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ABSTRACT

The Function and Regulation of Protein and Lipid Phosphatases in T Cell Receptor

Signal Transduction

Zheng Xu

Dynamic regulation of protein and lipid tyrosine phosphorylation is a critical control

point for integration of environmental signals into cellular responses. This regulation is

mediated by the reciprocal actions of protein/lipid tyrosine kinases and protein/lipid tyrosine

phosphatases. Signal transduction emanating from the T cell receptor utilizes protein and

lipid tyrosine phosphorylation to activate downstream signaling pathways that culminate in T

cell activation.

The receptor-like protein tyrosine phosphatase CD45 acts as an obligate positive

regulator of this process by regulating tyrosine phosphorylation of the Src-family protein

tyrosine kinases that are also crucial for initiating signaling through the T cell receptor.

Previous work in cell lines and more recently in knock-in mice have suggested that

dimerization of CD45 negatively regulates its function through symmetrical interactions

between the inhibitory structural wedge and the catalytic site. However, the mechanism by

which dimerization is regulated has been a pressing issue in the field. The experiments

presented in Part I of this thesis were designed to explore two possible mechanisms: ligand

induced dimerization and spontaneous homodimerization. Despite two powerful assays and

extensive search, no specific ligand for CD45 was identified in this study. Many attempts by
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other groups over the past decade have also failed to reveal a CD45 ligand. On the other

hand, I have established a ligand-independent mechanism for negative regulation of CD45 in

T cells, that is, spontaneous and differential homodimerization of the alternatively spliced

isoforms. The dimerization is modulated by the sialylation and O-glycosylation of the

alternatively spliced CD45 exons in the extracellular domain. Thus, the smallest isoform,

CD45RO, with the least extracellular sialylation and O-glycosylation homodimerizes with

the highest efficiency, resulting in decreased signaling via the T cell receptor. Because CD45

is required for T cell activation, these findings may reveal a mechanism that contributes to

the termination of the primary T cell response. These results not only demonstrate the

biological significance of alternative splicing in the immune system but also suggest a model

for regulating receptor-like protein tyrosine phosphatase dimerization and function.

The tumor suppressor and lipid phosphatase PTEN serves as a critical regulator of the

level of 3'-phospholipids. Peripheral T cells utilize 3'-phospholipids, key second messengers,

for transducing survival, proliferation and differentiation signals in order to maintain

homeostasis and elicit immune responses. The experiments presented in Part II of this thesis

were designed to characterize the potential effects of PTEN on T cell growth and signaling in

a model system, the Jurkat T cell line. I have generated stable clones of Jurkat T cells that

inducibly express either wildtype or phosphatase-inactive PTEN. Here I provide compelling

evidence that PTEN suppresses growth, promotes apoptosis and decreases cell size by

negatively regulating the phosphoinositide 3-kinase /Akt pathway in Jurkat T cells. In

addition, I have elucidated that PTEN is an important negative regulator of the basal

signaling state in Jurkat cells. In cells stimulated via the T cell receptor and/or the

costimulatory molecule CD28, PTEN selectively influenced signal transduction, including a

viii
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significant downregulation of Erk activation, a two-fold reduction in CD69 upregulation and

a 50% decrease in RE/AP transcriptional response. All the effects were dependent on the

phosphatase activity of PTEN. Taken together, these findings not only reveal the molecular

basis for the tumor suppressor PTEN in T cell growth but also contribute to our

understanding of the role of inositol phospholipids in T cell signaling.
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CHAPTER 1

THE FUNCTION AND REGULATION OF THE RECEPTOR-LIKE PROTEIN

TYROSINE PHOSPHATASE CD45 INT CELL RECEPTOR SIGNAL

TRANSDUCTION



Summary

Dynamic regulation of tyrosine phosphorylation is a critical control point for integration of

environmental signals into cellular responses. This regulation is mediated by the reciprocal

actions of protein tyrosine kinases and protein tyrosine phosphatases. Signal transduction

emanating from the T cell receptor utilizes protein tyrosine phosphorylation to activate

downstream signaling pathways that culminate in T cell activation. The receptor-like protein

tyrosine phosphatase CD45 acts as an obligate positive regulator of this process by regulating

tyrosine phosphorylation of the Src-family protein tyrosine kinases that are also crucial for

initiating signaling through the T cell receptor. In this introductory chapter, I briefly review

the early events in T cell activation, discuss in detail the function of CD45 in T cell signaling

with an emphasis on its modulation of Src-family kinase Lck, and elucidate regulated CD45

isoform expression and its importance to function. I conclude with a discussion on wedge

mediated negative regulation of CD45 by dimerization and potential means to modulate

dimerization.



Brief overview of T cell receptor signal transduction

Engagement of the T cell receptor (TCR) by peptide antigen presented on major

histocompatibility complex (MHC) molecules initiates a signal transduction cascade

involving protein tyrosine kinases (PTKs) and protein tyrosine phosphatases, which

culminates in effector functions, including cytokine secretion, cellular proliferation and

cellular differentiation (reviewed in (1-3)). The intracellular events downstream of the TCR,

tyrosine phosphorylation in particular, have been extensively studied and well characterized.

The TCR is composed of a TCRO/3 heterodimer for antigen recognition as well as

CD3 chains (e, 6 and Y) and G subunits for signal transduction. The interaction of the TCR

with the MHC-peptide complex occurs in the nanometer scale gap between a T cell and an

antigen-presenting cell (APC), referred to as an immunological synapse. The mature synapse

is defined by the bull’s eye arrangement of supramolecular activation clusters (SMACs) that

form within a few minutes of T cell-APC contact. The outer ring of the SMAC (pSMAC)

contains the integrin LFA-1, its counterreceptor ICAM-1 and cytoskeletal proteins such as

talin. The center of the SMAC (cSMAC) is enriched for TCR, MHC-peptide complex, the

co-receptor CD4 and signaling molecules such as protein kinase C6 (PKC6) (reviewed in

(4)). A subset of the Src family kinase (SFK) Lck is non-covalently associated with CD4.

Simultaneous binding of CD4 to a conserved region of the MHC molecule recruits Lck to the

TCR complex, where Lck becomes activated through trans-autophosphorylation and

Subsequently phosphorylates the immunoreceptor tyrosine-based activation motifs (ITAMs)

present in the CD3 chains of the TCR. The ITAM consists of a consensus sequence: YxxLx.

syxxL. When doubly phosphorylated at both tyrosine residues, ITAMs bind to the tandem

SH2 domains of the ZAP-70 tyrosine kinase and recruit ZAP-70 to the TCR complex. ZAP
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70 is subsequently phosphorylated and activated by Lck, which leads to the phosphorylation

of adaptor proteins and enzymes that facilitate the stimulation of downstream signaling

pathways. Ultimately, T cells are activated, as characterized by gene transcription,

cytoskeletal reorganization, cytokine production, proliferation and differentiation (Figure 1).

Tyrosine phosphorylation is one of the earliest and most crucial events in TCR

signaling (reviewed in (1-3)). Cellular levels of tyrosine phosphorylation are maintained by

the delicate balance between PTKs and protein tyrosine phosphatases. Abnormal tyrosine

phosphorylation, resulting from deregulation of PTKs and/or protein tyrosine phosphatases,

can cause neoplastic or autoimmune disease. While much is known about the PTKs in the

pathway, the in vivo function and regulation of most protein tyrosine phosphatases in TCR

signaling remain to be elucidated.

Receptor-like protein tyrosine phosphatase CD45 in T cell signaling

CD45 is one of the protein tyrosine phosphatases in the TCR signaling pathway. It

was the first and prototypic receptor-like protein tyrosine phosphatase (RPTP) identified,

expressed exclusively on nucleated cells of hematopoietic origin. CD45 was originally

identified as leukocyte common antigen (LCA) and is one of the most abundant cell

surface glycoproteins (5). It is a type I transmembrane molecule consisting of a heavily

glycosylated extracellular domain, a single transmembrane domain and a large

cytoplasmic tail (Figure 2). Although low in sequence homology, the extracellular domain

of CD45 exhibits a conserved overall organization (5, 6), including an N-terminal region

that is subject to alternative splicing, a cysteine-rich motif and three fibronectin type III
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(FNIII) repeats. The FNIII repeats in CD45 are unusually enriched in cysteine residues

that can form intra- as well as inter-domain disulfide bonds (7).

The heavy glycosylation of CD45 is attributable to N-glycosylation throughout the

extracellular domain and O-glycosylation of the variably expressed exons (5). Both N- and

O-linked glycoconjugates are highly sialylated (8). The glycosylation pattern of CD45

depends not only on differential usage of variable exons but also on the cell type,

developmental stage and activation state of the cell (reviewed in (5)), suggesting functional

importance. For example, the interaction of the O-2,6-linked sialic acid residues on N-linked

sugar chains of CD45 expressed in T cells with CD22, a sialic acid-binding lectin expressed

in B cells, may contribute to cell adhesion (9). Moreover, the high mannose or hybrid-type

N-linked oligosaccharides of CD45 expressed on CD4°CD8°CD3" immature thymocytes

interact specifically with the serum mannan-binding protein, which may modulate the

development and maturation of thymocytes (10). Finally, CD45 also binds to specific

isoforms of the resident endoplasmic reticulum lectin, glucosidase II (11). This association is

developmentally regulated and may change the carbohydrate content of CD45, potentially

influencing thymocyte development (12).

The cytoplasmic domain contains a membrane proximal region, two tandemly

duplicated protein tyrosine phosphatase (PTPase) domains, D1 and D2, separated by a

spacer region and a C-terminal tail (13). Only D1 has phosphatase activity and is

necessary to rescue TCR signaling in a CD45-deficient cell line (14). The function of D2

remains unclear. It may contribute to the stability and optimal activity of CD45 via an

intramolecular interaction with D1 and/or the spacer region between D1 and D2 (15, 16).

D2 may also contribute to the recruitment of D1 substrates (13). D2 itself may be
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regulated by a unique 19 amino acid insert that is rich in serine and acidic residues and

conserved between human, murine, and rat CD45. This insert has been shown to

physically associate with and be phosphorylated by casein kinase II (CK2) (17, 18).

CD45 as an obligate positive regulator of antigen receptor signal transduction

The function of CD45 is best defined in lymphocytes. Analysis of CD45-deficient T

and B cell lines initially identified CD45 as an obligate positive regulator of antigen receptor

signaling (reviewed in (13)). CD45-deficient T cell lines, with different origins and

developmental stages, are unresponsive to TCR stimulation characterized by the lack of

induced protein tyrosine phosphorylation, calcium mobilization and cytokine production.

Expression of CD45 in these cells is sufficient to restore the signaling defects (reviewed in

(13)). Similar observations have been seen in CD45-deficient B cells, which were minimally

responsive to stimulation via the B cell receptor (BCR) (19–22).

The finding in cell line studies is verified by the subsequent observations that CD45

deficient humans (23–25) and mice (26-28) develop a severe-combined immunodeficiency

(SCID) phenotype. CD45-deficient mice, independently generated by three groups through

the targeting of exons 6, 9, or 12, have profound defects in thymic development due to

enhanced basal apoptosis and dysfunctional signaling through the pre-TCR and TCR (26-28).

As a result, the absolute number of double positive (DP) thymocytes is reduced two-fold and

the number of single positive (SP) thymocytes is reduced five-fold. In addition to these

defects in beta- and positive selection, studies employing TCR transgenic mice (29, 30) and

fetal thymic organ cultures (FTOC) (31) have revealed an additional defect in negative

selection that is dependent upon the strength of antigenic stimuli. The few peripheral T cells
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present in CD45-deficient mice are hyporesponsive to antigenic stimulation and thus

dysfunctional, similar to CD45-deficient T cell lines. B cell maturation appears to proceed

normally until the final stage in CD45-deficient mice (26, 27). There is a two-fold increase in

the total number of B cells, despite a significant decrease in the number of mature IgM"IgD"

cells in the spleen and circulating in the peripheral blood (26-28, 32). This discrepancy is

accounted for by the accumulation of immature IgM"IgD°cells in the spleen (26-28, 32).

Consistent with CD45-deficient B cell lines, CD45" mature B cells are severely

hyporesponsive to antigen stimulation (26, 27, 32). Insight into the molecular basis for these

findings is provided by biochemical studies of CD45 deficient cell lines and mice.

Modulation of Lck by CD45

The Lck kinase consists of a unique N-terminal region, SH3 and SH2 domains, a

linker region, catalytic domain and a C-terminal tail. Studies of Lck-deficient T cells and

Lck-deficient mice have demonstrated that Lck acts at the very proximal step in TCR signal

transduction and is required for T cell development and function. One mechanism to control

the activity of Lck is via the phosphorylation of two key tyrosine residues ((3, 33) and

references within). Trans-autophosphorylation of a tyrosine residue (Y394) located in the

activation loop of the catalytic domain potentiates kinase activity, whereas phosphorylation

of the C-terminal tyrosine (Y505) by C-terminal Src kinase (Csk) negatively regulates kinase

activity by promoting an intramolecular interaction of phospho-Y505 with its own SH2

domain. This interaction renders the substrate-binding site inaccessible and thus maintains

Lck in an inactive 'closed' conformation. Csk activity, in turn, is also highly regulated by

interactions with the adaptor Csk binding protein (cbp)/Phosphoprotein Associated with
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Glycosphingolipid-enriched microdomains (PAG) that determines its subcellular localization

and access to substrate (3, 34). Dephosphorylation of Y505 or the binding of high-affinity

ligands to the SH2 domain of Lck allows the kinase to adopt a more open 'primed'

conformation. Upon TCR stimulation, Lck is fully activated presumably through clustering

of those “primed” molecules on the cell surface and trans-autophosphorylation of Y394.

After stimulation, Lck activity is downregulated via the phosphorylation of Y505 by Csk and

dephosphorylation of Y394 by protein tyrosine phosphatases. One of such protein tyrosine

phosphatases is PEP that forms a constitutive complex with Csk. Besides phosphorylation,

the function of Lck may also be regulated by its subcellular localization. Lck is found in

distinct membrane-associated and intracellular pools (reviewed in (35, 36)). It is likely that

the phosphorylation status as well as access to substrate of Lck may vary between different

subcellular compartments.

In most CD45-deficient cell lines and in CD45°thymocytes, Lck is

hyperphosphorylated at Y505 and the TCR is completely uncoupled from intracellular

signals (31, 37–40). Moreover, the defect in thymic development in CD45-deficient mice can

be rescued by a constitutively active LckY505F mutant, providing definitive evidence that

the negative regulatory tyrosine is a physiological substrate of CD45 in vivo (40, 41).

Therefore, a model has been proposed that in T cells the opposing action of CD45 and Csk

determines the phosphorylation state of Y505 (Figure 3). However, it can’t explain the

paradoxical increase of total cellular Lck activity in CD45" thymocytes and in some CD45

deficient cell lines despite hyperphosphorylation at Y505 (42-44). Such observations would

suggest that the autocatalytic tyrosine Y394 is also a substrate of CD45. In support of this

hypothesis, CD45-deficient T cells were found to be abnormally adherent, which could be
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attributed to elevated Lck kinase activity as a result of hyperphosphorylation of Y394,

leading to enhancement of Lck-dependent integrin signaling in these cells (45). In addition,

expression of non-oncogenic levels of the constitutively active LckY505F transgene in

CD45"thymocytes results in hyperphosphorylation of Y394 and development of thymomas,

further supporting a role for CD45 as a negative regulator of Lck (46).

Taken together, modulation of Lck by CD45 is complex because CD45 can be both a

positive and negative regulator. The net function of CD45 may be dependent on its

localization relative to its substrate. In resting T cells, CD45 counteracts Csk by

dephosphorylating Y505 and, to a lesser extent, Y394 in Lck. Therefore, a pool of “primed”

Lck is generated, which can be activated via trans-autophosphorylation at Y394 upon antigen

stimulation. During antigen recognition, CD45 is physically separated from Lck at the central

region of the immunological synapse. As a result, the Y394 phosphorylation and

consequently the activity of Lck are sustained, which is necessary for initiating and

maintaining the cascade of TCR signaling events (Figure 3). Consistent with this model,

most biochemical and microscopic studies have demonstrated that CD45, but not Lck, is

excluded from lipid rafts and the immunological synapse (reviewed in (47)).

CD45 isoforms and TCR signaling

CD45 exist as multiple isoforms due to alternative splicing of three consecutive exons

(4, 5, and 6, designated A, B, and C) at the N-terminus of the extracellular domain. These

exons encode multiple sites of O-linked glycosylation that are variably modified by sialic

acid. As a result, various isoforms differ substantially in size, shape and negative charge

(Figure 2) (13). Electron microscopy of purified soluble rat CD45 extracellular domain

10
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shows that RO (lacking all three exons) forms a rod-like structure with dimensions of about

28 nm in length, whereas RABC (including all three exons) has an overall length of 53 nm

due to a long and thin extra segment formed by the alternatively spliced exons (48).

Various CD45 isoforms are expressed in a cell type, developmental stage, and

activation state dependent manner (13) (Figure 4). For example, B cells express

predominantly the largest isoform RABC, while naive T cells express isoforms containing

variable exons. However, after T cell activation, over the course of three to five days, CD45

isoform switches to smallest one RO. This pattern of isoform expression is highly conserved

and tightly regulated across species, suggesting that isoform expression may influence

cellular function (13). Studies in a model T cell system have established that TCR-mediated

activation of PKC and Ras, as well as de novo protein synthesis, are required for isoform

switch (49). Furthermore, a single nucleotide C to G polymorphism at nucleotide 77 (C77G)

in exon 4, which causes abnormally high level of the larger isoforms by preventing exon

exclusion (50), has been associated with autoimmune disease multiple sclerosis in German

patient cohorts (51), although such a link has not been seen in all studies (52, 53). This

polymorphism has further been shown to disrupt a strong exonic splicing silencer, one of the

most important splicing regulatory elements for CD45 (54). Taken together, these

observations demonstrate that regulated alternative splicing is critical for the proper function

of CD45 in the immune system.

Interestingly, different isoforms of CD45 appear to have identical phosphatase

activity in vitro (55). Furthermore, functional reconstitution experiments in CD45

deficient cell lines using various chimeric molecules have demonstrated that the

cytoplasmic tail alone is sufficient to restore TCR signaling after anti-TCR antibody

11
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stimulation (56–58). These results would suggest that the phosphatase activity is

independent of the extracellular splice variants. However, they do not exclude a role of --

the extracellular domain in regulating CD45 function in vivo. In fact, the dramatic

structural differences among CD45 isoforms are very likely to be functionally important. º

This question was first addressed by reconstituting a CD45-deficient BW5147 thymoma

line with various isoforms of CD45. RO-expressing cells were found to produce more IL

2 than RABC-expressing cells after stimulation with specific antigenic peptide. * -------
--" *

Importantly, no difference was detected when cells were stimulated with anti-TCR (~* -
º
_--"

antibody (59). The difference in antigen responsiveness suggests that different isoforms -->
***, ºr

.*** *

have a differential effect on TCR signaling. However, subsequent studies of isoform- ■ º 2-) *--- º

specific signaling in other CD45-deficient cell lines and in CD45 exon 6-deficient mice - . *
rºss- 4. l º

have yielded controversial results. In some cases, RO-reconstituted cells signal more
-

1. º T
- - - - - - - - - - -

efficiently; in other systems, RABC is more effective in restoring TCR signaling (59–65). c/"> º
º -> 4

These inconsistent observations could be due to differences in the CD45-negative cell -- -->

lines used, the disparate stimuli added, and/or the readouts examined. Moreover, CD45 is **** * * *

one of the most abundant cell surface molecules. The above studies did not attain

equivalent and physiologic levels of isoform expression, making data interpretation *

difficult. Titration of CD45 levels can have important physiologic effects as demonstrated

by the altered thymic selection in CD45" mice (66). * ..."
º

Negative Regulation of CD45 by dimerization º
- \

*~ *

CD45 plays a pivotal role in signal transduction in lymphocytes. Elucidating how l

CD45 is regulated is critical to our understanding of the development of the immune system l

• *
\
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and the regulation of the immune response. Despite extensive efforts, the mechanism by

which CD45 activity can be modified in T cells remains largely unknown. An early study

found that treatment of human peripheral blood lymphocytes (PBLs) with a reducible cross

linking reagent DSP prevented CD45 immunoprecipitates from entering the 6% acrylamide

gel, implying that CD45 may form multimers on the cell surface (67). The functional

consequence of such multimerization was later explored by numerous antibody studies.

While some anti-CD45 mAbs enhance TCR signaling, others are inhibitory (reviewed in

(13)). The effect of mAbs depends on the specific antibody used, whether the antibody is

cross-linked with other surface molecules such as TCR and CD2, and the experimental

procedure. While inconclusive, these studies suggest that CD45 may be regulated by

dimerization or multimerization via its extracellular domain. Dimers of CD45 have been

detected by several different methods. A small population of CD45 migrates as dimers after

chemical cross-linking in a murine T cell line YAC1 (68). A recombinant protein consisting

of the membrane proximal region and D1 of murine CD45 exists primarily as dimers in vitro

(69). Recombinant proteins of rat CD45 extracellular domain fragments have been shown to

exist as both monomers and dimers (7). Homodimers of RO have also been detected by

fluorescence resonance energy transfer (FRET) analysis in a CD45-deficient T cell line

reconstituted with RO (62). However, these studies did not address the functional

significance of such dimerization.

The effect of dimerization on CD45 function was first investigated using a chimeric

molecule consisting of the extracellular and transmembrane domains of the epidermal growth

factor receptor (EGFR) fused to the cytoplasmic domain of CD45 (EGFR-CD45). EGFR

CD45 restored TCR signaling in a CD45-deficient T cell line. Strikingly, this activity was

13
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abrogated by the addition of the ligand, EGF, to induce dimerization of EGFR-CD45

(56)(Figure 5, left panel). Along the same lines, some antibodies that can dimerize CD45

inhibit its function (13). For instance, an anti-CD45RB mab MG23G2, previously shown to

inhibit the allogeneic mixed lymphocyte reaction in vitro (70), can prevent and reverse

murine renal allograft rejection (71). These findings indicate that dimerization of CD45

negatively regulates its function in T cells.

One mechanism for such dimerization-induced inhibition is suggested by the crystal

structure of the membrane-proximal phosphatase domain of another RPTP, RPTPo. This

protein fragment forms a dimer in which the catalytic site of one molecule is blocked by

specific contacts with a structural wedge formed by residues encoded in the membrane

proximal region of its partner (72). Sequence comparison indicates that amino acid residues

within the wedge are conserved among RPTPs, including CD45. Moreover, sequences in the

membrane-proximal region of CD45 are conserved phylogenetically from shark to human,

implying a conserved structure and function (6). These observations suggest that CD45 may

fold into a similar structure and its phosphatase activity may be inhibited through the

symmetrical interactions between the catalytic domain and the structural wedge (72). Indeed,

mutation of a key residue at the tip of the putative wedge of CD45 in the context of EGFR

CD45 abolishes the inhibitory effect of EGF (73) (Figure 5, right panel). The physiological

significance of this dimerization model is confirmed by introducing this single mutation into

mouse germline by homologous recombination (74). The resultant CD45E613R mice

develop a lymphoproliferative syndrome and severe autoimmune nephritis with autoantibody

production, resulting in early death (74). The dramatic phenotype of the mice demonstrates

the importance of negative regulation of CD45 by dimerization in vivo.

14
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An important question left unanswered from these studies is how to modulate

dimerization. There are two possibilities: ligand-mediated (Figure 6) or spontaneous

dimerization (Figure 7). The existence of a ligand is presumed based on the observations that

CD45 is expressed at the cell surface and the overall features of its extracellular domain are

conserved across evolution and are similar to those of receptor tyrosine kinases (RTKs) such

as EGFR and PDGFR. In particular, the cysteine-rich motif in CD45 extracellular portion is

analogous to that found in the EGFR, where it is important for ligand-binding to the EGFR

(56). The cysteines in this motif are conserved from human to rodent, despite the 35%

homology of the entire extracellular domain (13). In addition, the antibody studies (see

above) also suggest that the interaction of CD45 extracellular domain with a naturally

occurring ligand may regulate its function. Nevertheless, many attempts over the past decade

have failed to identify a specific ligand for CD45. Both CD22 and galectin-1 have been

proposed as potential CD45 ligands (75, 76). However, these lectins bind to an array of

surface glycoproteins on T cells, including CD45 (13,77, 78). More importantly, there is no

evidence that their binding modulates CD45 phosphatase activity.

On the other hand, the abundance of CD45 on the cell surface and the detection of

CD45 dimers suggest an alternative mechanism to regulate CD45, i.e. spontaneous

homodimerization. CD45 is one of the most highly expressed proteins in all leukocytes. In T

and B cells it has been estimated that CD45 comprises up to 10% of the cell surface protein

(5). Such a high expression level is functionally important as demonstrated in studies of mice

heterozygous for a null CD45 allele. While a 50% reduction in cell surface levels of CD45

has no affect on in vitro responses, in vivo studies employing a TCR transgenic system have

15
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revealed marked enhancement of both positive and negative selection relative to wild-type

controls (66).

Finally, CD45 has multiple isoforms as a result of alternative splicing in the

extracellular domain. The well-conserved and highly-regulated alternative splicing, the

importance of alternative splicing in the immune system, and the structural and functional

differences among isoforms suggest that these isoforms may be regulated differentially, i.e.,

they may bind to different ligands or to the same ligand with different affinities, and/or they

may have different dimerization potential.

Organization of Part I of the thesis

The overall goal of my study is to elucidate the regulatory mechanism of CD45 in T

cells, particularly, the mechanism by which CD45 dimerization is modulated. In Chapter 2, I

present the results of searching for the ligand of two CD45 isoforms, RO and RABC, using

CD45-Fc fusion proteins and CD45-(■ LT40 reporter cell lines. Despite extensive efforts, no

ligand was identified for CD45 in this screen. In Chapter 3, I investigate ligand-independent

mechanisms to regulate CD45 using chemical cross-linking and cysteine dimer-trapping

approaches and provide compelling evidence for spontaneous and isoform-differential

homodimerization of CD45. I further show that homodimerization negatively regulates CD45

function and thus TCR signaling. In Chapter 4, I discuss results from Chapters 2 and 3 and

propose a model for the regulation of CD45 in T cells during primary immune response. I

also discuss whether this regulatory mechanism can be extended to other immune cells and

whether it represents a general means to modulate RPTP function. I conclude with a

discussion of future directions based on this work.
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Figure 1: Early events upon TCR signaling.

Binding of the appropriate MHC/peptide complex to the T cell antigen receptor initiates a

signal transduction cascade leading to T cell activation. Simultaneous binding of the CD4

coreceptor to conserved region of the MHC ligand recruits Lck to the TCR complex,

resulting in Lek activation and subsequent phosphorylation of the TCR ITAMs. Doubly

phosphorylated ITAMs bind to the tandem SH2 domains of the ZAP-70 tyrosine kinase and

recruit it to the TCR complex. ZAP-70 is subsequently phosphorylated and activated by Lck,

which leads to the phosphorylation of adaptor proteins and enzymes that facilitate the

stimulation of downstream signaling pathways.
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Figure 2: Structure of CD45.

CD45 exists as multiple isoforms due to alternative splicing of three exons (4, 5 and 6,

designated A, B and C) in the extracellular domain. The largest isoform RABC (including all

three exons) and the smallest isoform RO (lacking all three exons) are shown. These three

exons encode multiple sites of O-linked glycosylation and are variably modified by sialic

acid. As a result, various isoforms with molecular weight ranging from 180kd of RO to

240kd of RABC differ substantially in size, shape and negative charge. The remaining

extracellular domain is heavily N-glycosylated and contains a cysteine-rich region followed

by three fibronectin type III repeats. CD45 has a single transmembrane domain and a large

cytoplasmic tail containing two tandemly-duplicated PTPase domains, D1 and D2. Only D1

has enzymatic activity and is necessary to rescue TCR signaling in a CD45-deficient cell

line. In addition, molecular modeling indicates that the juxtamembrane region may form a

structural wedge.
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Figure 3: Reciprocal regulation of Lck by CD45 and Csk in T cells.

Lck can be dynamically regulated by phosphorylation of two tyrosines Y394 and Y505 and

by localization to rafts and other subcellular pools based upon its tyrosine phosphorylation 5.
#:

status. In resting T cells, CD45 counteracts Csk by dephosphorylating the inhibitory tyrosine is:
Y505 and, to a lesser extent, the autocatalytic tyrosine Y394 in Lck. Consequently, a pool of 5.

-----

“primed” Lck is generated. Upon TCR engagement, primed Lck, unopposed in the rafts, is ###
5 s

able to undergo transphosphorylation of Y394, which yields an active kinase that

subsequently phosphorylates the ITAMs of the CD3 chains. The phosphorylated ITAMs

provide docking sites for the SH2 domains of ZAP-70, which is then phosphorylated and

activated by Lck, allowing propagation of downstream signaling events. During this process,

CD45 is physically separated from clustered TCR and Lck at antigen recognition site.

Therefore, Lck activity is sustained, which is necessary for maintaining the cascade of TCR

signaling events. Lck is inactivated by phosphorylation of the negative regulatory tyrosine

Y505 by Csk and dephosphorylation of the autocatalytic tyrosine Y394, possibly by PEP. It

should be noted that Csk localization is dynamic and that a pool of Csk can be targeted to the

rafts via the actions of cbp/PAG and PEP family phosphatases.

i É i
i



■■■■■■■■■

Resting
TcellsCD4

&&&&

:■ :*****«;kae■ ###■ aeJPAG

■ -º-º-º-º-º-º-º-º-º-º-º-º-■
■ *

■■■ ,■■■■ ,}
Í
Lck

*…*…*…*…*…*…*…■■■

Y394Y394
Y505@

Y505

LckPrimedLckInactive ■ åsº■

±------~\~.~■
ZAP-70

Activated
Tcells

±**■

º

CD45RABC
4-----~--~****

■
■ **

CD4r

|PAG

<‘

*-■PEP\’■ .
•.

•

•■fae…»■

■{--·
····
·•••••••¡¿■1■■

-|--
--

-×
×××××××

|…»
■

·■ išiº---+•
1■….....

**\;
*i;};

*

{#“zº’n»

\íDownstreamEvents
Y394@Y505

LckActive

22





Figure 4: Cell surface expression patterns of CD45 isoforms.

The isoforms expressed in different lineages of hematopoietic cells at different

developmental stages are shown. Only the predominant isoforms are depicted. Less abundant

isoforms are denoted by smaller font size. RA" refers to isoforms that contain exon 4. The

triangles represent increasing expression of the protein during development of T, B, and

myeloid lineages and decreasing expression during erythroid differentiation. An exception is

plasma cells that have decreased total CD45 expression. This figure is from Hermiston, M. et

al, reference 96.
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Figure 5: Negative regulation of the EGFR-CD45 chimera by ligand-induced

dimerization in a wedge-dependent manner.

A chimeric molecule consisting of the extracellular and transmembrane domains of the

epidermal growth factor receptor (EGFR) fused to the cytoplasmic domain of CD45 (EGFR

CD45) restores TCR signaling in a CD45-deficient T cell line. Dimerization of the chimeric

molecule by the soluble ligand EGF inhibits TCR signaling. This is presumably due to the

symmetrical interaction between the inhibitory structural wedge and the catalytic site in the

cytoplasmic domain of CD45. Mutation of a key Glu” residue at the tip of the wedge in the

context of EGFR-CD45 (EGFR-CD45E624R) abolishes the inhibitory effect of EGF on TCR

signaling.
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Figure 6: Possible mechanism #1: negative regulation of CD45 by ligand-induced

dimerization.

CD45 is expressed at the cell surface and the overall features of its extracellular domain are

conserved across evolution and are similar to those of receptor tyrosine kinases (RTKs).

Therefore, CD45 may be regulated by a ligand. The putative ligand binds to the extracellular

domain of CD45 and induces its dimerization. Dimers of CD45 are negatively regulated

through the inhibitory wedge. In addition, various isoforms may be regulated differentially,

i.e., they may bind to different ligands or to the same ligand with different affinities.
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Figure 7: Possible mechanism #2: negative regulation of CD45 by spontaneous

homodimerization.

The abundance of CD45 on the cell surface and the detection of CD45 homodimers suggest

that CD45 may spontaneously homodimerize, which renders it subject to negative regulation

via the inhibitory wedge. In addition, various isoforms may have different dimerization

potential because of their structural and functional differences.
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CHAPTER 2

A SEARCH FOR THE PUTATIVE CD45 LIGAND USING CD45-º/DT40

REPORTER CELLS AND CD45-FC FUSION PROTEINS
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Summary

Previous work in cell lines and more recently in knock-in mice have suggested that

dimerization of CD45 negatively regulates its function through symmetrical interactions

between the inhibitory structural wedge and the catalytic site. However, the mechanism by

which dimerization is regulated is still a pressing issue in the field. Because of the structural

similarity between CD45 and RTKs, it has been postulated that CD45 can be dimerized and

thus negatively regulated by a ligand. In this study, two new assays, CD45-Fc fusion protein

and CD45-(JDT40 reporter cell line, were designed to facilitate ligand screen by increasing

the avidity and improving the glycosylation of the receptor. Ligand search was carried out in

murine lymphoid cells and tissues as well as in a variety of murine cell lines. Although both

assays were rigorously validated and the search was well controlled, no specific ligand for

CD45 was identified in this study.
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Introduction

The search for CD45 ligand(s) has been carried out for more than a decade based on

the criteria that a ligand should specifically bind to CD45 and trigger a physiological

response. However, many attempts have failed to identify such a ligand for CD45 (reviewed

in (13)). Although the B-cell surface lectin CD22 was initially reported as a potential ligand

for RO (75), subsequent work indicates that the interaction is nonspecific since CD22 binds

O-2, 6 sialic acids displayed by many surface glycoproteins (79, 80). More importantly, there

is no evidence that CD45 activity is altered upon CD22 binding. Recently, another

endogenous lectin expressed on stromal cells of thymus and lymph node, Galectin-1, has

been proposed as a natural ligand for CD45 (76). However, similar to CD22, galectin-1 binds

a set of surface glycoproteins in T cells, including CD45, CD43 and CD7, and whether

galectin-1 regulates CD45 activity needs to be vigorously tested (77, 78).

