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Interleukin-4 (IL-4) exerts its effects through a hetero-
dimeric receptor complex (IL-4R), which contains the
IL-4Ra and v, subunits. IL-4Ra also functions with
other partner subunits in several receptor tvpes, includ-
ing the IL-13 receptor. To examine the roles of the
individual subunits within 1L-4R complexes, we
employved a chimeric system that recapitulates native
IL-4R function as verified by the activation of the
kinases, JAK1 and JAK3, and induction of STAT-6.
When a mutant ¥, subunit in which the four cytoplasmic
tvrosines were converted to phenylalanine was paired
with the cytoplasmic domain of the IL-4Rg chain,
specificity within the JAK-STAT pathway was not
altered. Signaling events were examined further in cells
expressing the IL-4Ra chimera alone without the vy,
chimera. Ligand-induced homodimerization of these
receptors activated the IL-4 signaling program despite
the absence of ¥, including induction of JAKI and
STAT-6, phosphorylation of the insulin-related suhb-
strate 1 and cellular proliferation. Thus, homotypic
interactions of the IL-4Ra subunit are sufficient for the
initiation and determination of IL-4-specific signaling
evenis, and such interactions may be integral to sig-
naling through 1L-4R complexes.

Kevwords: interleukin-4/JAK-STAT /receptor/signal
transduction/specificity

Introduction

Interleukin-4 (1L-4) exerts pleiotropic effects on muliiple
cell lineages {reviewed in Beckmann er al. 1992;
Banchereau and Rybak, 1994; Keegan er afl, 1994,
These widely different functions include proliferation and
differentiation of B and T lymphocytes. Stimulation of B
cells with 1L-4 leads to heavy chain class switching to
[2E and the induction of major histocompatibility complex
class 1I molecules. Furthermore, 1L-4 up-regulates the
expression of CD23, the low aflinity Fo receptor for [gE.
TL-4 also acts as a potent inducer of cytotoxic T cells
{Widmer er al., 1987) and can antagonize responses to
IL-2 by lymphocytes under specific conditions (Tigges
et al, 1989; Tanaka e al, 1993} In vitro siodies have
demonstrated the ability of IL-4 1o act in concert with

4508

known colony-stimulating factors either to stimulate or to
suppress colony formation of hematopoietic progenitor
cells {Broxmever er al, [988); IL-4 also exerts an
inhihitory effect on growth of certain human carcinoma
cells (Murata er of., 1996),

The activation of cellular signaling events by IL-4
depends upon ligand binding to a receptor complex that
employs the TL-4R¢ subunit, This 140 kDa subunit is
sulficient to permit high affinity binding of the TL-4 ligand
iMosley er al., 1989; Harada er af., 1990). Additionally,
the . subunit associates with TL-4Ra in the presence of
IL-4 w promote a modest increase in receptor binding
affinity (Kondo ef af., 1993; Russell et al.. 1993). Engage-
ment of the heterodimeric 1L-4Ra—y. complex by IL-4
results in the association and activation of signaling
intermediates, such as the insulin receptor subsirate-1
(IRS-1}, that lead to proliferation and various differenti-
ation events {Wang er al., 1993; Seldin and Leder, 1994
Pernis er al., 1995).

Both IL-4Rge and o, are members of the cytokine
recepior superfamily; they contain the canonically spaced
extracellular cvsteine  residues, the juxtamembrane
WEXWSE motil and the partially conserved membrane-
proximal Box | and Box 2 regions in their cvtoplasmic
tails (Bazan, 1990; Murakami et al., 1991). Interestingly,
IL-4R is one member of a receplor sublamily in which
the %, chain is paired with different partner subunits to bind
distinct cytokines, Other receptor complexes recognized to
employ the v subunit include receptors for TR-2, TL-7,
IL-% and IL-15 (Takeshita er af., 1992; Noguchi er al.,
1993a; Giri er al,, 1994, Kondo et al.. 1994), Mutations
in the 7, subunit have been proposed to cause the global
signaling defects that lead to X-linked severe combined
immunodeficiency (X-5CID} because of the general use
of . in multiple receptor complexes {Noguchi er al.,
1993h; Puck et al., 1993). This hypothesis is partially
supported by experimental deletion of the . gene in mice,
which results in severe early lymphoid developmental
defects (Cao er al., 1995; DiSanto er af.. 1995).

Like the . chain, the IL-4Rex subunit functions as a
modular receptor component that can be emploved in
multiple receptor complexes. For example, TL-4Ro appar-
ently is emploved in the IL-13 receptor complex (Lefort
et al, 1995; Lin er al, 1995). In addiion o forming a
heterodimer with oy, to hind TL-4, TL-4R0 may also partner
with a second. uncharacterized subunit{s) to mediate [L-4-
dependent signals in cells that do nol express 7y, (Hou
et al., 1994; He and Malek, 1995). The presence of IL-
4R in muliiple recepior complexes would explain the
relatively wider tissue distribution of the [L-4Ro subunit
expression compared with that of the ¥, chain (Beckmann
et al., 1992; Takeshita et of., 1992), and implies that IL-
4Ro has y-independent funcrionis).

