one necessary for signaling appears to be the most likely

explanation for how o-catenin inhibits B-catenin signaling.
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Figure 3.1. Coexpression of o-catenin can diminish the dorsalizing effects of Xwnt-8 or

Full-Length B-catenin. (A) Non-injected normal tadpoles. (B) Embryos expressing GFP+

GFPoNcat. (C) embryos expressing Xwnt-8 + GFP. (D) Xwnt-8 + GFPoNcat. (E)

Full-Length ■ º-catenin + GFP. (F) Full-Length B-catenin + GFPoNcat. Embryos

coexpressing o-catenin develop longer trunks and are less dorsalized than embryos

expressing Xwnt-8 or Full-Length B-catenin with GFP. Embryos ventrally expressing

GFPoNcat + GFP develop normally (B). In all cases embryos were coinjected with 0.125

ng of the first mRNA and 3 ng of the second. One ventral blastomere was injected in each

four-cell embryo.
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Figure 3.2. Full length o-catenin antagonizes the induction of a secondary dorsoanterior

axis by B-catenin. Embryos were coinjected with mRNA encoding B-catenin plus either

GFPoNcatCterm (A), which does not bind to B-catenin, or the full length construct,

GFPoNcat (B). 0.2 ng of B-catenin mRNA were coinjected with 3.0 ng of the oN-catenin

constructs. Note that two complete heads, with four eyes, are visible when

GFPoNcatCterm is coinjected. GFPoNcat rescues the mutation fully.
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Figure 3.3. Full-length o-catenin can antagonize the endogenous induction of a

dorsoanterior axis when expressed in dorsal blastomeres. 3.0 ng of either

GFPoNcatCterm, which does not bind to B-catenin, or GFPoNcat, the full length construct

were injected into both dorsal blastomeres of four-cell embryos. Embryos expressing

GFPo Ncat often develop the ventralized phenotypes illustrated here (B and D), with no

anterior head structures present. Embryos expressing high levels of GFPo■ NcatCterm

develop normally (A and B). Two stages are shown.
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Figure 3.4. (A) o-catenin inhibits the induction of the homeobox-containing gene,

Siamois by Full-Length B-catenin or Xwnt-8 in animal caps. One cell of two-cell embryos

was injected in the animal hemisphere, animal cap explants were taken at stage 9, and

allowed to develop to stage 10.5, when total RNA was prepared. In lanes 2-6, coinjections

were with 0.125 ng of the first mRNA and 3.0 ng of the second. Lane 1, uninjected whole

embryos, 2, Full-Length ■ º-catenin + GFP, 3, Full-length B-catenin + oncatNtermGFP, 4,

Full-Length B-catenin + GFPoNcat, 5, GFP + oncatNtermCFP, 6, GFP + GFPoNcat,7,

0.125 ng Xwnt-8 + 3.0 ng GFPoNcatCterm, 8, 0.125 ng Xwnt-8 + 3.0 ng GFPoNcat, 9,

0.125 ng Xwnt-8 + 1.5 ng GFP, 10, 0.125 ng Xwnt-8 + 3 ng GFP, 11, 0.125 ng Xwnt-8

+ 0.75ng GFPoNcat, 12, 0.125 ng Xwnt-8 + 1.5 ng GFPoNcat, 13, 0.125 ng Xwnt-8 +

3 ng GFPoNcat, 14, 0.125 ng GFP + 3 ng GFPoNcat. The ubiquitously expressed

elongation factor 10 (EF-10) was included as a loading control. RNAse protection assays

show that either full length on-catenin (GFPoNcat) or the dominant-negative oN-catenin

(oNcatNtermGFP) decrease the levels of Siamois mRNA induced in animal caps by B

catenin or Xwnt-8. Moreoever, increasing concentrations of GFPoNcat result in

proportionate decreases in Siamois induction by Xwnt-8.

(B) o catenin inhibits the endogenous expression of Siamois when injected into

dorsal blastomeres at the four-cell stage. Both dorsal blastomeres were injected with

mRNA, and embryos were extracted for total RNA at stage 10.5. Lane 1, 1.5 ng

GFPoNcat, lane 2, 3.0 ng GFPoNcat, lane 3, 3.0 ng GFPoNcatCterm, and lane 4,

uninjected embryos. Embryos injected with GFPoNcat mRNA (which develop into

ventralized embryos) express lower levels of Siamois than normal embryos or embryos

injected with GFPoNcatCterm (which develop normally).
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Table3.1FullLength■ º-catenincannotcauseAxesDuplicationswhenontermGFPis
Present.

mRNAinjected
#of
embryos
#ofaxesmutants
#of
gastrulationmutants
9%axesmutants
9%
gastrulationmutants

Non-injected246000O

ONCatNtermGFP
+GFP1580150O95

O.NcatNtermGFP
+
AArm102OOO0GFP+

B-catenin
71700990oNtermGFP

+
fl-catenin164
1
158
1
96

Numbersshownaresumstakenfromfiveseparateexperiments.
Ineachcase,0.3ngofthefirstmRNAwascoinjectedwith1.2ngoftheSecond

intooneventralblastomere
ofafourcellembryo.
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Table3.2FullLengtho-cateninDiminishesthe
DorsalizationcausedbyXwnt&.

mRNAinjected
#Of

EmbryosDAI:-876
5_Averagedorso-anteriorindex

0.125ngXwnt&
+0.85ngGFP8989000>80.125ngXwnt

8+3ngGFP7474()00>80.125ngXwnt&
+0.85ng
GFPoNcat
863671336.80.125ngXwnt&

+3ng
GFPoNcat
985365506.3

0.125ngGFP+3ng
GFPoNcat
7700O775

Numbersshownaresumstakenfrom4separateexperiments.Embryoswereinjected
inoneventral

blastomere
atthe4cellstage.Thedegreeof
dorsalization(Dorsoanteriorindex(DAI))wasscoredatearlytadpolestages.
Ascoreof5

isgiventoa
normalembryo;10,
completelydorsalized(asdescribed
byKaoandElinson,1988)
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Table3.3FullLengtho-CateninInhibitsthe
DorsoanteriorAxisDuplicationCausedby
■ º-catenin.ExperimentTEIGFPCNCa(CICITEIGFP.NETCETEIGFP.NET

■■ 4-GFPo■ NcatB+GFPo■ NcatCterm[3+GFPo■ Ncat
NumberDuplicatedAxesIn

DuplicatedAxesSingleAxis%
DuplicatedAxes9%
DuplicatedAxes

SingleAxis

41419229426Totals6775131024711
12918530621421521119425

39175243517

Ineachexperiment,0.02ngofmRNAencodingB-cateninwascoinjectedwitheither3.0ngofmRNAencodingGFPoNcatCterm,
whichdoesnotbindto
B-catenin,
or3.0ngofmRNAencodingthefulllengtho-cateninconstructGFPoNcat.Oneventralblastomere
of

four-cellembryoswasinjected.GFPoNcatsignificantlyinhibitstheinduction
of
duplicatedorsoanterioraxesby
B-catenin.
In
addition,whenduplicateaxeswereseenin

embryosinjectedwith
B-catenin-HGFPoNcat,
theaxeswereverymuchreduced,withnocompletehead

StructureS.
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Chapter Four

Discussion
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The cadherin cell-adhesion system has been widely studied in the early development

of Xenopus, but the role in this process of o-catenin, a protein that forms a link between

cadherins and the cytoskeleton, has only recently been examined. In the work presented in

this thesis, we dissect the regions of o-catenin that are necessary for its proper function,

and find that certain molecular mutants can cause severe developmental defects. We also

find that o-catenin can influence a signaling pathway in which there was no previous

evidence for its participation. Our data support previous results indicative of a model

where o-catenin is primarily used as a linker protein between the actin-based cytoskeleton

and the cadherin-based intercellular adhesion system. The N-terminus of o-catenin is

required for binding to B-catenin, and the C-terminus is most likely essential for binding to

cytoskeletal components. Since B-catenin is also known to be a linker protein in the same

adhesion system, but also has an important function in the Wnt signaling pathway, our

results further suggest that sequestration of B-catenin by o-catenin removes B-catenin from

the Wnt-accessible signaling pool. By this means o-catenin can modulate dorsoanterior

axis induction.

