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Abstract

Both estrogen and androgen exert their antiosteoporotic ef-
fects, at least in part, by inhibiting IL-6 production, thereby
suppressing osteoclastogenesis. Several observations, how-
ever, suggest that besides increased IL-6 production, sensi-
tivity of the osteoclastogenic process to this cytokine is al-
tered after ovariectomy. Based on this and evidence that the
ligand-binding subunit of the IL-6 receptor (gp80) is a limit-
ing factor for the actions of IL-6 on bone, we hypothesized
that sex steroids regulate expression of the IL-6 receptor as
well. We report that 17B-estradiol or dihydrotestosterone in
vitro decreased the abundance of the gp80 mRNA as well as
the mRNA of the signal-transducing subunit of the IL-6 re-
ceptor (gp130) in cells of the bone marrow stromal/osteo-
blastic lineage, and also decreased gp130 protein levels. These
effects did not require new protein synthesis. In contrast to
sex steroids, parathyroid hormone stimulated gp130 expres-
sion; this effect was opposed by sex steroids. Consistent with
these findings, ovariectomy in mice caused an increase in
expression of gp80, gp130, and IL-6 mRNAs in ex vivo bone
marrow cell cultures as determined by quantitative reverse
transcription (RT)-PCR, and confirmed on an individual cell
basis using in situ RT-PCR. The demonstration of increased
expression of the IL-6 receptor after loss of sex steroids pro-
vides an explanation for why IL-6 is important for skeletal
homeostasis in the sex steroid—deficient, but not replete,
state. (J. Clin. Invest. 1997. 100:1980-1990.) Key words: os-
teoporosis « cytokines « estrogen « androgen e« cytokine re-
ceptors

Introduction

Evidence accumulated during the last five years has implicated
IL-6 in the pathophysiology of several diseases caused by in-
creased osteoclastic bone resorption, including osteoporosis of
estrogen or androgen deficiency (1-4), hyperparathyroidism
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(5, 6), Paget’s disease (7), multiple myeloma (8), rheumatoid
arthritis (9, 10), Gorham-Stout disease (11), hyperthyroidism
(12, 13), McCune-Albright syndrome (14), and renal osteodys-
trophy (15).

Production of IL-6 by cells of the stromal/osteoblastic lin-
eage is inhibited in vitro by both estrogen and androgen (3, 16)
through receptor-mediated actions on the transcriptional ac-
tivity of the IL-6 gene promoter (3, 17-19). Conversely, estro-
gen loss results in increased IL-6 production by ex vivo bone
marrow cell cultures (20), and increased IL-6 production fol-
lows withdrawal of estradiol from primary cultures of calvarial
cells (21). Consistent with the in vitro data, increased IL-6 lev-
els have been detected in bone marrow supernatants from ova-
riectomized compared with sham-operated mice (22), as well
as in the serum of rats and in serum from postmenopausal
compared with premenopausal women (13, 23). In addition,
estrogen was found to suppress endotoxin-stimulated IL-6
production in vivo (24). In contrast to these studies, however,
others have not found differences in serum IL-6 levels when
comparing pre- and postmenopausal women (25), and there
was no difference in IL-6 levels in bone marrow aspirates from
postmenopausal women with or without hormone replace-
ment therapy (26). In direct support of the contention that IL-6
is responsible for increased bone resorption that ensues after
loss of sex steroids, injections of an IL-6—neutralizing antibody
to gonadectomized female or male mice prevent increases in
osteoclastogenesis in the bone marrow and increases in num-
bers of osteoclasts in sections of trabecular bone, but has no
effect on osteoclast development in sex steroid-sufficient
animals (2, 3). Furthermore, unlike wild-type controls, IL-6
knockout mice do not exhibit the cellular changes in the mar-
row and trabecular bone sections, and are protected from loss
of trabecular bone after loss of sex steroids (3, 27).

IL-6 exerts its effects on target cells via a bipartite cell sur-
face receptor. Binding of the ligand to the a-subunit of the IL-6
receptor, a glycoprotein of 80 kD (gp80), causes homodimer-
ization of the signal-transducing B-subunit (gp130). Ligand-
induced dimerization of the B-subunit initiates intracellular
signaling by activating members of a family of receptor-associ-
ated tyrosine kinases known as the Janus kinases, which in
turn phosphorylate several proteins, including the B-subunit of
the receptor complex, the kinases, and a series of cytoplasmic
proteins termed STATSs (signal transducers and activators of
transcription).! STAT phosphorylation causes the formation
of protein complexes that migrate to the nucleus and initiate
gene transcription (28-31). The a-subunit of the IL-6 receptor
also occurs in soluble form. While the soluble extracellular

1. Abbreviations used in this paper: AP, alkaline phosphatase; DEPC,
diethyl pyrocarbonate; DHT, dihydrotestosterone; OVX, ovariecto-
mized; RT, reverse transcription; STAT, signal transducers and acti-
vators of transcription.



domains of most receptors function as antagonists, however,
the soluble IL-6 receptor (sIL-6R) functions agonistically by
binding its cognate cytokine and then interacting with the sig-
nal-transducing component of the receptor on the cell surface
(28,29).

