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Human osteosarcoma cells respond to sorafenib
chemotherapy by downregulation of the tumor progression
factors S100A4, CXCR4 and the oncogene FOS
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Abstract. Osteosarcoma is a rare but aggressive bone
neoplasm in humans, which is commonly treated with
surgery, classical chemotherapy and radiation. Sorafenib, an
inhibitor of a number of kinases targeting the Raf/MEK/ERK
pathway, is a promising new chemotherapeutic agent in human
medicine that has been approved since 2006 for the therapy
of renal cell carcinoma and since 2007 for the treatment of
hepatocellular carcinoma. Here, we studied the antimetastatic
potential of 4 M of this multikinase inhibitor in a human
osteosarcoma cell line. DNA microarray-based gene expres-
sion profiling detected 297 and 232 genes upregulated or
downregulated at a threshold of >2-fold expression alteration
(P<0.05) in the sorafenib-treated cells. Three genes (CXCR4,
FOS and S100A4) that are involved in tumor progression were
chosen for validation by quantitative PCR (QPCR) and protein
expression analysis. The decrease in RNA expression detected
by microarray profiling was confirmed by qPCR for all three
genes (P<0.01). On the protein level, sorafenib-induced reduc-
tion of SI00A4 was verified both by western blotting and
immunohistochemistry. For CXCR4 and c-Fos, a reduced
protein expression was shown by immunohistochemistry, for
c-Fos also by immunoblotting. We conclude that sorafenib
could serve as a potent chemotherapeutical agent by which to
inhibit the metastatic progression of osteosarcomas.

Introduction
Osteosarcoma is the most common type of primary bone cancer

in humans (1). The standard therapy regimen for high-grade
osteosarcoma includes induction by neoadjuvant chemotherapy
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followed by surgical resection (mostly limb-sparing or rarely
amputation), radiotherapy and adjuvant chemotherapy (2).
Most of these neoplasms show a high-grade histopathology
with the lung being the most common distant metastatic
site (3). Invasion and metastasis are complex processes that
involve cell-cell detachment, migration, extravasation, prolif-
eration and angiogenesis. When distant metastases develop,
the prognosis is poor. Proteins such as vascular endothelial
growth factor (VEGF), stem cell factor receptor (c-kit) and
platelet-derived growth factor (PDGF) have been found to be
involved in osteosarcoma progression and metastasis forma-
tion (4-6). The serum concentration of VEGF was found to be
significantly correlated with the survival time of humans with
osteosarcoma (7). As a consequence of these observations, tyro-
sine kinase inhibitors were developed as potential anticancer
drugs (8). Sorafenib (BAY 43-9906, Nexavar®, Bayer-OnyXx),
an oral small-molecule multikinase inhibitor, was developed
by high-throughput screening of massive libraries of synthetic
compounds primarily as a RAF (ras-activated factor) inhibitor
blocking the RAF/MEK/ERK1/2 pathway. However, sorafenib
was also shown to ‘hit’ several other targets such as vascular
endothelial growth factor receptors (VEGFR-2 and 3), platelet
derived growth factor receptor (PDGFR-f), c-kit receptor and
fms-like tyrosine kinase 3 (fit-3) (9) and to modulate the innate
and adaptive immune responses (10). For example, sorafenib
inhibits JAK/STAT signaling by stimulating phosphatase
SHP?2 activity resulting in accelerated STAT3 dephosphory-
lation (11). Sorafenib antitumor therapy has been shown to
involve an miRNA-based mechanism (12). Sorafenib can also
alter the expression of proteins involved in metastasis such
as the c-Fos proto-oncogene coded by the FOS gene (13),
and combination therapy with an inhibitor of the chemokine
receptor CXCR4 was found to result in enhanced antileukemic
activity in vitro (14). In human osteosarcoma, sorafenib treat-
ment blocks growth, angiogenesis and metastatic potential.
Moreover, it dramatically reduced the tumor volume of osteo-
sarcoma xenografts and lung metastasis in SCID mice (15). An
antiproliferative effect of sorafenib in an osteosarcoma tumor
cell line was shown to be due to the induction of apoptosis in a
dose-dependent range (15,16).
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Here, we used DNA microarray expression analysis to study
the effect of the multikinase inhibitor sorafenib on human
osteosarcoma cells. Two key issues, identification of candidate
targets of the antiproliferative and metastasis-inhibiting effect,
and identification of putative therapeutic ‘side-effects’ using
pathway enrichment analysis were addressed in the transcrip-
tome profiling analysis. Three genes exhibiting altered RNA
expression on the microarray and known to be highly involved
in cancer progression were selected for qPCR validation and
for protein expression analysis using western blotting and
immunohistochemistry.

