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Abstract

The functional receptor complexes assembled in response to
interleukin-6 and -11 (IL-6 and IL-11), leukemia inhibitory
factor (LIF), oncostatin M (OSM), and ciliary neurotrophic
factor (CNTF), all involve the signal transducer gp130: IL-6
and IL-11 induce homodimerization of gp130, while the rest
heterodimerize gp130 with other gp130-related  subunits.
Some of these cytokines (IL-6, IL-11, and CNTF) also re-
quire a specificity-determining o subunit not directly in-
volved in signaling. We have searched for functional recep-
tor complexes for these cytokines in cells of the bone
marrow stromal/osteoblastic lineage, using tyrosine phos-
phorylation of the 3 subunits as a detection assay. Collec-
tively, murine calvaria cells, bone marrow-derived murine
cell lines (+/+LDA11 and MBA13.2), as well as murine
(MC3T3-E1) and human (MG-63) osteoblast-like cell lines
displayed all the previously recognized « and 3 subunits of
this family of receptors. However, individual cell types had
different constellations of & and 8 subunits. In addition and
in difference to the other cell types examined, MC3T3-E1
cells expressed a heretofore unrecognized form of gp130;
and MG-63 displayed an alternative form (type II) of the
OSM receptor. These findings establish that stromal/osteo-
blastic cells are targets for the actions of all the members of
the cytokine subfamily that shares the gp130 signal trans-
ducer; and suggest that different receptor repertoires may
be expressed at different stages of differentiation of this lin-
eage. (J. Clin. Invest. 1996. 97:431-437.) Key words: gp130 «
signal transduction . tyrosine phosphorylation « bone biol-

ogy

Introduction

Members of the subfamily of cytokines that includes interleu-
kin-6 and -11 (IL-6 and -11),! leukemia inhibitory factor
(LIF), oncostatin M (OSM), and ciliary neurotrophic factor
(CNTF) induce the assembly of related multi-component re-
ceptors. IL-6, CNTF, and IL-11 initially bind to receptor sub-
units that recognize the respective cytokine but do not partici-
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pate directly in the transduction of the signal (« subunits) (1-4).
LIF and OSM, on the other hand, bind to receptor compo-
nents (B subunits) that are also involved in the transduction of
the signal. Irrespectively of whether a cytokine binds to its «
subunit or directly to a 8 subunit, binding of the ligand leads to
the formation of gp130 homodimers or gpl30 heterodimers
with an additional B subunit. Ligand-induced dimerization of
the B subunits initiates intracellular signaling by activating
members of a family of receptor-associated tyrosine kinases,
known as the Janus kinases (Jaks) (2, 5). This step induces ty-
rosine phosphorylation of several proteins including the
components of the receptor complex and the kinases them-
selves and a series of cytoplasmic proteins termed STATSs (sig-
nal transducers and activators of transcription) (6, 7). Specifi-
cally, binding of IL-6 to the membrane-anchored IL-6 receptor
(IL-6R) or a soluble form of this protein (sIL-6R) induces ho-
modimerization and tyrosine phosphorylation of gp130. On
the other hand, binding of LIF to its receptor (LIFRB) induces
phosphorylation and heterodimerization of LIFRP with gp130.
LIFRB/gp130 heterodimers are also formed upon binding of
CNTF to soluble or membrane-anchored receptors for CNTF
(CNTFRa) (3, 8). OSM can bind directly to gp130 and induce
the formation of LIFRB/gp130 heterodimers (9, 10). Certain
cells, however, express receptors that can bind OSM but not
LIF and thereby exhibit unique responses to the former cyto-
kine. This alternative OSM receptor has been termed type II,
and is believed to consist of a heterodimer of gp130 and a pu-
tative OSMR (10). A diagrammatic illustration of the ligand-
receptor complexes for this cytokine subfamily is provided in
Fig. 1.

Demonstration of the fact that gpl130 and LIFRB are
shared by these cytokines, the former being an obligatory
subunit for all of them, largely explains the functional pleio-
tropy and redundancy of the members of this subfamily (2, 5).
In spite of such redundancy, however, each cytokine also has
unique biologic effects. Such specificity is most probably due
to the expression of different cytokine binding subunits by dif-
ferent cell types and/or different signal transducing compo-
nents. Additionally, unique effects by each cytokine can be
due to the presence of different kinases, distinct combinations
of Jaks, or substrate choice by the § subunit of the receptor, in
different cells (11, 12).