Since natural ligands of CD45 are currently unknown, this study seeks to examine the

regulatory mechanism of CD45 by isolating putative ligands for CD45 and elucidating their

functions. RO and RABC were selected because of their distinct expression pattern and

structural and signaling features. Lymphoid tissues and cells, where the ligands are most

likely to be expressed, were screened because CD45 is a hematopoietic-specific molecule.

We report here that no specific ligand(s) for CD45 was identified by using CD45-C/DT40

reporter cell lines and CD45-Fc fusion proteins.

C-->
=="->
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Results

Early efforts in ligand search involved expression of the extracellular domain of

murine RO and RABC as soluble secreted proteins in fibroblast or CHO cell line. The

purified proteins failed to bind specifically to lymphoid cells or tissues or cause any

functional change when added to antigen-stimulated T cells (81, 82). The caveats to these

studies are that the proteins were monomeric and may not have been properly glycosylated in

nonlymphoid cells. It is possible that ligand binding is a low-affinity interaction and a CD45

monomer cannot capture the ligand because of its low avidity. It is also possible that ligand

binding requires specific carbohydrate groups. In order to optimize the condition for ligand

screening, the avidity of the proteins needs to be increased and their glycosylation evaluated.

Therefore, two new assays, CD45-(■■ DT40 reporter cell lines and CD45-Fc fusion proteins,

were developed.

Ligand screen with CD45-C/DT40 reporter cell line

It has been shown that dimerization of the cytoplasmic domain of TCR-C chain is

sufficient to activate signaling events indistinguishable from those mediated by TCR, one of

which is the activation of the transcription factor NFAT and the subsequent expression of

genes regulated by NFAT (83). Based on this finding, a functional assay for a CD45 ligand

screen was designed, which involved CD45-C chimeric proteins consisting of the

extracellular and transmembrane domains of murine CD45 linked to the cytoplasmic domain

of TCR-C chain, a luciferase reporter gene driven by the NFAT promoter (NFAT-luc) and

DT40 cells. DT40 is a chicken B cell line and thus is likely to synthesize proteins with proper
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glycosylation. Chicken line was also chosen to potentially avoid competition of chicken

CD45 - the notion being, some species specificity might be observed for ligand binding. In

addition, the BCR signaling pathway in DT40 has been well characterized and cross-linking

BCR is known to elicit NFAT response in DT40 cells (84). Briefly, the CD45-' chimeras

were stably co-transfected with NFAT-luc into DT40. As a control, empty vector and NFAT

luc were also co-transfected into DT40 cells. The stable clones were referred as

Vector/DT40, RO-(/DT40 and RABC-(■ DT40. All clones had equivalent surface level of

CD45-C and BCR as determined by flow cytometry (Figure 2A and data not shown). The

expression of CD45-Q chimeras was also verified by western blot using monoclonal antibody

(mAb) 6B10 to TCR-4 and by immunoprecipitation with mab M1/9.3.4.HL.2 (M1/9) to the

extracellular domain of CD45 followed by western blot using 6B10 (data not shown). The

heavy glycosylation of RO-G and RABC-C was confirmed based on their electrophoretic

mobility in these western blots. To assess equivalent expression of NFAT-luc in these stable

clones, luciferase activity was measured after stimulation with anti-BCR mab M4. To

validate the reporter cell line, pan-specific CD45 mAbs 30F11 and M1/9 were added to the

cells and luciferase activity was determined 6 hours later. The mab M4 was used as the

positive control because it could induce NFAT activation independent of CD45-4 expression.

As shown in Figure 2B, treatment with both CD45 mAbs resulted in a dramatic increase in

luciferase activity in the transfectants in a dose-dependent manner. Such effects are

presumably caused by antibody-mediated dimerization of the CD45 extracellular domain and

consequently, the dimerization of the cytoplasmic tail of Ç, which leads to NFAT activation

and luciferase expression. Although all clones had similar responses to mab M4, the fold

increase in luciferase activity after stimulation with various concentrations of CD45 mAbs
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was consistently greater in RO-C/DT40 cells than in RABC-(■ DT40 cells (Figure 2B),

suggesting that RABC was more difficult to dimerize than RO. Such an effect is likely due to

the negative charge and extended structure of RABC (48). The potential ligand(s) was

expected to mediate dimerization of the CD45 extracellular domain in a manner similar to

CD45 mAbs and thus, induce luciferase expression. An isoform-specific ligand would only

induce gene expression in one type of reporter cell line but not the other. Since the potential

ligand(s) could be membrane-bound or secreted, both cells and culture supernatants were

analyzed.

The reporter cell lines were first used to screen for ligands in various lymphoid

tissues from C57BL/6 mice (summarized in Table 1A). Briefly, freshly isolated splenocytes,

lymph node cells and thymocytes were cultured in the absence or presence of an array of

stimuli, including mitogens and antibodies. At day 0, 1, 2, 3, 5 and 7, an aliquot of cells or

culture supernatant was incubated with the DT40 reporter lines and luciferase expression was

assayed. However, no specific increase in luciferase activity was detected after the addition

of primary cells. Next, a collection of murine cell lines, including T, B, mastocytoma and

macrophage lines, were treated with or without the universal stimulus, phorbol ester PMA

plus calcium ionophore Ionomycin, for various periods of time (summarized in Table 1B). At

each time point, PMA and Ionomycin were washed off and cells then tested using reporter

lines. Similar to the primary cells, none of the cell lines could induce luciferase expression.

Therefore, no specific ligand was identified using CD45-Q/DT40 functional assay.

We also used the reporter line to examine the function of lymphocyte phosphatase

associated phosphoprotein (LPAP), a binding partner of CD45 in lymphocytes as

demonstrated by chemical cross-linking and co-immunoprecipitation (68, 85, 86). LPAP

36



interacts with CD45 via their transmembrane domains (87, 88). To date, the function of this

molecule remains unknown. Although two studies suggest that LPAP may interact directly

with Lck and ZAP-70 in response to TCR stimulation and thereby bring them into the close

vicinity of CD45 (89,90), LPAP-deficient mice generated by three groups show

controversial and modest, if any, phenotype (91-93). To test whether LPAP has any effect on

CD45 dimerization, either vector control or LPAP was transiently transfected into CD45

Ç/DT40 reporter cells. Cells were then stimulated with mabs M1/9 and 30F11 to CD45 at

different concentrations and luciferase activity was measured. The expression of LPAP was 2--"

comparable in two reporter lines as determined by western blot using rabbit antiserum to

LPAP (data not known). As shown in Figure 3, both vector and LPAP-transfected cells

exhibited a dose-dependent response to anti-CD45 mAb treatment. However, LPAP

expression caused a 50% reduction in luciferase activity after anti-CD45 stimulation in RO
!---

Ç/DT40 and RABC-C/DT40 cells. This preliminary result suggests that LPAP may prevent : ~
dimerization of CD45 extracellular domain induced by anti-CD45 mAbs. In addition, the <-- -->
effect of LPAP appeared to be independent of the CD45 isoform, consistent with the fact that ~
the association between CD45 and LPAP is mediated by their transmembrane domains (87,

88).

Ligand screen with CD45-Fc fusion protein

Fc fusion proteins have been successfully used to search for ligands of orphan

receptors. In those experiments, the variable region of a human IgG1 molecule was replaced

by the ligand-binding domain of the receptor. Due to the presence of the Fc region of IgG1,

the fusion protein exists in dimeric form, theoretically increasing the avidity of this construct.
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Such fusion proteins can then be manipulated in a manner analogous to antibodies to identify

cells that express the corresponding ligands.

To make CD45-Fc fusion proteins, the extracellular domain of murine RO or RABC

was fused to the Fc portion of human IgG, by a short linker GGSGGS (Figure 4). The linker

was added to facilitate proper folding of the two domains. RO-Fc and RABC-Fc were then

stably expressed as soluble secreted proteins in HEK293 cells. HEK293 was chosen because

of its ability to produce high yields of recombinant protein. In addition, unlike CHO cells

(94), no defect in glycoconjugate biosynthesis has been reported for HEK293 cells.

Therefore, CD45-Fc expressed in HEK293 cells is likely to be properly glycosylated. Fusion

proteins were affinity-purified on protein-A-Sepharose column. ELISA (data not shown),

immunoprecipitation and immunoblotting (Figure 5A) analyses demonstrate that CD45-Fc

had the same immunoreactivity as the endogenous CD45 to selected CD45 mAbs. In

addition, pre-incubation of the CD45 mAb M1/9 with RO-FC or RABC-Fc blocked the

binding of this mab to EL4 murine T cells as detected by flow cytometry, whereas

incubation with human IgG, had no effect (data not shown). On reducing SDS-PAGE, RO-Fc

and RABC-Fc migrated at apparent molecular weights of 120kd and 160kd, respectively,

suggesting that they were both heavily glycosylated. N-glycanase treatment reduced their

molecular weights by 40kd, consistent with the contribution of N-glycosylation to the

molecular weight of CD45 (Figure 5B). Importantly, both fusion proteins existed as dimers

based on their mobility on non-reducing SDS-PAGE (Figure 5C).

After verifying their conformation and dimeric state, the fusion proteins were used to

stain cells or frozen tissues. Human IgG1 was used as the negative control. CTLA4-Fc fusion

protein was chosen as the positive control because it binds to B7-1 and B7-2 molecules
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upregulated after stimulation with high affinity (95). Binding of the putative ligand(s) to the

extracellular domain of CD45 was expected to produce a specific positive staining. As with

the CD45-C chimeras, an isoform-specific ligand would only be detected by one fusion

protein, but not the other. CD45-Fc was first tested on primary murine cells cultured in the

absence or presence of different stimuli for various durations and on a collection of cell lines

stimulated with or without PMA plus Ionomycin (summarized in Table 1). No specific

staining was detected when these cells were incubated with RO-FC or RABC-Fc for 15

minutes at 4°C followed by secondary antibody, FITC-conjugated protein-A (protein A

FITC) (Figure 6). Likewise, increasing the incubation time or the temperature for staining

yielded no positive signal. The positive control CTLA4–Fc generated a positive staining

when added to activated splenocytes (Figure 6). One possibility for the lack of staining by

CD45-Fc is that the avidity of dimer may not be high enough to capture the ligand(s). To

further increase the avidity, CD45-Fc or CTLA4–Fc was multimerized on protein-A

fluorescent beads. Since each bead carries multiple protein-A molecules, binding of Fc to

protein-A on the beads would generate a multivalent reagent for ligand binding. To evaluate

this method, beads coated with CTLA4-Fc were incubated with splenocytes that had been in

culture with ConA for three days. As predicted, multimerization resulted in a dramatic

increase in the signal (Figure 6). Nevertheless, CD45-Fc coated fluorescent beads failed to

detect any specific staining in primary or transformed cells cultured under different

conditions (Figure 6).

Possible reasons for this failure include: ligand binding to CD45 may only occur in

whole tissue; the putative ligand may be expressed by nonlymphoid cells in lymphoid

organs; the ligand may be a secreted molecule. In order to test these possibilities, whole
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mount tissue staining was performed because of the spatial and temporal biological

information that is preserved in the tissue but often lost in single cell suspension or in cell

lines. In addition, the ligand(s) may be highly enriched in lymphoid tissues as a result of the

continuously ongoing immune responses in vivo. However, no specific immunofluorescent

staining was detected when RO-Fc or RABC-Fc was applied to frozen sections of spleen,

thymus or lymph node from female or male wildtype C57BL/6 mice. It should be noted that

even the positive control, CTLA4-Fc, only generated weak staining in the spleen, presumably

due to low level of B7 expression in wildtype unchallenged mice. In order to obtain a

stronger signal, CTLA4–Fc multimerized on protein-A fluorescent beads was used in

immunohistochemistry. However, these fluorescent beads were found to adhere

nonspecifically to tissue sections. Hence, it was impossible to use this form of multimerized

Fc fusion proteins for tissue staining. Based on these data, we conclude that no CD45

ligand(s) was revealed using CD45-Fc fusion proteins.

***
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Discussion

In this study, an extensive screen for CD45 ligand(s) was carried out using CD45

Ç/DT40 reporter cell lines and CD45-Fc fusion proteins on primary murine cells from spleen,

lymph node and thymus cultured with or without various stimuli, and on murine cell lines of

different lineages and developmental stages stimulated with or without the universal

stimulus, PMA plus Ionomycin. All stimulated cells were tested over the course of several
*** - :----

days. The fusion proteins were further used to stain whole-mount tissue from wildtype mice. * ~~~~
7.…sº:

Despite all these efforts, no ligand(s) was identified for CD45. Searches performed by many -->
zº

other laboratories in the past decade have also failed. It is important to note that, although our

and others’ studies cannot rule out the possibility of ligand-mediated dimerization, there is no

direct evidence for the existence of such a ligand. In fact, there is increasing evidence

suggesting a ligand-independent mechanism to regulate CD45 dimerization. The results

presented in Chapter 3 have established one alternative mechanism, that is, spontaneous and

isoform-differential homodimerization. ~
We developed two assays for ligand screening: CD45-Fc fusion protein and CD45

Ç/DT40 reporter cell lines. The use of Fc fusions increases the avidity by generating two

ligand-binding domains in one molecule. In addition, expressed as a soluble secreted protein,

CD45-Fc can be easily purified and manipulated like an antibody to stain cells and tissues.

The CD45-C/DT40 reporter system is a novel functional assay in which the luciferase gene is

only turned on when the putative ligand(s) binds to and induces dimerization of CD45. This

reporter is also very sensitive because the final readout is the enzymatic reaction of

luciferase. By replacing the extracellular domain of CD45 with the ligand-binding domain of
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other cell surface orphan receptors, this functional assay can be used to identify dimerizing

ligands for those receptors.

It is possible that our assays, though powerful, could miss the ligand(s). First, CD45

is a heavily glycosylated molecule, the glycosylation pattern of which depends on the cell

type, developmental stage and activation state of the cell (reviewed in (5)). This suggests that

proper glycosylation may be important to CD45 function. Indeed, binding of lectins such as

CD22, serum mannan-binding protein and glucosidase II to specific carbohydrate groups on

CD45 has been implicated in a set of cellular processes (reviewed in (96)). Although both

CD45- and CD45-Fc were heavily glycosylated based on their electrophoretic mobility, it

remains possible that ligand-binding is dependent on or greatly enhanced by specific sugar

moieties that are not present on CD45 chimeras synthesized in HEK293 and DT40 cells. One

solution to this problem is to express proteins in a murine T cell line, although glycosylation

may still be different in transformed cells versus in vivo. Second, CD45-ligand binding is

very likely to be a low-affinity interaction, as suggested by the inability to detect specific

binding of the extracellular domain of CD45 to lymphoid cells or tissues. In vivo such a low

affinity interaction may be facilitated by the abundance of CD45 on the cell surface to have a

functional impact on cellular signaling. The DT40 reporter lines have taken the avidity into

account because CD45-Q fusion proteins are expressed at a high level in cells. To capture the

putative ligand with soluble CD45, the avidity of the reagent needs to be further increased.

This can be achieved by making a pentameric CD45-IgM Fc fusion protein or a CD45

tetramer similar to the MHC tetramer (97). Alternatively, more sensitive detection methods

need to be applied. For example, use biotinylated anti-human IgG followed by AP

conjugated streptavidin instead of a single secondary antibody in cell and tissue staining or
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use the TSA Amplification Systems for Immunohistochemistry (NEN Life Sciences). Third,

it is also likely that the potential ligand is expressed at a very low level in unstimulated cells.

Since the ligand is expected to negatively modify CD45 function, its expression may be

upregulated during an immune response. Therefore, it may be necessary to induce an

inflammatory reaction, immunize wildtype mice or challenge TCR transgenic mice with

antigen and examine draining lymph nodes several days later. Finally, the interaction of

CD45 with its ligand may only occur when they are expressed on the same cell. Neither the

reporter line nor the fusion protein could reveal such a cis-interacting ligand. To test this

possibility, a cDNA library could be transfected into CD45-(JDT40 reporter cells and

transfectants expressing the putative ligand can be isolated based on their high luciferase

activity. Plasmid DNA can subsequently be rescued from the positive transfectants and

amplified to provide an enriched pool of cDNA clones with a much lower complexity than

the original library. Each of the enriched pools can be re-transfected into the reporter cells.

This procedure can be repeated until individual plasmids are identified. Since it is not clear

what cells express the ligand, different cDNA libraries may need to be tested. Another

approach is to isolate all CD45-associating proteins after cell surface chemical cross-linking

and test each of these proteins for their ability to elicit NFAT response in CD45-C/DT40

reporter cells. In order to identify the ligand, it may be necessary to try a panel of cleavable

cross-linking reagents, examine different types of lymphoid cells and employ highly sensitive

assays such as mass spectrometry. It should be noted that this approach is useful only if the

affinity between CD45 and its ligand is above the detection limit of cross-linking.

Our preliminary data suggest that the CD45-associating protein LPAP may play a role

in preventing CD45 dimerization. Consistent with this result, LPAP seemed to preferentially
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associate with monomers of CD45 upon chemical cross-linking (see Chapter 3). Although

LPAP decreased the NFAT response only by two fold in reporter cells stimulated with CD45

mAbs, its effect may be more significant in vivo because under physiological conditions the

extent of dimerization is likely to be much lower than that induced by cross-linking

antibodies. The effect of LPAP on dimerization of CD45 can be further assessed by the

following two experiments. One is to transfect different doses of LPAP clMA into report

cells and determine whether the decrease in NFAT response is dependent on the expression

level of LPAP. The other one is to co-express the cysteine dimer-trapping constructs of

CD45 (see chapter 3) and various amounts of LPAP in a nonhematopoietic cell line and

examine whether CD45 dimerization is impeded by LPAP in a dose-dependent manner. By

comparing RO with RABC, these experiments can also address whether the effect of LPAP

is isoform-specific.

In summary, it has been proposed that CD45 can be negatively regulated by

dimerization through ligand binding. Two assays, one based on CD45-(■ LT40 reporter cell

lines and the other utilizing CD45-Fc fusion proteins, were developed to identify such a

ligand. However, no ligand for CD45 was revealed in this screen. Future experiments could

focus first on obtaining functional or genetic data that provide evidence for the existence of a

dimerizing ligand for CD45 and then optimizing the detection methods for ligand search.



Material and Methods

Constructs, antibodies and cell lines

CD45-Q chimeras were generated by fusing the extracellular and transmembrane

domains of murine RO or RABC to the cytoplasmic domain of human TCR-' chain using

standard recombinant DNA techniques. CD45-4 was then subcloned into papuro expression

vector that also encodes the puromycin resistant gene (a kind gift of Dr. T. Kurosaki). The

luciferase reporter gene driven by the NFAT promoter (NFAT-luc) was a kind gift of Dr. G.

Crabtree. The LPAP expression construct was a kind gift of Dr. B. Schraven. The CD45-Fc

fusion constructs were generated by replacing the extracellular domain of EGFR in EGFR-Fc

expression construct (also encodes a geneticin-resistant gene, a kind gift of Dr. E. Peles) with

that of murine RO or RABC and a short linker GGSGGS using standard recombinant DNA

techniques.

The antibodies used were: mab 30F11 to murine CD45 extracellular domain

(Pharmingen); mab M1/9 to murine CD45 extracellular domain (American Type Culture

Collection); mab 6B10 to human (; (98); mab M4 to chicken BCR (a kind gift of Drs. M.

Copper and C.L. Chen); rabbit antiserum to LPAP (a kind gift of Dr. B Schraven); mab

RA3-6B2 to murine RBAC extracellular domain (Pharmingen); protein A-FITC

(Calbiochem); FITC-conjugated goat-anti-human IgG (Jackson); F(ab')2 of goat-anti-human

IgG (Jackson); HRP-conjugated goat-anti-human IgG (Zymed); protein-A fluorescent beads

(Polysciences, Inc.); purified mouse IgG (Calbiochem); purified human IgG, (Calbiochem)

and CTLA4-Fc (a kind gift of Dr. J. Allison).
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All murine cell lines screened in this study were obtained from American Type

Culture Collection and cultured in corresponding medium.

Transfections

DT40 cells were cultured in RPMI1640 supplemented with 5% fetal calf serum, 1%

chicken serum, 2 mM glutamine, penicillin and streptomycin. Vector control, RO-(, or

RABC-C was co-transfected with NFAT-luc into DT40 by electroporation. Subsequent

limiting dilution and selection in puromycin-containing (Sigma) medium (0.5 pig■ ml) yielded

puromycin-resistant clones. The surface expression of CD45 chimeras and BCR was

determined by staining cells with mab 30F11 to CD45 and M4 to BCR, respectively,

followed by flow cytometry analysis (Beckton-Dickinson). Clones with comparable level of

NFAT-luc were selected by measuring luciferase activity after M4 stimulation. Vector

control or LPAP was transiently transfected into DT40 reporter cells by electroporation. The

cells were harvested 24 hours later.

HEK293 cells were cultured in DMEM supplemented with 5% fetal calf serum, 2

mM glutamine, penicillin and streptomycin. RO-FC or RABC-Fc was stably transfected into

HEK293 cells using calcium phosphate. Geneticin (GIBCO-BRL, 0.6 mg/ml) resistant clones

were selected and tested for their expression level of CD45-Fc. Clones expressing the highest

amount of fusion proteins were used in subsequent experiments.

Cell lysis, immunoprecipitation, immunoblotting

Cells were lysed in lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1% NP40, 1 mM

EDTA, and a cocktail of phosphatase and proteinase inhibitors) at 4°C. After 20 minutes at
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4°C, lysates were prepared by a 15-minute centrifugation at 4°C and 32,000 x g.

Immunoprecipitation was performed with appropriate antibodies for 2 hours at 4°C. Whole

cell lysates and immunoprecipitates to be analyzed by immunoblotting were subjected to

electrophoresis on SDS-PAGE gel under reducing or non-reducing conditions, and

transferred to Immobilon-P membrane (Millipore) according to manufacturers' instructions.

Concentrations for blotting antibodies varied according to manufacturer's recommendations.

The blots were developed using the ECL system (Amersham Pharmacia Biotech).

Culture of primary murine cells

Splenocytes, lymph node cells or thymocytes were isolated from a pool of equal

numbers of female and male wildtype C57BL/6 mice aged 8 to 12 weeks (Jackson

Laboratory). Primary cells were cultured in RPMI 1640 supplemented with 5% fetal calf

Serum, 2 mM glutamine, penicillin and streptomycin, and 100 U/ml IL-2 for various periods

of time with or without the stimuli: ConA, PMA, ConA + PMA, anti-CD3, anti-CD3 + PMA,

PMA + ionomycin, anti-CD3 + anti-CD28, anti-CD28+PMA, anti-CD3 + anti-CD28 + PMA,

LPS or LPS + PMA.

CD45-º/DT40 reporter screen assay

10° cells or 50 pil supernatant was incubated with 10° Vector/DT40, RO-K/DT40 or

RABC-C/DT40 reporter cells at 37°C for 6 hours. Luciferase activity was determined by

lysing cells and measuring on MicroLumat LB 96P luminometer (EG&G BERTHOLD). 10°

reporter cells were also stimulated with medium or M4 (1:50 dilution of culture supernatant).
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Expression and purification of CD45-Fc fusion proteins

To avoid contamination from bovine IgG present in the culture medium, stable clones

of HEK293 expressing RO-Fc or RABC-Fc were adapted to serum-free medium IS293"

(Irvine Scientific). Culture supernatant was collected and passed through protein A-sepharose

column (Pharmacia). The Fc fusion protein was eluted by 25 mM diacetylamine, pH 11.

Protein concentration was determined by immunoprecipitating the eluate with protein-A or

M1/9 for 2 hours at 4°C followed by electrophoresis on SDS-PAGE gel under non-reducing

condition and coomassie blue staining using BSA as a standard.

ELISA

96-well plate was coated with F(ab'), of goat-anti-human IgG overnight at 4°C. The

plate was washed with water and then blocked with 1% BSA in PBS for 1 hour at room

temperature. After washing with water, 100 pil culture supernatant was added to the plate and

incubated for 2 hours at 37°C. The plate was then washed with PBST (PBS and 0.05%

Tween-20) and incubated with HRP-conjugated goat-anti-human IgG for 1 hour at 37°C.

Lastly, the plate was developed with the ABTS substrate (Zymed) according to

manufacturer’s recommendation.

N-glycanase treatment

Purified Fc fusion proteins were subjected to immunoprecipitation with protein A

sepharose beads for 2 hours at 4°C. The beads were then resuspended in 1x incubation buffer

for N-glycanase supplemented with 0.5% SDS and 5% 2-mercaptoethanol. After boiling for

2 minutes, beads were discarded and 5 pil 5% NP-40 and 10 pil 1x incubation buffer were
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added to a 10 pil aliquot of supernatant. 5 pul (0.5 U/ul) N-glycanase (Oxford GlycoSciences)

were then added and the reaction mixture was incubated for 18 hours at 37°C. De

glycosylated protein was analyzed by immunoblotting.

Staining of cells with CD45-Fc

10° cells were first incubated with 1 pig purified RO-Fc or RABC-Fc fusion protein

for various periods of time at 4°C, room temperature or 37°C and then incubated with 1 pig

protein A-FITC for 15 minutes at 4°C. Human IgG, and CTLA4-Fc were used as negative

and positive controls, respectively. Alternatively, protein-A fluorescent beads were coated

with 5 pig purified RO-FC or RABC-Fc according to manufacturer's instructions. Cells were

then stained directly with coated beads for various periods of time at 4°C, room temperature

or 37°C. Beads coated with same amount of human IgG, and CTLA4-Fc were used as

negative and positive controls, respectively. The staining was analyzed by flow cytometry.

Staining of frozen tissues with CD45-Fc

Spleen, lymph node and thymus from both female and male wildtype C57BL/6 mice

aged 8 to 12 weeks were embedded in o.c.t (Sakura) and frozen at -70°C. Cyrostat sections (6

pum) were mounted onto Superfrost Plus slides (Fisher). The tissues were fixed in freshly

made 4% paraformaldehyde in PBS, washed with PBST (PBS and 0.1% Tween) and then

blocked in PBST supplemented with 2% mouse serum and 0.2% BSA at room temperature

for 1 hour. For staining with purified CD45-Fc, tissue sections were pre-incubated with 10

pig■ ml mouse Fc blocker (Pharmingen) to prevent nonspecific binding of Fc fusion protein to

mouse Fc receptors. CD45-Fc was then added at a concentration of 1 pig■ ml. After overnight

**
*
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incubation at room temperature, sections were washed with PBST and incubated with FITC

labeled goat-anti-human IgG for 1 hour at room temperature. For staining using protein-A

fluorescent beads coated with CD45-Fc, the beads were first treated with purified mouse IgG

to saturate the unoccupied protein-A and then applied to tissue sections for overnight at room

temperature. After washing off unbound antibodies or beads, the sections were treated with

Slow-fade Reagent (Molecular Probes) and stored at 4°C. Immunofluorescent staining was

observed using Nikon Fluorescent Microscope.
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Figure 1: Schematic representation of the CD45-º/DT40 reporter cell line.

CD45-4 chimeras consist of the extracellular and transmembrane domains of murine RO or

RABC and the cytoplasmic domain of human TCR-Q chain. RO-3 and RABC-C were stably

co-transfected into DT40, a chicken B cell line, with a luciferase reporter gene driven by the

NFAT promoter. Dimerization of the extracellular domain of CD45 induced by CD45 mAb

or the putative ligand(s) would cause dimerization of the cytoplasmic tail of TCR-3, which

would then lead to NFAT activation and luciferase expression.
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Figure 2: Characterization of the CD45-C/DT40 reporter cell line.

(A) Vector, RO-' or RABC-º/DT40 stable clones were stained with mab 30F11 to CD45

and analyzed by flow cytometry. (B) Stable clones were stimulated for 6 hours with medium,

mAb M4 to BCR (1:50 dilution of culture supernatant), or màbs 30F11 and M1/9 to CD45 at

the concentrations indicated. Luciferase activity was measured and the fold increase after

stimulation was determined. The data was plotted as the percentage of the fold increase for

M4 (n=3).
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Table 1: Summary of primary and transformed cells screened using CD45-C/DT40

reporter lines and CD45-Fc fusion proteins.

(A) Primary murine cells were isolated from spleen, lymph node and thymus of wildtype

C57BL/6 mice. Cells were then cultured in the absence or presence of the following stimuli:

ConA at 2.5 pg/ml, PMA at 5 pig■ ml, mAb 2C11 to CD3 at 5 pg/ml, mAb 37.51 to CD28 at 8

plg/ml, Ionomycin at 1 puM and LPS at 20 pg/ml. An aliquot of cells or supernatant was tested

at day 0, 1, 2, 3, 5 and 7. (B) Various cell lines were cultured in the absence or presence of 50

plg/ml PMA and 1 puM Ionomycin. At day 0, 1, 3, 5 and 7, an aliquot of cells was washed

three times with fresh media to remove residual stimuli and then tested. To screen with

reporter lines, cells or supernatants were mixed with Vector/DT40, RO-[/DT40 or RABC

Ç/DT40 cells and luciferase activity was determined 6 hours later. Medium and the mab M4

were used as negative and positive controls, respectively. To screen with fusion proteins,

cells were stained with 1 pig purified RO-Fc or RABC-Fc followed by 1 pig protein A-FITC

or with protein-A fluorescent beads coated with 5 pig purified RO-Fc or RABC-FC. Human

IgG1 and CTLA4-Fc were used as negative and positive controls, respectively.
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". . . Figure 3: The effect of LPAP on CD45 dimerization.

20 pg vector or LPAP was transfected into RO-( or RABC-(■ DT40 stable clones. 24 hours

later, cells were stimulated with medium, mab M4 to BCR (1:50 dilution of culture

supernatant), or màbs 30F11 and M1/9 to CD45 at the concentrations indicated for 6 hours.

Luciferase activity was measured and the fold increase after stimulation was determined. The

data was plotted as the percentage of the fold increase for M4 (n=2).
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Figure 4: Schematic representation of the CD45-Fc fusion proteins.

CD45-Fc chimeras consist of the extracellular domain of murine RO or RABC, a GGSGGS

linker and the Fc region of human IgG1. Both fusion proteins exist in dimeric form and can

be manipulated as antibodies to stain cells or tissue sections. Binding of the extracellular

domain of CD45 to the putative ligand(s) is expected to generate a specific positive staining.
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Figure 5: Characterization of CD45-Fc fusion proteins.

(A) Culture supernatant from HEK293 cells stably expressing RO-Fc or RABC-Fc was

subjected to immunoprecipitation with either mAb M1/9 to CD45 (left panel) or protein A

(right panel) followed by immunoblotting with HRP-conjugated goat-anti-human IgG.

Wildtype HEK293 cell was used as a negative control. The blots are representative of three

separate experiments. (B) Culture supernatant from HEK293 cells stably expressing RO-Fe
or RABC-Fc was subjected to immunoprecipitation with protein A-sepharose beads.

Immunoprecipitates were then treated with N-glycanase at 37°C for 18 hours and probed

with HRP-conjugated goat-anti-human IgG. Wildtype HEK293 cell was used as a negative

control. The blot is representative of three separate experiments. (C) Fc fusion proteins were

affinity-purified from culture supernatant of HEK293 cells stably expressing RO-Fc or

RABC-FC using protein A-sepharose column. The eluate was subjected to

immunoprecipitation with protein A-sepharose beads followed by electrophoresis on 6%

SDS-PAGE gel under reducing (re) and non-reducing (non) conditions. The gel was stained

with coomassie blue. Wildtype HEK293 cell was used as a negative control. The gel is

representative of three separate experiments.
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Figure 6: Staining of cells with FC fusion proteins.

Splenocytes from wildtype C57BL/6 mice were cultured in the presence of 2.5 pig■ ml ConA

for 3 days. Cells were then stained with 1 pig purified proteins (dotted line): human IgG

(green), RO-Fc (pink) or CTLA4-Fc (blue) for 15 minutes at 4°C followed by 1 pig protein

A-FITC. Cells were also stained with protein-A fluorescent beads (thick line) coated with 5

pig purified human IgG, (green), RO-Fc (pink) or CTLA4-Fc (blue) for 15 minutes at 4°C.

The staining was analyzed by flow cytometry.
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Figure 6: Staining of cells with Fc fusion proteins.

Splenocytes from wildtype C57BL/6 mice were cultured in the presence of 2.5 pg/ml ConA

for 3 days. Cells were then stained with 1 pig purified proteins (dotted line): human IgG,

(green), RO-FC (pink) or CTLA4-Fc (blue) for 15 minutes at 4°C followed by 1 pig protein

A-FITC. Cells were also stained with protein-A fluorescent beads (thick line) coated with 5

pig purified human IgG1 (green), RO-Fc (pink) or CTLA4–Fc (blue) for 15 minutes at 4°C.

