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The Regulation of Cytokine Receptor Signal Transduction by Oligomerization

Kathleen D. Liu

ABSTRACT

Signaling through cytokine receptors requires the homo- or hetero

oligomerization of receptor chains. This project focused on the family of receptors that

use Ye as a model system for heterodimeric receptor signaling, including the receptors

for interleukin (IL) -2, -4, -7, -9 and -15. In addition, we used the erythropoietin

receptor (EPOR) as a prototypical homodimeric receptor. Our initial experiments

mapped IL-2 receptor determinants required for growth signaling. We demonstrated

that the variable amino acids between Box 1 and Box 2 (the V-Box) play a critical role

in receptor activation. One of the earliest signaling events following receptor

oligomerization is the activation of JAK kinases; the Ye-containing receptors activate

JAK1 and JAK3. We determined that JAK3, in contrast to the three other members of

the JAK family, does not require conserved activation loop tyrosines for catalytic

function. We subsequently examined the JAK requirements of the Ye-containing

receptors using a reconstitution system in a cell line that lacks endogenous JAK1 and

JAK3. All four of the examined Ye-containing receptors (IL-2R, -4R, -7R and -9R)

required the catalytic function of both JAK1 and JAK3 for STAT activation. In

addition, we characterized the receptor configurations and JAK requirements of a Ye

independent form of the IL-4R and of the IL-13R. In further studies, we demonstrated

that JAK activation, but not PI3K or MAPK induction, is critical for IL-2-induced

mitogenesis. In studies of the ligand-binding specificity of murine and human IL-2R

complexes, we mapped specificity determinants to the IL-2Ro chain within the

heterotrimeric receptor complex. Based on studies in which the EPOR cytoplasmic

domain can replace the equivalent portion of Ye, our laboratory has proposed the trigger

driver model of cytokine receptor signaling. We have now demonstrated that this
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model also applies to the homodimeric EPOR. Finally, we demonstrated that ligand

induced dimerization of receptor chains is insufficient to initiate signaling. Taken

together, these studies define further the role of oligomerization in the initiation of

signal transduction by cytokine receptors.
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Chapter 1

Introduction



I. Overview

In any multicellular organism, communication between cells is essential for an

efficient, integrated response to a given stimulus. The cytokines are a family of small

secreted polypeptides that play a critical role in the coordination of a number of biologic

processes, including hematopoiesis, somatic growth and immune regulation (reviewed

in (1; 2)). The phenotypes of individuals with gene defects in molecules specifically

involved in cytokine-mediated signal transduction highlight the importance of these

signaling pathways in the development and maintenance of several organ systems. For

example, failure to express the common gamma (Ye) receptor chain results in X-linked

severe combined immunodeficiency, a disease state characterized by a lack of cell

mediated and humoral immune responses (for a more detailed description, see section V

and (3; 4)). This disease results from developmental defects that are attributable to a

lack of signal transduction through the cytokine receptors that use this receptor chain.

Nonetheless, our understanding of the biological role of cytokines in vivo is still limited.

For example, although interleukin-2 (IL-2) was initially identified as a T cell growth

factor (5; 6), animals with a targeted deletion of the gene encoding this cytokine retain

relatively normal immune development and responses but develop an autoimmune

ulcerative colitis-like disease (7-9).

The role of cytokine receptors in immune system function is also highlighted by

an autosomal recessive disease known as severe congenital neutropenia; some patients

with this disease express truncated granulocyte colony-stimulating factor (G-CSF)

receptors (10). Finally, the critical role of cytokines in normal development is

demonstrated by the gp130 family of receptors. For example, constitutive activation of

signaling through these receptors apparently results in cardiac hypertrophy (11; 12). In

addition, animals homozygous for a targeted deletion of gp130 have an embryonic

lethal phenotype (13). Thus, although these molecules clearly play an important role in



vivo, the precise effects of each cytokine and its receptorin vivo remain somewhat

unclear.

Cytokines mediate these biologic effects by binding to cell surface receptors on

target cells. Ligand binding to the extracellular domain promotes the multimerization

of receptor subunits, which drives the assembly of large multiprotein signaling

complexes inside the cell (reviewed in (14)). The mechanics of how these extracellular

signals are translated into intracellular signaling via the receptor complexes remain

unclear and are a focus of this thesis.

In many cases, intracellular signaling commences with the tyrosine

phosphorylation of a number of cellular proteins (15; 16). In turn, these proximal

phosphorylation events lead to the activation of transcription factors. The resulting

changes in gene expression are responsible for the ultimate effects of the cytokine upon

the target cell, which can vary from growth to differentiation to apoptosis. In general,

cytokine receptors activate a number of shared signaling pathways. Nonetheless, these

receptors specifically engage differential programs of signal transduction. A single cell

often expresses multiple receptor types on its surface, yet engagement of these different

receptors leads to different cellular outcomes. It is unclear how this specificity is

accomplished. Moreover, two cytokines may have differential requirements for a single

pathway with regard to a shared outcome, such as mitogenesis. Another major goal of

this project therefore was to clarify the requirements for known signaling pathways with

regards to cellular proliferation.

These studies focused in particular on interleukin-2 (IL-2), IL-4, IL-7, IL-9, IL

13 and erythropoietin (EPO)-coupled signal transduction. The IL-2R serves as a

prototypical heterodimeric receptor since signaling through this receptor is

accomplished through the dimerization of the IL-2RB chain with Ye. In contrast, the

EPOR is a model system for the study of structure/function relationships within

homodimeric receptors.



II. Families of Cytokines and Cytokine Receptors

The term "cytokine" encompasses several families of molecules that differ in

both structure and function (17). In contrast to hormones, which are usually produced

by a single tissue, cytokines are produced by multiple cell types. In addition, hormones

often traffic through the systemic circulation system and travel relatively long distances

to reach a target tissue. In general, cytokines act as paracrine (on nearby cells) or

autocrine (on the cell itself) factors to regulate downstream effects. At a mininum, the

cytokines encompass the hematopoietic cytokines, the chemokines, and the

transforming growth factor (TGF)-3 family. The inclusion of growth factors (such as

platelet derived growth factor and epidermal growth factor) in this family remains

controversial (17). IL-2, IL-4, IL-7, IL-9, IL-13, and EPO are all members of the

hematopoietic cytokine family. Based on the crystal structures of growth hormone (18)

and IL-2 (19; 20) as well as extensive modeling studies of other members of this family,

hematopoietic cytokines are thought to have a common tertiary structure, in which four

antiparallel alpha helices are connected by loops of varying lengths (21). Although the

majority of such helical bundle cytokines are monomeric (eg, IL-2, IL-4, IL-7, IL-9, IL

13 and EPO); a few cytokines (such as IL-12, (22)) function as dimers (2).

Cytokines induce their biologic effects by binding to receptors on the surface of

target cells. These receptors vary considerably in structure. While some receptor

chains, such as TGF-BR, contain intrinsic kinase domains (23), others lack Such

domains and initiate downstream phosphorylation events through the activation of

constitutively associated kinases (16). In both of these cases, the initiation of signal

transduction requires the multimerization of receptor subunits. In contrast, the

chemokine receptors are classic seven transmembrane domain proteins that couple to G



proteins, and for which the mechanism of activation is poorly understood (reviewed in

(24)).

IL-2, IL-4, IL-7, IL-9, IL-13 and EPOR all use receptors that are members of the

cytokine receptor superfamily based on conserved structural elements (25). These

receptors are type I integral membrane proteins, and as such the N-terminus of the

receptor chain is extracellular, and the C-terminus is cytoplasmic. The cytokine receptor

superfamily is further divided into Class I and Class II receptors based on canonical

motifs that define each subtype. The Class I receptor subunits are defined by the

presence of two extracellular motifs: a conserved tetrad of cysteines with a defined

spacing, and a Trp-Ser-X-Trp-Ser motif adjacent to the transmembrane domain (25).

Class I receptors include the receptors for IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-13,

GM-CSF and EPO. The receptors for IFN-Y and TNF are Class II receptors and as such

contain two pairs of conserved cysteines at the N- and C-terminal ends of the

extracellular domain. Both Class I and Class II receptors lack intrinsic kinase domains

and are constitutively associated with specific cytoplasmic tyrosine kinases that are

critical for signaling through these receptor complexes (15; 26).

EPO, growth hormone (GH), prolactin (PRL), thrombopoietin (TPO), and

granulocyte colony stimulating factor (G-CSF) all apparently use homodimeric

receptors ((27-35); reviewed in (36); see Figure 1). Structural studies of the growth

hormone extracellular domain complexed with ligand revealed that two receptor

molecules are dimerized asymmetrically by a monomeric ligand (18); additional

biophysical studies corroborate these findings (29; 31). Likewise, it has been shown by

biochemical and structural methods that the extracellular domains of G-CSFR (37),

PRLR (38) and EPOR (39) are dimerized by a monomeric cytokine.

In contrast, IL-2, IL-4, IL-7, IL-9 and IL-13 all engage heteromeric receptor

complexes to accomplish downstream signal transduction. An important theme of these

heteromeric receptors is the sharing of common subunits. For example, the IL-2, IL-4,



IL-7, IL-9, and IL-15 receptors all represent the pairing of a distinct receptor subunit

with the shared or common Ye receptor chain (40–45). As described in Chapter 6, we

have examined the relative contribution of each of the receptor chains within a signaling

complex to the specific program initiated by each ligand. Interestingly, both the IL-2

and IL-15 receptors pair the same B chain with Ye (45; 46); further specificity seems to

be achieved through the use of a third receptor chain. These chains, IL-2Ro and IL

15Ro respectively, are the sole members of a distinct receptor family (47; 48). The

cytoplasmic tails of these receptor chains are very short (less than 37 amino acids) and

have been shown to be dispensable for IL-2 (49) and IL-15 (50) -mediated signaling.

Rather, the primary role of these chains is to facilitate receptor complex assembly at

low concentrations of ligand. In both cases, the critical determinant of signaling

appears to be heterodimerization of IL-2RB and Ye, and it is unclear if there are any

differences in the signaling programs initiated between these two ligands. Rather, these

two cytokines may play distinct physiological roles; it appears that IL-2 may play a

critical role in thymocyte development and activation, whereas IL-15 is required for the

proper development of extrathymic T lymphocytes and natural killer (NK) cells

(reviewed in (51)).

Although the precise configurations of the IL-4R and IL-13R in vivo remain

controversial, all configurations of each receptor appear to utilize the IL-4Ro alone or in

combination with other receptor chains. The classic, or Type I IL-4R, is composed of

IL-4Ro and Ye (52). However, following the cloning and initial characterization of Yc, it

became clear that functional IL-4R that lack Ye are expressed on the surface of some cell

types. Some Epstein-Barr virus (EBV) transformed B cell lines derived from patients

with X-SCID (who fail to express Ye) are demonstrably IL-4 responsive (53-55).

Futhermore, a number of non-lymphocyte cell lines contain receptors for IL-4 yet fail to

express Ye (52; 56; 57). Chapters 4 and 5 describe further characterization of two

1 S. Y. Lai, K. D. Liu, and M. A. Goldsmith, unpublished observations.



potential Ye-independent IL-4R complexes. In the case of the IL-13R, it appears that IL

4Ro pairs with additional receptor chains to mediate IL-13 signaling (58; 59).

Significantly, two IL-13 binding chains have been cloned (60-62). However, the

relative functional roles of these two chains in IL-13 signaling remain unclear; an initial

characterization is described in Chapter 5.

Finally, two other families of receptors also share common subunits. First, the

IL-3, IL-5 and granulocyte macrophage colony stimulating factor (GM-CSF) receptors

all pair a specific receptor subunit (IL-3Ro, IL-5Ro and GM-CSFRo, respectively) with

the common B (Bc) chain (63-69) (for a review, see (70; 71)). Second, the gp130 family

of receptors (72; 73) combine gp130 with a second receptor chain to accomplish

signaling (reviewed in (74)). These include the receptors for IL-6, IL-11, ciliary

neurotropic factor (CNTF), leukemia inhibitory factor (LIF), and oncostatin M (OSM).

In the case of both the IL-6Ro (75; 76) and CNTFRO. chains, soluble forms of these

receptor chains can replace membrane bound forms, suggesting that IL-6- and CNTF

mediated signaling does not require any signaling contributions from these receptor

chains. Rather, like the IL-2Ro and IL-15Ro chains, these subunits apparently are

critical for high affinity ligand binding. Interestingly, LIF and OSM also share two

receptor components. In this case, the two ligands appear to bind and assemble the

receptor complex differentially (77; 78). Whereas LIF first binds to the LIFRO, and then

to gp130 and OSM binds to gp130 and subsequently to LIFRO, the final outcome in

both cases is a gp130/LIFRO. heterodimer. This mechanism contrasts with the IL

2R/IL-15R system, where additional subunits are required to dictate receptor specificity.

III. Signal Transduction Through Cytokine Receptors

Two general characteristics of cytokines are that they are both pleiotropic and

redundant in their functions (reviewed in (14)). Most cytokines exert effects on many

different cell types (pleiotropy); for example, IL-2 can act on T and B lymphocytes as



well as on NK cells (79). In addition, many different cytokines can induce similar

effects on a given target cell (redundancy). Both IL-2 (80) and IL-4 (81) can stimulate

the expression of the IL-2RB chain on B lymphocytes. An important goal of these

studies therefore was to establish the structural features of cytokine receptors that

account for these functional properties.

A. The Role of Receptor Multimerization in the Initiation of Intracellular Signaling

The apparent primary function of extracellular ligands is to promote the

aggregation of specific cytokine receptor subunits into a multimeric receptor complex.

A number of studies have underscored the importance of such subunit dimerization in

the initiation of signal transduction by cytokine receptors. In the case of the IL-2R,

functional oligomerization of the intracellular regions of IL-2RB and Ye has been

accomplished by replacement of the extracellular domains with the equivalent region of

the EPOR or GM-CSFR and stimulation of these chimeras with the appropriate ligand

(82; 83). Although EPOR is a homodimeric receptor, expression of either chimeric

receptor (EPOB or EPOY) alone is insufficient for the initiation of signal tranduction

upon binding of EPO. However, co-expression of the two chimeras reconstitutes a

ligand-dependent signaling program that is indistinguishable from that induced by IL-2.

In contrast to the homomeric EPOR, the GM-CSFR is composed of two asymmetric

subunits, GM-CSFRo and GM-CSFRB. Like the EPOR chimeras, GM-CSFRo/IL-2RB

and GM-CSFRB/Ye also reconstitute an IL-2-like signaling program when stably co

expressed and triggered by GM-CSF. Finally, IL-2Ro/IL-2RB and IL-2Ro/Ye chimeras

can be dimerized with an antibody directed against the extracellular domain of IL-2Ro,

and this dimerization leads to an IL-2-like signaling cascade (84).

In the case of the IL-7R, chimeras between EPOR and IL-7Ro and Ye have

demonstrated that heterodimerization of these two receptor chains similarly is necessary

and sufficient to initiate signal transduction (85). Analogous studies examining the role



of dimerization in the IL-4R and IL-9R are described in Chapters 4 and 5. In addition, a

major focus of Chapters 3 and 5 is the dimerization of receptor associated signaling

molecules and the characterization of the functional requirements for each "half" of the

receptor complex.

With regard to the EPOR, characterization of constitutively active variants of the

EPOR strongly support the integral role dimerization plays in the initiation of

intracellular signaling. Three different activating mutations in the extracellular domain

have been described: R129C, E132C, and E133C (33; 86). In each case, the presence of

this additional cysteine residue results in the formation of constitutive intermolecular

dimers, suggesting that receptor dimerization is critical for the initiation of intracellular

signaling (33). Co-expression of wild-type EPOR with inactive mutants results in

dominant-negative inhibition of cellular proliferation (33; 87), again emphasizing the

importance of dimerization. However, it has remained unclear whether dimerization is

sufficient to initiate signal transduction. As described in Chapter 8, we used small

peptide analogs of EPO to explore further the role of subunit dimerization in the

activation of signal transduction by this receptor. In addition, we examined the

functional requirements for each physical receptor subunit in this complex using

chimeric receptors in which the extracellular domain of the EPOR is replaced by the

equivalent region of IL-2R3 and Ye; this approach allowed us to force heterodimeric

configurations of the EPOR cytoplasmic tail.

Finally, although it is clear that typical cytokine receptors must dimerize to

initiate signal transduction, the role of higher order multimerization remains unclear. In

the case of the IL-6R, initial studies suggested that the receptor functioned as an IL

6Ro/gp130 heterodimer (75; 76; 88). However, more recent studies have demonstrated

that the receptor is a heterotetrameric complex made up of two IL-6Ro and two gp130

subunits (89). Likewise, higher order receptor complexes may be important for



signaling through other cytokine receptors, but the requirements for such complexes

remain poorly understood.

B. The Role of Tyrosine Phosphorylation in the Initiation of Downstream Signaling

One of the earliest detectable signaling events in these receptor systems is the

tyrosine phosphorylation of multiple cellular proteins. These phosphoproteins include

the Janus kinases (JAKs), which are large (120-140 kDa) proteins that associate with

the membrane-proximal region of the receptor chains. Molecular mapping of the

regions and specific residues within IL-2RB that are critical for the activation of these

kinases is described in Chapter 2.

Originally cloned as kinases with unknown function (90; 91), the JAK kinases

were first implicated in cytokine signaling in the IFN-o/B and IFN-Y systems. To

elucidate signaling molecules required for the transcription of target genes, a panel of

somatic mutant cell lines that failed to activate transcription of known downstream

target genes in response to IFN was developed (92; 93). Subsequent reconstitution

studies demonstrated that some of these cell lines specifically lacked JAK kinases (94;

95). Other cell lines lacked transcription factors that were called signal transducers and

activators of transcription (STAT) factors (reviewed in (16; 96-98)). This somatic

genetic approach defined key components of a previously unrecognized signaling

pathway that is now viewed as an integral mediator of cytokine receptor signal

transduction.

In this signaling system, the JAKs become activated immediately following

ligand binding by a mechanism that remains unclear. Tyrosine phosphorylation of the

JAK kinases correlates with catalytic activation, but whether this phosphorylation is

required for activation or simply is a by-product of catalytic activation has largely

remained unclear (for a review, see (99)). One potential site of regulatory

phosphorylation is the activation loop, a conserved portion of the kinase domain that

10



lies between subdomain VII and VIII. In many kinases, phosphorylation of residues

within this loop is critical for catalytic activation (reviewed in (100)). Chapter 3

describes the characterization of JAK1 and JAK3 activation loop mutants that lack

potential tyrosine phosphorylation sites.

Based on studies of the IFN-0 receptor, where receptor phosphorylation by

JAKs has been demonstrated (101), it is assumed that activation of the JAKs results in

the tyrosine-phosphorylation of receptor subunits. These receptor phosphotyrosines can

then recruit other signaling intermediates to the complex. These include STAT factors,

which are tyrosine-phosphorylated by the JAKs, leading to STAT dimerization via

reciprocal phosphotyrosine-SH2 domain interactions. These transcription factors are

then competent to undergo nuclear import using the importin o■■ nuclear localization

pathway (102). In the nucleus, these STAT transcription factors bind to their cognate

response elements and activate the transcription of target genes.

All of the Ye-containing receptors identified to date employ JAK1 and JAK3 to

accomplish downstream signaling. Ye binds to JAK3, and the specific receptor chains

(IL-2RB, IL-4Ro, IL-7Ro, and IL-9Ro) associate with JAK1(103-108). An analysis of

the signaling requirements for each JAK in the IL-2R, IL-7R, and IL-9R as well as the

IL-4Ro/Ye heterodimeric complex is described in Chapters 3 and 4. Characterization of

the functional JAK requirements of the Ye-independent forms of the IL-4R and of the

IL-13R is described in Chapters 4 and 5. The IL-2R, IL-7R and IL-9R have all been

reported to activate STAT1, STAT3 and STAT5 (for a review, see (109)). In cell

culture systems, it appears that the major target of these receptors is STAT5. However,

the relative importance of transcriptional activation of these STAT factors in vivo is

poorly understood. In contrast, both IL-4 and IL-13 primarily activate STAT6 (57). In

an example of two receptors using different signaling intermediates to accomplish a

common outcome, in contrast to the IL-2R, the EPOR uses JAK2 (110) to activate

STAT5 (111; 112).
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Recent gene disruption studies suggest that as yet unidentified targets of JAK

kinases may be critical effectors of downstream signaling. JAK3 knockout mice have a

severe phenotype that closely resembles the phenotype of mice that lack the Ye (113;

114). In contrast, mice that lack both isoforms of murine STAT5, STAT5A and

STAT5B, have only limited immunological defects (J. N. Ihle, personal

communication). However, mice lacking only STAT5A have pronounced lactation

defects (115), underscoring the importance and non-redundance of these transcription

factors for the induction of milk protein production. Alternatively, these results may be

explained by the redundant activation of STAT factors (e.g., STAT1 and STAT3) by

the IL-2, IL-7 and IL-9 receptors.

Finally, a number of other tyrosine kinases have been implicated in IL-2R

signaling. Notably, a physical association between IL-2RB and two members of the src

kinase family, lck and fyn, has been reported by some groups (116). Nonetheless, cells

that lack lck and fyn retain intact signaling responses to IL-2 (117). Similarly, the IL

7R may activate the same src family kinases with unknown biological consequences. A

single report has shown an association between Syk and the IL-2R (118). The

importance of these kinases in IL-2-mediated signal transduction remains rather

controversial. In contrast, it is quite clear that JAK kinases are critical for signaling

through all hematopoietic cytokines.

C. The Role of Ras/MAPK Signaling

Many other signaling pathways are activated in common by cytokine receptors.

However, the intramolecular connections for these pathways vary considerably between

receptors. For example, the IL-2R has been shown to induce the classic Ras/Raf

pathway (119; 120). However, conflicting reports exist in the literature with regard to

the importance of this pathway for proliferation. Following ligand binding,

phosphorylation of the first tyrosine of the IL-2RB chain, Y338, leads to the recruitment
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of Shc to the receptor complex (121; 122). Shc can in turn associate with Grb2 and Sos

and allows these molecules to relocalize to cellular membranes, where Raf-1 (123; 124)

and Ras (125) activation can occur. These molecules in turn activate MEK1 and p42/44

mitogen-activated protein kinase (MAPK, or the extracellular-signal regulated kinase,

ERK1/ERK2). However, phosphatidylinositol 3-kinase (PI3K) has also been

implicated as an upstream element in MAPK activation based on studies with small

molecule inhibitors (126); in addition, PI3K activates p70S6 kinase (126; 127) and Akt

(128). It has been suggested that insulin receptor substrate (IRS)-1 may be involved in

IL-2-induced PI3K activation as well (129), although both PI3K and MAPK are

activated following IL-2 stimulation of HT-2 cells. These cells apparently lack both

IRS-and IRS-2 (79). The studies in Chapter 7 described the role of PI3K and MAPK in

IL-2R-mediated growth signaling in the HT-2 cell context.

In contrast, recruitment of IRS-1 or a related family member appears to be

critical for IL-4R-mediated cellular proliferation (130). In the 32D cell line (a murine

myeloid cell line), which fails to proliferate in response to either insulin or IL-4 despite

the presence of intact receptor complexes, stable expression of IRS-1 reconstituted

mitogenic signaling in response to both ligands. IRS-1 and the related IRS-2 are large

adaptor molecules that can serve as docking sites for multiple signaling intermediates,

including the p85 subunit of PI3K (reviewed in (131; 132)). A number of reports have

shown that IL-4 fails to activate Ras (133; 134), although IL-4 stimulation of some cell

types induces MAPK activation (135). The role of these signaling pathways in

signaling through IL-7 and IL-9 remains even less clear. In CT6 cells (a murine T cell

line), stimulation with IL-7 results in activation of p38 MAPK but not of p42/44MAPK

(136). Inhibition of a downstream effector of p38MAPK, MAPK-activating protein

kinase-2 (MAPKAP) also blocks IL-7-mediated cellular proliferation. In addition, both

IL-7 (129) and IL-9 (137) can induce the phosphorylation of IRS molecules, although
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the role of these molecules in mitogenic signaling through these receptors remains

unclear.

D. Downstream Gene Expression

In general, the links beween the proximal signaling pathways described above

and gene induction are poorly understood. In this section, we will focus on the IL-2R,

since downstream target genes are the most extensively characterized for this receptor.

Although mice with a targeted disruption of the STAT5A gene have immune system

function that is virtually indistinguishable from wild-type animals, stimulation of

thymocytes with IL-2 failed to induce transcription of IL-2Ro, a known downstream

target of IL-2 (138). This result demonstrates that JAK/STAT signaling is critical for

the activation of IL-2Ro transcription. Stimulation of B cells with IL-2 results in

synthesis of the immunoglobulin J chain (139; 140), emphasizing the diversity of

cellular targets of IL-2. In addition, IL-2 induces transcription of a number of proto

oncogenes, including c-fos, c-jun, c-myb, c-myc, and pim-1, although the pattern of

induction varies in different cell culture model systems (141-145). In Chapter 7 we

describe studies that further characterize the upstream signaling requirements for c-fos

induction.

Interestingly, the induction of bcl-2 does not depend upon activation of the

JAK/STAT pathway. In fact, bcl-2 is the only known gene induced by a mutant of the

IL-2RB chain that fails to activate cellular tyrosine phosphorylation, the IL-2RBD258A

mutant (146). The induction of bcl-2 may be critical for the anti-apoptotic effects of IL

2. Finally, a novel SH2-containing protein, CIS, has recently been shown to be induced

by IL-2 (147; 148). This factor appears to regulate negatively the expression of

STAT5-induced genes and, as described below, may play an important role in

downregulation of signaling.
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IV. Downregulation of Cellular Signaling

A. Ligand-Mediated Receptor Internalization

In many cases, ligand-mediated receptor internalization is a critical mechanism

to modulate the responsiveness of a cell to a given ligand. In the case of the IL-2R,

both IL-2RB and Ye are required for efficient internalization of ligand (149). It appears

that this internalization does not require clathrin-coated vesicles (150). Interestingly, it

has been reported that each of the receptor chains (IL-2Ro, IL-2R3 and Ye) may be

targeted to a different vesicle in the endocytic pathway (151). Very little is known

about the receptor requirements for internalization; in the case of the IL-2R3, it has been

demonstrated that the cytoplasmic tail is not required for this event (152). Finally, it

has also been shown that IL-7 mediates internalization of IL-7Ro■ and Ye (43). Thus,

although internalization of receptor chains is likely to be important to down-regulate the

responsiveness of a cell to a particular cytokine, little is known about the receptor

determinants that are required for this function or the cellular trafficking pathways

utilized by these receptors.

B. CIS/JAB Family of Proteins

Recently, a family of proteins that bind to the JAK kinases and inhibit cytokine

induced cellular phosphorylation has been described (147; 148; 153-155). Constitutive

expression of the supressor of cytokine signaling-1 (SOCS-1) protein in M1 cells

blocked IL-6-induced differentiation, as well as inhibiting phosphorylation of receptor

chains and STAT factors. Another family member, JAB, can bind to the JH1 domain of

JAK2, JAB can inhibit JAK2 autophosphorylation as well as the ability of JAK2 to
activate downstream transcription, presumably by blocking STAT phosphorylation and

activation. Interestingly, the first family member, cytokine-inducible SH2 containing

protein, or CIS, was identified as an immediate early gene induced by IL-2, IL-3, EPO,

and GM-CSF. In the case of CIS, it has been demonstrated that STAT-response
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elements within the promoter are critical for this induction. Indeed, all of these genes

are upregulated by cytokines, suggesting a novel negative autoregulation mechanism for

JAK/STAT signaling.

C. SHP-1

Very little is known about the role of tyrosine phosphatases in the

downregulation of signal transduction by the IL-2, IL-4, IL-7, IL-9, IL-13 and IL-15

receptors. However, it has clearly been demonstrated that SH2-containing phosphatase

1 (SHP-1), a cytoplasmic protein tyrosine phosphatase plays an important role in the

attenuation of EPOR-mediated signaling. Certain C-terminal truncation mutants of the

EPOR are hypersensitive to EPO, suggesting that the C-terminal portion of this receptor

negatively influences signaling. Indeed, tyrosine 429 of EPOR is capable of recruiting

SHP-1 to the receptor complex. Mutants lacking this tyrosine are more sensitive to

EPO than the wild-type receptor (156); in addition, the time course of JAK2

phosphorylation is prolonged in cells expressing these mutants. Furthermore,

phosphopeptides encoding the sequence surrounding this tyrosine are capable of

activating SHP-1 phosphatase activity in vitro. Finally, inhibition of SHP-1 expression

using antisense oligonucleotides in the SKT6 erythroleukemia cell line enhances

hemoglobinization of these cells, suggesting that SHP-1 negatively regulates this

process (157). Together, these results strongly suggest that SHP-1 plays a role in the

termination of EPOR signaling.

V. Cytokine Receptor Signaling In Disease

The importance of cytokine receptor function and regulation is underscored by

human disease states that are attributable to or linked to hypo- or hyper-Stimulation

(reviewed in (158)) of this signaling machinery. In addition, as described in the next

section, some of these cytokines are currently used as therapeutics. Clearly, an
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understanding of the signal transduction pathways induced by these receptors will

permit the development of superior therapeutics with more specific actions as well the

development of therapeutic agents to specifically block signal transduction through

these receptor complexes.

A. IL-2 and IL-2R

IL-2 has been used therapeutically in the treatment of metastatic renal cell

carcinoma and malignant melanoma (reviewed in (159)). This immunotherapy appears

to enhance CTL function and results in increased killing of tumor cells. Furthermore,

IL-2 has been used to augment T cell counts in patients with HIV disease (160; 161).

However, these rises in T cell counts have been associated with increases in viral load.

This result may now be explained by the recent observation that the chemokine

receptors CCR1, CCR2, and CCR5 are all induced by IL-2 (162; 163). CCR5 is the

major co-receptor for macrophage-tropic strains of HIV; CCR2 can also function as a

co-receptor for some strains of virus (reviewed in (24)). Since enhanced expression of

co-receptor molecules may result in increased infection of target cells and subsequent

viral production, this may provide a molecular basis for the increased viral load

observed in patients receiving IL-2 immunotherapy.

As mentioned earlier, defects in Ye result in X-linked severe combined

immunodeficiency (X-SCID) (3; 4; 164). This disease is likely to be primarily a result

of the lack of IL-7R function, since mice with targeted gene disruptions of either IL-7 or

IL-7Ro closely resemble mice that lack Ye (165; 166). In addition, in at least two

kindreds afflicted with autosomal SCID, the gene defect has been mapped to the JAK3

locus (167; 168), underscoring the critical role of this kinase in the function of receptors

that signal through Ye. In Chapter 5, a transgenic strategy to assess the molecular

requirements for Ye in vivo is described.
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HTLV-1 is a human retrovirus that in a small proportion of infected individuals

causes the adult T-cell leukemia/lymphoma syndrome. In T cell lines derived from

patients with this disease, constitutive JAK/STAT activation is observed (169).

Likewise, T cells from patients with cutaneous anaplastic large T-cell lymphoma and

Sezary syndrome contain activated JAK3 and STAT5 (170). In many HTLV-1-

transformed cell lines, expression of IL-2Ro is deregulated and forms the basis for

immunotoxin therapies for this disease. The increased expression of IL-2Ro has been

attributed to transactivation by the HTLV-1 protein Tax (171). In addition, p12, a

second HTLV-1 gene product, appears to bind to the cytoplasmic tails of IL-2RB and Ye

(172). It has been suggested that p12 causes intracytoplasmic dimerization of IL-2RB

and Ye and leads to constitutive signaling through this receptor complex. Alternatively,

p12 may sequester these proteins away from the plasma membrane. Thus, the IL-2R

may play an important role in the process of oncogenic transformation.

B. EPO and EPOR

EPO is commonly used in the treatment of the anemia of chronic disease.

Interestingly, benign erythrocytosis is an autosomal-dominant disease caused by

truncation of a single copy of the EPOR that removes approximately 70 amino acids of

the EPOR tail (173; 174). These patients have elevated hematocrits and hemoglobin,

but are otherwise healthy. Erythroid progenitor cells from these patients are more

sensitive to EPO in vitro. Based on studies of EPOR signaling in cell culture systems,

these truncations eliminate a negative regulatory domain of the EPOR. Finally, mice

homozygous for a targeted gene deletion of either EPO or EPOR die by embryonic day

13 or 14 (175; 176), suggesting that EPO plays a nonredundant role in definitive

erythopoiesis and that gene defects that lead to significant attenuation of this signaling

pathway are likely to be incompatible with life.
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Thus, the following studies were designed to assess the role of oligomerization

in the initiation of cytokine receptor-mediated signal transduction. Structure/function

studies of the receptor chains mapped receptor regions that are critical for the initiation

of signal transduction as well as domains that are required for mitogenesis. Subsequent

studies focused on the role of dimerization in the activation of receptor associated

signaling intermediates. Finally, additional studies were designed to determine the

functional requirements for each of the receptor chains in heteromeric and homomeric

complexes Together, these experiments clarify the molecular requirements for

oligomerization within homomeric and heteromeric receptor complexes.
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FIGURE LEGEND

Figure 1. Classification of cytokine receptor superfamily members into subfamilies by

the shared use of certain receptor subunits. (A) The Bc chain is shared by the IL-3, IL-5

and GM-CSF receptors and therefore defines the Bc subfamily. (B) A number of

receptors function as homodimers of a single receptor chain; for the sake of clarity, we

have grouped these receptors together into a separate subfamily. (C) All of the receptor

complexes within the gp130 subfamily utilize gp130; in addition, the LIFRB subunit is

shared by several members of this family. (D) The extended Ye family is composed of

the family of receptors that use Ye (the receptors for IL-2, IL-4, IL-7, IL-9 and IL-15).

Furthermore, some of the specific receptor subunits can be used in combination with

additional chains to mediated the binding of other ligands. For example, both the IL-4R

and the IL-13R complexes use the IL-4Ro subunit; in addition, there appear to be both

Yc-dependent and independent forms of the IL-4R.
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Chapter 2

Identification of a Cytoplasmic Variable Region
of the IL-2RB Chain that is Critical for

IL-2-Mediated Cellular Proliferation
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PROLOGUE

The initial structure/function studies of the IL-2R focused on cytoplasmic

deletions of the IL-2RB chain (diagrammed in Figure 1) using cell lines recognized to lack

IL-2R3 chain expression (1, 2). These IL-2R3 deletions were characterized

predominantly in BAF/3, a murine pro-B cell line. A number of deletions of the

cytoplasmic tail of IL-2RB affect its signaling function. Deletion of a membrane

proximal, serine rich region (called the S domain), completely abrogates receptor

signaling. As described below, this defect is likely to be attributable to the deletion of a .
-

portion of the V-Box as well as complete deletion of the Box 2 motif. The membrane- : º
distal region of the IL-2RB chain has been subdivided into the A, B, and C regions (2; 3). º
In BAF/3 cells, deletion of B and C results in a loss of mitogenic signaling (3); however, º
receptor chains in which any one region alone or both A and B are deleted are capable of .

Supporting cellular proliferation (1; 4). Notably, more recent structure/function studies in

other cell lines have demonstrated the importance of the cell context for these mutagenesis

Studies. In particular, the IL-2RBABC mutant can sustain cellular proliferation when

expressed in HT-2, a T-helper cell line (4).

Finer mutagenesis studies focused on the conserved Box 1 and Box 2 regions of

the receptor chain. Surprisingly, only one residue in each 12 amino acid motif was

critical for IL-2R-mediated cellular mitogenesis (D258 and L299, respectively) (3). The

following paper, reproduced from the journal in which it was published, describes the
structure/function analysis of the variable region that separates Box 1 and Box 2, since
"is region had not been well defined in earlier studies. Given the small number of critical

*mino acids within the Box 1 and Box2 motifs, we hypothesized that the intervening

region might play an important role in signal transduction. In fact, the variability of this

region might permit the differential association of a family of conserved signaling

*termediates such as the JAKs with receptor chains. These studies demonstrated that
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FIGURE LEGEND

Figure 1. Schematic of the heterotrimeric IL-2R. The canonical extracellular motifs of

cytokine receptor superfamily members, cysteine residues with conserved spacing and the

WSXWS amino acid sequence, are indicated in the extracellular domains of IL-2RB and

Ye. The conserved Box 1 and Box 2 motifs and the intervening variable domain "V Box"

are shown as boxes within the cytoplasmic domain. In the IL-2RB chain, the membrane

proximal, serine-rich S domain encompasses residues 267-322. The acidic "A" region

spans residues 313-382, the B region contains amino acids 385-430, and the C region

spans from amino acid 431 to the C-terminus of the molecule. * *
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Interleukin-2 (IL-2) regulates numerous biological
events, including T lymphocyte proliferation. Interleu
kin-2 receptor (IL-2R)-mediated signaling is triggered
by ligand-induced heterodimerization of the IL-2RB and
ye subunits, which results in the activation of signaling
intermediates that are associated with either IL-2RB or
Ye. Previous mutagenesis studies of the IL-2R3 cytoplas
mic tail demonstrated that the partially conserved box 1
and box 2 motifs and specific tyrosine residues are crit
ical for growth signaling. By deletion and alanine scan
ning mutagenesis, another set of residues that are crit
ical for IL-2R-mediated signaling has now been
identified. These residues lie within the divergent 35
amino acid “spacer” region separating box 1 and box 2.
The role of this receptor subregion in early phases of
IL-2R signaling was evaluated using BA/F3 stable cell
lines expressing three functionally impaired mutants
from this region. All three cell lines displayed substan
tially diminished growth responsiveness to IL-2. Recep
tor-mediated STAT factor activation, IL-2R3 phospho
rylation, and Janus kinase activation were also
markedly impaired. These findings indicate that this
variable spacer region, which we have termed the V-box,
is essential for the initiation of IL-2R-mediated signal
transduction.

The interleukin-2 receptor (IL-2R)' complex exists in two
functional forms: a high affinity heterotrimer comprising the
IL-2Ra, IL-2R3, and ye subunits, as well as an intermediate
affinity heterodimer containing the IL-2RB and Y, chains. In T
lymphocytes, binding of IL-2 to either form of the receptor
activates an intracellular signaling cascade that culminates in
cellular proliferation (1, 2). The primary role of the IL-2Ra
subunit is to confer high affinity binding of the ligand to the
receptor complex (3, 4). Consistent with this concept, the cyto
plasmic tail of IL-2Ra is only 13 amino acids long (5–7) and no
known signaling intermediates associate with this region. In
stead, intracellular signal transduction results from ligand
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induced heterodimerization of the IL-2R3 and ye subunits,
which have cytoplasmic tails of 385 and 86 amino acids,
respectively.

Heterodimerization of these receptor chains results in the
concurrent activation of signaling intermediates (8–10),” some
of which are preassociated with either IL-2RB or ye. Specifi
cally, two members of the Janus family of tyrosine kinases,
JAK1 and JAK3, are bound to the cytoplasmic regions of the
IL-2RB and Y, chains, respectively, in the absence of IL-2
(11–13). These tyrosine kinases become enzymatically acti
vated following ligand binding, perhaps by cross-phosphoryla
tion. However, the precise molecular details of this inductive
event remain unclear. The JAK kinases in turn are thought to
activate members of the STAT family of transcription factors
("signal transducers and activators of transcription"). Upon
phosphorylation, the STAT factors dimerize and translocate to
the nucleus, where they activate the transcription of specific
target genes (reviewed in Ref. 14). In the IL-2R system, the
activation of STAT5 has recently been demonstrated by a num
ber of laboratories (15–17), and in some cases, the activation of
STAT1 and STAT3 has also been observed (16, 18).

The IL-2RB and ye chains are both members of the cytokine
receptor superfamily (19). Receptors in this family share two
extracellular motifs, a set of four cysteines with canonical spac
ing and a WSXWS sequence. Moreover, these proteins are also
characterized by two small, partially conserved, intracellular
regions called the box 1 and 2 motifs (20, 21). These motifs are
separated by a region often called the “spacer," which varies in
length from 13 to 49 amino acids in the various cytokine su
perfamily members.

Early mutagenesis studies of IL-2RB focused on large dele
tions within the cytoplasmic tail. Analysis of the IL-2RB SD
mutant, which lacks residues 266–323, revealed that amino
acids located within and surrounding the box 2 motif of IL-2RB
are critical for growth signaling (21). More refined structure
function studies of the cytoplasmic tail of IL-2RB have demon
strated that both the proximal box 1 and box 2 motifs, as well
as specific tyrosine residues in the distal receptor tail, play a
critical role in IL-2R-mediated growth signaling (1, 22). Dele
tion of either box 1 or box 2 of IL-2RB completely abrogated
IL-2-induced proliferation. However, alanine scanning mu
tagenesis unexpectedly revealed that only two residues within
boxes 1 and 2 contributed side chains critical for such signal
ing. These amino acids are Asp-258 in the box 1 motif (1) and
Leu-299 in the box 2 motif (1, 23). Interestingly, Asp-258 is
poorly conserved in the box 1 elements of other cytokine super
family members. This finding raised the possibility that vari
able rather than conserved residues might play a central role in

* S. Y. Lai, W. Xu, S. L. Gaffen, K. D. Liu, G. D. Longmore, W. C.
Greene, and M. A. Goldsmith, submitted for publication.
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growth signaling through the IL-2R complex. This hypothesis
was attractive because it could help explain the specificity of
signaling exhibited by various cytokine superfamily members
despite the presence of partially conserved motifs. Accordingly,
we have now investigated the nonconserved 35-residue spacer
region separating Asp-258 in the distal portion of box 1 and
Leu-299 in the proximal part of box 2. Since this spacer region
is highly variable in amino acid composition in different cyto
kine receptor members, the term variable (V) box will be used
to refer to it.

experimental Procedures

Cell Lines and Antibodies—BA/F3 is an IL-3-dependent murine
pro-B cell line described previously (24) and generously provided by Dr.
Gordon Mills. These cells were routinely maintained in RPMI 1640
supplemented with 10% fetal calf serum, antibiotics, 0.05 M 3-mercap
toethanol, and 10% WEHI supernatant as a source of IL-3. The COS-7
monkey kidney cell line (ATCC) was maintained in Iscove's medium
supplemented with 10% fetal calf serum, 2 mm glutamine, and antibi
otics. Recombinant human IL-2 was the gift of the Chiron Corp (Em
eryville, CA). The anti-IL-2RB monoclonal antibody 561 was a generous
gift from Dr. Rich Robb. Polyclonal antibodies specific for JAK1 and
JAK3 and a mouse monoclonal antibody to phosphotyrosine (4G10)
were obtained from Upstate Biotechnology (Lake Placid, NY). Control
murine IgG2a UPC10 monoclonal antibody was obtained from Cappel
(Durham, NC). Chemiluminescent detection of blotted proteins was
performed using an ECL kit (Amersham Corp.) according to the man
ufacturer's instructions.

