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Introduction 

I. Nature of the problem 

In the past several years, it has been shown that oncogenes contribute to the pathobiology 

of breast cancer. Mutational activation of the Notch4 proto-oncogene has been shown to 

contribute to experimental mammary gland tumorigenesis in mouse. Several human Notch 

family genes have also been implicated in human cancers. There is strong evidence that the 

Notch4/int-3 proteins regulate the cell fate decisions required for the morphogenesis and 

functional differentiation of the mouse mammary gland. Despite this evidence, work on the role 

of the Notch4/int-3 gene in breast cancer is still in its infancy. Extensive studies on other Notch 

family members (lin-12/Notch) in organisms more tractable to genetic analysis such as 

Drosophila and C. elegans, demonstrates the evolutionary conservation of these proteins and 

their fundamental importance in cell fate decisions. 
The proposed research will investigate the role of Notch4/int-3 proteins in the normal 

development of mammary gland and other tissues and study the biochemical properties that are 

important for int-3 transforming activity. This information will broaden our understanding about 

the events which control normal mammary gland development and how alterations in those 

events can lead to neoplastic growth of the mammary gland. 

II. Background 

Mouse mammary tumor virus induces breast cancer in mouse by insertional mutagenesis. 

In tumors, viral integration can result in activation of the Notch4 proto-oncogene by promoter 

insertion and results in expression of a truncated gene product (int-3) (1). The nucleotide 

sequence of the truncated gene product revealed homology with the Notch/lin-12 gene family 

(2). The full length cDNA of the int-3 gene has been successfully cloned, and indeed it bears all 

the hallmarks of a Notch/lin-12 family gene. We proposed to name the full length int-3 gene 

Notch4, and reserve the term int-3 for the truncated oncogenice form which is induced by 

retroviral insertion. Several lines of evidence confirm a role for int-3 in mammary 

tumorigenesis. Transfection of a recombinant int-3 genomic DNA fragment, encoding the 

truncated oncoprotein, into the HC11 mouse mammary epithelial cell line induces anchorage- 

independent growth in soft agar (2). Expression of this same genomic fragment in vivo as a 

transgene in a transgenic mouse strain is associated with arrest of normal mammary gland 



development and impaired differentiation (3), intraductal hyperplasia of mammary epithelium, 

and a high incidence of focal mammary tumors (adenocarcinomas) (4). It has also been reported 

that the normal int-3 gene is endogenously expressed in the mouse mammary gland (5). 

cDNA sequence of the 6.5kb full length Notch4 gene indicates that it is a bona fide 

Notch family member. The Notch/lin-12 protein family currently consist of eleven members, 

Notch (Drosophila) (6), lin-12 and glp-1 (C. Elegans) (7, 8, 9), Xotch (Xenopus) (10), Notch 1, 

2, 3 and 4 (Mouse) (2, 11-15), Notch 1 and 2 (Rat) (16,17), NOTCH 1 and 2 (Human) (18, 19). 

These genes encode for transmembrane receptor proteins. The extracellular domain of 

Notch/lin-12 family members contains variable numbers of EGF (epidermal growth factor) like 

repeats and other cysteine rich repeats named lin-12/Notch repeats(26). The intracellular domain 

of all Notch/lin-12 family members contains several copies of a repeat sequence, named cdclO or 

ankyrin repeat. The cdclO repeats have recently been implicated as a protein-protein interaction 

domain. The intracellular domain of this family of proteins also contains a PEST sequence, a 

nuclear localization signal, and an opa repeat. PEST sequences are found in proteins which are 

rapidly degraded or may also represent potential phosphorylation sites. An opa repeat is a 

protein domain that is rich in glutamine and is commonly found in transactivating domains of 

transcription factors or transcription factor binding proteins (27). The Notch and lin-12 proteins 

are required for cell-cell interactions that play a pivotal role in cell-fate decisions. For instance, 

the mechanisms that control how a group of equivalent progenitor cells give rise to a group of 

cells each with their particular fate. The fundamental importance of these genes during 

development has been demonstrated by genetic analysis of lin-12, Notch and Xotch mutants (20- 

24). In the mouse, null mutants of Notch 1 and 2 are lethal during embryonic development, 

although the exact cause for this premature death is not known (25). 

Genetic and molecular analysis have identified several proteins that participate in Notch 

signaling. Drosophila Delta (28) and Serrate (29) and C. elegans Lag-2 (30)and Apx-1 encode a 

family of structurally related ligands for the Drosophila Notch and C.elegans lin-12 and glp-1 

receptors respectively. These ligands are transmembrane proteins, containing EGF-like domains 

and a cysteine rich DSL (Delta-Serrate-Lag-2) domain within the extracellular part of the protein. 

Recently, mouse homologues of these ligands have been cloned, Jagged-1 (31) and Dll-1 (32). 

These ligands have been demonstrated to regulate Notch receptor activity through cell-cell 

interactions. The products of three Drosophila genes, deltex, disheveled and suppressor of 

hairless (Su(H)) have been shown to interact with the intracellular domain of Notch and may thus 

participate in the intracellular signaling pathway of Notch (33,34) Furthermore, genetic analysis 

has revealed similar phenotypes in certain Deltex and Notch mutants. 



Deletion of the extracellular part of Notch, Xotch and lin-12 proteins results in a 

dominant gain of function mutation (20-22). The truncated gene product encoding for the 

intracellular part of the receptor exhibits constitutively activated protein function. The 

phenotype observed in this class of mutants suggests that the truncated gene products delay cell 

determination and thereby increase the proportion of uncommitted stem cells, leading to a 

prolonged lifetime of the cell or to a greater number of descendants (20-22). By analogy to the 

function of other Notch/lin-12 family members in lower organisms, one can speculate that delay 

in differentiation and accumulation of pluripotent proliferative stem cells would result in a 

growth advantage, thereby increasing the probability for secondary oncogenic mutations. This 

model would propose that Notch proteins contribute to oncogenesis by stimulating stem cell 

growth and blocking differentiation. 

Studies on the Notch protein in Drosophila demonstrated that the intracellular domain of 

the Notch protein is translocated to the nucleus when a truncated Notch protein (corresponding to 

the intracellular domain of the protein) is expressed as a transgene in Drosophila embryos (20). 

Based on the hypermorphic effect of the deletion mutants, and on the presence of a nuclear 

translocation signal in the intracellular domain of the protein, a hypothetical model would be that 

ligand binding to the receptor would result in cleavage of the intracellular domain of the receptor 

and subsequent translocation to the nucleus, where it could interact with its substrate. 

Notch/lin-12 gene family members have been implicated in human tumorigenesis. 

Alteration of NOTCH-1 (also named TAN-1) has been associated with a T lymphoblastic 

neoplasm (18). The mutation of the NOTCH-1 gene in T lymphoblastic lymphomas is caused by 

a translocation that results in expression of a truncated gene product. TAN-1 mutations are 

analogous to the int-3 activating mutations as a result of MMTV insertion, as well as to the 

dominant gain of function mutations of Notch, lin-12 and Xotch. Furthermore, human NOTCH - 

1 and NOTCH-2 (also named hN) were found to be overexpressed in human cervical carcinomas 

(19). 

III. Purpose 

The overall goal of the work proposed here is to understand in molecular details the 

function of the Notch4/int-3 proteins in mammary epithelial cells and during mouse mammary 

gland development, with the long term goal of understanding the role of the int-3 gene in 

mammary tumorigenesis. 



Body 

I. Technical Objectives 
The overall goal of the work proposed here is to understand in molecular details of the 

function of the Notch4/int-3 proteins in mammary epithelial cells and during mouse mammary 

gland development. 
We proposed three specific aims to investigate the mechanisms of the functions of 

Notch4/int-3 proteins in a relatively simple and biological context: 

1. Compare the normal int-3 protein to activated int-3 oncoproteins 

We intend to first determine the primary sequence of the normal int-3 protein and evaluate 

whether the normal int-3 gene encodes a Notch-like transmembrane receptor. We will then 

compare the biochemical and physiological properties of the normal int-3 protein with that of 

truncated int-3 oncoproteins. Our aim is to determine what structural alterations lead to oncogenic 

activation of int-3 and to evaluate if activated int-3 proteins act at the cell surface or the nucleus. 

2. Identifying proteins that interact with the intracellular domain of int-3. 

To elucidate the molecular mechanisms of the oncogenic effect of activated int-3, we will 

identify proteins or protein complexes that interact with int-3. Three approaches will be used: (1) 

affinity purification of associated proteins, (2) library screening with radiolabled int-3 proteins, and 

(3) a yeast two-hybrid genetic screen for int-3 associated proteins. 

3. Analysis of int-3 expression pattern in the murine mammary gland. 

The fact that overexpression of activated int-3 in mouse mammary gland has profound 

effects on the development of the gland suggests a role of nomrla int-3 gene products in mammary 

gland development. We will determine whether int-3 gene is normally expressed in the mamamry 

gland. Molecular and immunohistochemical techniques will be used to evaluate where and when in 

the normal mammary gland the int-3 gene is expressed. 

To fullfill these specific aims, we have proposed five technical objectives for a period of four years. 

Task 1: Characterize the full length int-3 cDNA. (Months 1-12) 

Task 2: Study the production, processing and subcellular localization of normal int-3 proteins and 

int-3 oncoprotein in mammary epithelial cells. (Months 3-18) 

Task 3: Evaluate the transforming potential of int-3 proteins. (Month 9-18) 

Task 4: Identify proteins that interact with the intracellular domain of int-3. (Month 12-48) 

Task 5: Analysis of the int-3 expression pattern in the murine mammary gland. (Months 12-48) 



II. Experimental Results 

This annual report describes the progress we have made during the first 36 months of this 

grant, with an emphasis on the last 12 months. The progress reported here will be related to the 

original tasks set out in Statement of Work. 

1. Characterize the full length int-3 cDNA. (Months 1-12) 

This task has been completely fulfilled within the proposed period of time. 

The int-3 oncogene was classified in the lin-12/Notch protein family solely on the basis of 

its homology to the intracellular part of the lin-12/Notch family members. Previously, there was no 

direct evidence that demonstrates that the full length int-3 encodes for a transmembrane protein. By 

cloning the full length int-3 cDNA we have demonstrated that the int-3 gene encodes a 

transmembrane protein, homologous to the lin-12/Notch family of transmembrane proteins. We 

have proposed to name the full length gene Notch4, and reserve the int-3 nomenclature when 

referring to the truncated and oncogenic form of the gene (Appendix A). 

A. Cloning truncated int-3. We have cloned the truncated int-3 gene that encodes for the 

intracellular part of the protein and corresponds to the int-3 mammary oncogene (Appendix A) 

B. Cloning of the full length int-3 We have used the PCR based method of RACE (Rapid 

Amplification of cDNA Ends) (35,36) to clone sequences that are located 5' from the truncated int- 

3 (the truncated int-3 transcript is localized at the 3'end of the gene). To clone the int-3 full length 

cDNA, we have screened a mouse lung cDNA library. This choice of cDNA library was based on 

our findings of the mRNA expression analysis of int-3. Initially, the probes that were used in this 

screening analysis were derived from the cloned truncated int-3, as well as from the clones obtained 

by RACE. Positive clones were purified and sequenced and used as probes in successive rounds of 

screening in order to obtain the full length cDNA of the int-3 gene. The length of the full lengthi/tf- 

3 mRNA is approximately 6.5kb based on our Northern blot analysis. The full length int-3 

sequence has been analyzed for its homology with other lin-12/Notch family members, and has 

been shown to have a high overall homology to the other known mouse Notch 1, 2 and 3 genes. 

The predicted amino acid sequence encodes for a transmembrane protein with a intracellular 

domain containing six ankyrin repeats, a transmembrane domain, and a extracellular domain 

containing three Notch/lin-12 repeats and twenty nine EGF-like repeats (Appendix A). 
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C. Sequencing int-3 cDNAs We have sequenced the full length gene of int-3. According 

to its DNA and amino acid sequences, the full length gene of int-3 is a bona fide Notch/lin-12 

family gene. It bears all the typical tructural motifs found in Notch/lin-12 family genes. 

2. Study the production, processing and suhcellular localization of normal int-3 proteins and 

int-3 oncoprotein in mammary epithelial cells. (Months 3-18) 

The int-3 gene was discovered in mouse mammary tumors, induced by MMTV infection. 

Insertional of NotchA gene by MMTV results in the expression of a truncated protein product (int-3) 

that is able to transform mammary epithelium cells both in vivo and in vitro. 

A. Epitope-tagging of int-3 proteins Before antibodies against the Notch4/int-3 proteins 

(aim 3) were available, we added an epitope to the Notch4 protein and its deletion mutants 

including int-3 (37). The epitope we have chosen is derived from the influenza HemAgglutinin 

(HA) protein and is recognized by a monoclonal antibody 12CA5 (38). cDNAs were cloned into 

phagemid vectors that contain the sequence encoding the HA epitope situated downstream. Single 

strands were generated from the phagemids and used in a site-directed mutagenesis protocol with an 

oligonucleotide designed to loop-out the sequence between the last codon of our proteins and the 

first codon of the HA tag, to create an in-frame fusion. The HA epitope was fused to the carboxy 

termini of all the Notch4/int-3 proteins. This method allowed us to detect ectopically expressed 

Notch4/int-3 fusion proteins in transfection experiments, using anti HA antibodies in immunoblot 

analysis (Appendix B). 

B. Generation of int-3 expressing cell lines int-3 mdint-3/HA fusion constructs were sub- 

cloned into eukaryotic vectors such as pLNCX vector (39) and pQNCX vector (our unpublished 

data). These vectors utilize the cytomegalovirus immediate early promoter/enhancer to drive 

expression of the int-3 gene and the retroviral LTR to drive expression of the neo gene, which 

confers resistance to the drug G418. We have also generated several control retroviral vectors, such 

as vectors expressing the LacZ gene, vectors expressing an unrelated HA tagged protein, and 

vectors expressing int-3 without the HA tag. This last construct allowed us to determine that the 

HA tagging does not interfere with the transforming activity of int-3 (see below). In order to 

evaluate the transforming potential of int-3, a mammary epithelial cell line programmed to express 

int-3 was generated by infection with retroviral expression vectors. High-titer helper free retroviral 

stocks were generated using the BOSC23 ecotropic virus packaging cell line (40), media was 

collected and used to infect the mammary epithelial cell lines TAC-2 (43). The int-3 stably infected 
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TAC-2 mammary epithelial cell lines express copious amounts of recombinant int-3 proteins as was 

determined by immunoblot analysis (Appendix B). The expression level of the int-3 recombinant 

proteins in TAC-2 cells can be increased by treatment of the cells with sodium butyrate (Appendix 

B). In addition, four int-3 deletion mutants were generated. The deletion mutants lack either the 

amino terminal end (-NT), the cdc-10 repeats (-cdc), the carboxy terminal end (-CT), or both the 

amino and carboxy terminal ends (-NT-CT) of int-3. All four int-3 deletion mutants were epitope 

tagged at the carboxy terminus. TAC-2 cell lines were generated to express the int-3 deletion 

mutants as determined by immunoblotanalysis (Appendix B). 

C. Biochemical analysis of int-3fNotch4) proteins produced in cell lines. The deduced 

amino acid sequence of the full length Notch4 protein predicts that Notch4 is a putative 

transmembrane protein. We will investigate this hypothesis by studying the intracellular 

localization of the Notch4 protein. These studies may confirm the predicted transmembrane nature 

of the Notch4 protein. The biochemical properties of Notch4 will be investigated once mammary 

epithelial cell lines have been generated that are programmed to express Notch4. A full length 

Notch4 transcript was assembled and the Notch4 protein was detected in protein lysates of 

transiently transfected 293T cells (data not shown). The molecular weight of epitope tagged 

Notch4 is approximately 215 KD. Immunofluorescence experiments on 293T cells transiently 

transfected with epitope tagged Notch4, cells demonstrated plasma membrane staining (data not 

shown). 

P. Subcellular localization of int-3 proteins The intracellular localization of truncated int-3 

was investigated in transiently transfected cells (293T and HeLa cells). We have investigated the 

intracellular localization by indirect immunofluorescence (45) using the anti-HA antibodies, and 

have found nuclear localization of truncated int-3 (as reported in annual report 9/95). Several 

deletion mutants have been generated in order to determine which part of the truncated int-3 protein 

is responsible for its nuclear translocation. These initial studies pointed out two domains that may 

contain a nuclear translocation signal, one N-termnal and one C-termnal of the ankyrin repeats. 

Interestingly, deletion of the ankyrin repeats alone did not affect the nuclear localization. 

Preliminary data suggest that a protein consisting solely of the int-3 ankyrin repeats resides in the 

cytoplasm (data not shown). These studies will also allow us to investigate whether transformation 

coalesces with cytoplasmic or nuclear localization of the int-3 protein. 
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3. Evaluate the transforming potential of int-3 proteins. (Month 9-18) 

A. Generate cell lines expressing int-3 proteins We have generated TAC-2 cell lines that 

stably express int-3 proteins (Appedix B). 

B. Evaluate the transformed properties of int-3 expressing cell lines We have proposed to 

study mammary transformation by int-3, we have, instead established a biological assay for int-3 

based on its ability to block ductal morphogenesis of cultured mammary epithelial cells. The 

biological activity of int-3 was studied in the TAC-2 mouse mammary epithelial cell line. TAC- 

2 cells were isolated based on their ability to undergo branching morphogenesis when grown in a 

collagen gel matrix (46). This differentiation of the TAC-2 cells into tree-like structures can be 

specifically induced by treatment with hepatocyte growth factor (HGF) (46). TAC-2 cells that 

express int-3 protein fail to undergo branching morphogenesis, when grown in the presence of 

HGF (Appendix B). Control cell lines, TAC-2 cells expressing Lac-Z, and TAC-2 cells 

expressing the mammary oncogene Wnt-1, were still able to differentiate into tree-like structures 

when induced with HGF (data not shown and Appendix B), suggesting that the int-3 induced 

block of differentiation is specific. To investigate which domain of the int-3 protein is 

responsible for the block of branching morphogenesis of the TAC-2 cells, we expressed the int-3 

deletion mutants described above and examined their effects on TAC-2 cells (Appendix B). We 

also investigated the growth characteristics of the different TAC-2 cell lines and found no 

differences in growth rate (day 2) or post-confluence growth rate (day 6) between int-3 

expressing TAC-2 cells and control TAC-2 cells or TAC-2 cells expressing Wnt-1, in the 

presence or absence of HGF (Appendix B). The growth of TAC-2 cells was measured by a 

commercially available biochemical assay. These experiments suggest that the int-3 oncoprotein 

prevents differentiation of mammary epithelial cells without affecting the growth characteristics 

of these cells. The above described data are reminiscent of the mammary gland phenotype of the 

int-3 transgenic mice. These animals that overexpress the int-3 oncogene in the mammary gland 

fail to develop a normal mammary gland (no branching morphogenesis) and the mammary 

epithelial cells present display an undifferentiated phenotype. In addition, our experiments also 

demonstrated that the int-3 and Wnt-1 oncoproteins have opposing activities in the branching 

morphogenesis pathway in TAC-2 mammary epithelial cells, and that the Wnt-1 oncoprotein can 

act as a morphogen (as opposed to mitogen) in the TAC-2 assay (Appendix B). 

We have attempted to study the biological effects of Notch4 protein on TAC-2 cells. 

However, due to technical difficulties (Notch4 gene is too large for retrovirus mediated gene 

transfer) we are still in the process of making stable TAC-2 cell lines expressing Notch4 proetin. 
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Once these cell lines are obtained, we will evaluate the biological activity of Notch4 in TAC-2 

cells. 

Since Notch4 is normally expressed in endothelial cells (Appendix A), We have generated 

stable cell lines expressing either int-3, Notch4, or Jagged-1 (a putative Notch ligand) using a rat 

brain endothelial cell line. In our preliminary experiments, an int-3 specific biological phenotype 

was observed (data not shown). And interestingly Jagged-1 gives exactly the same phenotype in 

this cell line but Notch4 seems to have no effect. These results suggest that this endothelial cell line 

may express an endogenous Notch (possibly Notch4) that can be activated by Jagged-1 and that 

Notch4 overexpression does necessarily result in a gain-of-function phenotype. These preliminary 

experiments will be repeated and further studied. 

4. Identify proteins that interact with the intracellular domain of int-3. Month 12-48) 

A. Identify candidate proteins that mav interact with the intracellular domain of int-3 

(corresponds to task 4a. 4b. 4c) A genetic screen for genes that are involved in Notch/lin-12 

signaling has been done in C. elegans by Dr. Iva Greenward at Columbia University. In 

collaboration with Dr. Greenwald's lab, we select C. elegans genes identified in their genetic screen 

according to their genetic and predicted biochemical features, as candidate genes that may encode 

int-3 binding proteins. The protein products of these candidate genes will be further tested in two- 

hybrid system and by biochemical and biological approaches. One candidate gene, C. elegans sel- 

10, a CDC4 family member has been shown in our assays to form a complex with C. elegans LIN- 

12 and mouse int-3 proteins (Appendix C). A human homologue of sel-10 has been identified 

through genebank search (Appendix C), and its role in the Notch/lin-12 pathway is being 

investigated. 

B. Identify int-3 binding proteins using veast two-hvbrid genetic screen (corresponds to task 

4d) To study the downstream signaling pathway of Notch4 receptor, we planned to carry out yeast 

two hybrid screen to search for proteins that interact with the intracellular domain of Notch4. We 

first generated two bait constructs for two hybrid screen. They contain either the entire intracellular 

domain or the ankyrin repeats region fused to LexA or GAL4 DNA binding domain. 

Unfortunately, when we tested the two constructs for their ability to activate LacZ reporter gene 

expression in yeast on their own, the ankyrin repeat construct gave very robust positive signal while 

the other construct produced a medium level positive signal. We tried to tackle this problem with 

bait constructs containing a series of deletion mutants of the intracellular domain of int-3, hoping to 

get rid of the transcriptional activity of the bait yet keep the intracellular domain as much as 
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possible so that we might still identify Notch4 binding proteins through two hybrid screen. 

However, all the deletion mutant constructs we have tested are more or less active in ß- 

galactosidase assay (data not shown). We tried different approaches to solve this technical 

difficulty, including testing our bait contracts in different yeast strains, testing the bait constructs 

for HIS3 reporter gene activation and adding 3-AT in yeast culture medium to suppress the 

leakiness of the HIS3 gene. However, under all the conditions we have tested, our bait constructs 

always display intrinsic transcriptional activity. These constructs, if used for two-hybrid screen, 

will inevitably cause high background. Therefore, they seem to be inappropriate for two-hybrid 

screen. But we still co-expressed the bait construct containing the entire intracellular domain with 

several of our candidate genes in yeast. Although the bait itself gives background expression of 

LacZ reporter gene, when it is co-expressed with some of our candidate genes, the signal is much 

stronger than the background. The same results were observed constantly in several independent 

experiments, suggesting that some of the C. elegans condidate proteins interact with the 

intracellular domain of Notch4. One of these genes, C. elegans sei-10 is further tested by 

biochemical approaches. 

