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ABSTRACT 
 

Osteosarcoma is an aggressive bone malignancy with neither reliable prognostic 

or predictive biomarkers nor drugs for targeted therapy. It is the most common malignant 

tumour of bone, predominantly occurring in adolescents. Currently, the mainstay of 

treatment is surgical resection in combination with multi-agent chemotherapy. 

Understanding of the genetic basis of osteosarcoma has been impeded by the complex 

and heterogeneous nature of genome-wide rearrangements in tumour cells. It has been 

shown that the genetic complexity arises as a result of unusually high levels of 

chromosomal instability (CIN), which causes numerous copy number changes. This 

extensive CIN leads to genomic gains or amplifications of various chromosomal regions 

including, frequently, a portion of chromosome 6 between cytobands 6p12-p21. The high 

frequency of these particular rearrangements implies they could confer selective 

advantage to tumour cells during osteosarcoma development. In the present study, we 

examined the relationship between genomic gain of chromosome 6p12-p21, including 

increased copy number of the osteogenic transcription factor gene RUNX2, and measures 

of CIN as well as tumour response to chemotherapy in a retrospective cohort of 

osteosarcoma patients. The present study demonstrates: 1) Gain and amplification events 

involving chromosome 6p12-p21 have been frequently reported in a variety of cancer 

types in addition to osteosarcoma. 2) Clusters of segmental duplications greater than 

10,000 base pairs in length flank the commonly amplified region of 6p12-p21, and 

cytobands 6p12 and 6p21.3 are enriched in highly similar segmental duplications. 3) 

Interphase fluorescence in situ hybridisation (FISH) confirmed array comparative 

genomic hybridisation-detected copy number changes in E2F3, PIM1, and RUNX2 and 
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identified trends between increased RUNX2 copy number and poor tumour response to 

chemotherapy, and between increased E2F3 copy number and CIN. 4) Interphase FISH 

for chromosome-specific enumeration identified a high rate of aneuploidy in the sample 

set. 5) Moderate to strong RUNX2 immunoreactivity, as assessed by 

immunohistochemistry, was present throughout the samples, and a trend was observed 

between high RUNX2 levels and poor tumour response to chemotherapy. Our study thus 

identified potential roles for genomic gain of chromosome 6p12-p21 and amplification-

related overexpression of RUNX2 in the development of osteosarcoma and in resistance 

to chemotherapy. 
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CHAPTER 1 – INTRODUCTION 
 

1.1 Osteogenic sarcoma (osteosarcoma) 

Osteosarcoma is an aggressive cancer of bone with unknown etiology and often 

poor clinical outcome. It is the most common primary malignant tumour of bone, 

representing about 35% of bone cancer cases (1), and predominantly affects children and 

adolescents. Most often, tumours arise from osteoid-producing neoplastic cells in the 

metaphyses of the long bones such as the distal femur and proximal humerus (1), and less 

commonly in the axial skeleton and other non-long bones (2). Tumours frequently 

possess cells with extensive, complex genomic rearrangements, and unfortunately, no 

reliable clinical biomarkers exist to date. Prognosis has traditionally been based on 

tumour size, site, stage, and adequacy of resection, although percentage necrosis 

following chemotherapy has emerged as the best indicator of survival (3). Similarly, no 

targeted therapies have been developed for osteosarcoma, and survival rates have not 

improved for several decades since the introduction of combination chemotherapy 

[reviewed in (4)]. Unquestionably, better understanding of osteosarcoma at the cellular 

and genomic levels is necessary for generating targeted treatments as well as sensitive 

and specific diagnostic, prognostic, and predictive tests. 

1.1.1 Normal skeletal development 

 A healthy skeleton consists of specific cell types that together provide mechanical 

support and protection for the body, and maintain calcium homeostasis: chondrocytes, 

which form cartilage; osteoclasts, which promote bone reabsorption; and osteoblasts, 

which generate osteoid matrix and facilitate its mineralisation, and which eventually 
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become osteocytes in mature bone. Osteoblasts form by two distinct mechanisms. The 

first is intramembranous ossification, by which mesenchymal stem cells (MSCs) 

differentiate into osteoblasts to form the flat bones including those forming the skull. The 

other is endochondral ossification, which results in the construction of the rest of the 

skeleton based on a scaffold of chondrocytes (5). The cartilage scaffold originates from 

the condensation of MSCs that, through Hedgehog (Hh) and canonical Wnt signaling (6), 

form chondrocytes initially. Such developmental signaling pathways, in combination 

with systemic hormones and locally-derived factors, induce hypertrophy of chondrocytes 

and their subsequent differentiation to osteoblasts through upregulated levels of RUNX2, 

the transcription factor necessary for all bone development (7-9) (discussed in more detail 

below). 

1.1.2 Osteosarcoma histopathology 

 Although typically referred to as spindle-cell tumours, conventional 

osteosarcomas are highly pleomorphic and consist of a complex mixture of different cell 

types ranging from multinucleated giant cells to small round cells. Definitive diagnosis of 

this tumour requires identification of immature osseous (bone) matrix around the 

neoplastic cells. Osteosarcoma subtype is determined based on the predominant form of 

surrounding matrix, as follows: osteoblastic osteosarcoma (osteoid matrix) (Figure 1), 

chondroblastic osteosarcoma (cartilaginous tissue), or fibroblastic osteosarcoma (fibrous 

tissue) (1). Low grade tumours are rare, as most comprise poorly differentiated cells that 

invade soft tissue structures surrounding the bone following cortical destruction (10). The 

most common locations for tumours are the distal femur (40% of cases), the proximal 

tibia (20%), and the proximal humerus (10%) (4), in the cortex of the metaphyses in 
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about 91% of cases. More rarely, tumours can occur in the periosteum or from within the 

medulla, or as secondary sarcomas in patients with preexisting bone abnormalities (1). 

 

Figure 1. Conventional (osteoblastic) osteosarcoma is the most common subtype of osteosarcoma.  
A) An X-ray of an osteoblastic osteosarcoma in the distal femoral metaphyseal region produces a 
radiopaque, “sunburst” appearance. Osteosarcomas usually appear as mixed radiolucent-radiopaque 
lesions. B) Gross appearance of an osteoblastic osteosarcoma of the distal femoral metaphyseal region. C) 
Hematoxylin and eosin stain of an osteoblastic osteosarcoma. Large amounts of unmineralised bone matrix 
(osteoid) surround small, pyknotic-appearing cells. All images taken from (1). 
 

1.1.3 Epidemiology 

Young people in their second decade of life are at the highest risk for 

osteosarcoma, with about 60% of cases occurring in individuals younger than 25 (1). 

Disease incidence follows a bimodal distribution with peaks in males aged 15-16 and in 

females at ages 12-13; then a second, smaller, peak of incidence in patients over the age 

of 60 (11). The proportion of affected males to females is highest in patients under the 

age of 20, at a ratio of about 3:2, but this difference decreases with age (1). The rarity of 

osteosarcoma is such that new cases are reported in 2.7 individuals per million population 

per year for children aged 0 to 14, and 5.1 individuals per million population per year for 
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those aged 15 to 29 years (12). Approximately one third of cases occur in those over the 

age of 40, often due to underlying bone pathologies (13). Osteosarcomas in individuals 

outside of the paediatric age group are beyond the scope of the present study, and further 

information can be found in reports of osteosarcoma in older adults (13, 14).  

During adolescence, the rapid rate of bone turnover is suggested to be one 

potential precipitating factor for development of osteosarcoma, and there is a close 

correlation between the onset of adolescent growth spurts and peak incidence rates for 

osteosarcoma (15-17). In large-scale studies of osteosarcomas occurring during 

adolescent skeletal growth, mean height of patients was greater than in the reference 

population (17, 18). Near to the sites of most rapid adolescent bone growth, the distal 

femur and the proximal tibia at the knee, are also the most common locations for 

osteosarcomas (1). 

1.1.4 Clinical characteristics and treatment  

Patients presenting with osteosarcoma often experience pain as the primary 

symptom, as it gradually increases to an unbearable level due to aggressive tumour 

growth (1). Usually (80% of cases) osteosarcoma is localised to one bone at diagnosis, 

though metastasis can occur via the hematogenous route (1, 19). Metastases occur 

predominantly in the lung, and in less than 10% of patients with disseminated disease, 

metastases to bone (known as skip metastases) are present and are very rarely treatable 

(10).  

Untreated osteosarcoma is fatal (1), and prognostic factors have in the past 

included age, gender, serum alkaline phosphatase (AP), serum lactate dehydrogenase, and 

tumour site, size, subtype, and stage (19, 20). Currently the best estimations of survival 
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are based on tumour necrosis following preoperative chemotherapy (3, 21). The clinical 

heterogeneity revealed by assessing the factors listed above [reviewed in (21, 22)] 

highlights the need for individualised treatment for osteosarcoma. However, the current 

standard of care comprises limb-sparing surgery and combination neoadjuvant 

chemotherapy consisting of high dose methotrexate, doxorubicin, cisplatin, and 

ifosfamide (23). Treatment of the bone tumours prior to the use of chemotherapy 

consisted only of amputation of the affected limb, with an associated 5-year survival of 

about 15% (4, 20). Since the early 1980s, following the introduction of neoadjuvant 

chemotherapy and new surgical techniques, the 10-year disease free survival (DFS) has 

improved to 60% in patients with localised disease and approximately 30% in those 

presenting with metastatic disease (2, 19). Unfortunately, all of the standard drugs have 

serious side effects associated with their individual toxicities, including second 

malignancies and organ destruction (4), and there are currently no effective second-line 

drug-based therapies upon disease relapse (24). 

1.1.5 Current knowledge of the etiology of osteosarcoma 

The etiology of osteosarcoma is unknown. Many studies have attempted to link 

osteosarcoma development to environmental insults, including physical trauma, fluoride 

in drinking water, and radiation treatment of childhood solid tumours [(25); reviewed in 

(26)], but have identified no biological mechanism for oncogenesis based on these 

factors. Unlike many of the well-described sarcomas, osteosarcoma tumours are highly 

heterogeneous in the form and extent of genomic aberrations present in cells. In fact, a 

large proportion of other sarcomas are characterised by a single dominant-acting fusion 

protein encoded by a disease-specific chromosome translocation, while osteosarcoma is 
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characterised by cytogenetically complex karyotypes with no such consistent 

translocations (27).   

Although osteosarcoma is predominantly sporadic in nature, clues concerning the 

etiology of osteosarcoma have been provided by the study of some well-known familial 

cancer syndromes. Hereditary retinoblastoma (caused by germline RB1 mutation), Li-

Fraumeni syndrome (due to germline TP53 mutation) along with Rothmund-Thompson, 

Bloom, and Werner syndromes (all due to germline inactivations of RECQL genes), 

predispose to osteosarcoma (16, 27). Germline mutation in RB1 is associated with a 500-

fold increase in risk for developing osteosarcoma, and in individuals with germline TP53 

mutation, osteosarcoma is the second-most common cancer (16). Exposure of individuals 

with germline RB1 mutations to ionising radiation also increases the rate of subsequent 

primary sarcomas; with significantly more cases of osteosarcoma than of other sarcomas 

(28).  

Sporadic osteosarcomas commonly possess somatic inactivation of RB1 (50-70% 

of cases) or TP53 (40-60% of cases) (16), and it is thought that osteosarcomas arise from 

cells committed to the osteoblast lineage but intermediate to MSCs and mature osteocytes 

(29-33). Interestingly, two recent studies of mouse models of osteosarcoma found that 

double-knockout of murine rb and tp53 restricted to early osteoblast progenitor cells 

resulted in early onset, completely penetrant malignant osteosarcoma. Walkley et al. (34) 

and Berman et al. (35) generated transgenic mice with osteoblast-restricted conditional 

alleles of murine rb and tp53 and demonstrated that knockout of tp53 was necessary for 

osteosarcoma development, while rb deletion potentiated the disease. Significantly, they 

found that the mouse tumours strongly resembled human osteosarcomas in their 
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karyotypic complexity, gene expression changes, histology, and pattern of metastasis 

(34). 

Apart from any underlying germline mutations, genomic rearrangements, gene 

copy number changes, and aneuploidy in osteosarcomas are complex and often produce 

high intercellular heterogeneity with respect to chromosomal alterations (36, 37). 

Genomic imbalances, possibly in combination with DNA methylation changes, are 

correlated with deregulation of protein expression in osteosarcoma cell lines relative to 

that in normal human osteoblasts (38). Methylation changes and genomic instability, 

which encompasses instabilities at the chromosome level and the microsatellite level, 

occur in many cancer cells and may be driving forces in tumourigenesis (39, 40).  

1.2 Genomic instability and recurrent rearrangements in osteosarcoma 

1.2.1 Genomic instability 

Genomic instability is very common among human tumours (41), and 

encompasses at least three types of instability: chromosomal instability (CIN), 

microsatellite instability (MIN), and CpG island methylator phenotype (CIMP) (39). MIN 

results from a high mutation rate in cells and includes instability in short dinucleotide 

repeats, while CIMP involves broad promoter methylation. These two categories have 

been described extensively in colorectal cancer (39, 42) and are beyond the scope of the 

present study. CIN is the elevated rate of gain or loss of entire chromosomes or sections 

of chromosomes (37, 39), and it appears to have an important role in osteosarcoma 

tumours, causing extensive structural and numerical aberrations and intercellular 

variability (43).  

CIN itself can be separated into two subtypes, numerical CIN (N-CIN) and 



  8 

structural CIN (S-CIN). Processes underlying N-CIN are those leading to changes in gene 

copy numbers, including errors in mitosis that cause polyploidy of the whole genome, 

gain (polysomy) or loss of individual chromosomes, and segmental amplification and 

unbalanced translocations. S-CIN can be the result of ineffective DNA damage response 

mechanisms following exogenous insults or replication errors, leading to genomic 

rearrangements, chromosomal breakages (breakpoints are observed as copy number 

transitions in genome-wide analyses of copy number alterations), and usually, but not 

necessarily, gene copy number changes (36) (Figure 2). Recently, it has been shown 

using the NCI-60 cancer cell line panel that karyotypic complexity, a product of CIN, is 

correlated with higher expression of survival- and invasion-related genes and lower 

expression of those involved in cell cycle regulation and DNA repair (44).  

CIN has been a focus of tumourigenesis research for decades (39, 45), and 

mutations or deregulation of genes important for mitotic checkpoints are thought to be 

the underlying cause (46). For example, inactivations of the important tumour suppressor 

proteins p53 and pRB, common in osteosarcomas, are causative in development of CIN 

in vivo (47, 48); and mutation of RB1 contributes to mitotic missegregation and loss of 

heterozygosity (49). Studies are ongoing in attempts to identify mutator mutations which 

may increase the rate of genetic change in cells, and to determine whether said mutations 

are in fact required to induce carcinogenesis by increasing the rate of genetic change 

[reviewed in (50)]. 
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Figure 2. Schematic depiction of gain and amplification of chromosome 6p12-p21 due to 
processes underlying CIN.  
In the centre of the figure, a normal cell is depicted with two pairs of homologous 
chromosomes, chromosome 6 in blue (with 6p12-p21 highlighted in green) and a second 
chromosome in red. 1. Polyploidisation of the entire genome due to mitotic errors or 
failure of cytokinesis can cause increased copy number of the entire chromosome 6. 
Mitotic missegregation can be due to defective chromosome condensation or spindle 
assembly checkpoints. For example, mutant pRB prevents effective chromosome 
condensation thus increasing the rate of aneuploidy (49).  2. Isochromosome 6p leads to 
gain of the short arm of chromosome 6, and evidence points to dysfunctional centromeric 
recombination as causative for isochromosome formation (51, 52). 3. An unbalanced 
translocation has led to gain of a short portion of chromosome 6p (including 6p12-p21) 
and loss of a portion of the short arm of the red chromosome. 4. The region 6p12-p21, 
along with an origin of replication, can be copied to an extrachromosomal location and 
circularise to form a double minute chromosome (DM). Double minutes can form by 
microhomology-based mechanisms, and subsequently undergo replication to result in 
high-level amplification of the incident DNA fragment (53). 5. Copy number 
amplification of 6p12-p21 can also occur in homogeneously staining regions (HSRs) on 
single chromosome arms. The mechanism of HSR formation is explained by the 
breakage-fusion-bridge (BFB) model, which implicates repeated breakage of anaphase 
bridges produced by segregation of dicentric chromosomes (54). Adapted from (43). 



  10 

Genetic instability could be advantageous for tumour cells which are exposed to 

selection in their local tissue microenvironment due to cell-to-cell interactions or 

hypoxia, as a result of immune responses, and due to the toxicity of chemotherapeutic 

drugs. In osteosarcoma cell lines, gene copy number changes and associated expression 

alterations are acquired during development of resistance to chemotherapy drugs (55). 

Local recurrence and metastatic disease greatly reduce survival rates in osteosarcoma 

patients (56), and CIN may play a role in the production of circulating tumour cells and 

in the activation of dormant cells produced by metastasis (57). 

1.2.2 Role of genomic architecture in genomic instability 

Repetitive sequence elements, including the mobile long interspersed nuclear 

elements (LINEs) and short interspersed nuclear elements (SINEs), are known to create 

genomic instability in their host genomic regions because they potentiate genetic 

recombination. Thus genomic architecture and regions of sequence identity may form 

recombinational ‘hot spots’ that during times of genomic instability facilitate 

rearrangements (i.e. deletions, breakage, amplifications and translocations) in cancer cells 

(58), in individuals with inherited diseases (59), or during the normal process of human 

genome evolution (60). Repetitive sequence elements as a group also occupy a large 

proportion of the human genome. SINEs are less than 500 base pairs (bp) in length and 

make up about 13% of the genome, with the approximately 300bp Alu elements as the 

predominant SINEs, making up 10% of the genome. LINEs range in size from 500 to 

9,000bp, and occupy about 20% of the genome. Region-specific low-copy repeats 

(LCRs), also known as segmental duplications, are paralogous segments of high sequence 

identity (greater than 90%) in the range of one to several hundred kilobase pairs (kbp) 
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(61, 62), and they account for approximately 3.5-5% of the human genome (63, 64). 

Significantly, segmental duplications have been found to increase the chances of DNA 

rearrangement and potentiate genome instability by a number of recent studies (65-71).  

Segmental duplications are unevenly distributed along human chromosomes (72), 

with the large majority being in the interstitial (67%) and pericentromeric (31%) regions, 

and a small fraction occurring in subtelomeric regions (2%). Interchromosomal 

segmental duplications predominate in the pericentromeric and subtelomeric regions, 

while both inter- and intrachromosomal occurrences are observed in widely separated 

interstitial regions (73). It is well recognised that DNA rearrangements have a propensity 

to occur at specific genomic regions (74). The DNA sequence features in such regions 

may play a role in evolutionarily-driven rearrangement of the human genome, but these 

features may also be susceptible to faulty recombinational processes in neoplasia. To 

date, there have been no in-depth analyses to identify repetitive elements in the genomic 

architecture of chromosome 6p (the region of interest in the present study), that may play 

a role in copy number change and genomic evolution (63, 75), or in osteosarcoma and 

other cancers (58). 

1.2.3 Recurrent genomic rearrangements in osteosarcoma 

Comparative genomic hybridisation (CGH) studies of copy number change and 

karyotypic studies demonstrate a high degree of instability and heterogeneity within and 

among osteosarcoma tumours with respect to their genomic alterations. However, 

consistent gain and amplification have been detected in several regions including 13q14, 

5q (76), 1p35-36 (77), 6p12-p21 (78-83), 3q13 (84-86), 7p21 (87), 8q23-q24 (36, 82, 88) 

and 17p11.2 (82, 89). A large number of locus-specific DNA copy number changes have 
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possible roles in osteosarcoma oncogenesis [reviewed in (16)].  

