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The role of SHP-1 tyrosine phosphatase in modulating 
lymphocyte signaling cascades. Ph. D.. 2001 
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The importance of phosphatases in regulating iaûacellular signaling has recently been 

realized by the identification and characterization of various families of phosphatases. In 

particda., the protein tyrosine phosphatases occupy a prominent role in repuiatiag protein tyrosine 

kinase mediated signaling events. In this regard, the SH2 domain containing cytosoüc protein 

tyrosine phosphatase SHP-L has been implicated in the downregdation of signaling cascades in 

haemopoietic cens. Herein, we report that SHP-1 can directly regdate the SR: protein tyrosine 

kinase p60 c-Src. We have demonstrated that Sn: isolated from platelets and T ceus is 

preferentially dephosphorylated at its inhibitory phosphotyrosine site by the SHP-L tyrosine 

phosphatase. This represents the first ~biochemicd evidence that SHP-I can also fiction as a 

positive signal regdator. Furthemore, we have aIso tried to elucidate the d e  of SHP-1 in the 

signaling of the surface cornodulators CD19 and CDS, on B and T cells respectively. With respect 

to SHP-1 and CD19 signaüng, we demonstrate an indirect role for SHP-1 and present data 

revealuig the capacity of SEP-1 to dephosphorylate the Lyn autophosphorylation site. This data 

provides strong evidence that SHP-I functions also include the negative regulation of the Lyn 

kinase activation in B cells. FinalIy, given the recent biochemical evidence for CD5 and SHP-1 

interaction, we investigated the biochemicai and physiological relevance of the two signaling 

proteins in the context of T ceU development and activation. By utilizing HY-TCR and HY-TCR 

CD5 over-expressing transgenic mice mssed with the SHP-1 deficient motheaten mice, we k t  

examined the role of SHP-1 in T ceil development Herein we report that SHP-1 ftinction also 

includes the dom regulaiion of both positive and negative T celI seiection, With respect to CDS, 

we report that although CD5 cm down modulate the T ceil selection process, out fmdings suggest 

that this can be achieved independetit of SHP-1. Taken together, these studies provide novel 

insights into the mechanisms whereby SHP-I moddates antigen receptor signaüng. SHP-1, by 

Wtue of its ability to regdate protein tyrosine b a s e  activity and membrane CO-receptors 

represents a protein tyrosine phosphatase occqying a pivotal role in the transIation of antigen 

receptor signals to snch biological outcornes as proliferation, transformation, and selection. 
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CHAPTERI 

INTRODUCTION 

The iife cycle of eukaryotic ceils h m  growth and differentiation to death is govemed and 

orchestrated by a highly complex number of interactions between molecules (Cohen et al., 1995). 

The identification of the molecula. playen in these interactions, and the elucidation of their 

functions, has led to many fundamental insights into the molecuiar mezhanisms critical to the 

pathogenesis of va.rious diseases. The demonstration, almost 90 yeam ago, by Peyton Rous that an 

extract b r n  a tumor of a domestic chicken could induce tumors in other chickens (Rous, 19 11) 

paved the way to the genetic study of canm, The agent responsible, Iater identified as Rous 

sarcoma virus, became the focus of many of the early studies of retroviral replication and infection. 

The surprising discovery that the transforming properties attributed to the virus were due to a 

single gene, temed Src, which originated h m  the host genome, established the genetic basis of 

cancer; thus, implicating genetic damage and altered gene expression in tumorigenesis (Bishop, 

1991; Cantley et al., L991). Moreover, the protein encoded by the oncogenic van: gene was 

found to be a protein kinase and soon became the prototype of a class of kinases that phosphorylate 

tyrosine residues of substrate proteins. It is now well established that protein-tyrosine 

phosphorylation by kinases is intimately invoived in the signaiing events within multicellular 

organisms and has significant impact on cellular function and behavior (Figure 1. LA). Tyrosine 

phosphorylation within cells leads to the assembly of signaling complexes through the association 

of specific protein modules (Cohen n al., 1995; Pawson, 1995), resulting in a relay of signais h m  

the surface of the ceii to the nucleus. Receptors for growth factors, cytokines, ce11 surface 

associated-ligands, and extracellular ma& compcments provide a critical ünk between the 

extraceiIular environment and the cytoplasm. Kinases are able to integrate responses h m  growth 

factors and various extnrelIuiar cues by Sennng directly as membrane-bond receptors or coupling 

to such receptors (Cantley et d, 1991; UlIrich and SchIessinger, 1990). 

Aithough eariy studies focused mainly on protein tyrosine kinases (FïG), with 

dephosphoryiation regarded as a housekeeping process, ment work ciearly indicates that protein 

tymsme phosphatases m s )  comprise a growing family of pteins, dernonstratng a compiexity 

of structure and importance to signaling comparable to that of the PTIC family (Charbonneau and 



To&, 199% Hunter, 1989; Pot and Dixon, 1992a). Both groups of proteins represent important 

elements within eukaryotic ceH signal transduction pathways (Cantiey et al., 1991; Evans and 

Hemmings, 1998; Ulhich and Schlessinger, 1990). The divers@ of stmcture and the differential 

patterns of tissue specific expression suggest the possibility of multipIe interactions taking place 

between these two groups of proteins during ceil proliferation, differentiaîion, and metaboikm 

@gure 1.1-A). In reversing tyrosine phosphorylation, PTPs potentially regulate such important 

processes as the ligand-induced phosphorylation of PTK growth factor receptors and their 

substrates (Ullrich and Schlessinger, 1990), the phosphotyrosine-mediated binding of SR: 

homology 2 (Sm) domaincontainhg pmteins to tyrosine-phosphorylated substrates (Koch et al., 

1991). and the activation state of Src family PIXs (Cantley et al., 199 1; Hunter, 1987). 

This thesis is focused on studying the SH2domain containing phosphotpsine 

phosphatase SHP-1 (also designated as PTPlC, HCP, SHP, and SHPTP1) in the context of 

lymphocyte signaling and function. To investigate the role of SHP-I, we have utilized the SHP-1 

deficient motheaten rnouse in order to identify substrates or pathways in which SHP-1 may 

potentially be involved. The observation that Src kinase activity is reduced in motheatai 

thymocytes prompted us to investigate whether SHP-1 cm regulate Src kinase activity. This work 

is outlined in chapter two and demonstrates that SHP-1 can interact and dephosphorylate Src. 

Previous work in our iab with C W 5  deficient, and SHP-L/CD45 deficient B cells, smngly 

suggested that CD19 may represent a substrate for SHP-L activity (Pani et al., 1997). We decided 

to m e r  these observations by investigating the role of SHP-1 in CD19 signaling in B cells. This 

work is outlined in chapter three, and demonstrates that Lyn rather than CD19, is the target for 

SHP-1 activity. Finaily. given the signaling defects observed in thymocytes h m  CD5 knockout 

(CDSKû) rnice impiicating a role for CD5 in the negative regdation of T ce11 development and 

signahg (Tarakhovsky et a%, 1995a). together with data hm our lab demonstrating interaction 

between SHP-1 and CD5 (Pani et al., 19%). we decided to investigate whether CD5 function is 

mediated via the recntitment of SHP-1. In chapter four, we f i t  estabüsh a role for S m 1  in the 

negative regdation of T ceII selection, and in chapter five, we report that although SHP-1 is 

recniited to CDS, SHP-1 is dispensable in CD5 mediatexi signalïng and down reguiation of positive 

T ceiî selection. 



Figure LI-A. Tytosiite phosphotylrtfiott hm signYicmrt impact on cellirlàt 

jùncfion anà benavior. 
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Figuie 1 .l-A Tyrosine phosphorylation has significant impact on cellular function and behavior. 

Tyrosine phosphorylation within cells by kinases can lead to the nlay of signals h m  the surface 

of the celI to the nucleus resuiting in changes to ce11 function such as: proliferation, growth, 

apoptosîs. differentiation or transformation. Both kinases and phosphatases represent important 

elernents withm the signai pathways mediating this relay. 



12 LYMPHOCYTE SIGNALING 

The conversion of information amwig at the ceU-surface into specific messages in the 

cytoplasm involves a diverse array of membrane-iïnked receptors and the integration of multipIe 

biochemical signais (Bray, 1995; Pawson, 1995). CeII-surface receptors specific for a myriad of 

growth facto% cytokines, antigens and adhesion molecules, have evolved to regulate the 

proliferation, differentiation, migration, and s u ~ v a l  of cells during the cornplex corne of 

development (Bishop, 1991; Cantley et al., 199 L; Ullrich and Schlessinger, 1990). The immune 

system represents an ideai example of such cellular circuitry, with the normal immune response 

quiring the functional orchestration of various ce11 types by an intricate network of chernical 

signals uïtimately modulating cellular behavior. 

The mechanism of intracellular signal transduction emanating h m  these receptors is 

highly dependent upon protein tyrosine phosphorylation and frequently involves a cornrnon group 

of molecules, the ETKs. PIXs are responsible for phosphorylating proteins on tyrosine residues 

which cm result in the ciramatic changes af5ecting physiological processes including normal 

cellular proüferation and differentiation (Fitg 1.1-A). The magnitude and kinetics of intracellular 

tyrosine phosphorylation of specific pmteins represents the balanced activities of various PTKs and 

FWs (Cambier and Jensen, 1994; Chan et al., 1994; Gold et al., 1990). The existence of PTPs was 

inferred over 10 years ago by the observed slow tirnedependent release of phosphate h m  

epidermal growth factor (EGF) stimulated A43 1 cell-membrane preparations (Ushiro and Cohen, 

1980). Additiondy, the finding that inhibitors of PTP activity were able to induce ce11 

transformation pointed to mcid role for PTPs in the regdation of ce11 proliferation (KIarlM 

1985). Thus both PTKs and ETFs function to maintain homeostatic equilibrium that cm be 

modined by extracellular signals leading to the transduction of intracellular signais. 

As this thesis focuses on Sm-1, a member of the PTP family, this discussion wiïi 

emphasize signai transduction pathways mvolving tyrosine kinases, with the realization of the 

necessity for PTPs in the regdation of FiK signal transduction. In paaicular, attention wiU be 

given to Iymphocyte signaüng with emphasis on the antigen receptor, and co-receptor pathways. 

This will be folIowed by a bief oveMew of and PTPs important in lymphocyte sipal 



tramdudon, with attention paid to the Src kinase f d y  and the SEP-1 phosphatase. 

Lymphocyte signals that translate into an immune response have been extensively studied 

over the past two decades. In particula. in the context of the activation pathways coupling 

engagement of the B and T lymphocyte antigen receptors (BCR and TCR, respectively) to 

lymphocyte development and fûnction. The results of these studies have revealed the importance 

of protein tyrosine phosphorylation in the downstream transmission of activation signals From the 

antigen recepton. Tyrosine phosphorylation of proteins on specific sequences or motifs, results in 

the mation of binding sites mediating the potenrial interaction with other signaling molecules 

containing phosphotpsine-binding motifs (SH2 or ETEi domains; Figure 1.3). This system of 

phosphotyrosine dependent interaction facilitates the formation of multimenc signaling protein 

modules essential for transducing receptorevoked activation signals into the nucleus (Hunter, 

1995). In contrast to growth factor receptors which possess intnnsic tyrosine kinase activity, 

antigen receptors (Bolen. 1991; DeFranco, 1987) are indirectly coupied to cytoplasmic tyrosine 

kinases. These receptors are also usuaily composed of multiple subunits (to be discussed in pater  

detail below). For example, the recognition of antigm by the BCR, or major historompatibility 

compltx-assaciated antigen by the TCR, involves nceptor components that are devoid of 

enzymatic activity. Insteaâ, these leceptors are linked to specific molecules, which can remit 

tyrosine kinases and other signahg molecules (Gold and Matsuuchi, 1995). Thus, such receptoni 

also initiate a ligand-dependent tyrosine phosphorylation cascade that results in both the replation 

of specific enzymes and localization of signal transduction molecules to the membrane. Like the 

activation of classical tyrosine kinase receptors, antigen receptor Ligation resuits in receptor 

dimerization or oligomerization and activation of downstream enymes such as PLC-y, PU-K, 

PTKs, and serindthreonine kinases, and changes m ion-channeI conductivity, metabolism, and 

gene transcription. In the next sections the TCR and BCR strucnire, hmction and signaling wii l  be 

briefiy discussed 



Fi@= 1.3. Tyn,sinephosphoryI;ation resuUr in the mafion of bùuhgsites. 

Figum 1.3. Tyrosine phosphorylation nsults in the mation of binding sites. Phosphoryiation of 

proteins on specific sequences or motifs containing tyrosine residues, resuits in potentid 

interaction with other sigriaiing molecules containing phosphotyrosine-binding motifs. Schematic 

diagram showing SEI2 and PTB binding domains interacting with specific phosphorylated tyrosine 

motifs. N, P, Y and X represent amino acids asparagine, proIîne, tyrosine and any amino acid 

respectiveIy. 



The fnrition of Wtuaily ail immune responses depmds on the amazing aôüity of thymus- 

derived T lymphocytes to recogriize and distinguish a wi& spectrum of fmign antigem. The 

enormous diversity of the T ceIl repertoire results h m  the ability of T celis to rearrange and 

modify the genes encoding their antigen receptors (Davis and Bjorlanan, 1988). T cells recognize 

specific peptide-antigens thfough the binding of these peptides in the context of the MHC 

molecules with their TCR (Abbas et al., 1994; Germain, 1994). This initial recognition by T cells 

permits the T cells to undergo proliferation resulting in an increase in the number of antigen 

specific T cells, also referred to as clonal expansion (Abbas et al., 1994; June et al., 1994). The 

TCR is not oniy central to ~ransducing extracellular signals important in mediating T ce11 imrnunity 

but also occupies a pivotal role dong with CO-receptors in T cell ontogeny (Saito and Watanabe, 

1998; Weiss and Littman, 1994). Therefore an appreciation of the structure and function of the 

TCR is essential for understanding the complexities of the T ce11 rwponse to antigen stimulation. 

(i) Expression, Structure and h c t i o n  

The TCR is a cornplex of at least eight polypeptide chains (Figure 13.1-A). The TCR is 

cornprised of a disulfide linked heterodimer consisting of a and B polypeptide chains which belong 

to the Ig superfamily. This structure is responsible for recognizing the antigenic peptides bound to 

the MHC molecuie ami, thmfore represents the Ligand-binding structure within the TCR. Both a 

and B chains contain variable Or) and constant (C) regions connected by the joining (J) ~ g i o n .  

The B chah aiso has a diversity (D) region Iocated between the V and I regions. The V regions of 

the a and B chains contain two cysteine residues which form a disulfide bonded loop. The variable 

region lacking conserved residues binds to specific antigens. The variability of nsidues in the V 

regions enables TCRs to bind to a diverse spectmm of antigens. The C region of the a and B 
chains is conserved between TCRs and consists of four functionai sections. The amino-terminus 

has two cysteine residues which fom a disulnde bonded loop similsr to the V region. Following 

this section is the hînge section which contains a cysteine residue thought to be tesponsible for the 

iinkage of the a and B chains by a disuifide bond. Next is the ttahmiembme section comprkd 

m d y  of hydmphobic amino acids that anchors the a and B chains to the plasma membrane. 



Figure I.3.1-A. S c h d  d@pm of the TCR cornplex, 

=SIS- disulfide bond 

Figute 1.3.14. Schematic diagram of the TCR complex. The a and B chains form the 

heterodimer TCR. The y, 6 and E chains fom the CD3 complex of proteins while chah forms 

homodimers or heterodimm with the q chah These proteins together represent the TCR 

complex. The immunoreceptor tyrosine activation motifs (ïïAMs) are indicated by the cytinciricai 

stmctms and disuifide bonds are indicated by S-S. (Adapted h m  Abbas et d. 1994). 



Rnaily, the cytoplasmic taii is comprised of 5 to 12 amho acids which, due to its short length, 

probably does not have any signaling pmpercies (Abbas et al., 1994; Cantrell, 19%; Samelson et 

al., 1995). 

The TCR c@ h e t d m e r s  recognize peptide antigens in the context of MHC molecules 

leading to signal transduction. This signaking is dependent on the expression of a group of 

associated proteins consisting of the CD3 complex, the pdypeptide chah and the q polypeptide 

chain (Figure 13.1-A). These proteins together with the @ heteroher fom the TCR complex 

(Abbas et al., 1994; Cantrell, 1996; Samelson et ut., 1995). The CD3 complex consists of at least 

three polypeptide chains. These include the y, 6, and E chain. Each y, 6, and E, chain protein 

includes an N-terminal extracellular region, a short connecting peptide, a transmembrane segment, 

and a cytoplasmic tail. The y, 6, and E chains belong to the Ig superfamily each containhg a single 

Ig-like domain in their extracellular regions. There is no variability in the extracellular domain 

which makes it tinlikely that these proteins contribute to the binding specificity of the TCR. The 

transmembrane segments of al1 three CD3 proteins contain a negatively charged aspartic ilcid 

residue which is hypothesized to associate with a positively charged residue in the @ heterodimer 

transmembrane region. This association may be responsible for the functional TCR interaction 

between the CD3 complex and the C@ heterodimer (Abbas et al., 1994). The c ytoplasmic domains 

of the CD3 y, 6, and E. proteins range from 44 to 81 amino acids long, and are of sufficient s i x  to 

play a mie in signal transmission to the cell interior. Each of the CD3 proteins' cytoplasmic tails 

contain a conserved sequence motif also found in other membrane signaling proteins including Iga 

and Igp proteins of the B ce11 receptor complex (Figure 13-18; see BCR section)(Reth, 1989). 

This motif designated as either the antigen recognition activation motif (ARAM), or the 

immunoteceptor-tyrosine-based activation motif (JTAM), is composed of 16 amino acid residues 

in which the sequence tyrosine-X-X-leucine/isoleucine (Y-X-X-UI) occurs twice (X represents 

any amino a d ) ,  with a 6-8 amino acids spacer (Figure 13.1-B) (Baniyash et ai., 1988; Osman et 

al., 199%; Osman et al., 1996; Qian et d, 1993; Reth, 1989). Chimeric receptors containhg 

mAM motifs are able to induce T ceiI activation when cross-Enked, wMe mutations of the 

tyrosine LeSidues within the ïïAM abrogates the capacity of T ceU activation (IrWig and Weiss, 

1991; Letourneur and Kiausner, 1992; R o m  et d., 1992). Therefore, the CD3 proteins are vital 

in mdiating the signais transduced via the T cell antigm receptor during TCR activation 
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Flgute 1.3.1-6. Immunoreceptor-tyrosine-based activation motifs (ITAMs). Amino acid 

sequences of immunoreceptor tyrosine-based activation motifs (ITAMs) in the cytoplasrnic region 

of various T and B ce11 antigen receptor chahs, Fc teceptor and viral proteins. The consensus 

iTAM sequence consists of two Y-X-X-UI repeats six to eight residues apart. Sequences are 

aligned according to conserved tyrosine and Ieucine/isoIeucine residues. (Adapted h m  Isakov, 

1997). 



(Abbas et d, 1994; Chan and Shaw, 1996; Samelson and Klausner, 1992; Weiss and Littman, 

1994). 

In 90 percent of T ceils, a 16 kDa nonglycosyhed c chain forms a homodimer covalentiy 

linked by a disuifide bond; the remaining 10 percent of T c e k  contain the c chah covalentiy 

linked to a 22 kDa nongiycosylated q chain that fomis a heterodimer. The and q chains are 

encoded by alternatively spliced RNA transcripts of the samt gene located on chromosome 1 in 

humans. and q chains have identical extracellular and transmernbrane domains but differ in their 

cytoplasmic tails. The extracellular domains contain oniy nine amino acids which is not sufficient 

to bind ligands. The transmembrane domains have a negativeiy charged aspartic acid residue 

similar to CD3 proteins. The cytoplasmic domains of both c and q chahs are long with 113 and 

155 amino acids respectively. The cytoplasmic tail of 4 chain contains t h e  KAh4 consensus 

sequmces while the q chain does not contain any ïïAMs (Figure 1.3.1-A) (Abbas et al., 1994; 

Weiss and Littman, 1994). 

A major function of the CD3,C and q pmteins is to facilitate the expression of the TCR 

heterodimer. in fact the ce11 surface expression of O@ heterodimer and the expression of CD3.6, 

and q proteins are mutually dependent upon one another. Cells that contain a mutation in the a or 

chain, not only fail to express the a and B chains but also lack CD3 complex expression. When 

the mutation in a or $ is conected by expressing wild type a or B chah in these cells, C@ 

heterodimer dong with CD3 proteins are expressed on the ce11 surface (Abbas et al., 1994; 

Dietrich et al., 19%). However, the protein products of the CD3 genes are pst-translationally 

modifieci to form y6E2 core structures in the absence of the TCR a and B chains. The association of 

the TCR 4 heterodimer with the CD3yk complex takes place in the endoplasmic reticulum 

(ER), after which the complex is transported to the Golgi, where M e r  modification of N-linked 

oiigosaccharides takes place. The chain homodimer needs to associate with the TCRICD3 

complex in order for the TCR complex to be tmnsported to the plasma membrane (Abbas et al., 

1994; Love et aL, 1993). TCR a and f! chains, CD3 y, S and E chains are produceci in excess, 

wh- 6 chah is synthesized in Iimited amounts. Thus chain is the rate lùniting step in the ceU 

sudaie expression of the TCR complex. This suggests that the synthesis of components of the 

TCR cornplex, their assembIy, and theh cell stirface expression are tightiy regulated (Abbas et d, 



1994). 

In addition to the heterodimenc TCR, th= is another subset of TCR cded the y6 TCR 

(different h m  the y and 6 chahs of (=D3). The y and 6 proteins are present on T celIs that express 

CD3 and homodimer but not on ceiis that express the a$ hetemiimer. TCR y and 6 chains 

include exûacelIuiar Ig-like V and C regions, short connecting or hinge regions, hydrophobic 

transmembtane segments, and a short cytoplasmic tail similar to a and B chains. Overall5 percent 

of T cells contain y6 heterodirner TCRs. These T cells are found in several organs including skin 

and intestine. It is unknown if this TCR recognizes specific antigens like the C@ heterodimer 

receptor but it is known to associate with CD3, < and q proteins (Abbas et al., 1994). 

ci) CD~/CD% 

The proteins of the TCR complex are key molecules in the specific recognition of the 

antigen-MHC complex. In addition, T cells express several other integral membrane receptors that 

play signiticant d e s  in functional responses to antigens. CD4 and CD8 are T ce11 surface 

glycoproteins that an expressed on mutualiy exclusive subsets of mature T ceus. CD4 and CD8 

serve as CO-receptors for the TCR complex by facilitating interactions between the TCR complex 

and the antigen-MHC complex. Both molecules belong to the Ig superfixnily. Approximately 65 

pment of peripheral T cells express CD4 while 35 percent express QD8. CDQ is a transmembrane 

55 kDa glycoprotein which is expressed as a monomer on the surface of T cells. CW has four 

domains, two of which are sirnilm to the variable domain of the TCR. In addition there is a 

hydrophobic tmnsmembrane region and a highly basic cytoplasmic tail (38 amino acids long). One 

mle of CD4 is to serve as a cell-ceil adhesion molecule by Wtue of its specific affinity for class II 

MHC molecules. This StabiliKs the TCR interaction with the antigen-MHC complex. The CD4 

molecule binds via its two amino-terminal Ig V-üke domains to the nonpolymorphic B chah 

immunoglobulin-üke region of the class II MHC molecule. The structure of CD8 consists of either 

a disulndc-linked heterodimer of two distinct 32 to 34 kDa glycopmteins called CD8a and CD@, 

respectively or as a homodimer of CD8a chahs. Both CD8a and CD8B have amino-terminal 

extcaceiIular Ig V-Wre &mains, connecring peptides, hydrophobic transmembrane regions, and 

highly basic cytoplasmic tails that are 25 to 27 amino acid residues long. CD8 serves a simiIar 



fimction to CD4 as a ceU-ceII adhesion molecule acting through the binctùig of the CD8a chah to 

the nonpolymorphic 82 mimgIobulin binding site on the class 1 MHC molecde. This interaction 

s t a b ' i  the buiding of class I MHC-antigen complexes with the Ta. In addition. CD4 and CD8 

are also able to deliver an intrace11ular signal through the constitutive binding of an intracellular 

tyrosine kinase Lck with CD4 or CD8 that faciütates and synergies with signals emanating from 

the TCR complex. This iflustrates the importance of CD4 and CD8 in the function of the TCR 

complex (Abbas et al., 1994). 

ci) TCR Signaihg 

The generation of intracelluia. signds transduced via the TCR is essential for the various T 

ceU responses generated upon encountering an antigen presenting cell (APC). These responses are 

govemed by the specificity of the TCR, which permits activation to occur only if the TCR is able 

to recognize its particular antigen-MHC combination. The recognition of appropriatel y presented 

antigen results in activation of T cells leading to proliferation, differentiation and performance of 

effector functions. For example, the activation of helper T cells leads to the production of 

cytokines that promote cellular and humoral immune responses. whereas activation of cytotoxic T 

cells results in the destruction of antigen-bearing cells. 

When the TCR binds the antigen-MHC complex there is an immediate increase in tyrosine 

phosphorylation of specific proteins including tyrosine residues in the lTAM motif of the 

cytoplasmic tail of CD3 and proteins (Table 1.3.1. Figure 1.3.1-A, figure 13.1-C)(Cantrell, 

1996; Samelson et ai., 1995). Since proteins in the TCR complex do not contain intrinsic kinase 

domains, the tyrosine phosphorylation is due to the action of intracellular PTKs. Lck is a Sn: 

family member (see PIX section) which associates constinitively with the cytoplasmic tail of the 

co-receptors CD4 or CD8 (Weil and Veiliette. 1996). Since CD4 and CD8 bind to the MHC 

molecules, Lck is in proximity to the TCR complex and can phosphorylate tyrosines in the ITTAM 

motif in CD3 and proteins. The significance of Lck activation in TCR signaiing was shown in 

the JCaM1.6 M a t  T ce11 line which Iacks fimctional expression of Lck. FoUowing crosslinking 

of the TCR in JCAM 1.6 cells, there is a reduction in tymsine phqhorylation of target proteins 

and in particuiar a reductim in tyrosine phosphorylation of the chah of the TCR. Like Lck, the 

Src family tyrosine kinase Fyn is activated foilowhg TCR ügation and phosphory1ates ITM 



1 TCR 

CD3 proteins 
y chah 
6 chah 
E chah 

Intraceiiular 
tvrosine kinases 

ILk 
Fyn 
Src 
S Y ~  
ZAP-70 
Csk 

PU=-y 1 
Pm-@ 
GAP 
vav 
PI3-K 
Raf 
MAPK 
INK 

Adaptor 
molecules 

Shc 
CBL 
SLP76 
LAT 

Surface 
Molecules 

C D S  
CD6 

(Adapted h m  Chow and Veillette, 1995: Weiss and Liteman, 1994) 

Table 1.3.1 Targets of TCR cornplex-induced tyrosine phosphory lation. 



motifs m the TCR complex (CantreiI. 19%; Samelson et d. 1995). Fyn, but not Lck, can 

associate with a tyrosine phosphorylated ïïAM motif in the chah, and cm dso bind to pTyr 

residues in the ïïAM motifs in E, and y chahs of CD3. Fyn kinase activity is also detected in TCR 

immunoprecipitates foiiowing TCR Iigation suggesting that Fyn is bomd to the activated TCR 

complex (Fusaki et 1.19%; T i o n  et al., 1992; VeiUette and Davidson. 1992). In Fyn deficient 

mice, TCR sipaling in thymocytes is impaind due to reduced induction of tyrosine 

phosphorylated substrates and reduced proliferation. In contrast, TCR activation in mature murine 

T ceiIs shows normal nsponses suggesting redundancy in Fyn function in mature T ceUs (Appleby 

et al., 1992; Cwke et al.. 199 1; Stein et al., 1992). Tyrosine phosphorylation of ITAMs in the 

chain by Lck or Fyn allows association of Syk family members (see PTK section) with the 6 chah 

through their two SH2 domains (Figure 1.3.1-C) This in tum activates S yk farnily kinase activities 

which amplify the tyrosine phosphorylation cascade (Cantrell, 1996; Samelson et al., 1995). The 

predominant Syk family member associated with the tyrosine phosphorylated chain in mature T 

cells is ZAP-70 (Chan et al., 1992). Structural analysis reveals that ZAP-70 contains two SH2 

domains which are spaced to match the two tyrosines within the ïïAM, and mediates the binding 

to the chain (I3gure 1.3.1-C) (Iwashima et al.. 1994). ZAP-70's role in arnplifying TCR 

sipaling is important since T cells in patients with a type of selective T cell deficiency (STD) 

disease are characterized by a lack of functional ZAP-70 impainng TCR-mediated tyrosine 

phosphorylation of specific substmtes. T cells h m  these patients also fail to produce IL-2 

following TCR ügation (Axpaia et al., 1994; Gelfmd et al.. 1995). Taken together, this suggests 

that intmcellular PTKs are vitai in initiating TCR signal transduction (Figure 1.3.1-D). 

Following TCR activation, specitic proteins become tyrosine phosphorylated by 

intrarellular PIXs. One of the targets for tyrosine phosphorylation is phospholipase C-y1 (PLC- 

yl) @asgupta et al.. 1992; hboden and Stobo, 1985; Secrïst et al., 1991; Weber et 1, 1992; 

Weiss et ol.. 1991). PLC-y1 associates with a tyrosine phosphorylated lTAh4 in the chah which 

results in the rapid tyrosine phosphoryIation of PLC-YI probably by ZAP-70 or Fyn (Abbas et al.. 

1% Can- 19%. Weiss and Littman, 1994). This tyrosine phosphorylation of PLC-y1 causes 

the activation of its enzymatic activity leading to the hydrolysis of phosphatidytinositol (4% 

bisphosphate (PPd which yields two breakdown products: inositol(1,4,!5)-trisphosphate p) and 



Figure I.3.I-C. ITM-memtaed TCR signal kmrsducfion, 

Figure 1 Al-C. A mode1 for ïïAM-mediated TCR signai transduction. Upon TCR engagement, 

the co-receptor (CD4 or CD8) associated Lck or TCR-associated Fyn is responsible for 

phosphorylating the ïïAM on TCR-6 (see Figure 13.1-D). Phosphorylation of both tyrosine 

residues within the KAMs of TCR-C mediates the binding of ZAP-70 via its tandem SH2 domains. 

Once ZAP-70 is bound, it also becornes phosphorylated in its kinase domain, resulting in increased 

catalytic actïvity. Show in the box on the Ieft are the structures of the SR: and Syk farnily ET&. 

(Adapteci fiam Isakov, 1997). 



Figure 1.3.1-D. TCR signal transduction pathways. Following ligation of the TCR by the 

antigen-MKC cornplex, several intracellular PTKs Lck, Fyn, and ZAP-70 are activated. 

Subsequently this may phosphorylate aâaptor proteins and RAM motifs in the cytoplasmic tails of 

the CD3 molecdes (yeuow box), recruiting different effector pathways. These include the Ras. 

JNIÇ PB-K, and PLC-y1 signahg pathways. These pathways Iead to biochemical events in the 

nucleus mcluding activation of transcription factors (NF-B. MAT, AP-1. c-Fos, c-Jun, etc). 

Activation of transcription factors lead in part to the expression of L2. 
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Figure 1.3.1-E. Hydrolysis of phosphatidylinositol4,S-bisphosphate (PIPù. Schematic diagram 

showing the hydroIysis of PIP2 by phospholipase C (Pm) and the resulting products 

diacy1glycml @AG) and inositol(1,45)iriphosphate (JP3). (Adapteci from Berridge and f ine .  

1984). 



diacylglycerol (DAG) (Figure 13.1-E) (Benidge and Trvine, 1984). lP3 leads to the release of 

calcium from sequestered mtracehlar calcium stores, such as the endoplasmic reticulum into the 

cytoplasm. Elevated calcium levels favor the association of this ion to a ubiquitous calcium- 

dependent regdatory protein cded calmodulin. Cdcium-calmodulin complexes activate several 

enzymes including the serindthreonine phosphatase calcineuin. This Ieads to the dephos- 

phorylation of transcription factors such as the nuclear factor of activated T cells (NFAT) (Abbas 

et al,, 1994, Cantreil, 19%; Jain et al., 1995; Weiss and Littman, 1994). NFAT is translmated to 

the nucleus and becomes involved in transcription of cytokines Iike IL-2 (Woodrow et d, 1993)- 

Increased DAG levels cause the activation of protein serine-threonine kinase C (PKC) isofomis 

which phosphorylate substrates leading to the transcription of genes such as Fos or Jun. Fos and 

Jun pmtein expression, in tum, facilitate the transcription of IL-2 (Abbas et al., 1994; Cant~ll, 

1996; Genot et al., 1995; Samelson et al., 1995). 

Another protein that is tyrosine phosphorylated by intracellular PTKs following ligation of 

the TCR is the Shc molecule (Canttell, 1996). Shc is a protein containing a SH2 domain, a 

proline-rich SH3 binding site, as well as a PTB domain which binds to phosphotyrosine residues, 

in contrast to SEI2 domains, dependent on amino acids amino-terminal to the pTyr (Pawson, 1995; 

van der Gem and Pawson, 1995). Shc does not contain a catalytic but rather functions as an 

adaptor molecule binding to several proteins ünking them together and regulating their function. 

After tyrosine phosphorylation of the TCR complex, Shc's SH2 domain binds a tyrosine- 

phosphorylated ïïAM on the chain (Osman et al., 199%; Ravichandran et al., 1993). This 

association similar to PLC-y1 resuits in the ~osine-phosphoryiation of Shc and dows Shc to bind 

to another adaptor molecule Grb2 (Ravichandm et al., 1993). Grb2 contains two SH3 domains 

separated by a SH2 domain (Pawson, 1995). The Grb2 SH2 domain associates with tyrosine 

phosphorylated Shc. This association with Shc m i t 5  Grb2 to the TCR complex and in tum 

riecruits the guanine nucleotide exchange factor (0 son of sevedess (SOS) into the complex 

by its constitutive association with Grb2P SH3 domain. This aIIows SOS to activate the small G 

protein, Ras, by exchanging guanosine diphosphate (GDP) molecuie on Ras with a guanosine 

triphosphate (GP) (CantreII, 1994; Ikqilierdo et ol., 1995; Pastor et d., 1995). This enables Ras to 

associate with and activate a serine-threonine kinase, Raf. This leads to the activation of a dud 

specifîcity tyrosindthreonine kinase MEWMKK which phosphorylates and activates another 



serindthreonine kinase calIed mitogen activaihg protein (MM) kinase ERK 1 and 2 The 

activation of ERK in turn causes the activation of several transcription factors including c-myc, c- 

Fos and c-Jun. The transcription factors c-Fos and c-Jun as mentioned previously are involved in 

the transcriptiond regdation of IL-2. Thus, the tyrosine phosphoryiation of PLC-yl and Shc by 

intraceIIuiar PTKs results, at least in part, in IL2 expression (Figure 13.1-D) (Abbas et al., 1994; 

CantreU. 19%). 

PB-K is activated foiiowing TCR iigation, and inhibiting PU-K activity with wortmannin 

reduces production of IL2 following crosslinking of the TCR complex (Ward et al., 1996). PUK 

consists of two subunits, p85 regdatory subunit and p l  10 catalytic subunit. pl10 contains the 

catalytic domain which mediates the formation of D-3 phosphoinositide lipids by transfening the 

terminal phosphate of ATP to the D-3 position of the inositol head gmups of phosphoinositide. 

The products of this phosphorylation are phosphatidylinositol 3-phosphate (PUP), 

phosphatidylinositol 3,4-bisphosphate (PI(3,4)Pd, and phosphatidylinositol 3,4J trisphosphate 

(PI(3,4,5)P3 or P P )  (Figure 13.1-F) (Kapellet and Cantley, 1994; Ward et al., 1996). The 

imrnediate downstream target of these products is unclear. PKC family memben cm respond to 3- 

phosphorylated phosphatidylinositols with increased enzymatic activity poker et al., 1994). PKB 

kinase can be stimulated by 3-phosphorylated phosphatidylinositols Ieading to stimulation of p70 

S6 kinase (Franke et al., 1995). p70 S6 kinase is invo 1 ved in cell cycle progression suggesting that 

PB-K could be involved in T ce11 proiiferation (Weng et al., 1995). PB-K has also been shown to 

be quired for cell survival (Kauffmann-Zeh et al., 1997; Kulik et al., 1997). However, the 

importance of the products of PU-K enzymatic activity in sipalhg remains uncertain. The p85 

~gulatory subunit contains wo SH2 domains and a SH3 domain (Ward et al., 1996). The SH2 

domain of PUX associates with phosphotyrosine residues on target proteins which faditate 

increases in PI38 activity (Rordorf-Nikolic et al., 1995). In the TCR cornplex, PI3-K associates 

with phosphopeptides of the KAM region of chain presumably through its S H 2  domains. PU-K 

activity is also detected in TCR E chain immunoprecipitates following iigation of the TCR (Carrera 

et al., 1994; KapeUer and Cantiey. 1994; Ward et 1, 1996). This indicates that PU-K's S H 2  

domain couid associate directly or mdirectiy with the ligated TCR compIex. This is M e r  

supported by the ability of the SH3 domain of Fyn and Lck to bhd with the proline-rich region in 

p85 PI3-K and by Fyn mmiunoprecipitates following TCR iigation containkg PD-K activity 



Figure 1.3.1-F. hositol iipid metabolism. The substrate and products of phosphatidylinositoI3- 

kinase (PU-K). (Adapted from KapelIer and Cantiey, 1994). 



(Pleiman et al., 1994a; Rasad et al., 1993; Ward et al., 19%). Thus, Fyn or Lck could mediate the 

recruitrnent of PB-K to the TCR complex by either phosphorylating ïïAM regions on the TCR 

cornplex a by direcdy d t i n g  PU-K to the complex. This indicates that intracellular ETKs are 

important in the activation of PI38 (Figure 13.1-D). 

Taken together, intracellula- PTKs play an important role in TCR activation through 

tyrosine phosphorylation of ïïAM regions of the CD3 and chah This results in recruitment of 

signaling molecules such as Shc and other tyrosine kinases such as ZAP-70 which arnplify the 

TCR signai transduction pathway, ultimately leading to gene expression such as IL-2. 

The maturation and development of thyrnocytes from bone-mam>wderived progenitor 

cells involves a series of stages in which signals transduced via growth faftors, adhesion molecules 

and T ceIl antigen receptors determine which cells will exit the thymus as mature, self-tolerant T 

lymphocytes. This section bnefly discusses the stages of T celi ontogeny, positive and negative 

selection, and outlines some of the hown signaling pathways that have ken implicated in the 

selection process. 

(i) Stages of Thymocyte Development 

The development and matwation of T cells occurs h m  bone-marrow-derived progenitor 

cells in the thymus (Figure 13.2-A). AIthough early developing thymocytes express several cell 

surface molecules, such as CD2 and Thyl that are characteristic of the T cell lineage, they lack 

many others including CD4 and CD8. The expression of mature TCR and surface CO-receptors is 

developmentaiIy regulated and helps further subdivide populations of thymocytes. The 

development of @ T ceUs in the thymus cm be conveniently subdivided into three sequentid 

stages: double negative @N), double positive OP) and single positive (SP), based on W C D 8  

ccmceptor expression (Figure 13.2-A)). 

The first stage (DN; wLûb3 represents the most immature and includes progenitor cens 

that have migrateci fmm the bone marrow to seed the thymic cortex. Rearrangemeat of the TCR 



F- 1.3.2-A. Stages in devebpment of MT ce&. 
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Figure 1.3.24. Stages in development of C@ T celis. Rogenitor celis migrate from the bone 

m m w  to the thymus. At the earliest stages of development, thyrnocytes lack expression of CD4 

or CD8 ( W C D K ;  double negative; DN) and possess the gedine  configuration of their TCR 

genes. In the DN stage, functionai reanangement of TCR-B locus occurs resulting in the 

expression of the pre-TCR (fkhain + gp33 pre-Ta). Progression from the DN to the DP 

(C]D4+CDS+; double positive; DP) stage occurs afker signaling via the pre-TCR. In the DP stage 

hctional reanangement of TCRu locus occurs and thyrnocytes destined to become US T celis 

pars through a mitical phase during which positive and negative selection occurs (set Figure 13.2- 

B). TCR 4 expression commences in the double positive stage, beginning with low numben of 

receptors on each ceil (Ta", and increasing as maniration proceeds (TCR'). Single positive. Le.. 

CD4+ or CD8* TCR afkxpressing mature cens are ultimately selected from this population and 

give rise to the T ceii population in the peziphery. (Adapted h m  Benoist & Mathis 1994). 



geues begins during this DN stage and after productive rearrangement at the TCR-f! locus 

(Mombaerts et aL, 1992; Mombaexts et aL. 1994) there is surface expression of the immature preT 

cen receptor (pre-TCR; Figure 1.3-2-A). The pre-TCR consists of the TCR pha in  associated 

with an invariant gp33 pre-Ta chah (Groettrup et al., 1993) and signals transduced via the pre- 

TCR are necessary for the progression of DN ceils to the DP stage. Durirtg the DP (CD4+CD87 

both CD4 and CD8 genes becorne transcriptionaiiy active and DNA reanangement occm at the 

TCR-a locus (Fig 1.3.2-A) (Mombaerts et al., 1992). Aiso during this stage, thymocytes are 

subjected to a selection pracess that shapes the T ce11 repertoire (discussed below) giving rise to 

mature T cells that cm respond efficiently to foreign peptides bound to host MHC molecules (Von 

Boehmer. 1994). The progression of thymocytes to the final stage (CD4+CD8- or O 8 * ;  SP) 

of intrathymic Merentiation involves the inmase in expression levels of functional TCR and loss 

of either CD4 or CD8 expression. At this stage. thymocytes have acquired the phenotype of 

mature per iphd T-cells and soon exit the thymus into the periphery (Figure 1.3.2-A). 

(ii) Positive and Negative Selection 

Givm the largely stochastic process by which TCRs are generated (Davis and Bjorkman, 

1988; Tonegawa, 1983) it is not surprishg that T cells with antigen specificities that are 

undesirable will also be produced (Nossal, 1994). For this reason, enormous selective pressures 

are exerted within the thymus in order to allow survival of only those matun T-cells whose TCRs 

are restricted by self-MHC molecules and are not autoreactive (Nossal, 1994; Von Boehrner, 

1994). The great majority of thymocytes fail this process: at lest 99% of developing T-cells die 

within the thymus (McPhee et al., 1979). Two distinct types of selection have been obsewed, both 

of which occur at the stage when thymocytes are CD~+CD~+ (DP) and express low levels of TCR 

on the ce11 surface (Nossd, 1994; Von Boehmer, 1994). Positive selection promotes the survivai 

of thymocytes whose TCRs have the capability of recognizing foreign antigens botmd to selfiMHC 

molecules (Von Boehmer, 1994). Negative selection leads to the deletion of thymocytes whose 

TCRs recognize peptides dexived h m  seIfIfproteins (Nossal, 1994). 

Thymocytes are programmed to die by apoptosis unless they posses the ability to recognize 

mtigen in association with seKMHC molecules and rae rescued (Rothenberg, 1990; Sudi and 

Sprent, 1994, Von Boehmer, 1994). A remafkable feaatre of this positive selection is that it leads 



to the seiection of TCRs with specifïcity for foreign antigens bound to seIf-MHC yet occurs in the 

absence of the foreign antigen. Positive selection takes place in the thymic cortex, where 

developing thymocytes encounter epithetial cens that express both class I and class II MHC 

molecules loaded with seIf-peptides (Benoist and Mathis. 1994; Zecfahn et aL, 1997)(Figure 1.32- 

W. 
The molecular basis for positive selection remains u n c d n .  but clearly involves signaling 

through the TCR (Killeen et d, 1998). It appears that TCR binding to self-peptides-MHC 

complexes in the thymic cortex transmits a sunival signal to the thymocytes, resuIting in its 

positive selection. Thymocytes whose TCRs are unable at ail to recognize self-peptide-MHC do 

not receive a swival s igai  ("'death by default or neglect"), fail positive selection, and die 

(Kisielow and von Boehrner, 1995; Rothenberg, 1990; Surh and Sprent, 1994). Failure of positive 

selection accounts for the great majorïty of intrathymic death (Von Boehmer. 1994). 

In contrast, negative selection which eliminates potentially autoreactive T cells, appears to 

occur primarily in the thymic medulla (Nossal, 1994), where CD4+CD8+ @P) thyrnocytes migrate 

from the cortex. Medullary thymocytes encounter self-peptides presented in association with class 

1 and II MHC moiecules on bone-marrow-derived ciendritic cells and Macrophages 13.2- 

B)(Benoist and Mathis, 1994). If a thymocyte recognizes these self-peptides with high affïnity, it 

undergoes apoptosis. Thus, at this stage in T ce11 development and in this context, recognition of 

antigen delivers signais that result in ce11 death ratha than activation (Nossal, 1994). Cells that do 

not receive this cell death signal mature and are exported h m  the thymus. 

This abiüty for a single receptor to transduce signais that cm induce either death or 

maturation is a cenaal. yet paradoxicai feature of T ce11 development. A favored hypotheses, 

cailed the avidiîy model of T ce11 selection, proposes that, to a large extent. positive and negative 

selection represents qualitatively different responses to difierent intensities of signahg via the 

TCR (Figure 13.242) (Jarneson et al., 1995; Sprent and Webb, 1987). The ovedl strength of 

signaling in a T cell is proportionai to TCR occupancy. which in turn ~flects  both the number of 

TCRs engaged and their aff7nity for binding the antigen-MHC complex. Below a certain level of 

TCR occupancy, no effective signai is sansmitteci. According to the avidity model, a moderate 

IeveI of occupancy provides a positive signal that dows thymocyte growth and matumton, 

whereas excessive occppancy (above a certain, undefineci threshold) causes ceil death by apoptosis 
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Figure 1.3.2-8. Positive and negative selection of thymocytes. CD~+CD~%R' immature 

double positive @P) thymocytes encounter self-peptides bound to either class 1 and class II MHC 

molecules on epithelid ceIIs in the thymic cortex and on macrophages and denclritic cells in the 

thymic medulla Thyrnocytes whose TCRs an unable to recognize antigens in association with 

self-MHC die of neglect (crossed out). Thyrnocytes that recognize the combination of self-peptide 

and seIf-MHC with low affinity receive a survivd signal that ailows their positive selection. 

Thyrnocytes whose TCRs recognize self-peptide and self-MHC with high affinity are deleted 

(negative selection) (crossed out). The net result of thymic selection is the survival of single 

positive (SP). i.e.. CD4+ or CDS+ TCR-expressing mahue T celk whose TCRs are restricted by 

seIf-MHC molecules but are not autoreactive. Positive seleaion occm largely as a resuIt of 

interactions with cortical epithelial ceiIs, and negative selection Iargely stems from interactions 

with meduüary macrophages and ciendritic cens (Adapteci h m  Benoist & Mathïs). 



TCRs engaged 

ffguie 1.3.2-C. The avidity mode1 of T-ceil selection. Ovemil TCR signal intensity is the 

product of both the density (number of TCRs engaged) and binding affinities of peptide-MHC 

complexes on the thymic epithelial cell surface. Intermediate levels of signahg pmmote celi 

survivai; excessive signalhg yieIds ce11 death. The n i t s  shown are arbitmy and the thresholds 

unknown. (Adapted h m  Marrack & Parker 1994). 



(Ashton-Rickardt and Tonegawa, 1994). Thymocytes whose receptors bind stmgiy to self- 

peptide-MHC complexes in the meciutla wouid thus be eliminated (negative selection), whereas 

those that give weak but perceptiile binding to the same complexes in the cortex wouid be 

potitively selected (Alam et al., 19%; Ashton-Rickardt et al., 1994; Sebzda et al., 1994). We do 

not yet understand, in biochemical terrns, exactly what constitutes the critical difference between 

the sumival signal delivered by low avidity TCR binding and the apoptotic signal tnggered by 

high-avidity interactions. Nevertheless, the avidity model offers a plausible mode1 by which TCR- 

MHC interactions could guide both positive and negative thymic selection. 

For negative selection to eliminate d l  potentially autoreactive T-cells, one rnight imagine 

that thymic medullary dendritic cells and macrophages would need to present al1 potential 

antigenic self-peptides, including those derived h m  proteins expressed in a highly tissue-spenfic 

fashion. To what extent this occurs is not yet clear. the array of peptides presented in the thymus is 

an area of ongoing investigation. In addition, negative selection is known not to be 100% 

effective, and that some potentiaily autoreactive T cells do escape into the periphery (MacDonald, 

1989). These autoreactive cells are then either, deleted in peripheral tissues, or are rendered 

anergenic (unresponsive to antigen) (Nossal. 1994). Alternative1 y, such cells may never encounter 

antigen simply because the antigens are normally sequestered From the immune system (Nossal, 

1994). In certain pathologie States. however, one or more of these mechanisms for peripheral 

tolerance fails, leading to autoimmunity (MacDonald, 1989). 