The staining was analyzed by flow cytometry.
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CHAPTER 3 2--"

NEGATIVE REGULATION OF CD45 BY DIFFERENTIAL **** º

HOMODIMERIZATION OF THE ALTERNATIVELY SPLICED ISOFORMS º,
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Summary

The regulation of RPTPs is not well-understood. Although CD45 can be negatively regulated

by dimerization, how dimerization is modulated is unclear. Here we show that various

isoforms of CD45 spontaneously and differentially homodimerize in T cells. The

dimerization is modulated by the sialylation and O-glycosylation of the alternatively spliced

CD45 exons in the extracellular domain. Thus, the smallest isoform, CD45RO, with the least

extracellular sialylation and O-glycosylation homodimerizes with the highest efficiency,

resulting in decreased signaling via the TCR. Because CD45 is required for T cell activation,

our findings may reveal a mechanism that contributes to the termination of the primary T cell

response. Our results not only demonstrate the biological significance of alternative splicing

in the immune system but also suggest a model for regulating RPTP dimerization and

function.

C--->
*****

68



Introduction

In T cells, one function of the RPTP CD45 is to dephosphorylate the negative

regulatory tyrosine of the Src family protein tyrosine kinases, thereby serving as an obligate

positive regulator in T cell antigen receptor (TCR) signaling (13). Based on the crystal

structure of the membrane-proximal phosphatase domain of RPTPo and the sequence

similarity between RPTPo, and CD45, a model has been proposed for the regulation of CD45

in which dimerization inhibits phosphatase activity through symmetrical interactions between

the putative inhibitory structural wedge of one monomer and the catalytic site in the

cytoplasmic domain of its partner (72). The experiments supporting this model were first

conducted with a chimeric molecule consisting of the extracellular and transmembrane

domains of EGFR fused to the cytoplasmic domain of CD45 (EGFR-CD45) in a CD45

deficient T cell line. Dimerization of EGFR-CD45 by EGF negatively regulates its function

and a point mutation that inactivates the inhibitory wedge also disrupts the negative

regulation (56, 73). In addition, when this single mutation is introduced into mouse germline,

the mice develop a lymphoproliferative syndrome and severe autoimmune nephritis with

autoantibody production, resulting in early death (74). This dramatic phenotype demonstrates

the importance of negative regulation of CD45 by dimerization in vivo.

CD45 exists as several isoforms due to alternative splicing of three consecutive exons

(4, 5, and 6, designated A, B, and C) in the extracellular domain (13). These exons encode

multiple O-linked carbohydrate attachment sites. As a result, various isoforms differ

substantially in size, shape and negative charge (13). The alternative splicing is highly

conserved and tightly regulated. Naive T cells predominantly express the larger RA’

*…***
*...***
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isoforms and, over the course of three to five days after activation, switch to expression of

the smallest CD45RO isoform (RO) (99). Recently, a point mutation in exon 4 has been

identified to disrupt the function of an exonic splicing silencer (54) and cause abnormally

high and persistent expression of the larger isoforms (50). This mutation has been further

linked to the development of multiple sclerosis in German patient cohorts (51), although such

a link has not been seen in all studies (52, 53). These observations suggest that the

extracellular domain might regulate CD45 function, perhaps by influencing dimerization.

Dimeric forms of CD45 have been detected through chemical cross-linking of cellular lysates

(68), in recombinant proteins of rat CD45 extracellular domain fragments (7), or by

fluorescence resonance energy transfer (FRET) analysis (62). However, the mechanism by

which dimerization is regulated is not known.

Because of the structural similarity between CD45 and RTKs, it has been postulated

that CD45 can be dimerized and, thus, negatively regulated by a ligand. Despite extensive

efforts by many laboratories, no ligand for CD45 has been definitively identified. The highly

regulated isoform expression and the abundance of CD45 on the cell surface suggest an

alternative mechanism for regulating CD45, that is, spontaneous and isoform-differential

homodimerization. Here we provide evidence for this hypothesis. We show that various

isoforms of CD45 spontaneously and differentially homodimerized in primary and

transfected T cells. RO dimerized more efficiently and rapidly than the larger isoforms and

dimerization did not require the intracellular domain of CD45. Instead, it was modulated by

the sialylation and O-glycosylation of the alternatively spliced exons in the extracellular

domain. We also found that differential homodimerization of CD45 isoforms led to

differential regulation of TCR signaling. Based on these results, we propose the following
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model: several days after stimulation, activated T cells switch from RA’ isoforms to the RO

isoform. Preferential homodimerization of RO may titrate the available CD45 catalytic

activity and thereby contribute to the cessation of the primary T cell response.