Our group has chosen to focus on the region at chromosome 6p12-p21 in 

osteosarcoma for several compelling reasons. Chromosome 6p copy number gains and 

amplifications are common in many cancers, and gain and overexpression of 6p12-p21 

have been observed in many studies of osteosarcoma tumour samples (36, 77-82, 88, 90), 

and has been corroborated in a conditional mouse model of osteosarcoma (34). There 

have been several genes identified in this region as having potential oncogenic roles in 

osteosarcoma development (described below).  

1.3 Chromosome 6p involvement in osteosarcoma 

1.3.1 Human and mouse data support 6p involvement in osteosarcoma 

Amplifications within the p arm of chromosome 6 have been frequently observed 

in human osteosarcoma tumour samples (36, 77-80, 82, 88), including those from biopsy, 

surgical resection, and metastases (79). Data obtained using 10 osteosarcoma patient 

samples indicate amplification-related overexpression of genes within the 6p12-p21 

region (90). Notably, in addition to this, a recent conditional mouse model of 

osteosarcoma demonstrated overexpression of genes within mouse genomic regions 

homologous to human 6p12-p21 (34), consistent with observations of 6p deregulation in 

human osteosarcoma. In particular, the region of murine chromosome 17 including the 

osteogenic transcription factor gene runx2, the ortholog to human RUNX2 at chromosome 

6p12.3, underwent overexpression (34) as in human osteosarcoma (91, 92). Thus, the 

involvement of chromosome 6p12-p21 in osteosarcoma due to genomic instability has 

been corroborated across these two species. 
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1.3.2 Involvement of instability of chromosome 6p in other human cancers 

Overall, 6p21-p12 is a very frequently gained genomic region in cancer due to an 

apparently high level of instability within 6p (93, 94). It is well established in the cancer 

cytogenetics literature that chromosomal rearrangements of 6p are frequently due to 

isochromosome formation (94-99). Gain and amplification of regions on chromosome 6p 

can also occur following unbalanced translocation events or the formation of DMs or 

HSRs due to S-CIN (94), or through aneuploidy (Figure 2). Recent studies have found 

amplifications of an approximately 2 megabase pair (Mbp) segment of 6p22 in high 

grade transitional cell carcinomas (100, 101); gain of the entire short arm of chromosome 

6 in advanced stage III/IV hepatocellular carcinomas (HCC) (102) and Merkel cell 

carcinomas (103); and focal high-level gains and amplifications at 6p21 leading to 

significant overexpression of the vascular endothelial growth factor A (VEGFA) gene in 

HCC (104). 

1.3.3 Chromosome 6p rearrangements in non-cancerous conditions 

In rare instances, constitutional copy number aberrations involving chromosome 

6p have been identified in otherwise healthy individuals affected by developmental delay 

and mild malformations of the skull, face, and limbs [reviewed in (105)]. Partial 6p 

duplications have been described as due to interstitial tandem duplications of 6p21.1-

p22.2 (106) and 6p12.3-p21.3 (107), or interchromosomal insertions, such as 

(16;6)(p12;p21.2-p23) (108). Between 1971 and 2000, there were approximately 40 

descriptions of patients with partial 6p duplications, sometimes with duplicated segments 

extending from 6pter to breakpoints between 6p25 and 6p11, but to date there have been 

no associations of the rearrangements with cancer in the patients [reviewed in (107)]. 
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However, the occurrence of de novo partial 6p duplications supports the notion that 

sequence elements in these regions may be facilitating both inherited and acquired 

genomic rearrangements. Regions of microhomology within the 6p arm may in fact 

predispose this portion of chromosome 6 to such complex rearrangements. 

1.3.4 Potential oncogenes in the 6p region 

A number of genes with oncogenic potential lie within 6p12-p21 and in close 

proximity to the region. To begin with, transcription factor gene E2F3, located at 

cytoband 6p22.3 near the minimal region of gain 6p12-p21 (Figure 3A), is overexpressed 

in a subset of osteosarcoma patient samples (90). In retinoblastoma, 6p22 is frequently 

gained (in more than 50% of tumours) and is associated with overexpression of DEK and 

E2F3, the latter being associated with higher proliferation rates in retinoblastoma cells 

(109-111). 

 

Members of the E2F transcription factor family activate the expression of 

genes whose products are important in cell cycle processes including DNA repair and 

replication, mitosis, and the G1 to S transition, as well as proliferation (112). E2F3 is 

necessary for cell-cycle entry and sustained proliferation (113), and pRB directly inhibits 

its activity and recruits repressors of the genes activated by E2F3 (112). Transgenic 

overexpression of E2F3 has been shown to induce the accumulation of DNA damage 

(114), and its amplification-related overexpression is associated with increased 

proliferation rates in bladder and prostate cancer cells (115, 116). Therefore, loss or 

mutation of RB1 in combination with gain and overexpression of E2F3 has potential for 

disrupting normal cell cycle processes and allowing cell proliferation following DNA 

damage. 
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Figure 3. Chromosome 6 and RUNX2/RUNX2.  
A) Chromosome 6 with locations of RUNX2 and nearby genes on 6p. The green bracket 
approximately spans the minimal common region of gain identified by array comparative 
genomic hybridisation (aCGH) studies of osteosarcomas, between cytobands 6p21.2 to 
6p12.3 (spanning nucleotide positions 36,800,000bp to 51,100,000bp, respectively). The 
location of E2F3 (cytoband 6p22.3) is also indicated. Block arrows represent relative 
positions and transcription direction of selected genes PIM1 (6p21.2: 37,245,964bp-
37,251,182bp), CCND3 (6p21.1: 42,010,649bp-42,017,530bp), VEGFA (6p21.1: 
43,845,931bp-43,862,201bp), CDC5L (6p21.1: 44,463,280bp-44,522,758bp), and 
RUNX2 (6p12.3: 45,404,032bp-45,626,797bp) (genes described in text). All genomic 
information was obtained from UCSC Genome Browser (http://genome.ucsc.edu/), 
March 2006 (hg18) assembly. B) Gene structure of RUNX2. Major isoforms MASNS and 
MRIPV are transcribed starting from promoters P1 and P2, respectively, and ATG 
indicates the start codon. The MRIPV isoform is encoded from exons 2-8, while the 
MASNS isoform is encoded from all eight exons. The Runt homology domain (RHD) is 
encoded from portions of exons 2, 3 and 4. C) Protein structure of RUNX2. The Type 
II/p57 isoform comprises 521 amino acids and begins with the bone-specific N-terminal 
MASNS polypeptide. It has a glutamine/alanine (QA) rich tract and a 
proline/serine/threonine (PST) rich tract that are both unique to RUNX2 in the RUNX 
family of proteins. The protein also possesses the RHD DNA-binding domain, the 
nuclear-localisation signal (NLS), the nuclear matrix targeting signal (NMTS), and the C-
terminal VWRPY domain for TLE/Groucho co-repressor interactions. Adapted from 
(117-120).  
 
 
 
 
 

http://genome.ucsc.edu/cgi-bin/hgc?hgsid=161937383&g=htcGeneInGenome&i=uc003oxl.1&c=chr6&l=44463279&r=44522758&o=knownGene&table=knownGene�
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PIM1 is a proto-oncogene located in 6p21.2 that encodes a serine/threonine-

protein kinase and its overexpression is associated with high-grade prostate cancers and 

hormone-refractory prostate tumours (121). The PIM1 protein cooperates with c-MYC in 

prostate tumourigenesis (122), enhances cell cycle progression by its protein 

phosphorylation activity (123, 124), and promotes cell survival during oxidative stress 

(125), though it has not yet been studied in osteosarcoma. Nearby PIM1 in 6p21.1 is 

VEGFA (Figure 3A), which encodes a mitogen supporting angiogenesis and blood vessel 

permeability, and whose protein product isoforms are associated with regulation of 

microvessel formation in tumours [reviewed in (126)]. Also at cytoband 6p21.1 is the 

human cyclin D3 gene CCND3 (Figure 3A). CCND3 encodes a regulator of the cyclin-

dependent kinases required for the G1 to S transition, and is commonly amplified in 

lymphomas (127) and in some gliomas (128). 

CDC5L (cell division cycle 5-like), located at cytoband 6p21.1 (Figure 3A), 

encodes a cell cycle regulator which can be highly overexpressed in human osteosarcoma 

(79), and this overexpression may promote mitotic entry and shorten the G2 phase (129). 

Immunohistochemistry (IHC) assays for selected proteins in a sample set of 

osteosarcoma patient specimens demonstrated that CDC5L was expressed in 32 of 52 

sections (79). Similarly, RUNX2 (Runt-related transcription factor 2), which encodes a 

transcription factor important in osteogenesis (118) and is at cytoband 6p12.3 (130), was 

expressed in 45 of the 52 tumour sections, including biopsy samples, implying that 

alteration of 6p12-p21 may be an early event in the disease (79). In another report by our 

lab, gain and overexpression of RUNX2 were observed in 60% of the analysed 

osteosarcoma tumours (90). These previous studies identified the genes RUNX2 and 
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CDC5L as strong candidate oncogenes for osteosarcoma tumourigenesis, and RUNX2 

became our primary focus for the present study. 

1.4 RUNX2 

The RUNX2 gene is one of three members of the mammalian RUNX family of 

tissue-specific transcription factor genes which encode the DNA-binding α components 

of the core-binding factor (CBF) complex (131). The RUNX proteins, as part of the CBF 

complex, regulate differentiation, survival, and growth in a variety of tissues, but are 

specifically essential for definitive hematopoeisis (RUNX1), neurogenesis and gut 

development (RUNX3), and osteogenesis (RUNX2) [reviewed in (132)]. RUNX2 

encodes an essential determinant of osteoblast differentiation that regulates the 

expression of many genes during bone development. In the literature, the gene has also 

been called core-binding factor-α 1 (CBFA1), acute myeloid leukemia 3 (AML3), mouse 

polyoma enhancer binding protein 2αA (PEBP2αA), and osteoblast-specific transcription 

factor 2 (OSF2) depending on the context of its study (133). 

1.4.1 RUNX2 structure-function relationship 

The RUNX2 gene occupies approximately 220kbp on chromosome 6 near the 

border between cytobands 6p21.1 (131, 134) and 6p12.3 (UCSC Genome Browser, 

March 2006 hg18 assembly), and the RUNX2 protein exists as two major isoforms (135). 

Two distinct promoters for the RUNX2 gene, P1 and P2, give rise to two biologically 

unique transcripts (136), and alternative splicing contributes to at least three variants of 

the protein based on the at least eight exons known to make up the gene (120, 134) 

(Figure 3B). The RUNX2 gene is a unique member of the RUNX family in that it 

produces the largest protein product (521 amino acids) (118), which possesses two 
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domains distinct from its homologues: a short stretch of glutamine-alanine (QA) repeats 

at the N-terminus and a C-terminal proline/serine/threonine (PST) rich tract, both regions 

of which are necessary for full transactivation activity (137). However, the protein has 

high sequence identity with the other RUNX proteins, sharing with them the DNA-

binding Runt domain, the nuclear localisation signal (NLS), the nuclear matrix targeting 

signal (NMTS), and a C-terminal VWRPY sequence, which allows interaction with co-

repressors TLE/Groucho (138, 139) (Figure 3C).  

The Runt domain is common among the RUNX proteins (140), and was first 

characterised in the Runt and Lozenge proteins of Drosophila, in which they are essential 

for the regulation of many developmental processes, including segmentation, sex 

determination, and hematopoiesis [reviewed in (141)]. This domain confers the ability for 

binding to DNA and for heterodimerisation with CBFβ (142) to form the CBF complex. 

The CBFβ protein, though necessary for RUNX activity, does not directly affect 

transcription regulation itself, but rather allosterically increases the DNA-binding 

capacity of its RUNX partner (143, 144). 

  RUNX2 binds specific cis-acting elements via the conserved Runt domain to 

enhance transcription of genes in many tissues during embryogenesis, particularly in T-

lymphocytes throughout development of the thymus (145) and developing cartilage 

(146). However, its most significant function is in the regulation of osteoblast 

differentiation during bone development (118). 

1.4.2 Importance of RUNX2 in skeletal development 

The significance of RUNX2 in skeletal development was first suggested by 

studies of the autosomal dominant disease cleidocranial dysplasia (CCD). Initially, 
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linkage studies of kindreds with CCD led to the discovery that a single locus within 

cytoband 6p21 was associated with the disease (147, 148). Higher resolution cytogenetic 

and sequencing analyses subsequently identified several mechanisms for heterozygous 

inactivation of the RUNX2 gene: in-frame polyalanine expansions within the QA domain, 

heterozygous deletions due to chromosomal inversion, nonsense mutations, missense 

mutations, and frameshift mutations due to insertion or microdeletion, all of which 

resulted in RUNX2 haploinsufficiency (149, 150). Mouse studies demonstrated 

conclusively that RUNX2 was necessary for normal bone development. Mice 

heterozygous for mutant RUNX2 recapitulate human CCD; and mice homozygous for 

mutant RUNX2 were deficient in osteoblasts and vascularisation of marrow due to a lack 

of osteoblast and endothelial differentiation of periosteal MSCs (9, 151). 

In its capacity as a transcription factor necessary for osteoblast differentiation and 

full skeletal development (9, 151), RUNX2 acts as a “platform protein”, in that it 

interacts with a variety of coactivator and corepressor proteins, including chromatin 

remodeling factors and epigenetic modifiers [reviewed in (118)]. The complexity of 

RUNX2 signaling is further compounded by its autorepression (117), by its presence in at 

least two isoforms, and by its emerging relevance in the development of nonosteogenic 

cells (152). 

1.4.3 Upstream signaling and transcription regulation of RUNX2 

 RUNX2 transcriptional activity is necessary for all stages of osteogenesis, and 

expression of the MASNS/p57 (Type II) isoform from the osteoblast-specific P1 

promoter leads to the osteoblast-specific isoform of the protein (153). The MRIPV/p56 

(Type I) isoform of RUNX2, expressed from the chondrocyte-specific P2 promoter (154), 
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is required for chondrocyte hypertrophy and maturation, in a role subject to repression by 

the chondrocyte-specific transcription factor SOX9 (155, 156). Upstream RUNX2 

promoter elements bind a variety of factors which form important branches of 

embryogenic pathways, including Hh, canonical Wnt, mitogen-activated protein kinase 

(MAPK), fibroblast growth factor (FGF) and bone morphogenetic protein 

(BMP)/transforming growth factor β (TGFβ).   

During endochondral ossification, one of the first events to begin differentiation 

of osteoprogenitor cells from MSCs is the transcriptional activation of RUNX2 by Indian 

hedgehog (Ihh) (6, 157), which is itself upregulated by RUNX2 (158). Other essential 

signals are the insulin-like growth factors (IGFs), which are implicated in early 

osteogenesis. IGF signaling activates the phosphatidylinositol 3-kinase (PI3K)-Akt 

pathway, with AKT2 being required for both BMP2 signaling and for RUNX2 

transcriptional activation (159). The canonical Wnt protein T-cell factor 1 (TCF1), with 

beta-catenin, also upregulates RUNX2 expression in MSCs (160), but further studies have 

shown that Wnt signaling is most critical in the transition from RUNX2+Osterix1- 

osteoprogenitors to RUNX2+Osterix1+ cells (161), and in subsequent osteoblast 

maturation (6).  

During progression of osteogenesis, numerous other factors regulate the 

expression of RUNX2. SP1, ETS1, and ELK1 all stimulate RUNX2 expression, the former 

two predominating during osteoblast proliferation and early differentiation, and the latter 

protein maintaining basal RUNX2 transcriptional activity in later stages of differentiation 

(162). Transcriptional activation of RUNX2 is also facilitated by the BMP2 signaling 

cascade via the homeodomain proteins DLX3 and DLX5 (163) and by MAPK/Ras/ERK 
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signaling in response to mechanical stress (164, 165). FGFs stimulate bone formation 

through the protein kinase C (PKC) pathway, with FGF2/FGFR2 activating expression of 

RUNX2, as well as transcriptional activity of the RUNX2 protein (166). 

On the other hand, expression of RUNX2 is reduced by 1,25-(OH)2-vitamin D3 

(VD3) (167), peroxisome proliferation-activated receptor gamma 2 (PPARγ2) (168), and 

tumour necrosis factor alpha (TNFα) at the transcriptional and post-transcriptional levels 

(169). BAPX1 is upregulated by SOX9 in terminal chondrogenesis to reduce expression 

of RUNX2 (170). Cyclic AMP signaling promotes proteasome-mediated degradation of 

RUNX2 (171), and RUNX2 activity is modulated by residue-specific phosphorylation 

(172), binding by inhibitory proteins such as co-activator activator (CoAA) (173), and 

acetylation of the protein (174). 

1.4.4 RUNX2 signaling in osteogenesis 

 RUNX2 regulates osteoblast lineage determination and expansion, osteoblast 

maturation, and terminal differentiation via a complex variety of pathways. Early 

osteoblast progenitor cells arise from pluripotent MSCs due to direct interactions of 

RUNX2 with broadly acting developmental pathways. Canonical Wnt factors and Hh 

family members are well known to inhibit adipogenic or chondrogenic differentiation of 

MSCs and to promote a preosteoblastic phenotype (175-177). A number of relationships 

between RUNX2 and the canonical Wnt pathway have recently been shown to guide 

osteoblast commitment. In MSCs, RUNX2 forms a complex with lymphoid enhancer-

binding factor 1 (LEF1), which is coactivated by beta-catenin, to activate the fibroblast 

growth factor 18 (FGF18) gene (178), whose product inhibits chondrogenesis and 

supports osteogenesis (179).   
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 The canonical Wnt pathway in particular is important throughout osteoblast 

differentiation. Without Wnt signaling, RUNX2-mediated transcriptional activation of the 

osterix (Osx1/SP7) gene in osteoprogenitors cannot lead to further commitment to the 

osteoblast lineage (180). Following lineage commitment, RUNX2 promotes 

differentiation, and a particularly important early step following commitment is the 

interaction between RUNX2 and SMAD proteins induced by BMP and TGFβ. In 

osteoprogenitors, BMP2 serves to induce osterix expression and promote osteoblast 

differentiation in a RUNX2-independent manner (181, 182), and in order for osteogenesis 

to approach completion, BMP/TGFβ signaling must be facilitated by the formation of the 

RUNX2-SMAD complex, which activates transcription of late osteoblast markers (183). 

 Proliferation and migration of committed osteoblasts precedes quiescence and 

terminal differentiation. Osteoblast proliferation and survival is promoted in large part by 

canonical Wnt signaling directly through LRP5 (184, 185), and indirectly via Src/ERK 

and PI3K/Akt (186). Several studies have shown that RUNX2 attenuates osteoblast 

proliferation and its protein levels are maximal during the G1 phase in which 

differentiation and growth occur. RUNX2 activity is maintained at high levels into the G0 

phase if quiescence is induced, but is otherwise down-regulated at the G1 to S transition 

and in the subsequent S, G2, and M phases (172, 187). Mitosis sees residual RUNX2 

localised in active nucleolar organising regions to repress transcription of ribosomal RNA 

genes (188). In vitro, contact inhibition or serum deprivation is associated with increased 

RUNX2 and cell cycle exit, while RUNX2 deficiency induces increased growth potential 

(189). Through activation by BMP/SMAD signaling, RUNX2 upregulates BAX 

expression to induce apoptosis in studies of the osteosarcoma cell line SAOS-2 (190). 
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Though its role in cell growth inhibition is well-established, RUNX2 also 

promotes cell proliferation and survival. The maximal levels of RUNX2 during G1 may 

actually be necessary to stimulate continued cell division (187, 191).  RUNX2 represses 

transcription of p21/CDKN1A, which encodes a cyclin-dependent kinase inhibitor that 

arrests cells in G1 (192); and it activates Gpr30 transcription and represses Rgs2 

transcription to increase cellular response to mitogenic signaling through cyclic AMP and 

G-protein-coupled receptor signaling pathways (191). In converse to the finding that 

RUNX2 upregulates BAX expression in the SAOS-2 cell lines (190), nitric oxide (NO) 

treatment of the MG-63 osteosarcoma cell line induces RUNX2-mediated BCL2 

expression, which promotes survival of the cells during oxidative stress (193). NO 

signaling through cyclic guanosine 3’,5’-monophosphate (cGMP) may also cause site-

specific phosphorylation of RUNX2 by protein kinase G (PKG), leading to upregulated 

transcription of the matrix metalloproteinase (MMP) gene MMP13 (194). MMP13 is one 

of several members of the MMP family with important roles in cartilage degradation 

during endochondral ossification and later bone remodeling [reviewed in (195)]. 

