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The Functional Architecture of Hematopoietic Cytokine
Receptor Complexes

Stephen Y. Lai

Cytokines direct a multitude of biological functions within a delicate regulatory
network that controls the growth and differentiation of many cell populations. Within the
last two decades, the identification of many of these factors, their cognate receptors and
interacting cytoplasmic signaling intermediates has provided important insights into how
cells communicate and respond to changes in their external environment. While each
cytokine activates a unique profile of signaling events, many cytokine receptor complexes
share receptor subunits and utilize similar signaling intermediates. The ability of these
receptors to employ common signaling components, yet orchestrate specific cellular
responses, remains one of the most intriguing puzzles in cytokine biology. The research
described in this dissertation focused on the molecular factors that regulate cytokine
receptor assembly and the specific roles of the individual receptor chains in subsequent
signaling activity. To accomplish these studies, a chimeric receptor system was employed,
involving the fusion of the extracellular region of the erythropoietin receptor to the
transmembrane and cytoplasmic domains of various receptor subunits. This general
strategy permitted the selective activation of different combinations of receptor subunit
cytoplasmic domains in physiologically relevant cells that displayed the native cytokine
receptor under investigation. The structure/function analyses of the interleukin-2 (IL-2),
IL-4 and IL-7 receptor complexes that share the y; subunit have led to a conceptual
framework now advanced in the "trigger-driver" model that describes the modular
organization of heteromeric receptor complexes. Furthermore, these studies have revealed
a novel functional interplay between the intracellular domains of the IL-2Rp and v, chains,
indicating a previously unappreciated mechanism for regulation of cytokine receptor
signaling. These findings provide the basis for future studies of related cytokine receptor
systems.
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Chapter 1

Introduction



I.  Overview

Cytokines direct vital biological processes including cellular proliferation,
differentiation, apoptosis and regulation of immune responses (1). These ligands act by
engaging one or more receptor subunits expressed on the cell surface. Cytokine binding
drives assembly of the receptor subunits and associated cellular signaling molecules into a
competent receptor signal transduction complex that promotes multiple biochemical events.
These modifications lead to the altered regulation of downstream gene transcription and
subsequent biological effects. Control of these cytokine signaling programs occurs at multiple
levels, ranging from the specific ligand/receptor complex interactions to the activation of
distinct combinations of transcription factors that regulate gene expression. With the cloning
and characterization of many cytokines and their receptors, these factors have been widely
used in the treatment of malignancies, infections and immune disorders (2). The clinical
application of these cytokines has been guided by the detailed analysis of their signal
transduction activities. Several general features of cytokines emerged from these biological
studies. First, each factor mediates a wide range of biological effects. Second, each cytokine
activates a specific profile of signaling events and functions. Finally, while each factor has
specific signaling functions, some signaling effectors and functions are shared by one or
more related cytokines. Since the molecular determinants that define these cytokine receptor
signal transduction characteristics have not been well characterized, a primary goal of this
project was to delineate those factors that contribute to the assembly of functional cytokine
receptor complexes and activate specific intracellular signaling programs.

II. The Cytokine Receptor Complex

Cytokines are small proteins or polypeptides that are produced and secreted by
discrete cell populations to mediate a wide array of functions that collectively form a complex,
but flexible, regulatory network. While these cytokines display little primary sequence
similarity, the available structural data for these factors define several cytokine families
(3,4). For example, the hematopoietic cytokines display a common tertiary structure in the
antiparallel arrangement of four o helices (3). Moreover, while most of these cytokines are
biologically active as monomers or dimers, interleukin-12 (IL-12) is an example of a
heterodimeric factor (5).

The biological actions of cytokines are mediated through their association with
distinct receptor complexes composed of one or more receptor subunits. These receptor
subunits are quite diverse, ranging from those that contain intrinsic tyrosine or serine/



threonine kinase domains to those that are related to the G-protein-coupled seven
transmembrane spanning receptors. Most of these receptor subunits are type I integral
membrane proteins that are heterogeneous in primary sequence and size. However, some
structural characteristics of cytokine receptor subunits indicate an evolutionary relationship
prompting their classification within a cytokine receptor superfamily (Figure 1a) (6).
Particular features of these receptor subunits divide members of this superfamily into related
ClassI (e.g. IL-2RB, gp130) and Class II [e.g., interferon-y (IFN-y) receptor] receptor subunits.
The Class I receptor subunits, which are the primary focus of the present work, share three
extracellular motifs: fibronectin-like domains, a conserved tetrad of cysteines with canonical
spacing and a Trp-Ser-X-Trp-Ser motif adjacent to the transmembrane domain (6). Moreover,
these subunits contain two small, partially conserved cytoplasmic regions referred to as
Box1 and Box2 (7,8). These membrane-proximal Box regions and other cytoplasmic receptor
elements mediate interactions with specific cellular signaling intermediates (9,10).

The cytokine receptor complex is typically composed of one or more receptor
subunits. The structural data for the growth hormone receptor (GHR) and erythropoietin
receptor (EPOR) complexes indicate that these receptor complexes contain two identical
receptor subunits. In contrast, many hematopoietic cytokine receptor complexes are
composed of two or more different receptor subunits. For example, the high-affinity IL-2R
complex contains the IL-2Ra, IL-2Rf and y. subunits (11), although IL-2Rp and ¥y are
sufficient for receptor signaling (12,13). While each of the receptor subunits contributes to
the high-affinity binding of ligand, the individual role of the distinct receptor subunits within
the complex for signal transduction has not been well characterized. Thus, the functional
differences in signaling stemming from the physical asymmetry of heterodimeric receptors
remains poorly defined.

An additional level of structural complexity within the receptor complex involves
the stoichiometry of receptor subunits. Unlike the GHR and EPOR complexes, recent
crystallographic analysis of the tyrosine kinase domains of the fibroblast growth factor
receptor (FGFR) strongly suggest that the FGFR complex contains more than two FGFR
subunits (14). Moreover, the IL-6R complex, which was originally believed to be
heterodimeric (IL-6Ro/gp130), is actually a tetrameric receptor complex composed of two
gp130 and two IL-6Ra subunits (15). Similar multimeric arrangements may exist in other
homomeric and heteromeric cytokine receptor complexes.

Finally, analysis of many cytokine receptor complexes has led to the identification
of another characteristic structural feature. Within the cytokine receptor superfamily, several
subfamilies of receptors are recognized to share common receptor subunits (Figure 1B).
For example, the interleukin-3 (IL-3), interleukin-5 (IL-5) and granulocyte/macrophage



colony stimulating factor (GM-CSF) receptors share a common B subunit (16). Each of
these receptor complexes contains a unique receptor subunit (IL-3Rea, IL-5Ra and GM-
CSFRo) that determines ligand-binding specificity. The B. subunit is characterized by a
long cytoplasmic tail and appears to be necessary for both high-affinity ligand binding and
intracellular signal transduction. Moreover, these three receptor complexes have very similar
biological functions, perhaps due to their use of a shared . chain. In a second receptor
subfamily, the IL-6, IL-11, ciliary neurotrophic factor (CNTF), oncostatin M (OSM) and
leukemia inhibitory factor (LIF) receptor complexes include different combinations of gp130
and LIFRB, which may account for their functional redundancy (17,18). In another receptor
subfamily, the common y; subunit is employed within receptors for IL-2, IL-4, IL-7, IL-9
and IL-15 (19-25). The critical role of y. in receptor signaling has been revealed through y.
mutations which lead to X-linked severe combined immunodeficiency (X-SCID) (26,27),
although the precise molecular basis for these pathogenic effects remains unclear. In contrast
to the other described receptor subfamilies, the shared subunit in this subfamily (y.) has a
relative short cytoplasmic domain, while the partner subunit has a longer intracellular tail.
Interestingly, these receptor complexes often regulate different signaling programs and
distinct biological outcomes. For example, signaling through the IL-2R complex leads to
the activation of the signal transducer and activator of transcription (STAT) factor (28),
STAT-5 (29-34), while signaling through the IL-4R complex activates STAT-6 (35). Finally,
an additional level of subunit sharing is also evident. The IL-4Ra subunit not only combines
with v, to form an IL-4R complex, but also pairs with IL-13Ra to form the IL-13R complex
(36). Moreover, the IL-2R and IL-15R complexes both employ the y; and IL-2Rp subunits.
Thus, formation of cytokine receptor complexes can involve the extensive sharing of receptor
subunits, although the functional contributions of these individual receptor chains to signaling
remains unresolved.

III. Signal Transduction Through the Cytokine Receptor Complex

Activation of signaling through many classes of receptors requires the ligand-
mediated oligomerization of the receptor subunits (37,38). Following this event, cytokine
receptor complexes employ a wide array of cellular intermediates to produce effective
signaling programs (10,39). This section focuses on cytokine receptor subunit
oligomerization and those signaling events that are relevant to cytokines that bind several
members of the y.-containing receptor subfamily. In particular, the activation of proximal
signaling intermediates and distal gene transcription events through the IL-2R complex has



been well examined. Additionally, signaling through the IL-4R and IL-7R complexes will
be discussed.

A. Ligand-mediated Receptor Subunit Oligomerization: Activation of Cytokine Receptor
Signal Transduction

Activation of receptor complex signaling through these signaling elements depends
upon ligand-mediated oligomerization of the receptor subunits. In the erythropoietin receptor
(EPOR) system, a point mutation that introduces a new cysteine residue into the EPOR
extracellular domain results in constitutive, erythropoietin-independent signal activation,
through the disulfide-linking of two EPOR subunits (40). Biophysical studies of the receptors
for growth hormone (GH), prolactin (PRL) and erythropoietin (EPO) demonstrate sequential
binding of ligand by two receptor subunits (41-44), suggesting that the ligand serves to
stabilize the receptor subunit alignment within the receptor complex for signaling activation.
Furthermore, studies of ligand-receptor interactions have defined particular residues of the
receptor ligand-binding domain that interact with distinct ligand moieties (45-49). These
results demonstrate that the ligand-receptor interfaces impose a specific spatial conformation
on the bound ligand and receptor subunits. Moreover, the crystal structures of the GHR
(50) and PRL receptor (51) with bound cytokine and the EPOR (52) with a mimetic peptide
agonist further demonstrate the critical orientation of ligand with the receptor subunits.
Presumably, these carefully orchestrated extracellular ligand-receptor interactions juxtapose
the cytoplasmic subunit domains within the receptor complex in an appropriate manner for
signaling activation.

B. Proximal Signaling Events: Activation of Cellular Signaling Intermediates

The ligand-mediated engagement of select receptor subunits leads to the assembly
of those receptor subunits and a characteristic set of cytoplasmic proteins that initiate a
cascade of post-translational modifications such as the tyrosine phosphorylation and
oligomerization of downstream signaling molecules. The importance of the receptor-
associated tyrosine kinase activity has been demonstrated by the abrogation of intracellular
phosphorylation as well as proliferation by selective tyrosine kinase inhibitors (53,54).
Although the cytokine receptor subunits do not contain the consensus sequence (Gly-X-
Gly-X-X-Gly) of the ATP-binding motif characteristic of intrinsic tyrosine kinase domains
(55), multiple cellular kinases appear to physically associate with specific portions of the
various receptor subunits (9,10).



The phosphorylation and catalytic induction of the Janus kinases (JAKs) are among
the earliest signaling events activated by the cytokine receptor complex (28). Activation of
these kinases (JAK1, JAK2, JAK3 or Tyk2) by the receptor complex leads to the
phosphorylation and multimerization of STAT factors which then translocate to the nucleus
and modulate gene expression. This JAK-STAT pathway was first identified through the
elegant isolation and reconstitution of somatic mutants defective in interferon-a (IFN-a)
and IFN-y signaling (56,57). Subsequent studies have demonstrated that this pathway is
involved in signaling not only through all of the cytokine receptors (58), but also through
other receptor types including the epidermal growth factor receptor (EGFR) (59,60) which
contains an intrinsic tyrosine kinase domain and the seven-transmembrane angiotensin II
receptor which associates with G-proteins (61). In the IL-2, IL-4 and IL-7 receptor
complexes, JAK1 and JAK3 are activated upon ligand-binding (62-66). However, activation
of these proximal kinases leads to the activation of different STAT factors by these receptors.
While IL-2 and IL-7 both promote the activation of STAT-5 (29-34), IL-2 also directs the
induction of STAT-3 in activated peripheral blood lymphocytes (32). Furthermore, IL-4
leads to the activation of STAT-6 (35), but not STAT-5. Although recent observations suggest
that the STAT factors (39,67) and certain receptor tyrosine residues (10) may be targets for
JAK kinase activity, the substrates for the JAKs and the transcriptional events regulated by
the various STAT factors continue to be the focus of current JAK-STAT research.

Other protein tyrosine kinases such as the members of the src-like kinase family,
including p56lck and pS9fyn, have also been observed to associate with the IL-2Rp subunit
(68-70). These kinases and p53/56lyn are activated in various cellular contexts following
IL-2 stimulation (70). Similarly, engagement of the IL-7R complex results in the activation
of these same src-like kinases (71-73). However, the specific contribution of these src-like
kinases to the various biological effects of IL-2 and IL-7 has not been well-established
(10,74).

Several lines of evidence also suggest the involvement of the highly conserved Shc/
Grb2/mSOS1 pathway by many cytokine receptors (75,76). IL-2 promotes the tyrosine
phosphorylation of the adaptor protein p5S2Shc (77,78) and its association with a specific
subregion of IL-2Rp (79). Additionally, IL-2 induces the expression and catalytic activity
of the serine/threonine kinase Raf-1 (80,81). These activities lead to the formation of the
GTP-bound form of p2lras (82). Moreover, a potential downstream target of Raf-1, the
rapamycin-sensitive ribosomal S6 kinase (p70S6k), is activated by IL-2 and is likely involved
in distal signaling events that lead to cellular proliferation (83-85). In contrast, the IL-4R
may induce proliferation through a p2lras-independent pathway(s) as numerous studies
have documented the lack of p2lras activation by IL-4 (86-88). Furthermore, no IL-4-



mediated activation of Shc or mSOS1 has been detected (89). However, recent reports of
mitogen-activated protein kinase (MAPK) activation in certain cellular contexts suggest
that this issue is not completely resolved (90).

Additional signaling pathways have also been associated with cytokine receptor
function. The tyrosine kinase p72Syk associates with the IL-2R complex (91), although its
precise role in signaling remains undefined. IL-2, IL-4 and IL-7 lead to the activation of
phosphatidylinositol-3-kinase (PI3K) (92-96). These receptor subunits do not appear to
engage PI3K directly, rather an intermediate adaptor protein may be involved (97). The
insulin receptor substrate-1 (IRS-1) and the highly-related 4PS molecules are likely
candidates. Each protein contains multiple binding sites for PI3K and the phosphorylation
of these adaptor molecules has been detected upon IL-4 stimulation (98). A homologous
protein IRS-2 has been recently characterized and shown to associate with the IL-2R and
IL-7R (99). Finally, tyrosine phosphatases may perform as important a role in cytokine
receptor signaling as the tyrosine kinases (100). The tyrosine phosphatase, SH-PTP1, is
involved in the regulation of EPOR (101) and prolactin receptor (PRLR)(102) signaling.
However, the functional role of phosphatases in cytokine receptor complexes will require
further examination.

C. Distal Signaling Events: Regulation of Gene Transcription

Cytokines activate many distal signaling events that are placed within the broad
categories of proliferation and differentiation. While these effects result from the
transcriptional regulation of numerous genes by these cytokines, the direct link between
many of the proximal signaling events and these distal nuclear effects has yet to be established.
IL-2 induces transcription of one of its own receptor subunits, IL-2Ra. (103-107). Moreover,
IL-2R-signaling leads to the induction of c-fos, c-myc and pim-1 (108-110). Interestingly,
IL-2 directs transcription of members of the cyclin family and the cdc2 family which are
closely linked to progression through the cell cycle (110). Additionally, IL-2R signaling
regulates a delicate balance between the p21 and p27kip1 cell-cycle arrest proteins (111).
The induction of bcl-2 by IL-2 may mediate related anti-apoptosis events (74,112,113).
Recent studies have also demonstrated that IL-2 upregulates expression of various C-C
chemokine receptors (114 and W. Xu, manuscript submitted), including CCRS, a co-receptor
for the human immunodeficiency virus-1 (HIV-1). This may be one of the molecular causes
of the transient increase in viral burden seen in HIV-infected patients receiving IL-2 therapy
(115,116). Finally, distal signaling events mediated by the IL-4R and IL-7R are less well-
defined, although CD23 (117) and c-myc induction by IL-4 have been reported (118).



IV. Structure/Function Relationships Within Cytokine Receptor Subunits

Mutational analyses of the cytokine receptor subunits have defined particular amino-
acid motifs and structural elements necessary for specific signaling events. These domains
may serve as docking sites for signaling molecules or may be critical for the structural
integrity of the cytoplasmic domain. A number of critical regions have been defined within
the cytoplasmic tail of IL-2Rp (Figure 1A). A large C-terminal deletion of IL-2Rp (140 aa)
in IL-2RBABC resulted in a significant loss of growth signaling (119), similar to an “H”
mutant reported by others (8). However, deletion of the C domain (94 aa) in IL-2RBAC had
little effect on proliferation. Together, these mutants indicate that the distal portion of IL-
2Rp may contain redundant signaling elements that are revealed only when they are all
absent. Internal deletion of a more proximal domain (IL-2RBAA) and a larger deletion of
the A and B regions (119 aa distal to Box2) in IL-2RBAAB did not affect growth signaling
(119). This large internal deletion encompasses a previously described “acidic” region that
is responsible for p56ick activation (68) and transcriptional induction of c-fos (109), indicating
that these events are not critical for proliferation. While initial evaluation of these large
domains focused primarily on proliferation, other signaling events related to cellular
differentiation may require these domains (W. Xu, manuscript submitted).

Interestingly, these large distal domains of IL-2Rp contain six individual tyrosine
residues, and one or more of these residues is phosphorylated upon ligand binding (120-
122). Specific amino-acid motifs surrounding the phosphotyrosine residues are recognized
and bound by cellular signaling intermediates through distinct elements including the SH2
(src-homology domain 2) and PTB (phosphotyrosine-binding) domains (123,124). Within
the platelet-derived growth factor receptor (PDGFR), these phosphotyrosine-containing
motifs have been shown to serve as docking sites for specific signaling molecules that
mediate defined portions of the signaling program (125,126). Studies of IL-2Rp should
lead to the assignment of some signaling molecules and events that have been associated
with the large distal domains to these phosphotyrosine-containing elements.

Within the membrane-proximal portion of IL-2R, focused mutational analysis has
also revealed crucial signaling elements. Deletion of a serine-rich segment (IL-2RBSD),
which contains the conserved Box2 domain, abolished growth signaling, activation of tyrosine
kinase activity and the transcriptional induction of c-fos and c-myc (8,109,127). Moreover,
mutational analysis of the Box1 and Box2 domains revealed a single non-conserved residue
within each segment (Asp238 and Leu299; Figure 1) that is critical for growth signaling
(119). Interestingly, alanine scan mutations in the intervening V-Box also defined several
critical elements, suggesting that this non-conserved segment also has an important function



in IL-2R signaling (128). As in other receptor subunits (129,130), one or more of these
elements may be crucial for the association of a Janus kinase, specifically JAK]1 in the case
of IL-2RB. Alternatively, some of these elements may have other functional roles. Thus,
critical domains for various signaling events are distributed along the entire length of the
IL-2Rp cytoplasmic tail.

Although less complete, mutational analysis of the IL-4Ra subunit also reveals a
similar domain structure. Several regions distal to the conserved Box1 and Box2 domains
are critical for proliferation (131,132) and the induction of c-myc (118). Additionally, an
insulin receptor motif present in one of these domains is necessary for the association and
phosphorylation of IRS-1 (133), which has been previously linked to PI3K and cell growth
(94). A single tyrosine residue within this insulin receptor motif is critical for this IRS-1-
mediated signaling activity. Two distal tyrosine residues within IL-4Ra may serve as
redundant docking sites for STAT-6 (35). More recent studies have distinguished the domains
necessary for growth signaling from those that direct differentiation events, including
expression of CD23, a class Il MHC antigen (I-A9) and the germline ¢ constant region (Ie)
(134). Interestingly, transposing certain IL-4Ra domains to the IL-2Rp subunit confers
distinct IL-4R signaling events to this hybrid receptor chain (135). The modular nature of
such receptor motifs was similarly demonstrated with the transposition of the STAT-3-binding
motif from the gp130 subunit to the EPOR chain (136). Thus, these mutational studies
demonstrate modularity within the receptor subunit through the association of specific
signaling functions with distinct subregions of the receptor chain. Given the combinatorial
use of defined amino acid motifs in receptor subunits and signaling molecules, we
hypothesized that such modular design principles may also govern the assembly of the
receptor complex. To investigate this possibility, we established a general method for the
analysis of cytokine receptor subunit function.

V. A General Strategy for Analysis of the Molecular Basis of Signal
Transduction Specificity Through Cytokine Receptors

With the increased understanding of the individual cytokines, the various receptor
complexes and their roles within complex regulatory networks, several general principles
that govern the overall regulation of cellular function and communication by cytokines
have emerged. First, cytokines are pleiotropic given their ability to direct many diverse
biological functions. Second, individual cytokine/receptor systems produce distinct and
specific biological effects. Third, despite the specific nature of their overall signaling



program, various cytokines are redundant because they produce certain similar biological
effects.

Characterization of receptor complex design should identify critical factors that
contribute to these features of receptor signal transduction. The assembly of the receptor
complex involves the juxtaposition of the cytoplasmic domains of the receptor subunits and
the recruitment of a distinct set of signaling molecules to the receptor chains. These essential
proximal steps result in the engagement of multiple signaling pathways leading to various
downstream effects. Analysis of the structural features of the individual receptor subunits
might reveal general principles that predict the functional contribution of those subunits to
signaling by the receptor complex. These findings might also provide a rationale for the
shared use of acommon receptor subunit in multiple receptor complexes and lead to insights
regarding the regulation of signal transduction activation by the receptor complex. Finally,
understanding the relationship between receptor design and signaling function may lead to
a more effective use of cytokines in clinical therapy.

Thus, the present studies were designed to achieve the following goals: 1) the
development of a system to study the relationship between various elements within the
receptor subunit and signaling function; 2) structure/function analysis of the elements within
the receptor subunits that contribute to signaling specificity; and 3) elaboration of models
relating the functional architecture of receptor complexes to the specific nature of the receptor-
mediated signaling program.

The work in this dissertation focused upon the related IL-2, IL-4 and IL-7 cytokine
receptor complexes. This receptor subfamily was ideal for these studies because each employs
the y. subunit in addition to a unique receptor subunit (IL-2RB, IL-4Ra and IL-7Ra,
respectively). This receptor arrangement facilitated the analysis of individual receptor subunit
function and the general architecture of heteromeric receptor complexes.

10
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Figure Legends

Figure 1. Structural features of the cytokine receptor subunits and their classification
within subfamilies of the cytokine receptor superfamily. (A) The characteristics of
receptor subunits within the cytokine receptor superfamily are highlighted in the IL-2Rp
chain. These features include the conserved tetrad of extracellular cysteine residues (SH),
the membrane-proximal WSXWS motif and the short, partially conserved proximal Box1
(1) and Box2 (2) elements. The cytoplasmic domain of the IL-2Rp subunit is also composed
of a variable region (V-Box; V) between Box1 and Box2 and six distal tyrosine residues
present within 3 large domains referred to as A, B and C. (B) The shared use of certain
receptor subunits defines several receptor subfamilies within the cytokine receptor
superfamily. The B chain is shared by members of the IL-3/IL-5/GM-CSF receptor
subfamily. Combinations of gp130 and LIFR are present in receptor complexes within the
IL-6/IL-11/CNTF/LIF/OSM receptor subfamily. The ‘*’ represents the
glycosylphosphatidylinositol (GPI)-anchor for CNTFRa to the cell surface. Members of
the IL-2/IL-4/IL-7/IL-9/IL-15 receptor subfamily share the y; chain. In some cases, receptor
subunits are present within receptor complexes that are members of more than one receptor
subfamily. For example, IL-4Ra is present in both the IL-4R complex (within the -
containing subfamily) and the IL-13R complex (a y.-independent receptor). See text for
further discussion.
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Chapter 2

Growth Signal Transduction by the Human Interleukin-2 Receptor
Requires Cytoplasmic Tyrosines of the § Chain and Non-tyrosine
Residues of the y. Chain
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Prologue

The work described in this chapter focused on establishing an experimental system
for structure/function analysis of cytokine receptor subunits. Efforts to create such a
system began with the heteromeric IL-2 receptor complex, which requires IL-2Rp and y¢
cytoplasmic domains for receptor signaling to occur. Early structural work on the IL-2R
complex was directed at IL-2Rp because of the availability of IL-2RB-negative cell lines
(1,2). IL-2R8 tyrosine reconstitution studies described in the present chapter employed this
strategy. However, this approach was not possible for y; due to the lack of yc-negative
lymphoid cell lines. Additionally, these mutational studies might be more informative if
they were performed in the context of IL-2-responsive cells. Therefore, we established a
chimeric receptor system in which the extracellular domain of a heterologous receptor
subunit was fused to the cytoplasmic portions of the receptor chains of interest. These
chimeric receptor complexes could be engaged selectively by a ligand that did not normally
have any effect on the cell line being studied. Given the ability to engage particular receptor
subunits, we have been able to dissect the architecture of multiple receptor complexes with
this chimeric receptor system.