We have found, using deletion constructs, that the N-terminal 210 amino acid

residues of on-catenin are essential for the binding and sequestration of B-catenin. This

information extends previous data analyses assayed in a yeast two-hybrid system that

illustrated that the N-terminal 606 amino acids are essential for this interaction (Jou et al,

1995). In addition, very recently, the precise binding domain of o-catenin for B-catenin

and plakoglobin has been determined using the yeast two-hybrid system. Results by

Nieset et al. (1997) have shown that amino acid residues 97-148 of o-catenin are

responsible for the binding to B-catenin. The authors in this case studied oe-catenin, but

the region necessary for binding to B-catenin is 88% identical to the same region in on

catenin (Nieset et al., 1997). Thus, these authors have even further delineated the region of

o-catenin necessary for B-catenin binding compared to the work presented in Chapter One.
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Less is known regarding the functional interactions of the C-terminal domain of o

catenin, except that it is necessary for the proper function of the protein. Nieset et al.

(1997) have determined that the amino acid residues 325-394 of o-catenin are essential for

the binding of o-catenin to o-actinin. The dominant negative mutants that lack their

carboxy-terminal domains retain their o actinin binding domains, and therefore, it seems

the binding of o-catenin to o-actinin is not the essential linkage between o-catenin and the

cytoskeleton. Cosedimentation assays have indicated that the C-terminal 447 amino acids

of o-catenin interact with F-actin (Rimm et al., 1995), and it is thus this direct interaction

with actin that may form the essential link between o-catenin and the cytoskeleton.

Consistent with this hypothesis, a chimera of the E-cadherin extracellular and

transmembrane domains fused to the o-catenin C-terminal domain has been shown to

promote efficient cadherin-dependent cell aggregation, bypassing the normal requirements

for the cytoplasmic domain of the cadherin and B-catenin (Nagafuchi et al., 1994). Thus

the interaction between o-catenin and o-actinin may provide a flexible and possibly more

regulatable interaction with the cytoskeleton, although it is not necessary for the

establishment of cadherin-based adhesion.

More evidence for the importance of the carboxy-terminal domain of o-catenin has

recently been demonstrated in the mouse. A gene-trap mutation where the Lacz reporter

gene replaced the C-terminal third (amino acids 632-906) of o-catenin has been shown to

result in mouse embryos deficient in the formation of the trophoblast epithelium that did not

develop past the blastocyst stage (Torres et al., 1997). The C-terminal deletion in on

catenin used in the present paper begins at amino acid residue 675, which is close to the

truncation at position 632 of the gene trap mutant (Torres et al., 1997). The animals

homozygous for the o-catenin-Bgal fusion protein do not develop a blastocoelic cavity, and

cultured blastocysts have altered cell adhesion, but heterozygous animals develop normally

(Torres et al., 1997). Our data show that overexpressing the two o-catenin mutants lacking

the C-terminus disrupts function in a similar fashion, severely reducing cell adhesion with
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no blastocoel forming in embryos. In addition our results illustrate that this type of

mutation when overexpressed, can disrupt endogenous o-catenin function. The data of

Torres et al. (1997) suggest that at a 1:1 ratio, as would be found in animals heterozygous

for the gene-trap fusion protein, the mutant protein is not at a high enough concentration to

disrupt endogenous o-catenin. We have not been able to calculate the levels of mutant

dominant-negative oN-catenin relative to endogenous Xenopus embryonic o-catenin, but it

is probable that the levels of protein translated from synthetic mRNA injected into the

embryos exceed endogenous levels. The fact that these defects can be rescued by full

length on-catenin (GFPoNcat) indicates the relative amounts of normal and mutant

proteins determine the occurance of a phenotype. Figure 4.1 illustrates a model of how the

dominant-negative oN-catenin mutants may function.

In accordance with our model, GFPo■ NcatCterm, since it does not bind B-catenin

(or presumably plakoglobin), does not cause a visible phenotype (See Figure 4.2). Nor

does the full-length on-catenin construct (GFPoNcat) induce a phenotype since it,

according to the model, can substitute and fully function for endogenous o-catenin due to

its retention of both functional B-catenin and cytoskeletal binding domains. The fact that

the expression of GFPoNcatNterm results in an identical phenotype to that induced by

o:NcatNtermGFP demonstrates that it is the deletion of the C-terminal domain, and not the

addition of GFP, that causes these defects. These results suggest that associations with B

catenin (and plakoglobin) are limiting in linking cadherins to the cytoskeleton. The failure

of overexpression of GFPoNcatCterm to cause a detectable phenotype suggests that sites

for cytoskeletal association are not limiting.

It is interesting to note that the addition of a 30 kD domain, namely GFP, to the C

terminus of o-catenin can also result in a dominant-negative mutant. The o-catenin

construct named oncatGFP is a fusion of GFP to the C-terminus of on-catenin. Although

this protein lacks the C-terminal 9 amino acid residues of the wild-type oN-catenin, it is

more likely the large GFP domain that causes this protein to disrupt gastrulation in a
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manner identical to GFPoNcatNterm or oncatNtermGFP by interfering with C-terminal

linkages. Higher concentrations of this mutant protein were required, however, to confer

the defects, suggesting that some retention of function in the C-terminal domain is found in

o, NcatGFP.

The mechanism by which the B-catenin mutant AArm rescues the phenotype caused

by the dominant-negative o-catenin constructs is not entirely clear. It has previously been

shown that this construct, which lacks internal armadillo repeats, does not bind cadherins

or APC (Kypta et al., 1996, Funayama et al., 1995). Previous results of others indicate

that it almost certainly does not bind to HMG transcription factor family members, or the

cytoskeletal protein fascin (Behrens et al., 1996, Tao et al. 1996). Expression of this

protein in early Xenopus embryos caused no detectable phenotype, and this protein was

found in the soluble pool, not associated with membrane-bound glycoproteins (Funayama

et al. 1995). AArm has previously been shown to bind to o-catenin, and to a LAR-Family

phosphatase (Kypta et al. 1996). In our experiments, AArm was shown to bind to the C

terminal deletion mutants GFPo■ NcatNterm and oMcatNtermGFP, and reduce their

associations through endogenous B-catenin with the membrane-bound cadherin complex

(Fig. 2.9, 2.10). Questions arise, however, about why AArm does not inhibit the

association between endogenous o-catenin and the cadherin complex at the membrane, and

cause an adhesion phenotype on its own. One possible explanation is that endogenous B

catenin levels are limiting in establishing cadherin-based adhesion, but o-catenin is present

in excess. As a result, overexpression of a dominant-negative mutant of o-catenin has

stronger effects on endogenous B-catenin functions than the overexpression of the B-catenin

mutant AArm on o-catenin function (See Figure 4.3).

It was not surprising that o-catenin dominant-negative mutants would cause such a

striking phenotype in the early Xenopus embryo. Cadherin-based adhesion is known to be

the primary adhesion system in early Xenopus and several different cadherins are

expressed (Huber et al., 1996a). Since o-catenin appears to be a common linker between
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each of the different cadherins and the cytoskeleton, it was not surprising that disruptions

in o-catenin have more severe phenotypes than disruptions in individual cadherins. The

phenotype caused by overexpression of the cytoplasmic domain of N-cadherin (Kintner,

1992) exhibited many similarities to the phenotypes resulting from overexpression of the

oN-catenin constructs in the present paper. In each instance, the primary defects occurred

in gastrulation, and resulted in lesions in the ectoderm layer due to apparent deficiencies in

cell adhesion. The embryos expressing the dominant-negative o-catenin constructs,

however, seem to be more severely affected and never developed past stage 11. In

contrast, with low concentrations of dominant-negative cadherin mRNA, embryos had a

weaker phenotype with the onset of visible defects delayed, and integrity of the ectoderm

maintained (Kintner, 1992). Since both the cadherin, and o-catenin dominant-negatives are

thought to function by titrating B-catenin (and plakoglobin) from functional complexes, it is

understandable that the embryos have similar phenotypes. The higher degree of

dissociation caused by the o-catenin dominant-negative mutants could reflect higher

efficiency of synthetic mRNA translation, differences in protein stability, or both. On the

other hand, Dufour et al. (1994) have presented evidence that the cytoplasmic domain of N

cadherin has properties differing from that of XB-cadherin. XB-cadherin binds B-catenin

more efficiently than N-cadherin (Dufour et al., 1994). Moreover, it was found that the

depletion of B-catenin by antisense oligonucleotides did not result in an adhesion

phenotype, but rather a phenotype more consistent with a disruption in signaling (Heasman

et al., 1994). These results implicate plakoglobin, or another yet unknown linker protein,

as a crucial component in the structural adhesion complex. Since o-catenin binds both

plakoglobin and B-catenin (Hincket al. 1994, Hülsken et al., 1994), the dominant-negative

oN-catenin mutants could thus impart a more deleterious phenotype than the cytoplasmic

domain of N-cadherin, which may not bind efficiently to B-catenin.