Additionally during bone development and remodeling, RUNX2 and PI3K-Akt 

mutually upregulate each other to enhance chemotactic osteoblast migration (196), which 

occurs along gradients of platelet-derived growth factor (PDGF), TGFβ, and IGF (197-

199). Terminal osteoblast differentiation is accomplished through cell cycle exit and 

complete expression of osteoblast phenotypic markers. RUNX2 induces higher levels of 

p27KIP1 /CDKN1B, which inhibits S-phase cyclin dependent kinases to promote cell cycle 

exit and causes dephosphorylation of pRB (33). Active, hypophosphorylated pRB is 

necessary for cell cycle exit at this stage (35) and, through cooperation with the 
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transcription factor HES1 (200), the hypophosphorylated form of pRB is bound by 

RUNX2. The pRB/RUNX2 complex then coactivates transcription of genes encoding late 

markers of osteoblast differentiation, including osteocalcin (201). Other late osteoblast 

markers include AP, osteopontin, bone sialoprotein, and collagen type I, all of which 

require RUNX2-SMAD signaling, induced by BMP/TGFβ, to be expressed (183). 

Depending on the phosphorylation level of RUNX2 and the stage of 

differentiation, it also interacts with several co-repressor proteins. Histone deacetylases 

(HDACs) 6 and 3 interact with RUNX2 to repress p21(CIP1/WAF1) and osteocalcin, 

thus regulating osteoblast development during proliferation and terminal differentiation 

(192, 202). The mSin3a, TLE/Groucho and YAP co-repressors form complexes with 

RUNX2 and other HDAC proteins to repress expression of osteoblast-specific genes, 

particularly osteocalcin (138, 203, 204), and HDAC4 induces transcriptional repression 

by binding RUNX2 to inhibit its intrinsic DNA-binding activity (205). The 

transcriptional regulation and tissue-specific nature of RUNX2 activity thus depends a 

great deal on the proteins it forms multi-subunit complexes with, and studies are ongoing 

to characterise the complicated relationship between RUNX2 and the control of 

osteoblast development. 

1.5 Project Rationale, Hypothesis, and Objectives 

Rationale: Distinct regions of chromosome 6p frequently undergo genomic gain or 

amplification in osteosarcoma (78-83), and they contain several genes important in the 

regulation of the cell cycle, genomic integrity, and bone morphogenesis (36, 77, 79, 82, 

88). Collectively, these findings imply that one or more genes mapping to 6p may confer 

an important selective advantage to osteosarcomas during tumour development. Ongoing 
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genomic studies using 15 patient samples indicate genomic gain of 6p12-p21 and an 

abundance of genomic rearrangements (90), and overexpression of genes located at 6p12-

p21 in six of the 15 patient samples (90). In a mouse model of osteosarcoma, 

chromosomal regions homologous to human chromosome 6p including, significantly, the 

area of chromosome 17 containing murine runx2, underwent complex rearrangements as 

well as overexpression (34). In keeping with its location close to the minimal region of 

gain, E2F3, at cytoband 6p22, experienced copy number gain in subsets of osteosarcoma 

tumours (38, 78, 94). Interactions among the protein products of genes in the 6p region 

and potentially with other factors, whether direct or through downstream effectors, have 

potential for driving osteosarcoma pathogenesis. The involvement of genes located at 

chromosome 6p12-p21 in osteosarcoma has not yet been directly explored, however, and 

this study is the first to use cytogenetic methods to attempt to link specific 

rearrangements in said region to measures of treatment effectiveness. 

 

Hypothesis: This project has been a test of the hypothesis that elevated copy number of 

genes mapping to chromosome 6p12-p21, along with gene expression increases, confers 

selective advantage in osteosarcoma tumours. It is further suggested that genomic 

instability is associated with specific types of rearrangements at 6p, possibly involving 

regions of microhomology, that lead to genomic gain and subsequent elevated 

expression, and that such changes are associated with poor treatment response.  

 

Objectives: The following objectives were pursued to examine these hypotheses: 

Objective 1: The identification of genomic structural elements that could influence 
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rearrangements of chromosome 6p12-p21. 

Objective 2: The identification and validation of relevant candidate oncogenes in 6p12-

p21 that have potential for functioning in osteosarcoma pathogenesis and tumour 

response to chemotherapy. 

Objective 3: The assessment of protein expression levels of the candidate oncogenes in 

6p12-p21. 

 
 The results of this study will therefore inform a detailed explanation of instability 

in chromosome 6p12-p21 in osteosarcoma patient specimens, and associate levels of gene 

copy number and RUNX2 protein to tumour necrosis in response to preoperative 

chemotherapy. The potential for RUNX2 as a predictive marker in osteosarcoma will be 

evaluated, and further functional studies of the protein could detect its role in 

osteosarcoma oncogenesis. 

 



  27 

CHAPTER 2 – MATERIALS AND METHODS 
 

2.1 Patient specimens and cell lines 

2.1.1 Osteosarcoma patient tumour specimens 

 A retrospective cohort of osteosarcoma tumour specimens (n=15, labeled OS-

T1,OS-T2,…,OS-T15) were obtained from the Hospital for Sick Children, Toronto, 

Canada with ethics approval from the Hospital for Sick Children Research Ethics Board 

(Appendix 1). Studies performed at Queen’s University were performed with ethics 

approval from the Queen’s University Health Sciences & Affiliated Teaching Hospitals 

Research Ethics Board (Appendix 2). All samples were prechemotherapy biopsy 

specimens and all had >80% tumour content according to the pathology reports. All 

patients from whom the specimens were obtained subsequently received standard 

neoadjuvant chemotherapy regimens (doses of methotrexate, doxorubicin, cisplatin, and 

ifosfamide), after which tumours were resected and viable remnant tumour was 

measured. The percent tumour necrosis in response to chemotherapy was obtained for 

each sample in the cohort along with other available clinical parameters (Table 1). 

 As will be described below, aCGH was performed on frozen samples for all 

tumour specimens (n=15). Fluorescence in situ hybridisation (FISH) and IHC were 

performed for nine of 15 samples using formalin-fixed paraffin-embedded (FFPE) tissue 

sections. Poor tissue quality, likely due to fixation or decalcification issues, was evident 

following hematoxylin and eosin (HE) staining and preliminary FISH assays of sections 

of all available FFPE tissue blocks for OS-T1, OS-T4, OS-T6, OS-T11, and OS-T14 

rendering them unusable for experimental analysis. For OS-T10, there was no remaining 
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FFPE tissue available for analysis. Tissue sections of one enchondroma tumour sample 

were used as normal controls for the FISH examinations. Clinical characteristics gleaned 

from the pathology reports are listed in Table 1 only for specimens OS-T2, OS-T3, OS-

T5, OS-T7, OS-T8, OS-T9, OS-T12, OS-T13, OS-T15, and the enchondroma sample 

(labeled “FISH Control”). Thus 15 samples were used for the aCGH and in silico 

analyses presented in this study, and nine of the 15 samples were used for FISH and IHC 

assays and the subsequent statistical analyses. 

 

Table 1. Clinicopathological characteristics of the FFPE osteosarcoma sample set. 
Sample 
ID 

Gender Age Location Subtype Grade Post-chemo 
necrosis (%) 

Metastasis 

OS-T2 F 13 humerus osteoblastic high 70 yes 
OS-T3 M 16 femur osteoblastic NR 95 NR 
OS-T5 F 5 humerus osteoblastic high 35 yes 

OS-T7 M 8 lung osteoblastic/ 
chondroblastic NR  80 yes 

OS-T8 M 13 femur osteoblastic high 25 yes 

OS-T9 F 12 femur poorly 
differentiated high 75 yes 

OS-T12 F 14 femur pleomorphic high 95 yes 
OS-T13 M 7 humerus pleomorphic high 50 yes 
OS-T15 M 9 leg pleomorphic NR 95 NR 
FISH 
Control M 15 femur NA NA NA NA 

F, female; M, male; NR, no record; NA, not applicable 
Note: Clinicopathological characteristics of the remaining six osteosarcoma patient 
specimens will be published in a subsequent manuscript. 
 
 

2.1.2 Cell culture  

 In this study, cultures of human peripheral blood lymphocytes and the human 

osteosarcoma cell line MG-63 (American Type Culture Collection (ATCC), Manassas, 

VA) were used to prepare metaphase spreads and FFPE cell pellets, respectively. 

Peripheral blood lymphocytes from the venous blood of healthy adults were maintained 
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in RPMI 1640 media (Invitrogen, Burlington, ON) supplemented with 20% fetal bovine 

serum (FBS), 2% phytohemagglutinin (M-form), 2mM L-glutamine, 50μg/mL 

streptomycin and 50U/mL penicillin (all from Invitrogen).  MG-63 cells were maintained 

in Minimum Essential Medium (Invitrogen) supplemented with 10% FBS (Invitrogen). 

Cells were grown to confluence at 37°C and 5% CO2 in a humidified atmosphere.  

For peripheral blood lymphocytes, confluent cells were harvested after treating 

with colcemid (Invitrogen) at a final concentration of 0.08μg/mL for 1 hour to arrest cells 

in mitosis following pairing of homologous chromosomes. 1xTrypsin (Invitrogen) was 

then added to cell culture flasks and suspended cells were distributed into tubes. Cells 

were fixed by methanol-acetic acid fixation and stored at -20°C until slides were dropped 

and aged all according to standard cytogenetics protocols (206, 207). MG-63 cells were 

not subjected to colcemid treatment prior to harvesting. 1xTrypsin (Invitrogen) was 

added to cell culture flasks and suspended cells were distributed into tubes. Harvested 

cells were then formalin-fixed and paraffin-embedded into a cell block according to a 

previously published procedure (208), following by sectioning by microtome into 5μm 

slices which were mounted on slides. 

2.2 In silico analysis 

2.2.1 Database mining 

Manual searches and data compilation were performed for 17,928 tumours in the 

online Mitelman Database (209) and 5,585 tumours in the online Progenetix database 

(210, 211). The Progenetix CGH database (http://www.progenetix.net/) contains whole 

genome conventional CGH and aCGH profiles that had previously been published for a 

variety of tumours. The Cancer Genome Anatomy Project Mitelman Database of 
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Chromosome Aberrations in Cancer (http://cgap.nci.nih.gov/Chromosomes/Mitelman/) 

yielded information about specific recurrent numerical and structural aberrations 

involving chromosome 6 that had been collected from a large number of different cancers 

over a long period of time.  

2.2.2 Segmental duplications, Alu elements, Long and Short Interspersed Nuclear 

Elements 

Computational determination of precise positions of segmental duplications, Alu 

elements, LINEs, and SINEs, were carried out in the target region 6p12-p21, and other 

genomic locations within the whole of chromosome 6 were used as control regions. To 

organise the coordinates of Alu elements, LINEs and SINEs, the RepeatMasker package 

(http://www.repeatmasker.org) was used to create a formatted final output file that is 

easier to parse. 

Segmental duplication sequences were downloaded from the University of 

Washington Genome Sciences Segmental Duplication Database 

(http://humanparalogy.gs.washington.edu/ build36/build36.htm). For positioning of the 

segmental duplication sequences, chromosome 6p12-p21 was characterised using human 

genome Build 36 configured and formatted as a local Basic Local Alignment Search Tool 

(BLAST) database (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Data files describing sets of 

BLAST ‘hits’ presenting sequence identity higher than 90% and with a pairwise 

alignment greater than 5kbp in length were filtered using a set of scripts written with the 

Python programming language (version 2.6.2; http://www.python.org/). These programs 

were also used to generate the final positioning assignments for the significant hits 

obtained within this region. 
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2.2.3 Correlation of copy number transitions, segmental duplications, and human 

genome variants 

Nexus Copy Number (v.4, Biodiscovery, Inc., El Segundo, CA) was used to 

identify human genome variants at chromosome 6p based on the detection of copy 

number transitions in the 15 osteosarcoma aCGH datasets (described below). For control 

purposes, the human genome variants associated with genomic rearrangements on 6p12-

p21 were also evaluated using a catalogue of structural variation in the human genome 

(212). Positional assignments for segmental duplications within chromosome 6p were 

performed using WU-BLAST (Advanced Biocomputing, LLC, St. Louis, MO), and a set 

of Python scripts was designed to filter out the BLAST hits presenting sequence pairwise 

identity higher than 90% and with pairwise alignment of at least 5kbp. In silico analysis 

of segmental duplications was performed using Circos v.0.49 

(http://mkweb.bcgsc.ca/circos/), and visualisation of the resulting tracks was performed 

as previously described (213). 

2.3 Reagents 

All of the reagents used for the subsequent experiments in the present study, along 

with their sources, are listed in Appendix 3. 

2.4 Array comparative genomic hybridisation (aCGH) analysis 

 The 15 osteosarcoma patient specimens described above were subjected to 

analysis by aCGH by previous researchers in this lab using two different platforms, and 

the results were published and made available in the National Center for Biotechnology 

Information (NCBI) Gene Expression Omnibus (GEO) database 

(http://www.ncbi.nlm.nih.gov/geo/) using accession numbers GSE12830 (92) and 
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GSE9654 (214). Briefly, high molecular weight genomic DNA was isolated from snap-

frozen tumour samples using standard phenol-chloroform extraction methods (215) and 

all samples were treated with RNase A for 30min at 37°C, before being analysed for 

quantity and quality using the Nanodrop-1000 spectrophotometer (Nanodrop 

Technologies, Wilmington, DE), then being electrophoresed on a 0.8% agarose gel to 

assess purity of extracted products.  

The Agilent Human Genome CGH microarray platforms 244A and 44k (Agilent 

Technologies, Palo Alto, CA) were used for the aCGH experiments. Ten specimens (OS-

T1 - OS-T10) (92) were profiled for copy number changes on the 244A platform, and 

five (OS-T11 - OS-T15) (214) were profiled using the 44k platform. For each tumour, 

aCGH analysis was carried out using Nexus Copy Number (v.4, Biodiscovery) by 

applying the Rank Segmentation algorithm, with significance threshold 1.0E-6, 

maximum contiguous probe spacing 1000kbp, and minimum number of probes per 

segment 5. Genomic imbalances were assigned as either gain (log(3/2) or threshold of 

0.2), amplification (log(2) or threshold of 0.5), loss (log(1/2) or threshold of -0.3), or 

homozygous copy loss (log(0/x) or threshold of -0.5). Aberrations on the X and Y 

chromosomes were excluded from analysis in order to eliminate sex mismatching bias. 

2.5 Interphase FISH 

 Four separate FISH assays were used to determine copy number changes of genes 

within the chromosome 6p12-p21 region and to enumerate selected chromosomes in 

FFPE tissue sections of nine osteosarcoma samples. Tissue sections of a tumour 

diagnosed as an enchondroma were used as a normal control for these assays, because 

enchondromas are typically diploid or near-diploid (1). Three FISH assays made use 
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entirely of commercially available centromere-specific enumeration probes (CEP), and 

one FISH assay made use of four fluorescently-labeled bacterial artificial chromosomes 

(BACs) as well as one CEP probe. Probe specifications for each assay are listed in Table 

2. 

Table 2. Probes used for interphase FISH. 
Assay Probe(s) Cytogenetic 

location 
Source Probe label 

1 
Breast 
Aneusomy 
Probe Set 

LSI 1 1p12 

Abbott 
Molecular, Des 
Plaines, IL 

SpectrumGold 
CEP 8 centromere, chr 8 SpectrumRed 
CEP 11 centromere, chr 11 SpectrumGreen 
CEP17 centromere, chr 17 SpectrumAqua 

2 
CEP 9 centromere, chr 9 SpectrumOrange 
CEP 10 centromere, chr 10 SpectrumAqua 
CEP 15 centromere, chr 15 SpectrumGreen 

3 CEP 1 centromere, chr 1 SpectrumOrange 
CEP 7 centromere, chr 7 SpectrumGreen 

4 

CEP 6 centromere, chr 6 SpectrumAqua 
RP11-159C8 (E2F3) 6p22.3 

BAC (TCAG, 
Toronto, ON) 

Red-dUTP 
RP11-200O9 (PIM1) 6p21.2 Green-dUTP 
RP11-409A13 (RUNX2) 6p12.3 Orange-dUTP 
RP11-464P23 (FBXO9) 6p12.1 Cyanine 5-dUTP 

 

2.5.1 Five-colour FISH for chromosome 6p 

 A five-colour FISH assay was used to determine copy number changes in 

chromosome 6p for the genes E2F3, PIM1, RUNX2, and FBXO9, as well as ploidy of 

chromosome 6 (Assay 4 in Table 2). FBXO9 is adjacent to the centromere in 6p12.1 

(March 2006, hg18 human genome build) and was used as a flanking probe for RUNX2.  

2.5.2 BAC extraction, purification and characterisation 

 BAC clones corresponding to our genes of interest were identified using the 

UCSC Genome Browser (March 2006, hg18 human genome build). The chosen BAC 

clones had been aligned to the human genome based on end pair sequencing reads of at 
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least 500bp and 98% sequence identity and are shown in Figure 4A with the genes they 

cover. Escherichia coli transformed with selected BAC clones were obtained from The 

Centre for Applied Genomics (TCAG, Toronto, ON) on lysogeny broth (LB) agar plates. 

Single isolated colonies from each plate were selected and added to 20mL of LB media 

(NaCl 10g/L, Bactor tryptone 10g/L, yeast extract 5g/L) and 20μL of chloramphenicol, 

and the mixture was incubated overnight at 37°C or until the broth was turbid.   

The resulting broth culture was centrifuged at 8,000rpm at room temperature, and 

the supernatant was discarded. The pellet was washed with phosphate-buffered saline 

(PBS, 1x), centrifuged at 8,000rpm and the supernatant was discarded. To the pellet was 

added in order: 1) P1 resuspension buffer with RNase A (2μL/mL), followed by 

resuspension; 2) P2 lysis buffer, followed by gently inverting the tubes to mix and 

incubation at room temperature for 5min; 3) P3 neutralisation buffer, drop by drop, 

followed by inverting the tubes once and incubation on ice for 5min. Tubes were then 

centrifuged at 13,000rpm at room temperature for 5min. Supernatants were transferred to 

new tubes (pellets were discarded), and centrifuged at 13,000rpm at 4°C for 10min. 

Supernatants were again transferred to new tubes (pellets were discarded) to which were 

added room temperature isopropanol, and the mixtures were centrifuged at 13,000rpm at 

4°C for 30min. Supernatants were discarded and the resulting pellets were washed with 

room temperature 75% ethanol in double-distilled water, followed by drying the pellets at 

room temperature. Pellets were resuspended in 30μL of DNase/RNase-Free water, and 

incubated at 55°C for 15min and then at room temperature overnight. 