C. Characterize int-3 binding proteins (corresponds to task 4d^) The interactions between C. 

elegans SEL-10 and LIN-12 or int-3 is confirmed by co-immunoprecipitation assay (Appendix C). 

Epitope-tagged (HA or myc) SEL-10 was co-transfected into 293T cells with either LIN-12intraHA 

or int-3. We then use antibodies to immunoprecipitate LIN-12intraHA or int-3 and probe for SEL- 

10 proteins. Our results indicate that the intracellular domains of LIN-12 or Notch4 exist in the 

same protein complex as SEL-10. These results are confirmed by immuoprecipitating SEL-10 first 

and then probing for the existence of LIN-12intraHA or int-3. 

5 Analysis of the int-3 expression pattern in the murine mammarv gland. (Months 12-48) 

We proposed to analyze the expression pattern of the Notch4 protein as well as the Notch4 

mRNA. Such analysis will give us further insights in the function of the Notch4 protein. We 

planed to study the expression pattern of Notch4 in different mouse tissues to determine if the 

Notch4 protein is expressed in a tissue specific manner, and we will investigate whether Notch4 is 

expressed in the mammary gland and whether this expression is developmentally regulated. 

A. Generate int-3 specific antibodies To study the biological and biochemical behavior of 

the Notch4 and int-3 proteins, we have successfully generated rabbit antiserum against a GST 

fusion protein of Notch4. An intracellular fragment of Notch4 protein, which is C-terminal to the 

ankyrin repeats, was fused to GST protein. This fragment is the least homologous domain among 
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different murine Notch proteins and therefore, it was chosen as immunogen to avoid cross- 

reactivity with other proteins. The specificity of the antiserum as well as its ability to recognize 

Notch4/int-3 proteins in Western blot and immunoprecipitation assays has been determined 

(Appendix C). 

B. Immunohistochemical analysis of int-3 proteins in mammary tissue We are in the 

process of using the polyclonal antibodies against Notch4 in immunohistochemistry experiments. 

Preliminary data have confirmed the endothelial cell specific expression of Notch4 in adult 

mouse kidney glomeruli (data not shown). These experiments will be repeated and optimized in 

order to perform a detailed analysis of Notch4 expression in adult mouse tissues such as the 

developing mammary gland. 

C. Northern blot analysis of int-3 expressed in mammary tissue We have not analyzed 

mammary gland expression but have determined the expression pattern of Notch4/int-3 in adult and 

embryonic tissues. Notch4 mRNA expression was studied by Northern blot analysis and in situ 

hybridization using probes derived from the 3' UTR (Appendix A). Notch4 gene encodes for a 6.5 

kb transcript that is highly expressed in lung, heart and kidney in adult tissues. Several shorter int-3 

transcripts were observed in adult testis, and were later shown to be the products of aberrant 

transcriptional events in post-meiotic spermatids (Appendix A). The Notch4 transcript is expressed 

at all stages of mouse development (day 6.5 to 15.5) (data not shown). 

P. In situ hybridization analysis of int-3 RNA in mammary tissue In situ hybridization 

(using the same probe as in the Northern blot analysis) was performed to determine the cellular 

origin of Notch4 expression during mouse development, and revealed endothelial specific 

expression. In situ hybridization on adult lung tissue was performed and revealed endothelial 

cell specific expression of Notch4. (Appendix A). 
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Conclusions 

Data presented in this annual report represent our progress in the experiments outlined in 

the specific aims of the research proposal. As outlined in the statement of work in the research 

proposal, we have largely completed the aims as scheduled for months 1-36. 

The cloning of int-3/Notch4 is completed. The deduced amino acid sequence of the 

Notch4 protein displays high homology with the Notch/lin-12 gene family members, identifying 

this gene as the fourth murine Notch gene. We have proposed to rename this gene Notch4, 

reserving the int-3 nomenclature for the activated and truncated form. The deduced amino acid 

sequence of Notch4 reveals 29 EGF-like repeats and 3 Notch/lin-12 repeats in the extracellular 

domain, a transmembrane domain, and an intracellular domain containing six ankyrin repeats. 

The above data confirms the initial hypothesis that int-3 is a bona fide member of the Notch/lin- 

12 gene family. 

The truncated int-3 gene and the full length Notch4 gene has been assembled, epitope 

tagged, and cloned into an eukaryotic expression vector. Cell lines have been generated that are 

programmed to express Notch4/int-3 proteins. A biological assay in TAC-2 cells was was used 

to evaluate int-3 activity. In this assay, the int-3 oncoprotein can prevent growth factor mediated 

differentiation, in an analogous matter to the int-3 transgenic mouse phenotype. Another 

biological assay in an endothelial cell line is being developed. 

Sel-10, a negative regulator of the Notch/lin-12 siganling pathway has been identified in 

C. elegans. We have shown SEL-10 proteins complexes with both LIN-12 and Notch4, 

indicating the regulatory function of Sel-10 is conserved among different species. A human 

homologue of Sel-10 has been identified and is under investigation. 

The expression analysis of the Notch4 mRNA was analyzed in adult tissues as well as 

during mouse development. The Notch4 transcript consists of a 6.5 kb mRNA species, that is 

specifically expressed in embryonic and adult endothelial cells. A rabbit polyclonal antibody 

was successfully raised against the intracellular domain of Notch4, and the specificity and 

immune titer was determined. 
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SUMMARY 

The int-3 oncogene was identified as a frequent target in 
Mouse Mammary Tumor Virus (MMTV) -induced 
mammary carcinomas and encodes the intracellular 
domain of a novel mouse Notch geine. To investigate the role 
of the int-3 proto-oncogene in mouse development and car- 
cinogenesis, we isolated cDNA clones corresponding to the 
entire coding potential of the int-3 proto-oncogene. We 
propose to name this gene Notch4 and reserve the int-3 
nomenclature for references to the oncogenic form. The 
deduced amino acid sequence of Notch4 contains conserved 
motifs found in Notch proteins; however Notch4 has fewer 
epidermal growth factor (EGF)-like repeats and a shorter 
intracellular domain than other mouse Notch homologues. 

Comparison of the coding potential of the int-3 gene to that 
of Notch4 suggests that loss of the extracellular domain of 
Notch4 leads to constitutive activation of this murine Notch 
protein. In situ hybridization revealed that Notch4 tran- 
scripts are primarily restricted to endothelial cells in 
embryonic and adult life. Truncated Notch4 transcripts 
were detected in post-meiotic male germ cells. The distinct 
Notch4 protein features and its restricted expression 
pattern suggests a specific role for Notch4 during develop- 
ment of vertebrate endothelium. 

Key words: Notch, int-3, endothelial cells, mammary oncogene 

INTRODUCTION 

The int-3 gene was originally identified on the basis of its 
oncogenic effects in the mouse mammary gland, int-3 is a 
frequent target for insertional activation by MMTV proviral 
DNA in MMTV-induced mammary gland tumors (Gallahan 
and Callahan, 1987; Robbins et al., 1992; Sarkar et al., 1994). 
Tumor-specific transcripts derived from the int-3 gene encode 
a protein homologous to the intracellular part of the Notch 
family of cell surface receptors. Exogenous expression of the 
int-3 oncoprotein has been shown to affect the growth and 
development of mammary epithelial cells. Overexpression of 
the int-3 oncoprotein in mouse mammary epithelial cells 
(HC11) promotes anchorage-independent growth (Robbins et 
al., 1992). Expression of int-3 as an MMTV-LTR-driven 
transgene in the mouse mammary gland results in abnormal 
development of the mammary gland and rapid development of 
undifferentiated mammary carcinomas (Jhappan et al., 1992). 
In the normal mouse mammary gland, endogenous int-3 
protein has been detected in mammary stroma and epithelium 
(Smith et al., 1995). 

Members of the Notch/lin-12 gene family were first identi- 
fied in Drosophila and Caenorhabditis elegans through genetic 
analysis of mutations that alter cell fate decisions (for reviews 
see Artavanis-Tsakonas et al., 1995; Artavanis-Tsakonas and 

Simpson, 1991; Greenwald and Rubin, 1992). Drosophila 
Notch regulates multiple cell fate decisions that involve cell- 
cell interactions during fly development, for instance, control 
of cell fate decisions involving neural/epidermal specification 
in proneural clusters (Artavanis-Tsakonas and Simpson, 1991). 
The C. elegans lin-12 and glp-1 proteins are structurally related 
to Notch and are also involved in cell fate specifications during 
development in the nematode (Greenwald, 1985; Yochem and 
Greenwald, 1989). Genetic analysis of Notch/lin-12 genes 
suggests that this family of genes controls binary cell fate 
decisions and inductive signaling that depend on cell-cell inter- 
actions (reviewed by Artavanis-Tsakonas et al., 1995; 
Greenwald, 1994; Greenwald and Rubin, 1992). Alternatively, 
Notch/lin-12 genes have been proposed to block cell differen- 
tiation, thus maintaining the competence of cells for subse- 
quent cell-fate determination (Coffman et al., 1993; Fortini et 
al., 1993). 

Notch/lin-12 genes encode transmembrane receptor proteins 
characterized by highly repeated, conserved domains. The 
amino terminus of Notch proteins encodes the extracellular 
domain and contains as many as 36 repeats of an EGF-like 
motif involved in ligand binding (Rebay et al., 1993) and three 
tandem copies of a Notch/lin-12 sequence motif of unknown 
function. The intracellular portion of Notch proteins is charac- 
terized by six tandem copies of a cdclO/ankyrin motif, thought 
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to be a protein-protein interaction domain (Michaely and 
Bennett, 1992) and a PEST sequence motif which may 
represent a protein degradation signal (Rogers et al., 1986). In 
several systems, truncated forms of Notch/lin-12 proteins that 
contain an intact intracellular domain without most of the 
extracellular domain behave as constitutively activated 
receptors (reviewed by Artavanis-Tsakonas et al, 1995; 
Greenwald, 1994). The human Notch 1 orthologue, TAN-1, 
was first identified in independently isolated translocation 
breakpoints in acute T lymphoblastic leukemia, and is 
predicted to encode a truncated product that has an intact intra- 
cellular domain but lacks most of the extracellular domain 
(Ellisen et al., 1991). Similarly, the int-3 oncoprotein encodes 
the intracellular domain of a Notch-like protein and thus has 
been proposed to act as an activated Notch receptor (Robbins 
et al., 1992). 

Based on sequence similarity to Drosophila Notch, addi- 
tional Notch-related genes have been isolated from mammals, 
including mouse (Franco Del Arno et al, 1993; Lardelli et al., 
1994; Lardelli and Lendahl, 1993; Reaume et al., 1992), rat 
(Weinmaster et al., 1992; Weinmaster et al., 1991) and human 
(Ellisen et al., 1991; Stifani et al., 1992; Sugaya et al., 1994). 
To date, three Notch homologues, Notchl, Notch! and Notch3, 
have been identified in the mouse, and their embryonic 
expression patterns display partially overlapping but distinct 
patterns of expression that are consistent with a potential role 
in the formation of the mesoderm, somites and nervous system 
(Williams et al, 1995). Abundant expression of Notchl, 
Notch2 and Notch3 is found in proliferating neuroepithelium 
during central nervous system development. Targeted disrup- 
tion of the Notchl gene in mice results in embryonic death 
during the second half of gestation (Conlon et al., 1995; 
Swiatek et al., 1994) and homozygous mutant embryos display 
delayed somitogenesis as well as widespread cell death, pref- 
erentially in neuroepithelium and neurogenic neural crest 
(Conlon et al., 1995; Swiatek et al., 1994). 

The gene products of Drosophila Delta (Vassin et al., 1987) 
and Serrate (Fleming et al., 1990) and C. elegans Lag-2 
(Henderson et al., 1994; Tax et al., 1994) and Apx-1 (Mello et 
al., 1994) are thought to act as ligands for Notch proteins. In 
the mouse, the orthologue of Delta, referred to a Dill {Delta- 
like gene 7), is expressed during embryonic development in the 
paraxial mesoderm and nervous system in a pattern similar to 
that of mouse Notchl (Bettenhausen et al., 1995). A murine 
Serrate-related gene named Jagged has been identified and is 
partially co-expressed with murine Notch genes in the devel- 
oping spinal cord (Lindsell et al., 1995). 

We report here the identification and expression analysis of 
a fourth murine Notch homologue, which we propose to name 
Notch4, reserving the int-3 nomenclature for the truncated 
oncogene. Although the intracellular domain of the int-3 onco- 
protein shares homology with the Notch/Lin-12 protein family, 
we now provide a comparison of the full-length Notch4 protein 
with that of the int-3 oncoprotein. The activated int-3 protein 
contains only the transmembrane and intracellular domain of 
the Notch4 protein. The predicted amino acid sequence of 
Notch4 includes the conserved features of all Notch proteins, 
but Notch4 has seven fewer EGF-like repeats compared to 
Notchl and Notch2 and contains a significantly shorter intra- 
cellular domain. Notch4 is expressed primarily in embryonic 
endothelium and in adult endothelium and male germ cells. 

MATERIALS AND METHODS 

Isolation and sequencing of Notch4 cDNA clones 
A 1680 bp fragment was amplified by PCR from adult mouse testis 
cDNA (RT-PCR) using specific primers (5' primer: CGTCCTGCT- 
GCGCTTCCTTGCA and 3' primer: CCGGTGCCTAGTTCA- 
GATTTCTTA) designed from the int-3 cDNA sequence (Robbins et 
al., 1992). This cDNA fragment corresponds to the previously cloned 
int-3 oncogene. Two consecutive 5' RACE reactions (5'-Amplifinder 
RACE kit, Clonetech) using testis and lung cDNA were done to obtain 
cDNA clones located 5' of the int-3 oncogene. The above described 
cDNAs were cloned into Bluescript KS (Stratagene) and the TA 
cloning vector (Invitrogen) and used to generate probes to screen a 
lung cDNA library (Clonetech). Briefly, nitrocellulose membranes 
(Schleicher&Schuell) were hybridized in a solution containing 50% 
formamide, 3x SSC, 100 mM Tris-HCl (pH 7.4), 5x Denhardt's 
solution, 0.2% SDS and 0.1 mg/ml salmon sperm DNA at 42°C for 
14 hours. Filters were then washed in lx SSC and 0.5% SDS at room 
temperature followed by washes at 65°C. Positive clones were 
purified and sequenced to confirm overlapping regions. Novel 5' 
restriction fragments of these newly isolated clones were used in con- 
secutive screens in order to obtain the full-length Notch4 cDNA. All 
the above described clones were sequenced using the dideoxy termi- 
nation method (Sänger) with an automatic DNA sequencer (Applied 
Biosystems). Sequence data from both strands were obtained for the 
entire Notch4 cDNA and were analyzed and assembled using 
computer software (MacVector, Assemblylign). 

Northern blot analysis 
Total RNA was isolated from adult CD-I mouse tissues and northern 
blot hybridization analysis was performed. 20 pg of total RNA was 
electrophoresed on a 1% agarose gel containing 6% formaldehyde. 
After electrophoresis RNAs were transferred to a nylon membrane 
(Duralon-UV membranes, Stratagene) by capillary blotting. 32P- 
labeled riboprobes were transcribed (Maxiscript in vitro transcription 
kit, Ambion) from Notch4 cDNA clones encoding the 5' or 3' UTR 
(untranslated region) or ORF (open reading frame). The 3' UTR 
Notch4 cDNA clone was isolated by RT-PCR and a 440 bp restric- 
tion fragment of this cDNA was used as riboprobe. Hybridization 
solution contained 60% formamide, 5x SSC, 5x Denhardt's solution, 
1% SDS, 20 mM NaH2P04 (pH 6.8), 0.1 mg/ml salmon sperm DNA, 
100 pg/ml yeast tRNA, 10 ug/ml poly(A) mRNA and 7% dextran 
sulfate and was done for 14 hours at 65°C. Washing solution 
contained 2x SSC and 1% SDS and was done at room temperature 
and 50°C for 15 minutes each, followed by a 2 hour wash at 80°C 
with a solution containing 0.2x SSC and 1% SDS. Membranes were 
exposed to X-ray film (X-OMAT AR, Kodak). The integrity of the 
RNA, as well as comparable amounts of RNA, were tested by rehy- 
bridization with a GAPDH probe. 

In situ hybridization 
Staged embryos ranging from 9 days post-coitum (d.p.c.) to birth were 
obtained from timed breedings of CD-I mice. The morning when the 
the vaginal plugs appeared was counted as 0.5 d.p.c. Lungs was 
obtained from adult CD-I mice. Preparation of tissue and subsequent 
procedures for in situ hybridization were done as previously described 
(Marazzi and Buckley, 1993; Sassoon and Rosenthal, 1993). After 
hybridization, sections were dehydrated rapidly and processed for 
standard autoradiography using NTB-2 Kodak emulsion and exposed 
for 2 weeks at 4°C. Analyses were carried out using both light- and 
dark-field optics on a Leica DA microscope. To avoid potential cross- 
hybridization with homologous RNAs, we used an antisense 35S- 
labeled RNA probe corresponding to the 3' UTR of Notch4. Probes 
were used at a final concentration of 9xl04 dpm/ml. 
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RESULTS 

Isolation and analysis of Notch4 cDNA clones 
The int-3 mammary oncogene encodes a truncated protein that 
is highly homologous to the intracellular part of the Notch 
receptor proteins. The full-length int-3 gene, which we will 
refer to as Notch4, had been proposed to encode a novel 
member of the Notch protein family (Robbins et al., 1992). To 
prove this hypothesis, we have cloned cDNAs containing the 
complete coding potential of the Notch4 gene. Using primers 
derived from the published sequence of the int-3 oncogene, 
RT-PCR was used to isolate a 2.4 kb int-3 cDNA encoding the 
putative intracellular portion of the receptor. To obtain cDNA 
clones encompassing the full coding potential of the normal 
int-3 gene, cDNAs were isolated by 5' RACE and by screening 
a mouse lung cDNA library. A total of 37 overlapping cDNA 
clones were analyzed and 
sequenced to obtain a 6677 bp 
cDNA sequence. This 
sequence encodes one long 
open reading frame of 1964 
amino acids, starting with an 
initiator methionine at 
nucleotide 347 and terminat- 
ing with a stop codon at 
nucleotide 6239. The 6677 bp 
cDNA corresponds in size to 
that of Notch.4 transcripts 
detected by northern blot 
analysis; thus, we believe the 
cloned cDNA represents the 
full-length Notch4 gene. 

Several differences (inser- 
tions, deletions and single 
nucleotide changes) were 
found between the nucleotide 
sequence of Notch4 reported 
here and the previously 
published int-3 nucleotide 
sequence (Robbins et al., 
1992). These differences alter 
the reading frame in several 
locations within the intracellu- 
lar domain and may be a result 
of differences in sequence 
analysis or, possibly, of 
mutations found in the tumor- 
derived int-3 transcript 
(Robbins et al., 1992) that are 
not found in the Notch4 gene. 
The nucleotide sequence of 
mouse Notch4 has been 
deposited with GenBank under 
the Accession number 
U43691. 

reveals the presence of conserved domains shared by all Notch 
proteins (see Fig. 1). Notch4 contains EGF-like repeats, 
Notch/lin-12 repeats, a transmembrane domain, cdclO/ankyrin 
repeats and a putative PEST domain. The overall homology 
between Notch4 and other Notch proteins was determined 
using GCG (Bestfit, gap weight 3.0, length weight 0.1). The 
Notch4 protein is approximately 60% similar and 43% 
identical to other vertebrate Notch proteins and 58% similar 
and 40% identical to Drosophila Notch. Lower homologies 
were found when compared with the C. elegans lin-12 and glp- 
1 proteins (49% similar and 29% identical). 

