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Abstract: Osteosarcoma (0S) is the most common bone cancer in children and young adults. The etiology of osteo-
sarcoma is currently unknown. Besides the predominant osteoblasts, the presence of cartilage forming chondro-
cytes within its tumor tissues suggests a role of chondrogenesis in osteosarcoma development. Runx2 is a master
transcription factor both for osteoblast differentiation and for chondrocyte maturation. Interestingly, RUNX2 has
been shown to directly interact with p53 and Rb1, two genes essential for osteosarcoma development in mice.
However the in vivo relevance of Runx2 during osteosarcoma progression has not been elucidated. We have recently
shown that targeting Runx2 expression in hypertrophic chondrocytes delays chondrocyte maturation. It has also
been shown that osteoblast-specific deletion of p53 and Rb1 genes developed osteosarcoma in mice. Here, we
report our recent research findings using these osteosarcoma mouse models as well as human osteosarcoma tis-
sues. We have detected high-level RUNX2 expression in human osteoblastic osteosarcoma, while chondroblastic os-
teosarcoma is predominant with chondroid matrix. To minimize the effect of strain difference, we have backcrossed
osterix-Cre mice onto congenic FVB/N genetic background. We also detected low-GC content (36%) in sequence
around the floxed Rb1 gene and demonstrated that addition of BSA into the reaction system increases the efficiency
of PCR genotyping of floxed Rb1 gene. Finally, we successfully generated multiple osteosarcoma mouse models
with or without Runx2 transgenic background. These mice showed heterogeneous osteosarcoma phenotypes and
marker gene expression. Characterization of these mice will facilitate understanding the role of Runx2 in osteosar-
coma pathogenesis and possibly, for osteosarcoma treatment.
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Introduction blasts also appear within osteosarcoma. The
fact that chondroid phenotype due to cartilage

Osteosarcoma (0S) is the most common pedi- formation has been reported not only in osteo-

atric bone cancer. It is also the leading cause of
cancer death in children and young adults [1].
The cause of osteosarcoma is currently
unknown. Previous studies have suggested the
importance of osteoblast activity in its tumori-
genesis, as the characteristic feature of osteo-
sarcoma is abnormal bone formation (osteoid
matrix) in its tumor tissue, while the predomi-
nant cell type within osteosarcoma is the osteo-
blast [2]. However, there is no evidence that
osteoblast, once differentiated from osteopro-
genitor cells, can revert to primitive or malig-
nant cells [3]. Notably, many other cell types
such as chondrocytes, adipocytes, and fibro-

sarcoma cell line, but also in mouse and human
osteosarcoma tissues, suggests a role of chon-
drogenesis or endochondral ossification in
osteosarcoma development [4, 5].

Chondrocyte hypertrophy or maturation is a
critical late stage of endochondral ossification
linking bone and cartilage development. We
surmise that chondrocyte maturation may
share common mechanisms of angiogenesis
and apoptosis with bone cancer formation.
Runx2, the Runt domain transcription factor, is
essential both for osteoblast differentiation
and for chondrocyte maturation [6-9].
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Interestingly, Runx2 has previously been linked
to many human cancers and is critical for bone
metastases in prostate and breast cancers
[10]. High-level RUNX2 expression was also
detected not only in developing human bones
but also in various bone tumors, including
osteosarcoma [11]. Given its dual functions
during cancer formation, Runx2 may contribute
to osteosarcoma tumorigenesis via its onco-
genic potential and deregulation of its tumor
suppressor function [12, 13]. However, the in
vivo relevance of Runx2 with osteosarcoma
progression remains largely unknown.

