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ABSTRACT

The mechanism by which the prote-oncogene, c-fos, is up-regulated
in response to PGE, in the mouse osteoblastic (MC3T3-E,) cell line
was investigated using RT-PCR. c-fos messenger RNA up-regulation
by dmPGE, is rapid, starting 10 min post stimulation, and transient.
The specific protein kinase A (PKA) inhibitor, H89, inhibited c-fos
induction. Moreover, down-regulation of protein kinase C (PKC) ac-
tivity by chrontic TPA treatment had no effect on the induction of ¢-fos
by dmPGE,. We conclude that up-regulation of ¢-fos by dmPGE, is
primarily dependent on PKA in MC3T3-E, osteoblasts. In 549 lym-
phoma wild-type but not S49 cyc cells, which are deficient in cAMP

signaling, dmPGE, up-regulates c-fos and increases cell growth com-
pared with unstimulated cells. Thus in S49 lymphoma cells, c-fos
induction by PGE, is also dependent on cAMP signaling. The minimal
c-fos promoter region required for dmPGE,-induced expression was
identified by transfecting c-fos promoter deletion constructs coupled
to the chloramphenicol acetyltransferase (CAT) reporter gene into
Vero cells. Transfection of a plasmid containing 99 bp c-fos proximal
promoter was sufficient to direct c-fos/CAT expression following stim-
ulation with dmPGE,. Because induction of c-fos is mediated by
cAMP, these data are consistent with activation of c-fos via the CRE/
ATF cis element. (Endocrinology 141: 291-298, 2000)

N IMPORTANT regulator of bone remodeling is the

arachidonic acid metabolite, prostaglandin E, (PGE,)

(1-3). PGE, is synthesised by osteoblasts and has been shown

to promote new bone formation in whole animals (4-6), and
osteoblasts in vivo (7, 8).

Mechanical loading stimulates PGE, secretion in osteo-
blasts and osteoblastic cell lines to increase local bone for-
mation (1, 8). However, in space flight under conditions of
microgravity, where mechanical loading is reduced, the rate
of new bone formation is decreased (9-12). This loss of bone
in microgravity, or space osteoporosis, has been attributed to
a reduction in osteoblastic function (9) although there are
very little data to address this question. In cultured
MC3T3-E, osteoblasts flown in space, steady-state synthesis
of PGE, is reduced together with a decrease in glucose uti-
lization and DNA synthesis (13). Therefore, PGE, may act as
a general mechanical or gravitational sensing factor whereby
under conditions of increased mechanical loading it is syn-
thesized and released to stimulate bone growth, but under
conditions of very little loading its synthesis is down-regu-
lated and bone growth is reduced. Several signal transduc-
tion pathways are known to be perturbed in response to
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microgravity in experiments performed in simulated micro-
gravity (14, 15) and in experiments aboard sounding rockets
(16, 17) and on recent space shuttle flights (18), including
changes in growth factor-induced signal transduction (19)
and protein kinase C levels (20, 21). Thus, in addition to direct
effects on PGE, synthesis and release, indirect effects on
signaling pathways upstream of PGE, may explain the de-
crease in PGE; levels observed in microgravity. However, the
molecular mechanism of prostaglandin-induced bone
growth regulation under normal conditions is not well
understood.

At the molecular level, an increase in messenger RNA
(mRNA) level for the proto-oncogene c-fos is associated with
the PGE,-induced increase in osteoblast cell growth (22). c-fos
is one of a family of transcription factors that include c-fos,
fosB, fra-1, fra-2. Recognition elements for the AP-1 complex
are found in the promoter regions of several genes involved
in the growth and mineralization of bone including osteo-
calcin, alkaline phosphatase, and type I collagen. Transgenic
mice overexpressing c-fos, develop osteosarcomas early in
development (23), and c-fos null mice transgenes although
not lethal, develop severe osteopetrosis and have deficiencies
inbone remodeling and altered hematopoiesis (24, 25). These
studies indicate that regulation of c-fos gene expression is
important for normal bone development (26-28).

The mechanism of PGE,-induced up-regulation of c-fos has
been investigated in several cell types. In Swiss 3T3 fibro-
blasts and glomerular mesangial cells, PGE, stimulates c-fos
via a PKC-mediated mechanism (29, 30). However, in the
osteoblast-like cell line, UMR 106-01, and a strain of Swiss
3T3 fibroblasts, ¢-fos mRNA accumulation appears to be de-
pendent on cellular cAMP and PKA but not PKC (31, 32). The
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differential composition of cell surface prostaglandin recep-
tor subtypes may explain these differences in response to
PGE, between cell types.

In this report, we investigate how PGE, exerts its stimu-
latory effect on c-fos gene transcription in MC3T3-E, osteo-
blasts. We find that c-fos induction occurs primarily by ac-
tivation of PKA and that elements required for c-fos
activation by dmPGE, reside within the proximal 99 bp of the
¢-fos promotor.

