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IL-2, But Not IL-4 and Other Cytokines, Induces
Phosphorylation of a 98-kDa Protein Associated with SHP-2,
Phosphatidylinositol 3-Kinase, and Grb2

Massimo Gadinal Chitra Sudarshan,* and John J. O’Shed&

Binding of IL-2 to its receptor activates several biochemical pathways, including JAK-STAT, Ras-mitogen-activated protein
kinase, and phosphatidylinositol 3-kinase (Pl 3-kinase) pathways. Recently, it has been shown that the SH2-containing phos-
phatase, SHP-2, becomes phosphorylated in response to IL-2 stimulation, associates with'FdBhase and Grb2, and can exert a
positive regulatory role in IL-2 signaling. We now report the identification of a prominent 98-kDa protein (p98) found to be
phosphorylated in response to IL-2 stimulation and coprecipitated with SHP-2, the p85 subunit of Pl '3kinase and Grb2. Inter-
estingly, whereas IL-4 is known to activate Pl 3-kinase, we did not observe any p98 phosphorylation in response to IL-4 stim-
ulation. p98 can form a multipartite complex with all these proteins as immunodepleting with anti-p85 antiserum substantially =
reduced the amount of p98 immunoprecipitated by SHP-2 and Grb2; the converse was also true. Furthermore, phosphorylation
of p98 did not occur in cells lacking JAK3, suggesting that it may be a JAK substrate. Finally, deglycosylation of p98 did not alter 1_2
its migration, suggesting p98 is not a member of the recently described SHP substrate/signal-regulatory proteins family of trans-g
membrane glycoproteins. Thus p98 is a prominent IL-2-dependent substrate that associates with multiple proteins involved in IL-2 &
signaling and may play an important role in coupling the different signal transduction pathways activated by IL-2. The Journal
of Immunology, 1999, 162: 2081-2086.
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responses by acting on several cellular subsets including Tof cytosolic docking proteins such as insulin receptor substrai;e
B, NK cells, and monocytes (1, 2). Binding of IL-2 to its (IRS-1) and IRS-2 (16). With IL-4, it is thought that the phospha?
receptor induces rapid tyrosine phosphorylation and activation ofyrosine binding domain of IRS-1 and IRS-2 binds the phosphat-
Janus family protein-tyrosine kinases JAK1 and JAK® 4). The  ylated receptor at TYP” and Pl 3-kinase binds phosphorylatedg
current paradigm is that JAKs phosphorylate the IL-2R, (5) allow-|RS-1 or IRS-2. It is still not clear whether IL-2-dependent acti
ing STAT binding to the receptor (6—10). Recruited STATs arevation of MAPK involves IRS molecules, although it has alternas
also phosphorylated, permitting reciprocal dimerization and transtively been suggested that Pl-Binase binds directly to the IL-2
location to the nucleus. receptor (17). g
The phosphorylated receptor is also recognized by the adapter For transmembrane receptor tyrosine kinases, it appears that®et
molecule Shc. Shc in turn becomes phosphorylated, allowing th@nother means of MAPK activation do exist. With the platelet-derivegl
recruitment of another adapter protein Grb2 and the guanosingrowth factor receptor, it has been demonstrated that the SH2 cdp-
nucleotide exchange factor SOS, which mediate the activation Ofaining phosphatase (SHP-2), can bind to the receptor and act ag&an
the Ras/Rafimitogen-activated protein kinase (MAPK) pathwayadapter between the receptor itself and the Grb2-SOS complex @8,
(11, 12). IL-2 also activates phosphatidylinositoikinase (P13 19y Recently, it has been shown that SHP-2 is also phosphorylated in
kinase) (13, 14) and this is also thought to contribute to MAPK regnonse to IL-2 (20, 21) and that IL-2 stimulation induces SHP
activation (15). Neither the mechanism by which PkBase ac-  gggociation with the p85 subunit of PHanase and Grb2 (22). No- &
tivation occurs nor the steps by which PHdnase activation leads tably, we also showed that SHP-2 is important in IL-2-dependeht
to MAPK activation have at present been clearly defined. MAPK activation, because catalytically inactive SHP-2 blocked tHg
IL-2 induced activation of MAPK. Moreover, SHP-2 expression also
amplified STAT-dependent transcriptional activation. Thus, as with
Lymphocyte Cell Biology Section, Arthritis and Rheumatism Branch, National In- growth factor receptor§, S.HP-Z may be |mponant n cguplmg the IL-2
stitute of Arthritis Musculoskeletal and Skin Diseases, National Institutes of Health,'@CePtor to MAPK activation. The mechanism by which this occurs,
Bethesda, MD 20892 however, is unclear.
Received for publication July 7, 1998. Accepted for publication November 11, 1998. To better understand how SHP-2 positively regulates MAPK in
The costs of publication of this article were defrayed in part by the payment of pagdL-2 signaling, we searched for SHP-2-associated proteins that be-
\c;‘vr;;rgl%suTglé.agt;cclteior:uls?tatzesroelfeol;etg?nzfcraett;ytmsatfi;ifrtlsementn accordance came phosphorylated in response to IL-2 stimulation. Here, we
LM.G. and C.S. contributed equally to this work. _descrlbe a substrate that was foun_d to be_tyrosme p!ﬁOfsphoryIated
2 Address correspondence and reprint requests to Dr. John J. O’'Shea, Building 13)n response to IL-2 and was associated with SHP-2, FNII’Sise, .
Room 9N228, 10 Center Drive, MSC 1820, Bethesda, MD 20892-1820. E-mail ad:dNd Grb2. Importantly, we demonstrate that p98 phosphorylation
dress: osheajo@arb.niams.nih.gov was dependent on the presence of the IL-2-activated Janus kinase,
® Abbreviations used in this paper: JAK, Janus Kinase; MAPK, mitogen-activatedJAK3. Taken together, our results suggest that p98 may serve an
protein kinase; IRS, insulin receptor substrate; PDGF, platelet-derived growth factognportant role as an adapter molecule, facilitating the activation of

