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Osteosarcoma (OS) is the most commonly diagnosed malignant bone tumor in humans and dogs, characterized in both
species by extremely complex karyotypes exhibiting high frequencies of genomic imbalance. Evaluation of genomic signa-
tures in human OS using array comparative genomic hybridization (aCGH) has assisted in uncovering genetic mechanisms
that result in disease phenotype. Previous low-resolution (10–20 Mb) aCGH analysis of canine OS identified a wide range
of recurrent DNA copy number aberrations, indicating extensive genomic instability. In this study, we profiled 123 canine
OS tumors by 1 Mb-resolution aCGH to generate a dataset for direct comparison with current data for human OS, con-
cluding that several high frequency aberrations in canine and human OS are orthologous. To ensure complete coverage of
gene annotation, we identified the human refseq genes that map to these orthologous aberrant dog regions and found sev-
eral candidate genes warranting evaluation for OS involvement. Specifically, subsequenct FISH and qRT-PCR analysis of
RUNX2, TUSC3, and PTEN indicated that expression levels correlated with genomic copy number status, showcasing
RUNX2 as an OS associated gene and TUSC3 as a possible tumor suppressor candidate. Together these data demonstrate
the ability of genomic comparative oncology to identify genetic abberations which may be important for OS progression.
Large scale screening of genomic imbalance in canine OS further validates the use of the dog as a suitable model for
human cancers, supporting the idea that dysregulation discovered in canine cancers will provide an avenue for complemen-
tary study in human counterparts. VVC 2011 Wiley-Liss, Inc.

INTRODUCTION

Osteosarcoma (OS) is the most commonly diag-
nosed primary malignant tumor of the bone in
humans (Withrow and Vail, 2007; Mirabello et al.,
2009a,b), with fewer than 1,000 new diagnoses per
year in the USA (Mirabello et al., 2009b; Paoloni
et al., 2009). The introduction of chemotherapy
regimens in the 1980’s, including treatment before
and after definitive surgical resection, helped to
improve the five-year survival rate to ! 70%, but
little improvement to this rate has been made in
the last decade. Better understanding of the bio-
logical mechanisms driving this aggressive malig-
nancy requires a detailed knowledge of the
underlying genomic changes associated with tumor
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initiation and progression. Molecular cytogenetic
evaluation of human OS, using a combination of
comparative genomic hybridization (CGH), spec-
tral karyotyping (SKY), and multicolor banding
(mBAND) has identified extensive and frequent
genome reorganization. Such reorganization
includes a high degree of aneuploidy, gene ampli-
fication, and multiple unbalanced chromosomal
rearrangements (Bridge et al., 1997; Bayani et al.,
2003; Ozaki et al., 2003; Lim et al., 2004; Man
et al., 2004) Analysis of human OS by array com-
parative genomic hybridization (aCGH) has
revealed high amplitude copy number gain (log2
ratio of tumor:reference "1.0) or amplification
(log2 ratio of tumor:reference "2.0) to be frequent
events in human OS, particularly within the cyto-
genetic regions defined by 6p22-p21, 8q24 and
17p12-p11.2 (Forus et al., 1995; Tarkkanen et al.,
1995, 1998, 1999; Simons et al., 1997; Zielenska
et al., 2001; Bayani et al., 2003; Squire et al., 2003;
Selvarajah et al., 2008). The frequency of occur-
rence of recurrent genomic amplifications suggests
that they may harbor genes important in tumori-
genesis and/or tumor progression (Lu et al., 2008;
Sadikovic et al., 2009). Recent studies in human
OS have reported strong associations between
gene copy number aberration, overexpression, and
hypomethylation leading to disease progression
(Sadikovic et al., 2009).
The complexity of human OS karyotypes

(Papachristou and Papavassiliou, 2007; Clark
et al., 2008; Tang et al., 2008) combined with the
rarity of the disease, impedes the ability to define
specific genetic changes that ultimately may lead
to the disease phenotype. Pathogenetic knowl-
edge gained from analysis of model organisms is
a key complimentary approach to advance gene
discovery. In the domestic dog, OS also is the
most common primary bone tumor (Withrow and
Vail 2007), but in contrast to the occurrence in
humans, the annual number of new cases of ca-
nine OS (in the US) is estimated to far exceed
10,000 (Withrow et al., 1991; Fossey et al., 2009).
The spontaneous nature and high frequency of
occurrence in dogs thus provides a unique oppor-
tunity to evaluate the extent of aberrant genomic
events in canine OS, knowledge of which will
highlight key regions of shared pathogenesis and
may reveal additional regions as yet unidentified
in human OS. Until recently, very few studies in
canine OS have profiled genomic instability,
largely because of the paucity of resources for ca-
nine genomic studies. The release of the anno-
tated canine genome assembly (Lindblad-Toh

et al., 2005) facilitated the development of ge-
nome integrated molecular cytogenetic reagents
for the dog (Thomas et al., 2005, 2007, 2008),
allowing more comprehensive cytogenetic studies
to be performed. In an earlier study we used low-
resolution (10–20 Mb) aCGH analysis of 38 cases
of canine OS to identify a high degree of gross
genomic instability, with extensive cytogenetic
disorganization consistent with those observed in
human OS (Thomas et al., 2009b, 2011). In addi-
tion, several previous studies have sought to
define the roles of specific tumor suppressor
genes and oncogenes, both in primary canine OS
and canine OS cell lines, using expression and
proteomic analysis (Levine and Fleischli, 2000;
Levine, 2002; Kirpensteijn et al., 2008; Fossey
et al., 2009; Zhang et al., 2009). Genomic disorga-
nization in OS of both species has been reported
to involve the dysregulation of well known tumor
suppressor genes (TP53, RB1, PTEN, CDKN2A,
CDKN2B) and oncogenes (MYC and MET) (Feu-
geas et al., 1996; Levine and Fleischli, 2000; Tsu-
chiya et al., 2000; Gokgoz et al., 2001; Levine
et al., 2002; Overholtzer et al., 2003; Kirpensteijn
et al., 2008; De Maria et al., 2009; Zhang et al.,
2009).

