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Summary

Interleukin-4 (IL-4) treatment of 320 cells overexpress-
ing insulin receptor substrate 1 (IRS-1) causes prompt
tyrosine phosphorylation of IRS-1. Transfection of
truncation mutants of the human IL-3 (hulL-4) receptor
into 320-1RS-1 cells demansirated that the region from
aming acld 437-557 is Important for IL-4 signaling.
This reglon of the IL-4 receptor (IL-4R) containg the
motif “*PL-X4-NPXYXSXSD™ (insulinfL-4R [I4R])
found in the insulin and insulln-like growilh factor 1
receptors. Mutation of Y497 to F yielded receptors that
caused little or no IRS-1 phosphorylation in response
to hull-4 when expressed in 32D-1RS-1 cells. Mot cell
lines expressing Y497F also failed to profiferate In
responsa to hull-4. Furthermore, a glutathicne-S-
translerase tusion proteln containing the 14R motit-
bound IRS-1, tyrosine kinase(s), and other unidentified
phosphoproteins with molacular sizes of 140, 80, and
55 kd. Thus, the central tyrosine of the 14R motif has
a major role in IL-4-mediated signal transduction in
320 cells.

Introduction

Interlaukin-4 (IL-4) is a cytokine produced by T cells {(How-
ard et al., 1982), mast cells (Plaut et al., 1988), and baso-
phils (Seder at al_, 1991). Among It3 diverse array of bio-
logic functions (reviewed by Paul, 1991) are the abllity 1o
Induce or enhance the expression of major histocompati-
bility complex class Il molecules (Noalle at al., 1364) and
CD23 on B celis (Conrad of al., 1987}, its own receplor
on lymphocytes (Ohara and Paul, 1888), and vascular cell
adhesion maolecule 1 an endothelial cells (Schlelmer et al..
1992); the ability to induce the secration of immunoglobu-
Iin G 1 {Vitetta et al., 1965) and immunoglobulin E (Coffman
et al., 1986) while diminishing the immunoglobulin secre-
tion of other isotypes; and the ability to act 25 a growth
factor for B celis, T cells, and mast cells (Lea o al., 19886).

This diverse array of IL-4-mediated effects is reflected in

the broad distribution of IL-4 receplors (IL-4As). A single

class of high-affinity binding shas (K4, 20-300 pM) have
been datected on a wida variety of hematopaietic and non-
hematopaietic cell types at levels ranging fram 100-5000
sites/cell (Chara and Paul, 1987; Park et al., 1987; Lowen-
thal &t al., 1988). Tha molecular cloning of cDMA encoding
both the murine IL-4R (mulL-4R) (Mosley el al., 1989, Har-
ada el al., 1990} and human IL-4R (hulL-48) [idzerda et
al., 1880; Galizziat al., 1930) and their expreseionin COS7
cells indicated that a single chain of - 139,000 daltons
constituled a high-atfinity IL-4-binding site. Recantly, It hasg
been shown that the IL-2A ¥ chain (common 1 [v.]) is asso-
ciated with IL<4R in the presence of IL-4 (Russell et al.,
1983) and that its presence conlributes a 2- to 3-fold In-
creasa in binding affinity. The IL-4R contains the charac-
teristic pairs of cysteine residues and the WSXWS motif
found in other membears of the hematopoietin receptor su-
partamily, and it bears one of the largest cytoplasmic do-
mains, comprised of aver S00 amino acids (Cosman, 1993).

Like other members of this receptor family, the IL-4R
does not contain any consensus sequances characteristic
of nyrosina or seringfhreonine kinases, Howaver, activa.
tion of the IL-4R with |IL-4 induces the rapid and striking
tyrosine phosphorylation of a 170 kd protein {Morla et al.,
1888; Isfort and Ihle, 19890; Wang et al., 1982), called 4PS,
as well as phosphondation of the receptar itself (Wang et
al., 1992; lzuhara and Harada, 1993), suggesting a linkaga
among the IL4R, 4PS5, and a tyrosine kinase. Phoaphory-
lation of 4PS results in its association with the pBS subunit
of phosphatidylinsilal-3-kinase (PI-3K) and the subsequant
induction of PI-3K activity (Wang at al., 1992). Interest-
ingly, it was found that 4PS is antigenically related to a
prominent subsirale of the insulin receptor kinase, called
insulin recaplor substrate 1{IRS-1) (Sunet al., 1991; Wang
at al., 1993a). Addition of insulin or insulin-like growth fac-
tar 1 (IGF-1) resulted in the tyrosine phosphorylation of
4P5 in myeloid call lines. Furthermaore, IL-4 stimulation of
a myaloid cell line transtectad with the cONA encoding
IRS-1 rasulla in the tyrosine phosphorylation of IRS-1 and
its subsequent association with the p85 subunit of PI1-3K,
suggesting that the IL-<4R and the insulin receptor have
partially overlapping signal transduction pathways and
that IRS-1 and 4PS are functionally similar,

It has recently bean shown that IL-¢ treatment can kead
to phosghorylatlen of IRS-1 in nonhematopoletic cells
{Russall et al., 1993). L cells axpress both IL-4A and insulin
recepior; howewvar, they lack the y.. L cells demonstrated
IRS-1 phosphorylation in response to insulin But not in
response to L4, However, stable L call transfectants that
axpress the y. showed claar IRS-1 phosphorylation in re-
sponsa to IL4. Thase results indicate that IRS-1 can be
a natural subsirate for IL-4-mediated signaling, and they
show that the v, is not only associated with the IL-4R but
is @ssential for certain lorms of IL-4-mediated signal trans-
duction,

The impartance of IRS-1 in madiating the IL-4 signal
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wranaduction that resulls in a biological response has re-
cantly been examined In the myelold progenitor cell line,
320 (Wang et al., 1993b). Although 320 cells express ap-
proximately 1000 IL-4Rs per cell, they do not mount a
strong mitogenic response lo IL-4. In addition, IL-4 does
nat induce detectable tyrosine phospharylation of 4PS In
thesa calls. However, axprassion of the cONA encoding ral
IAS-1 in 320 cells significantly increasas their mitogenic
rasponse 1o |L-4. The induction of tyrosine phosphoryla-
fion of IAS-1 by IL-4 is easily obsarvad in tha transfected
callg, which are designated 320-IRS5-1. These results indi-
cate that IRS-1 is critical for madiating the IL-4-Induced
proliferative response in these cells.