Even though IL-6 is implicated as a pathogenetic factor in
several disease states of increased bone resorption, it is seem-
ingly unimportant for osteoclastogenesis under normal condi-
tions (2, 3, 32), and administration of IL-6 to mice does not
increase osteoclastogenesis (33). Thus, administration of a neu-
tralizing IL-6 antibody to estrogen-sufficient mice or to ex vivo
cultures of bone marrow cells from sex steroid—sufficient mice
has no effect on osteoclastogenesis. Also, osteoclastogenesis is
unaffected in IL-6 deficient mice (2, 3, 27), indicating that the
osteoclastogenic process in the estrogen-sufficient state is in-
sensitive to IL-6. Moreover, expression of the a-subunit of the
IL-6 receptor in bone is a limiting factor (34), and the osteo-
clastogenic effects of IL-6 in bone marrow cultures can only be
demonstrated when exogenous sIL-6R is provided (35). Based
on these pieces of evidence, we have reasoned that sex steroids
not only suppress the expression of IL-6, but also suppress ex-
pression of the IL-6 receptor. The results of the experiments
presented in this paper indicate that sex steroids act on stro-
mal/osteoblastic cell models to decrease the expression of the
genes encoding the ligand-binding as well as the signal-trans-
ducing subunits of the IL-6 receptor, and that ovariectomy in
mice causes an increase in the expression of these two genes,
as well as the IL-6 gene, in cells of the bone marrow of mice.

Methods

Materials. 17B-estradiol (E,), dihydrotestosterone (DHT), cyclohex-
imide, diethyl pyrocarbonate (DEPC), McCoy’s 5SA medium, FBS,
and anti-B-actin monoclonal antibody were purchased from Sigma
Chemical Co. (St. Louis, MO). 1,25(OH),D; was generously provided
by Dr. Milan Uskokovic (Hoffman-La Roche, Nutley, NJ). Synthetic
bovine PTH (1-34) was purchased from Peninsula Laboratories, Inc.
(Belmont, CA), and human recombinant IL-11, IL-1B, and murine
TNF-a were purchased from Genzyme Corp. (Cambridge, MA). Mu-
rine IL-6, gp80, and gp130 plasmids were kindly provided by Dr. Tada-
mitsu Kishimoto of Osaka University, Japan. Dulbecco’s Modified
Eagle Medium and a-MEM were obtained from GIBCO BRL (Gai-
thersburg, MD). [®2P]dCTP (3,000 Ci/mmol) was from Amersham
Corp. (Arlington Heights, IL). LIF and rabbit anti-human gp130
polyclonal antiserum were purchased from Upstate Biotechnology,
Inc. (Lake Placid, NY). Goat anti-mouse IgG + IgM conjugated with
horseradish peroxidase was purchased from Caltag Laboratories (San
Francisco, CA). Polyclonal goat anti-rabbit IgG-HRP antibody and
polyclonal anti-murine gp130 were from Santa Cruz Biotechnology
Inc. (Santa Cruz, CA). Protein A-Sepharose was bought from Pharma-
cia LKB Biotechnology, Inc. (Piscataway, NJ), and enhanced chemilu-
minescence reagents were bought from DuPont-NEN (Boston, MA).
Cell lines and primary bone marrow cell cultures. The +/+LDA.11
stromal cell line was established from hematopoietically inactive
long-term murine bone marrow cultures (16), and was cultured in
McCoy’s SA medium with 10% FBS. The murine calvaria—derived
osteoblast-like cell line MC3T3-E1 (36) was cultured in phenol red-
free MEM supplemented with 10% FBS. The 2107 cell line is a spon-
taneously transformed cell line derived from newborn calvarial cells
obtained from SAMP6 mice (kindly provided by Dr. T. Sato, Daiichi
Pharmaceutical Co., Tokyo, Japan), and was cultured in phenol
red—free a-MEM supplemented with 10% FBS. MG-63 and SaOs-2
human osteoblast-like osteosarcoma cells were maintained in phenol
red—free MEM containing 10% FBS (37, 38). Primary cultures of mu-

rine bone marrow cells were established from aspirates from the fe-
mur and tibia of control, sham-operated or ovariectomized (OVX)
60-d-old Swiss Webster mice as previously described (2). All proce-
dures were performed in accordance with the National Institutes of
Health Guidelines for Care and Use of Laboratory Animals. Bone
marrow cells were obtained 2 wk after the operation, and were resus-
pended (10° cells/ml) in a-MEM. Cells were seeded either in 75-cm?
flasks or in 12-well plates with coverslips, and were maintained with
1078 M 1,25(OH),D; for 7 d with 10% FBS. 80% of the medium was
replaced with fresh medium every 3 d. All media contained penicillin
(100 U/ml) and streptomycin (100 pg/ml). In the experiments examin-
ing the effect of sex steroids, PTH, or cytokines, the medium of semi-
confluent cultures was changed to fresh medium containing 2% FBS,
the agents were added, and the culture was continued for another 24 h.
For quantification of the IL-6 mRNA by in situ or quantitative re-
verse transcription (RT)-PCR, cells were stimulated with 0.3 nM hIL-13
and 1 nM mTNFa for 3 h before termination of the culture.

Northern blot analysis. Total RNA was isolated and analyzed es-
sentially as previously described (34). Blots were hybridized sepa-
rately with the radiolabeled cDNA specific for the murine IL-6Ra
(gp80), murine gp130, or the housekeeping gene Cho B, and analyzed
using a PhosphorImager™ (Molecular Dynamics, Sunnyvale, CA).

