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ABSTRACT 

Osteosarcoma (OS) is an aggressive tumor where a significant subset of patients 

responds poorly to the current treatments. Methylation-silencing of gene expression is a 

feature of many tumors and is reversible by demethylation drugs, such as decitabine. 

Demethylation reactivates methylation-silenced genes and leads to induction of 

differentiation, growth arrest, and apoptosis. Since genes associated with tumor 

progression and aggressive disease may be repressed by hypermethylation, it follows that 

decitabine treatment may influence tumor growth, and can be used to identify gene 

targets for novel epigenetic therapies in OS. 

In the first part of this thesis, microarray expression profiling was used to identify 

decitabine-dependent changes in gene expression in U20S cells. In parallel U20S 

xenografts were used to study the effect of decitabine on tumor growth and 

differentiation. Microarray expression profiling of U20S cultured cells showed that 

decitabine treatment caused a significant induction of more than 50 genes. Six of these 

genes were shown to be involved in apoptosis, and were induced in U20S xenografts 

when mice were treated with decitabine. Importantly, drug-treatment of U20S 

xenografts significantly reduced tumor size, decreased mitotic activity, increased bone 
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matrix production, and increased the number of apoptotic cells. Promoter regions of these 

genes were demethylated in response to decitabine treatment and they were re-expressed. 

In the second part of my thesis I present an analysis of therapeutic modulation of 

Gadd45a using decitabine. Nuclei from the decitabine-treated U20S xenografts exhibited 

increased amounts of Gadd45a proteins. GADD45A was also found demethylated in 

response to decitabine treatment in the OS cell line MG63. This demethylation was 

associated with elevated expression of GADD45A and induction of apoptosis. To show 

the specificity of this gene for decitabine-induced apoptosis in OS, GADD45A mRNAs 

were disrupted using siRNA and the ability of the drug to induce apoptosis was found to 

be reduced. 

Collectively, these data provide novel insights regarding the use of epigenetic 

modifiers in OS treatment. Understanding the role of demethylation of GADD45A in re-

expression of this pathway and restoration of apoptotic control have important 

implications for understanding OS oncogenesis and for development of new targeted 

therapeutic approaches involving demethylation drugs. 
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1 INTRODUCTION 

Modified in parts from: 

Genomic mechanisms and measurement of structural and numerical instability in 

cancer cells. Jane Bayani, Shamini Selvarajah, Georges Maire, Bisera Vukovic, 

Khaldoun Al-Romaih, Maria Zielenska, Jeremy A. Squire. Seminars in Cancer Biology 

17(2007)5-18. 

1.1 Overview of OS 

In 1901, Dr Leonard Freeman wrote: "In the latter part of July, 1899,1 examined an 

emaciated anemic Swedish woman, thirty-eight years of age, referred to me by Dr. 

Maxwell, of Elizabeth, Colorado. An enormous sarcoma occupied the upper half of the 

right thigh, and extended well into the pelvis ... springing from the periosteum of the 

femur bone upon its anterior surface ..." [1]. For treatment he proposed that: "our main 

weapon of defense is the knife. We wish that it were more reliable and less objectionable, 

but we are forced to accept it as it is". 

Sarcoma of the bone, is called osteogenic sarcoma or osteosarcoma (OS). One of the 

earliest evidence of OS presence in man was reported in the proximal extremity of a 

Celtic Warrior's left humerus (800-600BC), found in Muensingen (Switzerland) [2]. To-

date there have been over 15,000 published articles on OS, of which many have discussed 

improved treatment regimens and, yet surgery still remains the most effective treatment 

option. In this introduction text I have reviewed the histopathologic and clinical features 

of OS, and briefly describe some of the novel therapeutic approaches to treatment of OS. 
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1.1.1 Definition of OS 

OS is defined as a spindle cell malignant mesenchymal tumor of bone that 

produces malignant osteoid (bone extracellular matrix) (Figure 1.1). It is the primary 

malignant tumor of osteoblasts (differentiated bone cells) and accounts for approximately 

20% of primary bone cancers. It is diagnosed most frequently in patients in their second 

decade of life, coinciding with a period of increased bone growth [3-5]. Primary OS 

tumors are often located in the anatomical bone sites that are associated with maximum 

growth, the distal femur, the proximal tibia and the proximal humerus (Figure 1.1). 

Figure 1.1: A) Radiograph of OS at the distal humerus. B) Gross 

specimen of high-grade intramedullary OS at the metaphyseal region of 

the proximal tibia. C) H&E stained section of high-grade OS. Pink areas 

of osteoid surround the pleomorphic osteoblasts. (Images adapted from 

[6]). 
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1.1.2 Epidemiology 

The latest report from Health statistics Division, Health Canada and the National 

Cancer Institute of Canada indicated that the OS incidence rate is 3.8 per million and 

there were 159 new children with OS between the year 1999 and 2003 (total of 6,446 

new children with any childhood tumor, age 0-19 years). Fifty four of the 159 OS 

patients have died (mortality rate = 1.3 per million per year) and the death-to-case ratio is 

0.34, higher than that of the majority of childhood tumors including, leukemia (0.19), 

lymphoma (0.07), and retinoblastoma (0.03) [7]. Furthermore, a study at the Mayo Clinic 

of 8,542 cases of primary bone neoplasms, OS accounted for 19% of all bone tumors [8]. 

Another study reported a wide irregularity in the geographic pattern of incidence for OS. 

Low rates are observed in some Asian and Latin American populations with incidence 

rates rising steeply with age [9]. 

1.1.3 Etiology 

OS may arise sporadically, or be associated with hereditary diseases such as 

Rothmund-Thomson [10] [11], Bloom [12], and Li-Fraumeni syndromes [13]. In addition 

OS in older patients may be associated with Paget's disease [14]. Other factors such as 

chemical agents, viruses containing the src-oncogene or the SV40 T-antigen, and 

radiation were shown to be potent inducers of OS [12]. Overexpression of oncogenes 

(such as c-FOS and ERBB-2) or growth factors (such as TGF-beta) leading to self 

sufficiency in growth signals and the loss of anti-tumor growth signals (loss of tumor 

suppressor genes such as RB and P53) are also amongst OS predisposition markers 
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(discussed in sections 1.2.2 through 1.2.5). Also, disruption of pathways leading to the 

evasion of apoptosis is emerging as another marker for OS predisposition. This includes 

(but is not restricted to) aberrations of survival factors (IGFs) or death factors (TNFs), 

although more investigation is needed to confirm the implication of these pathways in OS 

pathogenesis (discussed in sections 1.2.2 through 1.2.5). 

1.1.4 Classification and Histopathological grading 

OS is a malignant neoplasm of bone that demonstrates focal osteoid production by 

neoplastic cells. The predominant histological patterns are osteoblastic, fibroblastic, or 

chondroblastic. OS can be classified by histologic grade of malignancy [15] [16]. In this 

classification scheme, several histologic variants of OS have been defined including: 

high-grade OS, telangiectactic OS, small cell OS, giant cell OS, periosteal OS, parosteal 

OS, multifocal OS, well-differentiated OS, high-grade surface OS, and intracortical OS 

[17] (Table 1.1). Of these variants high-grade OS mostly affects children and accounts 

for 90% of all OS cases. Another approach for grading OS is based on cellular 

irregularities and mitotic index. With this classification scheme, OS is one of three 

grades: grade I, II, and III where grade III is considered the highest that is almost always 

associated with OS metastasis. Grades I and II are associated with better prognosis and 

fewer (if any) metastatic disease [18]. 
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Table 1.1: Histologic grades of OS as summarized from 'Tumors of the 

Bones and Joints' Mills et al, 1993 [6]. 

Class 

Conventional 
high-grade OS 

Multifocal OS 

Telangectatic OS 

Small cell OS 

Well-differentiated 
OS 

Intracortical OS 

Periosteal OS 

Parosteal OS 

High-grade surface 
OS 

Occurrence 

>90%ofOS 

Rare 

Rare 

Rare 

1 to 2 % of OS 

Rare 

<2% of OS 

Up to 5% of OS 

Rare 

Age 

2nd decade 80% 
(Childhood OS) 

Childhood & adult 

Childhood & adult 

1st, 2nd decade 
(70%) 

Adult 

10-30 years old 

>21 years old 

More in adults 

Childhood & adult 

Comments 

Mostly high-grade 
& aneuploid 

Mostly High-grade 

90% diploid 

Mostly High-grade 

Good prognosis 

Good prognosis 

Mostly High-grade 

1.1.5 Diagnosis 

Although OS may rise from any bony site, it is usually a metaphyseal lesion. The 

distal femur accounts for approximately one third of all cases and is the single most 

common site, followed by the proximal tibia and the proximal humerus [8]. Most patients 

are in the second decade of life and present in clinic with pain, increased bone mass, and 

occasionally with decreased joint motion [19]. OS grows rapidly, where the median 

doubling time for tumor volume is 34 days [20] [21]. 
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Radiographic assessment of the affected bones usually demonstrates bone 

irregularities of lytic and/or sclerotic nature [5]. Additional radiographic examination is 

usually required to evaluate the lesion in detail. Both computed axial tomography (CT) 

and magnetic resonance imaging (MRI) are superior to plain radiographs in determining 

the extent of the lesions [22] [5]. The typical radiograph finding is a large, infiltrating 

metaphyseal lesion that arises in medullary bone and erodes through the cortex to form a 

large soft tissue mass (Figure 1.1) [22] [5]. In addition a biopsy is important in 

distinguishing OS from other malignant neoplasms (Ewing's sarcoma, lymphoma, 

metastatic tumor) as well as from benign tumors (osteochondromas) and non-neoplastic 

conditions [23, 24]. 

1.1.6 Metastasis 

Gross metastatic disease in the lung or bone is present at diagnosis in 10 to 20% 

of all patients with high-grade OS. Lung and (less often) bone are the most common sites 

of distant spread. Metastases to regional lymph nodes, to colon bowl or to the kidney is 

uncommon [25] [26, 27]. Metastastic lesions usually have similar histological pattern of 

the primary tumor [24], and patients who have had primary OS require regular 

radiological evaluation of the lungs and removal of any suspicious lesions for histological 

analysis [22] [28] [29]. 
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1.1.7 Chemotherapeutic management of OS 

Most commonly used agents for OS treatment include, high-dose methotrexate 

(MTX), doxorubicin (DOXO), cis-Platinum (CDP), and Ifosfamide (IFO) either alone or 

with etoposide [30]. Drugs are primarily given intravenously or rarely intra-arterially. 

Distant metastases remain the major cause of reoccurrence and mortality. Multiple trials 

employing either a single chemotherapy agent or multi-drug regimens showed wide 

disease-free-survival rate of 30 to 70% [31]. Several clinical trials have been conducted 

[32-36], and the overall outcome of those trials have confirmed that the combination of 

multiple chemotherapy agents and surgery results in long-term event-free survival (EFS) 

and survival rates of 60% and higher. 

The high toxicity of currently used OS chemotherapy regimens is a concern. 

Early toxicity may be hematologic, or involve acute liver (mainly due to MTX) and/or 

renal (due to cis-Platinum and ifosfamide) sites. Longer survival has led to the increase in 

late chemotherapy toxicity. The main late toxicities are: second tumor, sterility, chronic 

renal failure, cardiac and neurological toxicities (mainly due to CDP) [37] [38]. For 

example in a series of 755 patients 13 patients (1.7%) developed Doxorubicin 

cardiomyopathy (dose range 300- 480 mg/m2) and all these patients experienced 

congestive heart failure and the risk of developing a second malignant neoplasm was 

calculated to be 8-10%, 20 years after initial diagnosis [39]. 

The current combination treatment of chemotherapy and surgery has significantly 

improved the OS mortality and morbidity rates. The 5-year survival rate has increased in 

the last 30 years from 10% to 70%. In patients with poor prognosis, such as those with 
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metastases at diagnosis, the 5-year survival rate has reached 20-30% due to 

chemotherapy and the surgical removal of metastases and primary tumor [39, 40]. 

However, drugs used for OS treatment are still the same as those employed over the last 

20 years, and no standard, second line therapy exists for those who relapse [40-42]. At 

relapse surgery is still a main option [39]. 

Trials to identify the most effective treatment regimen are still ongoing. Most 

recently, the results of a four-arm study on ~700 osteosarcoma patients were reported 

[35]. In this study MTX, DOXO, CDP ± IFO and ±MTP-PE (liposomal Muramyl 

Tripeptide Phosphatidyl Ethanolamine, a biologic response modifier, and a monocyte 

activator) were added to chemotherapy: the arm that received MTP together with 

Ifosfamide had better results (78% 3-year EFS) compared to the standard arm CDP-

MTX (68%) and the CDP, MTX, Doxo + Ifosfamide arm (61%). Since in this study the 

difference in EFS between the treatment arms was not highly significant (P = 0.04) 

additional clinical investigations was concluded by the investigators to be necessary to 

identify the most effective regimen [35]. 

There are several new therapeutic approaches being considered for future treatment 

of OS. These include immune-based therapy, antiangiogenesis agents, tumor-suppressor 

or suicide gene therapy [39, 43]. In addition, there has been increasing interest in 

anticancer drugs not commonly used in OS such as epigenetic modifiers which will be 

discussed in the second half of this chapter. 
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1.2 Chromosomal basis and molecular genetics of OS 

Malignant transformation requires the accumulation of genetic and epigenetic 

alterations leading to loss of tumor suppressor genes, activation of oncogenes, 

abnormalities in genes that control DNA repair pathways, abnormalities in chromosome 

number and structure, and overall genomic instability. In OS, a number of studies have 

described a variety of alterations resulting in chromosomal abnormalities, tumor 

suppressor gene inactivation, and oncogene overexpression. Particularly, ploidy changes, 

chromosomal rearrangements, and genomic imbalance, have been reported frequently in 

OS and have been linked to its tumorigenesis. OS tumors also have been shown to harbor 

genetic lesions that inactivate both the p53 and/or Rb tumor suppressor pathways. These 

genetic alterations directly or indirectly suppress the normal function of p53, Rb, or both, 

which impairs control of cell cycle progression and shifts the balance in favor of cell 

proliferation. In addition, a variety of oncogenes including FOS, MYC, and ERBB2 are 

activated in some OS tumors. This section will review some important chromosomal and 

molecular lesions in OS and discuss some of the potential genes and pathways with 

possible roles in OS development. 

1.2.1 Chromosomal alterations in OS 

In contrast to sarcomas, such as Ewing's sarcoma, synovial sarcoma, and alveolar 

rhabdomyosarcoma with recurrent chromosomal translocations that are diagnostically 

useful, OS has karyotypes that are highly complex with multiple chromosome 
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rearrangements (Table 1.2). Conventional and molecular cytogenetic approaches have 

been of value in observing chromosome structure and number aberrations in OS, and a 

number of surveys of structural and numerical aberrations have been performed on OS 

[44-50]. Chromosomal analyses and conventional G-banding studies have shown that OS 

tumors possess karyotypes with a high degree of aneuploidy observed as elevated 

chromosome numerical changes. Several reports have shown that OS is featured with 

chromosome number range from near haploid to near- tetraploid or even up to octaploid 

range [44, 46, 49-53]. Moreover, the high range of ploidy is more frequent in high-grade 

OSs than that of the low-grade OS [45]. 

Comparative Genomic Hybridization (CGH), array-CGH, and Spectral 

Karyotyping (SKY) analysis have been systematically applied to OS to address the 

inherent difficulties associated with classical cytogenetic analysis [53]. CGH studies have 

identified chromosomal gains at lp, lq, 4q, 5p, 7q, 8q, 14q, 19 and losses at chromosome 

2q, 3p, 6q, 8p, and lOp. Cytogenetic studies including spectral karyotyping, M-Banding, 

and FISH studies have identified chromosome bands or regions lpl 1-13, lql 1-12, lq21-

22, llpl4-15, 14pll-13, 15pll-13, 17p and 19ql3 to be most frequently rearranged [50, 

54-56]. As more tumors are studied using more advanced cytogenetics and microarray 

methods, recurrent anomalies affecting specific chromosomal regions and/or distinct 

patterns of chromosomal imbalance are becoming more apparent. 

In summary, OS is characterized with high level of ploidy changes, numerical 

aberrations and very complex karyotypes with multiple rearrangements, which are 

thought to contribute to the aggressive behavior of this tumor. These characteristics imply 

11 



that the genome of OS is subject to an unusually high level of chromosomal instability 

(CIN) and that CIN may be intrinsic to OS oncogenesis. CIN refers to a series of 

chromosomal changes occurring at an accelerated rate in cell populations derived from 

the same ancestral precursor. [51] [57] [58]. CIN is characterized by grossly abnormal 

karyotypes, featuring both structural and numerical chromosome abnormalities [58]. The 

heterogeneity of numerical changes in OS is believed to directly reflect an underlying 

CIN, which may result from a persistent underlying defect leading to a constantly 

elevated rate of chromosome anomalies arising at each cell division [59, 60]. In addition 

to the role of chromosome segregation defects there is increasing evidence that links 

epigenetic aberrations to CIN [61] (discussed in section 1.5.3). 

Table 1.2: Recurrent chromosomal translocations in sarcomas. 

Tumor 

Ewing sarcoma 

Clear cell sarcoma 

Desmoplastic small round 

cell tumor 

Myoxoid chondrosarcoma 

Alveolar rhabdomyosarcoma 

Embryonal rhabdomyosarcoma 

Translocation 

t(ll;22)(q24;ql2) 

t(12;22)(ql3;ql2) 

t(ll;22)(ql3;ql2) 

t(9;22)(q31;ql2)[65] 

t(2;13)(q35;ql4) 

LOH/ loss of imprinting 

[68, 69] 

Fusion partners 

EWS/FLI-1 [62] 

ATF1/EWS [63] 

EWS/WT1 [64] 

EWS/TEC [66] 

PAX3/FKHR [67] 
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1.2.2 Alterations in the P53 pathway in OS 

Human P53 is a commonly mutated tumor suppressor gene in human cancers. It 

was localized to chromosome 17pl3 and its inactivation is central to the pathogenesis of 

OS. Inactivation of p53 in OS can be by mutations in the gene itself or by alterations of 

its regulatory genes. Alterations of p53 gene seen in OS tumor samples consist of point 

mutations (20-30%), gross gene rearrangements (10-20%), and allelic loss (75-80%) [12, 

70]. P53 mutations can be detected before or after the development of metastasis in OS 

tumors, an indication that P53 mutations are an early event in OS [71]. Furthermore, the 

effect of P53 alterations in mice and humans provide strong evidence of its involvement 

in OS pathogenesis. Studies showed that up to 70% of heterozygous P55-dificient mice 

develop OS by 16 months of age [72, 73], in addition to increased incidence of metastatic 

OS [74]. Germ-line mutations in P53 predispose patients to a variety of tumors, 

particularly sarcomas including OS, a phenomena known as Li-Fraumeni syndrome [75, 

76]. 

Loss of P53 function can also result from upstream defects such as 

overexpression of its regulatory protein MDM2. MDM2 is located on chromosome 12ql3 

and encodes a protein that modulates p53 negatively. Copy number analysis has shown 

that 5-10% of OS have amplification in the 12ql3 region, encompassing not only MDM2 

but also often the closely linked CDK4 gene [77, 78]. Alterations in MDM2 are more 

evident in metastatic OS than it is in primary OS [79]. Another defect upstream of the 

p53 pathway in OS is deletions of the INK4 locus [80]. The INK4 locus on chromosome 

9p21 encodes at least three genes: p l 4 ^ , V\6INK4A and pl5 INK4B [80]. The p l 4 ^ 

13 



protein regulates p53 function by binding mdm2 protein and sequestering it in the 

nucleus. As a result, pi4ARF prevents mdm2 from targeting p53 for degradation [81]. The 

INK4A locus is deleted in approximately 10% of OS, and most deletions will inactivate 

ipl4ARF expression [82] representing another mechanism for inactivation of p53 protein 

function. 

1.2.3 Alterations in the RB pathway in OS 

The retinoblastoma (Rb) protein is a major regulator of Gl to S cell cycle 

transition [83]. RB gene is located on the long arm of chromosome 13, a region with loss 

of heterozygosity (LOH) in approximately 60% of OS tumors [84, 85]. Gross structural 

rearrangements of the RB gene are present in up to 30% of OS tumors, and point 

mutations appear to be far less frequent, occurring in less than 10% [85, 86]. 