We have recently shown that targeting Runx2
expression in mice using the hypertrophic
chondrocyte-specific collagen type X gene
(Col10al) control elements leads to delayed
chondrocyte maturation and reduced chondro-
cyte apoptosis [14]. Increased expression of
anti-apoptotic genes, such as Bcl-2, Opn and
Sox9, was also detected in the transgenic mice,
suggesting the oncogenic property of Runx2
[14, 15]. Meanwhile, it was previously reported
that mice with restricted deletion of p53 and
Rb1l genes using osterix-Cre mice reproduce
many features of human osteosarcoma [4].
Moreover, Runx2 has been shown to directly
interact with p53 and Rb1 genes [16, 17]. This
allows us to determine the in vivo effects of
Runx2 on osteosarcoma progression by cross-
ing the osteosarcoma mouse model onto the
Runx2 transgenic background. In this manu-
script, we report detection of chondroid matrix
and high-level RUNX2 expression in human
chondroblastic and osteoblastic osteosarcoma
respectively. We also report the findings while
delineating the role of Runx2 regulated chon-
drocyte maturation during osteosarcoma devel-
opment using above osteosarcoma and trans-
genic mouse models [4, 14]. We have
backcrossed osterix-Cre mice from C57BL/6
onto congenic FVB/N genetic background so as
to minimize the influence of mouse genetic
background on osteosarcoma phenotype. We
have demonstrated that addition of BSA
(Bovine serum albumin) can overcome the low
efficiency of PCR-genotyping of floxed Rb1 gene
due to its low-GC content. We successfully gen-
erated multiple osteosarcoma mouse models
with or without a Runx2 transgenic background.
These mice showed heterogeneous osteosar-
coma phenotypes as to the tumor latency and
severity. High-level Runx2 expression was also
detected in tumor tissue.
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Materials and methods

Collection of human osteosarcoma tissue
samples

After informed consent, surgically removed
fresh tumor samples were collected from
osteosarcoma patients at the Department of
Orthopaedic Surgery and the Department of
Pathology, Rush University Medical Center.
Preoperational chemotherapy, biopsy and path-
ological diagnosis were conducted by experi-
enced orthopaedic oncologist and pathologist.
The tumor samples were subjected to histology,
immunohistochemical staining, RNA extraction
and expression analysis as described below.
The human studies were approved by the In-
stitutional Review Board (IRB) of Rush University
Medical Center (ORA#: 08091504-IRBO1).

Mouse models

This study involves following four mouse mod-
els. The Col10al-Runx2 (Tg-Runx2) transgenic
mice have recently been described [14]. These
mice are on a FVB/N genetic background and
exhibit delayed ossification, chondrocyte matu-
ration and reduced apoptosis [14]. The ori-
ginal p53 floxed heterozygous mice (01XC2,
FVB.129-Trp53tm1Brn) and the Rb1 floxed ho-
mozygous mice (01XC1, FVB;129-Rb1tm2Brn)
were obtained from the National Cancer
Institute (NCI) Mouse Repository with appropri-
ate Material Transfer Agreement (MTA) [18, 19].
These mice are on a FVB/N and 129 genetic
backgrounds. The Osx-1-GFP::Cre mice were pu-
rchased from the Jackson laboratory (006361,
B6.Cg-Tg(Sp7-tTA tetO-EGFP/cre)1Amc/)  [20].
These mice are on a C57BL/6 genetic back-
ground.

Mouse breeding

Sex-matured (8-10 weeks’ age) Osx-1-GFP::Cre
mice on C57BL/6 genetic background were
backcrossed with wild-type FVB/N mice to
obtain congenic FVB/N strain of mice. The
floxed p53 heterozygous mice (p53fl/+) were
crossed with the floxed Rb1 homozygous mice
(Rb1fl/fl) so as to generate floxed p53 and
floxed Rb1 double homozygous mice (p53fl/fl/
Rb1fl/fl). These double homozygous mice were
crossed with the congenic Osx-1-GFP::Cre mice
and subsequently bred with the Tg-Runx2 mice
S0 as to generate osteosarcoma mouse models

Am J Cancer Res 2014;4(3):234-244



Runx2 and mouse osteosarcoma

Table 1. Primers for PCR-genotyping of Mice

Mice Type Gene RefSeqlD Sense Primer (5°-3) Antisense Primer (5°-3’) Amplicon
Tg-Runx2 NM_001145920 CTTCCCAAAGCCAGAGTGGAC TGTCGTCATCGTCTTTGTAGC 300-bp
Osx-Cre NC_005856.1 TGCAACGAGTGATGAGGTTCG CATGTTTAGCTGGCCCAAATGT 250-bp
P53/floxed NM_011640.3 CACAAAAACAGGTTAAACCCAG AGCACATAGGAGGCAGAGAC 288/370-bp
Rb1/floxed NM_009029.2 GGCGTGTGCCATCAATG AACTCAAGGGAGACCTG 650/700-bp

Rbl1/floxed  NM_009029.2

GGAATTCCGGCGTGTGCCATCAATG

AGCTCTCAAGAGCTCAGACTCATGG 247/295-bp

Runx2: Runt-related transcription factor 2; Cre: Cre recombinase; p53: Transformation-related protein 53; Rb1: Retinoblastoma 1.

with or without the Runx2 transgenic back-
ground. Detailed breeding strategy was
described in the Result section. All the mouse
studies were approved by the animal care and
oversight committee at Rush University Medical
Center.