Plasmid Construction and Mutagenesis—The pCMV4Neo vector was
kindly provided by Dr. Mark Feinberg and has been described previ
ously (1). All deletion and substitution mutations within the IL-2RB
V-box were prepared using specific oligonucleotide primers and the
polymerase chain reaction. The resultant mutants were confirmed by

+ ted DNA seq ing (Applied Biosy , Foster City, CA). To
verify that the constructs expressed IL-2RB chains of appropriate
lengths, the constructs were transfected into COS-7 cells using Lipo
fectamine (Life Technologies, Inc.) according to the manufacturer's
instructions. Two days post-transfection, the cells were lysed in 1%
Nonidet P-40 (Calbiochem), 150 mM sodium chloride, 20 mM Tris-HCl,
pH 8.0, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride (Boehringer Mannheim), 10 ug/ml leu
peptin, 10 ug■ ml aprotinin, and 1 ug/ml pepstatin A. An aliquot of the
lysate was subjected to SDS-PAGE, followed by immunoblotting with
the anti-IL2RB antibody 561.

Transient Transfection Assay of IL-2-induced Proliferation—Tran
sient assays of IL-2-induced proliferation were performed in BA/F3 cells
as described previously (1). [*HIThymidine (DuPont NEN) incorpora
tion was measured on days 7–14 following transfection.

Establishment and Characterization of Cell Lines Stably Expressing
IL-2RB V-box Mutants—Stable cell lines were established by insertion
of the relevant cDNAs into the pCMV4Neo expression plasmid followed
by electroporation of BA/F3 cells. One day post-transfection, cells were

pended in standard BA/F3 medi ppl ed with 1 mg/ml
G418 (Life Technologies, Inc.). Cells were then grown in bulk culture for
5–6 days, and single clones isolated by limiting dilution. The number of
mutant receptors expressed at the surface of the resultant cell lines was
determined in **I-IL-2 (DuPont NEN) binding assays performed as
described previously (25). Proliferative responses to IL-2 were assessed
in these stable cell lines by measuring ['Hlthymidine incorporation 24
and 48 h after the addition of ligand. Studies of IL-2R3 tyrosine phos
phorylation were performed as described previously (22). In brief, 10"
cells were washed twice in calcium- and magnesium-free PBS, and
surface-bound growth factors from the tissue culture media were re
moved by incubation of the cells for 1 min in 10 mM sodium citrate, 140
mM sodium chloride. The cells were then resuspended in RPMI 1640
supplemented with 1% bovine serum albumin (Fraction V, Sigma) at a
density of 1 x 10"/ml. Cells were incubated for 4 h at 37 °C, harvested
by centrifugation, and resuspended at a density of 10 × 10° cells/ml.
The cells were split into two aliquots; one half was stimulated with IL-2
(10 nM final concentration) for 10 min at 37 °C, while the other was
incubated in media in the absence of any growth factors. After stimu
lation, the cells were lysed 1% Nonidet P-40, 150 mM sodium chloride,
20 mM Tris-HCl, pH 8.0, 50 mM sodium fluoride, 1 mM sodium or
thovanadate, 1 mM phenylmethylsulfonyl fluoride, 10 ug■ ml leupeptin,
10 ugml aprotinin, and 1 ug/ml pepstatin A. The anti-IL-2R3 mono
clonal antibody 561 was used at a concentration of 2 ug/ml to immuno

precipitate the IL-2RB chain, and antibody complexes were collected on
protein A-Sepharose (Boehringer Mannheim). Immunoprecipitates
were subjected to SDS-PAGE and subsequent immunoblotting with the
antiphosphotyrosine monoclonal antibody 4G10.

STAT Induction—For each condition, 10° BA/F3 cells were stripped
and starved as described above. The cells were subsequently stimulated
with either IL-2 (10 nM final concentration) or IL-3 (10% WEHI 3B
supernatant). Following stimulation, nuclear extracts were prepared
according to the method described in Ref 26 in the presence of 1 mM
NaWO, and a protease mixture composed of the following inhibitors: 0.5
mg/ml antipain, 0.5 mg/ml aprotinin, 0.75 mg/ml bestatin, 0.5 mg/ml
leupeptin, 0.05 mg/ml pepstatin A, 1.4 mg/ml phosphoramidon, and 0.5
mg/ml soybean trypsin inhibitor. Electrophoretic mobility shift assays
(EMSA) were performed as described (17).

JAK1 and JAK3 Phosphorylation—Studies of JAK1 and JAK3 phos
phorylation in BA/F3 stable cell lines were performed in the same
manner as the studies of IL-2RB phosphorylation, except that 10° cells
were used per condition, and the lysates were subjected to immunopre
cipitation with polyclonal antibodies specific for JAK1 and JAK3. In
some cases, the blots were stripped according to the manufacturer's
instructions and reprobed with the anti-JAK1 or anti-JAK3 antibodies.

RESUlts

Replacement or Deletion of the IL-2RB V-box Abrogates IL-2-
mediated Growth Signaling—To assess the functional role of
the IL-2RB V-box in IL-2R-mediated growth signaling, a mu
tant IL-2RB was created in which this 35-residue region was
deleted and replaced with a single methionine residue. In ad
dition, to test the hypothesis that this V-box region could be
functionally complemented by an analogous domain from a
different cytokine superfamily member, a chimeric IL-2R3
chain was prepared in which the native V-box was replaced
with the corresponding region from the Ye receptor chain. The
signaling function of each of these mutants was assessed in a
transient proliferation assay (1). In this assay, mutant IL-2RB
chains are transiently transfected into BA/F3, a yº-expressing
murine pro-B cell line. Growth selection in IL-2 permits the
distinction between functional and nonfunctional forms of the
IL-2RB receptor. This assay appears to be more sensitive to
small decrements in function than conventional stable prolif
eration assays. Both of these mutants failed to display any
detectable function in this assay, suggesting that the removal
or replacement of the V-box markedly impaired effective
growth signaling (Fig. 1A).

To further define V-box sequences needed for growth signal
ing, a series of smaller deletion mutants was prepared and
analyzed. Each of these mutants encoded a IL-2RB chain lack
ing 5–10 amino acids within the V-box. Two of the mutants
(IL-2RBA261-269 and IL-2RBA279-289) failed to proliferate in
the transient proliferation assay (Fig. 1A), while a third mu
tant, corresponding to the most C-terminal deletion, IL
2R3A290–294, proliferated in response to IL-2. Expression
studies in COS-7 cells confirmed that each of these various
V-box mutants was synthesized (Fig. 1B), indicating that the
observed lack of function observed was not due to a lack of
expression. Together, these results suggest that the IL-2RB
V-box plays an important role in growth signaling by the IL-2R
complex and that this function cannot be simply reconstituted
by substitution of a V-box from another cytokine superfamily
receptor member.

Alanine Scanning Mutagenesis Identifies Several Specific
Residues Within the V-box That Are Critical For Growth Sig
naling—To delineate specific amino acids within the IL-2RB
V-box that participate in growth signaling, alanine scanning
mutagenesis of this region was performed. Glycine, alanine,
and valine residues were replaced with arginine residues,
while all other amino acids were substituted with alanine. One
to three contiguous amino acids were mutated in each con
struct. The effects of these substitution mutations in the tran
sient proliferation assay are shown in Fig. 2A. Three of these

5()



22178

A BwT t-L- 5A261-269 m. Cºm
Janaanu -

200000 200000

roodoo 100000

: u
O 4 6 8 to 12 14 4 & 8 to 12 14

5 BAV - - flaz79-289 m-, Dm
§ soon ------

#
200000 200000

# 100000 100000
sº

u v# 4 & 8 to 12 14 4 6 6 10 12 14
+ flºw -eºre- BA290–294 m−3 m

°2. 300000 ---

200000 200000

100000 100000

w u _2^
4 6 & 10 12 14 4 6 & 10 12 14

Days

sº sºgººse-gº”
.

| || ||

Fig. 1. Substitution and deletion analysis of the IL-2RB V-box.
A, mutant IL-2RB chains were screened for proliferation function in a
transient transfection assay. [*H]Thymidine incorporation (shown in
counts/min) was measured on days 7–14 post transfection. BWT, wild
type IL-2RB, BAV, IL-2RB, deleted of residues 261–295 and replaced
with a single methionine residue, B. Yv, IL-2RB, deleted of residues
261–293 and replaced with residues 284–318 from the Y. receptor
chain; BA261-269, IL-2RB deleted of residues 261–269: BA279-289,
IL-2R3 deleted of residues 279-289; BA290–294, IL-2RB deleted of
residues 290–294. B, IL-2RB mutants were transfected into COS-7 cells
to demonstrate that IL-2RB chains of appropriate lengths are synthe
sized. Cell lysates were subjected to SDS-PAGE, followed by immuno
blotting with an anti-IL-2RB antibody, 561. The mutants analyzed are
described in panel A.

point mutants, IL-2RB261–263A, IL-2R3270A 271–2R, and IL
2R3278–280A, displayed essentially no proliferation in the
transient assay. Expression studies in COS-7 cells confirmed
that all three of these constructs encoded appropriately sized
IL-2R3 molecules (Fig. 2B). In contrast, a fourth V-box mutant,
IL-2R8264-266A, displayed completely normal proliferation in
response to IL-2. The IL-2RB264—266A mutant was chosen as
an internal control for more detailed study in stable cell lines,
as described below. These studies thus indicated that the IL
2RB V-box contains both essential and nonessential amino
acids for growth signaling.

Establishment of BA/F3 Stable Cell Lines Expressing Mu
tant IL-2RB Chains—In order to define more precisely the
biochemical nature of growth signal disruption with the V-box
mutations, BA/F3 cell lines stably expressing the V-box mu
tants IL-2R3261–263A, IL-2R3270A 271–2R, and IL-2RB278–
280A were developed. As a positive control, a cell line express
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FIG. 2. Alanine scanning mutagenesis of the IL-2R3 V-box. A,
schematic of IL-2RB V-box mutants that were constructed. Mutants
were assayed for function in the transient proliferation assay as de
scribed in Fig. 1. Results are summarized as the mean peak prolifera
tive response obtained in a representative assay and the standard error
(S.E.) of triplicate determinations. The peak incorporation was normal
ized by expressing the peak incorporation as a percentage of the peak
incorporation obtained with a wild-type IL-2RB transfectant in each
assay, B, expression study in COS-7 cells. The experiment was per
formed as described in Fig. 1, and the mutants are described above.

ing the IL-2RB264—266A V-box mutant (which displayed a
wild-type proliferation phenotype) was also prepared. Scat
chard analyses of *I-IL-2 binding data demonstrated that
each of these mutants was expressed at the cell surface and
participated normally in the formation of intermediate affinity
receptor complexes with the Y chain (Fig. 3). Because of its
comparable levels of surface receptor expression, the cell line
expressing the functional IL-2RB264–266A mutant served as a
useful control for comparison with the nonfunctional V-box
mutants.

IL-2R-mediated growth signaling was first assessed in these
stable cell lines by measuring [*Hlthymidine incorporation in
response to varying doses of IL-2. The IL-2R3261–263A, IL
2RB270A 272–2R, and IL-2RB278–280A mutations all dis
played markedly reduced responsiveness to IL-2 in the assay.
As expected, the IL-2RB264—266A mutant proliferated nor
mally (Fig. 4). The IL-2RB270A 271-272R mutant conferred
the smallest shift in the dose-response curve, while the IL
2RB278–280A mutant produced a more marked shift in re
sponse. The IL-2RB261–263A mutant was essentially unre
sponsive to IL-2, even at very high doses. Hence, these data
confirmed the results obtained with the transient proliferation
assay and revealed more subtle differences between these three
mutants.

V-box Mutants Fail to Activate STAT Factors—Recently, a
number of STAT factors have been implicated in IL-2R signal
ing (15–18). Moreover, activation of one or more of these factors
may play a role in proliferation signaling by the IL-2R complex,
since many mutations in the receptor chains that abrogate
STAT induction affect proliferation as well.” Consequently, the
V-box mutants described above were evaluated by EMSA for

* S. Gaffen. S. Y. Lai, M. A. Goldsmith, and W. C. Greene, unpub
lished observations.
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Fig. 4. Dose-response curves of nonfunctional IL-2RB V-box
mutants. Proliferative responses to IL-2 were assessed in these cell
lines by measuring [*Hlthymidine incorporation 24 h after the addition
of ligand. O, IL-2RB wild-type; O, IL-2RB261–263A; x, IL-2RB264–
266A, E, IL-2RB270A 271–2R, A, IL-2R8278–280A.

abnormalities in STAT induction. The STAT factor induced by
IL-2 in the BA/F3 cell line was identified as STAT5, by super
shifting of the STAT/DNA complex with an anti-STAT5 anti
body (data not shown). As shown in Fig. 5, activation of STAT5
was detectable but markedly diminished in the cell lines ex
pressing the IL-2R3270A 271–2R and IL-2R3278–280A mu
tants (lanes 9 and 12), as compared to the receptor-matched
control cell line. STAT activation was undetectable in the cell
line expressing the IL-2RB261–263A mutant (lane 3). Despite
these differences in STAT DNA binding activity, all of the
nuclear extracts contained equivalent amounts of SP1 binding
activity, as demonstrated by EMSA (data not shown), indicat
ing that the diminished STAT factor detection in the V-box
mutant cell lines was not due to inadvertent degradation of
nuclear proteins during extract preparation. Thus, STAT acti
vation is significantly decreased in the BA/F3 stable cell lines
expressing two of the three V-box mutants (IL-2RB270A

**,”,”,” 2'
3 - 2 3 - 2 3 - 2 3 - 2

Ns $#&#

1 2 3 4 5 & 7 c s to 11 12

FIG. 5. STAT5 induction in BA/F3 stable transfectants express
ing various IL-2RB V-box mutations. Stable cell lines were stimu
lated with IL-2, IL-3, or no cytokine for 10 min. Following stimulation,
nuclear extracts were prepared and subjected to EMSA using a F.YRI
probe. Lanes 1–3, IL-2RB261–263A; lanes 4–6, IL-2RB264—266A; lanes
7–9, IL-2R3270A 271–2R; lanes 10–12, IL-2RB278–280A. Cells were
stimulated with 10% WEHI 3B supernatant as a source of IL-3 (3), no
cytokine (-), or 10 nM recombinant human IL-2 (2).

271–2R and IL-2R3278–280A) and is undetectable in the third
cell line (IL-2R3261–263A).

V-box Mutations Abrogate IL-2RB Tyrosine Phosphorylation
following IL-2 Binding—Studies were next performed to assess
the effects of these V-box mutations on early IL-2R-mediated
signaling events. STAT factors are thought to interact with
specific phosphotyrosine residues within cytoplasmic receptor
tails through SH2-mediated interactions (14). Moreover, the
rapid tyrosine phosphorylation of the IL-2RB chain has been
shown to be critical for effective growth signaling (22, 27–30).
Therefore, it was of interest to determine whether or not IL
2RB chain tyrosines were phosphorylated in cell lines stably
expressing the various V-box mutants. In all three cases, IL
2RB tyrosine phosphorylation was markedly reduced, as com
pared with the functional receptor-matched control cell line
(Fig. 6, lanes 4, 6, 8, and 10). The IL-2RB270A 271-272R
mutant displayed the highest level of IL-2RB phosphorylation,
consistent with its moderately shifted dose-response curve for
proliferation. In contrast, tyrosine phosphorylation of IL-2RB
was undetectable in stable cell lines expressing either the
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FIG. 6. Tyrosine phosphorylation of IL-2R3 in stable cell lines

expressing IL-2RB V-box mutations. Following IL-2 stimulation of
the BA/F3 stable cell lines, the IL-2RB chain was immunoprecipitated
with an anti-IL2RB monoclonal antibody, subjected to SDS-PAGE, and
-

blotted with an antiphosphotyrosine ibody. Lanes 1 and 2,
wild-type IL-2R3; lanes 3 and 4, IL-2RB261–263A; lanes 5 and 6,
IL-2RB264—266A: lanes 7 and 8, IL-2RB270A 271-2R, lanes 9 and 10,
IL-2R3278–280A. Cells were stimulated with 10 nM recombinant hu
man IL-2 (+) or incubated in the absence of cytokine (-) for 10 min.

IL-2R3261–263A mutant or the IL-2RB278–280A mutant.
V-box Mutations Abrogate JAK1 and JAK3 Induction—Hav

ing observed impaired STAT activation and reduced tyrosine
phosphorylation of the IL-2RB chain, the effects of these V-box
mutations on an even earlier step in the signaling pathway,
JAK activation, were investigated. Following the addition of
IL-2, the JAK1 and JAK3 kinases undergo tyrosine phospho
rylation within 5 min (31, 32). This phosphorylation correlates
with enzymatic activation of the Janus kinases in vitro. (31,
32). Following IL-2 stimulation of the mutant V-box cell lines,
tyrosine phosphorylation of JAK1 and JAK3 was assessed by
serial immunoprecipitation and immunoblotting with an an
tiphosphotyrosine antibody. In all three of the nonfunctional
V-box mutant cell lines assessed, IL-2-induced phosphorylation
of JAK1 and JAK3 was undetectable (Fig. 7, A and B, respec
tively: lanes 2, 4, 6, and 8). Hence, these IL-2RB V-box muta
tions compromise one of the earliest signaling events mediated
through the IL-2R complex.

Discussion

Previous work from this and other laboratories has demon
strated that membrane-proximal regions of the cytoplasmic tail
of IL-2R3 are critical for signaling by the IL-2R complex (for a
review, see Ref. 33). Surprisingly, only a single residue in each
of the box 1 and box 2 appears essential for growth signaling.
Furthermore, the critical residue within the box 1 motif (Asp
258) is not well conserved among other cytokine receptor su
perfamily members. This result led us to consider the hypoth
esis that variable amino acids, rather than conserved residues,
play an important role in signaling by IL-2RB. Therefore, we
focused on the spacer region positioned between the box 1 and
box 2 motifs that contains predominantly nonconserved amino
acids. Previous work had suggested that this region, which we
have termed the V-box, plays a role in IL-2R-mediated growth
signaling. The single critical residues identified in the box 1
and box 2 motifs directly flank the intervening V-box, i.e. Asp
258 is positioned at the C-terminal end of box 1, whereas
Leu-299 is at the N-terminal end of box 2. Therefore, these
motifs might serve to expose the critical intervening variable
region, which could function as a binding platform for one or
more signaling intermediates.

The mutagenesis approaches presented in this paper further
support the hypothesis that the IL-2R3 V-box contains ele
ments critical for growth signaling. A gross deletion of this
region completely abrogated function in a transient assay of
receptor function. Furthermore, a mutant in which the IL-2RB
V-box was replaced with an analogous portion of the Ye receptor
also failed to support growth signaling. This result suggested
that V-box elements are not readily interchangeable, although
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FIG. 7. JAK1 and JAK3 phosphorylation in stable cell lines
encoding nonfunctional IL-2R3 V-box mutants. Following stimu
lation of the stable cell lines described in Fig. 3, JAK1 and JAK3 were
serially precipitated and blotted with an antiphosph
tyrosine antibody to assess kinase induction. A, immunoprecipitations
performed with an anti-JAK1 antibody. B, an anti-JAK3 antibody was
used. In both cases, lanes 1 and 2, IL-2RB261–263A; lanes 3 and 4,
IL-2RB264—266A, lanes 5 and 6, IL-2RB270A 271-2R, lanes 7 and 8,
IL-2RB278–280A. Cells were stimulated with IL-2 (+) or incubated in
the absence of cytokine (-) for 10 min.

additional experimentation is required to prove the generality
of this observation. It should be noted that the analogous re
gion for substitution was defined on the basis of sequence
homology, not function, and these artificial sequence bound
aries might in fact interrupt functional domains. Thus, replace
ment of only the V-box region of this domain could result in a
hybrid domain that cannot support growth signaling.

Finer mutagenesis studies, including alanine scanning of the
IL-2RB V-box region, identified a number of residues that are
important for growth signaling in the transient proliferation
assay. Many of these critical amino acids do not have side
chains that can be phosphorylated or covalently modified in
another way following ligand binding. Consequently, it seems
unlikely that this region serves as an inducible binding site for
a signaling intermediate; rather, this V-box region might serve
as a constitutive docking site for one or more signaling mole
cules. Of note, replacement of Trp-277 with alanine does not
affect receptor function. Previous mutagenesis studies had
demonstrated that whereas a W277G mutation results in im
paired IL-2RB function (1), a W277R mutation does not affect
signaling by the receptor complex (34). Consequently, Trp-277
may play an important role in the secondary or tertiary struc
ture of this region, rather than contributing a specific side
chain that participates directly in receptor-signaling interme
diate interactions.

In studies designed to dissect where the V-box mutations
exert their inhibitory effects within the signaling cascade, we
examined a relatively distal effect of ligand-induced signaling,
STAT activation. In the IL-2R system, mutants that display
impaired STAT activation also fail to proliferate normally in
response to IL-2, suggesting that STAT factors may play a role
in growth signaling. In the stable cell lines expressing various
V-box mutants, STAT activation is only barely detectable in the
cell lines expressing IL-2R3270A 271–2R or IL-2RB278–280A
and is undetectable in the cell line expressing IL-2RB261–
263A. Consequently, the V-box mutations must affect a signal
ing step proximal to STAT factor activation but distal to ligand
binding.

Subsequent studies focused on earlier steps in the signaling
cascade, in order to define more precisely the contribution of
these critical V-box residues to IL-2R-mediated signaling.
Phosphorylation of IL-2R3 tyrosines is thought to allow addi
tional signaling intermediates to be recruited into the activated
receptor complex, probably through SH2-mediated interac
tions. This phosphorylation is rapid and may contribute to



able, rather than conserved amino acids, are essential for this
process. Although this result is at first surprising, it provides
an explanation for specificity of signaling by various cytokine
superfamily members. The conserved residues may provide a
secondary or tertiary structural motif that permits the variable
residues to be exposed; these variable residues may in turn
contact signaling intermediates in a very specific manner. In
this way, each cytokine receptor could contact specific signaling
intermediates despite common motifs. Further analyses of
other cytokine receptor superfamily members will be needed to
test the generality of this hypothesis.
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Chapter 3

Janus Kinases in Interleukin-2 Mediated Signaling:

JAK1 and JAK3 are Differentially Regulated

by Tyrosine Phosphorylation
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PROLOGUE

Based on studies that mapped the interaction between JAK kinases and cytokine

receptor chains and based on the observation that JAK activation was the earliest

signaling event affected by mutations within the V-Box (1-3), the V-Box appeared to be

critical for the functional association of JAK kinases with receptor chains. Therefore,

subsequent studies focused on the mechanism of JAK activation and specifically

examined the role of tyrosine phosphorylation this process. In particular, we targeted

two conserved tyrosines within the activation loop of JAK1 and JAK3 for mutagenesis

studies. In addition, we were interested in determining the relative contributions of JAK1

and JAK3 to the activation of downstream signaling, since in other cytokine receptor

complexes it appears that the functional requirements for the two JAKs within the

complex differ (4). The following paper, reproduced from the journal in which it was

published, examines the role of activation loop tyrosines in JAK1 and JAK3 kinase

function and describes the establishment of an assay system to analyze the relative roles

of JAK1 and JAK3 in Ye-containing receptor complexes.

** = º rº
º ºº
* * _*

* º º
* * * .* *
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Janus kinases in interleukin-2-mediated signaling: JAK1 and
JAK3 are differentially regulated by tyrosine phosphorylation
Kathleen D. Liu”, Sarah L. Gaffen", Mark A. Goldsmith" and
Warner C. Greene"?

Background: Cytokines mediate a variety of effector cell functions, including
cellular proliferation, differentiation, and modulation of the immune response.
Many cytokines activate receptor-associated Janus kinases (JAKs) that promote
tyrosine phosphorylation of signal transducers and activators of transcription
(STAT) factors. Although JAK activation has been correlated with
phosphorylation, the role of this tyrosine phosphorylation in the regulation of
JAK1 and JAK3 remains unclear. Furthermore, the relative roles of JAK1 and
JAK3 in the activation of STAT5 by interleukin-2 (IL-2) remain poorly
understood.

Results: We targeted two conserved tyrosine residues within the activation
loop of the JAK1 and JAK3 kinase domains for substitution with phenylalanines.
In an overexpression system, the catalytic function of JAK1 strictly required the
presence of the first of these tyrosines, Y1033. In contrast, JAK3 retained
catalytic activity when either or both of these activation-loop tyrosines were
mutated. Analysis of JAK1/3 chimeras demonstrated that JAK activity was also
controlled by intramolecular interactions involving the amino-terminal domain of
the JAK as well as by the inherent signaling properties of the kinase domain.
Finally, we have reconstituted IL-2-dependent STAT5 induction in a cell line that
lacks detectable expression of JAK1 and JAK3. Catalytically active versions of
both JAK1 and JAK3 must be present for effective induction of STAT5.

Conclusions: JAK1 and JAK3 are differentially regulated by specific tyrosines
within their respective activation loops. Additionally, the amino-terminal domain
of JAK3 appears to contain regulatory sequences that modify the function of the
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kinase domain. Finally, both JAK1 and JAK3 must retain catalytic function for
IL-2-induced STAT5 activation.

Background
One of the most extensively studied cytokines is inter
leukin-2 (IL-2), which has pleiotropic biological effects,
including stimulation of the growth and differentiation of
T and B lymphocytes and activation of natural killer cells
(for a review, see [1]). IL-2 acts by binding to the multi
meric IL-2 receptor (IL-2R), which is composed of three
transmembrane proteins. Whereas the primary role of the
IL-2Ro chain is to regulate the affinity of the receptor
complex for its ligand (2–4], intracellular signaling results
from the heterodimerization of the IL-2RB and Y chains
[5–7]. Both IL-2R3 and Y are members of the cytokine
receptor superfamily [8].

Heterodimerization of IL-2RB and Y results in receptor
phosphorylation, transcriptional activation and induction
of cellular kinases (reviewed in [1]). One of the most prox
imal of these events is the JAK-STAT pathway, in which
receptor-activated Janus kinases (JAKs) promote the tyro
sine phosphorylation of signal transducers and activators of

transcription (STAT) factors (reviewed in [9–12]). The
IL-2R3 chain is constitutively associated with JAK1,
whereas Y binds JAK3 (6,13]. Following ligand binding,
JAK1 and JAK3 are activated. This activation is followed
in turn by tyrosine phosphorylation of various STAT
factors, including STAT1, STAT3 and STAT5 (14–20], of
which the primary target appears to be STAT5. There are
two human and murine isoforms of STAT5 (STAT5A and
STAT5B) that are encoded by distinct genetic loci (20–23).
Following phosphorylation, STAT5 dimerizes through
reciprocal phosphotyrosine—SH2 domain interactions; these
dimers subsequently undergo translocation to the nucleus,
where they mediate transcriptional activation. IL-2 stimu
lates the DNA-binding activity of both STAT5A and
STAT5B (24,25].

In virtually all of the cellular contexts studied to date, JAK
activation is critical for IL-2-mediated proliferation. A
number of IL-2R3-chain mutants that fail to activate JAK
kinases also display markedly decreased or undetectable
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Figure 1
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JAK1 and JAK3 are capable of phosphorylating tyrosine 694 of
STAT5A in vitro. JAK1 and JAK3 were immunoprecipitated from
COS-7 lysates. Immunoprecipitates were split into two equal portions
and incubated with either MBP—STAT5A (lanes 1–3) or
MBP-STAT5A Y694F (lanes 4–6). Phosphoproteins were visualized
by autoradiography. The purified MBP-STAT5A substrates migrate as
doublets; the lower band is presumably a degradation product. The
positions of molecular mass markers (in kDa) are indicated. The arrows
indicate the positions of MBP—STAT5A.

proliferative responses to IL-2 [26). However, JAK1 and
JAK3 may play somewhat disparate roles in the receptor
complex, since certain IL-2R3 mutants fail to activate
JAK1 detectably yet permit induction of JAK3 kinase
activity and STAT5 induction [27]. A deletion mutant,
IL-2RB-H, activates JAK1 and JAK3 but fails to induce
STAT5 dimerization. Cell lines that stably express this
mutant proliferate in response to IL-2, suggesting that
STAT activation is not required for IL-2-mediated cell
proliferation [18]. In contrast, a receptor chain mutant that
permits cell proliferation but fails to activate JAK kinases
has not been identified, suggesting that proliferation and
JAK kinase activation may be interdependent functions in
the context of the IL-2R.

The above evidence, as well as the behavior of other
cytokine receptors, suggests that the JAKs within the
IL-2R complex may contribute in different ways to
downstream signaling. For instance, in the interferon
gamma (IFN-Y) system, JAK1 appears to have a critical
role as a molecular scaffold rather than contributing a

crucial enzymatic function (28]. In contrast, the kinase
function of JAK2 is required for all measurable signaling
properties of the IFN-Y receptor. Thus, in some cases,
the JAK may primarily be required for a structural func
tion in a cytokine receptor complex, whereas in others
JAK catalytic function is strictly necessary for effective
downstream signaling.

The precise mechanism by which JAKs undergo activa
tion remains unresolved. A common site of positive regu
lation by phosphorylation is a region between conserved
subdomains VII and VIII of the kinase domain that has
been termed the activation loop (reviewed in (29–31]).
Phosphorylation in this loop may occur on tyrosine, serine
or threonine residues, depending on the substrate speci
ficity of the kinase. All four recognized members of the
JAK family contain a conserved pair of tyrosines within
this loop. These tyrosines appear to have a regulatory role
in TYK2 and JAK2 [32,33].

The present studies were undertaken to determine whether
the analogous tyrosines of JAK1 and JAK3 regulate the
activation of these molecules. Additionally, studies were
performed to determine whether the catalytic function of
these JAKs is required for STAT5 induction following
IL-2 binding to its receptor.

Results
STAT5A is a better substrate for JAK1 than JAK3 in vitro

There is considerable evidence that JAK1 and JAK3 are
required for STAT5A and STAT5B induction following
IL-2 stimulation. To test whether JAK1 and JAK3 can
directly and specifically phosphorylate STAT5A, a recom
binant substrate composed of the maltose-binding protein
(MBP) fused to the carboxy-terminal 157 amino acids of
STAT5A (MBP—STAT5A) was expressed in bacteria and
purified. The MBP—STAT5A Y694F substrate contains a
single amino-acid substitution at the specific tyrosine that
becomes phosphorylated following cellular stimulation
and is critical for STAT5 dimerization [34]. When the
MBP—STAT5A substrate was incubated with activated
JAK1 in titro, vigorous tyrosine phosphorylation of this sub
strate was observed (Figure 1). In contrast, co-incubation of
the MBP—STAT5A substrate with activated JAK3 pro
duced weak phosphorylation, despite robust autophospho
rylation of JAK3 itself. Coomassie staining of these protein
gels demonstrated that JAK1 and JAK3 were equivalently
expressed (data not shown). Despite the presence of 20
retained tyrosine residues, the MBP—STAT5A Y694F sub
strate was not detectably phosphorylated by either JAK1 or
JAK3, suggesting that the kinase reaction does exhibit sub
strate specificity in vitro. Therefore, both JAK1 and JAK3
can phosphorylate STAT5A to varying degrees on the
physiologically relevant tyrosine in vitro, and the critical
phosphorylation site within STAT5A may be phosphory
lated more avidly by JAK1 than by JAK3.
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JAK1 is regulated by phosphorylation of tyrosine residues
within its activation loop
For both JAK1 and JAK3, tyrosine phosphorylation corre
lates with catalytic activation (reviewed in [10,12]), but
whether these phosphorylation events are essential for
JAK1 and JAK3 activation is unknown. As the activation
loop of JAK1 contains two potential sites of tyrosine
phosphorylation, Y1033 and Y1034 (Figure 2a), one or
both of these residues were mutated to phenylalanine.
These mutants will henceforth be referred to as JAK1 FF
to indicate the double tyrosine to phenylalanine mutation,
JAK1FY to refer to the Y1033F mutation, and JAK1YF to
denote the Y103.4F mutation. An enzymatically deficient
JAK1 that contains an alanine substitution at the critical
active-site lysine residue was also prepared (K907A).
When transiently expressed in COS-7 cells, all of these
mutants were expressed at levels comparable to those of
the wild-type protein (Figure 2b).

It has been previously demonstrated that overexpression
of the JAKs in COS-7 or Sf9 cells results in constitu
tive activation and concomitant tyrosine phosphorylation
([35,36); K.D.L., data not shown). To determine the cat
alytic potential of these JAK1 mutants, each kinase was
co-expressed with STAT5A in COS-7 cells, which results
in ligand-independent STAT5A tyrosine phosphoryla
tion and the acquisition of DNA-binding activity [24].
Such phosphorylation in this system proved specific,
since co-expression of a JAK with a STAT5A molecule
lacking the critically phosphorylated tyrosine (Y694F) did
not result in STAT5A phosphorylation ([34]; data not
shown). Nuclear extracts were prepared and subjected to
electrophoretic mobility shift assays (EMSA) using a
radiolabeled probe encoding the STAT DNA-binding
site found upstream of the F.YRI gene. Co-expression of
STAT5A with the wild-type JAK1 resulted in a DNA
protein complex with retarded mobility relative to the
unbound probe that contained STAT5A (Figure 2c, lanes
1,2). In contrast, co-expression of the JAK1 K907A mutant
with STAT5A did not yield detectable STAT5A DNA
binding activity (Figure 2c, lane 3). Similarly, the JAK1 FF
mutant failed to activate STAT5A, indicating that one or
both of these tyrosines are critical for kinase function
(Figure 2c, lane 4). The JAK1 FY and JAK1YF mutants
clarified that the first tyrosine (Y1033) is required for
kinase activation while the second tyrosine (Y1034) is
dispensable (Figure 2c, lanes 5,6).

It was also possible in the same system to examine JAK1
phosphorylation, which is thought to be an autocat
alytic event in the context of overexpression. Expression
of wild-type JAK1 or JAK1YF kinase molecules in
COS-7 cells resulted in detectable phosphorylation of
tyrosine residues of JAK1 (Figure 2d). Despite expres
sion levels comparable to those of the wild-type protein,
the JAK1K907A, JAK1 FF and JAK1 FY mutants failed to
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JAK1 requires activation loop tyrosines for catalytic activation. (a)
Domain structure of JAK1 and JAK3. Residues targeted for
mutagenesis are highlighted in bold. The VAVK sequence is from
subdomain ll of the kinase domain. (b) Equivalent expression in COS-7
cells of wild-type and mutant JAK1 proteins was confirmed by
SDS-PAGE followed by immunoblotting with an anti-JAK1 antibody.
(c) To assess the catalytic function of these mutants, each JAK1 was
co-expressed with STAT5A in COS-7 cells. Nuclear extracts were
prepared and subjected to electromobility shift assay (EMSA) with a
radiolabeled F.YRI probe, (d) To determine if the wild-type JAK1 and
JAK1 mutants were tyrosine phosphorylated when expressed in
COS-7 cells, whole cell lysates (left) or JAK1 immunoprecipitates
(right) were immunoblotted with 4G10. Membranes were stripped and
reprobed with the anti-JAK1 antibody to confirm equivalent loading (for
cell lysates, see (b); for immunoprecipitations, data not shown).

undergo detectable autophosphorylation. Thus, tyrosine
1033 is critical for JAK1 kinase function and may also
be a site of autophosphorylation.

Activation-loop tyrosines are not absolutely required for
JAK3 catalytic function
We next focused on the two analogous tyrosines within
the activation loop of JAK3, Y975 and Y976 (Figure 2a).
These two tyrosines were mutated to phenylalanine to
create the double mutant, JAK3FF, as well as the two
single mutants, JAK3FY and JAK3YF. All of these
mutants and the kinase-inactive JAK3K851A mutant
were expressed in COS-7 cells at levels comparable to
that of wild-type JAK3 (Figure 3a). When co-expressed

º{
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STAT5A in COS-7 cells. Furthermore, both the JAK3YF
and JAK3FF mutants also became tyrosine phosphorylated
when overexpressed in COS-7 cells (Figure 3c), confirming
that the JAK3FF mutant retained catalytic function despite
the complete absence of the regulatory- loop tyrosines.
Thus, whereas JAK1 is strictly regulated via tyrosines
within the activation loop, the analogous tyrosines do not
play an equivalent role within JAK3. These tyrosines may
nevertheless play some role in regulating catalytic function,
since the JAK3FY mutant does not phosphorylate STAT5A
as strongly as either wild-type JAK3 or JAK3FF, despite a
potent ability to autophosphorylate.

JAK regulation involves intramolecular interactions as well
as the inherent functions of the kinase domain

Because JAK1 and JAK3 are differentially regulated by
activation-loop tyrosines, we next studied whether the
regulation of these kinases was solely an intrinsic prop
erty of the kinase domain or whether regulation also
involved other domains of the molecule. To address this
question, a panel of JAK1 and JAK3 chimeras was devel
oped (Figure 4a). All these constructs were expressed at
equivalent protein levels when transfected into COS-7
cells, indicating equal stability (Figure 4b). In co-expres
sion studies with STAT5A, both of the chimeras with
wild-type kinase domains, namely JAK1/3/3 and JAK3/1/1,
could phosphorylate STAT5A and activate its DNA
binding activity (Figure 4c). As expected, neither JAK
3/1/1 KA nor JAK 1/3/3 KA, both of which contained catalyt
ically inactive kinase domains, phosphorylated STAT5A
when co-expressed in COS-7 cells (Figure 4c). This result
again demonstrated the dependence of tyrosine phospho
rylation of STAT5A on the catalytic activity of the co
expressed JAK. Interestingly, the JAK3/1/1 FF chimera
continued to phosphorylate STAT5A despite the loss of
tyrosines within the activation loop. Therefore, the amino
terminal domain of JAK3 can confer regulation upon the
kinase domain of JAK1 independent of the activation
loop tyrosines since the parental JAK1FF displayed no
detectable kinase activity. In contrast, the fusion of the
amino terminus of JAK1 in the JAK1/3/3 FF chimera did
not detectably affect the preserved activity of the JAK3FF
kinase domain, as measured by the induction of STAT5A
DNA-binding activity.

Whereas both wild-type JAK1/3/3 and JAK1/3/3 FF were
strongly phosphorylated on tyrosine residues when over
expressed in COS-7 cells, the JAK3/1/1 FF and JAK3/1/1
FY constructs were only weakly tyrosine phosphorylated
despite retaining their catalytic function (Figure 4d). The
kinase-like and kinase domains of JAK3 may contain addi
tional sites of autophosphorylation that may not be repre
sented in the equivalent domains of JAK1. Thus, the
regulation of JAKs cannot be assigned exclusively to a
single domain of the kinase but is a function of both the
amino terminus and the kinase domain of the molecule.
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Activation-loop tyrosines of JAK3 are not strictly required for catalytic
function. Experiments were performed as described in the legend to
Figure 2. (a) Expression of wild-type JAK3 and JAK3 mutants to
confirm comparable levels of expression. Immunoblotting was
performed with an anti-JAK3 antibody. (b) Co-expression of wild-type
JAK3 and JAK3 mutants with STAT5A to assess the catalytic function
of these kinases. EMSA was performed to determine the
phosphorylation state of STAT5A. (c) Assessment of the tyrosine
phosphorylation state of wild-type JAK3 and mutants in COS-7 cells
by immunoblotting with 4G10. Left panel, whole cell lysates. Right
panel, immunoprecipitations with the anti-JAK3 antibody. Membranes
were stripped and immunoblotted with the anti-JAK3 antibody to
confirm equivalent loading (for cell lysates, see (a); for
immunoprecipitations, data not shown).

with STAT5A, wild-type JAK3 strongly activated the
DNA-binding activity of STAT5A (Figure 3b, lane 2). In
contrast, the kinase-deficient JAK3K851A mutant failed to
induce the DNA-binding activity of STAT5A (Figure 3b,
lane 3). Remarkably, the JAK3FF mutant also mediated
STAT5A induction at a level comparable to that of the
wild-type JAK3 (Figure 3b, lane 4). Therefore, in con
trast to JAK1, the presence of activation-loop tyrosines is
not absolutely critical for the catalytic function of JAK3.
However, the two single tyrosine add-back mutants sug
gested that the presence of the first tyrosine modestly
influences JAK3 regulation, since JAK3FY failed to phos
phorylate STAT5A as strongly as JAK3FF in the over
expression study (Figure 3b, lane 5). Nonetheless, the
JAK3FY mutant itself became phosphorylated on tyrosine
residues when overexpressed in COS-7 cells (Figure 3c), at
levels comparable to those of wild-type JAK3. Together
with the in vitro kinase data (in which JAK3 failed to
phosphorylate STAT5A strongly), this result suggests
that STAT5A may not be the preferred substrate for
JAK3. Consequently, the subtle decrement in function of
JAK3FY may be enhanced upon co-expression with

º
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Figure 4
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The amino terminus of JAK1 is critical for the association

between IL-2R3 and JAK1
It remains unclear which domains of JAK1 are responsible
for constitutive association of JAK1 with the IL-2R3 chain.
For other JAKs, the amino-terminal domain appears to be
the critical determinant of receptor binding (37–40). To
test this hypothesis for JAK1 and to demonstrate that the
amino terminus of the JAK1/3/3 chimera was appropriately
folded, IL-2R3 was co-expressed in COS-7 cells with
JAK1, JAK3, or JAK1/3/3. Both JAK1 and JAK1/3/3 were
detectably and specifically co-immunoprecipitated with
IL-2RB (Figure 5a), demonstrating that the amino termi
nus of JAK1 is critical for association with IL-2R3. Thus,
the amino terminus of JAK1 confers all of the determi
nants required for binding to the IL-2RB chain and, as its
function is retained, this domain appears to be appropri
ately folded in the JAK1/3/3 chimera.

