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Signals propagated via the gp130 subunit of the interleukin-6 (IL-6)-type cytokine receptors mediate, among
various cellular responses, proliferation of hematopoietic cells and induction of acute-phase plasma protein
(APP) genes in hepatic cells. Hematopoietic growth control by gp130 is critically dependent on activation of
both STAT3 and protein tyrosine phosphatase 2 (SHP-2). To investigate whether induction of APP genes has
a similar requirement for SHP-2, we constructed two chimeric receptors, G-gp130 and G-gp130(Y2F), con-
sisting of the transmembrane and cytoplasmic domains of gp130 harboring either a wild-type or a mutated
SHP-2 binding site, respectively, fused to the extracellular domain of the granulocyte colony-stimulating factor
(G-CSF) receptor. Rat hepatoma H-35 cells stably expressing the chimeric receptors were generated by
retroviral transduction. Both chimeric receptors transmitted a G-CSF-induced signal characteristic of that
triggered by IL-6 through the endogenous gp130 receptor; i.e., both activated the appropriate JAK, induced
DNA binding activity by STAT1 and STAT3, and up-regulated expression of the target APP genes, those for
a-fibrinogen and haptoglobin. Notwithstanding these similarities in the patterns of signaling responses
elicited, mutation of the SHP-2 interaction site in G-gp130(Y2F) abrogated ligand-activated receptor recruit-
ment of SHP-2 as expected. Moreover, the tyrosine phosphorylation state of the chimeric receptor, the
associated JAK activity, and the induced DNA binding activity of STAT1 and STAT3 were maintained at
elevated levels and for an extended period of time in G-gp130(Y2F)-expressing cells following G-CSF treatment
compared to that in cells displaying the G-gp130 receptor. H-35 cells ectopically expressing G-gp130(Y2F) were
also found to display an enhanced sensitivity to G-CSF and a higher level of induction of APP genes.
Overexpression of the enzymatically inactive SHP-2 enhanced the signaling by the wild-type but not by the Y2F
mutant G-gp130 receptor. These results indicate that gp130 signaling for APP gene induction in hepatic cells
differs qualitatively from that controlling the proliferative response in hematopoietic cells in not being strictly
dependent on SHP-2. The data further suggest that SHP-2 functions normally to attenuate gp130-mediated

signaling in hepatic (and, perhaps, other) cells by moderating JAK action.

The engagement of the JAK/STAT pathway by gp130, the
common signal-transducing subunit of interleukin-6 (IL-6)-
type cytokine receptors, has been well established (30, 42, 43).
The ligand-mediated oligomerization of receptor subunits
leads to the activation of gpl30-associated Janus protein ty-
rosine kinases (JAKs). This process is in part determined by
the Box 1 and Box 2 motifs in the cytoplasmic gp130 domain.
The activated JAKs mediate cross-phosphorylation as well as
phosphorylation of gp130, in particular, at the four Box 3
motifs, which then serve as docking elements for STAT1 and
STATS3 (42). The receptor-recruited STAT proteins are in turn
subject to tyrosine phosphorylation, causing their dimerization,
acquisition of DNA binding activity, and nuclear translocation
for action as transcriptional inducers of IL-6-responsive genes.
Phosphorylation of additional receptor or JAK tyrosine resi-
dues provides binding sites for other SH-2 domain-containing
signaling molecules, such as protein tyrosine phosphatase 2
(SHP-2), SHC, and Src-related kinases (16, 25, 31, 32, 42, 47, 49).

Deletions and residue substitutions have defined the func-
tional relevance of the Box 1, 2, and 3 motifs for controlling
cellular functions. Some of these analyses have utilized the
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experimental model of chimeric gp130 subunits, granulocyte
colony-stimulating factor receptor (G-CSFR)-gp130 (5) or
IL-5 receptor-gp130 (6), which permitted characterization of
the signaling response independent of endogenous gp130. The
data suggest that gpl30 acts through at least two separate
pathways, one that depends on the Box 3 element and involves
STAT3 as a mediator and another that is independent of
STATS3, appears to engage STATS, and induces a restricted set
of genes (27).

Analyses of gp130 domains involved in controlling prolifer-
ation and differentiation of hematopoietic cells have provided
support for a model of multiple signaling pathways. The mem-
brane-proximal region, including Box 1 and 2, was noted to be
sufficient for cell survival, whereas proliferation as well as dif-
ferentiation requires minimally one Box 3 motif and the acti-
vation of STAT3 (14, 36). Additional mutations in gp130 have
identified tyrosine 759 (the second tyrosine located further
downstream from Box 1 and 2, termed Y2) as part of the
binding sequence for SHP-2 (14). SHP-2 is a ubiquitous en-
zyme of 72 kDa that contains two SH-2 domains and has been
found to interact with a broad spectrum of signal-transducing
molecules (1, 9, 11, 12, 19, 20, 24, 28, 48). gp130-recruited
SHP-2 has also proved to be involved in the transmission of a
proliferative signal in various hematopoietic cell model systems
(8, 14, 36). These findings suggested that STAT3 and SHP-2
are critical mediators of gp130 signaling. A role of SHP-2 in
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mitogenic signaling was also demonstrated for other hemato-
poietin receptors (48) and growth factor receptors (7, 51).

