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Abstract 

Notch proteins are surface receptors that regulate many developmentai processes. One 

outcome of Notch signaling is the dif'ferentiation of bipotential precursors into one ce11 type 

versus another. Recent evidence has suggested Notch regdates T ce11 versus B ce11 commitment. 

Evidence fiom our lab suggests that Lunatic Fringe (Lhg) may regulate this process. Deletion 

of the extracelldar region constitutively activates Notch (NotchIC) and renders it insensitive to 

modulation by Fringe. Our 1ab has shown that cortical thymocytes ectopically expressing Lfng 

act ce11 non-autonomously to inhibit Notchl activation in thymic lymphoid progenitors (LP). As 

a result, LP commit to the B ce11 lineage. 1 undertook th is  study to determine if constitutively 

active Notchl would prevent thyrnic LP f?om adopting a B cell fate in response to ectopic Lfng. 

NotchIC infected LP produced only T cells, sriggesting that constitutively active Notchl can 

abrogate the effect of the L h g  transgene. 
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Chapter 1: Introduction 

1.1 Overview of Hematopoiesis 

Hematopoiesis is a continuous developmental process in which pluripotent stem cells 

give rise to cells of al1 hematopoietic lineages (Rothenberg, 2000). A hematopoietic stem cell 

has the option to become one of at least ten differentiated states (Figure 1). This decision is 

M e r  complicated considering the stem ce11 also has the choice to self-renew. During the last 

few years much work has focused on trying to elucidate the mechanisms that control these 

decisions. In particular, knockout models, transgenic mice and retroviral gene transduction 

systems have been utilized to understand the roIe of various proteins in hematopoietic lineage 

commitment. The majority of this work has focused on the growth factors and proteins that 

regulate transcription such as specific transcription factors or proteins that regulate gene 

accessibility (Brown et al., 1997; DeKoter et al., 2000; Kondo et al., 1997; Kondo et al,, 2000). 

Although progress has been made in understanding the role of various downstream targets during 

iineage commitment, the ceIl s d a c e  receptors that activate the downstream targets remain 

elusive- Recent evidence suggests that Notch, an evolutionary conserved ce11 surface receptor, 

regulates T ce11 versus B ce11 commitment (Radtke et al., 1999; Pui et al., 1999). 



Hematopoietic Common 
Stein Cell Lymphoid 

Progenitor 
, .  , . , . . . .  . . . . . , , . . .  , , . . . , . . . . . .  . . , . . , . , . , , , .  , , , . . , , , . .  . . .  . . . . , . . , . . , . , .  , , , . . . , , . . . . . . .  . . . . . . . . , , . . .  * :':"' "'.' ' ' ;  ' " " " '~ ' " '  , . , , . . . . . . . . . . .  . . . . . . . ,  > , , , ,  , .  . ,  , .  . . . . . . .  , . , . . . 4 . . . , . . , .  , , , ,  . , . , . . . .  . , .  . . . . . . . , . ,  
- 

, . # , n , . . , , . . .  

B Ce11 Lineage 
. . , . . . , . , . . ,  , . . , . , , . . , .  . . . . . . , . .  . . . , , . . . .  

l 

Mutlipotential Erythro-Myeloid l- Erythrocyte 
Bone Marrow 

Precursor 
P Megnkaryocyte 

* Basophil 

P Eosinophil 

T T Cell Lineage Thymus 

Thymic Dendritic 
Cell 

Figure 1 : Hematopoietic stem ce1 1s give rise to boih iny eloid and 1 yin plioid 1 ineages. Recent evi dence suggests that heinatopoietic 
stem ce1 1s become restricted to inul tipoteiitial progenitors that give ri se to eitlier the ly inplioid (Koiido et al., 1997) or rnyeloid 
li neages (A kashi et al., 2000a). 



1.2 Notch 

The Notch gene of Drosophila was first discovered by Morgan in 19 16 and in the early 

1980s its molecdar analysis was undertaken. It only becarne clear years later that Notch 

functions as a ce11 surface receptor and that its signaling pathway has been well conserved 

throughout evolution, Since then intensive investigation has been undertaken to understand both 

the structure and function of Notch. These studies have established a widespread requirement 

for Notch signaling in many developmental processes (reviewed in Artavanis-Tsakonas et al., 

1999). 

Throughout development and Me, rnulticellular organisms produce and repienish mature 

functional cells fiom immature, nonfunctional precursors. The control of when, where and how 

many progenitors are converted into mature fûnctional cells is of obvious importance for the 

development and survival of the animal. It hm been demonstrated that the Notch signaling 

pathway(s) controls many of these events (Beitel et al., 1995; Fortini et al 1993a; Hoppe et al., 

1986). Notch is a trammembrane ce11 surface receptor that is activated through direct contact 

with a ligand-expressing cell. It has been shown that these cell-ce11 interactions fünction in 

neurogenesis (Fehon et al., 1990: Fortini et al. 1993a; Xu et al. 1990a), myogenesis 

(Fuersternberg et al., 1998; Nofziger et al., 1999; Shawber et al., 1996), and hematopoiesis 

(Waiker et al., 1999) to both suppress differentiation of precursors as well as to induce 

precursors to differentiate into specific ce11 types. Although a role for Notch has been 

established in these processes uie precise molecular mechanisms remain to be deterrnined. 



1.3 Notch Structure 

The Notch-family of receptors are large transmembrane glycoproteins that are weI1 

conserved between species (reviewed in Egan et al., 1998). The Drosophh Notch gene encodes 

a protein of approxirnately 3 00kDa (Kidd et al., 1986). The extracellular domain of Drosophila 

Notch consists of an N-terminal signal peptide, 36 tandem cysteine-nch EGF-like (EGFL) 

repeats and 3 copies of a distinct cysteine-nch repeat known as the LIN-12Notch Bpeat  ( L m ,  

Lin-12 is a homologue of Notch in C. elegans), followed by a cysteine poor domain (Figure 2; - 

Artavanis-Tsakonas et al., 1995; Kidd et al., 1986; Wharton et al., l98Sa). A signal peptide is 

found in al1 Notch family members as it must pass through the secretory pathway on the way to 

the ce11 surface and the EGFL repeats mediate protein-protein interactions. Each EGFL repeat is 

40-50 amino acids long including six conserved cysteines that form three disuiphide bonds (Rao 

et al., 1995). The LNR region is thought to prevent receptor dimerization (Yochem et al., 198 8). 

These protein modules will be discussed in detail below. 

The Notch gene is transcribed as one message and translated as one protein. Once the 

protein is translated, it is proteolyticaliy cleaved in the &/medial-Golgi by a Mn-like protease 

(Blaurnueller et al., 1997). This cleavage results in a large extracellular portion and an 

intracellular/transmembrane portion that are re-joined before Notch is shuttled to the ce11 surface. 

It was originally suggested that after cleavage the two pieces were covalently joined by a 

disulphide bond (Blaurnueller et al., 1997). Recent evidence has questioned this conclusion. 

Treatrnent of cells that stably express Notchl with EDTA resulted in the dissociation of Notch 

into its two fragments, suggesting that the two pieces of the Notch molecule are non-covalently 

associated (Rand et al., 2000). The authors suggested that divalent cation interactions between 

the LNR domain of the extracellular portion and a region in the transmembrane/intraceUdar 



portion of the molecule kept the molecule intact. A caveat to these experiments is that not ail 

Notchl was dissociated upon treatment with EDTA. Hence, some heterodimers of Notch may be 

covalently linked whereas others rnay be non-covalently linked. The biological significance of 

this observation is unknown. 

Homologues of Drosophila Notch have been found in other species. Xenopus (Cof i an  

et al., 1993) and Zebrafish (Bierkamp et al., 1993) both contain multiple homologues of 

DrosophiIa Notch, elegans has two (Glp-1 and Lin-12; Yochem et al., 1958; Yochem et al., 

1989; Roehl et al., 1993) and rnammals contain four (Notchl-4) (Gailahan et al., 1997; Larsson 

et al., 2994; Reaurne et al., 1992 Uytendaele et al., 1996; Weinrnaster et al., 199 1). The four 

mammdian Notch proteins share strong overail homology with each other as well as with Notch 

Eom other species. Mammalian Notchl and Notch-2, zebrafish Notchl and Drosophila Notch 

each possess 36 EGFL repeats, whereas mamrnalian Notch3 and Notch4 possess 34 and 29 

EGFL repeats, respectively. TypicalIy each repeat is more homologous to its equivalent repeat 

in other species than to its adjacent EGFL repeats (CoffÏnan et al., 1990, Rebay et al., 199 1)- For 

example, it has been demonstrated that EGFL repeats 1 1 and 12 in Drosophila are more similar 

to EGFL repeats 11 and 12 in Xenopus than they are to the remaining 34 EGFL repeats in 

Drosophila Notch. Moreover, EGFL repeats 11 and 12 are absolutely required for ligand binding 

and these two repeats have been conserved between species (Rebay et al-, 1991). This result 

suggests that individual EGFL repeats have conserved ligands or conserved binding swfaces. 

EGFL repeats 11 and 12 have been lost fiom Notch 3 and Notch4 has undergone rearrangement 

to generate novel EGFL repeats that do not line up with specific repeats fiom Notchl and Notch2 

(reviewed in Egan et al., 1998). The biological significance of these deletions and 

rearrangements remain unknown but one can speculate that they rnay interact with different 
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Figure 2: The structure of Notch 1 and its ligands, Delta and Jagged, are sliown. The Notcli 1 cleavage sites are indicated 
by S2 and S3. TACE cleaves Notclil at the S2 site and presenilin cleaves Notclil at the S3 site. 



ligands than Notchl and Notch2, Moreover, the function of these two Notch f a d y  members in 

development remains to be detennined. 

The LNR repeat is a cysteine nch domain with specific conserved spacing (Yochem et 

al., 1988). The three repeats are found in al1 members of the Notch family and it has been 

suggested that these regions prevent receptor dirnerization pnor to activation of Notch by one of 

its ligands (reviewed in Greenwald 2994; Leiber et al., 1993). Deletion of this domain results in 

a constitutively active form of Notch, which no longer needs ligand interaction for function 

(Lieber et al., 1993). 1 have bnefly mentioned that recent evidence suggests that these repeats 

may mediate the interaction of the extracellular portion of the molecuie with the 

transmembrane/intracellular portion (Rand et al, 2000). This observation provides further insight 

into why deletion of these repeats leads to a form of Notch that is constitutively active. C- 

terminal to the LNR domain are two cysteines within a cysteine-poor region also thought to 

inhibit receptor dirnerization. Deletion of either one or both of these cysteines results in 

constitutively active Notch (Yochem et al., 1988). Therefore these two cysteines may function 

in conjunction with the LNR repeat to either prevent dirnerization or to tether the extracellular 

and intracellular/transmembrane portion of the molecule together. 

Within the cytoplasrnic tail of the Notch receptor there are specific motifs, which are 

involved in protein-protein interactions or DNA binding (Figure 2; discussed later). Notch 

proteins contain a RAM domain followed by six ankyrin repeats (Hsieh et al., 1996; Tamura et 

al., 1996). The intracelldar domain also contains two putative nuclear localization sequences. 

Last, the cytoplasmic domain contains a PEST domain, which is knonn to regulate protein 

turnover (Rogers et al., 1986). 



1-4 Notch Ligands 

Ligands for Notch-family proteins have been identified in Drosophila, C. elegans and 

several vertebrate species (Fleming et al, 1998). In Drosophila, Notch ligands fa11 into two 

groups: Serrate and Delta (Figure 2; Fleming et al., 1990, Knust et al., 1987). Both ligand 

families contain highiy related N-terminal regions. For example, they contain a highly rich 

cysteine region in the N-terminus (Fleming et al., 1990) as well as EGFL repeats that are 

important for protein-protein interactions. In particular, Delta has 9 EGFL repeats and Serrate 

has 14. Mutational studies have s h o w  that various mutations in these EGFL repeats can change 

the affinity of the ligand for binding to Notch. Both proteins contain a region of approximately 

200 amino acids, which contains conserved cysteines. This region is referred to as the Delta, 

Serrate, k g - 2  @SL) domain. Lag-2 is a Notch Ligand in C. elegans (Henderson et al., 1994, - 

Tax et al., 1994). This domain has been shown to mediate the binding of Notch Vehon et al., 

1990; Rebay et al., 1991). The cytoplasmic tails of these proteins have no homology to each 

other or to other known proteins, with the exception of a PEST sequence that regulates protein 

turnover. 

The rnammalian homologues of Serrate and Delta are known as Jagged and Delta-like, 

respectively. To date, there are two marnrnalian Jagged ligands and at least three Delta-like 

ligands (Bettenhausen et al., 1995; Dunwoodie et al., 1997; Lindsell et al., 1995; Shutter et al., 

2000; Tsai et al., 2000) The rnammalian homologues of Delta and Serrate both contain the N- 

terminal DSL region that mediates binding to Notch (Lindsell et al., 1995). In addition, both 

Delta-like and Jagged ligands contain additional EGFL repeats that may be required for 

interactions with Notch. Like their Drosophila counterparts, the intracellular portion of both 



these ligand families contain a PEST sequence and share little hornology with each other or with 

other known proteins. 

1.5 Notch Simaling; 

Notch is best known for its role in lateral inhibition, also known as lateral specification 

(reviewed in Bray 1998). In this process, a group of ceus with equivalent developmental 

potentid initially express both Notch and Notch ligands, and Notch mediated signaling between 

these cells inhibits their differentiation along a specific deveIopmentd pathway. Feedback Ioops 

linking Notch signalhg with Notch ligand expression fimction to amplie smalI differences in 

the initial level of Notch s ignahg in neighboring cells. The positive feedback loop eventually 

results in a limited nurnber of cells that are competent to receive signals through Notch and 

differentiate dong a developmental pathway whereas the "signaling" cells differentiate along a 

different developmental pathway. 

The current mode1 of Notch signaling suggests that upon ligand binding to Notch, the 

extracellular portion of the Notch protein dissociates f?om the intracellularltransrnembrane 

portion (Figure 3). This cleavage event is mediated by the TNF-a-converting enzyme (TACE) 

by cleaving Notch at the S 2  site located in the extracellular jutamembrane region (Figure 3; 

Brou et al., 2000; Mumm et al., 2000). Upon dissociation of the two fragments of Notchl an 

enzyme, presenilin, becomes active and cleaves Notch at the S3 site reIeasing the intracellular 

portion of the Notch molecule fiom the membrane (Figure 3; De Strooper et al., 1999, Schroeter 

et al., 1998, Stnihl et al., 1999; Ye et al., 1999). The intracelhlar portion of Notch can then 
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Figure 3: Notcli Processing. Upoii Notcli binding to its ligand, TACE cleaves Notclil ai the S2 site and the extracell~ilar portion 
dissociates froin the intracellular portion. Upon dissociation presenilin becoines active aiid releases the iiitracel lular portion of 
Notcli (NotcliIC) froin the plasnia ineiiibraiie. NotchIC can tlieii transit to the iiucleus and regulate gene transcription. 



transit to the nucleus and regulate gene transcription (reviewed in Weinmaster et al., 1998). In 

fact, studies fiom Drosophila as weli as mice have shown expression of only the intracellular 

portion of Notchl leads to a constitutively active form of Notch (Lieber et al., 1993; Rebay et al., 

1993a; Rebay et al., 1993b; Struhl et al., 1993;). Further work has established that Ncmtch can 

fûnction through various signaling mediators. In particular, the Notch intracelMar adcyrh 

repeats or RAM domain can recruit proteins such as BCL-3, CBF-1 and Deltex that c a n  either 

provide a unique signal or antagonize various signaling pathways (reviewed in Egan e t  al-, 1998; 

Ordentlich et al., 1998; Zecchini et al., 1999). Although the mechanism of how Notch performs 

this function is unknown, perhaps it rnediates this function through recruitment of specific 

proteins to the plasma membrane where they can antagonize or agonize signahg pathways. 

Intensive effort has been made in trying to elucidate the signaling pathways invoked upon 

Notch binding to its ligand. There are three pathways that may be important for understanding 

how Notch s ignahg regulates lymphocyte development (Figure 4). 

Suppressor of Hairless (Su(H)) was identified in Drosophila by a genetic screen looking 

for mutations that attenuate Notch signaling in the developing Drosophikz eye (ForthE et al., 

1994). Su(H) is the fly homologue of the marnmalian C-promoter-binding factor-1 (CBF-1) 

(Honjo et al., 1996). It has been demonstrated that Su(H) binds to the RAM domain O= f Notch 

and the complex transits to the nucIeus, binds to the Hairy and enhancer of split (HES) 

promoters, and activates their transcription (Honjo et al, 1996). In the mammalian systern the 

S u 0  homologue, CBF- 1, activates the transcription of HES homologues (reviewed i n  Egan et 

al., 1998). HES proteins are basic helix-loop-helix (bHLH) proteins that contain a conserved 

bHLH domain required for specific binding to E-box (CANNTG) andlor N-box (CACNAG) 

DNA recognition sequence. HES proteins are induced upon Notch activation and typi cally 





repress transcription of E-box bHLH transcription factors (reviewed in Egan et al., 1998). 

The function of HES proteins is exemplifred during neural development in DrosophiZa. 

In DrosophÏZa, neural and epidermal cells aise £rom a comrnon precursor. Neural precursors 

eventually segregate as individual cells in a spaced pattern separated by intervening epidermal 

cells. Neural potential arises from the expression of two pro-neural genes: achaete (ac) and scute 

(SC). These genes encode E-box bKLH transcription factors that function to regulate the 

downstrearn events required to execute the neural fate. Genetic evidence fiom DrosophiZa has 

established that Notch signaling controls the expression of ac and SC genes (Lehmann et al., 

1983; Hartenstein and Posakony, 1990). In particular, flies mutant for Notch or Delta display 

neural hyperplasia at the expense of epidermis (Lehmann et al., 1983; Hartenstein and Posakony, 

1990)- It was M e r  demonstrated that most of the cells expressed high leveis of ac and SC. 

Based on this evidence it has been suggested that signaling through Notch results in the 

upregulation of HES proteins. HES proteins fünction by repressing the transcriptional activity of 

the E-box bHLH transcription factors ac and SC, thus preventing neuronal differentiation. 

Similar observations were seen in HES- 1 mutant rnice (Ishibashi et al,, 1995). These rnice 

demonstrate an upregulation in neural bKLH transcription factors and premature neurogenesis. 

Taken together, these results have established a role for HES proteins in neural-epithelial 

cornmitment decisions by repressing expression of neural specific bHLH proteins. This is an 

interesting obsemation as bHLH proteins are known to have important functions during 

lymphocyte development (Bain et al., 1994; Barndt et al., 2000; Zhuang et al., 1 994) and recent 

evidence has suggested a role for Notch during lymphocyte development (Defios et d., 2000; 

Kim et al., 1998; Pui et al., 1999; Robey et al., 1996, Radtke et al., 1999; Washburn et al., 

1997). 



