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Bisphosphonates have multiple effects on bone. Their actions on osteoclasts lead to inhibition of bone
resorption, at least partially through apoptosis. Effects on osteoblasts vary, with modifications in the
molecule and concentration both resulting in qualitatively different responses. To understand the
mechanism of the differential effects of high and low bisphosphonate concentrations on osteoblast
activity, we compared the effects of 1078 M and 10~* M risedronate on gene expression in UMR-106 rat

Kkeywords: osteoblastic cells. Two targeted arrays, an 84-gene signaling array and an 84-gene osteogeneic array were
g}isgfjg::;"ate used. Gene expression was measured at 1 and 24 h. Although some genes were regulated similarly by low
Osteoblast and high concentrations of the drug, there was also differential regulation. At 1 h, 11 genes (1 signaling
Gene and 10 osteogenesis) were solely regulated by the low concentration, and 7 genes (3 signaling, 4

Bone osteogenesis) were solely regulated by the high concentration. At 24 h, 8 genes (3 signaling, 5
osteogenesis) were solely regulated by the low concentration and 30 genes (16 signaling and 14
osteogenesis) were solely regulated by the high concentration. Interestingly, the low, but not the high
concentration of risedronate transiently and selectively upregulated several genes associated with cell
differentiation. A number of genes related to apoptosis were regulated, and could be involved in effects of
bisphosphonates to promote osteoblast apoptosis. Also, observed gene changes associated with
decreased angiogenesis and decreased metastasis could, if they occur in other cell types, provide a basis
for the effectiveness of bisphosphonates in the prevention of cancer metastases.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction cell (fetal osteoblast cell) proliferation, but enhance differentia-

tion and bone formation activities of the osteoblasts [2].

Bisphosphonates are efficacious agents for the prevention
and treatment of osteoporosis, for the antagonism of hypercal-
cemia, and for therapy of cancer metastases to bone. They are
effective inhibitors of bone resorption, inhibiting osteoclasto-
genesis, osteoclast activity and osteoclast survival [1]. Although
not all bisphosphonates affect resorption, those that do have
essentially unidirectional effects, leading to the suppression of
bone breakdown. In contrast, bisphosphonate effects on
osteoblasts are more complex. Some bisphosphonates stimulate
osteoblast proliferation, differentiation or survival, whereas
others have inhibitory effects. Additionally, dose-dependent
biphasic effects on proliferation or apoptosis have been
documented for several bisphosphonates. Earlier studies
showed that bisphosphonates (1074-10">M) decrease hFOB
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Bisphosphonates, at 107°-10"° M can inhibit cell proliferation
and induce apoptosis in UMR-106 osteoblastic cells [3].
Contrasting with this, other studies showed that low concen-
trations (10~6-10~° M) of bisphosphonates prevent apoptosis of
osteoblasts [4,5]. Recent studies also indicate that bispho-
sphonates, including risedronate, over a broad concentration
range (10°-10'2 M) enhance proliferation and differentiation
of osteoblasts [6,7]. However, at a high concentration of 1074 M,
bisphosphonates decrease proliferation of MG-63 osteoblasts
[7]. Both high and low bisphosphonate concentrations are
potentially therapeutically relevant, since bisphosphonates
concentrate in bone. High doses or prolonged treatment with
bisphosphonates have now been associated with undesirable
effects on bone, such as osteonecrosis of the jaw [8] and
subtrochanteric fractures [9], which, although rare, can have
devastating consequences. Inhibition of angiogenesis, sup-
pressed bone remodeling, bone cell apoptosis, and collagen
and mineralization abnormalities have been implicated in these
bone side effects of bisphosphonates [10-14]. The more potent
bisphosphonates are effective for inhibiting tumor cell metasta-
ses to bone [15,16].
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The range of bone effects seen with bisphosphonates leads to
the conclusion that there may be qualitative as well as quantitative
differences elicited by different concentrations of bisphosphonates
on osteoblasts. We have undertaken to investigate that possibility
by comparing the effects on gene expression in rat osteosarcoma-
derived UMR-106 osteoblastic cells of two widely different
risedronate concentrations, a low concentration that is often used
to simulate a therapeutic concentration, and the other represent-
ing a concentration that could be acquired by bone when exposed
to high doses and which has antiproliferative effects on the
osteoblastic cells. We have used a targeted osteogenic array to
examine responses of the osteoblastic cells at the two concentra-
tions, and also a targeted signaling array that could reveal
pathways that lead to different responses. We have also used
two time points, a 24 h time point, at which many responses
should have been established, and a 1 h time point to identify dose-
related differences that could represent possible initiating events.

2. Materials and methods
2.1. Cell culture

UMR-106 osteoblastic cells were purchased from American
Type Culture Collection (Rockville, MD). The cells were cultured to
confluence in DMEM supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 100 U/ml penicillin G at 37 °Cin a 5%
CO, environment.
2.2. MTT assay

Cells were seeded at 18,000 cells per well in 96-well cell culture

dishes in 0.2 ml of medium and allowed to attach overnight. They
were then treated for 1 or 24 h with 0.2 ml of medium containing
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10~*M or 1078 M risedronate (P&G Pharmaceuticals, Cincinnati,
OH) or left untreated. At the end of the incubation period, 20 .l of
5 mg/ml MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazo-
lium bromide) (Sigma, St. Louis, MO) in sterile phosphate-buffered
saline was added to the medium in each well. After 1 h (for the 1 h
treatment) or 4 h (for the 24 h treatment), the medium was
removed and 200 w1 dimethyl sulfoxide was added to each well
and thoroughly triturated by pipetting up and down five times.
Absorbance at 570 nm was measured with a Dynatech MR5000
plate reader.