Materials and Methods
Materials

aMEM and DMEM were purchased from Fisher Scientific (Pitts-
burgh, PA). 16, 16-Dimethyl prostaglandin E, was from Cayman Chem-
ical Co. (Ann Arbor, MI). 8-bromo-cAMP was obtained from Biomol
(Plymouth Meeting, PA). 12-O-Tetradecanoylphorbol 13-acetate (TPA)
and H-89 were from LC Laboratories (Woburn, MA). H-7 was from
Calbiochem (La Jolla, CA). Indomethacin was from Sigma (St. Louis,
MO). FCS was from HyClone Laboratories, Inc. (Logan, UT). Vero, 549
wild-type (wt) and $49 adenylate cyclase mutants (cyc) cells, L-glu-
tamine and HEPES buffer and Opti-MEM were obtained from the Uni-
versity of California Cell Culture Facility (San Francisco, CA). Moloney
murine leukemia virus (MMLYV), Tag DNA polymerase, Lipofectamine,
and the green florescent protein vector, pGreen Lantern, were from Life
Technologies, Inc. (Grand Island, NY). RNase inhibitor was from Roche
Molecular Biochemicals (Indianapolis, IN). Oligonucleotides were or-
dered from Operon Technologies Inc. (Alameda, CA).

Cell culture

The MC3T3-E, cell line was clonally derived from embryonic mouse
calvaria (33). Cells were plated and grown to confluence in «MEM
containing 10% FCS. Cells were serum deprived for 16—18 h before the
start of each experiment by incubation in media containing 1% FCS. We
have determined that c-fos mRNA increase is maximal at a concentration
of 4 pg/ml (11 um) of dimethyl prostaglandin E, (dmPGE,), a stable
analog of PGE,, in serum-deprived, confluent MC3T3-E, osteoblasts
(Fig. 2). Confluent cultures of osteoblasts were treated for 30 min to 2 h
with various agents as stated in the figure legends and then with 4
ug/ml of dmPGE, or 500 um 8-bromo-cAMP for 30 min. Vero cells were
cultured in @MEM containing 10% FCS as described for osteoblasts. 549
cells were grown in DMEM supplemented with 10% heat inactivated
horse serum, antibiotic, 20 mM L-glutamine and 0.11 mg/ml sodium
pyruvate. 549 cells were serum deprived for 1618 h in 4% heat inac-
tivated horse serum before each experiment. Cell counts were performed
in a ZBI Coulter counter cell number is reported * sp.

RNA isolation, RT, and PCR

RNA from cultured MC3T3-E, osteoblasts was isolated using a mod-
ified guanidinium thiocyanate method based on the protocol previously
described by Chomczynski and Sacchi (34). RNA was quantitated and
1.5 ug was added to an RT reaction in 30 ul containing 50 mm Tris-HCl
(pH 8.3), 75 mm KCl, 3 mm MgCl,, 1 mm dNTPs, 1.67 um oligo d(T)
primer, 6.67 U of MMLYV, 0.67 U of RNase inhibitor. The RT reaction was
incubated at room temperature for 10 min, then at 42 C for 45 min and
72 C for 10 min. The reaction was stopped by incubation at 99 C for 5
min. Five microliters of complementary DNA (cDNA) from the RT
reaction was added directly to a 50 ul PCR. The amplification conditions
were as follows: 94 C/100 sec, 63 C/70 sec, 72 C/100 sec. c-fos was
amplified for 30 cycles and CPH1 for 24 cycles. Oligonucleotide primers
were designed to span at least one intron to detect any contaminating
genomic DNA carried over from the RNA isolation step and to assume
determination of RNA alone. c-fos primer sequences have been previ-
ously described (35) and CPH1 primer sequences were designed from
GenBank sequences by M. H. F. as follows: cyclophilin, CPH1-F primer,
5'-CGT CTC CTT TGA GCT GTT TGC AGA C-3" and CPH1-R primer,
5'-CAT AAT CAT AAA CTT AAC TCT GCA ATC CAG C-3' for mouse,
the product size is 622 bp. Primers for actin were developed by MHF
from published GenBank sequences for B-actin. These primers detect 8-
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and x-actin in the mouse at 656 bp and 620 bp. The cycle parameter of
the polymerase reactions of each gene was established so that the PCR
product analysis was in linear amplification range, allowing the amount
of PCR products to be accurately quantified and compared between
experiments. As a part of this strategy, small variations between exper-
iments were corrected by comparison to CPH1 PCR products derived
from the same RT reaction. Hence, the level of c-fos expression is semi-
quantitative relative to CPHI1. The RNA content was held constant;
linear RT-PCR was accomplished by varying the number of PCR cycles.
RT conditions were established so that the RNA was not limiting and
the PCR amplification reaction was stopped in the linear rage and
reaction products could be accurately quantified and compared. PCR
bands were identified by size after electrophoresis on a 2% agarose gel,
stained with ethidium bromide, and photographed with a Polaroid
camera over a UV lightbox. For quantification, the bands of interest were
scanned at 400 dpi with HP Scanjet licx scanner (Hewlett-Packard Co.;
Palo Alto, CA) and stored as Macintosh TIFF files. The peak areas and
densities were determined using NIH Image 1.55 matching software
(National Institutes of Health; Bethesda, MD).

c-fos promoter reporter gene constructs

To determine the minimal c-fos promoter required to direct PGE,-
inducible expression, a series of c-fos proximal promoter fragments were
cloned upstream of the chloramphenicol transferase (CAT) and pGreen
Lantern Green Florescent reporter plasmids (pGL). The four CAT/c-fos
constructs, pFC99, pFC225, pFC700, pFC2000 (kindly provided by R.
Roeder, Rockerfeller University) contain 99 bp, 225 bp, 700 bp and 2,000
bp of the proximal c-fos promoter, respectively (36). pGLcfos225 contains
225 bp of c-fos proximal promoter and were derived from pFC225.
pFC225 was digested with Xhol and Xbal, the ends blunted and the
resulting 225-bp fragment cloned into the Smal site of the pGL. The 5’
and 3’ ends of pGLcfos225 was sequenced to confirm identity and
orientation.