(üi) Signeüng in Positive and Negative Seleetion 

Specific intracelluiar signalhg mechanisms responsible for discriminating positive vs. 

negative thymic selection based on the levels of TCR occupancy and peptideMHC associations 

are IargeIy unknown. Some experiments designed to elucidate these pathways have utilized 

biochemical means, knockout mice, or dominant negative transgenic mice of various signaiing 

molecules to block signal transduction at specific points in a signaling pathway. For example, 

work with chernical inhibitors of calcinetuin have implicated a role €'or calcium dependent 

signahg pathways in the selection ptocess (Anderson et aL, 1995; Gao et d, 1988; Jenkins et d, 

1988; Kane and Hecfrick, 19%; Shi et d, 1989; Wang a d, 1995). Cyclosporin A and FK5û6 

have ken shown to inhibit positive but not negative selection (Wang et d, 1995). However when 



weak TCR stimulation was used to induce negative selection. cyclosporin A was also able to 

inhibit negative selection (Kane and Hedrick, 1996). Together with previous studies 

demonstrating an inhiiitory role for cyclosporïn A in both positive and negative selection of 

thymocytes in vivo (Gao et al.. 1988; Jenkins et al.. 1988; Shi et ol.. 1989). these studies 

demonstrate that the relative shength of the TCR signal may influence whether negative selection 

is dependent on the calcium/calcineurin signaling pathway. 

Siudies utilizing dominant negative Lck bearing transgenic mice (Hashimoto et al., 1996; 

Levin et al., 1993) and Lck deficient mice (Molina et al., 1992) have revealed a crucial role for 

Lck in thymocyte selection and development. Overexpression of the cataiytically inert Lck kinase 

inhibited both positive and negative selection in these msgenic rnice. This is not suqxising given 

the important role Lck plays in transducing signals via the pre-TCR and, as such, represents a key 

kinase in relaying developmentai signals in pre-T cells and thyrnocytes in both positive and 

negative selection (Von Boehmer, 1994). Along simila. Iines, studies utilizing CD45 (Kishihara et 

al., 1993) and ZAP-70 (Negishi et al.. 1995) deficient mice also demonstrate the involvement of 

these kinases in both positive and negative selenion. Since CD45 positively regulates Lck 

activation (Hurley et d, 1993), and ZAP-70 activation is dependent on Lck activation (Chan and 

Shaw, 1996). these enzymes tightly regulate thymic development. Transgenic mice deficient in the 

protein p95 Vav, a Rho farnily GTWGDP exchange factor (Crespo et al., 1997; Teramoto et al., 

1997) that is necessary for efficient TCR signaiing and development @scher et al., 1995; 

Tarakhovsky et al., 199%; Zhang et ai., 1995), also manifest defects in the selection process. In 

particular, they have a pronounced defat in positive selection and a l es  dramatic impairment in 

negative selection (Turner et al., 1997). Interestingly, Vav deficient thymocytes exhibit an 

irnpaired calcium mobilization in response to TCR activation, suggesting that this may be one 

mechanism by which selection is affected (Tumer et al., 1997). 

Finally, more downstream signaLing pathways have also been examined in relation to 

thymocyte selection in particdar, the RaslMAP kinase pathway. Overexpression of cnuisgenes 

encoding the dominant negative fonns of Raf-1 (OShea et al., 1996). Ras (Swan et al., L995), 

Mek-1 (Alberola-Ia et al., 1995) or both Ras and Mek-l (Alberda-Ila et al., 1996) inhibited 

positive but not negative selection of DP thymocytes. Therefore these resuIts indicate that positive 

and negative selection of thymocytes employ distinct signahg pathways downstream of TCR 



engagement, and that the MAEK pathway is specificaRy involveci in positive selection. 

The B-ceU antigen receptor (BCR) complex. Iike the TCR complex plays a pivotal role in 

the development of B ceUs, and in initiating responsiveness to antigen. B cells recognize specific 

antigen through the binding of these antigens via the BCR and signal transduction through the 

BCR cornpiex enables B lymphocytes to mount appropriate responses depending on the nature of 

the stimulus and the differentiation state of the B cell (Goodnow, 19%; Hertz and Nemazee, 1998; 

LeBien, 1998). By binding antigen, the BCR induces an ordered series of biochemical signds 

culminating in B cell activation, proliferation and the generation of humoral immune responses in 

the periphery (Cambier et al.. 1994; Gold and DeFranco, 1994; Reth and Wienands, 1997). The 

BCR also mediates the internaikation of antigen for its subsequent processirtg and presentation to 

T cells in conjunction with MHC encoded antigens. The BCR complex is therefore central to 

transducing extracellular signds important in mediating proper B ce11 developrnent and immunity 

(Cambier et al,, 1994; Gold and DeFranco, L994; Reth and Wienands, 1997). Therefore, an 

appreciation of the structure and hmction of the BCR is essentid for understanding the 

complexities of the B cetl response to antigen 

(i) Expression, S tmcftue and Function 

The BCR represents a complex consisting of a membrane-bound immunogiobu1in (dg), 

non-covakntly associated with a disuIfide-Iinked hetemdimer of two accessory polypeptides, 

CD79a (Ig-a) and CD79b (Ig-B) (Figure 1.3.3-A) (Cambier and Jensen, 1994; Reth and Wienands, 

1997). The d g  is simply a surface expressed antibody consisting of two identical iight chains and 

two identical heavy chains (of the p or 6 isotype), with one üght chah disulfide-Iinked to each 

heavy chah, and the two heavy chains disulfide-Iinked to each other (Figure 133-A). This 

structure is responsible for binding antigens and represents the Iigand-binding structure within the 

BCR Both heavy and iight chains contain vanable (V) and constant (C) regions connected by the 

joining region. The heavy chain also has a diversity (Il) region Iocated between the V and J 



ngions. The V regions of the heavy and light chains contain huo cysteine residues which fom a 

disuifide bonded lwp, The variable ngions contain hypervariable segments that generate the 

variability in the surface structure of antibodies accounting for antigen specificity. The variabiiity 

of residues in the V region therefore pcrmits the BCR to recognize a diverse spectrum of antigens 

(Abbas et al., 1994). In contnist the Ig-a and Ig-B, the gene products of mb-1 (Kashiwamura et d, 

1990) and B29 (Wienands et al., 1990) lespectively, constitute the sipaling components of the 

BCR (Sanchez et al., 1993) and are necessary for the efficient transport of mIgM to the ce11 surface 

(Venkitaraman et al., 1991). The cytoplasmic domains of Iga and Igp are 61 and 48 amino acids 

in Iength, respectively, and they each contain an ïïAM motif (Figs. 13.3-A and 1.3.1-B) similar to 

that found in the cytoplasmic tail of the non-variable chains of the TCR (described earlier; set TCR 

section; Figure 1.3.1-A), in the polypeptides of most of the Fc receptors, and CD22 (Cambier, 

1995; DeFranco et al., 1995; Reth, 1989; Wienands et al., 1995). 

The initiation of signding within B cells upon aggregation of the BCR requires the 

phosphorylation of the tyrosines within the RAMs of I g a  and Igp (DeFranco, 1993). In resting B 

cells, the KAM of Iga couples the BCR to transducer elements, initiating the signding cascade 

h m  the teceptor (Wienands et al., 1996). After BCR aggregation and the activation of FKs, the 

tyrosines of the lTAMs of Iga. and to a lesser extent, of Igp become phosphorylated (Gold et al., 

1991). This in tum mates binding sites for proteins containing S W  domains (Figure 1.3), thus 

initiating several signaling routes fiam the BCR (Burg et al., 1994; CIark et al., 1994). The next 

scction describes some of the aitical biochernicd signals involved in this process 

ci) BCR Signalmg 

The series of biochemical events triggered in B cells by cross-ünking the BCR (Figure 

13.3-C) are, in essence, sirnilar to the events that occur in T lymphocytes following TCR-mediated 

stimulation (Figure 13.1-D, TCR Sipaiing section). The first detectable signahg events 

stimulated by BCR aggregaîion are the activation of P m ,  and a rapid increase in the tyrosine 

phosphorylation of a number of proteins flabie 13.3) (Osmond et al., 1990; Osmond, 1991; 

Osmond a al., 1992). Specificaüy, one of the earliest signals that initiates the activation of a B ceiI 

is the immediate phoBphory18tion of the 16 amino acid RAM signahg motif (Figs. 133-A and 

133-B), in the cytoplasmic taiI of Iga  and Igp chah (Gold et al., 199 1). This process is initiateci 



Figure 1.3.3-A. Schmdk &ymn of the BCR compler 

-SIS- disutfide bond 

Figure 1.3.34. Schematic diagram of the BCR cornplex. Membrane IgM (or IgD) on the 

surface of matm B cells are non-covalentIy associated with a disulfide-linked heterodimer of Iga 

(CD793 and Ig-B (CD79b). The light (L) and heavy chahs (p) are labeled and the 

immunoreceptm tyrosine activation motifs (ITAhrIs) are indicated by the cylindricai structures. 

Disulnde bonds are indicateâ by SS. (Adapted h m  Abbas et d.. 1994). 



Tuble I.3.3 T i &  of BCR compk-Uicurced -sine phosphoryhtbn. 

BCR 
complex 

Intraceiiuiar 
tyrosine kinoises 

S Y ~  
Blk 
Lyn 
Fyn 
LGk 
BTK 

Signaihg 
molecules 
-- - -  

PLC-y l 
pK-@ 
GAP 
Vav 
PI3-K 
Raf 
MAPK 
JNK 

Adaptor 
molecules 

Shc 
CBL 
Sm65 

-- -- 

Surface 
MoIecuies 

Table 1.3.3 Targets of BCR cornplex-induced tyrosine phosphorylation. 



Fi' 1.3.3-B. ITAMmedWed BCR s f g d  trrrnsduction. 

Figure 1 â.3-B. A mode1 for ITAM-mediated BCR signal transduction. Upon BCR engagement, 

the Src family kinases such as Lyn, Fyn or Blk are able to phosphorylate the ïïAM tyrosines (see 

Figure 133-A) of Ig-a (shown above) and Ig-8. Phosphorylation of both tyrosine residues within 

the KAMs mediates the binding of Syk kinase via its tandem SEI2 domains. Once Syk is bound, it 

becomes phosphorylated in its kinase domain. resu1tEng in increased cataiytic activity. Shown in 

the box on the left are the sûuctures of the Sn: and Syk family P m .  (Adapted h m  Isakov, 

1w7). 



Figure 1.33-C. BCR signai transduction pathways. Following iigation of the two or more BCRs 

by a bivalent or multivalent antigen, severai intracelIuIar PTKs Lyn, Fyn, and Syk are activated 

Subsequently this may phosphorylate adaptor proteins and lTAM motifs in the cytoplasmic tails of 

the I g m  molecules (yellow box), fectuiting different effkctor pathways. These inch& the Ras, 

JNK, PI3< and PLC-y1 signalùig pathways. These pathways lead to biochemical events in the 

nucieus incltuhg activation of transcription factors (NF-@, MAT, Al?-1, c-Fos, c-lun, etc). 



by the activation of Prie associated with the BCR. £ T I C  activation is an essential component of 

signaiing by the B a  (Gold et al., 1990) as anti-Ig-induced proliferation of mature resting B cells 

is blocked by PTK inhibitors (Padeh et ai.. 199 1). The BCR is associated with two classes of 

PTKs (see PTK section): the Src family Lyn. Fyn, Lck, Bk, (Burkhardt et d, 1991; Lin 

and Justement, 1992; Pleiman et al., 1994b; Y amanas hi et al., 199 1) and S y k  a 72 kDa ZAP-70- 

related S y k family kinase (Hutchcroft et ai., 1992; Yarnada et al., 1993). Although these ETKs are 

constitutively (Clark et al., 1994) associated with the Iga heterodimers of the BCR in resting B 

cells (Hutchcroft et al., 1992). the activity of Lyn, Bk, Fyn and Syk is inmased following BCR 

aggregation (Burkhardt et al., 1991; Hutchmft et al., 1992; Yamada et al., 1993). A time course 

analysis of tyrosine phosphorylation of activated B cells suggests that Syk is activated aftcr 

activation of Sr- PTKs. Src-family kinases phosphorylate the ITAMs in the Iga and Igp chains 

which then allows the association of Syk kinase with the Iga and Ige chains through its two SH2 

domains (Figure 1.33-B). This in him activates Syk kinase activity, which then amplifies the 

tyrosine phosphorylation cascade. Another PTK that is activated following BCR aggregation 

which plays a major role in BCR signahg is BTK, a Tec family PTK (see ETK section) (Ao ici et 

al., 1994; de Weers et al., 1994; Saouaf et al-, 1994). Activation of BTK occurs following the 

tapid activation of the Src-family FïIG, Blk and Lyn, (Rawüngs et al., 1996) and pnor to 

activation of Syk (Saouaf et al., 1994). Together, these activated kinases phosphorylate 

downstream targets in the signaling cascade. 

The activation of PTKs upon BCR aggregation results in the recruitment of the next level 

of second messenger generaning systerns, which propagates this initial signal. These downstream 

signaling events activated by the BCR are cornplex, but include activation of phospholipase Cyl 

and Q2 (PLC-yl. PLC-y2) Ras, PU-K and the phosphorylation of Vav and HS 1 (DeFranco, 1997). 

The activation of the phospholipase C (PLC) pathway leads to production of DAG, which 

activates various isoforms of PKC, and P3, which leads to elevation of intracelIuIar free caicium 

(Figs. 13.1-E and 133-C) (Benidge, 1993; Berrïdge and Irvine, 1984; Carter et ai-, 199 la; 

Coggeshaü et UL. 1992; Roifman and Wang, 1992). Induction of both PKC activity and ca2+ flux 
are necessary for stimdaîhg B cen mtry Uito ceIl cycle (Klaus et di, L986; Momoe and Kass, 

1985). The activation of the Ras pathway (Harwood and Cambier. 1993; Lazams et cil., 1993; 

Saxton et aL, 1994) in tlim activates a casclade of SeRndthreonine protein kinases including Erkl 



and ErKZ MAPK (ses TCR Signahg section). Bot.  of these sipaling pathways are important for 

activation of a number of transcription factors, causing th& localization to the nucleus and 

ultimately leading to the transcription of specific gens (such as c-Fos and c-Jun) (Karin, 1996; 

Paul er al., 1997; Sugden and Clerk, 1997), and contribute to the important transcriptional 

responses to BCR engagement (ngure 1.3342). 

The activation of PD-K foiIowing BCR aggregation results in the production of 

phosphatidylinositol 3-phosphate (PUP), phosphatidytinositol 3.4-bisphosphate (?1(3,4)Pd, and 

phosphatidyiinositol3,4,5 tnsphosphate (PI(3?4?5)P3 or PP3) (Figure 13.1-F) (Auger and Cantley, 

1991; Cantiey et al., 1991; Gold et al., 1992a; Gold and Aebersold 1994). One consequence of 

PU-K activity is the ability of PIP3 product to activate a unique isoform of PKC, PKC-I; 

(Nakanishi et al., 1993). PIP3 has also been shown to be necessary for the BTK-dependent 

activation of P L W  (Scharenberg et al., 1998). PI3-K may also be important for the activation of 

anotha kinase, p70 S6 kinase, which has been shown to be important for the progression of 

stimulated cells through the ce11 cycle (Peuitsch et al., 1995; Weng et al., 1995). PD-K has also 

been shown to be required for ce11 survival. This is thought to occur through the PU-K-rnediated 

activation of the serindthreonine protein kinase, Akt or protein kinase beta (PB), by binding of 

Akt via its PH domain to PP3 (Kauffmann-Zeh et al., 1997; Kulik et al., 1997). Active Akt then 

fiinctions by phosphorylating and inactivating the proapoptotic Bcl-2 family member, BAD, 

thereby suppressing apoptosis and promoting ceil survival (Datta et ai., 1997). Another substrate 

of Akt is glycogen synthase kinase-3 (GSK-3). The activity of GSK-3, which is necessary for 

apoptosis, is inhibited upon phosphorylation by Akt (Pap and Cooper, 1998), providing another 

mechanism by which Akt activation by PB-K Ieads to ce11 survival. 

Other cytoplasmic proteins are also phosphorylated upon BCR aggregation by PTKs, and 

serve as adaptor proteins Linking diffant second messenger pathways. One such protein is the 95 

kDa pmto-oncogene product, Vav, that possesses GDPIGTP exchange activity towards Ras 

(Gulbins et al., 1994). BCR aggregation also leads to tyrosine phosphorylation of the SH2 

dornairi-containing protein, Shc, and subsequent formation of a phospho-ShcGb2/SOS cornplex, 

involveci in Ras activation (D'AmbrOSio et al., 19%; Saxton et al., 1994). In addition, BCR 

aggregatim ais0 results in the tyrosine phosphorylation of the protine-nch cytosoüc protein, Cbl. 

CbI was shown to associate with the p85 subunit of PD-kinase fonowing BCR aggngation, and is 



thought to be one of the mechani- tesponsible for the recruitment of PU-K into B ceIl signahg 

pathways (Kim et aL, 199s). 

The ultimate consequenœ of signds converging from the BCR is the induction of de novo 

gene transcription and translation. Transcription factors activated by BCR aggregation can be 

diviàed into 2 categones: those that pre-exist in the resting B ceU and are activated by BCR 

aggctgation, and those encoded by immediate early genes whose expression is induced An 

example of the former factor that becornes activated upon BCR aggregation is nuclear factor of 

activated T cells (NFAT) (Choi et al., 1994; Venkataraman et al., 1994; Yaseen et al., 1993). The 

NFAT family consists of severai membm to date, including MAT1 (NFATp, NFATc), NFAT2, 

NFAT3, and NFAT4. NFAT pre-exists in the resting B cell cytoplasm in an inactive fom that is 

dephosphorylated as a consequence of BCR signaling, resulting in its translocation to the nucleus 

(Rao et al., 1997). Several other transcription factors are explessed in resting B cells that have 

their activity modified by BCR aggregation. These include. ets-1 (Fisher et al.. 199 l), NF-KB (Liu 

et al., 1991), and CREB (?Cie et al.. 1993). NFAT does not bind DNA with high affinity unleu it 

is associated with another transcription factor, AP-1 (Jain et al., 1992). AP-I is a pmtein complex 

composed of homo and heterodimers of protein products of the Fos and Jun gene families of 

transcription factors. that are activated upon BCR aggregation (Chiles and Rothstein. 1992). 

Induction of c-Fos in B cells is associated with activation of ERK, a specific member of the MAP 

kinase family. Phosphorylation and activation of Jun family members is mediated by specific 

members of the MAP kinase family (Karin, 1996; Sugden and Clerk, 1997). c-Jun N-temiinai 

kinase (JNK) (Paul et al., 1997). Besides the Fos and Jun f ' l y  members. other irnmediate early 

transcription factors induced by BCR aggregation include egr-1 and c-myc (Lacy et al.. 1986; 

Seyfert et al.. 1990; Snow et al., 1986). Induction of egr-l is coupled to BCR-signaling via the 

Ras pathway (McMahon and Monroe, 1995). Egr-1 expression has been associated with the 

proiiferation of primary B cells (Carman and Monroe, 1995; Seyfcrt et al.. 1989). 



Both TCR and BCR stimulation can potentiaiiy be modified by CO-receptor molecules. 

These CO-receptors may both enhance and inhibit antigen receptor signais (Fig 1.4). In B ceus, the 

CO-receptors CD45, CD19/CD21, CD22, CD72 and FQRUB (CD32) modulate the response to 

BCR antigen stimulation. In T cells, the co-receptors CD4/CD8, CD28, C W 5 ,  -4, KIR, and 

CDS modulate the Cesponses to TCR antigen stimulation. The CO-receptors CD19 and CD5 will be 

described briefly in the next sections. 

(i) Expression, Structure and Function 

CD19 is a 95 kDa single trammembrane glycopmtein of the Ig superfarnily expressed oniy 

on B cells. Its gene is locaiized to chromosome 16 p 1 L.2, and it is unifody expressed pl high 

levels thughout the B ceU lineage with mature B cells expressing higher levels then the immature 

pre-B cens found in the marrow (Krop et al., 1996; Nader et al., 1983; Sato et al., 19%a). The 

extracellular domain of CD19 contains two C2-type Ig-like domains separated by a smdler 

potentially disulfide-linked domain (Tedder and Isaacs, 1989). The CD19 cytoplasmic domain is 

approximately 240 amino acids long and contains nine conserved tyrosine residues and several of 

these are located within potential SH2-binding sites (Figure 1.4.1-A) (Tedàer et al., L997a; Zhou et 

al., 1991). Expression of CD19 on the surface of m a m  B cells is wociated with CD21 

(cornpiement receptor 2). CD81 (target of anti-prolifmtive antibody (TAPA-l)), and the 

membrane protein Leu-13, aU fomiing a heterologous noncovalent complex with CD19 (Bradbury 

et al., 199% Matsumoto et al., 1991; Oren et aL, 1990)- CD19 interaction with CD21 and CD81 is 

independent and via the transmernbrane and proximal extracellular regions (Bradbury et al., 1993; 

Tuveson a al., 1991). while Leu43 interacts via CD81 (Figure 1.4.1-A). Given the abiIiv of 

CD21 to bind complernent-opsonized antigen (C3d) enables the coiigation of CD19 to the BCR 

1.4.1-B) (Maîsumoto et di, 1991; van Noesel et al., 1993a). This association dows 

Unportant signahg molecules such as PD-K to be relocated to the BCR complex, dowing further 



Figrna 1.4. Recqfor rnochbtors of -en ncepttw sQpEng. 
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Figure 1-4- Receptor modulators of antigen receptor signaling. Diagramed above are some of the 

CO-receptor molecules on the siirface of B and T cens known to potentially modify signais 

transduced via the antigen receptor. Coieceptors shown in red act as negative regdators (-), they 

inhikit or d u c e  signds, whÎle co-receptors shown in green act as positive regdators (+), they 

enhance or augment receptm mediated signais. 



Figure L4.1-A. ï'he CD19 c o m p k  

Potential SH2 Motifs 

Figure 1 A.1-A. CD19, CD21, CD81 and Leu-13 interact on the B ceIl surîace of mature B cells 

to grnerate the CD19 cornplex. Y designates potential sites of tyrosine phosphoiylation on the 

CD19 molecule. Potential SH2 binding motifs are ais0 shown. (Adapted from Tedder and Isaacs, 

1989; Zhou et ai., 199 1). 



ampIification of signal transduction pathways. The CD19-CD21 interaction seems necessary for 

Ci319 function, as mice defiicent in eïther of these molecuIes share similar phenotypes (Aheam et 

a, 19%; Molina et ai., 19%). Signals generaîed via the cytoplasmic domain of CD19 are 

essentid for B lymphocyte development and fiinction and r e p e n t  the dominant component of 

the CD19 complex (Sato a aL, 1997a). CD19 modulates the proliferative and activation signals 

deüvered to the B celi through the BCR. 

Mice deficient for CD19 have significantly reduced numbers of peripheral B cens and 

exhibit severe defects in their responses to thymus dependent antigens and B celi mitogens (Engel 

et al., 1995; Rickert et al., 1995). In conhast, mice that overexpress CD19 have augmented 

mitogenic responses and higher level of spontaneous proliferation (Engel et al., 1995; Sato et ai., 

1995; Sato et al., 1996a; Sato et al., 1997b; Zhou et al., 1994). Togetheri these results demonstrate 

the positive regulatory role of CD 19 in BCR signaling. 

(ii) CD19 Signaihg Pathways 

Cross-linking of CD19 with the BCR decreases the kshold  for BCR stimulation by 

reducing the number of IgM molecuies that must be ligated to activate phospholipase C (PLC), 

incrwise intracellular calcium concentration, activate MAP kinases or to induce DNA synthesis 

(Barrett et al., 1990; Callard et al., 1992; Carter et al., 199 1 b; Carter and Fearon, 1992; de Rie et 

al., 1989; Dempsey et ai., 1996; Pezzutto et al., 1987; Tooze et al., 1997). In addition, synergy OP 

ca2+ responses and ITK phosphorylation also occurs (Carter and Fearon, 1992). Upon BCR 

aggregation, CD 19 becomes phosphorylated on conserved tyrosines found in the cytoplasmic tail, 

mediating mteractions with the sigriaüng proteins PB-& Lyn, Fyn and Vav (Figure 1.4.1-B) 

(Chalupny et al., 1995; Tuveson et al., L993; van Noesel et al., 1993b; Weng et al., 1994). The 

mechanism of binding to CD19 with PB-K (via its p85 regulatory subunit), and with Vav have 

been defined (ORourke et al., 1998; Tuveson et al., 1993). In contrast, the mechanism for CD19 

bindmg to the Sn: PTK Fyn and Lyn is yet not known (Chdupny et al., 1995; van Noesel et d, 

1993b). Aithough the mechanism whereby CD19 becomes tyrosine phosphorylated remains 

unclear, recent studies suggests the involvement of Lyn (Fujimoto et d, 1999% Pani et d, 1997). 

Furthemore, binding of Lyn to CD19 has been shown to resutt in the amplification of Lyn kinase 



Figrvc I.4.I-B. Si@ahg via the CDI9 cornph:. 

Enhancement 
of B Cell 

Actlvat ion 

Figure 1 -4.1 -8. Signahg Ma the CD19 complex. CD19/CMl/CDSI complex depicted 

aggregaîïng to mIg by antigen and C36 Co-ligation results in the phosphorylation of conserved 

tyrosines on the CD19 cytopldc tail. mediating interactions with Vav (Y391). PI3-K (Y482 and 

Y5131 and PTKs vyn and Lyn). Interaction with and activation of these molecules resdts in the 

downstream signaling cascade Ieading to the enhancement of B cell activation. (Adapted fiam 

Tedder and Isaacs. 1989; Zhou et di, 1991). 



activity (Fujimoto et al., 1999b). 

Co-activation via CD19 resuits in signals transduced through at least two major types of 

pathways. The first involves the cestimulation of intracellular calcium flux. CD19 ligation done 

is suffiCient to produœ inositol 1,4,5-triphosphate (IP3), howevet this production is greatiy 

maximimi by cocrosslinking both CD19 and BCR. The mechanism of these effects of CD19 are 

not due to the phosphorylation of PLGy (Carter et al., 199 lb), which results h m  BCR activation, 

but rather h m  the incnased availabiiity of the substrate phosphatidylinositol 45-bisphosphate 

(Pm. PIPz represents a rate l i t i n g  component in inositol îipid hydrolysis (Stephens et ai., 

1993) and its synthesis cm be induced by CD19 with the recruitment of Vav which is a guanine 

nucleotide-exchange factor (GNEF) for the Rho family of mail GTPases. The activation of 

phosphatidyIinosito14-phosphate 5-kinase by Vav (via Rac or Cdc42), results in the synthesis of 

PIPr (ORourke et al., 1998). This interaction is necessary in order to maintain elevated 

intracellular calcium concentration afier the initial stimulation of the B ce11 via the BCR. 

The second major pathway invoked by CO-stimulation of CD19 involves the MAP kinases 

ERK, JNK and p38 which transactivate several transcription factors. CDL9 CO-ligation with the 

BCR results in marked augmentation of the activity of ail three MAP kinases (Li et al., 1997; 

Tooze et al., 1997), in contrast to BCR stimulation done (Casillas et al., 1991; GoId et ai., L992b; 

L i  et al., 1996; Sutherland et al., 1996). 

The CD19 induced calcium effects dong with increased activation of the MAP kinases 

probably results in the expression of cumntly unidentified genes regulated by NFAT, ERK, JNK 

and p38. 

1.4.2 CDS 

(i) Expression, Structure and Function 

CD5 (Tl, Leul, Tp67, Lyl) is a monomeric 67 kDa transmembrane receptor giycoproteh 

which is expressed on the surface of thymocytes, aU mature T cens (pan-T ce11 m a r k )  with higher 

Ievels on he1per than on suppressor or cytotoxic T cells (CILS) (Hayakawa et d, 1983; Hayakawa 

and Hardy, 1988; IRdbetter n ûL, 1980; Wang et aL, 1980). Most immahne T ceiIs express the 



molecuie, including earliest precursom. Thereafter, CD5 levels are coorcünately upregulated with 

celi surface CD3 (Weiss et d., 1987). At the periphery, all T cells express high levels of CD5 

CD5 is aiso fomd to be expressed on the surface of certain BceU tumors (Lanier et d, L981), and 

a subset of B ceils (B-1) in normal animais ( H d y  et al., 1984, Hayakawa et aL, 1985; Huang et 

1, 1987). CD5 is a distant member of the Ig gene superfamily and belongs to a family of 

rcceptors typified by the scavenger receptor cysteine-nch (SRCR) domain-üke stmctures (Jones et 

1, 1986; Stariing et al., 1997). The SRCR domain contains about 110 residues and occm in 

approximately 3% of leukocyte receptor proteins including, type I macrophage scavenger nxeptor, 

human complement factor 1, and CD6. Although the shucture of the SRCR &main is not yet 

known, the SRCR superfamily have been classified into p u p A  or groupB s u b f d e s  

depending on whether they contain 6 or 8 cysteine residues respectively (Starling et al., 1997). 

CD5 is a member of the group-B SRCR subfamily and contains ihree SRCR domains in the 

extracellular portion of the protein (Figure 1.4.2-A). The exact function attributable to the SRCR 

domain(s) remains unknown despite the highly conserved nature of the SRCR domains across 

species (Starling et al., 1997). However, there is some evidence suggesting that SRCR domains 

may play a role in mediating ligand interactions (Bowen et al., 1996; DeBernard0 and Chang, 

1996). Ligands identified to bind to CD5 include: CD72, which is a type II membrane pmtein 

expnssed by B cells with homology to the type-C Iectins (Van de Velde et al., 1991); CD%, an 

as-yet-uncharacterked ligand expnssed by activated T and B ceus (Biancone et al., 1996); and Ig 

heavy-chain variable (VH) framework regions (Pospisil et al., 1996). 

The cytoplasmic domain of CD5 is approximately 94 amino acids in Iength and contains 

four tyrosine residues (Y378, Y429, Y441, and Y463) including the Src autophosphorylation 

(DNEY) site mgure 1.4.2-A), and several putative senne/threonine phosphorylation sites (Burgess 

et a[., 1992; Davies et al., 1992) that permit CD5 to function as a signaling receptor (Jones et al., 

1986). Upon TCR stimulation the cytoplasmic domain of CD5 becomes rapidly phosphorylated 

(Burgess et aL, 1992; Davies et d., 1992; Raab et al., 1994) and this is thought to ncniit other 

signahg molecules. In particular, tyrosines 429 and 441 are embcddtd in an imperféct 

immu~ofeceptor tyrosine-based activation motif wAM)-Like sequence (Beyers et 1,1992). while 

tyrosine 378 is contained within an immunoreceptor tyrosine-based inhiiitory motif 0 - ü k e  



Figrm I.42-A. The stmcfure of the CDS co-recepfor. 

Potential 
SH2 Motifs 

Flg~m 1.4.2-A. The structure of CD5 CO-receptor. Y designates potential sites of tyrosine 

phosphorylation on the CD5 molecule and SRCR represents the scavenger receptor cysteine-rich 

domain. The Sn: autophosphorylation site @NEY) and the potential SE2 binding motifs such as 

the lTAM are also shown, 



sequence (Unkeless and Jin. 1997) (Figure 16.2-D), suggesting that these sites can act as dockmg 

sites for proteins with SH2 domains (Elgure 1.42-A). 

Aithough, the physicai a d a t i o n  between CD5 and the antigen receptor on both T and B- 

1 ceiIs has bem shown (Beyers et al., 1992; Lanicester et d., 1994; Osman et al., 1993), the precise 

hction of CD5 remains unknowu. Initial studies examining CD5 function identified CD5 as a 

CO-Stimdatory or positive reguiator in Ta-mediated signahg (Alberda-na et al., 1992; 

Ceuppens and Baroja, 1986; Imboden et al., 1990; Ledbetter et al., 1985). However, ment 

studies with the CDSKO mice suggest that CD5 acts as a negative regulator of signais transduced 

via the antigen receptor in thymocytes and B-1 cells (Bikah et al., 1996; Tarakhovsky et al., 

1995a). Furthemore, the abiiity of CD5 to act as a negative regulator of TCR-mediated signaling 

has been show to have a physiologicai impact on thymocyte development in terms of thyrnic 

selection (Pena-Rossi et al., 1999; Tarakhovsky et al., 1995a). The ability of CD5 to attenuate 

TCR-mediated signais suggests that CD5 occupies an important role in T cell development and 

represents a mechanism for fine-hming thymic selection (Azzam et al., 1998). 

(ii) CD5 SiguaIing Pathways 

The cross-linking of CD5 with antibodies results in enhanced TCR-mediated activation, 

proliferation, increases in intracellular ca2+, inositoi triphosphate, IL-2 secretion, and IL2R 

expression (Alberola-Ila et al., 1992; Ceuppens and Baroja, 1986; Imboden et al., 1990; Ledbetter 

et al., 1985; Spertini et al., 1991; Stanton et al., 1986). These signaling events initially identified 

CD5 as a CO-stimulatory or positive regulator in TCR-mediated signaiing (Aiberola-na et al., 1992; 

Ceuppens and Baroja, 1986; Imboden et al., 1990; Ledbetter et al., 1985). However, the lack of 

CD5 renders thymocytes hyper-responsïve to TCR stimulation. resuiting in increases in tyrosine 

phosphorylation of various proteins (Vav, ZAP-70, PLC-ly, LAT and CD3r). enhanced ca2+ 

infiux and increased proliferaîion (Tarakhovsky et ai., 1995a) suggesting that CD5 functions as a 

negative repuiator in CD3-TCR signaling in the thymus flarakhovsky et al., 1995a). CD5 has also 

been demonstrated to signal via pathways distinct h m  the TCIUCD3 complex (Simami a al., 

1997; Simairo et al., 1999). 

In keeping with the negative signaling function of CD5, our !ab has previody shown that 

S m 1  (see tyrosine phosphatase section), a protein tyrosine phosphatase responsible for down- 



nguiating a variety of hemopoietic ceU signaLing pathways (Cyster and Gminow7 1995; Ono et 

d. 1997; Tonks and Neel, 1996). associates with CD5 in thymocytes (Pani et aL. 19%). More 

recently. work in Jurkat T ceiis has shown that tyrosine 378 in the lTM-like sequence of CD5 

(Figure 14.2-A) is required for SHP-1 association and stmgly hnpiicates SHP-1 tyrosine 

phosphatase activity in mediating the down-reguiatory activity of CD5 (Perez-v'illar et 1, 1999). 

Futthennom, there is ment data showing a correlation between the phosphorylation state of CD5 

and the phosphatase activity of SHP- 1 suggesting that CD5 may also represent a substrate for SHP- 

1 activity (Carrno et al., 1999). In keeping with observation in T cells. SHP-1 has also b e n  shown 

to associate with CD5 in B-1 ceils and this data supports a mode1 whereby CDS ~cruits Sm-1 

into the BCR complex in order to down-regulate antigen receptor-rnediated growth signals (Bikah 

et al., 1996; Sen et d, 1999). However. more recently, the role of SHP-1 in mediating the 

negative ngulatory effects of CD5 has corne into question (Gary-Gouy et al., 2 0 ;  Pena-Rossi et 

al., 1999). For example, CDSdeficient T ce11 hybridomas transfected with a tmncated fomi of 

CD5 that retains the KIM-like sequence (Y378) were unable to negatively regulate TCR responses 

(Pena-Rossi et al., 1999). Similady, recent work examining CDS-mediated dom-regulation of B 

ce11 receptor signaling showed no clear implication for SHP-1 in mediating the inhibitory action of 

CDS (Gary-Gouy et al., 2000). further arguing that the eHect of CD5 on BCR is independent of 

SHP-1 and potentially different h m  that in T cells (Gary-Gouy et al., 2ûûû). Therefore the 

physioiogicd importance of SHP-1 in CD5 mediated signahg remains unclear (see chapter 5). 

In addition to SHP-1. the cytoplasmic domain of CD5 has also b a n  shown to act as a 

receptor and substrate for the protein tyrosine kinases Fyn, Lck (Burgess et d, 1992; Raab et al., 

1994) and ZAP-70 (Gary-Gouy et aL, 1997) and to associate with the S W  domains of Lck (Beyers 

et al., 1992; Raab et al., 1994). PU-K @emehy et al., 1997) and Vav (Gringhuis et al., 1998), as 

well as other signaling molecules including the protein serinelthreonine kinases casein kinase II 

(CKII) (Calvo et al.. 1998; Raman et al.. 1998), Ras GTPase-activating protein, c-Cbl (Dennehy et 

al., 1998). Racl (Gringhuis et al., 1998). acidic sphingomyelinase, protein kinase C-<, MAPKK, 

JNK (Simarro et al., 1999). ERIC (Zhou et d. 2 0 ) ,  and the ~a~+/calrnodulin-dependent kinase 

II6 (Bauch et d, 1998; Gringhuis et al., 1998). However, the physiological and fimctional 

relevance of these pathways to CD5 signaling and fimction  mains unknown. 



The tyrosine phosphorylation of proteins represents a key mechanism for converting 

information arriving at the celi-surface into spccific idormation in the cytoplasm which translates 

into a variety of biological fesp01lses ranging from ceIl prolifcration, migration, differentiation, to 

celi suMvaI (Figure 1.1-A) (Bishop, 1991; Cantiey et al, 199L; Ullrich and Schlessinger, 1990). 

The transduction of signds h m  the extracellular environment to the nucleus to induce these 

cellular responses is achieved by protein tyrosine kinases (PTKs). PLXs represent a group of 

enzymes responsible for catalyzing the transfer of a phosphate group h m  phosphate donors such 

as y-phosphate from ATP ont0 the hydmxyl group of a tyrosine amino acid in a substrate protein. 

Current evidence indicates that several distinct families of tyrosine kinases function in each of 

these responses and that additional complexity results h m  extensive cross-talk between different 

receptor pathways. In the next section the PTK famiücs will be briefly discussed with particular 

focus on the Sn: family, which appears to mediate the early signal transduction events initiated by 

antigen-receptor ligation (see TCR/BCR sections). 

15.1 PTK FAMILY MEMBERS 

(i) Structure and F d o n  

ET'& cm be categorized into at least two broad structural classes as either: (1) receptor 

PTKs; or (2) cytoplasmic non-receptor PTKs. The receptor PTKs contain an extracellular region 

which binds polypeptide ügands, a hydrophobie trartsmembrane segment, and a cytoplasmic kinase 

domain, which phosphorylates specific targets and is itself a target for autophosphorylation (Figure 

1.5.1-A) (Cooper, 1990; Ullrich and Schlessinger, 1990). In contrast the non-receptor or 

cytophsmïc PrXs lack extracellular and transmembrane domains, but may instead be tethered to 

cellular membranes via üpid anchors such as myristic acid, or associate with the cytoplasmic 

domain of non-catdytic celi surface receptm or other proteins via specific protein interaction 

motifis (Cantey et al., 1991; Pawson. 1995). There are at least nine different subclasses of non- 

receptor PT& with SE, Syk, Csk, JAK and Tec bemg the major f d e s  mvolved in haemopoietic 



signahg (Fi- 1 .S. 1-B; see TCR and BCR sections). 

The discovery that SEI2 domains found in many signal transduction molecules bmd specific 

phosphotyrosine-containing sequences in the cytoplasmic domains of autophosphorylated 

receptors and pmteins has cirasnaticdly changed the way in which we view signai transduction, 

The SH2 domain (Figure 13) is a small protein module that facilitates the formation of protein 

complexes with tyrosine phosphorylated proteins (Pawson. 1995). However, SH2 domains do not 

randomly bind phosphotyrosine-containing proteins. Instead, the binding specificity of individuai 

SH2 domains is determined by the peptide sequence surrounding a given phosphotpsine residue. 

Studies conducted by Songyang et al. (1993) have shown that residues at the +l to +3 C-terminai 

to the phosphotyrosine residue, in the case of Sm-like SH2s, or at the +l to +S positions for the 

phospholipase C-gamma 1 (PLC-yl) and SH2-containing protein tyrosine phosphatase-2 (SHP-2) 

SH2s. may be dtical for SH2 domain binding specificity. Similarly, other modules such as SH3, 

plecksain homology (PH), phosphotyrosine binding (PTB) and WW domains may associate with 

other domain-specific ligands leading to the assembly of signal transduction protein complexes 

(Cohen et al., 1995; Pawson, 1995). 

(i) Receptor PT& 

The PDGF receptor (Figure 1.5.1-A) has served as a prototype for studies of signaling by 

tyrosine kinase receptors. Ligand-induced dimerization of the PDGF receptor results in the 

tyrosine phosphorylation of a variety of sites in the cytoplasmic domain (Cantley et al., 1991; 

Escobedo et al., 1991; Kashishian et al., 1992; Ullrich and Schiessinger, 1990). This 

phosphorylation leads to the recruitment of signaling proteins including Src family kinases, the 

GTPase activating protein (pl20 Ras-GAP), PLC-yl, the regdatory subunit of PI3-K, and SHP-2 

(Pawson, 1995). The activation or mobilization of these molecules to the membrane elicits a 

variety of responses within the ce11 including changes in ion exchange or transport, 

phosphatidylinositoI metaboüsm, glucose metabolism or transport, guanine nucleotide levels 

essociated with smd G-proteins, and both tyrosine and Senne/threonine phosphorylation. 
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Figum 1.5.14. Schematic representation of the receptor family. The major groups of PTKs 

that contain a transmembnine domain are shown with their structural domains. The proteins are 

oriented with theh aminetennini toward the top end, such that the extracellular regions of the 

transmembrane PTKs extend above the ce11 membrane (horizontal double lines). Imniunoglobulin 

(Ig)-Ne, fibronectin type III (FN III), cysteine-ich (CRD), acidic box (AB), Ieucine-rich (LRD) 

and the cytoplasmic kinase domain are depicteci as indicated in the legend (Adapted from Lev et 

at.. 1994). 



(iü) Non-receptor PTIG 

In contnist to growth factor receptors which possess inûînsic tyrosine h a s e  activity 

Wgure 15.1-A), receptors for antigen (Bolen. 1991; DeFranco, 1987) and cytokines (Bazan, 1990; 

Taniguchi, 1995) are indirectiy coupled to cytoplasmic tyrosine kinases (Fi~gure 15.1-B). These 

receptors are ais0 usually composed of multiple subunits. For example, the recognition of antigen 

by B ce11 receptors, or major histocompatibility cornplex-associated antigen by T cens, involves 

receptor components which are devoid of enzymatic activity (see TCRlBCR sections; Figure 13.1- 

A; Figure 1.3.3-A), Instead, these receptors are linked to specific molecules which m i t  tyrosine 

kinases and contain sequences which when tyrosine phosphorylated may associate with signaling 

molecules containing SH2 domains (Gold and Matsuuchi, 1995)(F1grne 1.3.1-D; Figure 13.3-C). 

Thus, such receptors also initiate a ügand-dependent tyrosine phosphorylation cascade that results 

in both the regulation of specific enzymes and localization of signal transduction molecules to the 

membrane* Like the activation of classical tyrosine kinase receptors, cytokine or antigen receptor 

Iigation results in receptor dimenzation or oligomerization and activation of downstream enzymes 

such as PLC-y, PD-K, tyrosine and serindthreonine kinases, and changes in ionchannel 

conductivity. metabolism, and gene transcription. 

The PrXs activated by cytokine binding have until recentiy remained a mystery. AIthough 

the activation of Src f ' l y  kinases is a common theme in cytokine signai transduction (Bolen, 

1991; Taniguchi, 1995). the importance of the JAK farnily kinases was highlighted by 

complementation studies in mutant cell-lines defective in i n t d m n  0 signahg (Velazquez et 

al., 1992). These and other snidies pointed to JAK kinases as the receptor-associated kinases 

activated by cytokine binding (Thle, 1995a; Ihle and Kerr, 1995). Cytokine binding is thought to 

lead to receptor dimerizarion or oligomerization resulting in JAK kinase cross-phosphorylation and 

activation. Cytokine receptors, composed of multiple receptor chahs, may associate with more 

than one member of the JAK famiiy, leading to ligand-dependent hetemtypic aggregation of 

specific JAIS kinases. A similar mechanisrn of signal transduction is employed by T and B ce11 



F@re I.5.I-B. Tlie dontain skrrcfum of non-receptor p f h  fyn,sine kinases. 
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Figure 1.5.1-8. The domain structure of non-receptor protein tyrosine kinases. Shown are the 

five major families of non-receptor or cytoplasmic PIXs that are involved in haemopoietic 

signding. The carboxy-terminal negative regdatory tyrosine (Y) residue and the myristylated 

(Myr) amino terminus are indicated for the of Src family. (Adapted ftom Qian and Weiss, 1997). 



antigen receptors However. in these cases, receptor bindmg activates receptor associaîed Sn: 

family kinases such as FF, Lck, Lyn, andor Bk (Gold and Matsuuchi. 1995). SIC family kinases 

are repuiaîed differentiy than either receptor-tyrosine kinases or JAK family kinases. which both 

appear to be activated solely by aggregation induced autophosphorylation. The Sn: kinases are 

held in an inactive conformation by the association of N-terminai domains with the tyrosine 

phosphorylated C-terminus (Cobb and Parsons. 1993; Erpel et aL, 1995; Liu et ai., 1993; Muphy 

et al., 1993; Okada et al., 1993; Roussel et al.. 1991; Superti-Furga et al.. 1993). Thus, the 

activation of Src kinases relies on either displacement of the N-terminal region h m  the C- 

terminus by dlostenc effectors, or dephosphorylation of the C-terminus (Figure 1.5.2-A; see Src 

section). This implies a requirement for conformational changes induced by receptor-ligand 

interactions andor a requirement for PTP activity in the regulation of Src kinases (see Src 

regdation section and chapter 2). 

Syk Kinase F m i l y  

The Syk family of PTKs is expressed and activated in B and T cells. Syk family ETKi are 

chmcterized by tandem SH2 domains at the N-terminal and a kinase (SHI) domain in the C- 

terminai ngion (Figure 15-18) (Bolen, 1995; Samelson et al., 1995). Unlike the Src family, Syk 

family members do not contain a myristylation site or a potentiai regulatory tyrosine at the amino 

terminus (Figure 1.5.1-B; see Sn: kinase section). The kinase domain does contain a conserved 

tyrosine which represents a putative autophosphoryIation site as in Src family members. The two 

SH2 domains are important for binding to tyrosine phosphorylated residues in target proteins 

which lead to the activation of their kinase activîties. There are two major PTKs in this family, 

Syk and ZAP-70. ZAP-70 is expressed only in T ceils and was identified by îts ability to bmd to 

the pTyr residues on the cytoplasmic tail of the 6 chah upon TCR activation (see TCR section; 

Figure 13.1-C). In contrast Syk is expressed in both B and T ceUs and contains homology to the 

ZAP-70 PTK (Chan et d. 1994). Syk ais0 becornes tyrosine phosphorylated and activated upon 

BCR activation (set BCR section; Figure Uf OB). Although initial stucües suggested that Syk was 

associaîed with sIg h m  mting or activated B ceiIs (Hutchmft et al., 1992), ment evidence 

suggests that Syk is recruited to the BCR upon BCR aggregation (Kurossaki et nl., 1995). Both Syk 

and ZAP-70 activation is thought to m u r  by bmding of both S H 2  domains to tyrosine 



phospharylated KAMs (Figure 13.1-C and 13.3-B). Syk and ZAP-70 both requin the 

phosphorylation of both lTAM tyrosine &dues in order to bind This binding elevates the rate of 

autophosphorylation of these PTKs, resdting in an increase in kinase specific activity and 

promotes the tyrosine phosphorylation of SyklZAP-70 substrates (Rowley et d., 1995). The BCR 

associated Src ETK, Lyn, cm also phosphorylate the tyrosine residue of Syk upon BCR 

aggregation, enhancing the activity of Syk (Kurosaki et aL, 1994). In T cells both ZAP-70 (Chan 

et al., 1992; Weiss and tittman, 1994) and Syk's tandem Sm domain associate with KAM& in the 

chin morne et al., 1995; Veillette and Davidson, 1992). These PTKs associate with the 4 
chain at different stages of T ce11 development; Syk binds to chah in immature T cells while 

ZAP-70 binds to chain in manire T cells (Chan et al., 1994). The significance of this differential 

association in T cell is unknown, but this family probably plays a significant role in T ce11 

activation via the TCR complex. 

