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Interferon-B Interrupts Interleukin-6—Dependent Signaling Eventsin
Myeloma Cells

By Lloyd C. Berger and Robert G. Hawley

Type | interferons (IFNs-a and IFN-g) bind to a common re-
ceptor to exert strong antiproliferative activity on a broad
range of cell types, including interleukin-6 (IL-6)-dependent
myeloma cells. In this study, we investigated the effect of
IFN-B pretreatment on IL-6-stimulated mitogenic signaling
in the human myeloma cell line U266. IL-6 induced transient
tyrosine phosphorylation of the IL-6 receptor signal-trans-
ducing subunit gp130, the gp130-associated protein tyrosine
kinases Jak1, Jak2, and Tyk2, the phosphotyrosine phospha-
tase PTP1D/Syp, the adaptor protein Shc and the mitogen-
activated protein kinase Erk2, and accumulation of GTP-
bound p21™°. Prior treatment of U266 cells with IFN-8

NTERLEUKIN-6 (IL-6) is a pleiotropic cytokine pro-
duced by a variety of cell types.* The various activities
of IL-6 are the result of its interaction with a membrane
receptor consisting of an 80-kD ligand-binding « subunit
(gp80), which triggers association with a 130-kD £ subunit
(gp130), a common signaling component shared with other
members of the IL-6 cytokine superfamily.>* Ligation of
the IL-6 receptor induces homodimerization and tyrosine
phosphorylation of gp130, and activation of associated mem-
bers of the Janus (Jak) family of protein tyrosine kinases.*®
The spectrum of Jak kinases activated is variable and report-
edly cell-type specific.>” Formation of this signaling com-
plex subsequently leads to the activation of two members
(Statla and Stat3) of the STAT (signal transducer and activa-
tor of transcription) family of latent cytoplasmic transcrip-
tion factors,>"***? as specified by modular tyrosine-based
motifs present in gp130." Besides the Jak/STAT pathway,
the extracellular signal-regulated kinase (ERK)/mitogen-
activated protein (MAP) kinase pathway has also been impli-
cated as a signaling cascade mediating the various IL-6—
induced cellular responses.**+*°
One of the many biological activitiesof IL-6 isasagrowth
factor for murine plasmacytoma/hybridomas and human my-
eloma cells.®?* Proteins potentially involved in transmission
of a proliferative signal in these cells include components
of the Jak/STAT pathway,5"*° as well as other nonreceptor
tyrosine kinases® and as yet unidentified tyrosine-phosphor-
ylated proteins.”?® However, activation by IL-6 of Raf-1,
MEK1 (MAP kinase kinase) and Erk2 in myeloma cells
implicates the ERK pathway,'®® and two lines of indirect
evidence suggest that the mitogenic signal proceeds through
p21™, First, IL-6 has been shown to induce tyrosine phos-
phorylation of the p52 isoform of Shc (p525), its association
with the adaptor molecule Grb2 and recruitment of the
p52¥°-Grb2 complex to gp130 in myeloma cells,’ the p525™-
Grb2 complex functioning in other systems to activate p21'™
to the guanosine 5'-triphosphate (GTP) form viathe guanine
nucleotide exchange factor SOS.**?” Second, expression of
oncogenic p21" in IL-6—dependent myeloma cells was re-
ported to lead to significant IL-6—independent growth.?
Nonetheless, it has not yet been demonstrated that p21™ is
activated in the context of IL-6—stimulated myeloma cell
proliferation,**?° the potential contribution of Ras-indepen-
dent ERK cascades in transducing a mitogenic signal from
IL-6 not being excluded.***
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downregulated IL-6-induced tyrosine phosphorylation of
gp130, Jak2, PTP1D/Syp, Shc, and Erk2, and GTP-loading of
p21<. Further analysis indicated that treatment with IFN-3
disrupted IL-6-induced binding of PTP1D/Syp to gp130 and
the adaptor protein Grb2; IFN-B pretreatment also interfered
with IL-6-induced interaction of Shc with Grb2 and a 145-
kD tyrosine-phosphorylated protein. These results suggest
a novel mechanism whereby type | IFNs interrupt IL-6-pro-
moted mitogenesis of myeloma cells in part by preventing
the formation of essential signaling complexes leading to
p21° activation.

© 1997 by The American Society of Hematology.

Type | interferons (IFNs-a/3) are members of a heteroge-
neous family of cytokines that activate some of the same
signaling intermediaries as IL-6. This is best documented in
the case of the Jak/STAT pathway.*** The recent demon-
stration that IFN-g activates Erk2 and its association with
Statle has shown further similarities between the signaling
cascades triggered by IL-6 and IFNs-a/3, while providing a
link between the ERK and Jak/STAT pathways.*® Despite
the sharing of signaling components, type | IFNs, which
bind competitively to a common receptor,** often induce
the opposite biologic effect in myeloma cells to that dicited
by IL-6 (ie, growth arrest).“*** The mechanism through
which IFNs-a/f establish an antiproliferative state is largely
unknown. Treatment with IFNs-a/3 results in the induction
of a set of genes, including 2’-5’" oligoadenylate synthetase
and the double-stranded RNA-dependent protein kinase,
which may play arolein this process.*® Transcription factors
such as the STATs and IRF-1 are involved in regulating the
expression of type | IFN-inducible genes. %%

It was previously reported that pretreatment of monocytes
with IFNy-y blocked colony-stimulating factor-1 (CSF-1)—
induced proliferation.*® While CSF-1 receptor tyrosine phos-
phorylation and interaction with proximal signaling mole-
cules such as Grb2 were not affected, CSF-1—stimulated
activation of Erkl/Erk2 was interrupted by IFNvy-y treat-
ment, with protein kinase C (PKC)-6 being identified as a
primary target for the IFN-y—mediated inhibitory effects. In

From the Division of Cancer Biology, Sunnybrook Health Science
Centre, Toronto; the Oncology Gene Therapy Program, The Toronto
Hospital, Toronto; and the Department of Medical Biophysics, Uni-
versity of Toronto, Toronto, Canada.

Submitted April 4, 1996; accepted August 15, 1996.