The following paper, reproduced from the journal in which it was published,
describes studies of the functional role of the IL-2Rp cytoplasmic tyrosine residues, the
establishment of a chimeric receptor system for the examination of the IL-2R complex and
the functional analysis of the y; subunit. My participation in these studies included
intellectual contributions, preparation of some mutants and other necessary reagents and
experimental data which are depicted in Figures 2, 5, 7, 8 and 9. W. Xu had an extensive
role in the establishment of important cell lines and the generation of experimental data. L.
J. Parent was responsible for the initial set of IL-2Rf mutants, M. C. Amaral established
and characterized several IL-2Rp stable cell lines and E. S. Kuczek and G. B. Mills created
a number of yc mutants. K. L. Tarr and G. D. Longmore provided reagents and technical
analysis of the chimeric receptor system. M. A. Goldsmith made certain IL-2Rg and y
mutants and worked jointly with W. C. Greene in the overall supervision of the project.

References

1 M.A. Goldsmith, et al. JBC 269, 14698-14704 (1994).
2 M. Hatakeyama, et al. Cell 59, 837-845 (1989).
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To evaluate the possible role for receptor-based tyro-
sine phosphorylation in growth signaling induced by
interleukin-2 (IL-2), a series of substitution tyrosine mu-
tants of the IL-2 receptor g and v, chains was prepared
and analyzed. Concurrent mutation of all six of the cy-
toplasmic tyrosines present in the g chain markedly
inhibited IL-2-induced growth signaling in both pro-B
and T cell lines. Growth signaling in a pro-B cell line was
substantially reconstituted when either of the two distal
tyrosines (Tyr-392, Tyr-510) was selectively restored in
the tyrosine-negative § mutant, whereas reconstitution
of the proximal tyrosines (Tyr-338, Tyr-355, Tyr-358, Tyr-
361) did not restore this signaling function. Further-
more, at least one of the two cytoplasmic tyrosines that
is required for 8 chain function was found to serve as
a phosphate acceptor site upon induction with IL-2.
Studies employing a chimeric receptor system revealed
that tyrosine residues of the g chain likewise were impor-
tant for growth signaling in T cells. In contrast, although
the y, subunit is a target for tyrosine phosphorylation in
vivo, concurrent substitution of all four cytoplasmic ty-
rosines of this chain produced no significant effect on
growth si ing by chimeric IL-2 receptors. However,
deletion of either the Box 1, Box 2, or intervening (V-
Box) regions of y, abrogated receptor function. There-
fore, tyrosine residues of g but not of y_ appear to play a
pivotal role in regulating growth signal transduction
through the IL-2 receptor, either by influencing cyto-
plasmic domain folding or by serving as sites for phos-
phorylation and sub mt iation with signaling
intermediates. These ﬁndi.np thus highlight a fundamen-
tal difference in the structural requirements for IL-2Rg8
and v, in receptor-mediated signal transduction.

Interleukin-2 (IL-2)! is a helical cytokine that induces the

* The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.
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9 In the National Institutes of Health Medical Scientist Training

« Supported by the J. David Gladstone Institutes.
# Supported by the National Institutes of Health.
! The abbreviations used are: IL-2, interleukin-2; IL-2R, interleu-

proliferation of T and B lymphocytes as well as the expression
of a number of immune effector functions by binding to the
heterotrimeric IL-2 receptor complex (IL-2R). The 70-75-kDa 8
(IL-2RB) and 64-kDa vy (v,) subunits of the IL-2R share struc-
tural homology with other members of a cytokine receptor
superfamily (1) and together form a receptor complex that is
competent to bind IL-2 with intermediate affinity and to trans-
duce growth and differentiation signals (reviewed in Ref. 2). As
in other receptor systems, evidence has accumulated indicating
that signal transduction is initiated upon ligand-induced het-
erodimerization of the 8 and vy, cytoplasmic tails (3, 4). Inter-
estingly, IL-2R8 is also employed in the receptor for IL-15 (5,
6), whereas v, participates in the formation of the receptors for
IL-4 (7), IL-7 (8, 9), IL-9 (10), and IL-15 (6).

Among the earliest biochemical changes induced by ligation
of the IL-2 receptor is activation of cytoplasmic tyrosine ki-
nases resulting in the phosphorylation of certain recognized
and unrecognized cellular substrates. The biologic relevance of
IL-2-induced tyrosine kinase activity is supported by the find-
ing that selective tyrosine kinase inhibitors (herbimycin A and
g n) itantly block these intracellular phosphoryl-
ation events as well as growth signal transduction (11, 12).
Although none of the known IL-2R subunits contain recogniz-
able kinase catalytic domains, tyrosine kinase activity has been
coimmunoprecipitated with the IL-2R (13-18). Recent evidence
indicates that the Janus kinases JAK1 and JAK3 (19-21) as
well as various src family kinases (13, 15, 18, 22) are among the
signaling molecules that are physically and functionally linked
to the IL-2R. However, the specific role of each of these kinases
and their substrates in IL-2R signal transduction remains to be
defined.

Like many growth factor receptors containing intrinsic tyro-
sine kinase activity (for review, see Ref. 23), the cytoplasmic
domains of the B and y subunits of the interleukin-2 receptor
itself undergo inducible tyrosine phosphorylation upon engage-
ment by IL-2 (24-26). The biological significance of such recep-
tor phosphorylation is poorly defined for cytokine receptors
lacking intrinsic tyrosine kinase activity. Since the IL-2 recep-
tor itself is a major substrate of tyrosine phosphorylation fol-
lowing the binding of IL-2, the present investigation was un-
dertaken to determine the potential regulatory role played by
the cytoplasmic tyrosine residues of the IL-2RB8 and y. sub-
units. Qur results demonstrate that tyrosines within the cyto-

kin-2 receptor; EPO, erythropoietin; EPOR, erythropoietin receptor;
PCR, polymerase chain reaction.
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plasmic tail of IL-2RB are critical for full growth signaling in
pro-B and T cells. In contrast, the tyrosine residues of the v,
chain are dispensable for this function, revealing an important
distinction between the IL-2R8 and y. subunits. These find-
ings, along with a delineation of essential membrane-proximal
domains of y., may have general implications for the functional
design of cytokine receptors, particularly those employing the
common ¥y, subunit.

MATERIALS AND METHODS

Cell Lines—The cell line BA/F3 (27), an IL-3-dependent murine
pro-B cell line, was maintained as described previously (28). Superna-
tant from WEHI-3 cells (ATCC) was used as a source of IL-3. HT-2, an
IL-2-dependent murine helper T cell line (ATCC), was maintained in
RPMI 1640 supplemented with 10% fetal bovine serum, 55 uM B-mer-
captoethanol, 2 mM L-glutamine, and 200 units/ml recombinant human
IL-2 (a gift of the Chiron Corp.). Transfection of either BA/F3 or HT-2
cells was performed by electroporation as described previously (28);
stable transfectants were obtained by selection in G418 (Geneticin, 1
mg/ml, Life Technologies, Inc.) and clones isolated by limiting dilution
were screened by radioligand binding analysis with '?*I-IL-2 or '#8]-
EPO (see below) or by Northern blot analysis to identify clones express-
ing the transfected receptor (see text and figure legends). HT-2EPOBy
was established by transfecting HT-2EPOB cells with pEPOyneo and
culturing in recombinant human EPO (10 units/m], Amgen, Inc.) with-
out IL-2. The COS-7 cell line (ATCC) was maintained as described (29).

Proliferation Assays—Conventional 24-h {*Hlthymidine incorpora-
tion assays and transfection proliferation assays were performed essen-
tially as described previously (28). In transfection studies using the
chimeric receptors, HT-2 cells and their derivatives (see text) were
transfected with expression plasmid: ding chimeric receptors and
were then selected for approximately 10 days in EPO (50 units/ml) in
the absence of IL-2; cell growth was assessed by [*H}thymidine incor-
poration on the indicated days.

Plasmid Constructs—All receptor cDNAs were subcloned into the
expression vectors pPCMV4 (30), pPCMV4Neo (28), or pCMV4A (a pCMV4
derivative containing a deletion of a vestigial second polylinker down-
stream of the cytomegalovirus expression cassette). For all constructs
requiring synthetic oligonucleotides or PCR reactions, sequences were
confirmed by DNA sequencing. The murine EPOR cDNA from pXM-
nEPOR (31) was inserted into the Kpnl/Xbal sites of pPCMV4Neo to
yield pEPORneo, and the human IL-2R8 cDNA from pIL2R30 (provided
by T. Taniguchi) was inserted into the HindII/BamHI sites of
PCMV4Neo to yield pSneo.

The tyrosine substitution mutants of IL-2R8 and y, (tyroeme (TAC)

to phenylalanine (TTC)) were prepared by a bination of ol
otide-directed mutagenesis in M13 bacteriophage and PCR based meth-
ods. For constructs involving the y, cytoplasmic tail, a full-length cDNA
was obtained by reverse transcription PCR based on the IL-2Ry se-
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FiG. 1. Growth signal transduction properties and expression
of tyrosine-negative mutant IL-28 chains in transient assays. A,
proliferation of BA/F3 cells transfected with expression vector encoding
wild type IL-2RB (BWT, closed circles) or empty vector (Vector, open
circles), as measured by incorporation of [*H}thymidine on the indicated
days following initiation of IL-2 selection (10 nM) in the absence of IL-3.
Each data point is the mean of triplicates, and each experiment shown
is representative of several independent experiments. The relative po-
sitions of the six cytoplasmic tyrosine residues of IL-2RB are indicated
by closed symbols in the schematic: 1, Tyr-338; 2, Tyr-355; 3, Tyr-358; 4,
Tyr-361; 5, Tyr-392; 6, Tyr -510. B, proliferation of cells transfected with
vector ding tyr ive t of IL-2RB (BYF, closed
squares). C, surface expresswn of IL-2RB and BYF mutant receptors.
Autoradiograph of immunoprecipitates of COS cells cotransfected with
vectors encoding wild type human IL-2Ra and either IL-2R8 (BWT) or
the tyrosine-negative mutant (BYF) prepared following disuccinimidyl
suberate-mediated cross-linking with *#I-IL-2. Molecular mass mark-
ers are shown on left (kDa). D and E, equilibrium '**I-IL-2 binding
analysis of COS cells cotransfected with vectors encoding wild type
human IL-2Ry and either IL-2Rg (D) or BYF (E).

1 mM phenylmethylsulfonyl fluoride, 10 ug/ml Ieupeptm, 10 pg/mli
aprotinin, 1 ug/ml pepstatin A) and i d with either the
anti-IL-2Rg8 monoclonal antibody 561 (lnndly provndod by Dr. R. Robb)
or an anti~JAK1 antiserum (Upstate Biotechnology, Inc.) and protein
A-Sepharose. I blotting studies were performed with anti-phos-
photyroeme antibody (4G10, Upstau Biotechnology, Inc.) per the man-

er'’s mstr- ti followed by ECL (Amersham Corp.) signal

d

quence reported by Takeshita et al. (32). Deletion and
mutants described under “Results” (see figure legends) were prepared
by PCR using IL-2RB or y, cDNAs as templates.

PEPOBneo, constructed by PCR using an Nhel site at the fusion
junction, des a chimeric receptor (see Fig. 6A) containing the ex-
tracellular domain of the EPOR fused just above the tnmmembrane

g to the h IL-2RB tr brane and cytopl seg-
ments (resulting sequence: . (EPOR-T-A-8)-(G-K-D-IL-2RB). .. ).
pEPOyneo, also constructed by PCR using the Nhel site, encodes a

receptor (see Fig. 64) containing the extracellular d in of the EPOR
fused to the h Y tr brane and cytoplasmic segments (re-
sulting sequence: ... (EPOR-T-A-S)S-K-E-v,) . .. ). Expression plas-

mids encoding the mutanu described in the text were prepared by

subcloning appropriate DNA frag t 1g the indicated muta-
tions into the parental pEPOBneo and pEPOyneo plasmids.
Protein Expression and Phosphory Studies—COS-7 cells

(ATCC) were transfected with the mdlcaued plasmids (see text) using
Lipofectamine (Life Technologies, Inc.) as per the manufactunr’s in-
structions. For expression analysis of chimeric recep blot
ting analyses were performed on cell lysates using an anu EPOR N-
terminal peptide antiserum and '**I-protein A as described previously
(31). For phosphorylation analyses, the indicated cell lines were
stripped of bound ligands by a 1-min acidic wash (10 muM sodium citrate,
0.14 M NaCl, pH 4) and then were rested in medium without serum or
cytokines for 4 h. Cells were then stimulated with either IL-2 (10 nM) or
EPO (50 unite/ml) for 10 min at 37 °C, lysed (1% *onidet P-40, 150 mm
NaCl, 20 mu Tris, pH 8.0, 50 mMm NaF, 100 uM sodium orthovanadate,
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Radwlu.gand Binding and Cross-linking—Equilibrium binding anal-
yses were performed as described (28, 33) with '?*I.IL-2 (DuPont NEN)
and either BA/F3 cell lines or COS-7 cells transfected by the DEAE-
dextran method (34) with human IL-2Ry and the indicated IL-2R8
expression plasmids. Cross-linking analyses were performed by co-
transfecting COS-7 cells with IL-2Ra and IL-2RB expnulon plun'ndl
followed by incubation with '?*I-IL-2, cross-linking with d
suberate (Pierce), immunoprecipitation with the anti-8 monoclonal an-
tibody DU-2 (14), and analysis by SDS-polyacrylamide gel electrophore-
sis and autoradiography, as described previously (35, 36).

RESULTS

Substitution Mutation of all Six Cytoplasmic Tyrosine Resi-
dues in IL-2RB Impairs Growth Signal Transduction in a Tran-
sient Assay System—The cytoplasmic tail of the human inter-
leukin-2 receptor (IL-2R) B chain contains six tyrosine residues
(37) (Fig. 1), including four in the “acidic” region (A) (38) and
one in each of two distal segments (B, C) (28). To investigate
the possibility that growth signaling through the IL-2R is reg-
ulated by tyrosine phosphorylation, a mutant IL-2R8 chain
(BYF) containing concurrent substitutions of phenylalanine at
all six cytoplasmic tyrosine positions was prepared and ana-
lyzed in a transient assay of lymphocyte growth signal trans-
duction. In this method (28), IL-3-dependent murine pro-B cells
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(BA/F3) (27) containing endogenous IL-2Ry chains are trans-
fected with expression plasmids encoding wild type or mutant
IL-2RB and selected in medium containing IL-2 in the absence
of IL-3. Cells transfected with wild type IL-2R8 (BWT) chains
proliferated vigorously as indicated by substantial incorpora-
tion of (*H]thymidine within 7 to 9 days, whereas cells receiv-
ing the vector control died in culture (Fig. 1A). Using this assay
system, lymphocytes transfected with the all tyrosine-negative
IL-2RB mutant (8YF) demonstrated a dramatically impaired
proliferative response to IL-2 (Fig. 1B). Thus, one or more of
these cytoplasmic tyrosines of IL-2RB appeared to be critically
required for full growth signal transduction through the IL-2R.

Two independent types of experiments were performed to
ensure that the impaired function of SYF was not simply the
result of ineffective surface expression or faulty binding of
ligand. First, to monitor surface expression COS cells were
transiently transfected with expression vectors encoding the
IL-2Ra chain and either native IL-2Rg or BYF, followed by
incubation with '2°]-IL-2, chemical cross-linking with disuccin-
imidyl suberate, and immunoprecipitation with the anti-8
monoclonal antibody DU-2 (14). Following SDS-polyacrylamide
gel electrophoresis, bands of comparable intensity and migra-
tion were observed for cells transfected with the wild type 8
and BYF, indicating the unimpaired surface expression of the
mutant BYF receptor (Fig. 1C). To investigate potential
changes in receptor affinity, radioligand binding analyses were
performed with '25I.IL-2 in COS cells transfected with IL-2Ry
and BWT or BYF. These studies revealed the expected single
class of intermediate affinity IL-2 binding sites for both SWT
and BYF (K, 300-400 pm) (Fig. 1, D and E). Thus, surface
expression and ligand binding by BYF appeared indistinguish-
able from wild type B and therefore do not account for its
impaired signaling function in the transfection assay system.

The Tyrosine-negative Mutant of IL-2RB Demonstrates Im-
paired Responsiveness to IL-2 in a Stable Transfectant—To
confirm the phenotype of BYF, stable sublines of BA/F3 were
prepared by transfection with the plasmid pSYFNeo. Radioli-
gand analysis demonstrated that the BafSWT and BafSYF cell
lines expressed receptors that bound IL-2 with comparable
intermediate affinities (data not shown), although for unknown
reasons the BafSYF lines consistently expressed the receptor at
somewhat lower levels than did BafWT (BafgWT, 3000 recep-
tora/cell; BafBYF, 700 receptors/cell). Nevertheless, in analyses
of numerous sublines we have seen no correlation between
expression levels in this range and proliferative signaling
capacity.

Analysis of [*H]thymidine incorporation in response to IL-2
revealed marked unresponsiveness of the stable BafgYF cell
line to IL-2 compared with BafBWT (Fig. 2). As expected, the
BafBWT cell line demonstrated detectable proliferation even at
very low doses of IL-2 (10 pm) well below the K, of IL-2 binding
to IL-2RBy complexes, whereas the BafgYF line demonstrated
no response even at very high doses of IL-2 (100 nM) vastly
exceeding the measured K,. These findings confirmed the im-
paired proliferation signaling exhibited by the SYF mutant
initially detected in the transient system.

Selective Mutation of Individual Tyrosine Residues Does Not
Alter IL-2RB Growth Signaling in a Pro-B Cell Line—The
results in both transient and stable assay systems indicated
that at least one tyrosine residue contributes importantly to
IL-2R growth signaling competence in pro-B cells. To identify
the relevant functional tyrosine residue(s), IL-2R8 mutants
containing selective phenylalanine for tyrosine substitutions
were constructed and characterized using the BA/F3 transient
assay system. Surprisingly, substitution of phenylalanine at

Tyr-338 (BY1F), Tyr-355/Tyr-358/Tyr-361 (BY234F), Tyr-392
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FiG. 2. Growth signaling and expression characteristics of sta-
ble transfectants expressing tyrosine-negative IL-2R$ chains.
BA/F3 cells expressing wild type IL-2RB (BafBWT) or tyrosine-negative
mutant IL-2Rg chains (BafBYF) were analyzed. Cells stimulated for 24
h with IL-2 at the indicated concentration (in the absence of IL-3) were
pulsed with [*H]thymidine for the final 4 h of the culture and harvested.
Results are expressed relative to the level of incorporation occurring
with IL-3 stimulation (100%); error bars represent standard errors of
the mean (n = 3).

(BY5F), or Tyr-510 (BY6F) had little or no effect on growth
signal transduction in response to IL-2 (Fig. 3). In contrast to
BYF, each of these selective tyrosine mutants mediated sub-
stantial proliferation; only a subtle compromise in receptor
function was intermittently observed with SY5F and SYG6F.
These results revealed that no single cytoplasmic tyrosine is
essential to growth signaling function, implying that a func-
tional redundancy may exist involving two or more of these
residues.

Either Tyr-392 or Tyr-510 Alone Is Sufficient to Permit IL-
2RB Growth Signaling Function in Pro-B Cells—Previous re-
ports with stable transfectants expressing IL-2R8 mutants had
demonstrated that the “A” segment spanning the first four
cytoplasmic tyrosine residues is dispensable for growth signal-
ing function (38), an observation confirmed in our previous
studies employing the transient assay system in BA/F3 cells
(28). This finding implied that the C-terminal tyrosines (Tyr-
392 and Tyr-510) may be sufficient for full growth signaling. To
evaluate this possibility, a mutant was prepared (S8YF:56Y)
containing substitutions of phenylalanine for the proximal four
tyrosines, leaving the distal tyrosines intact; this mutant me-
diated a full proliferative response to IL-2 in BA/F3 cells (Fig.
3). In contrast, a mutant with phenylalanines replacing exclu-
sively these two distal tyrosines (BY56F) was substantially
impaired in its growth signal transduction capacity in the
BA/F3 cells, further demonstrating the importance of Tyr-392
and Tyr-510 to growth signaling by IL-2RB (Fig. 3).

We further observed that internal deletion of a 119-amino
acid cytoplasmic region of IL-2RB spanning the A region as well
as the contiguous “B” segment exhibited fully preserved growth
signaling (Fig. 3, BAAB), suggesting that the first five tyrosines
are dispensable. In contrast, extension of this deletion to in-
clude the C-terminal region containing the sixth tyrosine
(BAABC) abrogated receptor function (Fig. 3). These results
suggested that the sixth tyrosine (Tyr-510) is sufficient to per-
mit growth signal transduction. Indeed, an IL-2R8 mutant in
which only this single tyrosine was restored in the BYF back-
ground (BYF:6Y) exhibited substantial IL-2 growth signaling
(Fig. 4A).

Although Tyr-510 alone is sufficient for receptor competence,
selective substitution of phenylalanine at this position had
little effect on the signaling function (Fig. 3). These results
strongly implied that at least one other tyrosine site also could
support growth signal transduction, a hypothesis that was
tested by evaluating additional tyrosine add-back mutants.
Interestingly, reconstitution of Tyr-392 (8YF:5Y) substantially
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Fic. 3. Peak proliferative responses of various tyrosine and
deletion mutants of IL-2RB. Transient proliferation assays were
performed as in Fig. 1. Peak [*H]thymidine incorporation is shown as a
percentage of the peak response by SWT transfectants in each assay.
Each value is the mean of triplicate determinations with standard
errors of the mean, and results shown are representative of multiple
independent experiments. BWT, wild type IL-2RB; SYF, tyrosine-nega-
tive IL-2RB; BYIF, B with Tyr-338 (1) mutated to Phe; BY234F, 8 with
Tyr-355 (2), Tyr-358 (3), and Tyr-361 (4) mutated to Phe; BY5F, 8 with
Tyr-392 (5) mutated to Phe; BY6F, B with Tyr-510 (6) mutated to Phe;
BYF:56Y, B with Tyr-338 (1), Tyr-355 (2), Tyr-358 (3), and Tyr-361 (4)
mutated to Phe; BY56F, B with Tyr-392 (5) and Tyr-510 (6) mutated to
Phe; BAAB, 1L-2Rp deleted from amino acid 313-431; BAABC, IL-2R8
truncated after amino acid 312.

-

120000
B. BYF:5Y

A 120
W BafpYF
& 1001 O BaffYF:5Y
23 B BafpYF:6Y 7]
e &
28 801 %
g k.7 V]
o 2 %
g2 601 %
3% 7
Es ‘A
2 401 % %
= g 2 g
204 ] ] 7
107 17
]
0-1 éJ
0 01 R 1 10 100
IL-2 (nM)
Bt

Fic. 5. Signaling function and r t h (! in

stable transfectants expressing n,znp tymlne -dd-bnck mu-
tants. A, BA/F3 cells expressing tyrosine-negative IL-2Rg (BafBYF) or
IL-2Rp tyrosine add-back mutants with restoration of Tyr-392 (BafBYF:
5Y) or Tyr-510 (BafBYF-6Y) IL-2RB chains (BafBYF) were analyzed. A,
[*H]Thymidine incorporation assay with the indicated doses of IL-2, as
described in the legend to Fig. 2. B, tyrosine phosphorylation analysis of
BafBWT (Bwt), BafSYF (BYF), and BaffYF:5Y (BYF:5Y). Anti-IL-2RB
lmmunoprecnpltat.es from cells mmulatcd with IL-2 for 10 min were
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Fic. 4. Proliferative responses of IL-2RS mutants with selec-
tive reconstitution of cytoplasmic tyrosines. Transient prolifera-
tion assays were performed as in Fig. 1. A, BYF:6Y, BYF with Phe-510
(6) back-mutated to Tyr; B, BYF.5Y, BYF with Phe-392 (5) back-mu-
tated to Tyr; C, BYF:234Y, BYF with Phe-355 (2), Tyr-358 (3), and
Tyr-361 (4) back-mutated to Tyr; D, BYF:1Y, BYF with Phe-338 (1)
back-mutated to Tyr. Constructs were prepared by recombination of
cytoplasmic restriction fragments derived from mutants shown in Fig.
3 and were verified by DNA sequence analysis.

restored the IL-2RB signaling function (Fig. 4B). In contrast,
restoration of tyrosines in the first four positions in two addi-
tional add-back mutants (3YF:234Y and BYF:1Y) failed to re-
constitute receptor function (Fig. 4, C and D, respectively).
Importantly, the BYF:56Y, BY56F, BYF:1Y, BYF234Y, BYF:5Y,
and BYF:6Y proteins were all expressed abundantly as de-
tected by immunoblotting analysis (data not shown). Thus,
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j blotting with anti-phosphotyrosine antibody.

either the fifth tyrosine (Tyr-392) or sixth tyrosine (Tyr-510) is
necessary and sufficient for IL-2 growth signaling in BA/F3
cells.

Tyrosine 392 of IL-2RB Is Phosphorylated upon Engagement
of the IL-2R—The present findings indicating a functional role
for certain cytoplasmic tyrosine residues of IL-2RB raised the
important question of whether or not these tyrosine residues
serve as phosphate acceptor sites, a possibility suggested by the
recognition that this chain undergoes rapid tyrosine phospho-
rylation during receptor activation (24, 25). To address this
question, stable transfectants of the BA/F3 line were prepared
using expression plasmids encoding tyrosine add-back mutants
(pBYF:5YNeo and pBYF:6YNeo). Both of the resulting cell lines
(BaffYF:5Y and BafpYF:6Y) proliferated vigorously in IL-2
despite the unresponsiveness of the BafgYF line (Fig. 5). These
results confirmed in permanent BA/F3 cell lines the reconsti-
tution of growth signaling function upon restoration of either
Tyr-392 or Tyr-510.