Materials and methods

Cell culture and treatment. Human osteosarcoma cells (ATCC
CRL-1543™) were cultured in Dulbecco's modified Eagle's
medium (Sigma Chemicals, Vienna, Austria) supplemented
with 10% fetal calf serum, 1% penicillin/streptomycin, 1%
L-glutamine and 0.25% Fungizone (Gibco, Paisley, UK). The
cells were maintained in a humidified 5% CO, atmosphere
at 37°C. For the sorafenib treatment, experimental cells were
passaged and seeded into 25-cm? flasks. After 24 h, the medium
was removed and replaced with culture medium containing
4 uM sorafenib (Bayer, Vienna, Austria), dissolved in distilled
water. For the experiment, the cells were incubated for 72 h
with the sorafenib solution. Control cells were incubated
with culture medium alone. The experiment was performed
three times. After the incubation period, cells were washed in
PBS and scratched from the culture flasks with a plastic cell
scraper, pelleted and washed again in PBS. Further treatment
was dependent on the use of the cells (RNA, protein) and is
described in the respective section of Materials and methods.

DNA microarray analysis. Pelleted human osteosarcoma cells
were washed twice in PBS and RNA was extracted using the
RNeasy Plus Mini kit (Qiagen, Hilden, Germany) according
to the manufacturer's protocol. Integrity of the RNA samples
was controlled by capillary electrophoresis on the Agilent
2100 Bioanalyzer using the RNA 6000 Nano kit (Agilent
Technologies, Foster City, CA, USA). Samples with an RNA
integrity number (RIN) value of =9 were used for expres-
sion profiling. Human Genome Survey Arrays v2.0 (Applied
Biosystems, Foster City, CA, USA) were used to determine
the transcriptional profiles of sorafenib-treated and control
cells. DIG-UTP-labeled cRNA was generated and linearly
amplified from 2 ug total RNA using the Applied Biosystems
Chemiluminescent RT-IVT Labeling kit v2.0 according to the
manufacturer's protocol. Array hybridization, chemilumines-
cence detection,image acquisition and analysis were performed
using Applied Biosystems Chemiluminescence Detection kit
and Applied Biosystems 1700 Chemiluminescence Micro-
array Analyzer following the manufacturer's instructions.
Briefly, each microarray was pre-hybridized in hybridization
buffer with blocking reagent at 55°C for 1 h. A total of 18 ug
DIG-labeled cRNA targets were fragmented, mixed with
internal control target and hybridized to the pre-hybridized
microarrays in a volume of 1.5 ml at 55°C for 16 h. After
hybridization, the arrays were washed with hybridization wash
buffer and chemiluminescence rinse buffer. Enhanced chemi-
luminescent signals were generated by incubating arrays with
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alkaline phosphatase-conjugated anti-digoxigenin antibody
followed by incubation with chemiluminescence enhancing
solution and a final addition of chemiluminescence substrate.
Four images were collected for each microarray using the 1700
Chemiluminescent Microarray Analyzer. Images were auto-
gridded and the chemiluminescent signals were quantified,
corrected for background and spot and spatially normalized.
Expression values of <10 were set to 10. Data were normalized
to the 50th percentile (intra-array normalisation) and each
gene was normalized to the median expression (inter-array
normalisation). Data were pre-filtered based on the signal to
noise ratio of >3-fold determined for all samples of the respec-
tive biological replicate group. Genes exhibiting normalized
expression levels between 0.667- and 1.334-fold in at least
four biological replicates (containing at least two replicates
per group) were considered invariant and were removed from
the deregulated gene list. The remaining data set was tested
for differentially expressed genes using analysis of variance
(ANOVA; GeneSpring Expression Analysis 7.3.1 tool; Agilent
Technologies). Only significantly deregulated genes (P<0.05
in the parametric Welch t-test) were considered.

Gene set enrichment analysis. Significantly deregulated
genes (n=522) were annotated to gene symbols of NCBI
using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) v6.7 (17) and GeneMANIA
(The GeneMANIA prediction server: Biological Network
Integration for Gene Prioritisation and Predicting Gene Func-
tion) (18). The gene symbols were further converted to Entrez
Gene of NCBI and Ensembl Gene identities employing the
web-based conversion tool Clone/Gene ID Converter (19).
Gene set enrichment analysis was performed by submitting all
three identities in parallel to the pathway analytical applica-
tions DAVID and WEB-based Gene SeT AnaLysis Toolkit v2
(WebGestalt) (20) targeting the databases KEGG, Pathway
Commons and WikiPathways. Cross-hybridising probes were
excluded from the analysis. Genes that were not accepted by
the latter databases were indirectly assigned to a pathway
using functional association data of related genes with known
gene ontology term assignations contained in GeneMANIA.
These association data include protein and genetic interac-
tions, pathways, co-expression, co-localisation and protein
domain similarity.