2.3. 3H-thymidine incorporation

For 3H-thymidine incorporation, cells were seeded at 50,000
cells per well in 24-well cell culture dishes in 1 ml of medium and
allowed to attach overnight. They were then treated for 1 or 24 h
with 1 ml of medium containing 10~% M or 10~8 M risedronate, or
left untreated. For the final hour of the incubation, cells were
labeled with 1 Ci/ml 3H-thymidine (Amersham, Buckingham-
shire, England), which was added in 5 pl of medium. They were
then washed with 1 ml of medium. Medium was removed, and the
plates placed on ice. The cells were incubated for 10 min with
0.5 ml 10% trichloroacetic acid, then washed 3 times with 0.5 ml
10% trichloroacetic acid and solubilized by incubation for 2 h at
room temperature with 0.5 ml 0.5 N KOH. 1 N HCI was added to
neutralize, and the samples were counted in Ultima Gold
scintillation solution (PerkinElmer, Boston) with a Beckman LS
6500 scintillation counter.

2.4. Gene expression profiling using real-time PCR gene array

Cells were seeded at 500,000 cells per well in six-well cell
culture dishes in 2 ml of medium and allowed to attach overnight.

150- B -

100+

MTT activity,
% of control

50

control 10° 104

Risedronate, M

150, D

1004 —|_

% of control

501

3H-thy'mldme
incorporation,

e e
control 10°8 10

Risedronate, M

Fig. 1. MTT activity (A and B) and >H-thymidine incorporation (C and D) elicited by treatment of UMR-106 cells for 1 h (A and C) or 24 h (B and D) with 1078 or 104 M
risedronate. For MTT assays, N = 6, for >H-thymidine incorporation, N = 3. Data were analyzed by analysis of variance and significance determined by and Dunnett’s test.
*P < 0.05 vs. untreated control.
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Table 1

Genes regulated by both low dose and high dose risedronate with 1h treatment.
Symbol Description 10°8M 104M

Fold P value Fold P value

Signaling array
Pparg Peroxisome proliferator activated receptor gamma 10.1 0.0006 6.1 0.0009
Hk2 Hexokinase 2 10.1 0.003 6.5 0.004
Faslg Fas ligand (TNF superfamily, member 6) 6.0 0.0001 4.8 0.0002
Cdh1 Cadherin 1 44 0.001 2.6 0.003
Odc1 Ornithine decarboxylase 1 3.1 0.002 49 0.001
Ptch1 Patched homolog 1 (Drosophila) 2.5 0.004 2.5 0.004
l4ra Interleukin 4 receptor, alpha 2.1 0.04 2.7 0.02
Birc1b Baculoviral IAP repeat-containing 1b 0.4 0.007 0.2 0.002
Osteogenesis array
Col4al Procollagen, type 1V, alpha 1 14.8 0.05 56.1 0.02
Comp Cartilage oligomeric matrix protein 0.07 0.000007 0.1 0.00001
Bmprla Bone morphogenetic protein receptor, type 1A 0.03 0.005 0.03 0.005

Cells were then treated with risedronate at 1074 M or 108 M for
1 h or 24 h in DMEM containing 20 mM HEPES, 0.1% BSA, and 1%
absolute ethanol. The cells were trypsinized and collected for total
RNA extraction. Total RNA was extracted from the cells using an
RNeasy kit (Qiagen, Maryland). Genomic DNA contamination was
eliminated and the first strand cDNA was synthesized from 1 g
total RNA using an RT? first strand kit (SABiosciences, Frederick,
MD). Gene expression profiles in the cells were studied using signal
transduction pathwayFinder PCR arrays and osteogenesis PCR
arrays (SABiosciences), which contained 84 key genes representa-
tive of bone formation and 18 different signal transduction
pathways, as well as 5 different housekeeping genes as loading
controls for normalization. The cDNA samples mixed with qPCR
master mix (containing SYBR green) were loaded in 96-well PCR
arrays and qPCR reactions were performed on a BioRad iQ real-
time PCR detection system. After denaturing the template and
activating the HotStart DNA polymerase at 95 °C for 10 min, the
two-step cycling program was run for 40 cycles at 95 °C for 15s,
60 °C for 60 s. The PCR array data were analyzed using data analysis
web portal and software, performing AAC; based fold-change
calculations from raw threshold cycle data. Pair-wise comparison
between test samples and control sample were performed. Genes
whose expression was increased by greater than 2-fold or
decreased to less than 0.5-fold with a P value less than 0.05 were
considered to be significantly modified.