Very recently, a study by Kofron et al. (1997), showed that the injection of

antisense oligonucleotides complementary to o-catenin mRNA specifically depleted
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maternal o-catenin mRNAs in Xenopus embryos. This reduction of mRNA resulted in less

o-catenin protein translation, and the phenotype observed was a disruption of cell adhesion

in blastula stage embryos. This effect was specific since the injection of o-catenin mRNA

rescued the phenotype. It was noticed that gastrulation was delayed, but did proceed

normally, and embryos eventually developed through the neurula stages and formed normal

axial structures. The results presented by Kofron et al. (1997), show that o-catenin is

necessary for cell adhesion in early embryos, and this data is entirely consistent with the

data presented in this thesis. The authors speculate, however, that since the embryos

depleted in o-catenin continue to develop normally, “full adhesion at the blastula stage is

not necessary for normal development”. They then add that “this finding is consistent with

recent observations that cell-cell signalling events involved in mesoderm formation do not

occur until after the mid-blastula transition (Wylie et al., 1996), and that specific

mesodermal markers are expressed in embryos disaggregated through the cleavage and

blastula stages (Lemaire et al., 1994).” The data presented in Chapter 1 of this thesis

shows that cadherin based cell adhesion is entirely disrupted by the dominant-negative o N

catenin mutants, and that gastrulation is severely disrupted with embryos unable to develop

past stage 11. An explanation for the discrepancy between the two studies is that the

antisense oligonucleotide approach taken by Kofron et al. (1997) reduces mRNA levels by

approximately 75%. This implies that one-fourth of a large o-catenin mRNA pool is still

available for translation. In addition zygotic transcription begins at the mid-blastula

transition before gastrulation, so endogenous o-catenin mRNA levels in embryos subjected

to antisense oligonucleotide treatment increase after stage 8, and this may account for the

continued development of embryos past gastrulation. The remark by Kofron et al. (1997)

that since mesoderm induction can occur without cell adhesion, this substantiates that cell

adhesion is not entirely necessary at blastula stages, is unclear. Mesoderm induction is

non-cell-autonomous, and numerous studies have taken advantage of the fact that explants

or soluble proteins can induce mesoderm of animal cap explants (for example see Amaya et
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al., 1991). The dominant-negative oN-catenin mutants are expressed highly and are

present throughout early embryogenesis, as observed by the green fluorescent protein tag.

They are likely to be much more disruptive than the antisense oligonucleotides that only

reliably function until the mid-blastula transition at stage 8 when zygotic o-catenin mRNA

transcription begins. My results agree with the finding that cell-adhesion is not entirely

necessary for the survival of blastula stage embryos, but the data in Chapter One show that

cell-cell adhesion is in fact very necessary for the survival of the Xenopus embryo, and o

catenin plays an important role in maintaining the integrity of the cadherin-based cell

adhesion system that is essential for gastrulation and the subsequent development of the

embryo.

That o-catenin is important in maintaining cell adhesion in Xenopus embryos is

consistent with previous observations in cell lines and recent data in embryonic mice

(Hirano et al., 1992, Torres et al., 1997). However the effects of o-catenin on the Wnt

signaling pathway were unexpected. We have shown that o-catenin, when overexpressed

in conjunction with Xwnt-8 or B-catenin, diminishes the degree of dorsalization induced by

these signaling molecules. This was seen both phenotypically in embryos, and at the

molecular level in assays of mRNA encoding the homeobox-containing gene Siamois. In

previous studies, overexpression of C-cadherin was observed to inhibit B-catenin-mediated

signaling and was proposed to act by sequestering it to the cadherin complex at the plasma

membrane (Fagotto et al. 1996, and 1997). Since o-catenin inhibits B-catenin signaling, B

catenin, when bound to o-catenin appears to be locked into a non-signaling complex. This

complex probably does not travel to the nucleus, and a mechanism for the release of B

catenin from the complex must be crucial for proper signaling. Figure 4.4 shows a model

of how o-catenin could influence the Wnt-signaling pathway. It is known that o-catenin

forms soluble cytosolic complexes with B-catenin and APC (Hinck et al., 1994a, Hülsken

et al., 1994, Rubinfeld et al., 1993, Su et al., 1993). APC itself can induce an ectopic

dorsoanterior axis in Xenopus, and C-cadherin inhibits this effect, implying that
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Sequestration of B-catenin to the cadherin complex removes it from its association with

cytosolic APC (Vleminckx et al., 1997). It would be interesting to determine whether o

catenin has the same effect as C-cadherin on APC signaling. Wnt-1 signaling stabilizes

free B-catenin-APC cytosolic complexes (Papkoff et al., 1996), and does not affect levels

of o-catenin in cell lines (Hinck et al., 1994b), but the exact role of o-catenin in the Wnt

signaling pathway remains unclear. Since APC and the HMG transcription factor Lef-1

both bind to the armadillo repeats of B-catenin (Behrens et al., 1996, Hülsken et al., 1994),

fl-catenin must dissociate from APC and subsequently bind to Lef-1 to allow translocation

to the nucleus and transcriptional activation. It is possible that o-catenin could abrogate

monomeric B-catenin's association with Lef-1, or alternatively stabilize B-catenin's

association in the APC complex. Adding another dimension is the speculation that v-src

mediated tyrosine phosphorylation of either B-catenin, or an unidentified cytoskeletal

protein may regulate the interactions between o-catenin and B-catenin and thus cell adhesion

(Papkoff, 1997). Whether the modulation of Wnt-signaling by ot-catenin is biologically

relevant remains to be answered. It has been shown that an excess of free ot-catenin is

present in the early Xenpous embryo (Schneider et al., 1993), and this may play a role in

regulating B-catenin levels. The conditions of dorsalization and its regulation that we

created in the present study are artificial, but it remains possible that fluctuating levels or

post-translational modifications of o-catenin play a regulatory role in B-catenin-mediated

signaling.

Recent results have suggested that B-catenin is itself an oncoprotein that can lead to

the formation of colon cancers and melanomas (Korinek et al., 1997, Morin et al., 1997,

and Rubinfeld et al., 1997). The overexpression of full length o-catenin seems to have no

consequence on morphogenesis, but can influence B-catenin signaling. It is thus possible

that ot-catenin could modulate B-catenin’s oncogenic properties, and this may have

important future therapeutic implications. Further research will determine how o-catenin
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removes B-catenin from the signaling pool, and identify the regulatory mechanisms

mediating detachment of B-catenin from the cadherin adhesion complex.
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Figure 4.1. Model explaining how dominant-negative mutants of o-catenin inhibit cell

adhesion. O-catenin's role in cell adhesion is as a linker molecule between fl-catenin,

which binds to the cytoplasmic domain of cadherins, and the actin-based cytoskeleton. The

two o-catenin mutants that lack their carboxy-terminal domains, GFPo■ NcatNterm and

oNcatNtermGFP, bind to ■ º-catenin but can not form functional interactions with the

cytoskeleton. They act as dominant negatives since they titrate the available ■ -catenin from

endogenous o-catenin. o.NcatGFP functions similarly, although with lower efficiency,

since the large GFP domain on the C-terminus presumably disrupts o-catenin's C-terminal

linkages. The full length construct, GFPoNcat, is fully functional in the Xenopus embryos

since the GFP domain on the N-terminus does not disrupt o-catenin's interactions with B

catenin. This molecule can rescue the cell adhesion defects caused by the dominant

negative O-catenin mutants.
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Figure 4.2. The construct entitled GFPoNcatCterm does not bind to B-catenin, and thus

has no dominant-negative effect; embryos expressing this protein develop normally.
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Figure 4.3. The mutant of B-catenin that lacks the internal armadillo repeats, AArm, can

rescue the disruptions in adhesion caused by the dominant-negative on-catenin mutants. It

binds to the dominant-negative mutants, and reduces the binding of the dominant-negative

mutants to cadherins. It thus allows the endogenous o-catenin to resume its functional role

by freeing up endogenous ■ -catenin from the dominant-negative mutants.
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Figure 4.4. O-catenin can antagonize Wnt signaling. As described in Chapter Three, o

catenin can inhibit the dorsalizing effects of Wnt signaling in Xenopus. Several models can

account for this inhibition. First, o catenin could directly bind to B-catenin in such a way

as to prevent B-catenin's binding to the transcription factor Lef-1. Alternatively, o-catenin

could sequester B-catenin from its normal cytosolic localization, and thus spatially prevent