B; SHP-2, SH2-containing phosphatase; SHPS/SIRPs, SHP substrate/signal-regu . ” ) .
tory proteins. PI 3kinase, phosphatidylinositol &inase. a variety of signaling pathways induced by IL-2.

I nterleukin-2 (IL-2) is a key cytokine that modulates immune IL-2 and IL-4 have been reported to induce the phosphorylatitin
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Materials and Methods A v A S e
Cytokines and Abs e LG B SRR,

L e s . e
Human IL-2 and IL-4 were provided by Dr. C. Reynolds (National Cancer 97.4= " - -—
Institute, Frederick, MD) IL-7, IL-10 and IL-12 were purchased from R&D 66 = ~+— SHP-2
System (Minneapolis, MN), IFN«/8 was purchased from Genzyme (Cam- T
bridge, MA). The following Abs were purchased: antiphosphotyrosine Ab Bty
(Py-plus Mixture) (Zymed, San Francisco, CA); anti-Pikihase (Upstate _.'.' . :
Biotechnology, Lake Placid, NY), anti-GRB2, and anti-SHP-2 (Santa Cruz 4
Biotechnology, Santa Cruz, CA); and mouse monoclonal anti-PTP1D I I
(SHP-2) (Transduction Laboratories, Lexington, KY). Endoglycosidase ..“.. IB: SHP-2
F/N-glycosydase F was purchased from Boehringer Mannheim
(Indianapolis, IN). 1P SHP-2 NI
Cell culture B o & s 4;

- ¥ ¥ ¥ &
Human PBMC from peripheral blood of healthy donors were prepared as “
previously described (97% CD3 (23). The human NK cell line NK3.3 .
was kindly provided by Dr. J. Kornbluth (Arkansas Cancer Research Cen- 97.4= ' --— p98
ter, Little Rock, AR) and cultured as described (23). Before stimulation, IB: PY

both T cells and NK3.3 were washed in ¢@cidified RPMI 1640 and 1 2 3 &
rested for 24 h in RPMI 1640 containing 1.5% BSA.
SEaaas

Immunoprecipitation, immunoblotting, and deglycosylation

L

After resting, cells were resuspended in 1 ml of mediunx(30” NK3.3 c & s

cells, 5x 107 T cells), incubated at 37°C and stimulated with IL-2 (1000

1U/ml), IL-4 (1000 1U/ml), IFN-o/B (1000 IU/ml), IL-7 (10 ng/ml), IL-10 IL2 - 5 10' 15" 30'