The extracted BAC clones were quantified using the Nanodrop-1000 

spectrophotometer (Nanodrop Technologies), then electrophoresed on a 0.8% agarose gel   
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Figure 4. Gene-specific probes on chromosome 6p. 
A) Location and names of BAC probes and gene locations. Gene locations are from the 
March 2006 (hg18) assembly of the UCSC Genome Browser. Numbers indicate base pair 
location along the chromosome. BAC clones were labeled with Cyanine 5 (RP11-
464P23), Orange (RP11-409A13), Green (RP11-200O9), and Red (RP11-159C8) dUTPs, 
but colours in figure correspond to false colours assigned by computer in B. CEP6 is a 
commercially available probe (Abbott Molecular, InterMedico, Markham, ON). B) Test-
FISH confirms the localisation of Red-labeled probe for E2F3 (pink false colour), Green-
labeled probe for PIM1 (green false colour), Orange-labeled probe for RUNX2 (red false 
colour), and Cy5-labeled probe for FBXO9 (yellow false colour) in a metaphase spread of 
normal peripheral lymphocytes. Image was captured using the Improvision Ultra VIEW 
VoX (PerkinElmer Inc.). 
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to assess purity of extracted products. The specificity of each extracted DNA product was 

verified by PCR using primers specific for our genes of interest on chromosome 6p. 

Briefly, PCR reactions were performed for each extraction product as well as for the 

positive control, Human Genomic DNA (Male), and the negative control, DNase/RNase-

Free Water. 50μL reaction volumes consisted of 25μL Illustra Hot Start Master Mix, 1μL 

of gene-specific forward/reverse primers for E2F3, PIM1, RUNX2 or FBXO9 (RT² qPCR 

Primers, SABiosciences, Frederick, MD), 50ng extraction product (template), and up to 

25μL DNase/RNase-Free Water. After an initial step at 95°C for 10min, 35 cycles were 

performed, each cycle consisting of denaturation at 95°C for 40s, annealing at 60°C for 

40s, and elongation at 72°C for 1min. The PCR products were then electrophoresed on a 

0.8% agarose gel to verify the presence of amplification products for all primer sets for 

the positive control and matched extraction products, the absence of bands for extraction 

products amplified with unmatched primer sets, and the absence of bands for the negative 

control.  

2.5.3 Direct-labeling of DNA probes and test-FISH on metaphase spreads 

 The extracted DNA products were labeled using a Nick Translation Kit (Abbott 

Molecular, Des Plaines, IL) according to the manufacturer’s instructions. There was one 

deviation from the recommended procedure. The reaction products were combined and 

incubated at 15°C for 10h, followed by storage at 4°C (short-term) or at -20°C (long-

term). Extracted DNA specific for E2F3, PIM1, RUNX2, and FBXO9 were labeled with 

Red-dUTP, Green-dUTP, Orange-dUTP, and Cyanine 5-dUTP, respectively (Table 2). 

 Labeled probes were again tested for their specificity, using slides of metaphase 

spreads of blood lymphocytes cultured from healthy adult blood (described above). After 
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rehydrating the slides in distilled water for 5min and air drying, slides were viewed by 

inverted light microscope to identify areas rich in metaphase cells. Slides were then 

dehydrated for 2min each in a successive 70%, 90%, and 100% ethanol series and air 

dried. Probe cocktails (1μL each of the labeled BAC products for E2F3, PIM1, RUNX2, 

and FBXO9) were denatured at 75°C for 10min, and then added to slides. Cover slips 

were immediately overlaid on the probe cocktail and sealed with rubber cement, and the 

prepared FISH slide was incubated at 75°C for 1min, followed by 24h at 37°C in a humid 

chamber using the Thermobrite System (Abbott Molecular). After hybridisation, slides 

were washed in 2xSSC / 0.3% IGEPAL CA-630 at 73°C for 2min with agitation of the 

Coplin jar for the last 30s of the incubation period. Subsequently, slides were immersed 

in 2xSSC at room temperature for 5min, then dehydrated using a graded ethanol series of 

70%, 90%, and 100% (2min each) at room temperature followed by air drying. Slide 

target areas were counterstained for DNA content using Vectashield Mounting Medium 

with DAPI, overlaid with cover slips, and incubated at -20°C for at least 30min prior to 

fluorescent microscopy. 

 Binding specificity for each locus-specific probe was assessed at 100x 

magnification using a Zeiss Axioskop 2 plus microscope (Carl Zeiss Canada Ltd., 

Toronto, ON) equipped with a fluorescent light source and Isis imaging software (V. 

3.4.0, MetaSystems GmbH, Altlussheim, Germany). It was verified that the probes were 

hybridising only to the correct cytobands on the two copies of chromosome 6 per cell in 

the metaphase spread (see Figure 4B). 

2.5.4 Interphase FISH to stain chromosome 6p gene targets 

 FFPE tissue specimens were incubated overnight at 56°C to affix sections to 
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slides and melt excess paraffin, followed by deparaffinisation in three successive 15min 

xylene baths. Tissues were then washed in two 100% ethanol baths for 10min each, 

followed by air drying. Protease pre-treatment of the sections involved incubation in 

10mM sodium citrate (pH 6.0) at 80°C for 45min, and then rinsing of the slides in 2xSSC 

at room temperature for 5min. Protease digestion of tissues was performed by incubating 

the sections in 750U/mL pepsin in 0.01N HCl at 37°C for 20min. Digestion was halted 

by immersing slides in distilled water at room temperature for 2min. Specimens were 

then dehydrated using a graded ethanol series of 70%, 90%, and 100% (2min each) at 

room temperature followed by air drying. Slides were observed by inverted light 

microscope to judge if further digestion was required. 

 Probe cocktails were prepared, and the volume of each depended on the size of 

the tissue sections on the prepared slides. Each probe cocktail consisted of 1μL of CEP 6, 

2μL of each labeled BAC product (corresponding to E2F3, PIM1, RUNX2 and FBXO9), 

and LSI/WCP Hybridisation Buffer to bring the total volume to 10μL for small sections, 

or 15μL for larger sections. Probe cocktails were applied to prepared tissue sections, 

immediately overlaid with cover slips and sealed with rubber cement. Slides were then 

incubated at 75°C for 10min, followed by 24h at 37°C in a humid chamber using the 

Thermobrite System (Abbott Molecular). 

After hybridisation, slides were washed in 2xSSC / 0.3% IGEPAL CA-630 at 

73°C for 2min with agitation of the Coplin jar for the last 30s of the incubation period.  

Subsequently, slides were immersed in 2xSSC at room temperature for 5min, then 

dehydrated using a graded ethanol series of 70%, 90%, and 100% (2min each) at room 

temperature followed by air drying. Slide target areas were counterstained for DNA 
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content using Vectashield Mounting Medium with DAPI, overlaid with cover slips, and 

incubated at -20°C for at least 30min prior to fluorescent microscopy. 

2.5.5 Enumeration of chromosome 6p-specific signals 

 Enumeration of chromosome 6p-specific signals was performed at 100x 

magnification using a Zeiss Axioskop 2 plus microscope (Carl Zeiss Canada Ltd.) 

equipped with a fluorescent light source and Isis imaging software (V. 3.4.0, 

MetaSystems GmbH). The number of signals corresponding to E2F3, PIM1, RUNX2 and 

CEP6 was recorded for 100 intact, non-overlapping interphase nuclei per tissue section to 

evaluate gene copy number and ploidy for chromosome 6. Copy number per cell of each 

gene locus was determined as: (a) loss (0-1 signal); (b) normal (2 signals); (c) gain (3-5 

signals); (d) amplification (6-10 signals); (e) high-level amplification (>10 signals). 

Average copy number per gene locus was calculated in order to label each specimen as 

loss, normal, gain, amplification, or high-level amplification (using the above ranges) for 

a given gene.  

Additionally, for E2F3, PIM1, and RUNX2 the presence of same-colour signals 

arranged in clusters of two or more spots which were touching or separated by less than 

one signal diameter was recorded for each section, as previously described (216). The 

term ‘clusters’ therefore encompasses arrangements of same-colour signals in doublets 

(two signals separated by less than one signal diameter), triplets (three signals separated 

from one another by less than one signal diameter), and any number of densely packed 

spots. 

FBXO9 was visualised along with the other chromosome 6-specific probes 

following scoring in images captured using the Zeiss Imager.M1 microscope (Carl Zeiss 
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Ltd.) equipped with the JAI CVM4+CL progressive scan monochrome camera (JAI Inc, 

San Jose, CA) and the Isis FISH Imaging System (v5.3, MetaSystems GmbH). The 

FBXO9 signals were used to assist in localisation of the RUNX2 signal and CEP6 probe. 

2.5.6 Interphase FISH for measurement of chromosome ploidy 

Three FISH assays were performed using sets of commercially available 

chromosome-specific centromeric probes (Table 2). The interphase FISH procedure for 

assay 1 was performed as recommended by the manufacturer of the probe set (Abbott 

Molecular). FISH procedures for assays 2 and 3 were performed as described above for 

five-colour interphase FISH on chromosome 6p. Deviations from the above description 

were only in the mixture of probe cocktails and in the post-hybridisation wash step. Each 

probe cocktail consisted of 1μL of each CEP probe, 2μL of water, and enough CEP 

Hybridisation Buffer to bring the total volume to 10μL for small sections, or 15μL for 

larger sections. After hybridisation of probes, slides were washed in 0.4xSSC / 0.3% 

IGEPAL CA-630 at 73°C for 2min, and the procedure was completed as described above. 

2.5.7 Enumeration of chromosome-specific signals 

 Enumeration of chromosome-specific signals was performed at 100x 

magnification on the same fluorescent imaging system described above for five-colour 

FISH. The number of signals corresponding to probes for chromosomes 8, 11, and 17 

(Assay 1); chromosomes 9, 10, and 15 (Assay 2); and chromosomes 1 and 7 (Assay 3) 

were recorded for 100 intact, non-overlapping interphase nuclei per tissue section to 

evaluate ploidy. Ploidy in cells was determined as: (a) monosomy (0-1 signal); (b) normal 

(2 signals); (c) polysomy (>3 signals). The levels of overall monosomy, normalcy, or 

polysomy for each specimen was estimated by calculating the sum of the rates of the 
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individual ploidy characteristics in the 100 scored cells. Following scoring, images were 

captured as described above for five-colour FISH. 

2.6 RUNX2 IHC on nine osteosarcoma patient tissue samples 

2.6.1 RUNX2 antibody controls 

 The anti-RUNX2 antibody used in this study was obtained from Abcam 

(ab54868; Cambridge, MA). FFPE sections of cell pellets of the osteosarcoma cell line 

MG-63 were used as the positive control because this cell line is known to express 

RUNX2 protein (217). IHC staining of the osteosarcoma tissue specimens was completed 

over several days, and for each batch of samples a cell pellet section was stained to 

ensure consistent staining levels throughout the batches. A negative control by omission 

of the primary antibody was performed for each section in each batch to identify non-

specific staining. Additionally, a section of FFPE lung tissue was used as a negative 

control for RUNX2 staining, since lung is known not to express RUNX2 (118). 

2.6.2 IHC staining protocol 

 All immunohistochemical staining was done manually on sections of FFPE tissue 

5μm in thickness. At no time were the specimens allowed to dry out. Sections were first 

deparaffinised by submerging in three successive toluene baths for 4min each. Sections 

were then washed in a graded ethanol series of 100%, 85%, and 70% (4min each) before 

being submerged in a water bath for 4min to rehydrate. Antigen retrieval was performed 

by placing tissue sections in 10mM sodium citrate (pH 6.0) at 95°C for 30min, followed 

by removal of the heat source to allow cooling at room temperature for 10min. Tissues 

were then rinsed twice with tris-buffered saline (TBS, 1x) and a grease pen was used to 

encircle the sections on the slides to limit the spread of subsequently added reagents 
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beyond the tissue. Endogenous peroxidase activity was blocked by applying 3% 

hydrogen peroxide to the sections and incubating at room temperature for 5min. 

Specimens were then rinsed twice with 1xTBS and placed in a buffer bath of 0.025% 

Triton x-100 in 1xTBS at room temperature for 5min. After removal from the buffer bath, 

Dako protein block was applied to specimens followed by an incubation period at room 

temperature for 15min. Excess protein block was tapped off the slides, then 100μL of 

RUNX2 antibody at 1 in 100 dilution in antibody diluent was applied and the specimens 

were incubated at 4°C in a humid chamber overnight. 

 Following incubation with RUNX2 antibody, specimens were rinsed twice with 

1xTBS then covered in biotinylated link and incubated at room temperature for 20min. 

After rinsing twice with 1xTBS, streptavidin-horseradish peroxidase was applied 

followed by incubation at room temperature for 20min, and specimens were again rinsed 

twice with 1xTBS. Chromogen 3,3'-diaminobenzidine (DAB) (27μL) was diluted in 1mL 

DAB+Substrate and the working mixture was applied to the specimens, followed by 

incubation at room temperature for 10min and a final rinse with distilled water before 

counterstaining. Tissue sections were dipped quickly into hematoxylin and then placed in 

a bath of running water for 5min. Subsequently, bluing was performed by dipping slides 

10 times in 0.2% ammonia in water, and then rinsed in a bath of running water for 2min. 

Tissue sections were dehydrated by dipping 10 times each in baths of 70% ethanol, 80% 

ethanol, and 100% ethanol, then in three successive toluene baths. Cover slips were 

applied using Permount mounting medium (Fisher Scientific, Toronto, ON). 

2.6.3 IHC scoring protocol 

Manual scoring of the osteosarcoma patient samples stained by IHC was 
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performed by Dr. Ashish Rajput (Department of Pathology and Molecular Medicine, 

Queen’s University). Intensity of immunoreactivity was measured as absent (score = 0), 

weak (score = 1), moderate (score = 2), or strong (score = 3). The percent of the total area 

of each section staining at the observed intensity was measured as 1-20% (score = 1), 21-

40% (score = 2), 41-60% (score = 3), 61-80% (score = 4), or 81-100% (score = 5). The 

magnitude of staining at a given intensity was determined as the product of the intensity 

score and the score representing the relative area stained. The H-score was calculated as 

the sum of the products of each intensity multiplied by the value representing the percent 

area stained. 

2.7 Statistical analysis 

 All data analysis was carried out using R, version 2.11.0 (http://www.r-

project.org/). With technical assistance from Dr. Wenyu Jiang (Department of 

Mathematics and Statistics, Queen’s University), Spearman’s rank order correlation 

coefficient and corresponding p-values were calculated for bivariate analyses of the data. 

This non-parametric technique was performed due to the low number of samples 

available for this study (n=9), and because the distributions for the variables in this study 

are not known. A p-value of 0.05 was used as the criterion for statistical significance. 
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CHAPTER 3 – RESULTS 
 
3.1 In silico analysis 

3.1.1 Chromosome 6p is commonly gained in human cancers 

Molecular cytogenetics studies have demonstrated genomic rearrangements at 

6p12-p21 in a wide variety of cancers including osteosarcoma (127, 218-221). Most 

importantly, gain of 6p is associated with advanced stages of cancer (102, 222), 

metastasis (221), tumour cell proliferation (223), and poor event-free survival (79). We 

found that at least 19 cancers are associated with rearrangements involving 6p12-p21 in 

the Progenetix CGH (http://www.progenetix.net/) and Mitelman databases 

(http://cgap.nci.nih.gov/Chromosomes/Mitelman) (Tables 3,4,5). Cancer-specific copy 

number transitions involving 6p21 are over-represented relative to copy number 

transitions involving other cytobands of chromosome 6, and many of these interstitial 

rearrangements occur in 6p12-p22. 

Table 3. Tumours with gain at 6p12~p21 (Progenetix) 
Tumour Sample 

size 
Frequency of gain at indicated region (%) 

6p12.1 6p12.2 6p12.3 6p21.1 6p21.2 6p21.31 6p21.32 6p21.33 
Retinoblastoma 135 34.1 34.1 34.8 39.3 40 41.5 41.5 41.5 
Basal cell carcinoma 15 26.7 26.7 26.7 40 40 40 40 40 
Merkel cell carcinoma 71 29.6 32.4 32.4 32.4 32.4 31 31 31 
Malignant melanoma 178 27 27 27 27 27.5 28.1 28.1 28.1 
HCC  817 18.5 18.5 18.6 22.8 23.1 22.9 22.8 23 
Serous carcinoma 111 14.4 14.4 15.3 23.4 23.4 26.1 25.2 26.1 
Osteosarcoma 133 18 18.8 18 20.3 21.1 21.1 21.1 20.3 
Carcinosarcoma 23 13 13 13 21.7 21.7 21.7 21.7 21.7 
Acute lymphoblastic 
leukemia 318 17.3 17.3 17.3 17.6 17.9 17.9 17.9 17.9 
Chondrosarcoma 79 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 
Sarcoma 25 12 12 12 16 16 16 16 16 
Ovarian carcinoma 543 9.8 9.8 9.9 13.1 13.1 14 13.8 14 
Leiomyosarcoma 195 9.7 9.7 9.7 11.8 11.3 11.3 11.3 11.3 
Breast carcinoma 1,158 8.1 8.1 8.5 11.2 11.7 12.6 12.2 12.1 
Transitional cell 
carcinoma 251 7.2 7.2 7.2 6.8 7.6 7.6 7.2 7.2 
Large B-cell 
lymphoma 776 6.2 6.2 6.2 6.8 7 7.3 7.3 7.3 
Mantle cell lymphoma 338 3 2.7 2.7 4.7 4.4 6.5 6.8 6.8 
Glioblastoma 419 3.1 3.1 3.1 3.6 3.3 3.6 3.6 3.6 
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Table 4. Tumours with amplification at 6p12~p21 (Progenetix) 
Tumour Sample 

size 
Frequency of amplification at indicated region (%) 

6p12.1 6p12.2 6p12.3 6p21.1 6p21.2 6p21.31 6p21.32 6p21.33 
Retinoblastoma 135 13.3 13.3 13.3 13.3 13.3 13.3 13.3 13.3 
Osteosarcoma 133 6 6 6 6 6 4.5 4.5 4.5 
Carcinosarcoma 23 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.3 
Sarcoma 25 4 4 4 4 4 4 4 4 
Serous carcinoma 111 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 
Merkel cell carcinoma 71 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 
Large B-cell 
lymphoma 776 0.6 0.6 0.6 0.8 0.6 0.6 0.6 0.6 
Leiomyosarcoma 195 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Ovarian carcinoma 543 0.4 0.4 0.4 0.4 0.4 0.6 0.6 0.6 
Malignant melanoma 178 0.6 0.6 0.6 0.6 0.6 0 0 0 
Mantle cell lymphoma 338 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
Transitional cell 
carcinoma 251 0 0 0 0.8 0.4 0.4 0 0 
Glioblastoma 419 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 
HCC  817 0.1 0.1 0.1 0.2 0.2 0.1 0.1 0.1 
 

 

Table 5. Tumours with gain of whole chromosome 6 or isochromosome 6p 
(Mitelman) 
Tumour Sample size Number of cases with indicated aberration 

Gain of whole chromosome 6 Isochromosome 6p 
Acute lymphoblastic 
leukemias 8,084 863 14 
Adenocarcinoma 3,715 146 28 
Follicular lymphoma 1,421 22 75 
Diffuse large B-cell lymphoma 1,242 40 39 
Retinoblastoma 129 5 45 
Malignant melanoma 359 29 15 
Neuroblastoma 281 19 2 
Osteosarcoma 136 12 4 
Ewing’s sarcoma 453 15 0 
Mantle cell lymphoma 452 6 5 
Transitional cell carcinoma 204 7 3 
Refractory anemia 1,070 8 2 
Chondrosarcoma 110 6 2 
Merkel cell carcinoma 29 5 1 

 

The highest frequency of gain of 6p12-p21 as well as the highest frequency of 

6p12-p21 amplification occurred in retinoblastoma (Tables 3,4). Isochromosome 6p was 

common in retinoblastoma tumours in the Mitelman database, with 45 of 129 tumours 

affected (Table 5). The second highest frequency of amplification of 6p12-p21 was in 
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osteosarcomas (Table 4); however, osteosarcomas had the seventh highest frequency of 

6p12-p21 gain (Table 3), and had an approximately 10-fold lower frequency of 

isochromosome 6p than retinoblastomas (Table 5). 