Two hydrophobic regions in the Notch4 protein sequence 
were identified by hydropathy analysis (Kyte Doolittle 
algorithm, data not shown). The N-terminal region contains 19 
hydrophobic residues that could function as a signal peptide 
sequence (Fig. 1) and a putative signal peptidase cleavage site 

961 

1 2 
MQPQLLLLLLLPLNFPVILTRELICGGSPEPCANGGTCLRLSRGQGICQCAPGFLGETCQFPDPCRDTQLCKNGGSCQAL 

3 4 
LPTPPSSRSPTSPLTPHFSCTCPSGFTGDRCQTHLEELCPPSFCSNGGHCYVQASGRPQCSCEPGWTGEQCQLRDFCSAN 

5 6 
PCANGGVCLATYPQIQCRCPPGFEGHTCERDINECFLEPGPCPQGTSCHNTLGSYQCLCPVGQEGPQCKLRKGACPPGSC 

7 8 
LNGGTCQLVPEGHSTFHLCLCPPGFTGLDCEMNPDDCVRHQCQNGATCLDGLDTYTCPCPKTWKGWDCSEDIDECEARGP 

9 10 

PRCRNGGTCQNTAGSFHCVCVSGWGGAGCEENLDDCAAATCAPGSTCIDRVGSFSCLCPPGRTGLLCHLEDMCLSQPCHV 

11 12 
NAQCSTNPLTGSTLCICQPGYSGSTCHQDLDECQMAQQGPSPCEHGGSCINTPGSFNCLCLPGYTGSRCEADHNECLSQP 

13 14 

CHPGSTCLDLLATFHCLCPPGLEGRLCEVEWECTSNPCLNQAACHDLLNGFQCLCLPGFTGARCEKDMDECSSTPCANG 

15 16 
GRCRDQPGAFYCECLPGFEGPHCEKEVDECLSDPCPVGASCLDLPGAFFCLCRPGFTGQLCEVPLCTPNMCQPGQQCQGQ 

17 18 
EHRAPCLCPDGSPGCVPAEDNCPCHHGHCQRSLCVCDEGWTGPECETELGGCISTPCAHGGTCHPQPSGYNCTCPAGYMG 

19 20 
LTCSEEVTACHSGPCLNGGSCSIRPEGYSCTCLPSHTGRHCQTAVDHCVSASCLNGGTCVNKPGTFFCLCATGFQGLHCE 

21 22 
EKTNPSCADSPCRNKATCQDTPRGARCLCSPGYTGSSCQTLIDLCARKPCPHTARCLQSGPSFQCLCLQGWTGALCDFPL 

23 24 
SCQKAAMSQGIEISGLCQNGGLCIDTGSSYFCRCPPGFQGKLCQDNVNPCEPNPCHHGSTCVPQPSGYVCQCAPGYEGQN 

25 26 
CSKVLDACQSQPCHNHGTCTSRPGGFHCACPPGFVGLRCEGDVDECLDRPCHPSGTAACHSLANAFYCQCLPGHTGQRCE 

27 28 
VEMDLCQSQPCSNGGSCEITTGPPPGFTCHCPKGFEGPTCSHKALSCGIHHCHNGGLCLPSPKPGSPPLCACLSGFGGPD 

29 I      Jl ^= 

CLTPPAPPGCGPPSPCLHNGTCTETPGLGNPGFQCTCPPDSPGPRC3RPGASGCEGRGGDGTCDAGCSGPGGDWDGGDCS 

2 3 
LGVPDPWKGCPPHSQCWLLFRDGRCHPQCDSEECLFDGYDCEIPPTCIPAYDQYCRDHFHNGHCEKGCNNAECGWDGGDC 

EGF- like 
repeats 

Notch/lin-12 
repeats 

RPEGEpSEGRPSLALLWLRPPALDQQLLALARVLSLTLRVGLWVRKDSEGRNMVFPYPGTRAKEELSGARDSSSWERQA 

1361  PPTQPLGKETESLGAGFVWMGVDLSRCGPEHPASRCPWDSGLLLRFLAAMAAVGALEPLLPGPLLAAHPQAGTRPPANQ 

LPWPILCSPWGVLLLALGALLVIQLIRRRRREHGALWLPPGFIRRPQTQQAPHRRRPPLGEDNIGLKALKPEAEVDEDG 
Transmembrane 
domain 

1 
1521      VAMCSGPEEGEAEETASASRCQLWPLNSGCGELPQAAMLTPPQECESEVLDVDTCGPDGVTPLMSAVFCGGVQSTTGASP 

2 3 
QRLGLGNLEPWEPLLDRGACPQAHTVGTGETPLHLAARFSRPTAARRLLEAGANPNQPDRAGRTPLHTAVAADAREVCQL 

4 5 6 
LLASRQTTVDARTEDGTTPLMLAARLAVEDLVEELIAARADVGARDKRGKTALHWAAAVNNARAARSLLQAGADKDAQDS 

cdclO Iankyrin 
repeats 

REQTPLFLAAREGAVEVAQLLLELGAARGLRDQAGLAPGDVARQRSHWDLLTLLEGAGPTTQEARAHARTTPGGGSAPRC 

Analysis of the deduced 
Notch4 amino acid 
sequence 
Analysis of the deduced amino 
acid    sequence    of   Notch4 

1841  RTLSAGARPRGGGACLQARTWSVDLGARGGKVYARCRSRSGSCGGPTTRGRRFSAGSRGRRGARASQDDWPRDWVALEAC 

1921  GSACSAPIPPPSLTPSPERGSPQVAWGLPVHQEIPLNSWRNLN     1964 

Fig. 1. Deduced amino acid sequence of Notch4 (GenBank accession number U43691). The boxed 
regions indicate the major structural elements of the Notch family of proteins, as follows: 29 epidermal 
growth factor(EGF)-like repeats; 3 Notch/linl2 repeats; a transmembrane domain; and 6 cdclO/ankyrin 
repeats. Putative glycosylation sites are underlined. A putative PEST domain is doubly underlined. The 
two cysteines thought to promote dimerization are marked with asterisks. The initiating methionine of the 
int-3 oncoprotein is in bold and marked by an arrow. 
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was identified at residue 20. A second hydrophobic region 
from amino acid residues 1441 to 1465 is of sufficient length 
(25 amino acids) to behave as a membrane-spanning domain 
and is immediately followed by five consecutive arginine 
residues that are consistent with a stop transfer signal (Fig. 1). 

The extracellular domain of Notch4 contains 29 EGF-like 
repeats (Figs 1, 2), in contrast to the 36 EGF-like repeats found 
in murine Notch 1 (Franco Del Arno et al., 1993) and rat Notch 
2 (Weinmaster et al., 1992) and to the 34 EGF-like repeats 
found in murine Notch 3 (Lardelli et al., 1994). EGF-like 
repeats are defined by a cysteine-rich consensus sequence and 
generally occur in analogous locations in two different Notch 
proteins. Since analogous repeats are more homologous to each 
other than to their neighboring EGF-like repeats, they have 
been referred to in Notch proteins as equivalent EGF-like 
repeats. We analyzed the relationship between particular EGF- 
like repeats of other Notch proteins and those of the Notch4 
protein. Fig. 2 schematizes the relationship of EGF-equivalents 
between Notch4 and Notch l/Notch2. EGF-like repeats 1-13 of 
Notch4 are equivalent to EGF-like repeats 1-13 of 
Notch l/Notch2, EGF-like repeats 22-24 of Notch4 correspond 
to EGF-like repeats 28-30 of Notch l/Notch2 and EGF-like 
repeats 26-29 of Notch4 are equivalent to EGF-like repeats 33- 
36 of Notchl/Notch2. Comparison of Notch4 to other Notch 
proteins revealed no clear-cut identification of the seven par- 
ticular equivalent EGF-like repeats that are absent in Notch4. 
The amino acid sequence of equivalent EGF-like repeats has 
diverged between different Notch homologues and orthologues 
(Maine et al., 1995), sometimes resulting in loss of a clear-cut 
equivalent repeat consensus. Six of the unassigned EGF-like 
repeats of Notch4 appear to be derived from EGF-like repeats 
14-27 of Notchl and Notch2 (Fig. 2). EGF-like repeat 25 of 
Notch4 may be a hybrid EGF-like repeat derived from parts of 
EGF-like repeats 31 and 32 of Notchl/Notch2 (Fig. 2). For a 
discussion of the relationship between Notch3 and 
Notchl/Notch2 (shown in Fig. 2), see Lardelli et al. (1994). 

EGF-like repeats 11 and 12 of Drosophila Notch have been 
shown to be necessary and sufficient for Notch to bind Delta 
and Serrate proteins in vitro (Rebay et al., 1991). These two 

equivalent EGF-like repeats are present in Notch4 (Fig. 2). The 
putative calcium-binding residues (Handford et al., 1991) in 
EGF-like repeat 11 are also conserved in Notch4 (Fig. 3). The 
residues between the first and second cysteines of EGF-like 
repeat 11 have been shown in Xenopus Notch to be important 
in ligand binding and are divergent between Notch proteins 
(Fig. 3). In this region, Notch4 has additional residues and is 
unique when compared to other murine Notch proteins. In 
addition, EGF-like repeats 22-23 of Notch4 have been 
conserved among murine Notch proteins (EGF-like repeats 28 
and 29 of Notchl) and equivalent EGF-like repeats in 
Drosophila Notch are implicated in the regulation of Notch 
protein function through genetic analysis of the Abruptex 
alleles of Notch (Kelley et al., 1987). 

Notch4 also contains three Notch/lin-12 repeats, which are 
approximately 53% identical to the Notch/lin-12 repeats found 
in other murine Notch proteins. Between the Notch/lin-12 
repeats and the transmembrane domain of Notch4 are two 
cysteines at positions 1388 and 1397 that are conserved among 
all Notch proteins and may promote receptor dimerization 
upon ligand binding (Greenwald and Seydoux, 1990). 

The intracellular domain of Notch4 contains the six 
ankyrin/cdclO repeats found in other Notch proteins. The 
ankyrin repeat domain of Notch4 is 48%, 52% and 55% 
identical to the ankyrin repeat domains of Notchl, Notch2 and 
Notch3, respectively. In all Notch proteins the number of 
amino acids between the transmembrane domain and the 
ankyrin/cdclO repeats is 110 residues, as it is in Notch4 (Fig. 
1). Like other Notch proteins, Notch4 contains a C-terminal 
PEST domain, albeit of shorter length. In addition, Notch4 
lacks a recognizable opa repeat (Fig. 1), such as that found in 
Drosophila Notch. The carboxy-terminal end of Notch 
proteins, beyond the ankyrin/cdclO repeats, is the least 
conserved region among Notch proteins. Within this C- 
terminal region, Notch4 displays little homology to other 
Notch proteins and no significant homology to other known 
proteins. This C terminus is also much shorter in Notch4 (177 
residues), than in other Notch proteins (457 residues in Notchl, 
437 in Notch2 and 329 in Notch3). 

Notch3 

Notch1/Notch2 

Notch4 

Signal peptide EGF-like repeats cdd 0/ankyrin 
repeats PEST domain 

Transmembrane 
domain 

Fig. 2. Schematic structural comparison of the four murine Notch proteins. The EGF-like repeats are numbered according to their position in 
each different protein. Where equivalent EGF-like repeats can be identified, connecting lines are placed to compare the relationship between 
these repeats in different Notch proteins (see EGF-repeat equivalents). Notch4 contains seven EGF-like repeats, fewer than Notchl and Notch2. 
One of the missing EGF-like repeats (#25) in Notch4 is derived from equivalent repeats #31 and #32 of Notch l/Notch2, creating a novel and 
hybrid EGF-like repeat. Eight of the EGF-like repeats of Notch4 (#14 to #21) have no identifiable equivalent repeats in Notch l/Notch2. The 
region of Notch4 from the end of the cdclO/ankyrin repeats to the carboxy terminus is shorter when compared to Notchl, 2 and 3. 
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Notch 1   QDVDE :DL. . .GANR 

Notch 2   EDVDE ;äMAN . . SNP 

Notch 3   QDVDE 

:EHAGKCLNTLGSFECQCLQGYTGPGCE 

:EHAGKCVNTDGAFHCECLKGYAGPRCE 

'SI. . .GANPCEHLGRCVNTQGSFLCQCGRGYTGPRCE 

Notch 4 QDLDE|CQMAQQGPSF|CEHGGSCINTPGSFNCLCLPGYTGSRCE 

I I 
EGF-like repeat #11 

Fig. 3. Amino acid sequence comparison of EGF-like repeat #11 of 
mouse Notch 1, 2, 3 and 4. Residues conserved between the mouse 
Notch proteins are shaded and the putative calcium-binding sites are 
marked with arrows. A region within EGF-like repeat #11 of the 
Notch proteins containing non-conserved and variable numbers of 
residues is boxed. The leucine to proline mutation in Xenopus Notch 
that obliterates binding to Delta is marked with an asterisk (*). 

Analysis of Notch4 transcripts in adult tissues 
Several adult tissues were examined for the presence of Notch4 
transcripts by northern blot analysis. To minimize cross- 
hybridization with other mouse Notch transcripts, we used a 
riboprobe derived from the 3' UTR of Notch4. In most tissues 
analyzed, a single hybridizing species of 6.7 kb was detected 
(Fig. 4), which roughly corresponds in size to the cloned 
Notch4 cDNA. The 6.7 kb transcript is most highly expressed 
in lung, at lower levels in heart and kidney and at detectable 
levels in ovary and skeletal muscle. Very low levels of the 6.7 
kb transcript were observed in several other adult tissues, 
including brain, intestine, liver, testis (Fig. 4) and spleen (data 
not shown). In adult testis, two abundant transcripts of 1.5 kb 
and 1.1 kb were observed. Thus, Notch4 expression varies 

widely in adult tissues. Other than in testis, we did not detect 
transcript size variation in different tissues. 

Analysis of testis-specific truncated Notch4 
transcripts 
To determine the cell lineage specificity of Notch4 expression 
in the murine testis, RNA was analyzed in the germ cell- 
deficient mouse testis (Fig. 5). Mice that carry two mutations 
at the white-spotting locus (W/W) are devoid of germ cells, 
but have the normal complement of somatic cell types, 
including Leydig, Sertoli and peritubular myoid cells (Mintz 
and Russell, 1957). Heterozygous litter mates (W/+) have 
normal somatic and germ cell complements. Northern blot 
analysis of total RNA from germ cell-deficient testes (W/W) 
and testes with normal germ cells [W/+ and adult (+/+)] was 
done using a riboprobe derived from the 3' UTR (probe D in 
Fig. 5C). Transcripts of 1.5 kb and 1.1 kb were detected in 
RNA from the testes of adult wild type and W/+ mice (Fig. 
5A). However, neither transcript was detected in RNA from 
homozygous mutant testes, suggesting that these transcripts 
were likely to be specific to the germinal compartment. 
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Fig. 4. Expression analysis of Notch4 in adult mouse tissues. 
(A) Northern blot using a riboprobe transcribed from the 3' UTR of 
Notch4 (probe D in Fig. 5). (B) The same blot reprobed with a 
GAPDH probe. The transcript sizes of 6.7 kb, 1.5 kb and 1.1 kb are 
indicated and were estimated with reference to 28 S and 18 S rRNA 
migration. 
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Fig. 5. Expression analysis of Notch4 testis transcripts. (A) Notch4 
testis transcripts are expressed in post-meiotic germ cells. Northern 
blot analysis from staged and germ cell-deficient testes with probe C 
and a GAPDH probe. Note that GAPDH transcripts appear as two 
isoforms in the adult testis. RNA was isolated from testes of day 7 
p.n., day 17 p.n., adult, WVWand W/+ mice, as indicated. 
(B) Northern blot analysis of several adult tissues with probe A, 
derived from the 5' UTR of Notch4 and a GAPDH probe. 
(C) Schematic representation of truncated Notch4 transcripts as 
compared to the full-length coding potential. Relative positions of 
probes used in the northern blot analysis are shown. Conserved 
elements of Notch family proteins are indicated. The MMTV 
integration site reported by Robbins et al. (1992) is indicated by an 
arrow. Novel 5' sequences of testes cDNAs are indicated. 
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Since spermatogenic differentiation undergoes a character- 
istic temporal progression, one can use mice testes at specific 
days of postnatal development to enrich for or eliminate par- 
ticular germ cell types. Testes from day 7 of postnatal devel- 
opment (day 7 p.n.) mice contain mitotic spermatogonia, while 
testes from day 17 p.n. mice have entered meiosis and have 
progressed to spermatocytes (Nebel et al, 1961). Both day 7 
p.n. and day 17 p.n. testes lack post-meiotic spermatids. Total 
RNA from immature and adult testes was analyzed by northern 
blot hybridization to determine stage-specific expression of 
Notchk transcripts during male germ cell development. Both 
Notch4 transcripts of 1.5 kb and 1.1 kb are absent in day 7 p.n. 
and day 17 p.n. testis, but are present in adult testis (Fig. 5A). 
These results indicate that the expression of the 1.5 kb and 1.1 
kb Notch4 transcripts is restricted to post-meiotic germ cells. 

To determine the nature of the short Notch4 transcripts in 
adult mouse testis, northern blot analysis was done using ribo- 
probes derived from different regions of the Notch.4 coding 
sequence, as well as from 5' and 3' UTR (Fig. 
5B). A riboprobe derived from the 5' UTR " 
(probe A in Fig. 5C) failed to hybridize to 
either the 1.5 kb or the 1.1 kb transcripts (Fig. 
5B), whereas this probe did hybridize to the 6.7 
kb transcript found in lung RNA (Fig. 5B). 
However, riboprobes derived from the 3' UTR 
(probe D in Fig. 5C) or from cDNA encoding 
part of the intracellular domain of Notch4 
(probe C in Fig. 5C) hybridize to the testis tran- 
scripts (Fig. 5A and data not shown). Probes 
derived from the coding sequence of the extra- 
cellular domain of Notch4 (probe B in Fig. 5C) 
did not hybridize to the testes transcripts (data 
not shown). To characterize the transcripts 
expressed in the adult mouse testis, a cDNA 
library prepared from adult mouse testes RNA 
was screened using probe C of Fig. 5C. All the 
clones analyzed encoded the most C-terminal 
coding sequence and the 3' untranslated region 
of Notch4. Two independent clones of distinct 
size contained novel 5' sequences unrelated to 
that found in the full-length Notch4 cDNA 
(schematized in Fig. 5C, Notch4 testis tran- 
scripts). Based upon the northern blot analysis 
described above and the sequence of the cloned 
testis cDNAs, we believe that Notch4 tran- 
scripts are either derived from an alternate 
intronic promoter that is active in post-meiotic 
germ cells or that they may be driven by the 
same promoter as the 6.7 kb transcript and 
consist of spliced products derived from a 5' 
untranslated region upstream of what we have 
currently identified. The predicted amino acid 
sequence of the testis Notch4 transcripts with 
the novel 5' sequence does not contain a 
methionine that could function as a translation 
initiator; therefore, these transcripts are 
unlikely to encode protein products. The testis 
transcripts may thus represent aberrant tran- 
scriptional events in post-meiotic germ cells, as 
has been described previously (Davies and 
Willison, 1993). 

Expression analysis of Notch4 during development 
and in adult lung 
A 6.7 kb Notch4 transcript was detected by northern hybridiz- 
ation in RNA isolated from day 12.5 p.c. mouse embryos (data 
not shown and Sarkar et al., 1994) and adult lung (Fig. 4). To 
determine the spatial and temporal pattern of Notch4 transcript 
accumulation during development, we examined mouse 
embryo tissue sections from 9.0 d.p.c. to birth using in situ 
hybridization. During embryonic development, as well as in 
postnatal tissues, Notch4 is highly expressed in endothelial 
cells. Intense labeling for Notch4 is observed in embryonic 
blood vessels at 9.0 d.p.c. (Fig. 6A,B). As shown in Fig. 6C,D, 
strong labeling is observed over the dorsal aorta, the aortic tract 
and the pulmonary artery in a 13.5 d.p.c. embryo, while no 
labeling is detected in the epithelial cells lining the gut (red 
arrow). At higher magnification, we note that labeling is 
restricted to the endothelial cells lining the embryonic vessels 
(Fig. 6D,E) and no labeling is detected in the red blood cells 

Fig. 6. Notch4 is expressed in embryonic endothelial cells. (A,B) Phase contrast and 
dark-field photomicrograph of a horizontal section of a 9 d.p.c. embryo hybridized with 
a cRNA probe corresponding to Notch4. Strong labeling is detectable over the anterior 
cardinal vein (white/black arrows). Diffuse labeling is also present throughout the 
developing nervous system and at higher levels over the tip of the neural folds (red 
arrows). (C-F) Phase and darkfields images of a horizontal section of a 13.5 d.p.c. 
embryo hybridized for Notch4, showing the venous and arterial system anterior to the 
lung, including dorsal aorta arch, aortic and pulmonary tract. E and F are higher 
magnifications of the area framed in C. Embryonic vessels are labeled and, as shown in 
E and F, labeling is restricted to the endothelial cells lining the vessels. Arrows denote 
the gut, which does not have a detectable signal in the epithelium. 
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Fig. 7. Notch4 is expressed in adult lung 
endothelial cells. (A,B) Phase contrast and dark- 
field photomicrographs of an adult mouse lung 
hybridized with a cRNA probe corresponding to 
Notch4. Punctate staining is observed over the 
alveolar walls, which are predominantly 
composed of capillaries. No labeling is observed 
over the pseudostratified squamous epithelium 
(black and white arrows) nor over the smooth 
muscle cells (red arrows). 

in the vessel. A weak and transient signal is also detectable in 
the developing nervous system from 9.0 d.p.c. embryos. As 
shown in Fig. 6A,B, a light diffuse labeling is detected in the 
developing nervous system and a more distinct signal is 
observed at the tip of the neural folds. Notch4 transcripts in the 
nervous system are still detectable at 11.5 d.p.c, but by 13.5 
d.p.c. no labeling for Notch4 is detectable in the nervous 
system (data not shown). 

Since adult lung exhibited the highest levels of Notch4 tran- 
scripts, in situ hybridization was performed on lung sections 
to determine whether Notch4 expression remains endothelial 
cell-specific in adult life. Intense punctate staining was 
observed over the alveolar wall, indicative of capillary-specific 
expression (Fig. 7). The central component of the alveolar wall 
is the capillary flanked by pneumocyte type I epithelial cells', 
which line the alveolar lumen (Ross and Reith, 1985). Capil- 
laries are highly localized in the alveolar wall and would give 
the punctate localized signal observed, as opposed to a more 
uniform pattern for epithelial cells lining the alveolar cavity. 
There is clearly no hybridization signal over other cellular 
components of the lung, that is, pseudostratified squamous 
epithelium, smooth muscle and connective tissue cells. The 
endothelial-specific expression probably underlies the 
abundance of Notch4 transcripts found by northern blot 
analysis of highly vascularized adult tissues (lung, heart and 
kidney in Fig. 4). 

DISCUSSION 

We report here the identification of a novel mouse gene whose 
protein product exhibits structural homology with the ver- 
tebrate Notch protein family. We have named this gene 
Notch4, as it is the fourth murine Notch gene identified. Notch4 
contains all the conserved domains characteristic of Notch 
proteins (Figs 1 and 2). However, Notch4 contains only 29 
EGF-like repeats within its extracellular domain as compared 
to the 36 repeats found in Notchl and Notch2. In addition, the 
C-terminal tail of Notch4, beyond the ankyrin/cdclO repeats, 
is shorter and unique when compared to all other Notch 
proteins, but little is known of the function of this region in 
Notch proteins. Notch4 also contains a distinct EGF-like repeat 
11, which has been proposed to be crucial for ligand binding. 
Structural variation in this repeat and differences in the number 
of EGF-like repeats between murine Notch proteins, may be 
important for ligand specificity among the different possible 
Notch ligands. It must be noted that Notch/lin-12 proteins of 
varying structure have been demonstrated to be functionally 
interchangeable; C. elegans glp-1 can fully substitute for lin- 

12 (Fitzgerald et al., 1993) for instance. Therefore, Notch4 may 
be functionally interchangeable with other murine Notch 
proteins, despite structural differences between them. 

Notch4 is distinct from other Notch family proteins, based 
on its expression pattern during embryonic development and 
in the adult mouse. In situ hybridization demonstrates endo- 
thelial-specific embryonic expression of Notch4. This endo- 
thelial-specific expression of Notch4 remains in the adult 
mouse. A weak and transient labeling is seen in the neural tube 
between day 9 p.c. and 11.5 p.c., with a more intense labeling 
at the tips of neural folds. This region of the neural tube is a 
highly plastic area where cells will probably participate in the 
fusion process of the neural tube and/or migrate as neural crest. 
The Notch4 expression pattern is in sharp contrast to the 
expression patterns of Notchl, 2 and 3. These Notch genes are 
expressed in a variety of different embryonic tissues such as 
the developing brain and spinal cord, presomitic and somitic 
mesoderm and a variety of epithelial cells and mesenchymal 
derived tissues (Weinmaster et al., 1991; Williams et al., 
1995). Notchl is the only other Notch gene reported to be 
expressed in endothelial cells (Reaume et al., 1992; Betten- 
hausen et al., 1995; Lindsell et al., 1995). Expression of Notchl 
and 4 in endothelial cells might reflect either redundancy of 
function or distinct biological functions in endothelial devel- 
opment. Endothelial cell-specific expression has recently been 
reported for a putative Notch ligand, the chick Serrate 
homologue (Myat et al., 1996). 