A major function of IL-6-type cytokine receptors in hepatic
cells is the induction of acute-phase plasma protein (APP)
genes (3, 15). The requirement of Box 3 of gpl30 in this
process has been shown previously (26), but the relevance of
the Y2-dependent signaling function for the APP response has
not yet been demonstrated. Therefore, by retroviral transduc-
tion, we established rat hepatoma cells stably expressing chi-
meric G-CSFR-gp130 proteins with or without an intact
SHP-2 binding site. Here, we report that the induction of APP
genes by gp130 signaling differs from gp130-mediated growth
control in that it is not abrogated by the Y2 mutation; instead,
prevention of SHP-2 recruitment enhances the signaling reac-
tion and responsiveness of the cells to the cytokine, in part by
prolonging the activity of JAKSs.

MATERIALS AND METHODS

Cytokines and antibodies. Human recombinant IL-6 and G-CSF were gifts
from Genetics Institute and Immunex (Seattle, Wash.), respectively. Insulin was
obtained from Sigma. Antisera against JAK1, JAK2, and TYK2 were purchased
from Upstate Biotechnology, Inc. (Lake Placid, N.Y.); anti-FLAG antibody
(M2) was from Eastman Kodak (Rochester, N.Y.); anti-SHP-1 antibody (C-19)
and anti-SHP-2 antibody (C-18) were from Santa Cruz Biotechnology, Inc. (San-
ta Cruz, Calif.); antiphosphotyrosine (PY20) and anti-STAT3 antibodies were
from Transduction (Lexington, Ky.); and anti-phospho-STAT3 antibody was
from New England Biolabs (Beverly, Mass.).

Plasmid construction and cell lines. To change tyrosine 759 to phenylalanine
(Y2F) in the cytoplasmic domain of gp130, a substitution mutation was intro-
duced by overlap extension PCR with an oligonucleotide containing the desired
amino acid codon sequence. A C-terminal epitope (DYKDDDDK) in gp130 was
created by introducing the FLAG sequence and termination codon at the end of
gp130. All mutations were confirmed by sequence analysis. The chimeric recep-
tors were constructed by inserting the EcoRI-NotI fragment encoding the FLAG-
tagged gp130 (amino acid residues 561 to 874) into the EcoRI-Notl site of
pSVsport1-G-CSFR, encoding the extracellular domain of G-CSFR (amino acid
residues 1 to 623), as previously described (5). The construct G-CSFR-
gp130(wild type)-FLAG was termed G-gp130, and G-CSFR-gpl130(Y2F)-
FLAG was termed G-gp130(Y2F). To generate cell lines stably expressing the
chimeric receptors, G-gp130 and G-gp130(Y2F) were cloned into the retroviral
vector MINV (17). The receptor cDNA is expressed from the murine stem cell
virus (MSCV) long terminal repeat on a bicistronic transcript which contains a
downstream neomycin phosphotransferase (neo) gene linked via an internal
ribosome entry site from encephalomyocarditis virus. Recombinant MINV-G-
gp130 retroviruses were produced in PA317 packaging cells (33) (CRL 9078;
American Type Culture Collection). Rat hepatoma H-35 cells (clone T-7-18) (4)
were transduced and selected by culturing in Dulbecco’s modified essential
medium containing 10% fetal calf serum and G418 (2 mg/ml) (50). Proliferating
cells were cloned by limiting dilution. The initial pools of transduced H-35 cells
and individual clonal lines were screened for chimeric receptor expression by
immunoblotting with anti-FLAG antibodies and for G-CSF-stimulated APP ex-
pression. All cytokine treatments were carried out in serum-free minimal essen-
tial medium.

To test the influence of overexpressed SHP-2 on gp130 signaling, the two
chimeric constructs, G-gp130 and G-gp130(Y2F), were inserted into the expres-
sion vector pDC containing the human cytomegalovirus immediate-early gene
promoter (35). The pcDNA3 vector (Invitrogen) containing the full-length mu-
rine phosphatase-inactive SHP-2 (SHP-2*), was generously provided by Gen-
Sheng Feng (Walther Oncology Center, Indiana University School of Medicine,
Indianapolis) and has been described previously (52).

CAT assay. HepG?2 cells were transfected by the calcium phosphate method
(38). The DNA mixture consisted of the IL-6-responsive reporter gene con-
structs of pHPX(5XIL-6RE)-CAT containing five tandem copies of the STAT3-
sensitive regulatory elements from the rat hemopexin gene (18) (15 pg/ml) and
the expression vectors for G-gp130 or G-gp130(Y2F) (1 pg/ml) and for SHP-2*
(4 pg/ml). The plasmid pIE-MUP (1 wg/ml) was included in all transfections as
an internal marker (39). The transfected subcultures were treated for 24 h either
with serum-free medium alone (control) or with medium containing 100 ng of
G-CSF or IL-6 per ml. The chloramphenicol acetyltransferase (CAT) activities
were determined in serially diluted cell extracts to ensure measurements in the
linear range of the enzyme assay. The activities were normalized to the amounts
of immunodetectable major urinary protein derived from the transfection
marker in each culture (5, 34). The normalized values for CAT activities were
then expressed relative to the values in control cultures in each experimental
series (fold stimulation).