PCR genotyping and target gene sequence
analysis

The offspring of multiple breeding pairs of mice
were weaned at the age of 3-4 weeks. Genomic
DNAs from mouse tail tissues (~0.5 cm long)
were extracted by traditional phenol/chloro-
form method. The DNAs were then used as
templates for subsequent PCR genotyping
using gene- or tag sequence-specific primers.
Specifically, the Coll0al-Runx2 transgenic
mice were PCR-genotyped using Runx2- and
Flag-tag sequence-specific primers [14]. The
Osx-Cre mice were genotyped using Cre-
specific primers. The primers for PCR-
genotyping of floxed p53 or Rb1l gene (two
pairs) were synthesized according to NCI data-
base and literatures [18-22]. The gene refer-
ence number, the primer sequence, and the
amplicon size are all summarized in Table 1.
The GC content of the sequences used for PCR
genotyping was calculated using the OligoCalc,
an online oligonucleotide property calculator
available at http://basic.northwestern.edu/
biotools/OligoCalc.html [23].

Osteosarcoma phenotypes-histology and IHC
analysis

After weaning and PCR genotyping, mice that
are expected to develop osteosarcoma are fre-
quently examined. Mice suffering from fast
growing osteosarcoma (usually at upper or
lower jaw and snout) were euthanized under
anesthesia. For histological analysis, a portion
of the mouse (as well as surgically removed
human) osteosarcoma tissues were collected
and fixed in 10% formalin, followed by dehydra-
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tion, paraffin embedding, sectioning, and sub-
jected to standard Hematoxylin & Eosin stain-
ing. For immunohistochemical (IHC) analysis,
pretreated human and mouse tumor sections
were incubated with anti-Runx2 (M-70,
sc-10758, Santa Cruz, CA) antibody as previ-
ously described [14]. The concentration for pri-
mary anti-Runx2 antibody was at 1:50 dilution
and non-immune mouse IgG was used as a
negative control. The biotinylated anti-rabbit
IgG (Santa Cruz, CA) was used as a secondary
antibody. The ABC kit (Elite PK-6200 Universal,
VECTOR laboratories, Burlingame, CA) was
used for detection and slides were counter-
stained with nuclear fast red (Poly Scientific
R&D Corp., NY). Microscopic analysis was using
the Nikon Eclipse 80i (Nikon Instruments Inc.,
Melville, NY USA) and the Qcapture Suite soft-
ware (version, 2.95.0, Quantitative Imaging
Corp., USA).

Osteosarcoma phenotypes—gene expression
analysis

Total RNAs from fresh mouse osteosarcoma
tissue and mouse limbs were isolated using
Trizol reagents (Invitrogen, Carlsbad, CA) and
subsequently reverse transcribed using
Superscript Il reverse transcriptase (Invitrogen,
Carlsbad, CA). The cDNA template was used for
gRT-PCR to examine following gene expression
using the MyiQ Single Color Real-Time PCR
Detection System and SYBR Green master mix
(Bio-Rad, Hercules, CA). Total RNAs from mouse
limbs that were previously extracted were used
as controls [14]. The genes examined include
Bax, Bcl-2, Runx2, and the endogenous control
gene Gapdh for normalization of the RNA qual-
ity and quantity. The sequences of the primers
used for qRT-PCR were as previously listed [14].
Relative mRNA level was automatically ana-
lyzed by the manufacturer provided MyiQ
Optical System Software. The mean threshold
cycle number (CT values) of target genes was
normalized to Gapdh and calculated using

Am J Cancer Res 2014;4(3):234-244



Runx2 and mouse osteosarcoma

HE-Osteoblastic
— S T

.