Transient transfections

cDNAs were transfected into Vero cells using a standard Lipo-
fectamine protocol. Briefly, cells were plated onto round 22 mm cov-
erslips in 6-well multiwell plates and grown to 80% confluence in 5%
FCS aMEM. 2 h before transfection the medium was removed and 0.5%
FCS aMEM plus indomethacin was added. Three micrograms of plas-
mid ¢cDNA was added to 10 pl of Lipofectamine in 200 ul of Opti-MEM
(serum and antibiotic-free) and incubated at room temperature for 30
min. For the CAT reporter gene transfections, a plasmid containing the
B-galactosidase gene (pSV-B-gal) was co-transfected with the CAT con-
structs to determine transfection efficiencies. Eight hundred microliters
of Opti-MEM was added to the DNA /Lipofectamine mix and added to
the cells, which had previously been rinsed with Opti-MEM. The trans-
fection was allowed to proceed for 5 h at 37 C and stopped by replacing
the medium with 0.5% FCS aMEM supplemented with the cyclooxy-
genase inhibitor indomethacin. At this time, 4 pg/ml dmPGE, or 5
ug/ml octanoic acid was added to the appropriate wells. After 30 h, cells
were lysed and extracts prepared for standard CAT and g-galactosidase
assays. Extracts for CAT assays were treated at 60 C for 10 min to
inactivate endogenous acetylases. Chloramphenicol and its acetylated
forms were separated by ascending TLC. The GFP fluorescence was
examined after 24 h with a Carl Zeiss Axioscope (Oberkochen, Germa-
ny), using a FITC filter.

Results

Consistent with an earlier unpublished observation is the
finding that dmPGE, significantly (P < 0.0001, Student’s ¢
test) increased the growth of serum-deprived MC3T3-E, cells
156% after 24 h when compared with untreated cells (control,
2.17 X 10*+ 0.13 X 10* ; dmPGE,-treated, 5.56 X 10* + 0.24 X
10* new cells). Associated with PGE,-induced mitogenesis
was an increase in c-fos gene induction within minutes of
addition Fig. 1 (22, 37). To the maximize time and dose of the
effect, we ran concentration dose response curves and time
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c-fos

F1c. 1. Time course for PGE,-induced
up-regulation of c-fos mRNA. Confluent
osteoblast cultures were grown over-
night in low serum media (1% FCS
«MEM) and treated with dmPGE, for
the times indicated (minutes). The RNA
was isolated, subjected to RT and PCR
as described in Materials and Methods.
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Fic. 2. c-fos response of ostecblasts to increasing amounts of
dmPGE, Osteoblast cultures were down-regulated in 2% FCS «dMEM
media for 48 h before addition. dmPGE, was added directly to de-
pleted media for 30 min before collection of RNA. RT-PCR was per-
formed on both B-actin and c-fos. The B-actin primers produced dual
bands, the lower being identified as x-actin, the upper band of B-actin
was used as the housekeeping gene for quantification. The amount of
c-fos induced by prostaglandin relative to B-actin is seen in the lower

graph.

curves (Figs. 1 and 2) To investigate the timing of PGE-
induced increase in c-fos mRNA, 4 pg/ml of dmPGE, was
added to serum-deprived confluent MC3T3-E, osteoblasts
for various times and changes in mRNA assayed by RT-PCR
(Fig. 1). An increase in c-fos mRNA levels was first detected
10 min after the addition of dmPGE, and was maximal after
25 min, where the increase was 15- to 20-fold above control
levels (no added dmPGE,). However, c-fos mRNA up-reg-
ulation was transient and decreased to near nonstimulated
levels 90 min after dmPGE, stimulation. To determine if the
c-fos response was relative to concentration of PGE,, cells
were incubated with varying doses of prostaglandin for 30
min. As seen in Fig. 2, the osteoblasts respond to as little as
0.5 ug/ml of PGE2 with maximum stimulation at 4 ug/ml.
This finding is consistent with our previous work that
showed growth was maximal at 4 pg/ml (37).

To determine whether new protein synthesis is required
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for the induction of c-fos, the cells were treated with the
translation inhibitor, cycloheximide (10 wg/ml), 1 h before
the addition of dmPGE, (Fig. 3A). Because dmPGE, induced
c-fos in the presence of cycloheximide, no new protein syn-
thesis is required for c-fos up-regulation. To show that the
c-fos mMRNA represents new transcription, the cells were pre-
treated with the transcription inhibitor, actinomycin D (1
png/ml), 30 min before dMPGE, treatment. As shown in Fig.
3A, lane 4, c-fos was not induced in the presence of actino-
mycin D, indicating that increased c-fos represents newly
transcribed c-fos mRNA. Treatment with actinomycin D or
cycloheximide alone did not induce c-fos (not shown). The
rapid onset of induction and the fact that no new translation
is required for up-regulation suggests that a second mes-
senger mechanism is responsible for PGE,-dependent induc-
tion of c-fos.

It has been reported that in quiescent glomerular mesan-
gial cells, addition of 8-bromo-cAMP (8-Br-cAMP), a cAMP
analog, or forskolin (38), a stimulator of adenylate cyclase
failed to increase levels of c-fos mRNA, indicating that in-
creased cAMP levels do not activate c-fos in these cells (30).
We asked whether cAMP could increase c-fos in MC3T3-E,
cells. When 500 um 8-Br-cAMP (Fig. 3B, lane 3; Table 1) or
20 uMm forskolin (Fig. 3C, lane 3; Table 1) was added to
serum-deprived osteoblasts for 30 min, c-fos mRNA levels
increased to a level comparable with mRNA levels following
dmPGE, stimulation indicating that by raising cAMP levels,
it is possible to induce c-fos in MC3T3-E,; cells. Treatment
with the potent PKC activator TPA for 30 min in the absence
of dmPGE, induced c-fos 1.5-fold above the level of dmPGE,
stimulation alone (Fig. 3B, lane 4; Table 1), indicating that
activation of TPA-sensitive PKC can induce c-fos in MC3T3-
E, cells.