JAK Kinase F m i l y  

The JAK family of PTKs are süucturally different h m  other intracellular PTKs. JAK 

family members lack both S W  and SH.2 domains but have two domains possessing charactenstics 

found in kinase domains (Figure 15.1-B). Of the two kinase domains in the carboxy terminus, the 

most proximal kinase domain to the C-terminal contains ail the conserved features found in 

tyrosine kinase domains of other proteins, including the conserved tyrosine which is 

phosphorylated upon activation of intracellular PTKs. In contrast, the distal kinase domain 

contains several conserved kinase motifs but lacks others which have ken found to lx essentiai for 

catai ytic activity and is therefore called a pseudo kinase domain (Figure 1 S. 18). The function of 

this kinase-like domain remains unknown. The amino terminus of JAK family members have littIe 

sequence homology to previousIy defined protein motifs in other molecules (Figure 1.5.1-B) (Me, 

199%). However, there are regions in the amino terminus that is homoIogous to other JAIS family 

members. The fimction of these regions are imknown but it is reasonable to speculate that they are 

involved in protein-protein inttractions tegdating their cellular localization and activation. The 

JAK family PTK JAK3 is primarily exprwsed in T cells me, 1995b). JAK3 has been fond to 

constitutively associate with the y chain of the IL2 receptor, and after ligatioa of the L 2  receptor 

JAK3 becornes activated. This activation le& to the tyrosine phosphorylation of a type of 



transcription factor called signai transducer and activator of transcription (STAT). 

Phosphorylation of STATs leads to STAT induced gene expression. JAK3 is activateci upan 

iigation of the IL4 leceptor, IL7 receptor, and other cytokine receptors and dso binds to these 

receptors. In addition to JAK3, the JAK family members JAKi. JAK2 and TYK2 are activateci 

upon ügation of cytokine receptm and bind to these receptors (Me, 199%). 

Tec Kinase F d y  

The TU= (tyrosine kinase expressed in hepatocellular carcinoma) family of PTKs consists 

of kinases including BTK and ITK and are sirnilar to the rest of the Src family IrlXs in that they 

contain a single SH3, SH2, and kinase (SHI) domain (Fitgure 1.5.18). However, they differ in 

several ways h m  other Src kinases. They contain a pleckstrin homology (PH) domain rit the N 

terminal, and a TEC homology (TH) domain which is a proline rich ngion located between the PH 

domain and the beginning of the SH3 domain (Conley et al., 1994; Rawlings and Witte, 1994). 

PH domains are found in a variety of proteins and their function is not compietely defined, 

although they are thought to mediate protein-protein interactions, or to mediate interactions with 

inositol phosphates (Hyvonen et al., 1995; Mayer et al.. 1993; Yao et al., 1994). The TH domain 

which is a highly conserved region cornmon in this kinase family, has been shown to interact with 

members of the Src kinase family (Fyn, Lyn, and Hck) (Cheng et al., 1994). Unlike the Src-family 

kinases, Tec kinases have no myristylation site, and are localued to the cytoplasm. They also iack 

the C-terminal negative regdatory phosphorylation site of Src PTKs (See Src section; Figure 1.5.1- 

B). Members of the Tec family are expressed in many ce11 types such as TU= (Sato et al., 1994) 

and BMX (Ohta et al., 1996). They also have tissue specific expression such as TXK which is 

primarily expressed in T tek (Haire and Litman, 1995; Hu et al., 1995; Ohta et al., 1996; 

Somwrs et al-, 1995) and BTK which is primarily expressed in B cells flsukada et al., 1993; 

Vetrie et al., 1993). 

The best characterized TEC family tyrosine kinase is BTK, which in humans is dirrctly 

linkcd to the pathogenesis of the immunodeficiency syndrome X-linked agarnmaglobulinemia 

rsukada et al., 1993; Vetrie et al., 1993). This fepfe~ents the £îrst disease directiy iinked to 

mutations in an intracefluiar PTK. Individuals sufféring h m  this disease contain mutations or 

&[etions m the BTK gene located in the X chromosome et Xp22 (Tsukada et al., 1993; Tsukada n 



aL. 1994; Vetrïe et ÛL. 1993). The disease affects males and is characterized by remment bacterid 

infections and the presence of decreased immunoglobulin and B plasma ceil levels. In murine X- 

linked immunodeficiency (XID). B ceiis are present but respond abnormaUy to sctivating signals. 

Here. the BTK gene is mutated m XID region of the murine X chromosome mwiing et al., 

1993). Mutations in human BTK contnbuting to X-Iinked agammaglobulinemia are prirnarily 

clustered in the kinase domain which emphasizes the importance of this catalytic site for BTK 

fimction (Conley and Rohrer, 1995; Hagemann et al., 1995; Jin et al., 1995; Maniar et al., 1995; 

Vihinen et al., 1995a; Vihinen et d., 1996). However, mutations and deletions are also found in 

the PH, SH3, and SH2 domains of agarnmagiobulinemia patients (Jin et al., 1995; Ohashi et al., 

1995; Rawlings et al., 1993; Vihinen et al., 1995b, Zhu et al., 1994) 

(i) StructureandFunction 

F i t  identified as the transfomiing agent of Rous sarcoma virus (Rous, 1911), vSrc and 

the cellular pmduct of the cSrc gene, form the basis of our understanding of this class of tyrosine 

kinase and repsents the first family of intracellular PTKs to be characterized. With the exception 

of - 60-80 residues at the N-terminus (unique domain), Sn: kinases typically show significant 

sequence homology over the rest of their 505-543 residue sequence (Cooper, 1990). This 

similarity includes the p e n c e  of SH2 and SH3 domains, two modular domains first identified as 

regions of homology in SE family kinases, a C-terminal tyrosine kinase domain, and a conserved 

tyrosine near the C-tenninal end important in regulation of kinase activity (Figure 1.51-B) 

(Sadowski et al., 1986). The unique domain at the N-terminal of each Src family member permits 

the PTKs to associate with specific proteins. For example, the unique dornain of Lck allows the 

localization of Lck with the cytopiasmic tail of CD4 or CD8 (Cooke et al., 1991; Shibuya et ai-, 

1994; Thme et al., 1995; Veillette and Davibn, 1992; Weil and VeiUette, 1996). These kinases 

are also typicdy modifieci by a myristylation site or SH4 domain (MGXXXSK, where X 

repceseats any amino acÎd) which permits the attachrnent of the 14 carbon fatty acid, myristate 

(Chow and Vaette, 1995; Mustelin and Bum, 1993; Resh, 1994). This facilitates the htraœllular 



Iocdization of PTKs to the plasma membrane (Marchiidon et ai., 19&1; Schultz et al., 1985). The 

conserveci tyrosine &due (Y527 in chicken Src) at the end of the Src C-terminal is critical for the 

mgdation of the molecule and provides one of the key regulatory feahtres for Src and is a defning 

feature of the Src famüy kinases (Brown and Cooper, 1996). To date, nine Src famiy kinases have 

been identifieci. Sn: farnily members such as Lck, Lyn, Bk, Hck, and Fgr display restricted tissue 

distribution, while others such as S c T  Fyn and Yes are ubiquitously expressed (Cooper, 1990). 

Aithough many if not ail of these kinases Iikely pssess the capacity to transform fibmblast ceII 

Iines whm mutated and ovmxpressed (Amrein and Sefton, 1988; Bishop, 1987; Marth et al., 

1988). determinhg the normal cellular function of these enzymes has ken elusive. 

(ü) Regdation of Src Kinases 

The catalytic activity of the Src farnily F X s  is detedned largely by the level of 

phosphorylation of their C-terminal tyrosine residue (Y527) (Cooper and Howell, 1993). 

Phosphorylation at this site results in a strong repression of kinase activity, while its 

dephosphory lation results in activation of its kinase activity @gure 1 S.2-A). Initiai understanding 

of the mechanisms for Sn: kinase regulation were made apparent through the examination of 

differences between the sequences of viraIIyencode& transforming venions of Src kinases (v- 

Src), and their normal cellular counterparts (c-Src). In these studies it becarne apparent that Y527, 

a tyrosine ~ s i d u e  on the C-terminal of Sn: represented a key regulatory element (Cartwright et al., 

1987; Courtneidge, 1985; Kmiecik and Shdloway, 1987) nsponsible for Src activity and required 

structudly and hctionaily intact SH2 and SH3 domains. Phosphorylation of the C-terminal 

regdatory tyrosine residue initiates an intramolecular interaction with the SEI2 domain resuiting in 

a folded conformation in which it is posnilated the kinase domain is enveloped and thus rendered 

inactive (Figure 1.5.2-A). Mutations in the regdatory site, as sem in dl versions of vSrc, or 

mutations in the SH2 domain can d i q t  this conformational change resulting in constitutive Sn: 

activation thus enabling Sn: to transform cells (?arsons and Weber, 1989). In addition to the SH2 

domain, the role of the SH3 domain is also pivotal. This domain is thought to enhance SH2-C- 

taminal regulatwy tyrosine interaction or, more Iikely, as demonstrated by crystaüography, to 

impose gnatcr torsional constraints thus hraher hindering the movement of the kinase domain in 

the inactivateci state (Sichexi et aL, 1997; Xu et d, 1997; Yamaguchi and Hendnckson, 19%). 
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Figure 1.5.24. The regulation of the SE family PTKs. Top panel. When the ngulatory site 

TY527) is phosphorylated by the Csk family of cytoplasmic PTKs, the molecde folds such that the 

tail and the Sm domain interact. In this conformation. the catdytic domain cannot interact with 

substrates, nor can the SEI2 domain participate in associations with other proteins. Bottom panel. 

When the regdatory site (YS27) is dephosphoryfated by EWs, the molecuie adopts an open and 

active conformation, in which the catalytic domain has access to substrates, and the SH2 domah is 

aiso able to mteract with other proteins. (Adapted from Tsygankov and Bolen. 1993). 



The dom-regdation of Sn: via phosphorylation of C-terminal reguiatory tyrosine is carried 

out by the Csk fami1y of cytoplasmic FïKs (Figure 15.1-B) (Nada et al.. 1991). Targeted deletion 

of Csk in mice is show to result in constitutive activation of Src f d l y  kinase (Imamoto and 

Soriano, 1993). Deregdation of Sn: kinases cm have serious consequences as homozygous 

mutant embryos &riveci h m  Csk -1- mice die at &y 9 5  and display gros deveIopmental àefccts 

and inefficient blood circulation. In contrast. the activation of the repressed Src PTK kinase 

domain results fiom the dephosphorylation of the negative regulatory C-temiinus tyrosine by 

tyrosine phosphatases (Figure 1.5.18). However, the identity of the tyrosine protein phosphatase 

responsible for dephosphorylating the negative regulatory site is still not well established (chapter 

2)- 

1.6 PROTEIN TYROSINE PHOSPHATASES 

PTPs represent a distinct farnily of enzymes which catalyze the reverse reaction of PlXs 

by hydrolyzing the phosphoryl groups h m  tyrosine residues of proteins. The amino acid 

sequmce of the h t  ETP was obtained in 1989 by the purification and partial mimsquencing of 

PrP lB h m  human placenta (Charbonneau et al.. 1989). SurprisingIy. although mindthreonine 

phosphatases such as PPZA and PP2B possess weak activity towards phosphotyrosine, the 

sequence of PTPlB showed no sirniIarity to these enzymes. Thus, whereas serinefthreonine and 

tyrosine kinases are related ancestraiiy, the EWs show no relationship with sexindthreonine 

phosphatases (Charbonneau and Tonks, 1992). Another surprise arising h m  the sequence of 

PTPlB. was its similarity to the tandemly npeated -250 residue regions within the cytoplasmic 

domain of the lymphocyte ce11 surface glycoprotein CD45 (Charbonneau et al., 1988). The finding 

that C W 5  piuticipated in early lymphocyte activation, together with the demonstration that CD45 

was in fact a followed rapidly (Pot and Dixon. 1992% Tonks et ai., 1988a). This hding, 

together with the isolation of LAR, a receptor-like PTP isolated by Iow-stnngency screerting of a 

&NA h'brary with a probe cocresponding to CD45 (Streuli et l, 1988). suggested that there might 

be a large family of PTPs. Furthemore, the extraceUuiar region of LAR was composeci of both 

fIlbronectin type-III repeats and Ig domains reminiscent of the molecules NCAM and fasciciin II 



which are capable of homophüic intexactions @delman and Cmssin, 1991). This suggested that 

the extracellular domains of ETPs such as LAR might participate in contact inhibition of ceii 

growth following homophilic engagement of extracehlar domains of LA. on opposing cells. The 

identification of receptor-like PTPs such as CD45 and LAR suggested the possibility of highly 

reguiated PTP involvement in signal transduction regdation and paved the way for the isolation of 

additional farnily members by both PCR and low stringency library-screening techniques. 

1.6.1 PTP FAMILY MEMBERS 

(i) Structure and Fmction 

ETPs can roughfy be divided into two subfamilies. the membrane spanning receptor Like 

ETPs and the intracellular or cytoplasmic tyrosine phosphatases 1.6.1-A). The 

trammembrane I*TPs so far identified exhibit a sniking diversity in their extracellular portions, 

whereas the intracellular fragments, with the exception of one isofom of the HPTPb consists of 

two catalytic domains (Krueger et al., 1990). The broad diversity of extracellular domains. 

combineà with the tissue restricted expression indicates a diverse function for receptor FPs ,  

ranging from cell-adhesion for receptors composed of Ig domains andor fibronectin-type III 

motifs (Brady-Kalnay and Tonks, 1995; Mourey and Dixon, 1994). to the ce11 activation events for 

CD45 (Figure 1.6.1-A). in the cytoplasmic FïPs the catalytic domain is generally located in the 

C-temiinal, leaving the N-terminal and distant C-terminal sequences free to contain structural 

motifs important for other functions such as the regdation of PT' activity and intracellular 

localization. These motifs include S H 2  domains in the ITPs SHP-1 and SHP-2, regions similar to 

talin, ePin and band 4.1 in PTPs PTPHI and HPTP meg, and hydrophobie segments in the C- 

termini of T-cell PTP and PTPlB (Charbonneau and Tonks, 1992). To date more than 40 PrPs 

have been identified h m  organisms such as yeast, insects, nematdes, the proto-chordate Styela 

plicata, bacteria of the genus YersmU, vaccinia Wus, and mammals (Charbo~eau and Tonks, 

1992). The similarity among FIPs is o h  restncted to an appmximate 240 residue sequence 

containing the conserveci protein phosphatase d y t i c  domain. Otherwise, members of this family 

exhibit highly divergent structures. 
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Domains 

Ig-like 
FN-III 
SH2 

w p  
T alin-tel& ed 
IP5P like 

H'-p 1 1 1 1 1 1 1. 
LAR OLAR OP1 P LRP PTP 18 1 dl 

pfp  MMAa/ S a 4 5  HPtP-E PTEN SHP-2 

SHIP 

Figure 1.6.14. Schematic representation of the PTP famîly. PTPs may be either 

transrnembrane receptor-iike enzymes such as CD45 and LAR, or cytosolic, like the SH2 domain- 

containhg SHP-1. Receptor-like enzymes may contain large extracellular domains composed of 

fibmnectin type Kü and Ig domains reminiscent of adhesion molecuies. AU receptor-like ETPs, 

with the exception of HPTP&lü<e enzymes, possess two cytoplasmic PTP domains. The proteins 

are oriented with their amino-tennini toward the top end, such that the extracellular ngions of the 

transmembrane PTPs extend above the ceIl membrane (horizontal double hes). Immunoglobulin 

Ug)-like, Src homology 2 (Sm) and other key structurai domains are depicted as indicated in the 

l e m  The PTE% YOP51, VHL and YEWl correspond to enzymes isolated From Yhiniu, 

vaccinia virus, and yeast respectively. (Adapteci from Bignon and Siminovitch, 1994). 



Within the approxunateIy 240 resïdue PTP catalytic domain lies the HCSAGVGR(SR)G 

motif that defines members of the PTP family. EarIy studies reporteci the requirement of thiol- 

reducing agents for pmserving enzymatic activity uonks et d,  1988b). This suggested the 

involvement of a cysteine residue in caîaiytic fimction. The requirement for the conserveci cysteine 

residue was c o n h e d  by snidies demonstratng the radioactive labeling of this residue using cl4- 

iodoacetate, an irreversible suifhydryl-directeci inhibitor of PTP activity (Pot and Dixon, 1992b). 

Other studies showing that sitedirected mutagenesis of this cysteine residue to serine or alanine 

abolished enzymatic activity have confimied the importance of this &due in caidytic activity 

(Streuli et al., 1990). Intriguingiy, a PTP-like sequence identified as STYX (for phosphoserinel 

threonindtyrosine interaction domain) that was ncently identified in the EST-database is highly 

sirnila. in sequence to the ETP catalytic domain but contains a glycine rather than cysteine residue 

in the catalytic centre. A glycine-tocysteine substitution within the catalytic domain of STYX 

conferred catalytic activity to this othenvise inactive protein (Wishart et al., 1995). This finding 

suggests that specific PTP like sequences may have a PTP-independent function. Indeed, the 

STYX protein may protect phosphorylated residues from dephosphorylation. Analysis of the 

mechanism of PTE' activity has suggested that the nucleophilic cysteine within the catalytic core 

attacks the phosphate of phosphotpsine containing substrates, releasing the dephosphorylated 

substnite, and creating a thiol-phosphate enzyme intermediate (Guan and Dixon, 1991; Pot and 

Dixon, 1992a). The reaction is compleied by water attack, regenerating the active enzyme and 

releasing inorganic phosphate (Figure 1.6.1-B). 



F i p r e  2.61-B. ReCICljOn m e c h i S m  for PTPs. 

HO-P-OH 

Figure 1.6.1-6. Reaction mechanism for PTPs. PTP-SH represents the enzyme with the reduced 

catalytic cys residue. The thiol anion of the ETP (FP-S-) represents the reactive fonn of the 

enzyme and is thought to act as a nucleophile in the attack of the phosphorylated subsmte tesidue. 

The A-H represents a general acid in the enzyme, which provides a proton to the tyrosine moiety. 

Watex attack of the thiol-phosphate enzyme intermediate, which is suggested to be the rate-ümiting 

step, results in the release of the FTP and inorganic phosphate. (Adapted h m  Wdton and Dixon, 

1993)- 



(i) E x p d o n ,  Structure and Function 

SHP-1 (imitially designated as SHPTP-L. Sm. HCP and ETPIC) is a 68 kDa cytosoüc 

protein tyrosine phosphatase expressed primarily in haemopoietic ceUs (Kozlowski et al., 1993; 

Lorenz et al., 1994; Matthews et al.. 1992; Yi et al., 1992a). SEP-1 contains two N-terminal 

Iocated SEI2 domains, a single phosphatase domain and a C-terminai tail encompassing two sites 

for tyrosine phosphorylation 1.6.2-A) (Siminovitch and Neel, 1998). Biochemical and 

stmcniral characterization of SHP-I have revealed its catalytic hnction to be regulated by 

structural rearrangement of the SM domains. For example, deletion of the SHP-1 N-terminal SH2 

domain, but not the C-terminal SHZ domain. results in strong activation of the enzyme, suggesting 

that the cataiytic activity is suppressed by an intramolecular interaction involving the N-terminal 

SH2 domain Townley (Pei et al., 1994; Pei et al*, 1996; Townley et al., 1993). This conclusion is 

supported by data rrvealing a bis-phosphotyrosyl peptide capable of simultaneously engaging both 

SEI2 domains to induce SHP- I activation. presumabl y by releasing the inhibitory N-terminai SH2 

domain (Pei et al., 1996). More significantly, resolution of the crystai structure of the stmcturally 

similar SHP-2 enzyme has indicated that in its native state. the NSH2 domain of SHP-2 interacts 

with the PTP domain so as to pnclude substrate binding (Hof et al.. 1998). Upon engagement of 

the N-SH2 domain. the PTP domain is released and becomes accessible to its substrates ( F i v  

1.6.2-B). The recentiy nsolved crystal structure of the SHP-1 catalytic domain suggests that prior 

tu substrate binding. the SHP-1 PTP domain is under similar structural constraints which are again 

nleased by SH2 domain engagement (Yang et al.. 1998a). These structurai dynamics provide a 

mechanism for regulating phosphatase activity in vivo and potentiaiIy create the confonnationd 

framework required for maintaining a homeostatic state of protein tyrosine phosphorylation. 

(ii) The Motheaten Phenotype 

Understanding of the bioiogical roles of SHP-1 was enonnously enhanced by the discovery 

that loss-of-function mutations in the gene encodùig Sm-1 are responsible for the profound 

immunologicd dysfunction observed in mice homozygous for the motheatm (mefme) or allelic 

viable motheaten (mevIme") mntations (Shultz et 1,1993; Tsui et d, 1993). These mice express 



Pigrne 1.62-A. Stnrchrvp of SHP-I. 

ffgttie 1.6.2-A. Structure of SHP-1. SHP-1 is a non-receptor protein tyrosine phosphatase with 

two amino-terminai SII2 dornains, one carboxy-terminal cataiytic domain, and at least two C- 

terminal tyrosyl phosphorylation sites. The amino acids number 451- 461 shown above encode the 

highly conserved region in ail phosphatase situaied around the catalyticdly active site. The 

changes in this site have k e n  underiined such that the dominant negative mutation nsults h m  a 

change of a cysteine to serine (SHP4(C453S)). 
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Figum 1.6.2-8. Regdation of SHP-1. Anaiysis based on the recentiy solved crystal structure of 

S m 1  and more significantiy the stnicturally similar SHP-2, has reveaied that in its native state, 

the NSHÎ: domain is bond to the FTP domain by a series of hydrogen bond and charge-charge 

interacti-ons. This configuration resuits in chernical and physical inactivation of the PTP activity, 

and precludes subarate binding. Upon engagement of the NSH2 domain, the PTP domain is 

reIeaseà and becornes accessliie to its substrates. (Adapted from Siminovitch and Neel, 1998). 



either no SHP-1 or a catalyticaily àefective SHP-I protein consequent to spiice site mutations in 

the SHP-1 gene. These ciefects, in tum, engender sevm haemopoietic d iq t ion  as exemplifieci 

by an enonnous expansion and tissue accumdation of myeloidlmonocytic ceils which in tum leads 

to patchy dennatitis. extramedulIary haematopoiesis, splenomegaly and a hemorrhagic 

pneumonitiis that resuits in death at about 2-3 (melme) or 9-12 (mevlrne') weeks (Bignon and 

Siminovitch, 1994; Green and Shultz, 1975). Lymphocyte ontogeny and function are also 

dnunatically alterai, the abnormalities including premahne thymic involution, profound depletion 

of B22W B cell progenitors in the manow and a marked diminution in numbers of conventional 

B-2 ceils with concomitant overexpansion of the normally minor B-1 ce11 (IgNlhi, IgD-, C D 0  

population. This panopoiy of defects results in both chronic inflammation and systernic 

autoimmune disease, as evidenced by hypergarnmaglobulinemia, high titen of autoantiboclies and 

immune cornplex deposition with consequent tissue damage. Aithough not detailed here, the 

differentiation and function of other haemopoietic lineages, such as naturai killer cells and 

erythroid cells. are also adversely aected by the motheaten mutation (Bignon and Siminovitch, 

1994; Koo et ut*, 1993). These findings provide substantive in vivo evidence of the critical role for 

SHP-1 in modulating a broad range of haemopoietic ce11 behavioun and suggest that SHP-1 

regulatory roles translate. for the most part. to the suppression of activationcvoking signaling 

cascades. As outlined below, data generated h m  analysis of these SHP-1-deficient mice have 

confirmed the integral role for SHP-1 in negative regdation of ce11 activation and have revealed 

many novel insights as to the biochemical pathways and effectors whereby activation promoting 

signding cascades arr attenuated andlor terminated so as to modulate the immune response. 

(ii) SEP-1 effeets on BCR signaling 

Motheaten mice exhibit a numkr of B ce11 defects, but one of the most notable is an 

augmentation of the proliferative response to stimulation through the B cell antigen receptor. As is 

consistent with this hdmg, induction of tyrosine phosphorylation and activation of mitogen- 

activated protein kinase (MAPK) are dso increased in rnelme relative to wild type cells folIowing 

anti-irnxntmoglobuh (Ig) antibody stimuIation (Pani et al., 1995). These observations reveal the 

qacÎty of SHP-1 to inhibit BCR signaling, a conclusion m e r  supporteci by the hdmg that 

melm B cells bearing an antz-hen egg Iysoqme (HEL) Ig ûansgene show an increase m thc 



mgmgnitu& and kinetics of intracellulm calcium release (Cyster and Goomiow, 1995). Together, 

these findnigs identify SHP-I as an inhiiitory modulator of BCR-evoked activation, although this 

conclusion needs to be tempered by recognition of the profound effect SHP-1 deficiency has on B 

celi ontogeny. However. the inhibitory effect of SHP-1 on BCR signahg has also been revealed 

by data demonstrating BCR-induced proliferative responses of a B celi üne derived h m  meIrne 

mice to be markedly enhanced relative to the responses detected in these ceils following 

reconstitution of SHP-1 expression (Sirninovitch and Neel, 1998). Similarly, B cells in which a 

catalytically inert, dominant negative form of SHP-1 1.6.2-A; SHP-IC453S) has k e n  

introduced and expressed also manifest augmented calcium mobilization and homotypic adhesion 

in response to BCR engagement (Dustin et al., 1999). These data reveai the effects of SHP-1 on B 

cell behavior to be cell-autonomous and confimi the capacity for this ETP to inhibit transduction of 

the activation signais evoked by BCR engagement. 

SHP-1 influence on BCR function has been shown to atfect not only the induction of 

proliferation, but aiso BCRevoked apoptosis/clonal deletion (Ono et al., 1997; Pani et al., L995; 

Wu et al., 1995; Wu et al., 1998). Thus, for example, BCR-driven apoptotic ce11 death has been 

found to be substantively enhanced in SHP-l-deficient relative to wild type B celis (Ono et al., 

1997). Along similar lines, motheaten B cells cairying an anti-HEL Ig transgene cm be induced to 

imdergo clonai deletion by a lower vaienc y fom of self-antigen (soluble HEL) than is required to 

trigger deletion of wild-type B cells carrying the same transgene vani et al., 1995). These data 

provide fiilther evidence of the capacity for SHP-I to suppress BCR signalhg and indicate that 

SHP-1's effects on the tiueshold for BCR activation translate to the downregulation of BCR- 

evoked proliferation, apoptosis and negative selection. 

While the biochemical basis for SHP-1 effects on BCR signaling are not fully understood, 

cumulative data suggest that SHP-1 modulates the BCR via a number of different molecular 

mteractions. For example, as illustrated in Figure 1.62-C, SKP-1 has been shown to associate 

constitutively with the BCR complex in resting B cells and to dephosphorylate Igdg-B chahs in 

vitro (Dusth et al., 1999). This association, which is d i q t e d  upon BCR engagement, provides a 

mechmism for maintaining the BCR complex in a "quiescent", tyrosyl dephosphorylated state 

prier to engagement, thaeby, setting a minimum threshold for the stimulus required to initiate 

BCR signaüng. Although the struchtral basis fm SHP-IBCR interaction re+mains to be clarifie& 



Figun 1.62-C Mechisms whsnby SHP-I tegulafes u l n c u : e ~  st'&aïbg cascades 

intttcaed h u g h  the BCR cornplex. 

Figure 1.6.24. Mechanisms whereby SHP-I regulates intracellular signaling cascades initiated 

through the BCR cornplex. SHP-L associates constitutively with the BCR via a nonSH2 domain 

mediated interaction, but dissociates h m  the BCR following BCR engagement. BCR 

crosslinking induces activation of Lyn and other Src-family PTKs, which in tum phosphorylate the 

ï ïAMs of Ig-cf@. The phosphorylated lTAMS recmit and activate Syk, resulting in the 

phosphorylation of BLNK(SLP-65 and subsequent membrane recntitment and activation of PLC-y, 

intraceUdar calcium mobiIization and activation of Ras/MAPK The ITIMs of the inhibitory CO- 

receptors (such as CD22, PIR-B, CD72 and FcyRIIB) are tymsyl phosphorylated, primarily by 

Lyn, aüowing for rezmitment of the SHP-I SH2 domains, FcyRIIB ais0 recruits the SEI2 domain- 

containing ir~ositol phosphatase SHiP. The membrane recntiûnent of SEP4 resuits in 

dephosphorylation of BCR-activateci PTgs such as Lyn and Syk and, by extension, PTI( substrates 

such as CD19 (see ch- 3). SBP-1 may also associate with and dephosphorylate the BLNW 



Figure 2.62-C. Mechanhs whmby SHP-I mguMes intrru:ealular signahg cascades 

iniriated through the BCR cornplex. 

Figure 1.6.24 (continued). 

ISLP-65 adaptor either directly or Uidirectly via modulation of the Syk PTK, and may in this 

manner M e r  inhibit dow~l~tream signaüng events such as MAPK activation and inmases in 

mtmceiiular calcium concentration. 



the ptential capacity for SHP-1 to downregdate the resting BCR complex suggests that 

diminution of SHP-1 levels, as occurs in motheaten mice, engenders a "pre -ac t ive  B ceil state 

and may therefore impact upon B cell ontogeny and susceptibility to transformation. 

In contrast to resting cek, B ceiis activated via BCR engagement do not contain SHP-1 

within the BCR complex (Dusth et al., 1999). hstead, as shown in Figure 1.6.2-C, SHP-1 is 

b t e d  to other sites within the cell, most notably to BCR cornodulatory rezeptors implicated in 

the inhibition of BCR signaling (Bolland and Ravetch, 1999; Cambier, 1997). In contrast to the 

ïïAM-containing receptors and receptor subunits (F4gure 1.3.18) which promote BCR signal 

relay. the BCR inhibitory receptors contain so-called Immunoreceptor Tyrosine-based inhibitory 

Motifs (lTiMs) Ftgure 1.62-D) which, upon phosphorylation, can interact with SHP-1 and 

thereby attenuate andfor terminate BCR signal deüvery (Cambier, 1997; Thomas, 1995; Vivier and 

Daeron, 1997). The ïïIM motif which is composed of 6 amino acid residues containing the 

sequence isoleucine/valine-X-tyr0sine-X-X-leucine (W-X-Y-X-X-W) (X represents any 

arnino acid; Figure 1.6.2-D) was initially elucidated in the context of studies on the FcyRIIB, a 

receptor which when mss-linked with the BCR, inhibits BCR-evoked induction of intraceIluIar 

calcium mobilization and subsequent ce11 activation (Thomas, 1995). The FcyRIIB contains a 

single ITM within its cytoplasmic domain which, upon BCR-FqRIIB msslinking, becomes 

tyrosine phosphorylated and associated with SHP-1 (D'Ambrosio et al., L995; Ravetch, 1997). 

The physiologicai   le van ce of this association is unclear, however, as the phosphorylated 

FcyRIIB-ITIM also binds to the SH2 domain-containing inositol phosphatase SHIP, and this latter 

interaction appears key to the realization of FqRIIB inhibitory effects on the BCR (Schmnberg 

and Kinet, 1996). Thus, for exampIe, inhibition of SHIP activity by overexpression of a 

catalyticaiiy inert, dominant negative form of SHIP abrogates FcyRIIB-mediated inhibition of BCR 

signaling. By contrait, FcyRIIB effects on the BCR are not modified in association with the 

overexpression of catalytically inert SHP-1 (Gupta et al., 1997). Simüarly, data generated using 

the DT40 chicken B ceII system indicate FqRIlB-mediateci downregulation of BCR signaling to 

be SHIP-dependent, but to occur normally in the pre~ence or absence of SHP-1 @no et al., 1997). 

By contrast, FcyRlB-mediated iuhi'bition of BCR sipaling has been reported to be diminished in 

motheaten B cells (D'Ambrosio et d, 1995). This defect was not observeci, however, in a melm- 

deriveci B cell Iine (Gu et aL, 1997) and may therefore reflect the presence in motheaten miee of 



Figure I.6.2-D. Imrnunoteceptor-tymsine-based mhi6hy mot@ (ITTMs). 
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Figure 1.6.2-D. trnmunoreceptor-tyrosine-based inhibitory motifs W s ) .  Amino acid 

sequences of immuno~ceptor tyrosine-based inhibitory motifs m) in the cytoplasrnic region 

of various inhibitory and negative CO-receptors. The consensus ITIM sequence consists of a W- 

X-Y-X-X-W motif. Sequences are aiigned according to conserved tyrosine and 

Ieucinelisoleucine residues. (Adapted h m  Vivier and Daeron, 1997). 



desensitization andlor downreguiation of F c y m  signaüng. 

In con- to the FqRDB, another ITM-containing BCR modulaior, CD22, has been 

consistentiy shown to physically end, most h l y .  fiinctionally interact with SEP-I (Blasioli et al., 

1999; Doody et d. 1995; Nader et d, 1997a). CD22 repsents a B ce1 suface adhesion 

moiecuie irnplicated by many Iines of evidence in the negative regulation of BCR signaling (Cyster 

and Goodnow, 19W, Tedder et al., 1997b). As is consistent with this conclusion, B cells from 

CD22deficient mice display augmented induction of intraceiiular calcium release following BCR 

ligation and dso exhibit functional properties characteristic of chmnically stimuiated cells (Nadler 

et al., 1997b; Nitschke et al., 1997, OKeefe et al., 1996; ûîipoby et al.. 1996; Sato et al., 1996b). 

CD22 associates with the BCR and undergoes tyrosine phosphorylation during the early phase of 

BCR activation (Doody et al.. 1995; Schulte et al., 1992). Phosphorylation allows the two ITIMs 

contained within the CD22 cytoplasrnic domain to provide a structural fnmework for recniitment 

of the SHP-1 SH2-domains (Nitschke et al.. 1997). The mechanisms(s) whereby this interaction 

inhibits BCR signaiing are currently unclear, but CD22-mediated membrane recruitment of SHP-1 

may provide a means for positioning SHP-1 in proximity to the BCR complex and adjacent 

signaling effectors and thereby suppressing BCR signaling. This inhibitory effect appeais to 

tequire participation of the Lyn PTK as tyrosine phosphorylation of CD22, recniitment of SHP-I 

and subsequent inhibition of BCR signaling depend upon Lyn f'ction (Corndl et al., 1998; 

Fujimoto et al., 1999a; Smith et al.. 1998) and are enhanced by CD19 expression, the latter of 

which has been shown to promote Lyn activation (Fujimoto et al.. 1999a). As is consistent with 

these biochernicd data, the phenotypic and functionai pmperties of B cells h m  CD22aeficient 

mice (Nitschke et al., 1997; OXeefe et al., 1996; Otipoby et al., 1996; Sato et al., 1996b) are 

qualitatively very similar, albeit not as aberrant as these detected in both Sm-l-deficient and Lyn- 

deficient animals (Chan et al., 1998; Hibbs et al.. 1995; Nishizumi et al., 1995). Thus. while Lyn 

is hown to promote BCR-evokeci Ig-Mg-B tyrosine phosphorylation and Syk 

recmitmentlactivation (Kurosaki et al., 1994, Yamanashi et aL, 1991). Lyn-deficiency engenders 

an augmentation rathm than suppression of BCR signahg (Chan et aL, 1998), a finding that w>st 

Kkely reflects disruption of the CD22SHP-I inhibitory axis. Thus, SHP-1, CD22 and Lyn appear 

to participate in a common modulatory pathway which serves to suppress BCR signai hansduction 

(ComaIl et 1, 1999). As illnstrated in Figure 1.6.2-C. a role for CD19 in this pathway is a h  



impiied by data revealing BCR function to be essentidy the same in mice deficimt for both CD19 

and CD22 as in mice defiCient for CD19 alone (Fujimoto et aL. 1999a). the BCR-stimulatory 

effects of 022 deficiency apparendy behg unreaiized in the absence of CD19. Togethm. these 

obsesvations reveal the complexity of the eariy molecdar interactions which refme the sequelae of 

BCR ligation. Receptor engagement provides signals for the activation of a number of tyrosine 

kinases and phosphatases that interact with both the BCR and its modulatory rtccptors so as to 

either predorninantiy enhance (Bk, Syk), predomiaantly inhibit (SHP-1, S m ) ,  or both enhance 

and inhibit (Lyn) induction of the downstream signaling events which drive ce11 activation. The 

available data also reveal the CD22SHP-1- interaction to provide a key mechanism for 

downregulating BCR stimulatory signals (Comall et al., 1999), but have not elucidated, as of yet, 

the precise events which link this molecular interaction to BCR activation; nor is the extent to 

which CD22 inhibitory signal requires SHP-1 activity understood. Addressing these latter issues 

requires m e r  studies of the CD22SHP-1 interaction and, in particular, investigation of CD22 

inhibitory functions in B cells in which CD22-SHP-1 interaction is precluded by either the absence 

of SHP-1 or the expression of CD22 mutants incapable of SHP-1 binding. 

In addition to CD22 and FcyRIIB, the paired immunoglobulin-like nceptor B (PR- 

Bfp9LA) represents another ITIM-containing receptor shown to interact with SHP-I in B cells 

following BCR ligation (Blery et al., 1998; Hayami et al., 1997). PR-B, which also associates 

with SHP-1 in macrophages, is a member of a family of modulatory receptors that includes 

immunogiobuiin-like transcript-L (ET-1). LT-3, ILT-4, ILT-5, ILT-2/ leukoc yte immuno- 

globulin-like receptor-1 &IR-1) (Yokoyama, 1998)- The ligand for PR-B is unknown, but the 

protein contains six Ig-üke domains in the extracellular region and t h e  KIM domains in the 

cytosoiic region, two of which have been shown to interact with SHP-1 when tyrosine 

phosphorylated (Maeda et al., 1998). Like CD22, PR-B appears to be phosphorylated by Lyn, the 

KMs then providing phosphorylated tyrosine sites for recruitment of the SHP-1 SH.2 domains 

(Blery et al*, L998; Maeda et al., 1998). Coügation of PR-Bfp9 1A has been shown to inhibit 

BCR-evoked increases in calcium mobiiizafion and tymôy1 phosphorylation of IgoJB, Syk, BTK 

and P W ,  but these mIil'bitory eff- abrogated by either overexpRssion of a catalytic 

inactive SHP-1 pmtein (Wang et d, 1999) or by mutation of the tyrosine sites on PR-B whkh 

mediates its intexaction with SHP-1 (Bleiy et aL, 1998). In contrast to FqRIIB, PR-B does not 



intffdct with SHIP (Blery et d, 1998) and thus PIR-B appears to mediate its inhibitory effects on 

BCR signahg in a manner simüar to CD22 However, as for CD22, the biochemicai and 

biologicd sequelae of PIR-B-SHP-1 interaction are not completely understood and require m e r  

investigation. 

Another BCR co-receptor which interacts with SHP-1 is the 45 kDa membrane protein 

CD72. CD72 is expressed as a homodimer and found exclusively on B cells where it is thought to 

act as a counterreceptor for T cell CO-receptor CD5 (see CD5 section) usubata, 1999). CD72 

undergoes tyrosine phosphorylation following BCR ligation and has been shown to modulate 

BCRevoked activation and p w t h  arrestlapoptotic ce11 death (Venkataraman et al., 1998). CD72 

contains two ITMs which upon phosphorylation interact with the SHP-1 N-terminal SH2 domain 

(Adachi et al., 1998; Wu et al., 1998). In contrast to CD22, CD72 has also been identified as a 

direct substrate of SHP-1 and its physiological role appears to be the deiivery of growth 

inhibitorylapoptotic-inducing signals (Adachi et al.. 1998; Nomura et al., 1996; Wu et al., 1998). 

As realization of this role requires CD72 tyrosine phosphorylation, it is possible that CD72 

frmction is antagonized by SHP-1. Conversely, even though CD72 is subject to SHP-1-mediated 

dephosphorylation, SHP-I association with CD72 may be required for CD72 to mediate its effects 

on BCR signaling. This latter hypothesis is supported by recent data reveding CD72deficient 

mice to exhibit B ce11 hypercesponsiveness to mitogenic stimulation, a reduced number of mature 

B-2 cells and an increased number of B-1 cells (Pan et al., 1999). The similarity of this B ce11 

phenotype to that of SHP-1-deficient and CD2Zdeficient mke suggests that the SEP-1-72 

interaction modulates BCR signaling in a fashion similar to the SHP-1-CD22 interaction. 

However, the precise biochemicd and biologic consequences of SHP-I binding to CD72 requires 

further investigation. 

In addition to its effects on the BCR and its CO-receptors, SHP-1 influence on BCR 

signaIing has aiso been Iinked to the modulation of several cytosoiic effwtors involved in BCR 

signal relay. As BCR-evoked protein tyrosine phosphorylation has been shown to be globdy 

enhanced in SHP-1-deficient relative to wiId-type B ceiîs, it appears likely that SHP-1 reguiates 

activities of at least some of the Src famüy PTKs involvexi in the eady stages of BCR signal 

propagation. This hypothesis has in fact been demoastratd in chapter three, by recent data 

ideotifying Lyn as a SHP-I suka te ,  the activity of which is enhanced in mefme comparai to 



Md-type BCR-stimulateci B ceiis. SHP-1 has aiso been shown to associate with Syk oustin et 

al,, 1999), a ETK which interacts via its contiguou SH2 domains with the phosphorylated Igdg-  

B nAMs (Figure 13.38) and which thereby promotes activation of secondary signahg effectm 

such as BTK, PLCy and phosphatidylinositol-3-kinase (PB-K) (Campbell, 1999). Based on data 

reveaiing the expression of catalytically inert Sm-1 to augment the phosphorylation of Syk 

following either BCR ligation (Dustin et al., 1999) or coligation of BCR and PR-B (Maeda et al., 

1999), it appears that Syk may also npresent a SHP-1 substrate. This possibiüty, albeit not 

directly proven as of yet, suggests that SEP-I is dso involved in modulating function of the 

recentiy identified B W S L P 6 5  protein, an adaptor protein which is remited into the BCR 

signaling cascade following its tyrosine phosphorylation by Syk (Fu et al.. 1998; Wienands et al., 

1998). BLNWSLP-65 has been show to associate with PLQ, Grb2/Sos, Vav and Nck in 

activated B cells and as such represents a gateway to activation of the PLCylphosphoinositide, 

RaslMAP kinase. VavRho GTPase and NcklPaklWASp pathways (Campbell. 1999). This B cell- 

specific adaptor is also both structuralIy and functionally similar to SLP-76, a protein which 

represents a SHP-1 substrate in T cells (see below). Thus, Sm-1 effects on BLNWSLP-65 

hmction may be mediated not only indirectiy through the regdation of Syk activity, but also 

directly through BLNK/SW-65 dephosphorylation. While this latter possibility rquires further 

investigation, SHP-1 association with BLMVSL.P-65 would position SEP-L in proximity to a 

multiplicity of effectoa required for BCR signal relay and would therefore provide a convenient 

framework for SHP- 1 to dephosphorylate and deactivate suc h eflectors and thereb y attenuate 

downstream propagation of activation signals. 

In addition to the interactions described above, SHP-1 appears to participate in a number of 

other BCR-evoked molecular events in which its d e  is not well understood, SHP-1 has been 

iinked, for example, to the modulation of CD19 tyrosine phosphorylation by data reveaiing CD19 

to be constitutively hyperphosphoryiated in SHP-1-deficient meIrne B cells (Pani et al,, 1997). [n 

contrast to CD22 and the other SHP-1-binding JTIM-containing BCR modulatory receptors, CD19 

(see CD19 section) is a positive modulator of BCR signahg and appears to serve in the 

amplification of S r c - f d y  PTKaiediated BCR phosphorylation (Fujimoto et d, 1998; Fujimoto 

et aL, 1999b). As BCRevoked tyrosine phoûphorylation of CD19 has been shown to be aIso 

enhanceci m the context of CD22 deficiency (Fujimoto et ai., 1999a), it appeais possible that SHP- 



1 effects on CD19 are realized in conjunction with SHP-1 bindmg to CDZZ. This effect, however, 

does not reflect the direct dephosphorylation of CD19 by SEP-1, but rather the capacity of SHP-1 

to deactivate the Lyn PTK by dephqhorylation of its autophosphorylation site (see chapter 3). 

Thus, SHP-I and Lyn appear to play criticai, &procal d e s  in regdating CD19iCD22 effects on 

BCR signaling. These d e s  for SHP-1 and Lyn are also i1lustrated by the B ce11 phenotype of rnice 

deficient for both the SHP-1 and CD45 PTPs. BCR-induced proüferation appears to be essentiaüy 

normal in these latter mice, although markedly impaired in CD45deficient mice (Pani et al., 

1997). Available data suggest that this cornplementary effect of SHP-1 and CD45 deficiency is 

realized at ieast in part at the level of CD 19, the tyrosine phosphorylation of which is enhinced in 

SHP-ldeficient B cells, diminished in CD45-deficient B ceils, and essentially nomal in SEP- 

IICD45-deficient B cells (Pani et aL, 1997). In view of recent data revealing Lyn to be 

dephosphorytaied at its C-terminal inhibitory tyrosine site and thereby, activated by CD45 

(Katagiri et al., 1999), it appears that CD45 and SHP-L exed opposite effects on Lyn activity and 

that this biochemical counterbdance ailows these PTPs to modify signaling effectors such as CD19 

so as to coordinately regulate BCR signai delivery. Such regdation may also be realized at the 

level of CD22 as CD45 has been shown to negatively regulate CD22 tyrosine phosphorylation and, 

by extension, its m i tmen t  of SHP-1 ( b e r  and Justement, 1999). Thus, while the full spectrum 

of molecular interactions underlying the capacity of SHP-1 to downregulate BCR signaiing 

remains to be defined, the available data indicate this role for SHP-1 to be realized at multiple 

levels, including not only the antigen receptor, but aiso its modulatory co-receptors, PTKs and 

other cytosolic effectors such as BLNWSLP-65. 

(iv) SHP-1 effeets on TCR sigealllig 

While thymic cellulanty is reduced in motheaten mice (Ashwell and D m ,  1999) 

developrnent of various T cell subpopuiations in these animals appem almost normal (Pani et al., 

19%). However, cumulative data concerning motheaten T celI hmction indicate signaling fuaction 

of the TCR, iike the BCR, to be substantively moddated by SHP-1 activity. Thus, for example. 

both the pliferative cesponse and interleukin-2 (IL-2) production induced by TCR engagement 

are markedly increased in n r h  and meWhne" reIative to wiId type T cells (Lorenz et aL, 1996; 

Plmg et 1, 1999a). The inhibitory influence of SHP-I a TCR signahg appears to represmt 



ceII-autonomous effects as TCR responsiveness is also enhanced in thymocytes expressing 

catdytically inert (dominant negaiive) SHP-1 protein (Zhang et aL. 1999a). As observed in B 

ceHs, SHP-1 effects on TCR signaling translate to the modification of diverse bio10gical outcornes, 

including for example thymocyte activation and TCRcvoked apoptosis. Thus, analysis of H-Y 

TCR hrinsgenic mice rendered SHP-1 deficient by introduction of the mev mutation (see chapter 4) 

has isvealed TCRevoked profiferaton as weU as both T cell maturaiion and clonal deletion of 

transgenic TCR-specific thymocytes to be enhanced in these mice (Zhang et al., 1999a). T ceU 

selection is aiso augmented in H-Y TCR transgenic mice carrying a second transgene that drives 

lymphoid restricted expression of the dominant negative form of SHP-1, a finding which supports 

the contention that SHP-1 modulates T cell behaviour in a ceH-autonomous fashion (Johnson et al., 

1999; Zhang et al., 1999a). Consistent with the data revealing SHP-1 to modify the negative 

selection of autoreactive T lymphocytes, SHP-1-deficient peripheral T cells have ken shown to 

manifest heightened sensitivity to TCR-induced apoptosis (Piang et al., 1999b). Increased 

susceptibility of these cells to activation-induced ce11 death is associated with their enhanced 

expression of Fos ligand upon TCR restunulation (Zhang et al., 1999b) and, as discussed below, 

presumably relates, at least in part, to the inmased activation of Lck and ZAP=IO in the context of 

SHP-1 defitiency (Eschen et al., 1997; Gonzaiez-Garcia et al., 1997). Irnportantly, in this regad, 

Fas-mediated signaling, which was initially reported to be impaired in SHP-l-cieficient cells (Su et 

al., 1995), has now been shown to proceed normally in the absence of SHP-1 and to therefore not 

require this PTP activity (Lorenz et al., 1996; Takayama et al., 1996). By contrast, the availabie 

data reveal a pivotal role for SHP-1 in regulating TCR àgnaling, indicating that SHP-1 raises the 

thRshold for TCR transmission of activation signais and, in concert with other TCR signaling 

modulators, modifies the strength of TCR signai so as to influence the biological outcome of 

antigen receptor engagement. 