We wished to idantity the regions of the IL-4R that inter-
act with its signal transducing molecules. As one ap-
proach, we analyzed the abllity of deletion mutants of the
hulL-4R to signal growth and phosphorylation of IRS-1 in
tha 32D-IRS-1 cell line. In this study, we have demon-
stratad that the region between amino aclds 437 and 557
plays an important role in the IL-4-mediated proliferative
response and the tyrosine phosphorylation of IR3-1 in
32D-IRS-1 cells. Furthermore, we show that the IL<4H and
a domaln of the receptor consisting of residues 424-561
interact with IRS-1 and a tyrosine kinase. This region of
the IL4R contains a sequence motif, the insulin/IL4R
{14R) motH, aleo axpressad in the juxtamembrane ragion
of Insulin and IGF-1 receptors, suggesting that this metif
ia evolutionarily consarved among recaptors that signal
via tha IRS-1/4F35 pathway. The imporlance of this motif
in IL-4 signaling was demonstrated by mutation of Y427,
which is In the 4R metif, to F. Thiz mutani receplor causes
fittle or no tyrosine phosphorylation of IRS-1'in response
to IL-4 and ganarally {ails to signal a proliterative response
In 320-1RS5-1 cella.

Results

Expression of IRS-1 Increases the Mitogenic
Reaponse of 320 Cells to IL-4

Tha myalaid cell line, 320, shows vary mocest proliferation
to IL-4, and no detectable tyrosine phosphorylation occurs
In these cells. As shown in Figure 1 and in a recent study
{(Wang at al., 1993b), 32D-IRS-1 cells, which stably ex-
press IRS-1 as a result of ransfection, respond 1o IL4
with striking profiferation. IL-<4<nduced tyrosine phosphor-
ylation of IRS-1 was also easily cbserved in 32D-IRS-1
cells (Flgure 1, top). Since the exprassion of IRS-1 s re-
quired for the mitogenic response of 320 cells to IL-4
{Wang et al., 1923b), we studied the ability of hulL-4Rs
1o transduce signals in the 32D<IRS5-1 cell line.

Identitication of a Region ol the IL-4R Impartant

for IL-4-Dependent Proliferation

and IRS-1 Phosphorylation

To understand the contribution of the large cytoplasmic
domain of tha IL-4R 1o ita ability 1o transduce signals, a
series of mutants of the hulL-4R were constructed (Figure
2). Sinca hull-4 does not bind the mouse IL-4R, we could
study the signaling properties of hulL-4R mutants in the
presance ol the endegenaus mouse receptor. The con-
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Figure 1. Responsaof 320 Cells Transfected with Ral IRS-1to MullL-4
(Top) 320 calls or 320 cells translected with the cDMA encoding rat
IRS-1 ware dgaprived of IL-3 and sarum before trestment with mull-3
(pdus sign) or media alone (minus sign) for 10 min, Subseguently, cell
Iysstes were prepared  and  immunoprecipilaled with  ant-phos-
photyrasine, The precipilales wera separated by SDE-PAGE and
transferrad to nitrocelulese. The blols were probed with anti-
phosphotyrosine, iollowsd by "S=protein A as deacribed in tha Experi-
mental Proceduras. The migration of phoaphorylated IRS-1 I3 Ing-
caled.

[Bettom) 320 calls (circles) or 320 cells transfecied with the cOMA
encoding rt IRS5-1 (aguares) wore incubated with varloua doses of
muli~4 or medls alone In triplicate wells for 48 hv, s describad in

Exparimental Procedures, belore PHthymidine uptake was analyzed,
A repreasantative sxpariment i3 shown.

structs ware cotransfected into the 320-IRS-1 line with a
guanine phosphoribosyl transferase—axpressing (gpt-
expressing) plasmid, and stable transfectants were se-
lected. IL-4R-positive cells ware screened by Noures-
cance-activated cell sorting analysis. The number of IL-4
binding molecules per coll of these same lines was calcu-
lated by saturation binding analysis with "=|-hulL-4 (data
not shown). Receptor levels ranged from — 500 moleculss/
cell for the wild-type (wi) receptor to ~ 1500 for the framashitt
and dé57 mutants. Both the d557 and d437 mutant were
expressed al — 300 moleculesfcell. Scatchard anatysis of
binding data indicated that all mutants bound hull-4 with
high affinity, and analysis of the mutant receplors by cell
surface crossdinkage of "l-hull-4 demonsirated ihat
truncated hulL-4As af the appropriate size were indeed
exprassed al the cell surface (data not shown).

The transtected 320-IRS-1 cells wera analyzed for the
induction of IAS-1 phosphorylation in response to hull-4
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Figure 2. Diagram of IL<4A Construcis

Poientlally important domains of the IL-4R are illuslrated on the dia-
gram of the constructs ussad in this study. The aming acid numbering
bagina (= 1) a1 the mathaning star of the signal peptide. The conserwed
palra of cystalne reglduss are indicated by the thin lines. The WSXWS
madif is indicated by tha thick lina. The two acldic regiona in the cylo-
plasmie domain of the IL-4R are indicaled by the stippled boxes. The
acid region proximal to the transmembrane domain & considened the
first acidic domain, and the man distal region is conaidersd the sacond
scidic domain. The positions of the five hrosine reslduas that ane
consensed amang the human, mouas, and rat IL-4As are indicaled by
¥. The cpan box reprasents the disrupled wi sequence found In the
framashifi mutant of the hull-<4A. The deletion mulams are truncated
&t aming aclds 657 (0657), 557 (d557), and 437 (M3T). The GST-
hugion protain of the mulL-4A conlaining amino acids 424-561 ia re-
ferred 10 as F3. The mutanl with Y487 replaced by F i3 also shown
[Y437F).

and mulL-4 (Figure 3). Tyrosine phosphondation of IRS-1
in response to mulL-4 was observed in the parental 320-
IRS-1 line, &5 wall as in all the hulL-4R-expressing lines.
Phosphorylation of IRS-1 in response to hull-<4 was ob-
sarvad in tha wi-, frameshift-, d&57-, and d557-axpressing
lines, but not in the parental or the d437-exprassing line,
Additional lines expressing d437 also failed 1o demon-
strate the tyrosine phosphorylation of IRS-1 in response
to hull-4 (Figure 3, battom). Thus, the regicn betwean
aming acids 437 and 557 is important in signaling the tyro-
sine phosphorylation of IRS-1 in 320-IR5-1 cefls.