(20 ng/ml), or IL-12 (10 ng/ml) for the indicated times. After stimulation,

cells were washed once in PBS and lysed in buffer containing 0.5% Triton 97.4m . . . H -— p98
X-100, 50 mM Tris-HCI (pH 7.5), 300 mM NacCl, 2 mM EDTA, 2QoM 1B: PY
NayVO,, 10 ng/ml aprotinin, 10uwg/ml leupeptin, and 2.5M p-nitrophe- 1

nyl p-guanidinobenzoate on ice for 30 min. Immunoprecipitation, PAGE,

and immunoblotting were performed as described previously (3). Proteins - " o 1B: SHP-2
were detected by enhanced chemiluminescence (LumiGLO, Kirkegaard & L

Perry Laboratories, Gaithersburg, MD). Deglycosylation experiments were P SHp-2

performed acgording to Khayitonenkov et a_tl._(24). Briefly, immunoprecipi- figURE 1. IL-2 selectively induces the appearance of SHP-2-asso
tates were boiled for 5 min in buffer containing 1% SDS. They were thenated hosphoproteins in T and NK celfs.T cells, untreatedgnes land
suspended in 50 of deglycosylation buffer (40 mM potassium phos- phosphop o

phate (pH 7.0), 20 mM EDTA, 1% 2-ME, 1% Triton X-100) with 0.5 U of 7), or treated for 5 min with IL-2l&nes 2and8), IL-4 (lane 3, IL-7 (lane
endoglycosidase Riglycosidase F and incubated at 37°C for 18 h, PAGE 4): IL-12 (lane §, or IFN-a3 (lane ), were lysed and |mmunopreC|p|tated:

17129 L/;p@apguenounuuu![/610';92'5|eumo[//:duq woJj papeojumoq

and immunoblotting were performed as described above. with anti-SHP-2 antiserum and then subjected to immunoblotting with agt
tiphosphotyrosinet6p) and anti-SHP-2kotton). B, NK3.3 cells, untreated
Results (lane ) or treated with IL-2 fane 2, IL-12 (lane 3, IL-4 (lane 4, or §
Stimulation with IL-2 results in the appearance of IFN-a8 (Iane 5 for 5 min were ‘Iysed anq immunoprgcipita_lted W?th antlao
SHP-2-associated phosphoproteins in T and NK cells SHP-2 antiserum and then subjected to immunoblotting with antiphospt®-

tyrosine (op) and anti-SHP-2Kotton). C, NK3.3 cells, untreateddne 1)

As previously reported, SHP-2 is phosphorylated in response ter treated with IL-2 for 5 minléne 2, 10 min (ane 3, 15 min (ane 4,
IL-2 stimulation (20, 21). Interestingly, SHP-2 itself was not the or 30 min (ane 5 were lysed and immunoprecipitated with anti-SHP- B
only phosphoprotein found in SHP-2 immunoprecipitates fromantiserum and then subjected to immunoblotting with antlphosphotyroslge
freshly isolated T cells. In addition to phosphorylation of SHP-2, (top) and anti-SHP-2Hotton).
we also noted a prominent phosphorylated substrate with an ap-
parent molecular mass 6f98 kDa that was coimmunoprecipitated phorylation (Fig. B, lanes 3-pdespite the responsiveness of the
with SHP-2 (Fig. &, lane 2. We also noticed the presence of a cells to these cytokines as measured by phosphorylation of maje-
band at~130 kDa that was weakly constitutively phosphorylated cules such as STAT4 (for IL-12 and IF&$) or STATE6 (for IL-4)
in resting T cells and was further phosphorylated after IL-2 stim-(data not shown). A time-course experiment (Fig) $howed that
ulation. Notably, other cytokines, including those that also activatéhe tyrosine phosphorylation of p98 was evident as early as 5 min
JAK3 (IL-4 and IL-7), did not induce SHP-2 phosphorylation. Fur- of stimulation, peaked between 5 and 10 min and declined after 30
thermore, the cytokines that failed to induce SHP-2 phosphorylamin of IL-2 treatment.
tion also did not induce p98 phosphorylation. To confirm that It should be noted that because p98 was detected in SHP-2 im-
equal amounts of SHP-2 were immunoprecipitated in the differenmunoprecipitates, we cannot distinguish at present whether p98
samples, the filter was reblotted with anti-SHP-2 (Fig, lower itself is inducibly or constitutively phosphorylated or whether its
pane). The specificity of the immunoprecipitated bands was ver-association with SHP-2 is regulated by IL-2 stimulation; such ex-
ified by immunoprecipitating with a nonimmune control serum periments will require specific p98 reagents. However, because
(Fig. 1A, lanes 7and8). SHP-2 has SH2 domains, it is plausible to speculate that the as-