Supported in part by Grant No. 4510 from the National Cancer
Ingtitute of Canada (R.G.H.) and a fellowship from the Sunnybrook
Trust for Medical Research (L.C.B.).

Address reprint requests to Robert G. Hawley, PhD, Oncology
Research Laboratories, The Toronto Hospital, CRCS-424, 67 Col-
lege S, Toronto, Ontario M5G 2M1, Canada.

The publication costs of this article were defrayed in part by page
charge payment. This article must therefore be hereby marked
‘‘advertisement’’ in accordance with 18 U.SC. section 1734 soldly to
indicate this fact.

© 1997 by The American Society of Hematology.

0006-4971/97/8901-0012%$3.00/0

261

20z aunr g0 uo 1s8nb Aq Jpd'L9Z/009.0% L/192/1/68/4Pd-8lolE/POO|q//eU"SUONEDlgNdYSE//:dNY WOy papeojumod


https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V89.1.261&domain=pdf&date_stamp=1997-01-01

262

this study, we employed the human myeloma cell line U266
to likewise investigate the mechanism of IFN-g—induced
inhibition of 1L-6—dependent cell growth.

MATERIALS AND METHODS

Reagents. Recombinant human IL-6 (specific activity, 9.1 X 107
U/mg) was a gift from Sandoz Pharmaceuticals Corp (East Hanover,
NJ) and IFN-3 (specific activity, 2.0 x 10° U/mg) was purchased
from Life Technologies, Inc (Gaithersburg, MD). The antiphospho-
tyrosine (anti-pTyr) monoclonal antibody (MoAb), 4G10, as well as
rabbit polyclona antibodies to gp130, Jak1, Jak2, Tyk2, and Shc
were purchased from Upstate Biotechnology, Inc (Lake Placid, NY).
The anti-pan—Erk and anti-PTP1D/Syp MoAbswere from Transduc-
tion Laboratories (Lexington, KY) and the anti-Grb2 MoAb from
Santa Cruz Biotechnology (Santa Cruz, CA). Horseradish peroxi-
dase-conjugated secondary antibodies were from Jackson Immuno-
Research Laboratories, Inc (West Grove, PA). Enhanced chemilumi-
nescence reagents for Western blotting were purchased from
Amersham Canada Ltd (Oakville, Ontario) and Immobilon-P was
from Millipore Corp (Bedford, MA).

Cell culture.  The human myeloma cell line U266, obtained from
the American Type Culture Collection (Rockville, MD), was main-
tained in Iscove's modified Dulbecco’'s medium (IMDM) supple-
mented with 50 pmol/L 2-mercaptoethanol and 10% heat inactivated
feta calf serum (FCS; Life Technologies, Inc). For serum depriva-
tion experiments, cells were grown in IMDM supplemented with
0.5% FCS.

Ras assay. The analysis of p21™-bound GTP/GDP was deter-
mined essentially as described previously.” Cells were collected,
washed twice with phosphate-free Dulbecco’s modified Eagle's me-
dium (ICN Pharmaceuticals, Montreal, Quebec, Canada) and resus-
pended at a concentration of 2 x 10° cells/mL in the same medium
containing 0.5% dialyzed FCS. After 12 hours, 0.2 mCi/mL of car-
rier-free *P, (Amersham) was added and the cells were incubated
for an additional 4 hours. When included, IFN-3 (500 U/mL) was
added 3 hours after the addition of 2P, and 50 minutes before addi-
tion of IL-6. Cells were more than 95% viable after deprivation as
judged by staining with trypan blue (0.04%). After activation with
IL-6 (25 ng/mL) as indicated, cells were collected and washed twice
with phosphate-buffered saline (PBS) containing 1 mmol/L sodium
orthovanadate (Na;VO,), and lysed in 50 mmol/L HEPES (pH 7.4),
1% Triton X-100, 100 mmol/L NaCl, 5 mmol/L MgCl,, 1 mg/mL
bovine serum albumin, 0.1 mmol/L phenylmethylsulfonyl fluoride,
0.1 mmol/L GTP and 0.1 mmol/L guanosine 5’'-diphosphate (GDP).
Nuclei were removed by centrifugation and Ras protein was immu-
noprecipitated by the addition of 10 ug of rat anti-Ras MoAb (Y 13-
259) for 1 hour at 4°C followed by the addition of protein G-Sepha-
rose (Pharmacia Biotech Inc, Piscataway, NJ) for an additional 1
hour. Precipitates were washed eight times with 50 mmol/L HEPES
(pH 7.4), 500 mmol/L NaCl, 5 mmol/L MgCl,, 1% Triton X-100,
and 0.005% SDS, and p21*-bound nucleotides eluted by incubation
at 65°C in 25 puL of 2 mmol/L EDTA, 2 mmol/L dithiothreitol and
0.2% sodium dodecy! sulfate (SDS). Nucleotides were separated by
thin layer chromatography on polyethyleneimine cellulose F plates
(EM Separations, Gibstown, NJ) in 0.75 mol/L KH,PO, (pH 3.5).
Plates were imaged and radioactivity quantitated using a Phos-
phorlmager (Molecular Dynamics, Sunnyvale, CA) and the GTP/
GTP+(1.5) GDP ratios calculated.

Western blotting and immunoprecipitations. U266 cells were
treated as above with the exception that IMDM supplemented with
0.5% FCS was used during the starvation period. Subseguent to IL-
6 induction, the cells were collected by centrifugation and washed
once with ice-cold PBS containing 1 mmol/L NaVO,. Cell lysates
were prepared using a buffer containing 20 mmol/L Tris-HCI (pH
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7.5), 137 mmal/L NaCl, 100 mmol/L NaF, 10% glycerol, 1% Noni-
det P-40, 1 mmol/L NaVO,, 1 mmol/L phenylmethylsulfonyl fluo-
ride, 10 pg/mL aprotinin and 10 pug/mL leupeptin. Lysates were
incubated on ice for 15 minutes and particulate material removed
by centrifugation for 10 minutes at 14,000g.