The wse of individual receptor subunits in multiple
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Fig. 1. The IL-4R0—y, heterodimer mediates agtivation of the JAK-STAT pathway, (A) Lvsates from HT-2EPO4y cells unstimulated (U) or treated
with EPOE. 30 Uimly or [L-4 (4, 50 Uim1) were subjected o serial immunoprecipitution with anti-IAKT and anti-JAK3 antisera. Immunoblouing
wus performed with an anti-phosphotyrosine antibody (03100, Blots were then stripped and re-probed with anti-JAK]D or ani-JAKS antisera w venfy
cven sample Toading. (B EMSA of nuclear exteacts from HT-2EPOLy and HT-2EPOMAYE cells thal were rested (U or stimulated with 1L-2 (2,

[0 M or EPC(E, 50 Udmly, Compettion wus performed with the anti-5TAT-5 and anti-STAT-6 antibodics. The lower two arrows highlight EPO-
induced (top) and IL-2-induced (bottom) bands. The bold arrow indicates the complex supershified by anti-STATS antibody, N5, non-specilic bund.

receptor complexes appears to be an important means of
defining and regulating different signaling events in several
biological systems (Schlessinger and Ullrich, 1992). Mem-
bers of the epidermal growth tactor (EGF) receptor family,
for example. are employed in an array of different receptor
multimers to regulate ligand binding specificity and to
direct distinct signaling programs in response to various
related growth factors (Barp er ol 1993). Analogously,
both the [L-4Ro and 7. subunits may modulate these
activities in different cytokine receptor complexes. The
current studies, therefore, were undertaken to define the
functional roles of the IL-4Reo and . chains and to explore
the combinatorial use of these chains in different receptor
complexes. Collectively, the present findings suggest that
the IL-4Ro subunit serves as the primary determinant of
signaling specificity in various receptor complexes, and
that homotypic interactions of IL-4Ro may be integral to
the signal transduction process.

Results

A chimeric receptor system recapitulates native
IL-4R function

To examine the function of individual receptor subunits
within the heterodimeric IL-4R signaling complex, a
chimeric receptor system was employed in which the
extracellular domain of the erythropoietin receptor (EPOR)
was fused to the transmembrane and cytoplasmic regions
of IL-4Ro (EPO4) and v (EPOy). Stable transfectants
expressing both the EPO4 and EPOry subunits (HT-2EPO4/fy)
were established in HT-2 cells, an 1L-2-dependent helper
T-cell line. To verify the integrity of this chimeric receptor
system, activation of the JAK-S5TAT pathway was
examined as a representative early event in [L-4R signal-
ing. First, anti-phosphotyrosine immunoblol analysis of
JAK] and JAK3 immunoprecipitates from HT-2EPO4fy
cells demonstrated the induction of these kinases, but not
of TAKZ and TvkZ, following stimulation with 1L-4 (Figure
IA and data not shown), Similarly, EPO stimulation of
these cells led to the selective phosphorvlation of JAK]
and JAKS, demonstrating the concurrent engagement of
both the IL-4Ro and ¥, cytoplasmic tails in this chimeric

model (Figure 1A). Second, electrophoretic gel mobility
shift assay (EMSA} demonstrated the retardation of an
oligonucleotide probe containing the FeyR1  STAT
response element upon stimulation with 1L-4 (Figure 24).
This finding is consistent with earlier reports that STAT-6
DMNA binding activity is induced by the 1L-4R complex
tollowing JAK L and JAK3 activation (Hou et al,, 1994),
Likewise, EPO stimulation of the HT-2EPO4/y cell line
led to the activation of a DNA binding complex (Figure
1B). The composition of the EPO-induced binding com-
plex was revealed by pre-incubation of the nuclear extracts
with variows anti-STAT antibodies. The anti-STAT-G anti-
body abrogated the EPQO-stimulated DNA binding com-
plex, but had no effect on the STAT-5 DNA binding
activity that resulted from IL-2 stimulation {Figure 1B).
Furthermore, an anti-STAT-3 antibody further retarded the
mobility of the [L-2-induced DNA binding activity, but
not of the EPO-stimulated complex (Figure 1B)., Thus,
EPO stimulation of a cell line expressing hoth the EPO4
and EPCry receptor subunits reconstituted specific JAK-
STAT signaling events of the native IL-4R complex.