3.1.2 Genomic architecture with potential for facilitating chromosome 6p gain and 

amplification 

Regions of 6p12-p21 with microhomology involving segmental duplications, 

SINEs, LINEs, and Alu elements were analysed for correlations with amplification events 

or chromosomal rearrangements. The distribution and frequency of LINEs, SINEs, and 

Alu elements on 6p and 6q did not suggest a likely role for these sequences in 6p12-p21 

amplifications and/or rearrangements (Figure 5B). For segmental duplication analysis, 

the University of Washington Genome Sciences Segmental Duplication Database based 

on the March 2006 (Build36) human genome build was queried using a conventional 

BLAST search. Briefly, the search was designed to identify pairs of segments longer than 

5kbp with sequence identity higher than 90%. The BLAST search identified 2,695 

segments on the short arm of chromosome 6, and 6,823 on the long arm that met the 

selection criteria.  

Thus, 6p and 6q have similar size-adjusted frequencies of segmental duplications 

(Figure 5B). However, 6p carries 197 while 6q has 72 segments larger than 10kbp 

involved in segmental duplications, indicating a much higher frequency of long 

segmental duplications on 6p than on 6q. The distribution of segmental duplications 

greater than 5 or 10kbp is presented by 6p cytoband in Table 6. The 197 segments on the 

short arm of chromosome 6 were primarily found in five clusters (labeled A, B, C, D and 

E, from telomere to centromere) that flank the genes of interest in this study (Table 6,
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Figure 5. Cumulative whole genome aCGH analysis for 15 osteosarcoma samples. 
Relative gain and loss in the aCGH plots are represented by green bars and red bars, 
respectively. A) Summary of cumulative aCGH data for all chromosomes across the 
sample set. B) Summary of cumulative aCGH data for chromosome 6 across the sample 
set. Copy number variants (CNVs), Alu elements, LINEs, SINEs, and segmental 
duplications 5-10kbp or >10kbp are indicated below the chromosome. C) Summary and 
individual aCGH data for chromosome 6p for 15 tumour samples. CNVs, Alu elements, 
LINEs, SINEs, and segmental duplications are indicated below the chromosome. Copy 
number transitions (breakpoints) are indicated by black arrows for sample OS-T15, which 
possessed four located in chromosome 6p according the aCGH analysis. Copy number 
transitions were quantified at the whole genome level for each tumour to determine a 
total number per sample as an estimate of S-CIN. 
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Figure 6A). Cluster A is close to the telomere at cytoband 6p25.3, with a length of 

288kbp. Cluster B is 26Mbp downstream of cluster A at cytoband 6p22.1 with a length of 

approximately 256kbp. Cluster C is 5Mbp downstream of cluster B at cytoband 6p21.32, 

and is approximately 35kbp in length. Clusters D and E are approximately 25Mbp 

downstream of cluster C, are approximately 600kbp in length, and are located at bands 

6p11.2 and 6p11.1, respectively. 

 

Table 6. Enumeration of segmental duplications on chromosome 6. 
Segmental duplications were quantified according to length of at least 5kbp or at least 10kbp and then 
arranged by cytoband. Clusters of segmental duplications 10kbp or larger surround the region of gain 
~6p12-p21 common in osteosarcoma. From the aCGH analysis of 15 osteosarcoma patient samples, 
frequencies of partial or complete gain and/or amplification in the cohort are indicated for each cytoband. 
Cytoband Number of segmental duplications with given 

length 
Cluster label and 
base pair length 

Frequency of partial or 
complete gain and/or 
amplification (% of 15 
samples) 

  Minimum length 5kbp Minimum length 10kbp 

6p25.3 191 64 A (288kbp) 53.33 
6p25.2 45 0  53.33 
6p25.1 184 0  53.33 
6p24.3 171 0  53.33 
6p24.2 0 0  46.67 
6p24.1 5 0  53.33 
6p23 17 0  53.33 
6p22.3 148 0  60.00 
6p22.2 137 0  66.67 
6p22.1 246 35 B (256kbp) 66.67 
6p21.33 95 0  73.33 
6p21.32 19 14 C (36kbp) 66.67 
6p21.31 3 0  80.00 
6p21.2 90 0  93.33 
6p21.1 200 0  93.33 
6p12.3 421 1  86.67 
6p12.2 237 0  73.33 
6p12.1 252 0  73.33 
6p11.2 375 63 D (587kbp) 66.67 
6p11.1 166 20 E (609kbp) 53.33 
 

The chromosomal positions of clusters A to E are related to the chromosomal 

positions of E2F3, PIM1, RUNX2, CDC5L, and FBXO9 as follows (Figure 6A): (a) E2F3 

is approximately 6.2Mbp to the telomeric side of clusters B and C; (b) PIM1, RUNX2, 

CDC5L, and FBXO9 are located between clusters C and D. PIM1 is approximately 5Mbp 
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Figure 6. Circular ideograms depict segmental duplications within chromosome 6p. 
A) Schematic diagram of chromosome 6 indicating genes of interest and clusters of 
segmental duplications. Clusters of segmental duplications 10kbp or larger are labeled A 
to E, as described in text. The size of the segmental duplication cluster is shown in 
parentheses. Locations of the clusters are: Cluster A, 6p25.3; Cluster B, 6p22.1; Cluster 
C, 6p21.32; Cluster D, 6p11.2; Cluster E, 6p11.1; and 6q cluster, 6q27. B) Highly similar 
segmental duplications in chromosome 6p are connected by blue lines. Sequences at 
either end of a given line are at least 90% identical and have a pairwise alignment of at 
least 5kbp. The coloured arrows represent the locations of genes assayed on chromosome 
6p as follows: Yellow, FBXO9; Red, RUNX2; Green, PIM1; Pink, E2F3. C) Circular 
ideogram illustrates sequence homology between segmental duplication clusters in 
chromosome 6p. The coloured lines connect sequences with at least 95% similarity 
between segmental duplication clusters B, D and E. 
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downstream of cluster C and approximately 20Mbp upstream of clusters D and E; 

RUNX2 and CDC5L are approximately 13Mbp downstream of cluster C and 

approximately 12Mbp upstream of cluster D; (c) FBXO9 is more than 20Mbp 

downstream of cluster C and 3Mbp upstream of cluster D. 

 The sequence similarity between segmental duplications is illustrated in Figure 6. 

We found a high concentration of highly similar segmental duplications, especially 

within cytoband 6p12 and cytoband 6p21.3 (Figure 6B), in which is located the major 

histocompatibility complex (MHC) gene cluster. We also found that clusters D and E 

share a high degree of sequence similarity to cluster B, and they flank the region between 

cytobands 6p12 and 6p21 (Figure 6C). Therefore, this analysis suggests that segmental 

duplications flank sites of recurrent genomic alteration in 6p12-p21. This same genomic 

region showed the highest frequency of amplified regions in the aCGH analysis of 15 

osteosarcoma patient samples (described below). 

3.1.3 aCGH analysis of chromosome 6p gain and amplification in osteosarcoma 

Copy number change was analysed by aCGH in 15 osteosarcoma tumours, and 

the genomic profiles for the tumours are shown in Figure 5. Profiles showed that most 

tumours had a complex pattern of gain, amplification, and loss in 6p. In nine tumours, the 

minimal region of gain and/or amplification was 6p12.3-p21.1. Other imbalances ranged 

from a broad gain of the entire 6p arm in OS-T4 to distinct focal gains centering at the 

6p12.1 cytoband for OS-T2, OS-T7, OS-T8, and OS-T10, OS-T12. Many gains and 

amplifications were flanked by regions of relatively lower gain (four tumours) or loss 

(five tumours) (Figure 5A, 5C). Whereas OS-T1, OS-T4, OS-T8, and OS-T9 each 

possessed gain of nearly the entire short arm of chromosome 6, the 6p regions of OS-T2, 
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OS-T7, and OS-T10 cells contained 15 or more distinct regions of widely varied levels of 

gain and amplification (Figure 5C). Five tumours shared loss of a region of 

approximately 32.5Mbp to 32.8Mbp which included the five human leukocyte antigen 

(HLA) class II genes: HLA-DRB5, HLA-DRB6, HLA-DRB1, HLA-DQA1, and HLA-

DQB1. The candidate oncogene RUNX2, located in 6p12-p21, was amplified in six 

tumours and demonstrated copy number gain in seven tumours. Other candidate 

oncogenes on chromosome 6 with gain and/or amplification included: CDC5L (gain, 8; 

amplification, 4), E2F3 (gain, 8; amplification, 1), PIM1 (gain, 9; amplification, 2), 

VEGFA (gain, 9; amplification, 4), and CCND3 (gain, 9; amplification, 3). OS-T11 

exhibited one distinct focal gain of 43.2Mbp to 46.2Mbp which included RUNX2, 

CDC5L, and VEGFA, and no other copy number variation in 6p12-p21. 

The aCGH analysis was also used to quantify the number of copy number 

transitions within the profiles for each individual sample to estimate the level of S-CIN 

present in the tumours (Figure 5C), and the results are shown in Table 7 for all of those 

samples for which FISH analysis was completed. 

 

Table 7. Genome-wide copy number transitions per individual aCGH profile. 
Sample ID Total copy number transitions 

OS-T2 242 
OS-T3 344 
OS-T5 180 
OS-T7 349 
OS-T8 238 
OS-T9 254 
OS-T12 106 
OS-T13 103 
OS-T15 78 
 

 



 

  52 

3.2 Interphase FISH analysis of nine osteosarcoma patient specimens 

3.2.1 Validation of aCGH-detected gene copy number changes in chromosome 6p by 

five-colour interphase FISH 

 Five-colour interphase FISH for chromosome 6p was observed on nine FFPE 

osteosarcoma patient samples for 100 cells in each. For OS-T7, only 87 intact, non-

overlapping tumour cells could be identified and scored for this assay. The results of the 

scoring are shown in Figure 7 (raw data in Appendix 4). To begin with, the FISH control 

sample demonstrated normal copy number (two copies per cell) of each of the genes 

examined in this assay in at least 70% of the observed cells. Similarly, two copies per cell 

of chromosome 6 were present in 64% of the observed cells for the control. 

Increased copy number of RUNX2 was by far the most consistent event among the 

samples, with all but OS-T15 having at least 63% of cells with gain or amplification of 

the gene. Similarly, an average of 53% of cells possessed clusters of RUNX2 in each 

sample, more than twice the average 20% of cells per sample that possessed clusters of 

PIM1 or E2F3 (Figure 8). Sample OS-T7 (lung metastasis) was unique in that nearly 

100% of the scored cells possessed clusters of E2F3, and it had the highest level of E2F3 

amplification (90% of cells) of the sample set. OS-T15 was unique among the sample set 

because the majority of cells had diploid chromosome 6 and normal copy number or gain 

of PIM1, RUNX2, and E2F3. Chromosome 6 polysomy was most frequent in sample OS-

T12 (Figure 9), and the genes on chromosome 6p demonstrated copy number gain at 

approximately the same rate as chromosome 6 polysomy. OS-T13 had 75% of cells with 

diploid or loss of chromosome 6, but its cells possessed amplification of PIM1 and 

RUNX2, and the highest rate of RUNX2 clusters in the sample set (Figure 10). 
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Figure 7. Gene copy number changes according to interphase FISH. 
Signals were scored in 100 intact, non-overlapping interphase nuclei per sample. The 
sample name is labeled on the y-axis and the proportions of scored cells with each copy 
number level for the indicated genes are depicted by colour. Gene copy number was 
identified as frequency among the total number scored as: Loss (0-1 signal), Normal (2 
signals), Gain (3-5 signals), Amp (6-10 signals), High Amp (>10 signals), Clusters 
(presence). Chromosome 6 ploidy was identified as frequency among the total number 
scored with: Monosomy (0-1 signal), Normal (2 signals), Polysomy (>3 signals). 
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Figure 8. Five-colour interphase FISH of OS-T9 for chromosome 6p.  
OS-T9 possessed a high rate of chromosome 6 polysomy, and high rates of increased 
copy number of PIM1 (green signals) and RUNX2 (red signals). Doublets of RUNX2 
(indicated by white arrows) were common in the osteosarcoma sample set, often in the 
absence of clusters of the other gene-specific probes, as in OS-T9. 
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Figure 9. Five-colour interphase FISH of OS-T12 for chromosome 6p.  
The highest rate of chromosome 6 polysomy was seen for sample OS-T12. Some cells 
with extra copies of chromosome 6 (light blue signals indicate chromosome 6 
centromere) and the corresponding genes on chromosome 6p are indicated with white 
arrows. 
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Figure 10. Five-colour interphase FISH of OS-T13 for chromosome 6p.  
Cells of OS-T13 possessed the highest frequency of cells possessing clusters of RUNX2 
(red signals) at 93%. Some cells with clusters, including doublets (two signals less than 
one signal width apart) and strings of closely spaced signals are indicated with white 
arrows. The green arrows indicate strings of copies of RUNX2. 
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3.2.2 Multi-colour FISH to identify aneuploidy in osteosarcoma  

Multi-colour interphase FISH for chromosomes 1, 7, 8, 9, 10, 11, 15, and 17 was 

performed on nine FFPE osteosarcoma patient samples for 100 cells in each. The results 

of the scoring are shown in Figure 11 (raw data in Appendix 5). Chromosome ploidy 

within the FISH control sample was as expected, with the vast majority of cells being 

diploid for each chromosome. However, one or more copy of chromosome 10 was lost in 

almost 50% of the enchondroma cells of this sample. 

 For the osteosarcoma tissue specimens, polysomy of chromosome 7 (range of 

signals was 1-11 centromere signals per cell) was found most frequently, in an average 

84% of cells per sample; while monosomic chromosome 17 (in an average 26% of cells 

per sample) and chromosome 10 (in an average 20% of cells per sample) were the most 

frequent loss events in the tissues. Chromosomes 10 and 15 were detected as the most 

frequently diploid in cells. These aneuploidy observations correspond to the net losses of 

both chromosomes observed in the 15 samples analysed by aCGH (data not shown). OS-

T13 and OS-T8 had the highest proportion of cells with diploid chromosome centromere 

signals. OS-T3 had the lowest overall frequencies of diploidy, and approximately 100% 

of the scored cells within sections of this sample possessed three or more copies of both 

chromosomes 1 and 7 (Figure 12), consistent with the aCGH analysis which detected net 

gains of these chromosomes (data not shown). Overall, polysomy was observed for the 

majority of the selected chromosomes, while monosomy was rare in the sample set. 

3.2.3 Correlational analysis of FISH data with overall polysomy 

The results of correlational analysis of the relationship between overall polysomy 

and gene copy number changes are shown in Table 8. 
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Figure 11. Chromosome aneuploidy according to interphase FISH. 
Signals were scored in 100 intact, non-overlapping interphase nuclei per sample. The 
sample name is labeled on the y-axis and the proportions of scored cells with each ploidy 
level for the indicated chromosomes are depicted by colour. Chromosome ploidy levels 
were identified as frequency among the total number scored with: Monosomy (0-1 
signal), Normal (2 signals), Polysomy (>3 signals). 
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Figure 12. Two-colour FISH of OS-T3 for chromosomes 1 (red signals) and 7 (green 
signals).  
Chromosome 7 polysomy was observed in 100% of scored cells, while chromosome 1 
polysomy was observed in 99% of the same cells. Distinct nuclei with extra copies of 
chromosomes 1 and 7 are indicated with white arrows. 
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Table 8. Correlation of five-colour interphase FISH for chromosome 6p with 
chromosome ploidy data in nine osteosarcoma patient specimens (Spearman’s r).  
Gene copy number was identified as frequency among the total number scored as: Loss (0-1 signal), 
Normal (2 signals), Gain (3-5 signals), Amp (6-10 signals), High Amp (>10 signals), Clusters (presence). 
Overall chromosome polysomy was identified for each specimen as the sum of the chromosome-specific 
frequencies for Polysomy (>3 signals). p-value < 0.05 was considered significant, and significant results 
are indicated by bold text. 
Gene copy number change Relation to overall polysomy 

(with p-value) 
PIM1 Loss 0.15 (0.35) 
PIM1 Normal 0.033 (0.47) 
PIM1 Gain 0.30 (0.22) 
PIM1 Amp -0.067 (0.44) 
PIM1 High Amp -0.73 (0.01) 
PIM1 clusters -0.083 (0.42) 
RUNX2 Loss 0.45 (0.11) 
RUNX2 Normal 0.38 (0.16) 
RUNX2 Gain 0.64 (0.03) 
RUNX2 Amp -0.38 (0.16) 
RUNX2 High Amp -0.41 (0.13) 
RUNX2 clusters -0.17 (0.34) 
E2F3 Loss 0.083 (0.42) 
E2F3 Normal -0.067 (0.43) 
E2F3 Gain 0.017 (0.49) 
E2F3 Amp -0.017 (0.48) 
E2F3 High Amp 0.068 (0.43) 
E2F3 clusters -0.042 (0.46) 
 

The association of copy number gain of RUNX2 with overall polysomy in the 

sample set was significant (p=0.03), as was that of high-level amplification of PIM1 with 

overall polysomy (p=0.01). However, the relationships between the other copy number 

changes of these genes with overall polysomy were inconsistent in sign and magnitude 

(Table 8). No statistically significant relationships were observed between gene copy 

number changes and rates of overall monosomy or overall diploidy (data not shown). 