3. Results

3.1. Effects of risedronate treatment on MTT activity and >H-
thymidine incorporation

To determine whether the risedronate concentrations selected
for the microarray analyses had significantly different responses in
assays of cell viability (MTT activity) and DNA synthesis (°H-
thymidine incorporation), these parameters were measured. Both
parameters were decreased by 10~* M risedronate, with greater
effects seen at 24 h than at 1h (Fig. 1A-D). At 24h, 10 M
risedronate significantly stimulated MTT activity (Fig. 1B).

3.2. Effects of risedronate on gene responses in gene arrays

Twenty-seven genes from the two arrays were found to be
affected by 1 h risedronate treatment. Eleven genes were affected
similarly by the two risedronate concentrations. Eight genes from
the signaling array and 3 genes from the osteogenesis array were
similarly regulated by both the low dose and high dose of
risedronate with 1h treatment. These genes were Pparg, Hk2,
Faslg, Cdh1, Odc1, Ptch1, Il4ra and Col4al, which were upregu-

lated, and Birc1b, Comp and Bmpr1a, which were downregulated
(Table 1). Of the similarly regulated genes, Col4al was increased
more markedly by the high risedronate concentration. In contrast
to the genes that were similarly regulated, 16 genes were
differentially regulated by the low or high risedronate concentra-
tion. Nine genes from the osteogenesis array were modified solely
by the lower concentration of risedronate, these being Vdr, Fgf2,
Alpl, Ambn, Enam, Col2a1 and NfkB1, which were upregulated, and
Bmp7 and FIt1, which were downregulated (Table 2A). Two genes
from the signaling array and 3 genes from the osteogenesis array
were modified solely by the higher concentration of risendronate,
these genes being Vegfa, which was upregulated, and Bmp2,
Mmp2, Smad3 and Fgfr1, which were downregulated (Table 2B).
Interestingly, 2 genes, one from the signaling array and one from
the osteogenesis array were conversely regulated by the two
risedronate concentrations. Specifically, Tank was downregulated
by 1078 M risedronate but upregulated by 10~* M risedronate.
Mmp10 was upregulated by 10 M risedronate but down-
regulated by 1074 M risedronate.

Fifty genes were affected by 24 h treatment with risedronate.
After 24 h treatment, 14 genes, 6 from the signaling array and 8
from the osteogenesis array were similarly regulated by the low
and high concentrations of risedronate. These were Hk2, Fos, Fas,
Cebpb, Pparg, Mmp8 and Mmp10, which were upregulated, and
Birc1b, Col7al, Col6al, Tfip11, Comp, Fit1 and Bmpr1a, which were
downregulated (Table 3). As at 1h, 36 other genes were
differentially regulated by the low or high risedronate concentra-
tion. Two genes from the signaling array and 4 genes from the
osteogenesis array were modified solely by the low concentration
of risendronate. Selp, Odc1 and Bmp7 were upregulated solely by
the low concentration of risedronate, and Smad2, Cdh11 and Enam
were downregulated solely by the low risedronate concentration
(Table 4A). The largest number of genes responding to risedronate
treatment was those that was affected solely by 24 h treatment
with the high concentration of risedronate. Fifteen genes from the
signaling array and 13 genes from the osteogenesis array were
modified solely by the high concentration of risendronate (Table
4B). At 24 h, Egrl, Faslg, Ptgs2, Fasn, Cdknla, Prkce, Brcal, Jun,
Vegfa, Hoxal, Cdk2, Bcl211, Hspb1, Tcf7, Gadd45a, Col4al, Bmp2,
Icam1, Dmp1, Scarb1, Tgfb3, Ctsk, Twistl, Smad3, Bmp5 and
Col14al were upregulated solely by the high risedronate
concentration, whereas Sox9 and Bmprlb were downregulated
solely by the high risedronate concentration. Again, two genes
were conversely regulated by the high and low concentrations of
risedronate. Specifically, Cdh1 was upregulated by 108M
risedronate but downregulated by 10~*M risedronate. Mmp2
was downregulated by 1078 M risedronate but upregulated by
10~* M risedronate.
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Table 2

Genes specifically or differentially regulated by (A) low dose or (B) high dose risedronate with 1h treatment.
Symbol Description Fold P value
A
Signaling array
Tank TRAF family member-associated Nf-kappa B activator 04 0.02
Osteogenesis array
vdr Vitamin D receptor 57.3 0.02
Fgf2 Fibroblast growth factor 2 3.7 0.003
Alpl Alkaline phosphatase, tissue-nonspecific 3.7 0.04
Ambn Ameloblastin 3.6 0.04
Enam Enamelin 3.2 0.05
Mmp10 Matrix metallopeptidase 10 2.6 0.02
Col2a1 Procollagen, type II, alpha 1 2.1 0.04
Nfkb1 Nuclear factor of kappa light chain gene enhancer in B-cells 1, p105 21 0.03
Bmp7 Bone morphogenetic protein 7 0.3 0.04
Flt1 FMS-like tyrosine kinase 1, VEGFR1 0.2 0.003

B
Signaling array
Tank TRAF family member-associated Nf-kappa B activator 64.0 0.001
Vegfa Vascular endothelial growth factor A 3.4 0.03
Bmp2 Bone morphogenetic protein 2 0.2 0.04
Osteogenesis array
Smad3 MAD homolog 3 (Drosophila) 0.5 0.007
Mmp10 Matrix metallopeptidase 10 0.5 0.04
Fgfrl Fibroblast growth factor receptor 1 0.4 0.02
Mmp2 Matrix metallopeptidase 2 0.1 0.01