A ¥. subunit lacking tyrosine residues is

permissive for IL-4R signal transduction

In the IL-2ZR complex, the tyrosine residues of the 7.
subunit become phosphorylated upon ligand  binding
{Takeshita er of, 1992}, but do not appear to affect
signaling events {Goldsmith er al., 1994). To evaluate the
functional contribution of the ¥, cytoplusmic tvrosines
within the IL-4R complex, astable cell line was established
that expresses the wild-tvpe EPO4 subunit and a chimeric
. mutant subunit in which all four cvioplasmic tyrosine
residues were replaced by phenylalanines (EPOvYF).
EMSA demonstrated that EPO-induced engagement of the
IL-4Rct and %YF cytoplasmic tails resulted in a DNA
binding complex indistinguishable from that induced by
the wild-type heterodimeric receptor (Figure 1B). As with
the wild-tvpe IL-4Rc—y. complex. this DNA binding
complex was abolished by incubation of the HT-2EPO4/
YYF nuclear extract with the anti-S5TAT-6 antibody. In
contrast, pre-incubation of the HT-2EPO4%YF nuclear
extract with the anti-STAT-5 antibody did not affect the
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Fig. 2. Various receptors employing the IL-4Rox subunit activate STAT-6 DNA binding activity, (A1) EMSA of nuclear extracts [rom HT-2 (left}), TF-1
fmiddle) and THP-1 iright) cells that were unstimulated (U or treated with 1L-4 ¢4, 50 Ufmly or 1L-13 {13, 20 Liml). Competition was perfarmed
with the ant-5TAT-5, anti-S8TAT-6 and pre-immune antisera {Control). Arrows highlight the TL-4- and IL-13-induced bands. N.5.. non-specific hand.
(B) EMSA of nuelear extracts from the IM-9 cell line and the X-SCID cell lines, MA and BL. rested (1) or treated with IL-4 (4, 10 nefml). Anti-
STAT-6 and pre-immune antisera (Control) were used in competition siudies. The arrow highlights the IL-4-induced bund. N5, non-speeilic band,

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

The IL-4Rc subunit determines specific signaling
events in multiple receptor complexes

Based on the results above, the TL-4Ro and its associated
signaling molecules appear to be responsible for determin-
ing the specific signaling events induced by the hetero-
dimenic IL-4Ro—y, receptor complex. Since the IL-4Rq
subunit is involved in multiple receptor complexes, each
of these receptor types might be predicted to activate
similar specific signaling events. In the IL-13R complex,
the IL-4Rce subunit is thought to serve an integral role by
pairing with the recently characterized 1L-13Roe subunit
in the absence of . (Zurawski er al.. 1995; Hilton er af.,
1996). Consistent with the participation of IL-4Rc in this
complex, stimulation of an erythroleukemia cell line, TE-1.
with TL-13 also resulted in the activation of STAT-6
(Figure 24, middle). This finding implies that signaling
specificity within this receptor complex is likewise derived
trom the commaon TL-4Ro chain.

Evidence for another configuration of IL-4Rg-con-
taining receptors is found in a human colon carcinoma
cell line, in which TL-4 receptor complexes are competent
to bind the IL-4 ligand despite the lack of detectable v,
subunit expression (Murata er al., 1996). These receptors
apparently contain IL-4Ro chains without a known partner
subumit. Similarly, such receptors are also expressed by a
human monocyte cell line, THP-1, which does not express
mENA encoding the . subunit {Takeshita er al | 1992),
As confirmed here (Figure 2A, right), stimulation of
THP-1 cells by IL-4 nonetheless results in the selective
induction of STAT-6 (Hou er al.. 1994}, Furthermore, B
cell lines derived from patients with X-SCID, which do
not express detectable mRNA encoding . (MA) or which
contain an extracellular mutation in 7y, that prevents ligand
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binding (RL) (Puck er af., 1993, retain responsiveness to
IL-4. As with IM-9, a human lymphoblast cell line,
stimulation of the X-5CID MA and RL cell lines by TL-4
led to the activation ol STAT-6 (Figure 2B). Therefore,
this class of receptor complexes is capable of activating
the same signaling event as other classes of IL-4Rg-
containing receptor complexes, despite the absence of 7.
Thus, in all of these receptor complexes, the TL-4Ro
chain is responsible for signal transduction specificity as
measured by activation o’ STAT-6. apparently regardless
of the nature of the partner subunit,

The IL-4Rc subunit alone mediates specific
signaling events

Because of the range of receptor configurations that retain
IL-4-specific signaling specificity, the IL-4Re subunit
alone may be competent to form a functional receptor
complex without other receptor subunit partners. To test
this hypothesis, the EPO4 receptor subunit was stably
expressed alone in HT-2 cells to generate the HT-2EPO4
cell line. As expected, stimulation of HT-2EPO4 cells
with TL-2 or IL-4 resulted in distinct DNA binding
complexes corresponding to STAT-5 and STAT-6, respect-
ively (Figure 3B). Strikingly, stimulation of the HT-2EPO4
cell line by EPO resulted in the strong activation of a
DNA binding complex that had a similar migration to that
of the IL-4-induced STAT-6 complex. Moreover, the
specific nature of this complex was demonstrated by
the abolition of this EPO4-mediated activity upon pre-
treatment with the anti-5TAT-6. but not with the anti-
STAT-5, antibody (Figure 3B). Thus, engagement of the
IL-4Ra eyvtoplasmic tails without the ¥, subunit leads 1o
the activation of STAT-6 DNA binding activity as detected
by EMSA.