Since Notch proteins have been implicated in binary cell fate 
specification, regulating how equivalent cells can give rise to 
cells with different fates, a putative biological function of 
Notch4 might be to govern the cell fate decisions during endo- 
thelial growth and development. In amniotes, endothelial and 
hematopoietic cells appear synchronously in the blood islands. 
In zebrafish, lineage data have shown that individual cells of 
the early blastula can give rise to both endothelial and blood 
cells, suggesting a common embryonic precursor which has 
been referred to as the 'hemangioblast'. The occurrence of 
binary cell fate decision events in the hemangioblast is 
supported by analysis of the endothelial and/or hematopoietic 
cell lineages. Cloche, bloodless and spadetail are mutants 
isolated in zebrafish that display phenotypes defective in either 
hematopoietic development or both hematopoietic and endo- 
thelial development (Stainier et al., 1995). In the mouse, the 
Flk-1 and the Flt-1 genes encode receptor tyrosine kinases that 
are expressed in embryonic endothelium (Shalaby et al., 1995; 
Fong et al., 1995). Null mutants for the Flk-1 gene are 
defective in endothelial and blood cell development (Shalaby 
et al., 1995), whereas null mutants for the Flt-1 gene display 
only hematopoietic cell development defects (Fong et al., 
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1995). Mutational analysis of the Notch4 gene in whole 
animals would help to define the role of Notch4 in endothelial 
cell growth and development. 

Alterations in stem cell fate decisions as a result of activated 
Notch proteins have been proposed to contribute to mitogenic 
growth of tumor cells. Blocked cell differentiation of fated 
daughter cells by activated Notch proteins may lead to an 
increase in the number of cells undergoing cell division, or a 
prolonged life of the cell. In these cells, the probability of 
secondary oncogenic mutations that contribute to neoplastic 
transformation would be enhanced. In the normal mouse 
mammary gland, endogenous int-3 protein has been detected 
at low levels in mammary stroma and epithelium (Smith et al., 
1995). Although little is known about the nature of stem cells 
in the mammary epithelium, Notch4 might regulate the fate 
decisions of mammary epithelial cells. This hypothetical model 
may explain the phenotype that is observed in int-3 transgenic 
mice, which display blocked development of the mammary 
gland and develop mammary carcinomas at high frequency. 

The signal transduction pathways by which Notch proteins 
function are becoming understood through genetic studies in 
Drosophila. Deltex and Suppresser of Hairless [Su(H)] have 
been demonstrated to bind to the cdclO repeats of the intra- 
cellular domain of Drosophila Notch (Diederich et al., 1994; 
Fortini and Artavanis-Tsakonas, 1994; Matsuno et al., 1995). 
More recently the mammalian Su(H) orthologue RBP-Jk, a 
transcription factor, has been shown to bind to the intracellu- 
lar domain of Notch 1 (Jarriault et al., 1995). Since Notch4 
contains the canonical ankyrin/cdclO repeats, RBP-Jk or RBP- 
Jk homologues and mammalian Deltex homologues may 
interact with the cdclO/ankyrin repeats of Notch4. It has been 
proposed that upon activation of the Notch receptors, Su(H) or 
RBP-Jk are activated and translocate to the nucleus, where they 
may regulate transcription of target genes (Goodbourn, 1995). 
In fact, activated Notch proteins containing only the intracel- 
lular domain have been reported to localize to the nucleus 
(Kopan et al., 1994; Struhl et al., 1993), suggesting a nuclear 
function for this domain. We have found that the int-3 onco- 
protein, modified to encode a flu epitope-tag at the C terminus, 
is also localized to the nucleus when expressed in cultured 
293T cells, as determined by immunofluorescence (unpub- 
lished data). The activated int-3 protein lacks a signal peptide 
but contains a membrane-spanning domain and thus is not 
likely to enter the secretory pathway. This finding may indicate 
that int-3 can bind to cytoplasmic proteins that are then translo- 
cated to the nucleus. 

We show that the int-3 gene encodes a truncated Notch4 
protein with the extracellular domain deleted (EGF-like repeats 
and Notch/lin-12 repeats), providing the first comparison of a 
naturally activated murine Notch protein and its normal coun- 
terpart. In MMTV-induced mouse mammary tumors with an 
activated Notch4, as described by Robbins et al. (1992), the 
oncogenic affects are probably the result of both overexpres- 
sion or ectopic expression of Notch4 mRNA as well as func- 
tional activation of the Notch4 protein. A structural compari- 
son of the mutant int-3 protein to the normal Notch4 protein is 
reminiscent of the structural alterations reported to activate the 
effector function of Drosophila Notch and C. elegans lin-12 
proteins (Greenwald, 1994) or oncogenic activation of TAN- 
1. Thus, loss of the extracellular domain is likely to lead to loss 

of the regulatory controls provided by the ligand-binding 
domain believed to reside in the EGF-like repeats of Notch4. 
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ABSTRACT 

Elongation and branching of epithelial ducts is a crucial event during the development 

of the mammary gland. Branching morphogenesis of the mouse mammary epithelial 

TAC-2 cell line was used as an assay to examine the role of Wnts, HGF, TGF-ß and the 

Notch receptors in branching morphogenesis. Wnt-1 was found to induce the 

elongation and branching of epithelial tubules, like HGF and TGF-ß2, and to strongly 

cooperate with either HGF or TGF-ß2 in this activity. The Notch4(int-3) mammary 

oncoprotein, an activated form of the Notch4 receptor, inhibited the branching 

morphogenesis normally induced by HGF and TGF-ß2. The minimal domain within 

the Notch4(int-3) protein required to inhibit morphogenesis consists of the CBF-1 

interaction domain and the cdclO repeat domain. Co-expression of Wnt-1 and 

Notch4(int-3) demonstrates that Wnt-1 can overcome the Notch-mediated inhibition of 

ductal morphogenesis. These data suggest that Wnt and Notch signaling may play 

opposite roles in mammary gland development, a finding consistent with the 

convergence of the wingless and Notch signaling pathways found in Drosophila. 
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INTRODUCTION 

The development of the murine mammary gland involves an intricate sequence 

of proliferate, morphogenic and differentiative events, which gradually results in the 

formation of an arborized tree-like structure of epithelial ducts. Postnatal development 

of the mammary gland is influenced by gonadal hormones, with distinct developmental 

stages occurring during puberty, estrous, pregnancy and lactation. At birth, the 

mammary epithelial ducts have few side-branches. During puberty, the epithelial ducts 

rapidly elongate and branch, and give rise to a highly organized epithelial structure 

with terminal end buds and lateral buds. The terminal end buds are the major sites of 

proliferation, whereas the lateral buds differentiate into alveoli during each estrous 

cycle. During pregnancy, the alveoli rapidly increase in size and number resulting in 

the development of fully differentiated lobules, which will produce milk at lactation. 

The mammary gland remodels after lactation ceases, and this process is characterized 

by the involution of the secretory lobules and regression to the ductal tree observed at 

puberty (review in (9,38,41)). 

Mesenchymal-epithelial and epithelial-epithelial interactions are essential in the 

regulation of growth and development of the murine mammary gland. Peptide growth 

factors, such as Epidermal growth factor (EGF) (21), Fibroblast growth factors (FGF) (7), 

Hepatocyte growth factor (HGF), Insulin-like growth factor II (IGF-II) (3), Neuregulin 

(NRG) (51), and Transforming growth factor-ß (TGF-ß) (8, 37), have been implicated as 

regulators of mammary gland development based on their expression patterns and, in 

some cases, on their abilities to affect the development of the mammary gland. HGF (or 

scatter factor) is expressed in the mammary mesenchyme during ductal branching, 

whereas its tyrosine kinase receptor c-met is expressed in the mammary epithelial ducts 

at all stages (32). HGF can promote branching morphogenesis of the mammary ductal 

tree (32, 36, 47, 51) in several experimental settings. TGF-ßl is expressed in the 

epithelial compartment of the mammary gland at all stages, except during lactation (8, 
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44). In vivo, TGF-ßl has been shown to inhibit ductal out-growth from the mammary 

end buds (27, 37). In vitro however, TGF-ßl has been shown to induce opposite effects 

depending on its concentration. TGF-ßl at high concentrations (0.5-5 ng/ml) inhibit 

ductal elongation and branching of TAC-2 mammary epithelial cells, whereas at low 

concentrations (5-100 pg/ml) it is able to stimulate these biological processes (46). 

The Wnt family of secreted growth factors are also implicated as regulators of the 

developing mouse mammary gland (34). Wnt genes are expressed during ductal 

development of the gland (Wnt-2, Wnt-5a, Wnt-7 and Wnt-10b) and during lobular 

development at pregnancy (Wnt-4, Wnt-5b and Wnt-6), and the expression of most Wnt 

transcripts is down regulated during lactation (16, 50). This pattern of expression 

during periods of morphogenesis has led to a proposed role for Wnt genes in 

morphogenic events during mammary gland development. Wnt gene expression has 

been documented in both the stromal and epithelial compartments of the mammary 

- gland, raising the possibility of involvement in both stromal-epithelial and epithelial- 

epithelial interactions (5, 50). The Wnt-1 gene is not normally expressed within the 

mouse mammary gland, however its expression can contribute to tumorigenesis when 

activated by insertion of mouse mammary tumor virus (MMTV) proviral DNA in 

MMTV-induced mammary tumors (33). Mammary gland tumors develop in transgenic 

mice where ectopic Wnt-1 gene expression is controlled by the MMTV promoter; these 

mice display hyperplasia of the mammary epithelium and an increased incidence of 

tumors (48). \ 

The Notch4 gene was also identified as a frequent target for insertional activation 

by MMTV proviral DNA in MMTV-induced mammary gland tumors (40, 42). The 

Notch4 gene encodes for a large transmembrane receptor protein (14, 49). The int-3 

oncoprotein is activated by MMTV insertion and corresponds to a truncated form of 

Notch4 which has most of its extracellular domain deleted (49); this mutated version of 

Notch4 will be referred to as Notch4(int-3).   In contrast to Wnt-1, expression of the 
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Notch4(int-3) oncogene as a transgene in the mouse mammary gland results in impaired 

development of the mammary gland which no longer generates a tree-like structure of 

epithelial ducts. Instead, a hyperproliferative mass of undifferentiated epithelial cells is 

observed near the nipple, from which undifferentiated mammary carcinomas rapidly 

develop (25). 

The aim of this study was to define the roles of both Wnt and Notch signaling in 

mammary gland ductal morphogenesis. Using a previously described model in which 

TAC-2 mammary epithelial cells grown in collagen gels form branching cords or 

tubules in response to HGF or TGF-ßl (46, 47), we demonstrate that activation of the 

Wnt and Notch signaling pathways has opposite effects on branching morphogenesis. 

Wnt-1 acts to induce branching morphogenesis whereas Notch4(int-3) inhibits 

branching morphogenesis by either HGF or TGF-ß. Wnt-1 has the capacity to overcome 

the Notch4(int-3) mediated inhibition of branching morphogenesis. 
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MATERIALS AND METHODS 

Reagents. Recombinant human HGF (rhHGF) was provided by Genentech, Inc. (San 

Francisco, CA). Recombinant TGF-ß2 was provided by Dr. G. Gunderson (Columbia 

University, New York, NY). Rat tail collagen solution was obtained from Upstate 

Biotechnology Inc. (Lake Placid, NY). Anti-HA monoclonal antibody (12CA5) was from 

Berkeley Antibody Co. (Richmond, CA) and HRP-conjugated sheep anti-mouse 

immunoglobulin G from Amersham (Arlington Heights, IL). 

cDNA clones. The murine Notch4(int-3) cDNA corresponds to a truncated Notch4 

cDNA; residues 4551 to 6244 of Notch4 (Uyttendaele et al. 1996). An oligonucleotide 

encoding the haemagglutinin (HA) antigenic determinant was appended to the 3' end 

of the Notch4(int-3) and Wntl cDNA's. Eighteen codons were added that specify the 

amino acid sequence SMAYPYDVPDYASLGPGP. including the nine residue HA 

epitope (underlined). HA-tagged Notch4(int-3) and Wntl cDNAs were created by 

subcloning each cDNA into Bluescript KS (Stratagene) with the coding region of the HA 

epitope situated downstream of the newly inserted cDNA. These "two sequences were 

made co-linear by "loop-out" mutagenesis using oligonucleotides designed to eliminate 

the stop codon and non-coding 3' sequence of the Notch4(int-3) and Wntl cDNAs. 

Oligonucleotides used in this procedure are as follows; ; 

Notch4(int-3): CGG TTG TAA GAA ATC TGA ACT CCA TGG CCT>ACC CAT ATG 

Wnt-1: CGC GCG TTC TGC ACG AGT GTC TAT CCA TGG CCT ACC C . 

The 5' end of each oligo is complementary to the C-terminus of Notch4(int-3) or Wntl 

cDNA and their 3' ends anneal to HA epitope-encoding sequence (underlined). 

Mutagenesis was done with the Muta-Genem vitro mutagenesis kit (Bio Rad, 

Richmond, CA). The presence of each fusion was confirmed by DNA sequencing. 

Notch4(int-3) cDNA deletion mutants were generated from the epitope-tagged 
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Notch4(int-3) construct by restriction enzyme cloning, and'were named ANT, ACDC, 

ACT and ANTACT. The ANT deletion mutant corresponds to nucleotides 4921 to 6244 

of the Notch4 sequence. The ACDC deletion mutant corresponds to nucleotides 4551 to 

4864 and to nucleotides 5706 to 6244 of the Notch4 sequence. The ACT deletion mutant 

corresponds to nucleotides 4551 to 5718 of the Notch4 sequence. The ANTACT deletion 

mutant corresponds to nucleotides 4921 to 5718 of the Notch4 sequence. 

Cell culture. The TAC-2 cell line was derived from NMuMG cells as described 

previously (47). TAC-2 cell were grown on collagen-coated dishes in Dulbecco's 

modified Eagle's medium (DMEM, GIBCO) supplemented with 10% fetal calf serum 

(FCS, GIBCO). The Bosc 23 retrovirus packaging cell line (Pear et al. 1993) was obtained 

from Dr. W. Pear (MIT, MA) and grown in DMEM containing 10% FCS. Both culture 

media were supplemented with penicillin (500 i.u./ml) and streptomycin (100ug/ml). 

Both cell lines were grown at 37°C in 8% CC>2- 

Cell line generation. HA-tagged cDNAs were inserted into the retroviral vector 

pLNCX (28) wherein neomycin phosphotransferase (neo) expression is controlled by the 

murine leukemia virus LTR, and cDNA transcription is controlled by the 

cytomegalovirus (CMV) enhancer/promoter. The retroviral vector pLHTCX was 

derived from pLNCX, however the neo gene is replaced by a hygromycin-resistence 

gene. Populations of TAC-2 cells, expressing either HA-tagged Ndtch4(int-3) or Wntl 

cDNA, were prepared by retroviral infection. Recombinant retroviruses were generated 

by transiently transfecting constructs into the BOSC 23 cell line by calcium phosphate 

co-precipitation, as previously described (35). Retroviral infection of TAC-2 cells was 

done by culturing cells with viral supernatants collected from transfected BOSC 23 cells 

two day post-transfection. Infections were done in the presence of 4 Hg/ml polybrene 

for 12 hours after which medium was replaced to DMEM + 10% FCS.  One day post- 
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infection the culture medium was replaced to DMEM + 10% FCS containing 500 ug/ml 

Geneticin (GIBCO BRL Life Technologies, Grand Island, NY) or 200 |ig/ml hygromycin 

B ( Sigma Chemical Co.). Colonies appeared 5 days later and were pooled into medium 

containing 250 (ig/ml Geneticin or 200 jig/ml hygromycin B. These resultant 

populations, each comprised of at least 50 clones, were used in assays described below. 

Collagen cell culture assays.  TAC-2 cell lines were harvested using trypsin-EDTA, 

centrifuged, and embedded in three-dimensional collagen gels as previously described 

(47).  Briefly, 8 volumes of rat tail collagen solution (approximately 1.5 mg/ml) were 

mixed with 1 volume of lOx minimal essential medium (GIBCO) and 1 volume of 

sodium bicarbonate (11.76 mg/ml) in a sterile tube kept on ice to prevent premature 

collagen gellation. TAC-2 cells were resuspended in the cold mixture at cell densities of 

2 or 4 x 104 cells/ml and 0.5 ml aliquots were dispensed into 16-mm wells of 24 

multiwell plates (Becton Dickinson Lab ware).  After the collagen mixture had gelled, 

lml of complete medium (DMEM + 10% FCS) with or without HGF or TGF-ß2 was 

added to each well. TAC-2 collagen gel cultures were initially done in the presence and 

absence of 2mM sodium butyrate, but since no difference in phenotypes was observed, 

the sodium butyrate was omitted in all experiments. Media were changed every 2 days, 

and after 3 to 5 days, cell cultures were photographed with a Nikon ELWD 0.3 phase 

contrast microscope on Kodak T-Max film (100 X magnification). 

\ 

Quantification of cord lenth and branching. TAC-2 cells were suspended at 5xl03 or 

lxlO4 cells/ml incollagen gels (500 |il) cast into 16-mm wells of 4-well plates (Nunc, 

Kampstrup, Rosklide, Denmark) and incubated in 500 ul complete medium in the 

presence or the absence of 10ng/ml HGF. After 7 days, the cultures were fixed with 

2.5% glutaraldehyde in 0.1M cacodylate buffer, and at least 3 randomly selected fields 

(measuring 2.2 mm x 3.4 mm) per experimental condition in each of 3 separate 
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experiments were photographed with a Nikon Diaphot TMD inverted 

photomicroscope. The total length of the cords present in each individual colony was 

measured with a Qmet 500 image analyzer (Leyca Cambridge Ltd., Cambridge, UK). 

Cord length was considered as "0" in: a) colonies with a spheroidal shape, and b) 

slightly elongated structures in which the length to diameter ratio was less than 2. 

Quantification of branching was performed by counting all branch points in each 

colony. Values of cord length and branching obtained from the largest colonies are an 

underestimate, since in these colonies a considerable proportion of cords were out of 

focus and therefore could not be measured. Values were expressed either as mean cord 

length and number of branch points per photographic field (46) or as mean cord length 

and number of branch points per individual colony (47). The mean values for each 

experimental condition were compared to controls using the Student's unpaired T-test. 

Immunoblot analysis. HA-tagged Notch4(int-3), Notch4(int-3) deletion mutants and 

Wnt-1 proteins from lysates of TAC-2 cell populations were analyzed by 

immunoblotting. To maximize protein expression, TAC-2 cells were treated with 2mM 

sodium butyrate for 16 hours prior to lysis. Cells were washed twice with cold PBS and 

then removed from dishes in 1.5 ml PBS using a rubber policeman. Cells were pelleted 

by centrifugation at 2,000x g at 4°C for 5 min. and lysed in 90 ul TENT buffer (20 mM 

Tris, pH 8.0, 2 mM EDTA, 150 mM NaCl, 1% Triton-XlOO); containing 1 mM 

phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 2 mg/ml löupeptin, 1 mg/ml 

pepstatin, at 4°C for 30 min. Lysates were clarified by centrifugation at 10,000xg at 4°C 

for 10 min., and protein contents were determined using the BioRad Protein 

determination kit. Lysates containing 40 ng protein were electrophoresed in 10% SDS- 

polyacrylamide gels. Proteins were transferred from gels onto nitrocellulose by 

electroblotting, and then blocked overnight at 4»C in TBST (10 mM Tris, pH 8.0, 150 

mM NaCl, 0.2% Tween-20) containing 1% bovine serum albumin (fraction V).  Blots 
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were then incubated in anti-HA monoclonal antibody (12CÄ5) diluted 1:100 in TBST at 

room temperature. After four hours, the blot was washed three times for 5 min. each in 

TBST. Blots were exposed to a 1:16,000 dilution of HRP-conjugated sheep anti-mouse 

IgG. Blots were washed as above and then incubated 1-2 min. in enhanced 

chemiluminescence reagents (Amersham Inc, IL) and exposed to X-ray film (Fujifilm, 

Fuji Photo Film Co., LTD., Tokyo). 

10 
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RESULTS 

When suspended in collagen gels, TAC-2 mammary epithelial cells form small 

slowly growing colonies with a morphology ranging from irregular shaped cell 

aggregates to poorly branched structures. Under these same conditions, TAC-2 cells 

grown in the presence of either HGF or TGF-ßl develop an extensive network of 

branching cords that consist of elongated epithelial cords or tubules with multiple 

branch points (46, 47). This TAC-2 cell phenotype is thus reminiscent of the branching 

morphogenesis of epithelial ducts in the mammary gland and provides an experimental 

model to study the roles of growth factors in the development of the mammary gland. 

To investigate the role of Wnt and Notch signaling in mammary epithelial cell growth 

and morphogenesis we ectopically expressed either the Wnt-1 or activated Notch4(int- 

3) oncoproteins and analyzed their effects on branching morphogenesis of TAC-2 cells. 

Wnt-1 stimulates TAC-2 cell branching morphogenesis. The biological activity 

of Wnt proteins was evaluated by generating TAC-2 cells ectopically expressing a Wnt-1 

cDNA. TAC-2 cell lines programmed to express Wnt-1 (TAC-2 Wnt-1) were generated 

using the retroviral vector pLNCX to drive Wnt-1 expression from "the CMV promoter . 

As a control, TAC-2 cells were generated that were programmed to express LacZ (TAC- 

2 LacZ). To evaluate the expression levels of Wnt-1 proteins in the cell lines generated, 

the Wnt-1 cDNA was fused at the carboxy terminus to the haemaggkitinin-epitope (HA) 

tag, allowing us to detect Wnt-1 proteins in immunoblot analysisUising the anti-HA 

monoclonal antibody (Fig. 1). Cell extracts from TAC-2 cell lines contained Wnt-1 

proteins (Fig. 1) that migrated as a series of proteins with molecular weights between 41 

and 45 kD, due to differential glycosylation. The ectopic expression of Wnt-1 proteins 

in TAC-2 Wnt-1 cells can be significantly increased by treating cells with sodium 

butyrate (2mM), which enhances transcription of the CMV promoter (Fig. 1). We found 

that addition of sodium butyrate to the TAC-2 branching morphogenesis assay did not 

11 
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alter or enhance the TAC-2 cell phenotypes described below. The ensuing analysis of 

branching morphogenesis was conducted without sodium butyrate treatment. 

TAC-2 cells programmed to express LacZ give rise to small colonies with poorly 

branched cords when grown in collagen gels for four days (Fig. 2A). Addition of either 

HGF (20 ng/ml) or TGF-ß2 (50 pg/ml) to the culture induces pronounced changes in 

colony morphology, resulting in the formation of long branching cords or tubules (Fig. 

