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TNF-a-Dependent Activation of NF-«B in Human
Osteoblastic HOS-TES85 Cells Is Repressed
in Vector-Averaged Gravity Using Clinostat Rotation
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Effects of vector-averaged gravity on tumor necrosis
factor (TNF)-a-dependent activation of nuclear factor
kappa B (NF-kB) in human osteoblastic HOS-TE85
cells were investigated by culturing the cells using
clinostat rotation (clinorotation). Cell cultures were
rotated for 72 h at 40 rpm in a clinostat. At the end of
clinorotation, the cells were treated with TNF-« for 30
min under stationary conditions. Electrophoretic mo-
bility shift assays revealed that TNF-a-dependent ac-
tivation of NF-kB was markedly reduced in the clino-
rotated cells when compared with the cells in control
stationary cultures or after horizontal rotation (mo-
tional controls). The NF-kB-dependent transactivation
was also impaired in the clinorotated cells, as evi-
denced by a transient transfection assay with a re-
porter plasmid containing multimerized NF-«B sites.
Consistent with these findings, the TNF-a-dependent
induction of endogenous NF-kB-responsive genes
pl05, IkB-«, and IL-8, was significantly attenuated in
clinorotated cells. These results demonstrate that
vector-averaged gravity inhibits the responsiveness of
osteoblasts to TNF-a by repressing NF-«B activation.
© 2000 Academic Press
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A number of paracrine and autocrine factors regu-
late proliferation, differentiation and gene expression
in osteoblasts. Among them, tumor necrosis factor
(TNF)-a, a cytokine synthesized in the bone microen-
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vironment, has been shown to exert pleiotropic effects
on osteoblasts by affecting synthesis of DNA and col-
lagen (1), osteocalcin (2), and proteolytic enzymes such
as metalloproteinases (3). In altered gravity, however,
either during space flights or after clinostat rotation
(clinorotation; vector-averaged gravity conditions) the
responses of osteoblasts to such hormones and cyto-
kines are markedly affected. For example, human os-
teosarcoma MG-63 cells cultured for 9 days in space
flight showed reduced induction of collagen, alkaline
phosphatase and osteocalcin mMRNA expression in re-
sponse to 1,25-dihydroxyvitamin D3 or transforming
growth factor B2 (4). Similarly, reduction in both basal
alkaline phosphatase activity and its induction by
treatment with 1,25-dihydroxyvitamin D3 was re-
ported in human osteoblastic HuO9 cells which under-
went clinorotation for 4 days (5). However, effects of
microgravity on responses of osteoblasts to TNF-a have
not been studied to date.

TNF-«a has been shown to exert its action, in various
cell types, by binding to a membrane receptor (TNF-R)
with subsequent activation of a dimeric transcription
factor NF-«B consisting of the Rel family proteins such
as p65 (RelA), p50, p52, c-Rel and RelB. In unstimu-
lated cells, NF-kB is sequestered in the cytoplasm
bound to an inhibitory protein 1kB. Several isoforms
such as IkB-a and I«B-B have been identified (6, 7).
TNF-a induces the activation of NF-«B by promoting
the phosphorylation and degradation of IkB. NF-«B,
which is released from IkB, translocates into the nu-
cleus, binds to the distinct regulatory element of the
target genes and controls their transcription (8, 9).
Although the signaling pathway of TNF-a has not yet
been fully defined in osteoblasts, we recently demon-
strated that TNF-« increases expression of interleukin
(IL)-6 and intercellular adhesion molecule-1 genes
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through activation of NF-«B consisting of p50-p65 het-
erodimer in osteoblast-like cells (10).

The clinostat is an effective, ground-based tool to
simulate microgravity (11-14). Clinorotation mimics
certain aspects of the microgravity environment by
nulling the gravitational vector through continuous
averaging. In the present study, we utilized this sys-
tem to investigate whether the vector-averaged grav-
ity, generated by clinorotation, affects TNF-a-depen-
dent activation of NF-«kB in human osteoblastic HOS-
TES8S cells.