While the human and canine autosomal
genomes are packaged into 22 and 38 chromo-
somes, respectively, comparative genomics indi-
cates that we may regard the two species as
sharing 200þ evolutionarily conserved genomic
regions (Derrien et al., 2007). By examining
recurrent cytogenetic aberrations in human and
canine cancers at a higher resolution, this compar-
ative approach already has been shown to sub-
stantially improve the ability to pinpoint the
shared aberrant regions to defined smaller subre-
gions, thereby providing an accelerated path to
gene discovery (Thomas et al., 2009b, 2011). In
this current study, we profiled 123 cases of canine
OS using genome-integrated 1 Mb-resolution
aCGH to further identify recurrent cytogenetic
changes at a resolution suitable for direct compar-
ison with data currently available for human OS.
The cohort analyzed in this study comprised four
target breeds of dog, each of which exhibits a
high occurrence of OS: Golden Retriever, Great
Pyrenees, retired racing Greyhound, and Rott-
weiler, as well as individuals from a variety of
other breeds collectively described as a ‘non-tar-
get’ breed group. We identified recurrent high
frequency DNA copy number aberrations (CNAs)
within our sample set that are orthologous to
regions of recurrent genome imbalance identified
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in human OS and observed also that genomic
instability in canine OS is associated with mor-
phological subtypes (osteoblastic, chondroblastic,
and fibroblastic). To evaluate the effect of
genomic CNA on gene expression, quantitative
real time polymerase chain reaction (qRT-PCR)
analysis of a targeted set of genes was performed
on 26 canine OS samples.

MATERIALS AND METHODS

Tissue Specimens

Canine OS tissues were collected from cases of
spontaneously occurring canine OS by institu-
tional or community veterinary practices in the
United States between November 1999 and July
2009. A total of 123 canine OS tumor specimens
(Table 1 and Supporting Information Table 1)
were obtained with informed consent of the own-
ers and during routine clinical evaluation prior to
the initiation of chemotherapy or radiotherapy.
Tissue specimens were processed as described
previously (Thomas et al., 2005). Briefly, tumor
tissue was surgically removed under sterile condi-
tions as a part of a diagnostic biopsy procedure
and grossly normal tissue was excised from the
specimen. Tumor tissue was then (1) fixed in for-
malin and submitted for histological evaluation of

hematoxylin and eosin (H&E)-stained sections,
using the criteria of Kirpensteijn et al (Kirpen-
steijn et al., 2002), (2) processed immediately for
DNA extraction, and (3) used to initiate primary
cell cultures in RPMI-1640 (Mediatech, Mana-
ssas, VA) medium supplemented with 10% fetal
bovine serum (Mediatech, Manassas, VA, 2mM
L-glutamine (Mediatech, Manassas, VA) and 100
lg/ml Primocin (Invivogen, San Diego, CA).

Array Comparative Genomic Hybridization

(aCGH)

A genomic microarray comprising cytogeneti-
cally-mapped bacterial artificial chromosome
(BAC) clones was used for array CGH analysis.
Clones used for this array (all from the CHORI-
82 dog BAC library—http://bacpac.chori.org,
BACPAC Resources, Children’s Hospital Oakland
Research Institute, Oakland, CA) were distrib-
uted at ! 1 Mb intervals throughout each dog
autosome and the X chromosome, and was sup-
plemented with additional clones representing
cancer related genes (Thomas et al., 2008,
2009a). To minimize opportunities for generating
data representing naturally occurring copy num-
ber variants not associated with OS, reference
DNA samples used in this study were derived
either from the patient’s own blood (where

TABLE 1. Summary of Breed and Morphological Subtype of 123 Canine OS Tumor Samples Analyzed for DNA Copy Number
Aberrations by Genome Integrated 1Mb-Resolution aCGH

Breed Total cases

OS subtype

Chondroblastic Fibroblastic Osteoblastic Undetermined

American Bulldog 1 1
Bernese Mountain Dog 1 1
Borzoi 1 1
Boxer 1 1
Briard 1 1
Collie 1 1
Doberman 4 1 3
Flat Coat Retriever 2 2
German Shepherd 1 1
Golden Retriever 22 3 1 13 5
Great Dane 2 1 1
Great Pyrenees 13 3 2 4 4
Greyhound 25 1 1 16 7
Irish Setter 2 2
Labrador Retriever 3 1 2
Mastiff 2 1 1
Mix 4 1 3
Rhodesian Ridgeback 2 1 1
Rottweiler 34 4 6 21 3
Saint Bernard 1 1
Total 123 12 13 67 31

A detailed list of all cases is provided in Supporting Information Table 1.
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available) or from equimolar pools of DNA from
"10 cancer free, healthy, sex-mismatched dogs of
the same breed. Conventional phenol:chloroform
extraction was used to isolate high molecular
weight DNA from both tumor and reference sam-
ples. Tumor (test) and reference DNA samples
were differentially labeled with Cyanine-3-dCTP
and Cyanine-5-dCTP, respectively and then com-
bined in the presence of dog Cot1 DNA as com-
petitor. The probe mixture was denatured and
applied to the microarray for 40 hr at 37$C as
described previously (Thomas et al., 2007). Fol-
lowing post hybridization, stringency washes the
arrays were scanned at 10 lm resolution (Perkin
Elmer ScanArray Express). The fluorescence in-
tensity at each genomic locus was quantified and
used to calculate the log2 ratio of test:reference
DNA for each locus on the array. Threshold lim-
its for CNAs were set at log2 ratio (test:reference)
values equivalent to 1.15:1 (copy number gain)
and 0.85:1 (copy number loss), and the data ana-
lyzed by the aCGH Smooth algorithm (Jong
et al., 2003). Briefly, the aCGH Smooth algorithm
uses a clustering-based approach to identify ho-
mogenous groups of probes that define regions of
gain or loss. The thresholds selected were used
to discretize the log2 ratio data from all 123 ca-
nine OS aCGH data sets and the ratios were con-
verted to ordinal data (loss, normal, gain), which
were then evaluated for disease association. For
each autosomal locus on the array, the frequency
of CNA within the cohort was calculated. All 123
cases were analyzed for inflection points in
regions of chromosomal gain, loss, or normal copy
number across cases, thus collapsing the data into
larger regions of contiguous copy number status.
To make direct comparisons of the genomic
imbalance shared between human and dog,
orthologous regions of human chromosomal seg-
ments defined previously to have a high rate of
aneuploidy in OS were identified in the canine
genome using the UCSC Genome Browser
(http://genome.ucsc.edu/) and Autograph tool
(Derrien et al., 2007). Chromosomal locations are
defined in terms of their megabase position
within the 7.5x dog genome sequence assembly
(canFam2.0 May 2005, Lindblad-Toh et al, 2005)
according to the UCSC Genome Browser. To
ensure complete gene annotation coverage of
recurrent regions of aberration in our dog OS
cohort, human refseq genes from the GRCh37/
Hg19 build (Feb. 2009), which map to ortholo-
gous dog genomic regions, were identified by the
UCSC genome table browser. Briefly, the dog