3.2.4 Correlational analysis of FISH data with clinical parameters and S-CIN 

Following completion of scoring all of the tissue samples using the four assays, 

correlational analysis (Spearman’s r) yielded relationships between gene copy number 

changes and clinicopathological variables and between aneuploidy and 

clinicopathological variables (Tables 9,10). 
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Table 9. Correlation of five-colour interphase FISH for chromosome 6p with 
clinicopathological variables and copy number transitions (S-CIN) in nine 
osteosarcoma patient specimens (Spearman’s r).  
Gene copy number was identified as frequency among the total number scored as: Loss (0-1 signal), 
Normal (2 signals), Gain (3-5 signals), Amp (6-10 signals), High Amp (>10 signals), Clusters (presence). 
Chromosome 6 copy number was identified as frequency among the total number scored with: Monosomy 
(0-1 signal), Normal (2 signals), Polysomy (>3 signals). p-value < 0.05 was considered significant, and 
significant results are indicated by bold text. 
Copy number 
change 

Relation to clinicopathological variables 
Post-chemotherapy 
tumour necrosis 

p-value Age p-value S-CIN p-value 

PIM1 Loss -0.60 0.04 -0.44 0.12 0.43 0.13 
PIM1 Normal -0.15 0.35 -0.44 0.12 0.05 0.46 
PIM1 Gain 0.15 0.35 0.85 0.00 0.37 0.17 
PIM1 Amp 0.05 0.45 0.34 0.18 0.08 0.42 
PIM1 High Amp 0.05 0.45 -0.44 0.12 -0.71 0.02 
PIM1 clusters 0.07 0.43 -0.08 0.42 0.07 0.44 
RUNX2 Loss 0.46 0.11 0.30 0.22 -0.30 0.22 
RUNX2 Normal 0.36 0.17 0.14 0.36 -0.07 0.44 
RUNX2 Gain -0.03 0.47 0.58 0.05 0.48 0.10 
RUNX2 Amp -0.36 0.17 -0.14 0.36 0.07 0.44 
RUNX2 High Amp -0.49 0.09 -0.53 0.07 0.06 0.43 
RUNX2 clusters -0.44 0.12 -0.5 0.08 0.05 0.46 
E2F3 Loss -0.25 0.25 -0.56 0.06 -0.32 0.21 
E2F3 Normal -0.16 0.34 -0.32 0.20 -0.33 0.20 
E2F3 Gain 0.15 0.35 0.85 0.00 -0.05 0.46 
E2F3 Amp 0.41 0.13 0.32 0.20 0.24 0.27 
E2F3 High Amp 0.39 0.15 0.05 0.45 0.27 0.24 
E2F3 clusters 0.09 0.41 0 0.50 0.29 0.22 
Chr6 Monosomy -0.01 0.49 -0.64 0.03 -0.38 0.15 
Chr6 Normal -0.05 0.45 -0.79 0.01 -0.23 0.28 
Chr6 Polysomy 0.03 0.47 0.73 0.01 0.37 0.17 
 

 The majority of the relationships identified in the data were not statistically 

significant (p > 0.05). There were significant relationships between a higher rate of PIM1 

loss and post-chemotherapy tumour necrosis (as PIM1 loss became more frequent, 

tumour response to chemotherapy decreased), as well as age and chromosome 6 ploidy; 

as age of the patient increased, rates of diploid or loss of chromosome 6 decreased, while 

polysomy of chromosome 6 increased. High-level amplification of PIM1 was also 

associated with a lower level of S-CIN. Additionally, some trends were identified in the 

data. Tumour response to chemotherapy increased with the number of cells possessing 

normal copy number or decreased copy number of RUNX2, and more frequent RUNX2 
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amplification or clusters within cells corresponded to poor chemotherapy response.  The 

opposite was found for E2F3 copy number changes: E2F3 loss was associated with poor 

response, while E2F3 amplification was associated with good tumour response to 

chemotherapy, as well as with higher levels of S-CIN.  

Table 10. Correlation of multicolour chromosome-specific FISH data with 
clinicopathological variables in nine osteosarcoma patients (Spearman’s r).  
For all samples, signals were counted in 100 cells. Chromosome ploidy was identified as frequency among 
the total number scored with: Monosomy (0-1 signal), Normal (2 signals), Polysomy (>3 signals). p-value 
< 0.05 was considered significant, and significant results are indicated by bold text. 
Ploidy change Relation to clinicopathological variables 

Post-chemotherapy 
tumour necrosis 

p-value Age p-value 

Chr1 Monosomy -0.49 0.09 -0.37 0.16 
Chr1 Normal -0.56 0.06 -0.34 0.18 
Chr1 Polysomy 0.56 0.06 0.34 0.18 
Chr7 Monosomy 0.17 0.33 -0.35 0.18 
Chr7 Normal 0.06 0.44 -0.31 0.21 
Chr7 Polysomy -0.03 0.47 0.37 0.16 
Chr8 Monosomy -0.53 0.07 -0.38 0.15 
Chr8 Normal -0.05 0.45 -0.53 0.07 
Chr8 Polysomy 0.20 0.30 0.24 0.26 
Chr9 Monosomy -0.34 0.19 -0.21 0.29 
Chr9 Normal -0.47 0.10 0.06 0.44 
Chr9 Polysomy 0.32 0.20 -0.05 0.45 
Chr10 Monosomy 0.42 0.13 0.54 0.07 
Chr10 Normal -0.12 0.38 0.16 0.34 
Chr10 Polysomy -0.29 0.23 -0.40 0.14 
Chr11 Monosomy 0.54 0.07 0.45 0.11 
Chr11 Normal 0.63 0.04 0.07 0.43 
Chr11 Polysomy -0.66 0.03 -0.23 0.27 
Chr15 Monosomy 0.14 0.36 0.11 0.39 
Chr15 Normal -0.31 0.21 -0.25 0.26 
Chr15 Polysomy 0.39 0.15 0.06 0.44 
Chr17 Monosomy -0.19 0.32 -0.38 0.15 
Chr17 Normal -0.33 0.19 -0.24 0.27 
Chr17 Polysomy 0.29 0.23 0.49 0.09 
 
 
 The significant relationships identified between specific chromosomal ploidy 

changes and either post-chemotherapy tumour necrosis or age were in the observations 

that chromosome 11 polysomy was associated with poor response (p=0.03), and diploid 

(p=0.04) or monosomy of chromosome 11 (p=0.07) were associated with better response 

(Table 10). The general trend within the data demonstrated that polysomy of individual 
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chromosomes was associated with better prognosis. 

3.3 RUNX2 immunohistochemical staining of nine osteosarcoma patient specimens 

 
Table 11. Results of RUNX2 immunohistochemical staining of nine osteosarcoma 
patient specimens.  
Intensity was measured as absent (0), weak (1), moderate (2), or strong (3). The percent area of each 
section staining to a given intensity was measured as 1-20% (1), 21-40% (2), 41-60%(3), 61-80% (4), or 
81-100% (5). H-score was calculated as the sum of the products of each intensity multiplied by the value 
representing the percent area stained. 
Batch Sample ID Intensity of staining H-Score 

0 1 2 3 

1 MG-63 2  0 3 1 9 
OS-T3 1 0 2 3 13 

2 MG-63  0 1 1 2 9 
OS-T8 1 0 1 3 11 

3 
MG-63 1 0 1 3 11 
OS-T7 0 3 2 1 10 
OS-T9 0 3 1 2 11 

4 
MG-63  0 1 4 1 12 
OS-T12 1 0 0 5 15 
OS-T2 0 2 1 2 10 

5 
MG-63  0 1 4 0 9 
OS-T15 0 1 1 1 6 
OS-T13 0 1 1 4 15 

6 
MG-63 3 0 3 0 6 
OS-T5 0 1 1 4 15 
FISH Control  5 0 0 0 0 

 

RUNX2 immunohistochemical staining was manually performed on nine FFPE 

osteosarcoma patient samples. For each batch of staining, a section of MG-63 cell line 

pellet was stained as the positive control (Figure 13). Dr. Ashish Rajput manually scored 

every section, including negative controls, and the results of scoring are shown in Table 

11. All negative controls lacked immunoreactivity in 100% of the section. Thin sections 

of lung were used as a negative control for RUNX2 staining, and as expected, there was 

no staining in the section (Figure 14). Similarly, within sample OS-T7 (lung metastasis of 

osteosarcoma) there was positive staining in the tumour region, but not in the surrounding 

lung tissue (Figure 15). 
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Figure 13. RUNX2 immunoreactivity.  
All images are at 10x magnification. A) Sample OS-T5 is stained with anti-RUNX2 
antibody (1 in 100 dilution), and the region depicted is staining at a strong intensity. The 
region of the section in the top right corner of the image is acellular material. The 
negative control shown below has no staining. B) Typical appearance of the positive 
(anti-RUNX2 antibody, 1 in 100 dilution) and negative (no primary antibody) staining 
controls of the FFPE MG-63 cell line pellet. 
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Figure 14. RUNX2 staining absent in FFPE section of normal lung alveoli.  
A) 2.5x magnification of the region outlined in red in the image of the whole tissue 
section (top right). B) 20x magnification of lung tissue negative for RUNX2 staining. 
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Figure 15. Immunoreactivity of RUNX2 (1 in 100) for sample OS-T7.   
A) 2.5x magnification of the region outlined in red in the image of the whole tissue 
section (top right). This shows the approximate border between metastatic growth (right) 
and normal lung (left). B) Lung tissue surrounding the metastatic tumour and showing 
absence of RUNX2 staining. C) Cells within the metastasis showing moderate RUNX2 
staining. 
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 Of the nine osteosarcoma tissue samples, six had H-scores of between 11 and 15, 

representing, on average, strong staining of RUNX2 in the sections. There was apparent 

heterogeneity within this sample set, as some samples had proportionally large areas with 

strong staining intensity, including OS-T12 which strongly staining throughout the 

section, except for approximately 10%, which had no staining; while others had large 

areas of weak staining. The MG-63 cell line pellets stained consistently throughout the 

batches, with the majority having moderate to strong staining over most of the section. 

The only outlier was the section stained in Batch 6, which had a low H-score of 6, 

compared to the average H-score of the others of 10. 

3.3.1 Correlational analysis of IHC data with clinical parameters, measurements of 

CIN, and FISH data 

Correlational analysis was performed to relate RUNX2 IHC data to clinical 

parameters, overall polysomy (N-CIN), and S-CIN values estimated from the aCGH 

analysis (Table 12), and to FISH scoring results for RUNX2 copy number changes. 

 
Table 12. Correlation of RUNX2 immunoreactivity with clinicopathological 
variables and CIN in nine osteosarcoma patient specimens (Spearman’s r).  
p-value < 0.05 was considered significant, and significant results are indicated by bold text. 
Variable Relation to given RUNX2 immunoreactivity (with p-value) 

Low Moderate High H-Score 
Post-chemotherapy 
tumour necrosis 0.11 (0.42) 0.087 (0.39) -0.28 (0.23) -0.31 (0.21) 

Age -0.51 (0.079) -0.050 (0.45) 0.094 (0.41) -0.060 (0.44) 
S-CIN 0.35 (0.18) 0.70 (0.02) -0.36 (0.17) -0.21 (0.29) 
Overall polysomy -0.21 (0.30) 0.10 (0.40) 0.32 (0.20) 0.38 (0.16) 
 

 A trend was observed in the data displayed in Table 12, in that a higher level of 

RUNX2 immunoreactivity was associated with poor tumour response to chemotherapy 

and with higher rates of overall polysomy in the tumours, although the correlations were 

not statistically significant. Additionally, moderate RUNX2 staining corresponded to 
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higher S-CIN (p=0.02), but high RUNX2 reactivity and overall RUNX2 reactivity were 

consistent with lower S-CIN. 

 
Table 13. Correlation of RUNX2 immunoreactivity with FISH scoring results for 
RUNX2 in nine osteosarcoma patient specimens.  
Gene copy number was identified as frequency among the total number scored as: Loss (0-1 signal), 
Normal (2 signals), Gain (3-5 signals), Amp (6-10 signals), High Amp (>10 signals), Clusters (presence). 
p-value < 0.05 was considered significant. 
RUNX2 copy 
number change 

Relation to given RUNX2 immunoreactivity (with p-value) 
Low Moderate High H-Score 

Loss -0.47 (0.10) -0.11 (0.39)  0.043 (0.46)  -0.039 (0.46)  
Normal -0.27 (0.24) 0.15 (0.35)  -0.19 (0.31) -0.17 (0.33) 
Gain -0.23 (0.28) -0.030 (0.47) 0.16 (0.34) 0.17 (0.33) 
Amplification 0.27 (0.24) -0.15 (0.35) 0.19 (0.31) 0.17 (0.33) 
High Amplification 0.40 (0.14) -0.044 (0.46) 0.19 (0.32) 0.28 (0.23) 
Clusters 0.19 (0.31) 0.080 (0.42) 0.34 (0.19) 0.41 (0.14) 
 
 
 In general, overall RUNX2 immunoreactivity (H-score) corresponded well, but 

without statistical significance, with RUNX2 copy number changes (Table 13). Gain, 

amplification, and the presence of clusters of RUNX2 were all associated with higher 

overall RUNX2 immunoreactivity; and both loss of and normal copy number of RUNX2 

had the opposite relationship. However, unexpected relationships were observed between 

the individual levels of RUNX2 intensity within sections and copy number. For example, 

high-level amplification of RUNX2 corresponded both to low and high RUNX2 

expression, while loss of RUNX2 had a negative correlation with low RUNX2 expression. 

3.4 Overall agreement between aCGH, FISH, and IHC data 

Comparison was then made between the aCGH analysis and FISH analyses for 

the genes examined on chromosome 6p, as well as IHC in the case of RUNX2 (Table 14). 
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Table 14. Comparison of level of copy number gain and expression of E2F3, PIM1, 
and RUNX2 in osteosarcoma patient samples. 
Sample 

ID 
RUNX2 PIM1 E2F3 

aCGH FISH IHC Clusters 
(FISH) aCGH FISH Clusters 

(FISH) aCGH FISH Clusters 
(FISH) 

OS-T2 Amp Amp 
(5.38) 

Mod 
(10) 50% Amp Gain 

(3.01) 1% Gain Norm 
(2.43) 7% 

OS-T3 Norm Gain 
(3.21) 

Strong 
(13) 38% Gain Gain 

(4.03) 23% Gain Gain 
(3.63) 20% 

OS-T5 Gain Gain 
(3.70) 

Strong 
(15) 69% Norm Norm 

(2.18) 10% Loss Loss 
(1.57) 14% 

OS-T7 Amp Amp 
(5.63) 

Mod 
(10) 76% Norm Norm 

(2.83) 23% Amp Amp 
(8.69) 97% 

OS-T8 Gain Gain 
(4.75) 

Strong 
(11) 48% Gain Gain 

(3.31) 13% Gain Gain 
(3.47) 15% 

OS-T9 Gain Gain 
(4.44) 

Strong 
(11) 33% Gain Gain 

(4.41) 25% Loss Norm 
(2.05) 7% 

OS-T12 Amp Gain 
(4.85) 

Strong 
(15) 49% Gain Gain 

(4.28) 23% Gain Gain 
(4.11) 15% 

OS-T13 Amp Amp 
(8.92) 

Strong 
(15) 93% Amp Amp 

(7.10) 73% Gain Norm 
(2.29) 19% 

OS-T15 Loss Norm 
(2.18) 

Mod 
(6) 19% Gain Normal 

(2.81) 3% Gain Norm 
(2.77) 12% 

FISH 
Control ND Loss 

(1.72) 
Absent 

(0) 5% ND Loss 
(1.88) 2% ND Loss 

(1.84) 4% 

ND, not determined; Amp, amplification; Norm, normal; Mod, moderate.   
Note: Colours correspond to levels of copy number and H-score as follows: Red (copy number Loss; 
Absent staining), Grey (Normal copy number), Light Green (copy number Gain; Moderate staining), Dark 
Green (copy number Amplification; Strong staining). For a description of the ‘aCGH’ value, see Materials 
and Methods for aCGH thresholds for Loss, Gain, and Amplification. The ‘FISH’ value is assessed as loss 
(0-1.99), normal (2-2.99), gain (3-5), and amplification (>5), and level of copy number change was based 
on average number of signals per cell (also displayed in table). The ‘IHC’ value was the H-score calculated 
after scoring, and was labeled here as Absent (0), Weak (1-5), Moderate (6-10), and Strong (11-15). The 
‘Clusters’ figure is expressed as a percentage of the total number of scored cells in which clusters were 
observed. Note that for the FISH control, >70% of cells had two signals per gene. 
 
 

 The individual aCGH profiles for each gene corresponded well to the copy 

number analysis for each gene. In the case of RUNX2, increased copy number as assessed 

by aCGH and FISH generally predicted a higher overall level of RUNX2 protein 

expression within each section. FISH analysis of the FISH Control section identified an 

average of less than two signals per cell, and a negligible rate of clusters of each gene.  
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CHAPTER 4 – DISCUSSION 
  

The present study reports the results of an exploratory study of the involvement of 

chromosome 6p12-p21 genomic gain and amplification in 15 osteosarcoma patient 

samples. We have demonstrated using in silico analyses and aCGH that genomic 

architecture may have a role in the rearrangements of chromosome 6p commonly seen in 

osteosarcoma. We have also shown using interphase FISH and IHC on nine osteosarcoma 

patient specimens that gene-specific copy number changes in chromosome 6p and 

consequent expression changes are correlated with tumour response to chemotherapy. 

Overall, we have demonstrated the following: 

1. Gain and amplification events involving chromosome 6p12-p21 have been frequently 

reported in a variety of cancer types in addition to osteosarcoma. 

2.  Clusters of segmental duplications greater than 10kbp in size flank the region 6p12-

p21, and cytobands 6p12 and 6p21.3 are enriched in highly similar segmental 

duplications. 

3. Interphase FISH confirmed aCGH-detected gene copy number changes of E2F3, 

PIM1, and RUNX2 and identified trends between increased RUNX2 copy number and 

poor tumour response to chemotherapy, and between increased E2F3 copy number and 

S-CIN. 

4. Interphase FISH for chromosome-specific enumeration identified a high rate of 

aneuploidy in the sample set. 
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5. Moderate to strong RUNX2 immunoreactivity was present in every specimen in the 

sample set, and a trend was identified between high RUNX2 protein levels and poor 

tumour response to chemotherapy.  

4.1 Analysis of segmental duplications in human chromosome 6p12-p21 

The mechanisms that lead to cancer-associated genomic instability are not well 

understood. Osteosarcomas are characterised by highly unstable karyotypes and complex 

genomic rearrangements (214), many of which involve 6p12-p21 gain or amplification 

(79, 92). Rearrangements in chromosome 6p12-p21 leading to gain and amplification of 

the sub-bands are quite common in a variety of solid and liquid cancers, and particularly 

prevalent in sarcomas and retinoblastoma (Tables 3,4,5). For example, in familial 

retinoblastomas, specific rearrangements in chromosome 6p are very common, including 

isochromosome 6p (99, 224) and gain or amplification of cytoband 6p22 (111, 225). 

Familial retinoblastomas are also associated with a much higher incidence of 

osteosarcoma development due to germline RB1 inactivation (27, 28).  

The results of the present study are consistent with the hypothesis that large 

segmental duplications could act as drivers of 6p amplification in osteosarcoma. 

Paralogous segmental duplications are pairs of sequences approximately 10-400kbp in 

size with greater than 95% similarity (59). They make up approximately 5% of the 

human genome (63, 64), are found in chromosomal regions with an elevated rate of 

chromosomal rearrangements (226), and are thought to promote non-allelic homologous 

recombination or replication template switching events, leading to copy number variation 

and genetic variation (227-229). Imperfect DNA repair and ectopic recombination 

between such duplications could also lead to genomic variation (70) in the context of 
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genomic evolution or during tumour progression (230). 

Relative to the other human chromosomes, chromosome 6 is not significantly 

enriched for interchromosomal duplications (63), but we found that 6p is enriched in 

intrachromosomal duplications relative to 6q (5 duplication clusters in 6p versus one 

duplication cluster in 6q) (Figure 6A). Intrachromosomal segmental duplications in 6p 

may promote rearrangements of proximal or distal putative 6p oncogenes (Figure 6B). 

For example, amplicons containing RUNX2 and CDC5L could be generated during error-

prone recombinational repair events involving segmental duplications in the 6p12-p21 

region. It has been estimated that 14% of the genes on chromosome 6 could have been 

involved in intrachromosomal duplication events (231), and replication fork stalling or 

collapse at DNA lesions in or near segmental duplications in 6p may promote DNA 

rearrangements in the adjacent chromosomal regions (228, 232).  

Notably, at least two regions within the MHC on chromosome 6p associated with 

disease experience copy number variation due to segmental duplication involving 

paralogous gene pairs (233). The MHC is located between cytobands 6p22.2 and 6p21.3, 

distal to E2F3 and RUNX2. The MHC cluster is subject to unusual replication timing 

control and exists in a relatively open chromatin conformation (234). Matrix attachment 

regions (MARs), which are rich in AT tracts and repetitive sequences, are located 

throughout the MHC. The genomic architecture of these MARs can facilitate dynamic 

connections of the looped chromatin to the nuclear matrix and is involved in the 

transcriptional regulation of genes of the MHC (235). If there are defects in homology-

dependent repair pathways, then it is conceivable that the breakpoint variations within the 

MHC region are facilitated by atypical replication timing and/or error-prone 



 

  73 

recombinational repair events that utilise the segmental duplications and MARs. 