Heterozygosity for germ line mutations in RB predisposes patients to the hereditary form 

of retinoblastoma, and these patients have a significant increase in the frequency of 

primary and radiation related OS [87]. Other studies on sporadic OS reported the 

presence of RB gene alterations in about 70% of the cases and correlated alterations in 

this gene to late stages of OS development [88]. These alterations included structural 

rearrangements, complete deletions or less frequently point mutations. Nevertheless, OS 

tumors with no RB alterations might have defects in other proteins in the RB pathway. 

These proteins include p l 6 7 7 ^ , and CDK4. 

As mentioned above the INK4 locus on chromosome 9p21 encodes for 

p l 6 7 ™ , V\5mK4B and p l 4 ^ . While p i 4 ^ is involved in the p53 pathway, ^\6INK4A is a 
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tumor suppressor gene that inhibits cdk4, which in a complex with cyclin Dl, facilitates 

the transition from Gl to S phase in cell cycle by phosphorylating Rb. Deletion of INK4 

locus was reported in 10% of OS cases [82]. Loss of p l 6 / J v ^ function results 

predominantly from INK4A deletions rather than point mutations [82, 89]. Moreover, 

chromosome region 12ql3 is amplified in a subset of OS [82]. This region is a genomic 

location for CDK4 (in addition to MDM2) genes. Higher levels of Cdk4 may lead to Rb 

phosphorylation impairing its function in cell cycle control [90]. CDK4 gene is amplified 

in 9% of OS tumors [82] making this event significant in OS pathogenesis as it can 

impact the Rb pathway. 

1.2.4 Oncogene amplification in OS 

In addition to alterations affecting tumor suppressor genes, other genes with 

oncogenic properties were found amplified in a subset of OS tumors including MYC and 

FOS oncogenes. MYC oncogene family plays a significant role in the pathogenesis of 

many human neoplastic diseases [91, 92]. c-MYC gene is located on 8q24 and encodes 

for a protein that is involved in a number of cell processes including DNA replication, 

modulation of cell growth, regulation of apoptosis and transcriptional regulation of 

specific genes [93, 94]. c-MYC gene is amplified in a small subset of OS [95, 96] and its 

product was found overexpressed more frequently in relapsed and metastatic OS [97]. 

The c-FOS oncogene is also amplified in OS [97]. It was isolated as the cellular 

homologue of the v-FOS gene found in the OS inducing FBR- and FBJ-murine sarcoma 

viruses (MSV) [98]. c-Fos oncogene is a transcription factor on chromosome 6q21 and its 
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activation induces transformation in cultured cells [99]. Moreover, when the viral 

homologue v-FOS was injected into mice, OS formation was enhanced [100]. Expression 

of c-FOS has been shown to be highly elevated in 60% of OS samples [101]. Elevated 

expression of c-FOS was correlated with high-grade more frequently than with low-grade 

OS [101]. Overexpression of c-FOS have been observed more often in patients who 

developed metastases than those who remained metastases free [97]. 

1.2.5 Other genes and pathways with potential role in OS pathogenesis 

a) GADD45A 

OS tumors typically have complex karyotypes with multiple structural and 

numerical chromosomal aberrations. There are several other factors whose aberrations 

have potential implication in OS pathogenesis. In particular, aberrations in factors that 

shift the balance toward increased tumor cell survival and decreased apoptosis. One 

downstream target for p53 protein that has been associated with genomic fidelity is the 

GADD45 family member GADD45A [102, 103]. Gadd45a is a small protein involved in 

the G2/M checkpoint arrest [104], nucleotide excision repair [105] and apoptosis [106]. 

The involvement of this gene in OS pathogenesis and its therapeutic potential is one of 

the main subjects of this thesis. Detailed discussion of GADD45A involvement in caner in 

general and in OS in particular is given in Chapter 3. 
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b) Signaling pathways 

There has been growing recognition of the importance of microenvironmental 

signals in cancers [107-110]. There are several examples of secreted factors with roles in 

the cell signaling pathways that are implicated in bone development. These factors have 

been implicated in normal bone development by being part of the signals exchanged in 

the bone microenvironment [111]. Examples of secreted signaling factors implicated in 

bone development include the Wnts and related proteins, notch, TGF-beta, and IGF 

binding proteins. 

Wnt signaling pathway represents the potential role of microenvironmental 

signaling in determining the balance between proliferation and differentiation during 

bone development [112]. Wnt signaling regulates cell proliferation and is regulated 

tightly during bone development [113, 114]. It is active during the early stages and 

inhibited in the late stages of osteoblast differentiation [113]. Hence, Wnt signaling acts 

as a molecular switch influencing proliferation and differentiation balance in the 

osteoblast lineage. There is also good evidence that regulation of Wnt signaling pathway 

is coordinated along with that of notch, and TGF-beta pathways during osteoblast 

differentiation [115]. Coordination of the three signaling pathways during bone 

development is orchestrated by a class of genes know as bone morphogenic proteins 

(BMPs) [115]. Several family members of BMP family were found overexpressed 

frequently in OS [116] suggesting BMP implication in OS development. Other signaling 

molecules which are known as regulators of proliferation and differentiation in 

mammalian cells with potential role in bone development are the IGF binding proteins 
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(IGFBPs). The role of this signaling pathway in bone development remains largely 

undetermined and will be discussed in more detail in the second chapter of this thesis. 

1.3 Preclinical in vitro and in vivo models of OS in drug testing 

A full assessment of normal and tumor cell behavior requires integrating 

experimental data from novel drugs both in vitro and in vivo models. Such preclinical 

studies are usually performed prior to biological and clinical correlative studies as part of 

clinical trials. Numerous OS cell lines have been established and several of which have 

the biological characteristics of the disease [117]. Moreover, various therapeutic agents 

have been tested on those cells and the observed effects gave insights on OS cell 

sensitivity to chemotherapy [118]. Model systems for studying OS comprise: (1) human 

tumor cells grown in cultures (primary or immortalized); (2) experimental animals 

(xenografts); (3) animal OS tumors and derived cell lines; and (4) transgenic animal 

models with spontaneous or induced OS incidence. 

One advantage for using animal hosts to propagate human cancer cells is to provide 

a microenvironment that resembles the physiological conditions in the original tissue. 

Such approaches have been proven to be particularly useful in studying the efficacy of 

therapeutic agents. This section focuses on discussing the use of human OS cells in drug 

testing in vitro and in xenografts. 
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1.3.1 Human OS cell lines 

The most commonly used human OS cell lines are the human OS cell lines U20S, 

MG63, SA0S2, HOS and 143B [119]. These cell lines have been extensively 

characterized in the literature. They were derived from young OS patients and have been 

confirmed -to have some of the genetic lesions affecting pathways with biological 

relevance to OS tumors [119, 120]. Despite the similarity of OS cell lines in regards to 

their origin, they differ from one another in their response to treatment [120, 121]. This 

could be explained in one way by the differences in the genetic lesions observed in these 

cell lines. For example, the P53 gene is known to be functional in U20S but not in 

MG63, SAOS2 or HOS [122, 123]. 

In vitro studies of human OS cell lines have provided a better understanding of 

the molecular signaling and of the multitude of response to chemotherapy of OS derived 

cells, however they remain limited. One major limitation of the in vitro studies includes 

the inability of observing the effects resulting from the interaction between the tumor 

cells and the microenvironment that is provided by the host. This limitation is 

emphasized in experimental systems that investigate the efficacy of therapeutic drugs. 

Overcoming this limitation is possible through establishing these cell lines in animal 

models (xenograft), which would allow for the physiological and histopathological 

assessment in conditions comparable to those of the original disease. 

19 



1.3.2 OS xenografts 

Therapeutic studies of OS xenografts in immunocompromised mice are needed to 

investigate the differential response of currently used drugs and to evaluate new drugs. 

Only a limited number of murine xenograft studies of OS have been undertaken [117, 

118, 124]. Some researchers have generated xenografts from non-transformed primary 

OS cells [118]. They have shown that some of the in vitro observations are reproducible, 

and the tumor response to treatment across the xenografts closely parallels that of OS 

tumors. 
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1.4 Epigenetic Modifications 

In the 1940s a new biological concept was described under the identification 

"epigenetic landscape". This concept was published in its mature form in 1957 

describing a set of developmental choices that is faced by a cell in the embryo [125, 126]. 

This concept is one of Conrad Hal Waddington's greatest contribution to science and it is 

described in detail in his book "The Strategy of the Genes" [125, 126]. Waddington's 

"epigenetic landscape" is a metaphor for a dynamic system, one in which the axes 

represent concentrations of all the gene products in the cell. All the cells in the embryo 

would evolve according to the same laws, but because of the existence of inducing 

signals, cells in different regions would follow different pathways and end up at different 

attractors, which can be elegantly associated with different states of terminal 

differentiation [126]. Today, "epigenetics" is known as the mechanisms that result in 

heritable changes in gene expression without changes in gene sequence [127]. These 

heritable changes are maintained as covalent chemical signatures on the cytosine bases in 

the DNA and/or the histone proteins of the chromatin, resulting in regulation of 

chromatin organization and DNA accessibility, and ultimately regulation of gene 

expression [127]. 

Regulation of epigenetic signals ensures appropriate biological responses across 

the different stages of cell development [128]. Dysregulation of epigenetic signals, on the 

other hand, may lead to the occurrence of disease [129]. The most studied type of 

epigenetic signal in the literature is methylation of cytosine on DNA [130] (Figure 1.2). 
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Histone protein modifications are another type of epigenetic signals that has gained 

increasing interest in the last two decades (Figure 1.2) [131, 132]. Both types of 

epigenetic signals are notably reversible, a feature that facilitated the targeting of these 

signals for human disease treatment [127]. This section of the introduction describes the 

key concepts of chromatin organization and DNA methylation. 
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Figure 1.2: A) Epigenetic mechanisms: histone modifications and DNA 

methylation. Histone modifications can be one of several types including 

histone acetylation, histone phosphorylation and histone methylation. 

DNA methylation refers to the addition of a methyl group to the fifth 

carbon position in cytosine base (5mC). These processes orchestrate the 

opening or compaction of chromatin. B) Open and closed chromatin 

domains. Lower 5mC and higher acetylation are markers of open 

chromatin domains (active transcription domains). Higher 5mC and lower 
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acetylation are markers of closed chromatin domains (repressed 

transcription domains). (Adapted from [133]) 

1.4.1 Chromatin organization and histones 

The largest unit of organization of the eukaryotic genome is the chromosome. 

Chromosomes are discrete nuclear bodies separated by an interchromatin compartment; a 

continuous space between adjacent chromosomes in the nucleus [114]. Chromosomes are 

essentially complex DNA structures that are packaged around core proteins called 

histones including H3, H4, H2A, H2B and HI. The packaging of DNA around histones is 

referred to as the chromatin. Chromatin and chromosomes are packaged in a number of 

distinct levels, each with its own packing ratio: the ratio of the length of the DNA to that 

of the structure into which it is compacted. The higher levels of DNA packing differ as 

the cell progress through cell cycle to mitosis. However, the lower levels of packing are 

generally the same with the exception of a few modifications of chromatin. Modifications 

of the lower levels of chromatin compaction are the subject of discussion herein [134]. 

The basic packaging units of chromatin are the nucleosomes, and each 

nucleosome is made of the core histones with the DNA thread wrapped around it. Each 

nucleosome is linked to adjacent nucleosomes by histone linkers forming the backbone 

for DNA packaging. The nucleosome contains 8 histone molecules, two of each histone, 

and is enough to wrap a DNA segment of ~200 base pairs; a structure known as the 

'nucleosome fiber'. Nucleosomes are linked together by linker histones (HI and its 

variants) to further stabilize the chromatin and link nucleosome fibers. Histones consist 

of unstructured highly basic N-terminal tail and a short basic C-terminal tail. Histone tails 
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contain amino acid residues (such as lysine, and arginine) that can be tagged with acetyl, 

methyl, or phosphate groups [134]. 

Histone proteins are the subject of several types of modifications. Histone 

modifications can influence the degree of DNA compaction. They are involved in the 

establishment of the chromatin state through facilitating opening or closing chromatin 

domains. Opened chromatin domains form the euchromatin, and closed chromatin 

domains form the heterochromatin [134]. Chromatin transcription activity depends on the 

state of the chromatin domain. Euchromatin is indicative of the accessible-

transcriptionally active domains, whilst heterochromatin is indicative of silenced 

domains. This chromatin pattern is not random and is heritable leading to transmission of 

a number of biological phenotypes such as imprinting and X chromosome inactivation 

[135]. Although the function of the majority of histone modifications remains poorly 

understood, there has been considerable progress in uncovering the function of 

acetylation or methylation of lysine residues on histones [136]. For example, acetylation 

of histones on lysine residues has been shown, almost always, as a marker of active 

chromatin and a signature of actively transcribed genes [136]. In contrast, H3-Lysin 9 

methylation has been consistently shown as a marker for repressed chromatin state 

leading to transcription silencing [137]. 

Chromatin degree of compaction is not only a result of histone modification, but 

also epigenetic modification of the DNA thread itself. The major epigenetic modification 

of DNA is methylation of the fifth carbon position (C5) of the cytosine base. In human, 

this mechanism has been strongly linked to normal development and to the development 
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of disease as discussed in the upcoming sections. Moreover, manipulating this 

mechanism has been shown to be fruitful in the treatment of human disease. 

1.4.2 DNA methylation 

Addition of a methyl group to C5 of the cytosine base is referred to as DNA 

methylation (Figures 1.2 and 1.3). DNA methylation is the most extensively studied, 

thus the most understood epigenetic mechanism. In mammals, methylation of the C5 

position of cytosines (5mC) within CG rich regions in the genome (CpG-islands: "p" 

denotes the intervening phosphate group) represents a major form of DNA modification 

[138, 139]. The distribution of CpG dinucleotides in mammalian genomes is not random. 

Globally, CG occurs at a low frequency of ~1 CpG/100 bp of the genome, lower than that 

of expected frequency at random, and these are predominantly methylated on both 

strands. The promoter and 5' sequences of about half of the known genes, however, have 

a higher CG frequency of occurrence than that of other regions of the genome (~1 

CpG/10 bp; which is near the expected random frequency) [140]. These are called CpG-

islands (~ 1 kb in size), which tend to be undermethylated in normal cells , with the 

exceptions of methylated CpG-islands that are associated with transcriptionally silent 

alleles of imprinted genes and the silent genes on the inactive X chromosome in females 

[140]. CpG-islands associated with imprinted and X-inactivated genes account for <10% 

of total genomic methylated CpGs. The bulk of methylated CpG in the genome (-70%) 

resides within CG-rich transposons that are not associated with 5' promoter regions of the 

genes (extragenic regions) [141, 142]. 5mC is mediated by proteins called DNA 
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(cytosine-5) methyltransferases (DNMTs) which are divided into two major classes: 

maintenance DNMTs and de novo DNMTs [143-146]. 
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Figure 1.3: Proposed catalytic mechanism of Dnmts. The substrate in this 

mechanism is cytosine base in DNA and the methyl donor is S-adenosyl-

L-methionine (AdoMet). Enzyme cysteine thiolate is added covalently to 

the C6 position; thereby pushing electrons to the C5 position to make 

enamine. Enamine then attacks the methyl (CH3) group in AdoMet 

followed by methyl transfer. Abstraction of a proton from the C5 position 

was suggested to allow the 5-6 double bonds and the release of the 

enzyme from Cytosine. (Schematic adapted from [147]) 
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a) DNMTs 

The first eukaryotic DNA methyltransferase to be cloned is DNA (cytosine-5) 

methyltransferase-1 (Dnmtl) [148, 149]. It was identified based on the similarity of its 

biological activity to that of bacterial methyltransferases [149]. Several subsequent 

studies confirmed that the C-terminal region of Dnmtl protein contains a series of motifs 

characteristic of the known DNMTs that are conserved from bacteria to humans [148, 

150, 151]. These regions cooperate to form binding sites with the reaction substrates, S-

adenosyl-L-methionine (AdoMet), DNA, and the DNMT catalytic domain. The DNMT 

catalytic domain catalyses the transfer of the methyl group from donor AdoMet to C5 of 

the CpG dinucleotide on the DNA. The proposed mechanism of this enzymatic reaction is 

depicted in (Figure 1.3) [147]. The enzymatic properties of Dnmtl have been studied 

extensively using in vitro biochemical assays as well as in vivo genetic approaches. 

Although Dnmtl can transfer a methyl group to symmetrically unmethylated CpG 

dinucleotides in vitro, it preferentially methylates hemimethylated target sequences [152-

156], and little if any target sequence specificity has been seen outside the CpG 

dinucleotide [152]. These findings suggested that Dnmtl functions in the maintenance of 

CpG methylation by methylating the daughter strand CpG in hemimethylated sequences. 

Genetic studies in mice revealed that partial loss of Dnmtl function results in 

embryonic lethality. However, in vitro Dnmtl homozygous mutant ES cells are viable, 

and they exhibit no obvious growth or morphological abnormalities [157]. Genomic 5mC 
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content in these cells is reduced to levels significantly lower than those of ES cells 

expressing a partial loss-of-function of mutant dnmtl [158]. Although these cells exhibit 

substantial demethylation, they retain -30% of the normal level of genomic 5mC. In 

addition, they are able to de raovo-methylate newly integrated retroviral DNA [158]. 

These studies confirmed the existence of additional DNA (cytosine-5) methyltransferases 

and, together with previous in vitro data, suggested that Dnmtl functions to maintain 

rather than to establish patterns of CpG methylation. 

The identification of Dnmt3a and Dnmt3b confirmed the existence of a family of 

mammalian DNMTs. These genes were identified in expressed sequence tag (ESTs) 

databases by their sequence similarity with the catalytic domain of Dnmtl. However, the 

Dnmt3 proteins have no homology to Dnmtl outside this region [155]. The properties of 

the Dnmt3 family implicated these proteins as the long-assumed de novo DNMTs. Unlike 

Dnmtl, neither Dnmt3a nor Dnmt3b shows a preference for hemimethylated DNA target 

sites in vitro [155, 159]. Furthermore, the expression patterns of the Dnmt3 genes 

correlate with the timing of developmental de novo methylation. Although Dnmtl is 

expressed ubiquitously in somatic cells, the Dnmt3 genes are expressed at a high level in 

undifferentiated embryonic stem cells but at low levels in differentiated somatic tissues 

[155]. The de novo methyltransferase functions of Dnmt3a and Dnmt3b have been 

confirmed by studies in genetically modified mice [160]. Embryonic stem cell lines with 

homozygous null mutations in Dnmt3a and Dnmt3b were produced, separately and in 

combination. Both single knock-out lines retained the ability to methylate foreign 

retroviral DNA, whereas the double knock-out cells completely lacked this activity, 
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demonstrating both the requirement and the redundancy of Dnmt3a and Dnmt3b for de 

novo methyltransferase activity [160]. 

Other DNMTs were discovered based on the similarities to the properties of 

bacterial methyltransferases and the structure of Dnmtl or Dnmt3 including Dnmt2 and 

Dnmt3L. The function of Dnmt2 remains poorly understood since it has been shown to 

have no detectable methyltransferase activity [160, 161], whilst Dnmt3L is believed to 

assist de novo DNMTs in establishing the maternal imprinting patterns during 

development [162, 163]. The link between DNA methylation on CpG caused by DNMTs 

and transcription repression was missing until the discovery of a family of proteins that 

bind to methylated CpG dinucleotides and repress transcription activity [164]. The 

members of this family has been extensively studied in the last two decades, therefore I 

will briefly discuss the general characteristics of this family of proteins, 

b) Methyl binding domain proteins (MBDs) 

The correlation between DNA methylation and transcriptional inactivity is well 

established. However, a causative role for CpG methylation in repression of transcription 

had often been a subject for debate. The identification of a family of proteins that bind to 

DNA containing methylated CpG dinucleotides indicated the initial causative link 

between CpG methylation and repression of transcription. The members of this family 

are called methyl-CpG-binding proteins (MeCP or MBD) since they are all characterized 

with an N-terminal methyl binding domain MBD. 

