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Abstract Radiation response of bone cells, especially the
bone-forming osteoblasts, is an important issue for radio-
therapy in young age. A radiation-induced cell cycle arrest
may enhance or accelerate osteoblastic differentiation. To
analyze radiation response of osteoblastic cells, the correla-
tion between DNA double-strand break induction (DSB),
cell cycle alterations and gene expression modifications
after X-irradiation was investigated in the osteoblast-like
cell line OCT-1. As marker of the cellular response to DSB,
the temporal appearance of y-H2AX foci after X-irradiation
was visualized. Gene expression profiles of the key cell
cycle regulatory protein p21 (CDKNI1A), and the most
abundant growth factor in human bone, transforming growth
factor beta 1 (TGF-f1) were recorded using quantitative
real-time reverse transcription PCR (QRT-PCR). The distri-
bution of cells in the cell cycle phases G1, S and G2 was
determined by propidium iodide (PI) staining and flow
cytometry. Initial studies show a strong dose dependency in
the number of y-H2AX foci shortly after X-irradiation.
Exposure to 1 Gy yields approximately 36 small foci in
OCT-1 cells after 30 min that became larger after 1 h of
incubation; after 24 h most of the foci had disappeared.
X-rays provoked a dose-dependent arrest in G2 phase of the
cell cycle, accompanied by a dose-dependent gene expres-
sion regulation for p21 and TGF-f1. As TGF-f1 is known
to affect osteoblast differentiation, matrix formation and
mineralization, modulation of its expression could influence
the expression of the main osteogenic transcription factor
Runx2 (Cbfal) and other osteoblast differentiation markers.
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Abbreviations

ALP Alkaline phosphatase

BSA Bovine serum albumin

DAPI 4, 6-diamidino-2-phenylindole

DSB Double-strand break

qRT-PCR Quantitative real-time reverse
transcription polymerase chain reaction

PBS Phosphate-buffered saline

PI Propidium iodide

RT Reverse transcriptase

Introduction

Bone mass in mammals is governed by the bone-specific
remodeling process. This comprises the balanced action of
osteoblasts, the skeletal cells that are responsible for syn-
thesis, deposition and mineralization of extracellular matrix
of bone (Aubin 1998) and of osteoclasts, the hematopoietic
lineage-derived cells that are capable of bone resorption
(Augat et al. 2005; Strewler 2004). Apart from producing
extracellular matrix, the osteoblasts synthesize cytokines
and activation factors allowing them to communicate with
osteoclasts (zur Nieden et al. 2003). Osteogenic cells arise
from multipotential mesenchymal cells that have the capac-
ity to undergo a number of apparently stochastic commit-
ment or restriction steps to give rise to progeny with more
limited, including monopotential capacities (Aubin et al.
1995). The sequential process of osteoblastic differentiation
includes a phase of cell proliferation, followed by coordi-
nated expression of bone-related proteins (Stein and Lian
1993). The differentiation of osteoblastic precursor cells
into osteoblasts is controlled by a bunch of specific tran-
scription factors of which Runx?2 (also known as core bind-
ing factor alpha 1 (Cbfal)) is the most important one. Most
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of the specific genes coding for the osteoblast lineage con-
tain binding sites in their promoter regions for the Runx2
gene product and are thus up-regulated upon Runx?2 induc-
tion (Ducy etal. 1997; Harada etal. 1999; Kern et al.
2001). Runx?2 directs mesenchymal progenitor cells toward
pre-osteoblasts and inhibits their differentiation into adipo-
cytes and chondrocytes (Komori 2006). Another key regu-
lator of cell proliferation, differentiation, motility and
apoptosis is transforming growth factor betal (TGF-f1)
(Kanaan and Kanaan 2006), a secreted factor present at
high levels in bone. TGF-f1 is a homodimeric protein with
autocrine and paracrine activities, found in a variety of cell
types (Roberts and Sporn (1993). TGF-f is produced and
incorporated into the mineralized bone matrix by osteo-
blasts and inhibits osteoclast proliferation and activity.
Moreover, it stimulates proliferation and differentiation of
pre-osteoblasts (Langdahl et al. 2003) and inhibits the min-
eralization process e.g. in mouse osteoblastic MC3T3-El
cells (Sowa et al. 2002). Recent observations suggest that
TGF-f1 inhibits terminal osteoblast differentiation by
repressing the transcriptional activity of Runx2, which pre-
vents the appearance of mature osteoblasts (Alliston et al.
2001; Komori et al. 1997; Otto et al. 1997). The inhibition
of differentiation is mediated via Smad3, which interacts
with Runx2 and represses transcriptional activity (Kanaan
and Kanaan 2006). Smad3-mediated repression of Runx2
provides a central regulatory mechanism for the inhibition
of osteoblast differentiation by TGF-f1, since it inhibits
both, Runx2 transcription and transcriptional activation of
osteoblast-specific marker genes like the vitamin K-and
vitamin D-dependent matrix protein osteocalcin (Alliston
et al. 2001).