Transcript quantification by gPCR. Exon boundaries and
intron sizes of target and reference genes were determined
using the mRNA-to-genomic alignment program Spidey of
NCBI. Exons separated by an intron of >750 bp were targeted
to design intron-flanking primers with Primer Express
version 2.0 (Applied Biosystems). Amplicons were tested for
secondary structure using the Mfold Web Server for Nucleic
Acid folding and hybridization prediction (21) using 50 mM
Na*, 2 mM Mg** and a temperature of 60°C as changes from
default settings. The potential for primer dimerisation was
assessed on the basis of the Gibbs free energy AG value
calculated by the open source program NetPrimer (NetPrimer
Biosoft International, Palo Alto, CA, USA). Primer/amplicon
specificity was assessed by NCBI Primer-BLAST. Primer
details are listed in Table I. Pellets of osteosarcoma cells were
shock frozen and stored in liquid nitrogen until RNA isola-
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Table I. Oligonucleotides for qPCR.
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Gene GenBank identity

Oligonucleotide sequence (5' to 3')

Genes of interest

CXCRA4, transcript variant 1* NM_001008540.1

CXCR4, transcript variant 2 NM_003467.2

FOS NM_005252.3

S100A4, transcript variant 2 NM_019554.2
Reference genes

OAZI NM_004152.2

RPLAI® NM_001035267.1,

NM_021104.1

F: GCAGAGGAGTTAGCCAAGATGT

R: CCCATCTTTTCCCATAGTGACTT

P: FAM-TTGAAACCCTCAGCGTCTCAGTGCC-BHQI1
F: CAGCAGGTAGCAAAGTGACGC

R: CCCATTTCCTGGTGTAGTTATCT

P: FAM-CCTGAGTGCTCCAGTAGCCACCGC-BHQ1
F: TGGCGTTGTGAAGACCATGAC

R: TATTCCTTTCCCTTCGGATTCTCCT

P: not applied

F: TCAAGCTCAACAAGTCAGAACTAAAGG

R: GAAGTCCACCTCGTTGTCCC

P: not applied

F: GCACCATGCCGCTCCTAAG

R: CATCAGGAGCACCACCGAG

P: not applied

F: AGAAAGATGAGGCAGAGGTCCA

R: AATAGTCCAGAATGTCACAGGTCCA
P: not applied

*Single-exon transcript, i.e. intron-flanking primer design was not possible. "Primers target exons 3 or 4 in RPL4] transcript variants 1
(NM_001035267.1) or 2 (NM_021104.1), respectively. F, forward primer, R, reverse primer; P, dual-labeled hydrolysis probe. FAM, 6-car-

boxyfluorescein; BHQ1, Black Hole Quencher 1.

tion. Frozen cell pellets were lysed in a monophasic solution
of phenol and guanidine thiocyanate (QIAzol lysis reagent;
Qiagen) at 37°C for 30 min applying continuous vortexing.
Automated RNA purification was performed on the QIAcube
using the miRNeasy Mini kit (Qiagen) followed by digestion
with TURBO™ DNase (Life Technologies, Vienna, Austria)
to remove contaminating DNA. RNA concentration was
measured by UV spectrophotometry on the Hellma TrayCell
(Hellma, Miillheim/Baden, Germany) in combination with
the BioPhotometer 6131 (Eppendorf, Hamburg, Germany).
Only samples with a RIN value of >7 were used for gPCR
quantification.

cDNA primed with random RT primers was synthesized for
120 min at 37°C using the High-Capacity reverse transcription
kit (Applied Biosystems). For each cDNA duplicate 1000 ng
RNA was reverse transcribed in a reaction volume of 20 pl. The
20 ul-qPCR consisted of 80 mM Tris-HCI (pH 9.4), 20 mM
(NH,),S0,, 0.02% w/v Tween-20, 3 mM MgCl,, 0.2 mM
dNTPs, 200 nM of each primer, 0.4X EvaGreen DNA-binding
dye (Biotium, Inc., Hayward, CA, USA), 1 unit of Hot FIREPol
Tag DNA polymerase (Solis BioDyne, Tartu, Estonia) and 2 ul
of a 1:10 dilution of the cDNA. The qPCR was conducted on
the ABI PRISM 7900HT sequence detection system (Applied
Biosystems) using a thermal protocol which consisted of an
initial enzyme activation/denaturation step of 95°C for 15 min
followed by 45 amplification cycles (95°C for 15 sec, 59°C for