Western blot analysis. Cells cultured in the absence or presence
of steroids were lysed in buffer containing 20 mM Hepes, pH 7.5, 5
mM KCIl, 5 mM MgCl,, 10% glycerol, 0.5% Nonidet P-40, 1 mM sodium
orthovanadate, 1 mM PMSF, 5 pg/ml trypsin inhibitor, and 5 pg/ml
protease inhibitors pepstatin, leupeptin, and aprotinin. Cell lysates
were centrifuged at 500 g for 5 min, and the resulting supernatants
were collected and further centrifuged at 14,000 g for 10 min. All pro-
cedures were performed on ice or at 4°C. Protein concentration was
determined by a protein assay (Bio-Rad Laboratories, Richmond,
CA). 20 pg of total protein were resolved in 6% polyacrylamide/SDS
gels and electroblotted to polyvinylidene difluoride membranes.
Membranes were blocked for 1 h at room temperature in 5% nonfat
dry milk in PBS containing 0.05% Tween 20, and were subsequently
incubated with the rabbit anti-human gp130 polyclonal antibody and
a goat anti-rabbit IgG-HRP-conjugated polyclonal antibody. Blots
were developed by ECL. After washing the gp130 antiserum by incu-
bation in 0.2 M glycine buffer (pH 2.5) and 0.05% Tween 20 at 80°C
for 2 h, membranes were reprobed with a mouse anti-f-actin mono-
clonal antibody and a secondary goat anti-mouse Ig(G+M)-HRP-
linked antiserum. The intensity of the immunoreactive bands was
quantified using a laser densitometer (Molecular Dynamics).

Competitive RT-PCR. Internal cRNA standards for IL-6, gp80,
or gp130 were transcribed using T7, SP6, or T3 RNA polymerase ac-
cording to the manufacturer’s protocol. For templates we used the re-
spective cDNA plasmids that were shortened by a 150-200-bp dele-
tion from the authentic cDNA. For murine gp80 and gp130 cDNAs,
the authentic plasmids were cut with Bam HI/Hind III or Spe I/Eco
RI to remove the respective fragments. The plasmids were then filled
in by Klenow fragment and religated. For the IL-6 cDNA, two Eco
RI sites within the coding region were created and digested to make a
shorter plasmid. The cRNAs were purified by fractionation on a 1%
agarose gel to remove template DNA completely, and were stored
until used in the presence of RNasin at —20°C. A constant concentra-
tion of total RNA (1 pg/tube) was mixed with nine serial dilutions (1/1
to 1/256) of the internal cRNA standard. The cRNA standard and
sample RNAs were mixed at this point so that the efficiency of the re-
verse transcriptase reaction would be the same for both templates.
The first-strand cDNA was synthesized at 42°C for 1 h using random
hexanucleotide primers (20 ng/pl; Promega Corp., Madison, WI) and
Superscript reverse transcriptase II (4 U/pl; GIBCO BRL). The
primers used for PCR were as follows: murine IL-6 (5'-primer, ATG-
AAGTTCCTCTCTGCAAGAGACT; 3'-primer, CACTAGGTTTGC-
CGAGTAGATCTC); murine gp80 (5'-primer, TGTCAACGCCAT-
CTGTGAGTGG; 3'-primer, ACTTTCGTACTGATCCTCGTGG);
murine gp130 (5'-primer, CAGCGTACACTGATGAAGGTGGGA-
AAGA; 3'-primer, GCTGACTGCAGTTCTGCTTGA); and glycer-
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aladehyde-3-phosphate dehydrogenase (GAPDH) (5'-primer, TGA-
AGGTCGGTGTGAACGGATTTGGC, and 3'-primer, CATGT-
AGGCCATGAGGTCCACCAQC). These primer pairs should yield
products of 615, 643, and 687 bp for IL-6, gp80, and gp130, respec-
tively. The PCR solution contained 0.4 wM of each primer, 0.2 mM
dNTP (Pharmacia Fine Chemicals, Uppsala, Sweden), 1.55 mM MgCl,,
50 U/ml Taq polymerase, and 1X reaction buffer (Perkin-Elmer
Corp., Norwalk, CT). The amplification was accomplished in a ther-
mal cycler programmed as follows: 4 min at 94°C, 30 cycles of 1 min at
94°C, 2 min at 65°C, and 3 min at 72°C. Finally, PCR products were
loaded on a 2% agarose gel with ethidium bromide, and band inten-
sity was quantified by photo image analyzer (FOTO/ANALYST-II,
Fotodyne, Inc., New Berlin, WI). The ratio of band intensity of the
sample to the internal standard was calculated in the four reactions
that contained significant amounts of both sample and standard, and
was plotted against the concentration of the internal cRNA standard
in log/log scale. Ratio log 0 obtained from the regression line corre-
sponds to the concentration of mRNA in the sample, as we have pre-
viously described (39).

In situ RT-PCR. Cells cultured on glass coverslips were washed
with calcium-free PBS and treated with 0.1% DEPC. Subsequently,
cells were fixed with 4% paraformaldehyde in 0.1 M DEPC-treated
phosphate buffer, pH 7.4, for 3 h at 4°C, washed with PBS three
times, and soaked in 0.2 N HCI for 20 min at room temperature.
After this step, cells were sequentially washed with DEPC-treated
water, 2X SSC, and PBS. At this stage, the cells were digested in 0.5
wg/ml proteinase K in 10 mM Tris buffer (pH 8.0) for 10 min at room
temperature, fixed again in 4% paraformaldehyde for 60 min at 4°C,
washed with PBS three times, and dehydrated sequentially with 70,
80, 90, and 100% ethanol. To remove genomic DNA or mRNA, cells
were treated with RNase-free DNase I (1,500 U/ml) or DNase-free
RNase (15 U/ml) for 3 h at 37°C. The first-strand cDNA was then syn-
thesized in 1 mM dNTP and 10 mM DTT solutions containing 0.4 pM
of a gene-specific antisense (3’ end) primer and 4 U/ul Superscript re-
verse transcriptase II (Gibco-BRL) during a 60-min incubation at
42°C. After washing with DEPC-treated water, the cDNA was ampli-
fied by PCR in a mixture of 400 nM 5’- and 3’ primers, 2.5 mM
MgCl,, 200 pM dNTP, 10 M DIG-11-dUTP, and 0.1 U/pl Taqg DNA
polymerase using the GeneAmp In Situ PCR System 1000™ (Perkin-
Elmer Corp.). The temperature profile for the PCR was programmed
as follows: 4-min soak at 94°C, 10-50 cycles of 94°C for 1 min, 65°C
for 2 min, and 72°C for 3 min. Incorporated DIG-11-dUTP in the am-
plified PCR products was detected by AP-conjugated antidigoxigenin
antibody, and was visualized with NBT and BCIP (DIG nucleic acid
detection kit; Boehringer-Mannheim, Mannheim, Germany) after
soaking in 1% blocking reagent for 30 min at room temperature. The
mRNAs of interest were amplified using the same primers as those
described in the competitive RT-PCR section above. Cells expressing
the mRNAs stained dark purple. The mRNA abundance was deter-
mined in the entire area of each of at least 300 cells in randomly se-
lected fields by measuring color intensity with an image analyzer
(SAMBA 4000 Image Analysis System; International, Inc., Chantilly,
VA). In each experiment, background staining (i.e., zero color inten-
sity) was determined using samples prepared in the absence of re-
verse transcriptase. To determine the size distribution of the gp130
PCR product generated during in situ RT-PCR, [*?P]dCTP was in-
cluded in the amplification reaction, and the radiolabeled DNA was
extracted from the coverslips by digestion with proteinase K (100 wg/ml)
at 55°C for 2 h followed by extraction with phenol/chloroform and
ethanol precipitation. The extracted DNA was resolved on a 3% aga-
rose gel and transferred by capillary action to a Hybond N+ mem-
brane, that was exposed to a PhosphorImager screen (Molecular Dy-
namics, Sunnyvale, CA).