■ -catenin from finding its signaling partners. A third model hypothesizes that B-catenin

actually binds to Lef-1, but o-catenin binding prevents the two molecules from

translocating to the nucleus. Further experiments will be needed to distinguish among

these models.
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Introduction

“To know the brain is equivalent to ascertaining the material course of thought and

will, to discovering the intimate history of life in its perpetual duel with external forces”;

stated the renowned developmental neurobiologist, Santiago Ramon y Cajal in his 1923

autobiography. Since his death in 1934, tremendous advances have been made in

understanding the brain and the nervous system by expanding on his pioneering work in

hypothesizing how “the nervous ramifications ended and neurons were mutually

connected”. One instrumental finding was the discovery of the nerve growth factor (NGF)

by Rita Levi-Montalcini and her colleagues in 1960. She found that NGF from mouse

salivary glands promoted neuronal growth and Survival from both sensory and sympathetic

ganglia in chick embryos, and that a rabbit antiserum against the factor injected into

developing mammals resulted in the specific loss of their sympathetic ganglia (Levi

Montalcini and Booker, 1960). This work proved that a protein could act on a specific

population of neurons by directing their growth and survival. In addition, it inspired the

search for other growth factors that could be specific for other neuronal populations, and

helped elucidate the complex development of the nervous system.

In recent years, many proteins have been implicated that either increase neuronal

survival or stimulate neurite outgrowth; the definitions of a neurotrophic factor. These

include extracellular matrix molecules such as laminin, heparin sulfate proteoglycans, and

fibronectin, as well as growth factors that were initially discovered to have effects on

nonneuronal cells. Among the latter are the insulin-like growth factors, fibroblast growth

factors, epidermal growth factor, and platelet derived growth factors (for a review see

Walicke, 1989, Reichardt and Fariñas, 1997). In addition, three neurotrophic molecules

have been found that are closely related to NGF. These are the brain-derived neurotrophic

factor (BDNF), neurotrophin-3 (NT-3), neurotrophin-4/5, and NT-6, all of which share

over 50% amino acid identity with NGF (Barde et al., 1982, Leibrock et al., 1989, Hohn
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et al., 1990, Jones and Reichardt, 1990, Maisonpierre et al., 1990, Hallböök et al., 1991,

Gotz et al., 1994). Comparative studies of the four members have revealed that they are all

important in the development and maintenance of the nervous system (for a review see

Fariñas et al., 1996).

The tertiary structure of the BDNF gene is almost identical to that of NGF and NT

3. All three genes encode proteins that have common cysteine residues, and common

cleavage and glycosylation sites. Thus, information pertaining to the mechanism of action

of NGF, the best characterized of the three, most likely applies to BDNF. For example, it

is known that NGF forms a very stable dimer, and that this is the physiologically relevent

form of the protein (Bothwell and Shooter, 1978). Also, studies have shown that the NGF

precursor is processed into a mature protein, and that only the mature form is thought to

have biological activity (Edwards et al., 1988). Considering the homology of BDNF to

NGF, it is probable that BDNF also works as a dimer after its precursor form is processed.

It is known which amino acid residues of NGF are essential for binding to both of its

receptors, the p75 and TrkA transmembrane glycoproteins. The same information is now

available for NT-3 and BDNF, and in most cases amino acid residues necessary for

receptor binding are homologous among the three neurotrophins (for a review see Ibáñez,

1994, Urfer et al., 1997, Rosenfeld et al., 1993, Shih et al., 1994).

Studies have shown that antibodies raised to NGF, when injected into developing

chick embryos result in a complete immunosympathectomy, a loss of the sympathetic

nervous system (Rohrer et al., 1988). Mice lacking BDNF die within a few weeks after

birth due to multiple deficits in their nervous systems (for a review see Fariñas and

Reichardt, 1996). Only recently has the the use of mouse genetics begun to probe the

effects of the loss of BDNF in the postnatal animal. Recent studies have shown that

heterozygous BDNF mutant mice have impaired long-term potentiation in the CA1 region

of the hippocampus, and that recombinant BDNF can rescue these deficits (Korte et al.,

1995, Patterson et al., 1996). However, the study of BDNF mutant mice at this time is
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limited since there exist no spatial or temporal controls on gene expression. The production

of antibodies that block function could overcome this problem since they could be injected

postnatally and locally. The chicken nervous system has been well studied and is relatively

easily subjected to tissue culture experiments. With this in mind, I set out to clone and

sequence the chicken BDNF gene, and develop antibodies to the chicken BDNF protein.

The goal was to develop a function-blocking antibody that could be used in vivo to

elucidate the role of endogenous BDNF in the development and maintenance of the nervous

system. Results show that the chicken BDNF gene is nearly identical to that of mammals.

Antibodies raised to chick BDNF, although they do not block function, are useful in

several other assays.

Materials and Methods

Molecular Cloning and Sequencing.

Chicken genomic DNA was prepared by Dr. Kevin Jones in the lab. PCR and

subcloning of PCR products was as described by Jones and Reichardt, 1990. The Charon

4. A phage chicken genomic library was obtained from Dr. Charles Ordahl, UCSF, San

Francisco, CA. The EcoRI fragment containing chicken BDNF was subcloned into

pBluescript KS- (Stratagene, La Jolla, CA). It was similarly subcloned into M13mpl9

(see Jones et al., 1990) and pCDNA-1 (Invitrogen, Carlsbad, CA). The M13 clone was

used to subclone chicken BDNF into the paTH2 vector (from Alex Tzagaloff, New York)

using the sites BamhI and Cla■ . The DNA sequence was determined using reagents and

protocols in the Sequenase kit (US Biochemical, Cleveland, OH) with oligonucleotide

primers synthesized in the HHMI facility.

Isolation of Antigen, and Immunization

The pâTH-2 vector containing chick BDNF was transformed into DH.50 E.coli

bacteria (Gibco BRL, Gaithersburg, MD). Bacteria were grown to an ODoo of

approximately 0.2, and subsequently B-indoleacrylic acid was added to 0.01 mg/ml and the
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cultures were allowed to grow overnight. Cells were harvested by centrifugation, and

frozen at -80°C. The cells were then allowed to thaw on ice in 0.1 volume of TEN (0.2 M

NaCl, 10 mM Tris pH8.0, 1 mM EDTA). Lysozyme was then added to 0.2 mg/ml and cell

lysates were kept on ice for 20 min. NP-40 was then added to 0.2% for 10 min. 0.15x the

culture volume of 1.5 M NaCl, 12 mM MgCl, was added and then DNasel was added to 4

pug/ml and left on ice for one hour. The solution was layered onto a saturated sucrose

cushion and spun 30 min at 13 krpm in a Sorvall HB-4 rotor. The aggregate pellet was

resuspended in TEN, and subsequently loaded on a 10% SDS-polyacrylamide preparatory

gel after boiling in reducing sample buffer. The protein band was visualized using cold

Potassium Chloride, excised, and the protein was electroeluted in 25 mM Tris pH 8.3, 192

mM glycine, and 0.1% SDS. This was used as the antigen to immunize rabbits at Caltag

(Healdsburg, CA).

Antibodies and Immunoblots

Protocols for immunoblotting were described in Chapter 1. CBDNF-1 antisera was

used at a concentration of 1:500, although it immunoblots well at 1:1000. A sheep anti

NGF antibody (Jacob, Weskamp and Ottin, 1986) was used at 20 pg/ml. The NT-3

antisera was a gift from Chiron (Emeryville, CA), and was used at 1:1000. Human NT-3

was supplied from Chiron, mouse NGF was found in the lab, and transfected Cos cell

supernatants (See Appendix B) were used for chicken BDNF.

Immunoprecipitations

LeeAnn Austin-Rooney in the lab infected insect SF9 cells with baculovirus

containing the gene for human BDNF. Cells were cultured in SF9 medium and labelled

with S* cysteine and methionine according to standard protocols. 10 pull of CBDNF-1

antisera or preimmune serum was used to immunoprecipitate the Supernatant using

protocols as described in Chapter 1. Immunoprecipitates were run on a 15% SDS

polyacrylamide gel, and exposed to film for 3 weeks.