The presence of this family of proteins in human cell extracts was reported nearly 

two decades ago [164]. MeCP2 (MBD2) was the first to be purified and biochemically 
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characterized [165, 166]. This protein contains an N-terminal MBD and a C-terminal 

transcription repression domain (TRD) [167]. In vivo, MBD2 has been shown to associate 

with chromatin [166] and localizes to methyl-CpG-rich sequences [168]. In vitro, the full 

protein or the MBD alone selectively binds to DNA containing symmetrically methylated 

CpG dinucleotides with an affinity directly proportional to methyl-CpG density [165, 

169]. TRD represses transcription with or independently of other MeCP2 sequences [170-

173], through binding to the histone deacetylase corepressor complex Sin3a/HDAC [171, 

172]. These findings suggested a chain of events by which DNA methylation promotes 

transcriptional silencing. 

Today, an established model suggests that MeCP2 binds to chromosomal regions 

containing methylated CpG dinucleotides. A deacetylase corepressor complex is then 

recruited by the binding of Sin3a/HDAC to TRD. Histone deacetylation, in turn, results 

in condensation of chromatin leading to a local condensed chromatin structure and 

repression of transcription initiation [174]. Consistent with this model, in vitro 

transcription repression by MeCP2 is sensitive to histone deacetylase inhibitors [171, 

172]. There is also an evidence for HDAC-independent mechanisms of transcription 

repression by MBD proteins, further extending the potential impact of DNA methylation 

on gene expression [173, 175-177]. In some cancer cell lines, hypermethylation silenced 

genes can be reactivated by simultaneous treatment with the HDAC inhibitor trichostatin 

A (TSA) and the demethylating agent 5-Aza-dC (decitabine) but not by TSA alone [178]. 

These findings suggest either that DNA methylation has additional repressive effects that 
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are independent of histone deacetylation, or that unknown TSA-insensitive HDACs are 

also involved. 

Up-to date, in silico and cloning approaches identified at least five MBD family 

members including MBD1, MBD2, MBD3, MBD4, and MBD5 [179-181]. All MBDs 

have sequence similarities, however their capability of binding to methylated CpG differ. 

MBD3, for instance, has little if any methyl-CpG-binding activity in vitro, hence it is 

unlikely that mammalian MBD3 plays a role in methylation dependent transcription 

repression [180]. MBD4 has a sequence similarity to the bacterial DNA repair enzymes 

[180, 182], and although MBD4 is capable of binding to methyl-CpG sites, it has a higher 

affinity for 5mCpG-TpG mismatched sites [183]. The DNA repair domain in MBD4 

provides DNA iV-glycosylase activity at G-T mismatches, therefore, MBD4 is ideally 

suited to function in the repair of point mutations that result from spontaneous 

deamination of 5-methylcytosine to thymine [183, 184]. 

As discussed above, the establishment (de novo) and maintenance of appropriate 

DNA methylation patterns as well as the consequent remodeling of the chromatin 

structure is interplayed by a number of factors. The final product of this interplay is the 

regulation of gene transcription activity. Regulation of gene transcription activity by 

DNA methylation is essential and is coordinated in a timely manner for normal cell 

growth and development. Many normal cytological phenotypes are controlled by DNA 

methylation including X chromosome inactivation in female cells, silencing of imprinted 

alleles, and silencing of retro-transposable DNA elements (Figure 1.4). In humans, 

disruption of normal methylation patterns may lead to initiation and to progression of 
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disease (Figure 1.4). An overview on the importance of DNA methylation in the context 

of normal cell development is discussed below followed by another section dedicated to 

DNA methylation in the context of development and progression of human disease. 

No r m a l Chromatin 
organization 

X inactivation / \ Imprinting 

Tissue Specific yu. DNA __/v Silencing of 
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Figure 1.4: Normal and abnormal functions of DNA methylation. This 

schematic illustration demonstrate the variable functions of DNA 

methylation in normal cells and the role of DNA methylation in the 

development of disease as discussed in sections 1.4.3 and 1.5. (Illustration 

was adapted from [185]). 

1.4.3 Normal function of DNA methylation 

Mouse knockout for Dnmts have demonstrated that these enzymes are essential 

for normal embryonesis. Changes in DNA methylation during the early stages of 

embryogenesis provide evidence for the implication of DNA methylation in cell 

development. Methylation silencing of the transcriptionally inactive alleles of imprinted 
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genes, inactive X chromosome in females, and retro-transposable sequence elements in 

the genome are all indications of the important function of DNA methylation in 

mammalian cells. 

a) DNA methylation in normal cell development 

The Importance of DNA methylation in normal development is evident from the 

lethality effect seen in the Dnmt knockout mice [160]. In those experiments, Dnmtl, 

Dnmt3a, and Dnmt3b activity were believed to be essential for normal murine 

development. However, some domains of Dnmt proteins were found to interact with 

proteins involved in controlling DNA replication, the cell cycle, and gene expression 

[186, 187]. Hence, the non-viability of the Dnmt knockout mice alone does not prove that 

it is the loss of DNA methylation which leads to their phenotypes. Other observations in 

human disease, none-the-less, provided further evidence to the importance of regulation 

of DNA methylation in normal cell development. Point mutations in humans affecting 

only the catalytic domain on the C-terminal of Dnmt3b can give rise to a rare recessive 

syndrome characterized with immunodeficiency, centromeric region instability, and 

facial anomalies (ICF) [160]. The ICF mutation affects the domain of mammalian DNA 

methyltransferases that has been implicated only in controlling the catalytic activity of 

the enzyme. Moreover, ICF is characterized with loss of <10% of genomic 5mC [188]. 

This syndrome also involves immune problems affecting B-cell function and various 

other abnormal phenotypes such as, facial anomalies, growth retardation, and 

neurological dysfunction [146]. The finding that ICF mutations specifically alter the 
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catalytic domain of Dnmt3b indicates that normal levels of DNA methylation in humans 

are important for regulating expression of certain genes involved in differentiation during 

development. 

Other evidence for the implication of DNA methylation in cell development 

comes from the observation of the dramatic changes seen in DNA methylation very early 

in embryogenesis. First there is active demethylation of the paternal genome soon after 

fertilization followed by a slow demethylation of the maternal genome [189]. Subsequent 

remethylation of DNA of the inner cell mass, but not the outer cell mass of the embryo, 

begins at the blastocyst stage. Also there is a suggestion that aberrant DNA methylation 

during embryo formation in mammals cloned by nuclear transfer may be partially 

responsible for the very high rate of prenatal lethality and growth abnormalities in 

surviving embryos [190]. 

b) Methylation of silenced alleles of imprinted genes 

Most mammalian autosomal genes are expressed from two alleles, the maternally 

and the paternally inherited copies. A small fraction of the genes in the genome, however, 

are expressed in a parent-of-origin-specific manner and known as the imprinted genes 

[191]. The imprinted genes are regulated by epigenetic mechanisms, including, but not 

restricted to, DNA methylation of CpG dinucleotides. To date, ~ 50 imprinted genes have 

been identified in the human genome [192] and they tend to cluster together in certain 

imprinted chromosomal domains [191, 193]. Dysregulation of expression of imprinted 

genes is a critical cause of human disorders of growth and development [194]. Different 

combinations of epigenetic markers, including DNA methylation and histone 

34 



modifications, have been demonstrated to be critical for normal imprinted gene 

regulation. Allele specific differences in DNA methylation resulting in differential 

expression have been observed in the proximity of most imprinted genes [194]. 

A well established example of allele specific methylation is that of the SNRPN 

gene locus on chromosome 15qll [195]. The allele specific methylation in this locus 

follows the paradigm known from gene expression studies where methylation is observed 

on the repressed allele [196]. Methylation patterns of imprinted genes, however, can be 

more complex. IGF2R harbor methylation marks on the maternally expressed allele and 

IGF2 gene harbor methylation marks on the paternally expressed allele [197, 198]. In 

addition to allelic differences in methylation, the extent of differential methylation within 

a given locus differs greatly from one gene to another. For example, in somatic tissues 

the H19 gene is methylated on the repressed paternal allele over an 8 kb region, whereas 

IGF2R has two independent regions of differential methylation that span 1.7 kb and 1.8 

kb [197, 199]. Furthermore, differential methylation has been observed in every 

conceivable position in the imprinted loci, from core promoter regions, introns, and exons 

to regions that are distal to the transcribed sequence [194]. 

c) Inactivation of X chromosome 

X chromosome inactivation in female cells is another important normal function 

of DNA methylation. Inactivation is achieved on one of the two copies of X 

chromosomes to ensure gene dosage compensation in females. The initiation of X 

inactivation is controlled by the X-inactivation center (Xic), which produces the 

noncoding Xist transcript responsible for triggering silencing in cis. Xist then recruits 
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many of the epigenetic features generally associated with heterochromatin, including 

histone modifications and DNA methylation [200, 201]. Histone modifications are 

believed to be an early event while DNA methylation appear to be relatively late events 

during X chromosome inactivation [201]. 

d) Methylation of transposable and retroviral elements 

Majority of the 5mC are found in the repressed transposable and retroviral 

elements in the genome. These sequences include Alu repeats, short and long interspersed 

nuclear elements (SINE and LINE repeats) [202, 203]. Methylation of cytosine not only 

represses these elements, but also increase the rate of their mutational inactivation via 

cytosine to thymine conversion. The latter is thought of as an evolutionary process to 

contain these repetitive sequences and prevent their potential genomic harm [204]. 
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1.5 DNA Methylation and human disease 

DNA methylation is the best characterized epigenetic mechanism in mammals. 

After replication, Dnmtl and other maintenance methylases restore the original pattern of 

CpG methylation in the daughter strands. This provides a simple mechanism for the 

perpetuation of epigenetic information in proliferating cells. Dysregulation of 

methylation alters gene expression leading to human disease of growth and development. 

Dysregulation of expression of imprinted genes is an example of human disorders that are 

associated with disruption of methylation patterns. In addition, the understanding of 

cancer as an epigenetic disease is evolving rapidly, and alterations of DNA methylation 

patterns are central to cancer epigenetics. 

1.5.1 Methylation and human disorders of growth and development 

Abnormal growth, irregular cell proliferation, defects in organ development, 

hyperplasia and occurrence of tumors are all amongst the manifestations of dysregulation 

of expression of imprinted genes. The strong evidence linking alterations of DNA 

methylation patterns to human disorders of growth and development comes from the 

extensively studied Beckwith-Weidemann syndrome (BWS,OMIM#13650). BWS is 

caused by dysregulation of expression of imprinted genes located on a cluster of the 

human chromosome l lpl5 [205-207]. The regulation of imprinted genes on this cluster 

occurs on two distinct domains and controls the expression of genes in an area spanning 1 

Mb. In one of these domains (domain 1), the imprinted genes IGF2 and HI9 are found 
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and differential methylation of a region between the two genes (known as differentially 

methylated region 1, DMR1) orchestrate the expression patterns of the paternally 

expressed IGF2, and maternally expressed H19 [191]. In BWS patients, gain of 

methylation within DMR1 for the maternal allele of the HI 9 occurs at a frequency of -10 

% [191]. Sporadic loss of methylation of DMR2 in domain 2 of the l lp l5 cluster occurs 

in 50% of BWS patients [206]. Other mechanisms are also implicated in BWS 

occurrences including microdeletions of the DMR or duplication [191]. 

Isolated hemihyperplasia (IH, OMIM#130650), and Russel-Silver syndrome 

(RSS, OMIM#l80680) are other human disorders associated with dysregulation of 

imprinted genes. Altered methylation on the DMR2 of chromosome l ip 15 was observed 

in these disorders [191]. Angelman syndrome (AS, OMIM# 105830), and Prader-Willi 

syndrome (PWS, OMIM# 176270) are other disorders of human growth and development. 

They are two distinct neurogenetic disorders that are caused by the loss of function of 

imprinted genes on the proximal long arm of human chromosome 15 [208]. Imprinting 

defects in this region are caused by unique mechanisms leading to imprint mark 

disruption. In -10% of cases the imprinting defects are caused by a microdeletion 

affecting the 5' end of the SNURF-SNRPN locus. In the majority of PWS and AS patients 

with an imprinting defect, the incorrect imprint arises without a DNA sequence change 

possibly including changes in DNA methylation [209]. 
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1.5.2 Methylation and cancer 

In cancers, methylation patterns are frequently altered, including 

hypermethylation of CpG islands in 5' regions of genes [210, 211], and hypomethylation 

of repetitive sequences of the genome [212, 213]. A candidate gene approach has been 

used to assess genes with roles in tumor development. This approach has identified 

methylation-mediated silencing of genes involved in most aspects of tumorigenesis, 

commonly affecting the cell cycle [214, 215], apoptosis [216], and DNA repair [217-

219]. Aberrant CpG-island methylation may be focal affecting single genes [220, 221], or 

global affecting entire chromosomal domains in some human cancers (150 kb in breast 

cancer and 4 MB in colorectal cancer)[222, 223]. 

Many examples of CpG-island promoter hypermethylation of tumor suppressor 

genes, accompanied by gene silencing and presumably growth advantage for the affected 

cell, have been described in the literature [129]. Moreover, several lines of evidence 

indicated a direct causal role for DNA methylation in tumorigenesis. First, reduced DNA 

methylation suppresses the formation of intestinal polyps in APCMm/+ mice [224]. 

Second, promoter region methylation of the RB gene and the von Hippie Lindau (VHL) 

gene have reported in familial cases of unilateral retinoblastoma and renal cancer, 

respectively [215, 225]. Third, studies of sporadic cases of colorectal carcinomas 

exhibiting microsatallite instability demonstrated a high frequency of promoter region 

hypermethylation of the mismatch repair gene hMLHl [226]. Importantly, there are now 

examples in which a tumor suppressor gene is wild-type, however silenced by 

hypermethylation, while the second copy is either mutated or deleted [227]. This 
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observation in particular strongly supports the hypothesis of DNA hypermethylation as a 

second hit on the road to tumorigenesis [228]. 

In addition to promoter hypermethylation, many human cancers exhibit a global 

decrease in 5mC, or genomic hypomethylation, relative to normal tissues [229-232]. 

Despite the knowledge of hypomethylation for more than two decades, the majority of 

genomic loci affected by cancer hypomethylation are unknown [61, 231-233]. 

Hypomethylation has been proposed to contribute to malignancy via at least three 

mechanisms including transcriptional activation of oncogenes, loss of imprinting and 

promoting genomic instability via unmasking of repetitive elements [61]. In mice, DNA 

hypomethylation is sufficient to induce tumor occurrence with consistent gain of 

chromosome 15, indicating that genome-wide hypomethylation plays a causal role in 

cancer [212, 234]. These observations suggest that DNA hypomethylation promotes 

cancer through effects on chromosomal stability (CIN). 

1.5.3 Aberrations of DNA methylation and CIN 

Epigenetic dysregulation is central to cancer development and progression. 

Hypomethylation may lead to oncogene activation and hypermethylation to silencing of 

tumor suppressor genes. Several studies have addressed the relation between global 

hypomethylation and CIN in human cells [235]. In most studies a correlation was 

observed between the degree of global hypomethylation and the frequency of 

chromosomal aberrations [212, 234]. For example, hypomethylation of satellite repeats 

located in the sub-centromeric regions of chromosomes 1 and 8 has been shown to be 
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associated with an elevated frequency of rearrangements of these chromosomes in the 

ICE syndrome [188, 236-238]. This observation led to the suggestion that 

hypomethylation could lead to chromatin de-condensation and this could facilitate 

chromosomal breaks and recombination. 

Genetic mutations or deletions that lead to silencing of genes with tumor 

suppressor properties have been implicated in the rise of CIN in mouse and human cells 

[102, 103, 239]. Epigenetic silencing of such genes may presumably have similar effects 

on chromosomal structure and number in the affected cells. Indeed, the role of 

hypermethylation-silencing of specific genes in the occurrence of CIN has more recently 

emerged. Some researchers have reported that coordinate hypermethylation at specific 

genes with roles in cell cycle checkpoints precedes global hypomethylation in prostate 

carcinoma [240]. Others, suggested that genomic hypomethylation may be an early event 

in breast carcinogenesis [238]. Further characterization of the relations between DNA 

methylation, chromatin composition, and chromatin structure may allow for a better 

understanding of how DNA hyper- and hypo- methylation affects chromosome structure 

and integrity. 

1.6 Therapeutic modulators of DNA methylation 

DNA methylation refers to the addition of a methyl group on cytosine. DNA 

hypermethylation refers to the same process, however, occurring on the normally 

hypomehtylated promoter-associated CpG-islands of specific genes [241]. Several genes 

including many that are critical to cancer development have DNA hypermethylation in 
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their promoters. This process is associated with epigenetic silencing of expression and 

loss of gene function [242]. Early reports on DNA methylation changes in cancer 

described global loss of methylation, which was suggested to drive tumorigenesis through 

induction of oncogenes and CIN [230]. The idea of inhibiting DNA methylation 

therapeutically came from the subsequent studies showing that, in parallel to global 

hypomethylation, the promoters of genes with tumor suppressor activity are 

hypermethylated in cancer cells [242]. This led to revival of interest in drugs discovered 

decades ago to be potent inhibitors of DNA methyltransferases [243]. Some of these 

drugs have been approved for clinical use by FDA in the treatment of cancers of 

haemopoietic origin[243]. 

1.6.1 Targeting DNA methylation in cancerous cells 

It is estimated that hundreds of genes are silenced by hypermethylation in every 

cancer and silencing of many of these genes play crucial role in the advantage of 

cancerous cells [244]. In addition, several lines of evidence indicated a direct causal 

role for DNA hypermethylation in tumorigenesis (discussed in section 1.5.2). However, 

the number of genes and pathways that are affected by DNA hypermethylation makes 

therapeutic targeting highly problematic. It is likely that demethylation treatment could 

affect many genes in the same cell. Identifying oncogenes that are hypermethylated in 

cancer cells [245] added even one more dimension of complexity to the applicability of 

demethylation drugs use in patients. None-the-less, the overall effect of demethylation 

treatment has been shown consistently to induce favorable outcome in vitro, in mouse 
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models, and in patients. Whether this is because that tumor cells are more affected by 

tumor suppressor gene re-activation, or that the lack of specificity is actually 

advantageous (multiple defects are corrected simultaneously), is still under debate 

[246]. Some experts in the field favor the first explanation since low doses of 

demethylation drugs are known to reactivate tumor suppressor genes [247], and 

prolonged treatment using low doses gave a better outcome than higher doses [248]. 

The proposed mechanism of action of DNA methylation inhibitors in cancer 

treatment has been discussed in many published reviews [228, 246]. The mechanism is 

based on two critical components 1) inhibition of Dnmts and 2) re-activation of genes 

with tumor suppressor activity. In this mechanism, inhibition of the expression of 

Dnmts, or blocking of their protein function (that is methylating DNA on cytosines), 

would lead to progressive reduction of DNA methylation after each round of DNA 

replication. The promoter of a gene with tumor suppressor activity is then switched 

from the methylated to the unmethylated status. The eventual appearance of 

unmethylated alleles reactivates gene expression in the treated cells. This effect on gene 

expression is believed to have several effects on cancer cell biology, including 

induction of differentiation, and apoptosis. DNA methylation inhibitors fall into several 

classes, of which the nucleoside analogs class has been considered the most suitable for 

clinical use. 
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1.6.2 Three classes of DNA methylation inhibitors 

The most studied class of DNA methylation inhibitors is the nucleoside analogs 

including 5-Azacytidine and 5-aza-2'-deoxycytidine (decitabine). 5-Azacytidine and 

decitabine are cytosine analogues that trap all DNA methyltransferases and target them 

for degradation [127]. At low doses, these drugs are effective demethylation agents and 

they have shown clinical activity as anticancer agents [249, 250]. Other nucleoside 

inhibitors include zebularine, [251], and 5-fluoro-2'-deoxycytidine [252], which have 

shown promising anti cancer effects in vitro. One limitation of nucleoside analogues is 

the requirement for active DNA synthesis after nucleoside analog incorporation to DNA, 

which limits the activity of the drugs in slow proliferating cells. This has led to an interest 

in developing different inhibitors for the DNA methyltransferases. 

Among the potential new inhibitors are the non-nucleoside inhibitors, such as 

procainamide and hydralazine [253]. The mechanism of action of these drugs is not well 

understood and their low level of hypomethylation induction is limiting their clinical 

potential [254]. Another class of new methylation inhibitors is the inhibitors that are 

experimentally designed for blocking Dnmt proteins based on protein structure studies 

[255]. One limitation to this approach is the fact that three separate DNMT genes encode 

for proteins with DNA methyltransferase activity. Cooperation between different DNA 

methyltransferases implies the need to inhibit several of them simultaneously for optimal 

clinical benefit. 