Currently, the model that best brings together the arrangement of segmental 

duplication clusters with the presence of the commonplace 6p12-p21 gain in 

osteosarcoma (and other cancers) is fork stalling and template switching, 

microhomology-mediated break-induced replication (FoSTeS/MMBIR) (228, 236, 237). 

Briefly, this model postulates that during DNA replication, a replication fork may stall 

due to various obstacles (238), and then switch templates to a proximal region of 

microhomology where replication will continue, resulting in an erroneous DNA 

rearrangement product (237, 239). Referring to Figure 16, this could be a mechanism by 

which complex amplification events occur in chromosome 6p in osteosarcomas, resulting 

in a DNA strand of tandem copied sequences.  

Although 6p12-p21 is a common region of gain among the samples, in looking at 

the individual aCGH profiles (Figure 5C), recurrent breakpoints within chromosome 6p 

are infrequent. However, the density of segmental duplications within 6p, particularly the 

concentration of highly identical sequences in 6p12 (Figure 6B), lends support to 

microhomology-mediated amplification events. It would be of great use to perform 

sequence analyses of the breakpoints within chromosome 6p in osteosarcomas, similar to 

the methods used by Lee et al. (236) and Zhang et al. (237), to identify whether 

segmental duplications are involved with the complex gains, amplifications, and deletions 

occurring in chromosome 6p. Whole-genome sequencing of osteosarcoma cells could 

also identify whether FoSTeS/MMBIR is a valid model for explaining the complex 

rearrangements on many other chromosomes that characterise this disease.
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Figure 16. Potential mechanism for complex gain and loss events within chromosome 
6p.  
A) The basis of FoSTeS/MMBIR adapted from (228). (i) When a replication fork 
encounters a nick in a template strand (arrowhead), (ii) one arm of the fork breaks off 
(arrowhead), producing a collapsed fork. (iii) At the single double-strand end, the 5’ 
strand is resected, giving a 3’ overhang. (iv, v) The 3’ single-strand end invades another 
DNA molecule at a region of microhomology, forming a new replication fork. The 
extended end dissociates, followed by 5’-end resection. (vi) The 3’ single strand 
reinvades the original template strand to form a replication fork which proceeds to 
replication completion. (vii) The final product containing sequence from different 
genomic regions. B) Chromosome 6p is shown with selected cytobands labeled, running 
from telomere (left) to centromere (right, in red). Segmental duplications greater than 
5kbp in size are displayed below in locations corresponding to cytoband above.  The raw 
aCGH profile is shown for sample OS-T7, and corresponds to the genomic region of 
chromosome 6p shown directly above. C) One simple potential mechanism for gain of 
the boxed region, based on the FoSTeS mechanism of gain proposed by Lee et al. (236).  
Each coloured circle represents a single or cluster of segmental duplications with high 
sequence identity to the other circles, and all putative DNA structures are within the same 
small region around the border of cytobands 6p12.3 and 6p21.1. See Figure 5 for a 
visualisation of the high concentration of segmental duplications with high sequence 
similarity between them in the area corresponding to 6p12.3 and 6p21.1.  D) A potential 
final replication product with multiple copies of the genomic segments illustrated in C 
(tel indicates telomeric end, and cen indicates centromeric end). Each vertical dashed 
hatch mark indicates a duplication junction (breakpoint), and the orientation of each 
copied segment is illustrated as direct, though inverted copy events would be possible. 
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4.2 aCGH analysis of 15 osteosarcoma samples 

A high level of heterogeneity within the sample set for copy number changes and 

structural variations was apparent from the aCGH analysis. Genome-wide S-CIN was 

estimated from the aCGH profiles by quantifying copy number transitions within all the 

chromosomes of each tumour sample (Table 7). This can only be an inference, however, 

and not an accurate measurement, because aCGH can only be used to measure copy 

number changes and does not give any information on balanced translocations or 

inversions (no copy number changes occur in these events), or the existence of complex 

structures including HSRs and DMs, which can be seen in metaphase preparations of 

cells (43).  

The aCGH analysis of 15 osteosarcoma patient samples in the present study 

suggests that RUNX2, which is located at chromosome 6p12.3, may be the driver 

oncogene underlying amplification of chromosome 6p in osteosarcoma. The in silico 

analyses and aCGH data presented here indicate that amplification of RUNX2 and the 

other potential oncogenes in chromosome 6p could be influenced by genomic 

architecture, including the presence of segmental duplications on 6p. Amplification of 

RUNX2 on chromosome 6p12-p21 has been corroborated by other recent studies of 

osteosarcoma (78-80, 82, 83). Lu et al. (79) used BAC arrays to demonstrate that the 

highest frequency of amplification in osteosarcomas occurred in a 7.9Mbp region 

including E2F3, RUNX2, and CDC5L as well as eight additional candidate genes (79). In 

the present study, RUNX2 was the major focus, because of its bone-specific function and 

its strong association with transcriptional networks and potential for function in 

osteosarcoma oncogenesis (33-35, 92, 240, 241). Thus, interphase FISH analysis focused 
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on RUNX2, as well as E2F3 and PIM1, two other candidate oncogenes on chromosome 

6p. 

4.3 Interphase FISH analysis 

4.3.1 FISH specificity control 

The FFPE enchondroma tissue specimen was used as a control for the FISH 

examinations to confirm the specificity of probe binding for the labeled BAC products 

and absence of polysomy for the chromosomes selected for examination. Enchondromas 

are rare, benign tumours formed of mature cartilage within medullary bone that very 

rarely deviate from a normal karyotype (1). However, about 8% of patients with this 

tumour possess a mutation in the parathyroid hormone-like hormone (PTHLH) receptor 

gene PTHR1 causing constitutive activation of Ihh signaling (242); and a small number 

of cytogenetic abnormalities have been reported in the few tumours that have been 

studied, including isochromosome 6p, monosomies of chromosomes 9 and 17, and 

rearrangements of the long arm of chromosome 12 (243-245). FISH analysis of the 

enchondroma in the present study identified normal complements (two copies) of the 

selected chromosomes in an average 76% of cells, ranging between 52% of cells diploid 

for chromosome 10 and 96% of cells diploid for chromosome 7. Normal gene copy 

numbers for the selected genes on chromosome 6p were observed in at least 70% of the 

cells. Thus the specificity of the probes in FFPE tissue sections was verified to 

complement the PCR validation and metaphase preparation testing for the labeled BAC 

products.   

However, it was apparent from the large proportion of cells monosomic for 

individual chromosomes and with apparent gene copy number loss that there were partial 
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nuclei and some loss of DNA content in the thin enchondroma sections. The presence of 

partial nuclei and truncation effects (incomplete DNA strands) due to the routine of 

cutting histological sections to a thickness of 5μm has been well-described in the 

literature, and is considered a limitation to FISH analysis (246, 247). Throughout 

fluorescent microscopy analysis of the osteosarcoma sections, most of which were of the 

conventional osteoblastic subtype and whose cells were therefore similar in size to 

lymphocytes (5-10μm) (unpublished observations), the DAPI nuclear counterstain was 

used to identify intact, isolated nuclei to minimise scoring of partial nuclei. 

4.3.2 Genetic heterogeneity and modes of copy number change 

The interphase FISH analyses of the selected candidate oncogenes on 

chromosome 6p were consistent with the aCGH findings (Table 14) and, in general, 

demonstrated a high level of intercellular heterogeneity for each tumour. The average 

gene copy numbers among the specimens are shown in Table 14, but for each sample the 

deviation of signal number from this average ranged from a low of one to a high of four 

for individual genes in some samples (data not shown). Genetic heterogeneity within the 

sample set is reflected in the range of average copy number changes among the genes on 

6p (Table 14) and among the chromosomes enumerated in this study (Figure 11; 

Appendix 5). These observations of cell-to-cell and tumour-to-tumour variability in the 

osteosarcoma specimens are consistent with previous aCGH and karyotype analysis of 

patient samples and osteosarcoma cell lines (76, 82, 88, 248, 249). 

 Modes of gene copy number gain ranged from apparent gain of the whole of 

chromosome 6, as could be the case in sample OS-T12 (Figure 9) or OS-T8; to 

potentially more complex rearrangements, as in samples OS-T13 (Figure 10) and OS-T15 
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which possessed high rates of RUNX2 and PIM1 clusters and gain of the three potential 

oncogenes, despite low rates of chromosome 6 polysomy. E2F3 was the only one of the 

three candidate oncogenes to be lost in a considerable proportion of cells in the 

specimens, up to 49% as seen in OS-T5. Samples OS-T5, at 49%, and OS-T13, at 33%, 

possessed the largest complements of cells with one or fewer copies of E2F3, and 

interestingly, the aCGH analysis detected gain of RB1 in the two samples (only four of 15 

samples had gain of RB1; data not shown). The presence of E2F3 is necessary for 

proliferation of normal cells in promoting the G1 to S transition (250), and as discussed 

below, extra copies of E2F3 are common in malignancies. One group has shown that 

E2F3 loss can potentiate the formation of medullary thyroid carcinomas, but will 

suppress pituitary tumour development, in rb-heterozygous mice (251). Thus increased 

levels of E2F3 may not be necessary for osteosarcoma development, but without 

functional studies in human osteosarcoma, the findings presented here merely highlight 

the heterogeneity of osteosarcomas. 

4.3.3 Correlational analysis of FISH data with clinical parameters and measures of 

CIN 

 The lack of statistical significance in the correlational analysis of FISH scoring 

data and clinical parameters is due to the combination of a small sample set (n=9) and a 

high level of heterogeneity among the tumours. Interestingly, loss of PIM1 in the tumours 

corresponded to poor post-chemotherapy tumour necrosis (p=0.04), while there were very 

weak relationships between other PIM1 copy number levels and tumour response (Table 

9). This finding is in contradiction to the large number of studies identifying the role of 

PIM1 kinase in promoting cancer cell survival and chemoresistance in leukemias, 
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lymphomas, and solid tumours alike [(252, 253), reviewed in (254)]. Similarly, E2F3 

amplification corresponded to high post-chemotherapy tumour necrosis (p=0.13), and 

loss to poor response (p=0.25) in the present study. This is inconsistent with the literature 

that shows its genetic amplification and overexpression predict poor outcome in prostate 

and bladder cancers (255, 256), and that its gain and overexpression may be related to 

retinoblastoma pathogenesis (225). The oncogenic potentials of both E2F3 and PIM1 

have been thoroughly described for other cancers, and the reason for the discrepancies in 

the present study could be due to different biological roles of E2F3 and PIM1 in 

osteosarcoma, or to the limited statistical significance of the small sample set. 

There were no apparent associations of copy number changes of any of the genes 

with aneuploidy, a major component of N-CIN (Table 8). Although the association of 

copy number gain of RUNX2 with higher overall polysomy in the sample set was 

statistically significant (p=0.03), as was the association of lower overall polysomy with 

high-level amplification of PIM1 (p=0.01), the relationships between the other measures 

of copy number increase for these genes (amplification, high-level amplification, and 

presence of clusters for RUNX2; and gain, amplification, and presence of clusters for 

PIM1) were not consistent (Table 8). This inconsistency could be due to the statistical 

limitations imposed by the small number of samples or, alternatively, to spurious 

associations between some of the data in the absence of any functionality of the assayed 

genes in ploidy maintenance.  

Interestingly, however, there was a general association of increased copy number 

(amplification, high-level amplification, and the presence of clusters) of E2F3 with 

higher S-CIN, but weak correlations between increased copy number of either PIM1 or 



 

  80 

RUNX2 (r ~ 0) and S-CIN (Table 9). OS-T7, the sample with the highest number of 

genome-wide copy number transitions as detected by aCGH, and the only lung metastasis 

specimen in the sample set, possessed clusters of E2F3 in 97% of the observed cells. If 

amplification of E2F3 led to overexpression of the E2F3 protein in these samples (not 

assessed in the present study), then this may substantiate the positive association between 

E2F3 amplification and increased S-CIN, because other studies have found that 

overexpression of E2F3, or inactivation of its inhibitor pRB, results in increased genomic 

instability (110, 114). However, no consistent correlations were observed between copy 

number loss or increase (gain, amplification, or clusters) of the individual genes with 

aneuploidy frequency (combined rates of monosomy and polysomy) within the sections 

(data not shown).  

 Aneuploidy of the selected chromosomes was common to all of the osteosarcoma 

specimens in the sample set, as expected, with polysomy more frequent than monosomy. 

The presence of extra copies of chromosome 7 was the most recurrent polysomy event in 

the sample set, and this has been found previously by our lab in osteosarcoma cell lines 

and patient samples (257). Also in the present sample set chromosomes 17 and 10 were 

most frequently lost in cells, while chromosomes 10 and 15 were most frequently present 

in two copies. The aCGH analysis supports these findings because the majority of 

samples lost all of chromosome 10 (Figure 5A). The analysis detected that 11 of 15 

samples gained approximately 10Mbp at the telomeric end of chromosome 15q, and there 

was a common region of gain in the telomeric end of chromosome 17q in 12 of 15 

samples. Since the probes used for the interphase FISH scoring bind the centromeric 

alpha-satellite sequences, the common regions of gain distal to the centromeres were not 



 

  81 

observed in situ.  

Extra copies of chromosomes 10, 15, and 17 may not be favourable for tumour 

growth, and thus loss of large portions of each may be better tolerated than for other 

regions of the genome. Excluding these three chromosomes, the acquisition of extra 

copies of chromosomes in osteosarcomas is commonplace, as shown in studies by our lab 

and others (77, 83, 258-260). In addition, correlational analysis in the present study 

showed a positive association between frequency of diploid chromosome 11 and 

favourable tumour response to chemotherapy (p=0.04), while chromosome 11 polysomy 

corresponded to poor response (p=0.03). No associations of chromosome 11 aneuploidy 

with disease progression in osteosarcoma have been reported to date.  

The general trend in the data was an association of polysomy with favourable 

tumour response (not significant), which was shown for five of eight chromosomes 

examined by FISH (Table 10). However, a larger sample set would be needed to identify 

whether enumeration of particular chromosomes could be used for prognostic or 

predictive purposes. Overall, the aCGH profiling, interphase FISH analysis of genes 

within chromosome 6p, and chromosome enumeration identified a high level of inter- 

and intratumour heterogeneity with respect to copy number variation, aneuploidy, and 

cytogenetic complexity, consistent with previous cytogenetic studies of osteosarcoma 

(77, 83, 257-261). 

4.4 Analysis of dynamics of RUNX2 copy number and protein expression levels 

4.4.1 Gene copy number changes of RUNX2 

Recurrent gain and amplification of RUNX2 was detected in the samples, more 

frequently than for PIM1 or E2F3. In eight of the nine samples, at least 63% of scored 
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cells were observed with gain or amplification of RUNX2. Clusters of RUNX2 were also 

more common in the samples than for PIM1 or E2F3. Gene clusters (two or more closely 

spaced signals) identified by FISH within the sections of interphase cells indicate several 

possibilities. To begin with, signal doublets, which were observed most frequently for 

RUNX2 (data not shown; Figure 8), could represent a gene on its parent DNA strand next 

to a newly-replicated copy on a daughter DNA strand (262). Actively expressed loci 

undergo early replication in the cell cycle of dividing cells (263), and given the 

importance of RUNX2 in osseous tissue and the observation of consistently high protein 

levels of RUNX2 in osteosarcoma in the present study, doublets of RUNX2 could be due 

to the gene’s highly active expression program in osteosarcoma cells. Analysis of 

replication timing is beyond the scope of the present study. Alternatively, the observed 

doublets could indicate tandem duplicated sequences, and the other types of clusters 

could signify tandem gene amplification events due to DNA replication errors or BFB 

cycles (54), which result from telomere dysfunction. This latter scenario is more likely 

given the frequent RUNX2 gain and amplification observed in the aCGH analysis (Table 

14), and previous descriptions of BFB cycles and genomic amplification events in 

osteosarcoma cell lines (261).  

RUNX2 amplification (p=0.17) and the presence of RUNX2 clusters (p=0.12) 

were associated with poor tumour response to chemotherapy, but not with statistical 

significance. The potential significance of increased RUNX2 will be discussed below. 

Additionally, there were moderate correlations between frequent RUNX2 gain and high 

S-CIN (p=0.10), and between frequent RUNX2 gain and high overall polysomy (p=0.03), 

but there were very weak correlations between high S-CIN and RUNX2 amplification, 



 

  83 

high-level amplification, or clusters (r ~ 0); and negative correlations between high 

overall polysomy and RUNX2 amplification (p=0.16), high-level amplification (p=0.13), 

or clusters (p=0.34). Thus, these correlations with S-CIN and overall polysomy likely 

indicate a relationship between high S-CIN and high overall polysomy and cells with 

three to five copies of RUNX2 that is due to high rates of all of the variables in the 

specimens assayed, and no inferences can be made concerning the influence of RUNX2 

on CIN in this sample set. 

4.4.2 RUNX2 IHC controls and sample heterogeneity 

The primary antibody used for IHC in this study was a mouse monoclonal anti-

human RUNX2 antibody (Abcam ab54868), which corresponds to amino acids 251-351 

of the protein. BLAST analysis of the target polypeptide residue indicates that the 

antibody is specific for the two main isoforms of human RUNX2 (described above), and 

the manufacturer has demonstrated its specificity to nuclear cell lysates using the rat 

osteosarcoma cell line UMR-106. Similarly, the positive control used in the present study 

was the human osteosarcoma cell line MG-63, which is known to express RUNX2 at the 

protein level and localise it to the nucleus (217). Our results demonstrate nuclear-specific 

staining of RUNX2 in MG-63 (Figure 13) as well as in the tumour samples, as expected. 

 For each IHC staining experiment, a simple negative control was created by 

omitting the primary RUNX2 antibody from the protocol for each tissue sample and MG-

63 cell pellet slice. In addition to this, since lung is known not to express RUNX2 (118), 

sections of FFPE lung were used as another negative control and were incubated with the 

primary antibody. No staining was evident for these sections (Figures 13, 14), and this 

was confirmed in the IHC staining of sample OS-T7, which was a lung metastasis of 
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osteosarcoma. Strongly positive staining was present in the nuclei of tumour cells, but not 

in the surrounding lung tissue (Figure 15). 

 Staining of the positive control MG-63 cell line pellets was overall consistent 

through the batches, with H-score in the narrow range of 9-12, and the majority of 

sections showing moderate staining intensity. Only for Batch 6 did staining of the 

positive control fluctuate to a large amount, down to an H-score of 6.  However, because 

the tissue sample of that batch was strongly positive for RUNX2 in about 80% of the 

section and had the maximum H-score of 15, this was acceptable variance in the positive 

control. 

 RUNX2 immunostaining heterogeneity in the patient samples could be due to 

experimental variability, or to biological variation in the protein level of RUNX2.  

Experimental variability was taken into account as stated above. Technical limitations 

could also be present in the fixation of the tissue sections in this cohort. In this study, all 

of the specimens assessed by IHC were also assessed by FISH, and those with poor DNA 

quality were excluded from analysis. Thus, in the specimens assessed by IHC, FISH-

positivity implied that DNA quality had been preserved, protein content was digestible, 

and nucleotides were retrieved properly during the experimental procedure. Variables in 

the surgical resection, tissue handling, fixation, and subsequent processing have an 

unclear effect on antigen preservation for IHC (264) and thus could have interfered with 

the results of the present study. However, a satisfactory level of antigen retrieval is 

assumed in this study because the specimens were FISH-positive. 