As observed in relation to BCR signaling, and depicted in Figure 1.6.2-E, SHP-I effects on 

TCR fimction appear to be rralized through a diverse set of molecdar interactions. SHP-1 

d a t e s ,  for example. with both the resting and activated TCR and appears to dephosphoryIate 

TCR components such as C D ~ E  foUowing TCR engagement vani et al., 19%). Ln contnist to B 

cens, however, the extent to which SW-1 binds andlor modulates TCR CO-receptors is unclear. 

For exampIe, wMe the closeiy re1ated SHP-2 PTP has been show to intciact with an m-iike 
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Flg~m 1.6.2-E. Mechanisms whereby SHP-1 regdates TCR signaüng. SHP-1 associates 

constitutively with the TCR complex, and presumably facilitates maintenance of the resting TCR 

complex in a dephosphorylated state. Following TCR engagement, SHP-1 effect on TCR 

signaüng is realized through a diverse set of molecular interactions. These include, for example, 

recruitment of the SHP-1SH2 domains to KIM motifs within inhibitory receptors such as IW, 

Ly-MA, PECAM-1 and CD5. Inhibitory receptor-associated SHP-I can in tum dephosphorylate 

Src-family PTKs such as Lck and Fyn and associate with and dephosphorylate the Syk-family 

PTKs, ZAP-70 and Syk. SHP-I participation in the regdation of TCR signal relay dso involves 

its association with and dephosphorylation of SLP-76 and interaction with several other signaling 

effectors such as Vav, Grb2 and SOS, which in tirm modulate RaslMAPK activation and calcium 

response. The association of SHP-1 with PB-& Vav and SLP-76 suggests SHP-1 may also be 

involveci in moduiating TCR-induced cytoskeletal change. 



sequence within the TCR inhitory modulator CITA4 (Lee et PL, 1998; Marengere et al., 19%), 

SHP-1 does not appears to infiuence CTLA4 fimction (Zhang et ol.. 1999a). Smiilarly, SHP-I 

does not modulate activity of the TCR costimulatory receptor, CD28 (Zhang et d., 1999a). SHP-1 

has, however, been shown to associate constitutively with the CD5 receptor (Pani et aL, 19%; 

Perez-Villar et al., 1999), a transmembrane protein expressed on aU T ceils and on B ceIls of the B- 

1 lineage (Delibnas et al., 1997). Until recently, the function of CD5 (see C D S  section) has been 

unclear, but anaiysis of the phenotypic and biologic properties of T cells from CDS-deficient mice 

have identified CD5 to be an inhibitor of TCR signaling (Tarakhovsky et al., 1995a). This 

conclusion is supported by ment data revealing crosslinking of CD5 and the TCR to result in a 

downregdation of TCR-induced CD3<, ZAP-70, Syk, and PLCyl tyrosine phosphorylation 

(Perez-Villar et al., 1999). As CD5 undergoes tyrosine phosphorylation and upregulated 

association with SHP-1 following TCR stimulation (Pani et al., 1996; Perez-Villa. et al., 1999), it 

appears likely that SHP-1 plays a role in the TCR inhibitory activity of CDS.  This possibility is 

supported by the similarities of the T ce11 phenotypes observed in CDSdeficient and SHP-1 

deficient mice (Tarakhovsky et al., 1995a) and by biochemical data revealing SHP-1 association 

with CDS to be mediated through an l''MM-like motif in the CD5 cytoplasmic tail (Perez-Villar et 

ai., 1999). By contrast, data generated h m  studies of SHP-1 deficient rnice expressing a CDS 

tmnsgene indicate that SHP-1 has iinle effect on CDS-mediated inhibition of T ce11 selection (see 

chapter 5). Thus, at present, it remains unclear whether the SHP-L interaction with CD5 is 

physiologicaüy relevant. It is interesting to note, however, that CD5 expression is developmentally 

regulated by the stremgth and avidity of TCR sipals (Azzam et al., 1998) and is upregulated in 

SHP-l-deficient cens (Johnson et al., 1999). This observation suggests that modulation of CD5 

an* SEP-1 expression provides a compensatory mechanism for maintainhg steady-state Ievels 

of TCR signaling. A similar phenornenon appears to be operative in germinal centre centrocytes, a 

mpiidy expanding B ceII population in which Sm-1 expression has been shown to be very low 

(Dehirias et al., 1997). 

SHP-1 eff'ts on PIX functions have also been examined in T cells and, as illustrateci m 

Figure 1.62-E, Sm-1 has been show tu dowmepuiate TCR-induced activation of SE-family 

FMk,  such as Lck and Fyn (Lorenz et aL, 1996) and to associate with and dephosphorylate ZAP- 

70 (Plas et aL, 1996). Aithough TCR-induced activation has been reported to be mcreased in T 



ceUs expressing dominant negative SHP-1 (C453S) protein (?las et aL, 19%). ment data 

generated by analysk of SHP-1-deficient T ceiIs expressing a clonotypic TCR have revealed no 

eRwt of SHP-1 deficiency on antigen-induced tyrosine phosphorylation and TCR recruitment of 

ZN-70 (Johnson et al., 1999). Thus at present, the role of SHP-1 in reguIating ZAP-70 finiction 

lemains unclear. More recentiy, SHP-1 has also bctn shown to interact with the üpid kinase, PD- 

K, this association king enhanced following TCR engagement (Cuevas et al., 1999). The 

available &ta indicate that SHP-1 can dephosphorylate PB-K and inhibit its activity, thus 

identifying PU-K as a direct substrate for SHP-1. As PU-K has ken  implicated in coupling of the 

TCR to not only proiiferation, but also apoptosis and cytoskeletai reorganization (Fu et al., 1998), 

the capacity of SHP-1 to regdate PU-K implies the involvement of SHP-1 in the regulation of a 

very broad spectrum of T ceIl behaviours. 

SHP-1 participation in the regulation of TCR signal relay also involves its interaction with 

Vav, Grb2 (Kon-Kozlowski et al., 1996; Pani et al., 1996) and other cytosolic effectors, such as 

SLP-76 (Ciements et al., 1998). Vav, for example. which acts as a guanine nucleotide exchange 

factor for Rho family GTPases (Crespo et al., 1997). has been shown to bind SHP-1 following 

TCR stimulation by interaction of its Sm domains with phosphotyrosine on SHP-1 (Clements et 

al., 1998). Vav may also be involved in the CD22SHP-1 pathway as Vav is hyperphosphorylated 

in CD22-deficient cells (Sato et al., 1997b), but Vav does not appear to be directly 

dephqhorylated by SHP-1 (P~N et al., 1996). However, data h m  studies of T ce11 activation in 

SHP-l-deficient T cells have reveaied a number of Vav-associated phosphoproteins to be 

hyperphosphorylated in these cells following TCR ligation (Pani et al., 1996). These data suggest 

that Vav positions SHP-I so as to fiditate SHP-1-mediated dephosphorylation of other 

components of the T cell signaüng circuitry. This hypothesis is suppoaed by recent data 

i&ntiQing the Vav-binding adaptor protein, SLP-76, to be a SHP-1 substrate (Clements et al., 

1998; 'hosto et al., 1996). Sm-1 also interacts with another SLP-76 binding protein, the adaptor 

protein Grb2 (lachan et al., 1995). Although the role of SLP-76 in T ce11 activation is not 

entirely understood, the severe impairment in TCR signahg manifésted by SLP-76-ûeficient T 

cells mvniouk et ul., 1998; Yablonski et aL, 1998), indicates a critical role for this adaptor in TCR 

signal relay. SLP-76 appears to be C O M - ~ ~  to the activatecf TCR by interactions with another 

tyrosine phosphoryIated adaptor, LAT, which Wre SLP-76, is thought to couple activated ZAP- 



7OISyk to downstream signaling events, such as cdcim mobiiization and Ras/MAPK activation 

(Clements et 1,1999; Rudâ, 1999). These findings suggest that the enhancement of RaslMAPK 

activation obsmred in SHP-1-deficient ceUs pani et al.. 19%). refiects SHP-1 involvement in 

rnoduiating the SLP-761LAT axis. Altmatively. SHP-I effects on TCR-invoked Ras activation 

may also refiect the capacity of SHP-1 to interact with Grb2 (Kon-Kozlowski et al., 1996). an 

adaptor pmtein which complexes to the guanine nucleotide exchange factor SOS so as to induce 

Ras activation (Buday and Downward, 1993; Egan et al., L993). 

The association of SHP-1 with PD-K, Vav. and SLP-76 aIso raise the possibility of a key 

role for SHP-1 in modulating TCR-invoked cytoskeletal change. Vav, for example, has been 

show to promote TCR-invoked actin polymerization and receptor capping (Penninger and 

Crabtree, 1999). SLP-76 may also be involved in cytoskeletal modification as SLP-76 wociates 

with Nck. an adaptor which interacts with two signaiing effectors, Pak and WASp, that play aitical 

d e s  in regulating TCR-driven cytoskeletal change (Bubeck et al., 1998). Thus, while SHP-1 

effects on the lymphocyte cytoskeleton are not fully understood, the profile of SHP-1 binding 

partners in activated T cells strongly suggest a role for SHP-1 in the signaling events which 

modulate T ce11 cytoarchitecnire. 

SHP-I effects on TCR signaling have also been linked to its association with several other 

lTIM-containing inhibitory co-nceptors expnssed in T ce11 populations as well as other cells of 

the immune systern. These include, for example. the killer ce11 inhibitory receptors (KIRS), 

proteins which belong to an Ig superfamily of type 1 transmernbrane receptors that also 

encompasses the gp49 farnily and leukocyte Ig-like receptor Mg-like transcript 2 (LJR-LALT-2) 

protein (Bertone et ui., 1999; D'Andrea et al., 1996; Mingari et al., 1995; Phillips et al., 1995). 

Engagement of KIR by target ce11 MHC class 1 cornplex strongiy inhibits the cytolytic activity and 

cytokine production of cytotoxic T cells. Thus, KIR-initiated inhibitory signals rnay play a role in 

pmtecting normal MHC class I-bearing cells h m  destruction by cytotoxic T cells (Mingh et al., 

1998). These functional properties appear to refiect tyrosine phosphorylation of the KIR ITIMs, 

the tecNitrnent of SHP-1 and the consequent dampening of the early activation àgnals delivered 

through the TCR (Bruhns et aL, 1999; CIements et aL, 1998; Fry et al., 19%; Olcese et ul.. 1996). 

Recent data dcnved using a chimeric rezeptor system reveal that KIR engagement completely 

inhibits Syk-triggered T ceII cytotoxic activity (Ciements et d, 1998). Thus, SHP-1 enects on KIR 



fimction appear to be reaiized at a level at or downstrearn ofSyIc/ZAP-70 activation. Interestingly, 

in this latter system, SLP-76 was shown to be ~quired for expression of optimal cytotoxic activity 

(Clements et ai., 1998). As SLP-76 represents a k t  substrate of both Syk and SHP-1, KIR 

Rcnntment of SHP-I may aiiow this to dephosphorylate SLP-76, and thus potentidy dimpt 

cytotoxic T ce11 function by counteracting Syk-mediated phosphorylation of SLP-76. 

The platelet-endothelid ce11 adhesion molecule l(PECAM-l)v which is expressed on 

certain subsets of T cells as well as myeloid cells, represents another SHP-1 interacting T ce11 

inhibitory receptor (Newton-Nash and Newman, 1999). The cytoplasmic domain of this 130-Da 

transmembrane glycoprotein contains an KIM which has been show to interact with SHP-1 and 

SHP-2 upon tyrosine phosphorylation. The d e s  of these respective interactions in modulating 

TCR signaling remain to be defined, but data revealing that engagement of PECAM-1 attenuates 

CD3-induced calcium mobilization suggest that PECAM-L binding represents another mecha~sm 

whereby SHP-1 ~al izes  its inhibitory effects on TCR signai relay. 

In addition to ïïIM-containing receptors, selected cytokine receptors on T lymphocytes 

have been show to be functionally modulated directiy or indirectiy by SHP-1. Of particular 

devance to antigen receptor-induced activation is the capacity of SHP-1 to bind and 

dephosphorylate the B chah of the activateci interleukin-2 (IL,-2) receptor (Migone et al., 1998). 

This interaction results in diminished phosphorylation of the receptor-associated Janus farnily 

PTKs (see PTK section), JAKl and JAIO and may account for the observed association between 

loss of SHP-I expression and IL-2-independent growth of transformed T cells (Migone et al., 

1998). Together these data ~ v e a l  a key role for SHP-I in downregulating IL2 receptor-triggered 

activation signals and identify modulation of IL-2 receptor signaling as another mechanism 

whereby SHP-I inhibits T cell responses to mitogenic stimuli. 



SW-1 is involved in lymphocyte signding cascades and is able to mediate its fimction by 

modulating directiy, or indirectiy, the phosphorylation state of substrates involved in the cellular 

signaling pathways, including protein tyrosine kinases and surface cornodulators of lymphocyte 

signding. Given Our observations that SHP-1 deficient thymocytes exhibit diminished Sn: kinase 

activity, we hypothesized that SHP-1 regulates the catalytic activity of Src. Based on the fi nding 

that SHP- 1 deficient B cells exhibit CD 19 h yperphosphorylation, we hypothesized that SHP-1 

regdates the signaling and phosphorylation state of CD19. Since SHP-1 is observed to associate 

with CD5 in T cells, we hypothesized that SHP-L mediatesland or regulates the negative signaling 

huiction of CDS. Finally, given the predominant negative regulatory role of SHP-1 in signaling 

pathways, we hypothesized that SHP-1 plays a d e  in both positive and negative selection of 

thymocytes during T cell development. 

1. To determine if SHP-1 regulates Sn: kinase activity in T cells. 

2. To determine if SHP-1 regulates CD19 signaling in B cells. 

3. To determine the role for SHP-I in regulating T ce11 selection processes. 

4. To determine if SEP-1 regulates CD5 signahg in T cells. 



SRC KINASE ACIIWI"I' IS REGULATED BY THE SHP-1 PROTEIN 

TYROSINE PHOSPHATASE 

Contents of this chapter appear in the Journal of Biologicai Chemistry (1997). VoIume 272: 

21 1 13-21 1 19. Src Kinase Activity 1s Reguiated by the Shpl Rotein-tyrosine Phosphatase. AUy- 

Khan Somani, Jerome S. Bignon, Gordon B. MilIs, Katherine A. Sirninovitch and Donald R. 

Branch. 



Activation of the cclluiar SIC tyrosine kinase depends upon dephosphorylabion of the 

carboxy terminai inhibitory tyrosine phosphorylation site. Herein we show that Src isolaîed from 

human pIateIets and Jurkat T ceus is preferentidy dephosphorylated at its inhibitory 

phosphotyrosine site by the SHP-1 tyrosine phosphatase. The data also reveded association of Src 

with SHP-1 in both platelets and lymphocytes and the capacity of Src to phosphorylate SHP-I and 

interact with the SHP-1 N-temiinai SH2 domain in vitro. Analysis of Src activity in thyrnocytes 

h m  SHP-1 deficient motheaten and viable motheaten mice reveaied this kinase activity to be 

substantially lower than that detected in wild-type thymocytes, but to be enhanced by in vitro 

exposure to SHP-1. Similarly, immunobloning analysis of thymocyte Sn: expression before and 

after selective depletion of active Sn: protein indicated that the proportion of active relative to 

inactive Src protein is markedly reduced in motheaten compared to wild-type cells. These 

observations, together with the finding of reduced Src activity in EEY cells expressing a dominant 

negative fom of SHP-1, provide compeUing evidence that SHP-I hctions include the positive 

regdation of Src activation. 

2.2 INTRODUCTION 

Both the kinase and transforming activities of the pp60csrr (Src) protein tyrosine kinase 

(PTK) are reptessed by phosphorylation of a tyrosine residue within the Sn: carboxy terminus 

(Cartwright et al., 1987; Cooper et al., 1986; Cooper and King, 1986; Coumieidge, 1985; Kmiecik 

and Shdoway, 1987). The negative regdatory effect of this phosphotyrosine (Tyr 530 and 529 in 

hurnan and murine Src, ~spectively) has been ascribed to its association with the Sn: SEI2 domain 

and consequent SE52 as well as SEI3 domain-mediated intramo1ccula.r interactions that repress 

activity of the kinase domain (Okada et d, 1993; Roussel et al., 1991; Seidel-Dugan et al., 1992). 

The catalytic activities of the other SR: family members are simüarly inhibited by phosphorylation 

of this consmed C-tail tyrosine (Cooper and Howell, 1993) and activation of each of these PTKs 

thus depends on dephosphorylation at this site. However, wwhile severai lines of evidence implicate 

the Csk tyrosme kinase (Bergman et aL, 1992; Imamoto and Soliano, 1993; Okada et al., 1991) as 



weiI as Src-mediated autophosphoryIation (Osusky et al., 1995) in the phosphorylation of the C- 

texminal regdatory tyrosine, relatively little is known about the mechanisms whereby this 

ïnhibitory phosphotyroBine Rsidue is dephosphorylated, and Src activation achieved In contrast to 

thc Src-related Lck and possibly Fyn ETKs, the SR: C-terminai phosphotyrosine does not appear 

subject to dephosphorylation by the transmembrane protein tyrosine phosphatase @W), CD45 

(Hurley et 1, 1993; Mustelin et al., 1992; Ostergaard et al., 1989). Moreover, while Src activity 

has been found to be inmased in d e n t  ce11 lines ove~xpressing the nceptor-like protein tyrosine 

phosphatase, RPrPa (den Hertog et al., 1993; Zheng et al., 1992), a direct role for this PTP in 

dephosphorylating Tyr 529 in vivo has not been established However, ment data tram studies of 

the SHP-I tyrosine phosphatase, a cytosolic, dual SH2 domaincontaining protein expressed 

pnmarily in haemopoietic and epithelial cells (Matthews et al., 1992; Plutzky et al., 1992; Shen et 

al., 1991; Yi et al., 1992b), have raised the possibility that this FW plays a role in the 

dephosphorylation and activation of Sn. Thus, for example, thrombin stimulation of platelets, 

which is associated with an enhancement of Src activity as well as its rapid translocation to the 

cytoskeletai fraction (Clark and Brugge, 1993), has ncently been show to induce inmases in 

SHP-1 tyrosine phosphorylation. association of SHP-1 with Sn: and redistribution of this to 

the cytoskeleton with kinetics simila. to those observed for SR: (Fdet et ut., 1996; Li et al., 1995). 

These obsemations. together with data implicating the viral transforming vSrc protein in the 

phosphoryIation of SHP-1 (Matozaki et al., 1994) suggest that, in at least some ce11 lineages, SHP-L 

interacts with Src and may serve to activate Src by dephosphorylating the C-terminal tegulatory 

tyrosine. 

23 METHODS 

Anribodies and Proteins 

The monoclonal antiSrc 327 (Lipsich et d, 1983), antiSrc GD11 (Parsons et d, 1984) 

and antiSHP-1 (recopriipng the C-temmiai portion of SEP-1) ant'bodies were obtained h m  Dr. l. 

Bnigge (ARIAD Pharmaceuticab, Cambridge, MA), Up~tate Biotectmology hcorporated (Lake 

Placicl, NY), and Transductioa Laboratones (Lexington, KY), respectively. The monoclonal anti- 



Src antibody, clone 28, which selectively recognizes the active, carboxyl terminal-dephosphorylated 

fom of Sn (Kawakatsu e~ aL, 19%), was a gift h m  Drs. J. Yano and K. Owada (Kyota 

Pharmaceutical University, Kyoto. Japan). The SRC2 rabbit polyclonal anti-Src a n t i i y ,  which 

recognizes a similar epitope as clone 28 and was demonstrated in comparative snidies to also 

seIectively immunoprecipitate the active fom of Src (data not show), was obtained from Santa 

Cruz BiotechnoIogy, (Santa Cruz, CA). Rabbit polyclonal anti-SHP-1 &body rmgnizing the 

tandem SEI2 domains of SHP-1 was generated in our laboratory as previously described (Kozlowski 

et al., 1993). Rabbit anti-p56 Lck antibody was produced in our laboratory by immuniPng rabbits 

with a bacterial trpE fusion protein containing amino acids 7-144 of Lck (Mills et al., 1992). Rabbit 

muscle enolase (Boehringer-Manheim, Laval, Canada) was acid treated before use as previously 

described (Cooper and Hunter, 1983). Fyn and Lck enzyme pmifxed h m  bovine thymus w m  

obtained from UBI, while punfied Sn: was purchased h m  UBI as a recombinant protein expressed 

in SF9 in- cells by baculovirus containing the human c-Src gene. 

Cells and ce11 lines 

The huma. Jwkat leukernia and the Moit 4 T ce11 lines were obtained h m  the American 

Type Culture Collection (ATCC, Rockville, MD). Cells were cultured in RPMI 1640 (Gibco) 

supplemented with IO% (vlv) fetal bovine senun (FBS, Sigma Chernical, St Lwis, MO) and 10 

pM gentamycin (Gibco). Cells were grown at 37OC in a hlly humidifieci incubator containing 5% 

C a  F h h  human platelets and resting T cells were obtained h m  normal heaithy peripherai 

blood buf@ coats (Toronto Canadian Red Cross). Platelets were isolated from plasma after low- 

speed ceneifugation PBL). T cells were isolated as peripheral blood lymphocytes (PBL) d e r  

purification of bufQ coat blood on density gradients as previously demibed (Branch and Mills, 

1995). Prolif'ting T cell lymphoblasts were prepared h m  PBL by stimulation with PHA (10 

pgml; DZco) for 2 days followed with 100 Uhnl recombinant IL2 (Cetus) for an additional 2 days. 

The HEY ovhan adenocarcinoma cell line was obtained h m  ATCC and maintained in complete 

medium. 

Mice 

Singie-cell suspensions of thymocytes were obtained from 10 - 14 day-oId C3HeBFd- 



niemie (motheaten), C57BL6-mevlhtev (viable motheaten) and congenic wild-type (+I+) mice 

derived at the Samuel Lunenfeld Research Wtute facility by mating C3HeBFe.I me/+ and +I+ and 

C57BU6J me"/+ and +I+ breeding p h  

Imunoprecipitatt'att and Western Bloning 

Ceils were Iysed in 1% N P 4  lysis buffer (1% Nonidet P-40,50 mM HEPES, pH 723,150 

mM NaCl, 50 jM NaF, 50 @f O-phosphate, 50 ph4 ZnC12, 2 MM EDTA, 2 rnM Na3VOa 2 m M  

PMSF). Cell Iysates were centrifuged at 14,000 x g for 10 min at 4OC and protein concentrations 

then detemined by means of the bicincho~nic acid @CA) assay (Pierce). hunoprecipitation 

and Western immunoblots were performed as described previously (Branch and Mills, 1995). For 

protein detection blots were blocked overnight in 5% non-fat milk for detection of Src, washed, 

incubated with the appropriate secondary antibody, and subjected to enhanced cherniluminescence 

(ECL) or incubation with '%Votein A. Where indicated, the immunoblots were stripped and 

reprobed with anti-Src or antiSHP-1 antibody. 

In Vitro Kinase Assay 

Tyrosine kinase activity of Src was assayed by immunoprecipitation of lysates as describeci 

above. The immunoprecipitates were then washed in kinase wash buffer (50 rnM HEPES, pH 7.23, 

150 rnM NaCi, 1 rnM Mm2, 1 m M  MnC12, 0.5% Nonidet PM). The precipitates were then 

incubated in 20 pl of kinase buffer containing 5 pCi I?~P]ATP (ICN) with or without 2 pg acid- 

treated rabbit muscle enolase. The mixture was incubated for 10 min at 37OC, reduced SDS-gel 

sample buffer addecI, and the samples boiled for 10 min. The samples were cenûifuged at 14,000 x 

g for 10 min pzior to loading supematants onto SDS-PAGE gels containing 10%-12% 

polyacrylamide. The 32~-labeled proteins were electrophorecticdy transfemxi to Immobiion-P 

membranes (Miilipore Corp., Bedford, MA) and the labeled proteins visualized by autoradiography. 

Src quantitation was aiso perfomed by antiSrc immunobloaing of the membranes using ECL. For 

assays of Src base activity toward Sm-1,IO ng recombinant Src protein was incubated at 37°C 

for 10 min m 20 uI kinase buffer containing 5 ~ C ~ [ ~ P ] A T P  in the pce~ence of either acid- 

denatureci enoIase (2 pg) or GST (10 pg) or GSTSHP-1(2 Cig) fusion protem. SampIes were then 

boiled for 10 min in recfnced SDS-geI sampIe buffer, centnfiiged at 14,000 x g for 10 min and the 



supernatant proteins bctionated by SDS-PAGE A f b  electrotransfer to Immobilon-P, Src was 

visuaüzed by autoradiography. 

Cyanogen Bmmi& (CNBr) Cteavage rmd Phosphoamino A d  Analysis 

In viîro [y"~]~'I'P-~abeled or in vivo nP04-~abeled Sn: was immunoprecipitated with anti- 

pp6ûc-src 327 and isolated by SDS-PAGE. After electrotransfer to nitrocellulose membranes, the 

60 kDa Src-containhg band was excised from the membranes and subjected to CNBr-cleavage as 

described previously (Hurley et al., 1993). The excised Src protein was incubated with 60 mglmi 

CNBr in 70% formic acid for at least 2 hours at room temperatme* Samples were then washed and 

dried and the CNBr-generated peptide Fragments resuspended in tricine SDS sample buffer, 

resolved by separation on 10-20% gradient tricine SDS-PAGE (Novex, San Diego, CA), transferred 

to Irnmobilon-P membranes and visualized by autoradiography. For phosphoamino acid analysis, 

CNBr-generated protein fragments were excised from ùnmobilon-P membranes, hydroiyzed in 6M 

HCI at l 10°C for 1 hr and separateci by onedimensional phosphoamino acid analysis on a cellulose 

plate as previously descxibed (Hurley et al., 1993; Mills et al., 1990; van der Geer and Hunter, 

1994). Labelled phosphoamho acids were detected by autoradiography and identified by 

cornparison to ~nhydrin-stained standards. 

In Vivo Metaboiic Lubelhg 

In vivo labeled Src for CNBr mapping studies was derived by incubating 4 x 108 human 

platelets or 5 x 107 Jurkat or MOLT 4 T cens for 2 h at 37OC with 32EQ (I mCüml) in phosphate- 

fne RPMI as previously describeci (Clark and Bmgge, 1993; Milis n al., 1990; van der Geer and 

Hunter, 1994) followed by lysis in N P 4  iysing buffkr and subsequent isolation of the labeled Src 

proteins as described above. 

GST'-@ion Proteim 

The giutathione S-îransfenise (GST) htsion proteins used in this study werr derived by 

subcloning the following cDNA or PCR amplifieci fhgmmîs into pGEX2T the full Iength mrrrine 

SHP-1 cDNA (GSTSHP-l), a fiill-Iength murine SHP-f &NA containing a Cys 453+Ser 

mutation (GSTSHP-L (C453S)), the Sm-L N-termina1 SEI2 domain (amino acïds 1-95), the SEP4 



C-terminal SH2 domain (aminoacids 110-205) and the SHP-1 N- and C-terminal SH2 domains 

(amino acids 1-221). These GST expnssion p l d d s  were hansfected mto Escherichia coli Ml01 

and the fusion proteins pitrified h m  isopropyl ~Pthiogdactopycanosi&-induced bacten*a with 

glutathione-conjugaîed Sepharose bearls (Pharmacia). GSTSHP-1 fusion protein was also obtained 

from UBL For binding studies, 1 pg of each GST-fusion protein and GST-beads was incubated 

with 7 ng bz vitro E~-~abe~ed recombinant S n  protein at 4OC for 2 h. The beads wem then washed, 

resuspended in SDS-sample buffer and the pmteins subjected to fractionation over 10% SDS- 

PAGE, transferred to nitroce1Iulose and the n~-labeled Sn: protein Msualized by autoradiography. 

Phosphatase Reachœons 

For phosphatase reactions using GST-fusion proteins, proteins were eluted h m  equal 

amounts of GST-SHP-1, GST-SHP-I (C453S) bead complexes into 300 pi elution buffer (10 mM 

reduced gluthathione, 50 mM Tris-HCI, pH 8.0). Qua1 amounts of these eluted pmteins were then 

incubated with imrnunopcipitated 32~-Sn (in vitro or in vivo labeled) at 37OC in 200 C(i 

phosphatase b u f k  (10 mM Tris-HCI, 1.0 mM EDTA, 1 mglml BSA, 0.1% 2-fbME, 0.01% NaN3; 

pH 7.34). To confirm the activity of the eluted proteins, activities of the PTPs wem assayed in 

parallel using 10 mM pnitrophenylphosphate (pNP?) as substrate (Pei et al., 1994). 

Trmtrfection Snidies. 

For stable tmnsfectons of HEY ceus, the plasrnids -4Ne0, pCMV4NeoSHP-1 and 

pCMV4Neo-SHP-l(C453S) were introduced by lipofection into HEY cens and the cells selected 

for Geniticin resistance. The resuitant lines were assayed for expression of SHP-1 by 

immunoblotting analysis with rabbit antiSHP-1 antibody and fond to overexpress at sirnila. Ievels 

either wild-type SHP-1 or phosphatase-inactive SHP-1 (C453S). 

2.3 RESULTS ANID DISCUSSION 

Analysis of the phosphorylan'on m e  @Src 

To determine whetha the C-terminal or other phosphotyroBine nsidues within Src are 



subject to dephosphorylation by SHP-1. the effects of this phosphatase on Ss tyrosine 

phosphorylation were initially examined using CNBr cleavage malysis. As illustrated in Figure 

2.1-A, CNBr treatment of a~-labe~ed human Sn: has been previously shown to yield 

phosphorylated deavage fbgments of about 31.9.7 and 4.7 kD which. respectively. contain the Src 

N-tennind region encompassing the major sites for serine phosphorylation on Src, Ser 12 and Ser 

17 (31 kD Eragrnent), the inhibiiory tyrosine phosphorylation site. Tyr 530 (4.7 kD fragment) and a 

key site for autophosphorylation on activated Sm, Tyr 419 (9.7 kD hgment; refs (Bolen et al., 

1987a; Clark and Brugge, 1993; Gould et al., 1985; Hurley et al., 1993; Iove ei al., 1987; Mustelin 

et al., 1992; Ostergaard et al., 1989; Schuh and Brugge, 1988). As is consistent with these data, 

tricine SDS-PAGE and subsequent phosphoamino acid analysis of the cleavage Fragments derived 

by CNBr hydrolysis of Src immunoprecipitates h m  n~-labe~ed human T ceils (Molt 4 and Jurkat) 

and Freshly-isolated platelets aIso revealed a predominantly phosphosenne-containing 3 1 kD and 

predominantiy phoûphotyrosine-containing 9.7 and 4.7 kD fragments (Figure 2.1-B and 2.1-C). 

However, in addition to these fragments, the CNBr cleavage products generated in this analysis aiso 

included a phosphorylated hgment of about 3 3  kD 2-18), which was shown by 

phosphoamino acid anaiysis to contain primarily phosphotyrosine (Eigure 2.1-C). Based on the 

apparent molecdar weight of this hgment and the locations of methionine residues within Sn: 

(Figure 2.1-A), the 3.3 kD cleavage fiagrnent most likely corresponds to amino acids 315-341 

within the Sn: cataiytic domain, a possibility which suggests that Tyr 338, a residue recently shown 

to becorne phosphorylated in the context of in vitro phosphate-labelmg of SIC (Barker et al., 1995). 

represents another site of Sn: tyrosine phosphorylation in vivo and as such may also be of relevance 

to the expression of Src kinase activity. By contrast, although one other site of tyrosine 

phosphorylation (correspondhg to Tyr 216 in human Src) has recently been identified within the 3 1 

kDa CNBr fragment (Stover et al., 1996), this phosphotyrosine was not detected under the 

conditions used in this cumnt analysis. 

SHP-I prcferentiaily dèphosphorylates Src iiz vitro 

As CNBr cleavage anaiysis trnda the conditions used in this study distinguished the SIC 

region containiag Tyr 530 as weU as the o h  major hown sites for tymmne phosphoryIation on 

Sm, this approsu:h was next usexi to determine whether any of these sites ~ p ~ s e n t  targets for Sm-1 
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Figure 2.1-A Diagram of human cellular Sn: showing the sites for CNBr cleavage (hatched 

lines) and the major serine (SL2 and S17) and tyrosine (Y419, Y530 and the more recentiy 

icientitied Y338) phosphorylatian sites The 31-, 3.3-, 9.7-, and 4.7-kDa CNBr cleavage fragments 

derived h m  Src are shown under the cleavage map and the positions of amino acid residues 

flanking each fiagment indicated below. 



Fi@e 2.1 A d y &  of the ph0sphoryI;llfion M e  of Sm in human püztek und T ceU lines. 

MOLT4 Jurkat Platelet 

Figure 2-1-8. CNBr cleavage of in vivo labeled Src. Human platelets and MoIt 4 and Iurkat T 

cells were metabolicdly labeled with xm and Src then isolated by immunoprecipitation. 

FoUowing pefication, on SDS-PAGE the labeled Src was subjected to CNBr hydrolysis and the 

cleavage Fragments anaiyzed by electmphoresis over IO-20% gradient tricine SDS-polyacrylamide, 

foiiowed by transfer to Immobilon-P and autoradiography, 



Figure 2-1 4. Phosphoamino acid and ysis of the phosphorylated CNBr Sn: fragments indicating 

whether phosphorylation is on serine (S), threonine O or tyrosine (Y). 



-mediated dephosphoryIation in vitro. To this end, 32~C~abe1ed recombinant Src was incubaîed with 

GST fusion proteins c-g SHP-1 or. as a control. a mu- (C453S). catatybically inert fom of 

SHP-1. and the effects of the latter proteins on the profile of phosphoryIated CNBr SIC cleavage 

fragments then examined As shown in Figure 22-& the phosphorylated 9.7, 4.7 and 3.3 kD 

CNBr h-dgments known to represent phosphotyrosine-containing regions of Src were again 

detected following CNBr hydrolysis of Src pretreated with inactive SHP-1 (C453S). By contrast, 

intensities of the bands representing each of these n~-labe~ed species, but rnost notably the 4.7 and 

3.3 kD phosphorylated hgments, were markedly reduced in the context of Sn: pretreatment with 

SHP-1, a result which suggests that the phosphotyrosine residues located in these fragments can be 

dephosphorylated in vitro by SHP-1. Along similar Iines, SHP-1 treatment of in vitro 32~-labeled 

Sn: immunoprecipitates from human platelets was also associated with dramatic decreases in the 

signal intensities and, by extension, phosphorylation States of the thRe Tyr-containing CNBr- 

generated cleavage fragments (Figure 2.2-B). As shown in Figure 2.2-B, phosphorylation of the Sn: 

regions represented by the 4.7 and 3 3  kD cleavage fiagrnents again appeared to be more sensitive 

to SHP-1 pretreatment than was phosphorylation of the 9.7 kD fragment. A further assessrnent of 

these changes by densitomeûic andysis revealed the reduction in phosphorylation levels following 

a 30 minute or 60 minute incubation of Src with SHP-1 to be about 8-10 fold and 2 folci, 

nspectively, greater for the 4.7 and 3 3  than for the 9.7 kD fiagment (Figure 2.242). Thus, while 

these data suggest the capacity of SEP-1 to dephosphorylate in vitro Tyr 419, Tyr 338 and Tyr 530, 

the major sites for tyrosine phosphorylation on the 9.7, 3 3  and 4.7 kD cleavage fragments. 

respectively, these finindings also indicate that SHP-1 exerts a more pronounced effect on the 

phosphorylation of Tyr 338 and Tyr 530 than on Tyr 419. 

SHP-I preferentially dephsphorylates Src in vivo 

To determine whether SHP-1 ais0 dephosphorylates SIC phosphotyrosine residues labeled in 

vivo, additional CNBr cleavage studies were performed on SHP-1 treaîed Sn: immunoprenpiitaes 

dcrived h m  s~-biosyntheticalIy labeled human plate1ets and Iurkat T tek As shown in Figure 

22-D, pretreatment of the in vivo labeIed Sn: with cataIytically inert SHE-1 (C453S) was again 

assoc*ated with the generation of the three phosphorylated CNBr cleavage £îagrnents known to 



Figure 2.2 The S&P-I tpsinephospha&ue pferentWy &phosphoq19fes 
Tpr 530 of phosphqydofed Src. 

Recombinant 

Flgum 2 2 4  CNBr analysis of cleavage of SHP-I treated in vitro labeled recombinant Src. 

Foiiowhg n~-~abeiing in vitro, 7 ng recombinant SR: W ~ S  incubateci for 15 min at 37OC with 30 ng 

GST-fusion proteins containmg catalytically inert SHP-1 (C453S) or with 30 ng in-house-cierived 

(1) or 60 ng commerciercially obtained (2; UBI) GST-SHP-1 fpsion pteins. The IabeIed Src was thm 

purif?ed and subjected to CNBr cleavage mdysis, as in Figure 2.1. 



Figure 2.2-8. CNBr cleavage of SHP-1-neated in vitro labeled platelet Src. Src 

Unmunopezipitates prepared from 4 x 108 human platelets were 32~-labeled in vitro, incubated for 

30 or 60 min at 37OC with 30 ng GSTSHP-1 fusion protein and then ptuified and subjected to 

CNBr hydrolysis. 



F&m 2.2 The S H H  @iwihephosphafrrrepferanfi-y dephospioryikrtes 
Tyr SM of phosphoryliaed Src. 

9.7kD 4.7kD 3.3kD 
(pY419) (pV530) (pY338) 
CNBrgenerated fragment 

Phosphorylation of each phosphotyrosine-containing CNBr hagrnent shown m 

Figure 2.2-B was quantitated using a Molecdar Dynamics Computing Densitometer and tyrosine 

phosphorylation @Y) of the 9.7.. 4.7- and 3.3- kDa cIeavage hgments denved h m  SHP-l-treated 

Src was compafed with that of the respective fragments deriveci h m  Sm-I (C453S>treated Sn: 

and the difference expressed as the percentage decnase in tyrosnie phosphorylation. 



Platelet Jurkat 

R ~ U B  2-29. CNBr cleavage of SHP-1-treated in vivo labeled Src. Human platelets and Jurkat T 

ceb were metabolicaiiy labeled with 32PU4 and Src was then isolated by immunoprecipitation. 

FoIIowing 30 min treatment with 30 ng GST-SW-I (C453) or SHP-1 fusion proteins, the Iabeled 

Src was purifieci and subjected to CNBr cleavage analysis. The data show in each panel are 

qmsentative resdts of at Ieast two independent expcriments. 



contain key residues for Src tyrosine phosphorylation. However, in conhast to the data obtained by 

anaiysis of in vitro labeled S s  protein, SHP-1 treatment of the in vivo labeled Src 

immunopcipitates was assofiated with a reduction in the phosphorylation of the 4.7 kD CNBr- 

derived cleavage hgment, but had iittIe effect on phosphocylation status of the 9.7 and 3 3  kD 

hgments. As indicated by the phosphoamino acid analysis of these respective segments shown in 

Figure 2.1-C. this difference in the susceptibility of in vivo versus in vitro 32~-labeled Src to SHP-1 

catdytic activity cannot be ascribed to differencw in the phospholabeling of serine/threonine 

residues and may therefore reflect in vivo labeiing of additional tyrosine residues not efficiently 

phosphorylated under in vitro conditions. These midues Mght indu&, for example, tyrosines 329 

and 343 that are also contained within the 3.3 kDa fragment, and which are not susceptible to the 

action of SHP-1. While this latter issue requires fuither investigation, these data are consistent with 

the hypothesis that Src represents a substrate for SHP-1 and raises the possibility that SHP-I 

mediates dephosphorylation of the C-terminal inhibitory phosphotyrosine site. 

Src associates with the S W I  NH2-tenrtinat SH2 domain 

In view of the data suggesting SHP-1 involvement in the dephosphorylation and potentiaily 

regdation of SE, the possibility that these two enzymes physically associate with one another in 

activated lymphocytes was next investigated As show in Figure 2.3-A (upper panel), anti-Src 

immunoblotthg analysis of SHP-I immunoprecipitates prepared h m  intaleukin-2-stimulated 

perïpheral blood lymphocytes, revealed an assocÎation of SHP-L with SE in these cells, although 

cornparison of the amount of Srç present in total ceU lysates versus the amount coprecipitated with 

SHP-1 suggests that the fraction of total cellular Src associated with SHP-1 is very low. Sm-ISE 

association was also o b w e d  in reciprocal experirnents involving antiSHP-L immunoblotting 

analysis of antiSrc immunoprecipitates (Figure 2.3-A, lower panel) and in simila. studies of Jurkat 

T lymphocytes and human platelets (data not shown), but was consistently not detected when cell 

1- for these studies were prepared in buffer lacking orthovanadate, a potent tyrosine 

phosphaîase inhibitor (Figure 2.3-A). Together these observations tink the association of SHP-1 

with Src to a phosphotyrosine-ciependent interaction and, as is consistent with previous data 

showing that thrombm stimuiatim induces both association and in& tyrosine phosphoryIaîion 

of pIatelet SHP-1 and Src (Faiet et d, L996), suggest uiat the interaction of these enzymes may be 





mediated through the binding of one or both of the SHP-I SE2 domains with Src phosphotyrosine 

&dues To address this issue, GST fusion proteins carrying N1-tength SHP-1 and SW-I (C453S) 

or the tandem or singie SEP-1 SH2 domains were evaiuated for their capacities to interact with 

phosphorytated recombinant Src. The resdts of this in vitro andysis reveaied specific binding of 

phosphorylated Src (Figure 2.3-B), but neithex phosphorylated Fyn nor Lck to the SHP-1 (C453S) 

fusion pmtein. Furthermore, as shown in Figure 2-34, Src was also prrcipitated by the fusion 

proteins containing both SEI2 or the N-terminal SHP-1 SEI2 domain, but not by the M o n  pmtein 

containing only the C-teminal SHP-1 SEI2 domain. Thus, as  has also been described in relation to 

SHP-1 interactions with other putative substrates, such as the erythropoietin and c-kit receptors 

(KlingmuIIer et al., 1995; Yi and &le, 1993), these observations suggest that a single, in this 

instance, the N-terminal, SEI2 domain mediates the binding of SHP-1 to phosphotyrosine(s) on Src. 

Conversely, GST fusion proteins containing the Src SH2 domain have been shown to precipitate 

phosphorylated SHP-1 h m  thrombin-activated platelets (Falet et al., 1996) and it is therefore 

possible that SHP-1 association with Src involves multiple sites of interaction on these respective 

proteins. However, in view of our results indicating that GST-SHP-1 (C453S) fusion pmteins also 

precipitate Src h m  peripheral b 1 d  Iymphoblast lysates containing orthovanadate, but not h m  

lysates lacking orthovanadate (data not shown) as well as data showing SEP-1 activity to be 

substantiaily increased by the binding of its N-terminal, but not C-terminai SH2 domain to tyrosine 

phosphorylated ligands (Pei et al., 1996), the interaction of the SHP-1 N-terminai SHî domain with 

Sn: appears to represent a physiologically relevant molecular association which may facilitate SHP- 

1 recniitment to and ultimately dephosphorylation of Src. 

SHP-I is a potentral substmte for Src 

While the analysis of SEP4 effects on Sn: tyrosine phosphorylation identify Sn: as a 

potential substrate for this PTP, previous &ta showing that SHP-i can be tyrosine phosphorylated 

by vSrc (Matozaki et al., 1994), the product of the transforming gene of Rous sarcorna Wus, 

suggest that SHP-1 may &O reqmseut a substrate of the cellular Sn: homologue. To addrws this 

possibüity, the capacity of recombinant Src to phosphorylate GSTSHP-1 fugon proteins was 

investigated using an in vitro base assay. As shown in Figure 2.3-D, the nsults of this anaiysis 

reveaIed the mduction of SHP-I tyrosine phosphory1ation by Src, thereby identifjing SHP-L as a 



Figiua 2.3 Sm asso&es wiU, d phosphorylrdes SHP-I. 

Figure 23-8. Phosphorylated Src, but not Lck or Fyn. binds to SHP-1. GST fusion proteins 

containing the Cys 45hSer  catalyticaiiy inert form of SHP-1 (GST-SHP-1 (C453S)) were used to 

precipitate in vitro *P-labeled recombinant Sn: and piInfieci Lck and Fyn proteins. Aliquots of the 

phosphorylated proteins (lefi Iane of each panel) and the GST-SEIP-I (C453S)-bound proteins 

(right Iane of each panel) were then subjected to SDS-PAGE, t r a n s f d  to Imrnobilon-P and 

analyzed by autoradiography. The use of equivdent amounts of GSTSHP-1 (C453S) was 

confirmai by immunobloaing wÏth anti-GST antibody (data not shown). 



Figure 23 Sm acssociafes with dphosphotylates SRP-I.. 

Figure 2.34. Binding of phosphorylated Sn: to the SHP-1 SH2 domains. Glutathione- 

sepharose-bound GST fusion proteins (I  pg) containing the SHP-1 and C-terminal (GST- 

SH2 (Ni€)) domains. oniy the NHrterminal (GSTSH2(N)) or C-terminal (GSTSH2(C)) S H 2  

domains, the full-length wild-type SHP-1 (GST-SHP-1)or the catalytically inert SHP-1 (GST- 

SHP-I (C453S)) protein were used to precipitate in vitro %labeled recombinant Src proteins (7 

ngliane) at 4OC for 2 hrs; and the precîpitates were subjected to SDS-PAGE, transfer to 

Immobilon-P and autoradiography. The positions of Src and molecuIar mass standards are shown 

on the right. 



Fi' 2.3 Src associates with dphosphogdkües S m .  

Figuie 2.3-0. Sn: phosphorylates SHP-I m vitro. Recombinant Src (10 ng) was incubated with 2 

pg enolase, 2 pg GST-SHP-1 fusion protein or 10 pg GST protein alone in kinase buffer containing 

5 pCi [y-=~] ATP and the samples then malyzed by SDS-PAGE and autoradiography. AHOWS on 

the right indicate the positions of GSTSHP-1. enolase and Src. 



potentid substratte for this kinase. SHP-I has ais0 been shown to be a substrate for Lck @rem et 

d, 19%) and ZAP-70 (Plas et al., 1996) and the respective relevance of these PTKs to SHP-I 

phosphorylation in vivo thus reqirires fiirther analysis. However, in view of &ta showing SHP-1 

activity to be enhanced by tyrosine phosphorylation (IJchida et d, 1994). the cunent &ta raise the 

possibiiïty that a reciprocd fimctional relationship exists m e e n  SHP-1 and Src, the physical 

association of these proteins dowing each enzyme to activate the other in either a coordinate or 

sequentid fashion. Along similar lines, binding of SHP-1 to another putative ETK substrate 

(ZAP-70) has been shown to induce changes in the catalytic activities of both enzymes, although in 

contrast to Src, ZAP-70 kinase activity appears to be diminished in conjunction with increases in 

SEP-I phosphatase activity (Plas et al., 1996). 

Src uctivlly is substantiully lower in SHP-2 defcimt motheaten mice 

In addition to SHP-1, a number of other ms, including most recentiy the structuraliy 

sirnilar SHP-2 protein, have been shown to dephosphorylate Src in vitro at the C-terminal regulatory 

tyrosine (den Hertog et al., 1993; Fang et al., L994; Peng and Cartwright, 1995; Pieng et al-, 1992), 

but the extent to which these respective enzymes contribute to Src activation in vivo remains 

unclear. To specificaily ascertain the biologic relevance of Sm-1 to the regdation of Src, activity 

of this PTK was next investigated in unstimulated thymocytes from motheaten (me) and viable 

motheaten (me") mice, animais which express negligible SHP-1 cafalytic activity consequent to 

lossi)€-hnction mutations in the SHP-1 gene (Kozlowski et d, 1993). As is consistent with 

previous data h m  ou.  group @ranch and Mills, 1995), the results of antidrc immunoblotting 

analysis confirmed the presence of Src in thymocytes h m  both mutant and normal, congenic mice. 

However, while levels of Sn: protein appeared equivalent in the SHP-1 deficient and normal 

thymocytes, the in vitro kinase activity of Src as evaiuated by autophosphorylation following 

immunopcecipitation was markedly Iowa in the me and me' cells compared to normal thymocytes 

(Figure 2-4-A). By contrast, levels of Lck autophosphorylation and protein after 

immmoprecipitation were no different in the nie and wild-type ceus (Figure 2.448). These findings 

are consistent with the in vitro data dem-ng the capacity of SHP-1 to dephosphoryIate the Src 

C-terminal inhitory tyrosine and, although the biologic hctions of Src in thymocytes are 

c m t L y  mclear, these data strongIy suggst a d e  for SHP-1 m the activation of Sn: in vivo. This 



Figure 2.44 Src kinase activity is reduced in motheaten thymocytes, Lysates were prepared 

h m  thymocytes obtained from motheaten (mehie), viable motheaten (mevlme') and congenic wild- 

type (&) mice and the 1- ptems (15 mg) immunoprecipitated with anti-Ss antibody. 