As shown earlier, engagement of the IL-4Rct and v,
subunits in the heterodimeric [L-4R complex results in
the activation of JAKL and JAK3 as well as the subsequent
induction of the STAT-6 DNA binding complex (Figure
1). Similarly, binding of the EPO4 subunit in the ahsence
of chimeric EPOry chains resulted in the activation of STAT-
6, implying that activation of the JAK-STAT pathway by
the TL-4R can occur independently of <. chains, As
demonstrated in a previous report, engagement of the
EPOy subunit alone did not result in the detectable
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Fig. 3. Homodimerization of IL-4Ro eytoplasmic domains leads 1o the activation of [l-4-specilic signaling events. (4) Lysates of the indicated cell
lines rested (U} or weated with EPO (E, 50 Ufmil) were subjected to immunoprecipitation with enti-JAK ] antiserum, Immunchlot analvsis was
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and ant-5TAT-6 antibodies, Arrows indicate

the IL-2-induced (upper) and 1L-d-induced (botom) bands. (C) Lysates of the indicated cell lines thal were rested (U or treated with EPO

(E, 50 Uit} or insulin 41 | pgfmll were subjected o immunoprecipitation by the anti-IRS-1 antiserum. Tmmunobletting was performed with the
anti-phosphotyrosine antibody. Even sample loading way verified by stripping the blel and re-probing with the anti-TRS-1 antiserum {data not
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activation of either the JAK kinases or any STAT factor
(Lai et @l. 1996). To determine the specific nature of
JAK kinase activation by EPO4 homodimers, anti-JAK
immunoprecipitates prepared from HT-2EPO4 cells were
immunoblotted with an anti-phosphotyrosine  antibody,
EPO stimulation of these cells resulted in the weak, but
reproducibly detectable, activation of JAKIL, but not of
JAK3 (Figure 3A), in contrast to the strong activation of
both kinases by the heterodimeric 1L-4Ro—y. complexes
(Figure 1A), Similar results were observed in an TL-4-
responsive pro-myeloid cell ling, 32IDVIRS-1, previously
used for studies of IL-4R-mediated signaling through IRS-
1 (Wang ef al., 1993). These cells were transfected with
the EPO4 expression vector, and the resulting 32IVTRS-
I/EPOM cell line was wsed to examine IL-4Ro-specific
signaling events. As with the HT-2ZEPO4 cell line, EPO

stimulation of 22D/TRS- VEPOH cells activated JAKL, but
not JAK3 (Figure 3A); no activation of either JAK? or
Tyk2 was observed in either cell line (data not shown),
These results with the stably wransfected HT-2 and 32D
cell lines may be expected, since JAKD depends upon its
association with the , cytoplasmic tail for transport into
i receptor complex, while JAKD presumably associates
with the TL-4R.¢ cytoplasmic tail. Thus, low level activa-
tion of JAK alone, but not JAKS, appears to be sufficient
for the robust activation of STAT-6 DNA binding activity
by the TL-4Ro subunit.

The IL-4Rex eytoplasmic tail without y, mediates
IRS-1 phosphorylation and cellular proliferation
The observation that stimulation of 32D/IRS- [/EPO4 cells
by EPO resulted in JAK] phosphorylation and STAT-6
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activation sugeested that homodimers of the IL-4Ro
cytoplasmic domain mediate signaling events comparahle
with those generated by the heterodimeric IL-4R complex,
Previous work in 32IVIRS- 1/IL-4R cells demonstrated the
linkage of the IL-4R to the phosphoryvlaton of IRS-1 and
related molecules, and correlated this event with cellular
proliferation (Wang et al., 1993). Therefore, to determine
the role of the IL-4Ro chain in such processes, these
events were investigated in the 32IVIRS-1/EPO4 cell line,
Anti-phosphotyrosine immunoblotting of TRS-1 immuno-
precipitates from 32DVIRS-1 and 32D/IRS-1L/EPO4 cells
demonstrated strong 1ES-1 phosphorylation following the
stimulation of endogenous insulin receptors (Figure 3C),
While EPO stimulation of parental 32D/IRS-1 cells did not
enhance TRS-1 phosphorylation, 32D/RS-1/EPO4 cells
demonstrated a marked increase in 1RS-1 phosphoryvlation
upon treatment with EPO (Figure 3C).