Il-2-dependent STAT5 activation is recapitulated by
expression of IL-2Rf, Ye JAK1, JAK3 and STAT5A in U4A
To determine the functional JAK requirements for IL-2-
mediated STAT activation, we reconstituted the IL-2R
in U4A cells, a somatic mutant derivative of the 2FTGH
human fibrosarcoma cell line that lacks endogenous
JAK1 [41] and apparently fails to express JAK3. Comple
mentary DNAs (cDNAs) encoding IL-2RB, Y., JAK1,
JAK3 and STAT5A were introduced into the cells by
transient co-transfection. Since STAT5A and STAT5B
appear to be largely interchangeable in the context of IL
2R signaling [24], for simplicity only the cDNA encoding

STAT5A was used in these studies. Following stimulation
of the cells with IL-2, nuclear extracts were prepared
and subjected to EMSA with the FYRI probe. When
all five cDNAs (IL-2RB, Y., JAK1, JAK3 and STAT5A)
were transfected into the U4A cells, STAT5A DNA-bind
ing activity was undetectable in the absence of ligand
(Figure 6, lane 1). The addition of IL-2 produced a strong
DNA-binding complex (Figure 6, lane 2). Supershift

Figure 5
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JAK1 and JAK1/3/3 co-immunoprecipitate with the IL-2R3 chain. (a) Co
immunoprecipitation experiments. Immunoprecipitations were performed
with the 561 antibody (anti-IL-2RB), subjected to SDS-PAGE and then
immunoblotted with the indicated antibodies.(b) Equivalent expression
of JAK1, JAK3 and JAK1/3/3. Cell lysates were subjected to
SDS-PAGE and then immunoblotted with the indicated antibodies.
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Figure 6
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IL-2-induced STAT5A activation is dependent upon co-transfection of
cDNAs encoding IL-2Ro. Y., STAT5A. JAK1 and JAK3. U4A cells were
transfected with the indicated cDNAs. At 48 h post-transfection, cells
were incubated in medium alone (-) or in medium containing 10 nM
recombinant human IL-2 (2) for 10 min at 37°C. Nuclear extracts were
subjected to EMSA. Supershift analysis with the anti-STAT5A antibody
(lane 3) was performed as described in Materials and methods.
Arrows: STAT5A-DNA complex (lower), supershifted STAT5A-DNA
complex (upper).

analysis with an anti-STAT5 antibody confirmed that
STAT5A was present in this complex (Figure 6, lane 3).
Similar results were obtained with a probe encoding the
STAT-binding site from the interferon-regulatory factor 1
(IRF-1) promoter (data not shown). To determine whether
each of the five cDNAs was required for IL-2-mediated
STAT5A activation, each of the components was sequen
tially eliminated from the transfection. No combination of
four cDNAs was sufficient to mediate significant IL-2-
induced STAT DNA-binding activity (Figure 6, lanes
4–13). The low but detectable level of STAT5 induction
observed in the absence of transfected IL-2R3 receptor
chains may be due to a low level of endogenous receptor
chains. Therefore, IL-2RB, Y., JAK1, JAK3 and STAT5A
are necessary and sufficient to recapitulate IL-2-inducible
STAT5A activation.

JAK1 and JAK3 catalytic functions are required for IL-2-
mediated STAT5A activation

The U4A reconstitution system was next used to evaluate
the JAK1 and JAK3 mutants in the context of IL-2-
induced STAT5A activation. For JAK1, only wild-type
JAK1 and the catalytically active JAK1YF mutant permit
ted full IL-2-induced STAT5A dimerization. In con
trast, neither the JAK1K907A nor the JAK1FF mutant
reconstituted STAT5A activation (Figure 7a, compare
lanes 2,4,6). However, the JAK1FY mutant, which had no

detectable function in the overexpression system, exhib
ited a very low but reproducible level of STAT5A induc
tion in this assay system (Figure 7a, lane 8). These results
demonstrate that STAT5A activation requires intact cat
alytic function of JAK1 and that the JAK1FY mutant may
retain a small degree of catalytic potential.

In the case of JAK3, the JAK3K851A mutant failed to
recapitulate IL-2-mediated STAT5 DNA-binding activ
ity, demonstrating that JAK3 catalytic activity is critical for
STAT5A. In contrast, both JAK3FY and JAK3YF, as well
as JAK3FF, fully supported activation of STAT5A by the
IL-2R (Figure 7b, lanes 6,8,10). All of these mutants thus
retain biologically relevant catalytic function despite the
lack of activation-loop tyrosines. Therefore, these regula
tory mutants of JAK1 and JAK3 confirm that catalytic
potential of both kinases is critical for IL-2-induced
STAT5A activation.

Discussion
The JAK-STAT pathway was defined through a somatic
genetic approach that demonstrated that the JAKs are
epistatic to the STATs (reviewed in [10–12,28]). There is
less evidence that JAKs directly phosphorylate STATs
during receptor-mediated signaling [36,42]. Immunopre
cipitates of JAK1 and JAK3 phosphorylated wild-type
MBP—STAT5A but failed detectably to phosphorylate
MBP—STAT5A Y694F, supporting the hypothesis that
JAKs can directly phosphorylate STATs. In addition, JAK1
phosphorylated STAT5A somewhat more efficiently than
did JAK3 in vitro, suggesting that the JAKs may have dif
ferent substrate specificities. Nonetheless, when overex
pressed in COS-7 cells, JAK3 activated STAT5A DNA
binding activity. In this case, the high effective substrate
concentration within the cell may overcome the lower sub
strate affinity that is physiologically relevant. Notably,
JAK3FY did not phosphorylate STAT5A as effectively as
the wild-type kinase in the COS-7 co-expression system,
although this mutant reconstituted IL-2R function equiva
lently to wild-type JAK3. These results suggest that the
role of JAK3 in the receptor complex may not be to phos
phorylate STAT5 directly. Rather, it may normally serve
to phosphorylate the receptor chains, JAK1, or another
unidentified component involved in the initiation of sig
maling. Therefore, the difference revealed by the in vitro
kinase assay may reflect a subtle but important difference
in substrate specificity that is somewhat obscured in the
overexpression system.

We next pursued the role of activation-loop tyrosines in
JAK1 and JAK3 catalytic activation. The TYK2 Y1054F
Y1055F mutant functions only at very high doses of IFN-y
[33], and it remains unclear which of these two tyrosines is
critical for kinase activation. As has been shown for JAK2
[32], our studies demonstrate that the first tyrosine within
the activation loop of JAK1 plays the dominant role in

:
-
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Figure 7

The IL-2R requires functional JAK1 and JAK3
for STAT5 activation. (a) U4A cells were * : , , ; ; ; * : * * * * *
transfected with the JAK1 mutants described STAT5A + + + + + STAT5A + + - - +

in Figure 2, in combination with IL-2RB, Y. Y. “ - - - - c. * + -- + +

STAT5A and JAK3. WT, wild-type JAK1, KA. IL-2R3 + + + + - IL-2RB + + - - -

JAK1 K907A: FF, JAK1FF: FY, JAK1 FY; and sumulation -7--T-Z-TZ-TZ- sumulation ~7-7-7-7 -7
YF, JAK1.Y.F. Cells were incubated with
medium alone (-) or IL-2 (2) and nuclear
extracts were prepared and subjected to
EMSA (b) EMSA of nuclear extracts
prepared from U4A cells transfected with the
JAK3 mutants described in Figure 3 along
with IL-2RB, Y., STAT5A and JAK1. WT. wild.

1 2 3 4 5 6 7 8 9 10

— | * * * *d-—
1 2 3 4 5 6 7 8 9 10

Current Bology
type JAK3; KA. JAK3K851A, FF. JAK3FF: FY.
JAK3FY: YF, JAK3YF.

catalytic activation. JAK1YF behaved identically to the
wild-type kinase in the assays we have used in this study.
Activation-loop tyrosines may be sites of autophosphory
lation or transphosphorylation, as the presence of these
tyrosines also correlates with detectable tyrosine phospho
rylation of JAK1. Alternatively, another kinase may phos
phorylate the JAKs on these tyrosines, as with Bruton's
tyrosine kinase (BTK), for which Src kinases initiate BTK
activation by phosphorylating tyrosine 551 within the acti
vation loop [43]. Furthermore, recent structural studies
suggest that activation-loop phosphorylation may effect
kinase activation by multiple mechanisms. In the insulin
receptor kinase, an activation-loop tyrosine binds to the
active site of the enzyme, thereby blocking substrate and
ATP access [44]. In contrast, in the fibroblast growth factor
receptor, the activation loop blocks the substrate-binding
site, but not the ATP-binding site [45]. Moreover, the criti
cal activation-loop determinants are not tyrosines but rather
invariant amino acids. A precise understanding of the role of
the activation loop in the regulation of JAK1 will await
further structural characterization of the kinase domain.

In contrast to the other known JAKs, the catalytic activity
of JAK3 was not strictly dependent on the presence of
the activation-loop tyrosines. If phosphorylation of these
tyrosines was essential for kinase activation, mutation of
both tyrosines to phenylalanine would not have permitted
catalytic function. Alternatively, phosphorylation might
create docking sites for signaling intermediates containing
SH2 or phosphotyrosine-binding domains. Ongoing studies
are focused on clarifying the mechanism of JAK3 activation.

Analysis of JAK1—JAK3 chimeras demonstrated that kinase
regulation cannot be mapped to a single domain. A chimeric
molecule in which the amino terminus is derived from
JAK3 and the kinase-like and kinase domains are derived
from JAK1 was constructed in order to determine whether
this chimera behaves like JAK1 or JAK3 with regard to the
role of regulatory loop tyrosines in catalytic activation. The
JAK3/1/1FF chimera, in contrast to JAK1FF, retained sig

nificant catalytic function. To test whether catalytic regula
tion is determined solely by the amino terminus of the mol
ecule, we generated a series of JAK1/3/3 chimeras. The
amino-terminal domain of these molecules appears to be
properly folded, since the JAK1/3/3 chimera associated with
the IL-2RB chain when these molecules were co-expressed
in COS-7 cells. However, the JAK1/3/3 FF chimera func
tioned comparably to its wild-type parent. These findings
suggest that the inherent catalytic function of the kinase
domain plays a role in the regulation of kinase activity,
since the kinase retained its catalytic function in the pres
ence of the JAK1 amino-terminal domain. Taken together
with the JAK3/1/1 chimera, which demonstrated that the
amino-terminal portion of a JAK could influence its cat
alytic function, these data suggest that the regulation of
kinase activity involves both interactions with the amino
terminus of the molecule as well as the inherent potential
of the kinase domain itself.

To create an experimental model in which both JAKs could
be replaced in the IL-2R complex, essential components of
the receptor were reconstituted in the somatic mutant
human fibrosarcoma cell line U4A. In contrast to the previ
ously described COS-7 overexpression system ({25); K.D.L,
unpublished observations), both JAK1 and JAK3 must be
added to the U4A cellular background to reconstitute IL-2-
inducible STAT5 activation. No mutant form of either
JAK1 or JAK3 lacking catalytic function was capable of sup
porting signals leading to STAT5A DNA-binding activity
following stimulation with ligand. Therefore, in contrast to
the IFN-Y system (28), it appears that the IL-2R complex
fully requires two catalytically active JAKs for STAT5 acti
vation. The specific regulation of these two kinases
nonetheless appears to differ at the molecular level.

Conclusions
These studies investigated the potential regulatory role of
conserved tyrosine residues present within the activation
loops of JAK1 and JAK3. These tyrosines are required for
JAK1 but not JAK3 function and therefore are likely to

= *
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º
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play fundamentally different roles in the regulation of
activation. Since JAK3 does not require these tyrosines for
catalytic function, ongoing studies are focused on the role
of tyrosine phosphorylation in the regulation of JAK3 acti
vation. We have also reconstituted functional IL-2R com
plexes in the U4A cell line, which lacks endogenous JAK1
and JAK3. These studies demonstrated that both JAK1
and JAK3 must be catalytically active in order for IL-2-
induced STAT5 activation to occur. Although these find
ings highlight the potential importance of JAK1 in the
activation of STAT5, further studies are needed to deter
mine in more detail the relationships between the IL-2R
chains, JAKs and their substrates.

Materials and methods
Cell lines
The COS-7 cell line was obtained from the American Type Culture Col
lection. These cells were passaged in Iscove's medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS), L-glutamine, and
1% penicillin/streptomycin (P/S). For transient transfection studies,
these cells were passaged in Dulbecco's modified Eagle medium sup
plemented with 10% FBS, L-glutamine, and 1% PAS. The U4A cell line
was a generous gift from George Stark. Cell culture conditions for this
cell line have been previously described [41].

Reagents and antibodies
The antiphosphotyrosine antibody 4G10 and antibodies specific for
JAK1 and JAK3 were obtained from Upstate Biotechnology. The poly.
clonal rabbit anti-STAT5A antibody was a generous gift from Xiuwen Liu
and Lothar Heninghausen. The anti-Glu antibody coupled to Sepharose
beads was a kind gift of Simon Cook. The cDNAs encoding murine JAK1
and JAK3 were a generous gift of James Ihle. The cDNA encoding
STAT5A was a kind gift of Alice Mui. Recombinant human IL-2 was a gift
of Chiron Corporation. The 561 hybridoma (the anti-IL-2R3 antibody)
was a kind gift of Paul Sondel. Competent DH.50 cells were from Life
Technologies. Pfu polymerase for PCR was obtained from Stratagene
and deoxynucleotides were from Pharmacia.

Constructs and plasmids
Mutations generated by PCR were verified by DNA sequencing. The
STAT5A Y694F mutant was created by PCR, cloned into pBS
STAT5A, and then transferred to the pCMV4HA vector. The cDNA
encoding murine JAK1 was subcloned into pCMV4neo [46], JAK1 was
3’ tagged with the Glu-Glu tag (47.48] by introduction of a PCR
product encoding the epitope hexapeptide (EYMPME, single-letter
amino-acid code) into pjAK1 neo. plaK1 FFneo, p■ AK1 FYneo, and
p■ AK1YFneo were generated by PCR. To prepare the JAK1K907A
mutant, a double-stranded oligonucleotide encoding the mutation
was introduced into pjAK1 neo. The JAK3 cDNA was subcloned from
pBSmujAK3 into pCDM8d), and then transferred to pCMV4neo. A
noncoding Bam!-il fragment was removed to create plaK3neo. To
create the epitope-tagged JAK3, the 3’ end of JAK3 was subcloned
into pBS to create pBS3'JAK3, and a double-stranded oligonucleotide
encoding the epitope tag was introduced. The JAK3K851A mutant was
generated using a double-stranded oligonucleotide. The JAK3FF
mutant was generated by PCR. The JAK3YF and JAK3FY mutants
were generated with the Mutagene system (BioPad) and oligonu
cleotides encoding the appropriate mutations. Exchange of comple
mentary sequences between JAK1 and JAK3 was used to generate the
JAK3/1/1 and JAK1/3/3 chimeras. To create the JAK3/1/1 chimera,
PCR was used to amplify the amino terminus of JAK3 with appropriate
restriction sites and cloned into p■ ak1 neo. The sequence at the junc
tion is as follows: FHTTP*16 °7°LKKDI (Italic sequences are derived

from JAK3, bold sequences are from JAK1). Mutants were prepared by
subcloning of the amino-terminal fragment of p■ AK3/1/1neo into the
appropriate pjAK1 neo plasmids. To create the JAK1/3/3 chimera, the
5' end of JAK3 was cloned into pBS and a unique Affil site was intro
duced. The 5' end of JAK1 was subcloned into this construct. This
JAK1/3 fusion was reintroduced into the context of full-length JAK3 (as
well as into the JAK3 mutants). The sequence of the junction is as
follows: DRILK579 514DSLEW

Fusion protein expression
The MBP-STAT5A fusions were created by cloning a blunted Rsril
site—Xbal fragment of STAT5A that encodes the carboxy-terminal 157
amino acids in frame into the Xmn–Xbal sites of the p■ /AL-C2 vector
(New England Biolabs). The fusion proteins were produced in DH50.
and purified using amylose resin (New England Biolabs) per the manu
facturer's instructions.

Transient transfection methods
COS-7 cells were transiently transfected using Lipofectamine (Life
Technologies) as directed by the manufacturer. The U4A cell line was
transiently transfected by the calcium phosphate method (Life Tech
nologies) at a density of 2 x 10° per 100 mm plate.

Electrophoretic mobility shift assays
Nuclear extracts were prepared as described in [49]. Electrophoretic
mobility shift assays were performed with 5 mg nuclear extract from
COS-7 cells or 10 ug extract from U4A cells as described (15,50].
Oligonucleotide probes were radiolabeled using polynucleotide kinase
(Boehringer Mannheim) and Y-[**P)ATP (Amersham) as described [51].
Oligonucleotides and pre-incubation of nuclear extracts with anti
STAT5 antibodies are as described in [15].

SDS-PAGE and western blotting
For expression studies, cells were lysed in 1 x SDS-PAGE loading
buffer. Lysates were subjected to SDS-PAGE on 8.75% acrylamide
gels, transferred to immobilon-P (Millipore) or NitroPure (Micron Sepa
rations, Inc) and immunoblotted with the indicated antibodies. Chemi
luminescent detection was performed with the ECL system (Amersham).
To verify equal protein loading membranes were stripped and reprobed
according to the manufacturer's instructions.

Immunoprecipitations
COS-7 cells were lysed in 1% NP-40 (Calbiochem), 20 mM Tris-HCl,
pH 8.0, 150 mM NaCl, 50 mM NaF. 1 mM sodium orthovanadate, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 10 pig ml-' leupeptin, 10 mg ml–"
aprotinin, and 1 mg ml-' pepstatin A. The lysates were precleared 3x 30
min (561 antibody) or 2× 60 min (JAK antibodies). Lysates were incu
bated with the appropriate antibody (2ng for the 561 antibody, 5 ul for
the anti-JAK1 and JAK3 antibodies) for 1 h, followed by addition of
protein A beads (Boehringer-Mannheim) for 1 h. Beads were washed
three times with lysis buffer and boiled with SDS-PAGE sample buffer

In vitro kinase assays
Cells were collected in TEN buffer (150 mM NaCl, 40 mM Tris-HCl
pH 7.5, 1 mM EDTA) and lysed in 1% NP-40 lysis buffer. Following
immunoprecipitation with the anti-Glu beads, the beads were washed
twice in lysis buffer and once in kinase buffer (0.5% NP-40, 140 mM
NaCl, 25 mM Hepes pH 7.2, 1 mM MgCl2, 1 mM MnCl2, 2 mM sodium
orthovanadate, 1 mM PMSF, 10 ug ml-' leupeptin, 10 pig ml-' apro
tinin, and 1 ug ml-' pepstatin A). Kinase reactions were initiated by
adding 40 ul of kinase buffer supplemented with 1–10 mM cold ATP
(Boehringer Mannheim), 10 uCi Y-[*P)ATP (Amersham), and 2–5 ug
substrate. Reactions were incubated at 37°C for 10 min and stopped
by the addition of SDS-PAGE loading buffer. Following SDS-PAGE.
proteins were visualized by Coomassie staining. The stained gel was
subjected to autoradiography to assess phosphorylation.

65



Research Paper IL-2 signaling and JAK phosphorylation Liu et al. 825

Acknowledgements
We thank G. Stark and I. Kerr for their gift of the U4A cell line, J. Ihle and A.
Mui for cDNAs, X. Liu, L Henghausen and S. Cook for their gifts of antibod
ies, and P. Sondel for the 561 hybridoma. We thank W. Yonemoto and F.H.
Espinoza for valuable input and acknowledge the assistance of J. Carroll, M.
Cecil. B. Clark. A Corder and W. Elliston in the preparation of this manuscript.
This work was supported by the J. David Gladstone Institutes, National Insti
tutes of Health (NIH) grant GM-54351 to M.A.G., and NIH grant AI-36452 to
W.C G. K.D.L. is in the NIH Medical Scientist Training program and the
Program in Biological Sciences at the University of California. San Francisco.
S.L.G. is supported by a grant from the Bank of America/Giannini Foundation.

Re
1.

10.

11.
12.

ferences
Gaffen SL, Goldsmith MA. Greene WC: Interleukin-2 and the
interleukin-2 receptor complex. In The Cytokine Handbook. Edited
by A. Thomson. London: Academic Press, 1997, in press.
Cosman D, Cerretti D, Larsen A. Park L. March C, Dower S, et al.
Cloning sequence and expression of human interleukin-2
receptor. Nature 1984, 312:768-771.
Leonard W.J. Depper JM. Crabtree GR, Rudikoff S. Pumphrey J. Robb
RJ, et al.: Molecular cloning and expression of cDNAs for the
human interleukin-2 receptor. Nature 1984, 311:626-631.
Nikaido T. Shimizu A. Ishida N. Sabe H, Teshigawara K. Maeda M. et al.
Molecular cloning of cDNA encoding human interleukin-2
receptor. Nature 1984, 311:631-635.
Goldsmith MA. Lai SY, Xu W. Amaral MC, Kuczek ES, Parent Lj, et al.
Growth signal transduction by the human IL-2 receptor requires
cytoplasmic tyrosines of the 5 chain and non-tyrosine residues of
the Y chain. J Biol Chem 1995, 270:21729-21737.
Nelson BH, Lord JD, Greenberg PD. Cytoplasmic domains of the
interleukin-2 receptor 3 and Y chains mediate the signal for T-cell
proliferation. Nature 1994, 369:333-336
Nakamura Y. Russell SM. Mess SA, Friedmann M. Erdos M. Francois
C. et al.: Heterodimerization of the IL-2 receptor 3- and Y-chain
cytoplasmic domains is required for signaling. Nature 1994,
369:330-333.
Bazan JF: Structural design and molecular evolution of a cytokine
receptor superfamily. Proc Natl Acad Sci USA 1990,
87:6934-6938.
Briscoe J. Guschin D, Rogers NC, Watling D, Muller M. Horn F, et al.:
JAKs, STATs and signal transduction in response to the
interferons and other cytokines. Philos Trans R Soc Lond (Biol)
1996, 351:167-171
Darnell JE, Kerr IM. Stark GR: JAK-STAT pathways and
transcriptional activation in response to IFNs and other
extracellular signaling proteins. Science 1994, 264:1415-1421.
Ihle JN. Cytokine receptor signaling. Nature 1995, 377:591-594.
Schindler C, Darnell JE: Transcriptional responses to polypeptide
ligands: the JAK-STAT pathway. Annu Rev. Biochem 1995,
64:621-651
Russell SM, Johnston JA, Noguchi M. Kawamura M. Bacon CM,
Friedmann M. et al.: Interaction of the IL-2R3 and Y chains with
JAK1 and JAK3: implications for XSCID and XCID. Science 1994,
266:1042-1045.
Beadling C, Gischin D. Witthuhn BA. Ziemiecki A. Ihle JN, Kerr IM.
et al.: Activation of JAK kinases and STAT proteins by interleukin
2 and interferon alpha, but not the T-cell antigen receptor, in
human T lymphocytes. EMBO J 1994, 13:5605-5615
Gaffen SL, Lai SY, Xu W. Gouilleux F, Groner B. Goldsmith MA. et al.
Signaling through the IL-2R 5 chain activates a STAT-5-like DNA
binding activity. Proc Natl Acad Sci USA 1995, 92:7192.7196.
Gilmour KC, Pine R, Reich NC: Interleukin 2 activates STAT5
transcription factor (mammary gland factor) and specific gene
expression in T lymphocytes. Proc Nati Acad Sci USA 1995,
92:10.772-10776.
Hou J. Schindler U, Henzel W.J. Wong SC, McKnight SL;
Identification and purification of human STAT proteins activated
in response to IL-2. Immunity 1995, 2:325-330
Fujii H. Nakagawa Y. Schindler U, Kawahara A. Mori H. Gouilleux F.
et al.: Activation of STAT5 by interleukin 2 requires a carboxyl
terminal region of the interleukin-2 receptor■ chain but is not
essential for the proliferative signal transmission. Proc Natl Acad
Sci USA 1995, 92:5482.5486
Johnston JA Bacon CM, Finbloom DS, Rees RC, Kaplan D, Shibuya K.
et al.: Tyrosine phosphorylation and activation of STAT5, STAT3,
and Janus kinases by interleukins 2 and 15. Proc Nat Acad Sci
USA 1995, 92:8705-8709

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

38.

39.

40.

Lin J-X, Migone T-S. Tsang M. Friedmann M. Weatherbee JA, Zhou L,
et al. The role of shared receptor motifs and common STAT
proteins in the generation of cytokine pleiotropy and redundancy
by IL-2, IL-4, IL-7, IL-13 and IL-15. Immunity 1995, 2:331-339
Azam M. Erdjument-Bromage H. Kiedler BL, Xia M, Ouelle F. Basu R.
et al. Interleukin-3 signals through multiple forms of STAT5.
EMBO / 1995, 14:1402-1411.
Copeland NG, Gilbert DJ. Schindler C, Zhong Z, Wen Z, Darnell JE,
et al. Distribution of the mammalian STAT gene family in mouse
chromosomes. Genomics 1995, 29:225-228.
Mui AL-F. Wakao H. O'Farrell A.M. Harada N. Miyajima A. Interleukin
3, granulocyte-macrophage colony stimulating factor and
interleukin-5 transduce signals through two STAT5 homologs.
EMBO J 1995. 14:1166-1175.
Gaffen SL, Lai SY. Ha M. Liu X. Hennighausen L. Greene WC, et al
Distinct tyrosine residues within the interleukin-2 receptor 5 chain
drive signal transduction specificity, redundancy, and diversity.
J Biol Chem 1996, 271:21381-21390
Lin J.X. Mietz J. Modi WS, John S. Leonard W.J. Cloning of human
STAT5B. J. Biol Chem 1996, 27.1:10.728.10744.
Liu KD, Lai SY. Goldsmith MA. Greene WC: lo■ entification of a
variable region within the cytoplasmic tail of the IL-2 receptor 3
chain that is required for growth signal transduction. J Biol Chem
1995, 270:22176-221.81.
Kirken RA, Rui H. Malabarba MG, Howard OM, Kawamura M.
O'Shea JJ, et al.: Activation of JAK3, but not JAK1, is critical for
IL-2-induced proliferation and STAT5 recruitment by a COOH
terminal region of the IL-2 receptor B-chain. Cytokine 1995,
7:689-700.
Briscoe J, Rogers NC, Witthuhn BA. Watling D. Harpur AG, Wilks AF.
et al. Kinase-negative mutants of JAK1 can sustain interferon-Y.
inducible gene expression but not an antiviral state. EMBO J
1996, 15:799.809
Morgan DO, De Bondt HL: Protein kinase regulation: insights
from crystal structure analysis. Curr Opin Cell Biol 1994,
6:239-246.

Johnson LN, Noble MEM. Owen DJ. Active and inactive protein
kinases: structural basis for regulation. Cell 1996, 85:149-158.
Hanks SK. Ouinn AM. Hunter T. The protein kinase family:
conserved features and deduced phylogeny of the catalytic
domains. Science 1988, 241:42-52.
Feng J. Witthuhn BA, Matsuda T. Kohlhuber F. Kerr IM, Ihle JN:
Activation of JAK2 catalytic activity requires phosphorylation of
Y1007 in the kinase activation Loop. Mol Cell Biol 1997,
17:2497-2501.
Gauzzi MC, Velasquez L. McKendry R. Mogensen KE, Fellous M.
Pellegrini S. Interferon- -dependent activation of Tykº requires
phosphorylation of positive regulatory tyrosines by another
kinase. J Biol Chern 1996, 27.1:20.494-20500.
Gouilleux F, Wakao H. Mundt M. Groner B: Prolactin induces
phosphorylation of Tyrö94 of STAT5 (MGF), a prerequisite for
DNA binding and induction of transcription. EMBO J 1994,
13:4361-4369.

Silvennoinen O, Ihle JN, Schlessinger J. Levy DE: Interferon-induced
nuclear signalling by JAK protein tyrosine kinases. Nature 1993,
366:583-585
Quelle FW. Thierfelder W. Witthuhn BA. Tang B. Cohen S, Ihle JN
Phosphorylation and activation of the DNA binding activity of
purified STAT1 by the Janus protein-kinases and the epidermal
growth factor receptor. J Biol Chem 1995, 270:20775.20780.
Chen M. Cheng A. Chen Y-O. Hymel A. Hanson EP, Kimmel L, et al.:
The amino terminus of JAK3 is necessary and sufficient for
binding to the common Y chain and confers the ability to transmit
interleukin 2-mediated signals. Proc Natl Acad Sci USA 1997,
94:6910-6915.
Tanner JW, Chen W. Young RL, Longmore G. Shaw AS: The
conserved box 1 motif of cytokine receptors is required for
association with JAK kinases. J Biol Chern 1995, 270:6523-6530.
Frank SJ, Yi W. Zhao Y, Goldsmith JF, Gilliland G, Jiang J, et al.:
Regions of the JAK2 tyrosine kinase required for coupling to the
growth hormone receptor. J Biol Chem 1995, 270:14776-14785.
Velazquez L, Mogensen KE, Barbieri G, Fellous M, Uze G. Pellegrini S.
Distinct domains of the protein tyrosine kinase tyk2 required for
binding of interferon-alpha/beta and for signal transduction.
J Biol Chern 1995, 270: 3327-3334.

66



826 Current Biology, Vol 7 No 11

41

42

43.

44

45.

46.

47.

48.

49.

50

51.

Muller M. Briscoe J, Laxton C, Guschin D, Ziemiecki A. Silvennoinen
O, et al. The protein tyrosine kinase JAK1 complements defects
in interferon-alpha/beta and -gamma signal transduction. Nature
1993, 366:129-166
Park OK. Schaefer TS. Nathans D. In vitro activation of STAT3 by
epidermal growth factor receptor kinase. Proc Nat Acad Sci USA
1996. 93:13704-13708.
Rawlings DJ, Scharenberg AM, Park H. Wahl MI, Lin S. Kato RM, et al.
Activation of BTK by a phosphorylation mechanism initiated by
SRC family kinases. Science 1996, 271:822–825
Hubbard SR. Wei L. Ellis L. Hendrickson WA. Crystal structure of
the tyrosine kinase domain of the human insulin receptor. Nature
1994, 372: 746-754
Mohammadi M. Schlessinger J. Hubbard SR Structure of the FGF
receptor tyrosine kinase domain reveals a novel autoinhibitory
mechanism. Cell 1996, 86: 577-587.
Goldsmith MA, Xu W. Amaral MC, Kuczek ES, Greene WC: The
cytoplasmic domain of the IL-2 receptor■ chain contains both
unique and functionally redundant signal transduction elements.
J Biol Chern 1994, 269:14698-14704.
Grussenmeyer T. Scheidtmann KH, Hutchinson MA, Eckhart W.
Walter G. Complexes of polyoma virus medium T antigen and
cellular proteins. Proc Nat Acad Sci USA 1985, 82:7952-7954
Rubinfeld B. Munemitsu S, Clark R. Conroy L. Watt K. Crosier W.J.
et al.: Molecular cloning of a GTPase activating protein specific for
the Krev-1 protein p21”. Cell 1991, 65:1033-1042
Schreiber E. Matthias P. Muller MM. Schaffner W. Rapid detection of
octamer binding proteins with 'mini-extracts', prepared from a
small number of cells. Nucleic Acids Res 1989, 17:6419-6420.
Latchman DS: Transcription Factors: A Practical Approach. New
York: IRL Press: 1993.
Maniatis T. Fritsch EF. Sambrook J. Molecular Cloning: A Laboratory
Manual Cold Spring Harbor: Cold Spring Harbor Laboratory Press:
1982.

Because Current Biology operates a "Continuous Publication
System' for Research Papers, this paper has been published
on the internet before being printed. The paper can be
accessed from http://biomednet.com/cbiology/cub - for
further information, see the explanation on the contents page.

67



Chapter 4

Interleukin-4-Specific Signal Transduction Events

Are Driven by Homotypic Interactions

of the Interleukin-4 (IL-4) Receptor o, Subunit

68



PROLOGUE

In contrast to the IL-2RB chain, where a number of hematopoietic cell lines that

lack expression of IL-2RB have been described, virtually all hematopoietic cell lines

described to date express Ye, with the exception of B cell lines derived from patients with

X-SCID (1). This relatively ubiquitous pattern of expression has necessitated the

establishment of chimeric receptor assay systems in order to perform structure/function

studies of the Ye chain. Therefore, our laboratory established a chimeric receptor system

in which the cytoplasmic and transmembrane portions of IL-2RB and Ye were fused to the

extracellular domain of a heterologous receptor, the EPOR. Although the EPOR

functions in a homomeric configuration (2-6), expression of either of the two chimeric

proteins alone (EPOB and EPOY, respectively) did not result in productive signal

transduction. However, when the two chimeras were co-expressed, stimulation with

EPO resulted in a program of signal transduction that was indistinguishable from that

initiated by the native IL-2R complex (7). Subsequent analyses focused on other Ye

utilizing receptors, including the IL-4R, IL-7R, and IL-9R. In the case of the IL-4R, it

had been demonstrated that a number of IL-4-responsive cell lines fail to detectably

express Ye. Therefore, several groups had proposed that there were Ye-dependent and Ye

independent forms of the IL-4R (8-10). However, the molecular configurations of the

Yc-independent receptor forms remained unclear; based on studies of the IL-13R, it had

been suggested that the Ye-independent forms of the IL-4R shared a common receptor

component with the IL-13R (11). The following paper, reproduced from the journal in

which it was published, describes the analysis of the IL-4R in the chimeric receptor

system context and proposes a novel Ye-independent receptor configuration. My

participation in these studies included intellectual contributions and experimental data

which are depicted in Figures 1 and 3. S. Y. Lai was responsible for leading these

studies. J. J. Molden had an extensive role in the establishment of stable cell lines and
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the generation of experimental data. J. Puck contributed cell lines from patients with X

SCID, and M. White provided the IRS-1 cDNA.
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Interleukin-4 (IL-4) exerts its effects through a hetero
dimeric receptor complex (IL-4R), which contains the
IL-4Ro and Y subunits. IL-4Ro also functions with
other partner subunits in several receptor types, includ
ing the IL-13 receptor. To examine the roles of the
individual subunits within IL-4R complexes, we
employed a chimeric system that recapitulates native
IL-4R function as verified by the activation of the
kinases, JAK1 and JAK3, and induction of STAT-6.
When a mutant Y subunit in which the four cytoplasmic
tyrosines were converted to phenylalanine was paired
with the cytoplasmic domain of the IL-4Ro: chain,
specificity within the JAK-STAT pathway was not
altered. Signaling events were examined further in cells
expressing the IL-4Ro chimera alone without the Y.
chimera. Ligand-induced homodimerization of these
receptors activated the IL-4 signaling program despite
the absence of Ye, including induction of JAK1 and
STAT-6, phosphorylation of the insulin-related sub
strate 1 and cellular proliferation. Thus, homotypic
interactions of the IL-4RO: subunit are sufficient for the
initiation and determination of IL-4-specific signaling
events, and such interactions may be integral to sig
naling through IL-4R complexes.
Keywords: interleukin-4/JAK-STAT/receptor/signal
transduction/specificity

Introduction

Interleukin-4 (IL-4) exerts pleiotropic effects on multiple
cell lineages (reviewed in Beckmann et al., 1992;
Banchereau and Rybak, 1994; Keegan et al., 1994).
These widely different functions include proliferation and
differentiation of B and T lymphocytes. Stimulation of B
cells with IL-4 leads to heavy chain class switching to
IgE and the induction of major histocompatibility complex
class II molecules. Furthermore, IL-4 up-regulates the
expression of CD23, the low affinity Fc receptor for IgE.
IL-4 also acts as a potent inducer of cytotoxic T cells
(Widmer et al., 1987) and can antagonize responses to
IL-2 by lymphocytes under specific conditions (Tigges
et al., 1989: Tanaka et al., 1993). In vitro studies have
demonstrated the ability of IL-4 to act in concert with
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known colony-stimulating factors either to stimulate or to
suppress colony formation of hematopoietic progenitor
cells (Broxmeyer et al., 1988); IL-4 also exerts an
inhibitory effect on growth of certain human carcinoma
cells (Murata et al., 1996).

The activation of cellular signaling events by IL-4
depends upon ligand binding to a receptor complex that
employs the IL-4RO subunit. This 140 kDa subunit is
sufficient to permit high affinity binding of the IL-4 ligand
(Mosley et al., 1989; Harada et al., 1990). Additionally,
the Y subunit associates with IL-4RO in the presence of
IL-4 to promote a modest increase in receptor binding
affinity (Kondo et al., 1993; Russell et al., 1993). Engage
ment of the heterodimeric IL-4Ro–Y complex by IL-4
results in the association and activation of signaling
intermediates, such as the insulin receptor substrate-l
(IRS-1), that lead to proliferation and various differenti
ation events (Wang et al., 1993; Seldin and Leder, 1994;
Pernis et al., 1995).

Both IL-4RO and Y are members of the cytokine
receptor Superfamily; they contain the canonically spaced
extracellular cysteine residues, the juxtamembrane
WSXWS motif and the partially conserved membrane
proximal Box 1 and Box 2 regions in their cytoplasmic
tails (Bazan, 1990; Murakami et al., 1991). Interestingly,
IL-4R is one member of a receptor subfamily in which
the Y chain is paired with different partner subunits to bind
distinct cytokines. Other receptor complexes recognized to
employ the Y subunit include receptors for IL-2, IL-7,
IL-9 and IL-15 (Takeshita et al., 1992; Noguchi et al.,
1993a; Giri et al., 1994: Kondo et al., 1994). Mutations
in the Y subunit have been proposed to cause the global
signaling defects that lead to X-linked severe combined
immunodeficiency (X-SCID) because of the general use
of Y in multiple receptor complexes (Noguchi et al.,
1993b; Puck et al., 1993). This hypothesis is partially
supported by experimental deletion of the Y. gene in mice.
which results in severe early lymphoid developmental
defects (Cao et al., 1995; DiSanto et al., 1995).

Like the Y chain, the IL-4RO: subunit functions as a
modular receptor component that can be employed in
multiple receptor complexes. For example, IL-4RO appar
ently is employed in the IL-13 receptor complex (Lefort
et al., 1995; Lin et al., 1995). In addition to forming a
heterodimer with Y, to bind IL-4, IL-4RO may also partner
with a second, uncharacterized subunit(s) to mediate IL-4-
dependent signals in cells that do not express Y. (Hou
et al., 1994; He and Malek, 1995). The presence of IL
4RO in multiple receptor complexes would explain the
relatively wider tissue distribution of the IL-4Ro subunit
expression compared with that of the Y chain (Beckmann
et al., 1992; Takeshita et al., 1992), and implies that IL
4RO has Y-independent function(s).

The use of individual receptor subunits in multiple
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Fig. 1. The IL-4Ro—Y. heterodimer mediates activation of the JAK-STAT pathway. (A) Lysates from HT-2EPO4/Y cells unstimulated (U) or treated
with EPO (E. 50 U/ml) or IL-4 (4, 50 U/ml) were subjected to serial immunoprecipitation with anti-JAK1 and anti-JAK3 antisera. Immunoblotting
was performed with an anti-phosphotyrosine antibody (4G10). Blots were then stripped and re-probed with anti-JAK! or anti-JAK3 antisera to verify
even sample loading. (B) EMSA of nuclear extracts from HT-2EPO4/Y and HT-2EPO4/YYF cells that were rested (U) or stimulated with IL-2 (2.
10 nM) or EPO (E. 50 U/ml). Competition was performed with the anti-STAT-5 and anti-STAT-6 antibodies. The lower two arrows highlight EPO
induced (top) and IL-2-induced (bottom) bands. The bold arrow indicates the complex supershifted by anti-STAT5 antibody. N.S.. non-specific band.

receptor complexes appears to be an important means of
defining and regulating different signaling events in several
biological systems (Schlessinger and Ullrich, 1992). Mem
bers of the epidermal growth factor (EGF) receptor family,
for example, are employed in an array of different receptor
multimers to regulate ligand binding specificity and to
direct distinct signaling programs in response to various
related growth factors (Earp et al., 1995). Analogously,
both the IL-4RO and Y subunits may modulate these
activities in different cytokine receptor complexes. The
current studies, therefore, were undertaken to define the
functional roles of the IL-4RO and Y chains and to explore
the combinatorial use of these chains in different receptor
complexes. Collectively, the present findings suggest that
the IL-4RO subunit serves as the primary determinant of
signaling specificity in various receptor complexes, and
that homotypic interactions of IL-4Ro may be integral to
the signal transduction process.

Results

A chimeric receptor system recapitulates native
IL-4R function
To examine the function of individual receptor subunits
within the heterodimeric IL-4R signaling complex, a
chimeric receptor system was employed in which the
extracellular domain of the erythropoietin receptor (EPOR)
was fused to the transmembrane and cytoplasmic regions
of IL-4Ro (EPO4) and Y (EPOY). Stable transfectants
expressing both the EPO4 and EPOY subunits (HT-2EPO4/Y)
were established in HT-2 cells, an IL-2-dependent helper
T-cell line. To verify the integrity of this chimeric receptor
system, activation of the JAK-STAT pathway was
examined as a representative early event in IL-4R signal
ing. First, anti-phosphotyrosine immunoblot analysis of
JAK1 and JAK3 immunoprecipitates from HT-2EPO4/Y
cells demonstrated the induction of these kinases, but not
of JAK2 and Tyk2, following stimulation with IL-4 (Figure
1A and data not shown). Similarly, EPO stimulation of
these cells led to the selective phosphorylation of JAK!
and JAK3, demonstrating the concurrent engagement of
both the IL-4RO and Y, cytoplasmic tails in this chimeric

model (Figure 1A). Second, electrophoretic gel mobility
shift assay (EMSA) demonstrated the retardation of an
oligonucleotide probe containing the Fc/R1 STAT
response element upon stimulation with IL-4 (Figure 2A).
This finding is consistent with earlier reports that STAT-6
DNA binding activity is induced by the IL-4R complex
following JAK1 and JAK3 activation (Hou et al., 1994).
Likewise, EPO stimulation of the HT-2EPO4/Y cell line
led to the activation of a DNA binding complex (Figure
1B). The composition of the EPO-induced binding com
plex was revealed by pre-incubation of the nuclear extracts
with various anti-STAT antibodies. The anti-STAT-6 anti
body abrogated the EPO-stimulated DNA binding com
plex, but had no effect on the STAT-5 DNA binding
activity that resulted from IL-2 stimulation (Figure | B).
Furthermore, an anti-STAT-5 antibody further retarded the
mobility of the IL-2-induced DNA binding activity, but
not of the EPO-stimulated complex (Figure 1B). Thus,
EPO stimulation of a cell line expressing both the EPO4
and EPOY receptor subunits reconstituted specific JAK–
STAT signaling events of the native IL-4R complex.