To determine whether this 98-kDa substrate was present in othegociation between SHP-2 and p98 might be phosphotyrosine de-
IL-2 responsive cells we repeated the experiments using the NK3.8endent. Thus p98 might serve as a phosphorylated docking pro-
cell line. As shown in Fig. B when cells were stimulated with tein similar to IRS proteins. We therefore sought to analyze this
IL-2 for 5 min (Fig. 1B, lane 3, lysed and immunoprecipitated phosphoprotein in greater detail.
with anti-SHP-2, phosphorylation of p98 was again evident, al-
though in this particular cell line SHP-2 phosphorylation was min-
imal compared with normal T cells. In contrast, stimulation of cells In our previous study, we observed that IL-2 induced association
with IL-12, IL-4, or IFN-o/B did not induce SHP-2 or p98 phos- of SHP-2 with PI 3-kinase. We speculated that one way this might
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IL-2 induces the association of p98 with PHdnase
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FIGURE 2. IL-2 selectively induces the appearance of a 98-kDa phos- 46 = 5
phoprotein associated with the p85 subunit of Rkidiase A, NK3.3 cells, - A 3
untreatedl@nes land6) or treated with IL-2 or IL-4 for 1 minlénes 2and B o 3
4) or 5 min (anes 3, 5and7), were lysed and immunoprecipitated with 30 = §
anti-p85 (anes 1-% or nonimmune antiserum (lane 6—7) and then sub- SR e Grb2 k3
jected to immunoblotting with antiphosphotyrosirtef or anti-p85 anti- [ I | ES— | -
serum botton). B, NK3.3 cells, untreatedgne 1) or treated with IL-12 IP PI3-k Grb2 NI