Modulations in gene expression patterns during the
differentiation process give rise to the question whether the
differentiation process affects the cellular response to DNA-
damaging agents like ionizing radiation and whether IR
affects the osteoblast-specific differentiation process. Ioniz-
ing radiation produces a wide spectrum of molecular
lesions in DNA including base damages, single-strand
breaks (SSB), double-strand breaks (DSB), as well as mul-
tiply damaged sites. However, DSB are the most relevant
lesions for cell killing as they disrupt both DNA strands in
close proximity (Rothkamm and Lobrich 2003). Cellular
recognition of DSB and their efficient repair is therefore of
utmost importance. Otherwise, if these lesions are left unre-
paired, basic cellular functions may be impaired, resulting
in reduced cell survival. DNA in eukaryotes is packaged
along with core histone proteins into a fundamental subunit
of the chromosome, the nucleosome. H2A is one of the core
histone families that have been conserved throughout evo-
lution. This mammalian subfamily has a histone variant,
known as H2AX (Rogakou et al. 1998). After exposure to
ionizing radiation, H2AX is phosphorylated at serine 139
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within its conserved COOH-terminal region in the vicinity
of DSB sites. The number of such phosphorylated y-H2AX
foci correlates well with the number of DSB (Rothkamm
and Lobrich 2002).

In a number of soft tissues, cells respond to high doses of
radiation by the induction of necrosis, while lower doses
induce apoptosis (Szymczyk et al. 2004). The deleterious
effect of ionizing radiation on growing human bone is well
documented (Hopewell 2003). A series of in vivo studies
on the effects of radiation on bone have been reported
(Probert and Parker 1975; Goldwein 1991; Arnold et al.
1995), but the effects of ionizing radiation on the bone-
forming osteoblastic cells themselves still remain obscure
(Dare etal. 1997). Exposure to 20 Gy of X-rays reduced
osteoblastic cell proliferation, followed by a decreased col-
lagen production and alkaline phosphatase (ALP) activity
(Sams 1965). Since both collagen production and ALP
activity play major roles in the differentiation process of
non-mineralized bone, it has been proposed that the
reduced expression paves the pathway to osteopenia
(Erguen and Howland 1980). In addition, cell death of
osteocytes and osteoblasts could contribute in the patho-
genesis of osteoradionecrosis (Dudziak et al. 2000). Recent
studies suggest that ionizing radiation affects immature
more than mature bone, supporting the classic proposition
that pre-osteoblasts are radiosensitive (Jacobsson et al.
1985, 1986; Tonna and Pavelec 1970). To better understand
the effects of ionizing radiation on osteoblasts and to assess
the possibility of detrimental effects of ionizing radiation on
bone formation, we investigated the effect of radiation on
cell cycle progression and expression of osteoblastic
marker genes, which are important players in the differenti-
ation process. In the present paper, we show that ionizing
radiation induces dose-dependent modulation in cell cycle
progression. These results suggest that exposure to higher
doses of ionizing radiation inhibits cell cycle progression
leading to modulations in osteoblast-specific gene
expression.