A ye subunit lacking tyrosine residues is
permissive for IL-4R signal transduction
In the IL-2R complex, the tyrosine residues of the Y.
subunit become phosphorylated upon ligand binding
(Takeshita et al., 1992), but do not appear to affect
signaling events (Goldsmith et al., 1994). To evaluate the
functional contribution of the Y cytoplasmic tyrosines
within the IL-4R complex, a stable cell line was established
that expresses the wild-type EPO4 subunit and a chimeric
Y. mutant subunit in which all four cytoplasmic tyrosine
residues were replaced by phenylalanines (EPOYYF).
EMSA demonstrated that EPO-induced engagement of the
IL-4RO and YYF cytoplasmic tails resulted in a DNA
binding complex indistinguishable from that induced by
the wild-type heterodimeric receptor (Figure 1B). As with
the wild-type IL-4Ro-Yº complex, this DNA binding
complex was abolished by incubation of the HT-2EPO4/
YYF nuclear extract with the anti-STAT-6 antibody. In
contrast, pre-incubation of the HT-2EPO4/YYF nuclear
extract with the anti-STAT-5 antibody did not affect the
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Fig. 2. Various receptors employing the IL-4Ra subunit activate STAT-6 DNA binding activity (A) EMSA of nuclear extracts from HT-2 (left), TF-l
(middle) and THP-I (right) cells that were unstimulated (U) or treated with IL-4 (4, 50 U/ml) or IL-13 (13, 20 U/ml). Competition was performed
with the anti-STAT-5, anti-STAT-6 and pre-immune antisera (Control). Arrows highlight the IL-4- and IL-13-induced bands. N.S., non-specific band.
(B) EMSA of nuclear extracts from the IM-9 cell line and the X-SCID cell lines. MA and RL, rested (U) or treated with IL-4 (4, 10 ng/ml). Anti
STAT-6 and pre-immune antisera (Control) were used in competition studies. The arrow highlights the IL-4-induced band. N.S., non-specific band.

DNA binding complex (Figure 1B), although the anti
STAT-5 antibody did cause the expected supershift of
the IL-2-induced DNA binding activity. Thus, specific
signaling events directed by the IL-4R heterodimeric
complex do not require the tyrosine residues of the Y.
subunit. The Y subunit, therefore, seems to be involved
primarily in the initiation of signaling by the receptor
complex, rather than in the determination of specific
signaling events within the JAK-STAT pathway through
tyrosine-based sequences of k.

The IL-4Ra subunit determines specific signaling
events in multiple receptor complexes
Based on the results above, the IL-4RO and its associated
signaling molecules appear to be responsible for determin
ing the specific signaling events induced by the hetero
dimeric IL-4RO-Y, receptor complex. Since the IL-4Ro:
subunit is involved in multiple receptor complexes, each
of these receptor types might be predicted to activate
similar specific signaling events. In the IL-13R complex,
the IL-4Ro subunit is thought to serve an integral role by
pairing with the recently characterized IL-13Rd. subunit
in the absence of Y. (Zurawski et al., 1995; Hilton et al.,
1996). Consistent with the participation of IL-4Ro: in this
complex, stimulation of an erythroleukemia cell line, TF-1,
with IL-13 also resulted in the activation of STAT-6
(Figure 2A, middle). This finding implies that signaling
specificity within this receptor complex is likewise derived
from the common IL-4RO: chain.

Evidence for another configuration of IL-4Ro-con
taining receptors is found in a human colon carcinoma
cell line, in which IL-4 receptor complexes are competent
to bind the IL-4 ligand despite the lack of detectable Y.
subunit expression (Murata et al., 1996). These receptors
apparently contain IL-4RO chains without a known partner
subunit. Similarly, such receptors are also expressed by a
human monocyte cell line, THP-1, which does not express
mRNA encoding the Y subunit (Takeshita et al., 1992).
As confirmed here (Figure 2A, right), stimulation of
THP-1 cells by IL-4 nonetheless results in the selective
induction of STAT-6 (Hou et al., 1994). Furthermore, B
cell lines derived from patients with X-SCID, which do
not express detectable mRNA encoding Y (MA) or which
contain an extracellular mutation in Y, that prevents ligand
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binding (RL) (Puck et al., 1993), retain responsiveness to
IL-4. As with IM-9, a human lymphoblast cell line,
stimulation of the X-SCID MA and RL cell lines by IL-4
led to the activation of STAT-6 (Figure 2B). Therefore,
this class of receptor complexes is capable of activating
the same signaling event as other classes of IL-4Ro
containing receptor complexes, despite the absence of Y.
Thus, in all of these receptor complexes, the IL-4Ro:
chain is responsible for signal transduction specificity as
measured by activation of STAT-6, apparently regardless
of the nature of the partner subunit.

The IL-4Ra subunit alone mediates specific
signaling events
Because of the range of receptor configurations that retain
IL-4-specific signaling specificity, the IL-4Ro: subunit
alone may be competent to form a functional receptor
complex without other receptor subunit partners. To test
this hypothesis, the EPO4 receptor subunit was stably
expressed alone in HT-2 cells to generate the HT-2EPO4
cell line. As expected, stimulation of HT-2EPO4 cells
with IL-2 or IL-4 resulted in distinct DNA binding
complexes corresponding to STAT-5 and STAT-6, respect
ively (Figure 3B). Strikingly, stimulation of the HT-2EPO4
cell line by EPO resulted in the strong activation of a
DNA binding complex that had a similar migration to that
of the IL-4-induced STAT-6 complex. Moreover, the
specific nature of this complex was demonstrated by
the abolition of this EPO4-mediated activity upon pre
treatment with the anti-STAT-6, but not with the anti
STAT-5, antibody (Figure 3B). Thus, engagement of the
IL-4RO: cytoplasmic tails without the Y subunit leads to
the activation of STAT-6 DNA binding activity as detected
by EMSA.

As shown earlier, engagement of the IL-4RO and Y.
subunits in the heterodimeric IL-4R complex results in
the activation of JAK1 and JAK3 as well as the subsequent
induction of the STAT-6 DNA binding complex (Figure
1). Similarly, binding of the EPO4 subunit in the absence
of chimeric EPOY chains resulted in the activation of STAT
6, implying that activation of the JAK-STAT pathway by
the IL-4R can occur independently of Y chains. As
demonstrated in a previous report, engagement of the
EPOY subunit alone did not result in the detectable
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Fig. 3. Homodimerization of IL-4Ro cytoplasmic domains leads to the activation of IL-4-specific signaling events. (A) Lysates of the indicated cell
lines rested (U) or treated with EPO (E. 50 U/ml) were subjected to immunoprecipitation with anti-JAK1 antiserum. Immunoblot analysis was
performed with the anti-phosphotyrosine antibody. (B) EMSA of nuclear extracts from HT-2EPO4 cells that were rested (U) or stimulated with IL-2
(2, 10 nM), IL-4 (4.50 U/ml) or EPO (E. 50 U/ml). Competition was performed with the anti-STAT-5 and anti-STAT-6 antibodies. Arrows indicate
the IL-2-induced (upper) and IL-4-induced (bottom) bands. (C) Lysates of the indicated cell lines that were rested (U) or treated with EPO
(E, 50 U/ml) or insulin (l, I plg/ml) were subjected to immunoprecipitation by the anti-IRS-1 antiserum. Immunoblotting was performed with the
anti-phosphotyrosine antibody. Even sample loading was verified by stripping the blot and re-probing with the anti-IRS-1 antiserum (data not
shown). (D) Stable 32D transfectants were stimulated with EPO in ['Hlthymidine incorporation assay experiments to evaluate the proliferative
response of cells expressing the EPO4 chimeric subunit. Maximum ['Hlthymidine incorporation due to stimulation by EPO was 50% of
incorporation measured when cells were grown in 5% WEHI 3B-conditioned medium (data not shown).

activation of either the JAK kinases or any STAT factor
(Lai et al., 1996). To determine the specific nature of
JAK kinase activation by EPO4 homodimers, anti-JAK
immunoprecipitates prepared from HT-2EPO4 cells were
immunoblotted with an anti-phosphotyrosine antibody.
EPO stimulation of these cells resulted in the weak, but
reproducibly detectable, activation of JAKl, but not of
JAK3 (Figure 3A), in contrast to the strong activation of
both kinases by the heterodimeric IL-4Ro—Y complexes
(Figure 1A). Similar results were observed in an IL-4-
responsive pro-myeloid cell line, 32D/IRS-1, previously
used for studies of IL-4R-mediated signaling through IRS
1 (Wang et al., 1993). These cells were transfected with
the EPO4 expression vector, and the resulting 32D/IRS
1/EPO4 cell line was used to examine IL-4Ro-specific
signaling events. As with the HT-2EPO4 cell line, EPO

stimulation of 32D/IRS-1/EPO4 cells activated JAKl, but
not JAK3 (Figure 3A); no activation of either JAK2 or
Tyk2 was observed in either cell line (data not shown).
These results with the stably transfected HT-2 and 32D
cell lines may be expected, since JAK3 depends upon its
association with the Y cytoplasmic tail for transport into
a receptor complex, while JAK! presumably associates
with the IL-4RO: cytoplasmic tail. Thus, low level activa
tion of JAK! alone, but not JAK3, appears to be sufficient
for the robust activation of STAT-6 DNA binding activity
by the IL-4Ro subunit.

The IL-4Ra cytoplasmic tail without Ye mediates
IRS-1 phosphorylation and cellular proliferation
The observation that stimulation of 32D/IRS-1/EPO4 cells
by EPO resulted in JAK1 phosphorylation and STAT-6

4509

~~"
E.----

76



S.Y.Lai et al.

activation suggested that homodimers of the IL-4RO:
cytoplasmic domain mediate signaling events comparable
with those generated by the heterodimeric IL-4R complex.
Previous work in 32D/IRS-1/IL-4R cells demonstrated the
linkage of the IL-4R to the phosphorylation of IRS-1 and
related molecules, and correlated this event with cellular
proliferation (Wang et al., 1993). Therefore, to determine
the role of the IL-4Ro chain in such processes, these
events were investigated in the 32D/IRS-1/EPO4 cell line.
Anti-phosphotyrosine immunoblotting of IRS-1 immuno
precipitates from 32D/IRS-1 and 32D/IRS-1/EPO4 cells
demonstrated strong IRS-1 phosphorylation following the
stimulation of endogenous insulin receptors (Figure 3C).
While EPO stimulation of parental 32D/IRS-1 cells did not
enhance IRS-I phosphorylation, 32D/IRS-1/EPO4 cells
demonstrated a marked increase in IRS-1 phosphorylation
upon treatment with EPO (Figure 3C).

Furthermore, to determine the role of IL-4Ro: cyto
plasmic tails in cellular proliferation, these transfectants
were employed in conventional [*Hlthymidine incorpor
ation experiments. While 32D/IRS-1 cells were unrespons
ive to EPO at all concentrations, 32D/IRS-1/EPO4 cells
demonstrated a clear dose-dependent proliferation
response to EPO stimulation (Figure 3D). Both the activa
tion of IRS-1 and the induction of cellular proliferation
through EPO4 chains in the absence of Y demonstrate the
critical and unique role of the IL-4RO subunit in defining
IL-4R complex signaling events. These findings suggest
that IL-4Ro homomers represent a novel class of functional
IL-4 receptors with preserved signal transduction compet
ence and specificity.

Discussion

In this study, a chimeric receptor system was employed
to examine the functional architecture of the IL-4R com
plex. In the heterodimeric pairing of the IL-4RO chain
with the shared Y, chain, various cellular signaling events
were activated. These processes were not altered detectably
when all four cytoplasmic tyrosine residues of the Y chain
were converted to phenylalanines. Consistent with recent
mutational studies of the IL-4Ro: subunit (Ryan et al.,
1996; Wang et al., 1996), this ■ inding suggests that speci■ ic
signaling events derived from the IL-4R heterodimeric
complex depend primarily upon particular peptide motifs
contained within the IL-4RO: subunit, rather than upon the
tyrosine-containing sequences of the Y chain.

Since the combination of IL-4RO and Y chains has
been demonstrated previously to increase the affinity of
the IL-4R complex for the ligand (Kondo et al., 1993;
Russell et al., 1993), it is likely that in cells expressing
the Y subunit, IL-4 would be bound predominantly by
IL-4Ro-Yº heterodimeric complexes. Consistent with this
model is the finding that expression of cytoplasmic trunca
tion mutants of Y, inhibits responses to IL-4 in some
cellular contexts by forming IL-4RO:—Y. heterodimers that
bind IL-4 but are incompetent to transduce signals
(Kawahara et al., 1994). Therefore, in the heterodimeric
IL-4RO:—Y configuration, a functionally intact Y chain
appears to be required for optimal receptor function.

Evidence exists, however, suggesting that Y is not an
obligate component of the IL-4R signaling apparatus in
all receptor configurations. For example, certain cells
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naturally containing IL-4RO subunits but lacking Y chains
have also been reported to display IL-4R-specific signaling
responses to IL-4 (Hou et al., 1994; He and Malek, 1995).
Additionally, specific Y. mutations in several cell lines
from patients with X-SCID lead to the lack of Y, expression
on the cell surface without concomitant loss of respons
iveness to IL-4 and IL-13 (Matthews et al., 1995). The
present studies, likewise, provide functional examples of
cell lines derived from human patients with X-SCID that
display a preserved STAT-6 response to IL-4 despite the
absence of functional Y, chains (Figure 2B). There are
two possible explanations for such observations. First, it
is possible that the IL-4RO chain associates with another
unidentified receptor subunit to form heteromeric com
plexes that are competent to execute signal transduction.
For example, although IL-4RO forms a heterodimeric
complex with IL-13 Roº to bind IL-13, it remains to be
determined whether this heterodimer also forms functional
IL-4 receptors lacking Y chains. The second alternative,
which is supported by the present findings, is that homo
typic interactions of IL-4RO are capable of transducing
specific signaling events, including induction of JAK1,
activation of STAT-6 DNA binding activity, phosphoryl
ation of IRS-1 and cellular proliferation (Figure 3; Wang
et al., 1996). Together, these findings demonstrate that the
IL-4RO: chain alone is capable of coupling directly to
specific signaling pathways, and suggest that the Y subunit
represents only one of the various partner chains that
may form functional receptor complexes with IL-4RO:
to activate cellular signaling pathways. For example,
activation of the IL-13R complex, presumably due to the
heterodimerization of IL-4RO with IL-13RO, leads to the
induction of STAT-6 (Figure 2A, middle), a DNA binding
factor previously proposed to associate with specific
phosphotyrosines of the IL-4RO: cytoplasmic domain (Hou
et al., 1994). This observation confirms earlier reports
suggesting that the IL-4- and IL-13-induced STAT activit
ies are related (Kohler et al., 1994; Lin et al., 1995), and
further assigns signaling specificity to the IL-4RC subunit.
Furthermore, this ability of the IL-4Rd. subunit to direct
signaling events independently of the Y subunit is consist
ent with the wider pattern of IL-4RO expression compared
with the distribution of Y chains (Beckmann et al., 1992;
Takeshita et al., 1992).

These results parallel certain structure-function relation
ships previously described for the IL-2 receptor complex
(Lai et al., 1996). In that receptor system, the IL-2R3
subunit directs the specific nature of the signaling events
derived from IL-2 binding and has therefore been designa
ted a 'driver' subunit. The Y subunit primarily functions
to provide JAK3 to permit receptor signaling initiation,
and was thus termed the trigger’ subunit. As in the IL-2
receptor complex, the Y subunit in the heterodimeric IL
4Rot-Y complex appears to function mainly to transport
JAK3 into the receptor complex for initiation of the
signaling cascade. Our studies do not formally exclude
the possibility that Y. itself directs particular signaling
events within some receptor contexts. A prior report
suggested that the prevention of T cell anergy is mediated
through Y-associated signaling pathways (Boussiotis et al.,
1994). Although those studies do not address the possibility
that such signals are due to subunits present in other Y
containing receptor complexes (e.g. IL-15R), the Y subunit
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itself may modulate or differentially regulate signaling
events directed by its partner subunit. Nevertheless, the
ability of the IL-4RO: subunit to direct IL-4R-specific
signaling events in the absence of Y indicates that the IL
4RO subunit is the “driver' subunit in the IL-4R complexes.

A variety of observations have led to the hypothesis that
JAK3 is predominantly responsible for signal transduction
specificity in Y-containing receptors. Studies with domin
ant-negative strategies suggested that the Y-associated
JAK3 kinase plays an important role in signal transduction
by IL-2R and related receptors (Kawahara et al., 1995).
Likewise, biochemical analysis implied the possible role
of JAK3 activation in signaling through IL-4R (Fenghao
et al., 1995; Malabarba et al., 1995). JAK3 itself has also
been implicated in the activation of specific signaling
pathways, such as the induction of STAT-5, by recent
studies of HTLV-I-transformed T-cells (Migone et al.,
1995). Furthermore, both JAK3 gene deletion mice and
human subjects with JAK3 mutations display phenotypic
abnormalities that suggest a crucial role for JAK3 in
lymphoid cell development (Park et al., 1995: Russell
et al., 1995). However, in the present study, engagement
of JAK3 was dispensable in the activation of specific
signaling events normally associated with the IL-4RO-Y.
heterodimeric complex, such as the induction of STAT-6,
the activation of IRS-1 and cellular proliferation. Rather,
these signaling events could also be activated through a
homodimeric IL-4RO receptor complex lacking Y, and its
associated JAK3. These findings are consistent with prior
functional analyses of the role of Janus kinases within the
IL-2R complex (Gaffen et al., 1996; Lai et al., 1996). In
these studies, replacement of the cytoplasmic region of Y.
and its associated JAK3 in the IL-2R complex by a
heterologous receptor domain and an alternate JAK did
not alter specific signaling outcomes. Thus, while JAK3
may be crucial for signaling by certain cytokine receptors
during lymphoid development, this kinase is not essential
for the activation of certain specific signaling events by
homomeric IL-4RO receptor complexes.

In the heterodimeric IL-4R complex, ligand binding
leads to the activation of JAK1 and JAK3. Although
others have reported the additional induction of Tyk2 by
IL-4 in some cell types (Murata et al., 1996), we did not
detect activation of this kinase in the present system by
either heterodimeric or homomeric IL-4 receptors (data
not shown). In the present chimeric receptor system,
homodimerization of the IL-4Ro: cytoplasmic tails was
sufficient to activate JAK1 at least modestly, without
detectable induction of JAK2, Tyk2 or JAK3. Although
the possibility certainly exists that JAK3 may augment
phosphorylation of JAK1 in the heterodimeric IL-4Ro—Y.
complex, moderate activation of JAK1 alone, in the
absence of JAK3, appeared to be sufficient to induce IL
4R complex signaling events. Interestingly, although JAK2
is activated independently of other JAK kinases in a variety
of receptor types (e.g. the homodimeric erythropoietin and
growth hormone receptors), activation of JAK! alone
by a cytokine receptor complex has not been reported
previously. This finding raises the possibility that other
native receptor complexes may also employ JAK1 exclus
ively. Surprisingly, we found previously that homodimeriz
ation of other receptor chains that normally heterodimerize
with Y, was insufficient to activate JAK1 and further
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Fig. 4. Multiple forms of the IL-4 receptor complex. IL-4 activates
cellular signaling events through several potential receptor complexes.
Type I receptor complexes are composed of the ll-4Ro and Y.
subunits. Current evidence also supports the possible existence of
several Type II receptor complexes for IL-4. See text for further
discussion.

signaling responses (Lai et al., 1996 and data not shown).
The contrast between IL-4RO and these other receptor
subunits suggests the possibility that a previously unrecog
nized factor influencing receptor competence is the com
patibility of the cytoplasmic domains of two subunits
within a receptor complex. Further study is needed to
determine whether or not such a constraint upon receptor
activation is imposed by direct subunit—subunit inter
actions.

Recent reports and the present study collectively demon
strate the existence of at least two types of receptor
complexes that bind to IL-4 (Figure 4). Type I receptors
employ the IL-4RO and Y subunits in a heterodimeric
complex (He and Malek, 1995). The nature of the other
type(s) of IL-4 receptor complex is less clearly delineated.
IL-4RO and the recently cloned IL-13RO subunit form a
complex that binds IL-13, but the capacity of such a
heterodimer to serve as an IL-4 receptor (here termed
Type IIA, Figure 4) has not been well established (Hilton
et al., 1996). IL-4RO may also form a receptor complex
(Type IIB) with another as yet unidentified subunit, termed
Y' (Keegan et al., 1995; Lin et al., 1995), which may be
either the IL-13Ro chain itself or a novel protein. Since
the IL-13RO gene is available, this issue now can be
addressed directly. The present studies support the simplest
model, in which Y-independent responsiveness to IL-4 is
mediated through a homomeric IL-4RO receptor complex
(Type IIC), in which no additional receptor subunits are
necessary for the initiation and specification of IL-4-
directed signaling events. Although direct evidence for
the existence of these homomeric receptors in nature
is not available, such a functional receptor complex
conceivably could represent a novel class of receptors for
IL-4, IL-13 or other as yet unidentified cytokines.

While cytokine receptor complexes typically have been
depicted as dimeric or trimeric combinations of individual
subunits, conventional descriptions may not delineate the
actual stoichiometry of the functional signaling complex.
Signaling by cytokine receptor complexes may result from
multimeric arrangements of the heterodimeric units, as
reported for the IL-6 receptor (Paonessa et al., 1995).
Specifically, the heterodimeric IL-4Ro-Y, pairing may
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serve as a functional unit within a larger complex to
permit signal transduction. Thus, the functional pairing of
IL-4RO chains in the present chimeric system may repre
sent essential homotypic subunit interactions within these
multimeric receptor complexes. Nevertheless, the presence
of IL-4RO in multiple receptor complexes for IL-4 and
IL-13 demonstrates a general principle of receptor subunit
modularity: in all of the receptor complexes that employ
the IL-4RO subunit, IL-4RO and its associated intracellular
molecules are principally responsible for directing specific
signaling events. These conclusions may have implications
regarding structure-function principles that govern other
receptor families with shared subunits.

Materials and methods

Cell lines and reagents
HT-2, an IL-2-dependent murine helper T cell line [American Type
Culture Collection (ATCC)] was maintained in RPMI 1640 supplemented
with 10% fetal bovine serum (FBS), 55 HM 3-mercaptoethanol (B-ME).
2 mM L-glutamine and 200 U/ml recombinant human IL-2 (a gift of
Chiron Corp. (Emeryville, CA)]. 32D/IRS-1, a pro-myeloid cell line
stably expressing the IRS-1, was cultured in 32D medium (RPMI 1640
containing 10% FBS and 5% WEHI 3B-conditioned medium). THP-1.
a human monocyte cell line (ATCC), was grown in RPMI 1640
supplemented with 10% FBS and 55 g M B-ME. TE-1, a human
erythroleukemia cell line (ATCC), was maintained in RPMI 1640 with
10% FBS and l ng/ml granulocyte–macrophage colony-stimulating
factor (GM-CSF. Genzyme). IM-9, a human lymphoblast cell line
(ATCC), was cultured in RPMI 1640 with 10% FBS. The X-SCID cell
lines were maintained in RPMI 1640 with 10% FBS, 10 mM HEPES,
2 mM L-glutamine and 55 puM B-ME.

Transfection of either HT-2 or 32D/IRS-1 cells was performed by
electroporation as described previously (Goldsmith et al., 1994). Stable
transfectants were obtained by selection in G418 (Geneticin. I mg/ml,
GIBCO Life Technologies), and clones isolated by limiting dilution were
screened by Northern blot analysis to identify clones expressing the
transfected receptor subunit. Stable HT-2 transfectants expressing two
receptor subunits were derived from cells already expressing either the
EPOY or EPOYYF chain. Following electroporation, stable transfectants
were isolated by selection in G418 (1 mg/ml) and hygromycin B
(500 pg/ml. Boehringer Mannheim) and screened by Northern blot
analysis. The anti-phosphotyrosine monoclonal antibody (4G 10), anti
JAK1, anti-JAK2 and anti-JAK3 were obtained from Upstate Biotech
nology (Lake Placid, NY). Anti-STAT-5 antiserum was from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-STAT-6 antiserum and the control
pre-immune serum were kindly provided by S.McKnight. Anti-IRS-1
antibody was prepared as previously described (Wang et al., 1993).
Human and murine recombinant IL-4 was obtained from Genzyme
(Cambridge, MA), and recombinant human EPO was the generous gift
of Ortho Biotech Inc. (Raritan, NJ).

Plasmid constructs
All receptor cDNAs were subcloned into the expression vectors
pCMV4Neo (Goldsmith et al., 1994) or pCMV4Hygro. a derivative of
pCMV4 (Andersson et al., 1989) containing a hygromycin B resistance
gene as a selectable marker, pFPO4neo was constructed by PCR using
an Nhel site at the fusion junction. The chimeric receptor subunit
contains the extracellular domain of the EPOR fused just above the
transmembrane segment to the human IL-4Ro transmembrane and
cytoplasmic domains [resulting sequence: . . . (EPOR-T-A-S)-(R-E-P-
IL-4Ra). . . ]. The EPOY and EPO/YF receptor subunits were constructed
as previously described (Goldsmith et al., 1994). For all constructs
requiring synthetic oligonucleotides or PCR reaction, sequences were
confirmed by DNA sequencing.

Electrophoretic mobility shift assay (EMSA)
For this assay, 20–40x10" cells were rested and stimulated as described
above and washed in calcium- and magnesium-free phosphate-buffered
saline (CMF-PBS). Nuclear extracts were prepared as described
(Schreiber et al., 1989) in the presence of 1 mM sodium orthovanadate
and the following protease inhibitors: antipain, 0.5 mg/ml: aprotinin,
0.5 mg/ml, bestatin, 0.75 mg/ml, leupeptin, 0.5 mg/ml, pepstatin A,
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0.05 mg/ml: phosphoramidon 1.4 mg/ml; and soybean trypsin inhibitor.
0.5 mg/ml (Sigma). The IgG Fc receptor (FcyRI) STAT response element
probe was end-labeled with Y-"PldATP (Amersham) and polynucleotide
kinase (New England Biolabs). DNA binding studies were performed
with 10° c.p.m. of probe, 3 ug of poly[d(I-C)] and 10 ug of nuclear
extract as described (Latchman. 1993). Pre-incubations of nuclear extracts
with different antibodies were performed in the absence of poly[d(I–C)]
and binding buffer for 45 min on ice prior to initiation of the binding
assay by addition of radiolabeled probe.

JAK and IRS-1 phosphorylation studies
For cytokine stimulation, 20–40x10" cells were washed twice in CMF
PBS, stripped of cell-bound ligand for 1 min in 10 mM sodium citrate,
pH 4.0/140 mM NaCl and rested for 4 h in RPMI 1640 medium containing
1% bovine serum albumin (fraction V, Sigma). After stimulation with
the appropriate factor, cells were washed in CMF-PBS and lysed | 1%
NP-40/20 mM Tris-HCl, pH 8.0/150 mM NaCl/50 mM NaF/100 mM
sodium orthovanadate/l mM phenylmethylsulfonyl fluoride/leupeptin
(10 ug/ml)/aprotinin (10 pg/ml)/pepstatin A (I Hg/ml)]. Immunoprecipit
ations were performed with the indicated antibodies and protein A
Sepharose. Immunoblot analysis was performed with the anti-phospho
tyrosine antibody (4G 10) according to the manufacturer's instructions.
with detection by ECL (Amersham) signal development. For JAK
analysis. blots were stripped (100 mM 2-mercaptoethanol. 2% sodium
dodecyl sulfate. 62.5 mM Tris-HCl pH 6.7) for 30 min at 55°C and re
probed with anti-JAK1 and anti-JAK3 antisera to verify even protein
loading.

Proliferation assa
Conventional 24 h ('Hlthymidine incorporation assays were performed
as previously described (Goldsmith et al., 1994). Briefly. 32D cells were
counted, washed twice in CMF-PBS and resuspended at 10" cells/ml of
32D medium without the WEHI 3B-conditioned medium supplement.
A total of 10° cells per well were grown in the indicated concentrations
of EPO for 24 h, with ['H]thymidine incorporation measured in the
last 4 h.
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PROLOGUE

The first two sections of this chapter use the JAK assay system described in

Chapter 3 to analyze the role of JAK1 and JAK3 in the IL-7R and IL-9R, as well as in the

Yc-dependent form of the IL-4R. In addition, we examined the receptor components and

JAK requirements of a Yc-independent form of the IL-4R expressed on U4A cells. Both

of these manuscripts have been submitted to journals for possible publication. In the

second manuscript, I contributed to the revisions of the original manuscript, prepared

some reagents, and performed the experiments depicted in Figure 2. J. H. Bauer led

these studies. S. Y. Lai constructed the EPO9 chimera.

Furthermore, the development of a chimeric receptor system (described in (1) and

the prologue to Chapter 4; in these chimeras, the extracellular domains of IL-2RB and Ye

are replaced by the analogous segment of the EPOR) facilitated studies of the relative

roles of IL-2RB and Ye within the multimeric receptor complex. Interestingly, these

studies suggested that whereas a number of signaling events could be mapped to the IL

2RB chain, it was not possible to identify signaling events that likewise required specific

amino acids of Yc (1-2). These observations led to the hypothesis that within an

asymmetric receptor complex, there may be a separation of signaling functions between

receptor chains, which we have described in the "trigger-driver" model (3). Our

laboratory has demonstrated that this model also applies to the IL-7R (4) and the IL-9R

(Chapter 5B). The experiments described in the last section of this chapter test the

trigger-driver model in the context of native ligand binding domains.
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SUMMARY

Interleukin-4 (IL-4) and interleukin-7 (IL-7) utilize the common gamma chain (Ye) to

initiate intracellular signaling in combination with specific receptor subunits. There is a

single recognized form of the IL-7 receptor (IL-7R), consisting of IL-7Ro, and Ye. In

contrast, there are multiple forms of the IL-4 receptor (IL-4R), some of which lack Ye.

The present studies used somatic mutant cell lines to investigate these receptor complexes.

Reconstitution of IL-7-induced STAT5 activation required co-transfection of IL-7Ro, Ye,

JAK1, JAK3 and STAT5A. Introduction of JAK mutants into this system demonstrated

that both JAK1 and JAK3 must retain catalytic function for effective signaling. In

contrast, upon introduction of JAK1 and STAT6 without JAK3, these cells activated

STAT6 in response to IL-4 or interleukin-13 (IL-13). Further study revealed that these

responses require only functional JAK1 for STAT6 activation, and are likely to be

mediated by an IL-4Ro/IL-13R1 heterodimer. Reintroduction of Ye along with JAK1 and

STAT6 (but not JAK3) resulted in the dominant-negative inhibition of STAT6 activation

by IL-4 but not by IL-13. The response to IL-4 was restored by the addition of JAK3 and

required both functional JAK1 and JAK3. Therefore, two forms of the IL-4R

differentially engage JAKs to accomplish a common signaling program. Together these

studies define the distinct functional requirements for STAT activation within the IL-4 and

IL-7 receptor complexes.
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INTRODUCTION

X-linked severe combined immunodeficiency (X-SCID) is an

immunocompromised state characterized by profound defects in both cellular and humoral

immunity, as well as the absence of mature T cells (reviewed in (1)). This disease has

been mapped to a gene locus on the X chromosome that encodes the Ye receptor chain, a

member of the cytokine receptor superfamily. Ye pairs with a variety of specific subunits

to bind a number of distinct ligands, including interleukin-2 (IL-2), interleukin-4 (IL-4),

interleukin-7 (IL-7), interleukin-9 (IL-9), and interleukin-15 (IL-15). The markedly

abnormal phenotype of individuals with X-SCID apparently results from defective signal

transduction through one or more of the receptor complexes that utilize this chain.

Several signaling pathways are activated in common by this family of Yc

containing receptors, including the JAK/STAT pathway (2-4). Following ligand binding,

receptor-associated Janus kinases (JAKs) are phosphorylated on tyrosines and hence

become catalytically active, presumably through a mechanism of trans

autophosphorylation. Activation of the JAK kinases results in tyrosine-phosphorylation

of Signal Transducers and Activators of Transcription (STAT) factors, which dimerize

via reciprocal SH2 domain-phosphotyrosine interactions. Dimerization allows the STATs

to translocate to the nucleus and activate gene transcription. The Ye chain is constitutively

associated with JAK3, which becomes activated following binding of the appropriate

ligand; of the partner chains identified to date, it appears that at least the IL-2RB, IL-4Ro,

IL-7Ro, and IL-9Ro chains selectively engage JAK1 (reviewed in (4)). Whereas IL-2,

IL-7 and IL-9 activate primarily STAT5 and to a lesser extent STAT1 and STAT3, IL-4

induces the DNA binding activity of STAT6.

Recent studies in the interferon-Y (IFN-Y) system have demonstrated that one of

the two JAKs in that particular receptor complex, JAK2, plays the dominant catalytic role

in STAT activation (5). Although JAK1 must be present in the receptor complex for

...-a º a
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STAT activation, its catalytic function is not required for this signaling event. However,

the integrity of JAK1 catalytic function is critical for further downstream signaling events,

including the establishment of an antiviral state. These results contrast with our recent

findings regarding the IL-2R (6), in which both JAK1 and JAK3 were found to be

required to support IL-2-dependent induction of STAT5.

To extend these studies, we have examined two additional members of the Ye

containing receptor family, the IL-4R and IL-7R. It should be noted that although the

classic IL-4R is an IL-4Ro/Ye heterodimer, certain B cell lines derived from some patients

with X-linked SCID are responsive to IL-4 despite the absence of a functional Ye chain

(7-9). In addition, a number of established cell lines that signal in response to IL-4 but

fail to express detectable levels of Ye have been identified (10-12). These results imply

that there are multiple receptor configurations that can bind and respond to IL-4. These

complexes have been classified into two types (12): the Type I receptor, which is the

classic heterodimer of IL-4Ro, and Ye, and the Type II receptor, the full molecular

configuration of which remains unclear. One hypothesis is that the Type II receptor

contains the IL-4Ro chain in combination with a second receptor chain that was initially

termed Y. It has been suggested that the Y chain might be a receptor component shared

with the IL-13R (13). Two different IL-13R chains have been identified (14-16), and

ligand binding studies have demonstrated that at least one of these chains can enhance the

binding of IL-4. However, the respective roles of these chains in IL-4-mediated signal

transduction remains undefined. Both IL-13R chains are members of the cytokine

receptor superfamily, containing the extracellular motifs that define this group of

receptors (17). The first human receptor chain identified is 427 amino acids long and has

a 60 amino acid cytoplasmic domain (14); for the sake of clarity, we will refer to this

chain as the IL-13R1. The second chain closely resembles the IL-5Ro chain and has an

intracellular domain that is only 17 amino acids long (15); this chain will be termed the

IL-13R2. Alternatively, there may be an additional, as yet undefined Y subunit in some
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configurations of the IL-4R. Finally, one form of Type II receptors might consist of IL

4RO: homodimers without additional subunits, since dimerization of the intracellular

domains of the IL-4Ro chain is apparently sufficient for the initiation of an IL-4R-like

signaling cascade (18, 19). However, it remains unknown whether this homodimeric

configuration represents a functional form found in nature.

The present studies employed a reconstitution system with somatic mutants to

define further the functional requirements for Janus kinases in the IL-7R and in various

forms of the IL-4R and IL-13R. These studies demonstrated that the IL-7R exists

exclusively in a heterodimeric form that depends upon the catalytic integrity of two JAK

kinases. Similarly, the Type I or Yc-containing form of the IL-4R requires both JAK1 and

JAK3 for signaling function. These receptor complexes contrast with the IL-13R and Ye

independent forms of the IL-4R, which apparently depend exclusively on JAK1 for

signal transduction.
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EXPERIMENTAL PROCEDURES

cDNAs and Reagents The cDNAs encoding wildtype JAK1 and JAK3 were the kind

gift of Dr. J. Ihle. Construction of the JAK1 and JAK3 mutants has been described (6).

The cDNA encoding STAT6AHindIII was the generous gift of Dr. U. Schindler. This

STAT6 is truncated at the HindIII site, deleting the C-terminal 44 amino acids, but binds

DNA and is capable of transcriptional activation (S.Y.L/S.L.G., unpublished results and

(20)). The STAT5A cDNA was the kind gift of Dr. A. Mui. The cDNA encoding IL-4Ro

was the gift of Dr. K. Maruyama. pEFBOS JAK2 was the generous gift of Dr. D.

Wojchowski. To construct the human IL-7Ro. cDNA, the extracellular domain of IL-7Ro:

was amplified by PCR from cDNA derived from human peripheral blood mononuclear

cells and used to replace the extracellular domain of the EPO7 chimera (21) to reconstitute

a full-length cDNA. The murine Ye cDNA was the kind gift of Dr. T. Kono. To construct

the murine Ye/EPOR chimera, the transmembrane and intracellular domains of the EPOR

were amplified by PCR (amino acid 252 of the mature protein to the stop codon) with a

5' Bsm I site and a 3’ Xba I site. This fragment was used to replace the transmembrane

and intracellular domains of murine Ye (the Bsm I site is within the coding region of Ye,

and the Xba I site is in the multiple cloning site of the vector). The sequence of these

constructs were verified by DNA sequencing (Applied Biosystems). Recombinant human

IL-4, IL-7 and IL-13 and the monoclonal antibody 25463.11, which binds and

neutralizes human IL-4Ro, were from R+D Systems. The isotype matched control

antibody UPC10 was from Cappel.

Cell Culture and Transfection. U1A, U4A and Y2A cells (the generous gifts of Drs.

G. Stark and I. Kerr) were cultured in Dubecco's modified Eagle medium (DMEM) with

10% fetal calf serum (FCS) and 1% penicillin/streptomycin (P/S) in the presence of

selective antibiotics as previously described (22). Transient transfection of these cell lines
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was performed using calcium phosphate per manufacturer's instructions (Life

Technologies). COS-7, Caki-1, and HT-2 cells were obtained from the ATCC. Caki-1

cells were cultured in McCoy's 5a medium with 10% FCS and 1% P/S. HT-2 cells were

cultured in RPMI 1640 medium supplemented with 10% FCS, 2 mM glutamine, 0.05

mM 2-mercaptoethanol, and 1 nM recombinant human interleukin-2 (Chiron). COS-7

cells were cultured in Iscove's medium supplemented with 10% FCS, 2 mM glutamine,

and 1% P/S. For transfection, these cells were passaged into DMEM containing 10%

FCS and 1% P/S. Cells were transfected using Lipofectamine (Life Technologies)

according to the manufacturer's instructions. The MT-1 cell line (23) was cultured in

RPMI 1640 medium With 10% FCS and 1% P/S.

Nuclear Extracts and Electrophoretic Mobility Shift Assay (EMSA). 48

hours following transfection, cells were stimulated with the appropriate cytokine at the

indicated concentration for 10 minutes at 37°C and then harvested. Preincubation of the

cells with neutralizing antibodies was performed for 1 hour at 37°C with the indicated

concentration of antibodies. Nuclear extracts were prepared as previously described in the

presence of the following protease inhibitors: 0.5 mg/mL antipain, 0.5 mg/mL aprotinin,

0.75 mg/mL bestatin, 0.5 mg/mL leupeptin, 0.05 mg/mL pepstatin A, 0.5 mM PMSF,

1.4 mg/mL phosphoramidon, and 0.5 mg/mL soybean trypsin inhibitor as well as 1 mM

sodium orthovanadate. Oligonucleotide probes encoding the FcyRI or IRF-1 STAT

response elements were end-labelled with polynucleotide kinase (Boehringer Mannheim)

and Y-32P ATP (Amersham). DNA binding studies were performed with 10% cpm probe,

2 pig poly{d(I-C)} and 10 pig nuclear proteins as described (24).

Protein Expression and Western blotting. 48 hours post-transfection, COS-7

cells were lysed in 1X SDS-PAGE loading buffer. Lysates were subjected to SDS-PAGE

on 8.75% acrylamide gels, transferred to Immobilon-P (Millipore) and immunoblotted
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with the antibody directed against the C-terminus of the erythropoietin receptor, which

was a generous gift of Dr. G. Longmore. Chemiluminescent detection was performed

with the ECL system (Amersham).

Preparation of RNA and RT-PCR. RNA was isolated from 5-25 x 106 cells/sample

using the RNeasy method (Qiagen). The RNA was treated with RNAse-free DNAse in

the presence of RNAse inhibitor and subsequently reverse transcribed with AMV reverse

transcriptase (all from Boehringer Mannheim) using an oligo dT primer. PCR was

performed with oligonucleotides designed to recognize either IL-13R1 or IL-13R2.5' IL

13R1 primer: 5’ CGCAATTCCACACTCTACATAACC 3'; 3' IL-13R1 primer: 5

CCATCACTGAGAGGCTTTCTTCAGG 3',5' IL-13R2 primer: 5

ACTTTGCTACGTTTCTGGCTACC3'; 3. IL-13R2 primer: 5

GGAAAGTCTTCATGTATCACAGAAAATTCTGG 3'. These primers corresponded to

nucleotides (nt) 1102-1125 and 1347–1371 of the GenBank sequence (accession number

U62858) with flanking Nhel and Xbal sites, respectively. The 5' and 3' IL-13R2 primers

(accession number X95302) corresponded to nt 1070-1092 and 1172-1204, with

flanking Nhel and Xbal sites. PCR products were run on a 7.5% acrylamide gel in 1X

TBE and visualized by staining with ethidium bromide.
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RESULTS

Reconstitution of the IL-7R in U4A Cells. With the goal of examining the

functional role of JAK1 and JAK3 within the IL-7R complex, we have developed a

reconstitution system employing U4A cells that apparently lack functional levels of

JAK1, JAK3, STAT5, IL-7Ro and Ye. Since murine and human STAT5 both have two

isoforms that appear to be largely interchangeable (25–27), STAT5A and STAT5B, we

used the cDNA encoding one representative isoform (STAT5A) for these studies.

Transient transfection of cDNAs encoding IL-7Ro, human Ye, JAK1, JAK3 and

STAT5A permitted IL-7-dependent activation of STAT5A in these cells (Fig. 1A, lanes 1

and 2). All five of these cDNAs were necessary for potent STAT5A induction, since

elimination of any one of the cDNAs resulted in a marked loss of STAT5 activation in

response to IL-7 (Fig. 1A, lanes 3-12). In some instances, overexpression of functional

IL-7 receptor components led to a slight constitutive STAT5 activation, but stimulation

with IL-7 nonetheless markedly enhanced STAT5 DNA binding. Supershift analysis with

an anti-STAT5 antibody was used to confirm that STAT5A was present in the DNA

binding complex, and this STAT5A complex bound comparably to the IRF-1 STAT

response element (data not shown). Thus, a functional IL-7R complex is reconstituted by

simultaneous expression of IL-7Ro, Ye, STAT5A, JAK1 and JAK3.