Phosphorylation studies were next performed using these
stable transfectants. In these experiments, cell lines were
rested without growth factors and then exposed to IL-2. Stim-
ulated cells were lysed, immunoprecipitated with anti-IL-2Rg
monoclonal antibody, and then subjected to immunoblot anal-
ysis with anti-phosphotyrosine antibody. Upon induction with
IL-2 the BaffWT line yielded a strong phosphotyrosine signal
at the appropriate molecular weight for IL-2RB chains,
whereas the BafSYF line yielded no discernible signal (Fig. 5).

o
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Like BafWT, BafgYF:5Y cells also yielded a phosphotyrosine-
containing protein band (Fig. 5B). Since this add-back cell line
expresses IL-2RB chains containing only a single cytoplasmic
tyrosine residue (Tyr-392) with all others replaced by phenyl-
alanine, a phosphotyrosine signal generated in the immunoblot
experiment is clearly attributable to this tyrosine. These re-
sults thus indicated that Tyr-392 of IL-2RB serves as a phos-
phate acceptor site during receptor activation.

Similar experiments were performed with the BafSYF:6Y
line to assess the role of Tyr-510 in receptor phosphorylation.
Surprisingly, no IL-2RB chain tyrosine phosphorylation was
detectable in experiments with cells expressing the Tyr-510
add-back mutant (data not shown). Such experiments were
performed with multiple, independently derived lines, and
stimulations were performed for various lengths of time rang-
ing from 3 to 30 min. It remains possible that this functional
tyrosine residue of IL-2RB does indeed undergo phosphoryla-
tion and that this site is perhaps particularly sensitive to
phosphatase attack after detergent solubilization of the cells.
Nonetheless, phosphorylation of this tyrosine has not yet been
detected (see “Discussion”).

Establishment of EPOR /IL-2R Chimeric Receptors to Study
the Cytoplasmic Domains of the IL-2RB and v, Receptor Sub-
units in T Cells—To permit study of the functional interactions
of the IL-2RB and v, cytoplasmic domains in T lymphocytes
already expressing endogenous IL-2 receptors, we developed a
chimeric receptor system in which the intracellular domains of
interest (derived from IL-2RB and vy.) were fused to an extra-
cellular ligand binding domain not present in the host cell lines
(Fig. 6A). Extracellular domains of the homodimeric EPOR
extracellular domain were employed for this purpose, since the
EPOR, IL-2RB, and vy, subunits are all members of the cytokine
receptor superfamily. Because the EPOR homodimerizes in the
presence of EPO, these chimeric receptors were expected to
promote dimerization of the IL-2RB and/or y, cytoplasmic do-
mains following ligand binding. Plasmids encoding the chi-
meric EPOB and EPOvy receptors expressed proteins of the
predicted masses as detected by immunoblot analysis of lysates
from transfected COS-7 cells (Fig. 6B): the native EPOR and
wild type EPOB and EPOy constructs yielded bands of approx-
imately 70, 75, and 40 kDa, respectively. Frequently protein
doublets were observed with all of these constructs, which
result from variable glycosylation.

The IL-2-dependent murine helper T cell line, HT-2, was
employed for analysis of EPOB and EPOy signaling. Initially,
stable HT-2 transfectants expressing the EPOR, EPOg, or
EPOyv subunits were established. In 24-h [*H]thymidine incor-
poration assays, the EPOR was found to mediate a modest
response to EPO, whereas neither of the chimeric receptor
subunits alone produced a detectable response in multiple
transfected clones (Fig. 6C). The failure of EPOBS and EPOvy to
mediate a response was not due to lack of expression, since
Northern blotting, Western blotting, and radioligand binding
analyses with '2’I.EPO confirmed the expression and ligand
binding competence of these chimeras in the HT-2EPOB and
HT-2EPOy cell lines (data not shown).

Since neither chimera alone (EPOB or EPOy) demonstrated
detectable growth signal transduction, combinations of these
chimeras in HT-2 cells were tested for growth signaling in
response to EPO as a means of promoting heterodimerization of
the IL-2RB and 7y, cytoplasmic tails. For these studies the
transfection assay originally described for BA/F3 cells (28) was
adapted to HT-2 cells. When the EPOy expression plasmid was
introduced by electroporation into multiple HT-2 clones stably
expressing EPOB (HT-2EPOB), addition of EPO without IL-2
produced marked proliferation and vigorous incorporation of
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representation of native (/L-2RB, y., and EPOR) and chlmenc (EPOB
and EPOvy) subunits fused at a Nhel site located i

N-terminal to the tr ane t. Some conserved features of
the cytokine receptor superfamily shown are mdwated (the extncellu-
lar WSXWS sequence and the intracellular signali

Box 1, Box 2, and the intervening V-(variable) Box). B, immunoblot
analysis of native and chimeric receptor subunits. The EPOR and EPOS
variants are shown on the left, and the EPOvy variants are shown on the
right. The BAA, BAAB, and BD258A mutations have been described
(28); in the BYF and yYF cytoplasmic tails all tyrosines (TAC) have been
replaced with phenylalanines (TTC). See Fig. 9 legend for description of
additional mutant y, cytoplasmic tails. C, parental HT-2 cells () or
stable transfectants expressing EPOR, EPOB, or EPOy were stimulated
with either EPO (closed bars, 50 units/ml) or IL-2 (open bars, 10 nM) for
24 h, and [*H]thymidine incorporation was assessed as in Fig. 2. Re-
sults are expressed relative to the level of incorporation occurring with
IL-2 stimulation (100%); error bars represent standard errors of the
mean (n = 3).

[*H)thymidine during the 12-day assay (Fig. 7A). Similarly,
multiple HT-2 clones stably expressing EPOy (HT-2EPOy) dis-
played marked proliferative responses to EPO following intro-
duction of the EPOB expression plasmid (Fig. 7B). Additionally,
double transfectants arising from such experiments were easily
maintained in long term culture by addition of EPO alone,
allowing the isolation of a stable transfected cell line (HT-
2EPOBY) for further studies of early signal transduction
events. Thus, concurrent engagement of both the B and v,

'L
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FiG. 7. Functional analyses of EPOR/IL-2R chimeras. A, parental HT-2 cells or HT-2EPOy cells described in the legend to Fig. 6 were
transfected with the EPOB expression plasmid, selected in EPO (50 unita/ml) without other cytokines, and assayed for growth by measuring
[*H]thymidine incorporation on the indicated days. B, parental HT-2 cells or HT-2EPOg cells described in Fig. 6 were transfected with the EPOy
expression plasmid, selected in EPO, and assayed for growth. C, HT-2EPOYy cells were transfected with the EPOBYF expression plasmid, selected
in EPO, and assayed for growth. Each experiment shown was performed multiple times with similar results. D, to assess phosphorylation of JAK1
during receptor activation, the stable transfectants HT-2EPOBy and HT-2EPOBYF/y were stimulated with no cytokine (—), EPO (E), or IL-2 (2)
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chimeras is required for effective growth signaling, as has been
reported in studies with other chimeric receptors (3, 4).

Tyrosine Residues of IL-2RB Are Required for Full Growth
Signaling in Mature T Cells—The functional contribution of
IL-2Rp cytoplasmic tyrosines in T cells was assessed using the
chimeric receptor system and the HT-2 cell line. HT-2EPOy
cells transfected with expression plasmids encoding either wild
type EPOB or a mutant, tyrosine-negative EPOR/IL-2RB chi-
mera (EPOBYF) were selected in EPO and assessed for prolif-
eration. Unlike the parental EPOB (Fig. 7A), the tyrosine-
negative EPOBYF exhibited no detectable growth response to
EPO (Fig. 7C). Similarly, stable double transfectants of HT-2
expressing both EPOSYF and EPOy demonstrated no prolifer-
ation response to EPO (data not shown). These findings dem-
onstrated that the cytoplasmic tyrosines of the IL-2RpB chain
strongly influence receptor growth signaling independently of
ligand specificity in both pro-B and mature T cells.

To analyze further the disruption in signal transduction by
the BYF mutant, Janus kinase induction in response to recep-
tor engagement was assessed. Lysates prepared from HT-2
cells stimulated with no cytokine, IL-2, or EPO were subjected
to immunoprecipitation with an anti-JAK1 antiserum followed
by immunoblot analysis with an anti-phosphotyrosine anti-
body. Cells expressing chimeric vy, chains and either wild type
chimeric B chains (HT-2EPOBy) or tyrosine-negative B8 chains
(HT-2EPOBYF/y) both exhibited strong induction of JAK1
phosphorylation in response to either ligand (Fig. 7D). Like-
wise, preserved induction of JAK3 phosphorylation by receptor
complexes containing EPOBYF was observed in parallel exper-
iments employing an anti-JAK3 antiserum (data not shown).
Therefore, at least one early phase of receptor-mediated signal-
ing by the BYF mutant is intact despite the failure to achieve
full growth signaling.

Characterization of Cytoplasmic y. Mutant Function in T
Lymphocytes—Development of the chimeric receptor system
also permitted an examination in T cells of the functional
contributions of tyrosine residues and other elements within
the v, cytoplasmic tail. We therefore introduced EPOy mutants
into the HT-2EPOg stable cell line for functional analysis in
the transfection assay. Protein expression from the various
mutant EPOvy chimeric constructs was first verified by immu-
noblot analysis of lysates from transiently transfected COS-7
cells (Fig. 6B). As predicted, the substitution mutant construct
(EPOYYF, see below) produced protein comparable with that of
the wild type EPOy construct, and the deletion mutants
(EPOvy336, EPO¥294, EPOyABox1, and EPOyAV-Box) pro-
duced slightly faster migrating species.

Since tyrosine phosphorylation of the vy, subunit upon ligand
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precipitation with the anti-JAK1 antiserum and immunoblotting with the anti-phosphotyrosine antibody.

binding has been well described (26), we investigated the pu-
tative role of the tyrosine residues present in the y_ subunit by
phenylalanine substitution of all four tyrosine residues
(EPOyYF). Surprisingly, growth signal transduction by
EPO+YF was nearly indistinguishable from that by EPOy both
in transfection assays (Fig. 8, A and B) and in 24-h [*H]thymi-
dine incorporation assays of stable transfectants arising from
transfection of HT-2EPOB cells with the EPOYYF expression
plasmid (Fig. 8, C and D). Thus, the cytoplasmic tyrosine res-
idues of vy, appeared to be dispensable for growth signaling,
which stands in sharp contrast to their importance in the
IL-2RB subunit.

Although the tyrosine residues are non-essential, other re-
gions of the v, cytoplasmic tail proved important for growth
signaling. EPOy mutants truncated at the cell membrane
(EPOYTM) or at the end of the Box 1 (39) homology region
(EPOv294) mediated no detectable proliferation signaling (Fig.
9). Similarly, internal deletion of Box 1 (EPOyABox1), of a
segment with distant relationship to the Box 2 motif
(EPOyABox2), or of the segment connecting Box 1 to Box 2
(EPOyAV-Box), also abolished proliferation signaling. How-
ever, truncation of the y_ subunit at the C-terminal end of the
Box 2 region (EPOv336) resulted in levels of growth signaling
similar to that obtained with the wild type subunit. Thus,
unlike the IL-2RB subunit, the distal portion of the y, subunit
is dispensable for proliferation signal transduction, and full
growth-signaling function resides in the proximal 53 amino
acids containing the Box 1, Box 2, and intervening (V-Box)
segments.

DISCUSSION

Like many other cytokine receptor systems, the binding of
IL-2 to the IL-2R induces the tyrosine phosphorylation of a
variety of intracellular substrates, including the IL-2Rg and vy,
chains (24-26). Although no tyrosine kinase domain is identi-
fiable within the recognized ligand-binding subunits of the
IL-2R, the Janus kinases JAK1 and JAK3 as well as the src
family kinase p56“* and p59”™ are now recognized to associate
noncovalently with the cytoplasmic tails of IL-2R subunits (10,
15, 19, 40). The activation of such receptor-associated kinases
may represent a mechanism for signal transduction that is
fundamentally the same as that for receptors containing intrin-
sic kinase activity. Indeed, as in such kinase-containing recep-
tors, some evidence has accumulated from mutagenesis and in
vitro analyses that certain tyrosine residues of the IL-4
and interferon receptors are crucial for signal transduction
competence (41-44).

The present studies were undertaken to evaluate the poten-
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334. Results are expressed as the incorporation of [*H]thymidine for
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standard errors of the mean (n = 3).

tial regulatory role of cytoplasmic tyrosines of the IL-2R8 and
7. chains. In these studies employing both native and chimeric
receptors, substitution of phenylalanine for all six cytoplasmic
tyrosine residues of IL-2R substantially impaired growth sig-
naling in both a pro-B and a mature T cell line (Figs. 1 and 7).
A panel of add-back mutants revealed that both Tyr-392 and
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Tyr-510 individually exhibit signaling potential in the BA/F3
pro-B cell line while the four more proximal tyrosines demon-
strate no functional capacity in this specific cellular environ-
ment (Fig. 4). We conclude from these experiments that, in
BA/F3 cells, the two C-terminal cytoplasmic tyrosines serve
important but redundant functions in determining the signal
transduction competence of the IL-2R8 chain.

The finding that C-terminal tyrosines of IL-2RB influence
growth signaling in this system appears to contrast with an
earlier report that the IL-2RB segment encompassing these
tyrosines is dispensable for proliferative signaling (38). How-
ever, point substitutions and deletions of identical regions may
have different phenotypic consequences, particularly if the pro-
tein region in question exerts regulatory effects via conforma-
tional changes. For example, the C terminus of IL-2R8 may
negatively regulate proximal domains through steric hin-
drance, which might be relieved by receptor activation. Such a
model would also explain the negative regulatory domain iden-
tified within the EPOR C terminus (45). A deletion mutant
thus may obscure a role of tyrosine residues within this region.
Therefore, we conclude that tyrosines within the IL-2RB cyto-
plasmic tail are indeed important for the growth signaling
competence of IL-2RB.

The mechanism(s) underlying the importance of Tyr-392 and
Tyr-510 to IL-2R function remain uncertain. In the platelet-
derived growth factor receptor system, several distinct signal-
ing pathways are activated selectively by individual phospho-
tyrosine residues through interactions with proteins via SH2
domains (46, 47). Recent reports have described the inducible
binding of p52*"° to the IL-2RB chain upon the binding of IL-2
(48, 49), although the molecular basis of this interaction is
unknown. Similarly, phosphatidylinositol 3-kinase has also
been found to associate with the IL-2RB chain in the presence
of IL-2 (50, 51), an event which may be facilitated by phospho-
rylation of IL-2RB Tyr-392 as revealed in studies with phos-
phopeptides (51). Finally, following completion of the present
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work, we (52) and others (53) have demonstrated that phos-
phopeptides encompassing either Tyr-392 or Tyr-510 are po-
tent and specific inhibitors of the in vitro DNA binding activity
of STAT-5, a STAT factor that is regulated by the IL-2R (52—
54). Interestingly, tyrosine residues of IL-2RB are dispensable
for Janus kinase activation by the IL-2R (Fig. 7D) but are
essential for the effective induction of STAT-5 (52). Together,
these findings are consistent with the popular model of cyto-
kine receptor function (55) in which ligand-induced phospho-
rylation of certain tyrosine residues of the receptor is a critical
step in the generation of downstream intracellular signals.

Convincing demonstration of the significance of this model
for IL-2R function requires identification of the sites of IL-2-
induced tyrosine phosphorylation of IL-2RB in vivo. The pres-
ent studies demonstrated that Tyr-392 serves as a phosphate
acceptor site upon exposure of BA/F3 transfectants to IL-2 (Fig.
5). Unexpectedly we failed to detect phosphorylation of Tyr-510
in parallel experiments. It is possible that this lack of detection
results from technical problems, such as insensitivity of the
assay method or contaminating phosphatase activity released
during cell lysis. Alternatively, this observation may indicate
that Tyr-510 function is entirely independent of its phospho-
rylation status. Indeed, the published evidence supporting a
critical role for receptor phosphotyrosines in the JAK-STAT
pathway is largely circumstantial. For example, experimental
demonstration of direct interactions between STAT factors and
phosphotyrosine-containing receptor segments has proven dif-
ficult in most circumstances, and heavy emphasis has been
placed instead on in vitro peptide approaches (44). Therefore,
the lack of detectable phosphorylation of Tyr-510 in the present
studies raises the possibility that this and perhaps other tyro-
sine residues of IL-2RB exert crucial influences on the tertiary
conformation of IL-2RB independently of their phosphorylation
status. Although we tend to favor the tyrosine phosphoryla-
tion model, rigorous consideration of the published data de-
mands further studies to distinguish effectively between these
interpretations.

Other cytokine receptor superfamily members (1) may sim-
ilarly be influenced by tyrosines. Functionally important tyro-
sine residues within the cytoplasmic domains of the 1L-4 and
interferon-y receptors have been described recently (41-43),
although the significance of IL-4R phosphorylation has been
disputed (56). The functional redundancy described here for the
distal IL-2Rp tyrosines may also be a feature of the human IL-4
receptor that could explain the incomplete impairment of func-
tion reported upon substitution of phenylalanine for Tyr-497 in
the IL-4 receptor (41). Further investigation is needed to clarify
these events within the IL-2R.

The EPOR/IL-2R chimeric system also permitted an assess-
ment of the role of tyrosine and other residues within the y,
cytoplasmic tail for growth signaling in T cells. In contrast to
the IL-2R8 chain, the y, subunit functioned fully in the ab

tional configuration. Of course, it remains possible that com-
ponents involved in other pathways not measured here (such as
differentiation) do indeed depend upon these y, tyrosine sites.

Although the tyrosines of y. proved to be dispensable for
growth signaling by the IL-2R, a panel of truncation and inter-
nal deletion mutants revealed other elements within y. that
are critical for growth signaling in the T cell line. Remarkably,
the C-terminal 33 amino acids of v, are fully dispensable for
growth signaling (Fig. 9), indicating that the proximal 53
amino acids are sufficient for full growth signal transduction.
Mutations within this membrane-proximal region abrogated
signaling function. For example, extension of the truncation
N-terminal to a vestigial “Box 2" motif (39) abolished the sig-
naling function, as did internal deletion of the 14 amino acids
constituting a “Box 1” motif, the 14 amino acids constituting
this vestigial Box 2 motif, or the 26 amino acids connecting Box
1 to Box 2 (V-Box) (Fig. 5). These observations in T cells extend
the studies by others which employed certain truncated 1y,
subunits expressed in heterologous cell types (57-59) and dem-
onstrate clearly that the vy, tail is needed for growth signal
transduction by IL-2R heterodimers in T cells. Importantly, the
impairment of these y. domains undoubtedly contributes to the
pathologic effects manifested in the X-linked severe combined
immunodeficiency syndrome (60).

The recognition that the growth signaling function of v,
resides in a relatively small portion of the cytoplasmic tail and
that this segment functions independently of tyrosine residues
is consistent with the receptor model described above. The
essential, membrane-proximal region of y, has been shown to
be crucial for the assembly of the Janus kinase JAK3 with y_
(10, 40). Perhaps the primary function of y, in the IL-2, IL4,
and other receptors is to convey JAK3 into the receptor complex
upon engagement of the appropriate ligand, which would thus
allow trans-activation of JAK1 and JAK3 bound to their respec-
tive receptor subunits. Subsequent signaling activities may
focus primarily upon the extended cytoplasmic tail of the
unique IL-2RB chain, including the inducible binding and ac-
tivation of specific factors. Further studies are needed to de-
termine whether or not the y_ chain has additional functions in
addition to its conveyance role. One or both of the Janus ki-
nases may be involved in phosphorylation substrates within
the receptor complex. The present findings provide a rationale
for further investigation of these intracellular events.
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Chapter 3

The Molecular Role of the Common y; Subunit in Signal
Transduction Reveals Functional Asymmetry Within
Multimeric Cytokine Receptor Complexes
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Prologue

To understand the structural arrangement of the IL-2 receptor, we examined the
functional role of each receptor subunit within the receptor complex. These studies were
facilitated by the ability to control subunit pairings in the chimeric receptor system.
Furthermore, these experiments were performed concurrently with studies that identified a
novel IL-2-directed signaling event and assigned specific signaling events to particular
elements of the IL-2Rp chain (Chapter 4). These studies demonstrated the separation of
distinct functions between IL-2Rp and y; within the IL-2R complex. Thus, these studies led
to the conception of the “trigger-driver” model which explains the functional basis for the
employment of different receptor subunits within heteromeric receptor complexes. This
general model of cytokine receptor architecture presented here provides testable hypotheses
that directed the studies found in two subsequent chapters (Chapters S and 6). The following
paper, reproduced from the journal in which it was published, details the studies that provide
the basis for the “trigger-driver” model.
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ABSTRACT The specific signal transduction function of
the y. subunit in the interleukin (IL) 2, IL-4, IL-7, IL-9, and
IL-15 receptor complexes remains undefined. The present
structure-function analyses demonstrated that the entire
cytoplasmic tail of y. could be functionally replaced in the
IL-2 receptor (IL-2R) signaling complex by a severely trun-
cated erythropoietin receptor cytoplasmic domain lacking
tyrosine residues. Heterodimerization of IL-2RB with either
¥ or the truncated erythropoietin receptor chain led to an
array of specific signals normally derived from the native
IL-2R despite the substitution of Janus kinase JAK2 for JAK3
in the receptor complex. These findings thus suggest a model
in which the vy, subunit serves as a common and generic
“trigger” chain by providing a nonspecific Janus kinase for
signaling program initiation, while signal specificity is deter-
mined by the unique “driver” subunit in each of the vy,
containing receptor complexes. Furthermore, these results
may have important functional implications for the asymmet-
ric design of many cytokine receptor complexes and the
evolutionary design of receptor subfamilies that share com-
mon trigger or driver subunits.

An emerging paradigm in signal transduction by many classes
of transmembrane receptors is the requirement for dimeriza-
tion of receptor subunits for the generation of effective
signaling (1, 2). Structural studies of the growth hormone
receptor (3) and mutational studies of the erythropoietin
receptor (EPOR) extracellular domain (4, 5) have provided
strong evidence that these receptors asscmble as homodimers
to bind their ligands. Other receptor types exemplified by the
interleukin 2 receptor (IL-2R) are activated by multimeriza-
tion of two or more distinct receptor subunits. Indeed, het-
erodimerization of the [L-2RB and +, subunits, which are both
members of the cytokine receptor superfamily (6, 7), is
sufficient to activate the IL-2R signal transduction program
leading to cellular proliferation (8, 9).

Recent studies have demonstrated the physical association
of various cytoplasmic signaling intermediates with the IL-2R8
and v, subunits, including the Janus kinases JAK! and JAK3,
respectively (10, 11). Ligand binding to a cytokine receptor
complex typically results in the activation of such Janus kinases
leading to phosphorylation and concomitant induction of
STAT factors (signal transducers and activators of transcrip-
tion) (12). Further studies have characterized several STAT-
like DNA binding activitics that are involved in the interleukin
(IL) 2-signaling pathway (13, 14). STAT-5 induction in par-
ticular has been functionally linked to the IL-2RB subunit
through a redundant tyrosine-containing motif found in sev-
eral cytokine receptors (15-17).

The publication costs of this article were defrayed in part by page charge
payment. This articlc must thercfore be hereby marked “advertisement™ in
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The specific function(s) of each receptor subunit within a
dimeric receptor complex and the interplay between these
subunits are not well understood. Furthermore, individual
receptor subunits are frequently shared by multiple receptor
complexes (18). For example, the y. subunit participates in
distinct heterodimers of the IL-2, IL-4, IL-7, IL-9, and IL-15
receptor complexes (11, 19-23), which appears to explain why
many mutations of the y. gene (/L2RG) result clinically in the
X chromosome-linked severe combined immunodeficiency
(24, 25).

Initial structure—function studies have revealed distinct re-
quirements for the cytoplasmic portions of the IL-2Rg and .
subunits for growth signaling (15, 26), which implies that these
chains may play different roles in the IL-2R complex. The
yc-containing subfamily of receptor complexes thus serves as
a useful model for investigating the hypothesis that the prin-
ciple of modularity applies generally to the overall receptor
design, with each subunit in a cytokine receptor heterodimer
subsuming distinct specialized functions. The current studies
were, therefore, undertaken to define the specific role of the
Y. subunit in the IL-2R complex.

MATERIALS AND METHODS

Cell Lines and Reagents. HT-2 cells (American Type Cul-
ture Collection) and stable transfectants were prepared and
maintained as described (26). All receptor cDNAs were sub-
cloned into the expression vectors pCMV4neo (27) or pXM
(5). The anti-phosphotyrosine monoclonal antibody (4G10)
and polyclonal anti-JAK1, anti-JAK2, and anti-JAK3, and
anti-SHC [poly(IgG) control] rabbit antiscra were obtained
from Upstate Biotechnology (Lake Placid, NY). MOPC195
(1gG2b control) and chicken poly(IgG) were from Cappel
Laboratories. Anti-CD25 (3C7) was from PharMingen. Fluo-
resccin-conjugated goat anti-mouse antibody was obtained
from Becton Dickinson. STAT-5 chicken antiserum was pro-
vided by B. Groner (28).