Materials and methods
Cell lines and culture conditions

The murine osteoblast precursor cell line OCT-1 (Chen
et al. 1995) was maintained at 37°C in a humidified atmo-
sphere of 5% CO, and 95% air. The culture medium was
replenished every 3—4 days. Standard culture medium was
used for cell maintenance. For that, cells were inoculated at
a cell density of 5 x 10? cells per cm* and maintained in o-
modified Eagle’s medium (o-MEM, Gibco, Paisley, UK),
supplemented with 10% fetal bovine serum (FBS; Bio-
chrom GmbH, Berlin). For differentiation experiments, the
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cells were incubated in Petri dishes (@ 10 cm) or well
plates and cultivation was continued for up to 14 days after
irradiation. The medium was replenished twice per week.

Irradiation procedure

After an initial growth period of 2-3 days, asynchronous
actively proliferating OCT-1 cells were exposed to X-rays
(150kV, 16 mA) at a dose rate of 1.8 Gy/min (focus-object
distance of 312 mm) using the X-ray source Miiller Typ
MG 150 (MCN 165, Philipps, Hamburg, Germany). Con-
trol cells were treated similarly but without X-ray exposure.

Colony formation assay

For survival experiments, cells were irradiated attached to
Petri dishes (@ 6 cm) at cell densities adjusted to compen-
sate for cloning efficiency of the cell lines and any antici-
pated lethal effect of the radiation, in order to obtain
between 50 and 100 colonies per culture dish. Cells were
further incubated at 37°C immediately after irradiation for
14-20 days. The grown colonies were fixed with 1% form-
aldehyde and stained with 0.1% (w/v) crystal violet solu-
tion. Colonies consisting of more than 50 cells were scored
as “survivors”. The survival rate of the irradiated cells was
normalized to the plating efficiency of non-irradiated con-
trols. All data of the irradiated samples were compared
using the #-test and fit by least squares linear regression
analysis to In Sp/Sp_, versus dose, where Sy and Sp_
were the surviving fractions of irradiated and non-irradiated
cells, respectively. The resulting dose—effect curve,
described by the formula S = 1-(1-exp®P°)", was character-
ized by the parameters D, and n (single hit multitarget
model) (Hug and Kellerer 1966). Survival results were
averaged data from three independent experiments.

Detection of y-H2AX foci

Cells were grown on glass coverslips (@ 11 mm), exposed
to X-rays and incubated under standard conditions for vari-
ous time points to allow damage repair. Cells on cover slips
were fixed in 3.5% formaldehyde in PBS for 30 min, rinsed
three times in PBS for each 10 min, permeabilized for
30 min on ice in 0.5% Triton X-100 in PBS with 1% BSA
and blocked in PBS with 1% bovine serum albumin for
10 min. Cells were incubated for 1 h with purified rabbit
anti-phospho-histone H2AX (S139) antibody (AF2288,
R&D Systems) diluted 1:400 in 1% FCS in PBS, and
washed three times in PBS containing 1% bovine serum
albumin for 10 min each time. Cover slips were rinsed and
incubated with fluorescent secondary TRITC-conjugated
polyclonal swine anti-rabbit (Dako Cytomation, Glostrup,
Denmark) antibody in 1% FCS in PBS diluted 1:250 for 1 h

at room temperature in the dark. DNA was counterstained
using 1 pgml~' 4’ 6-diamidino-2-phenylindole (DAPI),
and cover slips were mounted using Dako fluorescent
mounting medium (Carpinteria, California, USA). Cellular
red (TRITC) and blue (DAPI) fluorescence emissions of
identical cells were visualized and documented using stan-
dard filter settings (for TRITC filter set 20: excitation at
/. =546 nm, emission at A => 575 nm; for DAPI filter set
2: excitation at 4 = 365 nm, emission at A = > 420 nm). For
quantitative two-dimensional analysis during the imaging
process, foci were counted automatically and resulting
counts were controlled by eye using a 63 x objective on a
Zeiss fluorescence microscope (Carl Zeiss Inc., Thorn-
wood, NY) equipped with Axio vision software 4.0 (Zeiss
Thornwood, NY) and recorded on a AxioCam MRmS5
Rev.3 (Carl Zeiss Inc., Thornwood, NY), equipped with a
CCD imaging system. In a single experiment, 100 cells
were analyzed and counted per sample. Control experi-
ments were sham-irradiated in all experiments.