A variety of observations suggest that, in addition to the signaling event mediated by 

Su(H), there might be other functions of Notch associated with different signaling events. For 

exarnple, Notch is required for aspects of differentiation of photoreceptor cells in the eye 

(Ligoxygakis et al., 1998), and of sibling cells in the perïpheral nervous systern and the 

mesoderm (Guo et al, 1996; Rue-Gomez et al., 1997; Campos-Oregta, 1993) and for axonal 

pathfinding (1998). Mthough there is evidence to suggest some of these processes are 

independent of Su@) (Gineger 1998; Wang et al., 1997) little is known about the other signaling 

pathways modulated by Notch. Recent evidence has M e r  suggested that Notch sipaling can 

regulate E-protein activity tbrough a Su(H) independent mec hanism (Ordentlic h et al., 1 99 8). 

The authors suggested that Notch signaling antagonizes the Ras signaling pathway preventing 

full activation of the E-protein, E47. Genetic evidence fkom Drosophilcz supports this hypothesis 

and suggests that Notch regulates Ras activity by inhibiting the activity of the c-jun N-terminal 

kinase (JNK) (Zecchini et d., 1999). 

E-proteins are members of the highly conserved bHLH f i i rdy  of transcriptional 

regdatory proteins and have been irriplicated in both B and T lymphocyte development 

(reviewed in Bain and Murre, 1998). These proteins are characterized by two structural features: 

a protein dimerization domain and a DNA binding domain (Murre et al., 1994). E-proteins were 

identified by their ability to bind canonical E-box motifs (CANNTG) originally identified in the 

immunoglobulin K and p intronic enhancers (Kiiedjian et al., 1988). E-box elements have sfn.ce 

been identified in al1 immunoglobin enhancers, as well as in a number of regdatory elernents 

found in T-lineage specific genes (Pongubala et al., 1991; Saviada et al., 1993; Takeda et al,, 

1990). The E-proteins E2A and HEB have been shown to have important fùnctional roles during 

lymphocyte development . 



The E2A gene gives rise to two bHLH proteins, El2  and E47, that result ftom differential 

splicing of the E12- and E47-specific, bHLH-encoding exons. Although El2  is less efficient 

than E47 in binding to DNA as a homodimer, both can efflcientiy heterodimerize with many 

KLH proteins and tightly bind to specific DNA sequences (Sun and Baltimore, 199 1). Use of 

gene targeting has revealed an essential role for E2A in B-lymphocyte development (Bain et al., 

1994; Zhuang et al., 1994). These mice lack expression of both El2 and E47. In both studies 

E2A-null mutant mice failed to generate mature B c e l k  It was m e r  shown that the arrest in B 

ce11 development occurs at a very early stage since no immunoglobin DJ rearrangements codd 

be detected and there was no expression of the B lineage-specific marker, B220. F-tuthemore, 

gennline Igp, RAG-1, mb-1 , CD 19, A 5  and PAX-5 transcnpts were al1 dramatically reduced in 

fetal livers fiorn E3A-null mice. These results suggest a crucial role for E2A gene products as 

central regulators in early B ce11 diflferentiation. Although the E2A mutant clearly demonstrated 

a defect in B ce11 development, the authors initial examination of T ce11 developrnent revealed no 

defects (Bain et al., 1994, Zhuang et al., 1994). Reexamination of these rnice revealed a role for 

E2A in ap T lymphopoiesis. Mice lacking E2A display a five to ten fold reduction in total 

thymocyte numbers with similar decreases in splenic T ce11 numbers (Bain et al-, 1997). E2A- 

deficient thyrnii are characterized by significantly reduced percentages of double positive @P) 

cells and increased percentages of single positive (SP) cells. Interestingly, the E2A-deficient 

mice almost completely lack CD25+ double negative @N) thymocytes and display an increase 

in the relative percentages of CD44+CD25- DN thymocytes, a population which contains cells 

not yet committed to the T ce11 lineage pain et al., 1 997). 

HEB is a second rnember of the E-protein family and has also been irnplicated in both B 

and T lymphopoiesis (Zhuang et al., 1996). Fetal livers fiom mice lacking HEB have 



approximately 50% of the wild-type number of progenitor B cells (Zhuang et al., 1996) 

suggesting that HEB is not essential for the establishment of the B cell Iineage but may be 

required for B ce11 expansion. Analysis of thymii fiom HEB nul1 mutant mice revealed dramatic 

defects in T ce11 development. Thyrnii fi-om HEB deficient mice contain significantly higher 

percentages of CD8SP thymocytes but show dramatic decreases in the percentage of DP (Zhuang 

et al, 1996). Although thymocyte development is altered, HEB-deficient mice contain 

apparently normal numbers of thymocytes and do not display increases in the CD4SP population 

(Zhuang et al., 1996). Additionally, thyrnii fiom HEB-deficient mice exhibit an enorrnous 

increase in the DN population. This rnay provide another pathway whereby Notch may h c t i o n  

to influence lymphocyte lineage commitment decisions. 

The pluripotent hematopoietic stem ce11 (HSC) gives rise to al1 mature ce11 types of the 

blood by differentiating through intermediate progenitor cells that undergo Iineage commitment 

and subsequent differentiation. Recent evidence suggests that the lymphoid lineages, consisting 

of B, T and natural killer (NK) cells are derived fiom a common lymphoid progenitor (Kondo et 

al., 1997). 

Both T and B lymphopoiesis provide mode1 systems for studying the process of lineage 

specification, as the early stages have been well characterized based on the expression of ce11 

surface markers (Godfrey et al., 1992; Godîrey et al., 1993; Hardy et al., 1990; Hardy et al., 

1991; Rolink et al., 1994; Shortman and Wu, 1 W6), immune receptor gene rearrangements 



(Hardy et al,, 199 1 ; Shortman and Wu, 1996), as well as growth factor requirements (reviewed in 

Whetton et al., 1998)- 

Thyrnocyte developrnent begins as bone rnarrow (BM) progenitors seed the thymus. 

Once these cells have reached the thymus, they are divided into various maturation stages based 

on the ce11 surface expression of the CD4 and CD8 molecules (Figure 5). The earliest stage of 

thymocyte development is referred to as double negative (DN) as these cells express neither CD4 

nor CD8 on their ce11 surface. The DN cells upregulate and express both CD4 and CD8 and are 

referred to as double positive (DP) thymocytes. DP thymocytes will undergo a series of 

selection events and become mature CD4 singIe positive (SP) T cells that fiinction as helpers or 

CD8SP T cells that function as killers. Within the DN compartment thymocyte development can 

be further divided into different maturational stages based on the expression of CD44 and CD25 

(Figure 5; Godfiey et al., 1993). Bone marrow derived thymocyte precursors that first seed the 

thymus, express CD44 but do not express CD25 (CD44+CD25-). Although these cells are not 

yet committed to the T cell lineage they c m  no longer differentiate into cells of the erythroid 

lineage or conventional myeloid cells. However, these early T ce11 precursors c m  give rise to 

some non-T hematopoietic cells such as dendritic cel1s (Rothenberg et al., 1999; Spits et al, 

1 998), NK cells (Ikawa et al, 1999; Michie et al., 2000) and B cells (Kawarnoto et al, 1997; 

Kawamoto et al, 1998). CD44+CD25- cells gradually upregulate and express CD25 (Zuniga- 

Pflucker et al., 1995). The CD44+CD25+ cells are fully committed to becoming T cells 

(Zuniga-Pflucker et al., 1995). CD44+CD25+ cells gradually tum off the expression of CD44 

and mature into CD44-CD25+- cells. The CD44-CD25+ cells then mature into CD41-CD25- 

cells and initiate TCRP gene rearrangement. A functional P chain allows the 
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Figure 5: Overview of lymphocyte developinent. Botli B and T lyinpliocytes arise from a coininon lyiiplioid progeni tor (CLP). 



CD44-CD25- cells to continue dong their developmentd pathway (figure 5; checkpoint 1; 

Godfkey et al., 1994). At this stage of thymocyte development, the TCRP chain pairs with the 

pre-TCRa chah forming the pre-TCR cornplex. Formation of this complex ailows continued 

development and results in the expansion of T ce11 precursors (reviewed in Wiest et al., 1999). 

Once the pre-TCR complex signals, TCRa gene rearrangement begins ând the celis eventually 

express a mature and fimctional TCRaB receptor complex. Cells that express the mature TCRap 

undergo positive and negative selection (Figure 5; checkpoint 2) and eventually become mature 

CD4SP and CD8SP T cells (reviewed in Singer et ai., 1997). The various stages of B ce11 

development have been well characterized (Figure 5; reviewed in Rothenberg et al., 2000). 

A key point is that before B and T ce11 precusors become firlly cornrnitted to theü 

specific lineage, there is some activation of both B and T lineage associated genes (Wang et al., 

1998) providing further evidence that B and T cells develop Erom a common progenitor. Recent 

evidence also lends support to this conclusion and suggests that Notchl may regulate this lineage 

commitment event. 

1.7 Notchl in Lymphocvte Develo~ment 

Notchl was first identified in vertebrates through studies in Xenopus (Cofhan  et al., 

1990). Subsequent studies in hurnans identified Notchl in patients with T Iymphoblastic 

leukemia (T-ALL) (Ellisen et al., 199 1)- Leukemic cells fkom these patients harbor si 

translocation between the TCRP gene and Notchl that resulted in high expression of truncated 

Notchl polypeptides, which lack most of the extraceIlular domain and constitutively activate the 

Notch pathway. Later studies c o n f i e d  that expression of  the active intracellular domain of 



Notchl in murine BM progenitor cells caused T-ce11 leukemia, indicating that Notchl is a T ce11 

oncogene (Pear et al,, 1996). Aithough the transgene was expressed in many ce11 lùreages, the 

leukemic cells have the phenotype of immature thymocytes. These results taken, together with 

the high level of Notchl expression in the thymus (Ellisen et al., 199 1 ; Felli et al., 1999; 

Hasse rjian et al., 1 996;), suggest that Notch 1 may regulate normal T-ce11 development. 

Previous studies in both vertebrates and invertebrates have demonstrated that truncated 

forms of Notch, consisting of the intracellular domain, function as constitutively active versions 

of the receptor (CofEnan et al., 1993; Fortini et al., 1993b; Lieber et al., 1993; Roehl et al., 

1993). En particular, the truncated form of Notch results in gain-of-function phenotypes during 

development. For example, expression of the intracellular domain of Notch during Drosophila 

development under the control of a heat shock promoter Ieads to the development of extra 

epiderrnd cells at the expense of neurons in the nervous system (Rebay et al., 1993a). This 

phenotype is the opposite of those observed with loss-of-fùnction mutations of Notch (Lieber et 

al., 1993; Rebay et al., 1993a). Sirnilar observations have been made in C. elegans using 

tnincated versions of the Notch receptor homologues, lin-12 and glp-1 (Roehl et al., 1993; S M  

et al., 1993). In these experiments, expression of the intracellular domain of either lin-12 or glp- 

1 reversed the phenotype of loss-of-fünction mutations. 

Genetically engineered mice that do not express Notchl are not viable and die in utero 

before day 1 1.5 (Swiatek et al., 1994; Conion et al., 1995). Since these mice die before 

hematopoiesis c m  be studied, transgenic models (Defios et al., 2000; Robey et al., 1996; 

Washburn et al., 1997) conditional knockouts (Radtke et al., 1999, Wilson et al., 2000) and 

retroviral gene transduction systems (Deftos et al., 1997, Pear et al., 1996; Pui et al., 1999) have 

been used to study the role of Notchl in hematopoiesis. 



The first piece of evidence to suggest that Notchl regdates T ce11 development came 

fiom Robey et al (Robey et al., 1996) who generated transgenic mice that express NotchIC under 

the control of the proximal LCK promoter. This promoter is expressed at highest levels in DN 

and DP thymocytes (Buckland et al., 2000; Chaffin et al., 1990). Phenotypic analysis of these 

mice revealed a significant skew towards CD8SP T ce11 deveiopment in the thymus. Moreover, 

the increase in CD8SP appeared to occur at the expense of CD4SP T ce11 development 

suggesting a Notchl signal favors CD8 development over CD4 development. This result was 

supported by evidence fiom Kim et al. who suggested a possible molecular mechanism to 

explain these observations (Kim et al., 1998). In a transient transfection system, they 

demonstrated that overexpression of HES-1 or expression of constitutively active Notchl could 

turn off CD4 gene expression in DP thymornas. It was shown that HES-1 binds to an N-Box 

sequence in the CD4 silencer and t a s  the silencer on. Taken together these results provide a 

potential mechanism to explain how Notchl may regdate CD4 versus CD8 cornmitment. 

Evidence from Drosophih has established that developmental processes are sensitive to 

Notch gene dosage. Based on this observation, Washburn et al. (Washburn et al., 1997) used 

mixed BM chirneras of wild type and Notchl+/- BM to determine if Notch demonstrates a gene 

dosage eflect and how this would influence T ce11 development. Although these cells 

contributed equally to the B ce11 lineage, the Notchl+/- cells contributed less than the Notch +/+ 

cells to the ap lineage. This effect was only observed when Notchl+/- and N o t c W  developed 

next to each other since there is no defect in mice reconstituted with either Notch+/- or Notch 

+/+ BM. Notchl+/- BM cells also contributed more than Notchl+/+ BM cells to the y6 T ce11 

lineage. However, this observation was not as pronounced as the contributions of Notchl+/- and 

Notchl+/+ to the ab lineage. Based on these results, the authors suggested that Notch signaling 



favors ab over y6 Iineage commitment. Furthermore, since this effect was only observed in the 

presence of mixed chuneras of NotchlH- and Notch1-W- BM, it was proposed to occur by 

laterai inhibition: a mechanism involving Notchl mediated interactions between developing 

thymocytes. The role of Notch in a@ versus y6 lineage cornmitment rernains to be deterrnined. 

Recent and compelling evidence has suggested that Notchl regdates the decision of a 

comrnon lymphoid progenitor to become either a T ce11 or a B cell. The first piece of evidence to 

support this hypothesis cornes fiom Radtke et al (Radtke et al, 1999) who used a conditional 

knockout strategy to ablate Notchl expression in al1 hematopoietic lineages. These mice 

demonstrated a partial block in thymocyte development at the CD44+CD25- DN stage and a 

concomitant increase in B cells in the thymus. Based on these two observations, they suggested 

Notchl influences B versus T commitment. 

A compelling study by Warren Pear's group has also suggested a role for Notchl in WB 

cornmitment (Pui et al., 1999). Bone marrow derived hematopoietic progenitors were infected 

with a NotchIC retrovirus, injected intravenously into lethally irradiated hosts and analyzed 3 

weeks post injection. Surprisingly, NotchIC promoted T ce11 deveIopment in the BM and 

inhibited B ce11 development. The authors also suggested a potential mechanism to explain how 

Notchl may regulate T ce11 versus B ce11 cornmitment. Using transient transfection of reporter 

genes into NIH 3T3 cells, the authors demonstrated that constitutively active Notchl antagonized 

the activity of the E-box bHLH E2A but not PAX-5 or Early B-ce11 Factor (EBF). This is an 

important observation since mice that have been genetically engineered to not express the E2A 

protein demonstrate blocks in both thymic T ce11 development and BM B-ce11 development at the 

early stages (Bain et al., 1994, Zhuang et al., 1994; Zhuang et al,, 2996). 





These studies suggest that Notchl can influence T B  cornmitment- Moreover, a potential 

mechanism has been suggested whereby Notchf antagonizes the fimction of E2A and, perhaps 

blocks B-ce11 development at a very early stage. A recent study has demonstrated that Notchl 

c m  induce ce11 cycle arrest and/or apoptosis in DT40 cells, a chicken B ce11 ce11 line (Morimura 

et al., 2000). Thus, Notchl may regulate T versus B cornmitment by inducing ce11 death andlor 

preventing 8 ceil maturation. Further work is required to determine the in vivo targets of Notch 

and whether these targets regulate a commitment decision or survival event- 

Although these studies suggest that Notch is regulating this commitment process, the in 

vivo mechanism remains unknown. Nevertheless, a sirnplistic mode1 has been proposed in which 

a bipotent progenitor that can give rise to both B and T cells receives a Notchl signal and 

differentiates along the T ce11 developmental pathway whereas Iack of Notchl signal Ieads to the 

development of B celis (Figure 6). However, Notch and its ligands are widely expressed in the 

BM and thymus, so it remains unclear how Notch activation is differentiaily regulated in the BM 

versus the thymus (Kaneta et al., 2000, Singh et al., 2000). In Drosophila this scenario of 

overlapping expression of Notch and its ligands is often encountered and the Fringe protein 

restricts Notch activation to a discrete region of developing wings, eyes and legs. 

1.8 Fringe 

Fringe was first identified in Drosophila, where it was shown to be involved in the 

formation of the Drosophila wing margin (Figure 7; Irvine and Wieschaus, 1994). The Notch 

pathway plays a central role in establishing the wing margin and it has been demonstrated that 

Fringe restricts Notch activity along the dorsal-ventral (DN) boundary, specifying the wing 

margin (reviewed in Bray, 1998; Rauskolb et ai., 1999a). Serrate is expressed in cells of the 



dorsal cornpartment and the Serrate protein sends a signal to activate Notch in the ventrd 

cornpartment. Delta is expressed on the ventral side and sends an activating signal to Notch that 

is expressed on the dorsal side. Although Notch is expressed uniformiy in the wing disk, it is 

oniy activated at the D N  border- Activation of Notch in the D N  border leads to the expression 

of various proteins such as vestigal and wingless whose activities will lead to specification of the 

wing margin and wing outgrowth (deCelis et al., 1997; EUein et al., 1998; KIein et al., 1999). 

Since both Serrate and Delta can activate Notch and since Notch is expressed ubiquitously 

throughout the wing disk there has to be a regdator that ensures Notch is oniy active at the D N  

boundary. Fringe is the protein that plays this important role. 

Genetic studies have revealed that Fringe functions by differentially regulating Notch 

sensitivity to its ligands. Thus, Fringe inhibits Notch activation by Serrate but enhances Notch 

activation by Delta (Fleming et al., 1997; Panin et al., 1997). These studies have dso established 

that Fringe fûnctions ce11 autonomously with Notch. In other words, Fringe and Notch must be 

expressed in the same ce11 for F ~ g e  to regulate Notch activation by its ligands. Although 

genetic evidence in Drosophila suggests Fringe works ce11 autonomously, evidence nom our lab 

(Koch et d., submitted) suggests that Fringe may also function in a ce11 non-autonomous 

mamer. 