Statistics. Data are expressed as the means*SE from four repli-
cate cultures per experiment and a minimum of three experiments for
each experimental condition. Differences between groups were ana-
lyzed by ANOVA. Bonferroni’s test was used to estimate the level of
significance of differences between means.
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Results

Results of a representative experiment examining the effects
of sex steroids on the steady-state levels of the gp80 and gp130
mRNAs in +/+LDA11 cells are illustrated in Fig. 1 A. In this
and subsequent experiments, two species of gp130 transcripts,
with approximate sizes of 7 and 10 kb, were seen, as it has been
reported previously (40). The abundance of either the gp80 or
gp130 transcripts was decreased in cells treated with 10 nM E,
or 10 nM DHT. This effect was apparent on both transcripts of
gp130. Nonetheless, the magnitude of the effects of the sex ste-
roids varied considerably in different experiments (n = 8).
gp80 inhibition by E, and DHT had a range between 9 and
67% and 21 and 59%, respectively, and gp130 (both tran-
scripts) inhibition ranged between 11 and 62% and 7 and 86%.
This variability may reflect the possibility that the effects of
sex steroids on gp80 and gp130 are exerted in vivo on very
early progenitors that are not represented well by the cell lines
available for in vitro experimentation (Jilka et al., manuscript).
The inhibitory effects of E, and DHT on gp130 mRNA expres-
sion, however, were reproduced using the human osteoblast-
like osteosarcoma cell line MG-63 (n = 2, mean inhibition
28% for E,, and 41% for DHT; data not shown).

To ascertain whether the effects of sex steroids on gp130
mRNA were accompanied by corresponding changes in pro-
tein expression, the effect of E, or DHT on gp130 protein was

A. Northern Blot B. Western Blot
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Figure 1. Sex steroids inhibit expression of gp80 and gp130 mRNAs
in murine bone marrow—derived stromal cells. +/+LDA11 murine
bone marrow—derived stromal cells were cultured for 24 h in the ab-
sence (C) or in the presence of 1078 M 17B-estradiol (178E,), or 107*M
DHT. (A) Steady state levels of gp80, gp130, and ChoB mRNAs were
determined by Northern blot using 5 pg poly A* RNA. The ratios of
the intensity of the gp80 or gp130 bands over the intensity of the
ChoB band were determined by PhosphorImager, and were ex-
pressed as fold change relative to untreated controls (C), designated
as 1.0. Similar results were reproduced in four additional experi-
ments. (B) gp130 protein levels were determined by Western blot
analysis using an anti-gp130 antibody. The ratios of the intensity of
the gp130 band over the B-actin band were determined by laser densi-
tometry, and were expressed as fold changes relative to control,
which was designated as 1. A portion of cellular lysate from control
cells was immunoprecipitated using anti-gp130 antibody bound to
protein A Sepharose, and fractionated in the same gel (IP).
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Figure 2. Effect of cycloheximide on the regulation of gp80 and
gp130 mRNAs by sex steroids. +/+LDA11 murine bone marrow—
derived stromal cells were cultured for 24 h without (C) or with

107% M 17B-estradiol (17BE,), or 107* M DHT in the absence or pres-
ence of 0.5 uM cycloheximide. The steady-state levels of gp80, gp130,
and ChoB mRNAs were determined by Northern analysis as de-
scribed in Fig. 1 A. Fold change indicates ratios of gp80/ChoB and
gp130/ChoB relative to control, designated as 1.0.

determined in Western blots using an anti-human gp130 poly-
clonal antibody that cross-reacts with the murine gp130 pro-
tein (Fig. 1 B). A protein band corresponding to ~ 145 kD was
detected by the gp130 antibody. An identically migrating band
was observed in an anti-gp130 immunoprecipitate from a cel-
lular lysate of control cells. As found here, gp130 exhibits a mi-
gration profile corresponding to a 145-kD protein (41). Com-
pared with cultures maintained in the absence of sex steroids,
+/+LDA.11 cells treated with either E, or DHT exhibited
lower abundance for this protein. Sex steroids had no effect on
the levels of B-actin. Because an anti-murine gp80 antibody

A B

Steroid — 17BE, DHT = 17BE, DHT 17BE,
PTH = = = 4 4 + Cytokine
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suitable for Western blot analysis was not available to us, we
were unable to perform similar experiments for gp80.