Table 3

Genes regulated by both low dose and high dose risedronate with 24 h treatment.
Symbol Description 108M 104M

Fold P value Fold P value

Signaling array
Hk2 Hexokinase 2 10.1 0.003 23 0.02
Fos FB] murine osteosarcoma viral oncogene homolog 10.1 0.003 123 0.002
Fas Fas (TNF receptor superfamily, member 6) 29 0.003 2.5 0.004
Cebpb CCAAT/enhancer binding protein (C/EBP), beta 2.4 0.0003 3.1 0.0002
Pparg Peroxisome proliferator activated receptor gamma 2.1 0.006 5.4 0.001
Birc1b Baculoviral IAP repeat-containing 1b 0.4 0.009 0.2 0.003
Osteogenesis array
Mmp8 Matrix metallopeptidase 8 5.4 0.02 6.5 0.02
Mmp10 Matrix metallopeptidase 10 2.9 0.02 5.2 0.008
Col7al Procollagen, type VII, alpha 1 (predicted) 0.4 0.00007 0.3 0.00003
Col6al Procollagen, type VI, alpha 1 (predicted) 0.4 0.0008 04 0.0009
Tfip11 Tuftelin interacting protein 11 0.3 0.0005 0.5 0.001
Comp Cartilage oligomeric matrix protein 0.2 0.00002 0.1 0.00001
Flt1 FMS-like tyrosine kinase 1, VEGFR1 0.08 0.001 0.09 0.002
Bmprla Bone morphogenetic protein receptor, type 1A 0.04 0.006 0.05 0.006

Five genes were affected similarly, and to a relatively similar
extent, by both risedronate concentrations at both time points.
These were Hk2 and Pparg, which were upregulated, and Birc1b,
Bmprla, and Comp, which were downregulated.

4. Discussion

The current studies indicate that treatment with a bispho-
sphonate can affect factors involved in both signaling and
osteogenesis in UMR-106 rat osteosarcoma-derived osteoblastic
cells. They also provide a basis for the observations that the
bisphosphonates have not only quantitative, but also qualitative
differences in their dose-dependent effects on bone. This was even
apparent in the measurement of metabolic activity in the MTT
assay, in which the lower concentration of risedronate increased
MTT activity at 24 h, whereas it was decreased by the high
concentration at both 1 and 24 h.

Effects on gene expression were consistent with the possibility
that lower concentrations of bisphosphonates could be beneficial
to bone formation. At 1h, a number of genes associated with
growth and differentiation were increased in the osteoblastic cells
by the lower concentration of risedronate. Of the genes whose
expression was increased by the low concentration of risedronate
at 1 h, the Vdr gene, encoding the vitamin D receptor, which is a
transcriptional regulator of osteocalcin and an activator of alkaline
phosphatase [17], had the largest magnitude response, a 57.3-fold
increase. A number of genes associated with differentiation of
mineralized tissues were increased 2.1-3.7-fold by the low
concentration of risedronate at 1h including fibroblast growth
factor 2 (Fgf2), alkaline phosphatase (Alp1), collagen Ila1 (Col2a1),
ameloblastin (Ambn), and enamelin (Enam). Fibroblast growth
factor 2 is an activator of MAP kinase and a regulator of
osteogenesis [18]. Alkaline phosphatase is an established marker
of early osteoblast differentiation [19]. Collagen Ilal encodes the
alpha 1 chain of type Il collagen a major component of the cartilage
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Table 4
Genes specifically or differentially regulated by (A) low dose or (B) high dose
risedronate with 24 h treatment.

Symbol Description Fold P value
A
Signaling array
Selp Selectin, platelet 4.7 0.003
Cdh1 Cadherin 1 3.1 0.002
Odc1 Ornithine decarboxylase 1 2.1 0.006
Osteogenesis array
Bmp7 Bone morphogenetic protein 7 45 0.02
Smad?2 MAD homolog 2 (Drosophila) 0.5 0.04
Mmp2 Matrix metallopeptidase 2 0.2 0.02
Cdh11 Cadherin 11 0.2 0.02
Enam Enamelin 0.1 0.02
B
Signaling array
Egrl Early growth response 1 27.3 0.01
Faslg Fas ligand (TNF superfamily, member 6) 9.0 0.00009
Ptgs2 Prostaglandin-endoperoxide synthase 2 5.0 0.003
Fasn Fatty acid synthase 41 0.02
Cdknla Cyclin-dependent kinase inhibitor 1A 41 0.03
Prkce Protein kinase C, epsilon 39 0.04
Brcal Breast cancer 1 39 001
Jun Jun oncogene 3.5  0.02
Vegfa Vascular endothelial growth factor A 3.0 0.04
Hoxal Homeo box Al 2.8 0.05
Cdk2 Cyclin dependent kinase 2 28 0.05
Bcl211 Bcl2-like 1 27 0.04
Hspb1 Heat shock 27kDa protein 1 2.7 0.02
Tcf7 Transcription factor 7, T-cell 23  0.05
specific
(predicted)
Gadd45a  Growth arrest and DNA-damage-inducible 23  0.01
45 alpha
Cdh1 Cadherin 1 04 0.003
Osteogenesis array
Mmp2 Matrix metallopeptidase 2 22,5 0.005
Col4a1l Procollagen, type IV, alpha 1 159 0.05
Bmp2 Bone morphogenetic protein 2 6.9 0.03
Icam1 Intercellular adhesion molecule 1 5.6 0.02
Dmp1 Dentin matrix protein 1 41 0.04
Scarb1 Scavenger receptor class B, member 1 3.7 0.02
Tgfb3 Transforming growth factor, beta 3 3.2 0.05
Ctsk Cathepsin K 29 0.05
Twist1 Twist gene homolog 1 (Drosophila) 28 0.04
Smad3 MAD homolog 3 (Drosophila) 2.6 0.004
Bmp5 Bone morphogenetic protein 5 (predicted) 26 0.05
Col14a1 Procollagen, type XIV, alpha 1 (predicted) 21  0.02
Sox9 SRY-box containing gene 9 0.3 0.05
Bmprib Bone morphogenetic protein receptor, type 1B 0.2 0.02