1251.G-CSF binding assay. G-CSF was labeled with '*°I by the Iodobead
method according to the instructions of the manufacturer (Pierce) and purified
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on a Sephadex G-25 column. The labeled G-CSF had a specific activity of 81,000
cpm/ng and was fully functional as judged from the ability to induce APP
expression in G-gp130-expressing H-35 cells. Binding was determined on con-
fluent cell monolayers in six-well cluster plates by using 50 pM '*°I-G-CSF in
phosphate-buffered saline with 1% bovine serum albumin alone or in the pres-
ence of 100 nM unlabeled G-CSF. After incubation for 4 h at 4°C, the cultures
were washed four times with 2 ml of binding buffer and two times with 2 ml of
phosphate-buffered saline. The cells were solubilized in 0.1 N NaOH-0.1%
sodium dodecyl sulfate (SDS), and the radioactivity was measured in a gamma
counter (Beckman). The radioactivity specifically competed for by cold G-CSF
was taken as a measure of specific G-CSF binding activity and was calculated as
1251.G-CSF molecules bound per cell. In each experimental series, the average
number of cells per well was counted in extra wells not used for the radioactive-
ligand binding assay but which had been subjected to the same procedures as the
assay cells. The number of H-35 cells per confluent monolayer in one well was
2.1 X 10° = 0.2 X 10° (n = 36) and was highly consistent from experiment to
experiment.

Electrophoretic mobility shift assay. (EMSA). Whole-cell extracts were pre-
pared as described previously (40). The double-stranded DNA probe SIEm67
was used for detecting binding activity of STAT1 and STAT3 (34, 40).

Immunoprecipitation and Western blotting. Before cytokine treatment, cells
were incubated for 6 h in serum-free minimal essential medium. Then, cells were
treated with medium alone (control) or medium containing G-CSF (50 ng/ml) or
IL-6 (10 ng/ml) for various lengths of time and lysed in modified radioimmuno-
precipitation assay (RIPA) buffer (50 mM Tris-HCI [pH 7.4], 1% Nonidet P-40,
0.25% sodium deoxycholate, 1 mM NaF, 1 mM sodium orthovanadate, 1 pg of
leupeptin and 1 pg of aprotinin per ml, 1 mM phenylmethylsulfonyl fluoride,
10% glycerol). The soluble fraction after centrifugation at 15,000 X g for 10 min
was used for immunoprecipitation with the appropriate antibodies. The immune
complexes were recovered with protein A-Sepharose or protein G-Sepharose
(Pharmacia) by incubating for 16 h and then were washed five times with
modified RIPA buffer. Immunoprecipitated proteins were separated on an
SDS-7.5% polyacrylamide gel and transferred to polyvinylidine difluoride mem-
branes (Bio-Rad). Proteins on membranes were then reacted with antibodies,
and immune complexes were visualized with horseradish peroxidase-conjugated
anti-mouse or anti-rabbit immunoglobulin G (Cappel) and enhanced chemilu-
minescence reagent (Amersham). Sequential immunoblotting reactions were
performed following stripping of the membranes in 0.1 N glycine (pH 2.7) for 4 h.
All data on coimmunoprecipitated proteins shown in the figures in this paper
were obtained by using the modified RIPA buffer containing Nonidet P-40 as the
detergent. We have, however, performed complementary immunoprecipitations
by using RIPA buffer that contains 1% of the milder detergent Brij 96. The
immunoprecipitates recovered with Brij-containing buffers were comparable to
those described below, but the electrophoretic gel analyses showed more-com-
plex patterns, probably due to less-stringent washing conditions achieved with
Brij 96 (data not presented).

Northern hybridization. Total cellular RNA (25 or 5 wg) was separated on a
1.5% agarose—formaldehyde gel and blotted onto a positively charged nylon filter
(Schleicher and Schuell). cDNAs encoding the extracellular domain of G-CSFR,
rat haptoglobin, or rat a-fibrinogen (3) were labeled with 3?P by using an oligo-
labeling kit (Pharmacia). Hybridizations were performed for 16 h at 65°C, and
filters were washed in 2X SSC (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.2% SDS at 65°C four times for 30 min each.

Quantitation of secreted plasma proteins. Aliquots (25 pl) of medium from
H-35 cells treated with medium alone, G-CSF, or IL-6 for 24 h were analyzed by
immunoelectrophoresis for rat fibrinogen (2). The precipitation peaks were
measured by scanning and integrated by using the National Institutes of Health
Image program, version 1.6. The data are expressed in arbitrary immunoelec-
trophoretic units. The detection limit of the method is <1 immunoelectro-
phoretic unit.

RESULTS

Stable expression of G-gp130 in hepatoma cells. H-35 cells
transduced with retroviral vectors for G-gp130 and G-gp130
(Y2F) yielded significant expression of the chimeric receptors.
From several hundred individual clones tested, we selected for
functional characterization those clones that showed an induc-
tion of APP production by G-CSF treatment that was equal to
or greater than that by IL-6. By comparing receptor expression
detectable by anti-FLAG antibodies and induction of APP
genes in the initial pools of transduced and G-418-selected
cells and in individual clones, we noted that the magnitudes of
APP gene induction were generally correlated with receptor
levels (for example, see Fig. 7). Similarly, clonal cell lines with
different amounts of expressed receptors showed a DNA bind-
ing activity of STAT proteins following G-CSF treatment that
correlated in most instances with the relative receptor level
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FIG. 1. Expression of G-gp130 forms in H-35 cells. (Upper panel) Total
cellular RNAs (5 pg) from parental H-35 cells and from the transduced clonal
lines G-gp130 and G-gp130(Y2F) were analyzed by Northern blot hybridization.
The hybridization of the G-CSFR probe to the fusion transcripts MSCV-G-
gp130/IRES-neo at 7 kb (3-day exposure) and ethidium bromide (EtBr)-stained
18S rRNA of the separated RNA are shown. (Lower panel) Binding of '*I-G-
CSF to the same cell cultures was determined by the single-point binding assay.
The specific '°I-G-CSF binding was calculated as sites per cell (means = stan-
dard deviations of three separate measurements).

