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ABSTRACT We have previously shown that the interleu-
kin 2 (IL-2) receptor y chain is a member of the cytokine
receptor superfamily and is indispensable for the formation of
receptor complexes with high and intermediate affinities for
IL-2. The present study demonstrates that the afiy heterotri-
mer and (3y heterodimer complexes of IL-2 receptor reconsti-
tuted on murine fibroblast L929 cells can transduce IL-2-
mediated signals for activation of tyrosine kinase and for
induction ofc-myc, c-fos, and c-jun expression. A mutant of the
'ychain lacking the C-terminal 68 amino acids in its cytoplasmic
region showed a loss of such signal-transducing ability when
incorporated into the IL-2 receptor complexes but brought no
effect on IL-2 binding and IL-2 internalization. Another mu-
tant, with a C-terminal deletion of 30 amino acids, retained the
ability to activate a tyrosine kinase and to induce c-myc
expression but lost the ability to induce c-fos and c-jun expres-
sion. These results suggest that at least two distinct signals, one
for c-myc induction, which parallels tyrosine kinase activation,
and the other for c-fos and c-jun induction, can be transduced
from the IL-2 receptor complexes reconstituted on fibroblas-
toid cells.

intracellular signal transduction as well as IL-2 binding and
IL-2 internalization. To answer this question, the present
study examines IL-2R'y mutants with deletions in the cyto-
plasmic region for their ability to transduce IL-2-mediated
signals in transfected L929 cells, which were chosen because
all the lymphoid cell lines tested spontaneously expressed
IL-2Ry (unpublished data). IL-2 stimulation induces various
intracellular biochemical reactions, including activation of
protein kinases such as p56lck (11), p53/56lYn (12), Raf-1 (13,
14), and S6 kinase (15, 16), possibly resulting in phosphory-
lation ofsome cellular proteins, including IL-2R/8 and IL-2Ry
(17-20); activation of p2lras (21); activation of phosphatidyl-
inositol 3-kinase (37-39); glycosyl-phosphatidylinositol hy-
drolysis (22, 23); and expression of protooncogenes such as
c-myc, c-myb, c-fos, and c-jun (24-27) in lymphoid cells. We
therefore examined tyrosine phosphorylation of IL-2RP3 and
induction of the protooncogene expression as parameters for
signal transduction from the IL-2R complexes reconstituted
on L929 cells. Our results demonstrate that IL-2Ry is nec-
essary for signal transduction that comprises at least two
different signals.

Many cytokine receptors consist of a homodimer or het-
erodimer. Most of those components have been shown to
have some consensus amino acid sequences characteristic of
the cytokine receptor superfamily (1, 2). The interleukin 2
receptor a chain (IL-2Ra), which is not exclusively a member
ofthe cytokine receptor superfamily, has only 13 amino acids
in its cytoplasmic domain and forms the low-affinity (Kd 10
nM) receptor (3-5). IL-2R.B has 286 amino acids in its
cytoplasmic domain, which is essential for intracellular signal
transduction, and forms the intermediate-affinity receptor
(Kd 1 nM) and high-affinity receptor (Kd 10 pM) in
combination with IL-2Ra in lymphoid cells (6, 7). Unlike
lymphoid cells, fibroblasts transfected with IL-2Rf3 cDNA,
however, had no significant affinity for IL-2, suggesting the
existence of lymphoid cell-specific component(s) (6). We
recently detected a 64-kDa molecule that coimmunoprecip-
itated with IL-2R/3 (8, 9). The cDNA sequence revealed that
the 64-kDa molecule belongs to the cytokine receptor super-
family (10). In transfection experiments, the 64-kDa molecule
formed the high- or intermediate-affinity IL-2R along with
IL-2Ra and IL-2Rf3 or with IL-2Rf3, respectively, in murine
L929 fibroblasts and was involved in receptor-mediated IL-2
internalization (10). We thus concluded that the 64-kDa
molecule is the third component, y chain, of the IL-2R
(IL-2Ry).
Although the cytoplasmic domain of IL-2RP3 plays a crucial

role in intracellular signal transduction (7), it remains to be
solved whether IL-2Ry participates in the mechanisms of