Cos cell transfections and Immunostaining
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Cos cells were transfected using protocols described in Appendix B. Chicken BDNF in

pCDNA-1 was used to transfect Cos cells which were subsequently replated on poly-D-

lysine coated chamber slides (Nunc, Denmark). The cells were fixed in 4%

paraformaldehyde and washed 3x in PBS. Then they were blocked 30 min in PBS, 5%

normal goat serum, 0.1% TritonX-100. The CBDNF-1 or preimmune antisera was diluted

1:500 in this blocking buffer, and incubated 1 hour. Cells were extensively washed and

then incubated with a FITC-labelled anti rabbit (Jackson, Harrisburg, PA) secondary

antibody (1:200 in blocking buffer for 30 min.). Indirect immunofluorescence was

observed using the Nikon Microphot microscope.

Results

Molecular Cloning and Sequencing of Chicken BDNF

Chicken genomic DNA was synthesized, and degenerate oligonucleotides from the

BDNF sequence were used to amplify the chicken BDNF DNA sequence using PCR. This

clone was subcloned into the M13 vector to use as a probe for screening a A Charon 4

phage library. Positive clones were identified and plaque purified. EcoRI digestions of the

phage clone were subcloned into bluescript SK-. This plasmid was sequenced and the

primary DNA sequence is shown in Figure A.1. The predicted primary amino acid

sequence (also shown in Fig. A.1) of chicken BDNF differs from mammalian BDNF by

21 amino acid residues, 7 of which are found in the mature processed protein; 14 of the

changes are located in the precursor region of BDNF. The predicted amino acid sequence

of chick BDNF compared to mammalian BDNF and mammalian NT-3 is shown in Figure

A.2. Interestingly, two of the differences between chick BDNF and mammalian BDNF

(amino acids 95N and 99W) render chick BDNF to have higher homology to mammalian

NT-3. This suggests that BDNF may have evolved from an original NT-3-like

neurotrophin in vertebrates.
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Development of Polyclonal antibodies to Chick BDNF

The M13 phage clone of chick BDNF was subcloned into the paTH2 vector. The

pATH2 vector encodes a fusion protein with the bacterial protein TrpE N-terminal to a

multiple cloning site. The protein was induced using indoleacrylic acid, and the fusion

protein was partially purified from bacterial inclusion bodies on a sucrose gradient. The

protein was subsequently run on an SDS-polyacrylamide gel, and using KCl to visualize

the protein band, the protein was excised and electroeluted in a Tris-glycine buffer (pH

7.9). This eluate was used as the antigen to immunize rabbits. The resulting antisera is

entitled CBDNF-1.

CBDNF-1 Specifically Recognizes BDNF on Immunoblots.

Chick BDNF, human NT-3, and mouse NGF were immunoblotted using

antibodies specific for NT-3, NGF, and CBDNF-1. Results in Figure A.3 show that an

CBDNF-1 recognizes BDNF but not NGF. An antibody specific to NGF recognizes NGF

but not BDNF. This shows that CBDNF-1 does not cross-react with NGF. To test

whether the same was true with NT-3, NT-3 and BDNF were immunoblotted with an

antibody specific to NT-3 or CBDNF-1. Figure A.4 shows that CBDNF-1 does not cross

react with NT-3, and specifically recognizes BDNF. The antibody specific to NT-3

recognizes NT-3 but not BDNF. Thus CBDNF-1 is specific for the neurotrophin BDNF in

immunoblots.

CBDNF-1 can Immunoprecipitate BDNF Expressed in Baculovirus Infected
SF9 Insect Cells.

SF9 cells infected with a baculovirus that encodes human BDNF were labelled with

S” cysteine and methionine, and supernatants were immunoprecipitated with CBDNF-1

antiserum. Whereas preimmune antiserum did not recognize BDNF, CBDNF-1

immunoprecipitated the expressed BDNF (Figure A.5). The two different lanes showing
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BDNF immunoprecipitates represent two different bleeds of the CBDNF-1 antisera. In

addition CBDNF-1 did not immunoprecipitate a protein from supernatants expressing wild

type baculovirus. Thus CBDNF-1 can also recognize BDNF in immunoprecipitations.

CBDNF-1 Antiserum Stains Cos Cells Transfected With Chick BDNF.

The chicken BDNF gene was subcloned into pCDNA-1 for the transfection of Cos

cells. The CBDNF-1 antiserum was used to immunostain the transfected Cos cells.

Results in Figure A.6 show that Cos cells expressing chicken BDNF display bright

immunofluorescence whereas the BDNF transfected Cos cells immunostained with the

preimmune serum showed no immunofluorescence. Therefore CBDNF-1 can also detect

BDNF in cells, and may be a useful reagent to study the immunolocalization of BDNF in

vivo.

Discussion

The work in this appendix describes the molecular cloning and sequencing of

chicken BDNF, and the development of an antiserum to chicken BDNF. The sequence of

chicken BDNF is nearly identical to that of mammals, with 21 conservative amino acid

substitutions, only 7 of which are in the mature protein. The amino acid sequence of

BDNF is common to all mammals. Interestingly, two of the amino acid differences

between chick BDNF and mammalian BDNF render chick BDNF more similar to NT-3.

This is in accordance with the deduced phylogeny of members of the NGF family based on

sequence comparisons proposed by Hallböök et al. (1991) where it was speculated that

NT-3 served as a common precursor for the evolutionary development of BDNF, NT-4,

and NGF. It is interesting to note that the substitutions of asparagine for serine at position

94, and the valine for isoleucine at position 99 directly surround the lysines essential for the

binding of BDNF to the p75 low affinity NGF receptor (Ibáñez, 1994). Perhaps these

substitutions make BDNF in chicken more NT-3-like in its binding to p75. One study by
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Dechant et al. (1993) showed that NT-3 can antagonize BDNF binding to the chicken TrkB

receptor in sensory neurons. In their work, the source of both neurotrophins was mouse.

Perhaps a reason for the antagonistic effect of NT-3 on the chick TrkB receptor is that

chicken BDNF more closely resembles NT-3 than BDNF. In addition NT-4 has not been

found in avian species, and it is interesting to speculate that in avians, BDNF fulfills the

roles of both NT-4 and BDNF, each of which bind to the TrkB receptor.

In order to determine the function of BDNF in chick, a bacterial fusion protein of

chicken BDNF was made to immunize rabbits. The resulting polyclonal antibody was

characterized in Several assays. Results in this appendix demonstrate that the antisera

recognizes BDNF in immunocytochemistry, immunoprecipitation, and immunoblotting

assays. In immunoblots the antisera is specific for BDNF where it was shown that it does

not recognize NT-3 or NGF. Thus the antisera could be useful for many studies involving

BDNF. Preliminary results showed that the antisera weakly immunostained chicken retinal

ganglia cell axons in the optic tectum at embryonic day 10 (data not shown). These

experiments were not extensively optimized, and it is thus likely that CBDNF-1 could be

used to stain tissue. The antibody has also proven useful for the localization of BDNF in

biochemical fractions in attempts to purify BDNF (data not shown).

The antiserum was tested extensively in functional assays with cultured chicken

dorsal root ganglia neurons, and nnry PC12-TrkB cells. When BDNF is added to these

cells, the cells differentiate and extend neurites. CBDNF-1 does not block the effects of

BDNF on these cells. Several concentrations of the antibody and the neurotrophin were

used, and in no cases was neurite outgrowth substantially blocked. Whereas there are

several antibodies that block the function of NGF or NT-3, function blocking antibodies to