1. Abbreviations used in this paper: CNTF, ciliary neurotrophic factor;
ECL, enhanced chemiluminescence; gp130, glycoprotein 130; LIF,
leukemia inhibitory factor; IL-6, interleukin-6; IL-11, interleukin-11;
Jaks, Janus kinases; LIFRB, leukemia inhibitory factor receptor 3;
OSM, oncostatin M; OSMRp, oncostatin M receptor 3; PVDF, poly-
vinylidene difluoride; sCNTFRa, soluble ciliary neurotrophic factor
receptor a; sIL-6R, soluble IL-6 receptor.
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Figure 1. Illustration of the complexes formed between cytokines
and components of the cytokine receptors that share the gp130 signal
transducing protein. The cytokines are represented by black dotted
symbols. The a subunits of the receptors for IL-6, IL-11, and CNTF
are depicted in dark grey. The B subunits gp130, LIFRB, and OSMRB
are indicated in black, white and light grey, respectively.

Earlier work from our group has revealed that IL-6 and IL-
11 play a critical role in osteoclast development from its
hematopoietic precursors of the bone marrow (13, 14). More-
over, altered production and responsiveness to IL-6, and per-
haps to other cytokines that use gpl30, appear to be key
pathogenetic events in disease states characterized by in-
creased bone resorption, such as osteoporosis (15). Besides IL-6
and IL-11, another member of the cytokine subfamily that uses
gp130, namely LIF, has been shown to play a role in bone biol-
ogy. Indeed, LIF receptors have been detected in stromal/
osteoblastic cells and LIF potentiates the expression of alka-
line phosphatase and type I collagen synthesis in these cells
(16-19). Further, overexpression of LIF causes ectopic bone
formation and resorption (20), and targeted disruption of the
LIFR gene results in decreased bone volume (threefold) and
increased osteoclast numbers (sixfold) (21).

Bone marrow stromal cells and osteoblasts are believed to
be of the same lineage, as their phenotypic properties overlap.
Indeed, bone marrow—derived stromal cell lines express phe-
notypic markers of osteoblasts, such as alkaline phosphatase
and collage type I, and can even form calcified nodules. Con-
versely, osteoblasts are capable of secreting the same colony-
stimulating factors and cytokines that are secreted by stromal
cells, including IL-6 and IL-11, and appear to play a central
part in myelopoiesis (15). The purpose of the present study
was to establish whether cells of the stromal/osteoblastic lin-
eage express some or all of the members of this receptor fam-
ily, by assessing tyrosine phosphorylation of the 8 subunits
upon stimulation with IL-6, IL-11, LIF, CNTF, and OSM
alone or in combination with the soluble forms of their respec-
tive receptors. We present evidence that collectively the cells
of this lineage express all the known components of this family
of receptors; as well as a heretofore unrecognized form of
gp130 and an alternative OSM receptor. More interestingly, al-
though these receptors are present in cells of this lineage, indi-
vidual cell types display a different repertoire of a or B subunits.

Methods

Materials. 1L-6, LIF, mouse anti—-phosphotyrosine antibody, and rab-
bit polyclonal IgG anti-human gp130 antibody were obtained from
Upstate Biotechnology Inc. (Lake Placid, NY); IL-11 was from Gen-
zyme (Cambridge, MA); OSM and soluble IL-6 receptor were from
R&D Systems (Minneapolis, MN). McCoy’s SA medium, FBS, and
Brij 96 were from Sigma Chemical Co. (St. Louis, MO). MEM was
from GIBCO-BRL (Gaithersburg, MD). CNTF, soluble CNTF re-
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ceptor, and antisera against human gp130, and LIF receptor B used
for immunoprecipitations were obtained as previously described (3,
8,22,23). Goat anti-mouse IgG + IgM conjugated with HRP was ob-
tained from Caltag Laboratories (San Francisco, CA). Protein
A-Sepharose was purchased from Pharmacia (Piscataway, NJ). En-
hanced chemiluminescence (ECL) reactives were purchased from
New England Nuclear (Boston, MA). RNAzoIB reactive was pur-
chased from Biotecx Laboratories, Inc. (Houston, TX). Oligo-dT-cel-
lulose and glycogen were from Boeringer-Mannheim Biochemicals
(Indianapolis, IN).