The ability of the receptor mutants 1o signal proliferation
in the 32D-IR5-1 cell lina was also examined (Figure 4),
Sevoral cell lines transfected with each of tha indicated
mutants wara incubated with various concentrations of
huiL-4 or an optimal concentration (10 ng/ml) of mull-4.
HullL-4 was able 10 signal a proliferative response in cell
limas transiected with the wi, frameashifl, dB57, and d557
constructs of the hulL-4R. The response 10 hull-4 varled
somewhat from line to line; however, the maximal re-
sponse to hull-4 was similar 1o the response generated
by mull-4 for a given line. By contrast, the d437 mutant
of the hulL-4R failed to signal a significant proliferative
rasponse lo hull-4 in five stable transfectants, although
thesa sama lines responded vigorously to mulL-4. We aiso
transtectad d557 and d437 into parental 320 cells [data
not shown). Although the overall milogenic response lo
hulL-4 (and mouse IL-4) was low, d557 translectants
demonsirated a weak response to hull-4, while d437.
axprassing lines were unrasponaive. Thesa data strangly

I | | |
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IRS-1 -

Frgure 3. Phosphorylation of IRS-1 by IL-4 in the HulL-4R Transfec-
tants

(Top) The indicated hulL-<R-expressing lines were deprived of IL-3
and seram belore ireatment wilh hull-4 (10 ngimi), mull-4 {2 ng/mi),
or madia for 10 min. Subsequently, cell lysstes were prapared and
immunoprecipitated with anti-phosphotyrosine, The precipitames ware
separated by SDE-PAGE (T 5%) and transterrad to nitrocellulosa, Tha
biots were probad with anti-phosphotyrosing, followed by "™-protain
A as deacrived In Experimental Procedures, The migretion of phos-
phonated IRS-1 I8 Indicated

(Bofiom) Addfioral lines expressing the 437 conslnuct wene anakyzed
for IRE-1 phosphoryiation as described abawe,

suggaest thal the region of the IL-4R cytoplasmic domaln
betwean amine aclds 437 and 557 plays a cantral role in
signaling proliferation and the tyrosine phosphorylation of
IAS-1 in 32D cells.
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Figura 4. Prollifaration of Hull-4A Transfeciants

Tha atility of the transfectants to prollecate in respanse o varous
doszes of huil-4 and an optemal dose of madL-4 {10 ngfimi) wes assessed
as described in Experimental Proceduras. Several lines expressing
thie diflerent constructs wers tested as indicaled, The rosulls prasented
in {A} were obtainad lrom the same experimaent, and those presenied
in (B} were obtained Irom a soparaie expariment. i both cases, the
pargntal 320-1RS-1 line was included (open clrcles)
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Tyrosine Kinase Activity and IRS-1 Coprecipitate
with the IL-4A and Bind to a2 Region of the IL-4R
Containing the Sequence betwesn Amina Aclds

437 and 557

The chservation thet the region batwean aming acids 437
and 557 of the IL-4R is important for 320 profiferation and
IRS-1 phosphoryladon suggests the passibility that this
reglon may interact with IRS-1, a tyrosine kinase, or both.
Since the level of expression of the hulL-<4R mutants in
320 calls was low, making immunoprecipitation studies
difficult, wa analyzed the ability of IRS-1 and tyrosine ki-
nase activity to associate with mulL-4Rs in several call
lines and their ability to associate with a domain of the
mulL-4R that comains amino acids 424-561 (P3 domain)
axpressed as a fusion protein with glutathione-S-transferase
{GST) (see Figure 2). IRS-1-transfected FOC-P1 cells
(FDC-P1-IRS-1) (Wang et al., 1993a) wera treated with
media alone or with mullL-4. After lysis, precipitations with
control rabbit sarum, anti-phosphotyrosing, or anti-IL-4R
antisera were performed (Flgure 5A). Immunoblots with
anti-phosphotyrosine showed that IL-4 induces the tyro-
sine phosphorylation of & 170 kd pratein in these cells and
that this phosphorylated protein speclflcally coprecipi-
tatad with the IL-4R. We have confirmad thal this prolein
is IRS-1 by immunoprecipitation and immunoblatting with
anti-IRS.1 sare (Wang et al., 1983a; data not shown). In
addition, phosphorylated IRS-1 was lound bound lo the
P2 domain of the IL-45 as a result of the incubation of
G5 T=-P3-baaring beada with extracts of IL-d-treated FDC-
P1-1RS-1 cells (Figura 54), These data indicate that IRS-1
infaracls with the IL-4R and that this Imeraction may be
an Integral part of the 1L-4 signaling pathway.

Wa wished to determing whathar tyrosine kinase activity
would also coprecipitate with the IL-4R or with tha P3 do-
main of the receptor. Preliminary immuna complex kinase
reactions of ant-IL4R precipitates fom an |IL-4R-over-
exprassing line demonstrated the assoclation of kinase
activity with the IL-4R (data not shown). Cverall, similar
patterns of phosphorylated subsirales wera observed in
pracipitates from cella treated or untreated with IL-3.
Theretore, cell lysates wers prepared from untrealed FOC-
P2 calls and weare precipitated with control rabbit serum,
anti-IL-4R antlsarum, GST-P3, or GST coupled 1o Affigel-
10. After washing the precipitates, immune complex ki-
nase reactions ware perormed with unlabeled ATP, The
samples ware separated by SDS-polyacrylamice gl elec-
trophoresis (SDS-PAGE), transferred to nitrocallulosea fil-
ters, and lhen probed with ant-phosphotyrosine. Both the
antkIL-4R antl-serum and the P3 fusion protein precipi-
tated tyrogsine kinase activity, as demonstraled by the in
vitro transfer of phosphate to tyrosine(s) on proteins pres-
entin the precipilates (Figure 5B8). Protains with molecular
waights ol — 140, B0, and 55 kd wars phosphorylated in
vitro. A small amount of the 140 kd molecule was also
obsarved in the control rabbit serum precipitate. Thus, a
domain of the IL-1R required for prollferation and IAS-1
tyrosine phasphorylation interacts with 185-1 and with a
tyrosing kinase. |t is possible that one of these proteing
represents the IL-4R-associated tyrosine kinase,
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The Region betwaan Amino Acids 437 and 557
Contalns a Sequence Mot Found In the Insulin