40 sec, 72°C for 20 sec) and melting curve analysis between
65 and 95°C. Amplicon specificity was evaluated based on the
melting peak, i.e. the maximum in the negative derivative of the
fluorescence to temperature (-dF/dT). Serial 8-fold dilutions of
an equimolar pool of sample cDNAs amplified in duplicate
were used to generate a standard curve. Reaction efficiencies
(E) were calculated from the slope(s) of the standard curve
using the formula E = 10"~ - 1. Specificity of a qPCR signal
was concluded on the basis of a minus-RT control using a
systematic error threshold of 1%. Calculation of gene expres-
sion ratios and evaluation of their statistical significance were
performed with the relative expression software tool (REST)
using the Pair Wise Fixed Reallocation Randomisation Test for
statistical evaluation (22). Target gene expression was normal-
ized with the reference genes OAZI (23,24) and RPL41 or with
OAZ]I alone (for transcript variants 1 and 2 of CXCR4). The
geometric mean of both reference genes was used in case of
FOS und S100A4. RT-qPCR data comply with the Minimum
Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines (25).

Western blotting. Cell pellets were lysed in low salt extraction
buffer (10 mM Tris pH 7.5, 140 mM NaCl,5 mM EDTA, | mM
PMSF, 1 mM DTT) and protein concentration was determined
(20 pg protein) according to the methods of Bradford (26).
Appropriate amounts of samples were subjected to SDS-gel
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Table II. Gene set enrichment analysis for genes showing altered RNA expression after sorafenib treatment and having a Gene

Ontology term assignation.

Pathway Pathway analytical
Enriched pathway/network P-value database application used
Pathways in cancer 3.98E-09 KEGG (20)
Proteogylcan syndecan-mediated signaling events 1.99E-08 Pathway Commons (20)
ABC transporters 6.00E-07 KEGG (17)
Syndecan-4-mediated signaling events 1.04E-06 Pathway Commons (20)
Complement and coagulation cascades 2 40E-06 KEGG 17)
Systemic lupus erythematosus 7.20E-06 KEGG 17)
Cytokine-cytokine receptor interaction 1.27E-05 KEGG (20)
MAPK signaling pathway 1.36E-05 KEGG (20)
Chemokine signaling pathway 4 90E-05 KEGG an
BMP receptor signaling 2.00E-04 Pathway Commons (20)
Small cell lung cancer 2.00E-04 KEGG (20)
GnRH signaling pathway 540E-04 KEGG a7
HIF-1-a transcription factor network 5.00E-04 Pathway Commons (20)
Oocyte meiosis 7.50E-04 KEGG (17
Hypoxic and oxygen homeostasis regulation of HIF-1-a 1.90E-03 Pathway Commons (20)
Myometrial relaxation and contraction pathways 2.30E-03 WikiPathways (20)
Whnt signaling pathway 2.50E-03 KEGG (20)
Leukocyte transendothelial migration 2.80E-03 KEGG (20)
TNF receptor signaling pathway 3.00E-03 Pathway Commons (20)
Melanogenesis 3.10E-03 KEGG (20)
Estrogen signalling 3.50E-03 WikiPathways (20)
NOD-like receptor signaling pathway 3.80E-03 KEGG (20)
Glypican pathway 4.00E-03 Pathway Commons (20)
Extrinsic pathway for apoptosis 5.80E-03 Pathway Commons (20)
Death receptor signalling 5.80E-03 Pathway Commons (20)
Long-term potentiation 6.00E-03 KEGG an
Bladder cancer 6.20E-03 KEGG (20)
Glypican 1 network 6.40E-03 Pathway Commons (20)
Focal adhesion 6.50E-03 WikiPathways (20)
Cell adhesion molecules (CAMs) 6.90E-03 KEGG (20)
Progesterone-mediated oocyte maturation 9.40E-03 KEGG an

Only pathways with P<0.001 are shown.

electrophoresis under reducing conditions on 140x140x1.5 mm
gradient gels in a Hoefer SE-600 electrophoresis unit (Hoefer
Scientific Instruments, San Francisco, CA, USA) according
to Laemmli (27). After separation, protein bands were trans-
ferred onto appropriate membranes (nitrocellulose or PVDF;
both from GE Healthcare Life Sciences, Munich, Germany)
by semi-dry blotting in a Semi-Phor unit (Hoefer Scientific
Instruments). Membranes were blocked for 2-4 h with 5%
non-fat dry milk (Merck, Darmstadt, Germany) in TBS +
0.05% Tween-20, and further incubated in diluted antibodies
anti-S100A4 (Dako, Glostrup, Denmark), anti-c-Fos (Synaptic
Systems GmbH, Gottingen, Germany) and anti-CXCR4
(Abcam, Cambridge, UK or Santa Cruz Biotechnology, Santa
Cruz, CA, USA) in 1-5% milk overnight at 4-6°C followed
by HRP-conjugate anti-rabbit IgG (0.1 ul Ab/cm?; Sigma) for
2 h at room temperature. ECL or ECL Prime (both from GE