MATERIALS AND METHODS

Cell culture. Human osteoblastic HOS-TE85 cells [ATCC CRL-
1543] which express osteoblast-like phenotypes (15, 16) were cul-
tured in Dulbecco’'s modified Eagle medium (DMEM) supplemented
with 10 mM Hepes (pH 7.4) and 10% fetal bovine serum. After the
cells grew to about 50% confluency, in 12.5-cm? flasks, the medium
was removed and the flasks were completely filled with fresh me-
dium and sealed with paraffin to eliminate air bubbles thus reducing
turbulence and shear forces during clinorotation. The cells were
divided into three groups: (i) stationary (control condition), (ii) hor-
izontal rotation (motional control for turbulence, shear forces and
vibrations) in which the flasks were rotated around the vertical axis,
and (iii) clinorotated cultures in which the flasks were rotated
around the horizontal axis to produce a vector-averaged environ-
ment. Details of the clinostat apparatus were previously described
(7). All cultures were placed in an incubator at 37°C. After 72-h
rotation at 10 or 40 rpm, the cells were treated with 50 U/ml recom-
binant human TNF-a (2.5 X 10° U/ug; Asahi Chemical Industry Co.
Ltd., Tokyo, Japan) for 30 min in stationary culture. The cells were
then harvested, and nuclear extracts were prepared for electro-
phoretic mobility shift assay as described previously (18). For North-
ern blot analysis, the cells were treated with TNF-a and 100 nM
phorbol 12-myristate 13-acetate (PMA; Sigma Chemical Co., St.
Louis, MO) for 6 h and 1 h, respectively, and total RNA was extracted
by the acid guanidium thiocyanate-phenol-chloroform-extraction
method (19). The cell proliferation was assessed by WST-1 assay
(Cell Counting Kit; Dojindo Laboratories, Tokyo, Japan) after 24-h
and 72-h rotation.

Electrophoretic mobility shift assay (EMSA). Details of the
EMSA procedure were described previously (20). The nuclear ex-
tracts (10 pg protein) were subjected to EMSA. The kBwt oligonu-
cleotide (5'-TCGAGCAGAGGGGACTTTCCGAGAGTCGA-3') con-
taining a canonical NF-«kB binding site identified in mouse gk
enhancer (underlined) (21) was labeled with [**P]dCTP and used as
a probe. The kBmu oligonucleotide (5'-TCGAGCAGAGCTCACTT-
TCCGAGAGTCGA-3') in which a mutation was introduced in the
NF-kB binding site (underlined) (22) and the unlabeled kBwt oligo-
nucleotide were used as competitors for displacement analysis with
50-fold molar excess. The supershift analysis employed anti-p65
antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and preim-
mune rabbit serum.

Transfection assay. The construction of a luciferase reporter
plasmid pGL3pro-3kB which is driven by a tandem repeat of three
NF-«kB-binding sites was described previously (18). The pGL3pro-
3kB plasmid (1 ng/flask) together with a a-galactosidase-expressing
plasmid (0.2 pg/flask; pSV-B-galactosidase control vector driven by
simian virus 40 early promoter and enhancer segments, Promega
Corporation, Madison, WI) were transfected into HOS-TES85 cells
using the calcium-phosphate method as described previously (23).
After a 16-h transfection, the flasks were filled with fresh medium
and subjected to clinorotation for 48 h. The cells were then treated
with 50 U/ml TNF-« for 4 h in stationary culture. The luciferase and
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B-galactosidase activities in the cell lysates were determined by a
luminometer (LB9501, Berthold, Germany). The enzyme activities
were normalized to the protein contents of cell lysates determined
with a microassay kit (BIO-RAD Laboratories, Hercules, CA).