Catalytic Function of Both JAK1 and JAK3 Must Be Retained for IL-7-

Mediated STAT5 Activation. This reconstitution system allowed the experimental

replacement of the wild-type kinases within the receptor complex to determine if JAK1

and JAK3 must be functional for STAT5A induction. All four members of the JAK

kinase family are characterized by the presence of two conserved tyrosines within the

activation loop, a conserved portion of the kinase domain that lies between subdomains

VII and VIII that plays an integral role in the activation of many serine/threonine as well
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as tyrosine kinases (reviewed in (28)). We have developed and characterized a number of

JAK1 and JAK3 activation loop mutants as well as JAK1 and JAK3 mutants that lack the

catalytic lysine that positions the 3' phosphate of the ATP (6). The catalytic potential of

these mutants is described in Table 1. Replacement of JAK1 with the catalytically inactive

JAK1 K907A mutant resulted in a loss of STAT5 DNA-binding induction by IL-7 (Fig.

1B, lanes 1-4). Likewise, the JAK1 FF or JAK1 FY mutants, both of which lack

tyrosine 1033 and are therefore catalytically inactive, also failed to reconstitute IL-7-

induced STAT5A activation (Fig. 1B, lanes 5-8). In contrast, replacement of wild-type

JAK1 with the JAK1 YF mutant (which has catalytic function comparable to wild-type

JAK1) allowed potent STAT5 activation through this receptor (Fig 1B, lanes 9-10).

Analogously, replacement of the wild-type JAK3 with the catalytically inactive JAK3

K851A mutant resulted in virtually undetectable STAT5A activation in the transient

reconstitution system (Fig. 1B, compare lanes 12 and 14). As in the IL-2R, reconstitution

of the IL-7R with the functional JAK3 FF mutant that lacks two tyrosines within the

activation loop of JAK3 but retains catalytic function did support potent STAT5A

induction (Fig. 1B, lanes 15-16). Therefore, STAT5A activation by the IL-7R requires

the catalytic function of both JAKs within the receptor complex.

Replacement of Yc in the IL-7R Complex With a Yc/ER Chimera. We have

previously described a chimeric receptor system in which the extracellular domains of

various Ye-containing receptors are replaced with the extracellular domain of the

erythropoietin receptor (EPOR) (19, 21, 29, 30). The addition of erythropoietin (EPO)

leads to dimerization of these receptor chains and downstream signaling that is

indistinguishable from the molecular events triggered by the wild-type receptor

complexes. For both the IL-2R and IL-7R, we have previously demonstrated that it is

possible to replace the transmembrane domain and cytoplasmic tail of Yc with the

equivalent regions of EPOR, leading us to propose a model of structure/function
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relationships in cytokine receptor signaling (19). In this model, one of the two chains is

required to activate receptor-specific events, such as STAT activation and transcription of

downstream oncogenes. This chain is called the "driver" chain because its function is to

drive receptor-specific signaling. In contrast, the other chain primarily serves to recruit a

kinase into the receptor complex and to "trigger" the signaling cascade.

We have also constructed a murine Ye/EPOR chimera, in which the extracellular

domain of Ye is fused to the transmembrane and cytoplasmic domains of the EPOR

(diagrammed in Fig. 1C, left panel). This chimera was expressed in COS-7 cells and

immunoblotted with an anti-C-terminal EPOR antibody to confirm that a protein of the

correct molecular weight is expressed (data not shown). Unlike the parental murine Ye,

which requires the simulataneous transfection of JAK3 to modulate STAT5 activation, the

Ye/EPOR chimera was capable of activating STAT5 in the absence of transfected JAK3 in

a cell line expressing JAK2 (Fig. 1C, right panel). This result suggests that like EPOR,

this chimera is functionally coupled to JAK2. To confirm this, we undertook similar

experiments in another somatic mutant cell line that specifically lacks JAK2, Y2A. In the

absence of transfected JAK2, the IL-7Ro, and Ye/EPOR heterodimer failed to activate

STAT5 following stimulation with ligand (Fig. 1C, right panel). However, when JAK2

expression was restored, potent STAT5 activation was observed following stimulation of

cells with ligand. These data confirm that the cytoplasmic tail of the Ye chain can be

replaced by the EPOR in the IL-7R and demonstrate that the Ye/EPOR chimera is

functionally coupled to JAK2 instead of to JAK3.

Reconstitution of IL-4-Mediated STAT6 Induction in U4A Cells. Likewise,

we undertook the reconstitution of the IL-4R in the U4A cellular context. We were able to

reconstitute IL-4-mediated STAT6 induction by co-transfection of JAK1 and STAT6

without Ye, although transfection of either one of these cDNAs alone was insufficient for

STAT6 DNA binding activity (Fig. 2A). Since the IL-4-stimulated STAT6 activation
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could be blocked with an antibody that specifically binds the IL-4Ro chain and masks its

ligand binding site (Fig. 2B), the U4A cells apparently express IL-4Ro chains

endogenously; Northern blot analysis further verified that these cells contained detectable

mRNA for IL-40 (data not shown). Studies of the IL-2 and IL-7 receptor complexes in

this cell line suggested that U4A lacks Ye and JAK3, since co-transfection of Yc and JAK3

was strictly required for IL-2 and IL-7-mediated STAT activation. Therefore, the IL-4

receptor complex present on the surface of the U4A cell line is not composed of IL

4Ro/Ye heterodimers and thus represents a Type II IL-4R.

Interestingly, the addition of JAK1 and STAT6 to the U4A cells also permitted * = º

* ...sº *

restoration of IL-13-mediated STAT6 activation despite the absence of Ye (Fig. 2C). This . …

IL-13R complex apparently also utilized the IL-4Ro chain, since STAT6 induction by IL

13 was also blocked by the neutralizing IL-4Ro antibody (Fig. 2D). Therefore, these : ".
results suggested that these endogenous IL-4R and IL-13R complexes functioned º
independently of Yc. assº

*_
asº º

Characterization of IL-13Ro: Chains on U4A Cells. The roles of the IL-13R1 C.”
**

and IL-13R2 chains in IL-4 and IL-13-mediated signal transduction remain unclear. RT- ---
º

PCR analysis of RNA isolated from U4A cells demonstrated that these cells express IL- ****

13R1 chains but not the IL-13R2 chains (Fig. 3, lanes 2 and 8). As a positive control,

RT-PCR was performed on a human kidney cell line, Caki-1, which detectably expressed

both IL-13R1 and IL-13R2. The MT-1 and HT-2 cell lines were used to demonstrate that

the RT reaction was species- and transcript-specific (Fig. 3 and data not shown), since no

products were amplified when RNA isolated from these cell lines was used as template in

the PCR reaction. Therefore, we conclude that the IL-13R (and presumably the IL-4R)

present on the surface of the U4A cell line contains IL-13R1 and IL-4Ro.

96



c

º

º,
*

a

º

t

IL4 and IL-13-Med

sºft to determine the

induction of STAT6. IL

JAKKinases (31.32), bº

RTáined unclear. To ch

AKlineach receptor c.

Bºl-4 and IL-13 req

*The U4A cell line |
*For complexes dor

“Pºsboth JAK2 and

1-Rand IL-13R ■ ema!

*ille STAT6.
*ifically lack JAK2 a

*inofstars l

*&mited the cells

**■ sº these re

ºtiºn Fig. 4B); an al
m
*hangeable role can

º2



IL-4- and IL-13-Mediated STAT6 Induction Requires Only JAK1. We next

sought to determine the functional JAK requirements for IL-4- and IL-13-mediated

induction of STAT6. IL-13 has been shown to enhance the phosphorylation of multiple

JAK kinases (31, 32), but the role of these JAKs in IL-13-mediated signal transduction

remained unclear. To characterize the functional requirements for JAK1, we replaced

JAK1 in each receptor complex with the JAK1 K907A mutant that lacks kinase activity.

Both IL-4 and IL-13 required intact catalytic function of JAK1 for STAT6 activation (Fig.

4A). The U4A cell line apparently lacks JAK3, and therefore we can conclude that these

receptor complexes do not require JAK3 for STAT6 activation. However, U4A cells also

express both JAK2 and TYK2, and their relative contributions to signaling through these

IL-4R and IL-13R remained unclear. Therefore, we examined the ability of IL-4 and IL

13 to mediate STAT6 activation in two additional somatic mutant cell lines that

specifically lack JAK2 and TYK2 respectively, namely the Y2A and U1A lines (33, 34).

Transfection of STAT6 into either the Y2A or U1A cells in the absence of transfected

JAKs permitted the cells to induce STAT6 following either IL-4 or IL-13 binding. These

data suggest that these receptor complexes require the presence of only JAK1 for STAT6

induction (Fig. 4B); an alternate activation mechanism in which JAK2 and TYK2 play an

interchangeable role cannot formally be excluded. Nonetheless, these findings were

confirmed by the finding that reconstitution of IL-4- or IL-13-dependent signaling in U4A

cells required reintroduction of JAK1.

Reconstitution of the Type I IL-4R in U4A Cells and Characterization of

JAK1 Requirements. Based on these results, we conclude that the IL-4R found on

the surface of the U4A cells exists as either a heterodimer of the IL-4Ro and IL-13Ro:

chains or a homodimer of IL-4Ro. However, in the absence of neutralizing antibodies to

the two recently cloned IL-13R chains, it is impossible to distinguish these two

possibilities. We sought to determine whether expression of the Ye chain in U4A would

-**
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change the components of the functional signaling complex. In this setting,

overexpression of Ye along with STAT6 and JAK1 (but not JAK3) prevented STAT6

activation following IL-4 stimulation but had no effect on the response to IL-13 (Fig.

5A). This dominant-negative effect of Ye in the absence of JAK3 underscores the

importance of JAK3 for signal transduction by Ye-containing receptors. The further

addition of JAK3 to the U4A cells fully restored STAT6 induction via the IL-4Ro/Ye

heterodimers, demonstrating that the heterodimeric receptor complex requires the

presence of both JAK1 and JAK3 to activate downstream signaling. Similarly, a

truncation mutant of Ye (29) that lacks the intracellular domain and fails to bind JAK3

dominantly inhibited IL-4-mediated STAT6 induction even in the presence of JAK3,

suggesting that Ye contributes to signaling by conveying JAK3 into the receptor complex

(Fig. 5B). Finally, with this reconstitution system, we were able to examine the

functional roles of JAK1 and JAK3 in the Type I IL-4R complex by replacement of the

wild-type kinases with kinase-deficient mutants. As with the IL-7R, we found that both

JAK1 and JAK3 must be catalytically active in order for IL-4-induced STAT activation to

occur through the Type I IL-4R (Fig. 5C). Thus, multiple configurations of the IL-4R

with distinct JAK requirements initiate signal transduction differentially following ligand

binding. Nonetheless, these distinct signaling pathways culminate in a common program

of STAT6 induction.
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DISCUSSION

Previous studies of the IFN-Y receptor demonstrated that the catalytic function of

only one JAK in the receptor complex was required for STAT induction (5). In such

studies, reconstitution of the U4A cell line with a kinase-deficient JAK1 was sufficient

for STAT activation and gene induction, indicating that JAK1 plays a structural as well as

a catalytic role in STAT activation in the IFN-Y complex. Nonetheless, kinase-deficient

JAK1 did not permit the establishment of an antiviral state in that setting, demonstrating

that JAK1 function is critical for selected downstream signaling events by the IFN-y

receptor. However, the catalytic ability of JAK2 is strictly required for STAT activation

by the IFN-Y receptor, since reconstitution of a JAK2-deficient cell line with a kinase

deficient JAK2 mutant did not restore IFN-y-dependent STAT induction. In contrast to

this system, we have found that the catalytic integrity of both JAK1 and JAK3 is required

for STAT5 induction by the IL-2R, since introduction of kinase-deficient mutants of

either JAK failed to support STAT5 activation by IL-2 (6).

In the present study we therefore determined whether other Yc-containing

receptors also require catalytic function of both JAK1 and JAK3. Reconstitution of a

functional IL-7R signaling complex in U4A cells required the simultaneous transfection

of cDNAs encoding IL-7Ro, Ye, JAK1, JAK3 and STAT5A. This result supports the

conclusion that heterodimerization of IL-7Ro and Ye is necessary and sufficient for the

initiation of signal transduction, as suggested by earlier studies employing chimeric

receptors to dimerize the cytoplasmic domains of IL-7Ro and Ye (21). When either of

these JAKs was replaced in the present system with a mutant that lacked catalytic

function, STAT5 activation was virtually undetectable following stimulation of the cells

with IL-7. In contrast, mutants that retained activity were able to support IL-7-dependent

STAT5 activation. Thus, as with the IL-2R, both JAK1 and JAK3 must be functional in

order to permit STAT5 induction following ligand binding to the IL-7R.
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Nonetheless, previous studies with chimeric receptors suggested that the

transmembrane and cytoplasmic domains of Ye could be functionally replaced with the

equivalent domains of the EPOR in the IL-2R and IL-7R complexes. We exploited a

novel Ye/EPOR chimera and demonstrated that this chimera can functionally replace wild

type Ye in the IL-7R complex. Furthermore, this molecule requires the presence of JAK2

instead of JAK3 for the initiation of downstream signaling events through this

heterodimeric receptor complex, demonstrating that the trigger function of this receptor

chain is not kinase-specific.

Additional studies dissected the IL-4 receptor in the U4A reconstitution system.

Following the demonstration that the Ye chain modestly increases the affinity of IL-4 for

IL-4Ro (35, 36), it became evident that there exist in nature functional IL-4 receptor

complexes that lack Ye, since a number of cell lines were identified that bind IL-4 and

signal in response to IL-4 despite their failure to express Ye (10-12). Therefore, functional

IL-4R have been divided into two classes: Type I IL-4R, composed of IL-4Ro and Ye,

and Type II IL-4R, which lack Ye but for which the configuration is poorly defined. It has

been proposed that some Type II receptors contain an IL-13 binding chain in conjunction

with IL-4RO. However, the functional role of the IL-13R1 and IL-13R2 chains in IL-4

signaling has not been determined. Alternatively, some Type II IL-4R may consist of IL

4Ro homodimers, or of heterodimers of the IL-4Ro chain with an as yet unidentified

chain.

In contrast to the IL-2 and IL-7 receptor complexes, which require the

simultaneous co-transfection of Ye and JAK3 to permit ligand-inducible STAT activation,

we found that U4A cells contain an endogenous IL-4 receptor that functions

independently of these molecules. To determine whether this receptor could contain IL

13Ro, we examined the ability of these cells to respond to IL-13 stimulation.

Transfection of the cells with JAK1 and STAT6 resulted in strong IL-13-mediated

STAT6 activation, suggesting that the U4A cell line also expresses a functional IL-13R
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complex. Indeed, RT-PCR demonstrated that the U4A cells express the IL-13R1 chain

but not IL-13R2. In studies with neutralizing antibodies to the IL-4Ro chain, both IL-4-

and IL-13-mediated STAT6 induction were blocked specifically in the presence of these

antibodies, suggesting that both the functional IL-4 and IL-13 binding complexes on U4A

cells contain IL-4Ro. Because neutralizing antibodies to IL-13R1 are not available at this

time, it was impossible to assess definitively the functional role of IL-13R1 in IL-4-

mediated STAT6 activation. One future direction of these studies is the identification of a

cellular context that does not express IL-4Ro, Ye, IL-13R1 or IL-13R2, with the goal of

clarifying the ability of IL-4Ro chains to homodimerize and heterodimerize with various

partners upon ligand binding.

To characterize further the IL-4 and IL-13R complexes present on these cells, we

determined which JAKs were required for STAT6 activation, as well as the specific

functional requirements for these JAKs in IL-4- and IL-13-dependent signaling. U4A

cells apparently do not express JAK3, so JAK3 must be dispensable for either IL-4 or IL

13-mediated STAT6 induction in this cellular context. To determine whether JAK2 or

TYK2 was required for STAT6 activation, we transiently introduced STAT6 into cell

lines lacking JAK2 or TYK2. In both cell lines, IL-4- and IL-13-induced STAT6

induction proceeded normally, suggesting that neither JAK2 nor TYK2 strictly was

required for STAT activation by the IL-4R. These data are consistent with those of (37),

who reported that only JAK1 is activated in response to IL-13 in THP-1 cells. This result

supports previous studies in which it has been reported that IL-13 activates only JAK1 in

THP-1 cells. However, in the same context, IL-4 activated both JAK1 and JAK3,

presumably through a heterodimeric receptor complex composed of IL-4Ro and Ye (37).

Nonetheless, in the U4A cell system, the single identifiable JAK requirement of the

endogenous IL-4R and IL-13R complexes was JAK1. Furthermore, we compared the

abilities of wildtype and kinase-deficient forms of JAK1 to activate STAT6 and found that

STAT6 activation by either IL-4 or IL-13 required JAK1 catalytic function. Thus, in this

sº º'
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context, both of these receptors appear to depend exclusively on the JAK1 enzymatic

activity for signal transduction.

Finally, as a means of elucidating the roles of Ye and JAK3 in the IL-4R complex,

we determined whether Ye in the absence of JAK3 could serve as a dominant-negative

inhibitor of IL-4-mediated STAT6 activation. Indeed, overexpression of Ye in U4A cells

in the absence of JAK3 blocked STAT6 induction by IL-4. STAT6 activation was fully

restored by the further addition of JAK3 to these cells. Furthermore, a truncated Ye

variant that cannot bind JAK3 failed to reconstitute STAT6 activation, indicating that Ye

function and its association with JAK3 are critical for the induction of downstream

signaling by this IL-4Ro/Ye heterodimer. Therefore, the Ye-containing Type I IL-4R, like

the IL-2R and IL-7R, is fully dependent upon functional Ye chains to relay JAK3 into the

receptor complex. The presence or absence of Ye in the IL-4R complex thus determines

how the molecular signaling process is initiated by defining which JAKs are brought into

the complex. However, STAT6 activation apparently does not discriminate between these

configurations. This result further implies that B cells derived from patients with X-SCID

may vary in their responsiveness to IL-4: lymphocytes obtained from a patient whose

mutation results in the cell surface expression of a nonfunctional Ye may not respond to

IL-4 because the Ye drives the formation of Type I receptor complexes that are incapable

of signal transduction in place of fully functional Type II complexes. In contrast, a patient

whose mutation results in a loss of Ye protein expression may retain the ability to respond

to IL-4 through type II receptors, as previously reported (7-9). Further, it has been

shown that B cells derived from patients who lack functional JAK3 are responsive to IL-4

(38), but the molecular configuration of the specific receptor activated in these cells was

not defined. We have now demonstrated that IL-4Ro/Ye heterodimers require catalytically

active JAK3 for STAT6 activation; JAK3 does not simply play a structural role in this

receptor complex. Therefore, in view of this requirement, these earlier observations can

now be interpreted to demonstrate that a functional Ye-independent receptor complex (and
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thus JAK3-independent) exists in humans in vivo, although the precise composition of

this receptor complex still remains unknown.

In summary, we have examined the functional JAK requirements for most of the

known Ye-containing receptor complexes. To date, all receptor complexes that pair JAK1

and JAK3 (IL-2R, Type I IL-4R, IL-7R, and IL-9R (39)), require the catalytic integrity

of both JAKs to support effective ligand-dependent stimulation of DNA-binding activity

of the appropriate STAT factor. In addition, these studies further characterize a Yc

independent, Type II IL-4R that presumably consists of IL-4Ro paired with an IL-13R

chain; this receptor complex apparently promotes STAT6 activation by either IL-4 or IL

13 and requires functional JAK1 for this induction. These findings reveal that despite

differences in the requirements for JAK kinases in the initiation of signal transduction, the

different types of IL-4R converge on a common signaling program and biological

OutCOmeS.
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FIGURE LEGENDS

Fig. 1. IL-7-induced STAT5 activation requires functional JAK1 and JAK3. (A)

Reconstitution of IL-7R signaling is dependent upon co-transfection of IL-7Ro, Ye,

STAT5A, JAK1 and JAK3 cDNAs. U4A cells were transfected with the indicated

cDNAs. 48 hours post-transfection, cells were incubated in medium alone (-) or in

medium containing 10 ng/mL recombinant human IL-7 (7) for 10 minutes at 37°C.

Nuclear extracts were prepared and subjected to EMSA with a 32P-end-labeled FcyRI

oligonucleotide: GTATTTCAGAAAAAGGAC. (B) U4A cells were transfected with the

JAK1 and JAK3 mutants described in Table 1, in combination with IL-7Roi, Ye, and

STAT5A. WT, wild-type JAK1 or JAK3; KA, JAK1K907A or JAK3K851A; FF,

JAK1FF or JAK3FF; FY, JAK1FY; and YF, JAK1YF. Nuclear extracts were prepared

and subjected to EMSA. (C) Left panel, Schematic of IL-7Ro-Ye, EPOR-EPOR and IL

7Ro-Ye/EPOR complexes. Right panel, U4A and U1A cells were transfected with the

indicated cDNAs. The indicated cells were stimulated with IL-7, and nuclear extracts

were subjected to EMSA. The text below the figure indicates which cell line was

transfected and which JAK kinases are endogenous in this cell type. E, endogenous; WT,

wild-type murine Ye. Arrow, inducible band.

Fig. 2. IL-4 and IL-13 can induce STAT6 through a Yc-independent receptor complex.

(A) Reconstitution of IL-4-induced STAT6 activation requires transfection of only JAK1

and STAT6. U4A cells were transfected as indicated and incubated with medium alone (-)

or with 10 ng/mL recombinant human IL-4 (4). Extracts were prepared and EMSAs were

performed (see legend to Fig. 1). (B) Induction of STAT6 DNA binding activity by IL-4

can be blocked with a neutralizing antibody to IL-4Ro. In all cases, U4A cells were

transfected with JAK1 and STAT6. Nuclear extracts were prepared following a 1-hr

incubation in medium containing the indicated concentration of either an IL-4Ro
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neutralizing antibody or an isotype-matched control antibody, UPC10 and subjected to

EMSA. (C) IL-13-mediated STAT6 induction requires only JAK1 and STAT6. Cells

were transfected as indicated and nuclear extracts were prepared as described in the

legend to Fig. 2. Cells were incubated with either medium alone (-) or stimulated with 10

ng/mL recombinant human IL-13 (13). (D) Induction of STAT6 DNA binding activity by

IL-13 is blocked with a neutralizing antibody to IL-4Ro. Experiments were performed as

described in the legend to Fig. 2B. Arrow, inducible band.

Fig. 3. U4A cells contain endogenous IL-13R1 chains. Following DNAse treatment, 1

pig of total cellular RNA from the indicated cell lines was subjected to reverse

transcription with an oligo-dT primer. The products of the RT reaction were used as

template in PCR reactions. Lanes 1-6: PCR with IL-13R2-specific primers. Lanes 7-12:

PCR with IL-13R1 primers. To verify that PCR products were not due to the presence of

contaminating DNA, RT reactions were incubated without enzyme and subjected to PCR

analysis (lanes 4–6, 9-12). Lanes 1, 4, 7, 10: U4A RNA ; lanes 2, 5, 8, 11: Caki-1 RNA;

lanes 3, 6, 9, 12: MT-1 RNA. Arrows, IL-13R1-specific PCR product, expected size

282 bp (Upper); IL-13R2-specific product, expected size 147 bp (Lower).

Fig. 4. Type II IL-4R and IL-13R require only JAK1 for STAT6 activation. (A).JAK1

catalytic function is required for STAT6 induction by IL-4 or IL-13. cDNAs were

transfected as indicated, and cells were stimulated with IL-4 or IL-13. EMSA was

performed as described in Fig. 1. (B) The presence of JAK2 and TYK2 is not required

for IL-4- and IL-13-mediated STAT6 activation. The U1A, U4A, and Y2A cell lines were

transfected with the indicated cDNAs. Each of these lines expresses the JAKS indicated in

parentheses. Cells were stimulated and nuclear extracts were prepared as described in the

legend to Fig. 1. J1, JAK1; J2, JAK2, T2, TYK2. Arrow, inducible band.
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Fig. 5. The Type IIL-4R requires functional JAK1 and JAK3 for STAT6 activation. (A)

Overexpression of Ye in U4A cells in the absence of JAK3 inhibits induction of STAT6

through the endogenous IL-4R but does not affect IL-13R signaling. Nuclear extracts and

EMSAs were performed as described in the legend to Fig. 1. (B) The further addition of

JAK3 to these cells restores IL-4-mediated STAT6 activation. Cells were transfected as

indicated, and nuclear extracts were prepared and analyzed. TM, a Ye mutant that is

truncated 4 amino acids below the plane of the membrane and cannot activate JAK3. (C)

JAK1 and JAK3 function must be retained for STAT6 activation. U4A cells were

transfected with the JAK1 and JAK3 mutants described in Fig. 1. Nuclear extracts were

prepared and subjected to EMSA. WT, wild-type JAK1 or JAK3; KA, JAK1K907A or

JAK3K851A; FF, JAK1FF or JAK3FF; FY, JAK1FY; and YF, JAK1YF. Arrow,

inducible band.
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Table 1

Name Mutant Catalytic Function"

JAK1 Wild-type +

JAK1 K907A K907A (subdomain II of kinase domain [KD])
-

JAK1 FF Y1033FY1034F (activation loop [AL] of KD)
-

JAK1 FY Y1033F
-

JAK1 YF Y103.4F +

JAK3 Wild-type + 2. .
JAK3 K851A K851A in Subdomain II

-
~ :

JAK3 FF Y975F Y976F in AL + ...:
º:

"Catalytic function was measured by overexpression of the JAKs in COS-7 cells º: *
(resulting in constitutive activation of functional kinase molecules) in combination with ****

STAT5A, which serves as a substrate. Activation of STAT5A was measured by EMSA _* º
—

as described in (6). *"D
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ABSTRACT

Interleukin-9 (IL-9) is a cytokine with pleiotropic effects on mast cell and T cell

lines. It exerts its effects through the IL-9R complex consisting of IL-9Ro and the

common Y subunit. Here we report functional evidence for receptor heteromerization for

efficient signal transduction, and we define minimal requirements in the two receptor

subunits for IL-9R function. Tyrosine-336 of the IL-9RO and the membrane-proximal

segment of Y are both crucial for signaling. The activated IL-9R complex employs the

Janus kinases JAK1 and JAK3 for subsequent activation of the transcription factors

STAT-1, STAT-3 and STAT-5. This process is independent of Tyk2. We demonstrate

further that the activated STAT complexes consist of STAT-1- and STAT-5-homodimers

and STAT-1-STAT-3-heterodimers. Finally, we show that IL-9R signaling in a T cell line

does not result in detectable Mitogen Activated Protein Kinase (MAPK) activation and

leads to unsustained proliferation. Nonetheless, these T cells are efficiently protected

from dexamethasone (DEX)-induced apoptosis. These results further define the molecular

architecture of the IL-9R and its specific connections to various biologic responses.
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INTRODUCTION

IL-9 is a pleiotropic cytokine secreted by activated T cells of the TH2 class (for

review see (1)). It is a major factor for mast cell differentiation, but its activity on T cells

is less well characterized. It was shown to induce granzyme A and B expression in T cell

lines (2). IL-9 is not mitogenic for freshly isolated T cells, but it is active on pre-activated

T cells and T cell lines (3). In addition, IL-9 stimulates in vitro growth of T cell

lymphomas (4), and IL-9 transgenic mice show increased occurrence of thymic

lymphomas (5). In humans, dysregulated IL-9 expression has been found in patients with

Hodgkin’s disease (6) and an autocrine IL-9 loop for proliferation has been demonstrated

in Hodgkin's lymphoma-derived cell lines (7). Furthermore, it has been shown that IL-9

can protect thymic lymphoma cells and T cell lines from dexamethasone (DEX)-induced

apoptosis (8–9). These data together suggest a possible role for IL-9 in tumorigenesis.

IL-9 exerts its effects through the functional IL-9R complex, consisting of IL

9Ro (10) and the common Y subunit. The Y is also utilized in the receptor complexes for

IL-2, IL-4, IL-7 and IL-15 (11-14). Both IL-9Ro and Y are members of the

hematopoietin receptor superfamily (15), which share several common motifs, including

four canonically spaced cysteine residues and the WSXWS motif in the extracellular

domain (EC), and the Box1 and Box2 motifs in the intracellular domain (IC). The IL

9Ro was shown previously to associate with Y, in the presence of IL-9 (16), and

evidence for functional interaction of the two receptor chains was derived from studies in

which anti-Y antibody treatment abolished IL-9R signaling (17).

Although neither receptor chain has any intrinsic kinase activity, rapid tyrosine

phosphorylation of both receptor chains and cellular substrates occurs after receptor

engagement. This step is thought to be mediated by the non-receptor protein tyrosine

kinases of the Janus kinase (JAK) family, which are pre-associated with the receptor

chains (for reviews see (18-19)). Stimulation of the IL-9R was shown to lead to the
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phosphorylation of JAK1, JAK3 and Tyk2 (20). It remained unclear, however, which of

these kinases are necessary for the generation of the signaling response. Phosphorylated

tyrosines of the receptor act as docking sites for STAT proteins (Signal Transducer and

Activator of Transcription), that bind phosphotyrosines via SH2 domains (21-22). Once

bound, they become tyrosine-phosphorylated, dissociate from the receptor, and form

homo- or heterodimers with members of their own family via SH2-domain interactions.

These activated transcription factor dimers are capable of translocation into the nucleus to

bind to specific DNA elements and initiate transcription of target genes. Several studies

have suggested that the STATs involved in IL-9R signaling are STAT-1, STAT-3 and

STAT-5 (20, 23-24). However, the specific composition of the STAT-DNA complexes

remained unclear.

The major activity of IL-9 on T cells has been proposed to be protection from

apoptosis rather than mitogenesis. This has been demonstrated for thymic lymphoma cell

lines (8) and T cell lines (9). However, no evidence has been obtained regarding the

mechanisms underlying this anti-apoptotic activity of the activated IL-9R.

In the present study chimeric receptors between the erythropoetin (EPO)

extracellular-domain and the IL-9RO and Y. intracellular-domains were created and tested,

along with several mutants of these chimeras, in COS-7 cells. The role of JAKs in IL-9R

signaling was investigated in the human fibrosarcoma cell lines U4A and U1A which are

deficient in JAK1 and JAK3, and JAK3 and Tyk2, respectively. Using these systems,

the minimal requirements for IL-9R signaling were defined. Finally, a murine T-helper

cell line was stably transfected with chimeric receptors, and the effect of receptor

stimulation was investigated by assays for STAT-DNA binding, anti-apoptotic activity

and proliferation. These data suggest that signaling through the IL-9R blocks DEX

induced activation of components of the cell death machinery, possibly due to activation

of the anti-apoptotic STAT-3 and STAT-5.
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MATERIALS AND METHODS

Cell lines and reagents. The IL-2 dependent murine T helper cell line HT-2 (ATCC)

was cultured in RPMI 1640, supplemented with 10% fetal bovine serum, 55 puM 2

mercaptoethanol, 2mVM L-glutamine and 200U/ml recombinant human IL-2.

Transfections were performed by electroporation (950puP, 300V, on a BioFad

Genepulser II) using 1x107cells and 20mg DNA; stable transfectants were obtained by

selection in G418 (1 mg/ml, Gibco BRL). Clones isolated by limiting dilution were

screened by Northern blot analysis to identify cell lines stably expressing the transfected º
receptor subunit. Stable transfectants expressing two receptor subunits were derived from º
cells already expressing either EPOY or EPOYYF; clones were obtained by selection in º
G418 and hygromycin B (Boehringer Mannheim) and screened by Northern blot º

analysis. º
COS-7 monkey kidney cells (ATCC) were routinely cultured in Iscove’s medium º

supplemented with 10% fetal bovine serum and 2mm L-glutamine. Transfections were *.
carried out in Dulbecco's modified eagle medium supplemented with 10% fetal bovine *

serum and 2mV L-glutamine using lipofectamine (Gibco BRL) per manufacturer's :
instructions. gº

U4A- and U1A-human fibrosarcoma cells (a kind gift of Dr. G. Stark) were

cultured in Dulbecco's modified eagle medium supplemented with 10% fetal bovine

serum, 2mVM L-glutamine and hygromycin B. Transfections were carried out using the

calcium phosphate method (Gibco BRL).

Anti-STAT-3 and anti-STAT-5 antisera were obtained from Santa Cruz

Biotechnology. Anti-STAT-1 monoclonal antibody was obtained from Transduction

Laboratories, anti-phosphotyrosine monoclonal antibody (4G10) from Upstate

Biotechnology. Recombinant murine IL-9 was purchased from Genzyme; recombinant
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human EPO was a kind gift of Ortho Biotech Inc and recombinant human IL-2 was a kind

gift of Chiron Corp.

Plasmids and constructs. All receptor cDNAs were subcloned into the expression

vectors pCMV4, pCMV4neo, or pCMV4hygro. Chimeric EPOY and receptor mutants

were generated as described elsewhere (25). The EPO9 chimera was constructed in a

similar way using a Nhel site at the fusion junction between EPOR extracellular domain

and the transmembrane region of the human IL-9Ro. The EPO9Y3F mutant was

generated using PCR overlap methodology as described previously (25). Native human

IL-9Ro cDNA was a kind gift of J.-C. Renauld.

Proliferation assays. Conventional 72-hr 3H-thymidine incorporation assays were

performed using triplicate cultures of 5x104 cells per sample. Cells were incubated for the
indicated time period with the indicated amount of factor. 11CiêH-thymidine was added

for the last 4 hr of incubation. Data are expressed as a percentage of 3H-thymidine

incorporation of cells treated with 10nM IL-2.

Apoptosis assays. 5-10x10° cells were incubated for 24 hr in media without IL-2, or

stimulated with 10nM IL-2, 50U/ml EPO or 1puM dexamethasone (Sigma), respectively.

Cells were harvested, washed with PBS and immediately used for staining. Staining with

fluoresceinisothiocyanate (FITC)-conjugated annexin 5 and propidium iodide (PI) was

performed using the ApoAlert kit (Clontech). Samples were analyzed on a Becton

Dickinson FACScan. The percentage of dead (annexin 5 and PI positive cells) and

actively dying cells (annexin 5 positive and PI negative) was determined by gating on the

intact cell population, excluding cellular debris.
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Electrophoretic mobility shift assays (EMSA). 20-40x106 cells were rested in

serum free media containing 1% bovine serum albumine (BSA) for 4 hr and stimulated as

described for 10min (COS-7, U4A, U1A) or 15min (HT-2). Cells were lysed and nuclear

extracts were prepared as described (26).
-

DNA binding studies were performed with 1x105 cpm of probe, 3pg of

poly[d]C] (Boehringer Mannheim) and the indicated amounts of nuclear extracts on a

non-denaturing 5% polyacrylamide gel. The IgG Fc receptor STAT response element

(FcyR1) was end-labeled with [Y-32P]dATP (Amersham) and polynucleotide kinase (New

England Biolabs). Pre-incubations with different antibodies were performed in the

absence of poly[dIC] and binding buffer for 45min on ice prior to initiation of the binding

reaction by addition of labeled probe.

MAPK assay. 10-20x106 cells were rested for 6 hr and stimulated as described. In

vitro MAPK assays were performed using the MAPK assay kit (New England Biolabs).

In short, cells were lysed and activated Erk1/Erk2 MAPK was immunoprecipitated using

an anti-phospho-MAPK antibody. Kinase assays were performed using an Elk1-GST

fusion protein as a substrate with subsequent immuno blotting for phosphorylated Elk1.
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RESULTS

Reconstitution of IL-9R function in COS-7 cells

In order to evaluate the minimal requirements for efficient signaling in the IL-9R

system a chimeric receptor approach was employed in the background of COS-7 cells.

Expression plasmids encoding EPO9 and EPOY receptor chains were cotransfected into

these cells together with various components of the signaling machinery and STAT

activation was investigated. After stimulation with EPO, nuclear extracts were prepared,

followed by electrophoretic mobility shift assays (EMSA) with a STAT-specific binding

element. DNA binding activity was observed only when both chimeric receptor chains

EPO9 and EPOY were present (Figure 1a), and was not detected when either receptor

chain alone was present. Thus, signaling through the IL-9R apparently depends on

heterodimerization of the two receptor subunits. Endogenous JAKs and cotransfected

JAK3 were necessary and sufficient for the generation of a signal by this receptor

complex. In the absence of cotransfected STAT, a single band corresponding to

endogenous STAT-1 (as identified by antibody supershift analysis, data not shown) was

present; cotransfection of STAT-5 resulted in a second more slowly migrating band,

which was identified as STAT-5 by antibody supershift analysis (data not shown). These

data show that EPO9 and EPOY apparently must form heteromers for efficient signal

transduction resulting in STAT binding to DNA. This signaling complex requires JAK3

and is able to activate both STAT-1 and STAT-5.

To test which portions of Y are necessary for efficient signaling, several mutants

of EPOY (25) were tested (Figure 1b). The EPOY336 mutant, with C-terminal truncation

up to the Box2 region, supported induction of both STAT-1 and STAT-5 bands and thus

showed no difference compared to the wildtype chain in the EMSA. Further truncation

into the Box1-Box2 (EPOY294) domain and to the TM region (EPOYTM), or internal

deletion of either Box1 or Box2, abolished signaling. Since JAK3 has been proposed to
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bind to the Box1-Box2 domain of Y, these results likely are explained by the inability of
those mutants to bind JAK3.

Tyrosine substitution mutants of both receptor chains were tested to elucidate the

role of tyrosine residues in the signaling processes (Figure 1c). Complete substitution of

all tyrosines in the EPOY chain with phenylalanine (EPOYYF) led to no change in STAT

activation. EPO9Y3F was created to verify in this system the recent report that tyrosine

336 of IL-9RO is important for STAT activation and anti-apoptotic signaling (24).

Substitution of tyrosine-336 with phenylalanine (EPOYYF) in EPO9 led to the loss of

both STAT bands following receptor stimulation (Figure 1c). These results indicate that

tyrosines of Y are dispensable for signaling by the IL-9R, whereas tyrosine-336 of IL
9RO is crucial for activation of STAT-1 and STAT-5.

Reconstitution of native IL-9R function

To confirm these findings and to clarify further the role of the JAKs in IL-9R

function, U4A and U1A cells were employed in a similiar reconstitution approach. U4A

is a somatic mutant of the human 2FTGH cell line that fails to express JAK3 and JAK1

but contains JAK2 and Tyk2 (27). In U4A cells, IL-9-mediated induction of STAT-5 was

reconstituted by the simultaneous transfection of IL-9RO, Ye, JAK1, JAK3 and STAT-5

(Figure 2). No signal was observed when any of these components were omitted from

the transfection, indicating that endogenous Tyk2 or JAK2 can not substitute for JAK1 or

JAK3 in this system (Figure 2). Furthermore, replacement of either wild type JAK1 or

JAK3 with a kinase-inactive mutant that lacks the catalytic lysine (JAK1 K907A or JAK3

K851A, respectively) (28) abolished downstream induction of STAT-5. These findings

strongly suggest that the primary kinases required for IL-9R function are JAK1 and

JAK3, and that Tyk2 is dispensable for this activity.

To establish definitively whether or not Tyk2 contributes to IL-9R function in this

system, similar experiments were performed with the U1A somatic mutant (29) that lacks
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Tyk2 and JAK3 but retains JAK1 and JAK2. In this cellular context, robust activation of

STAT-5 through the IL-9R occurred upon introduction of JAK3 (Figure 2); Tyk2

evidently was non-essential for this process since these cells lack Tyk2. Transfection with

a Tyk2 expression plasmid in place of JAK3 yielded only a very marginal signal (Figure

2). Therefore, complementary systems (COS, U4A and U1A) uniformly demonstrated

the importance of catalytically active JAK1 and JAK3 and the dispensability of Tyk2 for

IL-9R-dependent signaling.

Signaling by a chimeric IL-9R induces STAT-1, STAT-3 and STAT-5 in a T cell line

The EPO9 and EPOY/EPOYYF receptor chains were stably transfected into the IL

2-dependent murine T-helper cell line HT-2 in order to investigate IL-9R signaling in a T

cell context. After Stimulation of stable transfectants with EPO, nuclear extracts were

prepared and analyzed by EMSA. DNA binding activity was detected only in cells

expressing both chimeric receptor chains, EPO9 and EPOY (Figure 3). The resulting triple

band vanished when excess unlabeled oligonucleotide was used as a competitor. STAT

activation was sustained over a 60 min stimulation period, and the signal became weaker

with prolonged stimulation vanishing after 90 min (data not shown). The tripartite band

was also observed in cells transfected with vectors encoding EPO9 and EPOYYF (Figure

3). To determine further the nature of the observed bands, supershift analysis was

performed with antibodies against phosphotyrosine and against STAT-1, STAT-3, and

STAT-5 (Figure 3). Isotype-matched antibodies resulted in no change of pattern.

Treatment with anti-phosphotyrosine antibodies resulted in a complete loss of all three

bands, due to prevention of formation of STAT dimers via SH2 domain -

phosphotyrosine interactions. When extracts were treated with anti-STAT-1 antibody, the

two lower bands were lost, whereas anti-STAT-3 treatment led to selective loss of the

middle band. Anti-STAT-5 antibody resulted in slower migration of the upper band. The

anti-STAT-1 and anti-STAT-3 antibodies presumably are blocking antibodies, preventing
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either STAT-dimer formation or DNA binding, resulting in loss of the band. In contrast,

the anti-STAT-5-antibody apparently binds to the STAT-5-DNA complex, which leads to

a slower migration of the band on the gel. These data suggest that the STAT complexes

formed upon stimulation of the IL-9R consist of STAT-5- and STAT-1-homodimers

(upper band and lower band, respectively) and STAT-1-STAT-3 heterodimers (middle

band).

Signaling through the chimeric IL-9R complex inhibits DEX-induced apoptosis

To test whether IL-9R stimulation protected HT-2 cells from glucocorticoid

induced apoptosis, stable cell lines were treated with DEX and evaluated for apoptotic

responses by flow cytometry analysis of cells stained with FITC-labeled annexin 5. HT-2

cells were starved of IL-2 for 24 hr and treated with either DEX alone or with DEX and

EPO. IL-2 withdrawal, as well as additional DEX treatment, led to the onset of apoptosis

after ~4 hr (data not shown), resulting in a massive number of apoptotic cells after 24 hr

(Figure 4). Treatment with DEX increased the percentage of dead and dying cells

considerably above the level induced by IL-2 withdrawal. Stimulation of the chimeric

receptor complex with EPO led to a complete blockade of apoptosis caused by DEX, but

had no influence on the degree of apoptosis caused by IL-2 starvation. EPO-mediated

inhibition of DEX-dependent apoptosis was not observed in cells expressing a single

receptor subunit (EPOY or EPO9, Figure 5 a and b, respectively), but only in cells

expressing both EPO9 and EPOY or EPO9 and EPOYYF (Figure 4, c and d, respectively).