Biological Assays. Twenty-four-hour [*H]thymidine incor-
poration assays were performed as described (26). Transfec-
tion growth assays were performed essentially as described
(27) with erythropoeitin (EPO) (50 units/ml) selection in the
absence of IL-2. For phosphorylation analysis 3 x 107 HT-2
cells were washed in calcium-and-magnesium-free phosphate-
buffered saline (CMF-PBS), stripped of cell-bound ligand for
1 min in 10 mM sodium citrate, pH 4.0/140 mM NaCl, and

Abbreviations: IL, interleukin; IL-2R, IL-2 receptor; EPO, erythro-
poictin; EPOR, EPO receptor; STAT, signal transducer and activator
of transcription; FcyR1, 1gG Fc receptor; EMSA, electrophoretic
mobility shift assay.

*W.X. and S.L.G. contributed equally to this work.
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rested for 4 h in RPMI 1640 medium containing 1% bovine
serum albumin. After stimulation with IL-2 (10 nM) or EPO
(50 units/ml), cells were washed in CMF-PBS and lysed [1%
Nonidet P-40/20 mM Tris"HCI, pH 8.0/150 mM NaCl/50 mM
NaF/100 mM sodium orthovanadate/1 mM phenylmethylsul-
fonyl fluoride/leupeptin (10 mg/ml)/aprotinin (10 mg/ml)/
pepstatin A (1 mg/ml)]. Immunoprecipitations were per-
formed with the appropriate antibodies. Negative control
immunoprecipitations were performed with nonimmune rab-
bit serum (data not shown). Immunoblot analysis was per-
formed with the anti-phosphotyrosine antibody (4G10) by the
manufacturer’s instructions with detection by ECL (Amer-
sham) signal development. For DNA binding studies, 2.5 % 107
HT-2 cells were rested and stimulated as described above.
After cytokine stimulation, mini nuclear extracts were pre-
pared and electrophoretic mobility shift assays (EMSAs) were
performed as described by using the IgG Fc receptor (F.yR1)
STAT response element (15). For surface phenotyping, HT-2
stable transfectants were maintained in HT-2 medium with
EPO (5 units/ml) without IL-2 for at least 48 h. About 1 x 10°
cells per sample were washed twice in PBS and incubated with
anti-CD25 (3C7) for 1 h on ice. After washing twice with
PBS/0.1% fetal calf serum, cells were incubated with the
fluorescein-conjugated goat anti-mouse antibody and analyzed
on a FACScan (Becton Dickinson).

RESULTS

Heterodimerization of IL-2RB and vy, Is Required for
Activation of the JAK-STAT Pathway. The IL-2R signaling
complex was reconstituted in a chimeric receptor system
containing the extracellular portion of the EPOR fused to the
transmembrane and cytoplasmic domains of the IL-2RB and v,
subunits (26). Stable transfectants expressing either the EPOB
or EPOYy subunits individually or together were established in
HT-2 cells, an IL-2-dependent helper T-cell line. In 24-h
(*H]thymidine incorporation assays, neither of these chimeric
receptor subunits alone mediated a detectable proliferative
response (Fig. 1A4). In contrast, HT-2 cells expressing both
EPOgB and EPOYy subunits concurrently demonstrated a strong
proliferation signal in response to EPO and were sustainable
in long-term culture with EPO (Fig. 14). Thus, as reported by
others (8, 9), heterodimerization of the IL-2RB and v, subunits
is necessary and sufficient for IL-2R-mediated growth signal-
ing in T cells.

To determine the molecular mechanisms of signal transduc-
tion upon receptor subunit heterodimerization, we examined
one of the carliest events in IL-2R activation, the phosphor-
ylation of JAK1 and JAK3, Janus kinases that are physically
associated with the IL-2RB and 7. subunits, respectively (10,
11, 29-31). Anti-phosphotyrosine immunoblot analysis of
JAKI and JAK3 immunoprecipitates from HT-2 stable trans-
fectant cell lines confirmed the phosphorylation of these
kinases upon IL-2 stimulation through activation of endoge-
nous IL-2R (Fig. 1B). In contrast, EPO stimulation of stable
transfectants expressing either EPOB or EPOYy alone induced
no detectable response. However, EPO-induced tyrosine phos-
phorylation of both JAK1 and JAK3 was restored when EPOS
and EPOYy were expressed together in the same cell (Fig. 1B8).
Therefore, Janus kinase induction occurs concomitantly with
ligand-induced heterodimerization of the IL-2Rp and v, sub-
units.

We further evaluated the role of heterodimerization in
downstream signaling events by examining the induction of
STAT DNA-binding activity to a probe corresponding to the
F.yR1 STAT response element in an EMSA. Stimulation of
HT-2 cells with IL-2 induced a DNA-binding complex with the
F.yR1 probe as observed (15), but no activity was detectable
in EPO-stimulated cells expressing either EPOB or EPOy
alone (Fig. 1C). A similar specific DNA-binding activity was
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Fic. 1. Heterodimerization of IL-2RB and v, results in prolifera-
tion and activation of the JAK-STAT pathway. (4) Stable HT-2
transfectants were stimulated with EPO in [*H]thymidine incorpora-
tion experiments. Results arc expressed as a percentage of IL-2-
induced incorporation for each respective line; error bars represent the
SEM (n = 3). (B) Lysates from HT-2 stable cell lines rested (lanes 0)
or stimulated with EPO (50 units/ml) or IL-2 (10 nM) were subjected
to immunoprecipitation with anti-JAKI1 (Upper) or anti-JAK3 (Lower)
antisera. Immunoblot analysis was performed with an anti-
phosphotyrosine antibody (4G10). The arrows highlight the bands
representing JAK1 and JAK3, respectively. (C) EMSA of nuclear
extracts from cell lines as described above that were unstimulated
(lanes —) or treated with IL-2 (lane 2) or EPO (lanes E). The arrow
indicates the band representing the IL-2-specific DNA-binding factor.
Competition was performed with unlabeled FcyR1 probe (lane 10),
4G10 (lane 12), and the isotope-matched control antibody MOPC195
(lanc 11).

induced by EPO in cells expressing both EPOB and EPOy
(HT-2EPOpYy) cells with rapid induction kinctics similar to
those of known STAT factors (Fig. 1C and ref. 15); this activity
was abolished specifically by incubation with an anti-
phosphotyrosine antibody (Fig. 1C) and was partially super-
shifted by an antibody to STAT-5 (Fig. 2D), but not repro-
ducibly by control antibodies or antibodies to other known
STAT factors (ref. 15 and data not shown). This chimeric
receptor system thus appears to recapitulate the early and late
IL-2R signal transduction program.

The vy, Subunit Is Replaceable in the IL-2R Complex for
Growth Signaling. Previous studies revealed that the vy, func-
tion is largely independent of its C-terminal 35 amino acids and
of tyrosine residues throughout its intracellular tail (15, 26).
Given the minimal structural requirements for y. signaling
competence, we hypothesized that the y. chain performs a
general role in signaling activation, rather than a specific role
in defining the signaling program of the IL-2R and other
receptor complexes that utilize y.. To evaluate this hypothesis,




Immunology: Lai et al.

we explored the consequences of substituting another receptor
subunit for y. in the IL-2R complex. Specifically, a severely
truncated EPOR mutant, EPOR(1-321) was introduced as a
replacement for the <. subunit. This EPOR(1-321) mutant
contains only the 73-amino acid membrane-proximal cytoplas-
mic region that mediates association with JAK2 (32) but lacks
the C-terminal 162 amino acids including all of the tyrosine
residues that could bind STAT factors or other SH2-
containing signaling intermediates. Expression of either EPOB
or the truncated EPOR(1-321) mutant alone in HT-2 cells was
not sufficient for proliferation signaling in response to EPO as
measured in 24-h [*H]thymidine incorporation assays (Figs.
1A and 2A). In contrast, the hybrid EPOB/EPOR(1-321)
complex effectively supported full growth signaling and sus-
tained long-term proliferation of these cells in response to
EPO (Fig. 2A). Finally, expression of the EPOR(1-321) in an
HT-2 cell line expressing EPOy did not restore growth sig-
naling (data not shown). Thus, like truncated 7y, subunits (ref.
26 and data not shown), the proximal portion of the EPOR
cytoplasmic tail can functionally replace the y. chain for
proliferation signaling in the EPOB/EPOR(1-321) het-
erodimer.

JAK3 Is Functionally Replaceable by JAK2 in the IL-2R
Complex. The intracellular signals derived from the EPOS/
EPOR(1-321) heterodimer were next analyzed by examining
the pattern of Janus kinase activation. IL-2 stimulation of the
native IL-2R complexes in the HT-2EPOB/EPOR(1-321)
cells resulted in the induction of JAK1 and JAK3 (Fig. 2B), as
expected. However, EPO stimulation resulted in phosphory-
lation of JAKI and JAK2, but not of JAK3; although the
phosphorylation of JAK1 by this hybrid receptor appears to be
somewhat less than that by the native IL-2R, quantitative
comparisons are difficult in this system. These results are
consistent with the fact that JAKI physically associates with
IL-2RB and JAK2 associates with EPOR. The absence of
JAKS3 phosphorylation is expected due to the exclusion of y.
from the EPOB/EPOR(1-321) heterodimers.

The significance of JAK2 activation in the receptor complex
for growth signaling was emphasized further by comparing the
signaling capabilities of various EPOR mutants paired with the
EPOR subunit. As with the stable EPOB/EPOR(1-321) trans-
fectant, expression of the truncated EPOR(1-321) mutant in
the HT-2EPOB cell line restored full growth signaling as
measured in a transient transfection assay (Fig. 2C). However,
expression of a more severely truncated EPOR chain
[EPOR(1-256)] lacking the conserved domains responsible for
JAK2 binding (4) was incapable of growth signaling when
paired with EPOB (Fig. 2C), supporting the requirement for
concurrent activation of JAK2. In addition, expression of
EPOR-W282R, an EPOR mutant that cannot activate JAK2
kinase function (32, 33), failed to reconstitute the proliferative
signal in HT-2EPOB cells (Fig. 2C). Therefore, growth sig-
naling by EPOB requires dimerization with a second receptor
chain that is competent to convey a functional Janus kinase
into the receptor complex.

As demonstrated, the stimulation of the EPOB subunit
alone did not activate any detectable STAT DNA-binding
activity (Fig. 1C). Furthermore, no STAT factors were induced
upon EPO stimulation of the EPOR(1-321) chain alone (Fig.
2D). In contrast, STAT-5 was strongly induced upon stimula-
tion of both the EPOB/EPOy and the hybrid EPOB/EPOR(1-
321) receptor heterodimers. No other recognized STAT fac-
tors have been detected in these complexes by supershift
analyses with available STAT-specific antibodies (data not
shown). Thus, these experiments confirm that replacement of
¥. and JAK3 by the EPOR(1-321) and JAK2 results in a
signaling program that faithfully recapitulates the events de-
rived from the native 1L-2RB~y. complex.

Induction of the IL-2Ra (CD25) Subunit Expression Re-
quires the IL-2R8 Subunit but Not .. To determine whether
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Fi1G. 2. Specificity of IL-2R-derived signals is driven by the IL-2RB
subunit. (4) [*H]Thymidine incorporation assays were performed as
described in Fig. 1. (B) Lysates of unstimulated (lanes 0), IL-2-
stimulated (IL-2). or EPO-stimulated (EPO) cells were subjected to
serial immunoprecipitation for JAK1, JAK3, and JAK2. Immunoblot
analysis was performed with the anti-phosphotyrosine antibody. Ar-
rows highlight the bands representing JAKI1, JAK2, and JAK3,
respectively. (C) Transfection assay of HT-2EPOg cells with the
indicated expression plasmids. (D) EMSA of nuclear extracts from
unstimulated (lanes —), EPO-stimulated (lanes E), or IL-2-stimulated
(lane 2) cell lines. Large arrow indicates the IL-2-induced STAT-5
factor; small arrow indicates complex supershifted by STAT-5 anti-
body. Competition was performed with the STAT-5 antibody (lanes 4
and 11) and a poly(IgG) control (lanes 3 and 10).

other aspects of the signaling program are similarly linked to
the IL-2RB subunit, an IL-2-inducible transcriptional event
was examined in the context of the hybrid EPOB/EPOR(1-
321) receptor. Like other T cells (34), HT-2 cells up-regulate
the transcription and subsequent cell surface expression of
IL-2Ra (CD25) in response to ligand-mediated activation of
the IL-2R (35). Accordingly, the HT-2EPOBy cell line dem-
onstrated increased surface expression of IL-2Ra in response
to EPO (Fig. 3) or IL-2 (data not shown). In contrast,

e




234 Immunology: Lai er al.

mber

Relative Cell Nui

10 10' 102 10° 10* 10° 10’

HT-2EPOBY HT-2EPOR

Proc. Natl. Acad. Sci. USA 93 (1996)

HT-2EPOREPOR(1-321)

102 10° 10* 10° 10’ | 100 104

Fluorescence

FiG. 3. Induction of IL-2Ra (CD25) depends upon IL-2RB. Cells were stained with the anti-CD25 monoclonal antibody 3C7 (solid line) or
isotype-matched control antibody (broken line) and assayed by flow cytometry.

HT-2EPOR cells showed negligible expression of IL-2Ra in
the presence of EPO (Fig. 3). Notably, the EPO-stimulated
HT-2EPOB/EPOR(1-321) cell line expressed the IL-2Ra sub-
unit at levels similar to the HT-2EPOBy cell line. These results
further demonstrate that the signals from the hybrid EPOB/
EPOR(1-321) receptor are indistinguishable from the IL-2R-
derived signals and specifically depend upon the IL-2Rg subunit
and its associated signaling molecules, rather than upon ..

DISCUSSION

By using a chimeric receptor system, we have analyzed further
the molecular mechanisms of heterodimeric receptor signal-
ing. Surprisingly, a truncated EPOR mutant and its associated
JAK2 can act in concert with the IL-2R cytoplasmic subunit
without altering the specificity of the resultant signaling events.
Coliectively, these results with the IL-2R as a model system
provide insights into the specific functional architecture of
Yc-containing receptors and suggest certain design principles
that may apply to other dimeric receptor systems.

() By all examined criteria, the cytoplasmic domain of the
Y. subunit appears to be replaceable by a severely truncated
EPOR cytoplasmic tail. Although it remains possible that the
Y. chain itself regulates functions not measured in these studies
(36), the y. subunit appears to be largely dispensable for a
variety of IL-2-specific signals, including proliferation of a
T-cell line, induction of a STAT factor, and transcriptional
regulation of the IL-2Ra gene. The only important functional
element of the vy subunit appears to be the JAK-binding
domain, rather than the tyrosine residues or other C-terminal
motifs. Therefore, it is possible that the y. chain serves
primarily to transport a Janus kinase into the receptor complex
for initiation of the signaling cascade.

(it) The pairing of Janus kinases in a dimeric receptor
appears to be governed by certain rules of compatibility.
Specifically, while both the JAK1-JAK3 (IL-2RB-v.) and the
JAKI-JAK?2 pairs [EPOB/EPOR(1-321)] effectively mediate
signal transduction, homodimerization of either JAK1 (EPOB)
or JAK3 (EPOy) in this setting is ineffective (Fig. 1B). Thus,
Janus kinase pairings in a functional receptor complex are
characterized by substantial, though incomplete, flexibility. Fur-
thermore, Janus kinases within a receptor complex exhibit over-
lapping substrate specificities. For example, an IL-2R complex
retains signal transduction competence and specificity despite
activation of JAK2 rather than JAK3, although the small de-
crease in JAK1 phosphorylation by the hybrid receptor may
reflect somewhat imperfect substitution of JAK3 by JAK2. The
present direct demonstration is nonetheless consistent with prior
circumstantial evidence of such kinase flexibility (15-17, 28).
Thus, signal transduction specificity is determined largely by
factors other than the specific Janus kinases.

(iif) The present findings clearly implicate the IL-2R chain
as the subunit responsible for specificity in many aspects of
IL-2R signal transduction. Unlike the y. chain, the C-terminal
region of the IL-2R is critical for specification of the subse-
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quent signaling program, presumably through the tyrosine-
containing motifs. In the case of the JAK-STAT pathway, the
different pairs of Janus kinases activated by either the EPOB/
EPOv or the EPOB/EPOR(1-321) receptor complexes result
in the induction of the same STAT factor. This interaction
provides a biochemical mechanism by which specificity is
regulated through an individual receptor subunit, as suggested
by recent studies identifying tyrosine-based motifs that deter-
mine STAT factor binding to a receptor (15, 17, 37).

Thus, receptor heterodimers appear to manifest a modular
architecture. In the case of the IL-2R, the IL-2RB subunit
functions as the “driver” subunit in the receptor complex by
defining the exact nature of the signaling program through
specific intracellular motifs, while the vy, subunit may function
predominantly as a relatively nonspecific “trigger” element in
the initiation of signal transmission (Fig. 4). Although it
remains to be determined whether v, contributes any signaling
specificity whatsoever, it is tempting to speculate that other
multimeric cytokine receptors employ a similar degree of
subunit specialization. The structure—function features of the
interferon y receptor appear to follow such principles (38-40).
Other members of the cytokine receptor superfamily with
short cytoplasmic tails such as MPL (41), the interferon a
receptor (42), or the low-affinity IL-12 receptor (43) may also
serve as trigger subunits in their respective receptor com-
plexes. In the case of homodimeric receptors, each subunit may
function as a trigger chain for its partner subunit.

IL-3Ra
Convergent| fi GM-CSFRa
IL-5Ra

FiG. 4. Heterodimeric receptors regulate signal transduction spec-
ificity through two distinct evolutionary strategies. Members of “di-
vergent” receptor subfamilies share a common “trigger” chain in-
volved in signaling initiation, while members of “convergent” subfam-
ilies share a common “driver” subunit that binds specific signaling
intermediates. The figure depicts receptor heterodimerization leading
1o Janus kinase (JAK) dimerization and activation, receptor tyrosine
phosphorylation, and STAT factor (STAT) association with a phos-
photyrosine motif in the cytoplasmic tail of the “driver” subunit.
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(iv) Finally, two basic variations are now recognizable in the
evolutionary design of receptor subfamilies employing a
shared subunit (Fig. 4). In a “‘convergent” type of architecture,
multiple cytokines exploit the same signal transducing or
driver reccptor subunit and its associated signaling program.
For example, members of the IL-3/IL-5/granulocyte/
macrophage colony-stimulating factor (GM-CSF) receptor
subfamily utilize a common signal transduction subunit (i.e.,
Bc) and the members of this subfamily all regulate the induc-
tion of the same STAT activity (44, 45). A similar shared driver
function may apply to the IL-4 and IL-13 receptors (data not
shown). In a “divergent” arrangement now exemplified by the
IL-2/1L-4/1L-7/1L-9/IL-15 receptor subfamily, the common
chain (i.e., y.) provides a general trigger function, while the
specialized driver receptor subunits activate distinct signaling
events. Specifically, engagement of the receptors for IL-2, IL-4,
and IL-9 results in activation of distinct profiles of STAT
factors (refs. 15, 16, 46, and 47 and data not shown). Therefore,
despite shared use of the vy, chain, these receptor complexes
exhibit distinct downstream signaling events, reflecting the
presence of different driver subunits containing specific ty-
rosine-based motifs. Certain other receptors (e.g., the gp130/
LIFRB subfamily) may exhibit features of both the divergent
and convergent strategies. Further studics may delineatc ad-
ditional receptor subfamilies that utilize a common trigger or
driver subunit, and the use of structure-function polarity
within such receptors to execute specific signaling programs.

We thank Drs. M. Stinski and M. Feinberg for kindly providing
expression vectors, Chiron Corp. for the gift of IL-2, and Dr. B. Groner
for the STAT-S antiserum. We appreciate the insightful comments of
Dr. D. Pearce and J. Alexander. We acknowledge the excellent
assistance of Mr. Michacl Ccniceros and Mr. John Carroll in the
preparation of this manuscript. Support for this work was provided by
the J. David Gladstone Institutes. S.Y.L. is in the National Institutes
of Health Medical Scientist Training Program and the Biomedical
Scicnces Program at the University of California, San Francisco, and
K.D.L. is in the National Institutcs of Hcalth Medical Scientist
Training Program and the Program in Biological Sciences.

Heldin, C.-H. (1995) Cell 80, 213-223.

Ulirich, A. & Schlessinger, J. (1990) Cell 61, 203-212.

de Vos, A, Ultsch, M. & Kossiakoff, A. A. (1992) Science 258,

306-312.

Watowich, S. S., Hilton. D. J. & Lodish, H. F. (1994) Mol. Cell.

Biol. 14, 3535-3549.

5. Yoshimura, A., Longmore. G. & Lodish, H. F. (1990) Nature

(London) 348, 647-649.

Bazan, J.-F. (1990) Proc. Natl. Acad. Sci. USA 87, 6934-6938.

Murakami, M., Narazaki, M., Hibi, M., Yawata, H., Yasukawa,

K., Hamaguchi, M., Taga, T. & Kishimoto, T. (1991) Proc. Natl.

Acad. Sci. USA 88, 11349-11353.

8. Nakamura, Y., Russell, S. M., Mess, S. A., Fricdmann, M., Erdos,
M., Francois, C., Jacques, Y.. Adelstein, S. & Leonard, W.J.
(1994) Nature (London) 369, 330-333.

9. Nelson, B. H., Lord, J. D. & Greenberg. P. D. (1994) Nature
(London) 369, 333-336.

10. Miyazaki, T.. Kawahara, A., Fujii, H., Nakagawa, Y., Minami, Y.,
Liu, Z.-J., Oishi, L., Silvennoinen, O., Witthuhn, B. A, Ihic, J. N.
& Taniguchi, T. (1994) Science 266, 1045-1047.

11. Russell, S. M., Johnston, J. A., Noguchi, M., Kawamura, M.,
Bacon, C. M., Friedmann, M., Berg, M., McVicar, D. W., Wit-
thuhn, B. A.. Silvennoinen, O., Goldman, A.S., Schmalstieg.
F.C., Ihle, J.N., O'Shea, J. J. & Leonard, W. J. (1994) Science
266, 1042-1045.

12. Darnell, J. E., Kerr, I. M. & Stark, G. R. (1994) Science 264,
1415-1421.

13. Beadling, C., Guschin, D., Witthuhn, B. A., Zicmiccki. A.. lhic.
J.N., Kerr, I. M. & Cantrell, D. A. (1994) EMBO J. 13, 5605-5615.

14.  Gilmour, K. C. & Reich, N. C. (1994) Proc. Natl. Acad. Sci. USA
91, 6850-6854.

15. Gaffen, S.L., Lai, S. Y., Xu, W, Gouillex, F., Groner, B,

Goldsmith, M. A. & Greene, W. C. (1995) Proc. Natl. Acad. Sci.

USA 92, 7192-7196.

> N

No

35

18.

19.

20.
21.
22.

23.

24,

26.

27.

29.

3.
32.
33.

3s.

36.
37.
38.

39.

41.

42,
43,

4s.
46.

47.

Proc. Natl. Acad. Sci. USA 93 (1996) 235

Hou, J., Schindler, U., Henzel, W. J., Wong, S. C. & McKnight,
S. L. (1995) Immunity 2, 321-329.

Lin, J.-X., Migone, T.-S., Tsang, M., Fricdmann, M., Weather-
bee, J. A, Zhou, L., Yamauchi, A., Bloom, E. T., Mictz, J., John,
S. & Leonard, W. J. (1995) Immunity 2, 331-339.

Miyajima, A., Kitamura, T., Harada, N., Yokota, T. & Arai, K.
(1992) Annu. Rev. Immunol. 10, 295-331.

Giri. J. G., Ahdich, M., Eisenman, J.. Shancbeck, K., Grabstcin,
K.. Kumaki, S., Namen, A., Park, L. S., Cosman, D. & Anderson,
D. (1994) EMBO J. 13, 2822-2830.

Kondo, M., Takeshita, T., Higuchi, M., Nakamura, M., Sudo. T.,
Nishikawa, S. & Sugamura, K. (1994) Science 263, 1453-1454.
Kondo, M., Takeshita, T., Ishii, N., Nakamura, M., Watanabc, S..
Arai, K.-I. & Sugamura, K. (1993) Science 262, 1874-1877.
Noguchi, M., Nakamura, Y., Russcll, S. M., Ziegler, S. F., Tsang,
M., Cao, X. & Leonard, W. J. (1993) Science 262, 1877-1880.
Russell, S. M., Keegan, A. D., Harada, N., Nakamura, Y., Nogu-
chi, M., Leland, P., Friedmann, M. C., Miyajima, A., Puri, R. K.,
Paul, W. E. & Leonard, W. J. (1993) Science 262, 1880-1883.
Noguchi, M., Yi, H., Rosenblatt, H. M., Filipovich, A. H., Ad-
clstein, S., Modi, W. S., McBride, O. W. & Lconard, W. J. (1993)
Cell 73, 147-157.

Puck, J. M., Deschenes, S. M., Porter, J. C., Dutra, A. S., Brown,
C.J.. Willard, H. F. & Henthorn, P.S. (1993) Hum. Mol. Genet.
2, 1099-1104.