Because agents that stimulate PKA and PKC induce c-fos
in MC3T3-E, cells, we wanted to determine by which path-
way(s) PGE, mediates stimulation of c-fos transcription.
Short exposure to TPA stimulates PKC activity and overnight
treatment down-regulates PKC activity (39), therefore we
asked whether the dmPGE,-mediated up-regulation of c-fos
mRNA was acting through a PKC mechanism. In serum-
depleted MC3T3-E, cells, 16 h incubation with TPA (1.6 um)
did not abolish induction of c-fos by dmPGE, or 8-Br-cAMP
(Fig. 3B, lanes 5 and 6; Table 1). In contrast, 16 h TPA treat-
ment followed by TPA treatment for 30 min did prevent
induction of c-fos (lane 7) This control confirms that PKC
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Fia. 3. Effect of various agents on dmPGE, and 8-Br-cAMP-induced
¢-fos mRNA levels. Confluent osteoblast cultures were grown over-
night in low serum media (1% FCS aMEM). RNA was isolated, subject
to RT and PCR as described. All dmPGE, (4 ug/ml) and 8-Br-cAMP
(500 uM) treatments were for 30 min A, Effect of cycloheximide and
actinomycin D on dmPGE,-induced c-fos mRNA levels. Cyclohexi-
mide (10 pg/ml) and actinomyein D (1 ug/ml) were added 2 h before
dmPGE, treatment. B, Effect of TPA on dmPGE, and 8-Br-cAMP-
induced c-fos mRNA levels. A total of 1.6 uM TPA was added for the
times indicated before dmPGE, or 8-Br-cAMP treatment. C, Effect of
forskolin on c-fos mRNA levels. dmPGE, (4 pg/ml) and forskolin (20
uM) were added for 30 min

activity is down-regulated by chronic TPA treatment. Be-
cause the induction of c-fos by dmPGE, or 8-Br-cAMP is
unaltered when PKC is down-regulated, c-fos induction is
not likely to be dependent upon activation of PKC. These
data suggest that c-fos induction by dmPGE, is mediated by
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cAMP and PKA but not by TPA-sensitive PKC in MC3T3-E,
cells.

To investigate further, we examined the effect of protein
kinase inhibitors on the dmPGE, induction of c-fos. Treat-
ment with the nonspecific kinase inhibitor H-7 (40) (Fig. 4,
lanes 6 and 7; Table 1) reduced the dmPGE, and 8-Br-cAMP-
induced c-fos mRNA level to 21% and 33% of dmPGE,-
induced and 8-Br-cAMP-induced levels, respectively, indi-
cating that c-fos up-regulation requires the activation of a
protein kinase. Addition of the specific protein kinase An
inhibitor, H-89 (30 um) (41), reduced dmPGE, and 8-Br-
cAMP-induced c-fos mRNA to 24% and 37%, respectively,
suggesting that PKA is required for c-fos up-regulation (Fig.
4, lanes 8 and 9, and Table 1).

To further understand the mechanism of up-regulation of
c-fos by dmPGE, we examined the effect of dmPGE, on $49
lymphoma wild-type and cyc cells. S49 cyc™ cells are defi-

TABLE 1. Summary of effects of various agents on c-fos mRNA
levels

Treatment c-fos mRNA level (% of control)