  Biological variation in the protein level of RUNX2 may also exist by 

combination of cell cycle variations, different clonal cell populations, and variable 
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tumour microenvironments. Apparent cell-to-cell variability in RUNX2 

immunopositivity can be observed in the MG-63 pellet sections in particular. RUNX2 

copy number is normal in this cell line according to aCGH and FISH data (not shown), 

precluding gain- or amplification-related overexpression, and it has been previously 

shown that regulation of RUNX2 expression is cell cycle-independent in SAOS-2 and rat 

osteosarcoma cell lines (187). Thus the inconsistent staining observed in the MG-63 cells 

in this study could be due to cell cycle-dependent regulation of RUNX2 expression, or 

other temporal mechanisms such as protein degradation. Overall in the patient specimens, 

RUNX2 levels were more consistently observed at high levels but there were distinct 

smaller regions of differential immunopositivity more likely due to a combination of 

clonal cell populations and variable microenvironment effects on the tumour cells.   

4.4.3 Correlational analysis of RUNX2 protein expression levels 

 In general, there was consistency between RUNX2 copy number changes as 

measured by aCGH and by interphase FISH, as well as between the level of copy number 

gain and RUNX2 immunoreactivity (Table 14). Staining intensity for RUNX2 was 

moderate or strong in all of the osteosarcoma specimens, and this is consistent with 

previously published IHC studies of osteosarcoma patient samples (79, 265-267). RUNX2 

gain was identified in all of the biopsy samples of the present study, and given that Lu et 

al. (79) found RUNX2 gain or amplification in sample types ranging from biopsy to 

definitive surgery and metastatic lesions, copy number increase of RUNX2 could be an 

early and conserved factor in osteosarcoma oncogenesis and tumour growth. Our lab has 

previously published results identifying amplification-related mRNA overexpression of 

RUNX2 in the same sample set used in the present study (92), further supporting the link 
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between genetic amplification and higher protein levels of the protein. Importantly, there 

was a trend identified between RUNX2 protein expression and poor tumour response to 

neoadjuvant chemotherapy (Table 12), consistent with another recent study of 22 

osteosarcomas by our lab that found significant mRNA overexpression of RUNX2 in 

tumours responding poorly to chemotherapy (91). 

4.4.4 Potential significance of RUNX2 in osteosarcoma 

The function of RUNX2 in osteosarcoma has not yet been identified, but given 

the complex functionality of RUNX2 in developing osteoblasts, deregulation of the 

protein could act during osteosarcoma pathogenesis. Significantly, cell cycle-dependent 

regulation of RUNX2 is absent in some osteosarcoma cell lines and the protein is 

maintained at high levels, particularly during the G1 to S transition (187). Previously 

published studies have shown that RUNX2 interacts specifically with 

hypophosphorylated pRB during initiation of cell cycle withdrawal during terminal 

osteoblast differentiation (33, 201, 268). Inactivation of pRB is very common to a small 

subset of tumours including osteosarcoma (269), and in particular, 50-70% of 

osteosarcomas do not have functional pRB (16). In the absence of pRB, RUNX2-pRB 

induced cell cycle exit would not be possible, and this could lead to uninhibited 

proliferation of osteoprogenitor cells, as well as increased genomic instability (47). The 

p27KIP1/CDKN1B cyclin-dependent kinase inhibitor is required for terminal 

differentiation and cell cycle exit by interaction with RUNX2, and p27KIP1 protein levels 

are reduced in the undifferentiated subtype of osteosarcoma (33). The aCGH analysis of 

the present study detected loss of CDKN1B in nine of 15 samples (data not shown). 

RUNX2 signaling in the absence of the tumour suppressors pRB and p27KIP1 would 
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therefore be limited in its capacity to halt proliferation and induce osteoblast maturation. 

The tumour suppressor-like behaviour of RUNX2 has been described by 

previously published studies of the protein (187, 189, 270). However, several recent 

studies have identified RUNX2 as potentially having a direct role in promoting neoplasia, 

particularly in prostate and breast cancers. To begin with, RUNX2 is highly integrated, 

often through reciprocal activation pathways, with PI3K/Akt, Wnt, BMP/TGFβ, 

MAPK/ERK, and Notch signaling, all of which can be activated in osteosarcomas and 

other tumours (271-274). One comprehensive study by Akech et al. (275), demonstrated 

that overexpression of RUNX2 in prostate cancer cells inoculated into bone led to 

activation of genes necessary for metastasis and invasion (MMP2, MMP9, MMP13), 

angiogenesis (VEGF, osteopontin), and survival (survivin). These findings are consistent 

with other studies of the metastasis-promoting role of RUNX2 in prostate cancer cell 

lines (276-278) and metastatic patient specimens (217). The results also support similar 

observations of the requirement for RUNX2 expression in bone-metastatic breast cancer 

(277, 279, 280). 

 RUNX2 appears to have dual roles as a tumour suppressor (described above) and 

as an oncoprotein, depending on its cellular levels and context, and its regulation. In T-

cell lymphomas, overexpression of RUNX2 and the MYC oncogene leads to cooperation 

between the encoded proteins that maintains survival and proliferation in the cancer cells 

(281). In pituitary tumours, RUNX2 upregulates the anoikis suppressor galectin-3 

(LGALS3) (282), which may also facilitate osteosarcoma metastasis (283). The role of 

the protein in bone tumourigenesis is complicated, however, by the lack of understanding 

of consequences of its deregulation in osteoblasts. High levels of RUNX2 inhibit 
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apoptosis of osteoblasts in the presence of parathyroid hormone, which stimulates bone 

turnover (284). Interaction between overexpressed RUNX2 and the protein product of 

proto-oncogene FOS, whose overexpression in mice led to development of the first 

osteosarcoma mouse model (285), upregulates transcription of the metastasis-associated 

gene MMP13 via transcription factor AP-1 (286) and has potential for other roles in 

oncogenesis (287). 

Thus the dual roles of RUNX2 must be tightly regulated during osteoblast 

differentiation for normal bone development. Other studies have noted the resemblance 

of some osteosarcomas to committed osteoprogenitor cells that have undergone cell cycle 

deregulation and have been blocked in their differentiation towards osteocytes (29-33). 

Additionally, there is a range of differentiation status among osteosarcomas (1) that is 

reflected in the well-described osteosarcoma cell lines (33, 288-293) and has been 

demonstrated in the development of mouse models of the disease (34, 35). Disruption of 

RUNX2 signaling by high levels of the protein in osteoblast progenitor cells could 

significantly interrupt osteoblast differentiation and cell cycle regulation (Figure 17). 

It is conceivable then, that RUNX2 overexpression resulting from gain and 

amplification of chromosome 6p12-p21 is a causative factor in osteosarcoma 

pathogenesis (Figure 18), because it is consistently overexpressed in patient specimens in 

the present study and others (79, 265-267), because of its oncogenic potential, and 

because of the potential for its tumour suppressor functions to be deregulated. Its 

overexpression at the protein level is likely driven by its genetic amplification at the 

DNA level [(79, 92), this study] and facilitated by disrupted degradation (266, 294). The 

instability of chromosome 6p12-p21 that leads to RUNX2 gain and amplification has been      
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Figure 17. Osteoblast differentiation and RUNX2 protein levels.  
A) In normal osteogenesis initiating in MSCs, overall RUNX2 protein levels are maximal 
in preosteoblasts and early mature osteoblasts, after gradually increasing during 
commitment. Overall RUNX2 levels are very low in mature osteoblasts and osteocytes 
(295). RUNX2 activity and levels are modulated according to cell cycle stage by 
posttranslational modification and transcriptional regulation of RUNX2, respectively. B) 
In osteosarcoma development, genomic instability is induced (lightning bolts), for 
example by inactivation of pRB or p53, in cells committed to the osteoid lineage. 
Extensive rearrangements occur, with amplification of chromosome 6p12-p21 being a 
frequent early event in many cases. Amplification-related overexpression of RUNX2 
could result, leading to high levels of RUNX2 protein throughout the cell cycle, and 
disrupted regulation of RUNX2 activity. Consequently, osteoblast differentiation is 
halted before or during maturation and characteristics of immature osteoblast-like cells 
are retained in the resulting osteosarcoma. Adapted from (32). 
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Figure 18. Proposed mechanism of osteosarcoma oncogenesis. 
In the tumour set of the present study, the observed heterogeneity in RUNX2 
immunoreactivity was consistent with the heterogeneity in RUNX2 copy number changes, 
and reflects the high level of genomic instability present in osteosarcoma tumours. 
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demonstrated by many studies of patient samples, including biopsies (78-80, 82, 83), and 

thus it is probably an early event in osteosarcoma pathogenesis. 

Similarly, genetic amplification and the presence of clusters of RUNX2 as well as 

high immunoreactivity of the gene’s protein product were associated with poor tumour 

response to chemotherapy in trends identified in the present study. The complexity of 

osteosarcoma has continually posed a serious problem to understanding the etiology of 

the disease and identifying prognostic or predictive factors, or therapeutic targets. Given 

the retrospective nature of this study, RUNX2 has potential to be predictive of response 

to the standard chemotherapy regimen used in treatment of the studied cohort. The 

frequency of RUNX2 gain and elevated RUNX2 in the osteosarcoma patient specimens in 

the present study and others therefore lends to its possible value as a predictive factor or 

as a therapeutic target. 

4.5 Conclusions and Future Directions 

 This study suggests that clusters of segmental duplications greater than 10kbp in 

size flank the region 6p12-p21, and cytobands 6p12 and 6p21.3 are enriched in highly 

similar segmental duplications. Thus segmental duplications in 6p could influence 

amplicon distribution and frequency in human osteosarcoma. Interphase FISH identified 

a high rate of aneuploidy in the sample set, and confirmed aCGH-detected gene copy 

number changes in E2F3, PIM1, and RUNX2. The FISH analysis identified trends 

between increased RUNX2 copy number and poor tumour response to chemotherapy, and 

between increased E2F3 copy number and S-CIN. Within the sample set there was good 

agreement between the aCGH analysis and FISH-detected copy number changes for the 

genes of interest, and protein level in the case of RUNX2. The overexpression of RUNX2 
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protein is thus suggested to be related to genomic gain at the RUNX2 locus. Moderate to 

strong RUNX2 immunoreactivity was present in every specimen in the sample set, and 

there was a positive trend between high RUNX2 protein and poor tumour response to 

preoperative chemotherapy. The small size of the sample set in this study was a 

considerable limitation to the statistical significance of the correlational analyses. 

Another limitation of the present study is that 78% (7 of 9) of the tumours assayed were 

associated with metastases at diagnosis, whereas metastases occur in only about 20% of 

tumours (1, 19). Thus this small cohort is not representive of a typical osteosarcoma 

study group. 

Functional studies of RUNX2 in osteosarcoma are strongly indicated in order to 

better understand the role of this protein in osteosarcoma development and progression. 

The impact of deregulated RUNX2 expression in undifferentiated cells committed to the 

osteoblast lineage has yet to be established, and there is still much to learn about 

transcriptional targets and regulation of RUNX2 protein activity. Similarly, only 

preliminary studies, including the present study, have evaluated the potential value of 

RUNX2 protein levels in predicting treatment response in patients with osteosarcoma. In 

the clinical setting, larger patient cohorts need to be studied for associations between 

clinical parameters and RUNX2 protein levels.  

In conclusion, this study has described complex genomic changes in 

osteosarcoma and we have proposed a mechanism for the instability observed in 

chromosome 6p. We have also provided evidence to support RUNX2 as the oncogenic 

target of chromosome 6p12-p21 gain, and its copy number and protein levels as potential 

indicators of treatment response in osteosarcoma. 
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Appendix 3. Reagents and sources 

Reagent Source Location 
Absolute Ethanol Queen’s University Stores Kingston, ON 
Ammonium hydroxide Fisher Scientific Toronto, ON 
Antibody diluent Dako Carpinteria, CA 
Agarose Sigma-Aldrich Oakville, ON 
Bactor tryptone Sigma-Aldrich Oakville, ON 
Bacteriological agar, for molecular 
biology 

Sigma-Aldrich Oakville, ON 

Breast Aneusomy Probe Set Abbott Molecular Des Plaines, IL 
CEP Hybridisation Buffer Abbott Molecular Des Plaines, IL 
Chloramphenicol Sigma-Aldrich Oakville, ON 
Cyanine 5-dUTP Enzo Life Sciences (Abbott Molecular) Plymouth Meeting, PA 
Green-dUTP Enzo Life Sciences (Abbott Molecular) Plymouth Meeting, PA 
Harris’ Modified Hematoxylin Sigma-Aldrich Oakville, ON 
Hydrochloric acid (HCl) Fisher Scientific Toronto, ON 
Human COT-1 DNA Invitrogen Burlington, ON 
Human Genomic DNA: Male Promega San Luis Obispo, CA 
Hydrogen peroxide, 3% (H2O2) Fisher Scientific Toronto, ON 
IGEPAL CA-630 Sigma-Aldrich Oakville, ON 
Illustra Hot Start Master Mix GE Healthcare  Baie d’Urfe, QC 
Isopropanol Fisher Scientific Toronto, ON 
LSAB+ System-HRP Dako Carpinteria, CA 
LSI/WCP Hybridisation Buffer Abbott Molecular Des Plaines, IL 
Methanol Fisher Scientific Toronto, ON 
Orange-dUTP Enzo Life Sciences (Abbott Molecular) Plymouth Meeting, PA 
P1 Resuspension buffer QIAGEN Sciences Germantown, MD 
P2 Lysis buffer QIAGEN Sciences Germantown, MD 
P3 Neutralisation buffer QIAGEN Sciences Germantown, MD 
Pepsin from porcine gastric mucosa Sigma-Aldrich Oakville, ON 
Permount Fisher Scientific Toronto, ON 
Protein block, serum free Dako Carpinteria, CA 
Red-dUTP Enzo Life Sciences (Abbott Molecular) Plymouth Meeting, PA 
RNase A Roche  Laval, QC 
Saline-sodium citrate (SSC) Fisher Scientific Toronto, ON 
Salmon Sperm DNA Invitrogen Burlington, ON 
Sodium acetate, 3M Fisher Scientific Toronto, ON 
Sodium chloride (NaCl) Sigma-Aldrich Oakville, ON 
Sodium citrate, pH 6.8 Sigma-Aldrich Oakville, ON 
Sodium citrate, pH 6.0 Invitrogen Burlington, ON 
Toluene Fisher Scientific Toronto, ON 
Tris-Acetate-EDTA (TAE) Fisher Scientific Toronto, ON 
Tris Buffered Saline (TBS) Fisher Scientific Toronto, ON 
Triton x-100 MP Biomedicals Solon, OH 
Tryptone Sigma-Aldrich Oakville, ON 
Ultrapure DNase/RNase-Free Water Invitrogen Burlington, ON 
Vectashield Mounting Medium with 
DAPI (H-1200) 

Vector Laboratories Burlingame, CA 

Xylenes Fisher Scientific Toronto, ON 
Yeast Extract Sigma-Aldrich Oakville, ON 
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Appendix 4. Summary of gene copy number changes according to interphase FISH.   

Gene copy number was identified as frequency among the total number scored as: Loss 
(0-1 signal), Normal (2 signals), Gain (3-5 signals), Amp (6-10 signals), High Amp (>10 
signals), Clusters (presence). Chromosome 6 copy number was identified as frequency 
among the total number scored with: Monosomy (0-1 signal), Normal (2 signals), 
Polysomy (>3 signals). 
 
Gene copy 
number change 

Frequency of gene copy number change in specimen (%) 
OS-T2 OS-T3 OS-T5 OS-T7 OS-T8 OS-T9 OS-T12 OS-T13 OS-T15 FISH 

Control 
PIM1 Loss 2 0 15 3 2 1 0 0 0 14 
PIM1 Normal 33 12 61 40 18 16 9 3 51 85 
PIM1 Gain 63 71 24 55 76 55 75 18 47 1 
PIM1 Amp 2 17 0 1 4 28 16 69 1 0 
PIM1 High Amp 0 0 0 0 0 0 0 10 1 0 
PIM1 Clusters 1 23 10 23 13 25 23 73 3 2 
RUNX2 Loss 1 7 6 0 1 1 2 0 14 29 
RUNX2 Normal 2 30 28 9 12 16 10 1 59 70 
RUNX2 Gain 49 56 50 45 56 58 53 14 27 1 
RUNX2 Amp 47 7 15 43 30 24 34 54 0 0 
RUNX2 High Amp 1 0 1 3 1 1 1 31 0 0 
RUNX2 Clusters 50 38 69 76 48 33 49 93 19 5 
E2F3 Loss 12 4 49 1 2 24 3 33 7 19 
E2F3 Normal 41 19 42 1 19 49 14 32 45 78 
E2F3 Gain 47 69 9 10 72 27 66 31 46 1 
E2F3 Amp 0 8 0 67 7 0 15 4 2 0 
E2F3 High Amp 0 0 0 21 0 0 2 0 0 0 
E2F3 Clusters 7 20 14 97 15 7 15 19 12 4 
Chr6 Monosomy 12 7 15 17 5 4 5 30 19 34 
Chr6 Normal 39 23 52 47 16 25 12 45 62 64 
Chr6 Polysomy 49 70 33 36 79 71 83 25 19 1 
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Appendix 5. Summary of chromosome ploidy according to interphase FISH.   

For all samples, signals were counted in 100 cells.  Chromosome ploidy levels were 
identified as frequency among the total number scored with: Monosomy (0-1 signal), 
Normal (2 signals), Polysomy (>3 signals). 
 
Chromosome 
ploidy level 

Frequency of chromosome copy number change in specimen (%) 
OS-T2 OS-T3 OS-T5 OS-T7 OS-T8 OS-T9 OS-T12 OS-T13 OS-T15 FISH 

Control 
Chr1 Monosomy 7 0 4 10 17 18 1 15 9 13 
Chr1 Normal 24 1 22 31 57 33 15 32 27 87 
Chr1 Polysomy 69 99 74 59 26 49 84 53 64 0 
Chr7 Monosomy 0 0 0 0 0 1 0 1 3 4 
Chr7 Normal 26 0 3 27 10 8 8 25 30 96 
Chr7 Polysomy 74 100 97 73 90 91 92 74 67 0 
Chr8 Monosomy 3 5 20 6 9 7 14 22 2 30 
Chr8 Normal 18 31 49 21 19 26 20 39 23 69 
Chr8 Polysomy 79 64 31 73 72 67 66 39 75 1 
Chr9 Monosomy 8 5 6 3 20 10 1 9 22 32 
Chr9 Normal 51 33 25 31 67 36 9 48 39 68 
Chr9 Polysomy 41 62 69 66 13 54 90 43 39 0 
Chr10 Monosomy 25 31 4 11 16 48 10 4 29 48 
Chr10 Normal 48 49 24 48 62 36 38 53 51 52 
Chr10 Polysomy 27 20 72 41 22 16 52 43 20 0 
Chr11 Monosomy 2 6 0 7 1 0 19 2 1 6 
Chr11 Normal 36 40 11 51 18 26 46 45 41 94 
Chr11 Polysomy 62 54 89 42 81 74 35 53 58 0 
Chr15 Monosomy 73 0 0 8 6 1 16 15 12 33 
Chr15 Normal 25 6 13 58 89 43 49 70 55 65 
Chr15 Polysomy 2 94 87 34 5 56 35 15 33 2 
Chr17 Monosomy 1 4 13 9 46 12 16 67 62 15 
Chr17 Normal 3 15 44 25 44 47 33 26 30 85 
Chr17 Polysomy 96 81 43 66 10 41 51 7 8 0 
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