Goldsmith, M. A,, Lai, S. Y., Xu, W., Amaral, M. C., Kuczek,
E.S. Parent, L. J., Mills, G. B, Tarr, K. L., Longmore, G.D. &
Greene, W. C. (1995) J. Biol. Chem. 270, 21729-21737.
Goldsmith, M. A., Xu, W., Amaral, M. C., Kuczek, E.S. &
Greene, W. C. (1994) J. Biol. Chem. 269, 14698-14704.
Wakao, H., Gouilleux, F. & Groner, B. (1994) EMBO J. 13,
2182-2191.

Johnston, J. A,, Kawamura, M., Kirken, R. A,, Chen, Y., Blake,
T. B., Shibuya, K., Ortaido, J. R., McVicar, D. W. & O'Shea, J. J.
(1994) Nature (London) 370, 151-153.

Tanaka, N., Asao, H., Ohbo, K., Ishii, N., Takeshita, T., Naka-
mura, M., Sasaki, H. & Sugamura, K. (1994) Proc. Natl. Acad. Sci.
USA 91, 7271-7275.

Witthuhn, B. A., Silvennoinen, O., Miura, O., Lai, K. S., Cwik, C.,
Liu, E. T. & Ihie, J. N. (1994) Nature (London) 370, 153-157.
Witthuhn, B. A., Quellc, F. W., Silvennoinen, O., Yi, T., Tang, B.,
Miura, O. & Ihle, J. N. (1993) Cell 74, 227-236.

Miura, O., Cleveland, J. L. & Thle, J. N. (1993) Mol. Cell. Biol. 13,
1788-1795.

Goldsmith, M. A. & Greene, W. C., in The Interleukin-2 Receptor,
eds. LeRoith, D. & Bondy, C. (JAI, Greenwich, CT), in press.
Ruegemer, J. J., Ho, S. N, Augustine, J. A., Schlager, J. W., Bell,
M. P., McKean, D. J. & Abraham, R. T. (1990) J. Immunol. 144,
1767-1776.

Asao, H., Takeshita, T., Ishii, N., Kumaki, S., Nakamura, M. &
Sugamura, K. (1993) Proc. Natl. Acad. Sci. USA 90, 4127-4131.
Stahl, N., Farruggella, T. J., Boulton, T. G., Zhong, Z., Darnell,
J. E., Jr.. & Yancopoulos, G. D. (1995) Science 267, 1349-1353.
Bach, E. A., Aguct, M. & Schreiber, R. D. (1995) FASEB J. 9,
A1021 (abstr.).

Farrar, M. A., Campbell, J. D. & Schreiber, R. D. (1992) Proc.
Nail. Acad. Sci. USA 89, 11706-11710.

Greenlund, A.C., Farrar, M. A., Viviano, B. L. & Schreiber,
R. D. (1994) EMBO J. 13, 1591-1600.

Vigon, 1., Mornon, J.-P., Cocault, L., Mitjavila, M.-T., Tam-
bourin, P., Gisselbrecht, S. & Souyri, M. (1992) Proc. Natl. Acad.
Sci. USA 89, 5640-5644.

Uze, G., Lutfalla, G. & Gresser, 1. (1990) Cell 60, 225-234.
Chua, A. O., Chizzonite, R., Desai, B. B., Truitt, T. P., Nunes, P.,
Minetti, L. J., Warrier, R. R., Presky, D. H,, Levine, J. F., Gately,
M. K. & Gubler, U. (1994) J. Immunol. 153, 128-136.
Gouilleux, F., Pallard. C., Dusanter-Fourt, 1., Wakao, H., Hal-
dosen, L.-A., Norstedt, G., Levy, D. & Groner, B. (1995) EMBO
J. 14, 2005-2013.

Mui, A.L.-F.. Wakao, H., O'Farrell, A.-M., Harada, N. &
Miyajima, A. (1995) EMBO J. 14, 1166-1175.

Hou, J., Schindler, U., Henzel, W. J.. Ho, T. C., Brasseur, M. &
McKnight, S. L. (1994) Science 265, 1701-1706.

Yin, T., Tsang, M. L.-S. & Yang, Y.-C. (1994) J. Biol. Chem. 269,
26614-26617.

B

..



Chapter 4

Signaling Through the Interleukin 2 Receptor § Chain
Activates a STAT-5-like DNA-Binding Activity

Distinct Tyrosine Residues Within the Interleukin-2 Receptor 8 Chain
Drive Signal Transduction Specificity, Redundancy, and Diversity
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Prologue

With the establishment of the chimeric receptor system, our evaluation of the IL-2
receptor complex focused upon two related goals. First, evaluation of functional roles of
the receptor subunits within the IL-2R complex led to the trigger-driver model (Chapter 3).
This molecular dissection relied upon previous structure/function analysis of the receptor
subunits themselves (Chapter 2) (1,2). Another goal of these studies was to identify other
signaling molecules involved in IL-2R signaling processes and to delineate the subunit
elements associated with these cytoplasmic intermediates. Moreover, mapping of specific
signaling events to the IL-2Rp subunit provides further confirmation of the “trigger-driver”
model.

The following chapter includes two papers, reproduced from the journals in which
they were published. During a very productive period in our laboratory, I was fortunate to
collaborate with a postdoctoral fellow, Sarah Gaffen, on the studies described in chapters 3
and 4. While I led the studies described in chapter 3, Sarah was responsible for directing the
work in this chapter. Many of the experiments performed for the studies in these chapters
were performed by both of us for independent confirmation. The first paper in this chapter
describes the identification of the STAT factor activated by the IL-2R complex. The second
paper describes the assignment of specific proximal signaling events to particular tyrosine
residues of the IL-2Rp subunit.

References
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ABSTRACT To explore the possible involvement of STAT
factors (“signal transducers and activators of transcription”)
in the interleukin 2 receptor (IL-2R) signaling cascade, mu-
rine HT-2 cells expressing chimeric receptors composed of the
extracellular domain of the erythropoietin receptor fused to
the cytoplasmic domains of the IL-2R$ or -y, chains were
prepared. Erythropoietin or IL-2 activation of these cells
resuited in rapid nuclear expression of a DNA-binding activity
that reacted with select STAT response elements. Based on
reactivity with specific anti-STAT antibodies, this DNA-
binding activity was identified as a murine homologue of
STAT-S. Induction of nuclear expression of this STAT-5-like
factor was blocked by the addition of herbimycin A, a tyrosine
kinase inhibitor, but not by rapamycin, an immunophilin-
binding antagonist of IL-2-induced proliferation. The IL-2R8
chain appeared critical for IL-2-induced activation of STAT-S,
since a mutant B8 chain lacking all cytoplasmic tyrosine
residues was incapable of inducing this DNA binding. In
contrast, a y. mutant lacking all of its cytoplasmic tyrosine
residues proved fully competent for the induction of STAT-S.
Physical binding of STAT-S to functionally important tyrosine
residues within IL-2RB was supported by the finding that
phosphorylated, but not nonphosphorylated, peptides corre-
spoading to sequences spanning Y392 and Y510 of the IL-2R8
tail specifically inhibited STAT-5 DNA binding.

The cytokine interleukin 2 (IL-2) plays a central role in the
immune response, serving as a primary regulator of T-cell
proliferation and differentiation as well as a mediator of NK-
and B-cell development and differentiation (1, 2). The IL-2
receptor (IL-2R) is a multisubunit complex composed of three
recognized proteins, a, 8, and a common chain, y., shared with
the IL-4, IL -7, IL-9, and IL-1S5 receptors (3-6). The IL-2R8
and -vy. chains contain cytoplasmic domains of 385 and 86
amino acids, respectively, and are sufficient to transduce
signals after IL-2-mediated dimerization (7-9). In particular,
the cytoplasmic domain of the IL-2RB chain is associated with
the Janus-family kinase JAK1, while v is found with JAK3 (10,
11). Thus, a major early signaling event produced by IL-2
binding is tyrosine phosphorylation of several substrates,
including the IL-2RB and -y. chains themselves as well as
JAKI1 and JAK3 (12-15).

Cytokine receptors and their associated JAKs have been
shown to mediate tyrosine phosphorylation and concomitant
activation of STAT factors (*signal transducers and activators
of transcription”) (reviewed in ref. 16), which are found in a
latent, unphosphorylated state in the cytoplasm (17, 18). Upon
receptor stimulation, they likely physically associate with the
activated receptor tail through their SH2 domains (19, 20),
become phosphorylated, dissociate from the receptor, and
then dimerize via these SH2 domains (21). Dimerization is

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
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thought to allow nuclear import, where the STAT factors
subsequently regulate transcription of target genes. At least
four STAT response clements are the targets of a rapidly
induced DNA-binding activity after IL-2R stimulation (22-
26). Thus, to study the role of STAT factors in IL-2 signaling,
we made use of an IL-2R signaling system in the IL-2-
dependent, CD4* murine T-cell line HT-2. In this system,
chimeric receptors containing the extracellular domain of the
erythropoietin (EPO) receptor fused to the transmembrane
and cytoplasmic domains of the IL-2RB and -y, chains (EPOB
and EPOv) are stably expressed in HT-2 cells. Heterodimer-
ization of EPOB/EPOy results in proliferation and induced
phosphorylation of the IL-2R and JAK1 and JAK3 (M.A.G,,
S.Y.L, W.X,, and W.C.G., unpublished data). With this sys-
tem, mutations in the B and y. receptors can be readily
introduced into the cellular context of the IL-2-dependent
HT-2 cells and their functional consequences assessed.

The present studies demonstrate that IL-2R ligation in HT-2
cells induces binding of a STAT-5-like factor to specific STAT
response elements. STAT-5 induction is strictly dependent on
the IL-2RB chain; however, its induction appears to be insuf-
ficient to trigger proliferation signaling.

MATERIALS AND METHODS

Cell Culture, Preparation of Cell Lines, and Cytokine
Stimulations. HT-2 transfectant cell lines were prepared as
will be reported elsewhere. HT-2 cells were cultured in RPMI
1640 medium, 10% fetal bovine serum (FBS) (GIBCO/BRL),
2 mM glutamine, 0.05 mM 2-mercaptoethanol, and 1 nM
recombinant IL-2 (rIL-2) (Chiron). HT-2EPOBy, HT-2EPOS/
¥YF, HT-2EPOBAA/y, and HT-2EPOBAAB/y cells were
grown in this medium with 5 units of EPO per ml (Amgen) in
place of IL-2. HT-2EPOBYF/y stable transfectants were
obtained by selection in hygromycin B (Boehringer Mann-
heim) and clones were selected by limiting dilution. HeLa cells
were grown in Dulbecco’s modified Eagle medium with 10%
FBS. For cytokine stimulations, cells were washed twice in
phosphate-buffered saline (PBS), stripped by a 30-sec incuba-
tion in 10 mM sodium citrate and 140 mM NaCl, and incubated
for 4 hr in serum- and growth factor-free RPMI 1640 medium
containing 1% bovine serum albumin (fraction V, Sigma).
Stimulations were for various periods of time (typically 15 min)
with 10 ng of interferon y per ml (IFN-v; PharMingen), 10 nM
IL-2, or 50 units of EPO per ml in serum- and growth
factor-free media. Herbimycin A (HA; BRL) and rapamycin
(Calbiochem) were added 4 hr prior to and maintained during
cytokine stimulations.

Abbreviations: IL, interleukin; R, receptor; EMSA, electrophoretic
mobility shift assay; HA, herbimycin A; PRL, prolactin; STAT, signal
transducer and activator of transcription; EPO, erythropoietin; IFN,
interferon; JAK, Janus kinase; FBS, fetal bovine serum,; r, recombi-
nant.

#To whom reprint requests should be addressed.
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Nuclear Extracts. Ten to 50 million cells were stimulated as
described above and washed in PBS. Nuclear extracts were
prepared as described (27) 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; leu-
peptin, 0.5 mg/ml: pepstatin A, 0.05 mg/ml; phosphoramidon,
1.4 mg/ml; and soybean trypsin inhibitor, 0.5 mg/ml (Sigma).

Electrophoretic Mobility Shift Assay (EMSA). Oligonucle-
otide probes were end-labeled with [y->2P]JdATP (Amersham)
and polynucleotide kinase (New England Biolabs), and bind-
ing assays were performed with 10§ cpm of probe, 2 ug of
poly{d(I-C)), and 10 ug of nuclear extract as described (28).
Preincubations of nuclear extracts with differcnt 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. Preincubations with pep-
tides were performed for 45 min at 25°C with all binding
reagents except probe. STAT-1 and STAT-5 C-terminal anti-
bodies were obtained from Transduction Laboratories (Lex-
ington, KY); STAT-2, -3, and -6 antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA); 4G10 and anti-Shc
(poly-IgG control) were from Upstate Biotechnology (Lake
Placid, NY); MOPC 195 (IgG2b control) and UPC10 (ascites
control) were from Cappel; and phosphoserine and phospho-
threonine antibodies were from Sigma. Phosphopeptides were
synthesized by C. Turck (University of California, San Fran-
cisco) and solubilized in PBS at a final pH of 7-8.

Preparation of STAT-5 N-Terminal Antisera. Anti-STAT-5
was produced in chickens against a glutathione S-transferase
(GST)-STAT-S fusion protein containing an N-terminal frag-
ment spanning residues 6-160 (29). Antibodies from yolk egg
extracts were precipitated and purified with polyethylene
glycol and resuspended in 10 mM phosphate buffer, pH
7.5/100 mM NaCl/0.01% sodium azide as described (30).

RESULTS

Identification of IL-2-Inducible DNA-Binding Complexes in
HT-2EPOBy Cells. To identify an IL-2-inducible DNA-
binding activity in wild-type HT-2 and HT-2EPOBy cells, cells
maintained in IL-2 or EPO were cultured in the absence of
these factors for 4 hr and then stimulated for 15 min with
saturating quantities of IL-2 (10 nM) or EPO (50 units/ml).
Nuclear extracts were prepared and EMSAs were performed
with 32P-radiolabeled oligonucleotides (19-30 bp in length)
corresponding to STAT-responsive clements found in the
promoters of FcyR1, IRF-1, Ly6E, and SIE (16, 22, 24, 25, 3],
32). These probes revealed a specific pattern of IL-2-inducible
DNA-binding activity. Specific binding to the FcyR1 element
was observed in wild-type HT-2 cells induced with IL-2 as well
as in HT-2EPOBy cclls induced with EPO (Fig. 1). This DNA
binding activity was not detected in HT-2 cells expressing
EPOB or EPOv alone (data not shown), and allowed to react
with both the FcyR1 and the IRF-1 probes, since the addition
of a 100-fold molar excess of either unlabeled oligonucleotide
as a competitor blocked binding to either probe (lanes S and
6). In contrast, oligonucleotides containing two other STAT-
responsive elements, Ly6E and SIE, previously shown to bind
IL-2-induced nuclear factors in other cell types (22, 25), did not
significantly compete for binding (lancs 7 and 8). An addi-
tional, faster migrating DNA-binding complex was variably
observed that was not reproducibly competitively inhibited by
any of the unlabeled competitor oligonucleotides (Fig. 1 and
data not shown) and thus appeared to reflect an extract-
dependcnt, nonspecific protein~-DNA interaction.

Characterization of IL-2-Binding Activity. To assess the role
of tyrosine phosphorylation in the IL-2 induction of the
observed DNA-binding activity, HT-2EPOBY cells were stim-
ulated with EPO in the presence of a protein tyrosine kinase
inhibitor, HA, which was added 4 hr prior to EPO stimulation
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FiG. 1. IL-2-induced DNA-binding activity is sclective for specific
STAT response elements. HT-2EPOBy cells were incubated in me-
dium alone and stimulated for 15 min with 10 aM lL-2 (Iane 2)or 50
units of EPO (E) per ml (lane 4), and nucl
The specific probe employed was 32P-end-labeled FcyRI Bmdlng
assays and EMSAs were performed in the presence or absence of 50
ng of unlabeled competitor oligonucleotides (lanes 5-8). Sequences of
oligonucleotides: FcyRI, GTATTTCCCAGAAAAAGGAGC; IRF-1,
GCCTGATTTCCCCGAAATGACGG; Ly6E, GATCATATTCCT-
GTAAGTG; SIE, GTGCATGGTTCAGCCATCTTGTCTA-
CAATTC. Arrow, inducible band; NS, nonspecific band.

(Fig. 24). The presence of HA completely blocked the induc-
tion of this DNA-binding activity (lane 2), whereas equivalent
concentrations of dimethyl sulfoxide used to dissolve the HA
had no effect on its induction (lane 2). In contrast to HA,
treatment of HT-2EPOBY cells with the IL-2 signaling antag-
onist rapamycin, at a concentration known to inhibit T-cell
proliferation (refs. 33 and 34 and data not shown), did not
impair the activation of this DNA-binding activity (lane 4).

To examine further the requirements for tyrosine phosphor-
ylation, nuclear extracts were incubated with monoclonal
antibodies specific for phosphotyrosine for 45 min prior
to EMSA. As shown in Fig. 2B (lane 4), the addition of
4G10 anti-phosphotyrosine antibody almost completely
abrogated DNA-binding activity. In contrast, addition of anti-
phosphoserine or anti-phosphothreonine antibodies had no
effect on DNA binding (lanes 6 and 7). The critical involve-
ment of phosphotyrosine residues in DNA-binding compe-
tence is another characteristic feature of STAT factors.

The kinetics of induction of this DNA-binding activity were
next examined. Maximal activity was observed within 15 min
of EPO stimulation of the HT-2EPOBy cells, while a 70%
decline in total binding occurred over the cnsuing 4 hr (Fig. 2C,
lanes 2-5). These activation kinetics are similar to those
observed with many other STAT factors, in which binding to
the target promoter sequences occurs quickly and decays over
time (31, 35).

Identification of the IL-2-Induced DNA-Binding Activity as
a Murine STAT-5 Homologue. Studies were next performed to
assess whether the detected I1L-2-induced DNA-binding activ-
ity could be attributed to any of the six, currently identified
members of the STAT family. It has been previously demon-
strated that HT-2 cells do not express STAT-4 (36). To screen
the remainder of the STAT proteins, nuclear extracts from
EPO-stimulated HT-2EPOBy cells were incubated with
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FiG. 2. IL-2 receptor-induced DNA-binding activity shares characteristics of a STAT factor. (4) HT-2EPOBy cells were stimulated with EPO
(E) and nuclear extracts were prepared as detailed in the legend to Fig. 1 after a prior 4-hr incubation in 0.5% dimethyl sulfoxide (DMSO), HA
(0.5 ug/ml), or rapamycin (2 ng/ml). HA and rapamycin were dissolved in DMSO to a final concentration of 0.5%. (B) HT-2EPOBy cells were
stimulated with EPO and nuclear extracts were prepared (sec legend to Fig. 1). Nuclcar extracts were incubated with 3 ug of MOPC 195 1gG2b
control, 3 ug of 4G10 anti-phosphotyrosine, S ug of UPC10 ascites control, 5 ug of anti-phosphoserine, or S ug anti-phosphothreonine antibodies
for 45 min at 4°C prior to EMSA. (C) Time course of IL-2R-induced STAT expression. HT-2EPOBy cells were stimulated with EPO for the indicated
times and nuclear extracts were prepared (sce legend to Fig. 1). Arrows and NS are as in Fig. 1.

STAT-specific antibodies prior to EMSA. Fig. 3 shows that the
EPO-induced complex was ncither competitively inhibited nor
supershifted by preincubation with antibodies to STAT-1, -2,
-3, and -6 (lanes 3-8) or ISGF3y (p48) (data not shown).
However, antibodies specific for an N-terminal fragment of
sheep STAT-5 resulted in a new DNA protein complex with a
slower mobility in IL-2-induced HT-2EPOBy cells (lanes 12
and 13) but had no effect on IFNy-induced STAT-1 in HeLa
cells (data not shown). Notably, the original DNA-binding
complex was not completely shifted by addition of anti-
STAT-5 antibodies, suggesting that there may be a second
protein involved in the complex that is antigenically distinct

S
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FiG. 3. The IL-2-induced DNA-binding complex is a STAT-5-like
protein. HT-2EPORBY cells were stimulated with EPO (E) for 15 min
and nuclear extracts prepared (see legend to Fig. 1). Nuclear extracts
were incubated with 2 ug of LFA-18 1gG1 control, 2 ug of anti-human
STAT-1, 3 ug of anti-human Shc poly-IgG control. 3 ug of anti-human
STAT-2, 3 ug of anti-mousc STAT-3, 3 ug of anti-human STAT-6, 1
ul (lane 12) or 2 ul (lane 13) of anti-sheep STAT-S (N terminus), or
2 ug of anti-sheep STAT-S (C terminus) as detailed in the legend to
Fig. 2B. Arrows, specific, cytokine-inducible band (Lower) and super-
shifted band (Upper).
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from the known STAT factors. Interestingly, antibodies raised
against a C-terminal protein fragment of sheep STAT-5 had no
effect on the DNA-binding complex (lane 14). This finding
raises the possibility that this factor may be a distinct protein
that shares STAT-5 homology at its N terminus. Thus, the
DNA-binding activity induced in HT-2EPOBy cells appears to
correspond to a murine STAT-5-like protein.

STAT-S Induction Is Mediated Through the IL-2R$ Chain.
The HT-2 EPOBYy chimera system allows testing of B and 7.
mutants in the context of endogenous, wild-type B and y.
chains. To determine whether the tyrosine residues within the
Y. subunit play a role in the induction of the STAT-5-like
activity, nuclear extracts were prepared from HT-2EPOB/
YYF cells, a cell line in which all four of the cytoplasmic
tyrosines within EPOy had been substituted with phenylala-
nine residues (M.A.G., et al., unpublished data). As shown in
Fig. 44, these cells remained fully capable of inducing STAT-5
in response to EPO (lane 4).

To determine whether the tyrosine residues of the IL-2RB
chain were necessary for STAT-S induction, a chimeric EPOS
fusion gene in which all cytoplasmic tyrosine residues of g were
replaced with phenylalanine (M.A.G., et al., unpublished data)
was introduced into HT-2 cells stably expressing the EPOy
construct (HT-2EPOBYF/y). Transgene expression was con-
firmed by RNA Northern analysis (data not shown). In marked
contrast to cells expressing the yYF mutation, six indepen-
dently derived HT-2EPOBYF/y cell lines were incapable of
activating STAT-5 DNA-binding activity in response to EPO
(two representative transfectants are shown, Fig. 4B, Upper).
As a control for the integrity of the nuclear extracts, DNA-
binding activity to the ubiquitous transcription factor SP-1 was
assessed and found to be cquivalent in all extracts (Fig. 4B,
Lower). This result provided strong evidence that the IL-2RB
chain was critical for induction of the STAT-5-like factor.

To localize further the region within the IL-2RB chain
involved in STAT-5 activation, nuclear extracts were prepared
from cells expressing EPO+y and either of two deletion mutants
in the B chain, EPOBAA and EPOBAAB (38). Both of these
mutant B chains were competent to induce STAT-5 fully (Fig.
44), indicating that sequences in thc A and B regions of the
IL-2RB subunit are unnecessary for STAT-S induction, thus
implicating the most distal tyrosine (Y510) in inducible
STAT-5 DNA binding.

STAT-S DNA Binding Is Inhibited by Phosphotyrosine-
Containing Peptides from the IL-2R8 Chain. In previously
described cytokine-induced STAT activation systems, direct
association of the cytokine receptor with its cognate STAT
factor through SH2-phosphotyrosyl intcractions has been pro-
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FiG. 4. STAT-S induction is mediated through the IL-2RB chain. (4) STAT-S induction is independent of yc tyr residues and the IL-2R8
AB region. Indicated cell lines were stimulated with EPO (E), nuclear extracts were prepared, and EMSAs were performed as described in the
legend to Fig. 1. The IL-2R8B chain tr brane and cytoplasmic regions are represented. Conserved box 1 and box 2 regions (37), tyrosine
residues (Y), and A and B regions are indicated. (B) Tyrosine residucs of the IL-2RB chain arc required for STAT-5 induction. Indicated cell lines
were stimulated with EPO and nuclear extracts were prepared. EMSA was performed with the FcyR1 or SP-1 probe (TCGAGAGGTGGGTG-
GAGTTTCGCG), as indicated. (C) Certain tyrosine-phosphopeptides derived from the IL-2RB cytoplasmic tail inhibit STAT-5S DNA binding.
HT-2EPOBy cells were stimulated with EPO and nuclear extracts were prepared. Nuclear extracts were incubated with phosphorylated (P) or
unphosphorylated (—) peptides at concentrations of 680 uM (lanes 3, 4, 7, 10, 13, 14, 17, and 20), 425 uM (lanes 6, 9, 16, and 19), or 250 uM (lanes
S, 8, 15, and 18). Peptidc sequences: C, TPSLLEYDQONAL; 5Y, SGEDDAYCTFPS; 6Y, PLNTDAYLSLQE. Arrows, specific, cytokine-induced

bands. NS, nonspecific band.

posed (32, 39). Together, the HT-2EPOBAAB/y and HT-
2EPOBYF/y mutants suggested that Y510 was critical for
STAT-5 induction. However, previous studies of receptor
mutants have implicated a redundant function for Y392 and
Y510 in proliferation signaling in the Ba/F3 cell line (M.A.G.,
et al., unpublished data). Further, Y392 has been clearly shown
to be phosphorylated in vivo (M.A.G., et al., unpublished data).
Therefore, to delineate the potential role of phosphorylated
tyrosine residues within the IL-2Rp tail in STAT-5 activation,
synthetic phosphopeptides corresponding to these reccptor
sites and their nonphosphorylated counterparts were added to
EMSA reactions. A peptide corresponding to a random rear-
rangement of the amino acids surrounding IL-2RB Y510 was
employed as a control (C). Peptides derived from the IL-2RB8
Y392 and Y510 were designated 5Y and 6Y, respectively. Fig.
4C shows that neither the control peptides nor nonphospho-
rylated SY and 6Y peptides affected STAT-5 DNA binding.
However, addition of the phosphorylated SY and 6Y peptides
markedly inhibited DNA binding in a dose-dependent fashion
(lanes 5-7 and 15-17). Since the amino acid sequences sur-
rounding these tyrosines are similar (Discussion), it is not
unexpected that both sequences when phosphorylated can
form binding motifs recognized by STAT-5. These data suggest
that STAT-5 activation likely involves physical assembly at
Y392 and/or Y510 of the IL-2RB chain, further supporting a
central role for IL-2RB in the activation of STAT-S.