(lane 2, IFN-a/B (lane 3, IL-2 for 5 min (anes 4and8) or IL-2 for 10
min (lane 5, IL-2 for 20 min (ane 6, IL-2 for 30 min (ane 7, were lysed
and immunoprecipitated with anti-p85 antiserulangs 1-J or nonim- N3 3 cells, untreateddne 1) or treated with IL-2 for 5 minlanes 2and
mune antiserumigne § and then subjected to immunoblotting with an- 10 10 min (ane 3, 20 min (ane 4, or 30 min {ane 5 or treated with
tiphosphotyrosinetép) or anti-p85 antiserumbtton). IL-4 (lane 6, IL-10 (lane 7), IL-12 (lane 8, or IFN-e/8 (lane 9, for 5 min
were lysed, immunoprecipitated with anti-Grb2 antiseruamgs 1-9 or
nonimmune antiserunlane 10, and then subjected to PAGE on a 10%
occur would be if SHP-2 and Pl &inase both bound p98. There- gel, following immunoblotting with antiphosphotyrosineolg) and anti-
fore, we next investigated whether a 98-kDa phosphoprotein coulrb2 potton). B, NK3.3 cells, untreateddnes 1and3) or treated with
also be detected in association with the p85 subunit of Rirgase ~ IL-2 for 5 min (lanes 2, 4and5), were lysed and immunoprecipitated with
from IL-2-stimulated cells. To this end, NK3.3 cells were stimu- anti-p85 antiserumignes land2), anti-Grb2 antiserumignes 3and4), or
lated with IL-2 or IL-4 and immunoprecipitated with anti-p85 an- "°nimmune antiseruniane 3 and then subjected to PAGE on a 7-12.59
tiserum. As shown in Fig.R, we observed a number of phosphor- g;zdg?ézgg;ggumblomng with antiphosphotyrosinepf and anti-p85
ylated proteins that coimmunoprecipitated with Pl-kBhase. '
Importantly, a band at-98 kDa was present in IL-2 stimulated
cells but not in IL-4 stimulated cells. The IL-4 treatment, however, lane (Fig. B, lower panel. Specificity was ascertained again by*
was able to induce the phosphorylation of a molecule with apparimmunoprecipitating an IL-2-stimulated cells lysate with nonim-
ent molecular mass of 180 kDa, which was presumably IRS-Imune serum (Fig. B lane 8.
(lanes 4and5) indicating that IL-4 did induce substrate phosphor- ) . )
ylation in these cells. Equivalent amount of loading was confirmed -2 induces the association of p98 with Grb2
by reprobing the filter with anti-p85 antiserum (FigA,2lower  These results were consistent with a model in which p98 might
pane). serve as an adapter/docking molecule in IL-2 signaling, analogous
As further evidence that the SHP-2 and Pikase p98 sub- to the role of IRS-1 or IRS-2 in IL-4 such that SHP-2 and PI
strates were related, we again analyzed the effect of stimulatioB’-kinase both bind p98 upon IL-2 stimulation. Because we had
with different cytokines. As previously shown for SHP-2, only previously demonstrated (16) that SHP-2 was also associated with
IL-2 was able to induce phosphorylation of the Pikkhase-asso- Grb2 in IL-2-stimulated cells, we next investigated whether p98
ciated p98. Moreover, phosphorylation of the Plkthase-associ- could also be observed in Grb2 immunoprecipitates after 1L-2
ated p98 was maximal between 5 and 10 min and decreased by 3fimulation. Several phosphophorylated bands were observed in
min (Fig. 2B, lanes 4-Y, identical with the time course of phos- lysates of NK3.3 cells after IL-2 stimulation (FigAB the adapter
phorylation of the SHP-2-associated p98. The difference in levelsnolecule Shc being readily recognizable (lower arrow). In addi-
of p98 phosphorylation was not due to different amounts of im-tion, as already noted in SHP-2 and PIKghase immunoprecipi-
munoprecipitated Pl'3kinase because reprobing of the same filtertates from IL-2 stimulated cells, we detected a broad tyrosine-
with p85 antiserum demonstrated equal amount of loading in everphosphorylated band that migrated-a88 kDa, phosphorylation

FIGURE 3. p98is present in Grb2 immunoprecipitates following IL-2
stimulation and comigrates with the P1-Binase associated substrafe.
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of which was maximal at-5 min and greatly diminished by 30 A
min. The phosphorylation of this 98 kDa was not observed when

cells were stimulated with either IL-4, IL-10, IL-12, or IFNé, R CERER s
despite the fact that Grb2 was equally immunoprecipitated from
these cells (Fig. &, lower pané). To better compare the pattern of 974 = . L . e —-—
IL-2-induced phosphoproteins associated with Grb2 and'ki-3 1B: PY
nase, we also used a 7-12.5% polyacrylamide gradient gel that e e
allowed a better separation of proteins. As shown in FRj.\8e - 1B: P13k
found a similar 98-kDa phosphoprotein associated with both PI ... IB: SHP-2
3’-kinase and Grb2. i it F—