genomic regions based upon base pair positions
between BAC sequence positions identified by
the UCSC genome table browser in Febuary
2011 were then imported in the table browser.
The orthologous human refseq gene IDs which
mapped to these regions in the dog genome were
then identified according to information stored in
the table browser gene and gene predication
tracks group. In addition, the identified human
refseq gene IDs were then inputted back into
the table browser to ensure that the IDs mapped
to the correct dog genomic positions. These gene
lists were submitted to the Database for Annota-
tion, Visualization, and Integrated Discovery
(DAVID) v6.7 for functional annotation analysis
(http://david.abcc.ncifcrf.gov/). DAVID maps a
large number of interesting genes in a list to the
associated biological annotation (e.g. gene ontol-
ogy terms) and then statistically highlights the
most overrepresented (enriched) biological anno-
tation out of thousands of linked terms and con-
tents using advanced modular enrichment
algorithims (Huang da et al., 2007).

Single Locus Probe (SLP) Fluorescence In-Situ

Hybridization (FISH)

Where fresh OS tumor tissue was available, pri-
mary cell cultures were initiated using the same
biopsy specimen that was used for DNA isola-
tion. Metaphase chromosome preparations and
interphase nuclei were produced either directly
from the primary tumor tissue or from low pas-
sage (n = 3) primary cultures using conventional
techniques of colcemid arrest, hypotonic treat-
ment, and methanol-glacial acetic acid fixation
(Breen et al., 1999). Where viable tumor tissue
was not available, tumor cells were isolated from
formalin-fixed, paraffin-embedded (FFPE) tumor
biopsies and used for interphase FISH analysis.
Briefly, 25-lm tissue sections were deparaffinized
with xylene prior to immersion in 100% ethanol.
Specimens were rinsed, air dried, and immersed
in a pepsin solution (750 units/ml in 0.01 N HCl)
at 37$C for 20 min then soaked in 1% PBS at 4$C
for 48 hr and fixed as a cell suspension in 3:1
methanol-glacial acetic acid. Cell suspensions
were dropped onto clean glass slides and air-
dried. Multicolor single locus probe (SLP) FISH
analysis was then performed to evaluate the dis-
tribution of selected copy number changes identi-
fied by the aCGH data. BAC clones used as
SLPs were selected from within chromosomal
regions displaying a range of both normal and
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aberrant copy number changes. These clones
were differentially labeled and used in multicolor
FISH analysis as described previously (Breen
et al., 2004).
The copy number status of six candidate

mapped human refseq genes (MYC, PTEN,
RHOC, RUNX2, TSC2 and TUSC3) located within
regions of recurrent genomic imbalance and/or
possible cancer-related function, including cell
proliferation, transformation, and/or apoptosis
identified by DAVID analysis (http://david.
abcc.ncifcrf.gov/) (Supporting Information Tables
2, 3, and 4) were assessed by archival multicolor
SLP FISH. To increase the size of the FISH sig-
nal for assessment of archival specimens a panel
of six probe pools was developed where each
pool comprised overlapping BAC clones selected
using the UCSC genome browser (http://
genome.ucsc.edu). Metaphase preparations from
clinically healthy dogs were used to confirm that
all six BAC contig probes used for FISH exhib-
ited the expected copy number in non-neoplastic
cells (n ¼ 2 for autosomal loci). Images from a
minimum of 30 cells were used to evaluate the
copy number status of each probe in control cells
and OS cases. Due to the increased depth of field
of fixed nuclei, images were acquired using incre-
mental capture within the SmartCapture 3 pro-
gram (Digital Scientific Ltd, Cambridge, UK) to
accurately record and quantify signals in different
focal planes.

Quantitative RT-PCR

A subset of the sample population (n ¼ 26)
containing copy number aberrations involving the
same six candidate genes (MYC, PTEN, RHOC,
RUNX2, TSC2 and TUSC3) was selected for eval-
uation using RT-PCR. Snap frozen bone tumor
biopsies of these 26 cases were ground with a
mortar and pestle in the presence of liquid nitro-
gen and processed for RNA extraction using the

Qiagen RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. The quality and
quantity of RNA was assessed using spectropho-
tometry (Nanodrop 1000, Nanodrop Technolo-
gies) and a RNA 6000 Nano Labchip on the
Agilent 2100 Bioanalyzer (Agilent). Total RNA
with RNA integrity number > 7 was treated for
residual genomic DNA (TURBO DNA-free Kit,
Ambion) and 1 lg was reverse transcribed into
cDNA (Quantitect Reverse Transcription Kit,
Qiagen). Quantitative real-time PCR (qRT-
PCR) using the QuantiFast SYBR Green Kit
(Qiagen) and an iCycler (BioRad) was per-
formed to evaluate the transcriptional status of
the same six genes (evaluated also by SLP
FISH analysis. Primers were designed using
primer blast (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) to ensure each sequence was spe-
cific for the gene of interest within the dog ge-
nome (Table 2). The reaction efficiency for all
primers was calculated using serial dilutions of
cDNA isolated from non-neoplastic dog femurs
from an adult mixed breed, and only primer
pairs with efficiencies ranging from 95%–105%
were used in subsequent analysis. Relative
quantification was performed as described else-
where (Pfaffl, 2001) using c12orf43/LOC61155 as
the reference gene, selected on the basis of hav-
ing both normal copy number in >97% of ca-
nine OS sample evaluated by aCGH, and a
stable expression pattern in qRT-PCR evalua-
tion of 11 canine osteosarcoma samples (Sup-
porting Information Table 5) and 10 non-
neoplastic samples (Tsai et al, submitted). We
expressed the relative mRNA levels in the
tumors as 'DDCT, where DCT is difference in
the threshold PCR cycle (Ct) value of mRNA of
our gene of interest and the corresponding con-
trol (c12orf43/LOC61155) in each reaction com-
pared with the non-neoplastic dog femur RNA.
Fold change was then calculated using the
primer efficiencies and 'DDCT.