_

Runx2 Ab-Osteoblastic

TR Y WG
i Sesl

HE-Chondroblastic
A

[ S ¥

s

Figure 1. Human osteoblastic and chondroblastic osteosarcoma. A: H&E staining of a representative osteoblastic
osteosarcoma showed osteoid deposition and bone matrix to form a lace-like pattern (black arrows) with scattered
osteoblast-like cells. B: IHC analysis using Runx2 antibody detected Runx2 expression in a variety of osteoblasts
within osteoblastic osteosarcoma tissue (red arrows). C: H&E staining of a representative chondroblastic osteosar-
coma showed predominantly chondroid matrix with high grade hyaline cartilage (blue arrow). The lace-like pattern
indicating osteoid production was also observed (black arrows).
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Figure 2. Strategies generating osteosarcoma mouse models.
A: lllustrated is PCR genotyping result of floxed p53 and Rb1
genes showing corresponding p53 or Rbl wile-type (+/+),
heterozygous (+/fl), and homozygous (fl/fl) mice. DBH: double

homozygous mice. B: lllustrated is the breeding chart showing

how to use p53 and Rb1 double homozygous mice to generate
Cre- or Runx2- triple heterozygotes, and subsequently, multiple
osteosarcoma mouse models with or without the Tg-Runx2

background as partially listed.

2°AACt and student ttest [24, 25]. Data is
collected from multiple runs with duplicate
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templates and the relative mRNA level
was compared between osteosarcoma
mouse models. p<0.05 was considered
statistically significant fold change of
mMRNA level between samples.

Results

Human osteoblastic and chondroblastic
osteosarcoma

We have collected tumor tissues from
~20 osteosarcoma patients with surgery.
Most of the tumor tissues were from left
or right femurs or tibias (either proximal
or distal). Some tumors were from the
pelvis or foot. These tumor tissues show
a variety of pathological features of
osteoblastic, chondroblastic, fibroblastic
or pleomorphic sarcoma of bone.
Illustrated is H&E staining of a represen-
tative tumor sample showing characteris-
tics of osteoblastic osteosarcoma, i.e.
production of osteoid and bone matrix in
a lacy pattern that is incorporated with
the osteoblast-like malignant cells
(Figure 1A). We have performed IHC anal-
ysis using anti-Runx2 antibody and the

result showed that RUNX2 is expressed in
malignant cells of osteosarcoma (Figure 1B).
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Table 2. Generation of Congenic Osx-Cre Mice

Mice For backcross Genome Genome Genome Genome Genome Genome Genome Genome Genome Genome
(F1/Gen 1) (Gen?2) (Gen3) (Gen4) (Genb) (Gen6) (Gen7) (Gen8) (Gen9) (Genl0)

Osx-Cre (C57BI6) 50% 25% 12.5% 6.25% 3.12% 1.56% 0.78% 0.39% 0.19% 0.10%
Wild-type (FVB/N) 50% 75% 87.5% 93.75% 96.88% 98.44% 99.22% 99.61% 99.81% 99.90%

Table 3. Summary of osteosarcoma mouse models

mOS No. Gender Osx-Cre T8-Runx2 Floxed p53 Floxed Rb1 Latency (M) Tumor site
1 F + p53fl/+ Rbafl/+ 5.5 Jaw/snout
2 M + p53fl/fl Rbifl/+ 4.4 Lower jaw
3 M + p53fl/fl Rbafl/+ 5.7 Lower jaw
4 F + p53fl/fl Rbafl/fl 5.5 Right snout
5 M + p53fl/fl Rbafl/fl 5.3 Right snout
6 M + p53fl/+ Rbafl/fl 5.7 Fore limb
7 F + p53fl/fl Rbafl/fl 3.9 Right snout
8 F + + p53fl/fl Rb1+/+ 7.7 Spine

9 F + + p53fl/+ Rbafl/+ 4.5 Lower jaw
10 M + + p53fl/fl Rbifl/+ 5.1 Left snout
11 M + + p53fl/fl Rbafl/fl 5.4 Lower jaw
12 F + + p53fl/fl Rbifl/+ 1.6 Sarcoma

We also show H&E staining of a representative
chondroblastic osteosarcoma. The tumor tis-
sue is predominant with chondroid matrix con-
taining high grade hyaline cartilage, as well as
lace-like pattern indicating osteoid production
(Figure 1C).