and IGF-1 Recaptors (4R Motif) That ls Important
tor iL-4-Mediated IRS-1 Phoaphorylation

and Growth

Examination of the hulL=<4R revealed that the region ba-
tween amino acids 437 and 557 contains a sequence that
is hemalogeus to a saquenca found in the juxtamembrane
region of the human insulin receptor (Figure 8). This ho-

A.
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Figure 5. Intaraction of |[R51 with the MulL-4R

(A} FOC-P1 salls transhected with [85-1 cOMA ware deprived of IL3
and serum before trestmant with mull-4 (10 ng/ml) or madia as indi-
caled, Lysatas from the reated calls ware Immunogrecipliated with
& contral rabbit serum (C}, anti-phosphotyrosne [FY), rabbi anti-mull-
4R serum, (oR) or with GET-Affigei (GST) or GET-Pa-Alfigel (P3).
AfRar SOS-PAGE (7.5%) and Westarm bioflng, the blots were probed
with ami-phosphetyrosing and developed with "™—protain A [lef parel)
of Ine anhanced chemium inescene syatem (ECL) {right panel). A reg-
reasntative of four paparata axpariments are shown,

[B) Kinase activity associates with the mulL-4F, Lysates were prepared
from untreatsd FOC-P2 calls and precipitnled with a contral rabbii
sarum (C), rabbit antl-muiL-4R serum (aR), or with GST-Alfigel (3.5T)
or GET-P3-Affigel (P3). In vitre kinase reactions ware pariarmed using
uninbeded ATR a8 describad in Exparimental Procodures. The pracigi.
tates wars subjocted to SDS-PAGE analysis (7.5%), followed by West.
em biol ransfer. Tyrosine phesphordated proteing ware delected by
prebing with anti-phosphatyrosing and developing with the ECL
Syetam,
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Figure 8, A Common Sequance Maotll Found in the iL-4R and Ingulin
Raceptor

Thieminag ackd sedquences of receptons that induce IRS-1 phospharyls-
N wore Ilig'nﬂ wround the Y960 of the human nsullin FRCopiar,
Consanaus reglons (4R motlf) are shown In the stippled box, Fegions
conasred among subfamily members are shown in the Bghity natchea
boxas.

malogy, consisting of a4 consensus sequance of PL=Xd-
NPXYXSKSD i3 also exhibited by the ral and mousa IL-
4Rs, tha rat and mouse insulin receptors, the human IGF-1
receptor, and the guinea pig insulin receptor-related ra-
captor, as well as by other members of the insulln receptor
family, These recaptors can be grouped into two subfamil-
ies based on the intervening residues, designated X, The
rat IL-4R, mousa IL-4R, and hulL-4R are highly homolo-
gous ta one anothar in this region, and the insulin recep-
tors, 1GF-1 receplors, and the insulin receptor-related
recapiors are homologous 1o each othar, Using the con-
sensus sequence to search GenBank, slgnificant align-
ments wera found anly far the IL-4Rs and a variaty of insu-
lin and IGF-1 receptors. This suggests that the 4R motif
is prafarantially exprassed n receptors thatl use IRS-1/
4PS as a substrate,

It has previously been demonstrated that mutation of
Y860 of the human insulin receptor to F abolished IRS-1
phosphorylation in response 1o insulin in CHO cells and
aither abclished or substantially diminished insulin-
induced proliteration, glucose metabolism, and aming
acid uptake (White at al., 1938). Since Y860 |5 in the 4R
motf, we prepared a Y to F mutation of the hull-4R (within
the 147 molif) at position 437 (Y4937F), Stable lines of 320~
IRS-1 cells expressing this receptor mutant ware axam-
ined. The level of receptor expression varied from 1030-
£400 molsculesfeel; for comparison, cells transfacted
with wi hullL-4R expressed G400 receplors/cell. Calls ex-
pressing wt hulL-4R showed similar IRS-1 tyrosine phos-
phondation in responsa to hull-4 and mull-4. By conirast,
none of the Y437F-expreasing lines displayed detectabls
fyrosing phosphorylation of IRS-1 in rasponse 10 hull-4,
although each demonsirated comparable phosphangdation
in responsa to mull-4, Figure 7A shows a representative
expariment for three of these lines, The seven Y497F-
exprassing call lines were also tasied for [*H]thymidine
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Figure 7. The Hull-47 Mutard, Y497F, Fails To Signal IAS-1 Phos-
phoryation and Generally Falls To Signal Prodferation in Responss
3 Hull-4

(Top) The parental 32D-IAS-1 kne, & wi-axpressing lne, and three
Y497F-axpressing lined were deperved of IL-3 and serum befors tresat-
mant with mull-£ (M) of hall-4 {H), IL- treatment and samphe pro-
CEESing wore performed as described for Figura 3. The migration of
IRS1 b Incficated by the arrow, Lower mokecular welght bands ane
variably seen and represen degradation products of IRS-1.
(Bottom} The ability ol the parental and wi snd Y497F-axprassing
Hnas o prallarete in reaponse to varioua concentralions of hell-2 and
a1 optimal concentrations of mull-4 wae assetesd a5 describad in
Expardmantal Procedures. Seven differant Y45TF-axpraasing linas
were examhed: tha two lings Mal demonsiraled some reepanss o
hull-4 are shown in targe symbols, 8-503 (circle) and B-5B8 jopen
square): Ihe five lines that failed to mount a significant responsa are
shown in the asmall symbols, 8—4F 4 (opan squara), E-4G6 (opan trian-
gia), 8-501 jopen square with plus elgn}, 8-56C1 (open square with
diagonal lina), and B-5F2 (closed triangla), Lavals of receptar exprag-
3ion ane a3 follows: wi, G400 maleculeaicsll; 5-503, 3,550 molscules!
cell; B=GHE, 1540 moleculasicell; B—4F4, 1030 molecuteaicell; B=4G45,
4380 molsculasicell; B-5C1, 2300 molacubas/cell; B-5F 1, 1080 mola-
cubasicall; and B-5F2, 1500 maelaculea/call,

