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Abstract Preliminary analysis of the mechanisms involved in
induction of stretch-mediated transcriptional activity in the c-fos
promoter of bone has been undertaken using a series of c-fos
promoter^reporter constructs. UMR-106 osteoblastic cells
transfected with reporter constructs were subjected to cyclical
physiological loading. The major determinants in the resulting
transcriptional mechanoactivation are within the sequence be-
tween 33356 and 33151 which contains the serum response ele-
ment and a consensus shear stress response element. Elements
beyond this region also play a role as deletion of this region
does not eliminate mechanoinduction. These results suggest that
the mechanical induction of c-fos in osteoblastic bone cells is
mediated by multiple response elements.
( 2003 Federation of European Biochemical Societies. Pub-
lished by Elsevier Science B.V. All rights reserved.
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1. Introduction

Mechanically induced signalling cascades are known to tar-
get particular components of the AP-1 transcription factor
complex, namely Fos and Jun [1], and may play a critical
role in di¡erential control of transcription mediated by
AP-1. The role of AP-1 in the mechanoinduction of gene
expression has recently been demonstrated in bone [2].
The c-fos promoter has been demonstrated to be responsive

to a wide variety of stimuli, which include serum [3], KCl [4],
parathyroid hormone (PTH) [5], ATP [6], prostaglandin E2

(PGE2) [7], and mechanical forces (in cardiac myocytes) [8^
11]. The major response elements of the mouse c-fos promoter
have been delineated and are present within the 400 bp region
located directly upstream of the transcriptional start site.
These are the serum response element (SRE), calcium/cAMP
response element(s) (CREs) and the sis-inducible element
(SIE) (Fig. 1). Investigation of the role of speci¢c elements
within the c-fos promoter has been conducted in other, non-
bone, cell types. However, the ways in which hormones and
mechanical cues may in£uence these elements may potentially
vary between tissue types. Despite extensive investigations
into the c-fos promoter in other cell types, the corresponding
studies in osteoblasts have so far been predominantly limited
to the action of PTH [5,12,13] with some studies in osteoblas-

tic cell lines including PGE2 [7], ATP [6], epidermal growth
factor and phorbol ester [5,13].
Recently, we have investigated the signalling cascades in-

volved in mechanical induction of c-fos up-regulation in bone
and demonstrated the potential role of calcium- and integrin-
mediated downstream cascades [14]. Ca2þ in£uxes in bone
cells are known to be induced by cyclic loading [15^17] and
are thought to be involved in the mechanical induction of
c-fos expression [14]. Calcium-mediated pathways are able to
target both SRE and CRE elements, whereas alternative path-
ways, e.g. those mediated by extracellular signal-regulated ki-
nase or cAMP, target single response elements (the SRE and
CRE respectively [1,12]).
Previous in vitro and in vivo studies in non-osteoblastic cell

types (i.e. cardiac myocytes) have indicated that mechano-
induction may be mediated by a single response element,
namely the SRE [10]. The presence and role of a second me-
chanoresponsive promoter element, the shear stress response
element (SSRE), has been de¢ned in non-bone cells, with the
SSRE being implicated in the mechanical induction of plate-
let-derived growth factor (PDGF) gene expression resulting
from shear stress in endothelial cells [18,19]. More recently
the SSRE has been hypothesised to be involved in the
stretch-activated induction of extracellular matrix proteins te-
nascin-C and collagen XII [20]. The SSRE sequence is also
present within the c-fos promoter (Fig. 1) and, although no
role in mechanoinduction has been identi¢ed so far in c-fos,
this will be examined.
In this study, analysis of sequential deletions of the c-fos

promoter and a promoter construct carrying a speci¢c base
pair mutation (within the major CRE) will be undertaken with
the aim of delineating the important and essential components
of the c-fos promoter required for any transcription-mediated
mechanoresponse.

2. Materials and methods

2.1. Cell culture
Rat osteosarcoma UMR-106 cells [21] (a gift from Prof. T.J. Mar-

tin, University of Melbourne, Australia) were cultured in K-minimal
essential medium (K-MEM) supplemented with 10% foetal calf serum
(FCS) and 1% dilution of 100U antibiotic/antimycotic solution
(1UAB). Con£uent cultures were treated with 1Utrypsin-EDTA (Sig-
ma-Aldrich, Gillingham, Dorset, UK) and passaged onto collagen
I-coated coverslips prior to transfection and subsequent mechanical
loading.