Furthermore, to determine the role of TL-4Ra cyto-
plasmic tails in cellular proliferation, these transfectants
were employed in conventional |*H|thymidine incorpor-
ation experiments. While 32D¢TRS-1 cells were unrespons-
wve to EPO at all concentrations, 320/RS-1/EPO4 cells
demonstrated a  clear dose-dependent  proliferation
response to EPO stimulation (Figure 3129, Both the activa-
tion of IRS-1 and the induction of cellular proliferation
through EPO4 chains in the absence of . demaonstrate the
critical and unigque role of the IL-4Ra subunit in defining
IL-4R complex signaling events. These findings suggest
that IL-4Rot homomers represent a novel class of tunctional
IL-4 receptors with preserved signal transduction compet-
ence and specificity,

Discussion

In this smudy, a chimeric receplor system was employed
to examine the functional architecture of the TL-4R com-
plex. In the heterodimeric pairing of the IL-4Ro chain
with the shared vy, chain, various cellular signaling events
were activated. These processes were not altered detectably
when all four eytoplasmic tyrosine residues of the 4, chain
were converted to phenvlalanines. Consistent with recent
mutational studies of the IL-4Rat subunit {Ryan er al.,
1996, Wang er al., 1996), this finding suggests that specific
signaling events derived from the IL-4R heterodimeric
complex depend primarily upon particular peptide motifs
contained within the IL-4Ra subunit, rather than upon the
tyrosine-containing sequences of the . chain.

Since the combination of IL-4Ra and v, chains has
been demonstrated previously to increase the affinity of
the IL-4R complex for the ligand (Kondo er al. 1993,
Russell er al.. 1993), it is likely that in cells expressing
the 7, subunit, [L-4 would be bound predominantly by
TL-4R -y, heterodimeric complexes. Consistent with this
model is the finding that expression of cvtoplasmic trunca-
tion mutants of 7. inhibits responses to IL-4 in some
cellular contexts by forming [L-4Ro—y, heterodimers that
bind IL-4 bul are incompetent to transduce signals
{Kawahara ef al., 1994). Therefore, in the heterodimeric
IL-4Ro—y, configuration, a functionally intact . chain
appears to be required for optimal receptor function.

Evidence exists, however, suggesting that . is not an
obligate component of the IL-4R signaling apparcatus in
all receptor configurations. For example, certain cells
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naturally containing TL-4Rq subunits but lacking 4. chains
have also been reported to display IL-4R-specific signaling
responses to IL-4 (How er al., 1994 He and Malek, 1993),
Additonally, specific y. mutations in several cell lines
from patients with X-SCID lead 1o the lack of ¥, expression
on the cell surface without concomitant loss of respons-
iveness to IL-4 and IL-13 (Matthews er al., 1995} The
present studies, likewise, provide functional examples of
cell lines derived trom human patients with X-8C1D that
display a preserved STAT-6 response to IL-4 despite the
absence of functional vy, chains (Figure 2B). There are
twi possible explanations for such observations, First, it
is possible that the [L-4Ree chain associates with another
unidentified receptor subunit to form heteromeric com-
plexes that are competent 1o execule signal ransduction.
For example, although TL-4Ra forms a heterodimeric
complex with TL-13R¢ to bind IL-13, it remains to be
determined whether this heterodimer also forms functional
IL-4 receptors lacking ¥, chains. The second alternative,
which is supported by the present findings, is that homo-
typic interactions of IL-4Ra are capable of transducing
specific signaling events, including induction of JAKI,
activation of STAT-6 DNA hinding activity, phosphoryl-
ation of IRS-1 and cellular proliferation (Figure 3; Wang
er al., 1996). Together, these findings demonstrate that the
IL-4Ro chain alone is capable of coupling directly o
specific signaling pathways, and suggest that the ., subunit
represents only one of the various partner chains that
may form functional receptor complexes with IL-4Ro
to activate cellular signaling pathways. For example,
activation of the IL-13R complex. presumably due 1o the
heterodimerization of 1L-4Ra with IL-13Ra, leads w the
induction of STAT-6 (Figure 2A, middle), a DNA binding
factor previously proposed to associate with specific
phosphotyrosines of the IL-4Ra eytoplasmic domain (Hou
ef al.. 1994). This observation confirms earlier reports
suggesting that the IL-4- and IL-13-induced STAT activit-
ies are related (Kohler er al, 1994; Lin ef al., 1995), and
further assigns signaling specificity to the IL-4Ra subunit,
Furthermore, this ability of the [L-4Ree subunit to direct
signaling events independently of the y. subunit 1s consist-
ent with the wider pattern of IL-4Ro expression compared
with the distribution of . chains (Beckmann er af., 1992;
Takeshita et al., 1992).