Of the above drugs, 5-Azacytidine and decitabine are the only DNA methylation 

inhibitors that have been approved by FDA for the treatment of cancer [243, 250, 256]. 
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The approval was based on the benefits that were observed in patients with a neoplasm of 

haemopoietic origin (myelodysplastic syndrome) hence the use of these drugs is 

restricted for the treatment of that neoplasm specifically. However, the data from 

myelodysplastic syndrome on the use of these drugs provide a proof of principle for 

epigenetic therapy in cancer and for the use of these drugs in other tumors. 

Current data suggest that myeloid malignancies are the most sensitive neoplasms to 

treatment by demethylation drugs [243, 250, 256]. There may be pharmacologic reasons 

that favor malignancies of haemopoietic origin in this regard (such as drug uptake, and 

proportion of proliferating cells). However, the small number of studies in solid tumors 

limits our understanding of the potential applicability of this approach. Although, a few 

older studies suggested lack of activity for these drugs in solid tumors, most of these were 

done with high doses, and limited number of exposure days. Typically response 

evaluation was done after only one cycle of treatment, which along with the other factors 

could influence the observed outcome of treatment with these drugs [257]. The activity of 

demethylation drugs in solid tumors deserves further evaluation in vitro, in vivo, and 

potentially in humans, with appropriate doses and schedules. Indeed, there is already 

some evidence for activity of decitabine in malignant melanoma at low doses [258]. The 

second and third chapters of this thesis also show some evidence for the potential of 

decitabine use in the treatment of OS. 
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1.6.3 5-Aza-2'-deoxycytidine (decitabine) 

Decitabine was recently approved for the treatment of haemopoietic neoplasms. 

This drug is a nucleoside analog of cytosine that has been shown to produce clinical 

improvement in more than 50% of the treated patients [259, 260]. Optimizing the drug 

included reducing the dose to favor demethylation over cytotoxicity [248]. Prolonged 

administration schedules, and increasing the dose intensity (within low dose limits) were 

also amongst the optimization parameters [248, 250, 256, 260]. To-date, the reported side 

effects have been primarily haemopoietic, with no chromosomal changes or secondary 

malignancies [261]. The therapy is normally effective with complete responses lasting up 

to years in some patients, however resistance develops in a significant proportion of the 

treated patients, and the mechanisms of resistance are still unknown [248, 250,256, 260]. 

At the molecular level, decitabine treatment induces demethylation and re­

activates methylation silenced genes [262, 263]. Reactivation of methylation silenced 

genes has been shown to be required for optimal responses [260]. The in vitro and in vivo 

data accumulated so far are consistent with an epigenetic effect of decitabine. The 

mechanisms by which decitabine clear neoplastic cells may be due to decitabine ability to 

induce variable pathways that are silenced in cancer cells, including differentiation and 

apoptosis. More recent evidence also suggest that decitabine clearance of neoplastic cells 

involves immune activation [258]. 
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1.7 Epigenetics and OS oncogenesis 

Epigenetic processes contribute to carcinogenesis through perturbation of 

differentiation [264]. Many experimental observations support the notion that DNA 

methylation patterns are essential for normal development, cellular differentiation, and 

tumorigenesis [228, 265]. Studies regarding the implications of DNA methylation in OS 

are limited, but have suggested a role in bone differentiation [266-268], transcription 

factor expression, and histone modifications [269, 270]. The acquired knowledge so far 

of transcriptional regulation of osteoblast differentiation indicates that several cancer 

related genes are key players in bone development, including the Wnts and related genes, 

notch, transforming growth factor- beta, insulin growth factor family and their receptors, 

NFkb ligands and their receptors, and polycomb genes [271]. Given the impact of these 

genes in bone development, there is scant information on the role of their epigenetic 

regulation in OS tumorigenesis. 

DNA hypermethylation regulates other biological processes in cancer cells 

including DNA repair, cell cycle checkpoints, and apoptosis (discussed in section 1.5.2). 

DNA hypomethylation, on the other hand, is linked to activation oncogenes and the rise 

of CIN in cancers (also discussed in 1.5.2). OS is characterized with a high number of 

chromosomal rearrangements, induction of oncogenes and increased CIN. It is possible 

that altered DNA methylation patterns are implicated in OS tumorigenesis through 

hypermethylation silencing of genes that regulate DNA repair, cell cycle checkpoints, 

and apoptosis making OS cells advantageous in their growth ability despite the high level 
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of genomic rearrangements. It is also possible that hypomethylation is implicated in OS 

leading to the frequently observed oncogenes activation and the increased CIN. 
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1.8 Rationale and Hypothesis 

1.8.1 Rationale 

OS is an aggressive tumor which is characterized by genomic instability and 

complex chromosomal rearrangements. OS chemotherapeutic approaches have changed 

little in the last 20 years. Epigenetic modifiers such as decitabine have the ability to 

reactivate genes silenced by methylation, and have the potential of restoring functional 

pathways that are antagonistic to tumorigenesis, such as differentiation, growth arrest and 

apoptosis. No study to date has utilized decitabine to study OS cell response at the 

molecular and cellular levels. Targeting methylation by decitabine in OS will facilitate 

identification of new targets for development of new targeted therapeutic approaches 

involving demethylation in this disease. 

1.8.2 Hypothesis 

Genes associated with tumor growth and progression may be repressed by 

hypermethylation in OS. Demethylating these genes may modulate gene expression 

in OS and provide targets for novel epigenetic therapies. 

1.9 Specific aims 

AIM 1: Identification of decitabine up-regulated genes in OS cells 

AIM 2: Methylation status of a subset of genes up-regulated by decitabine 

AIM 3: Identification of GADD45A as a specific target for decitabine with a role 

in apoptosis in OS cells 
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CHAPTER TWO 
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2 Modulation by decitabine of gene expression and growth of 

U20S cells in vitro and in xenografts 

This work is based on the published article: 

Modulation by decitabine of gene expression and growth of osteosarcoma U20S 

cells in vitro and in xenografts: Identification of apoptotic genes as targets for 

demethylation. Khaldoun Al-Romaih, Gino R Somers, Jane Bayani, Simon Hughes, 

Mona Prasad, Jean-Claude Cutz, Hui Xue, Maria Zielenska, Yuzhuo Wang, Jeremy A 

Squire. Cancer Cell International, 2007. K A performed the in vitro treatment assays, the 

AffyChip expression assays, the AffyChip data analysis, the real-time expression assays and analysis in 

vitro and in vivo, the DNA methylation data analysis, the meth5-C data analysis and conceived and wrote 

the manuscript draft; G R S performed the histopathological analysis and TUNEL analysis; S H performed 

the immunostaining using the Methyl-C-Ab; H X and Y W performed the mice experiment; 

2.1 Introduction 

Epigenetic abnormalities contribute in several ways to oncogenesis and may 

activate oncogenes or silence tumor suppressor genes. In addition, abnormalities in 

epigenetic processes can enhance chromosomal instability [272], [234]. Typically, a 

general pattern of demethylation of the genome is observed in tumor DNA, while 

increased methylation of a subset of promoter-associated CpG islands associated with the 

transcriptional start sites (TSS) of genes may also be observed. There is increasing 

interest in the therapeutic modulation of epigenetic processes, since epigenetic alterations 

are amenable to physiological alteration by drugs that change patterns of DNA 

methylation or histone acetylation, [127]. 
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Current dugs for OS therapy have been the same as those used over the last 20 

years, and there is no second line therapy for patients who respond poorly. Studies 

regarding the implications of epigenetic modification in OS have been limited, but have 

suggested a role in bone differentiation [266] [267] [268], transcription factor expression, 

and histone modifications [269] [270]. Demethylation drugs are useful in therapeutic 

modulation of epigenetic processes in cancer cells, resulting in favorable response in 

experimental models as well as patients with cancers of haemopoietic origin [260] [250]. 

No study to date has utilized decitabine to modify gene expression in an OS cell to 

identify gene-specific targets for demethylation that may have therapeutic importance. 

The studies presented in this chapter deals with modulation of gene expression and 

growth by demethylation drug decitabine in OS cell line U20S in vitro and in vivo, 

addressing Specific Aims 1 & 2 of this thesis. 

2.1.1 U20S cell line as an appropriate model for the study 

The genetics and cytogenetics of this cell line has been studied extensively in the 

literature and it has been utilized extensively in drug testing in vitro [117, 273]. For the 

above reasons, U20S presented an appropriate model to study the epigenetic events that 

are associated with OS tumorigenesis and the evaluation of demethylation treatment. This 

cell line is known to have wild-type P53 [122] [274] and RB genes [275]. U20S still 

displays an elevated degree of chromosomal instability [56] [51] that is typical of OS 

despite the integrity of the P53 and RB genes. 
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2.1.2 U20S xenografts 

A full assessment of tumor cell response to treatment requires integrating 

experimental data from both in vitro and in vivo observations. One major advantage of 

preclinical animal models of xenografts of human tumor cell lines is that they provide 

both tissue vascularization and a tumor microenvironment that is closer to human tumors 

so that an evaluation of the therapeutic impact on tissue differentiation, cell growth and 

proliferation levels is possible [277], [278]. Such analyses are providing opportunities for 

a detailed assessment of new classes of anti-neoplastic drugs that target the epigenome, 

such as decitabine. To date one tumorigenic xenograft model of the non-transformed OS 

cell line U20S has been established under the skin of immunocompromised mice [117, 

279]. Meantime, U20S has been shown to be generally non-tumorigenic using 

heterotopic grafts under the mouse skin [273]. Importantly, there have been no studies for 

anti-osteosarcoma drug testing using U20S xenograft model. Establishing the U20S 

xenograft in mice and testing the efficacy of the epigenetic modifier decitabine on this 

xenograft in this study is the first of its kind. Our collaborators from the Breast Cancer 

Agency in British Colombia (Dr. Yuzhuo Wang, and Hui Xue) established U20S cells in 

the renal capsule of immunocompromised mice. The sub-renal capsule site has been 

proved to be an excellent grafting site for xenografts in general [280] [281] [282]. 

2.1.3 Decitabine 

The most powerful DNA methyltransferase inhibitor in clinical use is decitabine. 

Decitabine is a cytosine analog that inhibits DNA methylation and reactivates silenced 
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genes. Decitabine has shown favorable clinical efficacy in the treatment of 

myelodysplastic syndromes, with evidence of gene target expression modulation by 

demethylation with less toxicity than conventional cancer chemotherapies [260] [250] 

(discussed in Chapter One). A single dose of decitabine at 1 uM concentration was used 

to treat U20S cells in vitro. This dose was shown in previous reports to suppress the 

growth of tumor cell lines [283] [284-286] and re-activate methylation silenced genes 

[287]. The mice were treated with 2.5mg/kg body weight decitabine. Decitabine dosing 

in the mice was based on what had been used in previous studies [288] [289]. A minimal 

effective dosage was used to minimize cytotoxicity on the mice while anticipating effect 

on tumor growth as was reported previously [290]. In addition, this dose was shown to 

demethylate and re-activate tumor suppressor genes and decrease tumor growth in 

xenografts from another tumor model [291]. 

In the following experiments I analyze the effects of decitabine on U20S cells at 

the cellular and molecular levels. This work represents the initial steps in the elucidation 

of the cellular pathways OS cells that are affected by genome-wide demethylation. 

2.2 Results: 

2.2.1 Effects of decitabine on U20S cells in vitro 

Decitabine is a cytotoxic agent in addition to being a demethylation agent. U20S 

growth rate was measured in the absence, or presence of 1 uM decitabine. This relatively 

low-dose was chosen to minimize cytotoxicity. The doubling time for U20S in the 

absence of 1 uM decitabine was close to 2.75 days (66 hours) while the decitabine treated 
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U20S cells doubled at 3.5 days (84 hours). This was accompanied by a minor reduction 

in viable cell numbers as a result of decitabine treatment (Figure 2.2.1 A). 
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Figure 2.2.1 A: Viability and growth kinetics of U20S in vitro. Growth 

curves of U20S cells with growth medium alone (dark line), or growth 

medium with one dose of decitabine at a final concentration of 1 uM (light 

graph). The y-axis indicates cell number in millions and the x-axis 

indicates time points in days. The results are expressed as cell counts at 

each corresponding time point. Each data point is the Mean of cell counts 

from 2 experiments (5 passages apart) each consist of two independent 

cultures and the error bars indicate the standard deviation. The findings 

indicate a slight increase in the doubling time of U20S cells and a 

decrease of 18% (p=0.045) in the viability of treated cells compared to the 

untreated control. 

To determine whether a slower growth rate was accompanied by higher level of 

cell death following decitabine treatment, death assessment was studied by flow-

cytometry after PI staining. The control (no-treatment) cells showed a 5% death rate 
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whereas the decitabine treatment significantly increased the death rate of 10% more than 

the control at day 3 (p<0.05) (Figure 2.2.1 B). 

20 ;-• 
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8 (•• 
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2 

control 1 ((iM) 

decitabine treatment 

Figure 2.2.1 B: Cytotoxicity of U20S after exposure to decitabine in 

vitro. Cell death in U20S cells caused by decitabine treatment at 1 uM 

concentration (light column) compared to no-treatment (dark column). 

The results are expressed as percentage of cell death (fraction of cells with 

positive PI stain). The y-axis indicates the percentage of cells with PI 

staining (dead cells). Each column is the Mean of 3 experiments with 

error bars indicating standard deviation. The asterisk indicates significant 

increase in cell death (p<0.05) as a result of decitabine treatment. 

To determine that the decitabine treatment conditions were effective at induction 

of demethylation we analyzed the SNRPN gene by methylation specific restriction 

endonucleases. This heavily methylated gene has previously been shown to undergo 

reduction in methylation following treatment with decitabine [292]. After 72 hours 

treatment of U20S with 1 uM decitabine, -60 % more DNA could be digested with a 

methylation-sensitive restriction endonuclease (Figure 2.2.1 C). 
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Figure 2.2.1 C: The effectiveness of demethylation following 72 hours 

treatment with 1 uM decitabine at the SNRPN gene locus. The 

imprinted SNRPN gene is located on human chromosome band 15ql 1.3 

and alterations in DNA methylation at this locus are associated with 

individuals with the Prader-Willi and Angelman syndromes [209] [208]. 

It was utilized in this study to confirm that decitabine treatment reduced 

DNA methylation in U20S cells. Upper panel shows a schematic figure of 

the SNRPN gene indicating the probe location relative to Notl and Xbal 

cutting sites. Notl is a methyl-sensitive restriction endonuclease that will 

only cut its recognition sequence when unmethylated. Lower panel shows 
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samples 1 and 2 (controls) and samples 3 and 4 (treated with decitabine 

for 3-days). Left panel shows the autoradiogram of the restriction digest 

of DNA samples 1-4 on a 0.8% agarose gel. Right panel is Southern blot 

showing an increase of 63% of the 0.9 kb Notl product as a result of 

decitabine treatment (63 % loss of CpG methylation at the locus in 

U20S). 

2.2.2 Effects of decitabine on U20S in vivo 

One group of three U20S xenograft mice (two tumors per kidney per mouse) was 

treated with Decitabine (2.5 mg/kg) intraperitoneally on Days 29, 31 and 33. The other 

group of three mice was given saline as control at the same schedule. On Day 37, all 6 

mice were sacrificed and xenografts were dissected from the mice, and the tumor 

volumes were measured and compared in both treatment arms. The effectiveness of 

demethylation in vivo was determined by analyzing the relative cellular distribution of 5-

methylcytidine levels using a specific 5-methylcytidine antibody and 6 tissue sections 

from 6 xenografts (3 control and 3 decitabine treated). In these analyses, nuclei in host 

kidney stromal cells were used as internal positive controls (see dark staining nuclei in 

Figure 2.2.2 A). Negative controls obtained by omitting the primary antibody were also 

performed. Nuclear xenograft tumor staining was recorded by a semiquantitative and 

visual grading, considering both the intensity of staining and the proportion of positive 

tumor nuclei in the selected sections. Xenograft derived from the untreated control mice 

exhibited stronger nuclear staining than the staining present in nuclei from xenografts in 

decitabine treated mice (p<0.05). These results were consistent with a widespread loss of 

methylation in U20S xenografts derived from the treatment group (Figure 2.2.2 A). 
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Figure 2.2.2 A: Analysis of differential 5-methylcytidine content of 

U20S xenografts using histological sections. Analysis of the relative 

levels of cellular 5-methylcytsine within xenografts derived from 

representative control untreated mice (upper panel); or decitabine treated 

mice (middle panel) using immunohistochemical staining with 5-mc-Ab. 
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To the right a 20X enlargement of representative U20S histology is 

shown. More 5-mc-Ab staining is evident in the nuclei from control 

sections (upper panel-right side) in comparison to nuclear staining in the 

sections derived from decitabine treated mice (middle panel-right side). 

These data are consistent with a reduction in 5-methylcytidine nuclear 

content in U20S xenografts derived from mice treated with decitabine. 

Enlargements of darkly stained host murine kidney cells correspond to 

heavily methylated-differentiated renal tissue (denoted 2 in upper and 

middle panels). In the bottom panel the staining intensity from control 

(dark columns) and decitabine treated (light columns) is quantitated using 

Aperio scanning image analysis of sections. The graph to the right of the 

bottom panel confirms that the 5-mc-Ab staining in control untreated (dark 

columns) U20S xenograft sections is more intense than the decitabine 

treated (light columns) U20S xenografts. This decrease in staining 

intensity was significant (p<0.05). In contrast host kidney cells from both 

control and treated mice do not exhibit any significant difference in 

staining intensities. 

Tumor volumes were determined for all 24 xenografts and shown in Table 2.1. 

The average volume size for the xenografted tumors in the control group was 49 mm 

(±25SD). The xenograft tumors from the decitabine treated group had an average volume 

size of 27 mm3 (±15.9SD) indicating a significant decrease (p=0.0096) of tumor volume 

as a result of the decitabine treatment (Figure 2.2.2 B 'I'). All U20S xenografts were 

whitish in color and the texture of tissues from both treatment groups had a moderate-

hard consistency, with no apparent kidney tissue invasion. 
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Table 2.1: Effect of decitabine on U20S xenograft size (raw data) 

Day 37 L 
control 554 

5.07 
5.83 
5.69 
654 
6.21 
551 
6.92 
6.61 
7.42 
725 
8.00 

Decitabine 5.02 
524 
5.18 
431 
5.21 
539 
6.04 
5.76 
5.84 
6.41 
6.47 
7.49 

W 
3.10 
350 
5.41 
4.42 
358 
5.04 
4.79 
4.85 
5.28 
4.70 
5.17 
5.72 

338 
3.44 
333 
3.27 
352 
3.60 
3.66 
3.71 
4.63 
3.78 
428 
4.68 

H 
131 
1.81 
1.91 
2.74 
352 
2.96 
3.77 
3.01 
2.94 
325 
4.29 
431 
Mean 
Median 
SDV 
120 
1.46 
1.79 
2.66 
224 
2.19 
1.96 
237 
2.11 
237 
3.66 
354 
Mean 
Median 
SDV 

Volume (mm3) 
11.70 
16.70 
3133 
35.83 
42.86 
48.17 
51.74 
5253 
5336 
58.94 
83.62 
10256 
49.11 
49.96 
2552 
1059 
13.69 
16.06 
19.49 
2136 
22.10 
2253 
2634 
29.67 
29.86 
52.70 
6453 
27.41 
2231 
15.90 

Raw data measurements of 12 control and 12 decitabine treated xenograft 
tumors expressed as in tumor volumes estimated using this formula: volume 
(mm3) = (0.52) x (length 'L') x (width 'W') x (height 'H'). SD = Standard 
Deviation. 
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Comparison between the U20S xenograft histology from the decitabine-treated 

mice and the control mice identified differences in bone matrix (osteoid) content. In these 

studies relative levels of osteoid were determined in 9 sections each from the control and 

decitabine treatment groups. As shown in Figure 2.2.2 B 'II' and 'III', histological 

analysis of the stained xenograft sections identified an overall average osteoid area of 

42% in the control group. The decitabine treated group, however, had a significant 

increase (p<0.0001) in osteoid formation reaching up to an average of 86%. With respect 

to tissue morphology, the tumors from the control mice showed solid sheets of poorly 

differentiated cells associated with a small amount of osteoid. In contrast, the xenograft 

tumors from the decitabine-treated mice showed a less dense cell population with 

increased areas of osteoid, seen as light pink and lacy matrix with the nuclei of 

osteoblasts sitting close to the matrix, a feature of differentiated osteoblasts in normal 

bone. The mitotic count was assessed in the same sections. The mitotic index showed an 

average of 11.9 mitotic figures in the control group and an average of 3.1 mitotic figures 

in the decitabine treated group (p<0.0001) (Figure 2.2.2 B 'IV'). 