2B and 2C). We utilized TGF-ß2 in our assays, which we found has an identical activity 

as TGF-ßl in the induction of branching morphogenesis of TAC-2 cells (46). When 

TAC-2 cells are programmed to express Wnt-1 proteins, cell colonies form cords with 

moderate branching even in the absence of exogenous growth factors (compare Fig. 2A 

and 2D). When TAC-2 Wnt-1 cells are grown in the presence of either HGF or TGF-ß2 

(Fig. 2E and 2F), a highly extensive branching network is observed. This network of 

epithelial tubules is significantly more extensive when compared to control TAC-2 LacZ 

cells grown under identical conditions. An identical phenotype was observed in TAC-2 

cell lines programmed to express either a non-epitope tagged Wnt-1 cDNA or a HA 

epitope tagged Wnt-1 cDNA transcribed from a SV40 based retroviral vector (data not 

shown). Thus, Wnt-1 activity was confirmed in at least three independently produced 

TAC-2 cell lines. 

The morphological analysis of TAC-2 cell cultures suggested that Wnt-1 

cooperates with either HGF or TGF-ß2 in the induction of branching morphogenesis. 

To characterize combined effects of Wnt-1 and HGF, quantitative.evaluation of cord 

length and the number of branch points was conducted (Fig. 3A and 3B). Both analyses 

showed that the branched network formed by TAC-2 Wnt-1 cells grown under control 

conditions was comparable to that found for HGF-treated TAC-2 LacZ cultures. When 

TAC-2 Wnt-1 cells are grown in the presence of HGF, both cord length and number of 

branch points is significantly greater than the combined values for TAC-2 Wnt-1 cells 

without HGF and TAC-2 LacZ cells grown with HGF (Fig. 3A and 3B).  Thus, Wnt-1 

12 
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and HGF act in a cooperative fashion to induce branching morphogenesis of TAC-2 

cells. 

To determine whether the effects of Wnt-1 on TAC-2 cell branching 

morphogenesis are due to effects on the growth characteristics of TAC-2 cells we 

compared the growth of the TAC-2 cell lines generated. TAC-2 cells were plated at 

different densities on collagen coated dishes, either in the presence or absence of HGF, 

and viable cell numbers were determined either two or six days after plating. No 

significant differences in cell number were found between control TAC-2, TAC-2 LacZ, 

or TAC-2 Wnt-1 cell lines grown in either the presence or absence of HGF (data not 

shown). When grown under these conditions, TAC-2 Wnt-1 cells and control TAC-2 

cells both displayed contact inhibition at confluence and had similar morphological 

characteristics. Hence, the effects of Wnt-1 on TAC-2 branching morphogenesis are not 

correlated with mitogenic activity of Wnt-1 and are dependent on growth in three 

dimensional collagen gels. Identical results were obtained with TAC-2 cell lines that 

were programmed to express Wnt-1 using a SV40 based retroviral vector. 

To further characterize morphogenic activities of Wnt-1 proteins, we analyzed 

TAC-2 cells induced to form cyst structures in collagen gel cultures?" When TAC-2 LacZ 

cells are grown in collagen gels in the presence of hydrocortisone and cholera toxin, 

they form spheroidal cysts enclosing a widely patent lumen, as previously observed 

with non-transfected TAC-2 cells (47)(Fig. 4A). In contrast; under the same 

experimental conditions, TAC-2 Wnt-1 cells form branching structures (Fig. 4B). This 

clearly indicates that Wnt-1 expression modifies the spatial arrangement of TAC-2 cells 

and therefore has a morphogenic effect. 

13 
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Notch4(int-3) inhibits TAC-2 cell branching morphogenesis. Notch activity in 

branching morphogenesis was evaluated by expressing an activated form of the Notch4 

receptor, Notch4(int-3)/ in TAC-2 cells. TAC-2 cell lines programmed to express the 

Notch4(int-3) proteins were generated using the retroviral vector pLNCX and will be 

referred to as TAC-2 int-3. Notch4(int-3) was HA-epitope tagged at the carboxy 

terminus to allow detection of ectopically expressed proteins. Immunoblot analysis 

using anti-HA antibodies (Fig. 1) demonstrates that Notch4(int-3) proteins migrate with 

an approximately molecular weight of 60 kD, corresponding well to its predicted 

molecular weight. Notch4(int-3) expression is detected in extracts from TAC-2 int-3 

cells and protein levels can be significantly increased by treatment with sodium 

butyrate (Fig. 1). 

When TAC-2 int-3 cells are grown in collagen gels and incubated in the presence 

of either HGF or TGF-ß2 (Fig 2H and 21), cell colonies no longer form elongated cords 

like control cultures (Fig 2B and 2C). Instead, HGF- or TGF-ß2-treated TAC-2 int-3 cell 

colonies form small aggregates or structures with rudimentary branches which are 

similar in appearance to those formed by either TAC-2 LacZ or TAC-2 int-3 colonies 

grown in the absence of HGF or TGF-ß2 (Fig 2A and 2G). An identical phenotype was 

observed in at least three independently produced cell lines, including TAC-2 cells 

programmed to express a non-epitope tagged Notch4(int-3) cDNA or a HA epitope 

tagged Notch4(int-3) cDNA transcribed from a SV40 based retroviral vector (data not 

shown). Interestingly, we found that a smaller percentage of TAC-2* int-3 cells give rise 

to colonies in collagen gels with respect to TAC-2 LacZ cells (230±32 colonies/cm2 in 

TAC-2 int-3 cells versus 795±114 colonies /cm2 in TAC-2 LacZ cells), which suggests 

that Notch4(int-3) expression reduces plating (colony formation) efficiency in collagen 

gels. Accordingly, to avoid overestimating the inhibition of HGF-induced cord 

elongation in TAC-2 int-3 cells, the quantitative analysis of cord length and branching 

was carried out on a per colony basis, rather than on a per field basis (see Materials and 
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Methods). This analysis demonstrated that, despite the fact that colonies formed by 

TAC-2 int-3 cells are slightly more elongated and branched than those formed by TAC-2 

LacZ cells, their morphogenic response to HGF is markedly decreased (Fig. 3C and 3D). 

We analyzed the growth characteristics of the TAC-2 int-3 cell line, as described • 

for TAC-2 Wnt-1 cells. TAC-2 int-3 cells plated on collagen coated dishes, either in the 

presence or absence of HGF, displayed no significant differences in cell number, 

morphology, or growth post-confluence when compared with TAC-2 controls (data not 

shown). Identical results were obtained with TAC-2 cell lines programmed to express 

Notch4(int-3) using a SV40 based retro viral vector (data not shown). Hence, the effects 

of Notch4(int-3) on TAC-2 branching morphogenesis are not correlated to changes in 

the growth properties in the cells. 

The carboxy terminus of the Notch4(int-3) is not required for activity.   The 

Notch4(int-3) oncoprotein, has most of the extracellular domain of Notch4 deleted and 

consists of the transmembrane and intracellular domains. To investigate which 

region(s) of Notch4(int-3) proteins are required and sufficient for activity, a series of 

Notch4(int-3) deletion mutants were generated (schematized Tn Fig. 5A). Four 

Notch4(int-3) deletion mutants were made and designated ANT (deletion of the amino 

terminal domain), ACDC (deletion of cdclO repeat domain), ACT (deletion of the 

carboxy terminal domain) and ANTACT (N-terminal and C-terminaJ deletion) (Fig. 5A). 

All four mutant int-2 cDNAs were HA-epitope tagged at their carboxy termini and 

TAC-2 cell lines programmed to express each deletion mutant were generated using the 

retroviral vector pLNCX. Immunoblot analysis using anti-HA monoclonal antibodies 

demonstrated expression of Notch4(int-3) deletion proteins of appropriate molecular 

weight in each respective cell line; this expression can be increased by sodium butyrate 

treatment (Fig. 5B). The ANTACT Notch4(int-3) deletion protein with predicted 

molecular weight of 25 kD co-migrates with a non specific anti-HA antibody 
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background band, but is clearly visible over background when these TAC-2 cells are 

treated with sodium butyrate (Fig. 5B). TAC-2 cell lines expressing the four different 

Notch4(int-3) deletion mutants were grown in collagen gels as described above, and the 

ability of each Notch4(int-3) deletion mutant to inhibit HGF induced branching 

morphogenesis of TAC-2 cells was analyzed. As shown in Fig. 6, TAC-2 cells 

expressing either ANT (Fig. 6A and 6B), ACDC (Fig. 6C and 6D) or ANTACT (Fig. 6G 

and 6H) are responsive to HGF induced branching morphogenesis. In contrast, when 

grown in the presence of HGF, ACT expressing TAC-2 cells (Fig. 6E and 6F) display an 

identical phenotype as the TAC-2 int-3 cells. The carboxy terminus of the Notch4(int-3) 

is not required for Notch-mediated inhibition of TAC-2 branching morphogenesis. 

Thus, in this assay the activity of the Notch4(int-3) oncoprotein can be conferred by the 

amino terminus and cdclO repeats. 

Branching morphogenesis in cells co-expressing Wnt-1 and Notch4(int-3) 

oncoproteins. The activation of the Wnt-1 and Notch signaling pathways resulted in 

opposite effects on HGF- or TGF-ß2-induced branching morphogenesis of TAC-2 cells. 

To explore the epistatic interactions between these two signaling pathways we 

investigated the effect of simultaneous expression of both Wnt-1 and Notch4(int-3) 

proteins on TAC-2 branching morphogenesis. The above described TAC-2 LacZ and 

TAC-2 int-3 cell lines, which were generated with the pLNCX expression vector, were 

now also programmed to express Wnt-1 using the retroviral vector pLHTCX. This 

vector drives gene expression from the CMV promoter and contains the hygromycin 

resistance gene. In this fashion, four additional TAC-2 cell lines were generated that 

were named TAC-2 LacZ/ctr, TAC-2 LacZ/Wnt-1, TAC-2 int-3/ctr and TAC-2 int- 

3/Wnt-l (where ctr denotes control empty pLHTCX vector). To determine appropriate 

protein expression in each of these four cell lines, immunoblot analysis showed 

Notch4(int-3) and Wnt-1 proteins were expressed as expected and at levels similar to 
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those previously found to confer activity (data not shown)/ Each of the four cell lines 

were grown in collagen gels to determine their ability to undergo HGF- or TGF-ß2- 

induced branching morphogenesis (Fig. 7), this assay was repeated three times with 

similar results. Doubly infected control cells TAC-2 LacZ/ctr (Fig. 7 A, B, C) remained 

responsive to both HGF and TGF-ß demonstrating that hygromycin and neomycin 

selection did not affect the phenotype of the TAC-2 cell lines. As observed previously 

for TAC-2 Wnt-1 cells, TAC-2 LacZ cells that are now programmed to express Wnt-1 

(Fig. 7D, E, F) form small colonies that undergo modest branching even in the absence 

of HGF or TGF-ß2; these cells form extensive elongated branches when grown in the 

presence of HGF or TGF-ß2. The activity found for Notch4(int-3), that is the inhibition 

of HGF- and TGF-ß-induced branching morphogenesis, was also found in the TAC-2 

int-3/ctr cell line (Fig. 7G, H, I). Wnt-1 and Notch4(int-3) co-expressing cells, TAC-2 

int-3/Wnt-l, are able to form colonies displaying branching and elongation and have 

an appearance similar to that of TAC-2/LacZ/Wnt-l cells (Fig. 7J). An examination of 

several fields reveal that TAC-2 int-3/Wnt-1 cells displayed increased responses when 

treated with either HGF or TGF-ß, thus these cells now regain responsiveness to these 

factors (Fig. 7K, L). Our results indicate that Notch activation attenuates responsiveness 

of TAC-2 cells to both HGF and TGF-ß and that Wnt-1 can override the Notch activity in 

TAC-2 cells. 
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DISCUSSION 

In this study, we have detailed a regulatory hierarchy involved in the branching 

morphogenesis of mammary epithelial cells. This regulation includes four distinct 

signaling pathways; the Wnt, Notch, HGF, and TGF-ß signaling cascades. Using an in 

vitro model that reflects the branching morphogenesis exhibited during mammary 

gland development we have assessed the potential interactions between several 

different signaling pathways. This approach has allowed us to establish the epistatic 

relationships between these pathways. One remarkable feature of the regulation of 

branching morphogenesis we describe is its similarity to the regulatory pathways 

leading to morphogenic events during Drosophila development. 

Wnt proteins as branching morphogens in the mammary gland. Formation of 

branching cords is induced in collagen gel cultures of TAC-2 cells by the addition of 

either HGF or low concentrations of TGF-ß. Wnt-1 proteins induce moderate branching 

and elongation of TAC-2 cell tubules in the absence of added HGF or TGF-ß2. The 

extent of Wnt-1 induced branching morphogenesis of TAC-2 cells is comparable to the 

induction by either HGF or TGF-ß2. Our evidence suggests that Wnt-1 acts as a 

morphogen in this capacity. First, Wnt-1 induces a change in a morphogenic event, the 

formation of branched epithelial tubules or cords. Second, Wnt-1 does not appear on its 

own to alter the growth properties of the TAC-2 cells. Finally/. Wnt-1 can induce 

branching in an environment where cysts typically form; that is, in hydrocortisone and 

cholera toxin treated cultures. Such cultures form spheroidal cysts enclosing a widely 

patent lumen. In this environment, peptide growth factors that display mitogenic and 

not morphogenic properties would increase the size of the cyst but the spheroidal 

structure would be maintained. In contrast, Wnt-1 alters the morphogenic behavior in 

such a way that new branch points are formed and the structures take on a tubular 

morphology. 
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Several Wnt proteins are expressed in the mammary gland during periods of 

morphological changes of the ductal epithelium (16,50). Ectopic expression of Wnt-1 in 

vivo suggests a role for Wnt proteins in cell proliferation during mammary gland 

development; however, morphogenic changes also occur in response to Wnt-1. It is 

has been proposed that the Wnt-1 expression mimics the activity of an endogenous 

mammary gland Wnt proteins. A transgenic line driving expression of Wnt-1 to the 

mammary gland displays a hyperplastic phenotype, indicative of increased 

proliferation (48). In addition, both virgin females and males display a marked increase 

in the number of terminal branches, and in fact resemble the hormonally stimulated 

glands normally observed in pregnant animals. Tissue reconstitution experiments in 

which Wnt-1 is ectopically expressed in mammary epithelium also result in a 

hyperplastic gland where duct epithelium show abundant fine side-branches, 

suggesting that Wnt-1 may instruct the epithelium to form branches (13). This 

phenotype is most likely not simply a consequence of proliferation as it is not seen with 

a variety of other oncogenic proteins which when ectopically expressed in the 

mammary gland induce hyperplasia without increasing branching (12). 

The Wnt signal transduction pathway is mediated in part through ß-catenin, a 

protein associated with cadherins, and which is necessary for the adhesive functions of 

adherens junctions (29). Wnt-1 signaling results in stabilization of the cytoplasmic pool 

of ß-catenin, which then can associate with downstream targets jn the cytoplasm to 

transduce signals that lead to regulation of target gene expression (30, 31). TAC-2 cells 

programmed to express Wnt-1 in fact display increased levels of cytosolic ß-catenin, 

when compared to TAC-2 LacZ cells (our unpublished data). This stabilization may be 

regulated by the phosphorylation of ß-catenin on serine/threonine residues, possibly by 

glycogen synthase kinase 3 (GSK-3) (52). Recent evidence has demonstrated the 

importance of ß-catenin/cadherin interactions in regulating cell adhesion, cell migration 

and epithelial phenotype in embryonic development (19).  The activation of ß-catenin 
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by Wnt-1 induced signaling may result in changes of the adhesive and migratory 

characteristics of mammary epithelial cells and consequently affect ductal 

morphogenesis of TAC-2 cells. 

Cooperative interactions between Wnt-1 and HGF or TGF-ß. In response to 

the combined effects of Wnt-1 and HGF, TAC-2 cells form a network of elongated and 

branching tubules that is far more extensive than the branching cords observed when 

TAC-2 cells are grown in the presence of Wnt-1 or HGF singularly. We propose that the 

combined effect of HGF addition and Wnt-1 expression is not the result of the sum of 

their independent activities on branching morphogenesis, but that Wnt signaling 

synergizes with the HGF/c-met tyrosine kinase pathway. The possibility that Wnt 

proteins cooperate in vivo with the HGF/c-met pathway in the regulation of mammary 

morphogenesis is supported by the overlapping temporal patterns of Wnt genes and 

HGF/c-met expression (16,36,50). 

One potential area where these two signaling pathways could converge might be 

through their effects on the catenin and cadherin proteins. The cooperation between 

Wnt-1 and HGF may be explained by their combined activation of ]3-catenin. ß-catenin 

has been detected in a complex with the EGF receptor and can be phosphorylated in 

response to EGF and HGF (22, 43). In addition, the Ras pathway is essential for the 

biological activity induced by HGF/c-met (20) and ß-catenin has been demonstrated to 

be a substrate for tyrosine kinases and to become tyrosine phosphorylated in cells 

expressing activated Src and Ras (4). Another catenin-like protein, pl20, which was 

identified as a substrate of Src and several receptor tyrosine kinases, interacts with the 

cadherin-ß-catenin complex and may participate in regulating the adhesive function of 

cadherins (10). EGF is also able to stimulate branching morphogenesis of TAC-2 cells, 

although not to the same extent as HGF, whereas NGF, bFGF, IGF-II and KGF can not 

(47).   These activities correlate with the reported phosphorylation of ß-catenin by the 
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EGF and HGF signal transduction pathways (43). It is yet unclear how tyrosine 

phosphorylation of ß-catenin might regulate its activity. Tyrosine phosphorylated ß- 

catenin is found in a detergent soluble pool (22, 26), which may reflect specific 

phosphorylation of a free pool of ß-catenin. Since both Wnt-1 and HGF signaling can 

converge on ß-catenin, it is therefore possible that the observed cooperation between 

HGF and Wnt-1 is due to their combined action on ß-catenin activity. 

Wnt-1, HGF, and TGF-ß could induce branching morphogenesis by regulating 

the adhesive and migratory properties of TAC-2 cells through modulation of 

extracellular matrix components and their interaction with their receptors. Since HGF 

has been demonstrated to decrease adhesion of TAC-2 cells to collagen and to enhance 

the deposition of type IV collagen it is also possible that the observed cooperation 

between HGF and Wnt-1 is due to their combined effect on cell-substrate adhesion. 

TGF-ß signaling involves receptors with serine/threonine kinase activity which are 

_ known to regulate the synthesis and degradation of extracellular matrix molecules and 

to induce matrix organization. Induction of branching morphogenesis by TGF-ß could 

be mediated by a remodeling of extracellular matrix components and cell-substrate 

interactions. The Wnt signal transduction pathway may also regulate cell-substrate 

interactions, and the combined activity of both Wnt-1 and TGF-ß may explain their 

cooperative activities on the branching morphogenesis of TAC-2 cells. 

In Drosophila, wingless (zvg) and the TGF-ß homologue Decapeptaplegic (Dpp) have 

been shown in some cases to act in combination to regulate gene transcription during 

inductive events. In particular, Wg and Dpp have been shown to act in combination 

during limb development (6, 11) and to induce Ultrabithorax expression during 

endoderm induction (39). Wnt-1 and TGF-ß signaling may similarly converge to affect 

gene transcription during branching morphogenesis in the mouse mammary gland. 
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Notch inhibits branching morphogenesis of  mammary epithelial cells.  We 

demonstrate that Notch activation inhibits both the HGF and TGF-ß induced branching 

morphogenesis of TAC-2 mammary epithelial cells. The precise mechanism of this 

inhibition is unclear. Activation of Notch signaling has been demonstrated to inhibit or 

alter the cell fate commitment or differentiation of a variety of different cell types (1,18). 

For instance, C. elegans Lin-12 controls cell fate decisions during gonadogenesis, 

Drosophila Notch acts to control cell fate during neuroblast and photoreceptor cell 

differentiation, an activated Xenopus Notch can affect epidermal and neural crest cell 

development, and an activated mouse Notchl can control cell fate during myogenesis 

and neurogenesis of cultured mouse cells. Transgenic mice that use the MMTV viral 

promoter to express the Notch4(int-3) oncoprotein, the activated form of Notch4, 

display severely impaired mammary ductal growth (25). When Notch4(int-3) is 

expressed from the whey acidic protein promoter, whose expression is restricted to the 

secretory mammary epithelial cells, the differentiation of the secretory lobules of the 

transgenic animals is profoundly inhibited (15). These experiments demonstrate that 

Notch4(int-3), like many other activated Notch genes, can act as a regulator of cell fate 

decisions in the mammary gland of mice. Little is known about the spatial and 

temporal pattern of Notch gene expression in the mammary gland, however, Notch4 is 

expressed in vivo in the murine mammary gland (42,45). Notch genes may thus regulate 

the cell fate decisions occurring during mammary gland development that lead to the 

branched epithelial strutcture of the gland. *■ 

We have found that Notch activation can affect the response of TAC-2 mammary 

epithelial cells to either HGF or TGF-ß. Since HGF acts through a tyrosine kinase 

receptor and TGF-ß acts through serine/threonine kinase receptors, the affects of Notch 

activation may involve more than specific inhibition of a particular signaling cascade. 

Notch may regulate the competency of TAC-2 cells to respond to several different 

factors, possibly by shifting TAC-2 cells to a fate that is not predisposed to undergoe 
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branching morphogenesis. This model would be consistent with the proposed activites 

of Notch proteins in several different organisms. Alternately, these signaling pathways 

may be controlled by Notch at a point at which they may converge to induce expression 

of genes important for branching morphogensis. Recently, the intracellular domain of 

LIN-12, a C. elegans Notch, has been demonstrated to associate with EMB-5, which 

encodes for a cytoplasmic protein containing a SH2 domain (24). This finding raises the 

possibility that the Notch signaling proteins may interact directly with those elicited by 

tyrosine kinase receptors, such as the HGF receptor (c-met). 

We have demonstrated that the domain, carboxy terminal to the cdclO repeats, of 

the Notch4(int-3) oncoprotein is not required for biological activity. However, the 

amino terminal domain and the cdclO repeats are required for Notch4(int-3) activity. 

These findings are consistent with previous observed data for other Notch genes. The 

RAM23 domain which is localized between the transmembrane and cdclO repeats has 

been demonstrated to be the binding site of CBF-1, a downstream and essential element 

in Notch signaling (23). Deletion of the amino terminal domain of Notch4(int-3), which 

contains the RAM23 domain, may eliminate binding to CBF-1, and hence destroy 

Notch4(int-3) activity. The region of the LIN-12 protein that includes the RAM-23 

domain and cdclO repeats appears to interact with another downstream and positive 

regulator, EMB5 (24). Point mutations and deletions within the cdclO repeats result in 

loss of function of Notch proteins (17). Our data thus indicates»that Notch4 might 

interact and be regulated through similar mechanisms. * 

Competing influences of Wnt and Notch signaling in branching morphogenesis. 