Cells and culture conditions. Primary bone cell cultures were pre-
pared from neonatal murine calvaria from 3-6-d-old mice, as previ-
ously described (24). The +/+LDA11 stromal cell line was estab-
lished from hematopoietically inactive long-term murine marrow
cultures, as previously reported (25). These cells produce a variety of
hematopoietic factors including IL-6, LIF, granulocyte-macrophage
colony stimulating factor, and stem cell factor (26, 27). They also ex-
press receptors for estrogens, androgens, and vitamin D5 (28, 29). The
murine stromal/osteoblastic cell line MBA13.2 expresses type I and
IV collagen (30). Both cell lines were cultured in phenol red—free Mc-
Coy’s 5A medium supplemented with 10% FBS. The murine calva-
ria-derived osteoblast-like cell line MC3T3-E1 (31), the human os-
teosarcoma cell line MG-63, and the murine fibroblastic cell line
MG-87 were cultured in phenol red—free MEM supplemented with
10% FBS.

Cell stimulation and immunoprecipitations. Cells were cultured
until 85-90% of confluence and maintained in serum-free medium
for 2 h before stimulation. Cytokines alone (50 ng/ml) or in combina-
tion with their soluble receptors (1 wg/ml) were added to cell mono-
layers and maintained for 5 min at 37°C. Cells were then lysed in 20
mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10 mM NaF,
1 mM sodium orthovanadate, 5 pg/ml leupeptin, 0.14 U/ml aproti-
nin, 1 mM phenylmethylsulfonyl fluoride, and 1% Brij 96. Insoluble
material was pelleted in a microcentrifuge at 14,000 rpm for 10 min.
Aliquots from clear lysates were incubated overnight with specific anti-
sera raised against gp130 or LIFRB. This was followed by precipita-
tion of the complexes with protein A conjugated with Sepharose.

Immunoblotting. Immunoprecipitated proteins were analyzed as
described previously (3, 8). Briefly, immunoprecipitates were dis-
solved in buffer for protein electrophoresis, separated on SDS-poly-
acrylamide (7.5%) gels, and electrotransferred to polyvinylidene
difluoride (PVDF). Membranes were blocked for 1 h at room tem-
perature in 20 mM Tris, pH 7.5, 150 mM NaCl containing 10% BSA.
For the detection of tyrosine phosphorylated proteins, membranes
were subjected to immunoblotting using a mouse anti-phosphoty-
rosine antibody as primary antibody, and a goat anti-mouse IgG +
IgM conjugated with HRP as secondary antibody. For the detection
of gpl130, immunoblotting of the membrane was performed using
anti-gp130 antibody (Upstate Biotechnology Inc.) and protein A con-
jugated with HRP. Blots were developed using ECL according to the
manufacturer’s recommendations.

RNA extraction and Northern blot analysis. Total cellular RNA
was isolated from confluent cell cultures or from freshly isolated mu-
rine brain using a commercially available kit (RNAzolB) based on
the single step guanidinium-isothiocyanate method (32). Polyadeny-
lated RNA was selected by oligo-dT-cellulose spin columns and pre-
cipitated with ethanol in the presence of glycogen. Messenger RNA
was separated by electrophoresis in 1% agarose formaldehyde gels,
transferred to nylon membranes, and fixed by heating at 80°C under
vacuum for 2 h. Blots were probed with radiolabeled cDNAs for the
rat CNTFRa (33) or the housekeeping gene Cho-B (25, 34), and ana-
lyzed using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

Results

IL-6 in combination with its soluble receptor (IL-6 + sIL-6R),
but not by itself, as well as LIF, CNTF alone or in combination



with its soluble receptor (CNTF + sCNTFRa), IL-11, and
OSM induced the phosphorylation of gp130- or LIFRB-con-
taining complexes in primary cultures of murine calvaria cells
(Fig. 2). In this and subsequent experiments with cell lines, ty-
rosine phosphorylation studies were done using a 5-min time
point, based on results of earlier kinetic analysis with hemato-
poietic and neural cell lines (35) as well as the MBA13.2 cell
line (not shown), indicating that this time point is optimal.