In the experiment depicted in Fig. 2, +/+LDA.11 cells were
treated with E,, DHT, or vehicle either in the absence (lanes /,
2, and 3) or in the presence (lanes 4, 5, and 6) of 0.5 uM cyclo-
heximide. The abundance of both gp80 and gp130 mRNAs
was increased in cells treated with cycloheximide, most likely
due to increased mRNA stability. E, and DHT decreased the
abundance of the gp80 and gp130 transcripts in the absence of
cycloheximide as well as in its presence, indicating that their
effects are independent of new protein synthesis.

Using MC3T3-E1 cells, which, unlike +/+LDA.11 cells,
express receptors for PTH (42), we found that as opposed to
the inhibitory effect of sex steroids, PTH (10 nM) increased
the abundance of the gp130 mRNA by over fourfold (Fig. 3 A).
The stimulatory effect of PTH on the gp130 mRNA was repro-
duced in primary cultures of murine bone marrow cells, and it
was also observed in human osteoblast-like osteosarcoma
SaOs-2 cells using flow cytometric analysis of cells stained with
an anti-human gp130 antibody (data not shown). DHT, but
not E,, decreased the nonstimulated gp130 mRNA in MC3T3-
E1 cells, as it did in +/+LDA11 cells. Both steroids, however,
inhibited the PTH-stimulated expression of this gene. IL-11
and leukemia inhibitory factor (LIF) also stimulated the abun-
dance of the gp130 mRNA in MC3T3-E1 cells (Fig. 3 B). In
this experiment, E, did decrease basal levels of gp130 mRNA.
When the cells were treated with both IL-11 and E, or LIF and
E,, the stimulatory effect of the cytokines was attenuated by
E,. As in the case of +/+LDA.11 cells, E, decreased both
gp130 transcripts.

The relevance of the in vitro evidence, indicating that sex
steroids inhibit expression of gp80 and gp130 in cells of the
stromal/osteoblastic lineage to the in vivo situation in sex ste-
roid—deficient states, was determined by investigating whether
loss of estrogen increases the abundance of the gp80 and gp130
mRNAs in murine bone marrow. Northern blot analysis proved
insensitive for this purpose, as we found that the abundance of
all these three messages was extremely low in freshly isolated
bone marrow cells from either sham or OVX animals. Indeed,
the gp130 mRNA was barely detectable, even with as much as
10 g of poly A* RNA, whereas gp80 or IL-6 mRNAs were
undetectable. When comparing the expression of these mRNAs
in freshly isolated bone marrow cells from sham and OVX
mice using RT-PCR, we did not consistently detect differences

Figure 3. Sex steroids inhibit PTH-,
LIF-, and IL-11-stimulated expres-
sion of gp130 mRNA in MC3T3-E1

-+ -+ = + murine osteoblastic cells. MC3T3-E1
- =1L U UF osteoblastic cells were cultured for
24 h in the absence or in the pres-
ence of 10 nM PTH (A) or 10 ng/ml
IL-11, or LIF (B), alone or in combi-
i #8  nation with 1078 M 17B-estradiol

(17BE,), or 10~ M DHT. The
steady-state levels of gp130 and
ChoB mRNAs were determined.
The ratios of gp130/Cho B were cal-
culated, and are expressed as fold
changes relative to control, desig-
nated as 1.0.

3 4 5 6
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Figure 4. Increased expression of IL-6, gp80, and gp130 mRNA in ex vivo bone marrow cultures from ovariectomized mice as determined by
competitive RT-PCR. Bone marrow cells from 60-d-old sham-operated (Sham) or OVX mice were cultured for 7 d in the presence of 1078 M
1,25(OH),D;. Total RNA was obtained, and competitive RT-PCR was performed as described in Methods. PCR products were analyzed by
electrophoresis, and bands were quantified by image analyzer. Gel patterns of a representative experiment for gp80 mRNA obtained from bone
marrow cultures of sham and OVX mice are shown in A. Lanes I and /7 contain sample alone and standard alone, respectively. Lanes 2—10 show
PCR products from the mixtures of constant amounts (1 pg) of sample RNA and decreasing amounts (twofold serial dilutions to the right) of in-
ternal standard. Band intensities (arbitrary units) in lanes 4-7 for sample/standard from the sham-operated mice were 402/2258, 806/2855, 304/
366, and 319/458. Band intensities for lanes 3—6 for ovariectomized mice were 525/4246, 1184/1346, 1607/1702, and 3128/555. The logarithm of the
ratio of sample to standard was plotted versus the amounts of internal standard (pg mRNA in log scale). (B) Ratio 0 represents concentration of
gp80 mRNA in the samples. (C) IL-6, gp80, and gp130 mRNA expression in bone marrow cultures from sham and OVX were analyzed by com-
petitive RT-PCR. Bars depict the means (and vertical lines the standard error) of the ratios (OVX/sham) from three independent experiments.
Data were analyzed by one-way ANOVA. *P < 0.05 versus sham, by Bonferroni’s. The cultures used to detect IL-6 mRNA expression were
stimulated with 0.3 nM hIL-1 and 1 nM mTNFa for 3 h before extraction of total RNA. (D) Expression of gp130 protein in bone marrow cells
from sham-operated and ovariectomized mice, cultured for 1 wk in the presence of 1078 M 1,25(OH),D5, was detected by immunoblot analysis.
80 g of total protein were resolved in a 6% polyacrylamide/SDS gel as described in the Methods section. The blot was probed with an anti-
human gp130 polyclonal antibody and an anti-B-actin monoclonal antibody.

in expression. In an attempt to obtain more consistent results
and to overcome the difficulties imposed by the low expression
of the mRNAs of interest in the freshly isolated cells, we ana-
lyzed the expression of IL-6, gp80, and gp130 in ex vivo cul-
tures.