When TAC-2 cells are programmed to express both Wnt-1 and Notch4(int-3), the cells 

are able to undergo branching morphogenesis. In Wnt-1 and Notch4(int-3) 

coexpressing TAC-2 cells, branching morphogenesis can be increased by either HGF or 

TGF-ß; that is, the cells regain responsiveness to these factors. The phenotype observed 
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in Wnt-1 and Notch4(int-3) coexpressing cells was similar to that of TAC-2 cells 

expressing only Wnt-1. The opposite biological activities of Wnt-1 and Notch4(int-3) 

observed in the TAC-2 cell assay correlate well with the mammary gland phenotype 

observed in Wnt-1 and Notch4(int-3) transgenic mice that ectopically express these 

proteins in the mammary gland (25). Although both oncogenes increase mammary 

tumor development, Wnt-1 stimulates a hyperplastic phenotype with increased ductal 

development whereas Notch4(int-3) inhibits ductal development. 

Wnt-1 can override the Notch4(int-3)-mediated inhibition of branching 

morphogenesis providing the first evidence of interaction between these two signaling 

pathways in vertebrates. The dominance of Wnt-1 over activated Notch we have seen 

in murine cells parallels the functional relationship proposed for Drosophila Wnt 

(wingless) and Notch during Drosophila development (2). In this study, genetic analysis 

suggests a pathway convergence between wingless and Notch signaling resulting in 

opposing effects during patterning of the developing Drosophila wing. Activation of the 

wingless signal leads to regulation of Notch activity, possibly by Drosophila dishevelled, 

a cytoplasmic protein that is also a positive mediator in the Wnt-1 signal transduction 

pathway. Analysis using a yeast interaction trap system suggested that Dishevelled 

may physically associate with the intracellular domain of Notch. The antagonism 

between Wnt-1 and Notch4(int-3) seen in branching morphogenesis may also be 

mediated by common regulators of the two signaling pathways such as Dishevelled. 

During mammary gland development, the growth and differentiation of the 

gland is regulated by mesenchymal-epithelial and epithelial-epithelial interactions. 

Cells often receive different signals simultaneously and must integrate them in order to 

take on the correct proliferative or differentiative response. Notch inhibition of ductal 

morphogenesis may be an early event in ductal morphogenesis. An attractive 

mechanism for overcoming Notch and allowing ductal morphogenesis to initiate or 

progress would be to activate the expression of a Wnt gene(s). Wnt could then serve 
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the dual function of suppressing Notch activity and initiating branching 

morphogenesis. Wnt signaling may then cooperate with other signaling pathways, 

such as those mediated by HGF and TGF-ß, in order to complete branching 

morphogeneis. Our study thus has revealed complex interactions between the signal 

transduction pathways of Wnt, Notch, HGF and TGF-ß, in regulating the branching 

morphogenesis of mammary epithelial cells. 
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FIGURE LEGENDS 

Figure 1 

Immunoblot analysis on TAC-2 cell lysates using anti-HA antibodies. TAC-2 cells 

programmed to express either LacZ, Wnt-1 or int-3 were grown in the presence or 

absence of sodium butyrate. Wnt-1 and int-3 proteins of appropriate molecular weight 

can be detected in the respective TAC-2 cell lines, and the level of protein expression 

can be increased by sodium butyrate treatment. 

Figure 2 

TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ 

(A,B,C), Wnt-IHA (D,E,F), or int-3HA (G,H,I) were grown in collagen gels either in the 

absence of exogenous growth factor (A,D,G), in the presence of HGF (B,E,H), or TGF-ß2 

(C,F,I). HGF and TGF-ß2 induce branching morphogenesis of TAC-2 LacZ cells 

(compare A to B or C). Wnt-1 expression in TAC-2 cells induces modest branching 

morphogenesis of TAC-2 cells in the absence of either HGF or TGF-ß2 (compare D to A), 

and robust branching is observed when TAC-2 Wnt-1 cells are grown in the presence of 

either HGF or TGF-ß2 (compare E to B, and to C). TAC-2 cells programmed to express 

int-3 fail to undergo branching morphogenesis when grown in the presence of either 

HGF or TGF-ß2 (compare G to H or I, H to B, and I to C). j 

\ 

Figure 3 

Wnt-1 and HGF have cooperative effects on branching morphogenesis of TAC-2 cells, 

while expression of int-3 inhibits HGF-induced branching morphogenesis. TAC-2 LacZ, 

TAC-2 Wnt-1 and TAC-2 int-3 cells were suspended in collagen gels at 5x103 cells/ml 

(A and B) or lxlO4 cells/ml (C and D) and incubated with either control medium or 

10ng/ml HGF for 7 days. In each of 3 separate experiments, at least three randomly 
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selected fields per condition were photographed. The totaladditive length of all cords 

in each field (A), the number of cord branch points per field (B), the total additive length 

of all cords in each individual colony (C), and the number of cord branch points per 

colony (D) was determined as described in Materials and Methods. Values are mean ± 

s.e.m.; n=3. Values for HGF are significantly (P<0.001) different when compared to 

controls (except for TAC-2 int-3 cells) and values are significantly different (P<0.001) 

when TAC-2 LacZ and TAC-2 Wnt-1 cell lines are compared. Similar results were 

obtained by evaluating cord length and branching per individual TAC-2 LacZ andTAC- 

2 Wnt-1 colony (data not shown). 

Figure 4 

Differential behavior of TAC-2 LacZ cells and TAC-2 Wnt-1 cells in hydrocortisone- 

supplemented cultures. Cells were suspended in collagen gels at 5x10^ cells/ml and 

incubated for 10 days with 1 (ig/ml hydrocortisone and 50 ng/ml cholera toxin. Under 

these conditions, TAC-2 LacZ cells forn thick-walled spheroidal cysts enclosing a 

widely patent lumen (A), as previosly shown for untransfected cells. In marked 

contrast, TAC-2 Wnt-1 cells form short branched tubules (B). The three-dimensional 

structures illustrated in A and B are representative of the vast majority of colonies 

formed by TAC-2 LacZ and TAC-2 Wnt-1 cells, respectively. Magnification = 180x. 

Figure 5 \ 

Schematic representation of int-3 deletion mutants (A) and immunoblot analysis on 

TAC-2 cell lysates using anti-HA antibodies (B). TAC-2 cells programmed to express 

either ANT, ACDC, ACT, and ANTACT were grown in the presence or absence of 

sodium butyrate. The int-3 deletion proteins are epitope tagged and deletion proteins 

of appropriate molecular weight can be detected in the respective TAC-2 cell lines, and 

the level of protein expression can be increased by sodium butyrate treatment. 
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Figure 6 

TAC-2 cell ductal morphogenesis assay with int-3 mutants. TAC-2 cells programmed to 

express ANT (A,B), ACDC (C,D), ACT (E,F), and ANTACT (G,H) were grown in collagen 

gels either in the absence of exogenous growth factor (A/QE/G), or in the presence of 

HGF (B,D,F,H). HGF induces branching morphogenesis of TAC-2 ANT cells (B), TAC-2 

ACDC cells (D) and TAC-2 ANTACT cells (H) TAC-2 ACT cells fail to undergo 

branching morphogenesis when grown in the presence of either HGF (F). 

Figure 7 

TAC-2 cell ductal morphogenesis assay. TAC-2 cells programmed to express LacZ/ctr 

(A,B,C), LacZ/Wnt-1 (D^F), int-3/ctr (G,H,I), or int-3/Wnt-l (J,K,L) were grown in 

collagen gels either in the absence of exogenous growth factor (A,D,GJ), in the presence 

of HGF (20 ng/ml)(B,E,H,K), or in the presence of TGF-ß2 (50 pg/ml)(C,F,I,L). HGF 

and TGF-ß2 induce branching morphogenesis of TAC-2 LacZ/ctr cells (compare A to B 

or C). Wnt-1 expression in TAC-2 cells induces modest branching morphogenesis of 

TAC-2 LacZ/Wnt-1 cells in the absence of either HGF or TGF^ß2 (D), and robust 

branching is observed when TAC-2 LacZ/Wnt-1 cells are grown in the presence of 

either HGF (E) or TGF-ß2 (F). TAC-2 cells programmed to express int-3/ctr fail to 

undergo branching morphogenesis when grown in the presence of either HGF (H) or 

TGF-ß2 (I). TAC-2 cells programmed to express both int-3 and Wnt-1 undergo 

branching morphogenesis in the absence of exogenous growth factor (J), and form a 

robust branching network when grown in the presence of HGF (K) or TGF-ß2 (L) in a 

similar manner when compared to TAC-2 cells programmed to express Wnt-1 solely 

(D,E,F). 
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Abstract 

Mutations that influence lin-12 activity in C. elegans may identify conserved factors that 

regulate the activity of lin-12/Notch proteins.   We describe genetic evidence indicating that sel-10 

is a negative regulator of lin-12/Notch mediated signalling in C. elegans.    Sequence analysis 

shows that SEL-10 is a member of the CDC4 family of proteins with a potential human ortholog. 

Co-immunoprecipitation data indicate that C. elegans SEL-10 complexes with LIN-12 and with 

murine Notch4.  We propose that SEL-10 promotes the ubiquitin-mediated turnover of LIN- 

12/Notch proteins, and discuss potential roles for the regulation of lin-12/Notch activity by sel-10 

in cell fate decisions and tumorigenesis. 

Introduction 

Many cell-cell interactions that specify cell fate are mediated by receptors of the LIN- 

12/Notch family and ligands of the Delta/Serrate/LAG-2 (DSL) family (reviewed in Artavanis- 

Tsakonas et al., 1995).    C. elegans affords an opportunity to study a simple case of lateral 

specification involving an interaction between two cells of the hermaphrodite gonad. These cells, 

named Zl.ppp and Z4.aaa, are initially equivalent in their developmental potential: each has an 

equal chance of becoming the anchor cell (AC), a terminally differentiated cell type that is 

necessary for vulval development, or a ventral uterine precursor cell (VU), which contributes 

descendants to the ventral uterus.  However, in any given hermaphrodite, only one of these cells 

will become the AC, while the other becomes a VU (Kimble and Hirsh, 1979). 

Laser ablation studies have shown that this process of lateral specification, the AC/VU 

decision, depends on interactions between Zl.ppp and Z4.aaa (Kimble, 1981; Seydoux and 

Greenwald, 1989).  Furthermore, genetic studies have indicated that /m-72-mediated signalling 

controls the AC/VU decision: li lin-12 activity is inappropriately elevated, Zl.ppp and Z4.aaa 

become VUs, while if lin-12 activity is reduced, Zl.ppp and Z4.aaa become ACs (Greenwald et 

al., 1983).    Genetic mosaic analysis (Seydoux and Greenwald, 1989) and reporter gene studies 

(Wilkinson et al., 1994) have indicated that both Zl.ppp and Z4.aaa initially express lin-12 and 
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lag-2, but that a stochastic small variation in ligand and/or receptor activity is subsequently 

amplified by a feedback mechanism that influences lin-12znd lag-2 transcription.  Thus, Zl.ppp 

and Z4.aaa assess their relative levels of lin-12 activity as part of the decision-making process, 

before either cell commits to the AC or VU fates, and the feedback mechanism ensures that only 

one of the two cells will become an AC and the other will become a VU. 

It is striking that the receptors (lin-12/Notch proteins), ligands (DSL proteins), and at least 

one downstream signalling component (CBFl/Su(H)/LAG-l; see Christensen et al., 1996 and 

references therein) that mediate lateral specification are highly conserved in animals as distantly 

related as C. elegans, Drosophila, and vertebrates.   Furthermore, a feedback mechanism like that 

first described for the AC/VU decision (Seydoux and Greenwald, 1989) also exists for a Notch- 

mediated lateral interaction in Drosophila (Heitzler and Simpson, 1991) and seems likely to operate 

in Notch-mediated lateral interactions in vertebrates (e.g. Austin et al., 1995; Chitnis et al., 1995; 

Washburn et al., 1997).   The identification of genes that influence lin-12 activity during the 

AC/VU decision may reveal other conserved factors that participate in signal transduction or 

regulate the activity of lin-12/Notch proteins. 

Genetic screens based on suppression or enhancement of lin-12 mutations have identified a 

number of genes that influence lin-12 activity.   Here, we describe sel-10, which was first 

identified in a screen for suppressors of phenotypes associated with partial loss of lin-12 activity 

(Sundaram and Greenwald, 1993).  We have found that sel-10 acts as a negative regulator of lin- 

12 signalling, and that SEL-10 is a member of the CDC4 family of F-box/WD40 repeat containing 

proteins.   CDC4, the most extensively studied member of this family, is a Saccharomyces 

cerevisiae protein that is involved in the ubiquitin-mediated degradation of cell cycle regulators 

such as SIC1 (reviewed in King et al., 1996).   CDC4 binds to SIC1, thereby targeting the 

ubiquitination machinery to this substrate (R. Deshaies, personal communication). Similarly, we 

have shown that C. elegans SEL-10 can physically interact with the intracellular domains of C. 

elegans LIN-12 and murine Notch4 (Robbins et al., 1992; Uyttendaele et al., 1996). We propose 
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that SEL-10 promotes ubiquiün-mediated degradation of LIN-12/No.eh proteins, and discuss 

potential roles for LIN-12/Notch turnover in cell fate decisions and oncogenesis. 

Results 

Lowering sei-10 dosage elevates lin-12 activity 

Two sel-10 allelcs, sel-10(ar28) and sel-10(ar41), were identified in a screen for suppressors of 

defects caused by a partial loss-of-function allele of lin-12 (Sundaram and Greenwald, 1993). 

These sel-10 alleles were shown to suppress multiple defects associated with loss of lin-12 

activity, and to enhance defect, associated with elevated lin-12 activity (Sundaram and Greenwald, 

1993).   Here, we provide evidence that sel-10 alleles reduce sel-10 activity, indicating that sel-10 

is a negative regulator of lin-12 activity. 

For the genetic analysis of sel-10, we relied on its genetic interactions with mutations in lin- 

12.  We focused on two //n-72-mediated decisions (reviewed in Greenwald, 1997). One decision 

is made by two cells of the hermaphrodite gonad, Zl.ppp and Z4.aaa, between the anchor cell 

(AC) and ventral uterine precursor cell (VU) fates; normally, only one of these two cells becomes 

the AC, while the other becomes a VU (see Introduction).  Eliminating lin-12 activity causes both 

Zl.ppp and Z4.aaa to become ACs (the "2 AC defect"), and constitutively activating LIN-12 

causes both Zl.ppp and Z4.aaa to become VUs.  The other decision is made by the six vulval 

precursor cells, between a particular vulval fate termed "2- or an alternative fate; normally, two of 

the six vulval precursor cells, P5.p and P7.p, adopt the 2<> fate. Eliminating lin-12 activity causes 

all six vulval precursor cells to adopt alternative non-2o fates, and constitutively activating LIN-12 

causes all six vulval precursor cells to adopt the 2« fate.  Thus, mutants in which LIN-12 is 

constitutively active display a "0 AC Egg-laying (Egl) defect" because the absence of an AC 

prevents normal vulval formation; they are also Multivulva (Muv). because the descendants of each 

vulval precursor cell that adopts the 2<> fate forms a pseudovulva. 

sel-10(ar41) appears to elevate lin-12 activity: «WOf^i/suppicsses the 2 AC defect of 

lin-12 hypomorphs (Sundaram and Greenwald, 1993) and enhances the 0 AC defect caused by 
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elevated lin-12 activity (compare Table 1, lines 1 and 2). Furthermore, the double mutant lin- 

12(n379); sel-10(ar41) displays a Muv phenotype characteristic of high lin-12 activity that is not 

normally seen in Un-12(n379) single mutants (Table 1, lines 4 and 7). 

The sel-10 locus is häploinsufficient: we observed enhancement of the Muv defect (and the 

sterile/lethal defect) of lin-12(n379) hermaphrodites in nDf42/+ hermaphrodites (Table 1, lines 4 

and 6). 

The sel-10(ar41) mutation appears to reduce sel-10 activity: the enhancement of the Muv 

defect of lin-12(n379)/+ hermaphrodites is more pronounced when sel-10(ar41) is placed in trans 

to the large deficiency nDf42 (Table 1, lines 2 and 3).  The greater enhancement seen in trans to a 

deficiency may mean that the sel-10(ar41) allele is a partial loss of function allele rather than a null 

allele; alternatively, nDf42 may remove another gene that interacts with or is functionally redundant 

with sel-10.  Molecular data (see below) indicate that sel-10(ar41) would lead to a drastic 

truncation of the predicted SEL-10 protein, suggesting that sel-10(ar41) strongly reduces sel-10 

activity. 

Elevating sel-10 dosage lowers lin-12 activity 

The molecular cloning of sel-10(+) (see below) enabled us to examine the effect of elevated sel- 

10(+) activity, since in general extrachromosomal arrays formed after injecting DNA at a high 

concentration result in higher transgene expression (Mello et al., 1991).  We found that 

extrachromosomal arrays containing high-copy arrays of the sel-10 genomic region (see below) 

appear to lower lin-12 activity as assayed by their effect on the AC/VU decision.  There is a 

dramatic decrease in the proportion of lin-12(n379) hermaphrodites displaying the 0 AC defect in 

the presence of the high copy number array arEx93 (Table 2A). In addition, the presence of the 

arEx93 array enhances the 2AC defect caused by a partial loss oflin-12 function (Table 2B). 

Therefore, the level of sel-10 activity can control the level of lin-12 activity, since increasing or 

decreasing the activity of sel-10 has reciprocal effects on lin-12 activity. 
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sel-10 mutants display low penetrance defects associated with constitutive activation qf lin-12 

Most sel-10 animals appear wild-type. We have observed that about 1% of sel-10(ar41) 

hermaphrodites lack an AC (data not shown). Furthermore, about 4.% of sel-10(ar41) males 

display a gonad Migration (Mig) defect similar to that seen in lin-12(d) mutants, where it results 

from to failure to form the linker cell, the male counterpart of the hermaphrodite AC (Greenwald et 

al., 1983). In addition, we note that about 8% of sel-10 mutant hermaphrodites are Egl even 

though they have an AC, and that sel-10 males have a reduced mating efficiency that can not be 

completely accounted for by the Mig defect. These additional defects may reflect the effect of 

increased lin-12 activity on other cell fate decisions (Greenwald et al., 1983). 

Cell autonomy o/sel-10 effect on lin-12 activity 

Two lines of evidence suggest that sel-10 functions cell autonomously to elevate lin-12 activity. 

First, we examined the effect of reducing sel-10 activity on the activity of the intracellular domain 

of LIN-12. Expression of lin-12(intra) causes phenotypes associated with LIN-12 activation 

(Struhl et al., 1993).   Since LIN-12(intra) lacks the extracellular domain and hence is active in the 

absence of external signalling, an enhancement of lin-12(intra) activity by sel-10 mutations would 

be evidence for cell autonomy of sel-10 effect on lin-12 activity.  We used an extrachromosomal 

array that contains the lin-12(intra) transgene and a transformation marker (see Materials and 

Methods); this array results in a low-penetrance lin-12 activated phenotype (Table 3, line 1). 

When this array is combined with sel-10(ar41), there is a dramatic increase in the proportion of 

hermaphrodites displaying the 0 AC-Egl defect and males displaying the Mig defect (Table 3, line 

2), suggesting that sel-10(+) activity normally reduces lin-12 function in the same cell. 

We have also tested whether sel-10 functions in the receiving end of /w-/2-mediated cell- 

cell interactions by performing cell ablation experiments to remove the signalling cell, in this case 

Z4.aaa (Table 3b).  This experiment enables different genotypes to be compared with respect to 

their intrinsic level of constitutive lin-12 activity in Zl.ppp.  If Z4, the precursor to Z4.aaa, is 

ablated in lin-12(n379)/+ hermaphrodites, Zl.ppp usually becomes an AC, because the level of 
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constitutive lin-12 activity is relatively low.   However, if Z4 is ablated in Un-12(n379)/+; sei-10 

hermaphrodites, Zl.ppp usually becomes a VU, suggesting that the level of constitutive lin-12 

activity is relatively high.  These results suggest that sel-10(+) functions to reduce lin-12 activity 

within the same cell, since a high level of intrinsic lin-12 activity is seen when sel-10 activity is 

reduced even when the signalling cell is removed. 

Cloning o/sel-10 by an anti-suppression assay 

sel-10 was previously mapped to an interval between lin-25 and unc-76 on LGV(Sundaram and 

Greenwald, 1993).  We refined the map position to a 300 kb interval between the cloned 

polymorphisms arP3 and TCPAR1 (see Materials and Methods and Fig. 1). Cosmids from the 

region were tested for their ability to reverse the suppression of the 2AC defect of lin-12(ar!70) by 

sel-10(ar41) (see Materials and Methods). Arrays containing the cosmid C07E11 gave rescue in 

this anti-suppression assay and also reversed the enhancement of lin-12(n379) by sel-10(ar41) 

(data not shown).  This cosmid was further subcloned and the -8kb fragment in pJH166 gave 

results similar to that seen with the entire cosmid (Figure 1). 

Molecular analysis o/sel-10 

The ends of pJH166 (Figure 1) were sequenced and compared with sequence generated by the 

C.elegans genome sequencing project (Waterston et al., 1997). The entire region was found on the 

cosmid F55B12. A fragment from the predicted open reading frame was radiolabeled and used to 

screen a Northern blot and to probe a cDNA library (see Materials and Methods). Northern 

analysis revealed a single band of ~2.5kb which is present in total RNA prepared from wild type, 

sel-l0(ar41) and sel-10(ar28) strains (data not shown).  The ends of ten cDNAs from the region 

were sequenced and the largest cDNA was sequenced in its entirety on one strand. Verification of 

the 5' end was obtained by sequencing products amplified from the cDNA library using the trans 

spliced leader sequence SL1 (Krause and Hirsh, 1987) and a sel-10-specitic sequence for primers. 
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The splice junction of SL1 to the sel-10 coding region occurs four bases upstream of the first 

predicted start codon.   Fig. 2 summarizes the results of the sequence analysis of sel-10. 

SEL-10 encodes a protein of the CDC4 family 

A BLAST search (Altschul et al„ 1990) using the predicted SEL-10 protein sequence revealed that 

it contains two previously identified amino acid sequence motifs (Fig. 3A-C).   First, there is a 

motif (Kumar and Paietta, 1995) that is now called the F-Box, after its occurrence in cyclin F (Bai 

et al. 1996). The F-Box motif has been implicated in protein-protein interactions, and is found in a 

large variety of proteins, many of which contain other recognizable motifs C-terminal to the F-Box 

(Bai et al., 1996).   Second, there are seven tandem WD40 repeats, also known as ßtransducin 

repeats, a conserved repeat of approximately 40 amino acids named for the common appearance of 

Trp-Asp (WD) at the end of the repeat (reviewed in Neer et al., 1994).  The crystal structure of 

ßtransducin reveals that the seven repeats form a ß propeller structure, which most likely mediates 

protein-protein interactions (Gaudet et al., 1996; Lambright et al., 1996; Sondek et al., 1996). 