BDNF have been rare. One antibody raised in turkey to BDNF specifically blocks BDNF

function and was used to demonstrate that BDNF is required for activity-dependent

survival of cortical neurons (Ghosh et al., 1994). Perhaps the development of antibodies

in traditional hosts such as rabbits or mice has not been successful since BDNF is so highly
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conserved among vertebrates. However studies such as the one by Ghosh et al. (1994)

demonstrate the usefulness of specific blocking antibodies in postnatal animals. With the

advent of conditional knock-out mouse technology, however, function-blocking antibodies

will ultimately become less important. The use of antibodies for staining or biochemistry,

on the other hand, will not obsolesce in the forSeeable future.
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DNA Sequence of Chicken BDNF

atgaccatcc ttttccttac tatggttatc teatacttca gttgcatgaaagctg.ccc.cg 60
atgaaagaag ctagtgtaag aggacatggc agcttggctt accCaggtot toggacccac 120
gggactCttgaaagcctaac tºggccCaat gctggttcaa gaggactgac atcactggcg 180
gacacttttgaacacgtgat agaggagctt ctagatgaag atcaggacat coagcc.cagt 240
gaggaaaaca aggatgcgga Cttgtacaca toccgagtca tyctgagcag teaagtgcct 300
ttggaaccCC Cactgctctt totgctcgag gagtacaaaa actacctgga tyctgcaaac 360
atgtcCatga gagtc.cggcg teactctgac ccagctcgcc gtggggaact gagcgtctgt 420
gacagcacaa gC■ agtgggt aacagcagcg gagaaaaaga Ctgcagtgga catgtctggt 480
gcaactgtca cagtCcttga aaaagtCcca gtacctaaag gccaactgaa.gcaatactic 540
tatgagacca aatgcaacCC Caaggggtac acaaaggaag gCtgcagggg Catagacaag 600
aggcactgga actcacagtg CCgaactacC cagtCttacg tyagagctct caccatggat 660
aacaaaaaga gagttggctg gCggtttata agaatagaca CttcCtgtgt atgtacatta 720
acCattaaaaggggaaga 738

Amino Acid Sequence of Chicken BDNF

0 MTILFLTMVISYFSCMRAAP MKEASVRGHG SLAYPGLRTH
41 GTLESLTGPN AGSRGLTSLA DTFEHVIEEL LDEDQDIQPS
81 EENKDADLYTSRVMLSSQVPLEPPLLFLLE EYKNYLDAAN
121 MSMRVRRUHSD PARRGELSVC DSTSEWVTAA EKKTAVDMSG
141 ATVTVLEKVP VPKGQLKQYF YETKCNPKGY TKEGCRGIDK
181 RHWNSQCRTT QSYVRALTMD NKKRVGWRFIRIDTSCVCTL TIKRGR

!-denotes the Proteolytic Cleavage Site, and Beginning of the Mature Protein.

Figure A.1
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Comparison of Chick BDNF to Mouse BDNF and NT-3
Sequence of the Mature Proteolytically Processed Proteins

/\ /\ /\ /\

1 HSDPARRGEL SVCDSTSEWVTAAEKKTAVD MSGATVTVLE KVPVPKGQLK chBDNF
HSDPARRGEL SVCDSISEWV TAADKKTAVD MSGGTVTVLE KVPVSKGQLK muBDNF

YAEHKSHRGEY SVCDSESLWV Tº DKSSAID IRGHQVTVLG EIKTGNSPVK muNT-3

/\ J. J.
51 QYFYETKCNP KGYTKEGCRG IDKRHWNSQC RTTQSYVRALTMDNKKRVGW chBDNF

QYFYETKCNPMGYTKEGCRG IDKRHWNSQC RTTQSYVRAL TMDSKKRIGWmuBDNF
QYFYETRCKE ARPVKNGCRG IDDKHWNSQC KTSQTYVRAL TSENNKLVGWmuNT-3

T T

101 RFIRIDTSCV CTLTIKRGR ChBDNF
RFIRIDTSCV CTLTIKRGR muBDNF
RWIRIDTSCV CALSRKIGRT muMT-3

A - denotes differences between chick and mouse BDNF sequences.
J - denotes differences where chick BDNF more closely resembles mouse NT-3.

Figure A.2
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Figure A.3. The antiserum CBDNF-1 does not cross-react with NGF. Purified mouse

NGF was immunoblotted with an anti-NGF antibody, or CBDNF-1. CBDNF-1 as shown

in this figure does not recognize the purified NGF. The same amount of purified NGF

protein was loaded on both of the NGF lanes. In addition the anti-NGF antibody does not

recognize chicken BDNF.
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Figure A.4. The antiserum CBDNF-1 does not cross-react with NT-3. Purified human

NT-3 was immunoblotted using an anti-NT-3 antibody. This antibody is specific for NT-3

since it does not recognize chicken BDNF in the adjacent lane. CBDNF-1 does not

recognize NT-3. Thus CBDNF-1 recognizes BDNF specifically.
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Figure A.5. The anti-BDNF antibody, CBDNF-1 can immunoprecipitate BDNF from

baculovirus infected insect cell supernatants. SF9 cells were infected with a baculovirus

encoding human BDNF, and the cells were radioactively labelled with Sºº cysteine and

methionine. CBDNF-1 antiserum was used in immunoprecipitations. The two lanes

expressing bands correspond to two different bleeds of the antiserum tested. CBDNF-1

did not immunoprecipitate protein from supernatants infected with wild-type baculovirus,

nor did the pre-immune serum immunoprecipiate human BDNF.
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Figure A.6. The anti-BDNF antibody, CBDNF-1 immunostains Cos cells expressing

chicken BDNF. Cos cells were transfected with the plasmid pCDNA-1 containing the

coding sequence for chicken BDNF. The cells were fixed with paraformaldehyde and

immunostained with either CBDNF-1 or the pre-immune antisera. Indirect

immunofluorescence shows that CBDNF-1 specifically recognizes cells expressing BDNF,

the pre-immune serum did not stain the cells.
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Appendix B

Epitope Tagged Neurotrophins Retain their Biological Activity
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Introduction

Nerve growth factor (NGF) and its family members, brain-derived neurotrophic

factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5 have significant effects on the growth

and survival of many types of neuronal cells in both the central and peripheral nervous

systems (for a review, see Fariñas and Reichardt, 1996). The receptors for the

neurotrophins have also been well characterized and it is known that members of the trk

family tyrosine kinase receptors transduce the neurotrophin signal with an additional

receptor, p75, playing an important but less clear role (for a review, see Barbacid, 1995,

Bothwell, 1995, McDonald and Chao, 1995). The three-dimensional crystal structure of

NGF has revealed that this neurotrophin has some structural similarity to other growth

factors, namely platelet-derived growth factor (PDGF) and transforming growth factor-B

(TGF-B) by virtue of a similar arrangement of cysteine bridges forming a knot-like

structure (McDonald et al., 1991). Based on the primary sequence conservation among the

neurotrophins, it is assumed that the other neurotrophins have a similar structure. Several

studies involving site-directed mutagenesis and domain-swapping experiments have

clarified which domains of the neurotrophins are responsible for the binding to their

receptors and their biological activities (for a review, see Ibáñez, 1994, Urfer et al., 1997).

One study showed that a mutant NGF lacking the seven most carboxy-terminal amino acids

was properly synthesized in transfected Cos cells, but displayed no biological activity when

tested on PC-12 cells for neurite outgrowth (Drinkwater et al., 1993). These authors state

that the carboxy terminus of NGF is essential for the binding to the cells, but does not

necessarily play a specific role in signal transduction since a mutant that swaps the C

teminal domain of BDNF retains wild-type NGF biological activity (Drinkwater et al.,

1993, and Ibáñez et al., 1993).
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Presently, commercial antibodies are available against all of the neurotrophins.

However in some circumstances, it is beneficial to have antibodies that recognize only a

mutant form of the protein of interest. Many studies have taken advantage of antibodies

that recognize specific epitopes that have been genetically engineered into a protein. For

example, epitope tagged ras-related proteins were used to study the ultrastructural cellular

localization of these proteins (Robertson et al., 1995), and a nonradioactive receptor binding

assay was developed using an epitope tagged ciliary neurotrophic factor (Saggio, et al.,

1994). The studies presented here show that neurotrophins with the epitopes KT3

(GTPPPEPET) (MacArthur and Walter, 1984) or FLAG (DYKDDDDK) (Knappik and

Plückthun, 1994) at their C-termini can be immunoblotted and immunostained with the

corresponding monoclonal antibodies, and further, that the mutant epitope-tagged proteins

retain biological activity.