DISCUSSION

The present studies identify an IL-2-inducible DNA-binding
activity in murine T cells that exhibits activation kinetics and
tyrosine phosphorylation dependence characteristic of a
STAT factor. These observations are fully consistent with its
identification as a murine homologue of STAT-5, based on
reactivity with anti-sheep STAT-5 antibodies.

STAT-5 was originally identified as a prolactin (PRL)-
induced DNA-binding activity present in sheep and murine
mammary epithelial cells (29, 40, 41). PRL and IL-2 induce a
STAT-like DNA-binding activity in rat Nb2 cells (24), and it
has been suggested that nuclcar PRL may be required for
IL-2-induced proliferation in this cell line (42). The fact that
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the IL-2 and PRL receptors utilize a common or closely related
STAT factor raises the intriguing notion of convergent signal-
ing through these disparate receptors in specific cell types.

The pattern of STAT activation by IL-2 varies considerably,
depending upon the specific cellular environment and STAT
response element tested. For example, in HT-2 cells, IL-2
induces STAT-5 binding to some (FcyR1 and IRF-1), but not
all (Ly6E and SIE), STAT response sequences (Fig. 1). Sim-
ilarly, in human T cells and NK cells, IL-2 induces STAT-5
binding to the FcyR1 element (32). In human lymphocytes,
IL-2 also induces STAT-1 binding with the FcyR1 site (22, 32),
while constitutive binding of STAT-3 is observed with this
element (32). Using the Ly6E and SIE elements as probes,
STAT-1-binding activity has been detected in human T cells
and promonocytes (22, 25) but is lacking in HT-2 cells. We
conclude that multiple STAT factors may be involved in IL-2
signaling and that different patterns of STAT factor induction
may occur in different cellular environments.

The emerging picture of STAT factor activation suggests a
dircct physical association of the factor with its inducing
receptor mediated through the same SH2-phosphotyrosyl in-
teractions that subsequently allow for its dimerization and
nuclear import (21, 32, 39). This model was strengthened by
the finding that tyrosine-phosphorylated peptides derived
from the IL-4R block STAT-6 binding to DNA, presumably by
preventing its dimerization (32). We now describe studies in
the IL-2R system that are consistent with this paradigm.
Notably, our studies indicate that the IL-2RB chain, and not 7.,
is principally responsible for STAT-S induction. Indeed, a y.
mutant chain lacking all four cytoplasmic tyrosine residues
continued to promote normal STAT-5 induction when paired
with IL-2RB (Fig. 4A). In contrast, an IL-2R 8 mutant receptor
lacking all cytoplasmic tyrosines failed to induce STAT-S
activity (Fig. 4). Further evidence indicating that STAT-5
activation is mediated exclusively through the B chain was
obtained in studies of a hybrid receptor containing wild-type
EPOR and EPOB chains without . this hybrid complex, but
not the EPOR homodimer, induced STAT-S identically to the
HT-2EPOBy cells. Data supporting the direct physical assem-
bly of STAT-5 with the IL-2RB chain were obtained in the
present peptide competition experiments in which phosphor-
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ylated, but not nonphosphorylated, peptides spanning either
Y392 or Y510 of IL-2RpB specifically blocked STAT-S DNA
binding (Fig. 4C). The ability of the EPOBAAB mutant
receptor (which lacks Y392 and four proximal cytoplasmic
tyrosines) to induce STAT-5 compared to the inability of the
EPOBYF (lacking all six tyrosines) to induce STAT-5 suggests
that there may be functional redundancy of these two tyrosine
residues. Such a functional redundancy in Y392 and Y510 has
also been found for growth signaling in pro-B cells. In addition,
Y392 has been documented as a site for IL-2-induced phos-
phorylation in vivo (M.A.G., et al., unpublished data). To-
gether, these observations strongly suggest that the specificity
of 1L-2-induced activation of STAT-5 lies in the IL-2RB
cytoplasmic domain and that specific phosphotyrosines within
this chain mediate binding of STAT-S to the receptor.

Recent studies have led to the identification of a tyrosine-
containing motif within the gp130-containing family of cyto-
kine receptors that regulates the specificity of STAT factor
binding (20). In a parallel fashion, we note that the sequences
surrounding Y392 and Y510 of the IL-2RpB share certain simi-
larities with each other as well as with sequences present in other
select cytokine receptors such as the EPO, IL-3, IL4, and
hormone receptors. This general sequence, DAYXS/TLX/P,
may represent a second motif for cytokine receptor-STAT
association. Consistent with this model, the EPO and growth
hormone receptors have been shown to induce STAT-5 (un-
published data; ref. 43). However, the tyrosine-containing
regions within the PRLR fail to conform to the proposed
IL-2RB motif, yet STAT-S is induced through this receptor.
Thus, more than one STAT-5 motif may exist, or different
STAT-5 isoforms may display different receptor specificities.
With sufficient knowledge of the range of such motifs, it may
be possible to predict on the basis of a receptor's primary
sequence and state of phosphorylation in vivo which STAT
factors will be induced following receptor ligation.

In conclusion, the role of STAT-5 in signal transduction
through the IL-2R as described in this work adds to the rapidly
expanding picture of STAT factor diversity in cytokine recep-
tor signaling and reinforces the importance of the JAK-STAT
pathway in IL-2R signaling. At present, the precise targets of
STAT-S action remain unknown. Further understanding of the
range of STAT factors induced and the identity of the cellular
genes that they regulate will help dissect at a molecular level
the underlying basis for IL-2 signaling.
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To explore the basis for interleukin (IL)-2 receptor
(IL-3R) signaling specificity, the roles of tyrosine-based
sequences located within the cytoplasmic tails of the g
and vy, chains were examined in the murine helper T cell
line HT-2. Activation of the Janus kinase/signal trans-
ducer and activator of transcription (JAK/STAT) path-
way, cellular proliferation, and the induction of various
genes were monitored. All four of the cytoplasmic tyro-
sine residues as well as the distal portion of the v,
proved dispensable for the entire spectrum of IL-2R sig-
naling responses studied. Conversely, select tyrosine
residues within the 8 chain were essential and differen-
tially required for various signaling events. Specifically,
activation of c-fos gene expression was found to occur
exclusively through the most membrane proximal tyro-
sine, Tyr-338, whereas proliferation and the activation
of STAT-5 were induced either through Tyr-338 or
through the two C-terminal tyrosine residues, Tyr-302
and Tyr-510. These tyrosine residues mediated the in-
duction of two different STAT-5 isoforms, which were
found to form heterodimers upon receptor activation. In
contrast to the tyrosine dependence of c-fos and STAT-8
induction, bcl-2 gene induction proceeded independ-
ently of all IL-2Rg tyrosine residues. Thus, the tyrosine-
based modules present within the IL-2Rf8 cytoplasmic
tail play a critical role in IL-2R signaling, mediating
specificity, redundancy, and multifunctionality.

A select group of cytokines is responsible for coordinating a
diverse array of biologic responses including hematopoiesis,
neurological development, and control of the immune system.
Understanding the molecular mechanisms by which such a
limited number of cytokines regulate a variety of cellular re-
sponses has remained a central goal in the field of signal
transduction (1). Cytokines act by binding to specific cell sur-
face receptors, many of which are members of a single receptor
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superfamily (2). One striking feature of this cytokine receptor
superfamily is the shared use of common receptor subunits to
generate combinatorial diversity. For example, the interleukin
(IL)!-2 receptor is composed of three subunits, a, 8, and y
(reviewed in Ref. 3). The B and vy chains are shared by the IL-15
receptor, while the y subunit also participates in the formation
of the IL4, -7, and -9 receptors (thus termed v, for “y common")
(4-7). Since most immune cells express receptors for multiple
cytokines, signal integrity must somehow be preserved despite
the use of overlapping signal transduction systems.

Considerable evidence has emerged supporting the view that
cytokine receptors are composed of a series of functional sig-
naling “modules.” At the level of the entire multimeric receptor,
each individual subunit may be considered a distinct module,
potentially serving a specialized function within the overall
receptor complex. Moreover, individual receptor subunits con-
tain within their cytoplasmic domains combinations of func-
tional peptide sequences that link the receptor to a distinct
array of intracellular signaling pathways. For example, the
particular sequence surrounding receptor tyrosine residues
may impart specificity by permitting the docking of particular
SH2- or PTB-containing proteins (8, 9) such as “signal trans-
ducer and activator of transcription” (STAT) proteins (10). Ul-
timately, the combinatorial effects of these modular domains
help to generate an integrated signal from the receptor that is
unique to each cytokine.

The IL-2/IL-2 receptor (IL-2R) system exhibits the hallmark
pleiotropy of the cytokine family. Studies dissecting the func-
tional role of the IL-2R have yielded valuable information per-
taining to the general principles underlying cytokine signaling.
First, chimeric receptors have been employed to demonstrate
that heterodimerization of receptor subunits is critical for sig-
nal transduction (11-13). For example, when the extracellular
domains of the B and 7, chains are replaced with the erythro-
poietin (EPO) receptor extracellular domain and expressed in
IL-2-dependent T cells, co-expression of these chimeric recep-
tors is necessary to recapitulate IL-2 signaling in response to
EPO (11, 14). Similar results have been obtained with other
chimeric signaling systems (12, 13). Moreover, since the IL-156
receptor also contains the IL-2RB and y_ chains (7), these
chimeras presumably also reflect signaling mechanisms in-
duced by this cytokine.

A second principle that applies generally to cytokine recep-

! The abbmiaﬁona used are: IL, interleukin; IL-2R, interleukin-2

ptor; EPO, erythropoietin; JAK, Janus kinase; STAT, signal trans-

ducer nnd activator of uanmpuon. EMSA, electrophoretic mobility

shift assay; ECL, enh d GAPD, glyceralde-

hyde-3-phosphate dehydrogenase; GH, growth hormone; kb, kilobase
pair(s).
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tors is the physical association of the receptor subunits with
members of the Janus family of tyrosine kinases (JAKs, re-
viewed in Ref. 15). The IL-2RB and y, subunits bind to JAK1
and JAKS, respectively (16-19); upon heterodimerization of
the receptor by ligand, both the JAKs and the receptor subunits
themselves become tyrosine-phosphorylated (14, 20, 21). JAK1
and JAK3 phosphorylation is associated with an increase in
their enzymatic activities (15), while phosphorylation of the
IL-2R subunits creates binding sites for cytoplasmic effector
molecules. For example, the signaling adapter Shc has been
shown to associate with the IL-2RB chain through a single
tyrosine residue, Tyr-338 (22). In addition, phosphorylation
and nuclear transport of the STAT factor STAT-5 is dependent
upon tyrosine residues located in the IL-2R8 chain (23-28).

Although heterodimerization of B and vy, is necessary for
IL-2R signaling, studies examining the relative contributions
of the individual subunits have suggested that the y. subunit
may play a more limited role in this signaling cascade. For
example, all four of the tyrosine residues of y_ are dispensable
for both proliferation and STAT-5 activation (11, 23). Further
recent studies have revealed that the entire vy, chain and its

iated JAK3 molecule can be replaced by a heterologous
receptor that binds JAK2 without apparent disruption of IL-2-
specific signaling (14). These observations suggest that g and vy,
contribute quite differently to the IL-2 signaling program, with
7. acting mainly to trigger the signaling cascade, while B serves
to drive signaling specificity. However, it is possible that some
as yet unstudied downstream signaling events might be more
dependent on the vy, chain.

In the present report, the participation of the y. and B8 chains
in determining specificity in both early and downstream IL-2
signaling pathways has been defined in detail. In particular,
these studies assigned the molecular basis of signal transduc-
tion specificity largely to individual tyrosine-containing pep-
tides within the cytoplasmic portion of the IL-2 receptor g
chain. The findings strongly support a separation of function
between IL-2RB and vy, within the receptor complex, and reveal
that the tyrosine residues of IL-2R8 exhibit a high degree of
specificity as well as multifunctionality in coupling to various
signaling pathways.

MATERIALS AND METHODS

Cell Culture — The cell line HT-2, an IL-2-dependent murine helper T
cell line (ATCC) was cultured in RPMI, 10% fetal bovine serum, anti-
biotics, and either 1 nu human IL-2 (Chiron) or 5 units/ml erythropoi-
etin (EPO, Amgen) as described previously (11). HT-2EPOB-containing
cell lines were generated by transfecting HT-2EPOy cells by electropo-
ration and selecting stable transfectants by limiting dilution either in
hygromycin B (Boehringer Mannheim) and G418 (Life Technologies,
Inc.) as described previously (29) (HT-2EPOBYF:1Y, HT-2EPOBYF:
234Y, HT-2EPOBYF:5Y, HT-2EPOBYF:6Y cell lines) or in 5 units/ml
EPO (HT-2EPOBYF:1Y, EPOBYF:5Y, EPOBYF:6Y, HT-2EPOBYF:56Y,
HT-2EPOSYF:1234Y cell lines). No significant phenotypic differences
were observed between cell lines generated by selection in G418/hygro-
mycin B versus EPO.?

Cytokine Stimulations—For i itations and lear ex-

Role of Tyrosine Residues in the IL-2RB Chain

replacing the AflII/BamHI fragment within the cytoplasmic tail of
EPOB with an equivalent fragment ining the BYF:1Y, SYF:234Y,
BYF:5Y or BYF:6Y, BYF:56Y, and BYF:1234Y (formerly BYF:56F) (11)
mutations. Mutations were confirmed by sequencing. The pME18
8-STAT-5A and pME18s-STAT-5B constructs were generously provided
by Dr. A. Mui (30).

RNA Preparation and Northern Blot Analysis—Cytoplasmic RNA
was prepared from 1-2 X 107 cells using an RNeasy mRNA kit (Qiagen)
and quantified by UV spectrophotometry. Denaturing gels were run
with 10 ug of RNA/lane and blotted to Zeta Probe membranes (Bio-Rad)
as described elsewhere (31). Hybridization was at 42 °C for 12-16 h.
Probes were random prime-labeled using a Megaprime labeling kit
(Amersham Corp.) and [a-**PATP and [a-*?PldCTP (Amersham
Corp.). The glyceraldehyde-3-phosphate dehydrogenase (GAPD) cDNA
was from ATCC (32), the c-fos cDNA was provided by Dr. 1. Verma, and
the bcl-2 cDNA was provided by Dr. S. Korsmeyer. DNA fragments used
to label probes were as follows: a 1.2-kb HindIIVKpnlI fragment of the
extracellular murine EPO receptor, a 2.1-kb EcoRI murine c-fos cDNA
fragment from pMc-fos (33), a 0.9-kb PstI murine bcl-2 fragment from
pBS-bel-2 (34), and a 1.0-kb EcoRI fragment from GAPD.

Electrophoretic Mobility Shift Assay (EMSA)—Nuclear extractions
and EMSA were performed using the FcyRI oligonucleotide as de-
lcnbed pnvnously (23, 35). Antibody supershifts were performed by

xtracts with 1 ul of STAT-5A or STAT-5B an-
tuen (see below), 3 ug of 4G10 (anu-pholphotyroam), or 3 ug of
MOPC195 (IgG2b control) antibodies for 30 min on ice prior to the
binding reaction.

Protein Expression in COS-7 Czlls COS-7 cells (ATCC) were trans-
fected with the indicated pl ds using Lipofe ine (Life Technol
ogies, Inc.) per the manufacturer’s instructions. Nuclear extracts were
prepared from 1-2 million transfected cells as described previously (35).

Immunoprecipitations — Cells were lysed (1% Nonidet P-40, 150 mm
NaCl, 20 mu Tris, pH 8.0, 50 muM NaF, 100 um sodium orthovanadate,
1 mM phenylmeﬁ:ylmlfonyl fluoride, 10 ug/ml leupeptm. 10 pg/ml

statin A) and i p d with 1 pl of
-nu-S'I‘AT 5A. anﬁ-STAT-SB or anti-JAK1 antiserum (Upstate Bio-
technology, Inc.) per 20-30 million cells using protein A-agarose (Boeh-
ringer Mannheim). Immunoblotting studies were performed with anti-
phosphotyrosine antibody (4G10, Upstate Blotechnology) or anti-
STAT-5A or anti-STAT-5B followed by enh
(ECL) (Amersham Corp.) signal development.

Proliferation Assays— Conventional 48-h [*Hlthymidine incorpora-
tion assays and transient proliferation assays were performed as de-
acribed previously (29). Data are expressed as a percentage of ["H)thy-
midine incorporation of cells treated with 10 nm IL-2.

Antibodies — Anti-STAT-5A and anti-STAT-5B antibodies were
generated in rabbits against the C-terminal peptides specific for
mouse STAT-5A (LDARLSPPAGLFTSARSSLS) or mouse STAT-6B
(MDSQWIPHAQS), and were used 1:50,000 in Western blotting and 1
ul/500 ug in immunoprecipitations.

RESULTS
Role of the IL-2RB and v, Tyrosine Residues in
Downstream Signaling Events

Proliferation Signaling— All facets of IL-2R signaling exam-
ined thus far appear to require heterodimerization of the IL-
2RB and v, chains; however, the relative contributions of these
individual subunits to specific signaling processes may be dis-
tinct. In order to explore the functions of these chains in an
IL-2-responsive cellular environment, this laboratory has de-

tract preparation, cells were incubated for 2-4 h in RPMI with antibi-
otic and 1% bovine serum albumin (fraction V, Sigma) without growth
factor as described previously (23). For RNA analyses, cells were incu-
bated for 15 h in RPMI with antibiotic and 10% fetal bovine serum (Life
Technologies, Inc.) in the absence of growth factor. Cells were stimu-
lated for the indicated time intervals in 5-20 ml of the appropriate
medium plus growth factor: IL-2 (10 nM), murine IL-4, (100 units/ml,
Genzyme), human EPO (50-100 units/ml).

Plasmid Constructs —All receptor cDNAs were subcloned into the
expression vectors pCMV4 or pCMV4neo (29). Tyrosine substitution
mutants in the IL-2RB chain were created as described previously (29).
These mutations were transferred into the pEPOSneo backbone by

2§, L. Gaffen, unpublished observati
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loped a chimeric receptor system in which the extracellular
domain of the EPO receptor (EPOR) is fused to the cytoplasmic
domains of the IL-2R8 and v, chains, thus forming EPOB and
EPOy (Fig. 14). When expressed in IL-2-dependent helper
HT-2 cells, EPO stimulation recapitulates all IL-2-mediated
signaling events so far examined (11, 14, 23). In the present
studies, a series of mutant tyrosine constructs were created to
delineate the role of individual IL-2R8 tyrosine residues in
IL-2R signaling (Fig. 1A). These constructs were introduced
into HT-2EPOy cells (11), and receptor gene expression in the
stable transfectants was assessed by RNA blotting analysis to
identify positive clones for further study. Relative levels of
EPOB and EPOy mRNA were approximately equivalent in all
clones, indicative of similar expression levels of receptors (data
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of the IL-2Rp chain can support proliferation signaling. HT-2EPOBy, HT-2EPOBYF/y, HT-2EPOBYF:1Y/y, HT-2EPOBYF:234Y/y, HT-2EPOBYF:
5Y/y, HT-2EPOBYF:6Y/y, HT-2EPOBYF:1234Y/y, and HT-2EPOBYF:56Y/y cells were stimulated for 48 h with EPO at the indicated concentra-
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representative of four experiments.

not shown). As observed previously (11), the wild type HT-
2EPOBy cells (BWT) exhibited a vigorous proliferative dose
response to EPO (Fig. 1B, panels 1-6), whereas the HT-
2EPOBYF/y cells failed to proliferate (Fig. 1B, panels 3-6).
HT-2 cell lines expressing either the two most distal tyrosines
of B (EPOBYF:56Y /v, panel 2) or the first four membrane-
proximal tyrosines of B (EPOBYF:1234Y /vy, panel 1) both
showed a strong proliferative response to EPO and could sup-
port long term growth in EPO. Moreover, certain cell lines
expressing a single B tyrosine residue, EPOBYF:1Y/y,
EPOBYF:5Y/y, or EPOBYF:6Y/y, supported proliferation and
long term growth comparably to those expressing wild type
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EPORBy (panels 3, 5, and 6). Finally, cells expressing EPOBYF:
234Y/y did not proliferate significantly or support long term
growth in EPO (Fig. 1B, panel 4). It is not clear whether or not
the minor variations in proliferation among the EPOBy,
EPOBYF:1Y, EPOBYF:5Y, and EPOBYF:6Y cell lines represent
important differences, and we do not attempt to draw quanti-
tative conclusions from these data. In conclusion, these exper-
iments indicate that HT-2 cellular proliferation depends on
select tyrosines within the IL-2RB chain, namely 1Y, 5Y, or 6Y,
which are functionally independent of one another. Moreover,
the specific tyrosines capable of supporting proliferation only
partially overlap with those found to be important in a pro-B
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FIG. 2. A, the y, chain is not required to specify activation of the bc/-2 and c-fos proto-oncogenes. HT-2, HT-2EPOBy, HT-2EPOB/yYF,
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bel-2, c-fos or GAPD cDNA probes. B, a single tyrosine residue of the IL-2R8 chain is necessary and ‘sufficient for induction of c-fos gene expression.
HT-2EPOBY, HT-2EPOBYF/y, HT-2EPOBYF:1234Y/y, HT-2EPOBYF:1Y/y, HT-2EPOBYF:234Y/y, HT-2EPOBYF:56Y/y, HT-2EPOSYF:5Y/y, and
HT-2EPOBYF:6Y/y cells were stimulated with EPO as deacribed in A. Total cellular RNA was separated by Northern blotting and probed with c-fos
and GAPD cDNA probes. C, induction of bcl-2 gene expression occurs via a tyrosine-independent pathway. HT-2EPOBy, HT-2EPOSYF/y,
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stimulated with EPO as described in A. Tatal celluler RNA was prepared, separated by Northern blotting, and probed with bcl-2 and GAPD cDNA

cell line, Ba/F3 (11), indicating that IL-2 signaling in T cells
may differ in certain ways from that in pro-B cells (see
“Discussion”).

Prior studies have shown that the EPOB/yYF-expressing cell
lines proliferate in response to EPO equivalently to cells ex-
pressing wild type EPOBy receptors (11). Combined with the
data presented above (Fig. 1B), it appeared that a single tyro-
sine residue of the IL-2RB chain was sufficient to support
growth signaling. However, it remained formally possible that
tyrosines of the vy, chain could play a compensatory role in the
context of a mutant 8 chain containing only a single tyrosine
residue. Therefore, the ability of the IL-2R8 tyrosine mutants
to proliferate when paired with a y. chain lacking all of its
cytoplasmic tyrosine residues (EPOYYF) was assessed. As
shown in Fig. 1C, both EPOB and EPOSYF:1Y induced prolif-
eration equally well when transiently transfected into HT-
2EPOy cells and HT-2EPOYYF cells, whereas EPOSYF failed
to mediate the proliferative response in either case. Similar
results were obtained for the EPOSYF:5Y and the EPOBYF:6Y
(data not shown). Therefare, a single tyrosine residue in the 8
chain of the IL-2 receptor complex is both necessary and suffi-
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cient to support proliferation signaling in HT-2 cells.

Induction of Gene Expression —A second important outcome
of IL-2R signaling is the induced expression of a number of
specific genes (36, 37). To assess the relative roles of the g and
Y. subunits in gene induction, cells expressing various combi-
nations of mutant receptors were stimulated for varying
lengths of time. Cytoplasmic RNA was analyzed by Northern
blotting with probes to the c-fos and bcl-2 proto-oncogenes (33,
34). As shown in Fig. 24, EPO stimulation of HT-2EPOBy cells
induced expression of these genes with reproducible and char-
acteristic time courses (lanes 5-8), whereas EPO stimulation of
HT-2 cells failed to induce these genes (lanes 1-4). To assess
the role of the v, tyrosine residues and distal tail in induction
of these genes, HT-2EPOB/yYF or HT-2EPOf/y336 cells were
examined. These cell lines were found to induce transcription of
both c-fos and bcl-2 identically to the wild type controls (Fig.
2A, lanes 9-16). Thus, neither the tyrosine residues nor the
distal 35 amino acids of the y, chain appear necessary for the
induction of c-fos or bcl-2 in this cellular context.