There is a great deal of functional diversity among WD40 repeat-containing proteins. 

The presence of an F-box N-terminal to a set of seven WD40 motifs is the hallmark of the 

CDC4 family of WD40 repeat-containing proteins, indicating that SEL-10 belongs to this family. 

Furthermore, separate BLAST searches with just the SEL-10 F box or the SEL-10 WD40 repeats 

identified members of the CDC4 family as the most similar.   The F-Box motif present in proteins 

within the CDC4 subfamily is more conserved than among other F-Box-containing proteins 

(Figure 3B), and there is more extensive homology around the F-box (Kumar and Paietta, 1995). 

In addition, the alignment of the WD40 repeats of SEL-10 and CDC4 (Fig. 3C) reveals that a 

given WD40 repeat is more similar between yeast and worms than are the repeats within a given 

species. 

The CDC4 family includes proteins in fungi and vertebrates, other predicted C. elegans 

proteins (E. Kipreos, S. Gohel and E. Hedgecock, personal communication; E.J.A.H., 

unpublished observations), and several mammalian proteins (see Kumar and Paietta, 1995; Bai et 
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al., 1996).  The best studied member of this family, S. cerevisiae CDC4, targets Sicl and certain 

G i cyclins for degradation (reviewed in King et al., 1996).   However, not all CDC4 family 

members are cell cycle regulators.    For example, there are proteins that negatively regulate sulfur 

metabolism from S. cerevisiae, Neurospora crassa and AspergiUus nidulans (Natorff et al., 1993; 

Kumar and Paietta, 1995; Thomas et al., 1995). 

A recent database search has revealed potential human and rat SEL-10 orthologs (Fig. 3 D). 

The limited sequence information available to date for the human gene begins in the sixth WD40 

repeat and extends to the C terminus, and in this region, there is 60% sequence identity.    BLAST 

searches of the available databases using the SEL-10 sequence C-terminal to the WD40 repeats has 

not identified any other highly conserved sequences. 

sel-10 mutations truncate the SEL-10 protein 

Sequence analysis of sel-10 mutations supports the genetic evidence suggesting that they strongly 

reduce sel-10 activity. The sequence alterations caused by sel-10(ar41) and sel-10(ar28) were 

determined by direct sequencing of amplified genomic DNA products (see Materials and Methods). 

Both alleles are nonsense mutations at nucleotide positions 969 and 1533, respectively (see Fig. 

2), resulting in truncated predicted proteins. 

sel-10(ar41) removes the C terminal half of the protein, including five of the seven WD40 

repeats.  This observation suggests that sel-10(ar41) is likely to result in a nonfunctional SEL-10 

protein.  It is unlikely that the two WD40 repeats that remain in this protein are functional since 

there are no known WD40-repeat containing proteins with only two repeats (Neer et al.,1994). 

Furthermore, the crystal structure of ßtransducin reveals that the seven repeats form a ß propeller 

structure that would not be complete in the absence of five of the seven repeats (Sondek et al., 

1996).  Finally, comparable mutations in another C. elegans CDC4 subfamily protein, LIN-23, 

behave like molecular null alleles (E.T. Kipreos, S.P. Gohel, and E.M. Hedgecock, personal 

communication). 
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C. elegans SEL-10 physically interacts with LIN-12(intra) and murine Notch4(int3) 

We probed for potential interactions between SEL-10 and the intracellular domains of LIN- 

12/Notch proteins, specifically UN-12(intra), the intact intracellular domain (see Strahl et al., 

1993) and Notch4(int3), the intact intracellular domain with some additional sequences produced 

by the int3 mutation (Robbins et al., 1992; Uyttendaele et al., 1996). We initially used the yeast 

two-hybrid system (Fields and Song, 1989) and our preliminary results suggested that SEL-10 

physically interacted with the C. elegans LIN-12 intracellular domain, the C. elegans GLP-1 

intracellular domain (GLP-1 is another C. elegans LIN-12/Notch protein; see Yochem and 

Greenwald, 1989), and the mouse Notch4(int3) intracellular domain (data not shown). 

To examine further whether SEL-10 binds LIN-12/Notch proteins, we carried out co- 

immunoprecipitation experiments using transfected mammalian cells (Fig. 4).  293T (Bosc23) 

cells (human embryonic kidney cells) were transiently transfected with hemagglutinin (HA)-tagged 

LIN-12(intra) and/or myc-tagged SEL-10 (see Materials and Methods). Transfected cells were 

lysed and LIN-12(intra)HA was precipitated with anti-HA antibodies (Fig. 4A) or, alternatively, 

SEL-10myc was immunoprecipitated with anti-myc antibodies (Fig. 4B).  The immunoprecipitates 

were subjected to immunoblot analysis to identify bound proteins, and probed with anti-myc or 

anti-HA antibodies as indicated.  Under both conditions, the immunoprecipitates were found to 

contain both LIN- 12HA and SEL- lOmyc.    This result suggests that SEL-10 and LIN-12 are able 

to interact physically, either directly or in a complex. 

We also examined whether the C. elegans SEL-10 protein would interact with the murine 

Notch4(int-3) protein. Cells were transfected with Notch4(int-3) and/or SEL-10HA, and 

immunoprecipitation was performed with cell lysates using either anti-Notch4 antibodies (Fig 4C) 

or anti-HA antibodies (Fig. 4D). Immunoblot analysis demonstrated that the immunoprecipitates 

contained a complex of Notch4(int-3) and SEL-10 proteins; thus, SEL-10 is able to complex with 

Notch4(int-3) protein. 

The observations that sei-10 negatively regulates lin-12 activity, that SEL-10 resembles 

CDC4, and that SEL-10 physically interacts with LIN-12 taken together strongly suggest that SEL- 
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10 functions biochemically like CDC4 to promote LIN-12 turnover. We have attempted to 

examine the effect of co-expressing C. elegans SEL-10 on the steady state levels and ubiquitination 

of Notch4(int-3) and observed a modest decrease in the steady state level (data not shown); 

however, at this time the mechanism underlying this decrease is not clear.  Furthermore, there 

appears to be polyubiquitination of Notch4(int-3) even in the absence of transfected SEL-10, 

perhaps due to the activity of an endogenous mammalian sel-10-\ikt gene. 

Discussion 

In this paper, we have presented genetic evidence indicating that sel-10 is a negative regulator of 

lin-12 mediated signalling in C. elegans.  Mutations that lower sel-10 activity elevate lin-12 

activity, and increasing sel-10 dosage lowers lin-12 activity, suggesting that the level of sel-10 

activity can influence lin-12 activity.   Furthermore, sel-10 appears to act in the same cell as lin-12. 

We propose that the mechanism by which sel-10 affects lin-12 activity may be by 

controlling LIN-12/Notch protein levels. Sequence analysis indicates that SEL-10 is related to the 

Saccharomyces cerevisiae protein CDC4, which promotes the ubiquitin-dependent degradation of 

cell cycle regulators (reviewed in King et al., 1996). CDC4 complexes with its substrates (R. 

Deshaies, personal communication), and we have found that C. elegans SEL-10 complexes with 

the intracellular domain of LLN-12.  Proteins related to SEL-10 exist in mammals, and C 

elegans SEL-10 physically complexes with Notch4(int3), the intracellular domain of murine 

Notch4. These observations suggest that negative regulation of LIN-12/Notch by SEL-10 may be 

an evolutionarily conserved feature. 

SEL-10 may target LlN-12/Notch proteins for ubiquitin-mediated degradation 

The attachment of ubiquitin to substrates involves a series of protein complexes.   Ubiquitin is 

activated by linkage to an El ubiquitin activating enzyme, then transferred to an E2 ubiquitin 

conjugating enzyme. Some ubiquitination events also require the action of a third complex, termed 

E3.  It is thought that E3 complexes may contribute to substrate specificity (reviewed in 
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Ciechanover, 1994; King et al., 1996). The Saccharomyces cerevisiae protein Cdc4p may 

function in an E3 complex.    CDC4 is one of a group of genes that also includes CDC34, 

CDC53, and SKP1; together, the proteins encoded by these genes directly regulate the level of the 

cyclin dependent kinase inhibitor SIC1, which must be destroyed for progression from Gl to S 

phase.   CDC34 is an E2 ubiquitin conjugating enzyme (Goebl et al., 1988), and the current view 

is that CDC4, CDC53, and SKP1 function as an E3 complex (see Bai et al., 1996; Mathias et al., 

1996).   Based on our analysis of sei-10 and the data for CDC4, we propose that SEL-10 

functions as part of an E3 complex to target the intracellular domains of LIN-12/Notch proteins for 

ubiquitin-dependent degradation. 

The carboxy terminal region of all LIN-12/Notch proteins contain PEST sequences and one 

or more lysines immediately C-terminal to the cdc 10/SWI6 motifs.  The presence of PEST 

sequences often indicates that ubiquitin-mediated turnover occurs, although the two are not 

necessarily strictly correlated (Rogers et al., 1986).  With respect to the CDC34/CDC4-mediated 

events, it appears that the PEST sequences couple phosphorylation of the substrate to attachment of 

ubiquitin to lysine residues (reviewed in King et al., 1996). However, the PEST sequence found 

in the carboxy terminal region of all LIN-12/Notch proteins may not be required for SEL-10- 

mediated degradation of LIN- 12/Notch proteins, because sei-10 mutations can still enhance the 

gain-of-function phenotype of a glp-1 allele (Mango et al., 1991) that is truncated prior to the 

PEST sequence (E.J.A.H., unpublished observations). 

An important issue to consider in the context of SEL-10 as a component of an E3 complex 

is its specificity for LIN- 12/Notch proteins.   The available C. elegans genetic data suggest that 

sei-10 is an allele-nonspecific, gene-specific suppressor of lin-12, supporting a role for SEL-10 

specifically in regulating the activity of LIN-12, or perhaps a small set of proteins including LIN- 

12.   Allele-nonspecificity is indicated by the observation that mutations in sel-10 

suppress/enhance all lin-12 alleles tested (Sundaram and Greenwald, 1993; this work; E.J.A.H., 

unpublished observations).    Gene-specificity is suggested by the fact that mutations in sel-10 

have not been identified in numerous screens in many laboratories for suppressors of hypomorphic 
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mutations in genes encoding proteins other than LIN-12/Notch proteins; furthermore, we have not 

observed suppression of various marker mutations used in routine strain constructions or of 

hypomorphic alleles of several other genes encoding receptor proteins (E.J.A.H., unpublished 

observations). 

The available genetic data also suggest that sel-10 activity does not regulate cell cycle 

progression, a possibility raised by the phenotype of cdc4 mutants. Mutations in cul-1, a C. 

elegans gene related to S. cerevisiae CDC53, cause hyperplasia of larval blast cells, suggesting that 

cul-1 regulates cell-cycle progression (see Kipreos et al., 1996).  We have not seen any evidence 

that hyperplasia occurs in sel-10(ar41) mutants (E.J.A.H., unpublished observations).   Since sel- 

10(ar41) mutants have little or no sel-10 activity (see Results), we think that it is unlikely that sel- 

10 is involved in cell cycle regulation per se, unless there is another functionally redundant gene 

that masks cell cycle involvement of sel-10.     In contrast, mutations in another CDC4 related 

gene, lin-23, do cause hyperplasia, consistent with a role for lin-23 in the regulation of cell cycle 

progression (E.T. Kipreos, S.P. Gohel, and E.M. Hedgecock, personal communication). 

Potential roles for UN-12/Notch protein downregulation or turnover in cell fate decisions 

Proteolysis of LIN-12/Notch proteins might occur in response to ligand binding or occur 

constitutively.   For a variety of cell surface receptors, ligand-induced polyubiquitination appears to 

be a mechanism for downregulation (reviewed in Ciechanover and Schwartz, 1994).     Although 

we do not at this time have direct evidence for ligand-induced ubiquitination of LIN-12/Notch 

receptors, we note that LIN-12(intra), which genetically and physically interacts with SEL-10, 

behaves like an activated receptor (Struhl et al., 1993).  Alternatively, SEL-10 may target any 

form of LIN-12/Notch (activated or unactivated) for degradation.  Although constitutive turnover 

is not strictly a mechanism for controlling receptor activity per se, it would in effect sensitize the 

system to other control mechanisms such as transcriptional regulation (see below) by generally 

reducing the amount of LIN-12. 
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Constitutive turnover or ligand-induced downregulation of LIN-12/Notch proteins may be 

important for cell fate decisions to occur normally.   We can best illustrate potential roles for 

turnover or downregulation using the AC/VU decision (Seydoux and Greenwald, 1989; Wilkinson 

et al., 1994) as an example. Initially, Zl.ppp and Z4.aaa have equal signalling and receiving 

potentials; ligand (LAG-2) and receptor (LIN-12) may interact, but signalling activity is below a 

critical threshold.  SEL-10-mediated turnover or downregulation of LIN-12 might prevent this 

initial signalling from causing both cells to achieve the threshold value of effector activity. Thus, 

one possible role for receptor turnover or downregulation would be to limit the output from a 

single ligand-receptor interaction. 

Another potential role for receptor turnover or downregulation is in enhancing differences 

in lin-12 activity between interacting cells. During the AC/VU decision, a small stochastic 

difference between the two cells is amplified by a feedback mechanism (Seydoux and Greenwald, 

1989). The feedback mechanism appears to involve differential transcription of ligand and receptor 

genes: activation of LIN-12 appears to repress transcription of lag-2 and to stimulate transcription 

of lin-12 (Wilkinson et al., 1994).   The feedback mechanism ensures that the cell with higher lin- 

12 activity becomes the VU while the cell with lower lin-12 activity becomes the AC. 

Downregulation of LIN-12 would be necessary for differences in transcription to be manifest. In 

the absence of downregulation, signalling from activated receptor would persist, masking the 

effects of differential transcription.  Indeed, this situation is analogous to the role of ubiquitin- 

mediated degradation of Gl cyclins (see King et al., 1996). 

Turnover of LIN-12/Notch proteins may play different or additional roles in other cell fate 

decisions. For example, in Drosophila eye development, Notch appears to be utilized for 

sequential cell fate decisions (Cagan and Ready, 1989), which would seem to necessitate clearance 

of activated Notch after each decision so that a new assessment of Notch activity can be made. 

Furthermore, it is also conceivable that for some LIN-12/Notch mediated decisions, the cell fate 

adopted may depend on the intensity of signal, as has been seen for receptors for gradient 

morphogens (e.g., Nellen et al., 1996).   If any LIN-12/Notch-mediated decisions do display 
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such dosage sensitivity, it is likely that they would depend on rapid turnover of activated receptor 

complexes so that the correct threshold value is read. 

The fact that most sel-10(ar41) individuals are phenotypically wild-type, with only a small 

proportion displaying phenotypes associated with UN-12 activation, may be explained in this 

context if there is a redundant gene product or regulatory mechanism.    There are other CDC4 

related genes in the C. elegans genome (E.J.A.H., unpublished observations). Furthermore, there 

may be other mechanisms for degrading LIN-12.   For example, sel-I, another negative regulator 

of lin-12 activity, may also be involved in LIN-12 turnover (see Grant and Greenwald, 1997), but 

since SEL-1 is an extracytosolic protein, it is not likely to be directly involved in the ubiquitination 

of the intracellular domain of LIN-12. 

Potential roles for sei-10 in oncogenesis 

Mammalian tumors induced by expression of Notch4(int3) or other truncated forms of Notch 

largely consisting of the intact intracellular domain are thought to result from constitutive Notch 

activity (Ellisen et al., 1991; Robbins et al., 1992; Uyttendaele et al., 1996).     Since SEL-10 

downregulates Notch activity, it may act to restrain either normal or oncogenic functions of 

activated Notch, and hence suppress cell growth. If so, loss-of-function mutations in vertebrate 

sel-10 could contribute to oncogenesis mediated by Notch by elevating the level of Notch protein. 

For instance, human T acute lymphoblastic leukemias, which in the majority of cases do not 

contain oncogenic Notch alterations (Drexler et al., 1995), and human breast tumors, which thus 

far have not been reported to contain oncogenic Notch alterations, may carry mutations in other 

proteins that influence Notch activity, such as sel-10 homologs. 

Materials and Methods 

General methods and strains 

General methods are described by Brenner (1974). The wild-type parent for all strains was C. 

elegans var. Bristol strain N2.  Mapping experiments utilized the Bristol/Bergerac congenic strain 
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GS352, in which the region between rol-4 and par-1 of Bristol was replaced with the 

corresponding region from the Bergerac strain BO (Tuck and Greenwald, 1996). Strains were 

grown at 20° unless otherwise noted.   Mutations used are described in Hodgkin (1997); additional 

references for critical alleles'are also given.  Note that all genetic constructions containing sel-10 

used a sel-10 chromosome that does not have the linked modifier mutation arX (Sundaram and 

Greenwald, 1993). 

LGffl: dpy-17(el64), unc-36(e251) and unc-32(el89);lin-12(arl70) (Hubbard et al., 1986; 

E.J.A.H., unpublished observations); Un-12(n379) (Greenwald et al., 1983). 

LGIV: dpy-20(e!282). 

LGV: nD/42 (M. Hengartner and H.R. Horvitz, personal communication), lon-3(e2175), rol- 

4(sc8), sel-10(ar41) (Sundaram and Greenwald, 1993), him-5(el490), unc-76(e911). 

Mapping of the sel-10 locus 

sel-10 had been genetically mapped between lin-25 and unc-76 V (Sundaram and Greenwald, 

1993), and approximately 0.2MU to the left of him-5 (data not shown). We mapped sel-10 

between arP3 and TCPARl by identifying Rol Him non-Unc recombinants from heterozygotes of 

the genotype rol-4 BO unc-76/lon-3 sel-10 him-5 constructed using the strain GS352.   Fifty 

independent recombinants were analyzed by Southern blot hybridization for the presence of arP3 

and TCPARl (see Tuck and Greenwald, 1996), and each recombinant strain was tested for the 

presence of sel-10(ar41) by crossing into lin-12(n379) and scoring for the Muv phenotype. 

Mapping data can be found in ACeDB (Edgley et al. 1997). 

sel-10 cloning by anti-suppression assay 

sel-10(ar41) partially suppresses the 2AC defect caused by lin-12(ar!70): at 25°, -80% of lin- 

12(arl70) animals have 2AC while -25% o(lin-12(arl70); sel-10(ar41) animals have 2AC.  We 

used reversal of suppression as the basis of assessing sel-10(+) activity of microinjected DNAs. 

Transgenic lines were generated by microinjecting the germ lines of lin-12(arl70); dpy- 



Hubbardetal.   17 

20(el282);sel-10(ar41) him-5(el490) hermaphrodites with cosmid or plasmid DNA (Mello et al., 

1991) at a concentraüon of 5jig/ml, along with the dpy-20(+) transformation marker DNA at 

10ng/ml (plasmid pMH86; Han and Sternberg, 1991) and carrier Bluescript DNA (Stratagene) at 

90|ig/ml.   Synchronous populations were obtained by allowing groups of transgenic 

hermaphrodites to lay eggs at 20° for 1-2 hours and tranferring the eggs to 25°. The non-Dpy L3 

hermaphrodites were then scored for the number of anchor cells. The injected tester DNA was 

considered to contain sel-10(+) sequences if >50% of the non-Dpy animals had 2AC. Typically, 

60-80% 2AC was achieved in these "rescued" lines.  Some arrays scored as having sel-10(+) 

activity were subjected to a second test, the ability to reverse the Muv phenotype of lin- 

12(n379);sel-10 (ar41). Initial rescue was obtained with a pool of seven overlapping cosmids 

from the region (each at 5|ig/ml), then with the single cosmid C07E11, and then with plasmids 

derived from C07E11, as shown in Figure 1. 

Plasmids containing sei-10 genomic sequences 

pJH151 was constructed by digesting cosmid C07E11 with ßamHI and ligating the 15kb fragment 

to Bluescript KS+ (Stratagene).   pJH166 was constructed by ligating an 8kb Pstl-Sall fragment 

from pJH151 into Bluescript KS+. The Pstl site was from the vector, while the Sail site is from 

the genomic sequences. The ~9kb Sail fragment was removed from pJH151 to form pJH165, and 

pJH167 was made by ligation of the internal Hindm fragment of pJH151 into Bluescript. To 

construct pJH169, pJH166 was cut with Pmel and a linker containing an Nhel site with a stop 

codon in all frames (NEB #1060) was inserted, creating a stop codon after amino acid 172 in the 

SEL-10 sequence. 

sei-10 overexpression 

arEx93 was generated by microinjecting dpy-20 hermaphrodites with pJH166 [sel-10(+)] at a 

concentration of lOO^g/ml and pMH86 [dpy-20(+)) at 10u.g/ml. Strains carrying this array 

segregate sterile animals as well as fertile animals; the basis for the sterility has not been 
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established. Many of the ferüle animals display a leaky Egl phenotype similar to that observed in 

certain lin-12 hypomorphic mutants. Qualitatively similar results were observed with other lines at 

this concentration and with lines established using PJH166 at 50ug/ml (data not shown). 

The control array arExl49 was established by microinjecting unc-32; dpy-20 

hermaphrodites with pMH86 at 10ug/ml, and Bluescript DNA at 90ug/ml into unc-32; dpy-20 

animals. 

Molecular analysis of sei-10 

Standard methods were used for the manipulation of recombinant DNA (Sambrook et al., 1989). 

sel-10(+) cDNAs were obtained by screening approximately 100,000 pfu from a phage library 

kindly provided by R. Barstead (Barstead and Waterston, 1989). Ten positive plaques were 

purified by two subsequent rounds of screening using a radiolabelled fragment from PJH166 (-8 

kb BamUUSaa fragment) as a probe. cDNA 1 A, the longest cDNA obtained, was sequenced in its 

entirety on one strand and compared with genomic sequence from the genome project using 

GENEFINDER (see Waterston et al., 1997).  The sequence of the cDNA 1A differed from the 

GENEFINDER prediction in the location of the junction between the second and third exons and in 

the predicted 3' end.  Four of the cDNAs were polyadenylated at their 3' ends (one 294, one 581 

and the other two 601 bases after the predicted stop codon). Of these, only the last two were in the 

context of a conserved polyadenylation signal. The 5'-most cDNA end was located in codon 1 

(cDNA 8 begins at G of the first ATG), but a PCR product was amplified from DNA prepared 

from the same cDNA library (Barstead and Waterston, 1989; C. Dong, personal communication) 

contained the SL1 spliced leader at the predicted sequence 4 bases 5' of the first ATG. The 22 

base SL1 sequence and a primer straddling the 5th and 6th exons were used'for the 51 end 

amplification. 