Strategies generating osteosarcoma mouse
models

In order to generate osteosarcoma mouse
models with or without the Coll0al-Runx2
transgenic background, we have used a series
of breeding strategies to obtain multiple inter-
mediate mouse models. These mouse models
include congenic Osx-Cre mice in FVB/N genet-
ic background, floxed p53/Rb1 double homozy-
gous mice (p53fl/fl/Rbl1fi/fl), and floxed p53/
Rb1 mice on the Coll0Oal-Runx2 or Osx-Cre
transgenic background (Figure 2A). Briefly, we
have backcrossed the C57BL/6 Osx-Cre mice
(donor strain) with wild-type FVB/N mice
(receiver strain). After ten generations’ back-
crossing, we successfully obtained congenic
Osx-Cre mice in a FVB/N genetic background
(Table 2). We then generated floxed p53 and
Rb1 double homozygous mice (p53fl/fl, Rb1fl/
fl) by breeding above floxed p53 heterozygotes
(p53fl/+) with the floxed Rb1l homozygotes
(Rb1fl/fl) as demonstrated by PCR genotyping
(Figure 2B). These p53 and Rb1 double homo-
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zygotes were bred with congenic Osx-Cre or
Tg-Runx2 mice to generate p53fl/+, Rblfl/+,
Osx-Cre and p53fl/+, Rblfl/+, Tg-Runx2 triple
heterozygous mice. Further breeding of these
triple heterozygotes were conducted to gener-
ate multiple osteosarcoma mouse models as
described below.

Osteosarcoma mouse models and Tg-Runx2
background

We have set up multiple breeding pairs using
Osx-Cre (p53fl/+, Rblfl/+) and Tg-Runx2
(p53fl/+, Rb1fl/+) triple heterozygotes. Mouse
models that were genotyped and developed
osteosarcoma were summarized in Table 3.
Generally, mice with osteoblast restricted dele-
tion of p53 and/or Rb1 genes (p53fl/fl, Rb1fl/Al,
Osx-Cre+) without having the Tg-Runx2 genetic
background consistently developed osteosar-
coma as previously established [4]. These mice
show similar tumor latency and site distribution
(Jaw and snout) depending on their genotyping.
Meanwhile, mouse models with similar geno-
types but on a Tg-Runx2 genetic background
(p53fl/fl, Rb1fl/fl, Osx-Cre+, Tg-Runx2) showed
heterogeneous osteosarcoma phenotypes as
to tumor latency types, and location. In addition
to the jaw and snout, some of the mouse mod-
els also developed spine tumors and sarcoma
or adipoma in connective tissue of inner organs

Am J Cancer Res 2014;4(3):234-244
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A Floxed p53 B Osx-Cre
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C Tg-Runx2 D Floxed Rb1
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E Floxed Rb1-BSA

M 1 2 3 4 5 6 7 8
500bp- CTCTCAAGAGCTCAGACTCATGGACTAGGTTAAGTTGTG

GCTCCAGTACTTAAGATATGTGACACTAAGCATATCACTT
GATATCTCTATGCCTTGGTTTCTTTGCTTATAAATGAAAAA
AAAAAATAATATACCCTACAATAATATTAACTTACAGGGATT
AGGGGACAATTAAATGCATATAAAATGCTTTAAACAGGGG
TTAAACCGGGCATTGATGGCACACGCC (G+C%=36%)

F  Floxed Rb1-GCC

300bp
200bp-

100bp-

Figure 3. PCR genotyping of osteosarcoma mouse models. A: The genotyping result showed that mice 1, 2, 5, 7,
and 8 are floxed p53 heterozygotes, mice 3 and 4 are homozygotes, while mouse No. 6 is wild-type. B: Genotyping
using Cre-specific primers identified mice 1, 2, 3, 6, 7, and 8 as Osx-Cre positive, while mice 4 and 5 are Osx-Cre
negative. C: PCR using Runx2- and Flag-specific primers identified mice 2-6 as Runx2 transgenic while mice 1, 7,
and 8 did not contain Runx2 transgene. D: PCR using Rb1-specific primers without addition of BSA failed to detect
floxed Rb1 gene products. E: Addition of BSA into the PCR reaction system successfully identified mice 1-5 as floxed
Rb1 heterozygotes, while mouse 6-8 are floxed Rb1 homozygotes. F: The GC content of the floxed Rb1 PCR products

is 36% as calculated by the OligoCalc program [23]. M: DNA marker; GCC: G+C% content.

at the early stage of ~1.5 months (No. 8 and 12
in Table 3).