A

Control (No PGE, or 8-Br-cAMP) 10.6 + 0.9

500 uM 8-Br-cAMP 102.1 + 9.7

20 uM forskolin 82.3 £5.2

1.6 um TPA, 30 min 153.3 £ 9.8

1.6 um TPA (ON) + dmPGE, 86.0 + 8.3

50 um H7 + dmPGE, 214+ 84

30 uMm H89 + dmPGE, 24.0 + 6.1
B

50 um H7 + 8-Br-cAMP 33.3 £ 49

30 uM H89 + 8-Br-cAMP 370 £ 115

MC3T3-E; osteoblasts were grown to confluence in «MEM con-
taining 10% FCS and then grown for 16 h in medium containing 1%
FCS before the experiment. Agents were added for 30—120 min before
the addition of dmPGE, or 8-Br-cAMP. RNA was isolated and RT-PCR
performed as described in Materials and Methods. Data are presented
as a percentage of dmPGE2 (A) or 8-Br-cAMP (B) -induced c-fos
mRNA levels. dmPGE, (4 pug/ml) and 8-Br-cAMP (500 uM) treatment
was for 30 min. Values represent the means and sEs of four to seven
experiments. ON, Overnight; TPA, 12-O-tetradecanoylphorbol 13-
acetate.
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Fic. 4. Effect of kinase inhibitors on c-fos mRNA levels. Serum-de-
prived MC3T3-E; osteoblasts were grown, after RNA was isolated
RT-PCR performed as described in Materials and Methods. All
dmPGE, (4 pg/ml) and 8-Br-cAMP (500 uMm) treatments were for 30
min. H-7 (50 uM) was added for 30 min, and H89 (30 um) for 60 min
before dmPGE, or 8-Br-cAMP treatment.
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cient in cAMP-mediated intracellular signaling because they
lack the Gsa subunit of the af+y heterotrimeric complex that
binds to G protein-coupled surface receptors. A total of 5.6 X
10° $49 wild-type and cyc’ cells were plated and grown for
16 h in low serum medium, then counted and either dmPGE,
or vehicle (ethanol) was added. After 24 h, the cells were
counted again and the increase in cell number determined.
Treatment with dmPGE, for 24 h caused a 31% increase
(3.49 X 10° * 0.16 X 10° new cells) (P < 0.005, Student’s f test)
in cell number compared with untreated control cells (2.67 X
10° = 0.12 X 10° new cells). In S49 cyc” cells, no significant
change in growth was detected (dmPGE2-treated, 1.66 X 10°
+ 0.03 X 10° new cells; control, 1.94 X 10° = 0.25 X 10° new
cells). Because a significant increase in cell number was de-
tected in wild-type cells, the data suggest that dmPGE,-
induced growth in 549 cells is mediated via a cAMP-depen-
dent mechanism. To further examine this mechanism, we
asked whether dmPGE, could induce expression of c-fos in
S49 wild-type and cyc mutant cells. Addition of dmPGE, for
30 min increased c-fos mRNA levels in wild-type but not cyc
549 cells (Fig. 5). To ensure that other components of the
cAMP signaling pathway are present, cyc cells were treated
with forskolin. Forskolin induced c-fos in both wt and to a
lesser extent in cyc” cells, indicating that the cAMP-signaling
pathway downstream from the Gsa subunit is largely intact.
Differences in response of the two cell types to forskolin have
been noted previously and include a delay in activation of
¢AMP accumulation in wild-type but not cyc cells, and a lack
of desensitization of adenylate cyclase in wild-type cells (42).
These differences in response to forskolin may have contrib-
uted to a reduced activation of c-fos by forskolin in cyc cells.
The data suggest that, in 549 cells, dmPGE, induces the c-fos
gene by raising cAMP levels via activation of a G protein-
coupled receptor of the subtype that activates adenylate
cyclase.

Because we have evidence that cAMP plays a major role
in c-fos induction by dmPGE, in MC3T3-E1 osteoblasts and
549 cells, we asked whether the c-fos promoter region con-

S49 wt S49 cyc-

dmPGE2
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control

dmPGE2
forskolin
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FiG. 5. Effect of dmPGE, on c-fos mRNA levels in S49 wild-type and
cyc” lymphoma cells. S49 cells were seeded at a density of 600,000
cells/ml and incubated in low serum for 16 h. Following each treat-
ment the cells were briefly centrifuged to pellet cells, and the RNA
isolated immediately and subjected to RT and PCR as described in
Materials and Methods. dmPGE, (4 pg/ml) and forskolin (20 puM)
treatment was for 30 min.

taining the cAMP response element (CRE) mediated PGE,-
specific expression. Because MC3T3-E, cells start to enter
apoptosis when left in NSAID for extended periods, we
tested the constructs in Vero cells that maintain well in
NSAID. Four different length c-fos promoter constructs that
contain 99 bp, 225 bp, 700 bp, and 2, 000 bp of the cfos
promoter were transfected into Vero cells (Fig. 6B). In cells
transfected with two of the c-fos CAT constructs, pFC225 and
pFC99, PGE, specifically up-regulated c-fos-directed CAT
expression approximately 6- to 10-fold (lanes 8 and 11). CAT
expression directed by pFC700 and pFC2000 was indepen-
dent of dmPGE, treatment (lanes 1-5). This is not unexpected
because several other cis-acting elements are present in the
region between base pairs 225 and 700 upstream of the CAP
site, including the serum response element, which can stim-
ulate c-fos expression (6A). The structurally related fatty acid,
octanoic acid, failed to stimulate CAT expression in cells
transfected with pFC225 and pFC99, indicating that the in-
crease in transcription is due to the action of dmPGE, and not
to a closely related compound.

To confirm the CAT expression finding that the element
directing PGE,-induced expression resides within the prox-
imal c-fos promoter, the proximal 225 bp promoter region
was cloned upstream of the Green Fluorescent protein re-
porter gene to generate the construct pGLcfos225. Vero cells
were transiently transfected with pGLcfos225, treated with 4
pg/ml dmPGE, and examined under a florescent micro-
scope for GFP florescence (data not shown). In transtected
cells that were not treated with dmPGE, , no GFP-florescence
was detected; however, following the addition of dmPGE,,
a florescent signal was present in many cells. Thus in cells
that express the pGL225¢-fos construct, which excludes the
SRE, c-fos can be induced by dmPGE,. Taken together the
CAT and GFP expression studies suggest that in MC3T3-E,
osteoblasts the cis-element responsible for c-fos activation by
dmPGE, is present in the proximal c-fos promoter and most
likely within the 99 bp immediately preceding the transcrip-
tion start site.

Discussion

To study the effect of PGE, on signal transduction, we first
determined the optimal time of exposure and concentration
required. PGE, induction of c-fos was transient, with maxi-
mal signal occurring from 25-30 min. Induction of c-fos by
PGE, was dose dependent with optimal concentration being
4 ug/ml. This concentration is essentially the same as is
needed for optimal stimulation of cell growth (22, 37).