matrix [20] Although ameloblastin has been mainly associated
with dentin differentiation, recent studies reveal that it can
promote osteogenic differentiation [21]. Enamelin effects on
mineralized tissue have focused on its actions on enamel matrix
organization and mineralization [22]. None of these genes was
increased by 1h treatment with the high concentration of
risedronate, and Enam was decreased at 24 h by the low
concentration of risedronate. The expression of Fgfr1, encoding
a member of the fibroblast growth factor receptor family, and the
gene for the bone growth factor Bmp2 were unaffected by 1h
treatment with the low concentration of risedronate, but was
decreased by 1h treatment with the high concentration of the
drug. Ptch1, which encodes the receptor for sonic hedgehog, a
factor crucial for osteogenic differentiation [23], was increased by
both high and low risedronate, suggesting that even at higher
concentrations, the bisphosphonate has effects that promote bone
formation. The effects of this factor are complex, however, as
activation of hedgehog signaling in marrow led to loss and

osteoblast precursors [24] and Patched 1 haploinsufficiency
increased adult bone mass [25]. It is also possible that different
anabolic factors promoting osteoblast differentiation are elicited
by higher concentrations of risedronate. The gene for the growth
factor, vascular endothelial growth factor « (Vegfa), was increased
by the high concentration of risedronate only. Genes encoding the
osteogenic factors bone morphogenic protein 2 (Bmp2) [26], bone
morphogenic protein 5 (Bmp5) [27] and dentin morphogenic
protein 1 (Dmp1) [28], transforming growth factor beta 3 (Tgfb3)
[29,30] and the wnt pathway effector Tcf7 [31] required 24 h
treatment with the high risedronate concentration to elicit
increases in their expression. Egr1, which has mixed effects on
collagen gene expression [32-35] was increased by the high
risedronate concentration at 24 h.

Several genes encoding cytokine factors were affected by 1 h
risedronate treatment in the osteoblastic cells. TANK, a negative
regulator of tumor necrosis factor signaling [36], was down-
regulated by the low concentration of risedronate but upregulated
by the high concentration, which could contribute to the
antiresorptive effect of the risedronate. IL4Ra, which encodes
the alpha chain of the interleukin-4 receptor, was upregulated by
both the high and low concentrations of the drug. IL-4 inhibits
osteoblast proliferation, and stimulates IL-6 and alkaline phos-
phatase activity in osteoblasts [37]. IL-4 also supppressed Cox-2
dependent prostaglandin synthesis in osteoblasts, which was
proposed to play a role in inhibition of bone resorption by IL-4 [38].

Cell-cell interaction is likely to be important in bone responses
to treatments. Thus, it is interesting that that genes encoding a
protein involved in cell attachment, cadherin 1 (Cdh1) [39], was
differentially affected by high and low concentrations of rise-
dronate. Cdh1 was upregulated at both 1 and 24 h by the low
concentration of risedronate, and was downregulated at 24 h by
the high concentration. However, another adhesion molecule,
Icam, was upregulated by the high concentration of risedronate at
24 h.

Other responses observed in the current studies identify
potential mechanisms for established effects of bisphosphonates
in osteoblasts and suggest genes that could mediate the effects of
bisphosphonates in other cell types. Bisphosphonates can cause
apoptosis of both osteoclasts [40] and osteoblasts [3], effects that
may be involved in the deleterious effects of the bisphosphonates
on bone. A number of genes involved in the apoptotic process were
affected by the risedronate treatments. Perhaps most interesting
was that the apoptosis inhibitor Birc1b [41] was decreased by both
risedronate concentrations at both time points, suggesting that the
potential for apopotosis was present at a range of risedronate
treatment conditions but that other factors can override this effect.
Other genes associated with apoptosis were affected. Faslg, which
is important in triggering apoptosis in many cell types [42], was
increased by risedronate at both time points. Fas was increased at
24 h by both concentrations. Egr1, which was increased by the high
risedronate concentration at 24 h, can play a role in apoptosis
[43,44].