_---" -

* *...***
- -

* -ººrºº
~~~~

-****
**

- *-*-
*…***f.º.º.

71



Results

Spontaneous homodimerization of full-length CD45

The experiments supporting the model for dimerization-mediated negative regulation

of CD45 by the inhibitory wedge were conducted with a chimeric EGFR-CD45 molecule

(56, 73). To explore the dimerization potential of full-length CD45, a short linker with a

single unpaired cysteine residue was introduced just external to the transmembrane domain

of CD45, so that if they form, homodimers of CD45 would be stabilized through an

intermolecular disulfide bond. HEK293 cells were transiently transfected with empty

expression vector or expression constructs for CD45 with a linker either containing a

cysteine residue (CD45-Cys) or not (CD45-WT) (Figure 1). Western blotting of whole cell

lysates with an antiserum #467 recognizing the intracellular domain of murine CD45

demonstrated that CD45 containing either linker was present as a monomer under reducing

conditions (Figure 1, left panel). However, under non-reducing conditions, CD45-Cys

formed dimers as well as monomers (Figure 1, right panel). Thus, spontaneous homodimers

of full-length CD45 can be detected in the absence of exogenously added proteins.

Differential homodimerization of CD45 isoforms in T cells.

To test the homodimerization potential of various CD45 isoforms, we did cross

linking studies using primary human T cells purified from peripheral blood of healthy donors

that were further separated into RO” and RA' subsets by negative selection. Intact cells were

treated with a homobifunctional cross-linker, ethylene glycol bis(sulfosuccinimidylsuccinate]

(sulfo-EGS), and whole cell lysates were probed with mab 9.4 recognizing the extracellular
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domain of human CD45. Sulfo-EGS is membrane insoluble and therefore only cross-links

surface molecules on live cells. As a control for homodimerization, we constructed cell lines

and isolated clones stably expressing cysteine dimer-trapping constructs of RO, RAB or

RABC isoforms in a CD45-deficient human T cell line, H45 (37). We refer to these as RO

Cys, RAB-Cys and RABC-Cys. In RO” cells, sulfo-EGS treatment resulted in a diffuse high

molecular weight band (Figure 2A) that co-migrated with the cysteine-trapped RO

homodimers (Figure 2B). No comparable cross-linked dimers were detected in RA" cells.

Similar results were obtained when the lysates from RO’ and RA" cells were probed with

mAb clone 69 recognizing the intracellular domain of human CD45 (data not shown). The

diffuse nature of the cross-linked band may reflect the heterogeneity of the lower molecular

weight isoforms in RO” cells isolated by negative selection with the RA-reactive antibody.

Nevertheless, this observation demonstrated that homodimers of RO-enriched, but not the

larger isoforms, could be detected in primary human T cells after chemical cross-linking.

To more clearly understand the difference in homodimerization among various CD45

isoforms, a homogenous population of cells expressing a single isoform is required. Because

a mixture of isoforms was detected in both RO’ and RA” primary T cells isolated by negative

selection with antibodies (Figure 2A, lanes 2 and 4), we generated clones of H45 stably

reconstituted with wild-type RO, RAB or RABC isoforms. Stable clones expressing cysteine

dimer-trapping constructs were used as controls. We selected clones expressing amounts of

CD45 equivalent to the endogenous amount in EL4 murine T cell line (Figure 3A). Such a

comparison is critical for all the following studies because the efficiency of

homodimerization should depend on the concentration of the protein on the cell surface.

Stable clones expressing wild-type constructs were treated with sulfo-EGS at the indicated
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concentrations and the ability of CD45 isoforms to form homodimers was detected with

western blots (Figure 3B). Based on the results from these stable clones, the extent of

homodimerization of various isoforms upon cross-linking was ranked: RO > RAB > RABC.

Because all three isoforms were equally and highly expressed, it was unlikely that the dimers

in RO-reconstituted cells were due to random cross-linking of an abundant surface molecule.

Because sulfo-EGS crosslinked molecules can be cleaved by hydroxylamine, we

added hydroxylamine to whole cell lysates and showed that this treatment reversed the cross

linking reaction of sulfo-EGS (data not shown). In addition, an RO-C chimera consisting of 2 * *

- - -
_-r”

the extracellular and transmembrane domains of RO fused to the intracellular domain of TCR *~2-

{-chain formed heterodimers with the full-length RO protein upon cross-linking when ..º-º-

transiently co-expressed in a CD45-deficient derivative of the Jurkat T cell line-JS7 (data not

shown) (100). This confirmed the hypothesis that molecules containing the extracellular and
*—

transmembrane domains of RO could indeed homodimerize. Taken together, we conclude º29
*

that various isoforms of CD45 differentially homodimerize on the cell surface. This Cº. º
---

conclusion is also supported by a recent report in which RO, but not RBC or RABC, was -->
found as homodimers on the cell surface in transfected cells using FRET analysis (62).

In our cross-linking study, we noticed that several high molecular weight complexes

appeared after sulfo-EGS treatment in RO, RAB and RABC-expressing cells, indicating that

CD45 could heterodimerize with other surface molecules. Identifying all molecules that

could be cross-linked to CD45 is beyond the scope of the present study. Nevertheless, we did

find that some of the higher molecular weight complexes contained a known CD45

interacting protein, lymphocyte phosphatase-associated phosphoprotein (LPAP) (68, 85, 86).

By using an LPAP-specific antiserum, we detected LPAP in at least two of the complexes
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migrating between the CD45 monomer and homodimer (Figure 3c). This finding was

verified by immunoprecipitating whole cell lysates with mAb M1/9 recognizing the

extracellular domain of murine CD45, followed by immunoblotting with the LPAP antiserum

(data not shown). Based on the mobility as an estimate of molecular weight, the lower

complex likely contained a single LPAP molecule (molecular weight 32kd) cross-linked to a

single CD45 monomer. The constituents of the higher complex were not clear. It may contain

LPAP multimers or another protein cross-linked to CD45 and LPAP (Figure 3c). In addition,

LPAP seemed to preferentially associate with monomers of CD45.

More efficient and rapid dimerization of CD45RO

We attempted to elucidate the mechanism for the isoform-differential

homodimerization of CD45, which is likely to be a low-affinity and transient interaction

dependent on and limited to the two-dimensional plane of the plasma membrane. In vivo such

a low-affinity interaction may be facilitated by the abundance of this molecule on the cell

surface and could have a functional impact on signaling. In order to study the

homodimerization of CD45, we first needed to trap these short-lived dimers. To

quantitatively study the steady-state and kinetics of homodimerization, we also needed a

homogenous population of cells expressing an amount of a single isoform comparable to the

endogenous amount of CD45. Therefore, we used H45 cells stably reconstituted with dimer

trapping constructs of RO or RABC. RO and RABC were chosen because of their distinct

structural features. Compared to wild-type proteins, both cysteine-containing proteins

showed an additional dimer band (Figure 4A). In order to measure the difference in

dimerization efficiency, we analyzed quantitative luminescence and calculated the ratio of

75



the intensity of the dimer band to that of the corresponding monomer band. Because we

compared the ratio, but not the absolute intensity of the dimer or monomer bands, any

variation in protein loading would not adversely influence the result. Quantitative

measurements in ten independent experiments indicated that the ratio of dimer:monomer was

reproducibly different between the two isoforms: 3.02 + 0.42 for RO and 1.76 + 0.18 for

RABC (Figure 4A) (Paired two-tailed t test, P value <0.0001). This steady-state study

demonstrated that when expressed at an amount equivalent to the endogenous CD45, RO

dimerized more efficiently than RABC. However, it should be noted that estimates of the

extent of dimerization of both isoforms using the cysteine trapping constructs are likely over

estimates of physiologic dimerization, because these oxidized disulfide-linked dimers, once

formed, are irreversible under physiologic conditions.

To further characterize the differential homodimerization of RO and RABC, we

performed kinetic studies using 2-Mercaptoethanesulfonic acid sodium salt (MESNA), a

membrane nonpermeable derivative of 2-mercaptolethanol, to reduce surface molecules on

live cells. MESNA treatment reduced most of the dimers to monomers, resulting in a

substantial decrease in the ratio of dimer:monomer for both isoforms (Figure 4B, lanes 3 and

9). We then monitored the reappearance of dimers on the cell surface by removing MESNA

and incubating cells at 37°C for various periods of time. Quantitative luminescence analysis

revealed that the ratio of dimer:monomer for RO increased more rapidly than the ratio of

dimer:monomer for RABC (Figure 4B). To verify that dimerization at 37°C, indeed,

occurred on the cell surface, we biotinylated surface proteins and followed the formation of

biotin-labeled dimers. The kinetic curves were essentially the same as in Figure 4B (data not

shown), indicating that the dimers that appeared during incubation at 37°C were formed from
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existing monomers on the cell surface, rather than being recruited from intracellular pools.

This result is consistent with a previous report that CD45 has a slow turnover rate on the cell

surface (101).

Dimerization of CD45 independent of its intracellular domain

To assess the role of the inhibitory wedge of CD45 in dimerization, we functionally

inactivated the wedge in RO-Cys by mutating Glu” at the tip of the wedge to Arg (E613R).

Analysis of H45 cells stably expressing the E613R mutant showed that this mutation did not

alter the ratio of dimer:monomer in the context of RO-Cys, suggesting that the wedge is not

necessary for dimerization of CD45 (Figure 5A). Next we checked whether the entire

intracellular domain was required for dimerization of CD45. For this purpose, we transiently

transfected CD45-C chimeras (CD45 extracellular and transmembrane domains fused to the

TCR-(; cytoplasmic domain) into CD45-deficient JS7 cells. Dimeric forms of both RO-Cys-(,

and RABC-Cys-(, were detected by western blot. Similar to the full-length proteins, the RO

chimera dimerized more efficiently than the RABC chimera (Figure 5B). We also detected

dimers of RO-(, upon sulfo-EGS treatment when it was transiently expressed in JS7 cells

(data not shown). Thus, the extracellular and transmembrane domains of CD45 are sufficient

to mediate dimerization.

Modulation of CD45 dimerization by sialylation and O-glycosylation

CD45 isoforms differ only in the three alternatively spliced exons in the extracellular

domain that contain multiple sites of O-linked glycosylation. We reasoned that the difference

in dimerization kinetics between RABC and RO could be due to the negative charges derived
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from sialylation and the bulky O-linked sugar groups in RABC. To test the effect of sialic

acid residues on dimerization, we treated cells stably expressing RO-Cys or RABC-Cys with

sialidase. Sialidase treatment resulted in a mobility shift in both the monomeric and dimeric

forms of RO-Cys and RABC-Cys (Figure 6A). The shift was greater in RABC-Cys than in

RO-Cys due to the heavily sialylated exons A, B, and C. Quantitative luminescence analysis

indicated that the dimerization efficiency of RABC increased substantially after removing

sialic acids from surface molecules (Paired two-tailed ttest, P value 0.0013), whereas
…--

sialidase treatment had little effect on RO (Paired two-tailed t test, P value 0.0865). * ~...~"
--~~~.

Therefore, dimerization of CD45 is impeded by the sialylation of its extracellular domain. *~~~~
£º.The fact that RO dimerized more efficiently than RABC even in the absence of sialic acids *****

suggests that sialylation may account only for part of the differential dimerization of the two --seaa

isoforms.

The mutant CHO cell line, ldlD, lacks UDP-galactose and UDP-N- º...” wº

acetylgalactosamine 4-epimerase, a key enzyme required for the biosynthesis of O-linked C. ->

glycoconjugates. Consequently, proteins expressed in ldlD are defective in O-glycosylation. -->
This defect can be overcome by supplementing the medium with galactose (Gal) and N

acetylgalactosamine (GalNAc) (102). As expected, restoration of O-glycosylation caused a

mobility shift that was more substantial in RABC-Cys than in RO-Cys because of the heavily

O-glycosylated exons A, B, and C (Figure 6B). Quantitation of the ratio of dimer:monomer

showed that, in the presence of Gal and GalNAc, RO dimerized more efficiently than RABC,

similar to the results obtained in other cell lines. In contrast, in the absence of Gal and

GalNAc, the dimerization efficiency of RABC approached that of RO, suggesting O-linked

glycosylation is a major contributing factor for the difference in dimerization between RO
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and RABC (Figure 6B). Additional support for this conclusion came from a cross-linking

study in ldlD cells expressing wild-type RO or RABC. The cross-linking efficiency was

comparable for RO and RABC when cells were cultured in Gal and GalNAc-free medium;

however, when Gal and GalNAc were added back, RO formed homodimers much more

efficiently than RABC after cross-linking (data not shown). Together, these findings

establish an important role of O-glycosylation in determining the extent of dimerization of

CD45.

Differential reconstitution of TCR signaling by CD45 isoforms

Based on in vivo and in vitro evidence of negative regulation of CD45 by

dimerization (56, 73,74), we speculated that RO would be less effective than RABC in

reconstituting TCR signaling in CD45-deficient H45 cells as a result of its preferential

homodimerization. We first examined calcium responses after TCR stimulation in stable

clones expressing wild-type RO or RABC. To avoid clonal variation, we checked three sets

of independently generated clones expressing equivalent surface CD45, TCR and CD4 (data

not shown). Although all clones had comparable responses to the calcium ionophore,

ionomycin, calcium mobilization following TCR stimulation was consistently lower in

amplitude in RO clones than in RABC clones (Figure 7A). To characterize more

quantitatively the impact of isoform-differential homodimerization on T cell signaling, we

measured the amount of soluble inositol phosphates before and after TCR stimulation.

Similar to the calcium response, the fold increase of inositol phosphates after TCR

stimulation in three RO clones was consistently smaller than that in three RABC clones

(Figure 7B) (Paired two-tailed t test, P value 0.0032). Therefore, isoform-differential
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homodimerization of CD45 result in differential reconstitution of TCR signaling: cells

expressing RO signal less effectively than cells expressing RABC. The inhibitory effect of

dimerization on CD45 function was even more evident in RO-Cys clones, where dimers were

stabilized and accumulated due to the lack of reversibility of the cysteine trap. Their calcium

responses were greatly reduced compared to RO-WT clones (Figure 8). A similar

phenomenon was observed when comparing RABC-WT clones with RABC-Cys clones (data

not shown). This finding provides additional evidence for negative regulation of CD45 by

dimerization. The E613R mutation in the context of RO-Cys, which functionally inactivated

the wedge, completely reversed the inhibitory effect on calcium fluxes (Figure 8) without

affecting dimerization (Figure 5A). This observation supports the model that dimerization

induced inhibition of CD45 function is mediated through the inhibitory wedge.
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Discussion

Because CD45 is similar in general structure to RTKs, it has been hypothesized that

CD45 is regulated by dimerization through ligand binding. Many attempts have failed to

identify a ligand for CD45. Although we can not rule out the possibility of ligand-mediated

dimerization, the evidence we report here clearly supports the spontaneous and differential

homodimerization of CD45 isoforms on the cell surface. In addition, we show that

homodimerization negatively regulates CD45 function and thus TCR signaling. Based on our

results, we propose the following model for the regulation of CD45: an equilibrium between

monomeric and dimeric forms of CD45 exists on the cell surface for all isoforms. The total

CD45 phosphatase activity in a cell is determined by this equilibrium, which is in turn

controlled by the isoforms expressed. In naïve T cells, the expression of mixed larger RA’

isoforms shifts the equilibrium toward monomers because the negative charges and bulky O

linked glycoconjugates in their extracellular domain act as a repulsive barrier to

homodimerization. Hence, CD45 is more active and keeps SFKs in a "primed" state capable

of full activation upon TCR stimulation. During the initial phase of T cell activation, CD45

remains active, which is required for maintaining the cascade of signaling events to elicit the

primary immune response (56). TCR signaling, via PKC and Ras, induces the expression of

splicing factors that mediate the exclusion of exons A, B, and C in CD45 (49). Due to the

slow turnover of surface CD45 (101), it takes several days for RA* isoforms on the cell

surface to be replaced by RO. The expression of RO in activated T cells shifts the

equilibrium toward dimers due to its more efficient homodimerization, which renders it

subject to negative regulation by the inhibitory wedge. This isoform switch may act as part of
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a negative feedback loop, contributing to the cessation of the immune response to avoid

undesirable tissue injury. Disrupting this negative regulation, either by an inactivating point

mutation in the inhibitory wedge (74) or by the polymorphism that interferes with isoform

switch to RO (50), results in inappropriately high CD45 activity and chronic T cell

activation, thereby leading to autoimmune diseases.

According to our model, switching isoforms to RO would not completely shut off

phosphatase activity. Rather, it would lead to an increased extent of dimerization, thereby

decreasing the total CD45 activity in the cell. Indeed, functional studies on calcium and * ~...~"
------.

inositol phosphate responses provide compelling evidence that TCR signaling was ~~~~
C■ :

diminished, but not abolished, in RO-reconstituted H45 cells. In primary activated T cells, **:Cº
the decreased total CD45 phosphatase activity as a result of isoform switch may fall below *****

the threshold required for sustaining TCR signaling, which, together with other changes

- - - - - - -
f

induced by T cell activation, may be sufficient to downregulate the primary immune º
response. One may question why evolution has chosen switching isoforms over internalizing of I}****

all surface CD45 to terminate TCR signaling. We speculate that keeping CD45 on the surface º
>

is essential to provide some residual phosphatase activity and possibly for some other

unrelated functions. CD45 is relatively large in size comparing to other molecules involved

in antigen-specific recognition (103). Therefore, surface CD45 may provide a repulsive

barrier so that T cell could maintain an appropriate contact with APC. Last, by binding to

galectin-1 (104), the heavily-glycosylated CD45 may be an important component in the cell

surface galectin-glycoprotein lattice that modulates T cell activation and autoimmunity (105).

Eliminating CD45 from the surface may disrupt the lattice, thereby affecting proper functions

of T cells.
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Our observations do not exclude other means to regulate CD45. For instance, cellular

localization and access to substrate may contribute to CD45's effect on signaling. Most

studies on the localization of CD45 show that it is absent from membrane lipid rafts and the

central region of the interface between the T cell and the APC (47, 103). The function of

CD45 may also be modulated through its interactions with other proteins. CD45 has been

reported to associate with molecules both on the cell surface and inside the cell, although the

functional significance of these interactions is unclear (13,96, 103). It is important to note

that interactions with other molecules would not necessarily prevent homodimerization of

CD45. We have detected preferential homodimerization of RO-enriched isoforms in primary

human T cells where CD45 also interacts with its natural binding partners. Furthermore,

different isoforms that co-exist in a single cell could potentially heterodimerize. However,

our mechanistic study suggests that isoforms that have exons 4, 5 or 6 and more O-linked

glycosylation sites would homo- or heterodimerize less well.

Two questions are raised based on our model. One is that RO is also the predominant

isoform expressed in memory T cells. Why, then, is the memory response more rapid and

robust than the primary response? There are several possibilities. First, it is likely that factors

other than the simple magnitude of TCR signaling may control the memory response. In

support of this, two groups have observed greater TCR signaling in naïve than in memory T

cells from human and mice (106, 107). Second, memory cells differ from naive cells in many

aspects, of which CD45 isoform expression is just one. For example, memory cells may have

a CD45-independent signaling pathway. A possible candidate is the Syk kinase that is

expressed in a subset of T cells with memory phenotype (D. Chu, J. Critchfield and A.

Weiss, unpublished result). Studies in cell lines have shown that Syk can transduce signals
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from the TCR in the absence of CD45 (100). Third, compared to larger isoforms, RO has

been shown to preferentially associate with CD4 and the TCR complex via its extracellular

domain (62, 64, 108, 109). This association may cause a more efficient response in memory

cells. Finally, some unidentified memory-specific factors may shift the equilibrium toward

the monomeric form of RO and thereby promote a memory response.

The other question our model predicts is that when expressed at the same amount as

the endogenous protein, RABC would reconstitute the signaling defect in CD45-deficient T

cells more effectively than RO because TCR signal transduction requires the phosphatase

activity of CD45. This is consistent with our results. However, other studies of isoform

differential signaling in CD45-deficient cell lines and mice have yielded controversial results.

In some cases, RO-reconstituted cells signaled more efficiently; in other systems, RABC was

more effective in restoring TCR signaling (59-65). These inconsistent observations could be

due to the different CD45-negative cell lines used, the disparate stimuli added, and the

readouts examined. More importantly, CD45 is one of the most abundant cell surface

molecules. Lack of comparison of the expression level in reconstituted cells or mice with that

in wildtype cells or mice in these studies makes it hard to interpret the data. In addition,

because dimerization is likely dependent on the number of molecules on the cell surface, a

difference in the amount of CD45 expressed in various clones could result in differential

reconstitution of TCR signaling. We carefully matched the amount of CD45 in all of our

stable clones to that in EL4 T cell line. All the clones also have equivalent expression of

TCR, CD4 and other key signaling molecules like Lck and LAT. In addition, we used

quantitative assays such as inositol phosphate generation and multiple independent clones to

specifically address the question of isoform-differential signaling. Our conclusion is

C--->--->
--->
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supported by two studies using primary human and murine T cells (106, 107). When recently

activated cells were depleted from naïve and memory populations of CD4+ T cells, separated

based on CD45 isoform expression, naïve cells exhibited greater tyrosine phosphorylation,

calcium flux and inositol phosphate generation upon TCR stimulation than memory cells

(106, 107). These studies and our data differ from a recent study by Dornan et al where the

intensity of TCR-induced phosphorylation was greater in CD45-deficient HPB.ALL cells

reconstituted with RO than in those with the larger isoforms (62). However, such assays are

difficult to quantitate. Moreover, the RO stable clones used had unexplainable 20-fold less

Lck, a critical component of the TCR signaling machinery. The signaling data compared

RABC clones with RO clones that were also transfected with Lck, which raises the concern

whether the differential signaling was solely due to the different CD45 isoform expressed in

the cell (62).

We have used two independent strategies to elucidate the isoform-differential

homodimerization of CD45, chemical cross-linking and cysteine dimer-trapping method.

Preliminary FRET results from the report cited above also suggest that only the RO isoform

exists as homodimers at the cell surface (62). Our studies used the trapping method to

perform quantitative steady-state and kinetic studies and to identify the mechanism for the

differential homodimerization of CD45 isoforms. A similar approach has been applied to

demonstrate the ligand-dependent dimerization of EGFR and the constitutive

homodimerization of RPTPo (110, 111). Together with the two lines of evidence in our

study, these findings suggest that the role of the cysteine is to stabilize transiently formed

dimers by a covalent bond rather than driving dimerization. First, although very abundant on

the cell surface, CD45-Cys did not completely form homodimers. Second, we only detected
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monomers and homodimers with the trapping constructs, indicating that the engineered

cysteine in CD45-Cys did not form disulfide linkage with free cysteines in the extracellular

domains of other surface molecules. Therefore, the homodimerization we have observed is

not driven by the cysteine. Instead, it is likely to be dependent on the specific dimerization

motif(s) in the molecule itself. Such motifs are well documented. The transmembrane

domains of most growth factor receptor tyrosine kinases appear to have a conserved

dimerization motif (112). For RPTPo, cross-linking and FRET analysis have established that

the transmembrane domain is both necessary and sufficient for mediating its dimerization

(113, 114). We have shown that the extracellular and transmembrane domains of CD45 are

sufficient to drive dimerization, whereas the alternative spliced exons, the inhibitory wedge

and the entire intracellular domain are not required. Further detailed structure-function

analysis is needed to define the region(s) mediating dimerization of CD45.

The expression of various CD45 isoforms is tightly controlled by alternative splicing

in an activation-dependent manner. Alternative splicing is also common in other RPTPs,

although the functional consequence remains unclear in most case (115). For example, an

alternatively spliced isoform of RPTPo with nine extra amino acids in the juxtamembrane

region of the ectodomain has been identified and dimers of this particular isoform have been

detected by in vitro purification (116). The leukocyte common antigen-related phosphatase

(LAR) is also alternatively spliced in a tissue-specific manner and one of the isoforms has

been shown to bind laminin-nidogen and regulate morphology (117). These observations

suggest that isoform switch by alternative splicing and isoform-specific regulation may be a

general means to modulate RPTP functions.
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Materials and methods

Constructs and antibodies

A short amino acid linker consisting of either GAGAGAGA (WT) or GAGAGCGA

(Cys) was introduced into the cDNA of corresponding murine CD45 isoforms (RO and

RABC are kind gifts of the late Dr. M. Thomas) after alanine 563 (amino acid numbering

according to RABC) using standard recombinant DNA techniques. RAB containing exons 4
** - , -

- t

and 5 was generated from RABC using Quickchange (Stratagene, La Jolla, CA) according to ~~~~
-º-º-º-º:

manufacturer's instructions. The wedge mutation, Glu” to Arg (E613R), was introduced into --~~~
re---

RO-WT or RO-Cys constructs by oligonucleotide-based mutagenesis. CD45-' chimeras are ******
CX-A

comprised of the CD45 extracellular and transmembrane domains, encompassing amino *******

acids 1 to 586 (amino acid numbering according to RABC), fused in frame with the

cytoplasmic domain of TCR-C chain, consisting of amino acids 52 to 164, using standard º.* …”
recombinant DNA techniques. Similarly, a short WT or Cys linker was introduced into C. º

---
CD45-Q chimeras. -->

Antibodies used for flow cytometry and immunoblotting were: rabbit antiserum #467

to the intracellular domain of murine CD45 (a kind gift of the late Dr. M. Thomas); mAb

UCHL-1 to human RO and FITC-labeled mab L48 to human RA (a kind gift of Dr. L.

Lanier); mab 9.4 to the extracellular domain of human CD45 (American Type Culture

Collection); mab clone 69 to the intracellular domain of human CD45 (Transduction Lab,

Lexington, KY); rabbit antiserum RO2.2 to the intracellular domain of murine CD45 (a kind

gift of Dr. P. Johnson); mab M1/9 to the extracellular domain of murine CD45 (American

Type Culture Collection); pan-specific mab 30F11 to murine CD45 (Pharmingen, San
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Diego, CA); mab clone SK7 to CD3 (Becton-Dickinson, San Jose, CA); mab 235 to CD3 (a

kind gift of Dr. S. M. Fu); rabbit antiserum to LPAP (a kind gift of Dr. B. Schraven) and

mAb 6B10 to TCR-K (98).

Purification of CD45RO” and CD45RA* human T cells

Peripheral blood mononuclear cells were isolated by diluting buffy coats from healthy

donors (Stanford Medical School Blood Center) with twice the volume of PBS and spinning
* ,-----

through a Ficoll gradient. After four washes with PBS, T cells were negatively selected using •~.
a Pan T Cell Isolation Kit (Miltenyi, Auburn, CA). Flow cytometry analysis (Becton- --~~

fº-º-º-º:
Dickinson) indicated that the T cells were approximately 95% pure. Purified T cells were :*
incubated with mab UCHL-1 to human RO or FITC-labeled mab L48 to human RA, E:
followed by incubation with goat anti-mouse IgG or anti-FITC microbeads (Miltenyi), —

respectively. RO” or RA* T cell subsets were then negatively selected using magnetic cell º
separation technology. Flow cytometry analysis indicated that they were greater than 90% C-->
pure. -->

Cells and transfections

HEK293 cells were transiently transfected using calcium phosphate and harvested 48

h later. H45 cells in the logarithmic-growth phase were transfected by electroporation.

Subsequent limiting dilution and selection in geneticin-containing (GIBCO, Grand Island,

NY) medium (2 mg/ml) yielded geneticin-resistant clones. JS7 cells were transient

transfected by electroporation and harvested 24 hours (h) later. The surface expression of

CD45 and TCR was determined by staining cells with mab 30F11 to CD45 and mAb clone
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SK7 to CD3, respectively, followed by flow cytometry analysis. lalD cells (a kind gift of

Drs. M. Krieger and S. Rosen) were transiently transfected using Fugene 6 (GIBCO) and

harvested 48 h later. Where indicated, 10 mM Gal and 100 mM GalNAc were added to the

medium to restore O-linked glycosylation.

Cell surface cross-linking

The cross-linking reaction was performed on intact cells at 4°C. Cells were washed

three times with PBS and incubated with freshly prepared cross-linker solution, sulfo-EGS

(Pierce, Rockford, IL) in PBS, for 2 h at the concentrations indicated. The reaction was

quenched by adding Tris-HCl (pH 7.5) to a final concentration of 20 mM and incubating for

20 minutes (min). The cells were then washed three times in PBS before lysis.

Cell lysis and immunoblotting

Cells were lysed in 4°C lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1%

NP40, 10 mM iodoacetamide, 1 mM EDTA, and a cocktail of phosphatase and proteinase

inhibitors). After 20 min at 4°C, lysates were prepared by a 15-min centrifugation at 4°C and

13,000 x g. Immunoprecipitation was performed with appropriate antibodies for 2 h at 4°C.

Whole cell lysates and immunoprecipitates to be analyzed by immunoblotting were subject to

electrophoresis on SDS-PAGE or NuPAGE Tris-Acetate 3-8% gradient gels (Invitrogen,

Carlsbad, CA), and transferred to Immobilon-P membrane (Millipore, Bedford, MA)

according to the manufacturers' instructions. All gels were non-reducing unless otherwise

stated. The blots were developed with the ECL system (Amersham Pharmacia Biotech,
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Piscataway, NJ) and quantitated on a Kodak Digital Science ImageStation 440CF (NEN Life

Science, Boston, MA).

MESNA treatment

Cells were treated three times on ice for 30 min with freshly prepared 10 mM

MESNA (Sigma, St. Louis, MO) in ice-cold RPMI. For the zero time point, the reaction was

quenched by excessive iodoacetamide and cells were washed twice in PBS before lysis.

Otherwise, cells were washed twice with ice-cold RPMI, resuspended immediately in warm

RPMI supplemented with 10% fetal calf serum, and incubated at 37°C. At each time point,

an aliquot of cells was washed twice in PBS and subsequently lysed.

Sialidase treatment

Cells were washed twice in HeBS buffer (20 mM Hepes pH 7 and 140 mM NaCl) and

then resuspended in HeBS at 1x10" cells per ml. Sialidase (Arthrobacter ureafaciens

recombinant in E.coli) (Glyko, Novato, CA) was added to a final concentration of 100

mu/ml and cells were incubated at 37°C for 30 min. After the reaction, cells were washed

three times with serum-containing medium to remove free sialidase.

Measurement of intracellular calcium

The intracellular free calcium concentration was measured with the calcium-sensitive

dye Indo-1 (Molecular Probes, Eugene, OR) as described (56). Cells (5 x 10° per ml) were

stimulated with 235 at 1:3000 dilution of ascites. Ionomycin was added at a final

º
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concentration of 1 puM. Calcium mobilization was recorded on Hitachi F4500 Fluorescent

Spectrophotometer.

Inositol phosphate assay

Cells were loaded with [H] myo-inositol (Amersham Pharmacia Biotech) at 40

HCi/ml in PBS for 3 h, followed by incubation in RPMI supplemented with 10% fetal calf

serum for 20 h. The cells were either unstimulated or stimulated with 235 at 1:1000 dilution

of ascites in the presence of 10 mM LiCl for 20 min. Soluble inositol phosphates were

extracted and measured as described (118).
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Figure 1: Spontaneous homodimerization of full-length CD45.
-

*. HEK293 cells were transiently transfected with the vector control, CD45-WT or CD45-Cys.

Whole cell lysates were prepared and CD45 was detected under reducing and non-reducing*

conditions by immunoblotting with the #467 antiserum. The blots are representative of three

Y separate experiments.
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Figure 2: Differential dimerization of CD45 isoforms in human peripheral T cells.

(A) RO’ and RA’ primary T cells were purified from peripheral blood of healthy donors by

negative selection. Cells were treated with (lanes 3 and 5) or without (lanes 2 and 4) 2 mM

sulfo-EGS and whole cell lysates were blotted with mab 9.4. (B) H45 cells stably expressing
-

murine RO-Cys (lane 2), RAB-Cys (lane 3) or RABC-Cys (lane 4) were used as controls to

indicate the mobility of homodimers. Their lysates were run on the same gel and probed with

the RO2.2 antiserum. The blots are representative of four separate experiments.
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Figure 3: Differential homodimerization of CD45 isoforms in transfected T cells.

(A) Cells from H45 control, RO-WT, RO-Cys, RAB-WT, RAB-Cys, RABC-WT or RABC

Cys stable clones, or murine EL4 T cell line were stained with mab 30F11 and analyzed by

flow cytometry. The histograms of RO-WT, RO-Cys and EL4 are superimposed in the plot.

(B) Stable clones of RO-WT (lanes 2-4), RAB-WT (lanes 6-8) or RABC-WT (lanes 10-12)

were treated with sulfo-EGS at the concentrations indicated. Cells stably expressing RO-Cys

(lane 5), RAB-Cys (lane 9) or RABC-Cys (lane 13) were used as controls to indicate the

mobility of homodimers. Whole cell lysates were probed with the RO2.2 antiserum. (C) The

blot was then stripped and re-probed with the LPAP antiserum. Cross-linked complexes

containing LPAP and CD45 are indicated by asterisks. The blots are representative of three

separate experiments.
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Figure 4: More efficient and rapid dimerization of CD45RO than CD45RABC.

(A) Whole cell lysates were prepared from RO-WT (lane 2), RO-Cys (lane 3), RABC-WT

(lane 4), or RABC-Cys (lane 5)-reconstituted cells and probed with the RO2.2 antiserum.

The bands were quantitated on the ImageStation (n=10). Paired two-tailed t test indicates a P

value of 30.0001. (B) RO-Cys and RABC-Cys-expressing cells were first treated with or

without (lanes 2 and 8) MESNA. Cells were then washed and incubated at 37°C for the

indicated duration. Whole cell lysates were probed with the RO2.2 antiserum. The bands

were quantitated on the ImageStation (n=3).
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Figure 5: Dimerization of CD45 independent of its intracellular domain.

(A) H45 cells stably expressing RO-WTE613R (lane 4) or RO-CysE613R (lane 5) were

º compared to those expressing RO-WT (lane 2) or RO-Cys (lane 3). Whole cell lysates were

".. º probed with the RO2.2 antiserum. The bands were quantitated on the ImageStation and the

º t. data was plotted as the ratio of dimer:monomer (n=3). Paired two-tailed t test indicates a P 1

tº Vil £ value of 0.1613. (B) JS7 cells were transiently transfected with CD45-' chimeras containing

& -as the extracellular domain of RO-WT (lane 2), RO-Cys (lane 3), RABC-WT (lane 4), or 8

º -:
1. RABC-Cys (lane 5). Whole cell lysates were probed with mab 6B10. The bands were W

c º quantitated on the ImageStation and the data was plotted as the percentage of the &O■

º - dimer:monomer ratio for RO-Cys-(. Paired two-tailed ttest indicates a P value of 0.0098.
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Figure 6: Modulation of CD45 dimerization by the sialylation and O-glycosylation of

the alternatively spliced exons in the extracellular domain.

(A) Cells stably expressing RO-Cys or RABC-Cys were treated with (lanes 4 and 7) or

without (lanes 3 and 6) sialidase. Whole cell lysates were probed with the RO2.2 antiserum

and the bands were quantitated on the ImageStation (n=4). Paired two-tailed t test indicates a

P value of 0.0865 for RO and 0.0013 for RABC. (B) lqlD cells cultured in the absence or

presence of Gal & GalNAc were transiently transfected with RO-WT (lanes 2 and 3), RO

Cys (lanes 4 and 5), RABC-WT (lanes 6 and 7) or RABC-Cys (lanes 8 and 9). Whole cell

lysates were probed with the RO2.2 antiserum and the bands were quantitated on the

ImageStation (n=6).
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Figure 7: Regulation of TCR signaling by isoform-differential homodimerization of

CD45.

Three independent sets of stable clones expressing RO-WT or RABC-WT were used. (A)

Calcium mobilization was recorded after CD3 mab stimulation (235 at 1:3000 dilution of

ascites). All clones had comparable responses to ionomycin (1 puM final concentration)

(Iono). (B) Cells loaded with [H] myo-inositol were either unstimulated or stimulated with

CD3 m/Ab (235 at 1:1000 dilution of ascites) and the amount of soluble inositol phosphates

was measured. The data was plotted as the fold increase after stimulation (n=3). Paired two

tailed t test indicates a P value of 0.0032.
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Figure 8: Wedge-dependent negative regulation of CD45 by dimerization.

H45 cells or stable clones expressing RO-WT, RO-Cys or RO-CysE613R were stimulated

with CD3 mab (235 at 1:3000 dilution of ascites) and calcium mobilization was recorded.

All clones had comparable responses to ionomycin (1 HM final concentration) (Iono). Similar

results were obtained with another set of independently isolated stable clones.
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CHAPTER 4

REGULATION OF CD4S AND OTHER RECEPTOR-LIKE PROTEIN TYROSINE

PHOSPHATASES AND FUTURE EXPERIMENTS
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Summary

Previous functional and physiological studies have suggested that dimerization of CD45

negatively regulates its function through symmetrical interactions between the inhibitory

structural wedge and the catalytic site. However, how dimerization per se is modulated is

unclear. I have been unable to identify CD45 ligand(s) in an extensive ligand screen. On the

other hand, I have established a ligand-independent mechanism for negative regulation of

CD45 in T cells, that is, spontaneous and differential homodimerization of the alternatively

spliced isoforms. This finding not only demonstrates the biological significance of alternative

splicing in the immune system but also suggests a novel means to modulate the primary T

cell response. In this concluding chapter, I discuss results from Chapters 2 and 3 and propose

a model for the regulation of CD45 function in T cells during primary immune responses. I

also discuss whether this regulatory mechanism is utilized in other hematopoietic cells and

whether it represents a general means to modulate RPTP function. I conclude with a

discussion of future experiments based on this work.
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A model for negative regulation of CD45 by isoform-differential homodimerization

Studies of the EGFR-CD45 chimera provided the first evidence that CD45 can be

negative regulated by dimerization (56). The crystal structure of the membrane-proximal

phosphatase domain of RPTPo, and the sequence homology between RPTPo and CD45

further suggested that dimerization-induced inhibition is mediated through an inhibitory

structural wedge (72). This mechanism was verified by introducing an inactivating point

mutation in the inhibitory wedge in the context of EGFR-CD45 and in mouse germline (73,

74). However, the mechanisms controlling dimerization had been elusive. Two mechanisms

had been proposed: dimerization through ligand binding and spontaneous homodimerization.

The experiments presented in this thesis were designed to explore both mechanisms and

characterize the functional consequences of ligand-induced and/or spontaneous dimerization.

The possibility that CD45 is regulated by a ligand was tested first. Based on many

failed attempts, two new assays, CD45-Fc fusion proteins and CD45-(■ DT40 reporter cell

lines, were developed to facilitate ligand screen by increasing the avidity and improving the

glycosylation of the receptor. The extensive ligand search was carried out with murine

lymphoid cells and tissues, including primary cells from spleen, lymph node and thymus

cultured in vitro in the presence of a variety of stimuli, a collection of hematopoietic cell

lines of different lineages and developmental stages treated with or without PMA and

Ionomycin, and cyrosections of whole-mount spleen, lymph node and thymus. Both assays

were rigorously validated and the search was well controlled. However, no ligand was

identified in this study.

Next, the ligand-independent mechanism was evaluated. By using a cysteine dimer

trapping method, spontaneous homodimers of CD45 were detected in a nonlymphoid cell
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line in the absence of any exogenously added protein. Chemical cross-linking approach

further revealed that various isoforms differentially homodimerized in primary and

transformed T cells. Mechanistic studies determined that dimerization was impeded by the

sialylation and O-glycosylation of the alternatively spliced exons in the extracellular domain

of CD45. More importantly, functional studies demonstrated that different isoforms had a