and APP induction (data not shown). The few clonal lines
(<5% of all clones) that did not respond to G-CSF treatment
by a measurable induction of APPs had also undetectable
amounts of transduced receptors. Interestingly, the cell lines
with G-gp130(Y2F) showed consistently less receptor expres-
sion than those with G-gp130. This difference is demonstrated
in Fig. 1 for two representative lines chosen for this study and
termed H-35 G-gp130 and H-35 G-gp130(Y2F). The lines had
been initially selected because of their comparable levels of
maximally G-CSF-induced APP expression. Parental H-35
cells showed a low level of '*I-G-CSF binding, although no
G-CSFR mRNA could be detected by Northern blot analysis
(data not shown). The receptor-transduced cells displayed a
significantly increased ligand binding activity, with cells ex-
pressing G-gp130 binding on average four times more G-CSF
than those expressing G-gp130(Y2F). Northern blot analysis
confirmed the differences in expression determined by the li-
gand binding assay. However, there was only a twofold differ-
ence in the mRNA hybridization signals (Fig. 1, upper panel),
suggesting some effect of the Y2F mutation on posttransla-
tional receptor processing (see also the severalfold difference
in immunodetectable receptor proteins in Fig. 2B).

The expression of functional receptor proteins was assessed
by the G-CSF-induced activation of STAT proteins (Fig. 2A)
and phosphorylation of receptor and binding of SHP-2 to G-
gp130 but not G-gp130(Y2F) (Fig. 2B). The specificity of the
cell response and of the biochemical analytical techniques was
demonstrated by comparing the transduced cells with parental
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FIG. 2. Identification of gp130 proteins and functions. (A) Parental and
transduced H-35 cells were treated for 15 min as indicated. Whole-cell extracts
were subjected to EMSA. Binding complexes with the SIE probe and positions
of the specific STAT combinations are shown. (B) Lysates from the same cell
cultures used in panel A were immunoprecipitated (IP) with anti-FLAG anti-
bodies, and the recovered proteins were separated by SDS-polyacrylamide gel
electrophoresis and sequentially reacted in Western blotting (WB) with antibod-
ies against FLAG, phosphotyrosine, and SHP-2 (FLAG, PY, and SHP-2, respec-
tively). H-35 cells contain a protein of 190 kDa (CRM) that cross-reacts with
anti-FLAG antibodies.

H-35 cells and by comparing the effects of G-CSF and IL-6.
Although parental H-35 cells exhibited a low level of G-CSF
binding, treatment with G-CSF did not result in any detectable
activation of DNA binding activity of STAT1 and STAT3 (Fig.
2A). In both transduced cell lines, a strong STAT activation
that was comparable to that elicited by IL-6 was observed.
Immunoprecipitation of cell lysates with anti-FLAG antibody
yielded receptor proteins with the expected size of 130 kDa.
The antibody also recognized an endogenous cross-reacting
protein (Fig. 2B) with an apparent molecular size of 190 kDa.
This protein conveniently served as internal marker for protein
loading (see Fig. 4). The immunoblot detection of G-gp130
proteins by anti-FLAG antibody verified a severalfold-lower
level of G-gp130(Y2F) compared to G-gp130.

G-CSF treatment led to tyrosine phosphorylation of the
chimeric receptor that was detected by phosphotyrosine immu-
noblotting and recognized by the slower electrophoretic mo-
bility of the anti-FLAG-detected G-gp130 proteins (Fig. 2B).
A similar phosphorylation-induced change in electrophoretic
mobility was reported for the native gp130, which showed an
increase in the apparent molecular mass from ~ 155 to ~170
kDa (30). As expected, G-CSF induced association of SHP-2
with G-gp130 but not G-gp130(Y2F). Moreover, the data also
demonstrated that there was no constitutive binding of SHP-2
to G-gp130 and no IL-6-mediated modification of the G-gp130
forms. H-35 cells express immunodetectable amounts of
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FIG. 3. Comparison of the signaling reactions initiated by G-CSF, IL-6, and
insulin. Monolayers of G-gp130 and G-gp130(Y2F) cells were treated for 10 min
as indicated. (A) One half of the cell lysate was immunoprecipitated (IP) with
antiphosphotyrosine antibody (PY). The immunoprecipitated proteins were an-
alyzed sequentially by immunoblotting (WB) with antibodies against SHP-2,
JAK1, STAT3, and STAT1. (B) The other half of the cell lysate was reacted with
anti-SHP-2 antibodies, and the immunoprecipitated proteins were analyzed by
sequential immunoblotting with antibodies against phosphotyrosine, FLAG, and
SHP-2. In the upper panel, the positions of the several proteins are indicated
only for reference. It is not proven whether the antiphosphotyrosine-immuno-
reactive bands shown represent the comigrating proteins. IgG, immunoglobulin
G; IRS, insulin receptor substrate.