When Fringe was fxst cloned the function of the protein was unknown. The arnino acid 

sequence revealed that Fringe shared homology with a group of bacterial glycosyltransferases 

and that the protein also contained a putative signai sequence, which suggests it may function as  

a secreted molecule (Irvine and Wieschaus, 1994; Yuan et al., 1997). Recently it has been 

shown that Drosophila Fringe functions as a glycosyltransferase that elongates O-linked fücose 
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with N-acetylglucosamine (Bruckner et al., 2000; Moloney et al., 2000). It has been established 

that the activity of Fringe potentiates the interaction between Notch and Delta. 

There are three mammalian homologues of Drosophila Fringe: Lunatic, Manic and 

Radical (Cohen et al, 1997; Johnston et al., 1997). Al1 three proteins are expressed in whole BM 

(Singh et al., 2000) and Lunatic f i g e  (Lfhg) has been shown to be expressed in the ttiyrrius 

(Cohen et al., 1997). Although no studies have been perfonned on the expression of Radical and 

Manic f i g e  in the thymus, expressed sequence tags, obtained fkom screening thymocyte cDNA 

libraries, have been entered into Genbank. It has recently been suggested that L h g  can mod* 

the interaction of Notchl with Delta and Serrate in a manner analogous to Drosophila (Hicks et 

al., 2000). The authors further demonstrated that Lhg modification of Notch2 resulted in similar 

signaling events upon interaction with either Serrate or Delta. Since L h g  modification of 

Notchl results in different signaling events upon interaction with Serrate of Delta this rnay 

influence ce11 fate determination during development. 

Lunatic Fringe was shown by in-situ hybridization to be localized predominantly in the 

medulla of the thymus and very little expression, if any, in the cortex (Cohen et al., 1997). This 

is an interesting observation as LP are thought to enter at the cortico-medullary junction and 

thymocytes enter the rnedulla after they undergo positive selection. This observation suggests 

that Lfng may regulate the developmental fate of LP. Moreover, the locaiization of L h g  

coupled to the suggestion that Notch can regulate CD4 versus CD8 lineage cornmitment may 

provide a potential mechanism whereby L h g  regulates CD4 versus CD8 cornmitment. 

To understand the role of L h g  in thymocyte development, Ute Koch, a post-doctoral 

fellow in the lab generated L h g  ~ansgenic mice. Dr. Koch has shown that cortical thyrnocytes 

ectopically expressing Lfhg act ce11 non-autonomously to change the developmental fate of LP. 



Specincally, LP commit to the B ce11 lineage and develop into mature B ceIIs in the thymus. 1 

undertook this study to determine if Lfhg can regulate Notchl activation in the thymus. To 

accomplish this task a retroviral gene transduction strategy was ernployed. In particdar, LP and 

HSC were infected with a constitutively active Notchl (NotchIC) retrovirus and intrathymically 

injected into L h g  transgene positive hosts. The purpose of this experirnent was to determine if 

constitutively active Notchl could render lymphoid progenitors resistant to the effects of ectopic 

Lfilg. 



Chapter 2: Experimental Procedures 

B6. SE-Ptprca (Lys. 1 also known as CD45.1) mice were purchased from the Jackson 

Laboratory p a r  Harbour, ME). These mice were used as bone marrow donors. A postdoctoral 

fellow in the lab, Dr. Ute Koch, generated Lfig transgenic mice. Full Iength Lfng cDNA was 

cloned into a transgenic cassette driven by the proximal LCK promoter (Chaffin et al., 1987). 

Transgenic founders were ~ o ~ r r n e d  by southem blot and polymerase chah reaction (PCR) and 

backcrossed to C57BL/6 (CD45.2) mice. Since the Lhg transgenic rnice express the Ly5.2 

(CD45.2) antigen different allelic variants of Ly5 (CD45) were used to differentiate between 

donor and host denved cells. 

2.2 Plasmids 

Evidence fiom Drosophila (Lieber et al., 1993, Rebay et al., 1993), C. elegans (Struhl et 

al., 1993, Roehl et al., 1993) and mamals  (Ellisen et al., 1991; Robey et al., 1996; Deftos et al., 

2000) has established that expression of the intracellular portion of Notchl results in constitutive 

activation. Mouse Notch- 1 cDNA (Genbank accession number: S47328) was kindly provided 

by S. Egan (University of Toronto). An intracellular portion of Notchl was excised and 

modified to generate pcDNA3-NotchIC and the NotchIC retrovinis, pLZRS-NotchIC (see Figure 

8 for cloning strate&. Nucleotides 5329-6954 were excised from the Notchl cDNA by NgoMI 

and HindIII digestion. Based on previous studies, these nucleotides code for a constitutively 

active f o m  of Notchl (Stifani et al., 1992; Robey et al., 1996). The 5' NgoMl site was modified 

by addition of a synthetic double strand linker containing a Kozak sequence, AUG, a FLAG 



epitope, and a 5' EcoRl overhang (Tablel). The moditied cDNA was cloned into the EcoRI and 

HindILI sites of pBluescnpt KS- (pBsk; S trabgene, La JoIIa). The 3 ' HindIII site tvas Iater 

modifïed by the addition of a synthetic double strand linker that contained a hemaglutinin 

antigen (HA) epitope, stop sequence and a 3' Sa11 overhang (Table 1). The construct was 

sequenced to ensure correct overhangs and partial verification of NotchIC sequence. NotchIC 

was cloned into the EcoRl and Apal sites of pcDNA3 (Figure 8) and the EcoRI and XhoI sites 

of the retrovirai vector pLZRS (gift of G. Nolan, Stanford; Figure 8). 

Table 1 : Sequence of Synthetic Linkers 

NotchIC 5' Synthetic Linker 

aa t t c  ggt acc ATG GAC TAC AAA GAC GAT GAC GAT AAA gc - 
g cca tgg TAC CTG ATG TTT CTG CTA CTG CTA TTT cgg gcc 

E c o R I  Kozak M D Y K D D D D K R N a o M I  

NotchIC 3' Synthetic Linker 

agc ttg TAC 
a c  ATG 

HindI II 
S L Y  

CCA TAC GAT GTT CCA GAT TAC GCT AGC CTC TAG C 
GGT ATG CTA CCA GGT CTA ATG CGA TCG GAG ATC gag ct 

Sa11 
P Y D V P D Y A S L Z  

Table 1 : The sequences of the synthetic linkers are shown (Robey et al., 1996). The linkers 
inserted a Kozak, ATG and FLAG epitope upstrearn of the NgoMI site in murine Notchl 
(beginning of RAM domain in NotchIC) and inserted an HA epitope and STOP codon at the 3' 
end of NotchZC. Bold amino acids represent the start codon and FLAG epitope in the 5' Iinker 
and the HA epitope in 3 ' linkers. The underlined amino acids in the 5' and 3 ' linkers represent 
part of the NgoMI site and part of the Hindm site fiom NotchIC, respectively. The bold 
underlined amino acid in the 3' linker is the stop codon. 

The retroviral vector, pLZRS, contains an internai ribosomal entry site (IRES) that drives 

enhanced green fluorescent protein (eGFP) expression (Figure 9). Once a gene is cloned into the 

first cloning site (Le. Y to the IRES) a bicistronic message is produced. Upon message 

translation, two proteins are generated. Hence, infected cells can be followed based on the 

expression of GFP. 







A packaging plasmid, pcl-eco (kindly provided by A. Abbas, California Institute of 

Technology, California), was cotransfected with the retroviral DNA to produce retrovirus 

(Naviaux et al., 1996). The pcl-eco plasmid contains the retroviral envelope (env), polymerase 

(pol) and gag genes. 

Luciferase assay control plasmids, Pgl-3 control and pgl-3 basic, were purchased from 

Promega (Madison, WI ), The positive control pgl-3 plasmid contains the SV40 eahancer and 

promoter that drive luciferase expression. The negative control pgl-3 basic plasmid contains 

neither the SV40 promoter nor enhancer. To test NotchIC activity, pcDNA3-NotchIC was 

cotransfected with a HES- 1 luciferase plasmid. The HES- 1 prornoter was amplified by PCR 

from genomic DNA and cloned into the pgl-3 basic vector (construct kindly provided by S. 

Egan, Toronto). To control for transfection efficiency a beta galactosidase (P-gal) construct 

driven by the cytomegalovirus promoter was used (gift of S.Egan, Toronto). A pcDNA-3 

construct containing the complete intracellular domain of Notchl was used as a positive control 

for Notch induced lucxerase expression (gifi of S. Egan, Toronto). 

2.3 Ceil Lines and Cell Culture 

293T cells are human embryonic kidney cells transforrned by the early region of 

adenovins type5 and stably transfected with the SV T-antigen mutant tsA1609. These cells 

were kindly provided by J. Dick (Toronto). 

For viral production, the Phoenix-ecotropic packaging ce11 was used (gift of G. Nolan, 

Stanford)- This ce11 line was derived from 293T cells that have been transfected with the viral 



envelope (env-ecotropic), polymerase (pol) and gag genes and selected with hygromycin 

(gag/pol) and clipthena toxin (env) (www.stanford.edu~gro~p/nolanlphoenix~info .html). 

NIH 3T3 cells are a mouse fibroblast ce11 line (ATCC #: CRL-1658). 

NI cell lines were grown in Dulbecco's Modified Eagle Media @MEM; Gibco, 

Burlington, Ontario) supplemented with 10% fetal bovine serum (FBS; Gibco, Burlington, 

Ontario), 2mM L-glutamine (Gibco, Burlington, Ontario), ImM sodium pyruvate (Gibco, 

Burlington, Ontario), O. 1 mM non-essential amino acids (Gibco, Burlington, Ontario) and 2.5~10' 

5 M 2-mercaptoethanol (Gibco, Buriington, Ontario). 

Bone marrow denved LP and HSC were cultured in Iscove's Modified Dulbecco's 

Medium (IMDM; Gibco, Burlington, Ontario) supplemented with 20% Fetal Bovine Senun 

(FBS; Gibco, Burlington, Ontario), 2rnM L-glutamine (Gibco, Burlington, Ontario), 1rnM 

Sodium Pyruvate (Gibco, Burlington, Ontario), O. lrnM non-essential amino acids (Gibco, 

Burlington, Ontario), 2 . 5 ~  1 0 " ~  2-Mercaptoethanol (Gibco, Burlington, Ontario) and gro wth 

factors (see Section 2.8). 

2.4 Antibodies 

For magnetic bead depletion and,or flow cytometnc analysis the following monoclonal 

antibodies were used: anti-B220 (6B2; Coffinan and Weissman, 198 l), anti-Mac4 (MU70; 

Springer et al., 1979), anti-Gr- 1 (RB6-8C5; Fleming et al., 1993, anti-CD4 (YTS- 19 1.1 ; 

Cobbold et al., 1984), anti-CD8 (YTS-169.4; Cobbold et al., 1984), ati-CD% (YCD3-1; Leo et 

al., 1987). These antibodies were purified fiom hybridoma culture supematants. Anti-Ter-1 19 

was a gifi of T. Kena (Japan). Anti-Lys. 1 (CD45 1; M O ) ,  anti Ly5.2 (CD45.2; ALI-4A2), anti- 



CD 1 17 (2D8), and anti-Sca-1 (E 1 3-1 6 1 -7) were purchased fiom Pharmingen (Oakville, Ontatio). 

The above antibodies are specific for mouse and do not react across species. 

For western blot analysis the mouse anti-FLAG M.2 (Sigma Oakville, Ontario) antibody 

and a donkey anti-mouse IgG peroxidase conjugate secondary antibody (Jackson, West Grove, 

PA) were used. 

3.5 Production of Retrovirds 

Retrovirus was produced by transiently transfecting retroviral constructs (either pLZRS 

or pLZRS-NotchIC) into the Phoenix-ecotropic helper ce11 line. Transfections were performed 

overnight using calcium phosphate. Briefly, 2x10~ cells were plated in sterile lOOmm tissue 

culture dishes one day prior to transfection. On the day of transfection, 500 pl of 2X BSS was 

added to 500~1 containing sterile water, 10pg of retroviral DNA, 5ug pcl-eco and 2.5M calcium 

chloride (CaC12) and incubated for 15 minutes. The DNA precipitate solution was added to the 

dish with swirling- After an overnight incubation, the cells were washed in 1X PBS and 1 Oml of 

fiesh media was added. 48 hours post transfection, media was replaced with 4ml of kesh media. 

Retroviral supernatant was harvested the next day and used for the experiment. Approximately 

4 0 d  of retroviral supematant per construct was obtained. 

Briefly , retroviral supematants were concentrated by ultracentrifugation: 20ml of 

retroviral supematant was spun down at 20,000xg (1 3,000 rpm in a Beckmann JA-20 rotor) for 

20 minutes to remove cellular material. The retroviral supernatants were transferred to new tubes 

and ultracentrifuged (68,000xg in a Beckmann 70Ti rotor using polycarbonate bottle assembly 

part # 3556 18) for 2 hours. Upon completion of the ultracentrifugation the supernatant was 

removed and replaced with the remaining 2 0 d  of retroviral supernatant (previously centrïfüged 



to remove cellular material) and retroviral concentration continued by ultracentrifiigation as 

described above overnight. The following morning, the retroviral pellet was resuspended in 2ml 

(1/20 of original volume) of IMDM (as described above) for 2 hours on ice by gently pipetting 

dong the walls of the tube every 10-15 minutes. Concentrated retroviral supernatants were 

titrated using flow cytometry. Briefly, 50,000 NTH 3T3 cells were plated in individual welIs of a 

24-well plate the day before infection. On the day of infection, one weil was harvested and 

counted to quantitate the number of infection targets. A two-fold serial dilution (1 :2 to 12048) of 

the concentrated retrovirus was performed in IMDM (as descnbed above) and 8ugh.l of 

polybrene (Sigma, Oakville, Ontario). Polybrene is a polycation that allows the negatively 

charged virus to interact with the negatively charged cells. The infection was carried out for 6 

hours at 3S°C to improve virus stability. After the infection, cells were washed twice in 1X PBS 

and resuspended in l m .  of fiesh media. After 48-72 hours, the cells were analyzed for GFP 

expression using flow cytometry. Viral titre was calculated using the following formula: 

(ce11 nurnber on day of infection x percent GFP+ cells x dilution factor x infection volume)/100. 

Since a serial dilution is performed, the percentage of infected cells (Le. GFP+) between samples 

varies. Kowever, once the dilution factor is taken into account, the virai titre (i.e. value obtained 

fkom the above equation) is deterrnined since the value remains constant between different 

diluted samples. The remaining viral supernatant was used to infect BM hematopoietic 

progenitors. 

2.6 Western Blottino and Luciferase Assay 

m o l e  ce11 extracts were prepared fkom 293T cells transiently transfected with pcDNA3- 

NotchIC. 48 hours post transfection the cells were harvested and whole ce11 extracts were made 



as previously described (Danska et al., 1996). Briefly, ceils were trypsinized, washed twice with 

IX PBS and counted. After counting, the cells were washed once in 1X low salt buffer (LSB: 

1 OmM HEPES, 250mM KCl, 1OmM MgC12, ImM EDTA, pH 7.2) containing O. LrnM PMSF and 

ImM dithiothreitol @TT). After the final wash, the cells were resuspended at a concentration of 

3 x 1 0 ~  cells/lOOul in 1X LSB containing 1mM DDT, and 0.5ug each of aprotuiin, leupeptin and 

pepstatin (Roche, Laval Quebec). Cells were incubated on ice for 5-1 0 minutes and lysed by 

three rapid freeze/thaw cycles shifting between 3 7OC and an ethanol-dry ice bath. KCI and 

MgClz were added to reach final concentrations of OSM and IOrnM, respectively. Tubes were 

vortexed and incubated on ice for 5 minutes. Samples were centrifuged at 16,000xg in an 

Eppendorf microfuge for 10 minutes at 4°C. Supematants were diluted with 4 volumes of 

50mM Hepes (pH 7.2) in 20% glycerol with ImM DTT and protease inhibitors. Final 

concentrations of KCl and MgCl2 were O. LM and 2mM, respectively. Protein concentrations 

were determined using BIORAD protein assay (Mississauga, Ontario). 

For Western blot analysis, 20 ug of whole cell extracts were separated on an 8% SDS- 

polyacrylamide gel and transferred to PVDF membrane. The blot was probed with the anti- 

FLAG M2 antibody (0.2ug/mL; Sigma, Oakville, Ontario) and irnmunodetection was performed 

using a donkey anti-mouse IgG peroxidase conjugate secondary antibody (1/15000; Jackson, 

West Grove, PA) followed by detection with ECL reagents (Amersham, Picastaway, NQ and 

exposure to Kodak biomax MR- 1 film (Kodak, New Haven, CT). 

Luciferase assays were performed on 3T3 cells transiently transfected with pcDNA3- 

NotchIC and/or E S - 1  luciferase. A 6-gal constnict driven by a cytomegalovirus promoter was 

used as a transfection control. 48 hours post transfection cells were harvested and lysates were 

prepared using the Promega Luciferase Lysis Buf5er according to the provided protocol 



(Frornega, Madison, WI). The Luciferase reaction was performed according to the Promega 

protocol and sampies were run on a Luminometer. fi-gal enzymatic activity was detennined as 

follows. Bnefly, ImL of fi-gal buffer (60mM NazHPOs, 40mM N a m 0 4 ,  lOmM KCl, I rnM 

MgC12 and 50 mM P-rnercaptoethanol) was mked with 200pl of 2mgh.L ONPG substrate 

(60rn.M Na2HP04, 40mM Na&PQ, 14mg OPNG in 7ml PBS). 20pl of lysate was aliquotted 

into a single well of a 96-well plate, 2004 of assay buffer (Le. B-gal buffer + OhTG mixture) 

was added and samples were incubated at 37°C for 3 0-60 minutes. When the reaction was 

complete (Le. samples turn yellow), 100~1  of 1M Na2C03 was added to stop the reaction. 

Sarnples were read on a plate reader using a wavelength of 405 nanometers. 

2.7 Purification of Multipotent BM Progenitors - and HSC 

Bone marrow cells were harvested fiom femurs and tibias of 6-8 week old B6.SJLptprca 

(CD45.1) mice that had been intravenously injected with 5-Fluorouracil @-FU; Sigma, Oakville, 

Ontario) at 150mgkg five days prior to harvest. Red blood cells were lysed in Gey's Solution 

and the remauiing cells were counted. For the isolation of multipotent lymphoid progenitors, 

cells expressing the Iineage markers CD4, CD8, C D ~ E ,  Gr-1, Mac- 1, B22O and Ter-1 19 were 

removed by imrnunomagnetic bead depletion with Dynabeads M-450 sheep anti-rat IgG (Dynal, 

Great Neck, NY). Briefly, 100x10~ cells/ml with stained for 30 minutes on ice with the 

following uncongugated antibodies: anti-B220 (6B2), anti-Mac-1 (M1/70), anti-Gr-1 (RB6-8C5)' 

anti-CD4 (YTS- 19 1.1, anti-CD8 (YTS-169.4), anti-CD~E (YCD3- 1) and anti-Ter- 1 19. The 

Dynabeads were prepared, washed and resuspended in staining media (SM; 1X Hank's Balanced 

Salt Solution with Ca/Mg, 2% calf serum, 1 OmM HEPES, pH7.2, and 5- 10 mM NaN3). Afier 

the Gnal wash, the beads were resuspended in SM in the onginal volume removed (Le. lml). 