2.2. Coverslip coating protocol
Glass coverslips were coated with collagen type I (from bovine calf

skin) as previously described [14]. Brie£y, the central 24U30 mm
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region of 24U50 mm coverslips (thickness 2; Philip Harris Scienti¢c,
Maccles¢eld, Cheshire, UK) were coated by adsorption of collagen
type I (Sigma-Aldrich) at room temperature for 2^4 h at a con-
centration of 7.5 Wg/cm2. UMR-106 cells were subcultured onto
coated coverslips in 500 Wl droplet cultures containing 7.5U105 cells
and 1.5U105 cells for reverse transcription-polymerase chain reac-
tion (RT-PCR) and promoter-based loading studies respectively.
Droplet cultures were placed on the coated portion of coverslips
and cells allowed to attach overnight. Subsequently, coverslip cultures
were submerged in supplemented K-MEM and cultured until the re-
quired con£uence for transfection and/or mechanical loading was
reached.

2.3. Plasmids
The mouse c-fos promoter constructs utilised in this study contain

the major response elements thought to be involved in the transcrip-
tional response to those factors detailed above (see Fig. 1). The mouse
c-fos promoter plasmid constructs (a gift from Prof. N.C. Partridge,
University of Medicine and Dentistry of New Jersey, NJ, USA) rep-
resent the proximal 5P region of the promoter from 3356, 3151 and
371 upstream of the transcriptional start site to a point downstream
of the start site at +109 [22]. In each of these cases, the functional
promoter sequence was located directly upstream of the coding
sequence for the bacterial chloramphenicol acetyltransferase (CAT)
reporter gene. In addition to the deletion constructs mentioned, a
mutant mouse c-fos promoter plasmid, Mut 1 [23], which contains a
single base pair mutation in the 360 major CRE, was utilised (Fig. 1).
In addition to the c-fos promoter plasmids, two control plasmids were
utilised, namely RSV CAT (a gift from Dr S. Frost, University of
Keele, Sta¡ordshire, UK) and pCMV SPORT L-galactosidase (L-gal;
Invitrogen, Paisley, Renfrewshire, UK), which were used to assess
non-c-fos-regulated (control) CAT expression and transfection e⁄-
ciency respectively.

2.4. Transient transfection
Transient co-transfection of UMR-106 cells with c-fos- or RSV-

CAT and pCMV SPORT L-gal control plasmids was carried out
with transfection of cells taking place directly on the coverslip. Trans-
fection was preceded by the seeding of 1.5U105 cells to each collagen
type I-coated coverslip for 2 days to reach the full con£uence. 4 Wg of
CAT plasmid DNA and 4 Wg of L-gal plasmid DNA were then co-
transfected into each coverslip culture using 8 Wl of Superfect (Qiagen,
Crawley, West Sussex, UK) following the manufacturer’s supplied
protocol. The transfection solution was added directly to the coverslip
culture and incubated in a normal 5% CO2 incubator at 37‡C for
2^3 h. Following removal of the transfection solution, cultures were
washed with sterile phosphate-bu¡ered saline, and incubated over-
night with K-MEM supplemented with 10% FCS and 1UAB. The
culture medium was then replaced with K-MEM supplemented with
2% FCS (and 1UAB). Experimental treatments of transfected cul-
tures, with chemical or mechanical stimulation, were run in parallel
with 2% FCS-treated control cultures.

2.5. Loading protocol
The four-point loading system was used to apply cyclical load ex-

perimentally to sets of four collagen I-coated coverslips seeded with
UMR-106 bone cells. Using methodology described previously
[14,23], coverslip cultures were mechanically loaded at a strain of
V1000 Wstrains. Loading was applied homogeneously across the cov-
erslip culture area at a 1 Hz frequency for 1800 cycles, equivalent to
30 min. Control coverslip cultures were prepared in parallel using an
identical procedure, without loading.
For plasmid-based promoter analysis studies, both control and me-

chanically loaded UMR-106-transfected coverslip cultures were lysed
6 h post-load by the addition of 1UCAT ELISA cell lysis bu¡er
(Roche Diagnostics Ltd, Lewes, East Sussex, UK), with treated cul-
tures being incubated at room temperature for 30 min. Promoter
activity in control and mechanically loaded cultures was assessed by
quanti¢cation of CAT and L-gal protein expression using ELISA.