IP P13k SHP-2 NI
p98 forms a complex that comprises both SHP-2 and the p85
subunit of Pl 3-kinase B
Thus our data indicated that SHP-2, PHnase, and Grb2 all PreclearSHP-2 — — 1X 2X 3X — — 3X — —
coprecipitated a 98-kDa phosphoprotein. Although it was phos- L2 — 4+ + + + — 4+ + — +
phorylated by the same restricted stimulus (IL-2, but not other
cytokines) with the same kinetics and had a similar migration in 974-= LAk .- ﬁ\'pga §
polyacrylamide gels, the SHP-2, PHginase, and Grb2-associated R T S Ml S T IR 5
p98 polypeptides might nonetheless have had no relationship to *- - 1B: SHP-2 g
one another. To better define the nature of the p98 phosphoprotein L i " | 'g"
found in the immunoprecipitates, we next performed sequential P i ARSI z
immunodepletion experiments. That is, IL-2 stimulated cells were %
lysed and extensively depleted with Pl-lBnase antiserum or Preclearp85 — — 1x 2x3x — — 3x — =— 3
SHP-2 antiserum followed by immunoprecipitation with either PI L e e e e e Bl %
3'-kinase and SHP-2 (FigA}; SHP-2 and PI 3kinase (Fig. 8); &a LR B >
or PI 3-kinase and Grb-2 (Fig.@. We found that the SHP-2- 97.4= ... - '- -— po8 g
associated p98 as well as the Grb2-associated p98 were greatly - 1B: PY g
diminished after p85 immunodepletion (Figsh,4ane 8and 4, L 3
lane § respectively). Similarly, when lysates were immunopre- SR A B ek 2
cipitated with SHP-2 antiserum the Pl-Binase-associated p98 -—— - o Bip %
was also greatly reduced (FigB4lane §. These data strongly L il m I 3
suggest that SHP-2, PI-&inase, and Grb-2 are indeed associated P FIFX G i S
with the same 98-kDa phosphoprotein and apparently form a mulFIGURE 4. p98 participates in a complex that comprises RkiBase, %
tipartite complex; i.e., IL-2 stimulation results in the formation of SHP-2, and Grb2A, NK3.3, untreatedignes 1, 6and9) or treated with

a single complex comprising all these molecules. However, bel-2 for 5 min (ianes 2-5, 7, 8and 10) were lysed and immunodepleted §

cause some residual p98 was still detected in the different immuYith P85 a”‘ise“fm (prede?r PBSRY with SHP-2 antiserum (preclear &
noprecipitates despite the extensive preclearing, p98 may also pa?—HP'Z’ B) and with p85 antiserum (preclear p86) (lanes 3-5and 8,

. . . X respectively), subjected to immunoprecipitation with the indicated Ab;
_tlcc'ipa_l;e Irl]l distinct complexes with SHP-2, PHéinase, and Grb2 and then subjected to immunoblotting analysis with the indicated Abs.
individually.

B86770W

4pd 01,8020

?gfﬂ:l’ssrsoltRi’)S;;ﬁ; l;'qSter;tgslgnal-regwatory proteins (22), we next investigated whether JAK3 was required for the Ilg-

2-induced phosphorylation of p98. Cells from patients with JAK3
Recently, a new class of transmembrane glycoproteins namegcip were first used to address this issue, but EBV-transforme®B
SHPS or SIRPs that associate with SHP-1 and SHP-2 has beg@lls had constitutive phosphorylation of various substrates in t@e
identified (24, 25). Moreover, SIRPdhas been shown to be phos- same molecular mass range of p98; this high level of basal phas-
phorylated in response to growth hormone, a cytokine that is rephorylation excluded the use these cells to test the requirementSof
lated in @ number of respect to IL-2. To clarify whether p98 was jak3 in IL-2-induced p98 phosphorylation. We therefore used NIH

a member of this family, we performed an in vitro deglycosylation 3T3 fibroblasts stably transfected with the IL-2R subunits with or
of SHP-2 and PI 3kinase immunoprecipitates because the mo-

bility of SIRP1« is greatly altered by this treatment (24, 26).

However, as shown in Fig. 5, deglycosylation did not affect the EndoF — + + — + + — — + +

mobility of p98 in either SHP-2 or Pl'&inase immunoprecipi- L2 % = + 4 = 4 - + — &

tates. In contrast, enzymatic treatment of immunoprecipitated

IL-2R B-chain, a known glycosylated transmembrane protein, 9741 .. . . L
clearly altered its migration, indicating that the treatment was in- 66= .

deed effective. These results indicate that p98 is not a glycosylated 1B: PY
molecule and therefore not likely to be a member of the SHPS/ LR LR 78R

SIRP family. Moreover, we were unable to detect any p98 or IP: SHP-2 IP: Pl 3'-k IP: IL-2Rp chain

SHP-2 association with the IL-2B-chain, suggesting that the p98

. . FIGURE 5. p98 is not a glycosylated molecule. NK3.3 cells untreated
complex may not directly bind to the IL-2R. P gyrosy