Upon completion of the stain, the cells were washed in SM and resuspended at a concentration of 

50x10~ cells/ml. The cells and beads (1x10' ceils/lml beads) were mixed in a 2mL clyovial and 

incubated on a rotator at 4OC for 30 minutes. During the incubation, 15ml conical tubes (Falcon 

2096) were coated with c d f  senun. 31x11 of calf semm (CS) was added to each tube and the tubes 

were placed on a rocker for 20 minutes. m e r  20 minutes, 2x111 of calf s e m  was removed and 3 

ml of SM was added. These tubes were placed on a magnet and the celmead mixture was 

slowly added to the tube using a pasteur pipette. After a 5 minute incubation, the cell suspension 

was removed and placed in a 50m.L tube (Falcon 2070). The beads were washed in 10ml of SM 

and placed on the magnet for another 5 minutes. The suspension was piperted into the same 

50ml tube. This tube contains cells that do not express lineage markers. The cells were 

centrifùged and the depletion was performed another 3 tirnes. The additional depletions are 

required to remove d l  the beads. The lineage negative cells (Lin- cells) were either used directly 

or used to sort for c-kitfsca-1' LP/HSC (Lin- ckit+ Sca-13. 

For LPIHSC sorting, the 5-FU, lineage depleted cells were stained with a cocktail of 

lineage positive antibodies (see above) that were FITC conjugated. The cells were then stained 

with anti-CD 1 17 (c-kit) Xychrome and anti-Sca- 1 -PE . Cells that expressed both these markers 

were sorted using a FACstar ce11 sorter (Becton Dickinson, Oakville, Ontario). 

2.8 Infection of LP and HSC 

To promote ce11 cycling Lin' or Lin- ckit' ~ c a - l f  cells were pre-stimulated for 2 days (up 

to 1x10~ cells/ml) with recombinant murine stem ce11 factor (rmSCF) (Stern Ce11 Technologies, 

Vancouver), recombinant human InterIeukin (rhIL)-1 1 (Stem Ce11 Technologies, Vancouver) and 

recombinant human FLT-3 ligand (rhFLT-3L) (R & D Systems) at final concentrations of 



100ng/mL, lOng/rnL and 100ng/mL, respectively. CeIls were counted and infected with 

concentrated NotchIC retroviral supernatant by spinocdation. Spinocdation refers to 

centrifuging the virus and progenitors cells together in the presence of the polybrene (Sigma, 

Oakville, Ontario). Infection was performed at a concentration of 1x10~ cells/rnl. The viral 

supernatant was diluted 1 :2 with IMDM media (as described above) containing 8pg/ml 

polybrene. The cells were resuspended in the virus/media/polybrene cocktail in a 5ml round 

bottom tube (Falcon 2052) and centrifùged at 650xg (1 800 rpm in Beckman GS-6KR) for 45 

minutes. The cells were incubated at 32°C for 2 hours, and then resuspended in a fiesh cocktail 

of virus, media and polybrene. Spinocdation was repeated as described above. After the second 

spin, the cells were resuspended in fiesh media and incubated for 2-6 hours at 32OC before being 

injected into mice. 

2.9 Intrathymic Injections 

Retroviraily ulfected Lin' or Lin- ckitC ~ c a - 1  + cells were injected intrathymically into 4 

week old congenîc B6 Ly5.2 mice that had been sublethally irradiated (650cGy fiom a "'CS X- 

Ray source). Mice were anesthetized with a mix of rompun and rogarsetic (0.2mg and lmg per 

log body weight, respectively). A rnid-Iine incision was made in the upper thoracic region to 

expose the sternum. A srnaII longitudinal incision was made into the sternum to expose the top 

of the thymic lobes. Each lobe received lOpl of PBS containing cells infected with NotchIC 

(-70,000 Lin- cells/l Op1 for progenitors or 10,000 Lin' ckit' ~ c a -  1' cells/l Op1 for LPHSC). 

Cells were injected using a Hamilton syringe with a 30gauge needle with a special bevel. Mice 

were analyzed three weeks post-injection. 



2- 10 Flow Cvtometrv 

Single ce11 suspensions were prepared fkom individual thymic lobes of injected mice. 

The celis were counted and 1-2x10~ cells were added to 5ml conical tubes (Falcon 2058). The 

volume was brought up to 1-2 ml with staining medium and underlain with 0.3 ml calf semm 

using a pasteur pipette. Cells were centrifuged at 400xg (1 500 rpm in Beckman GS-6KR) for 5 

minutes at 40C. Cells were resuspended in 50 pl of f is t  step reagent diluted in SM and 

incubated on ice for 30-60 minutes. The cells were washed with 0.5d SM (Le. 5-10X staining 

volume), underlain with 03ml CS, and centrifuged as above. The cells were resuspended in 50 

pl second step and stained for 30 minutes on ice. Cells were washed in 500p.l of SM, 

resuspended in OSrnl SM containing 1 -2rnghl propridiurn iodide (PI; Sigma, Oakville, Ontario) 

and filtered through nylon screen (85urn diameter) into 4 ml round bottom tube (Falcon 2052 

tubes)- Immunofluoresence was analyzed on a Becton Dickinson FACScalibur or FACScan flow 

cytometer (Becton Dickinson, Oakville Ontario). 



Chapter 3: Results 

3.1 Effect of Ectopic Lhg: on T/B Commitment in the Thvmus 

To study the role of Lunatic Fringe (Lhg) in T ce11 development, a postdoctoral fellow in 

the Iab, Ute Koch, made transgenic mice that express Lfhg under the control of the proximal 

LCK promoter. This promoter is highly active at the DN-DP stage of thymocyte development 

(Chaffin et al., 1990, Buckland et al., 2000) causing Lfng to be expressed ectopically in the 

thymic cortex (in the same cells that express Notchl). Dr, Koch has shown a block in T ce11 

development and a concomitant increase in B ce11 numbers in the thymus (Figure 10; Koch et al,, 

submitted). Dr. Koch performed adoptive tram fer experiments, which demonstrated that the Tg- 

donor cells developed into B cells in T ~ +  thymic lobes (Koch et al., submitted). These results 

show that ectopic L h g  fùnctions ce11 non-autonomously to cause LP to preferentially adopt a B 

ce11 fate in the thymus. 

The phenotype of the L h g  transgenic mice is similar to the phenotype of the Notchl 

conditional knockout mice (Radtke et al., 1999) suggesting Lfng is antagoniùng Notch 

signaling. Recent evidence has established that Fringe is a glycosyltransferase that modifes the 

extracellular portion of Notchl (Bruckner et al., 2000; Moloney et al., 2000) and the 

glycosylation event(s) can modulate the interaction of Notchl with its ligands Delta and Serrate 

(Bruckner et al., 2000). If L k g  antagonizes Notchl signaling then LP expressing constitutively 

active Notchl (NotchIC) should be resistant to the inhibitory effects of transgenic Lfng since 

L h g  modifies the extracellular portion of Notchl and NotchIC lacks this portion. To test this 

hypothesis, 1 utilized a retroviral gene transduction strategy. LP (Lin- cells) or LP/HSC (Lin- 

ckit' Sca- 1' cells) were infected with constitutively active Notchl (NotchIC) retrovirus and 
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Figure 10: Phenotype of Lunatic Fiinge Transgenic Mice. A) CD4 versus CD8 expression in rliymocytes from transgenic negative 
versus positive mice. B) Thymocytes were stained witli CD4, CD8 and CD3e antibodies conjugated with the same fluorochrome. 
Cells lacking these three markers are referred to double negative (DN) thyinocytes. DN thymocytes were unalyzed based on the 
expression of CD44 and CD25 C) CD44 versus B220 expression in DN thymocytes. 



intrathymically injected into L h g  T ~ +  and Tg' hosts. My results suggest that constitutively 

active Notchl rendered lymphoid progenitors resistant to the effects of ectopic L hg. 

3 -2 Expression and Functional Studies of NotchIC 

A murine NotchIC construct was generated (Figure 8) based on previous studies (Robey 

et al., 1996; Stifani et al. 1992). Briefly, the intracellular domain of Notchl was excised fÎom a 

plasmid that contained fidl length Notchl cDNA (gift of S. Egan, Toronto). A 5' linker 

containing a FLAG epitope, Kozak sequence and start codon (AUG) as well as a 3' luiker 

containing an HA tag were hsed to NotchIC cDNA (Figure 8). To test its expression and 

function, NotchIC was cloned into pcDNA3, a mamrnalian expression vector. 293T celIs were 

transiently transfected with pcDNA3-NotchIC and expression of NotchIC protein was assessed 

by Western blotting with ad-FLAG antibody. The predicted size of FLAG and HA epitope 

tagged NotchIC is approximately 6lkDa. As shown in Figure 1 1, two species of NotchIC were 

observed; the minor species approximately corresponds to that size. The predicted size of 

NotchIC does not take into account post-translational modifications such as phosphorylation that 

will cause the protein to migrate slower on the gel. Furthermore, it has been established that the 

intracellular portion of Notch undergoes multiple phosphorylation events (Ronchini et al., 2000; 

Shimizu et al., 2000). Therefore, the larger species may represent phosphorylated NotchIC 

whereas the smaller species may represent unmodified NotchIC. An alternative hypothesis to 

explain this observation is the smaller species represents a degraded form of the larger species. 



NotchIC - 

Figure 11: Expression of NotchIC. Whole cell extracts were prepared from 293T cells transientIy 
transfected with pcDNA3-NotchIC. Whole ce11 extracts (30ug) were separated on an 8% SDS- 
polyacrylarnide gel and transferred to nitrocellulose. The blot was incubated with a mouse anti-FLAG 
M2 antibody (O.Zug/mL; Si-ma) and a donkey anti-rnouse IgG peroxidase conjugate secondary antibody 
(1/15000; Jackson). Lysate prepared from cells transfected with a FLAG tagged Chk- 1 was used as a 
positive control (kindly provided by M. Nemec). 
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Figure 12. A) Schematic representation of the full length NotchIC and the construct used in this study 
(NotchIC). Brick pattern and unfilled boxes represent the RAM domain and 6 ankyrin (CDCIO) repeats, 
respectively. The black boxes, hatched diagonal circle and crossed hatched box represent the nuclear 
localization sequences (NLS), opa region and the PEST sequence, respectively. B) Transactivation activity 
of NotchIC. 3T3 cells were CO-transfected with increasing amounts of NotchIC (lyg, 100113, long, lng) and 
100ng of a HES-1 luciferase construct. P-galactosidase was CO-transfected to monitor transfection efficiency. 
The experiment was performed in triplicate. Samples were averaged and normalized to fi-gal transfection 
values using the following formula: 
(NotcNC and HES 1 experimental luciferase / HES 1 luciferase) X normalization factor. 
lpg of full Iength NotchIC was used as a positive control (gift of S. Egan). 



The NotchIC protein contains a FLAG epitope at the 5' end as well as an HA epitope at the 3' 

end. Therefore, anti-HA Western analysis wodd determine whether the rninor species is a 

degredation product of the larger species. 

Previous studies have established that the intracellular portion of Notchl binds to and 

activates the HES-1 promoter (lu et ai., 1996). To determine if the NotchIC consbxct was 

functional, 1 assessed its ability to drive expression of a HES-I luciferase reporter construct in 

transient transfection assays (Figure 12b). To determine the amount of HES-1 luciferase plasrnid 

to be used in the experiment, a titration of the HES-1 luciferase plasmid was performed in NIH 

3T3 cells (data not shown). The pgl-3 control and basic vectors, as described in the materials 

and methods, were used as positive and negative controls, respectively. Transfection efficiency 

was monitored by CO-transfection of a 0-gal plasrnid (described in matends and methods). 

Figure 12b shows a dose response in HES-1 luciferase activity upon cotransfection of increasing 

amounts of NotchIC. This demonstrates that rny construct c m  activate Notch-dependent HES-1 

expression. 

3 -3 Retroviral Gene Transduction 

To constitutively activate the Notchl pathway in LP, a retroviral gene transduction 

systern was used. NotchIC was cloned into pLZRS (Figure a), a bicistronic retroviral vector that 

contains an intemal nbosornal entry site (IRES) that drives enhanced green fluorescent protein 

(eGFP) expression (Figure 9; gifi of G. Nolan). pLZRS-NotcMC was used to infect bone 

marrow-derived LP that were intrathymically injected into L h g  transgene positive mice. 



In preliminary experirnents, infection of BM progenitors was not efficient when virai 

titres were less than 5x10'. To improve retroviral titre, the retmvims was concentrated by 

ultracentrifugation. Figure 13 shows a cornparison of retroviral titre from concentrated and 

unconcentrated retrovirus, Retroviral supernatant was produced by transient transfection and 

concentrated by ultracentiifiigation. Serial dilutions of unconcentrated versus concentrated viral 

supernatants were perfonned and used to infect NIH 3T3 ceus. Figure 13 shows the percentage 

of ~ G F P +  cells (Le. infected cells) for various senal dilutions. Concentration increased retroviral 

titre approximately 10-fold. To further improve retroviral production, I have more recently co- 

transfected a helper plasmid that contains retroviral gag-pol-env genes (Naviaux et al., 1996). 

Retrovirus was produced by transient transfection of pLZRS retroviral DNA +/- pcl-eco helper 

plasmid. The titre of unconcentrated retroviral supernatants were detennined by infection of 

M H  313 ceus. Figure 14 shows the percentage of ~ G F P +  cells in MH 3T3 ceus infected with 

retrovirus produced with or without CO-trmsfection of the pcl-eco helper plasrnid. Co- 

transfection of pcl-eco increased the viral titre in the magnitude of IO fold (Figure 14). Using a 

combination of CO-transfection of pcl-eco followed by concentration 1 routinely achieve viral 

titres between 3 -7x 1 o6 viral particles/ml. 
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Figure 14: Cotransfection of the pcl-eco helper plasmid increased viral titre. IOpg of viral construct +/- 5ug of pcl-eco was transfected 
into the Phoenix-ecotropic packaging cell line. 48 hours post transfection, retroviral supernatant was harvested in 4ml of media. Serial 
dilution and infection of NIH 3T3 cells wese performed to determine retroviml titre. 2 days post infection, eGFP expression was inonitored 
using a BD FACScalibur. Percentage of GFPt cells are shown. Retroviral titre was calculuted as described in materials and methods. 



3.4 Isolation of LP and HSC 

The initial experiments to setup and optimize the system were performed in collaboration 

with a postdoctoral fellow in the lab, Trang Duong. 5-Fluorouracil(5-FU) treatment of mice is a 

commoniy used method for obtaining populations of enriched progenitorsktem cells fiom bone 

marrow (Bodine et al., 199 1; Szilvassy et al., 1989). 5-FU is an anti-turnor agent that kills 

rapidly proliferating cells by deplethg their dNTP pools. Hence, 5-FU treatment kills 

developing cells of the myeloid (i.e. macrophages and granulocytes), eiyùiroid and B 

lymphocyte lineages. Since HSC are thought to proliferate slowly, it has been suggested that 5- 

FU treatment will not kiU them (Lemer et al., 1990). Moreover, evidence suggests that 5-FU 

treatment induces HSC to proliferate which is important for retroviral integration (Hamison et al., 

199 1). 

In preliminary experiments, we noticed tremendous variability in BM ce11 yield afier 5- 

FU treatment, suggesting inefficient depletion of more mature cells that may interfere with the 

Section of multipotentid progenitors. Figure 15 shows a comparison of granulocyte, 

macrophage and B ce11 populations from non-treated and 5-FU treated bone marrow. Although 

5-FU matment clearly reduced the number of Mac-1, Gr4 and 8220 positive cells by 3.9, 8.8, 

and 5 fold, respectively, many lineage positive cells suMved (Figure 15). As 1 was concemed 

that these residual heage  positive cells would interfere with infection of LP, 1 combined 5-FU 

treatment with magnetic bead depletion. LP were then enriched by magnetically depleting  in+ 

cells or by sorting for  in- ckit+ Sca- 1 ' LP/HSC. 



3 -5 Retroviral Infection of LP and LPfHSC 

LP or LP/HSC were pre-stimulated for 2 days with cytokines. A growth factor cocktail 

of rhSCF, rhLL-3 and rhIL-6 is commonly used (Luskey et al. 1992). SCF, also known as KIT 

Ligand, has been shown to induce proliferation of primitive HSC (Lyman et al., 1998). I L 3  and 

IL-6 have also been suggested to be important for HSC survival and proliferation. In particular, 

IL-6 has been shown to synergize with SCF and induce higher levels of proliferation than SCF 

alone (Peters et al., 1996). The role of IL-3 in HSC swival  and proliferation rernains to be 

addressed. However, there is evidence to suggest that I L 4  abrogates the ability of stem cells to 

reconstitute the lymphocyte lineages (Hlrayama et al., 1994; Hirayama et al., 1995a;) and at 

concentrations as low as O. l n g / d  induces a large outgrowth of myeloid cells (Yonemura et al., 

1996). Makio Ogawa's group has recently shown that a cocktail of Flt-3L, SCF and IL-1 1 can 

induce lymphohematopoietic progenitors to differentiate towards both the T and B lineages 

(Hirayama et al., 1999). FLT-3L has been shown to be important for hematopoietic development 

(Banu et al., 1999; Borge et al., 1999; Hirayama et al., 1995b; McKenna et al., 1998; McKenna 

et al., 2000; Yonemura et al., 1997) and it has been suggested that IL-1 1 is important for T- 

development (Hirayama et al., 1999). Based on this evidence I decided to use a cocktail of Flt- 

3L, SCF and IL-1 1 for pre-stimulation and infection of LPIHSC. After the 2-day pre- 

stimulation, LP or LPMSC were infected with concentrated retrovinis by spinoculation. 

There is a well-established literature on infecting stem cells or enriched populations of 

progenitor cells by spinoculation (Cepko and Pear, Curent Protocols in Molecular Biology). 

Spinocdation involves centrifbging the retrovirus and the cells together in presence o f  

polybrene. Polybrene is a polycation that allows the negatively charged retrovirus to interact 

with the negatively charged cell. 
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Figure 15: Phenotypic coinparision of uiitreated and 5-FU treated bone inarrow. Mice were i~itravenously injected with 150mglkg 
5-Flurouracil. Five days post injection, bone marrow cells were Iiarvested and red blood cells were lysed. The remaining cells were 
counted and stained with FITC conjugated anti-GR- 1 (8C5), anti-Mac- 1 (M 1/70) or aiiti-B220 (682) .  Cells were analysed using a 
Becton Dickson FACScalibur flow cytoineter. 