It is interesting that two genes noted to be important for
angiogenesis, Comp [45], and FIt1 [46], were decreased in the
osteoblastic cells by the bisphosphonate treatments. Flt 1 was
affected by both concentrations at 24 h, and Comp was affected by
both concentrations at both time points. This suggests that the
drug has antiangiogenic potential, which is borne out by functional
studies [47,48]. Inhibition of angiogenesis has also been proposed
to be a mechanism for deleterious effects of bisphosphonates on
bone [48], and it is possible that these genes may also be affected in
the cells of the vasculature, and contribute to the antiangiogenic
effects.

Finally, bisphosphonates have recently been found to have
antimetastasis properties apparent clinically in the treatment of
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both breast cancer [49] and prostate cancer [50]. The decreases in
Cdh11 with 24 h treatment are consistent with antimetastatic
effects [51,52]. The increase in Cdk2, which can antagonize
prostate cancer progression [53,54], could also contribute to
antitumor effects.

In conclusion, the studies provide potential mechanisms for
the differential effects of low and high concentrations of
risedronate on osteoblasts. The most marked pattern was the
effect of the low risedronate concentration to increase expres-
sion of genes associated with mineralized tissue differentiation.
The studies also identify genes that could mediate established
effects of the bisphosphonates to promote apoptosis and
antagonize angiogenesis and metastasis. The bisphosphonate
also affected a number of additional genes whose importance
and functional role in the actions of bisphosphonates are yet to
be determined.

Acknowledgements

This study was supported in part by a grant from the National
Institutes of Health (RO1-AR11262) and in part by funds from
Procter and Gamble. Risedronate was provided by Procter and
Gamble.

References

[1] Russell RG, Rogers M]J. Bisphosphonates: from the laboratory to the clinic
and back again. Bone 1999;25:97-106.

[2] Reinholz GG, Getz B, Pederson L, Sanders ES, Subramaniam M, Ingle JN, et al.
Bisphosphonates directly regulate cell proliferation, differentiation, and gene
expression in human osteoblasts. Cancer Res 2000;60:6001-7.

[3] Mackie PS, Fisher JL, Zhou H, Choong PF. Bisphosphonates regulate cell growth
and gene expression in the UMR 106-01 clonal rat osteosarcoma cell line. Br ]
Cancer 2001;84:951-8.

[4] Plotkin LI, Manolagas SC, Bellido T. Dissociation of the pro-apoptotic effects of
bisphosphonates on osteoclasts from their anti-apoptotic effects on osteo-
blasts/osteocytes with novel analogs. Bone 2006;39:443-52.

[5] Plotkin LI, Weinstein RS, Parfitt AM, Roberson PK, Manolagas SC, Bellido T.
Prevention of osteocyte and osteoblast apoptosis by bisphosphonates and
calcitonin. J Clin Invest 1999;104:1363-74.

[6] Im GI, Qureshi SA, Kenney ], Rubash HE, Shanbhag AS. Osteoblast proliferation
and maturation by bisphosphonates. Biomaterials 2004;25:4105-15.

[7] von Knoch F, Jaquiery C, Kowalsky M, Schaeren S, Alabre C, Martin I, et al.
Effects of bisphosphonates on proliferation and osteoblast differentiation of
human bone marrow stromal cells. Biomaterials 2005;26:6941-9.

[8] Khosla S, Burr D, Cauley ], Dempster DW, Ebeling PR, Felsenberg D, et al.
Bisphosphonate-associated osteonecrosis of the jaw: report of a task force of
the American Society for Bone and Mineral Research. ] Bone Miner Res
2007;22:1479-91.

[9] Yoon RS, Beebe KS, Benevenia ]. Prophylactic bilateral intramedullary femoral
nails for bisphosphonate-associated signs of impending subtrochanteric hip
fracture. Orthopedics 2010;267-70.

[10] Allen MR, Burr DB. The pathogenesis of bisphosphonate-related osteonecrosis
of the jaw: so many hypotheses, so few data. ] Oral Maxillofac Surg
2009;67:61-70.

[11] Benford HL, McGowan NW, Helfrich MH, Nuttall ME, Rogers M]J. Visualization
of bisphosphonate-induced caspase-3 in apoptotic osteoclasts in vitro. Bone
2001;28:465-73.

[12] Idris Al Rojas ], Greig IR, Van't Hof R], Ralston SH. Aminobisphosphonates
cause osteoblast apoptosis and inhibit bone nodule formation in vitro. Calcif
Tissue Int 2008;82:191-201.

[13] Allen MR, Gineyts E, Leeming DJ, Burr DB, Delmas PD. Bisphosphonates alter
trabecular bone collagen cross-linking and isomerization in beagle dog verte-
bra. Osteoporos Int 2008;19:329-37.

[14] Gourion-Arsiquaud S, Allen MR, Burr DB, Vashishth D, Tang SY, Boskey AL.
Bisphosphonate treatment modifies canine bone mineral and matrix proper-
ties and their heterogeneity. Bone 2010;46:666-72.

[15] Hiraga T, Ueda A, Tamura D, Hata K, Ikeda F, Williams PJ, et al. Effects of oral
UFT combined with or without zoledronic acid on bone metastasis in the 4T1/
luc mouse breast cancer. Int J Cancer 2003;106:973-9.