SHP-1; however, we could not detect the phosphorylation of
SHP-1 by G-CSF or IL-6 treatment, nor was the association of
SHP-1 with anti-FLAG-immunoprecipitated proteins from ei-
ther G-gpl130 or G-gpl30(Y2F) cells observed (data not
shown).

Activation of signaling reaction. G-gp130-initiated signaling
was compared to those of the endogenous receptors for IL-6
and insulin. The insulin response was selected because, while
ineffective at inducing the JAK/STAT pathway, insulin prom-
inently activates the mitogen-activated protein kinase (MAPK)
pathway (45) and involves SHP-2 (24). H-35 cells expressing
G-gp130 and G-gp130(Y2F) responded to G-CSF and IL-6 by
engagement of JAK1, STATI, and STAT3 as detected by im-
munoprecipitation with antiphosphotyrosine antibodies (Fig.
3A). The somewhat stronger G-CSF response of the G-gp130
cells was attributed to the higher level of chimeric receptors in
these cells. Phosphorylation of SHP-2 was observed in G-gp130
but not G-gp130(Y2F) cells following G-CSF treatment; this
was higher than seen after IL-6 treatment, in correlation with
the stronger signaling response. By comparison, insulin treat-
ment did not yield significant tyrosine phosphorylation of the
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FIG. 4. Time course of signaling by G-gp130 and G-gp130(Y2F). (A) Mono-
layers of the two transduced H-35 cell lines were treated for the indicated lengths
of time with either G-CSF or IL-6. Separate cell lysates were immunoprecipi-
tated (IP) with antibodies against FLAG, JAKI, or JAK2. The proteins were
immunoblotted (WB) as indicated. PY, phosphotyrosine. (B) To determine
turnover of G-gp130 proteins, monolayers of the two transduced cell lines were
preincubated with cycloheximide (30 pg/ml) for 10 min, and then the cells were
treated for the indicated lengths of time in the presence of cycloheximide with or
without G-CSF. Cell lysates from each time point were immunoprecipitated with
anti-FLAG antibodies, followed by immunoblot analysis of the proteins with
anti-FLAG antibodies. The gel areas of G-gp130 proteins and cross-reacting
material (CRM) are shown.

analyzed proteins or a significant association of these proteins.
However, SHP-2, probably through association with insulin
receptor substrate 1/2 (24), could be recovered from antiphos-
photyrosine immunoprecipitates of insulin-treated H-35 cells
when these precipitates had been prepared in Brij 96-contain-
ing buffers and subjected to less-stringent washing conditions
(data not shown; see also Fig. 3B). SHP-2 receptor recruitment
by each treatment was investigated directly by immunoprecipi-
tation with anti-SHP-2 antibody (Fig. 3B). The association of
SHP-2 with G-gp130, but not with G-gp130(Y2F), was further
demonstrated by the coprecipitation of only G-gp130 with
SHP-2 (Fig. 3B). The same analysis also illustrated that the
cross-reactive material observed in the anti-FLAG immuno-
precipitates (Fig. 2B) was not associated with the proteins
recovered with the anti-SHP-2 antibody.

Loss of SHP-2 recruitment correlates with prolonged JAK
action. To assess the potential effect of the Y2F mutation on
signaling, we compared time-dependent changes of JAK phos-
phorylation in G-gp130 and G-gp130(Y2F) cells (Fig. 4A). In
G-gp130 cells, maximal tyrosine phosphorylation of the recep-
tors, JAK1, JAK2, and TYK2 was attained after a 5-min treat-
ment with G-CSF, with rapid loss of signal by 30 min. A similar



VoL. 18, 1998

time course was obtained for JAK1 activation by IL-6 (Fig. 4A,
bottom, and data not shown). In contrast, in G-CSF-treated
G-gp130(Y2F) cells, elevated levels of tyrosine-phosphory-
lated receptors and JAKSs persisted for 30 min before declining
to basal levels.

Since the distinct patterns of temporal changes in the phos-
phorylation of receptors and JAKs (Fig. 4A) could conceivably
be caused by differences in ligand-induced receptor turnover,
we measured immunodetectable G-gp130 proteins during the
course of cycloheximide treatment (Fig. 4B). In so far as this
technique allowed an estimate of receptor amounts, the cellu-
lar concentrations of both G-gp130 and G-gp130(Y2F) ap-
peared to decline with roughly the same kinetics, regardless of
whether the cells had been treated with G-CSF. Most of the
receptor proteins were lost by 90 min. Thus, relatively fast
turnover of the chimeric receptors, rather than the specific
action of a tyrosine phosphatase, may account for the loss of
tyrosine-phosphorylated proteins noted after 1 h of cytokine
treatment (Fig. 4A).

Prolonged JAK activity enhances STAT activation. Observ-
ing that the inability of G-gp130(Y2F) to recruit SHP-2 re-
sulted in prolonged JAK activity, we expected a corresponding
prolongation or even an enhancement of STAT activation.
Time course analysis of G-CSF treatment indeed indicated
that the DNA binding activity of STAT1 and STAT3 (Fig. 5A)
and the relative amounts of tyrosine-phosphorylated STAT3
(Fig. 5B) persisted longer in G-gp130(Y2F) cells than in G-
gp130 cells. IL-6 treatment elicited the same relative temporal
changes in STAT activity in both cell types, which were essen-
tially identical to those produced by G-CSF in G-gp130 cells.
The higher STAT3 activity following a 24-h G-CSF treatment
in G-gp130 cells was tentatively attributed to the relatively high
level of the chimeric receptor in these cells.