These results parallel certain structure—function relation-
ships previously described for the 1L-2 receptor complex
(Lai er al, 1996), In that receptor svstem, the IL-2Rp
subunit directs the specific nature of the signaling events
derived from IL-2 binding and has therefore been designa-
ted a ‘driver’ subunit. The ¥y, subunit primarily functions
to provide JAK3 to permit receptor signaling initiation,
and was thus termed the ‘trigger’ subunit, As in the [L-2
receptor complex, the ¥, subunit in the heterodimeric IL-
4Ro—y. complex appears to function mainly 1o ransport
JAKS into the receptor complex for initiation of the
signaling cascade. Our studies do not formally exclude
the possibility that . itself directs particular signaling
events within some receptor contexts. A prior report
suggested that the prevention of T cell anergy 15 mediated
through y-associated signaling pathways (Boussiotis eral.,
1994, Although those studies do not address the possibility
that such signals are due to subunits present in other .-
containing receptor complexes (e.g. IL-15R), the ¢, subunit



itself may modulate or differentially regulate signaling
events directed by its pariner subunit. Nevertheless, the
ability of the IL-4Rct subunit to direct IL-4R-specific
signaling events in the absence of ¥, indicates that the 1L-
4R.ct subunit is the “driver’ subunit in the [L-4R complexes.

A variety of ohservations have led to the hypothesis that
TAK3 is predominantly responsible for signal transduction
specificity in y -containing receptors, Studies with domin-
ant-negative strategies suggested that the vy.-associated
TAK3 kinase plays an important role in signal transduction
by IL-2R and related receptors (Kawahara et af,, 1995).
Likewise, biochemical analysis implied the possible role
of JAK3 activation in signaling through IL-4R (Fenghao
et al., 1995; Malabarba er al., 1995}, JAKS itself has also
been implicated in the activation of specific signaling
pathways, such as the induction of STAT-5, by recemt
studies of HTLV-I-transformed T-cells (Migone er al.,
19935). Furthermore, both JAK3 gene deletion mice and
human subjects with JAK3 mutations display phenotypic
abnormalities that suggest a crucial role for JAK3 in
Iymphoid cell development (Park er al., 1995, Russell
et al., 1995). However, in the present study, engagement
of JAK3 was dispensable in the activation of specific
signaling events normally associated with the [L-4Ro—,
heterodimeric complex, such as the induction of STAT-6,
the activation of IR5-1 and cellular proliferation. Rather,
these signaling events could also be activated through a
homodimeric IL-4Ra receptor complex lacking v, and its
associated JAKS. These findings are consistent with prior
functional analyses of the role of Janus kinases within the
IL-2R complex (Gaffen er al., 1996; Lai er al.. 1996). In
these studies, replacement of the cytoplasmic region of vy,
and its associated JAK3 in the IL-2R complex by a
heterologous receptor domain and an alternate JAK did
not alter specific signaling oulcomes. Thus, while JAK3
may be crucial for signaling by certain cytokine receptors
during lymphaid development, this kinase is not essential
for the activarion of certain specific signaling events by
homomeric IL-4Ro receptor complexes.

In the heterodimeric IL-4R complex, ligand binding
leads to the activation of JAK] and JAK3, Although
others have reported the additional induction of Tvk2 by
IL-4 in some cell types (Murata e al., 1996), we did not
detect activation of this kinase in the present system by
either heterodimeric or homomeric 1L-4 receptors (data
not shown). In the present chimeric receptor system,
homodimenization of the 1L-4Ra cytoplasmic tails was
sufficient to activate JAKI at least modestly, without
detectable induction of JTAK2, Tyk2 or JAK3. Although
the possibility certainly exists that JAK3I may auzment
phosphorylation of JAK] in the heterodimeric IL-4Ro—y.
complex, moderate activation of JAK] alone. in the
absence of JAK3, appeared to be sufficient to induce IL-
4R complex signaling events. Interestingly, although JAK2
is activated independently of other JAK kinases in a variety
of receptor types {e.g. the homodimeric erythropoietin and
growth hormone receptors), activation of JAK] alone
by a cytokine receptor complex has not been reporied
previously. This finding raises the possibility that other
native receptor complexes may also employ JAK] exclus-
ively. Surprisingly, we tound previously that homodimeriz-
ation of other receptor chains that normally heterodimerize
with v, was insulficient to activate JAK] and further

Interleukin-d4-specific signal transduction

| I
A B c

IL-aRr % IL-4Ri: * IL-4Re [ [ 1L-Ra

Fig. 4. Multiple forms of the IL-4 recepror complex. [L-4 activates
cellular signaling events through several potential receptor complexes,
Twvpe [ receptor complexes are composed of the TL-2Ro and .
subunits, Current evidence alse supports the possible existence of
several Type I receplor complexes for IL-4. See text for further
discussion.