3.6 Effect of NotchIC on LP Fate in the Presence of Ecto~ic Lf5g 

The phenotype of the proximal LCK Lfng transgenic mice is similar to the phenotype of 

the conditional Notchl knockout mouse (Radtke et al., 1999) suggesting Lfhg is antagonizing 

Notch signaling. Recent evidence has established that Fringe is a glycosyltransferase that 

modifies the extracellular portion of Notchl (Bruckner et al., 2000; Moloney et al., 2000; Munro 

et al., 2000). The various glycosylation events modulate the interaction of Notchl with its 

ligands. For example, Fringe potentiates the interaction of Notchl with Delta (Bruckner et al., 

2000; Hicks et al., 2000). If Lhg  is antagonizing Notchl signaling in the transgenic mice, then 

LP expressing constitutively active Notchl (NotchIC) should be rendered refiactory to this 

inhibitory effect- To test this hypothesis, Lin  LP or purified Lin-LP/HSC were infected with 

pLZRS-NotchlC. The LPMSC population is highly enriched for HSC (Lin- Sca-1' c-kitf Thy-1" 

IL-7Ra-) and LP ( ~ i n - ~ c a - l +  c-kitf Thy-1- 1 ~ - 7 ~ a ?  (Kondo et al., 1997), but lacks commom 

myeloid progenitors (Akashi et al., 2000a). 

Retrovirally transduced LP fiom B6 CD45.1 mice were injected intrathymically into 4-5 

week old B6 L h g  transgenic (CD45.2) mice. Mice were sacrificed 3 weeks post-injection and 

thymus ce11 preparations were analyzed by flow cytometry for expression of CD45 (to identiQ 

donor cells), eGFP expression to identie transduced cells and T versus B cell markers to 

determine the influence of NotchlC on lymphocyte development. 

Figure 16 shows total eGFP expression fiom an individual thymic lobe fiom mice that 

received NotchIC infected Lin- LP (experiment 1) or purified LP/HSC (experiment 2). The 

contributions of infected (~GFP') and uninfected (eGFP-) ce11 fiactions to the T and B ce11 

lineages are illustrated in the CD4 versus CD8 and CD45 1 versus B220 FACs plots, respectively 



(Figure 16). In both experiments the contribution of uninfected (eGFP3 cells and NotchIC 

infected (~GFP? donor cells to the CD4 and CD8 Iineages were similar. However: as shown in 

Figure 16 and Table 2, the NotchIC infected cells (i.e. ~GFP') never contrïbuted to the B ce11 

Iineage whereas the uninfected cells did contribute to the B cell lineage. The compiled data Tom 

the two experiments are shown in Table 2. Table 2 shows total GFP expression Tom donor 

thymocytes from individual thymic lobes fkom Lfng transgenic mice that received NotchIC 

infected LP (experiment 1) or LP/ HSC (experiment 2). GFP expression in donor thymocytes 

varied between 1 8-59%. As shown in the Table 2 ceils transduced with NotchIC retrovirus 

contribute Iess than 0.5% to the percentage of B cells in the DN compartment. Therefore, B cells 

in the DN compartment consist of uninfected donor cells. Moreover, al1 rnice that received LP or 

LP/HSC transduced with NotchIC retrovirus demonstrated a dramatic decrease in the B ce11 

phenotype (Table 2- legend). These results demonstrate that constitutively active Notchl 

renders LPHSC refractory to the effects of the L h g  transgene. 
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Figure 16: Mice (CD45.1) were injected intraveneously with 5-FU (1 5Omgkg). Five days post injection, 
bone marow cells were harvested from the tibias and femurs. Red blood cells were lysed and the remaining 
cells were counted. Cells expressing CD4, CD8, TCR, B220, Gr-1, Mac-1 and Ter-1 19 were removed by 
magnetic bead depletion (experiment 1). In experiment 2, c-kit+sca- l+ cells were sorted from 5-FU, lineage 
depleted bone marrow. After lineage depletion andor ce11 sorting, the cells were counted and cultured for 
2 days in the presence of rhIL-11, rhFLT-3L and rmSCF. Following the 2-day culture period, cells were 
infected by spinocuIation with concentrated NotchIC retrovirus. 4 hours post infection cells were intra- 
thymically injected into Lunatic FringeTransgenic hosts (CD45.2) that had received 650cGY of irradation. 
Mice were analyzed 3 weeks post injection. The histograms show total GFP from an individual thyrnic 
lobe from mice injected with infected LP (experiment 1) or mice that were injected with infected HSC 
(experiment). The contribution of donor GFP+ and GFP- fractions to the T ceil and B ce11 lineages are 
illustrated in the CD4 versus CD8 and CD45.1 versus B220 FACS plots, respectively. 





Chapter 4: Discussion 

4.1 NotchIC uifected LP or LP/HSC do not give rise to B-ce11 Drogenv 

Recent and compelling evidence suggests that an evolutionary conserved protein, Notchl, 

c m  influence lineage decisions during lymphocyte development (Pui et al., 1999; Radtke et al., 

1999). Our lab has shown that thymocytes ectopically expressing L h g  induce LP to adopt a B 

ce11 fate in the thymus. This phenotype is similar to the Notchl inducible knockout mouse 

(Radtke et al., 1999) suggesting that Lfhg functions by antagonizing Notchl activation. I have 

demonstrated that LP infected with constitutively active Notchl retrovirus are rendered 

refkactory to the effects of ectopic Lhg. The simplest interpretation to explain the ability of 

NotchIC to perform this function is that NotchIC influences the fate of progeny denved fiom LP. 

This is analogous to previously observed effects of Notch in Drosophila and C. elegans where 

Notch functions within bipotent progenitors to repress adoption o f  a primary (default) ce11 fate 

and promote the adoption of an alternative secondary ce11 fate (Greenwald et al., 1983; Horvitz et 

ai., 1983; Katz et al., 1995). Based on the current mode1 of Notchl in lymphoid development 

(Figure 6) the results suggest that a well-known modulator of Notchl signaling, Lhg, may 

regulate this comrnitment decision. Although it is tempting to speculate that Lfhg and Notchl 

are regulating T versus B lymphocyte commitment decisions, it remains to be detennined 

whether these molecules are regulating a sunival event rather than a commitment event per se. 

Recent evidence has suggested that B ce11 development does occur in the thymus, albeit, 

at low levels (Akashi et al., 2000: Levin et al., 1999; Montecino-Rodriguez et al., 1996). Akashi 

et al. also demonstrated increased B ce11 numbers in thymii fiom TCRB nul1 rnice. These results 

suggest that B ce11 developrnent can occur at increased levels in the thymus if space is available. 



An established downstrearn target of Notch, HES-1, is essential for the expansion of early 

thymocytes (Tomita et al., 1999; Kaneta et ai., 2000). Rag nul1 mice reconstituted with fetai 

liver cells £corn HES-1 nul1 mice demonstrate a dramatic reduction in thyrnocyte numbers (-200- 

LOOOX less than wild type) (Tornita et al., 1999). They M e r  demonstrated that thymocyte 

development is arrested at the muitipotential C ~ 4 4 ~ ~ ~ 2 5 -  stage. Unforhmately, the authors 

never addressed thymic B-ce11 development. Therefore, it is quite possible that Lfhg may 

function by inhibiting the survival or, perhaps preventing the development of thymocytes, and 

the "empty" thymus allows for an unusual expansion of B cells. Based on the number of B cells 

in the Lfng transgenic mice this does not seem likely. However, it remains to be detennined 

whether Notch l and Lfhg are regulating comrnitment or survival events. 

4.2 Notch and CD4 versus CD8 Cornmitment 

It is has been well established that the choice between the CD4 and CD8 lineage is 

controlled by binding of the TCR and the CD4 and CD8 coreceptors on developing thymocytes 

to MHC proteins on thymic epithelial cells (reviewed in Robey and Fowlkes, 1994). 

Recognition of class 1 MHC by CD8 and the TCR is required for CD8 lineage development 

whereas recognition of class II MHC by the CD4 and TCR is required for CD4 lineage 

development. This is clearly observed in mice that do not express either the CD4 or the CD8 

coreceptor. For example, mice deficient in class 1 MHC lack CD8SP cells (Koller et al., 1990; 

Zijlstra et al., 1990). When expressed in the thymus fiom a transgene, a constitutively active 

form of Notchl drastically skewed SP T ce11 development towards the CD8 lineage. Since 

activated Notch favors CD8 development it was possible that Notch might override the normal 

requirement for class 1 MKC and allow cells to develop in the class 1 deficient mice. To address 

this question NotchIC transgenic rnice were crossed with pz-rnicoglobulin (Pz-M) mutant rnice 



(Robey et al., 1996). The NotchIC-B2-M mice also demonsbnited a siWcant skew in CD8SP 

development suggesting that NotchLC cm drive CD8SP development in the absence of class 1 

MHC. 

Thyinocytes that express TCRs that recognize class II ML4C normally develop as CD4 

cells. Since chss II is present in PZ-M mutant rnice, the CD8 ce l s  observed in NotchIC 

transgenic may be cells with class II specific TCRs that developed as CD8 cells rather than CD4 

cells due to the presence of NotchIC. To address this issue, Robey et al. performed BM chimera 

experiments (Robey et al., 1996). Bone marrow fiom NotchIC transgenic mice was used to 

reconstitute lethally irradiated class 1 MHC deficient? class II MHC deficient or class 1 and class 

II MHC double deficient mice. In the absence of both class 1 and class II MHC very few mature 

CD8SP T cells develop suggesting that NotchIC c m  not overcome the absence of MHC. Ln the 

presence of either class 1 or class II MHC, NotchIC led to the development of CD8SP cells. 

Based on these results, the authors suggested that the role of Notch in T ce11 development is 

analogous to the role of Notch in neural-epidermal ce11 fates decisions in Duosophila. In other 

words, thymocytes differentiate dong a default (Le. CD4) pathway udess they receive a Notch 

signal, which results in the adoption of a secondary (Le. CD8) ce11 fate. Recent evidence has 

questioned these resdts (Deftos et al., 2000). Deftos et al. also generated NotchIC transgenic 

mice and performed similar BM churiera experiments. NotchIC BM was injected into lethally 

irradiated class 1 and class II MHC double deficient rnice. In contrast to Robey et al-, the authors 

observed that expression of NotchIC led to an increase in both CD4 and CD8 SP T cdls  in the 

absence of MHC suggesting that NotchIC can overcome the requirement for TCR signaling. 

However, a skew towards the CD8SP lineage was still observed suggesting that NotchIC may 

iduence the CD4/8 cornmitment decision. As shown in Figure 16, the CD4 versus CD8 FACs 



profile of T cells denved fiom infected or uninfected LP are vinittally identically. This was a 

surprising observation as NotchIC transgenic mice demonstrate an increase in both CD4 and 

CD8SP thymocytes as well as a dramatic skew towards the CD8SP Lineage (Deftos et al., 2000; 

Robey et al., 1996). There are two possibilities to explain this observation. First, my 

experirnents were perfonned with LP or LPMSC that were intrathyrnically injected into Lfhg 

transgenic mice and analyzed three weeks post injection. In contrast, the transgenic NotchIC 

studies involved adult mice, Therefore, 3 weeks may not provide enough tirne to observe the 

phenotype seen in adult NotchIC transgenic mice. Second, the similarities between the eGFP' 

and ~ G F P ~  fiactions may also be explained by eGFP expression. Although we are trying to 

differentiate between infected and uninfected celIs it is possible that al1 the cells are infected but 

many infected cells may not express eGFP. It has been well established that expression of the 

second gene in a bicistronic message is often lower compared to the frst gene. In other words 

the gene (i.e. GFP) driven by the IRES decreases when a gene is cloned into the frrst site of 

bicistronic vectors (Duch et al., 1999; Havenga et al., 1998; Hsieh et al., 1995; Saleh et al., 

1997). Therefore, cells in the eGFP- fiaction may actually express NotchIC but do not express 

eGFP. This does not seem likely based on the CD45 1 versus B220 FACS plots. When 

cornparhg the contributions of eGFP- and ~GFP+  fractions to B ce11 repopulation a difference 

was observed suggesting that the ~ G F P +  cells do express NotchIC whereas the eGFP' cells do 

not. 

Trying to understand or elucidate how Notchl may regulate CD4SP versus CD8SP 

cornmitment is M e r  complicated when looking at the expression of Notch and its ligands in 

the thymus. Both Notchl and its ligands appear to be expressed on al1 subsets of thymocytes as 

well as on the thymic epithelial cells (Kenata et al., 2000). Although these observations have 



suggested a role for Notch in the CD4 versus CD8 Lineage commitrnent decision, there is no 

compelling evidence to support this argument. Moreover, it is quite possible that Notch is 

regulating a survival event rather than a commitment event and many of the observations c m  be 

interpreted to support a survival argument rather than a commitment argument. A final 

possibility is that Notchl does not regulate CD4 versus CD8 commitment or thymocyte survival. 

The most cornpeiiing argument to support a survival hypothesis cornes fiom the 

phenotype of the NotchIC transgenic rnice. The phenotypes of the NotchIC mice generated by 

both groups (Defios et al., 2000; Robey et al., 1996) are very sirnilar in the fact that they 

demonstrate a significant skew towards CD8SP cells in the thymus. Although this phenotype 

was observed, both groups also recognize that the majority of these CD8SP cells do not exit the 

thymus and colonize peripheral lymph organs. The phenotype of the NotchIC mice is virtually 

identical to that of mice that overexpress bcl-2 suggesting that Notch is providing a suMval 

function rather than a commitment function. This hypothesis is M e r  supported by recent work 

fiom Deftos et al. @eftos et al., 1998). One interesting event during the transition fiorn DP to 

SP is the acquisition of resistance to glucocorticoids. Et has been well established that DP 

thymocytes are extrernely susceptible to glucocorticoids and undergo apoptosis whereas SP 

thyrnocytes are relatively resistance to the effects of glucocorticoids. To furùier understand the 

molecular mechanisms of thymocyte development, Deftos et al., screened a mouse thymocyte 

cDNA library for genes that regulate thymocyte sensitivity to glucocorticoids. A thymocyte 

cDNA library was constructed in a retroviral vector and transferred into the glucocorticoid 

sensitive ce11 h e ,  AKR10 10, followed by selection of clones that proliferated in the presence of 

dexamethasone. Retrovirally transferred cDNAs fiom resistant clones were sequenced and 

multiple independent clones were found to express cDNAs derived Tom the Notchl gene. This 



result suggested that Notch conf'ers resistance tu glucocorticoids. To confirm this result, 

NotchK was expressed in AKRI O1 O and in the glucocorticoid-sensitive T ce11 hybridoma, 

2B4, I l .  NotchIC conferred resistance to both cell Iines. Moreover, Notch activation resulted in 

the upregulation of bcl-2, an anti-apoptotic gene known to render DP thymocytes refiactory to 

glucocorticoids, in these cell lines. They M e r  demonstrated that DP thymocytes f?om 

NotchIC transgenic mice were resistance to glucocorticoid-induced apoptosis. These results 

coupled to the phenotype of the NotchIC transgenic rnice suggest that NotchIC may provide a 

sumival factor as opposed to a commitment factor. Although a role for Notchl has been 

suggested for CD4 versus CD8 c o d t m e a t  as well as resistance to glucocorticoids, recent 

evidence (Wolfer et aI., 2001) suggests that Notchl is not involved in either of these processes. 

Wolfer et al., (Wolfer et al., 2001) crossed transgenic mice that express the Cre 

recombinase under the control of the CD4 promoter with mice in which essential portions of the 

Notchl gene were flanked by loxP sequences. This resulted in tissue specific inactivation of 

the gene encoding Notchl in immature CD44-CD25+ T ce11 precursors. Loss-of-function was 

confirmed by the absence of NotchI protein beyond the CD44-CD25+ stage of development. 

The authors found that Notchl-deficiency did not alter lineage commitment, maturation or 

survival of CD4SP and CD8SP T cells. This was a surprising observation considering 

previously published data (Deftos et al., 1998; Deftos et al., 2000; Robey et al., 1996). This 

discrepancy can be reconciled considering the previous reports (Deftos et al., 1998; Robey et al., 

1996) used gain-of-function overexpression approaches to study the role of Notch in T ce11 

development. Therefore, in the transgenic studies (Deftos et al., 1998; Robey et al., 1996) 

overexpression of NotchIC may have activated signahg pathways that are not normally 



activated under normal physiologic conditions. Moreover, Notchl is a powerfül T ce11 oncogene 

and inevitably influenced the survival of the bansgenic thymocytes. 

4.3 Activitv of Notch Construct 

Nthough my NotchIC construct is clearly functional, recent evidence has questioned the 

activity of this construct (Kurooka et ai., 1998). The sequence of the NotchIC construct was 

based on the sequence used to generate NotchIC transgenic niice by Robey's group (Robey et al,, 

1996). This sequence contains the two nuclear localization sequences, the RAM domain as well 

as the ankyrin repeats (Figure 12a). However, this NotchIC construct lacks the opa region as 

well as the PEST sequence (Figure l2a). Recent evidence has suggested that Notchl constmcts 

lacking the opa region of Notchl rnay not be fully active (Kurooka et al., 1998). Deletion 

mutants lacking various regions of the Notchl intracellular domain were generated and their 

ability to drive reporter expression was compared to a plasmid containing the fidl intracellular 

domain of Notchl (TSurooka et al., 1998). These experiments led to the identification of a new 

tramactivation domain that resides in the opa region of Notchl. Furthermore, they suggested 

that Notchl constmcts Iacking the opa region were not as active as constmcts containing the full 

intracellular domain. In contrast to their frndings, 1 have shown that the NotchIC construct based 

on Robey's sequence (Le. lacks the opa domain and PEST sequence) works equally well and in 

fact produced a greater signal cornpared to a plasmid containhg the full intracellular sequence of 

Notchl (Figure 12b). Although I am unsure as to why this is, it is likely that the NotchIC 

lacking the PEST sequence is more abundant as proteins that contain a PEST sequence may 

render them unstable (Rogers et al., 1986). However, 1 have ody  looked at the ability of Notch 

to drive the HES-1 promoter whereas other downsQeam targets of Notch may require this newly 



identified transactivation domain. Nevertheless, the construct does work and does appear to 

function as a gain of fùnction mutation- 

4.4 S~ecific Microenvironments are not required for B and T ce11 development 

There is growing evidence to suggest that thymic and bone marrow microenvironments 

c m  support the development of either B or T cells (Garcia-Ojeda et al., 1998; Dejbakhsh-Jones 

et al. 1999; Radtke et al., 1999; Pui et al., 1999; Akashi et al., 2000b). Aside fkom the recent 

Notch evidence, it has been shown that T cells can develop and undergo positive and negative 

selection in the absence of thymic epithelium as well as the absence of CIassI and ClassII MHC 

(Garcia-Ojeda et al., 1998; Dejbakhsh-Jones et al. 1999). Moreover recent evidence fkom rnice 

expressing constitutively active Notchl under the control of the proximal LCK suggests that both 

CD4SP and CD8SP can develop in the absence of ClassI and ClassII MHC (Defios et al., 2000). 