quantitative effect on TCR signaling as a result of differential homodimerization.

Because of CD45's key role in lymphocyte signaling and development, its regulation

has been studied for many years. Our as well as many others’ extensive search did not yield a

specific ligand for CD45. Although ligand-mediated dimerization cannot be ruled out, our

findings in Chapter 3 clearly demonstrate a ligand-independent means to regulate CD45

dimerization. A model is proposed based on these findings (Figure 1): in naïve T cells, mixed

larger RA" isoforms exists primarily as monomers because the negative charges and bulky O

linked glycoconjugates in their extracellular domain impede dimerization. In support of this,

an early FRET analysis suggests that CD45 mainly exists as monomers in resting cells (119).

Consequently, total CD45 phosphatase activity is high, maintaining Lck in a "primed" state

capable of full activation upon TCR stimulation. Three to five days after T cell activation, the

RA* isoforms on the cell surface are replaced by RO. The smaller size of the RO

extracellular domain is more permissive for dimerization, resulting in negative regulation via

the inhibitory wedge. This downregulates the available CD45 phosphatase activity and

therefore contributes to the termination of the primary T cell response.

According to our model, homodimerization of RO in activated T cells in E613R mice

would fail to inhibit its phosphatase activity due to the inactivating mutation in the inhibitory

wedge (74), thereby causing chronic T cell activation and consequently autoimmune diseases.
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Similarly, the C77G polymorphism interferes with alternative splicing and leads to the

expression of exon A-containing isoforms in activated T cells (50, 54). As our model

predicts, these isoforms would dimerize less efficiently than RO due to the steric hindrance

caused by negative charges and O-linked carbohydrate groups. As a result, the total CD45

phosphatase activity would remain inappropriately high in activated T cells, contributing to

sustained T cell activation and development of multiple sclerosis in individuals with the

appropriate background genes (51).

In addition to isoform switch, cells could also titrate total CD45 phosphatase activity

by varying its surface expression level. CD45 surface expression is upregulated during

differentiation of multiple lineages and upon activation of T, B, and myeloid cells (Chapter 1,

Figure 4). The increased density of CD45 molecules may alter the equilibrium between

monomers and dimers by facilitating dimerization. Supporting this notion, alteration in the

surface level of CD45 affects outcome of thymic selection (66). Variation in CD45

expression may also explain the controversial results from studies evaluating isoform

specific signaling. Differential reconstitution may result from a difference in the expression

level rather than from the isoform expressed.

Lck is a primary substrate of CD45 in T cells, yet no hyper-activation of Lck was

seen in total splenocytes from the CD45E613R knock-in mice. Along the lines, no difference

in Lck Y505 phosphorylation was detected in H45 stable clones expressing RO and RABC

(data not shown) despite their differential calcium and inositol phosphate responses. There

are several possible explanations. First, observing differences in Lck phosphorylation and

activation may be difficult in asynchronously responding T cells because our model predicts

that in CD45E613R mice Lck remains inappropriately active only in activated T cells that are

116



****

****

i.

T.

s

ºf



RO”. Second, since the extent of dimerization is incomplete, it may be difficult to detect

altered Lck phosphorylation or activity as it was in T cells overexpressing Csk (120), the

kinase that phosphorylates the negative regulatory site of SFKs. Finally, distinct pools of Lck

are localized to different subcellular compartments (reviewed in (35, 36)). However, current

assays to assess Lck activity generally report the average Lck activity or phosphorylation

status for the cell rather than for individual molecules or intracellular pools. Therefore, the

specific pool(s) of Lck subject to dephosphorylation by CD45 needs to be defined and

studied.

CD45 isoform switch in other cell types and in diseases

Isoform switch of CD45 has been observed in other cell types as well. B cells, which

normally express RABC throughout the development, show a decrease in exon A, B or C

dependent epitopes after activation and differentiation into plasma cells. On the other hand,

myeloid cells switch from low molecular weight isoforms to higher ones after activation.

Changes in isoform expression after stimulation have also been noted in NK cells and YöT

cells (reviewed in (13)). Therefore, negative regulation of CD45 by isoform-differential

homodimerization may not be restricted to T cells, although its biological significance in

other cell types remains to be demonstrated. It is tempting to speculate that similar to T cells,

isoform switch by regulated alternative splicing in B cells may play a role in terminating

humoral immune response. Conversely, the predominant expression of RO in resting myeloid

cells may help maintain cells in a quiescent state and thus prevent undesirable tissue damage.

Upon activation, the expression of the larger isoforms would shift the balance from dimers to

monomers, facilitating signals through multiple pathways.
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Due to the correlation between CD45 isoform and functional status of T cells, many

studies have focused on alterations in isoform expression in disease. Significant associations

have been reported for infantile cholestasis (121), malnutrition (122), systemic lupus

erythematosus (123), rheumatoid arthrtitis (124), and HIV ((103) and references within).

Whether these changes reflect alterations in CD45 function that drive disease development or

are merely coincidental is largely unknown. CD45 isoforms in the pathogenesis of HIV

infection is particularly interesting. It has long been appreciated that HIV preferentially

replicates in RO’CD4’ memory cells rather than in RA’CD4° naïve cells (125-129). In

addition, it has also been reported that the C77G polymorphism may increase susceptibility

to HIV infection (130). Correlating with this, the frequency of C77G is very low in areas

with endemic HIV infection but prevalent in populations with a low prevalence (131). The

significance of this association will require further study.

Since CD45 acts at the very proximal step in TCR signaling, reducing total CD45

phosphatase activity by isoform switch would lead to rapid downregulation of a primary T

cell response. Therefore, our findings suggest a novel means to control immune response for

disease treatment, that is, targeting individual isoforms of CD45 and the isoform switch.

There are two major approaches to modulate CD45 function: selective inhibitors and specific

anti-CD45 antibodies. Although a series of CD45-specific inhibitors have been generated,

none of them is isoform-specific and functional studies on these inhibitors are very limited

(96). The use of isoform-specific mabs for disease treatment is well documented. For

example, an anti-CD45RO immunotoxin has been shown to eliminate T cells latently

infected with HIV-1 in vitro (132) and more importantly, selectively kill RO"CD4 T cells

from HIV-positive individuals ex vivo (133). The anti-CD45RB mab MG23G2 has been
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successfully used to prevent allograft rejection in murine models and in humans (70, 71). Its

immunosuppressive ability has also been proven useful in treating preclinical models of

autoimmunity (70). Future studies need to address the molecular basis of MG23G2-mediated

effects and optimize this potent inhibitory signal for clinical use.

Other means to regulate CD45

The work in Chapter 3 has established the regulated alternative splicing and isoform

differential homodimerization as a mechanism to negatively modify CD45 function.

Nevertheless, this does not exclude other means to regulate CD45. In fact, multiple

mechanisms may act coordinately to achieve exquisite regulation of CD45, a critical

component in antigen receptor signaling machinery. For example, cellular localization and

access to substrate may contribute to CD45's effect on signaling. Intriguingly, redistribution

of an intracellular pool of CD45 has been observed upon T cell activation (134), although its

functional consequence is unknown. The localization of CD45 with respect to lipid rafts and

the immunological synapse has been an area of intensive research in the past few years.

Biochemical and microscopic analyses have shown that CD45 is absent from membrane lipid

rafts in unstimulated T cells. TCR engagement promotes the aggregation of lipid rafts, which

facilitates aggregation and colocalization of raft-associated proteins, such as Lck, LAT and

TCR, but excludes CD45 (135-137). However, other studies have found CD45 weakly

partitioning into rafts in mouse thymocytes (138, 139), human leukemic cell lines, and

human granulocytes (140). The above discrepancies could be due to the different techniques

used to identify raft components, to the heterogeneity in raft components within a cell, and/or
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to variations in raft composition in different cell lines or cells at different developmental

stages. More rigorous criteria for raft localization are required to address this question.

CD45’s relationship to the immunological synapse is also complex. Because of its

large size and the relatively small size of molecules involved in antigen-specific recognition,

it is predicted that CD45 is excluded from the synapse (141). Confocal microscopy

examining the synapse formed between a T cell clone and peptide-pulsed APC supports this

prediction (137). However, deconvolution microscopy study found some CD45 at the T cell

APC contact site (142). In another study, functional TCR signaling in live T lymphocytes

was imaged using laser scanning confocal microscopy and planar lipid bilayers containing

MHC-peptide and ICAM-1. Upon antigen engagement, CD45 was first excluded from the

synapse, and later it migrated back to the center of the synapse to a distinct area apart from

the TCR (143). The discrepancies in these data could be attributed to the limitations of the

different methods and techniques employed.

Interactions of CD45 with other proteins may regulate CD45 function by changing

its location, substrate access and/or phosphatase activity. Using a bifunctional cross-linker

CD45 was found to associate with multiple cell surface molecules in different cell types.

These include Thy-1, the TCR, and CD2 (13). However, these findings must be viewed

cautiously. Because CD45 is one of the most abundant surface proteins, it is possible that the

above molecules were randomly cross-linked to CD45. Immunoprecipitation experiments

have shown that CD45 may interact with CD100 and Interferon (IFN) receptor o chain on

the cell surface. The association between CD45 and CD100 has been implicated in T cell

adhesion (144). Interestingly, only the isoforms containing one or two variable exons appear

to associate with CD100. The association of CD45 with IFN receptor o chain is necessary for
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transducing growth-inhibitory signals from IFN-0 in T cells (145). The transmembrane

domain of CD45 mediates its interaction with LPAP (87,88). As discussed in chapter 2 and

3, LPAP may play a role in regulating CD45 dimerization. The cytoplasmic domain of CD45

has been reported to bind fodrin and SKAP55. Binding of CD45 to the cytoskeletal protein

fodrin provides a link between this surface molecule and intracellular microfilament network

(146). This binding also significantly stimulates the phosphatase activity of CD45 in vitro

(147). The D1 domain mediates the association of CD45 with the adaptor protein SKAP55,

which may be responsible for coupling CD45 to SFKs for dephosphorylation (148). Finally,

it is important to note that some CD45 interactions are isoform-specific, which may have

functional consequences. For example, compared to larger isoforms, RO preferentially

associates with CD4/CD8 and TCR as suggested by co-capping, co-immunoprecipitation and

FRET analysis (62, 64, 108, 109). This may explain why in some situations RO-expressing

cells respond more effectively to TCR stimulation than RABC-expressing cells (59, 64).

However, the major concern with these, as well as many other studies regarding CD45

associating proteins, is the lacking of evidence for a direct and specific interactions.

Other possible means to modify CD45 function include post-translational

modification and the action of specific intracellular protein tyrosine phosphatase inhibitors.

Transient tyrosine phosphorylation of CD45 has not been observed in vivo with physiological

stimuli. Serine phosphorylation is well documented (reviewed in (13)). Decreased serine

phosphorylation of CD45 in ionomycin-treated cells correlates with a 50-90% reduction in its

activity. However, whether the change in activity is the result of serine phosphorylation

needs to be demonstrated (149). In addition, four serine residues in the unique acidic insert in

D2 have been shown to be phosphorylated by CK2. Mutating these serine residues results in
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perturbation of TCR signaling, although there is controversy regarding which downstream

events are influenced by phosphorylation of CD45 (17, 18). Lastly, reactive oxygen

intermediates generated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

may contribute to the inhibition of protein tyrosine phosphatases such as CD45 during

neutrophil activation (150).

Regulation of other receptor-like protein tyrosine phosphatases

About 30 RPTPs have been identified so far, constituting a large family of widely

expressed signal transduction molecules. RPTPs are vital for regulating tyrosine

phosphorylation in many cellular processes, such as cell growth, proliferation, and

differentiation. Proper control of the activity of RPTPs is essential for appropriate specificity

and intensity of signaling. In contrast to well-studied PTKs, the in vivo function and

regulation of most RPTPs remain to be elucidated (reviewed in (151)).

At the molecular level, RPTPs possess very similar intracellular domains with one, or

in most cases two tandem, phosphatase domains. In contrast, the extracellular domain is very

divergent among RPTPs. They contain a variety of motifs that are implicated in protein

protein interactions, such as the immunoglobin (Ig)-like, FNIII, carbonic anhydrase-like and

MAM domains (Figure 2). This implies that RPTPs can be regulated by dimerization.

Dimerization/oligomerization has been established as a crucial mechanism for the activation

of RTKs, antigen receptors, cytokine receptors and many other receptor types (152). The

results presented in this thesis, together with studies of EGFR-CD45 chimera and

CD45E613R knock-in mice, indicate that dimerization is also an important regulatory

mechanism for RPTPS.
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Additional support for this conclusion comes from the work on another RPTP,

RPTPO. The membrane-proximal phosphatase domain of RPTPo was crystallized as a

dimer (72). Recent cross-linking and FRET experiments have confirmed that dimerization of

RPTPo occurs in vivo and it can be extensive (113, 114). Moreover, the crystal structure

provided the first clue that dimerization negatively regulates the phosphatase activity via an

inhibitory structural wedge (72). The functional significance of this mechanism was tested by

reconstituting RPTPo-/- cells with cysteine dimer-trapping constructs of RPTPO. Different

rotational dimeric interfaces were generated by placing cysteine every 2 residues over a

single turn of an O-helix. Expression of one of the four dimeric forms of RPTPO, caused

hyper-phosphorylation of the negative regulatory tyrosine and hypo-activity of c-Src, an in

vivo substrate of RPTPo (110). The fact that inhibition was observed with only one form of

RPTPo dimer indicates that productive dimerization is orientation-dependent. Importantly,

an inactivating point mutation in the inhibitory wedge abolished the effect of RPTPo.

dimerization on c-Src, confirming its essential role in negative regulation of the phosphatase

(110). Together, these results demonstrate that the juxtamembrane wedge negatively

regulates the catalytic function of CD45 and RPTPo in response to dimerization.

It is unclear whether wedge-mediated negative regulation by dimerization is a general

regulatory mechanism for all RPTPs. Alignment of the analogous wedge region from other

RPTPs reveals sequence conservation, suggesting a conserved structure. Indeed, the

structural wedge is also observed in the crystal structures of RPTPu D1 (153) and LAR D1

and D2 (154). Nevertheless, only monomers are seen in both structures, raising the concern

that inhibitory dimers may not form in RPTPu and LAR. However, crystal structures only

represent selected conformations of a molecule. It is possible that in the context of full-length
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molecules, dimerization mediated by the extracellular domain may alter the conformation of

D1 and/or D2, favoring an interaction between the wedge and the catalytic site. Functional

studies are needed to test whether these molecules dimerize and whether dimerization

inhibits their activity.

It is also unclear how dimerization per se is modulated in RPTPs. Because the

extracellular domain of RPTPs contains motifs common to receptor proteins, it has been

postulated that their function can be regulated by ligands. Only a small number of RPTP

ligands have been identified so far, including contactin, tenascin, N-CAMs and pleiotrophin sº

for RPTP■ (155) and the heparan sulfate proteoglycans agrin and collagen XVIII for RPTPo .*

(156). However, it is unknown whether binding of these ligands induces dimerization of their ****

corresponding RPTP. On the other hand, evidence for an alternative mechanism, spontaneous ***-tº

homodimerization, has recently emerged. As discussed above, both CD45 and RPTPo.

undergo spontaneous homodimerization. Three other RPTPs, pi, k and A, also homophilically F;
º wº

associate with their counterparts on neighboring cells and therefore mediate cell adhesion .3
(157). ~

The results in Chapter 3 provide compelling evidence for the differential dimerization

of various CD45 isoforms, the expression of which is regulated by alternative splicing.

Intriguingly, alternative splicing and differential 5’-exon usage are common among RPTPs,

although the functional consequence remains unclear in most cases (115). For example, three

splice variants of RPTP■ differentially bind to multiple ligands, such as contactin, tenascin

and N-CAM (155). Additionally, an RPTPo isoform with nine extra amino acids just

external to the transmembrane domain has been identified and dimers of this particular

isoform has been detected in in vitro purification (116). Other supporting evidence comes
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from studies of LAR and RPTPe. Similar to CD45, LAR is also alternatively spliced in a

tissue-specific manner. Interestingly, only one specific isoform has been shown to bind the

laminin-nidogen complex and regulate morphology (117). In the case of RPTPE, phorbol

ester treatment induces a unique cytoplasmic form of this RPTP (158). Together, these

observations suggest differential regulation of alternatively spliced isoforms of other RPTPs.

For instance, these isoforms may bind to different ligands, differentially homodimerize, or

localize to distinct cellular compartments. Consequently, the function of RPTPs may be

modulated by isoform switch.

Future experiments to analyze CD45 homodimerization

Two independent strategies were used in Chapter 3 to elucidate the isoform

differential homodimerization of CD45, chemical cross-linking and cysteine dimer-trapping

method. The cross-linking experiments demonstrate the in vivo significance of this regulatory

mechanism. Using the dimer-trapping method, quantitative steady-state and kinetic studies

were performed and the molecular basis of the differential homodimerization of CD45

isoforms was established.

The next step is to access real-time CD45 dimerization in living cells. Two

experimental approaches can be employed for this purpose, FRET and single molecule

fluorescence. Preliminary FRET results from a recent report suggest that only the RO

isoform exists as homodimers on the cell surface (62). However, the FRET analysis was

performed using large dye-conjugated Fab fragments of anti-CD45 antibodies and measured

by flow cytometry. A more direct and physiologic assay is to co-express CFP- and YFP

tagged CD45 molecules (CD45-XFP) in CD45-deficient cells and monitor FRET by
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fluorescent microscopy. This assay not only detects FRET but also reveals spatial and

temporal information of CD45 localization and dimerization in live cells. Isoform differences

in dimerization can be addressed by quantitative FRET analysis of chimeras consisting of

various CD45 isoforms. However, it should be noted that FRET may not be detected if the

fluorophores in CD45-XFP are forced into a conformation that does not favor energy

transfer. Alternatively, or in addition, a powerful new technology, single molecule imaging,

can be applied to follow single molecules of GFP-tagged CD45 (CD45-GFP) over time in
errºrsº

live cells. The fluorescent intensity of each molecule is measured by objective-type total ***
-º-º-º-º:

internal reflection fluorescence microscope. Dimers can be distinguished from monomers **-
as

r ºrs

based on the intensity and the ratio of dimer:monomer can be determined. Isoform- ‘. :-
£

differential homodimerization can be evaluated by comparing various CD45 isoforms tagged ---

* -
–

with GFP. For both methods, it is important that CD45 chimeras are expressed at a level

equivalent to the endogenous level of CD45 because dimerization is dependent on the -
º

5
number of molecules on the cell surface.

-
We have found that the extracellular and transmembrane domains of CD45 are

-*

sufficient to drive the dimerization, whereas the alternative spliced exons, the inhibitory

wedge and the entire intracellular domain are not required. Further structure-function

analysis is needed to define the region(s) mediating dimerization of CD45. For this purpose,

a series of deletion, mutation and chimeric molecules need to be generated in the context of

the cysteine dimer-trapping construct. The functional consequence can be examined by

expressing them in CD45-deficient H45 cells and measuring the ratio of dimer:monomer for

each mutant. Replacing the extracellular or transmembrane domain of CD45 with that of

another transmembrane molecule of similar size would address whether they are necessary
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for dimerization. Similarly, replacing the extracellular or transmembrane domain of another

transmembrane molecule with that of CD45 would address whether they are sufficient for

dimerization. In addition, the three FNIII repeats in the extracellular domain are good

candidates since they have been implicated in protein-protein interaction. Deletion of one or

two or all three of them would reveal whether they play a role in dimerization. The potential

problem is that deleting a big piece of the molecule may affect protein stability, folding

and/or localization. A less disruptive approach involves molecular modeling of each FNIII

repeat in CD45 based on the known crystal structures of other FNIII repeats, which may

provide some insight into the potential dimerization interface. Mutation of specific residues

at the interface can then be introduced into CD45-Cys and tested. It is possible that like

RPTPO, CD45 dimers are also stabilized by multiple dimerization interfaces contributed by

the extracellular and/or transmembrane domains. Therefore, decreased, but not completely

abrogated, dimerization of CD45 may be seen in these mapping studies.

It is known that immune cells usually express a mixture of CD45 isoforms. Different

isoforms that co-exist in a single cell could potentially heterodimerize. As predicted by our

model, the efficiency of such heterodimerization would depend on the presence of exons 4, 5

or 6 and O-linked glycosylation sites. To explore this possibility, the dimer-trapping

constructs of two CD45 isoforms can be stably co-transfected into H45 cells. Heterodimers

can be distinguished from homodimers based on their mobility in electrophoresis and

heterodimerization efficiency can be determined by quantitative chemiluminescence analysis.

In addition, our model predicts that changes in surface level of CD45 influence its

dimerization and thus its function. This can be tested by generating stable clones of H45

expressing different surface levels of CD45-WT or CD45-Cys. Comparing the ratio of

s
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dimer:monomer in various CD45-Cys clones would indicate whether dimerization efficiency

is correlated with surface level of CD45. Similarly, quantitative inositol phosphate assay in

various CD45-WT clones would reveal whether surface expression level of CD45 determines

the efficiency of TCR signaling.

Our preliminary data suggest that the CD45-associating protein LPAP may play a role

in preventing dimerization. This is based on the preferential association of LPAP with

monomers of CD45 upon cross-linking (Chapter 3) and the inhibition of NFAT response by

LPAP in CD45-(/DT40 cells stimulated with CD45 mAbs (Chapter 2). This hypothesis can

be further evaluated by two experiments. One is to transfect different doses of LPAP clNA

into CD45-Q/DT40 cells and determine whether the decrease in NFAT response is dependent

on the expression level of LPAP. The other one is to co-express CD45-Cys with various

amounts of LPAP in a nonhematopoietic cell line such as Cos or HEK293 and access the

effect of LPAP on CD45 dimerization by measuring the ratio of dimer:monomer in each

condition. By comparing RO with RABC, these two experiments can also address whether

the effect of LPAP is isoform-specific.

The proposed model for the regulation of CD45 is based on inhibition of phosphatase

activity by dimerization. The effects of dimerization on downstream events in TCR signaling

pathway, such as tyrosine phosphorylation of CD3- and ZAP-70 and calcium mobilization,

have been observed in EGFR-CD45 expressing cells treated with EGF and in CD45-Cys

clones ((56) and Chapter 3),. However, whether dimerization of CD45 directly inhibits its

activity remains to be demonstrated. Since CD45 is estimated to constitute nearly 80% of the

total membrane phosphatase activity in H45 cells (56), this question can be addressed by

isolating plasma membrane from H45 cells stably reconstituted with CD45-WT or CD45-Cys
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and measuring phosphatase activity in the intact membrane. The phosphatase activity is

expected to be much lower in CD45-Cys than in CD45-WT clones due to the accumulation

of cysteine-trapped dimers. Intact membrane is used because dimerization and inhibition may

only occur in the two-dimensional plane of the plasma membrane. To achieve higher

specificity, the phosphatase assay can be performed with a 11 amino acid tyrosine phospho

peptide containing phosphorylated Y505 and its surrounding residues in Lck (39) instead of

universal substrates such as pNpp.

To gain genetic evidence for our model of negative regulation of CD45 by isoform- ***

differential homodimerization, mice expressing only the larger isoforms (RA*-only) or only >

the smallest RO isoform (RO-only) are needed. RA*-only mice can be generated by mutating *--

the homologous nucleotide of C77 in murine CD45 to G through a knock-in strategy. This ---

mutation is expected to disrupt splicing of CD45 RNA and cause aberrantly high level of the

larger isoforms and minimal levels of RO in all lineages of hematopoietic cells. !--
Consequently, CD45 activity would remain inappropriately high in activated T cells, thereby * 2
leading to sustained T cell activation and possibly a lymphoproliferative syndrome and other

pathological consequences. The identification of additional cis-acting regulatory sites that

govern of alternative splicing of CD45 would aid in the design of other knock-in constructs

to genetically test our model. Conversely, RO-only mice generated by deleting exons 4 to 6

are expected to have immunodeficiency syndrome because the preferential homodimerization

of RO in naïve T cells renders it subject to negative regulation, resulting in insufficient

phosphatase activity for initiating T cell activation and primary immune response. The key to

this experiment is to attain endogenous level of CD45 expression in RO-only mice. Because

CD45 is also critical for T and B cell development and isoform expression changes during
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thymocyte maturation (13), both studies are limited by a potential problem that

developmental compensation may occur in these mice. However, the normal development of

T and B lymphocytes in E613R mice (74) would suggest that this regulatory mechanism,

negative regulation by isoform-differential homodimerization, may not play a role in

lymphocyte development.

Conclusion

The results presented in this thesis demonstrate that CD45 can be negatively regulated

by differential homodimerization of the alternatively spliced isoforms. A model is proposed

that isoform expression determines the equilibrium between CD45 monomers and dimers and

consequently the available CD45 phosphatase activity, which, in turn, controls T cell

activation in primary immune response. Future experimentation should focus on defining the

region(s) mediating CD45 dimerization, demonstrating the direct inhibition of phosphatase

activity by dimerization, identifying other possible factor(s) involved in regulating

dimerization and genetically testing the model in mice. Another area of interest is to

investigate whether this model can be extended to other immune cells. Progress in these

studies should provide valuable insights into the role of CD45 in disease and facilitate

development of therapeutic agents targeting CD45 and the signaling pathways it modulates.
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Figure 1: A model for negative regulation of CD45 by isoform-differential

homodimerization.

In naïve T cells, mixed larger RA" isoforms exist predominantly as monomeric active

phosphatase because of the steric hindrance generated by negative charges and O-linked

carbohydrate groups. As a result, total CD45 phosphatase activity is high, which is necessary

to activate T cells and elicit the primary immune response. Several days following T cell

activation, CD45 isoforms switch from RA* to RO. The smaller size of the RO extracellular

domain facilitates dimerization, which results in negative regulation via the inhibitory wedge.

This titrates the available CD45 phosphatase activity and thereby contributes to the

termination of primary T cell response.
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Figure 2: Schematic representation of members of the receptor-like protein tyrosine

phosphatase family.

RPTPs constitute a large family of transmembrane proteins involved in diverse signal

transduction pathways. The cytoplasmic domains of RPTP usually consist of tandemly

duplicated phosphatase domains of which only the first one is active. The extracellular

domains are very divergent among RPTPs. They contain a wide array of motifs that are

common to receptor proteins and have been implicated in protein-protein interactions,

including Ig-like, fibronectin type III, carbonic anhydrase-like (CA) and MAM domains.

This figure is adapted from Tonks, N. K., B. G. Neel, reference 151.
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Figure 2: Schematic representation of members of the receptor-like protein tyrosine

phosphatase family.

RPTPs constitute a large family of transmembrane proteins involved in diverse signal

transduction pathways. The cytoplasmic domains of RPTP usually consist of tandemly

duplicated phosphatase domains of which only the first one is active. The extracellular

domains are very divergent among RPTPs. They contain a wide array of motifs that are

common to receptor proteins and have been implicated in protein-protein interactions,

including Ig-like, fibronectin type III, carbonic anhydrase-like (CA) and MAM domains.

This figure is adapted from Tonks, N. K., B. G. Neel, reference 151.
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Summary

3'-phospholipids are key second messengers in regulating a wide variety of biological

responses, including proliferation, differentiation, apoptosis, vesicle trafficking, cell

morphology and cell migration. Cellular levels of 3'-phospholipids are controlled by

reciprocal actions of lipid kinases and phosphatases. Peripheral T cells utilize 3'-

phospholipids for transducing survival, proliferation and differentiation signals in order to

maintain homeostasis and elicit immune responses. The lipid phosphatase PTEN serves as a

critical regulator of these processes by keeping the level of 3'-phospholipids low. In this

introductory chapter, I briefly review the tumor suppressor function of PTEN, discuss the

link of PTEN to T cell homeostasis, and elucidate the role of 3'-phospholipids in TCR and

CD28 signaling. I conclude with a discussion on potential effects of PTEN on T cell growth

and signaling in a model system, the Jurkat T cell line.
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The tumor suppressor PTEN

PTEN (phosphatase and tensin homologue deleted on chromosome ten) was cloned

independently in 1997 by three groups (aka MMAC1 (mutated in multiple advanced

cancers), TEP1 (TGF3–regulated and epithelial-cell-enriched phosphatase)) (159-161). The

PTEN gene is located on human chromosome 10q23, a region deleted in many tumors.

Biallelic genetic deletions and mutations of PTEN have been detected in glioblastoma (35%),

endometrial cancers (40%), metastatic prostate cancer (35%), malignant melanomas (40%),

breast cancers (5%) and malignant lymphomas (4.6%) ((162) and references within).

Therefore, PTEN is considered as one of the most commonly mutated genes in human cancer

with a mutation rate approaching that of p53. In addition, germline mutations in PTEN have

been detected in more than 80% of patients with one of three related autosomal dominant

disorders: Cowden disease, Lhermitte-Duclos disease and Bannayan-Zonana syndrome

(162). These syndromes share specific developmental defects as well as similar pathological

features such as multiple benign tumors and an increased susceptibility to breast and thyroid

malignancies. The tumor suppressor function of PTEN was subsequently confirmed by

numerous studies in PTEN-deficient cell lines (162), including glioblastoma, renal

carcinoma, prostate cancer, and breast cancer lines. Overexpression of PTEN inhibits cell

growth in these tumor-derived cell lines, although the mechanism for growth inhibition

appears to depend on the cell type. While PTEN promotes spontaneous apoptosis in breast

cancer and prostate cancer cell lines, it causes G1 cell cycle arrest in several glioblastoma

and renal carcinoma cell lines (162). Another study using a Tet-inducible system to express

PTEN in a PTEN-positive breast cancer line has found that PTEN induces a G1 arrest

followed by apoptosis (163).
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The mechanism for PTEN’s tumor suppressor function is suggested by its cDNA

sequence (Figure 1) and its crystal structure. PTEN contains a PTPase domain at its N

terminus with features resembling those of “dual-specificity” phosphatases, which are able to

dephosphorylate both tyrosine and serine/threonine residues. Despite this homology, PTEN is

actually a relatively poor protein phosphatase in vitro (164). To date, two protein substrates,

focal adhesion kinase (FAK) and the adaptor Shc, have been identified for PTEN. It has been

proposed that, by dephosphorylating FAK and Shc, PTEN could modulate formation of focal

adhesions, cell migration and integrin-mediated cell spreading, consistent with the frequent

loss of the gene observed in late-stage metastatic tumor (165, 166). However, the in vivo

significance of this enzymatic function needs to be demonstrated because cells from PTEN

knockout embryos exhibit no changes in basal FAK phosphorylation or in MAPK activity, a

downstream readout of Shc (167, 168). On the contrary, many studies have established 3'-

phospholipids as the primary physiological substrates of PTEN. PTEN specifically

hydrolyzes, both in vitro and in vivo, the 3-phosphate from phosphatidylinositol (3,4)-

biphosphate (PtdIns(3,4)P2) and phosphatidylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3),

two major phospholipid products of phosphoinositide 3-kinase (PI3K) (169). The crystal

structure of PTEN has provided the structural basis for this unexpected catalytic property: the

substrate-binding pocket in PTEN is both deeper and broader than in other protein tyrosine

phosphatases for which structures have been determined, allowing access to the bulky

polyphosphorylated inositol phospholipid headgroup; the cleft is also highly basic, consistent

with the preference for acidic substrates (170). Furthermore, many studies have shown that

the lipid phosphatase activity of PTEN is essential to its function as a tumor suppressor.

Briefly, inactivating mutations in PTEN cluster within the catalytic domain, and PTEN
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cDNAs with these mutations do not restore growth suppression to PTEN-deficient tumor cell

lines (reviewed in (162)). More importantly, some patient-derived PTEN mutants possess

protein phosphatase but lack lipid phosphatase activity (164). The crystal structure also

reveals a calcium-independent C2 domain that interacts with the phosphatase domain over a

large surface area, with most of the residues that make interdomain hydrogen bonds subject

to mutations in tumors. This C2 domain can bind phospholipid membranes in vitro, and the

residues responsible for membrane association are important for tumor suppression (170).

The C-terminal tail of PTEN is rich in serine/threonine and contains a PDZ binding site at the

extreme end. Although this part is dispensable for tumor suppressor function, recent studies

have suggested that it plays a role in regulating the stability and the interaction of PTEN with

other proteins (reviewed in (171)).

The discovery that PtdIns(3,4)P2 and PtdIns(3,4,5)P3 are the main in vivo substrates

of PTEN places this phosphatase into a well-defined pathway, the PI3K pathway. Studies in

many different cell types and in mice have demonstrated the essential role of PI3K and its

lipid products in promoting cell proliferation and survival (reviewed in (172)). This provides

a rationale for the tumor suppressive ability of PTEN. PI3K phosphorylates the D3-hydroxyl

position of the inositol head group of the phosphoinositide lipids. Production of

PtdIns(3,4)P2 and PtdIns(3,4,5)P3 activates a number of cellular intermediates, including

protein tyrosine kinases, GTPase activating proteins for small G proteins, and a variety of

serine/threonine protein kinases such as PKC, the p70S6K, Akt and PDK1. Among all the

targets, the proto-oncogene Akt has been demonstrated as the mediator of the PI3K survival

signal (reviewed in (173)). Akt translocates to the plasma membrane after PI3K activation

via the binding of its pleckstrin homology (PH) domain to PtdIns(3,4)P2 and PtdIns(3,4,5)P3.

º
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Upon membrane recruitment, Akt is activated by phosphorylation and subsequently regulates

cell survival at multiple sites. For example, Akt has been shown to antagonize the

proapoptotic functions of the Bcl-2-related molecule BAD and caspase 9 through direct

phosphorylation (173, 174). Akt can also alter gene expression through the regulation of

transcription factors, such as the members of the Forkhead family (FKHR) and the NF-kB

(173, 175).

The notion that PTEN is a functional antagonist of PI3K is supported by numerous

biochemical and genetic analyses. Immortalized embryonic fibroblasts from PTEN’ mice,

and embryonic stem cells and T cells with targeted deletion of both PTEN alleles have

greatly elevated levels of phospholipids. Similar results have been obtained from a number of

human tumor cell lines lacking PTEN, in which 3'-phospholipid levels appear higher than

other PTEN-expressing cell lines and are reduced dramatically upon re-expression of the

phosphatase. In addition to this direct evidence, a wealth of data has shown increased activity

of Akt in many PTEN null cell types, and that this activity is reduced by expression of PTEN

(reviewed in (171, 176)). Recent studies have also confirmed the key role of some of the Akt

targets in mediating PTEN's effect (177, 178) Moreover, the expression of a constitutively

active form of Akt could rescue the growth suppression caused by PTEN (179-181). Genetic

evidence from C. elegans and Drosophila has further strengthened this notion. The PI3K/Akt

signaling module is conserved in these organisms and PTEN orthologues counter the actions

of PI3K upstream of Akt (182). Importantly, a mutation in the PH domain of Akt that reduces

its affinity for 3'-phospholipids is sufficient to rescue the lethality of flies devoid of PTEN

activity (183). Final evidence for the mutually antagonistic functions of PTEN and PI3K

arises from the frequent finding that many of the cellular effects of PTEN are mimicked by
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pharmacological inhibitors of PI3K (reviewed in (182)). Taken together, these results

demonstrate that PTEN’s ability to dephosphorylate 3'-phospholipids, and thus keep Akt

activity in check, is critical for its tumor suppressor activity.

The tumor suppressor PTEN in peripheral T cell homeostasis

T cell numbers are tightly regulated in the periphery and, despite periodic expansion

during immune responses, remain relatively constant in mature animals. This homeostasis

process requires a precise balance between the rates of cellular proliferation and programmed

cell death. Perturbation in the rate of cell death and/or growth can contribute to the

development of immunodeficiency, autoimmunity or malignancy. Emerging data have

suggested that survival and proliferation of naive T cells in the periphery requires a

combination of TCR ligation and contact with cytokines, notably interleukin (IL)-7

(reviewed in (184)). Loss of extracellular survival signals can lead to death-by-neglect, a

process that involves mitochondria and the Bcl-2 family. Cell death can also result from

receptor-initiated signal transduction (death-by-instruction). The primary receptor for this

pathway is Fas, a member of the TNFR receptor family (185). Studies have demonstrated

that Fas-induced apoptosis is the major mechanism for removing antigen-specific cells at the

end of an immune response through activation-induced cell death (AICD) and for

establishing peripheral tolerance by eliminating autoreactive T cells (186, 187).

The link of PTEN to the immune system was first suggested by the phenotypes of

PTEN-deficient mice. PTEN’ mice, generated independently by three groups, die during

early embryogenesis (188-190). PTEN” mice are viable. However, they often develop

lymphoid hyperplasia, which progresses to T cell lymphoma in some cases (188, 189).
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Another group has found that PTEN” mice develop a lethal polyclonal autoimmune disorder

with features reminiscent of those observed in Fas-deficient mice. This phenotype could be

attributed to impaired Fas response, causing reduced AICD and increased proliferation upon

activation in T cells (190). Subsequent generation and analysis of T cell-specific PTEN-null

mice has confirmed the role of PTEN as an autoimmunity repressor and tumor suppressor in

T lymphocytes (191). Loss of PTEN in T cells leads to defects in central and peripheral

tolerance in mice, as manifested by increased thymic cellularity due in part to a defect in

negative selection and impaired superantigen-induced deletion of peripheral T cells. PTEN"

T cells hyperproliferate and are autoreactive. They also show dramatic resistance to apoptosis

induced by growth factor withdrawal. By 17 weeks all mice develop CD4 T cell

lymphomas, which is much earlier and with higher incidence than PTEN” mice. The