For analysis of global patterns of protein tyrosine phosphoryla-
tion,” an equivalent volume of 2 x SDS sample buffer (120 mmol/
L Tris[pH 6.8], 4% SDS, 20% glycerol, and 100 mmol/L dithiothrei-
tol) was added to the lysate, the samples were placed in a boiling
water bath for 2 minutes, separated in SDS-polyacrylamide gels
and transferred to Immobilon-P using 25 mmol/L Tris, 192 mmol/
L glycine, and 20% methanol. For immunoprecipitations, the lysate
was precleared with protein A-sepharose (Pharmacia Biotech Inc)
for 1 hour followed by incubation with polyclonal antibodies for 1
to 2 hours at 4°C, before collection of immune complexes with
protein A-sepharose for an additional 1 hour. The protein A-sepha-
rose beads were washed three times with lysis buffer, bound proteins
were eluted by boiling in SDS-sample buffer, separated in SDS-
polyacrylamide gels and transferred to Immobilon-P as described
above. Membranes were blocked with Tris-buffered saline con-
taining 0.1% Tween-20 (TBS-T) and 6% bovine serum albumin for
at least 1 hour, incubated with primary antibody for 1 hour, washed
for 30 minutes with TBS-T, and developed with horseradish peroxi-
dase-conjugated second antibody for 45 minutes. Blots were washed
again for 30 minutes with TBS-T, incubated with enhanced chemilu-
minescence substrate solution and exposed to Kodak X-Omat film
(Eastman Kodak, Rochester, NY). Immunaoblots of immunoprecipi-
tated Jak kinases wereinitialy probed with 4G10, stripped by rinsing
twice with 62.5 mmol/L Tris-HCI (pH 6.8), 2% SDS, 100 mmol/L
2-mercaptoethanol for 20 minutes at 50°C, washed with TBS-T, and
reprobed with either Jak1, Jak2, or Tyk2 as indicated. In the case
of the Jak kinases, sequential immunoprecipitations were performed
on individual lysates. In these instances, lysates were cleared twice
with protein-A sepharose beads between successive immunoprecipi-
tations to ensure that there was no carry over between experiments.
This was routinely confirmed by immunaoblot analysis.

In vitro binding studies. The glutathione Stransferase (GST)
expression constructs containing the Grb2 cDNA (GST-Grb2) or the
Grb2 SH2 domain (GST-Grb2SH2) have been previously de-
scribed.®® GST-fusion proteins expressed in bacteria were prepared
by purification onto glutathione sepharose 4B beads (Pharmacia Bio-
tech Inc, Piscataway, NJ) and used for binding assays as de-
scribed.***° For each reaction, lysates were precleared with glutathi-
one sepharose 4B beads before incubation with GST-fusion proteins
(5 to 10 wpg) bound to these beads for 1 to 4 hours at 4°C. After
incubation, the beads were collected and washed three times with
lysis buffer. Protein complexes were then eluted in SDS-sample
buffer and analyzed by Western blotting as described above.

Cell proliferation assay. U266 cells were incubated at an initial
concentration of 3 x 10°/mL (200 uL/well) with or without the
addition of IFN-£ (200 U/mL) for various times. DNA was labeled
by adding 0.2 Ci [*H]thymidine per well for 18 hours starting at
the indicated times. Incorporation of radioactivity into precipitable
material was measured using a Skatron cell harvester (Skatron Inc,
Sterling, VA) and quantified in a Wallac model 1205 Beta plate
reader (Wallac-Pharmacia, Baie D’ Urfe, Canada).

RESULTS

IFN-4 inhibits [®H] thymidineincorporation in U266 cells.
Previous studies have shown that growth of U266 cells is
regulated by IL-6 through an autocrine mechanism and that
IFN-a exerts a dominant antiproliferative effect on IL-6—
supported U266 growth.*>5! The results shown in Fig 1 dem-
onstrate that IFN-4 (200 U/mL) also has a similar inhibitory
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Fig 1. IFN-B inhibits proliferation of U266 cells. U266 cells (3 x
10°/mL) were incubated in medium containing 10% FCS for various
times with (¢) or without (H) IFN-8 (200 U/mL). At the times indi-
cated, [*Hlthymidine (0.2 xCi/200 uL) was added for 18 hours and
incorporated radioactivity measured as described in Materials and
Methods.

effect on U266 growth. Thisinhibition of U266 proliferation
prompted us to examine the effects of IFN-3 on IL-6—in-
duced signal transduction.

IFN-3 blocks IL-6-induced protein tyrosine phosphoryla-
tion. To determine if interruption of IL-6 signaling may
account for the growth inhibitory effects of IFN-3, we inves-
tigated the changes in IL-6 signaling subsequent to IFN-3
pretreatment. Anaysis of serum-starved U266 myeloma
cells stimulated with 1L-6 showed the rapid induction of
several tyrosine-phosphorylated proteins, the most promi-
nent of which have apparent molecular masses of 160, 145,
87, 70, 52, 44 (weakly phosphorylated), and 42 kD (Fig 2A).
These tyrosine-phosphorylated proteins are similar in size
to a subset of those induced in ANBL-6 myeloma cells,’
suggesting their potential involvement in transmission of a
mitogenic signa from IL-6. The induction kinetics varied
somewhat among these proteins: p160, p70, and p52 demon-
strated peak phosphorylation by 2.5 minutes, which declined
thereafter, while p87, p44, and p42 showed a progressive
increase in phosphorylation for at least 5 minutes. In all
cases, the levels of phosphorylation declined to basal states
by 30 minutes. The 70-, 52-, 44-, and 42-kD proteins have
mobilities similar to PTP1D/Syp, p52¥, Erk1 (p44™**) and
Erk2 (p42™*~), respectively 199049525 The jdentity of these
proteins was confirmed by further studies (see below).