Materials and Methods

Epitope tagged neurotrophin constructs

The polymerase chain reaction (PCR) was used to generate the epitope-tagged

neurotrophin constructs. The human genomic clones for BDNF and NT-3 were used as

templates (Jones and Reichardt, 1990) and oligonucleotides generated at the HHMI

nucleotide facility were used for primers. For BDNF-FLAGHMK, KBX5

(CTCGAGCTCTAGAATTCCACCATGACCATCCTTTTCCTT) was used for the 5'

oligo, and KBFLAG (GCTAAGCTTCTAGAATTCAGCTCACGCTGGCTCTCCTG

GCCTTATCGTCATCGTCCTTGTAGTCGCTGCTTCTTCCCCTTTTAATGGTCAATG)

was used for the 3' oligo. For NT-3-FLAGHMK the 5' oligo was HNEX5

(CTCGAGCTCTAGAATTCCACCATGTCCATCTTGTTTTAT) and the 3' oligo was

HNFLAG (GCTAAGCTTCTAGAATTCAGCTCACGCTGGCTCTCCTGGCCTTATC
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GTCATCGTCCTTGTAGTCGCTGCTTGTTCTTCCGATTTTTCTCGACAAGGC). For

KT3MNGF, a genomic mouse clone of NGF was used as the template and the 5' oligo

HIND3MNGF (GGGAAGCTTGTAATGTCCATGTTGTTCTACACTCTG) and the 3'

oligo KT3EcoRIMNGF3' (TCAAGCTTAAGTCTCAGGCTCAGGAGGAGGAGT

CCCGCCTCTTCTTGTAGCCTTCCTGCTGAG) were used as primers. After 10 cycles

of amplification (temperature profile: 94° for 1 min, 55° for 1 min, 72” for 3 min), the

products were run on a 1% agarose gel, cut out and purified using a Qiagen gel purification

kit (Qiagen, Santa Clarita, CA). The BDNF-FLAGHMK and NT-3-FLAGHMK products

were cut with EcoR1 and ligated into pEE14 (Celltech, Berkshire, UK) before subsequent

ligation into the EcoR1 site of pXM (Hallböök et al., 1991). The KT3MNGF product was

cut with Hind? and EcoR1 and ligated into pBluescript KS- (Stratagene, La Jolla, CA).

For subsequent cloning into pXM, the Hind?-EcoR1 fragment was purified on low melting

agarose and ethanol precipitated and subjected to the Klenow fragment (Promega,

Madison, WI) with drTPs for 15 minutes at room temperature. The Klenow was heat

killed at 60° for 10 minutes and then EcoR1 linkers (New England Biolabs, Beverly, MA)

were ligated on. The ligated product was cut with EcoR1, purified again, and ligated into

the EcoR1 site of pXM. Rat BDNF cloned in pXM (Hallböök et al., 1991) was kindly

provided by Carlos Ibañez.

Cos cell transfections

Cos-7 cells were plated on six-well 35 mm tissue culture plastic dishes (Corning,

Ithaca, NY) in DMEM with 10% FBS and allowed to grow overnight to 70% confluency in

a 8% CO2 37° incubator. The medium on the cells was then changed to Optimem medium

from Gibco BRL (Gaithersburg, MD) and the cells were transfered to a 5% CO2 incubator.

Cells were transfected using lipofectamine from Gibco by mixing together 100 microliters

of Optimem medium with 2 micrograms of the pXM plasmid constructs, and 100

microliters of Optimem containing 8 microliters of lipofectamine for 45 minutes and then
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adding 800 microliters of Optimem to make a final volume of 1 milliliter which was added

to the cells for 6 hours. After the incubation time, 1 additional milliliter of Optimem

containing 2x pen-strep was added for overnight incubation. The cells were allowed to

grow for an additional 36 hours before harvesting the conditioned medium and

immunostaining the cells.

Immunohistochemistry

The transfected Cos cells were fixed for 15 minutes with 4% paraformaldehyde and 5%

sucrose, and then blocked in 5% normal goat serum in PBS with 0.01% saponin for 30

minutes. The M2 antibody from Kodak (Rochester, NY) was used at a dilution of 1:500

and a KT3 hybridoma supernatant (kindly provided by Dr. Gernot Walter, (MacArthur and

Walter, 1984)) was used at 1:4 in PBS with 5% normal goat serum (blocking buffer) for

90 minutes. The cells were washed four times, 10 minutes each, with blocking buffer,

before adding the biotinylated goat anti-mouse antibody (Vector labs, Burlingame, CA)

1:800 in blocking buffer for 1 hour. The cells were again washed 4 times, 10 minutes

each, and then the vectastain ABC kit reagents were used for peroxidase staining, the A and

B solutions were diluted 1:300 in blocking buffer and placed on the cells for 1 hour. Next

the cells were washed 10 minutes in TBS and then 10 minutes in 100 mM Tris pH 7.5, and

then incubated in a 0.5 mg/ml solution of diaminobenzidene (DAB) in 100 mM Tris pH 7.5

with 1:1000 30% hydrogen peroxide. The staining reaction was stopped after 5 minutes by

washing with Tris pH 7.5. Photography was done on a Nikon Diaphot inverted

microscope using Kodak gold 100 film.

SDS-PAGE and Immunoblot analysis

Samples were prepared by adding a sample buffer containing B-mercaptoethanol and SDS

and bromphenol blue and boiled for 1 minute. 15% SDS-polyacrylamide gels were used,

and after elecrophoresis the proteins were transferred to nitrocellulose paper (Schleicher

and Schuell, Keene, NH), and blocked in blotto (3% BSA fraction V, 1% ovalbumin in



151

wash buffer (0.01M Tris pH7.5, 0.1M NaCl, 0.001% Tween-20)) for 1 hour. Purified

mouse B-NGF was purchased from Boehringer Mannheim (Indianapolis, IN), and purified

recombinant human BDNF was a generous gift from Genentech (South San Francisco,

CA). Antibodies were added overnight at 4” diluted 1:500 in blotto of M2, anti-KT3,

CBDNF-1 (an antibody raised in the lab against a chicken BDNF fusion protein, see

Appendix A), or anti-NGF (Calbiochem, San Diego, CA). The blots were washed 3x15

minutes with wash buffer and subjected to the secondary antibodies, alkaline-phosphatase

conjugated anti-mouse or anti-rabbit (Promega, Madison, WI)) 1:3000 in blotto. These

were incubated 45 minutes and then again washed 3x45 minutes with wash buffer before

developing with NBT (0.33 mg/ml)and BCIP (0.17 mg/ml) in AP buffer (0.1M Tris pH

9.0, 0.1 M NaCl, 0.005 M MgCl2). Alternatively, the blots were developed using ECL from

Amersham. In this case, HRP-conjugated anti-mouse or anti-rabbit (Jackson Labs,

Harrisburg, PA) was used at 1:10,000 in blotto. The nitrocellulose blots were incubated in the

ECL buffers for 1 minute and then exposed to ECL (Amersham, Cleveland, OH) film for

about 5 seconds.

Cultures

Dorsal root ganglia were dissected from embryonic day 8 chick embryos and

dissociated with 0.20% STV (Trypsin 0.25%, Versene 0.02% in Saline A) in PBS by

trituration with a 22 guage sterile needle. F-12 media containing 10% fetal bovine serum

and pen-strep was added and the cells were preplated for 1 hour at 37° to remove non

neuronal cells. The neurons were washed 3 times in F12 media with 1% BSA and pen

strep and plated in this medium at a density of 10000 cells per well in a 96 well dish

(Costar). The plate had been previously coated with 10 pg/ml, laminin in CMF PBS for 4

hours at 37”. 100 pil of cells were added to 100pul of the medium containing 2x the desired

growth factors. Cells were incubated 2 days at 37° C in a 5% CO2 incubator, and

photographed with the Nikon Diaphot inverted microscope.
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Results

Generation of epitope tagged neurotrophins

The polymerase chain reaction was used to add the KT3 epitope (TPPPEPET) to

the full length mouse cDNA clone, and the FLAG sequence (DYKDDDDK) to the full

length human cDNA clones for BDNF and NT-3. Two serine residues were introduced

prior to the FLAG sequence to allow for flexibility of the additional sequence, and then the

Heart Muscle Kinase recognition sequence (ARRASVS) was introduced after the flag

sequence before the stop codon in order to label the factors, if necessary, to high specific

activity with P32. Figure B.1 shows a schematic diagram of the epitope tagged

neurotrophin constructs.

Expression of epitope-tagged neurotrophins in Cos cells

The epitope-tagged neurotrophins were subcloned into the SV40 promoter

containing vector, pXM, which yields high protein expression in Cos cells (Hallböök et al,

1991). The constructs were transiently transfected into Cos cells using lipofectamine, and

the cells were subsequently immunostained using the appropriate monoclonal antibodies,

anti-KT3 for the KT3 epitope, and the M2 antibody for the FLAG epitope. Figure B.2

shows Cos cells stained for NGF-KT3 (panel E), BDNF-FLAGHMK (panel B) and NT-3-

FLAGHMK (panel C), as well as mock-transfected cells (panels A and D) which do not

immunostain for these antigens. The neurotrophin antigens intracellular and the staining

most likely depicts the unprocessed neurotrophins in the protein export pathway.