lymphoma could be due to decreased sensitivity to apoptotic stimuli and/or increased

proliferative potential in PTEN-deficient cells, which promotes cellular overgrowth and

tumorigenesis. The autoimmunity could be explained by the following two scenarios. First,

self-reactive T cells could escape peripheral tolerance and remain activated due to a defect in

Fas-induced apoptosis. Second, T cells activated during normal immune responses expand

and fail to undergo AICD. In both cases, activated lymphocytes could accumulate and

proceed to autoimmunity. Collectively, findings from PTEN-deficient mice indicate that

PTEN is crucial for normal T cell function and homeostasis.

Additional evidence for a role of PTEN in maintaining T cell homeostasis comes

from genetic studies of PI3K and its downstream target Akt. Mice that are deficient for

p110), the catalytic subunit of PI3K, exhibit a decreased number of CD4 T cells and reduced

T cell proliferation to anti-CD3 antibody (172). These phenotypes indicate that p110y
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deficiency and PTEN deficiency have opposite effects on the T cell compartment, consistent

with their mutually antagonistic functions. Conversely, T cell-specific pó5” transgenic mice

that express a constitutively active truncated form of p850, the regulatory subunit of PI3K,

exhibit phenotypes very similar to those of PTEN-deficient mice. Lymphoproliferation and

autoimmune disease characterized by an increased number of T cells, particularly CD4+ T

cells, are observed in p55” transgenic mice. These animals develop early T cell lymphoma

when crossed into a p53” background, indicating that they are predisposed to tumors (172).

In addition, transgenic mice expressing constitutively active Akt in T cells develop

lymphadenopathy and splenomegaly with age as a result of accumulation of CD4, CD8 and

unexpected B cells. As with PTEN, this perturbed homeostasis is attributed to the defective

Fas-mediated apoptosis in T cells (192). These observations provide compelling genetic

evidence that the abnormalities in T cell homeostasis in PTEN-deficient mice are due to the

hyperactivation of the PI3K/Akt pathway. In support of this, Akt activity is elevated and

PI3K inhibitor can restore Fas responsiveness in PTEN” mice (190). Likewise, Akt

phosphorylation is increased in PTEN' T cells (191).

The lipid phosphatase PTEN in T cell signaling

Activation of T lymphocytes is thought to require at least two signals, one delivered

by the TCR after antigen stimulation, and one provided on engagement of co-stimulatory

receptors (193). Upon binding of the appropriate MHC/peptide to the TCR, Lck is rapidly

activated and proceeds to phosphorylate the CD3 ITAMs. Doubly phosphorylated ITAMs

recruit ZAP-70 to the TCR complex where it is phosphorylated and activated by Lck. These

two kinases subsequently phosphorylate numerous downstream substrates, including the

144





adaptor proteins LAT and Slp-76, which nucleate a variety of signaling complexes crucial for

T cell activation. These events contribute to the activation of Ras and the elevation of

intracellular calcium, eventually resulting in transcriptional induction of multiple genes and

cytoskeletal reorganization (reviewed in (1-4)). However, stimulation through the TCR alone

is insufficient for T cell proliferation, differentiation or effector function. Ligation of co

stimulatory molecules is also required for a productive immune response to occur. CD28 is

the best characterized and most effective co-stimulatory molecule expressed by naïve and

primed T cells. CD28 cross-linking is necessary for IL-2 production, increased cytokine

secretion and T cell survival. Despite considerable research, the molecular mechanisms for

CD28 signaling remain poorly defined. Both PI3K and its target Akt have been implicated in

CD28 signaling. PI3K has been shown to associate with CD28, although the role of this

association is still a matter of debate. Inhibitors of PI3K have been found to inhibit IL-2

production and proliferation in primary T cells (reviewed in (193)). Moreover, expression of

a constitutively active form of Akt in TCR transgenic, CD28-deficient T cells is sufficient to

restore production of IL-2 to levels observed in wild-type T cells (194).

Inositol phospholipids are essential second messengers in TCR and CD28 signaling.

For example, Ins(1,4,5)P3 and diacylglycerol (DAG) produced by phospholipase CY1

(PLCY1) after TCR stimulation can trigger calcium flux and activate the Ras pathway,

respectively (Figure 2) (1, 2). Another group of key second messengers is the products of

PI3K, PtdIns(3,4)P2 and PtdIns(3,4,5)P3. TCR ligation results in recruitment and activation

of PI3K and enhanced formation of these 3'-phospholipids (195, 196). Similarly, ligand

binding to CD28 results in an association between CD28 and PI3K and stimulation of PI3K

activity (197). Increases in cellular levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 induce the
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translocation of PH domain-containing proteins to the plasma membrane where their function

can be modified (Figure 2). A number of molecules in T cell signal transduction machinery

contain a PH domain, such as PLCY1, the Tec family kinases, the guanine nucleotide

exchange factor (GEF) Vav, and the Akt, PDK1, PKD kinases. By regulating these important

signaling molecules, PI3K can have a profound effect on T cell signaling emanating from

both TCR and CD28. Indeed, inhibitors of PI3K have been found to inhibit Erk

phosphorylation, IL-2 production and proliferation in response to TCR and/or CD28 ligation

(198). Moreover, p110y-deficient mice show decreased response to anti-CD3 stimulation

(172). Mice expressing a catalytically inactive form of p1106, a subunit expressed

predominantly in leukocytes, exhibit impaired antigen receptor signaling in both T and B

cells (199).

Cellular levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 are controlled by reciprocal

actions of PI3K and lipid phosphatases. These include the 3'-phosphatases PTEN and

PTEN2, and two 5'-phosphatases, SH2-containing inositol phosphatases (SHIP) 1 and 2

(Figure 2) (200, 201). With the exception of PTEN2 that's only expressed in the testis, the

other three are all constitutively expressed in T cells and hence may regulate 3'-phospholipid

level and T cell signaling. SHIP1 is expressed in all hematopoietic cells. However, the

abnormalities in SHIP1-deficient mice are mostly in the myeloid lineage (202). Mice lacking

SHIP2, the more widely expressed 5'-phosphatase, exhibit an increased sensitivity to insulin

(203). While the function of SHIP1 and SHIP2 in T cells is unclear, increasing evidence has

suggested the importance of PTEN in T cells. It is tempting to speculate that PTEN may

oppose the activity of PI3K by changing the levels of 3'-phospholipids and therefore serve as

a negative regulator of T cell signaling.
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The role of PTEN in T cell growth and TCR signal transduction

The Jurkat leukemic cell line has been an invaluable model system for investigating

T cell signal transduction, and has enabled the identification of many of the tyrosine kinases

and adaptor molecules essential for normal T cell responses. The ease with which to grow

large numbers of cells and to introduce exogenous proteins offers great advantages to Jurkat

cell line for biochemical manipulation. Like many other tumor-derived cell lines, Jurkat cells

do not express endogenous PTEN (204). Therefore, the Jurkat cell line provides a good

system for further characterization of the function of PTEN in T cell growth and signaling.

Several groups have examined the role of PTEN in Jurkat T cells using transient

overexpression approach. One group shows that expression of active PTEN leads to 50% loss

of transfected cells as a result of increased apoptosis. PTEN also decreases TCR-induced

activation of Erk, as seen after inhibition of PI3K (205). Another group reports that

reintroduction of PTEN reduces basal Akt phosphorylation and restores normal distribution

pattern of the Tec family kinase Itk. In addition, PTEN overexpression attenuates TCR

induced Itk kinase activity, PLCY1 phosphorylation and Erk phosphorylation (204). At the

transcriptional level, one study observes a 50% inhibition of basal NFAT activity by PTEN

(204), whereas another study detects a modest decrease in the NFAT response after TCR

stimulation (206). A caveat in all of these studies is the massive overexpression of PTEN,

which may swamp normally fine-tuned signaling pathways. To study PTEN at a physiologic

level and avoid any potential adaptation or compensation during the generation of stable

clones, a tightly-controlled inducible expression system needs to be established in Jurkat

cells. Such a system would be a powerful tool for investigating the effects of PTEN on
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various aspects of T cell biology, such as proliferation, apoptosis, and TCR and CD28

signaling, and elucidating the mechanism for its effects.

Organization of Part II of the thesis

The aim of my study is to characterize the function of PTEN in T cells, particularly,

its role in T cell growth and signaling using the Jurkat cell line as a model system. For this

purpose, I have generated stable Jurkat clones that inducibly express either wildtype or

phosphatase-inactive PTEN in order to perform studies of PTEN-reconstituted cells at levels

equivalent to the endogenous level of PTEN. In Chapter 6, I demonstrate that inducible

expression of PTEN in Jurkat T cells suppresses cell growth, promotes apoptosis and

decreases cell size by negatively regulating the PI3K/Akt pathway. In Chapter 7, I investigate

the effect of PTEN on T cell signaling, and provide compelling evidence that PTEN is

primarily responsible for maintaining basal signaling tone with modest effect on TCR- and

CD28-induced signaling in Jurkat cells. In Chapter 8, I discuss results from Chapters 6 and 7

and speculate whether PTEN may influence other aspects of T cell biology. I also discuss the

mechanism by which PTEN is regulated. I conclude with a discussion of future directions

based on this work.
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Figure 1: Structure of PTEN.

The tumor suppressor PTEN shares extensive homology at its N-terminus to tensin, a

cytoskeletal protein that interacts with actin filaments at focal adhesions (207). Within the

tensin homology domain, there is a PTPase domain with the "signature motif" for a protein

tyrosine phosphatase. The catalytic cysteine (C124) and the glycine (G129) in the signature

motif are critical for PTEN's phosphatase activity. The primary substrate of PTEN is 3'-

phospholipids. This lipid phosphatase activity of PTEN is essential for its function as a tumor

Suppressor. PTEN can also act as a dual-specificity protein tyrosine phosphatase. Two

protein substrates, FAK and Shc, have been identified for PTEN. PTEN also contains a

calcium-independent C2 domain that interacts with the phosphatase domain over a large

surface area. This C2 domain binds to the membrane phospholipids in vitro and has been

implicated in stabilizing the protein and productively positioning the catalytic site with

respect to the membrane-bound phosphoinositide substrates. The C-terminal tail of PTEN is

rich in serine/threonine and contains a PDZ binding site at the extreme end. Recent studies

have suggested that this region plays a role in regulating the stability and the interaction of

PTEN with other proteins.
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Figure 2: Inositol phospholipids in TCR and CD28 signal transduction.

TCR stimulation of PLCY1 results in the hydrolysis of the inositol head group of membrane

anchored phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2) and the production of

soluble Ins(1,4,5)P3. This initiates an increase in intracellular calcium levels. The remaining

membrane-anchored fatty acid, DAG, in turn activates the PKC family serine/threonine

kinases and RasGRP, a GEF for Ras. A second pathway for the metabolism of inositol

phospholipids in T lymphocytes is mediated by PI3K. This pathway is triggered by antigen

receptors, costimulatory molecules, cytokines and chemokines. PI3Ks are enzymes that

phosphorylate the D3-hydroxyl position of the inositol head group of the phosphoinositide

lipids, such as PtdIns(4,5)P2 and PtdIns(4)P (not shown) to produce PtdIns(3,4,5)P3 and

PtdIns(3,4)P2. These membrane-bound phospholipid products of PI3K bind to the PH

domains of proteins (e.g. PDK-1, PKB, Tec family kinases, PLCY1, GEFs, GAPs and adaptor

proteins) and directly modify either their activity or subcellular localization. Two major

routes for the degradation of PtdIns(3,4,5)P3 (and hence the regulation of PtdIns(3,4,5)P3

driven effector pathways) are illustrated: one involves its conversion to PtdIns(4,5)P2 by the

3'-phosphatase PTEN and the second is mediated by 5'-phosphatases SHIP1 and SHIP2,

which convert PtdIns(3,4,5)P3 to PtdIns(3,4)P2. This figure is adapted from Astoul, E., C. et

al, reference 198.
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THE INDUCIBLE EXPRESSION OF THE TUMC)R SUPPRESSOR PTEN -a- Sº

PROMOTES APOPTOSIS AND DECREASES CELL SIZE BY INHIBITING THE º º
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Summary * , 1.

-] 1.

* * * *
In this study, we characterize the function of the tumor suppressor gene PTEN in Jurkat T

-

º

cells. We established stable clones of Jurkat T cells that inducibly express either wildtype or

phosphatase-inactive PTEN. We show here that PTEN potently inhibited the growth and

reduced the size of Jurkat cells. The growth suppressive effect of PTEN was associated with

its ability to induce apoptotic cell death with little or no effect on cell cycle. PTEN also

rendered Jurkat cells more susceptible to apoptosis induced by various stimuli. Furthermore, sº

PTEN expression led to a reduction in the level of 3'-phosphorylated phospholipids and thus ~
altered the activity and localization of Akt. Finally, co-expression of constitutively active Akt

reversed the effects caused by PTEN. In summary, our results suggest that PTEN suppresses c).
cell growth, promotes apoptosis and decreases cell size by negatively regulating the , tº

PI3K/Akt pathway in Jurkat T cells. 5 - *
wº

º
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Introduction

Proper control of survival and proliferation in hematopoietic cells is critical to

maintain peripheral homeostasis and prevent the onset of tumors and autoimmune diseases.

Inactivation of tumor suppressor genes is one way in which cancer cells circumvent normal

growth control. Recently, PTEN, originally identified in 1997 as a candidate tumor

suppressor gene (159-161), has been implicated in control of the immune system. PTEN is

one of the most common targets of mutation in multiple human cancers, including

melanoma, meningioma and glial, prostate, endometrial, renal, and small cell lung tumors

(162). Germ-line mutations in PTEN are also recognized as the cause of three autosomal

dominant inherited cancer predisposition syndromes: Cowden disease, Lhermitte-Duclos

disease, and Bannayan-Zonana syndrome (162). Knockout and gene transfer studies have

further confirmed the critical role of PTEN in tumor suppression. Three groups generated

PTEN-deficient mice (188-190). Homozygous disruption of the PTEN gene in all three lines

results in early embryonic lethality. Heterozygous mice are viable; however, as they age, the

mice display hyperplastic-dysplastic features and a high incidence of spontaneous tumors of

various histological origins, including an increased frequency of T cell

lymphomas/leukemias; moreover, lymph node hyperplasia is frequently observed in PTEN

heterozygotes, with consequent disruption of lymphoid architecture (188, 189). Therefore,

PTEN is critical for the survival and proliferation of lymphocytes, particularly in T cells.

Indeed, PTEN” mice develop a lethal autoimmune syndrome, supporting the notion that

PTEN is an essential repressor of autoimmunity (190). More recently, it has been shown that

T cell-specific loss of PTEN leads to defects in central and peripheral tolerance in mice
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(191). Finally, transient overexpression of PTEN causes growth suppression in PTEN

deficient glioblastoma, prostate, melanoma and breast cancer cell lines (164,208-212).

Taken together, these findings demonstrate that PTEN is required for normal development

and that loss of PTEN function contributes to carcinogenesis and autoimmune diseases.

The cDNA sequence and crystal structure of PTEN provide intriguing clues as to how

the protein might act as a tumor suppressor. PTEN contains a PTPase domain, the functional

importance of which is underscored by the fact that most mutations in PTEN detected in

primary tumors and in cell lines are confined to this domain (170,213). The unusual

structural features in the PTPase domain allow PTEN to act on lipid as well as protein

substrates (170). However, it appears that only the lipid phosphatase activity is indispensable

for its tumor-suppressive effect (164). PTEN specifically cleaves, in vitro and in vivo, the D3

phosphate of PtdIns(3,4)P2 and PtdIns(3,4,5)P3, two major phospholipid products of PI3K

(167, 169). The role of the PI3K pathway in cell proliferation and survival is well

documented. Accumulation of phospholipids at the membrane after PI3K activation allows

the recruitment of proteins containing a PH domain, which binds those lipids. One of these

proteins is the proto-oncogene serine/threonine kinase Akt. Upon membrane recruitment, Akt

is activated by phosphorylation and subsequently transmits survival signals. The putative

targets of Akt include caspase 9, BAD, FKHR and NF-kB, each of which has been

implicated in apoptosis (173,214, 215). Recent studies have confirmed the key role of some

of the Akt targets in mediating PTEN's effect (177, 178). Therefore, by keeping the level of

D3 phospholipids low, PTEN negatively regulates an important set of cellular processes,

such as proliferation and survival.

2
º

i
:

--
-

().

156



\ 0

º
J. ... . . . *** -e-, * *

- - * .* *

º, * ---------- **

× £. * . . . "…” - "
-*.* **

- -

tº:
ºt t **

º ".

!-
s ****.**

C º
º ****__- ºr "

*- -* - *** ***



The PI3K pathway participates in T cell growth and function. The activation of PI3K

and Akt protects T cells from Fas-mediated apoptosis in T cell lines as well as in transgenic

mice expressing an active form of Akt under the control of a T cell-specific promoter (192,

216). Likewise, T cells from PTEN heterozygous mice show reduced activation-induced cell

death and increased proliferation upon stimulation. Fas-mediated apoptosis is impaired and

PI3K inhibitors can restore Fas responsiveness in cells from those mice (190). Based on these

findings, it was hypothesized that PTEN antagonized the effects of PI3K in T cells by

reducing the levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3. To further characterize the function

of PTEN in T cells, we chose the Jurkat leukemic line since it is used as a model system to

study T cell function and it does not express endogenous PTEN (204). We have generated

Jurkat clones that stably express PTEN in an inducible manner. We report here that the

restoration of PTEN protein to a physiological level suppressed Jurkat growth and reduced

cell size. The growth suppression of PTEN was reversible upon withdrawal of the inducer.

PTEN did not have a significant influence on cell cycle, instead, it induced a low level of

apoptotic cell death in Jurkat T cells. PTEN also increased the sensitivity of Jurkat cells to

apoptotic stimuli. Furthermore, PTEN expression altered the level of phospholipids and the

activity and localization of Akt. Finally, the PI3K inhibitor LY294002 had a similar effect on

growth, viability and size and co-expression of constitutively active Akt efficiently countered

the action of PTEN. Taken together, we conclude that PTEN suppresses cell growth,

promotes apoptosis and decreases cell size by negatively regulating the PI3K/Akt pathway in

Jurkat T cells.
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Results

PTEN can be inducibly expressed in Jurkat T cells

We first examined the expression of PTEN in our E6-1 clone of Jurkat T cells. We

failed to detect PTEN protein by Western blot analysis using a panel of anti-PTEN

antibodies. The results from two of these antibodies are shown in Figure 1A. Two positive

controls, the EGF-stimulated A431 cells and a human T cell line Hut78, express endogenous

PTEN. To assess the effects of PTEN in Jurkat T cells, we generated Jurkat stable clones that

express the wildtype (WT) or mutant PTEN (G129R) under the control of the Tetracycline

inducible system (Tet-on). G129R is a tumor-derived mutation that is defective in both the

protein and lipid phosphatase activity (209, 211). Our stable clones are under the tight control

of Doxycycline (DOX), a Tetracycline analogue. As shown in Figure 1B, without DOX

induction no protein could be detected in any of our clones. Upon addition of DOX, equal

amounts of either WT or G129R protein were induced in two representative clones (Figure

1B). The level of PTEN could be finely controlled by the concentration of DOX (Figure 1C).

As low as 0.2 pg/ml DOX was sufficient to induce PTEN expression. PTEN protein

appeared 6 hours after adding DOX and reached a steady state after 24 hours (Figure 1D).

The level of PTEN remained constant up to 6 days in the presence of DOX (data not shown).

The two representative clones exhibited similar time-dependent and concentration-dependent

induction by DOX. The tight control of PTEN expression was seen in other clones as well

(data not shown). To study the function of PTEN at a physiological level, 1 pg/ml DOX

treatment for at least 24 hours was used in subsequent studies because the level of PTEN

induced under this condition is equivalent to that of the endogenous PTEN in Hut78 T cells
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Results

PTEN can be inducibly expressed in Jurkat T cells

We first examined the expression of PTEN in our E6-1 clone of Jurkat T cells. We

failed to detect PTEN protein by Western blot analysis using a panel of anti-PTEN

antibodies. The results from two of these antibodies are shown in Figure 1A. Two positive

controls, the EGF-stimulated A431 cells and a human T cell line Hut78, express endogenous
-

PTEN. To assess the effects of PTEN in Jurkat T cells, we generated Jurkat stable clones that º

express the wildtype (WT) or mutant PTEN (G129R) under the control of the Tetracycline :
inducible system (Tet-on). G129R is a tumor-derived mutation that is defective in both the º
protein and lipid phosphatase activity (209, 211). Our stable clones are under the tight control :
of Doxycycline (DOX), a Tetracycline analogue. As shown in Figure 1B, without DOX tº

induction no protein could be detected in any of our clones. Upon addition of DOX, equal -
amounts of either WT or G129R protein were induced in two representative clones (Figure 2
1B). The level of PTEN could be finely controlled by the concentration of DOX (Figure 1C). º

-

As low as 0.2 pg/ml DOX was sufficient to induce PTEN expression. PTEN protein

appeared 6 hours after adding DOX and reached a steady state after 24 hours (Figure 1D).

The level of PTEN remained constant up to 6 days in the presence of DOX (data not shown).

The two representative clones exhibited similar time-dependent and concentration-dependent

induction by DOX. The tight control of PTEN expression was seen in other clones as well

(data not shown). To study the function of PTEN at a physiological level, 1 pg/ml DOX

treatment for at least 24 hours was used in subsequent studies because the level of PTEN

induced under this condition is equivalent to that of the endogenous PTEN in Hut78 T cells
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(Figure 1B, C and D). The experiments hereafter were carried out in two clones of each type

and the results were essentially the same.

PTEN suppresses cell growth and decreases cell size in Jurkat

To evaluate whether the restoration of PTEN had any effect on Jurkat growth, vector

control, WT or G129R stable clones were seeded at the same density and cultured in the

absence or presence of DOX for 6 days. The number of live cells daily was determined by

trypan-blue exclusion. All three clones had indistinguishable morphology and growth rate in

the absence of DOX. Upon induction, however, WT PTEN caused potent growth suppression

in Jurkat cells while the vector control or phosphatase-inactive mutant had no effect. The

growth inhibition was detected as early as 48 hours after PTEN induction, increased with

time and reached nearly 90% at day 6 (Figure 2A). The expression of PTEN at day 6 was

verified by Western blot (Figure 2B). The inhibitory effect was dependent on the

concentration of DOX and thus the level of PTEN in the cell. At 0.2 pg/ml, DOX addition

resulted in 50% growth suppression (data not shown). Since the PI3K pathway has been

implicated in T cell survival, we also tested the effect of a PI3K inhibitor, LY294002, on the

growth of Jurkat cells. Like PTEN, LY294002 treatment caused a dose-dependent growth

inhibitory effect in Jurkat cells. LY294002, at 3 piM, could block more than 90% of cell

growth at day 6 (Figure 2A). We further confirmed the growth suppression induced by PTEN

using the CellTiter 96 Aqueous One Solution Cell Proliferation assay that assesses metabolic

activity (data not shown). Our results demonstrate that PTEN is important in controlling cell

proliferation in Jurkat T cells and this effect is mediated through its phosphatase activity.
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To verify that the phosphatase activity of WT PTEN was not toxic to cells, we first

induced PTEN expression; 6 days later, when cell growth was greatly suppressed by PTEN,

we washed out DOX from the media and reseeded the cells at the original density. Western

blot analysis showed that PTEN protein started to decrease at day 7 and was undetectable at

day 9. Correlating with the protein level, exponential cell growth resumed after a delay of 2

days (Figure 3A). The initial lag was presumably due to the presence of PTEN during that

period (Figure 3B). Therefore, growth inhibition is reversible upon withdrawal of PTEN.

Genetic studies in Drosophila and more recently in mice suggest that PTEN plays a

role in controlling cell size. PTEN mutant flies show an autonomous increase in cell size,

which is coordinated with changes in the actin cytoskeleton(217-220). Similarly, mutant cells

from brain-specific PTEN knockout mice display a cell-autonomous increase in neuronal

soma size (221, 222). Conditional deletion of the PTEN gene in neural stem/progenitor cells

also leads to cell enlargement (223). Genetic epistasis tests in Drosophila further demonstrate

that PI3K, PTEN and Akt comprise a signaling cassette to regulate cell size (220). In our

study, we compared the forward scatter by flow cytometry and found that PTEN-positive

Jurkat cells were smaller than PTEN-negative cells. The difference in cell size was detectable

3 days after PTEN induction. At day 6, along with the block of cell growth, the reduction in

cell size became more striking (Figure 4). To investigate whether PI3K was involved in

determining cell size in our system, we treated PTEN-negative cells with 3 HM LY294002

and observed a similar phenomenon (Figure 4). Therefore, our results have defined a novel

function of the PI3K/PTEN pathway in Jurkat T cells, i.e. cell size control. The role of PI3K

in regulating cell and organ size in mammals has also been reported in transgenic mice

expressing constitutively active or dominant-negative mutants of PI3K in the heart (224).
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PTEN does not significantly influence the cell cycle profile of Jurkat

The growth suppression after PTEN restoration in PTEN-null glioma cell lines is

associated with cell cycle arrest at the G1 phase (180, 210, 225). To address the mechanism

for growth suppression, we first examined the cell cycle progression in Jurkat cells by

labeling them with Bromodeoxyuridine (BrdU) at different time points after PTEN induction.

The percentage of cells in each phase of the cell cycle was determined by staining the nuclei

with anti-Brd'U antibody and propidium iodide (PI). As shown in Figure 5A, except for a

slight increase in sub-G1 population in the presence of DOX, the cell cycle distribution was

essentially the same regardless of PTEN expression, suggesting that PTEN had no effect on

cell cycle progression. Quantitation of the percentage of cells in each phase confirmed that

the presence of PTEN for 6 days did not result in a significant change in the cell cycle profile

(Figure 5B). The same was true for earlier time points (data not shown). Even after cell cycle

synchronization with nocodazole, which resulted in a more obvious PTEN-mediated G1

arrest in glioma cells (210), expression of PTEN in Jurkat cells did not alter the cell cycle

profile (data not shown). Finally we checked the expression level of p27”, a G1 cyclin

dependent kinase inhibitor that regulates G1/S progression. Expression of PTEN in several

PTEN-deficient cell lines causes a significant elevation of the level of p27", which provides

a mechanism for the G1 arrest in those cells (180, 225). In Jurkat cells, however, the level of

p27” was not influenced by PTEN (Figure 5C). Consistent with this, no difference in the

expression level of p27” is detected in PTEN' T cells (191). This observation further

supports the notion that PTEN is not linked to cell cycle control in Jurkat cells.
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PTEN induces cell death in Jurkat cells

Although we did not see an effect of PTEN on cell cycle, the slight increase in sub

G1 population in cells expressing WT PTEN suggested that PTEN might regulate apoptosis

in Jurkat T cells (Figure 5A, right panel). To explore this possibility, we first examined the

rate of cell death using trypan blue staining. Figure 6A shows that PTEN triggered cell death

as early as 48 hours after its expression. Dead cells accumulated over time until nearly half of

the cells were dead at day 6. In contrast, only 3% of the cells were not viable in the absence

of PTEN during the entire 6-day period. LY294002, at 3 p.M, induced cell death in a manner

similar to WT PTEN. The increase of dead cells correlated well with the decrease of live

cells, suggesting that cell death was the major mechanism for the growth suppression

mediated by PTEN. We then performed TáT-mediated duTP nick end labeling (TUNEL)

assays to address whether apoptosis was the cause of cell death. As shown in Figure 6B, we

detected five-fold more apoptotic cells 48 hours after the induction of PTEN or addition of

LY294002, which increased to 12-fold by day 6. The fold increase in apoptosis was

comparable to that in cell death from day 1 to day 6, suggesting that the mechanism

responsible for the observed increase in cell death was apoptosis. The number of apoptotic

cells was less than that of dead cells, presumably because the TUNEL assay detects apoptotic

cells within a narrower temporal window than trypan blue staining. Finally, we found no

difference in apoptosis in cells expressing the G129R mutant (data not shown), indicating

that cell death caused by PTEN requires phosphatase activity.

PTEN regulates the sensitivity of Jurkat cells to apoptotic stimuli
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Two findings suggest that PTEN plays a role in apoptosis in T lymphocytes: the

impaired Fas-mediated apoptosis in PTEN" mice and the resistance to apoptosis induced by

several stimuli in PTEN' T cells (190, 191). Therefore, we investigated whether the

induction of PTEN in Jurkat cells would lead to an increased sensitivity to apoptosis. We

tested three different conditions known to cause apoptosis: anti-Fas antibody, activation of T

cells via the TCR (226) and serum withdrawal (214).

First, we examined the sensitivity to Fas-mediated apoptosis by treating cells with

different doses of anti-Fas antibody 24 hours following PTEN induction. After another 24

hours, the percentage of apoptotic cells was determined by TUNEL assay. Figure 7A shows

that anti-Fas antibody elicited a much stronger apoptotic response in PTEN-expressing cells,

which was most apparent at low doses of anti-Fas antibody.

Second, we checked the sensitivity of PTEN-expressing cells to TCR-mediated

apoptosis. Activation through the TCR leads to the upregulation of the Fas-ligand and

Subsequent apoptosis (226). After stimulation for 24 hours with the anti-TCR antibody,

PTEN-positive cells showed a 15-fold increase in the percentage of apoptotic cells whereas

PTEN-negative cells only had a 4.5-fold increase (Figure 7B). These results provide further

evidence for a role of PTEN in apoptosis in T cells.

Third, we assayed apoptosis in limiting concentration of serum. Serum contains

various mitogenic components that are known to activate PI3K (173,214, 227-229). To test

whether PTEN enhances the apoptotic effect induced by serum withdrawal in Jurkat cells,

PTEN-positive and -negative cells were cultured for 24 hours in reduced serum. As shown in

Figure 7C, 2% serum alone induced a five-fold increase in the number of TUNEL cells.
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When PTEN was introduced, this effect was further elevated to 10-fold. Similar results were

obtained at 0.5% and 0.2% serum (Figure 7C).

In all three experiments, the increase in apoptosis correlated well with the decrease in

growth (data not shown), supporting our conclusion that apoptosis accounts for the loss of

cells in the presence of PTEN. The above effects required phosphatase activity since the

phosphatase-inactive mutant did not affect any of these processes.

PTEN regulates the downstream effectors of PI3K in Jurkat cells

In order to elucidate the mechanism for the effect of PTEN, we first measured the

levels of 3'-phosphorylated inositol phospholipids, the products of PI3K. Figure 8A shows

that the levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 were greatly reduced in cells expressing

PTEN, indicating that PTEN functions as a lipid phosphatase and regulates the basal level of

phospholipids in Jurkat T cells.

The activation of Akt, a key regulator of cell survival and proliferation, is dependent

on PI3K products. Akt binds phospholipids via its PH domain and translocates to the plasma

membrane, where it becomes phosphorylated and activated (173,214, 215). We reasoned

that the localization of Akt would be altered in PTEN-expressing cells as a result of reduced

phospholipid levels. Indeed, the amount of Akt in the plasma membrane fraction of resting

Jurkat cells was greatly reduced when WT PTEN, but not the phosphatase-inactive mutant,

was induced (Figure 8B). To control for protein loading, the membrane fraction was probed

with an anti-CD45 antibody (Figure 8B). The quality of the cytosolic and membrane

fractions was evaluated by immunoblotting for CD45 (membrane) and Erk (cytosol) (data not

shown).
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Consistent with its influence on the localization of Akt, PTEN down-regulated the

basal activity of Akt by 3.6-fold as shown in an in vitro Akt kinase assay using a peptide

substrate (Figure 8C). We also checked the phosphorylation status of Ser473 that has been

implicated in the activation of the kinase (173,214, 215). Using an antibody specific for the

phosphorylated Ser473 (#2), we detected a significant reduction of the basal level of

phospho-Akt following PTEN expression (Figure 8D). Pretreatment of the cells with the

PI3K inhibitor LY294002 decreased the basal activity and phosphorylation of Akt to a

similar extent (Figure 8C and 8D). We confirmed that the level of total Akt was equivalent in

all samples using an anti-Akt antibody (#3) (Figure 8D, lower panel). As predicted,

phosphatase-inactive PTEN failed to change either phospholipid levels or Akt activation

(data not shown). The effect of PTEN expression on phospholipids and Akt in the basal state

provides a potential explanation for the growth suppression and apoptosis seen in PTEN

expressing Jurkat T cells. It is interesting to note that although PTEN expression reduced the

basal and the peak phosphorylation and activity of Akt, it did not eliminate the activation of

Akt by anti-TCR treatment (Figure 8C and 8D).

Constitutively active Akt efficiently reverses the effects caused by PTEN

To confirm that PTEN acts via the PI3K/Akt pathway to inhibit cell growth, we

attempted to reverse the effects of PTEN by using an activated form of Akt, i.e. myristylated

Akt (Myr-Akt), which is constitutively localized to the membrane (173,214, 215). A stable

clone of WT PTEN was cotransfected with truncated CD25 and either Myr-Akt or the vector

control. Cells were then cultured in the absence or presence of DOX for 4 days. Cell growth

and death were determined based on the number of CD25” live cells and the percentage of

:
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trypan-blue” cells, respectively. As shown in Figure 9A and 9B, cell growth was greatly

inhibited, accompanied by a dramatic increase in cell death, when PTEN was induced in

vector transfected cells. In contrast, co-expression of Myr-Akt rescued PTEN-expressing

cells from growth suppression and cell death with an efficiency of more than 90%. We also

noticed that PTEN expression reduced cell size in cells transfected with the vector, but not in

those expressing Myr-Akt (data not shown). Therefore, the expression of a constitutively

active Akt could efficiently reverse the effects caused by PTEN, namely growth suppression,

cell death and reduced cell size.
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Discussion

To study the function of PTEN in T cells, we have established Jurkat (PTEN-null)

stable clones that inducibly express either WT or a phosphatase-inactive form of PTEN and

performed all our studies on PTEN at a level equivalent to the endogenous level in the Hut78

T cell line. Expression of PTEN at a physiologic level suppressed cell growth, induced

apoptosis, decreased cell size and rendered the cells more susceptible to apoptotic stimuli.

The effects of PTEN were dependent on its phosphatase activity. An explanation for these

effects was provided by its regulation of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 levels and Akt

activity in Jurkat cells. Moreover, a constitutively active form of Akt efficiently rescued the

growth inhibition, cell death and reduced cell size mediated by PTEN.

Consistent with its identification as a tumor suppressor, PTEN is not expressed in

many tumor-derived cell lines. Transient overexpression of PTEN in PTEN-null cells has

been shown to lead to growth inhibition (164, 180, 181, 208-212, 230). Despite extensive

effort, PTEN has been difficult to express stably in PTEN-deficient cells, presumably due to

its growth suppressive effect. The inducible system we describe here is ideal to study a

protein like PTEN because it avoids any potential adaptation or compensation during the

generation of stable clones that might influence the behavior of the cells. In addition, the

tight control of expression makes it possible to study a protein at a physiologic level rather

than overexpression. Therefore, our stable clones provide a powerful tool to study this tumor

suppressor gene in a null background in a T cell line.

Using the inducible clones, we addressed two key questions regarding PTEN, the first

of which was the mechanism of growth suppression. We have shown that PTEN induced
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apoptosis but did not significantly change the cell cycle profile of Jurkat T cells. The effect

of PTEN on apoptosis in Jurkat T cells was also noted in a transient overexpression study

(205). However, its effects on cell cycle and cell size were not addressed due to the limitation

of the transient transfection method. Similar results have been obtained in a variety of cell

lines, including glioblastoma, breast cancer and prostate cancer cells (209, 211,230).

However, in several glioblastoma and renal carcinoma cell lines G1 cell cycle arrest appears

to account for the majority of the observed growth inhibition, which is correlated with an

increase in the stability of p27” (180,225) In another study, PTEN was inducibly

overexpressed in a PTEN’ breast cancer line, and the resulting growth suppression was

attributed to an initial G1 arrest followed by a combination of cell cycle arrest and apoptosis

(163). In the study reported here, we also followed the time course of apoptosis and cell cycle

distribution. In Jurkat cells apoptosis was evident as early as 48 hours after the induction of

PTEN, whereas the cell cycle profile and the level of p27” remained the same throughout

the experiment. The correlation between the increase in cell death and decrease in cell

growth suggests that apoptotic cell death could account for all of the growth inhibition

mediated by PTEN, at least in Jurkat T cells. The differential effect of PTEN could be due to

either overexpression versus physiologic level of expression or the presence of endogenous

PTEN in the breast cancer line. Our data support the hypothesis that the function of PTEN

depends on the cell type, the developmental status and the culture conditions used. Along

these lines, overexpression of PTEN in Drosophila prevents cell-cycle progression in

proliferating cells while promoting apoptosis in differentiating cells during eye development

(219). The effect of PTEN could be dependent on its dosage as well. We have observed that

the extent of growth inhibition depends upon the level of PTEN in the cell. It is also possible
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that the behavior of PTEN could be influenced by other oncogenic pathways that are

deregulated during neoplastic transformation in a given cell line. In fact, a link between

PTEN and the Rb pathway has been suggested by the observation that PTEN does not induce

G1 arrest in Rb" cells (231). Moreover, not all tumor-derived cell lines are PTEN-deficient,

despite their ability to proliferate autonomously. For example, Hut78 T cells express

endogenous PTEN; in contrast, the same level of PTEN causes growth inhibition in Jurkat

cells. Consistent with the differential effect of PTEN on cell growth in these two cell lines, a

low dose of the PI3K inhibitor LY294002 triggers apoptosis in Jurkat cells, but not in Hut78

cells (216).

Secondly, our inducible stable clones have revealed that PTEN expression reduces

cell size. Although several groups have shown that PTEN controls cell size in Drosophila and

in mouse brain (217-223), such a phenomenon has not been observed in human tumor cell

lines. It is technically difficult to assess cell size in a heterogeneous population of transiently

transfected cells. In the case of constitutive stable clones, smaller cells are likely to be

considered as clonal variation rather than an effect caused by PTEN. Only the inducible

expression of PTEN in a PTEN-null clone could help define its role in size determination.

Indeed, we found cells expressing PTEN appeared smaller three days after PTEN induction

and this difference became more dramatic with time. Genetic analysis in flies indicates that

PTEN regulates cell size by regulating the PI3K/Akt pathway (217-220). Consistent with

that, we showed that a PI3K inhibitor, LY294002, had a similar effect on cell size. In

addition, Myr-Akt not only rescued the growth suppression but also prevented the decrease in

cell size. Therefore, we conclude that Jurkat T cells utilize a similar signaling machinery

containing PI3K, PTEN and Akt to control cell size. Our conclusion is also supported by
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recent transgenic mouse models showing that the expression of constitutively active PI3K in

cardiac myocytes or Akt1 in pancreatic B-cells causes cell enlargement (224, 232). A likely

downstream effector of PI3K and Akt in cell size control is the 40S ribosomal protein S6

kinase (S6K1). Gene disruption of S6K1 in mice and flies is associated with smaller cells and

a reduction in body size (233,234). However, the exact mechanism of cell size determination

remains unresolved. Interestingly, cell size change is a well-observed phenomenon during T

cell development and activation. It is known that naïve T cells rely on extrinsic signals such

as growth factors and TCR signaling to avoid death by neglect. In the absence of these .t
signals, nutrient utilization is insufficient to maintain either size or viability of primary T