Cell cycle analysis

Cells were initially plated at a density of (5 x 10° cells/
cm~2) in Petri dishes (@ 6 cm) and grown for 2 days to
allow irradiation in exponential growth phase. Cells were
harvested at the indicated time points by gentle trypsiniza-
tion followed by immediate fixation in 70% ice-cold etha-
nol with an overnight incubation at —20°C. The ethanol was
removed by dilution with PBS and brief centrifugation
(500 xg). Thereafter, pelleted cells were washed once with
PBS and incubated for 30 min at 37°C in PBS containing
40 ug ml~!' of propidium iodide (Sigma-Aldrich, Stein-
heim, Germany) and 10 pg ml~! of DNase-free RNase
(Sigma—Aldrich). For each tube, 20,000 cells were immedi-
ately measured on a FACScan flow cytometer (Becton—
Dickinson) using CellQuest Pro Software.

Quantitative real-time reverse transcriptase polymerase
chain reaction (QRT-PCR)

Changes in gene expression of the bone-specific differentia-
tion process after irradiation was analyzed in OCT-1 cells.
To get a profile of gene expression during the initial phases
of osteoblastic differentiation (proliferation phase), RNA
was harvested for analysis from O to 7 days after irradiation.

The examination of gene expression profiles was per-
formed using quantitative polymerase chain reaction
(qPCR) technique, after reverse transcription of the RNA.
Total cellular RNA was isolated using the RNeasy Mini kit
(Qiagen, Hilden, Germany) according to the manufac-
turer’s specifications. DNAse treatment was performed on
column using RNAse-free DNAse kit (Qiagen, Hilden,
Germany). The integrity of RNA was assessed using
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lab-on-chip Bioanalyzer 2100 (Agilent Technologies,
USA). Only samples with RNA integrity numbers (RIN)
higher than eight were used for downstream applications
(Fleige and Pfaffel 2006). First strand cDNA was synthe-
sized from 500 ng total RNA using the iScript reverse
transcriptase RNAse H + (BioRad, CA), containing oligo
(dT) and random hexamer primers according to the manu-
facturer (BioRad) in a final volume of 20 pl. Gene-specific
forward and reverse primer pairs were purchased from
Qiagen (http://www.qiagen.com/GeneGlobe) containing
gene sequences derived from the NCBI Reference Sequence
database (http://www.ncbi.nlm.nih.gov/RefSeq). Primers are
validated to detect RNA only and provided that no pseudo-
genes with high cDNA similarity exist or that the transcript is
not derived from a single-exon gene. Primers were purchased
for the target genes Cyclin-dependent kinase inhibitor 1A
(P21) p21(WAF/CDKN1a), Transforming growth factor beta
1 (TGF-$1), Runx2 (Cbfal), and for the house-keeping
genes Beta-2-microglobulin (B2M), Hypoxanthine guanine
phosphoribosyl transferase (HPRT), TATA box binding pro-
tein (TBP). PCR conditions were optimized and standard
curves were generated. All JQPCRs were performed using
SYBR Green-based detection using the DNA Engine Opti-
con2 System (BioRad Ltd, Munich, Germany). The authen-
ticity of the PCR products was verified using melting curve
analysis and agarose gel electrophoresis.

For gqPCRs, a ready to use cocktail containing 12.5 pl
2 x Green RT-PCR (Platinum SYBR Green qPCR Super-
Mix-UDG, Invitrogen), 0.5 pl forward primer (Qiagen),
0.5 pl reverse primer (Qiagen) and 2 pul cDNA template were
used in a final volume of 20 pl. After an initial 50°C step for
2 min (UDG incubation) and denaturation of 2 min at 95°C
followed 40 cycles of 15 s at 95°C, 30 s at 60°C and 30 s at
72°C. The detection of fluorescence signals was performed at
72°C at each cycle. C, (threshold cycle) values were calcu-
lated using the Opticon-2 software. For each primer set the
non-template controls and the RT-negative control samples
were analyzed in addition to the non-treated and treated sam-
ples. Housekeeping genes were chosen according to the fact
that they belong to different functional and abundance classes
in various tissues and cells with various but stable levels in
gene expression. Due to the fact that no gene is constantly
expressed, multiple housekeeping genes are required for an
accurate normalization (Vandesompele et al. 2002).