Sequence analysis 
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Standard techniques were used to obtain sequence of the 1A cDNA (Sambrook et al., 1989). The 

lesions associated with the sel-10(ar41) and sel-J0(ar28) mutations were found by direct 

sequencing of two PCR products from single-stranded templates (Allard et al., 1991; Kaltenboeck 

et al., 1992), using internal primers to cover the entire region. One small segment was subcloned 

and sequenced (from two independent reactions each), as the sequence from this region was not 

easily generated using the direct method.  Sequence comparisons and alignments were obtained 

using Blast (Altschul et al., 1990) through the NCBI web site and GCG (version 8, Devereux et 

al., 1984) programs. 

Plasmidsfor cell culture experiments 

Plasmids used in the transient transfection experiments were constructed in pLNCX (Miller et al., 

1989) or pQNCX (Qingyou Yan and J.K., unpublished observations), vectors that drive gene 

expression under the control of a CMV promoter. 

pQNClacZ contains the bacterial lacZ gene. 

pQNClin-12(intra)HA encodes a protein with a methionine-containing hemagglutinin 

epitope (Wilson et al., 1984) fused in frame N-terminal to LIN-12(intra) at amino acid 939. 

pLNCint-3 contains cDNA corresponding to the Notch4 region expressed in the int3 

insertion, beginning at amino acid 1411. The Notch4(int3) protein includes the entire intracellular 

domain of Notch4 and additional sequences (see Uyttendaele et al., 1996). 

pQNCsel-lOmyc (pJH186) encodes a protein with six myc epitope tags (Roth et al., 1991) 

fused in frame to cDNA 1A at amino acid 13 of SEL-10. 

pQNCsel-lOHA (pJH184) encodes a protein with a methionine-containing hemagglutinin 

epitope from pACT2 (Durfee et al., 1993) fused in frame (along with a short stretch of polylinker) 

to cDNA 1A at amino acid 13. 

Transfection , Immunoprecipitations, and Western Blot Analysis 
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293T (Bosc23) cells (Pear et al., 1993) were maintained in DMEM with 10% fetal bovine serum 

(FBS). A confluent plate of cells was split 1:3 the day prior to transfection. For one 60mm plate 

of cells, 4U-g of each plasmid DNA was transfected using the calcium phosphate precipitation 

method. The total amount of DNA was kept constant by supplementation with vector DNA or 

lacZ-containing plasmids. 

Two days after transfection, cells were harvested and lysed in TENT buffer (50mM Tris-Cl 

(pH8.0), 2mM EDTA, 150mM NaCl, 1% Triton-X 100) containing protease inhibitors (2^ig/ml 

aprotinin, 2ug/ml leupeptin, 2ug/ml pepstatin, 0.5mM PMSF).   Lysates were clarified by 

centrifugation at 10,000g for 10 minutes and protein content was determined using the BioRad 

Protein determination kit and samples were normalized for protein content.  Extracts were 

precleared with sepharose CL-4B beads, incubated with antibodies (3ul of anti-Notch4 antiserum, 

50uü of 12CA5 anti-HA supernatant, or 200 ul of 9E10 anti-myc supernatant) for six hours at 4°C, 

then incubated with 40ul of 50% slurry of protein A-sepharose for 1 hour at 4'C. The protein A- 

sepharose beads were washed with TENT buffer three times by vortexing for 10 minutes, beads 

were boiled in 30ul IX protein loading buffer, and then electrophoresed on a 10% SDS- 

polyacrylamide gel and transferred onto nitrocellulose membrane.  The blot was blocked overnight 

at 4'C with TBST (lOmM Tris, pH 8.0, 150mM NaCl, 0.2% Tween 20) containing 1% bovine 

serum albumin (TBST-BSA). The blot was then incubated with 1° antibody diluted (1:2,000 anti- 

Notch4; 1:50 for 12CA5; 1:10 for 9E10) in TBST-BSA for 1 hour, washed three times for 5 

minutes each with TBST, and incubated with 2° antibody in TBST-BSA for 1 hour. After three 

washes, the signal was visualized by chemiluminescence (Amersham, ECL). 

The anti-Notch4 antiserum (G.W. and J.K., unpublished observations) is directed against 

the C-terminal region of Notch4 (residues 1788-1964) (Uyttendaele et al., 1996). 12CA5 anti-HA 

antibody was obtained from Berkeley Antibody Co., Richmond, CA. 9E10 anti-myc antibody 

was prepared from culture supernatants of the 9E10 hybridoma (Evan et al., 1985). 
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Figure legends 

Figure 1. Molecular cloning of sel-10. See Materials and Methods for details of rescue assays, 

plasmid constructions, and molecular analysis.   Genetic markers used to map sel-10 are italicized, 

and two cosmids that contain sel-10 sequences are shown in the box. The cosmid C07E11 and 

derivatives were tested for rescue. pJH169 is identical to pJH166 except that it contains a stop 

codon (indicated by an asterisk) in the predicted coding sequence after codon 172. Restriction sites 

are B, BamHl. H, tfmdlll; S, Sail. 

Figure 2. cDNA sequence and predicted protein product of sel-10. Splice junctions are indicated 

by arrows below the DNA sequence. The first arrow indicates the SL1 splice junction. The F- 

Box (Kumar and Paietta, 1995, Bai et al., 1996) and the WD40 repeats are overlined and labelled 

in the Figure. The lesions in sel-10(ar41) and sel-10(ar28) are indicated with reverse contrast 

letters in the nucleotide sequence and a bold asterisk above the amino acid; both are G to A 

transitions resulting in W to stop codon changes in the amino acid sequence at residues 323 and 

511, respectively.  The cDNA termination codon is marked with an asterisk.   A sequence 

conforming to the consensus polyadenylation signal sequence is underlined, and sites of poly A 

attachment are marked in bold.  Two independent cDNAs contained polyA fourteen nucleotides 

downstream of this signal; two alternative sites of attachment were also observed. Sequence 

information has been submitted to Genbank (accession number AF020788). 

Figure 3: SEL-10 is a member of the CDC4 family of F-box/WD40-repeat proteins. The CDC4 

sequence (accession number X05625) is from Genbank.   There are other potential CDC4 family 

members in the database; limited sequence data for a potential SEL-10 ortholog is given in part D. 

For further discussion of the CDC4 family, see Kumar and Paietta (1995) and Bai et al. (1996). 

Reverse contrast letters indicate amino acid identity. 

A) Schematic depiction of SEL-10 and CDC4, drawn to scale. The percentage of identical 

amino acids in each region is indicated.  Members of the CDC4 family all have this general 
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organization, with some variability in the length and sequence of their amino and carboxy termini. 

B) Alignment of SEL-10 and CDC4 F-Boxes. 

C) Alignment of WD40 repeats from SEL-10 and CDC4. 

D) Alignment of SEL-10 and a potential human ortholog.  Partial sequence of a human 

cDNA encoding a sequence highly similar to the C terminus of SEL-10 was obtained from 

Genbank (accession number H22962) and was extended into the WD40 repeats by direct 

sequencing of clone ym50h08.s 1 (G.W. and J.K., unpublished observations).   The predicted 

amino acid sequoce encoded by the available human cDNA sequence is shown. The database also 

contains partial sequence information for a rat cDNA (Genbank accession number H34371) that is 

predicted to encode a peptide that is 100% identical to the last 35 amino acids of the available 

human sequence (data not shown). 

Figure 4: Coimmunoprecipitation of C. elegans SEL-10 with either C. elegans LIN-12(intra) or 

murine Notch4(int3) from transfected 293T cells. 

(A) Samples were immunoprecipitated with anti-HA antibody and the Western blot was 

probed with anti-myc to visualize SEL-10myc (top panel) or anti-HA to visualize LIN-12(intra)HA 

(bottom panel). Arrow indicates the expected mobility of SEL-10myc. 

(B) Samples were immunoprecipitated with anti-myc antibody and the Western blot was 

probed with anti-HA (top panel) or anti-myc (bottom panel). Arrow indicates the expected 

mobility of LHN-12(intra)HA. 

(C) Samples were immunoprecipitated with anti-Notch4 antibody and the Western blot was 

probed with anti-HA to visualize SEL-10HA (top panel) or anti-Notch4 to visualize Notch4(int3) 

(bottom panel). Arrow indicates the expected mobility of SEL-10HA. 

(D) Samples were immunoprecipitated with anti-HA antibody and the Western blot was 

probed with anti-Notch4 (top panel) or anti-HA (bottom panel). Arrow indicates the expected 

mobility of Notch4(int3). 
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For details see Materials and Methods. Lane 1, pQNClacZ. Lane 2, pQNClin-12(intra)HA 

+ pQNClacZ. Lane 3, pQNClacZ + pQNCsel-lOmyc. Lane 4, pQNClin-12(intra)HA + 

pQNCsel-lOmyc. Lane 5, mock transfected cells. Lane 6, pLNCint3 + pQNCX. Lane 7, 

pLNCX + pQNCsel-lOHA". • Lane 8, pLNCint3 + pQNCsel-lOHA. 
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Table 1. sel-10 gene dosage analysis. 

JRelevant eepotvpe 

20° 

-IOU1L\ \IU  

lin-12(d)/+a 6(93) 0(93) 0(93) 

lin-12(d)/+;sel-10b 91 (54) 0(54) 0(54) 

lin-12(d)/+;sel-10/Df 92 (39) 15 (39) 0(39) 

15° 

lin-12(d); +d 86 (60) 0(60) 0(60) 

lin-12(d);sel-10/+e 98 (62) 0(62) 0(62) 

lin-12(d);+/Dfi 89 (57)1 62 (74) 10 (63) 

lin-12(d);sel-10Z 100 (70)1 78 (197) 55 (126) 

lin-12(d);sel-10/Dfr - 85 (34) 100 (34)1 

Complete genotypes are: 

aiin-12(n379)/unc-36(e251);lon-3(e2175)/him-5(el490) 

biin-l2(n379)/unc-36(e251);lon-3(e2175)sel-10(ar41) 

ciin-12(n379)/unc-36(e25Won-3(e2175)sel-10(ar41)/nDf42 

dlin-12(n379); lon-3(e2175)/him-5(eJ490) 

Hm-12(n379); lon-3(e2175) sel-10(ar41)/him-5(el490) 

hin-12(n379); lon-3(e2175)MDf42 

Zlin-12(n379); lon-3(e2175) sel-10(ar41) 

Hn-I2{n379); lon-3(e2175) sel-10(ar41)/nDf42 

Complete broods were scored by picking individual L4 animals and inspecting the 

plates at 24 and 48 hours for the absence of eggs on the plate (Egl) and for the 

presence of three or more pseudovulvae along the ventral hypodermis (Muv). Plates 
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were then inspected after an additional three days for the presence of live progeny 

("Ste/Let" refers to absence of live progeny and was, in this case, a combination of 

sterility (Ste) and embryonic lethality(Let)). In some cases, broods were scored in 

batch for the Muv phenotype. 

iPercent of fertile animals displaying the Egl defect. 

JInferred genotype: Complete broods from Un-12(n379)/unc-36(e251);lon-3(e2175) 

sel-10(ar41)/nDf42) were scored. The percentage of sterile non-Unc, non-Lon 

progeny (34/97 = 35%) is approximately equal to that expected for Un-12(n379);lon- 

3(e2175) sel-10(ar41)/nDf42 genotypic class. Of the remaining 63 animals, 61/63 

were un?",uiö'uously scored as heterozygotes in the next generation while the 

remaining 2/63 did not have a sufficient number of progeny to score unambiguously. 



Hubbardetal.   32 

Table 2. Increased dosage of sel-10 reduces lin-12 activity. 

A. Suppression of phenotypes associated with increased lin-12 activity 

Relevant genotype %QAC (p) 

lin- 12(d); dpy-20;Ex[sel-10(+) dpy-20(+)] 51 (47) 

lin-12(d); dpy-20;Ex[dpy-20(+)] 95 (44) 

B.Enhancement of phenotypes associated with reduced lin-12 activity 

Relevant genotype %2AC (n) 

lin-12(h); dpy-20;Ex[sel-10(+) dpy-20(+)] 97 (34) 

lin-12(h); dpy-20;Ex[dpy-20(+)] 30 (40) 

lin-12(+); dpy-20(el282);Ex[sel-10(+) dpy-20(+)] 0 (87) 

Complete genotypes:/m-i2(tfJ=/m-72(n379J, lin-12(h) = Un-12(arl70), dpy-20(h) = 

dpy-20(el282), Ex[sel-10(+) dpy-20(+)]=arEx93, Ex[dpy-20(+)]=arExl49. (See 

Materials and Methods for details of strain constructions). Non-Dpy animals 

segregating from the strains were scored in the L3 stage for the number of anchor 

cells. 



Table 3. Cell autonomy of sel-10 function. 

A.Enhancement of lin-12(intra) 
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f?p.1p.vant genotype 

sel-10(+);arEx[lin-12(intra)] 

sel-10(ar41);arEx[lin-12(intra)] 

%Egl fn) %Mie (n) 

16 (88)a 10 (57) 

46 (136)a 59 (90) 

B.Cell Ablation 

%0AC (n) 

Rplp.vant penotvne unoperated operated 

Un-12(n379)/+; sel-10(+) 10 (57) 9(11) 

Un-12(n379)/+; sel-10(ar41) 97 (71) 83 (12) 

A. All strains also contained him-5(el490). arEx[lin-12(intra)] = arExl52 (Fitzgerald, personal 

communication) is an extrachromosomal array formed by microinjecüon (Fire, 1986; Mello et al., 

1991) of pRF4 (plasmid containing rol-6(sul006) sequence that confers a Rol phenotype onto 

worms carrying the array) at lOOng/ml and pLC8 (Strahl et al., 1993). 

a We infer that these Egl hermaphrodites lacked an AC because we scored additional 

hermaphrodites of relevant genotype sel-10; arEx[Un-12(intra)] in the L3 stage for the presence or 

absence of an AC and as adults for their egg-laying ability, and found that nine hermaphrodites that 

clearly had a single AC were non-Egl, while nine hermaphrodites that clearly lacked an AC were 

Egl. 

B.Complete genotype: dpy-l7(el64) Un-12(n379)/unc32(el89); lon-3(e2175) sel-10(+ orarAl) 
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"Operated" refers to worms in which Z4 was laser ablated in the early LI stage (when the 

gonad primordium consisted of four cells, Z1-Z4). Worms were then scored in the L3 stage for 

the presence or absence of an AC. 
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tcatagttttatcgactttccttttgtgttcaaattctccatccccagtagtttttgtcctttatccatttccaattctttttcagccac 

MWPRNDVHMDDGSMTPEDQEPVTDNDMEYN 30 
ATGTGGCCACGAAATGATGTACACATGGATGATGGATCGATGACACCGGAGGACCAGGAGCCTGTTACCGATAATGATATGGAATATAAT 90 

DNGEESSYSNGSSSSYNADKLSSSRPLQHK 60 
GACAATGGAGAAGAAAGCTCGTACAGCAATGGCTCTTCTTCCAGCTACAATGCTGACAAATTATCGTCTTCCAGACCTTTGCAACACAAA 180 

T 
LDLSASPSRNNDLNPRVEHLIALFKDLSSA 90 

CTTGATTTATCGCXTTCTCCCTCTCGAAACAACGACCTCAATCCGCGTCTCGAACATTTGATCGCATTATTCAAGGATCTATCAAGCGCG 270 

EQMDAFTRLLQESNMTNIRQLRAIIEPHFQ 120 
GAACAAATCWATGCATTCACACGTCTGCTTCAGGAATCCAACATGACAAATATTCGACAGCTGCGTGCCATrATTGAACCCCATTTCCAG 360 

C.hnv   F-box 
RDFLSCLPVELGMKILHNLTGYDLLKVAQV       150 

CGTGATTTCCTCTCCTGCCTCCCTGTCGAGCTCGG AATGAAAATCCTTCACAATTTAACCGG AT ATGACCTGCTCAAAGTGGC ACAGGTG     4 5 0 

 __£  
SKNWKLISEIDKIWKSLGVEEFKHHPDPTD       180 

TCGAAAAATTGGAAATTGATATCTGAAATTGACAAAATTTGGAAGAGTCTTGGrc^^ 540 

RVTGAWQGTAIAAGVTIPDHIQPCDLNVHR       210 
CGAGTTACTGGTGCGTGGCAAGGAACTGCAATTGCTGCTGGACTCACTATTCCTGATCACATTCAGCCATGTGATCTTAATGTTCATCGA     6 3 0 

FLKLQKFGDIFERAADKSRYLRADKIEKNW240 
TTTCTAAACrTTGCAGAAGTTTGGAGATATCTTCGAACGCGCTCKTGACAAGTCACGTTATCTTC^GCCGATAAAATTGAAAAGA^^ 720 

T WDI _  
NANPIMGSAVLRGHEDHVITCMQIHDDVLV       270 

AATGCGAATCCAATTATGGGGTCAGCAGTGCTACGAGGACACC^GATCATGT^^ 810 

TGSDDNTLKVWC     IDKGEVMYTLVGHTGGVW       300 
ACTGGATCTGACC^TAACACTCTTAAAGTATGCTGTATTGACAAAGGA 900 

 Karfl) 
TSOISQCGRYIVSGSTDRTVKVWSTVDGSL       330 

ACATCACAGATTTCTCAATKGGAACATATATTGTTAGCG^^ 990 

WD III   
LHTLQGHTSTVRCMAMAGSILVTGSRDTTL       360 

CrTCATACACTTCAAGGACATACTTCC*CTGTTCGATGCA^ 1080 

  WpTV T   
7777 VESGRHLATLHGHHAAVRCVQFDGTT       390 
CGTGTATGGGACGTAGAATCCGGACGTCACCTGGCAACTTTACATGGCCATCATCX:AGCCGTTCC»TGCGTTCAATTCGAT 1170 

WD V  

VVSGGYDFTVKIWNA     HTGRCIRTLTGHNNR       420 

GTTGTTTCGGGAGGATATGATTTTACCGTTAAAATTTGGAATGCTC^^ 1260 

VYSLLFESERSIVCSGSLDTSIRVWD     F    T     R     P       450 

GTTTATTCTCTTCTCTTT<2^GCC»GCGATC 13S0 

1 WD VI —  
EGOECVALLQGHTSLTSGMQLRGNXLVSCN480 

GAAGCKCAAGAATGTGTGGCTCTTTTTCAAGGACACACCTCACTTACATCCGGAATGCAACTTCGAOX^TATTC 1440 

ADSHVRVWD     IHEGTCVHMLSGHRSAITSLQ       510 

GCAGATAGCCATCrTTAGACTATGGGATATTCACGAGGG^C^ 1530 

W^F^G     RNMVATSSDDGTVKLWD     I     E     R    G    A     L     I     R     D     L       540 
TGVrrGGACGAAATATGGTAO:AACGAGTAGTGACGATGGAACTGTCAAATTCTGGGATATTGAGAGAGGTGCACTGATTCGAGATCTA1620 

VTLDSGGNGGCIWRLCSTSTMLACAVGSRN       570 

GTAACTTTGGATTCTGGAGGCAATOJTGGC^^ 171° 

NTEETKVILLDFDAVYP* 587 
AACACCGAGGAGACCAAAGTTATCCTTCTCGACTTTGATGCTGTATACCCTTAAcgaattCtcgaatCCCCgcccctgtacatagaatgt 1800 
««gcctaggaaccaatactgtacacgatgccctcatttttaaatcaacaatgccatcatatcacggaatatagtcaaaagccaacag^ 
attgaaacgccaaatctgaggaaaaacgaatccatgtgcctactcaacccgttatatcccggcccgccaccataatttttcttttcttta 

ctatcttttgtcagactccgcctcacacccttctctttctcttttcgattgtttcccattaagttatcBOOCttgactgattttacactt 
"actcIaa^gLLctcLtactcccagattttgatttcctttatacaatagttcagtcagtatgtcagtcctcatgtgacttctttt 
toatctaawagccttttagtccctgtcggctccctcttctttcgctttcatttctcgtaaaaactacttgtcaaaattcaaagtcctac 

ccc=ga=a«gc=t"tttLaat^ 
cacaataataaacatcgactcgtgccatccgtctatatgtgattttctttt 
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A. Schematic representation of SEL-10 and CDC4 

SEL-10 I I F| 1 

CDC4 [ 

16%     35%   14% 

WD40    l-VII 

33% 17% 

WD40    l-VII 

B. Alignment of F-Box 

SEL-10      127      DEV@LGM[aQLHNHTGYQLLKVAQ00KEE],iaLQSEIDKlEliasHG 
CDC4       278     HaF@ISL|3QFNYHQFEGJlINSLGElSQEElN|aiBRKSTSL!!liaK|lL 

C. Alignment of WD40 repeats 

I       SEL-10   253 0E]EDHElQaaM0IHQDVLVSJBsEBNTLKBWC 
CDC4      419 0EMTSBflüäL0FE0NYVIflSAGEKMIRQYD 

n       SEL-10    294 pBlTfcPWWTSQISQCBRYlEMrifcii'MMKEElS 
CDC4    460 pmoaiwmA i KYA HGH. i LBMcwMariRmiD 

m   SEL-10  336 pyiiTgiPnaHHAMAG siLBflGsaaTiDREElD 
CDC4      502 BHNBOQBHLDIVEYKNIKYlQBSGQaNSBHEEK 

IV SEL-10   376 BBHHABBcBQFDBTTHBBBGBHFQVKIigN 
CDC4    569 BElMflssaiaTBSGHBNiBQBSsDHNflLivigD 

V SEL-10   416 0ElNN|avSELLFESlinsiVCBG0LQDsQiavEE 
CDC4     609 BBTDQllETlYDHaaKRCiBABMQBTQiaiEE 

VI SEL-10   461 CTmsWTSGMQHRGNlDEECNBBSHVBVBE 
CDC4       671 reCTlAWVGLLRBSDKFHEAABBGSHaGEE 

Vn   SEL-10    501 GBR..BQQDSLQWFGREIMVATSBODGTVKLWD 
CDC4      710 HQTNLBiaiiT.FYVSDliaiLVSGBENQFN.IYN 

D. Alignment of partial sequence of potential human SEL-10 ortholog 

WD VI wpvn 
Ce SEL-10480 mOTIHHWRVfflCTlHEHTHVHHH. . . SGERBBlflSBBWHGRBHBAj^™" 
Hs SEL-10 |JO^TBKlElIl!KTBQBLQTHaVPNK|aQ0BVilC|I0.|iNKiaFQliBHQEBm 

Ce SEL-10 527 mÖQiERBALQQDBDIDDBffiNBBciEBLCSTSflfiBABQBffi^N^flQ 
Hs SEL-10 jaHEJ0LKTBEFQBNBBQBE0BBSB0VV|aaiRASN|iKBvHE!B00QElG|iaiDia 

Ce SEL-10577 VILgEBE 
Hs SEL-10 LLVHQQia 
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