cells (235). This process is thought to play important roles in maintaining T cell homeostasis

and shaping T cell repertoire. Conversely, disrupting this process would result in

tumorigenesis and autoimmunity. This theory is supported by our observations that ectopic

expression of PTEN, a tumor suppressor and a repressor of autoimmunity, in Jurkat leukemia

line decreases cell size and promotes apoptosis. :
Our study has established a role of PTEN in survival, proliferation and size control in

Jurkat T cells. The findings that the PI3K inhibitor LY294002 could mimic the effects of

PTEN on growth, viability and size and a constitutively active form of Akt efficiently

countered the action of PTEN suggest that PTEN exerts its function by inhibiting the

PI3K/Akt pathway in Jurkat cells. Nevertheless, the detailed molecular basis of how PTEN

might function is largely unknown. In order to identify downstream effectors of PTEN in

Jurkat cells, cDNA microarray analysis is being used in our inducible stable clones before

and after PTEN expression. This experiment may also reveal novel genes related to

oncogenic transformation of the Jurkat leukemic line and contribute to the understanding of
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how PTEN might influence intracellular signaling pathways, such as the Fas pathway. In

fact, results from mice in which the PTEN gene is inactivated have implicated PTEN in this

pathway. T cells from T cell-specific PTEN-deficient mice show increased resistance to

apoptosis induced by a variety of stimuli (191). PTEN" mice with impaired autoimmunity

also display an impaired Fas response in splenic T and B cells (190). Consistent with these

observations, we found that PTEN increased the susceptibility of Jurkat cells to apoptotic

stimuli. Mechanistic Studies are needed to elucidate the role of PTEN in Fas-mediated

apoptosis in T cells. The lack of an effect in all the assays using a phosphatase-inactive

mutant suggests that PTEN acts as a tumor suppressor via its lipid phosphatase activity.

Transiently transfecting the G129E mutant that specifically ablates the lipid phosphatase

activity in other cell lines leads to the same conclusion (164, 210). Whether PTEN also

dephosphorylates protein substrates and regulates other cellular processes in T cells remains

unclear. To address this question, mutants that lack only the protein phosphatase activity

need to be generated and tested for their biological main
Interestingly, although PTEN inhibited the basal activity of Akt, it did not prevent the

activation of Akt by TCR stimulation in Jurkat cells. Other groups have noticed that the

induced activation of Akt by PDGF or insulin is not affected by PTEN despite the down

regulation of its basal activity in glioblastoma cells (164). Since Akt activation depends on

the intracellular level of phospholipids, the above phenomenon could be attributed to either

functional inactivation of PTEN or dominant activity of PI3K over PTEN upon TCR

stimulation, or both. This leads to an interesting yet poorly understood question, the

regulation of PTEN. Studies from non-T cell models suggest that PTEN can be regulated at

the level of protein expression, stability, post-translational modification, or access to its
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substrates (236-243). For example, the C2 domain that binds to the membrane phospholipids

in vitro has been implicated in stabilizing the protein and productively positioning the

catalytic site with respect to the membrane-bound phosphoinositide substrates (237).

Phosphorylation of serine and threonine residues within the 50-amino acid C-terminal tail has

been linked to protein-protein interaction as well as PTEN stability (238,239). Association

of PTEN with PDZ domain proteins via its C-terminal PDZ binding site has also been

reported to influence its function (240-243). Whether these regulatory mechanisms apply to

T cells awaits further analysis.

In summary, our study demonstrates a pivotal role of PTEN in controlling the

survival and proliferation of T lymphocytes, which implicates PTEN in modulating

immune responses as well as in maintaining peripheral T cell homeostasis. Our stable

clones will be a useful model system to investigate the downstream targets and the

regulatory mechanism controlling PTEN function in T cells. Further characterization of

PTEN will provide valuable insight into the process of tumorigenesis in the immune

system and pathogenesis of autoimmune disorders. It may also reveal novel

pharmaceutical targets for the control of T cell tumors or T cell responses.
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Materials and Methods

Antibodies and reagents

The anti-PTEN antibody used in this paper was from Cascade Bioscience except that

in Figure 1A an antibody from Dr. C. Sawyers was also used. Antibodies against Akt were

from the following: #1: anti-PH domain from Upstate Biotechnology Inc., #2: anti

phosphoSer473 from New England Biolabs, #3: anti-Akt mab from Transduction Lab and

#4: a rabbit polyclonal antibody against Akt as previously described (244). Other antibodies

used were: máb C305 to Jurkat TCRB (245); mab 9.4 to CD45(American Type Culture

Collection (HB 10508)); rabbit antiserum to ZAP-70 (246); mab to p27*. (Transduction

Lab); mab to tubulin (Sigma); mab to Fas (Becton-Dickinson) and FITC-conjugated anti

BrdU antibody (Becton-Dickinson). The reagents used were: Brdu, nocodazole and DOX

(Sigma); Tet-system proved fetal calf serum (Clontech); G418 and Hygromycin B (Life

Technologies); EGF-stimulated A431 cell lysate (Upstate Biotechnology); LY294002

(Calbiochem); and trypan blue and propidium iodide (Roche).

Plasmids and cells

The plasmid puPID172-1neo (encoding the reverse tetracycline-controlled

transactivator (247) was a kind gift from Dr. H. Bujard. pHI-EGFP and p■ K-Hyg (encoding

the Hygromycin resistant gene) were from Clontech. Myristylated Akt (Myr-Akt) and the

truncated CD25 construct were described previously (49, 248). Jurkat T cells were

maintained in RPMI-1640, supplemented with 5% fetal bovine serum, 2 mM glutamine,

penicillin and streptomycin.
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Transfection of Jurkat cells

Jurkat cells in the logarithmic-growth phase were transfected by electroporation.

2x10" cells were resuspended in 400 plgerum-free RPMI 1640. Plasmid DNA was mixed

with the cells in a 4-mm gap electroporation cuvette and pulsed at 250 V and 960 HF using

the Gene Pulser (BioFad Laboratories). The cells were then transferred to culture flasks and

incubated in complete medium.

The generation of stable clones of Jurkat

A Glu-tag (MEYMPME) was engineered at the N-terminus of either WT or

phosphatase-inactive (G129R) PTEN cDNA. The tagged cDNA was cloned into the pBI

EGFP expression vector. This vector allows the simultaneous regulation of both a gene of

interest and EGFP by one central tetracycline response element. The pBI-EGFP vector or two

PTEN constructs were co-transfected with p■ K-Hyg into Jrt TA7-6, a Jurkat subline that is

stably transfected with puhD172-1neo. Hygromycin resistant clones were tested for the

induced expression of EGFP in the initial screen and subsequently that of PTEN. Stable

clones were maintained in RPMI-1640 supplemented with 10% Tet-system proved fetal calf

serum and 2 mg/ml G418 and 300 pg/ml Hygromycin B.

Cell stimulation and lysis

Cells were harvested by centrifugation, washed once in warm PBS and resuspended

in warm PBS at 10° cells/ml. After incubation at 37°C for 20 minutes, cells were either left

unstimulated or stimulated with C305 (1:500 culture supernatant) for the indicated duration.
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Cells were lysed immediately in 4°C lysis buffer (10 mM Tris pH 7.5, 150 mM NaCl, 1%

NP40, 1 mM EDTA, and a cocktail of phosphatase and proteinase inhibitors). After 20

minutes at 4°C, lysates were prepared by a 15-minute centrifugation at 4°C and 32,000 x g.

The lysates were either directly analyzed by Western blot or subjected to

immunoprecipitation followed by immunoblotting or a kinase assay.

Immunoprecipitation and Western blot analysis

Whole cell lysates were incubated with an antibody to the PH domain of Akt (#1) and

protein G sepharose (Amersham Pharmacia Biotech) for 2 hours at 4°C. Immunoprecipitates

were washed four times with the above lysis buffer. Whole cell lysates and

immunoprecipitates to be analyzed by immunoblotting were subjected to electrophoresis on

SDS-PAGE, and transferred to Immobilon-P membrane (Millipore) according to the

manufacturer's instructions. Concentrations for blotting antibodies varied according to the

manufacturer's recommendations. The blots were developed with the ECL system from

Amersham Pharmacia Biotech.

Cell growth assay

The number of viable and dead cells at the indicated time points was determined by

trypan blue exclusion. The CellTiter 96 Aqueous One Solution Cell Proliferation Assay kit

(Promega) was also used to assay cell growth. 100 pil cells from the culture were plated on

96-well plates and processed according to the manufacturer's instructions. Triplicates of each

sample were assayed.

.
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Cell cycle analysis

Cells were labeled with 10 HM Brd'U for 2 hours at 37°C and fixed in 70% ethanol

overnight at 4°C. 1x10° fixed cells were treated with 3 ml 0.08% pepsin in 0.1 NHCl at 37°C

for 20 minutes, followed by another 20 minutes at 37°C in 1.5 ml 2 NHCl. Single nuclei

were first stained with a FITC-conjugated anti-Brdu antibody for 30 minutes in the dark on

ice. After 30 minutes treatment at 37°C with RNase A, the nuclei were stained with PI for 15

minutes in the dark on ice. Cell cycle distribution was determined by flow cytometry

analysis.

TUNEL assay

The in situ cell death detection kit TMR Red (Roche) was used according to the

manufacturer's instructions. Samples were analyzed by flow cytometry.

Determination of inositol phospholipid levels

The phospholipid assay was performed as previously described (249). Briefly, cells

were labeled with 400 pCi of *P-orthophosphate (Amersham) in phosphate-free RPMI (Life

Technologies) containing 10% dialyzed fetal calf serum for 2 hours at 37°C. The cells were

lysed in 1 M HCl containing 5 mM tetrabutyl ammonium hydrogen sulphate. The

phospholipids were extracted with chloroform/methanol (1:2), deacylated in methylamine for

30 minutes at 53°C, and then resolved on an anion exchange column (Spherisorb S5SAX,

Waters PSS832715) with an increasing gradient of NaH,PO4 pH 3.8. Fractions were

collected and counted for *P-radioactivity. Phospholipid standards were also resolved in

order to confirm the identity of the peaks.
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In vitro Akt kinase assay

The kinase assay was performed as previously described (244). Briefly, after PTEN

induction for 24 hours, cells were either stimulated with C305 for the indicated duration or

left unstimulated. Lysate from 2x10" cells was subjected to immunoprecipitation using a

rabbit anti-Akt antibody (#4). The immune complex was assayed for Akt activity using the

peptide substrate crosstide.

Preparation of cytosolic and membrane fractions

Cells (1x10°) were washed twice with cold PBS and resuspended in 5 ml of cold

hypotonic lysis solution (20 mM Hepes pH 7.4, 5 mM sodium pyrophosphate, 5 mM EGTA,

1 mM MgCl2, and a cocktail of phosphatase and proteinase inhibitors) and incubated on ice

for 30 minutes. The cells were disrupted by Dounce homogenization, followed by

centrifugation at 100,000 x g for 45 minutes at 4°C. The supernatant was saved as the

cytosolic fraction and the pellet was solubilized in 1 ml solubilization buffer (20 mM Hepes

pH 7.4, 150 mM NaCl, 1 mM MgCl2, 1% Triton X-100, and a cocktail of phosphatase and

proteinase inhibitors). After 30 minutes on ice, the solubilized pellet was centrifuged at

100,000 x g for 45 minutes at 4°C. The supernatant was collected as the membrane fraction.
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Figure 1: PTEN is inducibly expressed in stable clones of Jurkat.

(A) PTEN is not expressed in Jurkat cells. Whole cell lysates from Jurkat, EGF-stimulated

A431 and Hut78 were probed with two anti-PTEN antibodies. The same blot was then

reprobed with an anti-tubulin antibody to control for the loading. (B) PTEN is inducibly

expressed in stable clones under the control of DOX. Representative clones were cultured in

the absence or presence of 1 pg/ml DOX for 24 hours. A blot of whole cell lysates was first

probed with an anti-PTEN antibody and then with an anti-ZAP-70 antibody to control for the

loading. (C) The expression level of PTEN depends on the concentration of DOX. Two

representative clones were cultured at the indicated concentration of DOX for 24 hours. (D)

The expression level of PTEN depends on the time of the induction. Two representative

clones were cultured in 1 plg/ml DOX for the time indicated. In (C) and (D), * cell

lysates were subjected to Western blot using an anti-PTEN antibody. All the blots are

representative of three experiments.
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Figure 2: PTEN suppresses Jurkat growth.

Stable clones were left untreated (open diamond) or treated with either DOX (filled diamond)

or 3 puM LY294002 (filled circle) for 6 days. (A) The number of live cells was determined by

trypan blue exclusion at each time point. Each of the data points represents the mean of

values from three separate experiments; standard deviation in all cases was less than 5% of

the mean value. (B) The expression level of PTEN at day 6 was determined by Western blot.

The blot is representative of three experiments.
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Figure 3: PTEN-dependent growth suppression is reversible.

... . . . . . Stable clones were left untreated (open symbol) or treated with DOX (filled symbol) for 6
* , *~~~~~~ * ---

. £. º -- days. Cells were then washed and cultured in the absence of DOX for another 6 days. (A)

■ º- º The number of live cells was determined by trypan blue exclusion at each time point. Each of
r \ sº **** :

-

'y --" the data points represents the mean of values from three separate experiments; standard

* ----- deviation in all cases was less than 5% of the mean value. (B) The level of PTEN at the time
.* a **

*
C. ºf º indicated was determined by Western blot. The blot is representative of three experiments.
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Figure 4: PTEN reduces cell size of Jurkat.

Stable clones were left untreated (shaded histogram) or treated with either DOX or 3 puM

LY294002 (open histogram) for 6 days. At day 6, cell size was determined by flow

cytometry. The histograms are representative of three experiments.
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Figure 5: PTEN does not have a significant effect on the cell cycle profile of Jurkat.

Stable clones were cultured in the absence and presence of DOX for 6 days. Cells were then

labeled with 10 puM Brdu for 2 hours. The percentage of cells in each phase of the cell cycle

was determined by staining the nuclei with anti-BrdU antibody and PI. (A) The staining

pattern of a WT PTEN clone with or without DOX at day 6. (B) The percentage of cells in

each phase. Each of the columns represents the mean of values from three separate

experiments; bars, standard deviation. (C) The level of p27” at day 6 was determined by

Western blot. The blot is representative of three experiments.
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Figure 6: PTEN induces cell death in Jurkat cells.

A stable clone of WT PTEN was left untreated (open diamond) or treated with either DOX

(filled diamond) or 3 puM LY294002 (open circle) for 6 days. At each time point, the number

of dead cells was determined by trypan blue exclusion (A) and the percentage of cells

undergoing apoptosis was determined by TUNEL assay (B). Each of the columns represents

the mean of values from three separate experiments; bars, standard deviation.
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Figure 8: PTEN regulates the downstream effectors of PI3K in Jurkat cells.

(A) PTEN reduces the level of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 in Jurkat cells. Cells from a

WT PTEN clone were cultured in the absence or presence of DOX for 24 hours and then

labeled with *P-orthophosphate. The phospholipids were extracted, deacylated, and resolved

by anion exchange with an increasing gradient of NaH2PO4 pH 3.8. Fractions were collected

and counted for *P-radioactivity. The identity of the peaks was determined by resolving

phospholipid standards on the same column. (B) PTEN changes the subcellular localization

of Akt. Cells from either a WT or a G129R PTEN clone were incubated in the absence or

presence of DOX for 24 hours and then subjected to fractionation. Immunoprecipitation was

performed in the membrane fraction using an antibody against the PH domain of Akt (#1),

followed by Western blot using an anti-Akt antibody that recognizes all three Akts (#3)

(doublets on the blot). The membrane fraction was probed with an anti-CD45 antibody to

control for protein level. (C) and (D), PTEN downregulates the basal activity (C) and

phosphorylation (D) of Akt. Cells from a WT PTEN clone were incubated in the absence or

presence of DOX for 24 hours and then treated with either anti-TCR antibody for the time

indicated or 10 puM LY294002 for 15 minutes. Whole cell lysates were subjected to

immunoprecipitation using anti-Akt antibody (#4) and the immune complex was assayed for

Akt activity using the peptide substrate crosstide. The data shown are representative of two

separate experiments. Whole cell lysates were also subjected to Western blot analysis using

an anti-phosphoAkt (Ser473) antibody (#2). The same blot was subsequently reprobed with

an antibody that recognizes all three Akts (#3) (doublets on the blot) to control for protein

level. All the blots are representative of three separate experiments.
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Figure 9: Constitutively active Akt efficiently rescues the growth suppression caused by

PTEN.

Cells from a WT PTEN clone were transfected with a control vector (diamond) or Myr-Akt

(triangle) and a truncated CD25 construct. Cells were then cultured in the absence (open

symbol) or presence (filled symbol) of DOX for 4 days. (A) and (B), Myr-Akt efficiently

rescues the growth suppression (A) and cell death (B) caused by PTEN. At each time point,

cells were stained with an anti-CD25 antibody and analyzed by flow cytometry. The number

of live and dead cells was determined by trypan blue exclusion. (A) and (B) show the number

of CD25' cells and the percentage of dead cells, respectively. Each of the data points

represents the mean of values from three separate experiments; standard deviation in all cases

was less than 5% of the mean value. (C) The expression of Myr-Akt was examined by

Western blot using anti-Akt antibody (#3) at the time indicated. The blot is representative of

three separate experiments.
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CHAPTER 7

THE LIPID PHOSPHATASE PTEN MAINTAINS THE BASAL SIGNALING TONE

AND SELECTIVELY REGULATEST CELL RECEPTOR SIGNAL

TRANSDUCTION IN JURKAT CELLS
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gº tº
Phospholipid products of PI3K are important second messengers in TCR signaling. Cellular

-

º
levels of phospholipids are controlled by the reciprocal actions of lipid kinases and

phosphatases. In this study, we characterize the role of a lipid phosphatase PTEN in T cell

signaling. We present here that inducible expression of PTEN lowered the basal level of

inositol phosphates and partially inhibited the function of Tec kinase in resting Jurkat T cells.

We also show that PTEN selectively influenced signaling events induced by TCR and/or

CD28, including a significant downregulation of Erk activation, a two-fold reduction in

CD69 upregulation and a 50% decrease in RE/AP transcriptional response. All these effects

were dependent on the phosphatase activity of PTEN. In summary, our results suggest that

PTEN is primarily responsible for maintaining basal signaling tone in T cells with selective

effects on signal transduction in activated T cells.
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Introduction

The activation of T lymphocytes is controlled by TCR, costimulatory molecules,

cytokines and chemokines, which coordinate the process of T-cell clonal expansion,

differentiation and effector function. The primary event required for T cell activation is the

engagement by the TCR of a specific MHC-peptide complex, which initiates a series of

biochemical events for signal transduction from the cell surface to the nucleus. One of the

earliest events in TCR signaling is the activation of the Src and Syk/ZAP-70 families of

protein tyrosine kinases, notably Lck and ZAP-70, respectively. Subsequent phosphorylation

of adaptors and enzymes by Lck and ZAP-70 facilitates propagation of signals, leading to

activation of the Ras pathway, calcium mobilization, gene transcription and cytoskeletal

reorganization (reviewed in (1-4)). In addition to TCR binding to a peptide/MHC complex, a

second signal provided by co-stimulatory receptors such as CD28 is also necessary for

functional activation of T lymphocytes. CD28 ligation is required for the production of IL-2,

a key growth and differentiation factor for T cells, and for the induction of anti-apoptotic

molecule Bcl-XL for T cell survival. Several molecules have been implicated in CD28

signaling, such as PI3K and its downstream effector Akt. However, to date, the molecular

mechanism by which CD28 cross-linking affects T cell activation is incompletely understood

(reviewed in (193))

Inositol phospholipids are important second messengers in TCR and CD28 signaling.

One pathway for the metabolism of these lipids involves PLCY1. TCR-mediated stimulation

of PLCY1 results in the hydrolysis of phosphatidylinositol (4,5)-bisphosphate (PtdIns(4,5)P2)

and the production of Ins(1,4,5)P3 and DAG, which then activate the calcium and the Ras
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pathways, respectively (1). Another pathway triggered by TCR and the CD28 costimulatory

molecule is mediated by PI3K. PI3K is rapidly activated by the TCR as well as CD28,

leading to an increase in cellular levels of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 (195, 197,250).

These phospholipids bind to the PH domains of proteins and modify their subcellular

localization. A host of TCR signaling molecules possess a PH domain, such as PLCY1, the

Tec family kinases, and the Akt, PDK1, PKD kinases. Other proteins are regulated indirectly

by PI3K products. For example, the activity of Ras can be modulated by SOS and Ras-GAP,

both of which have a PH domain. By regulating these important signaling molecules, PI3K is

thought to be a critical component in T cell signal transduction machinery. In support of this,

inhibitors of PI3K also inhibit Erk phosphorylation, IL-2 production and proliferation in T

cells (198).

Similar to protein tyrosine phosphorylation, the level of phospholipids is maintained

by a delicate balance between lipid kinases and phosphatases. While much is known about

the critical role of PI3K in T cell growth and activation, the functional importance of lipid

phosphatases has just begun to emerge. Three recently discovered inositol phosphatases,

SHIP1, SHIP2 and PTEN, have been implicated in regulating the level of the PI3K products

in the immune system. Both SHIP1 and SHIP2 have been shown to play a role in FcyRIIB

signaling in B cell (200). Their function in T cells, however, remains elusive. In contrast,

there is increasing evidence suggesting the importance of PTEN in T cells. PTEN contains an

N-terminal PTPase domain for hydrolyzing the 3'-phosphate from phosphatidylinositols, a

C2 domain for regulating substrate access, and a C-terminal tail for stabilizing PTEN and

interacting with other proteins (170). The results presented in Chapter 6, together with
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c),
genetic analyses of PTEN-deficient mice, have established that PTEN is critical for the Zº 1.

°C,

survival and proliferation of T cells. → *
* 7 (Tº

The function of PTEN in T cell signaling is not as clear. It is tempting to speculate º
that by dephosphorylating 3'-phospholipids PTEN can counter the action of PI3K and

negatively regulate TCR and/or CD28 signaling. Although transient overexpression studies

in Jurkat cells have obtained some preliminary results supporting this hypothesis (204, 205),

these results should be viewed cautiously. It is possible that massive overexpression of

PTEN, a suppressor of T cell growth, may nonspecifically inhibit signaling events. In this

regard, our inducible stable clones provide an ideal system to study PTEN at a physiological

expression level. Therefore, to further characterize the role of PTEN in modulating TCR

signaling, we treated stable clones of WT PTEN with or without DOX and compared various

signaling events in resting as well as TCR-stimulated cells. Stable clones expressing a

phosphatase-inactive form of PTEN, G129R, were used as a control. We report here that

inducible expression of PTEN decreased the basal level of inositol phosphates and partially

inhibited the function of Tec kinase in resting Jurkat T cells. TCR-induced activation of Erk,

but not that of Akt, was downregulated by PTEN. In addition, PTEN reduced the RE/AP

transcriptional response after stimulation through the TCR and CD28. Based on these results,

we conclude that PTEN not only maintains the basal signaling tone but also selectively ( .

regulates TCR and CD28 signaling in T cells.
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Results

PTEN has no significant effect on Akt activation fold following TCR cross-linking.

The results in Chapter 6 show that PTEN-deficiency in Jurkat T cells resulted in

elevated level of phospholipids, constitutive membrane localization of Akt, and high basal

phosphorylation and activity of Akt, all of which could be reversed by the inducible

expression of PTEN. These results support a role of PTEN in regulating the basal signaling

state in T cells. Intriguingly, expression of PTEN did not eliminate TCR-induced activation

of Akt, suggesting that PTEN's effect on TCR signaling may be limited. To test this, we

chose to follow the phosphorylation status of Ser473 after TCR engagement because Ser 473

phosphorylation has been proven to provide an accurate measure of the levels of

phospholipids and correlate directly with the kinase activity of Akt (204). Briefly, a WT

PTEN clone was treated with or without 1 pg/ml DOX for 24 hours. We have shown that the

level of PTEN induced under this condition is equivalent to the endogenous level in Hut78 T

cells. In addition, no effect on cell death or size caused by PTEN is evident at this point.

Cells were then stimulated with mAb C305 to Jurkat TCRB for various durations and whole

cell lysates were probed with an antiserum specific for the phosphorylated Ser473. The blot

was developed with a fluorescent substrate ECF followed by quantitation on

Phosphorimager. The same blot was reprobed with a mab to Akt to determine cellular level

of total Akt (data not shown). After normalizing against the amount of total Akt, we found

that TCR-induced phosphorylation of Akt Ser473 exhibited similar kinetics in the absence or

presence of PTEN (Figure 1A). Moreover, the fold increase in the amount of phospho-Akt

was comparable in both types of cells (Figure 1B), indicating that PTEN has no significant

201





effect on Akt activation fold upon TCR cross-linking. Our results are consistent with a study

in glioblastoma cells in which the induced activation of Akt by PDGF or insulin is not

affected by PTEN despite the down-regulation of its basal activity (164). However, in Jurkat

cells transiently transfected with PTEN, no increase in phospho-Akt was detected two

minutes after TCR stimulation (204). The discrepancy could be due to the fact that Akt

activation is a relatively late event in TCR signaling. In our kinetic study, we found that the

increase in Akt phosphorylation was not evident until 10 minutes after stimulation.

PTEN partially inhibits TCR-induced tyrosine phosphorylation of cellular proteins.

Next we checked TCR-induced tyrosine phosphorylation of cellular proteins, one of

the earliest events and a hallmark in TCR-initiated signaling. Whole cell lysates from PTEN

positive and -negative Jurkat cells were subject to immunoblotting with an anti

phosphotyrosine antibody. As shown in Figure 2, most proteins that became tyrosine

phosphorylated following TCR stimulation exhibited similar duration and similar or slightly

reduced level of phosphorylation in two types of cells. Based on the mobility, the unaffected

proteins included Lck, ZAP-70, Vav, Cbl, Slp-76 and LAT, all of which are key signaling

molecules in TCR pathway. However, a band at ~40kd, corresponding to the molecular

weight of the mitogen-activated protein kinase (MAPK) Erk, displayed a considerable

reduction in intensity in PTEN-expressing Jurkat cells. Equal protein loading was verified by

stripping and reprobing the same blot with a mab recognizing O-tubulin (Figure 2, bottom

panel). Based on this experiment, we conclude that PTEN does not globally inhibit inducible

protein tyrosine phosphorylation but rather targets specific proteins in the TCR signaling

pathway.
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PTEN downregulates TCR-induced activation of Erk. -, *
~,

To directly examine Erk activation upon TCR stimulation, we used an antiserum º
specific for dually phosphorylated Erk in immunoblotting since Erk activation occurs via

phosphorylation on both tyrosine and threonine. The inducible phosphorylation of Erk was

monitored at various time points following anti-TCR treatment in PTEN-positive and -

negative cells. Equal protein levels were confirmed by reprobing the blot with a mAb to total

Erk. Figure 3A shows that very little phosphorylated Erk was present in unstimulated Jurkat

cells regardless of PTEN expression. In PTEN-negative cells, Erk phosphorylation was

markedly and rapidly induced following TCR engagement. A time course of TCR

stimulation revealed that phospho-Erk reached its peak in as little as 3 minutes and declined

thereafter. In PTEN-expressing cells, Erk phosphorylation was significantly reduced at all

time points examined. Moreover, this phosphorylation event appeared to decrease more

rapidly in the presence of PTEN. These observations demonstrate that PTEN can

downregulate TCR-induced activation of Erk. A similar effect has been observed in two

transient overexpression studies in Jurkat cells (204, 205).

The effect of PTEN on Erk activation could result from impaired signaling in the Ras

pathway since Erk is downstream of Ras (251). To test this, we checked the surface ".

expression of CD69, a T cell activation marker, by flow cytometry. It is known that upon

activation T cells upregulate expression of CD69 on the cell surface, for which activation of y sº

the Ras pathway is both necessary and sufficient (252). As shown in Figure 3B, PTEN Sº a
º

expression resulted in a two-fold reduction in surface CD69 following anti-TCR stimulation. º
CD69 upregulation in response to PMA treatment was comparable in PTEN-positive and

f
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º
—negative cells (Figure 3B). Considering the significant decrease in Erk activation caused by ,

PTEN, this modest effect would suggest that an Erk-independent pathway downstream of - **d
~,

Ras may contribute to CD69 upregulation and this pathway is not affected by PTEN. º
Alternatively, since PTEN expression attenuated, but did not abolish, Erk activation, the

amount of activated Erk in PTEN-expressing cells may reach the threshold for upregulating

CD69, albeit less efficiently.

PTEN reduces the basal level of soluble inositol phosphates.

In addition to activating the Ras pathway, TCR engagement leads to an increase in

the production of soluble inositol phosphates, which then triggers calcium mobilization and

calcium-dependent signaling events. To assess whether PTEN influenced this pathway, we

measured the amount of inositol phosphates before and after TCR stimulation. As shown in

Figure 4A (left panel), inducible expression of PTEN caused a 50% decrease in the basal

level of inositol phosphates. However, the fold increase in the amount of inositol phosphates

following TCR stimulation was comparable in the absence or presence of PTEN (Figure 4A,

right panel), indicating that PTEN did not influence the generation of inositol phosphates.

Consistent with this result, calcium mobilization in response to anti-TCR treatment displayed

similar amplitude and kinetics with or without the inducible expression of PTEN (Figure 4B).

As a control, both types of cells responded equally to the calcium ionophore ionomycin.

Collectively, these results provide additional support for a role of PTEN in maintaining the s sº

basal signaling tone in T cells. ~ * Sº tº

º
PTEN partially inhibits the function of Tec in T cells. | 1 ||

H -
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The amount of inositol phosphates is controlled by PLCY1, the activation of which is

at least partially regulated by Tec family kinases (1). Overexpression of a member of the Tec

family kinases, Tec, augments IL-2-promoter activity mediated by TCR or CD28 stimulation,

indicating that Tec is directly involved in T cell signaling (253). Tec possesses a PH domain

that binds to 3'-phospholipids. Therefore, its localization and activation can potentially be

regulated by PTEN. Therefore, we investigated whether the expression of PTEN affected Tec

function in T cells. Since Jurkat T cells express very low level of endogenous Tec, we co

transfected a HA-tagged form of Tec (HA-Tec) and a NFAT-luc into a WT PTEN clone

cultured in the absence or presence of DOX for 24 hours. We also used a myristylated form

of Tec (Myr-Tec) that constitutively localized to the plasma membrane. As shown in Figure

5, expression of Tec alone was sufficient to induce NFAT response in Jurkat cells in a dose

dependent manner. This effect was partially inhibited by PTEN, presumably because PTEN

expression decreased the level of 3'-phospholipids and thus prevented the membrane

localization and subsequent activation of Tec. Supporting this notion, the increase in

luciferase activity induced by Myr-Tec was not affected by PTEN. The expression of Tec

under different conditions was verified by immunoblotting with a mAb recognizing Tec

(Figure 5). Together, these results indicate that PTEN can partially inhibit Tec function in

resting T cells by lowering the level of PI3K lipid products at the membrane.

PTEN has a selective and modest effect on transcriptional responses induced by the

TCR and CD28.

One of the ultimate events in T cell activation is the activation of various transcription

factors, which leads to transcription of genes such as IL-2. The IL-2 promoter contains a

º
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number of binding sites for transcriptional factors, including sites for NFAT, AP-1, NF-kB,

and a CD28-responsive element/AP-1 composite site (RE/AP) (254). This promoter has

provided a model system with which to study signals downstream of TCR and/or CD28. It is

known that TCR engagement alone is sufficient to activate NFAT via calcium mobilization

and AP-1 via the Ras pathway. In contrast, activation of NF-kB and RE/AP is dependent on

stimulation of both TCR and CD28 (248,254). To determine the potential role of PTEN in

TCR-induced transcriptional responses, luciferase reporter plasmids containing individual

binding sites from the IL-2 promoter were transiently transfected into a WT PTEN clone

cultured in the absence or presence of DOX for 24 hours. Cells were then treated with a

variety of stimuli known to activate the corresponding transcriptional elements and luciferase

activity was measured. PTEN expression did not alter the basal level of transcription from

any of these individual elements (data not shown). Little if any effect of PTEN was seen in

cells expressing luciferase reporter driven by AP-1, NFAT- or NF-kB-binding sites

stimulated with anti-TCR, anti-CD28, PMA, ionomycin, and their combinations (data not

shown). Lack of an effect on NFAT and NF-kB was consistent with the observations that

PTEN did not affect calcium mobilization and Akt activation. However, when a luciferase

reporter driven by RE/AP was examined, a 50% reduction was observed in PTEN-expressing

cells (Figure 6). The selective inhibition of RE/AP reporters by PTEN suggests that PTEN

specifically influences RE/AP induction. Since the activity of AP-1 was not affected by

PTEN, this effect was likely mediated via the RE element downstream of the CD28 signaling

pathway. This is consistent with the fact that PTEN counters the actions of PI3K, a key

signaling component of the CD28 pathway. Adding to the complexity is the finding that the

PI3K inhibitor LY294002 paradoxically potentiated RE/AP responses to anti-CD28+PMA or
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º
anti-CD3+anti-CD28+PMA stimulation by 2-fold in Jurkat cells (Figure 6). A similar 2.5 1.

phenomenon has been observed by other groups (reviewed in (198)). However, the - 1º .

underlining mechanism for this potentiation is unclear. Interestingly, the effect of LY294002 º
was abolished in the presence of PTEN (Figure 6), further supporting a role of PTEN in

regulating the CD28 pathway leading to RE/AP induction.
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Discussion

In this study, we characterized the function of PTEN in T cell signaling using our

Jurkat stable clones that inducibly express wildtype or phosphatase-inactive PTEN. All the

experiments were performed at a level equivalent to the endogenous level of PTEN in

another human T cell line, Hut78. We found that PTEN reduced the basal level of soluble

inositol phosphates, important second messengers in Jurkat cells. Consistent with this, PTEN

expression also partially inhibited Tec function. The Tec family kinases are postulated to

phosphorylate and activate PLCY1, the enzyme that is responsible to generate these inositol

phosphates. These observations, together with the reduced level of phospholipids and

reduced Akt kinase activity (Chapter 6), indicate that PTEN serves as an important negative

regulator of basal signaling in Jurkat T cells. Following TCR stimulation, PTEN caused a

significant downregulation in Erk activation, a two-fold decrease in CD69 upregulation and a

50% reduction in RE/AP transcriptional response. The effects of PTEN in activated T cells

appeared to be selective since PTEN expression did not change the fold increase in the

amount of phospho-Akt or soluble inositol phosphates. Nor did it change calcium responses,

or NFAT, AP-1 or NF-kB transcriptional activity. Lastly, the above observations were made

in cells expressing wildtype PTEN, but not the phosphatase-inactive G129R mutant,

indicating that the phosphatase activity of PTEN is required for its function.

PTEN's impact on T cell signaling in our stable clones are less profound than those

in Jurkat cells transiently transfected with PTEN (204). Transient overexpression of PTEN

attenuated TCR-stimulated phosphorylation of several proteins, including PLCY1, Erk and

proteins of 21kd, 36kd, 38kd and 40kd. It also caused a 50% decrease in basal NFAT
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activity. We observed no difference in the phosphorylation status of PLCY1, or in the basal or

TCR-induced NFAT activity (data not shown). This differential effect of PTEN is likely due

to transient overexpression versus physiologic level of expression. The importance of

attaining physiologic level of PTEN expression is highlighted by the observation that even

the inactivation of just one PTEN allele has a dramatic impact on lymphocyte survival in

mice (190). The use of inducible stable system also allowed us to investigate the inositol

phosphate and calcium responses, as well as transcriptional activation following TCR

stimulation, which were not addressed in the transient transfection studies.

Both the transient and stable studies have identified a role of PTEN in

downregulating TCR-induced Erk activation. This is consistent with elevated Erk

phosphorylation in response to TCR stimulation in PTEN' T cells (191). Reduced Erk

activation could result from impaired signaling in the Ras pathway since Erk is part of a

signaling cascade downstream of Ras, Ras-MEKK-MEK-Erk (251). PTEN could influence

Ras signaling by altering the localization of Sos and Ras-GAP, both of which contain a PH

domain. However, the modest effect of PTEN on CD69 upregulation would suggest that

impaired Ras signaling may only account for part of the effect on Erk activation. Another

mechanism to activate Erk is via the PI3K. It has been shown that inhibition of PI3K blocks

TCR-induced activation of Erk without affecting upstream enzymes, MEKK and MEK, in

Jurkat cells (255). In this regard, PTEN may diminish Erk activation independent of the Ras

pathway by reducing PtdIns(3,4)P2 and PtdIns(3,4,5)P3 levels. Although Erk

phosphorylation was considerably lower in PTEN-expressing cells following TCR

stimulation, no effect was seen on AP-1 transcriptional activity, an event downstream of Erk.

One explanation is that PTEN only caused a quantitative, not qualitative, difference in Erk
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activation. It is possible that the amount of activated Erk in PTEN-expressing cells was

sufficient to activate transcription. In addition, the AP-1 transcription factor is composed of

heterodimers of Jun and Fos, the activation of which is dependent on all three MAPKs, JNK,

p38 and Erk (256). Therefore, it is also possible that the reduction in Erk activity was

compensated by the other MAPKs.

PI3K is rapidly activated after TCR and/or CD28 stimulation and regulates a variety

of signaling events downstream of TCR and CD28. By dephosphorylating PI3K products,

PTEN is expected to influence multiple signaling pathways and thus have a major impact on

TCR signaling. However, our findings indicate that PTEN only influenced a limited number

of signaling events. There are several possible reasons. First, PTEN is not the only enzyme

that counteracts PI3K. Both SHIP1 and SHIP2 also contribute to the degradation of PI3K

lipid products. It has been reported that Jurkat cells do not express detectable levels of SHIP1

(198). Therefore, restoration of PTEN alone may not be enough to hydrolyze those

phospholipids produced after TCR cross-linking. As a result, only the pathways that are

sensitive to small variations in phospholipid level would be perturbed by PTEN expression.

Second, most of the signaling events regulated by PI3K require an additional signal for

activation (204). For example, the activation of Itk and PLCY1 is dependent on ZAP-70

activation; the activation of PKC is regulated by both the PDK1 kinase and the production of

DAG. In this regard, only a subset of PI3K-dependent pathways would be influenced by

PTEN. Consistent with this, we found no difference in the phosphorylation of Itk and PLCY1,

which may explain the comparable calcium response and NFAT activity in PTEN-positive

versus —negative cells. Third, the activation of Akt is solely dependent on the level of

phospholipids. Lack of an effect on Akt activation fold and its downstream pathways
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including NF-kB induction would suggest that PTEN may be functionally inactivated upon

TCR stimulation. Although the regulation of PTEN in T cells remains largely unknown,

studies in other cell types have revealed that PTEN can be regulated at multiple levels,

including protein expression, stability, post-translational modification, or access to its

substrates (236-243). Lastly, PTEN’s effects may be dependent on the ratio of the strength of

a stimulus to the level of PTEN. Specifically, even though PTEN can counteract insulin and

PDGF signaling through PI3K to Akt under some conditions, it does not in others (164,242,

257). The simplest explanation is that a high magnitude of a stimulus may transiently

overwhelm PTEN action. Therefore, the use of anti-TCR and/or anti-CD28 antibodies in this

study may mask the effect of PTEN on signaling. It is possible that PTEN may have a more

significant impact in vivo where T cells are activated by MHC/peptide complex on antigen

presenting cells.

The Jurkat leukemic T cell line has been central to the study of T cell biology. The

function of a number of key molecules for the effective coupling of TCR to downstream