Quantification of gene expression was based on the C,
value for each sample. The C, values were calculated as the
average of triplicate measurements. Relative quantification
was performed including measurement of the difference in
copy numbers between two samples that have each been
normalized to an endogenous reference gene (“housekeep-
ing gene”). This method does not rely on the knowledge of
a given transcript copy number in a standard sample.
Instead, the changes in gene expression levels of a specified

@ Springer

transcript may be measured and described in arbitrary unit
relative to the level of some other control transcript in the
same sample pool. This method referred to as efficiency-
corrected ACt method builds upon the relative standard
curve method by incorporating PCR efficiency (E) into the
quantity calculation (Nolan etal. 2006). The PCR
efficiency was evaluated from dilution series of purified
PCR products. The standard curve slopes are used to
calculate PCR efficiency according to the relationship
E = 1081P®) a5 described (Rasmussen 2001).

Relative expression levels of all investigated genes were
determined using pair wise fixed reallocation randomiza-
tion test (REST) software (Pfaffl 2001; Pfaffl et al. 2002).
Normalization of target gene expression to the optimal
combination of housekeeping gene expression is achieved
using the BestKeeper software (Pfaffl et al. 2004).

Determination of bone cell differentiation by von Kossa
staining of mineralized nodules

The main characteristic of mature bone cells is their ability
to deposit extracellular matrix that mineralizes (Aubin
1998). Under in vitro culture conditions, the deposited cal-
cium co-precipitates with phosphate to form bone nodules
(Chentoufi et al. 1993), which can be assessed using von
Kossa staining method. Mineralization of OCT-1 cells was
determined 14 days after irradiation. For that, cells were
fixated with 1% formaldehyde (Sigma—-Aldrich, Taufkir-
chen, Germany) buffered with 10 mM phosphate (pH 6.9)
at 4°C for 30 min followed by staining with 0.5 ml of 5%
silver nitrate solution for 30 min. Exposure to UV-C light
for 10 min at room temperature leads to the deposition of
silver by replacing the reduced calcium. After treatment
with 2.5% sodium thiosulfate for 5 min (to remove un-
reacted silver), the cells were rinsed twice with distilled
water. Under the microscope, mineralized bone nodules
show dark brown to black staining while non-mineralized
areas display only light brown staining.

Results

The immortalized murine bone cell line OCT-1 was used to
study the differentiation process of osteoblast-like cells
after exposure to ionizing radiation. The use of this cell line
that is capable of differentiating along the bone cell lineage
provides an excellent model for studying patterns of gene
expression in differentiating osteoblasts.

Survival after X-irradiation

The colony-forming ability after X-ray treatment was
investigated to determine the survival rate of the OCT-1
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Fig. 1 Dose—effect relationship after exposure to ionizing radiation.
OCT-1 cells were exposed to ionizing radiation up to 15 Gy. The col-
ony-forming ability after X-ray treatment was investigated to deter-
mine the survival rate of the cell line

cell line. The cells were irradiated in a dose range from O to
15 Gy. The OCT-1 cells have the capability to recover from
DNA damage as the dose—effect curve (Fig. 1) is of curvi-
linear shape with a shoulder in the low dose range and an
exponential curve progression in the high dose range. Sur-
vival was determined to be connected to dose via the char-
acteristic parameters D, and n. The D for OCT-1 cells lies
with a value of 1.83 £0.05 in the range published for
human mesenchymal-derived fibroblast cell lines, the same
is true for the n-value of 2.35 &£ 0.26. The shoulder width is
described by a quasi-threshold dose of 2.6 Gy.