The signal delivered by the chimeric IL-9R does not sustain proliferation in HT-2 cells

Since reduction of the percentage of annexin 5-positive cells by treatment with

EPO could have been due to an increased overall cell number, the proliferative signal

generated by the IL-9R was investigated. HT-2 cells transfected with either EPO9 or

EPOY alone displayed no proliferative response to EPO in the absence of IL-2 as
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measured by 3H-thymidine incorporation (Figure 5). Both, EPOY/9 and EPOYYF/9,

however, showed vigorous DNA synthesis after 24 hr in a dose-dependent fashion.

Nevertheless, this response was not sustained and diminished to background levels after

72 hr (Figure 5). Prolonged cultivation in EPO without IL-2 did not lead to generation of

EPO-dependent clones.

Activation of Erk1/Erk2 MAPK does not take place in response to EPO

In order to test whether the proliferative response after chimeric receptor

Stimulation with EPO was associated with activation of MAP kinases, in vitro kinase

assays of immunoprecipitated Erk1/Erk2 MAPK was performed. Unstimulated HT-2

EPOY/9 cells showed no detectable MAPK activity as shown by Western blotting for in

vitro phosphorylated Elk1 substrate (Figure 6). However, upon stimulation with IL-2

strong activation of MAPK was observed. Stimulation of the chimeric EPOY/9 receptor

complex with EPO did not result in substantial induction of MAPK activity. These data

suggest that the signaling pathways leading to proliferation are different in the IL-2R and

IL-9R systems, and apparently are incomplete in the IL-9R system in this cellular context.
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DISCUSSION

These studies demonstrate that the functional IL-9R complex consists of

heteromers of Y. and IL-9Ro, as confirmed in a variety of cellular backgrounds and by

various measurements of signal transduction. In a T cell line, STAT activation, induction

of DNA synthesis and protection from apoptosis were observed exclusively upon

engagement of both receptor subunits. The data presented here with various mutants of

the YC or IL-9RO. cytoplasmic tail are also consistent with the "trigger driver" model

proposed for signaling by various chimeric cytokine receptors (30). In this model, the Y.

chain acts in the IL-2, IL-4, IL-7, IL-9 and IL-15 receptors to initiate the signaling

response upon engagement of ligand by conveying a kinase (JAK3) into the receptor

complex. Within the IL-9R, the specificity of the resulting signaling response appears to

be coupled to tyrosine residues within the IL-9RO. chain.

The IL-9R and its associated JAK1 and JAK3 apparently activate a specific

signaling program involving STAT-1-homodimers, STAT-1-STAT-3-heterodimers and

STAT-5-homodimers as shown by antibody supershift analysis of nuclear extracts of

stable transfectants. Furthermore, activation of these STAT complexes is linked to

tyrosine-336 of IL-9R0 and does not depend upon tyrosines of the Ye subunit. Therefore,

as in the IL-2, IL-4 and IL-7 receptors, specificity in the signaling program appears to be

driven largely through the longer, non-Ye subunit of the receptor.

Consistent with earlier studies demonstrating JAK1 and JAK3 activation (20, 23)

by IL-9, these kinases were observed to be crucial for generating STAT-DNA complexes

in the IL-9R system. In the U4A system, simultaneous transfection of both JAK1 and

JAK3 (along with the receptor chains and STAT-5) effectively reconstituted IL-9-

mediated STAT-5 induction. Since these cells express Tyk2 endogenously, it is evident

that Tyk2 could not replace either JAK1 or JAK3 to support IL-9R function.

Additionally, the catalytic integrity of both of these kinases was essential for IL-9R
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function. These findings are consistent with those observed in the reconstitution

experiments, in which endogenous Tyk2 and JAK1 were insufficient to support IL-9R

function. Moreover, experiments with the U4A cell line lacking Tyk2 revealed

definitively the dispensability of Tyk2 for IL-9R function. Therefore, although Tyk2 may

be activated detectably by IL-9 in some cellular contexts, it does not appear to play a

major role in IL-9R signaling function.

IL-9R signals through chimeric receptors were found to stimulate short-term DNA

synthesis of HT-2 cells. Strong proliferative effects of IL-9 have been observed only in

mast cells and activated T-cells. Non-sustained proliferation, as observed here, could be

due to a variety of signaling constraints that may be cell context-specific. The failure of

the IL-9R to activate Erk1/Erk2 MAPK in this system is one such example, and other

cell-specific pathways also need to be explored.

Perhaps the most important function mediated by IL-9 is prevention of apoptosis,

which was shown here to depend upon dimerization of the IL-9RY and Ye subunits of the

IL-9R. The molecular mechanism underlying the anti-apoptoic effect remains to be

elucidated. STAT-3 and/or STAT-5 may play a role, since they have been implicated in

anti-apoptotic effects in other signaling systems. For example, it was demonstrated that

overexpression of a dominant-negative form of STAT-3 inhibited induction of the anti

apoptotic gene bcl-2 upon stimulation of the IL-6R complex (31). Moreover, STAT-5 has

been shown to bind to the activated glucocerticoid receptor and to inhibit GR-mediated

gene transcription in COS-7 cells (32). Further studies are needed to clarify these and

other possible mechanisms with regard to the IL-9R. Since apoptosis in general plays an

important role in tissue homeostasis and regulation of the immune response (33),

mechanisms by which immune regulatory cytokines exert anti-apoptotic activity and

proliferative actions remains and important goal. The system presented here should prove

useful to address these questions.
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FIGURE LEGENDS

Figure 1. Induction of STAT factors in a COS transfection system.

COS-7 cells were transfected with the indicated expression plasmids, and nuclear extracts

were analyzed by EMSA with the FcyR1 STAT binding element. A) DNA binding of

STAT factors occured in the presence of both receptor chains and cotransfected JAK3.

Upon cotransfection of STAT-5, a second, more slowly migrating band appeared. B)

Various mutants of EPOY were investigated for their ability to induce STAT DNA

binding, including a cytoplasmic truncation with retention of both Box1 and Box2 motifs

(EPOY336) and mutants in which either the Box1 or Box2 motif was deleted (EPOY294,

EPOYABox1, EPOYABox2). C) Complete substitution of the tyrosines of EPOY to

phenylalanine (EPOYYF) did not result in a change of STAT DNA binding pattern. The

Y3F mutation in the EPO9 receptor, however, abolished DNA binding of all STAT

factors. The upper arrow indicates cotransfected STAT-5, the lower endogenous STAT

1.

Figure 2. Reconstitution of native receptor complexes in somatic cell mutant lines.

U4A or U1A cells were transfected as indicated, stimulated with 100U/ml murine IL-9,

and EMSA was performed as described. Extracts derived from U4A cells showed DNA

binding activity only when IL-9Ro and plasmids encoding Ye, JAK1, JAK3 and STAT-5

were cotransfected. Catalytically defect variants of JAK1 (JAK1KA) or JAK3 (JAK3KA)

did not efficiently substitute for wildtype JAK1 or JAK3, respectively. E denotes

endogenous expression of Tyk2.

Figure 3. Signaling in a transfected T-cell line.

After stimulation with EPO, nuclear extracts from HT-2 cells stably transfected with

either a single chimeric receptor chain or with both, were analyzed by EMSA. A.) DNA

135



º

AT& ****-- *** ******ºn assº

º tº gº tº



binding activity was only observed in extracts from cells expressing both receptor chains

EPOY/9 and EPOYYF/9. The resulting tripartite band vanished when 100-fold excess

unlabeled FcyR1 was used as a competitor for DNA binding. B) Supershift analysis of

extracts of HT-2-EPOY/9 was performed with the indicated antibodies to determine the

nature of the observed bands. The upper arrow indicates STAT-5-homodimers, the

middle arrow STAT-1-STAT-3-heterodimers, the lower arrow STAT-1-homodimers.

The asterisk indicates the presumed STAT-5-homodimers supershifted by anti-STAT-5

antibody.

Figure 4. Protection from apoptosis by the IL-9R.

After 24 hrs of incubation with the indicated factors, the proportion of cells undergoing

apoptosis was determined by annexin 5 staining. HT-2 cells expressing only one chimeric

receptor subunit (EPOY, panel A; EPO9, panel B), underwent apoptosis in the absence of

IL-2 and to a greater extent upon additional DEX treatment. Stimulation with EPO of cells

expressing both chimeric receptor chains (EPOY/9, panel C, EPOYYF/9, panel D) blocked

DEX-induced apoptosis, but not apoptosis caused by IL-2 withdrawal. Error bars are the

standard error of the mean of triplicate measurements; in some cases these error bars are

too small too be depicted.

Figure 5. Induction of proliferation in a T-cell line.

Proliferative response of stably transfected HT-2 cells after stimulation with the indicated

doses of EPO. A.) Cells expressing only a single receptor subunit did not respond to EPO

after 24 hrs of stimulation. The double transfectants EPOY/9 and EPOYYF/9 responded to

EPO vigorously in a dose-dependent manner. B) The proliferative response of HT-2

EPOY/9 and HT-2 EPOYYF/9 cells was time-dependent and was not sustained for more

than 24 hrs. Additional DEX treatment completely blocked the proliferative response to

EPO (14/ml) of these cell lines; the same effects were observed at 100/ml or 50U/ml
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(data not shown). Error bars are the standard error of the mean of triplicate

measurements; in some cases these error bars are too small too be depicted.

Figure 6. Absence of MAPK induction by IL-9R in HT-2 cells.

Total cell lysates of HT-2 EPOY/9 cells were prepared and immunoprecipitated with anti

phospho-MAPK antibody. Immunoprecipitates were subjected to in vitro kinase assays

with an Elk1-GST fusion protein, seperated by 10% SDS-PAGE and immunoblotted

with anti-phospho-Elk1 antibodies. HT-2 EPOY/9 stimulation with IL-2 yielded a ~40kD

band (indicated by the arrow) corresponding to phosphorylated Elk 1, whereas EPO

stimulation did not.
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As described in (1), the trigger-driver model proposes distinct functions for each

of the receptor chains in a cytokine receptor complex. In the case of the Ye-containing

receptors, Ye functions as the trigger chain and serves primarily to convey a JAK into the

receptor complex; consequently, EPOY can be replaced in the chimeric receptor system by

either full length EPOR or by a truncated EPOR that is sufficient to bind and activate

JAK2. In contrast, the specific receptor subunit (e.g., IL-2RB or IL-7Ro) specifies the

signaling program initiated by the receptor complex following ligand binding; this subunit

is called the driver subunit because it drives signaling specificity. To test the trigger

driver model in the context of the native receptor complexes, we constructed a murine

YEPOR chimera in which the extracellular domain of Yc is fused to the transmembrane

and cytoplasmic domains of the EPOR. As described in Chapter 5A, when paired with

IL-7Ro, this chimera could functionally replace Ye and mediate IL-7-induced STAT5

activation in the absence of transfected JAK3. In addition, we demonstrated that this

chimera was functionally coupled to JAK2. To extend these studies, we have assessed

the ability of this chimera to function in the IL-2R and IL-9R complexes. In transiently

transfected U4A cells (for a more complete description of this experimental method, see

Chapter 3), the YEPOR chimera was capable of mediating STAT5 induction in the

absence of a transfected JAK (Fig 1A.) In contrast, wild-type murine Ye required the

simultaneous transfection of JAK3 for downstream STAT activation. Since U4A cells

contain endogenous JAK2, subsequent experiments were performed in the Y2A cell line

(which specifically lacks JAK2, (2)) to confirm that this chimera must associate with

JAK2 for productive signal transduction. As shown in Fig. 1B, in the absence of

transfected JAK2, the YEPOR chimera failed detectably to activate signal transduction;

when JAK2 expression was restored, STAT5 was potently induced following stimulation

of cells with IL-2, IL-7 or IL-9.

To test whether the trigger-driver model also applies in vivo, we are currently

developing transgenic animals in which this chimera is expressed under the control of the

. :
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proximal lck promoter (3). As a control, we are also developing animals that express

wild-type Ye under the same promoter. The long-term goal of these studies is to cross

lines that express these transgenes with existing Ye knockout animals in which the

phenotype of the Ye-deficient animals closely resembles that of humans with X-SCID (4;

5). Animals with a targeted deletion of the JAK3 locus are also known to develop an

autosomal form of SCID that is very similar to the X-SCID phenotype (6; 7).

Importantly, the thymic defects of the JAK3-deficient animals have been effectively

reconstituted using the proximal lck promoter to drive expression of JAK3 (8). However,

in these reconstitution studies of the peripheral T cell compartment varied between

transgenic lines. Therefore, in our studies, we will initially determine whether thymic

function is appropriately reconstituted, and only secondarily examine peripheral T cell

function. Thymic function will be assessed by measuring thymic mass, CD4+/CD8+

cellular ratios, and cellular proliferation in response to stimulation with IL-7 and

concanavalin A. In addition, if this transgene rescues the thymic defects of the Ye

knockout animals, it would be of interest to cross these animals with the JAK3 knockout

lines that exist to determine if the YEPOR pairing with JAK2 would restore T cell

development in these animals. A positive result would strongly suggest that the critical

role of the Ye chain in thymic development in vivo is to recruit a JAK kinase into Ye

containing receptor complexes, such as the IL-7R. At present, we have established

founder animals for each of the transgenic constructs, and we are further characterizing

these animals in order to select representative lines to carry forward for further breeding

and analyses.
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FIGURE LEGEND

Figure 1. The YEPOR chimera is functionally associated with JAK2 and can replace Ye in

the IL-2R, IL-7R and IL-9R complexes. (A) Reconstitution of IL-2, IL-7 and IL-9-

induced STAT5 activation by the YEPOR chimera does not require does not require co

transfection of a JAK kinase in the U4A cell line. U4A cells were transfected with the

inclicated cDNAs. 48 hours post-transfection, cells were incubated in medium alone (-) or

in medium containing 10 nM recombinant human IL-2 (2), 10 ng/mL recombinant human

IL–7 (7), or 10 U/mL recombinant murine IL-9 (9) for 10 minutes at 37°C. Nuclear

extracts were prepared and subjected to EMSA with a 32P-end-labeled FcyRI

oligonucleotide: GTATTTCCCAGAAAAAGGAC. (B) Reconstitution of IL-2, IL-7, and

IL-9-mediated signal transduction in Y2A cells requires coexpression of JAK2. Y2A cells

were transfected with the indicated cDNAs. Nuclear extracts were prepared and subjected

to ENMSA. Arrow, inducible band.
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Chapter 6

The Relationship of Interleukin-2 Receptor

Tyrosines to Pathways Linked to

Phosphatidylinositol-3’-Kinase and

Mitogen-Activated Protein Kinase 5
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PROLOGUE

While characterizing the cellular patterns of cytokine-induced tyrosine

phosphorylation, we determined that one of the major phosphoproteins induced following

stirmulation of HT-2 EPOB/y cells with either EPO or IL-2 was the p85 subunit of PI3K

(K-D.L., unpublished observations). Since the link between Ras/Raf/MAPK and PI3K

signaling and IL-2-induced cellular proliferation remained controversial (reviewed in (1)),

the well-developed EPOR chimeric receptor system facilitated characterization of the

receptor requirements for PI3K activation. In addition, since PI3K has been positioned

upstream of MAPK in IL-2 signaling (2), we also determined which components of the

receptor complex are required for MAPK activation. Our studies suggest that in the HT-2

cellular context, PI3K activation and MAPK induction (as measured by the ability of

NMAPK to phosphorylate the Elk1 transcription factor) are not essential for mitogenesis.

This work has been submitted to a journal for possible publication.
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to Phosphatidylinositol-3'-Kinase and Mitogen-Activated Protein Kinase
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Departments of 2Medicine and of *Microbiology and Immunology, School of Medicine,

University of California, San Francisco, CA i
*To whom correspondence should be addressed: Gladstone Institute of Virology and -
Immunology, P.O. Box 419100, San Francisco, CA 94141-9100; (415) 695-3775 D
(telephone); (415) 826-1514 (fax); Mark Goldsmith Qquickmail.ucsf.edu >

D

Abbreviations: Dimethylsulfoxide, DMSO; Enhanced chemiluminescence, ECL;

Erythropoietin, EPO; Extracellular signal-regulated kinase, ERK; Fetal calf serum, FCS;
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SUMMARY

Interleukin-2 (IL-2) activates downstream signaling through heterodimerization of

the IL-2 receptor (IL-2R) B and Ye chains, including the JAK/STAT pathway, the

Ras/Raf■ mitogen-activated protein kinase (MAPK) pathway and phosphatidylinositol 3'-

kinase (PI3K) activation. We undertook these studies to determine the connections

between JAK/STAT signaling and PI3K/MAPK activation. Therefore, we assessed

PI3K and MAPK activation in a panel of HT-2 cell lines that express chimeras between

the erythropoietin receptor (EPOR) and IL-2R3 and Ye. Heterodimerization of these

receptors by EPO leads to signaling indistinguishable from that induced by IL-2. We

observed that a mutant EPO3 (D258A) that is uncoupled from the JAK/STAT system also

fails to activate PI3K or MAPK. We subsequently mapped induction of PI3K and

MAPK to the first tyrosine of the IL-2RB chain, Y338. Notably, two mutants that are il
capable of activating STAT factors and of mitogenic signaling fail to activate PI3K and

MAPK. Finally, we demonstrate that MAPK activation is required for the induction of c

fos gene transcription by the IL-2R. Thus, in the HT-2 cellular context, PI3K and

MAPK activation does not appear to be required for mitogenic signaling. :
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INTRODUCTION

The immune system depends upon cytokines, small secreted regulatory proteins,

for the intricate coordination of the immune response. One of the most extensively

characterized cytokines is interleukin-2 (IL-2), which appears to be important for T cell

activation and proliferation, as well as for a number of other effector cell functions,

including natural killer (NK) cell activation (for a review, see (1,2)). These functional

effects are initiated by the binding of interleukin-2 to its cell surface receptor (IL-2R),

which is a heterotrimeric complex composed of IL-2Ro, IL-2RB, and Ye chains (3). IL

2Ro is dynamically expressed on activated T cells and serves primarily to modulate the

affinity of the receptor for its ligand. The human IL-2R3 and Ye chains form a functional

heterodimeric complex that displays a 10- to 100-fold lower affinity for IL-2 (4, 5) but

exhibits full signaling competence (6-8). Both IL-2R3 and Ye are members of the

cytokine receptor superfamily; and contain two shared extracellular motifs, a series of

four cysteines with conserved spacing, and a WSXWS sequence (9). Furthermore, these

receptors are characterized by two intracellular regions of homology termed Box1 and

Box2, which are required for the binding of conserved signaling intermediates to receptor

chains (10-12).

Heterodimerization of IL-2RB and Ye by IL-2 is both necessary and sufficient for

the initiation of intracellular signaling through a number of well characterized pathways

(6-8). For example, such dimerization activates the classic Ras/Raf effector cascade (13

15). This process is initiated by phosphorylation of the first tyrosine of the IL-2RB chain,

Y338, which forms a Shc docking site (16), thus allowing recruitment of Grb2 to the

receptor complex. The Shc/Grb2 complex then enhances the association of Vav with the

cell membrane (17). In turn, these events lead to Ras activation, which stimulates

MAPK/ERK kinase-1 (MEK1) kinase cascade (reviewed in (18)), leading to tyrosine

phosphorylation of the extracellular-signal regulated kinase-1 and -2 (ERK1/ERK2)

i
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isoforms of mitogen-activated protein kinase (henceforth referred to as MAPK) and

MAPK-dependent phosphorylation of downstream transcription factors (such as Elk1) on

serine and threonine residues. In addition, it has been suggested that other IL-2R

signaling cascades may also converge upon MAPK activation. Based on studies with

two relatively specific inhibitors of lipid kinases, wortmannin and LY294002, it has been

suggested that phosphatidylinositol-3-kinase (PI3K) is positioned upstream of both

MEK and MAPK, as well as of the p70S6 kinase (15, 19). However, it is unclear how

PI3K might integrate with Ras/Raf to activate MAPK. Furthermore, dissection of this

pathway is complicated by the recent finding that these inhibitors are not as specific for

PI3K as initially thought (20, 21). For example, both of these inhibitors also block the

mammalian target of rapamycin (mTOR or the FKBP12-rapamycin associated protein,

FRAP), a kinase whose catalytic domain is closely related to that of PI3K (22).

Clearly, much remains to be understood with regard to the relative importance of

the numerous upstream signals that appear to converge on MAPK (such as the Ras/Raf

signaling cascade and PI3K) and the role of MAPK in IL-2R signaling. In particular, the

relationship of PI3K and MAPK activation to IL-2-mediated cellular proliferation is

controversial. In resting human peripheral blood lymphocytes (PBL), blockade of the

PI3K pathway with wortmannin almost completely inhibits IL-2-mediated cellular

survival (23). However, in CTLL2 cells, cellular proliferation is only partially blocked

by the addition of wortmannin, suggesting that PI3K activity is not essential for

mitogenic signaling (15). In addition, it has been reported that activation of the p38

isoform of MAPK (but not the activation of MAPK) is required for IL-2 and IL-7-

mediated proliferation in T lymphocytes (24). Finally, in the Baf-BO3 cell context, the

IL-2RBAA mutant proliferates in response to IL-2 but fails to activate Ras detectably (25),

suggesting that the signaling cascades activated by this molecule is not critical for cellular

growth. However, a dominant negative mutant of Ras expressed in a TS1 cell line that

stably expresses components of the IL-2R blocks cytokine-induced cellular proliferation,
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suggesting that in this cell context, Ras may be required for IL-2-mediated growth

signaling (26).

Similarly, it is unclear what role, if any, tyrosine kinases play in the activation of

PI3K and MAPK. Although an interaction between PI3K and fyn has been detected

following IL-2 stimulation (27), cells lacking both lck and fyn, the two src kinases that

have been linked to IL-2R signaling, retain normal responses to IL-2 (28). Furthermore,

conflicting reports exist in the literature as to whether the IL-2RBAA mutant, which fails

to activate src kinases, is capable of activating PI3K (25, 29).

The relationship of the JAK/STAT signaling pathway and PI3K and MAPK

activation is poorly understood. In the case of the IL-2R, the Janus kinase JAK1 binds

IL-2RB while JAK3 associates with Ye. Following cellular stimulation with IL-2, the

JAKs are rapidly activated and become tyrosine-phosphorylated (8, 11, 12). This

activation is followed by tyrosine-phosphorylation of cytoplasmic residues within the IL

2R3 and Ye chains (30, 31), as well as of signal transducers and activators of transcription

(STAT) factors including STAT1 (32, 33), STAT3 (33, 34), and STAT-5 (32-38).

Phosphorylation of receptor tyrosines may be required for the recruitment of signaling

intermediates to the activated receptor complex, including but not limited to STAT factors.

The receptor requirements for JAK/STAT activation have been extensively

characterized. Deletion of Box1, Box2 or the intervening Variable-Box (V-Box) of either

IL-2RB or Ye results in a loss of JAK and STAT activation (30, 31, 39). In addition,

STAT activation by the IL-2R requires the presence of one of three cytoplasmic tyrosines

of the IL-2RB chain, Y338, Y392 or Y510; in contrast, three additional tyrosines

apparently fail to mediate efficient STAT5 activation (40, 41). Furthermore, while no

receptor mutant has been described that fails to activate the JAKs but is capable of IL-2-

mediated cellular proliferation, the IL-2RBAH mutant does not activate STAT5 but is

capable of proliferation (35). This mutant suggests that although STAT5 may not play a
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critical role in IL-2-mediated cellular proliferation, other signals activated by the JAKs

may nevertheless be required for cell growth.

To clarify the role of JAK/STAT signaling in PI3K and MAPK activation, we

characterized the ability of a panel of IL-2RB and Ye mutants with defined defects in the

JAK/STAT pathway to activate PI3K and MAPK. These experiments demonstrate that

both PI3K and MAPK activation require productive JAK kinase-mediated signaling and

the presence of the first (Y338) but not the fifth (Y392) or sixth (Y510) cytoplasmic

tyrosine residue of the IL-2RB chain. In the HT-2 cell context, neither PI3K nor MAPK

activation appears to be necessary for IL-2 mediated cellular proliferation.
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EXPERIMENTAL PROCEDURES

Cell Culture. The parental HT-2 cell line was obtained from the ATCC (Bethesda,

MD). Cells were maintained in RPMI 1640 supplemented with 10% fetal calf serum

(FCS, Gemini), 100 IU/mL penicillin, 100 mcg/mL streptomycin, 2 mM L-glutamine,

and 55 p.M 3-mercaptoethanol, and either 1 nM human IL-2 (Chiron) or 5 U/mL

erythropoietin (EPO, Ortho Biotech) as described previously (8). Stably transfected cell

lines were maintained in hygromycin B (Boehringer Mannheim) and G418 (Life

Technologies, Inc.) or 5 U/mL EPO (39, 40).

Cytokine Stimulations. For immunoprecipitation experiments, cells were washed

twice in calcium-magnesium free phosphate-buffered saline and stripped of growth

factors by incubation in 150 mM NaCl, 10 mM Na citrate, pH 4 for 1 minute at room

temperature. For PI3K activation experiments, cells were starved in RPMI 1640

supplemented with 1% bovine serum albumin (fraction V, Sigma), 100 IU/mL penicillin,

and 100 mcg/mL streptomycin for 4 h as previously described (36). For MAPK

immunoprecipitations, cells were starved for 6 h. Following starvation, cells were

stimulated with the indicated cytokine for 10 minutes at 37°C and harvested by

centrifugation at 4°C. For Northern blot analyses, cells were incubated for 12-14 h in

RPMI 1640 with 10% FCS, 100 IU/mL penicillin, 100 mcg/mL streptomycin, 2 mM L

glutamine, and 55 p.M 3-mercaptoethanol. Cells were then spun down and incubated with

either PD098059 at a final concentration of 50 mM or with an equivalent volume of

dimethylsulfoxide (DMSO) for one hour at 37°C. PD098059, a MEK1-specific inhibitor

(New England Biolabs), was reconstituted in DMSO. Cells were then stimulated with 10

U/mL EPO for varying lengths of time. As a control, MAPK assays were performed to

confirm that the inhibitor appropriately blocked MEK1 and downstream MAPK

activation.
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PI3K Immunoprecipitations. 20-30 x 106 cells were lysed in 1% NP-40 lysis

buffer (1% Nonidet P-40 [Calbiochem], 150 mM NaCl, 20 mM Tris, pH 8.0, 50 mM

NaF, 100 HM sodium orthovanadate, 1 mM phenylmethysulfonyl fluoride [PMSF), 10

pg/mL leupeptin, 10 pg/mL aprotinin, and 1 pg/mL pepstatin A). Lysates were

precleared twice with normal rabbit serum (Cappel) and protein A agarose beads

(Boehringer Mannheim). Immunoprecipitations were performed with 5 pil rabbit anti

PI3K antiserum (Upstate Biotechnology) and protein A agarose beads.

Immunoprecipitates were subjected to SDS-PAGE and transferred to nitrocellulose

(Nitropure, MSI) or PVDF (Immobilon P, Millipore). Kaleidoscope prestained protein

markers were obtained from BioFad. Immunoblotting was performed with an anti

phosphotyrosine antibody (4G10, Upstate Biotechnology) followed by enhanced

chemiluminescence (ECL) signal development. Blots were then stripped according to the

manufacturer's instructions and reblotted with the anti-PI3K antibody to confirm

equivalent loading.

MAPK Assays. MAP kinase assays were performed using a nonradioactive MAP

kinase assay kit (New England Biolabs) according to the manufacturer's instructions. In

brief, 30-50 x 106 cells were lysed in 220-400 pil of lysis buffer (1% Triton X-100, 20

mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium

pyrophosphate, 1 mM 3-glycerolphosphate, 1 mM sodium orthovanadate, 1 mM PMSF,

and 1 pg/mL leupeptin). Immunoprecipitations were performed with an anti

phosphoMAPK antibody for 10-24 h at 4°C. This antibody specifically recognizes

phosphorylated tyrosine 204 of MAPK. Immunoprecipitates were incubated for 1-3 h

with protein A beads; the beads were then washed twice in lysis buffer and twice in in

vitro kinase assay buffer without ATP (25 mM Tris, pH 7.5, 5 mM 3-glycerolphosphate,

2 mM dithiothreitol, 0.1 mM and 10 mM MgCl2). In vitro kinase assays were performed

at 30°C for 30 minutes using GST-Elk1 as an exogenous substrate and cold ATP (100

HM). These kinase assays were terminated by the addition of SDS-PAGE sample buffer,

.
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subjected to SDS-PAGE, and immunoblotted with an anti-phosphoElk1 antibody that

specifically recognizes Elk1 that is phosphorylated at serine 383. In all cases, the

Western blots shown are representative of 2-4 independent MAPK activity determinations

performed on different days.

RNA Preparation/Northern Blot Analysis. Cytoplasmic RNA was prepared

using a RNeasy RNA kit (Qiagen) and subjected to denaturing gel electrophoresis and

blotting as previously described (40, 42). Probes were random prime-labeled using a

Megaprime kit (Amersham) as described previously (40). The glyceraldehyde-3-

phosphate dehydrogenase (GAPD) cDNA was from the ATCC, the c-fos cDNA was

provided by Dr. I. Verma, and the pim-1 cDNA was provided by Dr. T. Meeker. The

GAPD and c-fos probes were prepared as described (40), and a 0.75 kB Hind III-Xho I

fragment of the pim-1 cDNA was used as a probe.

.
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RESULTS AND DISCUSSION

Heterodimerization of Receptor Chains and JAK Activation Are Required

for PI3K and MAPK Induction

It has previously been demonstrated that activation of PI3K by IL-2 results in

tyrosine phosphorylation of p85, the regulatory subunit of PI3K (27). To explore this

event, we used a chimeric receptor system that we have previously described in which the

extracellular domains of IL-2RB and Ye are replaced with the extracellular domain of the

erythropoietin receptor (EPOR) (8). Co-expression of these chimeric receptors (EPOB

and EPOY, respectively) in an IL-2-dependent murine T helper cell line, HT-2,

recapitulates an IL-2-like signaling program in response to erythropoietin (EPO). We

first determined if PI3K was activated in HT-2 cells following stimulation of an EPOB/y

heterodimer, as evidenced by tyrosine phosphorylation of the p85 regulatory subunit of

PI3K. Whereas cells expressing either EPO3 or EPOY alone failed to activate PI3K

following stimulation with EPO, tyrosine phosphorylation of p85 was detectable in cells

expressing both chimeric receptor chains (Figure 1A, top panel). These results

demonstrate that heterodimerization of the cytoplasmic portions of IL-2R3 and Ye is

required for p85 phosphorylation.

D258A is a mutant of the IL-2RB chain in which a single conserved Box 1 residue

is changed from aspartic acid to alanine; we have reported previously that this receptor

chain fails to activate JAK/STAT signaling or tyrosine phosphorylation but is capable of

inducing bel-2 gene expression (30)!. In HT-2 cells expressing the EPOBD258A mutant

with EPOY, p85 phosphorylation in response to EPO was undetectable (Fig. 1A). The

failure of EPOBD258A/y complexes to activate PI3K implies that some component of the

JAK/STAT signaling cascade is required for this event. Moreover, this mutant

demonstrates that PI3K is not upstream of bcl-2 gene induction in the cascade of events

mediated by the IL-2R. In all of these cell lines, stimulation of endogenous IL-2
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receptors with ligand resulted in p85 phosphorylation, indicating that the failure of the

HT-2 EPO3, HT-2 EPOY, and HT-2 EPOBD258A/y cell lines to activate PI3K in

response to EPO was not an intrinsic defect of a given clonal cell line. In addition, the

reprobing of these blots with an anti-p85 antibody confirmed equivalent gel loading

(Figure 1A, bottom panel).

We similarly determined whether heterodimerization of receptor chains and JAK

activation were required for MAPK activation by IL-2. To assess MAPK activation,

immunoprecipitations were performed with a phosphorylation-specific anti-MAPK

antibody directed against tyrosine 204; phosphorylation of this tyrosine is required for the

catalytic activation of MAPK. A nonradioactive in vitro kinase assay was performed

using GST-Elk1 as a substrate, and phosphorylated Elk1 was detected using a second

phosphorylation-specific antibody. Thus, phosphorylation of Elk1 is a marker of MAPK

activation following stimulation of cells with ligand. As with PI3K activation,

heterodimerization of the cytoplasmic tails of IL-2R3 and Ye was required for MAPK

activation (Figure 1B). Furthermore, in HT-2 EPOBD258A/Y, stimulation with EPO did

not lead to MAPK activation. Therefore, these data demonstrate that proximal tyrosine

phosphorylation is a requirement for the induction of pathways linked to both PI3K and

MAPK. These results are in agreement with studies of the growth hormone receptor

(GHR), where it has been shown that JAK2 activation is required for the activation of

MAPK (43,44).

Tyrosines of the IL-2RB Chain but Not of Yc Are Required for PI3K and

MAPK Activation

To examine the relative contributions of receptor chain tyrosines to IL-2-mediated

signaling, our laboratory has developed a panel of EPO3 and EPOY mutants that lack

single tyrosines or combinations of tyrosines among the six cytoplasmic tyrosines within

IL-2RB and four cytoplasmic tyrosines within Ye (Fig. 2A) (8, 40). We have reported

:
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that a HT-2 cell line stably expressing EPOBYF/y fails to proliferate or activate STAT5 in

response to EPO, despite maintaining the ability to phosphorylate JAK1 (8). In contrast,

the tyrosines of the Ye chain are not apparently required for either cellular proliferation or

JAK/STAT signaling, since HT-2 cells that stably express EPOB/YYF are

indistinguishable from cells containing wild-type EPOB/Y chimeras with regard to all

signaling events examined to date (8, 40). Therefore, the ability of each of these two cell

lines to activate PI3K and MAPK was assessed. In both cases, whereas HT-2

EPOB/YYF potently activated downstream signaling following stimulation with EPO, HT

2 EPOBYF/y failed detectably to induce signaling via PI3K (Fig. 2B) or MAPK (Fig.

2C). Since the EPOBYF/y mutant activates JAK1 and JAK3 but fails to detectably

phosphorylate STAT5 or receptor tyrosines (since there are none present) (8, 40), we

conclude that JAK activation alone is insufficient for PI3K or MAPK induction.

Therefore, presumably either receptor phosphorylation on tyrosine residues or STAT

activation is critical for these signaling events.

Phosphorylation of Y338 of IL-2RB is Critical For PI3K and MAPK

Activation

To distinguish between these two possibilities, we next used a panel of HT-2 cell

lines that express various tyrosine mutant EPOB chains in combination with EPOY to

assess the role of individual receptor tyrosines in PI3K and MAPK activation. Three of

these cell lines, HT-2 EPOBYF:1Y/Y, HT-2 EPOBYF:5Y/, and HT-2 EPOBYF:6Y/y,

induce STAT5 dimers (but not STAT1 or STAT3-containing complexes) and proliferate

in response to EPO. A fourth cell line, HT-2 EPOBYF:234Y/y, fails to activate STAT5 or

proliferate in response to EPO despite a retained response to IL-2 (40). Only one of these

cell lines, EPOBYF:1Y/Y, was capable of activating both PI3K and MAPK in response to

EPO (Figure 3A and 3B). In each case, the ability of EPO to activate PI3K (Fig. 3A)

correlated with MAPK activation (Fig. 3B). Since both MAPK and PI3K require the
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same elements of the receptor complex for activation, our data are consistent with the

hypothesis that PI3K is upstream of MAPK but do not provide any direct evidence that

this is the case.

Since HT-2 EPOBYF:1Y/Y, EPOBYF:5Y/, and EPOBYF:6Y/y all induce STAT5

DNA binding activity in response to EPO while only EPOBYF:1Y/y supports PI3K and

MAPK activation, it is evident that activation of STATs is not sufficient for PI3K and

MAPK activation. However, certain effects of MAPK on STAT function have been

proposed, including MAPK phosphorylation of STAT1 and STAT3, which is required

for full transcriptional activation (45, 46). Of note, murine STAT5A and STAT5B lack

recognizable MAPK phosphorylation sites (47–50). Although STAT5 is detectably

serine-phosphorylated following stimulation with IL-2 (51, 52), the kinase mediating this

response is unknown and its role in transcriptional activation remains unclear. Inhibition

of MAPK activity with a MEK1-specific inhibitor, PD098059 (53), did not detectably

influence the ability of STAT5 to bind to a STAT response element (data not shown);

however, it was not possible in this assay system to assess the transcriptional activity of

the activated STAT5. Therefore, the role of MAPK in STAT5 transcriptional activation in

response to IL-2 remains unclear. Nonetheless, it is also evident from these mutants that

MAPK is not required for the induction of STAT5 DNA binding activity.

These cell lines clearly segregate cellular proliferation from MAPK and PI3K

activation, since both the HT-2 EPOBYF:5Y/, and HT-2 EPOBYF:6Y/y cell lines

proliferate in response to EPO but fail to induce PI3K or MAPK catalytic function (40).

Therefore, MAPK and PI3K are not required for proliferation in the HT-2 cell context.

In principle, the activation of these signaling intermediates could contribute non-essential

signals that enhance proliferation through the first tyrosine. Although this possibility

cannot be ruled out by our data, there are no consistent quantitative differences in

proliferation mediated by HT-2 EPO31Y/Y, HT-2 EPOBYF:5Y/, and HT-2 EPOBYF:6Y/y

(40).
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Taken together with our earlier observation that JAK kinase activation in the

absence of receptor tyrosines was not sufficient for MAPK and PI3K activation, these

data demonstrate that MAPK and PI3K activation may depend upon JAK kinases.

Presumably, the JAK kinases phosphorylate the first tyrosine residue, which allows the

subsequent recruitment of additional signaling intermediates to the receptor complex.

SHC is recruited to the receptor complex by this mechanism (16), and other molecules,

such as IRS-1, may be recruited in a similar manner (54). In studies of the interferon-o.

receptor, STAT3 can function as an adaptor to recruit PI3K to the receptor complex (55);

it is possible that STAT5 could likewise function as an adaptor for PI3K in receptor

complexes that activate STAT5, such as the IL-2R. The specific molecular connections

between this phosphotyrosine and MAPK and PI3K remain to be established.

MAPK Activation Is Required For IL-2-Mediated c-fos Induction

We have previously reported that the first tyrosine of the IL-2RB chain is required

for induction of c-fos, a gene that has been linked to Ras/Raf/MAPK signaling in various

receptor systems (for a review, see(56)). To determine if MAPK activation per se is

required for IL-2-mediated induction of c-fos, HT-2 EPOBYF:1Y cells were starved of

growth factors, pretreated with 50 pm PD098059 (an inhibitor of MEK1, (53)) or

DMSO for one hour, and subsequently stimulated with EPO for varying lengths of time.

Pretreatment with PD098059 (but not vehicle alone) was sufficient to block substantially

MAPK activation, as measured by the ability of immunoprecipitated MAPK to

phosphorylate GST-Elk1 in vitro (Fig. 4A). Cytoplasmic RNA was prepared and

analyzed by Northern blot analysis with probes to the c-fos and pim-1 proto-oncogenes.

C-fos and pim-1 induction proceeded normally in cells treated with DMSO. However, in

cells pretreated with PD098059, c-fos induction was entirely blocked (Fig. 4B).

Nonetheless, pim-1 mRNA was induced in these cells with normal kinetics despite the

presence of PD098059. Northern blots were also probed with a GAPD cDNA probe to

}-
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confirm equal RNA loading (Fig. 4B). These data demonstrate that IL-2R signaling

pathways other than those leading to c-fos induction are unaffected by PD098059 and that

pim-1 induction is not downstream of MAPK activation. Therefore, it appears that

MAPK activity is required for c-fos induction, and the mechanism of induction is likely to

be via MAPK phosphorylation of transcription factors such as Elk1 that bind to sites

within the c-fos promoter.

In summary, the present studies assessed the role of PI3K and MAPK in IL-2-

mediated cellular proliferation and downstream gene induction in the HT-2 cellular

context. We demonstrated that two IL-2RB chain mutants, EPOBYF:5Y and EPOBYF:6Y,

that are capable of supporting proliferation of HT-2 cells when co-expressed with EPOY,

fail detectably to activate PI3K and MAPK. These results suggest that these signaling

pathways are not critically required for mitogenesis in this cell context. Furthermore, the

results clarified the relationship between these pathways and the JAK/STAT signaling

cascade. In particular, JAK activation but not STAT dimerization correlates with both

MAPK and PI3K activation through the first, membrane-proximal tyrosine residue of the

IL-2RB cytoplasmic tail. Finally, the results strongly suggest that IL-2-dependent c-fos

induction through this residue is linked to the MAPK pathway. Further studies will be

needed to elucidate the detailed molecular interactions that underlie these functional

connections.
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FOOTNOTES

1. Lai, S. Y., Gaffen, S. L., Xu, W., K.D.L., M.A.G., and W.C.G, in preparation.
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FIGURE LEGENDS

Figure 1. Heterodimerization of the cytoplasmic tails of IL-2RB and Ye and JAK

activation are required for PI3K and MAPK activation. (A) The indicated HT-2 stable

cell lines were starved of growth factors for 4 hours and then incubated in medium alone

(-) or in medium containing 10 U/mL recombinant human EPO (E) or in medium

containing 10 nM/mL recombinant human IL-2 (2) for 10 minutes at 37°C. Cells were

lysed, and immunoprecipitations were performed with an anti-PI3K antibody directed

against the p85 subunit of PI3K. Immunoprecipitates were subjected to SDS-PAGE and

immunoblotting with an antiphosphotyrosine antibody, 4G10 (top panel). To control for

equivalent protein loading, the blot was subsequently stripped and reprobed with the anti

p85 antibody (bottom panel). (B) HT-2 stable cell lines were starved of growth factors

and stimulated as described in the legend to Figure 1A. Immunoprecipitations were

performed with an anti-phosphoMAPK antibody and subjected to in vitro kinase assays

using GST-Elk1 as an exogenous substrate. These kinase assays were subjected to SDS

PAGE and immunodetection was performed using an antibody to serine-phosphorylated

Elk1. These immunoblots are representative of 2-4 independent MAPK activity

determinations performed on different days.

Figure 2. Tyrosines of the IL-2RB chain are required for PI3K and MAPK activation.

(A) Schematic of the EPO3 and EPOY chimeras. The cytoplasmic Box 1, Box 2 and V

Box motifs are indicated by 1, V, and 2, respectively. The positions of the 6 cytoplasmic

tyrosines of the IL-2RB chain and the 4 tyrosines of the Ye chain are indicated. (B) An

IL-2R3 mutant that lacks all 6 cytoplasmic tyrosines (EPOBYF) fails to induce PI3K

activation when co-expressed with wild-type EPOY, in contrast, deletion of all 4 tyrosines

of the Ye chain (EPOYYF) does not affect this signaling event. PI3K assays were

performed as described in the legend to Figure 1A. Immunoblots were probed with the
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antiphosphotyrosine antibody (top panel) and then stripped and reprobed with the anti

p85 antibody (bottom panel). (C) MAPK activation by the EPOBYF and EPOYYF

mutants correlates with the ability to activate PI3K. These assays were performed as

described in the legend to Figure 1B.