MATERIALS AND METHODS
Cell Lines. The cell lines used were previously established

by stable transfection ofthe human IL-2Ra and IL-2RP3 genes
into murine L929 cells (10); La3-2, LaBy-4, and Lfy-9
transfectants express the human IL-2R a and ,B chains, a, l3,
and y chains, and ,B and y chains, respectively. Lap3y68-6 and
La/3y68-10 cell lines are sublines of La,&2 transfected stably
with pSRGdC68 plasmid DNA containing a mutant IL-2Ry
gene. Similarly, Lal3y30-3 and La/3y30-5 cell lines are sub-
lines of La(3-2 carrying pSRGdC30 plasmid with another
mutant IL-2Ry gene. All the cell lines were maintained in
Dulbecco's modified Eagle's medium supplemented with 5%
fetal bovine serum and antibiotics.

Plasmid Construction. For the truncation of the y chain, an
in-frame nonsense codon was introduced into pSRG1, a
cDNA expression plasmid for human IL-2Ry (10); by site-
directed mutagenesis, GAA (Glu302) was changed to TAA,
yielding pSRGdC68, which produces a ymutant with deletion
of the C-terminal 68 amino acids. The other truncated y
mutant, with a 30-amino acid deletion at the C terminus and
addition of 2 amino acids (Ala-Arg) to the C end, is encoded
by plasmid pSRGdC30. For the construction of this plasmid,
nucleotides for the C-terminal residues of the y chain were
deleted up to nucleotide 1031 with exonuclease III and mung
bean nuclease, and then a multiple-termination linker
(pGCTAGGTAGGTAGTCTAGACTACCTACCTAGC)
was inserted.

Abbreviations: IL-2, interleukin 2; IL-2R, IL-2 receptor; SH2, Src
homology 2.
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FIG. 1. Schematic structure of wild-
type and mutant IL-2R y chains. The

1IL y wild
. ydC30 and ydC68 mutants lack 30 and 68

IL-2RYwlld amino acids, respectively, at the C ter-
mini. In the ydC30 mutant, alanine (A)
and arginine (R) residues are added to the

IL-2Ry dC30 C terminus. The possible signal se-
quence, cysteine residues (C), WS motif
(WSEWS), transmembrane domain

IL-2Ry dC68 (TM), and Src homology 2 (SH2) subdo-
mains are shown.

Radioimmunoprecipitation. Radioimmunoprecipitation
was carried out as described (28). In brief, 107 cells were

metabolically radiolabeled with [35S]methionine/cysteine
(EXPRE35S35S protein labeling mix, catalogue number
NEG-072, NEN) at 0.1 mCi/ml (1 mCi = 37 MBq) for 8 hr,
treated with 30 nM IL-2 for another 15 min, lysed in cell
extraction buffer [1% (wt/vol) Nonidet P-40, 25 mM
Tris HCl, pH 7.5/140 mM NaCl/10 mM EDTA/1 mM
Na3VO4/2 mM phenylmethylsulfonyl fluoride with aprotinin
(Sigma) at 20 ,ug/ml], and immunoprecipitated with TUll
monoclonal antibody, which is specific for human IL-2Rj3
(29). The immunoprecipitates were analyzed by two-
dimensional PAGE.

IL-2 Binding and Internalization. Recombinant human IL-2
(Ajinomoto, Kanagawa, Japan) was radiolabeled with Na1251
(ICN) by the chloramine-T method. IL-2 binding and inter-
nalization assays were carried out with 125I-IL-2 as reported
previously (30). In the IL-2 binding assay, 106 cells were

incubated with 125I-IL-2 (1.5 x 106 dpm/pmol) for 1.5 hr at
4°C. Radioactivities in the supernatants and cell pellets were
measured separately, and bound/unbound fractions were

analyzed by Scatchard plots. In the IL-2 internalization
assay, 2 x 106 cells were incubated with 200 pM 125I-IL-2 on
ice for 30 min. They were then washed three times and further
incubated at 37°C for the indicated time. The suspension was

centrifuged, and the culture supernatant was harvested. The
cell pellet was then treated with chilled 20 mM citric acid in
150 mM NaCl (pH 2.8) for 10 min on ice. The radioactivities
of the culture supernatant fraction, acid-soluble fraction, and
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FIG. 2. Association of mutant and wild-type IL-2Ry molecules
with IL-2R,B. The transfectants were labeled with [35S]methionine
and [35S]cysteine, treated with 30 nM IL-2, and immunoprecipitated
with TUll antibody. Immunoprecipitates were analyzed by two-
dimensional PAGE followed by autoradiography. The and y
molecules are indicated by arrowheads.