BSA in PCR genotyping of floxed Rb1 gene

PCR genotyping was performed using com-
bined tag (Cre- and Flag-) and gene (p53, Rb1,
Osx1, and Runx2) specific primers (Table 1)
and NCI and literature suggested PCR condi-
tions [18-22]. Interestingly, the PCR genotyping
was successful for floxed p53, Osx-Cre and
Tg-Runx2 transgene (Figure 3A-C), but not
floxed Rb1 gene, as no PCR product was shown
using the Rb1-specific primers (Figure 3D). The
PCR genotyping was not successful either when
we tried to optimize the cycling condition, use
PCR additives (such as DMSO, glycerol and for-
mamide), or even design new primer pairs for
PCR (data not shown). However, when BSA
(0.16 mg/ml) was added to the PCR system, we
successfully obtained the PCR product flanking
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the floxed Rb1 gene (Figure 3E). To identify the
potential reasons causing the discrepancy of
PCR genotyping, we calculated the GC content
of their PCR products using the OligoCalc pro-
gram [23]. The results showed that the GC con-
tent of the Osx-Cre, floxed p53, and Tg-Runx2
amplicons are 50%, 48%, and 52% respectively
(data not shown), while the GC content of the
floxed Rb1 PCR products is only 36% (Figure
3F).

HE staining and Runx2 expression in mouse
osteosarcoma

To characterize above osteosarcoma mouse
models, we performed H&E staining of mice
numbered 1, 4, 9, and 11. Mice No. 1 and 9
were floxed p53 and Rb1 gene double heterozy-
gotes, while mice No. 4 and 11 were floxed p53
and Rb1 double homozygotes. All these mice
were Cre positive with mice No. 9 and 11 hav-
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Figure 4. H&E and IHC analysis of mouse osteosarcoma. (A) H&E staining of
Osx-Cre positive, and floxed p53/Rb1 double heterozygotes (a, mouse No.
1) or homozygotes (c, mouse No. 4) without Tg-Runx2 transgene showed
typical pathological features of osteoblastic osteosarcoma, including osteoid
production and ill-shaped osteoblasts (black arrows). Similar but more
irregular osteoblast-like cells and nuclear pleomorphism were observed in
Osx-Cre positive, and floxed p53/Rb1 double heterozygotes (b, mouse No. 9)
or homozygotes (d, mouse No. 11) that contain a Runx2 transgene. (B) IHC
analysis of above mice No. 1 (a) and No. 4 (c) detected clear Runx2 expression
in scattered and ill-shaped osteoblasts (black arrows). Stronger brown staining
indicating elevated Runx2 expression was observed in malignant osteoblasts
and pleomorphic nuclei of mice No. 9 (b) and 11 (d).

ing a Tg-Runx2 genetic background (Table 3).
These mice with different genotypes showed
typical pathological features of osteosarcoma
after HE staining. Specifically, osteoid produc-

tion or bone formation with
incorporated malignant
osteoblasts was observed
in Osx-Cre mice with floxed
p53/Rb1 double heterozy-
gotes and homozygotes
(Figure 4Aa, 4Ac, mice No.
1 and 4). Similar histologi-
cal manifestation with
more malignant cells and
nuclear pleomorphism was
observed in mice with the
same genotypes but have
a Tg-Runx2 genetic back-
ground (Figure 4Ab, 4Ad,
mice No. 9 and 11). To
study the correlation of
Runx2 with mouse osteo-
sarcoma development, we
performed IHC analysis
using Runx2 antibody on
osteosarcoma mouse mo-
dels with or without the
Tg-Runx2 genetic back-
ground. The result showed
that Runx2 is clearly
expressed in osteosarco-
ma tissues without Tg-
Runx2 background (Figure
4Ba, 4Bc, mice No. 1 and
4), while elevated Runx2
expression as shown by
stronger brown staining
signal was observed in
malignant osteoblasts and
pleomorphic  nuclei of
osteosarcoma tissues with
T8-Runx2 genetic back-
ground (Figure 4Bb, 4Bd,
mice No. 9 and 11).