The prolonged high STAT activity in G-gp130(Y2F) cells
could be explained by (i) a prolonged tyrosine phosphorylation
through the receptor-associated kinases that was not sup-
pressed by SHP-2, (ii) a reduced dephosphorylation of recep-
tor-recruited STATs by SHP-2, or (iii) a change in STAT
protein turnover. Using the same experimental procedure for
G-gp130 (Fig. 4B) except that cycloheximide treatment was for
4 h, we determined the effect of SHP-2 recruitment on the
turnover of STAT3 and phospho-STAT3 proteins (Fig. 5C).
The kinetic analysis indicated a half-life of immunodetectable
STATS3 of approximately 100 min in H-35 cells treated with or
without cytokines. Although the measured STAT3 half-life was
likely influenced by the prolonged treatment of cells with cy-
cloheximide and showed no statistically significant differences,
a minor IL-6- or G-CSF-induced enhanced turnover of STAT3
seems to take place within the first hours of treatment in cells
not exposed to cycloheximide, as evident from the reduced
immunoblot signal for STAT3 in the extract from cells after a
2-h treatment (Fig. 5B). Essentially the same time course of
STATS3 reduction was detected in G-gp130 and G-gp130(Y2F)
cells after either G-CSF or IL-6 treatment. The analysis also
revealed that the cellular level of STAT3 increased again fol-
lowing extended hours of treatment and even exceeded the
level detected in cells at 0 h. This increase was previously
shown to be the result of cytokine-induced STAT3 expression
(10). Taking these data together, we interpret the elevated
DNA binding activity of STATs (Fig. 5A) and the phosphoty-
rosine STAT3 level (Fig. 5B) to be the result of prolonged
kinase activity and not of a slower STAT3 turnover.

Gene induction is enhanced in G-gp130(Y2F) cells. Regard-
less of the mechanism by which the level of activated STAT3
was enhanced in G-gp130(Y2F) cells, a corresponding effect
with regard to the regulation of APP genes was expected. Since
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the relative difference in activated STAT3 protein between
G-gp130 and G-gp130(Y2F) cells was most prominent after
the initial phase of cytokine treatment, we determined the
mRNA levels of the marker APPs, a-fibrinogen and haptoglo-
bin, after a 2-h treatment that allowed for accumulation of
sufficient mRNA to be detected by Northern blot hybridization
(Fig. 6A). Whereas IL-6 induced a-fibrinogen and haptoglobin
mRNAs in both cell lines to the same levels, G-CSF was ap-
proximately twice as effective in G-gp130(Y2F) cells than in
G-gp130 cells, in agreement with the noted difference in
STATS3 activation in these cells. The greater induction of APP
mRNA in G-gp130(Y2F) cells was also manifested in an en-
hanced sensitivity of the cells to G-CSF (Fig. 6B). For instance,
10 ng of G-CSF per ml induced a strong APP mRNA signal in
G-gp130(Y2F) cells but not in G-gp130 cells. The comparison
also indicated that the APP genes were not identically regu-
lated, in that a-fibrinogen attained the same maximal mRNA
level in both cell types after G-CSF treatment, whereas the
haptoglobin mRNA level in G-gp130(Y2F) cells was approxi-
mately twice that in G-CSF-treated G-gp130 cells.

The data thus far suggested that the APP gene-inducing
action of wild-type gp130 was moderated by the recruitment of
SHP-2. Recently, Symes et al. (46) demonstrated that the phos-
phatase activity of SHP-2 was necessary to achieve this mod-
erating effect on gene induction in neuroblastoma cells. To
assess whether the catalytic activity of SHP-2 was also critical
for G-gp130-mediated induction of genes via the STAT3-sen-
sitive IL-6-responsive APP gene elements, we overexpressed
the phosphatase-inactive SHP-2* together with the chimeric
receptors and the pHPX(5XIL-6RE)-CAT reporter gene in
transfected HepG2 cells (Fig. 6C). HepG2 cells were chosen
for this assay because in this cell line, in contrast to in H-35
cells, a significantly larger overexpression of transfected vec-
tors can be achieved (22, 26, 27, 34). In agreement with the
prediction that enzymatically inactive SHP-2 acts as a domi-
nant-negative protein (46), overexpression of SHP-2* en-
hanced the gene-regulatory effects by endogenous IL-6 recep-
tor and G-gp130. Also, as expected, SHP-2* was ineffective on
the signaling by the G-gp130(Y2F). The rather modest effects
of the overexpressed SHP-2* may in part be explained by the
relatively high levels of endogenous SHP-2 proteins, which,
based on comparative Western blot data, were similar in
HepG2 and H-35 cells (data not shown). The endogenous
SHP-2 protein likely prevented an effective competition by the
transfected SHP-2* and thus yielded a result that was less
prominent than that seen in neuroblastoma cells (46).