Since decitabine induced a higher level of cell death in vitro and there was a 

marked decrease in the size of U20S derived tumors in vivo, the level of apoptotic cells 

in the xenograft tumors was analyzed using the TUNEL assay. Scoring was performed on 

digital images from 9 control sections and 9 decitabine treatment sections. The average 

apoptotic indices were 3.2% in the control group and 6.2% in the decitabine treatment 

group (p=0.0329) (Figure 2.2.2 B ' V and 'VI'). 
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Figure 2.2.2 B: Induction of differentiation and apoptosis by 

decitabine treatment of U20S in vivo. I), Decitabine effects on tumor 

volumes in vivo. The results compare tumor volumes in control 
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xenografts to decitabine treated xenografts as described in methods. Each 

column is the Mean of tumor volumes measured in 12 xenograft tumors. 

There was a significant decrease (p<0.05) in tumor volumes as a result of 

decitabine treatment. II), Osteoid assessment in vivo. Each column is the 

Mean of osteoid evaluation of 9 sections. There was significant increase 

(p<0.0001) in osteoid formation as a result of decitabine treatment. Ill), 

Representation images of H&E sections. Control xenograft tumors (left) 

show solid sheets of poorly differentiated cells with minimal osteoid 

(image magnification x 100). Decitabine treated tumors (right) shows less 

dense cell population and increased areas of osteoid seen as light pink and 

lacy matrix with the nuclei of osteoblasts sitting closer to the produced 

matrix (image magnification x 100). The arrows in the enlargement 

(right) show the osteoid matrix surrounding osteoblasts (defined as 

eosinophilic osteoid-like material). Ill), And IV), Mitotic count was 

identified in the same sections used to asses for osteoid evaluation. Each 

column is the Mean mitotic count in 9 sections (a minimum of 1100 nuclei 

were scanned per section). Decitabine treatment resulted in a significantly 

lower mitotic count (p<0.0001). The arrows in the enlargement image in 

III (left) indicate mitotic nuclei. V), Results for apoptosis analysis by 

TUNEL assay. Each column is the Mean count of TUNEL positive nuclei 

seen in 9 images representing 9 sections (s 1000 nuclei were scanned per 

section). There was a significant increase (p<0.05) of apoptotic cells as a 

result of decitabine treatment. VI), Representation images from TUNEL 

assay of control tumors (left) and decitabine treated tumors (right) (image 

magnification x 200). The arrows in the enlargement image show the 

TUNEL-positive nuclei (apoptotic nuclei). Error bars indicate standard 

deviation from the Mean values and p-values are based on comparison 

between control and decitabine treated tumors using student t-test. 
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2.2.3 Expression profiling of decitabine-induced changes in gene expression 

Expression profiling of 14,500 transcripts with known gene function was 

performed using the Affymetrix U133A microarrays following treatment of U20S cells 

with 1 uM decitabine. Eighty-eight (88) genes [available at Al-Romaih et al 2007: 

http://www.biomedcentral.com/content/supplementary/1475-2867-7-14-S2.xls] exhibited 

significant (p<0.0025) up-regulation after two independent treatments of U20S with 1 

uM decitabine. Within this large group of 88 genes there were 13 with a >2-fold change 

in both experiments. The expression of subset of 7 of these robustly reactivated genes 

was examined by real-time PCR and increased gene expression was consistent with the 

levels detected by microarray analysis (Table 2.2). 
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Table 2.2: Genes up-regulated (p<0.0025 and >2 fold-change) after 
decitabine treatment identified using AffyChip. 

Gene 
Symbol 

FAM65A 

GADD45A 

GAGE4 

HSPA9B 

IGFBP6 

IMP-3 

NFKBIA 

PAWR 

PDCD5 

PSG5 

RAC2 

TGM2 

TNFAIP3 

Fold 
Change 
(Affy) 

2.76 

2.58 

3.51 

2.32 

2.22 

8.36 

4.01 

3.30 

4.15 

2.32 

5.09 

2.01 

3.44 

Fold 
Change 
(Real-
Time) 

nd 

6 

nd 

5.3 

3 

nd 

4.2 

10 

8 

nd 

nd 

nd 

4.5 

CpG 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

yes 

no 

no 

yes 

yes 

known or proposed function 

hypothetical protein LOC79567 

Regulation of cyclin dependent protein 
kinase activity and DNA repair 

Unknown 

Implicated in the control of cell 
proliferation and cellular aging 

Insulin-like growth factor binding protein 
involved in negative regulation of cell 
proliferation 

Binds to insulin-like growth factor II leader 3 
mRNA and may repress its translation during 
late development 

Inhibits NF-k-B and involved in cell 
adhesion, apoptosis, differentiation and 
growth 

Pro-apoptotic protein acts by down-
regulating the anti-apoptotic protein BCL2 
via its interaction with WT1 

Induction of programmed cell death 

Synthesized by syncitiotrophoblast of the 
placenta and has a role in maintenance of 
gestation 
Involved in the regulation of the NADPH 
oxidase 

A peptide cross-linking factor 

Negative regulation of I-k-B kinase/NF-k-B 
cascade 

Fold change (Affy) is the Mean from a duplicate AffyChip experiments. 

The fold change using real-time PCR (TaqMan method) is the Mean 
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values from the same RNA from the same yields that were used for the 

AffyChip experiments and a third replica. The direction of expression was 

consistent in the Affy experiment and the real-time experiment for the 

tested genes. 11 out of 13 genes have CpG-island in there 5' region. 

Genes in bold characters are those identified in the apoptotic pathway as 

explained in "Methods" and "Results". The genes are listed in 

alphabetical order. 

An in silico analysis of CpG islands associated with the 88 up-regulated genes 

was then performed. 63 genes (71%) were found to contain CpG-islands within their 5'-

regulatory region. Of the 13 genes with a >2fold-change, 11 genes (84%) had a CpG-

island within their 5' region (Table 2.2). Pathway enrichment analysis was performed on 

the 88 up-regulated genes, and the three top enriched pathways included: "negative 

regulation of cellular processes" (p=0.007), "positive regulation of programmed cell 

death" (p=0.01) and, "organelle organization and biogenesis" (p=0.03). Interestingly, 

when the 13 genes with a >2-fold change were analyzed in the same manner, six genes 

were assigned to the "apoptosis pathway" with high significance (p<0.0001). These genes 

include GADD45A, HSPA9B, PAWR, PDCD5, NFKBIA, and TNFAIP3, which were 

selected for expression validation in the xenografts and in normal human osteoblasts 

(NHOst). 
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2.2.4 Real-Time expression analysis for apoptotic genes in U20S xenografts and 

normal osteoblasts 

Real-time PCR (TaqMan method) was used to validate expression of the genes 

involved in apoptosis shown in Table 2.2 in the xenografts and NHOst. As illustrated in 

Figure 2.2.4, the change of expression was expressed as fold change relative to the 

control (no treatment), using beta-actin (ACTE) as a reference. Up-regulation, as a result 

of decitabine treatment was consistent in U20S cells in vitro and in vivo. Gene 

expression of the apoptotic genes was up-regulated up to 8-fold for GADD45A, 8-fold for 

HSPA9B, 12-fold for PAWR, 8-fold for PDCD5, 9-fold for NFKBIA, and 5-fold for 

TNFAIP3. In addition, real-time expression for the six genes was examined in normal 

osteoblasts before and after treatment with decitabine. There was marginal increase of 

expression after treatment (<2-fold change) in normal osteoblast (Figure 2.2.4). 
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Figure 2.2.4: Real-time gene expression of 6 pro-apoptotic genes 

U 2 0 S in vitro & in vivo and normal osteoblasts. Total RNA was 

extracted from U20S cells in vitro and in vivo and reverse-transcribed as 

detailed in methods. TaqMan assays were used to determine relative 

expression using the cDNA from control (no treatment) as base lines and 

ACTB for a reference gene by applying the AACt method. Each column is 

the Mean of three replicas and error bars indicate standard deviation from 

the Mean. The data is expressed as fold change relative to control (no-

treatment). Xeno-4, Xeno-5, and Xeno-6= decitabine treated xenografts. 

NHOst= normal human osteoblasts. 
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2.2.5 DNA methylation analysis of decitabine responsive genes using Pyro Q-CpG 

Methylation Pyro Q-CpG sequencing analysis was performed on six genes with 

expression up-regulation after decitabine treatment including GADD45A, HSPA9B, 

PAWR, PDCD5, NFKBIA, and TNFAIP3. GADD45A, HSPA9B, PAWR, and PDCD5, but 

not NFKBIA, and TNFAIP3, showed reliable and reproducible results for the tested 

amplicons. GADD45A, PAWR, and PDCD5 had a high methylation content (>70%) 

without decitabine treatment, while HSPA9B had an intermediate (50% - 70%) 

methylation content. Decitabine treatment lowered the methylation content in all CpG 

sites tested for the four genes in vitro and in vivo (Figure 2.2.5). Induction of 

demethylation was most marked for PAWR, and PDCD5. GADD45A had intermediate 

loss of methylation and HSPA9B had the least change but overall methylation loss 

remained significant. Analysis of relative change in methylation was also performed on 

normal osteoblasts, which had an initial low methylation content comparable to the 

negative control (DNA from early embryos), and no change in this basal content was 

apparent following decitabine treatment. 
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Figure 2.2.5: Comparison of percentage of methylation across 5 of the 

tested CpG positions in vitro and in vivo. Each data point is the average 

of methylation percentage for each CpG position in three experiments. Y-

axis indicates the percentage of methylation and the samples are indicated 

on the x-axis. The location of CpG positions relative to the gene start site 

and to each other is shown in Figure 5. The results of 5 CpG positions are 

shown to represent the methylation percentage in the four genes across the 

samples. There was a significant decrease (p<0.001) in methylation 

quantity for each CpG position after decitabine treatment both in vitro and 

in vivo for the four genes in all sample but not in the NHOst (normal 

human osteoblasts). p-values were calculated by comparing the 

percentage of methylation for each individual CpG position in control 
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cells with the same CpG position in the treated cells using student t-test 

and they all resulted in p<0.001. 

More detailed results on the methylation status for the same four genes for all 

tested CpG positions are provided in Figure 2.2.6 [also see Al-Romaih et al, 2007: 

http://www.biomedcentraLcom/content/supplementary/1475-2867-7-14-S4.xls1. For 

GADD45A, a CpG rich sequence at the promoter region containing a cluster of eight CpG 

positions was tested by Pyro Q-CpG. In U20S cells, the methylation percentage on the 

eight CpG positions had an average of 83% in the no-treatment (control) cells. This was 

reduced to an average of 44% after treatment with luM decitabine (p<0.001). Similarly, 

the no-treatment xenograft tumors had averages of 84% in Xeno-1, 81% in Xeno-2, and 

85% in Xeno-3, which was reduced after three doses of 2.5 mg/kg decitabine to 46%, 

43% and 37% in Xeno-4, Xeno-5 and Xeno-6 respectively (p<0.001). 

A CpG rich sequence at the promoter region ofHSPA9B had a cluster of 13 CpG 

positions which were tested by Pyro Q-CpG. The overall methylation quantity seen in 

this sequence was lower than what was observed in GADD45A, none-the-less the 

difference between the no-treatment (control) samples and decitabine-treated samples 

was significant (p<0.001). U20S cells (in vitro) had an average of 59% before treatment, 

and 42% after treatment (p<0.001). Before treatment, the xenograft tumors had averages 

of 61% in Xeno-1, Xeno-2, and Xeno-3 which was reduced after treatment to an average 

of 49% in Xeno-4 and Xeno-5 and 43% in Xeno-6 (p<0.001). 
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The analysis was done in the same manner for 13 and 12 CpG positions related to 

the CpG-island associated with PAWR and PDCD5 respectively. These two genes had 

very high methylation percentage before decitabine treatment in U20S, Xeno-1, 2, and 3 

for the tested CpG positions. In the case of the 13 CpG positions tested in PAWR the 

average of-methylation percentage before decitabine treatment was 93% in U20S cells, 

93% in Xeno-1 and Xeno-2, and 94% in Xeno-3. After decitabine treatment, this was 

reduced significantly (p<0.001) to an average of 26% in U20S cells, 29% in Xeno-4 and 

28% in Xeno-5 and 6. In the 12 CpG positions tested in PDCD5, U20S cells had an 

average of 93%, Xeno-1 had an average of 94, Xeno-2 had an average of 93%, and Xeno-

3 had an average of 92% before decitabine treatment. The methylation was reduced 

significantly after decitabine treatment (p<0.001) to 26% in U20S cells, Xeno-4, and 

Xeno-5, and 27% in Xeno-6. 

The normal low-passage osteoblast had a very low methylation percentage in all 4 

genes. The range of methylation percentage had averages from 2.1% to 3.6% before 

treatment, and 1.4% to 2.7% after treatment with 1 uM decitabine across all the tested 

CpG positions in the 4 genes (Figures 2.2.5, 2.2.6). Importantly, the methylation status of 

the tested CpG sequences reflects the patterns of expression seen in all four genes after 

decitabine treatment in U20S cells and xenografts. This is consistent with the possibility 

that decitabine treatment modulated the expression through reducing the amount of 

methylation on CpG-dinucleotides. To determine whether decitabine activated 

GADD45A methylation status and expression was also tested in two other OS cell lines, 

MG63, using identical decitabine treatment conditions. Similar to U20S, induction of 
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GADD45A gene expression was associated with significant loss of methylation and 

increased transcript expression in MG63 cells. 
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Figure 2.2.6 (previous page): Summary of Pyro-Q-CpG findings. 

Illustrated are the summary findings by Pyro-Q-CpG analysis of U20S 

cells in vitro without treatment (control) and with 1 (xM decitabine 

treatment (treated). The illustration also summarizes Pyro-Q-CpG 

findings in control U20S xenograft tumors (Xeno-1, Xeno-2, and Xeno-

3), and 2.5 mg/kg decitabine treated U20S xenograft tumors (Xeno-4, 

Xeno-5, and Xeno-6). DNA from NHOst (normal low-passage human 

osteoblasts) was also analyzed for experiment control. DNAs from early 

embryonic DNA (Emb-DNA) and universally methylated DNA (Met-

DNA) were used for negative and positive control respectively. CpG-

islands are denoted by grey rectangles relative to the gene start site. The 

region further enlarged below corresponds to each tested CpG sequence. 

The tick marks denotes the individual CpG dinucleotides. The 

transcription start site is indicated by a directional arrow with the base pair 

numbers annotated for each tested sequence. The extent of methylation is 

represented by the scale bar (bottom right). GADD45A, PAWR, and 

PDCD5, had a high level of methylation before decitabine treatment while 

HSPA9B had an intermediate level of methylation before treatment. In all 

cases the methylation was decreased significantly (p<0.001) as a result of 

decitabine treatment. 
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2.3 Discussion: 

This study draws attention to the possibility that therapeutic levels of decitabine 

could orchestrate the interplay between DNA damage genes, induce growth arrest, 

apoptosis and potentially modulate genomic fidelity. At present, neoadjuvant and 

adjuvant chemotherapy is favored in the treatment of OS and the agents most commonly 

used include doxorubicin, high-dose methotrexate, cis-platinum and ifosfamide either 

alone or with etoposide. The use of these agents in OS treatment has been well 

established and yielded 5-year disease-free-survival and overall-survival of greater than 

60%, [293]. However, the lack of a near-complete response to chemotherapy in a sub­

group of patients reflects inherent biologic resistance to these agents, hence poorer 

prognosis [41], especially since attempts at changing chemotherapy regimens for poor 

responders have generally not improved outcome [294] [295] [296]. 

Previous studies have implicated a role of epigenetics in OS biology; methylation 

of osteocalcin has been linked to bone differentiation [266] [267] [268], transcription 

factor expression, and histone modification [269] [270]. Abnormal promoter methylation 

of pl6INK4a/pl4ARF promoters was observed in OS-derived cell lines [275]. Aberrant 

methylation of specific genes was also correlated with poor survival in OS patients [297] 

[298]. The number of genes found methylated in OS is increasing [299] [300] which 

further supports the implication of DNA methylation in OS tumorigenesis. Up-to-date 

studies regarding the epigenetics of OS have either been based on a single gene or 

focused on a small number of genes, and limited with respect to elucidating the target 
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pathways suitable for epigenetic therapeutics in OS. Our study is the first to use 

demethylation treatment to modify global gene expression in an OS cell line in order to 

identify pathway-specific methylation targets that may have therapeutic importance. 

Analysis of decitabine-induced cellular changes in U20S xenografts suggested 

that apoptotic pathways may be the earliest pathways to be affected. The decitabine dose 

was based on previous studies [288] [289] [291] and has been shown to reduce the 

methylation of tumor suppressor genes and decrease tumor growth in xenografts. The 

xenografts in decitabine-treated mice decreased in volume size significantly (p<0.05) 

when compared to the xenografts in untreated control mice. Recent reports showed 

similar effects on xenograft size and growth parameters from melanoma tumors [301] 

and lung tumors [302] grown in mice treated with decitabine. In lung cancer, cell clones 

carrying conditional methylation of FHIT or WWOX transgenes showed significant 

suppression of xenograft tumor growth after induction of expression of the FHIT or 

PHFOXtransgene as a result of decitabine treatment, suggesting that treatments to restore 

endogenous Fhit and Wwox expression in lung cancers would result in decreased 

tumorigenicity [302]. Similar findings were also seen in melanoma xenografts where 

decitabine reduced tumor growth and that was correlated with re-activation of genes with 

tumor suppressor properties [301]. The observations in the lung cancer xenografts are 

particularly intriguing since it indicates decitabine effectiveness in the treatment of solid 

tumors. 

The effect of decitabine on tumor cell mitotic index and apoptosis in OS has not 

been previously reported. In our series, decitabine treatment significantly decreased the 
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number of mitoses and increased the number of apoptotic cells. This is similar to 

decitabine effects in the lung cancer xenografts [302] where suppression of tumor growth 

was accompanied by low mitotic activity and high apoptosis. These observations suggest 

that decitabine reduce tumor growth by re-activating pathways that lead to cell arrest 

and/or apoptosis. In addition, treatment with decitabine significantly increased the 

amount of osteoid associated with the tumors. The effect of decitabine on extracellular 

matrix (osteoid) formation in OS has not been previously studied. Such results suggest 

that decitabine treatment reduces the proliferative capacity of U20S cells, whilst 

concurrently driving the cells toward terminal differentiation and apoptosis. 

Gene expression profiling by microarray analysis showed that 88 genes showed 

increased expression in vitro after decitabine treatment, which represented ~ 0.6% out of 

the 14500 genes on the array and this global modulation of genes is at a level comparable 

to other studies. The effect of decitabine on global gene expression has been previously 

reported in several studies [287] [303] [304]; comparable to our study, the number of up-

regulated genes varied from 1.9% in ovarian cancer cells [303] to 1.1% in malignant 

glioma cells [304] and 0.6% in bladder cancer cells [287]. The differences in the number 

of decitabine up-regulated genes were possibly a result of cell line-to-cell line variations, 

microarray platforms, and experimental designs including differences in drug dosage and 

duration of treatment. Indeed, Karpf et al [305] screened the expression of approximately 

38,000 human transcripts in several decitabine treated cell types and observed changes in 

genes expression for 0.2 to 1.4% of those transcripts, depending on the cell type treated 

[305] [306]. 
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Decitabine-dependent reduced expression of genes was also observed in U20S 

following in vitro treatment. Thirty-one genes out of the ~ 14,500 genes (~ 0.2%) were 

significantly down-regulated. In keeping with other reports [287] [303] [304], this 

percentage of down-regulated genes is markedly lower than the percentage of the up-

regulated genes (-0.6% -this study). One possible explanation for this inequality in 

differential response to the drug is that an early indirect effect of decitabine is the 

demethylation of promoters regulating upstream transcriptional activation pathways; such 

an effect could lead to preferential re-expression of multiple genes. Another more 

general possibility is that repression of gene promoters by methylation is a more 

frequently used control mechanism per se than activation of genes by methylation [130] 

[307]. Up-regulation of gene expression after decitabine treatment was the main focus of 

this thesis since this approach provided a direct link between demethylation and gene re­

activation. Further investigation of several OS cell lines will help to clarify the levels of 

global change of expression induced/reduced by decitabine. 