hull-4 (ngimi}

uptake in respansa to mull-4 and hull-4 (Figure 78). All
showed responses 1o mull-4: 5 of the 7 lines failed to
proliferate in responss 1o hull-4; however, two lines wers
able to proliterata, In one line (8-566). the response was
modest but in the ather line (8-503), the response was

er atriking. The ability to proliferate apparently did not
correlate with the level of receplor expression. It should
be noted thal among the unresponsiva lines, ai least one
{8-4GE) had a level of receptor expression (4380/zall)
equivalent ta that of 8-503 (3550/cell). These reaults indi-
cate that Y457 in the |4R motil plays an important rola in
the transduction of IL-4+-mediated signals that laad to IR S-1

G177 732+2593:4 6
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tyrgsine phosphorylation. In the malority of finas, this is
coupled with a failura 1o proliferate.

Discussion

The 170 kd protein 4PS is a major substrale whose tyro-
gine phasphorylation s Induced by the binding of IL-4 to
its receptor in many hematopoletic calls, Including B cells,
T cells, myeloid cell lines, and mast call linas (Wang e
al., 1992; A. D. K., unpublished data). 4PS is also phos-
phorylated on tyrosine residues in rezponse to Insulin or
IGF-1in hamatopoielic calls that bear insulin/IGF-1 recep-
tors (Wang ot al., 1993a), indicating thal 4P 3 is a substrate
af the insulin recepior and IGF-1 receptor kinases. Inter-
estingly, the 4PS molecule Is lunctionally and antigenically
related to IRS-1, tha major substrate of the insulin receptor
tyrosine kinasa in nonhematopaistic cells (Sun st al,
1%91). The tyrosine phosphorylation of 4PS (Wang et al.,
1892) and IRS-1 (Backer atal., 1992) results in thair assoc-
alion with the regulatory subunit of PI1-3K and thereby in-
duces its anzyma activity.

The tyrosine phosphorylation of 4PS and IRS-1 as a
ressult of engagement of the IL-4R and insulin recaptor with
their ligands has been shown to be impertant for mediating
biologic reasponses characteristic for each growth factor.
It has recently bean shown that proliferation of the 4P5-
deficient myeloid progenitor cell line 320 in response o
Insulin or IL-4 Is depandent on the presence of transtected
IRS-1 (Wang et al., 1933b). Indeed, it is in this system that
we have analyzed the ability of mutants of the hulL-R to
signal the phosphorylation of IRS-1 and profiferation,

The failure of the cell lines expressing the 4437 mutant
of tha hulL-4R describad in thia study aither to proliferate
or to phosphorylate IRS-1 detectably indicates thal the
domain of the receptor between amino aclds 437 and 557
ta important for both these functions. Our results are con-
sistent with the report of Koettnitz and Kalthoft (1993 that
tha deletion of amino acids 487-805 [AR3), a deletion that
removes the 4R motll, results in an IL-4R that does not
aignal proliferation in Ba/F3 cells. However, Harada et al,,
{1882} and Seldin and Leder, [1994) reported that mutants
truncated at aming acids 431 and 455, respectively, were
capable of signallng Ba/F3 proliferation in responsa 1o
hulL-4, Tha explanation for the differencas in these results
isunclear. It does not appear that cell type can be responsi-
ble since Koefinliz and Kalthoff, (1993}, Harada et al.,
(1992), and Seldin and Lader, {1934) usad Ba/F3 for ax-
prassion, although it is possible that ditferent sublines of
Ba/F3 may have different requirements for signal trans-
duction. A resolution of this matter awaits further invest-
qgation.

Racently, we have obsarved thal transfection of a mu-
tant hull-4R truncaled at amino acid 455 (Seldin and
Lader, 1894) into a ditterent parental 320-1RS-1 line than
the one used in thess studies resuhied in lings that can
proliterate in response to hull-4, although less well so
than cells transfacted with the wt hulL-4R. One of thase
lines showed waak phosphorylation of IRS-1 In responas
1@ hulL-4, ~10-20% of that cbserved in transiectants ex-
prassing the wt hull-4R. Thus, il seems most likely that

LCMB LAB-

several regions of the IL-4R as identified by delstion mu-
tan! analysis are important in signaling a strang prolitera-
tive responsa to IL-4. The requireament for several dis-
comtinuous regions for signal transduction has been
demonastrated for other hematopaistin receptors. Tha @
chain of the IL-2A has a serdne-rich domain required for
c-mye induction and praliferation of Ba/F3 calls, and it has
an acidic domain required for tyrosine kinasa activalion
as waell as c-fos and c4un induction [reviewad by Taniguchi
and Minami, 18%3). The gp130 chain of the IL-6R requires
two shon sequences, separated from ona another by 30
or more residues, termed box 1 and box 2 o mediate
profileration and phosphorylation of gp130 in responsa 1o
IL-6 (Murakami et al.. 1991). The IL-4R containg a box
1=like ssquence, although its imporance in IL-4 signal
transduction has not been analyzed. The common B sub-
unit of the granulocyte/macrophage-—colony-stimulating
factor receplor, IL-3A, and IL-5R also demonstrates two
functional domaing. One domain located batwesn amino
aclds 456—447 is required for granulocyte/macrophage-
colony-gtimulating factor-induced proliferation. The other
domain (amino acids 518-828) is required for signaling
the major tyrosine phospharylation of 85 and 60 kd pro-
teins, and it enhances the prolifarative response (Saka-
maki el al,, 1592).