Northern blot analysis. The detailed procedure was described
previously (24). After fractionation of 20 pg total RNA on 0.8%
agarose gel, the RNA was transferred onto a Gene Screen Plus
membrane (New England Nuclear, Boston, MA). The membrane was
hybridized with human 1kB-«, p105, IL-8, GAPDH (glyceraldehyde
3-phosphate dehydrogenase) and c-fos cDNA probes labeled with
[*P]dCTP. After hybridization, the membrane was subjected to
gquantitative analysis using BAS 2000 bioimage analyzing system
(Fuiji film Co., Tokyo, Japan) and then exposed to X-ray film. Human
pl105 and IkB-a cDNAs were synthesized by RT-PCR using mRNA
prepared from TNF-a-treated FRTL-5 cells and HOS-TE85 cells,
respectively. The primers for pl05 were 5-GATGGCCCATACC-
TTCAAATAT-3' and 5'-GGCTTTACTGTCATAGATGGCG-3" (25).
The primers for IkB-a were 5'-ATGTTCCAGGCGGCCGAGCG-
CCCCCA-3’ and 5'-TCATAACGTCAGACGCTGGCCTCC-3' (6). The
amplified PCR product was ligated into pGEM-T-easy plasmid (TA
cloning system; Promega). The authenticity of cDNA was verified by
DNA sequencing. The preparations of IL-8, GAPDH and c-fos cDNAs
were described in our previous reports (26, 27)

Enzyme-linked immunosorbent assay (ELISA) of IL-8. During
72-h clinorotation at 40 rpm, the cells were continuously exposed to
50 U/ml TNF-a. The concentrations of IL-8 in the media were deter-
mined by a human IL-8 ELISA kit (R&D systems Minneapolis, MN)
using a microplate reader (BIO-RAD).

Western blot analysis. The preparation of whole cell lysates and
procedure for Western blot analysis were described in our previous
report (28). The protein contents in the whole cell lysates were
measured by a microassay kit. Cell lysates containing 80 ug protein
were denatured and subjected to SDS-12% polyacrylamide gel elec-
trophoresis. The proteins in the gel were transferred onto Hybond-C
membrane (Amersham Life Sciences, Arlington Heights, IL). The
bands for 1kB-«, 1«kB-B, tumor necrosis factor-receptor 1 (TNF-R1),
and tumor necrosis factor-receptor 2 (TNF-R2) were visualized by
using each specific antibody (Santa Cruz) diluted at 1:500 and the
second antibody conjugated with alkaline phosphatase (Zeimed, San
Francisco, CA) diluted at 1:1000.

Statistical analysis. Results from different treatment groups
were subjected to one-way analysis of variance with Bonferroni test.
A P value smaller than 0.05 was considered to demonstrate statis-
tically significant differences.

RESULTS

Clinorotation Represses the Activation of NF-«xB
Induced by TNF-«

Figure 1A shows, by using the EMSA assay, that
treatment of HOS-TES85 cells in stationary cultures
with TNF-a induced a single protein/kBwt complex
(lane 2). This complex was displaced with excess
amount of unlabeled kBwt oligonucleotide (lane 4), but
not with kBmu oligonucleotide in which the NF-«B-
binding site was mutated (lane 5). Anti-p65 antibody
supershifted the complex (lane 7). However, pre-
immune rabbit serum did not affect the mobility of the
complex (lane 6). These results indicate that TNF-«
induces the activation of NF-«B containing p65 in con-
trol HOS-TES85 cells.