Fig. 4 A illustrates typical gels of the PCR assay for gp80
mRNA in bone marrow cultures from sham and OVX mice.
The ratio between PCR products from sample mRNA and in-
ternal cRNA was calculated and plotted versus the concentra-
tion of the internal standards (Fig. 4 B). gp80 expression in
bone marrow cultures from OVX mice was increased as indi-
cated by the shift of the regression line to the right. Similar
findings were obtained when we performed competitive RT-
PCR analysis for gp130 and IL-6 mRNA expression in bone
marrow cells from sham and OVX animals. These findings
were reproduced in three separate experiments. The mean in-
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crease in the expression of IL-6, gp80, and gp130 after ovariec-
tomy in the three experiments, was 5.4+0.5-, 2.2+0.1-, and
3.4x1.1-fold, respectively (Fig. 4 C). There was no difference
in the control GAPDH mRNA in these experiments. In addi-
tion, we were unable to find differences in the abundance of
IL-1a, IL-1B, and TNFa mRNAs between OVX and sham an-
imals in these experiments (data not shown). The lack of dif-
ferences between OVX and sham control mice in the IL-1a ex-
pression in the bone marrow is in agreement with the report of
Miyaura et al. (22). An increase in gp130 expression in ex vivo
bone marrow cultures from OVX mice was documented also
at the protein level, using Western blot analysis (Fig. 4 D).

The results of the competitive RT-PCR indicating an in-
crease in the expression of gp80, gp130, and IL-6, could be due
to an increase in the number of cells that produced these
mRNAs. Therefore, to establish directly that the changes we
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products were detected as in A. The color intensity (arbi-
trary units) in 300 cells in randomly selected fields was
measured by video image analyzer, and the average color
intensity =standard error was plotted versus the number
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saw in the ex vivo cultures were indeed due to removal of the
inhibitory effects of sex steroids on these genes, we proceeded
to investigate whether there was an increase in the expression
of these transcripts on a per cell basis. For this purpose, we de-
veloped and used in situ RT-PCR, which allowed us to analyze
expression of these RNAs in individual cells.

To establish the validity of the in situ RT-PCR method, we
examined the expression of the mRNA of a housekeeping
gene, GAPDH, under different experimental conditions using

scanning of the membrane containing resolved products.
In situ RT-PCR was performed in the absence (—RT) or
presence (+RT) of reverse transcriptase.

the murine osteoblastic cell line 2107 (Fig. 5 A). Confluent cul-
tures of 2107 cells, when treated with DNase (but not RNase)
for 3 h, exhibited cytosolic staining but complete lack of stain-
ing in the nucleus. On the other hand, when the cells were
treated with RNase (but not DNase) for 3 h, only nuclear stain-
ing, evidently derived from genomic DNA, was observed. Treat-
ment of the cells with both nucleases completely prevented
staining. Based on these findings, in all subsequent experi-
ments bone marrow cells were treated with DNase for 3 h after
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Figure 6. Increased expression of IL-6, gp80, and gp130 mRNA in ex vivo bone marrow cultures from ovariectomized mice as determined

by in situ RT-PCR. Bone marrow cells from 60-d-old sham-operated (Sham) or OVX mice were cultured for 7 d in the presence of 1078 M
1,25(OH),D;s. To detect IL-6 mRNA expression, bone marrow cells were stimulated with 0.3 nM hIL-1 and 1 nM mTNFa for 3 h before fixation.
Fixation, DNase treatment, and RT-PCR were performed as in Fig. 5. Photomicrographs (340X of a representative experiment are shown in A.
Color intensity was quantified by image analysis. The percentage of cells expressing each message (frequency) was plotted versus the message

level (color intensity/cell), and is shown in B.

cell fixation. Furthermore, to establish the optimal number of
PCR cycles, confluent cultures of 2107 cells were subjected to
0, 10, 20, 30, 40, or 50 PCR cycles in the in situ PCR 1000 sys-
tem (Fig. 5 B). As shown in the photomicrographs, color inten-
sity (digoxigenin) of cells stained for gp80 increased in propor-
tion to the number of PCR cycles. A quantitative measure of
this observation was established by video image analysis, where
the frequency (percentage) of cells staining positive for the
gp80 mRNA was plotted against color intensity in arbitrary
units. Average color intensity increased with increasing PCR
cycles, and was linear between 10 and 40 cycles. Therefore, in
subsequent experiments we routinely used 30 PCR cycles for
detection of all three mRNAs of interest. To establish the spec-
ificity of in situ RT-PCR, **P-labeled dCTP was included in the
amplification reaction, and the size distribution of the products
of the reaction was subsequently determined by extraction of
the DNA from the coverslips, fractionation in an agarose gel,
and quantification using a PhosphorImager (Molecular Dy-
namics). As seen in Fig. 5 C, the radioactive DNA extracted
from cells amplified with the gp130 primers had the size of the
expected gp130 PCR product (687 bp).