TABLE 2. Primer Sequence of Genes Analyzed by qRT-PCR Analysis of Canine OS RNA

Accession Number Gene Location Sense primer (50-30) Antisense primer (50-30)

XM_859874.1 TSC2 Chr6q22:41.90-41.94Mb TCGTCGGACATCAACAACAT CCGCAGAGTCCGTGTTAGAT
XM_540336.2 RHOC Chr9q11.2:3.294-3.329Mb CATCGACAGCCCCGACAGCC GCACGGGCTCCTGCTTCATCT
XM_532158.2 RUNX2 Chr12q13:16.73-16.84Mb TCACTCCACCACCCCGCTGT TGAAGCACCTGCCTGGCTCT
NM_001003246.1 MYC Chr13q13:28.23-28.24Mb TCGCCTATTTGGGAAGACAC AAGCTGACGTTGAGAGGCAT
XM_844352.1 TUSC3 Chr16q23:41.82-42.04Mb GCCTAGTGGGATT

AGGCCTGGTGG
AGTGCCATGGTCCAA

ATCACATCTTC
NM_001003192.1 PTEN Chr26q25:40.92-40.98Mb ACTTTGAGTTCCCTCAGCCA AGGTTTCCTCTGGTCCTGGT
XM_849238.1 C12orf43 Chr26q21:19.85-19.86Mb GCCTGGGGCTTGGAGCAGTG TGGGCTCGGAATTCGGGGGT

GENOMIC IMBALANCE IN CANINE AND HUMAN OSTEOSARCOMA 863

Genes, Chromosomes & Cancer DOI 10.1002/gcc



Statistical Analysis

Of the 123 cases analyzed by aCGH, 99 cases
were associated with survival data, defined as
the time period from the date of diagnosis until
death by euthanasia. Patients still alive at time
of analysis, or deceased from causes other than
their OS, were censored. The Kaplan-Meier
method was used to generate survival curves,
and tests of nonparametric proportional hazards
were used to assess significance between the
groups in question for the different tests. For
quantitative variables, the variables were directly
modeled with proportional hazards regression,
and for categorical variables, dummy encoding
was used, with the most common category used
as the reference.
Association analyses were performed with Fish-

er’s exact tests to correlate aberration frequencies
with the five breed groups in the OS dataset:
Golden Retriever, Great Pyrenees, Greyhound,
Rottweiler, and the nontarget breed group. Fish-
er’s exact tests also were used to associate aberra-
tion frequencies within the three cellular
morphological subtypes of OS evaluated within
the present study: osteoblastic, chondroblastic,
and fibroblastic. To control family-wise error rates
and correct for the multiple comparisons per-
formed, a Bonferroni correction was performed to
derive empirically P-value cut-offs of significance
that correspond to a family-wise error rate of 0.05
(Abdi, 2007). The correlation between aberration
region size and percentages of CNAs was tested
by linear regression. A nonparametric Kruskal-
Wallis test was performed to evaluate the differ-
ences between groups in our qRT-PCR data. Sta-
tistical analyses of the data were performed in
JMP Genomics v4 and SAS 9.1.3 (SAS Institute).

RESULTS

Clinical Assessment

A total of 123 cases of canine OS (Table 1 and
Supporting Information Table 1) were profiled
within this study, of which 93 presented with full
histomorphological information. As expected from
a random sampling of canine OS the majority
presented as the osteoblastic (73%) subtype
(Table 1), while the remainder comprised approx-
imately equal proportions of fibroblastic (14%)
and chondroblastic (13%) OS. Of the dogs in this
study, with defined tumor location (n ¼ 73), 63%
and 37% had OS in the front (proximal) and rear
(distal) limbs, respectively. The most common

anatomical location for the tumors was in the
appendicular skeleton (radius 35%, humerus 27%,
tibia 25%, femur 12%, ulna 0.03%) with one
patient having the disease in the maxilla (Sup-
porting Information Table 1). Though a total of
19 breeds were included in our study population,
we specifically targeted four breeds that
accounted for 76% (94/123) of the cases: retired
racing Greyhound (n ¼ 25), Great Pyrenees (n ¼
13), Golden Retriever (n ¼ 22), and Rottweiler (n
¼ 34) (Table 1). The remaining 29 cases (includ-
ing mixed-breed dogs) with < 5 dogs represented
per breed were categorized into a fifth, ‘non-tar-
get’ breed group because of sparsity concerns for
the statistical analysis (Peduzzi et al., 1996). No
selection was performed for any other clinical
characteristics, so the sample should represent a
stratified random sample (thus a simple random
sample in regards to other variables for each
strata, where each breed group represents a
strata).

Survival time (measured in weeks from the
date of diagnosis to the date of death) and
detailed treatment information (Supporting Infor-
mation Table 1) was available for 99 and 79 dogs
respectively, in the study. The latter 79 cases
were grouped into three categories representing
those that received amputation of the affected
limb in combination with chemotherapy (n ¼ 56),
amputation alone (n ¼ 15), and palliative (pain
management and radiotherapy) care only (n ¼ 8).
All clinical covariates were tested for statistically
significant relevance to survival time. The breed
(P ¼ 0.7982), gender (P ¼ 0.5747), tumor location
(P ¼ 0.8306), and morphological subtype (P ¼
0.2969) were not shown to have a statistically sig-
nificant effect on survival time. As expected,
treatment type received by each dog did reveal a
statistically significant effect on survival time,
demonstrated by a nonparametric proportional
hazards test P ¼ 0.0004 (Supporting Information
Fig. 1). The hazards ratio and confidence inter-
vals are found in Supporting Information Table
6. As expected, these data indicated that amputa-
tion in combination with chemotherapy corre-
sponded to longer survival time than dogs which
only received chemotherapy treatment without
amputation of the affected area.