Figure 3. Tyrosine 338 of the IL-2RB chain is required for PI3K and MAPK activation.

Mapping studies were performed with four cell lines that express EPOB chimeras that

contain various combinations of IL-2R3 tyrosines. 1 Y refers to the most membrane

proximal tyrosine, Y338; 234Y describes the clustered tyrosines Y355, Y358, and Y361;

5Y refers to tyrosine Y392, and 6Y describes the most distal tyrosine, Y510. (A) PI3K

assays were performed as described in the legend to Figure 1A. Immunoblots were

probed with the antiphosphotyrosine antibody (top panel) and subsequently reprobed

with the anti-p85 antibody (bottom panel). (B) MAPK assays were performed as

described in the legend to Figure 1B.

Figure 4. Tyrosine 338 of the IL-2RB chain is required for gene induction of c-fos. All

of the studies described in this figure were performed with the EPOB1Y/y cell line. (A)

Pretreatment of cells with PD098059 blocks MAPK activation. Cells were starved of

growth factors overnight, pretreated with 50 pm PD098059 or DMSO for 1 hour as

indicated, and subsequently stimulated with 10U/mL EPO or with medium alone. MAPK

assays were performed as described in the legend to Figure 1B. (B) Northern blot

analysis of HT-2 EPO31Y/y cells treated with PD098059. Following pretreatment with

PDO98059 or DMSO, cells were stimulated with EPO for varying lengths of time;

cytoplasmic RNA was prepared and subjected to Northern blot analysis. The Northern

blot was initially probed with a c-fos cDNA probe; it was subsequently stripped and

reprobed with the pim-1 and GAPD cDNA probes to confirm equivalent loading of RNA
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Chapter 7

Species Specificity of Interleukin-2 Binding
is Governed Primarily by the IL-2Ro. Subunit

The Role of Oligomerization in the Activation of

the Erythropoietin Receptor: Dimerization is Necessary

but not Sufficient to Activate Signal Transduction

Oligomerization and Scaffolding Functions of

the Erythropoietin Receptor Cytoplasmic Tail
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PROLOGUE

These three studies all describe the role of the oligomerization of extracellular

domains in the initiation of intracellular signal transduction. The first study, reproduced

from the journal in which it was published, was designed to explore the molecular basis

of the long-standing observation that while human IL-2 is capable of binding to receptor

complexes on both human and murine lymphocytes, murine IL-2 can associate effectively

only with the murine receptor complex (1). Therefore, we were interested in determining

if the binding specificity could be mapped to a single receptor chain. In these studies, the

failure of murine IL-2 to multimerize human receptor subunits led to a lack of productive

signaling. These experiments have important implications for transgenic reconstitution

studies of animals with targeted deletions of IL-2R components, since the vast majority of

receptor chain mutants analyzed to date have been developed in the context of the human

receptor chains.

The second study is part of a larger collaboration with Dr. Ian Wilson and his

colleagues and with Dr. Francis Farrell and his coworkers; a manuscript describing this

work is in preparation. Prior to these studies, the general understanding of cytokine

receptors had been that multimerization of receptor chains is both necessary and sufficient

to initiate intracellular signal transduction. However, these studies demonstrated that

dimerization of EPOR extracellular domains by a peptide ligand fails to activate signaling

through the EPOR and through various EPOR chimeras we have described previously. I

contributed intellectually to these studies and performed the studies on the EPOB/EPOY

and EPO4 chimeras; Yun You examined the EPOR as well as the EPO7/EPOY and

EPO9/EPOy receptor complexes.

Finally, the studies in the third part of this chapter apply the trigger-driver model

described (2) to the homomeric EPOR. This paper will be submitted to a journal for

possible publication. S. S. Watowich and her colleagues A. Acurio, A. Minami, and G.
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D. Longmore performed the co-expression studies in the 32D cell line and developed the º,

FLAG IL-2RB/EPOR chimeras. S. Y. Lai contributed intellectually to these experiments. l
I performed all of the experiments in the Y2A cell line (Figures 3 and 4) that provided

definitive tests of the hypothesis and was primarily responsible for the preparation of this

manuscript.
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THE OL CHAIN OF THE IL-2 RECEPTOR
DETERMINES THE SPECIES SPECIFICITY OF

HIGH-AFFINITY IL-2 BINDING

Kathleen D. Liu,' Warner C. Greene,” Mark A. Goldsmith'?

Interleukin 2 (IL-2) mediated signalling results from ligand binding and subsequent hetero
dimerization of IL-2r■ and Y. The high-affinity IL-2 receptor (IL-2r) is a heterotrimer
comprised of the IL-2ro, IL-2r■ and Y, subunits. Whereas human IL-2 effectively binds to
either human or murine lymphocytes, murine IL-2 binds with markedly higher affinity to
murine receptor complexes than to human complexes. Using cell lines stably expressing
heterotrimeric IL-2r that vary in the species origin of individual subunits, we have demon
strated that IL-2ro is primarily responsible for the species specificity of IL-2 binding. Studies
of ligand binding to the low a■■ inity receptor demonstrated that IL-2ro displays a similar
species preference to the heterotrimeric complex. Moreover, differences in ligand binding
are reflected in differences in proliferation. A cell line expressing human IL-2ro and IL-2r■ }
along with murine Y. vigorously proliferated only in response to human IL-2 at low doses,
while both human and murine IL-2 stimulated proliferation of a cell line containing murine
IL-2ro (as well as human IL-2r■ and murine Y.). Therefore, IL-2ro is the chain primarily
responsible for the species specificity of ligand binding.

© 1996 Academic Press limited

Interleukin 2 (IL-2) was originally identified as a T
cell growth factor but is now known to potentiate
numerous biological functions, including NK cell acti
vation and B lymphocyte differentiation (for a review,
see Re■ s 1, 2). The receptor for IL-2 (IL-2r) is a
multimeric complex of integral membrane proteins. It
exists in two biologically active forms,” a high affinity
heterotrimer (K. 10 "M) composed of the IL-2ro,
IL-2r■ and Y subunits, and an intermediate affinity
heterodimer (K. 10 "M) containing only the IL-2r■ ?
and Y chains. Two additional forms of the receptor
are known to bind IL-2 without eliciting intracellular
signalling. These inactive complexes are a pseudohigh
a■■ inity heterodimer (K. 10 "M) composed of the
IL-2ro, and IL-2r■ subunits," and a low affinity form
(K. 10 “M) represented by the IL-2ro subunit alone.”

The 55 kDa IL-2ro chain has a very short cyto
plasmic tail (13 amino acids) and is consequently not
thought to play a role in intracellular signalling.”"
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Rather, it con■ ers high a■■ inity binding to the receptor
complex. The 70 kDa IL-2r■ and 64 kDa Y chains are
both members of the cytokine receptor superfamily
based on the presence of two extracellular motifs: four
cysteines with canonical spacing and a juxtamembrane
WSXWS motif." The cytoplasmic tails of IL-2r■ and Y.
are 385 and 86 amino acids long, respectively,” and
intracellular signalling results from the heterodimer
ization of these receptor tails.” Both the IL-2r■ and
Y chains are examples of common subunits that are
shared among several distinct receptor complexes.
Specifically, the IL-213 subunit is shared with the IL-15
receptor (IL-15r) complex, and the Y chain is shared
with the IL-4, IL-7, IL-9 and IL-15 receptors.""
Notably, the IL-2r and IL-15r share both the IL-2r■ and
Y subunits;" in this case, specificity of ligand binding is
thought to be primarily based on the presence of an o'
subunit that is unique to each receptor complex.

Each of the individual IL-2r subunits has specific
IL-2 binding properties that contribute to the overall
properties of the multimeric receptor forms. For
example, the IL-2ro subunit both binds to and dissoci
ates from IL-2 rapidly (tº of 4 and 6s, respectively).”
whereas the ll-2r■ } subunit dissociates from IL-2
significantly more slowly (tº 1.6 min).' Consequently,
the net binding phenotype of the off heterodimer is a
composite of the properties of each subunit that favour
ligand binding. Hence, the heterodimer is characterized
by a rapid association rate (a characteristic of the ot
subunit) and a slow dissociation rate (a property of the
[3 chain) and therefore binds IL-2 with a higher affinity

6.13
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614 / Liu et al.

than either component alone. Moreover, the Y chain
further slows the off rate for the ligand in the BY com
plex. Therefore, the heterotrimeric complex containing
Y binds to IL-2 with even greater affinity than the
pseudohigh affinity of heterodimer.

Previous studies with the native human and murine
heterotrimeric receptor complexes have established
that while human IL-2 (hill-2) effectively promotes
proliferation of either human or murine T lymphocytes,
murine IL-2 (mLL-2) potentiates growth signalling of
murine cells much more effectively than that of human
cells.” However, the molecular basis of this specificity
has remained unclear. Although there is significant
homology between the murine and human species of
IL-2, the murine molecule is distinguished by a poly
glutamine tract of 12 residues inserted near the N-ter
minal end. Moreover, although the receptor chains are
fairly well conserved across species, there are domains
of variation within these subunits as well. Undoubtedly
sequence divergence among the IL-2 or IL-2r molecules
accounts for the species specificity observed regarding
IL-2 binding. In this study, we have used cell lines dis
playing a selective set of heterotrimers to determine
which subunit, if any, contributes predominantly to
the species preference exhibited by the human
heterotrimeric IL-2 receptor.

CYTOKINE, Vol. 8, No. 8 (August 1996:613–621)

RESULTS

Murine IL-2ro confers the ability to bind murine
IL-2 to a heterotrimeric IL-2r complex

Previous reports have established that whereas a
heterotrimer composed of the murine IL-2ro, IL-2r■ ?
and Y chains can effectively bind to either human IL-2
or murine IL-2, the human off), heterotrimer prefer
entially binds human IL-2.” We first verified this
observation in competition experiments using tracer
amounts of "I-hIL-2 and competitive doses of cold
human IL-2 or murine IL-2. Competition experiments
were performed with 10 pM of “I-hiL2 and a 10- to
500-fold excess of cold human IL-2 or murine IL-2. In
all cases, lymphocyte cell lines that stably express the
indicated heterotrimeric receptor complexes were
used. As expected, there was competition between "I-
hIL-2 and unlabelled human IL-2 for binding to the
human off), heterotrimer; however, unlabelled murine
IL-2 competed very poorly with the radiolabelled
human ligand for binding sites on the cell surface (Fig.
1A). In contrast, both cold human and murine IL-2
effectively displaced the radiolabelled human ligand
from binding to cells expressing the murine oft). het
erotrimer (Fig. 1B). Thus, whereas human IL-2 cross
reacts effectively with murine IL-2 for binding to native
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0. B Y 80- 80

£ 60- 60
->
E

‘x 40- 40
º
>

‘5 20 20

§ 0- 0
ºv. 2.5 1.0 0.5 0.1. None 2.5 1.0 0.5 0.1 None
=

B JS
N 100- 100

o, 3 Y
$2 80- 80
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o

to 60- 60

40- 40

20- 20
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2.5 1.0 0.5 0.1 None 2.5 1.0 0.5 0.1 None
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Figure 1. Human heterotrimeric IL-2r complexes ■ ail to bind murine IL-2 effectively.

Competition experiments were performed with tracer doses of “I-hll-2 and varying doses of unlabelled
murine and human IL-2 on lymphocyte cell lines expressing either the native human or murine het
erotrimer. (A) Human opy, with unlabelled human IL-2 (left panel) or unlabelled murine IL-2 (right
panel), (B) Murine ofty, with human IL-2 (left panel) or murine IL-2 (right panel). Error bars indicate
standard error of the mean.
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murine heterotrimers, murine IL-2 binds relatively
poorly to human heterotrimers.

In order to assess the effects of varying the species
of origin of the Y subunit, the human ofty complex was
compared to a complex that contains human IL-2ro and
IL-2r■ but murine Y (the of 11.2 cell line). Human IL
2 could compete with the radiolabelled tracer for bind
ing to the o'B"Y" complex (the superscript refers to
the species of origin of the subunit), but murine
IL-2 failed to compete effectively for binding (Fig. 2B).
It is difficult to make assessments of the relative bind
ing affinities of these two heterotrimeric complexes
expressed in unrelated cell lines because the observed
binding affinity is actually the sum of the binding curves
of the different IL-2r complexes that can bind IL-2.
Clearly, the contribution of each curve will vary depend
ing on the relative expression levels of the three recep
tor components. Nonetheless, since murine IL-2 fails to
effectively bind to the complex containing murine Y. (as
well as human IL-2ro and IL-2r■ ), the Y chain is not
primarily responsible for the species specificity of the
heterotrimeric complex. Therefore, either the IL-2ro.
or IL-2r■ subunit must be primarily responsible for
the species specificity of the heterotrimeric receptor
complex.

Similarly, the role of the IL-2r■ chain subsequently
was examined by comparing the murine ofty complex

IL-2ro results in species-specific binding / 615

to a complex that contains murine IL-2ro and Y, but
human IL-2r■ (the F7 cell line). Human and murine IL
2 both effectively displaced the “I-hiL-2 tracer for
binding to the ot"B"Y" complex as shown in Figure 2A.
Since human and murine IL-2 can both bind to the com
plex containing human IL-2r■ (as well as murine
IL-2ro and Y.), the IL-2r■ chain is not primarily respon
sible for the species specificity of the hetero-trimeric
complex.

To test the hypothesis that the IL-2ro chain is the
subunit responsible for species specificity, subsequent
experiments focused on two heterotrimer combina
tions that vary only with respect to the IL-2ro subunit.
Both combinations contain the human IL-2r■ and
murine Y chains, but one complex contains human IL
2ro and the other contains murine IL-2ro (as shown in
Fig.2). In the case of the ot"B"Y", unlabelled murine or
human IL-2 can compete effectively with the radio
labelled ligand for binding (Fig. 2A). In contrast, the
o"B"Y" fails to bind murine IL-2 effectively, as demon
strated by the competition experiments in Figure 2B.
These results suggest that human IL-2ro is the primary
component responsible for the species preference of the
human heterotrimeric IL-2r complex.

To confirm the identity of the IL-2ro component
stably expressed on the surface of these two cell lines,
we have used FACS (Fig. 3). Antibodies specific for
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>
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§ 0- o:
ºv 2.5 1.0 0.5 0.1 None 2.5 1.0 0.5 0.1 None
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2.5 1.0 0.5 0.1 None 2.5 1.0 0.5 0.1 None
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Figure 2. The a chain confers species specificity to the hetero-trimeric receptor complex.

Competition experiments were performed as in Figure 1. (A) or"[3"Y" with human IL-2 (left panel) or
murine IL-2 (right panel). (B) o'B"Y" with human IL-2 (left panel) or murine IL-2 (right panel). Error bars
indicate standard error of the mean.
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Figure 3. The F7 and off.11.2 cell lines selectively express IL-2ro chains of murine or human origin, respectively.

Flow cytometry was performed on these cells using antibodies specific for human o' (Tac) and murine a (3C7), as well as
isotype-matched nonspecific controls (UPC10 or rat IgG2b, respectively). (A) F7 cell line stably expressing the o'"B"."
complex, (B) of 11.2 stably expressing the ot"B"Y" complex.

the murine and human IL-2ro were used (3C7 and anti
Tac, respectively). As expected, the cell line thought to
express o!"B"Y." (F7) displayed only murine IL-2ro at
the cell surface. There was no apparent crossreactivity
between anti-Tac, the antibody for the human IL-2ro.
subunit, and the murine IL-2ro chain. The cell line
thought to express o'B"Y" (op11.2) exclusively dis
played human IL-2ro. Likewise, the anti-murine of anti
body did not crossreact with the human IL-2ro.

Monomeric low-affinity a receptors also display a
species preference

In view of the observation that the human IL-2ro.
subunit conferred a species specificity for human IL-2
in the context of the high affinity heterotrimer, we next
determined whether or not the low affinity monomeric
IL-2ro receptor displayed the same species preference.
To obtain cells expressing exclusively the human or
murine IL-2ro chain, COS-7 cells were transiently
transfected with either human or murine IL-2ro.
Competition studies were performed with 100 pm of
*I-hiL-2 tracer and a 10- to 460-fold excess of cold
human or murine IL-2. In the studies with the human
IL-2ro subunit, human IL-2 effectively competed with
the tracer for binding; in contrast, the murine IL-2 par
tially displaced the *I-hIL-2 tracer and only when it
was in vast excess (Fig. 4A). In contrast, in studies with
the murine IL-2ro subunit, both the human and murine
IL-2 competed with the radioactive human tracer for

binding (Fig. 4B). In fact, the cold murine IL-2 com
peted with the radioactive tracer better than the un
labelled human IL-2. Thus, the monomeric low affinity
IL-2ro displayed a species preference similar to that of
the heterotrimeric complex; namely, the human o' sub
unit was restrictive and only permitted limited binding
of murine IL-2.

The o'Bº')," heterotrimer responds differently to
murine and human IL-2

Finally, the effects of these binding differences on
cellular proliferation responses were examined. Side
by-side dose response curves to murine and human IL
2 were performed using stable cell lines expressing
o"B"Y"(F7) and o'B"Y" (oft|1.2). The cell line express
ing o"B"Y" displayed virtually identical proliferation
dose-responses to human and murine IL-2 (Fig. 5A). In
contrast, the cell line containing o"B"Y" proliferated
robustly in response to human but not to murine IL-2
except at very high doses of murine IL-2. In this case,
the dose-response curve for responsiveness to murine
IL-2 shifted greater than 100-fold relative to the dose
responsecurve for human IL-2(Fig.5B). Consequently,
we conclude that the species preference observed in the
binding assays also affects cellular responsiveness to IL
2. Receptor complexes that differ only with respect to
the species origin of the IL-2ro chain vary significantly
in dose-response to murine IL-2. Complexes contain
ing the murine IL-2ro chain permit cellular prolifera
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Figure 4. Human IL2-ro fails to bind murine IL-2 effectively.

Competition experiments were performed on COS-7 cells transiently transfected with either the
human IL-2ro or murine IL-2ro chain. (A) o” with human IL-2 (left panel) or murine IL-2 (right
panel), (B) o!" with human IL-2 (left panel) or murine IL-2 (right panel). Error bars indicate stan
dard error of the mean.
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Figure 5. Cellular proliferative responses to human and murine IL
2 correspond to the predicted species specificity.

Proliferation in response to varying doses of IL-2 was measured by
determining 'H-thymidine incorporation 48 h after the addition of
ligand. (A) Dose reponse curves to human IL-2; (B) Dose response
curves to murine IL-2.

tion at doses of murine IL-2 that are consistent with
high affinity ligand binding, whereas heterotrimers that
contain the human O. chain mediate such responses only
at very high doses of murine ligand.

DISCUSSION

Although original reports suggested that murine
IL-2 could not bind to heterotrimerichuman IL-2r.com
plexes, later reports have demonstrated that murine IL
2 can bind to human receptor complexes with
substantially reduced affinity compared to human IL
2.” However, the molecular basis of this species speci
ficity has remained unclear. We have used a selected
set of heterotrimers that differ at a single
receptor subunit position to demonstrate that varying
the IL-2ro subunit of the heterotrimeric complex
changes the binding properties of the complex from
human-like to murine-like. Moreover, thischange at the
IL-2ro position also results in a marked difference in
biological responsiveness of cells to IL-2, as measured
by cellular proliferation. Therefore, the IL-2ro subunit
appears to confer species-specific binding of IL-2 to the
heterotrimeric receptor complex, whereas the IL-2r■ ,
and Y subunits are relatively permissive for ligand bind
ing. Interestingly, others have demonstrated that IL-15
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binds to a multimeric receptor comprised of a unique
IL-15ro chain as well as the shared IL-2r■ and Y.
chains.”.” Both IL-15 binding to its cognate receptor
and IL-15-mediated cellular proliferation were shown
to be unaffected by the presence of antibodies to
IL-2ro that block the binding of IL-2 to its hetero
trimeric receptor. Taken together, these results suggest
that the specificity of IL-2 and IL-15 binding to their
respective receptor complexes is primarily mediated by
the specific of chains. Moreover, as shown here for the
case of IL-2, differences in species specific binding are
also potentiated by the IL-2ro chain, strongly suggest
ing that the most specific receptor-ligand interactions
occur between the IL-2ro chain and its ligand.

In subsequent experiments focusing on the binding
properties of IL-2ro monomers, human IL-2ro dis
played a species preference for human IL-2, much like
the human heterotrimer. Much like the murine hetero
trimer, the murine monomer effectively bound both
murine and human IL-2. Surprisingly, in a previous
report, the human IL-2ro monomer appeared to have
an equal affinity for murine and human IL-2.” The
explanation for the apparent discrepancy between the
present and prior findings may be related to the signif
icant methodological differences between these two
studies. It is particularly notable that in the present
study, substantially less radiolabelled ligand and cold
competitor were used. Importantly, at extremely high
concentrations of murine IL-2, we also observed some
degree of competition between the murine and human
species. Nonetheless, despite a low level of binding of
murine IL-2 to human IL-2ro chains at very high con
centrations, we observed a significant difference in the
binding of murine and human IL-2 to the human IL
2ro chain.

Each receptor subunit contributes to the overall
binding affinity of the heterotrimeric receptor complex
(for a review, see Ref.2). The ligand binding properties
of the complex therefore are a rapid association rate
(tº 37 s), which is primarily a contribution of the IL
2ro subunit, and a slow dissociation rate (tº 285 min),
which is a characteristic of both the IL-2r■ and Y sub
units. Consequently, changing the species of the IL-2ro.
subunit from human to murine could markedly
decrease the affinity of the heterotrimer for the human
ligand by simply slowing the on rate of IL-2 with the
receptor complex. In contrast, since both the IL-2r■ and
Y subunits confer a slow off rate to the ligand-receptor
complex, a change at either one of these positions is
much less likely to have a large effect on the overall lig
and binding properties of the heterotrimer. Indeed, the
IL-2ro subunit appears to have a greater influence on
the species preference of the heterotrimeric receptor
complex than does either IL-2r■ or Y. Although not
measured directly in the present studies, the findings
imply that the association rate for human IL-2ro, with

CYTOKINE, Vol. 8, No. 8 (August 1996: 613–621)

murine IL-2 is much slower than the association rate of
human IL-2ro, with its cognate ligand.

Primary sequence alignments of the murine and
human IL-2ro subunits and IL-2 may suggest a struc
tural basis for the species specificity observed. First, the
murine IL-2 molecule has an N-terminal polyglutamine
tract of 12 amino acids which is not present in any other
known IL-2 molecules. This tract lies immediately N
terminal to the A helix” and might change the confor
mation of murine IL-2 relative to that of human IL-2.
However, such speculation must await the determina
tion of the murine IL-2 structure and a comparison of
the two structures. Second, mutagenesis studies of the
extracellular domain of human IL-2ro have identified
residues 1–6 and residues 35–43 as critical contact points
with the ligand.” Interestingly, residues 5 and 6 as well
as 37–41 are poorly conserved between the murine and
human receptors while other portions of the receptor
are more highly conserved. In fact, Ser-39 of the human
IL-2ro subunit is deleted in the murine chain. These
regions of variability across species may account for
the preferences demonstrated by the human IL-2ro.
However, additional structural and chimeric protein
studies will be necessary to define the precise residues
that confer the ability to bind murine IL-2 to its cog
nate IL-2ro subunit.

Finally, certain other multimeric cytokine receptors
have also been shown to display a species specificity in
ligand binding. Notable examples include the IL-4 and
IL-9 receptors (IL-4r and IL-9r, respectively); in both
cases, the specific human receptor subunit permits the
human cytokine to bind to dimeric receptor complexes
containing murine Y.” Therefore, the Y subunit appears
to be permissive for cross-species ligand binding.
Likewise, in the case of the IL-6 receptor (IL-6r), which
is composed of the IL-6ro, and common gp130 subunits,
it appears that the IL-6ro confers species specificity to
the human receptor complex.” It is interesting to note
that all of these cases arise in receptor complexes con
taining subunits that are shared by multiple receptor
types (e.g. Y. and gp130), and that in each case it is a
ligand-specific subunit rather than a shared receptor
subunit that confers species specificity to the complex.
This result is perhaps not surprising, since the shared
subunits by definition must bind to ligand molecules in
a relatively flexible fashion in order to permit binding
to several distinct ligands that do not share recogniz
able common binding motifs. Consequently, a general
principle of species specificity in cytokine binding may
be that shared receptor subunits do not confer the speci
ficity; rather, it is the subunit specific for a given recep
tor complex that is critical for binding. Additional
experiments will be needed to test the generalizability
of this hypothesis to other receptor systems.

In summary, the species specificity of the hetero
trimeric IL-2 receptor complex appears to be predom
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inantly determined by the species origin of the IL-2ro.
subunit. The low affinity human receptor composed of
the IL-2ro chain alone also displays a preference for
human IL-2, though this preference does not appear to
be as absolute as that of the heterotrimeric receptor.
An understanding of the molecular basis of this species
specificity may be important for reconstitution studies
involving mice deficient of any one of these subunits,
since much of the existing body of knowledge is based
on mutagenesis studies of the IL-2r that have used
human rather than murine subunits. Further studies will
be needed to determine the individual amino acid
residues of the IL-2ro subunit and of the IL-2 molecule
that are responsible for this species specificity. Such
studies will enhance our current understanding of the
molecular contact points of IL-2 with its receptor and
may aid in the development of therapeutic analogues.

MATERIALS AND METHODS

Cell lines and antibodies

Hut 102 is a growth factor-independent HTLV-I trans
formed human T lymphocyte line previously described.”
These cells were maintained in RPMI 1640 supplemented
with 10% FCS and antibiotics. F7 was the generous gift of
Tadatsugu Taniguchi and is a well-described derivative of the
murine pro-B cell line BA/F-BO3 that has been stably trans
■ ected with the human IL-2r■ receptor chain, resulting in
expression of murine IL-2ro, human IL-2r■ , and murine
Y."offl 1.2 is a previously reported BA/F3 derivative that has
been stably transfected with the human IL-2ro and IL-2r■ }
receptor chains, resulting in the expression of human IL-2ro.
and IL-2r■ as well as murine Y." Both of these cell lines were
routinely maintained in RPMI 1640 supplemented with 10%
FCS (GIBCO/BRL, Bethesda, MD), antibiotics, 0.05 M beta
mercaptoethanol (GIBCO/BRL. Bethesda, MD), with either
100 pM recombinant human IL-2 or 10% WEHI 3B super
natant (as a source of IL-3). The HT-2 mouse T helper lym
phocyte cell line (ATCC) was maintained in RPMI 1640
supplemented with 10% FCS. 2 mM glutamine, antibiotics,
0.05 M 3-mercaptoethanol, with 1 nM recombinant human
IL-2. Table 1 summarizes the constituent chains of the cell
lines described above. The COS-7 monkey kidney cell line
(ATCC) was maintained in Iscove's medium supplemented
with 10% fetal calf serum, 2 mM glutamine and antibiotics.
Recombinant human IL-2 was the gift of the Chiron Corp
(Emeryville, CA). Recombinant murine IL-2 was obtained
from Boehringer-Mannheim (Indianapolis, IN). The anti
human IL-2ro antibody Tac has been previously described.”

TABLE 1. Constituent chains of lymphocyte cell lines
Cell Line IL-2ro. IL-2r■ ; Y.

Hut 102 Human Human Human
HT2 Murine Murine Murine
F7 Murine Human Murine
aß11.2 Human Human Murine

IL-2ro results in species-specific binding / 619

A monoclonal antibody specific for the mouse IL-2ro (3C7)
was obtained from (Pharmingen, San Diego, CA).” Control
murine IgG2a UPC10 monoclonal antibody was obtained
from Cappel (Durham, NC), and control rat IgG2b antibody
was obtained from Pharmingen (San Diego, CA). FITC-con
jugated goat anti-mouse antibody was obtained from Becton
Dickinson (San Jose, CA).

Competition studies with *I-human IL-2
Cells were prepared for binding studies by washing twice

with calcium- and magnesium-free phosphate-buffered saline
(CMF PBS). To remove any cytokines bound to the cell sur
face, cells were incubated in pH 3 media for 1 min on ice. The
reaction was then neutralized with a large excess of pH 7.4
media. The cells were resuspended in a small volume of media,
and 4 × 10" cells were added to each well. Human "I-IL-2
(DuPont NEN, Boston, MA) was added to each well to a final
concentration ranging from 10 pm to 100 p.NA, depending on
the affinity of the receptor complex studied. Cold human and
murine IL-2 were added to each well at a final concentration
ranging from 10 to 500 times the concentration of human
*I-IL-2 in the well. The background counts subtracted were
the number of counts obtained when a 500- to 920-fold excess
of unlabelled human IL-2 was added to the binding assay.
Cells were incubated for 3 h at 4°C on a shaking platform.
Bound and free ligand were separated by spinning the cells
through a binding oil mixture as previously described." For
lymphocyte cell lines, the binding oil used was 84% silicone
oil (Aldrich, Milwaukee, WI), 16% paraffin oil (Fisher,
Fairlawn, NJ).

Transient transfection of COS-7 cells
COS-7 cells were transfected with lipofectamine

(GIBCO/BRL), according to the manufacturer's instructions.
The pGMV4 plasmid was the generous gift of M. Stinski;
the plD-2ro construct has been previously described." The
pCMV4A plasmid was obtained from Dr Mark Feinberg; the
murine IL-2ro cDNA was inserted into this plasmid at
the unique EcoRI and Xbal sites. This cDNA, mIL2R8, has
been previously described.” Forty-eight hours post-transfec
tion, cells were rinsed in CMF PBS and harvested by
trypsinization. Binding assays were performed as described
above, except that the COS-7 cells were spun through a 80%
dibutyl phthalate/20% olive oil binding oil.

FACS analysis
Cells were washed twice in CMFPBS containing 2% FCS

to maintain the viability of the cells, 1 × 10" cells were stained
persample. Cells were stained with the indicated primary anti
body for one hour on ice. All primary antibodies were used
at a final concentration of 10 pg/ml. After staining with the
primary antibody, the cells were washed twice with CMF PBS
and then stained with the goat anti-mouse secondary accord
ing to the manufacturer's instructions. FACS analysis was per
formed on a Becton Dickinson FACScan.

Stable cell line proliferation assays
Proliferative responses to indicated doses of murine and

human IL-2 were assessed in the F7 and offl 1.2 stable cell
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lines by measuring 'H-thymidine (Dupont NEN, Boston,
MA) incorporation 24 and 48 h after the addition of ligand.
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INTRODUCTION

An underlying assumption of the previously described studies is that receptor

oligomerization is both necessary and sufficient for the initiation of intracellular signaling.

Our collaborators at the R. W. Johnson Pharmaceutical Research Institute undertook the

development of small peptide analogs of erythropoietin (EPO) with two goals in mind.

First, EPO is a commonly used and important therapeutic (in 1997, it was the fifth best

selling pharmaceutical in the United States) and as such represents a compelling target for

rational drug design studies. Moreover, EPO must be administered by injection, so it

would be useful to develop a more easily administered analog. Second, although it is in

theory possible to design small molecules that artificially dimerize receptor chains, this

has not been demonstrated in practice. Remarkably, this group and collaborators at

Affymax were able to select small peptide analogs (20 amino acids) using phage display

technology and immobilized EPOR extracellular domain as the capture material. The

prototypical peptide, called EMP1 (for erythropoietin mimetic peptide) was capable of

binding and dimerizing the extracellular domain of the EPOR, as well as triggering

intracellular signaling cascades resulting in tyrosine phosphorylation of cellular proteins

and mitogenesis (1; 2). With the goal of generating analogs with higher affinities,

extensive mutagenesis studies using EMP1 as a starting point were performed.

Surprisingly, one of these analogs, EMP33, appeared to be capable of binding to and

dimerizing the extracellular domain of the EPOR but failed detectably to activate cellular

proliferation. Peptide-mediated dimerization was confirmed by both biochemical and

crystallographic means. Therefore, we undertook a more extensive characterization of the

signaling properties of this peptide to determine the extent to which extracellular domain

dimerization by this peptide and intracellular signal transduction are dissociated.
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MATERIALS AND METHODS

Cell Lines and Transfection. The transfected cell lines HT-2 EPOB/EPOY, HT-2

EPO7/EPOY and HT-2 EPO.9/EPOY were prepared and maintained as described

previously (3-5). 32D/EPOR cells were prepared by electroporation of the cytokine

dependent pro-myeloid cell line 32D (6) as described previously (7) with pEPORNeo (see

below) and growth selection in EPO in the absence other cytokines. COS-7 cells were

obtained from the ATCC and maintained in Iscoves minimal media supplemented with

10% fetal calf serum and antibiotics. For transient transfection, COS7 cells were

passaged into Dulbecco's minimal essential medium; transfections were performed using

Lipofectamine (Life Technologies) per the manufacturer's instructions.

Receptor Constructs. Constructs encoding chimeric cytokine receptors were prepared

by conventional molecular techniques, and expressed in the pCMV4Neo expression

vector (8). In each case the coding sequence representing the extracellular domain of the

murine EPOR was fused at a unique Nhel restriction site to sequences encoding six

extracellular linker amino acids and the transmembrane and cytoplasmic domains of the Ye

(EPO), IL-2RB (EPOB), IL-4Ro (EPO4), IL-7Ro (EPO7) or IL-9Ro chains (EPO9), as

described previously (3-5; 7). pEPORNeo was prepared by subcloning the cDNA

encoding the murine EPOR (kindly provided by Dr. G. Longmore, Washington

University) into pCMV4Neo.

EMSA. Electrophoretic mobility shift assays (EMSA) were performed using an

oligonucleotide probe representing the FcyRISTAT-response sequence and nuclear

extracts prepared from resting or stimulated cells, as described previously (9).

Stimulations were performed for 10-15 minutes at 37°C with either EPO (5 U/ml) or the

indicated peptide (20 puM).
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RESULTS AND DISCUSSION

Activation of the JAK-STAT signal transduction pathway by the EPOR (reviewed

in (10)) is a rapid and consistent consequence of functional receptor-ligand engagement,

and therefore serves as a reliable indicator for comparing agonist function among EPO

mimetic peptides. The electrophoretic mobility shift assay (EMSA) using

oligonucleotides containing canonical STAT-binding motifs represents a sensitive method

for detecting induction of DNA-binding activity by STAT5, which is the predominant

STAT factor coupled to the EPOR. Indeed, both recombinant EPO (5 U/ml) and EMP1

(20 HM) demonstrated robust and rapid induction of nuclear STAT5 activity in transfected

32D cells expressing EPOR (Fig. 1). In contrast, EMP33 (20 HM) elicited no detectable

STAT activity in these cells despite its ability to promote dimer formation as detected in

solution phase cross-linking and crystal structure analyses (see above). Although

inhibitory activity was not apparent when cells were exposed to both EPO and EMP33

simultaneously (Fig. 1), the absence of agonist function nonetheless reveals that EPOR

subunit dimerization perse is not sufficient to trigger the transmembrane signaling

process.

To investigate further the relationship between receptor dimerization and signal

transduction, these ligands were tested against a panel of chimeric receptors in which the

ligand-binding extracellular domain of the EPOR had been fused to the transmembrane

and cytoplasmic portions of various interleukin (IL-) receptors. These EPO-responsive

chimeric receptors have been shown previously to recapitulate the signaling programs of

receptors that require heterodimeric configurations (i.e., the IL-2, IL-7 or IL-9 receptors)

or that can function in a homodimeric arrangement (i.e., the IL-4 receptor), and as such

represent novel probes of dimer-dependent signal transduction (3-5; 7). For the

mandatory heterodimers, stable cell lines were prepared that express a fusion protein

containing the intracellular domain of the shared Ye chain (EPOY) in conjunction with
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fusion proteins representing the IL-2RB (EPOB), IL-7Ro (EPO7) or IL-9Ro (EPO9)

subunits, respectively; the IL-4R was represented by transient expression of a fusion

protein of the IL-4Ro (EPO4) chain. In each case, both EPO and EMP1 readily induced

the nuclear DNA-binding activities of specific STAT factors normally linked to the

cognate receptors (STAT5 by the IL-2R, IL-7R; STAT-1, STAT-3 and STAT5 by the IL

9R; STAT-6 by the IL-4R) (Fig.2). As observed with the native EPOR, EMP33 failed

to elicit a detectable STAT response through any of the chimeric receptors. In

conjunction with the earlier findings, these observations with a range of receptors

demonstrate that ligand-dependent dimerization of receptor subunits may not be sufficient

to initiate transmembrane signaling.

In concurrent studies, Ian Wilson and his colleagues undertook the

crystallographic analysis of a series of EPO-mimetic peptides complexed with the EPOR

extracellular domain. Importantly, all of the structures of agonist peptides complexed

with EPOR solved to date are two-fold symmetric dimers (e.g., the second EPOR

subunit is rotated approximately 180° with respect to the first subunit). Interestingly, the

relative orientation of the two EPOR domains is altered slightly in the EMP33/EPOR

structure. In this structure, the two subunits are not symmetric; instead, the second

EPOR subunit is only rotated approximately 165° relative to the first. Thus, these studies

demonstrate for the first time that the productive dimerization of receptor chains leading to

the initiation of intracellular signal transduction has specific configuration requirements.

It is likely but not proven that conformation also constrains the activation of other

receptors thought to rely largely or solely on dimerization as the mode of activation. How

these differences in the relative positions of the extracellular domains are translated into

differences in the juxtaposition of the cytoplasmic tails and associated signaling molecules

remains to be elucidated. It may be that signal transduction is initiated by vertical

transmission of the extracellular domain conformation to the cytoplasmic tails of the

receptor chain through the transmembrane domain, such that the change in the relative
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positions of the extracellular domains results in nonproductive juxtaposition of the

cytoplasmic domains. Alternatively, changes in the dimerization-induced conformation of

the extracellular domains may prevent the association of as yet unidentified receptor

subunits that are critical for intracellular signaling.
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FIGURE LEGENDS

Figure 1. Selective activation of signaling through the EPOR. The 32D/EPOR cell line

was used in EMSA with the FcRISTAT-response element probe to detect activation of

the JAK-STAT pathway by interleukin-3 (IL-3), EPO or the indicated peptides. The

induced bands (arrow) are specific and represent dimers of STAT5A and STAT5B (data

not shown).

Figure 2. Selective activation of signaling through heterodimeric and homodimeric

receptors. Transfectants expressing chimeras that represent heterodimeric (IL-2R, IL-7R

or IL-9R) or homodimeric (IL-4R) receptor configurations were stimulated with EPO or

the indicated peptides, and nuclear extracts were analyzed by EMSA with the FcyRI

probe. Supershift analyses demonstrated that the retarded nucleoprotein complexes

induced via these receptors represent STAT5A/B (bold arrows for IL-2R, IL-7R, IL-9R),

STAT-6 (bold arrow for IL-4R) and STAT-3 and STAT-1 (minor arrows for IL-9R)

(data not shown).
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ABSTRACT

Signal transduction by the erythropoietin receptor (EPOR) is activated by ligand

mediated receptor homodimerization. However, the relationship between extracellular

and intracellular domain oligomerization remains poorly understood. To assess the

signaling requirements for dimerization of receptor cytoplasmic sequences, we

overexpressed mutant EPORs in combination with wild-type EPOR to drive formation of

heterodimeric (i.e. WT/mutant) receptor complexes. Dimerization of the membrane

proximal portion of the EPOR cytoplasmic region was critical for the initiation of

mitogenic signaling. However, dimerization of the entire EPOR cytoplasmic region was

not required. To examine this process more closely, we generated chimeras between the

intracellular and transmembrane portions of the EPOR and the extracellular domains of

the interleukin-2 receptor (IL-2R) B and Ye chains. These chimeras allowed us to assess

further the signaling role of each receptor chain by forcing the heterodimerization of wild

type and mutant receptor tails. Co-expression studies in Y2A cells with JAK2 and

STAT5A demonstrated that a functional receptor complex requires only one membrane

distal tail to activate STAT5A efficiently. Thus, this study describes key molecular events

involved in the assembly and activation of the EPOR signal transduction complex that

may be applicable to other homodimeric cytokine receptors.
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INTRODUCTION

Erythropoietin (EPO) is essential for the survival, proliferation, and terminal

differentiation of erythroid progenitor cells (1-3). The erythropoietin receptor (EPOR)

belongs to the cytokine receptor superfamily, and as such contains the structural motifs of

four cysteine residues with canonical spacing and the sequence WSXWS in the

extracellular domain (4, 5). Although protein tyrosine phosphorylation is required for

cytokine signaling (6), the cytoplasmic regions of these receptors lack intrinsic enzymatic

activity. Signal transduction instead is mediated by cytoplasmic protein tyrosine kinases

of the Jak family (7). Residues in the membrane-proximal region of the EPOR

cytoplasmic tail are required for the association between the EPOR and JAK2. Ligand

binding results in homodimerization of EPOR chains, which is critical for the initiation of

intracellular signaling (8-12).

The role of homodimerization in the initiation of signaling is highlighted by

constitutively active variants of the EPOR chain (10, 13, 14). In the three mutants

described to date, R129C, E132C, and E133C, amino acids in the extracellular domain

are replaced by cysteines, leading to the formation of intermolecular disulfide bridges and

constitutive signaling. In contrast, a number of other cytokine receptors signal through

the heterodimerization of asymmetric receptor chains. An example is the interleukin-2

(IL-2) receptor, in which ligand binds and dimerizes the IL-2RB and Ye receptor chains

(reviewed in (15, 16)).

One of the earliest detectable signaling events induced by the EPOR is the

phosphorylation of cellular proteins on tyrosines. This phosphorylation is thought to be

mediated largely by JAK2, although other protein tyrosine kinases may also be involved

(17). Eight tyrosine residues are present in the membrane-distal portion of the EPOR

cytoplasmic tail and several of these have been identified as docking sites for signaling

molecules with phosphotyrosine binding motifs, including STAT5, phosphotidylinositol
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3'-kinase p85 subunit (PI3K p85), and SHP-1 (18-22). Recruitment of these molecules

to the EPOR/JAK2 complex leads to the activation of several signaling cascades, most

likely through a change in subcellular localization, tyrosine trans-phosphorylation, and/or

oligomerization. In addition, tyrosine phosphorylated JAK2 may directly interact with

certain signaling molecules, including the recently described CIS/JAB/SOCS family of

proteins that may be important for the downregulation of signaling (23-27).