Our results demonstrate that phospharylated IRS-1 s
associated with the IL-4R after IL-4 treatment. In addition,
phosphorylated 1RS-1 binds to the fusion protein con-
taining the P2 domain of the recapior. However, 8 much
greater proportion of phosphorylatad IRS-1 is immunopra-
cipitated by anti-phosphotyrosine antibody than by anti-1L-
4R antibody. Thisis consistent with only a small proportion
of tyrosine-phosphorylated IRS-1 being associated with
the receptor; however, it cannot be excluded that the asso-
ciation is a weak or indirect ona that is disrupted by the
conditions of extraction, Similar resulta have been ob-
tained from studies of the immunopracipitation of phos-
phorylated IRS-1 with antibodies 1o the insulin receptor
[Sunat al., 1892). A reasonable explanation might be that
phosphorylated IRS-1/4P3 dissociates from the IL-4R ar
insulin receptor soon after the substrate has bean phos-
phaorylated on some critical residue. We have praviously
demansirated that after IL-4 reatment, PI-3K enzyme ac-
thity copracipitates with the IL-4R (Wang at al.,, 1992),
Again, when compared with the total activity found in the
phosphotyrosine fraction, the amount of enzyme associ-
ated with the receptor is small. It is possible that, as has
been shown for the insulin receptor (Backer at al., 1933),
Pl-3K interacts with the IL-4R indirectly by virtue of its
ability to bind phosphorylated IRS-1/14P5.

Onae important difference betwean the IL-4R and the
inaulin/IGF-1 receptars is that the fi chains of the latter
ara protein tyrosing kinases, whike the cytosolic domain
of the IL-4R lacks the consensus sequences established
for tyresine kinases. This suggests that the IL4R must be
associated with one or more kinases. Indeed, immunoprea-
cipitates of the IL-4R are able 1o phosphorylate a sefies
of associated substrates on tyrosine residues in tha pres-
ance of unlabeled ATP. Similarty, the fusion protein con-
taining the F3 domain of the receptor can precipitate a
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kinase(s] capable of phosphoryating substrates associ-
aled with the domain, as well as purified IRS-1 {A. D. K.
and K. M., unpublished data). These rasulls suggest thal
tha P3 domain of the receptor comains sites to which bath
IRS-1 and a tyrosine kinase can bind, directly or indirectly.
Tha identity of the IL-4R-associated kinase is not known,
althought I3 interasting to spaculate thatit may be related
to the insulin receptor kinase since they share IRS-1 and
4PS as substrales.

The P2 domain contains two tyrosines and the second
acidic domain of the receptor, However, the more COOH-
tarminal tyrosina does nol appear 1o be essential since it
is dedated in the d557 mutant without impairment of signal-
ing. In examining the sequence surrounding tyrosine 497,
ga shown in Figure 6, we observed a striking homaology
batween the human, mouse, and rat IL-4Rs, tha human,
maouse, and ral insulin receptors, the human IGF-1 recep-
tor, and the guinea pig insulin receptor—ralated receptor.
Saquenca homology in this region batween the human
insulin and I1GF-1 recaptors has been previoushy dascribed
(White a1 al., 1988). We proposs that this motif be ermed
the MR matif.

Mone of the other hematopoietin receptors for which
seguence Information Is avallable contaln the 148 motif,
In keaping with thelr fallure to cause IRS-1/4PS tyrosineg
pnosphordation. The 4R motif contains within i a se-
quence (NFXY) required for coated pit-mediated internal-
ization of the low density lipoprotein receptor (Chen et al.,
1390). However, the sequences flanking NPXY in the low
density lipoprotein receptor and in other ranemembrane
molecules, such as the epidermal growth factor receptor,
are unrelated to the remainder of the 14A motil. Nor ia there
any evidence that thesa other NPXY-containing molecules
induce the tyrosine phosphorylation of IRS-1/4F 5, Indesd,
the IL-4R is thus far unique in the hematopoletin receptor
family in its relationship to the insulin receptor family. It
is possible that new receptors containing the 4R motif will
be described and that these recegtors will utilize the IRS-1/7
4PS pathway

Fl-3

L) KINASE ’
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Mutation of Y960 in the 4R maotif of the insulin receptor
results in its inability 1o signal the phosphorylation ol IRS-1,
although It doas not impalr the capacity of the receptor ta
undarge autophosphonyation (White et al., 1988). Here
wea have shown that mutation of Y437 of the hulL-4R, which
is within the 4R motif, prevents IRS-1 tyresine phosphorny-
lation In response to hull-4. In most, but not all, cell lines
exprassing Y497F, PHithymidine uptake in response to
hulL-4 is abrogated. Thus, Y487 of the hulL-<4R, like Y240
of the human insulin receptor, i imponant in recaeptor-
mediated signal transduction. This strangly suggesats that
the 148 motit plays a major role in ligand-stimulated signal-
ing. Whether F487 can mediale some of the functions of
Y497, whether other sites of the receptor replace Y437 In
a comparable function, or whather an entirely different
growth pathway is used by these cefl lines remains to be
established. Further, the weak tyrogine phosphorylation
of IRS-1 abserved In a cell line expressing the amino acid
455 deletion mutant indicates that tha 4R motif, although
impartant, may not be assantial for such phasphorylation.
The ability to detect IRS-1 phosphondation may be ex-
plainad by overexpression of signaling substrales or by
other saquences in the IL-4R or in the y. that are capable
of partially replacing the functions of the 14R motif, indeed,
overexprassion of IRS-1 in cells expressing the Y380F
mutation of the human insulin receptor restores the ability
of the mutant receptor to transmit biological respanses lo
Insulin (White and Kahn, 1994).