acid-insoluble cell precipitate fraction were measured with a
y counter.
Phosphorylation of IL-2RP in Cultured Cells. Cells were

labeled with [32P]orthophosphate (NEN) as described (19).
Briefly, 108 cells were suspended in phosphate-free Eagle's
minimum essential medium supplemented with 20mM Hepes
(pH 7.5) and 10% dialyzed fetal bovine serum. [32P]Ortho-
phosphate was added at 1 mCi/ml and cells were cultured for
2 hr. Various concentrations ofIL-2 were then added, and the
cells were further cultured for 10 min. They were then lysed
in the cell extraction buffer and immunoprecipitated with
TUll antibody. The immunoprecipitates were analyzed by
two-dimensional PAGE. Phospho amino acid analysis of
32P-labeled IL-2RO was performed as described (19).
Northern Blot Analysis. Total RNA was isolated by extrac-

tion with guanidinium isothiocyanate from cells stimulated
with 10 nM IL-2. Northern blot hybridization and probes
were described previously (31). The c-jun probe was a 1-kbp
Pst I fragment from pGEM4-jun.

RESULTS
Two mutant genes deleted in the cytoplasmic domain of
IL-2Ry were constructed and introduced by stable transfec-
tion with the expression vector pSRa into an L929 cell
variant, La,B-2, expressing human IL-2R a and ,B subunits.
One mutant, expressed from pSRGdC68, lacks 68 amino acid
residues at the C terminus, resulting in impairment of the
putative SH2 subdomain (Fig. 1). Although the other mutant,
expressed from pSRGdC30, has 30 amino acids deleted from
the C terminus, the putative SH2 subdomain is intact (Fig. 1).
These plasmid DNAs were transfected into La,B-2 cells, and
four transfectant clones were obtained: Lap3y3O-3,
La/3y30-5, La/By68-6, and La,f368-10. Expression of the
mutant y chains was examined by the anti-IL-2R,8 monoclo-
nal antibody (TUll)-directed coprecipitation with IL-2R,B
from radiolabeled cells treated with IL-2. We found coim-
munoprecipitation with IL-2RB of 61-kDa and 57-kDa mol-
ecules with the same isoelectric point as that of the wild-type
y chain with La/3y30-5 and Lap3y68-6, respectively (Fig. 2).
Similar results were observed in the other cell lines,
Laf3y3O-3 and Laf3y68-10 (data not shown). The 61- and
57-kDa proteins are strong candidates for the truncated y

Table 1. Binding profiles of IL-2R on L-cell transfectants

High affinity Intermediate affinity
Trans- Kd, Binding sites Kd, Binding sites
fectant pM per cell nM per cell

La,8-t4 170 1380 1.3 2400
La/3-2 710* 2000
L3y-9 4.6 8800
La,3y30-3 170 370 1.7 1300
La,By30-5 150 930 1.1 1830
La/3y68-6 160 2200 1.2 7900
La,y68-10 170 1800 3.2 9270

*La,B 2 cells exhibit the high-affinity receptor, but its affinity is
slightly lower than that of heterotrimeric IL-2R.
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chains, 'ydC30 and ydC68, because their detection is depen-
dent on IL-2 treatment and molecular masses of these mol-
ecules are consistent with those calculated.

Effects of truncation of the C terminus of the y chain on
IL-2 binding and IL-2 internalization were analyzed. The
transfectant cell lines, Laf3y3O-3, Laf3y30-5, Lap/68-6, and
Laj3y68-10, expressing mutant y chains, exhibited interme-
diate (Kd 1.1-3.2 nM) and high (150-170 pM) affinities for
IL-2, similarly to La/y-4 transfectant expressing the wild-
type y chain (Table 1). Internalization of IL-2 bound to IL-2R
was detected in La,fy3O-5 and LaB368-6 cells as well as in
La38y-4 cells but not in La/3-2 cells (Fig. 3). These results
indicate that the cytoplasmic domain of IL-2Ry is required
neither for formation of high- and intermediate-affinity re-
ceptors nor for IL-2 internalization.
We attempted to manifest the roles of the y chain in