To examine the signal transduction pathways involved in
the up-regulation of c-fos by PGE,, mRNA levels for c-fos
stimulated with dmPGE, were examined using protein ki-
nase inhibitors and activators. We found that the effect of
dmPGE, is similar to that of 8-Br-cAMP where the up-reg-
ulation of c¢-fos is sharply reduced by H7 and H89 and is
unaffected when PKC is down-regulated. Furthermore,
PGE, failed to activate c-fos in 549 cyc’ mutant cells, which
lack a component of the cAMP signaling pathway, but not in
549 wild-type cells. These data clearly demonstrate a major
role for a cAMP-mediated mechanism in the PGE,-induced
up-regulation of c-fos in MC3T3-E, osteoblasts and 549 lym-
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cAMP-dependent pathways, the cAMP-dependent pathway
is primarily responsible for PGE, up-regulation of c-fos
mRNA. Although we did not characterize the PGE, receptors
present in MC3T3-E, osteoblasts in this study, our results are
consistent with PGE, acting primarily through EP2 or EP4
receptors to up-regulate c-fos mRNA.

Two recent studies examined the effect of PTH on mito-
genesis, second messenger signaling, and gene expression in
UMR 106-01 osteoblast-like cells (31, 32). Treatment with
forskolin, 8-Br-cAMP, or TPA up-regulated c-fos mRNA.
However, treatment with PTH and PGE, stimulated a rise in
UMR-106-01 cellular cAMP levels but no increase in growth.
Chronic treatment with TPA failed to abolish PTH-induced
up-regulation of c-fos. Taken together, the above experiments
show that PTH can transiently up-regulate c-fos via a cAMP-
dependent mechanism with little or no contribution from a
TPA-sensitive PKC pathway. The effect of PTH on osteo-
blasts seems to be analogous to the effect of PGE, in
MC3T3-E, cells, and both may act to induce c-fos via the same
mechanism, namely by raising cAMP levels. The reason for
the difference in growth response to PGE, between MC3T3-
E, osteoblasts and UMR 106-01 osteoblast-like cells is un-
known but may be due to the fact that UMR 106-01 cells are
not fully differentiated osteoblasts and lack key markers that
are typically found in true osteoblasts. For example, they do
not synthesize osteocalcin and have variable levels of other
bone matrix proteins (51, 52).

Fine mapping studies have identified several cis-acting
domains that contribute to the basal promoter activity of
the human c-fos gene. One, the serum response element
(SRE) located —317 to —298 bp upstream of the start of
transcription in the c-fos promoter plays a key role in
transcriptional induction through the binding of several
proteins (53-55). Mutations in the SRE binding site abol-
ished transcriptional induction by serum, TPA, and
growth factors. The cAMP response element (CRE) located
60 bp upstream of the CAP site binds the cAMP regulatory
element binding protein (CREB/ATF). The CREB/ATF
site overlaps the recognition sequence of the MTLF/USF
transcription factor element in a GC-rich region (56). Mu-
tational analysis and transient transfections have demon-
strated that each of these domains to some extent contrib-
ute to the basal c-fos activity. We have shown that
dmPGE,-inducible c-fos activity requires at least the first
99 bp of the proximal promoter. Our transfection data,
combined with protein kinase activator and inhibitor data,
are consistent with the model that dmPGE, transiently
raises cAMP levels and probably activates CREB to stim-
ulate c-fos transcription via the ATF/CRE located at —60.
However, our data do not exclude the possibility that
dmPGE, binds directly to the c-fos promoter at an alter-
native site independent of PKA activation within the
identified 99-bp region. Further studies, for example, site-
directed mutagenesis of the identified region, should
address this issue.

The relationship between mechanical loading and PGE,
synthesis is intriguing. Upon mechanical stimulation, PGE,
is released and local bone formation is increased in osteo-
blasts and osteoblastic cell lines (1). Conversely, under con-
ditions of microgravity, where mechanical stress is very low,

PGE, synthesis is decreased and osteoblastic function is re-
duced (13). This correlation suggests that the rate of PGE,
synthesis is sensitive to changes in mechanical loading. One
possibility is that deformation of the cell membrane by me-
chanical loading alters the rate of arachidonic acid release
from the membrane, thereby increasing levels of its metab-
olites including PGE,. PGE, then would act on the cell to
increase osteoblast c-fos gene expression within minutes and
growth within 16-24 h.

In conclusion, we have shown that cAMP mediates, at least
in part, the up-regulation of c-fos, a gene associated with the
growth of bone cells. These findings may lead to therapies
that counteract the bone loss experienced during space flight,
a problem that needs to be overcome if the goal of long-term
space flight is to be achieved.

Acknowledgment
The authors appreciate the graphics produced by Chris Barnstead.