2.6. RT-PCR analysis
For RT-PCR-based studies, loaded and parallel unloaded coverslip

cultures were harvested/lysed in modi¢ed guanidinium thiocyanate
solution 1 h after the completion of loading and total RNA was
extracted using a modi¢cation of the guanidinium thiocyanate method
[24] as described by Gu et al. [25]. Total RNA from each control and
loaded coverslip culture was used as a template for reverse transcrip-
tion with 200 U of Superscript II reverse transcriptase (Invitrogen)
using random hexamer oligonucleotide primers (Invitrogen) to a ¢nal
concentration of 12.5 ng/Wl. Initial mRNA denaturation at 70‡C for
10 min preceded pre-incubation at 25‡C for 10 min followed by in-
cubation and reverse transcription at 42‡C for 50 min. Following
reverse transcriptase inactivation at 70‡C for 15 min, 1 Wl of the
reaction products from each sample was used as a PCR template.
PCR ampli¢cation reactions were carried out using primer pairs spe-
ci¢c for human c-fos, and HPRT (control) cDNA respectively. Primer
sequences were as follows: c-fos forward primer: 5P-TCT-CTT-ACT-
ACC-ACT-CAC-CC-3P ; c-fos reverse primer: 5P-TGG-AGT-GTA-
TCA-GTC-AGC-TC-3P; HPRT forward primer: 5P-TTG-TAG-CCC-
TCT-GTG-TGC-TCA-AG-3P ; HPRT reverse primer 5P-GCC-TGA-
CCA-AGG-AAA-GCA-AAG-TC-3P. Ampli¢cation of both c-fos
and HPRT utilised 40 cycles of ampli¢cation, which consisted of in-
cubation at 95‡C, 55‡C, and 72‡C for 45 s each. In each case, ampli-
¢cation was carried out using 0.5 U of Taq polymerase (Promega UK,
Southampton, UK) and all primers were used at a 0.5 WM ¢nal con-
centration.
Following completion of the PCR, samples were separated by elec-

trophoresis on a 1% agarose in 1UTBE gel at 100 V for 60 min. The
resulting gel was then visualised under UV illumination and images
were captured using a digital camera-based gel documentation system
(Imagestore 5000, Ultra-Violet Products, Cambridge, UK).

2.7. CAT and L-gal expression analysis
Quanti¢cation of CAT and L-gal protein levels was carried out

following equilibration of the amounts of total protein present in

Fig. 1. A schematic diagram of the mouse c-fos-CAT promoter promoter constructs used in this study. All base pair positions quoted are rela-
tive to the transcriptional start site. SRE= serum response element; CRE=Ca2þ/cAMP response element; SSRE= shear stress response ele-
ment; SIE= sis-inducible element; FAP=Fos-AP-1 binding sequence.
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each control and test sample. Total protein levels were determined
using a total protein assay kit (Sigma-Aldrich) as per the manufactur-
er’s supplied protocols. Quanti¢cation of CAT and L-gal protein lev-
els was carried out separately using CAT ELISA and L-gal ELISA
kits respectively (Roche Diagnostics). Colorimetric analysis of stan-
dard and test sample wells was carried out using a Dynatech MR5000
plate reader.

3. Results

3.1. RT-PCR analysis
RT-PCR analysis of c-fos cDNA in control (non-loaded)

and loaded UMR-106 collagen I coverslip cultures resulted
in the ampli¢cation of a single 417 bp fragment in loaded
samples only (Fig. 2). Parallel RT-PCR analysis showed sim-
ilar levels of the housekeeping gene HPRT in all control and
loaded samples (Fig. 2). This transcriptional up-regulation of
c-fos was observed at 1 h post load.

3.2. Mechanical induction of the mouse c-fos promoter
Mechanical load applied to osteoblastic cells transfected

with the 5P regions of the c-fos promoter (Fig. 3) induced
an increase in CAT protein expression using the ‘full-length’
3356 plasmid. This almost 100% increase was signi¢cantly
reduced by loss of the region stretching from 3356 to
3151, with a signi¢cantly reduced load induction taking place
in 3151 transfected cultures. Further deletion of the promoter
to the 371 position did however completely abolish the me-
chanical load response in promoter activation (Fig. 3). Ex-
pression from both (constitutively expressed) RSV CAT con-

trol (Fig. 3) and a co-transfected control plasmid, pCMV
SPORT L-gal was found to be unaltered in response to me-
chanical stimulation of transfected cultures (data not shown).
Mechanical loading of cells transfected with Mut 1 plasmid

resulted in a signi¢cant elevation in expression of CAT pro-
tein (Fig. 3). This response was approximately 160% of that
observed in control cultures, indicating that although interac-
tion between CREB and the major CRE at 360 was pre-
vented, a signi¢cant level of mechanical induction was still
possible. Comparison of this mechanical induction with that
observed from the wild type (3356) plasmid (Fig. 3) would
appear to indicate that although the levels of induction were
reduced as compared to the wild type, this di¡erence was not
signi¢cant. This would appear to suggest that this mutation
does not have a signi¢cant e¡ect upon mechanoinduction of
expression of the reporter gene located downstream.

4. Discussion

The results presented here demonstrate, for the ¢rst time,
activation of the (mouse) c-fos promoter by a mechanical
stimulus in osteoblastic (UMR-106) cells. This induction of
the c-fos promoter is paralleled by induction of c-fos tran-
scription with the resultant increases in c-fos mRNA levels
detectable by RT-PCR. We have previously demonstrated a
similar mechanical induction of c-fos at this time point in
human primary bone cells and MG-63 cells using identical
loading techniques by RT-PCR [14,23], quantitative RT-
PCR and Northern analysis (data not shown).
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Fig. 2. Mechanical induction of c-fos gene expression in UMR-106 cells. Total RNA extracted from UMR-106 coverslip cultures 1 h after a 30
min period of mechanical loading of V1000 Wstrains at 1 Hz was used as a template for RT-PCR analysis using primers speci¢c for c-fos and
HPRT. C= control L= loaded.