Detection of y-H2AX foci

The analysis of y-H2AX focus formation was done to
investigate the induction and repair of DSB after exposure
to ionizing radiation (1 Gy). By subsequent immune stain-
ing using antibodies against y-H2AX, discrete foci were
detected inside the cell nuclei (Fig. 2). Foci formation was
additionally examined in non-irradiated control cells. After
exposure to 1 Gy, discrete foci were microscopically visi-
ble as early as 30 min after irradiation. After a repair period
of 24 h, nearly all DSB were effectively rejoined (Fig. 3).

Fig. 2 DSB induction in murine bone cell line OCT-1 as measured by
y -H2AX focus formation 30 min after 1 Gy of X-irradiation. y-H2AX-
TRITC-fluorescence as visualized in the Zeiss fluorescence micro-
scope using filter set 20 at an emission at A => 575 nm (a); DNA

counterstained with DAPI as visualized in the Zeiss fluorescence
microscope using filter set 2 at an emission at > 420 nm (b); image
resulting from merging both channels using the Axio vision software
4.0 (c) and monochrome image of the merged image (d)
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Fig. 3 Decay of y-H2AX foci with repair time. Exposure to 1 Gy
yields about 36 small foci that were already visible after 30 min and
fully developed after 1 h. With increasing repair time, the number of
foci decreased exponentially. At 24 h of repair, only about 3 foci were
present. A total of 100 cells were analyzed to obtain the mean and stan-
dard derivation. The dashed line represents the number of foci in unir-
radiated cells

Cell cycle distributions

Modulations in cell cycle distribution were examined using
propidium iodide staining and flow cytometry analysis. The
present study demonstrated that ionizing radiation at a dose
range between 2 and 7 Gy induced a dose- and time-depen-
dant cell cycle arrest in OCT-1 cells. The flow cytometry
data indicates that 8 h after exposure to 4 Gy, a significant
increase in G2-arrested cells were detected. However, 7 Gy
arrested almost the entire cell population (Fig. 4). After an
incubation time of 48 h, a considerable fraction of cells
seemed to have started cycling again, as documented by the
appearance of S-phase signals.

X-ray-induced modulation of gene expression

In this study, we evaluated the effects of ionizing radiation
on the expression of key transcription factors, cell cycle
regulators and genes that are directly linked to the osteo-
blastic cell differentiation and maturation process like the
osteoblast-specific transcription factor Runx2, p21 and
TGF-p1. Exposure to ionizing radiation increased the
expression of the cell cycle regulator p21 in a dose-depen-
dent manner 8 h after exposure (Fig. 5a). Seven days after
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radiation exposure, the expression level reached the control
level. Irradiation decreased Runx2 expression level imme-
diately after exposure to ionizing radiation considerably
(Fig. 5b). For lower radiation doses (2 and 4 Gy), Runx2
expression levels reached control levels. Seven Gy, how-
ever, provoked a significant up-regulation of Runx?2 reach-
ing a maximum expression level after 3 days post-exposure.
After exposure to ionizing radiation, the TGF-f1 expres-
sion levels are dose-dependently up-regulated, peaking at
24 h after X-ray treatment. Seven days after exposure, the
expression levels for all radiation doses reached the control
level (Fig. 5¢).

X-ray-induced differentiation along the bone cell lineage

To determine X-ray-induced premature differentiation of
the OCT-1 cell line, mineralized bone nodules were stained
with the von Kossa method, which demonstrates deposits
of calcium or calcium salt during bone cell differentiation.
Figure 6 shows a bright-field microscopic view of cells
grown for 14 days after irradiation. The non-irradiated cells
(Fig. 6a) display only a light to intermediate gray staining,
while the irradiated cells stain darker.

For cells irradiated with 2 Gy (Fig. 6b), small black-
staining bone nodules are formed. After irradiation with
4 Gy (Fig. 6¢), discrete calcium-containing bone nodules
were formed. For cells irradiated with 7 Gy of X-rays
(Fig. 6d), sites of calcium deposition increase in size and
number.