These observations coupled with evidence fiom the Notch conditional knockout (Radtke et al., 

1999) and LP infected with NotchIC retrovirus (Pui et al., 1999) suggest that both the thymus 

and the bone marrow can support the development of either T or B cells. The Lhg transgenic 

rnice and my NotchIC experiments provide M e r  evidence to support this suggestion (Koch et 

al., submitted). Therefore, the NotchIC retrovirus will provide an excellent reagent to address 

cornmitment andor survival issues during B and T ce11 cornmitment- Since stem celIs 

transduced with NotchIC can give rise to T cells in the bone marrow (Pui et al., 1999) in vitro 

experiments could be performed to determine the genes that Notch regdates. For example, LP 

transduced with NotchIC could be sorted post infection, based on the expression of GFP, and 

cultured in an in viîro system such as the S 17 stroma1 ce11 line or the OP9 culture system. Using 

a specific growth factor cocktail it is possible to induce LP to differentiate along the B ce11 



heage-  Therefore, NotchIC infected LP could be cultured in the same conditions and their 

deveIopmental fate studied. 1 would predict that the NotchIC uifected LP would become T cells 

as opposed to B cells. If this occurred, varïous signal transduction pathways, changes in gene 

expression andor suMval could be cornpared between infected and uninfected celIs. This 

would provide mechanistic evidence to explain how Notchl regulates T versus B ce11 

development. 

4.5 Role of Lunatic F W e  in Lyrn~hocvte Develournent 

Thymocytes ectopically expressing Lfng uiduce LP to adopt a B ce11 fate in the thymus 

(Figure 10). However, it remains to be determïned whether Lunatic Fringe hctions in this 

manner under normal physiologic circumstances. The L h g  transgenic mice ectopically express 

this protein in a region of the thymus where it is not normally expressed (Koch et al., submitted). 

Understanding the precise role of Lfhg is M e r  complicated considering that Lfng appears to be 

secreted and fùnctions in a ce11 non-autonomous function rather than a ce11 autonomous manner 

in the transgenic rnice. It has recently been established in Drosophila that Fringe functions as a 

glycosyltransferase (Bruckner et al., 1999; Munro et al., 2000; Moloney et al., 3000). Munro et 

al. generated transgenic flies that expressed Lfng under the control of varïous promoters that 

directed low, intermediate or high expression. The authors f ~ s t  demonstrated that Fringe is 

locaiized in the Golgi and functions as a glycosyltransferase and does not need to be secreted. 

Since there was evidence to suggest that Fringe may be secreted (Irvïne and Weischaus., 1994) 

they wanted to compare the activiivity of secreted Fringe to wild-type Fringe. To test the activity 

of secreted Fringe they replaced the putative signal peptide with that of a well established 

secreted protein, Argos (Schweitzer et al., 1995). When expressed at very high levels, secreted 



Fringe and the wild-type protein caused indistinguishable phenotypes. However, at lower 

expression levels, secreted Fringe caused =ch less severe defects than the wild-type protein 

suggesting that secreted Fringe has much 1 ess activity than the wild-type protein. Although 

sirnilar studies have not been perfomed iril mamrnals it still does not discount the suggestion that 

L h g  may not be functioning in a physiologie manner in our system. 

4.6 Notch and Fringe in Lym~hoid Devebpment 

Notchl has recently been implicated in T versus B ce11 cornmitment (Pui et al., 1999; 

Radtke et al., 1999). Recent evidence fkom our lab S o c h  et al., submitted) has suggested that a 

well-know modulator of Notch, Lunatic Fringe, may regulate this commitment process. 

Understanding the role of Notch and L h g  in lymphocyte commitment decisions is m e r  

complicated as both these proteins have other fmily members. The Notch family of 

transmembrane receptors contains four members (Notchl-4). Immunohistochernicd studies 

have shown that Notchl-3 are expressed in the thymus (Felli et al., 1999) and RT-PCR data has 

shown Notchl-4 message in al1 subsets of ühymocytes (Kaneta et al., 2000). The situation is 

M e r  complicated considering that Notchl-3 al1 share the crucial EGF repeats needed for 

Notch to interact with their ligands and the- intracellular domains are very similar (reviewed in 

Egan et al., 1998). This point is m e r  illustrated in Notch3 transgenic mice. These mice 

express the intracellular portion of Notch3 under the control of the proximal LCK promoter 

(Bellavia et al., 2000) The phenotype of the NotchjIC mice is sirnilar to LP transduced with 

NotchIC (Pear et al., 1996) as weIl as NotcIhIC transgenic mice (Deftos et al., 2000). lin 

particular, an ad-apoptotic signaling cascade is initiated resulting in thymic lymphoma. 



Therefore M e r  work is required to understand the specific expression pattern of Notch family 

members and ligands and how their activities are regulated. 

There are three members of the Fringe family: Lunatic, Radical and Manic. All three 

f d y  members show remarkable homology to each other (Cohen et al., 1997; Johnston et al., 

1997) suggesting they may perform similar functions. AU three Fringe farnily members are 

expressed in the thymus (Cohen et al., 1997; expressed sequence tags). However, the thyrnic 

distribution and expression patterns in various thymocyte subsets have not been performed. 

Therefore understanding a precise roIe of one Frïnge family member will be chailenging. 

Nevertheless, it may be possible to study these questions by generating multiple conditional 

knockouts (i.e. al1 three Fringe famiiy members) and reconstituting these mice with specific 

Fringe molecdes to determine their influence on lymphocyte development. Since al1 three 

Fringe farnily members share high homology this strategy may not work as other family 

members may compensate for the lost molecule(s). 

How are Lfhg and Notch functionhg to induce LP to adopt a B cell fate in the thymus in 

the L h g  transgenic mice? In our system we have shown that secreted Lfhg acts non- 

autonomously to modulate Notchl activation in thymic LP, and ultimately affects TA3 Iineage 

decisions. Since it is unlikely that the Fringe substrate UDP-N-acetylglucosamine would be 

found extracellularly, we favor the possibility that Lfng alters the expression and/or fùnction of 

Notch ligands in T ~ '  thymocytes causing them to inhibit Notchl activation in Tg' LP. 

4.7 Summary  

We have demonstrated that thymocytes ectopically expressing Lfhg induce LP to adopt a 

B ce11 fate in the thymus. The phenotype of the L h g  transgenic mice is sirnilar to a Notchl 

conditional knockout (Radtke et al., 1999) suggesting that Lfhg functions by antagonizing 



Notchl signaiing. The Lfhg phenotype is opposite to that of Pui et al. (Pui et al., 1999) who 

demonstrated T cell development in Sie BM fkom LP retrovirally transduced with constitutively 

active Notchl. Taken together, these resdts suggest that LP adopt a primaqddefault B ceU fate 

in both the BM and the thymus. It has been established that Notchl signaling is required for the 

development of T ce11 precursors (Radtke et al., 1 999, Tomita et al., 1999) suggestulg that 

Notchl activation is required to suppress B cell development in the thymus. Following the 

Notchl -dependent choice of T B  ceIl fate, the thyrnic and BM microenvironments can support 

the development of both B and T ceiis. Therefore, understanding the mechanism that leads to 

Notch activation in the thymus versus the bone marrow is critical to understanding the early 

events in T versus B lineage commitment. Our data suggests that Lfng and/or its homologues 

may regulate Notchl activation in LP to ensure that T and B cells develop in different tissues. 



Referenc es 

Akashi, K., Richie, L. 1-, Miyarnoto,T., Carr, W. H.,and Weissman, 1. L. (2000b). B 
lymphopoiesis in the thymus, J Immunol 164, 522 1-6. 

Akashi, K-, Traver, D., Kondo, M., and Weissman, 1. L. (1 999). Lymphoid development fiom 
hematopoietic stem cells, Int J Hematol69, 2 17-26. 

Akashi, K., Traver, D., Miyamoto, T., and Weissman, 1. L. (2000a). A clonogenic common 
myeloid progenitor that gives rise to dl rnyeloid lineages, Nature 404, 193-7. 

Artavanis-Tsakonas, S., Matsuno, K., and Fortini, M. E. (1995). Notch signaling, Science 268, 
225-32. 

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1 999)- Notch signaiing: ce11 fate control 
and signai integration in development, Science 284,770-6. 

Bain, G., Engel, E., Robanus Maandag, E. C., te Riele, H. P ., Voland, J. R., S harp, L. L., Chun, J., 
Huey, B., Pinkel, D., and Murre, C. (1997). E2A deficiency leads to abnormalities in dphabeta 
T-cell development and to rapid developrnent of T-ce11 lymphomas, Mol Ce11 Bi01 17,4782-9 1. 

Bain, G., Maandag, E. C., Izon, D. J., Arnsen, D., Kniisbeek, A. M., Weintraub, B. C., Krop, I., 
Schlissel, M. S., Feeney, A. J., van Roon, M., and et al. (1994). E2A proteins are required for 
proper B ceII development and initiation of immunoglobulin gene rearrangements [see 
comments], Ceil 79, 885-92. 

Bain, G.9 and Murre, C. (1998). The role of E-proteins in B- and T-lymphocyte developrnent, 
Semin Immunol 10, 143-53. 

Banu, N., Deng, B., Lyman, S. D., and Avraham, H. (1999). Modulation of haematopoietic 
progenitor development by FLT-3 ligand, Cytokine 1 1,679-88. 

Bamdt, R. J., Dai, M., and Zhuang, Y. (2000). Functions of E2A-HEB heterodimers in T-cell 
development revealed by a dominant negative mutation of HEB, Mol Cell Bi01 20, 6677-85. 

Beitel, G. J., Tuck, S., Greenwdd, I., and Horvitz, H. R. (1 995). The Caenorhabditis elegans 
gene lin- 1 encodes an ETS-domain protein and defines a branch of the vulval induction pathway, 
Genes Dev 9 ,3  149-62. 

Bellavia, D., Campese, A.F., Alesse, E., Vacca, A., Felli, M.P., Balestri, A., Stoppacciaro, A., 
Tiveron, C., Tatangelo, L., Giovarelli, M., Gaetano, C., Ruco, L., Hoffman, ES., Hayday, AC., 
Lendahl. U., Frati, L., Gulino, A., Screpanti, 1. (2000) Constitutive activation of NF-kappaB and 
T-ceIl leukemia/lymphoma in Notch3 transgenic mice. EMBO J. 3 ; l9(13):3 3 3 7-48. 



Bettenhausen, B., Hrabe de Angelis, M., Simon, D., Guenet, I. L., and Gossler, A. (1995). 
Transient and resaicted expression during mouse embryogenesis of DU,  a murine gene closely 
reIated to Drosophiia Delta, Developrnent 12 1,2407- 18. 

Bierkamp, C., and Campos-Ortega, J. A. (1993). A zebrafish homologue of the Drosophila 
neurogenic gene Notch and its pattern of  transcription d u ~ g  early embryogenesis, Mech Dev 
43,87-100. 

Blaumueller, C. M., Qi, H., Zagouras, P., and Artavanis-Tsakonas, S. (1 997). Intraceliular 
cleavage of Notch leads to a heterodimerk receptor on the plasma membrane, Ce11 90,28 1-9 1. 

Bodine, D.M., McDonagh, K.T., Seidel, N.E., Nienhuis, A. W. (199 1) Survival and retrovirus 
infection of murine hemat~poietic stem cells in vitro: effects of 5-FU and method of infection. 
Exp Hematol l9(3):206-12 

Borge, O. J., Adolfsson, J., and Jacobsen, A. M. (1999). Lymphoid-restrïcted development from 
multipotent candidate murine stem cells: distinct and complimentary functions of the c-kit and 
flt3- ligands, Blood 94, 3 78 1-90, 

Bray, S. (1998). Notch signalling in Drosophila: three ways to use a pathway, Semin Ce11 Dev 
Bi01 9, 591-7. 

Brou, C., Logeat, F., Gupta, N., Bessia, C., LeBail, O., Doedens, J. R,, Curnano, A., Roux, P., 
Black, R. A., and Israel, A. (2000). A novel proteolytic cleavage involved in Notch signaling: the 
role of the disintegrin-metalloprotease TACE, Mol Cell 5,207-16. 

Brown, K. E., Guest, S. S., Smale, S. T., Hahm, K., Merkenschlager, M., and Fisher, A. G. 
(1 997). Association of transcrÏptionally silent genes with Ikaros complexes at centromeric 
heterochromatin, Ce11 9 1, 845-54. 

Bruckner, K., Perez, L., Clausen, H., and Cohen, S. (2000). Glycosyltransferase activity of 
Fringe modulates Notch-Delta interactions, Nature 406, 41 1-5. 

Buckland, J., Pennington, D. J., Bruno, L., and Owen, M. J. (2000). Co-ordination of the 
expression of the protein tyrosine kinase p56(lck) with the pre-T ce11 receptor during thymocyte 
development Cpublished erratum appears in Eur J Immunol2000 Mar;30(3):974], Eur J Immun01 
30, 8-18. 

Campos-Ortega, J. A. (1 993). Mechanisms of early neurogenesis in Drosophila melanogaster, J 
Neurobiol24, 1305-27. 

ChaEfm, K. E., Beals, C. R., Wilkie, T. M., Forbush, K. A., Simon, M. I., and Perlmutter, R. M. 
(1 990). Dissection of thymocyte signaling pathways by in vivo expression of pertussis toxin 
ADP-ribosyltransferase, Embo J 9 ,3  82 1 -9. 



Cepko, CL.  and Pear, W. Transduction of Genes using retrovirus vectors. In Current Protocols 
in Molecular Biology. (Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J-G., 
Smith, J.A., Struhl. K.) (1998) pp. 9.9.1-9.14.6 John Wiley & Sons, New York 

Cobbold, S. P., Jayasuriya, A., Nash, A., Prospero, T. D., and Waldrnann, H. (1984). Therapy 
with monoclonal antibodies by elimination of T-cell subsets in vivo, Nature 3 12, 548-5 1. 

Cof%han, C., Hams, W., and Kintner, C. (1990). Xotch, the Xenopus homolog of Drosophila 
notch, Science 249, 143 8-4 1. 

Cofçnan, C. R., Skoglund, P., Harris, W. A., and Kintner, C. R. (1993). Expression of an 
extracelluiar deletion of Xotch diverts ce11 fate in Xenopus embryos, Ce11 73,659-7 1. 

Coffinan, R. L., and Weissman, 1. L. (1981). B220: a B cell-speci£ic member of th T200 
glycoprotein family, Nature 289,68 1 -3. 

Cohen, B., Bashinillah, A., Dagnino, L., Campbell, C., Fisher, W. W., Leow, C. C., Whiting, E., 
Ryan, D., Zinyk, D., Boulianne, G., et al. (1997). Fringe boundaries coincide with Notch- 
dependent patteming centres in mammals and alter Notch-dependent development in Drosophila, 
Nat Genet 16,283-8. 

Codon, R. A., Reaume, A. G., and Rossant, J. (1995). Notchl is required for the coordinate 
segmentation of somites, Development 12 1, 1 53 3-45. 

Danska, J. S., Holland, D. P.) Mariathasan, S. ,  Williams, K. M., and Guidos, C. J. (1996). 
Biochemical and genetic defects in the DNA-dependent protein kinase in murine scid 
lymphocytes, Mol Ce11 Bioi 16, 5507-17. 

de Celis, J. F., and Bray, S. (1 997). Feed-back mechanisms aec t ing  Notch activation at the 
dorsoventral boundary in the Drosophila wing, Development l24,3 24 1-5 1. 

de Celis, J. F., de Celis, J., Ligoxygakis, P., Preiss, A., Delidakis, C., and Bray, S. (1996). 
Functional relationships between Notch, Su(H) and the bHLH genes of the E(sp1) complex: the 
E(sp1) genes mediate only a subset of Notch activities during imaginai development, 
Development 122,27 19-28. 

De Strooper, B., Annaert, W., Cupers, P., Saftig, P., Craessaerts, K., Mumm, J. S., Schroeter, E. 
H., Schrijvers, V., Wolfe, M. S., Ray, W. J., et al. (1999). A presenilin-1-dependent gamma- 
secretase-like protease mediates release of Notch intracellular domain [see comments], Nature 
398, 5 18-22. 

Deftos, M. L., He, Y. W., Ojala, E. W., and Bevan, M. J. (1998). Correlating notch signaling 
with thymocyte maturation, Immunity 9, 777-86. 

Deftos, M. L., Huang, E-, Ojala, E. W., Forbush, K. A., and Bevan, M. J. (2000). Notchl 
signaling promotes the maturation of CD4 and CD8 SP thymocytes, Imrnunity 13,73-84. 



Dejbakhsh-Jones, S-, and Strober, S. (1999). Identification of an early T cell progenitor for a 
pathway of T ce11 maturation in the bone marrow, Proc Nat1 Acad Sci U S A 96, 14493-8- 

DeKoter, R. P., and Singh, H. (2000). Regulation of B lymphocyte and macrophage development 
by graded expression of PU. 1, Science 288, 143 9-41. 

Duch, M., Tolstrup, A., Dalum, I., Jespersen, T., Mouritsen, S ., and Pedersen, F. S. (1 999). 
Functional testing of a bicistronic retroviral vector for intracellular peptide production, 
Biotechniques 26, 1032-4, 1036. 

Dunwoodie, S. L., Henrique, D,, Harrison, S. M., and Beddington, R. S. (1997). Mouse Dl13: a 
novel divergent Delta gene which may cornplement the h c t i o n  of other Delta homologues 
during early pattern formation in the mouse embryo, Development 124, 3 065-76. 

Egan, S- E., St-Pierre, B., and Leow, C. C. (1998). Notch receptors, partners and regdators: fiom 
conserved domains to powerful fimctions, Curr Top Microbiol Irnmunol 228,273-334- 

Ellisen, L. W., Bird, J., West, D. C., Soreng, A. L., Reynolds, T. C., Smith, S. D., and Sklar, J. 
(1991). TAN-1, the human hornolog of the Drosophila notch gene, is broken by chromosornai 
translocations in T lymphoblastic neoplasms, Ce11 66, 649-61. 

Fehon, R. G., Kooh, P. J., Rebay, I., Regan, C. L., Xu, T., Muskavitch, M. A,, and Artavanis- 
Tsakonas, S. (1990). Molecular interactions between the protein products of the neurogenic [oci 
Notch and Delta, IWO EGF-homologous genes in Drosophila, Ce11 61, 523-34. 