The effects of cytokines on the preadipocytic stromal cell
line +/+LDAI11 are shown in Fig. 3. Following stimulation
with IL-6 alone, a faint band of tyrosine phosphorylated gp130
could be seen. The phosphorylation of this protein increased
greatly following stimulation of the cells with IL-6 + sIL-6R or
IL-11 (Fig. 3, top, arrow). Unlike IL-6 + sIL-6R and IL-11,
stimulation of +/+LDAI11 cells with LIF, CNTF, or OSM
(each one of which uses LIFR for signal transduction) failed
to induce phosphorylation of gp130 or LIFRB. A tyrosine
phosphorylated protein precipitated by the antibodies to
LIFRR was detectable in this and repeat experiments with this
cell line. Although this protein exhibited a similar migration
pattern to that of LIFR, it was consistently present in unstim-
ulated as well as stimulated cells. Further, immunoprecipita-
tion with anti-LIFRp antibody in the presence of an excess of
the peptide against the antibody was raised (8) failed to block
its precipitation (not shown), indicating that this protein is not
LIFRB.

To investigate whether cells representing phenotypes with
more osteoblast-like characteristics than +/+LDA11 cells ex-
press different receptors, we examined cytokine responsive-
ness in two other murine cell lines, MBA13.2 and MC3T3-E1.
MBA13.2 cells have several phenotypic characteristics of os-
teoblastic cells, including expression of type I and type IV col-
lagen, as well as PTH receptors (30). MC3T3-E1 cells repre-
sent a differentiated osteoblastic phenotype, as evidenced by
the fact that they are able to secrete and mineralize matrix
(31). As shown in Fig. 4 A, MBA13.2 cells did not respond to
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Figure 2. Phosphorylation pattern of primary cultures of bone cells in
response to cytokines. Confluent cultures of bone cells isolated from
murine calvaria were maintained in serum-free medium for 2 h, and
subsequently incubated for 5 min in the absence (None) or in the
presence of IL-6 alone, IL-6 + sIL-6R (/L-6 + sR), LIF, CNTF alone,
CNTF + sCNTFR (CNTF + sR), IL-11, or OSM, at the concentra-
tions indicated in Methods. Subsequently, cells were lysed with 1%
Brij 96 and immunoprecipitated with either an anti-gp130 antibody
(top) or an anti-LIFR antibody (bottom). Proteins were separated
by SDS-PAGE and transferred to PVDF membranes. Western blot-
ting was performed with anti-phosphotyrosine antibodies. Arrows in-
dicate the positions of LIFRB (190 kD) and gp130 (145 kD).
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Figure 3. Phosphorylation pattern of +/+LDA11 bone marrow de-
rived stromal cells in response to cytokines. Cultures of murine bone
marrow derived stromal +/+LDA11 cells were starved for 2 h, incu-
bated for 5 min in the absence (None) or in the presence of the indi-
cated cytokines, and lysed. Cell lysates were immunoprecipitated
with either an anti-gp130 antibody or an anti-LIFRp antibody, sepa-
rated by SDS-PAGE, and transferred to PVDF membranes. Western
blotting was performed with anti-phosphotyrosine antibodies, as de-
tailed in Methods. Arrows indicate the positions of LIFR (190 kD)
and gp130 (145 kD).

IL-6, but they responded to IL-6 in the presence of sIL-6R.
These cells also responded to IL-11, with tyrosine phos-
phorylation of gp130 homodimers. Unlike +/+LDA.11 cells,
MBA13.2 cells responded to LIF, CNTF + sCNTFRa (but not
to CNTF alone), and OSM, with the phosphorylation of gp130
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Figure 4. Comparison of gp130 complexes in cells of the stromal/os-
teoblastic lineage: expression of a distinct form of gp130 in MC3T3-
E1 cells. (A) Cultures of murine bone marrow derived stromal cells
MBA13.2 and murine osteoblast-like MC3T3-E1 cells were stimu-
lated with the indicated cytokines as detailed in Methods. Cell lysates
were immunoprecipitated with either an anti-gp130 antibody or an
anti-LIFR antibody. Proteins were separated by SDS-PAGE and
transferred to PVDF membranes and Western blotting were per-
formed with anti-phosphotyrosine antibodies. Arrows indicate the
positions of LIFR (190 kD), the alternative form of gp130 (165 kD);
and the original gp130 (145 kD). (B) Cultures of +/+LDAI11,
MBA13.2, and MC3T3-E1 cells were stimulated with none, or IL-6 +
SIL-6R (IL-6 + sR), or LIF; and cell lysates were immunoprecipitated
with anti-gp130 antibody. Western blotting was performed as in A.
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and LIFRB, indicating that in difference to +/+LDAII,
MBA13.2 cells express LIFR.