Healthcare Life Sciences) was used to detect immunoreactive
bands. Film was scanned on a Sharp JX-330 flatbed scanner
and evaluated with the software Quantity One version 2.7
(PDI Inc., Huntington Station, NY, USA). The overall protein
staining [fluorophore ruthenium(II)tris(bathophenanthroline
disulfonate)] pattern was used as a loading control and for
normalization. Human breast cancer cells (MDA-MB-231 and
MCF-7) were used as positive control for the CXCR experi-
ments. Molecular weight of proteins was predicted using the
UniProtKB database (http://www.uniprot.org/uniprot/).

Immunohistochemistry. Huoman osteosarcoma cells were
cultured on sterile glass coverslips and treated with sorafenib
as described above. After the treatment, cells were washed
in PBS and fixed in 4% buffered formaldehyde for 15 min,
washed in distilled water and air dried. For immunostaining,
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Figure 1. Transcript expression of (A) CXCR4 isoform b, (B) FOS and (C) S100A4 transcript variant 2 is downregulated in a human osteosarcoma cell line fol-
lowing treatment with 4 xM sorafenib. The horizontal bar designates the mean for the respective group. “P<0.01 determined by Pair Wise Fixed Reallocation

Randomization Test®.

cells on coverslips were permeabilized with 0.2% Triton X-100
in PBS, rehydrated and endogenous peroxidases were elimi-
nated by incubation in 0.06% H,0, for 15 min. After blocking
with 1.5% goat serum for 30 min, cells were incubated with
primary polyclonal antibodies anti-S100A4 (dilution 1:100 in
PBS; Thermo Fisher Scientific), anti-CXCR4 [dilution 1:100;
Abcam (ab2090), Cambridge, UK] and c-Fos (dilution 1:300;
Synaptic Systems GmbH) for 2 h at room temperature. For
CXCR4-immunostaining antigen-retrieval by 2x 5-min
heating in Tris-EDTA buffer pH 9.0, and for SI00A4 and c-Fos
boiling of the sections for 4x 5 min in citrate buffer (0.1 M)
pH 6.0 was necessary. As secondary antibody an anti-rabbit
poly-HRP antibody (BrightVision, Immunologic, Duiven, The
Netherlands) was used. The signal was developed with DAB
(Sigma) as a chromogen. Negative controls were incubated
with PBS instead of the primary antibody while all the other
steps were performed identically.

Results

DNA microarray analysis of RNA expression. The effect of the
multikinase inhibitor sorafenib on a human osteosarcoma cell
line was evaluated by DNA microarray analysis using three
biological-technical replicates. In total, 1,847 genes were found
to be differentially expressed between the sorafenib-treated
cells and control cells at a significance level of P<0.05. At the
threshold of >2-fold expression alteration, 297 and 232 genes
were upregulated or downregulated by the treatment, respec-
tively (data not shown). Two hundred and thirty-nine genes for
which information on pathway/network assignation was avail-
able were analysed for gene set enrichment with the pathway
analytical applications DAVID v6.7 and WebGestalt v2. The
network termed pathways in cancer delivered the highest
statistical support (Table II). Two hundred and ninety genes
for which a pathway could not be assigned were analysed for
enrichment using GeneMANIA. This database identifies other
genes that are related to a set of input genes, using functional
association data. GeneMANIA-based gene set enrichment
analysis identified the extracellular matrix network as most
affected (Table III).

Three downregulated genes which are involved in cancer
progression and/or metastasis (FOS, SI00A4 and CXCR4)
were selected for subsequent validation of RNA expression by
RT-gPCR. The v-Fos FBJ (Finkel Biskis-Jinkis) murine osteo-
sarcoma viral oncogene homolog (FOS) gene (0.1-fold change)

Table III. GeneMANIA-based gene set enrichment analysis for
genes showing altered RNA expression following sorafenib
treatment and not having a pathway assignation.