Discussion

During early differentiation, bone-forming osteoblasts
undergo a complex developmental process consisting of the
initial recruitment and proliferation of osteoblastic precur-
sor cells (Aubin 1998). Terminal differentiation is achieved
either intrinsically through a specific number of cell divi-
sions (Hayflick 1965; Rodemann etal. 1989) or pre-
maturely by exposure to various types of stress, including
ultraviolet light (Mass et al. 2003) as well as X-rays (Hers-
kind et al. 2000; Herskind and Rodemann 2000; Fournier
et al. 2001). Irradiation as well as exposure to toxic agents
that cause DNA damage, such as cancer chemotherapeu-
tics, usually inhibit cell proliferation by activating cell
cycle checkpoint functions and causing growth arrest at
specific cell cycle phases (Zhou et al. 2007).

To investigate the effects of radiation on the bone cell
line OCT-1 in detail, we analyzed the relationship between
cell cycle modulations and the initiation of the osteoblast-
specific differentiation process in connection to modulation
of osteoblast-specific gene expression patterns after expo-
sure to IR.
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Fig. 4 Cell cycle progression of
OCT-1 cells after irradiation

2 Gy

with 0, 2, 4 and 7 Gy
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The investigated murine calvaria—derived bone cell line
OCT-1 has been reported to be capable of differentiating
along the osteoblast lineage (Chen et al. 1995). Originally,
OCT-1 cells were isolated from a transgenic mouse carry-
ing the SV 40 large T antigen under control of a bone-spe-
cific osteocalcin gene (Chen et al. 1995). Thus, OCT-1 cells
obviously represent an early stage of the osteoblast lineage
and can serve as a useful in vitro model for studying the
developmental differentiation process from pre-osteoblastic
precursor cells to mature osteoblasts.

To investigate the molecular mechanism underlying
radiation-triggered differentiation of pre-osteoblasts into
mature osteoblasts, we analyzed the cellular response of
OCT-1 cells to IR. The progressive development of the
osteoblastic phenotype requires a precise coordination
between cellular proliferation and differentiation. The
induction of DSB by irradiation is known to be not only the
cause of mutations, neoplastic transformation, and repro-
ductive cell death, but also of accelerated senescence
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(Suzuki etal. 2001) and pre-mature differentiation in
human fibroblasts (Herskind et al. 2000; Herskind and
Rodemann 2000; Fournier et al. 2001). This might be con-
sidered to be a cellular survival strategy when radiation
damage is not sufficiently repaired and the integrity of the
genome can not be maintained.

In the current paper, we investigate the effects of ioniz-
ing radiation on DSB induction and repair, cell cycle pro-
gression and expression of osteoblastic marker genes that
are important players in the differentiation process. Differ-
entiation is visualized by staining bone nodules formed by
deposition of extracellular matrix and calcium.

Our results indicate that the investigated murine osteo-
blastic cell line OCT-1 displays sensitivity toward ionizing
radiation comparable to that of human fibroblastic cell
lines. The corresponding dose—effect curve is of linear
shape and shows a “shoulder” as it is observed for repair-
competent cells (Fig. 1). The analysis of DSB induction
and repair after exposure to X-rays using the y-H2AX
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Fig. 5 Gene expression profiles of the transcription factor p21
(CDKN1A) and the bone-specific marker genes Runx2 and TGF-f1.
OCT-1 cells were exposed to X-rays (150 kV, 16 mA) and incubated
for the indicated time points. Target gene expressions were normal-

ized against the expression of the optimal combination of the house-
keeping genes B2M, HPRT and TBP using the BestKeeper software
(Pfaffl et al. 2004). Dotted lines represent the standard deviation of all
untreated samples

Fig. 6 Differentiation of OCT-1 cells 14 days after irradiation with
0 Gy (a), 2 Gy (b), 4 Gy (¢) and 7 Gy (d): Cells were grown to conflu-
ence and stained according to von Kossa for extracellular deposited

immune staining technique reveals the repair competence
for OCT-1 cells. About 36 + 5.5 foci could be detected
shortly after exposure to 1 Gy, a foci number that is well
accepted for DSB induced per Gy in human fibroblasts
(Rothkamm and Lobrich 2002; Rothkamm and Lobrich
2003). DNA repair kinetics of murine osteoblasts, as ana-
lyzed by time-dependent decay of y-H2AX foci, is compa-
rable to repair kinetics measured in fibroblasts.
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calcium thereby visualizing mineralized bone nodules (black). Pictures
were taken with a 5x objective magnification

It has been well documented that ionizing radiation
induces DSB and activates checkpoints to block cells in G1
and G2 phase of the cell cycle. Cell cycle arrests are either
resolvable after a certain repair period or are permanent
when DNA repair is insufficient.