Basad on the results presantad in this study and else-
where (Wang at al., 1982, 1983a; Sun at al., 1992; Backer
etal., 1992, 1993; Skolnik etal., 1993; Russelletal., 1933),
wa proposa that IL-4-mediated signaling normally pro-
ceeds lhrough phosphorylation of the IL-4R at position 437
by kinases that are associated with the receptor (Figure
8). Indeed, It has already been shown that the receptor
becomaes tyrosine phosphorylated as a rasuit of ligand an-
gagement, Bithough the phesphorylation of Y497 has not
bean directly demonstrated. We anvision that phosphory-
lation of Y487 would create a aita to which 4PS or IRS-1

Figura 8, Scheme for Signal Transduction by
e IL=LF

The binding of L4 to its receplor may Induce

SOTHER SKO. heterodimarization batween the IL4F and the
DM AT ¥ (Aussel & ., 1883), which would cause an
ﬁ%’g acthvation of 4 recepior-aesociated tyrosine ki-

nass, resulling in the tyrosineg phosphorylaton
1 of the 4R molll of the receptar. This would

allow ne assockation of IRS-1/4F5 with the re-
cpter complax and 13 subsequant phosphory-
lation, The phosphondaton of IRS-1/4P5 cre-
atos a high-affinity binding site far the SH2
damain of pBS subwnil of P1-3K, leading w the
Induction of its enzymalic activity, | is possible
that, &s has been shown in the case of the nsy-
lim receptor system for IRS-1 (Sxolnik et al.,
1980), IL-t-activated IAS-1/4PS would alsa in.
teract with tha SH2 domain ol GRB-2 or otha:

DOWNSTREAM
SIGNALLING EVENTS

3 ol unidentifiod sgnaling moleculos,
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can dock directly, or It could possibly dock through an
adaptor molecule. The substrate would now be accessible
1o the action of receptor-associated kinases, leading 1o s
tyrasine phosphorylation and dissoclation from the recep-
tor complex. Phosphorylated IRS-1/4PS would then inter-
act with SH2 domain-containing proleins, such as the reg-
ulatory subunit of PI-3K (p85), potentially GRE-2, as well
as other presently unidentified molecules, to Initiate the
|L4-induced signaling pathway. Whathar thasa earty sig-
naling events are directly linked to classic IL-4-induced
differantiative effects, such as immunoglobulin class
awitching, remalns to be determined. E

Exparimental Proceduras

Calla and Feagents

The IL-3-cepandent cell Bnas 320, FOC-P1, and FOC-P2 were main-
tained in BPMI supplemented with 2 mid glutamine, 100 wg/mi panicil-
Hn—straplomyein, 5 = 107 M 2-mercapiosthanol, 10% FCS, and 5%
WEHIIE conditioned medium, FDC-P1 and 320 cells expressing rat
JAS-1 were prepared as described (Wang ot al,, 1953a, 1933h) by
alactreporation of IAS-7 eOMA and selection In histdidinal. Recombl-
nant mull-4 sxpresssd in the baculovinus system was affinity purified.
An snginesrsd lorm of recombinant hull -4 that lacks H-inked glycoayh
atian Shes was exprassed in tha yaast systam as descriped for mul-<
{Mosley ot al., 1988). Rabbit antisera cpecific for the carboxy-lerminal
ragion of the mulL-4R was preparad by immunizing rabbita with the
paptide GTTEVPVEALGIAVS coupled to keyhole impet hemacyanin.
Monodonal antibodies specific for the hull-4R were genercus gifts
of the Immunex Corporation.

Expreasion Vectors and Transfections

Th cDMA sncoding the hull-4R was cloned into the mammalian ex-
preasion wachor pOCH02 and was obtained rom ihe Immiunes Corpora-
tion. This vector ks & derhathvs of pOC201 deecribed in Sims ef al.
(1988), Stop codons were introduced inthe (LA cONA by sle<irecled
rutagenasis. Thase mutations resutted in the production of receplors
with truncations in the cytoplasmic domain, starting from amino acids
657, 857, and 437 (amino acid numbering beging al the methonine
stmrt). Ona of tha muUtaganesia protocals resulied in a base deleticn
and & subsequent lramoshifl. This gave rse to 8 mutant receptor with
a sequence ditferant from the wi sequence between amino acids 351-
305 as shown in parentheses, KTV[PGORASEARY.

The Y497F mutation was asccomplshed wsing recombinant PCR
fechniques ma previoushy descriped (Higuchl, 1580). The hull-4R
cDMA from the Dralll she 8t nuckeotide 834 |o the stop codon was
resynihesized in two sections. Initially, a sense oligonucientice sncom-
passing the nucleotides B23—838 [ARDAAS] and an antisensa aligeny-
csotida (YMUT3) encompassing nuckeotides 1855-1675 and con-
taining a T—A mulaton at nuclieolice 1985 were usad t0 genarale an
BE2 bp fragmant with a mutation of codon 487 from TAG (tyrosina) 1o
TTE (phamtalaning). Simiarty, sersa cligenucleotde YMUTY, com-
plamantary 1o YMUTY, and anisenss ofigonucieclide 4ABGLY, en-
compassing nucleciides 2638-265T (which Incluedad Bglll and Hinatl
siles following the stop codon to laclitate doning). were used to gener-
ata a 1002 bp PCR fragment that alas contained the Y497F mutation.
PCR reactlons ware parformed with thermostable Plu pelymarsa
(Strategens), which has 3 proofreading exonuclease aclivity o imit
PCA-generaied mutationa, The B52 and 1002 bp PCA ragments were
ol purfied, combined, and amplfiad in a third PCR reaction in which
thia 4R0ORAS' and ARBGLY cligonucleotides wars USed RE DrMars.
Tha resulting 1.85 kb fragment of the hulL-4R inucleotides B23-265T),
which contained a muteled codon 487, was digasted with Dralll and
Hindlil and gal purified. To facilate cianing, the hull hull-4R cONA
was subclonad into the AspT18 157 and Bamiki (¥ of plUC18, which
lacks Dralll sites, and the reaulting plasmid, plIC4R, was digesied
wilh Draill and HindIl. A 3.5 kb fragmaent containing pUC 19 sequences
and null-1A sequences from nucleotide 1 (Asp7 18] 1o nuclectide B34
(Dralil} was izolated and ligated to tha Dralll-Hindili-digesated 1,82 ki
PCA tragmant. Rasuiling donss were sequenced 1o varily 1l th
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miutatian of codon 497 was Incomporated and that no PCR-Induced
mutasions wets prasant, The fulklsngth mutated recepior cOMA was
cut out with Asp7 18 and Bglll and doned into the pOCIO2 expreesion
waclor aa deacribed above for uae In tranafectons.