events, such as Lck, ZAP-70, CD45, LAT and Slp-76, were elucidated by biochemical

characterization of TCR signaling in Jurkat cells (reviewed in (1–4, 258)). However, there are

some discrepancies between studies in nontransformed T cells and Jurkat leukemic cells

regarding the role of PI3K in mediating the actions of CD28 in T cells. Whereas inhibition of

PI3K by its pharmacological inhibitors impair CD28-dependent costimulation of

proliferation and IL-2 production in primary human T cells, it has no effect on, and in some *

cases even potentiates, these processes in Jurkat cells (198). One possible explanation for s —
**

such a discrepancy is the lack of PTEN expression in Jurkat cells, leading to deficiency in º º

phospholipids degradation and the deregulation of the PI3K pathway. In support of this,
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reintroduction of PTEN into Jurkat cells caused a 50% reduction in RE/AP transcriptional

activity, presumably due to the effect of PTEN on the CD28 pathway. Moreover, the

potentiation of RE/AP activity by the PI3K inhibitor LY294002 was abrogated in PTEN

expressing Jurkat cells. Apparently, PTEN-deficiency cannot account for all the differences

between primary T cells and Jurkat leukemic cells. Other factors, for example, lack of

detectable SHIP1 phosphatase, may also contribute.

We have found that PTEN acts as an important regulator of the basal signaling state

in T cells by countering the action of PI3K. Both SHIP1 and SHIP2 can also antagonize

PI3K. However, studies of mice deficient for SHIP1 or SHIP2 suggest that they appears not

to regulate basal PtdIns(3,4,5)P3 level, but rather control the duration and magnitude of

stimulated increases in this lipid (202, 203). Bone marrow-derived mast cells from SHIP1’

mice exhibit similar basal level of cellular PtdIns(3,4,5)P3 and Akt activation to wildtype

cells. Upon IL-3 stimulation, however, cells from SHIP1" mice give a larger and more

prolonged response than wildtype cells in terms of both PtdIns(3,4,5)P3 level and Akt

activation. In contrast, several PTEN null cell types from both tumors and knockout mice

have been demonstrated to have greatly elevated basal levels of PtdIns(3,4,5)P3 (reviewed in

(171)). Therefore, PTEN is likely to be the principal cellular regulator of basal phospholipid

levels in T cells. To test this, Jurkat stable clones that inducibly express SHIP1 or SHIP1 plus

PTEN need to be generated and the basal phospholipid levels need to be measured.

PTEN is capable of dephosphorylating both lipid and protein substrates (165, 169). In

this study, we found that several PI3K-dependent events were influenced by PTEN, such as

Erk activation, Tec function and RE/AP transcriptional activity. Another group has shown

that PTEN overexpression alters the localization and activity of Itk, another Tec family
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kinase that is also known to be regulated by PI3K (204). Moreover, PI3K inhibitors could

mimic the effects of PTEN on Erk activation, RE/AP response and Itk localization (204,

205). These observations demonstrate that PTEN regulates these pathways by acting as a

lipid phosphatase. Since a number of other TCR signaling molecules either possess PH

domains or are modulated by PH domain-containing proteins, it is possible that PTEN may

regulate additional signaling pathways. To address this question, the localization of these

proteins needs to be examined in our stable clones using microscopic and biochemical

methods, including Vav, PKD, PLCY1, various PKC isoforms, PDK1 and Tec family kinases.

On the other hand, PTEN is also a dual-specificity protein phosphatase. Two protein

substrates identified so far are FAK (165) and the adaptor Shc (166), both of which have been

implicated in integrin signaling and cell adhesion. Intriguingly, integrin-mediated adhesion is

also a necessary step in T cell activation, and both FAK and Shc have been reported to be

inducibly phosphorylated at tyrosine residues following TCR stimulation (259, 260). A

homologue of FAK, Pyk2, is tyrosine-phosphorylated by the Fyn kinase upon TCR signaling

(261). It would be interesting to determine whether PTEN plays a role in cell adhesion and

migration by acting on FAK, Pyk2 and Shc in T cells. In addition, many cellular proteins are

either constitutively or inducibly phosphorylated in T cells. It has been noted in a transient

transfection study that PTEN overexpression causes hypophosphorylation of several proteins

(204). Therefore, it is possible that PTEN may directly dephosphorylate proteins in T cell

signaling. In this context, Jurkat stable clones that inducibly express the substrate-trapping

mutant of PTEN (165) needs to be generated for the identification of additional protein

substrates in T cells.
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In conclusion, by using Jurkat stable clones that inducibly express PTEN at a º, 1

physiological level we have established that PTEN is primarily responsible for maintaining "I ºº
basal signaling tone with selective and modest effect on TCR-induced signaling in T cells. 2.9
Characterizing the function of PTEN in T cells would not only contribute to our º

understanding of the role of lipids in signal transduction in the immune system but also shed

light on how to modulate its activity for treatment of autoimmunity and malignancy.
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Materials and Methods

Constructs, antibodies and reagents

The constructs used were: HA-Tec and Myr-Tec (248,262); 3-galactosidase

construct driven by the 3-actin promoter (a kind gift of Dr. M. Karin); NFAT-luc (a kind gift

of G. Crabtree); luciferase reporter driven by AP-1 promoter as described (263); luciferase

reporter driven by NFkB promoter as described (248); luciferase reporter driven by RE/AP

promoter as described (254).

The antibodies and reagents used were: mAb C305 to Jurkat TCRB (245); rabbit

antiserum to Ser473-phosphorylated Akt (Cell Signaling); mAb to total Akt (Transduction

lab); mab 4G10 to phosphotyrosine (Upstate Biotechnology); mAb to O-tubulin (Sigma);

rabbit antiserum to dually phosphorylated Erk (Cell Signaling); mab to total Erk (Sigma);

PE-labeled mAb to CD69 (Becton-Dickinson); rabbit antiserum to Tec (Upstate

Biotechnology); mab to CD28 (Caltag); Doxycycline (Sigma) and LY294002(Calbiochem).

Cells and transfections

Jurkat stable clones that inducibly express WT PTEN or phosphatase-inactive G129R

mutant were maintained in RPMI-1640 supplemented with 10% Tet-system proved fetal calf

serum (Clontech), 2 mM glutamine, penicillin and streptomycin, 2 mg/ml G418 (Life

Technologies) and 300 pg/ml Hygromycin B (Life Technologies). To induce PTEN

expression, stable clones were treated with 1 pg/ml DOX for 24 hours. For transient

transfection, 2x10" cells in the logarithmic-growth phase were resuspended in 400 pil serum

free RPMI 1640. Plasmid DNA was mixed with the cells in a 4-mm gap electroporation
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cuvette and pulsed at 220 V and 960 HF using the Gene Pulser (BioFad Laboratories). The

cells were then transferred to culture flasks and incubated in complete medium for 24 hours

before harvesting.

Cell stimulation, lysis and Western blot analysis

Cells were harvested by centrifugation, washed once in warm PBS and resuspended

in warm PBS at 10° cells/ml. After incubation at 37°C for 20 minutes, cells were either left

unstimulated or stimulated with C305 (1:500 dilution of culture supernatant) for the indicated

duration. Cells were lysed immediately in 4°C lysis buffer (10 mM Tris pH 7.5, 150 mM

NaCl, 1% NP40, 1 mM EDTA, and a cocktail of phosphatase and proteinase inhibitors).

After 20 minutes at 4°C, lysates were prepared by a 15-minute centrifugation at 4°C and

32,000 x g. Whole cell lysates were subjected to electrophoresis on SDS-PAGE, and

transferred to Immobilon-P membrane (Millipore) according to the manufacturer's

instructions. Concentrations for blotting antibodies varied according to the manufacturer's

recommendations. The blots were developed with the ECF system (Amersham Pharmacia

Biotech) and quantitated on Phosphorimager.

Flow cytometry

In brief, cells were stained with saturating concentrations of conjugated primary

antibody. Cells were analyzed on a FACScan (Becton-Dickinson).

Luciferase assay
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Cells were transiently transfected with 20 pig of reporter plasmid and 2pg of 3

galactosidase. 24 hours later, 10° cells were treated in triplicates with the stimulus indicated

at 37°C for 6 hours. Cells were then lysed and luciferase activity was determined using

MicroLumat LB 96P luminometer (EG&G BERTHOLD). 3-galactosidase activity was

measured using the Galacto-Light Reporter Gene Assay System (TROPIX).

Measurement of intracellular calcium

The intracellular free calcium concentration was measured with the calcium-sensitive

dye Indo-1 (Molecular Probes) as described (56). Cells (5 x 10° per ml) were stimulated with

C305 (1:500 dilution of culture supernatant). Ionomycin was added at a final concentration of

1 HM. Calcium mobilization was recorded on Hitachi F4500 Fluorescent Spectrophotometer.

Inositol phosphate assay

Cells were loaded with [H] myo-inositol (Amersham Pharmacia Biotech) at 40

puCi/ml in PBS for 3 h, followed by incubation in RPMI supplemented with 10% fetal calf

serum for 20 h. The cells were either unstimulated or stimulated with C305 (1:500 dilution of

culture supernatant) in the presence of 10 mM LiCl for 20 min. Soluble inositol phosphates

were extracted and measured as described (118).

A

0.15')
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Figure 1: PTEN has no significant effect on Akt activation fold following TCR cross

linking.

Cells from a WT PTEN clone were incubated in the absence (open symbol) or presence

(filled symbol) of DOX for 24 hours and then treated with either anti-TCR antibody for the

time indicated. Whole cell lysates were probed with a rabbit antiserum to Ser473

phosphorylated Akt. The same blot was stripped and reprobed with a mAb to Akt. The bands

were quantitated on Phosphorimager. After normalization against total Akt, the data were

either plotted as the percentage of phospho-Akt in unstimulated PTEN-negative cells (A) or

as the fold increase in the amount of phospho-Akt after stimulation (B). Each of the data

points (A) or columns (B) represents the mean of values from three separate experiments;

~

bars: standard deviation.
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Figure 2: PTEN partially inhibits TCR-induced tyrosine phosphorylation of cellular

proteins.

Cells from a WT PTEN clone were incubated in the absence or presence of DOX for 24

hours and then stimulated with anti-TCR mab C305 (1:1000 dilution) for the time indicated

Whole cell lysates were subject to Western blot analysis. Top: mab 4G10 to

phosphotyrosine. Bottom: mAb to tubulin. The blots are representative of three separate

experiments. Similar results were obtained from another set of independently generated

clones.
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Figure 3: PTEN downregulates TCR-induced Erk phosphorylation and CD69

upregulation.

(A) Cells from a WT PTEN clone were incubated in the absence or presence of DOX for 24

hours and then stimulated with anti-TCR mab C305 (1:1000 dilution) for the time indicated.

Whole cell lysates were subject to Western blot analysis. Top: rabbit antiserum to dually

phosphorylated Erk. Bottom: mAb to total Erk. The blots are representative of three separate

experiments. (B) Cells from a WT PTEN clone were incubated in the absence (dashed line)

or presence (thick line) of DOX for 24 hours and then stimulated with media (green), anti

TCR mAb C305 (1:1000 dilution) (pink) or 50ng/ml PMA (blue) for 14 hours. Cells were

stained with PE-conjugated mab to CD69 and analyzed by flow cytometry. The FACS blot

is representative of three separate experiments. Similar results were obtained from another

set of independently generated clones.
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Figure 4: PTEN reduces the basal level of inositol phosphates.

(A). Cells from a WT PTEN clone were cultured in the absence (open bar) or presence (filled

bar) of DOX for 24 hours, labeled with [H] myo-inositol for 3 hours and incubated for

another 20 hours in the absence of DOX. Cells were then stimulated with anti-TCR mab

C305 (1:1000 dilution) for the time indicated and the amount of soluble inositol phosphates

was measured. The data were either plotted as the amount of H'-radioactivity (left panel) or

as the fold increase in the amount of H'-radioactivity after stimulation (right panel). Each

column represents the mean of values from three separate experiments; bars: standard

deviation. (B). Cells from a WT PTEN clone were cultured in the absence or presence of

DOX for 24 hours. Calcium mobilization was recorded after TCR stimulation (C305 at

1:1000 dilution) (Anti-TCR). All clones had comparable responses to ionomycin (1 puM final

concentration) (Iono). For (A) and (B), similar results were obtained from another set of

independently generated clones.
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Figure 5: PTEN partially inhibits the function of Tec in T cells.

(A) Cells from a WT PTEN clone were cultured in the absence (open bar) or presence (filled

bar) of DOX for 24 hours and then cotransfected with 20 pig NFAT-luc and 2 pg 3-gal

together with vector control or HA-Tec or Myr-Tec at the amount indicated. Cells were

harvested twenty-four hours later and luciferase activity was determined in triplicates. 3-gal

activity was used to normalize the transfection efficiency. Each column represents the mean

of values from triplicates; bars: standard deviation. (B) The expression level of Tec was

determined by immunoblotting with a mab to Tec.

228



15000 [] -DOX

+DOX
10000 Ti i 5 O O O -

alr-ºl
ºn bar of ■ º

ºn ta■ ) 1 pig 5 pig 1 pig 5 pig
- - - - Control

IA-cº-º HA-Tec Myr-Tec

indicated C++

mined intº B

lumn rerº
O -DOX +DOX
ºr levelº"

ission le" HA-Tec Myr-Tec HA-Tec Myr-Tec
control control

1|1g 5pg 11g 5pg 1pug 5pig 111g 5pig

- - - - - - - - - Tec

229



º
*

*
º

s = -
1. * * t

º

.*



C

º

ºt

Figure 6: PTEN partially inhibits RE/AP response induced by TCR and CD28.

Cells from a WT PTEN clone were cultured in the absence (open bar) or presence (filled bar)

of DOX for 24 hours and then cotransfected with 20 pig luciferase reporter driven by RE/AP

promoter and 2 pg 3-gal. Cells were harvested twenty-four hours later and stimulated in

triplicates for six hours with the stimulus indicated: mAb C305 to TCR (1:1000 dilution),

mAb to CD28 (1:200 dilution), 50 ng/ml PMA, 1 puM Ionomycin (Iono), and 10 puM

LY294002 (LY). Cells were then lysed and luciferase activity was determined. 3-gal activity

was used to normalize the transfection efficiency. Each column represents the mean of values

from three separate experiments; bars: standard deviation. Similar results were obtained from

another set of independently generated clones.
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CHAPTER 8

THE FUNCTION AND REGULATION OF PTEN IN T CELL GROWTH AND

SIGNAL TRANSDUCTION AND FUTURE EXPERIMENTS
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Summary

Previous functional and physiological studies have implicated PTEN, a tumor suppressor and

lipid phosphatase, in T cell survival, proliferation and activation. However, how PTEN

influences T cell growth and signaling is unclear. I have chosen the Jurkat leukemic T cell

line as a model system and have generated stable clones of Jurkat expressing PTEN under the

tight control of an inducer. Using the stable clones, I have demonstrated that PTEN

suppresses growth, promotes apoptosis and decreases cell size by negatively regulating the

PI3K/Akt pathway in Jurkat T cells. In addition, I have elucidated that PTEN is an important

negative regulator of the basal signaling state in Jurkat cells. In cells stimulated via TCR

and/or CD28, PTEN has selective and modest effects on signal transduction. These findings

not only reveal the molecular basis for the tumor suppressor PTEN in T cell growth but also

contribute to our understanding of the role of inositol phospholipids in T cell signaling. In

this concluding chapter, I summarize the results presented in Chapters 6 and 7 and discuss

the function of PTEN in T cell growth and signaling. I also discuss other possible functions

of PTEN and the regulation of PTEN in T cells. I conclude with a discussion of future

experiments based on this work.
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The role of PTEN in T cell growth and signaling

Studies of PTEN-deficient mice provide the first evidence that PTEN may play an

important role in the T cell compartment (188-191). The identification of PTEN as a lipid

phosphatase for 3'-phospholipids suggests a mechanism for the effects of PTEN: PTEN may

influence T cell survival and proliferation by negatively regulating the PI3K pathway. This

mechanism has been demonstrated by numerous studies in non-T cell systems. However, the

effect of PTEN on T cell growth and survival, and the underlining mechanism for the effect

has not been characterized. Moreover, by changing the level of 3'-phospholipids, important

second messengers during T cell activation, PTEN could potentially influence many aspects

of T cell signaling. The experiments presented in this thesis were designed to examine the

function and the mechanism of PTEN in T cell growth and signaling.

Jurkat clones that can stably express wildtype PTEN or the phosphatase inactive

mutant G129R in an inducible manner were generated for this study. The effect of PTEN on

T cell growth was tested first. Expression of PTEN at a level equivalent to the endogenous

level in Hut78 T cells potently inhibited the growth and reduced the size of Jurkat cells. The

growth suppressive effect of PTEN was associated with its ability to induce apoptotic cell

death with little or no effect on cell cycle. PTEN also rendered Jurkat cells more susceptible

to apoptosis induced by various stimuli. Mechanistic studies show that PTEN expression

reduced the level of 3'-phosphorylated phospholipids and thus altered the activity and

localization of Akt. More importantly, co-expression of constitutively active Akt reversed the

effects caused by PTEN.

Next, the role of PTEN in T cell signaling was evaluated. To avoid nonspecific effect

by overexpressing this growth suppressor, studies were also performed at a physiologic level
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º

of PTEN expression in Jurkat cells. Reintroduction of PTEN lowered the basal level of º, l
inositol phosphates and partially inhibited the function of the Tec kinase in resting Jurkat T - º

cells, indicating that PTEN serves as an important negative regulator of basal signaling. In º
Jurkat cells stimulated with TCR and/or CD28, PTEN significantly downregulated Erk sº

activation, and modestly reduced CD69 upregulation and RE/AP transcriptional response.

The effects of PTEN in activated T cells appeared to be selective since PTEN expression did

not change Akt activation fold, inositol phosphate generation, calcium responses, or NFAT,

AP-1 or NF-kB transcriptional activity.

Several lines of evidence suggest that PTEN exerts its function by inhibiting the

PI3K/Akt pathway in Jurkat cells. First, PTEN influenced cell growth and survival, Erk

activation, Tec function and RE/AP transcriptional activity, all of which are known to be

dependent on PI3K activity in T cells. Second, the PI3K inhibitor LY294002 could mimic the

effects of PTEN on growth, viability, size control and basal Akt phosphorylation. Other

studies also found that PI3K inhibitors and PTEN overexpression had a similar effect on Erk

activation and Itk localization (204, 205). Lastly, a constitutively active form of Akt

efficiently countered the action of PTEN. Collectively, these observations demonstrate that

PTEN regulates T cell growth and signaling by acting as a lipid phosphatase.

Tight control of expression and no adaptation/compensation during the generation of (s

clones are two key features of our inducible stable system. These clones provide a powerful

system to study PTEN, a tumor suppressor, in a null background in a T cell line. Two ** s

important and novel findings were made using these inducible clones, the first of which was sº s cº

the effect of PTEN on cell size. It has been reported that PTEN controls cell size in º *

Drosophila and in mouse brain (217-222). However, such a phenomenon has not been * . Li
a
º
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º
observed in human tumor cell lines that are deficient for PTEN because of the limitation of 2, tº

the transient and/or stable transfection method. Intriguingly, it has been shown that naïve T → *
~,

cells undergo progressive atrophy characterized by decreased cell size and metabolic rate, 2 . -

and subsequently apoptosis under conditions of excess T cells, growth factor limitation, and

nutrient depletion (235). This process, known as death-by-neglect, is an integral part of

peripheral T cell homeostasis. It is possible that constitutively expressed PTEN in naïve T

cells may regulate cell size during death-by-neglect, thereby contributing to the maintenance

of T cell homeostasis. In addition, changes in cell size also occur during thymocyte

maturation and immune responses. For example, one of the most obvious changes following

T cell activation is an increase in cell size. Some of the activated cells later become memory

cells accompanied by a decrease in cell size. It would be interesting to investigate whether

PTEN participates in cell size control during T cell development and activation.

The second key finding in this study is the important role of PTEN in maintaining the

basal signaling state in T cells. The use of inducible stable clones allows the characterization

of more-distal signaling events, such as inositol phosphate level and transcriptional

activation, which can’t be assessed in transient transfection. By investigating many aspects of

T cell signaling, PTEN is established as an important negative regulator of signal

transduction in the resting stage. It keeps 3'-phospholipid level low and thus ensures the

proper function of various PI3K targets, for example, the normal distribution of PH domain

containing proteins such as Akt. This function is likely to be unique to PTEN because the Y S
&

other two PI3K-antagonizing phosphatases, SHIP1 and SHIP2, do not appear to regulate the s —

basal level of PtdIns(3,4,5)P3 (202, 203). Interestingly, despite its key role in unstimulated º º

cells, restoration of PTEN does not globally or dramatically perturb signal transduction upon . . . .
º r.

T 4

º
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TCR stimulation. This is in agreement with the studies of PI3K in Jurkat cells. It has been

reported that overexpression of a constitutively active or a dominant negative form of PI3K

in Jurkat cells alters TCR- induced gene expression in a specific manner, rather than by

generally disrupting TCR responses and operating as a simple “off signal” for the TCR (264).

Moreover, these findings also address the concerns of using the Jurkat leukemic line as a cell

model for TCR signaling, which is raised based on its deficiency in PTEN and consequently

the constitutive activation of PI3K-mediated signaling pathways (198). Since physiological

level of PTEN expression only modestly and selectively influences TCR signal transduction,

Jurkat cells will continue to be a valuable tool to dissect signaling events downstream of the

TCR.

Other possible functions of PTEN in T cells

By dephosphorylating PtdIns(3,4)P2 and PtdIns(3,4,5)P3, PTEN can antagonize PI3K

and exert a profound effect on a wide array of physiological functions (Figure 1). Recent

work in non-T cell systems has established a role of PTEN in other aspects of cell

physiology, including cell adhesion, migration, invasion, differentiation, angiogenesis and

chemotaxis (171). Adhesion, migration and chemotaxis are also important processes for T

cells. Therefore, it is possible that PTEN has other functions in T cells. For example, the

actin cytoskeleton in T cells is controlled by the activity of Rho family small GTPases and at º
". . . . )

least two of them, Rac1 and RhoA, are regulated by PI3K (265). It has been shown that ■ º

activation of PI3K alone is sufficient to induce Rac- and Rho-mediated dynamic sº
-

-

reorganization of the actin cytoskeleton (198). Moreover, recent studies in PTEN-null mouse sº ■ º

fibroblasts have linked the lipid phosphatase activity of PTEN to cell mobility via its effect , L i.
nº ".

º, º
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on Rac1 and Cdc42 (168). Thus, PTEN may inhibit T cell adhesion and migration by

regulating the actin cytoskeleton. Reorganization of actin cytoskeleton is also a critical step

in TCR signaling. The GEF Vav has been implicated in this process via its effect on Rac

(266). Vav itself can be regulated by PTEN through its PH domain. It would be interesting to

determine whether PTEN affects Vav function and cytoskeleton reorganization following

TCR stimulation (Figure 1).

Another mechanism by which PTEN inhibits adhesion and migration relates to its

protein substrates FAK and Shc, two critical components in integrin signaling machinery

(165, 166). Moreover, FAK and its homologue, Pyk2, have been reported to be inducibly

tyrosine-phosphorylated and associate with Lck and Fyn, respectively, following TCR

stimulation (260, 261), suggesting that they may play a role in signaling cascades initiated

through the TCR. Shc is also phosphorylated on tyrosine residues upon TCR signaling (259).

Therefore, it is possible that in addition to cell adhesion, these molecules may regulate T cell

activation as well. By dephosphorylating FAK, Shc and possibly Pyk2, PTEN could control

T cell adhesion and activation (Figure 1).

The role of PI3K and PTEN in chemotaxis has been an area of burgeoning interest

recently. Studies in Dictyostelium have demonstrated that spatial and temporal regulation of

3'-phospholipids by PI3K and PTEN mediates chemotaxis (267,268). In the immune system,

chemotaxis in response to specific chemokines is critical to the normal development and

appropriate homing of lymphoid cells. Chemokines are also emerging as key molecules in y sº
&

immune and inflammatory responses, hemopoiesis, and HIV infection. Two lines of evidence S (-

suggest that a similar mechanism involving PI3K and PTEN is used by immune cells to º º
*

control chemotaxis. First, a T- and B-cell chemokine, stromal cell-derived factor-1 (SDF-1), , L
º,

T ** ".
~ s:*
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activates PI3K and causes accumulation of PtdIns(3,4,5)P3 in Jurkat cells (269). Second,

primary B cells from PTEN” mice exhibit increased responsiveness to SDF-1-induced

chemotaxis, which is correlated with an elevated level of Akt phosphorylation (270). To

address whether PTEN has a similar effect on T cell chemotaxis, our inducible stable clones

can be treated with SDF-1 and chemotaxis can be measured. Using Jurkat cells would greatly

facilitate identification of the molecules involved in chemokine signaling. The findings made

in Jurkat cells can be verified by genetic manipulation in mice.

Regulatory mechanisms for PTEN

Given the critical role of PTEN in antagonizing PI3K signaling pathways, it is

expected that PTEN would be a target of complex control mechanisms. In fact, several

findings have suggested that the activity of PTEN is regulated during cellular responses. As

shown in Chapter 6 and 7, induction of PTEN in Jurkat cells reduced the basal Akt activity.

However, it has no significant effect on Akt activation induced by TCR cross-linking.

Similarly, in glioblastoma cells PTEN prevents basal activation of Akt, yet in PTEN’ cells,

growth factors such as PDGF or insulin remain able to activate Akt via a PI3K-dependent

pathway (164). Evidence is now emerging for the functional regulation of PTEN through

effects on protein expression, localization, phosphorylation and protein stability.

Changes in PTEN level have been observed during embryonic development (188,

271), during menstrual cycle in epithelial and stromal components of the endometrium (272),

as well as in response to some pharmacological agents. Alterations in PTEN levels have also

been implicated in rheumatoid arthritis and tumor-induced angiogenesis (273, 274). In

addition, evidence from breast, prostate, thyroid, pancreatic and hematopoietic tumors
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suggests that PTEN expression can be lost or greatly reduced in some tumors without

mutation of the coding sequence of the PTEN gene (reviewed in (171)). However, relatively

little is known about mechanisms that regulate PTEN expression due in part to the poor

characterization of the PTEN promoter. For example, PTEN mRNA is rapidly downregulated

upon TGFB treatment in a human keratinocyte cell line (160), although its biological

significance is unclear. Induction of p53 in primary cells and transformed cells with wildtype

p53 leads to an increase in PTEN mRNA level. The functional consequence of this

upregulation is suggested by the fact that PTEN is required for p53-mediated apoptosis in

immortalized mouse embryonic fibroblasts (236). Very recently, it has been reported that

agonists of the peroxisome proliferator-activated receptor Y (PPARY) can directly modulate

transcription of the PTEN gene leading to increased mRNA, PTEN protein and lipid

phosphatase activity in both macrophages and Caco-2 tumor cells (275). Upregulation of

PTEN may represent a mechanism by which PPARYagonists exert their anti-inflammatory

and anticancer actions.

PTEN appears to be largely cytosolic in most cell types analyzed (165, 206, 210).

Since its principal substrate is membrane phospholipids, significant effort has been made in

elucidating how PTEN becomes membrane associated and/or incorporated in signaling

complexes assembled at membrane loci. The C2 domain that binds to the membrane

phospholipids in vitro has been implicated in stabilizing the protein and productively

positioning the catalytic site with respect to the membrane-bound phosphoinositide substrates

(237). Consistent with this, mutations in this domain have been shown to reduce the tumor

suppressive activity of PTEN without interfering with its phosphatase activity (170). The

subcellular localization of PTEN could also be altered by its interaction with other proteins.
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In fact, several PDZ-domain proteins have been identified to interact with PTEN via its C

terminal consensus PDZ binding site (240-242). These include the membrane-associated

guanylate kinases with inverted orientation (MAGI) proteins 1, 2, and 3, disc large (DLG),

and microtubule-associated serine/threonine kinase of 205kd (MAST205). MAGI-2 and –3,

located in epithelial cell tight junction, has been reported to enhance the effect of a limited

amount of PTEN on Akt activation (240, 241). Conversely, disrupting targeting of PTEN to

PDZ-domain proteins selectively blocks some PTEN functions (276). However, it should be

noted that an interaction between endogenous proteins has only been demonstrated between

PTEN and MAGI-2. Lastly, it has been reported that in some cell types PTEN can be found

in the nucleus (271, 277). The role of nuclear PTEN remains unclear because there is no

strong evidence for the existence of 3'-phospholipids in the nucleus. It is possible that PTEN

may have functions other than dephosphorylating lipids, or that the protein is functionally

inactivated by sequestration in the nucleus away from its substrates. Interestingly, there is a

decrease in nuclear pool and a concomitant increase in cytosolic pool of PTEN in follicular

thyroid tumors (271).

Deletion of the C-terminal 50 amino acids in PTEN results in a hyperactive but less

stable protein, indicating that this region contributes to protein stability and potential

negative regulation of PTEN (239, 276, 278). Indeed, in vivo labeling and mutational studies

have indicated that endogenous PTEN is constitutively phosphorylated at serine and

threonine residues in the C-terminal tail. CK2 has been proposed as the responsible kinase

based largely on in vitro data, although this needs to be confirmed in vivo (239). Analysis of

the functional consequences of phosphorylation has revealed that it contributes to protein

stability to proteasome-mediated degradation (239, 276, 278). Phosphorylation of these
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residues has also been suggested to act as an inhibitory switch to prevent the recruitment of

PTEN into a protein complex and the binding of PTEN to PDZ-domain proteins (238,243).

Nevertheless, it is important to point out that currently there is no evidence for conditions

that regulate the degree of phosphorylation of PTEN. Hence, the functional significance of

these observations remains elusive. The protein phosphatase(s) that are responsible for

dephosphorylation also needs to be identified since PTEN appears to be constitutively

phosphorylated in cells.

Future experiments to characterize the function of PTEN in T cells

Our findings in Chapter 6 have established that PTEN regulates survival, proliferation

and cell size by inhibiting the PI3K/Akt pathway in Jurkat cells. However, the detailed

molecular basis of how PTEN might function is largely unknown. Intriguingly, the growth

inhibition and reduced cell size caused by PTEN in Jurkat cells are remarkably similar to the

effects of induced ectopic expression of the Lung Kruppel-like Transcription Factor (LKLF)

(279). LKLF is a member of the Kruppel-like factor (KLF) family of zinc-finger transcription

factors. Members of this family regulate the terminal differentiation of multiple cell lineages

(280). Analyses of LKLF-deficient mice and LKLF-reconstituted Jurkat cells have

demonstrated that this molecule is both necessary and sufficient to program the quiescent

phenotype in T cells (279, 281). To test whether the effect of PTEN on Jurkat cells is

mediated by LKLF, we checked the expression of LKLF when PTEN was induced in our

stable clones. We failed to detect LKLF at the mRNA or protein level up to 72 hours after

PTEN induction even though growth inhibition was quite obvious at this point. Nevertheless,

it is possible that another KLF family member(s) is downstream of PTEN in T cells. To test
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this, the expression of other KLF members or T cell quiescent factors needs to be determined

before and after PTEN induction in Jurkat cells. Other likely downstream effectors of PTEN

include S6K1 for cell size control (233,234), 3-catenin and T cell factor (Tcf) for growth

suppression (178), and BAD (174) and FKHR transcription factors for cell death (177)

(Figure 1). Each of these molecules needs to be examined in Jurkat stable clones that

inducibly express PTEN to determine whether their function is modified by PTEN and

whether they mediate the effects of PTEN in T cells.

Another important cellular process that is subject to PTEN regulation is T cell

homeostasis. Induction of PTEN increases the susceptibility of Jurkat cells to apoptosis

induced by anti-Fas, anti-TCR and growth factor withdrawal. Conversely, PTEN' T cells

show increased resistance to apoptosis induced by these stimuli (191). Splenic T cells from

PTEN" mice also display an impaired Fas response to anti-Fas and anti-CD3 treatment

(190). Therefore, PTEN acts as an important regulator of T cell homeostasis by controlling

both death-by-neglect and death-by-instruction processes. However, the exact role of PTEN

in these two processes remains to be elucidated. Studies performed in prostate cancer cells

have found that PTEN promotes Fas-mediated apoptosis by facilitating caspase-8 activation

and BID cleavage through a FADD-dependent pathway (282). PTEN also suppresses Bcl-2

expression and consequently induces chemosensitivity in prostate cancer cells (283). It would

be interesting to investigate whether PTEN utilizes similar mechanisms in T cells to

modulate cell death. For this purpose, PTEN can be induced in Jurkat stable clones and its

effect on caspase 8, BID and Bcl-2 can be determined. To examine the involvement of

FADD in this process, a dominant negative form of FADD can be transfected into these

stable clones and analyzed for its ability to block PTEN-mediated apoptosis.
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Given the pleiotropic roles of PI3K lipid products in a variety of cellular responses,

the lipid phosphatase PTEN is expected to influence multiple pathways in T cells. For

example, PTEN has been implicated in integrin and chemokine signaling pathways in T cells

(see above). Studies from non-T cell lines have also suggested that PTEN regulates NF-kB

activation in response to cytokines, tumor necrosis factors and growth factors (284-287). NF

kB is an important transcription factor in T cells and its activity can be induced by Akt (248,

288), suggesting that it may be a target of PTEN in T cells. In addition, PTEN may also act

as protein phosphatase to modulate cellular processes. To identify all the potential

downstream effectors of PTEN in Jurkat cells, a genome-wide analysis may be necessary.

For this purpose, cDNA microarray technique can be used to profile gene changes after

PTEN expression in our inducible stable clones. Similar analyses in endometrial and lung

cancer cell lines have identified genes that are known to be involved in cell growth,

differentiation and cell cycle control as well as those whose correlation with cancer

development has not been recognized before (289-292). The differential expression of

candidate genes in PTEN-reconstituted Jurkat cells can be verified at the RNA level by

Northern blot and at the protein level by Western blot and flow cytometry analysis. These

candidates can then be tested individually for their possible role in PTEN-dependent effects.

A number of TCR and CD28 signaling molecules contain PH domains, the

localization of which is controlled by membrane phospholipid level and in turn by the

activity of PTEN. These include Akt, Vav, SOS, RAS-GAP, PKD, PLCY1, various PKC

isoforms, PDK1 and Tec family kinases (Figure 1). Using our inducible stable clones, it has

been shown that constitutive localization of Akt to plasma membrane in Jurkat cells is

reversed by PTEN expression, accompanied by a decrease in basal Akt activity. Similarly,
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transient overexpression of PTEN in Jurkat cells results in redistribution of Itk from

membrane to cytosol, although the kinase activity of Itk remains unchanged (204). It is likely

that the localization and possibly the function of other PH domain-containing proteins is also

subject to PTEN modulation. To test this, PTEN can be induced in our stable clones and the

localization of these proteins can be examined by biochemical fractionation followed by

immunoblotting and/or intracellular staining with specific antibodies followed by fluorescent

microscopy. Redistribution of these proteins in the presence of PTEN can be further

characterized for functional consequences. In addition, it is known that TCR and/or CD28

stimulation leads to accumulation of PtdIns(3,4)P2 and PtdIns(3,4,5)P3 at the membrane.

Therefore, it would be interesting to determine whether these proteins translocate to

membrane upon stimulation and whether PTEN has an impact on this process. The above

experiment would not only enhance our understanding of TCR/CD28 signal transduction but

also help identify additional targets of PTEN in T cells.

PTEN is also a protein phosphatase and studies from non-T cell lines have identified

two protein substrates, FAK and Shc (165, 166). Interestingly, both FAK and Shc are

inducibly tyrosine phosphorylated after TCR cross-linking, suggesting that they are potential

substrates of PTEN in T cells (259,260). This question can be addressed by comparing the

level of phospho-FAK and phospho-Shc in response to TCR stimulation in PTEN-positive

versus-negative Jurkat cells. Direct dephosphorylation of these two proteins by PTEN can be

determined using an in-blot phosphatase assay (165). Similar experiments can be performed

to test whether Pyk2, a FAK homologue that is also inducibly phosphorylated following TCR

stimulation (261), is a substrate of PTEN. To identify other possible protein substrates, Jurkat

stable clones that inducibly express a substrate-trapping construct of PTEN, D92A (165),
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could be generated. This trapping approach can be validated by the co-immunoprecipitation

of known substrates with the D92A mutant. Next, phosphoproteins that associate with D92A

PTEN during immunoprecipitation can be isolated and each candidate can be further tested

for their phosphorylation status in the absence or presence of wildtype PTEN in Jurkat cells

and their direct dephosphorylation by PTEN. Finally, the functional consequence of such

dephosphorylation needs to be characterized for all protein substrates of PTEN.

As discussed above, PTEN itself is subject to tight regulation via multiple

mechanisms, including protein expression, stability, localization, phosphorylation and

interaction with other proteins. Our results, together with genetic analyses of PTEN-deficient

mice, suggest that regulation of PTEN function would be critical to T cell homeostasis and

signaling. To explore the regulatory mechanisms of PTEN in T cells, PTEN expression can

be induced in our stable clones to a level equivalent to the endogenous level in Hut78 T cells.

Cells can then be treated for different periods of time with or without stimuli: anti-TCR and

anti-CD28 antibodies, pharmacological reagents such as PMA and ionomycin, and their

combinations. Cells can also be stimulated with superantigen presented by APC to mimic the

in vivo situation. At each time point, an aliquot of cells can be examined for the effect of T

cell stimulation on various aspects of PTEN. PTEN expression can be assayed by

immunoblotting. Its stability can be evaluated by western blotting in cyclohexamide-treated

cells. The lipid phosphatase activity of PTEN can be assessed by immunoprecipitating PTEN

and performing in vitro phosphatase assay. The localization of PTEN can be determined by

biochemical and microscopic approaches. The phosphorylation of PTEN can be

characterized by [*P]orthophosphate labeling and peptide mapping. Finally, PTEN binding

partners can be revealed by isolating proteins associated with PTEN during
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immunoprecipitation followed by amino acid sequence analysis and database search. For

novel proteins, degenerate oligonucleotide primers corresponding to the amino acid sequence

can be used to identify cDNAs by PCR from a Jurkat cDNA library.

Conclusion

The results presented in Part II of this thesis demonstrated that by dephosphorylating

PtdIns(3,4)P2 and PtdIns(3,4,5)P3, two key second messengers in a vast array of biological

responses, the tumor suppressor PTEN is emerging as an essential regulator of growth, death,

cell size and basal signaling in T cells. Many aspects of PTEN function in T cells await

further clarification. Future experimentation should focus on characterization of the diverse

signaling networks modulated by PTEN, as well as the regulation of PTEN concentration,

enzymatic activity and coordination with other phosphatases in T cells. Addressing these

exciting open questions should greatly enhance our understanding of the biology of

malignancy and autoimmunity, and eventually provide the basis for novel and more specific

strategies for treatment of cancer and autoimmune disorder.
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Figure 1: Multiple pathways regulated by PTEN in T cells.

By dephosphorylating PtdIns(3,4)P2 and PtdIns(3,4,5)P3, PTEN can antagonize PI3K and

exerts a profound effect on a wide variety of physiological processes. PTEN can regulate the

activation of Akt and PDK1 via their PH domains, which in turn controls cell survival via

BAD, cell cycle via FKHR and possibly cell size via S6K1. Other signaling proteins, Tec

family kinases and PLCY1 and Vav also contain PH domains and thus can be modulated by

PTEN. The various isoforms of PKC do not possess PH domain but are all phosphorylated on

their activation loop by PDK1. Likewise, Ras does not contain a PH domain, but it is subject

to regulation by SOS and Ras-GAP, which both contain PH domains. PTEN may also

directly dephosphorylate protein substrates FAK and Shc, thereby regulating cell adhesion

and migration.
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