MC3T3-E1 cells responded to LIF, CNTF, and OSM with
tyrosine phosphorylation of LIFRB and another protein that,
although it was immunoprecipitated by the anti-gp130 anti-
body, had a different response to cytokines than the classical
gp130. Thus, MC3T3-E1 cells exhibited a very weak response
to IL-6 + sIL-6R (Fig. 4 A). This observation alerted us to the
possibility that the protein phosphorylated in response to LIF,
CNTF, and OSM in MC3T3-E1 cells is an alternative form of
gp130. Consistent with this, the alternative gp130 appeared to
migrate slower than the classical gp130. When MC3T3-E1 cells
were stimulated with OSM, we detected three distinct phos-
phorylated proteins: the LIFRR, the alternative gp130, as well
as a weak band that migrated at the expected position of the
classical gp130. These findings suggested that MC3T3-E1 cells
express both the classical as well as the alternative gp130; and
that the latter is the form predominantly phosphorylated in re-
sponse to cytokine stimulation. MC3T3-E1 cells exhibited
minimal response to IL-11, suggesting that these cells either
express very low levels of the a subunit of the IL-11 receptor
or that the alternative gp130 is as poorly responsive to IL-11
stimulation as it is to IL-6 + sIL-6R stimulation. It should be
noted, however, that in other thaws of MC3T3 cells, the alter-
native gp130 responded better to IL-6 + sIL-6R.

That the alternative gp130 represents a slower migrating
form than the classical gp130 was confirmed in a subsequent
experiment where we compared the size of the proteins immu-
noprecipitated by the anti-gp130 antibody in MC3T3-E1 cells
with the proteins immunoprecipitated by the same antibody in
+/+LDA11, and MBA13.2 cells (Fig. 4 B). In this experiment,
immunoprecipitated lysates from all three lines were run in the
same gel, along with lysates from the murine fibroblastic cell
line MG-87. MG-87 cells have been previously shown to ex-
press the classical gp130 and were used in this experiment as
an additional control. The anti-gp130 precipitated protein of
the MC3T3-E1 cells exhibited mobility of a 165-kD protein,
whereas the gp130 precipitable protein in all the other three
cell lines exhibited the expected (145 kD) mobility of the clas-
sical gp130.

These data suggest that the slower migrating protein seen
in MC3T3-E1 cells is either an alternative processed form of
gp130 or a close gp130 relative that directly binds the gp130
antibodies. These results alone could not exclude the possibil-
ity that this is a protein unrelated to gp130 that is tightly associ-
ated with gp130. To address this possibility, MC3T3-E1 cells
were stimulated with LIF. Cells were then lysed and half of the
lysate was heated at 95°C to disrupt protein-protein interac-
tions; the other half was used unheated. Subsequently, both al-
iquots were immunoprecipitated with anti-gp130 antibody and
were immunoblotted using the antiphosphotyrosine antibody
(Fig. 5 A). Two bands corresponding to the alternative gp130
and LIFRB were detected in the unheated aliquot (lane 7).
However, only one band, corresponding to the alternative
gp130, was detected in the heated aliquot (lane 2), confirming
that disruption of the cytokine receptor complexes by the heat-
ing step prevented the coprecipitation of LIFRB. Heating,
however, did not interfere with the recognition of the alterna-
tive gp130 by the anti-gp130 antibody. As an alternative exper-
imental approach in establishing that the alternative gp130 is
indeed recognized by the anti-gp130 antibody directly and is
not a fortuitously coprecipitated protein, lysates from unstimu-
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Figure 5. The alternative gp130 expressed in MC3T3-El1 cells is di-
rectly recognized by anti- gp130 antibody. (A) Confluent cultures of
MC3T3-E1 cells were stimulated with LIF for 5 min, and cell lysate
was obtained. Half of the lysate was heated at 95°C for 5 min and sub-
sequently both aliquots were immunoprecipitated with anti-gp130 an-
tibody. Immunoprecipitated proteins were separated by SDS-PAGE,
electrotransferred, and blotted using anti-phosphotyrosine antibody.
Lane 7, Immunoprecipitates from unheated lysates; lane 2, immuno-
precipitates from heated lysates. (B) Lysates of unstimulated