Marker gene expression in
selective mouse osteosar-
coma

We have performed expres-
sion analysis of marker
genes Bax, Bcl-2, and
Runx2 in selective osteo-
sarcoma tissues by qRT-
PCR. As illustrated in

Figure 5, we detected significantly increased
level of Runx2 expression in tumor tissues of
mice with (m0OS-1, p=0.048) or without (mOS-
8, p=0.012) Tg-Runx2 background compared
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Bcel-2 1 0.803 | 0.020 0.144 0.541 0.019 0.034
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Ob: osteoblast; Ctrl: control; Std: standard deviation.

Figure 5. Expression analysis of marker genes in mouse
osteosarcoma. qRT-PCR was performed to examine Bax, Bcl-
2, and Runx2 gene expression in osteosarcoma tissues of
mice No. 1 (mOS-1) and No. 8 (m0OS-8). As illustrated, Runx2
is significantly increased in tumor tissues of m0OS-1, (p=0.048)
and mOS-8 (p=0.012) compared to mouse limb osteoblasts.
Both mOS-1 and mOS-8 showed increased Bax expression, but
not statistically significant. Bcl-2 was decreased both in m0OS-1
and in mOS-8, but only mOS-8 showed statistical significance

correlation of Runx2 with bone and cancer
formation [6, 7, 10-13, 27-30], we investi-
gated the in vivo relevance of Runx2 upon
osteosarcoma development using this
established osteosarcoma mouse model
and the Coll0al-Runx2 transgenic mice
that showed delayed chondrocyte matura-
tion [14]. In this manuscript, we have
shown multiple original findings while
delineating the role of Runx2 regulated
chondrocyte maturation during osteosar-
coma progression.

Congenic Osx-Cre mice in FVB/N genetic
background

We notice that the previously established
osteosarcoma mouse models, the Osx-Cre
mice, the floxed p53 and Rb1 mice were all
on a C57BL/6 genetic background. In our
study, while the Osx-Cre mice are still on a

(p=0.034). Ob: osteoblast; 0S: osteosarcoma.

to mouse limb osteoblasts. Increased Bax but
decreased Bcl-2 expression was detected both
in mOS-1 and in mOS-8 tumor tissues com-
pared to limb osteoblasts. However, only the
decreased Bcl-2 expression in m0OS-8 showed
statistical significance (p=0.034). Meanwhile,
analysis of other mouse tumors only detected
heterogeneous expression of these marker
genes (data not shown).

Discussion

Established mouse models for osteosarcoma
genetics studies

Currently, the etiology of human osteosarcoma
is largely unknown and even less is known as to
the factors that govern the in vivo osteosarco-
ma progression and metastasis. Previously,
many efforts have been focused on character-
ization of mouse or human osteosarcoma cell
lines in vitro due to shortage of suitable animal
models that mimic human osteosarcoma [26].
However, recent mouse genetic studies have
shown that osteoblast-specific deletion of p53
and Rb1l using the Osx-Cre mice results in
symptoms mimic human osteosarcoma. These
genetically engineered mice develop short
tumor latency with many defining features of
human osteosarcoma, and thus, provide a valu-
able platform for addressing the molecular
genetics of osteosarcoma [4]. Given the close
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C57BL/6 background, all other Col10al-

Runx2 transgenic mice, the floxed p53 and

Rb1 mice from the NCI mouse repository
were on a FVB/N mixed genetic background. To
minimize the influence of mouse strain differ-
ence on tumor phenotypes, we have back-
crossed Osx-Cre mice (donor strain) with wild-
type FVB/N mice (recipient strain) for
ten-generations. Theoretically, each generation
of Osx-Cre mice eliminated 50% genome con-
tent of C57BL/6 strain. After ten generations’
backcrossing, more than 99.9% of the donor’s
genome was eliminated, and thus, we success-
fully generated congenic Osx-Cre mice from
C57BL/6 to a FVB/N genetic background.
These mice may serve better for osteosarcoma
translational research, as previous studies
have shown that mice on FVB background have
much shorter tumor latency compared to
C57BL/6 background [31, 32].