Abundant Genomic Instability in Canine OS

Individual cases within the canine OS cohort
used in this study typically presented with highly
complex aCGH profiles, with aberrations ranging
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from numerous single locus CNAs to whole chro-
mosome aneuploidy. FISH data provided evi-
dence for frequent structural changes also. The
extent of the genomic imbalances across the
cohort is represented in Figure 1, which denotes
the percentages of gains and losses at ! 1 Mb
intervals across all 38 canine autosomes based on
log2 ratios before and after data processing by the
aCGH Smooth algorithm (Jong et al., 2003) (Figs.
1A and 1B). Prior to the data being processed by
the aCGH Smooth algorithm (Fig. 1A), each
arrayed locus exhibited some frequency of copy
number gain and/or loss, reiterating the chaotic
nature of the disease. Application of the aCGH
Smooth algorithm exposed the most prominent
genomic regions containing CNAs within our ca-

nine OS dataset. Analysis of the 123 cases for
inflection points (change in copy number status)
separating regions of chromosomal gain, loss, or
normal copy number across cases, collapsed the
data into 1,066 larger regions of recurrent contig-
uous copy number status (Fig. 1C). The large
number of shared regional aberrations indicates
the broad positional range of gain/loss in each OS
patient. The distribution shift across the auto-
somes shows the degree of disease complexity
per chromosome and the variance of genomic
aberrations between patients (Figs. 1B and 1C).
Subsequent data analysis was based on compari-
son between aberration frequencies within these
1,066 regions of the genome. As shown in
Figure 2A the majority of the aberration regions

Figure 1. Frequency of copy number aberration in 123 canine OS
samples. The 38 dog autosomes are listed on the x-axis. The y-axis
shows the percentage of cases with copy number gain (dark grey
dots) and copy number loss (light grey dots), for each ! 1 Mb inter-
val, based on log2 ratios before and after data processing by the
aCGH Smooth algorithm (Jong et al., 2003). A: Graphical representa-
tion of the aberration percentages across 123 canine OS patients
based on the raw log2 ratio values for chromosomal loci. B: Data in
A after being processed with the aCGH Smooth algorithm (Jong

et al., 2003). C: Graphical representation of aberration percentages in
B, now for 1,066 regions of collapsed data, based on aberration com-
monality. Regions of CNAs were collapsed according to inflection
points of copy number gain, loss, or normality across 123 canine OS
patients, which caused the chromosomal size and distribution differ-
ences between A, B, (spaced at 1 Mb intervals) and C (which is
spaced according to the number of recurrent aberration regions
present within each chromosome).
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in our canine OS dataset were individual, occur-
ring in <10% of the cohort. Thus, to conduct fur-
ther biological investigation of high frequency
aberration regions in our cohort using the Data-
base for Annotation, Visualization, and Integrated
Discovery (DAVID) v6.7 for functional annota-
tion analysis (http://david.abcc.ncifcrf.gov/), we
set the level of ‘recurrent’ copy number aberra-
tions at >10% of the cohort. This captured 15%
of the regions exhibiting copy number gain and
10% of regions exhibiting copy number loss.
Within the sample population seven chromo-
somes contained regions that had >10% copy
number loss, while 23 chromosomes had regions
with a frequency of copy number gain >10%.
Dog chromosome 23 (CFA 23) appeared to be
the least aberrant chromosome with little varia-
tion between patients. As seen in Figure 1C and
Supporting Information Figure 3, 46 loci (spaced
at ! 1 Mb intervals) on CFA 23 could be seg-
mented into just nine regions, with no regional
aberration frequency >4%. The majority of
regions experiencing an aberration (gain or loss)
frequency greater than 10% were <5 Mb in size,
while regions with <5% aberration frequency
were generally larger in size (Fig. 2A). Linear
regression analysis indicated that the association
of high aberration frequency with smaller aberra-
tion size was statistically significant for regions

experiencing both gain (P ¼ 1.549e'8) and/or loss
(P ¼ 0.00987).

Identification of recurrent genomic aberrations
in the 1,066 regions allowed further characteriza-
tion of CNAs and were consistent with our pre-
vious findings (Thomas et al., 2009b). To obtain
full gene annotation coverage all human refseq
genes that map to orthologous dog genomic
recurrent aberration regions with >10% fre-
quency of gain and loss in our cohort were iden-
tified using the UCSC table genome browser
(Fig. 2B, Supporting Information Tables 3 and
4). Twenty of the 23 chromosomes that had a
high frequency of copy number gain (>10%)
contained orthologous gene annotation and all
seven chromosomes with high copy number loss
contained gene annotation. Chromosome 13 con-
tained the highest number of recurrent copy
number gain regions, whereas chromosome 16
contained the highest number of recurrent
regions of copy number loss (Fig. 2B, Supporting
Information Tables 3 and 4). These gene lists
were submitted to DAVID for functional annota-
tion analysis (http://david.abcc.ncifcrf.gov/). For
subsequent FISH and qRT-PCR analyses, we
assessed the gene list provided by DAVID and
compared this with genes reported in previous
studies of human and canine OS. Based on the
availability of cases in our cohort for which all of