DMA tranalsction was parformasd by electroporation using 10 pg of
IL-4R-pearing plasmid and 1 ug of the LTR-Z plasmid (DiFore of al.,
1987}, baaring the marker gena ECOgor. Mass popuiations of stabiy
transiected cslls ware salacted by thelr abilty 0 survive In growth
medium comaining HAT and mycophonolic acid (80 uM). Calls that
aurdved the salaction proceas ware lasled for axpreasion of the hull.
4R by FACS analysls wsing o cockiall of two ant-hull-4R monoclonal
antibodies, M8 and M10, foliowed by a phycoenythrin-conjugaied goat
snti-rat immunogiobulin G, Aabbe immuncgiotain G was waed 0
block Fo binding. Poslihe lings ware expandsd and grown in (ha pres-
ance of IL-3.

Production of tha GST-IL-4A Fuskon Pratein

A fusion profein containng the IL-4R cytoplasmic region spanning
aming Acida 424-561 [P3) was genarated using & G5T gena fusion
system (Pharmacia LKE Biotechnology). Oligonudantidas coniaining
appropriate 5 restriction sios and comglamantary raceplor sequencas
wars synthasized and used in PCAs o amplify the 424-581 aming
scid region of the IL-4R cytoplasmic tall. Amplfied products wade cul
with BamH| and EcoRl, purified, and cloned into the pGEX3T vecor.
Altar analysis, veckors ware fransformed into Excharichin coll DHSa,
and husion proteins ware puriied from targe-scaie cullures assantialy
as deseribed by the manufacturar using glutathione-Sepharase (Phar-
macia). Praparations of the P3 fusion protsin or GST prolein wede
aluted from glutathione—Sepharosa wsing 5 mi reducad glulathione
{Calbiachem] in 50 mM Tris (pH A.0), dialyzed against 200 vol of PES
containing 0.5 mM PMSF for 12 hr al 4*C, and coupled o Alfigel-10
beads (Blo-Fad) according to the protocol of the manufacturer.

Surface Expression of Receptor

The laval of sxpraasion of tranafected hull-4Rs was détermined by
saturation binding analysis using ™idabaled hull-4. Recombinant
hulL=4 was labsted with Ma™1 (Amersham) using Encymobeads (Bao-
Rad) exactly s described (ldranda et al, 1990). The iransectants warg
Incubated &t 5 = 1P'ml In HBSS, 2% FCS, ang 20 mb HEPES with
50 ng/ml of "®-hull-4 for 1 hr at 4*C. The radicactrvity assodaled
with the cell pallel was dedermined by the phthalate ol procedure
and was cofrected for nenspecific binding. Nonspecific binding was
determined by either incuding a 50-fold molar excess of uniabeled
huiL4 or binding of rediolabeled hull-4 to untransfected 3204RS5-1
celiz; the levels of nonspecific binding delectad by these two mathaoda
wowrg gimilar, Tha numbes ol hull-4 molecules bound per cell was
calculated using 15000 daltons as the mokecular weght of hull-4,
Tha reporad raceptor values répresent the average of the calculated
racapior awmbers from four sepamle exparimants,

Cellular Prollleretion Assays

For the study al cellular prolferation, 320-1RE-1 transfactanis ware
Incubated at 25000 collatwall in a linal volume of 0.2 mi of comphste
AP in tha presenca o absemcs of various doses of hull-4 or mylL-+4
tar 38 hr at 37*C. The wells were pulsed with 1T pCitwell ["HRhyrnidine
for tha final 16 hr of cultune Defore hanwesting wang & Skatron call
harvestar followed by liguid scirtillation counting,

Immunogrecipitation and Immunablotiing

Analysis of phosphotyrasine-contalning protains was periarmed e
sanlially as previously described (Wang ot al, 1092). Cefls ware proin.
cubatad in APMI without semem or IL-3 for 2 hr al 37°C. Aller washing,
the cals wora resuapanded in FIPR| with 50 oM MesV O, and incubated
in tha precance or absencd of mull-4 (2 ngiml) or hull-4 (20 ngiml)
far 10 min &l room temparature. The reaction was leminated by 10-kold
dilutlon in ice-cold FBS with 100 uM NaWO.. Call palleis wera hyaad
in HEPES lysws buffer (S0 mdl HEPES, 150 mM NaCl, 0.5% NP-a0,
I mM MaWid,, 50 mM MaF, 10 mM pyrophosphate, 1 mi PMSF,
proteass inhibhor cockiall) and caifed. The solutle lraction |~ 2 mg)
was immunoprecipitabed with 2 monoclonal anii-phosphotyrosing anti-
berdy, 4G10 [Upsinle Bistechnology), controd rabbit serum, or antill.
AR antisora [1:500). and the complexys wore recovansd with prawein
G [Pharmacia), ar the lysate was precipitated wilh GST-AM o1 P3=
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A, The precipitates were washed three limes in lysis bufler and solu-
bilizad in S08 aample bufer, SO5—PAGE anafyais (7.5% acrylamida),
‘Waslerm ot transfer, and mmunobloting wih 4G 10 wera performad
a3 described (Wang o al., 1992). Where indicaled, 4610 binding was
datacied with ™|-protein A (Amarsham]) or the anhancad chamilumi-
nescence system (ECL, Amersham).

Immiune Complax Kinase Reacilon

Cadl hysates were prepared and precipitations performed as describad
Abowa, Balors tha kinasa raactions, the precipitales were washed two
timas in kinase buffer (50 mM HEPES, 150 mM NaCl, 0.1 mM EDTA,
0.01% Biri] 25, 0.1 mgfml BSA, 10 mM DTT [pH 7.2]) and resuspandad
in 20 wl of kinase butfer. Tha kinass reaction was inillated oy adding
20 wl of kinass buffer comaining 100 uM ATP and 48 mM MaCl,
The reactions were performed at 25°C lor 20 min, Reaclxons wera
flarminated by adding 15 ul of kinass butter containing 30 mM EDTA
and 300 mM ATP, Tha precipialas ware washed as indicatad above
balore SDS-PAGE analysis. The samples wera subsegquently irans-
ferred to milrocaluloas, and the blots were probed with anti-phos-
photyroaing as described above,
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