References

—

. Raisz L, Kream B 1983 Regulation of bone formation. N Engl ] Med 309:29-35
2. Blumenfrantz N, Sondergaard J 1972 Effect of prostaglandins E2 and F2a on
biosynthesis of collagen. Nature 239:246-~247
3. Tashjian AH, Hohmann EL, Antoniades HN, Levine L 1982 Platelet-derived
growth factor stimulates bone resorption via a prostaglandin-mediated mech-
anism. Endocrinology 111:118-124
4. Jee WS, Ueno K, Deng Y, Woodbury DM 1985 The effects of prostaglandin
E2 in growing rats: increased metaphyseal hard tissue and cortico-endosteal
bone formation. Calcif Tissue Int 37:148-157
5. Mori S, Jee WS, Li XJ 1992 Production of new trabecular bone in osteopenic
ovariectomized rats by prostaglandin E,. Calcif Tissue Int 50:80-87
6. Ueno K, Kimmel D, Haba T, Jee WS 1984 Increased metaphyseal hard tissue
mass in growing long bone with prostaglandin E2 administration. In: Cohen
DC (ed) Endocrine Control of Bone and Calcium Metabolism. Elsevier Science
Publishers, Amsterdam, pp 151-154
7. Norrdin RW, Jee WS, High WB 1990 The role of prostaglandins in bone in vivo.
Prostaglandins Leukot Essent Fatty Acids 41:139-149
8. Shanfeld JL, Lally E, Lanese RR, Davidovitch Z 1985 Osteoblastic and fi-
broblastic PGE: in vive effects of indomethacin and mechanical force. Prog Clin
Biol Res 187:331-342
9. Morey ER, Baylink DJ 1978 Inhibition of bone formation during space flight.
Science 201:1138-1141
10. Wronski TJ, Morey ER 1983 Effect of spaceflight on periosteal bone formation
in rats. Am ] Physiol 244:R305-R309
11. Nicogossian A, Huntoon C, Pool S 1989 Space, Physiology and Medicine, ed
2. Lea and Febiger, Philadelphia
12. Hughes-Fulford M 1993 Review of the biological effects of weightlessness on
the human endocrine system. Receptor 3:145-154
13. Hughes-Fulford M, Lewis ML 1996 Effects of microgravity on osteoblast
growth activation. Exp Cell Res 224:103-109
14. Rijken PJ, de Groot RP, Briegleb W, Kruijer W, Verkleij AJ, Boonstra J, de
Laat SW 1991 Epidermal growth factor-induced cell rounding is sensitive to
simulated microgravity. Aviat Space Environ Med 62:32-36
15. Cooper D, Pellis NR 1998 Suppressed PHA activation of T lymphocytes in
simulated microgravity is restored by direct activation of protein kinase C.
J Leukoc Biol 63:550-562
16. de Groot RP, Rijken PJ, den Hertog J, Boonstra J, Verkleij AJ, de Laat SW,
Kruijer W 1990 Microgravity decreases c-fos induction and serum response
element activity. J Cell Sci 97:33-38
17. Boonstra J 1999 Growth factor-induced signal transduction in adherent mam-
malian cells is sensitive to gravity. FASEB J [Suppl] 13:535-542
18. TashJS, Bracho GE 1999 Microgravity alters protein phosphorylation changes
during initiation of sea urchin sperm motility. FASEB ] [Suppl] 13:543-554
19. Cogoli A, Cogoli-Greuter M 1997 Activation and proliferation of lymphocytes
and other mammalian cells in microgravity. Adv Space Biol Med 6:33-79
20. Schmitt DA, Hatton JP, Emond C, Chaput D, Paris H., Levade T, Cazenave
JP, Schaffar L 1996 The distribution of protein kinase C in human leukocytes
15 altered in microgravity. FASEB J 10:1627-1634
21. Hatton JP, Gaubert F, Lewis ML, Darsel Y, Ohlmann P, Cazenave JP, Schmitt
D 1999 The kinetics of translocation and cellular quantity of protein linase C
in human leukocytes are modified during spaceflight. FASEB ] [Suppl]
13:523-533
22. Hughes-Fulford M 1997 Prostaglandin regulation of gene expression and
growth in normal and malignant tissues. Adv Exp Med Biol 400A:269-278




298

23.
24,

25.

26.

27.

28.

29,

30.

31.

32.

33.

34.

36.

37.

38.

39.

Grigoriadis A, Schellander K, Wang Z-Q, Wagner EF 1993 Osteoblasts are
target cells for transformation in c-fos transgenic mice. ] Cell Biol 122:685-701
Johnson RS, Spielelman BM, Papaioannou V 1992 Pleitropic effects of a null
mutation in the c-fos proto-oncogene. Cell 71:577-586

Wang Z-Q, Ovitt C, Grigoriadis AE, Mohle-Steinlein U, Ruther U, Wagner
EF 1992 Bone and haematopoictic defects in mice lacking c-fos. Nature
360:741-745

Ruther U, Garber C, Komitowski D, Muller R, Wagner EF 1987 Deregulated
c-fos expression interferes with normal bone development in transgenic mice.
Nature 325:412-416

Grigoriadis AE, Wang Z-Q, Cecchini MG, Hofstetter W, Felix R, Fleisch HA,
Wagner EF 1994 c-fos: a key regulator of osteoclast-macrophage lineage de-
termination and bone remodeling. Science 266:443—-447

Jacenko O 1995 c-fos and bone loss: a proto-oncogene regulates osteoclast
lineage determination. BioEssays 17:277-281

Danesch U, Weber PC, Sellmayer A 1994 Arachidonic acid increases c-fos and
Egr-1 mRNA in 3T3 fibroblasts by formation of prostaglandin E2 and activa-
tion of protein kinase C. J Biol Chem 269:27258-27263

Simonson MS, Herman WH, Dunn MJ 1994 PGE2 induces c-fos expression by
a cAMP-independent mechanism in glomerular mesangial cells. Exp Cell Res
215:137-144

Clohisy JC, Scott DK, Brakenhoff KD, Quinn CO, Partridge NC 1992 Para-
thyroid hormone induces c-fos and c-jun messenger RNA in rat osteoblastic
cells. Mol Endocrinol 6:1834-1842

Fang MA, Kujubu DA, Hahn TJ 1992 The effects of prostaglandin E2, para-
thyroid hormone, and epidermal growth factor on mitogenesis, signaling, and
primary response genes in UMR 106-01 osteoblast-like cells. Endocrinology
131:2113-2119

Sudo H, Kodama HA, Amagai Y, Yamamoto S, Kasai S 1983 In vitro differ-
entiation and calcification in a new clonal osteogenic cell line derived from
newborn mouse calvaria. ] Cell Biol 96:191-198