The mRNA analysis, as well as the CAT regulation (Fig. 6),
indicated a more prominent signaling action by G-gp130(Y2F)
than by G-gp130. The difference in the G-CSF dose response
between the two G-gp130 cell lines was more clearly seen in
the amounts of APP secreted into the culture medium over the
24-h treatment period (Fig. 7 shows fibrinogen as an example).
The IL-6 responses of the parental and the transduced cell
lines proved to be essentially indistinguishable (Fig. 7 shows
only the parental H-35 cells). While the G-CSF responses in
the two transduced cell lines were similar, in that approxi-
mately 5 ng of G-CSF per ml was required for half-maximal
stimulation, the production of fibrinogen was already detect-
able in G-gp130(Y2F) cells at the lowest concentration tested
(0.01 ng/ml), and the maximal level of expression was some-
what higher. The data strongly suggest that the Y2F mutation
of gp130 had not appreciably altered the affinity of the chi-
meric receptor for G-CSF interaction (i.e., the same concen-
tration of G-CSF induced the half-maximal response) but en-
hanced the signaling activity of the receptor such that many
fewer receptors were needed to attain the level of APP induc-
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FIG. 5. Time course of STAT protein activation and degradation. (A and B) Monolayers of the two transduced H-35 cell lines were treated for the indicated lengths
of time with either G-CSF or IL-6. Whole-cell extracts were prepared and subjected to EMSA (A) or Western blot analysis for proteins reacting to anti-phosphotyrosine
(PY)-STAT3 and STAT3 antibody (B). (C) Parental H-35 cells and H-35 cells expressing G-gp130 or G-gp130(Y2F) were preincubated for 10 min with cycloheximide
(30 pg/ml) (0-h time point), and then treatment was started and continued for the indicated lengths of time in the presence of cycloheximide with or without cytokines.
The cells were solubilized directly in SDS buffer. Equal aliquots of extracts were analyzed by immunoblotting by reaction first with anti-STAT3 antibody and, after

stripping of the membrane, then with anti-phospho-STAT3 antibody.
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FIG. 6. Induction of APP mRNA and CAT gene expression. (A) The two
transduced H-35 cell lines were treated for 2 h with serum-free medium alone
(control) or medium containing G-CSF or IL-6. Total cellular RNA (20 pg per
lane) was analyzed by sequential Northern blot hybridization for the mRNAs for
a-fibrinogen (a-FB) and haptoglobin (HP). The autoradiograms are after a 24-h
(HP) or 6-h (a-Fb) exposure. Equal RNA loading is indicated by the ethidium
bromide (EtBr)-stained 18S rRNA bands. (B) Receptor-transduced H-35 cells
were treated for 24 h with increasing doses of G-CSF. Total cellular RNAs (5 pg
per lane) were analyzed as for panel A. In order to demonstrate the quantitative
differences in hybridization signals, the autoradiographic image after a 6-h ex-
posure is shown. (C) HepG2 cells were transfected with pHPX(5XIL-6RE)-CAT
and the expression vectors for the chimeric receptors and SHP-2* as indicated.
Subcultures were treated with the appropriate cytokines, and the fold inductions
of the CAT activity were determined (means * standard deviations of three
determinations).

tion mediated by the wild-type receptor. This higher signaling
action was highlighted by the comparison of the APP response
of the G-gp130(Y2F) cells with that of a separate clonal line of
G-gp130 cells (clone 2 in Fig. 7) that expressed the same
amount of G-gp130 proteins as the G-gp130(Y2F) cells. While
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FIG. 7. Cytokine-regulated production of fibrinogen. Parental H-35 cells and
H-35 cell lines transduced with G-gp130(wild type) (clone 1 represents the line
used in all previous experiments; clone 2 represents a separate line with four-
times-lower G-gp130 expression) and G-gp130(Y2F) were grown to confluency
in 24-well cluster plates. The cells were treated for 24 h with serum-free medium
containing increasing concentrations of G-CSF or IL-6. Aliquots from the cul-
ture media were analyzed for the concentration of fibrinogen by immunoelec-
trophoresis (expressed in arbitrary immunoelectrophoretic units). The means =
standard deviations for three separate treatment series are shown.

showing essentially the same G-CSF dose response as clone 1
or the G-gpl30(Y2F) cells, the magnitude of induction of
fibrinogen was threefold lower in this cell line.

DISCUSSION

In this study, we attempted to identify the specific contribu-
tion of SHP-2 to the signaling by gp130 that controls induction
of IL-6-responsive APP genes in hepatic cells. The experimen-
tal approach was to examine the effect of mutating the sug-
gested SHP-2 binding site in the chimeric G-gp130 constructs
that could be tested in hepatoma cells independently of the
endogenous gp130. The results showed that SHP-2 is recruited
to gp130 upon activation by ligand binding. Prevention of this
binding by the Y2F mutation led to an enhanced signaling
response that was associated with prolonged phosphorylation
of the receptors, JAK, and STATS, extended DNA binding of
the STAT proteins, and elevated transcription of APP genes.
From this information, we conclude that in the wild-type gp130
the recruited SHP-2 attenuates the signaling intensity but that
SHP-2 is not essential for APP gene expression. A similar
conclusion has been reached about the gp130-recruited SHP-2
in neuroblastoma cells to induce ciliary neurotrophic factor-
sensitive gene constructs (46).
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SHP-1, expressed exclusively in hematopoietic and epithelial
cells, is thought to play a negative role in signal transduction of
growth factors or cytokines, whereas SHP-2 has been sug-
gested as a positive regulator, in particular of proliferation (8,
9, 14, 23, 28, 29, 48). Surprisingly, our data show that SHP-2
recruited into gp130 can act as a negative regulator of JAK in
hepatoma cells. The specific effects of SHP-2 were determined
by eliminating its docking site on the receptor. The loss of
SHP-2 from immunoprecipitated G-gpl130(Y2F) attested to
the relevance of the tyrosine residue (Y2) as being critical for
binding of SHP-2 through its SH-2 domain (14). It is less
certain whether the G-gpl130(Y2F) signaling in transduced
H-35 cells is indeed independent of SHP-2. An indirect recruit-
ment of SHP-2 by tyrosine-phosphorylated downstream sub-
strates of gp130 action is conceivable, such as that suggested in
the case of insulin receptor action (12, 24). In fact, we noted a
low-level recovery of a G-CSF-induced association of SHP-2
with tyrosine-phosphorylated protein in G-gp130(Y2F) cells
(Fig. 3B) that may arise from such an indirect pathway.