[16] Rosen LS, Gordon D, Kaminski M, Howell A, Belch A, Mackey ], et al. Long-term
efficacy and safety of zoledronic acid compared with pamidronate disodium in
the treatment of skeletal complications in patients with advanced multiple
myeloma or breast carcinoma: a randomized, double-blind, multicenter,
comparative trial. Cancer 2003;98:1735-44.

[17] van Driel M, Pols HA, van Leeuwen JP. Osteoblast differentiation and control by
vitamin D and vitamin D metabolites. Curr Pharm Des 2004;10:2535-55.

[18] Marie PJ. Fibroblast growth factor signaling controlling osteoblast differenti-
ation. Gene 2003;316:23-32.

[19] Orimo H. The mechanism of mineralization and the role of alkaline phospha-
tase in health and disease. ] Nippon Med Sch 2010;77:4-12.

[20] de Crombrugghe B, Lefebvre V, Behringer RR, Bi W, Murakami S, Huang W.
Transcriptional mechanisms of chondrocyte differentiation. Matrix Biol
2000;19:389-94.

[21] lizuka S, Kudo Y, Yoshida M, Tsunematsu T, Yoshiko Y, Uchida T, et al. Amelo-
blastin regulates osteogenic differentiation by inhibiting Src kinase via crosstalk
between integrin {beta}1 and CD63. Mol Cell Biol 2011;31:783-92.

[22] HuJC, Yamakoshi Y. Enamelin and autosomal-dominant amelogenesis imper-
fecta. Crit Rev Oral Biol Med 2003;14:387-98.

[23] Guan CC, Yan M, Jiang XQ, Zhang P, Zhang XL, Li ], et al. Sonic hedgehog
alleviates the inhibitory effects of high glucose on the osteoblastic differenti-
ation of bone marrow stromal cells. Bone 2009;45:1146-52.

[24] Siggins SL, Nguyen NY, McCormack MP, Vasudevan S, Villani R, Jane SM, et al.
The Hedgehog receptor Patched1 regulates myeloid and lymphoid progenitors
by distinct cell-extrinsic mechanisms. Blood 2009;114:995-1004.

[25] Ohba S, Kawaguchi H, Kugimiya F, Ogasawara T, Kawamura N, Saito T, et al.
Patched1 haploinsufficiency increases adult bone mass and modulates Gli3
repressor activity. Dev Cell 2008;14:689-99.

[26] Wozney JM, Rosen V, Celeste AJ, Mitsock LM, Whitters MJ, Kriz RW, et al. Novel
regulators of bone formation: molecular clones and activities. Science
1988;242:1528-34.

[27] Ho AM, Marker PC, Peng H, Quintero AJ, Kingsley DM, Huard J. Dominant
negative Bmp5 mutation reveals key role of BMPs in skeletal response to
mechanical stimulation. BMC Dev Biol 2008;8:35-47.

[28] Eapen A, Sundivakkam P, Song Y, Ravindran S, Ramachandran A, Tiruppathi C,
et al. Calcium-mediated stress kinase activation by DMP1 promotes osteoblast
differentiation. ] Biol Chem 2010;285:36339-51.

[29] Cabiling DS, Kim E, Yan D, Jacob S, Nah HD, Kirschner RE. Differential effects of
TGF-beta isoforms on murine fetal dural cells and calvarial osteoblasts. Plast
Reconstr Surg 2007;120:614-24.

[30] Huojia M, Muraoka N, Yoshizaki K, Fukumoto S, Nakashima M, Akamine A,
et al. TGF-beta3 induces ectopic mineralization in fetal mouse dental pulp
during tooth germ development. Dev Growth Differ 2005;47:141-52.

[31] de Jong DS, Vaes BL, Dechering K], Feijen A, Hendriks JM, Wehrens R, et al.
Identification of novel regulators associated with early-phase osteoblast
differentiation. ] Bone Miner Res 2004;19:947-58.

[32] Chen SJ, Ning H, Ishida W, Sodin-Semrl S, Takagawa S, Mori Y, et al. The early-
immediate gene EGR-1 is induced by transforming growth factor-beta and
mediates stimulation of collagen gene expression. ] Biol Chem
2006;281:21183-97.

[33] Pines A, Romanello M, Cesaratto L, Damante G, Moro L, D’Andrea P, et al.
Extracellular ATP stimulates the early growth response protein 1 (Egr-1) via a
protein kinase C-dependent pathway in the human osteoblastic HOBIT cell
line. Biochem ] 2003;373:815-24.

[34] Tan L, Peng H, Osaki M, Choy BK, Auron PE, Sandell LJ, et al. Egr-1 mediates
transcriptional repression of COL2A1 promoter activity by interleukin-1beta. |
Biol Chem 2003;278:17688-700.

[35] Alexander D, Judex M, Meyringer R, Weis-Klemm M, Gay S, Muller-Ladner U,
et al. Transcription factor Egr-1 activates collagen expression in immortalized
fibroblasts or fibrosarcoma cells. Biol Chem 2002;383:1845-53.

[36] Zhang W, Wang ], Zhang Y, Yuan Y, Guan W, Jin C, et al. The scaffold protein
TANK/I-TRAF inhibits NF-kappaB activation by recruiting polo-like kinase 1.
Mol Biol Cell 2010;21:2500-13.