Cell proliferation is therefore a fundamental biological
activity that is regulated through many gene products,
including cyclin-dependent kinases (CDKs), enzymes for
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DNA replication and repair, enzymes for chromatin con-
densation and segregation, proto-oncogenes and tumor sup-
pressor genes (Abraham 2001). Many cell cycle regulators
undergo dramatic changes in levels of expression and activ-
ity to propel or regulate progression through the cell divi-
sion cycle (Cho et al. 2001). Identification of cell cycle—
regulated genes will facilitate understanding of not only
normal biological processes during cell division but also
mechanisms of pathologic response to environmental toxi-
cants. In the present study, we evaluated the expression of
the CDK-inhibitor p21. The up-regulation of p21 early after
exposure to IR was closely connected with the development
of a G2 cell cycle arrest. After exposure to 2-7 Gy of X-
rays, OCT-1 cells show a stringent G2-arrest 8 h after irra-
diation, which is resolved after 24 h for the cells irradiated
with 2 Gy (Fig. 4). When cells were treated with doses of 4
and 7 Gy, they re-entered the cell cycle after 24 h or even
later. The transcriptional regulation of cell cycle-regulated
genes may be closely related to checkpoint functions upon
DNA damage.

Cells harboring X-ray-induced irreparable DNA damage
are programmed to die. Survival strategies to overcome the
fact that the integrity of the genome is not maintained for
cells with heavily damaged DNA include either accelerated
senescence (Suzuki et al. 2001) or the initiation of prema-
ture terminal differentiation, which was frequently observed
in human fibroblasts (Herskind et al. 2000; Herskind and
Rodemann 2000; Fournier et al. 2001). As the relationship
between cell cycle checkpoint function and differentiation
has not been systematically studied in osteoblastic cells, we
analyzed the relation between cell cycle progression and
transcriptional regulation of gene expression by quantita-
tive real-time PCR. Of interest in this respect are the bone-
specific transcription factor Runx2 and the f1 isoform of
TGF-p.

Runx2 is an essential parameter for osteogenesis, and its
absence is associated with severe bone abnormalities (Otto
et al. 1997). Its expression indicates the osteogenic commit-
ment of cells. The early X-ray-induced up-regulation of this
osteoblast-specific key transcription factor correlates well
with the up-regulation of the of cell cycle checkpoint regu-
lator p21. The same is true for the expression of the 1 iso-
form of TGF-f that has widespread activity in many
essential cellular functions, ranging from control of cell
cycle progression to the regulation of extracellular matrix
production (Bonewald 1999; Croucher and Russell 1999).
Results with fibroblasts (Herskind et al. 2000) indicate its
role in terminal differentiation in radiation-induced fibrosis
and imply that the progenitor population surviving radia-
tion might be more prone to terminal differentiation than
non-irradiated progenitor cells. Our results with the osteo-
blast progenitor cell line OCT-1 suggest that there is a link
between exposure to ionizing radiation and osteoblastic

differentiation. Such a premature terminal differentiation of
the bone-forming precursor cells is of special interest for
radiotherapy of children and young adults. The up-regula-
tion of differentiation-related genes in osteoblasts such as
Runx2 is tightly coupled with down-regulation of genes
related to proliferation. This up- and down-regulation of
differentiation- and proliferation-related genes was followed
by deposition of bone-forming extracellular matrix and gen-
eration of bone nodules in a dose-dependent manner.

Further experiments are certainly needed to uncover the
complex interrelationship between different maturation
stages of cells in the bone osteoblastic lineage and their
radiation sensitivity. Such experiments that compare cell
lines of various differentiation capacities in terms of expres-
sion of bone-specific marker genes with a sensitive detec-
tion method like quantitative polymerase chain reaction
(qPCR) technique are currently being performed.
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