Although it is clear that ligand-induced dimerization of the EPOR extracellular

region is required to initiate signal transduction (8-12), the functional requirements for

signaling with regard to the oligomerization of cytoplasmic tails are unknown. To

address this question, we co-expressed wild type (WT) and mutant EPORs in the 32D

cell line. We selected cell lines in which the mutant receptors were expressed at 10-fold

higher levels than WT receptors to favor the formation of mutant/WT heterodimers for

further analysis (10). This strategy allowed us to examine the relative capacities of

heterodimeric EPORs to support EPO-dependent cellular proliferation. The roles of these

cytoplasmic tails were established definitively using a chimeric receptor system in which

the identity of the extracellular domains forces heterodimerization of cytoplasmic receptor

chains. These two assay systems demonstrated that dimerization of the membrane

proximal region of the EPOR cytoplasmic tail is required for signal transduction, whereas

a monomer of the membrane-distal region is sufficient for receptor-specific signaling.

Thus, the activated receptor can function as a monomeric scaffold to recruit signaling

molecules such as STAT5.

MATERIALS AND METHODS

Plasmids. pME18S STAT5A was the generous gift of Dr. A. Mui. The pEFBOS

JAK2 expression vector was the kind gift of Dr. D. Wojchowski. The EPOR mutant 1

321 was generated by exonuclease digestion using the Erase-a-base kit (PromegaCorp.,
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Madison, WI). Dideoxy sequence analysis demonstrated that the EPOR 1-321 mutant

contains residues 1-320 of the wild type EPOR plus an additional 14 amino acids

(EINNCTALTGAGGO) at the carboxy terminus that are not encoded by the wild type

EPOR. These residues are the result of the mutagenesis procedure and are followed by a

termination codon. To construct the EPOR mutant W282R (28), EPOR cDNA was

digested with Pvu II and Bam HI and ligated to a synthetic, double-stranded

oligonucleotide encoding the W282R point mutation. EPOR mutants were subcloned into

the mammalian expression vector pXM or p\■ ÉX as described (10, 13, 14).

A modified form of the pBFBOS vector (29) containing the murine IL-3 signal

sequence and the FLAG epitope tag, was generously provided by Doug Hilton and Clare

McFarlane (Walter and Eliza Hall Institute, Melbourne, Australia). The extracellular

region of the human IL-2RB chain (encoding residues 1-214 of the mature protein) was

amplified by the polymerase chain reaction (PCR) and subcloned into the modified

pEFBOS vector, downstream of the FLAG epitope tag. The transmembrane and

cytoplasmic domains of the murine EPOR (encoding residues 226-483 of the mature

protein) were amplified by PCR; this fragment was subcloned into the pBFBOS vector 3'

to the IL-2RB chain extracellular region. The resulting construct (pefBOS.S.FLAGBE)

contains the IL-3 signal sequence at the amino terminus, followed in-frame by the FLAG

epitope tag, the IL-2RB extracellular region, and the EPOR transmembrane and

cytoplasmic regions. Additional amino acids (TR or VD) were introduced in between the

epitope tag and the IL-2RB extracellular domain, or the IL-2RB extracellular region and the

EPOR transmembrane domain, respectively, by the subcloning procedure. Chimeras

encoding the 1-321 or W282R mutations were generated by swapping restriction

fragments within the EPOR cytoplasmic domain. The YEPOR chimera has been

previously described (KDL, SY Lai, L Thomas, SL Gaffen, MAG, submitted). To

generate the YEPOR 1-321 chimera, the KpnI-BgllI fragment of YEPOR and the BgllI

Xbal fragment of BEPOR 1-321 were cloned into the KpnI and Xbal sites of pCMV4neo.
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The sequence of this construct was confirmed by automated DNA sequencing.

Expression of chimeric proteins and EPOR was confirmed by COS-7 cell transfection and

immunoprecipitation experiments (see below).

Cell lines, culture conditions and transfections. 32D is a well-described IL-3

dependent myeloid cell line (30). Parental 32D cells were maintained in RPMI 1640

medium supplemented with 10% heat-inactivated fetal calf serum (FCS) and 5%

conditioned medium from the WEHI 3B cell line (RPMI/FCS/WEHI), the latter as a

source of IL-3. 32D cells expressing WT or mutant EPOR cDNAs, or cells co

expressing WT and mutant receptors, were also maintained in RPMI/FCS/WEHI.

32Dn20 cells express the WT EPOR from the pXM vector (10). To establish cell

lines co-expressing WT and mutant EPORs, 32Dn20 cells were electroporated (using a

Bio-Rad Gene Pulser apparatus) with pm EX-containing mutant EPOR cDNAs, using

conditions described previously (10). Transfected cells were selected by growth in

RPMI/FCS/WEHI containing 500 pg/ml G418 and clonal cell lines were isolated by

limiting dilution. Expression of the mutant EPORs was verified by EPOR

immunoprecipitations from metabolically labeled cells (11).

Y2A, a somatic mutant of the 2C4 fibrosarcoma cell line that specifically fails to

express JAK2 (31), was the generous gift of Drs. G. Stark and I. Kerr. These cells were

cultured as previously described in Dulbecco's minimal essential medium supplemented

with 10% FCS, 100 IU/mL penicillin, 100 mcg/mL streptomycin, and 700 pg/ml G418

(Life Technologies). These cells were transfected using calcium phosphate (Life

Technologies) as previously described (32) and according to the manufacturer's

instructions.

Growth factor-dependent proliferation assays. The ability of the EPOR

expressing cell lines to confer EPO-dependent proliferation was tested by short-term
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proliferation assays. Briefly, cells were washed three times in RPMI/FCS and were

plated at 104 cells/ml either in RPMI/FCS containing EPO at the indicated concentrations

(see figure legends), in RPMI/FCS/WEHI, or in RPMI/FCS. After 3 days in culture,

viable cells were counted. Cell growth in EPO-containing cultures was expressed as a

percentage of the growth in RPMI/FCS/WEHI; the results were plotted using the

Kaleidagraph program. All cells were strictly growth factor-dependent and died after 24

h in RPMI/FCS.

Immunoprecipitations and SDS-polyacrylamide gel electrophoresis. To

metabolically label proteins, cells were washed and incubated in media containing [*S]-
methionine and cysteine (500 puCi/ml) for 2 hours. The cells were then used for

immunoprecipitations. Antiserum specific for the amino- or carboxy-terminal region of

the murine EPOR has been described previously (14). Cell lysates were prepared for

immunoprecipitation by washing cells with ice-cold phosphate-buffered saline (PBS),

followed by lysis in ice-cold Buffer A (1% w/v Triton X-100, 150 mM NaCl, 50 mM

Tris-HCl pH 7.4, 1mM EDTA, supplemented with 1mM sodium vanadate, 2 mM

phenylmethysulfonyl fluoride and 10 pul/ml aprotinin). Lysates were cleared by

centrifugation and incubation with protein A-agarose beads. Primary antibodies were

added to the cleared lysates and the lysates were incubated on a rotator for 60 min to

overnight at 4°C. Protein A-agarose beads were added and the incubations continued for

45 min at 4°C. The beads were washed three times in buffer A and one time in PBS.

Immunoprecipitated proteins were removed from the beads by boiling in gel sample

buffer in the presence of reducing agents. Proteins were separated by SDS-PAGE, the

gels were fluorographed, dried, and exposed to X-ray film.

Nuclear Extracts and Electrophoretic mobility shift assay (EMSA). 48

hours following transfection, cells were stimulated with the appropriate cytokine at the
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indicated concentration for 10 minutes at 37°C and then harvested. Nuclear extracts were

prepared as previously described (33, 34) in the presence of the following protease

inhibitors: 0.5 mg/mL antipain, 0.5 mg/mL aprotinin, 0.75 mg/mL bestatin, 0.5 mg/mL

leupeptin, 0.05 mg/mL pepstatin A, 0.5 mM PMSF, 1.4 mg/mL phosphoramidon, and

0.5 mg/mL soybean trypsin inhibitor as well as 1 mM sodium orthovanadate.

Oligonucleotide probes encoding the FcyRI or IRF-1 STAT response elements were end

labelled with polynucleotide kinase (Boehringer Mannheim) and Y-32P ATP (Amersham).

DNA binding studies were performed with 105 cpm probe, 2 pig poly{d(I-C)} and 10 pig

nuclear proteins as described (33, 34). For supershift analyses, the nuclear extract was

preincubated with antibody for forty-five minutes on ice prior to the addition of the

radiolabelled probe. Purified rabbit IgG specific for STAT5 (C-17) was obtained from

Santa Cruz Biotechnology (Santa Cruz, CA).

RESULTS

To determine the functional requirements for oligomerization of the EPOR

cytoplasmic tails, we co-expressed WT and mutant EPORs to characterize signal

transduction from heterodimeric receptor complexes. A point mutant of the EPOR that

fails to activate intracellular signal transduction or a truncation mutant lacking the entire

cytoplasmic domain of the EPOR dominantly inhibited EPO-induced cellular proliferation

when co-expressed with the WT receptor, indicating that these mutants can

heterodimerize with the WT receptor and block signal transduction from the cell surface

(8, 10). Therefore, the co-expression of WT EPOR and less severe truncation mutants

should clarify whether a dimer of the full-length EPOR cytoplasmic tail is required for

receptor functions involved in cellular proliferation, or if these functions can be activated

through asymmetric configurations of the EPOR intracellular domains.
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IL-3-dependent 32D cells that express the WT EPOR (32Dn20) proliferate in

response to stimulation with either EPO or IL-3 (10). We constructed the EPOR mutants

shown in Fig. 1A, and the ability of these mutants to support EPO-dependent

proliferation alone or in combination with the WT receptor was assessed in 32D cells.

The EPOR 1-257, EPOR 1-321, and EPORW282R mutants were displayed on the cell

surface at levels comparable to WT EPOR (600-1700 sites/cell), indicating that the

biosynthesis of these mutants is relatively normal. These mutants have wildtype affinity

for EPO (Ki 200-400 pM) (data not shown). The EPOR 1-221 mutant, which lacks the

transmembrane domain and cytoplasmic sequences, is secreted into the medium, where it

is able to bind EPO (data not shown). The EPOR 1-221. EPOR 1-257, and EPOR

W282R mutants were unable to support EPO-dependent proliferation when expressed

alone (Fig. 1A). In high concentrations of EPO, expression of the EPOR 1-321 mutant

maintained the viability of cells and permitted weak proliferation, but this mutant did not

support EPO-dependent cell growth in physiological concentrations of hormone (Figs.

1A and 2).

To generate co-expressing cell lines, 32Dn20 cells were transfected with the

mutants shown in Fig. 1A and multiple clonal lines expressing each mutant were isolated.

To determine the relative levels of WT and mutant EPOR expression in each cell line,

proteins were metabolically labeled with [*S-methionine and cysteine,

immunoprecipitated with antiserum specific for the EPOR, and separated by SDS-PAGE.

We selected cell lines in which the mutant receptors are expressed at 5- to 10-fold higher

levels than the WT EPOR for further analysis (Fig. 1B). At this ratio of expression,

mutant EPORs readily function as dominant inhibitors of WT EPOR-mediated

proliferation (10).

To test the ability of these mutants to dominantly inhibit proliferation mediated by

the WT receptor, cells co-expressing WT and mutant EPORs were cultured in media

containing 10 u/ml EPO or IL-3 for 3 days. Cell numbers were determined by counting
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and growth in EPO was normalized to growth in IL-3 (Fig. 1A). Interestingly, the

truncation mutant EPOR 1-321, which was unable to support a significant level of EPO

dependent proliferation when expressed on its own (Figs. 1A and 2), failed to block

proliferative signaling. However, a full-length form of the EPOR containing the single

point mutation W282R in the cytoplasmic tail exerted potent dominant inhibitory effects

(Figs. 1A and 2). To determine the EPO dose/response profiles of clonal cell lines co

expressing the WT receptor and EPOR 1-321 (WT/1-321) or EPOR W282R

(WT/W282R), we assayed the growth of these cell lines in various concentrations of

EPO. For each mutant receptor, three independently isolated clonal lines were

characterized, and the results from representative cell lines are shown in Fig. 2. The

EPORW282R mutant dominantly inhibited cellular proliferation at all concentrations of

EPO tested, suggesting that heterodimerization with the WT receptor blocks activation of

the normal signal transduction pathways. By contrast, expression of the EPOR 1-321

mutant did not affect the dose-dependent proliferation of these cells in response to EPO

(Fig. 2). Together, these results suggest that dimerization between WT and EPOR 1-321

receptors can stimulate the signaling pathways leading to cellular proliferation, whereas

dimerization of WT and EPORW282R is insufficient for mitogenic signaling.

However, the molecular configuration of the receptor complexes formed in this

setting could not be regulated definitively by this approach, since in this context EPO

could stimulate either heterodimerization between WT and mutant receptors or

homodimerization of WT or mutant receptors. Therefore, we sought to explore these

findings further in a system where the receptor configuration could be more specifically

defined. Since there are many natural cytokine receptor complexes where the ligand

dimerizes two asymmetric subunits, we chose to replace the extracellular domain of the

EPOR with a pair of such extracellular domains. We used the extracellular domains of

IL-2RB and Ye since it has been definitively demonstrated that IL-2-induced

heterodimerization of these two chains is necessary and sufficient to initiate signal
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transduction (35-37). A wild-type BEPOR chimera containing the extracellular domain of

the IL-2RB chain fused to the transmembrane and cytoplasmic tails of EPOR therefore

was constructed; for ease of detection, this construct was tagged with the FLAG epitope

at its N-terminus. A wild-type YEPOR chimera has previously been described by us

(KDL, SY Lai, L Thomas, SL Gaffen, MAG, submitted) (see Fig. 3A for a schematic of

these chimeras). These molecules were expressed in COS-7 cells to confirm protein

expression (data not shown). To avoid possible confounding effects of endogenous Ye

chains (which are found on virtually all hematopoietic cell lines), the signaling function of

these chimeras was assessed by transient co-transfection in the Y2A cell line. This cell

line is a somatic mutant of the 2C4 fibrosarcoma cell line that is specifically deficient in

JAK2 protein expression (31); this cell line also apparently fails to express IL-2RB, Ye

and STAT5 (data not shown). Since there are two functional isoforms of STAT5

(STAT5A and STAT5B) that seem to be almost completely interchangeable with regard to

cytokine-dependent activation (38-41), for simplicity we used one of these isoforms,

STAT5A, in our transfection experiments. As shown in Fig. 3B, reconstitution of

ligand-inducible STAT5 activation required the simultaneous transfection of cDNAs

encoding BEPOR, YEPOR, JAK2 and STAT5A as well as stimulation of the cells with

IL-2. Elimination of either receptor chain or the associated kinase resulted in a loss of

signal, demonstrating that each of these components was required for STAT5 activation

(Fig. 3B). Furthermore, the requirement for JAK2 demonstrated that these chimeras

appropriately couple to the kinase associated with the EPOR (42) (IL-2RB and Ye bind to

JAK1 and JAK3 respectively (36,43). The identity of the induced DNA binding

complex was confirmed by supershift analysis using an antibody specific for STAT5

(data not shown). We were unable to assess the effects of these chimeras on cellular

proliferation, since the Y2A cell line proliferates in the absence of exogenous growth

factors.
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We subsequently introduced two of the mutant EPOR tails we have described,

EPOR 1-321 and EPOR W282R, into the context of these chimeras. As shown in Fig. 4,

replacement of BEPORWT with the BEPOR 1-321 truncation did not significantly alter

STAT5 induction by IL-2 through this BEPOR 1-321/YEPOR heterodimer, demonstrating

that the membrane-distal portion of EPOR can function as a monomeric scaffold for the

induction of STAT5. In contrast, dimerization of the BEPOR W282R mutant and YEPOR

led to barely detectable activation of STAT5, emphasizing the requirement for two

functional membrane-proximal receptor domains for effective STAT5 induction. We

believe that the minimal level of STAT5 activation observed with the BEPORW282R

chimera reflects the extreme sensitivity of the assay system. Nonetheless, the level of

STAT5 activation is greatly reduced compared to either the BEPOR or BEPOR 1-321

mutant upon pairing with the YEPOR.

To extend these results, we examined the effects of the YEPOR 1-321 truncation

mutant on signaling. The pairing of BEPORWT with YEPOR 1-321 resulted in STAT5

induction that was indistinguishable from the pairing of two wild-type receptors. In

contrast, the homodimerization of EPOR 1-321 cytoplasmic tails resulted in barely

detectable STAT5 activation, in agreement with the results from the 32D experiments

described above. Together, these results suggest that the presence of two functional

JAK2 binding sites only weakly activates STAT5; efficient activation is dependent upon

two JAK2 binding sites and at least one distal cytoplasmic tail of the EPOR. Importantly,

no significant differences in STAT5 activation were detected between receptor complexes

containing one or two distal cytoplasmic tails, demonstrating that full activation of STAT5

does not require the dimerization of the STAT5 docking sites in the receptor. Finally, the

pairing of YEPOR 1-321 with BEPOR W282R resulted in virtually no STAT5 activation,

demonstrating that in addition to the scaffolding function of the monomeric tail, two

productive JAK2 binding sites are required for the induction of STAT5 DNA binding

activity (Fig. 4).
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DISCUSSION

Dimerization of the EPOR activates the signal transduction pathways leading to

erythroid cell survival, proliferation, and differentiation (10, 11, 44, 45). However, the

mechanism by which dimerization of extracellular domains stimulates intracellular signal

transduction and, in particular, the role of cytoplasmic receptor oligomerization in

downstream signaling remains unclear. The aim of this study was to determine the role

of EPOR cytoplasmic tail oligomerization in the assembly of a competent signal

transduction complex.

Our results demonstrate that dimerization of the entire EPOR cytoplasmic region is

not required for the signal transduction pathways leading to cellular proliferation. When

expressed on its own, the EPOR 1-321 mutant bound JAK2 and stimulated EPO

dependent JAK2 tyrosine phosphorylation. This result indicates that oligomerization of

the membrane-proximal portion of the EPOR cytoplasmic tail, which contains the binding

site for JAK2, is sufficient for JAK2 activation (Fig. 3; (42)). JAK2 activation may

occur via a trans-autophosphorylation mechanism, similar to the activation mechanism of

other tyrosine kinases (46–50). The EPOR 1-321 mutant, which lacks all eight

cytoplasmic tyrosine residues, failed to support cell proliferation at physiological

concentrations of ligand. This result is in agreement with the findings of others, who

have demonstrated that sequences in the distal portion of the cytoplasmic tail play a critical

role in receptor signal transduction (20, 21, 28, 51, 52). However, the EPOR 1-321

mutant did not dominantly inhibit signal transduction by the WT EPOR since cells co

expressing WT EPOR and EPOR 1-321 supported EPO-dependent cell proliferation at

levels comparable to cells expressing the WT EPOR alone. Taken together, our results

suggest that the primary role of EPOR dimerization is to oligomerize and activate EPOR

associated JAK2, leading to the initiation of intracellular signaling events that require the

presence of elements within the distal portion of the EPOR cytoplasmic tail. In this
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context, a single full length receptor tail is sufficient for the dimeric receptor complex to

engage this signaling machinery.

The initial findings using co-expressed EPOR variants were strongly suggestive

but were complicated by our inability to define precisely the receptor complexes formed

by the binding of ligand. A more definitive investigation of the role of cytoplasmic tail

dimerization would require a system in which receptor subunit heterodimerization could

be driven in the absence of receptor homodimers. Therefore, we generated two

asymmetric chimeras in which the extracellular domain of EPOR is replaced with the

equivalent portions of IL-2RB and Ye. Expression of either of these chimeras alone in Y2A

cells was not sufficient for IL-2-induced STAT5 activation through these chimeric EPOR

subunits. However, co-expression of BEPOR and YEPOR along with JAK2 permited IL

2-mediated STAT5 induction, highlighting the importance of cytoplasmic tail dimerization

in signal transduction. These chimeras allowed us specifically to alter one of the two

EPOR chains in the receptor complex and to assess the effects of these mutations on

intracellular signal transduction. Truncation of either receptor chain (but not both) at

amino acid 321 led to levels of STAT5 induction that were indistinguishable in this assay

from the levels induced by a receptor complex containing two wild-type receptor chains.

These data demonstrate that an EPOR-specific signaling program is initiated by a

heterodimer of WT EPOR and EPOR 1-321. Furthermore, the fact that a receptor

complex containing two truncated receptors fails to activate STAT5 efficiently emphasized

the functional importance of the membrane-distal portion of the EPOR tail. Finally, the

observation that EPOR 1-321 and EPOR W282R heterodimers fail to signal demonstrates

that two functional JAK2 binding sites are required in addition to a single full length

cytoplasmic tail.

However, several lines of evidence suggest that EPOR subunit dimerization is

necessary but perhaps not sufficient to stimulate signal transduction. First, we show here

in two systems that W282R blocks signaling from the WT EPOR even though W282R is
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expressed on the plasma membrane, binds ligand, associates with JAK2, and contains all

eight tyrosines in the cytoplasmic region (data not shown; (28,42)). Second, a double

mutant EPOR, R129C/W282R, which contains W282R as well as the R129C

substitution that promotes EPO-independent disulfide-linked receptor dimerization on the

cell surface (11), is inactive in cell proliferation assays (S.S.W., unpublished results),

whereas cells expressing an EPOR with the R129C mutation alone proliferate in the

absence of any added growth factor (11, 14). These findings imply that the

nonfunctional W282R mutant must alter either the relative orientations of the receptor

cytoplasmic regions or the alignment of JAK2 molecules in the receptor dimer. In

addition, EPO-mimetic peptides that bind to and dimerize the EPOR extracellular domain

are not always sufficient to activate intracellular signal transduction (M.A.G., K.D.L., Y.

You, F. Farrell, unpublished observations). Thus, we hypothesize that JAK2 molecules

and/or the cytoplasmic regions of the EPOR must be brought into the correct orientation

in the receptor dimer to create a competent, activated receptor complex. Some degree of

flexibility may be allowed in the structure of the EPOR dimer, however, since recent

studies suggest that there may be structural differences when the EPOR is activated by a

peptide agonist, by the R129C mutation, or by EPO (9,53).

We have previously described a model for heteromeric cytokine receptor signaling

that distinguishes receptor chains based on two essential functions (54). One receptor

chain is proposed to specify the signaling program that is unique to the particular receptor

complex; we termed this molecule the "driver" chain because it "drives" receptor-specific

signaling. The other receptor chain does not significantly contribute to the specificity of

signal transduction; rather, the role of this chain is to "trigger" receptor activation. We

have previously provided evidence that this model applies to several members of the

receptor family that use the Ye chain as a trigger chain in combination with a second

specific receptor subunit (54, 55); Bauer. The function of Ye within these complexes can

be completely replaced by an EPOR 1-321 truncation mutant that lacks cytoplasmic
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tyrosines, indicating that exclusively tyrosines of the driver chain are required as docking

sites for signal transduction molecules that bind to the receptor and become activated.

Moreover, these observations suggest that the primary function of the trigger chain is to

deliver a JAK into the complex; in fact, whereas Ye binds to JAK3, the EPOR associates

with JAK2. The present findings indicate that signaling through the homodimeric EPOR

is governed by similar structure/function principles. In this case, the full length EPOR is

the driver chain and the EPOR 1-321 mutant functions as the trigger chain. We have

demonstrated that as with heteromeric receptors, a single phosphorylated receptor tail is

sufficient for the engagement of the downstream signaling machinery. Notably, in this

receptor complex, the trigger function of EPOR 1-321 cannot be replaced by Ye (K.D.L.,

unpublished results), suggesting that there may be pairings of JAK kinases (in this case,

JAK2 and JAK3) that fail to result in productive signaling. In the native EPOR complex,

each receptor chain likely functions as a trigger chain for its partner subunit, leading to the

efficient initiation of signal transduction by the homodimeric complex. Further studies

will be required to test the generalizability of this model to other homodimeric receptor

complexes.
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FIGURE LEGENDS

Figure 1. EPO-dependent proliferation and receptor expression levels in cells

expressing WT and mutant EPORs. A. Schematic diagrams of WT and mutant EPORs

are shown. The position of conserved cysteines and WSXWS (WSAWS in the EPOR)

motif in the extracellular region, and conserved Box 1 and Box 2 motifs in the

cytoplasmic region, are shown. The locations of the transmembrane (TM) domain,

residue R129, and residue W282 are also shown. EPO-dependent proliferation was

determined for cell lines expressing WT or mutant receptors alone, or cells co-expressing

WT and mutant receptors. Cells were assayed for growth in 10 u/ml EPO over a 3 day

period. The level of cell growth is expressed as a percentage of the total cell number in

parallel cultures containing IL-3 (see Materials and Methods for details). B. Cells

expressing WT EPOR alone (WT), or co-expressing WT and 1-257 (WT+1-257), WT

and 1-321 (WT+1-321), or WT and W282R (WT+W282R) were metabolically labeled,

and proteins were immunoprecipitated from detergent cell extracts with antiserum specific

for the amino-terminus (WT+1-257, WT+1-321) or carboxy-terminus of the EPOR (WT,

WT+W282R). Immunoprecipitated proteins were separated by SDS-PAGE, gels were

fluorographed, and exposed to X-ray film. Computer-generated images of

autoradiograms are shown; DeskScan and Canvas software were used to generate the

images. The positions of WT (WT EPOR, arrowhead) and mutant EPORs are indicated.

WT and W282R co-migrate on SDS-PAGE (as indicated).

Figure 2 EPO-dependent proliferation of 32D cell lines expressing WT and mutant

receptors. 32D cells expressing only WT, 1-321, or W282R, or co-expressing WT and

1-321 (WT + 1-321) or WT and W282R (WT + W282R), were assayed for growth in

concentrations of EPO ranging from 0.005 - 10 u/ml, over a 3 day period. The level of

proliferation is expressed as a percentage of the total cell number in parallel cultures
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containing IL-3 (see Materials and Methods for details). A. Growth of cells expressing

WT, 1-321, or co-expressing WT and 1-321. B. Growth of cells expressing WT,

W282R, or co-expressing WT and W282R.

Figure 3. Recaptitulation of EPOR signal transduction by BEPOR and YEPOR

chimeras. A. Schematic diagram of the parental receptors and these chimeras. Although

not diagrammed, the BEPOR chimera is epitope tagged at the N-terminus with the FLAG

tag; this construct is subsequently referred to as BEPOR. B. Reconstitution of EPOR

signaling by chimeras encoding BEPOR and YEPOR is dependent upon co-transfection of

BEPOR, YEPOR, JAK2 and STAT5A cDNAs. Y2A cells were transfected as indicated.

48 hours post-transfection, cells were incubated in medium alone (-) or in medium

containing 10 nM recombinant human IL-2 (2) for 10 minutes at 37°C. Nuclear extracts

were prepared and subjected to EMSA with a 32P-end-labeled FCYRI oligonucleotide:

GTATTTCCCAGAAAAAGGAC.

Figure 4. Characterization of the functional requirements of BEPOR and YEPOR

chimeras for downstream STAT5 induction. Y2A cells were transfected with the indicated

cDNAs. Cells were treated with IL-2 as described in the legend to Figure 3; nuclear

extracts were prepared as subjected to EMSA as described. In these assays, the pairing

of BEPOR 1-321 and YEPOR consistently led to STAT5 activation; in some experiments,

this activation was not as strong as that observed with the wild-type chimeras. A

representative gel is shown here. However, in all experiments, the pairing of BEPOR and

YEPOR 1-321 was capable of activating STAT5 at levels that were comparable to the

wild-type receptors.
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The work described in this dissertation has examined the requirements for

oligomerization of cytokine receptors and associated signaling intermediates in the

initiation of signal tranduction and has led to information about how specificity is

controlled within an activated receptor complex. For example, in Chapter 2, we

demonstrated that numerous residues within the variable region of the IL-2RB chain

between the Box 1 and Box 2 motifs (the V-Box) are critical for IL-2-mediated signal

transduction, including JAK/STAT activation and mitogenesis. This result contrasts with

the Box 1 and Box 2 regions, where relatively few residues are critical for signaling (1),

and was also one of the earliest demonstrations that variable domains of cytokine

receptors contribute importantly to the activation of conserved signaling intermediates.

Based on studies of this and other cytokine receptors, it is likely that the V-Box is

required for the functional association of the receptor chain with the JAKs (2-4).

However, we still do not understand the determinants that allow each cytokine receptor

chain to bind selectively to one of the four known JAK kinases. At present, no structural

data for the cytoplasmic tails of any these receptors exist. As such data emerge, it will be

interesting to see if, despite differences in primary sequence, the membrane-proximal

region of these receptors share a common structure.

In subsequent studies (Chapters 3 and 5), we developed a receptor reconstitution

system to examine the role of each of the two JAK kinases in the IL-2R complex. We

expressed these signaling components in U4A, a cell line that specifically lacks JAK1 and

that fails to express JAK3 (5). Simultaneous transfection of cDNAs encoding IL-2RB,

Ye, JAK1, JAK3 and STAT5A permitted ligand-inducible STAT5 DNA binding. This

assay system was used along with studies in COS-7 cells to characterize JAK1 and JAK3

mutants as well as to examine the relative roles of these two kinases in IL-2-mediated

signal transduction. We demonstrated that JAK1, like JAK2 and TYK2 (6; 7), requires

the presence of activation loop tyrosines for catalytic function. In contrast, the fourth

member of this family, JAK3, retains kinase activity in the absence of these two
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tyrosines. Based on this work, therefore, it is now evident that the mechanisms of

regulation differ among various JAKs. Using these mutants, we further demonstrated

that STAT5 activation by the IL-2R requires intact function of both JAK1 and JAK3.

Studies with the IL-7R and IL-9R demonstrated that these receptor complexes obey the

same JAK requirements.

Nonetheless, the role of tyrosine-phosphorylation in the catalytic activation of

JAK3 remains unclear; within JAK3, there are an additional 28 tyrosines that are potential

sites of regulation. This phosphorylation may be required for catalytic activation;

alternatively, it may be a by-product of the activation process. However, if

phosphorylation is not required for catalytic function, it may nonetheless play an

important role in the docking of signaling intermediates that contain SH2 or protein

tyrosine binding (PTB) domains. Very recently, it has been shown that the SH2-BB

protein binds specifically to phosphorylated JAK2 (8) and becomes tyrosine

phosphorylated following IFN-Y stimulation of 3T3 cells. However, the dependence of

this binding upon interaction between the SH2 domain of SH-2-BB and phosphotyrosines

on JAK2 needs to be established. In addition, the JAB protein was identified from a two

hybrid screen using the conserved JH1 domain (e.g. the kinase domain) of JAK2 as bait

(9); the molecular determinants of this association have yet to be mapped. In contrast to

many other receptor associated signaling intermediates that are recruited by

phosphotyrosine residues, the association of this protein with the receptor chain does not

appear to require post-translational modification of the protein. Rather, it appears that this

association is regulated by ligand-induced transcriptional activation.

Furthermore, we still do not understand if there is an order to JAK1 and JAK3

phosphorylation in these Ye-containing receptor complexes. Based on the in vitro kinase

studies in Chapter 3, JAK1 apparently phosphorylates STAT5 with greater efficiency

than does JAK3. One model of signal transduction initiated by the IL-2R is that JAK3

activation is independent of activation loop tyrosine phosphorylation and is instead

- 2,

s
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dependent upon a conformational change or another event induced by receptor

oligomerization. Alternatively, ligand-induced dimerization of JAK kinases might lead to

activation of JAK3 simply by bringing it into proximity with JAK1. In all of these cases,

receptor dimerization would lead to activation of JAK3, which then might be competent to

phosphorylate JAK1 on tyrosines within the activation loop. JAK1 in turn would

tyrosine-phosphorylate STAT5. Clearly, more quantitative studies of these kinases are

required to determine if these kinases are like to auto-phosphorylate or to trans

phosphorylate. In addition, future studies to elucidate differences in the substrate

specificity of these kinases may give some insight into the precise molecular dynamics of

these signaling events.

Although these studies suggest a mechanism by which JAK1 kinase activation

may occur, the mechanisms that down-regulate JAK/STAT signaling remain relatively

unclear. Gene induction of the CIS family of proteins is a STAT-dependent event (9-11).

These newly transcribed proteins can bind to JAK kinases, and the localization of these

molecules to the receptor complex results in decreased JAK kinase activity and a

diminution in detectable receptor and STAT tyrosine-phosphorylation. However, the

mechanism of action of these proteins is currently unknown, and additional regulatory

pathways may exist. For example, the JAK kinases are likely to be actively

dephosphorylated by a phosphatase, which has yet to be identified. SHP-1 has been

implicated as a negative regulator of EPOR signaling (12-14); it remains to be determined

if this phosphatase or the closely related SHP-2 plays a role in the attenuation of signaling

through Ye-using receptors.

Our studies of the IL-4R (Chapters 4 and 5) demonstrated that at least three

receptor configurations are capable of downstream signaling: the classic IL-4Ro/Ye

heterodimer (also called the Type I IL-4R), the IL-4Ro/IL-13R1 heterodimer, and a

homomeric receptor composed of IL-4Ro alone. Whereas the Type I receptor requires

the catalytic function of both JAK1 and JAK3 for STAT6 induction, both of the Ye

º
º

241



| •.

| 2
-

º iº |

AT&

| * 7

ºn air-i '"

º
* r º
*-* **, *"

* * *-*.--
-

º
sº-, ... a ºne-º-º:

*** *'''
****, * * *

ºn-sºº -º



independent receptor forms appear only to require JAK1. The relative contributions of

each of these receptor forms to the biology of IL-4 and IL-13 in vivo remains to be

determined. Given the nearly ubiquitous expression pattern of the IL-13R chains (15

17), it seems unlikely that the IL-4Ro homodimer is a functional receptor form found in

nature, despite the ability of these homodimeric receptor complexes to recapitulate an IL

4-like signaling program (18-20). However, it is unclear if the IL-4Ro/IL-13R1 receptor

complexes found on many non-lymphoid cell types are present typically to respond to IL

4, IL-13 or both in natural settings. Little is known about the biological role of IL-13.

However, comparison of the phenotype of an animal with a targeted disruption of the IL

13 gene (which has not yet been reported) to an animal lacking IL-4, in which a block in

Th2 responses and defects in mucosal immunity are observed but which is otherwise

quite normal (21; 22), might suggest sites where IL-13 is physiologically relevant.

Furthermore, studies comparing mice lacking both IL-4 and IL-13 to animals lacking only

one of these cytokines may clarify redundant functions of these two cytokines. Although

mice in which the IL-4Ro gene has been disrupted have recently been described (23),

preliminary studies did not examine IL-13-mediated signal transduction.

Our laboratory has demonstrated that in several Ye-containing receptor complexes,

all of the functions of Ye can be replaced with the portion of EPOR that binds to JAK2

(Chapter 5; (24-26)). However, these studies have all been performed in cell culture

models of cytokine receptor signaling. To test the biologic generality of this phenomenon

in vivo, we have designed a novel murine YEPOR chimera that can functionally replace Ye

and induce STAT DNA binding activity in the U4A reconstitution system. We are now

generating transgenic mice that should express this chimeric protein in thymocytes to

breed against animals in which the Ye gene is disrupted, with the initial goal of

reconstituting the defect in IL-7-mediated thymocyte maturation that is observed in the Ye

knockout mice (27; 28).
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These earlier in vitro studies also led to the proposal of the trigger-driver model of

receptor signaling (25). In this model, the role of one receptor chain is to specify the

molecular program activated by the complex. This chain is called the "driver" chain

because it drives specific signaling pathways. The role of the second receptor chain is

simply to initiate signaling. However, this function is relatively non-specific, as

evidenced by our ability to replace the Ye chain with the EPOR. This chain is thus termed

the "trigger" chain because its primary role is to start the signal transduction cascade. In

Chapter 7, studies that demonstrate that the trigger-driver model also applies to

homodimeric receptors are described. Specifically, we found that a receptor complex

containing one full length EPOR and one EPOR cytoplasmic domain that is truncated

below Box 2 and lacks cytoplasmic tyrosine residues is capable of mediating cellular

proliferation and STAT5 activation at levels that are indistinguishable from that of a

dimeric wild-type receptor complex. Additional studies should examine other

homodimeric receptors, such as the receptors for thrombopoietin, prolactin, growth

hormone, and granulocyte colony stimulating factor, to determine if this model extends to

other homodimeric receptors, as well as to receptors within the Bc family. In this family

(29), based on the relative lengths of the cytoplasmic tails, it appears that the shared Be

chain is the driver chain and that the specific IL-3Ro, IL-5Ro and GM-CSFB chains

function as trigger chains. Thus, as in the case of the Ye-utilizing receptors, it may be

possible to replace these chains with EPOR.

For both the IL-2R and the EPOR, it appears that signaling pathways classically

linked to cell growth are not critical for proliferative responses in some cellular contexts

(Chapter 7; (30; 31). MAPK activation does not appear to be required by either receptor

for mitogenic signaling. Therefore, which activated signaling intermediates are critical for

proliferation has yet to be determined. In the case of the IL-2R, it has been suggested that

there may be three pathways leading to proliferation: bcl-2 induction, c-myc activation

and lck activation (32). Two of these three pathways must be activated for "sufficient"
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signaling for mitogenesis; indeed, overexpression of components of any two of these

three pathways allowed BAF-BO3 cells (which are usually IL-3-dependent) to proliferate

in the absence of any cytokines. However, the role of lek in IL-2R signaling remains

questionable, at best, since cell lines that fail to express either lck or fyn retain normal

signaling responses to IL-2 (33). In addition, in cell culture models, critical determinants

of proliferation may vary from cell type to cell type. For the EPOR, there are clearly

cellular contexts in which receptors are expressed and are capable of binding ligand but

fail to cause mitogenic signaling. In particular, mitogenic signaling of EPOR seems to be

blocked in most T cell lines as well as primary human T lymphocytes (34). This block

could result from a lack of a protein that is present in cell contexts where the EPOR is

capable of mitogenic signaling; alternatively, an inhibitor of EPOR-mediated cellular

proliferation might be expressed constitutively in these cells. Based on preliminary cell

fusion experiments using permissive and non-permissive cell types, it appears that the

former possibility is the case (S. L. Gaffen, personal communication). It may be

possible to complement this signaling defect using an expression cloning system.

Indeed, such studies are currently underway to identify signaling intermediates that are

critical for EPOR-mediated cellular proliferation.

In addition, in the case of the IL-2R, we have demonstrated that JAK activation is

critical for cellular proliferation responses. Two additional lines of investigation highlight

the importance of JAKs in growth signaling. First, a dominant, gain-of-function allele of

a JAK kinase causes the tumorous-lethal phenotype of Drosophila, in which melanotic

tumors and lymph gland hypertrophy are observed (35-37). This mutant has been shown

to have increased kinase activity compared to the wild-type protein. Recently, a T cell

acute lymphoblastic leukemia has been shown to contain a TEL-JAK2 fusion protein;

TEL is a member of the ETS transcription factor family (38). Expression of this chimeric

protein in IL-3-dependent BAF/3 cells allowed these cells to proliferate in the absence of

growth factors. Furthermore, it has been demonstrated that the malignant cells from
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some forms of leukemia contain activated JAK2 (39). Nonetheless, the TEL-JAK2

fusion protein is the first demonstration that an activated form of JAK2 can confer growth

factor-independence on a cell line. It is unclear if STAT activation is critically required

for this cellular transformation. It has been suggested that the recently identified signal

transducing adaptor molecule (STAM) may be associated with and phosphorylated by the

JAK kinases and that STAM may play an important role in cellular proliferation.

However, additional studies in multiple cellular contexts are needed to clarify the role of

this molecule in mitogenic signaling (40; 41). In addition, a critical area of future

research is the identification of additional JAK substrates, with the goal of understanding

how these kinases are linked to mitogenesis.

In studies comparing the heterotrimeric IL-2R derived from murine and human

lymphocytes, we determined that the IL-2Ro chain restricts the binding of murine IL-2 to

receptor complexes from the same species of origin. This study has important

implications for reconstitution studies of transgenic animals; it should therefore be

possible to use human receptor chains in reconstitution studies of animals with targeted

disruptions in the IL-2RB and Ye chains. Indeed, human IL-2RB can functionally

reconstitute the autoimmune defects observed in IL-2RB knockout animals (M. Ha,

unpublished observations). In addition, other cytokines, including IL-4, IL-6 and IL-9,

also exhibit species-specific binding properties (42-44). Interestingly, all of these

cytokines bind to heteromeric receptors that contain at least one subunit that is shared with

an additional receptor, and in all cases, it is the receptor-specific subunit that restricts

ligand binding. Characterization of additional receptor complexes will be required to test

the generalizability of this observation.

Finally, from studies with EPO-mimetic peptides and the EPOR, it appears that

multimerization of cytokine receptor subunits may be necessary but not sufficient for the

effective generation of growth signals (Chapter 7). This finding is a significant shift from

the paradigm held in the field that receptor dimerization is both necessary and sufficient to
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initiate signal transduction. In particular, subsequent structural studies of the "inactive"

peptide EMP33 complexed to the EPOR extracellular domain demonstrated that the

conformation of this EPOR dimer differs from the structure of the EPOR bound to the

EMP1 peptide. In the EMP33 structure, the two EPOR molecules form an asymmetric

dimer. In contrast, in all of the structures of EPOR complexed with an active peptide

mimetic (these structures vary with regard to the identity of the peptide and to the space

group of the crystal), the conformation of the EPOR is an identical two-fold symmetric

dimer. Thus, these studies provide a structural basis for the lack of signaling in the

EMP33-induced dimer. Of course, it will now be critical to determine what

conformation-specific aspects of receptor complex dimerization are required for

productive signal transduction.

In summary, this dissertation has examined the requirements for oligomerization

in cytokine-mediated signal transduction. We have proposed the trigger-driver model of

cytokine receptor signal transduction and provided evidence that this model applies to

heterodimeric as well as homodimeric receptors in vitro; experiments are ongoing to test

the applicability of this model in vivo. In the case of IL-4, we have demonstrated that

multiple receptor configurations may give rise to a common set of signals through the

binding of a single ligand. We have also examined the role of dimerization of the

associated JAK kinases and demonstrated that two kinases within this family employ

differential modes of regulation. We have assessed the requirements for specific receptor

domains and associated signaling intermediates in mitogenic signaling. Finally, we have

demonstrated that dimerization of receptor chains is necessary but not sufficient to initiate

signal transduction. Additional studies will be required to further characterize the precise

molecular dynamics by which dimerization of extracellular domains leads to productive

intracellular signal transduction.
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