Supernatants from the transiently transfected Cos cells were collected and run on

SDS-PAGE, and subsequently immunoblotted for the BDNF-FLAGHMK and NGF-KT3

proteins. Figure B.3 shows that both the unprocessed higher molecular weight form of

BDNF and the mature processed BDNF are recognized by the M2 antibody, whereas wild

type BDNF is not. An antibody raised against chicken BDNF (CBDNF-1 as described in

the Appendix A) recognizes both wild-type rat BDNF and BDNF-FLAGHMK,
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demonstrating that both proteins are indeed present on the gel, and that M2 does not non

Specifically recognize BDNF. This immunoblot also shows that the KT3 monoclonal

antibody recognizes NGF-KT3 in supernatants from transiently transfected Cos cells.

In order to determine the approximate concentration of the epitope-tagged

neurotrophins in the Cos supernatants, immunoblots were done with known amounts of

purified human NGF or human BDNF for direct comparison with the supernatants. Figure

B.4 shows that the amount of antigen in 40 microliters of the NGF-KT3 supernatant lies

between 10 and 25 nanograms of purified human NGF. This gives a value of about 1

pg/ml for the NGF-KT3 in the Cos supernatant. The BDNF-FLAGHMK in the Cos

supernatant is less than 1 Lig/ml since 40 microliters contains substantially less BDNF than

10 ng when compared with the purified human BDNF. Figure B.4 shows in addition that

the M2 and the KT3 antibodies recognize nanogram amounts of their respective epitope

tagged neurotrophins.

Epitope-tagged neurotrophins retain biological activity

The same Supernatants that were used for immunoblotting were tested for survival

and neurite outgrowth of embryonic day 8 (E8) chick sensory neurons of the dorsal root

ganglia (DRG). The supernatants were tested at 1:10 and 1:100 dilutions, and in all cases

the epitope tagged neurotrophin worked as well as the wild-type neurotrophin in promoting

survival and neurite outgrowth. Figure B.5 shows that at a dilution of 1:100, the NGF

KT3 containing Cos supernatant promotes neurite outgrowth and survival of DRG neurons

for two days as well as purified NGF at 50 ng/ml. BDNF-FLAGHMK promoted survival

and outgrowth as well as wild-type BDNF when both supernatants were used at 1:100.

Neurons plated with mock-transfected Cos cell supernatants died after 2 days in these

serum free media conditions. From the immunoblots, it was determined that the NGF-KT3

in concentration is about 1pg/ml, and at a dilution of 1:100, the final concentration is about

10 ng/ml, which is within the range of optimal activity for NGF on DRG neurons.
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Similarly, the BDNF-FLAGHMK Cos supernatant was used at less than 10 ng/ml. The

half-maximal activity of wild-type BDNF on DRG neurons is 5 ng/ml with a maximal

activity of 30 ng/ml (Lindsay et al., 1985), so the BDNF-FLAGHMK appears to be as

active as wild-type BDNF.

Discussion

The neurotrophins have been widely studied regarding their functions in neural

development. The use of epitope-tagged neurotrophins could further elucidate their

mechanisms of action. In the study presented here, three of the neurotrophins were tagged

with either the KT3 or FLAG epitopes, the proteins were transiently expressed in Cos

cells, and then tested with the respective antibodies. The two monoclonal antibodies are

highly specific for their epitopes, and bind with high affinity, up to 5.2 x 106 M-1 for KT3

(Mac Arthur and Walter, 1984). Less than 10 nanograms of the epitope-tagged

neurotrophins can be recognized using the antibodies on immunoblots. The antibodies also

stain transfected Cos cells, proving that the antibodies recognize the non-denatured

proteins. In addition, the antibodies have been used to immunoprecipitate the epitope

tagged neurotrophins (data not shown). Most importantly, the epitope-tagged

neurotrophins retain their biological activity when tested for neurite outgrowth and survival

of embryonic DRG neurons. In a study by Drinkwater et al. (1993), it was found that the

carboxy terminus of NGF is required for its biological activity. They propose that the C

terminus may act as a site of initial contact of NGF for one or both of its receptors, or that

the C-terminus may stabilize the NGF dimer in a conformation necessary for receptor

binding. In either case, the addition of several amino acids to the intact C-terminus does

not affect the activity of the neurtotrophin. The crystal structure of NGF did not include the

carboxy-terminal amino acids (McDonald et al., 1991), suggesting that this region of the
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molecule may be highly flexible, and the addition of more residues to this tail probably

does not deter from its wild-type function.

The epitope-tagged neurotrophins provide useful tools to further study the function

of the wild-type neurotrophins. For instance, transgenic animals could be made using the

tagged neurotrophins to study where neurotrophins travel after they are produced. The

epitope tag would clearly distinguish the introduced factor from wild-type neurotrophins.

In addition, antibodies raised against one neurotrophin often cross-react to the other

neurotrophins (unpublished results), and the use of a tagged-neurotrophin would eliminate

this possibility. Clearly the neurotrophins are among the most important molecules

involved in the ontogeny of the nervous system, and the tagged-neurotrophins provide

another means of elucidating their function.
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Figure B. 1. Schematic representation of the epitope tagged-neurotrophins. The

Polymerase Chain Reaction was used to attach the KT3 epitope to the C-terminus of the full

length mouse NGF clone. Similarly the FLAG, and Heart Muscle Kinase epitopes were

added to the C-termini of human BDNF and human NT-3.
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Figure B.2. Staining of transfected Cos cells. Cos cells were transfected with BDNF
- - -

FLAGHMK, NT-3-FLAGHMK, or KT3MNGF, and stained using the epitope antibodies. !Cºu
* Y

A) Mock-transfected cells stained with M2 anti-FLAG. B) BDNF-FLAGHMK transfected º

cells. C) NT-3-FLAGHMK transfected cells. D) Mock-transfected cells stained with the

KT3 monoclonal antibody. E) KT3MNGF transfected cells. The darkly stained cells are

prevalent in the neurotrophin transfected cells, and not apparent in the controls.
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Figure B.3. Immunoblot of KT3MNGF and BDNF-FLAGHMK. Cos cell supernatants

were run on a 15% SDS-PAGE and blotted using the M2 anti-FLAG antibody or the KT3

monoclonal. Lanes 1 and 6 are the supernatants of BDNF transfected cells, 2 and 7

BDNF-FLAGHMK and 3 and 8 nontransfected cells. Lanes 1-3 were blotted with M2

anti-FLAG, lanes 6-8 with CBDNF-1 which recognizes BDNF. Lanes 4 and 5 were

blotted with KT3 hybridoma supernatant, lane 4 is KT3MNGF transfected Cos cells

supernatant, and 5 is nontransfected Cos supernatant. These blots show that the M2 and

KT3 antibodies are specific for the epitope tags, and do not cross react to the unmodified

neurotrophins.
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Figure B.4. Immunoblot of A) KT3MNGF and B) BDNF-FLAGHMK showing relative

amounts of protein in the Cos cell supernatants. Lanes 1-3 of show 25, 10 and 5

nanograms of purified NGF blotted with anti-NGF(A) or BDNF blotted with CBDNF-1

(B). Lanes 4-6 show 40, 20 or 10 microliters of KT3MNGF (A) or BDNF-FLAGHMK

(B) transfected Cos cell supernatants blotted similarly with anti-NGF (A) or CBDNF-1

(B). Lanes 7-9 show 40, 20 or 10 microliters of the same supernatants blotted with the

KT3 monoclonal (A) or M2 anti-FLAG (B). Note that 40 pil of KT3MNGF supernatant

lies between 10 and 25 ng of purified mouse B-NGF, and 40 pil of BDNF-FLAGHMK

supernatant is significantly less than 10 ng of purified recombinant human BDNF.
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Figure B.5. KT3MNGF and BDNF-FLAGHMK support the survival of E8 chick DRG

neurons. DRG neurons were dissociated and plated on laminin and observed after 2 days

with A) 50ng/ml pure mouse B-NGF, B) 1:100 KT3MNGF Cos cell supernatant, C) 1:100

rat BDNF Cos cell supernatant, D) 1:100 BDNF-FLAGHMK Cos cell supernatant, E) no

additional factors and F) 1:100 mock-transfected Cos cell supernatant. Note that

KT3MNGF and BDNF-FLAGHMK promote survival as well as the wild-type proteins.
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