Fig. 3. E¡ect of mechanical load on c-fos promoter reporter gene expression in UMR-106 rat osteoblastic cells. Promoter activity was assessed
by CAT ELISA analysis 6 h after a 30 min period of mechanical load of V1000 Wstrains at 1 Hz. *P6 0.05, ***P6 0.001, n.s., not statistical-
ly signi¢cant; statistical signi¢cance based on ANOVA.
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Induction of the promoter was shown to be mediated by a
shortened c-fos promoter construct representing only 356 bp
of sequence upstream of the transcriptional start site. This
indicates that although other response elements may be in-
volved in the regulation of this response in the full-length
c-fos gene in vivo, this region is su⁄cient in isolation in vitro.
This ¢nding agrees with previous ¢ndings of Sadoshima et al.
[9,10], who showed a similar load activation of c-fos promoter
in cardiac myocytes.
Although the loss of the important motifs SIE, SRE, Fos-

AP-1 binding sequence (FAP) and SSRE reduces the load
response, the remaining fragment containing two Ca/CRE
motifs is su⁄cient to support a highly reduced (yet still sig-
ni¢cant) mechanoinduction in UMR-106 cells. Further dele-
tion of the promoter indicates that although the presence of
the two CRE motif-containing region is su⁄cient to support
the load response, removal of the minor CRE-containing frag-
ment results in a loss of the response. These results are in
contrast to the work of Sadoshima et al. [10] and Aoyagi
and Izumo [11], which indicated that in cardiac cells both in
vitro and in vivo, the SRE alone was responsible for mecha-
noinduction. The lack of signi¢cant suppression of the load
response associated with the mutations present in the Mut 1
plasmid in addition to the deletion analysis results would ap-
pear to indicate that the major CRE is neither essential nor
su⁄cient to orchestrate a c-fos response to mechanical load.
This is in contrast to the induction of c-fos via alternative
bone-related signalling pathways, namely PGE2 [7] and PTH
[12].
The dramatic and highly signi¢cant negative e¡ect of dele-

tion of the region 3356 to 3151 suggests that this region
contains the response elements that are most important for
the maximal mechanical induction of c-fos. As the major re-
sponse element lost by deletion of this region of the mouse
c-fos promoter, the SRE would appear to be a prime candi-
date for the pivotal role in this induction. Additional regula-
tory elements within this region are the SIE, FAP/AP-1 and
‘SSRE’ motifs. Although a role for the SRE in the load in-
duction of c-fos has been demonstrated in other cell types [9^
11], the other response elements, particularly the SSRE, may
also play a role. Mechanically inducible SSRE sequences have
been observed in the regulatory sequences of multiple genes
including PDGF [18], collagen XII [20] and tenascin-C [26].
As the SSRE of c-fos is contained within the promoter frag-
ment responsible for the greatest level of mechanoinduction,
further work to examine the exact role of the SSRE in c-fos
mechanical induction in bone is desirable.
Instead of the discovery of a single mechanoresponse ele-

ment, a more complex and interacting picture is emerging. It
appears that in the case of the mechanical stimulation of
osteoblasts, multiple elements are required to induce a com-
plete and maximal transcriptional response. This is in contrast
to work on c-fos mechanical activation in cardiac myocytes,
which requires only the SRE region to be present [10]. The
utilisation of additional promoter elements in the case of os-
teoblastic cells may be due to the utilisation of additional and/
or alternative pathways in this cell type which cannot be
mediated via the SRE. For example, the activation of c-fos
by cAMP-mediated pathways would be possible via one or
more of the CREs present. The involvement of a CRE has
been demonstrated in the mechanoactivation of cox-2 expres-
sion in osteoblasts [2].

Further possible reasons for these di¡erences in promoter
element usage may include the mode of mechanical stimula-
tion, which di¡ers slightly between each of these studies. In
the studies of cardiac myocytes, cells were mechanically stimu-
lated by hypotonic stress-induced cell swelling [10]. This sys-
tem di¡ers from the four-point bending apparatus used in this
study and may be a factor in the observed di¡erences between
cell types. For example, mechanoactivation of c-fos di¡ers in
each of these systems with respect to their requirement for
calcium signalling pathways as demonstrated by the inhibition
of c-fos mechanoinduction in osteoblasts following EGTA
treatment. Treatment of cardiac myocytes with EGTA fails
to inhibit c-fos induction by hypotonic stress [27]. Further
work is needed to de¢ne more closely the speci¢c elements
involved.
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