(lanes 2, 5, 7and9) or treated for 5 min with IL-2l@ines 1, 3, 4, 6, 8&and

p98 phosphorylation is JAK3 dependent 1.0). were Iyseq, immunoprgcipitated with the indicated Abs Immunopre-
) o cipitates were incubated wittefies 2, 3, 5, 6, 9and10) or without (anes

Because we have previously reported that JAK3 is important for, 4, 7,and8) endoglycosidase F/N-glycosidase F and subsequently sub-

IL-2-induced association of SHP-2 with Grb2 and Ptkhase jected to PAGE and immunoblotting with antiphosphotyrosine.
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JAK3 — _* = H = binding of p98 after extensive preclearing, the possibility also ex-
ol e R ists that p98 participates in complexes with each partner individ-
IL-2 = + = + — 4+ =+ — 4+ — + ISts pp p _p p
97.4m b 5 i <— p98 ually. This is in agreement with the fact that the consensus se-
- ' 1B: PY qguence for binding to the SH2 domains of SHP-2 and’FiBase

1 2 3 4 5 6 7 8B g9 10 11 12
= - ————

p85 subunit are distinct. It is therefore tempting to speculate that
SHP-2, p85, and possibly Grb2 bind to different phosphotyrosines
IB: SHP-2  IB:PI3-k  IB: Grb2 on p98 and that p98 may function as an adapter protein.

FIGURE 6. IL-2 mediated p98 phosphorylation is JAK3 dependent. ~We first considered that the SHP-2-associated p98 phosphopro-
NIH 3T3 afy (JAK3—) and NIH 3T3aBy-JAK3 (JAK3+) cells were  tein seen with IL-2 stimulation might be a member of the recently
untreatedlgnes 1, 3, 5, 7, 9and11) or IL-2 treated for 5 minlenes 2, 4, described family of transmembrane glycoproteins with sequence
6, 8, 10 and12), immunoprecipitated with anti-SHP-Rafies 1-4 or anti- homology to named SHPS/SIRPs (24, 25), as SIRRLphos-
p85 (ane 5-§ or anti-Grb2 [anes 9—1and then subjected to PAGE and phorylated in response to growth hormone (26, 28). However, the
immunoblotting with antiphosphotyrosinéop panel¥. Filters were also . Pl !

. . IL-2-dependent phosphoprotein p98 was not sensitive to deglyco-
reblotted with the indicated Abd¢ttom panels . h L L

sylation treatment reducing the likelihood that it is a member of

this family.

. DOS (daughter of sevenless) is a substrate ofDhesophila
without JAKS (NIH 3T3afy and NIH ST3ay-JAK3) (5, 27). In homolog of SHP-2corkscrew and its mammalian homolog is§

thf? aIbLs_echtg Ofl JtAKS.’ n’il)ngh:;)_?gjorylat:lon I(—')f pSéSlwas Zobsetrveq;abl (30, 31, 33). We also considered the possibility that p98§s
ater stimuiation in By cells (Fig. 6, lane 2) bu Gab1l but we were unable to detect Gabl phosphorylation afger

\\’]V:E;V'dlfntl n STP?hlmmuno%f}ig)l(tjates f(;omt er]H 3?37" i IL-2 stimulation; indeed Gab1 was poorly expressed in the NK3
cells (lane 4). The same -dependent phosphorylalion. o e (data not shown). Thus we interpret our results to indicate

of p98 was observed in PI¥inase (Fig. 6Janes 5-§ and Grb2 that p98 is unlikely to be Gabl or a SIRP family member.

(lanes 9—12immunoprecipitates, although for the latter there was Recently, other groups have described SHP-2-associated an

a hltgtf;]er ph(;)stphtorylﬁtlont;]n :hli_gf)jence dOf ?tm;lélat;:m' Ylve 'lntte.r's’-kinase-associated phosphoproteins that migrate 830 kDa
E:Z b:?](;k;c?e Oer?dg\r,wvt hi ever esergcgnn'pe thpatOISLF-)z?(?::: '?(?rfter cytokine stimulation (34-37). It is possible that the IL-2“§"

y  dep » owever w gniz P tivated p98 molecule we describe here is identical or related&to
transfected fibroblasts are an imperfect model system to test th