To determine whether any other portion of the y, chain was
required for the induction of these genes, EPOy was replaced

F"‘“’
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with a truncated version of the erythropoietin receptor,
EPOR(1-321), that contains no tyrosine residues (14). Stimu-
lation of cells expressing EPOR(1-321) alone failed to induce
transcription of the c-fos or bcl-2 genes (Fig. 2A, lanes 17-20).
In contrast, co-expression of EPOR(1-321) with a wild type
EPOB chain induced expression of these genes that was indis-
tinguishable from cells expressing wild type EPOvy (lanes 21~
24). Thus, vy, can be replaced entirely with a heterologous
receptor subunit with no apparent change in downstream ac-
tivation of a variety of IL-2-induced genes. These data further
indicate that JAK3, which binds to v, (16, 17), can be replaced
by JAK2, which binds to the EPOR (38), without altering
signaling specificity from the IL-2 receptor.

Since the tyrosine residues within the vy, chain appeared to
provide no detectable specificity to the IL-2 gignaling program,
the role of the six tyrosine residues within the cytoplasmic tail
of the IL-2RB chain was examined. HT-2EPO+ cells expressing
the EPOB tyrosine addback constructs (Fig. 1A) were stimu-
lated, and Northern blots were prepared. As illustrated in Fig.
2B, c-fos induction was dependent on tyrosine-containing se-
quences in the B chain, since HT-2EPOBYF/y cells failed to
induce these genes in response to receptor activation (Fig. 2B,
lanes 5-8). Indeed, c-fos transcription was linked to a single
tyrosine residue, as only EPOB constructs that retain the most
membrane proximal tyrosine, Y1 (Tyr-338), supported its tran-
scriptional induction (Fig. 2B, lanes 9-16). Thus, a single tyro-
sine regidue within IL-2R8 is critical for the induction of c-fos.
These data further indicate that the mechanism of c-fos induc-
tion is likely to occur via pathways linked to Shc, an adapter
molecule we have previously shown to be exclusively engaged
by the first tyrosine (Tyr-338) of the IL-2R8 chain (22).

In contrast to the regulation of c-fos, the induced expression
of the bcl-2 proto-oncogene was found to be independent of
tyrosine residues. All 8 mutants examined, including a mutant
lacking all six cytoplasmic tyrosine residues (HT-2EPOBSYF),
induced bcl-2 transcription in response to ligand (Fig. 2C).
Thus, at least one downstream signaling event is independent
of tyrosine residues within the IL-2 receptor, while others are
governed by individual tyrosines.

Role of the IL-2RB Tyrosine Residues in Proximal
Signaling Events

JAK]1 Activation — Proliferation and gene induction are both
relatively late events in signaling through the IL-2R. One of the
best characterized signaling pathways initiated rapidly upon
receptor ligation is the phosphorylation of the Janus kinases
JAK1 and JAKS (18, 19), followed by the activation of STAT
factors (23-28, 39). To assess the role of tyrosine residues
within the IL-2RB chain in Janus kinase activation, cells ex-
pressing tyrosine mutant EPOB chains were stimulated with
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EPO or IL-2 as a positive control, and JAK1 immunoprecipi-
tates were prepared for inmunoblotting with 4G10 anti-phos-
photyrosine antibodies. As shown in Fig. 3, stimulation of all of
the EPOB tyrosine mutant cell lines led to phosphorylation of
JAK1 (top panel). The blots were stripped and reprobed with
anti-JAK1 antibodies to ensure equivalent loading of the gels
(bottom panel). These results were consistent with the previous
demonstration that JAK1 and JAK3 activation is independent
of IL-2RB tyrosine residues (data not shown) (11). The slight
differences in relative JAK1 induction among cell lines may
reflect variations in either endogenous JAK1 levels and/or re-
ceptor expression. However, it should be noted that these re-
sults serve as independent confirmation that each of the mu-
tant tyrosine receptors is expressed at the cell surface and is
capable of initiating signaling.

STAT-5 Activation—One q of Janus kinase acti-
vation in the IL-2 receptor system is the phosphorylation, nu-
clear import, and DNA binding activity of several STAT factors,
notably factors related to STAT-5 (23-28, 40). In particular,
stimulation of either native or chimeric IL-2 receptors ex-
pressed on HT-2 cells induces a nuclear DNA binding complex
that is recognized by antibodies raised against sheep STAT-5/
MGF (23). We examined the nature of the DNA binding com-
plex in more detail than has been previously described. In
particular, two murine isoforms of STAT-5 (STAT-5A and
STAT-5B) have been identified recently that differ at their C
termini from the originally identified sheep STAT-5/MGF (30,
41). Antibodies were raised against the unique, C-terminal
portions of STAT-5A and STAT-5B. These antisera exhibited
no detectable cross-reactivity by immunoblotting of cell lysates
from COS-7 cells expressing either STAT-5A or STAT-5B alone
(Fig. 4A). To evaluate the specificity of these antibodies in
EMSA, either STAT-5A or STAT-5B was expressed with JAK1
in COS7 cells to permit constitutive, receptor-independent
phosphorylation of the STATs in an overexpression system.
Nuclear extracts were prepared from transfected COS7 cells,
and an EMSA was performed using an oligonucleotide corre-
sponding to the FcyRI STAT response element (39) as de-
scribed previously (23). JAK1 overexpression in COS7 cells
resulted in a DNA binding complex that represents endogenous
STAT-1 (Fig. 4B, lane 4, and data not shown). However, when
JAK1 was co-expressed with STAT-5A or STAT-5B, DNA bind-
ing complexes were observed that co-migrated with STAT-5.
Importantly, addition of anti-STAT-5A and -5B antisera to the
EMSA reaction caused selective supershifting of their respec-
tive DNA binding complexes, as demonstrated by the appear-
ance of a slower migrating complex present at the top of the gel
(Fig. 4B, lanes 9, 10, 15, 16, 19, and 20), and these supershifted
bands were accompanied by a corresponding diminution of the
original DNA binding complexes. The anti-STAT-5A antiserum
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F1G. 4. A, anti-STAT-5A and anti-STAT-5B antibodies are specific in inmunoblot analysis. Vectors containing STAT-5A, STAT-5B and a control

vector (pCMV4) were transfected alone in COS7 cells, and cellular lysates prepared 48 h post-transfection. Lysates were separated by 8.75%
SDS-polyacrylamide gel electrophoresis and immunoblotted with either STAT-5A or STAT-5B antisera, as indicated. Blots were visualized by ECL.
Migration of molecular weight markers is shown. B, anti-STAT-5A and anti-STAT-5B antibodies exhibit specific supershifting in EMSA. COS-7
cells were transfected with the pCMV4 (lane 1), pCMV4-JAK1 (lanes 4-22), pME18s-STAT-5A (lanes 2, 5, 7, 8-12, and 18-22) or pME18s-
STAT-5B (lanes 3, 6, 7, and 13-22) vectors. Nuclear extracts were prepared 48 h post transfection, and EMSA was performed as described under
“Materials and Methods.” The specific probe employed was *?P-end-labeled FcyRI STAT-response element (GTATTTCCCAGAAAAAGGAC) (39).
Nuclear extracts were incubated on ice with 1 ul of anti-STAT-5A (5A, lanes 9, 14, and 19), 1 ul of anti-STAT-5B (5B, lanes 10, 15, and 20), 3 pug
of 4G10 (PY, lanes 11, 16, and 21), or 3 ug of MOPC195 IgG2b control antibodies (C, lanes 12, 17, and 22) for 30 min prior to EMSA. The top arrow
indicates supershifted bands, and the bottom arrow indicates STAT-5 DNA binding complexes. Endogenous represents a STAT-1 DNA binding
activity that appears constitutively in the presence of JAK1 overexpression (data not shown). C, IL-2R signaling induces both STAT-5A and
STAT-5B in HT-2 cells. HT-2 cells were incubated in the ab of IL-2 for 2 h and stimulated for 15 min with 10 nm IL-2 (2) (lanes 2—4) or 100
wml murine IL-4 (4) (lanes 5-7), and nuclear extracts were prcpnnd as described in B. Nuclear extracts were incubated with 1 ul of anti-STAT-5A
(lanes 3 and 6) or anti-STAT-5B (lanes 4 and 7) for 45 min on ice prior to EMSA. Arrows indicate STAT-5 and STAT-6; NS, nonspecific band. D,
IL-2i heterodimerization of STAT-5A and STAT-5B in HT-2 cells. HT-2EPOBy cells were stimulated with EPO as described in C, and
cellular lysates were immunoprecipitated with 1ul anti-STAT-5B. Immunoprecipitates were separated by 8.76% polyacrylamide gel electrophore-

sis, immunoblotted with anti-STAT-5A, anti-phosphotyrosine (PTyr, 4G10), or anti-STAT-5B antibodies as indicated.

caused such a supershift only in extracts from STAT-5A trans-
fectants, and the anti-STAT-5B antiserum caused a supershift
only in extracts from STAT-5B transfectants. In addition, a
nonspecific (NS) reactivity was present in the anti-STAT-5A
and -5B antisera that was also found in preimmune sera (Fig.
5, lanes 5 and 6), but the bands representing specific super-
shifts are nonetheless diagnostic for the presence of STAT-5A
or -5B.

In order to determine precisely which STAT-5 homologue(s)
were induced by IL-2 in T cells, HT-2 cells were stimulated
with IL-2 or IL-4 as a negative control and EMSA was per-
formed as described in Fig. 4B. As shown in Fig. 4C, the
IL-2-induced DNA binding complex reacted with both antisera
specific for either STAT-5A or STAT-5B by causing a diminu-
tion in the DNA binding complex with a corresponding appear-
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ance of a specific supershift at the top of the gel (Fig. 4C, lanes
3 and 4). These findings imply that the IL-2R mediates the
induction of both STAT-5A and STAT-5B, consistent with pre-
vious observations in the IL-3R system (30). This reactivity was
not observed with preimmune sera from the same animals (Fig.
5, lanes 5 and 6), nor were IL-4-induced DNA binding com-
plexes containing STAT-6 affected in this way (Fig. 4C, lanes 6
and 7). The finding that virtually the entire DNA binding
complex induced by IL-2 in HT-2 cells was competed with
anti-STAT-5A antibodies suggested that all of the DNA binding
complexes contained STAT-5A (Fig. 4C, lane 3). However, the
fact that only a partial supershift of the complex was achieved
with anti-STAT-5B (Fig. 4C, lane 4) argued that the nucleopro-
tein complexes represented a combination of STAT-5A ho-
modimers and STAT-5A/STAT-5B heterodimers.

*
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ceptor subunit in STAT-SA/B induction. HT-2EPOS/EPOR(1-321)
cells were stimulated with EPO (E) and lear extracts subjected to
EMSA as described in Fig. 4B. Nuclear extracts were also incubated
with 1 ul of specific preimmune serum (PIS) for 30 min on ice prior to
EMSA (lanes 5 and 6). The top arrow indicates the supershifted band,
and the bottom arrow indicates STAT-5. NS, nonspecific DNA binding
complex.

To assess directly whether signaling through the IL-2R in-
duces heterodimerization of STAT-5A and -5B, lysates from
uninduced or EPO-induced HT-2EPOBY cells were immunopre-
cipitated with anti-STAT-5B antibodies and immunoblotted
with anti-STAT-5A antisera. As shown in Fig. 4D, the presence
of STAT-5A was dramatically increased in anti-STAT-5B im-
munoprecipitates following induction of the IL-2R, indicating
that STAT-5B and STAT-5A form heterodimers primarily after
stimulation (panel I). The low level of background bands seen
in the uninduced cells may suggest that some STAT-5A and
STAT-5B molecules are pr iated prior to receptor stimu-
lation, but this association is significantly and reproducibly
enhanced upon ligation of the receptor. Since dimerization of
STAT factors is dependent on reciprocal SH2/phosphotyrosine
interactions (39), the phosphorylation status of the STAT-5B
immunoprecipitates was assessed by stripping the blot and
re-probing with anti-phosphotyrosine antibodies. Indeed,
STAT-5B was found to be phosphorylated only after EPO stim-
ulation (Fig. 4D, panel 2). Finally, efficient immunoprecipita-
tion of STAT-5B was confirmed by stripping and reprobing the
blot with anti-STAT-5B (Fig. 4D, panel 3). Of course, these data
do not rule out the possibility that STAT-5A and STAT-5B
homodimers are also present in the DNA binding complexes in
addition to the STAT-5A/B heterodimers. Nevertheless, IL-2R
stimulation induces the DNA binding activities of both
STAT-5A and STAT-5B, involving the formation of het-
erodimers (and possibly homodimers) in vivo.

Neither the Four Cytoplasmic Tyrosine Residues of vy, nor
JAK3 Are Required for STAT-5A/B Induction

Previous studies have demonstrated that a truncated EPO
receptor (EPOR(1-321)) is capable of functionally substituting
for EPOv in the IL-2 receptor complex, even though it physi-
cally associates with and activates JAK2 rather than JAK3
(Fig. 2A) (14, 38). To determine whether the v, chain exerts any
influence on the specific composition of the DNA binding com-
plex induced by the IL-2R, supershift analyses were performed
with nuclear extracts prepared from HT-2EPOS/EPOR(1-321)
cells. Consistent with previous observations, STAT-5A and -5B
were both significantly induced in HT-2EPOS/EPOR(1-321)
cells (Fig. 5), indicating heterodimer formation. In addition,
STAT-5A and STAT-5B heterodimers were also induced in
HT-2EPOB/yYF and HT-2EPOB/y336 cells (data not shown).
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Fic. 6. Redundant tyrosine residues of the IL-2R8 chain in-
duce STAT-5A/5B in HT-2 cells. HT-2EPOGYF:1Y/y, HT-2EPOSYF:
234Y/y, HT-2EPOBYF:5Y/y, and HT-2EPOSYF:6Y/y cells were stimu-
lated with 50 units/'ml EPO (E) (lanes 2, 4, 7, 10, and 12-17) or 10 nM

IL-2 (2) (lanes 5, 8, and 1) and nuclear extracts subjected to EMSA and
antibody competitions performed as described in Fig. 4B.

These results confirmed that the y, chain plays no role in
determining the specificity of the STAT-5 isoform induced fol-
lowing ligation of the IL-2R, and that JAK3 can be replaced
with JAK2 in the receptor complex without adverse functional
effects in the activation of select STAT factors.

Specific Tyrosine Residues of the IL-2RB Chain Regulate
STAT-5A/B Induction

Since tyrosine residues within the vy, subunit failed to specify
STAT-5A/B induction (Fig. 5) (23), studies were performed to
delineate the role of the IL-2R8 chain in this process. Previous
studies have established that one or more tyrosine residues of
the IL-2Rp are required for STAT-5 activation, because a mu-
tant IL-2RB chain lacking all cytoplasmic tyrosine residues
failed to induce STAT-5 DNA binding activity in HT-2 cells
(23). The abilities of the EPOpB tyrosine reconstitution mutants
to activate STAT-5A and -5B were therefore tested in EMSA.
Consistent with prior in vitro peptide competition data (23, 26),
HT-2 cells expressing either of the two C-terminal tyrosine
residues (EPOBYF:5Y/y or EPOBYF:6Y/y) each induced
STAT-5A and STAT-5B in response to EPO (Fig. 6, lanes 7 and
10). Furthermore, supershift analyses suggested that typical
STAT-5A/B heterodimers were assembled via these receptors
(Fig. 6, lanes 12-17). In contrast, HT-2EPOBYF:234Y/y cells
failed to induce significant STAT-5A/B DNA binding activity,
despite the activation of Janus kinases in these cells (Fig. 3).
Unexpectedly, HT-2 cells expressing EPOSYF:1Y/y also proved
competent to activate STAT-6A/B (Fig. 6, lane 2). The relatively
higher levels of STAT-5 induction by the EPOBYF:1Y cell line
as compared to the EPOBYF:5Y and EPOBYF:6Y cell lines
shown in this gel were not consistently observed; thus all three
mutants appear to activate STAT-5A/B roughly equivalently.
In addition, EPOBYF:1Y induced both STAT-5A/B in cells ex-
pressing EPOyYF, indicating that v, tyrosine residues do not
exhibit a compensatory function for absent IL-2RB residues
(data not shown). These results underscore both redundancy
and specificity within the IL-2R system, since STAT-5A/B can
be activated through three different tyrosine residues but not
by three other cytoplasmic tyrosines.

DISCUSSION

The IL-2 Receptor Is Composed of Distinct, Functional Mod-
ules —One of the paradoxes in cytokine receptor signal trans-
duction is that a high degree of signaling specificity is achieved
even though receptor subunits and intracellular signaling in-
termediates are shared among multiple receptor types. In this
regard, the vy, subunit corresponds to a relatively short chain
that participates in the IL-2, 4, -7, -9, and -15 receptors (4-7).
However, y, appears to confer no detectable specificity to the
IL-2 signaling program. Indeed, none of the four cytoplasmic
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tyrosine residues within y, nor distal sequences within the vy,
tail is required for effective signaling, including proliferation,
induction of the c-fos and bcl-2 proto-oncogenes, or STAT-5A
and -5B activation (Figs. 1C, 24, and §) (14). Furthermore,
while JAKS3 is bound to proximal sequence elements in v, this
cytoplasmic domain and Janus kinase can be replaced by a
truncated form of the erythropoietin receptor bound to JAK2
with no loss of signaling specificity (Figs. 2A and 5) (14). Nev-
ertheless, y.-associated JAK activity appears to be y
for native IL-2R signaling, since a dominant negative JAK3
mutant lacking intrinsic kinase activity effectively disrupts
signal transduction (42). In addition, natural mutations of ¥y,
that abrogate JAK3 binding lead to clinically significant im-
munodeficiencies (43). Taken together, our present findings
support the notion that y, plays an important role in the initi-
ation of transmembrane signaling but is likely dispensable for
subsequent execution and completion of specific signals. Ac-
cordingly, we have suggested that y. and its associated JAK3
function as a “trigger” chain in the IL-2R complex (14).

In contrast, the subunits that pair with v, in the IL-2, IL-4,
IL-7, IL-9, and IL-15 receptors have relatively long cytoplasmic
domains that typically associate with multiple signaling inter-
mediates. For example, while the IL-2RB chain binds specifi-
cally to such molecules as Shc and STAT-5 (22-24, 26-28), the
IL-4R subunit binds to STAT-6 (44, 45), thus specifying a very
different signaling program. The present findings provide fur-
ther molecular evidence that these longer subunits play a ma-
jor role in driving the specificity of the signaling program; thus,
we have referred to this class of receptor subunits as “driver”
chains (14).

Signaling Modules Are Specific, Redundant, and Multifunc-
tional — The findings reported here illustrate several properties
of the IL-2 receptor “driver” subunit, the IL-2R8 chain, that
characterize its mechanism of signaling. First, within the IL-
2RB chain, there are multiple functional, tyrosine-based pep-
tide modules that exhibit a high degree of specificity in cou-
pling to signaling pathways (summarized in Fig. 7B). For
example, the ability of an individual tyrosine residue to drive a
specific signal is manifested in the activation of c-fos gene
expression. Data presented here illustrate that Y1 (Tyr-338) is
uniquely required for inducing c-fos mRNA levels (Fig. 2B),
while another recent study has shown that Y1 (Tyr-338) is the
only cytoplasmic tyrosine residue within IL-2RS that binds to
the Shc adapter molecule after IL-2R8 phosphorylation (22).
Taken together, these observations suggest that c-fos is likely
induced via the Ras-Raf pathway that is activated by Shc
(reviewed in Ref. 46). These experiments have also shown that
the c-fos and STAT-5 pathways appear to be distinct. STAT-5
can be activated through other tyrosine residues (Y5 (Tyr-392)
and Y6 (Tyr-510)) that fail to induce c-fos or bind Shc (Figs. 2B
and 6) (22). However, since both pathways are induced through
an IL-2RB mutant that contains only Y1 (Tyr-338), these stud-
ies do not preclude the possibility that STAT-56 activation is
necessary but not sufficient for AP-1 induction by this receptor
47).

Second, in contrast to the selective activation of c-fos by Y1
(Tyr-338), there is marked redundancy in the abilities of cer-
tain tyrosine residues within IL-2RB to mediate other signaling
events. For example, Y1 (Tyr-338), Y5 (Tyr-392), and Y6 (Tyr-
510) all promote activation of STAT-5 nuclear import and DNA
binding activity in HT-2 cells (Fig. 6), despite clear sequence
differences in the amino acid sequences flanking Tyr-338 and
Tyr-392/Tyr-510 (Fig. 7A and see below). Importantly, efficient
STAT5A/5B heterodimerization is induced via an IL-2R8 mu-
tant retaining a single STAT-binding motif, indicating that the
does not ily form a multivalent “platform” to
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GH 548 EDI Y I T TE
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_J_ 38 365360301 %2 610
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mducmg noapton , specific events mediated by IL-2R8

located in the cytoplasmic tail. Conserved Box1 (1)
andBox2(2)mohflmahadcd(53),andnhunpodﬁomofthom
tyrosine (Y) residues are indicated.

which multiple STATSs are recruited simultaneously in order to
direct heterodimer or homodimer formation. Similar redun-
dancy among Y1 (Tyr-338), Y5 (Tyr-392), and Y6 (Tyr-510) is
observed in the activation of cellular proliferation (Fig. 1) (11),
although STAT-6 activation and proliferation are probably in-
dependent events (23, 24). The biological importance of such
functional redundancy is unknown, but it may allow for ampli-
fication of signaling, as has been demonstrated for repetitive
tyrosine-based motifs present in the T cell receptor complex
(48).

Third, the studies performed here indicate that individual
tyrosine-based motifs in the IL-2R8 chain can serve multiple,
apparently independent functions. For example, as described
above, Y1 (Tyr-338) couples both to a Shc-dependent pathway
as well as to the JAK-STAT pathway (Fig. 7B). Moreover, two
isoforms of STAT-5 are induced through single tyrosine resi-
dues, indicating at least some potential for multifunctionality
through these sequences. Since both STAT-1 and STAT-3 have
been implicated in IL-2 signaling in other systems (26, 40), it is
likely that more STAT factors may couple to some or all of the
receptor tyrosine residues.

Interestingly, no obvious function for the Tyr-234 (Tyr-355/
Tyr-358/Tyr-361) tyrosine cluster has yet been detected in
HT-2 cells. Although it is unknown whether the restriction of
function of Tyr-234 occurs at the level of phosphorylation or at
the level of binding to particular signaling intermediates, it is
nonetheless clear that there is strict selectivity in which ty-
rosines are capable of mediating such events.

Finally, at least some signaling pathways are coupled to the
IL-2R through a tyrosine-independent mechanism, as repre-
sented by induction of the proto-oncogene bcl-2. It has been
previously shown that bcl-2 induction is independent of JAK3
activation (42), but the data presented here represent the first
direct demonstration that bcl-2 induction is also independent of
tyrosine residues within the IL-2 receptor. Further studies are
needed to determine how tyrosine-independent pathways are
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initiated by cytokine receptors after receptor activation. Other
studies with the growth hormone (GH) and erythropoietin re-
ceptor have suggested that receptor tyrosine residues are ap-
parently not absolutely essential for activation of proliferation
and the JAK-STAT pathway in these receptor systems (49, 50).
It remains to be determined whether these observations repre-
sent a fundamental difference in the mechanism of signaling
between the EPOR/GHR and the IL-2 receptors, or whether low
levels of endogenous EPO and GH receptors might contribute
to the observed functionality of the transfected receptor
mutants.

Cell Context Specificity of STAT-binding Motifs — Among cy-
tokine receptors it is often possible to identify putative func-
tional “driver” modules based on seq alone, such as IRS-1-
or STAT-binding motifs (10, 44). The present studies reveal
additional complexities underlying STAT-5-activation motifs
and the role of additional cellular factors in permitting STAT
activation. First, in HT-2 cells, we have shown that two iso-
forms of STAT-5 (STAT-5A and -5B) are induced by IL-2 stim-
ulation through three different tyrosine residues within IL-2R8

o a wee
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(Figs. 4 and 6). Surprisingly, however, although the seq
surrounding Y5 (Tyr-392) and Y6 (Tyr-510) are quite similar to
tyrosine motifs found in other STAT-5-inducing receptors (D A
Y L S/T L), the functionally redundant Y1 (Tyr-338) is notably
divergent from these in primary sequence (NQG Y F F F) (Fig.
TA). Moreover, the text of the prolactin receptor tyrosine
residue that induces transcription through a STAT-response
element differs somewhat from these motifs (LDYLDPT) (51).
Therefore, STAT-5 appears to be activated through as many as
three different tyrosine-based sequences.

In addition, there appears to be an influence of cellular
environment on STAT-5 activation. First, in the pro-B/myeloid
cell line Ba/F3, a truncated IL-2R8 chain retaining Y1 (Tyr-
338) fails to activate STAT-5 DNA binding, although it still
maintains the ability to induce cellular proliferation (24).
These observations contrast with the present obeervation that
Y1 (Tyr-338) induces STAT-5A/B in IL-2-dependent T celis
(Fig. 6). Second, the effects of point substitutions at Y1 (Tyr-
338) on proliferation signaling appear to vary depending on
cellular context (11). Moreover, the EPOR can induce STAT-6
only in certain cellular contexts® (52). These data suggest that
the type of cell chosen for receptor studies may be important in
dissecting specific consequences of cytokine signaling. In sum-
mary, a full understanding of STAT-activation motifs and their
functions in different cellular environments will require fur-
ther study.