[37] Frost A, Jonsson KB, Brandstrom H, Ljunghall S, Nilsson O, Ljunggren O.
Interleukin (IL)-13 and IL-4 inhibit proliferation and stimulate IL-6 formation
in human osteoblasts: evidence for involvement of receptor subunits IL-13R,
IL-13Ralpha, and IL-4Ralpha. Bone 2001;28:268-74.

[38] Onoe Y, Miyaura C, Kaminakayashiki T, Nagai Y, Noguchi K, Chen QR, et al. IL-
13 and IL-4 inhibit bone resorption by suppressing cyclooxygenase-2-depen-
dent prostaglandin synthesis in osteoblasts. ] Immunol 1996;156:758-64.

[39] Li H, Daculsi R, Grellier M, Bareille R, Bourget C, Amedee ]. Role of neural-
cadherin in early osteoblastic differentiation of human bone marrow stromal
cells cocultured with human umbilical vein endothelial cells. Am J Physiol Cell
Physiol 2010;299:C422-30.

[40] Coxon FP, Helfrich MH, Van't Hof R, Sebti S, Ralston SH, Hamilton A, et al.
Protein geranylgeranylation is required for osteoclast formation, function, and
survival: inhibition by bisphosphonates and GGTI-298. ] Bone Miner Res
2000;15:1467-76.

[41] Perrelet D, Ferri A, Liston P, Muzzin P, Korneluk RG, Kato AC. IAPs are essential
for GDNF-mediated neuroprotective effects in injured motor neurons in vivo.
Nat Cell Biol 2002;4:175-9.

[42] Ehrenschwender M, Wajant H. The role of FasL and Fas in health and disease.
Adv Exp Med Biol 2009;647:64-93.

[43] Adamson ED, Mercola D. Egr1 transcription factor: multiple roles in prostate
tumor cell growth and survival. Tumour Biol 2002;23:93-102.

[44] Liu C, Rangnekar VM, Adamson E, Mercola D. Suppression of growth and
transformation and induction of apoptosis by EGR-1. Cancer Gene Ther
1998;5:3-28.

[45] Jeong BC, Kim HJ, Bae IH, Lee KN, Lee KY, Oh WM, et al. COMP-Ang1, a chimeric
form of Angiopoietin 1, enhances BMP2-induced osteoblast differentiation
and bone formation. Bone 2010;46:479-86.

[46] Takano S, Yamashita T, Ohneda O. Molecular therapeutic targets for glioma
angiogenesis. ] Oncol. 2010;doi:10.1155/2010/351908.



http://dx.doi.org/10.1155/2010/351908
http://dx.doi.org/10.1155/2010/351908

1042 J. Wang, P.H. Stern/Biochemical Pharmacology 81 (2011) 1036-1042

[47] Stresing V, Fournier PG, Bellahcene A, Benzaid I, Monkkonen H, Colombel M,
et al. Nitrogen-containing bisphosphonates can inhibit angiogenesis in vivo
without the involvement of farnesyl pyrophosphate synthase. Bone
2011;48:259-66.

[48] Cetinkaya BO, Keles GC, Ayas B, Gurgor P. Effects of risedronate on alveolar
bone loss and angiogenesis: a stereologic study in rats. ] Periodontol
2008;79:1950-61.

[49] Lipton A, Theriault RL, Hortobagyi GN, Simeone ], Knight RD, Mellars K, et al.
Pamidronate prevents skeletal complications and is effective palliative treat-
ment in women with breast carcinoma and osteolytic bone metastases—long
term follow-up of two randomized, placebo-controlled trials. Cancer
2000;88:1082-90.

[50] Saad F, Gleason DM, Murray R, Tchekmedyian S, Venner P, Lacombe L, et al. A
randomized, placebo-controlled trial of zoledronic acid in patients with

hormone-refractory metastatic prostate carcinoma. ] Natl Cancer Inst
2002;94:1458-68.

[51] ChuK, Cheng CJ, Ye X, Lee YC, Zurita AJ, Chen DT, et al. Cadherin-11 promotes
the metastasis of prostate cancer cells to bone. Mol Cancer Res 2008;6:1259-
67.

[52] Tamura D, Hiraga T, Myoui A, Yoshikawa H, Yoneda T. Cadherin-11-mediated
interactions with bone marrow stromal/osteoblastic cells support selective
colonization of breast cancer cells in bone. Int ] Oncol 2008;33:17-24.

[53] Zolochevska O, Figueiredo ML. Cell cycle regulator cdk2ap1 inhibits prostate
cancer cell growth and modifies androgen-responsive pathway function.
Prostate 2009;69:1586-97.

[54] Zolochevska O, Figueiredo ML. Cell-cycle regulators cdk2ap1 and bicalutamide
suppress malignant biological interactions between prostate cancer and bone
cells. Prostate 2011;71:353-67.



	Dose-dependent differential effects of risedronate on gene expression in osteoblasts
	Introduction
	Materials and methods
	Cell culture
	MTT assay
	3H-thymidine incorporation
	Gene expression profiling using real-time PCR gene array

	Results
	Effects of risedronate treatment on MTT activity and 3H-thymidine incorporation
	Effects of risedronate on gene responses in gene arrays

	Discussion
	Acknowledgements
	References