Serum-starved U266 cells were next treated with various
doses of recombinant IFN-4 50 minutes before stimulation
with IL-6 for 10 minutes (Fig 2B). IFN-3 pretreatment was
found to significantly inhibit the IL-6—induced tyrosine
phosphorylation of p160, p145, p87, p70, and p42. In gen-
eral, the lowest IFN-S dose employed (125 U/mL) was suf-
ficient to accomplish maximal inhibition. The identity of p42
as Erk2 was confirmed in a similar experiment (Fig 2C). IL-
6 induced both tyrosine phosphorylation and a shift in the
mobility of Erk2 (denoted pErk2), which were inhibited by
IFN-43 pretreatment (500 U/mL).
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IFN-S influences IL-6-induced tyrosine phosphorylation
of gp130. Tyrosine phosphorylation of gpl30 is essential
for transduction of signalstriggered by 1L-6.> Because tyro-
sine phosphorylation of proteins migrating with molecular
masses similar to gp130 (145 to 160 kD) was repressed by
IFN-3, we examined the modification of gpl130 directly by
phosphotyrosine immunoblotting following immunoprecipi-
tation of this protein. As shown in Fig 3, this analysis re-
veaded a partialy reduced level of IL-6—induced tyrosine
phosphorylation of gpl30 after IFN-8 treatment. Interest-
ingly, IFN-4 treatment in the absence of IL-6 stimulated a
dlight increase in the level of gpl30 tyrosine phosphoryla
tion. The level of gp130 protein detected was not altered by
IFN-4 pretreatment.

Changes in the tyrosine phosphorylation of Jak kinases
following IFN-3 pretreatment. Previously, we’ and oth-
ers®®® showed that the protein tyrosine kinases Jak1, Jak2,
and/or Tyk2 are transiently phosphorylated on tyrosine in
murine and human myeloma cell lines after exposure to IL-
6. Because IFNs-«/3 signa through Jakl and Tyk2,* we
were interested in next examining whether the changes in
the IL-6—induced protein tyrosine phosphorylation observed
with IFN-4 pretreatment were accompanied by altered phos-
phorylation of Jak kinases. As shown in Fig 4A, all three Jak
kinases were rapidly (within 2.5 minutes) phosphorylated
following IL-6 stimulation of serum-starved U266 cells,
Jak2, and Tyk2 being strongly phosphorylated and Jak1 less
s0. As expected, |FN-2 selectively induced the phosphoryla
tion of Jak1 and Tyk2, but had no effect on Jak2. Exposure
of U266 cellsto IL-6 following IFN-3 pretreatment resulted
in further elevation in the levels of phosphorylation of Jak1
and Tyk2. On the other hand, IFN-3 pretreatment repressed
to some degree the IL-6—induced phosphorylation of Jak2,
raising the possibility that IFN-8 might interfere with I1L-6
signaling in U266 cellsin part by attenuating Jak?2 activation
(see Discussion). Concomitant with the decrease in Jak2
phosphorylation was increased tyrosine phosphorylation of
two coprecipitating proteins of higher apparent molecular
mass. Reprobing of this blot with polyclonal antibodies
against Jak2 showed no change in Jak2 protein levels follow-
ing IFN-S treatment (Fig 4B).

IFN-S pretreatment influences the activation of p21® by
IL-6. Because p21® involvement in IL-6—induced activa-
tion of Erk2 in the AF10 subclone of U266 cells had been
inferred,'®° we next decided to examine directly the ability
of IL-6 to induce GTP loading of p21 in our U266 cell line
and to assess whether |FN- affected this process. Although
p21™ has been implicated in IL-6—mediated signaling in
other systems,*® there has been only one previous report
documenting an increase in GTP-bound p21™ in IL-6—stim-
ulated cells. Thisinvolved the rat PC12 pheochromocytoma
cell line, which can be induced to differentiate into neuron-
like cells by IL-6%; in the PC12 system, p21™ activation
was apparent only if the cells were pretreated with sodium
orthovanadate, a potent inhibitor of phosphotyrosine phos-
phatases, but which possesses other pharmacological activi-
ties Accordingly, we determined the activation state of
p21 in serum-starved U266 cells treated with |L-6 by label-
ing with *P;, in the absence of sodium orthovanadate, and
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Fig 2. IL-6-induced protein tyrosine phosphorylation in U266 cells and effect of IFN-B pretreatment. (A) Serum-deprived (14 hours) U266
cells were exposed to IL-6 (25 ng/mL) for the indicated times. Whole-cell extracts equivalent to 8 x 10° cells were analyzed by immunoblotting
with an anti-pTyr MoAb (1:1,000 dilution) to detect tyrosine-phosphorylated proteins. Representative of five separate experiments. (B) Serum-
deprived U266 cells were treated with various doses of IFN-B (U/mL) for 50 minutes before addition of IL-6 (25 ng/mL) where indicated and
subjected to immunoblotting with an anti-pTyr MoAb as in (A). Representative of three separate experiments. (C) U266 cells pretreated with
or without IFN-B (500 U/mL) for 50 minutes were induced with IL-6 (25 ng/mL) for 10 minutes. Lysates were analyzed by immunoblotting
with a MoAb to pTyr (4G10) followed by stripping and reprobing with a MoAb recognizing Erks. Representative of three separate experiments.
Proteins discussed in the text are indicated by arrows. The sizes of molecular mass markers (Prestained SDS-PAGE standards, broad range,
and low range; Bio-Rad Laboratories, Richmond, CA) are indicated in thousands of daltons.

immunoprecipitating Ras proteins. As demonstrated in Fig
5, IL-6 increased the percentage of GTP bound to p21™
approximately threefold. The increase in accumulation of
GTP bound to p21™ following exposure to IL-6 was rapid
with 19% of nucleotide bound by 2 minutes and decreasing
shortly thereafter (data not shown). When IFN-4 was added
before IL-6 treatment of U266 cells, a partial inhibition of
IL-6—stimulated p21™ activation was observed, with the
maximum percentage of GTP bound to p21™ detected at 2
minutes reaching only 13%. These data thus established that
p21™ is a downstream component of an IL-6 signaling path-
way associated with cellular proliferation.®® Moreover, the
decreased GTP-loading of p21™ observed after IFN-£ treat-
ment suggested that at least one target of IFN-S-induced
inhibition of IL-6—stimulated Erk2 phosphorylation was up-
stream of p21™.