BSA application in PCR genotyping

The multiple mouse models in this study rely
largely on accurate and efficient genotypic
analysis. We successfully conducted PCR geno-
typing for Osx-Cre, floxed p53, and Tg-Runx2
mice (Figure 3A-C). Interestingly, PCR genotyp-
ing frequently failed to detect floxed Rb1 gene
product which led to false negative result
(Figure 3D). It would not succeed simply by
changing the PCR cycling condition (annealing
temperature) and parameters (concentration of
MgCl,). We also tried different pairs of primers
for floxed Rb1 gene and add known PCR addi-
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tives, such as DMSO (Dimethyl Sulfoxide), for-
mamide or glycerol, into the reaction system
[33, 34], however, no PCR product was ampli-
fied (data not shown). Given its ability to stabi-
lize enzyme activity, BSA has generally been
used as an additive in restriction enzyme diges-
tions. BSA has also been used as a PCR addi-
tive for templates that contain potential inhibi-
tors such as trace of phenol compounds during
genome DNA extraction [35]. Indeed, we suc-
cessfully obtained PCR product for floxed Rb1
using both primer pairs (Figure 3E and data not
shown). It is well accepted that high GC-rich
DNA samples (GC content >60) usually cause
limited yield and poor specificity of the reaction
due to secondary structure formed by the PCR
product. We, therefore, calculated the GC con-
tent of the Osx-Cre, floxed p53, Rb1, and
Tg-Runx2 amplicons. Surprisingly, only the
floxed Rb1 PCR product shows a GC content as
low as 36% (Figure 3F). This finding at least
partially explains the inefficiency of PCR geno-
typing of floxed Rb1, as previous studies have
demonstrated the low efficiency of PCR with
DNA templates that contain too low (<40%) or
too high (>60%) GC content [36].

Runx2 and marker gene expression in osteo-
sarcoma

Runx2 is a Runt domain transcription factor
that regulates both osteoblast differentiation
and chondrocyte maturation [6-9]. Runx2 has
also been strongly linked to many human can-
cers [37]. As to osteosarcoma, we have shown
that RUNX2 is highly expressed in osteoblast-
like cells in human osteosarcoma tissues
(Figure 1B). This corresponds well with previ-
ous studies which have shown that RUNX2 is
expressed both in developing human bones
and in bone tumors [11], while increased
RUNX2 DNA copy number and elevated RUNX2
expression were also detected in osteosarco-
ma [12, 38]. It was recently reported that
WWOX, a tumor suppressor that is decreased
in most human tumors, associates with RUNX2
and suppresses its transcriptional activity in
osteoblasts and in cancer cells [39]. Intriguingly,
Runx2 has been shown to interact with p53
and Rbl1, two genes that are responsible for
osteosarcoma development in mice [4, 16, 17].

In our study, we intended to characterize the in
vivo function of Runx2 during osteosarcoma
progression by crossing the established p53/
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Rb1 deleted osteosarcoma mouse model onto
the Col10al-Runx2 transgenic background [4,
14]. We successfully generated multiple mouse
models that developed osteosarcoma as
expected (Table 3). These mouse osteosarco-
ma display a variety of histopathological fea-
tures as previously described [4, 40]. We have
shown that Runx2 is expressed in osteosarco-
ma tissues without Tg-Runx2 background
(Figure 4Ba, 4Bc). Interestingly, we detected
stronger immunostaining staining signal indi-
cating more Runx2 expression in tissues of
osteosarcoma mice with the same genotypes
but has an extra Tg-Runx2 background (Figure
4Bb, 4Bd). We also detected significantly
increased Runx2 expression in some osteosar-
coma tissues compared to limb osteoblast
cells by gRT-PCR analysis (Figure 5), while sig-
nificantly decreased Bcl-2 expression was
detected in an osteosarcoma mouse with the
Tg-Runx2 background. However, due to the lim-
ited number of osteosarcoma mice we
obtained, these observations need further
investigation. Interestingly, we observed one
mouse with Runx2 transgenic background
(m0OS-12, Table 3) developed sarcomas or adi-
pomas within two months. However, how Runx2
contributes to osteosarcoma tumorigenesis in
these mice is not clear yet. Further character-
ization of the tumor phenotypes of more osteo-
sarcoma mice with or without the Tg-Runx2
background will facilitate understanding the
role of Runx2 in osteosarcoma pathogenesis
and, possibly identification of novel therapeutic
targets for osteosarcoma treatment.
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