Aliquots of the precipitates were then subjected to an in vitro kinase reaction, htionated over 

SDS-PAGE and transferred to Immobilon-P membranes and the membranes subjected to 

autdography (upper panel). Equal aliquotg of the remaining mUaunoZlrenpitates were 

fkacaonated by SDS-PAGE and immunoblotted with a n G s  antiaody (Iower panel). 



Fi- 2.4 SRP-I U a posifive reguhbr of Sm. 

Fîgure 2.4-8. Lck activity is present in motheaten thymocytes. Lck was immunoprecipitated 

h m  motheaten (mehie) and wüd-type (+/+) mice and the immune complexes thm subjected to an 

in vitro kinase assay as above (upper panel). EquaI Ievels of Lck protein wen confïmed by 

Western immunoblotthg of total ceII lysates with anti-Ix=k anticbody (iower panel). 



contention is a h  supporteci by the finding that SHP-1 incubation with Sn: immunoprecipitates h m  

me thymocytes substantially increased the extent of Sn: autophosphorylation in vitro (Figure 2.443, 

a nsuIt which agah links SHP-1 to not only the dephosphorylation. but also the activation of Src. 

Motheaten mice show marked reduction iir proportrun of active venus irurcrive Src proteih 

To confllm the association of the me mutation with reduced SR: activity, Src protein was 

immrmoprecipitated from me and wild-type thymocytes using antibodies (clone 28 and SRC 2) 

rai0sed against the tyrosine dephosphorylated Src C-terminus and previously shown to selectively 

recognize the active form of the enzyme (Kawakatsu et al.. 19%). As ihsüated in F i p  2.4-D 

(panel 11). the results of an in vitro kinase assay using these respective irnrnunoprecipitates revealed 

SR: activity to be detectable in the wild-type, but not in the me-àerived immunoprecipitates. As 

immunoblotting anaiysis of the me ce11 lysates with the GD1 l m g m  2.4-D, panel 1), or 327 (data 

not shown) anti-Src antibodies, which react with both the inactive and active f o m  of Src, 

demonstrated comparable levels of total SR: in me and wild-type ceIis, these data indicate that me 

thymocyte Src protein is not imrnunoprecipitable by the clone 28 and SRC 2 antibodies and 

therefore imply that the Sn: present in me thymocytes is largely inactive. As is consistent with this 

contention, re-immunoprecipitation of Sn: h m  supex-natants of clone 28 or SRC2 

immunoprecipitates using the 327 antiSrc antibody revealed the me, but not the wild-type 

immunoprecipitates to contain a substantiai level of Sn:, presumably representing the inactive 

pmtein (Rgure 2.4-D, panel m). These findings, together with the demonstration that the me 

mutation does not alter expression of other prominent thymocyte P W s ,  such as CD45 and SHP-2 

(Figure 2.4-E), provide strong evidence that SHP-I deficiency impairs Src activation in vivo. 

Dominant negati've SHP-I expression results ùt decreased Src a&ty 

As SHP-I is expressed in epithelial as weU as hemopoietic lineages, the role for SHP-I in 

Src activation was also investigated by evaiuating Src activity in HEY ovarian cancer cells 

transfected with utpression constructs containhg cDNAs for either ad-type SHP-L or SEP-L 

(C453S), the latter of which has been shown to function in a dominant negative fashion in sww ceIi 

types (Plas et d. 1996, Su et aL, 1996). Compared to HEY cells transfécted with vector alone, 

levels of SHP-1 protein in the cens M y  transfected with SHP-1 and SHP-I (C453S) were fond 



F l g u ~  ?.a. Activity of motheaten Sn: is reconstituted by exogenous SHP-1. SR: 

ùnmunoprecipitates deriveci h m  motheaten thymocyte Iysates (1.5 mg) were incubated at 37OC for 

2 h m phosphatase reaction b&er with 30 ng GST-SHP-1 fusion protein. FoIiowing washing in 

kinast buffer containing 2 mM orth~vanadate~ the complexes were subjected to an in vitro kinase 

reaction, frsictionated by SDS-PAGE, transfenred to Immobüon-P and assessed by autoradiography 

(upper panel). Membranes were ihen subjected to antiSrc immtmobIotting using E U  (lower 

p a n a  



- 68 

enolase + -43 

Figure 2.4-D. Motheaten thymocytes show markcd reduction in proportion of active versus 

inactive Sn: protein. Lysates were prepared h m  motheaten (meIrne) and congenic wild-type (+/+) 

thymocytes and the lysate proteins (1.0 mg) were subjected to immunoblotting analysis with anti- 

Src (GDII) antibody (panel 0. Sn: was immunoprecipitated h m  motheaten and wild-type 

thymocyte lpates using an antiSrc antibody which recognizes only the active, C-terminal 

dephosphorylated fom of Sn: (Kawakatsu et aL,1996), and the immune complexes were then 

subjezted 10 an m vitro kinase reaction and the reaction products assesseci by autoradiography (panel 

II). Remaining supematants were then mbjected to re-immunoprecipitation with the 327 antiSrc 

antiibody which recognizes both the active and inactive forms of Src foiiowed by immunoblottmg 



Figure 2.4 SBP-I Lr a poMe  reguMor of S .  

Figure 2.4-E. The motheaten mutation does not alter expression of SHP-2 or CD45. CeIl lysate 

proteins were obtained h m  motheaten (mehe) and wild-type (+/+) thymocytes and h m  Jurkat T 

cells and IlnmunobIotted with antibodies to SHP-1, SEP-2 and CD45. 



to be increased by about 2 fold (data not shown). As shown in Figure 2.4-F, analysis of the in vitro 

kinase activity of Src protein hunopncipitated h m  these transfectants revealed the 

phosphorylation of both Src as weil as exogenous enolase substrate to be relatively reduced in the 

SHP-1 (C453S) overexpnssing ceUs compareci to cells ovenxpressing wild-type SHP-1 or 

hansfected with vector alone. Following epidemial p w t h  factor (EGF) stimulation of these cek, 

Sn: activity again appuind lower in the Sm-1 (C453S) expressing cells than in the empty vector 

ûansfectants, a cornparison of enolase phosphorylation with Src protein Ievels suggesting about 15- 

2 fold reduction in Src kinase acbivity in the former relative to latter cells both before and after 

stimulation. By contrast, phosphorylation of a nurnber of species copncipitated with Sn: h m  the 

EGF-treated ceils was markedy increased in the wild-type SHP-lexpressing relative to empty 

vector-transfected cells, suggesting that Src kinase activity on endogenous substrates is enhanced in 

the context of SHP-1 overexpression. Together these findings strongly suggest that the effects of 

SHP-1 on Src tyrosine phosphorylation are relevant to the activation of Sn: in not only hemopoietic, 

but also epithelial cell lineages. 

The &ta presented herein revealing the capacity of SHP-I to dephosphorylate Src 

preferentially at the C-terminal negative regdatory tyrosine as  well as a positive comlation 

between the expression of SHP-I and Sn: activity in vivo provide compelling evidence that SHP-I 

pIays a role in the activation of Src in vivo. The identification of SIC as a met for positive 

modulation by Sm-1, a PTP previously impücated in the negative replation of a spectrum of 

signalhg effectors, inclucting the ZAP-70 and JAK2 tyrosine kinases (Jiao et al., 1996; Plas et a%, 

1996). indicates that SHP-I eff- on ceiI behaviou. may be realized through enhancement as well 

as inhibition of intracellular signaling cascades. Thus, while the structural basis for and physio1ogic 

sequelae of SHP-1Src quire  M e r  mvestigation, these data suggest SHP-I 

regulaîory effezts on SIC may be relevant to the genesis of human epithelial and potentially other 

cancers associaîed with mcreases in Sn: activity. 
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Fig~fe 2.4-f. Dominant negative SHP-1 expression d t s  in decreased Src d v i t y  m HEY cells. 

Relative '1.2 0.9 0.4 0.4 0.6 0.3 
Kinase A c M t y  , 



Figure 2.4-F (continueci). 

Lysates w m  prepared h m  unstimulated HEY cells or HEY ce11 stimulated with epidermd growth 

factor (100 ng/d)  and stably transfected with pCMV4Neo (vector) or pCMV4Neo containing 

either the SHP-1 or SHP-I (C453S) cDNAs and the lysate proteins (1 mg), then subjezted to 

immunoprecipitation with antiarc 327 a n t i i y y  The immune complexes wem then coHected and a 

portion of the precipitates subjected to an in vitro kinase teaction with enolase added as an 

exogenous substrate. Foliowing fractirnation and transfer to Immobilon-P, the complexes were 

anaiyzed by autoradiopphy (upper panel). Remaining aliquots of the precipitates were subjected 

to irnmunoblotting andysis with anti-Src antibody (Iower panel). Positions of SE, enolase and 

immunogIobulin heavy chain, Ig (H), are indicated by arrows and moIecular mass standards are 

shown on the Iek Relative specifïc kinase d v i t y  (below Iowa panel) repre~ents the ratio between 

the Ievels of Src-induced enolase phosphoryIation and SR: protein as detennioed by densitometic 

aaaiysis of the relevant bands show in the uppg and Iower p d ,  respectveiy. 



SHP-1 MODULATES CD19 TYROSINE PHOSPHORYLATION BY 

DOVYNREGULATING LYN PROTEIN TYROSINE KINASE ACTIVITY 

Contents of this chapter have b e n  accepted for publication in the Journai of Biologicai Chemistry 

(Novernber 2000). The SEP-1 Modulates CD 19 Tyrosine Phosphorylation by Downregulating Lyn 

Rotein Tyrosine Kinase Activity. My-Khan Somani, Kenneth Yuen, Fenhao Xu, Jinyi Zhang, 

DonaId R, Branch and Katherine A. Siminovitch, 



SHP-L is a cytosolic tyrosine phosphatase implicated in downregdating of B cell antigen 

receptor signaling. SHP-L effects on the antigen ceceptor refiect its capacity to dephosphorylate 

this nceptor as weil as several inhibitory cornodulators. In view of our observation that antigen 

receptor-induced CD19 tyrosine phosphorylation is constitutively increased in B cells From SHP-I- 

deficient motheaten mice, we investigated the possibility that CDI9, a positive moddator of 

antigen receptor signaling, represents another substrate for SHP-1. However adysis of CD19 

coimmunoprecipitable tymsine phosphatase activity in CD19 immunoprrcipitates from SHP-1 

deficient and wild-type B cells reveaied that SHP-1 accounts for only a minor portion of 0 1 9 -  

associated tyrosine phosphatase activity. As CD19 tyrosine phosphorylation is modulated by the 

Lyn protein tyrosine kinase, Lyn activity was evaiuated in wild-type and motheaten B cells. The 

results revealed both Lyn as well as CDl9-associated Lyn kinase activity to be constitutively 

increased in SHP-l-deficient compared to wild-type B cells. The data also demonstrated SHP-1 to 

be associated with Lyn in stimulated, but not in nsting B cells and indicated this interaction to be 

mediated via Lyn binding to the SHP-I amino-terminal SH2 domain. These findings, together 

with cyanogen bromide cleavage data revealing that SHP-1 dephosphorylates the Lyn 

autophosphorylation site, identify Lyn deactivation/dephosphorylation as a likely mechanism 

whereby SEP4 exerts its influence on CD19 tyrosine phosphorylation and, by extension, its 

inhibitory effect on B ce11 antigen receptor signaling. 

B ceU responses to antigen stimulation are transduced intracelIuIarly via the B ceU antigen 

teceptor @CR), a multimerïc nceptor complex comprised of membrane immunogiobulin and the 

Ig a and B chairis (Justement, 2000; Reth and Wienands, 1997). The signais tnuismined 

c o q u e n t  to antigen engagement &ive B lymphocyte activation via a compiex signaiing network 

which biochemicdy links the receptor cornplex to cellular responses such as to proMeration, 

diffkmtiation and antiaody secretion. Transmission of BCR signais via this mtracellular circuitry 

is further mgulated by the intepration of accessory signds h m  BCR comodulators (CampbeIl, 



1999) and is highly depardent upon reversible protein tyrosine phosphorylation mediated by the 

baianced activities of protein tyrosine kinases @TICS) and phosphatases (PTPs) (Sinrinovitch and 

Neel, 1998; Tedder- 1998). 

The initial events of BCR signai relay ate characterizxi by the activation of s e v d  PTKs 

including Lyn, F p T  Bk, Syk and BTK, and the subsequent recruitment of secondary signaling 

moldes,  includmg phosphatidylinositol3-kinase (PU-kinase), Shc, BWKISLPaS, Vav, SOS1, 

and phospholipase Cy (Deckert et al., 1996; DeFranco, 1997; Fu et al., 1998; Gold and Aebersold, 

1994; Lankester et al., 1994; Saxton et al., 1994; Wienands et al., 1998). These initial interactions 

induce Ras activation, phosphoinositide turnover, inmases in intracellular free calcium and other 

intemediary events which ultimately transduce the BCR-evoked signal to the nucleus and 

consequent proliferation, apoptosis, maturation or other physiologicai responses. The rnechanisms 

whereby BCR ligation can induce such a wide diversity of biological outcornes are not well 

understood, but are likely tu involve modulation of the BCR signaling pathway by a spectnnn of 

transmembrane and cytosoüc signaling effectors that quditaîively a d o r  quantitatively aiter the 

relay and downstream interpretation of BCR signal (Smith and Fearon, 2000). 

Among the myriad of proteins implicated in the regulation of BCR signaling, the cytosolic 

protein tyrosine phosphatase (PTP) SHP-1 is distinguished by its predominant role as an inhibitor 

of BCR-driven activation events (Siminovitch and Neel, 1998). The inhibitory effect of SHP-1 on 

BCR signaling was initially revealed by the demonstration that BCRevoked proliferation of 

mature B ceIIs and clonal deletion of self-reactive B ce11 precursors are aberrantly increased in the 

context of SHP-1 deficiency (Cyster and Godnow, 1995; Pani et al., 1995). These latter studies 

involved analysis of B cells from motheaten (mehze) and viable motheaten (mevhev) mice, 

animals in which expression of no SHP-I or a catdyticaily inactive form of SHP-1 protein, 

respectively, is associated with increased levels of s e m  irnmunogiobuiïns, high autoantibody 

titre, and a marked expansion of CD? B-1 cells in the periphery (Kozlowski et aL, 1993; Shula 

and Sidman, 198'7). At present, the biochemicai basis whereby SHP-1 exezts its inhibitory effects 

on BCRevoked responses are not entireIy &fine& This FTP has, however, been shown to interact 

with the BCR cumplex in resting B ceus and (ikely acts in this context to maintain the Rceptor in a 

tyrosine dephosphoryiated state (pani et d, 1995). FollowSig BCR ligation, SHP-1 no longer 

associates with the BCR, but instead interects widi a number of BCR-inducibly tyrosine 



phosphoryaiad tnmsmembrane CO-receptors (Blery et al., 1998; Doody et di, 1995; Wu et aL. 

1998). These CO-receptors. which include CD22, PIR-B and CD72, have all been impLicated in the 

dowmegulation of BCR signaling (Maeda et al.. 1998; Nomura et al., 1996; 0-e et al., 1996) 

and have been show to interact with the SHP-I SEI2 domains via phosphorylated tyrosine 

residues embsdded within immunoreceptor tyrosine-based inhibitory motifs (Kbk) (Blery et d, 

1998; Doody et al., 1995; Wu et 1,1998). The inhibitory effects of these receptors depends upon 

their binding to SHI-1 and appears to be realized via SHP-1-mediated dephosphorylation of 

tyrosine residues within the receptor cytosoüc domains and/or other intracellular signaling 

effectors recruited to these receptors following BCR engagement. 

In conmt to the KIM-containhg CO-nceptor mol~ules, a number of B ce11 

transmembrane CO-receptors modulate BCR signaling so as  to arnplify the signal and promote its 

downstream propagation. Among these positive moduiatory receptors, the B lineage-specific 

CD19 molecule appears to play a centrai role in enhancing BCR coupling to a specmim of cellular 

behaviours. CDL9, which is expressed as a component of a multimenc complex on the B ceU 

surface (Bradbury et al., 1992), becomes rapidly tyrosine phosphorylated following BCR 

engagement (Uckun et al., 1993) and consequently intenicts with SH2 domain-containing 

signaling effectors, such as Lyn, Fyn, Syk, Vav and PU-kinase, which play integral d e s  in BCR 

signal delivery ~ u v s o n  et al., 1993; Uckun et d, 1993; van Noesel et al., 1993b; Weng et al., 

1994). Recent &ta suggest that CD19 effects on BCR signaling reflect its capacity to not only 

interact with Sn-family PTKs. but also to amplifi the activities of these enzymes (Fujimoto et al., 

199%). As is consistent with the positive role for CD19 in ngulation of BCR signaling, mice 

which overexpnss CD19 consequent to the expression of a CD19 transgene, manifest augmented 

B ce11 proliferative nsponses to BCR cross-linking and show markediy increased serum 

immunoglobulin Ievels (Engel et al., L995). These animais also display a dramatic increase in the 

numbers of B-1 iineage ceUs and a pportionate decrease in the numbers of conventional B cells 

within the periphery (Sato et al., 1996a). These observations thereforr reved the phenotype 

engendexed by CD19 ovcrexpnssion to be very similar to the B ceiI phenotype confemd by SEP- 

1 deficiency. a fincihg which suggests that the influence of these respective proteins on BCR 

signahg thresholds reflects the modulation of a cornmon signahg ekment or cascade. Tlns 

hypothesis is further supportai by om previous data reveaiing BCRevoked CD19 phosphorylation 



to be markedly reduced in cells lacking both the CD45 and SHP-I ETPs (Pani et al., 1997) and 

thus identifying CD19 as a possible target of SHP-1-mediated dephosphorylation. 

in the cumnt study, we have dkectly investi- the d e  f' SHP-1 in modulating the 

tyrosine phosphorylation of CD19. The resdts of these studies con- that BCR-induced tyrosine 

phosphorylation of CD19 is enhanced in SHP-1-deficient mice, but also suggest that the 

contribution of SHP-1 to the direct dephosphorylation of CD19 is small. Because of these 

observations, as well as data revealing CD 19 to be associated with the Lyn protein tyrosine kinase 

following BCR engagement (Uckun et al., 1993; van Noesel et al., 1993b) and identifying a central 

role for Lyn in modifying CD19 effects on B ce11 survival (Myers et al., 1995; Uckun et al., 1999, 

we next investigated the possibiiity that SHP-1 influence on CD19 tyrosine phosphorylation is 

mediated via the regulation of Lyn activity. The results of this anaiysis indicate both BCR-induced 

tyrosine phosphorylation and activation of the Lyn protein tyrosine kinase to be markedly 

augmented in melhre and meY/mev compared to wild-type B cells. In addition, Lyn inducibIy 

associates with the SHP-1 N terminal SH2 domain and is dephosphorylated at its 

autophosphorylation site (Tyr-397) by incubation with SHP-1. These data identify Lyn as a 

substrate for SEP4 mediated dephosphory lationldeac tivation and suggest that SHP- 1 in hibitory 

effects on Lyn activity contribute to the downregulation CD19 tyrosine phosphorylation and may 

thereby provide an important mechanisrn for dimpting CD19 interactions with downstrearn 

efkctors involveci in the relay and amplification of BCR-initiated activation signal. 

Anribodies and Reagents 

Antibodies used for these studies included the following: PE-conjugated B220 antibody 

from PharMingen (Mississauga, ONT), rabbit polyclonal anti-Lyn antibody from Santa Cruz 

Biotechology Inc (Santa Cruz, CA), monoclonal anti-phosphotyrosine anti'body 4G10 from 

Upstate Biotechnology Inc. &ake Placid, NY), and goat F(ab')z anti-mouse IgM antibody h m  

Jackson Immun0 Research (West Grove, PA). Rat ah-mouse CD19 antibody was produced by 

the LD3 hybndom (pmvided by Dr. D. Fuiron, University of Cambridge School of Medicine, 



Cambridge? UK) ( Ihp et UL, 19%). and a rabbit polyclonal antiCD19 anti'body was derived by 

immunization with a polylysine-conjugatbd peptide corresponding to amino acids 504-523 within 

the CD19 cytosolic domain (SynPep Corp.. Dublin, CA). Rabbit polyclonai anti-SHP-1 antibody 

and monoclonal anti-Thyl.2 antibody h m  the hybridoma clone JU.10 (ATCCI'lBl84) were 

producd in our laboratoly as previously dcscnbed (Kozlowski et al.. 1993; Pani et al.. 1995). 

Law-Tox rabbit cornplernent was purchased h m  Cedarlane (Homby. ONT) and chernicals used 

for immunoprecipitatiod immunoblotting were purchased from Sigma Chemicai Co. (St. Louis, 

MO). 

Cells mid Cell Iines 

Single ce11 suspensions of splenocytes were obtained h m  10-14 &y old C3HeBFeJ- 

memie (motheaten), C57BL6-mevhev (viable rnotheaten) and congenic wild-type (+/+) mice 

deMeci at the Samuel Lunenfeld Research Institute breeding facility by mating C3HeBFe.J-me/+ 

and +/+ and C57BUaT-mev/+ and +/+ breeding pairs. Purifieci populations of splenic B 

lymphocytes were obtained h m  mehne, mev/mev and wild-type congenic rnice by subjecting 

splenic ce11 suspensions to erythrocyte lysis in 0.8% ammonium chloride lysis buffer (150 mM 

NIiXQ,, I rnM KHCa and 0.1 rnM EDTA, pH 7.21, followed by treatment with anti-Thyl.2 

antibody for 30 min on ice and a subsequent 45 min incubation with a 1:15 dilution of tabbit 

romplement (Serotec Ltd, Toronto, ONT). The cells were then washed and layered over a Percoll 

gradient (Pharrnacia, Baie dtUrfe, PQ) as previously described (Pani et a[., 1995). The resuiting 

celis were > 90% d g  and B220 positive as determined by FACS (Becton Dickinson, 

Mountainview, CA) analysis. The murîne CH12 B lymphoma Iine (Arnold et al., 1983) 

(provided by Dr. A. Kaushik, University of Guelph, Guelph, ONT) and the WEHI-231 B 

Iymphoma line (purchased h m  ATCC, Rockvine, MD) were cul- at 37OC in RPMI 1640 

(Gibco Laboratories, Grand Island, NY) supplemented with 5% fetal bovine serwn (Stede System 

Inc. Logan, UT), 50 pM 2-8 mercaptoethanol. and 100 pg/d penicillidstreptomycin. Celis were 

grown at 37OC in a fully humidüied incubator containing 5% COz. 

CeR stffnulation and bsis 

WW-231. CH12 or pltrifieci sp1enic B cens (2-5 x 10') were resuspended in 5 ml culture 



medium and stimulated with 40 irglml F(ab'h antibody for varying @ods of the.  Stimulations 

were &ne on ice to retard biocheiriicai d o n s  when studying the kinetics of CD19 

phosphorylation and Lyn kinase activation (Burg et aL, 1994). For biotinylation, 5-6 x lo7 

cellslmi were suspended at 107 celIs/rnI in ice cold PBS and mixeci with 0 3  m g h l  suif*NHS- 

Biotm solution (PÏerce Chem. Co.. Rockforci, IL). Mer 30 min incubation at room temperature 

with constant rocking, the naction was quenched by 5 min incubation with 50 rn@o.i giycine in 

PBS. Cells were then washed nvice in cold PBS and subjected to stimulation as above. Following 

stimdation. biotinylated or nonbiotinylated cells were incubated in lysis buffer (50 mM Tris-HCI, 

pH 8.0, 150 m M  NaCl, 50 pM NaF, 2 m M  PMSF, 2mM Na3V04, 50 mM ZnC12. 50 jM O- 

phosphate, 2 mM EDTA, 10 pghl leupeptin, 10 pglml aprotinin) containing either 1% ( 3 4 3 -  

cholamidopropyl)-dimethylammonio]-l-propanesulfonate) (CHAPS; Sigma) or 1% Nonidet P a .  

Cell lysates were centrifuged at 14,000 x g for 10 min at 4OC and protein concentrations then 

determined using the bicinchoninic acid (BCA) assay (Pierce Chernical Co). 

Antiboày Couplhg tu Protein A-Sepharose 

Anti-Lyn or anti-IgG (isotype control) antibody was incubated at 4°C overnight under 

rocking conditions with Rotein A-Sepharose 4B (Pharmacia) in PBS (about 10 pg anii body per 10 

pI beads). Beads wen then washed two times in 0.1 M sodium borate (pH 8.6) and two times in 

0.2 M triethanolamine (pH 8.2). Be& were then resuspended in 0.2 M triethanolamine solution 

containing 40 mM dimethyl pimelimidate dihydrochloride @MP; Pierce) and incubated For 1 hr at 

m m  temperature with continual rocking. The antibody-coupled beads were washed two times in 

200 m M  ethanolamine (pH 8.2). two times in 0.1 M sodium borate (pH 8.0). two times in PBS and 

resuspended in PBS supplemented with 0.2% Na,. Beads were kept at 4 O C  until use. 

Immmopreapitat~kn and Imrmuloblotiing 

Lysates were precleared before mimmoprecipitation by incubating 1 mg celi lysate with 

protein A-Sepharose beads (Pharmacia) at 4OC for one hr and for an additionai one hr with 40 pI 

rabbit premimme serum. Lysates were then incubated for two hr at 4 O C  with the appropriate 

anttaody (anti-Lyn, anti-IgG isotype control) and 25 pi protein A or protein GSepharose beads. 

Tmmme complexes were then coUected by centrifugation, washed four times in lysis b e e r  and 



boiled for five min in reducing SDS-gel sample buffer. SampIes were then electmphoresed 

through SDS-polyacry1amide and transferred to nitrocellulose (Bio Rad Laboratories, Mississauga, 

OM"). After one hr incubation in either 3% gelatin or 5% nonfat dk, the f i l m  were incubated 

for one hr at m m  tempexahme with anti-CD19, anti-Lyn or anti-phosphotyrosine 4G10 antibodies 

foilowed by horseradish peroxidase - labeled secondary antibody (Amersham Corp., Arlington 

Heights, ICN) or, for analysis of biotinylated ceUs, with HRP-avidin (Pierce Chem, Co). Immune 

complexes were detected using an enhanced cherniluminescence system (Amersham Corp.). 

Stripping and repmbing of the blots were performed according to Arnersham Corp.'s 

recommended protoco1. 

Assq of Phosphatase AActity 

For analysis of CD LPassociated phosphatase activity, anti-CD 19 immunoprecipitates were 

prepared (as described above) h m  1 mg lysates of unstimulated or anti-IgM antibody-stimulated 

motheaten and wild-type B cells. Phosphatase assays were also perfomed on anti-CD 19 and anti- 

IgG (control) immunoprecipitates prepared ftom lysates of wildtype splenic B cells 

immunodepleted of SHP-1 by ovemight incubation with an excess of anti-SHP-L antibody 

followed by addition of 100 pl protein A-Sepharose. For this expriment, the complete 

immunodepletion of SHP-1 protein was confirmed by western irnmunoblotting analysis (data not 

shown). The arnount of SHP-1 antibody utilized to completely imrnunodeplete SHP-1 protein 

From lysates was pre-detennines by titration and western irnmunoblotting analysis (data not 

shown). hmunoprecipitates were washed twice in phosphatase buffer (10 rnM Tris-HCI, 1.0 m M  

EDTA, 1 mgml BSA 0.1% ZfbME, 0.01% Na& pH 734) and then incubated for 12 hr at 37OC 

overnïght in phosphatase buffer containhg 2 mM pnitrophenylphosphate (pNPP; Sigma). Under 

these conditions, SHP-1 activity for the substrae have been shown previously to increase lineariy 

with the amount of SHP-1 used in the reaction (Kon-Koziowski et al., 1996). Reactions were 

terminateci by addition of 02N NaOH and absorbance was r n e a s d  at 410 m by 

specaophotometry. 

Ln V i  Kinase Assay 

Lyn kinase activity was evaluated using immuwpnxipitates prepami as descrÏ'bed above 



f h n  unstimulated and stimulated splenic B cells. The immunoprecipitaîes were washed in kinase 

buffer (20 mM HEPES pH 7.6,150 m .  NaCI, 5 mM MnCIZ, 0.25 mM Na3V04, 05% N P 4  0.1 

mM 2-~mercaptoethanol) and then incubated for 30 min at 30°C in 20 pi of kinase buffer 

cmtaining 10 pCi [ ~ P I A T P  (ICN) with or without 10 pg of GST-IgdB fusion protein (provideci 

by Dr. Y. Wu, Toronto, ONT). Samples were resuspended m nduced SDS-gel sample buffer, 

boiled and centrifbged at 14,000 x g for 10 min and resoived over 10% SDS-PAGE gels. The *P- 

labeled proteins were electrophoreticall y transferred to bobilon-P membranes (MiIlipore Corp., 

Bedford, MA) and then visuaüzed by autoradiography. Lyn quantification was performed by anti- 

Lyn immunoblotting of the membranes using ECL. 

Zn Vitro Binding Assays 

Glutathione S-transferase (GST)SHP-1 fusion proteins were generated by subcloning the 

following rnurine cDNA or PCR amplified fragments into prrX2T: the full length SHP-1 cDNA 

(GSTSHP-l), a full-length SHP-1 cDNA containhg a Cys 453 -t Ser mutation (GSTSHP-I 

(C453S)), the SEP4 N terminal SH2 domain (aa 1-95), the SHP-1 C terminal SH2 domain (aa 

1 lO-M5) and the SHP-1 N and C-terminal SH2 domains (aa 1-221). These expression plasmids 

were ûansfected into E.coii Ml01 and the fusion proteins purified h m  isopropyl B-D- 

thiogalactopyroside-induced bacteria using glutathione-conjugated Sepharose beads (Phannacia). 

Equimolar amounts of each GSTSHP-I fusion protein and GST-beads were then incubated at 4°C 

for 1 hr with 0.9 pg in vitro n~-labeled purifieci Lyn protein. Beads were washed seven times and 

the complexes were muspendeci in SDS-sample buffer, boiled and then analyzed by SDS-PAGE, 

transferred to nitrocellulose and the Lyn pmtein visualized by autoradiography. 

Cyanogen Bromide (CNBr) Cleavage Anatysis 

In vitro [ ~ ~ ] ~ ~ p - I a b e l e d  Lyn was immunoprecipiîated using anti-Lyn antibody and 

incubated at 37OC with equal amounts of either GST-SHP-1 or GSTSHP-1 (C4535) protein in 200 

pi phosphatase buffkx (IO mM Tris-HC 1,l.O rnM EDTA, 1 mglml bovine s e m  aibumin, 0.1% 2- 

&macaptoethanoI, 0.01% Na&, pH 734). The immune complexes were then ~solved over 

SDS-PAGE and transferred to nitmceUulose. The 56 kDa Lyn-contammg bands were then excised 

h m  the membranes and subjected to CNBr-cleavage as pviously descrrLbed (Hurley et d, 



1993). The excised Lyn protein was incubated with 60 m g / d  CNBr in 70% formic acid for at 

least 2 hr at m m  temperature. Samples were then washed and dned and the CNBr-generated 

peptide fragments tesuspendeci in tncine SDS sample buffer, resoIved by sepration on 10-2096 

gradient tricine SDS-PAGE (Novex, San Diego, CA). transferred to Immobilon-P membrane and 

visualid by autoradiography. Complete digestion of each sample was confimed by the absence 

of higher molecular weight n~-labeled bands and the CNBr fragments were quantitated by 

phosphoimaging (Molecular Dynarnics). 

3.4 RESULTS AND DISCUSSION 

KR-evoked CD19 tyrosine phosphoryllpon is enhanced but CDl9-associated phosphatase 

a&@ iS only marginally i n c r e d  in SHP-I deficint B cells. 

Previous data h m  our lab and others have reveaied modulation of inhibitory coJeceptors 

to represent a major mechanism whereby SHP-1 mediates its downregulatory effects on BCR 

signaling (Blery et al., 1998; Doody et aL, 1995; Siminovitch and Neel, 1998; Wu et al., 1998). 

However, data garned from the analysis of mice deficient for both the CD45 and SHP-1 PTPs 

(Sato et al., 1996a) raised the possibility that SEP-1 also in8 uences the tyrosine phosphoryiation 

and, by extension, signahg functions of the positive regulatory CO-receptor, CD19. To begin 

adQessing this issue. SHP-1-deficient B cells from memie and mev/mev rnice were evaluated with 

regards to the kinetics of CD19 phosphorylation following BCR ligation. As illustrated in Fig 3.1- 

A and 3.143, anti-phosphotyrosine immunoblotting analysis of CD 19 irnmunoprecipitates from the 

SHP-l-cieficïent cells revealed tyrosine phosphorylation of the 1 15-120 kDa species representing 

CD19 to be markedy increased constitutively in the mev/mev and to a lesser extent in the mdme 

cells c o m p d  to wildtype cells. The increased phosphorylation of CD19 detected in the 

motheaten celis cannot be aîtributed to expansion of the CD9 B-1 ceii population in these mice as 

CD9 CH12 ceiïs exhibiteci normal Ievels of CD19 phosphorylation both before and after BCR 

crosslinking (data not shom). These data support the contention that SHP-1 modulates CD19 

tyrosine phosphoryiaîicm and are consistent with previous data reveaLing BCR-evoked CD19 

phosphorylation to be augmenteci m a B celi iine deriveci h m  mJnre mice 



Blot: anti-pTyr 

Blot: HRP-avidin 

Figure 3.14. CD19 Tyrosine phosphorylation is increased in motheaten viable (Me') v e m  

Wild-type (CS7 +/+) B ceiis. Purificd splenic B ceIis isolated h m  normal and SHP-1 deficient 

viable motheaten mice were stimuiated with goat F(ab')2 anti-mouse IgM antibody (40 CcglmI) for 

the indicated tirnes. Lysate proteins (1 mg) were then immunoprecipitated with anti-CD19 

antibody (lD3), resolved on 10% SDS-PAGE and transferred to nîtroceiIulose membranes and the 

membranes then immunob1otted with anti-phosphotyrosine anhbody (upper panel). hading of 

quivalent amounts of CD 19 protein was c o n h e d  by nblotting with HRP-avidin (iower panel). 



Figun 3.1 CDI9 tyrosinephosphoryWn ir iitmased ih SEP-I deficienZ motheaten B ce&. 

Stimulation : O 5 1 1  O 5 

Blot: anti-pTyr 

Blot: anti-CD19 

Rgum 3.1-8. CD19 Tyrosine phosphorylation is increased in motheaten (Me) versus Wild-type 

(C3H +I+) B ceUs Purified splenic B cens isolateci h m  normal and SHP-I àeficient motheaten 

rnice were stimulated with goat F(ab'h anti-mouse IgM antibody (40 Ciglmi) for the indicated 

times. Lysate proteins (1 mg) were then immunoprecipitated with anti-CD19 antibody (LD3). 

resolved on 10% SDS-PAGE and tmnsferred to nitroceUuiose membranes and the membranes then 

imrnunobiotted with mti-phosphotyroslne ann'body (upper paneI). bading of equivdent amotmts 

of CD19 protein was confirmeci by reblotong with mti-CDL9 a n t i i y  (lower panei). 



(Nader et ÛL, 1997a). 

To more k t l y  invtstigaîe the possibility that CD19 represents a SEP-1 substrate, the 

SHP-l-deficient B cells were next compared to wüd-type B cells in temis of the levels of tyrosine 

phosphatase activity coimrnunoprecipitated with CD19 h m  these respective ceIi populations. The 

resdts of this andysis demonstrated levels of CD19-associated phosphatase activity to be 

markedly increased fo110wing BCR Ligation in both wild-type and mehe B ceHs (Figure 3.2). 

While levels of phosphatase activity coprecipitated with CD19 were lower in mehe compared to 

wildtype B cells and were also relatively reduced in B cells immunodepleted for SHP-1, the 

reduction in coprecipitated phosphatase activity observed in the SHP- 1-deficient cells was only 

modest. These findings indicate that SHP-1 is not the major CD19-associated tyrosine 

phosphatase and suggest that SHP-1 contribution to the direct dephosphorylation of CD19 may be 

small. This interpretation of the data is consistent with the data shown in Figure 3.1-A indicating 

that tyrosine dephosphorylation of CD19 proceeds normally in motheaten B cells and is not 

diminished in the SHP-ldeficient compared to wildtype B cells at the ten minute time point 

following BCR stimulation. This conclusion is also supported by our observation of minimai 

arnounts of SHP-1 in anti-CD19 immunoprecipitates h m  unstimulated and stimulated B cells 

(data not shown), a finding also consistent with the lack of ITMs in the CD19 cytosolic region. 

Along similar lines, SHP-1 deficiency has been shown to have negligible impact on the enhanced 

dephosphorylation of CD19 which occurs in conjunction with FcyRIIB-mediated inhibition of 

BCR signaüng (Hippen et al., 1997; Kiener et al., 1997). Taken together, these data suggest a 

minimal role for SEP4 in the direct dephosphorylation of CD 19. 

BCR-induced activation of the Lyn PTK is enhmced in SHP-ldeficient c e k  

Although the precise profile of effectors which mediate induction of CD19 tyrosine 

phosphorylation foiiowing BCR Iigation is unclear, an important role for the Lyn ETK has been 

suggested by the detection of Lyn kinase activity m anti-CD19 immunoprecipitates and by data 

implicating the CD19-Lyn cornplex in ngulation of B cell survivai (Myers et al., 1995; Uckun et 

aL, 1993; van Noesel et al., 1993b). In view of these observations, the kinase activity contained in 

immunopracipïtates fiam in& and m e V k v  B cells was next ùivestigawl using an ùz vitro assay 

of base activity. The resuits of this analysis reveaIed Lyn-mediateci autophosphoryIaîion and 
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Figure 3.2. BCR-induced increases in CD19-associated PTP activity are only modestly 

influenced by SHP-1 defciency. Spienic B cells pmified h m  normal (C3H +/+) or motheaten 

(Me) mice were stimulated with goat F(ab'h anti-mouse IgM antibody (40 pg/ml) for 5 minutes. 

Cells were lysed in 1% CHAPS lysis buffer and Iysate proteins (1 mg) then irnmunoprecipitated 

with anti-CD19 or isotype IgG control antibodies. CD19 was also irnmunoprecipitated fmm 

normal anti-IgM antibody-stimulated splenic B ceii lysates pretreated with an excess of anti- 

SHP-1 antibody (SHP-I depleted). The precipitated pmteins w m  incubated for 12 hous at 37' 

C m phophatase buffer containing 2 m M  pNPP. Afkr addition of O2 M NaOH, absorbante was 

measured at 410 nrn using an ELISA plate mider. Phosphatase activity was quantified in 

~ o l e s  based on a standardized concentration curve of the product PNP (gnitrophenol). 

Bars indicate the standard deviations obtained from b e  independent exptriments. 



phosphorylation of exogenous substrate (GST-Igw) to be coustitutively higtier in the niehe and 

meYhev B cells than in wüdtype B ceUs Ftgure 3.3-A and 3.3-B). Similarly, analysis of the Lyn 

kirtase activity contained in CD19 immunoprecipitates From resting and BCR-stimulated cens 

&monstrateci CDL9-associated Lyn activity to be constitutively enhanced in SHP-1-deficient 

compand to wiidtype ceUs (Figure 3.3-C). Lyn association with CD19 was also increased in the 

context of SHP-1 deficiency, an observation consistent with previous data Iinking inmases in Lyn 

acbivity to enhanced phosphorylation of the CD19 tyrosine residues mediating Lyn binding to 

CD19 (Fujimoto et al., 2 0 ) .  As shown in Figure 3.3-D, tyrosine phosphorylation status of Lyn 

was also evaluated by anti-phosphotyrosine immunoblotting analysis of Lyn immunoprecipitates 

from the cells under study. The results of this analysis reveaied tyrosine phosphorylation of Lyn 

both More and after BCR ügation to be incleased in the motheaten cells. These results therefore 

indicate SHP-I deficiency to be associated with heightened Lyn activity and strongly suggest that 

Lyn is a SHP-1 substrate. Interestingly, increases in Lyn activity have also been detected in pre-B 

ce11 lines derived h m  motheaten bone m m w  (Yang et al., 1998b). However, in this latter 

system, the augmentation in Lyn activity was ascribed to the expression of increased Lyn protein in 

these mutant cells. By contrast in the current andysis, levels of Lyn protein were found to be 

comparable in splenic B cells isolated h m  either wildtype or motheaten mice. Thus, these &ta 

suggest that SHP-L induces the dephosphorylation and deactivation of Lyn and that SHP-1 effect 

on CD 19 phosphorylation may be mediated via the domgdat ion of Lyn activity . 

Lyn msociates with the SHP-1 N-teminal SH2 dunuzin 

In view of the apparent role for SHP-1 in modulating Lyn kinase activity, the possibility that 

these enzymes associate with one another in resting and stimulated B cells was next investigated. 

As shown in Figure 3.4-A (upper panel), antiSHP-1 immunoblotting analysis of Lyn 

immunoprecipitates prepared h m  resting and BCR-ligated WEHI-23 1 B cells revealed SHP-1 

to be present in Lyn immunoprecipitates from stimu1ated but not unstimulated cells. Association 

of SHP-1 with Lyn has also been previously detected in U937 myeloid Ieukemia cells, dthough 

in the latter study the association of these enzymes appeared to occur constitutively (Yoshida et 

aL, L999). By contrast, in the cumnt study,  SHP-1 binding to Lyn was uprepuiated by ceN 
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Figuie 3.3-A Lyn activity is enhanced in motheaten viable (Me3 venus wild-type (CS7 Mi) 

rnice. Splenic B ceiis (2 x 10') purified from norrnal or SHP-1 deficient motheaten viable mice 

were stimuiated with goat F(ab'>r anti-mouse IgM antibody (40 pgml) for the indicated times. 

Equalued lysate proteins were then immunoprecipitated with anti-Lyn antibody. 

hmunoprecipitates were then subjeckd to an in vitro hase assay in the pnsence of %-y-ATP 

with the exogenous submte GST-IgdB. Samples were resolved on SDS-PAGE, transferred to 

Immob'ion-P membrane and visualized by autoradiography (upper panel). h l s  of Lyn protein 

were detetmmed by reprobing the blot with anti-Lyn a n t i i y  (iower panel), the positions of Lyn 

and GST- Igdp are show on the right 
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Figure 3.3-8. Lyn activity is enhanced in motheaten (Me) versus wiid-type (C3H +I+) mice. 

Splenic B ceUs (2 x 107) purified h m  normal or SHP-I deficient motheaten viable mice were 

stimulated with goat F(ab')r anti-mouse IgM antibody (40 pg/ml) for the indicated times. 

EquaIized lysate proteîns were then immunoprecipitated with anti-Lyn antibody. 

Immunoprecipitates were then subjected to an in vitro kinase assay in the presence of n ~ - y - ~ T P  

with the exogenous substrate GST-Igoc/& SampIes were reso1ved on SDS-PAGE, t r a n s f d  to 

InmiobiIon-P membrane and Msualued by autoradiography (qper panel). Levels of Lyn protein 

w m  determineci by reprobing the Mot with anti-Lyn antii'body (iower panel), the positions of Lyn 

and GST- Ig@ are show on the ri* 
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Figure 3.34. CD19 associated Lyn activity is enhanced in motheaten (Me) versus wild-type 

(C3H +/+) mice. Splenic B cells (2 x 10') purified from nomal or SHP-I deficient motheaten 

viable mice were stimulated with goat F(ab'h anti-mouse IgM antibody (40 p Jrnl) for the 

indicated &es. Equalized lysate proteins were then immunoprecipitated with anti-CDI9 

antibody. Immunoprecipitates were then subjected to an m vitro kinase assay in the presence of 

=P-~-ATP. SampIes were resolved on SDS-PAGE, transfened to Unmobiion-P membrane and 

visualized by autoradiography (upper panel). Leveis of Lyn protein were determineci by reprobing 

the blot with anti-Lyn anticbody (iower panel). 
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ffgum 3.3-D. Lyn is hypphosphorylated in motheaten (Me) versus wild-type (C3H +I+) mice. 

Splenic B cells (2 x 107) purifieci h m  normal or SHP-1 deficient mice were stimulated with goat 

F(ab'h anti-mouse IgM antibody (40 pglml) for the indicated times. Lysate proteins were then 

immunoprecipitated with bead coupleci anti-Lyn antibody. Samples were resolved on SDS-PAGE, 

msferred to nitroceiIuiose membrane and the leve1 of Lyn phosphorylation visuaüzed by 

immunoblotting with anti-phosphotymsine antibody. Levels of Lyn protein were determined by 

repmb'rng the blot with anti-Lyn antiibody (lower panel). 
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Figure 3.4-A SHP-1-Lyn association in activated WEHT-231 cells. Lysates were prepared h m  

unstimulatecf or goat F(ab'h anti-mouse IgM (40 @ml)-stimulaîed cens. The lysate proteins ( 5 0  

pg) were immunoprecipitated with bead coupled anti-Lyn or anti-IgG isotype control anti'bodies. 

The immunoprecipitated as welI as total cell lysate (10 pg) proteins were then immunoblotted with 

antiSHP-1 (upper panel) or anti-Lyn (iower panel) antibodies. 



stimulation, a d t  which suggests the interaction may be phosphotyrosine dependent and involve 

binding of the SHP-1 SH2 domains with phosphorylated tyrosine residues on Lyn. To investigate 

this possibility, GST hision proteins containing full-length SHP-1, a catalytically inert form of 

SHP-1 (Sm-I C453S) and one or both of the SHP-1 SH2 domains, were evaluated for their 

capacities to interact with in vitro phosphorylated Lyn. The lesults of this analysis revealed the 

interaction of phosphorylated Lyn with the N-terminal, but not the C-terminal, SHP- I SH2 domain 

(Figure 3.4-B). As shown in Figure 3.4-B, the fusion protein containing the C as  weil as the N- 

terminal SHP-I SH2 domain precipitated more Lyn protein than did the GST-N-terminal SHP-I 

fusion protein. This observation is consistent with previous data indicating that a single SII2 

domain rnay be sufficient for SHP-1 interaction with target substrate, but rnay be less efficient than 

the combined SEI2 domains in promoting such interactions (Blasioli et al., 1999). In addition, 

these data do not preclude the possibiiity that SHP-1 association with Lyn involves other sites 

within these respective pteins. The Lyn SH3 domain has, for example, ken  implicated in the 

Lyn-SHP-1 interaction detected in myeloid ce11 lines (Yoshida et al., 1999) and the association of 

SHP-1 with the related Src PTK appears to involve interactions berneen not only the SHP-I SEI2 

domains and phosphorylated Src, but dso the Src SH2 domain and phosphorylated SHP-I (Fdet et 

al., 1996; Somani et al., 1997). In addition. both SHP-I and Lyn associate with other signaüng 

effectors, such as PB-kinase (Cuevas et al., 1999; Yamanashi et al., 1992) which are m i t e d  to 

the BCR following its stimulation, and which may mate a structural framework at the membrane 

that enhances SHP-1 association with Lyn. While the relative importance of these various 

interactions to SHP-1-Lyn binding remains to be determineci, the current data are consistent wiih 

the conclusion that SHP-1 physically associates with Lyn in B ceiIs and is therefore appropriateIy 

positioned to induce dephosphorylation and deactivation of the kinase. 