activation of tyrosine kinase in response to IL-2 (19). To
analyze tyrosine phosphorylation of IL-2RP in response to
IL-2, IL-2R,B was immunoprecipitated with TUll from ly-
sates of La,8y-4 cells or Lac3-2 cells which had been labeled
with [32P]orthophosphate and then stimulated with IL-2.
Phosphorylation of IL-2RP in La3y-4 cells increased in
response to IL-2 stimulation, whereas little if any increase
was seen with La,B-2 cells (Fig. 4). Phosphorylated IL-2Rf3
molecules were then examined for their phospho amino
acids. In La'y-4 cells, increased tyrosine phosphorylation
was prominent and serine/threonine phosphorylation was
also responsive to IL-2 stimulation (Fig. 4). These results are
very similar to those seen with lymphoid cells (19, 20).
However, no IL-2-induced increase in tyrosine and serine/
threonine phosphorylation was seen in Lac-2 cells.

Implication of the cytoplasmic domain of IL-2Ry in the
phosphorylation was examined with the transfectants of the
IL-2R-y mutants. La13y68-6 cells did not show an appreciable
increase in tyrosine phosphorylation or serine/threonine
phosphorylation of IL-2R18 upon IL-2 stimulation. On the
other hand, an IL-2 dose-dependent increase was observed
with Lap3y30-5 cells; tyrosine phosphorylation after IL-2
stimulation at 3 nM was 6-fold higher than the control (Fig.

Lafry-4
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FIG. 3. Internalization of IL-2 in the
transfectants. La3-2, Lac3-t4, La(y30-5,
and Laf3A68-6 were examined for recep-
tor-mediated internalization of IL-2. Ra-
dioactivities associated with IL-2 that was
unbound (A), bound to cells but removed
by acid wash (o), and bound to cells even
after acid wash (o) were determined sep-

0 30 60 arately. The acid wash-resistant radioac-
tivity is considered to be from internalized
IL-2.

5). These results indicated that a 56-amino acid subregion
containing the SH2 subdomains was essential and sufficient
for mediating IL-2 action to activate a tyrosine kinase pos-
sibly associated with the receptor.

In lymphoid cells, IL-2 can induce expression of c-myc,
c-fos, and c-jun (24, 26, 27). We examined by Northern blot
whether the reconstituted IL-2R complexes including the
IL-2Ry mutants could transduce signals to induce expression
ofthese genes in response to IL-2. In Laf3t-4 and Lfy-9 cells,
IL-2 induced expression of c-myc, c-fos, and c-jun mRNA
(Fig. 6), indicating that even in L929 cells, the reconstituted
IL-2R complexes with the a,8y heterotrimers and j3'y het-
erodimers are able to transduce the signals for induction of
such protooncogenes. On the other hand, in Lac3-2,
La,3y68-6, and La,8368-10 cells, no appreciable change in
expression of these genes was detected after IL-2 treatment.
La,8y30-3 and Laj3y3O-5 cells, which are capable of IL-2-
dependent tyrosine kinase activation, showed significant
induction of c-myc mRNA expression in response to IL-2,
but showed little, if any, induction of c-fos and c-jun expres-
sion.

DISCUSSION
Our previous study documented that IL-2Ry is essential for
the ligand binding and internalizing activities of IL-2R in
L929 cells transfected with the human IL-2R a, (3, and 'y
genes (10). To determine whether IL-2Ry also plays a critical
role in intracellular signal transduction, in the present study
we constructed IL-2Ry cytoplasmic deletion mutants and
reconstituted the IL-2R complexes on L929 cells by trans-
fection with the wild-type or mutant IL-2Ry gene along with
the a and 3genes. All the transfectants with IL-2R a, 3, and
y subunits, either wild type or mutants (dC30 and dC68),
expressed receptors that bound IL-2 with high affinities and
mediated internalization of IL-2, suggesting that the cyto-
plasmic domain of IL-2Ry is not required for high-affinity
IL-2 binding and internalization of IL-2. Moreover, internal-
ization of IL-2 seems independent of induction of intracyto-