IFN-3 pretreatment interrupts IL-6-induced tyrosine
phosphorylation of PTP1D/Syp and association with Grb-2.
Severa routes of p21™ activation have been described in
various cell types following stimulation with growth factors
and cytokines. Recently, the phosphotyrosine phosphatase
PTP1D/Syp (also called SHPTP2 and PTP2C) was found to
couple Grb2 to the PDGFR leading to p21"™ activation %2555
As noted above, the approximately 70-kD protein phosphor-

ylated on tyrosine in response to IL-6 and inhibited by 1FN-
[ pretreatment is similar in molecular mass to PTP1D/Syp.
Previously, Boulton et al*” reported an increase in tyrosine
phosphorylation of PTP1D/Syp following treatment of EW-1
(Ewing's sarcoma) cells with the IL-6—type cytokine ciliary
neurotrophic factor, and Stahl et al*® identified the tyrosine-
based motif in gpl30, which is required for binding of
PTP1D/Syp. To determine the status of PTP1D/Syp phos-
phorylation in this system, U266 cells, with or without |FN-
[ pretreatment, were exposed to IL-6 and the degree of
tyrosine phosphorylation of PTP1D/Syp was evaluated fol-
lowing immunoprecipitation with a PTP1D/Syp-specific
MoADb. Asshown in Fig 6, IL-6 induced tyrosine phosphory-
lation of PTP1D/Syp and this was almost completely abro-
gated by IFN-4 pretreatment. Stripping and reprobing of the
blot with a PTP1D/Syp-specific MoAb demonstrated equiva-
lent amounts of PTP1D/Syp immunoprecipitated. Because
tyrosine phosphorylation of PTP1D occursfollowing recruit-
ment to gpl130, the reduced gpl130 and PTP1D/Syp phos-
phorylation observed following IFN-8 treatment predicts a
corresponding decrease in gpl30-PTP1D interaction. This
prediction was confirmed by immunoprecipitation of lysates
from control and IFN-g—treated cells with gp130 followed
by probing with a PTP1D/Syp specific MoAb. As shown in
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Fig 3. IL-6-induced tyrosine phosphorylation of gp130 inter-
rupted by IFN-B. gp130 was immunoprecipitated from lysates pre-
pared from 1 x 107 U266 cells treated with IFN-B (500 U/mL) for 50
minutes or without followed by induction with or without IL-6 (25
ng/mL) for 10 minutes. Immunoblotting was performed with both
anti-pTyr MoAb and anti-gp130. Arrow indicates the position of
gp130.

the lower panel of Fig 6, IL-6 induced an association between
these proteins, which was significantly impaired by IFN-5
pretreatment.

We next examined the interaction of Grb2 with PTP1D/
Syp by performing Grb2 immunoprecipitations and Western
blotting with anti-pTyr, anti-PTP1D/Syp, and anti-Grb2
MoAbs (Fig 7A). A constitutively tyrosine-phosphorylated
protein of 82 kD (p82) coprecipitated with Grb2 under all
conditions. IL-6 stimulation induced the tyrosine phosphory-
lation of a protein in the anti-Grb2 immunoprecipitates,
which was identified as PTP1D/Syp. Pretreatment with | FN-
[ before IL-6 exposure was found to significantly reduce
the amount of tyrosine-phosphorylated PTP1D/Syp that co-
precipitated with Grb2.

To obtain data supporting the notion that IL-6—induced
tyrosine phosphorylation of PTP1D/Syp enables formation
of PTP1D/Syp-Grb2 complexes in this system and that IFN-
[ pretreatment negatively influenced this association, we
next performed in vitro bead-binding assays using GST-
fusion proteins. In the first set of experiments, a GST-fusion
protein containing the entire Grb2 protein was used, followed
by Western blotting with anti-PTyr and anti-PTP1D/Syp
MoAbs (Fig 7B). The GST-Grb2 fusion protein bound an
82-kD tyrosine-phosphorylated protein in untreated lysates,
which remained stably associated in lysates of IFN-8 and/
or IL-6—stimulated cells. Treatment of the cells with IL-6
led to a substantial increase in the association of tyrosine-
phosphorylated PTP1D/Syp and a prominently tyrosine-
phosphorylated protein of 145 kD (p145). IFN-3 aone stim-
ulated the association of a number of proteins, but abrogated
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the IL-6—induced binding of PTP1D/Syp, as well as p145
to Grb2.

To further investigate the nature of the interaction between
PTP1D/Syp and Grb2, we repeated the in vitro bead-binding
assays using a GST-fusion protein containing the Grb2 Src
homology 2 (SH2) domain. As can be seen in Fig 7C, the
results were essentially identical to those obtained with the
full-length Grb2 protein, establishing that the PTP1D/Syp-
Grb2 complex formed upon IL-6 stimulation, and disrupted
by IFN-4 pretreatment, occurs through binding of the Grb2
SH2 domain to tyrosine-phosphorylated PTP1D/Syp. These
data aso indicate that a similar mechanism is operative for
the IL-6—stimulated and | FN-3-inhibited interaction of Grb2
with p145. Finally, the data argue that the constitutive associ-
ation of tyrosine-phosphorylated p85 is likewise mediated
by the Grb2 SH2 domain and that the additional proteins
that bind to the full-length GST-Grb2 fusion in lysates of
IL-6- and/or IFN-g—treated U266 cells must interact with
other regions of Grb2, as no proteins bound to GST alone
(Fig 7D).

A

IFN3 — — — + + +

IL-6, ~ f\f-’@ v qu NP
(min)