The data shown in Figure 3.4-B also reveal the signal intensity of the Lyn species 

prccipitated with the SHP-1 C453S fusion protein to be greater than that of the species precipitated 

with the wildtype SEP-I fusion ptein. This observation most Iikely refiects the substrate 

trapping propties of SHP-1 C453S and, by extension. hdirealy supports the contention that Lyn 

repsents a SHF-L substrate. ConverseIy, the association between SHP-1 and Lyn may aIso 

provide a h e w o r k  for Lyn to phosphoryiate SHP-1. SHP-I has in fect been shown to represent 

a substrate for Lyn in an exogenous expression systern (Yoshida et d, 1999) and several Src- 
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Figure 3.48. Binding of phosphorylated Lyn to the SHP-I SHZ domains. Anti-Lyn antibody 

( k t  lane on the Ieft) or glutathione-sepharose-bound GST fusion proteins containing either GST 

alone (GST), the SHP-1 N and C terminai (GSTSEI2 (Na) domains, the single N (GST-SH2 

(N)) or the single C (GST-SHZ (C)>terminal SH2 domains, the fuU-Iength wildtype SHP-I (GST- 

SHP-1) or the cataiytically inert SHP-1 (GSTSHP-1 (C453S)) proteins were used to precipitate in 

vitro =p-labled p&ed Lyn proteins (0.9 Wane) at 4OC for 1 hour and the pncipitates were 

subjected to SDS-PAGE, üansfer to ùnmobilon-P and autoradiography. 



family kinases (Src, Lck and Lyn) can phosphorylate SHP-1 in vitro (Fdet et al., 1996, Lorenz et 

aL, 19%; Yoshida et d., 1999). Moreover, in the BCR-stimuiated splenic B tells studied here, the 

tyrosine phosphorylation of Lyn-associatecl SHP-1 was found to be incruised compared to that 

detected in the total pool of SHP-1 (data not shown). These fmdings suggest that SAP-1 is 

phosphorylated by Lyn in vivo and raise the possibüity that SHP-1 and Lyn engage in a reciprocal 

fwictional lelationship wherein Lyn phosphorylates and potmtiaIly activates SHP-1 and SHP-1 

then dephosphorylatcs and deactivates Lyn. This hctiond paradigm has been suggested with 

respect to SHP-1 modulation of Lyn-dependent apoptotic responses to DNA damage (Yoshida et 

al., 1999) and also in relation to SHP-1 modulation of ZAP-70-dependent proliferative response to 

T ce11 antigen receptor engagement (Plas et al., 1996). However, at present the relationship 

between SHP-1 tyrosine phosphorylation statu and its catalytic activity is unclear (Lorenz et ai., 

1996; Plas et al., 1996) and accordingly, the devance of Lyn to SEP-L activation remains to be 

&termine& By contrast, the available data pmvide compelling evidmce that SHP-1 negatively 

regulates Lyn activity and thus suggest that SHP-1 modulation of Lyn plays a role in SHP-1- 

mediaied inhibition of BCR signaling. 

SHP-I catalyzes the dephosphorylati'on of Tyr 397 wirhin the Lyn Enuse domain. 

As for other Src-family PTKs, Lyn contains two major sites of tyrosine phosphorylation, 

these king the autophosphorylation site (Tyr-397) within the protein kinase dumain and the 

negative reguiating tyrosine phosphorylation site (Tyr-508) wiihin the C-temiinal tail (Pao and 

Cambier, 1997). To determine whether SHP-1 targets the autophosphorylation site on Lyn, as is 

pledicted by the deiection of increased Lyn activity in deficient cells, the effects of SHP-1 on Lyn 

tyrosine phosphorylation were examined using CNBr cleavage analysis. Prior to titis analysis, the 

capacity of recombinant SHP-1 to induce Lyn dephosphorylation in vitro was initially assessed by 

evaluating the effects of GSTSHP-I and catalyticdy inert GST-SHP-1 C453S fusion proteins on 

n~-labeled Lyn immunoprecipitates prepared from WEKi-231 and CH12 ceIIs. As ilIustrated in 

Fi- 35-A, ngnd htensity and, by extension, the phosphory1ation status of the radiolabeIed Lyn 

was markedly reduced in the SHP-1-treated compared tu the SHP-1 C453S-trrated samples. Based 

on these findine, the sites on Lyn which are dephosphorylated by SHP-1 were next examined by 

sobjecting SHP-1 and SHP-I ~453~treated n~-labeiIed ~ y n  to CNBr cleavage. As illustrated m 



Fi' 3.5 SHP-2 dephospho@ztes the aufbphospIroryI;ation site of Lyn. 
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Flgum 3.54. SHP-1 dephosphorylates Lyn. WEH23 1 or CH12 cells were stimuiated with goat 

F(ab'h anti-mouse IgM antibody for 5 minutes. Lysate proteins w m  then immunoprecipi tated 

with bead coupled anti-Lyn anti'body and subjected to an m vitro Lyn kinase assay in the presence 

of n ~ - y - ~ ~ ~ .  The n~-iabeled Lyn was then incubated under phosphatase conditions for 2 hr at 

37OC with 20 pg GST fusion proteins containing 20 pg of catalyticdy inert (C453S) or active 

SHP-1. Lyn immunoptecipiitates were then resoIved on SDS-PAGE, transferred to membrane and 

visuaiized by autoradiography (upper panel). The Ievel of Lyn protein wa determineci by 

immunoblotting the filters with anti-Lyn antibody (Iower panel). 



Figure 3.5-B, CNBr traitment of Lyn is pndicted to generate multiple cleavage fragments, most 

notably includuig an 8 kDa hgment containing the autophosphorylation site, Tyr-397, and a 4 

kDa fkagment encompassimg the inhibitory tyrosine phosphorylation site, Tyr-508. In the cumnt 

study, these latter two fragments, which have been previously confirmeci to be phosphotyrosine- 

containing regions of Lyn (Pao and Gambier? 1997). were both easily detected following CNBr 

hydrolysis of SHP-1 C453S-treated Lyn (F~gwe 35-B). However. while phosphorylation of the 

Lyn regions represented by both the 8.0 and the 4.0 kDa Lyn CNBr cleavage fragments was 

diminished following treatrnent with wildtype SHP-1, the reduction in phosphorylation of the 8 

kDa cleavage fragment was much more dnimatic than that of the 4 kDa fragment, particularly in 

the context of Lyn pretreatment with 1.0 pg SHP-1. These data suggest that both Tyr-397 

contained within the 8 kDa fiagrnent and Tyr-508 contained within the 4 kDa Fragment can be 

dephosphoryalted by SHP-1, but also indicate that SHP-1 preferentidly dephosphorylates Tyr-397. 

Thus, these findings reveal tbe capacity of SHP-1 to directiy dephosphorylate Lyn at the 

autophosphorylation site as is consistent with a d e  for SHP-1 in negatively ngulating Lyn 

activity. The current data also suggest that the C-terminal inhibitory phosphotyrosine on Lyn is not 

regulated by SHP-1, a conclusion supported by previous data revealing the phosphorylated C- 

terminai tyrosine on Lyn to be targeted by the CD45 PrP (Pao and Cambier, 1997). Thus 

phosphorylation and activation of Lyn appears to be regulated in a fashion highiy similar to that of 

the nlated Lck PTK, the latter of which is also tyrosine dephosphorylated at its autophophorylation 

site by SHP-1 (Lorenz et al., 1996) and at its inhibitory C-terminal site by CD45 (Desai et al., 

1994). A role for CD45 in activating Lyn is also suggested indi~ctiy by the diminuition of BCR- 

induced CD 19 tyrosine phosphorylation detected in CD45-defitient mice (Pani et al., 1997). Thus 

CD45 and SHP-1 appear to exert opposing effects on Lyn activity and thereby engender a 

biochemical counterbdance critical to the modulation of CD19 and potentially to the regdation of 

other signalhg effectors involved in BCR signal deüvery. 
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Figure 3.5-6. CNBr analysis of SHP-I mated Lyn. Diagram showing the predicted CNBr 

cleavage sites with p56 Lyn (hatched Iines) and the tyrosine residues representing the major sites 

for autophosphorylation (Y397) and inhibitory regdation (YSû8). The 8 and 4 kDa cleavage 

fkagments encompassing Y397 and Y508, respectively, are show under the cIeavage map. 

Foiiowing 32~-labehg m vitro, purified Lyn was incubated for 5 min at 37OC with GST M o n  

proteins contauiing cataiyticdy inert SHP-1 (C453S) or active SEP-I (05 and 1 pg). The labelleci 

Lya was then purified and subjezted to CNBr cleavage and the hgments anaiyzed by 

electrophomis over IO-20% gdient Triche SDS-PAGE, foiiowed by tnmsfer to membrane and 

auîmdïography. 



The data reporteci in this study establish the capacity of SHP-1 to modulate CD19 tyrosine 

phosphorylaiion but link this effect to SHP-1-mediated dephosphorylation of Lyn rather than to 

dephosphorylation of CD19 per se. Importantly, while Lyn interactions with CD19 appear to 

extea a positive effect on BCR signal delivery, recent data deriveci Iargely h m  the analysis of 

Lyn-deficient mice, have revealed a pivotal role for this ETK in the negative regdation of BCR 

sigrialing (Chan et al., 1998; Nishizmi et al., 1998). This inhibitory effect of Lyn appears to be 

realized at least in part through its phosphorylation of the inhibitory CO-receptor CDZ, an event 

which evokes SHP-1 binding to CD22 and which is required for CD22 to negatively modulate 

BCR signaling (Coma11 et al., 1998; Smith et al., 1998). Interestingly, SHP-1 association with 

CD22 also appears relevant to the modulation of CD19 tyrosine phosphorylation, as BCR-evoked 

phosphorylation of CD19 is increased in the context of CD22 deficiency (Fujimoto et al., 1999a). 

These data suggest the involvement of SHP-1 and Lyn in a complex BCR inhibitory signaling axis 

wherein CD19 positive effects on BCR signai are antagonized by SHP-L-mediated downregulation 

of Lyn activation and by extension, CD19, while CD22 negative effccts on BCR signal delivery 

are enhanced by Lyn-mediated phosphorylation of CD22 and the consequent recruitment of SEP-1 

and dephosphorylation of Lyn and/or other effecton. SHP-1 interactions with Lyn may aiso 

influence the activities of several other BCR-activated signaling effectors, such as Syk and PU-& 

which appear to be substrates for both these enzymes (Cuevas et al., 1999; Dustin et al., 1999; 

K m a k i  et al., 1994; Yamanashi et al., 1992). Thus the capacity of Sm-1 to dephosphorylate 

and deactivate Lyn may impact upon many of the intracelMar biochemical events evoked by BCR 

ligaîion and in this context is keIy to represent a very significant mechanism whereby SHP-I 

reaüzes its inhibitory effects on BCR signaling. 



CHAPTER 4 

INVOLVEMENT OF THE SHP-1 TYROSINE PHOSPHATASE IN 

REGULATION OF T CELL SELECTION 

Contents of this chapter appear in the Journal of Immunology (1999). Volume 163: 3012-3021. 

Involvement of the SHP-1 Tyrosine Phosphatase in Regdation of T Ceii Selection. Jinyi Zhang, 

My-Khan Somani, D m  Yum, Ye Yang, Paul E Love and Katherine A. Siminovitch. The 

expaiments examining both positive and negative T ceII selection in the H-Y motheaten viable 

mice and studies mvolving the use of the H-Y CD5 overexpressing mice w m  performed by M y -  

Mum Somani. The rest of the urperiments including the generation of the dominant-aegative 

SHP-1 mice w a e  carrieci out by Jinyi Zhang. 



The selection events shaping T ceII &veIopment in the thymus represent the outcome of T 

celI antigen nceptor (Ta)-driven intracelidar signahg cascades evoked by antigen receptor 

interaction with cognate ligand. In view of data indicating TCR-evoked thymocyte prolifefation to 

be negatively modulated by the SHP-1 tyrosine phosphatase. a potential role for SHP-1 in 

regulating selection processes was investigated by analysis of T celî development in H-Y TCR 

ûmsgenic mice rendered SHP-1 deficient by introduction of the viable motheaten mutation or a 

dominant negative SHP-lencoding transgene. Characterization of thymocyte and peripheral T 

ceIl populations in H-Y TCR viable motheaten mice revealed TCR-evoked proliferation as weil as 

the positive and negative selection of H-Y-specific thymocytes to be enhanced in these rnice, thus 

implicating SHP-1 in the negative regdation of each of these processes. T ceil selection processes 

w m  also augmented in H-Y TCR mice carrying a transgene driving lymphoid-restricted 

expression of a cataiytically inert, dominant-negative form of SEP-1. SHP-I negative effects on 

thymocyte TCR signaling were not influenced by CO-crosslinking of the CD28 costirnulatory 

andlor CTLA-4 inhibitory receptors and appear, accordingly, to be realized independently of these 

cornodulators. These observations indicate that SHP-L raises the signaling threshold nquired for 

both positive and negative se1ection and reved the inhibitory effects of SHP-1 on TCR signaling to 

be ce11 autonomous. The demonsûated capacity for SHP-1 to inhibit TCRevoked proliferation 

and selection indicate SHP-I modulatory effects on the magnitude of TCR-generated signal to be a 

key factor in de tdn ing  the cellular consequences of TCR-ligand interaction. 

4.2 INTRODUCTION 

Sigrial delivexy through the T ceil antigen receptor (TCRI plays an integral role in driving 

intrathymic T cell deveiopment, interaction of the TCR with cognate pcptide/MHC triggering a 

cascade of biochemical events which evoke either ceU survival and mannaton (positive seleztion) 

or ceiï death (negative selection). These selection processes are now known to @end upon the 

affinityfavidity of TCR interaction with MH-tide complex with high affinityfavidity 

mtmictions induchg ceil death and deletion, and lower affinity/avidity ùitenrtions promoting T 



ceil differentiation (Alam et d., f 9%; Ashton-Rickardt et d, 1994; Jarneson et ai., 1995; Kisielow 

and von Boehmer, 1995; Ohashi. 19%; Sebzda et al.. 19%). These cellular respo~lses me also 

shaped by a myriad of intracellular signahg events which provide a framework for downstream 

propagation of the selecting signais evoked by TCR iigand occupancy. 

In mature T cells, downstream delivery of TCR stimulatory signai requires the initial 

activation of the Src-famiiy protein tyrosine kinases (Fïb), Lck and Fyn, with consequent 

tyrosine phosphorylation of the TCR CD3 and subunits, lecniitment of the ZAP-70 PïK and the 

sequential activation of a spectMn of signaling effectors that transduce the signal to the nucleus 

(Cantreii, 1996; Chan and Shaw, 1996). Not surprisingly, many of these same molecules have 

been shown to play pivotal rotes in coupling TCR engagement to the selection of immature 

thymocytes. Thus, for example, data denved largely through the use of genetically altered mice, 

have revealed either substantive or prerequisite rotes for ZAP-70 (Negishi et al., 1995), Lck and 

Fyn (Groves et al., 1996; Levin et al., 1993; Molina et al., 1992), p2lras (Swan et al., 1995) and 

rnitogen-activated protein (MAP) kinase (Alberola-Iia et al., 1995; Alberola-na et al., 1996; 

Crompton et al., 1996) in transducing TCR selection signals through the cell. However, at present, 

the specific signaling circuitry which enables ligand occupancy of a particular TCR to propulgate a 

positive versus negative selecting stimulus is unclear. 

In addition to TCR connections with effectors that promote intracellular signal relay, 

signaling function of the TCR is aiso subject to attenuation and suppression by a variety of receptor 

as well as cytosolic proteins (Chambers et ol., 19%; Lorenz et al., 1996; Pani et al., 1996; Pani and 

Sirninovitch, 1997; Plas et al., 19%; Tarakhovsky et al., 199%). Notable among these is the SHP- 

I tyrosine phosphatase, an SH2domain containing cytosolic protein tyrosine phosphatase (PTP), 

now recognized as playing a prominent role in the negative regulation of both B and T ce11 antigen 

receptor signaling (Pani et d, 1995; Pani and Siniinovitch, 1997; Sirninovitch and Neel, 1998). In 

thymocytes and T cells SHP-1 has been show to suppress TCR-evoked proliferation signal 

through interactions with and dephosphorylation of TCR components, the Lck and ZAP-70 PTKs 

and other domstream signahg effectors hvolved in TCR signal deiivery (Lorenz et d. 1996; 

Pani et ai., 1996; Plas et ui., 19%). SHP-I inhibitory effects on TCR-dùected mitogenesis suggest 

haî SHP-L rai-ses the threshold for TCR transmission of activation signais. Thus, this PTP is W y  

to act in concert with such other TCR signaüng modriIators to modify the strength of TCR signal 



and the biologicd outcome of TCR engagement. From this perspective, it appears likely that SHP- 

1 inhibitory e f f ~  on TCR signahg also translate to the modulation of thymocyte selection. To 

investigate this possibility, we have derivecl SEP-I deficient mice expressing a male antigen H-Y 

specific TC' transgene and analyseci T ceU development and function in these animds. The 

results of this study reveal SHP-1 deficiency to be associateci with inmases in both positive and 

negative selection of H-Y specific T cells. The data aiso indicate that SHP-I effects on TCR- 

evoked thymocyte activation are realized independently of CD28 costirnulatory or CTLA-4 

inhibitory signais. These findings identiQ an integral d e  for SHP-I in reguiating thymocyte 

selection and demonstrate sensitivity of both the positive and negative selection processes to shifts 

in the magnitude of TCR signal. 

Mice 

Mice homozygous for the viable motheaten mutation (mev) were obtained by mating 

C57BU6J mev/+ breeding pairs derived h m  breeding stock maintained at the Samuel Lunenfeld 

Research hstitute. Mount Sinai Hospital (Toronto. Canada). Mice carrying an H-Y specific TCR 

transgene, which recognizes the H-Y male specific antigen presented on H-2Db (Kisielow et al.. 

1988). were crossed with mev/+ heterozygotes and the H-Y TCRl mev/+ progeny selected and 

backmssed with mev/+ mice to obtain H-Y TCW mev homozygotes. For derivation of CD5 

transgenic mice. a huCD2-CDS transgene was derived as previously detailed by substituting the 

murine CD5 coding sequence for the T w  cDNA sequence in the construct 6-CT108 (Love et al.. 

1994). Founder lines were identified by Southem blotting. smmed for expression of CD5 by 

Northern blotthg and flow cytometric anaiysis and the mice then backmssed to C57BU6J 

through six generations. These mice were then mated with H-Y TCR transgenic mice to generate 

H-Y TCR/CDS ~ s g e n i c s .  To derive A-Y TCWCDSlmev mice, the H-Y TCR/CD5 transgenics 

were mated to mevk mice and the FL EX-Y T a C D 5  traasgenic viabIe motheaten hetemzygok 

pmgeny then backcrossed with mevl+ mice. Mice w m  typed for e x m o n  of the H-Y TCR and 

CD5 transgeries using ECR ampMcation with the primer pairs SCAGACCCTCCTTGATCC 



TGGCCCi'CCAGT-3'(fmard), S'AûTCCGTGGACCAûCCTGATGCTCATGT-3' (reverse) 

and 5'-GGAGCACATCAGAAGGGCTGGCIT-3' (forward) and S'CGGAGATCCïTGGGCAG 

AAGACCTG-3' (reverse), respectively (Waterhouse et 1. 1997). The PCR ampIificaîion cycle 

(15 s at 94OC, 20 s at 64OC and 30 s at 72OC) was repeated 35 times. H-Y TCR and CD5 tmsgene 

expression were aiso confirmed by staining of pnipheral biood lymphocytes with PE-conjugated 

anti-Thy 12 and FIlTC-conjugated anti-VP8 antibodies or WC-conjugated anti-CDS antibody, 

respectively. Mice were studied at the ages of 2-3 weeks. 

Generatiion of mice expressing a dominant-negarive SHP-I (dnSHP-2) Trmgene 

The dominant-negative SHP-1 (dnSHP-1) transgene was constnicted by ligation of a SHP- 

1 cDNA containing a senne substitution of the cysteine residue at position 453 (Somani et al., 

1997) into the Barn HI site of the pLïï2 vector (Hough et al., 1994) downstream of a fiagrnent 

containing the TCRVP promoter (1.7 kbp), the Igp enhancer (850 bp) and a 2 kbp sequence 

upstrearn of the Ick gene promoter and upstream of coding sequences for the human growth 

hormone (hGH) gene. Dominant negative activity of the SHP-I Cys453+Ser mutant protein has 

previously been demonstrated by the enhanced phosphorylation of SHP-1 substrates in dnSHP-1- 

expressing ceIIs (Somani et al., 1997). The 8 kbp NotI transgene fragment (shown in Figure 4.5- 

A) was purified and microinjected at a concentration of 5 pg/ml into CD1 zygote pronuclei. 

Transgene-bearing founders were detected by Southem analysis of tail DNA using a 2.1 kb hGH 

gene probe and transgene expression was evaluated by Northem blotting of 10 pg total Iymphoid 

tissue RNA using the hGH gene or SHP-1 cDNA probes to detect the tninsgene dnSHP-1 and 

endogenous SEP-1 transaipts and by immunoblotting analysis of lymphoid tissue cellular lysates 

using antiSHP-l and antiSHP-2 antibodies (see below). Founders were bred to the C57BU6 

background by backcrossing over six generations and were then mated with H-Y TCR transgenic 

mice to obtaui H-Y TCIUdnSHP-1 double tmnsgenic animais. 

Reagms 

Antibodies used for these studies include ETïC-conjugated anti-Thyl.2, anti-CD8 and anti- 

CDS antiWes, PEconjugated anti-CD4 end antiCD44 anti'bodies and biotinylated anti-CD69, 

antiCD25, anti-CD3, anti-TCR@ and mti-VB8 antibodies all h m  PharMUigen (La Joila CA). 



Biotinylated antibody to the K-Y specific TCR Va3 chin m.70) was generousIy provided by Dr. 

M. Juüus and CyS-conjugated streptavidm was purchased h m  PharMingen. Monoclonal hamster 

anti-mouse CD3& was produceci by the 145-2C11 hybridoma (provided by Dr. R. Miller) and 

purineci h m  the supernatant by protein G chromatography. Hamster anti-mouse CTLA-4 

antibody was a gift h m  Dr. L. Zhang and hamster ad-mouse CM8 antibody was purchased 

h m  PharMingen. Rabbit polyclonal antibody to Erk-2 was purchased h m  Santa CW labs 

(Santa CM, CA) and rabbit anti-hamster and anti-mouse IgG were from Jackson Immunonsearch 

(West Grove, PA). Rabbit polyclonal antiSHP- 1 antibody was produced in our lab (Kozlowski et 

al., 1993) and rabbit polyclonal antiSHP-2 antibody was genemusly provided by Dr. G-S Feng 

(Feng et al., 1993). Chernicals used for immunoblo~ngritmmunoprecipitation were purchased 

from Sigma Chemicai Corp (St. Louis, MA). 

Proliferatton analysis 

Single ce11 suspensions prepared h m  thymus, lymph nodes or splenic tissues were 

subjected to erythrocyte lysis in ammonium chloride. For lyrnph node ce11 suspensions, membrane 

Ig+ cells and macrophages were depleted by repetitive panning on rabbit anti-mouse IgG coated 

tissue culture plates. T cells were further pusified by negative afftnity selection using T ce11 

e~chment  columns (R&D systems, Minneapolis, m. ï'hymocytes were then cuitured for 72 h 

in 96 well Rat-bottom microtitre plates (2 x 106 cells/ml) in culture medium alone (RPMI-1640 

containing 10% heat-inactivated Foetal calf s m ,  50 pm 2-ME and pmicilbdstreptomycin) or in 

the presence of varying concentrations of anti-CD3e (31 - 1250 nglmi), antiCD28 (0.5 - 5 pg/ml) 

or anti-CIZA-4 (0-10 @ml) antibody and 25 IUlml interIeukin-2 (IL-2; Sigma). Secondary rabbit 

anti-hamster IgG (4 pg/mi) was then added to msslink the primary antibody. Mixed lymphocyte 

reactions were performeci by 72 h cocuiture of lym* node T ceiis (2 x 16 ceUs/weiI) h m  femaie 

and male H-Y TCR, H-Y TCRlmev heterozygote or H-Y TCR/rnev homozygote mice with 

M a t e c i  (3000 rad) splenocytes (5 x 105 cellslwell) from male or female syngeneic (C57BUar) 

mice. CuIntres were pulscd with [3m thymidine (1 pCilweU, DupontNew England Nuclear. 

Boston, MA) at 16 h @or to culture termination and the incorporateci radioactivity was measured 

Usmg an automated scintiliation counter. 



Ce11 sorthg andfrow cytometnmetnc ana&& 

CeIls (1-2 x ~ d / s a m ~ ~ e )  were resuspended in 100 @ immunofluorescence staining b e e r  

OpBS/l% BSA/0.05% sodium azide) and incubated with the appropriate fi umhrome-conjugated 

aneitbodies for 30 min at 4OC. Biotinylated antibodies us& for tncolour staining were visuaiized 

using CyS-conjugated streptavidi~. Stained ceils were analyzed using a FACScan flow cytometer 

with Cellquest software (Becton Dickinson. San Diego, CA). 

ImmunobIottrng Analysr's 

Thymocytes (10') isolated h m  3 week wild-type or dnSHP-1 transgenic mice were 

resuspended in 400 pl cold lysis buffer (1% Nonidet P40,50 mM Hepes, pH 72, 150 mM NaCl2, 

50 mM NaF, 50 mM-phosphate, 50 rnM ZnCI2, 2 rnM EDTA, 2 rnM sodium orthovanadate and 2 

rnM PMSF) and the nuclei and unlysed cells then removed by centrifugation at 14,000 g for 10 

min at 40C. Following evaluation of protein concentration, by the bichinochoninic (BCA) method 

(Pierce Biochemicafs, Rockford, IL), the lysate proteins were resuspended in SDS buffer, boiled 

for 5 min, electrophoresed through 12% SDS-polyacrylarnide and the separated proteins then 

transferred to nitrocellulose (Schleicher and Schdler, Keene, NH). After 1 h incubation in TBST 

(150 mM NaCI, 10 mM Tis-HCl, pH 7.4, 0.05 Tween 20) plus 3% gelatin, the filters were 

incubated with antiSHP-1 antibody for 2 h at room temperature foliowed by goat anti-mouse 

antisentm Iabeied with pmxidase (Amersham Corp. Arlington Heights, IL) and HRP conjugate 

(Biorad Labs, Hercules, CA) and visualized using an enhanced cherniluminescence (ECL) system 

(Amersham Corp). Fiiters were then restripped as per Amenham Corp pmtocol and ~probed with 

anti-actin or antiSHP-2 a n t i i y .  

SHP-I inhibits mti-CD3 S c e d  thynrocyre prolifrtztirion but d w s  not @ct CD28 costirnulatory or 

CTLA mhibirory SigMLs 

To begin exp1oring the influence of SEP4 on T ceii selection processes, two key 

moduiators of TCR-driven T ceil activation, the CO-stimulatory CD28 @luestone, 1995) and 



negative regdatory CI'LA-4 receptors (Chambers et al., 1996), were investigated with respect to 

th& potential reievance to SHI-1 mediateci inhibition of TCR signaiing. To this end, SHP-1 

deficient thymocytes h m  mice homozygous for the viable motheaten (me") mutation were used 

to assay the effects of CD28 and CTLA-4 mssIuiking on TCR-induced proliferation. As is 

consistent with previous findings, the lesults of this analysis revealed mev thyrnocytes, ceiis which 

express a cataiytically inert fonn of SHP-1 (Kozlowski et d., 1993). to manifest markedly 

enhanced proliferation relative to wild-type thymocytes in response to dl doses of anti-CD3 

antibody used for cell stimulation (Fig 4.1-A). Proliferation was aiso enhanced in the mev relative 

to wild-type ceils following their costimulation with anti-CD3 and anti-CD28 antibodies (Eigure 

4.1-B); augrnented responses of the mev ceUs were again observed at al1 levels of anti-CD3 

antibody stimulation (data not shown). However, a cornparison of the anti-CD3 with anti- 

CD3/anti-CD28 proliferative responses of these cells, revealed the extent that proliferation was 

increased in the mev relative to wild-type cells to be similar in both stimulatory contexts. Sirnilarly, 

cross-linking of the CTLA-4 receptor engendered a reduction in proüferative responses of the 

SHP-1-deficient and wild-type cells that was proportionaie to the levels of mitogenesis induced by 

anti-CD3/anti-CD28 costimulation. Thus SHP-1 effects on TCR-elicited proliferation appear to be 

realized independendy of the CD28 costirnulatory and (ITLA-4 negative regdatory receptoa. 

Positne seleciion of H-Y specific T cells t mcreuseà ni H-Y TCR viable motheaîen mice 

Although me and mev mice manifest premature thymic involution, at 2-3 weeks of age 

their thymuses appear nomal in tenns of proportions of CD4+CD8+ double-positive (DP) and 

CD4+CDa or CD4CD8+ single positive (SP) cells (Pani et al., 1996). Similady, expression of 

developmental and activation markers such as TCRdB, CM5, CD44, CD69 and CD5 is also 

nomai in these animds (data not shown). By contrast, thymic cellularity is somewhat demased 

in the SHP-I-cMcient mice, the total number of thymic cens in 2-3 week old mev mice being 

approximately 20% less than that o b m e d  in age-rnatched wîid-type animais (data not shown). 

This observation, together with the capacity of SHP-1 to modulate TCR-induced proliferation, 

suggests that SHP-1 may aiso be rdevant to hymocyte seleaion. To address this possibiiity, the 

viable motheaten mutation was bred inio mice transgenic for the H-Y male antigen-specific TCR 

and the H-Y TCR/mev heterozygous and homozygous animais so denved then evaluated with 



Figura 4.14. RoIiferative responses of C57BI16J mev/mev (Me') and wild-type 

(+/+) thymocytes (4 x 16) to varying amolmts of anti-CD3~ Ab plus rabbit IgG (4 @mI) in the 

-ce of IL-2 (25 WlmI). Proliferation was evaluated after a 16 h [Q thymidine puise and the 

data were expressed as cpm x LO-~. The values represent means (i SEM) of üipiicate cuitmes and 

an representative of five independent experiments. 



Figure 4.1-8. Pmliferative nsponses of C57BL16J mev/ mev (MeV) and wild-type (+/+) 

thymocytes (4 x 16) to 1 @mi anti-CD3e antibody (+) in the presence of varying amountî (0.5 - 
5 pg/d) anti-CD28 a n t i i y  or anti-CD28 plus anti-CïLA4 (5.0 or LU Wml) antibody plus rabbit 

anti-hamster IgG (4 pgml). Cens were cdnued for 72 h and then pulseci with [w thymidine 16 h 

before cnlture termination. Data are expessed as cprn x 10-~ and the values represent means 

(SEM) of quadrupIicaîe cultures. The experiment is zepresentative of five independent 

experiments. 



respect to their thymic and peripherd T ceii populations. 

To determine whether expression of the H-Y TCR transgene modifies SHP-1 e f f ~  on 

TCR signaüng. lyrnph node T cens h m  male and female H-Y TCR/mev mice were subjected to 

mixed lymphocyte miction by coculturt with splenocytes from syngenic male or female mice. As 

show in Figure 4.2, both H-Y TCR/SWP-1 àeficient and H-Y TCR celis responded to stimulation 

with male, but not female splenocytes. However. H-Y specific mitogenesis was markedly 

enhanced in the H-Y TCRlmev relative to H-Y TCR T cells, the augmentation of proliferation in 

the SHP-ldeficient mice king comparable to that observed in mev relative to wild-type mice. 

Anti-CD3 antibody-induced increases in MAP kinase activation were ais0 found to be augmentcd 

in thymocytes h m  H-Y TCRISHP-1 deficient compared to H-Y TCR mice at IO min after TCR 

stimulation (data not shown), a finding consistent with previous reports of enhanced MAP kinase 

activation in TCR stimulated mev thymocytes (Pani et al.., 1996). Together, these data confim the 

association of SHP-1 deficiency with enhanced TCR signaling and imply that the impact of SHP-1 

deficiency on TCR signal nlay is not affected by introduction of the H-Y K R  transgene. 

M o u s  data revealing SHP-I expression to be down-regdated at the stage of germinal 

centroblast expansion (Delibnas et al., 1997) raise the possibility that SHP-1 levels also change 

during thymocyte development. To address this possibility, SHP-1 expression in various 

thymocyte subpopulations was examined by immunoblotting anaiysis of lysates from double- 

negative, DPT CD4+CD8- SP and CD4*CD8+ SP thymocytes purified by ce11 soaing. As shown in 

Figure 4.3. the resuits of this anaiysis rcvealed SHP-1 levels to be comparable within each of these 

subpopulations. Thus, modulation of SHP-1 expression does not appear relevant to the roles this 

PTP plays at different stages of thymocyte ontogeny. 

To evaluate the effects of SHP-1 on positive selection, thymocytes from female H-Y TCR 

and H-Y TCRJSHP-I deficient mice were compared with respect to their CD4lCD8 and 7'3.70 

staining profiles. The H-Y TCR, which cm be detected by staining with either anti-clonotypic 

monoclonal n.70 (for H-Y TCR Va3 chain) or anti-Vb8 antibodies (for H-Y TCR VB8.2 chain), 

recopnizes H-Y related peptide presented on H - ~ D ~  (Kinelow et al., 1988; KisieIow and von 

Boehmer. 1995). As is consistent with previous findings ushg this TCR ûansgene systern 

~ S i e I o w  et d, 1988; Kisielow and von Bahmer. 1995). the CD4-CD8+ SP (CD8SP) thymocyte 

population is markedIy expanded in H-Y TCR compared with wild-type f e d e  mice. 
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Figure 4.2. . Effect of SHP-L deficiency on H-Y specific proliferative fesponses. Lymph node T 

cells (2 x id cellslweii) p d e d  h m  H-Y TCR (H-Y), H-Y TCR/viable motheaten heterozygote 

(H-Y mev/+) and H-Y TCWviabie motheaten (H-Y rnev/me9 male mice were subjected to mixed 

lymphocyte reaction by 72-h coculture with irradiated splenocytes (5 x 16 ceik/well) h m  male or 

femaie CS7BU6 mice or with culture medium alone. ProMeration was evduaîed after a 16 h puise 

with [3H] thymidine and the data expressed as cpm, Values represent means (SEM) of tripkate 

cultures and are representative of four hdcpmdent expahents. 



Fi- 43 Inu~unoblollingmr0rysi;r showiRg SHP-I eqmssion in thymocyte &se&. 

THY DP DN CD4 CD8 

Figuie 4.3. Immunoblotting analysis showing SEP4 expression in thyrnocyte subsets. Ce11 

lysates were prepared ficm Io6 double-negative @N), double-positive (DP), CD4+CD8- single- 

positive (CD+ and CD4'CD8+ single-positive (CD8) sorted or unsorted thyrnocytes 

obtained h m  C57BU6 mice. Lysate proteins were electrophoresed through SDS-PAGE, 

msferred to nitroceflulose and immunoblotted with antiSHP-1 Ab (upper panel). Filters were 

thm stripped and reprobed with anti-$ actin Ab (Iower panel). 



A substantive portion of the CD8+ thymocytes in these mice, however, manifest only modest 

expression of tnmsgenic TC- chah (Figure 4-44), a phenornenon previously attributed to 

rearrangemeat and expression of the endogenous TCRa chain genes during the DP stage of 

development (Borgdya et d, 1992). By cornparison, the nwnbers of CD8+ thymocytes showing 

TCR@ expression is significantly increased in H-Y TCR femaie mice hetemzygous for the mev 

mutation 4.4-B), animais in which thymocytes express both wild-type and a mutant, 

catalyticaüy inext, form of SHP-1 (Kozlowski et al., 1993). Similady, the CD8SP population was 

increased in size and the ratio of CD8+/CD4+SP cens was also higher in H-Y TCR/mev 

heterozygote (CDS+/CD4+ SP ratio = 1.8) compared to H-Y TCR (CD8+/CD4+ ratio = 09) 

thymuses. hcreases in the proportions of CDSSP relative to CWSP cells as well as H-Y TCR d 
CDSSP cells were even M e r  exaggerated in femaie H-Y T C W d  homozygous mice 

(CDS+/CD4+ ratio = 3.8) (F~gure 4.4-A). Together, these observations indicate that positive 

selection is enhanced in the context of SHP-I deficiency. This conclusion is aiso supported by 

&ta derived h m  analysis of peripherd T ce11 populations in fernale H-Y TCR/mev mice. As 

illustrateci in Figure 4.4-C, both the total CD8SP population as well as numbers of cD8+ T cells 

expressing high levels of the transgenic H-Y TCR were found to be markedly enhanced in the H-Y 

TCR/mev heterozygote and even more so in the H-Y TCR/mev homozygote relative to wild-type H- 

Y TCR rnice. Sirnilarly, an analysis of total lymph node T ce11 populations revealed the numbers 

of cells showing high level expression of H-Y TCR a and B chahs to be substantively higher in H- 

Y T C W d  heterozygote and homozygote mice than in H-Y TCR fernales (Figure 4.443. Thus, 

the characteristics of the peripheral as well as thyrnic T ce11 populations studied here nveai SHP-1 

deficiency to be associated with an enhancement in the positive selection of CD8+ H-Y TCR' 

c e k  

Positive selection LF hcreased in H-Y TCR mice npresring a dominant-negative SHP-I transgene 

SHP-1 has previously been shown to m u a t e  activities of two PTKs (Lck and ZAP-70) 

pivotd to TCR-initiated signal transduction (Lorenz et al., 1996; Plas et al., 1996). AccordingIy, 

the alterations in TCRQiven selection processes detected in me" mice are likely to refi ect T cell 



Figura 44 S m  defiriancy LP assuciideCd with incnases iit the positnte sefe&n of H-Y s,petijic 

T c e k  in H-Y TCR îrtmsgenic mke. 

Figure 4.4-A CD4 and CD8 expression in thymocytes h m  H-Y TCR il+, mev/+ and mev/mev 

fernale mice. Thymocytes h m  femaie H-Y TCR (H-Y +/+), H-Y TCR/viable motheaten 

heterozygote (H-Y Mev/+) and H-Y TCR viable motheaten homozygote (H-Y Mev/Mev) mice 

were stained with anti-CD8-FITC and anti-CD4-PE and then subjected to flow cytomeûic analysis. 

Two parameter histogram shows CD4 and CD8 expression with percentages of stained ceils 

mdicated in cach quacfrant. Resuits representative of five independent experiments are shown. 



Figrrre 44SHP-1 dejicicnq B asocirifcd with ùmvases in the positive selecrion of E-Y spedfi 

T cellr in H-Y TCR hmrsgeniè mice. 

Figum 4.4-6. H-Y TCR a-chah expression in H-Y TCR if+, mev/+ and rne"/meY femaie mice. 

Thymocytes from female H-Y TCR (H-Y +/+), H-Y TCRIviable motheaten heterozygote (K-Y 

MeV/+) and H-Y TCR viable motheaten homozygote (El-Y Mev/Me") mice were stained with anti- 

CD8-FiTC togethet with H-Y Opecinc anti-TCR achain m-70)-biotin antibody foilowed by 

streptavidinçy5 and then subjected to flow cytomeûic analysis. Histogram showing T3.70 

stanMg of gated CD8+ cells. Numbers indicate percentages of CD8+ ceils showing high level 

expression of the TCR a-cbain. ResuIts repre~entative of fîve independent experiments are shown. 



Figure 4.4 SHP-I deficienqy ù associafed with inmases h the positive sedecrion ofH-Y spe* 

T ce& in H-Y TCR fransgenb d e .  

,:b? . /sl . , . W . .  .- -' 
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Figure 4 . e .  Cw and CD8 expression in lyrnph nodes of H-Y TCR +/+, mev/+ and mev/mev 

femaie mice. Peripheral lymph no& T cells h m  femaie H-Y TCR (H-Y +/+), H-Y TWviable 

motheaten hete~oygote (H-Y Mev/+) and H-Y TCR viable motheaten homozygote (H-Y 

Mev/MeY) mice were stained with anti-CD8-FTïC and anti-CD4-PE and then subjected to flow 

cytometnc anaiysis. Two parameter histogram showing CD4 and CD8 expression within Iymph 

node populations gated on either live ceus (upper panel) or on ceiis expressing the transgenic TCR 

a-chain 3 3 0  positive; lower pane1). Numbers indicate the perwntage of ceils in each quadrant 

(upper panel) or the total numbet of ceils w i t h  eafh boxed area (lower panel). R d t s  

representative of five independent experiments are show 



Figive 4.4 SHP-I d e w n c y  Lr arsociotd with hmases ùt the pusidne setection of H-Y spe* 

T ce& in H-Y TCR bmugenic mice. 

Figure 4.4-D. H-Y TCR a-chah bhain expression in lymph nodes of H-Y TCR +/+, mev/+ and 

mevlmev female mice. Periphd lymph node T cells h m  female H-Y TCR (H-Y +/+), H-Y 

TCRlviable motheaten heterozygote (H-Y Me'/+) and H-Y TCR viable rnotheaten homozygote 

(KY MeV/Mey mice w m  stained with H-Y specific anti-TCR a-chah (T3.70)-biotin or anti- 

V@3-biotin anhâody folIowed by streptavidin-Cy5 and then subjected to fi ow cytometric analysis. 

Histognun showing expression of the H-Y TCR a chah (upper panel) or B chah (lower panel). 

Numbers indiaite percentages of total lymph node T cefls showing high Ievels of TCR a-or TCR 

bhain expression. Results representative offive independent experiments are shown. 



autonomous defats and not the secondary consequaices of the multiple haemopoietic defects 

present in these mutant animais. However, to ckcumvent the latter situation, animais in which 

SEP-1 functim was selectively reduced in lymphocyte lineages were Mved using a transgene 

construct containhg a cDNA encoding a dominant-negaîive form of SHP-1 (in which the cysteine 

residue at position 453 is replaced with a serine) under transcriptional control of the TCR V$ 

promoter and Igp enhancer sequences (Figure 4.5-A). This combination of pmoter/enhancer 

elements has been shown to engender lymphoid-specific tmsgene expression detectable at the 

eariiest stages of lymphopoiesis (Hough et al., 1994, Hough et al., 1996). As is consistent with 

these observations, none of five founders in which expression of the dnSHP-1 transgene was 

detected developed the myeloid/monocyte expansion observed in mev mice and viabiüty of the 

animals appeared normal (&ta not shown). By contrast, analysis of one transgenic line (JS25) 

ddved by backmssing to C57BL16J, revealed an effect of the dnSHP-1 transgene on both 

thymocyte deveIopment and hmction. In this line, expression of the dnSHP-L transgene was found 

to be about two fold higher than that of endogenous SHP-I in thymocytes, but was not 

significantly altered in lymph node T cells (Figure 4.5-B). As illustrated in Figure 4.5-C. an& 

CD3-induced proliferative responses of the dnSHP-1 transgene-expressing thymocytes were 

substantively higher than those of wild-type thyrnocytes at al1 anti-CD3 stimulatory doses. These 

fincüngs mirror the difierences apparent between similarly-üeated mev and wild-type thymocytes 

and are also consistent with previous data revealing the capacity of the Cys453Ser SHP-1 mutant 

protein io function in a dominant-negative fashion (Plas et al., 1996; Somani et al., 1997). To 

determine whether expression of the dnSHP-l transgene aiso influences thymocyte selection in a 

manner simiiar to the mev mutation, mice h m  the dnSHP-l transgenic line were crossed to H-Y 

TCR transgenic rnice and the progeny then examined with respect to T ceiI development. Although 

thymic ceiIularity and developrnent appeared normal in the dnSHP-1 transgenic animals, 

phenotypic analysis of female thymocytes h m  H-Y TCRIcinSHP-1 double transgenic mice 

reveded a marked inmase in the proportion of CD8SP (Figure 4.6-A) and H-Y TCR# CD8SP 

(Figure 4.6-B) thyrnocytes, a nsult which again indicates positive seIection to be enhanced in the 

context of reduced Sm-1 function. Taken together with the data showing the 

generatiodexpansion of H-Y TCR specinc CD8SP cens to be increaseà in viable motheaten mice, 

these fincüngs îndicate a pivotal d e  for SHP-I in downreguîating the TCR signals that stimulaîe 
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Figure 4.5-A Representation of the transgene consûuct used to drive dominant 

negative SHP-I expression in thymocytes. A full-Iength murine SHP-1 cDNA containing a 

cysteine to serine substitution at position 453 was inserted into the pllT-2 vector downstream to a 

hgment containing the TCR Vp promoter, the Igp enhancer and a 2 kb sequence upstxeam of the 

Lck gene proximal promoter believed to function as a Iocus-activating region. A hgment 

inctuding exon and intron segments of the human growth hormone gene (hGH) together with the 

polyadenytation signal was inserted downstream of the dnSHP-1 cDNA sequence. 



F m  43 Tliynioeyte-resaicfed eqwessCon of u dominant negatne SHP-I fronsgme U 

assocùzted wWt atcreases in TCR=ÙtducedprvliferafiOn 

Thymus 

Figure 4-5-B. Immunoblot analysis showing SHP-I expression in wild-type (WT) and dnSHP-l 

transgenic VG) thymocytes. Lysate (20 pg) protems prepared h m  wild-typ and msgenic 

mouse thymocytes w m  fractionated over SDS-PAGE, transferred to nitracelluiose and 

immunoblotted with antiSHP-l antibody (upper panel). FiIters were then stripped and nprobed 

with antiSHP-2 antibody (lower panel). 



Figure 4.5 Thymocyte-resfricfed expression of a hmittanf negative S m  tntnsgene ik 

aasocuded wiUI inmases in TCR-iitducedpm~erclfion 

Figure 4.54. Proliferatve cesponses of thymocytes h m  C57BL16J wüd-type (+I+) and dnSHP- 

1 transgenic mice to varying amounts anti-CD3 antibody plus rabbit anti-hamster IgG (5 @ni) in 

the presence of 25 Nlml IL-2 Prolifimtîon was evduated after 16 h pulse with [Q thymidine 

and the data expressed as cpm x LO-~. The values represent means (SEM) of nipikate ctû~nes 

and are qmsentative of foia independent experùnents. 



Positive selection. 

Negrnive seteaion is enhLlllced in H-Y TCR SHP-I aeficient mice 

Although analysis of the SHP-1 &fiCient H-Y TCR femaie mice revealed positive 

selection of H-Y TCR specific CD8SP cells to be increased in these animais, the data also revealed 

the proportions of CWSP and DP cells to be reduced in me' hornozygous H-Y TCR compared to 

H-Y TCR f d e  mice (Figure 4.4-A). As this abnonnality does not &se in the context of the mev 

mutation alone, the reduction of these populations in female H-Y TCR/mev mice suggests that the 

enhanced TCR signaling imbued by Sm-1 deficiency may lead not only to inmased positive 

selection, but aiso the increased clonal deletion following H-Y TCR-MHC/pepti& interaction. 

To address this possibility, the impact of SHP-1 deficiency on thymocyte development was aIso 

examined in male mev rnice bearing the H-Y TCR transgene. As illustrated in Figure 4.7-A, 

elimination of self-reactive thymocytes in the male H-Y TCR mice resuits in a dramatic reduction 

in the DP thymocyte population. However, the diminution of this population and also of CD8SP 

thymocyies was even mon marked in H-Y TCR/meV heterozygous and mev homozygous thymuses, 

the latter of which were comprised aimost entirely of double negative thyrnocytes. Along sirnilar 

lines, an analysis of lymph node T ceIl populations revealed CDISP cells to be almost depleted in 

the periphery of H-Y TCR/meV mice ('~gure 4.7-B). These observations stmngiy suggest that 

SHP-1 deficiency renders H-Y specific thymocytes more susceptible to negative selection. 

To M e r  ad- the impact of SHP-1 on negative selection, the effects of SHP-1 

deficiency on thymocyte development were also studied in male C57BU6 mice double transgenic 

for the H-Y TCR and for CDS, a pan-T ce11 transmernbrane glycoprotein known to negatively 

regdate TCR signai delivery (Tarakhovsky et al., 1995a). These latter animds, in which T cell- 

specific CD5 overexpression is driven by the CD2 promoterlenhancer, have pleviously been 

shown to manifest a cbease in the negative selection of transgenic TCR-expressing thymocytes 

(Paul Love, unpublished data). This inhibitory effect of CD5 overexpression on negative sefection 

was again detected in the current study, as revealed by the increased fepte~entation of DP cens in 

the thymuses of H-Y TCWCDS compared to H-Y TCR mice (Figure 4.743. By contmst, 

introduction of the d mutation into the H-Y TWCDS transgenic mÎce again dramatidy 

d e d  the size of the DP population and appears to waially nullify the effects of CD5 



Figure 4.6 ~ r e s s i o n  ofdiSRP-I is associiaed with inmases Bir posttnte selèsclcetion of H-Y 
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Figure 4.ô-A CD4 and CD8 expression in H-Y TCR +/+ and dnSHP-l thymocyte populations. 

Dual panmeter histograms show CD4 and CD8 expression in H-Y TCR wild-type (H-Y +I+) and 

dnSHP-1 @-Y dnSHP-1) thymocyte populations in a live cell gate (upper panel) or in an H-Y 

TCR a-chain-expresshg 0.7N) gate (Iowa panel). Numbers indicaîe pemmtages (upper panel) 

or ambers (Iowa panel) of stained ceiIs in each quadrant, 



Figun 4.6 Erpmssion of dnSBP-I ik asso&ed with Utmases in po&e sekction of H-Y 

specr'fic Tceüs in H-Y TCR frmisgenic mice. 

Figure 4.6-8. K-Y TCR a-chain expression in H-Y TCR +/+ and dnSHP-1 thymocyte 

populations. A histogram showing levels of expression of the H-Y TCR a-chah in the total 

thymocyte population. Data are representative of four independent experiments. 



F- 4.7 SBP-I deJicisnq U assocUaed wàth inmases in the negaîZve sekction of H-Y 

spe- T c e k  Ùt II-Y TCR amtsgenic mice. 