Lap-2
FIG. 4. IL-2-induced tyrosine phos-

S phorylation of IL-2R,3 in the transfec-
tants. Lafry-4 and La3-2 cells were la-
beled with [32P]orthophosphate, stimu-
lated with or without 30 nM IL-2 for 10
min, and immunoprecipitated with TUll
antibody. Immunoprecipitates were ana-
lyzed by two-dimensional PAGE. Phos-
phorylated IL-2Rp is indicated by arrow-
heads. Phospho amino acids of IL-2Rf3
spots are shown in the righthand panels
of each group. Positions of phospho-
serine (S), phosphothreonine (T), and
phosphotyrosine (Y) are indicated.
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FIG. 5. IL-2-induced tyrosine phosphorylation of IL-2Rf3 in the
transfectants expressing mutant y chains. Lap3y68-6 and Laf3y3O-5
were labeled with [32P]orthophosphate, stimulated with the indicated
concentrations of IL-2 for 10 min, and immunoprecipitated with
TUll antibody. (Upper) Phospho amino acid analyses of phosphor-
ylated IL-2R/3. Positions of phosphoserine (S), phosphothreonine
(T), and phosphotyrosine (Y) are indicated. (Lower) Densities of
phosphotyrosine spots from Lal3y68-6 (o) and Lap3y30-5 (o) mea-
sured with a Bio Image analyzer (BAS2000, Fuji).

plasmic signals, because even the IL-2Ry mutants incapable
of transducing signals could internalize IL-2 similarly to the
wild type. These results are in accord with those obtained
previously by deletion of the cytoplasmic domains of the
other cytokine receptor subunits for IL-2, IL-6, and granu-
locyte/macrophage-colony-stimulating factor (7, 32, 33). In
addition, the soluble form of IL-6 receptor a subunit, in
combination with IL-6R /3 chain (gp130), can bind and
internalize IL-6 (32), but it remains unknown whether similar
soluble forms of the other subunits, including IL-2Ry, have
such ability.
There is accumulating evidence that IL-2 induces activa-

tion of tyrosine kinases which phosphorylate some cellular
proteins, including IL-2Rf3 (18, 19). IL-2-induced tyrosine
phosphorylation of IL-2RP is detectable in lymphoid cells