— - — « Jak1

== = 4 Jak2
Blot: 4G10

IFN3 - - — + + +
o ©
3 R\ <N
(InITig) VYN YR P
4Jak2
Blot:Jak2

Fig 4. IFN-B pretreatment attenuates IL-6-induced tyrosine phos-
phorylation of Jak2. (A) Whole-cell extracts were prepared from se-
rum-deprived (14 hours) U266 cells pretreated with IFN-g (500 U/mL)
for 50 minutes and then exposed to IL-6 (25 ng/mL) for the times
indicated. Jak2, Jak1, and Tyk2 were sequentially immunoprecipi-
tated from the same extracts and subjected to immunoblotting with
an anti-pTyr MoAb. (B) The blot shown for Jak2 in (A) was stripped
and reprobed with the immunoprecipitating MoAb to Jak2 to demon-
strate equal loading and that the higher molecular mass bands de-
tected with the anti-pTyr MoAb were not cross-reacting proteins
recognized by the anti-Jak2 MoAb. The Jak/Tyk-specific bands are
denoted by arrows. Representative of three separate experiments.
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Tyrosine phosphorylation and interaction of proteins with
Sheisregulated by both IL-6 and IFN-8. A second adaptor
protein, p52¥, which functions upstream of p21 by binding
to the Grb2-SOS complex*>“® has also been reported to asso-
ciate with Grb2 after 1L-6 stimulation.”® We confirmed and
extended these findings by probing the blots shown in Fig
7 with She-specific antibodies (Fig 8). We were able to detect
only the 52-kD isoform of Shc bound to the Grb2 GST-
fusion proteins and found that 1L-6 stimulated enhanced as-
sociation of this protein with both full-length Grb2, as well
as the SH2 domain of Grb2. IFN-43 treatment itself resulted
in increased association of p52*"° with Grb2 at the 50-minute
time point, although the enhanced binding of p52¥* to Grb2
seen following IL-6 treatment was significantly hindered.
We could not detect any binding of p46°™ to the Grb2 GST-
fusion proteins even though thisisoform was readily detected
in whole cell lysates (see Fig 9). These results were corrobo-
rated by Western blot analysis of anti-Shc immunoprecipi-
tates with anti-Grb2 MoAbs (Fig 8).

In addition to Grb2, Shc has also recently been shown to
interact with tyrosine-phosphorylated proteins of approxi-
mately 145 kD (p145) in certain hematopoietic cell lines
stimulated with IL-3, Steel factor, and erythropoietin,*®®* as
well asin fibroblasts stimulated with platel et-derived growth
factor (PDGF) or fibroblast growth factor.> We had noted
that a protein(s) migrating with an apparent molecular mass
of 145 to 160 kD is tyrosine phosphorylated following IL-
6 treatment of U266 cells (Fig 2A) and shows sensitivity to

IFN-[3 = 2 + +
IL-6 (2 min) — + . +

- 9800
v 0

GTP— K

- @@ @O
GTP
e
GTP+GDP() 6.0 189 4.9 12.8

Fig 5. Effect of IL-6 and IFN-B on p21™° activation in U266 cells.
U266 cells were deprived of serum for 14 hours, labeled with *2P; (0.2
mCi/mL) for the last 4 hours of serum deprivation and incubated for
50 minutes with or without IFN-B (500 U/mL) followed by IL-6 (25
ng/mL) for 2 minutes as indicated. Whole cell extracts from 1 x 107
cells were prepared, Ras proteins immunoprecipitated with Y13-259
MoAb, and nucleotides bound analyzed by thin layer chromatogra-
phy on polyethyleneimine cellulose F plates in 0.75 mol/L KH,PO,.
The positions of GDP and GTP are indicated. Results presented are
representative of three separate experiments, with the mean values
shown below.
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—123
— 85
PTP1D =
Blot:4G10 — 50
— 33

BIOLPTPID v e
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Fig 6. IFN-B downregulates IL-6-induced PTP1D/Syp tyrosine
phosphorylation and association with gp130. PTP1D/Syp was immu-
noprecipitated from lysates of IFN-B and IL-6-treated U266 cells (1
x 107) followed by immunoblotting with both anti-pTyr (top panel)
and anti-PTP1D/Syp (middle panel) specific MoAbs. The lower panel
shows samples (1.5 x 107 cells) immunoprecipitated with gp130 fol-
lowed by probing with anti-PTP1D/Syp specific MoAb. Arrow indi-
cates the position of PTP1D/Syp.

IFN-4 pretreatment (Fig 2B). An IFN-sensitive tyrosine-
phosphorylated protein(s) in this size range was also found
to associate with Grb2 in response to IL-6 (Fig 7B and C).
To determine whether Shc might be associated with a 145-
kD tyrosine-phosphorylated protein in IL-6—stimulated
U266 cells and whether IFN-3 pretreatment might affect the
tyrosine phosphorylation state of Shc and/or this interaction,
cells with or without IFN-8 pretreatment were incubated
with IL-6 for various times, lysed, and subjected to immuno-
precipitation with anti-Shc antibodies followed by immu-
noblotting with the anti-pTyr MoAb. As can be seen in Fig
9, the p52% and p46°™ isoforms of Shc were tyrosine phos-
phorylated at a basal level. Upon stimulation with IL-6, the
levels of phosphorylation of both p52%™ and p46™™ increased
and a 145-kD tyrosine-phosphorylated protein was present
in the immunoprecipitates. Tyrosine phosphorylation of the
145-kD Shce-binding protein was maximal at 2.5 minutes. At
this time point, the p66>™ isoform® could also be visualized
upon longer exposure of the blot. Treatment of the cells with
IFN-4 for 50 minutes in the absence of 1L-6 also produced
an increase in the level of phosphorylation of p52%™ and
p46¥°, The increased tyrosine phosphorylation of p52¥* is
consistent with the finding of enhanced association of this
protein with Grb2 (mediated via the Grb2 SH2 domain) at
the 50-minute time point following IFN-2 treatment (Fig 8).
Interestingly, a tyrosine-phosphorylated protein of 45 kD
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Fig 7. IFN-B influences the interaction of PTP1D/Syp and other tyrosine-phosphorylated proteins with GST-Grb2 fusion proteins. (A) Grb-
2 was immunoprecipitated from lysates prepared from U266 cells (8 x 10°) treated with IL-6 and/or IFN-8 as indicated. Associated proteins
were analyzed by immunoblotting with anti-pTyr and anti-PTP1D/Syp specific MoAbs. Equivalent loading of Grb2 was confirmed by final
reprobing of this blot with a Grb2-specific MoAb (bottom panel). (B) Extracts from U266 cells (1 x 107) treated with IFN-g and IL-6 as indicated
were incubated with a GST-Grb2 fusion protein (approximately 10 1g) bound to glutathione-Sepharose beads for 2 hours at 4°C. Beads were
washed three times with lysis buffer, associated proteins eluted in SDS-sample buffer, and analyzed by immunoblotting with anti-pTyr and
anti-PTP1D/Syp MoAbs. (C) The experiment in (B) was repeated using a GST-Grb2SH2 fusion protein (GSTSH2). (D) The experiment in (B) was
repeated using control GST protein. Arrows indicate the position of PTP1D/Syp and other tyrosine-phosphorylated proteins discussed in the

text.