Chomczynski P, Sacchi N 1987 Single-step method of RNA isolation by acid
guanidinium  thiocyanate-phenol-chloroform extraction. Anal Biochem
162:156-159

. Irving J, Feng J, Wistrom C, Pikaart M, Villeponteau B 1992 An altered

repertoire of fos/jun (AP-1) at the onset of replicative sensecence. Exp Cell Res
202:161-166

Fisch TM, Prywes R, Roeder RG 1987 c-fos sequences necessary for basal
expression and induction by epidermal growth factor, 12-O-tetradecanoyl
phorbol-13-acetate, and the calcium ionophore. Mol Cell Biol 7:3490-3502
Hughes-Fulford M, Appel R, Kumegawa M, Schmidt J 1992 Effect of dexa-
methasone on proliferating osteoblasts: inhibition of PGE, synthesis, DNA
synthesis and alterations in actin cytoskeleton. Exp Cell Res 203:150-156
Seamon KB, Padgett W, Daly JW 1981 Forskolin: unique diterpene activator
of adenylate cyclase in membranes and intact cells. Proc Natl Acad Sci USA
78:3363-3367

Rodriguez-Pena A, Rozengurt E 1984 Disappearance of Ca® " -sensitive, phos-
pholipid-dependent protein kinase activity in phorbol ester-treated 3T3 cells.
Biochem Biophys Res Commun 120:1053-1059

cAMP MEDIATES PGE, INDUCTION OF c-fos IN OSTEOBLASTS
40.

41.

42,
43.
44,
45.
46.
47,

48.
. Namba T, Sugimoto Y, Negishi M, Irie A, Ushikubl F, Kakizuka A, Ito S,

50.
51

52.

53.
54.

55.

56.

Endo « 2000
Vol 141 ¢ No 1

Hidaka H, Inagaki M, Kawamoto S, Sasaki Y 1984 [soquinolinesulfonamides,
novel and potent inhibitors of cyclic nucleotide dependent protein kinase and
protein kinase C. Biochemistry 23:5036-5041

Chijiwa T, Mishima A, Hagiwara M, Sano M, Hayashi K, Inoue T, Naito K,
Toshioka T, Hidaka H 1990 Inhibition of forskolin-induced neurite outgrowth
and protein phosphorylation by a newly synthesised selective inhibitor of
cyclic AMP-dependent protein kinase, N-[2-(p-bromocinnamylamino)ethyl]-
5-isoquinolinesulfonamid (H-89), of PC12D pheochromocytoma cells. ] Biol
Chem 265:5267-5272

Clark RB, Goka TJ], Green DA, Barber R, Butcher RW 1982 Differences in the
forskolin activation of adenylate cyclases in wild-type and variant lymphoma
cells. Mol Pharmacol 22:609-613

Kozawa O, Tokuda H, Miwa M, Kotoyori J, Oiso Y 1992 Cross-talk regulation
between cyclic AMP production and phosphoinositide hydrolysis induced by
prostaglandin E2 in osteoblast-like cells. Exp Cell Res 198:130-134

Bravo R, MacDonald-Bravo H, Muller R, Hubsch D, Almendral JM 1987
Bombesin induces c-fos and c-myc expression in quiescent Swiss 3T3 cells.
Comparative study with other mitogens. Exp Cell Res 170:103-115

Mehmet H, Moore JP, Sinnett-Smith JW, Evans GI, Rozengurt E 1989 Dis-
sociation of c-fos induction from protein kinase C-independent mitogenesis in
Swiss 3T3 cells. Oncogene Res 4:215-222

Ran W, Dean M, Levine RA, Henkle C, Campisi J 1986 Induction of ¢-fos and
c-myc mRNA by epidermal growth factor and calcium ionophore is cAMP
dependent. Proc Natl Acad Sci USA 83:8216-8220

Mehmet H, Morris C, Rozengurt E 1990 Multiple synergistic signal trans-
duction pathways regulate c-fos expression in Swiss 3T3 cells: the role of cAMP.
Cell Growth Differ 1:293-298

Rozengurt E 1986 Early signals in the mitogenic response. Science 234:161-166

Ichikawa A, Narumiya S 1993 Alternative splicing of C-terminal tail of pros-
taglandin E receptor subtype EP3 determines G-protein specificity. Nature
365:166-170

Smith WL 1992 Prostaniod biosynthesis and mechanisms of action. Am ]
Physiol 263:F181-F191

Rodan GA, Noda M 1991 Gene expression in osteoblastic cells. Crit Rev
Eukaryot Gene Expr 1:85-98

Zhou H, Hammonds EG, Findlay DM, Fuller PJ, Martin T], Ng K 1991
Retinoic acid modulation of mRNA levels in malignant, nontransformed and
immortalized osteoblasts. ] Bone Miner Res 6:767-777

Shaw PE, Frasch S, Nordheim A 1989 Repression of c-fos transcription is
mediated through p67SRF bound to the SRE. EMBO ] 8:2559-2566
Subramaniam M, Schmidt L], Crutchfield CE, Getz MJ 1989 Negative reg-
ulation of serum-responsive enhancer elements. Nature 340:64-66
Lucibello FC, Lowag C, Neuberg M, Muller R 1989 Trans-repression of the
mouse ¢-fos promoter: a novel mechanism of Fos-mediated trans-regulation.
Cell 59:999-1007

Hipskind RA, Nordheim A 1991 Functional dissection of the human c-fos
promoter. | Biol Chem 266:19583-19592-