False
Gene Ontology discovery
annotation rate Coverage*
Extracellular matrix 2.T7E-07 19/180
Fibrillar collagen 3.62E-05 6/11
Collagen 9.25E-04 7/29
Collagen fibril organization 1.88E-03 6/21
Cellular response to type I interferon  2.49E-03 9/71
Skin development 5.45E-03 5/16
Proteinaceous extracellular matrix 5.45E-03 10/105
Extracellular matrix part 5.45E-03 8/61

Threshold for false discovery rate: <1.00E-02. *Number of deregu-
lated genes/number of genes per Gene Ontology term.

was selected due to the highest significance of downregulation.
The chemokine (C-X-C motif) receptor 4 (CXCR4) gene, and
the S100 calcium binding protein A4 (S/00A4) gene meeting
the threshold of expression alteration of >2-fold (0.35- and
0.49-fold downregulation, respectively) were also included.
The latter represented other downregulated members of the
S100 protein family (S/00A3, SI00A2, SI00A16 and S100A13,;
expression changes of 0.28- to 0.49-fold).

Validation of RNA expression using gPCR. qPCR was used
to verify the sorafenib-induced expression changes measured
by microarray analysis for the chosen genes of interest. For all
three genes (FOS, S100A4 and CXCR4) selected, alteration of
expression and its direction were confirmed (Fig. 1). In detail,
for FOS, SI00A4 (transcript variant 2) and CXCR4 (transcript
variant 2; variant 1 not expressed; data not shown) a reduction
in expression of 0.06-, 0.23- and 0.36-fold was determined,
respectively.

Protein expression analysis. To elucidate protein expression
changes of c-Fos, SI00A4 and CXCR4 induced by sorafenib,
we applied western blotting and immunohistochemical
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Figure 2. Protein expression analysis of (A) SI00A4, (B) c-Fos and (C) CXCR4 using western blotting. (A) Sorafenib-treated human osteosarcoma cells (+) led
to a marked reduction in SI00A4 protein compared to control cells (-). (B) Two bands are visible after c-Fos antibody binding at 43 and 50 kDa. The upper band
did not change, but the smaller protein was slightly reduced after sorafenib treatment. (C) The antibody against CXCR4 resulted in multiple bands; however, the
intensity of the band at 50 kDa, which correlates to monomeric CXCR4, was moderately decreased after sorafenib treatment. P, positive control. Normalized
band volumes are expressed in relation to the mean of the control group (three biological replicates).

methods. We found a marked reduction in the SI00A4 band in
the western blots in human osteosarcoma cells after sorafenib
treatment (Fig. 2A). The antibody against c-Fos protein gave
two prominent bands at ~43 and 50 kDa. Whereas the upper
band was almost unaffected, the lower one showed a moderate
reduction in human osteosarcoma cells after sorafenib treat-
ment (Fig. 2B). CXCR4 proved to be difficult to detect with the
commercially available antibodies tested. The antibody reac-
tivities were low, needing higher signal amplification (ECL
Prime), and resulted in multiple bands with a marked back-
ground staining for the Abcam antibody. Based on the positive
control, the band at 50 kDa was assumed to correspond to
monomeric CXCR4. This band was slightly reduced in intensity
after sorafenib treatment (Fig. 2C). The antibody from Santa
Cruz Biotechnology showed even higher background staining
and only faint bands, already in controls, and was, therefore,

excluded (data not shown). In parallel, immunohistochemical
staining for S100A4 (Fig. 3A) and c-Fos (Fig. 3C) revealed a
considerably reduced staining intensity between untreated and
treated human osteosarcoma cells supporting the western blot
data. Whereas the SI00A4 protein was found in the cytoplasm
of human osteosarcoma cells, c-Fos was restricted to the
nucleus. CXCR4 immunostaining was predominantly noted in
the cell membranes and the cytoplasm (Fig. 3B).

Discussion

Using DNA microarray expression analysis we showed that
sorafenib affects the transcription profile of a series of genes in
the human osteosarcoma cell line CRL-1543. From the set of
downregulated genes, SI00A4, FOS and CXCR4, playing a major
role in tumor progression and metastasis were studied in detail.
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Figure 3. Immunohistochemical staining of human osteosarcoma cells for (A) S1I00A4, (B) CXCR4 and (C) c-Fos with and without 4 M sorafenib treatment.
Note the decreased staining intensity of these proteins in sorafenib-treated human osteosarcoma cells. (D) Negative control. OS, osterosarcoma.