signaling responses (Lai et al., 1996 and data not shown).
The contrast between IL-4Rce and these other receptor
subunits suggests the possibility that a previously unrecog-
nized factor influencing receptor competence is the com-
patibility of the cytoplasmic domains of two subunits
within a receptor complex. Further study 15 needed two
determine whether or not such a constraint upon receptor
activation is imposed by dircet subunit—subunit inter-
actions,

Recent reports and the present study collectively demon-
strate the existence of af least two types ol receptor
complexes that bind to TL-4 (Figure 4). Type [ receptors
employ the [L-4Rce and v, subunits in a heterodimeric
complex (He and Malek, 1993). The nature of the other
typels) of IL-4 receptor complex is less clearly delineated.
IL-4Rat and the recently cloned IL-13Ro subunit form a
complex that binds IL-13, but the capacity of such a
heterodimer tw serve as an IL-4 receptor (here termed
Type 1A, Figure 4) has not been well established (Hilton
et al., 1996). IL-4Ra may also form a receptor complex
{Type LIIB) with another as vet unidentified subunit, termed
Y (Keegan er al., 1993; Lin er al., 1995), which may be
either the IL-13R¢ chain itself or a novel protein. Since
the 1L-13Rx gene is available, this issue now can be
addressed directly. The present studies support the simplest
model, in which y.-independent responsiveness to IL-4 s
mediated through a homomerie [L-4Re receptor complex
{Type TIC), in which no additional receptor subunits are
necessary for the initiation and specification of IL-4-
directed signaling events. Although direct evidence for
the existence of these homomeric receptors in nature
is not available, such a functional receptor complex
conceivably could represent a novel class of receptors for
IL-4, IL-13 or other as vet unidentified cyvtokines.

While cytokine receptor complexes typically have been
depicted as dimeric or trimeric combinations of individual
subunits, conventional descriptions may not delineate the
actual stoichiometry of the functional signaling complex.
Signaling by cvtokine receptor complexes may result from
multimeric arrangements of the heterodimeric units, as
reported for the IL-6 receptor (Paonessa ef al., 19935),
Specifically, the heterodimeric IL-4Ro—v. pairing may
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serve as a functional unit within a larger complex to
permit signal transduction. Thus, the functional pairing ol
IL-4Re chains in the present chimeric system may repre-
sent essential homotypic subunit interactions within these
multimeric receptor complexes. Nevertheless, the presence
of IL-4Ro in muliple receptor complexes for 1L-4 and
1L-13 demonstrates a general principle of receptor subunit
modularity: in all of the receptor complexes that employ
the IL-4Rat subunit, ITL-4Rat and its associated intracellular
malecules are principally responsible for directing specific
signaling events. These conclusions may have implications
regarding structure—function principles that govern other
receplor families with shared subunits.

Materials and methods

Cell lines and reagents

HT-2, an IL-2-dependent murine helper T cell line [American Tvpe
Colture Collection ¢ ATCC) ] was maintained in RPMI 1640 supplemented
with 10 fetal hovine serum (FBE). 35 uM f-mercaptocthanol (f-ME),
2 mM Leglutamine and 200 Uil recombinant human 1L-2 |a gift of
Chiron Corp. (Emeryville, CAj]. 32IV¥IRS-1, a pro-myelmd cell line
stably expressing the [RS-1, was cultured in 320 medium (RPMI 1640
containing 10% FBS and 5% WEHI 2B-conditioned medium). THP-1.
a human monocyle cell line (ATCC), was grown in RPMI 1640
supplemented with 10% FBS and 35 pM [B-ME. TF-1, o humun
erythroleukemia cell line (ATCC), was maintained in RPMI 1640 with
1% FBS and | ng/ml granvlocyvie-macrophage colony-stimulating
facter (GM-CSF, Geneyme). IM-9. o human lymphoblast cell line
[ATCC), was cultured in RPMI 1640 with 10% FBS, The X-SCID cell
lines were maintained in RPMI 1640 with 10% FBS, 10 mM HEPES.
2 mM L-glutamine and 35 M [-ME.