+/+ LDA.11 (lane 1), MC3T3-El1 (lane 2), and MBA13.2 (lane 3)
cells were immunoprecipitated with anti-gp130 antibody and sepa-
rated by SDS-PAGE, electrotransferred, and Western blotting was
performed with anti-gp130 antibody and HRP-conjugated protein A,
as detailed in Methods.

lated (i.e., not treated with cytokines) MC3T3-E1, +/+ LDAT11,
and MBA13.2 cells were prepared. The lysates were then im-
munoprecipitated with anti-gp130 antibodies and the proteins
were identified by Western blot using the same anti-gp130
antibody. As seen in Fig. 5 B, the anti-gp130 antibody re-
cognized two distinct proteins in MC3T3-E1 cells. In contrast,
+/+LDA11 and MBA13.2 contained only one protein that
migrated exactly as the faster migrating protein of the
MC3T3-E1 cells. These results argue strongly against the pos-
sibility that the alternative gp130 is an irrelevant protein for-
tuitously associated with gp130.

As in the case of calvaria cells (Fig. 2), MC3T3-El1 cells re-
sponded to CNTF in the absence of soluble CNTFRa, suggest-
ing that both of these preparations express the membrane-
anchored CNTFRa (Fig. 4 A). In agreement with the results of
the phosphorylation studies indicating that MC3T3-E1 cells
express the membrane-anchored CNTFRa (Fig. 4), whereas
+/+LDA11 and MBA13.2 cells do not (Figs. 3 and 4, respec-
tively), we detected a single 2.4-kb transcript in MC3T3-E1
cells (Fig. 6, lanes 4 and 5). This transcript comigrated with
CNTFRa expressed in murine brain (lane 7); but was absent in
mRNA preparations from +/+LDAI11 cells and MBA13.2
cells (lanes 2 and 3, respectively).

Finally, the responsiveness of a human osteoblast-like cell
to the various cytokines was investigated using the osteosar-
coma cell line MG-63 as a model (Fig. 7). MG-63 cells re-
sponded very weakly to IL-6 alone. This response was greatly
enhanced when IL-6 was used in combination with the sIL-6R.
MG-63 cells also responded to IL-11 by forming gp130 ho-
modimers. However, these human cells did not respond to
LIF, CNTF alone, or CNTF + sCNTFRa. Further, antibodies
to LIFRP failed to precipitate any tyrosine-phosphorylated
protein, suggesting the absence of LIFRp expression in these
cells. On the other hand, stimulation of MG-63 cells with OSM
induced tyrosine phosphorylation of gp130 and another 3 sub-
unit with molecular weight intermediate between gp130 and
LIFRR. This second B subunit was associated with gp130, as



) Figure 6. Expression of

i CNTFRa in osteoblast-like
CNTFRa— ‘ MC3T3-E1 cells. PolyA+
RNA isolated from murine
brain (2 pg, lane I) or from
confluent cultures of the indi-
cated cell lines (5 pg, lanes 2—4;
10 pg, lane 5) was separated by
electrophoresis in 1% agarose
formaldehyde gels, transferred
to nylon membranes and fixed.
Blot was probed with radiolabeled cDNAs for the rat CNTFRa or
the housekeeping gene Cho-B, and analyzed using a PhosphorIm-
ager.
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evidenced by the fact that it was immunoprecipitated with the
anti-gp130 antibody. These results are compatible with the ex-
pression of OSMR in MG-63 osteosarcoma cells.

Discussion

The results of the experiments presented in this study demon-
strate that cells of the stromal/osteoblastic lineage express all
the known a and B subunits of the receptors for IL-6, IL-11,
LIF, OSM, and CNTF. Indeed, cells of the lineage displayed
gp130, as well as LIFRB; and, as evidenced by tyrosine phos-
phorylation of these two 3 subunits upon stimulation with the
respective cytokines, express the cytokine-binding («) subunits
for IL-6, IL-11, and CNTF.