S100A4 expression. SI00A4, alternatively termed metastasin,
represents a member of the family of calcium-binding proteins.
S100A4 is a calcium-binding protein and is localized in the
nucleus, cytoplasm and extracellular space and possesses
a wide range of biological functions such as regulation of
angiogenesis, cell survival, motility and invasion (28). SI00A4
has no enzymatic activity and exerts its function mainly
through interaction with other proteins. It has been shown to
interact with a number of cytoskeleton-associated proteins
including non-muscle myosin, actin, non-muscle tropomyosin
and tubulin. SI00A4 was the first protein of the S100 protein
family shown to promote lung metastases in a model system
of breast cancer (29). SI00A4 is a well-established marker
of metastatic disease, but the exact mechanisms responsible

for the metastasis-promoting effects of this calcium-binding
protein are less well defined (28). The basic approach to
cancer therapy is through the inhibition of cell proliferation
and disruption of the cell division machinery. SI00A4 is
capable of regulating cell cycle progression and influencing
cytoskeletal dynamics and remodelling of the extracellular
matrix and in this way affects invasion and metastasis (30).
Inhibition of SI00A4 results in a decrease in cell growth (31), a
known effect of sorafenib on tumor cells in vitro (16). SI00A4
influences angiogenesis and vascular density (32). This is
an important finding since a strategy is being developed to
employ tyrosine kinase inhibitors specifically to target the
process of angiogenesis. Moreover, SI00A4 downregulates the
expression of the angiogenesis-inhibitor thrombospondin (33).



1154

VEGF, a well-known factor of angiogenesis stimulation, is a
downstream target of SI00A4 (30). SI00A4 plays a key role
in the metastatic behavior of tumor cells; therefore, it is a
promising molecular target for cancer therapy (30). S100A4
expression was found to occur in parallel with cancer metas-
tasis (30), was the most significant predictor of patient survival
in a breast cancer study (34), and has a high prognostic signifi-
cance in several other tumors (35,36). Highly malignant breast
cancer cells were not able to metastasize in an S100A4 knock-
out mouse model (37). SI00A4 is secreted by normal and
neoplastic cells in vitro and in vivo (28). It regulates matrix-
metalloproteinase-2 (MMP-2) activity in human osteosarcoma
cells (38) and acts as a potent stimulator of angiogenesis (32).
Inhibition of S100A4 expression by RNA interference was
found to completely prevent metastasis formation in a mouse
thyroid carcinoma model (31) and reduced invasiveness and
proliferation of the human osteosarcoma cell line MG-63 (39).
S100A4 was found to be expressed in >70% of clinical osteo-
sarcoma samples and in the osteosarcoma cell lines MG-63
and U-20S, but not in benign osteochondroma (39) supporting
the significance of SI00A4 as a marker of malignancy.

Here, SI00A4 was found to be expressed at the RNA and
protein levels. Transcript variant 2 of SI00A4 as detected by
RT-gPCR (Fig. 1) has been previously described (40). However,
the significance of the two S100A4 transcripts with respect
to gene activity in cancer progression remains unclear (41).
In conclusion, as SI00A4 is present in most osteosarcomas
(39), we suggest that inhibition of the SI00A4 protein may
be a promising approach to reduce the malignant potential of
osteosarcomas in patients.

FOS expression. c-Fos encoded by the FOS gene was initially
identified as an oncoprotein of the Finkel Biskis-Jinkis osteo-
sarcoma virus (42). Heterodimers are formed by Fos family
members with members of other protein families such as
JUN or ATF (activation transcription factor) to compose the
AP-1 (activator protein) proteins. Reports on the action of
AP-proteins in tumor formation and progression are contra-
dictory. On the one hand, tumor-suppressor activity of AP-1
transcription factors was found (43), on the other hand, they
were identified to play a major role in gene regulation during
cell invasion, proliferation and malignant transformation.
Transgenic mice overexpressing the c-Fos proto-oncogene
develop osteosarcomas (44). Therefore, a reduction in FOS
expression should lead to a decrease in the metastatic potential
of a tumor and was for this reason chosen as a gene of interest.

The present study showed a decrease in FOS mRNA
expression in human osteosarcoma cells following sorafenib
treatment (Fig. 1). Evaluation of protein expression by western
blot analysis showed two bands, at ~43 and 50 kDa. The lower
one was downregulated by sorafenib treatment to approxi-
mately two-thirds compared to the controls (Fig. 2) and is in
accordance with the theoretical molecular weight predicted for
c-Fos (40.7 kDa; UniProtKB, http://www.uniprot.org/uniprot/
P01100, version 74 from May 1,2013). The band with the larger
molecular weight could belong to FosB, another member of
the Fos family of nuclear oncogenes. This family includes the
highly homologous proteins c-Fos, FosB, Fos-related antigen 1
(FRA1) and Fos-related antigen 2 (FRA?2) (45). It seems likely
that their high homology is responsible for the cross-reactivity
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of the c-Fos antibody used in the present study. Downregulation
of c-Fos by sorafenib is an important finding as Fos is over-
expressed in the majority of human osteosarcomas (45) with
high expression levels of c-Fos (47). Overexpression of c-Fos, a
transcription factor of the activator protein-1 (AP-1) family, is
involved in osteosarcoma formation in mice (44,48). The AP-1
complex can form many different homodimers and heterodi-
mers that determine the genes that are regulated (43). c-Fos
regulates the expression of MMPs (49) that play a role in tumor
cell migration and therefore, in the process of metastasis. AP-1
regulates the genes that are required for tumor metastasis such
as Ezrin, FasLL and EGFR. In advanced tumors, c-Fos/AP-1
complexes were shown to induce the expression of genes that
are involved in angiogenesis and tumor invasiveness (43).
Blocking c-Fos expression by small interfering RNA (siRNA)
in human colon carcinoma cells was found to lead to a signifi-
cant reduction in transforming growth factor f1 (TGFp1)
and as a consequence reduced tumor cell growth (50). Strong
FOS expression is also highly correlated with poor response
to chemotherapy (51); therefore, it is an important therapeutic
and prognostic biomarker.