Transfection of either HT-2 or 3ZIVIRS-1 cells was performed by
electroporation as described previously (Goldsmith e af, 19941, Stahle
transfectants were obtained by selection in G418 (Geneticin, 1 mg/ml,
GIBCO Lile Technologies), and clones iselued by limiting dilution were
screcned by Morthern blot analvsis o identify clones expressing the
transfected recepror subunit, Stable HT-2 transfectants expressing mwa
receptor subunits were derived from cells already expressing either the
EPCry or EPOYYF chain. Following electroporation, stuble transfectants
were isolated by oselection in G415 (1 me'ml) wnd hvgromycin B
(HMH) pg/ml, Bochringer Mannheim) amd screened by Nonhern blot
analysis. The anti-phosphotyrosine monoclenal anubody (4G10), ant-
JAKL, anti-1AKZ and anti-]AK3 were ohtained from Upstate Biotech-
nelogy (Lake Placid, MY L Anti-STAT-5 antiserum was from Santa Croz
Biotechnology (Santa Cruz, CA). Anti-STAT-6 antiserum and the contral
pre-imimune serum were Kindly provided by S.MoKnight. Ant-1ES5-1
antubody was prepared as previcusly described (Wang er al, 1993
Human and murine recombinant [L-4 was obtained from Genzyme
(Cambridge, MA), and recombinant human EPO was the generows gilt
of Ortho Biotech Inc. (Raritun, NI).

Plasmid constructs

All receptor cDMNAs were subcloned into the expression  vectors
pCMYANeo (Goldsmith e af, 1994 or pCMVY3Hyzmo, a derivative of
pCMV4 (Andersson er al., 1989 containing a hygromycin B resistance
gene as 4 selectable marker. pEPO4nes was constructed by PCR using
an Mhel site at the fwsion junction, The chimeric neceplor subunit
contains the extracellular domain of the EPOR fused just above the
rransmembrane segment o the homan 1L-4Roe rransmembrane and
cytoplasmic domains [resulting sequence: - . . (EPOR-T-A-8)-{R-E-P-
IL-4R.ex). . . 1. The EPOyand EPOYYF recepror subunits were constructed
us previously described (Goldsmith et al, 19941, For all constructs
requiring synthetic oligenucleotides or PCR resction, sequences were
conlirmed by DNA sequencing.

Electropharetic mobility shift assay (EMSA}

Fior this assay, 203000 10 cells were rested and stmulated as described
ahove and washed in calcium- and magnesium-free phosphate-buftered
saline (CME-FBS). Nuclear extracts were prepared as  described
(Schreiber er ai’, 198%) in the presence of 1 mM sodium orthovanadate
atd the following protease inhibiters: antipain, 0.5 mgfml; aprotinin,
0.5 meml: bestatin, 075 mgfml: leupeptin, 0.5 mg/ml; pepstatin A,
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(105 mgiml; phosphoramidon 1.4 mgiml: and soyhean wypsin inhibitor,
0.5 mgfml (Sigma). The 126G Fe receptor {FoyR 1) STAT response element
probe was end-labeled with [v**P]dATE { Amersham) and polynuclestide
kinase (New England Biolabs), DNA binding studies were performed
with 107° copm. of probe. 3 g of poly[dil-CH and 10 ug of nuclear
extract as described (Latchmaan, 1993}, Pre-incubations of nuclear exiracts
with diflerent antibowies were performed in the shsence of poly|d([-C)]
and binding bulfer for 45 min on ice pricr o initiation of the binding
assay by addivon of radiclabeled probe.

JAK and IRS-1 phosphorylation studies

For cytokine stimulation, 20— 10 cells were washed twice in CMF-
FBS, siripped of cell-bound ligand for | min in 10 mb sodivm citrate,
pH 4.0/ 140 mM NaCl and rested for 4 b in REMI 1640 mediom containing
1% bovine serum albumin (fraction V, Sigma). After stimulation with
the appropriate factor, cells were wushed in CME-PBS and lysed [1%
NEP-4KIE mM Trs—HCIL, pH 800130 mM NaCl30 mM NaF 100 mM
sodiom orthovanadae' ! mb - phenylmethylsulfonyl Quondedleupeptin
(1 pg/mlWaprotinin 10 ggfmiypepstatin A (1 peiml], Immunoprecipit-
ations were performed with the indicated anubodies and protein A-
Sephurose. Immuncblot anulvsis was performed with the anti-phospho-
tvrosine antihody (4G 100 sccarding 0 the manufacturer’™s instructions,
with detection by ECL (Amersham) signal development. For JAK
unalysis, blots were stripped (100 mM 2-mercapiocthanol, 2% sodivm
dodecy] sulfare, 62,5 mM Tris=HCI pH 6.7} for 30 min a1 55°C and re-
probed with anti-TAKL and anti-TAK3 antisera to verify even protein
lading,

Proliferation assays

Conventional 24 h ["H])thymidine incorporation assays were performed
as previously described (Goldsmith er @, 1994, Briefly, 32D cells were
counted, washed twice in CMF-PBS and resuspended at 10° cells/ml of
32D medium without the WEHI 3B-conditionsd medium supplement.
A total of 107 cells per well were grown in the indicated concentrations
of EPO for 24 h with [*H]thyvmidine incorpomation measured in the
last 4 h.
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