The global expression profiling of U20S represents the majority of cells that were 

viable at the time of harvest. These cells were undergoing fine molecular modulations of 

their epigenome eventually leading to changes in gene expression resulting in the 

observed cell death and apoptosis in vitro and in vivo. Decitabine treatment in U20S 

induced a level of cell death that was comparable to observations in acute myeloid 

leukemia (AML) cells using similar treatment regimens in vitro [307]. In the AML study 

differentiation activation was considered to be an early effect of decitabine in AML. The 

findings of U20S study, however, suggest that the cellular effects detected are a result of 
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up-regulation of apoptotic genes. These data are in general agreement with the increasing 

evidence that decitabine's antineoplastic effects may be through modulation of apoptotic 

pathways [308] [309].The genes identified in U20S with a role in apoptosis were 

GADD45A, HSPA9B, PAWR, PDCD5, NFKBIA, and TNFAIP3. These proteins have 

potential roles in regulating a number of key apoptotic events including the p53 related 

apoptosis, bcl2 related apoptosis, and the nfkb related apoptosis. GADD45A, like p53, is 

considered to be involved in cell growth control, maintenance of genomic stability, DNA 

repair, cell cycle control, and apoptosis (discussed in Chapter Three). 

In our study, 63 (71%) of the 88 decitabine up-regulated genes possessed CpG-

island at their 5' region, a proportion that is higher than that observed in other reports; 

including AML [307], and human glioma cell lines [210], where decitabine re-activated 

50% and 40%, respectively, of genes with potential CpG islands. This observation is 

particularly intriguing because it suggests that decitabine treatment of U20S induced 

CpG-island associated genes more frequently than previously reported. Moreover, of the 

13 U20S genes with a s2-fold change, there were 11 genes (84%) with CpG-island in 

there promoter region. The further enrichment of the frequency of CpG-island-associated 

genes in the genes with a strong induction of expression (s2-fold change) after decitabine 

treatment, further suggested that expression induction reflects either a more direct effect 

of decitabine through CpG-island demethylation, or indirect activation effects. In four of 

six apoptotic genes studied in detail, we showed a significant increase in expression 

following decitabine treatment was accompanied by a marked loss of promoter 
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methylation, which points out to the potential direct effect of decitabine on methylated 

CpG sequences. 

The above data demonstrate that the re-activation of genes involves CpG-island 

demethylation. Dinucleotide clusters of CpGs in CG-rich regions of genomes or CpG-

islands are present in the promoters and exonic regions of at least 40% of mammalian 

genes some reports, however, other reports indicate that up to 70% of mammalian genes 

have CpG islands in their promoter [310] [311]. Methylation of promoter associated CpG 

islands in the genome of cancer cells has shown non-random and tumor-type-specific 

patterns [210]. While some tumors exhibit hypermethylation of low number of specific 

CpG islands, other tumors possess hypermethylation of a higher number CpG island 

associated promoters [210]. It is important, though, to realize that not all genes with 

methylated CpG islands are re-activated by decitabine treatment possibly because some 

methylated CpG islands may have other chromatin structural alterations that does not 

respond to demethylation treatment [306]. 

Out of 88 significantly induced genes there were 25 genes with no apparent CpG 

island at their promoter region. Similarly, two genes out of the 13 genes with s2-fold 

change have no potential CpG islands close to the TSS and promoter region. 

Methylation-independent induction of gene expression has also observed in other studies 

[312] [307] indicating that genes without CpG islands may respond to this drug. 

Decitabine mechanism of action is not restricted to its demethylation capability and was 

reported to have effects on histone methylation and RB phosphorylation [313] [314]. 
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Decitabine treatment re-activated several apoptotic genes in U20S cells that were 

identified in this work. Other genes which are known as regulators of proliferation and 

differentiation in mammalian cells with potential role in bone development were also 

identified in this microarray screen. Decitabine re-activated the IGF binding proteins 

(IGFBPs) IGFBP6 and IMP-3 in U20S cells (Table 1). IGFBPs modulate their receptors 

IGFs whose expression was shown recently as a possible significant risk factor for OS 

[315] [316] [317] [318] [319] [320]. Also, there is increasing evidence that induction of 

IGFBPs has anti growth properties in osteoblasts and in OS cells [321] [316] [322] [276]. 

However, more studies are yet to be performed to investigate the association between the 

IGF signaling pathway and bone development or OS pathogenesis. 

Understanding the involvement of the pathways identified above in OS 

pathogenesis will provide more accurate implication of these factors in OS development 

and facilitate the opportunities to improve OS therapy. The finding of this study suggests 

that hypermethylation of several genes with anti-growth properties functions as a 

mechanism for increased proliferation capacity, reduction of apoptosis and loss of the 

differentiated phenotype in U20S. Targeting hypermethylation in U20S by decitabine 

indicated the potential of this drug for OS treatment. In the next chapter I show 

experimental evidence of the apoptotic role of one of the genes that was identified in the 

above screen. I also provided detailed discussion on the potential of targeting 

hypermethylation of this gene for OS treatment. 
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CHAPTER THREE 
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3 Decitabine demethylation induction of Gadd45a leads to apoptosis in 

OS cells 

This work is based on the article: 

Decitabine induced demethylation of 5' CpG-island in GADD45A leads to apoptosis 

in osteosarcoma cells (In press: Neoplasia) Khaldoun Al-Romaih, Bekim Sadikovic, 

Maisa Yoshimoto, Yuzhuo Wang, Maria Zielenska, and Jeremy A. Squire. K A performed 

all experiments in this section and wrote and conceived the manuscript. B S assisted in that writing of the 

manuscript. M Y assisted in the immunohistostaining experiments. 

3.1 Introduction 

As discussed in Chapter 2, one of the decitabine-reactivated genes of importance 

in OS oncogenesis was GADD45A. Gadd45a induces G2/M arrest after DNA damage and 

induces apoptosis in p53- dependent and independent manner [106] [323]. It is known as 

a conventional downstream effector of p53, however may play a role as an upstream 

regulator of p53 stabilization following DNA damage, thus has a defined positive 

feedback signal in the activation of the p53 pathway [324]. Significantly, Gadd45a 

activation was previously shown to be sufficient in the induction of apoptosis 

independent of p53 status in several cancer cell lines including COS, PC-3, DU145, and 

HeLa cell lines [325] [326] [219] [106]. 

The work presented in this chapter discusses the involvement of GADD45A in 

apoptosis induction by decitabine in OS cells. This work comprises the objectives of 

Specific Aim 3 of this thesis. 
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3.1.1 Relevance of GADD45A to OS tumorigenesis 

Deletions of P53 gene are common in OS. Interestingly, GADD45A promoter has 

a binding locus for P53 in the third intronic region of the gene and its functionality is 

linked to activation of Gl/S cell cycle arrest in response to ionizing radiation [327]. Also 

the promoter region of GADD45A has a repression binding site for c-MYC gene [328] 

which is known to be amplified in OS (section 1.2.4). Gadd45a is a central player in the 

maintenance of genomic stability and loss of the protein can lead to centrosome 

hyperamplification, chromosomal instability, and increased aneuploidy [102, 103, 329]. 

These effects are similar to those seen as a result of p53 loss, which include genomic 

instability, hyperamplification of centrosomes, gene amplifications, aneuploidy, and 

chromosomal aberrations [239]. Most of the Gadd45a- and p53- loss features are 

hallmarks to OS tumors [55] [56] [51] [53] (also discussed in the Introduction; section 

1.2) suggesting that the role of this protein in OS is highly relevant and despite this 

striking relevance the work in this chapter is the first that investigated the role of 

GADD45A in the pathogenesis of OS. 

3.1.2 Role of Gadd45a demethylation in decitabine induced apoptosis in OS 

GADD45A belongs to the stress-responsive GADD45 family which was reported 

to be methylated in multiple tumors [330], [219]. In OS, methylation within the 5' region 

of GADD45A is likely to be a mechanism of repression and inactivation of the protein's 

apoptotic function (chapter two). There is a region with dense repetitive CG sequence 

(CpG-island) near the transcription start site (TSS) of GADD45A that spans 1357 bp and 
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covers the first 3 exons of the gene [331] [332]. Methylation of a few clusters of CG 

dinucleotides in this CpG-island was reported in breast caner tissues [331]. One cluster of 

8 CpG dinucleotides within the first intron of GADD45A was found to be methylated in 

the OS cell line U20S in vitro and in xenografts [332]. In Chapter 2 of this thesis I 

demonstrated that demethylation induction of GADD45A was associated with induction 

of apoptosis in U20S, but the precise role of GADD45A CpG island demethylation and 

the specificity of Gadd45a expression in the induction of apoptosis were not defined. 

The experiments in this chapter were designed to examine the role of decitabine-

dependent GADD45A CpG island demethylation on the expression of the gene, and on 

the subsequent induction of apoptosis in OS cell lines. The experiments were performed 

on U20S cell line (discussed in section 2.1.1) and MG63 cell line. MG63 cell line is an 

OS cell line that was established spontaneously in vitro [333], and in contrast to U20S, 

this cell line has a mutant p53. The data reported in this chapter provide evidence on 

GADD45A demethylation activation and induction of apoptosis by decitabine in p53-

mutant background. The data also show that GADD45A demethylation activation by 

decitabine is central to the observed induction of apoptosis in U20S and MG63 cell lines. 

3.2 Results: 

3.2.1 Methylation of GADD45A CpG-island in MG63 

Reduction of GADD45A expression in U20S in vitro and in xenografts was 

shown in chapter two to be associated with 5'-CpG-island hypermethylation of a cluster 

of eight CpG dinucleotides, within the first intronic region of the gene 620 bp 
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downstream of the transcription start site (TSS) and this CpG island is mapped in Figure 

3.2.1A. Similar to U20S, quantitative bisulfite pyrosequencing (Pyro-Q-CpG) showed 

that ~ 80% of the sequenced alleles from the eight CpG dinucleotides in GADD45A of 

MG63 were methylated (Figure 3.2.1B). Exposure of MG63 to luM decitabine 

significantly decreased methylation (p<0.001) to -55% of sequenced alleles at the eight 

CpG dinucleotides (Figure 3.2.1B). 
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Figure 3.2.1: GADD45A CpG methylation in osteosarcoma cells. A) 

Schematic of GADD45A genomic locus. 5' CpG-island spanning the first 

3 exonic regions of GADD45A is shown. An amplicon of ~ 250 bp was 

88 



amplified and a cluster of 8 CG dinucleotides in a ~ 50 bp region within 

the amplicon was analyzed by Pyro-Q-CpG. The schematic was based on 

the latest build of the Human Genome Browser data base: 

http://genome.ucsc.edu/cgi-bin/hgGateway . B) Percentage of methylated 

alleles on the 8 CpG positions in U20S, MG63, and osteoblasts as 

detected by Pyro-Q-CpG. Each data column is the mean percentage of 

methylated alleles for each CpG position in three experiments. Y-axis 

indicates the percentage of methylation and the samples are indicated on 

the x-axis. Methylation percentage in U20S, MG63 and normal 

osteoblasts (NHOst) with (+) and without (-) 1 uM decitabine is shown for 

8 CpG positions in GADD45A promoter. 

3.2.2 Methylation down-regulation of GADD45A expression 

Methylation repression of GADD45A in MG63 was implicated since mRNA 

expression was found to be reduced, at levels slightly lower than those of normal low 

passage osteoblasts (Figure 3.2.2A). Importantly, loss of DNA methylation was 

associated with a 3.5-fold increase in GADD45A mRNA expression relative to normal 

osteoblasts and 6-fold increase relative to untreated MG63 cells as detected by Q-RT-

PCR (Figure 3.2.2A). Interestingly very low methylation (range 0.1-2.9% methylation of 

sequenced alleles) was observed at all eight CpG dinucleotides in both treated-, and 

untreated osteoblasts (Figure 3.2.1B). Moreover, GADD45A mRNA expression in 

osteoblasts was not induced after decitabine treatment (Figure 3.2.2A). 

To confirm that induction of mRNA expression led to a concomitant increase in 

Gadd45a protein levels, western blot analyses were performed on cell extracts from both 

decitabine treated, and untreated U20S and MG63 cells (Figures 3.2.2 B and C).In both 
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cell lines the levels of Gadd45a protein induction after decitabine treatment were similar 

to that observed in the mRNA levels. 

U20S MG63 NHOst 

Day 3 after decitabine treatment (1 uM) 

Q-RT-PCR 

C) 

*§P§ :-'-SfffgB32.5 kd 

beta-actin 

Day 3 <̂  *4> 

Western blot (WB) 
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Figure 3.2.2: Down-regulation of GADD45A expression. A) Induction 

of GADD45A mRNA expression in U20S and MG63 after decitabine 

treatment. Total RNA was extracted on Day 3 after decitbaine treatment 

was initiated. cDNA was then made as detailed in methods. TaqMan 

assays were used to determine relative expression using the cDNA from 

untreated osteoblast as baseline and beta-actin for a reference gene by 

applying the AACt method. Each column is the Mean of three replicates, 

and error bars indicate standard deviation from the Mean. In these 

analyses GADD45A mRNA levels are shown as -fold regulation 

compared with untreated normal osteoblasts. NHOst= normal human 

osteoblasts, nt = no treatment, tr = treated by decitabine. B) and C) 

Decitabine-related Gadd45a protein induction in U20S and MG63 cells. 

Protein preparations from cells with or without treatment were done 3 
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days after initiating the treatment. For each sample a total of 50 u.g protein 

was examined by western blotting and beta-actin was used as a loading 

control. The shown blot in (B) is representative from three experiments 

and the mean ± SD from quantification of 3 replicas after normalization to 

beta-actin is shown on the graph in (C). 

3.2.3 Decitabine induces significant levels of Gadd45a protein in OS cells 

In order to investigate the level of Gadd45a protein induction in U20S 

xenografts, 6 xenografts (3 from no treatment and 3 from decitabine treated) were 

analyzed by IHC using a human Gadd45a antibody. Sections from cell pellets prepared 

from the Gadd45a activated- UV treated HeLa cells were used as positive controls. The 

staining of xenograft nuclei was quantitated using the intensity of staining and the 

proportion of positive tumor nuclei. As shown in Figures 3.2.3 A and B, xenograft 

sections from the untreated control mice exhibited low nuclear staining for Gadd45a, 

while the staining was stronger and more frequent in nuclei from xenografts in decitabine 

treated mice (p<0.05). Induction of Gadd45a was also found to be associated with 

increased apoptosis as shown in a previous analysis on the same U20S xenografts 

(chapter two). In addition, caspase-9 activation was assessed by immunohistochemistry in 

U20S xenografts using an antibody specific for cleaved (activated) caspase-9. In this 

analysis there was no significant induction of cleaved caspase-9 (p > 0.05) as a result of 

decitabine treatment when compared to no treatment xenografts. 
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Figure 3.2.3: Induction of Gadd45a protein in OS xenografts by 

decitabine treatment. A) Induction of Gadd45a protein levels in U20S 

xenografts. Analysis of the relative levels of nuclear Gadd45a protein 

within xenografts derived from representative control untreated mice 

(upper panel); or decitabine treated mice (lower panel) using 

immunohistochemical staining with human Gadd45a-Ab. A 20X 

enlargement of representative U20S histology is shown inside boxed 

image. To the right (lower image) in (A) is the darkly stained HeLa cells 

correspond to induction of Gadd45a after UV exposure (UV+) which was 

used as positive control. B) Quantification of Gadd45a-antibody staining. 
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The staining intensity from control (light columns) and decitabine treated 

(dark columns) was quantitated using Aperio scanning image analysis of 

sections. Gadd45a-Ab intensity was calculated based on the percentage of 

positivity (total positivity/total negativity per snapshot) relative to 

positivity index in the positive control (UV irradiated HeLa cells) after 

normalization to negative controls (no Gadd45a Ab). Determination for 

the difference between the control and treated xenografts was done by 

applying the student t-test, and p< 0.05 was considered significant. The 

columns are the mean ± SD from 5 to 10 (~ 0.3 mm2) images after 

normalization to positive control. 

3.2.4 Induction of apoptosis in GADD45A-transfected U20S and MG63 

Decitabine treatment at 1 uM induced apoptosis in vitro significantly (p<0.05) in 

both cell lines in comparison to no treatment cells (Figure 3.2.4 A). Similarly, transient 

transfection of Gadd45a overexpression vector induced apoptosis significantly (p<0.05) 

in untreated U20S and MG63 in comparison to transfection with an empty vector 

(Figure 3.2.4 A). In both experiments, western blot analysis demonstrated activation of 

the Gadd45a protein (Figures 3.2.4 B and C). In order to investigate the specificity of 

Gadd45a induction on decitabine-induced apoptosis, GADD45A mRNAs were disrupted 

using specific short interference RNA (siRNA) in U20S and MG63 cells. The effect of 1 

uM decitabine treatment on GADD45A mRNA and protein levels 3 days after treatment 

was analyzed alone or in combination with 60 nM Gadd45a-siRNAs. 
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Figure 3.2.4: Apoptosis induction by pCMV-GADD45A in U20S and 

MG63. A) Percentage ofapoptotic nuclei as detected by Hoechst stain in 

U20S and MG63. Columns are mean of three replicas and error bars are 
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standard deviation from the mean. B) Induction of Gadd45a protein by 

decitabine treatment or by Gadd45a transient transfection. Western 

blotting was used to detect protein levels after treatment with 1 uM 

decitabine or 2 (j,g of pCMV(GADD45A) transient transfection vectors 

(TrueClone™, OriGene, Rockville, MD, USA). 10 ul of Lipofectamine 

2000 (Invitrogen, Burlington, ON, Canada) was used in the transient 

transfection experiments. C) The mean ±SD from quantification of 3 

replicas after normalization to beta-actin. 

nt= no treatment. pCMV(-)= empty vector. pCMV(GADD45A)- human 

GADD45A cDNA cloned in pCMV vector. 

3.2.5 GADD45A specific reduction by siRNA 

Transfection of Gadd45a-siRNA against a decitabine-treated background reduced 

GADD45A mRNA levels in both cell lines by >70% knockdown efficiency (Figure 3.2.5 

A). This knockdown efficiency was consistently observed in the protein level in U20S 

and MG63 cells as analyzed by western blotting (Figure 3.2.5 B and C). Decitabine 

treatment resulted in 5-fold induction of GADD45A mRNA in U20S and 6-fold in MG63 

cells. Similar levels of induction were seen in the presence of 60 nM of scrambled control 

RNA (ctRNA) in decitabine-treated cells. 
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GADD45A-siRNA on mRNA levels in U20S and MG63. Total RNA was 

extracted on Day 3 after the decitabine treatment was initiated. Preparation 

of cDNA and determination of mRNA relative expression is similar to that 

outlined in Figure 1 C and detailed in methods. Each column is the Mean 

of three biological replicas and error bars indicate standard deviation from 

the Mean. The data is expressed as fold change relative to no-treatment. 

Mock = transfection agent + medium (no siRNA or ctRNA). B) Gadd45a 

protein levels at day 3 after decitabine treatment. Total of 50 jxg protein 

was examined by western blotting for activation of Gadd45a protein and 

beta-actin was used as a loading control. C) Quantification of Gadd45a 

protein levels. The level of Gadd45a in the decitabine treated and 

scrambled control RNA transfected (ctRNA) was set as 100%. The 

columns are the mean ± SD of three replicas after normalization to beta-

actin. 

3.2.6 Gadd45a specific induction of apoptosis 

To investigate the effect of knocking down Gadd45a protein on apoptosis, nuclei 

from U20S and MG63 were stained with Hoechst 33342 dye at day 3 after treatment in 

the decitabine alone and combination experiments (Figure 3.2.6 A). Fluorescent 

microscopy demonstrated that the fraction of fragmented nuclei caused by 1 uM 

decitabine treatment were 14% in U20S and 15% in MG63 while the no treatment cells 

or the ctRNA (60 nM) cells (in the presence transfection agent) had fragmented nuclei 

(apoptotic nuclei) percentage of less than 4% in both cell lines (Figure 3.2.6 B). 