Felli, M. P., Maroder, M., Mitsiadis, T. A., Campese, A. F., Bellavia, D., Vacca, A., Mann, R. S., 
Frati, L., Lendahl, U., Gulino, A., and Screpanti, 1. (1999). Expression pattern of notchl, 2 and 3 
and Jaggedl and 2 in lymphoid and stroma1 thymus components: distinct ligand-receptor 
interactions in intrathymic T ce11 development, Int Irnmunol 1 1, 10 17-25. 

Fleming, R. J. (1998). Structural conservation of Notch receptors and ligands, Semin Ce11 Dev 
Bi01 9,599-607. 

Fleming, T. J., Fleming, M.L., Malek, T.R. (1993). Selective expression of Ly-6G on myeloid 
lineage cells in mouse bone marrow. RB6-8C5 mAb to granulocyte-differentiation antigen (Gr- 
1) detects members of the Ly-6 family. J. Immunol. 151 :2399 

Fleming, R. J., Gu, Y ., and Hukriede, N. A. (1 997). Serrate-mediated activation of Notch is 
specifically blocked by the product of the gene f i g e  in the dorsal cornpartment of the 
Drosophila wing imagina1 disc, Development 124,2973-8 1. 

Fleming, R. J., Scottgale, T. N., Diederich, R. J., and Artavanis-Tsakonas, S. (1 990)- The gene 
Serrate encodes a putative EGF-like transmembrane protein essential for proper ectodermal 
development in Drosophila melanogaster, Genes Dev 4,2 1 88-20 1. 



Forthi, M. E., and Artavanis-Tsakonas, S. (1993a). Notch: neurogenesis is o d y  piut of the 
picture, CeU 75, 1245-7. 

Fortini, M. E., and Artavanis-Tsakonas, S. (1 994). The suppressor of hairless protein participates 
in notch receptor signaling, Ce11 79,273-82. 

Forthi, M. E., Rebay, I., Caron, L. A., and Artavanis-Tsakonas, S. (1993b). An activated Notch 
receptor blocks cell-fate cornmitment in the developing Drosophila eye, Nature 365, 555-7. 

Fuerstenberg, S., and Giniger, E. (1998). Multiple roles for notch in Drosophila myogenesis, Dev 
Bi01 201,66-77. 

Gallahan, D., and Cdlahan, R. (1997). The mouse mammary tumor associated gene MT3 is a 
unique member of the NOTCH gene family (NOTCH4), Oncogene 14, 1883-90- 

Garcia-Ojeda, M. E., Dejbakhsh-Jones, S., Weissman, 1. L., and Strober, S. (1998). An altemate 
pathway for T ce11 development supported by the bone marrow microenvironment: recapitulation 
of thymic maturation, J Exp Med 187, 1 8 13-23. 

Giniger, E. (1998). A role for Ab1 in Notch signaling, Neuron 20, 667-8 1. 

Godfiey, D. I., Kennedy, J., Mombaerts, P., Tonegawa, S., and Zlotnik, A. (1994). Onset of 
TCR-beta gene rearrangement and role of KR-beta expression during CD3-CD4-CDS- 
thymocyte differentiation, J Immunol 153,4783-92. 

Godfrey, D. I., Kennedy, J., Suda, T., and Zlotnik, A. (1 993). A developmental pathway 
involving four phenotypically and functionally distinct subsets of CD3 -CD4-CD8- triple- 
negative adult mouse thymocytes defined by CD44 and CD25 expression, J Imrnunol 150,4344- 
52. 

Godfiey, D. I., Zlotnik, A., and Suda, T. (1992). Phenotypic and functional characterization of c- 
kit expression during intrathymic T ce11 development, J Immunol 149,228 1-5. 

Greenwald, 1. (1994). Structure/function studies of lin-12Notch proteuis, Curr Opin Genet Dev 
4,556-62. 

Greenwald, 1. S., Sternberg, P. W., and Horvitz, H. R. (1 983). The lin- 12 locus specifies ce11 
fates in Caenorhabditis elegans, CeII 34,435-44. 

Guo, M., Jan, L. Y., and Jan, Y. N. (1996). Control of daughter ce11 fates during asyrnme~c 
division: interaction of Numb and Notch, Neuron 17,27-4 1 . 

Hardy, R. R. (1 990). Development of murine B ce11 subpopulations, Semin Irnmunol2, 197-206. 



Hardy, R. R., Carmack, C. E., Shinton, S. A., Kemp, J. D., and Hayakawa, K. (1991). Resolution 
and characterization of pro-B and pre-proB ce11 stages in normal mouse bone marrow, J Exp 
Med 173,1213-25. 

Harrison, D. E., and Lemer, C. P. (1991). Most primitive hematopoietic stem c e k  are stimulated 
to cycle rapidly after treatrnent with 5-fluorouracil, Blood 78, 123 7-40. 

Hartenstein, V., and Posakony, J. W. (1990). A dual function of the Notch gene in Drosophila 
sensilium development, Dev Bi01 142, 13 -30. 

Hassejian, R. P., Aster, J. C., Davi, F., Weinberg, D. S., and Sklar, J. (1996). Modulated 
expression of notchl during thymocyte development, Blood 88,970-6. 

Havenga, M. J. E., Vogels, R., Braalunan, E., Kroos, N., Valerio, D., Hagenbeek, A., and van Es, 
H. H. G. (1998). Second gene expression in bicistronic constnicts using short synthetic 
intercistrons and viral IRES sequences, Gene 222,3 19-27. 

Henderson, S. T., Gao, D., Lambie, E. J., and Kimble, J. (1994). lag-2 may encode a signaling 
ligand for the GLP-1 and LIN-12 receptors of C. elegans, Development 120,29 13-24, 

Hicks, C-,  Johnston, S. H., diSibio, G., Collazo, A., Vogt, T. F., and Weinrnaster, G. (2000). 
Fringe differentialiy modulates Jaggedl and Delta1 signalhg through Notchl and Notch2, Nat 
Ce11 Bi01 2, 5 15-20. 

Hirayama, F., Aiba, Y., Ikebuchi, K., Sekiguchi, S., and Ogawa, M. (1 999). Differentiation in 
culture of murine primitive lymphohematopoietic progenitors toward T-ce11 heage,  Blood 93, 
4 1 87-95, 

Hirayama, F., Clark, S. C., and Ogawa, M. (1994). Negative regdation of early B lymphopoiesis 
by interleukin 3 and interleukin 1 alpha, Proc Nat1 Acad Sci U S A 9 1,469-73. 

Hirayama, F., Lyman, S. D., Clark, S. C-, and Ogawa, M. (1 995b). The flt3 ligand supports 
proliferation of lymphohematopoietic progenitors and early B-lymphoid progenitors, Blood 85, 
1 762-8. 

Hirayama, F., and Ogawa, M. (1995a). Negative regdation of early T lymphopoiesis by 
interleukin-3 and interleukin- 1 alpha, BIood 86,4527-3 1. 

Honjo, T. (1996). The shortest path fiom the surface to the nucleus: RBP-J kappdSuOI) 
transcription factor, Genes Ceils 1, 1-9. 

Hoppe, P. E., and Greenspan, R. J. (1986). Local fùnction of the Notch gene for embryonic 
ectodermal pathway choice in Drosophila, Ce11 46, 773-83. 



Horvitz, H. R., Sternberg, P. W., Greenwald, 1. S., Fixsen, W., and Eiiis, H. M. (1983). 
Mutations that afEect neural ceU lineages and ce11 fates during the developrne~t of the nematode 
Caenorhabditis elegans, Cold Spring Harb Symp Quant Biol 48,453-63. 

Hsieh, C. L., Chen, B, F., Wang, C. C., Liu, H. H., Chen, D. S., and Hwang, L- H- (1995). 
lmproved gene expression by a modified bicistronic retroviral vector, Biochein Biophys Res 
COIIMINXL 214,910-7. 

Hsieh, J. J., Henkel, T., SaLmon, P., Robey, E., Peterson, M. G., and Hayward, S. D. (1996). 
Tmcated mammalian Notch 1 activates CBF 1 /RBPJk-repressed genes by a mechanism 
resembling that of Epstein-Barr virus EBNAS, Mol Ce11 Bi01 16, 952-9. 

Ikawa, T., Kawamoto, H., Fujimoto, S., and Katsura, Y. (1999)- Cornmitment of common 
T/Naturai killer (NK) progenitors to unipotent T and NK progenitors in the murine fetal thymus 
revealed by a single progenitor assay, J Exp Med 190, 16 17-20. 

Irvuie, K. D., and Wieschaus, E. (1994). &ge, a Boundary-specific signaling molecule, 
mediates interactions between dorsai and ventral cells dunng Drosophila wing development, Cell 
79, 595-606. 

Ishibashi, M., Ang, S. L., Shiota, K., Nakanishi, S., Kageyama, R., and Guillemot, F. (1995). 
Targeted disruption of mammalian hairy and Enhancer of split homolog-1 (€ES- 1) leads to up- 
regulation of neural helix-loop-helix factors, premature neurogenesis, and severe neural tube 
defects, 
Genes Dev 9 , 3  136-48. 

Johnston, S. H., Rauskolb, C., Wilson, R., Prabhakaran, B., Irvine, K. D., and Vogt, T. F. (1997). 
A family of mammalian Fringe genes implicated in boundary determination and the Notch 
pathway, Developrnent 124,2245-54. 

Kaneta, M., Osawa, M., Sudo, K., Nakauchi, H., Farr, A. G., and Takahama, Y. (2000). A role 
for pref-1 and HES-1 in thymocyte development, J Immunol 164,256-64. 

Katz, W. S., Hill, R. J., Clandinin, T. R., and Sternberg, P. W. (1995). Different levels of the C. 
elegans growth factor LIN-3 promote distinct vulval precursor fates, Cell 83,297407. 

Kawamoto, H., Ohmura, K., and Katsura, Y. (1 997). Direct evidence for the commitrnent of 
hematopoietic stem cells to T, B and myeloid lineages in murine fetal liver, Int Immun01 9, 
101 1-9. 

Kawamoto, H., Ohrnura, K., and Katsura, Y. (1998). Presence of progenitors restricted to T, B, 
or myeloid lineage, but absence of multipotent stem cells, in the murine fetai thymus, J Immun01 
161, 3799-802. 



Kidd, S., Kelley, M. R., and Young, M. W. (1986). Sequence of the notch locus of Drosophila 
melanogaster: relationship of the encoded protein to mammalian clotting and growth factors, 
Mol Cell Bi01 6,3094-108. 

Kiledjian, M., Su, L. K., and Kadesch, T. (1988). Identification and characterization of two 
functional domains within the murine heavy-chain enhancer, Mol CeU Bi01 8, 145-52. 

Kim, H. K., and S iy  G. (1998). The notch pathway intermediate HES-1 silences CD4 gene 
expression, Mol Cell Bi01 18, 7166-75. 

Klein, T., and Arias, A. M. (1998). Different spatial and temporal interactions between Notch, 
wingless, and vestigial specify proximal and distal pattern elements of the wing in Drosophila, 
Dev Biol 194, 196-212. 

Klein, T., and Arias, A. M. (1999). The vestigial gene product provides a molecdar context for 
the interpretation of signals during the development of the wing in Drosophila Development 
126,913-25. 

Knust, E., Dietrich, U., Tepass, U., Bremer, K. A., Weigel, D., Vassin, H., and Campos-Ortega, 
J. A. (1987). EGF homologous sequences encoded in the genome of Drosophila melanogaster, 
and their relation to neuroge~c genes, Embo J 6,761-6. 

Koch, U., Lacombe, T., Hoiland, D., Bowrnan, J., Cohen, B.L., Egan, S.E. and Guidos. C.J. 
Lymphoid Progenitor Ce11 Fate Switch Induced by Lunatic Fringe-Mediated Inhibition of Notch- 
I Activation in the Thymus. Submitted 

Koiler, B. H., Marrack, P., Kappler, J. W., and Srnithies, 0. (1990). Normal development of 
mice deficient in beta 2MI MHC class 1 proteins, and CD8+ T cells, Science 248, 1227-30. 

Kondo, M., Scherer, D. C., Miyamoto, T., King, A, G., Akashi, K., Sugarnura, K., and 
Weissman, 1. L. (2000). Cell-fate conversion of lymphoid-cornmitted progenitors by instructive 
actions of cytokines, Nature 407,383-6. 

Kondo, M., Weissman, 1. L., and Akashi, K. (1997). Identification of clonogenic common 
lymphoid progenitors in mouse bone marrow, Ce11 91,661 -72. 

Kurata, S., Go, M. J., Artavanis-Tsakonas, S., and Gehring, W. J. (2000). Notch signaling and 
the determination of appendage identity, Proc Nat1 Acad Sci U S A 97,2117-22. 

Kurooka, H., Kuroda, K., and Honjo, T. (1998). Roles of the adcyrin repeats and C-terminal 
region of the mouse notchl intracellular region,Nucleic Acids Res 26, 5448-55. 

Lacaud, G., Carlsson, L., and Keller, G. (1998). Identification of a fetal hematopoietic precursor 
with B cell, T cell, and macrophage potentid, Immunity 9, 827-38. 



Larsson, C., Lardelli, M., White, I., and Lendahl, U. (1994). T h e  h m a n  NOTCH1,2, and 3 
genes are located at chromosome positions 9q34, 1 p 13-p 1 1, aod  19p 13 -2-p 13.1 in regions of 
neoplasia-associated translocation, Genomics 24,253-8. 

Lehmann, R, Jiminez, F., Dietrich, U., Campos-Ortega J.A. (11983) On the phenotype adn 
development of mutants of early neurogenesis in Drosophila melongaster. Rouxs Arch Dev Bi01 
l92,62-74 

Leo, O., Foo, M., Sachs, D. H., Samelson, L. E., and Bluestone, J. A. (1987). Identification of a 
monoclonal antibody specific for a murine T3 polypeptide, Prmc Nat1 Acad Sci U S A 84,1374- 
8. 

Lerner, C., and Harrison, D. E. (1990). 5-Fluorouracil spares hemopoietic stem cells responsible 
for long-term repopulation, Exp Hematol 1 8, 1 14-8. 

Levin, S. D., Koelling, R. M., Friend, S. L., Isaksen, D. E., Ziegler, S. F., Perlmutter, R. M., and 
F m ,  A. G. (1999). Thymic stroma1 lymphopoietin: a cytokine that promotes the development of 
IgM+ B cells in vitro and signais via a novel mechanism, J Imniunol 162,677-83. 

Lieber, T., Kidd, S., Alcarno, E., Corbin, V., and Young, M. W. (1993). Antineurogenic 
phenotypes induced by truncated Notch proteins indicate a ro le  in signal transduction and may 
point to a novel function for Notch in nuclei, Genes Dev 7, 1949-65. 

Ligoxygakis, P., Yu, S. Y., Delidakis, C., and Baker, N. E. (1998). A subset of notch functions 
during Drosophila eye development require Su(H) and the E(sp1) gene cornplex, Development 
125,2893-900. 

Lindsell, C. E., Shawber, C. J., Boulter, J., and Weinmaster, G, (1995). Jagged: a marnmalian 
ligand that activates Notchl, Ce11 80, 909-17. 

Lu, F. M., and Lux, S. E. (1996). Constitutively active human Notchl binds to the transcription 
factor CBF I and stimulates transcription through a promoter containing a CBF1- responsive 
element, Proc Nat1 Acad Sci U S A 93,5663-7. 

Luskey, B.D., Rosenblatt, M., Zsebo, K., Williams, D.A. (1 99 2) Stem ce11 factor, interleukin-3, 
and interleukin-6 promote retroviral-mediated gene transfer in t s  murine hematopoietic stem 
cells. Blood 15;80(2):396-402 

Lyman, S. D., and Jacobsen, S. E. (1998). c-kit ligand and Flt3 ligand: stedprogenitor ce11 
factors with overlapping yet distinct activities, Blood 9 1, 1 10 1-34. 

McKenna, H. J., and Momssey, P. J. (1 998). Flt3 ligand plus IIL-7 supports the expansion of 
murine thymic B ce11 progenitors that can mature intrathymicdly, J Irnmunol 160,480 1-9. 

McKema, H. J., Stocking, K. L., Miller, R. E., Brasel, K., De Smedt, T., Maraskovsky, E., 
Mdiszewski, C. R., Lynch, D. H., Smith, J., Pulendran, B., et a l .  (2000). Mice lacking flt3 ligand 



have deficient hematopoiesis affecthg hematopoietic progenitor cells, dendntic cells, and natural 
killer cells, Blood 95, 3489-97. 

h&chie, A. M., Carlyle, J. R., Schmitt, T- M., Ljutic, B., Cho, S. K., Fong, Q., and Zuniga- 
Pflucker, J. C .  (2000). Clona1 characterization of a bipotent T ce11 and NK cell progenitor in the 
mouse fetal thymus, J Imrnunol 164, 173 0-3. 

Moloney, D. J., Panin, V. M., Johnston, S. H., Chen, J., Shao, L., Wilson, R., Wang, Y., Stanley, 
P., Irvine, K. D., Haitiwanger, R. S., and Vogt, T. F. (2000). Fringe is a glycosyltransferase that 
modifies Notch [see comments], Nature 406,369-75. 

Montecino-Rodriguez, E., Johnson, A., and Dorshkind, K. (1996). Thymic stromal celIs can 
support B ceIl differentiation fiom intrathymic precursors, J Lmmunol 156, 963-7. 

Morïmura, T., Goitsuka, R., Zhang, Y., Saito, I., Reth, M., and Kitam~rra, D. (2000). Cell-cycie 
arrest and apoptosis induced by Notchl in B cells, J Bi01 Chem. 

Mumm, J. S., Schroeter, E. H., Saxena, M. T., Grïesemer, A., Tim, X., Pan, D. J., Ray, W, J., 
and Kopan, R. (2000). A ligand-induced extracellular cleavage regulates gamma-secretase-like 
proteolytic activation of Notchl, Mol Cell5, 197-206. 

Munro, S., and Freeman, M. (2000). The notch signalling regulator h g e  acts in the Golgi 
apparatus and requires the glycosyltransferase signature motif DXD, Curr Bi01 10, 8 13 -20. 

Murre, C., Bain, G., van Dijk, M. A., Engel, I., Furnari, B. A., Massari, M. E., Matthews, J. R., 
Quong, M. W., Rivera, R. R., and Stuiver, M. H. (1994). Structure and function of helix-loop- 
helix proteins, Biochirn Biophys Acta 12 18, 129-35. 

Naviaux, R. K., Costanzi, E., Haas, M., and Verma, 1. M. (1996). The pCL vector system: rapid 
production of helper-fiee, high-titer, recombinant retroviruses, J Virol 70, 570 1-5. 