By means of the in situ RT-PCR method, we detected a sig-
nificant difference in the expression of the IL-6, gp80, and
gp130 mRNAs between ex vivo bone marrow cell cultures

Sex Steroids Regulate IL-6 Receptor Subunits in Murine Bone Marrow

maintained in the presence of 1,25(OH),D; from OVX when
compared with sham-operated animals (Fig. 6). Ovariectomy
had no effect on the expression of the GAPDH mRNA, used
as a negative control in these experiments. Representative
photomicrographs of ex vivo bone marrow cultures from sham
or OVX mice are depicted in Fig. 6 A. To quantify the changes
in mRNA abundance, color intensity (in arbitrary units) per
cell was determined by video imaging of each one of at least
300 mononuclear cells in randomly selected fields, and was
plotted against the percentage of cells exhibiting a particular
color intensity (Fig. 6 B). As can be seen in the photomicro-
graphs, bone marrow cultures from OVX mice exhibited more
intense staining for gp80, gp130, and IL-6. This increase was
clearly reflected by an increase in the frequency of cells con-
taining higher levels of mRNA as evidenced by the shift of the
frequency histograms to the right. Similar results were ob-
tained in four different experiments. The mean increase (and
standard error of the mean) in the expression of IL-6, gp80,
and gpl130 after ovariectomy in these four experiments was
1.63+0.2-, 3.4%0.6-, and 1.8£0.2-fold, respectively. GAPDH
mRNA abundance was indistinguishable between sham and
OVX mice. A quantitative analysis of the changes of the abun-
dance of gp80, gp130, and IL-6 mRNA was also performed in
multinucleated cells. Because multinucleated cells were far
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more scarce than were mononucleated cells, we videoimaged
50 multinucleated cells in randomly selected fields in these ex-
periments. As in the case of the mononucleated cell analysis
shown in Fig. 6, in two separate experiments we observed an
increase in the expression of all three mRNAs after ovariec-
tomy in mono- as well as in multinucleated cells. The mean in-
crease in OVX over sham in the two experiments was 1.5, 4.0,
and 1.7 for IL-6, gp80, and gp130, respectively. In contrast to
the results of the experiments presented in Figs. 5 and 6 in
which we analyzed cultures maintained in the presence of
1,25(0OH),D3, in experiments with cultures maintained without
1,25(0OH),D;, we were unable to detect differences between
OVX and sham-operated animals in any of the three mRNAs
by competitive RT-PCR or in situ RT-PCR.

Discussion

The results of these studies demonstrate that estrogen and an-
drogen decreased in vitro the expression of both gp80 and
gp130 in cells of the bone marrow stromal/osteoblastic lineage.
These effects did not require new protein synthesis. In contrast
to sex steroids, PTH and the IL-6 type cytokines IL-11 and LIF
stimulated the expression of gp130; the effects of these agents
were opposed by sex steroids. Measurement of cytokines and
their soluble receptors in the serum may or may not reflect
changes limited to small cell subpopulations in the marrow/
bone microenvironment, nor do they reveal the cellular source
of these agents. Therefore, to establish directly the relevance
of the evidence for the suppressive effects of sex steroids on
gp80 and gp130 to the in vivo situation and specifically the
state of estrogen deficiency, we developed an RT-PCR method
to search for in situ changes in gp80 and gp130 mRNA expres-
sion. Consistent with the in vitro data, we found that ovariec-
tomy in mice caused an increase in the expression of gp80,
gp130, and IL-6 mRNAs in ex vivo bone marrow cell cultures.

The demonstration of increased expression of a gene after
loss of sex steroids could be either a direct consequence of the
removal of an inhibitory effect on the gene, or result from an
increase in the number of cells that express the gene. The dem-
onstration of an inhibitory effect in vitro, taken together with
the results of the ex vivo experiments and, in particular, the
demonstration of the increases of the transcripts of interest by
in situ RT-PCR on a per cell basis, strongly suggest that the in-
creases on the expression of the three genes described here are
indeed a direct consequence of the removal of inhibitory ef-
fects of sex steroids on the expression of IL-6, gp80, and gp130.

As in the case of the previous demonstration of increased
osteoclastogenesis and IL-6 production after loss of sex ste-
roids (2, 3, 21), in this report increases in the expression of
gp80, gp130, and IL-6 in OVX animals were demonstrated in
ex vivo cultures maintained in the presence of the potent pro-
differentiation agent 1,25(OH),D;. The cells isolated from bone
marrow aspirates are composed predominantly of hematopoi-
etic and mesenchymal cell precursors. We believe that cultur-
ing these preparations in the presence of 1,25(OH),Dj; leads to
enrichment of the subpopulation that is the in vivo target of
the suppressive effect of sex steroids on IL-6, gp80, and gp130.
This contention is in line with the well-established evidence
that 1,25(OH),D; stimulates osteoclastogenesis by promoting
both differentiation of mesenchymal progenitors capable of
supporting osteoclast differentiation as well as the differentia-
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tion of hematopoietic osteoclast precursors (43, 44). Hence,
the presence of 1,25(OH),D; in the in vitro cultures serves to
simulate in vivo situation. Similarly, the requirement of addi-
tion of IL-1 and TNF to detect differences in IL-6 expression
may be due to removal of these cells from their microenviron-
mental milieu, which includes paracrine signals that stimulate
IL-6 expression such as IL-1, TNF, other IL-6-type cytokines,
TGEFB, and PDGF, as well as endocrine signals such as PTH
and thyroxin.

In agreement with the results of these studies in mice, re-
sults of clinical studies indicate that the ligand-binding subunit
of the IL-6 receptor is upregulated after loss of estrogen in hu-
mans as well. Thus, Girasole et al. (45) have studied, over 12 mo,
women who had hysterectomy alone, ovariectomy, and ova-
riectomy with transdermal estrogen replacement. They ob-
served that the expected rise in markers of bone formation and
bone resorption were accompanied at the same time points
with increases in soluble IL-6 receptor levels by 35%, and a
smaller increase, ~ 20%, in serum IL-6 levels. The increased
serum soluble IL-6 receptor levels induced by ovariectomy
in women could be reversed by estrogen replacement. Simi-
larly, Chen et al. investigated 151 healthy women in different
menstruational status and found that soluble IL-6 receptor lev-
els were significantly increased in postmenopausal women
when compared with both premenopausal or perimenopausal
women (46).