(p45) was aso found in the anti-Shc immunoprecipitates
following IFN-S treatment. When cells that had been pre-
treated with |FN-8 were subsequently exposed to IL-6, both
p145 and p45 coprecipitated with p52%* and p46%™°. Whereas
the levels of tyrosine phosphorylation of both Shc isoforms
and p45 were dightly increased 2.5 minutes after exposure
to IL-6, the level of tyrosine phosphorylation of p145 (or
the amount of tyrosine-phosphorylated p145 bound to Shc)
was reduced compared with that observed in response to IL-
6 aone.

DISCUSSION

Recent studies have identified components of the canoni-
cal Ras pathway as targets for growth inhibitory molecules.
For example, elevated cyclic adenosine 5’-monophosphate
levels have been reported to block growth factor-induced
mitogenic signaling by interfering with ERK activation at
the level of Raf-1.% More recently, it was shown that IFN-
v blocked CSF-1-stimulated proliferation of monocytes®
also by delivering an antiproliferative signal to the ERK
pathway. In this case, PKC-6 was identified as a potentia

20z aunr g0 uo 1s8nb Aq Jpd'L9Z/009.0% L/192/1/68/4Pd-8lolE/POO|q//eU"SUONEDlgNdYSE//:dNY WOy papeojumod



268

IL-6 — + — +
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Fig 8. IFN-B and IL-6 influence the interaction of Shc proteins with
Grb2. Extracts prepared from IL-6 and IFN-B stimulated U266 cells
were used for either GST-fusion protein interaction studies (top three
panels) or immunoprecipitation with anti-Shc antibodies (bottom
panel). In all cases lysates were incubated with the specified fusion
proteins or antibodies for 2 hours at 4°C and associated proteins
detected by immunoblotting with either anti-Shc (in the case of Grb2
fusion protein interaction studies) or anti-Grb2 MoAbs (in the case
of Shc immunoprecipitations).

target for inhibition at a point upstream of Raf-1. In U266
myeloma cells, we have demonstrated partial downregula-
tion of IL-6—induced Erk2 and p21™ activation with the
IFN-S pretreatment regimen employed. Using PKC inhibi-
tors (staurosporin and calphostin C), we were unable to dem-
onstrate a significant role of PKC in IL-6 signal transduction
(data not shown).? In addition, pretreatment of U266 cells
with IFN-8 had no effect on the ability of phorbol 12-myris-
tate 13-acetate to activate Erk2 in these cells (data not
shown). Taken together, these results imply that PKC-§ is
probably not atarget for IFN-3 blockage of I1L-6—stimulated
U266 proliferation; the ERK/MAP kinase pathway activated
by IL-6 in U266 cells thus differs qualitatively from that
induced by CSF-1.

To identify the receptor proximal components responsible
for the IFN-S—induced decrease in activation of p21™ and
Erk2, we investigated the effects of IFN-S on other IL-6
signaling molecules. The most upstream signaling compo-
nent affected by IFN-£ pretreatment was gp130, in which a
partial downregulation of |1L-6—induced tyrosine phosphory-
lation was detected. Thisfinding, which most likely accounts
for the subsequent disruption of downstream signaling
events, distinguishes the present study from the IFN-vy in-
duced effects on CSF-1 signaling,*® where no changes in
receptor tyrosine phosphorylation were observed. The
gp130-associated Jak kinases are responsible for tyrosine
phosphorylation of gp130 and other essential signaling com-
ponents such as STATs and PTP1D/Syp.>¢#54¢ Three mem-
bers of this family, Jak1, Jak2 and Tyk2, are activated upon
exposure of U266 cells to IL-6. IFN-3 was found to nega-
tively influence the I1L-6—induced tyrosine phosphorylation
of Jak2 and promote its association with ancillary proteins.

BERGER AND HAWLEY

It istempting to specul ate that this modulation of Jak2 activa-
tion may account for the reduced phosphorylation of gp130
because successive treatment with INF-3 and IL-6 had an
additive effect on Jak1 and Tyk?2 tyrosine phosphorylation.
However, reduced availability of the IFN-8 used kinases;
Jak1l and Tyk2, could aso contribute to the level of IL-
6—induced gpl30 tyrosine phosphorylation. This scenario
implies functional noneguivalency among the Jak/Tyk ki-
nases, a characteristic recently described in human fibrosar-
coma cells activated with IL-6* and IFN-3.% Overex-
pression of dominant-negative mutants of Jak kinases in
U266 cellswill be necessary to define the role of each kinase
in these cells.®*%

Abrogation of gp130 tyrosine phosphorylation would be
predicted to block activation of SH2-containing signaling
components, which function by directly interacting with the
sites involved. Stahl et a*® identified the gpl130 tyrosine
motifs essential for interaction with a number of SH2-con-
taining signaling molecules including STATs and PTP1D/
Syp. The gpl30 tyrosine motif proximal to the membrane
(QYSTV) isresponsible for IL-6—induced association with
the amino-terminal SH2 domain of PTP1D/Syp and for sub-
sequent tyrosine phosphorylation of PTP1D/Syp to occur.
Recent studies have defined PTP1D/Syp as an adaptor mole-
cule leading to the downstream activation of p21® in PDGF-
stimul ated fibroblasts and other cells.%®% Tyrosine phosphor-
ylation of the PDGFR is followed by SH2-mediated binding

IFN-} — — — + + +
IL-6 (min) © 4200 2
— 200
p145 = ea—s .-
— 118
— 78

P52 — |
pis s REBEBEE=_ 471
p45 — —

¢

— 314

IP: Shc
Blot: 4G10

Fig 9. Effect of IL-6 and IFN-B on the tyrosine phosphorylation
of Shc isoforms and Shc-associated proteins in U266 cells. Serum-
deprived U266 cells were pretreated with IFN-g (500 U/mL) for 50
minutes and then exposed to IL-6 (25 ng/mL) for the times indicated.
Whole-cell extracts were prepared from 1 x 10’ cells, immunoprecipi-
tated with an anti-Shc MoAb and subjected to immunoblotting with
an anti-pTyr MoAb. The p52°" and p46°" isoforms, and the p145 and
p45 Shc-associated proteins discussed in the text are indicated by
arrows. Representative of four separate experiments.
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of PTP1D/Syp, recruitment of Grb2-SOS, and subsequent
p21™ activation. Results reported here indicate that asimilar
signaling pathway is activated by I1L-6 in U266 cells. More-
over, we have found that |L-6—stimulated PTP1D/Syp acti-
vation, as defined by tyrosine phosphorylation and interac-
tion with gp130 and Grb2, is significantly impaired by
IFN-3 strongly suggesting that this interruption leads to the
observed reduction in IL-6-induced p21 and Erk2 activa-
tion.