Figure 4.74. CD4 and CD8 staining profiles in thymocytes h m  H-Y TCR +I+, mev/+ and 

mev/mev male mice. Thymocytes from male H-Y TCR (H-Y il+), H-Y TCRIviabIe motheaten 

heterozygote (H-Y MeY/+) and H-Y TCR viable motheaten homozygote (KY Mev/Me") mice 

were stained with anti-CD8-FïïC and anti-CD4-PE and then subjected to flow cytometric andysis. 

Two parameter histograrn shows CW and CD8 staining profiles with percentages of stained ceiIs 

indicated in each quadrant. Results are representative of five independent experiments. 



Fi@m 4.7 SHP-I &@kncy is asso&ed wüh inmases Ur the negotive selecfron of H-Y 

speci* T ce& in H-Y TCR fransgd mièe. 

Figure 4.7-B. CD4 and CD8 expression in the lymph nodes h m  H-Y TCR +/+, mev/+ and 

mev/mev male mice. Peripherai lyrnph node T celis were obtained from male H-Y TCR wild-type 

(H-Y +/+), H-Y viable motheaten heterozygote @-Y Mev/+), and viabie motheaten homozygote 

@-Y MevMe?) mice. Cells were stained with anti-CD8-ETTC and anti-cDePE and then 

subjected to flow cytometric analysis. Two parameter histograms showing CD4 and CD8 

expression in iymph nodes promes with percentages of stained cells indicated m each quadrant, 

Results are fepfe~entative of five independent experiments. 



F '  AIS- &$kkncy U associaEed with inmases m the negathe sele&n of H-Y 

spedjic T celk in H-Y TCR k.crnsgenic micc 

H-Y CDS 8 KY CD5 MevMev Cr 

Figure 4.74. CD4 and CD8 staining profiIes in thymocytes h m  wild-type, CD5 transgenic, and 

CD5 transgenic viable motheaten H-Y TCR male mice. Thymocytes were obtained h m  male H- 

Y TCR wild-type @-Y +I+), CDS trangenic (K-Y CDS), and CD5 transgenidviable motheaten (H- 

Y CD5 mev/me") mice. Cells were stained with anti-CD8-FITC and anti-CD4-PE and then 

subjected to flow cytometric analysis. Two parameter histograms showing CD4 and CD8 staining 

profles in thymocytes pmfiIes with percentstges of stained cells indicated in each quadrant, 

R d t s  are representative of five independent experiments. 



Figmc 47 SHP-1 daficiency B ( I C S S O ~ ~  with inmases in the negafnte sekction of H-Y 

specam T c e k  in H-Y TCR fransgenic mi& 

Rgum 4.7-0. CD4 and CD8 expression in thymocytes and Iymph node T cens h m  wild-type 

and QiSHP-1 H-Y TCR male mice. Thymocytes or peripheral lymph node T cells were obtained 

from male H-Y TCR Md-type (H-Y +/+) and dnSHP-1 (H-Y dnSHP-1) mice. Ceils were stained 

with antiCD8-HTC and anti-CD4-PE and then subjeded to flow cytometric anaiysis. Two 

parameter histograms showhg CW and CD8 expression in thymocytes (upper panel) and lyrnph 

node T cek (lower panel) from Md-type and dnSHP-l H-Y TCR male mice. Percentages of 

stained cek are shown in each quadrant or boxed area. Resdts are repesentative of five 

independent ex-ents 



overexpission. In addition, as inustrated in Figure 4.7-D, the deletion of DP thymocytes was also 

substantively increased in H-Y TCR/QiSHP-1 transgenic relative to H-Y TCR male mice as 

evidenced by a reduction in the proportions of DN cells in the double ûansgenic animais. The 

enhaaced deletion of H-Y specific thyrnocytes associated with expression of the dnSHP-l 

transgene also impacted upon the profile of T cens fond in the periphery, the proportions of 

CDBSP cens king significantiy reduced in male H-Y TCWdnSHP-1 double transgenic relative to 

H-Y TCR lymph nodes (Figure 4.7-D, lower panel). Taken together, these observations indicate 

that SHP-1 effects on T ce11 selection are realized cell autonomously and provide confirmatory 

evidence of the role for SHP-1 in suppressing TCR-directed negative as well as  positive selection 

in the thymus. 

4.5 DISCUSSION 

The biochemical mechanisms which translate TCR interaction with cognate peptide/MHC 

into the positive or negative selection of developing thymocytes are of key relevance to the 

understanding of tolerance acquisition and maintenance. In view of previous &ta revealing 

antigen-receptor driven mitogenesis to be aberrantly increased in thymocytes and mat= T cells 

From SHP-1 deficient motheaten mice, we have used the H-Y TCR transgene system to investigate 

the possibility that SHP-1 influence on TCR signaling also translates to the replation of 

intrathymic selection processes. The results of this analysis revealed TCR-induced proliferation to 

be augmented in both H-Y TCWmev T cells, and in thymocytes expressing a dnSHP-1 protein. 

SHP-I inhibitor- effects on TCR signaüng were found to be unaltered by CD28 or ClZA-4 CO- 

crosslinking and to QamabcaIly influence T ce11 selection events in H-Y TCR transgenic mice. In 

H-Y TCR female mice, for example, SHP-1 deticiency conferred by either the mev mutation or the 

dnSHP-l protein, was associated with marked increases in the H-Y TCRÛ~" CD8+ thyrnic and 

piphetal T celi populations. SHP-1 deficiency also altered T cell development in H-Y TCR male 

mice, resdting in a marked Rduction in the DP thymwyte and in CD8SP peripheral T celi 

populations. Taken together, these data inciicate that SHP-1 effects on TCR signahg are ceU 

autonomous, occur indepenâently of CD28 and CïLA4 and translate not ody to the 



domguiation of T ceîi proliferation, but aiso to the suppression of TCR-duected 

maturatiodexpansion and clonai dcletion in the thymus. 

In the current study, the expansion of CD8SP and H-Y TCR a and chahexpressing T 

ceiI populations in SHP-1 deficent compared to control K-Y TCR femde mice pmvïdes strong 

evidence of a d e  for SHP-L in downregulating the process of positive selection. Similady, this 

d e  for SHP-1 was also reveaied by the Ending that DP and lineage committed C D ~ ' O C D ~ +  

transitional tfiymocytes h m  the SHP-1-deficient H-Y TCR mice expressed higher levels of CD69 

and Bcl-2 and were also morphologically more biastic than the comparable cells h m  control H-Y 

TCR fernales (data not show). An inhibitory effect of SHP-1 on positive selection is consistent 

with previous data identiwng SHP-1 as a negative modulator of TCR signalhg and suggesting 

that this effect of SHP-1 may involve its downregulation of Lck, ZAP-70 and MAP kinase 

activation (Pani et al., 1996; Plas et al., 1996; Uchida et al., 1994). Importantly, while the 

intracellular circuitry transducing positive selecting signals is not well understood, ZAP-70, Lck 

and MAP kinase activation have ail ken  implicated in this facet of T ce11 development (Alberda- 

na et al., 1995; Crompton et al., 1996; Levin et al., 1993; Molina et al., 1992; Negishi et al., 

1995). Thus, it appears Iikely that modulation of these panicular TCR signaling cornponents 

accounts, at least in part, for the capacity of SHP-1 to inhibit positive selection. However, SHP-I 

also interacts with subunits of the TCR complex (Pani et al., 1996), the Vav protein (Kon- 

Kozlowski et al.. 1996; Pani et al., 1996) and phosphatidylinositol 3-kinase (Imani et al., 1993, 

and the extent to which these latter interactions are also relevant to SHP-L effects on selection 

remains to be detennined, 

An association of SHP-1 deficiency with enhanced negative seiection was also detected in 

the current study, the data revealing nurnbers of DP thymocytes as weli as CDSSP thyrnocytes and 

peripheral T ceus to be reduced in SHP-1-deficient H-Y TCR male mice. Importantly, while total 

thymic cellularity has been fond to be severety reduced in older (5-6 week old) mev homozygote 

mice, the decrease in total thymic ceiiularity in 2-3 week old mev mice is much less sîgnificant and 

imlikely to account for the reduction in thymocyte subpopulations detezted in H-Y TCR/mev male 

mice. This contention is supporteci by the fact that the DP thymocyte population of H-Y TCR male 

mice is also reduced m conjtmcton with me' heterozygosity or expression of a dominant-negative 

SHP-1 transgene, situations in which total thyrnic ceiiuiarîty remains intact. Thus while altered 



thymocyte cellular@ has previously been ascribed to impaiml redtment of thymocyte 

progenitm h m  the bone marrow (Haas et al., 1989) as weii as the deleterious influence of 

overexpanded macrophagehnyeloid popdations (Koo et aL, 1993), the data reported here indicate 

that inmases in intrathymic negative selection also contribute to this facet of the motheaten 

phenotype. This conclusion is dso consistent with the apparent capaciq of SHP-laeficiency to 

countemct the inhibitory effects of CD5 overexpression on negative selection, an observation 

which dso raises the possibiüty that SHP-1 activity is required for CD5 to realize its inhibitory 

effats on negative selection. A role for SHP-1 in inhibiting the negative selection of immature 

thymocytes is also supported by data demonstnting SHP-1 defitient autoreactive B ce11 precunors 

in the mamw to manifest a heightened susceptibility to clonal deletion (Cyster and Goodnow, 

1995). 

As illustrated in Figure 4.4-A, characterization of the thymocyte populations in SHP-1- 

deficient H-Y TCR female mice reveaied the CD8+lCD4+SP ratio and the numbers of H-Y 

TCR~"CDS+ cells to be higher in the mev homozygous than in mev heterozygote H-Y TCR mice. 

By contrast, me" hornozygosity was associated with a reduction in the DP, CD4SP and CDISP 

thymic populations. These findings cannot be ascribed to the overall reduction in thymic 

ceilularity manifested by 2- to 3-wksld mev mice as relative proportions of the major thymocyte 

subsets are not aitered in these latter mice (Pani et al., 1996). Thus. the reduction of the DN, 

CWSP, and CD8SP populations observed in the H-Y TCR mev homozygous mice implies the 

association of mev homozygosity with increased clonal deletion and the capacity of H-Y TCR T 

cens to undergo negative selection in the absence of H-Y antigen. As CD4SP ceils are not 

susceptible to negative selection in female H-Y TCR mice (Teh et ai., 1988), the c u m t  data 

revealing proportions of these cells to be reduced in H-Y TCWmev mice also raise the possibility 

that the deletion processes regulated by SHP-1 may occur during the transitionai stage from DP to 

SP thymocytes prior to cornmitment to the CD4 or CD8 üneage. Along sirnilar Lines, negative 

selection has been previously shom to occur in the absence of agonist peptide under conditions 

which promote thymocyte interactions wïth the stromal ceil milieu, as exempIified by induced 

increases in CD8 expression (Robey et d, 1992; Sherman et al., 1992) or in the concentration or 

afnnity of TCR-interacting peptide (Ashton-RicW et d, 1994; Hogquist et aL, 1994). 

Haemopoietic development has been extemiveIy snidied in me and me" mice and the 



resdts of such studies have ünked at least some of the Lymphoid ceU defects obsewed in these 

animais to the overexpansion of myeloidlmonocytic cell popdations (Hayashi et al., 1988; 

Medlock et al-, 1987; Van Zant and Shultz, 1989). This contemtion is consistent with ment data 

reveaüng the caplrcity of SHP-L to negatively regdate myeloid ceU proWeration and function 

@ong et aL, 1999), to domgda te  receptors such as the interleukin-3, macrophage colony- 

stimuiating fktor and granulocyte-macrophage receptors, which promote myelomonocytic growth 

and development, (Chen et al., 1996; Jiao et al., 1997; Yi et uL, 1993), and to interact with ce11 

surface proteins such as PR-B and SEPS-1 which are implicated in the negative regdation of 

macrophage growth (Berg et al.. 1998; Timms et al., 1998; Veiiiette et al., 1998). In view of these 

observations, the degree to which the T lymphoid defats observed in me and mev mice are inhinsic 

to T lineage cells was evaiuated in the cunmt study using mice in which a dominant-negative 

fom of SHP-I was selectively expressed in thyrnic T cells. Although these latter animals show no 

evidence of B ce11 or myelomonocytic abnormaiities (data not shown), TCR-induced thymocyte 

proliferation as weil as positive and negative selection processes were found to be markedly 

enhanced in these mice, the findings essentially mimring those observed in mev mice. Thus white 

the myeloidlmonocytic expansion associated with the me and mev mutations likely impacts on 

some facets of lymphoid physiology, the current data provide compeliing evidence that SHP-I 

modulates T cell function in a ce11 autonomous fashion. This conclusion is dso supported by 

previous data revealing TCRevoked proliferation to be markedly augmented in Jurkat T ce11 

transfectants expressing a dnSHP-1 protein plas et al., 1996), and ais0 by multiple lines of 

evidence identifying SEP-1 as a modulator of signaling effeas key to TCR signal relay (Lorenz et 

al-, 1996; Pani et al., 1996; Plas et al., 1996). 

Frevious data conceming SEP4 functions in B cells have reveded SHP-1 inhibitory 

effects on B cell antigen receptor @CR) signaling to be reaiized in part through interactions with 

BCR cornodulators such as CD22, FcyRIIB, PIR-B and CD72 (Adachi et ai., 1998; Blery et al,. 

1998; D'Ambmsio et al., 1995; Doody et ol., 1995). These data, together with previous findings 

implicatuig CD28 in the apoptotic processes that engmder negative seiection (Rmt et aL, 1997), 

prompteci our investigation as to whether SHP-1 effects on T cell activation might involve 

modulation of the CD28 costirnulatory andor CTLA-4 negaiive reguiatory receptors. The current 

data, however, revealùig th& CD28 and CïLA-4 eEe*s on TCR-elicited proMeration are not 



modifieci by SHP-1 deficiency, indicate Sm-1 inhibitory influence on TCR signaling to be 

realized independently of these receptors. These results are consistent with the absence in both the 

CD28 and CKA-4 cytosolic domains of the SEP-1 SEI2 domain-interacting immunoreceptor 

tyrosine-based inhibition motifs. A lack of SHP-I e k t  on CïLA-4 modulatory function is also 

supported by data demonstrating that CIZA-4 associates with SHP-2, but not SHP-I (Marengere 

et al., 19%) and that thymic selection proceeds normaily in CTLA4deficient rnice (Waterhouse 

et d, 1997). 

The data reported hem indicate both positive and negative selection to be markedly 

infiuenced by the magnitude of signals emanating h m  the TCR and also reveal SHP-1-mediated 

increases in the threshold for TCR signai delivery to have multiple biological consequences. 

Taken together with previous findings h m  studies of ZAP-70 and TCR knock-out mice 

(Negishi et al., 1995; Yamazaki et al., 1997) the current &ta also suggest a commonality in the 

most proximal intracellula. signaling events that regulate both positive and negative selection. 

Thus the translation of varying affinitylavidity TCR interactions with cognate ligand to the 

induction of these two different biologicai outcornes appears to be mediated by more downstream 

biochemical events, a conclusion also suggested by the selection defect associated with disruption 

of the MAP kinase cascade (Alberda-na et ai.. 1995; Alberola-na et al., 1996). Sirnilarly, the 

detection in DN thymocytes of SHP-1 levels comparable with those detected in DP and SP cells 

suggests that SHP-I may dso impact upon other facets of thymocyte ontogeny by modulating pre- 

TCR signahg (von Boehmer and Fehling, 1997). While this possibility as well as the mechanisms 

whereby SHP-I modulates selection processes requh M e r  investigation, the data presented here 

suggest that SHP-1 effects on TCR signaüng may infiuence the transition between positive and 

negative selection and, by extension, the cellular events that engender autoimrnunity. 



CDS-MEDIATED INHIBITION OF TCR SIGNALING PROCEEDS 

NORMALLY IN THE ABSENCE OF SEP-1 

Contents of this c hapter represent manuscript in preparation. 



The CD5 transmembrane glycoprotein is believed to function as a CO-meptor in the 

signaIing pathway linking T cell antigen receptor PCR) engagement to activation and 

differentiation. CD5 effe*s on TCR signaiing have been shown to be primarily inhibitory, but the 

mechanisms whereby this negative effect is realized remains unclear. In view of recent data 

revealing the capacity of CD5 to associate with the SHP-1 tyrosine phosphatase. a protein which 

also d o m  regulates TCR signaling, we have now explored the role of SHP-I in modulating CDS 

function using thymocytes h m  SHP-1 defiCient viable motheaten (me') mice. The results of these 

studies reveded the association of SHP-1 with CD5 to be markedly increased following TCR 

stimulation and indicated that this interaction is enhanced by and dependent on CD5 tyrosine 

phosphorylation, However, the tyrosine phosphorylation statu of CD5 in both resting and TCR- 

stimulated cells was found to be no different in SHP-1 deficient compared to wiId-type 

thymocytes. Lack of SHP-1 activity aiso had no impact on levels of CD5 surface expression, CD5 

coimmunoprecipitable tyrosine phosphatase activity and intracelluiar calcium inmase following 

cmsstinking of the TCR and CDS.  Sirnilarly, an analysis of T cell thymocyte populations in 

mev mice expressing an H-Y transgene as well as a constmct mediating T ce11 restricted CD5 

overexpfe~~ion, reveded that the reduction in positive selection confemd by CD5 overexpression 

was unaffécted by SHP-1 deficiency. Together these observations indicate that CD5 does not 

represent a SHP-1 substntte and suggest SHP-1 is not required for and possibly not involved in 

CDS-mediated modulation of TCR signaling. 

CD5 is a monomenc 67-kDa type 1 trammembrane glycoprotein belonging to the 

scavenger receptor cysteine-rich (SRCR) family (Jones et al., 1986; Resnick et al., 1994; Starhg 

et al., lm, and is expresseci on thymocytes, manire peripheral T lymphocytes and a subset of B 

ceUs (Hayakawa and Hardy, 1988; Reinhem et d, 1979; Wang et ul., 1980). CD5 is expressed at 

Iow levels on immature CD4CD& (double negative, DN) thymocyte~ and becornes mcreasingly 

ex+ on cDelcD8+ (double positive, DP) and single positive (SP) CD4+ or CD8+ 



thymocytes (Azzarn et d., 1998). In the periphery all T cells express high levels of C D S  (Weiss et 

al., 19a1). Although several potential ligands for CD5 have been identifieci (Biancone et al., 1996; 

Bürah et al., 1998; Pospisil et aL, 19%; Van de Velde et d, 1991). the physiologicaily relevant 

CD5 interactions with their associated signahg pathways stiU reqWre elucidation (Barclay et al., 

1997). 

CD5 has been shown to physically and functionally associate with the antigen receptor on 

both T and B cells (Beyers et al.. 1992; Bikah et al., 1996; Lankester et al., 1994; LRdbetter et al., 

1985; Osman et al., 1992; Tarakhovsky et al.. 1995a). However, the physiological relevant and 

ultimate function of CDS on antigen receptor signahg remains elusive. Historically CD5 has been 

shown to possess a costirnulatory function, as cross-linking of CD5 with antibodies enhances TCR- 

mediated activation, proliferation, increases in intracellular ca2+, inositol triphosphate, IL-2 

secretion, and L 2 R  expression (Alberda-Ila et al., 1992; Ceuppens and Baroja, 1986; Imboden et 

al., 1990; Ledbetter et al., 1985; Spertini et al., 1991; Stanton et al., 1986). Recent studies, 

partîcularly those utilizing the CDS-knockout mice have provided considerable insight into CD5 

function. These studies, in contrast have impticated a primarily negative d e  for CD5 in antigen 

ceceptor-mediated signaling (Bikah et al., 1996; Pena-Rossi et al., 1999; Tarakhovsky et al., 

1995a). The lack of CDS renders thyrnocytes hyperresponsive to TCR stimulation, resulting in 

increases in tyrosine phosphorylation of various proteins (Vav, ZAP-70, PLC-ly, LAT and CD3r). 

enhanced ca'+ influx and inmased proliferation (Tarakhovsky et al., 1995a). Furthemore, the 

ability of CD5 to act as a negative regulator of TCR-mediated signaling has ken show to have a 

physiological impact on thymocyte development in terms of thymic selaction (Pena-Rossi et al., 

1999; Tarakhovsky et d, 1995a). The ability of CD5 to attenuate TCR-mediated signds suggests 

that CD5 occupies an important role in T ceU development and represents a mechanism for fine- 

tuning thymic seIection (Aaam et al., 1998). 

Although CD5 does not appear to have any inûinsic catalytic activity, the cytoplasmic 

domain of CD5 contains four tyrosine &dues (Y378, Y429, Y441, and Y463) and several 

putative SerinduUeOnine phosphorylation sites (Burgess et al., 1992; Davies et d, 1992). Upon 

TCR stimulation the cytoplasmic domain of CD5 becornes rapidly phosphorylated (Bwgess et 1, 

1992; Davies n d, 1992; Raab et d., 1994) and this is thought !O remit  other signahg 

molecnlesC In piiaicdar, tyrosines 429 and 441 are embedded m an miperfect irnmunoreceptor 



tyrosine-based activation motif (lTAM)-tike sequence (Beym et al., 1992). while tyrosine 378 is 

contained within an immunoreceptor tyrosine-based inhibitory motif 0 - l i k e  sequence 

(vnkeless and Jin, 1997), suggesting that these sites can act as docking sites fm proteins with SEI2 

domains* 

In keeping with the negative signahg function of CDS, we have previously shown that 

SHP-1 (Src homology 2-domain containing tyrosine phosphatase-l), a protein tyrosine 

phosphatase responsible for dom-regulating a variety of hemopoietic cell signaling pathways 

(Cyster and Goodnow, 1995; h o  et ai.. 1997; Tonks and Neel, 1996). associates with CDS in 

thymocytes (Pani et al., 1996). More recently, work in Jurkat T cells has show that tyrosine 378 

in the KIM-like sequence of CD5 is required for SHP-1 association and strongly impücates SHP-L 

tyrosine phosphatase activity in mediating the down-regdatory activity of CD5 (Perez-Villa. et al., 

1999). Furthemore, there are ment data showing a correlation between the phosphorylation state 

of CD5 and the phosphatase activity of SHP-I suggesting that CD5 may also represent a substrate 

for SHP-1 activity (Carmo et al., 1999). In keeping with observations in T ceils, SHP-1 has also 

been show to associate with CD5 in B-1 cells and the data support a mode1 whereby CDS rrcniits 

SHP-1 into the BCR complex in order to down-tegulate antigen receptor-mediated growth signals 

(Bikah et al., 1996; Sen et al., 1999). However, more recentl y, the role of SHP- 1 in mediating the 

negative regulatory effects of CD5 has corne into question (Gary-Gouy et al., 2000; Pena-Rossi et 

al.. 1999). For example, CDS-deficient T ce11 hybridomas transfected with a truncated form of 

CD5 that retains the lTIM-like sequence (Y378) were unable to negatively regutate TCR responses 

( 'a-Rossi  et al., 1999). Similady, recent work exarnining CDS-mediated dom-regdation of B 

ce11 receptor signaling showed no clear implication for SHP-1 in mediating the inhibitory action of 

CD5 (Gary-Gouy et al., 2000). fuaher arguing ihat the effect of CD5 on BCR is independent of 

SHP-1 and potentidly different From that in T cells (Gary-Gouy et al., 2000). 

To clarify the funaionai and physiological requirement of SHP-1 in the CD5 signaling 

pathway, in ihis snidy we have assessed the abüity of CD5 to down-modulate TCR signaling and 

thymic selection in the context of SHP-1 deficiency. Herein we report that although SHP-I can 

associate with CDS, the tyrosine phosphoryiation protüe of CD5 upon TCR stimulation is no 

ctifferent in SEP-I deficient viable motheaten (rnev) cornpoued to wild-type thymocytes. The lack 

of SHP-1 activity also had no impact on levels of CD5 d a c e  expression, CD5 associateci ETJ? 



activity, and UitraceIIular calcium mobilization profiles following TCRICD5 co-cfossIinking. 

Simüarly, an analysis of T cell thymocyte populations in mev mice expressing an H-Y tmsgene as 

well a s  a constnict mediating T celi restricted CD5 overexpression, revealed that the reduction in 

positive seiection conferred by CD5 overexpression was unaffected by SHP-L deficiency. 

CumuIatively, these observations indicate that CD5 does not npresent a SHP-I substrate and 

suggest SHP-1 is not required for and possibly not involved in CDS-mediated dom-modulation of 

TCR signding. 

53 METHODS 

Mice 

Mice homozygous for the viable motheaten mutation (me') were obtained by mating 

C57BLh.J mev/+ breeding pairs derived From breeding stock maintained at the Samuel Lunenfeld 

Research Institute, Mount Sinai Hospital (Toronto, Ontario, Canada). Mice carrying an H-Y 

specific TCR transgene, which recognizes the H-Y male specific antigen presented on I l - 2 ~ ~  

(Kisielow ct al., 1988), were mssed with mev/+ heterozygotes and the H-Y TCW mev/+ progeny 

selected and backmssed with mev/+ mice to obtain H-Y TCW mev homozygotes. For derivation 

of CD5 transgenic mice, a huCD2-CDS transgene was denved as previousiy detailed by 

substituthg the murine CD5 coding sequence for the T a  cDNA sequent in the construct <- 
CïLO8 (Love et al., 1994). Fotmder Iines were identified by Southern blotting, screened for 

expression of CD5 by Northern blotting and flow cytometnc analysis and the mice then 

backmssed to C57BMJ through six generations. These mice were then mated with H-Y TCR 

transgenic mice to gmerate H-Y TCRICD5 transgenics. To derive H-Y TCR/CDS/mev mice, the 

H-Y TCRICD5 transgenics were mated to mev/+ mice and the F1 H-Y TCRICD5 transgenic viable 

motheaten heterozygote progeny then backmssed with mev/+ mice. Mice were typed for 

expression of the H-Y TCR and CD5 transgenes using PCR amplification with the primer pairs 5'- 

CAGACCCïCCiTGATCCïûGCCCïCCAGT-3' (forward)* 5'-CAGTCCGTGGACCAGCCTG 

ATGCTCATCiT-3' (reverse) and 5 ' - G G A G C A C A T C A G A A m m - 3 '  (forward) and 

S'CmAGATCmGGGCAGAAGACCTG-3' (reverse), mspediveiy (Waterfiotïse et d, 1997). 



The PCR amprification cycle (15 s at 94OC. 20 s at 64OC and 30 s at 72'0 was repeated 35 times. 

H-Y TCR and CD5 transgene expression were also confinneci by surface staining of peripheral 

bIood lymphocytes (Zhang et d, 1999a). Mice were studied at the ages of 2-3 weeks. 

Antrbodies und Reagents 

Antibodies used for these studies inchde FlTC~onjugated anti-CD8 and anti-CDS 

antibodies, PEconjugated anti-CD4 antibody, and biotin-conjugated monoclonal rat anti-mouse 

CD5 (clone 53-73), anti-TCR (M), and anti-CD4 antibodies al1 obtained h m  PharMingen (La 

Jolla, CA). Purified monoclonal rat ant-mouse CD5 (clone 53-73) was generously provided by 

Dr. L. A. Henenberg (Stanford University, Stanford, CA) or purchased h m  PharMingen. Rat 

anti-mouse IgG, Goat ant-rat IgG, streptavidin and avidin were obtained h m  Jackson 

ImmunoResearch (West Grove, PA). Anti-phosphotyrosine monoclonal antibody 4G10. protein A 

and sheep anti-mouse antibody conjugated to horseradish peroxidase were purchased fiom Upstate 

Biotec hnology, Inc., (Lake Placid NY). Rabbit polyclonal antiSHP- 1 antibcdy recognizing the 

tandem SM domains of SHP-L was generated in our laboratory as previously described 

(Kozlowski et ai., 1993). Polyclonal anti-CD5 (R5) rabbit s e m  to the highly conserved peptide 

sequence, TASKVDNEYSQPPRT in the CDS cytoplasrnic domain was generously provided by 

Drs. Greg Appleyard and Bruce Wilkie (Appleyard and Wilkie, 1998). Chernicals used for 

immunobloning/immunoprecipiration were purchased From Sigma Chernical Corp (St Louis, 

MA). 

Celt stt~muicrtton, lmmunoprecipitatton and Western Btot Analysis 

Single-ceii suspensions of thymocytes (3 x 10' per condition) obtained h m  wildtype or 

me' mice w a e  resuspended in 150 pl of PBS and incubated for 30 min at 4OC in the presence or 

absence of 2 5  pg biotin-conjugated anti-mouse TCR antibody. Following several washes to 

remove unbound antibody, the ceIIs were resuspended in 40 jU PBS and incubated at 37°C for 

various times with either 50 pgfml andm or 25 @ml streptavidin. CelIs were then peiieted by 30 

sec centrifugation and Iysed in 400 pl of cold lysis buffet supplemented with ptease inhibitors 

(1% Nonidet Pa, 5ûm.M HEPES (pH 7.2),150 mM NaCl, 50 @II NaF, 50 jM O-phosphate, 50 

C<M ZnC12, 2 mM EM'A, 2 m .  NaV04, 2 mM PMSF, 10 Wml Ieupeptin, IO Wml aprotinin) 



for 30 min on ice. Nuclei and unlysed celis were removed by centrifugation at 14,ûOO x g for 10 

min at 4OC and protein concentrations then determineci by means of the bicinchoninic acid @CA) 

assay (Pierce Biochemicals. Rockforcl, IL). Equal amounts of lysates (300-500 pg) were then 

incubated for two hours at 4OC with the appropriate antibody (anti-CDS, or anti-IgG isotype 

control) and then 30 pi of 50% protein G Sepharose beads (Pharmm*a) was added and samples 

rocked at 4OC for an additional hour. Immunocomplexes were collected by centrifugation and 

washed five tùnes in 1 ml of cold lysis buffer and then boiled for 5 min in reduced SDS-gel sample 

buffer. SmpIes were resolved on 10% SDS-PAGE and transferred ont0 nitrocellulose membrane 

(Bio Rad Laboratories. Mississauga, Ontario). Blots were blocked for at least I hr in TBS-T 

containing either 3% gelatin or 5% nonfat milk, and then incubated for I hr at m m  temperature 

with optimal concentrations of the primary antibody (anti-CD5 (Rn, antiSHP-1, or anti- 

phosphotyrosine 4GlO). The blots were then incubated with the appropriate secondary antibody 

conjugated to horseradish peroxidase and subjected to enhanced cherniluminescence (ECL; 

Amemham Corp.). Where indicated, the irnmunoblots were stripped and repmbed with anti-CDS. 

or anti-SHP- L antibody. 

Immunocomplex Phosphatase Activity Assay 

For analysis of CDS-associated phosphatase activity, antiçD5 imrnunoprecipitates were 

prepared as folIows. Wildtype and mev daived thymocytes (lxl~'), unstimulated or stimulated 

with biotinylated antibodies to anti-TCR and anti-CD4 at 10 pglml plus streptavidin at 25 pg/d 

for 5 min at 37OC. were lysed into 4ûûw of cold lysis buffer (see above) without sodium 

orthovanadate. Equal amount of lysates were then subjected to CD5 irnmunoprecipitation using 

anti-CDS (53-73) antr'body or rat anti-mouse IgG isotype control. Immunoprecipitates were 

incubaîed at 37OC for 90 min with 1mM phosphopeptide RRLIEDAEpYAARG (Upstate 

Biotechnology, Lake Placid, N'Y) in 1ûm.M Tris-HCI (pH 7.4) phosphatase buffer. Fret phosphate 

&tection was carried out as specified by the manufacturer. To standardize for the non-specific 

phosphatase activity associated with IgG, relative phosphatase activity was determinecl by dividing 

the measured absorbace values by those h m  UTlStimuiated IgG negative connols. 



Thymocytes (5 x 1$ ceWml) were labeled with hdo-1(5 pM) and incubated at 37OC in 

the dadc for 30 min. Thymocytes were washed, resuspended in RPMI containing 2% FBS and 10 

m M  HEPES (pH 7.4). and incubated on i œ  with biotinylated anti-TCR alone (2.0 pg or 03 pg), or 

in combination with either biotinylated (2.5 pg) or non-biotinylated anti-05 (25 pg) for 30 min. 

After washing, the ceils wae resuspended in RPMI buffer at a concentration of î0' cellslml and 

stimulated with streptavidin (5 pglmi). Goat anti-rat antiboày (16 pg) was also used to cross iink 

samples containing non-biotinylated antitiCDS a n h i y .  Cells were analyzed on a flow cytometer 

and calcium levels were detected by analysis of Indo-1 violet-blue fluorescence ratio. 

Flow Cytometnk Analysis 

Cells (5 x 10~1sarn~le) were resuspended in 100 pl immunofluorescence staining buffer 

(PBS containing 1% BSA and 0.05% sodium azide) and incubated with the appropriate 

fluorochrome-conjugated antibodies (Fïïcconjugated ah-CDS. or PEconjugated anti-CD4) for 

30 min at 4OC. For CD5 staining, cells w m  first incubated with biotinylated anti-CDS for 30 min 

at 4'C, washed and then incubated with FïT'Cconjugated streptavidin. Stained cells were anaiyzed 

using a FACScan flow cytometer with Cellquest software (Becton Dickinson, San Diego, CA). 

SHP-I interaction with CRS is increased upon receptor phosphorylatton 

W e  have previously demonstrated the capacity of Sm-1 to associate with CD5 in activated 

mouse thyrnocytes. and that the association was somewhat enhanced upon CD5 tyrosine 

phosphoryIation suggesting that the interaction may be SEI2 domain mediated (Pani et aL, 19%). 

Since then thm have been several reports supporthg this contention. Bikah et al. have reporteci 

observing CD5 association with SHP-1 in resting but not activated T cells and in BKS-2 B 

Iymphoma cells (Bikah et d, 19%). Sen et al. have recently also reported that phosphorylated 

CD5 is associated with SHP-1 in B-1 ceUs (Sen et ai., 1999). Recently, Ferez-Viar et al. have 

also shown constitutive association of CD5 with SHP-1 m both Jlnkat cens and PHA expanded T 



lymphoblasts, which hcreases upon TCR stimulation (Perez-Viiiar et al., 1999). Moreover, Perez- 

Vrllar et ai. have gone on to map Tyr 378 in the ITM-Iike Sequence of CD5 to be essential for 

SHP-1 binding to CD5 in Jurkat T ceUs (Perez-Vïar a d, 1999). However, severai recent studies 

have questioned the association of SHP-1 with CDS as weU as the SEI2 mechanism for rnediating 

SHP-1 interaction (Dennehy et al., 1998; Gary-Gouy et al., 2 W .  Pena-Rossi et d, 1999). We 

have therefore examined the association profile of Sm-1 and CD5 in resting and TCR-stimulateci 

wild-type thymocytes. As show in Figure 5.1, immunoprecipitates of CD5 when immunoblotted 

with Sm-I leveal a strong association with SEP-1 upon TCR activation. The association of SHP- 

I with CD5 is very rapid upon TCR stimulation and directly cornlates to the level of CD5 

phosphorylation (interaction decreases as the level of CD5 phosphorylation starts to decnase). 

Thus SHP-1 association with CD5 in thymocytes does not appear to be constitutive but rather 

dependent on TCR activation and level of CD5 tyrosine phosphorylation. 

CD5 tyrosine phosphoryl~tion profile is unchged in SHP-I deficent thymocytes 

Given that the profile of SHP-1 binding to CD5 was found to be dependent on the level of 

CD5 phosphorylation (Figure 5.1). togetha with ment data demonstrating a conelation between 

the phosphatase activity of SHP-1 and the status of CD5 phosphorylation (implicating SHP-L as 

the phosphatase responsible for CDS dephosphorylation) (Carmo et al., 1999), we next adhssed 

whether CD5 reprrsents a substrate for SHP-1 activity. Previous studies have show that many 

molecules representing either direct or indirect potential substrates For SHP-1 activity, are either 

constitutively hyperphosphorylated andlor display enhanced and prolonged activation induced 

tyrosine phosphorylation profiles in SEP-I deficient compared to wild-type cells (Pani et al., 

19%). Surprisingly, as shown in Figure 5.2, the tyrosine phosphorylation status of CD5 in both 

resting and TCR-stirnulated thymocytes h m  normal compared to SHP-1 defitient (me') mice was 

unchanged. The Iack of constitutive and hyperphosphorylated CD5 in the context of SHP-I 

deficiency, almg with a no& phosphorylation profile upon TCR stimulation, strongly argues 

against a mIe for SHP-1 in the dephosphorylation of CDS.  



Figiue 5.1 $HP-I inlercicain wirh CDS Zr hcteased upon receptorphosphotylidion. 
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Figuie 5.3. SHP-I interaction with CD5 is increased upon receptor phosphory lation. Wild-type 

(CS7 +/+) thymocytes (3 x 10') were incubated with biotin-conjugated anti-mouse TCR and then 

stimdated by crosslinking with streptavidin for the indicated times. Equalized lysate proteins were 

then immunompitated with either conml IgG or anti-CDS mAb, resolved on 10% SDS-PAGE 

and ttansferred to membrane. Level of CD5 phosphorylation was detected by blotting with an& 

phosphotyroûine antibody (top panel). The level of CD5 and SHP-1 association was detennined 

by stripping and reprobing the blot wîth eîther anti-SHP-1 (middle panel) or ant i -05  (boaom 

panei). 



Figms 5.2 CDS iyrosinepkospho~Wnpr0pS LP unchanged PI SaP-2 &&knt thymocytes. 
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Figure 5.2. CD5 tyrosine phosphorylation is unchanged in SHP-I deficient thymocytes. 

Thyxmqtes (3 x 10') from wiId-type (CS7 +/+) and mdmev (Me") mice were incubated with 

biotin-conjugated anti-mouse TCR and then stimulateci by msstinliing with streptavidin for the 

indicated thes .  Equahzed lysate proteins were then immmoptetipitated with either control IgG 

or anti-CDS mAb, resolved on 10% SDS-PAGE and transferred to membrane. Level of CD5 

phosphorylation was detected by bloaing with ant i -phosph~~ne  antiboây and level of CD5 

protein detennined by reprobing the blots with anti-CD5 (upper and Iowa panels nspechively). 



SHP-I defdency does not alter thymic CDS M a c e  expressïo~ 

CD5 expression has been shown to be tightly reguiated bughout T ceII development. 

CD5 is expressed at low levels on immatrrre CD4-CD8 (DN) thymocytes and becornes 

increasingiy expresseci on CDQ+CD~+ (DP) and single positive (SP) CD4+ or CD8+ thymocytes 

(Azzam et al., 1998). with ai1 matun peripheral T cells expressing high levels (Weiss et ai., 1987). 

Recently, Azzam et ai. have shown that CD5 expression is regdated by the strength and avidity of 

TCR signals (Azzam et d, 1998). The lack of any observable ciifferences in the thymic CD5 

tyrosine phosphorylation profiles in mev mice, prompted us  to examine thymic CD5 surface 

expression levels. In contrast to the findings in peripheral T cells isolated h m  SHP-l deficient 

mice, which express elevated basal levels of CD5 (Johnson et al., 1999). we detected quivalent 

CD5 surface levels in mev compared to wild-type thymocytes (Figure 5.3). Therefore, the lack of 

SHP-1 does not impact on IeveIs of CD5 surface expression during early T ce11 development. 

SHP-I d&aœency does no? significantly alter CDSsFsocimed PTP activity 

Studies in the human T ceU leukernia denved ce11 Iine Jwkat have identified a moderate 

tyrosine phosphatase activity associated with CD5 immunoprecipitates (Penz-Villar et al., 1999). 

Furthermore this CDS-associated PW activity was shown to substantially increase upon TCR- 

stimulation (perez-Villar et al., 1999). Perez-Villai- et al. have tried to eluciàate the molecuIar 

bais for this CDIassociated phosphatase ûctivity and amibute this function to the interaction of 

CD5 with SHP-I but not SHP-2 (Ptm-Villar et al., 1999). Supporthg this view are ment data 

h m  Sm et al. examining CDS-associated PTP activity in wiId-type B-l cells (Sen et al., 1999). 

Sen et ai. also found CD5 to be associated with ETP activity which could be totaIiy eliminated by 

pnor immunodepletion of SHP-1 but not SHP-2. thus supporting the notion that the phosphatase 

activity associated with CD5 was derived rnaidy from SHP-1 (Sen et al., 1999). Given that CD5 

may not represent a direct substnite for SHP-l action, the functional association of SHP-1 with 

CD5 supports a mode1 whereby the negative regdatory fimction of CD5 is mediateci by the 

recMtment of SHP-I into the antigm-receptor complex (Bikah et aL, 1996; Pani et al., 1996; 

Pmz-War et aL, 1999; Sen et d, 1999). In con- ment work by Gary-Gouy et al. suggests 

that the effkts of CDS, at Ieast, on BCR signaüng are indepcndent of SHP-1. In th& study they 

were unable to show any physicai interaction with SHP-1, Sm-2 or SMP concludmg that other 



Fi- 5.3 SBP-I deficiency dws not &et thymic CD5 surface expression. 
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Flgure 5.3. SHP-1 deficiency does not alter thymic CD5 surface expression. Age-matched 

thyrnocytes (5 x 109 fiom wild-type (CS7 il+) and mdmev (Mev) mice were stained with 

biotinylated ah-CD5 antibody foUowed by streptavidin-FKC, and then subjected to flow 

cytometric anaiysis. 



inhibitory phosphatases may exist which airry out the negative finiction of CD5 (GaryGouy et al., 

2 0 ) .  Given these findings, we decideci to examine and compare CDSassociated PTP activity 

from wild-type and SHP-I dcncient (d') thymocytes. As show in Figure 5.4, we were very 

surpiseci to find that SHP-L deficient thymocytes also retained wild-type comparable CDS- 

associated PTP activity. Moreover, the FTP activity (like in wüd-type) increased upon TCR 

stimulation. Therefore, our fiodings suggest that there may be either a redmdancy with respect to 

SHP-1 function, or more ükely, that there are other phosphatases besides SHP-1 that are 

responsible for mediating the negative modulatory effects of CD5 in thymocytes. 

TCWCD.5 mediated calcium respome rF dependent on the method of CD5 stimulation 

Our biochemical obsemations thus far in SHP-1 deficient thymocytes suggest that CD5 

does not require SHP-1 activity, for we found no diffeimce in the CD5 phosphorylation statu, 

CD5 surface expression or CDS-associated PTP activity. However, these findings still do not 

clearly mle out a possible requirement of SHP-1 in CD5 signaling and function. One of the eariiest 

biochemical events to occur upon TCR stimulation is the enhanced mobiüzation of calcium 

(Altman et al., 1990, Imboden et al., 1985; Irnboden and Stobo, 1985; Ledbetter et al., 1986a). 

Studies examining CD5 hmction have identified an important role for CDS signaling in the 

calcium pathway (Bauch et al., 1998; Gringhuis et al., 1997; June et al., 1987; Ledbetter et al., 

1986b; Ledbetter et al., 1987; Spertini et al., 1991; Tarakhovsky et al., L99Sa). In peripheral T 

cells co-stimulation through anti-CDS antibodies has been show to augment TCWCD3 induced 

intracellular ca2+ concentration (June et al., 1987) and this increase seems to be entirely due to an 

infiux of extracellular calcium (Gupta, 1989; June et al., 1987; Vandenberghe et al., 1993). In 

contrast, CDS acts as a negative reguiator of antigen receptor mediated calcium rnobilization in 

both thymocytes and B-1 ceils (Bikah et d., 1996; Tarakhovsky et al., 1995a). since thymocytes 

and B-I ce& h m  CDMeficient mice exhibit a moderate increase in ca2+ rnobilization upon 

antigen Rceptor activation (Bikah et al., 1996; Tarakhovsky et al., 1995a), These ciifferences 

suggest that CDS may possess a dud function, pviding either positive or negative modulatory 

signal depcnding on the ceiî type and matraational stage ( S i m m  et al., 1999). However, the 

dcium rnobiIization profiIes associateci with CD5 and antigen receptor stimulation seem to 

depend on the method of antibody crossIinking. In particdar, cocrossiinking the antigen-receptor 



Figure 5.4 SHF-1 dcJiçu!ncy does not signifi;cant& d e r  C D S l ~ ~ s s o ~ e d  PTP mthdy. 
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Figure 5.4. SHP-1 definency does not significantly alter CDS-associateci PTP activity. Equd 

amounts of Iysate prepared h m  unstimulated or stimulaîed (biotinylated anti-TCRlanti-CD4 plus 

smpuvidin for 5 min at 37OC) wildtype (CS7 +f+) and me/inev (Mev) derived thymocytes (1 x log) 

was subjected to immunoprecipitation using either IgG control or antiçD5 mAb. 

Immunoprecipitates were then incubateci in phosphatase buffer at 37OC for 90 min with ImM 

phosphopeptide (RRLIEDAEpYAARG). To standardize for the non-specific phosphatase activity 

associateci with IgG, relative phosphatase activity was detennined by dividing the mean 

absorbante values measured by those from the mtan of the unsthulaîed IgG negative controls. 



with CD5 compared to a separate cfossiinking of the two receptm generates a qualitatively 

diffixent calcium mobiüzation profde which cm be explained in a mamer consistent with a 

negative regdatory fimction for CDS (Gary-Gouy et di, 2000; Perez-Villar et al., 1999; Sen et al-, 

1999, Zhou et al,, 2000). 

Therefore, in order to examine the functional contribution of SHP-1 in CD5/TCR mediated 

ca2+ mobilization, we designed a stimulation protocol based on these studies (Figure 5.5). As 

shown in the top panel of Figure 5.5, TCR crosslinking induces a rapid recruitrneni of CD5 to the 

TCR/CD3 cornplex. as has already been demonstrated by co-capping stuclies (Osman et ai., 1992). 

Similarly, coügation of TCR and CD5 also results in a sVniiar or increased recniitment of CD5 to 

the TCR complex (Figure 5 5 ,  middle panel). as this treatment has been reported to reduce the ca2+ 

influx when cornpared to the ligation of TCRICD3 alone (Pe~e2-ViUar et al., 1999; Zhou et al.. 

2000). In contrasr, when the TCR and CD5 are separately crosslinked (Figure 5.5. bottom panel) 

the recniitment of C D S  to the TCR complex is inhibited or significantly decreased (Osman et al., 

1992). In keeping with the negative role of CDS, separate crosslinking of the antigen receptor and 

CD5 has ken  demonstrated to increase the ca2+ mobilization and proliferative nsponse in B-l 

celis, and this has been explained to occur as a result of CD5 sequestration h m  the BCR (Bikah et 

al., 1996; Sen et al., 1999). We hypothesized that if SHP-1 is required in the CD5 mediated 

calcium mobilization pathway, then the lack of SHP-1 activity will significantly impact on the 

calcium influx profiles in thyrnocytes h m  SHP-1 deficient mev compared to wild-type mice. As 

expected the CO-ligation of TCR and CD5 resulted in a siightly decreased or unchanged caicium 

influx in wild-type thymocytes when compared to the ligation of TCR alone (-20% decrease in the 

slope and -20% reduction in the intracellular ca2+ concentration at the 240 sec time point; Figure 

5.6-A and Figure 5.5). Similarly, the inhibitory eff'ts of CD5 were intact and readily observable 

in the me' rnice (Figure 5.6-B). Although, the initiai upswing in cdciurn influx o c c d  at 

relatively the same time after the addition of crosslinking agent (-40 sec). there was a definite 

h a s e  in the slope and amount of ca2' influx in thyrnocytes from SHF-1 deficimt mice upon 

CD5 and TCR coligation versus TCR ligation aione (-64% in the siope and -33% 

reduction m mtraceIIdar calcium concentrarion at the 240 sec the point; Figure 5.63). These 

d t s  suggest that the CD5 receptor retains functionaüty even in the absence of SW-1 activity. 