CXCR4 expression. CXCR4 has been reported to play a major
role in the metastatic process in osteosarcomas (52,53). It was
suggested to be a useful prognostic factor and a predictor of
metastatic development in osteosarcoma based on its corre-
lation with the metastatic behavior of osteosarcoma, and its
common expression in high-grade osteosarcoma samples at a
level inversely correlated to overall survival (53). Moreover,
tumors expressing both CXCR4 and VEGF were found to
have worse overall survival rates compared with the survival
of patients with tumors that lacked one of these factors (54).
Contradictory results were obtained for the role of CXCR4 in
human osteosarcoma in which CXCR4/CXCL12 was corre-
lated with a better long-term outcome and a lower prevalence
of metastases (55). However, in an osteosarcoma mouse model,
inhibition of the CXCR4 site resulted in the elimination
of lung metastases (56), and antagonists of CXCR4 such as
neutralizing antibodies were also markedly found to reduce
metastasis (57,58). Silencing of CXCR4 mRNA impaired inva-
sion of breast cancer cells in a Matrigel invasion assay and
inhibited breast cancer metastasis in an animal model (59)
underlining the importance of this factor in tumor malignancy.
These partly contradictory findings might be associated with
the manifold isoforms and variants of CXCR4 that occur.
Two splice variants of CXCR4 have been described (http://
www.uniprot.org/uniprot/P61073), and only one of these was
found to be expressed by qPCR in our model (Fig. 1). The
diverging results obtained for CXCR4 by expression analyses
after mRNA and protein levels (Figs. 1 and 2) could be due to a
concomitant sorafenib impairment of miRNA-mediated post-
transcriptional regulation (12). The size difference between
the two CXCR4 splice variants is <1 kDa and thus too small
to be detectable at the protein level by SDS-PAGE. In addi-
tion, the antibodies tested in the present study gave multiple
bands with our samples. The presumptive CXCR4 band was
confirmed by comparison with a human breast cancer cell line
and was slightly decreased in intensity after sorafenib treat-
ment. Moreover, other studies report additional bands in the
western blots of CXCR4, which are attributed e.g. to dimer-
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ization, glycosylation, ubiquitination or heterogeneity of the
molecule (60-62). This might explain the similar regulation of
the second main band.

Therapeutic perspectives. The reduction of the three
molecular targets following sorafenib treatment found in our
in vitro study is a positive signal for the application of this
drug in osteosarcoma disease, although cell culture might
not reflect the in vivo responsiveness and complexity and
occurrence of possible side-effects. A phase II clinical trial
with sorafenib in relapsed and unresectable osteosarcoma
demonstrated clinical effects in the form of partial responses,
minor responses and stable diseases with a median progres-
sion-free survival of 4 months and an overall survival time
of 7 months (63).

A detailed analysis of metastasis-associated factors in
different types of osteosarcoma can help to identify ubiquitous
targets for a more focused anticancer therapy. Molecules such
as receptors, ion channels and enzymes can be targeted by
chemical-library screening and natural-product chemistry, the
random search through millions of chemical compounds, or
by synthesis of a chemical entity that is tailored to fit its target,
i.e. structure-based drug design. Transition-state analogue
design, a more recent approach to drug design, by contrast,
is limited to enzyme targets. It mimics the normal reactant's
transition-state geometry to facilitate tighter binding of a
transition-state analogue to its parent enzyme compared to
the normal reactant (64) preventing the normal reactants from
binding and resulting in enzyme inhibition. The strength of
binding of the analogue considerably reduces the amounts of
a drug needed to be delivered to the target enzyme. The long-
lasting effect of the analogue (65) would in theory minimize
therapeutic side-effects.
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