It has been suggested that SHP-2 serves as a link between
the hematopoietin or growth factor receptors and the control
of cell proliferation. This connection is invariably associated
with the activation of the Raf-MAPK (ERKI1 and -2) pathway.
Abrogation of SHP-2 recruitment by gp130 has been seen to
negatively affect proliferation of hematopoietic cells, which
was in part correlated with lower MAPK activity (8, 14). How-
ever, truncated gp130 forms that lack the SHP-2 binding site
still deliver a detectable MAPK activation (36, 41) that is
interpreted to account for minimal growth stimulation (36).
Similarly, analysis of transduced G-gp130(Y2F) cells showed
detectable ERK1 and ERK?2 tyrosine phosphorylation follow-
ing G-CSF treatment, although the magnitude of activation
was much lower than that observed for G-gp130 cells (22a).
Hence, while SHP-2 may play a role in engaging the MAPK
pathway as part of the gp130 signaling, a critical contribution
of the gpl30-regulated MAPK pathway to the induction of
APP genes appears unlikely.

What is a conceivable mechanism of SHP-2 action in our
more restricted experimental model of APP gene induction?
Upon receptor engagement, the gp130 cytoplasmic domain,
including the Y2 site, is phosphorylated in a ligand-dependent
manner. The gp130-associated JAKs are probably the principal
kinases in this process. However, it has also been observed that
members of other cellular protein tyrosine kinase families,
including Fyn, Fes, and Tec, are associated with ligand-acti-
vated gp130 and may contribute to the gp130 phosphorylation
process (30, 31, 48). After SHP-2 binds to the phosphorylated
Y2 site, it may exert a phosphatase action on phosphorylated
sites on gp130 and its associated factors, including JAKs and
STATs. However, at present, there is no convincing experi-
mental evidence that the negative regulation is achieved by the
phosphatase action of SHP-2 on JAKs. Although the direct
association of SHP-2 with JAK1 and JAK2 has been demon-
strated in COS-1 cells overexpressing these proteins, a reduced
tyrosine phosphorylation of the JAK proteins was not evident
in those analyses (52). Substrate specificity of SHP-2 appears
to be determined by its association with the receptor rather
than by direct binding to a JAK or STAT, since we did not
observe in our receptor-transduced hepatoma cell line an as-
sociation of the endogenous SHP-2 with STAT3 or JAKSs (data
not shown). Moreover, it is likely that SHP-2 is also a target for
phosphorylation by gp130-associated kinases. Since the SHP-2
that coprecipitated with gp130 barely reacted with antiphos-
photyrosine antibody (22a), which is in contrast to the rela-
tively strong signal seen for tyrosine-phosphorylated SHP-2
recovered from the fraction that was not associated with gp130,
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we assume that SHP-2, once phosphorylated at the receptor
site, disassociates from gp130 and may associate with various
cellular and membrane proteins (9, 19, 21, 28, 29).

Based on the observation that phosphorylation of JAKSs is
maintained longer in G-gp130(Y2F) cells (Fig. 4A), we intu-
itively assume that SHP-2 acts soon after signal initiation and
explains the effects on the downstream targets of JAKSs, e.g.,
STAT recruitment and activation by phosphorylation. In fact,
the consequence of the proposed SHP-2 action is equivalent to
the negative-feedback action demonstrated for the JAK-asso-
ciated protein inducible by IL-6 (13, 37, 44). The difference is
that the moderating action of SHP-2 is practically immediate,
whereas the JAK-associated protein first requires protein syn-
thesis.

SHP-2 is not crucial for APP gene induction or for eventual
down-regulation of the gp130 signal. Since IL-6 induction of
APP genes can be maintained for days (i.e., long after the
dramatic changes in phosphorylation of gp130, JAKs, and
STATS are observed at signal initiation) (Fig. 4A and 5A), the
influence of SHP-2 on gp130 action is expected to continue,
albeit at a much lower, barely detectable level. The fact that
this process does take place is highlighted by the striking effect
of the Y2F mutation on the APP level (Fig. 7). Even slightly
enhanced gp130 signaling that is maintained for 24 h leads to
a significantly elevated accumulation of stable APP mRNA
and, consequently, to a corresponding accumulation of plasma
protein in the medium. In conclusion, this study has defined a
component of the gp130 signal pathway that distinguishes the
regulation of “differentiated” genes from that of those that
control cell proliferation.
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