Laf3y-4 L'y-9 La43-2
c-myc j.

~~~~~~~l 'n....;c-foscfo

cjun...

GAPDH ""

0 0.5 1 2 4 0 0.5 2 4 0 0.5 2 4

La/Sy30-3 Laf3y30-5 Lcafly68-6 Lcaf 3y68-10
c-myc WW u4:cjun : : X~~~~~~~~~~~~~~~~~~~~... ......... .. .. ... .c-fun

GAPDH _ wN
0 05 12 4 O 0.51 2 4 0 051 2 4 0 051 2 4

Time (hr)

FIG. 6. Northern blot analysis of IL-2-stimulated transfectants
for expression of protooncogenes encoding nuclear proteins. Cells
were stimulated with 10 nM IL-2 for the indicated time and harvested
for RNA preparation. The relative amount of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was monitored to check
the amount of total RNA applied to each lane.

expressing IL-2R/8 but not in L cells (La,B-2) transfected with
the IL-2R a and ,3 genes (34). Our results in this study clearly
show that even L cells, when transfected with the IL-2Ry
gene along with the a and ,B genes (La3y-4), undergo tyrosine
phosphorylation of IL-2R,B in response to IL-2. Accordingly
we conclude that the y chain as well as the f8 chain is
absolutely required for IL-2-induced activation of tyrosine
kinase(s). The tyrosine phosphorylation of IL-2R,8 was also
detected in the L-cell transfectant expressing the ydC30
mutant (Lap3y30-5), but no significant phosphorylation was
seen with the L subclone expressing the 'ydC68 mutant
(La,fy68-6), implying that the IL-2Ry cytoplasmic region
encompassing the SH2 subdomains is involved in signal
transduction through activation of tyrosine kinase, but that
the C-terminal 30 amino acids of IL-2R'y are not. Further-
more, the L,3y-9 transfectant provides evidence that IL-2Ra
is not essential for activation of the tyrosine kinase(s) that
phosphorylates IL-2Rl3, as shown previously with lymphoid
cells; weak but significant tyrosine phosphorylation of IL-
2Rf3 was seen with IL-2-stimulated L,83-9 cells (data not
shown). It has been reported that IL-2 induces activation of
p561ck and p53/56lYn tyrosine kinases, which are thought to be
physically associated with IL-2Rf3 (11, 12, 35). However, our
observation of IL-2-induced tyrosine phosphorylation of
IL-2R,3 in p561ck-negative lymphoid cell lines (20, 34), and
even in L-cell transfectants which do not express p561ck at all,
argues that a tyrosine kinase different from p56lck may
participate in the tyrosine phosphorylation of IL-2R,8. p53/
p561Yn is a possible candidate because the L-cell transfectants
express mRNA for p53/p561Yn (data not shown). Alterna-
tively, an unidentified tyrosine kinase may be responsible for
IL-2-induced tyrosine phosphorylation of IL-2RP3 in lym-
phoid and fibroblastoid cells, or the tyrosine phosphorylation
of IL-2R/3 in fibroblastoid cells may be mediated by a kinase
different from that used in lymphoid cells, and both kinases
may participate in IL-2-mediated signal transduction.

Induction of c-myc, c-fos, and c-jun expression after IL-2
stimulation was detected in La,ry-4 and L,8-y-9 transfectants
but not in La,8-2 cells, indicating that IL-2R,B alone is
insufficient for signals linked to gene expression and that
IL-2Ry is essential for the signals; presumably, cooperation
of IL-2R'y with IL-2R,8 may result in the expression of those
protooncogenes. Interestingly, the 'ydC30 mutant has the

4130 Immunology: Asao et al.
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ability to phosphorylate IL-2Rp8 on tyrosine and to induce
c-myc expression but has lost the ability to induce c-fos and
c-jun expression. On the other hand, the ydC68 mutant does
not show any ability to induce protooncogene expression.
Collectively, these results indicate that the SH2 subdomains
may be responsible for activation of c-myc expression and
tyrosine phosphorylation of IL-2R13, but the induction of
c-fos and c-jun expression requires the region containing the
C-terminal 30 amino acids. These observations, in part in
concert with results for lymphoid-lineage BAF-B03 cells
expressing two IL-2R,B intracytoplasmic deletion mutants
(27, 36), further suggest that at least two distinct pathways are
implicated in signals transduced from the IL-2R complexes in
L cells; one is for c-myc induction and correlates with
tyrosine phosphorylation of IL-2R,8, and the other is for c-fos
and c-jun induction and is independent of IL-2RP phosphor-
ylation. In the BAF-B03 cell system, activation of tyrosine
kinase parallels c-fos and c-jun induction but not c-myc
induction (27, 36). This seems inconsistent with our data.
This discrepancy may be due to the difference in cell types or
the difference in assay system for tyrosine kinase activation.
It is obvious from previous and present studies that both
IL-2R,8 and y chains are essential for intracellular signal
transduction, but we do not know whether the two subunits
cooperatively combine to transduce at least two different
signals or whether each subunit transduces a different signal
independently.

This study shows that the IL-2R a,y heterotrimer and /3'y
heterodimer complexes reconstituted on L cells retain the
ability to transduce signals for tyrosine kinase activation and
c-myc, c-fos, and c-jun induction, similar to lymphoid cells
transfected with the receptor subunits; however, unlike the
lymphoid transfectants, no IL-2-promoted growth of the
L-cell transfectants was seen even in serum-starved condi-
tions (data not shown). Therefore, the IL-2-induced signals in
fibroblastoid cells may not be exactly the same as those in
lymphoid cells, and perhaps (and more probably) some
additional signals that fibroblasts lack may be requiied for
cell-growth-signal transduction mediated by IL-2R. Alterna-
tively, as growth signals in L cells are constitutive without
IL-2, effects of IL-2 on the growth promotion of L cells may
not be seen.

IL-2 is known to activate putative second messengers other
than tyrosine kinase, such as Raf-1 (13, 14), S6 kinase (15,
16), p2Vras (21), phosphatidylinositol 3-kinase (37-39), and
glycosyl-phosphatidylinositol hydrolysis (22, 23) in lymphoid
cells. Further investigation of these signal-transducing effec-
tor molecules in conjunction with the signal-transducing
ability of various mutants of IL-2R X3 and y chains would shed
light on the mechanisms of IL-2-induced signal transduction.
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