Decitabine also induced apoptosis to similar levels in U20S and MG63 when used in 

combination with same amounts of ctRNA and transfection agent. Interestingly when 

97 



Gadd45a-siRNA (60 nM) was used in combination with decitabine, apoptotic nuclei were 

reduced from 14 % to 6% (p<0.05) in U20S and from 15% to 8% in MG63 (p<0.05) 

(Figure 3.2.6 A and B) indicating that the ability of decitabine to induce apoptosis was 

reduced specifically by Gadd45a-siRNA. Same knockdown experiments were repeated 

on U20S cells using two other siRNAs for human GADD45A for validation against off-

target effect (Figure 3.2.7 A and B). 
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Figure 3.2.6: Gadd45a-siRNA treatment abolishes decitabine-induced 

apoptosis. A) A representative image of apoptotic nuclei (arrows) from 

decitabine treated MG63 stained with Hoechst 33342 dye. B) One 

hundred nuclei were counted per slide and 3 slides were prepared for each 

treatment condition. The columns are the mean ± SD of 3 biological 

replicas. When Gadd45a-siRNA (60 nM) was added to the medium in 

combination with decitabine, apoptotic nuclei were reduced to from 14 % 
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to 6% (p<0.05) in U20S and from 15% to 8% in MG63 (p<0.05). G45a= 

Gadd45a. nt= no treatment. siRNA= short interference RNA. ctRNA= 

control non-targeting RNA 

U20S 

Gadd45a 
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Figure 3.2.7. Reduction of Gadd45q protein expression by GADD45A-

siRNAs (2659 and 2746) in decitabine treated U20S cells abolishes 

decitabine induced apoptosis. Top) Gadd45a protein levels at day 3 after 

decitabine treatment. Total ,of 50 ug protein was examined by western 
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blotting for activation of Gadd45a protein and beta-actin was used as a 

loading control. Bottom) One hundred nuclei were counted per slide and 3 

slides were prepared for each treatment condition. The columns are the 

mean ± SD of 3 biological replicas. 

3.3 Discussion: 

OS is a particularly aggressive cancer in which current treatment modalities result 

in a 5 year event free survival in 60-70% of patients [295, 334] [335]. Unfortunately 

there is a poor response to chemotherapy in a significant sub-group of OS patients and 

some patients have a high drug toxicity profiles [41]. In recent years, novel therapeutic 

approaches involving genome-wide epigenetic modification have been introduced [246]. 

Decitabine is one of the most popular in this class of new drugs and has been approved 

by the United States Food and Drug Administration [250]. The mechanisms of response 

to decitabine may vary in different patients, but are thought to include induction of 

senescence, differentiation and apoptosis [246]. The therapeutic potential of decitabine in 

OS tumors was first observed in the work presented in the previous chapter. Decitabine 

induced apoptosis and that was associated with induction of a number of apoptotic genes, 

one of which is GADD45A. To date, defects of the GADD45 gene family have not been 

implicated in osteosarcoma (OS) oncogenesis, and the role of this pathway in regulating 

apoptosis in this tumor is unknown. 

The GADD45 stress-response family has been shown to be inactivated by 

methylation in several types of tumors [330], [219]. The protein has been implicated in 

regulating genome stability [103], DNA damage response [324], DNA repair [329] [336], 
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apoptosis [106], and most recently, when overexpressed, DNA demethylation [337]. 

Despite the impact of GADD45A gene on all these processes, and its frequent methylation 

in some tumors, there is limited information regarding the role of GADD45A in the 

response to epigenetic modifications in general, and demethylation treatment in 

particular. 

In this study we found that extensive methylation of the 5' CpG region of 

GADD45A was present in the MG63 and U20S cell lines, and this epigenetic change was 

associated with reduced expression of GADD45A in OS. Furthermore, it was found that 

exposure of both OS cell lines to decitabine significantly decreased the methylated alleles 

to -55% in this region of the gene. The relationship between loss of DNA methylation in 

this region, and elevated gene expression was demonstrated by a six-fold increase in both 

GADD45A mRNA and protein levels. The role of Gadd45a on cell cycle arrest is well 

established. The protein has been shown to play a role in G2-M checkpoint in response 

to DNA damage [105, 338, 339]. Gadd45a activates p53-dependent G2-M arrest 

providing a link between p53-dependent cell cycle checkpoint and DNA repair [338]. In 

this regard, it is noteworthy that p53 inactivation is one of the most common aberrations 

observed in human OS [340]. 

The role of Gadd45a in apoptosis is more complex than its role in cell cycle 

arrest. While GADD45A overexpression in both normal human cells and human cancer 

cells causes G2-M arrest [341] [338], GADD45A role in apoptosis induction in normal 

cells has been controversial. GADD45A induction of apoptosis has been observed more 

frequently in cancer cell lines than normal cells [106] [219]. For example, Gadd45a has 
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been shown to induce cell cycle arrest and fail to induce apoptosis in normal fibroblasts 

[38] Others, however, have shown Gadd45a dependent induction of apoptosis in normal 

epithelial cells [342]. 

In the present study we show that Gadd45a re-expression correlates with a 

significant induction of apoptosis in OS cells. The in vivo effects of decitabine treatment 

were studied by establishing xenografts and showing that tumor sections of xenografts 

from untreated control mice exhibited low nuclear staining for Gadd45a protein, while 

the nuclei from xenografts in decitabine treated mice exhibited much higher levels of 

Gadd45a protein. As with the in vitro studies, an increase in Gadd45a protein levels was 

associated with a significant increase in apoptosis. 

To show the specificity for Gadd45a in decitabine-induced apoptosis, GADD45A 

mRNAs were disrupted using siRNA. This approach has been utilized previously in other 

cell types and inhibition of GADD45A led to disruption of functions including its ability 

to induce apoptosis [343] [344] [345]. GADD45A activation in OS was found to be 

central to the decitabine-induced apoptosis, and knockdown by siRNA demonstrated the 

specificity of this effect. This observation, however, does not eliminate the possibility of 

the involvement of the other apoptotic factors and pathways in the decitabine induced 

apoptosis in OS cells [332]. 

OS is known for having high levels of genomic instability with multiple 

chromosomal breakpoints, and increased incidence in genomic aberrations [56] [51] [53] 

[52]. Inhibition of the DNA damage response gene such as GADD45A by DNA 

hypermethylation could be one explanation on how OS cells escape apoptosis and 
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undergo survival, despite the numerous DNA breakpoints required to generate the 

complex karyotypes that characterize the OS genome. Interestingly Gadd45A has 

recently been shown to actively demethylate downstream target genes by promoting 

DNA repair [337] thus linking both processes. Finally, the findings of a potential role for 

GADD45 repression by methylation in OS oncogenesis may encourage the development 

of novel therapeutic strategies that takes advantage of improved understanding of the 

genomics and epigenomics of this tumor. 
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4 General conclusions and future directions 

4.1 General conclusions 

Currently, cancer chemotherapy is dominated by treatments that use cytotoxic 

agents which have had only a modest impact on mortality rates. This failure in part 

reflects the mechanism of action of current anticancer drugs which target proliferation, 

rather than specific abnormalities associated with tumor cells. Surgery remains the most 

important way of treating primary OS, and adjuvant chemotherapy plays an essential role 

in the control of metastasis. Unfortunately, one third of patients remain at high risk of 

eventual relapse. These patient groups, in particular, may benefit from investigations into 

agents, such as decitabine that may provide new opportunities for improved control and 

higher cure rates in OS. 

This thesis is the first comprehensive analysis of the demethylation drug 

decitabine to modify global gene expression in OS cells. My approach led to the 

identification of methylation targets that may have therapeutic importance in OS. The 

analysis of U20S cells after exposure to decitabine provided a link between genome-

wide methylation and specific targets with therapeutic potential in these cells. Gene 

expression profiling by microarray analysis showed that 88 genes had significantly 

increase in expression after decitabine treatment, which represented ~ 0.6% out of the 

14500 genes on the array. Although this global modulation of genes is at a level 

comparable to other studies, the findings of this study showed that six out of the 88 genes 

have been linked to apoptotic pathways. At the cellular level, decitabine treatment of 
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U20S cells induced cell death and apoptosis. The findings of U20S study suggest that 

the cellular effects detected are a result of up-regulation of the apoptotic genes. These 

cells were undergoing fine molecular modulations of their epigenome eventually leading 

to changes in gene expression resulting in the observed cell death and apoptosis in vitro. 

Methylation-independent induction of gene expression by decitabine has been 

observed in a few studies indicating that genes without CpG islands may also respond to 

this drug. In my study, however, 63 (71%) of the 88 decitabine up-regulated genes 

possessed CpG-island at their 5' region, a proportion that is higher than that observed in 

other reports. This observation is particularly intriguing because it suggests that 

decitabine treatment of U20S induced CpG-island associated genes more frequently than 

previously reported. In a subset of apoptotic genes I showed a significant increase in 

expression following decitabine treatment that was accompanied by significant loss of 

promoter methylation. This suggests the potential direct effect of decitabine on 

methylated CpG sequences demonstrating that the re-activation of these genes involves 

CpG-island demethylation by decitabine. 25 genes out of 88 (28 %) significantly induced 

genes had no apparent CpG island at their promoter region indicating that a smaller 

number of genes were induced independent of demethylation in the decitabine treated 

U20S cells. Decitabine mechanism of action is not restricted to its demethylation 

capability and was reported to have effects on histone methylation and RB 

phosphorylation. 

One of the decitabine-reactivated genes of importance in OS oncogenesis was 

GADD45A. Gadd45a induces G2/M arrest after DNA damage and induces apoptosis in 
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p53- dependent and independent manner. Because the effects of Gadd45a loss and p53 

loss in mouse and human cells are strikingly similar, and resemble the genetic defects 

seen in OS tumors, and the findings that GADD45A re-activation associates with 

apoptosis induction in decitabine treated U20S cells, the potential of GADD45A 

involvement in OS tumorigenesis was further investigated. In this study I found that 

extensive methylation of the 5' CpG region of GADD45A was present in the MG63 and 

U20S cell lines, and this epigenetic change was associated with reduced expression of 

GADD45A in both cell lines. Furthermore, it was found that exposure of both OS cell 

lines to decitabine significantly decreased the methylated alleles to -55% in the CpG-

island of the gene. 

The relationship between loss of DNA methylation in this region, and elevated 

gene expression was demonstrated by a six-fold increase in both GADD45A mRNA and 

protein levels. I also show that Gadd45a re-expression correlates with a significant 

induction of apoptosis in OS cells in vitro and in xenografts. To show the specificity for 

Gadd45a in decitabine-induced apoptosis, GADD45A mRNAs were disrupted using 

siRNA. This approach has been utilized previously in other cell types and inhibition of 

GADD45A led to disruption of its function including its ability to induce apoptosis. 

GADD45A activation in OS was found to be central to the decitabine-induced apoptosis, 

and knockdown by siRNA demonstrated the specificity of this effect. 

Understanding the details of the various pathways identified by genome-wide 

demethylation in OS will identify additional opportunities for innovative OS therapies. 

Hypermethylation of pathways impacting on proliferation, apoptosis and OS 
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differentiation suggest that other therapeutic targets will emerge form this general 

approach. Targeting hypermethylation in U20S by decitabine indicated the potential 

power of this drug for OS treatment. The findings from this study will encourage 

creative approaches to the development of novel and more effective epigenomic based 

therapeutic- strategies, by taking advantage of our understanding of the genomics of this 

tumor. In addition, the concepts being addressed in this thesis have broader implications 

for more common classes of cancers also characterized by CIN. 

4.2 Future Directions 

The findings on methylation in cancer led to the re-evaluation of demethylation 

drugs in vitro and in vivo, resulting in FDA-approved drugs that are helping patients live 

longer with fewer side effects than conventional cytotoxic therapy. It seems likely that 

the field of epigenetic therapy will grow, with new drugs and new indications discovered 

through continued efforts in the laboratory and in the clinic. This thesis presents the 

initial genome-wide analysis of OS epigenetics. It shows the potential of decitabine use in 

the treatment of OS. It also reports specific targets for methylation silencing that could be 

informative to assess demethylation treatment or to serve as prognostic factors. The work 

presented in this thesis could be expanded further in order to translate the laboratory 

findings into clinical work where, ultimately, patients will benefit. 

a) Demethylation therapy 
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The data in chapters 2 and 3 represent a proof-of-concept for epigenetic therapy 

using decitabine in OS cells. Decitabine produce cytotoxic effect that maybe an 

indication of possible remission or clinical improvements if tried on OS patients. A 

controlled clinical study using decitabine for a small number of OS patients (Phase II 

clinical trial) would facilitate evaluating the effectiveness of this drug on OS tumors. It 

will also allow one to determine the common side effects and risks of decitabine use, if 

exists, on OS patients. In addition, since decitabine shows the capability of inducing 

genes with roles in DNA damage response (GADD45A), a controlled study on a small 

number of OS patients that investigates the possible additive or synergistic antineoplastic 

effect of the current OS drugs (some of which are DNA damaging agents) and decitabine 

is of great importance. In these trials administration of the drugs in combination maybe 

designed to use lower doses of the current OS treatment drugs to reduce their high 

toxicity profile. 

b) Combination of different epigenetic therapies 

The literature indicates that decitabine and HDAC inhibitors, such as Trichostatin 

A, in combination are synergistic. This suggests that combination of these inhibitors may 

be an effective form of epigenetic therapy for OS. Initially, such possibility can be 

investigated in OS cell lines in vitro and in xenografts in the same manner as shown in 

this thesis. The objective would thus be to determine the synergistic antineoplastic 

activity of the two drugs on human OS cells and in xenografts. This study could also be 

taken to the next level by testing these drugs individually and in combination on patient 
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primary tumors after implanting them under the renal capsule of mice. The dosage and 

schedule of administration of the epigenetic drugs may then have application for future 

clinical trials on the treatment of OS with these agents. 

c) Apoptosis as a therapeutic pathway in OS 

Inhibition of the apoptotic gene GADD45A by DNA hypermethylation could be 

one of the mechanisms of how OS cells evade apoptosis and undergo survival, despite 

exhibiting high chromosomal re-arrangements. Other genes with roles in apoptosis and 

differentiation were also identified in this study. This indicates that these genes and 

possibly many others that are involved in these pathways are of possible importance for 

demethylation therapy in OS. Detailed analyses of these pathways after demethylation 

treatment is possible through the use of apoptotic pathway specific PCR Arrays. PCR 

Arrays are pathway specific arrays for real-time PCR analysis of a panel of pathway 

specific genes that utilizes SYBR-Green pre-optimized primer assays. mRNA from OS 

patient samples can be analyzed on this platform to identify the expression levels of 

multiple genes simultaneously. In addition, tumor samples can be evaluated after 

epigenetic treatment to determine tumor response to treatment at the molecular level 

involving multiple genes. 

d) Role of GADD45A locus in OS oncogenesis 

My studies also provide insights about acquisition of CIN in OS. It is possible that 

the reduced expression of the DNA damage response function of GADD45A by DNA 

hypermethylation could be an early event in tumorigenesis. Such "epigenetic mutations" 

111 



would allow OS precursors to escape apoptosis and undergo continued proliferation. 

This may account for the high degree of complexity of OS karyotypes. The genomic 

locus of GADD45A gene on chromosome lp31 was not studied previously for genomic 

re-arrangements in OS. GADD45A locus in OS presents an appropriate genomic site to 

study the relationship between chromosomal re-arrangements and DNA methylation. One 

way to address this issue is by utilizing fluorescence in situ hybridization of several 

probes from GADD45A locus and its neighboring genomic sites on OS tissue 

microarrays. 

Implicating GADD45A in the therapeutic response to decitabine in this study 

indicates the potential of using this gene as an indicator for response to epigenetic 

treatment. However, one necessary step to be undertaken is to analyze the mRNA and 

protein expression of GADD45A in a large number of OS tumors. Correlating the mRNA 

and protein expression to the methylation status in patient samples would provide 

additional proof-of- concept to the in vitro and in vivo data. Other genes in the apoptosis 

pathway that were reported in this study could also be analyzed for expression and 

methylation in OS patient samples. When such studies are performed, OS epigenetic 

biomarkers and epigenetic prognostic factors in future clinical trials maybe identified. 
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5 Methodology 

5.1 Cell line culture and treatment 

The human OS cell lines U20S (ATCC # HTB-96) and MG63 (ATCC # CRL-

1427 ) and cervical adenocarcinoma (HeLa) cell lines (ATCC # CCL-2) were purchased 

from American Type Culture Collection ATCC (Rockville, MD) and maintained in 

alpha-Minimum Essential Medium (alpha-MEM) supplemented with 10% heat 

inactivated Fetal Bovine Serum and 2 mM L-Glutamine. Normal osteoblasts are primary 

osteoblasts from the hip bone of a normal male donor that were purchased from 

PromoCell (Heidelberg, Germany, Catalogue # C-12760) and maintained in medium 

provided by the manufacturer and used at culture passage 3. Treatment with decitabine 

was performed as described by Liang et al [287]; 5x10 cells were plated in 56 cm 

culture plates with 10 ml growth medium. 12 hours after plating they were treated with 

freshly prepared decitabine (Sigma Chemical Co., St Louis, MO) dissolved in growth 

medium to a final concentration of 1 uM without changing the medium. The use of a 

single dose decitabine to significantly reactivate methylation silenced genes was reported 

in bladder cancer cells [287]. Other treatment schedules analyzing demethylation in lung 

and head and neck tumors have involved including fresh decitabine when culture media 

is replaced [346]. Control (medium only) cultures were maintained and processed over 

the same period of time under the same condition as the decitabine treated cells. Three 

days after initiating the treatment, cells where harvested by trypsinization for DNA 

extractions, and for Propidium Iodide (PI) or Hoechst 33342 staining. For RNA and 
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protein extractions cells were washed 3 times by Phosphate Buffer Saline (PBS) and 

lysed in the culture vessel using TRizol (RNA) or RIPA (protein) agents. 

To establish growth curves for U20S cells with or without 1 uM decitabine, cells 

were plated at 5xl05 cells/56 cm2 culture plates with 4 mm2 grids. The cells were allowed 

to attach to the surface of the plates for 12 hours before the start of the treatment. 

Adherent cells were counted in 2 independent cultures in multiple 4 mm2 grids every 12 

hours after plating and the experiment was repeated after culturing the cells for 5 

passages. When cell growth was near confluent, the cells were trypsinized, re-suspended 

in growth medium (10% serum) and a final viable cell count was determined using Vi-

CELL™ XR (Beckman Coulter, Fullerton, CA) after Trypan Blue staining. 

5.2 In vivo studies: U20S xenograft and treatment 

Six- to eight-week old male immune-deficient NOD-SCID and Rag-2M mice were bred 

and maintained by the Animal Resource Centre at the British Colombia Cancer agency, 

Vancouver, Canada. U20S cells, in general, were considered as non-tumorigenic in mice 

while grafting the cells subcutaneously or orthotopically [273]. As such, in order to 

establish their xenografts, U20S cells were grafted under the renal capsule, a site 

proven to be an excellent site for tumor engraftment [280] [281] [282]. Briefly U20S 

cells were cultured in alpha-MEM and washed in growth medium containing 20% FBS. 