Nofiiger, D., Miyamoto, A., Lyons, K. M., and Weinmaster, G. (1999). Notch signaling imposes 
two distinct blocks in the differentiation of C2C 12 myoblasts, Development 126, 1689-702. 

Ordentlich, P., Lin, A., Shen, C .  P., Blaumueller, C., Matsuno, K., Artavanis-Tsakonas, S., and 
Kadesch, T. (1998). Notch inhibition of E47 supports the existence of a novel signaling pathway, 
Mol Cell Bi01 18,2230-9. 

Panin, V. M., Papayannopoulos, V., Wilson, R., and I ~ n e ,  K. D. (1997). Fringe modulates 
Notch-ligand interactions, Nature 387,908-12. 

Pear, W. S., Aster, J. C., Scott, M. L., Hasserjian, R. P., Soffer, B., Sklar, J., and Baltimore, D. 
(1996). Exclusive development of T ce11 neoplasms in mice transphted with bone rnarrow 
expressing activated Notch alleles, J Exp Med 1 83,2283-9 1. 



Peters, S. O., Kittler, E. L., Ramshaw, H. S., and Quesenberry, P. J- (1996). Ex vivo expansion of 
murine mmow cells with interleukin-3 (IL-3), IL- 6, L-1  1, and stem ce11 factor leads to 
impaired engraftment in irradiated hosts, Blood 87,30-7, 

Pongubaia, J. M., and Atchison, M. L. (199 1). Functional characterïzation of the 
developmentally controlled ïmmunoglobulin kappa 3' enhancer: regdation by Id, a repressor of 
helix-loop-helix transcription factors, Mol Cell Bi01 11, 1040-7. 

Pui, J. C., Allrnan, D., Xu, L., DeRocco, S., Karnell, F. G., Bakkour, S., Lee, J. Y., Kadesch, T., 
Hardy, R. R., Aster, J. C., and Pear, W. S. (1999). Notchl expression in eady iymphopoiesis 
influences B versus T lineage determination, Irnrnunity 1 1,299-308. 

Radtke, F., Wilson, A., Stark, G., Bauer, M., van Meerwijk, J., MacDonald, H. R., and Aguet, M. 
(1999). Deficient T ce11 fate specification in mice with an induced inactivation of Notchl, 
ImmUDity 10,547-58. 

Rand, M. D., Grimm, L. M., Artavanis-Tsakonas, S., Patriub, V., Blacklow, S. C.,  Sklar, J-, and 
Aster, J. C .  (2000). Calcium depletion dissociates and activates heterodirneric notch receptors, 
Mol Cell Bi01 20, 1825-35. 

Rao, Z., Handford, P., Mayhew, M., Knott, V., Brownlee, G. G., and Stuart, D. (1 995). The 
structure of a Ca(2+)-binding epidermal growth factor-like domain: its role in protein-protein 
interactions, Ceii 82, 13 1-4 1. 

Rauskolb, C., Correia, T., and Irvine, K. D. (1999). Fringe-dependent separation of dorsal and 
ventral cells in the Drosophila wing, Nature 40 1,476-80. 

Rauskolb, C., and Irvine, K. D. (1999). Notch-mediated segmentation and growth control of the 
Drosophila leg, Dev Bi01 2 10, 339-50. 

Reaume, A. G., Conion, R. A., Zimgibl, R., Yamaguchi, T. P., and Rossant, J. (1992). 
Expression analysis of a Notch homologue in the mouse embryo, Dev Bi01 154,377-87. 

Rebay, I., Fehon, R. G., and Artavanis-Tsakonas, S. (1993a). Specific tnincations of Drosophila 
Notch define dominant activated and dominant negative forms of the receptor, Ce11 74, 3 19-29. 

Rebay, I., Fleming, R. J., Fehon, R. G., Cherbas, L., Cherbas, P., and Artavanis-Tsakonas, S. 
(1 99 1). Specific EGF repeats of Notch mediate interactions with Delta and Serrate: implications 
for Notch as a multifunctional receptor, Ce11 67,687-99. 

Rebay, I., Forthi, M. E., and Artavanis-Tsakonas, S. (1993b). Analysis of phenotypic 
abnormalities and ce11 fate changes caused by dominant activated and dominant negative forms 
of the Notch receptor in Drosophila development, C R Acad Sci III 3 16, 1097-123. 



Robey, E., Chang, D., Itano, A., Cado, D., Alexander, H., Lans, D., Weinmaster, G., and 
Salmon, P. (1996). An activated f o m  of Notch influences the choice between CD4 and CD8 T 
cell lineages, Ce11 87,483-92. 

Robey, E., and Fowikes, B. J. (1994). Selective events in T ce11 development, Annu Rev 
Immun01 12,675-705. 

Roehl, W., and Kimble, J. (1993). Control of ce11 fate in C. elegans by a GLP-1 peptide 
consisting primarily of ankyrin repeats, Nature 364, 632-5. 

Rogers, S.' Wells, R., and Rechsteiner, M. (1986). Amino acid sequences common to rapidly 
degraded proteins: the PEST hypothesis, Science 234,364-8. 

Rolink, A., Karasuyama, H., Haasner, D., Grawunder, U., Martensson, 1. L., Kudo, A., and 
Melchers, F. (1994). Two pathways of  B-lymphocyte deve!opment in mouse bone marrow and 
the roles of surrogate L chah in this development, Immun01 Rev 137, 185-30 1. 

Ronchini, C., and Capobianco, A. J. (2000). Notch(ic)-ER chimeras display hormone-dependent 
transformation, nuclear accumulation, phosphoryIation and CBF 1 activation, Oncogene 19, 
3914-24. 

Rothenberg, E. V. (2000). Stepwise specification of lymphocyte developmentd lineages, Curr 
Opin Genet Dev IO, 370-9. 

Rothenberg, E. V., Telfer, J. C., and Anderson, M. K. (1999). Transcriptional regdation of 
lymphocyte lineage cornmitment, Bioessays 2 1,726-42. 

Ruiz Gomez, M., and Bate, M. (1997). Segregation of myogenic lineages in Drosophila requires 
nurnb, Developrnent 124,4857-66. 

Saleh, M. (1997). A retroviral vector that allows efficient CO-expression of two genes and the 
versatility of altemate seiection markers, Hum Gene Ther 8,979-83. 

Sawada, S., and Littman, D. R. (1993). A heterodimer of HEB and an Elî-related protein 
interacts with the CD4 enhancer and regulates its activity in T-ce11 lines, Mol Ce1 Bi01 13, 5620- 
8. 

Schroeter, E. K., Kisslinger, J. A., and Kopan, R. (1998). Notch-1 s i p a l h g  requires ligand- 
induced proteolytic release of intracellular domain, Nature 393,382-6. 

Schweitzer, R., Howes, R., Smith, R., Shilo, B.Z., Freernan, M. (1995) Inhibition of Drosophila 
EGF receptor activation by the secreted protein Argos. Nature 24;376(6542):699-702. 

Shawber, C., Nofiiger, O., Hsieh, J. J., Lindsell, C., Bogler, O., Hayward, D., and Weinmaster, 
G- (1 996). Notch signaling inhibits muscle ce11 differentiation through a CBF 2- independent 
pathway, Development 122, 3765-73. 



Shimizu, K., Chiba, S., Hosoya, N., Kumano, K., Saito, T., Kurokawa, M., Kanda, Y., Hamada, 
Y., and Hirai, H. (2000). Binding of Deltal, Jaggedl, and Jagged2 to Notch2 rapidly induces 
cleavage, nuclear translocation, and hyperphosphorylation of Notch2, Mol Cell Bi01 20,69 13-22. 

Shortman, K., and Wu, L. (1 996). Early T lymphocyte progenitors' Annu Rev Immmol 14,29- 
47. 

Shutter, J. R., Scully, S., Fan, W., Richards, W. G., Kitajewski, J., Deblandre, G. A., Kintner, C. 
R., and Stark, K. L. (2000). D114, a novel Notch ligand expressed in arterial endothelium, Genes 
Dev 14, 13 13-8. 

Singer, A., Bosselut, R., and Bhandoola, A. (1999). Signals involved in CD4/CD8 lineage 
coIIllXUtment: curent concepts and potential mechanisms, Semin Immunol 1 1,273-8 1. 

Singh, N., Phillips, R. A., Iscove, N. N., and Egan, S. E. (2000). Expression of notch receptors, 
notch ligands, and fiinge genes in hematopoiesis, Exp Hematol28, 527-34. 

Spits, H., Blom, B., Jaleco, A. C.,  Weijer, K., Verschuren, M. C., van Dongen, J. J., Heemskerk, 
M. H., and Res, P. C. (1998). Early stages in the development of human T, namal killer and 
thymic dendritic cells, Immunol Rev 165,7586. 

Springer, T., Galfie, G., Secher, D. S., and Milstein, C. (1979). Mac-1: a macrophage 
differentiation antigen identified by monoclonal antibody, Ew J Irnrnunol 9, 30 1-6. 

Stifani, S., Blaumueller, C. M., Redhead, N. J., Hill, R. E., and Artavanis-Tsakonas, S. (1992). 
Human homologs of a Drosophila Enhancer of split gene product defme a novel famiIy of 
nuclear proteins, Nat Genet 2,343. 

S M ,  G., and Adachi, A. (1998). Nuclear access and action of notch in vivo, Ce11 93,649-60. 

Stnihl, G., and Adachi, A. (2000). Requirements for presenilin-dependent cleavage of notch and 
other trammembrane proteins, Mol Ce11 6,625-36. 

Struhl, G., Fitzgerald, K., and Greenwald, 1. (1993). Intnnsic activity of the Lin-12 and Notch 
inkacellular domains in vivo, CeU 74,3 3 1 -45. 

Struhl, G., and Greenwald, 1. (1999). Presenilin is required for activity and nuclear access of 
Notch in Drosophila, Nature 398, 522-5. 

Sun, X. H., and Baltimore, D. (1991). An inhibitory domain of El2 transcription factor prevents 
DNA binding in El2 homodimers but not in El2 heterodimers, Ce11 64,459-70. 

Swiatek, P. J., Lindsell, C. E., del Arno, F. F., Weinmaster, G., and Gridley, T. (1994). Notchl is 
essential for postirnplantation development in mice, Genes Dev 8, 707-1 9. 



Szilvassy, S.J., Lansdorp, P.M., Humphries, R.K., Eaves, A C ,  Eaves, C.J. (1 989) Isolation in a 
single step of a highly enriched murine hematopoietic stem celi population with competitive 
long-term repopulating ability. Blood 15;74(3):930-9 

Takeda, J., Cheng, A., Mauxion, F., Nelson, C. A., Newberry, R. D., Sha, W. C., Sen, R., and 
Loh, D. Y. (1990). Functional analysis of the murine T-cell receptor beta enhancer and 
charactenstics of  its DNA-binding proteins, Mol Cel! Bi01 10,5027-35. 

Tamura, K., Taniguchi, Y., Minoguchi, S ., Sakai, T., Tun, T., Funikawa, T., and Honjo, T. 
(1 995). Physical interaction between a novel domain of the receptor Notch and the transcription 
factor RBP-J kappa/Su(H), Curr Bi01 5, 141 6-23. 

Tax, F. E., Yeargers, J. J., and Thomas, J. H. (1994). Sequence of C. elegans lag-2 reveals a cell- 
signalling domain shared with Delta and Serrate of Drosophila, Nature 368, 150-4. 

Tomita, K., Hattori, M., Nakamura, E., Nakanishi, S., Minato, N., and Kageyama, R. (1999). The 
bHLH gene Hes 1 is essential for expansion of early T ce11 precursors, Genes Dev 13, 1203-1 0. 

Tsai, S., Fero, J., and Bartelmez, S. (2000). Mouse Jagged2 is differentially expressed in 
hematopoietic progenitors and endothelial cells and promotes the survival and proliferation of 
hematopoietic progenitors by direct cell-to-ce11 contact, Blood 96,950-7. 

Uyttendaele, H., Marazzï, G., Wu, G., Yan, Q., Sassoon, D., and Kitajewski, J. (1996). 
Notch4hnt-3, a mammary proto-oncogene, is an endothelial cell-specific mammalian Notch 
gene, Developrnent 1 22,225 1 -9. 

Varnurn-Finney, B., Xu, L., Brashern-Stein, C., Nourigat, C., Flowers, D., Bakkour, S., Pear, W. 
S., and Bernstein, 1. D. (2000). Pluripotent. cytokine-dependent, hematopoietic stem cells are 
immortalized by constitutive Notchl signaling, Nat Med 6, 1278- 128 1. 

Wallcer, L., Lynch, M., Silverman, S., Fraser, J., Boulter, J., Weinmaster, G., and Gasson, J. C. 
(1999). The Notch/Jagged pathway inhibits proliferation of human hematopoietic progenitors in 
vitro, Stem Cells 17, 162-7 1. 

Wang, H., Diamond, R. A., and Rothenberg, E. V. (1998). Cross-lineage expression of Ig-beta 
(B29) in thymocytes: positive and negative gene regulation to establish T ce11 identity, Proc Nat1 
Acad Sci U S A 95,683 1-6. 

Wang, S., Younger-Shepherd, S., Jan, L. Y., and Jan, Y. N. (1997). Only a subset of the binary 
ce11 fate decisions mediated by NurnbNotch signaling in Drosophila sensory organ lineage 
requires Suppressor of Hairless, Development 134,443546. 

Washbuni, T., Schweighoffer, E., Gridley, T., Chang, D., Fowkes, B. J., Cado, D., and Robey, 
E. (1997). Notch activity influences the alphabeta versus gammadelta T ce11 lineage decision, 
Ce11 88,833-43. 



Weinmaster, G. (1998). Notch signaling: direct or what?, Curr Opin Genet Dev 8,436-42. 

Weinmaster, G. (2000). Notch signal transduction: a real rip and more, Curr Opin Genet Dev 10, 
363-9- 

Weinmaster, G., Roberts, V. J., and Lemke, G. (1991). A homolog of Drosophila Notch 
expressed during mammalian development, Development 1 13, 199-205. 

Wharton, K. A., Johansen, K. M., Xu, T., and Artavanis-Tsakonas, S. (1985). Nucleotide 
sequence fkom the neurogenic locus notch implies a gene product that shares homology with 
proteins containing EGF-like repeats, Cell43,567-8 1. 

Whetton, A. D., and Spooncer, E. (1998). Role of cytokines and extracellular rnatrïx in the 
regdation of haemopoietic stem cells, Curr Opin Cell Bi01 10, 721-6. 

Wiest, D. L., Berger, M. A., and Carleton, M. (1999). Control of early thymocyte development 
by the pre-T ce11 receptor cornplex: A receptor without a ligand?, Semin Immun01 1 1,25 1-62. 

Wilson, A., Ferrero, I., MacDonald, H, R., and Radtke, F. (2000). Cutting Edge: An Essential 
Role for Notch-1 in the Development of Both Thymus-Independent and -Dependent T Cells in 
the Gut, J Immun01 165,5397-5400. 

Wolfer, A., Bakker, T., Wilson, A., Nicolas, M., Ioannidis, V., Littman, D- R., Wilson, C. B., 
Held, W., MacDonald, H, R., and Radtke, F. (200 1). Inactivation of Notch 1 in immature 
thymocytes does not perturb CD4 or CD8T ce11 development, Nat Irnrnunol2,235-41. 

Wu, J- Y., and Rao, Y. (1999). Fringe: defining borders by regulating the notch pathway, Curr 
Opin Neurobiol9,537-43. 

Wu, J. Y., Wen, L., Zhang, W. J., and Rao, Y. (1996). The secreted product of Xenopus gene 
lunatic Fringe, a vertebrate signaling molecule, Science 273, 3 55-8. 

Xu, T., and Artavanis-Tsakonas, S. (1990). deltex, a locus interacting with the neurogenic genes, 
Notch, Delta and mastermind in DrosophiIa melanogaster, Genetics 126, 665-77. 

Xu, T., Rebay, I., Fleming, R. J., Scottgale, T. N., and Artavanis-Tsakonas, S. (1 990). The Notch 
locus and the genetic circuitry involved in early Drosophila neurogenesis, Genes Dev 4,464-75. 

Ye, Y., Lukinova, N., and Fortini, M. E. (1999). Neurogenic phenotypes and altered Notch 
processing in Drosophila Presenilin mutants, Nature 398, 525-9. 

Yochem, J., and Greenwald, 1. (1989). glp-1 and lin- 12, genes implicated in distinct cell-ce11 
interactions in C .  elegans, encode similar transmembrane proteins, Ce11 58, 553-63. 



Yochem, J., Weston, K., and Greenwald, 1. (1988). The Caenorhabditis elegans lin-12 gene 
encodes a transmembrane protein with overall similarity to Drosophila Notch, Nature 335,547- 
50. 

Yonemura, Y., Ku, W., Hirayama, F., Souza, L. M., and Ogawa, M. (1996). Interleukin 3 or 
interleukin 1 abrogates the reconstituting ability of hematopoietic stem cells, Proc Nat1 Acad Sci 
U S A 93,4040-4. 

Yonemura, Y., Ku, H., Lyman, S. D., and Ogawa, M. (1997). In vitro expansion of 
hematopoietic progenitors and maintenance of stem cells: cornparison between FLTYFLK-2 
ligand and KIT ligand, Blood 89, 19 15-2 1. 

Yuan, Y. P., Schultz, J., Mlodzik, M.: and Bork, P. (1997). Secreted h g e - l i k e  signaling 
molecules may be glycosyltransferases [letter], Ce11 88,9-11. 

Zecchhi, V., Brennan, K., and Martinez-Arias, A. (1999). An activity of  Notch regulates JNK 
signalling and affects dorsal closure in Drosophila, Curr Bi01 9,460-9. 

Zhang, N., and Gndley, T. (2998). Defects in sornite formation in lunatic hge-deficient mice, 
Nature 394,374-7. 

Zhuang, Y., Cheng, P., and Weintraub, H. (1 996). B-lymphocyte development is regulated by the 
combined dosage of three basic helix-Ioop-helix genes, E2A, E2-2, and HEB, Moi Ce11 Bi01 16, 
2898-905. 

Zhuang, Y., Soriano, P., and Weintraub, H. (1 994). The helix-loop-helix gene E2A is required 
for B ce11 formation, Ce11 79, 875-84. 

Zijlstra, M., Bk,  M., Simister, N. E., Loring, J. M., Raulet, D. H., and Jaenisch, R. (1990). Beta 
2-microglobulin deficient rnice lack CD4-8+ cytolytic T cells, Nature 344, 742-6. 

Zuniga-Pflucker, J. C., Di, J., and Lenardo, M. J. (1995). Requirement for TNF-alpha and IL-1 
alpha in fetal thymocyte commitment and differentiation, Science 268, 1906-9. 