W e  nextexamineà, whether we could ais0 increase the caicium mobilization in thymocytes by 
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Figure 5.5. Stimulation protocoUmodeL utilized for TCRICD5 mediated calcium response. Indo 

1-loaded thymocytes were incubated with biotinylated anti-TCR m o w  Ab aione (top panel), or 

together with biotinylated anti-Q)S rat Ab (rnidde panel), or with non-biotinylated antitiCDS rat 

Ab (lower panel). After TCR receptor crosslinking (top panel), TCR/CDS receptor co-crossiïnking 

(middie panel), or separate crosslinking of TCWCD 5 (bottom panel) calcium mobilization was 

ncorded As diagramed above, only in the instance of separate crosslinkng of TCR and CD5 

receptors (bottom panel) is the reauitment of CD5 to the TCR potentially affected to the greatest 

degree- Note ~~06~Iinking was achieved ushg either streptavidin done or with anti-rat IgG. 
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Figura 5.6.A Co-aggregation of CD5 with TCR resuits in either a decreased or unchanged 

caicium response in wild-type (&) thymocytes. indo 1-Ioaded (C57 +/+) thymocytes were 

incubated with 2.0 pg of biotinylated anti-TCR mouse Ab or together with 2.5 pg of biotinylated 

antiCD5 rat Ab, folIowed by surfice receptor cross-Linking with streptavidin (5 pg). Basal level 

calcium mobilization was recordad using flow cytowtry for I min @or to crosslinking with 

streptavidin (arrows), foUowed by an additional 7 mins of recording. 
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Figure 5.6-6. Ceaggregation of CD5 with TCR in SHP-I deficient (me") thymocytes Ieads to a 

diminished or unchanged calcium Rsponse. Indo 1-loaded mdmev (Me") thymocytes were 

incubated with 2.0 pg of biotinylated anti-TCR mouse Ab or together with 2 5  pg of biotinylated 

anti-CDS rat Ab, fouowed by surface receptor crossClinking with streptavidin (5 pg). Basal level 

calcium mobiWon was recorded using flow cytometry for 1 min prior to crosslinking with 

streptavidh (arrows), foliowed by an additional 7 mins of recording. 



sequestering or inhibiting the remitment of CD5 to the antigen receptor cornplex (Figure 5.5) as 

pteviousIy dernonstrateci by Sen et al. in B-1 celis (Sen et 1, 1999). As show in Figure 5.6-C 

and 5.6-D, the separate crosslinking of the TCR and CD5 resdted in a moderate incrwise in 

calcium mobiljrsition, as witnessed by a definite change in the dope and in the amount of ca2+ 
influx, in both wild-type (-40% increase in the slope and -63% rise in the intracellular calcium 

concentration at the 240 sec the point; Figure 5.- and mev thymocytes (-46% increase in the 

dope and -57% nse in intracellular calcium concentration at the 240 sec t h e  point; Figure 5.6-D) 

when compared to the ligation of TCR done. Our data support a negative regulatory role For CD5 

in thymocytes, which is consistent with the observations made in CDS-deficient thymocytes 

varakhovsky et al., 1995a) as well as questions the involvement of SHP-1 in CD5 signaling. 

CD5 levels influence positive and negative selection in the thymus 

Selection in thymocytes hom CDS-deficient, a/PTCR transgenic mice has been shown to 

be aitered in a manner consistent with enhanced TCR signaling flSLlStkhovsky et al., 1995a). As 

another tool for exploring the functionai and physiological role of CD5 in thymocyte development, 

Azzam et al. have generated tmsgenic mice in which there is a T cell-specific. CD2 

promotedenhanca driven CD5 overexpression (CDSOE) (Paul Love, unpublished data). As 

shown in Figure 5.7(A), CD5 surface expression in thymocytes h m  CDSOE mice have an 

approximate 2.5 fold inmase in CD5 expression as compared to wild-type mice. Moreover, this 

increase in CD5 surface expression does not alter the kinetics of TCR-mediated CD5 

phosphoryiation. except for the observed increase in intensity of CD5 phosphorylation which is 

explained by the increase in CD5 protein levels (Figute S m ) ) .  This suggests that the increased 

CD5 in the CDSOE mice is fully hctional and participates in the CDS signaling pathway. The 

CDSOE mice have been previously bred ont0 the H-Y TCR tmsgenic background and show to 

mmifest a decrease m both positive and negative selection, thus combotatmg the inhibitory role 

for CD5 in modulating àpaling thresholds in T ceII selection (Paul Love, unpublished 

data;(Zhang et d, 1999a). 

Given that one of the physiologicaIiy relevant functions of CD5 is to modulate TCR- 

rnediated signals involvexi in T cell development (Azzam et al., 1998), we next examineci the 

abilÏty of CD5 to moduIate the selection process in the absence of SHP-L activity in order to 
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Figure 5.64. Separate crossIinking of CD5 with TCR resuits in augmentation of the calcium 

response in wild-type (+/+) thyrnocytes. Indo 1-loaded wild-type (CS7 +/+) cells were incubated 

with 03pg of biotinylated anti-TCR Ab or together with 2.5 pg of non-biotinylated anti-CDS Ab, 

foliowed by surface receptor cross-iinking with streptavidin (5 pg). Basal level calcium 

mobilization was recorded using flow cytometry for 1 min prior to crosslinking with streptavidin 

(arrows), foiloweâ by an additional 7 mins of recording. 
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Figum 5.8-D. Separate cross-linking of CD5 with TCR in SHP-1 deficient (me') thymocytes 

leads tu an augmented calcium response. Indo I-loaded me/me' (Me") cells were incubated with 

either 0 3  pg of biotinylated anti-TCR Ab done or together with 2 5  pg of non-biotinylated an& 

CD5 Ab, foilowed by surface receptor cross-linking with streptavidin (5 W. Basal Ievel calcium 

mobilization was recordeci using flow cytometry for L min prior to mssiinking with streptavidin 

(anows), followed by an additionai 7 mins of recording. 
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Figum 5.7. The surface expression. phosphorylation and protein expression profiles of CDS in 

wild-type (+/+) versus the CDSOE thymocytes. A) Histogram showing the surface expression of 

CDS in thymocytes (5 x 109 From wild-type (C57 +/+) and CD5 overexpressing (CDSOE) mice 

which were stained with biotinylated anti-CDS Pntibody followed by stqtavidin-FITC, and then 

subjected to 8ow cytomehic andysis. B) Irnmunoblot showing phosphorylation and protein 

expression profiles of CD5 in thyrnocytes (3 x 107) h m  wild-type (CS7 +/+) and CD5 

ove~xpRssing (CD5OE) mice which were incubated with biotin-conjugated anti-mouse TCR and 

thm stimuiated by crosslinking with streptavidin for the indicated times. Equalized lysate proteins 

were then immMopncipitakd with either control IgG or anti-CD5 mAb, resolved on 10% SDS- 

PAGE and t r a n s f d  to membrane. Level of CD5 phosphorylation was detected by blotting with 

anti-phosphotpsine m n i y  and Ievel of CD5 protein determineci by reprobing the blots with 

antiCDS (upper and lower panels respectively). 



establish the physiological devance of SHP-1 in CD5 signaling. Along with others, we have 

previousiy identifiai a d e  for Sm-1 in mïsing the signaling threshold reqiared for both positive 

and negative selection (Carter et al., 1999; Johnson et al., 1999; Plas et d., 1999; Zhang et al., 

1999a). Shce both CD5 and SHP-1 downregdate signais involved in T celI selection, we 

hypothesized that CD5 overexpression would not be able to dom-regdate selection in the absence 

of SHP-1 activity, if SHP-I is essentiai for CDS fiinction. 

Positive selection is decreased in wild-type and SHP-I defcient CD5OE H-Y transgenic fmales 

As previously show (Paul Love, unpublished data), the inhibitory effect of CD5 

overexpression (CDSOE) on positive selection was readily detected in female thymocytes h m  EL 

Y TCR/CDSOE compared to KY-TCR transgenic mice (Figure 5.8, upper panel). CD5 

overexpression results in an increase in the representation of DP cells as wel1 as a decrease in the 

number of SP CD8+ cells. Surprisingly, the overexpression of CD5 in SHP-L deficient mev H-Y 

TCR transgenic mice also increased the size of the DP population and decreased the number of SP 

CD8+ cells compared to mev H-Y TCR transgenic mice (Figure 5.8, lower panel). Therefore, the 

lack of SHP-1 activity does not impact on the ability of CD5 to increase the threshold for TCR 

signaüng. This provides very strong evidmce in favor of a Sm-1 independent CD5 receptor 

capable of down regulating positive selection. 

Negotive selection is decreaed in wild-type and SHP-I d&cient CDSOE H-Y transgenic males 

As previously shown (Paul Love, unpubüshed data)(Zhang et al., 1999a), the inhibitory 

effect of CD5 overexpression (CDSOE) on negative selection was also readily detected in the 

current study, as revealed by the increased representation of DP and SP CD8+ cells in the thymuses 

of H-Y TCRICD5 compared to H-Y TCR mice ( F i p  59, uppcr panel). We have previously 

shown that the introduction of the mev mutation nullifies the effea~ of CD5 overexpression, 

suggesting that SHP-I deficiency is able to counteract the inhibitory effects of CD5 overexpression 

on negatïve selection (Zhang et d, 1999a). and raising the possibility that SHP-I activity is 

reqrgred for CD5 to reaI.he its inhibitory effects on negaiive selection. Carefiil reexamination of 

these data in light of the findine presented above for positive selection, suggest that the lack of 

any obvious and dnimatic decrease in negative selection confened by CD5 overexpression is due 



Figure 5.8 CD5 over-eqressibion Mec& positive selecfion 
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Figure 5.8. CD5 over-expression affects positive selection. Positive selection is dmeased in 

both CDSOE HY TCR and CDSOE KY TCR mev transgdc fernales. CD4 and CD8 expsion in 

thymocytes from wild-type, CDS overexpcessing (CDSOE), SHP-I defiCient and Sm-L deficient 

CD5 overexpdng (CDSOE) transgenic fernale mice. Thymocytes From female H-Y TCR (H-Y 

x +f+) and H-Y TCR CD5 overexpressing (&Y x CDSOE) mice (upper panel) or from femaie 

nzev~mev H-Y TCR (Ei-Y x Me? and mev/mev H-Y TCR CD5 overexpressing (H-Y x m50E x 

Me') mice (Iower panel) were stained with anti-CD8-Fn% and anti-CD4-PE and then subjected to 

flow cytometnc anaiysis. Two parameter histogram shows CD4 and CD8 expression with 

penxntages of stained ceiIs indicated in each quadmnt. Resuits representative of five independent 
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Figure 5.9. CD5 over-expression affects negative selection. Negative selection is decreased in 

both CDSOE HY TCR and CDSOE HY TCR mev transgenic males. CD4 and CD8 expression in 

thymocytes h m  wild-type, CDS overexpressing (CDSOE), SHP-1 deticient and SHP-1 deficient 

CD5 overexpressing (CDSOE) transgenic male mice. Thyrnocytes from male H-Y TCR (H-Y x 

+/+) and H-Y TCR CD5 overexpressing ('-Y x CDSOE) mice (upper panel) or h m  male &mev 

H-Y TCR (H-Y x Mev) and mev/mev H-Y TCR CD5 overexpressing (H-Y x CDSOE x Mev) mice 

(Iowa panel) were stained with anti-CD8-ETTC and anti-CD4-PE and then subjected to flow 

cytornetric andysis. Two parameter histogam shows CD4 and CD8 expression with percentages 

of stained cens indicated in each quadrant. Results fep~e~entative of five independent experiments 

are shown. 



to the inability of CD5 to compensate for the increased sigaüng (and negative seIection) inherent 

in SHP-1 deficiency, rauier than due to a lack of CD5 fimction. Supporting this notion is the 

finding that negative seleetion in the thymi of mev H-Y TCWCDSOE transgenic mice reveal a 

slight, yet reproducïiIe inmase in the DP and SP populations when compand with me" B 

Y TCR mice (Figure 5 9  Iowa panel). The rescue of SP CDQ+ c e k  observed in the me" H-Y TCR 

mice is intnguing. Particularly in light of the ment work by Page, which found that CD5 was able 

to block MHC class 11-dependent negative selection of CD4+ ceUs rather than CD8* cells, 

suggesting that the effects of CD5 may be l e s  pmfound on MHC class 14pendent negative 

selection (Page, 1999). It is therefore possible that the edtanced TCR signaling imbued by SHP-1 

deficiency (Zhang et d, L9993, results in the initial rescue of a smdl population of CD4+ cells 

(even in the absence of MHC class II antigen presmtation) manifesting the appropriate signals 

necessary for positive selection. Subsequently, a majority of these cells undergo negative selection 

for the same reasons as outlined above and it is only with CD5 overexpression that this CW+ 

population is rescued in the mev H-Y TCR male mice (Fqpre 59). Furthemiore, many studies 

examining the contribution of signaling components in positive and negative selection find that 

positive selection is easier to block b y inactivating TCR-linked signaling components than negative 

selection (Anderson et al., 1995; Gao et al., 1988; Hashimoto et al., 1996; Jenkins et al., 1988; 

Turner et al., 1997; Urdahl et al., 1994; Wang et al., 1995). One explanation for this is when the 

andysis is restricted to a clonotypic TCR, a partial reduction in signaling ability will readily 

b a s e  the signals h m  the positively selecting interactions below the required threshold. In 

contrast, when the negatively selecting stimulus is strong enough, a partial reduction in signaling 

ability wiIl not be sufitient to interftxe with this proces. Taken together, these observations 

indicate that CD5 effects on both positive and negative T ce11 selection are realized independentiy 

of SHP-1. 

5.5 DISCUSSION 

The roIe of CD5 signalhg and functiion sti l l  remains elusive. However, there is 

considerable evidence favoring a negaaive reguiatory d e  for CD5 in thymocyte and B-I celi 



signahg (Bikah et al., 1996; Pena-Rossi et al., 1999; Tarakhovsky et d, 1995a). Aithough, 

ment reports have identined and implicated phospbatidyhositol 3-kinase (PBK), Vav, Rad,  

Ras Wase-activating protein, c a l ,  casein kinase II (CKQ, ~a~'?fcalmodulin-dependent kinases, 

acidic sphingomyelinase, protein kinase C-c, MAPKK, JNK, and ERK in the CD5 signaling 

pathway (Dennehy et al., 1998; Gnnghuis et al ,  1997; Gmighuis et al., 1998; Simam et al., 1999; 

Zhou et al., 2000), the physiological and hctional nIevance of these pathways to CD5 function 

rernain unknown, 

Recently, data supporting a role for SHP-I in CD5 signaling (Bikah et al., 1996; Carmo et 

al., 1999; Pani et al., 1996; Perez-Villar et al., 1999; Sen et al., 1999), an attractive mode1 for 

explaining the mechanism of CD5 mecliateci down regdation, has corne into question (Gary-Gouy 

et al., 2000; Pena-Rossi et al., 1999). Most of the studies examining the role of SHP-1 in CD5 

signaling have ken carried out in a non-physiological sening, either utilizing T or B lymphoma 

cell lines ( C m o  et aL, 1999; Gary-Gouy et al., 2000; Perez-ViIlar et al., 1999) or in vitro studies 

using wild-type cells (Sen et al., 1999). In this paper we have examine& for the first time, the 

devance of SHP-1 in CD5 signaling by utilizing primary thymocytes h m  SEP-1 deficient mev 

rnice. Furthmore, given that both CD5 and SHP-1 negatively regulate thymocyte development 

(Carter et al., 1999; Johnson et al., 1999; Pena-Rossi et al., 1999; Plas et al., 1999; Tarakhovsky et 

ai., 1995a). we have utilized an H-Y TCRICD5 overexpnssing mouse mode1 (Paul Love, 

unpublished &ta)(Zhang et al., L999a) in order to elucidate the physiological and functional 

importance of SHP-I for mediating CD5 induced down-regdation of both positive and negative 

selection. 

The initial observation suggesting that SHP-1 may be involved in CD5 signaling came 

fiom our group when we observed SHP-1 interaction with CD5 (Pani et ai., 1996). Although we 

and others have ~ported the association of CD5 with SHP- 1 (Bikah et al., L 996; Pani et al., 19%; 

Sen et 1, 1999), the exact mechanian for this association is not clear. Given that the association 

of SEP-1 is inmased upon CD5 phosphorylation, does however, suggest an SH2 mediated 

bmding mechanism (Figure 5.1). Supporthg this contention is ais0 the ment work in vdd-type 

B I  ceUs establishing the specincity of SW-I interaction with phosphorylated CD5 (Sen et al.. 

1999). The cytopiasmic do* of CD5 contains an EAM-Iike sequence, as wen as Sequences 

siniilar to motifs proposed as SHP-I binding sites (Burgess et al., 1992; Lon& 1999; Perez-Viar 



et al., 1999; Thomas, 1995). In particuIar an ITM-Iike sequence oXYXX(L/V) as welI as the 

consensus sequence proposed by Thomas u/S)XXYXXL (niomas, 1995). Perez-V'iar et ai. 

(Perez-VüIar et cil., 1999). have ncmtly identified Tyr 378 in the KIM-like scquence of CD5 to be 

essential for SHP-1 binding to CDS in Jwkat T cells. They also provide convincing evidenoe 

implicating SHP-1 as the intraceIIular medator for the negative eRects of CD5 (Perez-ViIlar et al., 

1999). In contrast, recent studies by Gary-Gouy et al. (Gary-Gouy et al.. 2000) and Pena-Rossi et 

ai. (Pena-Rossi et al., 1999) have questioned the importance of SHP-1 association for CD5 

function. When Tyr 378 within the ITIM-like sequence is omitted h m  CD5 chimera, the negative 

regdatory functions of CD5 are unaffected despite any observable association with SHP-1. 

Similarly, CDS-deficient T ce11 hybridomas Enuisfected with a tmcated fom of CD5 that retains 

the ITIM-W<e sequence (Y378) were unable to negatively regulate TCR responses or associate 

with SHP-1 (Pena-Rossi et al., 1999). These findings suggest that the lTM-Iike sequence is  not 

required for CD5 function as well as questions the direct nquirement of SEP-1 in the CD5 

pathway. Also, experiments examining the direct association of CD5 phosphopeptides with the 

SH2 domains of SHP-1 have failed to show any binding (Dennehy et al., 1998; Gary-Gouy et al., 

2000). Based on these findings the interaction of SHP-1 with CD5 may be indirect through other 

proteins which are recmited to phosphorylated CDS. For example p56 Lck and the p85 ngulatory 

subunit of PU-K which have both been shown to associate with phosphorylated CD5 upon TCR 

activation (Dennehy et al., 1997; Raab et al., 1994) dso associate with SHP-l(Cuevas et al., 1999; 

hani  et al., 1997). 

The reported interaction of SHP-1 with CD5 has Ied to the speculation that CD5 may 

repment a substrate for SHP-1 activity. In particuiar, studies exarnining CD2 and CD3 signaling 

in Jurkat T ceIis found that the activity of SHP-1 increased upon CD2 stimulation and decreased 

following TCR/CD3 activation ( C m o  et al., 1999). Furthemore this change in SHP-1 activity 

also correlated with the CD5 phosphorylation statu, suggesting thaî SHP-1 may specificdy 

dephosphorylate CD5 (Carmo et al., 1999). However, we fded to see any signifiant changes in 

the CD5 phosphorylation profile of SHP-1 &fiCient mice (Figure 5.2) suggesting that Sm-1 is not 

the sole or major phosphatase tespomible for CD5 dephosphorylation. 

Snidies examining in MIlo CDS-associated tyrosine phosphatase activity, together with the 

SHP-YCD5 interaction data, suggest that SHP-I is the major PTP responsible for most of this 



activity. at lest in Jlukai and B-1 cek  (Perez-V'i et al., 1999; Sen et al., 1999). However, 

recent work by Gary-Gouy et al. in B lymphoma cell lines suggests that the efféct of CD5 at least 

on BCR sigoaling, are independent of SHP-1 (Gary-Gouy et al., 2000). Similady, snidies by Pena- 

Rossi et al. in T ceil hybndomas have also questioncd the physiologicai importance of SHP-1 for 

mediating CD5 signaling (Pena-Rossi et al.. 1999). in order to cietennine whether SHP-1 is the 

major phosphatase associated with CD5 in thymocytes, we immunoprecipitated CD5 from resting 

and TCR stimuiated thymocytes h m  both normal and SHP-1 deficient (me") mice (Figure 5.4). 

Our data suggest that the in viim phosphatase activity associated with CD5 is unaffected by SHP-1 

deficiency. In agreement with data h m  Gary-Gouy et ai. and Pena-Rossi et al., Our finding, now 

in thymocytes, also shed doubt on the importance of SHP-1 activity for CD5 function. The 

p e n c e  of CDS-associateci PTP activity in mev suggests that there is either a redundancy with 

respect to SHP-1 function, or more likely, there exist other phosphatases capable of mediating the 

negative modulatory effects of CDS. 

In or& to establish the functional importance of SHP-1 to CD5 mediated negative 

signaiing we examined the ability of CDS to modulate TCR-induced calcium mobilization profiles. 

We employed a stimulation protoc01 (Figure 5 5 )  designed to assess whether the CD5 modulation 

of ca2+ influx is preserved despite SHP-1 deficïency. Our findings demonstrate that even in the 

absence of SHP-I activity we cm elicit changes in calcium mobilization profiles consistent with 

that of a functioning CD5 receptor (Figure 5.6). Furthemore, our findings support the recent 

demonstration by Sen et al. that separate crosslinking of CD5 h m  the antigen receptor Ieads to an 

increase in the ca2+ mobilization rwponse (Sen et al., 1999). Our stimulation protocol suggests 

that the method of CD5 stimulation cm give nse to differential effects in thymocytes at least at the 

Ievel of calcium mobilization. It is intriguing to speculate whether this differential effect of CD5. 

which most ükely results from whether CD5 is recnüted or sequestered away from the antigen 

receptor, has a physiological impact. In this regard, it is very interesting to note that two recent 

studies examining thymic selection utüiPng the same anti-CD5 antibody (53-7.3) in their studies 

attnbute diffeaing roles for CD5 in negative selection (Eshimoto and Sprent, 1999; Page, 1999). 

The study by Kishimoto and Sprent &monstrates that CD5 costimulation is requinxi for efficimt 

negative selection (Kishimoto and S p t ,  1999). while Page demonstrates that CDS can prevent or 

reduce negative selection (Page, 1999). Although these studies do not adQas the mechanism for 



thek observed results, it is very inûiguing to note that in Kishimoto and Spmt's experimental 

mode1 CD5 was p~sented in a crossiinked form (Le7 in precoated wells), while in Page's model 

CD5 was presented in an unbound form (Kishimoto and Sprent, 1999; Page, 1999). Consistent 

with the negatïve regdatory role for CD5 in thymocytes, the observed differences in the two 

studies can pssibly be explained by the following model. In Kishoto and Sprent's study CD5 

cmssiinking to the well possibly prevents the recniitment of CD5 to the TCR resulting in enhsnced 

signaling leading to increased negative selection. While in Page's study, although bound to anti- 

CD5 antibody, CD5 remains unanchored and free to associate with the TCR and thereby able to 

dom modulate negative seldon. Furtherrnore, It is also possible that the anti-CD5 antibody, by 

blocking the interactions of CD5 with physiological ligands such as CDSL (Bikah et al., 1998), 

prevents the sequestration of CD5 away h m  the TCR. 

Given that CD5 expression is developmentdly regdated by the strength and avidity of 

TCR signals (hm et al., 1998) we examined whether the thymic expression levels of CD5 were 

anefted in mev compared to wild-type mice. Although we did not observe any changes in thymic 

CD5 surface expression levels (Figure 5.3), the reported elevation of CD5 in SHF-1 deficient 

peripherai T cells is intriguing (Johnson et al., 1999). Moreover, the elevation in CD5 surface 

levels in light of SHP-1 defkiency suggests that CD5 may be functioning to provide a 

compensatory mec hanism for maintaining steady-state levels of TCR signaling (JO hnson et al., 

1999). This compensatory mode1 is M e r  supported by the finding that Vav deficient rnice, in 

which TCR signaling is inefficient, express low surface levels of CD5 (Johnson et al., 1999; 

Tunier et al., 199'7). 

Finally, given the importance of CD5 during T ceIl development we chose to determine 

whether the effects of CD5 overexpression were maintained in the absence of SHP-1. Our results, 

in keeping with studies demonstrating a role for CD5 in down-regulating both positive and 

negative selection (Pena-Rossi et aL, 1999; Tarakhovsky et d, 1995a). ~ v e a I  that CD5 

overexpression is able to reduce both positive and negative selection in both wild-type and me' 

mice (Figm 5.8 and Figure 5.9). The ability of the overexpsed CD5 to decrease the SP CD8+ 

population in SHP-1 deficient H-Y TCR femaies indicates that CD5 retains inhiiitory firnction and 

is able to increase the signahg threshold for positive selection. Aithough the inhitory effects of 

CD5 overexpression during negative selection in me" thymocytes is not as apparent as that 



observed in wild-type or positive seIection. This is not surprishg given that signaüng thresholds 

play a vital role during thymic selection. In this regard, the TCR signais transduced durÏng 

negative selection are much stronger than those in positive seiection providing a mechanism for the 

deletion of self-reanive thymocytes. Therefore, given the dominant d e  Sm-1 occupies in dom 

regulating TCR signals, the Iack of SHP-I reduces the signaling threshold considerably thereby 

increasing the strength of TCR signais in general and in particula. during negative selection. It is 

therefore highly unlikely that in this context, the inhibitory actions of overexpressed CD5 will be 

effective to the same degree in reducing negative selection. Therefore our observation likely 

reflects the inability of CD5 to compensate for the increased signaling inherent in SHP-1 

deficiency rather then to a lack of CD5 function (Zhaag et al., 1999a). 

In this study we have examined the functiond and physiologicai quirement of SHP-1 in 

the CD5 signaiing pathway. The CD5 transmembrane giycoprotein is believed to function as a co- 

receptor in the signahg pathway linking T ce11 antigen reoeptor mCR) engagement to activation 

and differentiation. CD5 effects on TCR signaling have been shown to be primarily inhibitory, but 

the mechanisms whereby this negative effect is realized remains unclear. in view of ment data 

reveaiing the capacity of CD5 to associate with the SHP-1 tyrosine phosphatase, a protein which 

also down regulates TCR signaling, we have now explored the role of SHP-I in modulating CD5 

fiuiction using thymocytes from SHP-1 deficient viable motheaten (me") mice. The resdts of these 

studies reveded the association of SHP-1 with CD5 to be markedly increased following TCR 

stimulation and indicated that this interaction is enhanced by and dependent on CD5 tyrosine 

phosphorylation. However, the tymsine phosphorylation status of CD5 in both resting and TCR- 

stimulated ceils was found to be no different in SHP-1 deficient compared to wild-type 

thymocytes. Lack of SEP4 activity also had no impact on levels of CD5 surface expression. CD5 

coimmunoprezipitabie tyrosine phosphatase activity and intraceiiuiar calcium in- following 

cecrosslinking of the TCR and CD5. Similady, an analysis of T ceil thymocyte populations in 

me" mice expressiiig an H-Y transgene as weii as a cmstnux mediating T ceii restricted CD5 



overexpression, revealed that the reduction in selection conferred by CD5 overexpression was 

t m a f f i d  by SHP-1 deficiency. Together these observations indicate that CD5 does not represent 

a SHP-1 substrate and suggest SHP-1 is not quired for and possibly not UivoIved in CDS- 

mediated modulation of TCR signaling. 



CHAPI'ER 6 

GENERAL DISCUSSION AND lFUTURlE DIRECTIONS 

The experimentai work described in the body of this thesis was predominantly airned at 

elucidating the d e  of SHP-1 in modulating lymphocyte signaling and function. Our studies have 

taken advantage of the availability of SHP-1 deficient motheaten rnice and used these animais as a 

mode! system for identifying substrates or pathways in which SHP-1 may potentially be involved 

In this section. a brie€ summary of the major findings from each data chapter wili be provided 

dong with suggestions for future studies arising h m  this information. 

Src kinase actbity is regulated by SHP-1 

The work outlined in chapter two provides compelling evidence that SHP-1 functions 

include the positive regdation of Src kinase activation. The basis of this chapter stems from our 

observation that SR: activity in thymocytes h m  SHP-1 deficent motheaten and viable motheaten 

mice is substantially lower than that detected in wild-type thymocytes. However in Mtro exposure 

to SHP-1 results in enhanced Src activity. In this study we demonstrate that SHP-1 can 

preferentidy dephosphorylate the regulatory phosphotyrosine site on Src and demonstrate a 

reduced Sn: activity in HEY cells expressing a dominant negative form of SHP-1. We also 

demonstrate that SHP-1 can interact with Src and that this association is mediated via a 

phosphotyrosine-dependent mechanism. In particular, our results suggest that the mtemiinal  

SH2 domain mediates the binding of SHP-1 to phosphotyrosine(s) on SR:. We dso demonstrate 

the capacity for Src kinase to phosphorylate SHP-1, suggesting that SHP-I may represent a 

potentiai substrate for this kinase. 

The &ta presented in this chapter revealing the capacity of SHP-L to dephosphorylate SR: 

pfefetentiaiiy at the C-terminai negative regdatory tyrosine as wefl as a positive coirelation 

between the expression of SEP4 and Src activity in vivo provide strong evidence that SHP-1 play 

a role in the activation of S s  in vivo. The idemtifkation of Src as a target for positive modulation 

by SHP-1 indicates that SHP-I effects on celi behaviour may be rcalized through enhancement as 

welI as inhibition of intraceHuiar signahg cascades. Although Src kinase families play a vital d e  

in T ceil signahg and fllnctiotl, Ss. which has been found in numerous ceus of haemopoietic 



origin, was never teportecl in T cells until recently (Branch and MiIIs, 1995) and its hction in T 

cells remains mclear. Given the unctear physioIogica1 role of Src in T celis together with the 

potential redundancy of the Src famüy PTKs WweU and Soriano, 1996). it is not surprishg that the 

diminished Src kinase activity observai in motheaten mice does not manifest any apparent 

physiological defects. However, it appears clear that Src plays a role within the ceU cycle vaylor 

and Shaüoway. 1996), and increased activity of this enzyme is comlated with in vitro oncogenic 

transformation (Cartwright et al., 1987; Kmiecik and Shalloway, 1987; Levy et al., 1986; Piwnica- 

Worms et aL, 1987) and with certain human cancers (Barnekow et al., 1987; Bolen et al., 1985; 

Boien et al., 198m, Cartwright et al., 1989; Lehrer et al., 1989; Ottenhoff-Kalff et al., 1992, 

Verbeek et al., 1996; Wang et al., 1991). Thus, while the structural basis for and physiologie 

sequelae of SHP-1 Src association require Mer investigation, these data suggest SHP-1 

regdatory effkcts on Src may be nlevant to the genesis of human epitheüal and potentially other 

cancers associated with incnascs in SR: activity. Therefore expenments exami~ng SHP-I 

expression and catdytic activity in canms associated with increased Src activity may shed fiirther 

light on the role of SHP-1 in oncogenesis. 

In relation to our finding that Src has the capacity to phosphorylate SHP-1, together with a 

recent study demonstrating the ability of SHP-1 activity to be regulated by phosphorylation (Uchida 

et al., 1994). it would be interesting to map the tyrosine(s) on SHP- 1 that are sites for Src activity 

and to assess the efkcts of phosphorylation on Sm-1 ETP activity. 

SHP-I modulation of CD19 tyrosine phosphoryla~~un is mediated via the Lyn kinase 

h view of our observation that CD19 tyrosine phosphorylation is constitutively increased 

in B celIs h m  SHP-1 deficient motheaten mice, dong with previous findings h m  our grwp 

suggesting that CD19 represents a potential substrate for SHP-1 activity (Pani et d, 1997), the 

work outIined in chapter three was aimed at investigating the role of SHP-1 in CD19 signaling. In 

particdar we investigated the possibiüty that CD19 represents another BCR comodulator 

susceptible to SHP-1 dephosphorylation. In this chapter we provide strong evidence demonstrating 

that Lyn rather than CD19 is the target for Sm-1 activity. In this study we demonstrate that SHP- 

1 accounts for only a minor portion of CD19 associated tyrosine phosphatase activity when 

examinhg CD19 immunoprecipitates fiom both motheaten, wiId-type and SHP-I imrnunodepIeted 



wild-type B cens. In contras& Lyn and CD19-associateci Lyn tyrosine kinase activity from both 

resting and BCR-induced B ceils was found to be markedky incnased in d compared to wild- 

type B ceils. Given the rule for Lyn kinase m the phosphorylation of CD19 together with our 

m o u s  demonstraîion that SHP-1 can regdate Src base activity (Chapter 2), we examined the 

influence of SHP-L on the SRI famiIy PTK Lyn. Our findings demonsrrate the association of SHP- 

1 with Lyn in BCR stimulated B ceils and suggests that this interaction is mediated via the 

terminal S H 2  doornai of SHP-1. We M e r  demonstrate that SHP-1 has the capacity to 

preferentiaUy dephosphorylate the Lyn autophosphoryiation site. 

The data presented in this chapter provides strong evidence supporting the role for SHP-1 in 

the negative regdation of Lyn activation in B cells. Our findings further suggest that the CD19 

hyperphosphorylation and the increased Lyn kinase aaivity observed in the motheaten mice may 

be a direct consequence of the impaired regulation of Lyn by SHP-1. Furthemore given the 

potential requirement for Lyn in the CD22/SHP-1 wdiated inhibition of BCR signaling dong with 

the role of CD19 in enhancing B ce11 signahg as well as promoting Lyn activation (Fujimoto et 

d., L999a), it appears that SHP-1 and Lyn play aitical reciprocal roles in reguiating CDL9ICD22 

effects on BCR signaling (Fitgure 1.6.2-C). These roies for SHP-1 and Lyn are also illustrated by 

the B cell phenotype of mice deficient for both the SHP-1 and CD45 FVs. BCR-induced 

proüferation appears to be essentially nomal in these latter mice, although markedly impaired in 

CD45deficient mice (Pani et ai., 1997). Available data suggest that this complementary effect of 

SHP-1 and CD45 deficiency is realized at Ieast in part at the level of CD19, the tyrosine 

phosphorylation of which is enhanced in SHP-laeficient B cells, diminished in CWS-deficient B 

ceus, and essentiaiiy nomd in SHP-l/CD45deficient B cells (Pani et d, 1997). In view of recent 

data revealing Lyn to be dephosphorylated at its C-terminal inhibitory tyrosine site and thereby, 

activated by CD45 (Katagin et al., 1999). it appears that CD45 and SHP-1 exert opposite eRects 

on Lyn activity and that this biochemical counterbdance dows these PTPs to rnodify signaling 

effectors such as CD19 so as to coorclùiately regulate BCR signal delivery. 

Our findings of increased Lyn activity in motheaten mice are iikeIy to reflect B ceU 

autonomous defects and not the secondary consequmces of the muItipIe defects present in these 

mutant animais (Hayashi et aL, 1988; Medlock et 1,1987; Van Zant and Shuitz, 1989). A friture 

study designexi to circumvent the laîter situation can employ animals m which SHP-1 firnction is 



selectively reduced in B ceUs by using a transgene construct containing a cDNA encoding a 

dominant-negative fom of SHP-1 under tranSCnptiona1 control of a B cell specific 

promoterfenhancer elements. In this way the degree to which the B ceII defects observeci in 

motheaten mice that are intriasic to the B cell lineage can be evahated. 

A ment study demonstratng the functional interaction between SHP-1 and Lyn in the 

apoptotic response to DNA damage, in agreement with our own findings supports a mode1 in 

which SHP-1 domgdates  Lyn kinase fimction (Yoshida et al.. 1999). However, ihis study 

reports constitutive association of Lyn with SHP-1 and dernonstrates that this interaction is 

mediated via the direct association of the SH3 domain of Lyn. This study also demonstrates that 

Lyn has the capacity to phosphorylate SHP-I and upregulate its catalytic activity. Functionally 

this snidy demonstrates that genotoxic agents are able to upregulate Lyn kinase activity important 

in the induction of apoptosis in response to DNA damage, and that this pathway can be attenuated 

by SHP-1. Given that this study has been conducted in tmnsfectedneukemic ce11 lines the 

association and functional data may not be physiologically relevant. However, by utilizing normal 

and SHP-I deficient primary B ceUs the importance of incmîsed Lyn activity as well as the 

contribution of SHP-1 catalytic activity in attenuating the Lyn-dependent proapoptotic signals in 

response to genotoxic agents can be assesed under more physiologically relevant conditions. 

ImoZvement of S H P 4  in the regulation of T ce11 selecrion 

The work outlined in chapter four elucidates the importance of SHP-1 in both positive and 

negative selection of T cells. and sets the stage for the work in the final chapter (chapter 3, which 

elucidates the physiological devance of SHP-I to CD5 signaling and function particularly with 

respect to T cell selection. In ihis study, we demonstrate that both positive and negative selection 

of H-Y specific T cells to be enhanced in SHP-1 defiCient motheaten rnice. By utilking SHP-I 

dominant-negative H-Y specific transgenic mice we also show that the effect of SHP-1 deficiency 

on T ceD selection to be T ceil autonomous. We M e r  demonstrate that SHP-1 effects on TCR- 

evoked thymocyte activation are realized independently of CD28 costirnulatory or CïLA-4 

inhibitory signalS. 

The data presented in this chapter identify an integral roIe for Sm-1 in ~guIating 

thymocyte selectim and demonstrate the sensitivity of both positive and negative selection tu 



changes in the strength of TCR evoked sipals during T ceil ontogeny. in pIimcuIar, SHP-1- 

mediated incrcasts in the threshold for TCR signal deiivery have multiple biological consequences 

and suggest a commonality in the most proximal intmcellular signahg events that reguiate both 

positive and negative selection. Thus the translation of varying affinity/avidity TCR interactions 

with cognate ligand to the induction of these two different biological outcomes appears to be 

mediated by more downstream biochemical events, a conclusion also suggested by the selection 

defect associated with disnrption of the MAP kinase cascade (Alberda-na et al., 1995; Alberola- 

na et al., 1996). While this possibility as well as the mechanisms whereby SHP-1 modulates 

selection processes require M e r  investigation, the data presented here suggest that SHP-I effects 

on TCR signaüng may influence the transition between positive and negative selection and, by 

extension, the cellular events that engender autoimmunity. 

On the basis of the prominent rote that SHP-1 occupies in modulating the threshold for 

TCR signai delivery dong with its potential impact on T ce11 selection and development, 

manipulation of SHP-1 activity during T ce11 ontogeny cm have profound impact on the resulting 

T ceil repertoire. Given this it may be possible to dampen andfor normalize the immune system of 

autoreactive mice by upregulating SHP-1 activity. A simple experiment to test this would involve 

crossing transgenic mice overexpressing SHP-1 with mice manifcsting autoimmune or graft versus 

host disease. Furthermore, it may also be possible tv pharmacologicaily upregulate SHP-1 as 

there is evidence indicating that gl~~ocorticoid treatment results in increased SHP-L expression and 

activity (Carnbillau et al., 1995). It is therefon interesting to speculate that the 

immunosuppression reporteci with glucocorticoids may dso involve SHP-1. 

CDZ-medicired inhibition of TCR signaimg proceeb n o m l l y  in the absence of SHP-I 

In this final chapter we have tried to clai@ the functiond and physioIogicaI requirement of 

SHP-I in the CD5 signaiing pathway and we provide the fim physiologically relevant in vivo data 

to help resolve the controversy with respect to the role of Sm-I in CD5 signaling (Bikah et ai., 

19%; Carmo et d, 1999, Pena-Rossi et al., 1999; Perez-Vina. a d, 1999). In this chapter we 

demonstrate that dthough SHP-1 is recruited to CD5 SHP-1 is dispensable m the CDS-rnediated 

Qwn regdation of diymic TCR signahg and T ail seI&on. Oitr interest in this study was 

largely driven by the findings implicatnig a roIe for CD5 in the negative regdation of T cen 



development and signahg (TaraWlovsky a aL, 1995a) and data hm our lab demonstratng 

physical interaction between SHP-1 and CDS (Pmi et al., 19%). In this study we assessed the 

abiIity of CD5 to clown-modulate TCR signahg and thymic seleaion in the context of SHP-1 

kficiency. Uur findings demonstraîe that aIthough SHP-I cm associate with CDS, the tyrosine 

phosphorylation profile of CD5 upon TCR stimulation is no diffe~ent in SHP-1 deficient motheaten 

viable cornpanxi to wild-type thymocytes. The lack of SHP-1 activity aIso had no impact on levels 

of CD5 surface expression. CD5 associateci EW activity, and intracellular calcium mobilization 

profiles foilowing TCR/CD5 co-cmsslinking. Similarly, an analysis of T cell thymocyte 

populations in SHP-I deficient mice expnssing an H-Y trmsgene as weil as a conshuct mediating 

T ce11 restncted CD5 overexpression, revealed that the mluction in positive selection conferred by 

CD5 overexpression was unafFected by SHP-I deficiency. Taken together our observations 

indicate that CDS does not represent a SHP-L substrate and suggest that SHP-1 is not required for 

and possibly not involved in CDS-mediated down-modulation of TCR signaling. 

The data presented in this chapter provide a strong argument against a d e  for SHP-1 in 

mediating the functional and physiologieal down-regulatory effects of the CD5 signaling pathway. 

Given that our findings suggest that SHP-1 and CD5 are able to negatively regulate TCR signal 

strength independently it would be intriguing to overexpnss SHP-1 in the context of CD5 

knockout mice and examine the resulting effects on T ce11 selection. This experiment would 

provide an altemate a p p m h  to confim the functional independence of SHP-1 and CD5 in 

mediating the down ngulation of TCR signaling. Our findings also suggest that the= may be 

other phosphatases cesponsible for dephosphorylating CD5 and future studies should be aimed at 

elucidating these PTPs. A prime candidate is CD45 given its role in activating Lck activity and T 

cell maturation and development (Hurley et al., 1993; Ong et al., 1997). 

Future Reseurch Directions 

Our work utilizing the motheaten mice mode1 as a system for investigating the molecdar 

events uivolved in lymphocyte activation has revealed many other exciting issues which might be 

adQessed in futrire projects aimed at further elucidatmg the biologicai and biochemical mies of 

SHP-1. In this regard, the recent data dernotlstrating enhanceci association of Sm-L with PB-K 

foIlowing TCR activation (Cuevas et aL, 1999). together with availabie data indicating that PB-K 



represents a direct substrate for SHP-1 dephosphorylation, impbcates a rde for SHP-1 in the broad 

spectnim of lymphocyte behaviours involved in PB-K signaling. In particular, P B K  has been 

impbcated in coupling of the TCR to not only proliferaîion, but also apoptosis and cytoskeletal 

reorganization (Fb et al., 1998). The requirement of PU-K in ceIl smvivd has been thought to 

occur through the PU-K-mediated activation of the serindthreonine pmtein kinase Akt, via the 

buiding of PD-K generated PIP3 to the PH domain of Akt (Kauffmann-Zeh et al., 1997; Kulik et 

al., 1997). Active Akt then functions by phosphorylating and inactivating the proapoptotic Bcl-2 

family member, BAD, thereby suppressing apoptosis and promoting ceil swival (Datta et al., 

1997). Our ment observation (unpubüshed data) of incnased Akt activity in thymocytes deriveci 

h m  SHP-1 deficient motheaten rnice is consistent with the contention that SHP-I 

dephosphorylates PUX and down replates its activity and aiso raises the possibility (see below) 

that SHP-1 may also positively ngulate the activity of the ETEN (MMACI) phosphatase. 

PTEN encodes a 55kDa cytosolic pmtein with stnichiral homology to the cytoskeletal 

proteins tensin and auxilün and with a phosphatase domain homologous to those of multifunctional 

phosphatases (Myers et al., 1997). PTEN was discovered in the context of delineating the gene 

responsible for an inherited cancer predisposition syndrome (Cowden's Disease) and is now 

recognized as representing a turnor suppressor in many ce11 lineages. While PIW can 

dephosphorylate ser, thr and tyr residues, ETEN appears to preferentidly target tyr residues in a 

highly acidic milieu (Myers et al., 1997; Myers and Tonks, 1997). Recent data have ~vealed 

however that the major functions of ETEN refIect its capacity to dephosphorylate 3' 

phosphorylated phosphoinosotides and Iink this lipid dephosphorylating function to the turnor 

suppressor function of ETEN. The capacity of ETEN to dephosphorylate PIP3 enables ETEN to 

dowmeguiate the PB-K signahg cascade and, most notably, inhibit activation of Akt. PTEN can 

itself be tyrosine phosphorylated and preliminary &ta h m  our lab suggest that tyrosine 

phosphorylation reduces PTEN activity. Therefore the observeci increased Akt activity in the SHP- 

L deficient mice raises the possibility that SHP-1 downregulates Akt activity by not ody 

do~llfeguiating the production of PP3 via the negative reguiation of PI3-K, but also by promoting 

the breakdom of PIP3 into PI& via the positive reguiation (Le. tyrosine dephosphorylation) of 

PTEN. At present very liale is known about ETEN regdation and interactions with other signaling 

Hectors and its d e  in lymphocyte physiology are aimost entirely uncharaderized. However, 



PTEN is expressed in thymocp and T lymphocytes (unpublished data) and likely plays a key 

rde in moduiating T ceil growth/activation given that PB-K signahg plays an important role m 

transducing TCR activation signal (Pages et d, 1994. Ward et d, 1992). and that BCR ligation 

bas recently been shown to activaîe the PU-WAkt pathway (Gold et d, 1999). These data 

together with our observation and SHP-1 ' s role in lymphocyte signaling provide a strong rationde 

for studies aimed at delineating the exact d e  and extent to which SHP-1 impacts on PTEN and 

consequently lymphocyte activation. Therefore, the examination of PTEN tyrosyl phosphorylation 

Ievels and activity in wiid-type venus SHP-1 deficient lymphocytes, together with data 

demonstraîing physical association between SHP-1 and PTEN will be important in demonstrating a 

direct role for SHP-1 in the PTEN pathway. 

SHP-1 plays a major role in inhibiting signahg through the TCR, thereby suppressing 

TCRcvoked proliferation (Pani et al.. 1996; Plas et al., 1996), activation-induced ce11 kath 

(Zhang et aL, 1999b) and selection (Zhang et al., 1999a). These effects of SHP-I appear to ntlca 

SHP-1 capacity to interact with and dephosphorylate TCR components, ZAP-70 and Lck (Lorenz 

et al., 1996; Pani et al., 1996; Plas et al., 1996) and to interact with other cytosolic effectors such 

as Vav and PI3-K (Cuevas et at.. 1999; Kon-Koziowski et al., 1996). These data i&nti@ a critical 

role for SHP-1 in modulating BCR and TCR signaling, but the mechanisms whereby SHP-1 effects 

its inhibitory roles, and in particuiar, the biochernicd sequelae of SHP-1 interaction with ITIM- 

containing CO-receptors such as PIR-B and CD72, remain unclear and require elucidation. As 

haemopoietic ontogeny is madcedly dismpted in me and mev Mce. these animals do not provide a 

good system for evaluating SHP-1 effects on B ceU development. An important step in trying to 

circumvent ihis problem wïll be the development of transgenic mice in which a "dominant 

negative" (C453S) SHP-1 cDNA is expressed under the control of the B ceIl specific 

immunogiobuün heavy chah enhancer/pmmoter (Stnisser et ut.. 1991). Once deriveci, these mice 

wiU not only help assess the pncise role and impact of SHP-1 on B ceil development, but B ceIis 

h m  these mice c m  aiso be used to examine SHP-1 effects on BCR signaking moduiators, such as 

Lyn and CD22, which are putative SHP-1 subseates, and to investigate the relevance of SHP-1 to 

the fimctims of PIR-B and CD72. Thus, for example, while Sm-1 is known to interact with 

CD72 the d e  of this interaction În modulating the BCR is not understood, Accordingiy, the 

effects of crosslinking CD724- the BCR on BCR s i g n a  and B cell proliferatiodapoptosis wili 



be assayed in SHP-1 deficient and wiId3ypt B cells and the effects of these maneuvers on 

induction of tyrosine bases and other signaling events downstream of BCR ligation evaiuated, 

Süniiar studies will be cgcried out with respect to both PR-B and CD22, the god being to 

elucidate the downstream biochemicd seqw1ae of Sm-1 interactions with each of these receptors. 

Taken together, these studies should provide novel insights into the rnechanisms whereby SHP-I 

modulates antigen receptor signahg and the translation of such tignals to various biological 

outcomes, 

Finally, the demonstration of SHP-1 gene mutation as the genetic lesion responsible for the 

motheaten phenotype has tnggered extensive investigation into the roles for SHP-1 in regulating 

haemopoietic cell biology. The results of these studies have impiicated SXP-1 in the 

downnguiation of a myn0ad of growth - promoting pathways and, by extension, have linked this 

ETP to the modulation of a broad spectrum of haemopoietic ce11 behaviours. Analysis of SHP-1 

bction has also elucidated a nurnber of novel paradigms in relation to signaling circuitry, 

including for example, the devance of LTiMs to receptor-mediated modulation of activation 

cascades and the concept of signaling thresholds for coupling extracellular stimuli to selected 

bioiogicai outcomes. However, there are many issues with respect to SHP-1 functions which 

~ m a i n  to be clarifie& These include, for example, the degree to which SHP-1 activity is reylated 

by phosphorylation or other post-translational modifications, translocation within the celI, andot 

SH2 domain occupancy. Similarly, the functional interplay between Sm-1 and other key 

haemopoietic phosphatases such as CD45 and SHP-2, is also poorly understwd. Addressing these 

issues should M e r  illuminate the physiologie devance of PrPs such as SHP-1 and may provide 

incentive for exploiting this class of signaling effcctors in the treatment of immunological 

disorciers associated with aberrant inmases in cellular activation. 
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