Modularity within the Cytokine Receptor Superfamily—
summary, the present studies reveal that tyrosine-based se-
quences located in the IL-2RB chain exhibit specificity, redun-
dancy and multifunctionality in regulating signaling events
initiated by IL-2. Since the signaling portion of IL-15 receptor
contains both the IL-2RB and . chains (7), these findings
probably apply to this cytokine as well. It is likely that analo-
gous modules in “driver” subunits within other receptor com-
plexes also exhibit these characteristics, and that the combina-
torial association of various modules within a receptor complex
permits a diverse range of biologic consequences. For example,
some domains may have synergistic or inhibitory influences on
one another. A more complete understanding of such interac-
tions is essential to developing strategies to manipulate these
intracellular processes for clinical benefit.
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Prologue

Following the characterization of the IL-2 receptor system and the description of
receptor complex architecture in the “trigger-driver” model, we examined other receptor
complexes that employ the y; chain. The IL-7R complex was of particular interest because
of recent gene-ablation studies. Specifically, deletion of the gene for IL-7 (1) or the IL-7R
a subunit (2) resulted in severe developmental defects in the murine immune system that
paralleled those defects found in human X-linked severe combined immunodeficiency (X-
SCID) (3). Thus, the studies presented here examined the role of receptor subunit
heterodimerization for signaling activation by IL-7R and the functional role of each subunit
within the IL-7R complex. The findings were very analagous to those for the IL-2R complex
and provide additional support for the “trigger-driver” model. The following paper, as
presented here, is in press.
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Abstract

Genetic evidence suggests that mutations in the -y, receptor
subunit cause X-linked severe combined immunodeficiency
(X-SCID). The vy, subunit can be employed in receptor com-
plexes for IL-2, -4, -7, -9, and -15, and the multiple signaling
defects that would result from a defective . chain in these
receptors are proposed to cause the severe phenotype of
X-SCID patients. Interestingly, gene disruption of either
IL-7 or the IL-7 receptor (IL-7R) a subunit in mice leads to
immunological defects that are similar to human X-SCID.

These observations suggest the functional importance of vy,
in the IL-7R complex. In the present study, structure/func-

tion analyses of the IL-7R complex using a chimeric recep-
tor system demonstrated that -y, is indeed critical for IL-7R
function. Nonetheless, only a limited portion of the cyto-
plasmic domain of v, is necessary for IL-7R signal transduc-
tion. Furthermore, replacement of the vy, cytoplasmic do-
main by a severely truncated erythropoeitin receptor does
not affect measured IL-7R signaling events. These findings
support a model in which . serves primarily to activate sig-
nal transduction by the IL-7R complex, while IL-7Ra deter-
mines specific signaling events through its association with
cytoplasmic signaling molecules. Finally, these studies are
consistent with the hypothesis that the molecular pathogen-
esis of X-SCID is due primarily to vy.-mediated defects in
the IL-7/IL-7R system. (J. Clin. Invest. 1997. 99:REEE-
BEEBN.) Key words: interleukin-7 « receptor « X-linked se-
vere combined immunodeficiency - signal transduction «
specificity

Introduction

Various cytokines contribute to the development and regula-
tion of lymphocytes. A number of cytokines including IL-2, 4,
-7, -9, and -15 engage receptor complexes composed of a spe-
cific subunit in conjunction with the shared . chain (1-9). Hu-
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man mutations in y. have been linked to X-linked severe com-
bined immunodeficiency (X-SCID),! a disease characterized
by severe lymphopenia and recurring persistent infections in
the first months of life (10-12). Additionally, gene deletion
studies in mice of . have revealed a similar immunodeficiency
(13, 14). The wide array of receptor signaling defects that re-
sult from -y, mutations are hypothesized to lead to the severe
immunological defects found in both X-SCID patients and
y.-deletion murine models.

Recent studies, however, suggest that more selective sig-
naling defects due to vy, mutations may cause X-SCID and the
murine immunodeficiency syndrome. Gene ablation of IL-2
(15) and IL-2 receptor (IL-2R)B/IL-15SRB (16) do not cause
carly developmental defects of the immune system. Further-
more, IL4 gene-ablation studies do not detect early lym-
phopoietic and functional disturbances, suggesting that y.-inde-
pendent forms of the IL4R are biologically active (17-21).
Additionally, the role of vy, in the IL-9R complex remains un-
defined. The vy, subunit does not appear to modulate IL-9R
binding affinity for IL-9 (8) and IL-9 may act primarily on mast
cells (22). In contrast, gene disruption of either IL-7 (23) or the
IL-7Ra subunit (24) leads to severe developmental perturba-
tions. Thus, signaling defects in the IL-7/IL-7R system result-
ing from changes in y. may be sufficient to account for the de-
velopmental anomalies that lead to X-SCID.

IL-7 was identified as a factor secreted by stromal cells of
the bone marrow and thymus that stimulates proliferation of
immature B and T lymphocytes (25-31). The biological effects
of IL-7 are mediated through a receptor complex containing
the IL-7Ra subunit (32) and the vy, chain (3, 6, 9). Both of
these receptor subunits are members of the cytokine receptor
superfamily (33), sharing a number of structural features in-
cluding two partially conserved, intracellular regions termed
Box1 and Box2 that are involved in Janus kinase (JAK) associ-
ation (7, 34-36). Engagement of these subunits by IL-7 leads
to the activation of the Janus kinases, JAK1 and JAK3, and
the subsequent induction of a signal transducer
and activator of transcription (STAT) factor,
STAT-5 (7,19,37). Additionally, activation of the src-
like kinase family members p56ick, pS9fyn, and pS3/p56lyn has
been reported in various cellular contexts (38-40). Down-
stream of the activation of tyrosine kinases is the activation of

1. Abbreviations used in this paper: CMF-PBS, calcium- and magne-
sium-free PBS; EMSA, electrophoretic mobility shift assay; EPOR,
erythropoietin receptor; IRS-1, insulin receptor substrate-1; JAK, Ja-
nus kinase; STAT, signal transducer and activator of transcription;
X-SCID, X-linked severe combined immunodeficiency.
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the insulin receptor substrate-1 (IRS-1) (41) and phosphati-
dylinositol-3-kinase (42, 43). Collectively, these and related
specific molecular events culminate in differentiation and pro-
liferation by 1L-7.

While many of the specific signaling events activated by the
IL-7R complex have been delineated, the functional roles of
the receptor subunits themselves in generating these signals
are relatively undefined. However, the heterodimeric structure
of the IL-7R complex suggests distinct functions for the indi-
vidual receptor subunits. Thus, the present studies were under-
taken to identify the functional roles of IL-7Ra and vy, within
the IL-7R complex. These observations define the structural
determinants of signaling specificity within the IL-7R complex
and further clarify mechanisms associated with the molecular
pathogenesis of X-SCID.

Methods

Cell lines and reagents. HT-2, an IL-2-dependent murine helper T
cell line (American Type Culture Collection, Rockville, MD) was cul-
tured in RPMI 1640 supplemented with 10% FBS, 55 uM B-mercap-
toethanol (8-ME), 2 mM L-glutamine, and 200 U/ml recombinant hu-
man IL-2 (a generous gift of Chiron Corp, Emeryville, CA). 32D/
IRS-1, a pro-myeloid cell line stably expressing the IRS-1, was main-
tained in 32D medium (RPMI 1640 containing 10% FBS and 5%
WEHI 3B-conditioned medium). The SCID-MA cell line was main-
tained in RPMI 1640 with 10% FBS, 10 mM Hepes, 2 mM L-glu-
tamine, and 5 uM B-ME.

Electroporation of cells was performed as described previously
(44), and stable transfectants were obtained by selection in G418 (1
mg/ml Geneticin; GIBCO BRL, Life Technologies, Inc., Gaithers-
burg, MD). Clones isolated by limiting dilution were screened by
Northern blot analysis to identify clones expressing the transfected
receptor subunit(s). HT-2 stable cell lines expressing two receptor
subunits were derived from cells already expressing either the
ropoietin (EPOy) or EPOYYF chain. After electroporation, stable
transfectants were isolated by selection in G418 (1 mg/ml) and hygro-
mycin B (500 ng/ml; Bochringer Mannheim Biochemicals, Indiana-
polis, IN) and screened by Northern blot analysis. The antiphospho-
tyrosine monoclonal antibody (4G10), anti-JAK1, -JAK2, and -JAK3
were obtained from Upstate Biotechnology Inc. (Lake Placid, NY).
Human [L-4 and IL-9 were obtained from R & D Systems, Inc. (Min-
neapolis, MN). Recombinant human IL-7 was from Genzyme, Corp.
(Cambridge, MA) and recombinant human EPO was the generous
gift of Ortho Diagnostic Systems Inc. (Raritan, NJ).

Plasmid c ts. All ptor cDNAs were subcloned into the
expression vectors pPCMV4Neo (44) or pPCMV4Hygro, a derivative of
pCMV4 (45) containing a hygromycin B-resistance gene as a select-
able marker. The cytoplasmic portion of the IL-7Ra subunit was iso-
lated by PCR from PBMC cDNA. pEPO7neo was constructed by
PCR using a Nhel site at the fusion junction. The chimeric receptor
subunit contains the extracellular domain of the erythopoietin recep-
tor (EPOR) fused just above the transmembrane segment to the hu-
man IL-7Ra transmembrane and cytoplasmic domains (resulting se-
quence: . . . (EPOR-T-A-S)-(I-N-N-IL-7a) . . .). The EPOy and the
chimeric vy, receptor mutants were constructed as previously de-
scribed (46). A stop codon was introduced at the HindlIII site present
in the coding sequence of EPO7 to create the EPO7y subunit that
lacks the distal 100 amino acid residues. For all constructs requiring
synthetic olig leotides or PCR reacti sequences were con-
firmed by DNA scquencing.

JAK and IRS-1 phosphorylation studies. 40 X 10° cells were washed
twice in calcium- and magnesium-free phosphate-buffered saline
(CMF-PBS), stripped of cell-bound ligand for 1 min in 10 mM sodium
citrate, pH 4.0, and 140 mM NaCl and rested for 4 h or overnight in
RPMI 1640 medium containing 1% bovine serum albumin (fraction
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V; Sigma Chemical Co., St. Louis, MO). After stimulation with the
appropriate factor, cells were washed in CMF-PBS and lysed (1%
Nonidet P-40, 20 mM Tris-HQ|, pH 8.0, and 150 mM NaCl, 50 mM
NaF, 100 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
fluoride, 10 ug/mli leupeptin, 10 ug/ml aprotinin, 1 j1g/ml pepstatin A.
Immunoprecipitations were performed with the indicated antibodies
and protein A-Sepharose. Immunoblot analysis was performed with
the appropriate antibodies with detection by ECL (Amersham Corp.,
Arlington Heights, IL) signal development. For JAK analysis, blots
were stripped (100 mM 2-mercaptoethanol, 2% sodium dodecyl sul-
phate, 62.5 mM Tris-HQ, pH 6.7) for 30 min at 55°C and reprobed
with anti-JAK1 and -JAK3 antisera to verify equivalent protein
loading (data not shown).

Electrophoretic mobility shift assay. 40-60 X 10° cells were rested
and stimulated as described above and washed in CMF-PBS. Nuclear
extracts were prepared as described (47) in the presence of 1 mM so-
dium orthovanadate and the following protease inhibitors (in pg/ml):
antipain 0.5, aprotinin 0.5, bestatin 0.75, leupeptin 0.5, pepstatin A
0.05, phosphoramidon 1.4, and soybean trypsin inhibitor 0.5 (Sigma
Chemical Co.). The 1gG Fc receptor STAT response element probe
was end-labeled with (y-2PJdATP (Amersham Corp.) and polynudie-
otide kinase (New England Biolabs Inc., Beverly, MA). DNA bind-
ing studies were performed with 10° cpm probe, 3 ug poly{d(I-C)] and
10 g nuclear extract as described (47a). Preincubation of nuclear ex-
tracts with different antibodies were performed in the absence of
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Figure 1. The y. mutation
: in an X-SCID patient re-
i : sults in multiple cytokine
receptor signaling defects.
40 X 10° cells/sample were
unstimulated (U) or stimu-
lated for 15 minutes with
various cytokines: IL-4
(4,100 ng/ml), IL-2 (2,10
nM), IL-7 (7,100 U/ml),
and 1L-9 (9,100 U/ml).
EMSA of prepared nu-
clear exracts are shown.
Cytokine bioactivity was
verified by stimulation of
various responsive cell
lines and the integrity of
the nuclear extracts was
verified by EMSA with the
SP-1 probe (data not
shown). Arrow denotes
IL-4-induced STAT-6
DNA-binding activity.




poly[d(I-C)] and binding buffer for 45 min on ice before initiation of
the binding assay by addition of radiolabeled probe.

Proliferation assays. Conventional 24-h [*H]thymidine (DuPont-
NEN, Boston, MA) incorporation assays were performed as previ-
ously described (44). Briefly, 32D cells were counted, washed twice in
CMF-PBS and resuspended at 10° cells/ml of 32D medium without
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the WEHI 3B-conditioned medium supplement. 10° cells per weli
were grown in the indicated concentrations of EPO for 24 h with
[’H]thymidine incorporation measured in the last 4 h. Transient
transfection assays of EPO-induced proliferation were performed as
described previously (44). PH|Thymidine incorporation was mea-
sured on days 8-16 after transfection.
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Figure 2. A chimeric receptor system recapitulates IL-7 receptor-
mediated signaling events. (A) Schematic representation of native
(IL-7Ra, v., and EPOR) and chimeric (EPO7 and EPOy) subunits
fused at a site located immediately NH,-terminal to the transmem-
brane segment. The partially conserved Box1 and Box2 domains of
the cytoplasmic portion of members of the cytokine receptor super-
family are shown. (B) Lysates of unstimulated (U), EPO-stimulated
(E, 50 U/ml), and IL-2-stimulated (2, 10 nM) cells were subjected to
immunoprecipitations for JAK1 and JAK3. Immunoblot analysis was
performed with the antiphosphotyrosine antibody. Verification of
protein loading was demonstrated by stripping the blot and perform-
ing immunoblot with anti-JAK1 and -JAK3 antibodies (data not
shown). Arrows denote JAK1 and JAKS3. (C) EMSA of nuclear
extracts from unstimulated (U), EPO-stimulated (E), and IL-2-stimu-
lated (2) cell lines. Competition was performed with the anti-STAT-
5A and -5B antibodies. Arrow indicates STAT-5 DNA-binding activ-
ity. N.S., nonspecific band. (D) EMSA of nuclear extracts from the
indicated cell lines. Arrow indicates STAT-5 DNA binding activity.
(E) anti-STAT-5A and -5B immunoprecipitates of unstimulated (U)
and EPO-stimulated (E) 32D/IRS-1/EPO7y cells were analyzed by
SDS-PAGE and immunoblotted with the indicated antibodies.
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Results

B cells from an X-SCID patient are unresponsive to multiple cy-
tokines that bind to receptor complexes containing the vy, sub-
unit. Epstein-Barr virus—transformed B cell lines derived from
X-SCID patients have various mutations in the vy, gene. For
example, the SCID-MA cell line contains a mutation that re-
sults in the lack of detectable mRNA transcripts for the y, sub-
unit (reference 12 and data not shown). To assess the func-
tional consequences of this genetic defect, SCID-MA cells
were stimulated with cytokines that employ y.-containing re-
ceptor complexes (Fig. 1). The activation of STAT factors was
evaluated in an electrophoretic mobility gel shift assay (EMSA)
using an oligonucleotide probe that contains the IgG Fc recep-
tor promoter element. SCID-MA cells retained responsiveness
to IL4, as demonstrated by the retarded mobility of the radio-
labeled probe and anti-STAT-6 antibody competition (Fig. 1
and data not shown). Previous studies are consistent with the
hypothesis that IL-4 may engage another receptor com-
plex(es) that does not require the vy, subunit (17-21). How-
ever, in the absence of a functional vy, chain, SCID-MA cells
were unresponsive to IL-2, -7, and -9, raising the possibility
that v, is critical for signaling by these receptor systems. Since
IL-2 and IL-9 do not appear to affect carly lymphocyte devel-
opment, further analysis of the IL-7R complex and its link to
X-SCID was undertaken.

A chimeric receptor system recapitulates JAK-STAT signal-
ing of the IL-7 receptor complex. To investigate the functional
roles of the individual receptor subunits in the IL-7 receptor
complex, chimeric receptor subunits were formed by fusing the
extracellular domain of the EPOR to the intracellular portions
of IL-7Ra and . to form EPO7 and EPOy, respectively (Fig. 2
A). These chimeric receptor subunits were evaluated for their
abilities to recapitulate IL-7 receptor signaling, specifically
through the JAK-STAT pathway. Stable transfectants express-
ing EPO7 or EPOy were established in HT-2 cells, a murine
helper T cell line. Antiphosphotyrosine immunoblot analysis
of JAK kinase immunoprecipitates from HT-2 stable transfec-
tants demonstrated the phosphorylation of JAK1 and JAK3,
but not JAK2, in response to a positive control ligand, IL-2
(Fig. 2 B and data not shown). Upon EPO stimulation, neither
the HT-2EPO?7 nor the HT-2EPOy cell lines demonstrated an
increase in the phosphorylation of JAK1 and JAK3 when com-
pared with unstimulated celis. In contrast, a stable cell line ex-
pressing both EPO7 and EPOy subunits, HT-2EPO7y, dis-
played a marked increase in tyrosine phosphorylation of JAK1
and JAK3 in response to EPO (Fig. 2 B). Therefore, activation
of the chimeric receptor system leads to the induction of the
same JAK kinases as those reportedly linked to the native IL-7
receptor complex (7, 37, 48).

Activation of JAK kinases in cytokine receptor complexes
typically leads to the recruitment and activation of STAT fac-
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Figure 3. The functional replacement of v, by a truncated EPOR does not alter specific signaling events. (A) Stable 32D/IRS-1 transfectants
were stimulated with EPO in PH]thymidine incorporation experiments. (B) Serial immunoprecipitates of JAK1, JAK2, and JAK3 from lysates
of the indicated cell lines. Inmunoblot analysis was performed with the antiphosphotyrosine antibody. Verification of protein loading was dem-
onstrated by stripping the blot and performing immunoblot analysis with the anti-JAK1, -JAK2 and -JAK3 antibodies. Arrowheads denote
JAKI1 (solid), JAK2 (hatched), and JAK3 (open). (C) EMSA of nuclear extracts from the indicated 32D/IRS-1 stable transfectants that were un-
stimulated (U) or treated with EPO (E) or Wehi 3B-conditioned media (W, 10%). Arrow depicts STAT-S DNA-binding activity. (D) anti-IRS-1
immunoprecipitates of lysates from the indicated cell lines that were unstimulated (U) or EPO stimulated (E). Inmunoblotting was performed
with the antiphosphotyrosine antibody.
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tors (49). As demonstrated by EMSA using a probe corre-
sponding to the IgG Fc receptor STAT responsive element,
EPO stimulation of HT-2EPO7 and HT-2EPOy cell lines did
not result in activation of a specific DNA-binding activity (Fig.
2 C). Like the native IL-7 receptor complex (19), engagement
of both chimeric receptor subunits by EPO stimulation of
the HT-2EPO7y cell line resulted in the activation of
STAT-S (Fig. 2 C). This DNA-binding complex contained
both STAT-5A and -5B, as demonstrated by specific antibody
competition that diminished the presence of the retarded nu-
cleoprotein complex.

To examine the IL-7R complex in another cell context, the
chimeric receptor systcm was also established in 32D/IRS-1, a
promyeloid cell line that expresses IRS-1 (50). As in the HT-2
cell line, EPO stimulation of 32D/IRS-1 stable transfectants
expressing EPO7 or EPOy alone did not affect the phosphory-
lation of JAK1 or JAKS3 (data not shown). EPO stimulation of
a 32D/IRS-1 stable cell line expressing both EPO7 and EPOy
(32D/IRS-1/EPO?7y) resulted in a marked increase in the
phosphorylation of JAK1 and JAK3 (Fig. 3 B). Additionally,
EPO stimulation of 32D/IRS-1/EPO7 and 32D/IRS-1/EPOy
cell lines did not result in the activation of DNA-binding activ-
ity (Fig. 3 C). However, EPO stimulation of a 32D cell line ex-

pressing both EPO7 and EPOy, 32D/IRS-1/EPO74, led to the
activation of a DNA-binding complex (Fig. 3 C). To determine
the composition of the DNA-binding complex, 32D/IRS-1/
EPO7v cellular lysates were subjected to immunoprecipitation
with the STAT-5A and -5B antibodies after activation of the
EPO7/EPOy heterodimer. Anti-STAT-5A immunoblot anal-
ysis of the immunoprecipitates demonstrated the coimmuno-
precipitation of STAT-5B with STAT-5A after EPO stimula-
tion (Fig. 2 E). Similarly, immunoprecipitates of the STAT-SA
antibody demonstrated the EPO-induced association of STAT-
5B (data not shown). Therefore, as in the IL-2R system (51),
signaling through an IL-7Rafy, heterodimer results in the acti-
vation and heterodimerization of STAT-5A and -5B. Thus,
these findings demonstrate that signaling by the 1L-7 receptor
complex through the JAK-STAT pathway is reproduced by
the chimeric receptor system in two cytokine-dependent he-
matopoietic cell lines. Furthermore, heterodimerization of the
cytoplasmic tails of IL-7Ra and vy, are required to activate sig-
nal transduction by the IL-7R complex.

The cytoplasmic tyrosines of the vy, subunit are not required
for JAK-STAT signaling by the IL-7R complex. Previous stud-
ies in the IL-2 and IL4 receptor complexes demonstrated that
the four cytoplasmic tyrosine residues of the . subunit were
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Figure 4. Heterodimerization of the IL-7Ra and v, cytoplasmic domains results in the activation of IL-7-specific signaling events. (A) Stable
32D/IRS-1 transfectants were stimulated with EPO in [PH]thymidine incorporation experiments. (B) Transient transfection assay of 32D/IRS-1/
EPO7 cells demonstrates that EPO-induced proliferation requires the presence of both EPO7 and EPOy. (C) Schematic diagram of the y. mu-
tants. y336, y318 and yTM mutants are truncated immediately after amino acids 336, 318, and 286, respectively. yYABox1 lacks residues 281-294,
yAV-BOX lacks residues 295-320, and yABox2 lacks residues 321-334. (D) Transfection assay of 32D/IRS-1/EPO?7 cells with various EPOy mu-
tants demonstrates the critical role of the cytoplasmic membrane proximal region of . for growth signaling. (E) Evaluation of internal deletion
mutants of . by the transient transfection assay. Each transfection assay done in 32D/IRS-1/EPO?7 cells included EPOyy as a positive control.
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dispensable for signal transduction in response to those cyto-
kines (20, 46, 51). To investigate the functional role of the ty-
rosine residues of the vy, subunit in the IL-7R complex, HT-2
stable cell lines were established that expressed EPO7 and
EPOvYF, a chimeric y. mutant in which all four cytoplasmic
tyrosine residues are replaced by phenylalanines. Like wild-
type HT-2EPO7y cells, EPO-stimulation of two distinct HT-
2EPO7~YF cell lines resulted in the activation of a DNA-
binding activity (Fig. 2 D). Additionally, antibody competition
experiments confirmed the presence of STAT-5A and -5B in
this DNA-binding complex (data not shown). Thus, as in other
y.-containing receptor complexes, the specific JAK-STAT sig-
naling events directed by the IL-7 receptor complex are inde-
pendent of the tyrosine residues of the vy, subunit.

Only the membrane-proximal portion of the vy, subunit is
necessary for growth signaling by the IL-7R. Growth signal-
ing mediated by the chimeric EPO7/EPOy heterodimer was
evaluated in 32D/IRS-1 stable cell lines. In PH]thymidine in-
corporation assays, EPO stimulation of the 32D/IRS-1/EPO7
and 32D/IRS-1/EPQry cell lines did not induce detectable pro-
liferative responses (Fig. 4 A). In contrast, 32D/IRS-1/EPO7y
cells demonstrated a strong, dose-dependent proliferation in
response to EPO. Additionally, a transient transfection assay
originally established to study the IL-2R (44) was employed to
evaluate IL-7R complex subunit requirements. In such experi-
ments, expression of the EPOy expression plasmid in the 32D/
IRS-1/EPO7 cell line restored EPO-induced proliferation sig-
naling, as measured by PH]thymidine incorporation (Fig. 4 B).
Similarly, introduction of the EPO7 subunit into the 32D/IRS-
1/EPOyy cell line also restored growth signaling in response to
EPO (Fig. 5). Thus, heterodimerization of the IL-7Ra and v,
subunits is necessary and sufficient for IL-7-mediated growth
signaling.

Establishment of the transfection assay in these cells per-
mitted the rapid assessment of various y. mutants in the IL-7R
complex. The vy, mutants included the previously described
EPOYYF lacking all four cytoplasmic tyrosine residues, vari-
ous truncation mutants, and internal deletion mutants lacking
specific membrane-proximal regions of the vy, subunit (Fig. 4
C). Expression of these chimeric y. mutants had been previ-
ously verified (44). As with JAK-STAT signaling, growth sig-
naling was intact with the EPOyYF mutant (Fig. 4 D). Addi-
tionally, truncation of the vy, subunit to the Box2 region
(EPO+336) did not adversely affect EPO-mediated prolifera-
tion. However, more severe truncations of the chimericy. mu-
tant (EPOYTM and EPOvy318) resulted in the abrogation of
growth signaling, demonstrating the importance of the mem-
brane-proximal regions of y. in IL-7R function (Fig. 4 D). This
finding was further verified by internal deletion mutants of the
Box1, V-Box, and Box2 regions of the . chimeric receptor,
cach of which also abolished proliferation signaling (Fi