Figure 2. A: Bivariate fit of CNA percent loss/gain for 123 canine OS cases by the physical size of
the aberrations in Mb. B: Total number of recurrent aberration regions (>10%) in our dog OS cohort
and the total number of mapped human refseq genes within these regions using the UCSC genome
browser (http://genome.ucsc.edu) separated by dog chromosome.
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Figure 3. Interphase multicolor FISH analysis of three zinc fixed
paraffin embedded canine OS tissues using BAC clone probe sets
encompassing three genes (TSC2, MYC, and TUSC3) and (RUNX2,
RHOC, and PTEN) (Supporting Information Table 2). TSC2 and RUNX2
are represented by the orange signal, MYC and RHOC by the green
signal, and TUSC3 and PTEN by the pink signal. In each graph the x-
axis represents the gene and the y-axis demonstrates the percentages
of nuclei for the stated copy number of each clone. A, B, C, D, E,
and F show FISH analysis of four cases: A ¼ 10-yr-old male Rott-
weiler with osteoblastic OS, B, D ¼ 12-yr-old female Great Pyrenees

with chondroblastic OS, C, F ¼ 6-yr-old female retired racing Grey-
hound with OS, E ¼ 6-yr-old female Golden Retriever with osteo-
blastic OS. For each case data are shown as: (i) interphase nucleus of
a cell from each case presenting with a normal copy number (n ¼ 2)
of each of the three genes being assessed; (ii, iii) abnormal interphase
nucleus from each patient demonstrating the presence of an aberrant
copy number (n = 2) for one or more of TSC2, MYC, and TUSC3 or
RUNX2, RHOC, and PTEN. (iv) Compilation of copy number data of
the set of three genes assessed for each case, based on FISH analysis.
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tumor DNA, RNA, and cells were available, we
identified four genes (TSC2, RHOC, RUNX2, and
MYC) in regions of recurrent copy number gain
and two genes (TUSC3, PTEN) in regions of
recurrent high copy number loss for subsequent
evalyation. TSC2 and MYC are oncogenes, RHOC
is involved in signal tranduction pathways,
RUNX2 is involved in osteoblast differentiation,
and TUSC3 and PTEN are tumor suppressor
genes.

FISH Validation of aCGH Data

Interphase and metaphase multicolor FISH
analyses were conducted to validate specific
CNAs indicated by aCGH using BAC clones
selected from within six regions of the genome
identified as recurrently aberrant in our cohort
of OS patients, and which also contained genes
of possible interest: TSC2, RHOC, RUNX2,
MYC, TUCS3, and PTEN (Supporting Informa-
tion Tables 2, 3, and 4). Cells from 18 FFPE ca-
nine OS specimens (highlighted in Supporting
Information Table 1) were evaluated by inter-
phase FISH. Analysis of FFPE derived cells
from four of the eighteen cases is shown in
Figure 3, demonstrating the typical degree of
numerical aberration present in the cases eval-
uated in this study. For each case evaluated the
copy number evident using FISH analysis sup-
ported the aCGH data and the high degree of
tumor heterogeneity in canine OS. To demon-
strate the extent of both numerical and struc-
tural aberration, metaphase FISH analysis of
regions of CFA 13 in canine OS is shown in
Supporting Information Figure 3. The two BAC
clones selected from within the region of copy
number increase were both present as >eight
copies in this case, along with structural rear-
rangements of CFA 13 (Supporting Information
Fig. 3B).

Breed and Morphological Subtype Specific

Associated DNA Copy Number Aberrations

The variation in frequency of the 1,066 regions
of recurrent aberration between the five major
breeds groups and three morphological OS sub-
types are indicated in Figure 4. A Fisher’s exact
test revealed no significant difference (after apply-
ing a multiple testing correction) between aCGH-
defined regional aberrations and breed groups,
when comparing results between all five breed
groups together and individually. The region CFA

15q12 (10.64-10.84 Mb), was trending towards a
different aberration frequency between the five
groups (uncorrected P ¼ 0.00242) (Fig. 4A). Forty
four percent (11/25 cases) of Greyhounds had a
high frequency of DNA copy number gain in this
region of CFA 15, whereas in the other breed
groups the frequency of gain was greatly reduced:
Great Pyrenees (0%; 0/13 cases), Golden Retriever
(4.5%; 1/22 cases), Rottweiler (17.6%; 6/34 cases),
and non-target/other breeds (6.9%; 2/29 cases).
The Fisher’s exact test comparing the aCGH aber-
ration results for patients with osteoblastic or chon-
droblastic OS identified a significant difference
(Bonferroni corrected P < 0.05) in two consecutive
regions of CFA 5q11-q12 (3.14–7.02 Mb and 8.01–
9.26 Mb). Of the 12 chondroblastic OS patients,
four (33%) demonstrated copy number gain in
both these two regions, whereas none of the 67
osteoblastic patients displayed copy number gain
of these regions (Fig. 4B).

qRT-PCR

To assess the correspondence of DNA copy
number changes present in canine OS with an
increase or decrease in expression, we analyzed
the same six genes evaluated by FISH analysis
by qRT-PCR. We compared expression levels in
OS to those present in RNA isolated from non-
neoplastic femur from an adult mixed breed dog.
High quality RNA was available for 26 of the 123
cases assessed by aCGH and so these were used
for qRT-PCR. Evaluation of this group of 26 ca-
nine OS cases indicated that four of the six genes
investigated (PTEN, RHOC, RUNX2 and TUSC3)
showed recurrent expression changes (>2 fold
change) that were in agreement with the corre-
sponding genomic DNA CNA revealed by aCGH
(Fig. 5). For MYC and TSC2, while the BACs on
our 1 Mb array containing these loci both had
recurrent copy number gain (25.2% and 16.3%),
we did not see any changes in expression levels
of these two genes. qRT-PCR data indicated that
RHOC and RUNX2 were overexpressed and
PTEN and TUSC3 were under-expressed in our
canine OS patients. Although RHOC was overex-
pressed, it did not show a significant association
between mean fold change and CNA when using
a nonparametric Kruskal-Wallis test (P ¼ 0.4715).
Loss of PTEN expression is consistent with previ-
ous research (Levine et al., 2002) on canine OS,
and unlike RHOC we did find a statistically sig-
nificant association between the mean fold
change for cases that exhibited either a normal or
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loss of copy number using a nonparametric Krus-
kal-Wallis test (P ¼ 0.0158). In addition, RUNX2
(P ¼ 0.0077) and TUSC3 (P ¼ 0.0449) displayed
a statistically significant association between
mean fold change and CNA suggesting that
CNAs for these particular genes does affect the
expression level. Using a Cox Proportional Haz-
ard test, expression changes in these patients
were not identified as having a significant effect
on their survival time. This is because treatment
still remains the driving factor affecting patient
outcome (P ¼ 0.0016) (Supporting Information
Fig. 1).