. . - fhese other proteins. It is notable that we found a p98-like molecde
issue. Clearly a Jak3-deficient lymphoid line would be preferableIn IL-2-stimEIated fibroblasts suggesting that p%8 might be
although, as mentioned, we were unable to use EBV-transformed, . . . S .
B cell lines from Jak3-deficient patients. The presence of SHP-ZVUZ:?eLiSO;Sr:gggetg]rsthat could play a role in signaling through 3
Pl 3'-kinase, Grb2-associated phosphoprotein in fibroblasts also It is also of interést that IL-4 failed to induce p98 phosphoryz
suggests that p98 may be a ubiquitous and not lineage specifif 2

rotein. However. we have no direct evidence that the p98 foun tion despite the commonalities in IL-2 and IL-4 signal transdu&
Protein. However, we hav : Vi . P U"Gion and the fact that IL-4 induces IRS phosphorylation. Given that
in murine fibroblasts is related to the polypeptide present in

| hocvt the biological effects of IL-2 and IL-4 clearly differ, it is clearly§
ymphocytes. important to identify distinct elements in their receptor signalin§

. . pathways. 5
Discussion Mitogenic signal in response to IL-2 has been demonstratedgo
IL-2 has been reported to induce the phosphorylation of the SHbe dependent on the presence of JAK3 (41). Although our resufgs,
containing phosphatase SHP-2 (20, 21). Moreover, we have resbtained in a nonlymphoid system, suggest that, JAK3 may ke
cently shown that SHP-2 associates with PikBase and the required for p98 phosphorylation. The exact role of Jak3 in p@
adapter molecule Grb2, and by acting on the MAPK pathway,phosphorylation will clearly need to be revisited when specific p@
SHP-2 may exert a positive regulatory role in IL-2 signaling (22). reagents become available. In conclusion, although the functiGhs
In this paper, we identified and characterized a 98-kDa protein thadf SHP-2 and its substrates are still poorly defined, if p98 acts :és
is phosphorylated in T cells and in NK cells in response to IL-2 buta docking molecule similar to the IRS it may play critical role ins
not to other cytokines including: IL-4, IL-7, IL-10, IL-12, or IFN- IL-2-induced T cell proliferation analogous to the role of IRS irg
al/f. This polypeptide, referred to as p98, was coimmunoprecipi-LL-4-dependent proliferation. The identification and cloning of thig
tated with SHP-2, and was the most prominent phosphorylatednolecule will be important to assess the significance of the SHP-
band in SHP-2 immunoprecipitates. This is important, becaus@/PI 3-kinase/Grb2/p98 complex and in defining the role of these
characterization of p98 may help to clarify how IL-2 signaling is molecules in IL-2 actions.

linked to the MAPK and other pathways.

We previously observed that IL-2 was able to induce the for-
mation of SHP-2-PI 3kinase complex but we were not able to
draw any conclusion on the nature of this complex. We therefore
tested thg possibillity that the ipteraction could be mediated by %cknowledgments
common intermediate. Interestingly, when we analyzed the phos-
phorylated substrates that were immunoprecipitated with the pgg\le thank Dr. J. Kornbluth and Dr. T. Taniguchi for respectively providing
subunit of PI 3-kinase, we observed a major phosphorylated bandVK 3.3 and NIH 3T3aBy cells. We are also indebted to Dr. Elbert H. Chen
that also comigrated with the SHP-2-associated phosphoproteifi?” NélPful suggestions and critical comments.
indeed both polypeptides were phosphorylated with the same spec-
ifi.city an.d kinetic.:s. More !mportantly, we f.ou.n(.j that preclearing References
with anti-Pl 3-kinase antiserum greatly diminished the SHP-2-
associated p98, and the converse was also demonstrated to be tru’e.g\f:ri\gl’i‘;f;“é;l* f;‘é Y. Minami. 1993. The IL-2/IL-2 receptor system: a current
Therefore, we hypothesize that the three molecules are part of 23 Gomez, J., A. Gonzalez, C. Martinez-A, and A. Rebollo. 1998. IL-2-induced
multiprotein complex. However, because we observed residual cellular eventsCrit. Rev. Immunol. 18:185.
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Note added in proof. Since the submission of this manuscript
Gesbert et al. (42) described a similar phosphorylated substrate.
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