Quantified DNA-binding activity of NF-«B was in-
creased fivefold by TNF-«, over basal levels, in station-
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FIG. 1. Effects of clinorotation on TNF-a-dependent activation of NF-«kB in HOS-TE85 cells. (A) Nuclear extracts prepared from

HOS-TESS cells treated with or without 50 U/ml TNF-« for 30 min in stationary culture were subjected to EMSA using a **P-labeled kBwt
oligonucleotide as a probe. Displacement analysis was performed by using 50-fold molar excess of unlabeled kBwt (lane 4) and xBmu (lane
5) oligonucleotides as competitors. Subunits of NF-kB were characterized by supershift analysis employing antibody directed against p65
(lane 7) and preimmune rabbit serum (pre, lane 6). (B and C) The cells were cultured in (i) stationary conditions for 72 h, (ii) under
clinorotation at 10 rpm and 40 rpm for 72 h, or (iii) under horizontal rotation at 10 rpm and 40 rpm for 72 h. They were then treated with
or without TNF-« (50 U/ml). After a 30-min stationary incubation, the cells were harvested, and the nuclear extracts were subjected to EMSA
using a kBwt oligonucleotide as a probe. The experiment was performed in duplicate. The radioactivity of the bands were measured by the
BAS 2000 system. The data are presented as percentage of the levels of the untreated cells in stationary culture. The data are expressed as
mean = range. Similar results were obtained from two separate experiments.

Clinorotation Decreases NF-«kB-Dependent
Transactivation

ary cultures (Fig. 2B). However, after culturing cells
for 72 h under clinorotation at 10 or 40 rpm, the mag-
nitude of TNF-a-dependent increase in NF-xB binding

activity was attenuated in a rotation speed-dependent We next examined whether NF-kB-dependent gene

manner. Approximately 50% reduction in the binding
activity was measured in cells which underwent clino-
rotation at 40 rpm. In contrast, the extent of TNF-a-
dependent increase in the binding activities in the cells
after horizontal rotation (motional controls) at either
10 or 40 rpm were similar to that observed in the
stationary control culture (Fig. 2C). These results dem-
onstrate that clinorotation represses the TNF-a-
dependent activation of NF-«B.

expression is altered by clinorotation. We performed a
transient transfection assay using a reporter plasmid
containing a luciferase gene driven by multimerized
NF-«B sites (pGL3pro-3kB). As shown Fig. 2A, the
luciferase activity in the cells transfected with
pGL3pro-3kB was markedly increased by TNF-a by
more than threefold in stationary cultures. A similar
induction was also observed in cultures subjected to
horizontal rotation. In contrast, after 40-rpm clinoro-
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FIG. 2. Effects of clinorotation on TNF-a-dependent transactivation of NF-«B in HOS-TES85 cells. Cells were transiently transfected with
pGL3pro-3«B containing a luciferase reporter gene driven by multimerized NF-«B sites, together with B-galactosidase-expressing plasmid
(pSV-B-gal). After a 16-h transfection, the cells underwent the clinorotation (40 rpm), horizontal rotation (40 rpm) or stationary culture for
48 h, and then the cells were treated with or without TNF-a (50 U/ml) for 4 h in stationary culture. The luciferase and B-galactosidase
activities in cell lysates were determined, and normalized by the protein contents of the lysates. The data are presented as percentage of the
levels of the untreated cells in stationary culture, and expressed as mean = SD (n = 3). Similar results were obtained from a separate
experiment. *P < 0.05 vs horizontal rotation with TNF-a.
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FIG. 3. Clinorotation suppresses the induction of endogenous NF-«B target genes by TNF-a. After 72-h clinorotation (40 rpm), horizontal
rotation (40 rpm) or stationary culture, the cells were treated with or without TNF-« (50 U/ml) for 6 h. Total RNA was subjected to Northern
blot analysis using p105 (A), IkB-a (B), IL-8 (C) and GAPDH (D) cDNAs as probes. Experiment was performed in triplicate. After the
radioactivity of the bands were measured by the BAS 2000 system, the mRNA levels were normalized by the GAPDH mRNA levels, and then
expressed as a percentage of the level of the stationary untreated cells. The data are expressed as mean = SD (n = 3). *P < 0.05 vs
horizontal rotation with TNF-«. Similar results were obtained from a separate experiment.

tation, a significant decrease in the induction was
found in comparison to that of stationary or horizontal
rotation controls. While the basal level under clinoro-
tation was somewhat lower than stationary or horizon-
tal controls, this difference was not statistically signif-
icant. These results demonstrate that the reduction in
DNA-binding activities of NF-«kB consequent to clino-
rotation leads to the reduced expression of the reporter
gene. This effect appears to be specific, because the
expression of B-galactosidase reporter gene (which is
not driven by NF-«B sites) did not differ among the
three culture conditions (Fig. 2B).