DISCUSSION

In human OS the complex karyotypes (Papach-
ristou and Papavassiliou, 2007; Clark et al., 2008;

Tang et al., 2008) and rarity of the disease have
confounded the ability to define specific genetic
changes that ultimately lead to the disease phe-
notype. Knowledge gained from analysis of model
organisms is thus important to advancing genomic
characterization of these cancers. Spontaneous OS
is not a rare disease in the domestic dog, with
reported annual cases being at least tenfold
higher than in humans, yet very few studies have
profiled the disease for its genomic instability. In
previous preliminary studies, using low resolution
CGH, we reported that dogs (n ¼ 38) with OS
have a broad range of numerical and structural
cytogenetic aberrations, suggesting that the dis-
ease in dogs and humans presents with similarly
high levels of genome wide CNA (Thomas et al.,
2009b). In the present study, we profiled 123 ca-
nine OS cases from four key breeds and of three

Figure 4. Further characterization of copy number aberration
occurrences across 1,066 regions of aberration commonality in the
38 dog autosomes (x-axis). Percentages of copy number gain/loss are
shown on the y-axis (A). Percentage CNA in different dog breeds
represented within our 123 case dataset (i) with an enlarged view of
the region trending towards a different aberration frequency between
the five breed groups, CFA 15q12 (10.62–10.84 Mb), marked by a
red box (ii). The ‘non-target’ breed group is a combination of 29

dogs representing 15 breeds, each with fewer than five cases (Table
1). (B) Percentage of CNA present in the 93 (of 123) cases within
the study that were defined according to histomorphological subtype:
fibroblastic, chondroblastic, and osteoblastic (i) with an enlarged view
of the regions with a significant difference in aberration frequency
between osteoblastic and chondroblastic OS cases, CFA 5q11-q12
(3.14–7.02 MB and 8.01–9.26 Mb), marked by a red box (ii).
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major histomorphologic cell types, at a tenfold
higher resolution, to further characterize the
genomic imbalance found in dog OS. These data
indicate that canine OS presents with extensive
genomic imbalance, with CNAs more likely to
involve subchromosomal regions than entire chro-
mosomes and with genomic interval size of CNAs
significantly associated with their frequency in an
inverse relationship (Fig. 2A). In most cases, the
aCGH profiles were not segmented into discrete
regions with narrow ranges of log2 values, indica-
tive of a high level of CNA heterogeneity within
the tumor cell population. This is a feature
shared with aCGH profiles of human OS, as is
the higher incidence of DNA copy number gain
over DNA copy number loss (Man et al., 2004;
Selvarajah et al., 2008). In addition, we analyzed
several target genes in regions of genomic insta-
bility by qRT-PCR to determine if alteration to
gene dosage corresponded with transcriptional
dysregulation. Thus, we have concluded that
orthologous genomic regions of humans and dogs
have some of the same types of CNAs in OS as
well as similar expression patterns.
In human OS, high-level amplifications have

been reported in 8q21-24 (Man et al., 2004; Sel-
varajah et al., 2008; Sadikovic et al., 2009). This
region is orthologous to CFA 13q12.3-q13, which
was within the region exhibiting the highest fre-
quency of copy number gain (>20% for all
regions) in our canine OS cohort (Figs. 1 and 2B,

Supporting Information Table 3). Our FISH data
demonstrated that CNAs of CFA 13 were associ-
ated also with structural alterations in the OS ge-
nome (Supporting Information Fig. 2). Numerous
genes map within the conserved region defined
by HSA 8q21-24/CFA 13q13.3-q13 (Supporting
Information Table 3), several of which already
have been associated with known cancer pheno-
types, cell growth, and intracellular signal trans-
duction pathways, including ENPP2, MYC, and
PSCA, (Tang et al., 2008; Jonkers and Moolenaar,
2009; Wu et al., 2009). Seven to twelve percent
of human OS have amplifications of the MYC
oncogene (Tang et al., 2008) and copy number
gains of MYC have been confirmed previously in
canine OS (Thomas et al., 2009b). Within our
cohort FISH analysis of MYC also demonstrated
copy number gains of the oncogene (Fig. 3) and
our expression analysis of MYC concluded that
although the gene is subject to recurrent gene
dosage increase in our canine OS cohort it does
not appear to produce a corresponding increase in
expression levels (Fig. 5). Previously, overexpres-
sion of MYC has been found to play a role in
human OS (Gamberi et al., 1998; de Nigris et al.,
2007), yet very recently Sadikovic et al. showed
that no significant changes in expression of MYC
occurred in tumors in comparison with normal
osteoblasts (Sadikovic et al., 2010). Our findings
in canine OS support this recent observation.
Further investigation into effects of myc protein
expression would be necessary to understand the
role of copy number gain of MYC in canine OS.

Human chromosome band 6p21.1 (40.6-45.2
Mb) has been identified as a key region of copy
number gain in human OS (Selvarajah et al.,
2008; Sadikovic et al., 2009). The evolutionarily
conserved region in the canine genome is
CFA12q13 (12.21–16.73 Mb), which was subject
to copy number gain in 17% of our cohort. Within
this region is the RUNX2 gene, a member of the
RUNX gene family of differentiation mediators
expressed at different stages of osteoblast devel-
opment (Ito, 2004). It has been hypothesized that
the amplification and overexpression of RUNX2
in primary human OS tumors could disrupt G2/M
cell cycle checkpoints, and downstream OS-spe-
cific changes, such as genomic polyploidization
and failure of bone differentiation (Sadikovic
et al., 2009). When studying the functions of
RUNX2 in immortalized mouse calvarial derived
MC3T3-E1 osteoblasts and rat and human OS
cell lines, a high expression level of RUNX2 in
late G1 and mitosis was reported (San Martin