In agreement with earlier reports by us and others, IL-6
and CNTF were able to induce signaling in the presence of ex-
ogenous sIL-6R «a or the soluble CNTF receptor (sSCNTFRa),
respectively (2, 5, 36). This effect was independent of whether
a particular cell expressed the membrane-anchored forms of
these receptors. Thus, IL-6 alone had a weak effect on the
phosphorylation of gp130 in the preadipocytic stromal cell line
+/+LDA11 and the osteoblast-like osteosarcoma cell line
MG-63, but no effect in the rest of the lines tested here. How-
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Figure 7. Phosphorylation pattern of human osteoblast-like osteosar-
coma MG-63 cells in response to cytokines. Cells were maintained in
serum free medium for 2 h and then incubated for 5 min in the ab-
sence (None) or presence of the indicated cytokines, and lysed. Cell
lysates were immunoprecipitated with either an anti-gp130 antibody
or an anti-LIFR antibody, separated by SDS-PAGE and transferred
to PVDF membranes. Western blotting was performed with anti-
phosphotyrosine antibodies. Arrows indicate the positions corre-
sponding to gp130 (145 kD) and OSMR (160 kD).

ever, the effect of IL-6 was greatly enhanced in the weakly re-
sponding cells, and appeared in the unresponsive cells, when
the cells were stimulated by IL-6 in the presence of the soluble
receptor.

IL-6 and IL-11 are produced by stromal/osteoblastic cells
and are capable of stimulating the development of osteoclasts
from their hematopoietic precursors (13-15). At this stage,
however, it remains unclear whether these cytokines exert
their osteoclastogenic effects via receptors present on osteo-
clast precursors, or via receptors present on stromal/osteoblas-
tic cells (which are required for osteoclast development), or
both. In any event, whereas the osteoclastogenic effects of IL-
11 are readily demonstrated in vitro, the osteoclastogenic ef-
fect of IL-6 can only be demonstrated when exogenous IL-6R
is provided (37-40), raising the possibility that expression of
the o subunit of the IL-6R in bone is a limiting factor for the
effects of the latter cytokine. Consistent with this possibility,
the o subunit of the IL-6R was weakly expressed in the preadi-
pocytic bone marrow stromal cell line +/+LDA11 and in the hu-
man osteosarcoma cells MG-63, but was absent from the calva-
ria cells and the MBA13.2 and MC3T3-E1 cell lines. The a
subunit of the IL-11 receptor, on the other hand, was ex-
pressed in all cell types. This apparent difference in IL-6 versus
IL-11 receptor expression in stromal/osteoblastic cells may ac-
count for the observations that IL-11 is important for osteo-
clastogenesis in general, whereas IL-6 attains its importance
for osteoclastogenesis in certain pathologic states such as os-
teoporosis. In studies reported elsewhere, we have obtained
evidence that both estrogens and androgens regulate the ex-
pression of the IL-6 receptor as well as gp130 (41, 42). More-
over, Girasole et al. have reported that the circulating levels of
soluble IL-6 receptor increase following the loss of ovarian
function in women (43). This evidence adds strength to the
contention that the expression of the o subunit of the IL-6 re-
ceptor is a limiting factor for the biologic effects of IL-6 in
bone metabolism; and suggest that loss of gonadal function,
besides its effects on IL-6 production, may also cause an in-
crease in the sensitivity of the osteoclastogenic process to the
action of IL-6, due to an upregulation of the membrane-
anchored and/or the soluble form of the IL-6 receptor (15, 44).

The binding subunit of the IL-11 receptor has been re-
cently cloned and shown to interact with gp130 but not with
LIFRB (4, 45). In line with this observation, we found that ty-
rosine phosphorylated B subunits could not be precipitated
with the LIFRB antibody in IL-11-stimulated stromal/osteo-
blastic cells. In fact, our results strongly suggest that IL-11 in-
duces homodimerization and tyrosine phosphorylation of
gp130, since only a single band corresponding to gp130 was im-
munoprecipitated by the anti-gp130 antibody.