Effects of Clinorotation on Expression of Endogenous
Target Genes for NF-«B

It has been reported that the 1«B-«, p105 (a precur-
sor of p50), and IL-8 genes are targets of NF-«B. In-
deed, as shown in Fig. 3, Northern blot analysis re-
vealed that TNF-a markedly increased these three
MRNA levels in stationary cultures (Figs. 3A-3C). In
the cells under horizontal rotation, the basal levels and
the magnitude of their increase by TNF-«a were similar
to those observed in stationary cultures. However, in

cultures subjected to clinorotation, the magnitude of
the increase in these mMRNAs was significantly de-
creased. In contrast, GAPDH mRNA levels were not
affected by TNF-« after clinorotation (Fig. 3D).

Consistent with the change in the mRNA levels,
concentrations of IL-8 in the medium were markedly
increased by TNF-« in stationary cultures, and this
increase was significantly attenuated in cells which
underwent clinorotation (Fig. 4). These results clearly
show that down-regulation of NF-«B also resulted in
the decreased expression of its endogenous target
genes.

Effects of Clinorotation on c-fos Expression,
Degradation of 1kB-«, and Cell Growth

We next examined the effects of clinorotation on
PMA-dependent induction of c-fos gene. HOS-TE85
cells that underwent clinorotation at 40 rpm for 72 h
were treated with 100 nM PMA for 1 h, and Northern
blot analysis was performed. As shown in Fig. 5A, PMA
induced a marked increase in c-fos MRNA levels in the
cells under stationary and horizontal cultures. Similar
induction was also observed in the cells under clinoro-
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FIG. 4. Clinorotation represses TNF-a-dependent IL-8 secretion
in HOS-TESS cells. At the beginning of 72-h clinorotation (40 rpm),
TNF-a (50 U/ml) was added to the culture medium. The concentra-
tions of IL-8 in the media were determined by ELISA. The data
are expressed as mean = SD (n = 4). *P < 0.05 vs stationary
control with TNF-a. Similar results were obtained from a separate
experiment.

tation. These results again suggest that the effect of
clinorotation is specific to TNF-a-NF-«B pathway.

To elucidate possible mechanisms involved in the
reduced activation of NF-«kB by TNF-a under clinostat
conditions, we studied the expression of TNF receptor
1 (TNF-R1), TNF-R2, IkB-a and I«B-B. Western blot
analysis showed that the cellular levels of these pro-
teins were not changed by 72-h clinorotation (data not
shown). Also, degradation of IkB-« in response to the
treatment with TNF-« for 30 min after clinorotation
was not altered when compared to those after station-
ary and horizontal cultures (Fig. 5B). Cell proliferation
rates were assessed after 24-h and 72-h clinorotation
by WST-1 assay. Percent changes in cell number were
as follows: 24 h after stationary culture 100 = 16.8%
(mean *= SD), 24 h after clinorotation 95.69 *= 19.1;
72 h after stationary culture 100 * 6.26%, 72 h after
clinorotation 95.74 =+ 11.9%. These results indi-
cated that cell proliferation rates were not altered by
clinorotation.