Whether the catalytic activity of PTP1D/Syp mediates IL-
6 signal transduction or functions by interrupting these sig-
naling eventsin response to I|FN-4 remains to be determined.
Because Kumar et al® reported that I1L-6 does not induce
tyrosine phosphorylation of any of the members of the Src
family of protein tyrosine kinases expressed in a subclone
of U266 cells (AF10), it seems unlikely that dephosphoryla-
tion of the negatively regulating phosphotyrosine in these
proteins would play any role. A more likely candidate sub-
strate for PTP1D/Syp would be Jak2. Indeed Fuhrer et a®
recently described adirect physical association between Jak2
and PTP1D/Syp in IL-11—treated preadipocytes. We pre-
viously demonstrated that IL-6 and IL-11 induce common
signaling molecules in murine plasmacytomas and hybrid-
omas,” making a physical association between Jak2 and
PTP1D/Syp a reasonable possibility in IL-6—stimulated hu-
man myeloma cells. Additional support for this type of
mechanism comes from the finding that the related SH2
domain-containing phosphotyrosine phosphatase PTP1C
(also referred to as SHPTP1, HCP, and SHP) negatively
regulates IFN signaling through dephosphorylation of Jak1.%®

Besides PTP1D/Syp, Grb2 binds to additional tyrosine-
phosphorylated proteins present in lysates from IL-6—in-
duced U266 cells, including one or more proteins with mo-
lecular mass of approximately 145 kD. The significance of
this binding is unknown at present, as we did not observe
this association in vivo (ie, in Grb2 immunoprecipitations).
A potential explanation for this discrepancy could be that
there is a hierarchy of protein-protein interactions, which is
not maintained under conditions of excess GST-Grb2 in
vitro. Alternatively, the bacterially expressed GST-Grb2
may not faithfully mimic the endogenous protein.

Another protein known to function upstream of p21 in
several systems is the adaptor protein Shc.®* We have con-
firmed a prior report that IL-6 induces tyrosine phosphoryla-
tion of p52%° and its association with Grb2 in myeloma
cells.** Wealso found that 1L -6 stimul ates tyrosi ne phosphor-
ylation of the p46™™ isoform and that the Shc proteins associ-
ate with a 145-kD tyrosine-phosphorylated protein(s). Inter-
estingly, IFN-g treatment aso stimulated the tyrosine
phosphorylation of p52*™ and p46™™, but inhibited IL-6—
induced tyrosine phosphorylation of both p52¥* and p46™*,
as well as p145. Tyrosine-phosphorylated proteins of ap-
proximately 145-kD have been identified recently in other
systems.®*%2 Damen et a® cloned p145 identifying it as an
inositol tetraphosphate and phosphatidylinositol trisphos-
phate 5-phosphatase containing an NH,-terminal SH2 do-
main, two target sites for PTB domains as well as a proline-
rich region. Based on its characteristics they suggest that
pl145 regulates both Ras and inositol signaling pathways. It
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will be important to determine the relationship of pl145 ob-
served here to this 5-phosphatase. If pl45 does function as
a potential regulator of p21™ activity, it is plausible that the
45-kD tyrosine-phosphorylated protein that also coprecipi-
tated with Shc proteins following IFN-3 treatment may act
by preventing the formation of IL-6—induced Shc-p145 com-
plexes. In any event, these data implicate Shc as another
potential point of convergence of the IL-6 and IFN-4 signal-
ing pathways in U266 cells.

It was recently reported that |FN-3 activates Erk2 in U266
cells, inducing its association with Statle.®® We likewise
observed activation of Erk2 following IFN-3 challenge of
our U266 cells (unpublished results, June 1995). Notably,
activation of Erk2 by IFN-£ differs in both magnitude and
kinetics compared with that elicited by IL-6, with IL-6 induc-
ing a more rapid and greater increase in Erk2 tyrosine phos-
phorylation. IFN-5 aso modified other signaling molecules
used by IL-6 including induction of gp130 tyrosine phos-
phorylation, interaction of PTP1D with gp130 and Grb2 and
Grb2-Shc association. The role of these modifications in
IFN-4 signaling and their contribution to IL-6/IFN-£ cross-
talk is currently under investigation.

In summary, the results presented here support amodel in
which IFN-4 modifies the Ras-dependent ERK/MAP kinase
pathway of IL-6 signaling in U266 cells. We propose that
this occurs through the disruption of gpl30-PTP1D/Syp-
Grb2 and Grb2-Shc complexes. The partial inhibition of IL-
6—induced tyrosine phosphorylation of Jak2 by IFN-g3
suggests that this kinase may be a primary target for the
antagonistic IFN-g signaling effects. In this manner, IFN-4
pretreatment downregulates | L-6—stimulated Jak2 phosphor-
ylation of gp130 at sites necessary for association of PTP1D/
Syp. The reduced phosphorylation of Jak2 may result from
IFN-S—induced activation of a Jak2-specific phosphotyro-
sine phosphatase, with PTP1D/Syp itself being a candidate,
or it may represent competition between Jak1/Tyk2 and Jak2
for gp130.%

NOTE ADDED IN PROOF

Recently, Chin et a (Science 272:719, 1996) identified
the cyclin-dependent kinase inhibitor p21WAFY“PL as a pri-
mary target for IFN-y—mediated cell growth suppression by
STAT proteins.
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