It is now well accepted that PTH and PTHrP stimulate pro-
duction of IL-6 (42, 47, 48), and that IL-6 is the mediator of the
bone resorbing effects of PTH (49). In this report, we observed
that as opposed to estrogen (which inhibits the expression of
¢p130), PTH stimulates the expression of this gene. Although
we were unable to determine whether PTH stimulates expres-
sion of gp80, as MC3T3-El1 cells do not express detectable lev-
els of gp80, there is evidence strongly favoring this possibility:
besides IL-6, the circulating levels of the soluble IL-6 receptor
are increased in patients with primary and secondary hyper-
parathyroidism (5, 6). Moreover, a PTH-induced upregulation
of gp80 could explain the observations that PTHrP adminis-
tered together with IL-6 causes development of hypercalcemia
and bone resorption in mice, whereas administration of IL-6
by itself had no effect (33). In these studies, the stimulating ef-
fect of PTH on gp130 was attenuated by E, in vitro. Whether
or not these opposing effects are of relevance to the in vivo sit-
uation, and in particular the well-known antagonism between
PTH and estrogen on bone resorption, will require additional
work (50).

In studies not shown here, we have combined in situ RT-
PCR analysis with histostaining for either tartrate-resistant
acid phosphatase (TRAPase) or alkaline phosphatase (AP).
The former enzyme is a specific and fairly reliable phenotypic
marker for osteoclasts, especially when combined with multi-
nucleation. Cells of the stromal osteoblastic lineage in the
bone marrow express AP, however, the validity of this enzyme
for identification of cells belonging to the stromal/osteoblastic
lineage in the bone marrow is limited, as several other cells of
the bone marrow such as leukocytes and adipocytes, also ex-
press AP. We have obtained evidence that all three messages,
IL-6, gp80, and gp130, are expressed in both TRAPase-posi-
tive and AP-positive cells of the bone marrow. Based on these
observations and the combination of the results from our in
vitro studies with cell lines and ex vivo bone marrow cultures
(including the morphologic features and the ploidy of the



cells), we tentatively conclude that the cells expressing in-
creased levels of IL-6, gp80, and gp130 mRNA after ovariec-
tomy, are bone marrow stromal/osteoblastic cells, macro-
phages, osteoclastic cells, and progenitors of all of these
three cell types, with osteoclastic cells representing < 1% of
the total.

The biologic significance of the inhibitory effects of sex ste-
roids on gp130, and the upregulation of gp130 expression in
the bone marrow after estrogen loss is, at this stage, only a
matter of conjecture. Nonetheless, we have reported elsewhere
that besides PTH, 1,25(OH),D; also upregulates gp130 expres-
sion in murine bone marrow cell cultures (51). Upregulating
effects of PTH and 1,25(OH),D; on gp130 have been repro-
duced in studies by Romas et al. (52). Regulation of gp130
expression by systemic hormones and cytokines has been doc-
umented in several tissues other than bone. Thus, gp130 ex-
pression is increased by IL-6 type cytokines in vivo and in vitro
(40, 53-55). In contrast, it has been demonstrated that gp130
expression is decreased by all-trans retinoic acid in myeloma
cells (56). Several recent observations support the contention
that increasing or decreasing gp130 results in a corresponding
increase or decrease of the magnitude of the biological re-
sponse to IL-6 type cytokines. Hence, in studies reported else-
where, we have shown that the inhibitory effect of sex steroids
on gp130 mRNA and protein is accompanied by a decrease in
the amount of activated STAT complexes induced in response
to IL-6 type cytokines (57). Moreover, Romas et al. and Mu-
rakami-Mori et al. have found that anti-gp130 antibodies dose-
dependently inhibit IL-6-type cytokine-induced osteoclast for-
mation and the proliferation of Kaposi’s sarcoma cells in vitro,
respectively (52, 58). Furthermore, the decrease in gp130 in-
duced by all-trans retinoic acid is associated with inhibition of
IL-6-dependent human myeloma cell growth (56).

An increase in resorption as well as formation in remodel-
ing bone are well-established features of estrogen deficiency
in rodents and humans (1). The former, of course, exceeds the
latter, thus causing bone loss. We have recently shown that
ovariectomy in mice causes not only upregulation of osteo-
clastogenesis, but also an increase in the number of osteoblast
progenitors in the bone marrow, and that the latter change
is temporally associated with increased bone formation as
measured by changes in serum osteocalcin (Jilka et al., manu-
script submitted for publication). Furthermore, studies by
others and us strongly suggest that activation of the gp130 sig-
nal transduction pathway by IL-6-type cytokines promotes
osteoblast development (59-64). Hence, besides the osteo-
clastogenic effects of IL-6—-type cytokines in the estrogen-defi-
cient state, the same cytokines may also be playing a role in
the upregulation of osteoblastogenesis.

In conclusion, the evidence that sex steroid deficiency up-
regulates IL-6, gp80, and gp130 expression in the bone mar-
row, that loss of estrogen upregulates not only osteoclastogen-
esis, but also osteoblastogenesis, and that IL-6-type cytokines
may play a role in both processes, supports the hypothesis that
estrogen loss increases the production of IL-6 as well as the re-
sponsiveness of osteoclast progenitors, osteoblast progenitors,
and stromal/osteoblastic cells that support osteoclastogenesis
to IL-6 and related cytokines. Such a scenario could explain
both the increased osteoclastogenesis and osteoblastogenesis
that follows loss of gonadal function, and thereby the detri-
mental effect of such loss on the rate of bone remodeling and
skeletal homeostasis.
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