Figure 5. Quantitative RT-PCR on 26 canine OS patients for six
genes located in regions that experienced a high occurrence of
CNAs. The results are displayed as fold change in expression relative
to non-neoplastic dog femur RNA normalized by the expression of
c12orf43. The symbol of the marker refers to the array CGH call
(gain, loss, or normal) of each OS case.
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et al., 2009). We conducted qRT-PCR to identify
if copy number gain of RUNX2 is associated with
overexpression of the gene in canine OS. We
found a statistically significant difference
between cases with normal or increased copy
number and changes in expression. This same
pattern of increase in copy number leading to an
increase in expression has been found in human
OS (Sadikovic et al., 2009) making this gene val-
uable to study of OS in both species. Addition-
ally, recent evaluation of 16 genes as potential
biomarkers of human OS oncogenesis and chemo-
therapy response concluded that a significant
increase in RUNX2 expression corresponded with
poor patient response to chemotherapy relative to
the good responders (Sadikovic et al., 2010).
These data suggest that RUNX, as an OS-associ-
ated gene, may be important for disease progres-
sion and is of interest for further characterization
in canine OS. To our knowledge this is the first
indication of the possible role of RUNX2 in ca-
nine OS.
Regions experiencing highly recurrent (>10%)

copy number loss reside largely on two chromo-
somes, CFA 26 and CFA 16 (Fig. 2B, Supporting
Information Table 4). In human OS the PTEN
tumor suppressor gene has a high frequency of
copy number loss, often a homozygous deletion
resulting in complete loss of PTEN expression
(Freeman et al., 2008). Our current findings
(Figs. 1, 2B, and 3, Supporting Information Table
4) support two previous canine studies: our own,
which identified frequent deletion of PTEN
(Thomas et al., 2009b) and a second in which
PTEN was found mutated or downregulated in a
high percentage of canine OS cell lines and
tumors (Levine et al., 2002). PTEN was deleted
at a frequency of 30% in our cohort and the
qRT-PCR data revealed PTEN as underex-
pressed in several cases (Fig. 5) corresponding to
a decrease in copy number. Thus our data sug-
gest that in combination with other factors, a
change in gene dosage may have an effect on the
transcriptional regulation of PTEN in canine OS.
Another region of high copy number loss in our

dataset contained the candidate tumor suppressor
gene, TUSC3. To our knowledge, loss of TUSC3
has not been described previously in either
human or canine OS. Yet, high resolution aCGH
of human breast cancer cell lines and primary
tumors concluded that the copy number loss of
TUSC3 resulted in decreased expression in cell
lines, and absent or reduced expression in 31% of
primary breast tumors (Cooke et al., 2008). Our

expression analysis indicated that TUSC3 was
under-expressed, and we found a statistically sig-
nificant difference between mean RNA fold
change and deletion indicating that, as with
PTEN, copy number loss in combination with
other factors may be causal in reducing gene
expression. As far as we are aware, this study has
been the first to consider TUSC3 as a gene
involved in canine OS. TUSC3 is thus of interest
for further study in human OS because of the
high degree of similarity shared with copy num-
ber aberrations in dogs and humans.

In combination with defining genomic CNAs
shared with human OS, we attempted to identify
differences in CNAs between the five breed
groups and three morphological subtypes repre-
sented in our sample set. No significant differen-
ces between the five breed groups were found
(after a multiple testing correction). Low power,
because of a limited sample size for each breed
group after sample recruitment, is a potential ex-
planation for these results and further studies are
needed to fully elucidate the possible significance
of this region.

In considering OS morphological subtype, we
identified that for two adjacent aberrant regions
of CFA 5 (3.14–7.02 Mb and 8.01–9.26 Mb) there
was a significantly higher frequency of copy num-
ber gain in osteoblastic compared with chondro-
blastic tumors (Fig. 4B). A difference in genomic
imbalance between the morphological subtypes
of OS is not well established, but it was previ-
ously concluded that dogs with the osteoblastic
minimally productive subtype, but not chondro-
blastic or telangiectatic subtypes, differed from
fibroblastic OS in being associated with a signifi-
cantly higher number of high-grade cases (Louko-
poulos and Robinson, 2007) Although this was a
small sample size and the majority of canine OS
patients had osteoblastic OS, investigation of this
region could serve to distinguish one subtype
from another. Further characterization of their
possible effect on the tumor phenotype could
lead to the development of more tailored thera-
pies based on the histological profile of the
tumor.

In profiling 123 cases of canine OS by 1 Mb
aCGH, we concluded that the high occurrence of
genetic alterations characteristic of human OS is
also a striking feature of canine OS, supporting
previous canine studies (Thomas et al., 2009b).
We identified several new candidate genes,
including TSC2, RHOC, RUNX2, MYC, TUSC3,
and PTEN, in regions of the canine genome that

GENOMIC IMBALANCE IN CANINE AND HUMAN OSTEOSARCOMA 871

Genes, Chromosomes & Cancer DOI 10.1002/gcc



had highly recurrent CNAs (Supporting Informa-
tion Tables 3 and 4) and were able to categorize
specific CNAs into different canine OS morpho-
logical subtypes, suggesting that disease pathoge-
nesis may differ depending on an individual’s
genetic background. Further evaluation of these
regions of CNAs, by molecular and immunohisto-
chemical approaches may identify specific differ-
ences in the genetic pathways. The canine
orthologous regions to HSA 6p21.1 and HSA
8q24 presented with the same pattern of CNAs
in dog OS, indicative of an evolutionarily con-
served genetic basis for the disease. Of specific
interest is the gene RUNX2, which resides within
the orthologous regions defined by HSA 6p21.1
and CFA 12q13. Several recent studies have
focused on investigating the dysregulation of
RUNX2 in human OS (Pereira et al., 2009; Sadi-
kovic et al., 2009, 2010; San Martin et al., 2009;
Shapovalov et al., 2010), and the comparability of
our data suggests that RUNX2 merits further
investigation in both species.
The discoveries reported here provide addi-

tional insight into the chaotic genome organiza-
tion of a cancer that affects more than 10,000
dogs per year in the United States. This study
highlights the remarkably high extent to which
cytogenetic abnormalities in OS are conserved
between both species, supporting the role of the
dog as a valid comparative model of human OS.
Analysis of selected gene expression patterns in
human and canine OS indicated similarities at
the transcriptional level also, further supporting
the functional significance of such aberrations.
Overall, these data reinforce the impact that
genomic analysis of canine OS may have on pin-
pointing key genes in human OS and which war-
rant subsequent examination.
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