The results reported in this paper also provide evidence
that both the type I and the type II receptor for OSM are ex-
pressed in bone marrow stromal/osteoblastic cells. Specifically,
MBA13.2 and MC3T3-E1 cells (as well as the rat osteosar-
coma cell line ROS 17/2.8; data non shown) displayed the type
I receptor as evidenced by their ability to respond to both LIF
and OSM with phosphorylation of the LIFRB/gpl130 het-
erodimer. On the other hand, the osteosarcoma cells MG-63
responded to OSM with the tyrosine phosphorylation of a het-
erodimer of gp130 with a different  subunit; and failed to re-
spond to LIF (or CNTF, even in the presence of CNTFRa).
The absence of LIFRB in MG-63 cells was directly docu-
mented by the inability of anti-LIFRp antibody to precipitate
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tyrosine phosphorylated complexes. These observations clearly
indicate that MG-63 cells express the OSM type II receptor
(10). In studies not shown here, we have demonstrated that the
type II OSM receptors in MG-63 cells are functional by show-
ing that OSM inhibits the proliferation of MG-63 cells by ar-
resting them in the GO/G1 phase of the cell cycle and increases
IL-6 production by these cells; whereas LIF has no effect on ei-
ther of these parameters (46).

CNTF also induces the phosphorylation of gp130/LIFRB
heterodimers, however the receptor complex for CNTF is tri-
partite and includes the ligand-specific subunit CNTFRa. Both
the membrane-anchored and the soluble forms of CNTFRa
can bind CNTF and trigger signaling (3, 8). The results pre-
sented here demonstrate that primary cultures of calvaria cells
and osteoblast-like MC3T3-E1 cells (originally derived from
murine calvaria) express the ligand-binding subunit of CNTF
receptor. Although the abundance of this message in MC3T3
cells was much lower than that in brain, the amount of mem-
brane-anchored receptor expressed by the cells seemed to be
sufficient to obtain maximal cell response, since addition of the
soluble form of the receptor did not result in an increase in the
phosphorylation of the B subunits. Consistent with the evi-
dence for the presence of CNTF receptors in osteoblastic cells,
we have recently demonstrated modulatory effects of CNTF
on proliferation, alkaline phosphatase activity and IL-6 pro-
duction in MC3T3-E1 cells (47), indicating that these receptors
are indeed functional. These observations reveal one of the
first actions for CNTF outside of the central nervous system
and skeletal muscle (48).

Besides previously recognized (or suspected, in the case of
OSMRB) « and B subunits for this cytokine receptor family,
we have detected a heretofore unrecognized form of gp130,
with a very small, if any, response to IL-6 (even in the presence
of sIL-6R) or IL-11, but full response to LIF, CNTF, and
OSM. The evidence that IL-6, even in the presence of sIL-6R,
cannot induce gp130 homodimerization in the MC3T3-E1 cells
that express this alternative gp130 has, to our knowledge, no
precedent, and supports the contention that these cells do in-
deed express an alternative form of gp130. At this stage we do
not know whether the alternative gp130 is an aberration of the
particular cell line or a form of gp130 that occurs in normal
cells. We also do not know if it represents an alternatively pro-
cessed form of gp130 or is instead a closely related protein that
is recognized by the anti-gp130 antibody. In any event, the
presence of an alternative gp130 with distinct responsiveness
to various members of this cytokine family suggests additional
means whereby specificity can be imparted in the actions of
distinct cytokines using the same signal transduction pathway,
as sequences present in the 8 subunits determine the activation
of specific substrates (12).

In conclusion, the evidence presented in this paper indi-
cates that bone marrow stromal/osteoblastic cells are targets
for the effects of all the cytokines that act through the gp130
receptor family. Taken together with the evidence that at least
some of these cytokines are produced by stromal/osteoblastic
cells and that they control osteoclastogenesis, these results in-
dicate further that members of this family have both autocrine
as well as paracrine actions on bone. Hence, this family of cy-
tokines may be involved in the development of both osteo-
blasts and osteoclasts, and perhaps in the coordination of these
two processes. Even though collectively the cell models used in
this study expressed all the known a and B subunits of these
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receptors, none of them expressed the entire repertoire. More-
over, different combinations of o and (B subunits were ex-
pressed in cells with distinct phenotypes. This finding strongly
suggests that expression of these receptors in cells of the mes-
enchymal lineage is a function of the stage of differentiation. A
differentiation-dependent gain or loss of responsiveness to a
particular cytokine would be consistent with a highly special-
ized role for each of them in bone metabolism. The evidence
that increased production of IL-6 and/or increased expression
of the IL-6R (13, 29, 41-43), or loss of LIFRB (21), has detri-
mental effects on bone homeostasis, is consistent with such a
highly specialized and critical role.
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