DISCUSSION

The present study demonstrates for the first time
that cells subjected to vector-averaged gravity (simu-
lated microgravity) conditions using clinostat rotation
represses the TNF-a-dependent activation of NF-kB in
human osteoblastic HOS-TES85 cells. Consistent with
the impairment of NF-«kB activation, the NF-«B-
dependent transactivation of a luciferase reporter gene
and the endogenous genes, I«B-«, p105, and IL-8, were
also significantly suppressed by clinorotation, but not
by horizontal rotation which serves as a motional con-
trol. The effect of clinorotation can be attributed to the
vector-averaged gravity condition, because cells under

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

horizontal rotation, which controls for turbulence,
shear forces, and vibrations, responded to TNF-«a to a
similar extent found in stationary control cultures.

The clinostat simulates the microgravity of space by
doing two things: (i) it produces a vector-averaged
gravity environment. When the “g” vector is averaged,
its value becomes theoretically zero, and (ii) the
clinostat, working as a low level centrifuge, produces a
small centrifugal force. This force (which could cancel
out the vector-averaged environment, if it were large
compared to “g” the gravity force) can be calculated
using an estimation of the cell mass (in the 10 X g
range), the distance from the axis of rotation (less than
15 mm) and the speed of rotation (less than 100 rpm).
The calculated value of the centrifugal force, under
these conditions, is about 10 * to 10 °g (29-31). Thus,
the expected “g” force value during clinorotation be-
comes less than 10 °g (note that the “g” force value
itself while still existing on earth has a vectorial value
of zero due to the continuous averaging produced in the
clinostat by the rotation of the cultured cells). This
value is within the definition of the “microgravity” of
space where the gravity vectorial force is reduced to
about 10 °g (32).

It should be noted that vector-averaged gravity did
not affect the B-galactosidase activity in the transfec-
tion experiments. The B-galactosidase gene in pSV-g-
gal plasmid is driven by simian virus 40 early
promoter, which was shown to be activated by a
ubiquitous transcription factor Sp-1 (33). It is thus
considered that Sp-1 activity is not affected by vector-
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FIG. 5. Effects of clinorotation on c-fos expression and degrada-
tion of IkB-a. After 72-h clinorotation (40 rpm), horizontal rotation
(40 rpm) or stationary culture, HOS-TES85 cells were treated with
100 nM PMA for 1 h (A) or 50 U/ml TNF-« for 30 min (B). Total RNA
extracted from the PMA-treated cells was subjected to Northern blot
analysis using human c-fos cDNA as a probe. Whole cell lysates from
TNF-a-treated cells were subjected to Western blot analysis using
anti-1«B-a antibody.
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averaged gravity. Similarly, GAPDH mRNA levels
were also unaffected by clinorotation. In addition, the
expression of c-fos, another inducible transcription fac-
tor, was not affected by clinorotation. These results
indicate that vector-averaged gravity exerts a specific
effect on TNF-a-dependent activation of NF-«B.

Repression of TNF-a-dependent activation of NF-«xB
by clinorotation could be caused by reduction in TNF-R
number or by an increase in IkB content. We thus
examined the amounts of TNF-R1, TNF-R2, I«kB-« and
IkB-B, and the degradation of 1kB-«a in response to
TNF-a after clinorotation. However, these parameters
were not altered. Previous reports have demonstrated
that actual microgravity (space flight) and its simula-
tion via clinorotation are associated with alterations to
the cytoskeleton of osteoblasts (17, 34). Such an alter-
ation may provide a clue to the mechanism involved in
the findings we report here. Thus, the altered cytoskel-
etal network may impair the translocation of NF-«B to
the nucleus or the trafficking of NF-«xB/IkB kinases in
these cells.

In summary, we show here that the TNF-a-
dependent induction of several endogenous NF-«B tar-
get genes was suppressed in osteoblastic cells cultured
under vector-averaged gravity conditions. Considering
the wide variety of target genes of NF-«kB (8, 9), im-
pairment of the NF-«B activation would affect various
functions of osteoblasts such as cell growth and differ-
entiation, as well as responses to hormones and cyto-
kines, which in turn might disturb normal bone remod-
eling and lead to the development of bone atrophy
which has been reported to take place in humans and
animals after space flight (35-37).
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