The viable cells were counted after trypan blue staining and 2xl06 cells were pelleted, re-

suspended and grafted beneath the renal capsule of adult male SCID mice as previously 
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described by Wang Y et al [280]. After 5 months, a well-grown xenograft was selected 

for re-grafting to establish multiple stable U20S xenografts under the kidney capsules of 

NOD-SCID mice (two per kidney per mouse = 4 grafts per mouse). The re-grafted U20S 

xenograft had a 100% take rate, with a doubling time of ~10 days and exponential growth 

phase starting after ~ 2 of tumor growth doubling. After 5 tumor growth doublings the 

xenografts were surgically removed from the mice and cut into approximately 4 mm3 

portions then were re-grafted under the renal capsules of 6 male Rag-2M mice (two per 

kidney per mouse = 4 grafts per mouse). Four weeks after grafting (-2-3 doubling of 

tumor growth), the host mice were divided into two groups. One group (3 mice) was 

given decitabine (2.5 mg/kg body weight) dissolved in saline (0.9% w/v NaCl), 

intraperitoneally on days 29, 31 and 33. The other group (3 mice) was given saline alone 

as a treatment control over the same schedule. On day 37, mice from both groups were 

sacrificed. Tumor volumes were measured using a digital caliper, recorded and expressed 

in mm3, using the formula: volume (mm3) = (0.52) X length (mm) X width (mm) X 

height (mm). Data were presented as means ± Standard Deviation (SD) and student t-test 

was used to analyze the difference between the two treatment groups. The xenograft 

tissues were then snap frozen, or fixed in formalin and prepared in paraffin and sectioned 

according to standard procedures [280]. 
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5.3 Immunohistochemistry and image analysis 

5.3.1 Global methylation analysis using 5-methylcytidine antibody 

Xenograft tissue sections were de-paraffinized using xylene and re-hydrated in a 

series of alcohols. The tissue sections were then incubated at room temperature (RT) in 

3% H2O2 in PBS for 10 minutes to inactivate endogenous peroxidase. Following 

incubation the slides were washed 3 times in PBS for 3 minutes each. Antigen retrieval 

was obtained by heating in a microwave at maximum heat for 20 minutes in Tris-EDTA 

buffer (10 mM Tris Base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0) and cooling 

for 20 minutes at RT. Slides were again washed 3 times in PBS for 3 minutes each. The 

slides were blocked (30 minutes in a humid chamber at RT) with serum to reduce non­

specific binding. Serum was removed from the slides and the slides were then incubated 

with the primary antibody 5-methylcytidine (5-mc-Ab) (Eurogentec, San Diego, CA) at 

1:500 dilution at 4°C overnight. 

Following incubation the slides were washed 3 times in PBS for 3 minutes each. 

The slides were then incubated with a secondary antibody [Polyclonal rabbit anti-mouse 

immunoglobulins/biotinylated rabbit F(ab')2; Dako] for 30 minutes at RT, followed by 3 

washes in PBS for 3 minutes each. The slides were then incubated with 

StreptABCComplex/HRP (Dako, Glostrup, Denmark) for 30 minutes in a humid chamber 

at RT, followed by 3 washes in PBS for 3 minutes each. A 3,3'diaminobenzidine (DAB) 

substrate (Vector Laboratories, Burlingame, CA) was used for detection and hematoxylin 

was used for counterstain. The slides were then dehydrated and mounted. 
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5.3.2 Analysis Gadd45a protein induction using Gaadd45a antibody 

Xenograft tissue sections and sections from pelleted and paraffin embedded HeLa 

cells were de-paraffinized using xylene and re-hydrated in a series of alcohols. The tissue 

sections were then incubated at room temperature (RT) in 3% H202 in PBS for 10 

minutes to inactivate endogenous peroxidase. Slides were then washed 3x in PBS for 3 

minutes each (PBS wash). Antigen retrieval was performed at 95°C for 30 minutes in 10 

mM Sodium Citrate buffer (pH 6.0), and cooling for 5 minutes in a running water bath, 

followed by the PBS wash. The slides were blocked using 3% skim milk for 30 minutes 

in a humid chamber at room temperature, which was followed by primary anti-human 

Gadd45a-Ab (Abnova, Taipei City, Taiwan) exposure (1:500 dilution) at 4°C overnight 

followed by PBS wash. After the PBS wash, slides were incubated with secondary 

antibody [Polyclonal rabbit anti-mouse immunoglobulins/biotinylated rabbit F(ab')2; 

Dako] for 30 minutes at RT, followed by the PBS wash. StreptABCComplex/HRP 

(Dako, Glostrup, Denmark) was applied for 30 minutes in a humid chamber at RT, 

followed by the PBS wash. A 3,3'diaminobenzidine (DAB) substrate (Vector 

Laboratories, Burlingame, CA) was used for detection and hematoxylin was used for 

counterstain. To confirm that each section retained immunoreactivity, a positive finding 

for the Ki67 antibody stain indicated that adjacent xenograft sections were positive and 

informative. 
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5.3.3 Image analysis 

Whole sections from xenografts were scanned by ScanScope CS (Aperio 

technologies, Vista, CA). The slides were digitized to 20x magnification (~ 0.5 

microns/pixel). Images were then viewed with Aperio's image viewer software 

(ImageScope), which allows performing quantitative analysis of stain intensity on 

snapshots from the sections. Five to ten ~ 0.3 mm2 snapshots (each containing 3,000 to 

5,000 cells) were analyzed per section using the following parameters: compression 

quality = 30, and color saturation threshold = 0.04. Positivity thresholds were 150 to 220 

= high positive, 100 to 150 = low positive, and 0 to 100 = negative. Descriptive analysis 

such as mean and standard deviation for 5-mc-ab immunostaining intensity were 

calculated from the positivity indices of the scanned images (Positivity index = number 

of total positive nuclei /number of total positive + negative per image) after normalization 

to negative controls ( no 5mc-Ab). 

For Gadd45a-Ab intensity were calculated from the positivity indices of the 

scanned images relative to positivity indices in the positive control (UV irradiated HeLa 

cells) after normalization to negative controls (no Gadd45a Ab). Comparison between 

control and decitabine-treated sections was done using the student t-test and p< 0.05 was 

considered significant. 
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5.4 Histopathological analysis and TUNEL assay 

Formalin-fixed paraffin-embedded xenografts tissues from the control (no 

treatment) and decitabine treated groups were stained with hematoxylin and eosin (H&E). 

Sections were assessed blindly and extracellular matrix was defined as eosinophilic 

osteoid-like material surrounding individual cells and small clusters of 3-5 cells, and the 

percentage of tumor with osteoid was then calculated. Mitotic counts were performed in 

areas with the highest mitotic rate, and ten high-powered fields (x 400) were assessed per 

section. 

In situ hybridization for terminal deoxynucleotidyl transferase-mediated nick end 

labeling (TUNEL) was performed on paraffin sections as recommended by the 

manufacturer (Ventana Medical Systems, Tucson, AZ). Scoring of the sections was 

performed using Simple PCI analytical software (Nikon, Tokyo, Japan). Sections were 

examined and the most intense areas of staining were photographed using a DXM1200 

digital camera (Nikon) at a power of x200. The digital image was then scanned using the 

Simple PCI program and the numbers of positive and negative nuclei were obtained. 

Control and treatment images were all photographed at a uniform brightness, and all 

images were subjected to uniform binary image modification and size calibration prior to 

counting by Simple PCI. The positivity index was obtained by dividing the number of 

positive nuclei by the total number of nuclei (positive + negative). The number of nuclei 

counted was always over 1000, and ranged from 1100 to 2000. Positivity indices from the 

2 treatment groups (control and decitabine treated) were compared by Student's t-test and 

a p-value of <0.05 was considered significant and shown in Figure 2.2.2 B V and VI. 
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5.5 Affymetrix expression analysis 

Total RNA was extracted using the RNeasy kit (Qiagen, Germany) after lysing 

the cells in the culture vessel. RNA was obtained from two replicate experiments of 

U20S cells at day 3 after treatment with 1 uM decitabine or medium alone (control). In 

each experiment RNA yields were pooled from two independent cultures per treatment 

arm. For each case, 10 jug of RNA was labeled and hybridized to the Affymetrix HG-

U133A GeneChips using the manufacturer's protocol (Affymetrix, Santa Clara, CA) by 

the Centre of Applied Genomics at the Hospital for Sick Children (Toronto, Canada). 

Data were extracted using the Microarray Suite (MAS) version 5.0 (Affymetrix) and 

linearly scaled to achieve an average intensity of 150 across each chip. The candidate 

gene list obtained from the MAS 5.0-extracted data was selected by eliminating genes 

that were not present in at least one experiment. The arrays were subjected to a pair wise 

comparison using MAS 5.0, with signal intensities from the no-treatment cells as the 

baseline. The statistical significance for the change of expression for each probe set 

between the decitabine treated and control was calculated by the MAS 5.0 software. The 

criteria for gene selection for real-time expression validation analysis was based on the 

statistically significant up-regulation (p<0.0025) and fold change of >2 for expression 

after decitabine treatment. The gene list was annotated based on the NetAffx data-base 

[347] and further verified using the Human Genome Browser data base [348]. All the raw 

data for expression arrays is available in [349] under the series record number 

(GSE7454). 
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5.6 In silico analysis of CpG-island association, gene annotation, and pathway 

enrichment 

The criteria for a CpG-island was based on those outlined by Takai and Jones 

[350], where the GC > 55%, Obs/Exp > 0.65, and length > 300 bp which was reported to 

exclude most Alu-repetitive elements. We identified the genes that harbored CpG-island 

within a 2000 bp window upstream or downstream from the transcription start site based 

Human Genome Browser data base [348]. To be certain that there were no CpG island 

closer to the TSS and gene promoter regions, we submitted the sequences of interest 

(including a 2000 bp window upstream and downstream from TSS) to the CpG search 

engine available in reference [350] and verified that there was no CpG islands that are 

closer to TSS for the genes we tested. Up-regulated genes with CpG-island associations 

were further analyzed through the Microarray Literature-based Annotation tool MILANO 

[351] to look for evidence of epigenetic modifications in the literature. MILANO is a 

web-based tool that allows annotation of lists of genes derived from microarray results by 

user defined terms [351]. Using MILANO we searched for literature associations 

between our list of genes and the terms 'epigenetics', 'methylation' 'chromatin 

modification' 'cancer', and 'disease'. To identify the putative functional pathways for 

each gene list, we used the functional annotation enrichment tool. This tool utilizes the 

Gene Ontology database and uses GO Terms to identify enriched biological themes in the 

gene lists [352]. The Fisher Exact test was applied to determine the significance in the 

proportions of genes falling into a certain pathway in each gene list. We used this tool to 
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look for enriched pathways of up- or down- regulated genes with CpG-island associations 

from the gene lists from the cell lines. 

5.7 Expression validation using reverse transcription and quantitative real-time 

PCR 

Total RNA from xenografts and osteoblasts was extracted using the TRIzol 

reagent method. 1 ml of TRIzol (Invitrogen, Osaka, Japan) was used for every 50-100 mg 

of tumor tissue and homogenized in an RNase free environment. Chloroform was then 

added (200 ul for each 1 ml TRIzol) and the samples were centrifuged at high speed for 

15 minutes at 4°C. The aqueous layer was then transferred into a new tube and RNA was 

precipitated with iso-propanol followed by one wash using 70% ethanol. The RNA 

precipitate was then dissolved in 10-15 ul of RNAse free water and analyzed for quantity 

and quality using a spectrophotometer. A two-step reverse transcription-PCR procedure 

was performed. Total RNA was reverse transcribed using the GeneAmp kit (Applied 

Biosystems; ABI, Foster City, CA). 20 ng of the resulting cDNA was then used in the 

real-time PCR step. Six genes were tested by real-time PCR including: growth arrest and 

DNA-Damage inducible, alpha (GADD45A), heat chock70KDA protein 9b (HSPA9B), 

parkc apoptosis wtl-regulatort (PAWR), programmed cell death 5 gene (PDCD5), 

nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha 

(NFKBIA), tumor necrosis factor, alpha-induced protein 3 (TNFAIP3). We used the 

TaqMan primers (ABI) for all the genes that we tested (primer information is provided in 

i 
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Table 5.1). All real-time PCR assays were performed in triplicate in a 96-well plate using 

the 7900 Sequence Detector System (ABI) according to the manufacturer's protocol. 

Data analysis was performed using the Sequence Detector System (SDS) software (ABI) 

and the results were expressed as fold-change in relative mRNA expression level, 

calculated using the AACt method with P-actin (ACTB) as the reference gene and the 

non-treated cells as baseline. The validation was carried out on RNA from three replicate 

experiments of U20S cells, three decitabine-treated U20S xenograft tumors (Xeno- 1, 2 

and 3), three no-treatment (control) U20S xenograft tumors (Xeno- 4, 5, and 6) and three 

replicate experiments of NHOst. 

Table 5.1: TaqMan assays from Applied Biosystems (ABI, Foster 
City, CA) that were used for Real-Time PCR. 

Gene 
GADD45A 
HSPA9B 
TNFAIP3 
PAWR 
NFKBIA 
PDCD5 
beta-Actin 

TaqMan assay# 

Hs00169255_ml 
Hs00269818_ml 
Hs00234713_ml 
Hs00169332_ml 
Hs00153283_ml 
Hs00270435 ml 
4352935E 

5.8 Quantitative-bisulfite pyrosequencing 

Quantitative Bisulfite Pyrosequencing for CpG islands (Pyro Q-CpG) is a 

sequencing-based analysis of DNA methylation that quantifies multiple CpG sites per 

amplicon using Pyro Q-CpG software. 2 ug of DNA from the control and decitabine 

treatment were bisulfite-treated using the Zyrno DNA Methylation Kit (Zyrno Research, 
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Orange, CA). Bisulfite-treated DNA was amplified by PCR then sequenced according to 

the manufacturer's protocol (Biotage, Kungsgatan, Sweden). The target sequences inside 

the CpG-islands of the candidate genes and the primer sequences are shown in Table 5.2. 

The percentage of C content (methylated alleles) versus T content (unmethylated alleles) 

is calculated by the Pyro-Q-CpG software for each CpG position in each sample. 

Analysis was performed on DNA samples from 3 replicate experiments of U20S and 

MG63 cells in vitro and six U20S xenograft tumors; three decitabine treated (Xeno-1, 

Xeno-2 and Xeno-3), and three saline (control) treated (Xeno-4, Xeno-5 and Xeno-6). 

Universally methylated DNA was used as a methylation positive control. DNA isolated 

from early embryos (Biotage, Kungsgatan, Sweden) was used for methylation negative 

control. DNA from low-passage normal human osteoblasts (PromoCell, Germany) was 

used for experiment control. 

Table 5.2: Methylation CpG Pyrosequencing primers. 

GENE 

GADD45A 

HSPA9B 

PDCD5 

PAWR 

NFKBIA 

TNFAIP3 

Sequence 
type 

original 

converted* 

original 

converted* 

original 

converted* 

original 

converted* 

original 

converted* 

original 

converted* 

Amplicon primers 

Forward 5'—3' 

CTGGCAGCCTGTGGCAGGGGCACT 

TTGGTAGTTTGTGGTAGGGGTATT 

ACCTCCAACCACGTGGGGTGAGGG 

ATTTTTAATTAYGTGGGGTGAGGG 

GGGCCTGGATCCAAGCACAATCTCAGC 

GGGTTTGGATTTAAGTATAATTTTAGT 

GGGGGCGGGGCCTCACTCTG 

GGGGGYGGGGTTTTATTTTG 

GGTGAGGGCTGCGGAGGAA 

GGTGAGGGTTGTGGAGGAA 

AGAGCCGGCCCGAGGCCTAACCGG 

AGAGTTGGTTTGAGGTTTAATTGG 

Reverse 5'—3' 

AGGATGGATAAGGTGGGGGAT 

AGGATGGATAAGGTGGGGGAT 

ATGATGGTTGGAGAAAGCCTGCC 

ATGATGGTTGGAGAAAGTTTGTT 

GGGAAGCTTGGATGGATCACA 

GGGAAGTTTGGATGGATTATA 

GGGGGYGGGGTTTTATTTTG 

TTYGGATAGTATGAGTTTTATTA 

CGCGGCGCCCTATAAACG 

TGTGGTGTTTTATAAATG 

AAGCTGCAGCTGACTGGTGAAGA 

AAGTTGTAGTTGATTGGTGAAGA 

Sequencing primers 5'—3' 

CTTGGGCGTGCAGGGGTCAT 

TTTGGGYGTGTAGGGGTTAT 

GGGGCGGGGGTTGGTCACT 

GGGGYGGGGGTTGGTTATT 

CTCAGCTTTTGGAGCCAGCA 

TTTAGTTTTTGGAGTTAGTA 

GGCCTCACTCTGCGATATAACTC 

GGTTTTATTTTGYGATATAATT 

AGCGTTCGGGGCGGTGCA 

AGYGTTYGGGGYGGTGYA 

CCTTGACCAGGACTTGGGACTTT 

YYTTGAYYAGGAYTTGGGAYTTT 

* Bisulfate converted 
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5.9 Knockdown by Gadd45a-siRNA 

Silencer® pre-designed siRNAs for human GADD45A (siRNA ID: 146174) and 

control non-targeting siRNA (ctRNA) were obtained from Ambion, Foster City, CA, 

USA. Transfection of OS cells with siRNA was performed using siPORTTM Amine 

transfection agent (Ambion, cat # 4502) as per manufacturers' recommendations, in 6-

well plates. Cells (2x105) were suspended in 2 ml medium with transfection agent alone 

or with transfection agent plus siRNA (60 nM), or ctRNA (60 nM), prior to plating. 

Decitabine treatments were done 12 hours after plating. All experiments were performed 

in triplicate and knockdown efficiency was determined by western blotting. Cells from 

triplicate experiments were assessed for apoptotic nuclei using Hoechst 33342 stain. 

Same knockdown experiments were repeated on U20S cells using two other Silencer® 

pre-designed siRNAs for human GADD45A (siRNA IDs:2659 and 2746 From Ambion) 

for validation against off-target effect. All target sequences for the siRNAs used in this 

study are within exon 4 of GADD45A gene. 

5.10 Transient transfection of GADD45A 

2 ug of pCMV(GADD45A) transient transfection vectors from TrueClone™ 

(OriGene, Rockville, MD, USA) with 10 ul of Lipofectamine 2000 from Invitrogen 

(Burlington, ON, Canada) was used in the transient transfection experiments. Cells 

(2x105) were suspended in 2 ml medium with transfection agent alone or with 

transfection agent plus pCMV(GADD45A), or the empty pCMV vector (TrueCloneTM) 

prior to plating. Cells were assayed by western blotting and Hoechst 33342 and all 

experiments were performed in triplicate. 
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5.11 Western blot analysis 

Cells were lysed in TC plates on ice using Radioimmunoprecipitation (RIPA) 

Buffer. Lysates were transferred to 1.5 ml tubes, sonicated briefly (with tubes on ice), and 

centrifuged at 15,000 rpm for 15 minutes at 4°C. Total protein was quantitated using 

Bradford dye reagent (BIO-RAD, Hercules, CA, USA). 50 ug of total protein/well was 

separated on acrylamide gel, and transferred to PVD membranes (BIO-RAD) overnight at 

25 volts at 4°C. Membranes were then blocked with 5% BSA for 8 hours at 4°C, 

followed by primary antibody incubation for 16 hours. Primary antibodies used were 

mouse monoclonal anti human Gadd45a-Ab (Abnova, Taipei City, Taiwan) at 1:12000 

dilution and rabbit polyclonal anti human beta-actin-ab (Abeam, Cambridge, MA, USA) 

at 1:24000 dilution for loading reference. After primary antibody, the blots were washed 

using 5 ten-minute washes with TBS-Tween 20 and a final one wash in TBS without 

Tween 20. The blots were then incubated with perioxiase-labeled secondary antibody 

(ECL-Plus kit, Amersham, Buckinghamshire, UK) as per manufacturer instructions, and 

scanned on the Typhoon 9410 scanner (Amersham) at normal sensitivity, 600 laser 

power, and 200 micron resolution. Stripping of the blots was done using a solution that 

contains: 20 ml ofl0% SDS, 12.5 ml of 0.5 M Tris HCL (ph 6.8), 0.8 beta-

mercaptoethanol, and 67.5 ml dd H20 for 45 minutes at 50°C. Stripping was followed by 

multiple washes in TBST. Quantitation was performed using Image-J software on blots 

from 3 replicates and significance was estimated using t-test at p <0.05 using beta actin as 

a reference control. 
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5.12 Hoechst 33342 staining for apoptotic nuclei 

The cells were harvested with trypsin, and re-suspended in 1 ml PBS. Staining 

was performed in 5 ml of 4% formalin solution with Hoechst 33342 dye (0.01 ug/ ul 

final concentration). Aliquots of the samples were bar coded prior to spreading the cells 

on glass slides. Hoechst stained cells were blindly analyzed using a fluorescence 

microscope. One hundred cells were scored per slide and the percentage of stained 

(apoptotic nuclei) out of total was recorded. Experiments were done in triplicate and 

statistics on 3 replicas were determined using student t-test at p< 0.05. 
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